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    Chapter 1   
 Introduction to Eukaryotic DNA Replication 
Initiation                     

       Nalini     Dhingra      and     Daniel     L.     Kaplan    

    Abstract     Every time a cell divides, a copy of its genomic DNA has to be faithfully 
copied to generate new genomic DNA for the daughter cells. The process of DNA 
replication needs to be precisely regulated to ensure that replication of the genome 
is complete and accurate, but that re-replication does not occur. Errors in DNA rep-
lication can lead to genome instability and cancer. The process of replication initia-
tion is of paramount importance, because once the cell is committed to replicate 
DNA, it is optimal to complete replication with minimal errors. Furthermore, agents 
that inhibit DNA replication initiation are now being targeted for cancer therapy. A 
great deal of progress has been made in understanding how DNA replication is initi-
ated in eukaryotic cells in the past 10 years. This chapter introduces how the posi-
tion of replication initiation, called the replication origin, is chosen. This chapter 
also introduces how replication initiation is integrated with the phases of the cell 
cycle, and how replication initiation is regulated in the case of damage to DNA. It is 
the cellular protein machinery that enables replication initiation to be activated and 
regulated. We now have an in-depth understanding of how cellular proteins work 
together to start DNA replication. A mechanistic description of DNA replication 
initiation is introduced in this chapter as well.  

  Keywords     Origin   •   Initiation   •   DNA replication   •   Helicase   •   Polymerase   •   Kinase   
•   DNA damage   •   Checkpoint   •   Cell cycle   •   Replication fork  

        Introduction 

 Eukaryotic replication is a highly controlled process and is tightly regulated to 
ensure that chromosomes duplicate only once per cell cycle and that the genomic 
stability of a cell is maintained. Replication occurs in three distinct steps: initiation, 

        N.   Dhingra      •    D.  L.   Kaplan      (*) 
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elongation, and termination. To ensure that DNA replication occurs only once per 
cell cycle and that the entire DNA is faithfully replicated, a cell employs various 
control mechanisms at various steps that lead to the initiation of  DNA replication  . 
In general, the  initiation process   is divided into two distinct phases:

    1.    Origin  licensing  : which occurs in the late mitosis or early G 1  phase where the 
Mcm2-7 complex (which forms the core of the replication fork  helicase  ) is 
assembled onto replication origins as a double hexamer in the inactive form.   

   2.    Conversion of the Mcm2-7 complex to an active  replication fork   helicase, which 
occurs in the S phase.    

  The  ORC protein   present at the replication origins facilitates the loading of 
Mcm2-7 double hexamer onto origin. The loaded Mcm2-7 double hexamer encir-
cles double-stranded DNA, which then dissociates to form bidirectional replication 
forks. In this chapter, we briefl y discuss how origins are defi ned and activated in 
eukaryotes. We also discuss the mechanism of origin licensing and helicase forma-
tion. Finally, we also mention the various mechanisms employed by a living cell in 
situations of DNA damage and replication stress (Fig.  1.1 ).

       Origin  Selection      

 Replication initiates at distinct DNA regions called the origins of replication initia-
tion ( ori ). Replication initiator proteins bind at these replication origins. Origin 
sequences in budding yeast are characterized by autonomously replicating sequences 
(ARS), present at an interval of 30 kbps throughout the chromosome [ 1 ]. There are 
estimated to be approximately 400 ARSs in the yeast genome. Each ARS is 
100–200 bps long and is characterized by the presence of A, B1, B2, and B3 ele-
ments. The A and B1 elements are highly conserved and form the binding site for 
the initiator protein, the  origin recognition complex (ORC)  . The B element consists 
of a region of helical instability that helps in the unwinding of DNA. The A element 
also contains the  ARS consensus sequence (ACS)  , which is an 11 bp region rich in 
adenines and thymines and is required for the ARS function [ 2 ]. However, a match 
to the ACS is not suffi cient for origin function, as there are more than 12,000 poten-
tial matches for ACS in the yeast genome, pointing out a need for additional 
sequence or chromatin requirements for defi ning replication origin [ 3 ]. In contrast, 
origin sequences in higher eukaryotes including fi ssion yeast are not defi ned by 
consensus sequences but are rather defi ned by chromatin structure and epigenetic 
modifi cations [ 4 ]. Due to the lack of a consensus sequence, the ORC protein com-
plex in metazoans may be targeted to specifi c sites (mainly the transcription start 
sites of actively transcribed genes) by various protein factors. In mammalian cells, 
many potential genetic and epigenetic determinants for replication origins have 
been reported using genome-wide mapping techniques [ 5 ]. These studies also show 
the enrichment of origins near active promoter elements at CpG islands [ 6 ]. 
Nucleosome positioning on chromatin is also a defi ning feature of replication origins. 
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Various studies in yeast and higher eukaryotes show a decrease in nucleosome occu-
pancy  at   origins.    This nucleosome-free region may be a determinant of ORC bind-
ing and may also facilitate the loading of Mcm2-7 complexes [ 7 ].  

    Origin  Activation      

 The replication origins are further classifi ed as early- or late-replicating origins 
based on their timing of replication. Various studies show strong correlation between 
replication timing and chromatin structure [ 8 ]. Studies on replication timing in bud-
ding yeast have revealed early replication of origins in the centromeric region and 
late replication of origins in the subtelomeric regions. This repression of origin 

  Fig. 1.1    A schematic of replication initiation in  Saccharomyces cerevisiae . At replication origins, 
Mcm2-7 is present as a double hexamer encircling double-stranded DNA in G 1  phase. Along with 
CDK and DDK, the cell employs a complex machinery of protein factors that facilitate the forma-
tion of bidirectional replication forks in S phase. Some of these factors become a part of the repli-
cation fork while others do not travel with the replication fork.  C dc45- M cm2-7- G INS (CMG) 
forms the active replication fork helicase, unwinding double-stranded DNA to generate single- 
stranded templates for the replicative polymerases. Pol δ is devoted to replication of the lagging 
strain, and Pol ε is devoted to synthesis of the leading strand. Sld3, Sld2, and Dpb11 are required 
for initiation, but these three proteins do not travel with the replication apparatus. CDK phosphory-
lates Sld2 and Sld3 to form a ternary complex with Dpb11, while DDK phosphorylates subunits of 
the Mcm2-7 complex       
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activation at telomeres is attributed mainly to the local chromatin structure [ 7 ,  9 ]. 
Centromeric regions also replicate early in fi ssion yeast [ 9 ]. 

 In higher eukaryotes, replication effi ciency correlates with histone modifi cation 
and transcriptional activity during development such that replication of gene-rich 
regions occurs earlier in S phase. Studies have shown that local changes in histone 
acetylation can also alter the replication program. For instance, sequences repli-
cated in early S phase from HeLa cells exhibit hyperacetylation of histones H3 and 
H4, depletion of Rpd3 (a histone deacetylase,  HDAC  ) results in the early fi ring of 
normally late-activating origins, and increase in the amount of Gcn5 (a histone acet-
yltransferase) around a late-fi ring origin results in its earlier activation. Local chro-
matin environment may also regulate ORC recruitment and  Pre-replication complex 
(pre-RC) assembly   [ 6 ,  7 ]. Replication timing is also regulated by various protein 
factors . Forkhead box (Fox) transcription factors  , Fkh1 and Fkh2, have been shown 
to regulate replication timing in budding yeast. Advanced studies in budding yeast, 
fi ssion yeast, and mammalian cells have identifi ed another protein factor Rif1 (Rap1 
interacting factor 1-a telomere-binding protein), which has a broad role in replica-
tion timing control. These studies suggest that Rif1 directly acts to delay the origin 
fi ring of subtelomeric origins in budding yeast [ 10 ]. However, in fi ssion yeast and 
higher eukaryotic organisms, deletion of Rif 1 resulted in an advanced timing of 
replication initiation of many late origins in the subtelomeric as well as internal 
chromosomal loci while delaying the activation of many early origins. Rif1 along 
with Taz1 also regulates the timing of Cdc45-Sld3 loading in G1 phase. Cdc45-Sld3 
loading to replication origins has been suggested to be a limiting step controlling 
replication timing. Studies in several replication systems have shown that Cdc45 
along with other initiation  factors   (Sld2, Sld3, Dpb11, DDK) are rate limiting for 
replication initiation [ 9 ,  11 ]. Finally, the DNA replication checkpoint  also   regulates 
replication timing, as it is known to suppress the activation of late origins in response 
to replication stress. 

 In general, early-replicating domains are euchromatin DNA regions localized in 
the interior of the nucleus, and characterized with a high gene density and high GC 
content. Whereas late-replicating domains characterized by fewer genes  are   pack-
aged into heterochromatin and localized to the nuclear periphery. This temporal 
organization of genome replication, which is cell type specifi c, allows the cell to 
balance replication with limiting resources such as initiation factors and nucleotide 
pool and is conserved from yeast to humans, suggesting that timing of origin fi ring 
is regulated independently of origin selection [ 5 ,  12 ,  13 ].  

    Replication  and Chromatin   

 The basic unit of chromatin is the nucleosome that comprises of a histone octamer 
(consisting of two molecules each of histones H2A, H2B, H3, and H4) and 147 bps 
of DNA wrapped around the octamer 1.7 times. The epigenetic state of chromatin is 
defi ned by DNA methylation and posttranslational modifi cations (PTMs) of histones 
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like acetylation, ribosylation, ubiquitination, and SUMOylation. These histones and 
various histone variants contribute to the diverse chromatin structure and are depos-
ited in a replication-dependent or -independent manner. It is well established that the 
diversity in chromatin structure and modifi cations infl uence the selection and activ-
ity of replication origins. However, replication fork progression leads to the disrup-
tion of existing chromatin structure by removal of nucleosomes from the DNA. Thus, 
it is essential to reestablish the epigenetic information on the newly synthesized 
chromatin. Chromatin reassembly on nascent strand occurs via two pathways: in the 
fi rst, parental histones generated by the disruption of nucleosomes are recycled 
behind the fork and in the second pathway newly synthesized histones are deposited 
onto nascent DNA [ 14 ]. Various biochemical and genetic studies have identifi ed 
chromatin remodelers that contribute to the disruption and assembly of the chroma-
tin structure during replication and also maintain its epigenetic states. Some of these 
remodelers include the ATP-utilizing chromatin  assembly and remodeling factor 
(ACF)   and the INO80 complex and its catalytic subunit SNF2. Biochemical studies 
have also identifi ed histone chaperones that are responsible for the deposition of 
histones onto replicating DNA. Some of these chaperones are the human  chromatin 
assembly factor-1 (CAF-1)  ,  antisilencing function 1 (ASF1)  , the nucleosome assem-
bly protein 1 (NAP1), and  the   nuclear autoantigenic sperm protein (NASP) [ 7 ].  

    Role of ORC in  Replication   Initiation 

 ORC is a hetero-hexameric protein complex, consisting of the Orc1, Orc2, Orc3, 
Orc4, Orc5, and Orc6 subunits, that is conserved throughout species. It was fi rst 
identifi ed and purifi ed from budding yeast as a factor that remained bound to the 
ACS upon DNaseI digestion [ 15 ]. ORC is present on the origin sequences through-
out the cell cycle and binds DNA in an ATP-dependent manner. In contrast to bud-
ding yeast, the fi ssion yeast and metazoan ORC complex binds replication origins 
periodically during the cell cycle. Orc1, Orc4, and Orc5 have AAA + ATPase 
domains [ 16 ]. The  ORC protein   complex functions as a scaffold for the recruitment 
of Cdc6, Cdt1, and Mcm2-7 complex in G 1  phase, which together with the ORC 
complex form the pre-RC. In addition to its role in recruiting the Mcm2-7 complex 
to origins, Orc1 protein has also been shown to interact with histone H4 via its con-
served  bromo-adjacent homology (BAH)   domain in both yeast and human cells. 
This interaction may be involved in the local chromatin organization at some repli-
cation origins, affecting their activity [ 7 ]. The Orc1 subunit of human ORC complex 
also associates with centrosomes and is involved in duplication of centrioles. It 
controls the cyclin E-CDK-dependent reduplication of centrioles [ 17 ]. Genome- 
wide studies with budding yeast have classifi ed ORC binding to the replication 
origins as either DNA dependent or chromatin dependent with chromatin- dependent 
ORC-binding origins being associated with early activation [ 18 ]. Studies in 
 Drosophila  and humans have shown that some of the ORC subunits interact with the 
heterochromatin protein (HP1) and maintain the heterochromatic environment [ 6 ]. 
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ORC along with various chromatin remodelers also facilitates the positioning of 
 nucleosomes   at the origins during their activation, thus remodeling the chromatin, 
which may be critical for the assembly of pre-RC [ 6 ]. 

 Mutations in the  ORC1 ,  ORC4 , and  ORC6  subunits of human ORC complex 
have been associated with a rare autosomal recessive disorder called the Meier- 
Gorlin syndrome (MGS). This disorder is characterized by postnatal growth retar-
dation, dwarfi sm, microcephaly, and developmental abnormalities in the ear and 
patella. Cells from these patients have a delayed cell cycle progression resulting in 
reduced cell number [ 19 ]. Studies have identifi ed mutations R105Q and E127G in 
Orc1, which affect the centriole copy number and cause centrosome reduplication 
in human cells. This may contribute to dwarfi sm and microcephaly [ 20 ].    Studies in 
zebrafi sh show that mutations in the H4K20me2 binding pocket of Orc1 also infl u-
ence the recruitment of ORC onto replication origins, resulting in a diminished 
pre-RC assembly [ 21 ]. Interestingly, depletion of Orc1 in zebrafi sh embryos resulted 
in abnormal body curvature and reduced viability. This defect might be a direct 
consequence of impaired origin licensing [ 22 ]. A missense mutation in Tyr174 of 
human Orc4 was also found in patients with MGS. This residue is present in the 
highly conserved region of AAA + ATPase domain of Orc4. Mutation studies of the 
orthologous residue of Tyr174 present in budding yeast (Tyr232) demonstrate that 
the strain  exhibits   a reduced growth rate with a defect in S-phase progression [ 23 ]. 
In Drosophila, a mutation in the C-terminal region of Orc6, which is implicated in 
MGS, has been shown to impair binding of Orc6 to the rest of the Orc complex, thus 
preventing the loading of ORC onto replication origins [ 24 ]. Additional mutations 
in MGS  patients   were also  identifi ed   in  CDC6  and  CDT1  genes.  

    Role of  Mcm2-7 Complex      in Replication Initiation 

 Mcm2-7 is a hexameric protein complex that consists of six distinct but evolution-
arily related Mcm (minichromosome maintenance) proteins having an ATPase 
domain at their C terminal end. These Mcm proteins were fi rst isolated in a screen 
for yeast mutants that were defective in the maintenance of circular plasmids con-
taining an ARS sequence [ 25 ]. The six subunits of Mcm2-7 complex are assembled 
as a ring in the order Mcm3-Mcm5-Mcm2-Mcm6-Mcm4-Mcm7 forming the core of 
the eukaryotic replication fork  helicase   [ 26 ]. The ATPase active sites in Mcm2-7 
complex are formed at the dimer interfaces with one subunit contributing the Walker 
A motif and the adjoining subunit contributing an essential arginine [ 27 ]. A study 
with budding yeast proteins shows that Mcm2-7 complex by itself has a weak heli-
case activity  in vitro  , which depends on the specifi c buffer conditions. It was also 
demonstrated that the Mcm2-7 complex has an ATP-regulated gate at the Mcm2/
Mcm5 interface that might facilitate the loading of  Mcm2-7 at replication   origins or 
extrusion of single-stranded DNA during replication initiation [ 27 ]. In addition, ATP 
binding also plays a role in the stabilization of the Mcm complex. ATP hydrolysis by 
Mcm further facilitates the assembly of Mcm2-7 double hexamers on DNA [ 28 ]. 
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 The Mcm2-7 is loaded as a double hexamer in an ATP-dependent manner to sur-
round double-stranded DNA, in a process called the licensing of replication origins. 
However, the number of loaded Mcm2-7 complexes is way more than actually 
required to establish replication forks. These additional copies of Mcm2-7 may be 
used to establish new forks  in   case of replication fork stalling due to DNA damage 
[ 29 ,  30 ].  

     Licensing   of Replication Origins 

 Origin licensing is best studied in the budding yeast system. In the late M and G 1  
phase, Cdc6 (also a AAA + ATPase protein) binds to the ORC protein complex and 
together they function with Cdt1 to load Mcm2-7 double hexamer onto origin 
sequences. These four factors together form the pre-RC. Earlier studies showed a 
concerted loading of the Mcm2-7 double hexamer onto double-stranded DNA [ 31 ]; 
however recent studies support a step-by-step loading of the two hexamers. ORC 
binds to Cdc6 in an ATP-dependent manner and together they recruit Cdt1-Mcm2-7 
to form an OCCM (Orc-Cdc6-Cdt1-Mcm2-7) complex in the absence of ATP 
hydrolysis. This recruitment of Mcm2-7 is facilitated by Mcm3 and Cdt1. The 
Cdt1-Mcm2-7 interacts with ORC-Cdc6 via the C-terminal region of the Mcm2-7 
hexamer leaving its N-terminal region free to bind the second Mcm2-7 hexamer. 
Once the OCCM is formed, ATP hydrolysis of Orc1 and Cdc6 causes the release of 
Cdt1 from the OCCM complex to produce an OCM (Orc-Cdc6-Mcm2-7) complex. 
This OCM complex, which is a transient and salt-sensitive intermediate, is capable 
of recruiting a second Mcm2-7 hexamer via the N-terminal domain (NTD) region 
of the fi rst loaded Mcm2-7 hexamer. This results in the formation of another inter-
mediate complex, the OCMM (Orc-Cdc6-Mcm2-7-Mcm2-7) complex in which the 
two hexamers are associated to each other head to head via their N-terminal region. 
This loaded double hexamer appears to have a twisted structure which is relaxed in 
the active helicase [ 29 ,  32 ]. Recent studies have also revealed that during licensing, 
the Mcm2-7 hexamer is loaded onto the double-stranded DNA via the interface 
between Mcm2 and Mcm5 at the stage of OCCM formation prior to ATP hydroly-
sis, thus separating the two events of helicase loading and double hexamer forma-
tion [ 33 ]. The loaded Mcm2-7 double hexamer is  then   transformed into an active 
replication fork helicase during S phase by the action of various protein factors.  

    Helicase  Activation      

 The  Mcm2-7 complex   is activated in S phase by the action of two kinases, the 
 c yclin- d ependent  k inase (S-CDK) and the  D bf4- d ependent  k inase (DDK) along 
with a number of other protein factors, some of which also travel along the replica-
tion fork. Studies in budding yeast have identifi ed a number of initiation factors, 
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namely Cdc45, GINS [ G o- I chi- N i- S an, Japanese for 5-1-2-3, for Sld 5 , Psf 1  ( p artner 
with  S ld 5 ), Psf 2 , Psf 3] , Sld7, Sld3, Sld2, Dpb11, Pol-ε, RPA, and Mcm10. All these 
proteins together form the  pre-initiation complex   (Pre-IC) that is fi nally converted 
to an active helicase composed of Cdc45, GINS, and Mcm2-7 (CMG complex), 
through a series of highly regulated molecular events. Formation of the CMG com-
plex constitutes two complex reactions. First, the Mcm2-7 double hexamer dissoci-
ates to form two single Mcm2-7 hexamers. Second, the Mcm2-7 ring opens for 
 single-stranded DNA extrusion   and then closes such that a single hexamer of 
Mcm2-7 is present around single-stranded DNA along with Cdc45 and GINS. Once 
the CMG complex is formed, the different polymerases are recruited to single- 
stranded DNA at the origins to start DNA synthesis and DNA  replication   proceeds 
bidirectionally. Pol-α synthesizes short DNA strands, while Pol-ε and Pol-δ elon-
gate the leading and lagging strand, respectively. 

    The  D bf4- D ependent   K inase      (DDK) 

 DDK consists of a catalytic subunit (Cdc7) and a regulatory subunit (Dbf4). The 
Cdc7 subunit is stable throughout the cell cycle, whereas the level of Dbf4 is regu-
lated such that it remains high during S phase and then decreases in the late M and 
G 1  phase [ 34 ]. Dbf4 becomes ubiquitinated and is subjected to proteasomal degra-
dation by the anaphase-promoting complex (APC/C) in the late M and G 1  phase. 
However, in the S phase, APC/C remains inactive allowing the accumulation of 
Dbf4 [ 35 ]. Studies in budding yeast identifi ed a mutant in MCM5 called the  mcm5 - 
bob1     that can bypass the requirement of DDK for replication initiation [ 36 ]. The 
 mcm5 - bob1  mutation causes a conformational change in the Mcm2-7 ring such that 
it allows for the binding of Cdc45 protein in the early G 1  phase, suggesting that 
DDK may be required for Cdc45 binding at the origins [ 37 ]. It has also been shown 
that DDK phosphorylates Mcm2-7 complex at its Mcm2, Mcm4, and Mcm6 sub-
units at their amino terminals. Phosphorylation at the amino terminal serine/threo-
nine domain (NSD) of Mcm4 has been shown to alleviate an inhibitory activity at 
Mcm4 [ 38 ,  39 ]. These studies suggest that even though Mcm5 is not directly phos-
phorylated by DDK, the phosphorylation of other Mcm subunits is suffi cient to 
cause a conformational change in Mcm5, such that Cdc45 binds Mcm2-7 [ 40 ,  41 ]. 
A recent study in budding yeast demonstrates how the  mcm5 - bob1  mutation 
bypasses the requirement for DDK phosphorylation of Mcm subunits. This report 
shows that Mcm2 phosphorylation by DDK is essential for cell growth and DNA 
replication. Absence of Mcm2 phosphorylation by DDK also results in a decreased 
amount of origin single-stranded DNA in S phase in contrast to the cells with the 
 mcm5 - bob1  mutation. Dbf4-Cdc7 phosphorylation of Mcm2 weakens its interac-
tion with Mcm5 and helps in the opening of Mcm2-7 ring at the Mcm2/Mcm5 gate, 
to allow for the extrusion of single-stranded DNA from the central channel of 
Mcm2-7. Similarly, cells with the  mcm5 - bob1  mutation also exhibit a weak interac-
tion between Mcm2 and Mcm5, suggesting that the  mcm5 - bob1  mutation bypasses 
the requirement of DDK phosphorylation of Mcm2 by an alternate mechanism that 
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leads to the Mcm2-7 ring opening [ 42 ]. Other independent studies have also shown 
that DDK facilitates the association of Sld3, Sld7, and Cdc45 with the Mcm2-7 
complex [ 34 ]. It has also been suggested that DDK might facilitate Mcm2-7 double 
hexamer dissociation to form Mcm2-7 single hexamer, prior to single-stranded 
DNA extrusion [ 35 ]. 

 As mentioned above, DDK-dependent phosphorylation of Mcm4 is one of the 
key events for pre-RC formation. However, recent studies have shown that this 
event is under the control of Rif1-mediated phosphatase action and loss of Rif1 
partially compensates for impaired DDK function [ 43 ,  44 ]. Rif1 was mentioned 
earlier as a factor that regulates replication timing. Budding yeast Rif1 has also been 
shown to have protein phosphatase 1 (PP1) docking motif. Rif1 binds Glc7 (the 
budding yeast PP1) and recruits it to telomeres and possibly to late origins of DNA 
replication. This is important to maintain the replication timing at telomeres, as  the 
  replication timing at budding yeast telomeres advanced when the ability of Rif1 to 
recruit Glc7 was compromised [ 44 ]. It has been suggested that in G 1  phase Rif1 
recruits Glc7 onto chromatin and directs it to dephosphorylate Mcm4, thus prevent-
ing early initiation of replication. However, in S phase, when DDK levels are high, 
Rif1 gets phosphorylated by DDK and releases Glc7,  thus   favoring DDK-dependent 
phosphorylation of Mcm4 and consequent origin activation. PP1 interaction motifs 
of Rif1 are conserved from yeast through higher eukaryotes. Studies in  Xenopus  and 
human cells also support the model, where Rif1 may counteract DDK-dependent 
phosphorylation of Mcm4 by targeting PP1  to   dephosphorylate Mcm4 [ 43 ].  

     S Phase- C yclin- D ependent  K inase   

  S phase- c yclin- d ependent  k inase (S-CDK) inhibits   origin licensing and promotes 
DNA replication during S phase. Its concentration is regulated by APC/C-mediated 
proteasomal degradation [ 35 ].  S-CDK inhibits   origin licensing by phosphorylating 
Cdc6, which results in its SCF-dependent degradation. It phosphorylates Mcm3, 
which causes the nuclear export of Mcm2-7/Cdt1. S-CDK sterically inhibits ORC 
function by binding to the Orc6 RXL motif (a cyclin- binding motif). Finally, it also 
phosphorylates Orc2 and Orc6, thus inhibiting the interaction of ORC with Cdt1 [ 45 ]. 

 During replication initiation, budding yeast S-CDK (Clb5-Cdc28 and Clb6- 
Cdc28) phosphorylates Sld2 and Sld3 to facilitate their interaction with Dpb11. 
Dpb11 consists of two pairs of BRCT (BRCA1 C-terminus) domains that bind 
phosphorylated proteins. The N-terminal pair of BRCT domains binds phosphory-
lated Sld3, while the C-terminal pair binds phosphorylated Sld2 [ 46 ]. Phosphorylation 
of Thr84 of Sld2 is essential for its association with Dpb11. Phosphorylation of 
Thr84 also stimulates Sld2 association with ssDNA [ 47 ]. However, Thr84 phos-
phorylation requires prior phosphorylation of other Sld2 sites. Sld2 has a cluster of 
11 CDK phosphorylation motifs. This pre-phosphorylation of Sld2 causes a confor-
mational change in Sld2 protein in order to expose Thr84 to CDK activity, thereby 
facilitating its phosphorylation. The multisite phosphorylation of Sld2 also creates 
a high threshold for CDK activity that prevents premature replication. Sld3 has 12 
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CDK phosphorylation sites. However, binding of Sld3 to Dpb11 requires the simul-
taneous phosphorylation of Thr600 and Ser622, which may require high CDK 
activity [ 34 ]. The S-CDK-dependent formation of Dpb11-Sld3-Sld2 complex is an 
essential step during replication initiation. In vivo studies in budding yeast have 
shown that the fusion of Sld3-Dpb11 when combined with Sld2T84D (a phospho-
mimetic mutant of Sld2) bypasses the requirement for S-CDK [ 48 ]. The 
phosphorylation- dependent interaction of Sld2-Dpb11 is also important for the for-
mation of a pre- l oading  c omplex (pre-LC), which consists of Sld2, Dpb11, GINS, 
and Pol-ε. The pre-LC is an important intermediate that may facilitate  GINS   load-
ing  to   the origin [ 49 ].  

    Roles of  Sld2, Sld3, and Dpb11      in Replication Initiation 

 The budding yeast proteins Sld2, Sld3, and Dpb11 are essential proteins required 
for the initiation of DNA replication. These proteins however do not travel along the 
replication fork.  DPB11  ( D NA  p olymerase  B- b inding protein subunit 11  ) was fi rst 
isolated as a multicopy suppressor of mutations in the  DPB2  subunit of Pol-ε and 
was shown to have a dual role in  chromosomal replication   and at the cell cycle 
checkpoint [ 50 ].  SLD2  ( s ynthetically  l ethal with  d  pb11 - 1 ) and  SLD3  were isolated 
in screens for identifying factors that interact with  DPB11 . 

 In vitro studies with purifi ed budding yeast proteins have shown that Sld3 and 
Dpb11 independently interact with Cdc45 and help in its recruitment to the Mcm2-7 
complex [ 51 – 53 ]. Sld2, Sld3, and Dpb11 also associate with Mcm2-7 indepen-
dently before the activation of S-CDK and this association prevents premature bind-
ing of GINS to Mcm2-7. This ensures that GINS does not associate with 
Mcm2-7-Cdc45 complex prior to the dissociation of Mcm2-7 double hexamer and 
extrusion of single-stranded DNA. However, once DDK and S-CDK are activated in 
S phase and single-stranded DNA is extruded from the central channel of Mcm2-7 
complex, Sld2, Sld3, and Dpb11 dissociate from Mcm2-7 and bind origin single- 
stranded DNA. S-CDK phosphorylation of Sld2 and Sld3 results in the formation of 
Dpb11-Sld3-Sld2 complex that interacts tightly with origin single-stranded DNA 
via its three different binding sites. This may allow for the subsequent association 
of GINS with Mcm2-7-Cdc45 complex. Binding of GINS completes the formation 
of the CMG complex [ 54 – 56 ]. 

 The orthologs of Dpb11, Sld3, and Sld2 in fi ssion yeast are Cut5, Sld3, and Drc1, 
respectively. In fi ssion yeast, Sld3 associates with the origins in a DDK-dependent 
manner; however, this association is independent of Cdc45 association. In fact, 
association of Sld3 with origins is essential for the subsequent recruitment of Cut5, 
Drc1, GINS, and Cdc45. Similar to budding yeast, fi ssion yeast Drc1 and Sld3 inter-
act with Cut5 in a CDK-dependent manner [ 34 ]. In vertebrates, the functional 
homologs of Dpb11, Sld3, and Sld2 are reported to be TopBP1, Treslin/Ticrr, and 
RecQL4, respectively, even though they show very limited sequence similarity. 
 Xenopus  TopBP1 (Xmus101) has been shown to directly interact with Cdc45, 
thereby facilitating the loading of Cdc45 onto replication origins [ 57 ].  Xenopus  
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Treslin/Ticrr also  interacts   with Cdc45 and is required for its association  with   chro-
matin. In addition, both human and  Xenopus  Treslin/Ticrr associate with the 
N-terminal BRCT domain of TopBP1 and this interaction is S-CDK dependent [ 58 ]. 
Finally, RecQL4 has a very weak similarity to Sld2 and this similarity is restricted 
to the fi rst 400 amino acids of the N-terminal region of RecQL4, which is essential 
for cell growth and DNA replication. The N-terminal region of  Xenopus  RecQL4 
associates with TopBP1; however unlike budding yeast this interaction is CDK 
independent. The N-terminal region of human RecQL4 also binds TopBP1 and 
shows an interaction with ssDNA, dsDNA, and Y-shaped DNA [ 59 ].  Xenopus  and 
human RecQL4 also binds to Mcm10 and associates with the CMG complex in 
Mcm10-dependent manner [ 35 ]. Two additional metazoan protein factors GEMC1 
and DUE-B are also required for the recruitment of Cdc45 to chromatin and show 
binding to both Cdc45 and TopBP1. These two factors however have no identifi ed 
homologs in lower eukaryotes suggesting that helicase activation is a more compli-
cated process in vertebrates than in yeast. 

 These studies demonstrate that Dpb11, Sld3, and Sld2 play a critical role in rep-
lication initiation and their levels are signifi cant for normal cell proliferation. Over- 
expression of these limiting factors leads to increased origin fi ring while their low 
levels  result   in low levels of replication initiation. Therefore, regulation of these 
essential protein  factors   is important for genome stability [ 60 ].  

    Role of  Mcm10    i  n Replication 

 Minichromosome maintenance protein 10 (Mcm10) is an essential replication protein 
present in eukaryotes and it has been shown to genetically interact with a wide array 
of proteins. These interacting proteins include replication initiation proteins, polymer-
ases, replication checkpoint proteins, double-strand break (DSB) repair proteins, and 
proteins involved in the SUMO pathway. Structural studies on Mcm10 show the pres-
ence of a coiled coil (CC) motif in its N-terminal domain (NTD), an oligosaccharide/
oligonucleotide binding (OB) fold in its internal domain (ID), and a variable C-terminal 
domain (CTD) which is absent in unicellular eukaryotes. The NTD of  S. pombe , 
 Xenopus laevis , and humans has been implicated in self- interaction to form Mcm10 
oligomers. A recent study has shown the interaction of NTD of Mcm10 with the Mec3 
subunit of 9-1-1 checkpoint clamp [ 61 ]. The OB fold present in the ID forms a DNA-
binding site and is also involved in interactions with Mcm2-7 complex, Pol-α, and 
proliferating cell nuclear antigen (PCNA). Interaction with Pol-α is mediated through 
a conserved hydrophobic patch, known as the Hsp10-like domain, and interaction 
with PCNA occurs via the PIP (PCNA interacting peptide) box. The variable CTD 
provides an additional surface for interaction with proteins and DNA. 

 Mcm10 has been shown to be indispensible for CMG helicase activation [ 62 , 
 63 ]. It has also been shown to be involved in DNA unwinding since it has affi nity 
for both single-stranded (ss) and double-stranded (ds) DNA [ 64 ]. In addition to its 
role during replication initiation, Mcm10 is also required for polymerase loading 
and replication elongation. It has been identifi ed as a component of replication forks 
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and shown to recruit Pol-α to chromatin. It also interacts with PCNA (processivity 
factor for DNA polymerases) and this interaction in budding yeast is regulated by 
ubiquitylation of Mcm10 [ 65 ]. However, the presence of Mcm10 at moving replica-
tion forks has recently been questioned [ 62 ,  65 ]. 

 Mcm10 depletion in cells creates a requirement for checkpoint signaling and 
double-strand break repairs. Due to its essential role  in   genome maintenance, mis-
regulation of Mcm10 expression correlates with cancer development. In addition,    
mutations within the conserved regions of Mcm10 have been identifi ed during 
sequencing of various cancer genomes [ 66 ].   

    The  C dc45- M cm2-7-  G INS      (CMG) Complex 

 The  CMG complex   also called the active replication fork helicase is formed in the 
S phase around single-stranded DNA and translocates in a 3′–5′ direction. The 
CMG complex catalyzes DNA unwinding during replication. It is composed of 
three essential proteins: Cdc45, Mcm2-7, and GINS, which are conserved through-
out eukaryotes. The Cdc45 protein is conserved among eukaryotes and shows 
sequence similarity to archaeal proteins of the DHH family of phosphoesterases 
[ 67 ]. Cdc45 has been predicted to have a strong structural similarity to the bacterial 
RecJ proteins [ 68 ]. In addition, yeast and human Cdc45 also binds single-stranded 
DNA [ 69 ,  70 ]. GINS was identifi ed as a heterotetramer protein complex required 
for DNA replication in budding yeast, comprising of four subunits Psf1, Psf2, Psf3, 
and Sld5, which are highly conserved among eukaryotes [ 71 ]. GINS complex was 
also purifi ed from  Xenopus  egg extracts and was showed to have a ringlike structure 
[ 72 ]. Several independent studies have isolated the human GINS complex and 
described its crystal structure [ 73 – 75 ]. 

 In vitro studies with  Drosophila  proteins show that  Drosophila  Mcm2-7 has a 
very minimal helicase activity. However, the helicase activity of Mcm2-7 increases 
by approximately 300-fold when it associates with Cdc45 and GINS to form the 
CMG complex. This complex also has a higher affi nity for both single-stranded 
DNA and forked DNA substrate than does the Mcm2-7 complex and this DNA 
binding is ATP dependent [ 76 ]. Single-particle EM studies using  Drosophila  pro-
teins have shown that the Mcm2-7 by itself exists in two conformations, the planar 
notched-ring conformation and the spiral lock-washer conformation, with an open-
ing present at the Mcm2/Mcm5 interface. The Mcm2-7 present within the CMG 
complex adopts a planar notched ring conformation with a gap between Mcm2 and 
Mcm5 subunits. However, the Mcm2-Mcm5 gate closes upon nucleotide binding. 
In addition, Cdc45 and GINS were seen to form a handle-like structure that also 
helps to bridge the gap between Mcm2 and Mcm5 gate. This study using  Drosophila  
proteins also demonstrated that in the CMG complex, Cdc45 associates with the 
N-terminal of Mcm2 and the four subunits of GINS (Psf1, Psf2, Psf3, and Sld5) 
form extensive interactions with the N- and C-termini of Mcm3 and Mcm5.    GINS 
and Cdc45 also make extensive contacts with each other [ 77 ]. The association of 
Mcm2-7 proteins with Cdc45 and GINS provides stability to the Mcm2-7 ring and 
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aids in its effi cient functioning. The CMG complex was also isolated from human 
cells and was  shown   to have properties similar to those of the  Drosophila  CMG 
complex [ 78 ]. However, how this CMG complex aids in the unwinding of double- 
stranded DNA still remains unclear.  

     DNA Damage    Response   

 Cells are constantly exposed to various endogenous and exogenous DNA-damaging 
agents, such as reactive oxygen species (ROS) generated within a cell, ionizing, or 
UV light-mediated irradiation or enzymes involved in DNA compaction like DNA 
topoisomerases. As a result, DNA damage caused by these agents challenges the 
maintenance of cellular genome integrity. In order to maintain genomic integrity, 
eukaryotic cells activate the DNA damage response (DDR), which detects DNA 
lesions and coordinates various cellular processes important for recovery. Depending 
on the extent of DNA damage, DDR can either lead the cell to senescence or apopto-
sis, or activate specifi c mechanisms that repair the DNA damage or help the cell to 
tolerate DNA damage. Various repair mechanisms used by a cell in response to DNA 
lesions include  base excision repair (BER)   to repair single-strand breaks (SSBs) or 
subtle changes to DNA, nucleotide excision repair (NER) for bulkier single-strand 
lesions that distort the DNA helical structure, homologous recombination, and  non-
homologous end joining (NHEJ)   to cope with double-strand breaks (DSBs), mis-
match repair, and fi nally translesion synthesis and template switching [ 79 ]. 

 DDR causes a cell to arrest either in G 1  phase or in G 2  phase. In addition, replica-
tion fork-associated DDR delays progression through S phase and controls initia-
tion events [ 80 ]. The signal transduction pathways of DDR that regulate cell cycle 
progression and activate the effector kinases in order to repair DNA lesions 
 constitute the checkpoint machinery. Thus, DNA damage checkpoint is activated as 
a result of the initial processing of DNA damage. 

 The checkpoint signaling is mediated through two main kinases that belong to 
the phosphatidylinositol 3-kinase-related protein kinase (PIKK) family:

    1.    Mec1 (mitosis entry checkpoint 1) also called ATR (ATM and Rad3-related)    in 
mammals, which is activated in response to ssDNA coated with RPA (replication 
protein A, an ssDNA-binding protein).   

   2.    Tel1 (telomere maintenance 1) also called ATM (ataxia telangiectasia mutated)    
in mammals, which is activated in response to DSBs. At DSBs, Tel1/ATM is fi rst 
recruited and activated by the MRN complex (Mre11-Rad50-Xrs2 in budding 
yeast or Mre11-Rad50-Nbs1 in mammals). This promotes resection at DSBs, 
generating ssDNA, which then activates Mec1/ATR kinase.        

 Mec1/ATR is recruited onto chromatin via its regulatory subunit called Ddc2 
(or ATRIP, ATR interacting protein, in mammals). Mec1/ATR activation requires 
activator proteins, which are the 9-1-1 checkpoint clamp (Rad9-Hus1-Rad1 in 
mammals or Ddc1-Rad17-Mec3 in budding yeast) and Dpb11 (or TopBP1 I mam-
mals). The 9-1-1 checkpoint clamp is loaded onto chromatin via the clamp loader 
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Rad24- RFC (replication factor C, Rad17-RFC in humans).    In budding yeast, Mec1 
also phosphorylates Ddc1 (component of the 9-1-1 complex), which then  recruits   
Dpb11 to stimulate Mec1 kinase activity. This Dpb11-Ddc1 interaction is conserved 
in higher eukaryotes. Activation of Mec1 results in the phosphorylation of various 
proteins in the cell including effector kinases Chk1 and Rad53 (Chk2 in humans). 
These effector kinases undergo trans-autophosphorylation with the aid of mediator 
proteins like Rad9 (53BP1/MDC1/BRCA1 in mammals) or Mrc1 (claspin in mam-
mals). The hyper-phosphorylated effector kinases fi nally regulate various down-
stream processes by transmitting the checkpoint response to a range of effector 
proteins. Mec1 and Tel1 also phosphorylate chromatin-bound proteins like the his-
tone variant H2A (H2AX in mammals) to cause local chromatin changes [ 81 ]. 

 Studies in budding yeast have demonstrated that during G 1  phase, the DNA dam-
age checkpoint is mediated through the Ddc1 subunit of the 9-1-1 complex which 
directly activates Mec1, while Dpb11 was shown to be dispensable during the G 1  
phase. However, the G 2 /M DNA damage checkpoint requires both the 9-1-1- and 
Dpb11-dependent activation of Mec1 [ 82 ,  83 ]. 

 In addition to DNA damage checkpoint signaling, DNA damage-induced 
sumoylation (DDIS) of several protein factors also forms an integral part of DDR 
and enhances the cell’s ability to replicate and repair damaged DNA. Sumoylation 
involves covalent addition of small ubiquitin-like modifi er (SUMO) to one or more 
lysines of the target protein. SUMO targets proteins involved in DNA replication 
and in DNA repair pathways like recombination,    base excision repair, nucleotide 
excision repair, and nonhomologous end joining. Some of these proteins identifi ed 
in budding yeast are Dpb11, Mcm2, Mcm4, Orc2, Orc6, Pol1, Rad 52, Rad59, 
Apn1,    Rad1, and Rad2. In addition, sumoylation of some DNA lesion sensor pro-
teins may also contribute to achieve checkpoint activation [ 84 ].  

     Replication Checkpoint Signaling      

 The progressing replication fork can encounter obstacles mainly DNA breaks that 
partially block the  progression   of replication fork and disturb its stability. Replication 
fork stalling can also occur in situations of replication stress like nucleotide deple-
tion. Under such conditions that threaten DNA replication and cause replication fork 
stalling, the cell activates a replication or S-phase checkpoint signaling pathway. The 
replication checkpoint signaling regulates cell cycle progression through S phase in 
response to DNA damage or replication stress. This is important to maintain genome 
integrity and to ensure error-free duplication of the entire genome. The replication 
checkpoint promotes DNA repair and stabilizes the stalled replication fork by the 
activation of a signal transduction cascade involving various protein factors. It also 
inhibits origin fi ring and slows down DNA synthesis to facilitate DNA repair [ 85 ]. 

 During conditions of replicative stress, the helicase uncouples itself from DNA 
polymerases. As a result, the helicase keeps unwinding DNA, while DNA synthesis 
halts, creating an excess of ssDNA bound with RPA (replication protein A, an 
 ssDNA-binding protein  ). This ssDNA generated at stalled replication forks activates 
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Mec1/ATR-mediated replication checkpoint signaling [ 81 ]. Studies in budding 
yeast show that Mec1 activation in S-phase checkpoint is regulated by three activa-
tor proteins, which act in a redundant manner. These three proteins are the 9-1-1 
checkpoint clamp, Dpb11 and Dna2 (a conserved nuclease, essential for Okazaki 
fragment maturation), which activate Mec1 by a similar mechanism that ultimately 
phosphorylates Rad53. In addition to the Mec1-mediated checkpoint signaling, the 
replication checkpoint also has a secondary pathway for Rad53 phosphorylation 
that involves Tel1. Thus, the complete elimination of S-phase checkpoint signaling 
can be achieved only by the elimination of Mec1 activation function of all the three 
activators (9-1-1 complex, Dpb11, and Dna2) and the elimination of Tel1- mediated 
Rad53 phosphorylation [ 85 ,  86 ]. 

 An activated replication checkpoint regulates cell cycle progression and blocks 
the G 2 /M transition. It also phosphorylates various components of the replication 
machinery to facilitate stabilization of stalled replication forks and also blocks fur-
ther origin fi ring [ 87 ]. Studies in budding yeast identifi ed Dbf4 (regulatory subunit 
of DDK) and Sld3 as Rad53 substrates, demonstrating the direct regulation of DNA 
replication machinery by checkpoints. Rad53-dependent phosphorylation of Sld3 
prevents its interaction with Cdc45 and Dpb11, which is essential for activation of 
replication origins. Sld3 and Dbf4 phosphorylation thus interferes with the CDK- 
and DDK-dependent activation of origins [ 88 ]. Another key feature of replication 
checkpoint response is the regulation of  ribonucleotide reductase (RNR)   in order to 
maintain the optimum level of dNTPs, since too little or too much dNTP can be 
mutagenic [ 87 ]. Mec1/ATR activation also prevents chromosome breakage at frag-
ile sites, which experience slow movement of replication fork [ 85 ]. However, some 
studies argue that replisome  stability   might not be a key feature of checkpoint 
response. Studies using  Xenopus  egg extracts indicated that replication  could   
resume even in the absence of checkpoint kinases under certain circumstances [ 87 ]. 
Another study in budding yeast showed the stable association of  replisome   with 
replication forks during replication stress even in the absence of Mec1 or Rad53. 
This suggests that checkpoint kinases might regulate the function of replisome pro-
teins rather than its stability during conditions  of   replication fork stalling [ 89 ].  

     Break-Induced   DNA Replication 

  Break-induced replication (BIR)   is a DSB repair pathway that is used by a cell in 
situations where only one end of the DSB shares homology with a template. BIR 
contributes to replication restart at stalled or collapsed replication forks. It also 
plays an important role in telomere maintenance in the absence of telomerase. In 
eukaryotes, BIR is best studied in the budding yeast model system. BIR initiates 
when a single strand invades into the homologous DNA template and forms a  dis-
placement loop (D-loop)  . This process is mediated by Rad51 and is followed by the 
assembly of a unidirectional replication fork and extensive DNA synthesis. However, 
formation of a replication fork from the D-loop is not very well understood [ 90 ]. 
Studies in budding yeast have shown that BIR requires almost all the components of 
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normal DNA replication including Mcm2-7, Cdt1, Cdc45, GINS, DDK, Dpb11, 
Sld3, Pol α-primase, Mcm10, and Ctf4. Whereas Cdc6 and ORC are not necessary 
for BIR [ 91 ], BIR initiation requires Pol δ and Pol ε is required to continue DNA 
synthesis later. However, how the replication fork is established outside S phase, in 
the G 2  phase, still remains an important question in the fi eld. Replication during 
BIR has a much higher mutation rate than normal replication. BIR may also result 
in various chromosomal rearrangements like template switching, copy number vari-
ation, or nonreciprocal translocations. In humans, BIR is mainly involved in alterna-
tive lengthening of telomeres (ALT) or chromosomal rearrangements, which cause 
genetic instability and are particularly associated with several human cancers [ 92 ]. 

 The following chapters will discuss these various aspects of DNA replication 
initiation in eukaryotes in greater detail. This textbook will provide an excellent 
introduction in DNA replication initiation in eukaryotes for those who are new to 
the fi eld, and will also provide detailed information in DNA replication to those 
who are more advanced. Many of the great advances in DNA replication initiation 
have been discovered in the past several years, and we know that the timely publi-
cation of this volume will encompass the important, recent developments  in   replica-
tion initiation. 

 Abbreviations 

  AAA+    ATPases associated with diverse cellular activities   
  ACS    ARS consensus sequence   
  ALT    Alternative lengthening of telomeres   
  APC    Anaphase-promoting complex   
  ARS    Autonomously replicating sequence   
  ASF1    Anti-silencing function 1   
  ATM    Ataxia telangiectasia mutated   
  ATP    Adenosine triphosphate   
  ATR    ATM and Rad3 related   
  BAH    Bromo adjacent homology   
  BER    Base excision repair   
  BIR    Break-induced replication   
  BRCT    BRCA1 C-terminus   
  CAF-1    Chromatin assembly factor-1   
  CC    Coiled coil   
  Cdc    Cell division cycle   
  CDK    Cyclin-dependent kinase   
  Cdt 1    Cdc10-dependent transcript 1   
  CMG    Cdc45-Mcm-GINS   
  CTD    C-terminal domain   
  Dbf4    Dumb bell forming 4   
  DDK    Dbf4-dependent kinase   
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  DDR    DNA damage response   
  DNA    Deoxyribonucleic acid   
  dNTPs    Deoxynucleotide triphosphates   
  Dpb11    DNA polymerase B-binding subunit 11   
  ds    Double stranded   
  DSB    Double-strand break   
  EM    Electron microscopy   
  Fox    Forkhead box   
  GINS    Go Ichi Ni San (5-1-2-3)   
  HDAC    Histone deacetylase   
  ID    Internal domain   
  Mcm    Minichromosome maintenance   
  Mec1    Mitosis entry checkpoint 1   
  MGS    Meier-Gorlin syndrome   
  NAP1    Nucleosome assembly protein 1   
  NASP    Nuclear autoantigenic sperm protein   
  NER    Nucleotide excision repair   
  NHEJ    Nonhomologous end joining   
  NTD    N-terminal domain   
  OB    Oligosaccharide/oligonucleotide binding   
  ORC    Origin recognition complex   
  ori    Origin of replication initiation   
  PCNA    Proliferating cell nuclear antigen   
  PIKK    Phosphatidylinositol 3-kinase-related protein kinase   
  Pol-α    DNA polymerase-α primase   
  Pol-δ    DNA polymerase-δ   
  Pol-ε    DNA polymerase-ε   
  PP1    Protein phosphatase 1   
  Pre-IC    Pre-initiation complex   
  Pre-LC    Pre-loading complex   
  Pre-RC    Pre-replication complex   
  PTM    Posttranslational modifi cation   
  RFC    Replication factor C   
  Rif1    Rap1 interacting factor 1   
  RNR    Ribonucleotide reductase   
  ROS    Reactive oxygen species   
  RPA    Replication protein A   
  SCF    Skp, Cullin, F-box containing   
  Sld    Synthetically lethal with  dpb11 - 1    
  ss    Single-stranded   
  SSBs    Single-strand breaks   
  SUMO    Small ubiquitin-like modifi er   
  Tel1    Telomere maintenance 1   
  TopBP1    Topoisomerase II-binding protein I   
  UV    Ultraviolet   
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    Chapter 2   
 Choice of Origins and Replication Timing 
Control in Budding Yeast                     

       Arturo     Calzada    

    Abstract     A complete and exact replication of every eukaryotic chromosome within 
each cell division cycle is essential to maintain stable genomes during cell prolifera-
tion. Abundant origins of DNA replication where the replication machinery assembles 
into replisomes to initiate DNA synthesis are widespread along chromosomes. DNA 
replication shows characteristic spatio-temporal patterns of origin usage and replica-
tion timing during S phase, which are conserved through evolution and are cell type 
specifi c, indicating an active process of regulation. Important advances have recently 
been made to elucidate the determinants and molecular mechanisms that regulate the 
patterns of origin activation. Among these,  cis -acting elements, chromatin determinants, 
the timing of origin licensing and factors regulating the choice of origins and the fi ring 
timing during S phase have been described in  Saccharomyces cerevisiae . Much less 
understood is the biological signifi cance of this replication programme, but it could be 
signifi cant in providing both robustness and plasticity to the DNA replication process 
in terms of replication completion and the maintenance of genome integrity.  

  Keywords     Budding yeast   •   DNA replication origins   •   Cell cycle regulation   •   Origin 
specifi cation   •   Origin activation   •   Firing timing   •   Replication completion   •   Genome 
stability  

        Introduction 

 Life perpetuates through the continued generation of daughter cells and requires the 
complete and exact replication of an accurate genome in every cell division cycle. 
The transmission of inexact genetic contents threatens the stability of progeny with 
potentially harmful consequences for viability or health. Reaching and maintaining 
cell populations in unicellular and multicellular organisms require vast numbers of 
cell divisions, providing ample opportunities for errors to occur. Successful DNA 
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replication is thus a signifi cant process that is further complicated in  eukaryotic 
cells   by the large size and fragmentation of eukaryotic genomes into chromosomes, 
the complex structure of chromatin and the pressure to complete replication in the 
relatively short duration of the S phase before segregation of sister chromatids starts 
in anaphase. To initiate DNA synthesis all eukaryotes display very abundant origins 
of DNA replication [ 1 ] that collectively expedite DNA synthesis, but that by being 
so numerous complicate their individual regulation to block re-replication while 
ensuring that no regions are left incompletely replicated. 

 Validating the ‘ replicon model’   proposed by Jacob, Brenner and Cuzin in 1963, the 
initiation of eukaryotic DNA replication relies on the bipartite system of origins and 
initiation factors that are both necessary and together suffi cient to initiate DNA synthesis 
[ 2 ]. The factors involved in the two-step mechanism of origin activation are now well 
known (for recent detailed reviews see [ 3 ,  4 ]). Briefl y, in the fi rst step, known as origin 
licensing,  pre-replicative complexes (pre-RC)   [ 5 ] form at origins by the sequential bind-
ing of the  origin recognition complex (ORC)     , Cdc6, Cdt1 and two head-to-head Mcm2-7 
hexamers. In the second step, known as origin fi ring, licensed origins are selected to 
initiate DNA synthesis, by the attraction of additional factors including Sld3, Sld7 and 
Cdc45 to the pre-RCs and by the phosphorylation by the Dbf4-dependent kinase (DDK) 
of at least some subunits of Mcm2-7, to form the pre-initiation complex (pre-IC) [ 6 ]. In 
parallel, a pre-loading complex (pre-LC) [ 7 ] containing GINS, Sld2, Pol ε  and Dpb11 forms 
outside origins. Phosphorylation of Sld2 and Sld3 by the S-phase cyclin-dependent 
kinases (S-CDKs) [ 8 ,  9 ] is essential for the pre-LC to be recruited to pre-IC origins. The 
active Cdc45/Mcm2-7/GINS (CMG) helicase assembles [ 10 ,  11 ], and upon the attrac-
tion of additional replication factors two replisomes form which depart from each origin 
in opposite directions after DNA unwinding. This reaction leaves the origin in an inac-
tive post-replication state in which it is bound only by ORC and with which it forms a 
post-replicative complex (post-RC) [ 5 ]. In synchrony with the cell cycle, licensing only 
occurs from late mitosis and during the G1 phase up to START, depending on the 
expression or recycling of the licensing factors and the inactivity of the S-, mitotic- and 
G1-CDKs. In late G1 phase the activity of G1-CDKs precludes licensing, while  the   lack 
of S-CDK impedes fi ring [ 12 ]. Firing initiates as soon as S-CDKs activate at the begin-
ning of S phase. The persistence of active licensing-inhibitory CDKs up to the meta-
phase-to-anaphase transition prohibits new licensing. This dependency of licensing on 
the absence of CDK activity, and of fi ring on the presence of S-CDK, ensures that the 
activation of any origin is unique to each cell cycle. 

 However, in spite of  this   common machinery of origin activation, only a subset 
of origins is selected for fi ring during S phase, and origins display characteristic 
origin effi ciencies (the percentage of fi ring in a cell population) and fi ring timing, 
leading to characteristic spatio-temporal patterns of replication initiation [ 13 – 18 ], 
both evidencing the active regulation of origin choice. In contrast to these conclu-
sions obtained from cell populations, a stochastic choice of origins among single 
cells has been found when individual cells have been studied, revealing randomness 
in origin selection [ 19 ,  20 ]. The combination of global control in the order of fi ring 
and local stochastic competition among origins for fi ring has led to the suggestion 
of a ‘controlled stochastic’  model   of origin choice [ 21 ,  22 ]. The factors and molecular 
mechanism that control the choice of origins and the fi ring timing, and the signifi cance 
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of having defi ned replication patterns, are as yet incompletely understood and are the 
focus of intense research. 

 Here I focus on the current understanding of the determinants of the choice of 
origins, and their effect on the timing of replication in budding yeast, and also com-
pile evidence supporting the biological signifi cance of this replication programme. 
In brief, knowledge of the precise map of origin location and the temporal replica-
tion profi le in budding yeast has facilitated the discovery of determinants of origin 
usage. Multiple factors are found to infl uence origin selection and fi ring timing in 
budding yeast, including  cis -acting sequences at origins, local chromatin structure and 
epigenetic marks, origin positioning within chromosomes, timing of pre-RC forma-
tion and maintenance, recruitment of fi ring timing factors and competition for limiting 
origin fi ring factors (reviewed in [ 23 – 26 ]). All these regulators commonly display 
differential infl uences among origins; indeed, they provide diversity to the population 
of origins. The competition among origins for limiting fi ring factors is a source of 
plasticity in origin selection. The integration of these multiple controls at each origin 
could explain the differential activation probability and timing of choice among ori-
gins observed in cell populations, and the stochastic origin selection observed in sin-
gle cells [ 22 ,  24 – 28 ]. Together with the non-random distribution of exceeding origin 
numbers, this organisation presumably adds redundancy and robustness to replication, 
for example against incomplete termination in agreement with the ‘origin redun-
dancy’ model [ 27 ,  29 ]. Importantly, altering this programme is found to have negative 
consequences for chromosome integrity and  genome stability  .  

     Cis -Acting Elements and Chromatin Determinants 
at Origins for Origin Selection 

 Origins were fi rst found in budding yeast and defi ned as autonomous replicating 
sequences ( ARS     )       because they confer autonomous replication and maintenance to 
plasmids and are the sites where bidirectional replication starts [ 30 – 33 ]. The study of 
some ARSs by scanning mutagenesis showed that origins are a modular combination 
of distinct  cis -acting elements including an essential A element which is constant to 
origins, and a variable composition of a few individually non-essential B elements 
that provide diversity among origins [ 34 ]. The sequence conservation of A elements 
allowed the defi nition of an  extended ARS consensus sequence (EACS)   of 17 AT-rich 
base pairs [ 35 ,  36 ] that further extends up to 33 base pairs if the ACS–ORC binding 
consensus [ 37 ] is considered. The ACS is insuffi cient to defi ne an origin; thousands of 
sequences match the  ACS   on the yeast genome but data from genome-wide studies 
reveal that only around 800 are confi rmed or likely ARSs [ 38 ].  ACS-B1   provides a 
bipartite sequence for  ORC recognition   [ 39 ,  40 ] and the B2 element of ARS1 facili-
tates pre-RC formation or maintenance [ 41 ]. In spite of the sequence specifi city of 
pre-RC formation in  S. cerevisiae  in vivo, ORC can bind and load Mcm2-7 complexes 
to non-origin sequences [ 42 ] and support plasmid replication in vitro [ 43 ], which is 
similar to forced ORC binding to DNA in  Drosophila  [ 44 ]. 
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 Origin sequences and chromatin structure can modulate the probability of origin 
specifi cation by infl uencing ORC recruitment and  pre-RC assembly   during licensing, 
and contribute to the timely selection and effi ciency of origin activation during  S phase  . 
In support of origin sequence features infl uencing origin specifi cation and activity in 
  S. cerevisiae   , it is found that mutations in the  cis -acting sequences modify origin effi -
ciency [ 45 ,  46 ], presumably by distinct abilities of differing sequences to attract or 
retain pre-RC factors (Fig.  2.1a ). In further support,  direct   ORC–DNA chromatin-inde-
pendent interactions also contribute to ORC recruitment to origins and to replication 
timing, because origins with this interaction are enriched for late fi ring [ 47 ] (Fig.  2.1a ). 
Consistently, distinct sequence elements within origins infl uence that origins are dif-
ferentially tolerant to the mutation of licensing factors or to  CDK deregulation   in the 
G1 phase, supporting a hierarchy of replication origins [ 48 ,  49 ]. Similarly, certain 
 origin sequences predispose origins to re-replication, presumably by increasing the 
competency of origins to recruit or maintain pre-RC factors [ 50 ].

   Chromatin determinants also regulate the dynamics of origin specifi cation by 
licensing, and infl uence the activation  timing  . The positioning of origins close to 
those with earlier or more effi cient activation can favour passive replication, so that 
in proximal origins the choice of one inactivates the others [ 51 ]. Pioneering experi-
ments in budding yeast showed that the chromatin environment and origin position 
determine origin effi ciency and fi ring timing independently of origin sequences, as 
evidenced by moving an early-fi ring origin to a  subtelomeric late-replicating region   
or a late-fi ring origin to a plasmid [ 52 ]. This work also predicted the existence of 
 cis -acting elements that determine the  fi ring timing   of proximal origins. Indeed, 
surrounding sequences and not the origin itself advance the fi ring timing of nearby 
origins [ 53 ].  Centromeres   are normally early replicating, and they infl uence the 
replication timing of close regions as shown by the relocation of a functional cen-
tromere to a late-replicating region advancing the replication timing of surrounding 
origins even at long distances [ 54 ,  55 ] (Fig.  2.1b ). Mechanistically, the effect of 
centromeres on the early fi ring timing of nearby origins can be contributed by kinet-
ochores attracting DDK to recruit Sld3 and Sld7 to promote early replication [ 54 , 
 55 ] (Fig.  2.1b ), in a similar manner to the fi nding that the HP1 protein stimulates 
Sld3 loading and binding of Dfp1/Dbf4 for early replication of pericentromeric 
chromatin in the fi ssion yeast [ 56 ]. Telomeres cause replication origins to fi re late, 
as short telomeres replicate subtelomeric origins early [ 57 ,  58 ].  Telomeres and sub-
telomeric   regions are frequently silenced in transcription, and origin fi ring is delayed 
to late in S phase by  telomeric suppression   of origin activation by the  histone 
deacetylase (HDAC)   Sir2 [ 52 ,  59 ], or by the Ku complex [ 58 ,  60 ] (Fig.  2.1b ). Loss 
of function of Sir2 suppresses the  cdc6 - 4  mutation, and rescues  DNA synthesis and 
plasmid stability   of other pre-RC mutants, implying that Sir2 regulates initiation of 
DNA replication [ 61 ]. The Sir2-dependent inhibition of origin activity is differential 
among origins suggesting that it relies on origin sequences or structure, and mecha-
nistically it could be explained by the presence of an inhibitory sequence (I s ) on 
ARSs that requires Sir2 [ 62 ] (Fig.  2.1b ). Further supporting the idea that histone 
acetylation regulates the selection of origins for fi ring timing, the loss of the HDAC 
Rpd3 causes advanced fi ring timing and Cdc45 recruitment of the subset of late 

A. Calzada



Rpd3

TEL

CENARS

Sir2

Is late
firing DDK

late
firing

early
firing

early
firing

kinetochore

Sld3
Sld7

AcKu

ATP-dependent
chromatin remodelling

ORC

B domainEACS

a b

d

c

e

Nucleosome free region

ORC

EACS B domain

nucleosome
positioning

ORC

M
cm

2-
7 M

cm
2-7

mid origin

S
S

D
D

S

ORC

45 45

ORC

45 45 45
45

late origin

ORCORC ORC

45 45 45
45

silent/dormant origin

ORC ORC ORC 45 45

S
S

D
D

S

S
S

D
D

S

ORC

45 45 45
45

early origin

late originearly origin

ORC

F
kh

B
S

Fkh

F
kh

B
S

Fkh45 45

ORC

R
if1

 B
S

Rif1

Glc7/PP1
DDK

PP
45

ORC
BAH

early origin

ORC
BAH

4545

early origin

ORC ORC
45 45

ORC

late origin

ORC

  Fig. 2.1    Factors determining origin specifi cation and choice in the control of replication timing. 
( a )  Cis -acting elements at origins (EACS and B domain) infl uence origin effi ciency and also the surrounding 
chromatin structure by maintaining a nucleosome-free region window that facilitates ORC recruitment; 
ORC–DNA binding and an ATP-dependent chromatin remodelling activity position fl anking nucleosomes 
for pre-RC formation in the G1 phase. ( b ) Local and global chromatin determinants infl uence the choice and 
fi ring timing of origins, including centromeres and telomeres that infl uence the replication timing (early or 
late) of surrounding origins, and HDACs like Rpd3 and Sir2. Ac, histone acetylation. ( c ) The strength and/
or the cell cycle timing of the ORC–chromatin interaction infl uence pre-RC formation and the timing of 
origin fi ring. Earlier or more stable ORC binding ( solid line ), or the presence of the BAH domain, associates 
with earlier pre-RC formation and with early origins; more labile or later ORC binding ( dashed line ) associ-
ates with late origins. The diamond represents Cdc45. ( d ) Apart from the general initiation machinery, 
specialised factors like Fkh1/2 and Rif1 infl uence the timing of origin activation by modulating the matura-
tion of pre-RCs into active replisomes during origin fi ring. FkhBS, Fkh1/2-binding site; Rif1 BS, Rif1-
binding site. ( e ) Rate-limiting availability of fi ring factors and sequential usage by origins govern the 
distributed timing of origin fi ring during S phase in the budding yeast. SSDDS, Sld2, Sld3, Dbf4, Dpb11, Sld7       
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origins of non-telomeric regions [ 63 ,  64 ] (Fig.  2.1b ). Consistently, targeted histone 
acetylation by recruitment of the  histone acetyltransferase (HAT)      Gcn5 to the late- 
fi ring origin ARS1412 advances the fi ring timing. In line with this, the deletion of 
Gcn5 compromises minichromosome maintenance, alters the chromatin structure, 
decreases the level of Mcms at origins and fi nally a high dosage of Gcn5 suppresses 
the thermosensibility of   ORC  and  MCM  mutants   defective in initiation of  DNA 
replication   [ 64 ,  65 ]. Acetylation of H3 and H4 has been shown to be present around 
a replication origin in a minichromosome, and acetylation of multiple lysine resi-
dues is important for effi cient  chromosomal   origin activation and DNA replication 
during S phase [ 66 ]. Indeed, other HDAC,    such as the Sum1-Rfm1-Hst1 complex 
that binds to a subset of origins, is required for normal initiation activity, and 
removal of a binding site decreases origin activity [ 67 ]; furthermore, deletion of this 
HDAC increases H4K5 acetylation and decreases origin activity [ 68 ]. Other histone 
marks such as methylation also infl uence origin activity [ 69 ,  70 ]. H3K36me by Set2 
aids the binding timing of Cdc45, and H3K36me3 is inhibitory to this process [ 69 ]. 

 Regarding the implication of  chromatin structure and remodelling   in origin acti-
vation and replication initiation, almost all origin sequences in   S. cerevisiae    maintain 
a nucleosome-free region (NFR) which starts from the ACS [ 71 ,  72 ]. Leading-
strand synthesis preferentially initiates within the NFR [ 73 ], and the NFR is directed 
by the origin sequences since the absence of ORC does not abolish the NFR [ 37 ]. 
Nucleosome positioning affects the function of  ARS  1 [ 74 ]. The  NFR   presumably 
provides access for ORC binding, which in turn positions nucleosomes fl anking the 
origin together with an  ATP-dependent chromatin remodelling   activity at almost 
every origin and facilitates the initiation of DNA replication [ 37 ,  75 ,  76 ] (Fig.  2.1a ).  

    Dynamics of Origin Licensing and Timing of Origin Firing 

 The choice of which origins are to be fi red during  S phase   can only be made from 
those origins that have previously been specifi ed by licensing. The timing pro-
gramme is established to be coincident with the licensing period (between late mito-
sis and the end of the G1 phase), at least for  subtelomeric late-replication regions   
where a subtelomeric late origin excised in G2/M, and not in the G1 phase, switches 
the activation time to early fi ring [ 77 ]. Hence, the schedule of origin  licensing   can 
contribute to the timing of origin activation. 

 The  chromatin structure   may infl uence the activity of origins by regulating the 
accessibility of initiation factors to origins, both globally at entire chromatin regions 
because origin activity correlates with nuclear positioning [ 78 ] and origins organise 
into foci of multiple origins that fi re at similar times [ 79 ], and locally at specifi c 
origins under the infl uence of the chromatin environment. The  NFR   at origins can 
accommodate Mcm2-7 hexamers, and disruption of nucleosome positioning by 
ORC interferes with pre-RC formation [ 76 ]. Signifi cantly, the nucleosome position-
ing which is established during the G1 phase differs between early and late origins, 
and is modulated during origin activation in the  cell cycle   [ 80 ]. Supporting the view 
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that the association of ORC with chromatin during the  cell cycle   is a determinant of 
origin effi ciency, a detailed analysis of DNA proteins by  MNase footprint mapping   
at origins [ 81 ] has shown a cell cycle regulation of  ORC binding      to origins and 
consistent  nucleosome remodelling  . This approach discriminates between 30 % of 
origins showing a detectable ORC-dependent footprint in G2, and another 15 % of 
origins having a footprint detected only in G1 (consistent with transient ORC bind-
ing in G2 or with no binding until G1) (Fig.  2.1c ). Signifi cantly,  ORC binding   in G2 
is a determinant for effi cient or early origin activation, although the effect is not 
global [ 81 ]. In  S. pombe  the timing of  ORC binding   and pre-RC formation during 
mitosis and G1 infl uences origin effi ciency and fi ring timing during S phase [ 82 ]. 
Origins with earlier Mcm2-7 loading could have further time for additional Mcm2-7 
recruitment, thus increasing the probability of attracting fi ring timing factors and 
therefore of fi ring earlier during S phase [ 21 ,  26 ] (Fig.  2.1c ). 

 However, the determinants of ORC binding to specifi c origins and during the cell 
cycle are not known. In metazoans, the conserved chromatin-binding module 
 bromo-adjacent homologous (BAH)      domain of Orc1 [ 83 ] recognises and binds to 
H4K20me2 methylated histones, but this function is not conserved in Orc1BAH in 
yeasts [ 84 ]. Instead, in  S. cerevisiae  the BAH domain of Orc1 is important for origin 
selection within chromatin [ 85 ] (Fig.  2.1c ).  orc1bahΔ  cells show reduced ORC and 
Mcm2-7 association with chromatin. Consistent with the  BAH domain   not being a 
general regulator of origin activation, the effect is differential among origins so that 
some origins are  orc1bah ∆ sensitive and others  orc1bah ∆ resistant. Furthermore, 
there are differential responses among sensitive origins, and the loss of the BAH 
domain does not completely remove ORC/Mcm2-7 binding to  orc1bahΔ -sensitive 
origins, but replication initiation, effi ciency of origin fi ring and plasmid mainte-
nance are compromised in sensitive and not in resistant origins [ 85 ]. Importantly, 
the BAH domain is not the determinant of origin effi ciency, as effi cient and ineffi -
cient origins have been found among  orc1bahΔ -sensitive and -resistant origins [ 85 ]. 
Signifi cantly, ORC binds more stably to origin-containing chromatin than to naked 
DNA suggesting that ORC at origins is stabilised through the interaction with 
nucleosomes, and is independent of the BAH domain [ 86 ]. Origins relying more on 
 local chromatin determinants  , defi ned as chromatin dependent, are enriched in 
early-fi ring origins [ 47 ]. 

 Hence, it seems that origin selection can be viewed as the intrinsic origin 
sequence capability modifi ed by several local chromatin determinants that differen-
tially merge at each origin and modulate the characteristic origin probabilities of 
effi ciency or fi ring timing during  S phase  .  

    Factors Regulating the Timing of Origin Activation 

 Although fi ring at all origins occurs by the maturation of licensed origins from pre- 
RCs to pre-ICs and  replisomes  , there are conserved distinctive activation times and 
effi ciencies between different origins [ 13 – 15 ], and more origins are licensed than 
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are actually selected to initiate  replication   [ 50 ], evidencing a timely choice of origins 
for fi ring. Identifi cation of the factors that regulate timing of origin  fi ring   is of relevance 
considering that the replication profi le results predominantly from the kinetics of 
origin fi ring [ 73 ]. The  determinant   factors of fi ring timing had remained elusive 
until recently, and key discoveries have now shed light on the process. 

 The transcription factors  Fkh1 and Fkh2   are determinants of the origin fi ring 
timing programme because they promote early fi ring to a subset of early origins 
through  ORC binding  , clustering of early origins and association with Cdc45 during 
pre-RC maturation in the G1 phase [ 87 ] (Fig.  2.1d ). Fkh1/2-binding sites on origins 
are limited to early origins, although the presence of these sites at origins is insuf-
fi cient to confer early fi ring (which is also dependent on the close proximity to the 
ACS). Furthermore, not all early origins contain Fkh1/2-binding sites, and the intro-
duction of Fkh1/2-binding sites at late origins is insuffi cient to confer early replica-
tion [ 87 ,  88 ]. The position and number of Fkh1/2 sites relative to the ACS seem to 
be important for origin activity and only a subset of origins contain two sites in a 
position which fl anks the NFR in a precise localisation relative to ACSs [ 80 ,  88 ] 
(Fig.  2.1d ). This regulation by Fkh1/2 in tethering early origins together is consis-
tent with these clusters being poles of attraction for fi ring factors, including Cdc45, 
which concentrate spatially and temporally leading to early replication [ 87 ] (Fig.  2.1d ), 
and also with evidence that early origins frequently interact [ 89 ]. 

 The  telomere-binding protein Rif1   is also a conserved regulator of the  replication 
timing programme   in normal cell cycles from yeast to human cells [ 90 – 93 ]. In its 
absence there is a premature activation of origins at telomeres and earlier replication 
[ 58 ]. Rif1 regulates the fi ring timing of late/dormant origins in internal and subtelo-
meric chromosome regions in  S. cerevisiae  [ 92 ] (Fig.  2.1d ). Both in fi ssion and 
budding yeast  Rif1 binds      to telomeres and along chromosomes, and although bind-
ing is close to some Rif1-regulated origins there is no specifi c enrichment at origins 
[ 91 ,  92 ,  94 ]. The details of the mechanism by which Rif1 controls the fi ring timing 
of origins have been elucidated recently. In  S. pombe  the binding of Cdc45, but not 
of Mcm4, to origins is affected in  rif1 ∆ cells, where it was shown that Cdc45 was 
bound to late origins in contrast to wild-type cells, suggesting that Rif1 infl uences 
the steps after pre-RC assembly [ 91 ]. In  S. cerevisiae  Rif1 contains two Glc7/pro-
tein phosphatase 1 (PP1) interaction motifs at the N-terminus, which enable Rif1 to 
target PP1 activity to pre-RCs to counteract the  DDK phosphorylation   of Mcm4 that 
is critical for the Rif1-repressive effect on the fi ring timing of late origins [ 95 – 97 ] 
(Fig.  2.1d ). Importantly, Rif1 is also regulated in its binding to Glc7 by interaction 
with DDK and by DDK-dependent phosphorylation [ 95 – 97 ], and by Tel1 phos-
phorylation at short telomeres [ 98 ] (Fig.  2.1d ). 

 A more global determinant  of   origin fi ring timing seems to be the limiting step 
of  pre-RC maturation   towards active replisomes. Indeed, while the earliest origins 
recruit Cdc45 (although loosely during the G1 phase), late origins remain unbound 
until late S phase [ 99 ] (Fig.  2.1e ). Work in  S. pombe  has indicated that the recruit-
ment of  rate-limiting initiation factors   to origins controls origin effi ciency by 
ordered ORC and Mcm2-7 binding, and of fi ring timing by limiting DDK [ 19 ,  82 ]. 
Furthermore, Fkh1/2 and Rif1 infl uence the schedule of Cdc45 recruitment and of 
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DDK phosphorylation to origins to regulate the fi ring timing of origins [ 87 ,  95 – 97 ] 
(Fig.  2.1d ). Work in budding yeast has shown that the essential initiation factors for 
 pre-RC maturation   Sld2, Sld3, Sld7, Cdc45, Dpb11 and Dbf4 are rate limiting for 
origin association and infl uence the timing of origin fi ring as their combined over-
expression advances the fi ring timing of late origins to earlier in S phase [ 100 ,  101 ]. 
Hence, sequential origin fi ring timing is ordered by the binding of rate-limiting  fac-
tors   to early origins, and further release and subsequent recycling by mid and late 
origins until complete replication (Fig.  2.1e ). In this context, the prevention of late 
origin activation under replication stress or DNA damage by the S-phase checkpoint 
also operates. New fi ring events at licensed origins are prevented upon activation of 
the  S-phase   checkpoint [ 102 ,  103 ] mediated by phosphorylation of Dbf4 and Sld3, 
and inhibition of Cdc45 recruitment to late origins [ 99 ,  104 – 106 ]. 

 Signifi cantly, those determinants of fi ring timing actually operate in parallel. 
Fkh1/2-binding sites are excluded from the subset of origins regulated by Rpd3L 
[ 87 ], while the combined lack of Rpd3L-dependent late fi ring of dormant origins 
and overexpression of the rate-limiting fi ring factors is required  for   early fi ring of 
dormant origins [ 100 ].  

    Signifi cance of Spatio-Temporal Programmes 
of Origin Activation 

  Replication timing patterns   are more conserved across eukaryotic evolution than 
strict origin positioning (mainly of dormant origins), even in closely related species 
[ 107 ]. The function of performing regulated temporal programmes of  origin choice 
and replication   therefore seems important but is, as yet, incompletely understood, 
and a number of suggestions have been posed and modelled mathematically [ 21 ,  22 , 
 24 ,  26 ]. The identifi cation of factors that determine this control has allowed the 
consequences of its mutation for genome integrity to be addressed experimentally. 

 The replication timing programme can infl uence the mutagenic landscape of chro-
mosomes (see [ 108 ]).  Chromosomes   contain an irregular distribution of distinct ele-
ments whose replication pattern provides evidence of preferred replication dynamics. 
The function or  homeostasis   of these elements may require specifi c replication control, 
which could explain the existence of replication timing programming. This is the case 
with centromeres that replicate early in budding and fi ssion yeasts [ 109 ], presumably 
to ensure optimal chromosome segregation and prevention of aneuploidy [ 110 ]. It is 
also the case with fragile sites (where chromosomes break more frequently), which are 
present from yeasts to human cells, that frequently have specifi c  chromatin structure   or 
composition, display diffi cult replication, break under defective or slow replication 
dynamics, and correlate with a paucity of dormant origins along large chromosome 
regions and retarded replication in human cells [ 111 – 113 ]. Also of relevance is that 
 mutagenesis   is non-random across the genome. Replicative polymerases have distinct 
error rates and contribute differently to mutation rates by inducing compositional biases 
along DNA associated with the asymmetry of  DNA replication  , and accordingly active 
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origins establish a strand bias for mutagenesis [ 114 ,  115 ]. Late-replicating regions have 
been shown to have a higher incidence of mutagenesis than early regions [ 116 ]. 
Inserting a sequence at distinct replication-time positions along a chromosome reveals 
a strong correlation with timing and rates of mutagenesis, and consistently the deletion 
of an early origin leads to a mutagenic increase presumably by retarding replication of 
nearby regions [ 117 ]. 

 Excessive  fi ring   could be restricted to proceeding sequentially during S phase if 
replication proteins or other factors are rate limiting so that the progression during 
S phase must accommodate the rates of synthesis or recycling of those factors. This 
is the case of the  rate-limiting fi ring factors   (Sld2, Sld3, Dbf4, Dpb11, Cdc45 and 
Sld7) that impede inappropriate origin activation during S phase and control  S-phase   
length in budding yeast [ 100 ,  101 ]. Otherwise, simultaneous fi ring can be deleteri-
ous. Indeed, dNTP pools are rate limiting and balanced for precise genome duplica-
tion by the ribonucleotide reductase [ 118 ]. The simultaneous fi ring of early and late 
origins in S phase by the overexpression of the rate-limiting fi ring factors in  bud-
ding yeast   imbalances replication by the elevated numbers of replication forks: 
 dNTPs   are deprived, replication stress arises, and the checkpoint kinase Rad53 is 
activated depending on dNTP levels [ 100 ]. 

 Deregulated origin usage could alter the optimal distribution of initiation events 
along chromosomes needed to ensure replication completion according to the pro-
posed ‘random completion’ or ‘ replication gap’      problem [ 27 ,  29 ,  119 ]. For timely 
completion of replication, the ‘origin redundancy’ model [ 27 ] proposes two solu-
tions: fi rst, that a large excess of licensed origins are selected to fi re during S phase 
in a regular distribution, and second that  unreplicated regions   retain initiation poten-
tial at licensed unfi red origins whose activation would facilitate replication comple-
tion. A compatible proposed solution is that the effi ciency of origin fi ring increases 
as  S phase   progresses at unreplicated regions [ 27 ,  29 ]. Indeed, the replication pro-
gramme displays exceeding numbers of origins used below saturation during S 
phase, and non-random origin distribution. The features of regulated  activation 
 timing   of origins (providing origin diversity) and some allowed stochastic origin 
selection (providing fl exibility) together lead to strong origin redundancy in replica-
tion. This replication programme could thus provide the optimal organisation for 
completion of replication [ 120 ]. This is particularly important for two reasons: 
fi rstly,  replisome progression   is normally highly irregular due to eventual fork stall-
ing or collapse [ 121 ], regulated pausing at programmed fork barriers [ 122 – 124 ] or 
delayed replication progression across chromatin regions that display diffi cult rep-
lication like fragile sites [ 111 ], and secondly, considering that every chromosomal 
sequence has a maximum of two opportunities of replication by incoming repli-
somes from each fl ank, new origin fi ring within the region can easily rescue irre-
versible fork arrest [ 125 ]. Consistently, reducing origin numbers compromises 
chromosome maintenance and integrity, and is further aggravated upon reducing 
origin diversity by the simultaneous deletion of dormant origins [ 126 ,  127 ]. 
Similarly, a paucity of origins delays replication completion leading to the expres-
sion of  fragile sites   in human cells [ 112 ]. Mutants of licensing  factors   also reduce 
the effi ciency of origin activation and cause the loss of minichromosomes and 
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elevated rates of chromosomal rearrangements [ 45 ,  49 ,  128 ]; consistent upregulation 
of licensing-inhibitory  CDK kinases   in the G1 phase reduces origin licensing and 
the effi ciency of origin fi ring, compromising the dynamics of S phase and  genome 
stability   possibly by incomplete genome duplication before the initiation of ana-
phase [ 129 ,  130 ]. Strongly linking genome instability to defective origin usage, the 
elevated rate of gross chromosomal rearrangements ( GCR  )    caused by the deregula-
tion of CDK activity in the G1 phase at a chromosome region is suppressed by 
increasing the concentration or distribution of origins in that region presumably by 
increasing the density of initiation events [ 130 ]. And consistently, the rates of GCR 
refl ect the paucity of initiation events from active origins in that region [ 131 ]. 
Hence, compromising the number or choice of origins available during replication 
could reduce the fl exibility of initiation and the robustness of  S phase   towards 
replication completion and genome maintenance.  
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    Chapter 3   
 Epigenetic vs. Sequence-Dependent Control 
of Eukaryotic Replication Timing                     

       Kyle     N.     Klein     and     David     M.     Gilbert    

    Abstract     Eukaryotic DNA replication follows a reproducible temporal pattern 
throughout S phase known as the replication timing (RT) program. RT is correlated 
with gene expression, chromatin structure, and 3D chromatin folding states; it helps 
to maintain genome integrity, correlates with mutation frequencies, and is altered in 
many diseases. However, the mechanisms regulating RT remain poorly defi ned. 
Studies over the last three decades have attempted to identify specifi c DNA 
sequences that regulate this program from yeasts to humans. Recent studies have 
implicated defi ned protein-binding motifs in yeasts. In mammals, there is indisputable 
evidence that epigenetic mechanisms regulate homologue-specifi c differences in 
RT, while artifi cial constructs have been shown to infl uence RT in a sequence- 
dependent manner and genomics approaches fi nd compelling correlations of 
sequence variation to RT. However, the mechanisms linking these features to RT 
remain elusive.  

  Keywords     DNA replication   •   Replication timing   •   DNA replication origin
   •   Replication domains   •   Epigenetics   •   Primary DNA sequence   •   Transcription
   •   Metazoans   •    Cis -acting   •    Trans -acting   •   Replication variation  

        Introduction 

 Eukaryotic  chromosomes   are replicated in a specifi c temporal pattern throughout 
S phase known as the “replication timing” (RT) program. Four hundred to eight 
hundred kilobase regions of the genome  termed   “replication domains” are replicated 
coordinately due to the synchronous fi ring of replication origins within each domain. 
In metazoans, gene-rich chromatin is replicated early and located at the nuclear 
interior, while gene-poor chromatin is replicated late and enriched at the nuclear and 
nucleolar periphery [ 1 ].  RT programs   are regulated during development, often associ-
ated with changes in gene expression, conferring cell type-specifi c RT programs [ 2 ]. 
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The biological signifi cance of this phenomenon remains unclear. RT is evolutionarily 
conserved between closely related species and there is evidence for roles in maintaining 
genome integrity and genome evolution, and regulating programs of gene expression, 
which are the subject of several recent reviews [ 3 – 7 ]. 

 Here we discuss evidence for the role of  DNA sequence   vs. chromatin and 
epigenetic mechanisms in regulating the RT program. First we develop the concepts 
that specifi c DNA sequences are not necessary for initiation of replication in eukary-
otes to the degree that they are in prokaryotes. We outline the sequence-independent 
nature of the molecular mechanisms by which replication is licensed, initiated, and 
regulated to ensure the complete and once-per-cell-cycle duplication of the genome. 
We delve further into the independence of regulatory mechanisms determining 
origin usage vs. replication timing, taking many examples from yeasts while providing 
evidence for similarly independent mechanisms in metazoans. This provides the 
background for a discussion of the evidence for sequence-dependent versus epigenetic 
 mechanisms   regulating replication timing in both yeasts and metazoans. We remark 
on the importance of replication timing control in development and its 
possible links to transcription. We also investigate the more abstract concept of 
stochasticity and its role in determining origin fi ring patterns. We conclude with 
ideas on where the fi eld of replication timing needs to progress in order to establish 
higher resolution replication timing profi les and more accurate characterization of 
replication dynamics in populations versus single cells.  

    Initiation of  Eukaryotic Chromosomal DNA Replication   
Does Not Require Specifi c Consensus DNA Sequences 

 Eukaryotic DNA replication initiates at origins of replication interspersed along the 
length of each chromosome, but what determines the location of these origins is still 
poorly understood. Origins of replication were originally defi ned in budding yeast 
as autonomously replicating sequence (ARS) elements that could confer replicative 
capacity to minichromosomes or plasmid DNA [ 8 ]. These observations led to the 
notion that eukaryotic origins, like bacterial, plasmid, and many viral origins, 
are specifi ed by specifi c DNA sequences that serve as binding sites for sequence- 
specifi c initiator proteins, conforming to the replicon model for bacterial plasmid 
replication originally proposed by Jacob and Cuzin [ 9 ]. However, it was later 
discovered that yeast is one of the only eukaryotic organisms to have a consensus 
sequence at which replication initiates [ 10 ]. Moreover, even in budding yeast, not 
all origins harbor a clear consensus [ 11 ,  12 ], and when the consensus origin sites are 
deleted, noncanonical sites can initiate replication [ 13 ]. Fission yeast preferentially 
initiate DNA replication within AT-rich stretches of DNA but those sites lack a con-
sensus DNA sequence [ 14 ,  15 ]. Metazoans appear to lack any specifi c sequence 
requirements. In fact, during the rapid early cleavage stages of   Drosophila  and 
 Xenopus  development  , when transcription is silent, replication initiates at random 
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with respect to DNA sequence [ 16 – 19 ]. However, using extracts from these early 
embryos, artifi cial systems have been developed that can achieve site-specifi c initiation 
by manipulating features such as DNA methylation [ 20 ] or transcription factor 
targeting [ 21 ], leading many to hypothesize that the local chromatin environment 
contributes more strongly than DNA sequence to defi ning the locations of origins in 
higher organisms [ 22 ]. In mammalian cells, any DNA sequence above a critical size 
can replicate autonomously as a circular minichromosome [ 23 ], and cases of ectopic 
insertion into chromosomes have been identifi ed where replication is found to initiate 
within the bacterial vector sequences [ 24 – 27 ]. 

 Since functional assays failed to identify sequence elements that confer origin 
activity in metazoans, many turned to genomics to identify any features, sequence- 
dependent or chromatin-associated, which are correlated with origin activity. 
Methods such as isolation of  small nascent strands (SNS)  , deemed “nascent” by 
virtue of being labeled during a brief BrdU pulse or by having a short RNA primer 
on their 5′ ends [ 28 – 31 ], or trapping DNA bubble structures (“bubble trap”) charac-
teristic of nascent replicons [ 32 ], have identifi ed chromatin features such as  DNaseI 
hypersensitive sites (DHSs)  , and even features of the  primary DNA sequence   such 
as those that can form a four stranded DNA structure known as the G4 quadruplex, 
that correlate with the positions of origins [ 33 ,  34 ]. In fact, in the case of the G4 
quadruplex structures, transplantation studies in chicken DT40 cells demonstrated 
that G4 structure and orientation were necessary but not suffi cient for origin activity 
at an ectopic site [ 34 ]. In the case of DHSs, a mathematical model whose input was 
based solely on the assumption that DHSs are the determinants of replication initia-
tion sites was able to accurately model the  temporal   program for DNA replication 
during S phase. However, only a fraction of DHSs or G4 quadruplexes align with 
origins and vice versa, so the extent to which these and similar correlations (e.g., 
H3K4me1, H3K27me3, and others) [ 35 ,  36 ] are causatively linked to the activity of 
particular sets of origins remains to be determined. 

 Several limitations must be taken into account with the interpretation of genomic 
approaches to origin mapping, particularly in metazoan genomes. First, the concor-
dance of bubble trap and SNS datasets is only about 50 % [ 35 ], suggesting that the 
two methods capture different populations of origins (Fig.  3.1 ) [ 37 ]. Even the con-
cordance of SNS datasets across laboratories is rather weak [ 38 ]. Contamination of 
SNS preparations with lambda exonuclease (lexo)-resistant unreplicated DNA (e.g., 
GC rich and G4 quadruplex-containing DNA) [ 39 ] is unlikely to account for this 
lack of concordance, since some datasets were collected by enriching for BrdU- 
substituted SNS or by releasing captured small molecules with RNaseI without lexo 
treatment [ 31 ,  40 ]. Rather, the fact that concordance is improved by sequencing 
SNS to saturation suggests that each dataset is capturing only a subset of potential 
initiation sites [ 37 ,  41 ,  42 ]. A second problem is that, like all methods that begin by 
pooling cell populations, cell-to-cell heterogeneity is lost (Fig.  3.1 ). This is particu-
larly important in the case of replication origins, as it is clear from studies that map 
sites of DNA synthesis on individual isolated DNA fi bers that sites of initiation vary 
tremendously from molecule to molecule (even in yeasts) (Fig.  3.1 ), with different 
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sites having widely different probabilities of fi ring [ 43 – 48 ]. This means that 
population- based methods are likely only detecting the most frequently utilized 
 origins, at their respective resolution (i.e., clusters of ineffi cient origins might be 
detected as a single effi cient origin by bubble trap but go undetected by SNS) [ 37 ]. 
Moreover, the only study that compared ensemble methods to DNA fi ber methods 
directly demonstrated that many more origins are detected in population-based 
methods than are activated in a single S phase [ 49 ].

   Taken together, it is clear that there is a great deal of fl exibility in the sites that 
can be selected to initiate DNA replication, particularly in metazoans (Fig.  3.1 ). To 
date, high-throughput methods capture only the most frequently utilized sites of 
initiation, and even those sites appear to lack any single-consensus DNA sequence. 
A complete picture of the relative degree and effi ciencies with which specifi c sites 
are utilized as origins of replication will require improvements in  the   throughput of 
single-molecule methods [ 37 ].  

  Fig. 3.1    Replication origin usage is heterogeneous in higher eukaryotes. Origins of replication 
( hexagons ) are activated heterogeneously in a population of cells.  White hexagons  represent 
inactive origins while  green hexagons  represent activated origins. Metazoan RT profi le ( bottom ) 
averages origin usage within population of cells to create a smooth curve around replication 
origin clusters.  X -axis indicates chromosome position.  Y -axis is RT on log 2  scale; regions with 
positive values (above  dashed zero line ) are early replicating and regions with negative values 
are late replicating. Different techniques used to map origins may only be capturing a subset of 
these origins       
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     Once-per-Cell-Cycle Regulation   of Initiation Does Not 
Require Specifi c Consensus DNA Sequences 

 Despite differences in sequence conservation, all eukaryotes assemble the basic 
molecular machinery necessary for DNA replication in a similar fashion, and utilize 
similar mechanisms to ensure that the genome is duplicated once and exactly once 
per cell cycle. This includes preventing any molecule from fi ring more than once, as 
well as mechanisms to ensure that all DNA is replicated before cell division. Here, 
we would like to make clear that none of these well-accepted mechanisms invoke a 
requirement for specifi c DNA sequences. 

 First, to prevent multiple rounds of replication within a single cell cycle, eukaryotes 
have devised a system of two non-overlapping windows in which origins are fi rst 
licensed and then activated. In late M phase and early G1 origins are bound by the 
 origin recognition complex (ORC)  , which along with cell division cycle 6 (Cdc6)- 
and cdc10-dependent transcript 1 (Cdt1) ultimately load the double- hexamer helicase 
 minichromosomal maintenance (Mcm) complex   to form a pre- replicative complex 
(pre-RC) [ 50 ]. Sites occupied by pre-RCs are “licensed”; they have the potential to 
be activated during S phase [ 51 ]. As  G1 phase progresses  , the S phase-specifi c 
kinases cyclin-dependent kinase (S-CDK) and Dbf4-dependent kinase (DDK) 
become activated. First, strong DDK phosphorylation of the N-terminus of Mcm4 
alleviates the repressive activity of this subunit [ 52 ] allowing for recruitment of Sld3 
and Cdc45 and the activation of the helicase complex [ 53 ,  54 ]. S-CDK then acts to 
recruit a second suit of essential replication factors Sld2, Dpb11, Mcm10, GINS, 
and DNA polymerase ε [ 53 – 57 ]. Further steps, possibly dependent upon RecQ4 
[ 58 ], unwind the DNA and recruit DNA polymerase α to initiate DNA replication. 
Thus, pre-RCs can only form under conditions of low CDK and DDK activity, 
which do not permit initiation, while initiation can occur only under conditions of 
high CDK and DDK, which prevent pre-RC formation [ 53 ,  54 ]. These two mutually 
exclusive periods of the cell cycle strictly prevent any molecules from reinitiating 
DNA replication. Although multiple redundant mechanisms exist that vary slightly 
in different species, this basic underlying mechanism is highly conserved [ 59 ]. 
Importantly, this well-studied and universally accepted mechanism does not invoke 
any requirement for specifi c DNA sequences. Regardless of where pre-RCs assemble, 
initiation at any given site will occur exactly once per cell cycle. 

 Equally important as preventing more than one initiation per cell cycle is ensuring 
that all DNA completes replication before cell division. Given that there is always a 
fi nite chance that any given pre-RC might not be activated in a timely manner, 
eukaryotes assemble considerably more pre-RCs than necessary. As mentioned, 
each pre-RC has a probability of fi ring, and in yeasts only the highest probability 
origins are utilized in most normal cell cycles, while additional “dormant” origins 
can be activated if the cell experiences conditions of replication stress that stall 
replication forks [ 60 – 64 ]. Normally, these dormant pre-RCs are destroyed when 
forks emanating from the activated replicons pass through them, but they can be 
recruited if fork arrest substantially delays the replication of downstream  DNA 
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   containing these dormant origins. In metazoans, it has been more diffi cult to assess 
which origins should be classifi ed as dormant, likely due to the broader spectrum of 
origin effi ciencies (Fig.  3.1 ). Nonetheless, it is clear that a vast excess of origins are 
assembled and that these excess origins become necessary for genome integrity 
under conditions of replication stress [ 60 – 64 ]. As each cell progresses through 
S phase, the probability of initiation at any given pre-RC increases. Mathematical 
models that invoke the existence of recycled limiting factors whose free concentra-
tion is dependent upon the amount of actively replicating DNA fi nd the best fi t to 
experimental data, suggesting that as DNA replication approaches completion the 
entire reservoir of limiting factors is made available to initiate at low-probability 
(i.e., dormant) origins [ 65 ]. 

 Taken together, the complex distribution of replication origin fi ring in mamma-
lian cells results from a combination of stochastic activation of origins at an approx-
imate distribution of one per 125 kb (40–60 min of DNA replication time) and the 
inactivation of other origins by passing replication forks. Pre-RCs assembled at 
high-probability sites are more likely to initiate and are thus more easily detected by 
mapping methods, but any one of the many sites of pre-RC assembly may or may 
not fi re in any particular cell cycle. Overall, the regulatory logic for the completion 
problem is to assemble many more pre-RCs than needed to ensure that no large 
genomic segment is devoid of initiation sites [ 66 ,  67 ]. Importantly, as with mecha-
nisms to prevent reinitiation, the mechanism to ensure complete  duplication   does 
not invoke a requirement for any specifi c sequences.  

    Replication Timing Control Is Uncoupled 
from  Origin Specifi cation   

 In eukaryotic genomes, not all origins are activated at the same time. Some origins 
are fi red early during S phase and others are fi red later, resulting in a defi ned replica-
tion timing (RT) program [ 7 ]. Although this program is frequently misrepresented 
as being mediated by origins that are intrinsically programmed to fi re early or late 
during S phase (i.e., “early origins” or “late origins”), the determinants of RT are 
clearly separate from the origins themselves. Identifi cation of specifi c sites of initiation 
in budding and fi ssion yeasts allowed for some of the fi rst studies of the elements 
controlling RT. For example, ectopic positioning of an early-fi ring origin to the late-
replicating telomeric region resulted in delayed fi ring of the origin [ 68 ], and late 
origins cloned on ARS plasmids generally replicated early [ 68 ], providing some of 
the fi rst evidence that RT determinants can be uncoupled from the sequences that 
confer origin activity. Subsequently, telomeric late origins in fi ssion yeast were 
shown to replicate early on circular ARS plasmids unless they also contained separate 
telomeric sequences fl anking the origins [ 69 ]. Telomeres are clustered at the nuclear 
periphery in yeast, but simply artifi cially tethering an early origin to the nuclear 
periphery in budding yeast was not suffi cient to confer late initiation onto this origin 
[ 70 ]. Yeast genomes also contain late-fi ring origins distal from the telomere 
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(internal late origins) and their delayed fi ring is also infl uenced by  cis  elements in 
the regions fl anking the ARS in both budding [ 71 ] and fi ssion [ 72 ] yeasts. In budding 
yeast, the late element could delay origin fi ring when inserted up to 6 kb away [ 71 ]. 
In fi ssion yeast, a 10-bp G-rich  late consensus sequence (LCS)   was identifi ed that, 
when inserted up to 800 bp away, could force normally early origins to fi re later in 
S phase [ 72 ]. 

 DNA sequences have also been identifi ed that are necessary for early RT [ 73 – 75 ]. 
Centromeres can confer early replication of origins located up to 20 kb away [ 73 , 
 76 ]. In fi ssion yeast, this has been shown to be due to the ability of the heterochro-
matin protein-1 (HP1) homolog Swi6 to recruit the DDK subunit Dfp1 (homolog of 
Dbf4) to advance replication of pericentromeric origins [ 77 ]. In budding yeast, a 
computational screen for protein-binding sites near Rpd3L-delayed late replication 
origins revealed signifi cant depletion of DNA-binding sites for the forkhead tran-
scription  factors (Fkh1 and Fkh2)  , leading to the fi nding that Fkh1 and Fkh2 pro-
teins are required for early replication of 30 % of the early-fi ring origins and appear 
to mediate this effect by clustering early origins and enhancing their association 
with initiation protein Cdc45, a step that is controlled by DDK (Fig.  3.2 ) [ 74 ]. 
Additional sequences have been identifi ed that can confer early replication on ARS 
plasmids  through   as-yet unidentifi ed mechanisms [ 75 ]. Altogether, these data make 

  Fig. 3.2    RT control by  trans -acting factors. Factors that promote the fi ring of origins ( white hexa-
gons ) are colored in  green  and bind within early ( green ) domains. Factors that inhibit origin fi ring 
are colored in  red  and bind within late ( red ) domain. The  violet circle  denotes the nucleolus. 
Species specifi city of particular  trans -acting factors is indicated by abbreviation.  Sc Saccharomyces 
cerevisiae ,  Sp Schizosaccharomyces pombe ,  Gg Gallus gallus ,  Mm Mus musculus ,  Hs Homo sapiens  
(adapted from Fig. 2, Mechali et al. [ 170 ])       
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it clear that   cis -acting DNA sequence   elements that are separate from replication 
origins themselves infl uence the RT of nearby origins in yeasts.

   Comparative genome-wide studies of origin locations and RT also support the 
conclusion that RT is independent of replication origin specifi cation. Comparisons 
of different species of budding [ 78 ] or fi ssion [ 43 ] yeasts demonstrated poor conser-
vation of the precise positions of replication origins, but strong conservation of RT 
across these species. In mammals as well, RT is highly conserved between species 
[ 79 ,  80 ] but when the same origin mapping method was applied to a conserved 
locus (the beta-globin locus) in both mouse and human cells, the pattern of initiation 
was found to be highly divergent, with human cells initiating in a defi ned (2 kb) 
region [ 81 ] and mouse cells initiating at many sites distributed throughout a 40-kb 
initiation zone [ 82 ]. 

 Finally, while the determinants of mammalian origin specifi cation remain poorly 
defi ned, several studies provide indirect evidence supporting the uncoupling of origin 
sites and RT. First, by initiating DNA replication in mammalian nuclei isolated from 
cells synchronized at various times during G1 phase it was shown that the RT of 
domains is established distinctly prior to the selection of replication origin sites 
[ 83 ]. Second, studies in cycling  Xenopus  egg extracts [ 84 ] and cultured mammalian 
cells [ 85 ,  86 ] demonstrated that domains labeled early in one S phase were labeled 
early in the second S phase, whereas sites of initiation labeled on DNA fi bers did not 
coincide. Third, as proposed many years ago [ 87 ], the S-phase replication check-
point responds to replication stress by activating dormant origins within replication 
domains, while at the same time inhibiting any initiation within later fi ring domains 
that have yet to initiate [ 88 – 90 ], suggesting that origin fi ring is subordinate to the 
time of domain activation. Together, these results suggest that RT is determined 
early during G1 phase within the context of large-scale (400–800 kb)    replication 
domains, while selection of the specifi c origin sites is a downstream event that is 
considerably more fl exible. In fact, recent fi ndings demonstrate that RT in  mammals   
is regulated at the level of  topologically associating domains (TADs)  , which are 
structural units of chromosomes identifi ed by chromatin conformation capture [ 91 ] 
that likely correspond to replication foci visualized cytogenetically (although this 
has yet to be directly demonstrated).  

     Epigenetic Mechanisms   Regulating  RT in Metazoans      

 Ever since the discovery that one of the two X chromosomes of mammals is randomly 
chosen to be inactivated coincident with a switch from early to late replication [ 92 , 
 93 ], it has been presumed that epigenetic mechanism regulate RT. In fact, genomic 
imprinting in mammals is also associated with silencing and delayed replication of the 
imprinted allele [ 94 ,  95 ]. In addition, some non-imprinted loci are mono-allelically 
expressed, with the active allele again replicated earlier [ 96 – 98 ], including different 
copies of rDNA genes, reinforcing the notion that RT is epigenetically regulated. 
Exactly how replication is delayed by these allele-specifi c mechanisms is not clear, 
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but several examples reveal a common theme of ncRNA expression. For example, 
approximately 50 % of rDNA copies are expressed in somatic cells, and those 
expressed copies are early replicating while the silent copies are late [ 96 ]. In mouse, this 
differential regulation appears to be established early in development, possibly at a 
time similar to X inactivation [ 99 ]. Interestingly, overexpression of the ATP-dependent 
chromatin remodeling complex NoRC is suffi cient to shift a large percentage of the 
early-replicating rDNA copies to late replication, coincident with their transcriptional 
silencing (Fig.  3.2 ). The mechanism by which NoRC silences rDNA is by the binding 
of its TIP5 subunit to a small ncRNA that is complementary to the rDNA promoter 
and transcribed during mid-S phase [ 100 ], implicating but by no means directly 
demonstrating a link between ncRNA and late RT. During X-inactivation, the switch 
to late replication requires the synthesis of a long ncRNA termed Xist [ 101 ,  102 ]. By 
contrast early replication of the Dlk1-Dio3 imprinted locus requires bidirectional 
transcription of  ncRNAs   from the imprinting control region [ 103 ]. Other mechanisms 
 to   distinguish imprinted alleles also exist and may infl uence RT, such as the binding 
of CTCF near the H19 imprinting control region [ 104 ,  105 ]. Overall,    these results 
point to specifi c epigenetic mechanisms that control homologue-specifi c RT of large 
chromosomal domains.  

    A  Closer Look at X Inactivation   

 Using the copy number method for RT determination genome wide [ 37 ,  106 ,  107 ] 
and deep sequencing, it is possible to identify a suffi cient density of SNPs to distin-
guish the RT of individual homologous chromosomes of phased diploid genomes. 
One such study investigated the dramatic allelic difference in RT between the active 
and inactive X chromosomes (Xa and Xi) in female mammals. This difference had 
been well established by cytogenetic studies [ 92 ]. Moreover, cytogenetic and live- cell 
imaging studies demonstrated that all detectable Xi DNA replication occurs within 
a 1–2-h period of time in mid-late S phase [ 108 ,  109 ], suggesting a near- synchronous 
fi ring of origins throughout the chromosome, while the Xa was replicated in an 
autosomal-like domain pattern. Genome-wide analysis of SNPs between the Xa and 
Xi was able to provide molecular confi rmation of this distinction [ 106 ]. 

 Unfortunately, while the resolution of Xa/Xi replication timing differential was 
certainly improved by the SNP analysis, several conclusions of this study were 
overstated. First, the authors over-interpreted from this study that the inactive X 
chromosome is replicated “randomly” in a fashion similar to the replication patterns 
of frog and fl y embryos [ 106 ,  110 ]. Of course such a synchronous replication 
pattern at a narrowly defi ned time during S phase is far from random. Randomly 
replicating sequences in such ensemble molecular studies would appear to replicate 
throughout S phase due to their replication at different times in different cells, such 
as is observed when cells in M and G1 phase are coerced to initiate replication 
before RT is established at the timing decision point (TDP) [ 111 ] or when G2-phase 
cells that have lost their replication program are coerced to re-replicate [ 112 ]. 
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Random replication would also be detected cytogenetically as a large degree of 
cell-to- cell heterogeneity in Xi RT, which is not what is observed. Second, the 
authors also conclude from this study that origin specifi cation is random on the Xi 
and that origins are closely spaced [ 106 ,  110 ], but their methodology did not have 
the resolution to map replication origin specifi cation or spacing. Moreover, this con-
clusion contradicts prior origin-mapping studies indicating that both the Xa and Xi 
use the same specifi c origin sites to initiate replication of their DNA regardless of 
their differing RT patterns [ 113 ,  114 ]. 

 Over-interpretations aside, the Koren et al. study confi rmed that inactivation and 
heterochromatinization of the Xi is associated with  synchronous   late replication 
across most of the Xi. This cannot be due to structural arrangements that cause the 
Xi to form one very large TAD, as TAD structure seems to be conserved on the Xa 
and Xi [ 115 ]. Rather, it is likely due to a consolidation of many TADs into one 
larger subnuclear compartment, as occurs on autosomes coincident with 
X-inactivation [ 2 ,  116 ]. Since X-inactivation is random with respect to parent of 
origin, it is unquestionably an epigenetic mechanism.  

    Evidence for  Sequence-Dependent Mechanisms   
Regulating RT in Metazoans 

 Despite the compelling evidence for epigenetic mechanisms controlling RT, there is 
also intriguing evidence for a role of the primary DNA sequence in regulating RT, 
both in artifi cial and more native contexts. Experiments with transgenic mice 
indicated that the locus control region controlling expression of the mouse beta-
globin gene was able to dictate local replication timing in a transcription-indepen-
dent manner [ 117 ]. Targeting histone acetylases and deacetylases near a mapped 
initiation site at the human beta globin locus was shown to accelerate or delay, 
respectively, the timing of replication of the local region [ 118 ]. When a replication 
origin near the avian beta-globin gene was fl anked by insulator sequences and 
inserted into a late- replicating region in avian cells, a shift to early replication 
occurred that was dependent upon the presence of both fl anking insulators, nearby 
transcription, and binding sites for the USF transcription factor (Fig.  3.2 ) [ 119 ]. 
Together, these artifi cial systems demonstrate that specifi c DNA sequences can 
infl uence RT in the right context. 

 Some endogenous  cis -acting regions have also been shown to infl uence RT on a 
chromosome wide scale in mouse and human cells. Although Xist is implicated in 
homologue-specifi c epigenetic silencing and late replication of the inactive X chro-
mosome (Xi) [ 92 ,  101 ,  102 ], deletion of Xist in somatic cells leads to a chromosome- 
wide further delay in the replication of the inactive chromosome [ 101 ]. Similarly, 
long ncRNAs have been identifi ed on human chromosomes 6 and 15 (with evidence 
that they exist on all human and mouse chromosomes) whose deletion results in 
severely delayed RT of the entire chromosome while apparently retaining the rela-
tive replication times of domains along the length of the chromosome [ 120 – 123 ]. 
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 A different approach to the question of  whether   primary DNA sequence can 
dictate RT was taken by Pope et al. by studying mice that carry a copy  of   human 
chromosome 21 [ 124 ]. These researchers found that the ectopic human Chr21 main-
tained a human-specifi c RT profi le in two different mouse tissues, including human- 
specifi c developmental changes in RT (Fig.  3.3a ). At several regions where RT did 
not match either human RT or the RT of regions of conserved synteny in mouse, it 
was found that intrachromosomal rearrangements introduced during the construc-
tion of the mouse strain had juxtaposed early- and late-replicating DNA, allowing 
for a preliminary glance of the sequences suffi cient to retain RT in an ectopic con-
text. Segments that retained a replication domain boundary (defi ned as transitions in 
replication timing previously identifi ed with genome-wide methods) retained their 
native RT at the ectopic site, while segments that were separated from a domain 
boundary adopted the RT of the neighboring sequences or insertion site. Together, 
these results provided compelling evidence that interspecies differences in RT result 
from the underlying DNA sequence, and that DNA sequences establish the bound-
aries between differentially replicating regions [ 124 ].

  Fig. 3.3    Evidence that primary DNA sequence regulates mammalian RT. ( a ) The Tc1-21 human 
chromosome retains portions of its original human RT pattern in multiple mouse cell types. RT 
profi le of human chromosome 21 stably maintained in mouse cells shows regions that retain 
human chromosome 21 RT patterns. RT profi les of Tc1-21 ( red ), human ( black ), and syntenic 
mouse ( grey ) region from fi broblasts. RT profi le axes as in Fig.  3.1  (adapted with permission from 
Fig. 2C, Pope et al. [ 124 ]). ( b ) Clusters of SNPs correlate with changes in RT patterns in human 
cells. Variations in RT between individuals (red versus green RT profi les) on the Mb scale correlate 
with SNP clusters and small indels within or in the direct vicinity of varied regions. Shown is a 
variation in replication peak height, but other variations such as peak presence and slope of RT 
profi le have been observed. RT profi le axes as in Fig.  3.1        
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   Next-generation sequencing techniques have allowed for the study of how DNA 
sequence variation between homologues and individuals correlates with RT. Such 
studies, focused on the RT differences at polymorphic autosomal sites either 
between autosomes or between individuals, have revealed a small number of subtle 
RT differences linked to sequence variation. In the fi rst study, approximately 9.5 % 
of the autosomal genome showed allelic variation in RT in primary human erythro-
blasts, with each segment differing by less than 30 % of the length of S phase [ 125 ]. 
Differences in SNPs or small indels correlated poorly with RT differences between 
alleles on a genome-wide scale, but large structural variations (10 kb to 1 Mb) were 
associated with allelic asynchrony indicating that large-scale sequence divergence 
may cause RT variations between alleles. Asynchronous RT regions between alleles 
were also enriched in G-quadruplex motifs, CpG islands, and transcription start 
sites [ 125 ]. 

 By contrast, another study has shown that clusters of SNPs and small indels 
within areas of RT variation correlate with RT variations between individuals or 
between homologues, indicating a role for smaller variations in DNA sequence in 
RT control; these areas were termed  RT quantitative trait loci (rtQTLs)   (Fig.  3.3b ) 
[ 126 ]. The stretches of DNA encompassing the clusters of SNPs for each of the 
rtQTLs (2–160 kb; median 20 kb) were generally smaller than those reported by the 
study discussed above [ 125 ]; yet the changes in RT between individuals at  rtQTLs 
  (median 0.66 Mb) matched the size  of   replication domains (400–800 kb; see below), 
suggesting that sequence variation at the 2–160 kb scale can infl uence the RT of 
entire replication domains. The authors found that rtQTLs were within a median 
distance of 52 kb from the very broad computationally defi ned replication timing 
peaks. From this, they suggested that rtQTLs affect RT by affecting replication ori-
gins [ 126 ,  127 ], but of course the resolution was not suffi cient to draw any conclu-
sions about replication origins. Moreover, given what is known about RT regulation 
(summarized above), particularly the heterogeneity of origin usage in cell popula-
tions, if these rtQTLs are causally linked to RT, they are likely infl uencing the RT of 
domains by increasing the probability of fi ring within the domain, rather than, as the 
authors and commentator’s suggest, activating or silencing specifi c origins. In fact, 
a recent study of allelic replication origin usage concluded that there is little varia-
tion in origin site selection between the two homologues, even in locations where 
the rtQTLs were found [ 128 ]. Rather, in cases of asynchronous replication, these 
authors found differences in the effi ciencies of usage of the same origins. Finally, 
since >95 % of RT variants were not associated with detectable sequence variation, 
it remains to be determined whether the rtQTLs are causally linked to the RT varia-
tion. However, in one published case a single SNP was found to be associated with 
origin activity 53 kb upstream of fragile X repeats [ 129 ] accompanied by delayed 
RT of regions both up- and downstream of the repeats [ 130 ], suggesting that 
differential origin usage and timing can emerge from a single SNP, with profound 
phenotypic consequences. 

 Altogether, these studies  provide   compelling correlative evidence that specifi c 
DNA sequences may have important infl uences on RT, but the causal linkages and 
mechanisms remain elusive.  
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      Trans -Acting Factors      Affecting Replication Timing 

 Studies of  trans -acting factors provide insight into both  sequence-dependent   and 
epigenetic mechanisms regulating replication timing. For example, the function of 
the various  late-conferring sequence (LCS) elements   in yeasts is beginning to 
become clear, primarily through the identifi cation of  trans -acting factors regulating 
RT. Telomere and subtelomere binding factors Ku, Taz1, and Rif1 have all been 
shown to maintain late replication of chromosome ends in yeasts. The disruption of 
any of these proteins advances RT of telomeric and subtelomeric regions [ 131 – 133 ]. 
Taz1 and Rif1 are known to interact at yeast telomeres to control telomere length 
and stability [ 134 ]. Taz1 homodimers bind two tandem telomeric repeats at both 
telomeres and internal late origins in fi ssion yeast. These sequences are essential to 
delay origin fi ring until late S phase (Fig.  3.2 ) [ 131 ]. Fission yeast Rif1 binds at 
telomeres in a Taz1-dependent fashion, but also binds centromeres and chromo-
some arms in a Taz1-independent manner (Fig.  3.2 ). Rif1 binding in fi ssion yeast is 
less specifi c than Taz1 binding but 40 % of Rif1-binding sites contain the LCS motif 
[ 133 ]. Budding yeast Rif1 is also required for late replication of internal origins, but 
it remains unclear from genome-wide ChIP analysis whether budding yeast Rif1 
binds to loci other than telomeres (A. Donaldson, personal communication). In both 
budding and fi ssion yeasts, Rif1 targets a PP1 phosphatase to areas of late replica-
tion, counteracting DDK-mediated phosphorylation of MCM required to fi re ori-
gins (Fig.  3.2 ). Disruption of Rif1’s PP1-binding domain mimics the advanced RT 
of telomeric origins observed in a complete Rif1  knockout   [ 135 – 138 ]. Interplay 
between Rif1, which controls telomere length in yeasts, and the telomerase recruit-
ing Ku complex has also been hypothesized to regulate RT of telomeric origins as 
telomeric origins are fi red early in both Rif1 and Ku mutants [ 139 ]. Rif1 is thought 
to “measure” the number of telomeric repeats by direct binding and  then   delaying 
RT of nearby origins once a threshold of Rif1 binding has been achieved (Fig  3.2 ). 
Without Ku-mediated telomerase recruitment telomeres are shortened and cannot 
reach the Rif1-binding threshold that delays fi ring of nearby origins. Telomere 
length and late replication of telomeric origins can be rescued in Ku-negative cells 
by further deletion of Pif1, a negative regulator of telomere length, confi rming the 
role of telomere length in RT regulation at proximal origins [ 139 ]. Sir complex 
proteins that establish a repressive chromatin state have also been shown to delay 
RT of telomeric regions (Fig.  3.2 ) [ 140 ]. Telomere-binding proteins have been 
thought to recruit these chromatin modifi ers to telomeres to establish a condensed 
and thus late-replicating chromatin state. Deletion of the histone deacetylase Rpd3 
or its binding partner Sin3 advances the RT of over 100 internal late origins in 
budding yeast  without   affecting telomeric origins (Fig.  3.2 ) [ 141 ,  142 ]. Others have 
hypothesized that the tethering of telomeres to the nuclear periphery, as by the Ku 
complex, may sequester late-replicating regions away from limiting essential repli-
cation factors (Fig.  3.2 ) [ 132 ]. Sir4 also contributes to tethering of silent telomeres 
to the nuclear envelope and may prevent early fi ring of origins through both chro-
matin structure and peripheral sequestration [ 143 ]. However, as mentioned above, 
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artifi cially tethering an internally localized origin to the periphery is not suffi cient 
to delay its initiation of replication [ 70 ]. Hence, a combination of epigenetic state, 
nuclear localization, and biochemical modifi cation status is likely contributing to 
the maintenance telomeric regions as late replicating in yeasts. 

  Trans -acting factors infl uencing RT control in metazoans have proven very 
diffi cult to identify. In fact, ablation of most chromatin regulators and histone post-
translational modifi cations have very little infl uence on RT, even those that correlate 
very strongly to RT [ 108 ,  118 ,  144 ,  145 ]. As mentioned above, the chromatin remod-
eler NoRC is necessary for late rDNA replication [ 100 ], while the embryonic stem 
cell-specifi c esBAF chromatin remodeler is necessary to maintain the RT of a small 
number  of   replication domains [ 146 ]. A recent breakthrough identifi ed Rif1 as the 
fi rst  trans -acting factor that is responsible for the RT of approximately 30 % of the 
mouse and human genome [ 147 ,  148 ]. Disruption of  human   Rif1 led to increased 
levels of MCM phosphorylation by DDK [ 147 ], suggesting that human Rif1 may 
antagonize DDK in a mechanism similar to that in yeast. Indeed mammalian and 
yeast Rif1 are structurally very similar [ 149 ] and human Rif1 interacts with PP1 
[ 150 ]. Disruption of Rif1 led to an increase in the sizes of chromatin loops, suggesting 
that Rif1 may also organize chromatin spatially in the nucleus. Rif1 appears to localize 
to mammalian heterochromatin [ 147 ,  148 ], so a current working model (Fig.  3.2 ) is 
that Rif1 may bind late domains and help tether them to the nuclear envelope and 
other late-replicating compartments of the nucleus, creating zones of high PP1 activity 
that antagonize DDK. Rif1 knockout cells exhibit both early to late and late to early 
replication timing alterations. Depletion of Rif1 may both disrupt chromatin organi-
zation and redistribute PP1 throughout the nucleus, lowering PP1 near late-replicating 
regions and increasing PP1 near early-replicating domains.  This   model is supported 
by recent work in yeast showing that de- repression of normally late origins in rDNA 
repeats (~30 % of yeast origins) by deletion of the histone deacetylase (HDAC) Sir2 
causes earlier fi ring of these origins in conjunction with delayed fi ring of normally 
early origins, suggesting that de-repressed rDNA origins compete with normally 
early origins for limiting replication factors [ 151 ].  

    Replication  and Transcription   During Development 

 As alluded to in the introduction, in mammalian cells approximately half of the 
genome changes RT during development in segments of 400–800 kb accompanied 
by changes in transcription of genes within the changing regions [ 2 ,  79 ]. In fact, the 
genome can be divided into constitutively early, constitutively late, and develop-
mentally regulated domains. Constitutively early and late domains have distinct 
sequence compositions (AT content, repetitive sequence family composition, and 
gene densities), subnuclear interaction compartments, and chromatin accessibility 
to nuclease attack, while developmentally regulated domains have intermediate or 
unusual sequence composition [ 2 ,  152 – 154 ] and are particularly resistant to nuclease 
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attack regardless of their RT [ 155 ,  156 ] and are less confi ned to particular subnu-
clear compartments [ 157 ]. Hence, while it is currently unclear how these factors 
infl uence the regulation of RT, it is clear that the individual replication domains 
differ dramatically in many properties that are associated with their RT behavior 
during development. 

 Developmental control of RT and its  correlation   with transcriptional changes 
offer the opportunity to study mechanisms regulating changes in RT, which may 
be infl uenced by specifi c regulatory DNA sequences. As discussed above, in the 
case of imprinting it is clear that one of the two homologues is chosen to be later 
replicating by epigenetic mechanisms during development. However, there are 
cases where specifi c DNA sequences can induce RT changes either through his-
tone modifi cations or possibly transcriptional induction [ 118 ]. In addition,  induc-
tion of   transcription from a Gal4/UAS element in  Drosophila  is accompanied by 
earlier replication of a broad area of chromatin neighboring the newly active gene 
and changes in histone modifi cations and chromatin structure to a more “open” 
state [ 158 ]. Recently, targeting of a strong transactivator to induce the transcrip-
tion of a gene within a developmentally regulated domain was able to partially 
advance the RT of that domain [ 159 ]. Contrary to the conclusions of these authors, 
however, transcription is clearly not suffi cient to regulate RT as the observed shift 
in RT upon artifi cial gene induction did not reproduce the normal developmental 
RT change. Moreover, many genes are induced without RT changes, and there are 
even a small number of genes that are induced upon a switch from early to late RT 
[ 153 ,  160 ]. There are also domains that change RT without any detectable changes 
in transcription [ 153 ], although it is conceivable that  changes   in transcription have 
occurred but have escaped detection. It may very well be the case that each domain 
is regulated by a complex combination of mechanisms, similar to regulation of 
gene expression itself. 

     Stochastic vs. Deterministic Mechanisms   Regulating RT 

 Underpinning all of these observations is the recent debate between two general 
models of replication control that have been used to explain the RT program. 
The fi rst model posits that origin usage is deterministic, mediated by origins that are 
programed to fi re at specifi c times during S phase. The second model posits that the 
probability an origin will fi re at any given time during S phase, and the resulting 
timing program is an average of the stochastic probabilities within a population; 
origins with a higher probability of fi ring will tend to fi re earlier. The well-defi ned 
and often highly effi cient origins in budding yeast naively appear to suggest a more 
deterministic model [ 161 – 163 ]. However, DNA fi ber experiments have shown that 
origin usage is stochastic in both budding and fi ssion yeasts, with different origins 
being used in different S phases [ 44 ,  164 ]. Competition between origins for limiting 
replication factors has been shown to infl uence the RT and fi ring effi ciency of yeast 
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origins [ 48 ,  165 – 167 ], and the differential ability to compete for such factors likely 
underlies the probability of an origin fi ring early vs. late. In mammals, although 
general accessibility does not seem to accurately predict replication timing [ 155 ], 
computer models that can accurately predict the RT of entire genomes from DHS 
data suggest that local regions of hypersensitive chromatin may infl uence the 
probability of fi ring [ 36 ]. Another possible contributing factor is that the activation 
of one origin may increase the probability of neighboring origins fi ring [ 168 – 170 ].   

    Future Directions 

 The mechanisms that control the ordered program of DNA replication remain enig-
matic. One emerging theme is that the probability of an origin fi ring at any given 
time is a function of the ability of its surrounding environment to recruit or antago-
nize  DDK activity  , but the individual mechanisms at different chromosome loci are 
likely to be complex and variable. One of the single greatest concerns that needs to 
be addressed if we are to generate a complete picture of replication control is to 
understand the heterogeneity of replication between single cells and homologues 
within cells. With the exception of DNA fi ber analyses, all current replication analysis 
methods rely on large numbers of cells to determine an average of replication 
dynamics over a population of cells, precluding such insight. Even DNA fi ber analyses, 
while providing molecule-to-molecule heterogeneity, still pool DNA fi bers from 
large populations and do not retain cell of origin information. New efforts are 
needed to generate RT profi les and origin maps in single cells and on single mole-
cules to assess the positions of all potential initiation sites and their probabilities of 
fi ring in different metabolic and developmental contexts. Such analyses will also 
allow deeper insight into the infl uence of deterministic vs. stochastic mechanisms, 
with intracellular (inter-homologue) heterogeneity refl ecting intrinsic infl uences 
and cell-to-cell heterogeneity refl ecting extrinsic infl uences. 

 A second area of needed research is to identify  the  cis  and  trans  factors   that regu-
late large- scale   replication domain structure. Chromosomes are organized nonran-
domly into stable TADs that serve as the units of DNA replication timing regulation. 
The boundaries of these units are generally stable during differentiation, and are 
even detectable as preserved in single-cell chromatin conformation capture methods 
[ 171 ]. Given the one-to-one structure–function relationship of TADs and their 3D 
interaction profi les with replication domains and their RT, respectively, understand-
ing the elements that organize these self-associating units and their 3D arrange-
ment in the nucleus will be certain to reveal important insights into the elements 
regulating RT.     
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    Chapter 4   
 Up and Down the Slope: Replication Timing 
and Fork Directionality Gradients 
in Eukaryotic Genomes                     

       Olivier     Hyrien    

    Abstract     Modern techniques allow the genome-wide determination of the replication 
time (RT) of any sequence in eukaryotic cell populations. Because origin fi ring 
is stochastic, the mean replication time (MRT) of a locus in a cell population depends 
on the fi ring time probability distribution of both neighboring and distant origins as 
well as on replication fork progression rates. Interpreting MRT profi les in terms of 
origin fi ring is therefore delicate. Theory predicts a simple relationship between the 
derivative (slope) of MRT profi les, the speed of replication forks, and the proportions 
of rightward- and leftward-moving forks replicating that locus (replication fork 
directionality; RFD). RFD profi les have been obtained by several independent methods: 
derivative of MRT profi les; nucleotide compositional skew analysis; sequencing of 
purifi ed Okazaki fragments; and analysis of biased ribonucleotide incorporation in 
the two strands of the DNA. Using mathematical models, both MRT and RFD 
profi les allow quantitative inferences about the location and timing of replication 
initiation and termination events genome-wide. We summarize results and models of 
the replication program obtained by these approaches and their potential links with 
replication foci, chromatin states, and globular chromosomal domains.  

  Keywords     Replication origins   •   Replication termini   •   Replication fork   •   Chromatin 
structure   •   Mathematical modelling  

        Introduction: From Single Replication  Origins   to Replication 
Domains and Genome-Wide Replication Dynamics 

 Eukaryotic organisms replicate their genome from multiple initiation sites, termed 
replication origins, that are activated (fi re) at different times in S phase [ 1 – 3 ]. 
Replication forks then progress at a relatively constant rate until they merge with 
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converging forks. The genome-wide RT program is mainly determined by the kinetics 
of origin fi ring [ 4 ,  5 ]. Recent years have seen an explosion of genome-wide replica-
tion profi les, which potentially allow to connect the dynamics of DNA replication at 
different scales to the properties of individual replication origins. 

 Eukaryotic replication origins are best understood in budding yeast [ 6 – 8 ]. First 
identifi ed by genetic means [ 9 ], yeast origins correspond to highly specifi c sites and 
are used in a variable but often large fraction of the cell cycles [ 6 ,  10 ]. Origins bind 
the origin recognition complex (ORC) [ 11 ]. During the G1 phase of the cell cycle, 
ORC loads the MCM complex, a core component of the replicative helicase, in an 
inactive double hexameric (DH) form around double-stranded DNA. MCM DHs 
can be potentially activated during S phase by protein kinases and fi ring factors that 
split the DH to assemble a pair of divergent replication forks, or can be removed 
from chromatin by passive replication [ 7 ]. The current spatiotemporal resolution of 
yeast genome-wide replication profi les is suffi cient to identify the full  complement 
  of origins and characterize their fi ring-time distribution [ 4 ]. As detailed below, 
mathematical analysis of these profi les suggests that the reproducible RT pattern 
observed in cell populations can be explained by the stochastic parameters govern-
ing the independent fi ring of individual origins. 

 The nature and location of mammalian replication origins remain much less 
clear [ 1 ]. Initiation events are clearly more dispersive than in yeast, are developmen-
tally plastic, and can occur at different times in S phase, but no defi nitive informa-
tion is available about the extent of initiation zones, their specifi cation by genetic or 
epigenetic elements, their fi ring effi ciency, or their fi ring time distribution. Unlike 
in yeast, genome-wide RT profi les in mammals are not suffi ciently resolutive to 
identify individual origins [ 5 ,  12 ,  13 ]. They highlight early- or late-replicating 
megabase domains that presumably contain multiple origins fi ring at roughly simi-
lar times. Single-molecule DNA replication mapping techniques (detailed below) 
have long suggested spatial and temporal correlations between neighboring origins in 
mammals [ 3 ]. More recently, mammalian RT gradients have been proposed to 
refl ect either the sequential activation of multiple origins [ 14 ] or the unidirectional 
progression of single forks [ 15 ]. Together with chromatin interaction data, replica-
tion kinetics suggest that mammalian genomes are segmented into megabase units 
that form either fl at or U-shaped domains of RT [ 2 ,  13 – 15 ]. Elucidating the deter-
minants of mammalian origin location and fi ring effi ciency, and understanding 
whether origin synchrony or sequentiality refl ect fork propagation effects, origin 
cross-talk mechanisms, or co-regulation of independent origins by higher order 
chromatin structures, are important issues to address in the future.  

    Origins and Replication  Forks   as Seen by  Single-Molecule 
Techniques   

 The  DNA fi ber   autoradiographic studies of Huberman and Riggs [ 16 ] established 
that replication of eukaryotic chromosomes initiated at multiple origins. In mammals, 
single DNA fi bers often showed tandem arrays of replicons spaced at 20–400 kb 
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intervals, which initiated at similar times and completed replication within ~1 h. 
Since S phase typically lasts 8–10 h in mammalian cells, these results implied a 
sequential activation of origin clusters through S phase, with only ~10 % of all repli-
cons active at any time in S phase. How origin clusters were connected together was 
unclear. As measurements of interorigin distances were limited to replicon arrays, 
replicons larger than the typical fi ber length were automatically excluded. By record-
ing grain tracks which could be attributed to the progression of a single fork or pair 
of forks in the absence of signal from adjacent replicons, Yurov and Liapunova [ 17 ] 
proposed the existence of ~1–2 Mb long replicons that replicated through a large 
window of S phase. To date, the proportions of mammalian replicons of various sizes 
and the total number of origins activated per cell cycle in mammalian genomes 
remain uncertain [ 3 ]. 

 Modern DNA fi ber techniques (DNA combing and single-molecule analysis of 
replicated DNA ( SMARD  ) combine fl uorographic detection of labelled replication 
tracts with identifi cation of specifi c 0.1–1.5 Mb  genomic segments   by fl uorescent in 
situ hybridization ( FISH  ). DNA combing and  SMARD   were used to reveal the 
distribution and effi ciency of multiple initiation and termination zones in a few 
specifi c mammalian loci spanning up to 1.5 Mb [ 18 – 21 ]. Clusters of initiation zones 
as well as originless regions up to 700 kb long were identifi ed. One class of originless 
regions connect early- and late- replicating   domains and replicate in a strictly unidi-
rectional manner [ 19 ]. Other originless regions can replicate in either direction from 
fl anking origins to form late RT troughs, which can cause chromosome fragility in 
conditions of replicative stress [ 21 ]. Originless regions identifi ed in one cell type 
may show initiation events in other cell types, confi rming the epigenetic nature of 
origin specifi cation. 

  DNA autoradiography   revealed that the  fork progression rate   in mammals was 
not strictly uniform but ranged from 0.6 to 3.6 kbp/min even for individual cells at 
a single time during S phase [ 22 ]. DNA combing and  SMARD    essentially   con-
fi rmed these data and did not reveal marked differences in fork rate distributions 
between the bulk  genome   and specifi c loci [ 14 ,  23 ]. Local or long-range differences 
in DNA sequence, DNA-bound proteins and chromatin structure, transient changes 
in replisome components, dNTP concentrations, and stochasticity inherent to the 
biochemical cycle of its molecular motors may all contribute to fork speed variation 
 within   and between cells. It was also reported that fork speed changes during S 
phase but these results were obtained using artifi cially synchronized cells [ 24 ,  25 ]. 
A more recent DNA combing study using retroactive (FACS) synchronization, 
which does not perturb the cell cycle, found instead a constancy of fork speed dis-
tribution through S phase [ 14 ]. This study also suggested that the synchrony of 
neighboring origins decays with their distance, consistent with the propagation of 
an initiation wave, and increases as S phase progresses. The latter fi nding is consis-
tent with an increasing rate of initiation during S phase, which was detected in many 
eukaryotes [ 26 – 29 ] and may represent a universal feature of eukaryotic DNA repli-
cation dynamics [ 26 ]. Models that can quantitatively account for the observed 
increase assume that the fi ring of potential origins is governed by their encounter 
with a limiting initiation factor that can be recycled between early and late replicons, 
and whose concentration increases during S phase [ 26 ,  30 – 32 ].  
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    From  Stochastic Origin   Firing to Replication Timing 
and Fork Directionality Gradients 

 In a single chromosomal copy, the time at which a replication fork reaches a locus is 
the sum of the time taken by the origin emitting this fork to fi re, and the time taken 
by the fork to reach the locus. In the corresponding single-chromosome RT profi le 
(Fig.  4.1 , red curve; note that the time axis is oriented from top to bottom), peaks and 
troughs mark origins and  termini  , respectively, and the slope (or timing gradient) of 
the segments between origins and termini, d t /d x , represents the inverse of the replica-
tion fork velocity (1/ v ). The slope is linear if  v  is constant along the segment.

   The fi rst eukaryotic genome-wide RT profi le (obtained from budding yeast cell 
populations) showed peaks and troughs connected by lines of various slopes [ 33 ]. 
The peak and troughs allowed identifi cation of origins and termini and the peak 
heights were taken to precisely refl ect origin activation times. The broad range of 
slopes suggested a corresponding range of fork velocities, compatible with data 
gathered with DNA fi ber and other techniques. As detailed below, some conclusions 
of this pioneering experiment needed to be revisited to take into account cell-to-cell 
variability in replication origin usage. 

 Experimental, mean replication time (MRT) profi les are population averages. Of 
critical importance, bulk (e.g., 2D gel electrophoresis [ 34 ,  35 ]) and single-molecule 
(e.g., DNA combing [ 10 ]) techniques to analyze replicating DNA revealed that in a 
cell population, origins fi re in only a fraction of the chromosomal copies (termed 
origin effi ciency) and over a broad window of time rather than at a precise time. 
Owing to this stochasticity, a locus can be replicated with some probability by forks 
originated from  any  of  the   origins and moving in  both  directions [ 36 – 38 ]. 
Consequently (Fig.  4.1 ), (1) the peaks and troughs associated with active origins 
and  termini   in single-copy profi les may weaken or disappear in a population- average 
MRT profi le; (2) an  origin’s   MRT may not necessarily refl ect its activation time but 
may also depend on the behavior of other origins and fork speeds; and (3) the slopes 
in MRT profi les depend on cell-to-cell heterogeneity in replication direction as 
much as on fork velocity [ 14 ,  36 ,  38 ,  39 ]. 

 The difference of the proportions of rightward-moving ( R ) and leftward-moving 
( L ) forks replicating a locus in a population of chromosomes, ( R  −  L ), is defi ned as 
replication fork directionality (RFD). Assuming a constant  v , it can be shown that 
the derivative of the MRT profi le with respect to chromosomal coordinate ( x ) is 
equal to dMRT/d x  = ( R − L )/ v  [ 14 ,  39 ]. In words, loci replicated equally often in both 
directions ( R  −  L  = 0) have a fl at MRT profi le whereas loci replicated in a more 
 predominant direction (∣ R  −  L ∣ > 0) show a correspondingly steeper MRT gradient. 
Variations in the MRT gradient refl ect variations in RFD, due to initiation or termi-
nation inside the considered chromosomal segment. RFD increases across an initia-
tion site, and decreases across a termination site, in proportion to the origin or 
terminus effi ciency [ 40 ]. More specifi cally, the spatial derivative of RFD (i.e., the 
second derivative of MRT) equals twice the difference between the number of initiation 
( N  i ) and termination ( N  t ) per unit length: dRFD/d x  = 2 ( N  i  −  N  t ) [ 41 ]. In the general 
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case, an ascending RFD (or convex MRT) segment refl ects a predominance of initia-
tion whereas a descending RFD (concave MRT) segment refl ects a predominance of 
termination. Note that a change in RFD can occur without a sign shift (i.e., a change 
in MRT convexity can occur without forming a local extremum), which explains 
why origins and termini are not necessarily associated with RT peaks and troughs. 
For example, a weak origin that is frequently passively replicated by a nearby strong 
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  Fig. 4.1    Effect of origin effi ciency of replication timing ( top ) and fork directionality ( bottom ) 
profi les. The fi gure depicts a chromosome segment containing two synchronous replication ori-
gins. Ori1 fi res in 100 % of the chromosomal copies whereas Ori2 fi res in a variable fraction of the 
chromosomal copies (indicated by  percentages  on  right side ). The  red curves  show the replication 
timing (RT) and fork directionality (RFD) profi les expected for a single chromosome (or a homo-
geneous chromosomal population) in which both Ori1 and Ori2 fi re. The  blue curves  correspond 
to a single chromosome (or a homogeneous chromosomal population) in which Ori1 fi res but Ori2 
does not. In both these homogeneous cases, active origins are associated with RT peaks and the 
slope of the RT profi le can only take two values, +1/ v  and −1/ v , corresponding to RFD values of 
+1 and −1. The  intermediate color curves  correspond to heterogeneous chromosomal populations 
containing various percentages of both types of chromosomes. In this case, the MRT is the 
weighted average of the  red  and  blue  RT. Since means and derivatives commute, the slope of the 
MRT profi le is the weighted average of the  red  and  blue  slopes, and the RFD in the population is 
the weighted average of the  red  and  blue  RFDs. Thus, Ori2 is associated with a peak only if it fi res 
in >50 % of the chromosomal copies and the height of the peak does not refl ect its fi ring time. The 
amplitude of the RFD shift at Ori2 is proportional to its fi ring effi ciency       
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origin may not suffi ciently affect the RFD to change its sign, and so may not appear 
as an MRT minimum [ 38 ] (Fig.  4.1 ). Indeed, in  budding   yeast, about a third of all 
origins are not associated with MRT peaks [ 29 ]. 

 Below we summarize how RT and RFD profi les have been generated in various 
organisms and how mathematical models can fi t these experimental data and extract 
origin location, fi ring time distribution, fork velocity, and location of termination 
events. With one exception [ 42 ], these mathematical models assume that origins fi re 
independently of each other. These approaches bring to light a broad heterogeneity 
of origin usage, a relative constancy of fork progression rate, and a wide distribution 
of termination events that refl ects the stochasticity of origin usage.  

    Experimental Determination of Replication Timing Profi les 

 The temporal order of genome replication has been measured by different method-
ologies, both in yeast and human cells. 

 The earlier a locus replicates, the greater its average copy number in  S-phase cells  . 
The temporal order of genome replication can therefore be determined by sorting 
replicating (S phase) and non-replicating (G1 and G2) populations to compare their 
content in specifi c DNA sequences, a method referred to as  TimEx (Timing Express)   
[ 43 ]. One can even directly sequence DNA from stationary and exponentially growing 
cell populations to measure changes in relative DNA copy number, a method referred 
to as marker frequency analysis (MFA) [ 44 ,  45 ]. Copy number has a negative linear 
relationship with MRT [ 38 ]; therefore plots of copy number along a genome are com-
parable with MRT profi les. Although these data give no direct information about the 
dispersion of replication time around the mean, a signature of replication stochasticity 
is apparent in the morphology of the profi le, as explained below. 

 The distribution of RT in a population can be observed by monitoring the incor-
poration of detectable nucleotides [ 8 ], the occupancy of replication fork proteins 
[ 46 ], the presence of single-stranded DNA [ 47 ], or the copy number of DNA 
sequences [ 48 ] in timed samples during a synchronous S phase. Alternatively, asyn-
chronous cells can be “post-sorted” into multiple S-phase fractions by FACS or 
elutriation prior to tracking replicative label incorporation by microarray hybridiza-
tion (Repli-Chip)    [ 15 ] or sequencing (Repli-Seq) [ 49 ,  50 ]. Post-sorting avoids 
potential replication perturbations introduced by the synchronization procedure. On 
the other hand, since the multiple S-phase fractions are ordered by total DNA con-
tent, rather than time during S phase, calculating the absolute replication time from 
post-sorted cell populations requires to calibrate the fraction of replicated DNA as 
a function of time in S phase. This function is not linear; it can be mathematically 
extracted from cell cycle and FACS data [ 14 ], or determined by independent experi-
mental means [ 32 ]. In both time-course and post-sort methods, the observed distri-
butions of RT provide direct, genome-wide information about cell-to-cell variability 
in RT. Obviously, the temporal resolution of these data increases with the number of 
time points or post-sort compartments.  
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    Determination of  RFD Profi les   

 The directionality of replication forks has been estimated by direct and indirect 
methods. 

 The fi rst indirect method, knowing  fork speed  v   , consists in extracting RFD by 
spatial derivation of MRT profi les: RFD =  v d MRT/d x  [ 14 ,  39 ]. 

 The second indirect method is  nucleotide compositional skew analysis     . It was fi rst 
reported in bacteria that the two DNA strands have an asymmetric nucleotide com-
position, with enrichment of the leading strand in G over C and T over A [ 51 ]. The 
strict correlation of the GC and TA skews  S  GC  = (G − C)/(G + C) and  S  TA  = (T − A)/
(T + A) with replication fork direction suggested that the leading and lagging strands 
experience different rates of nucleotide substitution leading to accumulation of 
nucleotide compositional skew over evolutionary times [ 51 ]. Upward skew jumps 
((+)  S -jumps) similar to bacterial origins were subsequently detected at 1546 sites in 
the human genome [ 52 ,  53 ]. Between upward jumps, the skew decreased in a linear 
manner suggesting a progressive inversion of RFD across megabase-sized 
“N-domains,” which together cover one-third of the genome [ 54 ]. Comparison of 
skew profi les with Repli-Seq data from several somatic cell lines strongly supported 
the notion that the GC and TA skews are a direct refl ection of RFD in  germline cells   
[ 39 ,  55 ]. Concerns were raised that N-shaped patterns may be caused by mutational 
strand asymmetry associated with transcription rather than replication [ 56 ]. However, 
a detailed study of the mutational profi le of S-jumps established the existence of 
replication-associated mutational asymmetries and showed that S-jump profi les 
could only be explained by the additive effect of transcription- and replication- 
associated mutational asymmetries [ 55 ]. Techniques have been developed to decon-
volute the transcription-associated and replication-associated skews [ 57 ]. 

 Replication-associated  GC and TA skews   were more recently detected in the 
yeasts  S. cerevisiae ,  K. lactis , and  L. kluyveri , but only when all interorigin intervals 
were analyzed together [ 58 – 60 ]. Interestingly, the leading strand was enriched in C 
and A, whereas it is enriched in G and T in mammalian and most eubacterial 
genomes. In contrast, no convincing replication-associated skew could be detected 
in the fi ssion yeast  S. pombe  [ 58 ]. In  L. kluyveri , a lack of replication-associated 
skew was specifi cally observed in a chromosomal arm that has a much higher GC 
content and replicates earlier and faster than the rest of the genome [ 60 ]. It was 
proposed that the  lack   of skew may be caused by a random fork direction. However, 
the RT profi le of this chromosomal arm showed peaks and troughs rather than the 
fl at curve expected if RFD was null. It remains possible that mutational patterns for 
this chromosomal arm differ from the rest of the genome. 

 The third indirect method to map RFD is based on the fact that ribonucleotides 
are covalently incorporated into genomic DNA at different rates by Pol ε, the pri-
mary leading strand replicase, and Pols α and δ, which are primarily responsible for 
lagging strand synthesis [ 61 ]. Ribonucleotides are normally removed by ribonucle-
otide excision repair ( RER  ) but are well tolerated in yeast RER mutants [ 61 ,  62 ]. 
Moreover, polymerase mutants that incorporate ribonucleotides at higher rates than 
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their wild-type counterparts have been obtained [ 61 ,  63 ]. Four recently developed 
methods (dubbed EmRiboSeq [ 64 ], Pu-Seq [ 65 ], HydEn-Seq [ 66 ], and Ribose-Seq    
[ 67 ]) allowed to determine the genome-wide distribution of embedded ribonucleo-
tides in RER and polymerase mutants in  S. cerevisiae  and  S. pombe . These patterns 
support the previous assignments of leading and lagging strand polymerases inferred 
from the use of mutator polymerase alleles [ 63 ,  68 – 70 ], and thereby allow indirect 
but generally precise determination of RFD across the genome. They also identify 
regions of the genome in which ribonucleotide incorporation patterns deviate from 
the expectations of a simple division of labor among the three replicases. Deviations 
specifi cally observed at origins were proposed to result from occasional leading 
strand initiation by Pol δ followed by exchange with Pol ε [ 65 ]. Note that a recent 
study [ 71 ] challenged the “established” distribution of DNA polymerases at the 
replication fork and proposed other explanations for the observed distribution of 
rNMP incorporation in polymerase mutants. 

 The last and so far  only   direct method to analyze RFD genome-wide is to purify 
and sequence Okazaki fragments, using strand identity to discern fragments replicated 
as the Watson strand ( L  forks) or Crick strand ( R  forks)   . This was fi rst achieved 
in  S. cerevisiae  using conditional lethal mutants lacking DNA ligase and DNA dam-
age checkpoint activity, which allow massive accumulation of unligated Okazaki 
fragments and continuation of S-phase progression despite the presence of unligated 
nicks in replicated DNA [ 40 ,  72 ]. More recently, genome-wide RFD profi les from 
both yeast and human cells were obtained using a novel Okazaki-fragment purifi ca-
tion technique that does not require overproducing mutant cells (unpublished). RFD 
profi les obtained by  Okazaki-fragment sequencing   are highly consistent with RFD 
and MRT profi les obtained by other techniques and allow a  direct and quantitative  , 
 genome-wide analysis   of initiation and termination events in yeast and mammals.  

    Mathematical Analysis of  Budding Yeast Replication Profi les   

 The recognition that origin initiation, fork progression, and fork merge at  termini   is 
formally analogous to nucleation, growth, and coalescence in crystallization kinetics 
allowed to adapt to DNA replication [ 28 ,  73 – 75 ], a formalism developed long ago 
to describe  crystallization kinetics   [ 76 – 80 ]. In this formalism, an initiation function 
 I ( x , t ) describes the rate of initiation at position  x  at time  t . If fork velocity  v  is 
assumed to be constant, then  I ( x , t ) entirely determines the replication fraction  f ( x , t ), 
which has been estimated in the most precise time-course experiments in budding 
yeast [ 48 ] at 1 kb resolution in space and 5-min resolution in time. The goal is to 
estimate the  I ( x , t ) that best explains such experimental  f ( x , t ) data. This is usually 
performed by curve-fi tting strategies [ 29 ] requiring some a priori knowledge of the 
initiation function, although more general strategies such as Bayesian inference 
[ 42 ] or direct analytical inversion [ 81 ] seem achievable. 

 Yang et al. [ 29 ] performed the fi rst detailed mathematical analysis of budding 
yeast genome replication time-course data. This study revealed that the RT distribution 
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of origins could be fi tted by  sigmoid curves   whose width and mean were correlated. In 
other words, RT was more precise for early than for late origins. An origin’s  replication  
time does not simply refl ect its  fi ring  time, unless this origin fi res in all copies of the 
chromosomal population. Therefore, an analytical model that incorporated passive 
replication and a sigmoid shape for the cumulative fi ring time distribution of origins 
was used to fi t to the data and extract these distributions. Their widths (10–40 min) 
were comparable to S-phase length (60 min), and indeed correlated with median fi r-
ing time, as expected  for   stochastic activation. The distributions allowed to compute 
 potential  origin effi ciencies, defi ned as the effi ciency of initiation that would be 
observed over the length of S phase in the absence of passive replication, and to 
compare them with their  observed  effi ciencies, whose computation relied on the fi r-
ing time distribution of  all  origins of the same chromosome and on fork speed. 
A constant fork speed (1.9 kb/min) was used since this gave as good a fi t as allowing 
variable velocities. Potential effi ciencies were quite high (>0.9 for one-half of the 
origins, >0.5 for most of the rest). In contrast, observed effi ciencies were more evenly 
spread from 0 to 1, owing to frequent passive replication from neighboring origins. 
Finally, potential effi ciencies decreased monotonically with median fi ring time and 
temporally alike origins did not appear to form clusters along the chromosomes. All 
these results suggested that stochastic activation of origins, fi ring independently of 
each other and with variable effi ciency, suffi ce to explain the replication timing 
“program” of budding yeast with no need to invoke regulation by external triggers. 

 Parallel work in yeasts [ 82 – 85 ] and metazoans [ 86 ] has shown that the fi ring of 
origins is regulated by competition for initiation factors less abundant than potential 
origins, which explains why origins cannot all fi re at the same time. Stochastic 
interaction of these factors with origins would explain simply why origins fi re sto-
chastically. However, interorigin differences in accessibility or response to the lim-
iting factors must be invoked to explain why some origins fi re with higher probability 
than others. The fact that origins cannot all fi re at the same time implies that origins 
are not entirely independent of each other, contrary to the assumption of several 
mathematical models. The extent of origin correlation induced by these limiting 
amounts remains to be addressed. 

 In the “multiple initiator model” ( MIM  ) [ 29 ], a variable number of initiator 
proteins is loaded at each origin, so that origins with more initiators fi re with an ear-
lier and sharper time distribution. This model can quantitatively recapitulate the vari-
ety of origin fi ring time distributions extracted from the replication time-course data 
in yeast. One obvious candidate for the initiator was the MCM complex, because 
origin effi ciency correlated with MCM occupancy in some ChIP-chip experiments 
[ 87 ] and because in vitro, a single ORC can load multiple MCM double hexamers 
that can passively translocate along DNA prior to activation in S phase [ 88 – 90 ]. 
However, recent in vivo data integrating nucleotide-resolution “footprints” of origin 
architecture with MCM ChIP-seq suggested that, unlike in vitro, only one MCM 
double hexamer is loaded per origin [ 91 ].    Further work is therefore required to vali-
date or refute  the   MIM model. 

 The  stochasticity of origin   activation in budding yeast was confi rmed and further 
explored in several other studies, which also analyzed termination in more detail. 
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Hawkins et al. [ 48 ] analyzed high-resolution replication time-course data using a 
mathematical model in which the probability that an origin achieves licensing 
(termed origin competence) was explicitly formulated [ 38 ]. The median and width 
of origin fi ring time distributions were again correlated, and single-cell fl uorescence 
microscopy measurements of a locus replication time confi rmed the estimated 
variability in origin activity. The extracted origin competences, however, showed no 
correlation with fi ring time, suggesting that the probabilities of origin licensing and 
fi ring are governed by distinct mechanisms. Hawkins et al. [ 48 ] also used the equa-
tion dMRT/d x  = ( R  −  L )/ v  to derive a genome-wide RFD profi le from the experimen-
tal MRT. An experimental RFD profi le was independently obtained by McGuffee 
et al. [ 40 ] by sequencing Okazaki fragments purifi ed from an asynchronous culture. 
The inferred RFD profi le by Hawkins et al. [ 48 ] and this experimental RFD were 
quite similar. The MRT profi le computed from the RFD was also reasonably consis-
tent with experiments [ 40 ]. 

 Inferred and experimental RFD profi les were used to quantitate initiation and 
termination events genome-wide [ 40 ,  48 ]. The observed origin effi ciencies decreased 
with MRT, but the correlation was looser than between potential effi ciencies and 
MRT, consistent with the confounding effects of passive replication. Termination sites 
were widely distributed, covering >75 % of the genome, and ineffi cient (<4 % per kb 
even at the most effi cient sites). A cruder, previous study identifi ed 71 termination 
(TER) sites covering only ~3 % of the genome [ 92 ]. The new RFD data revealed that 
these TER sites, although more effi cient than average, together represented <5 % of 
all termination events. Inactivation of specifi c origins fl anking a previously described 
TER site suppressed termination in this region, without delaying fork progression 
[ 48 ]. In a strain overexpressing limiting factors for origin activation [ 84 ], origins fi red 
at similar times genome-wide and with less temporal precision than normal, and the 
termination zones broadened and their  midpoints moved toward the midpoints of 
interorigin intervals [ 40 ]. These results show that the location of termination events is 
determined by the fi ring time of origins rather than by specifi c   cis -acting elements  . 

 The link between the temporal distribution of origin fi ring and the spatial distribu-
tion of termination events (Fig.  4.2 ) suggests that the  former   can be extracted from 
the latter. Retkute et al. [ 37 ,  38 ] have mathematically studied the case when two 
adjacent origins fi re within a suffi ciently sharp time window, Δ t , that a fork from one 
origin can reach the other origin only if it is not competent. In this case, the second 
derivative of the MRT curve at its maximum (i.e., the slope of the decreasing RFD 
profi le around 0) is inversely proportional to Δ t , with little dependence on the exact 
shape of the origin fi ring time distribution. Application to experimental MRT data for 
suitable interorigin intervals in the  S. cerevisiae  genome yielded estimates of 
10-15 min for Δ t , in good agreement with time-course analyses. Thus, stochastic 
origin parameters can be extracted without recourse to time- course experiments, 
using a single MRT or RFD profi le from non-synchronized cells.

   Quite recently, RFD profi les have been determined by monitoring ribonucleotide 
incorporation in  S. cerevisiae  [ 66 ] and  S. pombe  [ 65 ]. Their analysis led to similar 
conclusions regarding the stochasticity of replication initiation and termination and 
the utility of RFD data to infer reliable MRT profi les.  
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     Mammalian Replication Profi les      

 In contrast to yeast RT profi les, the resolution of mammalian RT profi les is generally 
not suffi cient to identify single-replication origins. The spatial resolution of copy 
number profi les may in theory attain the single-nucleotide resolution of sequencing. 
In practice, however, the low signal-to-noise ratio of most experiments imposed the 
use of smoothing algorithms that limited resolution to about 50 kb [ 43 ]. Nevertheless, 
increasing sequencing depth can reduce the need for smoothing so that identifi ca-
tion of individual origins in human TimEx profi les may become feasible [ 93 ]. In 
post-sort methods (Repli-Chip [ 15 ,  94 ] or Repli-Seq [ 49 ,  50 ]), it is the number of 
consecutive S-phase samples that is limiting temporal resolution. Only 2–6 S-phase 
compartments are used to analyze the typical 8–10-h S phase of mouse or human 
cells, precluding sharp distinction of origins and termini that replicate within ~1 h 
of each other. Consistently with this limitation, the profi les are not improved by 
pushing spatial resolution of microarrays below 5 kb or by using sequencing. 

Ori1 Ori2

Replicatio
n time

Early

Late

Replication fork
directionality (R-L)

−1

+1

0

  Fig. 4.2    Effect of origin fi ring time distribution on the dispersion of termination events. The fi gure 
depicts a chromosome segment containing two effi cient replication origins that can fi re indepen-
dently over a temporal window symbolized by the  beige boxes  in the  top panel . Forks emanating 
from these two origins meet at variable positions due to the variable fi ring time difference between 
the two origins. The extremes of these ranges are indicated by the  red  and  blue curves , and their 
mean by the  purple curve . The RFD profi le in the population shows the range of corresponding 
termination positions as a central descending RFD segment. The extent of the termination zone is 
proportional to the width of the fi ring time window and the slope of this descending segment (or 
curvature of the MRT profi le minimum) is inversely proportional to this time window       
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 The fi rst  Repli-Chip experiments   [ 15 ,  94 ] used only two S-phase compartments 
and produced an essentially biphasic distribution of RT. A clustering algorithm was 
used to identify contiguous regions that replicate with similar timing, referred to 
as replication domains or constant timing regions ( CTRs  ). Given their size (0.2–2.0 Mb), 
most CTRs were presumed to contain many origins. Early and late CTRs were 
joined by timing transition regions (TTRs; 0.1–0.6 Mb), presumed to replicate by 
unidirectional forks. The estimated replication time difference between early and 
late edges of TTRs seemed consistent with unidirectional replication but lacked the 
required precision to be conclusive. 

 Repli-Seq experiments using 4–6 compartments of S phase [ 49 ,  50 ] led to a 
more  nuanced   analysis of replication profi les. Sequence tag densities for each 
S-phase compartment indicate that most sequences replicate over a broad window 
of  S phase spanning   2–3 consecutive compartments. This broad distribution of RT 
in the cell population paradoxically increases the precision with which the median 
or mean RT can be computed, because sequences having their highest tag density 
within the same compartment can still show different tag densities in adjacent 
compartments. As a result, a continuum of replication times was observed, with 
little dearth of MRT values between compartments [ 14 ,  49 ]. The smoothed profi les 
(50–100 kb resolution) traced a landscape of sharp peaks and shallow valleys, only 
occasionally interspersed with extended domains of constant RT. An objective 
analysis of RT gradients at multiple scales revealed a broad and continuous (not 
biphasic) distribution of slopes [ 14 ]. Thus, there was no sharp demarcation between 
CTRs and  TTR   s  . Given that the range of fork speeds along the genome was much 
too narrow to account for the range of MRT gradients, the equation dMRT/
d x  = RFD/ v  implied a broad distribution of RFD along the genome, at least when 
averaged at 50–100 kb spatial resolution. In most cell lines, only the 1–5 % steep-
est segments had a slope  compatible   with unidirectional replication (∣RFD∣ = 1). 
Most of the genome had a smaller ∣RFD∣ and was therefore replicated by variable 
proportions of forks moving in both directions. 

 The valleys were U-shaped rather than V-shaped, suggesting that ∣RFD∣ decreased 
in later replicating regions. Automated detection identifi ed in multiple cell lines 
800–1500 megabase-scale U-shaped domains of replication timing covering 
40–60 % of the genome [ 39 ]. Their averaged profi le was parabolic, and the derived 
RFD profi le was therefore an N-shape, strikingly similar to the skew profi le of 
N-domains (the derivative of a parabola is a straight line). Signifi cant overlaps were 
observed between U-domains of different cell lines and between U-domains and 
N-domains. These results suggested that U-domains and N-domains represent the 
same fundamental unit of replication but are developmentally plastic and that 
N-domains are the U-domains of the germline. 

 U-shaped MRT profi les [ 48 ] and N- shaped   RFD profi les [ 40 ,  65 ] have also been 
observed in interorigin intervals of budding and fi ssion yeast. In these cases, the 
sharpness of the MRT peaks bordering the U refl ects the precise location of origins, 
whereas the curvature at the bottom of the U (i.e., the slope of the descending branch 
of the N) refl ects the fi ring time variability of fl anking origins. The greater this vari-
ability, the larger the intervening segment of mixed replication directionality 
(Fig.  4.2  and top panel of Fig.  4.3 ).
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  Fig. 4.3    Two-origin and cascade models for replication of domains with U-shaped MRT and 
N-shaped RFD profi les. The  top panel  shows that an extended termination zone can form between 
two origins if their fi ring time window ( beige boxes ) is as long as the time needed by a single fork 
to traverse the entire interorigin interval (refer to Fig.  4.2 ). The  middle panel  shows temporally 
ordered cascades of origin activation from domain borders to centers.  Dark  and  red lines  represent 
replication timing profi les of two different cells activating the same border origins but different 
internal origins in the intradomain cascade. Due to sequential origin fi ring the two forks emanating 
from each origin travel unequal distances before merging with converging forks from upstream 
and downstream origins. As origins become more synchronous at the domain center, forks travel-
ling in opposite orientations replicate more equal lengths of DNA and ∣RFD∣ decreases from bor-
ders to center. Both the two-origin and the cascade models predict an N-shaped pattern of RFD 
across the domain ( bottom panel ). In the cascade model, however, origins at domain borders need 
not fi re over a broad time window       
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   Likewise, a simple two-origin model for mammalian  N/U-domain   replication 
[ 54 ] would be that replication initiates exclusively at domain borders, but over a 
very broad temporal window, so that forks converge at any position along the 
domain with equal probability, generating a linearly decreasing RFD segment 
(Fig.  4.3 , top and bottom panels). This model is diffi cult to reconcile with DNA 
fi ber and Repli-Seq data quantitatively. Most origins are spaced at ~100 kb inter-
vals, even though Mb-sized replicons have also been observed [ 16 ,  17 ]. One may 
consider that clusters of small replicons correspond to CTRs while long replicons 
correspond to  N/U domains  . A fork progressing at 2 kb/min may indeed replicate 
up to ~1 Mb in an 8-h S phase. However, N/U-domains are up to 3 Mb long [ 39 , 
 54 ], and the two-origin model appears insuffi cient for large domain sizes. 
Furthermore, to generate a 1 Mb termination zone, the two-origin model would 
require that border origins fi re over a temporal window as long as the entire S 
phase (8 h). The Repli-Seq data are clearly inconsistent with such a dispersion of 
replication times. 

 A more elaborate  “cascade model”   suggests that replication fi rst initiates at “mas-
ter” origins at domain borders, and then a wave of secondary initiations propagates 
from the borders to the center at an increasing rate during S phase [ 2 ,  14 ,  39 ] (Fig.  4.3 , 
middle and bottom panels). The progressive transition from sequential to synchro-
nous initiations would explain the fl attening of the timing curve and the decrease of 
∣RFD∣ at the center. Note that origin sequentiality and increasing synchrony are only 
average tendencies and need not to apply strictly at the  single- molecule level. A 
propagation of origin activation by forks, or a gradient of chromatin accessibility 
from borders to center, may create the directional initiation wave. A numerical simu-
lation of the cascade model [ 2 ] assumed that once master origins have fi red, abundant 
potential origins inside N/U-domains can either fi re on their own or be stimulated by 
approaching forks, at a global rate that increases during S phase. This model pre-
cisely recapitulated the U-shaped MRT profi le and N-shaped RFD profi le of N/U-
domains up to 3 Mb in size, using realistic fork velocities and no requirement for a 
broad dispersion of RT at domain borders. Intradomain origin fi ring was too disper-
sive to create singularities in the profi le, and the changing balance between fork-
stimulated and autonomous origin fi ring during S phase generated the smooth 
inversion of RFD between the two borders. 

 More recent analyses of the human genome have highlighted a novel skew struc-
ture, termed the  “split-N” domain  , that has a shape reminiscent of an N, but split in 
half, leaving in the center a region of null skew [ 95 ]. This central region appears 
when the distance between domain borders is >3 Mb, and its length, which can 
reach several Mb, increases with domain size. Split N-domains together cover 13 % 
of the genome. The null skew of the central regions suggests a null RFD. Indeed, the 
MRT of the central region is homogeneously late, consistent with late and spatially 
random replication. The split-N pattern cannot be explained by a two-origin model. 
Strikingly, however, the cascade model predicts a transition from the standard N to 
the split-N profi le of RFD when the domain size increases above a critical threshold 
(unpublished). This is because autonomous activation of intradomain origins 
becomes highly effi cient late in S phase in long central regions before they can be 
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reached by stimulating forks progressing from domain sides. These results support 
the notion that mammalian genomes replicate by a superposition of early and 
effi cient initiation at specifi c sites or zones followed by more random initiation later 
in S phase [ 1 ,  2 ]. 

  Human genome-wide RFD profi les   have been recently obtained directly by 
sequencing of highly purifi ed Okazaki fragments (unpublished). These profi les are 
highly consistent with published MRT profi les but offer much higher resolution of 
initiation and termination events. They reveal in multiple cell lines 6000–10,000 
ascending RFD segments representing initiation zones (mean size ~30 kb), alternat-
ing with descending RFD segments spanning up to 3 Mb. In some cases ascending 
and descending RFD segments are joined by high RFD segments of unidirectional 
replication (representing <10 % of the genome). Thus, RFD ranges broadly and 
N-shaped patterns of RFD are observed over the entire genome, with clusters of 
small Ns discernible in regions previously annotated as CTRs. These observations 
provide further support for the widespread existence of linear RFD gradients, for 
spatial and temporal stochasticity in replication initiation and termination, and for 
the cascade model of human genome replication.  

    Mammalian Replication Timing Program 
and Chromatin Architecture 

  Nuclear organization   has appeared as a strong determinant of DNA replication 
kinetics. A correlation has long been observed between heterochromatin and late 
replication [ 96 ]. Early-replicating regions tend to be enriched in active genes and 
open chromatin marks, while late-replicating regions show opposite features [ 5 ]. 
Moreover, early- and late-replicating regions tend to be located in the interior and 
periphery of the nucleus, respectively [ 5 ]. A discrete point during G1 phase was 
discovered at which the replication time of specifi c sequences is established for 
each cell cycle, coincident with their intranuclear repositioning following mitosis 
[ 97 ]. This result pointed to a close link between the spatial organization of the 
genome in interphase and the temporal regulation of its replicons. 

  Cytological analysis   of the pulse-labeled intranuclear sites of DNA synthesis 
revealed the existence of replication “foci” that, on average, encompass ~1 Mb of 
DNA and replicate in 45–60 min [ 3 ]. As S phase progresses, their morphology, num-
ber, and intranuclear position change [ 98 ], with new foci appearing in close vicinity 
to earlier ones [ 99 ]. Early foci tend to occupy the interior volume of the nucleus 
whereas later foci colocalize with nucleoli and the nuclear periphery, and still later 
foci with a few blocks of constitutive heterochromatin. It was proposed that foci are 
chromatin structural units equivalent to replicon clusters and/or CTRs [ 3 ,  13 ] and 
that their ordered activation refl ects the sequential synthesis of genetically continu-
ous chromatin domains, suggesting some sort of propagation effect [ 99 ,  100 ]. 

 N/U-domain borders are enriched in  DNaseI hypersensitive sites (HS)   and prone 
to transcription, whereas N/U-domain central regions appear transcriptionally silent 
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[ 39 ,  54 ,  101 ]. A recent integrative analysis of 13 epigenetic marks led to defi nition 
of four distinct chromatin states (C1–C4) in the human genome [ 102 ]. C1 is a 
transcriptionally active chromatin state, C2 a repressive state associated with poly-
comb complexes, C3 a silent state lacking characteristic marks, and C4 a gene-poor, 
HP-1-bound heterochromatic state. It was found that U-domain replication proceeds 
from C1 at borders to C2, C3, and C4 at centers, whereas early and late CTRs consist 
entirely of C1 + C2 and C3 + C4 states, respectively. 

 High-throughput chromatin conformation capture (Hi-C)  technology   allows to 
measure the frequency of pairwise contacts between any pair of loci genome-wide 
[ 103 ]. When averaged over the genome, the frequency of interactions decays 
rapidly with distance, but some interactions are more or less frequent than expected. 
This led to defi nition of two sets of loci (named A and B) within which contacts are 
enriched and between which contacts are depleted [ 103 ]. Comparison with RT 
profi les revealed a striking correlation of A and B compartments with early- and 
late- replicating DNA, respectively, consistent with their different intranuclear 
localization [ 94 ]. Moreover, when the chromatin folding of U-domains was ana-
lyzed, it was found that the sequences within a single U-domain preferentially inter-
act between themselves rather than with outside sequences, even if they are located 
closer [ 39 ]. Thus, sequences belonging to A and B compartments within a single 
U-domain interact more strongly with each other than with their cognate partners 
outside the domain. This self-interaction pattern suggested a tight connection 
between U-domains and “topological domains” ( TADs  ) revealed by higher resolution 
 Hi-C data   [ 104 ]. TADs are delimited by sharp boundaries containing housekeeping 
genes and insulator sites, and N/U-domains also share these features. Furthermore, 
TADs are abolished in mitosis and must reform in interphase of each cell cycle 
[ 105 ], an additional similarity with RT regulation. 

 The developmental plasticity of  RT profi les   [ 5 ,  13 ] is in apparent contrast with 
the developmental stability of TADs [ 104 ]. Developmental  changes   in RT primarily 
occur in 400–800 kb units, suggesting that CTRs observed in any cell type comprise 
multiple, potentially switchable units. Examination of RT across TADs [ 106 ] 
revealed that some TADs are either entirely early or late replicating, some span all 
or part of a single TTR, and others contain convergent TTRs forming the previously 
described U-domains [ 39 ]. When  TTR  s were mapped in many cell types, their early 
borders coincided almost one to one with TAD boundaries, whereas their late borders 
had no detectable relationship to TAD structure [ 106 ]. Higher resolution MRT or 
RFD profi les are needed to elucidate whether “master” origins are active at TAD 
boundaries whatever their replication timing and chromatin composition, or whether 
this is a unique feature of U-domains. 

 A chromatin-based  replication   model was recently developed to look for genomic 
markers able to predict MRT profi les [ 107 ]. In this model, rate-limiting activators 
probabilistically select genomic locations and initiate replication and then remain 
engaged with forks until they merge and terminate. The probability of initiation thus 
depends on both the density of the tested genomic landmark and the number of 
unengaged factors at time  t , and is therefore negatively regulated by fork density, 
which depends on the collective behavior of all origins. Remarkably, this simple 
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model predicts MRT profi les with an accuracy rivaling experimental repeats when 
the initiation probability landscape is defi ned by the density of DNase-HS sites. The 
recycling of the limiting factor at fork collision was a required model feature to 
predict RT. This model assumes no other interdependency of origin fi ring and does 
not require any explicit reference to the spatial organization of the genome. The 
limiting factor hypothesis de facto introduces an interdependency of origins. It is 
also possible that the distribution of  DNase-HS sites   contains in a non-explicit form 
some information about chromatin interactions and origin correlations. Emerging 
higher resolution datasets and advanced mathematical models will undoubtedly 
promote further progress.     
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    Abstract     DNA replication is an essential cell cycle-regulated process necessary 
for the accurate duplication of the genome. DNA replication begins at  cis -acting 
replicator loci (replication origins) that are distributed throughout each of the 
eukaryotic chromosomes. The fi rst factor to bind to the replicator is the origin rec-
ognition complex (ORC). ORC directs the recruitment of the Mcm2-7 helicase 
complex to form the pre-replication complex (pre-RC), licensing the origin for acti-
vation. Origin selection and activation are dependent on both DNA sequence and 
epigenetic features. The  cis -acting sequence elements that function as replicators 
are well defi ned in  Saccharomyces cerevisiae ; in contrast, metazoan replicators are 
not defi ned by primary sequence, but rather by secondary structural features like 
G-quadruplexes. In both yeast and higher eukaryotes, however,  cis -acting sequences 
or G-quadruplexes are not suffi cient for origin function, implying the necessity for 
epigenetic mechanisms in regulating the selection and activation of DNA replica-
tion origins. In higher eukaryotes, the chromatin landscape surrounding origins of 
replication is important for the plasticity of the DNA replication program, allowing 
it to adapt and respond to developmental and environmental signals. Here we 
describe the role of chromatin structure and histone modifi cations in specifying and 
regulating eukaryotic DNA replication origins.  

  Keywords     DNA replication   •   Chromatin   •   ORC   •   Pre-RC   •   Origin   •   G-quadruplex   
•   Nucleosome   •   Epigenetics  

mailto:david.macalpine@duke.edu
mailto:monica.gutierrez@duke.edu


88

        Introduction 

 The entire genome must be duplicated in an accurate and complete manner every 
cell cycle. This process must be tightly regulated to ensure the complete duplication 
of the genome within the confi nes of S-phase [ 1 ]. To accomplish this, higher eukary-
otes employ tens of thousands of DNA replication start sites distributed throughout 
the genome. Failure to properly regulate the DNA replication program may lead to 
under- or over-replication which may cause signifi cant genomic instability [ 2 ]. In 
1963, Jacob, Brenner, and Cuzin proposed a simple and elegant model for the regu-
lation of prokaryotic DNA replication [ 3 ]. This model is based on the premise that 
a  cis -acting sequence of DNA defi ned as a  replicator , is acted upon, in  trans , by an 
 initiator  factor to direct the duplication of the replicon. In prokaryotic systems like 
 Escherichia coli , the replicator sequence  oriC  is recognized by DnaA, the initiator, 
which results in localized unwinding of the DNA and the recruitment and loading 
of the DnaB helicase by the helicase loader DnaC [ 4 ]. The fundamental principles 
of the replicon model, fi rst described in prokaryotes, are conserved across prokary-
otic and eukaryotic systems. The increased complexity of eukaryotic genomes 
requires that the replicon model and the selection and activation of DNA replication 
origins be inherently dynamic. This is necessary to establish and maintain cell-, tis-
sue-, and developmental-specifi c DNA replication programs. For example, many 
more origins are required during early development, a stage where S-phase lasts 
only a few minutes, while in differentiated cells fewer origins are activated and 
S-phase can progress for longer than 6 h [ 5 ,  6 ]. The plasticity of the DNA replication 
program is likely driven by changes in the concentration of  trans -activating initiator 
factors [ 7 ,  8 ] and epigenetic features that contribute to the recognition of  cis -acting 
replicator sequences [ 9 – 11 ].  

     Trans -Acting Initiators of Eukaryotic DNA Replication 

 The  trans -activating initiators that direct DNA replication are functionally con-
served between prokaryotes and eukaryotes. Analogous to DnaA in prokaryotes, the 
origin recognition complex (ORC) associates with replicator sequences throughout 
the majority of the cell cycle. ORC is an essential and conserved protein complex 
composed of six subunits (Orc1-6) [ 12 ], and serves as a scaffold to mark potential 
DNA replication origins for helicase loading in G1 of the cell cycle (Fig.  5.1 ). With 
the exception of the AT-hook domain of Orc4 in  Schizosaccharomyces pombe , ORC 
does not interact with the DNA via a specifi c DNA-binding domain. Instead, the 
DNA is threaded through a central channel in the complex which makes contact 
with the Orc1-5 subunits [ 13 ]. In G1, ORC recruits Cdc6 which, together with Cdt1, 
coordinates the loading of the Mcm2-7 replicative helicase to form the pre- 
replicative complex (pre-RC) [ 14 ]. Formation of the pre-RC at the origin serves to 
“license” the origin for initiation of DNA replication in the following S-phase [ 15 ].
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  Fig. 5.1    Pre-RC assembly. Selection of replication origins starts with binding of the initiator of 
eukaryotic replication, the origin recognition complex (ORC), during late M phase and early G1 
phase of the cell cycle. ORC binding to replicator sites leads to recruitment of Cdc6 and Cdt1, 
which are necessary for loading of the minichromosome maintenance complex (Mcm2-7) during 
G1 phase; together, these factors form the pre-replication complex (pre-RC). Recruitment of 
Mcm2-7 licenses the pre-RC, leading to replication origin activation in the subsequent S-phase. 
After origin licensing, recruitment of pre-initiation factors is promoted by cyclin- and Dbf4- 
dependent kinases (CDK and DDK, respectively) during the transition to S-phase, leading to for-
mation of a pre-initiation complex (pre-IC) and subsequent replication initiation       
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   As the cell enters S-phase, cyclin-dependent kinase (CDK) and Dbf4-Cdc7 
dependent kinase (DDK) direct the recruitment of additional factors to the pre-RC 
to form the pre-initiation complex (pre-IC) [ 16 ]. In a DDK-dependent manner, 
Sld3, Sld7, and Cdc45 associate with the pre-RC [ 8 ,  17 ], and CDK activity directs 
the recruitment of Sld2, Dbp11, GINS, and polymerase  ε  [ 18 – 20 ]. Cdc45, GINS, 
and Mcm2-7 form the CMG holocomplex which has robust helicase activity in vitro 
[ 21 ,  22 ] and travels with the replication fork in vivo [ 23 ]. Finally, the primase Pol  α  
is recruited to the pre-IC to start primer synthesis for the initiation of DNA 
replication.  

     Cis -Acting Replicators of Eukaryotic DNA Replication 

 Eukaryotic origins of DNA replication are selected in a non-random manner by the 
association of ORC at specifi c loci in the genome. ORC interacts with specifi c  cis - 
acting replicator sequences distributed throughout the  Saccharomyces cerevisiae  
genome [ 24 ]; in contrast, a conserved primary sequence resembling the sequence 
composition of  S. cerevisiae  origins has yet to emerge in higher eukaryotes (Fig.  5.2 ). 

  Fig. 5.2    Sequence determinants of DNA replication in higher eukaryotes. ( a ) In  S. cerevisiae , 
replication origins are defi ned by the ARS consensus sequence (ACS), which is necessary, but not 
suffi cient, for replication origin site selection. B elements are components within the ACS that are 
thought to function as sites of DNA unwinding and strand separation. ( b ) In the genomes of higher 
eukaryotes, guanine-rich sequences with a specifi c motif ( G  3−5 - N  1−7 - G  3−5 - N  1−7 - G  3−5 - N  1−7 - G  3−5 ) can 
form four-stranded DNA structures, called G-quadruplexes. A signifi cant fraction of replication 
origins in mammalian cell lines have been mapped in the vicinity of these structures       
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ORC purifi ed from metazoans exhibits little sequence specifi city [ 25 ]; however, 
recent evidence suggests that secondary sequence structures such as G-quadruplexes 
may function as part of replicators [ 26 ].

       Cis -Acting Replicators in  S. cerevisiae  

 Studies in the budding yeast led to the identifi cation of the fi rst eukaryotic  cis -
acting sequences with replicator function (Fig.  5.2 a). Autonomously replicating 
sequences (ARSs) were identifi ed in  S. cerevisiae  based on their ability to confer 
stable inheritance to an episome [ 27 ]. Genetic dissection of the ARS1 replication 
origin revealed an 11 base pair T-rich ARS consensus sequence (ACS) that is 
required for origin function [ 28 ] by promoting ORC binding [ 12 ]. Additional 
sequence features in the ARS, referred to as B elements, also contribute to origin 
function and are thought to facilitate helicase loading [ 29 ] and DNA unwinding 
[ 30 ]. A systematic genome- wide screen for DNA fragments with replicator activ-
ity across the  S. cerevisiae  genome identifi ed 366 unique loci with replicator 
potential [ 31 ]. Although the ACS is necessary for origin function, there are many 
more ACS motif matches in the  S. cerevisiae  genome ( ∼ 10,000) than functional 
origins [ 32 ]. Together, these results suggest that, in addition to the ACS, other 
 cis -acting chromosomal features are required to specify origins of replication in 
the genome. 

 The sequences that function as replicator elements in the budding yeast are 
conserved among other  sensu stricto Saccharomyces  species [ 33 ]. Despite this 
evolutionary conservation for not only the ACS sequence but also its location 
and distribution throughout the genome, the DNA replication program is 
remarkably tolerant of losing specific origins. Deletion of the majority of 
active origins on an extra copy of chromosome III was remarkably stable across 
yeast generations, only resulting in a minimal S-phase delay [ 34 ]. Cryptic ori-
gins near the telomeres accounted for the cell’s ability to faithfully replicate 
and segregate a mutant chromosome lacking nearly all origins. A more recent 
study investigated the consequence of deleting seven highly characterized ori-
gins from the left arm of chromosome VI [ 35 ]. As in the earlier study, loss of 
origins on chromosome VI had a minimal impact on growth even in the pres-
ence of replicative stress [ 35 ]. Surprisingly, despite loss of ORC association at 
the deleted origins, cryptic initiation events in the vicinity of the original ori-
gins still occurred. It is unlikely that these were ORC-independent initiation 
events, but rather pre-RC assembly and subsequent initiation may have been 
facilitated by transient ORC interactions with the DNA [ 36 ]. This phenomenon 
underscores the plasticity of the replication program, allowing the activation of 
non-canonical origins in order to complete DNA replication and maintain 
genomic stability.  
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     Cis -Acting Replicators in Higher Eukaryotes 

 The identifi cation of  cis -acting replicator sequences in higher eukaryotes has been 
hampered, in part, by the size and increased complexity of the genome and the lack 
of reliable plasmid-based assays for origin function. Early attempts to identify  cis - 
acting replicators using plasmid-based assays found that plasmid maintenance was 
most strongly correlated with the size but not the specifi c sequence composition of 
the replicator element [ 37 ]. In addition, purifi ed ORC from higher eukaryotes also 
exhibited little sequence specifi city in vitro [ 25 ,  38 ]. Despite the apparent lack of a 
conserved  cis -acting element, origin selection in higher eukaryotes is not an entirely 
stochastic process as there are many examples of specifi c loci functioning as repli-
cation origins [ 39 – 41 ]. 

 The rapid proliferation of genome-wide approaches to map ORC binding sites 
and replication intermediates in higher eukaryotes has identifi ed genomic features 
frequently associated with origins of DNA replication. ChIP-seq analysis of ORC 
binding in  Drosophila  [ 42 ], human [ 43 ], and mouse [ 44 ] studies found that 
ORC was frequently associated at promoter regions. Similarly, replication interme-
diates (nascent strands) arising from origin activity were also enriched at promoter 
 elements [ 45 ]. 

 Nascent strand analysis revealed an enrichment of guanine-rich sequences at 
origins in a variety of model systems [ 46 – 48 ]. These stretches of guanine nucleo-
tides have the potential to form a four-stranded molecule, called a G-quadruplex, 
when single strands of DNA are exposed during replication and transcription 
(Fig.  5.2 b). Although G-quadruplexes can form in vitro, their propensity to form in 
vivo  is less clear [ 49 ]. Recent reports have mapped their location and determined 
that these structures are long-lived [ 50 ], suggesting that their presence and stability 
could have a biological role; however, it is unclear exactly how these sequences 
function in DNA replication. In vitro, purifi ed ORC has a high affi nity for G-rich 
single- stranded synthetic oligomers [ 51 ]; paradoxically, in vivo ORC is found 
downstream of G-rich structures, approximately 160 bp in  Drosophila  cells and 
280 bp in mouse cells [ 47 ]. The location and function of these sequences suggest 
that they may not function strictly as replicators, but perhaps in other aspects of 
replication initiation, or by stalling or blocking active replication forks. Finally, 
sequences with the potential to form a G-quadruplex are very abundant in the 
genome and only a small fraction of all potential G-quadruplexes are associated 
with enriched replication intermediates. 

 A defi ning feature of multicellular eukaryotes is the considerable cellular plastic-
ity required for normal development and tissue-specifi c function in the organism. 
Just as there are developmental and tissue-specifi c transcriptional programs, DNA 
replication must also be dynamic and respond to developmental, tissue-specifi c, and 
environmental cues. For example, during early embryogenesis in the fruit fl y, when 
S-phase is only a matter of minutes, there needs to be many more origins of replica-
tion than in a differentiated tissue with a signifi cantly longer S-phase [ 5 ]. Unlike in 
yeast cells where each potential origin is established every S-phase, multicellular 
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eukaryotes exhibit cell type-specifi c patterns of origin selection and activation. For 
example, the human  β -globin locus is duplicated by a single bidirectional origin 
during early S-phase in erythrocytes, while in other cell types it is a late replicating 
origin [ 52 ]. Together, these and numerous other experiments demonstrate that 
sequence alone is insuffi cient to defi ne the location or activation properties of repli-
cators in higher eukaryotes.   

    Epigenetic Determinants of Pre-RC Assembly 
and Replication Initiation 

 Chromatin is the macromolecular complex of DNA, RNA, and proteins within the 
nucleus. The fundamental organizing unit of chromatin is the nucleosome, com-
posed of two copies each of H2A, H2B, H3, and H4 that form a histone octamer to 
which 147 bp of DNA wrap around approximately 1.7 times [ 53 ]. Arrays of nucleo-
somes are able to form higher order structures of compact chromatin which facili-
tate the organization and packaging of the genome in the nucleus. The degree of 
chromatin compaction dictates the accessibility of regulatory DNA sequences to 
 trans -acting factors required for transcription and DNA replication. 

    Nucleosome Positioning and Chromatin Remodelers 

 Nucleosome positioning is critical for origin function. Pioneering studies identifi ed 
well-positioned nucleosomes fl anking the ARS1 origin in  S. cerevisiae  [ 54 ]. A 
nucleosome-free region at the origin is critical for function as the forced encroach-
ment of a nucleosome into the  cis -acting ACS replicator element impaired origin 
function on a plasmid [ 55 ]. Nucleosome occupancy at the ACS likely prevented 
ORC association rendering the origin non-functional. Given that in  S. cerevisiae  the 
ACS is necessary but not suffi cient for origin function and that metazoan ORC 
exhibits little sequence specifi city, an appealing hypothesis is that local chromatin 
structure and nucleosome positioning serve as important determinants for ORC 
binding and origin selection in eukaryotic genomes (Fig.  5.3 ).

   Advances in genomic technologies like microarrays and next-generation 
sequencing have made it possible to systematically and comprehensively catalog 
nucleosome positions in a number of eukaryotic organisms [ 56 – 58 ]. Nucleosome 
positioning throughout the genome is not random, and characteristic patterns of 
nucleosome occupancy have emerged for many genomic features. For example, 
there is a nucleosome depleted region at transcription start sites with well- positioned 
nucleosomes at the +1 position [ 59 ,  60 ]. Similar patterns are also evident at DNA 
replication origins in  S. cerevisiae , with well-positioned nucleosomes fl anking the 
vast majority of active DNA replication origins [ 61 ,  62 ]. Consistent with the 
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  Fig. 5.3    Chromatin determinants of DNA replication. Specifi c origins of replication are selected 
throughout the eukaryotic genome. They are defi ned by areas of open chromatin marked by histone 
acetylation, and most, but not all, are located near transcription start sites. The activity of histone 
acetylases (HBO1) and chromatin remodelers (ISWI and SWI/SNF) facilitates ORC binding and 
pre-RC assembly at replication origins. Nucleosomes fl anking replication origins undergo constant 
turn-over and contribute to a dynamic chromatin landscape. HBO1 also acts with Cdt1 and aids in 
the recruitment of the Mcm2-7 replicative helicase complex forming the pre-RC, likely by means 
of its role in histone H4 acetylation       
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 hypothesis that chromatin structure and nucleosome positioning may contribute to 
ORC localization, nucleosome-free regions at ORC binding sites have been 
observed in a number of model organisms [ 42 ,  63 ,  64 ]. 

 Precise nucleosome positioning at the origin is also important for pre-RC assem-
bly and origin activation. Displacement of the nucleosomes away from the ACS at 
ARS1 negatively impairs origin function by preventing helicase loading and pre-RC 
formation [ 65 ]. These results suggest that the proximity of the fl anking nucleosome 
to ORC may facilitate helicase loading either through an Mcm2-7-histone interac-
tion [ 66 ,  67 ] or perhaps by stabilizing ORC via the ORC1  B A H   domain [ 68 ]. 
Nucleosome positioning at the origin is dynamic with a Cdc6-dependent expansion 
of the nucleosome-free region occurring between G2 and G1 [ 66 ]. However, it is 
unclear if the expansion of the nucleosome-free region is due to Cdc6 loading or 
subsequent recruitment of the Mcm2-7 helicase. Importantly, cell cycle dependent 
nucleosome remodeling at the origin is associated with effi cient and early activating 
origins of DNA replication. 

 ATP-dependent chromatin remodelers are required to slide and evict nucleo-
somes from DNA. In vitro ORC and the activity of an ATP-dependent chromatin 
remodeler (ISWI) are necessary and suffi cient to establish precisely positioned 
nucleosomes fl anking an ACS on template DNA [ 62 ]. There is also an abundance of 
evidence linking chromatin remodeling to origin usage in higher eukaryotes. ORC 
binding sites in  Drosophila  are enriched for dynamic nucleosomes that are fre-
quently turned over [ 69 ] and exchanged for histone H3.3 in a replication- independent 
manner [ 42 ]. H3.3-containing nucleosomes are deposited on DNA outside of 
S-phase and mark genomic regions undergoing active chromatin turn-over and 
remodeling [ 70 ]. Not surprisingly, specifi c ATP-dependent chromatin remodelers 
are enriched at replication origins. For example,  Drosophila  ISWI and NURF chro-
matin remodeling complexes are among the top predictive features for specifying 
ORC binding [ 71 ]. Similarly, nearly a third of human origins of replication were 
located in close proximity to regions of SWI/SNF activity [ 72 ]. The exact mecha-
nisms by which chromatin remodelers are targeted to specifi c origins of replication 
are poorly understood. However, at a subset of origins, chromatin remodelers may 
be recruited in a cell cycle-dependent manner via interactions with specifi c pre-RC 
components. For example, the ATPase SNF2H of the ISWI chromatin remodeling 
complex interacts with Cdt1 to promote Mcm2-7 loading in human cell lines [ 73 ].  

    Histone Post-translational Modifi cations 

 The non-structured N-terminal tail of each of the histones contains a high concen-
tration of lysine residues that act as a substrate for a variety of different covalent 
post-translational modifi cations (PTMs), including methylation, acetylation, 
sumoylation, ribosylation, and ubiquitination [ 74 ]. Together, these patterns of his-
tone PTMs form the basis of a complex “histone code” that regulates the compac-
tion of chromatin and recruitment of DNA-binding proteins [ 75 ]. Importantly, these 
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PTMs are reversible. They provide dynamic chromatin states capable of responding 
to external, developmental, and cell type-specifi c signals, which in turn modulate 
and regulate DNA-templated processes including transcription and DNA 
replication. 

 Numerous histone PTMs have been linked to the DNA replication program. 
Early observations noted that gene-rich euchromatin environments were typically 
copied in S-phase prior to gene-poor heterochromatin environments [ 76 – 78 ]. More 
recently, studies from ENCODE (Encyclopedia of DNA Elements) and modEN-
CODE (model organism ENCODE) have extended these observations genome- 
wide and correlated the average time of DNA replication with chromatin states that 
correspond to specifi c histone PTMs [ 79 ,  80 ]. Early replicating regions of the 
genome are enriched for chromatin marks associated with active transcription, 
including histone acetylation (H3K9ac, H3K14ac, H3K18ac) and methylation 
(H3K4me1/2/3). Conversely, late replicating regions of the genome are coupled 
with repressive chromatin modifi cations frequently associated with constitutive and 
facultative heterochromatin (H3K9me2/3, H3K27me3). Elegant experiments at the 
human  β -globin locus demonstrated that tethering a histone acetyltransferase (HAT) 
near the origin was suffi cient to promote early replication and, similarly, tethering a 
histone deacetylase (HDAC) delayed the time of replication activation [ 11 ]. Broadly 
speaking, these results suggest that the DNA replication program responds to simi-
lar epigenetic cues that regulate transcription; however, only a few histone modifi -
cations and their respective modifying enzymes have been mechanistically linked to 
regulation of origin selection or activation. 

    Methylation of Histone H4 on Lysine 20 

 A major question in the DNA replication fi eld is how metazoan ORC localizes to 
specifi c loci in the absence of any apparent sequence specifi city. Human ORC1 
contains a bromo-adjacent homology (BAH) domain which specifi cally recognizes 
and binds to H4K20me2 with micromolar affi nity [ 81 ]. The ORC1  B A H   domain is 
conserved in eukaryotes and exhibits affi nity for H4K20me2 across a wide range of 
metazoan species. Interestingly, in  S. cerevisiae , where ORC exhibits sequence- 
specifi c interactions with the ACS, the yeast ORC1  B A H   domain does not interact 
with H4K20me2. This suggests that H4K20me2 may function as a specifi city factor 
for ORC in higher eukaryotes. Consistent with this model, H4K20me2 is enriched 
at select origins in the human genome, and mutations in the BAH domain that dis-
rupt the recognition of H4K20me2 cause a decrease in ORC occupancy at replica-
tion origins and a cell cycle delay [ 81 ]. However, it is diffi cult to reconcile this 
chromatin-mediated model for ORC specifi city with H4K20me2 being the most 
abundant histone modifi cation. More than 85 % of histone H4 is dimethylated on 
lysine 20 genome-wide [ 82 ], and thus nearly all nucleosomes contain at least one 
histone H4 with H4K20me2. It seems more likely that H4K20me2 may function to 
stabilize ORC binding on chromatin via interaction with the ORC1  BAH   domain. 
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 In humans, mutations in the ORC1  B A H   domain as well as other pre-RC compo-
nents have been linked to Meier–Gorlin Syndrome (MGS), a primordial form of 
dwarfi sm [ 83 ,  84 ]. This group of diseases is characterized by intrauterine reduced 
growth, postnatal short stature, and microcephaly, with normal intellectual develop-
ment [ 84 ]. Functional studies demonstrated that MGS mutations in pre-RC compo-
nents lead to defects in origin licensing, causing a prolonged G1 phase with a 
delayed transition into S-phase [ 84 ]. Several of the MGS phenotypes can be reca-
pitulated in zebrafi sh models by mutating ORC1 [ 81 ,  84 ], or, alternatively, by 
depleting the conserved methyltransferases (Suv4-20h1/2) required for H4K20me2/3 
[ 81 ]. Together, these data demonstrate that the ORC1  B A H   domain and its interaction 
with H4K20me2 are critical components of origin selection necessary for proper 
organismal development. 

 In addition to the methyltransferases Suv4-20h1 and Suv4-20h2, which catalyze 
di- and trimethylation of H4K20, PR-Set7, also known as Set8, is the sole methyl-
transferase responsible for monomethylation of H4K20 [ 85 ,  86 ]. PR-Set7 is cell 
cycle-regulated, and its targeted destruction by the proteasome is tightly coupled to 
S-phase by the E3 ubiquitin ligase, Crl4, in a PCNA-dependent manner [ 87 – 89 ]. 
PR-Set7 and H4K20me1 levels peak during late S-phase and remain elevated 
through G2/M. PR-Set7 and, presumably, H4K20me1 are critical for maintaining 
genome stability as loss of PR-Set7 activity results in chromosome decondensation, 
S-phase delay, centrosome amplifi cation, and activation of the DNA damage check-
point [ 90 – 92 ]. Stabilization or overexpression of PR-Set7 also leads to genomic 
instability resulting from re-replication of DNA. Tethering of PR-Set7 to specifi c 
loci results in a local increase in H4K20me1 and the promotion of pre-RC assembly 
[ 93 ]. Subsequent experiments argue that effi cient pre-RC assembly is dependent not 
only on PR-Set7 but also on Suv4-20h1/2 [ 94 ]. This suggests that it is not the de 
novo deposition of H4K20me1, but rather the subsequent conversion to H4K20me2/3 
that is important for ORC binding and pre-RC assembly. However, somewhat para-
doxically, only the loss of PR-Set7, and not Suv4-20h1/2, led to DNA damage and 
cell cycle arrest [ 92 ,  94 ,  95 ]. Future experiments will be needed to further establish 
the role of PR-Set7 in pre-RC formation and genome stability. It is likely that the 
methylation state of H4K20 is critical not only for ORC binding and pre-RC assem-
bly, but also in maintaining genome stability.  

    Acetylation of Histone H4 by HBO1 

 The HAT binding to ORC1 (HBO1) is responsible for the bulk of histone H4 acety-
lation in mammals [ 96 ]. HBO1 was initially identifi ed in a two-hybrid screen for 
factors that interact with human ORC1 [ 97 ]. Subsequently, HBO1 was shown to 
interact with multiple pre-RC components including Mcm2 [ 98 ] and Cdt1 [ 99 ]. 
HBO1 is targeted to origins of replication in G1 by a direct interaction with the 
licensing factor Cdt1 [ 100 ]. Artifi cially tethering HBO1 or its  Drosophila  homolog, 
Chameau, to origins promotes pre-RC assembly and origin function [ 10 ,  101 ]. 
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Presumably, HBO1 acetylates histone H4 on nucleosomes proximal to the origin to 
facilitate Mcm2-7 loading; however, it remains possible that the target of the HBO1 
HAT activity is not origin-proximal nucleosomes, but rather that HBO1 facilitates 
pre-RC assembly via the direct acetylation of pre-RC components [ 99 ].  

    Additional Histone PTMs Involved in Origin Function 

 A number of post-translational histone modifi cations have been implicated in regu-
lating the selection and activation of DNA replication origins from a variety of 
eukaryotic organisms. H3K36 methylation mediated by Set2 in  S. cerevisiae  pro-
motes the recruitment of Cdc45 and early origin activation [ 102 ]. H3K4me2 is also 
enriched at yeast origins, and mutations in either Set1 or Bre3, both regulators of 
H3K4 methylation, impair plasmid maintenance [ 103 ]. Ubiquitination of H2B 
(H2Bub1) is enriched at  S. cerevisiae  origins; however, it does not regulate initia-
tion, but instead appears to promote fork elongation [ 104 ]. In human cells, 
H3K79me2 enrichment at replication origins may negatively regulate origin licens-
ing, as depletion of the methyltransferase Dot1L results in re-replication and 
genome instability [ 105 ]. Similarly, in  Arabidopsis , the loss of H3K27 methylation 
in the heterochromatin also leads to re-replication [ 106 ]. Together, these data dem-
onstrate the importance of the chromatin landscape in origin selection and activa-
tion, ensuring that DNA replication occurs once and only once per cell cycle. 
Hyperacetylation of H4K16 promotes transcription and origin activation in 
 Drosophila . In  Drosophila  males, the single X chromosome is hyperacetylated on 
H4K16 by the dosage compensation complex (DCC), which upregulates transcrip-
tion of the X chromosome twofold to balance gene expression with the autosomes 
[ 107 ]. In addition to having elevated gene expression, the X chromosome is also 
replicated earlier than the autosomes or the two female X chromosomes [ 108 ], sug-
gesting a link between dosage compensation and origin function. This linkage was 
confi rmed by genome-wide experiments correlating male-specifi c H4K16Ac on the 
X chromosome with replication during early S-phase [ 109 ]. Inactivation of the 
HAT, MOF, an integral component of the DCC, prevented the male-specifi c early 
replication of the X chromosome [ 110 ]. The H4K16Ac-mediated early replication 
of the male X chromosome was due to an increase in origin activation, not origin 
selection (ORC binding). Together, these results suggest that transcription and rep-
lication initiation are regulated by the same epigenetic cues. 

 PTM of histones modulates almost all DNA-templated processes including DNA 
replication. However, given the broad distribution and potential secondary effects 
due to transcriptional regulation, care must be taken in assigning a direct causal 
effect of a particular chromatin state on the DNA replication program. For example, 
the time of origin activation in  S. cerevisiae  was thought to be regulated, in part, by 
various HDACs including Rpd3 [ 9 ,  111 ,  112 ] and Sir2 [ 113 ]. A correlation was 
found between activation of late replication origins and Rpd3; similarly, Sir2 was 
found to both repress select origins and promote the activation of early origins 
[ 114 ]. Paradoxically, however, despite the substantial impact they exhibited on 
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 replication origin activation, there was little evidence for origin-specifi c changes in 
histone acetylation. Instead, it was found that Rpd3 and Sir2 modulated origin 
 function not by deacetylating origin-specifi c chromatin, but rather by regulating 
rDNA function [ 114 ]. In  S. cerevisiae , the rDNA exists as hundreds of copies of 
tandem repeats with each repeat containing an origin of replication. Rpd3 and Sir2 
promoted or repressed origin activation at the rDNA locus, which resulted in the 
recruitment or sequestration of key replication initiation factors. Thus, the activa-
tion of non-rDNA origins was not dependent on local chromatin changes, but rather 
the availability of rate limiting replication initiation factors [ 7 ].       
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    Chapter 6   
 Global and Local Regulation of Replication 
Origin Activity                     

       Conrad     A.     Nieduszynski    

    Abstract     Eukaryotic genomes are replicated from multiple initiation sites called 
DNA replication origins. Different origins fi re at different times during S phase, 
giving rise to a characteristic temporal order to genome replication. However, the 
physiological role for temporal regulation of the order of genome replication 
remains largely unknown. Powerful genomic approaches have allowed genome rep-
lication dynamics to be characterised in various mutants and a range of species. 
Work in several organisms has revealed that limiting levels of  trans -acting replica-
tion initiation factors are likely to play a role in determining origin fi ring time. This 
raises the question of how the initiation factors distinguish between origins. Recent 
work has started to identify  cis -acting elements at origins that might be responsible 
for characteristic fi ring times. The identifi cation of mechanisms that regulate the 
temporal order of genome replication is starting to allow investigation of potential 
physiological roles for temporally regulated replication.  

  Keywords     Replication origins   •   Origin licensing   •   Origin fi ring   •   DNA replication 
timing   •   Replication fork  

        Introduction 

  DNA   replication is controlled primarily by the regulated activation of replication 
origins. Eukaryotic genomes are replicated from multiple origins to help ensure 
completion of DNA replication [ 1 ,  2 ]. Origins activate at characteristic times during 
S phase to produce bidirectional  replication fork  s that progress to replicate the 
fl anking DNA. Consequently, genomes are replicated in a highly conserved and char-
acteristic temporal order—some sequences replicate early in S phase, and others late 
[ 3 ]. This is of critical importance to genome stability, as illustrated by the disruption 
of replication timing in  cancer cells   that contributes to chromosomal breakage, 
translocations and aneuploidy [ 4 ]. 
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 From late mitosis until the end of G1 phase, replication origins are ‘licensed’ for 
subsequent use by the loading of Mcm2-7 double hexamers [ 5 ]. During S phase, the 
activity of two S phase kinases,  cyclin-dependent kinase (CDK)      and Dbf4-dependent 
kinase (DDK), activates Mcm2-7 hexamers to form the core of the replicative 
 helicase that unwinds template DNA [ 6 ]. CDK has a dual role: it inhibits the licens-
ing reaction and activates replication origins. This prevents re-replication of the 
DNA by ensuring that each origin can only activate once per cell cycle [ 7 ]. 

 Replication origin sites are determined by the binding specifi city of ORC and 
nucleosome positioning around potential ORC-binding sites [ 8 ,  9 ]. In budding yeast, 
ORC recognises a specifi c sequence motif that is non-transcribed and nucleosome 
depleted. Metazoan ORC is also recruited to non-transcribed and nucleosome- depleted 
regions, but with little sequence specifi city. DNA-bound ORC, together with Cdc6 and 
Cdt1, loads the Mcm2-7 complex to form the pre-replication complex [ 10 ]. The origin 
is now licensed to fi re upon entry into  S phase  . 

 As cells enter into S phase, inactive Mcm2-7 helicases must be converted to 
mature, processive  replication fork  s (Fig.  6.1 ). Helicase activation is DDK and CDK 
dependent and requires the Mcm2-7 core to be joined by Cdc45 and GINS to give 
the CMG complex [ 11 ]. DDK directly phosphorylates several Mcm2-7 subunits to 
relieve an inhibitory effect of the N-terminal tail of Mcm4 and to recruit additional 
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  Fig. 6.1    Pathways regulating replication origin fi ring. During G1 phase multiple pathways inhibit 
origin fi ring via inhibition of Dbf4-dependent kinase (DDK) and cyclin-dependent kinase (CDK) 
activities. Upon entry to S phase increasing cyclin and Dbf4 concentrations coupled with double- 
negative feedback loops allow activation of both DDK and CDK whose concerted activities permit 
origin fi ring. If resulting replication forks stall due to encountering DNA damage or limited dNTP 
supply this will activate the Mec1-Rad53 checkpoint pathway. Targets of Rad53 include the origin 
fi ring factors Dbf4 and Sld3, thereby inhibiting both of the pathways required for origin activation. 
It remains to be determined how many of these pathways play a role in executing the temporal 
ordering of genome replication       

 

C.A. Nieduszynski



107

subunits Cdc45, Sld3 and Sld7 [ 12 ]. CDK phosphorylation of Sld2 and Sld3 is 
 necessary for an Sld2-Dpb11-Sld3 interaction that recruits GINS to give the CMG 
complex [ 13 ]. Additional factors are recruited that crucially include Polα–primase, 
Polε (leading strand polymerase) and Polδ (lagging strand polymerase) to form the 
 replisome   and allow DNA replication initiation. Sld2, Sld3, Sld7 and Dpb11 are not 
part of the replisome and, like CDK and DDK, behave as origin ‘fi ring’ factors.

   The G1–S phase transition results from the switch-like activation of CDK activ-
ity as the inhibitory roles of both the APC Cdh1  and CDK inhibitors are removed 
(Fig.  6.1 ). However, not all replication origins are activated immediately upon entry 
into S phase. Instead origins have characteristic activation times, with some origins 
activating early whereas others activate later in S phase. In addition, each origin is 
only active in a proportion of the  cell population   (termed the effi ciency). Some ori-
gins are active in the majority of cells (>80 % in budding and fi ssion yeasts [ 14 –
 16 ]) whereas others are rarely used and are termed dormant or backup origins [ 17 ]. 
Dormant origins allow completion of  DNA   replication under conditions of replica-
tive stress. If replication fork progression is inhibited, proximal dormant origins 
activate to help ensure complete chromosome replication [ 18 ]. Conversely, a spar-
sity of replication initiation sites has been observed at certain common fragile sites 
[ 19 ]. These observations underline the physiological importance of understanding 
the regulation of origin activity. This chapter reviews some of the mechanisms 
responsible for these differences in origin activity. I focus on global  trans -acting 
and local  cis -acting  regulators  , but fi rst review the methodologies that have revealed 
a genome-wide view of DNA replication.  

    Measuring DNA Replication Genome-Wide 

 The progress of DNA replication during S phase can be measured directly in one of 
two ways. First, nascent strands can be marked and then detected, for example by 
the use of heavy versus light isotopes or by the incorporation of nucleotide ana-
logues such as BrdU. Second, the change in DNA copy number, from one to two as 
a sequence replicates, can be measured. Both approaches require enrichment of S 
phase cells that can be achieved either using cell cycle synchronisation or by 
 fl uorescence- activated cell sorting (FACS).      A pair of landmark papers used the 
powerful cell cycle synchronisation available in   Saccharomyces cerevisiae    to deter-
mine DNA replication dynamics genome-wide [ 20 ,  21 ]. Raghuraman et al. used a 
switch from dense to light isotopes to enrich replicated DNA followed by detection 
on a microarray [ 21 ]. Yabuki et al. measured the increase in DNA copy number by 
microarray [ 20 ]. Both studies used multiple S phase time points to calculate the 
median time that each genomic location replicates, called the  Trep  . 

 Subsequent studies have extended these approaches via the use of nucleotide ana-
logues [ 22 ], enrichment of S phase cell by FACS [ 23 ] and most recently replacement 
of microarrays by deep sequencing [ 24 ,  25 ]. In addition, the use of replication inhib-
itors (such as hydroxyurea) can be used to slow replication [ 20 ,  26 ] and/or dissect 
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the role of replication checkpoint pathways [ 27 ]. These experimental techniques 
have now been used to determine the dynamics of genome replication in a range of 
organisms, cell types and  mutants   [ 3 ]. 

 Measurements of genome replication dynamics are presented in replication 
timing profi les, where the  x -axis represents chromosomal coordinate and the  y -axis 
the median replication time (Trep) or fraction replicated (Fig.  6.2 ). By convention, 
Trep is presented with time running down the  y -axis. Although this is initially counter- 
intuitive it has the advantage that profi les of Trep resemble those of fraction replicated. 
Therefore, in timing profi les peaks represent the earliest replicating loci and valleys 
later replicating loci. In eukaryotes with small genomes, such as yeasts, the defi ned 
nature of replication origins coupled with high-resolution data permit the association 
of profi le peaks with individual origins [ 24 ]. By contrast, in organisms with larger 
genomes the reduction in resolution currently precludes the association of individual 
origins with profi le peaks. Instead, replication profi les are divisible into  constant tim-
ing regions (CTRs)      separated by  timing transition regions (TTRs)      [ 3 ]. Each CTR is 
replicated from clusters of multiple origins that activate at a similar time.

    Stochastic   replication origin usage complicates the interpretation of replication 
timing profi les. Some naïve interpretations of timing profi les have erroneously 
assumed that the population average (ensemble) data represents the dynamics of 
replication in individual cells—i.e. the cell population is completely homogeneous. 
Common misinterpretations include associating the Trep at origins with the  origin 
fi ring   time and differences in timing profi le gradients with variability in  replication 
fork   speed [ 28 ]. It is well established that origins are only used in a subset of cells 
[ 29 ,  30 ] and therefore it follows that different cells within a population will activate 
different cohorts of origins. As such, ensemble timing profi les cannot represent the 
situation within individual cells [ 31 ]. Mathematical models have demonstrated that 
variable origin usage is consistent with the ensemble replication data [ 16 ,  28 ,  32 ,  33 ]. 
In addition, these models have shown that ensemble timing profi les are consistent 
with a constant average fork velocity throughout the genome. That is not to say that 
there is no variability in fork velocity between cells, but on average the replication 
profi les do not provide evidence for variability by position in the genome (to the 
level of resolution provided by current replication timing studies). 

 What then can explain the differences in  gradient   across replication timing pro-
fi les? Mathematical models indicate that this variability can be explained by vari-
ability in the proportion of  replication fork  s moving in each direction. Adjacent to a 
highly active origin (effi ciency approaching 100 %), virtually all forks will be mov-
ing away from the origin and the gradient of the replication profi le will be close to 
the velocity of an individual fork. However, more commonly there will be a signifi -
cant number of forks moving in both directions and here the replication profi le 
gradient will represent the average velocity of leftward and rightward moving forks. 
This was a highly valuable observation, since it allowed the gradient of replication 
timing profi les to be transformed into fork direction data across the genome 
(Fig.  6.2c ) [ 16 ,  34 ]. In turn, changes in fork direction allow the estimation of origin 
effi ciencies and the distribution of replication termination events [ 16 ]. The recipro-
cal calculation allows the estimation of relative replication time from genome-wide 
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  Fig. 6.2    Quantitative measurement of genome replication dynamics. ( a ) The population average 
dynamics of genome replication can be determined by measuring the fraction of cells in which 
each locus is replicated. The panel shows a window of  S. cerevisiae  chromosome 14 with represen-
tative data for 5-min time points through S phase [ 16 ]. White circles represent the locations of 
replication origins. ( b ) Such a time series allows calculation of the median replication time (Trep) 
for each locus. By convention Trep profi les are plotted with time running down the  y -axis. As such, 
peaks in replication timing profi les represent the location of chromosomally active origins while 
the valleys indicate the location of zones of replication termination. ( c ) For any particular genomic 
locus ( x ) the fraction of leftward moving forks ( n  left ) can be calculated from the fork velocity ( v ) 
and the gradient of the replication profi le ( T ′) [ 35 ]. This relationship allows calculation of replica-
tion fork direction, from Trep and vice versa [ 14 ,  16 ]. In plots of replication fork direction, sharp 
changes in fork direction are seen at the sites of active origins—the magnitude of the transition 
indicates the proportion of cells in which the origin is active (effi ciency)       
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measures of fork direction. Recent experimental approaches have determined fork 
direction across the budding and fi ssion yeast genomes [ 14 ,  15 ]. Replication times 
inferred from these fork direction datasets show strong correlations with direct mea-
sures of replication timing [ 14 ,  16 ]. 

 In summary, various genome-wide approaches allow the direct measurement of 
DNA replication time or fork direction and these data are mathematically inter-
changeable [ 35 ]. These measurements allow various characteristics of replication 
origins to be determined, including origin effi ciency and mean locus replication 
time. However, sophisticated mathematical models and/or single-cell/molecule 
approaches are required to determine the underlying properties of the origins. These 
properties include the proportion of cells in which an origin is licensed (origin  com-
petence  [ 36 ]) and the time at which the origin activates. It is these origin properties 
that determine observed origin characteristics and ultimately the temporal order in 
which the genome is replicated.  

    Global Regulators of Replication Origin Activity 

 Replication origins are activated by the concerted activity of cyclin-dependent 
kinase (CDK) and Dbf4-dependent kinase (DDK). Both kinases are required 
throughout  S phase  . Transient DDK activity at the start of S phase is suffi cient to 
activate early origins, but not later activating origins [ 37 ,  38 ]. Likewise, yeast 
mutants that have a decreased abundance of CDK in late S phase show a reduction 
in activity for later origins [ 39 – 41 ]. In  S. pombe  increasing the abundance of DDK 
or targeting DDK to an origin results in increased origin activity [ 42 ,  43 ]. These 
experiments suggest that the activity of these kinases (or the abundance of their 
substrates) is rate limiting for origin activation. 

 Measurements of protein abundance identifi ed potentially rate-limiting replica-
tion initiation factors. Dpb11, Sld3, Sld7, Sld2, Cdc45 and Dbf4 were found to have 
concentrations lower than ORC and therefore could limit the rate of origin activa-
tion [ 44 ,  45 ]. Simultaneous overexpression of various subsets of these proteins (for 
example, Sld2 + Sld3 + Dpb11 + Dbf4 or Sld3 + Sld7 + Cdc45) was able to advance 
origin activation times with (1) normally early origins activating slightly earlier and 
(2) normally late origins activating much earlier in S phase. Therefore, a small dis-
tinction between early- and late-activating origins remained, but the time between 
early and late origin activation was greatly reduced—there was a compaction in the 
temporal order of origin activation. A presumed consequence of overexpressing 
these initiation factors is the simultaneous activation of many more origins than 
normal, resulting in more replication forks and a greater demand for  dNTPs  . 
Consistent with this, simultaneous overexpression of Sld2, Sld3, Dpb11, Dbf4, 
Cdc45 and Sld7 gave transient activation of the checkpoint kinase Rad53 that could 
be suppressed by increasing dNTP supply by  SML1  deletion [ 45 ]. 

 Epigenetic mechanisms may infl uence the accessibility of rate-limiting initiation 
factors to replication origins. For example, in budding yeast deletion of the histone 
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deacetylase  RPD3  resulted in earlier activation of many normally late-activating 
origins [ 46 – 48 ], suggesting that histone tail acetylation may stimulate origin activ-
ity. Targeting a histone acetyltransferase to a single origin advanced the fi ring tim-
ing, whereas targeting a histone deacetylase resulted in delayed activation [ 49 – 51 ]. 
However, in budding yeast the genomic pattern of histone acetylation does not dis-
play a simple correlation with origin activation times [ 52 ]. At least in budding yeast, 
it seems that the histone deacetylases Rpd3 and Sir2 do not act directly at individual 
origins, but rather regulate the ability of the ~200 rDNA origins to compete with 
single-copy origins (~400) for the rate-limiting initiation factors [ 46 ]. Consistent 
with this interpretation, a natural  polymorphism   within the rDNA ORC-binding site 
that reduces origin activity frees up limiting initiation factors and thereby stimulates 
the activity of single-copy origins [ 53 ]. It is unknown whether a similar mechanism 
operates in human cells; however mammalian genomes contain an abundance of 
repetitive elements within heterochromatin. Therefore it is possible that origins in 
these regions of repetitive sequence could be repressed to prevent them from com-
peting for initiation factors with single-copy origins. 

 Together the above data support the model that replication initiation factors are 
rate limiting for origin activation. Under normal cellular conditions those origins 
that have greatest affi nity for the initiation factors will activate fi rst with activation 
of other origins requiring recycling of the initiation factors. With the notable excep-
tion of  Cdc45  , the other rate-limiting initiation factors are not thought to be associ-
ated with elongating  replication fork  s and therefore after origin activation can be 
recycled ready to activate other origins. It remains to be determined whether the 
kinetics of initiation factor recycling are suffi cient to explain the temporal differ-
ence between early and later origin activation times or whether additional mecha-
nisms are at play. Notably, most mutants that slow DNA replication (and dNTP 
depletion by hydroxyurea) also proportionately scale origin activation times, such 
that the relative order of genome replication is maintained [ 23 ,  26 ], consistent with 
active regulatory mechanisms in addition to the  hardwired  rate-limiting factors. 
This is of crucial importance given the replication stress and potential for genome 
instability that results from the activation of too many or too few replication origins. 
Below I consider two further mechanisms that have the potential to enforce a delay 
in late origin activation and thus modulate origin activation time. 

 First, protein phosphatases oppose the activities of the kinases responsible for ori-
gin activation. Recent studies in yeasts have identifi ed a role for protein phosphatase 
1 (PP1), targeted by Rif1, in inhibiting origin activation via the dephosphorylation of 
replication factors [ 54 – 57 ]. Thus PP1-Rif1 can contribute to the inhibition of DNA 
replication in G1 phase by reversing precocious kinase activity (Fig.  6.1 ). In S phase, 
PP1-Rif1 may contribute to the temporal order of origin activation by slowing down 
the recycling of replication initiation factors, thereby introducing a delay between 
early and late origin activation. This could be at a global level for all origins or via a 
targeting mechanism that could specifi cally inhibit subsets of origins and thereby 
contribute to the differentiation of early- and late-activating origins [ 54 ,  58 ]. 

 Rif1 is proposed to be one of a range of targeting subunits that provides PP1 sub-
strate specifi city. In the absence of Rif1 there are elevated levels of Mcm4 and Sld3 
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phosphorylation in G1 phase and this phosphorylation is DDK dependent. Deletion 
of Rif1 is able to rescue an   S. pombe hsk1  deletion   ( hsk1  is the fi ssion yeast ortho-
logue of  CDC7 ) and rescue growth at a semi-permissive temperature in   S. cerevisiae 
CDC7    mutants [ 55 – 58 ] .  Together these experiments suggest that Rif1 directs PP1 to 
dephosphorylate DDK substrates, including Mcm4 and potentially Sld3, and thereby 
inhibit origin activation. However, the mechanisms by which Rif1 targets PP1 to 
DDK substrates or specifi c subsets of replication origins remain to be determined. 

 A second mechanism that can regulate origin activity is inhibition by checkpoint 
kinases (Fig.  6.1 ). In the presence of replicative stress, such as DNA damage, bulk 
genome replication is slowed due to inhibition of late origin activation. This response 
to stress is dependent upon the checkpoint kinases Mec1 (the yeast orthologue of human 
ATM-related kinase, ATR) and Rad53 (the yeast analogue of CHK1). The checkpoint 
kinase Rad53 inhibits both the CDK- and DDK-dependent steps of origin activation. 
DDK is directly inhibited, via Dbf4 phosphorylation, while the CDK-dependent step is 
inhibited via phosphorylation of its substrate, Sld3. Thus, in response to replicative stress 
the checkpoint provides a ‘double lock’ preventing origin activation while maintaining 
high CDK levels to prevent cell cycle reversal. While it is clear that  DNA   damage can 
induce the checkpoint to inhibit late origin activation, it is less clear whether the check-
point controls origin activity in an unperturbed S phase. In the absence of exogenous 
replicative stress, a  rad53  mutant showed signifi cantly earlier activation of a normally 
late origin [ 59 ]. However this study only looked at two  loci   ( ARS607  and  ARS609 ) and 
therefore it is not possible to determine whether the relative dynamics of DNA replication 
remained intact. Recent genome-wide analyses of DNA replication dynamics suggest 
that in the absence of DNA damage the Mec1-Rad53 checkpoint is not involved in main-
taining relative replication times, for example by inhibiting late  origin fi ring   [ 60 ]. 

 In summary, cell cycle transitions must be irreversible and this is achieved by the 
switch-like activation of CDKs. However, within a cell cycle stage more nuanced 
regulation is required, for example, the gradual activation of replication origins 
rather than a switch-like simultaneous activation of all origins. The utilisation of 
two kinases may provide for both a switch-like change (in CDK activity) and a more 
graduated increase (in DDK activity). The requirement for two origin-activating 
kinases has been proposed to help prevent re-licensing and hence prevent re- 
replication. However, a further role may be to provide both the global control that 
limits origin activation to S phase and the fi ne-level control that prevents excess 
origin activation.  

    Local Regulators of Replication Origin Activity 

 The global  trans -acting regulators of DNA replication described above need to dis-
tinguish between early and later activating origins to give rise to the observed char-
acteristic temporal patterns of genome replication. Mathematical models indicate 
that the temporal pattern of genome replication can be accounted for by stochastic 
origin fi ring, where origins have different fi ring probabilities. Whether an origin 
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fi res is determined by its fi ring probability coupled with the proximity and fi ring 
probability of neighbouring origins that give rise to forks that may passively repli-
cate and thereby inactivate the origin. Therefore, in these models the temporal order 
of genome replication is determined by differences in origin fi ring probabilities, the 
molecular basis for which is unclear. 

 Replication timing correlates with, and has been proposed to regulate or be 
 regulated by, transcription levels, chromatin state, cellular differentiation and 
 chromosome structure/positioning. Furthermore, the activity of individual replica-
tion origins has been proposed to be determined by the number of MCM double 
hexamers loaded during the replication licensing step and/or by various   cis -acting 
elements  . These models are not necessarily mutually exclusive; for example  cis -
acting elements could infl uence the MCM load. A role for  cis -acting elements in 
infl uencing origin fi ring probabilities is supported by a range of studies, including 
transplanting of origins [ 61 ,  62 ], analysis of origin activity in hybrid species [ 63 ] 
and via mutation of candidate elements [ 64 ,  65 ]. 

 Early studies in yeast support a model by which replication origins activate early 
in S phase by default, with multiple  cis -acting elements located over a region of 
several kilobases imposing a late replication time [ 62 ]. These experiments were 
based upon origins carried on  plasmids   and supported by transplanting chromo-
somal origins. The transplanted origins acquired the replication characteristics of 
the new location. However, in these experiments the proximity of the origin to a 
centromere was altered and centromeres have since been shown to infl uence origin 
activity  in cis  (see below) [ 66 ,  67 ]. This permits an alternative explanation: some 
origins activate late in  S phase   by default, but local elements (such as centromere 
proximity or the binding of specifi c factors) can impose an early replication time. 
Indeed, recent studies have found that some early-activating origins when trans-
planted to normally late-replicating regions of the genome retain their early- 
activating characteristics [ 61 ]. Therefore origin activity may be regulated  in cis , 
with some factors stimulating while others delay  origin fi ring  . The  cis -acting ele-
ments may be close to the origin or in the case of the centromere may infl uence the 
activity of origins up to 20 kb away. 

 One mechanism by which  cis -acting elements could determine origin fi ring 
probabilities is via modulating the affi nity of the origin and/or pre-RC for the rate- 
limiting initiation factors. Difference in origin initiation factor affi nity could be a 
consequence of accessibility (for example, as a consequence of DNA packaging 
[ 46 ]), specifi c recruitment of initiation factors [ 46 ] (or inhibitors) or the nature of 
the replication licensing reaction [ 68 ,  69 ]. It may be that each of these plays a role 
in determining origin activity and hence genome replication dynamics. 

 Perhaps the most straightforward proposed mechanism is that the effi ciency of 
the  origin licensing   step dictates the subsequent origin fi ring probability. This could 
involve the nature of the ORC-DNA interaction at a particular origin determining the 
effi ciency or manner of MCM loading [ 42 ,  68 ,  69 ]. For example, origins at which 
many  MCM double hexamers   are loaded would have higher affi nity for the rate-
limiting initiation factors and therefore activate earlier than those origins with fewer 
MCMs [ 32 ]. In addition, there is a further potential contribution of the licensing step 
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to origin replication time. A low-competence origin may be licensed and therefore 
able to activate in only a subset of cell within the population. On average within the 
population, such an origin would replicate later than a highly competent origin 
despite there being no difference between the  origin fi ring   times [ 28 ]. This would be 
anticipated to be particularly apparent in experiments where the time available for 
 origin licensing   is short. Consistent with this, different methods of cell  cycle   syn-
chronisation in fi ssion yeast (which has a short G1 phase) result in signifi cant dif-
ferences in the temporal order of genome replication [ 70 ]. Therefore, in both the 
MCM load and origin competence hypotheses, aspects of replication timing are a 
direct consequence of the effi ciency of the licensing step. Although these models 
are attractive, to date genome-wide MCM ChIP data has not identifi ed a clear cor-
relation between MCM load and origin activation time [ 15 ], with the caveat that 
ChIP datasets may not be suffi ciently quantitative. 

 A second mechanism, by which the affi nity of origins for limiting initiation fac-
tors could be varied, is via  cis  recruitment of these factors or their inhibitors (Fig.  6.3 ). 
Such mechanisms may be responsible for the characteristic replication times of 
centromeric and telomeric regions. In  S. cerevisiae ,  Candida albicans ,  S. pombe , 
 Trypanosoma brucei  and  Drosophila  cells the centromere (or the core centromeric 
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  Fig. 6.3    Temporal and spatial organisation of genome replication. There are strong correlations 
between replication time and higher order chromosomal structure. Thus positive (e.g. Dbf4 and 
Fkh1/2) and negative (e.g. Rif1) regulators of replication origin fi ring may in part function via 
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region) replicates early in S phase [ 71 – 75 ]. By contrast, the telomeric regions in yeast 
replicate late in S phase [ 71 ]. In  S. cerevisiae  and  S. pombe  the centromere contrib-
utes to the early activation of neighbouring replication origins [ 67 ,  72 ] via recruit-
ment of one of the rate-limiting initiation factors, Dbf4 [ 66 ,  76 ,  77 ]. In budding yeast, 
this recruitment is to the kinetochore and is required and suffi cient for the early 
activation of origins within ~20 kb [ 66 ]. By contrast, the late replication of telomeres 
depends upon Rif1 binding, which in turn may locally inhibit the activity of  Dbf4-
dependent kinase   [ 56 ,  78 ,  79 ]. Cells with shorter telomeres bind less Rif1, and thus 
are likely to have a lower level of local DDK inhibition, permitting telomereproximal 
origins to fi re earlier in S phase. Therefore, both centromere and telomere replication 
times are regulated by direct recruitment of replication origin activators (Dbf4 at 
centromeres) or inhibitors (Rif1 at telomeres). It remains to be determined whether 
the replication time of other genomic loci is regulated in an analogous manner. 
However, in the fi ssion yeast genome Rif1-binding sites are found closer to late than 
to early-fi ring origins consistent with  cis -acting sequences recruiting Rif1 to delay 
origin activation [ 58 ].

   There is accumulating evidence that the spatial organization of chromosomes 
within the nucleus is related to the dynamics of genome replication. In mammalian 
cells, replication timing correlates better with chromosome interaction maps than 
any of the other chromosomal feature analysed to date [ 80 ]. In budding yeast, 
global chromosomal interaction maps revealed contacts between early-fi ring repli-
cation origins [ 81 ] and single-cell analyses revealed that  replication fork  s from 
neighbouring origins could stochastically associate in replication factories [ 82 ]. In 
fi ssion yeast, single-cell and single-molecule data are consistent with a model 
where clusters of neighbouring origins fi re at similar times within a replication 
factory—visualised as replication foci within single cells [ 83 ]. Mechanistically, 
the budding yeast forkhead transcription factors, Fkh1 and  Fkh2  , have been impli-
cated in organizing early-replicating regions. Inactivation of Fkh1/2 reduced inter-
actions between two early-fi ring origins and resulted in a global change to the 
temporal dynamics of genome replication. Consensus binding sites for Fkh1/2 
have been found close to many early-fi ring origins and mutation of these binding 
sites delayed origin fi ring, demonstrating a role for these factors in  cis  regulation 
of origin activity [ 61 ,  65 ]. However, the molecular mechanism by which Fkh1/2 
stimulates origin activity remains to be fully elucidated. Therefore these experi-
ments suggest an important role for chromosomal interactions in the regulation of 
genome replication dynamics, but with much still to be learnt about the molecular 
mechanisms involved. 

 In summary, current experimental data point towards the involvement of multi-
ple mechanisms in the regulation of the temporal dynamics of genome replication. 
Even in the small and predominantly euchromatic genome of budding yeast there 
are stimulators (e.g. Fkh1/2 and Dbf4) and repressors (e.g. Rif1) of  origin fi ring  . In 
organisms with larger genomes the differences in accessibility between euchroma-
tin and heterochromatin likely add an additional level of control over origin activa-
tion time. Finally, it remains an open question as to whether the effi ciency of  origin 
licensing   during G1 phase contributes to subsequent origin activity in S phase.  
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    Physiological Role for Replication Timing Control 

 The number and velocity of  replication fork  s determine the rate of genome replication 
with limits imposed by the supply of dNTPs and  histones  . Consequently, a null 
hypothesis for a physiological role for the temporal ordering of genome replication is 
to match supply of precursors with demand at replication forks. Rate-limiting replica-
tion initiation factors  hardwire  a limit on the number of active forks to ensure that 
supply can meet demand. In experiments where additional replication origins are per-
mitted to fi re, demand outstrips supply with resultant stalling of forks and activation 
of the intra-S phase checkpoint. Limiting the number of active replication forks does 
not necessitate a reproducible temporal order for genome replication. However, if rep-
lication origins differ in affi nity for the rate-limiting initiation factors, this could be 
suffi cient to impose a characteristic temporal order to genome replication with no 
further physiological role. Therefore, by this hypothesis the temporal order of genome 
replication may be an indirect measure of a higher order  chromosomal state   such as 
3D conformation or packaging without any direct physiological role. 

 Is there any evidence for a physiological role for the temporal regulation of genome 
replication? One hint at a physiological role comes from comparisons of genome 
replication dynamics in related organisms. In the closely related   Saccharomyces    
species, the location and effi ciency of active replication origins are conserved, while 
dormant origins are poorly conserved [ 63 ]. Consequently the temporal order of 
genome replication is conserved between these species. Comparisons of replication 
timing between mouse and human have revealed strong conservation of replication 
timing in similar  cell types   [ 84 ]. In more distantly related yeast species certain fea-
tures of genome replication dynamics are conserved, including early centromere and 
late telomere replication [ 85 ]. These data are consistent with a physiological require-
ment for regulation of the replication times of particular genomic loci. 

 Budding yeast offers a relatively unique experimental system, since individual 
replication origins on the chromosome can be inactivated by point mutations within 
the  ORC-binding   consensus sequence. Such origin inactivation allows the replication 
time of a particular locus to be altered from early to late S phase and hence to test for 
physiological consequences [ 16 ,  66 ]. The conservation of early centromere replica-
tion points towards a physiological role in ensuring faithful chromosome segregation. 
Inactivation of centromere proximal origins specifi cally increased the rate of loss for 
the chromosome with the delayed centromere replication [ 66 ]. At least three mecha-
nisms contribute to faithful chromosome segregation: early centromere replication, 
the S phase checkpoint and the spindle assembly checkpoint [ 66 ]. Therefore, there is a 
clear physiological role for early centromere replication. 

 In many organisms telomeres are among the last genomic regions to replicate. In 
budding yeast, the length of the telomere has been discovered to infl uence their 
replication time: long telomeres replicate late while short telomeres replicate earlier 
in S phase [ 86 ,  87 ]. Short telomeres need to be prioritised for elongation by telom-
erase; therefore this hints at a physiological role for regulated telomere replication 
time. Telomerase is observed at telomeres after passage of the canonical replication 
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machinery [ 88 ,  89 ]. Consequently, early replication of short telomeres allows  earlier 
recruitment of telomerase, allowing greater opportunity for telomere lengthening 
during S phase. Therefore, telomere replication time may be part of the signalling 
mechanism that contributes to telomere length homeostasis [ 86 ]. 

 It remains to be determined how many other genomic loci have an analogous 
physiological role for a particular replication time. The correlations between repli-
cation time, epigenetic states and levels of gene transcription have led to sugges-
tions that there could be co-dependencies. For example, the time at which a locus 
replicates could be important for the maintenance of the epigenetic state that in turn 
would infl uence gene expression levels [ 90 ,  91 ]. Such a mechanism could self- 
maintain: chromatin state infl uences replication time, while the replication time 
helps to re-establish the chromatin state. 

 Regulation of centromere and telomere replication time is crucial for genome 
stability by ensuring faithful chromosome segregation and chromosome end protec-
tion. This link between replication time and genome  stability   may be more general, 
due to the emerging links between replication time and the rate of mutation [ 4 ,  92 ]. 
In yeast, fl ies and mammalian cells [ 93 ,  94 ] there is a positive correlation between 
mutation rate (or single-nucleotide polymorphism (SNP) density) and replication 
time [ 95 – 97 ] that may be a consequence of temporal variation in repair pathways 
[ 92 ]. Therefore, genes in early-replicating regions may evolve more slowly or be 
mutated less often than those in later replicating regions. Late-replicating regions of 
the human genome are depleted of cancer-related genes whose mutation could 
result in tumor formation [ 93 ]. In contrast, late-replicating regions of many genomes 
contain genes whose mutation is more likely to be tolerated or even potentially 
advantageous. For example, the late-replicating telomeric regions of yeast genomes 
lack essential genes but are enriched for genes involved in niche adaptation [ 98 ]. 
Therefore, elevated mutation rates in such late-replicating regions may help support 
rapid adaptation to novel niches. 

 In summary, the physiological requirements for replication timing control remain 
poorly characterised. However, recent studies have started to elucidate requirements 
for regulated DNA replication time in ensuring genome stability. These discoveries 
allow us to rule out the null hypothesis that replication timing control is solely a 
read-out of higher order chromosomal states. Further work is required to determine 
how general these examples are and to help our understanding of whether the dereg-
ulation of genome replication timing control observed in early stages of cancer 
development contributes to the resulting pathology.  

    Conclusions 

 Recently, signifi cant advances have been made in isolating the global factors 
involved in regulating the dynamics of genome replication. The identifi cation of 
rate-limiting  trans -acting replication initiation factors supports a mechanism by 
which early and late origins are distinguished by their accessibility to these initiation 
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factors. However, the  cis -acting elements that contribute to the distinction between 
origins remain poorly understood with the exception of well-characterised positive 
and negative  cis -acting mechanisms at centromeres and telomeres, respectively. 
A further major challenge exists in determining the physiological requirements for 
temporal regulation of genome replication. The elucidation of further  cis -acting 
regulatory mechanisms will offer the opportunity to determine the physiological 
consequences of their loss.  
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    Chapter 7   
 Sequence Determinants of Yeast 
Replication Origins                     

       M.  K.     Raghuraman      and     Ivan     Liachko    

    Abstract     The fi rst eukaryotic replication origin was isolated from  S. cerevisiae  in 
the late 1970s using a plasmid maintenance assay. Combined with Sanger sequenc-
ing, this assay gave valuable insights into origin structure in  S. cerevisiae  and a few 
other yeast species. Fast-forward to this millennium, and the same simple assay in 
conjunction with modern “next-generation” sequencing and other high-throughput 
techniques testing origin structure and activity has led to an explosion of powerful 
approaches for dissecting origin sequence and function. Although such studies are 
still in their infancy, they have already uncovered a surprising diversifi cation of 
origin sequences over a relatively short evolutionary time span. In this chapter we 
focus on how these approaches are being applied to understand origin structure and 
evolution in diverse species of budding yeasts. These approaches hold out the hope 
that through a comprehensive analysis of origin function across the budding yeast 
lineage, we can begin to understand the evolutionary forces that shape the replica-
tion landscape.  

  Keywords     Replication   •   Replication origin   •   ARS   •   Initiation   •   ACS   •   B-element   • 
  ARS-seq   •   Yeast  

        Introduction 

 Some 30-plus years after the identifi cation of the fi rst eukaryotic replication origin, 
computational identifi cation of origins still escapes us in most eukaryotes, including 
the well-studied   Saccharomyces cerevisiae   , where the fi rst eukaryotic origin was 
identifi ed. However, the advent of “next-generation” sequencing enables massively 
parallel screening methods that help us investigate the sequence determinants of 
origin function at an unprecedented scale and resolution. These technologies hold 
out the promise that, to the extent that underlying nucleotide sequence specifi es 
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origin function, it should be possible to uncover such sequences. We and others 
have embarked on such studies not only in  S. cerevisiae  but also in other yeasts, one 
goal being to gain insights into how replication origins evolve. Replication origins 
are unlike other  cis -acting elements such as transcription factor-binding sites and 
centromeres in that loss of function of any one origin is unlikely to have deleterious 
consequences for the cell [ 1 ,  2 ]. Origins as a class therefore are essential for genome 
maintenance, but individually are dispensable and redundant—raising the question 
of whether or to what extent they would show evolutionary sequence conservation. 
Furthermore, regardless of whether origin sequences are conserved, the fact that 
individual origins may be lost with no apparent fi tness cost raises the possibility that 
they would show a more rapid turnover than would genes in their neighborhood. 
Indeed, comparison of  S. cerevisiae  with  Lachancea waltii —a pre- whole-genome 
duplication (WGD)   yeast—has revealed just such a plasticity of origin locations [ 3 ]. 

 In this chapter we summarize the state of our knowledge of origin sequences and 
highlight some themes that have emerged in recent years. Because there are several 
excellent recent reviews of origins in mammalian systems [ 4 ,  5 ], our focus will be 
on replication origins in yeasts. At the core of these yeast studies is the availability 
of two classes of techniques: a plasmid-based genetic test for origin function, and 
molecular tests that query the activity of those sequences in initiating DNA synthe-
sis. The genetic test identifi es sequences that have the potential to act as chromo-
somal origins of replication; the molecular tests reveal variation in their performance 
as origins in the chromosomal context—such as the extent to which they are used in 
any given cell cycle (their effi ciency of fi ring) and in the time within S phase when 
they are most likely to become active.  

    The  ARS Assay: A   Genetic Test for Origin Function 

 Based  on   studies in  Escherichia coli , Jacob et al. [ 6 ] proposed the replicon hypoth-
esis: each replication unit or replicon contains a   cis -acting element  , the replicator, 
that is the target of a  trans -activator, the initiator, to begin replication. Depending on 
the species, replicons in eukaryotes follow this model more or less closely. The 
replicator is what we would currently refer to as an origin of replication. However, 
it wasn’t until the late 1970s that the fi rst eukaryotic replication origin was discov-
ered in   S. cerevisiae    [ 7 ,  8 ]. At the time, several possibilities—that were not mutually 
exclusive—for the nature of eukaryotic replication origins were being considered 
[ 9 ]. One possibility was that as in  E. coli , origins were sequence specifi c, with per-
haps many different origin sequences within any given species. An alternative 
possibility was that origins weren’t sequence specifi c, but were restricted to particu-
lar chromosomal regions, either as a result of transcription or through different 
chromatin states. A breakthrough came from the discovery by Stinchcomb et al. that 
a plasmid carrying the yeast   TRP1  gene   as an insert was able to transform  trp1  
mutant yeast cells to Trp+ with an effi ciency at least a 1000-fold higher than, for 
example,  HIS3  or  LEU2  plasmids were able to transform  his3  or  leu2  mutants, 
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respectively [ 7 ,  8 ,  10 ]. Furthermore, the His+ and Leu+ transformants all had inte-
grated the plasmid into the genome. In contrast, the  TRP1  plasmid was maintained 
episomally and therefore clearly was able to replicate as an autonomous genetic 
element. Stinchcomb et al. surmised that the  TRP1  genomic fragment must fortu-
itously also carry an origin of replication; by deletion analysis, they mapped the 
 autonomous replication sequence  ( ARS)   to a sequence of ~850 bp and named it 
 ARS1  [ 7 ]. As expected for a replication origin, this sequence acted in  cis : in co-
transformation experiments, the sequence boosted the transformation effi ciency 
only of those plasmids that carried it. 

 The ARS assay—i.e., the ability of a sequence to confer autonomous mainte-
nance on a recombinant  plasmid  —was a quick and easy genetic test for putative 
origin sequences in yeast, and it wasn’t long before additional ARS elements were 
discovered [ 11 ]. Direct proof that ARS elements were DNA synthesis initiation 
sites came with the advent of two-dimensional (2-D) agarose gel electrophoresis 
techniques to examine replication intermediates [ 12 ,  13 ].  

    ARS  Structure   

 From sequence comparison and mutational analysis of a handful of ARS elements, 
a few patterns emerged [ 11 ,  14 – 17 ].

•    ARS elements are small, A/T-rich sequence of 100–150 bp.  

•   Although not identical in sequence, they do contain a loose match (at least 9/11 
[ 18 ,  19 ]) to an 11-base pair sequence, the ARS consensus sequence ( ACS        ) or 
“A” element:     

•     The ACS is necessary but not suffi cient for ARS activity—sequences called “B” 
 elements         3′ to the to T-rich strand of the ACS are also needed, different ARSs 
having different numbers of B elements with little sequence conservation.  

•   A third, accessory element, the “C” element, has also been described [ 20 ], 
although its nature is even less understood or explored than that of B elements.    

 The contribution of the accessory elements to ARS function is highlighted by the 
fact that, as we now know, there are >15,000 matches of 10+ bp matches to the ACS 
in the  S. cerevisiae  genome but only a few hundred ARSs. Considerable effort has 
gone into defi ning ARS sequences, the ultimate goal being to predict origin location 
computationally. Initially, continued comparative analysis of additional ARS 
sequences yielded an expanded, 17-bp ACS [ 21 ].  Systematic mutational analysis   of 
 ARS1  [ 22 ] and a few other  ARS sequences   confi rmed the identity of the ACS and 
revealed substructure within the ACS, wherein certain positions within the ACS 
were more tolerant of mutation than were others. Furthermore, the same analyses 
also revealed the diversity of sequence and structure of the B elements ([ 23 ]; 
Fig.  7.1 ). Most ARS sequences examined by mutational analysis appear to have a 
B1 element, but they diverge in structure beyond that (see Fig.  7.1 ). Such analyses 
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went into high gear with the advent of high-throughput  “deep” sequencing tech-
nologies   (see below). Nevertheless, as discussed below, the nature of the B elements 
remains poorly understood, and we still are unable to predict them based on 
sequence alone.

   Any given ARS may have between one and three nonidentical B elements. The 
ACS and  B1 element   together form a bipartite binding site for the origin recognition 
complex ( ORC     , [ 24 ]), the highly conserved heterohexamer that then recruits 
Mcm2p-Mcm7p, the double-hexameric  m ini c hromosome  m aintenance component 
of the replicative helicase, thereby establishing an initiation complex that is 
“licensed” to fi re [ 25 ,  26 ]. Other B elements occur as well, also 3′ of the T-rich 
strand of the ACS. In  ARS1 , the B2 element corresponds to a region of high helical 
instability. It was thought that this region of instability—called the duplex unwind-
ing element or DUE, found at most ARSs—would provide the site of initial unwind-
ing of DNA as part of the initiation process [ 27 – 30 ]. The B2 element of  ARS1  can 
substitute for the B2 elements of  ARS305  and  ARS307 , supporting the view that the 
B2 element contributed to a general property of ARS elements [ 31 ,  32 ]. However, 
detailed mutational analysis of the   ARS1  B2 element   showed that its function does 
not appear to be that of duplex unwinding, as no correlation was found between 
helical instability and the ability of the B2 variant to promote ARS activity [ 33 ]. 
Rather, the data supported a protein recruitment role for the B2 element: fi rst, con-
sistent with prior reports [ 34 ,  35 ], loading of the MCM complex was reduced in 
B2− but not in B2+ variants of the B2 sequence, and second, overexpression of 
Cdc6p, needed for  MCM complex   loading, suppressed the defect in ARS function 
of the B2− variants [ 33 ]. Nevertheless, as a DUE does appear to be associated with 
most if not all ARSs, these two possible roles of the B2 element (structural and 
chromatin) are not necessarily mutually exclusive, and the relative contribution of 
these two roles may depend on the  context   and identity of the ARS. 

 Additional B elements were also described—e.g., B3 in  ARS1  and B4 in  ARS305  
(Fig.  7.1 ). In some instances, these elements are  transcription factor-binding sites  —

  Fig. 7.1    ARS structure in  S. cerevisiae : A (ACS) and  B elements   as deduced by sequence com-
parison and mutational analysis are shown for  ARS1  [ 22 ],  ARS121  [ 75 ],  ARS305  [ 76 ], and  ARS307  
[ 32 ,  77 ]. All four ARSs are depicted with the T-rich strand of their A element as the Watson strand. 
Binding sites for transcription factor Abf1p are shown for  ARS121 ; note that the B3 element of 
 ARS1  also is a binding site for Abf1p, but the sites in  ARS121  are not annotated as B elements 
because they occur upstream of the T-rich strand of the ACS, unlike other known B elements       
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e.g., the transcription factor Abf1, which took its name ( A RS- b inding  f actor  1 ) from 
its identifi cation as a protein that binds to the  B3 element   in  ARS1 , binds to many 
but not all ARS elements ([ 36 ] and references therein), and Rap1 binds to and 
contributes to the activity of ARS elements associated with transcriptional silencers 
[ 37 ,  38 ]. The transcription factors involved are thought not to have specifi c interac-
tions  with   ORC and associated machinery; rather, they are thought to recruit chro-
matin modifi ers or remodelers, which in turn alter the nucleosome environment to 
promote origin activity [ 39 ]. Consistent with this idea is the observation that the 
Rap1p-binding site or the binding site for the  Gal4p transcriptional      activator can 
functionally substitute for the Abf1p site in  ARS1  [ 22 ].  

    ARS and Origin Mapping in the Genomic Era 

 Identifi cation and fi ne-structure mapping of ARS elements and origins took a giant 
step forward with the arrival of genomics and massively parallel DNA sequencing 
technologies, marked in 1996 by the release of the   S. cerevisiae  genome   sequence 
[ 40 ] and subsequently by the release of genome sequences of additional 
 Saccharomyces  and related budding yeast species as well as that of the fi ssion yeast 
species  Schizosaccharomyces pombe . Shortly after the turn of the millennium, 
genome-wide replication studies in  S. cerevisiae  profi led various aspects of origin 
function in the genome (Fig.  7.2 ; summarized in [ 41 ]).  Replication profi les   captur-
ing genome-wide locations of active origins and termination zones, relative times of 
replication within S phase, and relative fork migration rates were obtained using 
a modernized version of the classic dense isotope Meselson/Stahl experiment [ 42 ]. 
“ ChIP-chip  ”— chromatin immunoprecipitation   of ORC and Mcm complexes 

  Fig. 7.2    Replication profi ling: The replication pattern of  S. cerevisiae  chromosome X revealed by 
four methods: percent replication in mid-S phase as judged by density transfer analysis ( purple ), 
origin activity revealed by ssDNA accumulation during S phase in a  rad53  mutant strain ( green ), 
ORC/MCM binding detected by ChIP-chip analysis ( orange diamonds ), and origin effi ciency 
inferred from Okazaki fragment abundance of Watson vs. Crick strands ( cyan bars ). The brown 
dot on  x -axis marks the location of the centromere. Based on data from [ 44 ,  47 ,  78 ,  79 ]       
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cross- linked to the underlying genomic DNA, followed by microarray hybridization 
(now replaced by deep sequencing, ChIP-seq) generated a genomic map of pre- 
replicative complex locations [ 43 ,  44 ]. Genomic sites of bromodeoxyuridine incor-
poration by cells entering S phase in the presence of the  ribonucleotide reductase 
inhibitor    hydroxyurea (HU)   showed the locations of origins that predominantly 
become active in the fi rst half of S phase [ 45 ]. Likewise, mapping of  single-stranded 
DNA   associated with replication forks in the presence of HU in  rad53  checkpoint- 
defi cient cells mapped, at high resolution, the sites of all active origins in the genome 
[ 46 ]. The conclusions from these and other such studies are available online at 
  http://cerevisiae.oridb.org/    .

   Each of those studies had its strengths and limitations. For example, dense 
 isotope- based replication   profi ling revealed a wealth of information about patterns 
of chromosome replication—including origin locations—but the resolution of those 
origin assignments was not high enough to map origin sequences precisely.  ChIP- 
chip analysis   of ORC- and Mcm-binding sites gave high-resolution information 
about the underlying DNA sequence (and hence, origin sequence), but those studies 
did not include information on which of those sites were actually used as origins. 
And none of the studies solved the thorny problem of untangling the replication 
time of an origin—the time when that sequence is replicated on average in a popula-
tion of cells—and origin effi ciency, the percent of cells in which the origin is actu-
ally used. Nevertheless, the aggregate of these studies gave enough detailed 
information about origin usage across the genome to serve as a benchmark against 
which predictions of origin location and function could be tested. A relatively recent 
approach of mapping  Okazaki fragments   across the genome has been used to not 
only identify origin locations in  S. cerevisiae  but also measure their fi ring effi ciency 
[ 47 ]. This approach detects origins by mapping discontinuities between  Watson- 
strand and Crick-strand Okazaki fragments   and uses the ratio of Watson-strand to 
Crick-strand Okazaki fragments on either side of the origin to estimate  fi ring effi -
ciency   (Fig.  7.2 ). The premise is that for an origin that has an effi ciency of 
100 %—i.e., used in every cell in the population—Okazaki fragments should con-
sist exclusively of Watson-strand sequence on the left side of the origin and Crick- 
strand sequence on the right side of the origin. An origin that is less than 100 % 
effi cient would include  Okazaki fragments   corresponding to both strands on its 
fl anks; the proportion of Watson- vs. Crick-strand Okazaki fragments can be related 
to the percent effi ciency of that origin. However, so far this technique has only been 
applied to yeast species that had a prior history of origin mapping for which, there-
fore, there was prior information. It remains to be seen how successful it will be 
when applied to “naïve” species. 

  Computational methods   developed using the genome-wide maps described 
above yielded some gains in the success rate of predicting origin locations (e.g., 
[ 48 ]). Initially, cheaper Sanger sequencing enabled scaled-up testing and analysis of 
ARS elements, both from  S. cerevisiae  and from other budding yeasts. For example, 
through an iterative process of successive rounds of ARS identifi cation using a 
 plasmid library, computational sequence analysis of the ARSs so cloned, prediction 
of other ARSs in the genome, and testing of those predictions, ARSs were mapped 
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and analyzed on a large scale in   Kluyveromyces lactis    and   Lachancea kluyveri    
[ 49 ,  50 ]. Using a combination of comparative genomic analysis and molecular biol-
ogy/genetics, Nieduszynski et al. [ 51 ] mapped  S. cerevisiae  origin locations by 
looking for conserved islands of DNA sequence in intergenic regions from four 
members of the  sensu stricto group   of yeasts— S. cerevisiae ,  S. paradoxus ,  S. mika-
tae , and  S. bayanus . Their assumption was that the extent of conservation in origin 
sequences of closely related species would be suffi cient to produce islands of 
sequence identity in the otherwise divergent intergenic regions. As proof of their 
fi ndings they performed ARS assays on a few hundred predicted  S. cerevisiae  ori-
gins. Their work expanded and refi ned the locations and sequence motif of the   S. 
cerevisiae    ACS; however, their work did not address the nature of the non-ACS 
essential elements, nor did it address the question of whether these conserved 
regions actually act as ARSs (or origins) in the other sensu stricto species. Such 
questions are much more amenable to analysis using the “next-gen” sequencing 
approaches described below.  

    A Systematic, High-Resolution Approach for Studying Origin 
Sequence and Function 

 High-throughput,    “next-generation” sequencing has brought an additional level of 
power to investigations of replication origins. As outlined below, we now have a 
near-routine pipeline for rapid identifi cation of potential origins, analysis of 
sequence determinants of origin function, and examining usage of those potential 
origins in the  chromosomal context   (Fig.  7.3 ).

     1.    First is “ ARS-seq     ” (Fig.  7.3 ), a high-throughput ARS assay that identifi es all 
sequences in a genome that have the potential to act as origins on plasmids [ 52 ]. 
Genomic DNA from the species of interest is fragmented, either by mechanical 
shearing or by digestion with a combination of restriction enzymes with short 
(4 bp) recognition sites. The DNA fragments are size-selected and cloned into a 
non-ARS yeast vector that has a selectable marker suitable for the yeast species 
being studied (e.g., a nutritional marker  URA3 , or resistance to G418) as well as 
sequences for propagation in  E. coli . Cells of the species of interest are then 
transformed with the library of plasmids and grown under conditions selecting 
for the presence of the plasmid, thereby selecting for cells with plasmids that can 
be replicated—i.e., containing ARSs in their inserts. All resulting colonies are 
pooled, DNA is isolated, and the plasmid sequences recovered using paired-end 
next-generation sequencing. This process yields a comprehensive set of ARS 
fragments that should comprise most if not all of the ARS elements present in 
the source genome. Mapping the sequences of those fragments back to the genome 
gives the precise genomic locations of most or all potential origins in the genome 
and sets the stage for tests and further analysis of origin activity at those sites 
using the replication profi ling methods outlined above. Additionally, since most 
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  Fig. 7.3    High-throughput identifi cation and dissection of ARS structure and function. ( a ) 
Overview of a pipeline for analysis of ARS structure and function. ARS-seq: A genomic DNA 
library made from a species of interest and constructed in a vector lacking an ARS element for that 
species is introduced back into the species under conditions that select for the presence of the 
plasmid. A cell that is able to form a colony under these conditions must harbor a plasmid that has 
acquired a functional ARS in its genomic DNA insert. The plasmids are extracted from the pool of 
transformants and their inserts are sequenced by next-gen sequencing. The deduced insert 
sequences are mapped back to the genome to identify the genomic sites of the putative origins. See 
[ 52 ] for details. MiniARS-seq: ARS elements identifi ed and cloned using ARS-seq are sheared into 
smaller pieces, recloned, and retested in the ARS assay to yield the minimal ARS sequence for 
each member ARS in the collection. MutARS-seq: The functional contribution of each possible 
base within the minimal ARS sequence for any given ARS can be assayed in parallel by competi-
tive co-culture of a pool of all possible single-base substitutions within the core ARS (plus some 
proportion of multiply mutated variants). FlankARS-seq: Starting with a vector that has one ARS 
element (e.g., the ACS) but lacks the others (e.g., B elements), a library of small inserts is created 
to ask: what are the sequences of short inserts that can, together with the element already present 
on the vector, reconstitute a functional ARS. ( b ) Data collection from MutARS-seq: A library of 
ARS sequence variants is introduced into yeast and the collection is cultured as a pool under condi-
tions selecting for maintenance of the plasmid. Mutations that compromise ARS function are pro-
gressively depleted from the pool, whereas mutations that improve ARS function are enriched. 
Sequencing of the pools at intervals during the growth identifi es the sequence of each allele as well 
as the relative abundance of each allele. Numbers in parentheses, relative abundance of each vari-
ant in the total pool before and after co-culture. Note that the input library need not have all vari-
ants in equal proportions; what matters is the comparison of proportions in the input relative to the 
selected library. ( c ) Interpretation of MutARS-seq for the A and B1 elements of  ARS1  of  S. cerevi-
siae . The wild-type sequence is shown in  black ; the effect of each single-base change, color-coded 
by the variant base, is shown as a relative change in the proportion of that variant. Most substitu-
tions within the core ACS and B1 sequence clearly are detrimental, whereas certain base changes 
(e.g., in the region between the ACS and the B1 element) improve ARS function. Based on [ 52 ]       
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ARSs are isolated more than once, on overlapping fragments, this technique can 
defi ne minimal ARS regions and separate ARSs that are too close to each other 
to be delineated using other assays.   

   2.    Second is  miniARS-seq   (Fig.  7.3 ). Once a library of ARS fragments has been 
obtained, the minimal sequences that constitute the ARSs in the library can be 
delineated by amplifying the ARS inserts from the ARS library clones en masse, 
shearing and re-cloning the ARS sub-fragments, recovering those that still retain 
ARS function by passing them again through the host species, and fi nally 
sequencing the set of minimal ARSs (Fig.  7.3 ). This process allows us to delin-
eate the minimal functional ARS regions with single-nucleotide resolution for 
numerous ARSs in a single experiment. Subsequent sequence comparison of 
these regions (e.g., using MEME; [ 53 ]) reveals any conserved sequence motifs 
within the collection of minimal ARS sequences. Yeast transformed with min-
iARS plasmids can be competed in large populations to rank ARS sequences 
based on their individual effectiveness in plasmid maintenance (IL and 
M. Dunham, unpublished).   

   3.    Third is  mutARS-seq   (Fig.  7.3 ). Minimal ARS elements can be subjected to a 
modifi ed version of deep mutational scanning [ 54 ] to evaluate simultaneously 
the functional contribution of each base in the sequence ([ 52 ,  55 ]; mutARS-seq, 
Fig.  7.3 ). Deep mutational scanning is the massively parallel embodiment of 
scanning mutagenesis, where sequences are systematically mutagenized and 
tested for function. The ARS insert is randomly mutagenized in vitro, the muta-
genized DNA is cloned into an ARS-less vector, and the host species is trans-
formed with this pool of variant ARS plasmids. Large populations of transformed 
cells are co-cultured as a pool under conditions that select for the presence of the 
plasmid; deep sequencing of the ARS insert at different times during propagation 
of the culture gives a quantitative measure of relative abundance of each variant 
ARS sequence in the pool. Because propagation of any given plasmid in the pool 
will depend on its ability to be replicated, the change in relative abundance of 
particular ARS variants is a readout of ARS performance—mutations that alter 
base pairs required for ARS function will be depleted from the pool over time, 
whereas mutations that improve ARS function will be enriched. This approach 
allows the simultaneous measurement of the effects of all mutations on ARS 
function. When applied to  ARS1  as proof of principle, not only did this technique 
yield information on the structure of the ACS and B1 element at an unprece-
dented level of resolution, but it also provided some surprises: for example, some 
base substitution improved  ARS1  function above that of the wild-type starting 
sequence and deletion of particular base pairs between the ACS and B1 elements 
improved   ARS1  activity  . Furthermore, variant  ARS1  inserts that had two or more 
mutations revealed epistatic interactions that previously would have been  diffi cult 
to identify. Based on these results, it was possible to construct a variant of 
 ARS1 — ARS1max —that doesn’t exist in nature, consisting of a 100 bp sequence 
in which each position had the nucleotide that individually performed best in the 
mutARSseq assay. Although this combination of “best” nucleotides need not 
necessarily have produced an ARS with improved function, this synthetic variant 
did in fact vastly outperform the wild-type  ARS1  fragment [ 52 ].   
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   4.    Fourth is  fl ankARS-seq   (Fig.  7.3 ). Additional variations on the ARS assay can be 
applied to further dissect the structure of ACS-fl anking elements. For example, 
we are currently in the process of completing a “B-element screen” in  S. cerevi-
siae  (Fig.  7.3 ). A plasmid that has an ACS, but no B elements (and therefore is 
incapable of autonomous replication), is used as the vector for a library of short 
genomic DNA fragments. An ARS assay performed on this library yields 
plasmids that now have acquired a functional ARS—and therefore must have a 
functional B element in the insert. We hope to use this approach to better under-
stand the properties of B elements.   

   5.    Fifth are  cross-species ARS tests  . To understand species-specifi c aspects of ARS 
function, an ARS library created from one species can be tested en masse in a 
second species. These experiments provide some unique insights into the diver-
sity of sequences that contribute to origin function. For example, about two- 
thirds of the ARS elements from  S. cerevisiae  support plasmid maintenance in 
 L. waltii  and vice versa [ 3 ]. And whereas testing for ARS function in  Pichia 
pastoris  ( Komagataella phaffi i ) gave 311 ARS loci in the  P. pastoris  genome, 
testing of  S. cerevisiae  genomic fragments in  P. pastoris  surprisingly yielded 
>1800 unique  S. cerevisiae  fragments that could function as ARSs in  P. pastoris  
(IL and M. Dunham, unpublished).   

   6.    Lastly, in parallel with the above approaches, replication profi ling can be done to 
monitor  chromosomal replication dynamics  . A combined outcome of ARS map-
ping using ARS-seq and replication mapping using dense isotope transfer as 
well as single-stranded DNA mapping for   L. waltii    is shown in Fig.  7.4 .

       What has emerged from such studies is that although there certainly are obvious 
similarities between species, there also is a surprising diversity of origin sequences 
across yeast  lineages   (Fig.  7.5 ). In the budding yeast species studied thus far, ARS 

  Fig. 7.4    Replication map for  L. waltii   chromosome   I. Density transfer replication profi ling ( pur-
ple ), ssDNA mapping ( green ), and ARS-seq ( orange ) mapping of ARS elements are shown. Peaks 
in the density transfer profi le indicate the locations of origins; taller peaks are earlier replicating. 
Peaks in the ssDNA map indicate early-fi ring origins. Notice that peaks in the two replication 
assays are centered on ARSs identifi ed by ARS-seq. Individual peaks predict origin locations that 
can be tested by 2-D gel electrophoresis. Based on [ 3 ]       
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elements almost overwhelmingly are found in intergenic regions. Although studies 
in the sensu stricto species  S. bayanus  are ongoing, comparative sequence and 
replication analysis suggests that the ACS in this species is very similar to that in 
 S. cerevisiae . Rather surprisingly, the pre- WGD species    L. waltii  also has an ACS 
that is very similar to that of   S. cerevisiae    but with some clear differences [ 3 ]. As 
mentioned above, ARSs show partial cross-functionality between the two species, 
so the differences in the ACS or fl anking elements likely contribute to the overlap-
ping species specifi cities.  L. kluyveri  has an  ACS   that consists mostly of Ts on one 
strand and As on the other [ 50 ]. From the observation that 98 % of  S. cerevisiae  
ARSs can support plasmid maintenance in  L. kluyveri  (whereas only about 50 % of 
 L. kluyveri  ARSs function in  S. cerevisiae  hosts) we can infer that the  ORC   and 
associated replication licensing apparatus in  L. kluyveri  have much more relaxed 
specifi city than that of  S. cerevisiae . In contrast, the  ACS   in  K. lactis  is a long and 
partially palindromic structure [ 49 ,  56 ]. Unlike in  S. cerevisiae  and  L. waltii , this 
ACS sequence is necessary and suffi cient for ARS function, and genomic  ARS   loca-
tions can therefore be predicted computationally with high accuracy [ 49 ].

  Fig. 7.5    ARS sequence structure in six  budding yeast species  . Sequence conservation is depicted 
as information content in the form of a sequence logo [ 80 ,  81 ].  Cyan  and  yellow shading : 11-bp 
and extended 15-bp A element, respectively;  pink ,  green , and  pale red shading  matches to the B1 
element. Sequence logos based on [ 3 ,  49 ,  50 ,  55 ,  71 ] and generated using   http://weblogo.berkeley.
edu    . Tree phylogeny based on Dujon [ 82 ,  83 ]; branch lengths are arbitrary. WGD, whole -genome 
duplication       
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   Going further afi eld, origins in the fi ssion yeast  S. pombe  consist of  A/T-rich 
sequences   called  AT islands  , originally defi ned as being >500 bp in length but more 
recently shown to be sometimes as short as ~100 bp [ 57 ,  58 ]. It is possible to predict 
origin locations in  S. pombe  with >90 % success based just on this simple criterion 
[ 58 ]. This relationship appears less clear in the related  Schizosaccharomyces  spe-
cies  S. octosporus  and  S. japonicus  although studies in those species are still in their 
infancy [ 58 ,  59 ]. One striking feature of all these  Schizosaccharomyces  species, 
unique amongst eukaryotes so far analyzed, is the presence of an N-terminal exten-
sion on Orc4. In  S. pombe  this extension appears to be necessary for origin recogni-
tion and contains nine repeats of an AT-hook subdomain [ 60 ,  61 ], each repeat having 
the capacity to bind to 6–8 nucleotides of DNA [ 62 ]. The AT-hook domain in 
 S. octosporus  and  S. japonicus  consist of only four and fi ve AT-hooks, respectively 
[ 58 ], as opposed to nine in  S. pombe . It is tempting to speculate that this difference 
in  AT-hook count   contributes to the differences seen between the species as to which 
sequences are associated with origin function. 

 Perhaps the biggest surprise thus far to come from ARS studies was found in 
 P. pastoris  ( K. phaffi i ). There, ARS-seq and mutARS-seq analysis revealed two 
classes of origin sequences. One-third of the origins, called  GC-ARSs  , contain a 
relatively G/C-rich sequence motif and replicate early in S phase. Mutational analy-
sis (mutARS-seq) confi rmed that the motif is necessary for ARS activity. The other 
class of origins, called AT-ARSs, lacks the G/C-rich motif but instead has an A/T- -
rich region and fi res signifi cantly later in S phase (or is signifi cantly less effi cient 
than the G/C-rich class) [ 55 ]. Particularly intriguing is the observation that the G/C- -
rich motif matches the binding site for the human version of Hsf1, a transcriptional 
activator, but not that of the  S. cerevisiae  version of Hsf1. The fact that  P. pastoris  
has four homologs of Hsf1 while  S. cerevisiae  only has one copy of the gene raises 
the very interesting possibility that the G/C-rich motif, so unlike the  S. cerevisiae  
Hsf1 site, is recognized by at least one of the  P. pastoris  Hsf1 proteins, and that this 
interaction promotes recruitment of ORC to the  GC-ARSs  . In fact, the GC-rich 
ARS motifs in  P. pastoris  are located in promoters and show a nucleosome deple-
tion pattern similar to transcription start sites, suggesting a link between transcrip-
tion start and origin fi ring as seen in metazoans [ 55 ]. Taken further, this line of 
reasoning would suggest that the use of G/C-rich motifs for replication is perhaps 
an ancestral trait that was lost in the lineage leading to  Saccharomyces , 
 Kluyveromyces , and  Lachancea  [ 55 ]. Characterization of  P. pastoris  Hsf1 proteins 
and their DNA recognition properties would help clarify some of these questions. 

 One hypothesis for origin evolution in the budding yeast lineage is that the mas-
sive genomic upheaval that occurred in the aftermath of the  whole-genome duplica-
tion (WGD)   may have been a time of rapid change not only in genome structure but 
also in origin structure. Although our information across the budding yeast lineage 
is still very sparse, what has been observed so far is not in keeping with this hypoth-
esis: species that span the whole-genome duplication divide may vary greatly in 
origin location while sharing very similar ACSs (e.g.,  S. cerevisiae  and  L. waltii ) 
while among pre-WGD species there may be substantial diversifi cation of origin 
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sequences. It will obviously be illuminating to examine several more clades on 
either side of the WGD event to see if any patterns emerge as to origin sequence 
change in the context of other genomic changes amongst these species.  

     Chromatin   as a Determinant of Origin Selection 

  ARS activity  —i.e., the ability of a sequence to support replication of a plasmid—is 
a measure of the genetic potential of that sequence to act as an origin of replication. 
However, examples abound of ARSs that show high activity on a plasmid but are 
rarely used in their native  chromosomal context  —e.g.,  ARS301  [ 17 ,  63 ] and  ARS604  
[ 64 ,  65 ]. An obvious explanation for this context-dependent difference in origin 
activity is that the local chromatin structure must be infl uencing the ability of the 
origin to function, perhaps by limiting its accessibility to initiation factors. Early 
studies on the chromatin structure of   ARS1    had in fact pointed to this possibility. 
Mapping of chromatin at  ARS1  detected a nucleosome-free region over the core 
ARS sequence and a set of phased nucleosomes fl anking the ARS [ 66 ]. Insertion 
and deletion mutations that shifted a nucleosome to be positioned over one or more 
of the A or B elements of the ARS reduced ARS function, and ARS function was 
restored when the α2 operator was used to shift the nucleosome back to its original 
position [ 67 ]. A subsequent study concluded that the nucleosome-free region at 
 ARS1  was not needed for  ORC   association per se, but was needed for pre-RC for-
mation (i.e., recruitment of the Mcm complex) [ 34 ]. Thus, it is not surprising that 
the activity of an ARS might be strongly infl uenced by its chromosomal context. 

 The generality of the nucleosome-free nature of the core  ARS1  sequence became 
apparent from the mapping of a few hundred ARSs in  S. cerevisiae , which revealed 
a nucleosome-free region ( NFR  )          positioned asymmetrically over and extending 3′ 
to the ACS [ 68 – 70 ]. Genomic ACS matches not associated with ARSs as a group 
also have an NFR, but the ACS in those cases is positioned symmetrically within the 
NFR (Fig.  7.6 ). Furthermore, whereas the NFR in ARSs is fl anked by tightly posi-
tioned nucleosomes, the non-ARS matches to the ACS do not show this arrange-
ment of nucleosomes. The association of ACS with NFR suggests that the ACS 
sequence itself is able to establish a nucleosome-free region. In support of this idea, 
nucleosomes reconstituted in vitro on DNA fragments containing a match to the 
ACS also were excluded from the ACS; as with non-ARS ACS sequences  in   vivo, 
nucleosomes did not show phased positioning fl anking the NFR [ 69 ,  70 ].

   This property of ARS-associated NFRs is a useful “ reality check  ” in mapping 
origins in species that have not been studied before. For example, NFRs were found 
at GC-ARS as well as  AT-ARS sequences   in  P. pastoris , but the nucleosome profi les 
looked markedly different between these two classes of origins: the NFR was much 
wider at GC-ARSs when compared to those at AT-ARSs or to ARSs of  S. cerevisiae . 
However, whereas the NFR at GC-ARSs was fl anked by well-positioned nucleo-
somes, such an arrangement was much less clear at AT-ARSs, again underscoring 
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the difference in the nature and perhaps mechanism of function of these classes of 
origins [ 55 ]. The combination of the signature nucleosome depletion region and 
ORC binding has been used to predict origin locations in  Candida albicans  [ 71 ]. 

 The contribution of chromatin and nucleosome context to origin function in 
  S. cerevisiae    was further revealed in a recent study comparing the relative strength 
of ORC-origin interaction in vivo with that seen in vitro [ 72 ]. Based on the premise 
that functional intracellular  ORC   concentration becomes limiting for origin func-
tion in a mutant  orc2-1  strain [ 73 ], the authors compared origin occupancy by ORC 
in wild-type and  orc2-1  mutant cells to deduce a relative ranking of ORC-origin 
interaction strength genome-wide. In parallel, they performed in vitro gel mobility 
shift assays coupled to microarray hybridization to determine the innate binding 
strength of those origin sequences to ORC. From this analysis, origins were classi-
fi ed as “DNA dependent” or “chromatin dependent.” The former category com-
prised origins whose relative ORC binding affi nity in vivo matched that seen 
in vitro, whereas the latter category comprised origins for which in vivo binding 
deviated from that expected based on in vitro binding.    This classifi cation revealed a 
hitherto unsuspected correlation: the chromatin-dependent group was enriched for 
origins that fi re early in S phase, while the  DNA-dependent   group was enriched for 
late-replicating origins. These assays lend themselves to further analysis (e.g., 
examining the sequence contribution at nucleotide level in DNA-dependent vs. 
chromatin-dependent origins) using high-throughput approaches of the sort out-
lined in Fig.  7.3 . The crystal structure of   Drosophila melanogaster    ORC has been 
published recently [ 74 ]; one hopes that in the near future the fi eld will make inroads 
into understanding the interaction of ORC with origin sequences in the context of 
chromatin.  

  Fig. 7.6     Nucleosome profi ling   of ARSs. ( a ) Nucleosome density profi les centered around ACS 
elements (position 0) that map to confi rmed origins or ARSs ( red ) and to intergenic regions not 
associated with origins or ARSs ( blue ) are shown for  S. cerevisiae . Nucleosome densities derived 
from data of Lee et al. [ 84 ]. ( b ,  c ) Similar plots for CG-rich and AT-rich ARS elements in  P. pastoris . 
Based on [ 55 ]       

 

M.K. Raghuraman and I. Liachko



137

    Concluding Thoughts 

 Some 35+ years after the identifi cation of the fi rst eukaryotic replication origin, we 
are entering a new golden age of replication studies. It is now possible to generate 
comprehensive maps of potential origins in a species and profi le the major features 
of chromosomal replication within a month or two. Such studies, while still in their 
infancy, have already uncovered an unsuspected diversity of replication origin 
sequences and types within a relatively narrow slice of the tree of life. This explora-
tion of diverse yeasts has already shaken the long-held paradigm that, contrary to 
metazoans, yeasts utilize A/T-rich DNA sequences for origin function. And although 
origins in metazoans appear not to share the defi ned sequence structure of yeast 
origins, what we are learning from yeasts will surely inform us as to the evolu-
tionary mechanism behind the distribution and control of origins amongst all 
eukaryotes.   
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    Chapter 8   
 Rif1, a Conserved Chromatin Factor 
Regulating DNA Replication, DNA Repair, 
and Transcription                     

       Naoko     Yoshizawa-Sugata    ,     Satoshi     Yamazaki    , and     Hisao     Masai    

    Abstract     Rif1, originally discovered as a telomere binding factor in yeast, is 
evolutionally conserved and regulates various aspects of chromosome reactions 
including repair, DNA replication, and transcription in addition to telomere regula-
tion. In mammals, Rif1 suppresses homologous recombination-dependent repair and 
stimulates non-homologous end-joining repair of double-stranded DNA breaks. Rif1 
plays a crucial role in regulating timing of genome replication during S phase. It also 
affects the transcription profi les. Rif1, composed of the N-terminal HEAT repeat 
domain and the C-terminal DNA binding/oligomerization domain, tightly binds to 
chromatin and may facilitate the formation of chromatin domains that may be repres-
sive for initiation of replication as well as for transcription. Rif1 also binds to many 
factors including protein phosphatase 1, which plays a role in suppression of origin 
fi ring. Rif1 is expressed at a high level in mouse embryonic stem (ES) cells and is 
involved in regulation of differentiation processes.  

  Keywords     Rif1   •   DNA replication   •   DNA repair   •   Transcription   •   Chromatin   • 
  Telomere  

        Introduction 

 DNA replication is spatially and temporally regulated by high-order chromosomal 
structures to coordinate various chromosome transactions during cell cycle. Cells 
appear to have tens of thousands of potential DNA replication origins on chromatin 
to maintain and inherit genome information [ 1 ]. At late-M/early-G1 phase and 
probably throughout G1 phase, origin licensing process permits the formation of 
pre-RC complex on chromatin, establishing potential replication origins. Once cells 
enter S phase, replication origins are fi red coordinately along the chromosomes so 
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that the entire genome is duplicated once and only once. This process is partly under 
the cells’ inherent chromatin program, but choice of fi red origins could be stochas-
tic. Generally, replication origins are present in excess and not all the origins are 
utilized in a given cell or in a given cell cycle. Chromatin conditions including 
epigenomic features, transcriptional activity, and higher order chromatin confi gura-
tion may affect the choice of replication origins to be fi red. 

 Recently, a conserved factor, Rif1, was reported to profoundly affect the genome- 
wide replication timing program both in fi ssion yeast and mammalian cells [ 2 ]. Rif1 
is a chromatin-bound factor that may defi ne the replication timing domains on the 
chromosomes. Rif1 was also shown to affect the choice of repair pathways for 
double- stranded DNA breaks. Rif1, originally discovered as a telomere binding fac-
tor, regulates telomere length in yeasts, but roles of Rif1 at telomeres in higher 
eukaryotes are less obvious. Instead, it may function as a more general chromatin 
factor that regulates various chromosome reactions including replication, repair, 
and transcription through organizing local chromatin compartments and recruiting 
various factors. Here we summarize the potential roles and mechanisms of Rif1 in 
regulation of various chromosome transactions.  

    Roles of Rif1 in Normal and Dysfunctional Telomeres 

 Telomeres, the terminal segments of chromosome in eukaryotes, are composed of 
unique repetitive DNA sequences. The maintenance of  telomere structures   is essen-
tial for genome stability and the loss of its homeostasis is implicated in aging in 
 mammalian cells  . A group of telomere-binding proteins function to guard the chro-
mosome ends [ 3 ], and the unprotected chromosome terminus is subject to aberrant 
recombination reactions that would lead to rearrangement and  fusions   of chromo-
somes (Table  8.1 ).

   In budding yeast,  Rap1   is a core telomeric double-stranded DNA ( dsDNA  )-bind-
ing protein and its inactivation leads to telomere uncapping and resection, which is 
mainly executed by Exo1 nuclease. Rif1, together with Rif2, is recruited to telo-
meres through the C-terminus of Rap1 and also has roles in telomere stability. The 
deletion of  rif1  causes extensive telomere elongation [ 4 ,  5 ] both in Rap1-dependent 
and -independent manners [ 6 ]. In addition to the Rap1-Rif1-Rif2 complex on 
dsDNA region, the telomeric single-stranded DNA (ssDNA) overhang is protected 
by the Cdc13-Stn1-Ten1 (CST) complex. Inactivation of the CST complex causes 
uncapped telomeres, ultimately leading to the accumulation of extensive tracts of 
ssDNA and lethality [ 7 ,  8 ]. Rif1 and Rif2 are similar in their functions and protein 
structures, although there are several differences. The lack of Rif1, but not that of 
Rif2, caused dramatic reduction in viability of  cdc13-1  or  cdc13-5 ts mutant  cells   [ 9 , 
 10 ]. Rif1 also competes with histone deacetyltransferase Sir3 and Sir4 for  the   bind-
ing to Rap1, and loss of Rif1 causes enhanced silencing in telomeres [ 5 ]. Not only 
the telomere-binding proteins but also telomeric repeat-containing RNA (TERRA), 
a large noncoding RNA found in animals and fungi, are integral components of 
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telomeric heterochromatin. Recently, Rif1/2 was reported to affect the transcription 
of TERRA [ 11 ]. At telomeres that contain only X-elements, the Rap1  carboxy- terminal 
domain recruits the Sir2/3/4 and Rif1/2 complexes to repress transcription, whereas, 
at telomeres containing Y′ elements, Rap1 represses TERRA mainly through 
recruitment of Rif1 and Rif2. 

 In fi ssion yeast, Rap1 also binds to telomeric DNA, although this binding is 
through Taz1 [ 12 ], which serves as the platform of Rif1 binding to telomere. Unlike 
in budding yeast, the Taz1-Rap1-Rif1 complex on dsDNA and Pot1 (functional ana-
log of CST complex) on ssDNA are connected together by the linker adaptor protein 
 Tpz1   [ 13 ], and potentially form a large, stable “Shelterin” complex at the chromo-
some ends. Deletion of Rif1 leads to moderate elongation of telomere length in a 
manner dependent on Taz1 [ 12 ]. Genome-wide mapping of Rif1-binding sites by 
 ChIP-chip and ChIP-seq   revealed extensive accumulation of Rif1 at the telomeric 
regions, as expected. It also showed that Rif1 binds to chromosome arms in a man-
ner independent of Taz1, while telomere binding depends on Taz1 [ 14 ]. 

 In mammalian cells, TRF1 and TRF2 are the platform for assembly of the telo-
meric dsDNA-binding proteins, and Pot1 binds to ssDNA overhang. These proteins 
are linked by  TIN2/TPP1   to form the Shelterin complex. Although Rap1 is recruited 
to telomeres through TRF2, mammalian Rif1 does not localize to normal telomeres. 
When the uncapped and dysfunctional telomeres were induced by overexpression 
of TRF2 or by that of a mutant telomerase in human cells,  Rif1   protein localizes to 

   Table 8.1    Comparison of features and Rif1-mediated regulation of telomeres in  yeasts and 
vertebrates   [ 54 – 58 ]   

 Organism 
  Saccharomyces 
cerevisiae  

  Schizosaccharomyces 
pombe   Vertebrates 

 Telomeric 
repeat 

 Sequence  T(G) 2–3 (TG) 1–6  
[ 54 ] 

 GGTTAC [ 55 ]  TTAGGG [ 57 ] 

 Length (nt)  300–350 [ 58 ]  200–300 [ 56 ]  15,000 [ 58 ] 
 Telomere- 
binding 
 proteins   

 Telomeric 
dsDNA 

 Rap1-Rif1-Rif2  Taz1-Rap1-Rif1  TRF1;TRF2-Rap1 

 ssDNA 
overhang 

 Cdc13-Stn1- 
Ten1  

 Pot1  Pot1 

 Ku proteins  Ku70-Ku80  pku70-pku80  Ku70/Xrcc6-Ku86/
Xrcc5 

 Linkers of 
Shelterin 

 –  Tpz1  TIN2-TPP1 

 Phenotype of  rif1  depletion 
in telomere  homeostasis   

 Elongated 
telomere 
length [ 4 ,  5 ] 

 Elongated telomere 
length [ 12 ] 

 Heterogeneity of 
telomeres Elongated 
telomere length, 
telomere loss, telomere 
end fusion (Mouse 
embryonic stem cells) 
[ 17 ] Normal (Mouse 
embryonic fi broblast 
cells) [ 18 ] 
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damaged telomeres in a 53BP1- and ATM-dependent manner [ 15 ,  16 ]. This is likely 
to be a consequence of DNA damage response rather than refl ection of its function 
in telomere maintenance. However, recently, potential roles of Rif1 in telomere 
homeostasis were reported. In mouse ES cells, depletion of Rif1 induced the elon-
gation and abnormalities of the telomere structures including telomere heterogene-
ity, telomere loss, and end fusions [ 17 ], although these defects were not detected in 
Rif1-depleted MEF cells [ 18 ]. One of the reasons of telomere defects caused by 
Rif1 depletion might be due to the up-regulation of  Zscan4  , a positive regulator of 
telomere length in mouse ES cells [ 19 ], since the codepletion of Zscan4 partially 
rescues the telomere elongation caused by Rif1 depletion [ 17 ]. In Drosophila, Rif1, 
localized in nuclei, does not bind to telomere, and does not appear to have a role in 
telomere regulation [ 20 ].  

    Roles of Rif1 in Regulation of DNA Replication 
Timing in Yeasts 

 In yeasts, Rif1 has a function in telomere maintenance, as described above. We and 
other groups have reported that Rif1 is a critical regulator of DNA replication tim-
ing in yeasts [ 14 ,  21 – 24 ]. In the absence of  hsk1  (homologue of Cdc7 kinase), the 
origin fi ring effi ciency is decreased during S phase, leading to impairment of DNA 
replication and growth defect. However, genetic analyses and systematic screening 
for mutants that can suppress the growth defect of  hsk1Δ  cells led to identifi cation 
of  mrc1 ,  cds1 , and  rif1  as mutants capable of bypassing  hsk1  requirement for cell 
growth [ 14 ,  22 ,  24 ]. The deletion mutant of  rif1  can restore the growth of  hsk1  dele-
tion, and this may be due to fi ring of many dormant origins in the absence of  rif1 . 
Origin fi ring analyses by BrdU-IP showed that not only origins at telomere (which 
are normally not fi red in early S phase) but also late-fi ring/dormant origins on the 
arm regions are activated at early S phase by Rif1 depletion. Interestingly, some of 
the early-S fi ring origins are suppressed by loss of Rif1. This suggests a possibility 
that Rif1 regulates origin fi ring program both negatively and positively. Alternatively, 
excess fi ring at normally late/dormant origins may deplete limiting initiation fac-
tors, leading to suppression of some of the early-fi ring origins. 

 Taz1 that regulates telomere maintenance in conjunction with Rif1 also regulates 
the origin fi ring program in fi ssion yeasts [ 25 ]. The origins, suppressed by Taz1, are 
located at telomere and a part of arm regions. Affected origins are usually fi red at 
late-S phase. Interestingly, Taz1-mediated origin regulation appears to depend on 
Rif1 functions, although Taz1-binding and Rif1-binding sites do not precisely over-
lap [ 21 ], [ 59 ]. 

 Rif1 binds not only at telomere regions but also at many locations on the arm of 
the chromosomes during G1 phase. Rif1 gradually dissociates from chromatin dur-
ing S phase. The Rif1-binding sites on the arms tend to be present near late-fi ring/
dormant origins in the intergenic regions, but not precisely overlap with the pre-
RC locations [ 11 ].   Depletion of Rif1 facilitates the loading of Cdc45 at affected 
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 origins, but does not affect the pre-RC formation at G1 phase. More recent studies 
revealed a part of mechanism underlying Rif1-mediated origin suppression [ 22 –
 24 ]. Protein phosphatase 1 (PP1) interaction motifs are conserved in Rif1 proteins 
from yeast to mammalian cells. PP1 can directly interact with the yeast Rif1 
N-terminal segment, and the recruited PP1 dephosphorylates MCM complex to 
counteract the Cdc7-mediated phosphorylation. During S phase, Cdc7/Dbf4 inter-
acts with the Rif1 C-terminal regions and phosphorylates residues surrounding the 
PP1-binding motifs, facilitating the dissociation of PP1 from Rif1 for regulated 
origin fi ring program. 

 Pfa4 (palmitoyltransferase) contributes to Rif1 localization at nuclear membrane 
via enhancing palmitoylation of Rif1 in budding yeast [ 26 ]. Deletion of  pfa4  leads 
to dissociation of Rif1 from nuclear periphery in nuclei. However,  pfa4 Δ did not 
affect replication timing profi les [ 21 ]. This result suggests that anchoring of Rif1 at 
nuclear periphery may not be essential for control of replication timing, consistent 
with the report that forced tethering of an origin at nuclear periphery did not change 
its replication timing [ 27 ].  

    Roles of Rif1 in Regulation of DNA Replication Timing 
Domains in Mammalian Cells 

 As stated above, mammalian Rif1 dose not directly regulate telomere maintenance. 
Recent studies showed two major functions for mammalian Rif1. First, it is a major 
regulator of DNA replication timing, as reported in yeast [ 14 ,  28 ,  29 ] (Fig.  8.1 ). 
Genome-wide DNA replication timing analyses revealed that depletion of Rif1 
results in major changes of DNA replication timing profi les in  cancer cells   and 
 mouse embryonic fi broblast (MEF) cells  . The changes occur throughout the genome, 
and timing regulation is generally lost and the entire domains are replicated toward 
the mid-S. Replication timing domains, defi ned as the segments containing origins 
coregulated so that they fi re simultaneously, switched from early to late and vice 
verse, by loss of Rif1 and were fragmented into smaller domains [ 28 ]. In the absence 
of Rif1, Cdc7-mediated phosphorylation events (phosphorylation of Mcms) and 
chromatin loading of replication factors including Cdc45 and PCNA temporally 
increased at early S phase, refl ecting the temporal burst of origin fi ring in Rif1- 
depleted cells due to deregulation of normally suppressed origins [ 29 ].

   Rif1 is tightly bound to nuclease-resistant nuclear structure all through the inter-
phase. Bulk chromatin loop sizes increased in the absence of Rif1, suggesting a 
possibility that Rif1 may facilitate chromatin loop formation at nuclear matrix-like 
structures near the nuclear periphery [ 29 ]. 

 Rif1-binding sites on mammalian genomes are still unknown. However,  immu-
nofl uorescence analyses   of Rif1 protein showed that some population of Rif1 local-
izes at nuclear and nucleoli periphery, which coincides with the distribution of mid 
S-phase replication foci. In the absence of Rif1, cells with mid-S replication foci 
patterns (strong signals near the nuclear and nucleoli periphery) disappeared and 
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smaller and dispersed foci, reminiscent of early-S foci, were maintained until mid-S 
phase. This result suggests that Rif1 may be required for generation of mid-S repli-
cation foci structures [ 29 ]. 

 During mitosis, Rif1 is strongly phosphorylated and dissociates from  chromatin  . 
The dissociated Rif1 localizes to midzone microtubules in early anaphase and then 
rebinds to chromatin at nuclease-resistant structures [ 16 ,  29 ]. It has been proposed 
that, during late  M/early-G1 phase  , chromatin repositioning occurs at timing deci-
sion point (TDP) which is coincident with determination of the origin fi ring pro-
gram [ 30 ]. It is an intriguing possibility that the chromatin binding of Rif1 at late M/
early G1 constitutes a part of TDP.  

    Roles of Rif1 in DNA Double-Strand Break Repair 

    When DNA damage occurs, cells activate DNA damage response (DDR) to allow 
activation of checkpoint pathways and to repair broken DNA ends. The second 
function of mammalian Rif1 is to promote repair of DNA souble-strand break 
( DSB)   by protecting the 5′ end from resection at DSB sites. This would inhibit 
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  Fig. 8.1    A model of regulation of late replication origins. Oligomeric Rif1 proteins bind to DNA 
and generate chromatin loop/compartment. The replication origins present in the compartments or 
close to the Rif1-binding site are inhibited from fi ring at early S phase by protein phosphatase 1 
(PP1) which would counteract the phosphorylation by Cdc7 kinase, essential for initiation. 
Chromatin loop/compartment formation may facilitate the coregulation of the origins in the same 
loop/compartment. At late S phase, chromatin loop structures may be disassembled and PP1 dis-
sociates from Rif1 to permit the activation of the suppressed late-fi ring origins       
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homologous recombination (HR)-dependent  repair   and promote non-homologous 
end-joining (NHEJ)-mediated repair. DSBs arise upon exposure to X-ray or replica-
tion fork stall/collapse during S phase. 

 Recently, Rif1 in mammalian cells was shown to accumulate at DNA lesions to 
promote  53BP1  -dependent  NHEJ   during G1 phase [ 31 – 35 ].  53BP1   is a key regula-
tor that dictates the DSB repair pathway choice. During G1 phase, Ku70/ 80  - 
mediated  canonical NHEJ pathway preferentially operates, while 5′-end resection 
of DSB is generally suppressed. On the other hand, cells in S phase permit the 
resection of DSBs for HR-dependent repair pathway by BRCA1/CtIP. Rif1 interacts 
with 53BP1 upon DNA damage or at dysfunctional telomeres. A 53BP1 mutant, in 
which the S/TQ residues, ATM-dependent phosphorylation sites, in the N-terminal 
region were changed to AQ, did not permit accumulation of Rif1 at DSB sites, 
whereas Rif1 can be recruited to DSB sites in the 53BP1 C-terminal BRCT domain 
mutant. These results indicate that Rif1 is recruited to DNA lesion in a manner 
dependent on the phosphorylation of ATM target sites in the N-terminal region of 
 53BP1  . In contrast to inhibitory roles of Rif1 against DNA end resection in mam-
malian cells, it was recently reported that budding yeast Rif1 promotes end resec-
tion to facilitate DSB repair by homologous recombination. This activity becomes 
important especially when resection activities are suboptimal [ 36 ]. 

 Rif1, in conjunction with  BLM helicase  , is important also for the recovery of 
replication forks [ 37 ]. Indeed, Rif1 interacts with BLM through its C-terminal  segment 
and is recruited to stalled replication forks in the presence of HU or  aphidicolin  . 
Recently, it was reported that BLM counteracts DSB-derived, CtIP/Mre11-dependent 
deletions generated by alternative end joining, in a manner epistatic with 53BP1 and 
Rif1 [ 38 ]. The results implicate the BLM-53BP1-Rif1 complex in the third pathway 
of DNA damage repair. 

 In Rif1-depleted or knockout cells under ionizing radiation (IR) treatment, 5′-end 
is resected at DSB sites and BRCA1 accumulates even during G1 phase. Furthermore, 
RPA phosphorylation is elevated. These were not further enhanced in Rif1/53BP1 
double- knockout cells. By contrast, Rif1 damage foci increased during S/G2 phase 
by depletion of BRCA1 or CtIP. These opposing results indicate that Rif1/53BP1 
may counteract BRCA1 in DNA damage repair in G1 phase, while BRCA1 may 
prevent recruitment of Rif1 to DSB sites to promote HR during S/G2 phase [ 33 ,  34 ]. 
The formation of Rif1 damage foci requires the N-terminal HEAT repeats, to which 
phosphorylated 53BP1 binds, whereas deletion of the C-terminal 200 amino acids 
only partially reduces the foci. In contrast, suppression of BRCA damage foci dur-
ing G1 requires both N-terminal and C-terminal regions of Rif1. BARD1, a binding 
partner of BRCA1, also counteracts Rif1 in S phase, possibly through the interac-
tion with HP1γ in the heterochromatin compartment [ 39 ] (Fig.  8.2 ). 

 In immunogenic reactions in vivo, V(D)J recombination and class switch recom-
bination ( CSR  ) promote genetic rearrangement to increase immune diversity. These 
events involve repair of DSBs generated by increased activity of recombination- 
activating gene (RAG) and activation-induced deaminase (AID), respectively. In 
these events, the canonical NHEJ pathway is activated to join the broken DNA ends. 
The factors, involved in the NHEJ pathway, are essential for V(D)J recombination 
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and for CSR. In CSR, the production of  IgG/IgA   from IgM is reduced by depletion 
of Rif1, although proliferation and cell cycle progression are not affected [ 31 – 33 ]. 
This phenotype is similar to that observed in 53BP1-defi cient B cells, supporting 
the notion that Rif1 functions in the same epistasis pathway as 53BP1 in immuno-
globulin heavy-chain gene rearrangements through the NHEJ pathway. Similarly, 
53BP1 participates in V(D)J recombination that is associated with long-range 
recombination events in T cells but not in that with short-range recombination [ 40 ]. 
However, long-range V(D)J recombination events that require 53BP1 do occur 
almost normally in Rif1 knockout T cells (our unpublished data). Thus, Rif1 may be 
involved differentially in NHEJ for  V(D)J recombination   and for CSR.  

    Roles of Rif1 in  Mammalian Pluripotent Stem Cells   

 Rif1 is highly expressed in mouse embryos at the preimplantation developmental 
stage, in primordial  germ cells  , and in  ES cells   [ 41 – 43 ]. Rif1-defi cient mice are 
embryonic lethal at the postimplantation stage in the C57BL6 genetic background 
[ 18 ]. Given that 53BP1- or ATM-defi cient mice are viable, Rif1 may have a role in 
embryogenesis in addition to that in DNA damage response pathway downstream of 
the  ATM-53BP1 pathway  . However, truncated Rif1 mutant mice generated by the 
gene trap system, producing only the N-terminal 778 aa of Rif1 fused to beta-Geo, 
are viable in the same background, although the frequency of offspring and fertility 
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rate are signifi cantly reduced [ 18 ]. Consistent with this fi nding, ENU mutagenesis 
mice, truncated at the 1669th aa with a stop codon, are also viable [ 44 ]. These 
observations indicate that the Rif1 N-terminal regions may be suffi cient for embry-
onic development. Intriguingly, Rif1-defi cient male mice in the CD-1 genetic back-
ground are viable and do not show developmental abnormality, although female 
mutant mice are lethal [ 31 ]. Signifi cant variability in Rif1 dependency during 
embryogenesis among mouse strains may be caused by the differences of expres-
sion levels of Rif1, a repertoire of its splicing variants, and/or posttranslational 
modifi cation of Rif1 during the early development (our unpublished data). 

 In mouse ES cells, the pluripotency is maintained by the core circuit of the  tran-
scription factors   including Oct4, Sox2, Nanog, and Rex1, which activate themselves 
by a positive feedback. Genome-wide chromatin immunoprecipitation analysis by 
 ChIP-seq   of these factors to screen the target genes revealed that Rif1 is one of the top 
targets of multiple key pluripotent factors [ 45 ]. In agreement with this observation, the 
expression of Rif1 is rapidly downregulated along with other pluripotent markers, 
when mouse ES cells are differentiated by depletion of LIF and addition of retinoic 
acid [ 42 ]. In spite of obvious correlation between Rif1 expression and stemness, roles 
of Rif1 in maintenance of pluripotency of ES cells are still unclear. In one report, when 
Rif1 was depleted in E14 ES cells by siRNA, the undifferentiated state could not be 
maintained, as indicated by alkaline phosphatase staining [ 42 ]. In another report, 
depletion of  Rif1 led to   almost no obvious morphology phenotype in the same ES cell 
line [ 46 ], as well as in other cell lines [ 17 , our unpublished data]. The reason for these 
differences in phenotypes of Rif1-depleted mouse ES cells is unclear. In contrast, Rif1 
depletion seems to affect the differentiation process of ES cells both in vivo and 
in vitro [ 17 , our unpublished data], indicating that Rif1 might be required for proper 
induction of differentiation from the pluripotent state, rather than self-renewal. 

 The results of ChIP-seq analysis indicate that ES cell-specifi c transcription 
factors, bound at the promoter of  the Rif1  gene, may play a major role in regulation 
of Rif1 transcription [ 45 ]. Recently, transcription regulation of Rif1 by Oct4 and 
Smad3 in ES cells was reported [ 47 ]. Depletion of Smad3 led to reduced recruit-
ment of PRC2 (Polycomb repressive complex 2) at the Rif1 promoter and increased 
Rif1 expression, while Oct4 is still bound at the Rif1 promoter. PRC2 recruits 
repressive histone modifi cation complex on the Rif1 promoter [ 48 ,  49 ]. On the con-
trary, depletion of Oct4 leads to suppression of the Rif1 gene expression in ES cells, 
but at the same time resulted in reduced recruitment of Smad3. Thus, Oct4 and 
Smad3 may act together to maintain the expression of Rif1 at a proper level in ES 
cells. The roles of other ES cell-specifi c transcription factors bound to the Rif1 
promoter need to be clarifi ed in the future. 

 It was recently reported that Rif1 represses the expression of  zscan4 ,   tsctv1   , and 
other two-cell embryo-specifi c genes in ES cells [ 17 ] (Fig.  8.3 ). In their report, at least 
two potential mechanisms were discussed. First, the promoter activity of Zscan4 
may be directly suppressed by Rif1. ChIP analyses indicate binding of Rif1 upstream 
of the  Zscan4  gene. Secondly, Rif1 may somehow increase histone modifi cation for 
silent chromatin in the regions containing target genes. Indeed, although the overall 
change of the H3K9me3 level in Rif1-depleted cells seems to be subtle,    changes are 
more evident in the telomeric and centromeric regions. In addition, H3K9 methylase, 
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Glp, was identifi ed as a Rif1-binding protein and its binding to the  Zscan4  gene is 
substantially reduced by Rif1 knockdown. Interestingly, most of the genes repressed 
by Rif1 in normal ES cells are also transcriptionally deregulated by depletion of H3K4 
demethylase Lsd1 [ 50 ]. Although interaction of Rif1 with methylated H3K4 or its 
catalytic factors has not been reported, histone modifi cations other than H3K9me 
might be involved in Rif1-mediated regulation of two-cell specifi c transcripts.

   Possible involvement of Rif1 in cell reprogramming process is intriguing. In an 
early study, it was reported that the expression of Rif1 in embryogenesis is high 
during the preimplantation stages, decreased afterwards in late  blastocysts and 
 epiblasts  , and emerged again in primordial cells at 11.5 dpc [ 41 ]. Notably, Rif1 is 
not abundantly expressed in ICM, and is induced again during ES cell derivation 
[ 41 ]. These results are in keeping with the idea that Rif1 might be required for 
reprogramming of the differentiated cells into the highly pluripotent states. To 
examine this hypothesis, the effect of Rif1 depletion on reprogramming process is 
to be precisely evaluated both in vivo and in vitro.  
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  Fig. 8.3    Regulation of transcription of the zscan4 gene by Rif1. ( a ) In normal ES cells,  Zscan4  
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    Structure- Functions   of Rif1  Protein   

 Rif1 protein consists of HEAT/Armadillo-like repeat structures and DNA-binding 
domain present in the N-terminal and C-terminal regions, respectively. It is pre-
dicted that there are 21 HEAT repeats in the N-terminal domain of human and 
mouse Rif1 [ 37 ], and the 133aa residues (from 172 to 304) are particularly well 
conserved among Rif1 homologs of diverse eukaryotic species and constitute the 
core conserved region of the Rif1 HEAT repeat [ 20 ]. In vertebrate Rif1, there is a 
long stretch of amino acids between the N-terminal and C-terminal domains that are 
predicted to constitute intrinsically disordered polypeptide (IDP) structure [ 51 ]. The 
functional signifi cance of the IDP is unknown, although a number of phosphoryla-
tion sites have been mapped in this domain.    The C-terminal domain of Rif1 can 
interact with dsDNA with higher affi nity than with ssDNA [ 37 ]. More recently, it 
was shown that the DNA-binding domain of mouse Rif1 has higher affi nity to struc-
tured DNAs including cruciform structures [ 51 ]. Direct interaction of Rif1 with 
DNA through the C-terminal domain may play a pivotal role in chromosome regula-
tion including  DNA   replication timing and DNA damage repair. 

 It was also reported that the C-terminal domain of human Rif1 carries sequences 
capable of forming oligomers [ 37 ]. Recently, a crystal structure of the budding yeast 
Rif1 C-terminal segment (from 1857 to 1916aa), well conserved among eukaryotes, 
revealed a tetramerization function [ 52 ]. The budding yeast Rif1 is anchored to 
membrane through lipid modifi cation, and this feature could be conserved also in 
Rif1 from higher eukaryotes [ 26 ]. 

 Another conserved feature  of   Rif1 is the presence of protein phosphatase (PP1)-
interaction domain. All the Rif1 homologues have both SILK and RVxF/W motifs 
[ 20 ], the PP1  docking   motif [ 53 ], with a short stretch of amino acids in between. 
Functional signifi cance of the PP1-binding sequences has been proven in budding 
and fi ssion yeasts [ 22 – 24 ].  

    Rif1 as a General Regulator of  Chromosome Dynamics   

 Rif1 affects DNA replication, DNA repair, and transcription. Involvement of Rif1 in 
various chromosome reactions, the basic machinery for which is not shared, is intrigu-
ing. Rif1 may have many faces that would interact with factors regulating each pro-
cess. Indeed, Rif1 seems to interact with 53BP1, phosphatase, and BLM through 
different domains; in DNA damage response, human Rif1 binds to phosphorylated 
53BP1 in ATM-dependent manner possibly through N-terminal HEAT repeat domain, 
which is required for its recruitment to DNA damage sites [ 33 ,  35 ]. Fungi Rif1 has 
RVxF/W-SILK motifs near the N-terminus, whereas Rif1 from multicellular organ-
isms carries similar motifs in the C-terminal segment [ 20 ]. Recruitment of PP1 to Rif1 
is a part of the mechanism with which fi ring of origins is inhibited by Rif1 in yeasts 
[ 22 – 24 ]. A conserved domain near the C-terminus serves also as the BLM-binding 
site, enhancing the interaction of Rif1 with BLM-Rmi1- Top3α complex [ 37 ]. 
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 A portion of Rif1 is associated with chromatin at nuclease-insoluble compartments. 
Localization of nuclease-insoluble Rif1 at nuclear and nucleoli periphery could be 
important for establishment of mid-S replication timing domains. This interaction 
in conjunction with its binding to DNA and oligomerization may contribute to chro-
matin loop formation, leading to generation of chromatin compartments that may be 
related to replication timing domains. Furthermore, Rif1 may regulate the locations 
of chromatin within nuclei through its ability to be tethered to nuclear membrane. 
Thus, Rif1-mediated regulation of chromatin architecture and nuclear localization 
 could   simultaneously and coordinately affect replication, repair, and transcription 
and potentially other chromosome transactions.  

    Concluding Remarks and Future Perspectives 

 Rif1, originally discovered as a telomere binding factor, is conserved from yeasts to 
human. Although roles of Rif1 in telomere regulation are important in lower eukary-
otes, those appear to be less signifi cant in higher eukaryotes. Rif1 is a critical regu-
lator of DNA replication timing, the mechanisms that determine the temporal order 
of DNA replication. In fi ssion yeast, Rif1 negatively regulates initiation of DNA 
replication by binding to the vicinity of late-fi ring/dormant origins. One of the 
mechanisms of the suppression is recruitment of a phosphatase by Rif1, which may 
counteract the phosphorylation events required for fi ring of origins. In mammalian 
cells, depletion of Rif1 results in genome-wide alteration of replication timing 
domain structures, similar to the phenotypes in fi ssion yeast. Rif1 also plays impor-
tant roles in DSB repair, suppressing HR-dependent repair and promoting 53BP1-
dependent NHEJ pathway in mammalian cells. Rif1 is recruited to phosphorylated 
53BP1, and inhibits resection of DSB ends required for HR-dependent repair. Rif1 
also affects transcription profi les. In addition to affecting the expression of isolated 
genes, Rif1 knockout appears to deregulate clusters of amplifi ed genes encompass-
ing nearly a Mb. 

 Rif1 is a chromatin factor that appears to be bound at nuclease-resistant nuclear 
structures. Rif1 affects chromatin loop formation in vivo. In vitro, the C-terminal 
domain binds to DNA and oligomerizes. Therefore, it may be an interesting possi-
bility that Rif1 may hold together multiple chromatin fi bers through its oligomeriza-
tion activity, generating a chromatin compartment that may be inhibitory (or 
stimulatory) for various chromosome reactions. This may explain rather long-range 
effect of Rif1 knockdown in both replication and transcription.   Rif1 is abundantly 
expressed in embryonic stem cells, and its expression level goes down upon differ-
entiation. The level of Rif1 is expected to affect the chromatin networks which 
would have profound impact on replication timing, DNA repair, or transcription. 
 The effect of Rif1 on chromatin compartments needs to be experimentally investi-
gated in future both in yeasts and mammals. Future works would also include the 
clarifi cation of nature of Rif1-DNA interaction, including the precise targets of Rif1 
and impact of Rif1 binding on DNA/chromatin structures. In this regard, it should 
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be noted that Rif1 was recently reported to specifi cally recognize and bind to 
G-quadruplex structures present in the intergeninc regions on the fi ssion yeast 
genome [ 59 ]. How interaction of Rif1 with G-quadruplex structures generates 
higher-order chromatin structure would be an interesting issue that needs to be 
explored in the future. Rif1 could also act as a landing pad for many regulatory 
proteins including phosphatase and histone modifi cation enzymes. Search of other 
interacting factors would be needed to clarify the actions of Rif1 in various settings. 
Rif1 has a unique structure composed of N-terminal HEAT repeats and C-terminal 
DNA-binding/oligomerization domains. In addition, Rif1 from higher eukaryotes 
carries IDP segment of more than 1000 aa. Functional contribution of each domain 
needs to be biochemically analyzed. The roles of the extreme long IDP in functions 
of Rif1 are of particular interest. Finally, biological roles of Rif1 as an epigenomic 
regulator during development and differentiation as well as possible involvement in 
human diseases would be fascinating issues that could be addressed through various 
mutant or gene-modifi ed model animals. 
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    Chapter 9   
 The Origin Recognition Complex 
in the Initiation of DNA Replication                     

       Timothy     Hoggard     and     Catherine     A.     Fox    

    Abstract     The origin recognition complex (ORC) is the six-subunit heteromeric 
protein complex that binds directly to the positions on eukaryotic chromosomes 
where the protein-DNA complex required for the activation of DNA replication 
origins assembles. This protein-DNA complex, named the MCM complex, contains 
the replicative helicases and performs the actual unwinding of the parental DNA 
duplex (a.k.a. origin activation or fi ring) at the origin. While there is no evidence 
that ORC is required for origin unwinding directly, it is nevertheless essential for 
origin activation because of its key role in the MCM complex loading reaction. 
ORC loads the MCM complex onto chromosomal DNA during G1-phase, thus 
“licensing” origins for activation in the subsequent S-phase. To perform this role, 
ORC directly contacts double-stranded DNA, positioning the substrate onto which 
the MCM complex must load as well as providing a protein interaction surface to 
guide MCM complex loading. ORC binds and hydrolyzes ATP, and uses these steps 
to alter its conformation. These conformational changes in turn alter ORC’s ability 
to interact with both DNA and partner proteins to achieve a complete MCM com-
plex loading cycle. Other chapters in this volume focus on the steps of the MCM 
complex loading reaction (a.k.a. pre-RC formation; origin licensing). While a dis-
cussion of the ORC’s role in replication initiation naturally requires consideration 
of this reaction, this chapter emphasizes the current understanding of the structural 
and functional features of ORC that must impinge on MCM complex loading, and 
perhaps other as yet undiscovered roles for ORC in DNA replication.  
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      A Brief History 

 The ORC was identifi ed  in     Saccharomyces cerevisiae  (herein referred to as  Sc ORC) 
as a stable, six-subunit heteromer that binds to an essential element within budding 
yeast origin DNA [ 1 ]. This element includes a conserved sequence called the ACS, 
for  A RS  c onsensus  s equence, because it can be found in all chromosomal fragments 
that can provide for autonomous replication of bacterial plasmids in budding yeast 
[ 2 ,  3 ]. The ACS is required for yeast origin function in both plasmid and native 
chromosomal contexts [ 4 – 8 ]. Thus by analogy to the prokaryotic cellular initiator 
dnaA binding to the  E. coli  chromosomal origin, oriC, and several viral initiators 
binding to their cognate sites, there was strong reason to hypothesize that the ACS 
was a prime target for the binding of the eukaryotic initiator. The importance of 
having a defi ned, functional sequence linked to origins cannot be overemphasized—
in no other eukaryote were origins defi ned at a level to be useful for this type of 
direct biochemistry and this fact remains true. The identifi cation of  Sc ORC as a 
protein complex that protected the ACS, by a DNaseI footprinting assay, and 
required it for DNA binding therefore provided compelling evidence that it was, or 
was strongly linked to, the eukaryotic initiator that functioned directly at the DNA 
replication origins of the cellular chromosomes of eukaryotes.   Sc ORC    was also 
intriguing because it bound ATP, indicating another similarity to previously charac-
terized bacterial and viral initiators (reviewed in [ 9 ]). Following  Sc ORC’s biochem-
ical discovery, temperature-sensitive mutant alleles of two  Sc ORC genes,  ScORC2  
and  ScORC5 , were isolated in forward genetic screens, allowing for their rapid 
cloning [ 10 – 12 ].  ScORC6  was identifi ed and cloned using a one-hybrid protein- 
DNA interaction assay, and the remaining yeast ORC genes were cloned using 
degenerate primers designed from protein sequence [ 13 ,  14 ]. Orthologs of each of 
the six  Sc ORC genes have since been identifi ed in many other organisms, and 
sequence and structural information about ORC subunits from archeal and eukary-
otic model organisms, as described in the following sections, extend the analogy 
between ORC and other initiators of DNA replication to the structural level (dis-
cussed in several reviews [ 15 – 17 ]).  

    Primary and Secondary Structural Features of ORC Subunits 

 The ORC is a complex comprised of six distinct subunits. To understand how these 
individual subunits interact to form a functional ORC,  this   section will fi rst consider 
what is known about some of the  key   primary and secondary features of the sub-
units. Five of the six  Sc ORC subunits, Orc1-5 contain a region with substantial 
sequence similarities to the defi ning domain of the AAA+ family of ATP-binding 
and hydrolysis proteins and these subunits will be discussed together [ 16 ,  18 ]. Orc6, 
which has a distinct structure, will be discussed separately. 
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 The primary structure of the fi ve AAA+  Sc ORC subunits is diagrammed in 
Fig.  9.1a . Each subunit is named based on its relative molecular weight, so Orc1 is 
the largest subunit and Orc6 is the smallest subunit of ORC. This size differential is 
generally conserved, though in metazoans Orc3 is similar in size or slightly larger 
than Orc2, and metazoan Orc6 is considerably smaller than  Sc Orc6. Orc1-5, and 
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  Fig. 9.1    ( a ) Schematics of primary structure of  S. cerevisiae  Orc1-5 subunits adapted from [ 16 ]. 
Perfects matches to  Walker A (WA) and B (WB)   motifs are colored in  black . Deviations from 
consensus motif signatures of the AAA+ domain are colored in  grey . ( b ) Schematic of the AAA+ 
secondary fold for the Initiator clade adapted from [ 19 ]. WA and WB motif positions indicated in 
 red , and the Initiator Specifi c Motif (ISM) (two similarly sized alpha helices following beta strand 
2) is outlined in  red . ( c ) Alignments of the WA and WB motifs of Orc1, Orc4, and Orc5       
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particularly Orc1, share sequence similarity with Cdc6, a seventh AAA+ protein 
that joins with ORC in G1-phase to form the active AAA+ oligomeric core bound 
to origin DNA. It is this ORC-Cdc6-DNA complex that functions to load the MCM 
complex [ 18 ].

      The AAA+    Domain 

 Because the AAA+ domains of Orc1-5  subunits   and Cdc6 together form the 
active MCM complex loading machine, a discussion of this domain in general 
and its variation within individual Orc subunits is warranted. AAA+ ( A TPases 
 A ssociated with diverse cellular  A ctivities) proteins define a superfamily of pro-
teins that share features of ATP binding and hydrolysis that allow them to par-
ticipate in a vast array of cellular processes [ 18 ]. Both primary and secondary 
structural characteristics define this domain [ 19 ]. Key primary characteristics 
include the Walker A and Walker B motifs, associated with ATP binding and 
hydrolysis, respectively (Fig.  9.1 ). The key secondary characteristic is the core 
sheet of parallel beta strands arranged in a 51432 topology (Fig.  9.1b ). While 
Orc1-5 share secondary and primary features with the AAA+ family, there is 
variation among these subunits with respect to the catalytic core motifs within 
the Walker A and Walker B boxes both within and between species [ 18 ] 
(Fig.  9.1c ). In budding yeast, only two subunits,  Sc Orc1 and  Sc Orc5, contain 
perfect matches to the Walker A signature (GXXXXGK[T/S]), consistent with 
the experimental finding that only the Orc1 and Orc5 subunits of  Sc ORC bind 
ATP [ 20 ]. In metazoans, a perfect match to the Walker A signature can also be 
found in Orc4. Metazoan Orc1, Orc4, and Orc5 each bind ATP (Figs.  9.1c  and 
 9.2 ) [ 21 ,  22 ].

   While  Sc Orc1-5 each contain a recognizable AAA+ domain, and both  Sc Orc1 
and  Sc Orc5 can bind ATP, only  Sc Orc1 contains a perfect match to the Walker 
B signature, hydrophobic-hydrophobic-DE (hhDE). Consistent with this obser-
vation,  Orc1    is   the subunit within  Sc ORC that hydrolyzes ATP and in fact is the 
major ATPase of ORC in all eukaryotes examined. Interestingly, Orc2 contains 
a highly conserved sequence at the predicted position of the Walker A motif, 
though it does not match the canonical Walker A motif,    suggesting that it per-
forms an important but as yet undefi ned function of ORC [ 18 ]. Orc3 is the most 
diverged of the Orc1-5 subunits [ 16 ,  18 ]. In summary, experimental work, 
including a recently solved crystal structure of  Drosophila melanogaster  ORC 
( Dm ORC), and sequence conservation provide strong evidence that the AAA+ 
domains of the Orc1-5 subunits drive the assembly of a functional complex 
[ 23 ]. The fundamental role of ATP binding and hydrolysis by ORC that is essen-
tial to MCM complex loading onto chromosomal DNA is performed by the 
Orc1 subunit.  
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     Initiator Specifi c Motif (ISM)   and Winged-Helix (WH) Domain 

 Fundamental to ORC’s catalytic role in loading the MCM complex is its ability to 
directly contact double-stranded DNA. By binding DNA, ORC serves to position it 
for MCM complex loading. Two lines of evidence reveal that these ORC-DNA con-
tacts,    which do not necessarily play a role in the selection of  specifi c  chromosomal 
sites by ORC (see below), are likely performed by two motifs present in the Orc1-5 
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STEMTCETFNDFVQLFKQVTSAEHLKDQ-TVYIVLDKAEYLRDMEANLLPGLLRLQELTDR--NVTVIFLSEIIWEKFRPNTGCFEPFVLYFPDYSIGNL
STEITCETFNDFVRLFKQVTTAENLKDQ-TVYIVLDKAEYLRDMEANLLPGFLRLQELADR--NVTVLFLSEIVWEKFRPNTGCFEPFVLYFPDYSIGNL

STILV----------------------------------------------------------
LEICQKTPPNLD---------------------------------------------------
KVLISRANPKINAQFLHVACQSLFMACKSPNILLSIISDAWLMYDERRTGDKFDSTLAKECLN
QRILGSDF-------------------------------------------------------
QKILSH---------------------------------------------------------
QKILSHDHPPEYSADFYAAYINILLGVFYTV--------------------------------

  Fig. 9.2    Alignments of the AAA+ domains of Orc1, Orc4, and Orc5: Positions of relative amino 
acids are indicated. For Orc1 the beta strands are numbered to aid in comparison to Fig.  9.1b        
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subunits. One motif is the ISM that is part of the AAA+ fold in these subunits 
(Fig.  9.1b ). Specifi cally, the Orc1-5 subunits are members of the DnaA/Cdc6/ORC 
Initiator clade within the AAA+ superfamily whose defi ning feature is the presence 
of an extra helical insertion, resulting in two similarly sized alpha helices after 
strand 2 [ 9 ,  10 ,  19 ] (Fig.  9.1b ). In dnaA, the bacterial initiator, the ISM forms a 
wedge structure that helps push the subunits of the dnaA homo-oligomer into a 
spiral that binds single-stranded DNA (ssDNA) and thus contributes to origin DNA 
melting [ 9 ,  24 ,  25 ]. In an archeal Orc1 ( S. solfataricus ) the ISM forms a different, 
more parallel arrangement that contacts double-stranded DNA [ 26 ]. It has been pro-
posed that the eukaryotic Orc1-5 subunits contain similar ISMs that adopt a confor-
mation in which each subunit ISM interfaces with the duplex DNA (dsDNA) 
substrate [ 9 ,  26 ,  27 ]. This conformation may be adapted for the role of ORC/Cdc6 in 
stabilizing both the DNA substrate and the MCM helicase for loading onto double- 
stranded DNA [ 28 ]. Notably, the recently solved crystal structure of  Dm ORC, 
which will be discussed more in sections that follow, and modeling using the  S. 
solfataricus  Orc1-1 structure, reveals a central channel through the  Dm ORC that 
forms from the ISMs of Orc2-5 and the β-hairpin wings of the WH domains of Orc1 
and Orc3-5 that can fully accommodate dsDNA [ 23 ]. 

 It is worth noting here that in vitro and in the absence of ATP,  Sc ORC can bind 
single-stranded DNA (ssDNA) and does so in a distinct conformation, indicating 
that there are forms of  Sc ORC that favor ssDNA binding [ 29 ]. However, no biologi-
cal role for this interaction has been demonstrated and current models do not predict 
that such an activity is necessary for the MCM complex loading reaction [ 30 – 32 ]. 

 The second motif likely involved in catalytically relevant DNA contacts (i.e., 
regulation of ATPase activity; regulation of MCM complex loading) is the winged- 
helix (WH) DNA binding domain. The Orc1-5 subunits contain regions predicted to 
 form    winged-helix (WH) DNA   binding domains C-terminal to their AAA+ domains 
(Fig.  9.1a ). The WH domains, predicted based on a secondary structural signature, 
can be found in multiple Orc orthologs, including archeal Orc1/Cdc6 orthologs. For 
archeal Orc1s, the WH domains participate in extensive interactions with DNA and 
contribute to sequence-specifi c binding, although an unexpectedly small number of 
protein side-chain-DNA-base contacts suggest that context or deformability plays a 
larger role in origin specifi city than sequence [ 26 ,  27 ,  33 ]. Regardless, these obser-
vations led to the obvious hypothesis that the WH domains of eukaryotic ORC 
subunits contact DNA in a similar manner to archeal Orc1 that forms a lobster claw- 
like structure, with the ISM and WH domains forming the two halves of the claw 
that bind DNA. However, the WH domains of eukaryotic ORCs have not been stud-
ied in great detail, perhaps because they do not appear to contribute substantially to 
ORC-origin specifi city across species. Interestingly,     while   the isolated WH domains 
 of   human Orc1 ( Hs Orc1) bind DNA, the WH domain of  Sc Orc1 does not but instead 
forms oligomers in solution [ 34 ]. It is posited that the WH domain of  Sc Orc1 may 
have evolved instead for protein-protein interactions important to the mechanism of 
transcriptional silencing. After the genome duplication in budding yeast, the  SIR3  
gene, an  ORC1  paralog, evolved for dedicated transcriptional silencing, and indeed 
 the   Sir3 WH domain is important for both Sir3 oligomerization and silencing in 
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yeast [ 34 ,  35 ]. Nevertheless, these observations indicate that a WH domain of an 
ORC subunit can function in mediating protein-protein interactions.  The   recent 
crystal structure of  Dm ORC reveals that the WH domains of the Orc1-5 subunits are 
integral to the stability of the complex because they mediate extensive contacts with 
the AAA+ domains on adjacent subunits [ 23 ]. In fact these contacts rely on the 
canonical DNA recognition helices of the WH domains interacting extensively with 
the AAA+ domains and thus made unavailable for DNA binding.  

    Other  DNA Binding Domains   in ORC 

 The ORC-DNA contacts mediated by the ISM and WH domains discussed above 
are likely conserved and critical for the catalytic role of ORC in loading the MCM 
complex onto DNA. However, ORC is also important for selecting specifi c posi-
tions on chromosomes to serve as MCM complex loading sites. It is likely that for 
most eukaryotic ORCs, with the possible exception of budding yeast, that these 
ORC-DNA contacts are quite distinct from the contacts discussed above that are 
intimately connected to ORC’s mechanism in MCM complex loading. In addition, 
it appears that these types of contacts are not well conserved. For example,  S. pombe  
Orc4 ( Sp Orc4) contains a distinct N-terminal extension with nine AT-hook motifs 
important for ORC-origin binding and replication function in vivo, but the binding 
mediated by the AT-hook appears to be separable from tighter ORC-DNA interac-
tions needed for ORC’s catalytic function [ 36 ,  37 ].  Sc ORC is the only eukaryotic 
ORC that shows sequence-specifi c DNA binding to origins in vitro and this binding, 
but not nonspecifi c DNA binding, can regulate the Orc1 ATPase activity [ 20 ]. Thus 
for  Sc ORC, there appears to exist a connection or overlap between ORC-DNA 
interactions critical for ORC’s selection of chromosomal origins and ORC-DNA 
interactions with functional roles in MCM complex loading. However even in bud-
ding yeast, recent in vitro studies indicate that the specifi c sequence of yeast origin 
DNA, that is the conserved ORC binding site, is not intrinsically essential to ORC’s 
ability to establish functional replication origins [ 38 ,  39 ]. Regardless the mecha-
nism by which particular ORC-DNA interactions function “catalytically” in the 
MCM complex loading reaction and their relationship to ORC-origin interactions 
required primarily for localizing ORC to appropriate chromosomal regions for this 
reaction to occur remain open questions. These questions have been raised to a new 
level of interest by the crystal structure of  Dm ORC that suggests a stable form of the 
ATP-bound complex exists in an auto-inhibited form that prevents ORC from 
engaging with the double-stranded DNA in a catalytically useful way [ 23 ]. In par-
ticular, perhaps ORC-DNA, or ORC-chromatin contacts important for origin selec-
tion by ORC help relieve this auto-inhibited form of ORC such that it can encircle 
dsDNA. 

 For metazoans, the most prominent models for origin selection by ORC invoke 
specifi c interactions between certain types of chromatin structures and ORC, as 
described below and later in this review. Thus the prominent model is that origin 
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selection mechanisms in metazoan cells do not involve substantial and direct 
sequence-specifi c contacts  between   ORC and origin DNA. However, a recent study 
of  Hs ORC-DNA binding challenges an overly rigid take on this model [ 40 ]. In par-
ticular,  Hs ORC, via discrete region of the Orc1 protein N-terminal to the AAA+ 
domain, shows in vitro binding preference for  G-quadruplex (G4)-preferable G-rich 
ssDNA or   RNA. Notably this observation is not the fi rst example of ORC- origin 
  interactions involving nucleic acids other than dsDNA [ 41 – 44 ]. However, what is 
particularly signifi cant about these biochemical observations is that G4-preferable 
elements are common features in human DNA replication origins [ 45 – 47 ]. In sum-
mary there appear to be multiple acceptable mechanisms for localizing ORC to 
chromosomal regions in a way that will allow for catalytically relevant ORC-DNA 
contacts to form subsequently that direct the MCM complex loading reaction. It is 
possible that these differing selection mechanisms infl uence ORC dynamics with 
the DNA in a manner that is relevant to the effi ciency of MCM complex loading, as 
discussed later.  

    Orc1 Bromo Adjacent  Homology   (BAH) Domain 

 Many observations suggest that metazoan ORC relies on specifi c contacts with 
chromatin to select and bind to the chromosomal positions that will serve as MCM 
complex loading sites. The largest subunit of Orc1 contains a BAH domain, a pro-
tein module found in many nuclear proteins that likely functions, at least in part, 
through direct interactions with nucleosomes [ 48 – 51 ]. This domain is defi ned pri-
marily at the level of secondary structure. While it can be found in most Orc1 ortho-
logs, from yeast to humans, there is limited conservation between yeast and 
metazoan Orc1BAH domains at the sequence level (Fig.  9.3 ). Nevertheless accumu-
lating evidence supports a role for the Orc1BAH domain in ORC-chromatin interac-
tions in both metazoans and yeast.

   In human cells  the   Orc1BAH domain contributes to re-binding of Orc1 to chro-
mosomes in G1-phase and the replication of a plasmid that depends on the Epstein- 
Barr virus oriP [ 52 ].  The       metazoan Orc1BAH domain binds a histone H3 N-terminal 
peptide dimethylated on lysine 20 (H3K20me2) [ 51 ] (Fig.  9.3 ). Mutations that 
cause defects in this interaction reduce ORC binding to an origin in vivo and cause 
growth defects in a zebrafi sh model that mimic Meier-Gorlin Syndrome (MGS), a 
form of human dwarfi sm associated with defects in several proteins that function in 
pre-RC assembly [ 53 ].  These   data provide a direct link between ORC and specifi c 
chromatin modifi cations relevant to ORC-origin binding. More recent studies dem-
onstrate that the  MGS  -associated substitution in the Orc1BAH domain, R105Q, 
reduces an Orc1BAH-nucleosome interaction in vitro [ 54 ]. All together, these data 
provide evidence that a specifi c metazoan Orc1-BAH-nucleosome interaction is 
important for ORC-chromatin binding and ORC’s replication function in 
metazoans. 
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 The paradigm for  Sc ORC-origin  binding   is that interactions between ORC and 
specifi c sequences within yeast origin DNA are key determinants. While this model 
is generally correct and contributes predictive power with respect to identifying 
yeast origins, accumulating evidence reveals that ORC-chromatin interactions 
likely play a positive role in yeast ORC-origin binding just as they do in metazoans 
[ 55 ,  56 ]. While the yeast Orc1BAH domain does not bind H3K20me2, it does bind 
chromatin [ 50 ]. Given recent structural studies of the similar Sir3BAH domain 
bound to nucleosomes, it is likely that the yeast Orc1BAH domain binds nucleo-
somes directly [ 48 ]. In addition, while a yeast mutant lacking the Orc1BAH domain 
(i.e.,  ORC-bahΔ ) shows no growth defects, ORC association with chromatin is 
reduced, and multiple individual origins show substantially reduced ORC binding 
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  Fig. 9.3    ( a ) Schematic of the  H3K20me2 peptide interactions   with the Orc1BAH domain adapted 
from [ 51 ]. ( b ) Alignments of the Orc1BAH domains from the indicated species,  asterisks  refer to 
key residues involved in forming the hydrophobic cage that binds K20me2 on histone H3 peptide       
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and defects in activation in vivo [ 14 ,  56 ]. Thus the  Sc Orc1BAH domain is important 
for ORC-origin binding, but ORC-origin binding capability must exist in excess of 
what is required for yeast cell viability. Consistent with this interpretation, viable 
mutations in genes encoding proteins that participate in pre-RC assembly are syn-
thetically lethal  when   combined with an  orc1bahΔ  mutation [ 56 ]. However, no spe-
cifi c  Sc Orc1BAH-histone interaction has been reported, and  Sc ORC lacking an 
Orc1BAH domain can still bind origins in chromatin in vitro, though this result may 
indicate that the appropriate  Sc Orc1BAH-dependent nucleosome confi guration or 
modifi cation is currently missing from the in vitro system and/or that other regions 
of  Sc ORC may contact chromatin to facilitate origin binding [ 56 – 58 ]. While the 
specifi cs of the molecular interactions may differ, these observations provide evi-
dence that the Orc1BAH domain is a conserved chromatin-binding module from 
yeast to humans important for ORC-origin binding.  

    The  Orc6 Subunit   

 Orc6 is the only subunit of ORC that is not an AAA+ protein, and thus it must use 
distinct mechanisms to incorporate into ORC. While yeast Orc6 co-purifi es as  a    
stoichiometric component of  Sc ORC, it is not essential for  Sc ORC-origin DNA 
binding [ 1 ,  59 ]. However, experiments using a conditional yeast Orc6 mutant pro-
vide strong evidence that Orc6 is required in ORC for stable MCM complex loading 
and DNA replication [ 60 ]. This function may relate to the ability of Orc6 to bind to 
Cdt1, an MCM chaperone needed for stable loading of the MCM complex onto 
DNA in the presence of ATP, though data are confl icting with respect to the precise 
role of this interaction [ 60 ,  61 ]. While in yeast Orc6 is the only subunit dispensable 
for  Sc ORC-origin binding, metazoan Orc6  is  required for ORC-origin binding as 
well as replication [ 62 ]. 

 In comparison to the AAA+-domain-containing ORC subunits, Orc6 is less con-
served between yeast and metazoans [ 16 ]. However, a    recent study presents revised 
Orc6 sequence alignments to reveal greater similarity in Orc6 domain structure 
between yeast and metazoans than previously thought [ 63 ]. In addition, experi-
ments show that yeast and metazoan Orc6 actually use a similar mechanism for 
binding to ORC [ 41 ]. 

 Orc6 is conserved among metazoan species and contains three distinct domains. 
Two of these domains are similar to regions in Transcription Initiation Factor II  B 
     (TFIIB, domains A and B, Fig.  9.4a ) [ 62 ]. The third region of similarity occurs in 
an otherwise novel C-terminal domain (Orc6 CTD). Importantly, similarity to all 
three of these regions can also be located within  Sc Orc6, once a large insertion 
between the TFIIB domains is correctly accounted for [ 41 ]. The region of highest 
conservation within  the   Orc6 CTD contains a missense substitution in human Orc6 
(Y232S) associated with MGS. The corresponding substitution in  Dm Orc6 (Y225S) 
   reduces Orc6 binding to Orc1-5 in vitro and MCM loading in vivo [ 63 ]. This meta-
zoan Orc6-(Orc1-5) interaction is mediated by an interface between a highly 
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 conserved C-terminal region of Orc6 and a distinct region of Orc3 (Fig.  9.4b ). These 
results align well with data that show that human Orc6 and Orc3 interact [ 64 ,  65 ]. 
While these data are consistent with the human Orc6 MGS-mutant’s (Y232S) )    
effects on DNA replication causing MGS-associated phenotypes,    it must be noted 
that Orc6, including the Orc6CTD (and other subunits of ORC), has additional non-
replicative functions in metazoans that may also contribute  to   MGS phenotypes 
[ 66 – 74 ].

    Sc Orc6’s interaction with the Orc1-5 AAA+ core complex appears to involve 
both yeast-specifi c features and metazoan-like features. Independent studies pro-
vide evidence that  Sc Orc6 interacts with  Sc Orc2 or  Sc Orc3 to incorporate into 
ORC. In particular the C-terminal region of  Sc Orc6 binds ORC through an 
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  Fig. 9.4    ( a ) Schematics of the  primary   structure for  Dm Orc6 and  Sc Orc6 adapted from [ 63 ]. 
Region of the Orc6 CTDs that contain the “MGS” implicated Y residue and contact Orc3 are 
highlighted for  Homo sapiens ,  Drosophila melanogaster , and  Saccharomyces cerevisiae . ( b ) 
Cartoon models depicting the basic subunit organization of  Sc ORC and  Dm ORC as adapted from 
[ 63 ]. These models are based on the analyses of EM structures as described in the text [ 63 ]; a 
recent crystal structure of  Dm ORC revised the order of the subunits from Orc1-Orc4-Orc5-Orc2-
Orc3 in the AAA+ core to Orc1-Orc4-Orc5-Orc3-Orc2, and shows that ATPγS bound  Dm ORC 
forms a ring with an enclosed central channel that could accommodate dsDNA [ 23 ]       

 

9 The Origin Recognition Complex in the Initiation of DNA Replication



170

 interaction with  Sc Orc3, but  Sc Orc6 also binds  Sc Orc2 under conditions where it 
cannot bind  Sc Orc3 [ 60 ,  75 ]. A  Sc Orc6 mutant carrying the MGS substitution 
(Y418S) abolishes an Orc6-Orc3 interaction in vitro, but not  Sc Orc6’s interaction 
with the Orc1-5 AAA+ core [ 63 ]. Together these studies suggest that  Sc Orc6 con-
tains at least two independent interfaces that help it incorporate into  Sc ORC, a con-
served Orc6 CTD that binds  Sc Orc3 and a yeast-specifi c region that binds  Sc Orc2 
(Fig.  9.4b ). Nevertheless, these studies identify strong similarities between Orc6 
and its structure, both alone and in the context  of   ORC, between  yeast      and metazo-
ans. Interestingly, the yeast-specifi c insertion plays an important functional role in 
yeast ORC, as it contains cyclin-dependent kinase (CDK) sites and an S-cyclin 
binding motif, both of which help regulate ORC’s activities in yeast [ 76 ,  77 ]. While 
the core structure and mechanical functions of ORC are probably highly conserved 
from yeast to metazoans, strategies to regulate its activity appear to vary consider-
ably (e.g., [ 64 ]).   

    Architecture and Conformational States of the ORC 

 As is true for many AAA+ proteins, the Orc1-5 subunits acquire their functionality 
by coming together in an oligomeric complex,    ,with the ATP-binding pockets of 
individual subunits participating in the subunit-subunit interfaces [ 19 ]. The 
arrangement of the ATP-binding pockets at subunit interfaces plays a role in 
ATPase activity of AAA+ oligomeric complexes [ 78 ]. In particular, X-ray crystal 
structures of AAA+  oligomers   suggest an arginine of one subunit, referred to as an 
“arginine fi nger,” interacts with the ATP-binding pocket of the neighboring sub-
unit forming interactions with the bound ATP, promoting ATP hydrolysis [ 78 ]. 
 Sc Orc1 and  Sc Orc4 follow this paradigm, with the R267 residue of  Sc Orc4 being 
essential for ATP hydrolysis by  Sc Orc1 in ORC [ 79 ]. Interestingly, while both EM 
structures of  Sc ORC and  Dm ORC and the recent crystal structure of  Dm ORC 
reveal that Orc1 and Orc4 are adjacent subunits, consistent with these experimen-
tal fi ndings (Fig.  9.4b ), the recent crystal structure of  Dm ORC indicates that the 
arginine fi nger of  Dm Orc4 is 40 angstroms away from nucleotide binding cleft of 
 Dm Orc1. This and additional observations strongly suggest that  Dm Orc1 must 
undergo a large conformational shift so that  Dm Orc4 can trigger its ATPase activ-
ity [ 23 ]. Such changes could be achieved in part by ORC binding to DNA and/or 
other proteins that participate in the MCM complex loading reaction, including 
Cdc6 and MCM itself. In addition the  Dm ORC crystal structure suggests that ATP 
binding and hydrolysis by  Dm Orc4, regulated by an arginine fi nger from the neigh-
boring subunit of  Dm Orc5, may execute important  Dm ORC functions in some 
organisms, consistent with metazoan Orc4s containing both consensus Walker A 
and B motifs. Because  Sc Orc4 lacks a Walker A motif, whatever this role of meta-
zoan Orc4 may be, it is not essential in budding yeast and therefore likely more 
critical for regulation than core mechanism. 
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 Substantial efforts to defi ne the structures of  Sc ORC and  Dm ORC by electron 
microscopy (EM), and more recently an X-ray crystal structure  of    Dm ORC, have 
generated images of ORC that provide clues about how it may function in the  MCM 
  complex loading reaction [ 18 ,  23 ,  28 ,  63 ,  75 ,  80 ,  81 ]. Single-particle reconstruc-
tions of negative-stained EM complexes in which the heterologous Maltose Binding 
Protein is fused to individual Orc subunits allowed the subunit organization within 
 Sc ORC and  Dm ORC to be determined with impressive accuracy, though the recent 
crystal structure of  Dm ORC reveals that the subunit arrangement of Orc2-Orc3 is 
actually Orc3-Orc2 [ 23 ,  63 ,  81 ] (Fig.  9.4b ). Regardless, all together these studies 
indicate that both the subunit organization and basic shape of  Sc ORC and  Dm ORC 
are similar, as predicted based on the fundamental role ORC plays at DNA replica-
tion origins (Fig.  9.4b ) [ 63 ]. 

 For  Dm ORC, high levels of ATPγS were required to provide the level of resolu-
tion necessary to locate the subunits in the EM images and make a useful compari-
son to  Sc ORC, suggesting that the ATP-bound  Dm ORC forms a more stable and 
homogenous conformation. Based on EM analysis the ORCs from both organisms 
form a two-lobed structure in which roughly one half contains the subunits with 
ATP-binding and/or hydrolysis capabilities in the following order: Orc1-Orc4-Orc5, 
and the other half contains the remaining subunits in the following order: (Orc2- 
Orc3)-Orc6 [ 63 ] (Fig.  9.4b ). The crystal structure of  Dm ORC shows that ATP- 
bound ORC reveals a ring structure with a clear central channel for duplex DNA 
and, as mentioned above, revises the placement of Orc2 and Orc3 within ORC1-5 
to Orc1-Orc4-Orc5-Orc3-Orc2 [ 23 ]. Interestingly, this structure provides no entry 
point for duplex DNA, suggesting metazoan ORC must undergo conformational 
changes even in the ATP-bound state to allow for DNA binding. There are two dis-
tinct tiers to  Dm ORC, with one being formed by both canonical and noncanonical 
interactions between adjacent AAA+ domains and the other being formed by WH 
domain interactions between the AAA+ domains of  neighboring  subunits. These 
interactions lead to the WH domains forming a “collar” that is offset from the AAA+ 
ring. It is the fl exible linker regions between the AAA+ and WH domains on most 
subunits that allow for these interactions to occur in this way. While there is as yet 
no reported crystal structure for  Sc ORC, and potentially important differences may 
exist between  Dm ORC and  Sc ORC, the overall similarity in shape and organization 
derived from completely independent EM studies is substantial and comforting. In 
addition, all of these data are consistent with previous examinations of ORC orga-
nization as well as subunit-subunit interactions in these and other systems, includ-
ing human ORC [ 59 ,  64 ,  65 ,  82 ,  83 ]. 

  EM structural studies   to address possible conformational changes in ORC have 
been performed with  Sc ORC and include examining the effect of relevant  Sc ORC 
partners, including Cdc6 and origin DNA and, most recently, a partially assembled 
putative intermediate in the MCM loading reaction, the OCCM (for ORC-Cdc6- 
Cdt1-MCM) on ORC structure [ 18 ,  28 ,  75 ,  81 ]. In each of these situations ORC’s 
structure is determined in the presence of ATPγS to stabilize intermediates. The 
ORC-dependent MCM loading machine consists of ORC and Cdc6 together on 
origin DNA, such that the loading complex contains six related AAA+ protein 
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 subunits and Orc6. In yeast, ORCs remain bound to most origins throughout the cell 
cycle, and Cdc6 joins ORC only in G1-phase when the MCM complex is loaded 
onto chromosomal DNA [ 84 ,  85 ]. In vitro, Cdc6 preferentially binds ORC when 
ORC is bound to origin DNA, and upon doing so creates an extended ORC-Cdc6 
DNaseI footprint that includes sequences adjacent to the ORC binding site but not 
required for ORC binding per se [ 18 ]. In fact this extended footprint contains an 
origin element required for MCM complex loading and looks similar to the extended 
pre-RC (G1-phase) footprint initially defi ned at yeast origins by in vivo footprinting 
[ 85 – 87 ]. Together these observations suggest that distinguishing features of the 
in vivo G1-footprint result from the ORC-Cdc6 complex participating in MCM 
complex loading, rather than the loaded MCM complex itself. The formation of this 
ORC-Cdc6-origin DNA complex, including the diagnostic extended DNaseI foot-
print, requires ATP and a  functional  ORC binding site, that is defi ned as an ORC 
site that can support origin function in vivo and not merely ORC binding in vitro 
[ 18 ]. ORC-1A is an ORC containing a defective Orc1 subunit (a K485A substitu-
tion in Orc1). ORC-1A is lethal in vivo and does not support formation of the diag-
nostic ORC-Cdc6-origin DNA complex in vitro, providing evidence that this 
distinctive ternary complex is functionally relevant to the essential MCM complex 
loading reaction [ 18 ,  20 ]. 

 A single- particle   cryo-EM-derived structure of the  Sc ORC-origin DNA and 
 Sc ORC-Cdc6-origin DNA complexes in the presence of ATPγS indicates that con-
formational changes in ORC accompany these assemblies [ 75 ]. First, ORC binding 
to origin DNA stabilizes the ORC structure considerably and induces a rotation of 
the Orc1-Orc4-Orc5 region relative to the rest of ORC. Second, upon Cdc6 bind-
ing, additional conformational changes in ORC are observed, including a shift in 
the Orc1 N-terminal domain, which contains the nucleosome-binding BAH mod-
ule. This shift may accommodate new Cdc6-Orc1 contacts. Orc6 is also rearranged 
in the complex upon binding Cdc6 such that it juts out of the central portion of the 
ring’s surface and comes into contact with Orc1, which is supported by additional 
Orc1-Orc6 interaction data. This change is proposed to position Orc6 to help 
recruit the MCM complex via direct contacts with MCM-bound Cdt1. Recent stud-
ies with purifi ed proteins suggest that this interaction is not intrinsically essential 
for recruitment of MCM to ORC-Cdc6-DNA, though both Orc6 and Cdt1 are 
required for a complete reaction that culminates in stable loading of the MCM 
complex [ 60 ,  61 ]. These major conformational changes to Orc1 and Orc6 within 
 Sc ORC observed from the EM studies are consistent with earlier limited protease 
digestion patterns of  ORC   compared to ORC-Cdc6 [ 88 ]. The bottom line is that 
 Sc ORC conformations are altered considerably by nucleotide binding, origin 
DNA, and the key protein partner Cdc6. 

 More recently,  Sc ORC structure by  cryo-EM   has been examined in a trapped and 
putative intermediate in the MCM complex loading reaction on origin DNA termed 
the OCCM for ORC-Cdc6-Cdt1-MCM [ 28 ]. The formation of this intermediate is 
accompanied by additional changes in the conformation of ORC-Cdc6 in which the 
relatively fl at complex changes to a more dome-like shape, with the concave face 
directed toward the Cdt1-MCM complex. While the initial interpretation of this 
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structure was that the AAA+ domains reach toward the MCM subunits within the 
Cdt1-MCM complex, the recent model based on the crystal structure of  Dm ORC 
suggests that the WH collar on ORC contacts the AAA+ ring on the MCM [ 23 ]. 
Based on the EM structural analysis of the OCCM, the movement of  Sc Orc6 from 
the middle of the  Sc ORC-Cdc6 complex seems to be essential to allow for the bind-
ing of the Cdt1-MCM complex and to help promote additional transitions in  Sc Orc3 
and  Sc Cdc6. Interestingly, one outcome of these transitions is that Orc4 and Orc1 
come into closer contact, consistent with the notion that these conformational 
 changes   promote Orc4’s ability to stimulate ATP hydrolysis by Orc1, a reaction 
essential for effi cient MCM complex loading in vitro as well as cell viability [ 79 ]. 
Together with the crystal structure of  Dm ORC that shows  Dm Orc4 too far away 
from  Dm Orc1 to stimulate Orc1 ATPase, these data suggest that ORC’s catalytically 
important ATPase activity is highly regulated by steps in the MCM complex loading 
reaction. Another conformational change is that the ORC-Cdc6 complex forms a 
right-handed spiral structure within the OCCM that has a 34 angstrom helical rise 
from bottom (Orc3) to top (Cdc6), matching the helical pitch of B-form 
dsDNA. Thus, an attractive hypothesis is that these matching structures allow ORC-
Cdc6 to hold the DNA substrate for loading of the MCM complex [ 28 ]. 

 As an AAA+ initiator protein, the observed conformational changes in ORC in 
response to ATP binding and interactions with DNA and other proteins would be 
predicted to drive the mechanical work that culminates in the loading of a 
replication- competent MCM complex onto DNA. The challenge, of course, is to 
link these conformational states to discrete biochemical steps in the MCM loading 
reaction, and currently a strong opportunity for meeting this challenge exists in the 
yeast system where the MCM complex loading reaction, and most recently the 
entire origin reaction, from  Sc ORC binding to origin activation, can be reconsti-
tuted with recombinant proteins [ 61 ,  89 – 92 ]. While it makes sense that the struc-
tural changes described to date cause the changes in protein-protein and 
protein-DNA interaction affi nities necessary to drive the G1-phase MCM complex 
loading cycle, precisely how ORC’s conformational states fi t into this scheme 
remains an area of intense research and debate [ 93 ,  94 ]. The recent reports about 
both  Sc ORC in the OCCM and the high resolution crystal structure of  Dm ORC 
described above raise the possibility that the MCM complex loading step(s) pro-
mote ORC-Cdc6 architectural changes that modulate both the ORC and Cdc6 
ATPases. Interestingly, recent studies show that the ATP hydrolysis by subunits of 
MCM complex substrate itself is required for MCM complex loading [ 89 ,  90 ]. 
Thus, while there may be an intrinsic rate of ATP hydrolysis by ATP-bound ORC-
Cdc6 on DNA that could conceivably function in proofreading (i.e., dissolution of 
any incomplete MCM complexes that may form) as proposed, perhaps another and 
not mutually exclusive possibility is that a fully loaded MCM complex (i.e., dou-
ble hexamer of MCMs) signals its “maturation” to its ORC-Cdc6 loading complex 
and promotes ORC-Cdc6 ATPase activity and release from DNA [ 61 ]. In this 
model, a loaded MCM complex is made competent for S-phase activation (i.e., 
now released from ORC-Cdc6 and free to move away for the “loading site” on 
double-stranded DNA) and, at the same time, ORC and Cdc6 are “reset” such that 
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they can now participate in another  independent MCM complex loading reaction 
at the same or another origin [ 79 ]. The end result would be a cycle that could con-
tinue to load MCM complexes onto chromosomes through G1-phase as long as 
Cdt1-MCM complexes were available. For a cycle to work effi ciently and to load 
multiple MCM complexes, a “mature” MCM complex would have to move out of 
the way to allow another loading event. This movement on double-stranded DNA 
is not hard to envision given the demonstrated passive sliding of the MCM com-
plex on naked DNA in vitro and the dynamic behavior of nucleosomes observed 
near origins [ 30 ,  32 ,  95 ]. The bottom line based on several lines of accumulating 
evidence, in terms of ORC, is that ORC must  bind  and  release  its origin DNA 
substrate to establish one complete MCM complex loading reaction. Mechanisms 
that facilitate re-binding of released ORC would promote multiple MCM complex 
loading reactions in a given G1-phase. The recent models based on the crystal 
structure of  Dm ORC raise the possibility that origin binding dynamics could be 
regulated by the rate that ATP-bound  Dm ORC is able to alter its conformation to 
access double-stranded DNA (i.e., the “on” reaction) [ 23 ]. Specifi c interactions 
between ORC subunits and chromatin structures neighboring origins are suggested 
as one possible mechanism for achieving such a conformational alteration. 

    Roles for  ATP Binding and Hydrolysis    by ORC 

 The specifi c roles for ATP binding and hydrolysis events catalyzed by ORC have 
been studied extensively in yeast using genetic tools, purifi ed proteins and extracts. 
In one basic approach, a defi ned mutant form of a  Sc ORC subunit is generated. The 
 mutant   subunit is then expressed in vivo as the sole source of that subunit and/or as 
a component of an overproduced ORC (i.e., where all subunits are overproduced to 
make an excess of the desired mutant ORC complex). In addition, the mutant sub-
unit is reconstituted with the remaining  Sc ORC subunits in an expression system 
(Baculovirus infected Sf9 cells or a yeast strain optimized for protein expression 
and purifi cation) to facilitate purifi cation of a defi ned mutant form of  Sc ORC. The 
biochemical functions of the mutant  Sc ORC are then compared to that of a wild- 
type  Sc ORC using a variety of in vitro assays. Similar in vitro expression approaches 
can be used to study metazoan ORCs in vitro as well, as mentioned below. 

 Because only  Orc1 and Orc5   were shown to bind ATP within  Sc ORC, an early 
study addressed their ATP-binding functions in the context of ORC by generating 
mutant versions of each of these subunits in which their Walker A motifs were 
altered to abolish their ATP-binding function [ 20 ]. Two distinct mutant forms of 
 Sc ORC can be assembled that either cannot bind ATP at the Orc1 subunit 
( Sc ORC-1A) or cannot bind ATP at the Orc5 subunit ( Sc ORC-5A).  Sc ORC-1A but 
not  Sc ORC-5A cannot bind a yeast origin in vitro, indicating that ATP binding by 
ORC via the Orc1 subunit but not the Orc5 subunit is essential for specifi c  Sc ORC- 
origin binding. In addition an  orc1-A  mutant allele fails to complement an  orc1Δ  
mutation in vivo, while an  orc5-A  mutant allele complements an  orc5Δ  mutation. 
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Interestingly, the biochemical role of ATP binding by  Sc Orc5 remains unknown, 
even though ATP binding by this subunit is conserved. A clue comes from a genetic 
screen to identify mutant alleles that enhance gross chromosomal rearrangements 
(GCRs) in yeast that isolated  orc5-70,  an allele that encodes a G42R substitution in 
 Sc Orc5’s Walker A motif [ 96 ]. While  orc5-70  causes temperature-sensitive growth 
defects, it causes no detectable defects in origin activation per se, in contrast to the 
temperature-sensitive  orc5-1  allele [ 11 ,  84 ,  97 ]. However, an increase in origin 
number per chromosome exacerbates the elevated GCR caused by  orc5-70 , suggest-
ing that whatever defect in  Sc ORC this allele causes is related in some way to 
 Sc ORC behavior at origins. 

 To examine the role of ATP hydrolysis by   Sc ORC,   ,which occurs through the 
 Sc Orc1 subunit, a similar approach was taken. One type of allele was identifi ed in 
 ORC1  through a dominant negative overexpression screen that assessed the effect of 
mutations in the region encoding the Orc1 Walker B motif predicted to be important 
for ATP hydrolysis [ 98 ]. Two alleles were isolated that affect the same amino acid, 
 orc1-d1 (D569Y) and  orc1-d2 (D569F). The goal of this screen was to isolate a 
“clean” defective version of  Sc ORC in which Orc1 ATPase was nonfunctional but 
ATP binding was unaffected. While this goal was not achieved—an  Sc ORC-d1 
mutant complex has a 10-fold reduction in the Km for ATP and a 16-fold defect in 
kcat for ATPase activity—the analyses of these mutants provide important insights 
into ORC function. Interestingly the  orc1-d  alleles support viability and comple-
ment an  orc1Δ  mutation, indicating that a substantial reduction in intrinsic ATPase 
activity of  Sc ORC is tolerated in vivo. Consistent with this observation, under satu-
rating levels of ATP, a mutant  Sc ORC-d1 binds yeast origin DNA indistinguishably 
from wild-type  Sc ORC. Thus the fundamental role for ORC in origin binding 
appears unperturbed in vivo, indicating that MCM complexes must be loaded onto 
origin DNA by  Sc ORC-d mutants. However, overproduction of an orc1-d subunit 
 together with overproduction of each of the other Orc subunits  produces a dominant 
negative growth phenotype. Thus an excess of ORC-d1 complexes is dominant neg-
ative over wild-type ORC. (Overexpression of  orcd-1  alone is  not  dominant nega-
tive because an ORC-d1 complex can provide enough ATPase activity to support 
viability—only when excess ORC-d1 is made, such that it accumulates in the 
nucleus is a dominant negative effect observed.) However, this dominant negative 
effect of ORC-d1 can be bypassed by  overexpressing   CDC6. The interpretation is 
that ORC-d1, essentially acting as an excess of ORC in the ATP- bound state, is 
titrating limiting levels of Cdc6 away from any ORC (wild type or ORC-d1) bound 
to origins. Cdc6 has the highest affi nity for the ORC-DNA-ATP complex [ 18 ]. Thus 
this observation is consistent with a model whereby ORC’s ATPase is required to 
release ORC-Cdc6 from DNA and possibly each other, thus recycling the proteins 
for further rounds of MCM complex loading [ 79 ,  99 ]. 

 While the Cdc6 overexpression rescue of the dominant negative effect of 
 Sc ORC-d1 makes sense, an unanswered question is why  Sc ORC-d1 or  Sc ORCd2, 
when expressed at normal levels and as the sole source of ORC, provides for nor-
mal levels of cell growth. At least two different models may explain this observa-
tion. The fi rst is that, in the context of Cdc6, origin DNA, and MCM-Cdt1, the 
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ORC-d1 (or -d2)-Cdc6 complex has no substantial defect in whatever level of 
ATPase activity is required by this complex to participate in a normal MCM com-
plex loading reaction. Related to this point, it must be acknowledged that the 
requirement and roles of ATP hydrolysis by the ORC-Cdc6 complex for MCM 
complex loading remain incompletely understood. Indeed, recent reports show that, 
in a purifi ed system, the  Cdc6-  ATPase is not required for loading a replication-
competent MCM complex in vitro, even though the Cdc6-ATPase is required for 
viability  and  MCM complex loading in a crude extract [ 89 ,  90 ,  100 ]. Nevertheless, 
this fi rst model posits that, in the biologically relevant context, ORC-d1 or ORC-d2 
has little to no defect in ORC ATPase activity despite showing weak intrinsic 
ATPase activities as isolated complexes in vitro. A second possibility is that, while 
MCM complex loading at origins can still occur in cells in which ORC-d1 or ORC-
d2 is the only source of ORC, the MCM loading cycle may be substantially less 
effi cient. However, perhaps in yeast cells, as in mammalian cells, levels of loaded 
MCM complexes (i.e., numbers of  potential  origins) are in excess of what is needed 
to complete an unchallenged S-phase [ 101 – 103 ]. 

 A second mutant of version ORC defective in ATPase activity is called  ORC-4R   
to signify that the gene encoding the Orc4 subunit contains a missense mutation in 
the codon for arginine 267 (i.e.,  orc4-R267A ,  orc4-R267K ,  orc4- R267E ), the argi-
nine “fi nger” discussed above needed for Orc1’s ATPase activity [ 79 ]. In contrast to 
the  orc1-d  alleles,  orc4-R  alleles do not support yeast viability. In addition, in vitro 
ORC-4R complexes show no ORC ATPase activity but can bind ATP similarly to 
wild-type ORC, indicating Orc1’s ability to bind ATP remains intact. As predicted 
by this result, ORC-4R binds origin DNA similarly to WT ORC both in vivo and 
in vitro. However, ORC-4R reduces MCM complex loading effi ciency in an in vitro 
MCM complex loading extract in which wild-type ORC is depleted and replaced 
with recombinant ORC-4R. Interestingly, in vitro, MCM complex loading, as mea-
sured by salt-resistant origin DNA-associated MCM, is not abolished by ORC4-R, 
only reduced. These and other data lead to a model that posits that ATP hydrolysis 
by ORC is required for multiple rounds of MCM complex loading reactions onto 
DNA in vitro, but is not essential for loading per se. These data also support a model 
in which the ORC ATPase activity functions to recycle the ORC-Cdc6 loading 
machine and, perhaps, also release the loaded MCM complex for “activation com-
petence” in S-phase, as discussed above. With respect to these ideas, it would be 
useful to know the cell cycle arrest point of orc-4R mutants, and whether ORC and/
or MCM are associated with origins at this arrest stage. ORC4-R may remain 
“stuck” at origins, or it may leave, but load inadequate levels of MCM complexes 
to support replication. Suppressors of orc-4R lethality might also be informative, 
though not necessarily trivial (or even possible) to obtain. 

 In terms of ATP binding and ATPase activity, metazoan ORC, as represented by 
studies of  Dm ORC, shows strong similarities to  Sc ORC even though  Dm ORC DNA 
binding shows considerably lower preference for any particular DNA sequence [ 21 , 
 104 ,  105 ]. In particular, both tight DNA binding and ATPase activity of ORC depend 
on  Dm Orc1 [ 21 ]. Furthermore, chromatin binding by ORC as well as DNA replica-
tion in a cell-free extract depends on an intact Orc1, i.e., an Orc1 containing wild 
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type and functional Walker A and Walker B motifs. Analogous defects in Orc4 or 
Orc5 have only minimal effects. In substantial contrast to  Sc ORC, however,  Dm Orc6 
is essential for DNA and chromatin binding by ORC. In general, however, there are 
strong functional similarities between  Dm ORC and  Sc ORC in terms of ATP binding 
and hydrolysis. 

 Studies of human ORC (  Hs ORC),   ), however, suggest that, while mechanistic 
aspects of Orc1-ATP binding and hydrolysis are conserved once ORC is bound to 
an origin and presumably participating in the MCM complex loading reaction, dif-
ferences in terms of regulation of  Hs ORC are apparent [ 22 ,  64 ,  65 ]. As with  Sc ORC 
and  Dm ORC, Orc1 is required to support ATP hydrolysis of  Hs ORC. However, in 
contrast to  Dm ORC, recombinant  Hs ORC requires the Walker A motifs of Orc1, 
Orc4, and Orc5 to associate with chromatin and support replication in a cell-free 
extract derived from  Xenopus laevis  [ 22 ]. A partial explanation for these somewhat 
unexpected observations may be provided by the subsequent studies of recombinant 
 Hs ORC that show its assembly into a stable complex requires ATP binding by the 
Orc4 and Orc5 subunits and follows an ordered pathway [ 64 ,  65 ]. In particular, 
 Hs Orc4 binds to a stable subcomplex of  Hs Orc2-3-5 only in the presence of ATP, 
and intact Walker A motifs in Orc4 and Orc5 are necessary. Moreover, Orc1 asso-
ciation with an Orc2-5 subcomplex also requires ATP, though Orc1 does not interact 
with Orc4 on its own, regardless of ATP. Thus a model is proposed whereby ATP 
binding by the Orc4 and Orc5 subunits controls an ordered assembly of  Hs ORC, 
with Orc1 joining the complex last in G1-phase to allow ORC to participate in the 
MCM complex loading reaction. This assembly process may proceed in reverse 
during S-phase, after an origin is activated, and be important for the S-phase medi-
ated degradation of Orc1 in human cells and the inactivation of ORC activity until 
the following cell division is complete and the cells re-enter G1-phase [ 106 ,  107 ].  

    Regulation of ORC Activity 

 The eukaryotic cell division cycle demands a precise coordination between chro-
mosome duplication in S-phase and chromosome segregation in M-phase.    In par-
ticular, every chromosome has to be duplicated completely and only once during a 
normal S-phase or chromosome breakage and aneuploidy can result after M-phase. 
In terms of DNA replication origins, this rule means that any given region of a 
chromosome, including a region containing a potential origin, is replicated only 
once during a given cell cycle, regardless of whether the origin-containing region 
is replicated from the functional activation of that origin or a replication fork ema-
nating from a neighboring origin. In either situation, the origin must be inactivated 
and made incapable of fi ring until cell division is complete and the new daughter 
cells enter their own S-phases. To achieve this goal, multiple mechanisms exist that 
inhibit the MCM complex loading reaction during S-phase and promote it only dur-
ing G1-phase. Thus, the proteins required for the MCM complex loading reaction, 
including ORC, Cdc6, Cdt1, and MCM itself, are prime targets for these inhibitory 
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mechanisms. While the specifi c mechanisms vary between organisms, and the 
pathways emphasized for inhibition vary as well, the ultimate result is the same—
the MCM complex loading reaction is strictly confi ned to G1-phase. A complete 
discussion of this topic is beyond this chapter’s scope, but ORC activity, because of 
its central role in the MCM complex loading reaction, is one relevant target and 
mechanisms for its regulation, some of which are mentioned above, are briefl y 
summarized here. 

 As mentioned above,  Sc ORC binds origins throughout most of the cell cycle, 
though recently a class of origins was discovered that lacks robust ORC association 
in G2-phase [ 108 – 110 ]. Nevertheless,  Sc ORC does not appear to be regulated in 
general or substantially at the level of ORC-origin binding during the cell cycle, at 
least compared to metazoans.    Instead, as cells enter S-phase,  Sc ORC is phosphory-
lated by S-phase cyclin-dependent kinases (CDKs) on the Orc2 and Orc6 subunits 
[ 76 ]. In addition, one S-phase cyclin, Clb5, binds directly to an RXL motif in Orc6 
[ 111 ]. While phosphorylation does not appear to reduce ORC-origin binding, it 
inhibits  Sc ORC’s function in the  MCM   complex loading reaction [ 61 ,  77 ]. Thus 
while S-phase CDKs activate targets needed for origin activation during S-phase, 
they simultaneously phosphorylate and inhibit targets that function in the MCM 
complex loading reaction. 

 Evidence from studies of   Dm ORC   suggests both similarities and differences in 
terms of ORC regulation by CDKs. In particular  Dm ORC is also a target CDK- 
dependent phosphorylation, though the target subunits are Orc1 and Orc2. In vitro 
studies show that  Dm ORC’s ATPase activity but not ATP-binding affi nity is reduced 
by this phosphorylation. Moreover, ATP-dependent ORC-DNA binding is also 
inhibited, suggesting a mechanism different from that used  by    Sc ORC. Finally, as 
mentioned above,  Hs ORC activity in MCM complex loading is regulated by the 
degradation of Orc1 during S-phase [ 106 ]. Thus the assembly of a complete  Hs ORC 
functional for MCM complex loading is confi ned to G1-phase by this mechanism 
and possibly ATP-dependent ordered assembly of the remainder of the complex as 
well [ 64 ,  65 ].  

     Selecting   Chromosomal Origins 

 While ORC binding is not suffi cient to establish an origin, it is obviously an essen-
tial step. The mechanisms that recruit ORC to specifi c chromosomal regions and 
their relationship to the catalytic role of ORC in MCM complex loading remain 
incompletely understood. For example, while it is reasonable to think that key 
aspects of the ISM and WH domain contacts with origin DNA have fundamental 
catalytic roles and therefore are similar at all origins, the mechanisms responsible 
for localizing ORC to a chromosomal region where it has the opportunity to make 
such contacts in the fi rst place appear to vary considerably between organisms and 
even between origins within a single cell. This variability creates substantial chal-
lenges to understanding precisely how ORC selects origins across species, and how 
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these selection mechanisms might affect origin activity. However, this variability 
may also create opportunities for achieving cell-type-specifi c modulation of ORC 
function as well as increasing our basic understanding of the relationships between 
chromatin structure and origin activity. 

 Because  Sc ORC shows binding specifi city for a conserved sequence element 
found within yeast origins, origin selection is relatively well understood in  S. cere-
visiae . Indeed, an ORC binding site can be identifi ed in most yeast origins [ 3 ]. 
However, even in  S. cerevisiae , an ORC binding site is not suffi cient to identify a 
yeast origin. For example, a tight ORC binding site in vitro does not necessarily 
predict an effi cient origin in vivo [ 57 ,  112 ]. In fact, a large number of budding yeast 
origins actually have surprisingly weak ORC binding sites such that the intrinsic 
strength of the ORC-DNA interaction at these origins is insuffi cient to explain the 
strength of ORC-origin binding in vivo [ 57 ]. In addition, a number of highly effi -
cient ORC binding sites can be found in the yeast genome that do not function as 
origins or even bind ORC in vivo [ 57 ]. Thus, while ORC binding site specifi city 
certainly aids in mechanistic studies of yeast origins, there is as yet no clear under-
standing of ORC-DNA contacts critical for ORC’s catalytic roles versus contacts 
used “simply” to localize or stabilize ORC to a particular chromosomal region. In 
budding yeast this issue is challenging because the same DNA element that local-
izes ORC to origins appears to have catalytic functions as well. 

 Moreover, accumulating evidence in budding yeast suggests that, as in metazo-
ans, ORC accessory factors, in the form of specifi c chromatin structures and/or other 
DNA binding proteins, may have direct and positive roles in promoting selective 
 Sc ORC-origin binding. In fact, the best predictor of a functional  Sc ORC binding site 
in vivo is not the closest sequence match to a consensus ORC site but rather an ORC 
binding site contained within a defi ned nucleosome confi guration in which the pre-
dicted ORC site is relatively free of nucleosomes [ 55 ]. As mentioned above, the 
 Sc Orc1BAH domain,  a   putative nucleosome-binding module, is needed for wild-
type levels of  Sc ORC-origin binding at most yeast origins, and origins that are par-
ticularly dependent on the Orc1BAH domain for  Sc ORC binding are enriched for a 
distinctive local nucleosome confi guration that places two nucleosomes closer to the 
Orc1 subunit side of ORC [ 56 ]. Recently, another distinct Orc1BAH- independent 
group of yeast origins have been identifi ed that likely rely on the presence of addi-
tional proteins, including chromatin, to either properly remodel otherwise weak 
ORC sites or to provide  for   direct ORC-protein interactions [ 57 ]. While the specifi c 
ORC-accessory interactions that promote ORC-origin binding at these yeast origins 
have not been defi ned, a recent study demonstrates a physical interaction between an 
evolutionarily conserved transcription factor, a member of the forkhead transcrip-
tion factor family conserved from yeast to metazoans, named Fkh1 and  Sc ORC 
[ 113 ]. In addition, forkhead protein binding sites are enriched near many  S. cerevi-
siae  DNA replication origins and contribute to their normal early activation during 
S-phase [ 113 ,  114 ]. Therefore, while sequence specifi city of  Sc ORC-double-stranded 
origin DNA interactions still makes it exceptional among eukaryotes, accumulating 
evidence makes it clear that, as for ORCs in other  organisms, accessory factors, 
including nucleosomes, play a role in promoting functional ORC-origin binding. 
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 In metazoans, including human cells and excluding the rapidly dividing cells of 
early embryos, the guiding paradigm for origin selection by ORC is that ORC- 
origin binding specifi city is achieved by ORC accessory factors, including specifi c 
modifi cation states of chromatin that directly bind regions of ORC as discussed 
above (e.g., K3K20me2 binding by Orc1BAH). Consistent with this model, ORC 
interacting proteins that have a key role in recruiting   Hs ORC to    origins have been 
identifi ed. HMGA1a, a high-mobility group chromatin-associated protein, interacts 
directly with  Hs ORC and, when tethered to a heterologous DNA binding domain, 
can recruit ORC to a heterologous DNA region and establish a functional origin 
[ 115 ]. Thus the HMGA1a-ORC contacts govern the specifi city of ORC-origin bind-
ing, but establishing the functional MCM complex loading site has little, if any, 
requirement for specifi c ORC-DNA contacts. The interaction between HMGA1a 
and ORC is robust within AT-rich heterochromatin, consistent with a proposal that 
such ORC-protein interactions may be particularly critical in diffi cult-to-replicate 
heterochromatin, an abundant component of metazoan genomes [ 116 ].  ORCA/
LRWD1    (ORC associated/leucine rich repeats and WD containing 1) is a more 
recently described ORC accessory factor with similar roles to HMGA1a in recruit-
ing ORC to DNA [ 117 ,  118 ]. Again, the most abundant co-localization between 
ORCA and ORC occurs within heterochromatic regions. ORCA also interacts with 
other regulators of MCM complex loading such as Cdt1. Depletion experiments in 
embryonic stem cells and human primary cells show that ORCA is required for 
normal levels of chromatin-associated MCM. A recent review discusses many other 
ORC accessory factors that have been described in metazoans, several of which 
appear to function after the ORC-origin binding step and facilitate the MCM com-
plex loading reaction [ 119 ]. What is clear from these studies is that metazoan ORC 
relies on a number of accessory factors to perform its role in establishing origins in 
complex genomes. The relatively stringent requirement for a specifi c sequence for 
ORC-origin binding in the small compact genome of budding yeast may have 
evolved to insure origins would not be disrupted by or interfere with gene transcrip-
tion, though even in budding yeast robust gene transcription makes some origins 
more sensitive to defects in MCM complex loading components compared to others 
[ 120 ]. Regardless, in larger genomes with substantial gene-free regions, there is an 
increased opportunity for ORC-origin interactions that may have relieved some of 
the evolutionary pressure for sequence-specifi c binding by ORC. Despite differ-
ences between ORC-origin binding in budding yeast and metazoans, it is worth 
noting that ORC binding regions in chromatin occur within chromatin structures 
that appear, at least in terms of local nucleosome organization, similar to the struc-
ture described for yeast origins [ 55 ,  121 – 123 ]. 

 An important question is whether these varied ORC-origin selection mechanisms 
have any impact on ORC’s catalytic role in loading MCM complexes onto chromo-
somal DNA and/or other steps relevant to origin activation. Interestingly, indepen-
dent studies  in    S. pombe  and   S. cerevisiae    indicate a link between ORC-origin 
binding dynamics and origin activation time during S-phase, even though no func-
tional role for ORC in origin activation during S-phase is known or proposed [ 57 , 
 110 ,  124 ]. The multiple origins that replicate eukaryotic chromosomes are not acti-
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vated simultaneously during S-phase, but rather individual origins each activate 
with a distinct probability and at a characteristic point during S-phase, with some 
origins activating soon after S-phase begins and others activating later after much of 
the genome has been duplicated. In  S. pombe , origins that bind to ORC early after 
M-phase, presumably because they have a higher affi nity for ORC, also show earlier 
MCM recruitment  and  are activated earlier in the subsequent S-phase compared to 
origins that bind ORC later [ 124 ]. One interpretation is that an origin with high 
affi nity for ORC increases the probability of a successful MCM complex loading 
event occurring, thus allowing for multiple MCM complexes to be loaded at such an 
origin in a given G1-phase. Because the MCM complex is the target for limiting 
S-phase activators, origins that have received more MCM complexes during 
G1-phase can more effectively compete for these limiting activators and hence acti-
vate soon after S-phase begins [ 125 ,  126 ]. In  S. cerevisiae , a recent study provides 
a complimentary correlative observation [ 110 ,  127 ,  128 ]. In particular, while bud-
ding yeast origins are thought to be bound by  Sc ORC throughout the cell cycle, a 
recent study used a more sensitive measure for ORC binding in vivo than used in 
prior genome-wide studies to identify a subset of yeast origins that fail to associate 
with ORC immediately following the completion of replication in G2-phase. The 
origins that show this delay in ORC binding are enriched for origins that activate 
relatively late during S-phase. Of course, other models that do not invoke reiterative 
loading of MCM complexes are reasonable. For example, whatever chromatin 
structure promotes early ORC binding to an origin may also promote access of that 
origin to limiting S-phase factors, and the correlation between ORC binding and 
activation time may merely refl ect a “shared response” to the same chromatin cues. 
However, some experimental evidence argues against this interpretation of the cor-
relative data [ 124 ]. 

 Another series of studies focused on  Sc ORC-origin binding interactions may 
seem to contradict these fi ndings at fi rst glance, but on closer consideration all of 
these data may be reconciled [ 57 ,  112 ]. In these studies, yeast origins that bind ORC 
tightly because they possess an ORC DNA binding site with a high-intrinsic affi nity 
for  Sc ORC, as measured in vitro, are enriched for later activating origins, a result 
that is the opposite of that described for   Sp ORC   above. However, it is important to 
recall that  Sp ORC  selects   origins via an AT-hook on the Orc4 subunit acting essen-
tially as an ORC-origin tether. Therefore, the  Sp ORC catalytic DNA contacts, pre-
sumably mediated by the ISM and WH domains conserved in all ORCs, are distinct 
from the contacts  Sp ORC uses to select an origin site (more accurately thought of as 
selecting an MCM complex loading site). Based on the role of accessory ORC fac-
tors in ORC-origin binding in metazoans as discussed above, it seems likely that a 
similar division of labor occurs for metazoan ORC, except that the ORC-origin teth-
ering may be achieved through ORC-protein or ORC-chromatin contacts as opposed 
to an AT-hook-DNA interaction. In contrast to these situations,  Sc ORC, at least at 
these high-affi nity DNA-dependent origins, appears to rely on the same DNA ele-
ment for both origin selection and for ORC’s catalytic role in MCM  complex load-
ing. Thus for  Sc ORC an intrinsically tight ORC binding site may inhibit the kind of 
ORC-DNA dynamics required for effi cient MCM complex loading (i.e., effi cient 
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binding  and  release). In support of this interpretation, budding yeast origins that also 
bind  Sc ORC tightly in vivo but instead show weak intrinsic ORC- origin DNA inter-
actions are enriched for origins that are activated early and effi ciently in S-phase. 
These origins are referred to as “chromatin-dependent” because they use factor(s) 
extrinsic to the ORC binding site, such as ORC-chromatin contacts, to “tether” ORC 
to the origin. Thus at these origins  Sc ORC is positioned to have a dynamic relation-
ship with the DNA that controls its catalytic function, similarly to how the  Sp Orc4 
AT-hook positions  Sp ORC. The bottom line is that ORC may require a dynamic 
interaction with its catalytically relevant DNA contacts (i.e., it must bind and release 
and rebind effi ciently) to either maximize the rate of an MCM complex loading 
cycle in G1-phase, as suggested by biochemical data or, alternatively, “release” a 
loaded MCM complex for activation during S-phase [ 99 ]. An ORC-origin tethering 
mechanism distinct from catalytically important ORC- DNA interactions may facili-
tate such dynamics. 

 While the mechanisms that control origin activation timing are mechanistically 
interesting and relevant to genome stability and cell differentiation in their own 
right, several studies now provide evidence that the  number  of MCM complexes 
loaded onto a chromosome directly refl ects the number of  potential  origins on that 
chromosome, and these potential origins are essential for chromosomal stability 
under conditions of replicative stress, including the levels of stress encountered dur-
ing the typical lifespan of a multicellular organism [ 101 – 103 ,  129 – 133 ]. Thus spe-
cifi c ORC- origin   selection mechanisms may facilitate distinct ORC-DNA dynamics 
that in turn establish the rate for an MCM complex loading cycle within a particular 
chromosomal region. An effi cient cycle would help establish the “excess” number 
of potential origins, in the form of loaded and competent MCM complexes, which 
appears so critical to the stable inheritance of eukaryotic genomes.      
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    Chapter 10   
 Licensing of Replication Origins                     

       Alberto     Riera     and     Christian     Speck    

    Abstract     All living organisms need to duplicate their genetic material prior to cell 
division in order to maintain genomic-stability. Cells have evolved sophisticated DNA 
replication mechanisms to ensure that this process is as faithful as possible. Eukaryotic 
initiation of DNA replication is a two-step process, where the replicative DNA helicase 
becomes loaded onto DNA to license DNA replication during late M-phase of the cell 
cycle prior to helicase-activation in S-phase. Importantly, helicase loading is entirely 
blocked in S-phase, which is a crucial regulatory mechanism that hinders re-replication 
of DNA and is crucial for genomic stability. Moreover, multiple copies of the replica-
tive helicase become loaded at each origin to serve as backup-helicases in case a fork 
becomes terminally arrested. For these reasons it is imperative that helicase loading is 
as effi cient as possible. MCM2–7 represent the core of the replicative helicase, which 
becomes loaded in an ATP-hydrolysis- dependent process as a double-hexamer onto 
double-stranded DNA. Current data suggest a model where ORC, Cdc6, and Cdt1 load 
in a stepwise process the MCM2–7 double-hexamer onto DNA. In this review we dis-
cuss the emerging mechanism of ATP-hydrolysis-driven helicase loading, the regula-
tion of this process, and the structure and function of the MCM2–7 double-hexamer.  

  Keywords     MCM2–7   •   Pre-RC   •   Origin   •   AAA+   •   DNA licensing   •   Cancer   •   Cell 
cycle   •   ORC   •   Cdc6   •   Cdt1   •   Helicase  

        Overview 

 All  organisms   living on earth need to precisely duplicate their genetic material prior 
to cell division in order to maintain genomic stability. Thus, cells have evolved 
sophisticated mechanisms to control DNA replication, which ensure that this pro-
cess is as faithful as possible. The more complex a cell is, the more complex these 
mechanisms are. Indeed, the highest level of complexity has been observed in 
eukaryotes, especially in multicellular organisms. 
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 Replication is initiated at specifi c regions called origins of DNA replication [ 1 ]. 
In eukaryotes these origins are recognized by the six-subunit Origin Recognition 
Complex (ORC) (Fig.  10.1 ). In budding yeast this complex binds to DNA in a 
strictly ATP-dependent process [ 2 ]. During the entire cell cycle  ORC   is chromatin 
bound [ 3 ], but late in M phase Cdc6 binds to ORC [ 4 ]. This ORC/Cdc6  complex   is 
the landing pad for the Mini Chromosome Maintenance ( MCM  ) complex. MCM2–7 
forms the core of the eukaryotic replicative DNA helicase and the six proteins are 
arranged in a ring shaped complex [ 5 – 7 ]. However, MCM2–7 cannot interact 
directly with ORC/Cdc6, but requires an adaptor protein, Cdt1 [ 8 – 10 ]. Cooperative 
interactions between all these proteins allow the assembly of a transient ORC/Cdc6/
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  Fig. 10.1    Licensing of replication origins in  S. cerevisiae . ORC binds specifi cally to replication 
origins. In late M phase of the cell cycle, Cdc6 joins ORC on DNA. The ORC/Cdc6 complex 
constitutes a landing pad for a Cdt1/MCM2–7 heptamer. In a fast reaction, an ORC/Cdc6/Cdt1/
MCM2–7 (OCCM) complex is formed, with double stranded DNA already inserted into the central 
pore of the helicase. Upon ATP hydrolysis, Cdt1 is released, resulting in an ORC/Cdc6/MCM2–7 
(OCM) complex. The OCM is competent to recruit a second MCM2–7/Cdt1, but the mechanism 
is unclear. The fi nal product of DNA licensing is a salt stable MCM2–7 double hexamer, which 
requires activation in S-phase to function as part of the replicative helicase       
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Cdt1/MCM2–7 (OCCM) complex, which promotes insertion of double-stranded 
DNA into the MCM2–7 ring [ 10 – 13 ]. Yet, upon ATP hydrolysis, Cdt1 is quickly 
ejected, resulting in an ORC/Cdc6/MCM2–7 (OCM) complex [ 10 ,  11 ]. This  OCM   
contains a single copy of ORC, Cdc6, and MCM2–7 and is competent to recruit a 
second Cdt1/MCM2–7 heptamer, which leads to formation of a stable MCM2–7 
double hexamer that encircles double stranded DNA [ 10 ,  14 – 16 ].

   During the  G1 phase   of the cell cycle, multiple copies of the replicative helicase 
are loaded onto DNA at hundreds or thousands of replication origins, but remain 
inactive until S-phase. Conversely,  in S-phase  , helicase loading is prevented by mul-
tiple redundant mechanisms that block re-replication of DNA [ 17 – 19 ]. Ultimately, 
numerous protein factors and kinases are required in S-phase to promote the forma-
tion of the Cdc45/MCM2–7/GINS (CMG) complex, which represents the active 
form of the helicase [ 20 – 24 ].  

    Licensing Is a Tale of  AAA+ Proteins   

 ORC, Cdc6, and MCM2– 7   belong to the same family of ancient proteins: ATPases 
associated with various cellular activities (AAA+) [ 25 ]. In order to understand their 
function during the licensing of DNA replication it is necessary to look at their com-
mon characteristics. 

     Conserved Features   of the AAA+ Domain 

 The AAA+ protein family is composed of a diverse group of enzymes, which can be 
found throughout all the kingdoms of life and appeared early during evolution [ 26 ]. 
Their hallmark is a highly conserved 200–250 amino acid ATP-binding domain 
(AAA+ domain) that contains conserved motifs essential for ATP binding and hydro-
lysis, while a short C-terminal helix-bundle mediates interprotomer contacts and 
distinguishes the AAA+ protein family from other ATPases [ 25 ,  27 ]. In particular, 
short insertions into the ATPase core defi ne seven specifi c AAA+ clades. ORC and 
Cdc6 belong to the initiator clade and contain a helical insertion supporting fi lament 
formation (Fig.  10.2a ). On the other hand, MCM2–7 belongs to the PS-II insert 
clade, which forms hexameric ring structures and is characterized by three inser-
tions; two beta-hairpins important for DNA unwinding and an alpha-helix that is 
unique to this clade, affecting the positioning of the C-terminal helix bundle [ 26 ,  28 ].

   ATP-binding and hydrolysis depends on several conserved motifs (Fig.  10.2b ): 
The Walker A motif—GXXXXGK[T/S]—directly interacts with the phosphate 
groups of ATP. The conserved lysine in this motif is essential for interaction with 
ATP and its mutation abrogates nucleotide binding, inactivating the protein, while 
an adjacent sensor 2 motif functions in a similar manner. The Walker B motif—
hhhhDE—(h stands for hydrophobic) contacts the nucleotide as well and facilitates 
ATP-hydrolysis by coordinating a magnesium ion and several water molecules. 
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Mutations in the Walker B motif, or the nearby sensor 1 motif, typically impair ATP 
hydrolysis, but do not abrogate ATP binding. In proximity to the Walker B motif is 
an arginine fi nger, which is essential for nucleotide hydrolysis. Within larger AAA+ 
protein assemblies, the arginine fi nger of one subunit constitutes part of the nucleo-
tide hydrolysis motif of the adjacent protomer. This arrangement allows inter- 
subunit crosstalk and coordination of ATP hydrolysis, an essential feature for 
processive DNA unwinding in hexameric helicases. 

 It is well known that almost all AAA+ proteins undergo dramatic conformational 
changes upon ATP binding and/or hydrolysis. The conformational changes are then 
transmitted to the insertions attached to the AAA+ core or to adjacent domains 
(Fig.  10.2c ). These movements make the enzymes especially suitable for a large 
array of diverse cellular processes involving DNA replication, protein degradation, 
or movement of microtubule motors [ 25 ]. The movements of AAA+ proteins func-
tion in different ways—either as switches or motors. A classic example of an AAA+ 
switch is the bacterial DNA replication initiator DnaA. Here, ATP-hydrolysis is 
solely required to inactivate DnaA, and thus the time point of DNA replication ini-
tiation is controlled by the cellular ratio of ATP-DnaA to ADP-DnaA [ 29 ]. On the 
other hand, the  bacterial DnaB   helicase is an AAA+ motor,  where   ATP-hydrolysis 
propels the rapid DNA unwinding at the replication fork [ 30 ].  

     Origin Recognition Complex   

 The main function of the origin recognition complex is to promote helicase loading 
during pre-RC formation [ 11 ,  31 ]. ORC is composed of six subunits (Orc1-6) and 
was fi rst identifi ed in budding yeast, where it binds to the budding yeast replication 
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origin, termed Autonomous Replication Sequence (ARS) [ 2 ]. Consequently it was 
found that ORC is conserved within all eukaryotes [ 32 ] where it universally func-
tions for DNA licensing [ 33 ,  34 ]. Additionally it was shown that ORC has important 
roles in epigenetic gene-silencing, cytokinesis, chromosome segregation, and den-
drite formation in post-mitotic neurons [ 35 – 41 ]. ORC’s ability to interact with chro-
matin is central to most, if not all, of its functions. In   Saccharomyces cerevisiae   , 
ORC binds to a specifi c DNA sequence [ 2 ], while in higher eukaryotes no consen-
sus sequences were identifi ed. Instead, in vertebrates and mammals a multitude of 
chromatin recruitment mechanisms have been described, including epigenetic 
marks, recruitment factors, or DNA structures [ 1 ]. 

 Five out of the six ORC subunits (Orc1 to Orc5) are structurally related, belong-
ing to the AAA+ protein family, while Orc6 has an unrelated structure [ 42 ,  43 ]. 
The overall structure of  S. cerevisiae  and   Drosophila    has been studied by electron 
microscopy [ 42 – 47 ], and a recent crystal structure of the   Drosophila    ORC has 
provided more in depth insights [ 48 ]. Although Orc1 to Orc5 adopt an ATP-binding 
fold, only Orc1 actively hydrolyzes ATP. Orc5, and in higher eukaryotes also Orc4, 
are able to bind the nucleotide, but ATP hydrolysis is not important to their func-
tion, instead it may play a structural role [ 49 – 51 ]. Although budding yeast Orc4 
cannot bind ATP, it contains  an   arginine fi nger that is important for Orc1 ATP-
hydrolysis on DNA [ 52 ]. On the other hand, Orc2 and Orc3 contain recognizable 
AAA+ signatures in their sequence, but several conserved structural motifs are 
absent, hence they cannot bind or hydrolyze ATP [ 32 ,  42 ,  43 ]. However, by main-
taining an overall AAA+-like fold the Orc1–5 proteins together with Cdc6 can be 
arranged in an AAA+ typical ring shaped complex with DNA passing through the 
center of the ring [ 43 ,  45 ,  48 ]. We suggest that an Orc1 ATP-hydrolysis power-
stroke is transmitted to the entire ORC complex, which in turn facilitates pre-RC 
formation. C-terminal to the AAA+ fold Orc1–5 contain conserved  winged-helix-
domains (WHDs),   which allow the complex to form tight interactions with 
DNA. Interestingly,  the AAA+ core   of Orc1 and its WHD are functionally linked, 
as binding of ORC to origin DNA downregulates its ATPase activity [ 50 ]. On the 
other hand, Orc6, the only non AAA+ protein, is composed of two small domains 
that are connected by a loop with structural similarity  to   transcription factor TFIIB 
[ 53 ]. Orc6 associates tightly with  Drosophila  or  S. cerevisiae  Orc1–5, but only 
weakly with human Orc1–5 and not at all with  Xenopus  Orc1–5, consistent with 
the idea that Orc6 has acquired additional functions outside of DNA replication [ 2 , 
 38 ,  49 ,  54 – 56 ].  

     Cdc6      

 Cell division cycle 6 (Cdc6) was fi rst identifi ed by Lee Hartwell, based on tem-
perature sensitive mutants that arrest the budding yeast cell cycle [ 57 ]. Consequently 
it was found that Cdc6 and ORC are structurally related [ 58 ,  59 ], and that during 
late M-phase of the cell cycle, Cdc6 becomes recruited to chromatin in an 
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ORC- dependent manner, involving specifi c contacts with Orc1 and Orc3 [ 12 ,  60 ]. 
The ORC–Cdc6–DNA interaction is ATP dependent and results in a remodeling of 
the protein–DNA complex, causing a rearrangement of Orc1 and an extended pro-
tein–DNA interface [ 43 ,  61 ]. Importantly, the ORC-Cdc6 complex adopts a ring-
shaped structure, which can embrace double stranded DNA, that is ideally suited 
to recruit the ring shaped MCM2–7/ Cdt1 complex   [ 11 ,  12 ,  54 ]. Cdc6, from a struc-
tural point of view, is a conserved AAA+ protein with a central ATPase core, which 
allows it to integrate into Orc1–5 to form a hexameric AAA+ assembly [ 28 ,  43 ]. 
The Cdc6 C-terminus contains a winged-helix-domain that interacts with DNA, 
similar as in Orc1–5 [ 42 ,  43 ,  62 ], and at the N-terminus Cdc6 carries a small exten-
sion, which becomes phosphorylated by CDK and regulates its stability [ 63 ]. 
Crucially, Cdc6, like Orc1, can hydrolyze ATP, causing structural changes that can 
be transmitted by the other AAA+ proteins to the rest of the complex, which are 
important for pre-RC assembly;    see section “The Role of ATP Hydrolysis During 
OCM Formation” [ 11 ,  45 ,  61 ].  

    MCM2–7: The Core of the  Replicative Helicase   

 The hexameric  MCM2–7 complex   forms the core of the  replicative   helicase [ 64 ]. 
These proteins were fi rst identifi ed by Bik Tye’s laboratory while screening for 
genes that affect plasmid maintenance in budding yeast [ 65 ]. The six subunits of the 
eukaryotic MCM2–7 (Fig.  10.3 ) share a common core and are highly conserved in 
all eukaryotes. In archaea the hexamer is usually constituted by a single Mcm pro-
tein, which is structurally similar to the core of eukaryotic subunits [ 66 ] (Fig.  10.3a ). 
All six proteins are essential for DNA licensing [ 67 ], replication initiation [ 68 ,  69 ] 
and DNA synthesis [ 70 ]. Indeed the proteins travel with the replication fork [ 71 ]. 
Surprisingly, MCM2–7 by itself is only a weak helicase [ 7 ]. However, when the 
complex is joined by Cdc45 and GINS the MCM2–7 helicase activity becomes 
strongly activated [ 20 ]. Crucial for MCM2–7 complex function is its ability to 
assemble into a ring, with a subunit arrangement of Mcm5-3-7-4-6-2 [ 72 ]. ATP- 
binding sites are located at the interface between adjacent subunits, meaning that 
residues from fl anking protomers coordinate ATP binding and hydrolysis [ 72 ] 
(Fig.  10.3b ). The inter-subunit nature of the active sites in conjunction with the ring- 
shaped assembly of the helicase is ideally suited for a highly coordinated ATP- 
hydrolysis and DNA unwinding activity. Consistent with this model, the 
incorporation of a single ATP binding mutant into the MCM2–7 complex results in 
a strong reduction of ATP-hydrolysis for the entire complex, causing  lethality   in  S. 
cerevisiae  [ 73 ,  74 ]. This shows that defects in ATP-binding infl uence the overall 
conformation of the MCM2–7 complex, potentially leading to MCM2–7 ring open-
ing and a complete block of the ATP-hydrolysis chain. Yet introduction of ATP- 
hydrolysis mutants have a less severe effect [ 74 ,  75 ], since they likely cause a 
smaller structural change. Overall, it was shown in budding yeast that the purifi ed 
MCM2–7 hexamer exhibits in vitro a low but robust idle ATPase activity, which 
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gets suppressed when MCM2–7 assembles into the double-hexamer [ 19 ]. In 
 Drosophila  it was found that once MCM2–7 becomes integrated into the CMG, its 
ATPase activity is increased by about 100-fold [ 76 ], which explains in part why this 
complex is highly active in DNA unwinding.

   The Mcm proteins, from a structural point of view, are highly related, with the 
highest homology in a central section that contains several functional elements 
(Fig.  10.3c ). The N-terminal domain contains a conserved zinc fi nger and  an   oligo-
nucleotide/oligosaccharide binding fold (OB-fold), which is connected to a 
C-terminal domain, which comprises the AAA+ domain and a winged helix domain 
[ 64 ]. In contrast to archaeal Mcm, eukaryotic Mcm2–7 have characteristic N- and 
C-terminal extensions of various lengths, which have important regulatory functions. 
For instance, the long N-termini of Mcm2, Mcm4, and Mcm6 contain phosphoryla-
tion sites for the  S-phase kinase Dbf4-Cdc7 (DDK)   [ 77 ].  Phosphorylation   of Mcm4 
by DDK promotes S-phase progression by alleviating an inhibitory activity in the 
amino terminal region of Mcm4 [ 78 ]. Then again, the Mcm C-termini of Mcm3 and 
Mcm6 are important for recruitment of Cdt1/MCM2–7 to ORC/Cdc6. The Mcm3 
C-terminus targets ORC/Cdc6 [ 12 ,  79 ], while Mcm6 contains an inhibitory domain 
that blocks MCM2–7 association with ORC/Cdc6. Importantly, the binding of Cdt1 
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  Fig. 10.3    MCM2–7 replicative helicase. ( a ) Crystal structure of an active archaeal MCM hexamer 
displaying the central channel that accommodates double stranded DNA [PDB: 4R7Y]. 
( b ) Arrangement of AAA+ subunits in the MCM2–7 helicase. One monomer provides Walker A 
( a ) and Walker B ( b ) motifs and the next one the arginine fi nger (R). This distribution allows inter- 
subunit coordination of ATP hydrolysis and inter-subunit cross talk. The ATP is represented by a 
blue sphere. ( c ) Diagram showing the N- and C-terminal extensions of eukaryotic MCM subunits. 
All Mcm proteins share a core common to archaeal and eukaryotic protomers, but the extensions 
allow a multitude of additional functions that are not present in lower organisms (loading quality 
control, histone interaction, etc.)       

 

10 Licensing of Replication Origins



196

to MCM2–7 induces a structural change in the helicase alleviating the inhibitory 
activity in Mcm6. Indeed, this structural change was shown to be essential for Cdt1/
MCM2–7 association with ORC/Cdc6 [ 10 ]. 

 Several structural and functional studies have shown that the six Mcm proteins 
are arranged as a ring [ 5 ,  7 ,  14 ]. During pre-RC formation,  MCM2–7   becomes 
loaded onto DNA, with double stranded (ds) DNA passing through the center of the 
MCM2–7 double-hexamer [ 14 ,  16 ,  25 ]. However, within the CMG, the active form 
of the helicase, it is thought that single-stranded DNA passes through the complex 
[ 80 ]. Thus, MCM2–7 ring opening represents a unique topological challenge. The 
evolution from the homo-hexameric archaeal precursor to six different Mcm pro-
teins allowed the development of a unique Mcm interface that supports and regu-
lates DNA entry. Early biochemical evidence indicated that Mcm2 and Mcm5 
interact only very weakly [ 72 ], which led to the MCM2–7 gate model. This model 
postulates an ATP-dependent gate, composed of Mcm2 and Mcm5, that supports 
single stranded (ss) DNA entry into the MCM2–7 ring [ 7 ]. Consequently, chemical 
biology tools and synthetic biology approaches were used to  demonstrate   the exis-
tence of a unique DNA entry gate during pre-RC formation. Interestingly, the 
Mcm2/5 gate was shown to operate in the absence of ATP-hydrolysis at the stage of 
OCCM formation, with dsDNA  becoming   inserted into the MCM2–7 ring [ 5 ]. It is 
still unclear if this gate also functions for CMG formation or during DNA 
synthesis.  

     Cdt1      

 Cdt1 was originally identifi ed in  S. pombe , where its transcription was shown to be 
regulated by Cdc10, a factor which controls the  G1-S transition   of the cell cycle 
[ 81 ]. Then, work by the Nurse and Mechali laboratories demonstrated that  S. pombe  
and  Xenopus  Cdt1 are essential for DNA licensing [ 8 ,  9 ], which is now universally 
accepted for all eukaryotes. In  Xenopus  and humans Cdt1 associates via ORC/Cdc6 
with chromatin [ 8 ,  54 ,  82 ], while in budding yeast Cdt1 becomes recruited to repli-
cation origins in the form of the Cdt1/MCM2–7 complex [ 83 ,  84 ]. 

 The structure of Cdt1 has been analyzed [ 10 ,  84 – 86 ]. The protein can be 
divided into three sections: an N-terminal domain whose structure is not known, 
and two Winged Helix Domains (WHD) localized in the central and C-terminal 
domains (Fig.  10.4 ) [ 87 ,  88 ]. In metazoans, the N-terminal domain becomes post- 
transcriptionally modifi ed in a cell cycle-dependent manner, which regulates 
 protein stability. Ubiquitination of this domain promotes proteolysis during S and 
G2 phases, while acetylation hinders ubiquitination [ 89 ]. In budding yeast an 
interaction between the N-terminal domain and MCM2–7 was observed, but this 
is not suffi cient to recruit MCM2–7 to origins in vitro [ 10 ,  85 ]. Moreover, it was 
found that the Cdt1 N-terminus is important for the assembly of a functional 
MCM2–7 double-hexamer [ 85 ]. On the other hand, both the central and the 
C-terminal WHD of  Mus musculus  Cdt1 have been crystallized [ 87 ,  88 ]. Winged 
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helix domains are often associated with DNA recognition and protein–protein 
interactions. Indeed, in mice, the fi rst WHD has been implicated in DNA binding 
[ 90 ], while in budding yeast both the fi rst and second WHD have been shown to 
participate in the recruitment of MCM2–7 to replication origins, with the fi rst 
WHD being particularly important for stable  OCCM formation   and induction of 
 ORC/Cdc6 ATP-hydrolysis   during pre-RC formation [ 10 ,  85 ] (Fig.  10.4 ). 
Consistently, budding yeast Cdt1 mutants that affect either WHD completely fail 
to promote MCM2–7  double- hexamer assembly and cause lethality [ 10 ,  85 ]. 
Additionally, N- and C-terminal extensions to the central WHD contain binding 
sites for geminin (see also section “Geminin”), the primary inhibitor of DNA 
licensing in higher eukaryotes [ 91 ,  92 ]. Interestingly, overexpression of hCdt1 is 
oncogenic,    probably  by   promoting re- licensing of replicated DNA in S-phase, 
which results in re-replication and genomic instability [ 93 ], highlighting the func-
tional importance of Cdt1.
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  Fig. 10.4    Cdt1’s and geminin’s roles in pre-RC formation. ( a ) The  Saccharomyces cerevisiae  
Cdt1 protein has an N-terminal domain involved in MCM2–7 binding and two Wing Helix 
Domains (WHD) in the central and C-terminal regions. ( b ) OCM formation in  Saccharomyces 
cerevisiae . MCM2–7 contains an inhibitory domain in Mcm6 that blocks interactions with ORC/
Cdc6. Cdt1 alleviates this inhibitory activity and allows the binding of MCM2–7/Cdt1 to ORC/
Cdc6. Upon OCCM formation the Cdt1–Mcm6 interaction is essential to induce ATP-hydrolysis, 
which results in Cdt1 ejection and OCM formation. ( c ).  Homo sapiens  Cdt1 has an N-terminal 
regulatory domain, and two Wing Helix Domains (WHD) in the central and C-terminal regions. 
( d ) Human Cdt1 associates with ORC/Cdc6 on chromatin to promote MCM2–7 loading. Geminin 
interferes with pre-RC formation in a concentration-dependent manner       
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        Geminin   

  Geminin   is the primary inhibitor of DNA replication in multicellular organisms and 
was fi rst identifi ed by the Kirschner laboratory [ 94 ]. This small 33 kDa protein was 
initially thought to work by binding and sequestering Cdt1, preventing MCM com-
plex loading during S-phase [ 91 ,  92 ]. However, we know today that geminin has a 
far more complex mechanism of inhibition. Indeed, experiments in  Xenopus  egg 
extracts showed that geminin signifi cantly stabilizes the binding of ORC, Cdc6, and 
Cdt1 on plasmid DNA [ 54 ,  95 ]. 

 Looking at the structure of geminin allows us to understand its function. Geminin 
consists of an N-terminal region that is important for the interaction with Cdt1, a 
central coiled-coil domain that interacts with Cdt1 and mediates homo- dimerization, 
and a C-terminal domain, the function of which is still not fully understood [ 88 ,  96 ]. 
Current models predict that Geminin-Cdt1 oligomerisation involving the central 
coiled-coiled region regulates DNA licensing: lower order oligomers being permis-
sive for licensing, while greater concentrations of geminin promote the formation of 
higher order Cdt1-geminin complexes, which block  DNA   licensing [ 89 ,  94 ,  95 ].   

    Licensing of Replication Origins 

 During DNA  licensing   ORC, Cdc6, Cdt1, and MCM2–7 assemble into  pre- 
replication complexes  , which lead to the loading of head-to-head MCM2–7 double- 
hexamers onto origin DNA, with double stranded DNA running through the central 
channel of the complex [ 97 ,  98 ]. At each origin repeated rounds of  MCM2–7 load-
ing   occur, yielding additional copies of MCM2–7 double-hexamers that function as 
dormant origins. When a fork becomes terminally arrested due to severe DNA dam-
age, dormant origins become activated to reestablish new replication forks. 
Therefore, effi cient and repetitive MCM2–7 loading represents a mechanism that is 
particularly important for genomic stability [ 99 ]. 

     ORC/Cdc6/Cdt1/MCM2–7 (OCCM) Complex      Establishment 
and ORC/Cdc6/MCM2–7 (OCM)  Formation         

   Xenopus   , human, and budding yeast pre-RC formation has been reconstituted with 
extracts and purifi ed proteins, and these systems have generated signifi cant insights 
into the process [ 14 ,  16 ,  52 ,  54 ,  100 ,  101 ]. Employing the budding yeast system, 
ORC, Cdc6, Cdt1, and MCM2–7 were shown to assemble rapidly, within 30 s, into 
an ORC/Cdc6/Cdt1/MCM2–7 (OCCM) complex in an ATP hydrolysis independent 
way [ 10 – 12 ]. The experiments employed ATPγS, an ATP analogue that can be 
hydrolyzed only slowly, which was crucial for capturing the very short-lived inter-
mediate. Biochemical analysis demonstrated that the OCCM contains only a single 
MCM2–7 hexamer, while a crosslinking analysis supported the idea that the 
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complex contains a single copy of ORC, Cdc6, and Cdt1. Then, a cryo-EM analysis 
visualized for the fi rst time the 3D structure of the entire 14 poly-peptide complex, 
revealing its overall architecture [ 13 ]. Biochemical and electron-microscopy data 
together proved that MCM2–7 double-hexamer formation is a step-wise process: 
initially only a single MCM2–7 hexamer associates with ORC, Cdc6, and Cdt1. 
However, upon ATP-hydrolysis Cdt1 becomes quickly released, resulting in an 
ORC/Cdc6/MCM2–7 (OCM) complex that contains a single copy of ORC, Cdc6, 
and MCM2–7 [ 10 ,  11 ]. In addition, very recent single-molecule experiments indi-
cate that ATP-hydrolysis not only promotes Cdt1 release, but also Cdc6 release, 
which is followed by rebinding of a second Cdc6 molecule to form the OCM com-
plex [ 101 ]. Importantly, the OCM, but not the OCCM, can recruit a second MCM2–7 
hexamer, demonstrating that the OCM is a true intermediate of MCM2–7 double-
hexamer formation [ 10 ,  102 ]. Crucially, while the OCM is formed within 30 s, 
MCM2–7 double-hexamer formation takes between 8 and 15 min, suggesting that 
the second MCM2–7 hexamer becomes recruited in a different way (for more 
details see section “MCM2–7 Dimerization”). 

 Establishment of the  OCCM      is strictly Cdt1 dependent (Fig.  10.4 ). In the absence 
of Cdt1, MCM2–7 is not able to associate with ORC/Cdc6 due to the presence of an 
inhibitory activity in the C-terminal part of Mcm6. Specifi c Cdt1–Mcm6 interactions 
overcome this inhibition. Structural work with human proteins in combination with 
yeast genetics [ 84 ] identifi ed fi ve amino acids in  S. cerevisiae  Mcm6-5A (E945, D947, 
L951, E953, and Y954), plus three  amino   acids in  S. cerevisiae  Cdt1-3A (R486, L487, 
and R490) that are important for Cdt1–Mcm6 association. In budding yeast, the Mcm6–
Cdt1 interaction is essential for the nuclear import of MCM2–7 and, as a consequence, 
mutations affecting this interaction block chromatin binding of MCM2–7 [ 83 ,  103 ]. 
 In   vitro  work   in  S. cerevisiae  showed that an MCM2–7 complex, containing Mcm6-5A, 
is able to interact with Cdt1, while Cdt1-3A was able to bind to MCM2–7, which is 
consistent with the fi nding that MCM2–7 has several Cdt1 binding sites. However, 
both Mcm6-5A and Cdt1-3A containing Cdt1/MCM2–7  complexes   fail to bind to 
ORC/Cdc6, as these mutants are not competent to promote productive Cdt1–MCM2–7 
interactions [ 10 ]. Yet  S. cerevisiae  MCM2–7 that lacks the C-terminal domain of Mcm6 
(MCM2–7-Δ6C) is able to interact with ORC/Cdc6, even in the absence of Cdt1, dem-
onstrating that the Mcm6 C-terminus contains an auto-inhibitory domain. Importantly, 
although MCM2–7-Δ6C it is able to interact with Cdt1, it does not support MCM2–7 
double- hexamer formation, as MCM2–7-Δ6C fails to induce pre-RC ATP-hydrolysis or 
to eject Cdt1. In summary, the budding yeast Mcm6–Cdt1 interaction governs nuclear 
import, pre-RC assembly and ATP-hydrolysis [ 10 ,  83 ,  103 ]. Yet  it      is still  unclear   if this 
interaction functions in a similar way during DNA licensing in higher eukaryotes.  

     Orc6 and OCM Establishment   

 Orc6 is the smallest Orc subunit, interacts with Orc3 and has a peripheral localization 
within the  D. melanogaster  ORC complex [ 47 ]. In vitro analysis in budding yeast 
has shown that Orc6 interacts with Cdt1, while in vivo depletion of the protein 
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inhibits pre-RC formation [ 104 ]. More detailed analysis using a fully reconstituted 
pre-RC system revealed that Orc1–5 is competent for OCCM formation, but that the 
complex fails during OCM formation. Indeed, Cdc6 ATP hydrolysis leads to disas-
sembly of the Orc1–5 containing OCCM, which in turn blocks MCM2–7 double- 
hexamer formation. In summary, these data demonstrate that Orc6 plays a role 
 during   the establishment of the OCM [ 10 ,  79 ].  

    The Role of ATP Hydrolysis During OCM Formation 

     Orc1 and Cdc6 ATP-Hydrolysis   

  ATP-hydrolysis   is crucial for pre-RC formation. Indeed, in the absence of  ATP- 
hydrolysis    , MCM2–7 double-hexamer formation cannot occur. Yet investigating 
the role of ATP-hydrolysis during pre-RC formation proved highly complex. 
Early analysis showed that overexpression of Orc1 and Cdc6 Walker B mutants in 
yeast caused dominant lethality and MCM2–7 loading defects [ 105 ,  106 ], while 
microinjection of  H. sapiens  Cdc6 Walker B mutant protein into cells inhibited 
DNA replication [ 107 ]. Then again, a mutant in the arginine fi nger of budding 
yeast Orc4 (ORC4R), which affects Orc1 ATP hydrolysis in the context of origin 
DNA, caused lethality in budding yeast, while its overexpression resulted in 
MCM2–7 loading defects [ 52 ]. Moreover, depletion experiments in  Xenopus  egg 
extracts coupled with add back of Cdc6 Walker B mutant protein revealed that the 
mutant causes a small decrease in MCM2–7 loading, but blocked DNA synthesis 
substantially. In summary, the in vivo data indicate an important role for Orc1 and 
Cdc6 ATP hydrolysis for the viability of cells, especially in the context of overex-
pression, but it is diffi cult to conclude a specifi c mechanism. In vitro analysis of 
budding yeast Cdc6 ATP-hydrolysis mutants by several groups indicated a Cdt1 
release defect [ 10 ,  11 ,  108 ,  109 ]. However, the effect of these Cdc6 mutants on 
MCM2–7 double-hexamer formation was less clear, with two studies observing 
no effect [ 74 ,  109 ], while two other studies reported a reduction in MCM2–7 
double-hexamer formation [ 10 ,  13 ]. ATPase measurements in the context of pre-
RC assays demonstrated that Cdc6 Walker B or Sensor 1 mutants reduced ATP-
hydrolysis signifi cantly. An ORC4R (mutation in the arginine fi nger of ORC4) 
mutant had no effect on  pre-RC ATP-hydrolysis   or MCM2–7 double- hexamer 
formation [ 10 ,  13 ], therefore the essential role of the Orc4 arginine fi nger in yeast 
is currently unclear. On the other hand, an Orc1 Walker B mutant reduced pre-RC 
ATP-hydrolysis, affected Cdt1 release and MCM2–7 double-hexamer formation, 
similar as observed with a Cdc6 ATPase mutant. The combination of the Cdc6 and 
Orc1 ATPase mutants blocked Cdt1 release and MCM2–7 double- hexamer for-
mation to a similar level as observed with ATPγS [ 10 ]. Therefore,  it   was sug-
gested that Orc1 and Cdc6 synergize during pre-RC formation to promote Cdt1 
release.  

A. Riera and C. Speck



201

     MCM2–7 ATP Hydrolysis         

 In  Xenopus  it has been shown that the ATPase activity of MCM2–7 is dispensable 
for pre-RC assembly, although required for DNA unwinding [ 110 ]. In  S. cerevisiae  
it was reported that an MCM2–7 complex carrying a mutation in the arginine fi nger 
of Mcm3 greatly reduces its idle ATPase activity, but it is still competent for 
MCM2–7 double-hexamer formation and has no effect on ORC/Cdc6 ATP hydro-
lysis or Cdt1 release [ 10 ]. Then two studies analyzed all possible  S. cerevisiae  
MCM2–7 helicase arginine-fi nger (R to A) mutants. The most severe phenotypes 
were observed with Mcm5 and Mcm6 mutants, which blocked MCM2–7 double- 
hexamer formation, while the other mutants affected the process only to a smaller 
extent [ 74 ,  109 ]. In particular the arginine fi nger mutant in Mcm5 affected Cdt1 
release, probably because it interferes with Orc1 or Cdc6 ATP hydrolysis, but this 
has not yet been analyzed. MCM2–7 ATP-hydrolysis per se may not be essential for 
pre-RC formation, as a number of mutants supported double-hexamer formation, 
although at somewhat reduced levels. Moreover, the arginine fi nger is positioned at 
the interface of neighboring MCM2–7 subunits; therefore, it appears possible that 
arginine fi nger mutations could also affect the MCM2–7 structure. One possibility 
is that during DNA insertion, when the MCM2–7 ring is opened, these mutations 
stress the complex, resulting in structural defects that interfere with OCM forma-
tion. Alternatively, MCM2–7 ATP hydrolysis could be actively induced during pre-
 RC formation to propel Cdt1 release. However, as the Mcm3 arginine fi nger mutant 
blocks MCM2–7 ATP hydrolysis strongly while still promoting MCM2–7 double- 
hexamer      formation [ 10 ], this model appears unlikely.   

    The MCM2–7  DNA Entry Gate      

  Work   in  S. cerevisiae  indicated that in-between Mcm2 and Mcm5 a discontinuity 
exists, and it was suggested that this gate could open in a nucleotide-dependent 
manner [ 7 ,  72 ]. However, helicase loading is a highly regulated process that depends 
on ORC, Cdc6, and Cdt1 in vitro and in vivo. Therefore it can be assumed that the 
MCM2–7 ring does not open by itself inside the cell. Indeed, budding yeast 
MCM2–7 was observed by electron microscopy in a closed circular conformation 
[ 5 ,  7 ]. To test which Mcm subunits in the context of helicase  loading   represent the 
DNA entry gate, conditional linkages between neighboring Mcm subunits were 
designed employing FKRB and FRB insertions, which control in a rapamycin-
dependent manner DNA entry into the MCM2–7 ring [ 5 ]. 

 In vitro analysis showed that one specifi c fusion, MCM2–7-M2/M5 (MCM2–7 
with the conditional gate created between the subunits 2 and 5) showed effi cient 
MCM2–7 loading in the absence of rapamycin (Fig.  10.5 ). In contrast, in the pres-
ence of the drug this construct displayed effi cient OCCM assembly, but signifi -
cantly reduced OCM formation and a complete block in salt resistant double 

10 Licensing of Replication Origins



202

hexamer formation. Yet this effect was not observed with conditional links between 
any other neighboring Mcm subunit combinations. Consistent with the in vitro 
work, a yeast strain expressing MCM2–7-M2/M5 displayed a rapamycin-dependent 
block in MCM2–7 recruitment to chromatin. Using this mutant it was demonstrated 
that DNA insertion occurs at the stage of OCCM formation, as rapamycin- dependent 
closing of the gate during ORC/Cdc6/Cdt1/MCM2–7 complex formation was suf-
fi cient to promote the DNA loading of salt stable single MCM2–7 hexamers. Indeed, 
this observation is consistent with the cryo-EM structure of the OCCM, which indi-
cated the presence of DNA inside the MCM2–7 ring [ 12 ].

       Do One or Two OCMs Participate in  Double Hexamer 
Formation  ? 

 For budding yeast, it is clear that ORC binds to replication origins via a unique bind-
ing site, the  ARS consensus sequence (ACS)  . Consequently, the OCM complex is 
formed at the ACS. Nonetheless, it is currently being investigated whether the OCM 
directly recruits a second MCM2–7 hexamer, or whether a second OCM is formed 
at the replication origin in an ACS independent process. Answers to these questions 
will reveal the molecular basis of eukaryotic replication origins. Indeed, several 
models have been suggested already [ 98 ,  111 ]. 
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  Fig. 10.5    The MCM2–7 DNA entry gate. The gate is located in the interface between the Mcm2 
and Mcm5 subunits. MCM2–7 is a closed hexameric ring, but upon interaction of Cdt1/MCM2–7 
with ORC/Cdc6 a gate between Mcm2 and Mcm5 opens and DNA is inserted into the MCM2–7 
ring. This loading process does not require ATP hydrolysis, but ATPase activity is required for 
Cdt1 ejection       
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 Although we do not know the exact process yet, here we describe the current 
state of knowledge. Recently, it was found that the second MCM2–7 hexamer is 
recruited in a Cdt1-dependent manner [ 10 ]. In addition, it was observed that both 
hexamers require an intact Mcm3 C-terminus, which represents a binding site for 
ORC/Cdc6 [ 12 ,  79 ]. Therefore one can conclude that each hexamer is recruited in a 
Cdt1-dependent manner. However, it still awaits hard proof whether the recruitment 
of the second MCM2–7 hexamer also requires ORC/Cdc6. On the other hand, elec-
tron microscopy has identifi ed complexes containing a single ORC in complex with 
an MCM2–7 double-hexamer, while MCM2–7 double-hexamers with two ORC 
attached were not detected [ 19 ]. Moreover, very recent single molecule analysis of 
pre-RC formation has failed to detect a second ORC complex, suggesting that one 
ORC complex loads two MCM2–7 hexamers [ 101 ,  112 ]. However, this would 
require different loading mechanism for the fi rst and second MCM2–7 hexamer. 
Either complexes that contain two ORCs are too short lived, or they do not exist at 
all. In order to conclude  on   the mechanism of MCM2–7 double-hexamer formation 
additional investigations will be needed.  

    MCM2–7  Dimerization      

 Although there is an ongoing discussion about the presence of one or more OCMs, 
it is clear that the fi nal product of the loading reaction is the salt resistant head-to- 
head MCM2–7 double hexamer with double stranded DNA passing through the 
central pore. This means that at some point the two hexameric MCM2–7 rings must 
be joined via their N-terminal domains. 

 The double-hexamer interface of archaeal MCM2–7 has been crystallized and 
spans a large surface that is localized between the zinc binding domains of the Mcm 
subunits [ 113 ]. Recently a systematic mutation analysis of this double-hexamer 
interface was performed with the aim to arrest pre-RC formation just prior to 
double- hexamer formation. It was found that budding yeast tolerates single short 
insertion mutations in this region, while the introduction of three or more of these 
insertions causes dominant lethality and cell cycle arrest. In particular, mutations in 
the three neighboring subunits (Mcm2/5/3) have a strong effect, which could indi-
cate that these subunits have an important function during MCM2–7 dimerization 
[ 102 ]. In vitro analysis demonstrated that several triple insertion mutants support 
OCCM formation and ATP-hydrolysis-dependent OCM formation, but arrest DNA 
licensing prior to MCM2–7 double-hexamer formation. Interestingly, biochemical 
experiments proved that these complexes already contain two MCM2–7 hexamers. 
However, in contrast to wild type MCM2–7 double-hexamers, these MCM2–7 
dimers are salt sensitive and ineffi cient substrates for the S-phase kinase Cdc7- 
Dbf4. In summary, these experiments discovered important features of MCM2–7 
double-hexamer formation. Initially, two MCM2–7 hexamers join and this is fol-
lowed by a dramatic  reorganization   of the complex, which makes the Mcm4, Mcm6, 
and Mcm2 N-termini accessible for DDK and promotes the  establishment   of the 
salt-stable double-hexamer interface [ 102 ].  
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    The MCM2–7  Double Hexamer      

 Eukaryotes have hundreds to thousands of replication origins, while bacteria only 
have a single one. Therefore, initiation of DNA replication in eukaryotes needs to be 
regulated extremely tightly, otherwise re-replication of DNA might occur. For this 
reason eukaryotes evolved a two-stage initiation process, which separates helicase 
loading from helicase activation. In consequence, eukaryotes, in contrast to bacteria, 
have an entirely different helicase loading mechanism, which yields a helicase that is 
completely inactive until it is activated in S-phase. Hence, the detailed structural and 
functional characterization of the MCM2–7 double-hexamer was particularly rele-
vant to understand the molecular basis of eukaryotic DNA replication initiation [ 14 , 
 16 ,  19 ] (Fig.  10.6 ). An initial EM analysis showed that within the double hexamer 
the two MCM2–7 rings interact via their N-terminal domains and form a salt-resis-
tant stable structure with a central channel that accommodates double stranded DNA 
[ 14 ,  16 ]. A more refi ned EM analysis then identifi ed important structural features 
and the subunit organization of the complex. One striking observation was that in 
contrast to the single hexamer the Mcm subunits in the double hexamer are tilted by 
30° (Fig.  10.6a ). This structural change has signifi cant consequences on the function 
of the complex, as it leads to an uncoupling of the arginine fi nger that interconnect 
the neighboring subunits for ATP hydrolysis (Fig.  10.6b ). Indeed, it was observed 
that the ATPase rate of the double hexamer, in contrast of the single-hexamer was 
markedly reduced. As a consequence of their interaction the two single hexamers are 
also tilted and staggered within the double-hexamer. This arrangement, nonetheless, 
does not disturb the continuity of the central channel that accommodates 
DNA. Clearly, uncoupling of the Mcm ATPases represents a powerful mechanism to 
restrict Mcm2–7 helicase activity prior to activation in S-phase [ 19 ].

   Furthermore, the identifi cation of the subunit organization revealed how the two 
MCM2–7 rings are aligned with respect to the Mcm2/5 DNA entry gate in the double 
hexamer (Fig.  10.6a ). It was found that the 2/5 gates are offset within the double- 
hexamer, with the opening of the ring being seemingly impossible, as inter-hexamer 
connections keep each gate in a closed conformation. Moreover, this subunit organi-
zation could constitute another safety mechanism to restrict MCM2–7 ring opening 
and premature helicase unloading or activation [ 19 ]. 

 The architecture of the double hexamer does not only ensure complex stability, 
but also revealed the structural basis of  kinase-dependent   helicase activation in 
S-phase. Cdc7-Dbf4 (DDK) is essential for MCM2–7 helicase activation in all 
eukaryotes. In budding yeast it was shown that DDK interacts directly with the 
N-terminal domains of Mcm2 and Mcm4 [ 78 ,  114 ,  115 ], while genetic experiments 
have shown that a specifi c mutation in mcm5 (bob-1) promotes structural changes 
in MCM2–7, which allow DDK independent helicase activation [ 116 ]. Then  again  , 
DDK targets not only Mcm2 and Mcm4, but also Mcm6 [ 77 ]. The identifi cation of 
the MCM2–7 double hexamer organization revealed that the two opposing Mcm 
hexamers generate an integrated surface for DDK- dependent   helicase activation, as 
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they bring the Mcm2/4/5/6 subunits  in   proximity, which can be much better 
phosphorylated by DDK than within the single hexamer. However, DDK phosphor-
ylation of the two hexamers does not result in large conformational changes in the 
MCM2–7 double-hexamer [ 19 ,  108 ]. In this regard, phosphorylation is likely to 
affect the surface of the proteins, generating binding sites to promote recruitment of 
additional factors required for helicase activation.      
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    Chapter 11   
 Coordination of DNA Replication and Histone 
Synthesis During S Phase                     

       Johanna     Paik     ,     Serena     Giovinazzi     , and     Akash     Gunjan    

    Abstract     The coordination of DNA replication with histone synthesis is of utmost 
importance as any imbalance between the two processes results in genomic instability 
and may even cause lethality. Hence, to maintain genome stability, histone synthesis 
is regulated at multiple levels—transcriptionally, posttranscriptionally and by mod-
ulating protein stability. This tight regulation facilitates the creation of a very tran-
sient histone pool for replication-coupled chromatin assembly and ensures that 
histone synthesis is downregulated when DNA replication is completed or stalled 
due to replication inhibition. As illustrated in this chapter, the bulk of histone syn-
thesis during S phase is activated by the same cell cycle signals that initiate DNA 
replication and downregulated by the same DNA damage response pathways that 
arrest the DNA replication machinery upon DNA damage. Conversely, the avail-
ability of histone proteins and their chaperones that help package the newly repli-
cated DNA into chromatin in turn regulate replication fork progression. Further, in 
senescent cells, the histone chaperone  Hi stone  R egulatory Homolog  A  (HIRA), a 
co-repressor of histone gene transcription, plays an important role in the formation 
of transcriptionally silent heterochromatin that incorporates replication-dependent 
histone genes as well as many genes needed for DNA replication to concomitantly 
shut down both histone and DNA synthesis. This chapter discusses the current state 
of knowledge on the coregulation of histone and DNA synthesis during S phase.  
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      Introduction 

 The genomic DNA in eukaryotic cells exists in the form of nucleoprotein fi laments 
collectively known as chromatin. The basic repeating unit of chromatin comprises 
the  nucleosome   in which 147 bp of DNA is wrapped around an octameric protein 
core consisting of two molecules each of the core histone proteins H2A, H2B, H3, 
and H4 [ 1 ]. The binding of linker histone H1 to the nucleosomes helps fold the 
chromatin further by forming more condensed higher order structures [ 2 ]. Histone 
chaperones help package the DNA into nucleosomes rapidly behind the replication 
fork as soon as a suffi cient amount (~200 bp) of newly synthesized DNA emerges 
from  the   replication fork [ 3 ]. DNA replication and histone synthesis are strictly 
coordinated and it has been known for decades that when DNA replication is inhib-
ited upon exposure to genotoxic agents, histone synthesis is rapidly downregulated 
in an evolutionary conserved response [ 4 – 7 ]. Conversely, a defi ciency of histones or 
histone  chaperones   also has a strong inhibitory effect on both DNA replication ini-
tiation and elongation in higher eukaryotes [ 8 – 12 ], demonstrating that histone and 
DNA synthesis are intimately interlinked processes. This chapter discusses our cur-
rent understanding of how histone and DNA synthesis are coordinately regulated 
during S phase of the cell cycle in budding yeast and mammalian cells.  

    Coordination of Histone Synthesis and DNA Replication 
in Budding Yeast 

 The coupling of histone gene expression and DNA replication in the budding yeast 
  Saccharomyces cerevisiae       is believed to be mainly achieved through transcriptional 
control as histone transcripts have a relatively short half-life [ 13 ]. There are 11 his-
tone genes in budding yeast: single genes encoding H2A.Z ( HTZ1 ) variant, centro-
meric H3 variant ( CSE4 ), the linker histone H1 ( HHO1 ) and two genes for each of 
the core histone proteins H2A, H2B, H3 and H4. The core histone genes occur in 
pairs, with the genes for H3 ( H istone  H T hree 1 and 2,  HHT1  and  HHT2 ) being 
paired with H4 ( H istone  H F our 1 and 2,  HHF1  and  HHF2 ) and that of H2A 
( H istone  T wo  A  1 and 2,  HTA1  and  HTA2 ) with H2B ( H istone  T wo  B  1 and 2,  HTB1  
and  HTB2 ), which presumably helps maintain the right stoichiometry of individual 
core histone proteins relative to each other [ 14 ]. 

 Each core histone gene pair is transcribed divergently from a common promoter 
at the G1/S boundary and repressed outside of S phase. This  cell cycle regulation   is 
conferred by activating and repressing elements present in the replication-dependent 
core histone (H2A, H2B, H3, and H4) promoters (Fig.  11.1a ). Common to all the 
four histone promoters are   U pstream  A ctivating  S equence (UAS) elements      that are 
bound by the  S u p pressor of  T y 10 (Spt10), the only histone promoter specifi c 
transcriptional co- activator known so far in the budding yeast. It has been suggested 
that Spt10 dimerizes and binds to pairs of histone  UAS    elements   in late G1 [ 15 ]. 
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  Fig. 11.1    Regulation of   histone mRNA levels     in budding yeast and mammals . Although  the   actual 
regulatory factors involved are different, in principle similar mechanisms govern histone gene 
transcription as well as histone mRNA levels in yeast and mammals. ( a ) Yeast histone genes are 
repressed outside of S phase and upon DNA damage in S phase by the Hir complex (Hir1–3, Hpc2) 
with help from the chaperones Asf1 and Rtt106. These factors mediate their repressive effects via 
the negative regulatory element (NEG). In S phase, SCF Cdc4  promotes the activation and accumula-
tion of the mitotic cyclins Clb1/2. We speculate that Clb1/2 may prompt Cdk1 mediated Hir com-
plex phosphorylation, thereby relieving the repression of histone genes. Wee1 kinase phosphorylates 
and inhibits Cdk1 as part of the G2/M cell cycle checkpoint and the DNA Damage  Response 
  (DDR). Additionally, Wee1 phosphorylation of H2B tyrosine 37 has been shown to facilitate Hir 
complex binding to repress histone gene transcription. The Upstream Activating Sequences (UAS) 
in the histone gene promoters are bound by coactivators Spt10 and SBF (a heterodimer of Swi4 and 
Swi6), in a mutually exclusive manner to activate histone gene transcription in early S phase. 
Polyadenylation of histone mRNAs by Trf4/5 may contribute to their posttranscriptional regulation 
by modulating their half-lives. Histone mRNAs are degraded by the nuclear exosome in a process 
possibly mediated by Nrd1. The Lsm1–7-Pat1 complex may also degrade histone mRNAs based 
on the length of their polyA tails. ( b ) Mammalian histone genes require NPAT for transcription 
which is recruited to histone promoters by SSRE binding proteins (SSRBPs). Numerous transcrip-
tion factors (HiNFs) confer tissue specifi city or transcriptional control for different replication-
dependent core histone subtypes. Mammalian replication-dependent core histone mRNAs do not 
possess poly-A tails but a stem loop in their 3′ UTR which is recognized by Stem Loop Binding 
Protein (SLBP) for posttranscriptional and translational processing. Mature histone mRNAs are 
stabilized and targeted to the cytoplasm by SLBP. At the end of S phase, the cell cycle machinery 
represses histone synthesis by inhibiting SLBP and E2F1, whilst activating the yeast Hir1/2 protein 
homolog HIRA. As in yeast, Wee1 phosphorylation of H2B tyrosine 37 also facilitates HIRA bind-
ing and termination of histone synthesis at the end of S phase. In addition, upon DNA damage, 
Wee1 inhibits Cdk1 activity through specifi c residues phosphorylation; this conserved mechanism 
prevents mitotic entry in presence of DNA lesions. In a complex signaling network involving 
checkpoint kinases, the DDR triggers both replication arrest and downregulation of histone synthe-
sis through inhibition of histone gene transcription via NPAT inactivation and histone mRNA deg-
radation via the LSM1–7 complex. Question marks indicate speculative pathways that currently 
lack direct experimental evidence.  P  phosphate.  HLBs  histone locus bodies       

 



216

 Spt10   is bound to the histone promoters in alpha factor arrested G1 cells before histone 
gene expression is activated. Therefore, histone genes are likely to be turned on through 
the interaction of Spt10 with another known histone gene regulator Spt21 which is 
present at all four core histone promoters and its binding peaks in S phase [ 16 ]. 

 Recently, the Andrews laboratory has shown that Spt21 abundance is restricted to S 
phase by the  A naphase- P romoting  C omplex  Cd c20  h omologue 1 (APC  Cdh1  ) (Fig.  11.1a ) 
[ 17 ]. This suggests that Spt21 levels oscillate and may contribute to the cell cycle 
regulation of histone genes. However, the effect of  SPT21  deletion on histone gene 
expression is only partial as the deletion mutants show a strong decrease in  HTA2- 
HTB2  and  HHT2 - HHF2  histone transcript levels but the expression of the other 
histone gene pairs  HHT1-HHF1  and  HTA1-HTB1  are only modestly reduced [ 17 ]. In 
contrast, all histone mRNA levels are greatly reduced in  spt10  deletion mutant cells 
released from alpha factor mediated G1 arrest [ 18 ]. Additionally,  spt10  deletion 
mutants exhibit a severe growth defect that can be rescued by a high copy plasmid car-
rying histone gene pairs. Overall, these observations demonstrate the importance of 
Spt10 for the activation of multiple histone gene pairs, while Spt21 may be more selec-
tive for the activation of  the    HHT2-HHF2  and  HTA2-HTB2  gene pairs (Fig.  11.1a ).

   Histone promoters have putative binding motifs for the transcription factor Swi4 
and genome-wide   Ch romatin  I mmuno p recipitation (ChIP) analysis      shows that they 
are bound by SBF and possibly MBF transcription factors [ 19 – 22 ]. MBF and SBF 
are  heterodimers   containing Swi6 (a regulatory factor) and a sequence specifi c DNA 
binding factor Mbp1 (in MBF) and Swi4 (in SBF) respectively [ 23 ]. SBF and Spt10 
bind to the same UAS elements (UAS2 and UAS3) at the  HTA1-HTB1  promoter and 
their binding is mutually exclusive in vitro (Fig.  11.1a ). SBF binding peaks in early 
S phase and concomitantly a SBF mediated small peak in histone gene expression is 
detectable. By the end of S phase, the binding of SBF and Spt10 at the histone pro-
moters is completely abolished [ 15 ]. Overall, histone  gene expression   is only mod-
estly reduced in  swi4  or  mbp1  deletion strains with some histone genes showing a 
small but signifi cant reduction [ 16 ]. Spt10 and SBF may together control the expres-
sion from the  HTA1-HTB1  promoter in G1/S as  HTA1-HTB1  expression is com-
pletely abolished when all four UAS elements are removed from the promoter [ 15 ]. 

 Inappropriate expression of histone genes outside of S phase or when DNA rep-
lication is arrested is associated with toxicity. To prevent this, histone genes are also 
subjected to negative regulation [ 8 ]. A group of four functionally related   Hi stone 
 R egulators   (Hir1, Hir2, and Hir3) and the  H istone  P romoter  C ontrol 2 (Hpc2) pro-
teins are shown to act in a complex as transcriptional co-repressors for three of the 
four histone gene pairs (Fig.  11.1a ),  HTA1-HTB1 ,  HHT1-HHF1 , and  HHT2-HHF2 , 
both outside of S phase and in response to replication arrest [ 14 ,  24 ]. A fi fth protein, 
Asf1 (Anti- Silencing Function  1  ) also co-purifi es with  Hir   proteins and  asf1  mutants 
are partially defective in the repression of transcription from  HTA1-HTB1 ,  HHT1-
HHF1 , and  HHT2-HHF2  gene pairs upon replication arrest [ 25 ]. Asf1/Hir-mediated 
repression of transcription relies on a specifi c DNA sequence, the negative (NEG) 
regulatory element which is present on the promoters of the three Hir-regulated 
gene pairs (Fig.  11.1a ), but is absent from that of the  HTA2-HTB2  promoter [ 4 ]. The 
  HTA2- HTB2  gene pair also undergoes cell cycle regulation and its transcripts 
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disappear outside of S phase as well as in response to replication arrest, but in a 
Hir- independent manner [ 26 ]. Asf1 and Hir are also  chromatin assembly factors   
that bind to histones and help assemble and disassemble chromatin [ 27 ]. Asf1 stim-
ulates the replication-independent nucleosome assembly activity of the Hir complex 
in vitro [ 28 ]. More recently, the H3/H4 chromatin assembly factor Rtt106 was iden-
tifi ed as an additional regulator of histone gene expression [ 29 ]. Rtt106 functions 
downstream of Asf1 and the Hir complex and localizes to the histone gene promot-
ers in a Hir- and Asf1-dependent manner (Fig.  11.1a ) [ 29 ]. Further, the chromatin 
remodeling complex Rsc is also recruited to the histone gene promoters in a Hir and 
Rtt106- dependent manner (Fig.  11.1a ) [ 30 ]. Rsc recruitment is mediated by Rtt106 
and its recruitment to the histone gene promoters is compromised in  rtt106  mutant 
cells, although the Hir complex and Asf1 remain bound [ 30 ]. 

 Histone  promoters   are devoid of nucleosomes in either  hir  or  asf1  or  rtt106  
mutant cells, suggesting that these histone chaperones form a repressive chromatin 
structure at the histone gene promoters to shut down transcription [ 29 ]. However, 
the defect in histone gene repression in an  rtt106  or  asf1  mutant is relatively mild 
compared to the nearly complete derepression of histone genes observed in  hir/hpc  
mutants [ 29 ]. This raises the intriguing question whether a different pathway/factor 
exists through which the Hir complex exerts its repressive role at the histone gene 
promoters. It is also possible that part of the repressive activity of the Hir complex 
is mediated via Asf1 and Rtt106 such as under conditions of replication stress in 
S phase, while the remainder is carried out directly by the Hir complex itself in G2, 
M, and G1 in an Asf1/Rtt106 independent manner [ 31 ]. 

 Previous work from the Osley and Johnston laboratories has demonstrated the 
 requirement   of a functional  C ell  D ivision  C ycle 4 (Cdc4) protein for the transcription 
of the  HTA1  gene in late G1 [ 32 ,  33 ] (Fig.  11.2 ). Cdc4 is critical for DNA replication 
initiation at G1/S and for meiotic nuclear division at G2/M [ 34 ,  35 ]. Cdc4, Cdc34, 
Cdc53, and Skp1 proteins form the  S kp,  C ullin,  F -box containing SCF-Cdc4 com-
plex which is required for the ubiquitin-dependent proteolysis of a number of genes 
that regulate  cell cycle progression   such as Sic1, Cdc6, Clb6, Cln3 [ 36 – 41 ]. Based 
on this, Amin et al tested if Cdc4 coordinates DNA replication with histone synthesis 
in G1/S. Using  cdc4 ts  (temperature sensitive) mutants they demonstrated that the 
activation of the  HTA1-HTB1  gene pair is dependent on Cdc4 [ 31 ]. Since the major 
role of SCF- Cdc4 complex at the G1/S transition is the activation of all six Clb/Cdk1 
complexes, this raises the question whether any of the six Clb/Cdk1 complexes are 
involved in activating histone gene expression [ 31 ]. Unexpectedly,  S phase cyclins 
Clb5 and Clb6   which are involved in DNA initiation did not have any major impact 
on histone gene activation, although their activation was slightly delayed. Instead, 
the activation of histone genes  HTA1-HTB1  and  HTA2  showed a strong dependence 
on the mitotic Clb1 and Clb2 cyclins [ 31 ]. Further, Clb1/2 cyclin dependency can be 
bypassed by the disruption of the Hir complex which negatively regulates histone 
gene expression [ 31 ]. This suggests that the  Cdks   may negatively regulate the 
 Hir-complex and as a result histone genes are activated in G1/S (Fig.  11.1a ).   Hi stone 
 R egulatory homolog  A  (HIRA)     , the mammalian homolog of Hir1 and Hir2 in yeast 
is a  direct   Cdk target and as such it is entirely possible that the Hir-complex is also 
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regulated by Cdk phosphorylation [ 42 ]. Indeed, Hpc2 was identifi ed as a direct target 
for Cdk1 in a global screen to identify new Clb2/Cdk1 substrates [ 43 ]. Further, Clb2 
associates with the Hir complex in vivo [ 31 ] and the Clb1/Clb2-associated Cdk1 
kinase is active at the G1/S transition when histone gene transcription is activated, 
although its kinase activity is lower than that observed in G2 [ 44 – 46 ]. 

 Histone genes in yeast are also subjected to posttranscriptional regulation and this 
mechanism  contributes   to the cell cycle regulation of histone genes. Unlike their 
mammalian counterparts that end in a stem loop, yeast histone mRNAs are polyade-
nylated (Fig.  11.1a ). The region that confers cell cycle regulation even when histone 
genes are expressed from a constitutive heterologous promoter has been mapped and 
lies in the  3′  U n t ranslated  R egion (UTR)  . The 3′ UTR of the HTB1 gene contains a 
  D istal  D ownstream  E lement (DDE)      that lies about 100 nt downstream of the 3′-end 
cleavage site [ 47 ]. In addition, the  DDE   contains a transcription termination site and 
mutations in the DDE prevent the degradation of a reporter mRNA [ 48 ]. Work from 
the Bond and Campbell laboratories has demonstrated the involvement of the nuclear 
exosome (a multi-subunit complex of 3′ to 5′ exonucleases) and the 3′-end processing 
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machinery consisting of the  Tr f4/ A ir2/ M tr4p  P olyadenylation (TRAMP) complex in 
the cell cycle regulation of histone mRNAs [ 48 ,  49 ]. The  nuclear exosome processes   
many RNAs in the nucleus that need to be fi rst polyadenylated by the TRAMP com-
plex comprising the PolyA polymerases Trf4 and Trf5, a putative ATP-dependent 
RNA helicase Mtr4p/Dob1p and the zinc knuckle-binding proteins Air1 and Air2 
(TRAMP) [ 50 – 52 ]. Deletion of the nuclear exosome component Rrp6 as well as the 
TRAMP components Trf4 and Trf5 result in high levels of histone mRNAs [ 49 ]. It is 
thought that Trf4 and Trf5 components of the TRAMP complex add short polyA tails 
and tag the mRNA to be degraded by the nuclear exosome [ 50 ,  53 ]. In the case of 
histone mRNA regulation, the Air1 and Air2 RNA- binding proteins of the TRAMP 
complex are not needed and therefore another RNA-binding protein such as Nrd1 may 
support the recruitment of the nuclear exosome via interaction with Rrp6. Indeed, 
Nrd1 has been shown to interact with the  TRAMP   complex and stimulate the 3′-end 
processing of RNA Pol II transcripts by the exosome [ 54 ]. The transcriptional 
termination site which lies in the DDE of the  HTB1  gene seems to be critical for the 
interaction with TRAMP and the nuclear exosome (Table  11.1 ).

       The Role of Transcriptional Regulation in Coordinating 
Histone Synthesis and DNA Replication in S Phase 
in Mammalian Cells 

    Transcriptional Regulation of Core Histones 
in Mammalian Cells  

 The tremendous increase in histone protein levels during S phase to meet the 
demand for new chromatin assembly is a direct result of the accumulation of histone 
mRNAs in S phase, which in turn is controlled at the level of transcription, pre- 
mRNA processing and mRNA stability in mammalian cells [ 55 – 57 ]. We will fi rst 
consider the contribution of histone gene transcription in ensuring an adequate sup-
ply of histones during DNA replication. There are multiple copies of  replication- 
dependent   or canonical histone H2A, H2B, H3, and H4 genes, the majority of which 
are clustered in a small number of chromosomal loci in mammals and are expressed 
only during S phase in a replication-dependent manner [ 57 ,  58 ]. The remainder of 
the histones genes is mostly single copy replication- in dependent histone genes scat-
tered across the genome and these express primary sequence variants of the canoni-
cal histone genes throughout the cell cycle and appear to possess unique functions 
[ 57 ]. Replication-dependent histone gene promoters generally contain a core pro-
moter for initiation by RNA polymerase II, a   S ubtype  S pecifi c  C onsensus  E lement 
(SSCE)   and a distal activation domain. In the case of histone H4, whose regulation 
is the best studied among mammalian histone genes, cell cycle dependency comes 
from the SSCE element. The regulation of each of the mammalian histone genes 
involves different  cis -acting elements and multiple transcription factors. Over the 
years, studies have uncovered many of these transcription factors and named them 
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   Table 11.1    List  of   genes   

 Gene  Description  Species 

 Air2  Arginine methyltransferase- 
Interacting RING fi nger 2 

 RNA-binding subunit of the 
TRAMP complex 

 Yeast 

 APC  Anaphase-promoting 
complex 

 Ubiquitin-protein ligase degrades 
substrates at the metaphase/
anaphase transition 

 Yeast; 
mammal 

 Asf1  Anti-silencing function 1  Corepressor; stimulates the 
replication- independent 
nucleosome assembly 

 Yeast 

 ATM  Ataxia Telangiectasia 
mutated 

 DNA damage response (DDR) 
kinase 

 Mammal; 
yeast (Tel1) 

 ATR  ATM and Rad3 related  DDR kinase  Mammal; 
yeast (Mec1) 

 Cdc  Cell division cycle  Group of proteins that timely 
regulate cell cycle 

 Yeast; 
mammal 

 Cdks  Cyclin-dependent kinases  Ser/Thr kinases regulating the 
cell cycle; active only in a 
complex with cyclins 

 Yeast; 
mammal 

 CDP  CCAAT displacement protein  HiNF-D  Mammal 
 CHK2  Checkpoint kinase 2  Protein kinase; DDR activated to 

arrest the cell-cycle and DNA 
replication and to initiate DNA 
repair 

 Mammal/
yeast (Rad53) 

 Clb  B type cyclin  Cell cycle progression/DNA 
replication 

 Yeast; 
mammal 

 E2F1/4  E2F transcription factor 1/4  Transcription factor with crucial 
role in cell cycle control 

 Mammal 

 FLASH  Fadd Like  IL1B   converting 
enzyme associated Huge 
protein 

 NPAT mediated regulator of 
histones transcription 

 Mammal 

 HiNF-P  Histone nuclear factor-P  Transcription factor specifi c 
for H4 

 Mammal 

 HiNFs  Histone nuclear factors  Transcription factors for histone 
genes 

 Mammal 

 Hir1/2/3  HIstone regulation 1/2/3  Subunits of the Hir corepressor 
complex; nucleosome assembly 

 Yeast; 
mammal 
(HIRA) 

 HMG- I  High mobility group-I  HiNF-A  Mammal 
 HPC2  Histone periodic control 2  Subunit of the Hir complex  Yeast 
 IRF2  Interferon regulatory factor 2  HiNF-M  Mammal 
 LSM1–7  Sm-like proteins 1–7  Heptameric complex with role in 

mRNA degradation 
 Yeast;
mammal 

 MBF  Mbp1-Swi6 heterodimer 
binding factor 

 Transcription factor  Yeast 

 MCM  Mini- chromosome 
  maintenance 

 The MCM2–7 complex is a 
putative replicative helicase 

 Mammal;
yeast (Cdc47) 

(continued)
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Table 11.1 (continued)

 Gene  Description  Species 

 Mtr4  mRNA transport 4  ATP-dependent 3′–5′ RNA 
helicase of the TRAMP complex 

 Yeast 

 NPAT  Nuclear protein Ataxia 
Telangiectasia 

 Essential factor for S phase-
dependent histone gene 
transcription 

 Mammal 

 Nrd1  Nuclear pre-mRNA 
downregulation 1 

 RNA-binding subunit of the 
exosome complex 

 Yeast 

 OCA- S  Oct-1 co-activator in S phase  Cell cycle regulator of H2B 
transcription 

 Mammal 

 Oct-1  Octamer binding factor 1  Transcription factor  Mammal 
 PCNA  Proliferating cell nuclear 

antigen 
 Protein essential for DNA 
replication and repair; sliding 
clamp 

 Mammal;
yeast (Pol30) 

 Rad53  RADiation sensitive 53  Protein kinase; DDR activated to 
arrest the cell-cycle and DNA 
replication and to initiate DNA 
repair 

 Yeast;
mammal 
(Chk2) 

 Rrp6  Ribosomal RNA processing 6  Nuclear exosome exonuclease  Yeast 
 Rtt106  Regulator of Ty1 

transposition 
 Histone chaperone  Yeast 

 SBF  SBC binding factor  Swi4-Swi6 Heterodimer 
transcription factor 

 Yeast 

 SLBP  Stem loop binding protein  Protein required for histone 
pre-mRNA processing and 
mRNA export to cytoplasm 

 Mammal 

 SMAD  Small and mothers against 
decapentaplegic 

 Transcription factor  Mammal 

 SP1  Specifi city protein 1  HiNF-C  Mammal 
 Spt10  Suppressor of  T  y 10  Sequence-specifi c activator of 

histone genes 
 Yeast 

 Spt21  Suppressor of Ty 21  Transcriptional silencer  Yeast 
 Swi4  SWItching defi cient 4  DNA binding of SCB  Yeast 
 Swi6  SWItching defi cient 6  Regulatory factor  Yeast 
 Tip-60  60 kDa Tat-interactive protein  Histone acetyltransferase  Mammal 
 TRAMP  Trf4/Air2/Mtr4p 

polyadenylation complex 
 Nuclear RNA surveillance 
complex 

 Yeast 

 Trf4/5  Trf poly(A) polymerase 4/5  Pol beta-like 
nucleotidyltransferases 

 Yeast 

 TRRAP  TRansformation/
tRanscription domain 
associated protein 

 Transcriptional histone 
acetyltransferase cofactor/
Adaptor 

 Mammal 

 Wee1  Wee (Scottish word for 
small)-1G2- checkpoint 
kinase 

 Nuclear tyrosine kinase regulator 
of cell cycle progression 

 Yeast;
mammal 

 YY1  Yin Yang 1  HiNF-I  Mammal 

11 Coordination of DNA Replication and Histone Synthesis During S Phase



222

HiNFs ( H istone  N uclear  F actors), although these mostly correspond to known gen-
eral mammalian transcription factors. For example, histone H4 genes contain two 
major protein–DNA interaction sites in vivo [ 59 ]. One of these is an enhancer ele-
ment for activating histone H4 transcription via interactions with a variety of  gen-
eral transcription factors      such as SP1 ( S pecifi city  P rotein 1)/HiNF-C, Yin Yang 1 
(YY1)/HiNF-I,  H igh  M obility  G roup-I (HMG-I)/HiNF-A) [ 60 – 62 ].  Cell cycle con-
trol   in G1/S is conferred by the second regulatory site via interactions with IRF2 
( I nterferon  R egulatory  F actor 2)/HiNF-M, CDP ( C CAAT  D isplacement  P rotein)/
HiNF-D and a H4 specifi c transcription factor HiNF-P [ 63 ,  64 ], all of which con-
tribute to the cell cycle regulation of histone H4 expression [ 65 ]. 

 Transcriptional control plays an important role in regulating the expression of the 
replication-dependent histone genes at the G1/S boundary. As cells enter S phase, 
histone mRNA transcription increases three- to fi vefold compared to basal G1-levels 
[ 66 ,  67 ]. This cell cycle-dependent S phase expression of histone genes is conferred 
by the action of Cyclin E/Cdk2, the key regulator of S phase entry which also initi-
ates DNA replication (Fig.  11.1b ). The activity of  Cyclin E/Cdk2   is required for 
phosphorylation of Cdc6 which protects it from degradation by the  A naphase-
 P romoting  C omplex (APC), which in turn allows the licensing of origins in late G1 
[ 68 ,  69 ]. Another essential substrate for Cyclin E/Cdk2 is the  N uclear  P rotein 
 A taxia– T elangiectasia locus ( NPAT)      which is localized in a cell cycle-dependent 
manner in subnuclear structures known as the   H istone  L ocus  B odies (HLBs)      that 
contain the clustered histone genes [ 70 – 73 ]. The histone locus bodies also contain 
many factors required for histone mRNA synthesis and processing [ 74 ]. NPAT is an 
essential protein for normal mammalian development and enhances histone gene 
transcription as overexpression of NPAT activates promoters of multiple histone 
genes via the SSREs within the promoters [ 72 ]. The suppression of NPAT expres-
sion through RNA interference or conditional knockout impedes expression of all 
replication- dependent core histone genes. The promoter DNA sequences of differ-
ent core histone subtypes are quite divergent, and direct DNA binding by NPAT has 
not been detected. Therefore, it has been proposed that coordination of the 
transcription of multiple core histone subtypes by NPAT occurs through the interac-
tion of NPAT with factors that regulate transcription of the individual core histone 
subtypes. Indeed, after phosphorylation by Cyclin E/Cdk2, NPAT co-activates the 
transcription of histone genes by interacting with the H4 promoter specifi c tran-
scription factor HiNF-P, a conserved Zn fi nger protein that binds to a histone H4 
promoter regulatory element [ 75 ]. Although a large number of histone gene tran-
scription factors have been characterized, HiNF-P is unique because it is the only 
known histone H4 promoter-specifi c factor that interacts directly with NPAT and 
they both reside in HLBs. Although the mechanism of HiNF- P   action is not fully 
understood, it is clear that the HiNF-P/NPAT complex mediates a unique cell cycle 
regulatory mechanism that controls the G1/S phase transition. 

 NPAT also interacts with transcription factor Oct1 ( Oct amer Binding Factor 1)       
and its coactivator complex OCA-S ( O ct-1  C o- A ctivator in  S  phase) that bind to the 
octamer binding element in the H2B promoter SSRE to activate H2B transcription 
[ 76 ]. Remarkably, components of OCA-S include nuclear p38/ glyceraldehyde- 3- 
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phosphate   d e h ydrogenase (GAPDH) and lactate dehydrogenase. Further, the activ-
ity of OCA-S is regulated by NAD ( N icotinamide  A denine  D inucleotide) and 
NADH, suggesting a link between the histone gene transcription and the cellular 
metabolic state/redox status [ 76 ]. The  molecular mechanism   underlying the 
 regulation of H2B transcription by Oct1/OCA-S in accordance with the cellular 
metabolic/redox states is not yet clear. Nevertheless, the pattern of Oct-1 phosphor-
ylation changes throughout the cell cycle, and may be CDK mediated, thereby 
potentially regulating Oct1 function at histone promoters [ 77 ]. 

 Studies aimed at further elucidating the molecular mechanisms by which NPAT 
regulates histone gene activation at G1/S revealed an interaction of NPAT with com-
ponents of the Tip60  H istone  A cetyl t ransferase (HAT) complex [ 78 ]. The association 
of the  Tip60-TRRAP   ( Tr ansformation/T r anscription Domain- A ssociated  P rotein) 
complex increases histone H4 acetylation at the H4 promoter during G1/S transition 
in a NPAT-dependent manner (Fig.  11.1b ). Another factor, FLASH (FADD-like 
IL-1β- converting enzyme associated huge protein), has been implicated in the NPAT- 
mediated regulation of histone gene transcription [ 79 ]. Initially, FLASH was shown to 
associate with NPAT as well as histone gene promoters and was required for histone 
transcription and S phase progression [ 80 ]. Subsequently, FLASH was shown to be 
required for 3′-end processing of histone pre-mRNAs [ 81 – 83 ]. 

 A number of  transcription factors   such as YY1 (Yin Yang 1) and SMAD ( S mall 
and  M others  A gainst  D ecapentaplegic) that have not been shown to interact with 
NPAT so far also contribute to the transcription of histone genes, although the 
detailed molecular mechanisms involved are largely unknown. YY1 is a ubiquitous 
transcription factor involved in activating histone genes upon binding specifi c 
sequences both in the coding sequences [ 84 ] and promoter regions [ 62 ] of  replica-
tion-dependent histone genes  . A recent study suggests that YY1 may be primarily 
contributing to tissue specifi c activation of histone genes upon differentiation [ 85 ]. 
The same study also reported that in  embryonic stem cells  , histone genes were the 
major targets for repression by SMAD1 and SMAD2, which are effectors of 
extracellular signaling by BMP ( B one  M orphogenetic  P rotein) and TGF-β 
( T ransforming  G rowth  F actor-β). Most surprisingly, this study also fi nds E2F1 and 
E2F4 transcription factors to be highly enriched on nearly all replication-dependent 
histone genes, which is contrary to the general belief that most histone genes are not 
regulated by the E2F family of proteins [ 86 ]. Additional studies are required to 
determine the molecular mechanisms involved in the regulation of histone genes by 
these transcription regulators. 

  Wee1   is a conserved  nuclear tyrosine kinase   and known to negatively regulate 
the activity of Cdk1 (Cdc28 in yeast) in the Cyclin B/Cdk1 complex by phosphory-
lating tyrosine 15 of Cdk1 and inhibiting it throughout S phase, thereby preventing 
cells from entering mitosis until DNA replication is completed [ 87 ,  88 ]. Recently, 
Wee1 has been shown to be playing an important role in shutting off histone gene 
transcription at the end of S phase [ 89 ]. Wee1 phosphorylates histone H2B at tyro-
sine 37 in the nucleosomes found upstream of the major histone gene cluster  HIST1  
and suppresses histone transcription in late S phase [ 89 ]. Inhibition of the WEE1 
kinase results in the loss of H2B tyrosine 37 phosphorylation (pH2B Y37) and an 
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increase in histone transcript levels. The nucleosomes upstream of the  HIST1  cluster 
containing pH2B Y37 may hinder the recruitment of NPAT and thereby prevent the 
activation of histone gene transcription (Fig.  11.1a ) [ 89 ]. Additionally pH2B Y37 
has been shown to recruit HIRA to the histone gene cluster, where it may help to 
enforce a repressive chromatin structure [ 89 ]. This mode of transcriptional repres-
sion seems to be conserved as  pH2B Y37 phosphorylation   is enriched on the yeast 
histone promoters containing the negative regulatory (NEG) element as well 
(Fig.  11.1a ) [ 89 ]. Thus, Wee1 couples the completion of DNA replication with the 
termination of histone synthesis at the end of S phase, thereby ensuring a proper 
histone–DNA stoichiometry before the cell proceeds to  mitosis   (Fig.  11.1b ).

   Taken together, all the available evidence suggests that NPAT functions as a key 
global regulator of coordinated transcriptional activation of multiple core histone 
subtypes during the G1/S phase transition and links the regulation of histone gene 
expression to the  cell cycle machinery  . In addition to histone gene expression, NPAT 
has been shown to play a critical role in S phase entry [ 70 ,  90 ,  91 ]. NPAT deletion 
cells do not enter S phase despite high CDK activity, demonstrating that it has a 
CDK-independent role in cell cycle progression. Therefore, while  Cyclin E/Cdk2   is 
at the top of the cascade which leads to both the initiation of DNA replication and 
histone synthesis in mammalian cells, NPAT may serve as the crucial link that 
 couples histone gene activation and DNA replication. On the other hand, the CDK 
regulator Wee1 coordinates the shutdown of histone gene transcription with the 
completion of replication at the end of S phase.  

    Linker Histone  H1 and DNA Replication   

 There are at least three major groups of H1-encoding genes in vertebrates—cleavage 
stage H1, replication-dependent H1, and differentiation-specifi c H1. The promoter 
of each group consists of a specifi c combination of regulatory elements that are 
evolutionarily well conserved. 

 Among invertebrates, the best-studied species is the sea urchin, where these dif-
ferent types of H1-encoding genes have been described and their promoter function-
ally dissected [ 92 – 94 ]. The replication-dependent histone promoter contains a 
CAAT box upstream from the TATA box, and is followed by a GC-rich region and 
the characteristic H1 box (also named AC box). In addition, there is a near perfect 
inverted repeat of the H1/AC box named UCE ( U pstream  C onserved  E lement) that 
was fi rst found in the differentiation-associated H1 0  promoter in  Xenopus . This ele-
ment was also found later in vertebrate H1 promoters and named the TG box [ 95 ]. 
The role of these  regulatory   elements in the expression of replication-dependent 
histone H1 has been extensively studied [ 94 ]. The fi rst clue regarding the link 
between the cell cycle and the expression of H1s came from the work of van Wijnen 
and colleagues showing the involvement of the HiNF-D complex in the control of 
the expression of several S phase histones, including H1 [ 96 ]. It is likely that H1 and 
core histone genes become activated by the same S phase signaling initiated by the 
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CyclinE/Cdk2 complex [ 32 ]. However, H1 is transcribed throughout S phase and 
core histones are only transcribed in a short pulse during early S phase. Indeed, 
work from the Tijan laboratory using single-cell imaging in  Drosophila  suggests 
that alternative  P re i nitiation  C omplex (PIC) subunits are used for H1 transcription 
initiation [ 97 ]. 

 Phosphorylation is an important cell cycle dependent modifi cation for histone H1. 
A low level of H1 phosphorylation can be detected in G1 which increases steadily 
through S phase until it reaches its maximum in mitotic cells. S phase histone H1 
exist in both unphosphorylated and hypo-phosphorylated forms and there is evidence 
that H1 phosphorylation is important for the process of DNA replication [ 98 – 100 ]. 
Replicating DNA and phosphorylated H1 colocalize in vivo [ 101 ],  suggesting that 
this H1 phosphorylation may promote DNA decondensation to facilitate DNA repli-
cation. The effects of histone H1 on DNA replication has been studied directly using 
 Xenopus  egg extracts. Lu et al showed that DNA replication is inhibited to equal 
extent in extracts supplemented with either of the somatic variants H1c or H1 0  [ 102 ]. 
Additionally, somatic H1s inhibit replication initiation by limiting the assembly of 
pre-replication complexes on sperm chromatin [ 103 ]. Together, these studies suggest 
that on one hand the interaction of preexisting  histone H1 may be weakened via 
phosphorylation to facilitate replication fork  progression, while on the other hand the 
deposition of histone H1 on newly synthesized DNA may contribute to block replica-
tion licensing and  prevent   re-replication.   

    The Role of  Posttranscriptional Regulation   in Coordinating 
Histone Synthesis and DNA Replication during S Phase 
in Mammalian Cells 

 Since the half-life of the mammalian histone transcript is generally much greater com-
pared to that in yeast, it is important to consider the contribution of posttranscriptional 
regulation in coordinating histone and DNA synthesis. Mammalian histone mRNAs 
are unique as they do not end in a polyA tail but instead have a conserved stem loop 
at their 3′ end that is bound by the   S tem  L oop  B inding  P rotein (SLBP)      [ 104 ]. SLPB 
is involved in the histone pre-mRNA processing and its degradation at the end of 
S phase (Fig.  11.1b ). SLBP is subjected to cell cycle regulation and is stable only in 
S phase. Accumulation of SLBP before the beginning of S phase is crucial to allow 
the accumulation of histone mRNAs necessary for histone protein synthesis. At the 
end of S phase, SLBP needs to be degraded to shut off histone synthesis (Fig.  11.1b ). 
The degradation of SLBP is initiated by Cyclin A/Cdk1 mediated phosphorylation of 
SLBP on Threonine 61 (T61) which is followed by  C asein  K inase 2 (CK2) mediated 
phosphorylation of T60 [ 105 ]. Both sites need to be phosphorylated for subsequent 
SLBP degradation via the ubiquitin–proteasome pathway, although the ubiquitin 
ligase responsible for its degradation is not known. 

 Recent work from the Marzluff laboratory suggests that the major S phase 
transcription factor, E2F1 is regulated in parallel with SLBP, possibly by Cyclin 
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A/Cdk1 (Fig.  11.1b ) [ 106 ]. In HeLa cells, E2F1 is cell cycle regulated and the level 
of E2F1 protein increases as cells enter S phase and decreases at the end of S phase 
just like SLBP. Further, deletion of the amino terminus of E2F1 that removes the 
Cyclin A binding site results in the stabilization of E2F1 protein at the end of S 
phase. A mutant E2F1 carrying a deletion of the C-terminal residues 300–379 was 
also not degraded at the end of S phase, suggesting that two regions are needed for 
degradation of E2F1 protein. E2F1 is a critical transcription factor that regulates the 
transcription of many genes involved in DNA replication including the MCM ( M ini 
 C hromosome  M aintenance)       and ORC ( O rigin  R ecognition  C omplex)       proteins, 
components of the replication apparatus such as RFC ( R eplication  F actor  C ), PCNA 
( P roliferating  C ell  N uclear  A ntigen), and RPA ( R eplication  P rotein  A ) to name a 
few [ 107 ]. Further, genes encoding enzymes involved in deoxyribonucleotide 
metabolism also require the E2F1 transcription factor. At the beginning of S phase, 
members of the retinoblastoma tumor suppressor pRb family (pRb, p130, and p107) 
are phosphorylated by Cyclin E/Cdk2 and this results in their dissociation from the 
transcription factor E2F1 and consequently in the upregulation of the genes involved 
in DNA replication [ 108 ]. At the end of S phase, E2F1 is very likely to be  inactivated 
along  with   SLBP by Cyclin A/Cdk1, which also phosphorylates and inactivates 
proteins required for DNA replication such as ORC1, FEN1, and the CDP ( C CAAT 
 D isplacement  P rotein) transcription factor that is needed for the expression of the 
DNA polymerase alpha gene [ 109 ,  110 ]. Thus, Cyclin A/Cdk1 may signal the end 
of S phase by both inactivating pre-replication complexes to  prevent   re-replication 
and simultaneously inhibiting histone synthesis by degrading SLBP.  

    Coupling of  DNA Synthesis   and Histone Synthesis 
upon Replication Inhibition or DNA Damage in S Phase 

 The previous sections have focused on how the activation of DNA and histone syn-
thesis by Cyclin/Cdk2 activity ensures the coordination between them. This cou-
pling is maintained throughout S phase and as such the amount of free histones is 
very small. This is not surprising given the known effects of histone imbalance on 
the fi delity of diverse nuclear processes and genomic stability [ 8 ,  9 ,  111 ,  112 ]. The 
close coordination of histone and DNA synthesis is exemplifi ed in the rapid and 
concerted downregulation of histone mRNAs in response to DNA replication inhib-
iting drugs such as hydroxyurea (HU) [ 14 ]. This evolutionarily conserved response 
refl ects the existence of S phase controls which ensure that the rate of histone pro-
duction exactly matches the rate of their incorporation into chromatin. In mamma-
lian cells, the   D NA  d amage  r esponse (DDR)      kinase ATM ( A taxia  T elangiectasia 
 M utated) is directly involved in the activation of mechanisms that ultimately lead to 
the repression of histone expression in  i onizing  r adiation (IR) treated cells [ 113 ]. 
 The   DDR activates a checkpoint when a cell senses DNA damage and the check-
point response leads to a sequential activation of kinases that slow down the cell 
cycle to allow time for repair [ 114 ]. Following activation of ATM, its downstream 
targets p53 and p21 are consequently upregulated. p21 blocks the activation of the 
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key regulator Cyclin E/Cdk2 complex which leads the dephosphorylation of NPAT. 
Unphosphorylated NPAT can no longer localize to the histone clusters in the HLB 
to activate histone gene transcription [ 113 ]. In fact, both NPAT and FLASH are 
degraded upon DNA damage mediated  by   UV-C irradiation [ 115 ]. This leads to the 
disruption of HLBs and the subsequent drop in histone transcription may contribute 
to the cell cycle arrest. Histone mRNAs are also rapidly degraded when DNA repli-
cation is inhibited with drugs such as hydroxyurea during S phase. The degradation 
is induced by the addition of untemplated uridines at the 3′ end of histone tran-
scripts by terminal uridyl transferases [ 5 ,  116 ]. Such 3′ oligouridylated transcripts 
are preferentially recognized and bound by the hetero-heptameric LSM1–7 com-
plex. The LSM1–7 complex then triggers the degradation of histone mRNAs 
through the interaction with Eri1, a 3′–5′ exoribonuclease and the RNA helicase 
Upf1. They all contribute to the subsequent histone mRNA degradation through the 
3′ stem loop [ 117 ]. Although the mechanism of histone mRNA degradation is now 
known in signifi cant detail, the important question of how the stalling of DNA rep-
lication in the nucleus is signaled to the cytoplasmic histone mRNA degradation 
machinery is still not clear. An attractive hypothesis is that changes in Upf1 protein 
phosphorylation in response to DNA replication stress modulate histone mRNA 
stability. Upf1 is a direct target of the  p hosphatidyl i nositol- 3  (PI-3) kinases ATR 
( AT M and  R ad3 related) and hSMG-1 [ 118 ]. 

  In S. cerevisiae , the Hir complex plays a major role in the DNA damage induced 
transcriptional repression of histone genes. In addition, other histone chaperones such 
as Asf1 and Rtt106 and the chromatin remodeler Rsc are also implicated in the forma-
tion of a repressive chromatin structure at the histone promoters to block transcription 
[ 29 ]. Our laboratory has obtained evidence suggesting that the DDR kinases trigger the 
downregulation of histone mRNAs by targeting the Hir-complex (Paik et al., unpub-
lished data). Interestingly, the yeast DDR kinase Rad53 (homolog of the human tumor 
suppressor CHK2) targets excess histone proteins for degradation via the ubiquitin–
proteasome pathway both at the end of a normal S phase, as well as upon DNA damage 
or replication arrest in S phase, thereby contributing to genome stability [ 8 ,  111 ]. 

 Recent evidence suggests that histone mRNAs in  S. cerevisiae  are also posttran-
scriptionally regulated and Herrero and Moreno have reported the importance of 
Lsm1 (as part of the yeast Lsm1–7-Pat1 complex) in histone mRNA degradation 
[ 119 ]. Lsm1 mutants accumulate high levels of histone mRNAs and are unable to 
degrade them following HU treatment. How the Lsm1–7 complex recognizes the 
histone mRNAs for degradation is not clear as yeast histone transcripts are not 
found to be uridylated. The Lsm1–7-Pat1 complex has been found to bind preferen-
tially to U-tracts carrying mRNAs in humans and to oligoadenylated over polyade-
nylated mRNAs in yeast [ 116 ]. It has been reported that the average length of the 
poly A tail of yeast histone H2B mRNA is quite short compared to other transcripts. 
Further, the H2B poly A tail length varies during the cell cycle and shortens as cells 
progress from G1 to S phase [ 120 ]. Hence, it is attractive to speculate that the 
Lsm1–7-Pat1 complex may recognize histone mRNAs based on the length of their 
poly A tails and selectively degrade them. Future research  should   unravel the 
 relative contributions and the molecular details of how the Lsm1–7-Pat1 complex 
and the TRAMP complex regulate histone mRNAs in yeast.  
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    Is  MCM2   a Sensor of Histone Supply and Demand 
at the Replication Fork? 

 To maintain a proper histone–DNA stoichiometry, the amount of histones assembled 
onto chromatin is exactly matched with the rate of ongoing DNA replication. 
The assembly of chromatin is facilitated by the interaction of certain components of 
the DNA replication machinery with chromatin assembly factors or histone chaper-
ones which mediate the deposition of histones onto the newly replicated 
DNA. Accordingly, the pace of DNA replication is tightly coupled to chromatin 
assembly. This is illustrated by the fact that depletion of chromatin assembly factors 
such as ASF1 and CAF-1 in mammalian cells [ 121 ], as well as diminished histone 
supply due to knockdown  of   SLBP result in inhibition of replication [ 80 ,  122 ]. 
A study from the Groth laboratory suggests that replication fork progression may be 
coupled to nucleosome assembly through a feedback mechanism from CAF-1 to the 
MCM replicative helicase and/or the unloading of PCNA from newly synthesized 
DNA upon nucleosome assembly [ 123 ]. 

 There is evidence that MCMs might play a role in sensing histone supply and 
demand at the replication fork. The amino terminus of MCM2 has been shown to 
interact with several chromatin proteins [ 124 – 126 ]. Histone H3 binds to the amino- 
terminal domain of MCM2 with high affi nity and can likewise interact with the 
replicative helicase large T antigen encoded by the SV40 DNA tumor virus. In 
human cells, the histone chaperone ASF1 forms a complex with MCM2–7 [ 127 ], 
and a fraction of ASF1 colocalizes with MCM2 on chromatin.  This   interaction is 
bridged by an H3–H4 dimer, indicating that MCM2–7 loaded onto chromatin can 
bind non-nucleosomal histone H3–H4 dimers [ 126 ]. Histones in complex with 
ASF1 carry modifi cations that are typical of new histones, but chromatin-specifi c 
marks that would be present on parental histones can also be detected in associa-
tion with MCM2 [ 126 ]. These interactions suggest that MCM2 may be ideally 
placed to sense the rate of replication fork progression, and in response to replica-
tion inhibition, it can potentially detect the accumulation of histones and transduce 
this signal to the histone synthesis machinery which can then be downregulated 
accordingly.  

    Do Senescent Cells Undergo Coordinated Loss of Replicative 
Potential and Histone Synthesis? 

  Replicative senescence   is defi ned as an irreversible cell cycle arrest typically in G1 
phase of the cell cycle. It is triggered by a variety of endogenous and exogenous 
cellular insults including eroded telomeres, DNA damage, oxidative stress, and/or 
oncogene activation [ 128 ]. Senescent cells show striking changes in gene expres-
sion—two cell cycle inhibitors p21 and p16 are usually upregulated, whereas genes 
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that encode proteins to facilitate cell cycle progression (replication- dependent 
histones, c-FOS, Cyclin A, Cyclin B, and PCNA) are incorporated into transcrip-
tionally silent heterochromatin [ 129 ,  130 ]. The molecular basis of the G1 arrest is 
thought to be the result of accumulation of the Cdk inhibitors p21 and p16 that block 
the inactivating phosphorylation of pRb. In the absence of inactivating Cdk phos-
phorylation, the Rb family of proteins (Rb, p107, and p130) binds E2F transcription 
factors and blocks S-phase entry [ 131 ,  132 ]. Many of the senescence associated 
Rb-specifi c targets are DNA replication factors as well as Cyclin E1 that induces 
Cdk2 activity and further  phosphorylates   and inactivates Rb family members, 
among others [ 133 ]. Interestingly,  Cyclin E1   is also believed to stimulate the forma-
tion of the pre-replication complexes through the recruitment of MCMs to DNA 
replication origins that are Cdk-independent [ 134 ]. Thus, in senescent cells Rb may 
inhibit replication by repressing the genes associated with DNA replication—
including Cyclin E1 which participates  in   pre-RC formation. 

 An additional consequence of Cyclin E1 inhibition in senescent cells is that the 
synthesis of replication-dependent histones will be inhibited as the transcriptional co-
activator NPAT is not phosphorylated and fails to localize to the HLBs where histone 
gene transcription takes place. The Karlseder laboratory has shown that chronic DNA 
damage signals caused by telomere shortening decrease new histone synthesis and 
reduce expression  of   SLBP and histone chaperones ASF1 and CAF1 during replicative 
aging [ 135 ]. This downregulation of histone synthesis is independent of p53 and pRb, 
suggesting that the histone synthesis is posttranscriptionally regulated. 

 Senescence is often characterized by domains of facultative heterochromatin, 
called   S enescence- A ssociated  H eterochromatin  F oci (SAHF)     ,    which repress expres-
sion of proliferation-promoting genes such as E2F target genes. The formation of 
these SAHF is dependent on the p16-pRb pathway and requires several days to 
develop [ 136 ]. During this time, a complex of histone chaperones,  comprising 
  HIRA/UBN1/CABIN and ASF1a and HP1 transiently interacts and drives the for-
mation of the histone variant macroH2A-containing SAHF and senescence- 
associated cell cycle exit. At the end of this process, each SAHF contains portions 
of a single condensed chromosome in which the linker histone H1 is replaced by 
HP1 and enriched for macroH2A [ 137 ,  138 ].  MacroH2A containing chromatin   is 
resistant to ATP-dependent chromatin remodeling proteins and binding of transcription 
factors [ 139 ]. 

  HIRA/UBN1/CABIN   is a functional homolog of the yeast Hir complex and its 
function in human cells is mostly associated with chromatin assembly of replication- 
independent histones. However, several studies suggest that this complex may also 
play an important role in histone regulation. Overexpression of HIRA is able to 
repress histone gene transcription in human cells and block S-phase progression 
[ 42 ].  Cyclin E/Cdk2 and Cyclin A-Cdk2   can  phosphorylate   HIRA and this phos-
phorylation in inhibited by the cyclin inhibitor p21 [ 121 ,  140 ]. Thus, HIRA could 
act as a repressor for histone gene expression and at the same time as a repressor of 
genes needed for DNA replication in cells undergoing senescence.     
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    Abstract     The hetero-hexameric Mcm2–7 complex is a multifunctional ATPase 
that plays essential roles during the initiation of DNA replication in eukaryotic 
cells. Initially, the Mcm2–7 complex is bound as a catalytically inactive double 
hexamer around double-stranded DNA, marking potential replication origin sites 
along the chromosome. Subsequently, upon activation, the Mcm2–7 complex medi-
ates the opening, or “melting,” of the parental DNA duplex at the origin, which 
culminates in the formation of two oppositely oriented DNA replication forks. 
Eventually, at the fork, the Mcm2–7 complex acts as the catalytic core of the repli-
cative DNA helicase. In addition to unwinding DNA at the fork, the Mcm2–7 heli-
case complex also serves as the central scaffold around which the replisome is 
assembled. Due to its varied and essential roles in the initiation of DNA replication, 
the Mcm2–7 complex is a key target for regulatory mechanisms that govern origin 
activity in the cell cycle. Activation of the Mcm2–7 helicase entails a large confor-
mational reconfi guration that results in the separation of the Mcm2–7 double hex-
amer into two individual Mcm2–7 hexamer complexes bound around the 
single-stranded leading strand template. Recent progress in the structural character-
ization of the Mcm2–7 complex begins to shed light on the mechanism by which 
origin unwinding is coupled to Mcm2–7 remodeling.  

  Keywords     Mcm2–7   •   Double hexamer   •   Replication origin   •   DNA unwinding   • 
  DNA helicase   •   Origin specifi cation   •   AAA+   •   ATPase   •   Pre-RC  

        Introduction 

 The double-stranded structure of  eukaryotic chromosomal DNA   helps maintain 
genome integrity by protecting the nucleotide bases from chemical modifi cation and 
degradation. The base pairing of the complementary DNA strands, however, is 
incompatible with the DNA copying mechanism of DNA polymerases, which require 
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single-stranded (ss) DNA as a template. Consequently, to allow access of  DNA poly-
merases   during DNA replication the parental DNA duplex needs to be opened at the 
initiation site, termed replication origin, and needs to be continuously unwound at 
the replication fork. Initial DNA duplex opening (“melting”) and subsequent proces-
sive DNA unwinding are critical events during the initiation of DNA replication that 
are tightly regulated to control origin activity. In eukaryotes, these DNA remodeling 
reactions are catalyzed by a conserved hetero-hexameric protein complex, Mcm2–7, 
composed of the  m ini c hromosome  m aintenance proteins 2–7 [ 1 ,  2 ]. 

 The Mcm2–7 complex performs essential initiator function by marking or “licens-
ing” potential origin sites along each chromosome. At the origin, although not yet 
formally demonstrated, the Mcm2–7 complex likely catalyzes the melting of the 
parental DNA duplex during origin activation. And fi nally, at the replication fork, the 
Mcm2–7 complex forms the catalytic core of the  replicative DNA helicase  . Another 
function of Mcm2–7 is to physically coordinate the numerous factors involved in the 
establishment and progression of replication forks. For example, in budding yeast the 
essential factors involved in the early steps of origin activation, including Cdc7-Dbf4 
(DDK), Sld3∙Sld7, Cdc45, Dpb11, Sld2, GINS, Polε, and Mcm10, associate with 
origins in an Mcm2–7-dependent manner [ 3 – 8 ]. Moreover, while the replisome of 
  Escherichia coli    is structurally coordinated by the γ/τ clamp- loader complex, eukary-
otic replisomes appear to be organized primarily around the Mcm2–7 helicase [ 9 ]. 
This notion is supported by the analysis of the composition of the  replisome progres-
sion complex (RPC)     , a complex of essential replisome components isolated from S 
phase chromatin of budding yeast cells [ 10 ]. The  RPC      is largely devoid of the clamp-
loader, termed RFC in eukaryotes, and the lagging strand synthesis machinery, 
whereas Polα-primase, the leading strand polymerase, Polε, as well as the replisome 
components GINS, Cdc45, Ctf4, Mrc1, Dia2, Csm3∙Tof1, and the histone chaperone 
complex FACT are tethered to the RPC directly or indirectly via Mcm2–7 [ 11 – 17 ]. 
Moreover, observations in vitro, using a reconstituted budding yeast DNA replication 
system, demonstrate that regulated origin activation and leading strand synthesis can 
occur in the complete absence of the  clamp-loader   [ 8 ]. 

 The Mcm2–7 complex is composed of six distinct, yet related AAA+ ( A TPases 
 a ssociated with various cellular  a ctivities) ATPase subunits [ 18 ]. Each Mcm2–7 
subunit is essential and highly conserved from yeast to humans [ 2 ]. MCM proteins 
are conserved among eukaryotes and archaebacteria, yet archaebacteria often 
encode only for a single  MCM   homolog and consequently form homo-hexameric 
MCM complexes [ 1 ]. The  heteromeric composition   of the Mcm2–7 complex 
refl ects the increased regulation of this complex by eukaryote-specifi c pathways. 
The simplifi ed archaeal MCM complexes, however, serve as powerful models to 
study the catalytic mechanism of the Mcm2–7 complex. Similar to other AAA+ 
proteins the Mcm2–7 subunits assemble into a ring-shaped oligomer that forms 
ATPase active sites at specifi c subunit interfaces. Nonetheless, Mcm2–7 complexes 
exhibit a remarkable structural fl exibility that enables them to perform diverse func-
tions during the DNA replication initiation reaction. This  fl exibility   is for example 
illustrated by, but not limited to, the distinct structural organization of Mcm2–7 
complexes on DNA before and after activation of their helicase  activity   (Fig.  12.1 ).
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   To ensure that replication origins fi re no more than once per cell cycle eukaryotic 
cells confi ne Mcm2–7 loading onto DNA and Mcm2–7 helicase activation during 
origin fi ring to distinct cell cycle stages [ 19 ]. The Mcm2–7 complex is loaded by the 
combined action of the origin recognition complex (ORC), Cdc6, and Cdt1, at the 
end of mitosis and throughout G1 phase as a  double hexamer (DH)   around double- 
stranded (ds) DNA [ 20 – 22 ]. In this DH complex two Mcm2–7 hexamers tightly 
associate via their N-terminal domains in a head-to-head confi guration, providing a 
structural basis for the establishment of bidirectional replication forks at the origin. 
Importantly, however, the Mcm2–7 DH is inactive for DNA unwinding. 

 Activation of the Mcm2–7 helicase occurs exclusively in S phase as a pair of 
replisomes assembles around the Mcm2–7 DH. A key event in this process is the 
recruitment of two Mcm2–7 helicase accessory factors, Cdc45 and GINS, to form 
the  C dc45- M cm2–7- G INS (CMG) helicase complex, which has greatly increased 
DNA helicase activity compared to Mcm2–7 alone [ 10 ,  23 – 25 ]. This event is under 
the control of two protein kinases,  cyclin-dependent kinase (CDK)      and Cdc7-Dbf4 
(DDK), and involves the activities of numerous initiation factors that either act tran-
siently to mediate Mcm2–7 activation (e.g., Sld3∙Sld7, Sld2, and Dpb11), or that 
are stably incorporated into the replisome at the replication fork (e.g., Cdc45, GINS, 
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  Fig. 12.1    Mcm2–7 complexes mark origins of replication and act as the  replicative DNA helicase  . 
Mcm2–7 complexes ( green ) are loaded as inactive double hexamers by the pre-replicative complex 
(pre-RC) around double-stranded DNA at origins of replication. After origin activation the 
Mcm2–7 complex forms part of the replisome, acting as the replicative DNA helicase at replication 
forks. For clarity, only a few select replisome components are depicted. Activation of the Mcm2–7 
helicase involves separation of the Mcm2–7 double hexamer and formation of the  C dc45- M cm2–
7- G INS (CMG) helicase complex, which translocates along single-stranded DNA in 3′ to 5′ 
direction       
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and Polε) [ 3 ]. DDK exerts its essential function during origin activation by directly 
phosphorylating the Mcm2–7 complex, specifi cally the N-termini of Mcm4, 6, and 
2 [ 4 ]; the molecular consequences of this phosphorylation are not entirely clear, but 
in budding yeast  DDK   phosphorylation promotes the recruitment of Sld3∙Sld7 and 
Cdc45 to the Mcm2–7 DH [ 26 ].  CDK   promotes origin activation via phosphoryla-
tion of Sld2 and Sld3, which promotes their association with Dpb11 and mediates 
the recruitment of Polε and GINS [ 3 ]. Thus formation of the CMG depends on the 
convergence of two separate pathways, controlled by DDK and CDK, respectively, 
that mediate the incorporation of the two essential helicase cofactors, GINS and 
Cdc45, into chromatin-bound Mcm2–7 complexes. 

 Various observations demonstrate that Mcm2–7 activation entails the separation 
of the Mcm2–7 DH into two individual Mcm2–7  hexamers  , each forming the core 
of a CMG complex unwinding DNA at the fork. For example, RPCs contain only a 
single copy of Mcm4, consistent with the presence of a single Mcm2–7 hexamer 
[ 10 ]. Similarly, CMG complexes isolated from   Drosophila  embryos   contain only a 
single Mcm2–7 hexamer [ 24 ]. And fi nally, single-molecule studies in   Xenopus    
extracts, analyzing the progression of DNA synthesis on linear DNA molecules 
tethered on both ends to the surface of a fl ow-cell, demonstrate that the two replica-
tion forks emanating from an origin proceed uncoupled from each other in opposite 
direction [ 27 ]. Moreover, while the Mcm2–7 DH encircles dsDNA, the CMG com-
plex encircles ssDNA, translocating with 3′ to 5′ polarity along the leading strand 
template, and in the process sterically excluding the lagging strand from the central 
channel [ 10 ,  24 ,  27 ,  28 ]. From this follows that Mcm2–7 complexes have to undergo 
a series of conformational remodeling events during origin activation that involve 
the opening and closing of the hexamer rings, specifi c extrusion of the lagging 
strand template, and separation of the double-hexamer into two uncoupled hexam-
ers. Recent advances in the biochemical and structural characterization of the 
eukaryotic and archaeal MCM complexes suggest a model wherein Mcm2–7 
remodeling is tightly coupled to DNA unwinding at the origin.  

    Architecture of Mcm2–7 Proteins 

    Overview 

  Eukaryotic and archaeal MCM proteins   share homology over three core domains: 
an N-terminal domain (NTD), followed by an AAA+ ATPase domain, and a  winged-
helix domain (WHD)      at the C-terminus (Fig.  12.2a ).    Several of the six eukaryotic 
paralogues contain additional, subunit-specifi c N- or C-terminal extensions (“tails”) 
that serve important regulatory functions [ 4 ,  29 – 31 ] or mediate the interaction of 
Mcm2–7 with the pre-RC [ 32 ], replisome components [ 33 ], or chromatin [ 13 ,  34 ]. 
MCM proteins generally assemble into ring-shaped hexameric complexes [ 22 ,  35 , 
 36 ]. The MCM ring features two prominent tiers, one containing the N-terminal 
domains, and the other comprising the AAA+ domains. Deviations from this 
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confi guration, such as fi laments [ 37 ,  38 ], heptameric rings [ 39 ], and open ring struc-
tures [ 35 ,  40 – 42 ] are also observed. While the archaeal complexes form homohex-
amers, the eukaryotic Mcm2–7 subunits assemble into a hexameric ring with a 
defi ned subunit order (   Fig.  12.2b ) [ 35 ,  43 ,  44 ]. From both the NTD and AAA+ 
domains β-hairpins project into the central channel of  the   MCM ring (Fig.  12.2b, c ) 
[ 45 – 47 ]. These β-hairpin loops bind the template DNA in the central channel and 
mediate its translocation, thereby promoting the DNA helicase activity of the MCM 
complex [ 1 ,  46 ,  48 – 50 ]. When active as a helicase, both archaeal MCM and eukary-
otic Mcm2–7/CMG encircle single-stranded DNA, translocating in 3′ to 5′ direc-
tion with the AAA+ motor domains oriented towards  the   DNA duplex at the fork 
[ 24 ,  28 ,  40 ,  48 ,  51 ] (Fig.  12.2d ).

       The N-Terminal Domain (NTD) 

 The  NTD         is structurally best characterized in archaeal MCM proteins, where crystal 
structures for the NTDs from  Methanobacterium thermoautotrophicum  [ 46 ], 
 Sulfolobus solfataricus  [ 45 ,  47 ,  52 ],  Methanopyrus kandleri  [ 53 ], and  Pyrococcus 
furiosus  [ 54 ] have been solved. Although the amino acid sequence of the NTD is 
poorly conserved, structure-based sequence alignment [ 46 ] and the available crystal 
structures demonstrate that the NTD is structurally conserved among eukaryotic 
and archaeal MCM proteins. Based on these studies the NTD can be divided into 
three subdomains: An alpha-helical bundle (subdomain A), a zinc (Zn)-binding 
domain (subdomain B), and an OB-fold (subdomain C). 

 A striking feature of the NTD is its ability to assemble spontaneously into hexa-
meric rings in isolation of the other MCM core domains [ 46 ,  52 ]. The OB-fold and 
Zn-binding domains defi ne the central channel of the NTD ring. The Zn-binding 
domain also mediates the interaction at the interface of a head-to-head double hex-
amer formed by the MthMCM NTD [ 46 ,  55 ]. The alpha-helical bundle is positioned 
on the outside of the NTD ring. The relative position of the alpha-helical bundle on 
the NTD ring appears to be able to alternate between two rigid rotational states [ 38 , 
 47 ]. Interestingly, a point mutation in budding yeast Mcm5 ( mcm5-bob1 , P83L) that 
bypasses the DDK requirement for origin activation [ 56 ] is predicted to be located 
near the point of rotation between the alpha-helical bundle and the OB-fold domains 
[ 47 ]. This may indicate that DDK phosphorylation induces conformational changes 
in the NTD during Mcm2–7 activation. 

 The inner channel of the NTD ring exhibits a strongly positive electrostatic sur-
face potential and is wide enough to accommodate either single- or double-stranded 
DNA, consistent with DNA being threaded through the central channel. While the 
DNA-free NTD hexamer structures of MthMCM and SsoMCM exhibit clear sixfold 
symmetry with almost perfectly round central pores [ 46 ,  52 ], the two hexamers in 
the asymmetric unit of the crystals of ssDNA-bound PfuMCM exhibit more 
 oval- shaped pores and deviate substantially from sixfold symmetry [ 54 ],       indicating 
that the NTD ring is inherently fl exible. 
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 The OB-fold domain of the NTD has been observed to bind DNA in two distinct 
modes. The fi rst DNA binding mode involves a β-hairpin (NTβ) insertion that pro-
trudes deeply from the NTD into the central channel. Mutational analysis in archaeal 
homologs suggests that the NTβ contacts template DNA via a set of conserved basic 
residues at its tip, thereby contributing to the DNA-binding and -unwinding activi-
ties of the active MCM helicase complex [ 46 ,  48 ]. The second DNA binding mode 
involves the binding of the OB-fold specifi cally to single-stranded (ss) DNA and is 
mediated by basic residues of a conserved MCM-ssDNA binding motif (MSSB) at 
the base of the β-barrel of the OB fold [ 54 ]. In this mode ssDNA is not threaded 
lengthwise through the channel, but instead binds the inner NTD ring perpendicular 
to the central channel and with a defi ned polarity. The binding of ssDNA via the 
MSSB may be relevant for origin melting rather than processive DNA unwinding, 
as will be discussed further below.  

    The  AAA+ Domain   

 Mcm2–7 proteins belong to the AAA+ class of ATPases [ 18 ], and the ability of 
MCM proteins to utilize ATP is intimately connected to their biological functions. 
AAA+ proteins function as multimeric complexes that form composite active sites 
at subunit interfaces. Each active site is composed of a P-loop ATP-binding domain 
of one subunit, which comprises the ATP-Mg 2+ -coordinating Walker A and B 
motifs, and a conserved arginine fi nger domain (the AAA+ box VII motif) of an 
adjacent subunit, which is required for ATP-hydrolysis. This active site confi gura-
tion promotes the coordination of conformational changes between subunits during 
the ATP-binding and -hydrolysis cycle and thereby allows AAA+ complexes to 
convert the chemical energy from ATP-binding and - hydrolysis   into mechanical 
work. In accordance with this general AAA+ confi guration, Mcm2–7 subunits form 
ATPase pairs between specifi c subunits, which has aided the delineation of the sub-
unit order within the Mcm2–7 ring [ 44 ,  57 ]. 

 Like their archaeal homologs, Mcm2–7 utilize the energy derived from ATP- 
binding and -hydrolysis to fuel their DNA helicase activity [ 1 ,  23 ,  51 ]. Moreover, 
recent evidence suggests that  ATP-hydrolysis   by Mcm2–7 is also required for 
Mcm2–7 loading around DNA by the pre-RC [ 58 ,  59 ]. Generally, ring helicases 
may bind and hydrolyze nucleotides either sequentially or in a concerted manner 
around the ring [ 60 ]. How ATP-binding and -hydrolysis are coordinated around the 
Mcm2–7 ring is not known. Analysis of the effect of titrating catalytically mutant 
subunits into the homo-hexameric archaeal SsoMCM complex reveals that its DNA 
helicase activity can tolerate catalytically inactive subunits, suggesting that 
SsoMCM hydrolyzes ATP in a semisequential manner [ 61 ]. Yet, all six ATP-binding 
sites present in the eukaryotic Mcm2–7 hexamer are essential for S phase progres-
sion and viability of budding yeast cells [ 58 ,  62 ]. Interestingly, equivalent mutations 
in the ATPase motifs of different Mcm2–7 subunits exhibit slightly different defects 
in Mcm2–7 loading, origin activation, DNA-unwinding, or S phase progression, 
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respectively [ 23 ,  51 ,  57 – 59 ]. This may suggest that the various Mcm2–7 ATPase 
sites have specialized roles during Mcm2–7 function. 

 A detailed analysis of the topology of the MCM structure revealed that MCM 
proteins belong to the presensor 1 (PS1) insert superclade of AAA+ proteins, and 
within that superclade form part of a specifi c subgroup, clade 7, of the helix 2-insert 
(H2i) proteins [ 18 ]. The H2i is located between the Walker A and B motifs, while 
the PS1 insert is located between the Walker B and Sensor 1 motifs of the canonical 
AAA+ domain. Studies in archaea have shown that both the PS1 and H2 inserts 
form β-hairpin loops that bind to the DNA backbone in the central channel via basic 
residues at the tip of the loop, and nucleotide-dependent repositioning of these loops 
may mediate the translocation of DNA inside the central channel [ 48 ,  50 ,  63 ] 
(Fig.  12.2b–d ). An analogous DNA translocation mechanism occurs in the distantly 
related SF3 helicases E1 and large T-antigen, which contain only a single β-hairpin 
loop that is homologous to the MCM PS1β [ 64 ,  65 ]. 

 During DNA  unwinding   MCM complexes translocate along the leading strand 
template, in the process sterically displacing the lagging strand. Various observa-
tions with archaeal MCM complexes suggest that the displaced strand is also 
engaged on the MCM surface, which may stimulate MCM helicase activity. For 
example, an additional hairpin loop, EXT-hp, is found on the surface of the MCM 
complexes, which appears to be important for maximal helicase activity of MthMCM 
[ 45 ,  66 ]. Moreover, FRET analysis indicates that the displaced strand interacts 
physically with the SsoMCM surface near the EXT-hp and that this interaction sta-
bilizes the MCM hexamer on forked DNA substrates [ 67 ,  68 ]. 

 Curiously, the AAA+ motor domain of SsoMCM exhibits DNA helicase activity 
even in the absence of the NTD [ 49 ]. However, the NTD is required for maximum pro-
cessivity of the SsoMCM helicase. Due to its ability to form ring shaped hexamers the 
NTD may stimulate MCM helicase activity by promoting cooperativity between indi-
vidual AAA+ domains and by acting as a processivity clamp that tethers the AAA+ 
domains to the template DNA. However, a conserved loop domain, termed the allosteric 
communication loop (ACL), which is located between the NTD and AAA+ domains, 
appears to play an important role in coordinating the NTD and AAA+ tiers of the MCM 
hexamer, suggesting that a specifi c interplay between the NTD and AAA+ domains 
mediates optimal DNA translocation and -unwinding by the MCM complex [ 47 ,  63 ].  

    The  Winged-Helix Domain   

 Immediately C-terminal to the AAA+ domain, downstream of the sensor 2 motif 
and separated by a short linker, MCM proteins contain a helix-turn-helix domain 
that is structurally related to winged-helix domains (WHD), although it is degener-
ate with regard to the two-strand β-sheet wings of the WHD [ 69 ]. The function of 
this domain is unclear. However, it is dispensable for the DNA helicase activity of 
archaeal MCM homologs, and it may actually  negatively   regulate both the ATPase 
and helicase activities of archaeal MCMs [ 49 ,  50 ].  
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    N- and C-Terminal Tails 

 In addition to the MCM core domains described above, which are conserved among 
both archaeal and eukaryotic MCM proteins, eukaryotic MCM paralogs contain 
subunit-specifi c N- or C-terminal extensions, also referred to as “tails,” that play 
important roles in the regulation of Mcm2–7 function and in mediating the interac-
tion of Mcm2–7 with the pre-RC, the replisome, and  histones      (Fig.  12.2a ). The 
structure and function of these N- or C-terminal tails are often, but not always, 
conserved between organisms. For example, while the Mcm6 C-terminal tail is 
structurally conserved from yeast to humans,   Saccharomyces cerevisiae    Mcm6 con-
tains a signifi cantly longer N-terminal tail than human Mcm6. For illustration pur-
poses the discussion here will primarily focus on the N- and C-terminal tails of 
budding yeast,  Saccharomyces cerevisiae , Mcm2–7, unless noted otherwise. 

 The N-terminal tails of Mcm2, -4, and -6, as well as the C-terminal tail of 
Mcm3, play important roles in mediating the regulation of budding yeast 
Mcm2–7 activity by  multiple protein kinases  , which include DDK, CDK, CK2, 
and Mec1 [ 29 – 31 ]. For example, budding yeast cells control the subcellular 
localization of the Mcm2–7 complex to prevent the re-fi ring of origins within 
one cell cycle [ 70 ]. The Cdt1∙Mcm2–7 complex is transported into the nucleus 
via a bipartite  nuclear localization signal (NLS)      that is distributed between the 
N-terminal tail of Mcm2 and the C-terminal tail of Mcm3, while nuclear export 
is mediated by a  nuclear export signal (NES)      contained on the C-terminal tail of 
Mcm3 [ 29 ]. CDKs promote the net nuclear export of Cdt1∙Mcm2–7 by phos-
phorylating specifi c target sites that surround the NLS and NES on the Mcm3 
C-terminal tail, thereby restricting Mcm2–7 loading to periods in the cell cycle 
when CDK activity is low [ 19 ]. 

 The C-terminal tails of  Mcm6 and Mcm3   also play specialized roles by promot-
ing the interaction of Mcm2–7 with pre-RC components during Mcm2–7 loading 
around DNA. For example, the conserved C-terminus of the budding yeast Mcm3 
C-terminal tail promotes Mcm2–7 loading by bridging the interaction of 
Cdt1∙Mcm2–7 with ORC/Cdc6 [ 32 ]. Although it is currently unclear how two 
Mcm2–7 hexamers are loaded cooperatively and in opposite orientation around 
DNA to form the Mcm2–7 DH [ 71 ], both Mcm2–7  hexamers   appear to be recruited 
to the pre-RC via the Mcm3 C-terminus. The C-terminal tail of human Mcm6, on 
the other hand, forms a WHD that mediates the interaction of Mcm2–7 with the 
loading factor Cdt1, which itself is composed of multiple WHDs [ 72 ]. The WHD of 
the Mcm6 C-terminal tail is conserved in budding yeast, and biochemical analysis 
of the Mcm2–7 loading reaction, as well as the electron-microscopic characteriza-
tion of an ORC/Cdc6/Cdt1∙Mcm2–7 complex obtained in the presence of ATPγS, 
indicate that the role of the Mcm6–Cdt1 interaction during Mcm2–7 loading is con-
served [ 42 ,  73 ]. 

 While CDK negatively regulates Mcm2–7 activity by controlling the subcel-
lular localization of free Cdt1∙Mcm2–7, DDK promotes the activation of 
 chromatin- bound Mcm2–7 complexes  . The N-terminal tails of budding yeast 
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Mcm4 and -6, and possibly Mcm2, are the essential phosphorylation targets for 
DDK during origin activation [ 8 ,  30 ,  74 ,  75 ]. DDK intrinsically prefers to phos-
phorylate Mcm2–7 DHs over free Mcm2–7 complexes, allowing it to target spe-
cifi cally Mcm2–7 loaded at chromosomal origins [ 5 ,  30 ,  74 – 77 ]. This specifi city 
may be achieved through the generation of a bipartite DDK binding site on 
Mcm4 and -2 spanning the N-terminal tiers of the Mcm2–7 DH [ 76 ]. The  molec-
ular mechanism   by which DDK phosphorylation promotes Mcm2–7 activation is 
not clear, but in budding yeast it induces the association of the essential initiation 
factors Sld3∙Sld7 and Cdc45 with the Mcm2–7 DH at replication origins [ 5 ,  6 ,  8 , 
 26 ]. The isolation of  DDK bypass mutations   in Mcm4 and Mcm5 [ 56 ,  74 ] that do 
not involve phosphomimetic amino-acid substitutions in the Mcm2–7 N-terminal 
tails suggests that DDK phosphorylation promotes Mcm2–7 activation by induc-
ing a structural change in the Mcm2–7 DH. However,  DDK phosphorylation   
does not grossly affect the structure of the Mcm2–7 DH in vitro [ 7 ,  76 ], leaving 
open the possibility that the generation of phospho-epitopes for Sld3∙Sld7 and 
Cdc45 on the Mcm2–7 DH also plays a role in DDK-dependent Mcm2–7 
activation. 

 Once activated, the Mcm2–7 complex utilizes specifi c N- and C-terminal tails to 
communicate with the replisome and to mediate its interaction with the chromatin 
template. For example, Mrc1, which is a constitutive  replisome component   that 
promotes replication fork progression during normal S phase and that relays signals 
from the replication fork to the checkpoint during replication stress, integrates with 
the replication fork via the WHD of the Mcm6 C-terminal tail [ 33 ]. 

 During chromosomal DNA replication nucleosomes are disrupted ahead of the 
replication fork and are reassembled on the daughter strands behind the fork. The 
molecular mechanisms involved in chromatin replication are little understood. 
However, Mcm2–7 complexes from yeast and human cells associate with both 
 histones and histone chaperones   [ 13 ,  78 ,  79 ]. This interaction is primarily medi-
ated by the conserved Mcm2 N-terminal tail, which is characterized by an abun-
dance of acidic amino acids and which can interact directly with histones H3 and 
H4 [ 34 ,  80 ,  81 ].  Crystallographic analysis   of the interaction between the human 
Mcm2 N-terminal tail and a histone H3-H4 tetramer demonstrates that the Mcm2 
N-terminal tail is largely unfolded free in solution, but wraps around H3-H4 at 
positions that are occupied by DNA in the nucleosome [ 34 ]. Intriguingly, the 
binding of the Mcm2 N-terminal tail to the outside of the H3-H4 dimer permits 
the formation of a quaternary complex with ASF1, which binds to the opposite 
face of the H3-H4 dimer and thereby disrupts  H3-H4 tetramerization  . The 
N-terminal tail of budding yeast Mcm2 has also been observed to bind simultane-
ously to both histones and FACT [ 13 ]. These observations suggest that the Mcm2 
N-terminal tail may cooperate with histone chaperones to reassemble chromatin 
behind the fork. Such a role for the Mcm2 N-terminal tail would be consistent 
with the Mcm2–7 N-terminal tier trailing the AAA+ motor domains at the fork 
[ 40 ,  48 ], and with the observation that nucleosomes are rapidly assembled behind 
the fork [ 82 ].   
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    The Role of Mcm2–7 in Origin Specifi cation 

    Mcm2–7 Complexes  License Replication Origins   

 DNA can assemble interphase nuclei in  Xenopus  egg extracts, which allows the 
DNA to undergo exactly one round of replication. Reinitiation of DNA synthesis in 
this system does not occur unless the nuclear membrane is intermittently permeabi-
lized or degraded during mitosis. These observations led to the hypothesis that a 
diffusible factor, termed replication licensing factor (RLF), must bind to chromatin 
to initiate DNA replication, and that this factor is subsequently inactivated or 
removed from the chromatin as the DNA is being replicated [ 83 ]. If RLF were inca-
pable of crossing the nuclear membrane, rebinding of RLF to chromatin, or “licens-
ing,” could only occur after nuclear membrane breakdown. Biochemical fractionation 
of  Xenopus  egg extract found that RLF consists of two components, RLF-M and 
RLF-B, which were subsequently identifi ed to correspond to Mcm2–7 and Cdt1, 
respectively [ 84 ,  85 ]. 

 In a separate approach, the isolation of the fi rst eukaryotic replication origin, 
 Saccharomyces cerevisiae  ARS1 [ 86 ], allowed for the identifi cation of proteins that 
bind to the origin and that are important for its function. Characterization of the 
protein binding pattern at budding yeast origins by DNase1 footprinting revealed 
that origins alternate between two states in the cell cycle [ 87 ]. Prior to origin fi ring 
in S phase, at the end of mitosis and throughout G1 phase, an extended footprint is 
observed at the origin, corresponding to the so-called pre-replicative complex (pre-
 RC). Formation of the pre-RC is now known to depend on ORC, Cdc6, Cdt1, and 
Mcm2–7. After origin fi ring in S phase, a smaller post-replicative complex is 
observed at the origin that corresponds to ORC [ 88 ,  89 ], which in budding yeast 
remains bound to origins throughout the cell cycle. 

 Replication origin “ licensing  ” and pre-RC formation are now recognized to 
be equivalent to Mcm2–7 loading. Reconstitution approaches have demonstrated 
that ORC, Cdc6, Cdt1, and Mcm2–7 are indeed suffi cient for Mcm2–7 loading 
in vitro [ 20 ,  22 ,  90 ,  91 ], and that such reconstituted pre-RCs support regulated 
DNA replication in vitro [ 6 – 8 ,  59 ,  90 ]. In the course of the Mcm2–7 loading 
reaction Cdc6 and Cdt1 only associate transiently with the origin, while ORC 
remains bound at the origin, but does not maintain contact to the Mcm2–7 DH 
[ 22 ,  76 ]. Unlike the Mcm2–7 DH, which is topologically bound around the DNA, 
ORC can be selectively removed from DNA by a high-salt wash after Mcm2–7 
loading [ 22 ,  92 – 94 ]. Using this approach it was found that ORC, Cdc6, and Cdt1 
are in fact dispensable for DNA replication after Mcm2–7 loading [ 6 ,  8 ,  94 ,  95 ], 
demonstrating that Mcm2–7 loading is mechanistically the only essential func-
tion of the pre-RC. From this follows that the entity that licenses DNA for repli-
cation is the Mcm2–7 DH bound to the DNA. This in turn implies that ultimately 
the position of the Mcm2–7 DH on chromatin determines the site of  replication   
initiation.  
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    Mcm2–7 DH  Mobility Permits Origin Plasticity   

 Mcm2–7 complexes are loaded as inactive double hexamers around DNA by the 
pre-RC. Nonetheless, comparison of the persistence of Mcm2–7 DHs loaded in vitro 
on circular and linear DNA revealed that Mcm2–7 DHs are mobile and can slide on 
DNA [ 20 ,  22 ]. This mobility does not require ATP-hydrolysis, but is dependent on 
high-salt buffer conditions [ 22 ]. By analogy to other ring helicases [ 60 ] it may be 
expected that the interior central channel of the Mcm2–7 DH is positively charged, 
which is supported by the crystal structure of the archaeal NTD [ 46 ]. Considering 
that each Mcm2–7 DH, at a length of approximately 21 nm, may encircle ~60 bp of 
dsDNA, extensive electrostatic interactions between the Mcm2–7 central channel 
interior and the negatively charged DNA backbone might thus limit the extent of 
Mcm2–7 DH sliding under low salt conditions. 

 What might be the signifi cance of the Mcm2–7 DH mobility? The topological 
nature of the Mcm2–7 DH DNA-binding mechanism requires that Mcm2–7 are 
loaded by specialized factors, comprising the other pre-RC components ORC, Cdc6, 
and Cdt1, around DNA. This dependency on loading factors for initial DNA binding 
implies that Mcm2–7 DHs would be unable to spontaneously rebind DNA after acci-
dental dissociation from chromatin. This may be particularly critical at late and dor-
mant origins, which need to be maintained for long periods of time in S phase, when 
re-replication control mechanisms prevent the reloading of Mcm2–7 by the pre-
RC. The intrinsic Mcm2–7 DH mobility may thus be a mechanism that helps main-
tain Mcm2–7 DH integrity upon collision with other protein complexes on the DNA. 

 This notion is supported by recent observations (Fig.  12.3 ).    Mcm2–7 DHs remain 
functional after a high-salt wash, suggesting that salt-induced mobilization of 
Mcm2–7 DHs on DNA does not interfere with their ability to support replication 
initiation [ 6 ,  8 ]. Moreover, unpublished results (Gros J, Lynch G, Yadav T, 
Whitehouse I, and Remus D) demonstrate that RNA polymerases can indeed push 
Mcm2–7 DHs over several kilo base pairs along naked DNA in vitro and through 
chromatin in vivo, resulting in Mcm2–7 DHs initiating DNA replication at sites 
distal to the original loading site. Budding yeast origins, like all eukaryotic origins, 
are generally located in intergenic regions or within inactive genes, which is 
expected to limit their collision with RNA polymerases. However, the potential for 
collisions between pre-RCs and RNA polymerases may persist even in intergenic 
regions, as pervasive transcription [ 96 ],  heterogeneity   in mRNA transcription [ 97 ], 
and the stochastic nature of transcription termination [ 98 ] cause signifi cantly higher 
levels of intergenic transcription than previously appreciated.

   The observation that Mcm2–7 DHs support replication initiation at DNA 
sequences that are distal to the initial Mcm2–7 loading site demonstrates that 
Mcm2–7 DH position along the template DNA ultimately determines the position 
of replication origins. Moreover, the observation that Mcm2–7 DH position is fl ex-
ible after loading by the pre-RC and can be modulated by collision with other pro-
tein complexes suggests a general post-licensing mechanism for eukaryotic origin 
specifi cation (Fig.  12.4 ). According to this model, eukaryotic origins are specifi ed 
globally by the selection of the site of Mcm2–7 loading along each chromosome, 
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which is primarily mediated through the targeting of ORC to a specifi c site. In bud-
ding yeast ORC recruitment is partly achieved through direct recognition of a 
 specifi c DNA sequence, while ORC recruitment occurs by alternative means and is 
modulated throughout development in higher eukaryotes, explaining why budding 
yeast origins, but not origins from other eukaryotes, contain a conserved sequence 
element [ 99 ]. Outside the ORC binding site, however, all eukaryotic origins appear 
to lack conserved origin sequences, which is consistent with the observation that 
specifi c DNA sequences are mechanistically not required for Mcm2–7 activation in 
both yeast and higher eukaryotes [ 6 ,  7 ,  99 ]. This lack of dependency on specifi c 
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  Fig. 12.3    Modulation of origin position by induced Mcm2–7 DH mobility. After Mcm2–7 load-
ing by the pre-RC the Mcm2–7 Dh may remain at its original position ( a ). High-salt treatment of 
pre- RCs induces sliding of the Mcm2–7 DH, which results in a shift of the origin position ( b ). 
Mcm2–7 DHs may also get pushed along DNA after collision with RNA polymerase (RNAP), 
which can also induce a shift in origin position ( c ). ∆ origin position shift       

1) Helicase loading (global)

2) Helicase positioning (local)

3) Helicase activation

  Fig. 12.4    Model for post-licensing origin specifi cation mechanism in eukaryotes. Origin position 
is specifi ed globally by selection of the Mcm2–7 loading site on the chromosome [ 1 ]. Mcm2–7 DH 
position may subsequently be modulated locally [ 2 ]. Origin activation occurs at the site of fi nal 
Mcm2–7 DH position [ 3 ]. Mcm2–7 DH in  green , ORC is in  grey        
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 origin   DNA sequences confers an increased fl exibility on eukaryotic replication 
origins, which allows origin position to be modulated locally by the repositioning of 
the Mcm2–7 DH, for example in response to genome traffi c around the origin. 
Finally, since only a fraction of all potential origins is activated in any given cell 
cycle [ 100 ], additional mechanisms exist that select a subset of Mcm2–7 DHs for 
activation in each S phase.

        Origin DNA Unwinding by Mcm2–7 

 The separation of the origin licensing and origin activation reactions in the cell 
cycle is essential for the maintenance of genome integrity, as it prevents the re-fi ring 
of origins in a single cell cycle [ 101 ]. In a normal cell cycle Mcm2–7 activation in 
S phase may consequently occur several hours after Mcm2–7 are loaded onto DNA 
in late M/G1 phase. The need to prevent the persistence of unstable ssDNA in the 
absence of ongoing DNA synthesis in G1 phase may thus explain why Mcm2–7 
complexes are loaded around dsDNA. This, however, presents a major obstacle to 
the origin activation mechanism, as Mcm2–7 complexes encircle ssDNA when 
actively unwinding DNA at the replication fork [ 28 ]. A combination of recent struc-
tural data suggests a model for how Mcm2–7 complexes may achieve the transition 
from encircling dsDNA at the origin to encircling ssDNA at the replication fork. 

    Mcm2–7 Ring Opening Is Regulated at the  Mcm2/5 Interface   

 Mcm2–7 complexes are loaded around DNA from pre-formed Mcm2–7 or 
Cdt1∙Mcm2–7 complexes. Because the Mcm2–7 subunits are arranged in a ring, 
transient ring opening and closing must occur during both the Mcm2–7 loading and 
activation reactions, when dsDNA is inserted into the central channel or a single 
DNA strand is extruded from it, respectively. Mcm2–7 ring opening appears to be 
regulated specifi cally at the interface between the Mcm2 and Mcm5 subunits. 
Biochemical studies with the Mcm2–7 hexamer from budding yeast indicated that an 
ATP-dependent discontinuity between Mcm2 and 5 serves as a “gate” that allows the 
Mcm2–7 ring to bind circular closed ssDNA [ 51 ]. The functional importance of this 
gate was confi rmed by fusing Mcm2 and 5 to a pair of inducible FKBP/FRB dimer-
ization domains that allow control of the open and closed states of the gate with 
rapamycin derivatives both in vitro and in vivo [ 102 ]. An intrinsic nucleotide- 
dependent discontinuity between Mcm2 and 5 was also observed structurally by EM 
in  Drosophila  Mcm2–7 and CMG [ 35 ,  40 ]. Interestingly, factors that promote 
Mcm2–7 loading or that promote Mcm2–7 helicase processivity on DNA appear to 
bind near or across the Mcm2/5 gate, indicating that control of the Mcm2/5 gate 
partly underlies their mechanism of action. For example, Cdt1, which is essential for 
Mcm2–7 loading, can be observed to bind immediately adjacent to the Mcm2/5 
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interface in the EM structure of an ORC/Cdc6/Cdt1⋅Mcm2–7 loading intermediate 
assembled in the presence of ATPγS [ 42 ]. This may indicate that Cdt1 plays a role in 
promoting either the opening or closing of the Mcm2–7 ring at the Mcm2/5 gate dur-
ing Mcm2–7 loading by the pre-RC. EM structures of the  Drosophila  CMG com-
plex, on the other hand, demonstrate that the Mcm2–7 helicase cofactors GINS and 
Cdc45 bind across the Mcm2/5 discontinuity, suggesting that they stimulate Mcm2–7 
helicase activity by promoting the topological linkage of Mcm2–7 to DNA [ 35 ,  40 ]. 
Consistent with this notion recent protein–DNA cross-linking studies with the 
 Drosophila  CMG suggest that Cdc45 captures the  leading   strand in the event of 
escape from the Mcm2–7 ring through the Mcm2/5 discontinuity (Fig.  12.5 ) [ 103 ].

       Mcm2–7 Activity Is Inhibited in the DH  Confi guration   

 Mcm2–7 complexes are loaded as head-to-head double hexamers (DHs) around 
DNA by the pre-RC [ 20 ,  22 ]. The hexamers are held together at their NTD rings, 
resulting in the AAA+ motor domains facing outwards in opposite directions. Since 
the AAA+ domains appear to face the parental DNA duplex at the fork during DNA 
unwinding [ 40 ,  48 ], this confi guration provides a mechanistic basis for the estab-
lishment of bidirectional replication forks at the origin. However, the two Mcm2–7 
hexamers contained within one DH do not form a simple, straight continuous chan-
nel. Instead, the two hexamers appear to be stacked slightly off-register, resulting in 
a kink of the central channel at the hexamer–hexamer interface (Fig.  12.6a ) [ 22 ,  76 ]. 
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Moreover, the recent elucidation of the Mcm2–7 subunit arrangement across the 
hexamer–hexamer interface revealed that the two component hexamers of the 
Mcm2–7 DH are rotationally offset from one another in such a way that the two 
Mcm2/5 gates are almost on opposite sides of the DH barrel, thereby preventing the 
formation of a continuous Mcm2/5 gate across one DH side (Fig.  12.6b ) [ 76 ]. 
Importantly, the opposing orientation of the Mcm2/5 gates in the Mcm2–7 DH 
would sterically prevent the loss of the Mcm2–7 DH in the event of simultaneous 
opening of both Mcm2/5 gates, as might occur during Mcm2–7 activation, thus 
permitting extensive Mcm2–7 remodeling on DNA. The off-register stacking of the 
Mcm2–7 hexamers and their rotational misalignment may also refl ect the opposite 
polarity of each hexamer during strand separation.

   Another interesting feature of the budding yeast Mcm2–7 DH structure that was 
revealed by the recent higher resolution analysis is  the   tilted arrangement of the 
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  Fig. 12.6    Mcm2–7 DH organization. ( a )    EM analysis of Mcm2–7 DH structure demonstrates off- 
register stacking of the two Mcm2–7 hexamers in the Mcm2–7 DH. 2D class average of negatively 
stained Mcm2–7 DH is shown.  Arrows  indicate entry sites of central channel. ( b ) Mcm2–7 subunit 
order across Mcm2–7 DH interface.  Red arrows  indicate position of the Mcm2/5 gate. ( c ) Model 
for Mcm2–7 DH activation. In the inactive state, Mcm2–7 subunits are tilted. Alignment of the 
subunits activates the Mcm2–7 ATPase and DNA translocase activities, resulting in DNA being 
pumped from both ends into the Mcm2–7 DH, which in turn may induce the melting of the DNA 
at the Mcm2–7 DH midpoint. Mcm2–7 DH transparency is increased on the left to illustrate 
changes in DNA structure inside the central channel       
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Mcm2–7 subunits within each hexamer [ 76 ]. This tilted arrangement was suggested 
to result in a potential misalignment of the  cis - and  trans -acting catalytic components 
of the ATPase active sites at the subunit interfaces, which may cause the inhibition of 
ATP-hydrolysis activity observed with the Mcm2–7 DH. Activation of the Mcm2–7 
DH ATPase activity may consequently be induced by realignment of the AAA+ 
domains. To bring about this conformational change may be one function of the pre-
initiation complex (pre-IC), which is required and suffi cient for CMG formation [ 3 , 
 8 ]. Such a model invokes a certain degree of fl exibility of AAA+ domain orientations 
relative to the NTD, which is also supported by EM structures of the  Drosophila  CMG 
[ 40 ]. Activation of the Mcm2–7 DH ATPase by re-alignment of the AAA+ domains 
may then induce the translocation of DNA through the central channel (Fig.  12.5c ). 
On the basis of observations that DNA translocates from the C-terminal AAA+ end to 
the N-terminal NTD end through the central MCM channel [ 40 ,  48 ], activation of the 
Mcm2–7 ATPase activity prior to Mcm2–7 DH separation would result in the DNA 
being pumped from both ends into the central, which may thus cause distortion and 
ultimately melting of the DNA at the hexamer–hexamer interface.  

    A Model for DNA Unwinding During Mcm2–7 Activation 

 The data presented so far may be incorporated into a model for how Mcm2–7 
activation and DNA unwinding are achieved during origin activation (Fig.  12.7 ). 
The model presented here focuses on the role of Mcm2–7 complex, but it needs to 
be noted that these events depend on the activities of numerous initiation factors, 
chief among which are the components of the pre-IC, whose individual roles in this 
process, however, remain to be elucidated.

   After being loaded around DNA by the pre-RC, Mcm2–7 double  hexamers   are 
inactive, possibly due to the misalignment of the AAA+ domains (Fig.  12.7i ) 
[ 76 ]. During origin activation DDK and CDK promote the assembly of the pre-
IC around the Mcm2–7 DH [ 3 ], which may induce a conformational change in 
the Mcm2–7 DH that induces the alignment of the AAA+ domains and concomi-
tant activation of Mcm2–7 ATPase (Fig.  12.7 ii). Activation of the  ATPase activ-
ity   may subsequently induce the translocation of the dsDNA template into the 
central channel through the ATP-dependent movement of the H2i and PS1β hair-
pins. If the two Mcm2–7 hexamers remained associated at this point via their 
NTDs, DNA would be pumped from both ends into the Mcm2–7 DH channel, 
causing a steric clash between the increasing number of  DNA nucleotides   near 
the NTD rings at the Mcm2–7 DH midpoint, which may distort the B-form of the 
DNA and eventually force the two parental DNA strands apart. The single DNA 
strands thus generated may be bound by the MCM single-stranded DNA binding 
motif, MSSB, of the N-terminal OB-fold domains [ 54 ]. The MSSB further pre-
vents reannealing of the unwound DNA strands by contacting the ribose and base 
moieties of the DNA nucleotides rather than the phospho-backbone [ 54 ]. As 
ssDNA binds with a defi ned polarity to the MSSBs in the NTD ring, the two 
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Mcm2–7 hexamers would specifi cally bind to opposite strands, the respective 
leading-strand template. In the next step opening of the Mcm2/5 gate may be 
induced (Fig.  12.7 iii), allowing extrusion of the unbound lagging- strand template. 
Extrusion may be promoted by a reduced affi nity of Mcm2 and 5 for ssDNA, 
which contain a less well-conserved MSSB motif [ 54 ], and may be further aided 
by the Sld2/Sld3⋅Sld7/Dpb11 complex bound to the surface of the Mcm2–7 DH 
[ 104 ]. Opening of the Mcm2/5 gate may coincide with the assumption of a spiral 
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conformation of each Mcm2–7 hexamer [ 40 ,  41 ]. The nonplanar conformation of 
the Mcm2–7 ring may relate to the mechanism of DNA translocation during 
DNA unwinding [ 40 ], perhaps similar to the one proposed for the SF4 helicase 
DnaB, which adopts a closed spiral staircase quaternary structure on DNA, and 
in which NTP hydrolysis may promote the sequential movement of subunits 
along the helical axis of the staircase [ 105 ]. However, given the  head-to-head 
confi guration   of the Mcm2–7 DH, assumption of a nonplanar conformation may 
also promote the breaking of the molecular contacts across the NTD interface 
and thus help dissociate the Mcm2–7 DH into two individual hexamers [ 10 ,  24 , 
 27 ]. Finally, the Mcm2/5 gate is closed again around the leading strand template 
bound inside the NTD ring, resulting in the formation of two separate Mcm2–7 
hexamers being assembled around opposite DNA strands. The roles of Cdc45 
and GINS during the remodeling of the Mcm2–7 DH are not known, but it seems 
likely that both factors are being incorporated into the Mcm2–7 complex during 
or immediately after lagging strand extrusion to form the CMG. The separation 
of the Mcm2–7 DH into to individual CMG helicase molecules effectively con-
verts the stationary Mcm2–7 pump into a processive DNA translocase that 
unwinds duplex DNA at the apex of the replication fork. The generation of a 
critical amount of ssDNA by the CMG, perhaps aided by the binding of RPA to 
the ssDNA, may fi nally promote the recruitment of the Polα-primase to the CMG 
to induce the priming of DNA synthesis [ 106 ]. 

 It is worth noting that the  origin melting mechanism   described above bears some 
resemblance to the promoter melting mechanism during open complex (OC) forma-
tion by RNA polymerase II (Pol II) [ 107 ,  108 ]. Here, the  DNA helicase/translocase 
subunit   of transcription factor TFIIH pumps downstream DNA into the Pol II active 
site. TFIIH acts against a static complex of promoter-bound Pol II and general tran-
scription factors, such as TFIIB, thereby creating torsional strain that eventually 
results in the melting of the Pol II-bound promoter DNA. In the case of the Mcm2–7 
DH, each hexamer would act as a stator for the opposite hexamer, thereby allowing 
the generation of torque in the DNA situated between the two oppositely oriented 
AAA+ motor rings. 

 The precise sequence of events described in the model above may differ, as the 
order by which origin DNA unwinding, CMG formation, and DH separation occur 
is not known. For example, recent evidence suggests that CMG assembly may occur 
prior to activation of the Mcm2–7 helicase in the absence of Mcm10 [ 8 ,  14 ,  109 , 
 110 ]. It is not known if the CMG assembled in the absence of Mcm10 is bound 
around ssDNA or  dsDNA  , leaving open the order of origin unwinding and CMG 
formation. However, since extensive DNA unwinding is not observed in this condi-
tion, this data may suggest that Mcm2–7 DH separation occurs after CMG forma-
tion. Consistent with this notion CMG complexes have been observed to 
spontaneously associate into head-to-head dimers via their N-terminal tiers in a 
manner that recapitulates the relative rotational hexamer alignment of the Mcm2–7 
DH, indicating that the structure of the CMG is not incompatible with the formation 
of a stationary Mcm2–7 helicase dimer [ 40 ].      
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    Abstract     Cyclin-dependent kinases (CDKs) are master regulators of cell-cycle 
progression in eukaryotes. The onset of the synthesis phase (S phase), which is the 
initiation of chromosomal DNA replication, is a major cell-cycle event that is also 
regulated by CDKs. Chromosomal DNA replication occurs as a two-step reaction in 
eukaryotes. In the fi rst reaction, which is termed replication licensing or helicase 
loading, replicative helicases (the Mcm2–7 complex) are loaded onto replication 
origins in an inactive form. In the second reaction, which is termed initiation reac-
tion or helicase activation, replicative helicases are activated and double-stranded 
DNA is unwound to initiate DNA synthesis. The active replicative helicase complex 
consists of Cdc45, the Mcm2–7 complex, and the GINS complex, and is called the 
CMG ( C dc45– M cm2–7– G INS) complex. In the initiation reaction, many replica-
tion proteins assemble onto the Mcm2–7 complex to facilitate the formation of the 
CMG complex, and this reaction is triggered by two protein kinases, S-phase- 
specifi c CDK (S-CDK) and Dbf4-dependent kinase (DDK). Each kinase is respon-
sible for a distinct step of the initiation reaction in yeast: fi rst, Cdc45 is loaded onto 
licensed origins in a DDK-dependent manner. Subsequently, GINS is loaded onto 
the origins in an S-CDK-dependent manner. The components of the CMG complex 
and the requirements of kinases are highly conserved in model eukaryotes. 
Therefore, the overall rationale of the initiation reaction seems to be highly con-
served in eukaryotes, although other replication proteins that are required for the 
reaction seem to be less conserved, and the set of factors under the control of CDK 
might be slightly different between species. In this chapter, we focus on the role of 
S-CDK in the initiation reaction.  

  Keywords     CDK   •   pre-IC (pre-initiation complex)   •   Initiation of DNA replication
   •   Dpb11/Cut5/TopBP1   •   Sld3/Treslin/Ticrr   •   Sld2/Drc1/RecQL4  
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        Introduction 

 In the eukaryotic cell cycle, chromosomal DNAs are replicated in the synthesis 
phase (S phase). Before the synthesis of nascent DNA strands by DNA polymer-
ases, double-stranded DNA must be unwound by the replicative helicase. It has 
emerged that the activation of this helicase is highly regulated by a two-step reac-
tion, and that this is central to the regulation of the initiation of  DNA replication  . In 
the fi rst reaction, which is called “licensing,” the core component of the replicative 
helicase, Mcm2–7, is loaded onto origins as a head-to-head double hexamer via its 
N-terminal domain [ 1 – 3 ], to assemble the  pre-replicative complexes (pre-RCs)      in 
the late M and G1  phases   in an ORC-, Cdc6-, and Cdt1-dependent manner (see 
Chap.   10    ). At this point, the Mcm2–7 double hexamer in the pre-RC does not exhibit 
DNA helicase activity. To activate the replicative helicase, other replication factors 
assemble temporally on licensed origins. In the budding yeast   Saccharomyces cere-
visiae   , at least seven additional factors, Cdc45, GINS, Dpb11, Sld2, Sld3, Cdc45, 
and DNA polymerase ε (Pol ε), are involved in the formation of this complex [ 4 – 6 ]. 
In this text, we call this complex the  preinitiation complex (pre-IC)  , which was 
originally defi ned as a complex formed just before the initiation of DNA replication 
[ 7 ]. The pre-IC seems to be instantly converted to an active replicative helicase, in 
which two additional factors, Cdc45 and GINS, associate tightly with Mcm2–7 to 
form the Cdc45–Mcm2–7–GINS (CMG) complex [ 8 ,  9 ]. 

 The assembly of the pre-IC is regulated by two protein kinases, the S-phase 
cyclin-dependent kinase (S- CDK  ) and the Dbf4-dependent kinase (DDK) (for 
reviews: [ 6 ,  10 – 12 ]). Each kinase is responsible for a distinct step of the assembly of 
the pre-IC, in the following order in yeast: fi rst, the DDK-dependent phosphorylation 
of Mcm2–7 leads to the association of Cdc45 with the licensed origins [ 13 ,  14 ]; sub-
sequently, phosphorylation-dependent protein–protein interactions that are caused 
by S-CDKs promote the loading of GINS onto origins [ 5 ]. These associations with 
origins also require specifi c initiation proteins: Sld3 for Cdc45 and Dpb11, Sld2, and 
Pol ε for GINS. Functional homologues of these proteins have been identifi ed in 
other model eukaryotes. In this chapter, we summarize and discuss the manner in 
which CDK regulates the initiation of DNA replication by promoting pre-IC  assembly  . 
Although there are some discrepancies between species, the process of formation of 
the pre-IC seems to be fairly well conserved in model eukaryotes.  

    Overview of the Initiation Reaction in the Budding Yeast  
S. cerevisiae  

 The initiation reaction is best understood in a unicellular model eukaryote, the 
budding yeast  Saccharomyces cerevisiae . Most importantly, only in this organism is it 
possible to bypass the S-CDK requirement for DNA replication by combining two 
mutants that bypass the phosphorylation of  Sld2 and Sld3  , respectively. This indicates 
that Sld2 and Sld3 constitute the minimal set of essential substrates of S-CDK in the 
initiation reaction [ 15 ,  16 ] (see below for details). 
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 The outline of the initiation reaction is schematically shown in Fig.  13.1 . In the 
fi rst step,  Sld3–Sld7–Cdc45   associates with the licensed origins in a DDK-dependent 
manner (Fig.  13.1a , step 2-a) [ 13 ,  14 ]. The targets of DDK and the mode of action 
are described elsewhere (Chap.   14    ). In the second step, Sld2, Dpb11, Pol ε, and GINS 
associate with the origins that are bound to  Sld3 and Cdc45   in a CDK- dependent 
manner, and the pre-IC is formed (Fig.  13.1a , step 2-b, 2-c) [ 5 ,  13 ,  15 – 18 ]. The 
details of this reaction will be described in the following section. In budding yeast, 
the licensing reaction occurs from the end of the M phase to the late G1 phase, 
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because any CDK activity inhibits the licensing reaction by downregulating all factors 
that are required for licensing, such as ORC, Mcm2–7, Cdc6, and Cdt1 (Chap.   10    , 
reviewed by [ 19 ,  20 ]). During this period, it seems that CDK is completely inhib-
ited, because residual CDK activity is genotoxic by diminishing licensing [ 21 ,  22 ]. 
In contrast, although DDK activity is relatively low in this period because the level 
of Dbf4, which is the regulatory subunit of DDK, is kept at a low level [ 23 – 25 ], cells 
have some DDK activity. Based on this DDK activity, the loading of  Cdc45   occurs 
only at early-fi ring origins, even in G1 (Fig.  13.1a , step 2-a) ([ 4 ,  13 ,  14 ], also see 
Chap.   14    ). This indicates that the order of origin fi ring is determined by DDK; how-
ever, the absolute timing of origin fi ring is determined by S-CDK. Therefore, the 
activation of S-CDK defi nes the onset of the S phase.

   After pre-IC  a  ssembly, the active replicative helicase (the CMG complex) [ 8 ,  9 ] is 
immediately formed (Fig.  13.1a , step 2-c and -d). In this process, the Mcm2–7 dou-
ble hexamer, which embraces the double-stranded origin DNA (Fig.  13.1a , step 1) [ 1 , 
 2 ], is converted to the CMG complex with 3′ → 5′ helicase activity, which embraces 
the single-stranded template of the leading strand in replication forks and is highly 
conserved in eukaryotes (Fig.  13.1a , step 2-d) [ 26 – 31 ]. Mcm10 seems to be required 
for this conversion reaction in both budding and fi ssion yeasts [ 13 ,  32 – 34 ], although 
the precise function of Mcm10 needs to be elucidated in the future (for details, see 
Chap.   16    ). Once the CMG complex encircles the single-stranded DNA to unwind the 
double-stranded DNA, DNA polymerase α (Pol α) is recruited onto the unwound 
origins, to initiate DNA synthesis (Fig.  13.1a , step 2-d).  

    S-CDK Promotes GINS Loading onto Origins 
via the Phosphorylation of Sld2 and Sld3 

 In the initiation reaction, the S-CDK-dependent step consists in the recruitment of 
GINS to origins (Fig.  13.1a , step 2-b). This recruitment requires the preceding 
association of the  Sld3–Sld7–Cdc45   complex to the pre-RC, which occurs as a 
DDK- dependent event. S-CDK phosphorylates two essential replication proteins, 
Sld2 and Sld3, which promote the formation of the Sld2–Dpb11–Sld3 complex 
(Fig.  13.1a , step 2-c). 

 At the onset of the S  phase  , S-CDK (S-CDK; Clb5– and Clb6–Cdc28 in budding 
yeast) is activated. S-CDK phosphorylates Sld2 and Sld3, and phosphorylated Sld2 
and Sld3 interact with Dpb11 [ 15 – 18 ]. Dpb11 has four BRCA1 C-terminal (BRCT) 
domains (Fig.  13.2a , BRCT1–4). In general, a tandem pair of BRCT domains con-

Fig. 13.2 (continued)  pale magenta  and are connected by  arrows . Sld2, Sld3, and GINS interaction 
domains are also indicated. ( b ) Sld3 orthologues. The Sld3/Treslin domain, a conserved short patch, 
which contains conserved CDK phosphorylation sites, and the N-terminal region, which is con-
served in animal and plant Treslin, are shown in  magenta ,  red , and  green , respectively. ( c ) Multiple 
alignments of the short patches of amino acids that contain conserved CDK phosphorylation sites. 
The conserved serines and threonines are indicated with  red asterisks . ( d ) Multiple alignments of 
the Sld2 orthologues. Full-length amino acids of  S. cerevisiae  Sld2,  S. pombe  Drc1, and  C. elegans  
SLD-2, and the N-terminal 54 amino acids of human RecQL4 are shown. The essential threonines 
T84 in  S. cerevisiae  Sld2  an  d T111 in  S. pombe  Drc1 are marked with  red asterisk          
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  Fig. 13.2    Schematic representation and multiple alignments of the eukaryotic orthologues of 
Dpb11/TopBP1, Sld3/Treslin, and Sld2/RecQL4. ( a ) Dpb11 orthologues.  BRCT domains   
are shown in boxes. Tandem BRCTs that are conserved in yeasts and animals are shown in 
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stitutes a phosphopeptide-binding domain [ 35 ]; in fact, the N-terminal BRCT pair 
(BRCT1 and 2) of Dpb11 interacts with phosphorylated Sld3, and the C-terminal 
BRCT pair interacts with phosphorylated Sld2 [ 15 ,  16 ,  18 ]. Sld2 has 11 putative 
CDK phosphorylation motifs that are clustered in the middle of the Sld2 protein 
(between aa 84 and 257). Among them, threonine 84 (T84) is essential for this 
phosphor-dependent interaction with Dpb11, and phosphorylations at other sites 
enhance T84 phosphorylation [ 18 ]. The phosphorylation of Sld2 promotes the inter-
action between phosphorylated Sld2 and Dpb11, which leads to the formation of the 
 preloading complex (pre-LC)  , which includes phosphorylated Sld2, Dpb11, GINS, 
and Pol ε (Fig.  13.1a , step 2-c) [ 5 ]. The formation of the pre-LC occurs even in the 
absence of pre-RC, and only requires S-CDK. Once S-CDK is activated, association 
of pre-LC components with replication origins is observed. Therefore, the pre-LC 
can be recruited onto replication origins and it seems that the phosphorylation of 
Sld3 is responsible for this process, as described below.

   Sld3, together with Sld7 and Cdc45, associates with the licensed origins in a 
DDK-dependent manner, as described above (Fig.  13.1a , step 2-a) [ 13 ,  14 ] (Chaps. 
  14     and   15    ). This is a prerequisite for the association of the pre-LC with origins [ 5 ]. 
Because the copy numbers of Sld3, Sld7, and Cdc45 (especially Sld3 and Sld7) are 
much lower than that of potential replication origins [ 14 ,  36 ], most of these proteins 
might associate with a subset of origins in the G1 phase. Such origins fi re early in 
the S phase [ 14 ]. Therefore, it is conceivable that Sld3 on origins is phosphorylated 
by S-CDK, which promotes the association with the N-terminal BRCT pair of 
Dpb11 in the pre-LC; thus, the pre-IC is assembled at origins (Fig.  13.1a , step 2-b 
and -c). Sld3 has 12 putative CDK phosphorylation motifs, and phosphorylation of 
either serine 600 (S600) or threonine 622 (T622) is required for DNA replication; in 
other words, cells are lethal only when both phosphorylation sites (S600 and T622) 
are simultaneously disrupted [ 15 ,  16 ]. 

 Once the pre-IC is assembled via CDK-dependent  protein–protein interactions  , 
the origin DNA–protein complex might be remodeled and the replicative helicase, 
the CMG complex, is formed and activated, to establish bidirectional replication 
forks, as described above (also see Chap.   19    ). Sld3–Sld7, Dpb11, and Sld2 do not 
move with the replication forks (Fig.  13.1a , step 2-d). 

 The in vitro characterization of Sld2 or Sld3 showed that each of them can bind 
directly to Mcm2–7 [ 37 ,  38 ]. This association can be competed by GINS and inhib-
ited by single-stranded DNA [ 38 ,  39 ]. GINS can also disrupt the Sld3–Cdc45 com-
plex [ 39 ]. It seems that such properties of replication proteins also support the 
model of the initiation reaction shown in Fig.  13.1a .  

    Bypass of the CDK Requirement in the Initiation of DNA 
Replication 

 As described above, the phosphorylation of Sld2 and Sld3 is necessary for the initia-
tion of DNA replication. This raises the question of whether their phosphorylation is 
suffi cient for initiation. To address this question, phosphorylation-bypass mutations 
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of Sld2 and Sld3 were combined [ 15 ,  16 ]. The phosphorylation of Sld2 was bypassed 
with phosphomimetic Sld2 (Sld2–T84D or Sld2– 11D   (aspartic acid substitution for 
all CDK sites)). Although the phosphomimetic mutant of Sld3 is impossible to iso-
late, Sld3 phosphorylation can be bypassed in three ways. First, via the Sld3–Dpb11 
fusion protein (SD fusion), in which Sld3-3A (Sld3-T600A, T609A, and S622A) and 
the C-terminal BRCT pair of Dpb11 are artifi cially fused to achieve a status that 
mimics the phosphorylated Sld3–Dpb11 complex [ 15 ]; second, via a novel mutation 
termed   JET1-1   , which occurs in  CDC45  and specifi cally suppresses the lethality of 
the  sld3-2A  mutant (Sld3-T600A and S622A) [ 16 ]; and last, via high-level Dpb11, 
which can also suppress the lethality of  sld3-2A , although this suppression is weak 
[ 16 ]. The combining of any of these with phosphomimetic Sld2 can initiate DNA 
replication, even in the absence of CDK activity. This replication is pre-RC and DDK 
dependent, indicating that the combination of these mutants bypasses only the CDK 
requirement. These results show that Sld2 and Sld3 constitute the minimal essential 
targets of CDK [ 15 ,  16 ]. This is further supported by the in vitro reconstitution of 
DNA replication; CDK-prephosphorylated Sld2 and Sld3 support DNA replication 
in the absence of CDK [ 40 ].  

    CDK-Dependent Initiation Reaction in Fission Yeast 
 Schizosaccharomyces pombe  

 The orthologues of Dpb11, Sld2, and Sld3 in the fi ssion yeast  S. pombe  are Cut5 
(also called Rad4), Drc1, and Sld3, respectively (the nomenclatures of orthologues 
are summarized in Table  13.1 ) [ 41 – 44 ]. The outline of the initiation reaction in  S. 
pombe , which is very similar to that of budding yeast, is shown in Fig.  13.1b . The 
DDK-dependent origin association of Sld3 was fi rst shown in this organism [ 45 ], 
and its association with origins is a prerequisite for the subsequent recruitment of 
Cut5, GINS, Drc1, and Cdc45 [ 45 ]. CDK catalyzes the phosphorylation of Drc1 
and Sld3, and these phosphorylations facilitate the interaction between Cut5 and 
Drc1 and Sld3, respectively, as observed in budding yeast [ 42 ,  43 ,  46 ]. The con-
served threonine (T114) in Sld2 is the target of CDK, and phosphorylation of T114 
is essential for the initiation of DNA replication [ 46 ]. Because the origin association 

   Table 13.1    Nomenclature of the  Dpb11, Sld2, Sld3, and Sld7   orthologues   

 Organism 
 Dpb11 
orthologue  Sld2 orthologue  Sld3 orthologue  Sld7 orthologue 

  S. cerevisiae   Dpb11  Sld2 (Drc1)  Sld3  Sld7 
  S. pombe   Cut5 (Rad4)  Drc1  Sld3  ? 
  C. elegans   MUS-101  SLD-2  SLD-3  ? 
  D. rerio   TopBP1  RecQL4 (RecQ4)  Ticrr  MTBP? 
  X. laevis   TopBP1 (Cut5)  RecQ4  Treslin  MTBP? 
  H. sapiens    TopBP1    RecQL4  Treslin  MTBP 
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of Cut5 was not observed in an  alanine-substitution mutant (T114A)   of Sld2, it 
seems that the phosphorylation-dependent assembly of the pre-IC is also conserved 
in fi ssion yeast (Fig.  13.1b ). Surprisingly, however, phosphorylation of Sld3 is not 
essential for growth, although an alanine-substitution mutant of  sld3  ( sld3-9A ) 
shows cold sensitivity, and the association of Cut5 with origins is lost in the sld3-9A 
mutant at low temperature [ 43 ,  46 ]. Interestingly, in a yeast three-hybrid assay, 
Sld3, Cut5, and Drc1 form a ternary complex that is dependent on the CDK sites of 
Sld3 and Drc1, and Drc1–Cut5 binding enhances the Sld3–Cut5 interaction [ 46 ]. 
Therefore, the mechanism of formation of the pre- IC   is conserved well in fi ssion 
and budding yeast, although the manner via which Cdc45 and GINS are recruited 
onto origins in fi ssion yeast warrants further elucidation.

   Each of  phosphomimetic mutants   of Sld2 and Sld3, Sld2-T111E and Sld3-5D, 
respectively, can support the cellular growth in fi ssion yeast [ 46 ]. This suggests that 
these phosphomimetic mutants can interact with Cut5 to assemble the pre-IC for the 
initiation reaction. As described above, phosphorylation of Sld2 by CDK is essen-
tial for DNA replication, whereas that of Sld3 is not, in this organism. Therefore, the 
next question is whether the phosphomimetic mutant of Sld2 alone can bypass the 
CDK requirement for the initiation. To date, this does not seem very likely. If Sld2 
is the sole essential target of CDK in fi ssion yeast, and its phosphomimetic form, 
Sld2-T111E, bypasses CDK by itself, Sld2-T111E would confer a severe growth 
defect. Because the CDK-independent initiation reaction causes re-replication in 
the G1 phase of the cell cycle and is genotoxic, as observed in budding yeast [ 16 , 
 47 ]. It seems that this is not occurring in Sld2-T111E. However, it remains possible 
that Sld2-T111E alone can bypass the CDK requirement. Because virtually no G1 
cells exist in the normal cell cycle of  S. pombe , lethal G1 re-replication by Sld2- 
111E could be inhibited. Whether Sld2 is the sole essential target of CDK should be 
elucidated in the future.  

    CDK-Dependent Initiation Reaction in Model Animals 

 The factors of the actual replication machinery, such as DNA polymerases and rep-
licative  DNA   helicase components (Mcm2–7, Cdc45, and GINS), are well con-
served in eukaryotes. In contrast, the regulatory factors of the initiation reaction, 
such as Dpb11, Sld2, and Sld3, have diverged during evolution. This reminds us that 
the components of the pre-RC are highly conserved, whereas the mechanisms that 
underlie the inhibition of the licensing reaction, which is regulated by CDK, are 
divergent [ 19 ]. CDK substrates sense CDK activity and promote the initiation of 
chromosomal DNA replication, as described above. As the cellular environment 
differs among organisms, the sensing mechanism of CDK activity may have 
diverged. Nonetheless, the functional  homologues   of Dpb11, Sld2, and Sld3 
(TopBP1 (also denoted as Cut5 and Mus101), RecQ4 (also denoted as RecQL4), 
and Treslin/Ticrr, respectively) have been identifi ed in other eukaryotes [ 44 ,  48 – 56 ]. 
Each of them shows limited sequence similarity to their yeast counterparts, and 
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almost all of them are much larger in size than their yeast counterparts (Fig.  13.2 ). 
Although these proteins are required for the initiation of DNA replication, the 
requirement for, and order of, association with chromatin vary slightly among them.  

    Vertebrate Treslin/Ticrr Is a Conserved CDK Target 
in the Initiation of DNA Replication 

 Treslin/Ticrr was identifi ed by screenings for  TopBP1-binding proteins   (Treslin) in 
 Xenopus  [ 53 ] and for G2/M checkpoint regulators in zebrafi sh (Ticrr) [ 55 ]. Later, 
the sequence homology between Sld3 and Treslin/Ticrr was demonstrated and the 
Sld3–Treslin/Ticrr domain, which is conserved across eukaryotic species, including 
animals, fungi, and plants, was identifi ed (Fig.  13.2b ) [ 54 ]. The Sld3–Treslin/Ticrr 
domain was later shown to be a rhombic structural domain for binding to  Cdc45   
[ 57 ]. In  Xenopus  and humans, Treslin/Ticrr is phosphorylated by CDK and associ-
ates with TopBP1 in a phosphorylation-dependent manner. Moreover, Treslin/Ticrr 
has many putative CDK-phosphorylation sites; notably, two of them (T969 and 
S1001 in human TopBP1) are located in a conserved short patch of amino acids, 
which resides at a different position from the above-mentioned  Sld3–Treslin/Ticrr 
domain  , and the phosphorylation sites were conserved throughout evolution 
(Fig.  13.2b, c ) [ 53 ,  58 – 60 ]. The phosphorylation of these sites is required for the 
interaction with  BRCT1-2   of TopBP1, which is homologous to the N-terminal 
BRCT yeast pair Dpb11/Cut5 and, importantly, is required for DNA replication 
(Fig.  13.2a ) [ 58 ,  59 ]. Therefore, the vertebrate Treslin/Ticrr–TopBP1 interaction 
and its function in DNA replication seem to mirror those of Sld3-Dpb11 in budding 
yeast. Because it seems that this is not the case for the Sld2-Dpb11 branch in verte-
brates, as described in the next section, whether the phosphorylation of Treslin/Ticrr 
alone is suffi cient for the initiation of DNA replication should be strictly tested in 
the future, although the overexpression of phosphomimetic Treslin/Ticrr can largely 
bypass the inhibition of CDK2 [ 61 ].  

    Function of Sld2 Orthologues in the Initiation of DNA 
Replication Appears to Have Diverged in Animals 

 In vertebrates, the orthologue of Sld2 is RecQ4 (also called RecQL4) [ 51 ,  52 ]. 
RECQ4 is a member of the RecQ helicase family in vertebrates, which is known to 
play various roles in  DNA metabolism   [ 62 ]. RECQ4 has a conserved RecQ helicase 
domain at its C terminus, and its N-terminal portion shows a weak similarity to 
Sld2. Mutations in the RecQ helicase  domain   of human RECQ4 are responsible for 
the subset of Rothmund–Thomson syndrome, Baller–Gerold syndrome, and 
RAPADILINO syndrome [ 63 ]. However, the N-terminal Sld2-like domain is essen-
tial for cell growth and DNA replication, and the RecQ domain is dispensable for 
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DNA replication [ 51 ,  52 ]. Importantly, during in vitro replication in a  Xenopus  egg 
extract, the association of RecQL4 with chromatin does not depend on CDK, 
whereas it depends on TopBP1/Cut5. A recent study showed that RecQ4 is not 
required for the assembly of the pre-IC; rather, it seems to be required for the con-
version of the pre- IC   to an active replication fork (Fig.  13.1b ) [ 64 ]. In both budding 
and fi ssion yeasts, Sld2 interacts with BRCT3-4 of Dpb11 or Cut5 in a 
phosphorylation- dependent manner. BRCT4-5 of vertebrate TopBP1 is a counter-
part of BRCT3-4 of Dpb11 (Fig.  13.2a ); however, BRCT7-8, and not BRCT4-5, has 
been reported as RecQ4 binding. Importantly, the C-terminal portion located after 
BRCT4-5 in vertebrate TopBP1 is not required for replication [ 53 ,  65 ]. Moreover, 
the conserved short N-terminal region (54 aa) of RecQL4 associates with BRCT7-8 
(Fig.  13.2a ) [ 66 ], although it is not known whether phosphorylation is required, and 
the region corresponding to the essential phosphorylation site in yeast is not included 
in this short fragment (Fig.  13.2d ). Therefore, the phosphorylation-dependent Sld2–
Dpb11 interaction pathway for DNA replication is not likely to be conserved in 
  Xenopus    and mammals, although RecQL4 seems to be required for the assembly of 
CMG [ 67 ]. 

 Recently, the Sld2 orthologue of  Caenorhabditis elegans , SLD-2, was identifi ed 
and characterized [ 56 ]. Interestingly,  C. elegans  Sld-2 only has a region that is 
homologous to Sld2 and does not contain the RecQ domain, unlike its vertebrate 
counterparts (Fig.  13.2d ). SLD-2 associates with MUS-101, a Dpb11 orthologue in 
nematodes, and is required for DNA replication. Importantly, such functions depend 
on CDK phosphorylation [ 56 ]. Although the precise region of SLD-2 that is required 
for DNA replication and its binding sites in  MUS-101   have not been identifi ed, the 
Sld2–Dpb11 pathway seems to be conserved in this organism. Notably, a Sld3 
orthologue, Treslin, also exists in  C. elegans . However,  C. elegans  Treslin seems to 
lack a short patch of amino acids containing two conserved phosphorylation sites. 
Therefore, whether the Sld3–Dpb11 branch is also required for the initiation of 
DNA replication in this organism is an intriguing question.  

    Structural Insights on the  Sld2– and Sld3–Dpb11/Cut5/
TopBP1   Interactions 

 As described above, a tandem pair of BRCT motifs can associate specifi cally with 
phosphopeptides. Recent structural studies revealed that there are variations of the 
structure of BRCT pairs (reviewed in [ 68 ]). Structural analyses of Cut5/Rad4 and 
human TopBP1 revealed that their N-terminal BRCT pair (BRCT1-2) can accom-
modate two phosphorylated residues simultaneously, whereas the C-terminal BRCT 
pair of Cut5/Rad4 can accommodate only one phosphorylated residue [ 60 ,  69 ]. 
These results perfectly match the observation that the phosphorylation of a single 
residue of Sld2 (T84 in  S. cerevisiae  and T111 in  S. pombe ) is essential for the inter-
action with Dpb11/Cut5 [ 18 ,  46 ], and vertebrate Treslins have two conserved amino 
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acid residues that are phosphorylated for the interaction with TopBP1 [ 58 ,  59 ]. 
Although it is predicted from the amino acid sequence that the BRCT1-2 of budding 
yeast Dpb11 accommodates only one phosphorylated residue [ 68 ], further analysis 
is required to clarify the association of phosphorylated Sld3 and Dpb11 in budding 
yeast, because two phosphorylation sites of budding yeast Sld3 participate in the 
interaction with Dpb11 [ 15 ,  16 ].  

    Regulatory Aspects of the CDK-Regulated Initiation Process 

 As described above, although Sld2 and Sld3 are the conserved targets of S-phase 
CDK for the initiation reaction, the combination of the essentiality of the phos-
phorylation of these proteins is different in various organisms: the phosphoryla-
tion of both proteins is essential in  S. cerevisiae , the phosphorylation of Sld2 is 
only essential in  S. pombe , and the phosphorylation of the Sld3 orthologue is only 
essential in vertebrates. The mechanism underlying such differences remains a 
mystery; however, whether the bypass of CDK is possible by single phosphomi-
metic mutants in  S. pombe  and vertebrates should be tested. Because an untimely 
initiation reaction in the G1 phase causes re-replication, which is highly geno-
toxic to cells, the initiation reaction must be tightly regulated. Similar to what is 
observed in budding yeast, the presence of multiple CDK substrates seems to be 
an adequate mechanism for the occurrence of this tight switch. Moreover, the 
multiple phosphorylation events that precede the phosphorylation of the essential 
T84 of Sld2 and the low abundance of the CDK target protein might help the tight 
switch for the initiation reaction [ 18 ,  47 ]. In  S. pombe , the existence of Sld2 
enhances the interaction between Sld3 and Cut5/Rad4, as assessed in a yeast two-
hybrid assay [ 46 ]. Such cooperation might also help make the tight switch for the 
S phase. The elucidation of whether such regulatory mechanisms are present in 
other eukaryotes is necessary. 

 Although the phosphorylation-dependent protein interaction(s) absolutely trig-
ger the assembly of the pre-IC in the initiation reaction, other protein–protein inter-
action might also be important for the effi cient assembly of the pre-IC. The 
GINS–Dpb11 interaction might be such an example. The inter-BRCT region located 
between BRCT2 and BRCT3 in Dpb11 can interact with GINS in  S. cerevisiae  
(Fig.  13.2a ) [ 65 ]. Dpb11 mutants that lost this interaction show cold sensitivity and 
S-phase delay, similar to that observed for the unphosphorylatable Sld3 mutant in 
 S. pombe  [ 46 ]. Therefore, this interaction is required for the effi ciency of the initia-
tion reaction. Interestingly, the inter-BRCT region  l  ocated between BRCT3 and 
BRCT4 in vertebrate TopBP1 also interacts with GINS, and, importantly, this inter- 
BRCT region is included in the essential region of TopBP1 (Fig.  13.2a ) and is 
required for effi cient DNA replication in  Xenopus  egg extracts [ 65 ]. Many physical 
interactions between components of pre-IC have been reported, some of which 
might contribute to the stabilization of the pre-IC. 

13 Role of CDK in Replication Initiation



274

 The formation of the pre-IC is also the target of checkpoint kinases in yeast and 
humans [ 59 ,  70 ,  71 ]. When the replication fork collapses or is stalled, the checkpoint 
kinase Rad53 is activated and inhibits further activation of unfi red licensed origins in 
budding yeast. In this checkpoint pathway, the targets of Rad53 are Sld3 and Dbf4, 
which are inhibited by massive phosphorylation by Rad53. Therefore, both the essen-
tial CDK- and DDK-dependent pathways are inhibited [ 70 ,  71 ]. Such a mechanism is 
conserved in human Treslin/Ticrr [ 59 ]. Recent studies also suggest that this inhibitory 
mechanism is weakly activated even in the normal S phase in both yeast and humans 
[ 61 ,  72 ]. In addition to the common regulatory mechanism, vertebrate Treslin con-
tains a region that interacts with Chk1, a checkpoint- regulatory kinase, and a corre-
sponding region does not exist in yeast orthologues [ 73 ]. Such regulation might be 
important for the orchestration of the proper initiation of replication and, hence, for 
proper S-phase control. For details regarding  th  e checkpoint response, see Chap.   24    .  

    Conclusion 

 Loading of the replicative helicase onto chromatin and activation of the replicative 
helicase are central for the initiation of DNA replication. CDK promotes the activation 
of the replicative helicase via the phosphorylation of Sld2 and Sld3. The phosphoryla-
tion of Sld2 and Sld3 by CDK promotes the phosphor- dependent association with a 
phosphor-acceptor protein, Dpb11, and further assembly of the pre-IC, which is a 
prerequisite for the assembly of the active replicative helicase. Although there are 
variations in the assembly of the pre-IC between organisms, either or both Sld2 and 
Sld3 are the absolute gateway to the assembly of the pre-IC by accepting the signal 
from CDK in eukaryotes. To date, the bypass of the CDK requirement for the initia-
tion reaction is only achieved in budding yeast, and no additional proteins that 
accept the CDK signal have been identifi ed in other eukaryotes. Therefore, we do 
not know whether Sld2 and Sld3 are the sole targets of CDK in the initiation of 
DNA replication in eukaryotes. Future analyses should unveil the outline of the 
initiation reaction in other eukaryotes and clarify this issue.
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    Abstract     DDK (Dbf4-dependent kinase) is a serine/threonine protein kinase con-
served from yeast to humans. DDK is composed of two subunits, Cdc7 protein 
kinase and Dbf4 regulatory subunits in 1:1 stoichiometry. Both the  CDC7  and 
 DBF4  genes were discovered in budding yeast from the analysis of conditional 
mutants that were defective in the initiation of DNA replication. Cdc7 and Dbf4 
homologues have been identifi ed in many eukaryotes and are important in DNA 
replication, indicating the role of DDK was also conserved. This knowledge has 
been translated medically as oncogenic DDK overexpression is currently a target 
of therapeutic inhibitors. DDK activity is cell cycle regulated because it is inactive 
in G1 phase cells due to the absence of the essential Dbf4 protein as a result of 
APC-dependent proteolysis. It is clear from both genetic and biochemical studies 
that several subunits of the hexameric MCM2–7 DNA helicase/ATPase are sub-
strates of DDK. In an allosteric model of DDK function, DDK phosphorylates the 
Mcm4 protein in the misaligned MCM2–7 double hexamer bound to origins of 
replication to align the important catalytic residues of the enzyme and to load other 
proteins to form a CMG (Cdc45-MCM-GINS) holoenzyme. To complete the ini-
tiation reaction, the loading of several other replication proteins is also needed, 
which requires ensuing CDK (cyclin-dependent kinase) phosphorylation. DDK 
has other substrates important for mutagenesis by TLS (translesion synthesis), 
meiotic recombination, and chromosome cohesion. Because all these processes are 
chromatin-based, DDK may have evolved to regulate chromatin-bound proteins in 
DNA metabolism.  

  Keywords     Replication   •   Cell cycle   •   Kinase   •   Helicase   •   Cdc7   •   Dbf4   •   Initiation   • 
  Origins   •   Cancer  
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        Introduction 

 In this review, the role of Dbf4-dependent kinase (DDK) in the initiation of DNA 
replication will be described. DDK, composed of a Cdc7 (cell division cycle 7) sub-
unit and a Dbf4 (dumbbell former 4) subunit, is a critical regulator of the initiation 
step of DNA replication.  CDC7  and  DBF4  genes were initially discovered using yeast 
mutants that arrest the cell cycle before the onset of S phase. The two proteins are 
conserved from yeast through humans and combine to form an active protein kinase 
with Cdc7 being the catalytic subunit and Dbf4 the regulatory subunit. Protein expres-
sion of the Dbf4 subunit regulates kinase activity during the cell cycle. From both 
genetic and biochemical evidence, DDK was found to regulate the initiation of DNA 
replication by phosphorylating the Mcm protein complex during S phase. DDK also 
has functions in many other cellular processes including meiotic recombination and 
mutagenesis, which are not discussed herein. Due to its role in a wide array of pro-
cesses, it has become a target of cancer research and kinase inhibitor development.  

    Identifi cation of  CDC7  and  DBF4  

 DNA  replication   is a highly regulated process that relies on a complex array of proteins 
to ensure complete duplication of the genome occurs once and only once during the cell 
cycle. One protein complex required for proper initiation of DNA replication is 
DDK. DDK is a heterodimer composed of the catalytic subunit, Cdc7, and the regula-
tory subunit Dbf4. CDC7 was  originally   discovered in  Saccharomyces cerevisiae  (bud-
ding yeast) as part of Hartwell’s collection of temperature sensitive mutants that arrest at 
unique points of the cell cycle [ 1 ].  cdc7  mutants have a dumbbell phenotype, large bud-
ded cells with the nucleus stuck at the neck, and cause a cell cycle arrest immediately 
before the onset of S-phase. Neither Cdc7 protein nor total protein synthesis is required 
for completion of S phase after Cdc7’s function is executed at the G1–S boundary [ 2 ]. 
These two attributes provide evidence that Cdc7 controls a late step immediately at the 
start of DNA replication initiation. Therefore, it was hypothesized that all proteins nec-
essary for DNA replication  are   present at the G1–S boundary and Cdc7’s role is to 
activate them [ 3 ], which is consistent with Cdc7 being a protein kinase (see below). 

  DBF4  was isolated in a screen using the collection of cell cycle mutants to only 
analyze mutants that produced the dumbbell forming phenotype. This specifi c sub-
set of  cdc  mutants, all having a similar phenotype, were thought to be indicative of 
a defect in DNA synthesis and thus, closely tied together [ 4 ].  DBF4 , like  CDC7 , 
was further shown to be an essential gene; and  dbf4  mutants have a defect in DNA 
replication initiation [ 5 ]. A direct interaction between the two genes was fi rst sug-
gested by suppression of  cdc7  by  DBF4  overexpression. Likewise, overexpressed 
 CDC7  could suppress  dbf4  mutations and double mutants of the two genes are 
 synthetically lethal and not viable [ 6 ]. Dbf4 is essential and is likely an activation 
subunit for Cdc7 kinase activity.  
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     CDC7  Encodes a Protein Kinase 

  CDC7  was cloned through yeast genomic DNA plasmid complementation of tem-
perature sensitive mutant alleles of  cdc7  revealing a genomic fragment of 1.5 kb 
located on Chromosome IV. This genomic fragment encodes the approximately 
58 kDa Cdc7 protein and based on the predicted amino acid sequence compared to 
known protein sequences, suggests the protein is a serine/threonine protein kinase 
[ 7 ]. The homology between Cdc7 and other  protein kinases   was not randomly dis-
tributed across the protein, but confi ned to functionally important kinase domains. 
Cdc7 contains the conserved ATP binding site as well as phosphorylation acceptor 
site domains of kinases, but unlike other protein kinases, Cdc7 has longer regions of 
non-conserved sequences between the conserved kinase domains.  DBF4  was cloned 
using similar methods to identify a 2.4 kb genomic fragment on Chromosome IV of 
the yeast genome that encodes a 81 kDa protein [ 8 ]. 

 Cdc7 was later confi rmed to be a protein kinase using mammalian histone H1 as 
an exogenous substrate and immunoprecipitates of Cdc7, which also contain Df4 
protein [ 9 ,  10 ]. Serine and threonine residues within the histone H1 protein were 
phosphorylated by Cdc7. An in vivo substrate of Cdc7 has yet to be discovered, but 
because Cdc7 is found in high concentration within the nucleus, the in vivo sub-
strates are likely nuclear proteins [ 9 ,  10 ]. Mutations made in  key   residues within the 
kinase domains abolished all in vivo functions of the Cdc7 protein.  

    Identifi cation of  CDC7-DBF4  in Other Eukaryotes 

 Discovery of DDK’s role  in   budding yeast DNA replication initiation allowed for 
identifi cation of similar proteins and functions in the evolutionary distant yeast, 
 Schizosaccharomyces pombe . Degenerate oligonucleotide directed PCR (polymerase 
chain reaction was used to identify a homolog of Cdc7 in  S. pombe , Hsk1 (a putative 
homolog of Cdc7 (seven) kinase 1). Hsk1 was found to share amino acid sequence 
homology with Cdc7 in the critical conserved kinase domains as well as other regions 
[ 11 ] (Fig.  14.1 ). Hsk1 shares approximately 60 % identity with Cdc7 from budding 
yeast, but does not rescue a  cdc7ts  mutant of budding yeast [ 12 ]. Furthermore, Hsk1 
protein phosphorylated several substrates as well as autophosphorylated; and  hsk1ts  
mutants exhibited inhibition of DNA replication. Null mutants of  hsk1  completed 
mitosis but failed to replicate DNA. Like Cdc7, disruption of the  hsk1  gene is lethal 
to cell growth and therefore, likely carries out a very similar function. Surprisingly, 
an  hsk1  deletion is conditional and is viable at 37 °C, indicating DDK is not required 
at this temperature [ 13 ]. Discovery of  hsk1  as a yeast Cdc7 homolog within an evo-
lutionary distant organism paved the way to identify Cdc7 homologs in other eukary-
otes, especially vertebrates (Table  14.1 ). Shortly after  Hsk1   was identifi ed in  S. 
pombe , Cdc7 homologs were discovered in humans,  Xenopus  and mouse. These pro-
teins do not have exact protein sequence homology, but they all maintain the critical 
catalytic kinase residues that are required for Cdc7 function [ 14 – 16 ].
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  Fig. 14.1     Comparison   of DDK subunits from human,  S. cerevisiae , and  S. pombe . ( a ) Comparison 
of Cdc7 homologs.  Red segments  represent conserved kinase domains.  Blue segments  represent 
less conserved kinase insert sequences. ( b ) Comparison of Dbf4 homologs.  Green ,  Blue , and 
 Orange segments  represent conserved Dbf4 motifs (Adapted from Masai et al. 2002)       

    Table 14.1    CDC7 and DBF4 homologues   

 Organism  Catalytic subunit  Regulatory subunit  References 

  S. cerevisiae   CDC7 (507aa)  DBF4 (704aa)  Hartwell et al. 1971 
 Johnston et al. 1982 

  S. pombe   HSK1 (507aa)  DFP1/Him1 (545aa)  Masai et al. 1995 
 Brown et al. 1998 

  Xenopus laevis   XeCdc7 (483aa)  XeDbf4 (661aa) 
 XeDrf1 (772aa) 

 Sato et al. 1997 
 Jares et al. 2004 
 Takahashi et al. 2005 

  Mus musculus   muCdc7 (564aa)  muASK (664aa)  Faul et al. 1999 
 Lepke et al. 1999 

  Homo sapiens   Hu Cdc7 (574aa)  huASK/huDbf4 (674aa) 
 huDrf1 (615aa) 

 Sato et al. 1997 
 Lepke et al. 1999 
 Montagnoli et al. 2002 
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    Dbf4 homologs have  been   isolated from other eukaryotes as well providing evi-
dence for the strong evolutionary link between the Cdc7 catalytic subunit and the 
regulatory subunit (Table  14.1 ). In  S. pombe , Hsk1 copurifi ed with a protein, Dfp1. 
Independent experiments identifi ed the same molecule as Him1, and these were 
later identifi ed as a homolog of budding yeast Dbf4. Cdc7 association with Dfp1/
Him1 was shown to have a similar effect as the budding yeast proteins in stimulat-
ing phosphorylation of an exogenous substrate, but does not enhance autophos-
phorylation of Hsk1 [ 17 ]. Dbf4 homologs discovered in human,  Xenopus , and 
mouse have all been shown to physically interact with Cdc7 to regulate initiation of 
DNA replication [ 18 ,  19 ]. The majority of Dbf4 conservation between species is 
restricted to three different motif regions: M, N, and C. Using the yeast two-hybrid 
system for protein–protein interactions, it has been shown that Cdc7 and Dbf4 inter-
act directly with each other both in vitro and in vivo to create a functional complex 
[ 20 – 22 ]. Importantly, both subunits of DDK are conserved and thus preserve the 
function of the complex from yeast through humans [ 23 ]. The essential function of 
DDK in  DNA    replication   is conserved in evolution as human DDK can complement 
deletions in yeast  CDC7  and  DBF4  if both human Cdc7 and Dbf4 cDNAs are co- 
expressed [ 24 ].  

    Regulation of  CDC7-DBF4  Protein Kinase 
during the Cell Cycle  

 Cdc7 and Dbf4 proteins are  regulated   differentially throughout the cell cycle. In 
budding yeast, the Cdc7 catalytic subunit is stably expressed and subsequently 
bound to chromatin throughout the majority of the cell cycle [ 25 ]. However, Dbf4 
protein expression oscillates throughout the cell cycle as a result of protein stability. 
Dbf4 stability is regulated by  the   APC (anaphase promoting  complex     ). The protein 
is rapidly degraded in G1 phase of the cell cycle and mutations in APC subunits or 
the Dbf4 N-terminus region resembling a destruction box eliminates the APC- 
dependent degradation [ 26 ]. Once Dbf4 is expressed in the cell, it is likely that  it 
  immediately associates with chromatin.  Dbf4 protein   expression oscillation within 
the cell cycle is equivalent to the role of cyclins in regulating the activity of cyclin- 
dependent kinases ( CDK)      [ 27 ,  28 ]. 

 Although the Cdc7 subunit is constitutively expressed during the cell cycle, the 
kinase activity changes depending on expression of Dbf4 in the cell. Cdc7 kinase 
activity is low during G1 phase of the cell cycle, increases at the G1–S transition, 
maintained at high activity through S phase, and then decreases again as S phase in 
completed [ 29 ]. This pattern of kinase activity closely mirrors the expression of the 
Db4 protein [ 30 ]. Similar studies performed using human and  Xenopus  homologs of 
Cdc7 and Dbf4 also show DDK activity relies on the expression of the  Dbf4 subunit 
  within the cell at the G1–S transition [ 31 ,  32 ]. 
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 While Dbf4 has long been known to be the main regulatory subunit of the DDK 
complex, human and  Xenopus  Cdc7 are also regulated by Drf1 (Dbf4-related factor 1) 
[ 33 ]. In  Xenopus  egg extracts, Drf1 is in far more abundance than the Dbf4 protein and 
removal of the protein by immunodepletion causes the characteristic inhibition of rep-
lication. However, as gastrulation completes, Drf1 levels decline and Dbf4 becomes 
more abundant [ 34 ]. Human Drf1 displays similar temporally regulated kinetics as 
Dbf4, but the function has yet to be established. Drf1 and Dbf4 may bind to different 
pools of Cdc7 in order to initiate replication from different origin subsets [ 33 ]. Another 
proposed role of human Drf1 is to restart replication forks that have arrested for various 
reasons throughout S phase [ 35 ]. This second regulator of Cdc7 has not been found in 
the genome of yeast and  Drosophila  indicating another layer of complexity in verte-
brate replication initiation that may have developmental or timing implications. 

 Dbf4 is a limiting factor in DNA replication, along with Dpb11 (DNA polymerase 
B subunit 11), Sld2 (synthetic lethal with Dpb11), and Sld3. These proteins are found 
in low abundance in the cell, but overexpression of all four proteins is suffi cient to 
advance  the   replication timing of late origins and heterochromatic regions [ 36 ].  

    DDK Structure and Function 

 Crystal structure of human DDK has provided insight into  how   DDK subunits are 
held together and lead to activation of the kinase (Fig.  14.2 ) [ 37 ]. Cdc7 has a  bilobal   
structure with a deep cleft between the two domains that houses the active site of the 
kinase. The N lobe of Cdc7 is comprised of an antiparallel β-sheet as well as 
α-helices, while the C lobe of Cdc7 is comprised almost entirely of α-helices that 
encase the catalytic loop of the kinase as well as a Mg 2+  ion. Dbf4 motif regions M 
and C are conserved between species and are necessary for binding to Cdc7 in a 
bipartite manner. Motif C of Dbf4 contains α-helices and a β-strand that forms an 
essential zinc fi nger used for binding the N-terminal lobe of Cdc7. Meanwhile, 
motif M of Dbf4 uses β-strands to pair with β-strands within the kinase insert three 
domain to create an antiparallel sheet necessary for packing and binding against the 
C-terminal lobe of Cdc7. Although it is conserved across species, motif N of Dbf4 
is not used for binding nor is it required for kinase activation. Motif M and Motif C 
are necessary to pack Dbf4 against the lobes of Cdc7 and are needed for activation 
of the kinase. Upon Cdc7 and Dbf4 binding, the kinase subunit maintains a closed 
nucleotide (Mg-ATP) bound conformation similar to other protein kinases. 
Mutations in regions of Dbf4 or Cdc7 that disrupt the binding of the two subunits 
result in extensively reduced activity of the kinase [ 37 ].

   Cdc7 lacks a threonine residue in the active site present in most other protein 
kinases. This residue is generally phosphorylated and leads to activation of the ser-
ine/threonine kinase. In order to obtain a crystal structure of Cdc7 and the binding 
interface, the expanded kinase insert region 2 was deleted. Therefore, it cannot be 
ruled out that this region contains other regulatory elements that make up for the 
loss of the critical threonine residue found in other kinases [ 37 ]. 
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 Budding yeast Cdc7 has a unique C-terminal  domain   consisting of 55 amino 
acids that has been shown to be required for binding to Dbf4 [ 20 ]. This region is not 
found in homologous Cdc7 proteins indicating there is redundancy that allows for 
Cdc7 to bind Dbf4 without this specialized region in other eukaryotes. 

 The Cdc7 subunit forms dimers as shown both in vivo and with recombinant 
proteins in vitro [ 38 ]. These Cdc7-Cdc7 dimers have low kinase activity which 
increases substantially when one Dbf4 molecule associates with one Cdc7 molecule 
to disrupt the Cdc7-Cdc7 dimer and form a Cdc7-Dbf4 heterodimer [ 39 ].  

    Cell Cycle Activity of DDK 

 All budding  yeast   replication origins that fi re throughout S phase require DDK 
function [ 40 ,  41 ]. Cdc7 may control the transition from G1 to S as well as  activation 
  and initiation from individual origins. Dbf4 has been found to associate directly 
with origins of replication and thus provides a foundation that Cdc7 functions 
directly at replication initiation complexes at the origins [ 21 ,  42 ]. However, there is 
no direct in vivo evidence that Cdc7 also binds to origins. A fi rst indication of the 
identity of the endogenous substrates of DDK came from studies in which the 

  Fig. 14.2    Human  DDK   atomic crystal structure. Atomic crystal structure of Cdc7-Dbf4 dimer 
from RCSB PDB (Protein Data Bank):   http://www.rcsb.org/pdb/explore/images.do?structureId=
4 F99     using coordinates from reference [ 37 ]. Note that protein fragments of Cdc7 and Dbf4 were 
used and not the full-length molecules and the resulting smaller DDK enzyme had about 40–50 % 
activity. Cdc7 kinase N-terminal Beta-Sheet rich ATP binding domain at top and C-terminal alpha-
helical phospho-acceptor domain at bottom. Dbf4-M and Dbf4-C domains are as shown and also 
depicted in Fig.  14.1 . Zn 2+  and Mg 2+  ions are shown as  gray spheres        
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 mcm5-bob1  (Mcm5 P83L) mutation in the Mcm5 (mini chromosome maintenance) 
protein was found to be a bypass suppressor of deletions in both  CDC7  and  DBF4 , 
but not other cell cycle division genes [ 43 ].  The    mcm5-bob1  mutation is able to 
bypass the need for DDK within the cell and allows for the cell to enter S phase 
earlier. In these studies, a model was proposed in which Mcm5 structure is modifi ed 
by  DDK. An   important function of Mcm5 is to therefore inhibit DNA replication 
and a modifi cation of the protein allows the cell to initiate replication. There is prec-
edent in phage λ for a model where inhibition is removed to allow assembly of DNA 
replication proteins [ 44 ]. The  mcm5-bob1  bypass of DDK indicates that essential 
functions of the kinase are inherently linked to the Mcm complex. 

 The Mcm complex was initially identifi ed as being required for stable mainte-
nance of ARS (autonomous replicating  sequence     ) plasmids in budding yeast [ 45 ]. It 
is made up of six homologous proteins and loaded onto origins as a  double   hexamer 
in late M phase to early G1 phase. Functions of Mcm2–7 within the cell cycle are 
likely regulated by the phosphorylation state of the proteins [ 46 ,  47 ]. Comparison of 
Mcm protein sequences show that Mcm2, 4, and 6 contain serine and threonine resi-
dues within long N-terminal domains. Mcm3, 5 and archaeal Mcm proteins do not 
have this extra region. A mutation within the  MCM2   gene   reduces effi ciency of 
DNA replication at origins of DNA replication. To understand how Mcm2 is regu-
lated it is necessary to understand what other genes may interact with the MCM2 
gene. It was determined that a  dbf4  mutation was able to suppress the defects seen 
in  mcm2-1  mutant. Furthermore, Mcm2 and Dbf4 show a strong physical interac-
tion with each other that is compromised by the  mcm2-1  mutation. From these 
genetic data, a number of investigations focused on the Mcm complex as a substrate 
of DDK. Recombinant GST-Mcm fusion proteins were made for use in DDK pro-
tein kinase assay in vitro [ 48 ]. GST-Mcm2, GST-Mcm3, GST-Mcm4, and GST- 
Mcm6 were all shown to be phosphorylated by DDK in vitro. Surprisingly, 
GST-Mcm5 was not phosphorylated as was thought from the  mcm5-bob1  mutation. 
Additionally, a GST- mcm2-1  fusion was shown to reduce phosphorylation of  mcm2- 
1   by DDK compared to wild type indicating that the kinase is directly tied to the 
function of  the   Mcm complex. Dbf4 is the main subunit required for binding Mcm2, 
which recruits Cdc7 to phosphorylate amino acids S164 and S170 and leads to DNA 
replication and cell growth [ 49 ]. 

 Mcm2 is phosphorylated during S phase by DDK at two N- terminal   serines 
(Fig.  14.3 ). Conversion of these two residues to non-phosphorylatable alanines 
(S164A, S170A) results in a severe growth defect that can be partially rescued by 
 mcm5-bob1 . Upon mutating these residues, the amount of origin ssDNA is signifi -
cantly reduced compared to wild type based on the amount of RPA (replication 
protein A) bound to the origins. These mutations reduced binding of Sld3 and GINS 
to the Mcm complex. It was also determined that Mcm2 phosphorylation destabi-
lized the interaction with Mcm5 promoting opening of the Mcm2–7 hexameric ring 
to allow extrusion of ssDNA [ 50 ].

   Consensus DDK phosphorylation sites are usually S or T followed by an acidic 
residue (S/T D/E) [ 51 ]. These sites are similar to sites  preferred   by CK2 (casein 
kinase 2) [ 52 ], the most similar kinase to Cdc7 in the human kinome [ 53 ]. There 
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are also hierarchal DDK sites (S/T-S/T-P) where the second S/T residue is fi rst 
phosphorylated by CDK creating a priming phosphor-acidic site (S/T-S/T(Phos)-P) 
and hence DDK phosphorylation will occur at the fi rst S/T residue as seen in 
human Mcm2 [ 51 ,  54 ] and in yeast Mer2 [ 55 ]. Hierarchal sites primed by CDK or 
by Mec1 (S/T-S/T-Q) are also seen in the N-terminal region of yeast Mcm4 and 
Mcm6 (Fig.  14.3 ). 

  Mcm4   has also been analyzed as a DDK substrate due to the discovery of hier-
archal phosphorylation sites. The serine/threonine rich N-terminal domain inhib-
its DNA replication. Phosphorylation of this region removes the inhibitory effect 
and cells can transition into S phase. In vitro experiments confi rm DDK is the 
kinase responsible for phosphorylating the N-terminal region of Mcm4 and reliev-
ing the inhibitory effect [ 56 ,  57 ]. When the inhibitory region of Mcm4 is deleted, 
replication can proceed in the absence of DDK similar to the  mcm5-bob1  bypass 
mutation. Mutating DDK specifi c serine/threonine residues to alanine within 
Mcm4 confers lethality since Mcm4 inhibition cannot be removed by 
DDK. However,  if   phosphomimetic mutations (S/T to D/E) are made in the same 
residues, the cell is not only viable but can also bypass the need for DDK. Cell 
cycle regulation of DNA replication  can   still occur in this case as CDK (Cdk1-
Clb5) function is still required. 

 If both DDK and CDK steps are made constitutive, lethality occurs [ 58 ,  59 ]. 
Mcm4 phosphorylation also stimulates association of other replication proteins, such 
as Cdc45 (cell-division cycle 45), with the chromatin [ 60 ]. The lack of Mcm5 phos-
phorylation may be explained by allosteric effects by Mcm4 phosphorylation such 
that relief of N-terminal inhibition may result in a conformation change of Mcm5. 
Mcm5, as evidence from the  mcm5-bob1  mutation, may be an important inhibitor of 
DNA replication that is removed by phosphorylation of other Mcm subunits such as 

Mcm2

Mcm3

Mcm4

AAA+ motif

Mcm5

Mcm6

Mcm7

  Fig. 14.3    Identifi cation of DDK Target sites on Mcm2–7. Schematic of  DDK   phosphorylation 
sites on each Mcm subunit.  Blue triangles  represent DDK phosphorylation sites as determined by 
mass spectrometry. Extended N-terminal domains of Mcm2, Mcm4, and Mcm6 contain phos-
phorylated serine and threonine residues (Adapted from Randall et al. 2010)       
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Mcm2, Mcm4, or Mcm6. While Mcm2, Mcm4, and Mcm6 appear to be the direct 
targets of DDK, there is evidence to suggest that other residues within the Mcm pro-
teins need to be phosphorylated fi rst in order to prime the protein for DDK phos-
phorylation [ 61 ]. Once substrates were identifi ed in  S. cerevisiae , efforts were made 
to confi rm them in other organisms, specifi cally, Mcm2 was shown to be a direct 
target of DDK in human cells [ 62 ].  

    Sequential Order of DDK and CDK Function in the Cell Cycle  

 There is controversy about the sequence of events that lead to phosphorylation of 
the Mcm proteins by DDK. As described above, characterization of  cdc7  mutants in 
yeast demonstrate that protein synthesis is no longer required to complete S phase 
after Cdc7 executes its function indicating that it may be the fi nal factor required for 
replication initiation.  St  udies in  S. cerevisiae  also suggest that CDK carries out its 
phosphorylation function fi rst while DDK phosphorylates the Mcm complex sec-
ond [ 63 ]. However, in vivo studies in  S. pombe , and in vitro studies in  Xenopus  
extracts suggest that DDK acts fi rst to phosphorylate the Mcm complex and then 
CDK acts second to initiate DNA replication [ 64 ,  65 ]. Both models agree that phos-
phorylation of the Mcm proteins by DDK is necessary to load Cdc45 onto chroma-
tin at replication origins. 

 In  Xenopus  and  S. pombe , DDK loads Cdc45 onto chromatin before CDK car-
ries out its catalytic function and brings in the remaining proteins necessary for 
DNA replication including the GINS complex. In G1 phase of the cell cycle, 
CDK activity is low due to the absence of S phase cyclins necessary to transition 
the cell into S phase [ 28 ]. Dbf4 is also low in G1, thus Cdc45 is not loaded onto 
chromatin [ 26 ,  27 ,  29 ]. However, in the presence of the  mcm5-bob1  mutation, 
Cdc45 is loaded onto chromatin in G1 phase of the cell cycle when S phase CDK 
is inactive.  The   loading of Cdc45 in the absence of CDK correlates with prema-
ture ARS1 origin unwinding as seen with in vivo genomic footprinting in the 
 mcm5-bob1  mutant arrested in G1 phase [ 66 ]. Thus, origin structural changes are 
directly linked to Cdc45 loading. Furthermore, in an in vitro replication system 
from  S. cerevisiae  extracts, DDK alone produced Cdc45 loading onto origins in 
the absence of CDK. In the latter study, there was a clear order of events in that 
DDK must act before CDK in order to initiate DNA replication as seen in the 
 Xenopus  in vitro studies.  

    DDK as a Target of Cancer Therapy 

 Deregulation of normal  cell   cycle progression has been a target of previous thera-
pies for cancer treatment. Given that DDK plays such an important role in DNA 
replication, DNA damage repair and cell cycle progression, it has become a focus 
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of new cancer therapeutics [ 67 – 69 ]. Increased expression of Cdc7 has become a 
marker for cancer and overexpression of Cdc7 has been shown to inhibit apopto-
sis and lead to survival of oral squamous cell cancer cells [ 70 ]. Cancer cases that 
show increased Cdc7 expression tend to have poor clinical outcomes [ 71 ]. In 
breast cancer, increased Cdc7 is often correlated with increased Dbf4 that may 
be linked to the proliferative activity of cancer cells. While increased Cdc7 is not 
always correlated with proliferative status, it is always correlated with the num-
ber of cells that enter S phase. An explanation of this may be that since Cdc7 is 
involved in the DNA damage repair pathway, it aids in recovery of stalled repli-
cation forks to enhance survival of tumor cells. Additionally, p53 mutations or 
even protein loss are a result of increased Cdc7 and Dbf4 expression [ 72 ]. 
Conversely, loss of Cdc7 in cancer cells induces a p53-independent apoptotic 
response that leads to cell death without activating the standard checkpoint path-
way [ 73 ]. 

 The fi rst inhibitors of Cdc7 were developed at Nerviano Medical Sciences as 
small molecule ATP-competitors in the pyrrolopyridones class [ 74 ]. One compound 
from this screen, PHA-767491, emerged as the leading candidate for Cdc7 inhibi-
tion. This compound impairs Mcm2 phosphorylation at DDK-dependent sites and 
blocks origin fi ring, but does not prevent progression of replication forks or activate 
a DNA damage cascade [ 75 ].  Antitumor   activity of this compound has been seen in 
AML(acute myeloid leukemia), breast and colon cancer models. Another inhibitor 
that has been used in cancer models is XL413. However, unlike the robust anti- 
proliferative and apoptotic effects seen in PHA-767491, XL413 only has limited 
activity in a smaller percentage of tester cancer cell types [ 76 ].  

    Model of DDK Action 

 A simplifi ed model of DDK action  is   DDK phosphorylates the Mcm complex, 
which produces a structural change that activates the helicase and allows for the 
binding of important replication proteins (Fig.  14.4 ). The model is bolstered by 
atomic crystal structures and functional assays of the Mcm complex as deduced 
from the studies  of   Archaeal Mcm homomultimeric proteins together with yeast 
genetic studies [ 77 ,  78 ]. In the Archaeal Mcm protein, the alpha helical bundle (A 
domain) located in the N-terminus, anchors the proline that is converted to the leu-
cine in the context of the  mcm5-bob1  mutation. Leucine has a large side chain that 
pushes this A domain out and creates a structural change in the protein. It is possible 
that this structural change removes an inhibition and allows for other loading pro-
teins that recognize this change. Phosphorylation of the wild type Mcm2 or Mcm4 
may cause a structural change in the Mcm complex as a whole and simulate this 
expansion of the A domain in Mcm5. Thus, the  mcm5-bob1  mutation mimics a 
conformational change brought about by phosphorylation within the complex. In  S. 
pombe , this structural change may occur spontaneously at higher temperatures 
allowing for DDK bypass [ 13 ].
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   As further evidence of the model, other amino acids were substituted in place 
of the proline residue within the yeast Mcm5 protein [ 78 ,  79 ]. Only residues 
with large side chains (K, W) that would give similar expansion of the A domain 
and not smaller substitutions (A, G) produced a  mcm5-bob1  phenotype and 
bypassed DDK. Surprisingly, the P to L change in the Archaeal protein only 
resulted in a 1 Å structural change but the corresponding yeast genetics con-
fi rmed that amino acids with large side chains caused a signifi cant effect in the 
cell. The small structural difference can be explained by the fact the 
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  Fig. 14.4    Model of DDK action in replication. ( 1 ) In late M/early G1 phase of the cell cycle, 
Mcm2–7 complex is loaded onto origins as  a   twisted double hexamer. ( 2 ) At the G1–S transition, 
DDK phosphorylates the N-terminal serine/threonine residues of Mcm2, Mcm4, and Mcm6. ( 3 ) 
The double hexamer untwists to allow additional protein loading. ( 4 ) Cdc45, GINS and other 
required proteins bind to activate the helicase. ( 5 ) A gate between Mcm2 and Mcm5 opens to allow 
extrusion of ssDNA and form the actively replicating CMG complex       
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crystallization pushes the domains inward to pack it together tightly, whereas a 
protein in solution will have more room to expand. Ultracentrifugation of the 
Archaeal protein with the  mcm5-bob1  mutation showed increased heterogeneity 
in the sedimentation of the protein [ 79 ]. An explanation of this anomaly is  that 
  in vivo pushes out the A domain to produce a unique conformation, while the 
 mcm5-bob1  mutation allows for a greater range in conformations, only a few of 
which are active. It is possible that the homogeneity due to phosphorylation is 
preventing the structural studies from seeing the domain push out. Using a con-
struct that contains the N-terminal domain of Mcm from one archaeon fused to 
the C-terminal of Mcm of another archaeon, the A domain does in fact push out 
much further than the 1 Å seen previously [ 80 ]. Once this A domain of the Mcm 
is pushed out, the complex can now act as a landing pad for other DNA replica-
tion proteins to create the helicase holoenzyme Cdc45-Mcm-GINS complex 
(CMG). Mcm2 phosphorylation also destabilizes the interaction with Mcm5 
promoting opening of the Mcm2–7 hexameric ring to allow extrusion of ssDNA 
and to allow elongation of DNA replication [ 50 ].  

    Concluding Remarks 

 Since over 50 years after DDK was initially discovered in yeast, a great deal has 
been learned about the function and roles DDK plays throughout the cell cycle. Its 
scope goes well beyond its role in replication initiation to include DNA translesion 
synthesis and mutagenesis [ 81 ,  82 ], kinetochore function [ 42 ], and meiotic recom-
bination [ 55 ,  83 ] (Fig.  14.5 ).    We now know DDK is a serine/threonine protein 
kinase with the most widely known substrates being the Mcm complex but more 
substrates will probably be identifi ed in the future. During evolution, DDK may 
have been recruited for a number of cellular roles that all involve regulating the 
binding of proteins to chromatin [ 81 ]. Clearly, DDK’s most well studied and 
understood role is to initiate DNA replication from individual origins of replica-
tion. At the atomic level, crystallography has been used to capture both the binding 
of the catalytic subunit Cdc7 to its regulatory subunit Dbf4 as well as possible 
binding to substrates. Furthermore, the substrate specifi city of DDK for the Mcm 
complex has been shown using cryo-EM as the two hexamers in the inactive Mcm 
complex in the pre-RC are misaligned, which acts as a unique binding site for 
DDK [ 84 ]. Phosphorylation by DDK then aligns the double hexamer correctly to 
produce the active DNA helicase. The knowledge about DDK has already yielded 
important translational information for the clinic in that a number of recent studies 
have identifi ed potential inhibitors of DDK function during cancer development 
and progression.
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    Chapter 15   
 Roles of Sld2, Sld3, and Dpb11 in Replication 
Initiation                     

       Karl-Uwe     Reußwig    ,     Dominik     Boos    , and     Boris     Pfander    

    Abstract     Replication initiation in eukaryotes is subdivided into two phases—
origin licensing and origin fi ring. These phases have opposite requirements for 
cyclin- dependent kinase (CDK) phosphorylation and are therefore restricted to 
different cell cycle phases: origin licensing occurs in the absence of CDK activity 
(G1 phase) and results in the formation of inactive precursors of the replicative 
DNA helicase at origins of replication. Origin fi ring occurs upon CDK activation in 
S phase and results in the activation of the replicative helicase. 

 Central to the control of origin fi ring is a three-partite protein complex, which 
was fi rst identifi ed in budding yeast, but is apparently conserved among eukaryotes, 
and consists of Sld3, Dpb11, and Sld2 (SDS complex). Both Sld3 and Sld2 bind to 
Dpb11 in a CDK-phosphorylation-dependent manner and together form the mini-
mal set of CDK substrates required for origin fi ring. The SDS complex facilitates 
helicase activation by promoting the association of accessory helicase subunits 
(Cdc45 and GINS complex) to form the CMG helicase. Importantly, the SDS 
complex- mediated CMG formation is a central element to various aspects of repli-
cation control, such as the temporal replication program and the regulation of origin 
fi ring by the checkpoint.  

  Keywords     DNA replication initiation   •   Origin fi ring   •   Cell cycle regulation   • 
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        Introduction 

 To ensure that  eukaryotic cells   copy their genome precisely once during each cell 
cycle, the DNA replication process is divided into two phases—origin licensing and 
origin fi ring (Fig.  15.1 ). Both phases are coupled to distinct stages of the cell cycle 
by the changing activity of cyclin-dependent kinases (CDKs).

   Origins of replications—the sites of replication initiation—are determined by 
binding of the origin recognition complex (ORC). During the origin licensing phase, 
ORC cooperates with the licensing factors Cdc6 and Cdt1 to facilitate the loading of 
the Mcm2-7 helicase core onto the DNA [ 1 ]. At this stage, these pre-replicative 
complexes (pre-RCs) contain Mcm2-7 in an inactive double-hexamer conformation. 

 During the origin fi ring phase, the missing helicase  subunits Cdc45 and GINS   
are recruited to the pre-RCs to form the active  Cdc45/Mcm2-7/GINS (CMG) repli-
cative helicases   [ 2 – 4 ]. This activation requires signifi cant remodeling of the pre- 
RCs. In the process of CMG formation, the Mcm2-7 double hexamer splits into two 
single hexamers moving into opposite directions [ 2 ,  5 – 7 ]. Furthermore,  Mcm2-7 
switches   from encircling double-stranded DNA in the pre-RC to encircling single- 
stranded DNA in the CMG helicase. Following the initial unwinding of DNA at the 
origin by CMG, additional proteins are recruited to the active CMG to form a 
 replisome and commence DNA synthesis. 

 A strict separation of  origin licensing   and origin fi ring is essential to control the 
DNA replication process (Fig.  15.1 ). For this reason, multiple synergizing mecha-
nisms inhibit origin licensing during the origin fi ring phase. In budding yeast,  CDK 
phosphorylates   every single licensing factor [ 8 ] and these phosphorylation events 
trigger the degradation and the nuclear export of licensing factors as well as the 
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  Fig. 15.1     The cell cycle regulation of    replication initiation   . Replication initiation is divided into 
two temporally separated phases: origin licensing and origin fi ring. Both phases are tightly linked 
to the cell cycle. Origin licensing occurs during late M phase and G1 phase when the activity of 
cyclin-dependent kinase (CDK) is low. Origin fi ring occurs from S phase to M phase (mitosis) 
when the activity of both CDK- and Dbf4-dependent kinase (DDK) is high       
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inhibition of their catalytic activity [ 9 ]. In consequence, these regulatory mechanisms 
lead to a restriction of origin licensing to late mitosis and G1 phase when CDK 
activity is low. 

 At the transition from G1 to S phase, the activities of CDK- and Dbf4-dependent 
kinase (DDK) rise and both are required throughout S phase to facilitate origin fi r-
ing [ 10 – 13 ]. The major task of DDK is to alleviate an inhibitory interaction within 
the Mcm2-7 complex [ 14 ]. At the same time, CDK drives the conversion of  pre-RCs   
to active CMG helicases. Pivotal to this conversion is the CDK-dependent forma-
tion of a protein complex (SDS complex) between the fi ring factors Sld3 and Sld2 
and the scaffold protein Dpb11 [ 15 – 18 ]. The SDS complex is thought to join Cdc45, 
Mcm2-7, and GINS to initiate CMG formation and hence may be regarded as a key 
regulator of origin fi ring. 

 In this chapter, we provide a comprehensive overview of the latest advances in 
our knowledge of how the budding yeast SDS complex is regulated and how it 
mechanistically controls origin fi ring (sections “ The SDS Complex in  Saccharomyces 
cerevisiae  ” and “ The SDS Complex is a Hub of Replication Initiation Control ”). 
Furthermore, we discuss to what extent the molecular functions of these proteins are 
conserved in orthologous proteins in higher eukaryotes (section “ Role of the SDS 
Complex in the CDK-Dependent Regulation of Origin Firing in Higher Eukaryotes ”).  

     The SDS Complex in  Saccharomyces    cerevisiae    

 The fi ring  factors Sld3 and Sld2   were identifi ed as the minimal set of  CDK targets   
required for origin fi ring in the budding yeast  Saccharomyces cerevisiae . Both pro-
teins likely form a ternary complex together with the scaffold protein Dpb11 (SDS 
complex) upon CDK phosphorylation [ 15 ,  16 ] and this complex is thought to drive 
the conversion of inactive Mcm2-7 helicase precursors to active CMG helicases. 
Consistent with a role in DNA replication, Sld3, Dpb11, and Sld2 were found to 
associate with origin DNA by chromatin immunoprecipitation studies. However, 
none of these proteins was found to be incorporated into the replisome, thereby 
indicating that these proteins are specifi c origin fi ring factors [ 5 ,  19 ,  20 ]. 

     Dpb11   Connects Sld3 and Sld2 

 The scaffold protein Dpb11 is an essential fi ring factor and was discovered as a 
genetic interactor of the leading strand DNA polymerase ε [ 21 ]. Dpb11 harbors 
four BRCA1 C-terminus (BRCT) domains, arranged as pairs of tandem BRCT 
domains [ 22 ]. Tandem BRCT domains are known to bind phosphorylated pro-
teins [ 23 ] and screens with the temperature-sensitive  dpb11-1  allele identifi ed 
 SLD3  and  SLD2  as genetic interactors and potential binding partners [ 24 ,  25 ]. 
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Indeed, CDK-phosphorylated Sld3 binds to the BRCT 1+2 domain of Dpb11, whereas 
CDK-phosphorylated Sld2 binds to the BRCT 3+4 domain [ 15 ,  16 ,  26 ]. Thus, CDK 
phosphorylation may enable Dpb11 to connect Sld3 and Sld2 and also the pro-
tein complexes, in which they reside (Fig.  15.2 ).
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  Fig. 15.2     A mechanistic view of replication initiation . During the origin licensing phase, the origin 
recognition complex (ORC) cooperates with the licensing factors Cdt1 and Cdc6 to load the heli-
case core Mcm2-7 to origin DNA in an inactive double-hexameric conformation and to form a 
pre-replicative complex at each origin (pre-RC). In a DDK-dependent step, the initiation factors 
Sld3-Sld7 together with the helicase component Cdc45 are recruited to the pre-RC. At early-fi ring 
origins, this recruitment takes place already during G1 phase, while at late-fi ring origins it does not 
occur before S phase. At the G1-S transition, the activation of CDK inhibits further origin licensing 
and promotes origin fi ring by facilitating the assembly of larger complexes of replication initiation 
factors. Pre-loading complexes (pre-LC), which contain the helicase component GINS, form in a 
CDK-dependent manner. Moreover, CDK also promotes the binding of the pre-LC to Cdc45-Sld3-
Sld7 to establish pre-initiation complexes (pre-IC) at origins of replication. Critical for the forma-
tion of the pre-IC are the CDK-dependent interactions of Sld3 and Sld2 with Dpb11 (SDS 
complex). This complex comprises the minimal set of CDK targets that is required to trigger origin 
fi ring. Once all helicase components are recruited to the origin of replication, the Cdc45-Mcm2-7-
GINS helicase (CMG helicase) forms by a yet unknown mechanism and initiates DNA unwinding. 
At this stage, the subsequent assembly of the replisome (not depicted here) is initiated and the 
fi ring factors Sld3, Dpb11, and Sld2 are most likely released       
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       Sld3 Recruits  Cdc45 to Pre-replicative Complexes   

 Similar to Dpb11, Sld3 is required for cell viability. As illustrated in Fig.  15.2 , the 
Sld3 protein forms a complex with the fi ring factor Sld7 [ 27 ] and with the essential 
helicase component Cdc45 [ 28 ]. Importantly, Sld3 and Cdc45 localize to a subset of 
origins of replication during G1 phase in a mutually dependent manner [ 28 ,  29 ], 
thereby suggesting that Sld3 may recruit Cdc45 to pre-RCs. 

 At the transition to S phase, CDK facilitates the binding of Sld3 to Dpb11 by 
phosphorylating the C-terminus of Sld3. Specifi cally, phosphorylation of serine 600 
and serine 622 appears to generate a binding site for Dpb11 [ 15 ,  16 ]. Mutations of 
these two phosphorylation sites abolish Sld3 binding to Dpb11 and cells carrying 
such a phospho-defi cient allele of Sld3 are not viable, presumably because they are 
defi cient in origin fi ring [ 15 ,  16 ]. This interpretation is supported by experiments 
with a chimeric fusion protein, in which phospho-defi cient Sld3 replaces the 
N-terminal Sld3-binding site of Dpb11. This Sld3-Dpb11∆N fusion protein rescues 
cell viability and shows normal replication kinetics [ 16 ]. Similarly, the  CDC45   JET1-1   
allele bypasses the requirement for CDK phosphorylation of Sld3. The Cdc45 Jet1-1  
mutant is thought to foster the interaction between Sld3 and Dpb11, probably 
through its interaction with Sld3 [ 15 ]. 

 Interestingly,  DDK regulation   of origin fi ring also impinges on Sld3. The DDK 
subunit Dbf4 is required for the recruitment of Sld3 to origins of replication in vivo 
[ 29 ,  30 ]. Consistently, active DDK promotes the recruitment of Sld3 and Cdc45 to 
pre-RCs in an in vitro assay for replication initiation [ 18 ,  31 ,  32 ]. A recent study has 
suggested that Sld3 itself is a target of DDK phosphorylation [ 33 ]. Even though the 
 implications   of the DDK phosphorylation of Sld3 are unclear, these fi ndings indi-
cate that Sld3 integrates both CDK and DDK signaling during replication initiation 
(Figs.  15.2  and  15.3a ).

       Sld2 Is Part of  CDK-Dependent Pre-loading Complexes   

 At the onset of S phase, CDK phosphorylates not only Sld3 but also Sld2 at multiple 
sites and thereby stimulates the interaction between Dpb11 and Sld2 [ 17 ,  26 ]. Sld2 is 
a preferential target of S-phase CDK (Clb5-Cdc28 in budding yeast) [ 34 ] and in the 
current view the fi rst phosphorylation events in the N-terminus of Sld2 lead to confor-
mational changes. These conformational changes in turn allow the phosphorylation of 
threonine 84, which ultimately promotes the interaction with Dpb11 [ 26 ]. 

 CDK phosphorylation does not only modulate the interaction between Dpb11 and 
Sld2 but also enables the formation of a pre-loading complex (pre-LC). The pre-LC 
consists of Sld2, Dpb11, GINS, and the leading strand DNA polymerase ε and is a 
transient, soluble protein complex [ 35 ]. In the current model, the pre-LC is proposed 
to drive CMG formation by delivering GINS to pre-RCs via the  interaction of Dpb11 
with CDK-phosphorylated, chromatin-localized Sld3-Cdc45 [ 35 ,  36 ].  

15 Roles of Sld2, Sld3, and Dpb11 in Replication Initiation



302

    The SDS Complex Facilitates  Replication Initiation   

 On a mechanistic level, the SDS complex appears to facilitate the recruitment of 
several “building blocks” for the replication machinery. The SDS complex recruits 
Cdc45 (through Sld3) and GINS (through Sld2) to pre-RCs and it is straightforward 
to speculate that the critical role of the SDS complex in origin fi ring is to integrate 
these subunits into the loaded, inactive Mcm2-7 complex to form the active CMG 
helicase (Fig.  15.2 ). However, it is currently still unclear how the inactive helicase 
precursors are converted into active CMG helicases and how the SDS complex is 
released after replisome formation. 

 Genetic and biochemical experiments in budding yeast including in vitro recon-
stitution of replication initiation using cell extracts allowed scrutinizing the role of 
the SDS complex during the initiation process, and helped to develop a model of 
origin fi ring (Fig.  15.2 ): In the absence of kinase activity, pre-RCs are assembled at 
origins of replication and serve as precursors for replication [ 31 ,  32 ,  37 ]. DDK 
activity enables the recruitment of Sld3 and Cdc45 to the pre-RCs [ 18 ,  31 ,  32 ]. In a 
subsequent step that depends on CDK phosphorylation, Sld2 fi rst engages in tran-
sient pre-LCs together with Dpb11, GINS, and DNA polymerase ε [ 35 ] and these 
pre-LCs are then recruited to CDK-phosphorylated Sld3 at pre-RCs [ 18 ,  31 ,  32 ]. 
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  Fig. 15.3     Regulation of origin fi ring by the SDS complex . ( a ) The Sld3-Dpb11-Sld2 complex 
(SDS complex) plays a pivotal role during origin fi ring and is tightly regulated. The mechanisti-
cally important association of Sld3 with pre-replicative complexes (pre-RCs) depends on 
DDK. Phosphorylation of Sld2 and Sld3 by CDK triggers binding to Dpb11 and most likely the 
assembly of the SDS complex. In the presence of DNA damage or replication stress, the check-
point kinase Rad53 is activated and delays further origin fi ring. Rad53 phosphorylates and inhibits 
Sld3, in part by preventing its interaction with Dpb11. Additionally, Rad53 phosphorylates Dbf4 
which leads to inhibition of DDK. ( b ) Firing of origins and thereby the  temporal program of rep-
lication   is subject to regulation by the SDS complex. On the one hand, Rad53 blocks the formation 
of the SDS complex in the presence of DNA damage or replication stress. Consequently, origin 
fi ring from late origins is delayed. On the other hand, the temporal replication program can be 
compacted by overexpression of Sld3, Dpb11, Sld2, and Dbf4. Under these conditions, late-fi ring 
origins initiate replication earlier in S phase. This fi nding supports the idea that formation of the 
SDS complex constitutes a bottleneck for origin fi ring, which is important to establish a temporal 
replication program       
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This large assembly of proteins at origins of replication is often referred to as 
 pre- initiation complexes (pre-ICs). The molecular architecture of the pre-IC is 
not well understood in detail, for example the GINS complex binds not only to 
Sld2, but also to Sld3 and Dpb11 in yeast-two hybrid experiments [ 38 ,  39 ]. Once 
the pre-IC is formed, all required helicase subunits are recruited to the origin but 
the complex needs to be remodeled to form the active CMG helicase and initiate 
DNA unwinding. How the SDS complex may contribute to this remodeling is cur-
rently unclear. 

 A recently established in vitro system of replication initiation using purifi ed pro-
teins provided further insights into the molecular role of the SDS complex [ 36 ]. 
Besides precisely defi ning the set of proteins required for replication initiation 
in vitro, this study sheds light on the regulation by CDK and DDK. The study dem-
onstrates that recruitment of Sld3/Cdc45 to the inactive Mcm2-7 double hexamer 
depends on DDK. Furthermore, this system provides evidence that CDK phosphor-
ylation of Sld3 and Sld2 is necessary and suffi cient for replication initiation, thereby 
emphasizing the pivotal position of the SDS complex in mediating the CDK regula-
tion of this process. 

 Whereas our knowledge of the regulation of the SDS complexes increases, it 
cannot be excluded that the SDS complex has additional molecular functions, 
dependently or independently of its role in integrating Cdc45 and GINS into the 
Mcm2-7 helicase precursors to form CMG helicases. In line with this, Sld3, Dpb11, 
and Sld2 may have additional molecular functions although our current view of the 
SDS complex suggests that it mainly works through mediating protein–protein 
interactions. To this end, in vitro experiments with Sld3, Dpb11, and Sld2 revealed 
unexpected roles: These three proteins were demonstrated to bind to single-stranded 
origin DNA and to modulate the  interactions   between Cdc45, Mcm2-7, and GINS 
[ 40 – 42 ]. Interestingly, in vitro studies with the conserved domain of the human Sld2 
homolog RecQL4 revealed similar interactions [ 43 ,  44 ]. These data indicate that 
Sld3, Dpb11, and Sld2 are not just protein scaffolds that facilitate protein–protein 
interactions, but may also be actively involved in remodeling the protein–DNA 
intermediates during the activation of the replicative DNA helicase.   

     The SDS Complex Is a Hub of Replication Initiation Control 

 The current data suggest that the SDS complex serves as a regulatory platform or 
hub mediating the activation of the replicative helicase, the committed step during 
origin fi ring (Fig.  15.3 ). In the following, we discuss several mechanisms control-
ling origin fi ring during a normal S phase and in the presence of DNA damage or 
replication impediments that directly impinge on the SDS complex. First, via Sld2 
and Sld3  phosphorylation   the SDS complex couples replication to the S phase of the 
cell cycle. Together with CDK-mediated licensing inhibition in S phase this is 
pivotal to prevent re-replication. Second, protein levels of the components of the SDS 
complex are low and appear to be rate limiting to origin fi ring, and this seems to be 
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important to distinguish early- from late-fi ring origins and thus to enforce the temporal 
replication program. Third, the SDS complex is a phosphorylation target of kinases 
of the DNA damage checkpoint, which is critical for the inhibition of origin fi ring 
in the presence of DNA damage. 

     CDK Regulation   of the  SDS Complex   Keeps Origin Firing 
Separate from Origin Licensing 

 The principal reason for the separation of origin licensing and origin fi ring phases 
is to ensure that each segment of the genome is replicated just once during each cell 
cycle and to avoid re-replication. Re-replication can arise if licensing and fi ring are 
allowed to occur simultaneously, because under these circumstances fi red origins 
can be re-licensed and fi re again. Re-replication leads to genome instability, due to 
over-amplifi cation of parts of the genome and DNA breaks induced by replication 
fork collapse [ 45 – 48 ]. It is therefore imperative that the licensing and fi ring phases 
do not overlap. Critical for this regulation is that both the activation of fi ring and 
the inactivation of licensing are under control of the same kinase—CDK, which 
promotes fi ring but also turns off licensing. Given that fi ring eliminates pre-RCs 
from origins, re-fi ring of a fi red origin cannot occur. A pivotal question is therefore 
how the cell achieves complete separation of licensing and fi ring at the G1-S tran-
sition (Fig.  15.1 ). 

 Two possible answers to this question have been suggested by previous studies: 
First, it was shown that the formation of the SDS complex is dependent on multi- 
site phosphorylation. For example, Sld2 needs to be phosphorylated by CDK at 
several residues in the N-terminus, before threonine 84—the critical residue for 
Dpb11 binding—becomes accessible for phosphorylation [ 26 ]. Multi-site phos-
phorylation might increase the threshold for CDK activation of fi ring, or introduce 
a delay in the response of the initiation machinery between CDK activation and 
origin fi ring. Indeed, mathematical modeling has suggested that such a delay of 
origin fi ring would be suffi cient to achieve the licensing-fi ring separation [ 49 ]. 

 Second, since CDK is controlled by different regulatory cyclin subunits, which 
are expressed at different phases of the cell cycle and confer substrate selectivity, it 
is possible that due to substrate specifi city of different CDK complexes licensing 
may be inhibited before fi ring is activated. Indeed the licensing factor Cdc6 is phos-
phorylated, and thereby targeted for degradation, by  Cln-CDK complexes   in late G1 
phase [ 50 ] before Sld2 and Sld3 are phosphorylated by  Clb-CDK complexes   in S 
phase [ 15 – 17 ]. Conversely, origin fi ring should not respond to Cln-CDK. In line 
with this, it has been shown that Sld2 comprises interaction motifs, which allow 
specifi c binding of S-phase Clb-CDK complexes, explaining why Sld2 is phosphor-
ylated specifi cally in S phase [ 34 ]. 

 No matter how exactly licensing and fi ring are separated at the level of indi-
vidual CDK phosphorylation events, it is clear that the SDS complex is at the 
center of re- replication control. Even partial deregulation of the complex, for 
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example using phosphomimetic mutations on Sld2 or overexpression of either 
Sld2 or Dpb11, leads to strongly enhanced GCR  rates  , indicative of  genome   insta-
bility and re- replication [ 48 ].  

    The SDS Complex Creates a Bottleneck to Limit  Origin   Firing 

 As all origins are licensed before S phase, one could expect that with the rise of 
CDK activity at the G1-S transition all origins would fi re simultaneously but this is 
not the case. It has been shown in many eukaryotic model systems that fi ring of 
origins occurs throughout S phase [ 51 ,  52 ] and experiments in budding yeast have 
shown that CDK activity is required continuously during S phase [ 13 ]. While fi ring 
of an individual origin in an individual cell is largely stochastic, it appears to be 
determined by a fi ring probability [ 53 ]. The fi ring probabilities of individual origins 
determine a  temporal program of replication  , which can be measured over a cell 
population and is highly reproducible (discriminating early, late, and passively rep-
licated dormant origins). 

 Two parameters are important in order to create such a temporal program of 
replication. First, a timing determinant/probability has to be established at individ-
ual origins. While the molecular nature of this timing determinant is still unclear, it 
has been shown that it is established during origin licensing [ 54 ] and that it largely 
depends on the chromatin context of the origin ([ 55 ], see also [ 52 ,  56 ]). Second, in 
order for the timing determinant to be translated into a temporal order of origin fi r-
ing, a limiting step or bottleneck must  exist   during origin fi ring, which causes an 
origin with a high fi ring probability to fi re early and an origin with a low fi ring prob-
ability to fi re late [ 53 ,  57 ]. In other words, origins need to compete for a limiting 
factor(s) in order for the timing determinants/probabilities to become apparent. 
Overall this model may be underlying all eukaryotic replication programs; it can 
also explain the increase of fi ring probabilities with S-phase progression and allows 
mathematical modeling, which fi ts well with experimental data [ 53 ]. 

 Mechanistically, a bottleneck for origin activation could arise from limiting rep-
lication proteins, which at a given time can only bind to a fraction of origins and 
need to be recycled in order to activate more than one origin. In yeast, the compo-
nents of the SDS complex very likely constitute such limiting factors as they are all 
expressed at levels (<500 molecules per cell) lower than for example the ORC com-
plex [ 29 ,  58 ]. Moreover, in contrast to other S-phase factors, the SDS complex is 
released from emerging replication forks and therefore could be easily recycled to 
be used at other origins [ 19 ,  20 ]. 

 Intriguingly, as shown in Fig.  15.3b , simultaneous overexpression of Sld3, 
Dpb11, and Sld2 together with the DDK subunit Dbf4 is able to make late origins 
fi re early in S phase [ 59 ], suggesting that indeed the SDS complex is part of a 
bottleneck, which limits origin fi ring in budding yeast. Under these conditions, the 
relative order, in which origins fi red, appeared to be at least partly maintained 
 suggesting that the bottleneck to origin fi ring was not completely alleviated. 
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Importantly  however, the time window during which origins fi red in these experiments 
was much shorter and fi ring too many origins simultaneously gave rise to replica-
tion stress, presumably because too many replication forks were active at the same 
time [ 59 ]. Notably, an abrogation or compaction of the  temporal program of repli-
cation   was also observed using overexpression of slightly different combinations 
of fi ring factors such as Sld3 + Sld7 + Cdc45, just Sld3 + Sld7, or Cdc7 + Dbf4 
[ 48 ]. Moreover, consistent with these results, overexpression of Sld3, Dpb11, Sld2, 
and Cdc45 was key to establish effi cient in vitro replication reactions using yeast 
extracts [ 18 ,  31 ,  32 ]. Overall, these data suggest that the activation of the replica-
tive helicase, facilitated by the SDS complex and DDK,  forms   the bottleneck to 
replication initiation, but that this bottleneck can be overcome in different ways. 
Future studies will need to  address   how different steps during the initiation 
reaction respond to the overexpression of different sets of factors to clarify these 
discrepancies.  

    The  DNA Damage   Checkpoint Targets the SDS Complex 

 Origin fi ring is not only regulated during normal S phase, but also in response to 
DNA damage, which inhibits origin fi ring. Notably, the SDS complex was found to 
play a key role also for this regulation. DNA damage or other S-phase problems, 
such as slow DNA synthesis in the presence of low dNTP levels (e.g., HU-treatment) 
or after polymerase inhibition (e.g., aphidicolin treatment), lead to replication fork 
stalling, which not only interferes with the completion of DNA replication but also 
threatens genome stability. The cellular response to replication fork stalling is con-
trolled by  the   DNA damage checkpoint, a signal transduction pathway that depends 
on several checkpoint kinases (Mec1, Tel1, Rad53, and Chk1 in yeast; ATR, ATM, 
Chk2, and Chk1 in mammalian cells) [ 60 ]. One universal checkpoint response is the 
inhibition of origin fi ring to prevent excessive replication of damaged DNA tem-
plates. Defects in this response were discovered as radio-resistant DNA synthesis 
(RDS) in mammalian cells or as defects in the block to origin fi ring in yeast [ 61 –
 63 ]. It is thought that the inhibition of origin fi ring prevents excessive replication of 
damaged DNA templates. 

 The discovery of the SDS complex was critical for our understanding of the 
mechanism by which the checkpoint inhibits origin fi ring. In particular, it was found 
that the checkpoint kinase Rad53 extensively phosphorylates Sld3 as well as Dbf4, 
the regulatory subunit of DDK (Fig.  15.3a  and [ 16 ,  64 ,  65 ]). Each of these phos-
phorylation events is suffi cient to facilitate the block to origin fi ring, since only a 
combination of phospho-site mutants of Sld3 and Dbf4, but not mutation of Sld3 or 
Dbf4 individually, allows fi ring of late origins in the presence of HU (Fig.  15.3b ). 
Sld3 phosphorylation by Rad53 was shown to inhibit two crucial physical interac-
tions: binding to Dpb11 as well as binding to Cdc45 [ 58 ]. How phosphorylation of 
Dbf4 inhibits DDK is less clear. 

K.-U. Reußwig et al.



307

 Thus, the SDS complex is critical for regulating origin fi ring also in the presence 
of DNA damage, but some aspects of this regulation remain poorly understood: 
fi rst, given that both CDK and DDK are required for origin fi ring, it is unclear why 
the checkpoint inhibits both essential replication kinase pathways—CDK and 
DDK—and if any negative consequences would arise if the checkpoint inhibited 
only one branch. Is this redundancy a safety mechanism preventing genome insta-
bility due to replication failures, highlighting the importance of fi ring inhibition in 
DNA damage conditions? In fact, it is unclear what phenotypes arise when cells are 
unable to block origin fi ring in response to DNA damage: the published studies 
disagree on whether mutants that abolish the block  are   sensitive to HU treatment 
[ 58 ,  64 ,  65 ] and so far it has not been investigated whether such mutants show signs 
of genome instability such as elevated GCR rates. 

 Despite such open questions, the importance of the SDS complex for the regula-
tion of replication is clear. Interestingly, evidence is emerging that a similar com-
plex is formed during S phase of vertebrate cells, which appears to control replication 
initiation in  a   similar way.   

     Role of the SDS Complex in the CDK-Dependent  Regulation   
of Origin Firing in Higher Eukaryotes 

 CDK-dependent associations of Sld3 and Sld2 with Dpb11 facilitate origin fi ring in 
yeast. This is in part conserved in their higher eukaryotic orthologues Treslin/
TICRR, RecQL4, and TopBP1 highlighting that important lessons can be learned 
from yeast for unraveling principles of replication initiation in humans. However, 
there seem to be also differences between lower and higher eukaryotic SDS 
complex- related initiation mechanisms, perhaps accounting for the requirement of 
more complex regulations in the more complex higher eukaryotic cells (Fig.  15.4 ). 
For example, higher  eukaryotes   appear to have evolved a more sophisticated repli-
cation timing program than yeast, the microscopically discernible temporal replica-
tion program [ 70 – 73 ]. Since the SDS complex is a known regulation hub for 
replication initiation in yeast (see above) it is plausible that the appropriate spatial 
and temporal control of the vertebrate SDS complex function may account for many 
of these higher eukaryotic regulations of initiation in addition to their partially 
established roles in conserved core SDS functions in initiation.

   The members of the SDS complex are conserved between higher eukaryotes and 
yeast. Dpb11 and its vertebrate orthologue TopBP1 have conserved phospho- 
binding BRCT domains [ 74 ], but  TopBP1   has acquired BRCT repeats that are not 
present in Dpb11. Sld3 and Sld2 share low but signifi cant levels of sequence conser-
vation with their vertebrate counterparts Treslin and RecQL4 (see below), which is 
why these proteins long escaped identifi cation. 
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    Treslin, Vertebrate  Sld3  , Is Essential for CDK-Dependent 
Origin Firing 

 The most recently identifi ed member of the vertebrate SDS complex is Treslin—
an essential replication factor [ 75 ,  76 ]. It was shown to be central to mediate 
CDK dependence of initiation of replication, just like Sld3 in  S. cerevisiae  [ 77 , 
 78 ]. After phosphorylation by CDK, Treslin is able to associate with the phospho-
protein- binding BRCT0+1+2 domain of TopBP1 in vitro and in vivo and the 
CDK phosphorylation sites are essential for replication in cultured human cells. 
Moreover, thorough protein sequence analysis of Treslin revealed low but 
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  Fig. 15.4     Conservation of the SDS complex in different organisms . Orthologues of Sld3, Dpb11, 
and Sld2 have been discovered in most fungi and metazoans. Despite the low level of sequence 
conservation, particularly in Sld3 and Sld2 and their orthologues, the SDS complex seems to have 
retained its principal function in recruiting the missing helicase subunits Cdc45 and GINS to the 
pre-RCs throughout evolution. However, the regulation of specifi c protein–protein interactions has 
diverged. The fi ssion yeast SDS complex seems to form very similarly to the budding yeast equiva-
lent, but the interaction between Sld3 and Cut5 (Dpb11) is independent of CDK even though the 
CDK phosphorylation sites are conserved [ 66 – 68 ]. Conversely, Sld2 orthologues from frog and 
human bind to the corresponding Dpb11 orthologues in a CDK-independent manner [ 69 ]. 
Additionally, the metazoan orthologues of all proteins harbor additional domains. For example, 
RecQL4 comprises a helicase domain, Treslin has large N- and C-terminal extensions, and TopBP1 
contains additional BRCT repeats. These additional domains may play important roles in the regu-
lation of the metazoan-specifi c temporal replication program or have independent functions       
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signifi cant homology with Sld3. This includes the central Sld3-Treslin domain of 
Treslin and the region containing the CDK sites essential for TopBP1 binding 
[ 77 ,  79 ]. 

 In addition to a role in facilitating origin fi ring, Treslin seems to have also 
retained through evolution the role of Sld3 as a target of the intra S-phase check-
point [ 77 ,  80 ]. Although the functional signifi cance of this regulation remains open, 
this suggests that Treslin might have conserved the function of mediating intra 
S-phase checkpoint-dependent suppression of origin fi ring upon DNA damage. 
Taken together, these studies fi rmly established that Treslin is the metazoan ortho-
logue of Sld3 and that Treslin and TopBP1 have retained their central role in the 
control of initiation of DNA replication. 

 However, Treslin also shows several features that are not conserved with yeast 
Sld3 making Treslin a good candidate for mediating metazoa-specifi c regulations of 
replication initiation. Its C- and N-terminus are specifi c to metazoans. The 
C-terminus was recently implicated in mediating Treslin inhibition by the check-
point kinase Chk1 [ 80 ]. Since Chk1 mediates the suppression of origin fi ring upon 
DNA damage, this interaction might well refl ect the metazoan version of Sld3 inhi-
bition by Rad53 upon DNA damage described in yeast [ 58 ]. However, Chk1 was 
also implicated in regulating origin fi ring in unperturbed S phases [ 81 – 83 ]. Hence, 
Treslin inhibition by Chk1 might also play a role in the proper regulation of origin 
fi ring during a normal cell cycle and  a   function in the temporal replication program 
seems plausible [ 80 ,  81 ]. 

 Interestingly, two additional metazoa-specifi c replication initiation factors, 
GEMC1 and Due-B, were found to interact with TopBP1 [ 84 ,  85 ]. The precise func-
tion of these factors is currently unclear, but they highlight that changes in the compo-
sition and the regulation of the SDS complex may have occurred during evolution.  

    RecQL4, Vertebrate  Sld2  , Interacts with TopBP1 Independently 
of Phosphorylation by CDK 

 Consistent with RecQL4 being a functional orthologue of yeast Sld2 is the fi nding 
that RecQL4 is essential for DNA replication [ 69 ,  86 ]. Rather surprising was there-
fore that its regulation seems to have diverged from Sld2 during the evolution of 
vertebrates: the phosphorylation-dependent regulation of the interaction with 
TopBP1 was probably lost [ 69 ], although the tandem BRCT domain of yeast Dpb11 
that is responsible for Sld2 binding is conserved in TopBP1 (BRCT 4+5) [ 74 ]. In 
line with this, the BRCT4+5 domain was not required for TopBP1 function in rep-
lication initiation in  Xenopus  egg extracts [ 75 ] and the CDK sites in Sld2 that medi-
ate Dpb11 interaction [ 15 ,  16 ] are not conserved in RecQL4. Taken together, these 
fi ndings indicate that RecQL4 regulation has changed during evolution and that 
vertebrate RecQL4 does not facilitate CDK dependence of origin fi ring, at least not 
through TopBP1 binding. However, it remains to be tested if these fi ndings from 
 Xenopus  oocytes are transferable to the mammalian somatic cell system. 
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 A  phosphorylation-independent interaction   of RecQL4 with TopBP1 was 
reported [ 69 ]. An attractive yet unexplored hypothesis is that RecQL4 facilitates 
origin fi ring through binding to the BRCT3 domain of TopBP1. BRCT3 does not 
have a counterpart in Dpb11 but is essential for replication [ 75 ]. It lacks signature 
amino acids for phospho-peptide binding [ 87 ] and is, thus, likely a protein domain 
mediating phosphorylation-independent interactions. Although it has not been 
addressed directly whether the phosphorylation-independent interaction of RecQL4 
with TopBP1 is required for initiation, it seems suggestive that the N-terminus of 
RecQL4, which is the region with homology to Sld2, was suffi cient to mediate 
TopBP1 binding and to support replication in  Xenopus  egg extracts [ 69 ]. 

 It needs to be pointed out that phosphorylation-independent RecQL4 binding to 
TopBP1 might be a particularity of vertebrates since the lower metazoan  C. elegans  
was recently shown to require CDK-mediated association of Sld2 with Mus101, 
 C. elegans  Dpb11, for replication [ 88 ]. 

 Thus, although the principle of CDK-dependent initiation of replication through 
SDS complex proteins is conserved through eukaryotic evolution, the exact molecular 
mechanisms of CDK regulation seem to be more rapidly evolving. The redundancy 
of CDK-dependent activation of Sld2 and Sld3 functions in initiation may allow this 
rapid evolution  to   occur.  

    The Vertebrate SDS Complex Is a Regulatory Hub 
for Origin Firing 

 Budding yeast uses two CDK targets—Sld2 and Sld3—to control origin fi ring, but 
 vertebrates   seem to have lost CDK regulation of RecQL4. This indicates that 
regulation by two CDK substrates may not be an essential principle of eukaryotic 
replication initiation (Fig.  15.4 ). Thus, it is unclear what advantage the regulation of 
origin fi ring by two CDK substrates provides. Theoretically, having two essential 
CDK substrates gives the cell more opportunities to impinge on CDK control of 
initiation. One possibility is that having two CDK substrates could be important for 
the separation of origin licensing and origin fi ring. Alternatively or additionally, 
cells may carefully control in space and time CDK-dependent origin fi ring pro-
cesses to facilitate such important regulations as the response to DNA damage, the 
temporal replication program, or as-yet uncharacterized regulations to integrate ori-
gin fi ring into its chromatin environment. 

 CDK control of origin fi ring ensures that replication licensing and fi ring become 
temporally separated to avoid re-replication The multiple CDK phosphorylation 
sites on Sld3 and Sld2 may result in a delay of origin fi ring, creating a time gap 
between licensing and initiation that is suffi ciently wide to inhibit licensing before 
activating origin fi ring [ 49 ]. Potentially, using two CDK substrates, each a target of 
multi-site phosphorylation, could be critical to create the specifi c response kinetics 
of the initiation machinery to CDK activity levels required to achieve appropriate 
timing of origin fi ring. 
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 In light of these pivotal aspects of the regulation of origin fi ring, it seems 
counterintuitive that vertebrates have lost CDK regulation of the RecQL4-TopBP1 
interaction. Has the recently reported CDK-dependent interaction between RecQL4 
and Mcm10-Ctf4/And-1 taken over CDK control of Sld2 [ 89 ], or has another initia-
tion factor adopted the role of Sld2 to sense CDK activity levels? It can also be 
speculated that Treslin, which has about 70 CDK consensus phosphorylation sites, 
might itself be suffi cient to mediate the appropriate response of the initiation 
machinery to changes in CDK activity. 

 Alternatively, vertebrate cells might not depend on a fi nely tuned delay of initia-
tion via multi-site phosphorylation of two CDK substrates to separate origin fi ring 
from licensing. Vertebrates may have instead evolved ways of inhibiting licensing 
suffi ciently long before the G1-S transition to create the required time gap. It was 
for example shown that the licensing factor Cdc6 is inactivated by degradation via 
APC Cdh1 , which is active in G1 phase [ 90 ]. Alternatively, CDK-dependent licensing 
inhibition may have simply become more sensitive to CDK levels than origin 
fi ring. 

 A temporal replication program exists also in metazoans suggesting that, similar 
to yeast, the SDS complex may also be limiting for replication initiation in metazo-
ans. A particularly interesting case is DNA replication during the early embryonic 
cell cycles in  Xenopus laevis  eggs. S phase as well as the overall cell cycle are very 
short at this stage of development and occur in the absence of transcription. 
Therefore, the amount of replication factors per nucleus constantly decreases during 
cell divisions. As in yeast, Treslin, Cut5/TopBP1, RecQL4, and Drf1/Dbf4 have 
been shown to be limiting factors for origin fi ring in this system [ 91 ]. These four 
fi ring  factors   were found to be important for timing the switch from the extremely 
quick replication in early embryos to slower replication in late embryos (during the 
mid-blastula transition). Artifi cially increased concentrations of the four fi ring fac-
tors delayed this transition [ 91 ]. These fi ndings strongly suggest that also in meta-
zoans the SDS complex is preserved as a bottleneck to control origin fi ring and, 
hence, that the vertebrate SDS complex has remained a central point of the temporal 
control of origin fi ring.  

    Insights into the Molecular Mechanisms of  Treslin 
and RecQL4   in Vertebrate Initiation 

 Sld3 in yeast facilitates replication initiation most likely by recruiting Cdc45 to pre- 
RCs in a DDK-dependent manner. Cdc45 is subsequently integrated into the active 
CMG helicase, a process dependent on CDK-mediated interaction of Sld3 with 
Dpb11. Whether Treslin also guides Cdc45 to pre-RCs and whether this is con-
trolled by DDK are important issues to be addressed. 

 Sld3 works in a constitutive complex with Sld7 [ 27 ], for which so far no 
homologue has been identifi ed in higher eukaryotes. Treslin was found to constitu-
tively interact with the MTBP protein (Mdm2-binding protein) [ 92 ], which has no 
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homologue in yeast. The metazoa-specifi c M-region of Treslin, which mediates 
association with MTBP, proved essential for replication in mammalian cells and 
MTBP was required for replication initiation. Therefore it appears possible that 
MTBP fulfi lls the function of yeast Sld7 in vertebrates. 

 Yeast Sld2 facilitates CMG formation as part of the pre-LC recruiting GINS to 
pre-RCs via CDK-dependent interaction of Sld2 with Dpb11. RecQL4 was reported 
to form a complex with the CMG helicase, Mcm10, Ctf4/And-1, and other repli-
some proteins in human cells rather than the human equivalents of the pre-RC [ 89 , 
 93 ]: As mentioned, the role of RecQL4 interaction with the Dpb11 orthologue 
TopBP1 for origin fi ring is unclear. Thus, RecQL4 functions during replication have 
either changed or an additional function in replication elongation/at replisomes has 
been acquired during evolution. 

 Such a role of RecQL4 at progressing replisomes during elongation could explain 
the observed robust association with replisome components. It is tempting to specu-
late that the N-terminus of RecQL4, which shows conservation with Sld2, fulfi lls 
the essential Sld2-like role during origin fi ring. Consistent with this is that the 
N-terminus was suffi cient to support replication in immuno-depleted  Xenopus  egg 
extracts [ 69 ] and genetically engineered human cells [ 94 ] and was suffi cient for 
viability in RecQL4-knockout chicken cells [ 95 ] and in mice [ 96 ]. 

 After facilitating initiation, RecQL4 may become integrated into the replisome 
where it may have functions dependent on its helicase activity, which is located 
C-terminally of the Sld2-like region. Although the helicase domain is nonessential 
for replication, vertebrate cells carrying RecQL4-N (lacking the helicase domain) 
were sensitive to genotoxic agents [ 94 ,  95 ]. It can therefore be speculated that the 
RecQL4 helicase domain is required to facilitate progression of replication forks 
encountering specifi c DNA lesions or sites that are otherwise diffi cult to replicate. 
In contrast to vertebrates, the helicase part of RecQL4 is essential for survival in 
some metazoans, for example in Drosophila [ 97 ,  98 ]. Whether this is due to a func-
tion in replication elongation,    initiation, or another function remains to be 
determined. 

 The molecular functions of RecQL4 for origin fi ring remain somewhat obscure. 
It bound to origins of replication in synchronised cells that were approaching the 
G1-S boundary [ 89 ,  93 ,  99 ]. It was required for the formation of the CMG helicase 
in human cells [ 100 ] indicating that fewer forks form in the absence of RecQL4. 
In  Xenopus  egg extracts, immuno-depletion of RecQL4 did not directly interfere 
with formation of the CMG helicase but affected the recruitment of DNA poly-
merase α [ 69 ,  86 ]. The link of RecQL4 with DNA polymerase α became corrobo-
rated by the fi nding that the RecQL4 interactors Mcm10 and Ctf4-And1 are required 
for integrating DNA polymerase α into the replisome [ 101 ]. 

 Thus, the present data on RecQL4 in origin fi ring, integrated in a coherent model, 
suggest that association of RecQL4 with replication origins might occur before 
S phase starts and might be required for the subsequent formation of active  repli-
somes  . Whether this involves directly assisting CMG formation or recruiting DNA 
polymerase α to the replisome, or both, remains to be seen.   
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    Concluding Remarks 

 According to our current knowledge, the SDS complex is the key factor in the 
control of origin fi ring in eukaryotes. Not only is formation of the SDS complex an 
essential intermediate leading to the activation of the replicative helicase, but this 
step is also targeted by other  cellular pathways  , which regulate origin fi ring, such as 
the  DNA damage checkpoint  . 

 It is noteworthy, however, that on sequence level the SDS proteins, particularly 
Sld3 and Sld2, are less conserved than most other replication proteins. Currently, it 
is unclear if all eukaryotes possess orthologues of these proteins. This is perhaps not 
surprising, given that the functions of the SDS complex appear to be mostly regula-
tory and its components do not have a role as core replication proteins. In line with 
a relatively fast gene evolution, different eukaryotic organisms may have found par-
tially distinct ways to achieve the appropriate regulation of origin fi ring. Future 
research should therefore be directed to reveal which regulatory principles of origin 
fi ring have been conserved in eukaryotic organisms and which have changed.     
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    Chapter 16   
 The Role of Mcm10 in Replication Initiation                     

       Ryan     M.     Baxley     ,     Yee     Mon     Thu     , and     Anja-Katrin     Bielinsky    

    Abstract     Minichromosome maintenance protein 10 (Mcm10) is a conserved 
component of the eukaryotic DNA replication machinery. Mcm10 promotes the 
initiation of replication by facilitating DNA unwinding and origin fi ring. Although 
the molecular details of this action remain unclear, current data support a scaffold-
ing role for Mcm10 via interactions with DNA and other protein partners. Mcm10 
binds both single- and double-stranded DNA, as well as components of the CMG 
helicase complex, DNA polymerase-α, and Ctf4. Upon initiation, Mcm10 becomes 
part of the replisome, primarily mediating the initiation of Okazaki fragment syn-
thesis, which involves DNA polymerase-α/primase and the replication clamp 
PCNA. Mcm10 likely contributes to the recruitment of both of these factors. 
Emerging concepts predict that steady-state levels of Mcm10 are tightly controlled 
to balance origin fi ring and fork progression. Investigations into the cellular 
requirements for Mcm10 have also revealed a key role in maintaining genome 
stability. Accordingly, it is not surprising that genetic alterations of  MCM10  are 
associated with cancer. Loss of Mcm10 function is a possible source of DNA dam-
age, whereas overexpression of Mcm10 might serve to facilitate rapid DNA 
 synthesis and proliferation. In this chapter, we provide a comprehensive review of 
the current literature describing Mcm10’s role in replication initiation. Additionally, 
we consider how contributions to elongation and other potential functions may 
affect chromosomal integrity.  

  Keywords     Mcm10   •   DNA replication   •   Origin activation   •   Genome stability   • 
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        Introduction to Mcm10 

    Discovery of Mcm10  in Eukaryotes   

 Replication of the eukaryotic genome requires the coordinated action of multiple 
protein complexes prior to and during DNA synthesis. One essential replication 
gene,  MCM10  (minichromosome maintenance protein 10), which was originally 
named  DNA43 , was identifi ed in a  Saccharomyces cerevisiae  screen for temperature- 
sensitive mutations causing DNA synthesis defects [ 1 ]. Subsequent characteriza-
tion of this allele confi rmed the requirement for entry and completion of S phase 
[ 2 ]. Several years later, the same gene was isolated using a strategy previously 
developed to screen for replication factors based on the maintenance of mitotically 
stable plasmids, termed minichromosomes [ 3 ,  4 ]. Since then, this gene has been 
designated  MCM10 . Homologs of  MCM10 , which are unique to eukaryotes, have 
been described in multiple genomes including those of fi ssion yeast ( S. pombe ), 
fruit fl ies ( D. melanogaster ), frogs ( X. laevis ), mice ( M. musculus ), and humans 
( H. sapiens ) [ 5 – 9 ]. 

 The comparison of Mcm10 homologs has revealed a protein structure that is 
conserved both architecturally and functionally. Mcm10 consists of three struc-
tural regions that contain discrete functional domains (Fig.  16.1 ). First, the 
N-terminal domain (NTD) carries a conserved coiled-coil ( CC  )  motif   implicated 
in protein oligomerization (Fig.  16.1 ) [ 11 – 13 ]. Second, the well-conserved inter-
nal domain (ID) contains multiples motifs that mediate DNA binding and protein–
protein interactions (Fig.  16.1 ) [ 14 – 19 ]. Finally, the C-terminal domain ( CTD  )    is 
unique to metazoa and functions as an additional platform for DNA and protein 
binding (Fig.  16.1 ) [ 13 ,  14 ,  18 ,  19 ]. Based on the lack of any catalytic domains, 
the current literature supports a nonenzymatic scaffolding role for Mcm10 in 
DNA  replication   [ 13 ,  18 ].

        DNA Binding Properties   of Mcm10 

 Mcm10 carries multiple surfaces, located within the ID  and   CTD, which facilitate 
DNA binding. The ID contains two motifs that cooperate to mediate DNA associa-
tion: a central oligonucleotide/oligosaccharide-binding fold (OB-fold), which forms 
a canonical DNA-binding cleft, and a single CCCH zinc-fi nger (ZnF1) (Fig.  16.1 ) 
[ 6 ,  17 ,  20 – 22 ]. The CTD contains two zinc-chelating structures. The fi rst, a CCCH 
zinc-fi nger (ZnF2), mediates DNA binding and the second, a CCCC zinc-ribbon 
(ZnR), shares homology with the minichromosome maintenance 2-7 ( Mcm2-7  )    
ZnR, but lacks a known function (Fig.  16.1 ) [ 14 ,  23 ,  24 ]. Although Mcm10 appears 
to have a modest preference for single-stranded DNA (ssDNA) versus double- 
stranded DNA (dsDNA), it neither displays any sequence specifi city nor a strong 
preference for more complex substrates such as forks or bubbles [ 13 ,  19 ,  23 ,  25 ]. 
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However, it still remains unclear whether distinct DNA-binding domains confer 
substrate specifi city. One in vitro analysis that disrupted the structure of ZnF1 add-
ing a zinc-chelating competitor showed that ssDNA binding remained unaffected, 
whereas dsDNA association was signifi cantly reduced [ 13 ]. In contrast, when the 
amino acids in ZnF1 that directly contact DNA were mutated, this resulted in 
reduced ssDNA association in vitro as well as decreased viability in vivo following 
replication stress [ 22 ]. Taken together, these data suggest that further investigation 
of the DNA binding properties may yield insight into potential DNA binding prefer-
ences of Mcm10, and this knowledge might be crucial to explain Mcm10’s function. 
Regardless of substrate, the presence of both the CTD and ID increases the binding 
affi nity of full-length Mcm10 by at least 100-fold in comparison to each domain 
alone [ 13 ]. Finally, the DNA association of human Mcm10 appears to be regulated 
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  Fig. 16.1     Structural domains of Mcm10 . Full- length   Mcm10 is depicted for  H. sapiens  (874 aa), 
 M. musculus  (885 aa),  X. laevis  (860 aa),  D. melanogaster  (776 aa),  S. pombe  (593 aa), and 
 S. cerevisiae  (571 aa). The functional domains of Mcm10 across different species and correspond-
ing crystal structures of  Xenopus  Mcm10 (xMcm10) are shown. The N-terminal domain (NTD) 
harbors a coiled-coil (CC,  orange ) motif responsible for Mcm10 self-interaction. The evolution-
arily conserved internal domain (ID) mediates Mcm10 interactions with PCNA and Pol-α through 
a PCNA-interacting peptide (PIP) box ( red ) and Hsp10-like domain ( purple ), respectively. Both of 
these motifs reside in the oligonucleotide/oligosaccharide binding (OB)-fold ( gray ). The OB-fold 
along with zinc-fi nger motif 1 (ZnF1,  green ) serves as a DNA-binding domain. The C-terminal 
domain (CTD) is specifi c to metazoa and provides additional DNA- and Pol-α-binding regions. 
The CTD interacts with DNA primarily through ZnF2 ( green ). The metazoan CTD also includes 
the zinc ribbon (ZnR,  blue ) and winged helix motif (WH,  light gray ); however their functions are 
currently unknown. A nuclear localization sequence (NLS) has only been identifi ed in  S. cerevi-
siae . The crystal structures were generated using the following pdb data fi les 4JBZ (NTD), 3EBE 
(ID) and 2KWQ (CTD) and the Chimera program (  http://www.cgl.ucsf.edu/chimera    ) [ 10 ]       
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by acetylation [ 14 ]. This posttranslational modifi cation promotes ID binding to DNA, 
but disrupts DNA interaction with the CTD. In this system, acetylation is regulated 
by the Sirtuin 1 ( SIRT1  )  deacetylase   [ 14 ]. In summary, these data imply that Mcm10 
functions in part via regulated binding of replication intermediates.     

     Mcm10 Oligomerization and Protein Interactions   

 Direct protein–protein interactions have been defi ned for several Mcm10 domains. 
Self-interaction is mediated by the NTD [ 11 ,  13 ]. Biochemical analyses of  Xenopus  
Mcm10 revealed that protein dimer- and trimerization are facilitated by an evolu-
tionarily conserved CC domain (Fig.  16.1 ) [ 11 ]. Oligomerization has also been 
observed for human Mcm10, as biochemical analyses suggested NTD-dependent 
formation of trimers or hexamers [ 23 ], with the latter being consistent with electron 
microscopy (EM) reconstructions used to propose a hexameric ring structure [ 21 ]. 
If Mcm10 homocomplexes indeed form a ring, then presumably it would require an 
accessory factor to facilitate loading onto DNA. To date, such a factor has not been 
identifi ed. In addition, it is not clear that the high-resolution crystal structure of the 
 Xenopus  Mcm10 ID can be accurately docked into the EM reconstructions of the 
human Mcm10 hexamer [ 21 – 23 ]. Despite discrepancies regarding the exact nature 
of oligomerization, there is consensus that the NTD promotes Mcm10 self- 
interaction and that these interactions occur dynamically. Oligomerization appears 
to be functionally important, as in vitro characterization of  S. cerevisiae  Mcm10 
suggested that ssDNA binding favors trimer formation [ 25 ]. In contrast, Mcm10 
seems to bind dsDNA as a monomer [ 25 ]. Furthermore, a requirement for Mcm10 
self-interaction following hydroxyurea-induced replication stress was revealed in 
the absence of a functional Rad9-Hus1-Rad1 (9-1-1) checkpoint clamp in yeast 
[ 26 ]. Overall, oligomerization of Mcm10 may be needed to increase the binding 
capacity for DNA and proteins at the replication fork. 

 Mcm10 is proposed to act as a scaffolding factor, suggesting that protein–protein 
interactions are central to its function. This notion is consistent with the fi nding that 
the Hsp10-like domain interacts with the DNA polymerase required for de novo 
DNA synthesis, DNA polymerase-α (Pol-α [ 16 ,  17 ,  19 ,  22 ]. The Hsp10 motif is 
located within the OB-fold, implying that DNA and Pol-α compete for a shared 
interaction surface (Fig.  16.1 ) [ 16 ,  17 ,  19 ,  22 ]. Notably, an additional  Pol-α-binding 
site   exists in the CTD [ 13 ]. The overlapping roles of the ID and CTD in DNA and 
Pol-α binding are in agreement with a proposed molecular hand-off mechanism, 
whereby one  domain   binds ssDNA while the other recruits Pol-α [ 19 ]. Moreover, 
the ID also mediates interactions with the Mcm2-7 replicative helicase core com-
plex as well as the replication clamp and processivity factor, proliferating cell 
nuclear antigen ( PCNA  )   . Mcm10 binds via residues in the PCNA interacting pep-
tide box (PIP box), which resides within the OB-fold [ 22 ,  27 ]. The location of the 
PIP box in Mcm10 is unusual, as other PCNA interacting proteins generally carry 
the domain close to the N- or C-terminus [ 27 – 30 ]. Disruption of the PIP box in  S. 
cerevisiae  results in lethality, suggesting a critical function for the Mcm10-PCNA 
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interaction during replication [ 27 ]. Furthermore, the CTD was recently reported to 
directly interact with the replisome component cell division cycle 45 ( Cdc45  ),    
although a specifi c motif has not been determined [ 23 ]. Finally, motifs within the 
fi rst ~150 amino acids of the NTD of yeast Mcm10 directly bind to the interdomain 
loop of the mitosis entry checkpoint 3 (Mec3) subunit of the 9-1-1 checkpoint 
clamp, a key factor in the DNA damage response [ 26 ]. Taken together, these data 
point to important functional roles for Mcm10 protein interactions in unperturbed 
DNA replication and during replication  stress  .   

    The Role of Mcm10 in the Initiation of DNA  Replication   

    General Introduction to Replication  Initiation Events   

 The detailed processes involved in preparation for DNA synthesis have been exten-
sively reviewed in previous chapters, and thus we present a brief description of steps 
involved in origin licensing and activation of the replicative helicase (Fig.  16.2 ). The 
 pre-replication (pre-RC) complex   assembly during G1 phase of the cell cycle involves 
the origin recognition complex (ORC), cell division cycle 6 (Cdc6), and Cdc10-
dependent transcript 1 (Cdt1), all of which are necessary to subsequently load double 
hexamers of the Mcm2-7 core helicase onto dsDNA [ 18 ,  31 – 35 ]. In preparation for 
the initiation of S phase, two helicase co-activators, Cdc45 and go-ichi- ni-san (GINS), 
are recruited by the coordinated action of Dbf4-dependent kinase Cdc7 (DDK) and 
S-phase cyclin-dependent kinase ( S-CDK  )    [ 32 ,  36 – 39 ]. DDK phosphorylation of the 
Mcm2-7 complex promotes its association with Cdc45, which is in complex with 
Sld3 (synthetically lethal with  dpb11  3) and its binding partner Sld7 [ 36 ,  37 ,  40 ]. 
S-CDK phosphorylation of adaptor proteins Sld2 and Sld3 enables the docking of 
GINS in conjunction with DNA polymerase epsilon (Pol-ε) to assemble the pre-initi-
ation complex [ 36 – 39 ]. The functional replicative helicase—the Cdc45-Mcm2-7-
GINS (CMG) complex—is established when Cdc45-Mcm2- 7 associates with GINS 
[ 41 ,  42 ]. The onset of S phase is defi ned by a conformational change that allows the 
twin CMG complexes to separate and rearrange to enclose the two leading strand 
templates (Fig.  16.2 ) [ 43 – 45 ]. The potential mechanisms underlying Mcm10’s func-
tion in this process will be discussed in a later section of this chapter.   

       Evidence Suggesting That Mcm10 Contributes to Replication 
Initiation 

 The role of Mcm10 during S phase was fi rst recognized in studies using  budding 
yeast  .  mcm10  mutants were unable to maintain minichromosomes and exhibited an 
S-phase progression defect, characteristics shared by other replication initiation 
mutants [ 4 ]. Subsequent studies have advanced our understanding of Mcm10’s con-
tribution to replication initiation. Mcm10 physically interacts with multiple proteins 

16 The Role of Mcm10 in Replication Initiation



324

Cdt1

Polε

RPA

RPA

PCNA

PCNA

Polα

Cdc45

Mcm2-7

GINS
Ctf4

Mcm10

Ctf4

Ctf4

Polε

GINS

Mcm10

Mcm10

Cdc45

Cdc45

Mcm2-7
Mcm2-7

Polα

Polα

GINS

Polε

Polδ

Polε

Mcm10

GINS

Mcm2-7 ORC

Cdc6

Mcm2-7

Cdc45RPA

RPA

Mcm2-7

Mcm2-7

Cdc45 Mcm10

GINS
Polε

PCNA

Polδ

RPA

a

b

c

d

  Fig. 16.2        Roles of Mcm10 in replication initiation and DNA synthesis . The stepwise assembly of 
replication complexes is illustrated. ( a ) In G1 phase, ORC, Cdc6, and Cdt1 collaborate to load 
double-hexameric Mcm2-7 complexes onto origins and this completes the formation of the pre- 
replication complex. This process is also referred to as origin licensing. ( b ) At the G1/S-phase 
transition, the functional Cdc45-Mcm2-7-GINS (CMG) helicase is assembled via the activities of 
DDK and S-CDK. During this step, Pol-ε is delivered in conjunction with GINS. In addition, 
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 participating   in initiation, such as subunits of GINS and the Mcm2-7 core helicase 
[ 4 ,  6 ,  7 ,  46 – 48 ], Cdc45 [ 6 ,  23 ,  49 ], ORC [ 6 ,  7 ,  46 ,  50 ], the Sld2 ortholog RecQ like 
helicase 4 (RecQl4) [ 51 ], as well as the ssDNA-binding complex replication protein 
A (RPA) [ 16 ]. In addition,  mcm10  also exhibits synthetic lethality with mutant 
alleles encoding various initiation factors such as Cdc45, Orc2, Orc5, Dpb11, 
Mcm2, 4, 5, 6, and 7, and subunits of Pol-ε and DNA polymerase delta (Pol-δ) [ 4 , 
 46 ,  47 ,  50 ,  52 ]. Consistent with a role in replication initiation, oscillation of Mcm10 
expression in human cells correlates with the cell cycle. Steady-state protein levels 
are elevated in G1 and S phase and remain low during mitosis, possibly to prevent 
re-replication [ 53 – 55 ]. Interestingly, the expression of Mcm10 appears to be co- 
regulated with other cell cycle proteins by a specifi c microRNA, miR-215 [ 56 ]. 
Furthermore, Mcm10 degradation has been proposed as a way for cells to inhibit 
replication in response to certain types of DNA damage [ 55 ,  57 ]. Altogether, these 
observations imply that Mcm10 participates in S phase, but they do not necessitate 
a role in  origin fi ring  . More direct evidence for Mcm10’s contribution to origin 
activation comes from two-dimensional (2D) gel analyses, which examined replica-
tion bubbles indicative of initiation events [ 4 ]. These studies documented decreased 
origin usage in  mcm10  mutants compared to wild-type controls [ 4 ]. Similarly, under 
conditions in which Mcm10 was degraded just before the onset of S phase, a high 
percentage of cells failed to exit G1 phase and were unable to duplicate the genome 
[ 16 ,  58 ]. Finally, the timing and regulation of Mcm10 chromatin loading at origins 
also suggest a clear role in replication initiation. Mcm10 was initially thought to be 
constitutively associated with chromatin [ 47 ]. However,  chromatin immunoprecipi-
tation experiments   revealed that Mcm10 loading was cell cycle regulated, and that 
it localized exclusively to replication origins during G1 phase in a Mcm2-7- 
dependent manner [ 16 ]. Independent studies also reported Mcm2-7-mediated chro-
matin binding of Mcm10 before the initiation of DNA synthesis [ 9 ,  59 ]. Thus, 
Mcm10 association with replication origins requires pre-RC assembly. However, 
whether Mcm10 loading occurs  before  or  after  formation of the CMG helicase 
(Fig.  16.3    ), and might therefore require DDK and S-CDK activities, remains an 
open question. The literature to date provides evidence to support both scenarios [ 9 , 
 16 ,  49 ,  58 ,  60 – 65 ]. The timing of Mcm10 loading onto chromatin is crucial to 
understand whether Mcm10 actively promotes the formation of the CMG helicase 
[ 9 ,  49 ,  60 ,  62 ]. This important aspect will be discussed in the next section of this 
chapter. What is undisputed is that Mcm10 is necessary for replication initiation and 
associates with origins after pre-RC assembly.

Fig. 16.2 (continued) Mcm10 is also recruited to chromatin before replication initiation and 
facilitates origin unwinding by the CMG helicase. RPA stabilizes ssDNA. ( c ) Mcm10 recruits 
Pol-α to ssDNA together with Ctf4, which is loaded onto chromatin in S phase. Please note that 
Ctf4 is not strictly required for DNA synthesis in  S. cerevisiae . ( d ) Mcm10 loading of Pol-α is 
repeatedly needed to generate RNA/DNA primers (black DNA regions) for Okazaki fragment 
synthesis. Processive DNA polymerization is executed by Pol-ε (extending the blue leading strand) 
and Pol-δ (extending the red lagging strand). The steps illustrated in this fi gure are primarily based 
on experimental evidence in budding yeast       
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  Fig. 16.3     Proposed mechanism of    CMG helicase activation     by Mcm10 . ( a ) Pre-replication complex 
formation precedes the loading of Mcm10 at origins. However, the order of events after this step 
remains unclear: Mcm10 may be recruited  before  or  after  the helicase co-activators Cdc45 and 
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       Mechanistic Insight into How Mcm10 Facilitates the Initiation 
of DNA Synthesis 

 How does Mcm10 stimulate replication initiation as a scaffold protein lacking 
any enzymatic activity? To answer this question, it is important to determine 
whether Mcm10 participates in the assembly of the CMG helicase. Indeed, sev-
eral independent studies proposed that Mcm10 is required to recruit the  helicase 
co-activator Cdc45   to origins of replication [ 9 ,  49 ,  60 ]. This notion is consistent 
with evidence that both Mcm10 and RecQl4 were necessary for the formation of 
the CMG helicase complex in human cells [ 62 ]. However, it has been challenging 
to clearly establish the sequence of events due to their transient nature. Contrary 
to the results mentioned above, three independent in vivo studies observed that 
Mcm10 was dispensable for the stable association of Cdc45 with chromatin [ 16 , 
 61 ,  62 ]. This data is in agreement with in vitro experiments, which detected proper 
assembly of the CMG helicase in the absence of Mcm10 [ 61 ,  65 ]. One caveat is 
that the above studies that employed depletion methods may not have eliminated 
Mcm10 completely. It is possible that very little Mcm10 is required to promote 
Cdc45 loading in the living cell. In fact, this idea has been supported by quantita-
tive measurements of Mcm10 and CMG subunits that stably associate with repli-
cation substrates in vitro [ 64 ]. Estimated levels of DNA-bound Mcm10  before  and 
 after  formation of the CMG helicase were 10–100 times lower than those of several 
CMG components [ 64 ]. Given that  CMG complexes   are loaded onto DNA in excess 
[ 66 – 69 ], these observations culminate in a model in which Mcm10 functions as the 
limiting factor in origin activation. Although this model requires further validation, 
Mcm10 is clearly needed to assist the CMG helicase in unwinding dsDNA at the 
onset of S phase. 

 The fi rst study supporting the notion that Mcm10 stimulates origin fi ring utilized 
 Xenopus  egg extract to demonstrate that the ability to unwind circular plasmid 
DNA was lost upon depletion of Mcm10 [ 9 ]. Furthermore, three independent 
reports showed decreased RPA association at origins when Mcm10 expression was 
ablated in vivo [ 58 ,  70 ,  71 ]. Similarly, a recent in vitro study elegantly demon-
strated the requirement for Mcm10 to initiate origin unwinding and RPA recruit-
ment [ 65 ]. Together, these observations strongly suggest that Mcm10 facilitates 
helicase activation. Simultaneously, they raise the intriguing question of how Mcm10 
accomplishes this task. Two possible scenarios provide insight into this question: 

Fig. 16.3 (continued) GINS. Pol-ε is the fi rst polymerase loaded onto DNA via its association 
with GINS (not shown in the depiction of the two alternate scenarios). Replication initiation begins 
with the separation of double-hexameric CMG helicases in opposite directions ( green arrows ) and 
unwinding of dsDNA. ( b ) Subsequently, the CMG helicase encircles the single-stranded template. 
Mcm10 facilitates helicase activation by stabilizing ssDNA generated after unwinding of origins. 
At this stage, Mcm10 interacts with both the Mcm2-7 core helicase and ssDNA. ( c ) RPA displaces 
Mcm10 from DNA, because it has a much higher binding affi nity to ssDNA than Mcm10. During 
this process, Mcm10 remains associated with the Mcm2-7 complex       
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(1) Mcm10 may play an active role in remodeling the CMG helicase, or (2) Mcm10 
may play a more indirect part in DNA unwinding by stabilizing the separated tem-
plate strands. A  direct helicase activator function   would predict that Mcm10 
induces a conformational change of the CMG helicase to alter its association with 
DNA at replication origins [ 43 ,  44 ]. However, there is currently very limited exper-
imental evidence to support this notion. One possibility is that Mcm10 promotes 
the phosphorylation of Mcm subunits by DDK to promote subsequent recruitment 
of Cdc45 and GINS [ 48 ]. 

 An alternative explanation for reduced RPA association following Mcm10 deple-
tion is that Mcm10 stabilizes ssDNA  after  the melting of parental DNA. This model 
is consistent with current structural information and Mcm10’s ability to bind both 
ss- and dsDNA [ 12 ]. Mutations within the ZnF1  domain   of Mcm10 reduced asso-
ciation of RPA with replication origins consistent with a defect in DNA unwinding 
[ 70 ]. One attractive model of how Mcm10 facilitates this fi rst step of replication 
initiation is by engaging with the Mcm2-7 core helicase as it encircles the parental 
double strand and then transiently stabilizing ssDNA as the CMG double hexamer 
melts the origin DNA (Fig.  16.3 ). Mcm10 may be uniquely positioned to serve as a 
placeholder for RPA on ssDNA until a suffi ciently large region is exposed to allow 
for stable RPA association [ 16 ,  65 ]. Subsequently, RPA may displace Mcm10 from 
the DNA template given that it has a 40-fold higher affi nity for ssDNA than Mcm10 
[ 15 ]. During this “on-and-off” DNA cycle, Mcm10 likely remains anchored with 
the Mcm2-7 core helicase (Fig.  16.3    ) [ 72 ]. 

  CMG helicase activation   allows for replication to proceed and Mcm10 continues 
to participate in later steps by facilitating recruitment of the Pol-α/primase complex 
[ 16 ,  61 ,  73 ,  74 ]. Pol-α/primase produces small RNA–DNA primers that are extended 
into leading and lagging strands by Pol-ε and Pol-δ, respectively [ 32 ,  75 ,  76 ]. 
In cooperation with the cohesion factor Ctf4, Mcm10 helps to anchor the Pol-α/
primase complex to origin DNA, promoting the initiation of both leading and 
lagging strand synthesis [ 16 ,  59 ,  73 ]. In summary, the literature to date clearly 
 suggests that Mcm10 facilitates helicase activation and promotes loading of DNA 
polymerases at the onset of S phase.   

    The Role of Mcm10 During  DNA Synthesis   

    Mcm10 Is a Replisome Component at Progressing 
 Replication Forks   

 The idea that Mcm10 contributes to replication elongation has been strengthened by 
its co-purifi cation with other known replisome components. In  S. cerevisiae , Mcm10 
interacts with the CMG complex during the G1/S-phase transition [ 59 ]. In  Xenopus  
egg extracts, Mcm10 has also been identifi ed as a member of functional replisomes 
[ 77 ]. Signifi cantly, independent laboratories have isolated Mcm10 together with 
other essential replisome components present in nascent chromatin [ 72 ,  78 ]. 
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Interestingly, Mcm10 is slightly enriched on the leading strand of stalled replication 
forks, consistent with the idea that it is directly anchored to the Mcm2-7 complex, 
which encircles the leading strand template (Figs.  16.2  and  16.3 ). These fi ndings are 
also in agreement with previous reports that showed Mcm10 in origin-fl anking regions 
migrating away from replication origins, similar to the Mcm2-7 complex [ 16 ,  79 ,  80 ]. 
Together, these data support the model that Mcm10 travels with  replication forks.    

    The Contribution of Mcm10 to  Okazaki Fragment Initiation   

 Direct interactions between Mcm10 and multiple replication factors provide valu-
able insight into the molecular role of Mcm10 in lagging strand synthesis. Several 
groups have identifi ed interactions between Mcm10 and the active CMG  complex  , 
including components of the Mcm2-7 complex and the helicase co-activator Cdc45 
(Fig.  16.2 ) [ 6 ,  7 ,  23 ,  46 ,  47 ]. As Mcm10 travels with the progressing helicase, it 
facilitates loading of Pol-α onto chromatin [ 16 ,  61 ,  74 ]. In addition to replication 
initiation, the RNA–DNA primers synthesized by Pol-α/primase are critical for lag-
ging strand synthesis [ 16 ,  32 ,  81 ]. The coupling of the CMG helicase and Pol-α is 
proposed to occur via the cooperative actions of Mcm10 and Ctf4 (Figs.  16.2  and 
 16.3 ) [ 59 ,  62 ,  73 ]. Ctf4 is essential in metazoa, but is not required for viability in 
budding yeast [ 82 ]. Consistent with a shared role in replication, Ctf4 knockdown in 
 Drosophila  phenocopies  Mcm10  mutant fl ies [ 83 ,  84 ]. Further, these proteins form 
a common complex in human cells and  Xenopus  egg extracts, with Mcm10–Ctf4 
regulating steady-state protein levels of the catalytic subunit of Pol-α [ 16 ,  73 ,  85 – 89 ]. 
Coincidentally, both Mcm10 and Ctf4 have been found to trimerize, suggesting that 
an architectural similarity coupling Pol-α to the advancing helicase may exist [ 11 , 
 13 ,  90 ]. Unlike Mcm10- and  Pol-α-defi cient cells  ,  ctf4Δ  mutants do not accumulate 
extensive ssDNA regions that trigger replication stress signals, arguing that—at 
least in budding yeast—Mcm10 can largely compensate for the loss  of   Ctf4 [ 91 ]. 
Indeed, Ctf4 is not required to initiate DNA synthesis in vitro [ 65 ]. Despite the lack 
of a true homolog in prokaryotes, Mcm10 and Ctf4 may be functionally similar 
to the tau protein complex, which serves to coordinate the bacterial leading and 
lagging strand polymerases with the progressing helicase [ 73 ,  92 – 94 ]. 

 Additional support for a role during elongation comes from investigations dem-
onstrating a direct interaction between Mcm10 and PCNA [ 27 ]. The Mcm10 ID 
carries a PIP box motif that in yeast shows a 3/4 match to the consensus sequence 
(QxxM/I/LxxF/YF/Y) (Fig.  16.1 ) [ 18 ,  95 ]. This protein–protein interaction is mod-
ulated by ubiquitination of Mcm10 during G1 and S phase of the cell cycle [ 27 ]. 
Signifi cantly, Pol-α is required for generating the substrate for  PCNA loading and   
only unmodifi ed Mcm10 interacts with the polymerase [ 27 ]. These observations 
suggest that following primer synthesis, ubiquitination of Mcm10 may facilitate 
PCNA loading and simultaneous displacement of Pol-α. Unlike in yeast, the PIP 
box in other Mcm10 homologs more closely matches the QLsLF consensus site 
that mediates binding to the prokaryotic β-clamp [ 96 ]. Despite its evolutionary 
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c onservation, the importance of the PCNA interaction motif in higher eukaryotes 
has not been determined. Finally, data from yeast suggest that Mcm10 interacts not 
only with the replication clamp, but also with the 9-1-1 complex that is loaded onto 
the lagging strand of stalled replication forks [ 97 ,  98 ]. The NTD of Mcm10 binds 
directly to the 9-1-1 clamp following UV irradiation or nucleotide  depletion   [ 26 ]. 
These observations are consistent with a role for Mcm10 in stabilizing arrested 
forks by bridging the 9-1-1 complex with the CMG helicase, thereby possibly 
preventing nucleolytic degradation of Okazaki fragments [ 26 ]. Thus, Mcm10’s 
function is not limited to scaffolding during normal elongation, but is also required 
to alleviate replication stress.     

    The Shared Requirement for Mcm10 in  Origin Activation 
and Fork Progression   

 During S phase, origin fi ring and replication elongation occur simultaneously at 
different loci throughout the genome. Mcm10 contributes essential functions to 
both processes to ensure rapid and high-fi delity duplication of the genome. 
Interestingly, studies in yeast and human cells suggest that the interplay between 
origin fi ring and Okazaki fragment priming may be altered when steady-state lev-
els of Mcm10 are reduced [ 14 ,  87 ,  99 ,  100 ]. Experiments in yeast have taken 
advantage of the temperature-sensitive  mcm10 - 1  mutant, which exhibits slowed 
DNA synthesis and growth arrest under restrictive conditions [ 4 ,  17 ,  47 ]. 
Importantly, these phenotypes can be suppressed by mutations in  mcm2  [ 87 ]. Two 
models have been proposed to explain these observations. The fi rst model suggests 
that the  mcm2  suppressor allele alters the Mcm2-7 complex such that helicase 
activation is no longer dependent on Mcm10 [ 18 ,  87 ]. The second model takes into 
account that the  mcm2  suppressor allele reduces the activity of the Mcm2-7 core 
helicase [ 87 ]. Presumably, delayed fork progression decreases the requirement for 
helicase-polymerase coordination, and minimizes the amount of RPA-coated 
ssDNA that normally triggers a replication stress response and cell cycle arrest. 
This model would suggest that the critical contribution of Mcm10 might be in 
elongation. Although seemingly contrary, these models are not mutually exclusive 
and suppression of the  mcm10 - 1  allele could result from modulating both Mcm10’s 
role in initiation and elongation. 

 An independent investigation of  mcm10 - 1  phenotypes provided further support 
for a role in elongation. The so-called defective replisome-induced mutagenesis 
(or DRIM) in  mcm10 - 1  cells results in elevated levels of PCNA ubiquitination, a 
readout for the accumulation of ssDNA [ 99 ]. A similar phenotype was observed 
when priming was disrupted in  pol1 - 1  cells, consistent with previous studies that 
established a direct connection between Mcm10 and Pol-α [ 17 ,  73 ,  85 ]. 
Signifi cantly, increased amounts of ubiquitinated PCNA were not detected in 
 dbf4 - 1  mutants, which are defective in DDK regulation [ 99 ]. Because DDK activity 
is required for replication origin fi ring, these fi ndings suggest that defects in initiation 
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are not the major source of replication stress in  mcm10 - 1  cells at semi-permissive 
temperatures [ 99 ]. Therefore, partial loss of Mcm10 may become limiting or 
semi-permissive for replication elongation, but remains fully permissive for ori-
gin activation in yeast.    

 Studies in mammalian cells assessing the roles of Mcm10 in replication initiation 
and elongation have heavily relied on the DNA fi ber technique, which offers a sin-
gle-molecule approach to analyze dynamics of DNA synthesis [ 101 ,  102 ]. This 
technique utilizes sequential incorporation of nucleotide analogs and allows for the 
quantifi cation of origin fi ring events as well as measurements of fork velocity. 
Following siRNA-mediated knockdown of Mcm10 in different human cell types, 
both fork speed and inter-origin distance (IOD) can be measured. The comparison 
of two independent studies reveals an increased requirement for Mcm10 in faster 
replicating cells, whereas cells with an intrinsically slower fork speed were not 
affected by Mcm10 depletion [ 14 ,  100 ]. Further, both studies documented decreased 
average IODs upon Mcm10 knockdown, arguing that the number of origins initiat-
ing replication was increased [ 14 ,  100 ]. Similar to observations in yeast, these data 
argue that reduction of Mcm10 limits elongation, but does not interfere with 
increased origin fi ring in an effort to complete replication of the genome. This 
increase in origin activation is commonly attributed to the fi ring of so-called dor-
mant origins that are usually not activated in normal replication cycles [ 103 ,  104 ]. 
Thus, an alternative explanation for the decreased IODs upon loss of Mcm10 is that 
dormant origin fi ring is regulated by a mechanism that foregoes Mcm10  function  .  

    The Contribution of Mcm10 to  Genome Stability   

 The delayed replication program of Mcm10-defi cient cells is associated with 
increased accumulation of  DNA damage markers   [ 85 ,  99 ,  105 ,  106 ]. The disruption 
of  Mcm10  in mice revealed that homozygous knockouts were embryonic lethal, 
with null embryos displaying delayed growth, signifi cantly decreased DNA synthe-
sis, and increased DNA damage [ 8 ]. In human cells, knockdown of Mcm10 induces 
DNA damage, G2-phase arrest, and apoptosis [ 85 ,  107 ,  108 ]. Consistent with these 
observations, a genome-wide siRNA screen found that Mcm10 knockdown resulted 
in increased levels of γ-H2AX, an important early marker of DNA double-strand 
breaks ( DSBs  ) [ 106 ]. A complementary but independent siRNA screen reported the 
increase of a different marker of DSB repair, p53-binding protein 1 (53BP1) foci, in 
response to Mcm10 knockdown [ 105 ]. These data underscore that human Mcm10 
is crucial to prevent replication stress and the accumulation of DSBs. 

 Large-scale genetic interaction studies in yeast have shown that  MCM10  contrib-
utes not only to a robust replication program but also to pathways that maintain 
genomic integrity. Accordingly,  mcm10  mutants display loss of fi tness in combina-
tion with mutations in checkpoint signaling genes  MEC1  and  RAD53 , the  homologs 
of   human ataxia telangiectasia, and Rad3-related kinase (ATR) and checkpoint 
kinase 2 (Chk2) [ 87 ]. Moreover, disruption of  MCM10  negatively interacts with 
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genes involved in resolving stalled replication forks including  DNA2 ,  SGS1 ,  SRS2 , 
 MRE11 , and  RAD50  [ 52 ,  87 ,  109 ]. Finally, several loss-of-function alleles of DSB 
repair genes including  MRE11 ,  RAD50 ,  EXO1 ,  SGS1 , and  DNA2  have demonstrated 
deleterious interactions with  mcm10  mutations [ 52 ,  87 ,  109 ]. Overall, these data 
argue that Mcm10 contributes to chromosome stability in multiple ways. Whereas 
the underlying mechanism is not fully understood, it seems likely that increased 
replication stress in  mcm10  mutants causes increased DSBs due to fork collapse and 
under-replication of the genome. Consistent with this model, Mcm10 depletion 
increased common fragile site breakage in human cell culture, a phenotype attrib-
uted to decreased replication fork progression [ 100 ]. An additional component 
could be a more direct role in  DSB repair  . In  Xenopus  egg extract, Mcm10 associ-
ates in a complex with DNA replication ATP-dependent helicase/nuclease 2 (Dna2) 
and Nijmegen breakage syndrome 1 (Nbs1), proteins that perform initial processing 
steps to facilitate homologous recombination [ 89 ]. Thus, future studies investigat-
ing a role in DNA repair may be fruitful for understanding the contributions of 
Mcm10 to genome stability. 

 Genome instability and defects in DNA repair are associated with a variety of 
human pathologies, including cancer. Consistent with these observations, there is 
accumulating evidence supporting a role for Mcm10 in oncogenesis. A  bioinfor-
matics analysis   of breast and non-small-cell lung cancers ranked  MCM10  in the 
top-ten cancer-associated genes [ 110 ]. Genetic alterations of  MCM10  including 
mutations (35%), deletions (14%), and amplifi cations (51%) have been identifi ed 
in cell lines and tumor samples representing a variety of human tissues (Fig.  16.4    ) 
[ 96 ,  111 – 113 ]. The diverse nature of  MCM10  alterations suggests that these lesions 
may contribute to cancer progression in several ways that would be consistent with 
the oncogene- induced DNA damage model of tumorigenesis [ 114 ]. Loss of Mcm10 
could induce replication stress  and   DNA damage that may contribute directly to 
aberrant DNA synthesis and chromosome instability, both of which have a causal 
role in cancer [ 85 ,  107 ,  108 ,  115 ]. Consistent with this postulate, increased levels 
of the transcriptional repressor ZBTB38 (zinc fi nger and BTB domain-containing 
protein 38) lead to reduced  MCM10  expression, slowed replication, and increased 
damage at common fragile sites [ 100 ]. This provides a likely model for the contri-
bution of deletions and loss-of-function mutations to oncogenesis. To date, 82 dif-
ferent point mutations have been mapped to  MCM10  including alterations 
disrupting splicing, as well as missense and nonsense mutations (Fig.  16.4 )    [ 96 , 
 111 ,  112 ]. A subset of these point mutations are located in conserved functional 
domains including the coiled-coil, OB-fold, ZnF1, PIP box, Hsp10-like domain, 
ZnF2, and ZnR (Fig.  16.4 ) [ 96 ]. Investigations into the consequences of these 
mutations will be useful in understanding how Mcm10 may impact cancer devel-
opment. In contrast, amplifi cation of the  MCM10  locus could be a result of “rewiring” 
the replication program of cancer cells to relieve replication stress and promote 
rapid cellular proliferation. Interestingly, increased  MCM10  transcription is 
directly regulated by oncogenes in Ewing’s sarcoma (EWS/FLI2) and neuroblas-
toma (N-MYC) [ 116 ,  117 ]. In addition, a study of cervical tumors and cell lines 
found that the level of  MCM10  overexpression directly correlated with advanced 
tumor stage [ 118 ]. These data suggest that some cancers become uniquely reliant on 
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precise levels of  MCM10  and that targeted depletion offers a therapeutic opportunity 
to affect cancer cells but not normal tissues. A similar strategy has been suggested 
for CYCLOPS genes (for  c opy number alterations  y ielding  c ancer  l iabilities  o wing 
to  p artial los s ). Following tumor-specifi c copy number loss of genes involved in 
key cellular pathways, cancer cells become vulnerable to further depletion [ 119 ]. 
It is notable that tumor samples from specifi c tissue types tend to carry alterations 
that group into a single class (Fig.  16.4 ).    For example, breast and bladder cancers 
primarily display  MCM10  amplifi cations, whereas lung or colorectal cancers primar-
ily harbor mutations or deletions (Fig.  16.4 ). These observations suggest that genetic 
aberrations that alter  MCM10  directly or indirectly may affect oncogenesis in more 
than one way depending on underlying differences in cell biology within tumors 
originating from various  tissues  .
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  Fig. 16.4     Genetic alterations in MCM10 identifi ed in    human cancer samples   . ( a ) Pie chart depict-
ing the prevalence of  MCM10  amplifi cations, mutations, and deletions from 317 cancer samples. 
( b ) Mapping of cancer-associated point mutations onto a cartoon depiction of the Mcm10 protein 
structure. Mcm10 domains are indicated, including the coiled-coil (CC,  orange ), OB-fold ( gray ), 
PIP box (PIP,  red ), Hsp10-like domain (Hsp10,  purple ), zinc-fi ngers 1 and 2 (ZnF,  green ), winged- 
helix (WH,  light gray ), and zinc-ribbon (ZnR). The position of each mutation is indicated by  verti-
cal lines topped with green  (missense),  red  (nonsense), or  purple  (multiple types) circles. ( c ) Bar 
graph showing the alteration frequency of amplifi cations ( red ), mutations ( green ), and deletions 
( blue ) of  MCM10  identifi ed in different cancer types by multiple groups. The data and depictions 
shown in this fi gure were accessed via and/or modifi ed from information listed on the cBioPortal 
for Cancer Genomics (  http://www.cbioportal.org/    ). Cancer-type abbreviations include the follow-
ing:  ACC  adrenocortical carcinoma,  ACyc  adenoid cystic carcinoma,  AML  acute myeloid leuke-
mia,  CCLE  cancer cell line encyclopedia,  ccRCC  kidney renal clear cell carcinoma,  DLBC  
lymphoid neoplasm diffuse large B-cell lymphoma,  GBM  glioblastoma,  Adeno  adenocarcinoma, 
 SC  small cell,  squ  squamous,  MPNST  malignant peripheral nerve sheath tumor,  NCI  National 
Cancer Institute,  pRCC  kidney renal papillary cell carcinoma. Source abbreviations include TCGA 
(The Cancer Genome Atlas), MSKCC (Memorial Sloan Kettering Cancer Center, Pfi zer UHK 
(University of Hong Kong), JHU (Johns Hopkins University), AMC (Asan Medical Center), 
BCCRC (British Columbia Cancer Research Center)       
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       Defi ning the Molecular Mechanism of  Mcm10    Functions   

 In the past 30 years since the identifi cation of the  MCM10  gene, signifi cant advance-
ments have been made in our understanding of the molecular function of Mcm10 
during the initiation of DNA replication. In addition, there is accumulating evidence 
for a role in maintaining chromatin structure and guarding genome stability during 
development [ 120 ,  121 ,  122 ]. Mcm10 has also been implicated in the regulation of 
mitochondrial DNA synthesis [ 123 ]. To further advance our knowledge, separation-
of-function mutants that selectively impinge on Mcm10 function in specifi c pro-
cesses would be highly informative. Furthermore, the generation of conditionally 
null mammalian cell lines would circumvent the need for short-term knockdown 
and provide a potent genetic tool for investigations of cancer-associated mutations. 
Such an approach could lead to therapeutically relevant information and could pro-
vide details regarding molecular mechanisms of Mcm10 function in origin unwind-
ing and elongation. 

 Abbreviations 

  2D    Two dimensional   
  53BP1    p53-binding protein 1   
  9-1-1    Rad9-Hus1-Rad1   
  aa    Amino acids   
  ATR    Ataxia telangiectasia and Rad3-related   
  CC    Coiled coil   
  Cdc45    Cell division cycle 45   
  Cdc6    Cell division cycle 6   
  Cdt1    Cdc10-dependent transcript 1   
  Chk2    Checkpoint kinase 2   
  CMG    Cdc45-Mcm2-7-GINS   
  CTD    C-terminal domain   
  Ctf4    Chromosome transmission fi delity 4   
  CYCLOPs    Copy number alterations yielding cancer liabilities owing to partial 

loss   
  DDK    Dbf4-dependent kinase Cdc7   
  Dna2    ATP-dependent helicase/nuclease 2   
  DRIM    Defective-replisome-induced-mutagenesis   
  DSB    Double-strand break   
  dsDNA    Double-stranded DNA   
  EM    Electron microscopy   
  GINS    Go-ichi-ni-san   
  ID    Internal domain   
  IOD    Inter origin distance   
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  Mcm10    Minichromosome maintenance protein 10   
  Mcm2-7    Minichromosome maintenance proteins 2-7   
  Mec3    Mitosis entry checkpoint 3   
  Nbs1    Nijmegen breakage syndrome 1   
  NTD    N-terminal domain   
  OB-fold    Oligonucleotide/oligosaccharide-binding fold   
  ORC    Origin recognition complex   
  PCNA    Proliferating cell nuclear antigen   
  PIP-box    PCNA interacting peptide box   
  Pol-α    DNA polymerase alpha   
  Pol-δ    DNA polymerase delta   
  Pol-ε    DNA polymerase epsilon   
  pre-RC    Pre-replication complex   
  Recql4    RecQ like helicase 4   
  RPA    Replication protein A   
  S-CDK    S-phase cyclin-dependent kinase   
  SIRT1    Sirtuin 1   
  Sld    Synthetically lethal with  dpb11    
  ssDNA    Single-stranded DNA   
  ZnF    Zinc-fi nger   
  ZnR    Zinc-ribbon   
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    Chapter 17   
 Role of Small-Molecule Modifi ers 
in Replication Initiation                     

       Giacomo     De     Piccoli      and     Agnieszka     Gambus    

    Abstract     Posttranslational modifi cation of proteins through attachment of ubiquitin 
or ubiquitin-like proteins (UBLs) changes the three-dimensional structure of the 
modifi ed factors and affects their activity, interactions, and turnover. Ubiquitin and 
UBLs constitute a very versatile and fl exible system of protein modifi cation and 
regulate almost every aspect of cell biology. In this chapter we focus on the role of 
these small protein modifi ers in regulation of DNA replication initiation. We review 
the accumulated knowledge showing how ubiquitin-driven proteasomal degradation 
leads to creation of sequential, non-overlapping stages of the cell cycle allowing 
DNA replication initiation and how it prevents re-replication during S phase. We 
also explain the role ubiquitylation plays in the inhibition of DNA replication initiation 
in response to DNA damage. As the regulation of replication factors is often executed 
through modifi cations with both small protein modifi ers and phosphorylation we also 
discuss the important crossovers between these two regulatory mechanisms. Finally, 
we review our present knowledge of regulation of DNA replication initiation by non-
degradative forms of ubiquitylation and modifi cations with Nedd8 and SUMO.  

  Keywords     Ubiquitin   •   SUMO   •   Nedd8   •   DNA replication initiation   •   Proteasomal 
degradation   •   Posttranslational modifi cation   •   Cullins   •   APC/C  

     The mitotic cell cycle is an ordered series of events that ensure the generation of two 
identical daughter cells. Critically, the cell duplication program must be executed in 
sequence; thus each step can only occur during a specifi c window of time. An illu-
minating example of this regulation is provided by the process of DNA replication. 
The faithful duplication of the chromosomes requires a two-step mechanism involv-
ing a fi rst stage in which the inactive form of the replicative DNA helicase is loaded 
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during late M/G1 phase of the cell cycle [ 1 – 3 ] and a subsequent phase during which 
origin fi ring can occur, but further loading of helicase onto origins is blocked. This 
ensures that DNA replication occurs only once per cell cycle, avoiding multiple 
rounds of replication and resulting aneuploidy. This two-step mechanism of DNA 
replication origin loading and activation plays a key role in eukaryotic genome 
stability maintenance and is evolutionarily conserved. The switch between these 
two distinct phases of the cell cycle is controlled by positive feedback loops that 
ensure the quick and irreversible progression from one phase to the other and the 
regulation of protein synthesis, activity, interactions, and turnover. A key part of this 
mechanism is executed through regulation of protein stability and activity by 
posttranslational modifi cations with small protein modifi ers. 

 In this chapter we focus on the mechanism of regulation of DNA replication ini-
tiation by small protein modifi ers. We fi rstly describe the biology of small 
protein modifi ers, before focusing on their role in the regulation of DNA replication 
initiation. To date, the best-characterized role of small protein modifi ers during DNA 
replication has been described for ubiquitylation, in particular for polyubiquitylation 
with lysine 48-linked ubiquitin chains, a marker for protein degradation by the protea-
some. We discuss how different ubiquitin ligases control the initial steps of origin for-
mation and fi ring. In addition, we describe how ubiquitylation inhibits DNA replication 
origin re-establishment and re-replication during S phase and regulates the transition 
from G1 to S in response to DNA damage. Finally, we present what is known to date 
for the role of neddylation and sumoylation during DNA replication initiation. 

    The Biology of Small Protein Modifi ers 

 “ Small protein modifi ers”   or UBLs are terms assigned to small polypeptides, which 
can be covalently attached to other substrate proteins as posttranslational modifi ca-
tions. The group of small protein modifi ers includes ubiquitin, Sumo1, Sumo2/3, 
Nedd8, ISG15, Urm1, and Ulm1. Although their primary sequences differ, they 
share important features. One of the most relevant similarities between the UBLs is 
the presence of two  glycine residues   at their C-terminus, which are essential for for-
mation of the isopeptide bond between their moiety and the substrate—usually the 
ε-amino group of a lysine present in the substrate protein. Due to the similar chemis-
try of the attachment reaction, all small protein modifi ers are conjugated to their 
substrates through a similar cascade of three enzymes. Firstly, the C-terminal glycine 
of the UBL is activated by an E1-activating enzyme in an ATP-dependent manner. It 
is then passed on to an E2-conjugating enzyme through the formation of a thioester 
bond between the glycyl residue and the cysteine found in the active site of E2. 
Finally, it is attached through an isopeptide bond to the target protein usually with the 
help of an E3 ligase. Once attached, the small protein modifi er changes the three-
dimensional structure of the substrate infl uencing its activity, interactions with other 
factors, subcellular localization, and/or fate. Having such a profound and variable 
effect on multitude of substrates, it is not surprising that small protein modifi ers are 
known to regulate almost every aspect of cell biology, including  DNA replication  . 
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 Importantly, the scope for a variety of modifi cations outcome is especially wide 
in the case of UBLs as some of them can be attached not only as single moieties but 
also in the form of chains. Both, ubiquitin and Sumo2/3 contain lysines within their 
sequences, which can be used for the attachment of further UBLs and formation of 
chains. Modifi ed substrates can also be “de-modifi ed” or edited by proteases specialized 
in removing a particular type of moiety—such as deubiquitylating enzymes ( DUBs  )    
or Sumo-specifi c endopeptidases ( SENPs        ). All these create a fl exible and adaptable 
system of protein regulation. In this chapter we focus on the regulatory role of small 
protein modifi ers on the initiation of DNA replication.  

    Ubiquitin 

 Ubiquitin is a  highly stable protein   that adapts a compact β-grasp fold with a 
fl exible six-residue C-terminal tail [ 4 ]. Ubiquitylation is one of the most abundant 
and versatile posttranslational modifi cations in cells due to ubiquitin’s ability to be 
attached as monoubiquitin or polyubiquitin chains (Fig.  17.1    ). Moreover, a protein 
can be ubiquitylated on a number of different lysine residues (multi- monoubiquitylation 
or multi-polyubiquitylation), further increasing the signalling complexity of this 
system. Ubiquitin contains seven lysines within its sequence (K6, K11, K27, K29, 
K33, K48, and K63) and each of them can be used for further ubiquitin attachment 
leading to formation of chains with different ubiquitin linkages. Additionally, ubiquitin 
can also form linear chains linked through N-terminal methionine, or mixed (het-
erogeneous) and branched chains when different lysine linkages are used through-
out the created chain (Fig.  17.1 ). Importantly, each type of the chain adopts different 
conformation and can therefore constitute a different outcome for the substrate. 
Famously, substrates modifi ed with homogenous chains linked through K48 and 
K11 are most often directed for proteasomal degradation [ 4 ,  5 ]. Interestingly, all 
chains, apart from K63 chains, accumulate in cells upon the inhibition of protea-
somal  activity  , suggesting that they can also be sometimes selected by the protea-
some for degradation [ 6 ,  7 ]. Ubiquitin chains can also be removed or edited by 
numerous DUBs with different linkage and substrate specifi cities [ 4 ].

   The need to specifi cally target a broad array of substrates accounts for the great 
diversity among the estimated >600 human ubiquitin ligases (E3s).  E3 ligases   fall 
into three classes: the Really Interesting New Gene ( RING  )  family   catalyzes direct 
transfer of ubiquitin from the E2 enzyme to the substrate, while the  Homology to 
E6AP C Terminus (HECT)      and the  RING-between-RING (RBR) families      of E3s 
ubiquitylate substrates in a two-step reaction (ubiquitin is transferred from the E2 to 
an active-site cysteine in the E3 and then from the E3 to the substrate) [ 8 ]. The largest 
family of E3 ligases is the RING domain E3s. The RING-domain E3s are subdivided 
into two more classes: those that are single polypeptide and contain both the substrate 
recognition domain and the RING domain on the same unit and the multicomponent 
RING-E3s. The largest family of multicomponent E3s is the cullin- RING ligases 
( CRLs  ).    CRLs are built around the scaffold cullin subunit. Cullin interacts through 
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its C-terminus with RING domain proteins Rbx1 and Rbx2, which in turn recruit 
E2s. On the other hand, the N-terminus of cullin interacts with substrate adaptors, 
which can bind multiple substrate receptors (Fig.  17.2    ) [ 9 ]. The N-terminal region 
of the cullins differs between different family members providing them with sub-
strate specifi city. On the contrary, cullins C-terminal part is highly conserved [ 10 ]. 
Higher eukaryotes express seven different canonical cullins (Cul1, 2, 3, 4A, 4B, 5, 
and 7) that each forms a hetero-oligomeric ubiquitin ligase. In addition there are two 
cullin-like proteins: APC2 in the anaphase-promoting complex (APC) and the p53 
cytoplasmic anchor protein PARC [ 10 ].

    CRLs   constitute the major regulators of DNA replication initiation—those members 
particularly implicated include cullin 1-based complexes (Skp1-Cullin1-F box 
[SCFs]) and cullin 4-based CRL4s (Fig.  17.1 ). Additionally, the anaphase- promoting 
complex or cyclosome (APC/C), which regulates G1-stage entry, also contains a 
cullin subunit. APC/C is composed of at least 13 subunits, including a RING 
(Apc11) and a cullin subunit (Apc2) [ 11 ]. Together, Apc11 and Apc2 bind to the E2 
ubiquitin-conjugating enzymes, which differ depending on the organism: in  S. cerevisiae  
these subunits bind Ubc4, which catalyzes the ubiquitylation of lysines of the target 
protein, and Ubc1, which then extends the chain through modifying K48 of the 
previously attached ubiquitin [ 12 ]. In all organisms, APC/C uses also two adaptor 

  Fig. 17.1     Types of substrate    ubiquitylation   . Monoubiquitylation, multi-monoubiquitylation, and 
polyubiquitylation are presented. Different types of formed polyubiquitin chains: linked through the 
same lysine throughout the chain (homogenous chains), linked through N-terminal methionine (linear 
chains), linked through alternative lysines (heterogenous chains), and chains with one of the chain’s 
ubiquitin modifi ed by two further ubiquitins linked through different lysines (branched chains)       
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proteins, namely Cdc20 and Cdh1, which interact with the APC/C-specifi c targets 
for ubiquitylation [ 13 ] (Fig.  17.2 ). 

    APC/C  Regulation   of Origin Licensing 

 Progression through mitosis is driven by high phosphorylation activity of the cyclin- 
dependent kinase (CDK) associated with  mitotic cyclins  , while origin licensing in 
G1 depends upon low CDK activity. The transition from metaphase to anaphase and 
further to the G1 stage of the cell cycle requires the activation of the APC/C 

  Fig. 17.2     Model of hetero-oligomeric cullin-RING ubiquitin ligases  (  CRLs   ). A general model of 
CRL and models of three CRLs most important for replication initiation regulation are presented: 
CSF (Cullin1-Skp1-F-box) is built around cullin 1 and uses multiple F-box substrate receptors, 
CRL4 is built around cullin 4 and uses DCAF substrate receptors, while APC/C is an example of 
ubiquitin ligase containing cullin-like subunit Apc2 (noncanonical cullin). APC/C forms a large 
complex containing many other subunits not found in canonical CRLs       
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(described above). The substrate adaptor proteins, Cdc20 and Cdh1, bind to the 
APC/C and promote the polyubiquitylation of proteins containing short sequence 
motifs, mainly D-boxes and KEN-boxes [ 14 ,  15 ]. In budding yeast, Cdc20, whose 
binding to APC/C is promoted by  CDK activity   [ 16 ], is mainly required for 
the degradation of Pds1 (the inhibitor of separase), the S phase cyclin Clb5, and for 
the initial decrease of the mitotic cyclin Clb2 [ 17 – 19 ]. In addition, APC/C-Cdc20 
polyubiquitylates the regulatory subunit of the Dbf4-dependent kinase (DDK) 
[ 20 – 23 ]. Following a decrease in Clb2, the CDK-dependent inhibitory phosphory-
lations on Cdh1 are reversed by the mitotic phosphatase Cdc14, allowing dephos-
phorylated Cdh1 to bind APC/C and resulting in the substitution of APC/C-bound 
Cdc20 by Cdh1 [ 24 ]. This leads to the degradation of Cdc20 [ 25 ], the further decline 
of the mitotic CDK activity, exit from mitosis, and the progression of cells into G0/
G1 phase [ 26 ]. In higher eukaryotes, activation of the  APC/C-Cdh1 ubiquitin ligase   
also requires the degradation of the inhibitor Emi1, a protein that binds APC/C-Cdh1 
and inhibits its polyubiquitin chain-extending activity. This occurs by the phos-
phorylation of Emi1 by Cdk1-cyclin B and the Polo-kinase Plk1, and subsequent 
ubiquitylation of Emi1 by the E3 ligase SCF βTrcp1  [ 27 – 30 ]. 

 Critically, the activity of APC/C-Cdh1 is not only required for the entrance of cells 
to the G0/G1 phase, but it is also necessary for its maintenance. In budding yeast, 
APC/C activity is essential to stop cells from replicating even when they are arrested 
in G1 phase in the absence of the G1 cyclins Cln1-3 [ 31 ]. In addition, once cells enter 
S phase APC/C inhibition must be maintained until the next mitosis to avoid origin 
licensing during S or G2 phases.    Both in human and  Drosophila  cells, depletion of 
Cdh1 inhibitor Emi1 leads to degradation of cyclin A and re-replication [ 32 ]. 

 Apart from degrading the S and M phase cyclins in G1 stage of cell cycle, all 
studied eukaryotes have also evolved proteins able to bind to the S and M phase 
cyclin-CDK and inhibit their activity. These proteins are called cyclin-dependent 
kinase inhibitors ( CKIs  ). Examples of CKIs in fi ssion and budding yeast are Rum1 
and Sic1, respectively [ 33 ,  34 ]. During mitotic exit, APC/C-Cdh1 allows the accu-
mulation of CKI proteins by inducing the degradation of cyclins and, in metazoans, 
of the F-box protein Skp2, a component of the SCF that targets CKI proteins for 
proteolysis. In addition, in budding yeast, the cullin Cdc53 (cullin 1 homologue) 
and APC/C-Cdh1 induces, during the M phase, SIC1 transcription by polyubiquity-
lation and degradation of the transcription repressor Yph1 [ 35 ,  36 ]. This allows a 
rapid accumulation of Sic1, enforcing a low CDK activity status in the cell and a 
window of time during which origin licensing can occur. Importantly, premature 
progression into S phase in the absence of CKI proteins leads to genomic instability 
caused by an insuffi cient pool of replication origins [ 37 ].  CKIs   in higher eukaryotes 
therefore constitute an important group of tumor-suppressor proteins. 

 In human cells, APC/C-Cdh1 also promotes the accumulation of the  INKa family 
of proteins   (p15, p16, p18, and p19), which control cell cycle progression by inhibiting 
the binding of the G1 cyclin D1 to Cdk4 and Cdk6 [ 38 ]. Finally, APC/C- Cdh1 
targets the tyrosine phosphatase Cdc25, an activator of CDK, for ubiquitylation 
and degradation. An overexpression of a deubiquitylating enzyme Dub3 leads to 
the deubiquitylation and stabilization of Cdc25 and results in the accumulation of 
cells in S phase [ 39 ,  40 ]. 
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 During the window of time of APC/C-Cdh1 activity and high CKI concentrations, 
cells are competent for the loading of Mcm2-7 on chromatin and establishment of 
the pre-replicative complexes ( pre-RCs  ) on replication origins (origin licensing) 
[ 41 ]. In all eukaryotes, this is achieved by ensuring the accumulation in the nucleus 
of all the components required for the formation of pre-RCs: Mcm2-7 helicase core, 
the origin recognition complex ORC1-6, and the Mcm2-7 loading factors Cdc6 and 
Cdt1. All eukaryotic organisms regulate these factors in a way dependent on the 
APC/C-Cdh1. In higher eukaryotes, Orc1-6 binding to chromatin and pre-RC for-
mation are regulated also by histone and DNA methylation and the ORC-associated 
protein ORCA/Lrwd1 [ 42 – 44 ]. 

     Mcm2-7 Complex      

 In budding yeast, low CDK activity (driven through APC/C regulation) is essential 
for the localization of the Mcm2-7 complex and Cdt1 in the nucleus. The cellular 
localization of Mcm2-7-Cdt1 complex is regulated by a bipartite nuclear localization 
signal ( NLS  )    split between Mcm2 and Mcm3, and a nuclear export signal ( NES  )    in 
Mcm3 [ 45 – 47 ] and depends on the integrity of the Mcm2-7-Cdt1 complex [ 48 ]. 
In addition, it has been reported that Mcm2-7 nuclear import also depends on their 
de novo synthesis in the M phase, which occurs in an Mcm1-dependent manner 
following the SCF-induced ubiquitylation and degradation of the Yox1 transcription 
inhibitor. Indeed, Mcm3 and Mcm4 are unstable during the transition between 
M and G1, although the mechanism of their degradation is still unknown [ 49 ]. 
The regulation of Mcm2-7 complex in higher eukaryotes is not yet defi ned.  

     Cdt1 and Geminin      

 While Cdt1 is not directly controlled by APC/C in budding yeast, in  S. pombe , Cdt1 
stability is cell cycle regulated and it accumulates only at the end of mitosis following 
degradation of S and M phase cyclins by APC/C-Cdh1 [ 50 ]. In metazoans, similarly 
to fi ssion yeast, Cdt1 is an unstable protein outside of the late M/early G1 phase and 
its degradation is controlled by multiple E3 ubiquitin ligases (described below in section 
“ The Prevention of Re-replication ”). In addition, metazoan Cdt1 is also inhibited by 
binding of the small protein geminin. Geminin forms dimers through its coiled-coil 
domain and binds Cdt1 in a 2:1 ratio. Once bound to geminin, Cdt1 is unable to promote 
origin licensing. Geminin contains a bipartite NLS and a D-box, both important to 
regulate its stability during mitosis [ 51 ]. Following the metaphase-to-anaphase transi-
tion, APC/C-Cdh1 directly targets geminin, inactivating it and degrading it, thereby 
allowing Cdt1 to engage in origin licensing [ 52 ]. Non-degradable geminin mutants 
block origin licensing and lead to defective DNA replication. Interestingly, it has also 
been reported that APC/C-Cdh1 directly interacts with Cdt1 and that overexpression 
of Cdh1 affects Cdt1 protein stability [ 53 ], leading to its degradation at the late phase 
of mitosis, although with a markedly slower kinetic of degradation compared to geminin, 
thus allowing origin licensing during the late M phase [ 54 ].  

17 Role of Small-Molecule Modifi ers in Replication Initiation



350

     Cdc6      

 In all eukaryotes, APC/C-Cdh1 controls the levels and stability of the licensing 
factor Cdc6. In budding yeast, CDC6 transcription is cell cycle regulated, similarly 
to the MCM genes, starting during M phase of the cell cycle in an Mcm1- and Swi5- 
dependent manner [ 55 ]. Once expressed, the levels of Cdc6 are fi nely regulated 
during the cell cycle. During M phase, Cdc6 turnover depends on the phosphoryla-
tion of two CDK consensus sites in the middle of the protein, the kinase Mck1 and 
the SCF Cdc4  ubiquitin ligase [ 56 ,  57 ]. In addition, a fraction of available Cdc6 is 
phosphorylated on its N-terminal CDK consensus sites and subsequently bound by 
the mitotic cyclin Clb2, thus allowing the accumulation of an inactivated form of 
Cdc6 until late mitosis [ 58 ]. Interestingly, a phosphorylated peptide of the N-terminal 
part of Cdc6 can also bind human cyclins E, A, and B1, suggesting that this regula-
tory mechanism may be conserved in higher eukaryotes. Altogether, APC/C-Cdh1, 
by inducing the degradation of Clbs, stops the mitotic degradation of Cdc6 and frees 
it from its interaction with the mitotic cyclins, allowing it to engage in the pre-RC 
formation. In yeast, the APC/C plays therefore a role in the stabilization of Cdc6 
through modulation of CDK activity. Conversely, in human cells ACP/C appears to 
demonstrate an entirely different activity with respect to Cdc6, resulting in its deg-
radation through its D- and KEN-boxes [ 59 ]. This mechanism abolishes origin 
licensing in cells during the early G1 phase or in a non-proliferative G0 state. 
Accumulation of Cdc6 requires phosphorylation of the APC/C-Cdh1 targeting 
boxes by cyclin E, expressed in response to mitogenic signals, stabilizing Cdc6 and 
allowing origin licensing before the accumulation of S phase  cyclin    A   [ 59 ].  

    Orc1- 6      

 In budding and fi ssion yeast Orc1-6 is constitutively bound to chromatin throughout 
the cell cycle, while in higher eukaryotes it interacts with chromatin only during the 
licensing phase. In metazoan, APC/C allows the accumulation of Orc1, the large sub-
unit of Orc1-6, permitting Orc1-6 to bind the DNA. The ability of Orc1-6 to interact 
with chromatin is also dependent on the methylation state of histones. In human cells, 
Orc1 binds to methylated histones H3 and H4 [ 42 ,  60 ] and the histone methyl-
transferase Set8 plays a key role in the regulation of the epigenetic modifi cations 
required for origin licensing [ 60 ,  61 ]. Interestingly, similarly to Cdc6 and Cdt1 in 
human cells, Set8 stability is regulated by APC/C-Cdh1: Set8 is briefl y stabilized by 
Cdk1-cyclin B1 during metaphase, before being dephosphorylated by Cdc14 and 
targeted for degradation by APC/C-Cdh1 [ 62 ].   

    Role of Protein Ubiquitylation in the  G1 to S Phase Transition   

 During G1 phase, cellular mass and the presence of proliferation signals control the 
decision of the cell to duplicate. Ultimately, this complex network of stimuli is inte-
grated to allow the accurate control over the activity of CDK, primarily by 
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controlling the levels of G1 cyclins in the cell.  Accumulation of   G1 cyclins pro-
motes the transcriptional activity that allows cells to move forward with the cell 
duplication program. For reasons of space, our description of the dynamics of the 
transition from G1 to S is limited to budding yeast and human cells. 

 In budding yeast, cell growth controls the levels of the G1 cyclin Cln3. Once 
active, CDK-Cln3  stimulates   both the transcription factor SBF (by promoting the 
nuclear export of the associated transcriptional repressor Whi5) and the transcrip-
tion factor MBF (by directing the APC/C-Cdh1-dependent degradation of the MBF 
repressor Nmr1) [ 36 ,  63 ]. This leads to the expression of about 200 genes required 
for cell cycle progression and DNA replication, including the late G1 cyclins Cln1/2. 
Once expressed, CDK-Cln1/2 promote their own transcription and the accumula-
tion of the S-phase cyclins Clb5/6. As they build up, Clb5/6 associate with the CDK 
but are kept inactive by binding of Sic1 [ 64 ,  65 ]. The levels of Sic1 therefore buffer 
CDK-Clb activity until it reaches a threshold level. The further progression of the 
cell cycle into S phase depends on the degradation of Sic1. Sic1 is sequentially 
phosphorylated by CDK-Cln1/2, followed by CDK-Clb5/6, thus leading to hyper- 
phosphorylation of Sic1 [ 66 ]. These  phosphorylations   create multiple weak 
phospho- degrons that facilitate the interaction between Sic1 and Cdc4, an F-box 
protein component of the SCF ubiquitin ligase complex [ 67 ]. Sic1 is thus targeted 
for ubiquitylation and degradation by the SCF Cdc4  complex and the E2-conjugating 
enzyme Cdc34. Sic1 degradation and CDK-Clb5/6 activation promote the phos-
phorylation of Cdh1, causing its dissociation from the rest of the APC/C, thus 
allowing the accumulation of APC/C targets, including the regulatory subunit of 
DDK, Dbf4 [ 68 ]. CDK-Clb5/6 activation, therefore, marks the change from a period 
of high APC/C activity to one of high SCF activity. CDK does not appear to regulate 
SCF directly but stimulates protein degradation by creating phospho-degrons within 
their substrates, which are then recognized by the F-box receptors. 

 In mammalian cells, proliferation requires specifi c growth signals. When cells 
are in a quiescent state they exhibit low levels of G1 cyclins. Following growth 
stimuli, cyclin D1 is induced and interacts with Cdk4 and Cdk6. Similar to budding 
yeast, the transition from G1 to S phase involves a program of regulated gene tran-
scription that is stimulated by positive feedback. In human cells, Cdk4/6-cyclin D 
activates transcription by partially phosphorylating the retinoblastoma family of 
proteins (Rb, p130, p107). This allows the transcription factor E2F1-3 to switch 
from actively repressing transcription when associated with unphosphorylated Rb 
to partially inducing genes required for DNA replication and cell cycle progression 
such as cyclin E (reviewed in [ 69 ]).  p27 and p21 proteins (  CKIs), whose levels are 
high in G1 phase, bind to Cdk2-cyclin E and inhibit its activity, until they cannot 
stoichiometrically block the CDK activity anymore. This is accelerated by the activ-
ity of the transcription factor Myc (reviewed in [ 70 ]). After reaching a critical level, 
Cdk2-cyclin E then phosphorylates p27 at threonine 187, stimulating the interaction 
between p27 and the F-box protein Skp2 and leading to p27 polyubiquitylation by 
the SCF Skp2  [ 71 ,  72 ]. This reaction also requires the RING protein Rbx1, and the 
E2-conjugating enzyme Cdc34. Strikingly, overexpression of cyclin E can suppress 
a G1 block induced by p27 overexpression as long as p27 is phosphorylated on 
T187. p21 degradation is also partially regulated by SCF Skp2 , and it appears to be 

17 Role of Small-Molecule Modifi ers in Replication Initiation



352

stimulated by binding to CDK (reviewed in [ 73 ]). Following full activation of 
Cdk2- cyclin E, the  Rb proteins   become hyper-phosphorylated. This promotes the 
synthesis of genes required for S phase progression such as Cdh1 inhibitor Emi1 and 
the S phase cyclin A, leading in turn to the inhibition of APC/C activity. Importantly, 
Emi1 accumulation in the cell is favored in late G1 phase by the protein Evi5, which 
binds Emi1 and blocks its ubiquitylation by SCF βTrCP  [ 74 ]. Furthermore, several other 
mechanisms co-operate to stop the activity of APC/C-Cdh1. In fact, Cdk2- cyclin E 
appears to directly phosphorylate Cdh1, thus inactivating it [ 75 ]. In addition, APC/C-
Cdh1 activity is reduced by a negative feedback loop mechanism, involving APC/C-
Cdh1 autoubiquitylation, and degradation of the E2-conjugating enzyme UbcH10 
[ 76 ]. Moreover, Cdk2-cyclin A and the Polo-kinase  Plk1  , targets of APC/C-Cdh1 
during the late M/G1 phase, phosphorylate Cdh1 during the progression from G1 to S 
phase, thus promoting its polyubiquitylation by SCF βTrcp1  [ 77 ]. 

 Finally, concomitantly with the progression into S phase, several SCF complexes 
complete a negative feedback loop that destroys the transcription factors and the 
cyclins that induced the G1 to S phase transition, thus ensuring the unidirectionality 
of the cell cycle. In budding yeast, SCF Cdc4  degrades Swi5—the transcription factor 
required for the expression of SIC1 and CDC6 [ 78 ] while SCF Grr1  degrades Cln1 
and Cln2 [ 79 ]. Similarly, in human cells, SCF Fbx4   promotes   the degradation of cyclin 
D1 [ 80 ,  81 ], SCF Skp2  degrades E2F [ 82 ], and cyclin E phosphorylation promotes its 
polyubiquitylation by SCF Fbw7 , the human orthologue of yeast SCF Cdc4  [ 83 ]. In addition, 
Myc is targeted for degradation by the SCF Skp2  and SCF Fbw7  [ 73 ].  

     The Prevention of Re- replication   

 Activation of S phase cyclins/CDK marks the end of the licensing activity in the cell 
and the beginning of origin fi ring in S phase. Full activation of CDK and DDK pro-
motes the initiation of DNA replication. At this stage, the cell needs to ensure that 
no more origins can be licensed to avoid replicating DNA twice (re- replication), 
which would likely lead to  chromosomal instability  . At the same time, APC/C activity 
is substituted by the action of the cullin RING family of ubiquitin ligases (CRLs). 

 The prevention of DNA re-replication is resolved somehow differently  between 
yeast and metazoans   with many overlapping mechanisms working together. In  S. 
cerevisiae , the paths that act to block re-replication include the degradation of Cdc6, 
the phosphorylation of Orc2 and Orc6, and the nuclear export of both Cdt1 and the 
Mcm2-7 complexes [ 48 ,  84 – 86 ]. In  S. pombe , degradation of the Cdc6 homologue 
Cdc18 and that of Cdt1 prevents re-replication [ 87 ], while in vertebrates this is 
achieved by the inactivation of Cdt1 through its inhibition by geminin and its 
degradation [ 88 – 91 ], degradation of Orc1 in some cells [ 92 ,  93 ], nuclear export or 
degradation of Cdc6 [ 94 ], and degradation of the histone H4 methyltransferase Set8 
[ 60 ,  95 ]. In all cases the time-specifi c degradation of the licensing factors depends 
on ubiquitin-mediated proteasomal activity. 
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     Cdt1      

 Fission yeast and vertebrates degrade Cdt1 through a PCNA-dependent proteolysis 
pathway. PCNA is a homotrimeric clamp loaded onto DNA to increase the proces-
sivity of DNA polymerases. It also acts as a platform to recruit several proteins 
involved in DNA replication, repair, and sister chromatid cohesion establishment 
[ 96 ]. In addition, PCNA binds proteins required for origin licensing and promotes 
their degradation by recruiting a specialized E3-ubiquitin ligase, namely the cullin 
4-containing ubiquitin ligase CRL4 Cdt2 , where Cdt2 is the substrate-specifi c adaptor 
for the ligase [ 97 ,  98 ]. CRL4 Cdt2  plays a key role in the regulation of cell cycle and 
prevention of re-replication (reviewed also in [ 99 ], and [ 100 ]). Most proteins inter-
acting with chromatin-bound PCNA do so through a motif consisting of eight amino 
acids, called PIP box (PCNA interacting protein box) [ 96 ]. However, CRL4 Cdt2  sub-
strates contain a special high-affi nity PIP box (PIP + TD motif) and, four amino acids 
downstream, a “B+4” basic residue, essential for recruitment of the CRL4 Cdt2  to the 
substrate [ 101 ,  102 ]. Additionally, Asp122 in PCNA is essential for the recruitment 
of CRL4 Cdt2  to chromatin [ 99 ]. Altogether, through these multiple interactions and 
once replication is initiated, Cdt1 is recruited to chromatin-bound PCNA together 
with CRL4 Cdt2 , which ubiquitylates Cdt1 leading to its degradation. 

 In mammalian cells, Cdt1 can also be degraded by an alternative PCNA- 
independent route, using the cullin 1-based ubiquitin ligase, SCF Skp2 . Phosphorylation 
of Cdt1 by S-phase CDKs is required for the interaction of Cdt1 with Skp2 [ 103 ,  104 ] 
ensuring S-phase specifi city of Cdt1 degradation. Specifi cally, it is the N-terminally 
located cyclin-binding consensus motif (Cy-motif), which is essential for the cyclin A 
and Skp2 association [ 104 ]. As both of the above degradation pathways overlap in 
mammalian cells, mutation of specifi c pathway motifs does not render Cdt1 non-
degradable, but deletion of the N-terminal part of Cdt1, which contains all of the regu-
latory elements, results in a stable mutant [ 105 – 107 ]. 

 Finally, any Cdt1 remaining until the G2 stage of the cell cycle can be degraded 
following ubiquitylation by SCF FbxO31  ligase in a manner also dependent on the 
N-terminal end of  Cdt1      [ 108 ].  

    Cdc6      

 Regulation of Cdc6 levels upon entry into S phase is much more variable across the 
species and even within the genus  Saccharomyces , this regulation can signifi cantly 
differ [ 109 ]. Nevertheless, in both budding and fi ssion yeast, Cdc6 (Cdc18 in S.p.) 
is degraded upon initiation of replication through the activity of SCF complexes: 
SCF Cdc4  in  S. cerevisiae  and SCF Pop1,2  in  S. pombe  [ 110 – 112 ]. This degradation is 
stimulated by phosphorylation of Cdc6 by CDK activity (both G1- and S-phase 
CDK complexes) [ 64 ,  113 ]. In human cells, several groups have reported a stable 
level of Cdc6 throughout most of the cell cycle in proliferating cells [ 114 ,  115 ] and 
the licensing activity of Cdc6 seems to be regulated through its nuclear export in 
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S phase, which is also stimulated by CDK phosphorylation [ 94 ,  115 ]. A recent 
report, however, suggested the involvement of PCNA- and CRL4 Cdt2 -dependent 
degradation of Cdc6 upon replication initiation [ 116 ]. This degradation mode is 
possible due to the N-terminal PIP-box within Cdc6 [ 116 ]. 

 Finally, CRL4 Cdt2 - and SCF Skp2 -dependent ubiquitylation and degradation of p21 
are also important for the inhibition of Cdc6-promoted re-replication. Destruction 
of CDK inhibitors such as p21 allows CDK phosphorylation of Cdc6 and its nuclear 
 export      [ 94 ,  117 ].  

   Orc1- 6      

 The Orc1-6 complex is differentially regulated in yeast and metazoans. In yeast, the 
ORC complex remains stably bound to chromatin and at a constant level throughout 
the cell cycle [ 41 ,  118 ]. Its inactivation occurs on chromatin by direct binding of CDK 
to the ORC complex through interaction of CDK with Orc2 (in  S. pombe ) or Orc6 (in 
 S. cerevisiae ) [ 86 ,  119 ]. In metazoans, S-phase regulation of the ORC complex occurs 
through its large subunit Orc1 and differs not only through evolution but even between 
different cell lines. In mammals, a number of research groups have reported constant 
levels of Orc1 throughout the cell cycle, although it was suggested to be selectively 
released from chromatin at the beginning of S phase [ 93 ,  120 ,  121 ]. In hamster cells, 
the released Orc1 is targeted for mono- or di-ubiquitylation, which does not lead to its 
degradation [ 120 ]. On the other hand, in transformed human cells 50–90 % of Orc1 is 
selectively degraded during S phase by a ubiquitin-dependent mechanism [ 92 ,  122 ] 
and Orc1 has been shown to be ubiquitylated by SCF Skp2  [ 92 ]. 

 Dynamic associations of ORCA/Lrwd1 with the licensing factors ORC1-6, Cdt1 
and geminin play a role in pre-RC assembly and replication initiation [ 44 ,  123 ]. The 
levels of ORCA peak in G1 and gradually decrease in S phase [ 44 ]. ORCA has been 
shown to be ubiquitylated at the onset of S phase, most likely by Cul4A(Ddb1) 
[ 124 ]. However, once ubiquitylated, it can still stably bind chromatin and is degraded 
only upon depletion of Orc2 [ 124 ]. The exact nature of this regulation and its impor-
tance for replication initiation are still to be determined. 

 Finally, interaction of the ORC complex with chromatin is further inhibited upon 
entry into S phase by regulation of epigenetic marks stabilising Orc1-6 binding to 
replication origins. In fact, Set8 is another protein degraded in S phase by CRL4 Cdt2  
in a PCNA-dependent manner to prevent re-replication. Importantly, while loss of 
Set8 enzymatic activity causes defects in replication origin fi ring (as described 
above) [ 125 ,  126 ], expression of non-degradable (PIP degron mutant) Set8 leads to 
uncontrolled re- replication      [ 95 ,  127 ].  

   Other Factors Regulated by Ubiquitin  upon S Phase Entry   

 In fi ssion yeast Spd1, an inhibitor of the ribonucleotide reductase ( RNR  )  enzyme   
that catalyzes the synthesis of dNTPs is also a major substrate of PCNA-dependent 
CRL4 Cdt2  [ 128 – 130 ]. Spd1 degradation allows accumulation of dNTPs required for 

G. De Piccoli and A. Gambus



355

replicative DNA synthesis; thus it regulates DNA replication initiation rather than 
re-replication. In addition, in budding yeast the S phase checkpoint kinase Rad53, 
even in the absence of replication stress, fi nely controls the levels of free histones by 
binding to them and stimulating their ubiquitylation by the E3 ubiquitin ligase 
Tom1 [ 131 ,  132 ]. 

 Finally, the activity of CRL4 Cdt2  is regulated during DNA replication through the 
modulation of Cdt2 turnover. In human cells, Cdt2 is targeted for degradation both 
by autoubiquitylation by the CLR4A ubiquitin ligase in a PCNA-independent reac-
tion and by SCF FbxO11  [ 133 ]. However, Cdk1-cyclin B phosphorylation of Cdt2 at 
T464 prevents it from interacting with SCF FbxO11 , thereby stabilizing Cdt2 in S phase 
[ 133 ,  134 ]. This protection is executed through 14-3-3 adaptor proteins, which 
interact with Cdt2 during S phase in a phosphorylation-dependent manner [ 135 ]. 
All these contribute to a very cell-cycle stage-specifi c degradation of CRL4 Cdt2  and 
CRL4 Cdt2  substrates and prevent re-replication in the cells.      

    DNA Damage Response and Replication Initiation 

 In response to DNA damage or replication  stress  , cells activate checkpoint mecha-
nisms to delay progression of the cell  cycle   and allow time to fi x the lesions and to 
avoid additional damage. This is a complex response that affects many cellular path-
ways (for review see [ 136 ]). In this section we briefl y describe the role of protein 
ubiquitylation and proteasomal degradation in the regulation of origin fi ring follow-
ing the activation of G1/S and intra-S checkpoints. The  G1/S checkpoint   blocks 
progression into S phase and the initiation of DNA replication, while the intra-S 
checkpoint inhibits origin fi ring in regions of chromatin that have not yet initiated 
replication and inhibits origin re-licensing [ 137 ,  138 ]. 

 The  G1/S checkpoint   exploits two complementing strategies, both dependent on 
protein ubiquitylation, to effectively block origin fi ring within minutes after DNA 
damage and establish a longer lasting block in G1, providing suffi cient time for 
repair. The fast response strategy works through the rapid degradation of the 
Cdc25A phosphatase, while the slow, more prolonged response acts through the 
stabilization of the transcription factor p53 [ 137 ]. The phosphatase activity of 
Cdc25A, as mentioned above, removes the inhibitory phosphorylation on Cdk2 and 
is essential for G1/S transition [ 139 ]. Upon DNA damage, such as UV and IR expo-
sure, Cdc25A is hyper-phosphorylated by activated Chk1, Chk2, and other kinases, 
which target it for ubiquitylation and proteasomal degradation [ 139 ,  140 ] and lead 
to inactivation of Cdk2. 

 The  ubiquitin-dependent slower checkpoint   response relies on activity of the p53 
tumor-suppressor protein. During unperturbed G1, the amount of p53 protein is 
maintained at a low level by the E3 ubiquitin ligase Mdm2, which mediates constant 
p53 ubiquitylation and degradation [ 141 ]. Upon DNA damage, p53 is posttransla-
tionally modifi ed, which breaks the interaction with Mdm2 and protects p53 from 
degradation [ 142 ]. Subsequently, the accumulation of p53 activates the transcription 
of p21, blocking CDK activity and progression into S phase. 
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 DNA damage or replication stress in S phase leads to activation of the checkpoint 
kinase ATR and CHK1, which stabilize stalled replication forks, delay mitotic entry, 
and promote lesion repair [ 143 ,  144 ]. In budding yeast, these kinases also inhibit 
initiation of late origin fi ring, while in higher eukaryotes they inhibit activation of 
new replication factories and delay the replication timing program [ 145 ]. In budding 
yeast, the  Chk2 homologue Rad53   prevents late origin fi ring by phosphorylating and 
inhibiting two key origin fi ring factors Sld3 and Dbf4 [ 146 ,  147 ]. In metazoans, 
Chk1 activation also inhibits treslin-TICRR (Sld3 ortholog) from interacting with its 
origin fi ring partner Dpb11 [ 148 ,  149 ]. This inhibition may work through direct 
phosphorylation of these and other factors or indirectly through reducing CDK and/
or DDK activity. There is evidence that Chk1 (and other kinases) phosphorylate 
Cdc25A, targeting it for accelerated degradation by the SCF βTrCP  ubiquitin ligase and 
leading to inhibition of Cdk2 activity and further origin fi ring [ 150 ]. 

 In response to DNA damage, many of the substrates of the  CRL4 Cdt2  ubiquitin 
ligase   are also targeted for destruction, including Spd1, Cdt1, p21, and Set8 
(reviewed in [ 100 ,  151 ]) in either G1 or S phase. Little is known about the function 
of degradation of these factors: p21 destruction may be important for the release of 
PCNA for repair processes, the reduction of Set8 may contribute to the completion 
of DNA repair, while the role of Cdt1 degradation upon DNA damage is even less 
clear, as it happens when many origins are already licensed. The importance of this 
ubiquitin-dependent regulatory mechanism for initiation of DNA replication is 
therefore still to be determined. It has been suggested also that DNA damage 
induced by re-replication can stimulate degradation of Cdt1 by CRL4 to reduce the 
extent of re-replication [ 152 ]. Moreover, in response to re-replication and DNA 
damage (irrespectively of cell cycle stage), Cdc6 can be ubiquitylated by the HECT- 
family  ubiquitin   ligase, Huwe1, and degraded to reduce re-replication or to promote 
checkpoint functions that block further cell cycle progression [ 152 ,  153 ].   

    NEDD8 

  Nedd8   (also known as  Rub1 in  S. cerevisiae   ) was originally identifi ed as a gene that 
is highly expressed in the embryonic mouse brain [ 154 ]. It is however expressed in 
most eukaryotes and in most tissues and is essential for viability of most model 
organisms with the exception of budding yeast (reviewed in [ 155 ]). Neddylation is 
the  posttranslational modifi cation   that is most closely related to ubiquitylation but 
unlike ubiquitin, only a limited number of Nedd8 attachment substrates have been 
identifi ed so far. As in ubiquitylation, Nedd8 is attached to substrates by an isopeptide 
bond between its C-terminal glycine (G76) and lysine of the substrate, involving a 
classic E1, E2, and E3 enzymatic cascade. Nedd8- activating enzyme E1 NAE (a 
heterodimer of NAE1 and UBA3) transfers activated Nedd8 to a unique E2 (Ubc12), 
which passes it to an Nedd8 E3 ligase [ 156 ]. 

 The fi rst identifi ed and the major substrate of neddylation are cullins, which 
function as scaffolds for the assembly of  multisubunit cullin E3s  : CRLs. Remarkably, 
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all yeast and mammalian canonical cullins (Cul1, Cul2, Cul3, Cul4A, Cul4B, Cul5, 
and Cul7) and cullin-related PARC are modifi ed with Nedd8 [ 157 ], with the exception 
of non-neddylated, cullin-related Apc2 (a subunit of APC/C) [ 158 ]. As described at 
the beginning of this chapter, the N-terminal part of cullins binds substrate- binding 
adaptors, while the C-terminal region binds a RING domain adaptor and an E2 
enzyme. It is in this C-terminal region that cullins are neddylated (Fig.  17.2 ). Upon 
neddylation the C-terminal domain undergoes a substantial conformational change 
that relieves Rbx1 from an autoinhibitory mechanism and stimulates substrate ubiqui-
tylation [ 159 ]. Moreover, unneddylated cullins can interact with the cullin inhibitor 
CAND1 [ 160 ] and thus neddylation disrupts this inhibitory interaction. 

 Taking into account the above, the main regulatory role of Nedd8 modifi cation 
upon initiation of DNA replication is therefore stimulation of the activity of  multiple 
CRLs functioning during replication initiation. The roles of  Cul1-based CRLs 
(SCFs)   as well as Cul4-based CRL complexes in replication initiation have been 
described above, but Cul2 has also been reported as essential for replication initia-
tion [ 161 – 163 ]. Moreover, treatment of cells with a small-molecule inhibitor of 
NAE (MLN4924) results in uncontrolled DNA synthesis through re-replication, 
leading to DNA damage and induction of apoptosis [ 164 ]. This is mainly due to 
inhibition of CRL4 Cdt2  E3 ligase-mediated degradation of Cdt1 and other CRL4 Cdt2  
substrates (described above) [ 165 ]. 

 Cullins are not the only class of proteins modifi ed by Nedd8, although proteome- 
wide approaches to identify Nedd8 substrates fail to deliver many  non-cullin targets  , 
suggesting that the non-cullin neddylated substrates are only weakly expressed or 
weakly modifi ed in unsynchronized cell culture [ 155 ]. Of importance for replication 
initiation are the p53 family of proteins and Mdm2 [ 166 ,  167 ]. As described above, 
p53 is stabilized upon DNA damage and stress and allowed to stimulate expression 
of replication initiation inhibitors to block entry into S phase. The same ligase that 
promotes ubiquitylation of p53 can also promote its neddylation [ 166 ,  168 ]. Mdm2-
mediated neddylation of p53  inhibits   its transcriptional activity. Moreover, as p53 is 
ubiquitylated and neddylated on overlapping lysines, the two modifi cations are 
exclusive and thus regulate each other’s abundance [ 155 ]. Finally, Mdm2 can auto-
neddylate itself, which inhibits its ability to ubiquitylate and degrade p53 [ 166 ]. The 
importance of these regulations for p53 function is still to be determined. 

    SUMO 

 The  small ubiquitin-like modifi er (SUMO)      is related to ubiquitin, and its structure 
shows a similar ubiquitin fold (a globular β-grasp fold), plus an additional fl exible 
N-terminus of about 20 amino acids. In addition to the structural similarities between 
the two proteins, the SUMO-conjugation pathway shares many features with the 
ubiquitin-conjugation pathway but shows a much lower degree of complexity and 
specialization: in human cells, 1 E1, 1 E2, and about 10 E3 ligases exist, compared 
to the 2 E1, 35 E2, and about 600 E3 components of the ubiquitin- conjugation 
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pathway [ 169 ]. Sumoylation usually modifi es only a small fraction of the total target 
protein (less than 1%) and is removed by a small number of SUMO  isopeptidases  , 
namely Ulp1-2 in budding yeast and the six SENP proteins in human cells [ 170 ]. 
Mammalian cells have three different SUMO proteins, with SUMO2 sharing 97% of 
homology with SUMO3 and about 50% homology with SUMO1 (the closest ortho-
logue of Smt3, the only SUMO in yeast).  Unbiased mass spectrometry analysis   has 
shown that in about 50% of the sumoylation events, the modifi cation occurs at a 
consensus site ΨKXE, where Ψ represents a large hydrophobic amino acid and X 
represents any amino acid. 

  Protein    sumoylation   has been associated with many molecular functions. These 
include the regulation of protein–protein interactions either by recruiting proteins 
containing a SUMO-interaction motif ( SIM  ),    by displacing protein interactors by 
blocking an interaction surface [ 96 ], or by controlling protein stability—either by 
competing with ubiquitylation, thus stabilizing proteins, or by targeting proteins to 
degradation via SUMO-dependent ubiquitin ligases [ 171 – 173 ]. 

 One of the proteins involved in replication initiation that we know is modifi ed by 
SUMO is p53 (in addition to its regulation by ubiquitylation and neddylation). 
 Sumo1   modifi es a single lysine of p53—K386—but the consequences of this modi-
fi cation are still unclear due to confl icting reports (reviewed in [ 174 ]). Similarly, a 
number of different Sumo ligases have been identifi ed to mediate Sumo1 conjuga-
tion, including Mdm2 and PIAS proteins amongst the others [ 174 ]. p53 was also 
shown to be modifi ed by Sumo2/3 on K386 in response to H 2 O 2  or in Kaposi’s 
sarcoma- associated herpes virus infection, both leading to induction of its transcrip-
tional activity [ 175 ,  176 ]. Mdm2 was also shown to promote Sumo2/3 conjugation 
to p53 resulting in both activation and repression of p53 target genes, including the 
repression of p21 transcription [ 177 ]. The importance of this additional level of p53 
regulation on its role in replication initiation is still to be unravelled. 

 It has been suggested recently that in  Xenopus laevis  egg extract the major 
Sumo2/3-ylated protein on chromatin during unchallenged DNA replication is 
 cyclin E   [ 178 ], which is essential in this system for replication initiation. Moreover, 
blocking sumoylation in the extract led to an increased number of fi ring origins, 
thus accelerating DNA synthesis in early S phase [ 178 ]. The mechanism behind this 
phenomenon is, however, yet to be described. 

 Another replication factor essential for replication initiation and regulated by 
sumoylation is one of the single-strand binding protein complex RPA subunits, 
 RPA70  . In an unperturbed S phase, RPA70 associates with the SUMO-specifi c 
protease SENP6/Sentrin that keeps RPA70 in a hypo-sumoylated state. The dis-
sociation of this complex upon fork collapse leads to sumoylation of RPA70 
with Sumo2/3 on K449 and K577, which in turn stimulates homologous recom-
bination [ 179 ]. 

 Finally, two biochemical screens performed in budding yeast and  Xenopus 
laevis  egg extract identifi ed a number of replication factors as Sumo targets during 
unperturbed DNA replication [ 180 ,  181 ], suggesting that Sumo-dependent regula-
tion of DNA replication may soon be revealed to be much more common (Tables 
 17.1     and  17.2 ).
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   Table 17.2     Replication initiation factors   modifi ed by Nedd8 or SUMO   

 Substrate  Modifi cation  Function of modifi cation  Reference 

 Cul1  Nedd8  Activation of SCF  [ 157 ] 
 Cul2  Nedd8  Activation of CRL2  [ 157 ] 
 Cul4  Nedd8  Activation of CRL4  [ 157 ] 
 Cyclin E  Sumo2/3  ?  [ 178 ] 
 Mdm2  Nedd8  Inhibition of Mdm2 ubiquitin ligase activity  [ 166 ] 
 p53  Nedd8  Inhibition of p53  [ 166 ] 
 p53  Sumo1  ?  [ 174 ] 
 p53  Sumo2/3  ?  [ 177 ] 
 RPA  Sumo2/3  Stimulates homologous  recombination    [ 179 ] 

  ?= unknown function  
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    Abstract     DNA replication must occur precisely once per cell cycle to maintain a 
stable genome. An important means to achieve this is through multilayered regula-
tion of replication initiation at both local and global levels. Recent genetic and bio-
chemical studies in several organisms have revealed critical roles of posttranslational 
modifi cations (PTMs) in these regulations. While the best-demonstrated class of 
PTMs is kinase-mediated phosphorylation, additional forms of PTMs including 
ubiquitylation, methylation, and acetylation also contribute to the control of replica-
tion initiation. Here we survey the current understanding of how different types of 
modifi cations govern and fi ne-tune several aspects of replication initiation, includ-
ing origin licensing, fi ring, and global replication timing.  

  Keywords     DNA replication initiation   •   Origin licensing   •   Origin fi ring   •   Replication 
timing   •   Posttranslational modifi cations   •   Phosphorylation   •   Ubiquitylation   • 
  Methylation   •   Acetylation  

        Introduction 

 Eukaryotic organisms initiate DNA replication at hundreds of origins. Studies 
in several organisms suggests that the activation of each replication origin 
requires two temporally separated steps, namely origin licensing and fi ring 

mailto:zhaox1@mskcc.org


372

(reviewed in [ 1 – 4 ]). During  origin licensing  , which occurs at late M to G1 
phase, the replicative helicase MCM is loaded onto origins, forming the pre-
replicative complex (pre-RC). Subsequent origin fi ring in S phase occurs upon 
the formation of an active replicative helicase composed of MCM and accessory 
factors Cdc45 and GINS (together referred to as CMG), leading to  DNA 
unwinding. The overall hierarchy of origin activation is determined by origin 
nucleotide sequences, chromatin environment, and additional protein factors. 
Such a global replication timing program establishes the groups of origins that 
are activated at early or late S phase and determines the effi ciencies of their 
activation (reviewed in [ 5 ]). 

 Origin licensing and  fi ring   as well as the  replication timing program   described 
above require many layers of regulatory mechanisms. Protein posttranslational 
modifi cations (PTMs), including phosphorylation, acetylation, and ubiquitylation, 
underpin many of these mechanisms. PTMs generally occur rapidly, making them 
perfectly suited for ensuring the precise deployment of each regulatory measure 
throughout replication initiation. In addition, most PTMs are reversible, facilitat-
ing both positive and negative regulation of a particular reaction. These features 
make PTMs ideal for the dynamic fi ne-tuning needed to spatially and temporally 
organize a balanced replication program. In this chapter, we describe the main 
functions of different PTMs in regulating each aspect of replication initiation. We  
discuss how three types of protein kinases and their counteracting phosphatases 
control origin fi ring, followed by how other forms of PTMs regulate origin licens-
ing and the global origin fi ring program. In each section, we provide examples of 
how these modifi cations can be used for precise control of key reactions in these 
processes.  

    Phosphorylation-Based Regulation of Replication Initiation 

 Two essential and conserved kinases,  DDK   (Dbf4-dependent kinase) and  CDK   
(cyclin-dependent kinase), are critical for origin fi ring mainly through targeting 
MCM subunits and the  Sld2 and Sld3 scaffold proteins   that only function during 
replication initiation. These phosphorylation events trigger the stepwise formation 
of the active replicative helicase CMG [ 6 – 10 ]. CDK also plays a major role in pre-
venting  re-replication   by blocking the licensing step at the end of G1. In addition to 
DDK and CDK, the DNA replication and checkpoint kinases regulate origin fi ring, 
particularly under replication stress conditions. Interestingly, the effects of all three 
types of  kinases   (DDK, CDK, and checkpoint kinases) can be reversed by different 
types of protein phosphatases. These balancing effects on protein phosphorylation 
are important to ensure the order of origin fi ring. Below we discuss the major phos-
phorylation events controlled by these kinases and phosphatases. We fi rst describe 
the fi ndings in budding yeast, which has thus far provided the best understanding of 
kinase-based regulation of origin fi ring, and then compare these with fi ndings in 
other organisms. 
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    DDK and Protein Phosphatase 1-Mediated  Regulation   
of CMG Formation 

    DDK Is Essential for  CMG Formation   

 A wealth of genetic and biochemical studies have shown that DDK, which is essen-
tial for origin fi ring, supports the assembly of the  active replicative helicase   CMG 
[ 11 – 15 ]. This is best illustrated in budding yeast, where it has been shown that 
DDK-mediated phosphorylation of Mcm4, Mcm6, and perhaps also Mcm2 enables 
the recruitment of Sld3 and its interacting partner Cdc45 to pre-RCs [ 12 ,  16 ]. DDK 
associates with the double-hexamer form of MCM on origins, a state referred to as 
loaded MCM, via the binding to Mcm2 and  Mcm4   [ 14 ,  17 – 19 ]. The three DDK- 
targeted MCM subunits contain N-terminal serine/threonine-rich domains ( NSDs  ) 
that harbor the DDK consensus sites S/T-D/E and S/T-S/T-P/Q (where the fi rst S/T 
is targeted by DDK) [ 14 ,  20 ]. Among these consensus sites, a dozen serines and 
threonines on Mcm4 are the most critical (Table  18.1    ) [ 14 ,  20 ,  21 ]. Expression of 
Mcm4 phospho-mimetic mutants with these sites changed to acidic amino acids, or 
removal of the amino acids 74–174 of the Mcm4 NSD, can bypass the DDK require-
ment for CMG formation, suggesting that DDK-mediated phosphorylation at these 
sites alleviates an inhibitory effect of Mcm4 NSD on initiation. As these DDK- 
bypass alleles still show partial defects in Cdc45 recruitment to the pre-RCs and in 
cell growth, other DDK substrates besides Mcm4 may be relevant [ 14 ,  20 ,  21 ,  52 ]. 
Indeed, phospho-mimetic mutations in the DDK sites of Mcm6 can improve the 
growth of cells harboring Mcm4 DDK-bypass alleles (Table  18.1 ) [ 20 ]. The signifi -
cance of Mcm2 phosphorylation is not completely clear, though mutating two puta-
tive DDK sites on Mcm2 impairs growth under specifi c conditions [ 17 ,  18 ,  20 ,  22 ].

   In other organisms, DDK-mediated phosphorylation of Mcm2, Mcm4, and 
Mcm6, which also contain NSDs rich in DDK consensus sites, has also been 
reported [ 36 ,  44 ,  45 ,  53 ,  54 ]. In  S. pombe , phosphorylated forms of these MCM 
subunits are enriched in MCM-Cdc45 complex on chromatin, and phosphorylation 
of individual subunits is redundant to support cell viability [ 36 ]. In addition, mutat-
ing DDK phosphorylation sites of mammalian MCM2 and MCM4 leads to reduced 
MCM-Cdc45 association on chromatin and defective replication initiation, respec-
tively [ 36 ,  44 ]. These fi ndings establish that DDK-mediated  MCM phosphorylation   
promotes replication initiation in these organisms as seen in budding yeast. More 
in-depth studies will fl esh out the conserved and different aspects of DDK-mediated 
phosphorylation in promoting replication  initiation  .  

    Mechanisms by Which DDK Supports CMG Formation 

 Recent biochemical  studies   using the budding yeast proteins have provided insights 
into the mechanisms by which DDK phosphorylation of MCM can promote CMG 
formation. In particular, in vitro studies using reconstituted pre-RCs and DDK-
depleted S-phase extracts have shown that the addition of DDK triggers  Cdc45-Sld3 
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recruitment   to pre-RCs and concomitant Mcm4 and Mcm6 phosphorylation [ 12 ,  16 , 
 55 ]. Recent electron microscopy studies of yeast MCM found that phosphorylation 
does not drastically alter the conformation of MCM double hexamers; only a small 
change to the C-terminal region inside the central MCM channel was observed [ 55 , 
 56 ]. Whether this change has any effect on MCM-Cdc45-Sld3 complex formation 
is unclear. In addition, DDK-mediated Mcm2 phosphorylation also weakens the 
Mcm2-Mcm5 interaction, an event favoring Mcm2-Mcm5 gate opening and CMG 
formation [ 18 ]. 

 Phosphorylation of DDK sites on budding yeast MCM requires prior phosphory-
lation events, a process called priming [ 20 ,  57 ,  58 ]. Such priming events occur on 
the S/T sites within the  S/T-P/Q motifs   of Mmc2, Mcm4, and Mcm6 [ 20 ]. Mutating 
all S/T sites within these motifs in Mcm4 and Mcm6 results in a slow growth that 
can be rescued by phospho-mimetic DDK site mutations of these substrates, sug-
gesting that the key function of priming events is to promote DDK-mediated phos-
phorylation [ 20 ]. The effect of priming at S/T-Q and S/T-P sites appears to be 
redundant, as mutating one type of sites does not affect replication while simultane-
ously mutating both types does [ 20 ]. Consistent with this, the DNA damage check-
point kinase Mec1, which targets S/T-Q sites and has a major role under replication 
stress (see below), is critical for growth when all the S/T-P sites are inactivated in 
both Mcm4 and Mcm6 [ 20 ]. Another priming kinase is CDK, as it enhances phos-
phorylation by DDK of mouse MCM4 in vitro [ 36 ]. Whether additional kinases are 
involved in the priming events remains to be elucidated.     

     De-phosphorylation   of DDK Substrates via Protein Phosphatase 1 

 One means of controlling  DDK-dependent MCM phosphorylation levels   is through 
protein phosphatase 1 (PP1). In budding and fi ssion yeasts as well as  Xenopus , PP1 
can reverse DDK-mediated phosphorylation of Mcm4 in G1 phase [ 23 ,  24 ,  59 ,  60 ]. 
In both yeasts, PP1 binds to a co-factor, Rif1.    Two N-terminal motifs of Rif1, 
namely SILK and RVXF, mediate interaction with PP1, while the C-terminal tail of 
Rif1 supports DDK interaction [ 23 ,  24 ,  59 ]. How the PP1-Rif1 complex is targeted 
to MCM in G1 phase is not well understood. PP1-mediated inhibition of Mcm4 
phosphorylation is overcome in S phase by higher DDK protein levels, achieved by 
both increased transcription and decreased degradation of the Dbf4 subunit of DDK 
[ 61 – 64 ]. Higher DDK levels can directly augment Mcm4 phosphorylation [ 55 ,  57 ]. 
Furthermore, DDK and CDK both phosphorylate regions surrounding the SILK and 
RVXF motifs in Rif1, weakening the Rif1-PP1 interaction (Table  18.1 ) [ 23 ,  24 ]. 
This results in a positive feed-forward mechanism for DDK-dependent phosphory-
lation. Interestingly, in  rif1 ∆ cells, not only Mcm4 phosphorylation levels are 
higher, as expected, but Sld3 phosphorylation levels also rise [ 59 ]. This may suggest 
that DDK can promote the phosphorylation of  Sld3  , which is generally regarded as 
a CDK substrate (see below). Testing this idea may reveal cross talk between the 
two kinases on this substrate. It is noteworthy that Rif1 has additional roles in regu-
lating genome-wide replication timing in several species including yeasts and 
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mammals, as well as telomere length regulation in budding yeast [ 65 – 69 ]. It will be 
interesting to see whether and how these functions of Rif1 are interrelated.      

    CDK-Mediated Regulation of CMG Formation and Prevention 
of Re-replication 

    CDK Is Essential for  CMG Formation   

 Both G1- and S-CDKs are critical for the initiation of replication. The G1-CDK 
triggers  S-phase entry   via multiple mechanisms, including activation of S-CDK by 
downregulating its inhibitors (reviewed in [ 70 ,  71 ]). For example, in budding yeast, 
G1-CDK phosphorylates the S-CDK inhibitor Sic1 leading to Sic1 degradation [ 72 , 
 73 ]. Activated S-CDK plays dual roles in replication initiation: it triggers CMG 
assembly, and also blocks re-replication by preventing pre-RC formation at the end 
of G1 phase (reviewed in [ 74 ,  75 ]). 

 In budding yeast, the key S-CDK substrates for CMG formation are the scaffold 
proteins Sld2 and Sld3 [ 26 ,  27 ]. Phosphorylation levels of Sld2 and  Sld3   during the 
cell cycle mirror S-CDK activity levels [ 26 ,  27 ]. While two main modifi cation sites 
(T600 and S622) of Sld3 are similarly phosphorylated by CDK, phosphorylation 
sites of Sld2 show a hierarchy (Table  18.1 ) [ 25 ,  27 ,  28 ]. Specifi cally, phosphoryla-
tion of several sites, including S100 and S208 primes phosphorylation of T84 [ 25 ]. 
This conclusion is based on several observations, such as kinetics of T84 phos-
phorylation are slower than those of S100 and S208 in vitro. This two-step phos-
phorylation mechanism likely bears biological importance; for example, it can 
create a threshold requirement for T84 phosphorylation, thus preventing precocious 
activation of Sld2 [ 25 ,  28 ]. 

 Once phosphorylated by CDK, Sld2 and  Sld3   interact with another scaffold 
Dpb11 [ 26 – 28 ]. Phosphorylated Sld2 and Sld3 bind the C- and N-terminal BRCT 
domains Dpb11, respectively [ 26 ,  27 ]. The importance of these phosphorylation-
mediated interactions is suggested by the ability of a combined phospho-mimetic 
Sld2-T84D mutation and Sld3-Dpb11 fusion to bypass the S-CDK requirement for 
replication initiation [ 27 ]. Similar bypass can be achieved with Sld2-T84D and a 
gain-of-function mutation of Cdc45 ( cdc45-JET1 ), which is thought to induce 
CDK-independent Sld3-Dpb11 association via an as-yet unknown mechanism [ 26 ]. 
Though these particular genetic situations enable replication initiation in the absence 
of CDK, such bypass leads to extensive re-replication, underlining the importance 
of CDK regulation for blocking re-replication events (see below) [ 26 ,  27 ,  76 ]. 
Assembly of the Sld3-Dpb11-Sld2 complex triggers CMG formation through mul-
tiple protein-protein interactions [ 13 ,  77 ,  78 ]. While Sld3 interacts with Cdc45 and 
MCM, Dpb11-Sld2 interacts with GINS through DNA polymerase epsilon (Pol ε) 
[ 78 – 80 ].  Sld3-Dpb11 interaction   serves as a bridge to bring Sld3-Cdc45-MCM and 
Dpb11-Sld2-   Polε-GINS together [ 26 ,  27 ,  78 ]. This model is supported by several 
results using fusion proteins to bypass the need for bridging proteins [ 27 ,  81 ]. 
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 The aforementioned fi ndings in budding yeast appear to be largely conserved in 
other eukaryotes. Both CDK-dependent regulation of the Sld3-Dpb11 interaction 
and the Sld3 phosphorylation sites are observed in human, fi ssion yeast, and 
 Xenopus  (Table  18.1 ) [ 37 ,  41 ,  46 ,  82 ]. Phosphorylation of human Sld3 homolog 
Treslin/Ticrr (referred to as Treslin hereafter) on T969 and S1001 (equivalent to 
T600 and S622 in Sld3) occurs in vivo and in vitro, and leads to association with 
TopBP1 ( Dpb11 homolog  ) [ 41 ,  46 ]. These events are required for DNA replication 
in humans. In  S. pombe , the interaction of SpSld3 with SpCut5 (Dpb11 homolog) is 
essential for replication initiation and cell viability [ 37 ]. However, phosphorylation 
of SpSld3 at T636 and S673 (equivalent to T600 and S622 in budding yeast Sld3) is 
not essential [ 37 ]. Mutating additional CDK consensus sites further reduces SpSld3 
phosphorylation and impairs SpSld3-SpCut5 association, but does not result in 
lethality [ 37 ]. It is thus likely that there are additional CDK sites or that non-phos-
phorylation-based mechanisms also contribute to the SpSld3-SpCut5 interaction in 
fi ssion yeast. CDK phosphorylation of the  S. pombe  and  C. elegans  Sld2 homologs 
is also essential for binding to Dpb11 homologs and for replication initiation [ 37 , 
 43 ]. The phosphorylation sites of the Sld2 homologs are conserved between bud-
ding and fi ssion yeast, but not in  C. elegans  [ 37 ,  43 ]. A consensus regarding  Sld2 
homologs   in other metazoans has not been reached, though RecQ4 is thought to be 
the human homolog (reviewed in [ 13 ,  83 ]). Whether CDK phosphorylation also 
dictates the interaction between RecQ4 and TopBP1 has not been determined.     

    CDK Prevents  Re-replication   

 In addition to triggering CMG formation, CDK- mediated phosphorylation   is also 
required for preventing re-replication, which is critical for avoiding aneuploidy and 
other forms of genome instability [ 84 – 90 ]. Before origin fi ring begins, G1- and 
S-CDK phosphorylate several proteins involved in pre-RC formation to inactivate 
them via multiple mechanisms, such as protein degradation, nuclear export, and 
inactivation of substrate activities [ 91 ,  92 ]. 

 In budding yeast, CDK-mediated phosphorylation of four substrates plays redun-
dant roles in preventing re-replication (Table  18.1 ) [ 32 ]. One substrate is Cdc6, an 
AAA +  ATPase essential for loading MCM onto origins [ 93 – 96 ]. Both G1- and 
S-CDKs interact with and phosphorylate Cdc6 in late G1 phase and S phase, leading 
to its recognition by SCF Cdc4  ubiquitin ligase and subsequent ubiquitin-mediated deg-
radation [ 29 ,  97 – 102 ]. The second substrate is Mcm3 [ 20 ,  30 ]. Several results indi-
cate that CDK triggers MCM export to the cytoplasm from late G1 until mitosis 
through phosphorylating Mcm3 [ 103 ,  104 ]. For example, mutating fi ve CDK consen-
sus sites in the vicinity of yeast Mcm3 nuclear localization and nuclear export signals 
prevents its nuclear export [ 30 ]. Lastly, CDK targets two subunits of the origin recog-
nition complex ( ORC  ), which binds to origin sequences and collaborates with Cdc6 
and another loading factor Cdt1 to load MCM [ 96 ,  105 – 112 ]. S-CDK phosphorylates 
Orc2 and Orc6 in vitro and in vivo [ 31 ,  32 ,  113 ]. In vitro  phosphorylation   of Orc6 
disrupts the interaction of its N-terminal region with Cdt1 and reduces MCM loading, 
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while that of Orc2 has minimal effects on MCM loading [ 31 ]. The redundancy 
amongst these four phosphorylation targets is supported by the observation that re-
replication only occurs when all phosphorylation events are disrupted [ 32 ]. 

 In other organisms, CDKs also prevent re-replication by targeting several  pre-RC 
components   (Table  18.1 ). Only a subset of these is conserved from budding yeast. 
Even for identical substrates, the effects of CDK phosphorylation vary among organ-
isms. In  S. pombe , SpCdc18 (Cdc6 homolog) is phosphorylated by CDK and subse-
quently degraded [ 38 ,  39 ,  114 ]. Unlike in budding yeast, overexpression of SpCdc18 
alone is suffi cient to induce re-replication, indicating that  S. pombe  relies more heav-
ily on SpCdc18 to prevent re-replication than budding yeast [ 115 ,  116 ]. In compari-
son, SpOrc2 phosphorylation by CDK has less dramatic effects as SpCdc18 [ 40 ]. 
Like the yeast proteins,  Xenopus  and human Cdc6 are also targeted by CDKs, but this 
results in nuclear export rather than degradation [ 42 ,  50 ,  117 – 121 ]. Unlike in yeast, 
human Cdt1 and Orc1 are additional CDK substrates important for preventing re-
replication as their phosphorylation leads to SCF Skp2 -mediated degradation [ 47 – 49 , 
 122 – 125 ].  Cdt1 stability regulation   plays a key role, as overexpression or Cdt1 or 
removal of Cdt1 inhibitor geminin is suffi cient to cause re-replication. This is achieved 
through both phosphorylation-dependent, SCF Skp2 -mediated and phosphorylation-
independent, PCNA Cdt2 -mediated degradation [ 126 – 130 ]. The conservation and vari-
ation among different organisms highlight the importance of blocking re-replication 
and regulatory fl exibility tailored to the special need of each particular  organism  .  

    Reversal of CDK-Mediated  Phosphorylation   

 Studies in yeast show that the Cdc14 phosphatase can reverse a myriad of CDK-
mediated phosphorylations in mitosis [ 131 – 133 ]. Cdc14 substrates include Sld2 and 
Sic1, whose functions have been described above [ 131 ,  133 ]. In addition, Cdc14 also 
targets transcription factor Swi5, which is responsible for G1-specifi c gene transcrip-
tion, including that of Sic1 and Cdc6 [ 133 – 136 ]. It is currently unclear which phos-
phatase reverses Sld3 modifi cation, even though Sld3 phosphorylation oscillates 
during the cell cycle similarly to Sld2 [ 26 ,  28 ]. Protein degradation and new synthe-
sis thus likely collaborate to reset the stage for CDK function in each cell cycle.      

    DNA Replication and Damage Checkpoint Kinases in Origin 
Firing Program 

   Checkpoint Kinases Regulate Origin Firing under Replication Stress 
Conditions 

  Replicative stress   poses a challenge for cells as it impedes the progression of the 
replication machinery. Successful replication under replicative stress requires mul-
tiple levels of regulation. One of these  entails the inhibition of origin fi ring by the 
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DNA replication and damage checkpoint kinases (referred to as checkpoint kinases 
hereafter) [ 137 – 143 ]. This regulation is thought to both reduce the number of 
active replication forks, thus  the opportunity for them to stall or collapse, and 
provide extra time for existing forks to complete DNA synthesis. Studies in mul-
tiple organisms suggest that checkpoint-mediated regulation of origin fi ring 
involves simultaneous targeting of CDK and DDK substrates as well as the kinases 
themselves, but major differences between organisms exist in the specifi c details 
[ 33 ,  34 ,  144 ]. 

 In budding yeast, the apical checkpoint kinase Mec1 (homolog of human ATR) 
and the downstream effector kinase Rad53 (homolog of human CHK2) are both 
required to inhibit late origin fi ring [ 141 ,  143 ]. Upon replication stress from dNTP 
depletion or DNA alkylation by MMS (methyl methanesulfonate), Mec1 activates 
Rad53, which in turn phosphorylates the scaffold protein Sld3 (Table  18.1 ) [ 33 ,  34 ]. 
Rad53 phosphorylation of Sld3 is an important means to achieve origin inhibition, 
since phospho-mimetic mutations in a subset of Rad53 phosphorylation sites on 
Sld3 impair the Sld3-Dpb11 and Sld3-Cdc45 interactions required for CMG forma-
tion [ 26 ,  27 ,  33 ,  34 ,  79 ]. Mec1 and Rad53 also target the DDK subunit Dbf4, and 
in vitro studies show that such phosphorylation reduces DDK kinase activity (Table 
 18.1 ) [ 33 – 35 ,  58 ]. Checkpoint kinase-mediated phosphorylation of Sld3 and Dbf4 
has overlapping functions, since mutating Rad53 phosphorylation sites on both pro-
teins increases fi ring more strongly than mutating those on only one substrate [ 33 , 
 34 ]. We note that checkpoint kinases have additional roles in regulating origin fi r-
ing. As described above, Mec1 has a role in priming Mcm4 and Mcm6 for DDK 
phosphorylation [ 20 ]. Another example is the requirement of the Tel1 kinase 
(homolog of human ATM) for origin fi ring at a subset of short telomeres, which 
replicate earlier than longer telomeres; this function is presumably due to promoting 
Cdc45 recruitment to pre-RCs [ 145 ]. 

 Interestingly, in human cells under genotoxic stress, unlike in budding yeast, the 
checkpoint kinases ATM and CHK2 inhibit CDK activity by targeting its activator, 
CDC25 phosphatase, for degradation [ 144 ]. In the mean time, the checkpoint kinase 
CHK1 (homolog of yeast Chk1) can phosphorylate CDC25, and this modifi cation 
promotes CDC25 interaction with the phosphoserine binding protein 14-3-3, lead-
ing to its inactivation [ 146 – 148 ]. Interestingly, CHK1 can prevent origin fi ring 
under unperturbed conditions, by binding to and phosphorylating Treslin [ 51 ]. 
Disrupting  the binding  leads to increased origin fi ring and higher levels of chroma-
tin-bound CDC45 [ 51 ]. It will be interesting to test whether this mechanism also 
operates under  replicative stress  .  

   Reversal of Checkpoint  Kinase-Mediated Phosphorylation   

 The reversal of checkpoint effects is critical for cells to recover from replicative 
stress. Four major serine/threonine phosphatases, namely the PP4 phosphatase 
Pph3-Psy2, two PP2C phosphatases Ptc2 and Ptc3, and the PP1 phosphatase Glc7, 
contribute to checkpoint inactivation by dephosphorylating Rad53 in budding yeast 
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[ 149 – 153 ]. Pph3-Psy2 and Ptc2 interact with the kinase domain and FHA1 domain 
of Rad53, respectively [ 150 ,  152 ]. It is thought that these two phosphatases remove 
phosphorylation from different sites on Rad53 to engender different outcomes 
[ 154 ]. In addition, Pph3-Psy2 binds Mec1 and dephosphorylates multiple Mec1 
substrates [ 155 ]. Little is known about whether these phosphatases also dephos-
phorylate Sld3 and Dbf4, the key factors dictating replication initiation. In human 
cells, several phosphatases, such as PP2A and PP2C, are required for dephosphory-
lating and inactivating the checkpoint effector kinases CHK1 and CHK2 [ 154 ,  156 ]. 
In fi ssion yeast, dephosphorylating SpChk1 appears to be carried out by PP1 [ 154 , 
 156 ]. Detailed studies of these dephosphorylation events will clarify their effects on 
kinase  activities and on the reversal of substrate phosphorylation  .    

    Roles of Other  PTM  s in Origin Licensing and Replication 
Timing Control 

 Other PTMs besides phosphorylation also contribute to origin licensing and replica-
tion timing control. For example, various types of histone modifi cations play a 
major role in altering chromatin accessibility and protein recruitment. Both can 
infl uence origin fi ring effi ciency and timing. In addition to histone modifi cations, 
modifi cations of histone chaperones and nucleosome remodeling complexes also 
affect MCM loading. In this section we describe how writing and erasing of histone 
methylation and acetylation marks and how the modifi cations of a histone chaper-
one and nucleosome remodeling complex contribute to the regulation of replication 
initiation. 

     Histone Methylation         

 Different types of histone methylation are implicated in regulating origin licensing, 
origin fi ring, and replication timing through their effects on chromatin structure. As 
a recent review has summarized many aspects of these regulations, we refer the 
readers to this review for a thorough understanding on this topic [ 157 ]. Here we 
focus on a well-characterized modifi cation with potential implications in Meier-
Gorlin syndrome (MGS), which is characterized primarily by short stature. It has 
been shown that dimethylated histone H4 at site K20 (H4K20me2) binds to the 
highly conserved bromo-adjacent homology (BAH) domain of human ORC1 (Table 
 18.2 ) [ 159 ,  160 ]. Based on the co-crystal structure of this BAH domain and the 
K20me2-modifi ed H4 peptide, a few ORC1 residues were identifi ed to be required 
for this interaction [ 160 ]. Mutations of these residues (Y64A and W88A) or dele-
tion of the BAH domain reduce ORC1’s interaction with H4K20me2 in vitro [ 160 ]. 
In vivo, these mutations reduce ORC chromatin association, without affecting the 
ORC complex formation [ 160 ,  161 ]. Interestingly, H4K20me2 binding defects were 
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found to be associated with ORC1 mutations underlying MGS [ 162 ,  163 ]. The 
authors show that the ORC1-BAH-H4K20me2 interaction is conserved in zebrafi sh 
and mice, but not in yeasts [ 160 ]. In addition, the zebrafi sh mutants reducing the 
ORC1-H4K20me2 interaction have an MGS-like dwarfi sm phenotype [ 160 ]. 
Because other MGS mutations on ORC1 can perturb the role of ORC in centrosome 
duplication [ 164 ], it remains to be determined whether defective origin licensing is 
the central, evolutionarily conserved link between ORC dysregulation and  MGS        .

        Histone Acetylation         

 Histone acetylation is a key regulator of chromatin accessibility. Histone hyper-
acetylation generally weakens DNA-nucleosome interaction, thus increasing DNA 
accessibility, while hypo-acetylation has the opposite effect [ 165 ,  166 ]. A direct 
role for histone acetylation in replication initiation has yet to be demonstrated; how-
ever, studies of several histone acetylases (HATs) and deacetylases (HDACs) clearly 
point to the importance of these enzymes in regulating origin fi ring both locally and 
globally (Table  18.2 ). One example of a locus-specifi c effect is that tethering the 
HAT Gcn5 to a late origin results in histone hyper-acetylation and early origin fi ring 
in budding yeast [ 167 ]. Similarly, tethering the HAT HBO1 to origins in  Drosophila  
and human cells also increases local fi ring [ 168 ,  169 ]. 

 An example of a global effect was recently shown by removal of the Sir2 HDAC 
in yeast [ 170 ]. Sir2 loss reduces silencing at the  repetitive ribosomal DNA (rDNA) 
array      that contains about one-third of all yeast origins [ 171 ]. Interestingly,  sir2∆  
cells show increased origin fi ring at rDNA and reduced origin fi ring at other loci, 
presumably because the former titrated away limiting replication factors such as 
Sld3 and Cdc45 from single origins in the rest of the genome [ 170 ,  172 ,  173 ]. This 
fi nding suggests that a global effect on origin fi ring is tightly linked to silencing at 
repetitive sequences. The effect of another HDAC called Rpd3 in yeast may be more 
complex, as its roles involve both a local effect at single origins and a global effect 
due to changes at repetitive regions [ 167 ,  170 ,  174 ,  175 ]. The former scenario is 
supported by data from  Drosophila , where tethering of the Rpd3 homolog decreases 

     Table 18.2    Substrates of  PTMs   other than phosphorylation that regulate replication  initiation     

 Species  Substrate  PTM  Site  Functional effects  Reference 

  S. cerevisiae   Spt16  Ubiquitylation  –  Promote FACT 
recruitment and 
MCM loading 

 [ 158 ] 

 Histone a   Acetylation  –  Regulate timing of 
origin fi ring 

 Reviewed in [ 5 ] 

  H. sapiens   Histone H4 b   Di-methylation  K20  Bind Orc1 BAH 
domain and promote 
ORC recruitment 

 [ 159 ,  160 ] 

   a Also found in  H. sapiens  and  D. melanogaster  
  b Also found in  D. rerio   
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individual origin fi ring [ 168 ]. The latter is suggested by the fi nding that Rpd3 
removal in yeast leads to decreased origin fi ring at rDNA and concomitantly 
increases of fi ring at other origins [ 170 ]. It is worth noting that although histones are 
the main substrates examined for the aforementioned acetylases and deacetylases, 
non-histone substrates may also have a role in replication timing  control     .     

     Ubiquitylation         

 Ubiquitylation affects several steps of replication initiation. We have mentioned in 
earlier sections that ubiquitin-mediated proteasome degradation is essential for G1 
entry, enabling origin licensing and preventing re-replication. Details regarding 
these regulations can be found in several reviews [ 70 ,  74 ,  75 ,  176 ,  177 ]. Here we 
discuss one example wherein ubiquitylation does not lead to protein degradation. In 
budding yeast, the cullin ubiquitin ligase Rtt101 promotes ubiquitylation of the 
Spt16 subunit of histone chaperone complex FACT (FAcilitates Chromatin 
Transcription) under normal growth conditions (Table  18.2 ) [ 158 ]. Spt16 is modi-
fi ed by K63-linked ubiquitin chains, which do not result in its degradation [ 158 ]. 
Mutating either Rtt101 or FACT subunits partially impairs FACT recruitment and 
MCM loading at early origins [ 158 ]. How such impairments affect replication ini-
tiation is not completely understood, since 2D gel electrophoresis data did not 
uncover noticeable initiation defects [ 178 ]. It will be interesting to determine if the 
defects seen in Rtt101 and FACT mutant cells are caused by lack of Spt16 ubiquiti-
nation or other roles that have been proposed for Rtt101, such as histone H3 ubiqui-
tination [ 179 ].   

    Concluding Remarks 

 Current fi ndings from multiple organisms have established an important role of 
PTMs in the regulation of replication initiation at multiple levels, from origin licens-
ing to fi ring, and at both local to global levels. At present, the best understood form 
of regulation is kinase-based phosphorylation, but the emerging relevance of other 
PTMs is gradually being revealed. It will take future studies to provide the mecha-
nistic details of their regulatory functions. Besides the forms of PTMs discussed 
here, additional forms of PTMs should also be considered. For example, several 
proteins central to the replication machinery have been identifi ed as substrates of 
sumoylation [ 180 ], pointing to a previously unappreciated role for this modifi cation 
in replication. As most knowledge regarding replication initiation has been gathered 
from the work in unicellular organisms, an important future direction will be to 
extrapolate what we already know to more complex eukaryotes, such as humans. 
Together, these studies will expand our understanding of the conserved and diver-
gent regulatory principles that different organisms have evolved to accommodate 
the demands of replicating their unique genomes.     
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    Abstract     In eukaryotes, a crucial step during the initiation of DNA replication is 
the timely formation and activation of the replicative DNA helicase composed of 
Cdc45, MCM2-7 and GINS (CMG). The dynamic and spatio-temporal events lead-
ing to the ordered and stepwise assembly of the CMG helicase are tightly regulated. 
Multiple assembly factors ensure in this way that replication occurs only once per 
cell cycle. The MCM2-7 helicase is loaded in an inactive form onto double-stranded 
DNA in the G1 phase of the cell cycle, whereas the fully reconstituted CMG com-
plex is assembled and positioned onto single-stranded DNA during the S phase. 
Thus, DNA plays an important and active role in these events. In this chapter we 
summarize and discuss our current knowledge about the appropriate recruitment 
and assembly of the CMG complex into the active eukaryotic replicative DNA heli-
case, emphasizing the crucial role of DNA in this process. We fi nally outline how 
the number of active CMG complexes formed is restricted during unperturbed DNA 
synthesis.  
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        Introduction 

 The eukaryotic  Cdc45  - MCM2-7  - GINS complex      (CMG complex) functions as 
the active replicative helicase that unwinds origins of replication ( origins ) [ 1 ,  2 ], 
and consists of a single Cdc45 (cell division cycle 45) molecule, the six subunits 
of the MCM2-7 (minichromosome maintenance 2-7) helicase and the four GINS 
proteins [ 3 ,  4 ]. All three components of the helicase are essential for its function 
and conserved across all  eukaryotic groups [   5 ,  6 ]. The MCM complex is com-
posed of six closely related, non-identical proteins that belong to the AAA+ 
superfamily of ATPases and assemble into a ring-shaped complex, with a defi ned 
geometry of MCM 5-3-7-4-6-2 [ 7 – 11 ]. The MCM proteins are composed of 
three domains. The N-terminal part is responsible for hexamer formation, DNA 
binding and regulation of the helicase processivity along DNA. The AAA+ 
domain possesses the catalytic activity and contains several conserved elements 
that are essential for nucleotide binding and hydrolysis [ 11 ]. The  C-terminal 
helix-turn-helix domain   mediates allosteric control of the ATPase of the neigh-
bouring MCM subunit, implying a regulatory inter-domain communication 
within the MCM complex [ 12 ,  13 ]. The assembly of the MCM2-7 proteins onto 
DNA (also termed pre-replicative complex formation;  pre-RC     )    requires the 
action of the  origin  recognition complex (ORC), Cdc6, Cdt1 and ATP and is 
restricted to the G1 phase of the cell cycle [ 14 ,  15 ]. The pre-RC complex forma-
tion is initiated by the ORC complex that recruits Cdc6 to the replication sites 
[ 16 ]. Binding of the ORC subunits and Cdc6 to  origins  is an ATP- dependent 
process [ 17 ]. In budding yeast, the  ORC-Cdc6 complex   mediates recruitment of 
the MCM2-7 onto chromatin via the actions of Cdt1 that forms a complex with 
MCM2-7 prior to  origin  binding [ 18 – 20 ]. In eukarya, the MCM2-7 helicase is 
loaded onto chromatin as a symmetrical head-to-head double hexamer [ 19 ,  20 ], 
with the N-terminal domains of MCM comprising the dimer interface [ 20 ,  21 ]. 
The N-terminal tails of MCM2/4/6 undergo phosphorylation in a DDK- dependent 
manner [ 22 ,  23 ], which leads to alteration of the MCM2-7 confi guration [ 24 ]. 
 Allosteric changes   in the MCM2-7 complex are also induced upon binding to 
DNA [ 25 ,  26 ]. Reconstruction of the helicase loading reaction in vitro shows that 
the yeast MCM2-7 double hexamer is salt resistant, in contrast to its loading co- 
factors, and once encircled onto chromatin can slide on double-stranded DNA, 
without ATP hydrolysis [ 27 ,  28 ]. The  ATPase active sites      in the MCM2-7 com-
plex are also involved in the regulation of the helicase recruitment and activation. 
ATP binding and hydrolysis are required for loading of the helicase onto chroma-
tin and for Cdt1 release [ 27 ,  29 ]. 

 In contrast to bacteria, loading and activation of  eukaryotic DNA helicase   are 
separated in time and tightly regulated to ensure that DNA replication occurs only 
once per cell cycle. Therefore, in the G1 phase, the MCM2-7 helicase is loaded in 
inactive form onto double-stranded DNA (assembly of the pre-RCs), whereas the 
active CMG complex encircles single-stranded DNA (ssDNA) during the S phase of 
the cell cycle, when DNA replication is initiated [ 30 ,  31 ].  
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    Loading of the Cdc45  and GINS Complex   

 In S phase, upon the action of S-phase kinases (S-CDK and DDK), Cdc45 and 
GINS proteins are integrated into the MCM2-7 helicase, and together form the fully 
reconstituted CMG complex [ 1 – 4 ,  32 ]. The Dbf4-Cdc7 (DDK) activity promotes 
replication mainly by phosphorylation of MCM2, MCM4 and MCM6 [ 14 ,  33 – 37 ] 
(see Chaps.   14     and   18     in this book), thus preparing the pre-RC for helicase activa-
tion. Cdc45 and the GINS complex are then recruited to the  origins  and associate 
with the MCM2-7 helicase in a  CDK-dependent manner   [ 33 ,  35 ,  38 ,  39 ] (see Chaps. 
  14     and   18     in this book). In higher eukaryotes ( Drosophila melanogaster  and 
humans), the  CMG complex   exhibits robust helicase and ATPase activity on 
Y-shaped DNA in vitro, compared to the MCM2-7 helicase alone, and translocates 
along the leading strand in 3′–5′ direction [ 3 ,  4 ,  40 ]. The eukaryotic replicative 
helicase encircles single-stranded DNA [ 41 ], and contains only a single MCM2-7 
(see Chap.   20     in this book). Therefore it is likely that transition from the MCM2-7 
to the active CMG complex requires not only the association of Cdc45 and GINS 
but also a number of conformational changes within the MCM2-7 helicase itself. 
These allosteric rearrangements include splitting of the double hexamer into two 
single MCM2-7 complexes and opening of the MCM2-7 rings to allow extrusion of 
one of the DNA strands [ 41 ]. The double-MCM2-7 hexamer may be simply sepa-
rated by turning on the helicase activity, since both hexamers are facing in opposite 
directions [ 42 ]. Another model assumes that two open-gate hexamers of MCM are 
loaded onto double-strand DNA, and hexamer ring closure occurs with a local DNA 
melting. The strand capture initiates by association of GINS and Cdc45 [ 43 ]. The 
cryo-EM structure of the entire  Drosophila  CMG complex assumes that the 
MCM2-7 complex forms an open lock-washer structure and association of Cdc45 
and GINS causes a closed-ring formation [ 4 ,  26 ]. The CMG complex exists in the 
planar form, with Cdc45 and GINS that associate with the MCM2, MCM3 and 
MCM5 subunits [ 4 ]. In this structure, Cdc45 interacts with the N-terminal α-helical 
domain of Psf2 (a GINS subunit) on one side, and on the opposite side contacts the 
N-terminus of MCM2, whereas the GINS complex seems to interact with the 
MCM5 [ 4 ]. Between the MCM2 and MCM5 subunits lies a gate through which 
DNA can access the central channel of the hexamer, whereas the C-terminal ATPase 
domains of MCM advance on double-strand DNA [ 26 ]. It becomes thus clear that 
interactions with MCM2 and MCM5 are pivotal for CMG assembly (see below). 
The Cdc45-Psf1 (another GINS subunit) interaction seems to play a critical role in 
the formation and/or stability of the CMG complex [ 26 ]. Structural data provides 
that Cdc45 and GINS allosterically activate the helicase function of the CMG com-
plex, but so far little is known about how they contribute to this process. Biochemical 
analyses show that Cdc45 binds to single-stranded DNA [ 44 – 46 ], and exhibit even 
higher affi nity to ss/ds junctions [ 46 ]. Cdc45 can slide along ssDNA preferentially 
in the 3′–5′ direction and at the same time initiate displacement of the other strand. 
Thus Cdc45 may help in strand separation during movement of the helicase along 
DNA [ 46 ], or it may guide the separated leading strand by tracking it  towards   the 
leading strand replicase. The latter would also be in line with studies in yeast 
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postulating that  Cdc45-ssDNA interactions   are important during the stalling of the 
helicase, caused by replication stress [ 45 ]. Additionally, Cdc45 could capture the 
leading strand from occasional slippage from the MCM2-7 complex [ 47 ]. To date, 
no enzymatic activity has been shown for GINS, but GINS appears to perform its 
function as a component of the CMG complex, probably by stabilising the Cdc45- 
MCM interaction [ 48 ]. Cdc45 is required both for the establishment [ 1 ,  49 ,  50 ] and 
progression [ 51 – 53 ] of the replication fork in eukaryotic cells. During DNA replica-
tion, Cdc45 also interacts with other  replication proteins  , including the DNA poly-
merases (Pols) α, δ, ε; MCM10; Orc2, DNA helicase B and TopBP1 [ 51 ,  54 – 57 ]. 
Cdc45 represents a distant homologue of the bacterial RecJ protein [ 58 ,  59 ], an 
exonuclease that degrades single-stranded DNA [ 60 ], and plays an important func-
tion in bacterial DNA repair and recombination [ 61 ]. Homology between Cdc45 
and RecJ comprises the N-terminal DHH domain that possesses four sequence 
motifs containing the conserved residues of aspartic acid (D) and histidine (H), 
essential for Mn 2+  or Mg 2+  binding and catalysis [ 58 ]. A structural model of recom-
binant human Cdc45 revealed that Cdc45 adopts a DHH core-like structure similar 
to RecJ, with an additional extension between the N- and C-terminal lobes of the 
DHH core, indicating the presence of a large insertion [ 44 ,  46 ]. In contrast to RecJ, 
Cdc45 possesses an incomplete phosphoresterase centre, it therefore lost its nucle-
ase activity, but still retains affi nity to bind to ssDNA [ 44 ,  46 ]. The eukaryotic GINS 
complex comprises four related subunits: Sld5; Psf1; Psf2 and Psf3 originally iso-
lated and defi ned from genetic screens in  Saccharomyces cerevisiae , where the con-
ditional mutations of Sld5 and Psf1 confer defects in DNA replication under 
nonpermissive conditions [ 62 ]. GINS was isolated in parallel from  Xenopus laevis  
[ 63 ]. This complex was termed GINS (Go-Ichi-Ni-San, referred as 5-1-2-3 in 
Japanese), and is arranged in the following order: 2-5-1-3 [ 62 ]. All four subunits are 
highly conserved in eukaryotic cells and are crucial both for the initiation and elon-
gation of chromosome replication [ 62 ,  64 – 68 ]. The four GINS subunits are all 
around 25–35 kDa in size, and lack any detectable sequence motifs [ 62 ,  67 ]. Crystal 
structures of the GINS complex are available at resolutions varying from 2.3 to 3.2 
Å [ 68 – 70 ]. Each of the subunits comprises two domains, an alpha–helical A-domain 
and a B-domain that is rich in β-strands. The overall shape of the GINS complex 
resembles a trapezium or possesses elliptical shape [ 69 ]. The four subunits arrange 
in two layers, Sld5 and Psf1 form the top layer, whereas Psf2 and Psf3 build the 
bottom layer [ 68 ,  69 ]. In addition to its contribution to the CMG complex, GINS 
associates with Polα-primase and Polε and therefore also constitutes an important 
structural component of the replisome progression  complex   [ 71 – 73 ].  

    The Pre-initiation  Complex   as a Cdc45/GINS 
Loading Machinery 

 As already outlined in previous chapters (see Chaps.   13    ,   14     and   15    ), the assembly 
of the CMG complex represents the critical step in the regulation of replication 
initiation. At the same time, CMG assembly is tightly associated with the 
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establishment of the  replication fork  , especially the loading of the leading strand 
replicase Polε. It is a complex protein network regulated by DDK- and S-CDK 
phosphorylation that brings about CMG assembly at and Polε recruitment to the 
 origins . The formation of this so-called pre-initiation complex ( pre-IC  ) has been 
best characterised in the  budding yeast  S. cerevisiae   , where the sequence of events 
has been recently reconstituted with recombinant and highly purifi ed factors [ 35 ]. 
Upon S-phase onset and DDK activation, Cdc45 is recruited to the  origin -bound 
MCM2-7 in a complex with Sld3 and Sld7 [ 35 ,  74 – 76 ]. Phosphorylation of Mcm2 
by DDK has been proposed to be important for opening of the MCM2-7 ring and 
the expulsion of ssDNA [ 34 ,  36 ]. A second complex comprising phosphorylated 
Sld2, Dpb11, GINS and Polε (called the  pre-loading complex  ) is recruited to the 
 origin  once Sld3 has been phosphorylated by S-CDK [ 35 ,  38 ,  39 ,  77 ,  78 ]. Thus, in 
yeast, GINS loading and subsequent assembly into the CMG complex depend on a 
prior loading of Sld3, Cdc45 and Dpb11 [ 35 ,  65 ,  66 ,  79 ]. In the chain of reactions, 
Dpb11 represents the central hub of the pre-initiation complex formation, as it 
mediates not only the association of S-CDK-phosphorylated Sld2 and Sld3 [ 38 ,  39 , 
 80 ] but also direct interactions with Polε [ 81 – 83 ] and GINS [ 77 ,  79 ]. 

 It should be noted that recruitment of  Polε      is an integral part of the CMG helicase 
assembly and activation. Paradoxically, the catalytic domain of Polε and thus the 
polymerase activity are not absolutely essential for viability in yeast [ 84 – 86 ], but 
other parts of Polε, in particular its second B subunit, play an essential role in initia-
tion complex formation [ 71 ,  84 ,  86 – 88 ]. Therefore, the assembly of the CMG heli-
case should be rather understood as the establishment of the leading strand replisome 
or “Polε holoenzyme” [ 40 ,  72 ] that is subsequently required for progressive elonga-
tion during initiation. 

 In this context, it seems paradoxical that the leading strand replisome assembly 
at the  origin  does not require prior loading of the primase-polymerase Polα, as Polε 
needs a primer to start leading strand DNA synthesis. So how is premature unwind-
ing by CMG prevented? On the one hand, the CMG helicase appears to acquire full 
processivity only if coupled with Polε DNA synthesis [ 2 ,  3 ,  72 ,  89 ]. On the other 
hand, the fi rst primer laid on the lagging strand could be extended by  Polα and/or 
Polδ   into the leading strand of the same initiation bubble until it reaches the oppos-
ing fork and is captured by Polε [ 90 ]. This hypothetical model is consistent with the 
variation in strand transition between leading and lagging strand at  origins  [ 91 ], and 
would at the same time explain why there is an occasional use of Polδ on the leading 
strand near  origins  [ 92 ]. 

 As could be expected for such a fundamental cellular pathway, basic principles 
of  CMG assembly and pre-IC formation   are conserved among the eukaryotes 
 studied so far [ 93 ]. But whereas in fi ssion yeast the factors involved appear to be 
well conserved in structure and function, in metazoans there is considerable diver-
gence especially in the primary structure of the initiation factors. This is in differ-
ence to the factors involved in replication elongation that show a high degree of 
conservation [ 6 ]. Orthologues of yeast Dpb11 have been identifi ed in plants and 
several metazoans, including human TopBP1, frog XCut5/XMus101 and fruit fl y 
Mus101 (reviewed in [ 94 ,  95 ]). The metazoan homologues generally possess 
 additional  BRCT domains  , which confer multiple other interactions, mainly to 
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Cdk- phosphorylated proteins involved in DNA damage response and repair 
(reviewed in [ 96 ]). The metazoan orthologues of Dpb11 have been implicated in 
CMG and pre- IC assembly in a similar manner as their yeast counterparts [ 63 ,  83 , 
 97 – 100 ]. One study in human cells did not detect a direct involvement of TopBP1 in 
CMG assembly [ 101 ]. 

 Several studies suggest that RecQL4 represents the functional orthologue of 
Sld2 in animals. RecQL4  i  s one of the fi ve RecQ-like helicases identifi ed in humans 
(reviewed in [ 102 ,  103 ]). Mutations in the RecQL4 gene have been associated with 
Rothmund-Thomson, RAPADILINO and Baller-Gerold syndromes [ 104 ]. Patients 
with these syndromes exhibit various physical and mental developmental abnor-
malities, increased risk of osteosarcoma and features of premature aging. Whereas 
in most metazoans RecQL4 represents a fusion between an Sld2 module and a 
RecQ helicase, in budding yeast these two parts are coded for by the two separate 
genes  SLD2  and  HRQ1  [ 99 ,  105 – 110 ]. Interestingly, separate genes for Sld2 and 
RecQL4 helicase can also be found in the nematode  Caenorhabditis elegans  [ 110 ]. 
Apart from a conserved N-terminal homeo-like domain, sequence conservation is 
rather limited between yeast Sld2 and metazoan RecQL4 [ 99 ,  100 ,  109 – 111 ]. As 
would be expected from its central function, the Sld2 homology region (but not the 
RecQ homology region) of metazoan RecQL4 appears to be essential for viability 
[ 99 ,  100 ,  112 – 116 ]. RecQL4 has been reported to be target of  S-CDK phosphoryla-
tion   in several metazoan species. Although this phosphorylation is essential for its 
association with the Dpb11 Mus101  in  C. elegans , this seems not to be the case in the 
 Xenopus  embryonic system [ 100 ]. 

 The  initiation factor Treslin/Ticcr   represents an orthologue of Sld3 in higher 
eukaryotes [ 117 – 119 ]. Despite a very limited homology restricted to the Sld3 core 
region, the CDK-dependent Treslin-TopBP1 interaction mirrors the function of the 
yeast counterparts during CMG assembly [ 119 – 123 ]. The two key S-CDK phos-
phorylation sites are conserved from yeast to man, and mediate the interaction with 
TopBP1, which is required for Cdc45 loading. The situation in higher eukaryotes 
seems anyway more complicated since two additional factors, Due-B and GEMC1, 
are also required for the Cdc45 recruitment. Due-B only seems to play a role for 
initiation of  origins  containing the “DNA unwinding element”, which is dependent 
on a prior phosphorylation by DDK [ 124 ,  125 ], GEMC1, on the other hand, has 
been described as a Cdc45 loading factor that interacts with XCut5 TopBP1  after phos-
phorylation by S-CDK [ 126 ]. What is more, a direct association of human Cdc45 
and TopBP1 has been reported [ 56 ]. Although a direct homologue of Sld7 has not 
been identifi ed in higher eukaryotes yet, the unrelated MDM two binding protein 
(MTBP) performs an analogous function in humans, as it interacts with treslin 
throughout the cell cycle.  MTBP downregulation   by means of RNA interference 
prevents the CMG assembly [ 127 ]. 

 Once the CMG is assembled and the replication fork established, Dpb11, Sld2, 
Sld3 and Sld7 appear not to be any longer required, and they will not migrate with 
the progressing fork, as seems to be the case for the human homologues [ 74 ,  82 ,  83 , 
 128 ,  129 ].  
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    An Active Role of DNA During the  CMG Helicase Assembly   

 As outlined in the previous section, the CMG assembly is governed by a plethora of 
molecular interactions that are modifi ed by  posttranslational modifi cations   such as 
phosphorylation. Therefore, to understand the whole dynamic of the process, it may 
be better to consider helicase assembly in a context of cooperation, competitions 
and allosteric modifi cations rather than a sum of bimolecular contacts. It is particu-
larly unfortunate that much of the research has only ascribed a passive role to the 
DNA during the initiation: Double-stranded DNA represents merely a “landing 
platform” for the pre-RC and pre-IC. Later during replication initiation DNA is 
unwound and replication commences. In particular the work of the Kaplan lab 
points towards a much more active role of the DNA during replication initiation in 
yeast. S-CDK-phosphorylated Sld2 binds specifi cally to the thymidine-rich single 
strand of the ARS sequence marking  origins  in budding yeast [ 130 ]. Also Sld3 and 
 Dpb11   bind ssDNA in a phosphorylation-independent manner, and ssDNA binding 
of Sld3 does not interfere with its interaction to Dpb11 and Cdc45 [ 128 ,  131 ]. 
Importantly, the interaction of Sld2, Sld3 and Dpb11 with ssDNA all prevent the 
binding of MCM2-7 by these proteins [ 128 ,  131 ,  132 ]. Release of these factors from 
MCM2-7 uncovers the GINS binding site of the MCM hexamer. This suggests that 
GINS may associate with MCM2-7 once the  origin  DNA has been unwound, thus 
preventing premature helicase assembly [ 133 ]. This model is intriguing as it pro-
vides a logical chain of events that lead to CMG assembly and is supported by the 
fact that expression of mutants of Dpb11 and Sld2 defective in  ssDNA binding   
displays seriously compromised DNA replication. On the other hand, although 
 DDK phosphorylation   seems to be required for  origin  unwinding, the molecular 
mechanism of this unwinding remains still obscure. Moreover, the model does not 
explain how Cdc45 is integrated into the CMG complex, as ssDNA binding by the 
Cdc45 loading factor Sld3 does not lead to the release of Cdc45 [ 128 ]. It is possible 
that Sld7 promotes the Cdc45 integration into the CMG complex by destabilising 
the Sld3-Cdc45 complex [ 74 ,  75 ]. 

 Could this mechanism be generalized for higher eukaryotes? Although many of 
the CMG loading factors including TopBP1, RecQL4 and Due-B have been shown 
to display affi nity to different DNA structures [ 109 ,  124 ,  134 – 137 ], there is no evi-
dence that these  DNA binding activities   are important for the CMG assembly or 
replication initiation in general. Instead, clues have been coming up from a different 
direction: Recent studies demonstrate that the vast majority of human  origins  of 
replication correlate with  G-rich sequences   displaying a propensity for guanine qua-
druplex (G4) formation [ 138 ,  139 ].  G4s   are DNA secondary structures formed by 
guanine-rich sequences, where four guanine bases self-assemble via Hoogsteen 
hydrogen bonds forming a structure that is further stabilised by the internalisation 
of potassium. G4s exist in human cells in vivo [ 140 ,  141 ], and their formation is 
modulated during cell cycle progression [ 140 ]. More importantly, the G4 motifs are 
essential for  origin  function and their orientation determined the position of the 
replication start site for two model  origins  studied in chicken DT40 cells [ 142 ]. 
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Therefore, it is interesting that the Sld2 homology region of human RecQL4 shows 
high affi nity for G4 DNA [ 143 ]. In addition, also ssDNA is bound by the same 
region with a preference of GC-rich over AT-rich sequences [ 137 ,  143 ]. Also the 
human origin recognition complex ORC has been previously shown to preferen-
tially bind G4s [ 144 ]. Therefore, it is tempting to speculate that G4s could serve as 
a sink or anchor for the CMG loaders in a similar manner as it has been proposed 
for ARS ssDNA in yeast.  

    Negative Regulation of Helicase Assembly 
during Unperturbed  DNA Replication   

 It has become clear that the number of licensed  origins  during a cell cycle by mani-
fold outnumber those that are actually fi red [ 138 ,  139 ,  145 ]. The majority of  origins  
represent dormant  origins  that serve as a reserve to guarantee completion of DNA 
replication. When replication progression is inhibited upon DNA damage or repli-
cation stress, these dormant  origins  initiate to ensure that all the chromosomal DNA 
is replicated [ 146 ]. It has become clear that the  CMG assembly and activation   rep-
resent the regulatory target that determines which  origins  are utilised [ 75 ,  147 ]. 
Therefore one key regulatory mechanism of helicase assembly is the limitation of 
assembly factors. In yeast, Sld2, Sld3 and Dpb11 are present in extremely low copy 
number per cell and thus limit replication initiation [ 75 ,  148 ,  149 ]. Overexpression 
of these factors brings about fi ring of  origins  early in S phase that were otherwise 
fi red late. Conversely, four DNA replication  factors,   Cut5, RecQ4, Treslin and Drf1 
(the catalytic subunit of DDK in  Xenopus ), become fi rst limiting for replication 
initiation after the initial rapid cell divisions in  X. laevis  embryos, and thus deter-
mine the midblastula transition when cell cycle slows down [ 150 ]. In contrast, the 
amount of Cdc45 appears to be limiting for replication in human vegetative cells 
[ 151 – 153 ], and increasing the quantity of this protein leads to increased  origin  fi r-
ing [ 152 ,  154 ]. Not unexpectedly, Cdc45 has been reported to be overexpressed in 
many cancers [ 151 ,  155 ]. Agreeing with this view, Cdc45 is recycled to activate 
nearby dormant  origins  of replication after a replication fork comes to an unsched-
uled halt [ 152 ]. 

 Apparently, there is an additional level of replication limitation during normal 
growth that directly targets the CMG assembly. ATR and Chk1  regulate   replication 
timing and normal S-phase progression even during unperturbed cell cycle, as ATR 
or Chk1 inhibition, downregulation as well as inactivation of the  CHEK1  gene all 
cause slowdown of fork progression and extensive  origin  fi ring [ 156 – 159 ] (see also 
Chaps.   18    ,   22    , and   24    ). A recent study demonstrated Chk1 binding to and phos-
phorylation of Treslin during normal cell growth [ 160 ]. Mutations in Treslin, which 
abolished Chk1 binding, eliminated Chk1-catalyzed phosphorylation of Treslin. 
This led to an increased initiation of chromosomal DNA replication during unper-
turbed cell growth due to an enhanced loading of Cdc45. It will be interesting to see 
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if other components of the CMG assembly machinery are affected in a similar man-
ner, and how the targeted activation of Chk1 for selected, probably dormant or late- 
fi ring  origins  is achieved. Considering the prominent role of TopBP1/Dpb11 during 
ATR/Mec1 activation [ 96 ,  161 ,  162 ], it may be worth looking for alternative, RPA- 
independent ways of  ATR activation   involving the pre-IC.  

    Outlook 

 There has been tremendous progress on the understanding of how the replicative 
CMG helicase complex is assembled during the last 10 years. It has become clear 
that CMG assembly and activation are closely linked to the establishment of the 
replication fork, in particular the loading of the leading strand replicase, Polε. 
Although the molecular networks involved and the post-translational modifi cation 
regulating this process have been established, current research still has come short 
to grasp the dynamics by which the interaction network is refashioning during ini-
tiation. Moreover, the vivid role that DNA plays during CMG and replication fork 
assembly should be acknowledged more broadly. In the light of the reconstitution of 
the initiation process with purifi ed yeast proteins and advances in single-molecule 
techniques, one can also expect swift progress in the understanding of eukaryotic 
replication initiation in the near future. Considering the divergences in metazoan 
compared to yeast initiation, we better be prepared for surprises!     
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    Chapter 20   
 Structure and Activity of the 
Cdc45-Mcm2–7- GINS (CMG) 
Complex, the Replication Helicase                     

       Barbara     Medagli    ,     Patrizia     Di     Crescenzio    ,     Matteo     De     March    , 
and     Silvia     Onesti    

    Abstract     Highly effi cient unwinding of double-stranded DNA is an essential prereq-
uisite for duplication of the genetic material. In eukaryotes this process is catalysed 
by the CMG ( C dc45- M cm2–7- G INS) complex, which is composed by 11 proteins: 
the Cdc45 replication factor, the hetero-hexameric Mcm2–7 and the tetrameric GINS 
complex. Although the Mcm2–7 is the helicase motor, in the absence of the other 
components the purifi ed Mcm complex displays only a weak and labile helicase 
activity; in contrast, a stable complex comprising Cdc45, Mcm2–7 and GINS can be 
co-expressed and/or reconstituted, and shows a robust helicase activity. 

 Despite its importance, many questions regarding the function of the CMG are 
still open. Although we do not yet have all the answers, over the last few years a 
number of studies have been published, including detailed biochemical characteri-
sation of the CMG, the atomic structures of active archaeal proteins and the electron 
microscopy models of larger macromolecular complexes. All of this information is 
contributing to build a coherent picture of the structure and function of this complex 
machinery. In this chapter the current knowledge on the structure and function of 
the single components of the CMG and the whole complex is summarised, and the 
putative conformational changes that are necessary to trigger the helicase activity 
are discussed. 

 As all the components of the CMG complex are hallmarks of cell proliferation 
and therefore are putative tumour biomarkers and potential drug targets, a full 
understanding of the structure and activity of this complex is therefore a prerequisite 
for the full exploitation of its potential in cancer diagnostics and therapy.  
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        Introduction 

 In eukaryotic cells, the unwinding of double-stranded DNA before replication is 
catalysed by the CMG complex (Fig.  20.1 ),  a   macromolecular assembly of three 
distinct replication factors: the  C dc45 protein, the  M cm2–7 complex and the  G INS 
complex [ 1 ]. Each of these factors is essential for CMG function and each is con-
served across all eukaryotes [ 2 ].

   The Mcm complex is the helicase motor and is conserved in evolution, with most 
archaea possessing a single copy, while eukaryotes have at least six different para-
logues (Mcm2–7) [ 3 ].  Mcm proteins can be   divided into three domains: an N-terminal 
domain, a AAA+ motor domain and a C-terminal WH domain (Fig.  20.1 ). Whereas 
the archaeal proteins are constitutively active, the eukaryotic Mcm complex alone 
has no or little helicase activity: the activity of the Mcm2–7 complex requires the 
presence of additional factors (such as Cdc45 and GINS), though the exact mecha-
nisms of activation are not completely understood. GINS is a tetramer composed of 
four subunits (Sld5, Psf1, Psf2, Psf3, Fig.  20.1 ), likely to  derive            from a single protein 
through gene duplication [ 4 ,  5 ]. Cdc45 is an essential factor required for the estab-
lishment and progression of DNA replication in eukaryotic cells. Recent reports have 
revealed an unsuspected similarity with the DHH superfamily of phosphoesterases 
[ 6 – 9 ], shedding light on the evolution of this factor (Fig.  20.1 ). 

 Many replication proteins are abundant in transforming or cancer cell lines when 
compared to normal cells, making them, in principle, potential biomarkers for cancer 
detection and prognosis. Mcm proteins have been found to be overexpressed in a 
variety of tumours; most results show that they are more sensitive and specifi c 
markers than the conventional proliferative markers Ki-67 and PCNA [ 10 ]. More 
recently, many reports have shown that also Cdc45 and GINS are very promising 
candidates for novel proliferation markers and potential drug targets [ 11 – 15 ]. 
Moreover, defects in MCM and GINS subunit themselves can cause cancer [ 16 – 18 ]. 
A detailed knowledge of the structure and activity of the CMG complex and its 
components is therefore a prerequisite for the full exploitation of their potential in 
cancer diagnostic  and   therapy [ 19 ]. 

 Despite its importance, many questions regarding the CMG remain unanswered. 
Which is the exact mechanism of action of Mcm proteins? How is the helicase acti-
vated? How does it load onto DNA? How are GINS and Ccd45 assembled? Precisely 
what functions are performed by the GINS and Cdc45 proteins in initiation and 
elongation? Although we do not have all the answers, over the last few years a large 
body of data has been published, ranging form detailed characterisation of the CMG 
biochemical properties [ 20 – 22 ], to crystallographic structure of active archaeal pro-
teins [ 23 – 25 ] to electron microscopy structures of larger macromolecular complexes 
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[ 6 ,  26 – 28 ]. All of this information is contributing to build a coherent picture of the 
structure and function of the CMG complex.  

    Structure and Function of the GINS Complex 

 The only high  resolution   structure of a eukaryotic CMG component is the human 
GINS complex, which comprises four subunits: Sld5, Psf1, Psf2 and Psf3. 
Three independent crystal structures of the tetrameric human GINS complex and a 
structure of an archaeal homologue have been determined [ 28 – 31 ]: they all show the 
same trapezoid shape with the four subunits forming a tight bundle, held by extensive 
inter-subunit contacts, mediated by  hydrophobic   interactions (Fig.  20.2 ).

  Fig. 20.1    A simplifi ed representation of the CMG components. The  Mcm2, 3, 4, 5, 6, 7  proteins 
form a hexameric arrangement with the ATP binding sites ( white ovals ) at the interface between 
subunits and a central channel that accommodates the DNA. Schematic diagrams of the sequences 
of the human Mcm proteins are shown on the  right .  Each   subunit includes three conserved 
domains: the N-terminal domain ( green ), AAA+ catalytic domain ( red ) and a C-terminal WH fold 
( blue ); additional domains are present in some subunits, either at the N- or C-terminus. Beside the 
Walker A (WA), Walker B (WB) and Arginine fi nger (RF), three conserved loops have been identi-
fi ed: the allosteric communication look (ACL,  orange ), the helix 2 insertion (h2i,  yellow ) and the 
pre-sensor I b-hairpin (PS1BH,  blue ).  GINS  is a tetramer formed by four subunits (Sld5, Psf1, 
Psf2, Psf3) which are likely to be derived from a single gene through gene duplication and domain 
swapping. Each subunit is made up of an α-helical (A, in  green ) and a β-rich domain (B, in 
 magenta ). Whereas Sld5 and Psf1 have the same architecture (A–B), Psf2 and  Psf3            show an inver-
sion in the order of the domains (B–A). The B domain of Psf1 is connected by a fl exible link and 
is not visible in the GINS crystal structure.  Cdc45  shows some sequence homology with domains 
I ( light blue ) and II ( dark blue ) of  the   bacterial RecJ exonuclease, but only retains two of the seven 
conserved motifs (motifs I and III, in  red ). An insertion domain that is unique to the archaeal and 
eukaryotic Cdc45 homologues is shown in  grey        
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   In the human structure, each subunit comprises a α-helical (A) and a β-sheet 
domain (B): whereas Sld5 and Psf1 are made up by an A domain followed by a B 
domain, Psf2 and Psf3 have the B domain at the N-terminus and the A domain at the 
C-terminus (Fig.  20.1 ). The fours structurally related subunits appear to derive from 
gene duplication events, followed by domain swapping. The C-terminal domain of 
the Psf1 subunit (i.e. the B domain) is fl exible and prone to proteolysis: indeed in 
two of the crystal structures the domain has been deleted to favour the formation of 
a tight lattice [ 30 ,  31 ], whereas in the other, although it is present, it is not visible in 
the electron density, and an atomic model could not be built [ 29 ]. 

 The evolutionary origin of GINS from one or more gene duplication events is 
confi rmed by an analysis of  archaeal genomes  : in the majority of Euryarchaeota a 
single subunit can be identifi ed, similar to Sld5 and Psf1 (Gins51), whereas a subset 
of Archaea possesses two subunits with the topology of Sld5/Psf1 (Gins51) and Psf2/
Psf3 (Gins23), respectively. The archaeal structure available (from  Thermococcus 
kodakaraensis ) is a dimer of dimers (Fig.  20.2 ), with two copies of Gins51 and two 
copies of Gins23 arranged in a similar way to the human GINS complex [ 32 ]. 

 A puzzling discrepancy exists among the GINS crystal structures and a low reso-
lution structure obtained by single particle electron microscopy (EM) showing a 
C-shaped molecule (Fig.  20.2 ) [ 33 ]; a range of possible explanations have been pro-
posed [ 29 ,  31 ,  33 ], but none can convincingly explain the remarkable difference. 

 As a component of the CMG, GINS has an essential function in the regulation of 
 the   Mcm2–7 helicase activity and the progression of  the   replication fork: the role 
and position of GINS within the CMG is discussed in “Structure and Function of the 
CMG Complex”. Beside its role in the CMG, a wealth of data connects GINS with 
most of the players in DNA replication, giving it a central position in the protein 
network which is assembled at replication origins [ 34 ]. For example GINS has a 
critical role in origin licencing and the assembling of the pre-initiation complex: 
although the details may be diverse in different organisms, it is a key factor in the 
establishment of the replication fork, via its interaction with the replication factors 
Sld2, Sld3 and Mcm10. 

 Moreover, the unstructured region of the N-terminal domain of  Sld5            interacts 
with the C-terminal region of Ctf4; as Ctf4 is a trimeric molecule that binds the 
polymerase α/primase, GINS contributes to the physical coupling between helicase 
and polymerase on the lagging strand [ 35 ]. Biochemical data also suggest that the B 

  Fig. 20.2     Structural information   on the human GINS complex.  On the left  the crystal structure of 
human GINS ([ 31 ], PDB ID: 2E9X) forming a compact trapezoid;  on the right  the electron micros-
copy structure showing an open ring [ 33 ]       
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domain interacts with the Dpb2 subunit of polymerase ε [ 36 ] and the interaction is 
critical to link the helicase to the leading strand polymerase during the progression 
of the replication fork. Thus,  during   fork progression GINS appears to have a key 
role not only in the activation of the helicase activity but also in stabilising the replisome 
by contributing to the physical connection between the Mcm2–7 helicase and the 
polymerases on both the leading and lagging strand, to avoid the dangers of uncoupling 
DNA unwinding and DNA synthesis.  

    Structure and Function of Cdc45 

 Cdc45 is an essential  factor   conserved in all eukaryotes and is required for the estab-
lishment and progression of the DNA replication fork in eukaryotic cells. As many 
other DNA replication factors, Cdc45 is more abundant  in   proliferating cells, 
whereas it is almost absent from long-term quiescent, terminally differentiated and 
senescent cells [ 37 ]. Several genetic studies, two-hybrid screens and co- 
immunoprecipitation analyses revealed that Cdc45  interacts   with a number of other 
replication factors, including the Mcm2–7 complex, GINS, Mcm10, replication 
protein A (RPA), DNA polymerase α, δ and ε, the origin recognition complex sub-
unit 2 (Orc2) and TopBP1 [ 38 ]. 

 Whereas homologues of both GINS and Mcm proteins in Archaea have been 
long detected, no counterpart for Cdc45 was known. Recently a weak but signifi cant 
relationship was described between eukaryotic Cdc45 proteins and a large family of 
phosphoesterases (DHH family), which includes inorganic pyrophosphatases and 
RecJ ssDNA exonucleases [ 6 – 9 ,  39 ]. These proteins catalyse the hydrolysis of 
phosphodiester bonds via a mechanism involving two Mn 2+  ions and are characterised 
by a number of conserved motifs involved in metal binding and catalysis. Indeed 
Cdc45-like nucleases have been found associated with GINS and MCM proteins in 
Archaea [ 34 ,  39 ]. 

 Whereas some of the  archaeal Cdc45 homologues   retain the full set of catalytic 
residues and can display exonuclease activity [ 39 ,  40 ], the eukaryotic proteins have 
lost most of the conserved motifs, with the exception of motifs I and III (Fig.  20.2 ). 
No metal was found associated with the protein, nor a nuclease or pyrophosphatase 
activity could be detected [ 8 ]. An insertion in the RecJ scaffolding is unique to the 
archaeal and eukaryotic Cdc45 homologues. The protein retains the ability to bind 
a  single stranded DNA (ssDNA)      in  a   sequence-independent manner, and has a pref-
erence for longer ssDNA substrates [ 41 ]. The DNA binding affi nity appears  to   be 
enhanced by interactions with the replication factor Mcm10 [ 42 ]. 

 No atomic structure has been determined for Cdc45 and only low resolution 
models are available: a SAXS envelope has been obtained by small-angle X-ray 
scattering [ 8 ] and an electron microscopy structure can be extracted by the structure 
of the CMG complex [ 6 ,  27 ]. Within the CMG Cdc45 is located at “gate” between 
the Mcm2/Mcm5 subunit of the hexameric ring; the role of Cdc45 within the CMG 
is discussed in “Structure and Function of the CMG Complex”. 
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 Cdc45 binds to yeast Sld3 and its metazoan homologue Treslin both in vivo and 
in vitro [ 43 – 45 ]. Cdc45 also has been shown to interact with human DNA helicase B: 
the exact role of this metazoan helicase is still under investigation, although it has 
been suggested that it may be involved in the initiation of mammalian replication [ 46 ].  

    Structure and Function of the Mcm2–7 Complex 

 The Mcm2–7  complex   is the actual motor of the replicative helicase and comprises 
six homologous proteins (Mcm2, 3, 4, 5, 6, 7; reviewed in Ref. [ 3 ]).  Mcm   proteins 
are members of the AAA+ family of ATPases (ATPases Associated with various 
cellular Activities) that use energy derived from cycles of ATP hydrolysis to do 
mechanical work. As most AAA+ members, the Mcm2–7 complex assembles in a 
heterohexameric ring, with the ATPase active sites located between two adjacent 
subunits (Fig.  20.1 ). Archaeal homologues have been used for long time as model 
systems to study the structure and function of the MCM helicases, as in most 
Archaea a single Mcm subunit forms a homo-hexamer or double-hexamer. Thus, 
until very recently, most of the biochemical and structural work has been carried out 
on the archaeal proteins. 

 Mcm proteins can be divided into three domains: the N-terminal, AAA+ core and 
C-terminal domains. Both the N- and the C-terminal domains are less conserved and 
may present additional extensions that may have regulatory roles and/or mediate 
further protein–protein interactions. 

    The N-Terminal Domain 

 The N-terminal domain binds ssDNA and dsDNA, is essential for hexamerisation 
and infl uences the processivity and the  polarity   of the helicase [ 47 – 51 ]. 

 A few crystal structures are available for the N-terminal domain from different 
archaeal organism. The crystal structure of the  Methanothermobacter thermautotro-
phicus  MCM ( Mth MCM) N-terminal domain, revealed a double hexamer in a 
 head-to- head confi guration, with a central channel that can accommodate dsDNA 
(Fig.  20.3 ) [ 52 ]. The N-terminal domain of  Sulfolobus solfataricus  MCM ( Sso MCM) 
is a single planar hexamer with a smaller channel that can only accommodate 
ssDNA [ 51 ]. In contrast, the crystal structure of the N-terminal domain of 
 Thermoplasma acidophilum  MCM ( Tap MCM) shows a right handed helix [ 23 ]; 
although it is not unusual for hexameric proteins to crystallise as a 6 1  helix, it may 
indicate a certain degree of fl exibility that may be functionally important. The struc-
ture of the N-terminal domain of  Pyrococcus furiosus  MCM (N- Pfu MCM) showed 
for the fi rst time the hexameric ring interacting with a short ssDNA [ 24 ]. Upon this 
interaction the N-terminal ring becomes asymmetric, generating an elliptical pore 
that accommodates two short ssDNA stretches in an unexpected confi guration: each 
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short DNA segment (4–11 nucleotides) forms an arch which is perpendicular to the 
ring axis, rather than extending across the pore, as expected (Fig.  20.3 ). The  protein–
DNA contacts involve sites that are protected in the DNA double helix possibly 
suggesting that the structure may be a snapshot of the origin melting process. The 
amino-acid residues involved in the interactions are conserved in a subset of eukary-
otic Mcm proteins that are adjacent and may provide a single extended single- 
stranded DNA binding surface. The central channel is signifi cantly larger than that 
observed in most hexameric helicases [ 53 ].

   Despite the differences in the hexameric arrangements each N-terminal domain 
folds into three different subdomains. Subdomain A is located in the peripheral 
belt of the MCM ring and gives the assembly its characteristic “dumbbell” shape. 
A number of hints had suggested that it is fl exible and can undergo large confor-
mational changes, from a close to and open confi guration [ 25 ,  52 ,  54 – 57 ]. 

  Fig. 20.3    A selection of crystallographic structure of the archaeal Mcm proteins. A side view of a 
single hexamer of  the    N-terminal domain of   Mth  MCM  ([ 52 ], PDB ID: 1LTL) is shown in  grey , 
with one subunit highlighted in  blue : a  green circle  shows the position of subdomain A in the 
closed conformation.  The    N-terminal hexamer of SsoMCM , taken from the structure of the  Sso- 
Pfu MCM  fusion construct ([ 25 ], PDB ID: 4R7Y) is shown in  grey  with one subunit highlighted in 
 magenta : a  green circle  shows the position of subdomain A in the open conformation. A top view 
of the structure of  Pfu  MCM    crystallised     in the presence of ssDNA  ([ 24 ], PDB ID: 4POG) shows 
an unusual mode of binding, with the DNA forming an arc perpendicular to the channel axis. Each 
subunit is shown in a different colour, with the nucleic acid in  orange . The crystal structure of  an 
   active MCM hexamer  ( Sso-Pfu  MCM , [ 25 ], PDB ID: 4R7Y) is shown from the top and the side. 
The position of one monomer is highlighted in colours within a  grey  hexamer: the N-terminal 
domain is in green and the AAA+ domain in  red . The interaction of the ACL ( orange ), h2i ( yel-
low ), and PS1BH ( blue ) elements is visible at the interface between the N-terminal and AAA+ 
domains       
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Remarkably, whereas the crystal structure of the N-terminal domain of  Sso MCM 
showed subdomain A in the closed conformation [ 51 ], when it was fused to the 
AAA+ domain of  Pyrococcus furiosus  [ 25 ], its conformation was strikingly differ-
ent, with a large swing of subdomain A (Fig.  20.3 ). Subdomain B is found at the 
double-ring interface and contains a conserved Zn motif that provides the interface 
for ,,   the formation of a double hexamer [ 52 ,  57 ]. Subdomain C comprises an OB 
fold and is the main determinant for hexamer formation. It contains a β-hairpin 
element (NBH) that projects toward the central channel. Biochemical studies have 
identifi ed a number of positively charged residues important for the nucleic acid 
interactions, both within the NBH and in the channel [ 52 ,  58 ,  59 ]. The structure of 
N- Pfu MCM bound to ssDNA confi rms the role of some of these residues in inter-
action with ssDNA; mutations of  these   residues in yeast MCM2–7 are associated 
to defects in helicase loading and activation [ 24 ], suggesting a role of the N-terminal 
domain in origin melting. 

 The N-terminal domain is also involved in inter-subunit communications, as its 
deletion abolishes the cooperativity between AAA+ domains. This role relies on a 
conserved loop (allosteric communication loop, ACL) situated in subdomain C at 
the interface with the AAA+ domain [ 3 ,  60 – 62 ].  

    The AAA+ Domain 

 The motor of the MCM helicase is  the   central AAA+ domain, which is responsible 
for the ATP-dependent DNA unwinding. Beside many of the canonical motifs that 
are shared by other AAA+ proteins (Walker A, Walker B, Arg fi nger, sensor I, sen-
sor II, Glu switch) MCM proteins have two unique features that have been impli-
cated in DNA binding and catalysis: a helix 2 insertion (h2i) and an insertion before 
the sensor 1 motif (PS1BH) [ 3 ]. 

 Three different crystal structures are available for the AAA+ domain. Two of 
these structures show a single monomer and, as the ATP binding site is at the inter-
face of two adjacent subunits, are not very useful to understand the mechanism of 
action [ 61 ,  63 ]. Recently the crystallographic structure of a chimeric MCM helicase 
(in which the N-terminal domain from  S. solfataricus  was fused to the AAA+ 
domain from  P. furiosus: Sso-Pfu MCM) bound to ADP showed the hexameric con-
formation of the catalytic core and the arrangement of the ATP binding site [ 25 ]. As 
expected, both the PS1BH and h2i are projected into the channel, providing a num-
ber of positively charged and aromatic residues that can interact with the DNA 
backbone and bases. The ACL loop is positioned near the PS1BH and h2i loops, as 
predicted based on biochemical data and  electron   density maps [ 3 ,  61 ,  62 ]. 
Interestingly, subdomain A is found in an “open” conformation, so far inferred by 
biochemical data and clearly visualised only in the EM structure of a mutant [ 57 ], 
confi rming the previous predictions (Fig.  20.3 ).  
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    The C-Terminal Domain 

 The less conserved C-terminal domain folds as winged-helix (WH) domain. A 
bioinformatic prediction was confi rmed by the  NMR   structure of the C-terminal 
domain of human Mcm6 [ 64 ]. This domain is important for the interaction with 
Cdt1 and single point mutations disrupt this interaction. Models derived from elec-
tron microscopy locate this domain on top of the AAA+ core, but the weak electron 
density in the EM as well as the lack of order in the X-ray structures suggests high 
fl exibility [ 63 ,  65 ,  66 ]. 

 The archaeal homolog of this domain was shown to have a regulatory effect on 
the helicase activity. Deletion of the C-terminal domain showed an increase in heli-
case and ATPase activity, suggesting that it may act as a brake [ 48 ,  49 ]. Despite a 
poorly conserved sequence, the presence and fold of this domain seem to be con-
served in all MCM homologues.  

    Electron Microscopy Structures of Archaeal MCM Proteins 

 Due to the diffi culties encountered in crystallising full-length MCM proteins, a 
number of studies have been carried out by electron microscopy, revealing a pleth-
ora of stoichiometric arrangements and variable conformations. The complex can 
form single and double hexamer, single and double heptamer as well as helical fi la-
ments, depending on the species, temperature, salt and protein concentration, pres-
ence of nucleotides or nucleic acid  substrate   interactions [ 57 ,  61 ,  65 – 70 ]. This 
variability raised a number of questions as to the in vivo relevance and the physio-
logical function of the single and the double hexamer, or the hexameric and hepta-
meric forms (reviewed in Ref. [ 3 ]). 

 One of these structures revealed an unexpected interaction with dsDNA, with the 
nucleic acid wrapped on the outside of a single hexameric ring, rather than thread-
ing through the central hole, as expected from an active helicase. The structure also 
suggested the swinging of subdomain A to accommodate the dsDNA, and could 
provide a structural model for the initial interaction between MCM and DNA before 
loading occurs [ 56 ].  

    Electron Microscopy Structures of Eukaryotic MCM Complexes 

 A number of  EM   models have been generated over the last few years for eukaryotic 
complexes, including the Mcm2–7 complex on its own, bound to nucleotides and 
nucleic acids, or in the presence of additional factors such as Cdt1, ORC, ORC- 
Cdc6, as well as GINS and Cdc45, producing a series of 3D models that elucidated 
some of the steps necessary for the loading and activation of the MCM complex. 
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 In vitro studies with  S. cerevisiae  MCM2–7 revealed that pre-incubation of the 
complex with ATP, or a poorly hydrolysable analogue,    impaired the binding to circular 
ssDNA but had negligible effects on the ability of the complex to bind linear DNA, 
suggesting the existence of a “gate” in the ring that is closed in the presence of ATP, 
thus preventing the DNA to enter in the central channel; mutagenesis studies sug-
gested that the gate could be localised at the interface between these two subunits 
[ 71 ]. The EM reconstructions of  Drosophila  MCM2–7 provided structural confi r-
mation for the presence of a gap between Mcm2 and Mcm5 [ 6 ]. Two distinct con-
formations of MCM2–7 were seen. One form resembles an almost symmetric ring, 
but possesses a notch in the AAA+ tier. The second and more abundant form had an 
asymmetric opened confi guration (a left-handed “lock washer”) with a gap extend-
ing the full length of the complex between Mcm2 and Mcm5. The structure of a 
“minimalist” Mcm2–7 from the eukaryotic parasite  Encephalitozoon cuniculi  
( Ecu Mcm2–7) also shows a left-handed open-ring structure with a gap [ 28 ]. Using 
a rapamycin-inducible linkage the essential functional role of the Mcm2/Mcm5 gate 
in helicase loading has been confi rmed [ 72 ]. 

 Reconstitution of  the    S. cerevisiae  Mcm2–7 loading reaction in vitro has been 
achieved with purifi ed budding yeast protein. Two hexameric Mcm2–7 assemble on 
dsDNA in a head-to-head confi guration, suggesting a physiological role for a dou-
ble hexamer in loading onto origin DNA [ 73 ,  74 ]. A 30 Å reconstruction of the 
Mcm2–7 double hexamer shows a structure similar to that seen for the  Mh MCM 
bound to dsDNA [ 66 ], but with the two hexamers slightly off-register (Fig.  20.4 ).

   A higher resolution structure of the double hexamer by EM also shows the pres-
ence of two rings slightly offset from the central axis, with a  signifi cant   twist [ 26 ]. 
Remarkably, mapping of the subunits through the visualisation of the location of 
maltose binding proteins fused either to the N-terminus or the C-terminus seems to 
suggest a signifi cant mismatch between the N-terminal ring and the AAA+ ring, so 

  Fig. 20.4     On the    left       EM model of the CMG complex from  D. melanogaster  in the presence of a 
3′ tailed nucleic acid substrate and the non-hydrolysable nucleotide analogue ATPγS ([ 27 ] EMDB 
ID: 2772).  On the right  a side view of the EM model for the  S. cerevisiae  Mcm2–7 double hexamer 
loaded onto dsDNA ([ 26 ] EMBD ID: 5857)       
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that each subunit is stretched by 30 °C (Fig.  20.4 ). The two hexamers are arranged 
in such a way that the two potential Mcm2/Mcm5 gates are not colinear; this may 
ensure that the gate can open without the protein falling off from the dsDNA. It has 
been suggested that the tilted structure may provide a mechanism for preventing 
ATP hydrolysis and stabilising the double hexamer on licensed  origins   thought G1. 

 Thus, consistent with the polymorphism observed for the archaeal MCM pro-
teins [ 3 ], even the eukaryotic proteins show a very dynamic structure that alternated 
between planar rings, gapped rings and lock-washer arrangements. The Mcm2–7 
complex is generally a hexamer, but it is loaded on origin or dsDNA as a double 
hexamers, with the two hexamers slightly staggered and twisted.   

    Structure and Function of the CMG Complex 

 The CMG complex translocates along the DNA with a 3′ → 5′ polarity, acting as the 
replicative helicase at the core of the replication fork. Whereas the Mcm2–7 hex-
amer alone displays a very weak and labile ATPase and helicase activity, the CMG 
complex is an effi cient and processive helicase. While the Mcm2–7 complex can 
bind both ssDNA and dsDNA (however with a preference for the former), the CMG 
complex only associates with ssDNA. Active recombinant CMG complexes from 
 Drosophila  and human proteins have been obtained from baculovirus-infected cells 
and biochemically characterised [ 20 ,  21 ]. 

 Structural insights on the overall organisation of the CMG complex came from 
the EM structure of the   Drosophila  recombinant   CMG ( Dm CMG, [ 6 ]). GINS and 
Cdc45 were seen to bind across the Mcm2/Mcm5 gate, thus bridging the gate and 
generating a very large central channel: GINS and Cdc45 preferentially interact 
with the Mcm N-terminal ring. Upon binding an ATP analogue (ADP·BeF 3 ), the 
CMG undergoes a conformational change that seals the Mcm2/Mcm5 gate, closing 
the Mcm2–7 ring and creating two distinct channels; in this conformation GINS 
further interacts with the AAA+ domains of Mcm3 and Mcm5, possibly explaining 
the enhanced ATPase activity compared to Mcm2–7. 

 A higher resolution EM map (18 Å) obtained for the  Dm CMG in the presence of 
a 3′ tailed DNA substrate and the non-hydrolysable ATP analogue ATPγS provides 
a glimpse of how the various components of the CMG engage with nucleic  acid 
     strands (Fig.  20.4 ) [ 27 ]. The CMG complex binds preferentially the single-stranded 
region, with the 3′ end towards the N-terminal domain and the 5′ end towards the 
C-terminal side; this is consistent with the orientation predicted  by   FRET experi-
ments [ 75 ,  76 ] but is different from that seen in other SF3 helicases such as E1 [ 77 ]. 
A comparison with the apo CMG shows that in the presence of the DNA the AAA+ 
domains move from a planar ring to a right-handed spiral, whereas the N-terminal 
domains remain almost planar. GINS and Cdc45 play a role in stabilising this spiral 
confi guration, which could have important implications  for   DNA unwinding. The 
width of the central channel (35 Å) is signifi cantly larger than that of other helicases 
such as E1 or even DNAB. Within the CMG the orientation of RecJ suggest that it 
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may bind the leading strand escaping from the helicase channel either during stalling 
or the inadvertent opening of the gate [ 22 ]. 

 A small but signifi cant population of particles can be interpreted as a dimer of 
CMG, assembling head-to head via the Mcm2–7 N-terminal domains [ 27 ]; identifi -
cation of the subunits suggests that the two Mcm2/Mcm5 gates are staggered 
between the two hexamers; this confi guration and the predicted arrangement of the 
subunits resemble that observed in the loaded Mcm2–7 double hexamer [ 26 ], sug-
gesting that the CMG complex may initially assemble on the double hexamer, prior 
to the separation upon origin melting and fork progression.     
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    Chapter 21   
 Structure and Function Studies of Replication 
Initiation Factors                     
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    Abstract     We have used negative stain EM and cryo-EM to visualize step by step 
the replication initiation events in  S. cerevisiae , as the process is driven forward by 
the interplay of a dozen or so macromolecular initiation factors, leading to the 
establishment of pre-replication complexes (pre-RC) at each origin of DNA replica-
tion. This work took advantage of our ability to reconstitute the Mcm2-7 loading 
reaction with purifi ed proteins. We determined the architecture of several previously 
known replication initiation complexes such as ORC, ORC-Cdc6 on DNA, and the 
Mcm2-7 double hexamer. We also captured by EM reaction intermediates such as 
the ORC-Cdc6-Cdt1-Mcm2-7 (OCCM) and the ORC-Cdc6-Mcm2-7-Mcm2-7 
(OCMM) that had evaded previous biochemical identifi cation. In this chapter, we 
describe what we have learnt about the structure and interaction with origin DNA of 
the replication initiators. We further discuss what may be expected in the coming 
years as cryo-EM is becoming a near-atomic resolution structural tool, thanks to the 
recent advent of the direct electron detector.  
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        Introduction 

 In eukaryotes, initiation of DNA replication is a key regulation point in cell division 
cycle. As such an elaborate control system has evolved to specify replication timing 
during S phase and to ensure that initiation events only occur once at each replica-
tion origin [ 1 – 3 ]. The central player in eukaryotic replication initiation is the highly 
conserved Origin Recognition Complex (ORC) [ 1 ,  4 ].   S. cerevisiae    ORC constitu-
tively binds to the replication origins in an ATP-dependent manner throughout the 
cell cycle [ 5 ,  6 ]. ORC becomes activated when another initiation factor Cdc6 is 
recruited to the origin at the end of mitosis [ 6 – 10 ]. The origin-bound ORC-Cdc6 
then functions as a loading machine to recruit the Cdt1-bound Mcm2-7 and then 
load two copies of the Mcm2-7 hexamer ring onto DNA [ 10 ,  11 ]. Recently, using 
the  ARS1-containing DNA and purifi ed yeast proteins  , an in vitro Mcm2-7 loading 
reaction was developed that recapitulated the molecular events of in vivo origin 
licensing in the G1 phase [ 12 ,  13 ]. The in vitro system led to the discovery that 
Mcm2-7  helicase core  —although it is hexameric in solution—assembled into a 
head-to-head double hexamer on the DNA [ 14 ]. The double hexamer and ORC, 
which in yeast remains bound to the DNA, most likely represents the pre-replication 
complex (pre-RC) that was defi ned in vivo [ 15 ] and each Mcm2-7 hexamer    will 
eventually be transformed into the active Cdc45-Mcm2-7-GINS (CMG) helicase at 
the G1 to S transition [ 16 – 20 ]. 

 This chapter focuses on the recent EM structural analyses of the protein com-
plexes assembled on the origin DNA during helicase loading [ 11 ,  18 ,  21 – 25 ]. We 
have used negative stain EM as well as cryo-EM when feasible. In negative stain 
EM, the biological structures are embedded in a thin layer of heavy metal such as 
uranyl acetate. In cryo-EM, purifi ed protein–nucleic acid complexes are embedded 
in a thin layer of vitreous ice. Negative staining produces stronger contrast and 
requires less concentrated samples, but limits the structure to a lower resolution 
[ 26 ]. Cryo-EM requires higher concentration samples and produces less image con-
trast due to the lack of a staining agent but has the potential to reach higher resolu-
tion [ 27 ].  

     Structures of ORC   and ORC-Cdc6 

 EM images showed that the  S. cerevisiae  ORC is a slightly twisted, nascent-like 
open ring structure that is 16 nm long and 12 nm wide [ 11 ,  21 ,  24 ] (Fig.  21.1    a). 
Consistent with the conserved nature of eukaryotic ORC subunit proteins, DmORC 
was found to be of very similar size and shape [ 25 ]. In order to delineate the indi-
vidual proteins in ORC, we implemented a systematic maltose binding protein 
( MBP  ) fusion  strategy      [ 21 ]. We fused the 36-kDa MBP to each ORC subunit, one 
protein and one peptide end (amino or carboxyl) at a time, expressed and then puri-
fi ed the MBP-fused ORC complexes, and tested the origin DNA binding ability for 
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every one of these fusion complexes. Only the complexes whose functions were 
intact were used for  EM structural characterization  . 2D image classifi cation and 
averaging was used to localize the fl exibly fused MBP. The smallest Orc6 was 
mapped by comparing structures of ORC and the Orc1-5 subcomplex. The six sub-
units Orc1-6 were arranged into two lobes with an upper lobe containing Orc1, 
Orc4, and Orc5, the ATPase lobe, and a lower lobe containing Orc2, Orc3, and 
Orc6. The six proteins were arranged sequentially as Orc1:Orc4:Orc5:Orc2/Orc3, 
with the smallest Orc6 binding to Orc3 [ 21 ]. Although Orc1-5 each is predicted to 
contain an AAA+-like domain, only budding yeast Orc1 and Orc5 have 

  Fig. 21.1    Overall  molecular architecture   of the  S. cerevisiae  helicase loader ORC-Cdc6. ( a ) 2D 
class averages of the purifi ed ORC in the presence of the 66 bp ARS1-containing dsDNA. ( b ) 
Class averages of ORC-Cdc6-DNA. The  thicker horizontal arrows  mark the absence (A) or pres-
ence (B) of the Cdc6 density.  Thin arrows  mark the conformational change of Orc1 upon Cdc6 
binding. ( c ) A sketch of the subunit arrangement of ORC-Cdc6. Six of the seven proteins contain 
an ATPase associated with diverse cellular activities (AAA+) fold. The top three subunits, Orc1, 
Orc5, and Cdc6, have demonstrated ATPase activity       
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demonstrated ATP-binding and hydrolysis activity [ 11 ,  28 ] (Fig.  21.1a–c ). 
Therefore, the ORC ATPase resides in the top lobe.

   On comparison of ORC that was not bound to DNA (apo ORC) and ORC-DNA 
structures, we found that ORC binding to DNA causes a rotation in the ATPase 
lobe [ 24 ]. This conformation change in ORC may explain why DNA inhibits the 
ORC  ATPase activity   [ 5 ]. In the crystal structure of an archaeal Orc1-DNA com-
plex, the three-domain protein curves into a C-shaped conformation, with both the 
AAA+ domain and the C-terminal Winged helix domain (WHD) binding to DNA, 
much like two claws of a lobster [ 29 ,  30 ]. ORC is comprised of fi ve sequentially 
stacked C-shaped proteins (Orc1, 4, 5, 2/3). Comparison of the DNA binding mode 
of the Archaeal Orc1 with the ORC architecture, it is likely that ORC wraps around 
the DNA. 

 EM images show that Cdc6 binds from the side, fi lling the gap in the bio-lobed 
ORC structure and thereby completing the ORC-Cdc6 ring of six subunits that have 
structural similarity to AAA+ ATPases (Fig.  21.1b ). The newly formed Cdc6-ORC 
ring structure, but not ORC itself, is the loader of the ring-shaped MCM2-7 hex-
amer, suggesting that in the absence of the replication initiator Cdc6, ORC is dor-
mant, binding to the replication origins and organizing the positions of surrounding 
nucleosomes [ 31 ].  Cdc6 binding   activates ORC as the replicative helicase loader. 
Further, a comparison of ORC-DNA with ORC-DNA-Cdc6 reveals that upon Cdc6 
binding, Orc1 rotates against Orc4 [ 24 ]. This rotation may be important because 
biochemical studies have shown that  ORC   ATPase relies on the Orc4 Arginine fi n-
ger that probes the ATP binding site in Orc1 [ 28 ,  32 ]. Thus it is likely that the 
observed Orc1 rotation is part of a “molecular switch” that fl ips on the helicase- 
loading activity of ORC. Consistent with the proposed mechanism of Orc1 rotation 
[ 24 ], a recent crystal structure of  D. melanogaster  ORC ( DmORC        ) in the absence 
of DNA revealed that Orc1 AAA+ domain was rotated >90° out-of-plane, disrupt-
ing the interactions with the catalytic residues in Orc4 [ 33 ].  

    ORC-Cdc6 Loads the First Cdt1-Mcm2-7 onto DNA: 
The  OCCM Complex      

 The  initiation factor Cdt1   was previously shown to interact with Orc6 [ 34 – 36 ]. 
Following the ORC-Cdc6 EM structure, we wondered if we could capture by EM a 
ternary complex of ORC-Cdc6-Cdt1. Despite the fact that Cdt1 can be pulled down 
by ORC-Cdc6, we were unable to observe Cdt1 in the ORC-Cdc6 and Cdt1 mixture 
solution. Cdt1 is also known to bind the Mcm2-7 hexamer directly [ 37 ], however, 
we also failed to observe a well-defi ned Cdt1 density in the Cdt1-Mcm2-7 prepara-
tion. Perhaps Cdt1 binds Mcm2-7 only weakly in the absence of the loader 
ORC-Cdc6. 

 We then asked if we could capture more complex intermediates in the assembly 
of pre- RCs   on DNA, i.e., whether we could visualize ORC-Cdc6 in the process of 
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loading the Cdt1-bound Mcm2-7 hexamer on the ARS1-containing DNA. Because 
the helicase loading reaction is a dynamic process, we needed to slow down the 
loading reaction by using the poorly hydrolyzable ATPγS [ 22 ]. The reaction inter-
mediate we captured by EM is a three-tiered structure, with a slanted top tier and 
two nearly parallel tiers below (Fig.  21.2a    ). The top tier has a dome-like shape, is 
the 473-kDa ORC-Cdc6 complex. The lower two tiers are Mcm2-7 hexamer with a 
total mass of 603 kDa. A distinct density at the lower left side of the structure is the 
66-kDa Cdt1. Through an MBP insertion strategy, we confi rmed the molecular 
identities in the complex, and found that the face of the Mcm2-7 hexamer that con-
tains the C-termini of each Mcm subunit (the CT face) engages ORC-Cdc6, leaving 
the face containing the N-termini of the Mcm subunits (the NT face) exposed and 
available for binding the next Mcm2-7 hexamer. This orientation is conceptually 
consistent with the fi nal loading product of a head-to-head double hexamer of 
Mcm2-7 [ 12 ,  13 ]. Therefore, cryo-EM caught ORC-Cdc6 in the act of loading the 
fi rst MCM2-7 hexamer. The OCCM loading intermediate consisted of a 1.1-MDa 
14-protein complex comprised of ORC-Cdc6-Cdt1-Mcm2-7 formed in the presence 
of ATP-γS. There is a long rod-like density passing through the middle of Mcm2-7 
ring. This rod passes nearly continuously from the top center of ORC-Cdc6 through 
the central channel of Mcm2-7 ring, and is shown to be dsDNA [ 22 ,  38 ]. This means 
that the fi rst Mcm2-7 hexamer had already been loaded onto DNA in the absence of 

  Fig. 21.2    The loading of Cdt1-Mcm2-7 onto dsDNA by ORC-Cdc6 ATPase spiral resembles the 
loading mechanism of PCNA ring by the RF-C ATPase  spiral  . ( a ) Cryo-EM 3D map of the OCCM 
complex. ORC is in  yellow , Cdc6  orange , Mcm2-7  purple , Cdt1  blue , and DNA in  red . ORC-Cdc6 
forms a spiral structure with helical pitch that matches the dsDNA. Atomic structures of short 
DNA segments are modeled on the top and bottom of the structure. The fi rst Mcm2-7 hexamer is 
already loaded on the dsDNA. ( b ) Crystal structure of the yeast RFC-PCNA complex (PDB 1SXJ). 
There is a 9° mismatch between the central axis of the PCNA ring and the spiral axis of the RFC-
A- RFC-E pentamer and the spiral arrangement of the AAA+ motor domains in RFC       
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ATP hydrolysis. Therefore, OCCM represents a late stage loading intermediate of 
the fi rst Cdt1-Mcm2-7.

   Interestingly, upon recruiting the Mcm2-7 hexamer, ORC is transformed into a 
spiral with a 34-Å pitch that matches the dsDNA. Thus, the observed mechanism in 
which the ORC-Cdc6 ATPase spiral on DNA loads the MCM2-7 ring bears striking 
similarity to the loading of PCNA ring by the RF-C ATPase spiral (Fig.  21.2b ). A 
recent EM work also revealed a similar loading mechanism where the  E. coli  DnaB 
helicase ring is loaded onto DNA by the spiral ATPase loader DnaC [ 39 ]. DmORC 
alone was quasi-spiral in crystal lattice, and docking the crystal structure into cryo-
 EM map of the ScOCCM suggested that the C-terminal WHD face of ORC-Cdc6 
rather than the AAA+ face contacted and recruited the fi rst MCM2-7 hexamer [ 22 , 
 33 ]. This is consistent with the observation that C-terminal MBP fusions to Orc1 
and Orc4 specifi cally block the recruitment of MCM2- 7   [ 22 ]. 

 Two questions require further investigation. First, the exact role of Cdt1 is not 
clear. In the OCCM structure, Cdt1 does not appear to interact directly with ORC- 
Cdc6. The elongated Cdt1 wraps around the waist of Mcm2-7, mostly outside 
Mcm2, with one end interacts with Mcm6, the other end touches Mcm5. 
Interestingly, Cdt1 was shown to overcome the  Mcm6 C-terminal autoinhibitory 
domain  , leading to Orc1/Cdc6 ATP hydrolysis, release of Cdt1 from  OCCM  , and 
formation of OCM [ 40 ]. Therefore, instead of functioning as a recruiter that bridges 
ORC-Cdc6 and Mcm2-7, Cdt1 may facilitate DNA gate opening between Mcm2 
and Mcm5. It is also possible that Cdt1 plays a structural role to stabilize the 
Mcm2-7 hexamer. Second, because OCCM is a late stage intermediate of loading 
reaction for the fi rst Mcm2-7 hexamer, we do not yet know at a structural level how 
the initial encounter complex looks like, although it is known that a conserved 
C-terminal domain of Mcm3 fi rst approaches and stimulates the ATPase activity of 
 ORC-Cdc6 on DNA [   41 ].  

    The OCM Complex Loads the Second Cdt1-Mcm2-7: 
The  OCMM Complex      

 The OCCM described above captures loading of the fi rst Mcm2-7 hexamer by using 
ATPγS to prevent ATP hydrolysis (Fig.  21.3a );    ATP hydrolysis is required for load-
ing and assembly of the Mcm2-7 double hexamer [ 12 ,  13 ,  32 ,  42 ,  43 ]. We therefore 
examined complexes by EM in the presence of ATP hydrolysis, although these com-
plexes had to be isolated very early in the Mcm2-7 loading reaction. In the presence 
of 1 mM ATP, many particles of different sizes and shapes were observed. 2D clas-
sifi cation and averaging showed three complexes: the smallest complex was similar 
to OCCM since it also had a three-tiered structure, but had lost the density belong-
ing to Cdt1. This was the ORC-Cdc6-Mcm2-7 complex (OCM) [ 40 ] (Fig.  21.3b ). 
The largest complex was a fi ve-tiered ORC-Cdc6-Mcm2-7-Mcm2-7 complex 
(OCMM) [ 23 ] (Fig.  21.3c ). This complex could be interpreted either as ORC-Cdc6 
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binding on the assembled double hexamer, or an OCM recruiting a second Mcm2-7 
hexamer. The third complex was a four-tiered structure with an apparent twofold 
symmetry that is distinctively the Mcm2-7 double hexamer (Fig.  21.3d ). In a time 
course study, we found in the 2-min reaction sample the OCM particles dominated 
(96 %), with a small percentage of OCMM particles (4 %) and without observable 

  Fig. 21.3    Loading intermediates captured by EM in the presence of ATPγS or  ATP  . ( a ) Cryo-EM 
2D class averages of OCCM in 1 mM ATPγS. ( b – d ) Four class averages of three loading interme-
diates observed by negative stain EM in 1 mM ATP: OCM ( b ), OCMM ( c ), and MM the Double 
hexamer ( d ). Note that panel ( c ) for OCMM is on a smaller scale       
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DH. In the 30-min sample the double hexamer particles dominated (99 %), with 
occasional OCMM particles (<1 %). In the 7-min sample, all three types of particles 
were present in signifi cant numbers: ~15 % were OCM, ~10 % OCMM, and ~75 % 
fully assembled double hexamers [ 23 ]. The fact that the OCMM population 
increased from 2 to 7 min, and then decreased in the 30 min sample suggested to us 
that OCMM was an on-pathway reaction intermediate during the ORC-Cdc6 medi-
ated double hexamer assembly.

   Our observation that the OCM structure is similar to the OCCM except for the 
absence of Cdt1 has important implications. Without a major conformational 
change, the interface between ORC-Cdc6 and Mcm2- 7   should be the same in 
OCCM and OCM. This means that the surface of ORC-Cdc6 used for recruiting the 
fi rst Mcm2-7 hexamer found in OCCM remains shielded by the fi rst hexamer in 
OCM, therefore the recruiting surface of ORC-Cdc6 is not available for binding to 
the next Mcm2-7 hexamer. It is also unlikely that ORC-Cdc6 could utilize the 
opposing exposed face to interact with a second Mcm2-7, because we have never 
observed in the EM images of one ORC-Cdc6 sandwiched between two  Mcm2-7 
hexamers  . We therefore suggest that it is not ORC-Cdc6 per se that directly recruits 
the next Mcm2-7 hexamer, rather, the exposed NTD surface of the fi rst loaded 
Mcm2-7 within the OCM structure may have undergone conformational changes 
that allow it to interact with and recruit a second Mcm2-7 hexamer. This possibility 
is supported by our observation of the OCMM complex. 

 It was generally thought that two ORC-Cdc6 recruit two Mcm2-7 hexamers onto 
DNA, then the two hexamers associate to form a double hexamer [ 44 ]. Observation 
of a six-tiered OCM-OCM structure would have been indicative of this possibility. 
However, among tens of thousands of assembly intermediate particles, we never 
found the six-tiered structure. Although we cannot formally rule out the existence 
of the intermediate as the system is under ongoing reaction and one of the ORC may 
be less stable and get lost rapidly, our observation of the structural similarity 
between OCM with OCCM, combined with the capture of the  OCMM   structure, led 
us to propose that one ORC-Cdc6 recruits the fi rst Cdt1-Mcm2-7, and upon ATP 
hydrolysis and Cdt1 release, the fi rst recruited Mcm2-7, still bound to ORC-Cdc6 in 
the OCM complex, may have undergone a conformational change and becomes 
competent to recruit the second Cdt1-Mcm2-7 [ 23 ]. This “one ORC loading two 
Mcm2-7 hexamers” model is supported by two recent single molecule analyses 
[ 45 ]. In a single  molecule fl uorescence assay,   it was demonstrated that in 80 % of 
the time, only a single ORC was present on DNA when the second Mcm2-7 hex-
amer was loaded [ 46 ]. In a DNA curtain assay, it was shown that Mcm2-7 double 
hexamer still assembled on DNA even when free ORC in solution had been washed 
away [ 47 ]. This observation rules out any pre-RC formation model that requires a 
second ORC.     
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    The Architecture of the Mcm2-7 Double Hexamer 

 In eukaryotic cells, helicase loading at origins of DNA replication is temporarily 
separate from activation of the helicase [ 48 ]. Loading occurs in G1 phase, and after 
loading, the Mcm2-7 double hexamer has to be stable on chromatin for a long time 
before the cell is ready to enter the S (DNA synthesis) phase when the helicase is 
activated [ 49 ]. Mcm2-7 is not just passively loaded by ORC-Cdc6; it participates in 
its own loading by contributing the  ATPase activity   [ 43 ,  50 ]. There is a wealth of 
structural information on archaeal Mcm proteins [ 51 ]. An important difference 
between the Archaeal and eukaryotic Mcm proteins is the additional regulatory 
domains in the eukaryotic Mcm N-termini. Eukaryotic Mcm2, Mcm4, and Mcm6 
possess N-terminal serine and threonine rich domains (NSD) and a proximal Dbf4- 
Cdc7 kinase-docking domain (DDD, in Mcm2 and Mcm4) [ 52 – 55 ]. 

 Two earlier studies have revealed that the Mcm2-7 hexamer is loaded on DNA as 
a head-to-head double hexamer [ 12 ,  13 ], but exactly which subunit interacts with 
which in the double hexamer was unknown. The six  Mcm protein subunits   in the 
hexamer are similar to each other. In order to distinguish the different subunits in 
negative stain EM map, we needed to make MBP fusion proteins more rigid so we 
could localize the MBP in 3D map. We inserted MBP into the N-terminal region or 
C-terminal domains of Mcm proteins, rather than by simply appending MBP to 
N-terminus or C-terminus of Mcm proteins. Design of the MBP insertion site was 
facilitated by several available archaeal Mcm protein crystal structures such that the 
yeast Mcm sequences can be aligned and inter-domain region identifi ed. In this 
manner, MBP insertion in six locations in fi ve of the Mcm proteins was achieved 
and each of these modifi ed proteins was able to form double hexamer structure on 
dsDNA. We then determined 3D maps for each of the six purifi ed double hexamers, 
and resolved the MBP density in 3D maps for all six MBP-inserted double hexam-
ers [ 23 ]. On the basis of these MBP locations, and the previously determined sub-
unit arrangement order of Mcm5-3-7-4-6-2 [ 18 ,  19 ,  22 ,  56 ,  57 ], we were able to 
unambiguously identity all six Mcm proteins, and more importantly, specify their 
respective NTD and CTD positions in the double hexamer. Two Mcm hexamers 
were linked by a horizontal twofold axis that ran approximately from the Mcm2 
NTD in the front view to Mcm3 NTD in the back view (Fig.  21.4    ).

   The architecture of Mcm2-7 double hexamer provided three important  biological 
insights  . (1) DDK was known to bind both Mcm2 and Mcm4 NTDs in vivo [ 53 ,  55 ]. 
This was a little mysterious because these two domains are far apart in the Mcm2-7 
hexamer. They come together in our double hexamer structure, explaining why 
DDK acts only on the double but not the single hexamer. In vitro phosphorylation 
assay with purifi ed DDK, single hexamer and double hexamer further confi rmed 
this observation [ 23 ]. (2) Mcm2/5 is the known gate for DNA loading [ 38 ,  58 ]. Our 
double hexamer structure revealed that the two hexamers are staggered, forming an 
inter-locked structure, particularly at Mcm2/5 region that was blocked by Mcm4 
NTD. So the architecture potentially explains why the double hexamer could be so 
stable on DNA, and why the two hexamers have to be loaded one at a time. (3) 
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Unique to the double hexamer, Mcm proteins are tilted towards the right by nearly 
30°. It is known that ATP is bound at the interface between the Mcm subunits and 
that ATPase activity relies on accurate positioning of the catalytic residues in the 
Walker A and B motifs and the arginine fi nger of the adjacent AAA+ subunit [ 51 , 
 56 ,  59 ]. The large tilt would uncouple the ATP-hydrolysis motifs and inhibit the 
ATPase activity. Indeed, the purifi ed Mcm2-7 double hexamer had virtually no mea-
surable the ATP hydrolysis activity [ 23 ].  

    Summary and Future Perspectives 

 Combining an extensive literature on genetic and biochemical studies of the eukary-
otic DNA replication initiation [ 3 ] and the EM structural characterizations of assem-
bly intermediates [ 11 ,  21 – 25 ], and recent single molecule analysis of loading events 
[ 46 ], we propose the following series of events that likely occur during the pre-RC 
assembly in vivo [ 23 ] (Fig.  21.5 ). Step 1 refers to the fact that ScORC resides on 
origin DNA throughout the cell cycle, perhaps in a dormant state. The initiation 
event commences at step 2 when Cdc6 binds ORC on origin DNA. Cdc6 may be 
considered as the activator of ORC. However, because Cdc6 forms an integral part 
of the loading platform it is be more accurate to regard the ORC-Cdc6 binary com-
plex as the true helicase loader, and ORC is an incomplete loader. Formation of 

  Fig. 21.4    The  architecture of   the Mcm2-7 double hexamer. ( a ) Front ( left ), side ( middle ), and top 
( right ) views of the surfaced-rendered and segmented 3D map of the double hexamer. ( b ) A hori-
zontal section of the double hexamer through the NTD ring of the top Mcm2-7 hexamer, showing 
the central channel for the dsDNA. ( c ) Illustration of Mcm subunit arrangement as the cylindrical 
double hexamer is cut-open and fl attened. The number refers to Mcm subunit identity; for exam-
ple, 2 refers to Mcm2       
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  Fig. 21.5    Key molecular events likely occur during pre-RC assembly in vivo. Each of the illus-
trated intermediates has been captured and visualized by EM. See text for details       
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OCCM in the presence of ATP as shown in step 3 represents the recruitment and 
loading onto DNA of the fi rst Mcm2-7 hexamer by ORC-Cdc6. A subsequent ATP 
hydrolysis event in step 4 leads to the release of Cdt1 and formation of OCM, which 
we consider the loader of the second Cdt1-Mcm2-7. In step 5, the OCMM captures 
the OCM in the middle of recruiting and loading of the second Mcm2-7. This step 
likely requires ATP binding and hydrolysis. Cdt1 has been released from the second 
Mcm2-7, and the two hexamers in OCMM resembles the fully loaded double hex-
amer. So OCMM is a late stage intermediate in recruitment of the second MCM2-7, 
and the hexamer appears to have already been loaded on DNA. The question mark 
in step 5 indicates a possible short-lived intermediate preceding OCMM that has yet 
to be captured and visualized. In step 6, ATP hydrolysis by ORC-Cdc6 leads to 
maturation of the double hexamer structure on DNA and its separation from ORC 
that remains bound to the DNA. Because the double hexamer is inactive, further 
modifi cations by the actions of DDK and CDK and binding of Cdc45 and GINS will 
eventually lead to the separation of the double hexamer and formation of two CMG 
complexes—two active helicases each encircling ssDNA. Because the Mcm pro-
teins within the double hexamer is tilted, we hypothesized that an untwisting event 
accompany the DDK/CDK modifi cations may cause the initial dsDNA melting and 
extrusion of one strand from the central channel.

   The work described in this chapter was done at low resolution as the focus of our 
research had been on identifying reaction intermediates and establishing their basic 
architectures. It is clear that even at very low resolution and with negative stain EM, 
important biological insights can be obtained. But it is also true that a deeper and 
detailed chemical level understanding of the molecular functions requires much 
higher resolution structures, preferably at atomic resolution. For many years such 
high-resolution information were only obtainable from protein crystallography, 
which requires relatively stable structures and the ability to produce large amount of 
samples for crystallization. The direct electron detector has enabled near-atomic res-
olution structural determination by cryo-EM, and is changing the landscape of struc-
tural biology [ 60 – 62 ]. We anticipate that cryo-EM coupled with the direct detector 
will help to elucidate some of the complexes discussed here at higher resolution and 
perhaps identify more replication initiation intermediates in the coming years.     

  Acknowledgements   Many people in the labs of Huilin Li, Christian Speck, and Bruce Stillman 
have helped in this work. The work was supported by National Institutes of Health grant numbers 
GM45436 (to B.S.) and GM74985 (to H.L.) and the United Kingdom Biotechnology and Biological 
Sciences Research Council (to C.S.).  

   References 

     1.    Stillman B. Origin recognition and the chromosome cycle. FEBS Lett. 2005;579(4):877–84.  
   2.    Bell SP, Dutta A. DNA replication in eukaryotic cells. Annu Rev Biochem. 2002;71:333–74.  
     3.    O’Donnell M, Langston L, Stillman B. Principles and concepts of DNA replication in bacteria, 

archaea, and eukarya. Cold Spring Harb Perspect Biol. 2013;5(7):a010108.  

J. Sun et al.



439

    4.    Li H, Stillman B. The origin recognition complex: a biochemical and structural view. Subcell 
Biochem. 2012;62:37–58.  

     5.    Bell SP, Stillman B. ATP-dependent recognition of eukaryotic origins of DNA replication by 
a multiprotein complex. Nature. 1992;357(6374):128–34.  

     6.    Liang C, Stillman B. Persistent initiation of DNA replication and chromatin-bound MCM 
proteins during the cell cycle in cdc6 mutants. Genes Dev. 1997;11(24):3375–86.  

   7.    Tanaka T, Knapp D, Nasmyth K. Loading of an Mcm protein onto DNA replication origins is 
regulated by Cdc6p and CDKs. Cell. 1997;90(4):649–60.  

   8.    Weinreich M, Liang C, Stillman B. The Cdc6p nucleotide-binding motif is required for load-
ing mcm proteins onto chromatin. Proc Natl Acad Sci U S A. 1999;96(2):441–6.  

   9.    Perkins G, Diffl ey JF. Nucleotide-dependent prereplicative complex assembly by Cdc6p, a 
homolog of eukaryotic and prokaryotic clamp-loaders. Mol Cell. 1998;2(1):23–32.  

     10.    Speck C, Stillman B. Cdc6 ATPase activity regulates ORC x Cdc6 stability and the selection 
of specifi c DNA sequences as origins of DNA replication. J Biol Chem. 2007;282(16):
11705–14.  

        11.    Speck C, Chen Z, Li H, Stillman B. ATPase-dependent cooperative binding of ORC and Cdc6 
to origin DNA. Nat Struct Mol Biol. 2005;12(11):965–71.  

       12.    Remus D, Beuron F, Tolun G, Griffi th JD, Morris EP, Diffl ey JF. Concerted loading of Mcm2-7 
double hexamers around DNA during DNA replication origin licensing. Cell. 
2009;139(4):719–30.  

       13.    Evrin C, Clarke P, Zech J, Lurz R, Sun J, Uhle S, et al. A double-hexameric MCM2-7 complex 
is loaded onto origin DNA during licensing of eukaryotic DNA replication. Proc Natl Acad Sci 
U S A. 2009;106(48):20240–5.  

    14.    Botchan M, Berger J. DNA replication: making two forks from one prereplication complex. 
Mol Cell. 2010;40(6):860–1.  

    15.    Diffl ey JF, Cocker JH, Dowell SJ, Rowley A. Two steps in the assembly of complexes at yeast 
replication origins in vivo. Cell. 1994;78(2):303–16.  

    16.    Ilves I, Petojevic T, Pesavento JJ, Botchan MR. Activation of the MCM2-7 helicase by asso-
ciation with Cdc45 and GINS proteins. Mol Cell. 2010;37(2):247–58.  

   17.    Moyer SE, Lewis PW, Botchan MR. Isolation of the Cdc45/Mcm2-7/GINS (CMG) complex, 
a candidate for the eukaryotic DNA replication fork helicase. Proc Natl Acad Sci U S A. 
2006;103(27):10236–41.  

     18.    Costa A, Ilves I, Tamberg N, Petojevic T, Nogales E, Botchan MR, et al. The structural basis 
for MCM2-7 helicase activation by GINS and Cdc45. Nat Struct Mol Biol. 
2011;18(4):471–7.  

    19.    Costa A, Renault L, Swuec P, Petojevic T, Pesavento J, Ilves I, et al. DNA binding polarity, 
dimerization, and ATPase ring remodeling in the CMG helicase of the eukaryotic replisome. 
Elife. 2014;3:e03273.  

    20.    Petojevic T, Pesavento JJ, Costa A, Liang J, Wang Z, Berger JM, et al. Cdc45 (cell division 
cycle protein 45) guards the gate of the eukaryote replisome helicase stabilizing leading strand 
engagement. Proc Natl Acad Sci U S A. 2015;112(3):E249–58.  

        21.    Chen Z, Speck C, Wendel P, Tang C, Stillman B, Li H. The architecture of the DNA replication 
origin recognition complex in Saccharomyces cerevisiae. Proc Natl Acad Sci U S A. 
2008;105(30):10326–31.  

        22.    Sun J, Evrin C, Samel SA, Fernandez-Cid A, Riera A, Kawakami H, et al. Cryo-EM structure 
of a helicase loading intermediate containing ORC-Cdc6-Cdt1-MCM2-7 bound to DNA. Nat 
Struct Mol Biol. 2013;20(8):944–51.  

          23.    Sun J, Fernandez-Cid A, Riera A, Tognetti S, Yuan Z, Stillman B, et al. Structural and mecha-
nistic insights into Mcm2-7 double-hexamer assembly and function. Genes Dev. 
2014;28(20):2291–303.  

       24.    Sun J, Kawakami H, Zech J, Speck C, Stillman B, Li H. Cdc6-induced conformational changes 
in ORC bound to origin DNA revealed by cryo-electron microscopy. Structure. 2012;
20(3):534–44.  

21 Structure and Function Studies of Replication Initiation Factors



440

      25.    Clarey MG, Erzberger JP, Grob P, Leschziner AE, Berger JM, Nogales E, et al. Nucleotide- 
dependent conformational changes in the DnaA-like core of the origin recognition complex. 
Nat Struct Mol Biol. 2006;13(8):684–90.  

    26.    Ohi M, Li Y, Cheng Y, Walz T. Negative staining and image classifi cation - powerful tools in 
modern electron microscopy. Biol Proced Online. 2004;6:23–34.  

    27.    Baker ML, Zhang J, Ludtke SJ, Chiu W. Cryo-EM of macromolecular assemblies at near- 
atomic resolution. Nat Protoc. 2010;5(10):1697–708.  

     28.    Klemm RD, Austin RJ, Bell SP. Coordinate binding of ATP and origin DNA regulates the 
ATPase activity of the origin recognition complex. Cell. 1997;88(4):493–502.  

    29.    Dueber EL, Corn JE, Bell SD, Berger JM. Replication origin recognition and deformation by 
a heterodimeric archaeal Orc1 complex. Science. 2007;317(5842):1210–3.  

    30.    Gaudier M, Schuwirth BS, Westcott SL, Wigley DB. Structural basis of DNA replication ori-
gin recognition by an ORC protein. Science. 2007;317(5842):1213–6.  

    31.    Lipford JR, Bell SP. Nucleosomes positioned by ORC facilitate the initiation of DNA replica-
tion. Mol Cell. 2001;7(1):21–30.  

     32.    Bowers JL, Randell JC, Chen S, Bell SP. ATP hydrolysis by ORC catalyzes reiterative Mcm2-7 
assembly at a defi ned origin of replication. Mol Cell. 2004;16(6):967–78.  

     33.    Bleichert F, Botchan MR, Berger JM. Crystal structure of the eukaryotic origin recognition 
complex. Nature. 2015;519:321–6.  

    34.    Chen S, de Vries MA, Bell SP. Orc6 is required for dynamic recruitment of Cdt1 during 
repeated Mcm2-7 loading. Genes Dev. 2007;21(22):2897–907.  

   35.    Takara TJ, Bell SP. Multiple Cdt1 molecules act at each origin to load replication-competent 
Mcm2-7 helicases. EMBO J. 2011;30(24):4885–96.  

    36.    Liu C, Wu R, Zhou B, Wang J, Wei Z, Tye BK, et al. Structural insights into the Cdt1-mediated 
MCM2-7 chromatin loading. Nucleic Acids Res. 2012;40(7):3208–17.  

    37.    You Z, Masai H. Cdt1 forms a complex with the minichromosome maintenance protein 
(MCM) and activates its helicase activity. J Biol Chem. 2008;283(36):24469–77.  

     38.    Samel SA, Fernandez-Cid A, Sun J, Riera A, Tognetti S, Herrera MC, et al. A unique DNA 
entry gate serves for regulated loading of the eukaryotic replicative helicase MCM2-7 onto 
DNA. Genes Dev. 2014;28(15):1653–66.  

    39.    Arias-Palomo E, O’Shea VL, Hood IV, Berger JM. The bacterial DnaC helicase loader is a 
DnaB ring breaker. Cell. 2013;153(2):438–48.  

     40.    Fernandez-Cid A, Riera A, Tognetti S, Herrera MC, Samel S, Evrin C, et al. An ORC/Cdc6/
MCM2-7 complex is formed in a multistep reaction to serve as a platform for MCM double- 
hexamer assembly. Mol Cell. 2013;50(4):577–88.  

    41.    Frigola J, Remus D, Mehanna A, Diffl ey JF. ATPase-dependent quality control of DNA repli-
cation origin licensing. Nature. 2013;495(7441):339–43.  

    42.    Randell JC, Bowers JL, Rodriguez HK, Bell SP. Sequential ATP hydrolysis by Cdc6 and ORC 
directs loading of the Mcm2-7 helicase. Mol Cell. 2006;21(1):29–39.  

     43.    Kang S, Warner MD, Bell SP. Multiple functions for Mcm2-7 ATPase motifs during replica-
tion initiation. Mol Cell. 2014;55:655–65.  

    44.    Yardimci H, Walter JC. Prereplication-complex formation: a molecular double take? Nat 
Struct Mol Biol. 2014;21(1):20–5.  

    45.    Chistol G, Walter JC. Single-molecule visualization of MCM2-7 DNA loading: seeing is 
believing. Cell. 2015;161(3):429–30.  

     46.    Ticau S, Friedman LJ, Ivica NA, Gelles J, Bell SP. Single-molecule studies of origin licensing 
reveal mechanisms ensuring bidirectional helicase loading. Cell. 2015;161(3):513–25.  

    47.    Duzdevich D, Warner MD, Ticau S, Ivica NA, Bell SP, Greene EC. The dynamics of eukary-
otic replication initiation: origin specifi city, licensing, and fi ring at the single-molecule level. 
Mol Cell. 2015;58:483–94.  

    48.    Remus D, Diffl ey JF. Eukaryotic DNA replication control: lock and load, then fi re. Curr Opin 
Cell Biol. 2009;21(6):771–7.  

J. Sun et al.



441

    49.    Yardimci H, Loveland AB, Habuchi S, van Oijen AM, Walter JC. Uncoupling of sister repli-
somes during eukaryotic DNA replication. Mol Cell. 2010;40(5):834–40.  

    50.    Coster G, Frigola J, Beuron F, Morris EP, Diffl ey JF. Origin licensing requires ATP binding 
and hydrolysis by the MCM replicative helicase. Mol Cell. 2014;55:666–77.  

     51.    Slaymaker IM, Chen XS. MCM structure and mechanics: what we have learned from archaeal 
MCM. Subcell Biochem. 2012;62:89–111.  

    52.    Sheu YJ, Stillman B. Cdc7-Dbf4 phosphorylates MCM proteins via a docking site-mediated 
mechanism to promote S phase progression. Mol Cell. 2006;24(1):101–13.  

    53.    Sheu YJ, Stillman B. The Dbf4-Cdc7 kinase promotes S phase by alleviating an inhibitory 
activity in Mcm4. Nature. 2010;463(7277):113–7.  

   54.    Sheu YJ, Kinney JB, Lengronne A, Pasero P, Stillman B. Domain within the helicase subunit 
Mcm4 integrates multiple kinase signals to control DNA replication initiation and fork pro-
gression. Proc Natl Acad Sci U S A. 2014;111(18):E1899–908.  

     55.    Ramer MD, Suman ES, Richter H, Stanger K, Spranger M, Bieberstein N, et al. Dbf4 and 
Cdc7 proteins promote DNA replication through interactions with distinct Mcm2-7 protein 
subunits. J Biol Chem. 2013;288(21):14926–35.  

     56.    Davey MJ, Indiani C, O’Donnell M. Reconstitution of the Mcm2-7p heterohexamer, subunit 
arrangement, and ATP site architecture. J Biol Chem. 2003;278(7):4491–9.  

    57.    Bochman ML, Bell SP, Schwacha A. Subunit organization of Mcm2-7 and the unequal role of 
active sites in ATP hydrolysis and viability. Mol Cell Biol. 2008;28(19):5865–73.  

    58.    Bochman ML, Schwacha A. The Saccharomyces cerevisiae Mcm6/2 and Mcm5/3 ATPase 
active sites contribute to the function of the putative Mcm2-7 ‘gate’. Nucleic Acids Res. 
2010;38(18):6078–88.  

    59.    Bochman ML, Schwacha A. The Mcm complex: unwinding the mechanism of a replicative 
helicase. Microbiol Mol Biol Rev. 2009;73(4):652–83.  

    60.    Henderson R. Structural biology: ion channel seen by electron microscopy. Nature. 
2013;504(7478):93–4.  

   61.    Kuhlbrandt W. Biochemistry. The resolution revolution. Science. 2014;343(6178):1443–4.  
    62.    Li X, Mooney P, Zheng S, Booth CR, Braunfeld MB, Gubbens S, et al. Electron counting and 

beam-induced motion correction enable near-atomic-resolution single-particle cryo-EM. Nat 
Methods. 2013;10(6):584–90.    

21 Structure and Function Studies of Replication Initiation Factors



443© Springer International Publishing Switzerland 2016 
D.L. Kaplan (ed.), The Initiation of DNA Replication in Eukaryotes, 
DOI 10.1007/978-3-319-24696-3_22

    Chapter 22   
 Regulation of the Initiation of DNA 
Replication upon DNA Damage in Eukaryotes                     

       Kerstin     Köhler    *,     Pedro     Ferreira    *,     Boris     Pfander    , and     Dominik     Boos    

    Abstract     Cycling cells must ensure homeostasis of the genetic information during 
repeated chromosome replication-segregation cycles. To guarantee genome stability 
in normal and DNA damage conditions the initiation of DNA replication in eukaryotes 
is regulated by the cell cycle machinery and the intra S-phase checkpoint (ISC). The 
cell cycle kinases CDK and DDK induce initiation specifi cally in S phase, and the 
ISC inhibits both kinase pathways, suppressing initiation upon DNA damage and 
replisome stalling to prevent the replication machinery from having to copy dam-
aged DNA templates. Despite this ISC-mediated inhibition, dormant origins are 
allowed to fi re in genomic regions that are actively engaged in replication when the 
DNA damage occurs. Forks from dormant origins can rescue replisomes that 
have stalled at DNA lesions, helping to ensure that no part of these replicating 
regions is left unreplicated in DNA damage conditions. This replisome rescue also 
helps prevent stalled and collapsed forks from causing genome rearrangements. In 
higher eukaryotes, these principles of regulating initiation upon DNA damage must 
be implemented into a particularly complex temporal regulation programme of 
genome replication. Molecular details of how the ISC, which poses an important 
barrier against tumour formation, achieves the regulation of initiation upon DNA 
damage is only beginning to emerge.  
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       Introduction 

 DNA damage changes the structure of the genetic material, preventing the replication 
machinery to make a complete and accurate copy of the genome. Hence,  DNA damage 
in the   S phase of the cell cycle has to be dealt with by special mechanisms to keep 
the genetic information stable throughout the generations of cells. Eukaryotes have 
evolved checkpoint pathways to properly respond to DNA damage. Here we discuss 
how the checkpoint operating in S phase, the  intra S checkpoint (ISC)     , controls the 
initiation of DNA replication. 

 If DNA damage occurs during G1 phase the G1-S checkpoint blocks or delays 
cell cycle progression before entry into S phase. This avoids copying structurally 
compromised DNA, and, thus, prevents genetic alterations. Cells that reside in S 
phase when the damage occurs activate the  ISC. The   ISC is also induced under 
certain types of damage that escape detection in G1 phase, but which hamper the 
progression of replisomes, leading to detection of these lesions in S phase. The ISC 
coordinates various processes at replication forks encountering DNA damage sites 
to prevent genetic alterations. Among these processes is the protection of replica-
tion forks from gaining damage,  called   ̀ replisome collapse [ 1 ,  2 ]. The ISC also 
activates  DNA repair and lesion bypass processes   to make progression of stalled 
replisome possible, and it elevates nucleotide levels by inducing ribonucleotide 
reductase. Moreover, it blocks mitotic entry to avoid erroneous attempts to segre-
gate incompletely replicated chromosomes (Fig.  22.1 ).    We focus here on how 
the ISC regulates the initiation of replication. It inhibits initiation in most genome 
regions in order to limit the extent of DNA replication under fork stalling conditions, 
thereby preventing mutations. However the ISC allows initiation from usually 
dormant replication origins specifi cally in regions where replication is ongoing at 
the time the damage occurs [ 3 – 5 ]. Dormant origin fi ring is thought to compensate 
for stalled replication forks, and, thus, to help ensure that genome duplication is 
complete under DNA damage. This differential regulation of initiation is thought to 
help prevent genetic instability and, thus, to contribute to protecting humans from 
developing genetic diseases like cancer.

   Eukaryotic initiation of DNA replication is separated into two phases, origin 
licensing and origin fi ring. Licensing in G1 phase is the loading of an inactive 
double hexamer of the replicative helicase Mcm2-7 onto origins of replication [ 6 ]. 
 The   loaded Mcm2-7 helicase is called pre-RC (pre-replicative complex). Pre-RC 
formation is followed by origin fi ring in S phase, during which the pre-RC is extensively 
 r  emodelled to become activated [ 7 ], and to assemble the full replisome. Origin 
fi ring is dependent on several fi ring factors (see below) and the two cell cycle 
kinases cyclin-dependent kinase (CDK) and Dbf4-dependent kinase (DDK), which 
are both activated at the G1-S phase transition. Importantly, fi ring is the step at 
which initiation becomes inhibited by the ISC,    as discussed later. 

 CDK is central for cell cycle  control   of replication. Not only does it mediate 
S-phase specifi city of origin fi ring, but it also inhibits licensing in all cell cycle 
phases except G1 when CDK activity is low [ 8 ]. This CDK-mediated licensing 
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inhibition facilitates that origins that have fi red in a given S phase cannot be licensed 
again until  the   CDK activity drops in the following G1 phase. Thus, no origin can 
fi re more than once in each S phase, ensuring that the genome is not copied more 
than once per cell cycle.  

    The Intra S-Phase Checkpoint Inhibits Origin Firing 
to Attenuate Replication under DNA Damage Conditions 

 Damaged DNA cannot serve as a template for faithful DNA replication. The lesions 
block the progression of replisomes, often by interfering with the replicative DNA 
polymerases. This ultimately leads to induction of the ISC [ 9 ]. Replisomes also stall 
when replication faces other kinds of challenging conditions. For example, when 
cells enter S phase prematurely due to expression of certain oncogenes they are not 
metabolically prepared for DNA synthesis, causing replicative stress. Experimental 
induction of the ISC is often achieved by chemically stalling polymerases, for 
example by reduction of dNTP levels using hydroxyurea (HU), or due to inhibition 
of DNA polymerase activity by aphidicolin. 

  Fig. 22.1    The ISC  helps   maintain genome integrity. DNA damage and other obstacles on chroma-
tin stall replisomes, which induces the ISC. The ISC helps maintain the genetic information by 
aiding ongoing replication, for which it must protect stalled replisomes from collapse and control 
DNA repair and lesion bypass processes in order to remove replisome-blocking lesions and/or help 
the replisomes bypass  the   DNA lesion. The ISC also prevents excessive replication by inhibiting 
the initiation of replication in order to limit having to copy damaged DNA templates, and it halts 
cell cycle progression by blocking mitotic entry to avoid errors in the distribution of the genetic 
information due to damaged chromosomes       
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 Replication fork stalling generates excessive amounts of single-stranded DNA 
(ssDNA), leading to the recruitment of the RPA protein, the eukaryotic ssDNA- 
binding protein. In aphidicolin-treated  Xenopus  egg extracts excessive ssDNA gen-
eration has been attributed to an uncoupling of DNA polymerase from the replicative 
helicase [ 10 – 13 ]: the uncoupled helicase continues unwinding DNA whilst the 
stalled polymerase and associated replisome components cannot follow. RPA 
recruitment together with the binding of the 9-1-1 PCNA-like complex to ssDNA- 
dsDNA (double-stranded DNA)    junctions and other ISC mediator proteins fi nally 
activate checkpoint kinases, most notably ATR and Chk1. These kinases orchestrate 
 the   critical checkpoint functions [ 9 ] mentioned above: to aid stalled replication 
forks, to halt the cell cycle and  to   regulate initiation (Fig.  22.1 ). 

 That the DNA damage checkpoint inhibits replication fi rst became evi-
dent in cells with a compromised checkpoint—from patients with the Ataxia 
telangiectasia- mutated (ATM) disease, who carry mutations in the  ATM kinase  . 
Both ATM and ATR belong to the PI3-kinase family and have partially over-
lapping functions. ATM cells showed radio-resistant DNA synthesis ( RDS)      after 
treatment with ionising radiation, just like Hela cells upon treatment with caf-
feine, a  PI3   kinase inhibitor. RDS was proposed to result from new origin fi ring 
events [ 14 – 16 ]. It was clarifi ed later that RDS in checkpoint-compromised cells 
partially results from both fi ring of origins and failure to prevent progression from 
G1 into S phase [ 17 – 19 ]. 

 The ISC has been suggested to be a major barrier that needs to be overcome for 
tumours to form [ 20 – 23 ]: expression of oncogenes deregulating the G1-S transition 
leads to premature entry into S phase and replication stress, which becomes apparent 
by induction of DNA damage. This DNA damage, in turn, was proposed to result in 
ISC activation and oncogene-induced senescence. Experimental inactivation of the 
ISC in human cells in these conditions  suppressed   oncogene-induced senescence and 
increased cell transformation [ 20 ], highlighting that the ISC is a cancer barrier. How 
much the inhibition of replication initiation, as opposed to other ISC functions, con-
tributes to oncogene-induced senescence and how it attenuates transformation is 
unknown. Clarifi cation will require selective inhibition of the individual branches of 
the ISC in mammalian tissue culture and mouse transformation models.  

    Origin Firing Inhibition upon DNA Damage in Yeast 

 After the initial  observations   of RDS in vertebrate cells, important insight into the 
underlying cellular and molecular mechanisms was gained using the budding yeast 
model. In 1995 Paulovich and Hartwell observed that DNA damage slowed down 
replication in budding yeast. Similar to the situation higher eukaryotes, this slowing 
down was found to be an active process, which depends on the checkpoint kinase 
Mec1,    the yeast homolog of ATR [ 24 ]. 

 Important for understanding ISC function is that replication origins in budding 
yeast are well defi ned and each origin fi res with a characteristic reproducible timing 
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during S phase [ 25 ]. Therefore, origins are categorised as early or late fi ring. 
Importantly, the ISC inhibits DNA synthesis by specifi cally blocking the fi ring of 
late origins [ 2 ,  4 ,  5 ,  26 ]. The following sequence of events upon DNA damage in  S 
phase   was deduced: (1) early origins fi re and give rise to replisomes, (2) these repli-
somes stall upon encountering DNA lesions and thereby create the checkpoint signal 
and (3) this checkpoint signal inhibits fi ring of  late   origins (Fig.  22.3a ). Studies using 
different fork stalling agents (such as HU and MMS) showed that the blocking of late 
origins is a universal response that occurs independently of how replisomes are 
stalled and checkpoint activation is induced [ 2 ,  4 ]. Moreover, the checkpoint path-
way responsible  for   blocking late origin fi ring has also been elucidated. It involves 
induction of the Rad53 checkpoint kinase that takes over functions of vertebrate 
Chk1. Rad53 becomes activated downstream of the damage-induced Mec1 [ 4 ,  5 ,  24 ]. 

 It turned out that Rad53 inhibits origin fi ring upon DNA damage by counteracting 
CDK and DDK functions that are required for origin fi ring. The essential CDK sub-
strates for origin fi ring are the initiation factors Sld3 and Sld2. After CDK phosphory-
lation, Sld3 and  Sld2   bind to the Dpb11 protein, most likely forming a ternary complex 
[ 27 ,  28 ]. The Sld3-Dpb11-Sld2 complex facilitates the activation of the replicative 
DNA helicase (Mcm2-7) and the assembly of the replisome by mechanisms that are 
not fully understood. They involve the interaction of Sld3 with the essential initiation 
factor Cdc45, recruiting Cdc45 to Mcm2-7 to activate the helicase. Essential phos-
phorylation sites of DDK are in the Mcm2-7 helicase complex [ 29 ], but how exactly 
 their   phosphorylations contribute to replication initiation is unclear. 

 Because  CDK and DDK   are each essential for initiation, inactivation of either 
CDK or DDK function would in principle be suffi cient to inhibit origin fi ring. 
However, yeast cells inhibit  both   kinase pathways (Fig.  22.2 ): the Rad53 check-

  Fig. 22.2    The ISC prevents the initiation of DNA replication by inhibiting CDK and DDK processes 
during  origin fi ring.   In yeast and vertebrates CDK and DDK are essential for replication initiation, 
and  for   making initiation S phase specifi c, as their kinase activities increase when cells progress from 
G1 into S phase. In yeast, the ISC inhibits both pathways. The CDK pathway is blocked by inhibiting 
the initiation function of its substrate Sld3, whereas DDK is inhibited by the ISC at the level of the 
kinase, by phosphorylation of the DDK subunit Dbf4. In vertebrates, the principle of CDK and DDK 
pathway inhibition to achieve suppression of origin fi ring is probably conserved, although the under-
lying molecular mechanisms that are poorly characterized seem to be different       
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  Fig. 22.3    Hypothetical models for ISC-mediated control of origin fi ring in yeast and vertebrates. 
( a ) In yeast,  early   replication origins fi re before late origins in unperturbed S phases. DNA damage 
or other obstacles lead to replication fork stalling, which activates the ISC, subsequently suppressing 
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point kinase phosphorylates the CDK target Sld3 as well as the DDK subunit 
Dbf4 at multiple sites, and only the simultaneous mutation of the phosphorylation 
sites on both proteins relieves the block to late origin fi ring [ 30 ,  31 ]. How Sld3 
and Dbf4 are inhibited by Rad53 phosphorylation is only beginning to be unrav-
elled: so far it has been shown that Rad53 phosphorylation of Sld3 interferes with 
Sld3 binding to Dpb11 and Cdc45, suggesting that two essential Sld3 functions 
are blocked [ 30 ].

   The importance of origin fi ring inhibition for yeast cells is currently unclear. Two 
studies found a mild sensitivity of mutant cells, in which the block was bypassed, to 
genotoxic agents, whereas another study could not detect sensitivity using a slightly 
different mutant set-up [ 30 – 32 ]. Future research should address this more closely, 
and also why redundant mechanisms—inhibition of CDK and DDK—exist to block 
origin fi ring. It is tempting to speculate that this redundancy makes the block to 
origin fi ring more robust, which might present an evolutionary advantage by pre-
venting genome instability. 

 Finally, it is interesting to note that whereas the checkpoint in yeast acts directly 
on DDK in order to inhibit its function in replication, it does not inhibit CDK 
directly, but rather at the level of its substrate Sld3 (Fig.  22.2 ). Perhaps such a mech-
anism has evolved because full inactivation of CDK upon checkpoint induction 
must be avoided, given that S-phase  CDK   is pivotal to inhibit re-licensing of origins 
that have already fi red. Full inactivation of CDK during S phase by the  ISC   would 
therefore risk re-replication, which has to be avoided at any cost because even mild 
re-replication causes genome instability.  

Fig. 22.3 (continued) the fi ring of late origins. Stalled forks are often rescued by an incoming 
fork generated from a neighbouring dormant origin or from another early origin that fi red 
before ISC activation. This model is simplifi ed and more complicated ISC mechanisms similar 
to the ones described for higher eukaryotes in ( b ) might apply also in yeast. ( b ) In higher 
eukaryotes, the temporal replication programme becomes visible as replication factories—
actively replicating chromatin domains, whose replication occurs at reproducible times during 
S phase ( upper panel , “No Fork Stalling”). Upon fork stalling, the ISC is induced and inhibits 
replication in inactive factories while allowing dormant origins to fi re in active factories to 
rescue stalled replisomes. To explain this seeming paradox, two non-exclusive models are pro-
posed.  Model 1 :    The ISC acts at the level of chromatin domains. It inhibits the conversion of 
inactive into active replication domains, perhaps by preventing initiation factors from access-
ing inactive replication factories. Therefore, initiation factors, of which some are limiting, 
become available for the fi ring of dormant origins in active factories.  Model 2 : The ISC inhibits 
initiation at the origin level rather than at the factory level. Specifi cally in active  f  actories, the 
ISC is not allowed to be active in order to relieve the inhibition of fi ring. This could be achieved 
by inhibiting the ISC signal locally in active but not in inactive factories ( Model 2A ). The 
relieving signal could be dependent on or independent of ongoing replication and the ISC itself. 
Alternatively, the signal relieving ISC-mediated fi ring suppression could work not by inhibit-
ing the ISC itself but by overriding its effects at replication origins (model 2B). Local signals 
in active factories could, for example, remove the fi ring-inhibiting phosphorylations from ISC 
kinase substrates at origins. Alternatively,    the relieving of ISC-mediated fi ring suppression 
could also be achieved passively if dormant origins in active factories had already passed the 
stage of origin fi ring where they can be inhibited by the ISC       
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    Molecular Mechanisms of Suppression of Origin Firing 
in Vertebrates 

 Whether the inhibition of CDK and DDK to suppress origin fi ring is conserved in 
vertebrates is a matter of debate. Like in yeast, CDK is essential for replication 
initiation by phosphorylation of the Sld3 orthologue Treslin/TICRR, promoting 
its association with vertebrate Dpb11, TopBP1 [ 33 ,  34 ]. However, whereas in  
C. elegans  CDK must phosphorylate Sld2 for the binding to the TopBP1 ortho-
logue Mus101 to initiate replication [ 35 ], this CDK dependency does not appear 
to be conserved in the embryonic  Xenopus  egg extract system [ 36 ,  37 ]. This indi-
cates that the molecular mechanisms of CDK-dependent initiation have partially 
diverged in higher eukaryotes but the principle of CDK dependency of replication 
initiation is conserved. Hence, inhibition of CDK function could be a means to 
inhibit origin fi ring upon DNA damage also in metazoa (Fig.  22.2 ). 

 This has hardly been addressed at a mechanistic level, partly because key players 
such  as   Treslin/TICRR have only recently been discovered [ 37 ,  38 ]. Moreover, 
observing molecular events leading to inhibition of origin fi ring remains diffi cult 
due to origin positions in the genome being poorly defi ned in vertebrates. Binding 
experiments using bacterially expressed TopBP1 fragments indicated that the inter-
action with Treslin/TICRR in cell lysates is reduced upon ISC activation [ 33 ]. This 
 correlated   with lower overall phosphorylation of Treslin/TICRR, which might well 
refl ect lower phosphorylation of Treslin/TICRR by CDK as a result of ISC induc-
tion. Decreased Treslin/TICRR phosphorylation by CDK would lead to diminished 
binding of the protein to TopBP1 and inhibition of replication initiation. 

 Although the described experiments clearly need confi rmation by methods 
analysing CDK phosphorylation of Treslin/TICRR  specifi cally   at replication ori-
gins, a decrease in CDK phosphorylation would be consistent with the fi nding that 
CDK activity becomes partially inhibited upon activation of the ISC in cultured 
cells [ 39 ,  40 ]. CDK inhibition occurs by degradation of the CDK-activating 
Cdc25A phosphatase. Cdc25A activates CDK2 by removing phosphorylations 
from CDK2-T14 and Y15. Phosphorylation of the CDK2-inhibitory T14 and Y15 
was in turn suggested to be required for proper execution of the ISC. To test this, 
genomic knock-in into cultured human cells of a mutant CDK2 allele was used, 
which codes for CDK2 that is resistant to inhibition by phosphorylation [ 41 ]. The 
mutant carries point mutations of T14 and Y15 to A and F (CDK2-AF) that can-
not be phosphorylated. CDK2-AF cells failed to recover from stalling of repli-
somes by replication inhibitors, and showed elevated levels of DNA damage upon 
exposure to the same agents. Partial chemical inhibition of CDK2-AF kinase 
activity rescued this phenotype [ 41 ]. This set of phenotypes can be explained by 
a scenario in which CDK-AF  cells   fail to suppress origin fi ring upon ISC activa-
tion by replication fork stalling, subsequently causing DNA damage. In line with 
this, over-initiation does occur if CDK inhibition is compromised, as modifi ed 
cells in which Cdc25A cannot be degraded in response to ISC induction showed 
radio-resistant DNA synthesis [ 42 ,  43 ]. 

 However, cellular mechanisms other than a lack of inhibition of initiation could 
also contribute to the observed phenotypes in CDK2-AF cells. Inhibition of CDK 
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by the ISC could have functions independent of the suppression of origin fi ring. For 
example, CDK2-AF cells enter S phase pre-maturely, which could induce replica-
tion stress, fork stalling and DNA damage independently of fi ring inhibition. In 
addition, CDK inhibition could have a role in the ISC-mediated protection of repli-
somes from collapse, which is known to be important for the checkpoint to prevent 
excessive DNA damage upon fork stalling [ 1 ,  2 ]. Final clarifi cation will be possible 
when the molecular details of the block of initiation have been unravelled, and 
mutants can be generated that bypass the inhibition of origin fi ring, but not other 
functions of CDK inhibition by the ISC. 

 Like in budding yeast, full downregulation of CDK activity upon checkpoint 
induction might provoke re-replication in vertebrate cells because CDK is central 
for the inhibition of origin licensing. However, in contrast to yeast, higher eukary-
otes have also CDK-independent mechanisms to inhibit licensing [ 44 – 46 ], which 
might allow a degree of CDK downregulation without triggering re-licensing. 

 However, pathways that do not involve direct CDK inhibition to suppress origin 
fi ring might also play a role in vertebrates: Treslin/TICRR was recently proposed to 
become inhibited through phosphorylation by the ISC kinase Chk1 [ 47 ]. The 
molecular details of this inhibition remain unknown. Although this study tested 
DNA damage- independent   Chk1 functions, it is a distinct possibility that Chk1- 
mediated Treslin/TICRR inhibition contributes to the inhibition of origin fi ring also 
under ISC-inducing conditions. This would be highly reminiscent of the direct 
phosphorylation of Sld3 by Rad53 in yeast, which blocks  Sld3 interaction   with 
 Dpb11 and Cdc45,   inhibiting initiation upon replisome stalling [ 30 ]. 

 Like CDK, DDK is essential for replication initiation in vertebrates although the 
molecular mechanisms have not been elucidated [ 48 ,  49 ]. This means that, poten-
tially, ISC-mediated inhibition of DDK to suppress initiation, which was described 
in yeast, could be conserved in metazoa (Fig.  22.2 ). 

 It has been controversially discussed whether DDK is inhibited by the ISC in 
higher eukaryotes. Initial reports suggested that DDK is inhibited upon DNA dam-
age induced by exposing replicating  Xenopus  egg extracts to the topoisomerase II 
inhibitor etoposide [ 50 ,  51 ]. Dissociation of DDK from chromatin was reported to 
be responsible for its suppression. For some time these fi ndings could neither be 
confi rmed in  Xenopus  nor in human tissue culture using various ISC-inducing con-
ditions [ 51 – 57 ]. As it is diffi cult to investigate events at specifi c origins in verte-
brates these studies left open the possibility that DDK activity might be suppressed 
only locally at origins of replication, potentially explaining why DDK inhibition 
might have often escaped detection. 

 More recent work  using    Xenopus  egg extracts provides mechanistic insight, 
arguing in favour of an ISC-mediated inhibition of DDK to inhibit initiation [ 51 ]: 
etoposide and other replication inhibitors lead to the recruitment of the PP1 phos-
phatase to chromatin. This contributes to the dephosphorylation of the DDK sub-
strate Mcm4. Thus, it seems that although the molecular mechanism of DDK 
inhibition by the checkpoint changed during evolution of higher eukaryotes, coun-
teracting the DDK pathway has been conserved as a means to exert ISC function 
(Fig.  22.2 ): In yeast, direct inhibition of the DDK kinase activity by its phosphoryla-
tion by checkpoint kinases downregulates DDK activity. In vertebrates, reversing 
phosphorylations on DDK substrates is the current proposed mechanism. 
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 Preventing Mcm4 dephosphorylation upon etoposide treatment using chemical 
inhibition of PP1 was not suffi cient to relieve the block of replication imposed by 
the ISC [ 51 ]. This suggests that inhibition of CDK, which presumably still occurs 
under these conditions, is suffi cient to achieve the block of origin fi ring. This is 
consistent with the fact that CDK is essential for origin fi ring. Taken together, and 
assuming these results can be transferred from the embryonic  Xenopus  system to 
somatic metazoan cells,  ISC-dependent inhibition   of the two cell cycle kinases 
essential for initiation of DNA replication, CDK and DDK, appears to be conserved 
among eukaryotes to suppress replication initiation upon DNA damage (Fig.  22.2 ). 
Ultimate clarifi cation will be possible by unravelling the molecular details of how 
CDK and DDK work and are regulated to control replication initiation.  

    Replication Initiation Control Is Complex in Higher 
Eukaryotes and Implicates Global and Local Regulations 

 In budding yeast, a subgroup of origins reproducibly fi re early in S phase, whilst 
others fi re late. If yeast cells enter S  phase   under conditions that block replication, 
early origin fi ring generates forks that stall and activate the ISC. CDK and DDK 
inhibition then prevents the fi ring of late origins (Fig.  22.3a ).

   Radio-resistant DNA synthesis in checkpoint-compromised cells indicates that 
origin fi ring inhibition upon DNA damage is  conserved   between yeast and verte-
brates. But various reports demonstrate that the cellular organisation of replication 
in vertebrates is dynamic and more complex [ 58 – 60 ]. Importantly, ISC-mediated 
regulation of initiation must account for this complexity. Thus, regulation of origin 
fi ring in metazoans cannot be discussed without considering the cellular organisa-
tion of replication. 

 Visualising active replication by pulse labelling of sites of DNA synthesis using 
the nucleotide analogue BrdU, or by GFP-PCNA, reveals patterns of replication foci, 
also  called   replication factories, in the nucleus of cells. These patterns are distinctive 
for early, mid and late S phase [ 58 ,  60 ]. They represent the reproducible order of 
replication of different genomic regions, called the temporal replication program. 

 Corroborating these results, whole-genome analyses of nascent replication prod-
ucts showed that mammalian cells possess megabase-size chromosome domains, 
within which DNA is replicated at the same time [ 61 ]. These timing domains prob-
ably represent the microscopically defi ned replication factories. Replication 
domains seem to constitute actual structural units, as analysis of proximity between 
different chromatin regions indicated [ 62 ]. It turns out that euchromatic gene-rich 
domains are typically replicated in early S phase, whereas heterochromatic regions 
replicate late, although exceptions exist. 

 Activation of the ISC in  vertebrate cells   has been shown to differentially regulate 
initiation in different replication domains [ 3 ,  63 – 66 ]. As mentioned, initiation of 
replication becomes inhibited upon ISC induction. This refl ects the inhibition of 
late origins in budding yeast, and is consistent with the idea that replication must be 
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limited under replication-challenging conditions. In contrast to this general suppres-
sion of initiation, fi ring of origins in domains actively engaged in replication at the 
time of ISC induction is allowed. Even more, usually inactive replication origins, 
so-called dormant origins, are allowed to fi re in actively replicating domains of 
human cells [ 63 ], and in  Xenopus  egg extracts [ 64 ]. This is thought to rescue repli-
cation of genomic regions close to replisomes that have stalled due to the challenge 
to replication present: while in some cases stalled replisomes may resume replica-
tion after removal of the block, or bypass the block, in other cases stalled replisomes 
may have collapsed and be unable to resume replication [ 1 ,  67 ]. In order to fully 
replicate the genomic region in front of a collapsed fork another replication fork 
generated by a dormant origin may be necessary.  

    Proper Control of Replication Initiation Is Important 
for Genome Stability 

 Dormant origins appear to  be   important for genome stability in higher eukaryotes, 
particularly under ISC-inducing conditions. This is supported by experiments 
using mammalian cells with lowered function of Mcm proteins. Mcm2-7 form pre-
RCs in G1 phases of unperturbed cell cycles (licensing) that are converted into 
replisomes in S phase (fi ring). Cells with low Mcm levels displayed sensitivity to 
drug-induced replication stress [ 63 ], and mice carrying a hypomorphic allele of 
Mcm4 showed an increased risk for cancer [ 68 ]. This can be explained by a sce-
nario, in which low Mcm levels cause fewer than normal origins to be licensed. 
Licensing is high enough, however, to allow the generation of a suffi cient number 
of replisomes for replication to proceed with relatively normal speed in the absence 
of exogenous challenges to replication [ 63 ]. However, insuffi cient dormant origin 
fi ring results in a higher incidence of stalled replisomes that cannot be rescued by 
generation of new replisomes, causing genetic instability. Since replisome stalling 
occurs in normal cell cycles but is elevated under conditions that challenge replica-
tion forks, this phenotype becomes aggravated after exposure to  replication inhibi-
tors   in cells and mice [ 63 ,  68 ]. 

 Specifi c loci in the genome where the described mechanism of replisome stalling 
and rescue by dormant origins might become particularly evident are  common frag-
ile sites (CFS)     . CFSs have a propensity to break when replication is perturbed, for 
example by treatment  with   a low dose of aphidicolin [ 69 ], or various conditions 
inhibiting the ISC [ 70 ]. Although the nature of CFSs is not fully understood they are 
thought to arise from stalled replication forks that cannot be rescued because of a 
lack of dormant origins, leaving  behind  partially unreplicated DNA. Supporting this, 
some of the most prominent CFSs show a paucity of initiation events [ 71 ,  72 ]. As a 
result of origin paucity the chance for unrescued fork breakdown is increased 
because single replisomes have to travel long distances. Although origin paucity 
likely contributes to CFS formation, other characteristics of CFS chromatin that 
pose challenges to replisomes might also play into this.  
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    Emerging Molecular Mechanisms Origin Firing Control 

 As mentioned, origin fi ring becomes inhibited by the ISC in replication factories 
that are inactive at the time of ISC induction, but dormant origins initiate in actively 
replicating factories. How cells differentiate between active and inactive replication 
domains to appropriately adapt the checkpoint response is unknown. Theoretically, 
the checkpoint signal could be generated locally  in   inactive replication factories, 
inhibiting initiation selectively in these regions. However, this option can be 
excluded because we know that the ISC signal is generated in active factories: ISC 
induction depends on replication—on exposure of ssDNA at stalled replisomes. The 
ISC signal must then diffuse out of these domains, and inhibit initiation in inactive 
factories. This means that the initiation-inhibiting activity of the ISC must be inef-
fective at the site of its generation, in active factories. The following models based 
on those proposed by Yekezare et al. [ 19 ] integrate these theoretical considerations 
with experimental data (Fig.  22.3b ). 

    Model 1: The ISC Acts at the Level of Replication Factories 

 Differential regulation of origin fi ring in active and inactive replication domains upon 
ISC induction could be accomplished if the checkpoint worked at the level of replica-
tion domains rather than individual origins (Fig.  22.3b ). Supporting this idea, it was 
suggested that ISC-mediated CDK suppression inhibits the conversion of inactive into 
 active   replication factories [ 73 ,  74 ]. This potentially involves the regulation of chro-
matin architecture, which is thought to control the accessibility of origins for initiation 
factors. Suppression of factory activation would be suffi cient to explain the differen-
tial effects of the ISC on initiation in replicating vs. non- replicating regions, if the ISC 
had no capability to inhibit fi ring at the level of individual origins. This regulation 
would leave initiation untouched in active factories but would inhibit initiation in 
inactive domains. 

 Regulation at the level of chromatin architecture for factory activation implies 
functions of CDK and/or DDK in the organisation of chromosome domains that 
remain largely unknown. If these functions require higher levels of CDK and DDK 
activity than the process of origin firing, moderate inhibition of CDK and 
DDK activity upon induction of the checkpoint will result in a block of factory 
activation whilst allowing origin fi ring in already active factories. It appears that 
ISC-mediated downregulation of CDK activity could indeed inhibit initiation in 
inactive factories via preventing factory activation: Although mechanistically 
uncharacterised, CDK activity was recently proposed to induce the activation of 
new replication factories, at least in unperturbed S phases [ 75 ]. 

  Dormant   origin fi ring selectively in active factories could be achieved passively 
in this model. These origins could constitute ineffi cient replication start sites that 
usually do not fi re. Upon stalling or slowing of replisomes ineffi cient origins would 
have more time to initiate because, in contrast to normal S phases, they are not 
i nactivated by passive replication. This mechanism could be aided by increased 
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availability of initiation factors in active factories, given that several initiation fac-
tors have been shown to be limiting [ 76 – 78 ]. These proteins could become available 
for dormant origin fi ring in active factories because the generation of new active 
factories is suppressed in ISC-inducing conditions.  

    Model 2: The ISC Acts at the Level of Individual Origins 

 Differential control of initiation in active vs. inactive replication factories upon ISC 
induction could also be achieved if the ISC regulated fi ring at the level of individual 
origins rather than at the level of replication domains. In this scenario, the ISC 
inhibits CDK and DDK functions suffi ciently well to suppress the conversion of 
pre-RC to replisomes at replication start sites. However, residual CDK activity in 
addition to CDK-independent inhibition of re-licensing must be high enough to 
prevent re-replication. 

 In order to restrict fi ring inhibition to factories that are inactive at the time the 
ISC is induced, the ISC could become blocked in active factories so that the ISC 
signal itself is switched off in these domains, e.g. by inhibition of ATR or Chk1 
(model 2A, Fig.  22.3b ). In model 2B, the ISC signal itself could be left untouched, 
but inhibited further downstream. For example, the  in  hibition of initiation factor 
activity by the ISC could be bypassed. 

 A checkpoint-inhibitory function that would be required for model 2 was pro-
posed for several proteins, e.g. DDK [ 52 ] and the orthologues of the Polo kinase 
(Plx1) in  Xenopus laevis  [ 79 ,  80 ] and budding yeast [ 81 ]. Also protein phosphatase 
2A (PP2A) was suggested to possess the capability to suppress the inhibition of 
replication in response to a double-strand break-induced ISC [ 82 ]. Thus, the distinct 
regulations of initiation in active vs. inactive replication factories could involve tight 
spatial control of DDK, Polo like kinase 1 and PP2A activities, directing these activ-
ities exclusively to active replication factories. 

 Very recently, the inter strand cross-link repair factor FANCI was implicated in 
the control of origin fi ring upon DNA damage [ 83 ]. Thus, its regulation could also 
be important for the differential control of fi ring by the ISC. 

 The processes leading to the relieving of the ISC-mediated fi ring inhibition 
selectively in active factories could depend on ongoing replication in these domains, 
as opposed to inactive factories where no replication is taking place. These pro-
cesses might be dependent on or independent of the ISC itself, which we know 
becomes induced by replisome stalling in active factories. 

 There is some experimental evidence supporting an involvement of Polo kinases 
in this model. The vertebrate Polo like kinase 1 might become specifi cally activated 
at some origins of replication.  Xenopus  Plx1 is recruited to origins dependently on 
checkpoint-mediated phosphorylation of Mcm2 on serine 92 via Plx1’s phospho-
protein- binding polo-box domain [ 79 ,  84 ]. This recruitment could position Plx1 
appropriately for effi cient phosphorylation of substrates localised at origins. For 
example, human Polo, Plk1, phosphorylates Orc2 on serine 188, and this was 
induced upon exposure of cells to replicative stress [ 85 ]. 
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 Plk1 was also reported to phosphorylate  and   downregulate the important ISC 
mediator claspin [ 80 ,  86 – 88 ], attenuating the checkpoint under certain conditions. 
Plk1 phosphorylation turns claspin into a β-TRCP-binding protein. β-TRCP medi-
ates ubiquitylation of claspin by the SCF ubiquitin ligase, followed by proteasome- 
dependent degradation. 

 It remains to be investigated whether and how checkpoint-dependent Polo 
recruitment to origins and subsequent ORC2 and/or claspin phosphorylation con-
tribute to the regulatory mechanisms to allow origin fi ring selectively in active but 
not in inactive replication domains. If they do contribute specifi c molecular mecha-
nisms will be required to target these pathways to active replication factories upon 
ISC induction. 

 How DDK exerts its proposed checkpoint-overriding activity [ 52 ] is also poorly 
characterised. The question of DDK involvement in relieving origin fi ring is com-
plicated by the fact that DDK is essential for initiation, and that replication is 
required for induction of the ISC. Final clarifi cation will require genetic separation 
of DDK functions in initiation and checkpoint override. 

 A distinct possibility is that DDK overrides inhibition of origin fi ring via regulat-
ing the initiation inhibitor Rif1 [ 89 ]. Rif1 was suggested to control the timing of 
origin fi ring in unperturbed cell cycles [ 89 – 91 ] in budding and fi ssion yeast [ 92 ], as 
well as in mammalian cells [ 93 ,  94 ]. In budding yeast, Rif1-mediated suppression 
of late origins involves the recruitment of the PP1 phosphatase by a motif in Rif1 
that is conserved in higher eukaryotes. PP1 might subsequently inhibit origin fi ring 
by dephosphorylating Mcm proteins, whose phosphorylation by DDK is important 
for initiation in yeast [ 29 ,  95 ]. DDK was proposed to counteract PP1 association 
with Rif1 by binding to and subsequently phosphorylating Rif1 [ 89 ], potentially 
relieving the block to origin fi ring. If true, Rif1 would be an integrator of positive 
and negative signals to initiation. However, it needs to be mentioned that it has not 
been addressed directly whether budding yeast Rif1 is required for ISC-mediated 
inhibition of initiation. 

 Regulation of origin fi ring might occur by similar molecular mechanisms in 
vertebrates. A recent report using  Xenopus  egg extracts indicates that vertebrate 
PP1 mediates Mcm4 dephosphorylation upon ISC induction [ 51 ]. However, Rif1 
involvement was not addressed directly in this study. 

 Thus, although progress is being made as to how initiation of DNA replication is 
controlled by the ISC on the molecular level, much more research  is   required to 
fi nally clarify this question that is central to understand genome instability. 

 Abbreviations 

  A    Alanine   
  CFS    Common fragile site   
  dsDNA    Double-stranded DNA   
  F    Phenylalanine   
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  HU    Hydroxyurea   
  ISC    Intra S-phase checkpoint   
  MMS    Methyl methanesulfonate   
  Pre-RC    Pre-replicative complex   
  RDS    Radio-resistant DNA synthesis   
  ssDNA    Single-stranded DNA   
  Y    Tyrosine   
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    Chapter 23   
 Protein Phosphatases and DNA Replication 
Initiation                     

       Michael     J.  R.     Stark    ,     Shin-ichiro     Hiraga    , and     Anne     D.     Donaldson    

    Abstract     Eukaryotic DNA replication is controlled by regulated cycles of protein 
phosphorylation. While the controls over these cycles of kinase activity have been 
the subject of intense investigation, controls over the removal of phosphorylation, 
carried out by protein phosphatases, are potentially of equal importance for regulat-
ing DNA replication but have in comparison been largely neglected. In this chapter 
we will fi rst present a brief overview of the families of phosphatases occurring in 
eukaryotic cells, with emphasis on the PP1 and PP2A subtypes that have been 
implicated in direct control of replication origin initiation. We will then review our 
current knowledge of how these phosphatases interact with established control 
pathways to impact on replication initiation, outlining how PP1 activity is required 
to prevent premature origin initiation, and its potential involvement in dephosphory-
lating ORC to enable pre-replication complex formation. Possible pathways for the 
involvement of PP2A in promoting replication initiation will also be introduced, 
highlighting the gaps in our understanding and areas of ongoing investigation.  

  Keywords     Phosphatase   •   PP1   •   PP2A   •   Chromatin   •   Rif1   •   ORC   •   DNA replication   
•   Replication   •   Origin   •   Cell cycle  

        Introduction 

  DNA replication   is controlled during the cell cycle by regulated protein kinase activity, 
in particular the activity of Cyclin-dependent and Dbf4-dependent kinases. In any 
process where phosphorylation is central to the regulation, regulated dephosphoryla-
tion has equal potential to act as a critical control. Nonetheless, understanding of how 

        M.  J.  R.   Stark    
  Centre for Gene Regulation & Expression, College of Life Sciences ,  University of Dundee , 
  Dundee   DD1 5EH ,  UK     

    S.-i.   Hiraga    •    A.  D.   Donaldson      (*) 
  Institute of Medical Sciences ,  University of Aberdeen ,   Foresterhill, Aberdeen  
 AB25 2ZD ,  UK   
 e-mail: a.d.donaldson@abdn.ac.uk  

mailto:a.d.donaldson@abdn.ac.uk


462

phosphatase activity regulates mechanisms of DNA replication lags well behind our 
insights into how different kinases control replication. Here we outline our knowledge 
of the effects of protein phosphatases on DNA replication initiation. We begin by 
reviewing the molecular biology of protein phosphatases, with an emphasis on PP1 
and PP2A as the two phosphatases known to impact on replication control. We then 
outline studies that have investigated roles of phosphatases in controlling the initiation 
of replication—outlining advances made and progress towards identifi cation of 
dephosphorylation targets relevant to replication control. 

 The human genome encodes over 500 protein kinases and around 150 protein phos-
phatases (  www.genenames.org     [ 1 ]). Although more than 98 % of protein phosphoryla-
tion occurs on serine or threonine residues, around 90 of the 150 protein kinases are 
tyrosine-specifi c and are matched by a similar number of protein tyrosine phosphatases 
[ 2 ]. In terms of catalytic subunits there are only around 40 dedicated protein serine/
threonine phosphatases to oppose the function of over 400 kinases that phosphorylate 
these two residues. Coupling this information with initial biochemical studies indicat-
ing low specifi city of isolated phosphatase catalytic subunits, the idea emerged that 
phosphatases provide largely constitutive and promiscuous activities, against which 
changes in kinase activity are played to effect the regulation of biological processes. 
However, it has now become clear that this idea is not at all true, and that the regulation 
of phosphatase activity does indeed play critical roles. The complexity required 
however lies not in the number of phosphatase catalytic subunits but rather in the 
way they are regulated through interactions with other proteins, which control their 
localization, substrate specifi city, and activity. Thus the relatively few phosphatase 
catalytic subunits combine with a diverse multiplicity of regulators to generate 
protein phosphatase families, some of which contain many distinct members. PP1 
and PP2A, the most abundant and best studied phosphatases that account for the 
majority of phosphatase activity within cells [ 3 ], probably therefore collectively 
encompass hundreds of distinct phosphatase specifi cities. 

 Unlike kinases, which frequently target for phosphorylation specifi c  amino acid 
motifs   within their substrates, phosphatases generally show little specifi city for 
dephosphorylating a particular consensus sequence. Instead they select their sub-
strates through more complex interactions involving both the catalytic subunit and 
its regulators. As well as proteins that determine substrate recognition, phosphatase 
regulators include inhibitory polypeptides that suppress phosphatase activity by 
occupying the catalytic site. 

    Protein Phosphatase Families 

 Protein phosphatase catalytic subunits fall into a small number of distinct families 
[ 4 ] (see Table  23.1    ). Most  protein tyrosine phosphatases (   PTPs    )     are related in 
sequence and contain a conserved cysteine and arginine at their active site. In addi-
tion to transmembrane receptor and intracellular non-receptor PTPs, this group 
includes dual-specifi city phosphatases that can dephosphorylate phosphoserine 
and phosphothreonine, as well as phosphotyrosine. The  S. cerevisiae  Cdc14 
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dual- specifi city phosphatase falls in this category. Another set of dual-specifi city 
PTP enzymes comprises the Cdc25 PTP subgroup, which includes the enzymes that 
mediate dephosphorylation of CDK1 on Thr-14 and Tyr-15 upon mitotic entry. 
Dedicated   protein serine/threonine phosphatases    fall into three main groups: (1) the 
 PPP  or PhosphoProtein Phosphatase family (13 human genes, including three 
encoding PP1 and two encoding PP2A catalytic subunits), (2) the  PPM  or Protein 
Phosphatase Mg 2+  or Mn 2+ -dependent family (17 human genes), and (3) a small 
group of  Aspartate-based  phosphatases (eight human genes) of which most are 
involved in targeting the C-terminal domain repeats of the largest subunit of RNA 
polymerase II (see   www.genenames.org    ).

   The PPP and PPM phosphatases are unrelated in sequence, but through pre-
sumed convergent evolution do adopt related overall structures, in which two diva-
lent metal ions play a key role at the active site [ 5 ,  6 ]. Unlike PPP family members, 
PPM phosphatases are not characterized by interaction with  multiple regulatory 
proteins   [ 7 ] but instead are frequently embedded within additional domains that 
confer specifi city [ 4 ]. In this chapter we will focus primarily on the PP1 and PP2A 
members of the PPP family, which are the phosphatase types with known roles in 
regulating DNA replication initiation. 

   Table 23.1    Protein phosphatase  classifi cation     

 Family  Class 
 Human gene 
number a   Regulatory subunits 

  PTP superfamily (-CX   5   R-)   b   
   Class I  Classic receptor PTP  21 

 Classic non-receptor 
PTP 

 18 

 Dual-specifi city  58 
   Class II  Low molecular weight 

PTP 
 1 

   Class III  Cdc25s (dual specifi city)  3 
  Ser/Thr phosphatases  
   PPP family  PP1  3  >90 

 PP2A  2  A (2 genes), B (13 genes) b  
 PP3 (PP2B)  3  B (2 genes), calmodulin 
 PP4  1  R1, R2, R4 
 PP5  1  none 
 PP6  1  SAPs (3 genes), ankyrin 

repeat proteins (3 genes) b  
 PP7  2  unknown 

   PPM family  PP2C  17  none 
   Asp-based 

(-DXDX[TV]-) c  
 FCP/SCP family  8 d   TFIIF,  unknown   
 HAD family  4 d  

   a Gene number data taken from   www.genenames.org     (accessed 24 Mar 2015) 
  b Only the major regulators are indicated 
  c Denotes active site motif 
  d Additional members of these families may also have phosphatase activity  
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     PP1   

 Three human genes encode PP1  catalytic subunits  , expressing a total of fi ve dif-
ferent isoforms (namely PP1α1, α2, β, γ1, and γ2 [ 3 ,  8 – 11 ]). In budding yeast in 
contrast one gene encodes the single PP1 isoform present. However, a variety of 
approaches in a number of organisms have revealed that PP1 catalytic subunits 
may have literally hundreds of interaction partners [ 12 ], so that PP1 enzymes in 
effect comprise the largest family of PPP Phosphatases. While in certain organ-
isms the small number of PP1 catalytic subunit isoforms may impart some degree 
of specifi city, it is the wide variety of PP1-interacting proteins that lead to its great 
diversity of specifi c roles. These interacting proteins include inhibitory proteins 
such as Inhibitor-2, in addition to ‘substrate-targeting’ regulators that help to 
determine substrate specifi city and localization of PP1 isoforms [ 3 ]. A striking 
example where PP1 localization is regulated by a targeting subunit is provided by 
Repo-Man, which dramatically regulates  chromatin association of PP1γ   during 
anaphase in human cells [ 13 ,  14 ]. Binding to the myosin phosphatase targeting 
subunit MYPT1 in contrast targets PP1 to dephosphorylate myosin and polo-like 
kinase 1 amongst other substrates. Interaction of the PP1 catalytic subunit with 
such regulators is mediated by multiple, short amino acid motifs, often acting in a 
combinatorial fashion, which interact with the surface of the catalytic subunit 
some distance from the phosphatase active site (Fig.  23.1a ). The active site itself 
is shallow, and association of PP1 with regulatory subunits may provide the addi-
tional points of contact for substrates needed to confer a high degree of selectivity 
and specifi city [ 15 ]. There are around ten defi ned motifs known to mediate inter-
action of regulatory subunits with PP1, with the so-called RVxF, SILK, and 
MyPhoNE motifs the best known [ 16 ]. The  RVxF motif   (also termed RxVxF and 
more properly represented as [KR][KR][VI]{FIMYDP}[FW], where {} indicate 
excluded residues) is present in the vast majority of PP1-interacting proteins, 
functioning as a primary PP1-binding motif and binding in an extended conforma-
tion to a hydrophobic groove away from the phosphatase active site [ 17 ]. The 
 SILK motif   ([GS]IL[RK]) is present in a smaller proportion of PP1 interactors 
and is generally located N-terminal to the RVxF motif [ 3 ]. Inhibitor-2 for example 
contains variants of both these motifs, together with a third  region   that contacts 
the PP1 active site [ 18 ].  MyPhoNE   (myosin phosphatase N-terminal element)    is a 
third consensus motif indicative of PP1 binding and having the consensus 
RxxQ[VIL][KR]x[YW]. These characteristic sequences are specifi c for binding 
to PP1, and the requirement for the PP1 surface to interact with a wide range of 
different, short sequences during interactions with numerous other proteins may 
in part be the driving force for the high level of conservation shown by PP1 [ 12 ]. 
Mutation of key residues in these PP1-binding motifs frequently abolishes inter-
action with PP1 and is therefore a good way to test the functional signifi cance of 
PP1 interaction. This theme of interacting motifs carries through to other PPP 
family phosphatases—for example, PPP3 (also called PP2B or  calcineurin     ) is a 
trimeric phosphatase whose catalytic subunit interacts with other proteins through 
short PxIxIT and LxVP motifs [ 19 ].
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   As monomers many PP1- interacting proteins   show intrinsically disordered 
structures, a feature that may help them to bind to PP1 in an extended conformation 
permitting larger interaction surfaces and facilitating interaction with multiple bind-
ing determinants [ 3 ]. Furthermore, different interacting proteins may compete with 
each other for binding to PP1, such that overexpression of one interacting protein 
may lead to effects caused by displacement of others [ 20 ]. Although present 
throughout the cell, PP1 is enriched in the nuclear  compartment   [ 2 ].  

     PP2A   

 Like PP1, the PP2A catalytic subunit functions within the context of multimeric 
protein complexes. PP2A holoenzymes are normally assembled on a U-shaped scaf-
fold (the ‘A’ subunit) composed of multiple HEAT repeats and contain one of a 
range of regulatory or ‘B’ subunits in addition to the catalytic (‘C’) subunit 
(Fig.  23.1b ). The B subunit is a major determinant of substrate specifi city and local-
ization of the assembled holoenzyme. Budding yeast contains at least three different 
B subunits, while in mammals multiple isoforms and splice variants derived from 
four B subunit gene families may lead to a diversity of PP2A holoenzymes rivalling 
the diversity of PP1 with its regulatory subunits [ 15 ]. As with PP1, the particular 

  Fig. 23.1    Structures of PP1 and  PP2A.   ( a ) PP1β bound to the N-terminal domain of the myosin 
regulatory subunit MYPT1 [PDB entry 1S70] [ 86 ] showing the catalytic subunit in  yellow  and the 
MYPT1 regulatory subunit in  red . The RVxF motif binds to PP1 in an extended conformation 
some distance away from the catalytic site, but secondary structure elements on either side of it 
contribute to re-shaping the catalytic cleft. Another short sequence element in the extreme 
N-terminal region of MYPT1 (‘MyPhoNE’) confers specifi city for the PP1β isoform [ 87 ]. Other 
interactions between the two proteins involve the C-terminal region of PP1β ( b ) PP2AB56γ1 [PDB 
entry 2IAE] [ 88 ], with the catalytic ‘C’ subunit in  yellow , scaffold ‘A’ subunit in  green , and the 
B56γ1 (B′) subunit in  red . Note the interaction between methylated C-terminus of PP2A Cα and 
B56γ1. Structures were displayed from the PDB entries using Protein Workshop [ 89 ]       

 

23 Protein Phosphatases and DNA Replication Initiation



466

combination of B and C subunits appears to confer a high level of specifi city on 
particular forms of PP2A. PP2A holoenzymes containing different B subunits can 
show exquisite selectivity, for example targeting distinct phosphorylated residues in 
the same phosphoprotein substrate ([ 15 ], see Fig.  23.1b ). Moreover PP2A inhibi-
tory proteins such as ENSA and Bod1 can suppress the activity of specifi c isoforms 
(PP2AB55 and PP2AB56 respectively). PP4 is related to PP2A and shows a similar 
organization, with specifi c scaffolding (PP4R2) and regulatory (PP4R3β) subunits 
involved in targeting PP4 to dephosphorylate γ-H2AX during S phase, while a small 
number of other PP4 regulators specify additional functions. PP2A is methylated on 
its carboxy-terminal leucine residue and a conserved, DYFL sequence at the extreme 
C-terminus of PP2A (shared by PP4 and PP6) is probably related to this modifi ca-
tion.  Carboxymethylation   is reversible and has been proposed to regulate assembly 
of the multimeric PP2A complexes [ 21 ], while association with the carboxylmethy-
lesterase may also serve to inhibit PP2A that has not yet correctly assembled into an 
‘ABC’  trimer   [ 22 ].   

    A Phosphatase Network Controlling  Cell Cycle Progression   

 Contrary to initial suggestions that phosphatase activity was relatively unspecifi c 
and constitutive, it has become clear that phosphatases can form important ele-
ments of complex biological phosphoregulatory networks, sometimes involving 
the multiplicity of specific phosphatase activities available (as outlined above). 
A good example is provided by a recently elucidated network that controls 
 mitotic entry and exit  . Mitotic entry requires activation of the cyclin-dependent 
kinase Cdk1, through dephosphorylation by Cdc25 phosphatase of Cdk1 Thr-
14 and Tyr-15. This activation involves feed-forward regulation in which Cdk1 
either directly or indirectly promotes activatory dephosphorylation of Cdc25 by 
PP1, and overcomes inhibitory dephosphorylation of Cdc25 by PP2A, at least 
in part through active inhibition of PP2A [ 23 ,  24 ]. As cells enter mitosis, PP1 is 
inhibited by Cdk1  phosphorylation   [ 25 ] and PP2A activity is suppressed through 
interaction with specifi c inhibitory proteins following their phosphorylation by 
Cdk1 or Greatwall, a kinase that acts downstream of Cdk1 [ 24 ,  26 – 28 ]. Mitotic 
exit involves sequential reactivation of three different kinase activities: fi rst PP1 
which is then required to reactivate PP2A-B55 and lastly PP2A-B56, the lat-
ter being PP2A holoenzymes with different B subunits [ 25 ]. Reactivation of 
these phosphatases enables cells to reverse Cdk- dependent mitotic phosphory-
lation events, so that active regulation of these phosphatase functions is criti-
cal for proper progression through mitosis. The elucidation of this sophisticated 
network of phosphatase regulatory events illustrates how phosphatases can no 
longer be treated as the ‘poor relations’ of  protein kinases  . Instead they must 
be considered as potentially active elements of any process that is regulated by 
reversible protein  phosphorylation  .   
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    Protein Phosphatase 1 in Replication Control 

 The two different kinase activities essential for replication initiation are  DDK      
(Dbf4-Dependent  Kinase  ) consisting of Cdc7 kinase and its activating subunit Dbf4, 
and the better known Cyclin-Dependent Kinase ( CDK  ).    The substrates of these 
kinases in replication have been identifi ed and studied primarily in the budding yeast 
 Saccharomyces cerevisiae  [ 29 ,  30 ]. The critical target of DDK for replication initia-
tion is the MCM complex and particularly Mcm4, which has an N-terminal region 
that is multiply phosphorylated by DDK to activate MCM helicase function. DDK 
phosphorylation is also thought to promote recruitment of the initiation factor Sld3 to 
the MCM complex [ 31 ,  32 ]. The critical CDK targets are also best understood in 
yeast: phosphorylation of Sld3 by CDK promotes its interaction with Dpb11. Dbp11 in 
turn recruits Sld2 (also phosphorylated by CDK) and the GINS complex to mediate 
polymerase recruitment. Sld3 also binds Cdc45, which is essential for recruitment of 
Cdc45 to the MCM complex and formation of the active CMG helicase complex. 
 Homologous pathways   are now believed to operate in mammalian cells [ 30 ], where 
TopBP11 and Treslin correspond to yeast Dbp11 and Sld3, respectively, and appear to 
operate similarly to promote replication initiation. 

     Yeast Rif1   Acts as a Protein Phosphatase 1-Targeting Subunit 
to Regulate DNA Replication 

 Several investigations have implicated PP1 as important for restraining replication 
origin initiation in both budding and fi ssion yeasts [ 33 – 35 ]. This role for PP1 is 
directed by a protein called Rif1, identifi ed by these studies as a new PP1 substrate- 
targeting subunit. Yeast Rif1 contains a series of PP1 interaction (RVxF and SILK) 
motifs, and interacts with PP1 as shown by co-immunoprecipitation and 2-hybrid 
analysis. As outlined above, a critical step in replication initiation is activation of 
the DNA unwinding function of MCM helicase (Fig.  23.2 , pink downward arrows) 
through phosphorylation of Mcm4 and other MCM subunits by DDK. It was dis-
covered that yeast Rif1 affects replication by directing PP1 to dephosphorylate 
Mcm4 (Fig.  23.2 , blue upward arrow) [ 33 ,  34 ,  36 ]. The Rif1-PP1 control module 
therefore counteracts DDK, restricting MCM helicase function to the correct cell 
cycle phase and limiting origin initiation. One consequence of this function of 
Rif1-PP1 in antagonizing DDK is that cells lacking Rif1 have a diminished require-
ment for DDK activity, and a  rif1Δ  mutation partially relieves the effects of  cdc7   ts   
mutations in either  S. pombe  or  S. cerevisiae  [ 33 ,  34 ,  36 ,  37 ]. Rif1-PP1 therefore 
controls S phase entry by determining the DDK level at which the fi rst initiation 
events can occur.

    Interestingly, replication origins vary in their sensitivity to the removal of Rif1 
activity: while some origins are highly prone to initiate prematurely in the absence 
of Rif1, others appear to be largely immune [ 33 ,  37 ]. Still others may actually be 
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delayed in initiation, although this latter effect could be an indirect result of altered 
availability of initiation-limiting factors [ 38 ]. One likely determinant of susceptibil-
ity of an origin to effects of Rif1 removal is its proximity to chromosomal Rif1 
binding sites [ 37 ]. Consistently, Rif1 is strongly associated with yeast telomeres, 
and telomere-proximal origins initiate replication aberrantly early in a  rif1Δ  mutant 
[ 34 ,  36 ,  39 ]. This effect on telomere replication highlights the fact that Rif1-PP1 not 
only controls S phase entry, but equally is important for specifying the replication 
timing programme once S phase has begun [ 37 ,  40 ], affecting origins throughout 
the genome to differing degrees. This dual role of Rif1 in S phase entry and the tim-
ing programme refl ects the close intertwinement of replication timing control with 
initiation mechanisms. It is perhaps not surprising that a protein which opposes 
DDK activity determines both the S phase entry threshold and the replication timing 
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  Fig. 23.2    Role of  yeast Rif1-PP1 in   restricting DNA replication initiation. Origin initiation during 
S phase requires MCM helicase activation ( pink downward arrows ), through phosphorylation of 
Mcm4 (and other MCM subunits) by DDK (composed of Cdc7 and Dbf4,  pink oblongs ). In G1 
phase ( blue arrow ), Rif1 binds PP1 ( blue shapes ) through its PP1 interaction motifs ( dark blue 
bars ), directing it to dephosphorylate Mcm4 at origins. During G1 phase Dbf4 levels are low and 
dephosphorylation by Rif1-PP1 predominates, preventing premature origin initiation. As S phase 
begins, Dbf4 levels rise and DDK phosphorylates Mcm4, favouring replication initiation. 
Simultaneously, the Rif1-PP1 inhibitory effect is attenuated by DDK/CDK phosphorylation of 
Rif1 close to its PP1 interaction motifs, preventing PP1 interaction with Rif1 and targeting to the 
MCM complex [ 33 – 35 ]—so that in S phase, DDK-mediated origin initiation predominates       
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programme, given that the levels of Dbf4 expression are critical both for  regulating   
S phase entry and as one of the factors whose levels limit progression through the 
timing programme [ 38 ]. 

 An intriguing twist to the effect of Rif1 on replication is that the interaction of Rif1 
with PP1 is itself controlled by DDK-mediated phosphorylation. Dbf4 directly interacts 
with the C-terminal domain of Rif1 to mediate phosphorylation of residues surrounding 
its PP1 interaction motifs, preventing PP1 binding [ 33 – 35 ]. This control presumably 
serves to switch off the repression of replication by Rif1-PP1 as cells enter S phase. 
Execution of the temporal programme of origin initiation might be associated with pro-
gressive attenuation of the Rif1-PP1 control module through this mechanism. 

 Phosphorylation of Mcm4 is strongly downregulated by Rif1-PP1; other sub-
units of the yeast Mcm complex have not yet been tested and might also be affected. 
In fact it remains unclear exactly how many other substrates may be targeted by 
Rif1-PP1 to regulate replication. Phosphorylation of the critical CDK substrate Sld3 
is also increased when  S. cerevisiae RIF1  is deleted [ 36 ], hinting that the Rif1-PP1 
module may act more broadly to downregulate other phosphorylation events impor-
tant for replication initiation, including CDK-mediated phosphorylation events. 
Phosphorylation of the second critical CDK substrate Sld2 is however not affected 
by Rif1  removal   [ 36 ].  

    Is the  Rif1-PP1   Replication Control Module Conserved? 

 Rif1 is present in all eukaryotic organisms so far examined, and Rif1 also affects S phase 
progression in vertebrate cells. Two different studies [ 41 ,  42 ] identifi ed Rif1 as a critical 
determinant of the replication timing programme that stimulates origin initiation in early 
S phase. PP1 interaction RVxF and SILK motifs exist in all Rif1 proteins so far analysed 
(Fig.  23.3 ) [ 43 ] despite evolutionary divergence in Rif1 primary structure. MCM 

  Fig. 23.3    PP1 interaction motifs in  eukaryotic      Rif1 proteins. Location of matches to PP1 interac-
tion motifs RVxF ( blue ) and SILK ( red ) within the Rif1 protein sequences of budding yeast 
 S. cerevisiae , fi ssion yeast  S. pombe ,  X. laevis , and  H. sapiens . For  S. cerevisiae  and  S. pombe , 
mutational analysis has shown that the N-terminal RVxF and SILK motifs are the most function-
ally signifi cant of the motifs present for controlling replication       
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subunit phosphorylation is increased upon depletion of Rif1 from HeLa cells [ 42 ], mir-
roring the fi ndings in yeast. Together these facts suggest the Rif1-PP1 replication control 
module is probably conserved and counteracts DDK function throughout eukaryotes. 
Although this suggestion has yet to be directly confi rmed, a study in  Xenopus  provides 
data consistent with this idea, by demonstrating that PP1 is recruited to chromatin 
in vitro and acts continuously to reverse DDK-mediated phosphorylation of MCM sub-
units, thereby preventing MCM hyperphosphorylation and regulating replication pro-
gression [ 44 ]. The relevant  Xenopus  PP1 substrate-targeting subunit has yet to be 
identifi ed, but could be Rif1. A number of high-throughput studies have shown that 
mammalian Rif1 interacts with PP1α and γ isoforms [ 13 ,  45 ], consistent with the notion 
that vertebrate Rif1 is a PP1 substrate-targeting subunit.     

    Are Other Effects of Rif1  Mediated   by PP1? 

 Rif1 was initially identifi ed for its repressive effect on telomere length in  S. cerevisiae  
[ 46 – 48 ]; and for many years it was assumed the primary function of Rif1 was control of 
telomere length in yeast. However Rif1 is now known to carry out various functions in 
addition to its role in controlling DNA replication: in particular, Rif1 appears to regulate 
checkpoint recovery and repair pathway choice throughout eukaryotes [ 49 – 56 ], while in 
mammalian cells Rif1 has been shown to affect chromatin loop size [ 42 ]. Rif1 was 
identifi ed by two independent studies as interacting with a HP1α- and SetDB1-
containing H3K9 methylation complex [ 57 ,  58 ], a role which might relate to the control 
of replication timing in heterochromatic domains, or to a different Rif1 function. 

 The discovery that Rif1 directs PP1 activity to control replication raises the ques-
tion of whether Rif1 also acts as a PP1 targeting subunit in controlling DNA repair, 
checkpoint recovery, chromatin loop size, and yeast telomere length. Whether any or 
all of these Rif1 chromosome stability functions are mediated through PP1 has yet to 
be directly addressed, but seems likely to be the case for at least some functions, 
given the conservation of PP1 interaction sites within the Rif1 sequence [ 43 ], and the 
demonstrated interaction of mammalian Rif1 with PP1α and γ  isoforms   [ 13 ,  45 ].  

    Effects of  Orc2 Dephosphorylation   by PP1 

 Phosphorylation events are central not only for replication initiation [ 29 ,  30 ] but also 
for preventing re-replication in a single cell  cycle   [ 59 ,  60 ]. It is not well understood 
whether and how phosphatases are needed to reverse replication-associated phos-
phorylation in re-establishing competence for pre-replication complex formation, 
but a series of interesting studies from the Hwang laboratory suggest a role for PP1 in 
such control. These investigations analysed effects of phosphorylation of the 
Origin Recognition Complex subunit Orc2 at CDK sites Thr-116 and Tyr-226, 
which occurs during S phase. In  mammalian cells  , ORC dissociates from chromatin 
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(and presumably replication origins) during S phase, only re-associating as cells 
enter the next cell cycle. This cycle of ORC chromatin association presumably con-
tributes to preventing re-replication within a single cell cycle [ 61 ,  62 ], since origins 
lacking ORC will be unable to re-form a pre-replication complex. Lee et al. [ 63 ] 
found that phosphorylation at Thr-116 and Tyr-226 is cyclically regulated, with 
phosphorylation at these sites increasing as cells pass through S phase and then 
removed following mitosis at entry into the next G1 phase. Various lines of evidence 
implicate all three major isoforms of PP1 (α, β, and γ) as involved in dephosphory-
lation of Orc2 at mitotic exit. Inhibition of these PP1  isoform  s (by siRNA or using 
tautomycin) caused increased phosphorylation at these residues, while overexpres-
sion of any PP1 isoform reduces phosphorylation at the Orc2 Thr-116 and Tyr-226 
residues [ 64 ]. Orc2 and PP1 can be co-precipitated, and Orc2 moreover contains a 
match to an RVxF PP1 interaction motif whose deletion prevents PP1 interaction and 
leads to increased Orc2 phosphorylation [ 65 ]. Nonphosphorylatable or phosphomi-
metic mutations at Thr-116 and Tyr-226 lead to shifts in ORC chromatin association. 
Overall, the effects are consistent with a model in which CDK-mediated Thr-116/
Tyr-226 phosphorylation must be removed by PP1 upon mitotic exit to promote ORC 
binding to replication origins, necessary for pre-RC formation in preparation for 
entry into the next S phase. However, direct effects of PP1-mediated dephosphoryla-
tion of Orc2 on  pre-RC formation   or replication itself remain to be described. 
Interestingly however, the RVxF interaction motif is conserved in other vertebrate 
Orc2 proteins, and budding and fi ssion yeast Orc2 proteins also contain a similar PP1 
interaction motif [ 65 ]. 

 Direct impact of Orc2 dephosphorylation by PP1 on replication has yet to be dem-
onstrated. The papers described above however raise the intriguing suggestion that the 
action of PP1 early in the cell cycle may be stimulatory for replication (by re-estab-
lishing the capability of ORC for pre-RC formation upon mitotic exit [ 64 ,  65 ]), while 
at later cell cycle stages PP1 limits replication (by controlling the buildup of phos-
phorylated, activated MCM helicase [ 33 ,  44 ]). One emerging theme is that PP1 regu-
lation may be viewed as a direct contributor to the bi-stable cycle of replication control 
where G1 phase corresponds to a ‘low phosphorylation’ state permissive for  pre-RC 
formation  , and S/G2 phase a ‘high phosphorylation’ state enabling origin activation.   

    Other Phosphatase Functions in Replication Control 

    A Role for PP2A in Stimulating DNA  Replication   

 One of the fi rst implications of a role for phosphatase activity in stimulating DNA 
replication came in 1998 from the Walter laboratory, with the fi nding that depletion of 
PP2A from a  Xenopus  extract cell-free system interfered with DNA replication [ 66 ]. 
Binding of ORC and the Mcm complex were unaffected by PP2A depletion, leading 
the authors to suggest that PP2A is required to stimulate an event necessary for the 
origin initiation step. Subsequent analysis confi rmed this suggestion, with the 
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demonstration that PP2A activity is required for loading of the initiation factor Cdc45 
onto chromatin [ 67 ], although Cdc45 itself did not appear to be the target for PP2A in 
stimulating replication. A further study [ 68 ] designed to identify relevant target(s) of 
PP2A implicated Chk1 kinase as important for limiting DNA replication (particularly 
in response to damage) and as one possible target for PP2A dephosphorylation. 
However there is still no conclusive evidence for the relevant target(s) for PP2A in 
promoting replication in the  Xenopus  system, and another interesting possibility is 
raised by a recent investigation [ 69 ] that dissected roles for the  Xenopus  Chk1 kinase 
in controlling DNA replication. This study found that Chk1 negatively regulates the 
Treslin-mediated loading of Cdc45 onto chromatin, antagonizing replication initiation 
even during an unperturbed cell cycle. Chk1 interacts directly with a seven amino acid 
docking site at the C-terminus of Treslin, and the investigators proposed that phos-
phorylation of Treslin by Chk1 interferes with Cdc45 loading and so its stimulation of 
replication. If so, reversal of this inhibitory phosphorylation would be one possible 
mode through which PP2A may promote replication initiation. Indeed, Petersen et al. 
had suggested [ 68 ] that the then unidentifi ed  Xenopus  homolog of Sld3 (now known 
to be Treslin) presents one likely dephosphorylation target through which PP2A might 
stimulate DNA replication. Petersen et al. [ 68 ] had implicated PP2A as involved in 
controlling replication through a number of routes, so the suggestion that PP2A stimu-
lates replication by dephosphorylating Treslin does not preclude the possibility that 
Chk1 may also be directly targeted and inactivated by PP2A, particularly in mediating 
recovery from checkpoint-inducing conditions. Experiments in these studies gener-
ally did not distinguish between different PP2A complexes, so it remains an open 
question which PP2A complexes might be involved in replication control. 

 A further protein called DUE-B, identifi ed as interacting with the mammalian 
c-myc replication origin sequence, has also been suggested as required to load Cdc45 
at replication origins [ 70 ], with PP2A potentially contributing to control of its activity 
during the cell cycle [ 71 ]. Another possible role for PP2A in stimulating replication 
was raised by the identifi cation of a regulatory B subunit of PP2A, called PR48, as 
interacting with the Cdc6 replication licensing factor, suggesting that PP2A-mediated 
dephosphorylation of Cdc6 could be important for replication  control   [ 72 ].  

     Cdc14   Acts Indirectly to Promote DNA Replication  Initiation   

 Plasmid loss analyses and genetic interactions observed in  cdc14  mutants led to the 
suggestion that the  S. cerevisiae  dual-specifi city PTP Cdc14 is required for replica-
tion origin initiation, e.g. [ 73 ,  74 ]. However it has gradually emerged these effects 
on replication are largely indirect, occurring as a consequence of the requirement 
for Cdc14 phosphatase in cell cycle ‘resetting’ to low CDK activity upon mitotic 
exit [ 75 ]. In particular, Cdc14 dephosphorylates the CDK inhibitor Sic1 upon 
mitotic exit, stabilizing Sic1 to help ensure repression of CDK activity during G1 
phase, important for effective formation of pre-replication complexes in G1 phase 
[ 76 – 78 ]. Compromised CDK repression during late mitosis and G1 phase in  cdc14  
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mutants impacts on the effectiveness of pre-RC formation. Cdc14 therefore affects 
execution of S phase by impacting on control of Sic1 and various other cell cycle 
proteins [ 79 ], leading to the effects on replication that originally implicated Cdc14 in 
replication  control        

    Concluding Remarks 

 The cellular role of phosphatases, originally regarded as providing a fairly constitutive, 
unregulated activity, has progressed to be viewed more correctly as encompassing a 
multifaceted, highly regulated set of enzymes with specifi cities of critical importance 
for cell cycle control. While now clear that the mechanisms governing DNA replica-
tion must be included in the network of cell cycle events controlled by regulated 
protein dephosphorylation, many important questions remain to be answered. In par-
ticular, as described above there are instances where one or more phosphatase activi-
ties have been implicated at a specifi c step in the DNA replication process, but the 
precise phosphatase complex involved remains unclear—or indeed whether that step 
is regulated by a single phosphatase or a series of distinct phosphatase enzymes. 
A good example is the role of phosphatase activities in recovery from replication and 
DNA damage checkpoint arrests, where in yeast PP1, PP4, and other phosphatases 
have all been implicated in various aspects of the process including H2AX dephos-
phorylation [ 80 – 83 ]. In vertebrate cells PP2A and PP4 appear to be involved in anal-
ogous H2AX deactivation [ 84 ,  85 ]. In such cases it will be a priority to understand 
the exact nature of phosphatase complexes involved, whether they act under distinct 
circumstances or else perhaps in a relay akin to that controlling mitotic exit [ 25 ], and 
to what extent the dephosphorylation circuitry is conserved from yeast to human 
cells. Further investigations promise to yield important insights into the signifi cance 
of regulated protein dephosphorylation as a counterpoint to the kinase functions so 
important for controlling DNA replication.     
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    Chapter 24   
 DNA Replication Checkpoint Signaling                     

       Nanda     Kumar     Sasi     and     Michael     Weinreich    

    Abstract     Eukaryotic cells respond to perturbations in DNA replication by activating 
checkpoint signaling pathways to maintain genome integrity. This ensures complete 
and accurate replication of DNA before chromosomes segregate during mitosis. 
Checkpoints can be activated upon replication fork stalling or DNA damage, both 
from extrinsic or intrinsic sources. Studies from several different eukaryotic model 
organisms have provided a clear picture of the broadly conserved replication 
checkpoint. In particular, the ATR and Chk1 kinases emerge as key regulators that 
mediate cellular responses to replication stress. The replication checkpoint stabi-
lizes replication forks, coordinates repair, and induces a G2/M cell cycle arrest. It also 
promotes activation of nearby dormant origins while inhibiting late origin activation 
throughout the genome, which lengthens the S phase. In this chapter, we focus on 
the activation of replication checkpoint signaling, emphasizing its effect on origin 
activation.  

  Keywords     Replication initiation   •   DNA replication checkpoint   •   Fork arrest
   •   Origin   •   Chk1   •   Chk2   •   ATR   •   ATM   •   Rad53   •   MCM helicase   •   Dormant origins  

        Introduction 

 Eukaryotes have large genomes that are tightly packed into chromatin and dispersed 
among multiple chromosomes and therefore utilize multiple origins of replication to 
replicate their genomes. Tight regulation of the initiation of DNA replication is 
required since re-initiation from any single origin during S phase would result in 
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over-replicated regions that could cause chromosome breakage during chromosome 
segregation. When DNA replication is perturbed or DNA is damaged during S phase, 
checkpoint mechanisms inhibit initiation events at late origins, which conserves limiting 
 initiation proteins  , and stabilize replication forks. Checkpoints also inhibit mitotic 
entry to allow time for the repair of DNA damage and replisome reactivation. 

 The initiation of eukaryotic DNA replication is separated into two mutually exclu-
sive steps during the cell cycle. Origins are “licensed” in late M to early G1 phase by 
the loading of an inactive form of the replicative MCM (mini-chromosome mainte-
nance) helicase. The  MCM helicase is   subsequently remodeled by the recruitment of 
Cdc45 and the four-subunit GINS (Go-Ichi-Ni-San) complex to form the active 
CMG (Cdc45-MCM-GINS) helicase, which is required to unwind origin DNA and 
moves with each replication fork. Helicase activation signals the beginning of 
S phase but occurs continuously at each individual origin that is utilized (or fi res) 
during S phase.  

    Origin Licensing 

 Origin licensing requires binding of the hetero-hexameric origin recognition complex 
(ORC) to DNA (Fig.  24.1    ). Budding yeast origins are comprised of specifi c DNA 
sequences that bind ORC, but fi ssion yeast and more complex eukaryotes specify 
ORC-binding sites with little or no DNA sequence specifi city. Instead secondary 
DNA structures and chromatin features have been proposed to be important in origin 
determination in mammalian cells [ 1 ]. ORC is an ATP-binding protein comprised 
of Orc1 through Orc6 subunits, fi ve of which (Orc1 to Orc5) have AAA +  (or AAA + -
like) ATPase domains [ 2 ,  3 ]. To initiate DNA replication ORC (likely the  Orc1 and/
or Orc2 subunits  ) fi rst recruits Cdc6, another AAA+ ATPase protein. Cdc6 is 
homologous to the Orc1 subunit and its ATPase activity is also important for repli-
cation initiation [ 2 ,  3 ]. The next step in origin licensing is recruitment of the eukary-
otic replicative MCM helicase, which is a hetero-hexamer of Mcm2-7 subunits 
[ 2 ,  4 ]. Each of the six subunits of the MCM complex also contains AAA+ ATPase 
domains. The Mcm2-7 complex interacts with a mediator protein Cdt1. In budding 
yeast Cdt1 aids in the nuclear import of MCM complex, which allows docking of 
Cdt1-Mcm2-7 complex onto the DNA-ORC-Cdc6 complex [ 2 ]. The recruitment of 
Cdt1-Mcm2-7 to ORC-Cdc6 is thought to be mediated by Mcm3 interactions with 
ORC-Cdc6 and a Cdt1 interaction with Orc6 protein [ 5 ,  6 ]. These reactions lead to 
the formation of an ORC-Cdc6-Cdt1-Mcm2-7 complex (OCCM), which upon ATP 
hydrolysis leads to loss of Cdt1 forming an ORC-Cdc6-Mcm2-7 (OCM) complex 
[ 2 ,  7 ]. Subsequent recruitment of another Cdt1-Mcm2-7 complex forms a stable 
head-to-head double hexamer (dhMCM) followed by the dissociation of Cdt1 and 
Cdc6 [ 7 ]. The dhMCM bound to origin DNA forms what is known as the “pre-
replicative complex” (pre- RC  ) and these origins are considered licensed for initia-
tion. Although the precise biochemical roles of ATP hydrolysis by Cdc6, ORC, and 
the MCM subunits in pre-RC formation are not fully understood, several models 
have been proposed [ 2 ].
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       Origin Firing 

 The  dhMCM complex   can slide freely on dsDNA but it has no helicase activity [ 4 , 
 7 ]. As mentioned above, the Cdc45 and GINS proteins form a complex with MCM 
to generate the active Cdc45-MCM-GINS (CMG) helicase [ 3 ,  7 ]. The transition of 
dhMCM to two CMG complexes involves multiple loading factors and another 
intermediate known as the pre-initiation complex (pre-IC, see Fig.  24.1 ). MCM 
helicase loading and activation are thus highly regulated and later sections will justify 
the need for these regulatory networks. 

pre-RC

Cdc6
ORC

Cdt1-Mcm2-7

G1

G1

G1-CDK

DDK

S-CDK

S

M-CDK
M
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Cdc45 
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S-CDK
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Phosphorylated
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DNA Pol ε
Sld2 (RecQ4) 

  Fig. 24.1    Initiation of  eukaryotic DNA replication  . In G1-phase ORC-Cdc6 recruits Cdt1-
Mcm2-7 to form a double-hexameric form of the MCM helicase (dhMCM) encircling dsDNA. 
This is also called the pre-replicative complex (pre-RC). Upon entering S phase the dhMCM heli-
case is activated by two protein kinases, DDK and CDK. These kinases facilitate formation of a 
pre-initiation complex (pre-IC) that ultimately forms the active Cdc45-MCM-GINS (CMG) heli-
case. The  S. cerevisiae  pathway shown here is broadly conserved in higher eukaryotes with some 
notable differences in pre-IC formation. See text for details. Also shown are the regulated levels of 
cell cycle- specifi c CDKs, and DDK       
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 Two  Ser/Thr protein kinases  , DDK (Dbf4-dependent kinase) and CDK (cyclin- 
dependent kinase), are critical regulators of MCM loading and activation. CDK 
activity is lowest in G1 phase but increases at the G1- to S-phase transition 
(Fig.  24.1 ). G1-CDK inhibits the ubiquitin ligase APC/C, thereby stabilizing targets 
of this degradation pathway (e.g., Dbf4) to promote S-phase entry [ 8 ]. Hence 
G1-CDK indirectly promotes DDK activity. At the G1-S-phase transition, distinct 
S-CDKs are activated and cooperate with DDK to initiate DNA replication at indi-
vidual origins. S-CDK and additional kinases like ATR phosphorylate the MCM 
complex in the pre-RC. This priming phosphorylation can facilitate phosphoryla-
tion by DDK, which targets multiple MCM subunits [ 9 ,  10 ]. DDK phosphorylates 
S/T residues and prefers acidic or phospho-S/T in the +1 position. Purifi ed DDK 
phosphorylates individual Mcm2,3,4,6,7 subunits in vitro [ 11 ] and the dhMCM 
complex [ 12 ], but DDK phosphorylation does not cause dissociation of hexamers 
[ 13 ]. Instead one essential function of DDK in budding yeast is to phosphorylate the 
N-terminii of Mcm4 and Mcm6 to relieve an inhibitory effect on DNA replication 
[ 9 ,  14 ] and promote recruitment of the Sld3-Sld7-Cdc45 complex to dhMCM [ 3 ]. 
S-CDK is also required for CMG formation by phosphorylating Sld3 and Sld2 [ 15 , 
 16 ] to prime interaction with the scaffolding protein Dpb11. Dpb11 loads GINS to 
form the CMG helicase and also recruits DNA polymerase ε to the origin [ 3 ,  7 ]. 
Each  active CMG helicase complex  , in association with the DNA polymerase ε, 
encircles ssDNA and moves along the leading strand in the 3′–5′ direction [ 17 ,  18 ]. 

  CMG formation   in fi ssion yeast and higher eukaryotes is similar but with some 
notable differences [ 3 ,  7 ] since phosphorylation of Drc1 Sld2  and Sld3 by S-CDK is 
less important in fi ssion yeast than in budding yeast. In metazoans S-CDK-mediated 
phosphorylation of RecQ4 Sld2  is dispensable but that of Treslin Sld3  is essential for 
recruitment of TopBP1 Dpb11 , Cdc45, and GINS [ 19 – 21 ]. See Table  24.1     for compari-
son of protein names.

   The precise role(s) of Cdc45 and GINS in promoting the helicase activity of the 
Mcm2-7 complex is under active investigation. In recent years, a number of addi-
tional proteins, e.g., Mcm10 [ 22 ], Ctf4 [ 23 ], DUE-B [ 24 ], and GEMC1 [ 25 ], have 
also been shown to be important for origin unwinding (Mcm10), Cdc45 recruitment 
(GEMC1), and coupling of polymerases and CMG helicase at the replication fork 
(Ctf4). Finally, the CMG complex recruits DNA polymerase α-primase, which is 
the only polymerase capable of initiating DNA synthesis de novo [ 7 ,  23 ].  

    DNA Replication Checkpoint 

 Eukaryotic DNA replication occurs effi ciently and accurately due to the high number 
of replication origins and the fi delity of  replicative polymerases  . Coupling DNA 
repair with replication also increases overall accuracy. Nevertheless, DNA replica-
tion faces many hurdles even in an unperturbed cell cycle. Tight coordination of 
replication with other DNA-specifi c processes like transcription and chromatin 
remodeling poses major challenges since confl ict between these processes can 
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   Table 24.1     Conserved replication initiation and checkpoint proteins   in yeast and metazoans   

  S. cerevisiae    S. pombe   Metazoans 

  Replication initiation proteins  
 ORC1-6  ORC1-6  ORC1-6 
 Cdc6  Cdc6  Cdc6 
 Cdt1  Cdt1  Cdt1 
 Mcm2-7  Mcm2-7  Mcm2-7 
 DDK  DDK  DDK 
   Cdc7    Hsk1    Cdc7 
   Dbf4    Dfp1/Him1    Dbf4 
   –    –    Drf1 
 S-CDK  S-CDK  S-CDK 
   Cdc28    Cdc2    Cdk2 
   Clb5/Clb6    Cig1/ Cig2      CyclinA/CyclinE 
 Sld7  –  MBP (?) 
 Sld3  Sld3  Treslin/ticrr 
 Cdc45  Cdc45/Sna41  Cdc45 
 Dpb11  Cut5/Rad4  TopBP1/Cut5/Rad4 
 GINS  GINS  GINS 
 Pol ε  Pol ε  Pol ε 
 Sld2  Drc1  RecQ4/RecQL4 
 Mcm10  Mcm10  Mcm10 
  Replication checkpoint proteins  
 RPA  RPA  RPA 
 Ddc2  Rad26  ATRIP 
 Mec1  Rad3  ATR 
 Rad24  Rad17  Rad17 
 RFC2-5  RFC2-5  RFC2-5 
 Ddc1  Rad9  Rad9 
 Mec3  Hus1  Hus1 
 Rad17  Rad1  Rad1 
 Chk1  Chk1/Rad27  Chk1 
 Rad53  Cds1  Chk2 
 Mrc1   Mrc1    Claspin 
 Csm3  Swi3  Tipin 
 Tof1  Swi1  Timeless (Tim1) 
 Ctf4  Mcl1  And1 
 Swe1  Mik1  Wee1, Myt1 
 Mih1  Cdc25  Cdc25A-C 
 Bmh1, Bmh2  Rad24, Rad25  14-3-3 
 M-CDK  M-CDK  M-CDK 
   Cdc28    Cdc2    Cdk1 
   Clb1/Clb2/ 
  Clb3/Clb4 

   Cig2/Cdc13    CyclinA/CyclinB 
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result in genomic instability. Oncogene-driven tumor cells are more susceptible to 
such confl icts since they have increased replication initiation events [ 26 ]. Other 
challenges arise due to the complex nature of eukaryotic genomes, which contain 
repetitive elements and heterochromatin. For example,  chromosomal fragile sites   
often occur in late-replicating or heterochromatic regions where replication is more 
prone to stall [ 27 ]. Genotoxic agents including reactive oxygen species, heavy metals, 
by-products of metabolic processes, and exposure to harmful radiation from sun-
light are all sources of replication stress. The DNA replication checkpoint is activated 
in response to stalled or damaged forks to help ensure  genome integrity  .  

    Checkpoint Activation  by Compounds   

 The replication checkpoint is activated by DNA structures that are formed in the 
vicinity of stalled replication forks. Stalling or pausing occurs either when the fork 
encounters a DNA lesion or when there is a paucity of essential replication factors or 
nucleotides. Reagents that are normally used to study checkpoint pathways induce 
replication stress through different means [ 28 ]. One group of reagents inhibits the 
replicative polymerases but not the helicases. This can result in large stretches of 
ssDNA formed due to uncoupling of polymerase and helicase activities [ 29 ]. This 
kind of replication stress includes dNTP depletion caused by hydroxyurea (HU), an 
inhibitor of ribonucleotide reductase, and inhibition of Pol α-primase by aphidicolin 
[ 28 ]. Gemcitabine, a deoxycytidine analog, induces checkpoint activation by two 
mechanisms. Gemcitabine triphosphate competes with endogenous dCTP for incor-
poration into elongating DNA strands leading to inhibition of replication fork progres-
sion [ 30 ]. Gemcitabine triphosphate also inhibits ribonucleotide reductase, which 
depletes dNTP pools enhancing the replication fork arrest [ 28 ,  30 ]. 

 Another group of reagents, like the platinum-based drugs cisplatin and carboplatin, 
form interstrand cross-links that restrict progression of both helicases and polymer-
ases. These lesions activate various DNA repair pathways or form dsDNA breaks, 
both of which eventually lead to the generation of ssDNA [ 28 ]. DNA- alkylating 
agents form both kinds of lesions described above. Monofunctional alkylating 
agents like methylmethanesulfonate (MMS) form DNA adducts like N 7 - methylguanine, 
N 3 -methyladenine (3meA), N 1 -methyladenine, and N 3 - methylcytosine. The 3meA 
adduct can actively inhibit DNA polymerase and result in helicase-polymerase decou-
pling, generating ssDNA and checkpoint activation [ 31 ]. Other adducts can induce 
DNA repair pathways and indirectly activate checkpoint mechanisms. Bifunctional 
alkylating agents like mitomycin-C and cyclophosphamide form interstrand cross-
links and block progression of both helicases and polymerases [ 31 ]. Another major 
source of replication stress is topoisomerase inhibition. Topoisomerases are critical 
enzymes that introduce an ssDNA nick (Top1) or dsDNA break (Top2) to relieve 
torsional stress and prevent collisions between replication and transcription machin-
eries. Inhibitors of Top1 (e.g., camptothecin) and Top2 (e.g., etoposide) severely 
impair replication and transcription. These inhibitors trap the topoisomerase on the 
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DNA and subsequent collision of replication fork with Top1/2-DNA complexes can 
lead to dsDNA breaks, which is then followed by checkpoint activation [ 32 ]. Cells 
that do not have Top1 exhibit severe defects in replication fork progression [ 33 ] 
mainly due to the formation of aberrant DNA:RNA hybrids called R-loops. R-loops 
are structures formed when nascent mRNA transcripts hybridize with DNA 
exposing an ssDNA strand. Accumulation of torsional stress upon inhibition of 
topoisomerases promotes stable R-loop formation, which triggers DNA damage 
and checkpoint  responses  .  

    Mechanism of Checkpoint Activation 

 The general mechanism of replication checkpoint activation is shown in Fig.  24.2    . 
Long stretches of ssDNA formed at stalled replication forks are stabilized and pro-
tected from nucleolytic degradation by association with the single-stranded binding 
protein, replication protein A ( RPA  ).  RPA-bound ssDNA   is at least partially respon-
sible for initiating the replication checkpoint response [ 34 ]. Reduced levels of RPA 
result in attenuated checkpoint activation in response to replication stress [ 35 ]. RPA-
bound ssDNA recruits ATR through interactions with an essential ATR cofactor, 
ATRIP [ 28 ,  36 ,  37 ]. ATR in turn phosphorylates the 32 kDa subunit of the  RPA   
complex and also mediates the recruitment of an ubiquitin ligase PRP19 that prefer-
entially ubiquitylates hyper-phosphorylated RPA [ 38 ]. Polyubiquitylated RPA 
induces the recruitment of additional ATR-ATRIP complexes onto RPA-coated 
ssDNA, forming a feed-forward loop that is important for amplifi cation of the repli-
cation checkpoint response [ 38 ]. Some forms of replication stress, however, do not 
result in large stretches of RPA-bound ssDNA. In such cases, DNA resection by 
repair mechanisms or collapse of stalled forks results in replication-associated 
double- strand breaks (DSBs). DSB-binding proteins amplify ATR checkpoint 
response at such DNA structures [ 39 ]. The DSBs are bound by the Ku70/Ku80 het-
erodimer, which then recruits the DNA repair protein DNA-dependent protein kinase 
catalytic subunit ( DNA-PKcs  )   . ATR kinase, initially activated by the small stretch of 
RPA-ssDNA, phosphorylates  DNA-PKcs  , which in turn phosphorylates RPA and 
other proteins downstream of ATR, thereby amplifying the ATR signal [ 39 ].

   In the ATR checkpoint pathway a donut-shaped clamp composed of Rad9, Rad1, 
and Hus1 (the 9-1-1-complex) is loaded onto dsDNA adjacent to RPA-coated 
ssDNA by the  Rad17-Rfc2-5 clamp loader complex   [ 40 ,  41 ]. Independent 
 recruitment of 9-1-1 and ATR-ATRIP complexes to stalled replication forks pro-
motes autophosphorylation of ATR and kinase activation [ 42 ]. ATR phosphorylates 
Rad9 protein in the 9-1-1-complex [ 40 ], which then recruits TopBP1, another medi-
ator of the checkpoint response. The Rad9, Rad1, Hus1 interacting nuclear orphan 
(RHINO) protein promotes the stable association of TopBP1 with 9-1-1-complex 
[ 43 ]. TopBP1, the  homolog   of budding yeast Dpb11, further stimulates ATR kinase 
activity and also acts as a platform to bring several other targets of ATR to the vicinity 
of stalled replication forks [ 40 ,  41 ]. 
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  Fig. 24.2    Activation and transduction of the replication checkpoint.  Replication stress   generates 
long stretches of RPA-coated ssDNA, which recruits ATR-ATRIP. ATR phosphorylates RPA and 
also mediates the recruitment of the PRP19 ubiquitin ligase. Hyper-phosphorylation and polyubiq-
uitylation of RPA form a feed-forward loop that recruits multiple ATR-ATRIP complexes. 
Subsequent interaction with 9-1-1-RHINO complex and TopBP1 promotes auto-phosphorylation 
of ATR kinase. Recruitment of Claspin, aided by Tipin and Timeless proteins, is essential for full 
activation of ATR kinase. Claspin also stabilizes and activates the downstream effector kinase 
Chk1, which is released from the chromatin to execute global checkpoint responses while ATR 
executes the local response. The core pathway is well conserved from yeast to humans with several 
additional proteins being involved in higher eukaryotes       
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 In recent years several other proteins have been shown to be required for ATR 
activation. The NIMA (never in mitosis gene A)-related kinase 1 (NEK1) interacts 
with ATR-ATRIP, stabilizes the ATR-ATRIP interaction, and is required for effi -
cient ATR activation [ 44 ]. The human homolog of  C. elegans  protein Rad5/Clk2 
(HCLK2) stabilizes ATR kinase, and promotes autophosphorylation of ATR kinase 
and also binding of TopBP1 to ATR-ATRIP complex [ 45 ]. HCLK2 also interacts 
with the DNA processing enzymes FANCM and FAAP24, components of Fanconi 
anemia DNA repair pathway [ 45 ], which too are required for ATR signaling. 
FANCM and FAAP24 might be important for the proper processing of stalled forks 
upstream of ATR activation. Another HCLK2-interacting protein LARG [ 46 ], 
 leukemia- associated Rho guanine nucleotide exchange factor  , has recently been 
shown to promote effi cient ATR-dependent checkpoint signaling [ 46 ] but its mech-
anism of action is unclear. Finally, a pro-apoptotic protein BH3-interacting death 
domain agonist ( BID     )    has been shown to promote replication checkpoint activation. 
BID interacts with RPA-bound ssDNA and is thought to mediate the initial stages of 
ATR-ATRIP recruitment and stabilization on chromatin [ 47 ]. 

 Major downstream ATR targets are the checkpoint kinase Chk1, and replisome 
components like RPA and Claspin [ 40 ]. ATR directly phosphorylates Chk1, which 
then transduces the replication checkpoint signals to downstream effector proteins 
[ 40 ]. However, complete activation of Chk1 depends on its interactions with several 
other checkpoint proteins. Nek9 interacts with Chk1 and is critical for its auto- 
phosphorylation, and full Chk1 kinase activity [ 48 ]. Claspin, Timeless, Tipin, and 
And1, called the fork-protection complex, are components of the replication fork 
and are important for normal fork progression rates in unperturbed cells [ 49 ]. At 
stalled forks, Tipin binds to RPA- coated ssDNA facilitating a stable Timeless-Tipin 
complex [ 50 ], which is required for an effi cient replication checkpoint response 
[ 51 ]. Timeless-Tipin complex then recruits Claspin, which in turn facilitates the 
hyper-phosphorylation and stabilization of Chk1 [ 52 ]. The  Claspin-Chk1 interac-
tion   is central to the replication checkpoint response and hence is heavily regulated. 
This complex regulation enables quick amplifi cation of the checkpoint response and 
also turns off the replication checkpoint after replication stress has been resolved. 

 Claspin-Chk1  regulation   is complex and occurs at three levels: phosphorylation, 
transcriptional regulation, and ubiquitylation. Initially, Chk1 phosphorylates Claspin 
at T916 to prevent its proteasomal degradation [ 53 ], thereby promoting the Claspin-
Chk1 interaction and enhancing Chk1 activation. The DNA repair protein DNA-
PKcs promotes the Claspin-Chk1 interaction, at least partly through  transcriptional 
regulation of Claspin gene expression [ 54 ]. Multiple ubiquitylation and deubiquity-
lation enzymes also regulate the stability of Claspin and Chk1. ATR- mediated phos-
phorylation on Chk1-S345 not only activates its kinase activity but also marks Chk1 
for ubiquitylation and degradation [ 55 ]. The ubiquitin ligases βTrCP1/2-SCF and 
Cdh1-APC/C ubiquitylate Claspin and Chk1 leading to proteasome- mediated degra-
dation. The ubiquitin-specifi c protease 7 (USP7), USP20, USP28, and USP29 
remove ubiquitin and stabilize Claspin-Chk1 in a checkpoint-dependent manner. 
USP7 has been implicated in the stability of both Claspin and Chk1 [ 56 ,  57 ] while 
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USP20, USP28, and USP29 stabilize Claspin [ 58 – 60 ]. Under unstressed conditions 
USP20 activity is inhibited by its interaction with the ubiquitin ligase HERC2, which 
promotes USP20 degradation [ 59 ]. Upon replication stress, ATR phosphorylates 
USP20 and disrupts the USP20-HERC2 interaction, thereby stabilizing USP20, 
which in turn deubiquitylates and stabilizes Claspin [ 59 ]. Claspin is essential for 
hyper-phosphorylation of multiple Chk1 proteins at stalled forks and for sustained 
maintenance of the checkpoint response [ 40 ,  49 ]. 

  Activated Chk1 kinase   is subsequently released from the chromatin to target 
various downstream effector proteins. The human homolog of  C. elegans  sex deter-
mination fem1 protein (FEM1B) is thought to be important for the release of active 
Chk1 from chromatin [ 61 ].  FEM1B   directly interacts with Chk1 kinase and with 
Rad9, a component of the 9-1-1 complex, which could facilitate the recruitment of 
Chk1 kinase to stalled forks. Upon phosphorylation of Chk1 by upstream proteins 
like ATR, FEM1B-Chk1 interaction is disrupted suggesting a mechanism by which 
active Chk1 could be released from chromatin [ 61 ]. The multiple effects of acti-
vated DNA replication checkpoint signaling infl uence both local (replication fork 
stabilization, DNA repair, dormant origin fi ring, fork restart) and global  processes   
(cell cycle arrest, inhibition of origin fi ring, transcriptional regulation) that preserve 
genome integrity (Fig.  24.2 ).  

    Inhibition of Late Origin Firing 

 Early insights into mammalian checkpoint signaling came from studies on an auto-
somal recessive disorder known as  ataxia telangiectasia (AT)  . Cells derived from 
AT patients display higher sensitivity to radiation-induced DNA damage and an 
increased frequency of chromosomal aberrations [ 62 ]. The heightened response to 
radiation is not due to defect in a particular DNA repair mechanism but due to an 
inability of AT cells to stop DNA replication and cell cycle progression upon DNA 
damage. Upon exposure to X-rays, AT cells exhibit increased rates of DNA replica-
tion and faster progression into mitosis compared to normal cells, causing increased 
chromosomal aberrations and cell death [ 63 ]. Phenotypes similar to those in AT 
cells were observed by treating irradiated HeLa and Chinese hamster cells with caf-
feine [ 64 ]. These studies revealed that cells actively inhibit DNA replication and 
delay cell cycle progression in the face of DNA damage. We now know that AT cells 
are defective in the ataxia telangiectasia-mutated (ATM) protein kinase and that caf-
feine is an inhibitor of ATM and ATR (ATM and Rad3-related) protein kinases 
indicating that these kinases are important in DNA damage checkpoint signaling. 

 In normal cells, X-ray and UV-induced DNA damage results in inhibition of 
DNA synthesis mainly by preventing further initiation events and, to a lesser extent, 
by slowing  replication fork elongation   [ 65 ,  66 ]. Consequently, radio-resistant DNA 
replication observed in irradiated AT or caffeine-treated cells was also largely due 
to increased origin fi ring [ 63 ,  64 ]. This suggested that inhibition of origin fi ring is 
an important mechanism for increasing the length of S phase upon DNA damage. 
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The mechanism for inhibiting origin fi ring is well studied in budding yeast. Mutants 
in  MEC1 , the budding yeast ATR ortholog, and  RAD53  (the CHK2 ortholog) inap-
propriately activate late-replicating origins in response to the alkylating agent MMS 
or to nucleotide depletion by HU [ 67 – 69 ].  mec1  and  rad53  mutants exhibited no 
effect on early origin fi ring and also did not disrupt the temporal nature of origin 
initiation [ 70 ]. Replication fork progression in HU-treated cells was greatly reduced 
(caused by decreased dNTP pools) but fork rates were similar in MMS-treated  mec1  
and  MEC1  cells [ 71 ]. Late origin fi ring was inhibited by blocking an early step in 
initiation, presumably  MCM helicase activation   [ 68 ,  72 ,  73 ]. As described above, 
CDK and DDK are the main kinases involved in helicase activation, and in budding 
yeast the replication checkpoint blocks origin fi ring by modulating the functional 
activity of these kinases. 

 CDK  phosphorylates   Sld2 and Sld3 [ 15 ,  16 ] to promote interaction with Dpb11, 
which results in the recruitment of a Dpb11-Sld2-GINS-Pol ε complex to the 
chromatin- bound MCM-Cdc45-Sld3 complex (Fig.  24.1 ). When the replication 
checkpoint is activated, Rad53 phosphorylates Sld3 to disrupt its interaction with 
Dpb11 [ 72 ,  73 ] and Cdc45 [ 73 ], thus inhibiting pre-IC formation and late origin fi ring 
(Fig.  24.3    a) [ 72 ,  73 ]. Similar mechanisms to regulate activities of downstream CDK 
targets exist in other eukaryotic organisms. The vertebrate homolog of Dpb11, 
TopBP1, is a large protein with roles in both DNA replication and checkpoint activa-
tion [ 74 ]. The functional homologs of Sld2 and Sld3 in vertebrates are RecQ4 and 
Treslin, respectively. Like in budding yeast, both RecQ4 and Treslin interact with 
TopBP1 and are essential for DNA replication [ 20 ,  21 ]. Furthermore, replication 
checkpoint- mediated Chk1 activation disrupts the TopBP1-Treslin interaction 
(Fig.  24.3b )    similar to the effect of Rad53 on the Sld3-Dpb11 interaction in budding 
yeast. The mechanism of action in metazoans, however, seems different [ 75 ]. HU 
treatment in budding yeast activates Rad53, which hyper-phosphorylates Sld3 result-
ing in disruption of Sld3-Dpb11 and Sld3-Cdc45 interactions, which inhibits late ori-
gin fi ring (Fig.  24.3a ). In metazoans, Chk1 activation upon HU treatment instead 
causes  hypo -phosphorylation of Treslin; this phenotype is lost upon pretreatment with 
a Chk1 inhibitor. Both modifi cations, however, result in similar outcomes. The differ-
ent modes of action could be due to differential regulation of S-CDK activities in yeast 
and metazoans. In yeast, CDK activity is not inhibited directly by checkpoint activa-
tion because S-CDK is essential to prevent relicensing of origins during S phase [ 8 ]. 
In metazoans, relicensing can be prevented by mechanisms independent of S-CDK 
like binding of the Cdt1 inhibitor, Geminin, and Cul4- mediated Cdt1 degradation [ 8 ]. 
Therefore, direct inhibition of CDK1 upon checkpoint activation is possible in meta-
zoans, which could explain the hypo- phosphorylation of its target proteins like Treslin 
(Fig.  24.3  b  ). On the other hand, Chk1 could recruit phosphatases to actively dephos-
phorylate Treslin in metazoans. One recent study has also shown that the C terminus 
of Treslin binds and is phosphorylated by Chk1 in Xenopus egg extracts and human 
cells [ 76 ]. This phosphorylation leads to inhibition of DNA replication in an unper-
turbed cell suggesting a role for basal Chk1 activity in maintaining the temporal order 
of origin fi ring during a normal S phase. However, it is also possible that Chk1-Treslin 
controls yet another mechanism by which the replication checkpoint regulates late 
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origin fi ring (Fig.  24.3b ).    Additionally, the dual role of TopBP1 in replication initia-
tion and checkpoint activation could also be exploited in response to replication stress. 
TopBP1 uses a single BRCT protein domain to bind Treslin as well as the 9-1-1 clamp 
and the Mre11-Rad50-Nbs1 (MRN) complex, which processes  double- stranded DNA 
(dsDNA) breaks and initiates dsDNA repair. A phosphopeptide derived from the Rad9 
subunit of 9-1-1 complex has been shown to compete with Treslin for interaction with 
TopBP1 [ 75 ]. Hence, activation of the 9-1-1 complex in the presence of replication 
stress could disrupt the Treslin-TopBP1 interaction (required for MCM helicase 
activation) resulting in inhibition of global origin fi ring.

    DDK  , or Dbf4-dependent Cdc7 kinase, is an essential S-phase kinase that regu-
lates replication initiation. While Cdc7 kinase levels remain constant, the levels of 
its regulatory subunit Dbf4 (and/or Drf1 in metazoans) are cell cycle regulated. 
Drf1 is a Dbf4 homolog expressed during embryonic cell cycles in  Xenopus  and 
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  Fig. 24.3     Replication checkpoint-mediated inhibition   of late origins. The replication checkpoint 
inhibits late origin fi ring primarily by targeting CDK and Sld3 (Treslin) ( panels   a  and  b ) and the 
Dbf4-dependent kinase (DDK) ( panels   c  and  d ). The differences in the mechanism of action 
between budding yeast and metazoans have been highlighted       
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perhaps other organisms. Dbf4 expression peaks in S phase and remains high 
through early M phase followed by APC/C-mediated degradation [ 8 ]. Among the 
many target proteins of DDK are the Mcm2-7 helicase subunits. Phosphorylation 
of the helicase is required for its activation and thereby for initiation of replication. 
Moreover, Dbf4 is among the limiting factors that determine replication timing in 
budding yeast [ 77 ]. Therefore, upon exposure to replication stress DDK activity at 
origins is blocked to inhibit global origin fi ring. Studies from multiple organisms 
support this idea. 

 In budding yeast, Dbf4 is a direct target of Rad53 phosphorylation in response to 
HU [ 78 ,  79 ] and the hyper-phosphorylated version of DDK has modestly reduced 
kinase activity [ 78 ]. Rad53-phosphorylated Dbf4 inhibits late origin fi ring by an 
unknown mechanism [ 73 ] (Fig.  24.3c ). In fi ssion yeast, HU treatment leads to Cds1 
(Rad53)-dependent hyper-phosphorylation of Dfp1 (Dbf4) [ 80 ]. An early study 
using  Xenopus  egg extracts also showed that Cdc7-Dbf4 complex dissociates upon 
treatment with etoposide, a topoisomerase inhibitor [ 37 ]. Studies using human cell 
lines also supported that  DDK   is a target of replication checkpoint. In a BCR-ABL 
tumor cell line, etoposide treatment resulted in dissociation of Cdc7-Dbf4 complex 
[ 81 ]. Multiple cancer cell lines exposed to sublethal doses of UV light showed simi-
lar phenotypes [ 82 ]. Chk1 was shown to interact with Dbf4 in vivo and phosphory-
late it in vitro. Increased expression of Dbf4 also abrogated the ATR-Chk1-mediated 
intra-S-phase checkpoint induced by UV. 

 Although these studies indicate that the replication checkpoint targets DDK to 
inhibit origin firing, several studies point towards a more complex regulation. 
A non- essential N-terminal region of Dbf4 that interacts with Cdc5 and Rad53 has 
been found to be critical for survival in  rad53  but not  mec1  mutants; Mec1 is 
upstream of Rad53 [ 83 ]. In Xenopus egg extracts,  Cdc7-Drf1 complex  , the domi-
nant form of DDK, was unaffected by aphidicolin treatment and the overall kinase 
activity of DDK was also unperturbed [ 84 ]. Finally, Mcm2 was hyper-phosphory-
lated at Cdc7- dependent sites in human cells arrested in S phase with HU [ 85 ], and 
Cdc7-Dbf4/Cdc7-Drf1 complexes were stable upon etoposide and HU treatment 
[ 86 ,  87 ]. The more recent study has shown that chromatin-bound Cdc7-Dbf4 com-
plex is stabilized upon replication stress in an ATR-Chk1-dependent pathway. Chk1 
phosphorylates and inhibits Cdh1, a component of the APC/C ubiquitin ligase. 
Chk1 also phosphorylates other components of the APC/C complex. Upon inhibi-
tion by Chk1, APC/C is unable to degrade Dbf4, thereby resulting in DDK stabiliza-
tion on  chromatin. The stable form of DDK at stalled replication forks recruits 
trans-lesion synthesis polymerase to replicate through the DNA lesion (Fig.  24.3d ). 
This could act as a switch in determining the type of DNA repair pathway that is 
recruited to the stalled fork. Only in the absence of DDK does cisplatin treatment 
lead to recruitment of Rad51 (mediates homologous recombination) and mono-
ubiquitylated forms of FancD2 (mediates Fanconi anemia DNA repair pathway) at 
stalled forks. Therefore, DDK might stabilize stalled forks by preventing aberrant 
recombination- mediated repair and thereby avoid genomic instability (Fig.  24.3d ). 

 DDK’s role in checkpoint signaling is complex. Perhaps a soluble fraction of 
DDK is phosphorylated to block fi ring of late origins upon replication stress but a 
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chromatin-bound fraction is altered to enable lesion bypass through TLS. Replication 
checkpoint signaling could also regulate the role of DDK through phosphatases that 
are specifi c to DDK targets. Protein phosphatase 1 ( PP1  ) is recruited to chromatin 
in a checkpoint-dependent manner and dephosphorylates DDK target sites, which 
could inhibit origin fi ring [ 88 ]. PP1 interacts with Rif1, an important determinant of 
origin fi ring timing [ 89 ], and Rif1 targets PP1 to DDK-phosphorylated proteins 
[ 90 ]. Through this mechanism DDK function could be regulated by the replication 
checkpoint without directly inhibiting DDK kinase activity (Fig.  24.3c ), similar to 
the counteraction of CDK activity seen in budding yeast by Rad53 phosphorylation 
of Sld3. 

     Cell Cycle Arrest   

 Another global effect of the replication checkpoint is to arrest the cell cycle. Cell 
cycle progression requires the ordered activation of multiple CDKs at each stage of 
cell cycle. Inhibitory kinases Wee1 and Myt1 prevent cell cycle progression by inac-
tivating mitotic CDKs. They phosphorylate two key residues in the ATP-binding 
domain: T14 and Y15. These phosphates are removed by the dual-specifi city phos-
phatase Cdc25. While yeasts have a single Cdc25 phosphatase, mammalian cells 
have three isoforms: Cdc25A, B, and C. All three isoforms have been shown to 
promote G1-S and G2-M cell cycle progression with Cdc25A being more important 
for G1-S while Cdc25B and Cdc25C being primarily responsible for G2-M transi-
tion [ 91 ]. The inactivating kinases and activating phosphatases described above are 
important downstream targets of the ATR-Chk1 signaling induced by replication 
stress [ 91 ]. Chk1 directly phosphorylates Cdc25A resulting in its ubiquitin- mediated 
degradation [ 92 ]. Other kinases like Nek11, casein kinase 1α, and glycogen syn-
thase kinase 3β work together with Chk1 kinase in mediating Cdc25A degradation 
[ 93 ]. Chk1-mediated phosphorylation of Cdc25B and Cdc25C causes increased 
binding with 14-3-3 proteins and subsequent sequestration in the cytoplasm [ 94 , 
 95 ]. In the absence of Cdc25 phosphatase activity CDK complexes remain inactive 
and the cell cycle is arrested. Chk1 can also phosphorylate and activate Wee1 to 
enhance cell cycle arrest [ 96 ]. While these mechanisms are broadly conserved in 
fi ssion yeast and mammalian cells, budding yeast rely on distinct set of pathways to 
induce cell cycle arrest. In the presence of replication stress, budding yeast activate 
Chk1 and Rad53 kinases, which then inhibit sister chromatid separation, spindle 
elongation, and mitotic exit, thereby inducing a cell cycle arrest. Sister chromatids 
are held together by a protein complex called cohesin, which can be cleaved by 
separase. Separase is kept inactive through its association with securin, but at the 
metaphase-to-anaphase transition securin is targeted for degradation by the APC Cdc20  
ubiquitin ligase [ 97 ]. Chk1 phosphorylates securin and makes it resistant to 
APC Cdc20 -mediated degradation, thereby preventing separase activation and sister 
chromatid separation [ 97 ,  98 ]. Rad53 induces cell cycle arrest by phosphorylating 
Cdc5 (Polo kinase) and Bfa1, which are integral components of the mitotic exit 
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network [ 97 ,  99 ]. Cdc5-mediated phosphorylation is also essential for the inactivation 
of APC Cdh1  ubiquitin ligase. Hence Rad53-mediated Cdc5 inhibition can lead to 
stabilization of APC Cdh1  ubiquitin ligase. Rad53 also phosphorylates the microtubule- 
associated proteins Cin8 and Stu2, which prevents spindle elongation and further 
restricts sister chromatid  segregation   [ 100 ].  

     Dormant Origin Firing   

 Although checkpoint activation inhibits global initiation events, one way to repli-
cate DNA in the vicinity of a stalled replication fork is through activation of nearby 
dormant origins. Eukaryotic cells initiate DNA replication from origins spaced from 
40 to ~200 kb apart depending on the organism; however more origins are licensed 
than are actually used [ 101 ]. Current estimates suggest that only ~10 % of licensed 
origins are used in each S phase of metazoan cells [ 101 ]. As stated above, under 
normal growth conditions Chk1 kinase has an inhibitory effect on origin activation 
likely through interaction of Chk1 with the replication initiation factor, Treslin [ 76 ]. 
This suggests a possible mechanism by which many origins are kept dormant. 
However, when replication forks stall these dormant origins are activated to com-
plete replication in the stressed regions of the genome, although the mechanism for 
this is unclear. 

 Several models have been proposed for dormant origin activation following repli-
cation stress [ 101 ,  102 ]. One model predicts a passive activation of dormant origins. 
In unstressed cells, replication forks originating from active origins passively repli-
cate the nearby dormant origin DNA and render it incapable of fi ring during that S 
phase. In the presence of replication stress, however, forks stall and the possibility of 
dormant origins being passively replicated is reduced. These dormant origins might 
then fi re and replicate through the stalled replication fork, thereby completing repli-
cation. Of course, to do this they must somehow bypass the inhibition to replication 
origin fi ring induced by replication stress. Even if dormant origins in the vicinity of 
stalled forks are passively activated, it is necessary for the cell to inhibit global initia-
tion events. Activation of dormant origins throughout the genome in response to fork 
stalling would exhaust limiting replication factors, which would be deleterious for 
the cell [ 77 ,  103 ,  104 ]. Upon exposure to replication stress, global origin fi ring is 
inhibited by the ATR-Chk1-mediated replication checkpoint (discussed above). 
Hence, while dormant origins in the vicinity of stalled replicated fork are activated, 
most distal origins are inhibited. Evidence for such a mechanism has come from 
studies in human cells. Human Chk1 activated by low doses of HU can selectively 
inhibit origin fi ring in new replication factories but not in existing factories [ 105 ]. 
How dormant origins in active replication factories escape the inhibitory effect of 
Chk1 is not known. Presence of an active mechanism that protects these factories 
from Chk1-mediated inhibition has been  suggested   [ 102 ]. 

 Conversely, dormant origin activation could be mediated by checkpoint proteins 
directly recruited to stalled replication forks (Fig.  24.4    ). ATR in particular is known 
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to phosphorylate several components of the replication machinery including the 
Mcm2-7 complex, ORC, DNA polymerase ε, RF-C, RPA1, and RPA2 [ 40 ,  106 ]. 
ATR-mediated phosphorylation of Mcm2-7 is needed for recruitment of Polo-like 
kinase1 (Plk1) to chromatin and for DNA replication under replication stress [ 107 ]. 
Plk1 also phosphorylates Orc2 and promotes replication in the presence of several 
replication inhibitors [ 108 ]. Therefore, checkpoint proteins that are recruited and acti-
vated locally at stalled forks (like ATR) could promote dormant origin fi ring whereas 
activated effector checkpoint kinases (like Chk1) would ensure global inhibition of 
initiation, transcriptional control of replication factors, and cell cycle arrest.

    Dormant origin fi ring      is also important for completion of DNA replication in 
normal cells [ 109 ]. Mice with hypomorphic alleles of Mcm4 exhibit greatly reduced 
binding of Mcm2-7 complex to chromatin, which results in fewer licensed origins 
and therefore fewer dormant origins. These mice are highly prone to tumorigenesis 
and exhibit increased genomic instability [ 109 ,  110 ]. Dormant origins are thought 
to be important for complete replication of late-replicating regions of the genome. 
These are also important for rescuing replication when two converging forks stall in 
response to replication stress [ 111 ] because the intervening DNA cannot be passively 
replicated and would therefore remain unduplicated causing genomic instability. 

Replication checkpoint

Dormant origin

Replication stress

Cluster of late 
firing origins

Stalled replication fork

Replication checkpoint

DDK (?)
Plk1 (?)

ORC
dhMCM

Activated origin

CMG 
helicase

  Fig. 24.4     Replication checkpoint-mediated activation   of dormant origins. Stalled forks can be 
rescued by initiating replication from an adjacent dormant origin. The mechanism by which such 
dormant origins escape global inhibition of origin fi ring is not known. One possibility is the 
checkpoint- mediated recruitment of proteins like Plk1 or DDK could phosphorylate and activate a 
nearby inactive replicative helicase and promote dormant origin fi ring       
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In such a scenario, activation of dormant origins could complete replication. Based 
on modeling studies, such double-fork stalling events have been estimated to occur 
every 10 Mb of the genome [ 111 ]. This is larger than any yeast chromosome, so 
yeast might be much less dependent on dormant origins than eukaryotes with larger 
genome sizes. Hence, activation of dormant origins is a localized method of rescuing 
DNA replication under stressful  conditions  .  

    Stabilization of Stalled  Forks   

 Stalled forks are prone to aberrant recombination events and collision with  active 
transcriptional and co-transcriptional machineries   [ 112 ]. The tethering of transcrip-
tionally active genes to the nuclear pore complex (NPC) also increases torsional 
stress in the DNA increasing the chance of nearby fork reversal and collapse [ 113 ]. 
Collapsed forks pose a challenge to DNA replication restart and promote genomic 
instability. Stabilization of forks and the resumption of  DNA replication   are espe-
cially important when a particular genomic region is devoid of extra origins, such as 
fragile site loci and telomeres. Hence one of the key roles played by the DNA replica-
tion checkpoint is to maintain the integrity of stalled replication forks [ 112 ]. 

 Stability of replication forks has to be maintained not only during periods of 
replication stress but also during normal DNA replication. This function is primar-
ily performed by components of the “fork protection complex,” composed of Tim1, 
Tipin, Claspin, and And1  proteins   [ 49 ]. They maintain fork stability mainly by cou-
pling the CMG helicase with DNA polymerases at replication forks. These proteins 
are also important for complete activation of the replication checkpoint response in 
the presence of replication stress [ 49 ]. While homologous recombination is a DNA 
repair pathway that can be used by cells to repair collapsed or reversed forks [ 112 ], 
aberrant recombination at stalled forks would be deleterious to cells. Therefore, 
both positive and negative regulation of recombination by the replication check-
point has been reported but the mechanism of differential regulation is not clearly 
understood [ 28 ,  112 ]. Several nucleases and helicases that affect fork stability are 
also targets of checkpoint kinases [ 28 ,  112 ]. Some nucleases like Exo1 and 
 Mus81- Eme1 initiate deleterious fork cleavage and DNA resection at stalled forks. 
Their activities, therefore, are inhibited upon phosphorylation by replication check-
point proteins [ 28 ,  112 ]. Helicases like Dna2, which also possess nuclease activity, 
and Sgs1/WRN/BLM, however, are required to maintain fork stability and are 
recruited to stalled forks upon phosphorylation [ 28 ,  112 ]. Other targets of the 
replication  checkpoint   include replisome components like DNA polymerases and 
helicases [ 40 ]. Although dissociation of the replisome at stalled forks was thought 
to accompany fork collapse [ 114 ], one recent study has shown that replisome com-
ponents remain intact even in checkpoint mutant cells exposed to replication stress 
[ 115 ]. This study, however, did show that the replisome components were lost from 
a small set of early origins. It is possible that analysis of such early origins in previous 
ChIP studies led to the conclusion that the replisome is destabilized in checkpoint 
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mutants upon replication stress. The emerging model currently is that the replica-
tion checkpoint regulates the function of the replisome rather than its stability. 
Another group also seems to have come to a similar conclusion using the  iPOND      
(isolation of proteins on nascent  DNA  ) technique in human cells [ 116 ]. The 
checkpoint- mediated stability of replisome components and its role in maintaining 
fork stability warrant further study. 

 Finally, stalled forks can be stabilized by preventing collision with transcrip-
tional machinery and by reducing the topological force induced by transcription. 
 Actively transcribing genes   in budding yeast are tethered to the nuclear periphery 
[ 117 ], which can impose topological constraints on progression of replication forks 
especially in the presence of replication stress [ 118 ]. Factors involved in this tether-
ing phenomenon are targets of checkpoint kinases [ 119 ], and activation of check-
point kinases leads to the release of genes tethered to nuclear periphery [ 113 ]. The 
replication stress checkpoint pathway also actively regulates transcription of  tRNA 
genes  . Because the pre-initiation complex formed by RNA polymerase III interferes 
with the activity of DNA polymerases, transcribing tRNA genes act as barriers to 
replication fork progression. A Mec1-Rad53-Mrc1 pathway represses tRNA gene 
expression [ 120 ]. The master repressor Maf1 carries out the repression. Rad53 
could activate Maf1 to repress tRNA gene repression, thereby preventing fork col-
lapse by reducing the chances of fork arrest at  tRNA genes   [ 120 ]. Other aspects of 
transcription like splicing and chromatin remodeling also affect fork stability, both 
of which are targeted by active replication checkpoint kinases [ 28 ,  106 ,  121 ]. These 
studies indicate that regulation of transcriptional processes is an important way by 
which checkpoint pathways promote fork stability.         

    Summary 

 Preserving genome integrity is essential for accurate transmission of the genetic 
material and to prevent tumorigenesis. Replication stress forms a major type of 
DNA damage that can compromise genome integrity and cells respond to such 
damage by activating replication checkpoint pathways. The checkpoint mounts a 
multipronged response that tackles DNA damage at a local level while also regulat-
ing cellular wide processes like origin fi ring and cell cycle progression. Tumor cells 
experience high levels of replication stress owing to their high replicative potential, 
which in turn is attained through inactivating mutations in tumor-suppressor pro-
teins. This leaves tumor cells at the mercy of few functioning checkpoint proteins. 
This overdependence can be exploited to develop strategies to specifi cally target 
tumor cells as has been shown with chemical inhibition of checkpoint proteins like 
RPA, ATR, Chk1, and Wee1. A better understanding of the replication checkpoint 
would present more targets for therapeutic intervention and might allow synergistic 
enhancement of existing drugs.     
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    Chapter 25   
 Meier-Gorlin Syndrome                     

       Manzar     Hossain      and     Bruce     Stillman    

    Abstract     Proteins required for the earliest stages of the initiation of DNA replication, 
including the origin recognition complex, Cdc6, Cdt1, and the Mcm2-7 proteins, 
cooperate to assemble pre-replicative complexes at all origins of DNA replication 
prior to the actual start of DNA synthesis from each origin during S phase of the cell 
division cycle. These initiation proteins are also involved in processes at centro-
somes and centromeres during mitosis that ensure the correct segregation of the 
duplicated sister chromatids after DNA replication. Rare, recessive mutations in 
genes encoding some of these proteins result in Meier-Gorlin syndrome (MGS), 
characterized by microcephaly and primordial dwarfi sm, but normal intelligence. 
Biochemical and cell biology studies show that MGS mutations affect DNA replica-
tion, but some mutations affect both DNA replication and chromosome segregation. 
The observations have implications related to control of tissue and body size.  

  Keywords     Origin recognition complex   •   Cdc6   •   Cdt1   •   Centriole   •   Mitosis   •   Centrosome  

        Introduction 

 On an evolutionary scale, the curious case of microcephalic human dwarfi sm came 
to the fore with the discovery of a small-bodied hominin named  Liang Bua 1 (LB1)   
on the island of Flores, Indonesia [ 1 ]. Based on the cranial and other traits, the LB1 
skeleton has been attributed to a new species of  Homo  called  Homo fl oresiensis . 
Because  LB1   is short in stature and has small cranial capacity, it was speculated that 
LB1 is a microcephalic version of modern human [ 2 ,  3 ]. Since then there has been 
intense debate whether to include LB1 as new species or whether  LB1   just repre-
sents a pathological, microcephalic dwarf homo sapiens [ 4 ]. In most cases of human 
dwarfi sm the growth of the individuals is halted because of various endocrine condi-
tions and those occurring due to abnormal growth hormone level can be treated [ 5 ]. 
There are other kinds of dwarfi sm that do not involve hormonal imbalance, many 
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caused by genetic mutations or chromosome aberrations. Primordial dwarfi sm is 
one such example in which the affected individuals display proportionate dwarfi sm 
and inherit the recessive gene mutations from their carrier parents. In this chapter, 
we discuss in detail a type of primordial dwarfi sm called Meier-Gorlin syndrome 
(MGS), including its pathogenic genetic mutations and the implications for tissue 
growth.  

     History   of Meier-Gorlin Syndrome 

 In 1959, Meier et al. and, later on in 1975, Gorlin et al. described a new syndrome 
where the patients presented with microtia (external ear is underdeveloped), 
micrognathia (jaw is undersized), arthrogryposis of the joints of the lower limbs 
(joints have contracture), absent patellae (kneecap), cryptorchidism (absence of 
one or both testes from the scrotum), and short stature [ 6 ,  7 ]. After these two 
initial reports more cases unfolded in subsequent years with similar symptoms, as 
diagnosed and described by Meier and Gorlin [ 8 – 16 ]. In 1991 Cohen et al., based 
on the diagnostic symptoms or clinical features, named this condition in patients 
as  ear-patella-short stature syndrome   [ 8 ]. Subsequently, Boles et al. in 1994 
coined the term MGS (Online Mendelian Inheritance in man, OMIM 224690) 
named after its discoverers.  

     Genetics of   Meier-Gorlin Syndrome 

 MGS is a rare autosomal recessive disorder based on its occurrence in siblings with 
equal sex ratio [ 10 ]. Lacombe et al. suggested that the symptoms indicated in MGS 
might be human equivalent of short ear (se) mutation found in mouse [ 12 ]. The  se  
mutation in mouse is caused from inactivation of the gene for a bone morphogenetic 
protein (BMP5), a member of the transforming growth factor β superfamily. Bongers 
et al. [ 17 ] studied in great detail eight more cases of MGS and found that all the 
patients display characteristic features of bilateral microtia, aplasia/hypoplasia of 
the patellae, and pre- and postnatal growth retardation. They further suggested that 
the genes involved in the BMP5 signaling pathway, such as homeobox genes, might 
be the underlying genetic defects in patients with MGS. Later on, Cohen et al. [ 18 ] 
analyzed the BMP5 gene in MGS patients and found no mutations occurring in the 
gene. Apart from BMP5, they also studied LMX1B and SHOX genes, but these 
proved normal in those MGS patients studied [ 18 ]. Recently, a series of genetic 
mapping studies of individuals with MGS from various parts of world reported the 
surprising observations that genetic mutations in DNA replication proteins with 
related functions in initiation of DNA replication may contribute to the clinical 
features of  MGS   [ 19 – 22 ].  
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    Meier-Gorlin Syndrome in Relation to Microcephalic 
Primordial  Syndrome   

 The vast majority of microcephalic (small head size) primordial dwarfi sm syndromes 
include  disorders   where the affected individuals show severe growth failure, with 
onset before birth (prenatal) and continuing into postnatal life. Based on the phenotype, 
microcephalic primordial dwarfi sm is broadly classifi ed into three basic  syndromic 
subtypes:   Seckel syndrome [ 23 ,  24 ], microcephalic osteodysplastic primordial dwarfi sm 
(MOPD type I and type II) [ 25 ,  26 ], and MGS [ 7 ,  17 ]. Short stature and small head 
size are the prominent features shared among these different groups. Primordial 
dwarfi sm is rare and caused by  autosomal recessive mutations  . Frequently the affected 
individuals in this group also have mild-to-severe mental retardation, but this is usually 
not the case in MGS. 

 The molecular defects responsible for large number of disorders in microcephalic 
primordial syndrome ( MPD  ) have been identifi ed and studies of the molecular 
consequences of these mutations have revealed pathways disrupted in the affected 
individuals. These disorders affect important  cellular processes   as diverse as mitosis, 
DNA damage response, RNA splicing machinery, DNA replication licensing, and 
centrosome duplication (Table  25.1 ).

       Pre-replicative Complex  Proteins   in Meier-Gorlin Syndrome 

  DNA replication   is a basic functional process that ensures the propagation of all 
cells, from single-cell bacteria and archaea to cells present in eukaryotic, multicellular 
organisms. In eukaryotes, the DNA replication process is precisely controlled to 
allow the duplication of the genome only once per cell division cycle and is coupled 
to the processes of chromosome segregation during mitosis or meiosis. Initiation of 

   Table 25.1    Diversity of proteins aff ected and its function involved in diff erent subtypes of 
Microcephalic Primordial Dwarfi sm (MPD)   
 Syndromes  Protein  Protein functions  References 

 Seckel  syndrome    ATR  DNA damage response  [ 27 ] 
 CPAP (CENPJ)  Centrosome duplication  [ 28 ,  29 ] 
 CEP152  Centrosome duplication  [ 30 ] 
 CtIP  DNA repair  [ 31 ] 

 MOPD I  U4atac  mRNA splicing  [ 32 ] 
 MOPD II  PCNT  Centrosome duplication  [ 33 ,  34 ] 
 Meier-Gorlin syndrome  ORC1  DNA replication  [ 19 – 22 ,  35 – 39 ] 

 ORC4  Centrosome duplication 
 ORC6  Cytokinesis 
 CDC6 
 CDT1 

25 Meier-Gorlin Syndrome



506

DNA duplication occurs at a specifi c time during the cell cycle, involving well-ordered 
assembly of protein complexes on DNA in a stepwise manner [ 40 – 47 ]. DNA replica-
tion starts with the origin recognition complex (ORC)  binding   to or assembly on DNA 
or chromatin. ORC was initially identifi ed in budding yeast  Saccharomyces cerevisiae  
[ 48 ]; however all six subunits are conserved in all eukaryotes [ 49 ] and even archaea 
species have at least one origin-binding protein that is highly related to the largest 
subunit of ORC, Orc1, and its sequence-related protein Cdc6 [ 50 – 52 ]. Orc1 and Cdc6 
are structurally related to each other and are members of the AAA+ family of ATPases, 
as are Orc2, Orc3, Orc4, and Orc5 subunits of ORC (Fig.  25.1 ) [ 51 ,  53 ,  54 ]. In yeast, 
ORC is stable and binds to origin sequences throughout the cell division cycle, but in 
cells from mammalian species and particularly in human cells, ORC is assembled and 
disassembled during the cell division cycle and thus is a very dynamic complex [ 41 , 
 42 ,  47 ,  55 – 62 ]. As cells enter and progress through mitosis and then enter G1 phase, 
ORC binds to chromatin and is part of a molecular machine that forms pre-replicative 
complex (pre- RC  ) in cooperation with Cdc6, Cdt1, and MCM (minichromosome 
maintenance) proteins [ 40 ,  42 ,  43 ,  63 ]. Formation of pre-RCs at every potential origin 
in the genome licenses the chromosomes for a new round of DNA replication, but 
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actual initiation of DNA synthesis is restricted to a temporally regulated program 
during S phase [ 41 ,  42 ,  46 ,  47 ,  64 ,  65 ]. Once the pre-RC is used at each origin, it is 
destroyed and thus reinitiation cannot occur until cells enter into mitosis, starting 
the process over again. The dependence of the initiation of DNA replication on 
progressing through mitosis ensures that DNA duplicates only once per cell cycle.

   Recently, studies of the genetics of MGS identifi ed a number of mutations in 
 genes   encoding DNA replication proteins that are involved in pre-RC formation 
[ 19 ,  20 ,  22 ]. We discuss these and other gene mutations and their biochemical 
implications. 

     Orc1      

 Orc1 is the largest subunit of ORC and initial studies showed that it was multifunc-
tional, having a role in DNA replication as well as transcriptional gene silencing in 
the yeast  S. cerevisiae , and the amino acid sequence of Orc1 protein in budding 
yeast shows similarity not only to its sister initiation protein Cdc6, but also to the 
transcriptional gene silencing protein Sir3 [ 66 – 68 ]. Subsequently, many studies 
confi rmed that Orc1 in mammalian cells is an essential protein for the formation of 
pre-RCs leading to DNA replication but there is increasing evidence for a role in 
transcriptional repression and maintenance of the heterochromatin protein 1 (HP1) 
protein at both facultative and constitutive heterochromatin [ 50 ,  51 ,  56 – 62 ,  67 ,  69 – 84 ]. 
ORC in human cells is very dynamic in its assembly and disassembly during the cell 
division cycle, with Orc1 binding to mitotic chromosomes during mitosis and 
assembling ORC during G1 phase, but then being degraded at the G1- to S-phase 
transition as cells have committed to a new round of DNA replication [ 55 – 57 ,  59 , 
 74 ,  85 ]. It should be noted that assembly, stability, and disassembly of ORC during 
the mammalian cell cycle vary depending on the species, since the Chinese hamster 
Orc1 behaves differently than human Orc1 in some aspects of cell cycle regulation 
[ 55 ,  58 ,  61 ]. Thus, for the discussion of the MGS, we will focus on human ORC 
subunits. 

 Orc1 in mammalian cells binds to proteins other than ORC subunits, including 
cyclin-dependent protein kinases [ 38 ,  86 ], histone-modifying enzymes [ 87 – 89 ], the 
retinoblastoma protein [ 90 ], heterochromatin protein 1 [ 51 ,  83 ,  91 ,  92 ], and the 
ORCA/LRWD1 heterochromatin-organizing protein [ 87 ,  93 – 96 ]. The Orc1 subunit 
from different organisms shows multiple well-conserved domains: an N-terminal 
bromo adjacent homology (BAH) domain, a domain containing the conserved 
AAA+ fold that suggests an ATPase function, and a predicted winged helix (WH) 
motif near the C-terminus that overlaps with a centrosome-targeting domain (PACT) 
(Fig.  25.1 ). The structures of the AAA+ and WH domains have recently been con-
fi rmed in the crystal structure of ORC from  Drosophila  [ 97 ]. The BAH domain of 
both yeast and mouse Orc1 has been crystallized and the mammalian Orc1 BAH 
domain forms an aromatic cage that binds the histone H4K20 dimethylation mark 
(the lysine at position 4 in histone H4 is modifi ed with two methyl groups), implicating 

25 Meier-Gorlin Syndrome



508

the interaction with modifi ed histones in epigenetic regulation of gene expression or 
origin licensing [ 72 ,  98 ]. The mammalian  Orc1 BAH   domain also contributes to 
chromosome binding [ 99 ], as well as functioning as a cyclin-CDK2 kinase binding 
and kinase inhibitory domain (CID) that can inhibit the activity of both cyclin 
E-CDK2 and cyclin A-CDK2 protein kinases [ 38 ,  86 ]. Nevertheless, the two kinase 
inhibitory activities are functionally separate since binding and inhibition of the 
cyclin A-CDK2 kinase require an “RxL” or “Cy” motif that is not required for bind-
ing to or inhibition of the cyclin E-CDK2 kinase [ 38 ,  59 ,  86 ]. The predicted winged 
helix motif of human Orc1 at its C-terminal harbors an overlapping centrosome 
localization signal similar to centrosome-targeting domains (PACT domains) in 
other centrosome-localized proteins and, when fused to the CID domain, is involved 
in control of centriole and centrosome copy number in human  cells   [ 38 ]. 

 The connection between ORC and MGS emerged from human genetic studies. 
Bicknell et al. screened 206 individuals from different parts of the world who had 
microcephalic primordial dwarfi sm and found fi ve individuals from four families 
(Saudi Arabia, USA, and UK) where the affected patients harbored homozygous 
missense mutations in the Orc1 gene [ 20 ]. The affected patients in the cohort 
changed amino acids in the Orc1 gene at Phe89Ser, Arg105Gln, Glu127Gly, and 
Arg720Gln with the Arg105Gln mutation in Orc1 gene occurring more frequently 
in patients. Furthermore in an accompanying study Bicknell et al. identifi ed one 
more patient with severe growth retardation and microcephaly and his sibling was 
found to contain compound heterozygous mutations (Arg105Gln and Val667 fs X24) 
in the Orc1 gene [ 19 ]. Overall ten individuals have now been reported with MGS 
having biallelic compound heterozygous or homozygous mutations in Orc1 with 
one individual bearing a monoallelic missense  mutation   (Fig.  25.3 )    [ 21 ].  

     Orc4      

 The Orc4 protein identifi ed in human, mouse, and Xenopus are similar to its coun-
terpart in  S. cerevisiae  Orc4 (ScOrc4) and sequence comparison shows that it is also 
sequence related to Orc1p and Cdc6p proteins [ 100 ,  101 ]. Among different Orc4 
proteins from various organisms, the fi ssion yeast  S. pombe  Orc4 (SpOrc4) is unique 
in that it contains nine AT hooks that specifi cally bind to AT-rich sequences and 
specifying genomic loci as DNA replication origins [ 102 – 105 ]. Although the mam-
malian Orc4 protein does not have AT hooks, some studies predict the involvement 
of human Orc4 in binding to nonclassical DNA structures [ 106 – 108 ]. It is notewor-
thy that except for SpOrc4, the AAA+ domain of Orc4 in all other organisms men-
tioned above contains well-conserved sequence that is related to the walker A and 
walker B motifs that is involved in nucleotide binding (Figs.  25.1  and  25.2 ) [ 101 , 

Fig. 25.3 (continued) individual with Orc6 mutation;  4c  :  one individual with Orc4 mutation, one 
individual with Orc6 mutation, and two individuals with Cdt1 mutation;  29d : nine individuals with 
Orc1 mutations, six individuals with Orc4 mutations, fi ve individuals with Orc6 mutations, eight 
individuals with Cdt1 mutations, and one individual with Cdc6 mutation       
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Short
Stature Microtia

Absent or hypoplastic
patellae

4c 

1b

1a

29d

1a (1 individual with Orc1 mutation)
1b

 (1 individual with Orc6 mutation) 
4c (1 individual with Orc4 mutation, 1 individual with Orc6 mutation and 2 individuals with Cdt1 mutation )
29d (9 individuals with Orc1 mutations, 6 individuals with Orc4 mutations, 5 individuals with Orc6 mutations

8 individuals with Cdt1 mutations, and 1 individual with Cdc6 mutation)

35 MGS patients with mutations in Orc1, Orc4, Orc6, Cdc6 and Cdt1 proteins.

  Fig. 25.3    Venn diagram  showing   the  prominent   triad phenotypic features shared among pre-RC 
mutations in MGS patients. The  numbers  in the diagram indicate the individuals sharing the fea-
tures or where mutually exclusive and the statistics of occurrence in MGS patients with pre-RC 
mutations are described below the Venn diagram.  1a : one individual with Orc1 mutation;  1b  :  one 

  Fig. 25.2    Alignment of closely related pre-RC proteins implicated in MGS. The alignment of human 
Orc1, Orc4, and Cdc6 proteins was done using online ClustalW software. The different RFC  boxes  
(II–VII) and sensor motifs of the pre-RC proteins are indicated with  closed lines  above the alignment       
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 109 ,  110 ], but more importantly, Orc4 has an arginine fi nger that activates the 
ATPase of the Orc1 subunit [ 111 ].

   Screening of patients with MGS led to the identifi cation of seven individuals 
with mutations in Orc4 gene [ 19 ,  21 ,  22 ]. The Orc4 gene in MGS individuals mostly 
contains homozygous missense mutations causing pTyr174Cys substitution in the 
protein. The compound heterozygote mutation in Orc4 mainly arises due to frame- 
shift or gene deletion events in combination with the pTyr174Cys mutation. The 
frame-shift mutation also leads to deletion of 125 amino acids from the C-terminal 
of Orc4 protein in MGS patients. The mutated tyrosine residue of Orc4 in MGS 
patients is highly conserved from budding yeast to mammals and is found to lie in 
between the walker B and sensor I motif of the AAA+ domain (Fig.  25.2 ). Although 
the human Orc4 protein shows only 29 % sequence identity to budding yeast 
ScOrc4, the sequence around the conserved tyrosine residue is highly similar. 
Mutation of the conserved tyrosine residue of  S. cerevisiae  ScOrc4 (p.Tyr232Cys) 
results in a substantial growth retardation phenotype with a defect in the G1- to 
S-phase transition based on bud size of the emerging daughter  cell      [ 22 ].  

     Orc6      

 Among the components of ORC, the Orc6 is the smallest in size and the amino acid 
sequence is divergent from the other ORC subunits [ 112 ]. The structure of 
N-terminal half of human Orc6 protein shows similarity to the cyclin fold of the 
transcription factor TFIIB (Fig.  25.1 ) [ 113 ]. The budding yeast mutant that lacks 
Orc6 is not viable, demonstrating its essential nature as well as its involvement in 
origin recognition as part of ORC [ 48 ,  114 ]. In addition to its role in DNA replica-
tion, Orc6 in  Drosophila  and human cells is also involved in cytokinesis and hetero-
chromatin formation [ 115 – 117 ]. In budding yeast, the C-terminus of ScOrc6 
establishes a tight association with Cdt1, an Mcm2-7-binding protein and to the 
Orc3 and Orc5 subunits of ORC [ 118 ]. Unlike  Drosophila melanogaster  DmOrc6, 
ScOrc6 does not have the propensity to bind the DNA [ 119 ]. Furthermore, ScOrc6 
binds S-phase cyclin Clb5 through its “Cy” or “cyclin binding” motif and prevents 
reinitiation of DNA replication [ 120 ]. The function of Orc6 is quite divergent in 
different organisms. In human, the Orc6 is involved in cytokinesis through its local-
ization at the midbody as daughter cells separate form each other, the separate event 
apart from its role in DNA replication [ 116 ]. Similar to human Orc6, the DmOrc6 
is also involved in cytokinesis through its interaction with Pnut, a member of the 
septin protein family [ 115 ,  121 ,  122 ]. A recent report further extends the role of 
DmOrc6 in both DNA replication and cytokinesis and suggests functional conserva-
tion of Orc6 activities in metazoans [ 119 ,  121 ]. 

 Bicknell et al. [ 19 ] found three individuals from one family bearing compound 
heterozygous mutations in the Orc6 gene in MGS patients, leading to a change of 
residue p.Tyr232Ser in combination with a loss-of-function mutation resulting from 
a 2-bp deletion. The residue mutated in MGS patients is well conserved from lower 
eukaryotes to higher eukaryotes and the domain encompassing the residue is known 
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to involve interaction with the Pnut protein, a member of septin family of proteins 
important for cytokinesis [ 115 ], although a recent analysis of the functional conse-
quences of the Orc6 mutation shows that the Meier-Gorlin mutation impairs forma-
tion of the ORC hexamer [ 37 ]. Munnik et al. identifi ed four more MGS patients 
from three families having compound heterozygous missense and splice site muta-
tions in  Orc6      [ 21 ].  

     Cdc6      

 Cdc6 protein is a member of the AAA+ superfamily, containing walker A and B 
motifs, sensor motifs I and II, and well-conserved RFC boxes II–VII (Figs.  25.1  and 
 25.2 ) [ 123 ,  124 ]. Cdc6 is loaded onto origins of DNA during pre-RC assembly 
through its interactions to ORC subunits [ 71 ,  125 – 127 ]. Cdc6 protein in turn binds the 
Mcm2-7 complex via an interaction with the essential domain of Mcm3, consistent 
with pre-RC assembly occurring by the sequential loading of ORC, Cdc6, and the 
Mcm2-7 proteins [ 54 ,  75 ,  76 ,  128 – 132 ]. The primary sequence of Cdc6 shows that 
the protein is highly related to Orc1, Orc4, and Orc5 [ 101 ,  133 ]. The Cdc6 protein has 
a critical function in ensuring that the DNA replication occurs only once during the 
cell cycle, thus preventing re-replication or genome instability [ 134 – 138 ]. 

 Only one case of a mutation in Cdc6 in MGS patients has been reported where 
the affected individual carries a homozygous missense mutation leading to a change 
of a Thr323 to arginine residue in the protein [ 19 ]. The mutated Cdc6 residue in 
MGS patients is well conserved across different species, ranging from lower to 
higher eukaryotes, and lies within the AAA+ domain of Cdc6 protein between the 
sensor motif I and RFC box VII (Fig.  25.2 ). Recently, Kim et al. [ 139 ] reported that 
Cdc6 contains centrosome localization signal from residues 311 to 366 amino acids 
and the conserved Thr323 falls within this region, although the functional conse-
quences of this mutation have not been  studied     .  

     Cdt1      

 Like Cdc6, the Cdt1 protein is also dependent on its prior association with ORC 
subunits for binding to chromosomal replication origins [ 140 ,  141 ]. It has been sug-
gested that the loading of Cdt1 to ORC might be occurring after the initial binding 
of Cdc6 to ORC proteins [ 142 ]. The primary role of Cdt1 is to interact with the 
Mcm2-7 hexamer and help assembly the Mcm2-7 onto DNA to form a double-
Mcm2- 7 hexamer [ 128 ,  132 ,  143 – 146 ]. Thus, Cdt1 protein acts as bridge between 
Mcm2-7 and the ORC-Cdc6 complex. The licensing activity of Cdt1 protein is 
inhibited through its interaction with Geminin protein to prevent re-replication of 
the genome [ 147 – 152 ]. The Cdt1 protein contains two functionally conserved 
regions: an N-terminal regulatory region and a domain required for replication 
licensing activity located in the middle and C-terminal domains [ 143 ,  144 ]. The 
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middle and C-terminal domains of Cdt1 protein are required for its binding to Geminin 
and the Mcm2-7 complex, respectively [ 144 ,  153 ]. The regulatory N-terminal region 
of Cdt1 contributes to weak binding to Geminin protein and contains a PCNA-binding 
motif (PIP box), a cyclin-binding consensus motif (Cy-motif), and CDK phosphoryla-
tion sites [ 151 ,  154 – 157 ]. Cdt1 is unstable and is degraded at the G1- to S-phase 
transition or in response to DNA damage, in a process important for maintaining once 
per cell cycle replication [ 140 ,  147 ,  149 – 151 ,  154 – 156 ,  158 – 163 ]. 

 Bicknell and Guernsey reported eight individuals from the cohort of MGS 
patients bearing mutations in the Cdt1 protein [ 20 ,  22 ]. Out of eight patients, seven 
individuals from fi ve families had heterozygous mutations while only one of the 
MGS patients had biallelic, missense homozygous mutations. The Cdt1 mutations 
in two individuals having MGS phenotypes bear monoallelic missense mutation 
(Fig.  25.1 ). Most of the Cdt1 mutations reported in MGS patients fall within the 
C-terminal of the protein and this region is critical for its interaction to Mcm2-7 
complex. It has been demonstrated that mutation of p.Arg474Gln in the mouse Cdt1 
protein, in combination with other mutations, is required for binding activity to the 
Mcm4/6/7 hexamer [ 164 ], although the functional signifi cance of the Mcm4/6/7 
hexamer is  questionable     .   

    Phenotype of Patients  with   Meier-Gorlin Syndrome 

 The MGS was initially diagnosed based on the presence of three prominent pheno-
typic features called the triad, consisting of bilateral small ears (microtia), aplasia/
hypoplasia of the patellae, and short stature. The 45 patients described by de Munnik 
et al. share all the three clinical features consistent with the diagnosis of MGS [ 35 ], 
but 6 individuals out of the 35 MGS patients with mutations in pre-RC proteins 
(Orc1, Orc4, Orc6, Cdc6, and Cdt1) did not show all the features (Fig.  25.3 ). The 
phenotypic effect of Orc1 and Orc4 mutations in MGS patients is more pronounced 
based on height and head circumference of individuals [ 21 ,  35 ]. The short stature 
and head circumference of MGS patients with Orc1 mutations are most severe com-
pared to the phenotype in patients with other pre-RC proteins, suggesting either that 
Orc1 mutations have more penetrance or that Orc1 mutation affect multiple pro-
cesses. A more severe, lethal phenotype has been mostly correlated with the patient’s 
genotype bearing compound heterozygous missense and loss-of-function muta-
tions. In their phenotype-genotype correlation studies, they have included additional 
clinical features such as deformity in facial appearance, respiratory and gastrointes-
tinal problems, skeletal and limb anomalies, as well as genitourinary problems [ 21 ]. 
The intelligence of MGS patients varies with normal intellect in most of the cases 
to moderately retarded in one of the individuals harboring a mutation in the gene 
encoding Orc1. Recently, a very severe homozygous mutation in the gene encoding 
Orc6 was identifi ed as a lethal mutation with fetuses dying at 20–36 weeks, and in 
addition to the known phenotypes, clubfeet, micro-retrognathia (small, receding 
jaw), gracile bones (slender and thinner bines), and abnormal genitalia [ 36 ]. It will 
be important to create mouse models with each of the MGS mutations in order to 
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understand the exact cause of the phenotypes in more detail, starting from prenatal 
development during embryogenesis to the postnatal growth in adult animals. To 
date, no such mouse models have been described, but studies with cells in culture 
and other animal models have been  informative   (Fig.  25.4 ).

MGS Patients
(45 Individuals)

Molecular mutations
(35 Individuals)

No Definitive
molecular diagnosis

(10 Individuals) 

Monoallelic
Missense
Mutations

(3 Individuals)

No mutations
reported

(7 Individuals)

Orc1
pThr57Met   (1)

Cdt1
pArg462Gln (2)

Compound Heterozygous
Mutations

(25 Individuals)

Biallelic Homozygous
Mutations

(10 Individuals)

Orc1
p.Phe89Ser   (1)
p.Arg105Gln (1)
p.Glu127Gly  (2)

Orc4
p.Tyr174Cys  (4)

Cdc6
p.Thr323Arg (1)

Cdt1
p.Glu468Lys (1)

Missense
Mutations

(2 Individuals) 

Missense +
Frame shift
 Mutations

(4 Individuals)

Missense +
Splice site
Mutations

(8 Individuals)

Missense +
Non-sense
Mutations

(10 Individuals)

Missense +
Gene deletion

Mutations
(1 Individual)

Orc1
p.Arg105Gln +

p.Arg666Trp (1)
p.Arg105Gln +

p.Arg720Gln (1)

Orc1
p.Arg105Gln +

p.Val667fsX24 (2)
Orc4
p.Tyr174Cys +

p.Ala292fsX19 (2)

Orc1
p.Arg105Gln +

Intron 9 SAS (2)
Orc6
p.Met1? +p? (4)

Cdt1
p.Ala66Thr +

p.Gln117His
[exon 2 SDS] (1)
p.Gln117His

[exon 2 SDS] +
p.Arg462Gln  (1)

Orc6
p.Phe86X +

p.Tyr232Ser (3)
Cdt1
p.Glu278X +

p.Arg462Gln (2)
p.Gln361X +

p.Arg453Trp (1)
p.Arg462Gln +

p.Tyr520X     (2)

Orc4
p.Tyr174Cys +

Deletion       (1)

  Fig. 25.4    The fl owchart  shows   genetic heterogeneity among MGS patients with mutations in pre-
 RC proteins. The number of MGS patients with different types of genetic mutations for each pre-
 RC protein is indicated in  closed brackets . Data from de Munnik et al. [ 21 ,  35 ]       
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        Biological Consequences of Pre-RC Protein Mutations 
in Meier-Gorlin Syndrome 

 DNA  replication   is one of the fundamental, essential processes required by living 
organisms for cell proliferation and any kind of perturbations to the process due to 
stress or mutations is deleterious to an organism. In the literature, there have been a 
number of reports of inherited genetic disorders occurring due to mutations in DNA 
replication genes [ 165 ]. Recently, the genetic mutations were found in proteins of 
pre-RC and are linked to growth retardation in certain kind of disorders. The homo-
zygous recessive mutation of MCM4 in six Irish patients leads to an autosomal 
genetic disorder due to a  natural killer (NK) cell defi ciency and DNA breakage  . The 
genetic disorder due to partial MCM4 defi ciency in humans also results in patients 
with short stature, adrenal insuffi ciency and prone to viral infections [ 166 – 168 ]. But 
the MGS mutations are distinct enough to from a syndrome. 

 In order to understand the functional implications of mutations in the patients, 
Bicknell et al. established two cell lines from the MGS patients bearing  Orc1 muta-
tions  . One of them was a lymphoblastoid cell line (LBL) made from patient having 
the Orc1 pGlu127Gly mutation, and another was a skin fi broblast line made from 
patient harboring Orc1 pArg105Gln. The results from studies of these cell lines show 
that the Orc1 mutations caused insuffi cient loading of components of the pre- RC, 
subsequently leading to reduced DNA replication [ 20 ]. Furthermore, they  generated 
zebrafi sh with mutations in Orc1 that generated embryos with marked growth retar-
dation, perhaps related to the primordial dwarfi sm phenotype in humans. The studies 
further indicated that the mutations in Orc1 cause reduced cellular proliferation due 
to slow S-phase progression [ 20 ]. Most of the mutations within the Orc1 protein 
(Phe89Ser, Arg105Gln, and Glu127Gly) in MGS patients are situated within the 
overlapping, N-terminal BAH or CID domains. Recently, a crystal structure of the 
N-terminal region (9–170 aa) of the mouse Orc1 protein revealed that the region is 
involved in binding to histone H4K20 dimethylated peptide (H4K20me2). The  
H4K20me2-binding mutant   of Orc1 was not able to rescue a growth retardation phe-
notype of Orc1-depleted zebrafi sh compared to its wild-type counterpart [ 20 ]. Based 
on the results, it was naturally concluded that the inability of H4K20me2- binding 
mutant of Orc1 to recognize the replication origins causes slow cell cycle progres-
sion and reduced cellular proliferation, which might lead to primordial dwarfi sm in 
humans [ 72 ,  98 ]. However, since the Orc1 Meier-Gorlin phenotypes were more 
severe than the phenotype observed with other pre-RC mutants, it suggested that the 
Orc1 mutations might alter a non-DNA replication function. 

 In addition to its role in DNA replication, the human Orc1 protein is also involved 
in controlling centriole and hence centrosome copy number in human cells [ 86 ]. In 
the absence of Orc1, centrioles and centrosomes re-duplicate in a single cell cycle, 
a condition that can lead to aneuploidy or chromosome miss-segregation. The 
N-terminal domain of Orc1, wherein most of the MGS mutations lie, functions as 
an inhibitor of cyclin-CDK2 kinases while the C-terminus of Orc1 harbors homol-
ogy to the centrosome localization of PACT domain [ 38 ]. The two domains in Orc1, 
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when coupled together in a single recombinant protein that lacks DNA replication 
activity, are necessary and suffi cient for controlling the amplifi cation of centro-
somes or centrioles. Most interestingly, the MGS mutation Arg105Gln in Orc1 
ablates its kinase inhibition activity towards cyclin E-CDK2, but not cyclin A-CDK2, 
and thus loses its control in maintaining normal centrosome or centriole copy num-
ber, similar to cells that over-express cyclin E [ 38 ]. The loss-of-function mutation in 
human Orc1 also leads to a marked reduction in cellular proliferation. In a similar 
context, Orc1-defi cient primary fi broblast  cell  s impair ciliogenesis, leading to 
markedly reduced cilia formation, suggesting that defects in centrioles that form the 
basis of cilia in cells might be affected in MGS patients, similar to mutations in the 
percentrin (PCNT) protein that is also involved in ciliogenesis, which is mutated in 
the primordial dwarfi sm syndrome MOPDII [ 39 ]. 

 The domain architecture of human Orc6 protein shows that the MGS mutation 
lies within its unstructured C-terminal region. The several reports show that the 
C-terminal domain of Orc6 protein is involved in a non-replicative function such as 
cytokinesis and also interacts with Pnut (a septin protein) in  Drosophila  [ 115 ,  116 , 
 169 ]. Interestingly, Bleichert et al. have recently found that the C-terminus of the 
Orc6 protein is also involved in its interaction with Orc3 protein in  Drosophila  and 
in human [ 37 ]. The corresponding MGS mutation in  Drosophila  Orc6 (Tyr225Ser) 
reduced its affi nity for association with ORC via its interaction Orc3 protein. The 
MGS mutation in Orc6 that decreased its association to ORC resulted in a reduction 
of MCM chromatin association, suggesting a defect in pre-RC assembly and thus 
reduced DNA replication licensing. Thus it is possible that all the MGS mutations 
in Orc1 and Orc6 cause a defect in DNA replication, but the Orc1 mutations have an 
additional defect in centriole copy number control. 

 The  cellular pathways   affected in MGS patients with mutations in Orc4, Cdc6, 
and Cdt1 genes have not been characterized, although the equivalent mutation in 
yeast Orc4 reduced cell growth and delayed cell cycle progression, but the precise 
molecular mechanism involved is yet to be discovered. The non-redundant func-
tional consequences of MGS mutations of pre-RC proteins not only affect DNA 
replication but also might involve non-replicative functions such as centrosome/
centriole duplication, ciliogenesis, and cytokinesis. 

 A major issue that remains to be resolved is how do defects in DNA replication 
and centriole copy number control lead to a phenotype with a small, but propor-
tional body size? Is cell proliferation compromised so that the number of cell divi-
sions in a particular tissue is less than would normally occur in normal people or do 
cells accumulate defects at some increased rate and induced apoptosis removes the 
cells during development, yielding smaller tissue size? Studies in cell culture have 
not resolved these issues, making studies of organisms with precise MGS mutations 
of great future interest. Another major issue is whether the ancient humans on the 
island of Flores in Indonesia, possibly and new species called  Homo fl oresiensis , are 
in reality humans that are primordial microcephalic dwarfs with normal intelligence 
that harbored mutations in genes pre-RC proteins, like modern MGS patients. 
Unfortunately the tropical conditions in which the bones were found preclude isola-
tion of DNA and sequencing, so we may never know.     
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    Chapter 26   
 Mechanisms and Consequences 
of Break- Induced Replication                     

       Roberto     A.     Donnianni     and     Lorraine     S.     Symington    

    Abstract     Homology-dependent repair of chromosomal double-strand breaks 
(DSBs) usually involves short tracts of DNA synthesis. However, repair of DSBs 
that have only one end with homology to a donor chromosome can occur by exten-
sive DNA synthesis from the site of strand invasion to the telomere, a process 
referred to as break-induced replication (BIR). Recent studies of BIR initiated at 
DSBs have shown that DNA synthesis occurs by a conservative mechanism involv-
ing a migrating D-loop intermediate and is associated with a much higher rate of 
mutagenesis than normal S-phase synthesis. Furthermore, the invading strand is 
unstable and can switch to different templates increasing the risk of chromosome 
rearrangements. The mutagenic potential of BIR suggests it may play an important 
role in genome evolution as well as cancer etiology; however, it has raised the ques-
tion of whether similar processes occur at collapsed replication forks.  

  Keywords     DNA replication   •   DNA repair   •   Homologous recombination   • 
  Mutagenesis   •   Rad51   •   Pol32   •   Pif1  

        Introduction 

 Chromosomal double-strand breaks ( DSBs  ) are  cytotoxic lesions   that occur sponta-
neously during normal cell metabolism or following treatment of cells with DNA- 
damaging agents, such as ionizing radiation or certain chemotherapeutic drugs. The 
two main mechanisms used to repair DSBs in eukaryotic cells are non-homologous 
end joining (NHEJ) and homologous recombination (HR) [ 1 ,  2 ]. NHEJ requires 
DNA end protection the Ku heterodimer and direct ligation by DNA ligase IV 
(Dnl4/Lig4) with the help of accessory proteins [ 1 ]. Although NHEJ occurs with 
high fi delity at cohesive ends, such as those produced by restriction endonucleases, 
it is generally considered to be an error-prone mechanism because of the potential 
for loss or gain of nucleotides at the junction, particularly at blunt or mismatched ends. 

        R.  A.   Donnianni    •    L.  S.   Symington      (*) 
  Department of Microbiology & Immunology ,  Columbia University Medical Center , 
  701 W. 168th St. ,  New York ,  NY   10032 ,  USA   
 e-mail: lss5@cumc.columbia.edu  

mailto:lss5@cumc.columbia.edu


526

In addition,  trans  joining of different DSB ends can lead to chromosome translocations 
or other types of rearrangements. NHEJ is favored in the G1 phase of the cell cycle 
when resection of DNA ends is repressed [ 3 – 5 ]. HR occurs in S and G2 phases 
when end resection is activated and a homologous sister chromatid is available to 
template repair of a broken chromosome [ 4 ]. HR is considered to be an error-free 
mechanism when the donor is the preferred sister chromatid. However, if repair 
occurs from a non-sister chromatid,    such as the homolog in diploid cells or repeated 
sequence elsewhere in the genome, HR can lead to loss of heterozygosity (LOH) or 
chromosome rearrangements. 

  DSBs c  reated by endonucleases generally have two ends with homology to a 
donor sequence (two-ended DSBs) and are repaired by direct ligation or by HR 
associated with a short tract of DNA synthesis. By contrast, collapsed replication 
forks, eroded telomeres, or mis-segregated fragmented chromosomes present only 
one end with homology to a donor sequence, the so called one-ended or single- end   
DSBs [ 6 ,  7 ]. The invading end of a one-ended DSB can prime extensive DNA 
synthesis in a process referred to as break-induced replication ( BIR  ) [ 8 ,  9 ]. This 
process has been modeled in yeast by creating an endonuclease-induced DSB 
between sequence homologous to a donor duplex and heterologous downstream 
sequence forcing extensive DNA synthesis from the site of strand invasion to the 
telomere [ 10 – 15 ]. Recent studies have shown that the properties of the replication 
machinery during BIR are grossly different from those at a normal replication fork 
[ 12 ,  16 – 18 ], raising the issue of whether collapsed replication forks repair by a 
BIR-like mechanism. Here, we discuss models for BIR, the mutagenic potential of 
this process, and compare BIR as observed at DSBs with recombination-dependent 
replication fork restart.  

    Mechanisms for Homology-Directed DSB  Repair      

     Gene Conversion and Associated Crossovers   

 Much of our understanding of how DSBs are repaired has come from physical analysis 
of intermediates formed following induction of site-specifi c DSBs in yeast, the phe-
notype of HR mutants in genetic and physical assays that measure recombination 
profi ciency, and biochemical analysis of purifi ed proteins [ 19 ]. In general, mecha-
nisms for homology-directed repair of chromosomal DSBs initiate by 5′–3′ degrada-
tion of the broken DNA ends to create 3′ single-stranded DNA (ssDNA) tails, a 
process referred to as end resection (Fig.  26.1 ) [ 20 ]. The Mre11-Rad50-Xrs2 com-
plex (MRX/N, Xrs2 is replaced by Nbs1 in vertebrates), activated by Sae2 (CtIP in 
vertebrates), initiates end resection by nicking the 5′ strand internal to the DSB end 
followed by 3′–5′ resection by the Mre11 nuclease to create a short 3′ ssDNA tail. 
More extensive processing of the partially resected DNA ends requires the 5′–3′ 
exonuclease Exo1 or Dna2 endonuclease in collaboration with the Sgs1 helicase 
(BLM or WRN in vertebrates) [ 21 – 24 ]. The Fun30 chromatin remodeler facilitates 
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extensive resection [ 25 – 27 ], which occurs at a rate of ~4 kb/h and can proceed for up 
to 50 kb in the absence of a homologous sequence to template repair [ 24 ,  28 ].

   The ssDNA formed by end resection is initially bound by replication protein A 
(RPA), which is then replaced by the Rad51 recombinase in a reaction requiring 
Rad52 in yeast or BRCA2 in many other organisms [ 29 ]. RPA facilitates loading of 
Rad51 by removing secondary structure from the ssDNA and shields ssDNA from 
degradation [ 30 – 32 ]. The Rad51 paralogs (Rad55 and Rad57 in yeast) stabilize the 
Rad51-ssDNA complex and prevent dissociation of Rad51 by the Srs2 helicase [ 33 ,  34 ]. 

Non-crossover 

D-loop dissociation BIR 

Non-reciprocal 
crossover 

D-loop capture 

Crossover 

dHJ 

Resolution 

Non-crossover 

Dissolution 

Crossover 

3’
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  Fig. 26.1    Models for homologous  recombination  . DSB ends are resected to yield 3′ ssDNA tails 
used for Rad51-dependent strand invasion to generate a D-loop. After extension of the 3′ end, the 
invading end can be displaced to anneal to the other DSB end yielding NCO products. Alternatively, 
the D-loop is captured by the other DSB end and can be directly cleaved by Mus81-Mms4 to gen-
erate CO products. DNA synthesis primed from the 3′ end of the D-loop captures intermediate and 
ligation results in formation of a dHJ intermediate that can be dissolved by Sgs1-Top3-Rmi1 
(STR) or resolved by endonucleases (only the CO product of resolution is shown). If the other end 
of the break is lost, or homology is restricted to one side of the DSB, replication proceeds to the 
chromosome terminus (BIR)       
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The Rad51 nucleoprotein complex catalyzes the key step of HR—homology searching 
and strand invasion with  homologous   duplex DNA to form a displacement- loop 
(D-loop) intermediate—a reaction stimulated by the Rad54 dsDNA-dependent 
ATPase (Fig.  26.1 ) [ 29 ]. The invading 3′ end from the broken chromosome primes 
DNA synthesis by DNA polymerase δ (Polδ), templated by the donor duplex [ 35 ,  36 ]. 
Several DNA helicases, including Sgs1/BLM, Mph1/Fml1/FANCM and RTEL1, 
and DNA Topoisomerase 3 (Top3) are proposed to unwind the D-loop to allow 
annealing of the extended 3′ strand with the other resected end to generate non- 
crossover (NCO) products [ 37 – 42 ]. Mismatched nucleotides in the heteroduplex 
DNA formed by pairing of the extended invading end with the other break end can 
be corrected by the mismatch repair (MMR) system resulting in gene conversion 
[ 43 ]. In addition to its role in mediating Rad51 assembly on RPA-coated ssDNA, 
Rad52 is able to anneal complementary ssDNA and can catalyze second end capture 
in vitro [ 44 – 46 ]. The ssDNA annealing and Rad51 recruitment functions of Rad52 
are thought to account for its essential role in all HR events in yeast [ 19 ]. 

 The majority of recombination products in mitotically dividing cells are NCOs 
while around 1–20 %, depending on the organism studied, arise by a crossover (CO) 
mechanism [ 19 ]. COs result from endonucleolytic processing of branched DNA 
intermediates formed when the second break end captures the displaced strand of 
the D-loop instead of the extended 3′ invading end (Fig.  26.1 ). DNA synthesis 
extends the captured 3′ end and following ligation a double Holliday junction (dHJ) 
intermediate is generated [ 47 ]. The dHJ intermediate must be dissolved or resolved 
to yield separate intact duplex molecules and failure to remove recombination inter-
mediates results in meiotic or mitotic catastrophe [ 48 ,  49 ]. Dissolution of dHJ inter-
mediates requires the combined activity of the Sgs1/BLM helicase, which drives 
migration of the constrained Holliday junctions, and the Top3-Rmi1 complex, 
which decatenates the interlinked strands between them, leading to NCO products 
[ 50 ,  51 ]. Resolution of dHJ intermediates by endonucleolytic cleavage can yield CO 
or NCO products. Several structure-selective nucleases, including Mus81-Mms4/
EME1, SLX1-SLX4, and Yen1/GEN1, able to cut HJs in vitro have been identifi ed 
as candidate resolvases in yeast and mammals [ 49 ]. Genetic studies have shown that 
Mus81-Mms4 is the main nuclease responsible for DSB-induced mitotic COs in 
budding yeast with Yen1 serving a back-up function [ 52 ]. The preferred substrates 
for Mus81-Mms4 cleavage in vitro are 3′ fl aps and nicked HJs raising the possibility 
that Mus81-Mms4 directly cleaves the intermediate formed by second end capture 
rather than the dHJ intermediate (Fig.  26.1 )    [ 53 ,  54 ].  

    BIR  Initiated   from  DSBs   

 If coordination of the two ends of a DSB is lost, or if homology is present at only 
one of the two ends, the invading 3′ end primes extensive DNA synthesis from the 
site of strand invasion to the end of the chromosome. BIR is a rare outcome of repair 
(<1 % of repaired products) at a two-ended DSB [ 52 ,  55 ]; however, the frequency 
of BIR is much higher when homology is limited to one side of the DSB suggesting 
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a second homologous break end plays an important role in preventing BIR [ 11 ,  12 ,  14 ]. 
Elimination of Mph1 and Mus81 increases the frequency of BIR at two-ended DSBs 
indicating that D-loop dissociation and cleavage, respectively, facilitate second end 
capture to prevent BIR [ 54 ]. Gene conversion between non-sister chromatids 
(chromosome homologs in diploid cells) results in minimal LOH, though more 
extensive LOH can occur if there is an associated CO and the recombinant chroma-
tids segregate to opposite poles during mitosis. In contrast, BIR between non-sister 
chromatids results in extensive LOH, and if it occurs between dispersed repeats then 
nonreciprocal translocations or more complex rearrangements can occur. 

 BIR initiated from endonuclease-induced DSBs has mostly been studied in bud-
ding yeast. Recombination products with some characteristics of BIR have been 
detected at a DSB generated within one copy of a direct repeat recombination reporter 
in mammalian cells and are generally referred to as long-tract gene conversion 
[ 56 ,  57 ]. These events are thought to arise by strand invasion between misaligned 
repeats of sister chromatids and after copying both repeats and extending beyond 
them the invading end displaces and joins to the other break end by NHEJ. A similar 
type of event initiated from a broken plasmid was reported in yeast [ 58 ], but was very 
rare, presumably due to the low effi ciency of NHEJ at noncohesive ends; indeed, the 
greater capacity of mammalian cells for NHEJ could prevent BIR at  DSBs  .      

    In Vivo Assays  to   Study BIR 

     Chromosomal BIR Systems   

 Chromosomal BIR reporter systems have been developed in yeast by inserting the  HO 
endonuclease cut site   between a sequence homologous to a donor site elsewhere in the 
genome followed by a heterologous sequence; the constructs are designed so that 
sequences centromere distal to the DSB are not essential for cell viability and are lost 
during BIR. HO is regulated using an inducible promoter. Although erroneous end join-
ing can ligate the two ends of the DSB, this mechanism is much less effi cient in yeast than 
BIR. The reporter developed in our laboratory consists of overlapping nonfunctional 
fragments of the   lys2  gene   inserted on different chromosomes of a haploid strain with an 
HO cut site downstream of the 3′ truncated  lys2  fragment [ 12 ]. The location of the donor 
5′truncated fragment can be varied to monitor BIR effi ciency at differing distances from 
the telomere. BIR generates a functional copy of the  LYS2  gene enabling selection on 
medium lacking lysine (Fig.  26.2a ). Physical methods (PCR or Southern blot hybridiza-
tion of intact chromosomes or digested genomic DNA) can be used to monitor the kinet-
ics of BIR. Similar assays using fragments of the  CAN1  and  URA3  genes have also been 
reported [ 13 ,  59 ]. One potential limitation with the ectopic BIR assays is that the region 
of shared homology between the recipient and donor is short and could be lost by end 
resection. Although resection initiates on the 5′ strand, 3′ end loss is also detected 2 h 
after HO induction [ 30 ,  60 ]. Indeed, slowing extensive resection increases the effi ciency 
of BIR between  ectopic   repeats suggesting BIR is slow and resection can remove the 
short homologies needed to drive BIR in these assays [ 26 ,  61 ,  62 ].
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   An alternative BIR reporter makes use of the natural HO cut site at the  MAT  locus 
in a haploid strain modifi ed to be disomic for chromosome (Chr) III. Sequence cen-
tromere distal to the  MAT  a  HO cut site of one Chr III homolog was replaced with a 
 LEU2  cassette and telomere, while the  MATα-inc  allele, which is resistant to cutting 
by HO, was introduced on the other homolog (Fig.  26.2  b  ). After DSB induction, cen-
tromere proximal sequence invades the homolog and copies to the end of the donor 
chromosome (~100 kb). Failure to repair the DSB results in chromosome loss and can 
be distinguished from BIR using heterozygous markers on the left arm of Chr III. In 
some mutant backgrounds where strand invasion occurs but DNA synthesis is limited, 
the recombination intermediate is resolved as a “half crossover” ( HCO  )   ;    these events 
are characterized by retention of the left arm of the recipient chromosome and acquisi-
tion of sequences from the donor  MAT  locus to the telomere, detected using the het-
erozygous markers present on each chromosome arm [ 63 ]. The more extensive 
homology provided by the homolog might be the reason for the higher effi ciency of 
BIR using the disome system compared with the ectopic  reporters  .  
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  Fig. 26.2     Assays for BIR  .    ( a ) Ectopic assay with homology restricted to only one side of the HO 
cut site to force repair by BIR forming a Chr V-XI translocation. The nonessential sequence to the 
left of the DSB, including the Kan marker, is degraded. ( b ) Repair of an HO-induced DSB at the 
 MAT  locus of a haploid strain disomic for Chr III. The recipient chromosome is truncated to restrict 
homology to the centromere proximal side of the DSB. After degradation of  MATa  sequence, inva-
sion of the homolog occurs copying to the end of the donor chromosome (BIR). Some events are 
resolved as a half crossover (HCO); the fragmented chromosome is degraded or invades the HCO 
product to repair by BIR. ( c ) Transformation of yeast with the linearized chromosome fragmenta-
tion vector (CFV) generates a stable chromosome fragment (CF) following strand invasion and 
replication to the telomere and telomere addition at the telomere seed sequence present at the other 
end of the linear CFV. These events are selected by the  URA3  marker carried on the CFV and are 
stably maintained by the centromere on the CF. Centromeres are shown by solid circles       
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     Plasmid Transformation Assay   

 A chromosome fragmentation vector ( CFV  )    has also been used to study BIR [ 10 ,  15 ]. 
The CFV contains the  URA3  selectable marker,  CEN4 , a (G 1–3 T)  n   tract to provide a 
site for telomere addition and a 2–5 kb sequence homologous to a yeast chromosomal 
sequence. The CFV is linearized between the Chr homology region and telomere 
seeding sequence with a restriction endonuclease and used to transform yeast, select-
ing for Ura +  colonies (Fig.  26.2c ). Most transformants arise by  de novo  telomere addi-
tion to heal one end of the CFV and strand invasion at the other end into the endogenous 
yeast locus to copy the entire chromosome arm yielding a stable chromosome frag-
ment (CF). This assay can be used in haploid or diploid cells, but is not amenable to 
physical analysis of BIR intermediates due to low transformation effi ciency.  

     Recombination-Dependent Replication Fork   Restart 

 BIR in all of the above assays involves repair of the DSB from a non-sister  chromatid  , 
a situation that may not be directly relevant to repair of a collapsed replication fork 
by sister-chromatid recombination. With the modifi cation of I-SceI and CRSPR/
Cas9 nucleases to generate site-specifi c nicks instead of DSBs, it should be possible 
to establish systems where a nick is converted to a single-ended DSB by passage of 
the replication fork requiring strand invasion into the sister chromatid to restore the 
collapsed fork [ 64 ,  65 ]. A mutant of the FLP recombinase, which generates a long-
lived single-strand break by covalently attaching to the 3′ end at the FRT site, has been 
developed to study replication-dependent DSBR in yeast and could be used to study 
BIR [ 66 ]. Aguilera and colleagues have shown that a shortened HO cut site undergoes 
single- instead of double-stranded DNA cleavage and can be used to monitor repair at 
collapsed replication forks [ 67 ]; however, it has only been used on plasmids to study 
sister chromatid or intramolecular repair between inverted repeats and has not been 
tested in the chromosomal context.      

    Proposed Mechanisms for BIR 

 As with other HR processes, BIR initiates by  Rad51-dependent strand invasion   
[ 10 ], but what distinguishes BIR from other HR mechanisms is the vast length of 
newly synthesized DNA: hundreds of kb of DNA can be synthesized during BIR 
even when cells are arrested in the G2/M phase [ 14 ,  68 ]. Physical methods to detect 
BIR intermediates and products have yielded insight into the mechanism and have 
been used to test the requirement for essential replication proteins using conditional 
alleles of the relevant genes. Two models have been proposed for the mechanism of 
DNA synthesis (Fig.  26.3    ).
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       Semiconservative DNA Synthesis      

 In this model, the D-loop is cleaved by a structure-selective endonuclease to form a 
replication fork where, after completion of DNA synthesis, one newly synthesized 
strand is associated with the broken chromosome and the other to the donor chromo-
some, resulting in semiconservative inheritance of DNA as in normal S-phase syn-
thesis. This model has support from studies showing BIR requires the MCM helicase 
complex, Cdt1, Cdc45, Dpb11, Cdc7, Mcm10, the GINS complex, and all three rep-
licative DNA polymerases [ 13 ,  69 ]. As expected for an origin-independent mecha-
nism for DNA synthesis,  cdc6-1  and  orc6-td  conditional mutants were reported to be 
profi cient for BIR at the restrictive temperature; however, it is not known how the 
MCM helicase is recruited to the strand invasion intermediate. Conversion of a 
D-loop intermediate to a replication fork is predicted to require the activity of struc-
ture-selective nucleases. Conversely Mus81 and Yen1, the two main resolvases in 
yeast, are dispensable for BIR at endonuclease-induced  DSBs      [ 18 ,  70 ].  

     Conservative DNA Synthesis   

 D-loop migration to the end of the chromosome results in the newly synthesized 
“leading strand” extruded from the trailing end of the D-loop acting as a template 
for synthesis of the complementary strand, similar to a classic mechanism envi-
sioned for  bacteriophage T4 recombination-initiated   DNA synthesis [ 71 ]. Both 
newly synthesized strands segregate with the repaired chromosome, while the donor 
chromosome remains unchanged. To distinguish between conservative and semi-
conservative modes of DNA synthesis, two groups followed bromodeoxyuridine 
(BrdU) incorporation into chromosomes during BIR by pulsed fi eld gel 

D-loop resolution

Helicase loading –
fork establishment

Polδ and Pif1
(Polα?)

D-loop migration

  Fig. 26.3     Mechanisms   proposed for BIR. Cleavage of the D-loop intermediate by a structure- 
selective nuclease can convert it to an intermediate resembling a replication fork to synthesize 
DNA by a semiconservative mechanism. By the migrating D-loop model both newly synthesized 
strands segregate with the recipient chromosome       
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electrophoresis of intact chromosomes or DNA combing and found BrdU associ-
ated only with the recipient chromosome, consistent with conservative DNA syn-
thesis [ 12 ,  17 ]. Moreover, by native two-dimensional gel electrophoresis, Saini 
et al. [ 17 ] detected a long-lived ssDNA intermediate associated with  D-loop migra-
tion   indicating that synthesis of the two strands is uncoupled. Gene conversion dur-
ing yeast mating- type switching is also by a conservative mechanism suggesting 
BIR has similar characteristics to long-tract gene conversion [ 72 ,  73 ]. 

 Unlike normal S-phase DNA synthesis, BIR is highly dependent on Pol32, a 
nonessential subunit of DNA Polδ [ 13 ,  63 ,  74 ]. Products due to half crossovers were 
recovered from  pol32  mutants using the Chr III disome and plasmid-based assays, 
consistent with profi cient strand invasion and a defect in extension of the invading 
strand [ 63 ,  74 ]. A reduced frequency of BIR and increased half crossovers were also 
found in mutants expressing conditional mutations in  POL3 , which encodes the 
catalytic subunit of DNA Polδ, suggesting that DNA Polδ catalyzes “leading strand” 
synthesis during  BIR   [ 74 ,  75 ]. Long-tract gene conversion is also reduced in   pol32  
and  pol3-ct  mutants   [ 36 ,  52 ,  76 ]. 

 The  Pif1 helicase   has been shown to play an important role in BIR in genetic 
assays [ 17 ,  18 ,  70 ], and an in vitro study demonstrated that Pif1, DNA Polδ, and 
PCNA promote transition of a Rad51-catalyzed strand invasion intermediate into a 
migrating D-loop that is capable of extensive DNA synthesis [ 18 ]. Wilson et al. [ 18 ] 
reported no BIR defect in the  mcm4-td  mutant, in contrast to an earlier study [ 69 ], 
and instead proposed that Pif1 acts as the replicative helicase for BIR. It is puzzling 
why two groups came to different conclusions using  mcm  mutants. One possible 
explanation is that BIR is slower and less effi cient using the   CAN1  ectopic assay   [ 69 ] 
than the Chr III disome system [ 18 ]. To assess the requirement for essential replica-
tion proteins, cells with the ectopic BIR assay expressing temperature- sensitive 
alleles were grown at permissive temperature, arrested in G2/M phase by addition of 
nocodazole, and switched to the nonpermissive temperature, and then HO was 
induced [ 69 ]. Even for wild type cells the BIR product was barely detected 6 h after 
HO induction and the BIR defect observed for most of the replication mutants tested 
was most pronounced at 24 h. It is possible that cells override the nocodazole arrest 
during the long time course and then repair the break in the next cell cycle. Since HR 
is restricted to the S-G2 phase, strand invasion would be defective if replication-
defective cells had arrested in G1 of the next cell cycle.      

    Mutagenesis Associated with BIR 

    Elevated  Mutagenesis During DNA Synthesis   

 Pioneering studies by Malkova and colleagues showed that DNA synthesis during 
BIR is accompanied by a highly increased frequency of mutagenesis [ 16 ,  77 ]. To 
study mutagenesis associated with BIR, a  lys2-Ins  frameshift reporter cassette was 
inserted at different positions downstream of the  MATα-inc  locus of the donor chro-
mosome in the  Chr III disome system   (Fig.  26.2b ) [ 16 ]. The frequency of reversion 
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to Lys +  increased by up to 2800-fold during BIR, as compared with normal S-phase 
DNA synthesis (spontaneous errors). The increased mutagenesis was partially due 
to activation of the DNA damage checkpoint and elevation of dNTP levels [ 16 ]. 
Elimination of mismatch repair (MMR) resulted in increased mutagenesis, but the 
differential between BIR and S-phase associated mutations was lower in the  msh2  
mutant than wild type suggesting MMR is much less effi cient at correcting BIR- 
induced errors than spontaneous errors. The mutagenesis data are consistent with 
the migrating D-loop model for BIR, which postulates the newly synthesized strand 
is extruded behind the D-loop and would therefore not be a substrate for MMR; the 
errors would then be fi xed by second strand synthesis. Mutation of  RAD30 , which 
encodes the  Polη translesion synthesis DNA polymerase,   did not signifi cantly 
reduce the frequency of mutagenesis and only a modest decrease at some locations 
was found in the absence of Polζ suggesting that most errors are caused by the rep-
licative DNA polymerases. A defect in the proofreading function of DNA Polδ, but 
not of DNA Polε, caused a higher frequency of mutagenesis consistent with DNA 
Polδ catalyzing DNA synthesis during BIR [ 16 ]. 

 Uncoupling of fi rst and second strand synthesis during BIR results in the accu-
mulation of a long tract of ssDNA that is expected to be susceptible to base damage 
[ 17 ,  18 ]. Indeed, when BIR was completed in the presence of the DNA alkylating 
agent, methyl methanesulfonate ( MMS  ),    around 50 % of the products contained 
mutation clusters of 4–115 kb in length in the area of BIR on the right arm of Chr 
III [ 77 ]. The mutations were generally restricted to the recipient chromosome at low 
MMS doses, but at a higher MMS dose more complex clusters were recovered due 
to mutations in the recipient and donor chromosomes. Because an increase in half 
crossovers was also found at the higher MMS dose, it is likely that the broken chro-
mosome resulting from a half crossover invaded the newly generated BIR product 
setting off another round of BIR.     

    Template  Switching      During BIR 

 Smith et al. [ 78 ] showed that when a linearized CFV was targeted to invade Chr III 
of a diploid with polymorphic Chr III homologs around 15 % of the CFs recovered 
had sequences from both homologs. These data suggest an unstable strand invasion 
intermediate that can invade, dissociate, and then invade another template, a process 
referred to as template switching ( TS  ). In addition to switching between homologs, 
if the invading end of the CFV dissociated from a repeated sequence (Ty transposon 
or long terminal repeat ( LTRs  )    derived from Tys) downstream of the site of strand 
invasion, then the second invasion could occur at a Ty or LTR elsewhere in the 
genome resulting in a nonreciprocal translocation. D-loop dissociation is required 
for TS and the  mph1  mutant, while showing a higher frequency of BIR due to 
stabilization of the D-loop intermediate, exhibited a defect in TS [ 70 ,  79 ]. In a chro-
mosomal assay to monitor TS between a fragment of the  MAT  locus inserted on 
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Chr VII and the native  MAT ,  HML , and  HMR  loci on Chr III, a high frequency of 
complex rearrangements dependent on the Mus81 and Yen1 resolvases was observed, 
suggesting cleavage of recombination intermediates is required for TS [ 80 ]. The 
Rdh54 translocase is also required for TS during BIR, but how it promotes this 
process is not understood [ 59 ].  

     Half Crossover-Induced Genome Instability      

 As noted above, the strand invasion intermediate can be cleaved linking the recipient 
chromosome to the donor chromosome and leaving a truncated fragment of the 
donor chromosome (Fig.  26.2b ). This fragment could be degraded or engage in a 
second BIR event targeting the HCO, or the homolog in diploid cells. Consistent 
with this suggestion a signifi cant increase in recombination between chromosome 
homologs was found in the presence of a linear CFV [ 70 ]. The DNA damage 
checkpoint is activated by BIR, presumably because BIR is slow and involves a 
long-lived ssDNA intermediate, and the checkpoint is required to maintain the 
integrity of chromosomes during BIR. Cycles of BIR, often terminating with chro-
mosome rearrangements formed when the truncated Chr III was degraded to 
expose Ty elements located 30 kb upstream of the initiating DSB, were observed 
in cells defective for the DNA damage  checkpoint      [ 75 ].  

     Microhomology-Mediated BIR      

 Most of the studies of BIR in yeast have utilized pairs of sequence with >1 kb of 
homology. Even when homology was reduced to 62 bp, or if repeats were used that 
have 29 % sequence divergence, Rad51-dependent BIR was observed, albeit at a 
low frequency [ 59 ,  81 ]. In a study designed to detect de novo gene duplication in 
yeast, most of events recovered had intrachromosomal segmental duplications (SD) 
of ~115 kb fl anked by LTRs derived from Ty3 transposons, or intra- or inter- 
chromosomal large duplications (>115 kb) with LTRs or microhomologies at the 
junctions. The frequency of SD was unaffected by a  dnl4  mutation suggesting they 
are not due to classical NHEJ, though a role for microhomology-mediated end join-
ing (MMEJ), a Ku and Ligase IV independent mechanism, could not be excluded. 
Interestingly, all classes of events were dependent on Pol32 and interpreted to result 
from BIR. While Rad52 is required for BIR in all other assays, it was only required 
for the SDs resulting from LTR recombination; moreover, there was no requirement 
for Rad51. Large SDs have been detected in human cells undergoing replication 
stress and were partially dependent on  POL3D  [ 82 ]. The frequency of SDs was 
signifi cantly increased by replication stress consistent with broken forks engaging 
in BIR [ 82 ,  83 ]; alternatively, broken forks at each end of a replicon might join via 

26 Mechanisms and Consequences of Break-Induced Replication



536

microhomologies (or the greater homology provided by LTRs) creating an SD [ 84 ]. 
Pol32 is required for MMEJ in yeast, in addition to BIR, making it diffi cult to 
distinguish between these hypotheses by genetic means [ 85 ]. 

 Complex genomic rearrangements are associated with a number of human 
genomic disorders and are frequently observed in cancer cells [ 86 – 88 ]. Most of the 
rearrangements observed have microhomologies at the junctions and are likely 
formed by classical NHEJ or MMEJ. However, some of the rearrangements are 
comprised of duplications and deletions interspersed with nonduplicated or tripli-
cated segments, most easily explained by a replicative mechanism. These types of 
events could occur by template switching at stalled replication forks or possibly by 
BIR initiated at  microhomologies      [ 86 ].   

    Physiological Relevance of BIR 

    Restart of  Collapsed Replication Forks      

 Replication fork collapse is thought to result from the replisome running into a 
nick on one of the template strands to produce a one-ended DSB (Fig.  26.4 ) [ 19 ]. 
Restoration of the replication fork requires Rad51-dependent strand invasion of 
the intact sister chromatid by the broken chromatid [ 6 ], and how the resulting 
strand invasion intermediate is converted to a structure competent for extensive 
replication is currently under investigation. The mutagenic nature of BIR at 
endonuclease- induced DSBs (see above) has raised the question of whether the 
migrating D-loop mechanism operates at collapsed replication forks. To date, no 
functions equivalent to the  E. coli  Pri proteins, which are required to load the 
DnaB helicase at collapsed replication forks [ 8 ], have been identifi ed in eukary-
otes raising the question of how the MCM helicase is recruited to collapsed repli-
cation forks or if another helicase is able to promote processive DNA synthesis 
after replication restart. Eukaryotes have multiple origins of replication and it is 
possible that a one-ended DSB is converted to a two-ended DSB when the fork 
from the adjacent replicon encounters the collapsed fork (Fig.  26.4    ). Alternatively, 
a fork converging with the D-loop intermediate would result in a single HJ requir-
ing resolution by a structure-selective nuclease such as Mus81-Mms4. Yeast 
 mus81  mutants show high sensitivity to camptothecin, a Topoisomerase I inhibi-
tor that causes replication fork collapse, consistent with a role for Mus81 in repli-
cation fork restart [ 89 – 91 ]. Furthermore, human cells defi cient for MUS81 or 
EME2 (human cells have two MUS81-containing endonucleases, MUS81-EME1 
and MUS81-EME2) are defective for replication restart after hydroxyurea treat-
ment [ 92 ]. A recent study found that human cells subjected to replication stress by 
overexpression of cyclin E are highly dependent on  POL3D  and  POL4D  (encod-
ing the two smallest subunits of the DNA Polδ complex) for survival, interpreted 
as evidence for a BIR-like mechanism in  mammals      [ 82 ].
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       Telomere Maintenance by  BIR      

 Perhaps the most physiologically relevant function of BIR is to elongate telomeres 
that are lost when telomerase is absent or when telomeres are uncapped [ 93 ]. Early 
studies of a yeast mutant defective for telomerase showed that the cells started to 
senesce as the telomere repeats were eroded, but then recovered by a  RAD52  - 
dependent mechanism [ 94 ]. Two  RAD52  and  POL32 -dependent pathways of “sur-
vivors,” referred to as type I and type II survivors, have been identifi ed based on the 
arrangement of telomeric DNA (Fig.  26.5 ) [ 13 ,  95 ,  96 ]. Type I survivors arise by 
amplifi cation of the subtelomeric Y′repeats but the ends still have very short tracts 
of duplex telomeric repeat DNA [ 94 ,  95 ]. Type I survivors contain extrachromo-
somal circular Y′elements that are thought to be by-products of recombination or to 
serve as templates for recombination [ 97 ]. Formation of type I survivors requires 
 RAD51 ,  RAD54 ,  RAD57  ( RAD55  has not been tested, but is assumed to be required 
based on its requirement for other  RAD57 -dependent recombination events) and 
 PIF1  helicase, in addition to  RAD52  and  POL32  [ 98 – 100 ]. Type II survivors show 
extensive elongation of the telomeric repeats, but the telomeres are highly 

a  No converging fork 

b Converging fork 

Migrating D-loop to telomere?

Repair as two-ended DSB

Converging fork converts D-
loop to HJ intermediate D-loop formation at collapsed fork

or

  Fig. 26.4       Replication restart at a collapsed  fork     . ( a ) The replication fork collapses when it encoun-
ters a nick on the template strand. The leading strand ligates to the nick creating an intact duplex 
for invasion by the resected broken arm to form a D-loop intermediate. If there is no converging 
fork, the D-loop might migrate to the telomere as shown for endonuclease-induced DSBs or be 
resolved to form a replication fork (not shown, see Fig.  26.3 ). ( b ) If a converging fork approaches 
the collapsed fork before strand invasion, the one-ended DSB is converted to a two-ended DSB and 
could then repair by gene conversion. On the other hand, if a converging fork approaches the 
D-loop intermediate a single HJ is formed that would require Mus81-Mms4 or Yen1 for cleavage 
to separate the replicated sister chromatids       
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heterogeneous with some very short telomeres and others exceeding 12 kb in length 
[ 95 ]. The telomeres of type II survivors are unstable and undergo progressive 
shrinkage and rapid lengthening [ 95 ]. Extrachromosomal circles (double-stranded 
or partially single-stranded) consisting of telomere repeats are found in type II sur-
vivors and the dramatic lengthening of telomeres is proposed to occur by a rolling 
circle mechanism [ 96 ,  97 ]. Annealing of the ssDNA at telomeres with a partially 
ssDNA circular template would explain the requirement for  RAD52  to generate type 
II survivors. The generation of type II survivors requires  MRE11 ,  RAD50 ,  XRS2 , 
 RAD59 , and  SGS1  as well as  RAD52  and  POL32  [ 96 ]. Type I survivors grow slowly 
and easily convert to type II survivors due to their faster growth rate indicating that 
the two survival mechanisms are not mutually exclusive [ 95 ]. Since survival of 
telomerase- negative cells requires BIR, this phenotype can be used to identify genes 
involved in  BIR   [ 100 ].

   Similar recombination-dependent mechanisms have been proposed for at least 
some of the telomere elongation events in ALT (alternative lengthening of telo-
meres) positive tumors [ 101 ]. The telomeric tracts of ALT cells are heterogeneous 
in length and associated with extrachromosomal circles containing telomeric 
DNA. Evidence for a recombination-based telomere maintenance mechanism in 
human ALT cell lines derives from the high frequency of telomere sister chromatid 
exchange and spreading of a marker inserted within the telomere of one chromo-
some to other chromosomes [ 102 – 104 ]. Telomere clustering and elongation in ALT 
cells requires the MRN complex, consistent with yeast studies. RAD51 localizes to 
damaged telomeres and is required for telomere clustering and long-range move-
ment of telomeres in ALT  cells      [ 105 ].   

X (G1-3T)nY’

50-100 generations without
telomerase – RAD52, POL32
dependent survivors 

Type I: RAD51, RAD54,
(RAD55?), RAD57, PIF1 Type II: RAD50, MRE11,

XRS2, RAD59, SGS1 

  Fig. 26.5    Telomere maintenance by BIR. Yeast telomeres are comprised of ~300 bp of telomere 
repeats, (G 1-3 T) n , 0–4 copies of the Y′ element plus ~100 bp of telomere repeats and X elements. 
Telomeres become progressively shorter in the absence of telomerase and enter crisis. Rad52 and 
Pol32-dependent survivors arise by amplifi cation of the Y′ elements (and associated telomere 
repeats) or by formation of long heterogeneous telomeric tracts. Adapted from [ 96 ]       
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    Concluding Remarks 

 Yeast cells have the capacity for extensive DNA synthesis initiated from a one- 
ended DSB by a mechanism that is quite different from normal S-phase synthesis. 
The mutagenic nature of BIR suggests it could play an important role in remodeling 
genomes during evolution, and contribute to the elevated mutagenesis and chromo-
some rearrangements observed in tumor cells. A challenge for the future will be to 
determine whether collapsed fork repair occurs by the mutagenic migrating D-loop 
mechanism or whether systems exist to limit mutagenesis during single-end inva-
sion. One attractive hypothesis is that a converging fork from an adjacent replicon 
limits D-loop extension; indeed, the activation of dormant origins by DSBs may be 
a mechanism to prevent extensive D-loop migration [ 106 ]. Understanding how a 
D-loop formed at one-ended DSBs is able to migrate over long distances (>50 kb) 
and how the second strand is synthesized are provocative questions that are sure to 
lead to new and exciting experimentation in the fi eld.
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  Half crossover (HCO)  ,   530   
  Half crossover-induced genome 

instability  ,   535    
  HAT binding to ORC1 (HBO1)  ,   97–98   
  HBO1   . See  HAT binding to ORC1 (HBO1)  
  HCO   . See  Half crossover (HCO)  
  HECT   . See  Homology to E6AP C Terminus 

(HECT)  
  Helicase 

 DDK-dependent  ,   204  
 activation 

  D bf4- D ependent  K inase  ,   8–9  
 Mcm10  ,   11–12  
 Mcm2-7 complex  ,   7  
 pre-initiation complex  ,   8  
 S phase- c yclin-dependent  k inase  ,   9–10  
 single-stranded DNA extrusion  ,   8  
 Sld2, Sld3 and Dpb11  ,   10–11  
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 Helicase ( cont. ) 
 bacterial DnaB  ,   192  
 in S-phase  ,   191  
 in vitro  ,   6  
 kinase-dependent  ,   204  
 loading  ,   201  
 replication fork  ,   2  
 replicative  ,   194   

  Hir   . See  Histone synthesis  
  HIRA   . See  Histone regulatory homolog A 

(HIRA)  
  Histone acetylation  ,   382–383   
  Histone acetyltransferase (HAT)  ,   28   
  Histone chaperone  ,   5   ,   214   ,   217   ,   227–229   ,   240   , 

  248   ,   381   ,   383   
  Histone deacetylase (HDAC)  ,   4   
  Histone gene regulation  ,   216   
  Histone locus bodies (HLBs)  ,   222   
  Histone methylation  ,   381–382   
  Histone regulatory homolog A (HIRA)  , 

  217   ,   229    
  Histone synthesis 

 Asf1  ,   216  
 Cdks  ,   217   
 cell cycle progression  ,   217  
 ChIP analysis  ,   216  
 chromatin assembly factors  ,   217  
 cyclin A-Cdk2  ,   229  
 cyclin E/Cdk2  ,   229  
 cyclin E1  ,   229   
 DDE  ,   218  
 DNA synthesis  ,   226–227  
 gene expression  ,   216  
 genes  ,   219–221  
 H1 and DNA replication  ,   224–225  
 heterodimers  ,   216  
 HIRA/UBN1/CABIN  ,   229  
 macroH2A containing chromatin  ,   229  
 mammalian cells 

 cell cycle control  ,   222  
 cell cycle machinery  ,   224  
 cross talk  ,   217   ,   218  
 cyclin E/CDK2  ,   222   ,   224  
 embryonic stem cells  ,   223  
 general transcription factors  ,   222  
 molecular mechanism  ,   223  
 nuclear tyrosine kinase  ,   223  
 pY37-H2B phosphorylation  ,   223–224  
 replication-dependent  ,   219   ,   222, 223  
 Tip60-TRRAP  ,   223  
 transcription factors  ,   222, 223  
 WEE1  ,   223  

 MCM2  ,   228  
 mRNA levels  ,   215   ,   216  

 nuclear exosome process  ,   219  
 phosphorylates  ,   229  
 posttranscriptional regulation  ,   218   , 

  225–226  
 promoters  ,   217  
 regulators  ,   216  
 replicative senescence  ,   228  
 requirement  ,   217  
 SAHF  ,   229  
 S phase cyclins Clb5 and Clb6  ,   217  
 Spt10 and Spt21  ,   216   

  HLBs   . See  Histone locus bodies (HLBs)  
  Homologous recombination (HR)  ,   149   ,   332   , 

  358   ,   491   ,   495   ,   525   ,   527   
  Homology to E6AP C terminus (HECT)  ,   345   
  Homology-directed DSB repair 

 BIR initiation  ,   528–529  
 gene conversion and associated crossovers  , 

  526–528   
  Human Orc1 ( Hs Orc1)  ,   164   
  Hydroxyurea (HU)  ,   128     

 I 
  In vivo assays 

 chromosomal BIR systems  ,   529–530  
 plasmid transformation assay  ,   531  
 recombination-dependent replication 

fork  ,   531   
  Initiation 

 DNA replication  ,   2  
 factors  ,   4  
 ORC  ,   5–6    
 Sld2, Sld3, and Dpb11  ,   10–11     

  Initiation of DNA replication 
 CDK  ,   444   ,   445  
 DDK  ,   444  
 origin fi ring  ,   444  
 origin licensing  ,   444   

  Initiator specifi c motif (ISM)  ,   163–165   
  Intra S-phase checkpoint (ISC) 

 ATM kinase  ,   446  
 ATR  ,   446  
 Chk1  ,   446  
 DNA repair and lesion bypass 

processes  ,   444  
 genome integrity  ,   444–446    
 oncogene-induced senescence  ,   446  
 RDS  ,   446   

  iPOND   . See  Isolation of proteins on nascent 
DNA (iPOND)  

  ISC   . See  Intra S checkpoint (ISC)  
  Isolation of proteins on nascent DNA 

(iPOND)  ,   496     
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 L 
  Late-consensus sequence (LCS)  ,   45   ,   51   
  LB1   . See  Liang Bua 1 (LB1)  
  Liang Bua 1 (LB1)  ,   503   
  Long terminal repeat (LTRs)  ,   534   
  LTRs   . See  Long terminal repeat (LTRs)    

 M 
  Maltose binding protein (MBP) fusion 

strategy  ,   428   
  Mammalian pluripotent stem cells 

 ATM-53BP1 pathway  ,   150  
 blastocysts and epiblasts  ,   152  
 ChIP-seq  ,   151  
 ES cells  ,   150  
 germ cells  ,   150  
 transcription factors  ,   151  
  zscan4  and  tsctv1   ,   151   

  Mammalian replication profi les 
 cascade model  ,   78  
 human genome-wide RFD 

profi les  ,   79  
 N/U-domain  ,   78  
 Repli-Chip experiments  ,   76  
 split-N domain  ,   78  
 timing program and chromatin architecture    

(see  Chromatin-based replication )   
  Mathematical modelling  ,   41   ,   44   ,   70   ,   73   ,   74   , 

  81   ,   108   ,   110   ,   112   ,   304   ,   305   
  MBP   . See  Maltose binding protein (MBP) 

fusion strategy  
  MCM   . See  Mini chromosome maintenance 

(MCM)  
  MCM10 replication  ,   11–12   
  MCM2–7  ,   320  

 AAA+ domain  ,   245–246   ,   418  
 allosteric changes  ,   394  
 archaeal  ,   242   ,   243  
 ATPase active sites  ,   394  
 ATP-hydrolysis  ,   200   ,   201  
 Cdc45-ssDNA interactions  ,   396  
 CDK  ,   242   ,   349   ,   395  
 Cdt1 complex  ,   194  
 clamp-loader  ,   240  
 C-terminal direction  ,   243   ,   244  
 C-terminal domain  ,   419  
 DDK  ,   242  
 DH  ,   241  
 dimerization  ,   203  
 DNA entry gate  ,   201–202  
 DNA polymerases  ,   240  
 double hexamer  ,   204–205  
  Drosophila  embryos  ,   242  

 electron microscopy structures 
 archaeal MCM proteins  ,   419  
 double hexamer  ,   420  
 eukaryotic MCM complexes  ,   419   ,   421  
  S. cerevisiae   ,   420  

  Escherichia coli   ,   240  
 eukaryotics 

 and archaeal MCM proteins  ,   242  
 chromosomal DNA  ,   239  

 fl exibility  ,   240  
 β-hairpin position  ,   243   ,   244  
 heteromeric composition  ,   240  
 hexamers  ,   242  
 homologous proteins  ,   416  
 license replication origins  ,   249   
 MCM  ,   240   ,   243   ,   244  
 mobility permits origin plasticity  ,   250–252  
 N- and C-terminal tails 

 chromatin-bound Mcm2–7 
complexes  ,   247  

 crystallographic analysis  ,   248  
 DDK  ,   248  
 H3-H4 tetramerization  ,   248  
 histones and histone chaperones  ,   248  
 Mcm6 and Mcm3  ,   247  
 molecular mechanism  ,   248  
 multiple protein kinases  ,   247  
 replisome and histones  ,   247  
 replisome component  ,   248  

 NTD  ,   244  
 N-terminal 

 crystal structure  ,   416  
  Mth MCM  ,   417  
 N- Pfu MCM  ,   418  
  Pfu MCM  ,   417  
  Sso MCM  ,   417   ,   418  
  Sso-Pfu MCM  ,   417  

 OCCM and OCM formation  ,   198–199  
 pre-RC  ,   394  
 pre-RC ATP-hydrolysis  ,   200  
 replication initiation  ,   6–7  
 replicative helicase  ,   194–196   ,   240   ,   241  
 RPC  ,   240  
 Winged-Helix domain  ,   246  
  Xenopus   ,   242   

  MCM10 
 budding yeast  ,   323  
 chromatin immunoprecipitation 

experiments  ,   325  
 CMG helicase activation  ,   0   ,   325   ,   328  
 DNA binding properties  ,   320–322     

( see also   DNA replication )  
 DNA synthesis    (see  DNA synthesis )  
 in eukaryotes  ,   320   ,   321  
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 MCM10 ( cont. ) 
 functions  ,   334–335  
 multiple proteins  ,   325  
 oligomerization and protein interactions  , 

  322–323  
 origin fi ring  ,   325   

  MCM2-7 double hexamer 
 architecture of  ,   435   ,   436  
 ATPase activity  ,   435  
 biological insights  ,   435  
 helicase core  ,   428  
 Mcm protein subunits  ,   435  
 OCCM complex    (see  ORC-Cdc6-Cdt1- 

Mcm2-7 (OCCM) )  
 OCMM complex    (see  ORC-Cdc6-Mcm2- 

7-Mcm2-7 (OCMM) )   
  Meier-Gorlin syndrome (MGS) 

  Drosophila  Orc6 (Y225S)  ,   169  
 genetics  ,   504  
 history  ,   504  
 MPD    (see  Microcephalic primordial 

syndrome (MPD) )  
 patients phonotype  ,   512–514  
 pre-RC proteins    (see  Pre-replicative 

complex (pre-RC) proteins )  
 Zebrafi sh model  ,   166   

  Metazoans 
 epigenetic mechanisms  ,   46–47  
 sequence-dependent mechanisms  ,   48–50   

  Methylation 
 carboxymethylation  ,   466  
 histone  ,   381–382  
 H3K36  ,   98  
 H4 on lysine 20  ,   96–97   

  Methyl methanesulfonate (MMS)  ,   534   
  Microcephalic Primordial Syndrome (MPD) 

 autosomal recessive mutations  ,   505  
 cellular processes  ,   505  
 syndromic subtypes  ,   505   

  Microhomology-mediated BIR  ,   535–536   
  Mini chromosome maintenance (MCM) 

 complex  ,   43  
 MCM2–7    (see  MCM2–7 )  
 MCM10    (see  MCM10 )   

  Mitosis  ,   2   ,   24   ,   28   ,   29   ,   79   ,   80   ,   106   ,   148   ,   223   , 
  241   ,   249   ,   281   ,   299   ,   323   ,   325   , 
  348–350   ,   378   ,   428   ,   466   ,   488   , 
  505–507   

  MMS   . See  Methyl methanesulfonate (MMS)  
  MPD   . See  Microcephalic primordial syndrome 

(MPD)  
  MRT profi les 

 direct and quantitative  ,   72  
 genome-wide analysis  ,   72  

 origin and slopes  ,   68  
 U and N-shape  ,   76   

  Mutagenesis 
 with BIR  ,   533–536  
 ENU  ,   151  
 scanning  ,   131   

  MyPhoNE (myosin phosphatase N-terminal 
element)  ,   464     

 N 
  Nedd8 

 description  ,   356  
 multisubunit cullin E3s  ,   356  
 non-cullin targets  ,   357  
 p53 inhibition  ,   357  
 posttranslational modifi cation  ,   356  
 SCFs  ,   357   

  NES   . See  Nuclear export signal (NES)  
  NFR   . See  Nucleosome-free region (NFR)  
  NLS   . See  Nuclear localization signal (NLS)  
  Non-homologous end joining (NHEJ)  , 

  13   ,   149   
  NPAT   . See  Nuclear protein ataxia–

telangiectasia locus (NPAT)  
  NTD   . See  N-terminal domain (NTD)  
  N-terminal domain (NTD)  ,   244    
  Nuclear export signal (NES)  ,   247   ,   349   
  Nuclear localization signal (NLS)  ,   247   ,   349   
  Nuclear protein ataxia–telangiectasia locus 

(NPAT)  ,   222   ,   224   
  Nucleosome-free region (NFR)  ,   135   
  Nucleosome positioning 

 ATP-dependent chromatin remodelers  ,   95  
 chromatin determinants  ,   93   ,   94  
 genomic technology  ,   93  
 helicase loading  ,   95  
 pioneering studies  ,   93   

  Nucleotide compositional skew analysis  ,   71     

 O 
  OCCM   . See  ORC-Cdc6-Cdt1-Mcm2-7 

(OCCM)  
  OCMM   . See  ORC-Cdc6-Mcm2-7-Mcm2-7 

(OCMM)  
  Oct1   . See  Octamer binding factor 1 (Oct1)  
  Octamer binding factor 1 (Oct1)  ,   222, 223   
  Okazaki fragment initiation 

 Mcm10 and active CMG complex  ,   329  
 PCNA loading  ,   329  
 Pol-α-defi cient cells  ,   329  
 UV irradiation/nucleotide depletion  ,   330   

  Okazaki-fragment sequencing  ,   72   
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  ORC   . See  Origin recognition complex 
(ORC)   . See  Origin replication 
complex (ORC) 

 Orc1-6 
 APC/C regulation  ,   350  
 prevention of re-replication  ,   354  
  trans -activating initiators  ,   88   

  Orc1 
 complex, re-replication prevention  ,   354  
 pre-RC proteins in MGS  ,   507–509   

  Orc1 bromo adjacent homology (Orc1BAH) 
 Epstein-Barr virus  ,   166  
 MGS  ,   166  
  Sc ORC  ,   167   

  Orc1BAH   . See  Orc1 bromo adjacent 
homology (Orc1BAH)  

  Orc2 dephosphorylation 
 isoforms  ,   471  
 by pp1  ,   410–471  
 pre-RC formation  ,   471   
 single cell cycle re-replication  ,   470   

  Orc4, pre-RC proteins  ,   508–510   
  Orc6, pre-RC proteins  ,   510–511   
  Orc6 subunit 

 AAA+  ,   168  
 CDK  ,   170  
 MGS-phenotypes  ,   169  
 S-cyclin binding motif  ,   170  
 stoichiometric component  ,   168  
 TFIIB  ,   168   ,   169   

  ORC-Cdc6 
 OCCM complex  ,   430–432  
 OCMM complex  ,   432–434  
 structure    (see  Origin replication complex 

(ORC) )   
  ORC-Cdc6-Cdt1-Mcm2-7 (OCCM) 

 complex  ,   198–199  
 initiation factor Cdt1  ,   430  
 Mcm6 C-terminal autoinhibitory 

domain  ,   432  
 PCNA ring mechanism, RF-C ATPase 

spiral  ,   431  
 pre-RCs assembly  ,   430   

  ORC-Cdc6-MCM2–7 (OCM) formation  , 
  198–199   

  ORC-Cdc6-Mcm2-7-Mcm2-7 (OCMM) 
 EM presence, ATPγS/ATP  ,   432   ,   433  
 Mcm2-7 hexamers  ,   434  
 molecule fl uorescence assay  ,   434   

  Origin 
 activation  ,   3–4     ( see also   Origin activation )  
 fi ring    (see  Origin fi ring )  
 licensing  ,   2  
 Mcm2-7 at replication  ,   6  

 nucleosomes  ,   6  
 S-CDK inhibits  ,   9  
 selection  ,   2–3   

  Origin activation 
 BAH domain  ,   29  
 cell cycle  ,   28  
 chromatin structure and remodelling  ,   28  
 chromosomal  ,   28  
 factors 

 DDK phosphorylation  ,   30  
 fi ring  ,   30  
 Fkh1 and Fkh2  ,   30  
 ORC binding  ,   30  
 pre-RC maturation  ,   30  
 rate-limiting initiation factors  ,   30   ,   31  
 replication timing programme  ,   30  
 Rif1 binds  ,   30  
 S-phase  ,   31  
 telomere-binding protein Rif1  ,   30  

 licensing  ,   28  
 ORC binding  ,   29  
 pre-RC  ,   24  
 S phase  ,   26  
 telomeric suppression  ,   26   

  Origin fi ring  ,   108   ,   112–115     
 active CMG helicase complex  ,   482  
 AT  ,   488  
 Cdc7-Drf1 complex  ,   491  
 CDK-dependent regulation  ,   307–312  
 CDK phosphorylation  ,   489  
 CDK targets  ,   299  
 cell cycle arrest  ,   492–493  
 CMG formation  ,   482  
 conserved replication initiation and 

checkpoint proteins  ,   482   ,   483  
 DDK regulation  ,   301   ,   490   ,   491  
 dhMCM complex  ,   481  
 dormant  ,   493–495  
 inactive replication factories  ,   454  
 ISC 

 chromatin domains  ,   448–449  
 DNA replication  ,   447  
 hypothetical models  ,   447–449  
 individual origins level  ,   448–449   ,   

455   ,   456  
 origin fi ring selectively  ,   454  
 replication factories  ,   454  

 licensing  ,   298  
 MCM helicase activation  ,   489  
 PP1  ,   492  
 program 

 kinase-mediated phosphorylation  , 
  380–381   

 replicative stress  ,   379   ,   380  
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 Origin fi ring ( cont. ) 
 replication checkpoint-mediated activation  , 

  493   ,   494  
 replication checkpoint-mediated inhibition  , 

  489   ,   490  
 replication fork elongation  ,   488  
 SDS complex  ,   304–306  
 Ser/Thr protein kinases  ,   482  
 stalled forks stabilization  ,   495–496  
 vertebrates 

 binding experiments, TopBP1  ,   450  
 CDK2-AF kinase activity  ,   450  
 ISC-dependent inhibition  ,   452  
 Treslin/TICRR  ,   450   
  Xenopus  egg  ,   451   

  Origin licensing  ,   113–115    
 eukaryotic DNA replication  ,   480   ,   481  
 histone acetylation  ,   382–383  
 histone methylation  ,   381–382  
 Orc1/Orc2 subunits  ,   480  
 pre-RC complex  ,   480  
 replication timing program  ,   372  
 ubiquitylation  ,   382   ,   383   

  Origin recognition complex (ORC)  ,   2   ,   24   , 
  43   ,   226  

 AAA+ core  ,   193  
 AAA+ domain  ,   162   ,   164  
 architecture and conformational states 

 Cdc6  ,   172  
 cryo-EM  ,   172   ,   173  
  D. melanogaster   ,   171  
  S. cerevisiae   ,   171  

 ATP binding and hydrolysis    
(see  ATP binding )  

 and Cdc6 complex  ,   190  
 Cdc6 and MCM2–7  ,   191  
 ChIP-seq analysis  ,   92  
  Dm ORC  ,   178  
  Drosophila   ,   193  
 dynamic nucleosomes  ,   95  
 higher eukaryotes  ,   92  
 OCCM and OCM formation  ,   198–199  
 Orc1BAH  ,   166–168  
 Orc6 subunit  ,   168–170  
 rapid proliferation  ,   92  
 replicator sequences  ,   88  
  S. cerevisiae   ,   160  
 S/M-phase  ,   177  
 ScORC    (see  Selecting chromosomal 

origins (ScORC) )   
  Origin replication complex (ORC) 

 ARS1-containing DNA and purifi ed yeast 
proteins  ,   428  

 ATPase activity  ,   430  

 Cdc6 binding  ,   430  
 DmORC  ,   430  
 EM structural characterization  ,   429  
 MBP fusion strategy  ,   428  
 molecular architecture  ,   428   ,   429  
 pre-RC and Mcm2-7 hexamer  ,   428  
  S. cerevisiae   ,   428   

  Origin specifi cation 
 Mcm2–7  ,   249–252  
 replication timing control  ,   44–46     

 P 
  PCNA   . See  Proliferating cell nuclear antigen 

(PCNA)  
  Phosphatase   . See  Protein phosphatase 1 (PP1)  
  Phosphorylation-independent interaction  ,   310   
  Pif1  ,   51   ,   533   ,   537   
  Pol32  ,   533   ,   535–538   
  Pol-α-binding  ,   322   
  Polymerase, B-binding protein subunit 11  ,   10   
  Polη translesion synthesis DNA 

polymerase  ,   534   
  Post-translational modifi cations (PTMs)  ,   372  

 DNA replication program  ,   98  
 H3K36 methylation  ,   98  
 recruitment/sequestration  ,   99  
 ubiquitination, H2B  ,   98   

  PP2A 
 cell cycle progression  ,   466  
 stimulating DNA replication  ,   417–472  
 protein phosphatase families  ,   465–466   

  Pre-IC   . See  Pre-initiation complex (Pre-IC)  
  Pre-initiation complex (pre-IC) 

 BRCT domains  ,   397  
 budding yeast  S. cerevisiae   ,   397  
 CDK-dependent initiation reaction  ,   270–271  
 initiation factor Treslin/Ticcr  ,   398  
 MTBP downregulation  ,   398  
 Polα and/or Polδ  ,   397  
 Polε recruitment  ,   397  
 RecQL4 gene  ,   398  
 replication fork  ,   397  
 S-CDK phosphorylation  ,   398   

  Pre-loading complex  ,   397   
  Pre-RC   . See  Pre-replicative complex (Pre-RC)  
  Pre-RC assembly and replication initiation 

 histone post-translational modifi cations 
 acetylation, H4  ,   97–98  
 dynamic chromatin states  ,   96  
 methylation, H4 on lysine 20  ,   96–97  
 non-structured N-terminal tail  ,   95  
 numerous histone PTMs  ,   96  
 origin function  ,   98–99  
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 nucleosome positioning and chromatin 
remodelers  ,   93–95   

  Pre-RC formation 
 ATP-hydrolysis  ,   200  
 MCM2–7  ,   196  
 ORC/Cdc6 ATP-hydrolysis  ,   197  
  Xenopus   ,   198   

  Pre-RCs   . See  Pre-replicative complexes 
(Pre-RCs)  

  Pre-replicative complex (pre-RC)  ,   264   ,   266   ,   394  
 assembly  ,   4  
 ATP-hydrolysis  ,   245  
 complex, cell cycles  ,   323  
 heterogeneity  ,   250  
 hexamers  ,   247  
 licensing  ,   249  
 proteins 

 Cdc6  ,   511  
 Cdt1  ,   511–512  
 cellular pathways  ,   515  
 DNA replication  ,   505   ,   514  
 genes mutation  ,   507  
 H4K20me2-binding mutant  ,   514  
 NK cell defi ciency and DNA 

breakage  ,   514  
 ORC binding  ,   506  
 Orc1  ,   507–509  
 Orc1-defi cient primary fi broblast 

cells  ,   515  
 Orc1 mutations  ,   514  
 Orc4  ,   508–510  
 Orc6  ,   510–511  
 pre-RC complex  ,   506  

 replisome and histones  ,   247   
  Primary DNA sequence  ,   41   ,   49   
  Proliferating cell nuclear antigen 

(PCNA)  ,   322   
  Proteasomal degradation  ,   8   ,   9   ,   345   ,   355   ,   487   
  Protein phosphatase 1 (PP1)   . See also 

 Dbf4-dependent kinase (DDK) 
 catalytic subunits  ,   464  
 chromatin association of PP1γ  ,   464  
 DDK-dependent MCM phosphorylation 

levels  ,   376  
 interacting proteins  ,   465  
 MyPhoNE  ,   464  
 Orc2 dephosphorylation    

(see  Orc2 dephosphorylation )  
 PP2B/calcineurin  ,   464  
 replication control 

 DDK and CDK  ,   467  
 homologous pathways  ,   467  
 Rif1-PP1  ,   469–470  
 yeast Rif1  ,   467–469  

 Rif1  ,   376   ,   470  
 RVxF motif  ,   464  
 Sld3 phosphorylation  ,   376  
 SILK motif  ,   464   

  Protein phosphatase families 
 amino acid motifs  ,   462  
 Cdc14  ,   472–473  
 cell cycle progression  ,   466  
 classifi cation  ,   462   ,   463  
 DNA replication, PP2A  ,   471–472  
 multiple regulatory proteins  ,   463  
 PP1  ,   464–465  
 PP2A  ,   465–466  
 protein serine/threonine phosphatases  ,   463   

  Protein sumoylation  ,   358   
  Protein tyrosine phosphatases (PTPs)  ,   462   
  Psf1  ,   8   ,   12   ,   396   ,   412–414   
  Psf2  ,   8   ,   12   ,   395   ,   396   ,   412–414   
  Psf3  ,   8   ,   12   ,   396   ,   412   ,   413   
  PTM   . See  Posttranslational modifi cations 

(PTMs)  
  PTPs   . See  Protein tyrosine phosphatases 

(PTPs)    

 R 
  Rad51  ,   15   ,   491   ,   527   ,   528   ,   531   ,   533   ,   535–538   
  Radio-resistant DNA synthesis (RDS)  ,   446   
  RBR   . See  RING-between-RING (RBR) 

families  
  rDNA   . See  Repetitive ribosomal DNA (rDNA) 

array  
  RDS   . See  Radio-resistant DNA synthesis 

(RDS)  
  Really Interesting New Gene (RING) 

family  ,   345   
  Repetitive ribosomal DNA (rDNA) array  ,   382   
  Replication checkpoint signaling  ,   14–15   
  Replication completion 

 fragile sites  ,   32  
 replication gap  ,   32  
 S phase  ,   33  
 unreplicated regions  ,   32   

  Replication domains  ,   39   ,   46   ,   50   ,   52   ,   54   
  Replication fork  ,   105   ,   106   ,   108   ,   111   ,   115   ,   116  

 CMG complex  ,   12  
 helicase  ,   2   ,   6  
 progression  ,   14  
 replisome  ,   15  
 ssDNA-binding protein  ,   14   

  Replication initiation, eukaryotes 
 genome stability  ,   453   
 RDS  ,   452  
 replication factories  ,   452  
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 Replication initiation, eukaryotes ( cont. ) 
 vertebrate cells  ,   452  
 yeast cell, S phase  ,   452   

  Replication origins 
 cancer cells  ,   105  
 cell population  ,   107  
 DNA  ,   105   ,   107   ,   112  
 genome-wide 

 cell types and mutants  ,   108  
 gradient  ,   108  
 quantitative measurement  ,   108–110  
 stochastic  ,   108  
 Trep  ,   107   ,   108  

 global regulators 
 Cdc45  ,   111  
 dNTPs  ,   110  
 locis  ,   112  
 polymorphism  ,   111  
 S phase  ,   110  

 local regulators 
 cell cycle methods  ,   114  
  cis-acting  elements  ,   113  
 Dbf4-dependent kinase  ,   115  
 Fkh1 and Fkh2 factors  ,   115  
 MCM double hexamers  ,   113  
 plasmids  ,   113  
 S phase  ,   113  

 replisome  ,   107  
 S phase  ,   106  
 timing control 

 cell types  ,   116  
 chromosomal state  ,   116  
 dNTPs and histones  ,   116  
 ORC-binding  ,   116  
 stability  ,   117   

  Replication protein A (RPA)  ,   485   
  Replication timing (RT) 

  cis  and  trans  factors  ,   54  
 DDK activity  ,   54  
 DNA sequence  ,   40  
 eukaryotic chromosomal DNA replication  , 

  39   ,   42  
 forks  ,   66–67  
 mammalian profi les    (see  Mammalian 

replication profi les )  
 mathematical analysis 

 budding yeast replication profi les  ,   72–74  
  cis -acting elements  ,   74  
 crystallization kinetics  ,   72  
 MIM  ,   73  
 sigmoid curves  ,   73  

 metazoans    (see  Metazoans )  
 microarray hybridization Repli-Chip/

Repli-Seq  ,   70  

 once-per-cell-cycle regulation  ,   43–44  
 origins  ,   65–66  
 origin specifi cation  ,   44–46  
 RFD profi les  ,   71–72  
 sequence-dependent  vs.  epigenetic 

mechanisms  ,   40  
 single-molecule techniques  ,   66–67  
 S-phase cells  ,   70  
 stochastic origin  ,   68–70  
 stochasticity of origin  ,   73  
 termini  ,   68   ,   72  
 TimEx  ,   70  
  trans -acting factors  ,   51–52  
 and transcription  ,   52–54  
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