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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,
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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; phase where the
Mcm?2-7 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 Mcm?2-7 double hexamer encir-
cles double-stranded DNA, which then dissociates to form bidirectional replication
forks. In this chapter, we briefly discuss how origins are defined 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 sufficient 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 defining replication origin [3]. In contrast,
origin sequences in higher eukaryotes including fission yeast are not defined by
consensus sequences but are rather defined by chromatin structure and epigenetic
modifications [4]. Due to the lack of a consensus sequence, the ORC protein com-
plex in metazoans may be targeted to specific 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 defining feature of replication origins.
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Mcm 2-7

Pole

Fig. 1.1 A schematic of replication initiation in Saccharomyces cerevisiae. At replication origins,
Mcm?2-7 is present as a double hexamer encircling double-stranded DNA in G, 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. Cdc45-Mcm2-7-GINS (CMG)
forms the active replication fork helicase, unwinding double-stranded DNA to generate single-
stranded templates for the replicative polymerases. Pol 8 is devoted to replication of the lagging
strain, and Pol ¢ is devoted to synthesis of the leading strand. Sld3, SId2, and Dpb11 are required
for initiation, but these three proteins do not travel with the replication apparatus. CDK phosphory-
lates S1d2 and S1d3 to form a ternary complex with Dpb11, while DDK phosphorylates subunits of
the Mcm2-7 complex

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 classified 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
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activation at telomeres is attributed mainly to the local chromatin structure [7, 9].
Centromeric regions also replicate early in fission yeast [9].

In higher eukaryotes, replication efficiency correlates with histone modification
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 firing of
normally late-activating origins, and increase in the amount of Gen5 (a histone acet-
yltransferase) around a late-firing 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,
fission yeast, and mammalian cells have identified another protein factor Rif1 (Rapl
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
firing of subtelomeric origins in budding yeast [10]. However, in fission 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. Rifl along
with Taz1 also regulates the timing of Cdc45-S1d3 loading in G1 phase. Cdc45-S1d3
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 (SI1d2, SI1d3, Dpbl1, 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 specific, 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 firing
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
defined by DNA methylation and posttranslational modifications (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 modifications influence 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
first, 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 identified
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 identified 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 Orcl, Orc2, Orc3,
Orc4, Orc5, and Orc6 subunits, that is conserved throughout species. It was first
identified and purified from budding yeast as a factor that remained bound to the
ACS upon DNasel 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 fission yeast and metazoan ORC complex binds replication origins
periodically during the cell cycle. Orcl, Orc4, and Orc5 have AAA+ ATPase
domains [16]. The ORC protein complex functions as a scaffold for the recruitment
of Cdc6, Cdtl, and Mcm2-7 complex in G, phase, which together with the ORC
complex form the pre-RC. In addition to its role in recruiting the Mcm2-7 complex
to origins, Orcl 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 classified 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 ORCI, 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, dwarfism, 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 identified mutations R105Q and E127G in
Orcl, which affect the centriole copy number and cause centrosome reduplication
in human cells. This may contribute to dwarfism and microcephaly [20]. Studies in
zebrafish show that mutations in the H4K20me?2 binding pocket of Orc1 also influ-
ence the recruitment of ORC onto replication origins, resulting in a diminished
pre-RC assembly [21]. Interestingly, depletion of Orc1 in zebrafish 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 identified in CDC6 and CDT1 genes.

Role of Mcm2-7 Complex in Replication Initiation

Mcm?2-7 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 first 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 aring in the order Mcm3-McmS5-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 specific buffer conditions. It was also
demonstrated that the Mcm2-7 complex has an ATP-regulated gate at the Mcm?2/
McmS 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 Mcm?2-7 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,
phase, Cdc6 (also a AAA + ATPase protein) binds to the ORC protein complex and
together they function with Cdtl 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 Mcm?2-7 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-Cdtl-Mcm?2-7) complex in the absence of ATP
hydrolysis. This recruitment of Mcm2-7 is facilitated by Mcm3 and Cdtl. The
Cdt1-Mcm?2-7 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 Orcl and Cdc6 causes the release of
Cdtl from the OCCM complex to produce an OCM (Orc-Cdc6-Mcm?2-7) 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 first loaded Mcm2-7 hexamer. This results in the formation of another inter-
mediate complex, the OCMM (Orc-Cdc6-Mcm?2-7-Mcm?2-7) 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 Mcm?2-7 hexamer is loaded onto the double-stranded DNA via the interface
between Mcm?2 and McmS5 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 Mcm?2-7 complex is activated in S phase by the action of two kinases, the
cyclin-dependent kinase (S-CDK) and the Dbf4-dependent kinase (DDK) along
with a number of other protein factors, some of which also travel along the replica-
tion fork. Studies in budding yeast have identified a number of initiation factors,
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namely Cdc45, GINS [Go-Ichi-Ni-San, Japanese for 5-1-2-3, for S1d3, Psf1 (partner
with S1d5), Psf2, Psf3], SId7, S1d3, S1d2, Dpb11, Pol-¢, RPA, and Mcm10. All these
proteins together form the pre-initiation complex (Pre-IC) that is finally 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
Mcm?2-7 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-a synthesizes short DNA strands, while Pol-e and Pol-5 elon-
gate the leading and lagging strand, respectively.

The Dbf4-Dependent Kinase (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 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, phase.
However, in the S phase, APC/C remains inactive allowing the accumulation of
Dbf4 [35]. Studies in budding yeast identified a mutant in MCMS called the mcm5-
bobl that can bypass the requirement of DDK for replication initiation [36]. The
mcm35-bobl mutation causes a conformational change in the Mcm2-7 ring such that
it allows for the binding of Cdc45 protein in the early G, 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 McmS is not directly phos-
phorylated by DDK, the phosphorylation of other Mcm subunits is sufficient to
cause a conformational change in Mcm3, such that Cdc45 binds Mcm2-7 [40, 41].
A recent study in budding yeast demonstrates how the mcm5-bobl 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 Mcm?2 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-bobl mutation. Dbf4-Cdc7 phosphorylation of Mcm2 weakens its interac-
tion with Mcm5 and helps in the opening of Mcm?2-7 ring at the Mcm2/Mcm5 gate,
to allow for the extrusion of single-stranded DNA from the central channel of
Mcm?2-7. Similarly, cells with the mcm5-bob1 mutation also exhibit a weak interac-
tion between Mcm2 and McmS5, suggesting that the mcm5-bob1 mutation bypasses
the requirement of DDK phosphorylation of Mcm?2 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 Mcm?2-7 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 Rifl-mediated phosphatase action and loss of Rifl
partially compensates for impaired DDK function [43, 44]. Rifl 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. Rifl 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 Rifl to
recruit Glc7 was compromised [44]. It has been suggested that in G; phase Rifl
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,
Rifl 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 Rifl may counteract DDK-dependent
phosphorylation of Mcm4 by targeting PP1 to dephosphorylate Mcm4 [43].

S Phase-Cyclin-Dependent Kinase

S phase-cyclin-dependent kinase (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 Mcm?2-7/Cdtl. 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 Cdtl [45].

During replication initiation, budding yeast S-CDK (CIb5-Cdc28 and Clb6-
Cdc28) phosphorylates S1d2 and Sld3 to facilitate their interaction with Dpbl1.
Dpbl1 consists of two pairs of BRCT (BRCA1 C-terminus) domains that bind
phosphorylated proteins. The N-terminal pair of BRCT domains binds phosphory-
lated S1d3, while the C-terminal pair binds phosphorylated S1d2 [46]. Phosphorylation
of Thr84 of Sld2 is essential for its association with Dpbl1. Phosphorylation of
Thr84 also stimulates Sld2 association with ssDNA [47]. However, Thr84 phos-
phorylation requires prior phosphorylation of other SId2 sites. S1d2 has a cluster of
11 CDK phosphorylation motifs. This pre-phosphorylation of S1d2 causes a confor-
mational change in SId2 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 SId3 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-SI1d3-S1d2 complex is an
essential step during replication initiation. In vivo studies in budding yeast have
shown that the fusion of S1d3-Dpb11 when combined with S1d2T84D (a phospho-
mimetic mutant of SIld2) bypasses the requirement for S-CDK [48]. The
phosphorylation-dependent interaction of Sld2-Dpb11 is also important for the for-
mation of a pre-loading complex (pre-LC), which consists of Sld2, Dpb11, GINS,
and Pol-e. 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 S1d2, S1d3, and Dpbl1 are essential proteins required
for the initiation of DNA replication. These proteins however do not travel along the
replication fork. DPBI1 (DNA polymerase B-binding protein subunit 11) was first
isolated as a multicopy suppressor of mutations in the DPB2 subunit of Pol-¢ and
was shown to have a dual role in chromosomal replication and at the cell cycle
checkpoint [50]. SLD2 (synthetically lethal with dpb11-1) and SLD3 were isolated
in screens for identifying factors that interact with DPBI 1.

In vitro studies with purified budding yeast proteins have shown that S1d3 and
Dpb11 independently interact with Cdc45 and help in its recruitment to the Mcm2-7
complex [51-53]. SId2, S1d3, and Dpbl1 also associate with Mcm?2-7 indepen-
dently before the activation of S-CDK and this association prevents premature bind-
ing of GINS to Mcm?2-7. This ensures that GINS does not associate with
Mcm2-7-Cdc45 complex prior to the dissociation of Mcm?2-7 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, S1d3, and Dpb11 dissociate from Mcm?2-7 and bind origin single-
stranded DNA. S-CDK phosphorylation of SId2 and S1d3 results in the formation of
Dpb11-S1d3-S1d2 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, S1d3, and S1d2 in fission yeast are Cut5, Sld3, and Drcl,
respectively. In fission yeast, S1d3 associates with the origins in a DDK-dependent
manner; however, this association is independent of Cdc45 association. In fact,
association of S1d3 with origins is essential for the subsequent recruitment of Cut5,
Drcl, GINS, and Cdc45. Similar to budding yeast, fission yeast Drc1 and SId3 inter-
act with Cut5 in a CDK-dependent manner [34]. In vertebrates, the functional
homologs of Dpbl1, SId3, and S1d2 are reported to be TopBP1, Treslin/Ticrr, and
RecQLA4, 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 S1d2 and this similarity is restricted
to the first 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 GEMCl1
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 identified
homologs in lower eukaryotes suggesting that helicase activation is a more compli-
cated process in vertebrates than in yeast.

These studies demonstrate that Dpb11, S1d3, and SId2 play a critical role in rep-
lication initiation and their levels are significant for normal cell proliferation. Over-
expression of these limiting factors leads to increased origin firing 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 in 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 Mcm?2-7 complex, Pol-a, and
proliferating cell nuclear antigen (PCNA). Interaction with Pol-a 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 affinity
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 identified as a component of replication forks
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and shown to recruit Pol-a 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 Mcml10 have been identified during
sequencing of various cancer genomes [66].

The Cdc45-Mcm2-7-GINS (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
Rec] proteins [68]. In addition, yeast and human Cdc45 also binds single-stranded
DNA [69, 70]. GINS was identified as a heterotetramer protein complex required
for DNA replication in budding yeast, comprising of four subunits Psf1, Psf2, Psf3,
and S1d5, which are highly conserved among eukaryotes [71]. GINS complex was
also purified 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 Mcm?2-7 has a
very minimal helicase activity. However, the helicase activity of Mcm?2-7 increases
by approximately 300-fold when it associates with Cdc45 and GINS to form the
CMG complex. This complex also has a higher affinity for both single-stranded
DNA and forked DNA substrate than does the Mcm?2-7 complex and this DNA
binding is ATP dependent [76]. Single-particle EM studies using Drosophila pro-
teins have shown that the Mcm?2-7 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/McmS5 interface. The Mcm?2-7 present within the CMG
complex adopts a planar notched ring conformation with a gap between Mcm?2 and
McmS5 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 McmS5 gate. This study using Drosophila
proteins also demonstrated that in the CMG complex, Cdc45 associates with the
N-terminal of Mcm?2 and the four subunits of GINS (Psfl, Psf2, Psf3, and SId5)
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
Mcm?2-7 proteins with Cdc45 and GINS provides stability to the Mcm2-7 ring and
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aids in its efficient 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 specific 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 finally translesion synthesis and template switching [79].

DDR causes a cell to arrest either in G, phase or in G, 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. Mecl (mitosis entry checkpoint 1) also called ATR (ATM and Rad3-related) in
mammals, which is activated in response to sSSDNA coated with RPA (replication
protein A, an ssDNA-binding protein).

2. Tell (telomere maintenance 1) also called ATM (ataxia telangiectasia mutated)
in mammals, which is activated in response to DSBs. At DSBs, Tel1/ATM is first
recruited and activated by the MRN complex (Mrel1-Rad50-Xrs2 in budding
yeast or Mrel1-Rad50-Nbs1 in mammals). This promotes resection at DSBs,
generating sSDNA, which then activates Mec1/ATR kinase.

Mecl/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-Husl-Radl 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 Mecl1 results in the phosphorylation of various
proteins in the cell including effector kinases Chkl and Rad53 (Chk2 in humans).
These effector kinases undergo trans-autophosphorylation with the aid of mediator
proteins like Rad9 (S3BP1/MDC1/BRCA1 in mammals) or Mrc1 (claspin in mam-
mals). The hyper-phosphorylated effector kinases finally regulate various down-
stream processes by transmitting the checkpoint response to a range of effector
proteins. Mec1 and Tell 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, 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,
phase. However, the G,/M DNA damage checkpoint requires both the 9-1-1- and
Dpb11-dependent activation of Mecl [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 modifier (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 identified
in budding yeast are Dpbl1, Mcm2, Mcm4, Orc2, Orc6, Poll, Rad 52, Rad59,
Apnl, Radl, 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 firing 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 ssSDNA generated at stalled replication forks activates
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Mecl/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 Tell. 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 Tell-mediated
Rad53 phosphorylation [85, 86].

An activated replication checkpoint regulates cell cycle progression and blocks
the G,/M transition. It also phosphorylates various components of the replication
machinery to facilitate stabilization of stalled replication forks and also blocks fur-
ther origin firing [87]. Studies in budding yeast identified Dbf4 (regulatory subunit
of DDK) and SId3 as Rad53 substrates, demonstrating the direct regulation of DNA
replication machinery by checkpoints. Rad53-dependent phosphorylation of S1d3
prevents its interaction with Cdc45 and Dpbl1, which is essential for activation of
replication origins. SId3 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 Mecl 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, Cdtl, Cdc45, GINS, DDK, Dpbl1,
S1d3, Pol a-primase, Mcm10, and Ctf4. Whereas Cdc6 and ORC are not necessary
for BIR [91], BIR initiation requires Pol & and Pol ¢ is required to continue DNA
synthesis later. However, how the replication fork is established outside S phase, in
the G, phase, still remains an important question in the field. 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 field, 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 BRCAL1 C-terminus

CAF-1 Chromatin assembly factor-1
cC Coiled coil

Cdc Cell division cycle

CDK Cyclin-dependent kinase
Cdt1 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
dNTPs
Dpbl1
ds
DSB
EM
Fox
GINS
HDAC
1D
Mcm
Mecl
MGS
NAPI1
NASP
NER
NHEJ
NTD
OB
ORC
ori
PCNA
PIKK
Pol-a
Pol-5
Pol-¢
PP1
Pre-IC
Pre-L.C
Pre-RC
PTM
RFC
Rifl
RNR
ROS
RPA
SCF
Sid

sS
SSBs
SUMO
Tell
TopBP1
Uv

DNA damage response
Deoxyribonucleic acid
Deoxynucleotide triphosphates
DNA polymerase B-binding subunit 11
Double stranded

Double-strand break

Electron microscopy

Forkhead box

Go Ichi Ni San (5-1-2-3)

Histone deacetylase

Internal domain

Minichromosome maintenance
Mitosis entry checkpoint 1
Meier-Gorlin syndrome
Nucleosome assembly protein 1
Nuclear autoantigenic sperm protein
Nucleotide excision repair
Nonhomologous end joining
N-terminal domain
Oligosaccharide/oligonucleotide binding
Origin recognition complex

Origin of replication initiation
Proliferating cell nuclear antigen
Phosphatidylinositol 3-kinase-related protein kinase
DNA polymerase-a primase

DNA polymerase-d

DNA polymerase-¢

Protein phosphatase 1
Pre-initiation complex

Pre-loading complex
Pre-replication complex
Posttranslational modification
Replication factor C

Rapl interacting factor 1
Ribonucleotide reductase

Reactive oxygen species
Replication protein A

Skp, Cullin, F-box containing
Synthetically lethal with dpb11-1
Single-stranded

Single-strand breaks

Small ubiquitin-like modifier
Telomere maintenance 1
Topoisomerase II-binding protein I
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
specific, 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 firing
timing during S phase have been described in Saccharomyces cerevisiae. Much less
understood is the biological significance of this replication programme, but it could be
significant 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
specification * 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 significant 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 sufficient 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]). Briefly, in the first 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, Cdtl and two head-to-head Mcm?2-7
hexamers. In the second step, known as origin firing, licensed origins are selected to
initiate DNA synthesis, by the attraction of additional factors including S1d3, SId7 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, Pole 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-CDK:s. In late G1 phase the activity of G1-CDKs precludes licensing, while the lack
of S-CDK impedes firing [12]. Firing initiates as soon as S-CDKSs 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 firing 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 firing during S phase, and origins display characteristic
origin efficiencies (the percentage of firing in a cell population) and firing 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 firing
and local stochastic competition among origins for firing 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 firing timing, and the significance
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of having defined 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 significance of this replication programme.
In brief, knowledge of the precise map of origin location and the temporal replica-
tion profile in budding yeast has facilitated the discovery of determinants of origin
usage. Multiple factors are found to influence origin selection and firing 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 firing timing factors and competition for limiting
origin firing factors (reviewed in [23-26]). All these regulators commonly display
differential influences among origins; indeed, they provide diversity to the population
of origins. The competition among origins for limiting firing 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 first found in budding yeast and defined 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 definition 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 insufficient to define an origin; thousands of
sequences match the ACS on the yeast genome but data from genome-wide studies
reveal that only around 800 are confirmed or likely ARSs [38]. ACS-B1 provides a
bipartite sequence for ORC recognition [39, 40] and the B2 element of ARSI facili-
tates pre-RC formation or maintenance [41]. In spite of the sequence specificity 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
specification by influencing ORC recruitment and pre-RC assembly during licensing,
and contribute to the timely selection and efficiency of origin activation during S phase.
In support of origin sequence features influencing origin specification 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 firing [47] (Fig. 2.1a).
Consistently, distinct sequence elements within origins influence 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 specification by
licensing, and influence the activation timing. The positioning of origins close to
those with earlier or more efficient 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 efficiency and firing timing independently of origin sequences, as
evidenced by moving an early-firing origin to a subtelomeric late-replicating region
or a late-firing origin to a plasmid [52]. This work also predicted the existence of
cis-acting elements that determine the firing timing of proximal origins. Indeed,
surrounding sequences and not the origin itself advance the firing timing of nearby
origins [53]. Centromeres are normally early replicating, and they influence 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 firing timing of nearby origins can be contributed by kinet-
ochores attracting DDK to recruit S1d3 and S1d7 to promote early replication [54,
55] (Fig. 2.1b), in a similar manner to the finding that the HP1 protein stimulates
S1d3 loading and binding of Dfp1/Dbf4 for early replication of pericentromeric
chromatin in the fission yeast [56]. Telomeres cause replication origins to fire late,
as short telomeres replicate subtelomeric origins early [57, 58]. Telomeres and sub-
telomeric regions are frequently silenced in transcription, and origin firing 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¥) on
ARSs that requires Sir2 [62] (Fig. 2.1b). Further supporting the idea that histone
acetylation regulates the selection of origins for firing timing, the loss of the HDAC
Rpd3 causes advanced firing timing and Cdc45 recruitment of the subset of late
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(a) Cis-acting elements at origins (EACS and B domain) influence origin efficiency 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 flanking nucleosomes
for pre-RC formation in the G1 phase. (b) Local and global chromatin determinants influence the choice and
firing timing of origins, including centromeres and telomeres that influence the replication timing (early or
late) of surrounding origins, and HDACs like Rpd3 and Sir2. Ac, histone acetylation. (¢) The strength and/
or the cell cycle timing of the ORC—chromatin interaction influence pre-RC formation and the timing of
origin firing. 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 influence the timing of origin activation by modulating the matura-
tion of pre-RCs into active replisomes during origin firing. FkhBS, Fkh1/2-binding site; Rifl BS, Rifl-
binding site. (e) Rate-limiting availability of firing factors and sequential usage by origins govern the
distributed timing of origin firing 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) GcenS to the late-
firing origin ARS1412 advances the firing timing. In line with this, the deletion of
Gcen5 compromises minichromosome maintenance, alters the chromatin structure,
decreases the level of Mcms at origins and finally a high dosage of GenS 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 efficient chromosomal origin activation and DNA replication
during S phase [66]. Indeed, other HDAC, such as the Sum1-Rfm1-Hstl 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 H4KS5 acetylation and decreases origin activity [68]. Other histone
marks such as methylation also influence 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 ARSI [74]. The NFR presumably
provides access for ORC binding, which in turn positions nucleosomes flanking 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 fired during S phase can only be made from
those origins that have previously been specified 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 firing [77]. Hence, the schedule of origin licensing can
contribute to the timing of origin activation.

The chromatin structure may influence 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 fire at similar times [79], and locally at specific
origins under the influence 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]. Significantly, 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 efficiency, 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). Significantly, ORC binding in G2
is a determinant for efficient 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 influences origin efficiency and firing timing during S phase [82].
Origins with earlier Mcm2-7 loading could have further time for additional Mcm?2-7
recruitment, thus increasing the probability of attracting firing timing factors and
therefore of firing earlier during S phase [21, 26] (Fig. 2.1c¢).

However, the determinants of ORC binding to specific origins and during the cell
cycle are not known. In metazoans, the conserved chromatin-binding module
bromo-adjacent homologous (BAH) domain of Orcl [83] recognises and binds to
H4K20me?2 methylated histones, but this function is not conserved in Orc1BAH in
yeasts [84]. Instead, in S. cerevisiae the BAH domain of Orcl is important for origin
selection within chromatin [85] (Fig. 2.1c). orcl1bahA cells show reduced ORC and
Mcm?2-7 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 orcIbahA sensitive and others orclbahA resistant. Furthermore,
there are differential responses among sensitive origins, and the loss of the BAH
domain does not completely remove ORC/Mcm?2-7 binding to orclbahA-sensitive
origins, but replication initiation, efficiency of origin firing and plasmid mainte-
nance are compromised in sensitive and not in resistant origins [85]. Importantly,
the BAH domain is not the determinant of origin efficiency, as efficient and ineffi-
cient origins have been found among orclbahA-sensitive and -resistant origins [85].
Significantly, 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, defined as chromatin dependent, are enriched in
early-firing origins [47].

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

Factors Regulating the Timing of Origin Activation

Although firing at all origins occurs by the maturation of licensed origins from pre-
RC:s to pre-ICs and replisomes, there are conserved distinctive activation times and
efficiencies 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 firing. Identification of the factors that regulate timing of origin firing is of relevance
considering that the replication profile results predominantly from the kinetics of
origin firing [73]. The determinant factors of firing timing had remained elusive
until recently, and key discoveries have now shed light on the process.

The transcription factors Fkh1l and Fkh2 are determinants of the origin firing
timing programme because they promote early firing 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-
ficient to confer early firing (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 insufficient 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 flanks 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 firing 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 firing timing of late/dormant origins in internal and subtelo-
meric chromosome regions in S. cerevisiae [92] (Fig. 2.1d). Both in fission and
budding yeast Rifl binds to telomeres and along chromosomes, and although bind-
ing is close to some Rif1-regulated origins there is no specific enrichment at origins
[91, 92, 94]. The details of the mechanism by which Rif1 controls the firing timing
of origins have been elucidated recently. In S. pombe the binding of Cdc45, but not
of Mcm4, to origins is affected in rif/ A cells, where it was shown that Cdc45 was
bound to late origins in contrast to wild-type cells, suggesting that Rifl influences
the steps after pre-RC assembly [91]. In S. cerevisiae Rifl 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 Rifl-repressive effect on the firing timing of late origins [95-97]
(Fig. 2.1d). Importantly, Rifl is also regulated in its binding to Glc7 by interaction
with DDK and by DDK-dependent phosphorylation [95-97], and by Tell phos-
phorylation at short telomeres [98] (Fig. 2.1d).

A more global determinant of origin firing 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 efficiency by
ordered ORC and Mcm?2-7 binding, and of firing timing by limiting DDK [19, 82].
Furthermore, Fkh1/2 and Rifl influence the schedule of Cdc45 recruitment and of
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DDK phosphorylation to origins to regulate the firing timing of origins [87, 95-97]
(Fig. 2.1d). Work in budding yeast has shown that the essential initiation factors for
pre-RC maturation S1d2, SId3, S1d7, Cdc45, Dpbl1 and Dbf4 are rate limiting for
origin association and influence the timing of origin firing as their combined over-
expression advances the firing timing of late origins to earlier in S phase [100, 101].
Hence, sequential origin firing 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 firing events at licensed origins are prevented upon activation of
the S-phase checkpoint [102, 103] mediated by phosphorylation of Dbf4 and S1d3,
and inhibition of Cdc45 recruitment to late origins [99, 104-106].

Significantly, those determinants of firing 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 firing of dormant origins
and overexpression of the rate-limiting firing factors is required for early firing of
dormant origins [100].

Significance 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 identification 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 influence 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 specific replication control,
which could explain the existence of replication timing programming. This is the case
with centromeres that replicate early in budding and fission 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 specific chromatin structure or
composition, display difficult 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 firing 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 firing factors (S1d2, Sld3, Dbf4, Dpbl11, Cdc45 and
S1d7) that impede inappropriate origin activation during S phase and control S-phase
length in budding yeast [100, 101]. Otherwise, simultaneous firing can be deleteri-
ous. Indeed, ANTP pools are rate limiting and balanced for precise genome duplica-
tion by the ribonucleotide reductase [118]. The simultaneous firing of early and late
origins in S phase by the overexpression of the rate-limiting firing 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: first, that a large excess of licensed origins are selected to fire during S phase
in a regular distribution, and second that unreplicated regions retain initiation poten-
tial at licensed unfired origins whose activation would facilitate replication comple-
tion. A compatible proposed solution is that the efficiency of origin firing 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 flexibility) 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:
firstly, 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 difficult 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 flank, new origin firing 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 efficiency 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 efficiency of origin firing, 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
reflect 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 flexibility 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 defined.
Studies over the last three decades have attempted to identify specific DNA
sequences that regulate this program from yeasts to humans. Recent studies have
implicated defined protein-binding motifs in yeasts. In mammals, there is indisputable
evidence that epigenetic mechanisms regulate homologue-specific differences in
RT, while artificial constructs have been shown to influence RT in a sequence-
dependent manner and genomics approaches find 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 specific 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 firing 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-specific RT programs [2].
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The biological significance 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 specific 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 firing patterns. We conclude with
ideas on where the field of replication timing needs to progress in order to establish
higher resolution replication timing profiles and more accurate characterization of
replication dynamics in populations versus single cells.

Initiation of Eukaryotic Chromosomal DNA Replication
Does Not Require Specific 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 defined 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 specified by specific DNA sequences that serve as binding sites for sequence-
specific 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 specific 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, artificial systems have been developed that can achieve site-specific 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 defining 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 identified 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 identified chromatin features such as DNasel
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 sufficient 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.,
H3K4mel, 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 RNasel 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 fibers that sites of initiation vary
tremendously from molecule to molecule (even in yeasts) (Fig. 3.1), with different
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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 profile (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, 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

sites having widely different probabilities of firing [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 inefficient origins might be
detected as a single efficient origin by bubble trap but go undetected by SNS) [37].
Moreover, the only study that compared ensemble methods to DNA fiber 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 flexibility 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 efficiencies with which specific sites
are utilized as origins of replication will require improvements in the throughput of
single-molecule methods [37].
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Once-per-Cell-Cycle Regulation of Initiation Does Not
Require Specific 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 firing 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 specific 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 first
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 (Cdtl) 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-specific
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 S1d3
and Cdc45 and the activation of the helicase complex [53, 54]. S-CDK then acts to
recruit a second suit of essential replication factors SId2, Dpbl1, Mcm10, GINS,
and DNA polymerase € [53-57]. Further steps, possibly dependent upon RecQ4
[58], unwind the DNA and recruit DNA polymerase a 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 specific 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
finite 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 firing, 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 difficult to assess
which origins should be classified as dormant, likely due to the broader spectrum of
origin efficiencies (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 find the best fit 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 firing 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 fire 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 specific sequences.

Replication Timing Control Is Uncoupled
from Origin Specification

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

DNA sequences have also been identified that are necessary for early RT [73-75].
Centromeres can confer early replication of origins located up to 20 kb away [73,
76]. In fission 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 significant depletion of DNA-binding sites for the forkhead tran-
scription factors (Fkh1 and Fkh2), leading to the finding that Fkh1 and Fkh2 pro-
teins are required for early replication of 30 % of the early-firing 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 identified that can confer early replication on ARS
plasmids through as-yet unidentified mechanisms [75]. Altogether, these data make

telomere

Fig. 3.2 RT control by trans-acting factors. Factors that promote the firing of origins (white hexa-
gons) are colored in green and bind within early (green) domains. Factors that inhibit origin firing
are colored in red and bind within late (red) domain. The violet circle denotes the nucleolus.
Species specificity 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 influence 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 specification. Comparisons
of different species of budding [78] or fission [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 defined (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 specification remain poorly
defined, 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 fibers 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 firing domains
that have yet to initiate [88—90], suggesting that origin firing 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 specific origin sites is a downstream event that is
considerably more flexible. In fact, recent findings demonstrate that RT in mammals
is regulated at the level of topologically associating domains (TADs), which are
structural units of chromosomes identified 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 tDNA genes, reinforcing the notion that RT is epigenetically regulated.
Exactly how replication is delayed by these allele-specific 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 sufficient 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 TIPS 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 DIlk1-Dio3 imprinted locus requires bidirectional
transcription of ncRNAs from the imprinting control region [103]. Other mechanisms
to distinguish imprinted alleles also exist and may influence RT, such as the binding
of CTCF near the H19 imprinting control region [104, 105]. Overall, these results
point to specific epigenetic mechanisms that control homologue-specific 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 sufficient 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
firing 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 confirmation 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 fly embryos [106, 110]. Of course such a synchronous replication
pattern at a narrowly defined 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 specification 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 specification or spacing. Moreover, this con-
clusion contradicts prior origin-mapping studies indicating that both the Xa and Xi
use the same specific origin sites to initiate replication of their DNA regardless of
their differing RT patterns [113, 114].

Over-interpretations aside, the Koren et al. study confirmed 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 artificial 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 flanked 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 flanking insulators, nearby
transcription, and binding sites for the USF transcription factor (Fig. 3.2) [119].
Together, these artificial systems demonstrate that specific DNA sequences can
influence RT in the right context.

Some endogenous cis-acting regions have also been shown to influence RT on a
chromosome wide scale in mouse and human cells. Although Xist is implicated in
homologue-specific 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 identified 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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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
profile of human chromosome 21 stably maintained in mouse cells shows regions that retain
human chromosome 21 RT patterns. RT profiles of Tcl-21 (red), human (black), and syntenic
mouse (grey) region from fibroblasts. RT profile 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 profiles) 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
profile have been observed. RT profile axes as in Fig. 3.1

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-specific RT profile in two different mouse tissues, including human-
specific 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 sufficient to retain RT in an ectopic con-
text. Segments that retained a replication domain boundary (defined as transitions in
replication timing previously identified 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].
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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 first 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 influence the RT of
entire replication domains. The authors found that rtQTLs were within a median
distance of 52 kb from the very broad computationally defined 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 sufficient 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 influencing the RT of
domains by increasing the probability of firing within the domain, rather than, as the
authors and commentator’s suggest, activating or silencing specific 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 efficiencies 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 specific
DNA sequences may have important influences 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 identification of trans-acting factors regulating
RT. Telomere and subtelomere binding factors Ku, Tazl, and Rifl 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].
Tazl and Rifl are known to interact at yeast telomeres to control telomere length
and stability [134]. Tazl homodimers bind two tandem telomeric repeats at both
telomeres and internal late origins in fission yeast. These sequences are essential to
delay origin firing until late S phase (Fig. 3.2) [131]. Fission yeast Rifl binds at
telomeres in a Tazl-dependent fashion, but also binds centromeres and chromo-
some arms in a Tazl-independent manner (Fig. 3.2). Rif1 binding in fission yeast is
less specific 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 fission yeasts, Rifl targets a PP1 phosphatase to areas of late replica-
tion, counteracting DDK-mediated phosphorylation of MCM required to fire ori-
gins (Fig. 3.2). Disruption of Rif1’s PP1-binding domain mimics the advanced RT
of telomeric origins observed in a complete Rifl knockout [135-138]. Interplay
between Rifl, 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 fired early in both Rifl 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 Rifl binding has been achieved (Fig 3.2).
Without Ku-mediated telomerase recruitment telomeres are shortened and cannot
reach the Rifl-binding threshold that delays firing of nearby origins. Telomere
length and late replication of telomeric origins can be rescued in Ku-negative cells
by further deletion of Pifl, a negative regulator of telomere length, confirming 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 modifiers 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 firing of origins through both chro-
matin structure and peripheral sequestration [143]. However, as mentioned above,
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artificially tethering an internally localized origin to the periphery is not sufficient
to delay its initiation of replication [70]. Hence, a combination of epigenetic state,
nuclear localization, and biochemical modification status is likely contributing to
the maintenance telomeric regions as late replicating in yeasts.

Trans-acting factors influencing RT control in metazoans have proven very
difficult to identify. In fact, ablation of most chromatin regulators and histone post-
translational modifications have very little influence 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-specific esBAF chromatin remodeler is necessary to maintain the RT of a small
number of replication domains [146]. A recent breakthrough identified Rifl as the
first trans-acting factor that is responsible for the RT of approximately 30 % of the
mouse and human genome [147, 148]. Disruption of human Rifl led to increased
levels of MCM phosphorylation by DDK [147], suggesting that human Rifl may
antagonize DDK in a mechanism similar to that in yeast. Indeed mammalian and
yeast Rifl are structurally very similar [149] and human Rifl 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 Rifl 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. Rifl knockout cells exhibit both early to late and late to early
replication timing alterations. Depletion of Rif]l 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 firing of these origins in conjunction with delayed firing 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



3 Epigenetic vs. Sequence-Dependent Control of Eukaryotic Replication Timing 53

attack regardless of their RT [155, 156] and are less confined to particular subnu-
clear compartments [157]. Hence, while it is currently unclear how these factors
influence 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 influenced by specific 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 specific DNA sequences can induce RT changes either through his-
tone modifications 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 modifications 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 sufficient to regulate RT as the observed shift
in RT upon artificial 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 first model posits that origin usage is deterministic, mediated by origins that are
programed to fire at specific times during S phase. The second model posits that the
probability an origin will fire 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 firing will tend to fire earlier. The well-defined
and often highly efficient origins in budding yeast naively appear to suggest a more
deterministic model [161-163]. However, DNA fiber experiments have shown that
origin usage is stochastic in both budding and fission yeasts, with different origins
being used in different S phases [44, 164]. Competition between origins for limiting
replication factors has been shown to influence the RT and firing efficiency 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 firing 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 influence the
probability of firing [36]. Another possible contributing factor is that the activation
of one origin may increase the probability of neighboring origins firing [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 firing 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 fiber 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 fiber analyses,
while providing molecule-to-molecule heterogeneity, still pool DNA fibers from
large populations and do not retain cell of origin information. New efforts are
needed to generate RT profiles and origin maps in single cells and on single mole-
cules to assess the positions of all potential initiation sites and their probabilities of
firing in different metabolic and developmental contexts. Such analyses will also
allow deeper insight into the influence of deterministic vs. stochastic mechanisms,
with intracellular (inter-homologue) heterogeneity reflecting intrinsic influences
and cell-to-cell heterogeneity reflecting extrinsic influences.

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 profiles 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 firing
is stochastic, the mean replication time (MRT) of a locus in a cell population depends
on the firing time probability distribution of both neighboring and distant origins as
well as on replication fork progression rates. Interpreting MRT profiles in terms of
origin firing is therefore delicate. Theory predicts a simple relationship between the
derivative (slope) of MRT profiles, the speed of replication forks, and the proportions
of rightward- and leftward-moving forks replicating that locus (replication fork
directionality; RFD). RFD profiles have been obtained by several independent methods:
derivative of MRT profiles; nucleotide compositional skew analysis; sequencing of
purified Okazaki fragments; and analysis of biased ribonucleotide incorporation in
the two strands of the DNA. Using mathematical models, both MRT and RFD
profiles 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 (fire) 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 firing [4, 5]. Recent years have seen an explosion of genome-wide replica-
tion profiles, 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
identified by genetic means [9], yeast origins correspond to highly specific 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 firing 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 profiles is sufficient to identify the full complement
of origins and characterize their firing-time distribution [4]. As detailed below,
mathematical analysis of these profiles suggests that the reproducible RT pattern
observed in cell populations can be explained by the stochastic parameters govern-
ing the independent firing 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 definitive informa-
tion is available about the extent of initiation zones, their specification by genetic or
epigenetic elements, their firing efficiency, or their firing time distribution. Unlike
in yeast, genome-wide RT profiles in mammals are not sufficiently resolutive to
identify individual origins [5, 12, 13]. They highlight early- or late-replicating
megabase domains that presumably contain multiple origins firing 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
reflect 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 flat or U-shaped domains of RT [2, 13—15]. Elucidating the deter-
minants of mammalian origin location and firing efficiency, and understanding
whether origin synchrony or sequentiality reflect 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 fiber autoradiographic studies of Huberman and Riggs [16] established
that replication of eukaryotic chromosomes initiated at multiple origins. In mammals,
single DNA fibers often showed tandem arrays of replicons spaced at 20400 kb



4 Up and Down the Slope... 67

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 fiber 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 fiber techniques (DNA combing and single-molecule analysis of
replicated DNA (SMARD) combine fluorographic detection of labelled replication
tracts with identification of specific 0.1-1.5 Mb genomic segments by fluorescent in
situ hybridization (FISH). DNA combing and SMARD were used to reveal the
distribution and efficiency of multiple initiation and termination zones in a few
specific 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 identified. 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
flanking origins to form late RT troughs, which can cause chromosome fragility in
conditions of replicative stress [21]. Originless regions identified in one cell type
may show initiation events in other cell types, confirming the epigenetic nature of
origin specification.

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-
firmed these data and did not reveal marked differences in fork rate distributions
between the bulk genome and specific 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 artificially 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 finding 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 firing 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 fire, and the time taken
by the fork to reach the locus. In the corresponding single-chromosome RT profile
(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#/dx, represents the inverse of the replica-
tion fork velocity (1/v). The slope is linear if v is constant along the segment.

The first eukaryotic genome-wide RT profile (obtained from budding yeast cell
populations) showed peaks and troughs connected by lines of various slopes [33].
The peak and troughs allowed identification of origins and termini and the peak
heights were taken to precisely reflect origin activation times. The broad range of
slopes suggested a corresponding range of fork velocities, compatible with data
gathered with DNA fiber 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) profiles 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 fire in only a fraction of the chromosomal copies (termed
origin efficiency) 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 profiles may weaken or disappear in a population-average
MRT profile; (2) an origin’s MRT may not necessarily reflect its activation time but
may also depend on the behavior of other origins and fork speeds; and (3) the slopes
in MRT profiles 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 defined as
replication fork directionality (RFD). Assuming a constant v, it can be shown that
the derivative of the MRT profile with respect to chromosomal coordinate (x) is
equal to dMRT/dx=(R — L)/v [14, 39]. In words, loci replicated equally often in both
directions (R—L=0) have a flat MRT profile whereas loci replicated in a more
predominant direction (|R—L|>0) show a correspondingly steeper MRT gradient.
Variations in the MRT gradient reflect 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 efficiency [40]. More specifically, the spatial derivative of RFD (i.e., the
second derivative of MRT) equals twice the difference between the number of initiation
(N;) and termination (&V,) per unit length: dRFD/dx=2 (N;—N,) [41]. In the general
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Fig. 4.1 Effect of origin efficiency of replication timing (fop) and fork directionality (bottom)
profiles. The figure depicts a chromosome segment containing two synchronous replication ori-
gins. Oril fires in 100 % of the chromosomal copies whereas Ori2 fires 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) profiles expected for a single chromosome (or a homo-
geneous chromosomal population) in which both Oril and Ori2 fire. The blue curves correspond
to a single chromosome (or a homogeneous chromosomal population) in which Oril fires but Ori2
does not. In both these homogeneous cases, active origins are associated with RT peaks and the
slope of the RT profile 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 profile 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 fires
in >50 % of the chromosomal copies and the height of the peak does not reflect its firing time. The
amplitude of the RFD shift at Ori2 is proportional to its firing efficiency

case, an ascending RFD (or convex MRT) segment reflects a predominance of initia-
tion whereas a descending RFD (concave MRT) segment reflects 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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origin may not sufficiently 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 profiles have been generated in various
organisms and how mathematical models can fit these experimental data and extract
origin location, firing time distribution, fork velocity, and location of termination
events. With one exception [42], these mathematical models assume that origins fire
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 reflects the stochasticity of origin usage.

Experimental Determination of Replication Timing Profiles

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 specific 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 profiles. 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 profile, 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 Profiles

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

The first indirect method, knowing fork speed v, consists in extracting RFD by
spatial derivation of MRT profiles: RFD=v dMRT/dx [14, 39].

The second indirect method is nucleotide compositional skew analysis. It was first
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 Sgc=(G—-C)/(G+C) and Spy=(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 profiles with Repli-Seq data from several somatic cell lines strongly supported
the notion that the GC and TA skews are a direct reflection 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 profile of S-jumps established the existence of
replication-associated mutational asymmetries and showed that S-jump profiles
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 fission yeast S. pombe [58]. In L. kluyveri, a lack of replication-associated
skew was specifically 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 profile of this chromosomal arm showed peaks and troughs rather than the
flat 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 €, the pri-
mary leading strand replicase, and Pols o and 6, 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
specifically observed at origins were proposed to result from occasional leading
strand initiation by Pol & followed by exchange with Pol € [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 first 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 profiles from
both yeast and human cells were obtained using a novel Okazaki-fragment purifica-
tion technique that does not require overproducing mutant cells (unpublished). RFD
profiles obtained by Okazaki-fragment sequencing are highly consistent with RFD
and MRT profiles 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 Profiles

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 /(x,?) entirely determines the replication fraction f{x.?),
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,?) that best explains such experimental f(x,f) data. This is usually
performed by curve-fitting 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 first 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 fitted 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 reflect its firing time, unless this origin fires in all copies of the
chromosomal population. Therefore, an analytical model that incorporated passive
replication and a sigmoid shape for the cumulative firing time distribution of origins
was used to fit 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 fir-
ing time, as expected for stochastic activation. The distributions allowed to compute
potential origin efficiencies, defined as the efficiency 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 efficiencies, whose computation relied on the fir-
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 fit as allowing
variable velocities. Potential efficiencies were quite high (>0.9 for one-half of the
origins, >0.5 for most of the rest). In contrast, observed efficiencies were more evenly
spread from O to 1, owing to frequent passive replication from neighboring origins.
Finally, potential efficiencies decreased monotonically with median firing time and
temporally alike origins did not appear to form clusters along the chromosomes. All
these results suggested that stochastic activation of origins, firing independently of
each other and with variable efficiency, suffice 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 firing of
origins is regulated by competition for initiation factors less abundant than potential
origins, which explains why origins cannot all fire at the same time. Stochastic
interaction of these factors with origins would explain simply why origins fire sto-
chastically. However, interorigin differences in accessibility or response to the lim-
iting factors must be invoked to explain why some origins fire with higher probability
than others. The fact that origins cannot all fire 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 fire with an ear-
lier and sharper time distribution. This model can quantitatively recapitulate the vari-
ety of origin firing time distributions extracted from the replication time-course data
in yeast. One obvious candidate for the initiator was the MCM complex, because
origin efficiency 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 confirmed 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 firing time distributions were again correlated, and single-cell fluorescence
microscopy measurements of a locus replication time confirmed the estimated
variability in origin activity. The extracted origin competences, however, showed no
correlation with firing time, suggesting that the probabilities of origin licensing and
firing are governed by distinct mechanisms. Hawkins et al. [48] also used the equa-
tion dMRT/dx=(R—L)/v to derive a genome-wide RFD profile from the experimen-
tal MRT. An experimental RFD profile was independently obtained by McGuffee
et al. [40] by sequencing Okazaki fragments purified from an asynchronous culture.
The inferred RFD profile by Hawkins et al. [48] and this experimental RFD were
quite similar. The MRT profile computed from the RFD was also reasonably consis-
tent with experiments [40].

Inferred and experimental RFD profiles were used to quantitate initiation and
termination events genome-wide [40, 48]. The observed origin efficiencies decreased
with MRT, but the correlation was looser than between potential efficiencies and
MRT, consistent with the confounding effects of passive replication. Termination sites
were widely distributed, covering >75 % of the genome, and inefficient (<4 % per kb
even at the most efficient sites). A cruder, previous study identified 71 termination
(TER) sites covering only ~3 % of the genome [92]. The new RFD data revealed that
these TER sites, although more efficient than average, together represented <5 % of
all termination events. Inactivation of specific origins flanking 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 fired
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 firing time of origins rather than by specific cis-acting elements.

The link between the temporal distribution of origin firing 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 fire within a sufficiently sharp time window, A¢, 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
profile around 0) is inversely proportional to At, with little dependence on the exact
shape of the origin firing time distribution. Application to experimental MRT data for
suitable interorigin intervals in the S. cerevisiae genome yielded estimates of
10-15 min for A¢, 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 profile from non-synchronized cells.

Quite recently, RFD profiles 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 profiles.
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Fig. 4.2 Effect of origin firing time distribution on the dispersion of termination events. The figure
depicts a chromosome segment containing two efficient replication origins that can fire 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 firing 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 profile 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 firing time window and the slope of this descending segment (or
curvature of the MRT profile minimum) is inversely proportional to this time window

Mammalian Replication Profiles

In contrast to yeast RT profiles, the resolution of mammalian RT profiles is generally
not sufficient to identify single-replication origins. The spatial resolution of copy
number profiles 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 identifica-
tion of individual origins in human TimEx profiles 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 profiles are not improved by
pushing spatial resolution of microarrays below 5 kb or by using sequencing.
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The first 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 profiles. 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 profiles
(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 TTRs. 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/
dx=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 identified in multiple cell lines
800-1500 megabase-scale U-shaped domains of replication timing covering
40-60 % of the genome [39]. Their averaged profile was parabolic, and the derived
RFD profile was therefore an N-shape, strikingly similar to the skew profile of
N-domains (the derivative of a parabola is a straight line). Significant 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 profiles [48] and N-shaped RFD profiles [40, 65] have also been
observed in interorigin intervals of budding and fission yeast. In these cases, the
sharpness of the MRT peaks bordering the U reflects 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) reflects the firing time variability of flanking 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 profiles. The fop panel shows that an extended termination zone can form between
two origins if their firing 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 profiles of two different cells activating the same border origins but different
internal origins in the intradomain cascade. Due to sequential origin firing 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 (botfom panel). In the cascade model, however, origins at domain borders need
not fire 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 difficult to reconcile with DNA
fiber 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 insufficient for large domain sizes.
Furthermore, to generate a 1 Mb termination zone, the two-origin model would
require that border origins fire 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 first 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 flattening of the timing curve and the decrease of
|IRFD] 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 fired, abundant
potential origins inside N/U-domains can either fire 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 profile and N-shaped RFD profile 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 firing was too disper-
sive to create singularities in the profile, and the changing balance between fork-
stimulated and autonomous origin firing 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 profile of RFD when the domain size increases above a critical threshold
(unpublished). This is because autonomous activation of intradomain origins
becomes highly efficient 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
efficient initiation at specific sites or zones followed by more random initiation later
in S phase [1, 2].

Human genome-wide RFD profiles have been recently obtained directly by
sequencing of highly purified Okazaki fragments (unpublished). These profiles are
highly consistent with published MRT profiles 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 specific 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 reflects the sequential synthesis of genetically continu-
ous chromatin domains, suggesting some sort of propagation effect [99, 100].

N/U-domain borders are enriched in DNasel hypersensitive sites (HS) and prone
to transcription, whereas N/U-domain central regions appear transcriptionally silent



80 O. Hyrien

[39, 54, 101]. A recent integrative analysis of 13 epigenetic marks led to definition
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 definition of two sets of loci (named A and B) within which contacts are
enriched and between which contacts are depleted [103]. Comparison with RT
profiles 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 profiles [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 TTRs 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 profiles 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 profiles [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 ¢, 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 profiles with an accuracy rivaling experimental repeats when
the initiation probability landscape is defined 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 firing 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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Chapter 5
Chromatin Determinants of Origin Selection
and Activation

Mbonica P. Gutiérrez and David M. MacAlpine

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 first factor to bind to the replicator is the origin rec-
ognition complex (ORC). ORC directs the recruitment of the Mcm?2-7 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 defined in Saccharomyces cerevisiae; in contrast, metazoan replicators are
not defined 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 sufficient 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 modifications in specifying and
regulating eukaryotic DNA replication origins.
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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 confines 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 significant 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 defined 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, first 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-specific 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 6h [5, 6]. The plasticity of the DNA replication
program is likely driven by changes in the concentration of frans-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 specific 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 Cdtl1,
coordinates the loading of the Mcm?2-7 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 Cdtl,
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
Mcm?2-7 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,
S1d3, S1d7, and Cdc45 associate with the pre-RC [8, 17], and CDK activity directs
the recruitment of Sld2, Dbpl1, GINS, and polymerase & [18-20]. Cdc45, GINS,
and Mcm?2-7 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
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 specific loci in the genome. ORC interacts with specific 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).
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Fig. 5.2 Sequence determinants of DNA replication in higher eukaryotes. (a) In S. cerevisiae,
replication origins are defined by the ARS consensus sequence (ACS), which is necessary, but not
sufficient, 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 specific motif (G3_s-N|_-G3_5-N,_1-G3_s-N,_7-G5_s) can
form four-stranded DNA structures, called G-quadruplexes. A significant fraction of replication
origins in mammalian cell lines have been mapped in the vicinity of these structures
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ORC purified from metazoans exhibits little sequence specificity [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 identification of the first eukaryotic cis-
acting sequences with replicator function (Fig.5.2a). Autonomously replicating
sequences (ARSs) were identified 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 identified 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 identification 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 specific sequence composition of
the replicator element [37]. In addition, purified ORC from higher eukaryotes also
exhibited little sequence specificity 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 specific 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 identified 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.5.2b). 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, purified ORC has a high affinity for G-rich
single-stranded synthetic oligomers [51]; paradoxically, in vivo ORC is found
downstream of G-rich structures, approximately 160bp in Drosophila cells and
280bp 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 defining feature of multicellular eukaryotes is the considerable cellular plastic-
ity required for normal development and tissue-specific function in the organism.
Just as there are developmental and tissue-specific transcriptional programs, DNA
replication must also be dynamic and respond to developmental, tissue-specific, and
environmental cues. For example, during early embryogenesis in the fruit fly, 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 significantly 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-specific patterns of origin selection and activation. For
example, the human f-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 insufficient to define 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 identified
well-positioned nucleosomes flanking the ARSI 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 sufficient for origin function and that metazoan ORC
exhibits little sequence specificity, 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 flanking 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. Specific origins of replication are selected
throughout the eukaryotic genome. They are defined 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 flanking replication origins undergo constant
turn-over and contribute to a dynamic chromatin landscape. HBO1 also acts with Cdtl 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
ARSI negatively impairs origin function by preventing helicase loading and pre-RC
formation [65]. These results suggest that the proximity of the flanking nucleosome
to ORC may facilitate helicase loading either through an Mcm?2-7-histone interac-
tion [66, 67] or perhaps by stabilizing ORC via the ORCly , ; 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 efficient 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 sufficient to establish precisely positioned
nucleosomes flanking 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, specific 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 specific 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 specific pre-RC
components. For example, the ATPase SNF2H of the ISWI chromatin remodeling
complex interacts with Cdtl to promote Mcm2-7 loading in human cell lines [73].

Histone Post-translational Modifications

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 modifications (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-specific 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 specific 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
(H3K4mel/2/3). Conversely, late replicating regions of the genome are coupled
with repressive chromatin modifications frequently associated with constitutive and
facultative heterochromatin (H3K9me2/3, H3K27me3). Elegant experiments at the
human f-globin locus demonstrated that tethering a histone acetyltransferase (HAT)
near the origin was sufficient 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 field is how metazoan ORC localizes to
specific loci in the absence of any apparent sequence specificity. Human ORCl1
contains a bromo-adjacent homology (BAH) domain which specifically recognizes
and binds to H4K20me2 with micromolar affinity [81]. The ORCly , 5 domain is
conserved in eukaryotes and exhibits affinity for H4K20me2 across a wide range of
metazoan species. Interestingly, in S. cerevisiae, where ORC exhibits sequence-
specific interactions with the ACS, the yeast ORClj , 5 domain does not interact
with H4K20me?2. This suggests that H4K20me2 may function as a specificity factor
for ORC in higher eukaryotes. Consistent with this model, H4K20me?2 is enriched
at select origins in the human genome, and mutations in the BAH domain that dis-
rupt the recognition of H4K20me?2 cause a decrease in ORC occupancy at replica-
tion origins and a cell cycle delay [81]. However, it is difficult to reconcile this
chromatin-mediated model for ORC specificity with H4K20me?2 being the most
abundant histone modification. 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 H4K20me?2. It seems more likely that H4K20me2 may function to
stabilize ORC binding on chromatin via interaction with the ORC1 g,y domain.
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In humans, mutations in the ORCl1; 4 ; domain as well as other pre-RC compo-
nents have been linked to Meier—Gorlin Syndrome (MGS), a primordial form of
dwarfism [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 zebrafish models by mutating ORC1 [81, 84], or, alternatively, by
depleting the conserved methyltransferases (Suv4-20h1/2) required for H4K20me?2/3
[81]. Together, these data demonstrate that the ORC1; 4 ; domain and its interaction
with H4K20me?2 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 H4K20mel levels peak during late S-phase and remain elevated
through G2/M. PR-Set7 and, presumably, H4K20mel are critical for maintaining
genome stability as loss of PR-Set7 activity results in chromosome decondensation,
S-phase delay, centrosome amplification, 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 specific
loci results in a local increase in H4K20mel and the promotion of pre-RC assembly
[93]. Subsequent experiments argue that efficient 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 H4K?20 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 identified in a two-hybrid screen for
factors that interact with human ORCI1 [97]. Subsequently, HBO1 was shown to
interact with multiple pre-RC components including Mcm?2 [98] and Cdtl [99].
HBOL1 is targeted to origins of replication in G1 by a direct interaction with the
licensing factor Cdtl [100]. Artificially 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 HBOI1 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 modifications 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]. H3K4me?2 is also
enriched at yeast origins, and mutations in either Setl or Bre3, both regulators of
H3K4 methylation, impair plasmid maintenance [103]. Ubiquitination of H2B
(H2Bubl) is enriched at S. cerevisiae origins; however, it does not regulate initia-
tion, but instead appears to promote fork elongation [104]. In human cells,
H3K79me?2 enrichment at replication origins may negatively regulate origin licens-
ing, as depletion of the methyltransferase DotlL 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
confirmed by genome-wide experiments correlating male-specific 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-specific 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-specific changes in
histone acetylation. Instead, it was found that Rpd3 and Sir2 modulated origin
function not by deacetylating origin-specific 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 fire 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 firing 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 firing times. The identification 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 firing * 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 forks that progress to replicate the
flanking 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 Mcm?2-7 double hexamers [5]. During S phase, the
activity of two S phase kinases, cyclin-dependent kinase (CDK) and Dbf4-dependent
kinase (DDK), activates Mcm?2-7 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 specificity of ORC and
nucleosome positioning around potential ORC-binding sites [8, 9]. In budding yeast,
ORC recognises a specific 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 specificity. DNA-bound ORC, together with Cdc6 and
Cdt1, loads the Mcm?2-7 complex to form the pre-replication complex [10]. The origin
is now licensed to fire upon entry into S phase.

As cells enter into S phase, inactive Mcm2-7 helicases must be converted to
mature, processive replication forks (Fig. 6.1). Helicase activation is DDK and CDK
dependent and requires the Mcm?2-7 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 firing. During G1 phase multiple pathways inhibit
origin firing 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 firing. 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
firing factors Dbf4 and S1d3, 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
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subunits Cdc45, SId3 and Sld7 [12]. CDK phosphorylation of Sld2 and S1d3 is
necessary for an S1d2-Dpb11-S1d3 interaction that recruits GINS to give the CMG
complex [13]. Additional factors are recruited that crucially include Polo—primase,
Pole (leading strand polymerase) and Pold (lagging strand polymerase) to form the
replisome and allow DNA replication initiation. S1d2, S1d3, S1d7 and Dpb11 are not
part of the replisome and, like CDK and DDK, behave as origin “firing’ factors.

The G1-S phase transition results from the switch-like activation of CDK activ-
ity as the inhibitory roles of both the APC®! 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 efficiency). Some ori-
gins are active in the majority of cells (>80 % in budding and fission 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 first 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
fluorescence-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



108 C.A. Nieduszynski

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 profiles, 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 profiles of Trep resemble those of fraction replicated.
Therefore, in timing profiles peaks represent the earliest replicating loci and valleys
later replicating loci. In eukaryotes with small genomes, such as yeasts, the defined
nature of replication origins coupled with high-resolution data permit the association
of profile peaks with individual origins [24]. By contrast, in organisms with larger
genomes the reduction in resolution currently precludes the association of individual
origins with profile peaks. Instead, replication profiles 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 profiles. Some naive interpretations of timing profiles 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
firing time and differences in timing profile 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 profiles 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 profiles 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
profiles 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-
files? Mathematical models indicate that this variability can be explained by vari-
ability in the proportion of replication forks moving in each direction. Adjacent to a
highly active origin (efficiency approaching 100 %), virtually all forks will be mov-
ing away from the origin and the gradient of the replication profile 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 profile
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 profiles to be transformed into fork direction data across the genome
(Fig. 6.2¢) [16, 34]. In turn, changes in fork direction allow the estimation of origin
efficiencies 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 profiles are plotted with time running down the y-axis. As such,
peaks in replication timing profiles represent the location of chromosomally active origins while
the valleys indicate the location of zones of replication termination. (¢) For any particular genomic
locus (x) the fraction of leftward moving forks (n.r) can be calculated from the fork velocity (v)
and the gradient of the replication profile (7") [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 (efficiency)
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measures of fork direction. Recent experimental approaches have determined fork
direction across the budding and fission 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 efficiency 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 sufficient 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 identified potentially rate-limiting replica-
tion initiation factors. Dpb11, S1d3, S1d7, S1d2, 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, S1d2+S1d3 +Dpbl11+Dbf4 or Sld3 +S1d7+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, Dpbll, Dbf4,
Cdc45 and S1d7 gave transient activation of the checkpoint kinase Rad53 that could
be suppressed by increasing dNTP supply by SMLI deletion [45].

Epigenetic mechanisms may influence 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 firing 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 IDNA 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 affinity for the initiation factors will activate first 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 forks 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 sufficient 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 identified a role for protein phosphatase
1 (PP1), targeted by Rifl, in inhibiting origin activation via the dephosphorylation of
replication factors [54-57]. Thus PP1-Rifl can contribute to the inhibition of DNA
replication in G1 phase by reversing precocious kinase activity (Fig. 6.1). In S phase,
PP1-Rifl 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 specifically inhibit subsets of origins and thereby
contribute to the differentiation of early- and late-activating origins [54, 58].

Rifl is proposed to be one of a range of targeting subunits that provides PP1 sub-
strate specificity. In the absence of Rifl there are elevated levels of Mcm4 and S1d3
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phosphorylation in G1 phase and this phosphorylation is DDK dependent. Deletion
of Rifl is able to rescue an S. pombe hskl deletion (hskl is the fission 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 S1d3, and thereby
inhibit origin activation. However, the mechanisms by which Rifl targets PP1 to
DDK substrates or specific 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 Mecl1 (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, S1d3. 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 significantly 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 firing [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 fine-level control that prevents excess
origin activation.

Local Regulators of Replication Origin Activity

The global frans-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 firing, where origins have different firing probabilities. Whether an origin
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fires is determined by its firing probability coupled with the proximity and firing
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 firing 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 influence the MCM load. A role for cis-acting elements in
influencing origin firing 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 influence 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 specific 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 firing. The cis-acting ele-
ments may be close to the origin or in the case of the centromere may influence the
activity of origins up to 20 kb away.

One mechanism by which cis-acting elements could determine origin firing
probabilities is via modulating the affinity of the origin and/or pre-RC for the rate-
limiting initiation factors. Difference in origin initiation factor affinity could be a
consequence of accessibility (for example, as a consequence of DNA packaging
[46]), specific 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 efficiency of
the origin licensing step dictates the subsequent origin firing probability. This could
involve the nature of the ORC-DNA interaction at a particular origin determining the
efficiency or manner of MCM loading [42, 68, 69]. For example, origins at which
many MCM double hexamers are loaded would have higher affinity 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 firing 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 fission yeast (which has a short G1 phase) result in significant 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 efficiency of the licensing step. Although these models
are attractive, to date genome-wide MCM ChIP data has not identified a clear cor-
relation between MCM load and origin activation time [15], with the caveat that
ChIP datasets may not be sufficiently quantitative.

A second mechanism, by which the affinity 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. Rifl) regulators of replication origin firing may in part function via
organisation of the genome into temporally and spatially coordinated domains
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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 sufficient for the early
activation of origins within ~20 kb [66]. By contrast, the late replication of telomeres
depends upon Rifl binding, which in turn may locally inhibit the activity of Dbf4-
dependent kinase [56, 78, 79]. Cells with shorter telomeres bind less Rifl, and thus
are likely to have a lower level of local DDK inhibition, permitting telomereproximal
origins to fire 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 (Rifl at telomeres). It remains to be determined whether
the replication time of other genomic loci is regulated in an analogous manner.
However, in the fission yeast genome Rifl-binding sites are found closer to late than
to early-firing origins consistent with cis-acting sequences recruiting Rifl 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-firing repli-
cation origins [81] and single-cell analyses revealed that replication forks from
neighbouring origins could stochastically associate in replication factories [82]. In
fission yeast, single-cell and single-molecule data are consistent with a model
where clusters of neighbouring origins fire at similar times within a replication
factory—uvisualised 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-firing 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-firing origins and mutation of these binding
sites delayed origin firing, 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 firing. 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 efficiency 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 forks 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 fire, 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 affinity for the rate-limiting initiation factors, this could be
sufficient 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 efficiency 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 specifically 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 influence 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 influence gene expression levels [90, 91]. Such a mechanism could self-
maintain: chromatin state influences 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, flies 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, significant advances have been made in isolating the global factors
involved in regulating the dynamics of genome replication. The identification 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.

References

1. Newman TJ, Mamun MA, Nieduszynski CA, Blow JJ. Replisome stall events have shaped
the distribution of replication origins in the genomes of yeasts. Nucleic Acids Res. 2013;
41(21):9705-18.

2. Siow CC, Nieduszynska SR, Miiller CA, Nieduszynski CA. OriDB, the DNA replication ori-
gin database updated and extended. Nucleic Acids Res. 2012;40(Database issue):D682-6.

3. Rhind N, Gilbert DM. DNA replication timing. Cold Spring Harb Perspect Biol. 2013;5(8):
a010132.

4. Donley N, Thayer MJ. DNA replication timing, genome stability and cancer: late and/or
delayed DNA replication timing is associated with increased genomic instability. Semin
Cancer Biol. 2013;23(2):80-9.

5. DePamphilis ML, Blow JJ, Ghosh S, Saha T, Noguchi K, Vassilev A. Regulating the licensing
of DNA replication origins in metazoa. Curr Opin Cell Biol. 2006;18(3):231-9.

6. Labib K. How do Cdc7 and cyclin-dependent kinases trigger the initiation of chromosome
replication in eukaryotic cells? Genes Dev. 2010;24(12):1208-19.

7. Diffley JF. Quality control in the initiation of eukaryotic DNA replication. Philos Trans R Soc
Lond B Biol Sci. 2011;366(1584):3545-53.

8. Leonard AC, Mechali M. DNA replication origins. Cold Spring Harb Perspect Biol.
2013;5(10):a010116.

9. Ding Q, MacAlpine DM. Defining the replication program through the chromatin landscape.
Crit Rev Biochem Mol Biol. 2011;46(2):165-79.

10. Riera A, Tognetti S, Speck C. Helicase loading: how to build a MCM2-7 double-hexamer.
Semin Cell Dev Biol. 2014;30:104-9.

11. 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.

12. Sheu Y], Stillman B. The Dbf4-Cdc7 kinase promotes S phase by alleviating an inhibitory
activity in Mcm4. Nature. 2010;463(7277):113-7.

13. Zegerman P, Diffley JF. Phosphorylation of Sld2 and SId3 by cyclin-dependent kinases pro-
motes DNA replication in budding yeast. Nature. 2007;445(7125):281-5.

14. Daigaku Y, Keszthelyi A, Muller CA, Miyabe I, Brooks T, Retkute R, et al. A global profile of
replicative polymerase usage. Nat Struct Mol Biol. 2015;22(3):192-8.

15. McGuffee SR, Smith DJ, Whitehouse I. Quantitative, genome-wide analysis of eukaryotic
replication initiation and termination. Mol Cell. 2013;50(1):123-35.

16. Hawkins M, Retkute R, Miiller CA, Saner N, Tanaka TU, de Moura AP, et al. High-resolution
replication profiles define the stochastic nature of genome replication initiation and termina-
tion. Cell Rep. 2013;5(4):1132-41.

17. Alver RC, Chadha GS, Blow JJ. The contribution of dormant origins to genome stability: from
cell biology to human genetics. DNA Repair (Amst). 2014;19:182-9.

18. Mclntosh D, Blow JJ. Dormant origins, the licensing checkpoint, and the response to replica-
tive stresses. Cold Spring Harb Perspect Biol. 2012;4(10):a012955.



19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Global and Local Regulation of Replication Origin Activity 119

Letessier A, Millot GA, Koundrioukoff S, Lachages AM, Vogt N, Hansen RS, et al. Cell-type-
specific replication initiation programs set fragility of the FRA3B fragile site. Nature.
2011;470(7332):120-3.

Yabuki N, Terashima H, Kitada K. Mapping of early firing origins on a replication profile of
budding yeast. Genes Cells. 2002;7(8):781-9.

Raghuraman MK, Winzeler EA, Collingwood D, Hunt S, Wodicka L, Conway A, et al.
Replication dynamics of the yeast genome. Science. 2001;294(5540):115-21.

Viggiani CJ, Knott SR, Aparicio OM. Genome-wide analysis of DNA synthesis by BrdU
immunoprecipitation on tiling microarrays (BrdU-IP-chip) in Saccharomyces cerevisiae. Cold
Spring Harb Protoc. 2010;2010(2):pdbprot5385.

Koren A, Soifer I, Barkai N. MRC1-dependent scaling of the budding yeast DNA replication
timing program. Genome Res. 2010a;20(6):781-90.

Miiller CA, Hawkins M, Retkute R, Malla S, Wilson R, Blythe MJ, et al. The dynamics of
genome replication using deep sequencing. Nucleic Acids Res. 2014;42(1), e3.

Gilbert DM. Evaluating genome-scale approaches to eukaryotic DNA replication. Nat Rev
Genet. 2010;11(10):673-84.

Alvino GM, Collingwood D, Murphy JM, Delrow J, Brewer BJ, Raghuraman MK. Replication
in hydroxyurea: it’s a matter of time. Mol Cell Biol. 2007;27(18):6396—406.

Crabbe L, Thomas A, Pantesco V, De Vos J, Pasero P, Lengronne A. Analysis of replication
profiles reveals key role of RFC-Ctf18 in yeast replication stress response. Nat Struct Mol
Biol. 2010;17(11):1391-7.

de Moura AP, Retkute R, Hawkins M, Nieduszynski CA. Mathematical modelling of whole
chromosome replication. Nucleic Acids Res. 2010;38(17):5623-33.

Yamashita M, Hori Y, Shinomiya T, Obuse C, Tsurimoto T, Yoshikawa H, et al. The efficiency
and timing of initiation of replication of multiple replicons of Saccharomyces cerevisiae chro-
mosome VI. Genes Cells. 1997;2:655-66.

Friedman KL, Brewer BJ, Fangman WL. Replication profile of Saccharomyces cerevisiae
chromosome VI. Genes Cells. 1997;2(11):667-78.

Rhind N. DNA replication timing: random thoughts about origin firing. Nat Cell Biol.
2006;8(12):1313-6.

Yang SC, Rhind N, Bechhoefer J. Modeling genome-wide replication kinetics reveals a mech-
anism for regulation of replication timing. Mol Syst Biol. 2010;6:404.

Sekedat MD, Fenyo D, Rogers RS, Tackett AJ, Aitchison JD, Chait BT. GINS motion reveals
replication fork progression is remarkably uniform throughout the yeast genome. Mol Syst
Biol. 2010;6:353.

Retkute R, Nieduszynski CA, de Moura A. Dynamics of DNA replication in yeast. Phys Rev
Lett. 2011;107(6):068103.

Retkute R, Nieduszynski CA, de Moura A. Mathematical modeling of genome replication.
Phys Rev E. 2012;86(3 Pt 1):031916.

Raghuraman MK, Brewer BJ. Molecular analysis of the replication program in unicellular
model organisms. Chromosome Res. 2010;18(1):19-34.

Donaldson AD, Fangman WL, Brewer BJ. Cdc7 is required throughout the yeast S phase to
activate replication origins. Genes Dev. 1998a;12(4):491-501.

Bousset K, Diffley JE. The Cdc7 protein kinase is required for origin firing during S phase
[published erratum appears in Genes Dev 1998 Apr 1;12(7):1072]. Genes Dev. 1998;12(4):
480-90.

Jackson LP, Reed SI, Haase SB. Distinct mechanisms control the stability of the related
S-phase cyclins Clb5 and Clb6. Mol Cell Biol. 2006;26(6):2456—66.

Gibson DG, Aparicio JG, Hu F, Aparicio OM. Diminished S-phase cyclin-dependent kinase
function elicits vital Rad53-dependent checkpoint responses in Saccharomyces cerevisiae.
Mol Cell Biol. 2004;24(23):10208-22.

Donaldson AD, Raghuraman MK, Friedman KL, Cross FR, Brewer BJ, Fangman WL. CLB5-
dependent activation of late replication origins in S. cerevisiae. Mol Cell. 1998b;2(2):
173-82.



120 C.A. Nieduszynski

42. Wu PY, Nurse P. Establishing the program of origin firing during S phase in fission Yeast. Cell.
2009;136(5):852-64.

43. Patel PK, Kommajosyula N, Rosebrock A, Bensimon A, Leatherwood J, Bechhoefer J, et al.
The Hsk1(Cdc7) replication kinase regulates origin efficiency. Mol Biol Cell. 2008;19(12):
5550-8.

44. Tanaka S, Nakato R, Katou Y, Shirahige K, Araki H. Origin association of Sld3, Sld7, and
Cdc45 proteins is a key step for determination of origin-firing timing. Curr Biol. 2011;21(24):
2055-63.

45. Mantiero D, Mackenzie A, Donaldson A, Zegerman P. Limiting replication initiation factors
execute the temporal programme of origin firing in budding yeast. EMBO J. 2011;30(23):
4805-14.

46. Yoshida K, Bacal J, Desmarais D, Padioleau I, Tsaponina O, Chabes A, et al. The histone
deacetylases sir2 and rpd3 act on ribosomal DNA to control the replication program in budding
yeast. Mol Cell. 2014;54(4):691-7.

47. Knott SR, Viggiani CJ, Tavare S, Aparicio OM. Genome-wide replication profiles indicate an
expansive role for Rpd3L in regulating replication initiation timing or efficiency, and reveal
genomic loci of Rpd3 function in Saccharomyces cerevisiae. Genes Dev. 2009;23(9):
1077-90.

48. Aparicio JG, Viggiani CJ, Gibson DG, Aparicio OM. The Rpd3-Sin3 histone deacetylase
regulates replication timing and enables intra-S origin control in Saccharomyces cerevisiae.
Mol Cell Biol. 2004;24(11):4769-80.

49. Goren A, Tabib A, Hecht M, Cedar H. DNA replication timing of the human beta-globin
domain is controlled by histone modification at the origin. Genes Dev. 2008;22(10):1319-24.

50. Aggarwal BD, Calvi BR. Chromatin regulates origin activity in Drosophila follicle cells.
Nature. 2004;430(6997):372-6.

51. Vogelauer M, Rubbi L, Lucas I, Brewer BJ, Grunstein M. Histone acetylation regulates the
time of replication origin firing. Mol Cell. 2002;10(5):1223-33.

52. Nieduszynski CA, Knox Y, Donaldson AD. Genome-wide identification of replication origins
in yeast by comparative genomics. Genes Dev. 2006;20(14):1874-9.

53. Kwan EX, Foss EJ, Tsuchiyama S, Alvino GM, Kruglyak L, Kaeberlein M, et al. A natural
polymorphism in rDNA replication origins links origin activation with calorie restriction and
lifespan. PLoS Genet. 2013;9(3):e1003329.

54. Peace JM, Ter-Zakarian A, Aparicio OM. Rifl regulates initiation timing of late replication
origins throughout the S. cerevisiae genome. PLoS One. 2014;9(5):¢98501.

55. Mattarocci S, Shyian M, Lemmens L, Damay P, Altintas DM, Shi T, et al. Rifl controls DNA
replication timing in yeast through the PP1 phosphatase Glc7. Cell Rep. 2014;7(1):62-9.

56. Hiraga S, Alvino GM, Chang F, Lian HY, Sridhar A, Kubota T, et al. Rif1 controls DNA rep-
lication by directing Protein Phosphatase 1 to reverse Cdc7-mediated phosphorylation of the
MCM complex. Genes Dev. 2014;28(4):372-83.

57. Dave A, Cooley C, Garg M, Bianchi A. Protein phosphatase 1 recruitment by Rifl regulates
DNA replication origin firing by counteracting DDK activity. Cell Rep. 2014;7(1):53-61.

58. Hayano M, Kanoh Y, Matsumoto S, Renard-Guillet C, Shirahige K, Masai H. Rifl is a global
regulator of timing of replication origin firing in fission yeast. Genes Dev. 2012;26(2):
137-50.

59. Shirahige K, Hori Y, Shiraishi K, Yamashita M, Takahashi K, Obuse C, et al. Regulation of
DNAreplication origins during cell-cycle progression. Nature. 1998;395(6702):618-21.

60. Gispan A, Carmi M, Barkai N. Checkpoint-independent scaling of the Saccharomyces cerevi-
siae DNA replication program. BMC Biol. 2014;12:79.

61. Looke M, Kristjuhan K, Varv S, Kristjuhan A. Chromatin-dependent and -independent regula-
tion of DNA replication origin activation in budding yeast. EMBO Rep. 2013;14(2):191-8.

62. Friedman KL, Diller JD, Ferguson BM, Nyland SV, Brewer BJ, Fangman WL. Multiple deter-
minants controlling activation of yeast replication origins late in S phase. Genes Dev.
1996;10(13):1595-607.



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

82.

Global and Local Regulation of Replication Origin Activity 121

Miiller CA, Nieduszynski CA. Conservation of replication timing reveals global and local
regulation of replication origin activity. Genome Res. 2012;22(10):1953-62.

Pohl TJ, Kolor K, Fangman WL, Brewer BJ, Raghuraman MK. A DNA sequence element that
advances replication origin activation time in Saccharomyces cerevisiae. G3 (Bethesda).
2013;3(11):1955-63.

Knott SR, Peace JM, Ostrow AZ, Gan Y, Rex AE, Viggiani CJ, et al. Forkhead transcription
factors establish origin timing and long-range clustering in S. cerevisiae. Cell. 2012;148(1-2):
99-111.

Natsume T, Miiller CA, Katou Y, Retkute R, Gierlinski M, Araki H, et al. Kinetochores coor-
dinate pericentromeric cohesion and early DNA replication by Cdc7-Dbf4 kinase recruitment.
Mol Cell. 2013;50(5):661-74.

Pohl TJ, Brewer BJ, Raghuraman MK. Functional centromeres determine the activation time
of pericentric origins of DNA replication in Saccharomyces cerevisiae. PLoS Genet.
2012;8(5):1002677.

Hoggard T, Shor E, Miiller CA, Nieduszynski CA, Fox CA. A link between ORC-origin bind-
ing mechanisms and origin activation time revealed in budding yeast. PLoS Genet.
2013;9:e1003798.

Belsky JA, MacAlpine HK, Lubelsky Y, Hartemink AJ, MacAlpine DM. Genome-wide chro-
matin footprinting reveals changes in replication origin architecture induced by pre-RC assem-
bly. Genes Dev. 2015;29(2):212-24.

Xu J, Yanagisawa Y, Tsankov AM, Hart C, Aoki K, Kommajosyula N, et al. Genome-wide
identification and characterization of replication origins by deep sequencing. Genome Biol.
2012;13(4):R27.

McCarroll RM, Fangman WL. Time of replication of yeast centromeres and telomeres. Cell.
1988;54(4):505-13.

Koren A, Tsai HJ, Tirosh I, Burrack LS, Barkai N, Berman J. Epigenetically-inherited centro-
mere and neocentromere DNA replicates earliest in s-phase. PLoS Genet. 2010b;6(8):e1001068.
Kim SM, Dubey DD, Huberman JA. Early-replicating heterochromatin. Genes Dev.
2003;17(3):330-5.

Tiengwe C, Marcello L, Farr H, Dickens N, Kelly S, Swiderski M, et al. Genome-wide analy-
sis reveals extensive functional interaction between DNA replication initiation and transcrip-
tion in the genome of Trypanosoma brucei. Cell Rep. 2012;2(1):185-97.

Ahmad K, Henikoff S. Centromeres are specialized replication domains in heterochromatin. J
Cell Biol. 2001;153(1):101-10.

Li PC, Chretien L, Cote J, Kelly TJ, Forsburg SL. S. pombe replication protein Cdc18 (Cdc6)
interacts with Swi6 (HP1) heterochromatin protein: region specific effects and replication tim-
ing in the centromere. Cell Cycle. 2011;10(2):323-36.

Hayashi MT, Takahashi TS, Nakagawa T, Nakayama J, Masukata H. The heterochromatin
protein Swi6/HP1 activates replication origins at the pericentromeric region and silent mating-
type locus. Nat Cell Biol. 2009;11(3):357-62.

Sridhar A, Kedziora S, Donaldson AD. At short telomeres Tell directs early replication and
phosphorylates Rifl. PLoS Genet. 2014;10(10):e1004691.

Cooley C, Dave A, Garg M, Bianchi A. Tel1 ATM dictates the replication timing of short yeast
telomeres. EMBO Rep. 2014;15(10):1093-101.

Ryba T, Hiratani I, Lu J, Itoh M, Kulik M, Zhang J, et al. Evolutionarily conserved replication
timing profiles predict long-range chromatin interactions and distinguish closely related cell
types. Genome Res. 2010;20(6):761-70.

Duan Z, Andronescu M, Schutz K, Mcllwain S, Kim YJ, Lee C, et al. A three-dimensional
model of the yeast genome. Nature. 2010;465(7296):363-7.

Saner N, Karschau J, Natsume T, Gierlinski M, Retkute R, Hawkins M, et al. Stochastic asso-
ciation of neighboring replicons creates replication factories in budding yeast. J Cell Biol.
2013;202(7):1001-12.



122 C.A. Nieduszynski

83. Kaykov A, Nurse P. The spatial and temporal organization of origin firing during the S-phase
of fission yeast. Genome Res. 2015;25(3):391-401.

84. Yaffe E, Farkash-Amar S, Polten A, Yakhini Z, Tanay A, Simon I. Comparative analysis of
DNA replication timing reveals conserved large-scale chromosomal architecture. PLoS Genet.
2010;6(7):1001011.

85. Di Rienzi SC, Lindstrom KC, Mann T, Noble WS, Raghuraman MK, Brewer BJ. Maintaining
replication origins in the face of genomic change. Genome Res. 2012;22(10):1940-52.

86. Bianchi A, Shore D. Early Replication of Short Telomeres in Budding Yeast. Cell.
2007;128(6):1051-62.

87. Cosgrove AJ, Nieduszynski CA, Donaldson AD. Ku complex controls the replication time of
DNA in telomere regions. Genes Dev. 2002;16(19):2485-90.

88. Dionne I, Wellinger RJ. Processing of telomeric DNA ends requires the passage of a replica-
tion fork. Nucleic Acids Res. 1998;26(23):5365-71.

89. Marcand S, Brevet V, Mann C, Gilson E. Cell cycle restriction of telomere elongation. Curr
Biol. 2000;10(8):487-90.

90. Zhang J, Xu F, Hashimshony T, Keshet I, Cedar H. Establishment of transcriptional compe-
tence in early and late S phase. Nature. 2002;420(6912):198-202.

91. Lande-Diner L, Zhang J, Cedar H. Shifts in replication timing actively affect histone acetyla-
tion during nucleosome reassembly. Mol Cell. 2009;34(6):767-74.

92. Sima J, Gilbert DM. Complex correlations: replication timing and mutational landscapes dur-
ing cancer and genome evolution. Curr Opin Genet Dev. 2014;25:93-100.

93. Woo YH, Li WH. DNA replication timing and selection shape the landscape of nucleotide
variation in cancer genomes. Nat Commun. 2012;3:1004.

94. Stamatoyannopoulos JA, Adzhubei I, Thurman RE, Kryukov GV, Mirkin SM, Sunyaev SR.
Human mutation rate associated with DNA replication timing. Nat Genet. 2009;41(4):393-5.

95. Agier N, Fischer G. The mutational profile of the yeast genome is shaped by replication. Mol
Biol Evol. 2012;29(3):905-13.

96. Lang GI, Murray AW. Mutation rates across budding yeast chromosome VI are correlated with
replication timing. Genome Biol Evol. 2011;3:799-811.

97. Weber CC, Pink CJ, Hurst LD. Late-replicating domains have higher divergence and diversity
in Drosophila melanogaster. Mol Biol Evol. 2012;29(2):873-82.

98. Brown CA, Murray AW, Verstrepen KJ. Rapid expansion and functional divergence of subtelo-
meric gene families in yeasts. Curr Biol. 2010;20(10):895-903.



Chapter 7
Sequence Determinants of Yeast
Replication Origins

M.K. Raghuraman and Ivan Liachko

Abstract The first 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 diversification 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 identification of the first eukaryotic replication origin,
computational identification of origins still escapes us in most eukaryotes, including
the well-studied Saccharomyces cerevisiae, where the first eukaryotic origin was
identified. 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 specifies
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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 fitness 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 identifies 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 efficiency of firing) 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 first eukaryotic replication origin was discov-
eredin 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 specific, with per-
haps many different origin sequences within any given species. An alternative
possibility was that origins weren’t sequence specific, 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 TRPI gene as an insert was able to transform trpl
mutant yeast cells to Trp+ with an efficiency 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 TRPI plasmid was maintained
episomally and therefore clearly was able to replicate as an autonomous genetic
element. Stinchcomb et al. surmised that the TRPI 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
ARSI [7]. As expected for a replication origin, this sequence acted in cis: in co-
transformation experiments, the sequence boosted the transformation efficiency
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

(13 2 . A VJ_‘ A A
‘A” element: T TTTA C GTTT T

* The ACS is necessary but not sufficient 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.

e 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 defining 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
ARSI [22] and a few other ARS sequences confirmed 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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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 ARS/ [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 Abflp are shown for ARS/21; note that the B3 element of
ARSI also is a binding site for Abflp, but the sites in ARS/2/ are not annotated as B elements
because they occur upstream of the T-rich strand of the ACS, unlike other known B elements

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 minichromosome maintenance component
of the replicative helicase, thereby establishing an initiation complex that is
“licensed” to fire [25, 26]. Other B elements occur as well, also 3’ of the T-rich
strand of the ACS. In ARSI, 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 ARSI 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 ARS] 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: first, 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 ARS/ and B4 in ARS305
(Fig. 7.1). In some instances, these elements are transcription factor-binding sites—
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e.g., the transcription factor Abf1, which took its name (ARS-binding factor /) from
its identification as a protein that binds to the B3 element in ARS/, binds to many
but not all ARS elements ([36] and references therein), and Rapl 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 specific interac-
tions with ORC and associated machinery; rather, they are thought to recruit chro-
matin modifiers or remodelers, which in turn alter the nucleosome environment to
promote origin activity [39]. Consistent with this idea is the observation that the
Raplp-binding site or the binding site for the Gal4p transcriptional activator can
functionally substitute for the Abflp site in ARSI [22].

ARS and Origin Mapping in the Genomic Era

Identification and fine-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 fission yeast
species Schizosaccharomyces pombe. Shortly after the turn of the millennium,
genome-wide replication studies in S. cerevisiae profiled various aspects of origin
function in the genome (Fig. 7.2; summarized in [41]). Replication profiles 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

S. cerevisiae chromosome X

100 e o e e | LI IR S b

o . e . . s . .. e N - . . T
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o

% replication,
(ones 15/S) YNASS

Coordinate (kb)

Fig.7.2 Replication profiling: 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 efficiency
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 first half of S phase [45]. Likewise, mapping of single-stranded
DNA associated with replication forks in the presence of HU in rad53 checkpoint-
deficient 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 profiling 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 efficiency, 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 firing efficiency
[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 firing effi-
ciency (Fig. 7.2). The premise is that for an origin that has an efficiency 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 %
efficient would include Okazaki fragments corresponding to both strands on its
flanks; the proportion of Watson- vs. Crick-strand Okazaki fragments can be related
to the percent efficiency 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 “naive” 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 identification 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. [S1] 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 sufficient to produce islands of
sequence identity in the otherwise divergent intergenic regions. As proof of their
findings they performed ARS assays on a few hundred predicted S. cerevisiae ori-
gins. Their work expanded and refined 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 identification 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 identifies 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 profiling methods outlined above. Additionally, since most
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Fig. 7.3 High-throughput identification 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 identified 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). Flank ARS-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 identifies 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. (¢) Interpretation of MutARS-seq for the A and B1 elements of ARS! 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
define 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 finally
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-
1ARS 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
modified 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 ARS! 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 ARS! 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 ARS! inserts that had two or more
mutations revealed epistatic interactions that previously would have been difficult
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 ARS! fragment [52].
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4. Fourth is flankARS-seq (Fig. 7.3). Additional variations on the ARS assay can be
applied to further dissect the structure of ACS-flanking 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-specific 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 phaffii) 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 profiling 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
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Fig. 7.4 Replication map for L. waltii chromosome I. Density transfer replication profiling (pur-
ple), ssDNA mapping (green), and ARS-seq (orange) mapping of ARS elements are shown. Peaks
in the density transfer profile indicate the locations of origins; taller peaks are earlier replicating.
Peaks in the ssDNA map indicate early-firing origins. Notice that peaks in the two replication
assays are centered on ARSs identified 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 flanking elements likely contribute to the overlap-
ping species specificities. 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
specificity 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 sufficient for ARS function, and genomic ARS loca-
tions can therefore be predicted computationally with high accuracy [49].
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Going further afield, origins in the fission yeast S. pombe consist of A/T-rich
sequences called AT islands, originally defined 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 five 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. phaffii). 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) confirmed 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 fires significantly later in S phase (or is significantly less efficient
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 Hsfl. The fact that P. pastoris
has four homologs of Hsfl 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 firing 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 Hsfl 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 diversification 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 influencing the ability of the
origin to function, perhaps by limiting its accessibility to initiation factors. Early
studies on the chromatin structure of ARSI had in fact pointed to this possibility.
Mapping of chromatin at ARSI detected a nucleosome-free region over the core
ARS sequence and a set of phased nucleosomes flanking 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 a2 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 influenced by its chromosomal context.

The generality of the nucleosome-free nature of the core ARS/ 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 flanked 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 flanking 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 profiles
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 flanked by well-positioned nucleo-
somes, such an arrangement was much less clear at AT-ARSs, again underscoring
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Fig. 7.6 Nucleosome profiling of ARSs. (a) Nucleosome density profiles centered around ACS
elements (position 0) that map to confirmed 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, ¢) Similar plots for CG-rich and AT-rich ARS elements in P. pastoris.
Based on [55]

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-
fied as “DNA dependent” or “chromatin dependent.” The former category com-
prised origins whose relative ORC binding affinity 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 classification revealed a
hitherto unsuspected correlation: the chromatin-dependent group was enriched for
origins that fire 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 field will make inroads
into understanding the interaction of ORC with origin sequences in the context of
chromatin.
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Concluding Thoughts

Some 35+ years after the identification of the first 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 profile 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 defined 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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