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Abstract

In S. cerevisiae initiation of replication occurs from discrete sites in the genome, known as
origins and these display a characteristic temporal profile of activation during S phase of the
cell cycle. The genomic context of origins has been demonstrated to be important to determine
the time of firing, more specifically histone acetylation levels surrounding origins can influence
their activation time. How increased acetylation is translated into earlier firing of specific origins
is currently unknown.

Bromodomains are known to bind acetylated histones in vivo. The bromodomain-containing
Yta7p has been identified in a complex with various remodelers of chromatin and subunits of
DNA polymerase €. It is also a target of cell cycle and checkpoint kinases. Therefore, Yta7p
makes an excellent candidate to bind acetylated histones surrounding replication origins and
affect an alteration in the chromatin structure that could influence time of firing.

Deletion of the histone deacetylase RPDS3 results in a rapid S phase phenotype due to
increased histone acetylation at “late-firing” origins. Increased acetylation at “late” origins
leads to an advance in the time of firing of those specific origins. The aim of this study was to
investigate the hypothesis that the bromodomain-containing protein Yta7p binds to histones
with increased acetylation near to replication origins and subsequently influences origin firing.
Hence, deletion of YTA7 would abolish the rapid S phase of a Arpd3 strain. Indeed the S
phase of the Arpd3Ayta7 strain was reverted to WT duration. A role for Yta7p in DNA
replication is also inferred by two additional lines of evidence presented in this thesis. Synthetic
growth defects are evident when YTA7 and RPDS deletion is combined with mutation of a
third replication protein. In addition, Arpd3Ayta7 mutants are sensitive to HU, which is a
phenotype shared by many strains with deletions in genes that encode proteins involved in
DNA replication.

Evidence to support a direct role of Yta7p in DNA replication events is provided by iden-
tification of an S phase specific binding of Yta7p to replication origins. Moreover, levels of
Yta7p bound to early-firing origins are increased compared with their later-firing counterparts.
Levels of Yta7p that are bound to “late-firing” origins are only increased in conditions of RPD3
deletion, where the resulting increase in histone acetylation at the “late-firing” origins is as-
sociated with advanced time of firing. Time of Yta7p binding at these “late” origins is also
advanced concomitantly. This data supports the hypothesis that Yta7p provides a functional
link between histone acetylation and time of origin activation.

In searching for a specific replication linked function of Yta7p it was observed that recruit-
ment of the FACT subunit Spt16p to replication origins was increased in conditions of YTA7
deletion. A second function for Yta7p in the S phase checkpoint was also demonstrated and
the two roles of Yta7p, in DNA replication and S phase checkpoint, were separated depending
upon their requirement for the bromodomain.

The data produced in this thesis adds to our knowledge of DNA replication events and
highlights the importance of histone modifications and chromatin remodeling to the replication
field. This thesis describes the direct involvement of a protein, which was previously unassoci-
ated, with DNA replication and S phase checkpoint function and provides good ground work
for future investigation.
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Chapter 1

Introduction

1.1 DNA Replication

Duplication of the genome is one of the most fundamental and vital processes for any organism.
From single cell prokaryotes to multi cellular mammals, the process has to be performed with
both exceptional accuracy and within the time constraints imposed by S phase length. In
bacteria, duplication begins at one single point: the replication origin. This efficient system
allows the entire genome to be copied only once, in a temporally linear fashion, by two diverging
replication forks that terminate upon contact with a specific sequence [Messer, 1987]. Owing to
the larger size and complex packaging of its genome, DNA replication in eukaryotes is adapted
to perform the same function on a much larger scale. Replication in eukaryotes is achieved via
the use of multiple origins of replication spread throughout the genome.

The eukaryotic cell cycle is composed of four stages: G1, S, G2 and M phase. DNA replication
occurs during S (synthesis) phase, but control of replication is not limited to this phase (as
reviewed in [Toone et al., 1997]). Each replication origin has to be regulated so that it fires
only once per cell cycle. This regulation prevents over replication of the genome and regulation
is accomplished by events in various stages of the cell cycle. In addition, replication origins are
exposed to extra layers of control that act within S phase to regulate the temporal programme of
origin firing, reviewed in [Weinreich et al., 2004]. Only a subset of replication origins are active
during any given S phase [Santocanale and Diffley, 1996]. In fact, it is possible to characterise
origins as efficient or inefficient; the characterisation will depend upon the percentage of cell
cycles in which the origins are active. Origins that do not activate are known as dormant. In
addition, only a subset of origins activate at a given time in S phase and, subsequently, only a
subset of replication forks are present at a particular moment. Origins can also be characterised
as “early” or “late-firing” depending upon the time within S phase that they become active.
Replication progression and DNA damage are also monitored by the cell, and S phase checkpoint
activation affects the activation of some replication origins and the stability of stalled replication

forks, reviewed in [Branzei and Foiani, 2005]. Many of the proteins and complexes involved in
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DNA replication have been well characterised, and the pathways in which they are involved
have been intensely investigated; refer to [Bell and Dutta, 2002] for review. However, there is
still a lot to be understood; specifically, within the topic of temporal regulation of replication

origins there have been recent advances, but much remains unexplained.

1.2 DNA Replication in S. cerevisiae

Most of what we know about the actual mechanism of DNA replication in eukaryotes we have
learned via the use of the budding yeast Saccharomyces cerevisiae (S. cerevisiae). This model
system has proven to be an exceptionally useful tool. It is more easily manipulated than
most available experimental systems, with the deletion of non lethal genes a relatively simple
process. Also, most of the replication protein complexes and their mechanisms of action are
conserved from yeast to mammals. Therefore, S. cerevisiae can function to provide a simplistic
model, with which we hope to decipher more complex mechanisms of higher eukaryotes in the
future. An excellent aspect of using S. cerevisiae is that we can take advantage of the wealth
of information already available to enable the study of how the mechanisms of DNA replication

are controlled.

1.2.1 Pre-replication Complex

In S. cerevisiae replication origins were identified originally as specific sequences that pos-
sessed the ability to replicate a plasmid inside a cell [Stinchcomb et al., 1979], hence the name
Autonomously Replicating Sequence (ARS). Within the ARS there is a highly conserved se-
quence known as the ARS Consensus Sequence (ACS), which consists of 11 base pairs that
act as the binding site of the Origin Recognition Complex (ORC) [Bell and Stillman, 1992].
ORC is a complex of six proteins that remains bound to the ACS throughout the cell cy-
cle [Donaldson and Blow, 1999] and represents the “building block” for formation of the Pre
replicative complex [Bell and Dutta, 2002].

During G1 phase of the cell cycle the recruitment of Cdtlp and Cdc6p to ORC bound
origins enables the MCM2-7 complex to be loaded (reviewed in [Takeda and Dutta, 2005]).
Cdtlp is required for localization of MCM2-7 to the nucleus in G1 [Diffley, 2004]. Cdc6p, an
AAA+ ATPase, stabilizes ORC binding to origins and is responsible for the ATP dependent
loading of MCM2-7 [Harvey and Newport, 2003], [Tye, 1999]. The heterohexameric MCM2-7
complex is the putative DNA helicase, which will facilitate DNA unwinding to allow replication
to begin [Kanter et al., 2008], [Bochman and Schwacha, 2008]. The PreRC (Pre-replication
complex) defines sites of potential replication activation. The process of origin firing and DNA
unwinding, however, requires a subsequent set of proteins that bind in a regulated manner at
each individual origin; refer to Fig. 1.1. Only once these additional proteins are bound can an

origin that is “licensed” for replication by the presence of the PreRC become an active origin.
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1.2.2 Replication Complex - Initiation

In order to initiate, an origin requires the binding of multiple proteins after the PreRC is formed.
The main functions of these replication complex proteins are to uncouple MCM2-7 from the
PreRC, to promote unwinding of the DNA and to load the replicative polymerases. These three
functions allow replication to begin and facilitate the progression of the replicative machinery
along the fork. The proteins identified thus far, which are required for these functions, include:
Mcm10p, Cdedbp, Sld2p, Sld3p, Dpbllp, RPA and the GINS complex. The known functions
of these proteins are summarised in Table 1.1. Only once all of these factors are assembled
can an origin initiate. Although the exact order of loading and absolute functions of these
proteins remain unknown, it has been demonstrated that time of binding of Cdc45p has a
direct correlation with time of origin firing [Aparicio et al., 1999].

All of these proteins assemble at origins in S phase in an inter-dependent manner. For
instance, Cdc45p is required for the binding of polymerases a and e, whilst loading and
function of Cdc4bp requires interaction with RPA, MCM2-7 complex and CDK phospho-
rylated Sld3p. Dbpllp physically interacts with phosphorylated Sld2p and phosphorylated
Sld3p [Zegerman and Diffley, 2007], in addition to DNA polymerase e. Association of Dpbl1lp
with the origin is co-dependent with all three of these proteins, in addition to RPA. Co-operation
between Cdc45p and Dpbllp is also dependent on GINS. GINS, Cdc45p and MCM2-7 have
been identified as a complex in a variety of organisms and formation of this complex in humans
is dependent on Mcm10p [Im et al., 2009]. GINS has also been shown to complex with, and
enhance the activity of, DNA polymerase € in vitro [Seki et al., 2006].

1.2.3 Regulation of Initiation by CDK and DDK Activity

CDK is composed of the catalytic subunit Cdklp and its regulatory cyclins. The phospho-
rylation activity and substrate specificity of Cdklp is regulated throughout the cell cycle by
controlling transcription levels of its cyclins. The G1 phase cyclins are Clnlp, Cln2p and Cln3p,
while the main S phase cyclins are Clb5p and Clb6p and the mitotic cyclins are Clbslp-4p.
The cyclins promote different functions for CDK. The G1 cyclins are responsible for progress
through START (the point at which a cell is committed to entering a new cell cycle), tran-
scription of the Clb5p and Clb6p genes and degradation of the CyclinB(Clb)-CDK inhibitor
Siclp, as reviewed in [Cross, 1995]. Following START many processes begin; these processes
include activation of G1 transcription machinery, spindle pole body duplication, bud emer-
gence [Lew and Reed, 1993], DNA replication and growth (reviewed in [Toone et al., 1997]).
The S phase cyclins are responsible for replication origin activation [Early et al., 2004].
Regulation of the assembly of the initiation proteins by CLB-CDK phosphorylation of Sld2p
and Sld3p, as per Fig. 1.1, limits replication to S phase when CLB-CDK levels are high and
the PreRC has been previously formed. At the same time, high levels of CLB-CDK prevent
PreRC assembly and, therefore, guarantee that a replication origin is activated only once per

cell cycle. CLB-CDK uses several redundant pathways to prevent PreRC formation, demon-
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Protein/complex Known Functions

Mcm10p Required for replication initiation, potentially
through anchoring and then subsequent release
of MCM2-7 from origins [Homesley et al., 2000].
Involved in replication elongation through ori-
gins. Required for DNA polymerase « sta-
bility and co-ordination of DNA polymerase «
and MCM2-7 association [Ricke and Bielinsky, 2004]
[Warren et al., 2009].

Cdc45p Time of assembly at origins coincides with time of
firing. Required for loading of DNA polymerases at
origins [Aparicio et al., 1999]. Possible role in repli-
cation elongation as Cdc45p moves with the replica-
tion fork [Aparicio et al., 1997].

GINS Complex of subunits: Sld5p, Psflp, Psf2p
and Psf3p. Genetic interaction with DPBI11
and SLDS3.  Required for replication initiation
[Takayama et al., 2003].  Complexes with Cdc45p
and MCM2-7 and is required for their interaction
[Gambus et al., 2006] [Labib and Gambus, 2007].

S1d2p Target of CDK. Phosphorylation induces binding
to Dpbllp BRCT (3 & 4) domain and this is re-
quired for initiation to occur [Masumoto et al., 2002]
[Zegerman and Diffley, 2007].

Sld3p Target of CDK. Forms complex with Cdc45p
when phosphorylated and both associate with
origins in a mutually dependent manner. In-
teracts with Dpbllp BRCT (1 & 2) domain
when  phosphorylated [Kamimura et al., 2001]
[Zegerman and Diffley, 2007].

RPA Coats and stabilises single stranded DNA and
promotes unwinding of DNA helix (reviewed in
[Takeda and Dutta, 2005]).

Dpbllp Complexes with DNA Polymerase ¢ at origins
and is required for DNA polymerase a association
[Masumoto et al., 2000].

DNA polymerase «  Synthesises primer required for both leading and
lagging strand DNA replication, reviewed in
[Burgers, 1998|.

DNA polymerases 0 Leading and lagging strand DNA synthesis, reviewed

and € in [Burgers, 1998].

Table 1.1: Known components of the replication complex.

4
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ORC Throughout cell cycle

E— ACS E—

G1 Phase

Pre-replicative
complex

Origin is “licensed”

Cdc7/Dbf4

S Phase
| Replication complex

formation

Activ rigin

Figure 1.1: Transition from PreRC assembly to initiation; the major players.
Adapted from [Takeda and Dutta, 2005]. Line 1 - Black line is DNA, green box is the ACS
and blue oval is ORC. Line 2 - Proteins that bind in G1 phase - double grey oval is MCM2-7
complex, yellow circle is Cdc6p and purple circle is Cdtlp. Line 3 - Proteins that bind in S
phase - pink oval is GINS complex, red rectangle is Cdc45p, blue rectangle is Dpbl1lp orange
circles are Sld2p and Sld3p and P is phosphorylation. CDK and Cdc7p/Dbf4p are kinases that
are required for S phase progression. Line 4 - Active origin - small blue circles are RPA. All
other proteins as per line 3. Some of the proteins will remain bound and will be the basis of
the replicative fork.
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strating the importance of this mechanism to the cell. CLB-CDK promotes degradation of
Cdcbp, relocalisation of Cdtlp and unbound MCM2-7 outside of the nucleus and phosphory-
lates ORC, all to prevent further PreRC formation until CLB-CDK is degraded in the M/G1
transition [Mimura et al., 2004], [Nguyen et al., 2001], [Tanaka and Diffley, 2002]. Additional
levels of control of PreRC formation have been identified in Xenopus laevis and mammalian
cells. Geminin was identified to inhibit loading of the MCM2-7 complex in higher eukary-
otes [McGarry and Kirschner, 1998]. ORC also behaves differently in mammalian cells as it
does not remain bound to replication origins that have fired, as is suggested for S. cerevisiae.
ORC1 in mammals is released after its affinity for chromatin is decreased and then the free
ORCI1 is targeted for ubiquitination [DePamphilis, 2003].

A second regulator that acts at the level of the individual origin is the Dbf4p dependent kinase
(DDK), Cdc7p, reviewed in [Duncker and Brown, 2003]. Cdc7p activity is regulated by Dbfdp,
whose levels peak during S phase. Once bound and activated at an origin, it has been shown
that Cdc7p phosphorylates MCM2-7 and is likely to promote the helicase activity of MCM2-7
and allow DNA unwinding [Lei et al., 1997]. It is also possible that DDK allows the association
of Cdedbp with MCM2-7 at the time of initiation, reviewed in [Takeda and Dutta, 2005].

1.2.4 The Replication Fork

The replicative complex includes the DNA polymerases, which function in co- operation with
a number of different proteins at the replication fork to duplicate both strands of DNA. Some
additional components of the replicative complex such as MCM2-7 and Cdc45p have been shown
to migrate with the fork [Aparicio et al., 1997], but the replisome (entire complex of proteins
required for replication) consists of many more proteins.

Much of the original information that is available about the replication fork came from
studies that used an in vitro SV40 system in mammalian cells [Li and Kelly, 1984]. Many of
the eukaryotic proteins involved were subsequently confirmed through continued use of the SV40
system and yeast genetic studies [Waga and Stillman, 1994]. The main proteins identified so
far are summarized in Table 1.2.

As reviewed in [Waga and Stillman, 1998], a simplistic model requires loading of the DNA
polymerase clamp PCNA by the ATPase RFC. PCNA allows greater processivity of the poly-
merases by stabilizing their presence at the fork. DNA polymerase « is the primase that
generates the RNA:DNA primer to initate replication, however its limited processivity and
proof reading ability make it necessary to switch the polymerase once the primer is in place.
For the leading strand it is suggested DNA polymerase € could be the main DNA polymerase
in yeast [Burgers, 2009]. Polymerase switching allows replication of the leading strand in a
processive fashion.

Owing to the sole 5" to 3’ polymerase activity, replication of the lagging strand is a more
complicated process and this strand has to be duplicated in small Okazaki fragments. Resolution
of these fragments requires the additional action of Fenlp and DNA ligase I. DNA polymerase
0 is the polymerase suggested to function in lagging strand synthesis [Burgers, 2009]. As DNA
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Protein/complex Known Functions

MCM2-7 Unwinds DNA at replication fork.

DNA polymerase « Synthesis of RNA:DNA primer at leading and lagging
/primase strands.

DNA polymerase § and
DNA polymerase €
PCNA

Replication Factor C
Replication Protein A

Fenlp

DNA ligase I
DNA topoisomerases

Elongation of primers at the leading and lagging
strands.

Processivity factor for DNA polymerase 0 and DNA
polymerase €.

Loading of PCNA, polymerase switching.
Protection of single stranded DNA, fidelity clamp for
DNA polymerase a/primase.

Cleavage of RNA:DNA flap structures at the lagging
strand.

Ligation of DNA pieces.

Removal of DNA topological constraints during repli-

cation.

Table 1.2: Replication fork proteins. Adapted from [Toueille and Hubscher, 2004].

polymerase & proceeds along the DNA at the fork it displaces the RNA:DNA primer left by the
previous Okazaki fragment. The resulting flap is cleaved by Fenlp, the gap processed by DNA
polymerase 0 and the DNA ligated by DNA ligase I, resulting in a single long DNA molecule;
Fig. 1.2.

1.2.5 The Intra S phase Checkpoint

A checkpoint is a monitoring/control mechanism that prevents an event in the cell cycle from
occurring if a pre-required event has not completed successfully. The term checkpoint was orig-
inally defined by [Hartwell and Weinert, 1989] as “control mechanisms enforcing dependency in
the cell cycle” and the function of checkpoints is “to ensure the completion of early events before
late events begin”. The experiment that supported this original concept of a checkpoint came
from studies of rad9 mutant cells. WT cells that are irradiated in S or G2 phase of the cell cycle
arrest in G2 to allow for DNA repair. However, rad9 mutant cells fail to arrest and continue
through consecutive cell cycles until cell death occurs. This result indicates that RAD9 behaves
as a checkpoint signal [Weinert and Hartwell, 1988]. This role for RAD9 as a checkpoint gene
rather than a gene involved in DNA repair was further supported by an experiment where the
G2 checkpoint was mimicked in a rad9 strain, by using a microtubule poison. Allowing the cell
to delay G2 increased cell viability in this strain [Weinert and Hartwell, 1988].

There are several different checkpoints active throughout the cell cycle in addition to the

G2 checkpoint. One such checkpoint is active during S phase. The intra-S phase checkpoint
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Figure 1.2: Eukaryotic replication fork machinery. Figure taken from www.biochem.
wustl.edu/~burgersw3/Replication.html (December 2009). Black line is DNA, brown tri-
angle is MCM2-7 complex plus Cdc45p plus GINS complex plus Mcm10p, green loop is PCNA,
red egg shape is polymerase «, blue egg shape is polymerase 4, green egg shape is polymerase
€, grey circles are RPA, red wave is RNA primer, yellow spoon shape is Fenlp and red spoon
is DNA ligase.
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monitors replication and acts to stall the cell cycle and allow time for repair when damage
is detected or under conditions of replicative stress. Omne particular pathway of the check-
point responds when cells are treated with hydroxyurea (HU); refer to Fig. 1.3. As reviewed
in [Branzei and Foiani, 2005], HU depletes the cellular ANTP pool and causes replication fork
stalling. Fork stalling results in RPA coated single stranded DNA, which is the proposed signal
for recruitment of the effector kinase Meclp. The increased RPA levels cause binding of Ddc2p,
which brings Meclp to the site of stalling. Meclp allows stable association of Cdc45p and
the polymerases at the fork [Cobb et al., 2003]. Meclp also phosphorylates Mrclp, which, in
turn, binds to Rad53p and reveals a phosphorylation site to Meclp. Initial phosphorylation of
Rad53p by Meclp allows subsequent autophosphorylation by Rad53p to amplify the signal.

Phosphorylation of Radb3p results in four major outcomes.  Through downstream
effectors Radb3p acts to stabilise the forks, arrest the cell cycle (preventing entry
into mitosis), prevent recombination events at the stalled fork and severely delay fir-
ing of late-activating origins, reviewed in [Branzei and Foiani, 2006].  Additional roles
in regulating histone protein levels and chromatin structure have also been inferred for
Rad53p [Dohrmann and Sclafani, 2006], [Gunjan and Verreault, 2003].

One of the effects of Rad53p phosphorylation is to delay late-firing origin activation via the
dissociation from chromatin and binding of Dbf4p so that Cdc7p is no longer recruited to these
origins. The binding of Rad53p to Dbfdp could act to alter Dbf4p, or simply sequester it. It has
been demonstrated that the same N terminal domain of Dbf4p binds either Rad53p or ORC
alternatively and that over expression of DBF/ abates the prevention of late origin firing by
Rad53p when cells are treated with HU [Duncker et al., 2002]. The role of Cdc7p-Dbf4p is also
conserved in mammalian cells in the S phase checkpoint [Kim et al., 2003].

Another effect of checkpoint activation is fork stabilisation. Mrclp, in addition to Toflp, is
already localised at the replication fork and, once activated, these proteins may stabilise the
MCM2-7 complex and Cdc45p to prevent collapse. This will eventually allow replication to con-
tinue once the block to replication is inactivated [Katou et al., 2003], [Nedelcheva et al., 2005].
Mrclp, Csm3p and Toflp are presumed to act as a bridge to regulate the progression of DNA
unwinding with DNA synthesis. When treated with HU, mrci and tofl mutant cells dis-
play a mis-localisation of the replication fork proteins away from sites of DNA replication.
If the sites of DNA synthesis are monitored by BrdU incorporation, the replication fork pro-
teins can be monitored by ChIP-chip in HU to be a number of kbp away from the regions
of synthesis [Katou et al., 2003]. This result suggests that the replisome is not paused cor-
rectly at the site where synthesis was arrested. The result is that mrcl mutants are unable
to recover from checkpoint activation. tof! mutants, however, possess a better recovery when
compared with mrcl, attributed to the fact that they maintain the ability to activate some
late-firing origins [Tourriere et al., 2005]. Therefore, for cells that are unable to restart stalled
replication forks, the use of late-firing origins becomes essential to enable complete replica-
tion [Tourriere and Pasero, 2007]. A requirement to activate additional origins has been noted

in human cells, where in response to continued exposure to HU dormant origins activate to
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ORC

\ Stalled
Replication Fork

Replicative
Complex

ORC
— Recruitment of
ACS “mediator” Mecl
Activation of the

checkpoint kinase

S phase arrest
Stabilised replication forks

Delayed activation of late firing
origins

Genomic stability

Figure 1.3: S phase response to stalled replication forks. This response is ini-
tiated when cells are treated with the ribonucleotide reductase inhibitor HU. Adapted
from [Longhese et al., 2003]. Line 1 - green rectangle is ACS, blue circle is ORC, black line
is DNA, small blue circles are RPA. Stalled replication forks should maintain association of
replicative complex (hexagon) and both Toflp (pink triangle) and Mrclp (green triangle). Line
2 - pink diamond is Meclp, green triangles are Ddc2p and Mrclp, black P is phosphorylation.
Line 3 - blue rectangle is checkpoint kinase Rad53p, black P is phosphorylation.
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compensate for stalled forks. Decreasing the amount of MCM2-7 complex available for loading
at dormant origins results in slower replication rates and decreased viability [Ge et al., 2007].

A further protein that is proposed to have a role in both efficient activation of the S phase
checkpoint and stabilisation of the resulting stalled replication forks is the Sgslp helicase. Sgslp
binds to and stimulates phosphorylation of Rad53p and is required for stabilisation of DNA
polymerase € at stalled replication forks [Bjergbaek et al., 2005].

1.2.6 Fork Pausing, Replication Termination and Repli-
cation of Telomeres

In addition to their role in the S phase checkpoint, it is suggested that Mrclp and Toflp
have an independent role in replication fork progression in an unchallenged S phase. Both
proteins were found to co-purify with members of the MCM2-7 complex in cells that were
not exposed to HU and were identified by ChIP-Chip at sites of active DNA replication
[Nedelcheva et al., 2005], [Katou et al., 2003]. Deletion of MRC1 also resulted in slower repli-
cation fork progression through chromatin in an unchallenged S phase [Szyjka et al., 2005].

In addition to the fork stalling that is induced by checkpoint activation, replication forks
also pause at specific sites in the genome even when not subject to DNA damage or ANTP
depletion. Examples include forks that encounter bound proteins or chromatin or transcrip-
tional machinery. One such site of highly active transcription is the rDNA cluster, where
a specialised mechanism of replication control is employed. In this region of rDNA repeats,
replication proceeds in a largely unidirectional manner due to the presence of the Replication
Fork Barrier (RFB), which is the binding site of Foblp; refer to Fig. 1.4. Replication initiates
from the replication origin present in each repeat unit. The fork travelling to the left repli-
cates the small 5S subunit of the rRNA gene in the same direction as transcription until it
reaches the barrier. The fork travelling to the right replicates the much larger 35S subunit,
also in the same direction as transcription, until it reaches the subsequent barrier, reviewed
in [Labib and Hodgson, 2007]. The Toflp-Csm3p complex is required for correct function of
the barriers, which are thought to be essential for homologous recombination and sustainabil-
ity of the rDNA locus [Tourriere and Pasero, 2007]. Whilst deletion of TOFI does not affect
replication fork rates, as is the case for mrc1A, it does result in loss of replication fork barrier
function [Hodgson et al., 2007].

Deletion of SGS1 results in an increased accumulation of replication forks at the barrier
when compared to WT [Weitao et al., 2003]. Hence, the Sgslp helicase also acts at the RFB
to resolve or stabilise paused replication forks. An additional helicase Rrm3p is required for
replication through all pause sites and for replication at the telomeres [Azvolinsky et al., 2006].

When there are no RFBs present, as is the case for most of the genome, replication of
a specific region terminates when two opposing forks collide. This mechanism serves as a
check that all of the DNA between two active replication origins has been replicated com-

pletely [Santamaria et al., 2000]. However, one notable exception would be replication at
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RFBE

Figure 1.4: DNA replication at the specialised rDNA repeat locus. Direction of
replication is indicated by blue arrows, direction of transcription by brown arrows, replication
origins are represented by grey circles and RFB by green squares. Black line is DNA. DNA
replication forks proceed in both directions from the replication origin but the forks are stalled
at the RFB, so that replication proceeds largely in the direction of transcription of the 35S
subunit gene. Adapted from [Labib and Hodgson, 2007].

the telomeres where the fork would replicate DNA until it reached the TG telomere tract.
Replication of the telomeres is thought to be a passive event because although replication
origins are found within the subtelomeric regions, they are rarely activated or they acti-
vate very late in S phase [Stevenson and Gottschling, 1996], [Stevenson and Gottschling, 1999].
The TG tract is maintained separately through the action of telomerase, but it has been
suggested that maintenance of telomeres by telomerase is dependent upon DNA replica-
tion. [Dionne and Wellinger, 1998].

1.3 Mapping Replication Origins in S. cere-
vistae
Since the initial identification of certain sequences that were capable of sustaining plasmids
in yeast ( [Stinchcomb et al., 1979]), and the further identification of the ACS, experiments
to map the precise locations of all the S. cerevisiae replication origins have been undertaken.
Replication origins are much harder to detect in other eukaryotes as the sequence specificity
of the S. cerevisiae ACS has not been identified outside of this system. Even in S. cerevisiae,
not all regions that contain an ACS or bind ORC will function as active replication origins in
their chromosomal context [Santocanale and Diffley, 1996]. Further experiments to character-

ize replication origins in vivo have greatly increased our current knowledge regarding active

replication origin location.
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Original experiments relied on the use of 2D gel electrophoresis [Huberman et al., 1987],
[Brewer and Fangman, 1987] to detect physical structures corresponding to replication in-
termediates. =~ This technique had the advantage of detecting both structures result-
ing from an active origin and also structures corresponding to elongating replication
forks [Fangman and Brewer, 1991]. However, 2D gel electrophoresis is limited by having to
test individually small regions of the genome, corresponding to multiple restriction fragments.
In addition, not all regions that contain an ACS function as origins, hence to choose a region
with an active origin based on ACS sequence is difficult. The active origin also requires addi-
tional sequence elements known as the B and C elements (A being the ACS and its immediate
flanking sequence) [Toone et al., 1997].

More recent studies have used whole genome approaches to identify replication origins. Micro
array based assays [Raghuraman et al., 2001], [Yabuki et al., 2002] or Chromatin Immunopre-
cipitation (ChIP) of MCM2-7 and ORC [Wyrick et al., 2001] led to the acquirement of huge
amounts of data that culminated in the computationally led identification of 228 replication
origins [Nieduszynski et al., 2006]. The location of these origins can be found on the SGD
and oriDB [Nieduszynski et al., 2007] databases at www.yeastgenome.org and www.oridb.org
respectively.

These studies led not only to the mapping of replication origins, but also provided information

on the efficiency and time of activation of origins.

1.4 Factors that Determine Time of Replication
Origin Firing

The ARS sequence is present in abundance throughout the S. cerevisiae genome, but only
a subset of origins that assemble a PreRC will fire during a cell cycle. Not only will some
(inefficient) origins not fire every cell cycle, but there is a temporal program controlling the
order of initiation for the ones that do fire [Raghuraman et al., 2001]; refer to Fig. 1.5 for an
example of time of replication across a chromosome. There are two proposals to explain this
temporal programme, as reviewed in [Rhind, 2006]. The first proposal is based upon the concept
that each origin has a pre-determined time of firing in S phase and that a certain origin will
always fire at a given time in relation to the others. There would be a mechanism that “marks
out” origins for activation prior to S phase and their order of activation will be strictly guided
by this mechanism. The second proposal offers a more probabilistic model and suggests that
each origin has a certain efficiency (that is, a high or low probability to fire) based upon some
intrinsic value (for example it has a location that favours access of the replication machinery).
Each origin activates randomly and those with a low probability to fire will either be late to
activate, or never will. For example, if there were two neighbouring origins but owing to some
intrinsic property one was more efficient than the other, the low probability origin would have

a higher chance to be passively replicated by the fork of its neighbour. As the fork replicates
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Figure 1.5: Replication profile of chromosome six as an example of regulated timing.
Figure taken from [Raghuraman et al., 2001]. X axis is the co-ordinate along S. cerevisiae
chromosome six in kilobase pairs and the circle is the centromere. Y axis is the time of half
maximal replication in minutes. Grey bars represent known ARS’s and the four with black
triangles above them are used in more than 50 percent of cell cycles. Black boxes are origins
used later in this study and show the locations of ARS603, ARS607 and the TELVI region
referred to in the results chapters. ARS603 is a late firing efficient origin (small peak, black
triangle). ARS607 is an early firing efficient origin (large peak, black triangle). TELVI is one
of the latest regions to replicate on this chromosome.

the origin the PreRC would be removed and the origin would lose its ability to fire. The main
problem of this model is that origins would fire randomly and this could lead to potential large
non-replicated gaps. A solution to the gap problem would be if one of the proteins involved in
either the RC or DDK were rate-limiting. The amount of active origins at any time would be
finite. As S phase progresses the amount of licensed origins would decrease, due to activation
or passive replication, therefore increasing the probability that those origins that remain would
activate. Therefore, even less efficient origins would eventually activate if they were in a gap
region.

Why the origins fire in a repeatable temporal pattern is currently unknown. It should be
identified whether the temporal pattern is a matter of probability, if it is pre-determined or if
it is a combination of the two. Further investigation is required to understand which factors
can influence origin efficiency, whether there is a rate limiting factor in origin activation and to
examine the effects of deregulation of the temporal pattern. The ability to initiate replication
from multiple sites allows the cell to replicate the genome within the time limit of S phase.
Removing that ability by deletion or inactivation of origins leads to incomplete DNA synthesis
and genome instability [van Brabant et al., 2001].

Two proteins that affect the time of origin firing are Clb5p and Radb3p. It has been
suggested that Rad53p has a positive effect on replication initiation, independent from its

ability to delay firing of late origins during an S phase checkpoint response. There is no
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direct evidence of delayed replication initiation in RAD58 mutated strains and deletion of
RADSS is lethal. However, one allele of RADS53, that does not possess a checkpoint defect,
displays a synthetic interaction with cdc7-1. This synthetic interaction is exerted through
direct interaction with and/or by controlling the levels of Dbfdp (the Cdc7p associated ki-
nase) [Sun et al., 1996] [Dohrmann et al., 1999]. Decreased Dbfdp resulting from reduced
Radb3p function could affect origin activation levels.

Perturbations in the S phase cyclins can specifically affect timing of DNA replication. The
functions of Clb5p-CDK and Clb6p-CDK have been separated and it has been shown that
Clb6p-CDK is sufficient for activation of early origins, where as Clb5p-CDK is necessary for
activation of origins that fire later in S phase. CLBS deletion strains rely on forks of the early
origins to complete replication. Deletion of both S phase cyclins delays replication even further
until the mitotic cyclins are expressed. The mitotic cyclins can then activate replication without
disturbing the temporal programme (i.e. in a mitotic cyclin controlled S phase all events are
delayed but the early origins still fire early in comparison with the late origins, with the same
time difference between the two events) [Donaldson et al., 1998]. A further investigation of
whole genome replication timing in Aclbd cells reinforced the dependence on Clb5p-CDK for
activating late origins, but suggested that this dependence was due to instability of Clb6p later
in S phase. Replacing Clb6p with a stable protein in late S phase restored late origin firing
in Aclb5 cells. This whole genome approach demonstrated that early-firing origins display no
loss of efficiency in Aclb5 with reduced efficiency restricted to regions of approximately half
the genome that contain the identified late origins. The authors argue that this result implies
that the time of origin firing cannot be entirely probabilistic and that some temporal order
applies [McCune et al., 2008].

Other factors also act on the time of replication of the telomeric regions. The Ku complex
consists of two proteins Ku70p and Ku80p that are involved in DNA damage repair, localisa-
tion of telomeres and transcriptional silencing at telomeres [Laroche et al., 1998]. The usually
late-firing telomeric or subtelomeric regions are replicated much earlier in ku mutants. This
earlier replication was attributed to the particular Ku function of localisation of telomeres
to the nuclear periphery [Cosgrove et al., 2002]. In addition, it was suggested that telom-
ere length can influence time of replication. Those telomeres that replicate earlier, relative
to the other telomeres, within a single S phase are more likely to be elongated by telom-
erase [Bianchi and Shore, 2007].

It was recognised many years ago, in S. cerevisiae, that there is a position effect regulating
time of origin firing [Ferguson and Fangman, 1992]. The silent mating locus and subtelom-
eric sequences tend to fire very late in S phase or not at all. It was demonstrated that a
late-firing origin requires its flanking region to remain late-firing when expressed on a circular
plasmid. Removal of that flanking region results in earlier origin firing and, in fact plac-
ing a usually early-firing origin in that same flanking region causes the origin to fire much
later [Friedman et al., 1996].

A direct effect of chromatin structure on time of origin firing was witnessed when
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mutations in SIR3 (the SIR genes encode for proteins involved in the generation
of transcriptionally silent chromatin) resulted in activation of an otherwise silent ori-
gin [Stevenson and Gottschling, 1999]. Three components of the SIR complex are Sir2p, Sir3p
and Sirdp. Sirdp is required for establishment and maintenance of the complex, Sir3p and Sir2p
are involved in spreading of the complex throughout regions of heterochromatin and Sir2p is the
catalytically active deacetylase component, as reviewed in [Kurdistani and Grunstein, 2003a].
In addition to its role in silencing at the mating-type loci and the telomere, Sir2p also functions
at the rDNA repeat region and has been implicated as a negative regulator of DNA replication.
Deletion of SIR2 suppresses the temperature sensitivity of a cdc6-4 strain [Pappas et al., 2004],
which is defective for preRC formation. This suppression was demonstrated to be due to in-
creased PreRC formation at a subset of origins in a cdc6-4 Asir2 strain when compared to
cdc6-4 alone; shown by detection of Mcm2p at specific origins in either strain. The catalytic
activity of Sir2p was important for the suppression of cdc6-4, but it was not shown directly
that a loss of catalytic activity leads to increased acetylation of histones at replication origins.
Direct targeting of Sirdp or a silencing sequence (HMR-E) is also sufficient to delay the time
of firing of an early origin [Zappulla et al., 2002]. While it was not investigated if the Asir/
effect was SIR2 dependant, it is presumed that deletion of SIR4 would result in reduction of
establishment and maintenance of the entire SIR complex. Direct targeting of the silencing
sequence (HMR-E) also relied upon the presence of Sirdp to confer the late-firing effect on the
early origin, but it was shown that the presence of Sirdp was not required to maintain HMR-E
as a late replicating region in its native location. There is likely to be a secondary mechanism
that can influence