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Preface

The discovery of the double-helix structure in 1953 provided the basic concept of
how genetic materials are duplicated. However, this also triggered the quest for
understanding the whole picture of DNA replication. A semi-conservative replica-
tion was demonstrated in a historical experiment by Messelson and Stahl, and
Arthur Kornberg discovered an enzyme responsible for synthesizing DNA. At that
time, no one envisioned such complicated systems required to make copies of DNA.

The proposal of the replicon hypothesis by Jacob made a major impact in point-
ing the direction in which research of DNA replication in the following years would
be led. In fact, the results of genetic studies in bacteria provided evidence for the
presence of the factors (initiator and replicator) hypothesized in the model. This was
striking and revealing, and the research of DNA replication in the following 50 years
tried to recapitulate this finding in different organisms. The elegant single-molecule
analyses of replicating DNA in mammalian cells done by Huberman and Riggs in
1966 were interpreted in the framework of the replicon model, becoming the basis
for the “multiple replicon” hypothesis for the eukaryotic genomes.

Molecular genetic studies in Escherichia coli, in combination with development
of recombinant DNA technology, clarified the structures of the replication origin
(oriC), and “resolution and reconstitution” studies of the single-stranded DNA
phage and eventually those of oriC replication elucidated the mechanisms of DNA
chain elongation and initiation at the bacterial chromosome replicator.

A similar approach was taken for eukaryotes, and the studies using viruses as a
model significantly contributed to the elucidation of eukaryotic DNA replication
machinery. Genetic studies, in conjunction with newly developed methods for phys-
ical mapping of origins, in a unicellular eukaryote, yeast, led to identification of
specific sequences that could serve as replicators. In contrast, the “initiator”
remained elusive until Bell and Stillman discovered ORC (Origin Recognition
Complex), which appears to fulfill all the requirement to be qualified as the “initia-
tor”. All the data pointed to the adherence to the old “replicon” principle even in
eukaryotes.

Fifty-four years after the replicon hypothesis, almost the entire process for
eukaryotic DNA replication was reconstituted with purified proteins, and the
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detailed mechanisms are bound to be discovered in the ensuing years. Given the
large extent of conservation of most of the core replication factors between yeast
and higher eukaryotes, the basic mechanisms of origin activation and assembly of a
replisome would be conserved through evolution.

Compared to the replication machinery, the sequences that define the “replica-
tor” appear to have great divergence between species. A genome-wide approach
with NGS (Next Generation Sequencing) generated an enormous amount of new
information on the profiles of replication origins in higher eukaryotes, but consen-
sus sequences, similar to those found in the yeast replication origins, have not yet
been discovered. An additional complication is the absence of sequence-specific
DNA binding activity in mammalian ORC. These results suggest the existence of a
determinant other than nucleotide sequences that dictate the assembly of a replica-
tion complex.

This book compiles various timely topics in DNA replication. The volume starts
with a historical description on studies of eukaryotic DNA replication by Professor
Thomas Kelly. Professor Kelly has made major contributions in this field for the
past over 40 years through his studies on viral DNA replication, human genome
replication, and yeast replication. The history of Professor Kelly’s research itself
represents how this field evolved and materialized into the current understanding of
eukaryotic DNA replication. We are very honored and excited to have this chapter
at the beginning of the book. This chapter is followed by two chapters describing
replication origins in higher eukaryotes. Dr. Mirit Aladjem describes various fea-
tures that define metazoan replication origins; those include sequence bias, open
chromatin, and histone modifications. Drs. Nozomi Sugimoto and Masatoshi Fujita
focus on chromatin remodeling factors that determine origin activity though promo-
tion of replication licensing.

Studies in E. coli, starting from those on phage replicons to those of oriC plas-
mid, have led the field of DNA replication. In spite of evolutional distance from
eukaryotes, the expertise from the bacterial systems have been proven to play lead-
ing roles in elucidating the mechanisms of eukaryotic DNA replication. Dr. Tsutomu
Katayama describes the most recent discovery on the detailed mechanism of E. coli
oriC replication and various modes of its regulation. Studies in Archaea have filled
unique roles in shedding new light on regulation of eukaryotic DNA replication.
Dr. Stephen Bell has contributed a chapter describing initiation and its regulation in
Archaea replicons.

In the following two chapters, replication machinery for DNA chain elongation
is discussed. Drs. Joseph Stodola and Peter Burgers deal with the mechanism of
lagging strand DNA replication in eukaryotes, which is a critical step for DNA
chain elongation and is also crucial for stable maintenance of genome, while Drs.
Eiji Ohashi and Toshiki Tsurimoto discuss the multiple clamp and its loaders, which
are now known to play major roles in coordinating the process of DNA replication
with various other chromosome maintenance systems, including checkpoint/DNA
damage repair systems, epigenetic transmission, and chromosome partition.

Replication termination is a recent hot topic. In bacteria, replication termination
occurs when two replication forks collide 180° from the origin, and their progres-
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sion is arrested at the fer signals bound with tus protein. On the eukaryotic
chromosomes, combined actions of topoisomerase and a ubiquitin ligase are
required to dislodge the replisome at the termination site.

The recent technical revolution in cryoelectron microscopy has enabled struc-
tural analyses of huge protein complexes at a resolution close to that achieved by
X-ray crystallography. Application of this new technology has revealed the complex
structures and operation mechanism of MCM (minichromosome maintenance) and
CMG helicase as well as more complex replisome assembly. Drs. Yuanliang Zhai
and Bik-Kwoon Tye; Drs. Lin Bai, Zuanning Yuan, Jingchuan Sun, Roxana
Georgescu, Michael O’Donnell, and Huilin Li describe their state-of-the-art analy-
ses of yeast MCM2-7 double hexameter and the replisome complex, respectively.

Long-standing questions about DNA replication timing regulation are now being
addressed in detail at a genome-wide level and detailed landscape of replication
domains has been presented in various cell types. Drs. Peiyao Zhao, Juan Carlos
Rivera-Mulia, and David Gilbert, a leading group in this area, discuss their current
model on how replication domains are related to genome compartmentalization and
chromatin architecture. The conserved Rifl protein, originally identified as a telo-
mere binding factor in yeast, was rediscovered as a critical regulator of replication
timing in fission yeast. Rifl also plays a major role in organizing the replication
domains in mammalian cells. Dr. Sara Buonomo describes how chromatin architec-
ture is regulated by Rifl in mammalian cells to define the replication domains. Drs.
Kenji Moriyama, Mong Sing Lai, and Hisao Masai describe functions of Rifl in
both fission yeast and mammalian cells, with particular emphasis on its ability to
specifically recognize the G-quadruplex structure (G4), and also the potential roles
of G4 in the regulation of chromosome functions. The presence of G4 is one of the
most prevalent features associated with replication origins from higher eukaryotes.
Dr. Marie-Noélle Prioleau describes the genetic experiments that show the require-
ment for G4 in origin activity and discusses the potential roles of G4 in origin
regulation.

Chromatin structures play central roles in almost all the metabolism of DNA. Drs.
Constance Alabert, Zuzana Jasencakova, and Anja Groth discuss how chromatin is
inherited during the course of DNA replication.

DNA replication is a part of cell cycle events. Therefore, how it is integrated in
the global cell cycle regulation is an important issue, especially from the point of
view that cell proliferation is regulated by the extracellular stimuli, and that it is this
pathway that is often deregulated in cancer cells. Drs. Gavin Grant and Jeanette
Cook discuss cell cycle regulation of the S phase, with particular emphasis on the
events in G1 that are crucial for regulated execution of the S phase.

Modification of proteins with small polypeptides such as ubiquitin or SUMO
permits rapid and reversible regulation of various biological reactions, and DNA
replication is no exception. Drs. Tarek Abbas and Anindya Dutta describe how
unperturbed DNA replication is regulated by protein ubiquitination and its relation
to diseases. Drs. Sara Villa-Herndndez, Avelino Bueno, and Rodrigo Bermejo
describe protein ubiquitylation in cellular responses to perturbed DNA replication
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or DNA damages. SUMOylation also recently has been shown to play important
roles during DNA replication, which is covered by Drs. Lei Wei and Xiaolan Zhao.

DNA replication and transcription take place on the same template DNA, and
how they are coordinated has been an intriguing issue. It is usually assumed that
collision of replication and transcription can cause genomic instability and needs to
be avoided if possible. However, especially on the eukaryotic genome where there
are many origins, this is inevitable. Drs. Yathish Achar and Marco Foiani describe
how cells coordinate replication with transcription.

The processes of DNA replication and its regulation are directly linked to main-
tenance of genomic stability. Overexpression of Cyclin E has been known to induce
aberrant DNA replication that leads to genome instability. Drs. Leonardo Teixeira
and Steven Reed describe how cyclin E overexpression induces genome instability.
Repetitive DNA sequences and sequences capable of forming unusual DNA struc-
tures are ubiquitous on the human genome, and increasing evidence points to their
pathogenic nature for various diseases. Chromosomal fragile sites, often composed
of unusual repetitive sequences, have long been known and implicated in genome
instability. Drs. Wenyi Feng and Arijita Chakraborty provide a comprehensive his-
torical account of chromosomal fragile sites and provide a detailed discussion of
their disease association and then how their expression is related to DNA replica-
tion. Advaitha Madireddy and Jeannine Gerhardt discuss the consequence of repli-
cation through repetitive DNA elements and how they could lead to specific
diseases.

With the astounding amount of new information on replication origins and pro-
tein associations on the chromatin and protein—protein/inter-chromatin networks
and with the long-awaited reconstitution system of eukaryotic DNA replication in
hand, we are at one of the most exciting moments in the field of DNA replication.
While we will gain detailed mechanistic insight into the molecular basis of eukary-
otic DNA replication, the basic principle of initiation of eukaryotic chromosomal
replication remains elusive. It is becoming clear that initiation of replication in
higher eukaryotes is quite distinct from that in bacteria in that it can be initiated
almost anywhere, albeit with varied efficiency, and the initiation event may be quite
stochastic, pointing to the possibility that the bacterial replicator—initiator concept
may not apply to regulation in higher eukaryotes.

We hope that this book will help readers to get a taste of the newest trends in this
exciting field and will trigger a new wave of research in search of a new principle of
DNA replication.

Tokyo, Japan Hisao Masai
Milan, Italy Marco Foiani
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Chapter 1
Historical Perspective of Eukaryotic DNA
Replication

Thomas Kelly

Abstract The replication of the genome of a eukaryotic cell is a complex process
requiring the ordered assembly of multiprotein replisomes at many chromosomal
sites. The process is strictly controlled during the cell cycle to ensure the complete
and faithful transmission of genetic information to progeny cells. Our current under-
standing of the mechanisms of eukaryotic DNA replication has evolved over a
period of more than 30 years through the efforts of many investigators. The aim of
this perspective is to provide a brief history of the major advances during this period.

Keywords DNA replication ® Eukaryotes ¢ Viral models ¢ Origin of DNA replica-
tion * Prereplicative complex * Helicase * Initiator ® Replisome

1.1 Introduction

The quest to understand how our genomes are duplicated began in earnest with the
description of the double helix in 1953. The self-complementary structure of DNA
immediately suggested how the information in the sequence of nucleotides could be
copied during DNA replication and repaired after DNA damage. The first enzyme
activities capable of synthesizing DNA were described within 5 years of the publi-
cation of the DNA structure (Bessman et al. 1956), but it would take many more
years to achieve even a basic understanding of the complex machinery required to
replicate genomes and to elucidate some of the mechanisms that control it. As one
of the fundamental processes of life, DNA replication has been a central focus of
molecular biology from the very beginning and remains so today.

Early studies of DNA replication focused on prokaryotic systems because of
their relative simplicity. The work of many investigators established most of the
basic principles that govern DNA replication in all organisms from prokaryotes to
archaea and eukaryotes. In 1958 Meselson and Stahl demonstrated that the
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replication process in bacteria is semiconservative (Meselson and Stahl 1958). A
few years later, Cairns showed that replication in E. coli begins at a single site in the
circular chromosome and that DNA synthesis occurs on two arms of a forked struc-
ture (Cairns 1963). Taken together, these observations implied the existence of a
replication machine that is loaded on the genomic DNA at an “origin” and subse-
quently moves along the DNA, unwinding the two parental strands and synthesizing
new complementary strands. One of the key features of replication machines was
discovered in 1968 when Okazaki showed by pulse-labeling experiments that newly
synthesized DNA in E. coli cells consists of short fragments (Okazaki et al. 1968).
Further analysis in vitro suggested that DNA replication is semi-discontinuous at
each growing point (Olivera and Bonhoeffer 1972; Herrmann et al. 1972). One
strand (the leading strand) is synthesized continuously 5’3’ in the same direction
as the fork moves, while the other strand (the lagging strand) is synthesized discon-
tinuously 5'-3" in the direction opposite to fork movement, producing short DNA
fragments that are subsequently joined together. In the 30 years following the pub-
lication of the DNA structure, many of the components of prokaryotic replication
machines were identified and characterized, including origin recognition proteins,
DNA polymerases, processivity factors, primases, single-stranded DNA-binding
proteins, topoisomerases, etc. This saga is the main subject of the superb mono-
graphs on DNA replication by Kornberg and more recent reviews (e.g., Kornberg
1981; Kornberg and Baker 1992; Johnson and O’Donnell 2005; Lewis et al. 2016).
It was (correctly) surmised that many of the components of the eukaryotic replica-
tion machinery would have similar functions to their prokaryotic counterparts.

The identification and characterization of essential prokaryotic replication fac-
tors were largely accomplished by classical biochemical approaches — developing
assays specific for putative replication functions and then purifying the active
proteins(s) to near homogeneity from crude cell extracts. Initial work focused on
viruses of E. coli, such as T4, T7, and ¢X174, because their genomes are relatively
small and readily obtained. Some of these viruses (e.g., T4, T7) encode most of the
factors required for the replication of their genomes, while others (e.g., $X174) rely
largely on E. coli replication proteins. The isolation of many bacterial and phage
mutants with conditional defects in DNA replication accelerated the identification
and purification of replication proteins by in vitro complementation assays. Other
proteins were purified by straightforward fractionation and reconstitution
approaches. By 1980 most of the proteins required for propagation of a bacterial
replication fork had been identified, and their functions characterized through stud-
ies of viruses and plasmids (Kornberg 1981). Understanding of the mechanisms
involved in initiation of bacterial DNA replication during the subsequent decade
required the development and analysis of cell-free systems capable of replicating
plasmids containing oriC, the E. coli origin of DNA replication (Kornberg and
Baker 1992). These studies established that initiation of bacterial DNA replication
is largely controlled at the level of occupancy of the oriC origin by the DnaA initia-
tor protein, consistent with the replicon model of Jacob et al. (1964).

It was clear early on that eukaryotic DNA replication was likely to be much more
complex than prokaryotic DNA replication because eukaryotic genomes can be
orders of magnitude larger than their prokaryotic counterparts. It follows that to
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complete chromosome duplication in a timely fashion, DNA replication must start
at many sites along the chromosomal DNA. Using fiber autoradiographic methods
similar to those of Cairns, two graduate students at Caltech, Joel Huberman and
Arthur Riggs, demonstrated in 1968 that a mammalian cell utilizes tens of thou-
sands of origins and that replication is bidirectional from each origin (Huberman
and Riggs 1968). It was also known that eukaryotic chromosomes are duplicated
precisely once each cell cycle, so the requirement for multiple origins raised a num-
ber of regulatory issues that were not apparent in bacterial systems with single ori-
gins per chromosome. When E. coli cells are growing rapidly in rich media, they
initiate DNA replication at oriC prior to the complete duplication of the chromo-
some. As a result, DNA synthesis is continuous throughout the cell cycle, and seg-
ments of the bacterial chromosome proximal to oriC are present in more than two
copies (Skarstad and Katayama 2013). This scenario does not happen in eukaryotes
where each segment of DNA is duplicated once and only once during a defined
period of each cell cycle. These considerations strongly implied that the logic of
replication control in eukaryotes would prove to be substantially different from that
of prokaryotes and that the biochemical mechanism of initiation of eukaryotic DNA
replication would be correspondingly complex. Because of this complexity, the
pathway of initiation of eukaryotic DNA replication was not worked out in detail
and recapitulated in cell-free systems until comparatively recently.

As described in the succeeding chapters of this volume, the complexity of
eukaryotic DNA replication extends to the organization of the machinery at the
replication fork. A number of the core components of the eukaryotic (and archaeal)
replisomes are unrelated, or only distantly related, to their bacterial counterparts,
suggesting that the prokaryotic and eukaryotic/archaeal replication machineries
may have evolved largely independently (Edgell and Doolittle 1997; Leipe et al.
1999; Makarova and Koonin 2013). The eukaryotic replisome contains multiple
DNA polymerases and a replicative helicase with a considerably more complex
subunit composition than that of E. coli. In addition, several factors associated with
the replisome have no clear prokaryotic counterparts. The reasons for this extra
complexity are not yet completely clear, but may be related to the need for greater
regulation of DNA chain elongation in large genomes. For example, the packaging
of the nuclear DNA into nucleosomes and higher-order structures likely creates
unique problems for the elongation machinery. In addition, the replication machin-
ery must deal with multiple sources of endogenous and exogenous DNA damage
and potentially other barriers to DNA synthesis, such as large transcriptional units,
DNA-binding proteins, etc. While these obstacles are not unique to eukaryotes, the
dimension of the problem may be magnified by the large number of replicons
involved in the replication of eukaryotic genomes.

In this perspective, I describe some of the major milestones in the study of
eukaryotic DNA replication over the past 35 years. There were numerous contribu-
tors to this story, and, generally speaking, each of the major advances described here
was built on discoveries made in many different laboratories. Given the span of time
covered and the great progress that has been made, this perspective can’t be
comprehensive and of necessity must be somewhat idiosyncratic. While many pri-
mary references are provided, they represent a tiny fraction of the important publi-
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cations of the last three or four decades, so I have also cited review articles that
contain more comprehensive reference lists in particular areas of investigation. In
writing this historical review, I was struck by the number of different lines of inves-
tigation that have converged to give us our current picture of how genomes are
duplicated in eukaryotic cells. The field has grown enormously over the years and is
now relatively mature, but the excitement remains.

1.2 The Beginning: Viral Models for Eukaryotic DNA
Replication

The study of eukaryotic DNA replication was hampered for many years by the
primitive state of genetic approaches in most eukaryotes and the lack of simple
systems for biochemical analysis. The impasse was overcome by the development
and characterization of cell-free systems capable of replicating the genomes of ani-
mal viruses. This advance, inspired by the success of previous studies of bacterial
virus DNA replication, opened a viable pathway for identifying and purifying cel-
lular replication proteins and characterizing their mechanisms of action. The result
was a rapid acceleration of the study of eukaryotic DNA replication.

The replication of the human adenoviruses (Ad) was the first to be established in
a completely soluble cell-free system (Challberg and Kelly 1979). The genome of
these viruses consists of a linear duplex DNA molecule of about 35 kb with two
features that are significant for viral DNA replication: the ends of the genome have
identical sequences, and the 5’ terminus of each DNA strand is covalently attached
to a virus-encoded protein of 55 kDa (the terminal protein or TP). Extracts of
adenovirus-infected human cell nuclei are capable of carrying out the complete rep-
lication of exogenously added viral DNA molecules by a mechanism that closely
resembles viral DNA synthesis in vivo. Analysis of replication in vitro led to the
identification of the minimal essential requirements for the reaction and defined the
basic mechanisms involved in initiation and chain elongation (Challberg and Kelly
1982; Stillman 1983; Nagata et al. 1983; Sussenbach and van der Vliet 1984; de
Jong et al. 2003). Three viral proteins are required for adenovirus DNA replication:
an 80 kDa precursor to the adenovirus 55 kDa terminal protein (pTP), a DNA poly-
merase (Ad Pol), and a single-stranded DNA-binding protein (Ad DBP). DNA rep-
lication is initiated by a novel protein-priming mechanism in which the first
nucleotide in the adenovirus genome is covalently linked to a serine residue in the
pTP (Rekosh et al. 1977; Challberg et al. 1980, 1982; Desiderio and Kelly 1981;
Enomoto et al. 1981; Tamanoi and Stillman 1982; King and van der Vliet 1994). The
biochemical mechanism of the initiation reaction is quite interesting although not
directly germane to cellular DNA replication. One novel feature of the reaction is
the requirement for two cellular transcription factors, nuclear factor I (NF-1/CTF)
and Oct-1 (NF-III/Otf-1/Oct-1), for efficient initiation (Nagata et al. 1982; Tamanoi
and Stillman 1983; Pruijn et al. 1986; Rosenfeld and Kelly 1986; O’Neill et al.
1988). These two factors bind to sequences at the ends of the viral genome and act
to stabilize the binding of a complex of the pTP and Ad Pol and to facilitate the
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initial unwinding of the DNA. Together these cellular factors increase the efficiency
of initiation by more than 100-fold. After initiation, daughter strand synthesis pro-
ceeds in the 5'-3’ direction by a strand displacement mechanism mediated by the
adenovirus DNA polymerase and the Ad DBP (Challberg and Kelly 1982; Stillman
1983; Sussenbach and van der Vliet 1984). No separate helicase is required for
duplex unwinding during chain elongation. The energy provided by hydrolysis of
the nucleotide precursors and by the cooperative binding of the Ad DBP to single-
stranded DNA is sufficient to drive strand displacement, which is further facilitated
by a cellular topoisomerase. The products of this first round of DNA replication are
a daughter duplex and a displaced parental single strand. Annealing of the self-
complementary ends of the displaced single strand generates a duplex segment iden-
tical to the ends of the original viral genome. Following a second initiation event by
the same protein-priming mechanism, complementary strand synthesis proceeds
from one end of the genome to the other, generating the second daughter duplex.

Many features of adenovirus DNA replication differ from those of cellular DNA
replication. The protein-priming mechanism represents an efficient solution to the
end replication problem of linear DNA molecules but is not utilized for the ends of
eukaryotic chromosomes. The adenovirus replisome is a remarkably efficient
machine, requiring only a DNA polymerase and a single-stranded DNA binding
protein, plus topoisomerase activity. At each growing point, only one of the two
strands is synthesized, so there is no need for the complexities inherent in discon-
tinuous DNA synthesis. On the other hand, the mechanism is unsuitable for cellular
DNA replication because it exposes long regions of single-stranded DNA which is
more sensitive to many DNA-damaging agents. Thus, the study of adenovirus DNA
replication did not provide much insight into the normal mechanism of cellular
DNA replication. However, the extremely rapid progress in defining the adenovirus
replication mechanism after the initial development of the in vitro system clearly
demonstrated the potential of the fractionation-reconstitution approach for studying
DNA replication in eukaryotic cells and provided strong motivation to develop
more informative models.

1.3 The SV40 DNA Replication System

A major turning point in the study of eukaryotic DNA replication was the discovery
that extracts of primate cells infected with the polyomavirus SV40 could support the
complete replication of added viral genomes (Li and Kelly 1984). Previous studies
had indicated that SV40 offered many advantages as a model system. The viral
genome is only about 5 kb and exists in infected cells as a minichromosome with a
nucleoprotein structure like that of cellular chromatin. DNA replication initiates at
a single origin and proceeds bidirectionally, similar to a single cellular replicon
(Danna and Nathans 1972). Importantly, most of the proteins required for SV40
DNA replication are provided by the host cell, so biochemical dissection of the cell-
free system provided a powerful approach for identifying cellular replication pro-
teins and characterizing their mechanisms of action (Fig. 1.1a).
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A. SV40 DNA Replication

Core Helicase Loading {T antigen, ATP}
Helicase Activation {RPA, CDK, ATP}

Initiation {Pol a, NTPs, dNTPs}

Chain Elongation {Pol &, RFC, PCNA}

Fig. 1.1 SV40 and cellular DNA replication. A diagrammatic representation of the major steps in
the viral and cellular replication pathways and the protein requirements for each step. See the text
for details. (The steps involved in maturation of Okazaki fragments, relaxation of supercoiling,
replication termination, and decatenation are left out for clarity.) (a) SV40 DNA replication. T, T
antigen; o, DNA polymerase alpha-primase; R, RPA; 8, DNA polymerase delta; P, PCNA. (b)
Cellular DNA replication. M, MCM2-7; 45, Cdc45; G, GINS, e, DNA polymerase epsilon; o,
DNA polymerase alpha-primase; R, RPA; §, DNA polymerase delta; P, PCNA
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B. Cellular DNA Replication

Core Helicase Loading {ORC, Cdc6, Cdt1, MCM2-7, ATP}

{Cdc45, GINS, Sld2, Sld3, Dpb11, Pol g,
RPA, Mcm10, DDK, CDK, ATP}

Helicase Activation

Initiation {Pol a, NTPs, dNTPs}

Fig. 1.1 (continued)

The only SV40-encoded protein required for DNA replication in vivo is the viral
T antigen, which binds to the origin of DNA replication and serves both as the ini-
tiator protein and as the replicative helicase (Tegtmeyer 1972; Tjian 1978; Delucia
et al. 1983). In the initial description of the SV40 cell-free DNA replication system,
it was demonstrated that extracts from uninfected primate cells, supplemented with
purified T antigen, were sufficient for replication of DNA molecules containing the
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SV40 origin of DNA replication (Li and Kelly 1984). Detailed studies demonstrated
that T antigen monomers assemble into a double hexamer around the origin DNA in
a reaction dependent upon ATP (Dean et al. 1992; Valle et al. 2000). The hexamers
interact head-to-head via the N-terminal origin binding domains of T antigen and
alter the structure of the origin DNA (Borowiec and Hurwitz 1988). In the presence
of ATP and a single-stranded DNA-binding protein, each T antigen hexamer func-
tions as a helicase to unwind the template DNA (Stahl et al. 1986; Dean et al. 1987,
Wold et al. 1987). Helicase activity is dependent upon a C-terminal AAA+ module,
which binds and hydrolyzes ATP to drive translocation of the hexamer in the 3'-5’
direction along the leading strand template at each replication fork (Fig. 1.1a).
Structural studies of the T antigen helicase revealed a double-ring with one tier
containing the AAA+ motor domains (Li et al. 2003a). The central channel contains
basic residues that can interact with the DNA. The precise mechanism of T antigen
helicase translocation on DNA is not yet understood, although structural studies
have inspired some interesting models. In addition to serving as the replicative heli-
case, T antigen interacts with other replication proteins to organize the replisome
and coordinate its activities (see more below).

Biochemical analysis of the cell-free system derived from human cells demon-
strated that a number of cellular proteins were required for SV40 DNA replication
in vitro. All of these proteins proved to be involved in cellular DNA replication and
were subjects of extensive biochemical and structural studies in the ensuing years
(Reviewed in Kelly 1988; Challberg and Kelly 1989; Stillman 1989; Hurwitz et al.
1990; Brush et al. 1995; Waga and Stillman 1998).

The first cellular protein identified by fractionation of the SV40 system was
RPA, the eukaryotic single-stranded DNA-binding protein (Wobbe et al. 1987;
Wold and Kelly 1988; Fairman and Stillman 1988; Wold 1997; Chen and Wold
2014). The three nonidentical subunits of RPA contain multiple OB folds that bind
single-stranded DNA. RPA was subsequently found to be subject to multiple post-
translational modifications and to interact with many cellular proteins involved in a
wide range of transactions involving DNA (Chen and Wold 2014). The contrast of
the multi-subunit structure of RPA with the simpler bacterial single-stranded DNA-
binding protein (SSB) was an early hint that the eukaryotic replisome would prove
to be much more complex than that of prokaryotes.

An unexpected discovery that emerged from analysis of the SV40 system was
that viral DNA synthesis in vitro is dependent on more than one cellular DNA poly-
merase. The eukaryotic DNA polymerase o had been discovered many years prior
to the development of the SV40 system and was thought to be the major, perhaps the
only, replicative DNA polymerase in eukaryotic cells on the basis of many indirect
lines of evidence (Campbell 1986; Lehman and Kaguni 1989). After initial difficul-
ties with biochemical characterization, the enzyme was eventually shown to contain
four subunits, one of which harbors the polymerase activity. The two smallest sub-
units comprise a primase enzyme (Tseng and Ahlem 1982; Kaguni et al. 1983;
Plevani et al. 1985). The primase catalyzes de novo synthesis of RNA primers on
single-stranded DNA templates that can be further extended into nascent DNA
chains by the DNA polymerase activity of the enzyme. By antibody depletion and
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fractionation/reconstitution experiments, it was demonstrated that DNA polymerase
a is absolutely required for SV40 DNA replication in vitro. In the presence of T
antigen and RPA, which are sufficient to drive extensive DNA unwinding, DNA
polymerase o can initiate DNA synthesis on DNA molecules containing the SV40
origin and catalyze DNA synthesis on both the leading and lagging strand templates
(Li and Kelly 1984; Murakami et al. 1986, 1992; Wold et al. 1988; Fig. 1.1a).

DNA polymerase 9, a second eukaryotic DNA polymerase, was identified in the
1970s but had been largely ignored (Byrnes et al. 1976). The activity of DNA poly-
merase O was initially distinguished from that of DNA polymerase o because it
contained an associated 3'-5’ proofreading exonuclease activity, which was lacking
in DNA polymerase a. The first clue that this polymerase might play a role in SV40
DNA replication was the discovery that PCNA, a 37 kDa protein essential for SV40
DNA replication in vitro, was identical to a previously identified factor that increased
the processivity of DNA polymerase & (Tan et al. 1986; Prelich et al. 1987). The
requirement for DNA polymerase & was subsequently confirmed by direct reconsti-
tution of the SV40 replication reaction with purified proteins (Lee et al. 1989;
Weinberg and Kelly 1989; Tsurimoto et al. 1990). As described in more detail
below, DNA polymerase d catalyzes the bulk of DNA synthesis on both the leading
and lagging strands of SV40 (Fig. 1.1a).

The PCNA processivity factor required for efficient DNA synthesis by DNA
polymerase & was reminiscent of the sliding clamps previously described in the
prokaryotic T4 and E. coli systems (Tan et al. 1986; Prelich et al. 1987; Tsurimoto
and Stillman 1990). It was ultimately shown by elegant biochemical and structural
studies that PCNA, the E. coli B-clamp, the T4 gp45 sliding clamp, and archaeal
sliding clamps are ring-shaped proteins with pseudo sixfold symmetry that accom-
modate duplex DNA in a topological linkage (Jeruzalmi et al. 2002). The general
structure of the rings and the process by which they are loaded onto DNA have been
highly conserved in evolution. In addition to its role in mediating processive DNA
synthesis, PCNA plays major roles in other processes, such as Okazaki fragment
maturation, DNA repair, recombination, chromatin assembly, cell cycle control, etc.
(Moldovan et al. 2007).

The eukaryotic clamp loader RF-C, identified initially as a fraction required for
SV40 DNA replication, consists of five subunits, each of which contains an AAA+
domain (Tsurimoto and Stillman 1989; Lee et al. 1991; Cai et al. 1996; Bowman
et al. 2005). RF-C, like prokaryotic and archaeal clamp loaders, functions as a
machine that couples the energy of ATP hydrolysis to open PCNA and load it at a
primer terminus (Bowman et al. 2005; Yao et al. 2006). After dissociation of the
RF-C loader, DNA polymerase & associates with the loaded PCNA to form a highly
processive complex. Much has been learned about the structural basis of the specific-
ity of RF-C for primer termini and about the biochemical mechanism of clamp load-
ing (Yao and O’Donnell 2012). On the lagging strand, RF-C and other clamp loaders
can also function to unload PCNA rings from double-stranded DNA after comple-
tion of Okazaki fragment synthesis and ligation so that they can be recycled.

Studies of SV40 DNA replication in vitro also allowed the detailed analysis of
the roles of DNA topoisomerases (Yang et al. 1987). It was shown that topoisomer-
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ase activity is required during DNA chain elongation to remove supercoils gener-
ated by DNA unwinding and that this function can be mediated by either type I or
type II topoisomerase. Human topoisomerase I binds to T antigen and may play the
predominant role in relieving topological stress at replication forks (Simmons et al.
1996). Interestingly, yeast topoisomerase I co-purifies with the cellular helicase,
suggesting that it may also travel with the replication fork (Gambus et al. 2006).
Topoisomerase activity is additionally required for the decatenation and segregation
of completed daughter DNA molecules synthesized in vitro, but this activity can
only be provided by type II topoisomerase. These observations are entirely consis-
tent with studies of SV40 DNA replication in vivo (Sundin and Varshavsky 1980,
1981).

Analysis of the interactions among the proteins required for SV40 DNA replica-
tion provided insights into the functional organization of the replication fork, many
of which are relevant to understanding the cellular replication fork (Reviewed in
Kelly 1988; Challberg and Kelly 1989; Stillman 1989; Hurwitz et al. 1990; Waga
and Stillman 1998; Fig. 1.1a). Movement of the replication fork, driven by the T
antigen helicase motor, generates single-stranded DNA bound by RPA. During this
process, the complex of DNA polymerase 6 with PCNA advances, synthesizing the
leading strand, while a region of the lagging strand template accumulates in single-
stranded form prior to synthesis of a primer by DNA polymerase o. Interestingly, it
was observed that DNA polymerase «, in the absence of other factors, is completely
unable to initiate primer synthesis on DNA templates that are coated with bound
RPA (Collins and Kelly 1991; Melendy and Stillman 1993). This observation led to
the discovery that T antigen promotes primer synthesis via specific interactions with
DNA polymerase a and RPA that presumably destabilize bound RPA and allow
access of primase to the template (Collins and Kelly 1991; Dornreiter et al. 1992;
Collins et al. 1993; Melendy and Stillman 1993; Zhou et al. 2012). Thus, the T anti-
gen helicase-DNA polymerase o complex constitutes a mobile primosome that is
active in primer synthesis and likely limits priming to the vicinity of replication
forks. Presumably, functionally similar interactions involving the cellular helicase
or associated factors are required for priming by DNA polymerase o at cellular
replication forks.

Another important phenomenon discovered in the SV40 system is switching
among DNA polymerases (Lee et al. 1989; Weinberg and Kelly 1989; Tsurimoto
etal. 1990; Waga et al. 1994; Waga and Stillman 1994, 1998; Fig. 1.1a). Polymerase
switching is unique to eukaryotic DNA replication and occurs in both viral and cel-
lular systems. DNA synthesis is initiated on both the leading and lagging strand
templates by the primase activity of DNA polymerase o. After synthesis of a short
RNA primer, DNA polymerase o extends it into an “initiator DNA” chain. In the
case of SV40, DNA polymerase « is subsequently replaced by the complex of
PCNA and DNA polymerase 8, which carries out the bulk of DNA synthesis. The
mechanism of this polymerase switch involves a competition between DNA poly-
merase a and RF-C for the primer terminus (Tsurimoto et al. 1990; Tsurimoto and
Stillman 1991a, b; Waga et al. 1994). Since DNA polymerase o is not highly proces-
sive, RF-C will gain access to the primer terminus at some point during synthesis of
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the initiator DNA. When this happens, RF-C loads PCNA and then dissociates,
allowing the binding of DNA polymerase 6 to PCNA. The PCNA-DNA polymerase
0 complex is stable, creating a highly processive polymerase engine capable of syn-
thesizing long nascent DNA strands. On the leading strand, the polymerase switch
is only required once, while on the lagging strand, one switching event occurs for
each Okazaki fragment. DNA polymerase d efficiently completes the synthesis of
Okazaki fragments, after which they are joined together by DNA ligase in a matura-
tion process that involves removal of the RNA primer and much of the initiator
DNA (Waga and Stillman 1994; Balakrishnan and Bambara 2013). DNA poly-
merase switching plays an important role in maintaining the integrity of the genome.
DNA polymerase & has a proofreading exonuclease, but DNA polymerase o does
not, so the polymerase switch, together with the removal of the primer and much of
the initiator DNA during completion of Okazaki fragment synthesis, helps ensure
the fidelity of DNA replication. Subsequent genetic and biochemical studies in
yeast revealed the existence of a third eukaryotic DNA polymerase, DNA poly-
merase € (Pol €), that functions in cellular DNA replication but apparently not in
SV40 DNA replication (Budd et al. 1989; Morrison et al. 1990; Araki et al. 1992;
Zlotkin et al. 1996; Pospiech et al. 1999). Multiple recent studies indicate that DNA
polymerase € plays the major role in the synthesis of the leading strand during cel-
lular DNA replication, while DNA polymerase & synthesizes most of the DNA on
the lagging strand (Burgers et al. 2016). It follows that a switch from DNA poly-
merase o to DNA polymerase € occurs at the terminus of the leading strand shortly
after synthesis of the first primer. The mechanism of this switch is not yet known.
However, yeast DNA polymerase € is quite processive, even in the absence of RF-C
and PCNA, so it may simply replace the less processive DNA polymerase o after
synthesis of a short segment of initiator DNA. In the yeasts S. cerevisiae and S.
pombe, the catalytic activity of DNA polymerase € is not essential, although DNA
replication is somewhat abnormal in its absence (Dua et al. 1999; Kesti et al. 1999;
Feng and D’Urso 2001). In this circumstance DNA polymerase 8 is presumably
responsible for most DNA synthesis on both the leading and lagging strand tem-
plates, as is the case with SV40.

The SV40 system also focused attention on the potential for regulation of DNA
replication by protein phosphorylation. Viral DNA replication in vivo and in vitro
was found to be completely dependent upon phosphorylation of T antigen on Thr-
124 by cyclin-dependent kinase (McVey et al. 1989, 1993; Moarefi et al. 1993). The
unphosphorylated protein is competent to bind to the origin and to induce structural
distortions in origin DNA and is also competent to catalyze unidirectional unwind-
ing in helicase assays with artificial DNA substrates containing single- and double-
stranded DNA. However, the unphosphorylated protein is completely inactive in
bidirectional helicase activity from the SV40 origin, indicating that phosphorylation
controls a step subsequent to assembly of the T antigen double hexamer on the
DNA, possibly an interaction between T antigen hexamers that is required for the
initial unwinding of the origin. Interestingly, it was observed that phosphorylation
of other residues in T antigen, notably Ser-120 and Ser-123, is inhibitory to initia-
tion of DNA replication and, again, the modifications appear to regulate a step sub-
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sequent to assembly of the double hexamer (Virshup et al. 1989, 1992; Scheidtmann
et al. 1991; Cegielska and Virshup 1993; Cegielska et al. 1994). Thus, T antigen
helicase function is regulated both positively and negatively by phosphorylation.
The biological role of this regulation is still unclear, but it may function in part to
coordinate SV40 replication with the cell cycle, to enhance the efficiency of produc-
tion of viral genomes. Consistent with this idea, human CDK can promote SV40
DNA replication in G1 extracts that are normally deficient in replication activity
(D’Urso et al. 1990). These discoveries presaged the description of the (much more
complex) control of the activation of the cellular helicase by protein phosphoryla-
tion (see below).

As the foregoing indicates, analysis of SV40 DNA replication in vitro by many
investigators resulted in the identification of key cellular replication proteins and
generated many insights into their mechanisms of action. Naturally, these advances
kindled great interest in identifying the cellular counterparts of T antigen — the mol-
ecules that are required for origin recognition in cellular chromosomes and the mol-
ecules that comprise the cellular helicase. A related issue of great interest was how
initiation of replication in cells is controlled to ensure that each segment of the
genome is faithfully duplicated once each cell cycle. These are the main issues dis-
cussed in the remainder of this perspective. To attack these problems, attention
shifted from SV40 to other model systems. The analysis of DNA replication in bud-
ding yeast proved particularly fruitful because of the availability of highly devel-
oped genetic approaches and the existence of defined origins of replication. Fission
yeast provided many novel insights as well and, in many cases, complemented the
work in budding yeast. Many advances also came from studying replication in
extracts of eggs of Xenopus laevis. The Xenopus system lacks genetics and is not
particularly amenable to large-scale fractionation/reconstitution approaches.
However, it can be used effectively to test specific requirements for cellular replica-
tion by antibody depletion-reconstitution experiments. It is also especially useful
for analyzing the regulation of cellular DNA replication.

Because of methodological advances, there was also a gradual shift away from
classical approaches for identifying cellular replication proteins by fractionation of
crude extracts toward more efficient methods. The products of putative replication
genes identified in genetic screens or homology searches were expressed as tagged
variants that could be quickly purified and biochemically characterized. But recon-
stitution with purified proteins remained the gold standard for defining the minimal
constellation of proteins required for eukaryotic DNA replication.

1.4 Cellular Origins and Initiators

The first cellular origins of DNA replication to be characterized were those of the
budding yeast S. cerevisiae (Hsiao and Carbon 1979; Stinchcomb et al. 1979;
Newlon 1988; Fangman and Brewer 1991; Campbell and Newlon 1991). In early
genetic studies, it was discovered that certain chromosomal DNA segments, called
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autonomously replicating sequences or ARSs, could increase the transformation
efficiency and replication stability of yeast plasmids. It was subsequently shown by
direct physical assays that ARS elements represent the start sites for initiation of
bidirectional replication in budding yeast (Brewer and Fangman 1987; Huberman
etal. 1987). Detailed analysis revealed that ARS elements share a common sequence
of 11 bp called the ARS consensus sequence, as well as adjacent, less highly con-
served sequence elements (Broach et al. 1983; Celniker et al. 1984; Van Houten and
Newlon 1990; Marahrens and Stillman 1992; Breier et al. 2004). The strong
sequence specificity and other properties of S. cerevisiae origins of DNA replication
were similar to the familiar prokaryotic origins of DNA replication and the origins
of eukaryotic viruses like SV40. Importantly, this sequence specificity would prove
crucial for identifying the cellular proteins that assemble at origins of replication
prior to the onset of DNA synthesis. Central among these is the origin recognition
complex (ORC), which was detected as a protein that binds specifically to ARS ele-
ments and is essential for initiation of DNA replication (Bell and Stillman 1992;
Bell et al. 1993). The discovery of ORC was a major advance that opened the way
to study the early events in cellular DNA replication.

ORC was found to have six subunits, five of which are related to the AAA+ pro-
tein family of ATPases (Bell et al. 1995; Bell and Stillman 1992; Bell 1995; Bell and
Dutta 2002; Speck et al. 2005; Clarey et al. 2006). High-affinity binding of ORC to
ARS elements is dependent upon ATP binding to the largest subunit, Orcl. In the
years following the identification of ORC, a general picture of the first steps in cel-
lular replication emerged from studies in yeast cells and the Xenopus egg extract
system. These steps result in the loading of the core replicative helicase onto the
origin DNA. An early finding that opened a path toward defining the helicase load-
ing reaction was the identification of a protein assembly at yeast origins of DNA
replication that is referred to as the prereplicative complex or pre-RC (Diffley and
Cocker 1992; Diffley et al. 1994). The pre-RC was originally characterized as a
distinct pattern of nuclease protection in genomic footprinting experiments that was
observed at yeast origins during the G1 phase of the cell cycle. The requirements for
pre-RC formation and the protein composition of the complex were not immediately
apparent but were rapidly determined by a variety of experimental approaches
(Cocker et al. 1996; Rowles et al. 1996; Coleman et al. 1996; Romanowski et al.
1996b; Donovan et al. 1997; Tanaka et al. 1997; Aparicio et al. 1997; Nishitani et al.
2000; Maiorano et al. 2000; Labib et al. 2001; Devault et al. 2002; Tanaka and
Diffley 2002). These experiments demonstrated that in the initial step of pre-RC
formation, ORC recruits the Cdc6 protein to the origin. Cdc6 is a AAA+ protein in
the same clade as the Orc1-5 subunits. The complex of ORC and Cdc6 then recruits
the Cdtl protein and the MCM2-7 complex. Cdtl, a factor first identified in fission
yeast, binds to MCM2-7 and facilitates its interaction with ORC-Cdc6 bound at the
origin. The MCM2-7 complex is the core of the eukaryotic replicative helicase. It is
loaded onto the origin DNA by ORC-Cdc6-Cdtl in a reaction requiring ATP hydro-
lysis (Fig. 1.1b). The nature of the association of MCM2-7 with DNA was not clear
from these early experiments but was eventually determined by elegant biochemical
studies with purified components (Evrin et al. 2009; Remus et al. 2009; Kawasaki
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et al. 2006). Two hexameric rings of MCM2-7 are loaded in a head-to-head configu-
ration with duplex DNA passing through a central channel. In the loading reaction,
ORC and Cdc6 function as a molecular machine to close a gate between the Mcm?2
and Mcm5 subunits, leaving the MCM2-7 rings topologically linked to the
DNA. The current view is that the two hexamers are loaded in separate steps which
are dependent on distinct Cdc6 and Cdtl molecules (Bell and Kaguni 2013; Sun
et al. 2014; Ticau et al. 2015). Once the MCM double hexamer is loaded on the
DNA, subsequent events in initiation of DNA replication do not require Cdc6, Cdtl1,
or ORC, and in vitro studies suggest that these factors may dissociate from the DNA
(Rowles et al. 1999; Hua and Newport 1998; Gros et al. 2014; On et al. 2014; Ticau
et al. 2015). Thus, loaded double hexamers of MCM2-7 mark the potential sites of
initiation of DNA replication in chromosomal DNA at the end of the G1 phase of
the cell cycle. The transformation of MCM?2-7 into an active helicase and the assem-
bly of the other replisome components begin at the onset of S phase and require the
CDK and DDK protein kinases (more about this below).

It was quickly established that the early events in DNA replication just described
are largely conserved in all eukaryotes. ORC molecules were identified in eukary-
otic species other than S. cerevisiae, including humans and other metazoa, and the
general requirements for pre-RC assembly proved to be universal (Bell and Dutta
2002). However, studies in other systems did not reveal the strong sequence speci-
ficity of budding yeast ARS elements. It gradually became apparent that DNA rep-
lication origins in most eukaryotes conform to a paradigm that is somewhat different
from that of S. cerevisiae. A well-characterized example is the fission yeast S.
pombe. It was possible to isolate segments from S. pombe chromosomal DNA that,
like ARS elements in budding yeast, confer stable plasmid replication in fission
yeast cells (Dubey et al. 1994, 1996; Clyne and Kelly 1995; Dai et al. 2005).
However, the properties of the active segments are different from those of budding
yeast: they are much larger than budding yeast ARS elements, and they exhibit little
conservation of nucleotide sequence. The average AT content of the sequences
active as origins is greater than that of the fission yeast genome (Segurado et al.
2003; Dai et al. 2005), an observation that was explained, at least in part, by the
discovery that S. pombe ORC binds to chromosomal DNA via multiple copies of a
DNA-binding motif called the AT hook (Chuang and Kelly 1999; Kong and
DePamphilis 2001). But fission yeast origins do not share a common consensus
sequence. In fact, the best predictors of the ability of a segment of the fission yeast
genome to function as a plasmid origin are AT content and length (Segurado et al.
2003; Dai et al. 2005). At least half the intergenic regions in the fission yeast genome
can exhibit detectable origin activity in plasmid assays. It was suggested that the
properties of fission yeast origins are best explained by a stochastic model in which
ORC can bind and drive initiation of DNA replication at many potential sites in the
genome with little intrinsic sequence specificity, and during each cell cycle these
potential sites are chosen largely at random with perhaps some preference for
AT-rich intergenic DNA (Dai et al. 2005). Subsequent DNA combing experiments
demonstrated that the distribution of distances between start sites in a fission yeast
genome is exponential, which is completely consistent with a stochastic model for
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the spatial distribution of potential origins (Patel et al. 2006; Kaykov and Nurse
2015). The firing of potential origins appears to be stochastic in time as well as
space, although the rates of firing per unit time may vary from origin to origin
(Heichinger et al. 2006; Kaykov and Nurse 2015).

The nature of origins of DNA replication in metazoan organisms is still not well
understood, but the available evidence suggests that there are many potential origin
sites and that such sites lack strong sequence determinants (Leonard and Mechali
2013). Consistent with this impression is the observation that purified metazoan
ORC molecules, such as those of Drosophila or human cells, do not exhibit a strong
preference for any particular DNA sequence (Vashee et al. 2003; Remus et al. 2004).
Human ORC can drive replication of essentially any DNA molecule in a replication
system derived from Xenopus eggs (Vashee et al. 2003).

It is important to recognize that even in the case of S. cerevisiae, the highly spe-
cific interactions between ORC and the ARS consensus sequences are not essential
for the fundamental mechanism by which ORC promotes initiation of DNA replica-
tion. Specific binding by ORC as observed in budding yeast simply affects the dis-
tribution of ORC molecules over the genome. In cell-free systems with S. cerevisiae
proteins, ORC can efficiently initiate DNA replication on DNA molecules lacking
ARS elements (Gros et al. 2014; On et al. 2014). Moreover, deleting chromosomal
ARS elements from an S. cerevisiae chromosome has surprisingly little effect on the
efficiency of DNA replication (Dershowitz et al. 2007). Thus, it seems likely that
initiation of DNA replication in most, if not all, eukaryotes may occur on essentially
any DNA molecule with some efficiency. S. cerevisiae may have acquired the capac-
ity to initiate DNA replication at more specific sites because its chromosomes are
relatively small. If replication initiation were purely random, there would be some
probability that a small chromosome would not be duplicated in a significant frac-
tion of cell cycles.

Why have eukaryotes largely departed from the prokaryotic paradigm of highly
specific origin sequences enshrined in the replicon model? One possibility is that
the distribution of chromosomal sites that are available for ORC binding and initia-
tion may vary considerably in eukaryotic cells in different physiological states (e.g.,
different states of development, different states of differentiation, different tissue
environments, etc.) because the composition and organization of chromatin and the
pattern of gene expression are different in such states. Thus, the ability to initiate
DNA replication in almost any accessible region may be advantageous in the face of
the increased complexity of eukaryotic biology.

Because of the many potential origins of replication, the dynamics of DNA rep-
lication in an individual eukaryotic cell is extremely complex and is different from
one cell cycle to the next. The factors that determine the sites where replication is
initiated and the timing of the replication of each genomic sequence are not yet
understood in detail in any organism. The overall pattern of DNA replication is
established by events that occur at two stages of initiation: the loading of the core
helicase in G1 and the activation of the helicase at the onset of S phase. The distribu-
tion of loaded MCMs obviously depends upon the relative affinity of ORC for par-
ticular DNA sequences, which may be affected to some degree by other components
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of the pre-RC (e.g., Cdc6) or by interactions with other cellular proteins (e.g., Beall
et al. 2002; Speck and Stillman 2007). The distribution of loaded MCMs is also
greatly influenced by competition with the multitude of other chromatin factors that
bind to chromosomal DNA. This competition affects the accessibility of chromo-
somal loci to the helicase loading factors and probably explains why many studies
have correlated initiation of DNA replication with so-called open chromatin
domains (Berbenetz et al. 2010; Eaton et al. 2011; Leonard and Mechali 2013).
Once S phase begins, the loading of MCMs is precluded (see below), so their num-
ber and their approximate locations are fixed (although there is some recent evi-
dence that they may have limited mobility) (Gros et al. 2015). Therefore, subsequent
events are largely determined by the pattern of activation of loaded MCMs by the
CDK and DDK protein kinases to generate functional replisomes. This pattern is
also extremely complex. Not all loaded MCMs are activated in a given cell cycle —
many are functionally inactivated when they are replicated passively by a replisome
originating at another site (Friedman et al. 1997; Santocanale et al. 1999; Vujcic
et al. 1999). Thus, the determination of which loaded MCMs are activated and
which are not is highly dependent upon their order of activation, and this is likely to
be largely stochastic in a given cell cycle. There is no convincing evidence that the
ordering of helicase activation in the cell cycle is deterministic, but, as discussed
later in this perspective, the relative rates of activation of loaded MCMs at different
sites can differ, so that on average activation at some sites occurs earlier than at oth-
ers. In the end, the timing of replication of a particular sequence in the genome
during a given cell cycle is a function of (1) its distance from the flanking initiation
sites, (2) the times of initiation at those sites, and (3) the rates at which the forks
move after initiation. These factors, particularly the first and second, are subject to
variation from one cell cycle to the next. This is an active area of research, and it is
expected that further insights will come from increasing the spatial and temporal
resolution of single molecule and ensemble approaches to studying replication tim-
ing and from improving the methods of analysis in silico.

1.5 CMG the Cellular Helicase

Following the discovery of ORC, the cellular initiator protein, another 15 years
were required to definitively identify the active form of the cellular helicase. This
advance was driven by two separate lines of investigation that eventually came
together. Genetic studies in budding yeast defined a group of genes required for the
stable maintenance of plasmids as autonomously replicating units in cells (Moir
et al. 1982; Maine et al. 1984). Although isolated by several different assays, it was
eventually appreciated that the corresponding proteins form a complex, which was
named the MCM2-7 complex (for minichromosome maintenance 2-7). The six sub-
units of the MCM2-7 complex were shown to be related members of the AAA+
superfamily of ATPases (Chong et al. 1996), and a number of studies suggested that
they are required for initiation of DNA replication (Yan et al. 1991; Hennessy et al.
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1990; Chong et al. 1995; Madine et al. 1995; Romanowski et al. 1996a). The first
clue regarding their potential function was the discovery that a sub-complex of
MCM4-6-7 purified from human cells possessed ATP-dependent helicase activity
in vitro (Ishimi 1997). This insight was followed by the demonstration that the sin-
gle archaecal MCM protein forms multimeric complexes with robust helicase activ-
ity (Kelman et al. 1999; Chong et al. 2000). Analysis of the distribution of MCM
proteins in yeast chromosomes during S phase strongly suggested that the MCM
complex travels with replication forks, and it was subsequently shown that deple-
tion of MCM subunits interrupts replication fork progression (Aparicio et al. 1997,
Labib et al. 2000). Experiments in Xenopus egg extracts confirmed that inhibition of
MCM activity prevents efficient DNA unwinding (Pacek and Walter 2004). In the
course of these studies, it was observed that Cdc45, another protein thought to be
involved in initiation of DNA replication, interacts with the MCM complex and is
also required for both DNA unwinding and fork progression (Hopwood and Dalton
1996; Aparicio et al. 1997; Pacek and Walter 2004). While these studies, taken
together, established the likelihood that the MCM complex was a required compo-
nent of the cellular helicase, it did not seem to be sufficient for helicase activity,
since purified yeast MCM2-7, containing all six subunits, did not have detectable
helicase activity under the usual assay conditions.

A second line of investigation that proved critical for the identification of the
cellular helicase was a product of the discovery that DNA polymerase € is required
for DNA replication in yeast (Morrison et al. 1990; Araki et al. 1992). A network of
proteins that exhibited genetic and physical interactions with each other and with
DNA polymerase € was discovered and characterized. The key players in this net-
work were Dpbl1, SId2, SId3, and a complex of four proteins called the GINS
complex (Araki et al. 1995; Kamimura et al. 1998, 2001; Takayama et al. 2003). It
was observed that GINS colocalizes with Cdc45 and MCM2-7 at sites of DNA
unwinding during DNA replication and is required to maintain the association of
Cdc45 with MCM2-7 during DNA chain elongation (Aparicio et al. 1997; Gambus
et al. 2006; Pacek et al. 2006). The definitive biochemical definition of the cellular
helicase was a result of experiments aimed at purifying the Cdc45 protein from
extracts of Drosophila embryos (Moyer et al. 2006; Ilves et al. 2010). The purifica-
tion yielded a complex of 11 polypeptides that included MCM2-7 and GINS, as
well as Cdc45, and is now referred to as CMG. Strikingly, the purified CMG com-
plex possessed robust 3'=5" helicase activity on partially duplex DNA molecules.
Reconstitution of the complex with recombinant proteins revealed that the presence
of GINS and Cdc45 dramatically changed the properties of the MCM2-7 complex,
increasing its affinity for DNA and stimulating its ATPase activity by two orders of
magnitude (Ilves et al. 2010; Costa et al. 2011, 2014). Since GINS and Cdc45 do not
have ATPase active sites, the observed stimulation is due to allosteric remodeling of
the core MCM2-7 helicase engine. More recent studies have examined the structure
of the CMG in the presence of single-stranded DNA and non-hydrolysable ATP
(Costa et al. 2014). In this complex the AAA+ motor domains of the MCM2-7 hex-
amer form a cracked-ring, right-handed spiral with the crack at the MCM2-5 inter-
face as predicted from biochemical studies (Bochman and Schwacha 2008). GINS
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and Cdc45 bridge the gap creating a topologically closed toroid. The CMG prefers
to bind to single- stranded DNA as expected from previous work demonstrating that
a single strand of DNA (the leading strand template) is enclosed by the central chan-
nel of the replicative helicase at the replication fork (Fu et al. 2011). The structure
and biochemical properties of the CMG are consistent with a steric exclusion model
in which unwinding occurs as a result of exclusion of the lagging strand template
from the central channel as the helicase engine translocates in the 3'=5’ direction on
the leading strand template (Kaplan et al. 2003; Fu et al. 2011; Fig. 1.1b). The
molecular details of DNA unwinding by the CMG helicase are not yet clear. Much
of the thinking about this issue has come from detailed structural studies of the
homohexameric helicases of archaea, SV40 and papillomavirus (Gai et al. 2004;
Singleton et al. 2007; Enemark and Joshua-Tor 2008; Hauk and Berger 2016). In
these cases, it has been suggested that cooperative structural changes in the AAA+
motors that are mediated by cycles of sequential ATP binding and hydrolysis around
the ring drive the motion of DNA-binding loops in the central channel to propel the
helicase along the DNA. The same general mechanism may hold for the heterohexa-
meric CMG as well, but there are some data that are not completely consistent with
it. For example, only two of the six ATP-binding sites in CMG are absolutely essen-
tial for helicase activity (Ilves et al. 2010). In recent structural studies, two alterna-
tive states of the CMG have been observed, one compact and the other extended
(Yuan et al. 2016; Abid Ali et al. 2016). This observation has led to the proposal that
the helicase moves by a ratcheting or inchworm-like motion. The precise mecha-
nism of this critical feature of replisome function awaits further analysis.

1.6 Activation of the Cellular Helicase and Building
the Replisome

The realization that the core replicative helicase, MCM2-7, was loaded onto DNA
in a form completely inactive in DNA unwinding raised the pivotal question of how
this structure is converted into an active CMG helicase within a functional repli-
some during S phase. The transformation of the double-hexamer encircling duplex
DNA into an active CMG helicase capable of translocating on single-stranded DNA
and the recruitment of additional components to form the complete replisome are
still not understood completely, but great progress has been made (Fig. 1.1b). The
process is quite complex, involving multiple protein-protein interactions regulated
by protein phosphorylation. All of the essential factors are now known, but many
aspects of the mechanisms involved in the process remain mysterious (Tanaka and
Araki 2013; Yeeles et al. 2015, 2017; Devbhandari et al. 2017; Kurat et al. 2017).
CMG assembly and activation are promoted by two protein kinases, cyclin-
dependent kinase (CDK) and Dbf4-dependent kinase (DDK). Each kinase has a
regulatory subunit — a cyclin in the case of CDK and Dbf4 in the case of DDK —
whose abundance increases at the onset of S phase. The kinases and their regulatory
subunits were discovered by multiple lines of investigation, and their positive role
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in DNA replication has long been known (Siddiqui et al. 2013). The identification
of the key substrates of these enzymes and the elucidation of their roles in CMG
assembly and activation were products of a number of independent studies that have
only recently converged.

In addition to the protein kinases, the efficient assembly and activation of the
replicative helicase are dependent upon several proteins that are not present in the
final active helicase. These proteins, Sld2, S1d3, S1d7, and Dpbl1 were identified,
along with GINS, as factors that interact directly or indirectly with DNA poly-
merase €, which becomes associated with the CMG during its assembly (Araki et al.
1995; Kamimura et al. 1998, 2001; Takayama et al. 2003; Tanaka and Araki 2013).
Many interactions have been identified among the proteins involved in CMG assem-
bly and probably more will be found (Tanaka and Araki 2013; Deegan et al. 2016).
Detailed understanding of the overall pathway will require extensive biochemical
and structural studies. At this point in time, the evidence suggests that assembly of
the CMG proceeds in (at least) two steps driven by DDK and CDK. DDK phos-
phorylation of the MCM2-7 double hexamer drives its association with S1d3, S1d7,
and Cdc45 (Hardy et al. 1997; Kamimura et al. 2001; Randell et al. 2010; Sheu and
Stillman 2010; Heller et al. 2011). In this reaction Sld3 binds to phosphorylated
Mcm4 or Mcm6 and then recruits Cdc45 (Deegan et al. 2016). Importantly, recruit-
ment of SId3 and Cdc45 to MCM2-7 is not dependent upon CDK activity, but the
stability of the complex is increased following CDK activation. S1d7 is not essential
for this reaction but may increase its efficiency. In budding yeast, it was observed
that association of S1d3, Cdc45, and MCM2-7 can occur to a limited extent in cells
blocked in G1 phase with alpha factor presumably because of the presence of a low
level of active DDK (Aparicio et al. 1999; Kanemaki and Labib 2006; Tanaka et al.
2011; Heller et al. 2011). Subsequent analysis of a cell-free yeast replication system
demonstrated clearly that purified DDK can induce the association of the three pro-
teins in extracts derived from alpha factor blocked cells (Heller et al. 2011).

The final assembly of the CMG helicase is driven by CDK phosphorylation of
S1d2 and SlId3, which allows the formation of a complex of the two proteins with
Dpbl1 (Masumoto et al. 2002; Tak et al. 2006; Zegerman and Diffley 2007; Tanaka
et al. 2007). Dpbl1 contains four BRCT domains. The amino-terminal pair binds
phospho-S1d3 and the carboxyl-terminal binds phospho-Sld2. Phosphorylated S1d2
is present in a complex containing Dpb11, GINS, and DNA polymerase €, which is
referred to as the pre-loading complex (Muramatsu et al. 2010). The protein-protein
interactions required to form the pre-loading complex are not known in detail, but
there is good evidence that the Dpb2 subunit of DNA polymerase € plays an impor-
tant structural role in the assembly of the CMG helicase and in maintaining associa-
tion of the helicase with the leading strand DNA polymerase at the fork (Muramatsu
et al. 2010; Sengupta et al. 2013). The binding of Sld2 and S1d3 to Dpbl1 thus
brings together all of the components required to form the CMG. The initiation of
DNA unwinding at an origin requires one additional protein, MCM10, whose role
at the molecular level is not yet clear (Kanke et al. 2012; van Deursen et al. 2012;
Watase et al. 2012; Yeeles et al. 2015). In vivo and in vitro studies indicate that the
stable association of MCM 10 with origins occurs after MCM2-7 loading, and its
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accumulation is dependent upon DDK and CDK. DNA unwinding also requires the
single-stranded DNA-binding protein RPA and, for circular templates, a DNA
topoisomerase. How the interactions among this multitude of proteins promote the
assembly of the active CMG helicase, remodel the association of the helicase with
the two DNA strands, and initiate DNA unwinding are fascinating issues that will
be a major focus of future work.

Following the assembly of an active helicase capable of unwinding DNA, other
factors are recruited to create a complete replisome at each replication fork
(Fig. 1.1b). Exploration of replisome organization and function are at an early stage,
but some general features are becoming evident from increasingly sophisticated
reconstitution experiments and improved structural studies by cryo-EM. A major
milestone was the reconstitution of initiation of S. cerevisiae DNA replication with
a minimal set of purified proteins (Yeeles et al. 2015). More recently the replication
of both naked DNA and chromatin templates was reconstituted in vitro (Kurat et al.
2017; Yeeles et al. 2017; Devbhandari et al. 2017). These advances represent the
culmination of years of efforts by many laboratories to define the requirements for
eukaryotic DNA replication. Importantly, the work has confirmed the minimal pro-
tein requirements for the several stages of DNA replication predicted by previous
work (Fig. 1.1b): (1) the loading of the MCM2-7 complex requires ORC, Cdc6, and
Cdtl; (2) the formation and activation of the CMG helicase additionally requires
Cdc45, GINS, SId3/7, S1d2, Dpb11, DNA polymerase €, DDK, CDK, and MCM10;
(3) the initiation of DNA synthesis additionally requires RPA and DNA polymerase
a; (4) the efficient elongation of leading and lagging strands additionally requires
RFC, PCNA, topoisomerase I or I, and DNA polymerase ; and (5) the maturation
of Okazaki fragments additionally requires Fenl and DNA ligase. All together
eukaryotic DNA replication on naked DNA templates requires a minimum more
than 40 distinct polypeptide chains.

The reconstitution studies have opened the way to a deeper understanding of the
fundamental mechanisms of replication and have already provided several interest-
ing mechanistic details (Devbhandari et al. 2017; Yeeles et al. 2017). For example,
it was demonstrated directly that rapid leading strand DNA synthesis at rates com-
parable to those observed in vivo requires DNA polymerase € together with the
processivity factor PCNA. DNA polymerase d can support leading strand synthesis
when DNA polymerase ¢ is defective in catalysis, but it functions at a significantly
slower rate. On the other hand, DNA polymerase & in complex with PCNA is essen-
tial for the complete synthesis and efficient joining of nascent Okazaki fragments on
the lagging strand. Only DNA polymerase & can carry out the strand displacement
synthesis required for primer removal by the Fenl endonuclease during Okazaki
fragment maturation (Devbhandari et al. 2017). Reconstitution studies have also
demonstrated that maximal rates of DNA replication require the nonessential pro-
tein factors Mrcl and Csm3/Tof1, which had previously been shown to be associ-
ated with active replisomes. The functional role of these factors is not yet clear, but
it has been suggested that they accelerate the rate of DNA unwinding by the CMG
helicase (Yeeles et al. 2017).
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The replication of chromatin templates has also been explored in the reconsti-
tuted yeast replication systems (Kurat et al. 2017; Devbhandari et al. 2017).
Interestingly, chromatin appears to enforce the origin specificity of S. cerevisiae
DNA replication. As mentioned earlier, the replication of naked DNA templates
in vitro does not exhibit the strong origin dependence characteristic of replication
in vivo. However, assembly of the template into chromatin significantly increases
the dependence of replication on a canonical yeast origin (Kurat et al. 2017;
Devbhandari et al. 2017). The evidence suggests that this effect is due to suppres-
sion of ORC binding to non-specific sites (Kurat et al. 2017). Binding of ORC to the
origin is less affected by nucleosomes because of its high affinity for specific origin
sequences and because origin sequences tend to exclude nucleosomes even in the
absence of ORC. The latter phenomenon is reminiscent of the observation that ini-
tiation of DNA replication in mammalian cells is correlated with open chromatin
domains. With the minimal set of replication proteins listed above, assembly of the
CMBG helicase readily occurs on chromatin templates, but replisome progression is
blocked. A recent study demonstrated that FACT (facilitates chromatin transcrip-
tion), a dimeric histone chaperone, is sufficient to overcome the block and allow
replication to proceed (Kurat et al. 2017). The precise role of FACT is unclear, but
it has been suggested that it may function by displacing nucleosomes ahead of the
fork or by facilitating the transfer of nucleosomes to the nascent DNA behind the
fork. The addition of FACT alone to the minimal reconstituted system, though suf-
ficient for replication, does not restore the full rate of DNA replication observed
with naked DNA templates. Several additional factors, including the chaperone
Nhp6; the chromatin remodelers, INO80 and ISW1A; and the histone acetyltrans-
ferases, pNuA4 and pSAGA, further stimulate the rate of fork movement (Kurat
et al. 2017). These seminal studies indicate that detailed analysis of the factors and
mechanisms that allow the replication machinery to progress through chromatin
(and other protein-DNA complexes) is now feasible, and these issues will clearly be
the focus of much future work.

Like the replisomes of prokaryotes and SV40, protein-protein interactions
between the replicative helicase and other replisome components are a major orga-
nizational principle of the eukaryotic replisome. As described above, the leading
strand DNA polymerase, Pol €, associates with the components of the CMG during
helicase assembly. Studies of replisomes isolated from yeast or reconstituted in vitro
indicate that DNA polymerase epsilon is bound directly to the CMG (Langston
et al. 2014; Georgescu et al. 2015a, b; O’Donnell and Li 2016). An interaction
between Psfl in GINS with the Dpb2 subunit of Pol € is required to maintain asso-
ciation of the polymerase with the replisome, and crosslinking studies suggest addi-
tional contacts with MCM proteins and Cdc45 (Sengupta et al. 2013; Sun et al.
2015). DNA polymerase a-primase may also be tethered to the core CMG. In this
case the tether is provided, at least in part, by the protein Ctf4, which was originally
identified in a screen for factors affecting the fidelity of chromosome segregation
(Zhu et al. 2007; Gambus et al. 2009; Tanaka et al. 2009; Simon et al. 2014; Samora
et al. 2016; Sutani and Shirahige 2016; Villa et al. 2016). Recent structural studies
have shown that Ctf4 forms a trimer capable of binding to similar motifs present in
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the Sld5 subunit of GINS, the catalytic subunit of DNA Pol a, and other proteins
(Simon et al. 2014). Linking of Pol a to the CMG likely increases the efficiency of
priming of Okazaki fragments on the lagging strand of replication forks. Interactions
of the lagging strand DNA polymerase & and the RF-C clamp loader with other
components of the replisome have not yet been observed but may well be important
for replisome function.

1.7 Replication Control

As noted at the outset of this review, a distinguishing feature of eukaryotic DNA
replication is an elaborate and finely tuned set of control mechanisms that ensure the
accurate and timely completion of DNA replication and coordinate replication with
other events that may occur during a cell cycle. The problem of control is compli-
cated by the existence of thousands of potential sites of initiation in a genome, none
of which can fire more than once. Moreover, the replication apparatus must deal
with various kinds of damage and other threats to the fidelity of the replication pro-
cess. While there has been considerable progress, there remains much to be learned
about the control of DNA replication, particularly in metazoan organisms.

1.7.1 The Two-State Model for Initiation

Cell fusion experiments performed by Rao and Johnson published in 1970 revealed
some of the features of replication control (Rao and Johnson 1970). Their work
established that factors present in S phase cells can trigger the initiation of DNA
replication in G1 phase nuclei but not G2 phase nuclei. Thus, there appeared to be
(at least) two chromosomal states: one that is competent for initiation of DNA
replication upon exposure to the S phase activator(s) and one that is not. On the
basis of these experiments and subsequent studies in the Xenopus egg extract sys-
tem, it was recognized in a general way that if some factor(s) required for estab-
lishment of the competent chromosomal state in G1 phase (a “licensing” factor(s))
were to be inactivated as a consequence of initiation of DNA synthesis and only
restored in the following G1 phase, replication of the genome would be limited to
a single round in each cell cycle (e.g., Blow and Laskey 1988; Blow 1993).
However, the molecular processes responsible for controlling DNA replication
remained obscure until the 1990s when the factors that establish the permissive
chromosomal state in G1 and block it afterward were largely identified by the con-
vergence of several lines of investigation in budding and fission yeast and the
Xenopus egg extract system.

An important observation that shaped thinking about replication control was that
yeast origins exist in distinct chromatin states before and after the onset of DNA
replication (Diffley et al. 1994). In the post-replicative state, the genomic footprint
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produced by DNase digestion closely resembled that produced by ORC in vitro,
while in the prereplicative state the genomic footprint was larger, suggesting the
presence of an additional protein(s). The significance of this observation was two-
fold: first it suggested that the prereplicative state might be the physical correlate of
the state of initiation competence observed by Rao and Johnson, and second, it
focused attention on the question of how the formation of the prereplicative state is
controlled. It gradually became clear that the establishment of this state corresponds
to loading the core MCM2-7 helicase on DNA and that this event is restricted to the
G1 phase of the cell cycle by a number of regulatory mechanisms. Since activation
of the loaded core helicase is restricted to S phase when further helicase loading is
blocked, the outcome is a single round of genome duplication.

Experiments over the last two decades have shown that inhibition of the helicase
loading reaction can be coupled to the onset of DNA replication in a number of dif-
ferent ways. Early studies led to the appreciation that CDK, in addition to its posi-
tive role in triggering initiation of DNA replication, also functions to inhibit loading
of new MCM2-7 complexes on the DNA. Work in fission yeast demonstrated that
several kinds of genetic manipulations that reduced CDK activity could induce re-
replication in a single cell cycle (Broek et al. 1991; Hayles et al. 1994; Moreno and
Nurse 1994; Jallepalli and Kelly 1996). For example, when mutants with a
temperature-sensitive allele of cdc2*, synchronized in G2 phase, were shifted to
high temperature to inactivate CDK activity and then returned to a permissive tem-
perature, they underwent a second round of DNA replication prior to mitosis.
Similar results were obtained by manipulating the level of an inhibitor of CDK
activity. In perhaps the most striking example of this phenomenon, deletion of
Cdc13, the major mitotic B cyclin in fission yeast, led to multiple rounds of DNA
replication in the absence of mitosis (Hayles et al. 1994). This work, taken together,
demonstrated quite clearly that CDK plays a negative role in controlling initiation
of DNA replication. Studies in S. cerevisiae confirmed this conclusion and, impor-
tantly, showed that CDK acts by suppressing the assembly of prereplicative com-
plexes (Dahmann et al. 1995). Thus, by 1996 the basic logic of control of DNA
replication was understood (Reviewed in Diffley 1996). ORC, Cdc6, and Cdt1 gen-
erate prereplicative complexes from the end of mitosis through G1 when CDK
activity is low. An increase in CDK activity activates prereplicative complexes at the
onset of S phase (Li et al. 2003b; Takeda et al. 2005; Sugimoto et al. 2004), and the
very same kinase activity acts to prevent further assembly of prereplicative com-
plexes. Very soon after these seminal studies in yeast, it was demonstrated in the
Xenopus egg extract system that similar control mechanisms are operative in verte-
brates (Hua et al. 1997). The identification of the targets of negative regulation by
CDK became the next key issue, and it was found that all of the players required for
loading the core helicase are potential CDK targets in budding yeast (Tanaka et al.
1997; Drury et al. 1997; Nguyen et al. 2000, 2001; Li et al. 2003b; Arias and Walter
2007; Yeeles et al. 2015; Labib et al. 1999). In S phase CDK phosphorylation of
Cdc6 marks it for ubiquitin-mediated proteolysis, and the MCM2-7 complex is
exported from the nuclease by a CDK-dependent mechanism. In addition, CDK
phosphorylation of yeast ORC subunits inhibits loading of the core helicase by a
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mechanism that is not yet clear. In fission yeast CDK phosphorylation of Cdc18
(homologue of Cdc6) drives its destruction by ubiquitin-mediated proteolysis, but
this mechanism is redundant with a CDK-independent mechanism that targets Cdt1
(Nishitani and Nurse 1995; Jallepalli et al. 1997; Nishitani et al. 2000; Gopalakrishnan
et al. 2001; Guarino et al. 2011). In human cells Cdtl is targeted for proteolysis by
a CDK-dependent pathway (Liu et al. 2004).

Studies of the control of DNA replication in the Xenopus system uncovered addi-
tional mechanisms that are independent of CDK (See Arias and Walter 2007 for
review). In metazoans, loading of MCM2-7 is inhibited in S phase by a protein fac-
tor called geminin that binds to Cdtl and sequesters it in an inactive form (McGarry
and Kirschner 1998; Wohlschlegel et al. 2000; Tada et al. 2001; Lee et al. 2004;
Cook et al. 2004; Lutzmann et al. 2006). Cdtl is also targeted for replication-
dependent proteolysis by an interesting mechanism that is dependent upon specific
interaction of Cdtl with the replication processivity factor, PCNA (Arias and Walter
2005, 2006; Senga et al. 2006). PCNA-dependent proteolysis of Cdtl is also
observed in fission yeast (Ralph et al. 2006; Guarino et al. 2011). Thus, it has
become apparent that negative control of replication can involve several partially
redundant mechanisms and these may differ to some extent in different eukaryotes.
So far, it appears that metazoans inhibit core helicase loading in S phase largely by
degrading or blocking the activity of Cdtl.

1.7.2 Replication Timing

The development of methods to physically map sites of initiation in the budding
yeast genome led to the discovery that initiation events occur throughout S phase
and that the average time of activation of a particular yeast origin depends in part on
its chromosomal context (Fangman and Brewer 1991). Why is the activation of
loaded MCM2-7s distributed across S phase rather than being concentrated at the
beginning of S phase? One possibility is to ensure the completion of DNA replica-
tion without sacrificing efficiency. Since loading of additional core helicases is pre-
vented during S phase, DNA replication will be incomplete if forks converging from
adjacent initiation sites should stall or collapse. The probability of such an event can
be reduced by increasing the number of loaded MCM2-7 hexamers across the
genome. However, activating all such hexamers at the same time would be wasteful
of resources, since many of them, perhaps the majority, will not be needed. By
spreading the activation of loaded hexamers over time, many will be inactivated by
passive replication, but those that lie in regions that are, for whatever reason, late to
replicate can still be activated to complete replication. Since the loci of stalled or
collapsed forks cannot be known a priori, there is no obvious penalty for an activa-
tion mechanism that is completely stochastic in time. Thus, it is possible that the
average number of potential origins (loaded MCM2-7 hexamers) in cells is deter-
mined by a trade-off between reducing the chance of leaving a segment of DNA
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unreplicated and using more resources than necessary to load and activate
helicases.

Recent evidence suggests that the activation of loaded MCM2-7 hexamers in S
phase is largely stochastic in time (see, e.g., Bechhoefer and Rhind 2012). It follows
that the average time of initiation at a particular site reflects the relative rate constant
for activation of loaded MCM complexes at that site. Other things being equal, an
increase or decrease in the probability of activation per unit time would be expected
to shift the average time of replication of the neighboring DNA to an earlier or
later time, respectively. Variation in initiation timing appears to hold for eukaryotes
other than budding yeast, but analysis is more difficult in organisms with less
defined origins of DNA replication. The mechanisms responsible for modulating
the probability of activation of loaded MCMs per unit time are under active investi-
gation. Emerging evidence suggests that regulation of the activity of DDK in the
vicinity of potential origins may be one major mechanism for altering initiation
timing. For example, it has been reported that the pericentromeric regions of the S.
pombe genome initiate replication early in S phase on average, and this phenome-
non has been explained by recruitment of DDK by the pericentromeric protein HP1
(Kim and Huberman 2001; Hayashi et al. 2009). On the other hand, subtelomeric
sequences in fission yeast (and other eukaryotes) initiate DNA synthesis later than
the bulk of the genome, and recent work indicates that the telomere-binding protein
Rifl is required for late replication (Hayano et al. 2012). It has been suggested that
Rifl recruits a cellular phosphatase that inhibits activation of loaded MCMs to
replisomes by the DDK protein kinase (Dave et al. 2014; Hiraga et al. 2014;
Mattarocci et al. 2014). Other mechanisms that affect replication timing of particu-
lar regions of the genome have been described, and it is likely that their numbers
will grow.

A very important example of the control of the efficiency of activation of loaded
MCMs is the so-called intra-S phase checkpoint. This signal transduction mecha-
nism recognizes when replication forks are slowed, which can occur, for example,
if the levels of nucleotide precursors are suboptimal. In this situation a checkpoint-
dependent protein kinase is activated and phosphorylates Sld3 and Dbf4, two pro-
teins required for the transition of loaded MCMs to active replisomes (Santocanale
and Diffley 1998; Shirahige et al. 1998; Lopez-Mosqueda et al. 2010; Zegerman
and Diffley 2010). These phosphorylation events inhibit further activation of loaded
MCMs and thus, preferentially, affect origins that normally fire later in S phase. The
resulting reduction in the number of active replicons dynamically lessens the cel-
lular requirement for precursors and other replication factors. These examples all
suggest that DDK and the protein-protein interactions that it facilitates during heli-
case activation may be central targets of the mechanisms controlling the timing of
initiation within the genome. The biological meaning of timing control seems fairly
obvious in some cases — e.g., checkpoint control of initiation in response to pertur-
bations of DNA replication — but remains obscure in other cases, e.g., late replica-
tion of telomere proximal DNA and early replication of pericentromeric DNA.
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1.8 Termination of DNA Synthesis and Disassembly
of the Replisome

Termination of DNA synthesis occurs when two convergent forks meet. Early stud-
ies of the termination of SV40 DNA replication focused on the roles of DNA topoi-
somerases as forks converge (Sundin and Varshavsky 1980, 1981). Topoisomerases
are required to prevent the buildup of positive writhe in the DNA as the parental
strands are unwound. Positive writhe increases the energetic cost of unwinding and,
if not removed, can eventually slow or stop fork progression. If the replication fork
is free to rotate in space, positive writhe can be manifested as supercoils in the
unreplicated DNA in front of the fork or as interlinks (pre-catenanes) of the two
daughter duplexes behind the fork. The former can be removed by the action of
either a type I or type II topoisomerase, while the latter can only be removed by a
type II topoisomerase. As two forks converge, however, the target size for topoisom-
erase action in front of the fork is progressively reduced. Studies of SV40 DNA
replication revealed that replication forks slow as they approach one another and
suggested that completion of DNA synthesis at converging forks is highly depen-
dent upon type II topoisomerase, presumably functioning behind the replication
fork (Levine et al. 1970; Tapper and DePamphilis 1978; Sundin and Varshavsky
1981; Ishimi et al. 1992). Subsequent work in yeast and the Xenopus egg extract
system has not revealed a general requirement for type II topoisomerase for termi-
nation of cellular DNA replication, although the enzyme may play a special role at
barriers to fork progression (DiNardo et al. 1984; Lucas et al. 2001; Baxter and
Diffley 2008; Fachinetti et al. 2010). Like SV40, both type I and type II topoisom-
erases function to remove positive writhe during DNA chain elongation, but DNA
replication can be completed in a timely fashion in the absence of type II topoisom-
erase. Type I topoisomerase appears to be sufficient for complete duplication of the
genome. Following completion of replication, type II topoisomerase is uniquely
required for decatenation of newly synthesized daughter duplexes to allow chromo-
some segregation during mitosis (DiNardo et al. 1984).

Another event that occurs when replication terminates at converging forks is the
disassembly of the CMG helicase, the core of the replisome. As discussed earlier in
this review, the helicase is loaded onto DNA and activated in a complex and highly
regulated series of reactions. The CMG is quite stable and presumably remains
associated with the replication fork until the termination of DNA synthesis. Early
studies revealed that MCM proteins are progressively lost from chromatin during S
phase, and more recent work indicates that disassembly of the CMG following the
convergence of replication forks is an active process that is also highly regulated
(Maric et al. 2014). The CMG helicase is ubiquitylated on the MCM7 subunit after
the completion of DNA synthesis. The modification requires a ubiquitin ligase con-
taining the F-box protein, Dia2, which is essential for CMG disassembly.
Disassembly is also dependent upon the Cdc48 segregase, a AAA+ family member
that associates with ubiquitylated CMG. The action of Cdc48 results in the dissocia-
tion of GINS and Cdc45 from the CMG helicase, after which the MCM?2-7 hexamer
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dissociates from the DNA. It is clearly important that the disassembly reaction only
occurs after completion of DNA synthesis and not during active DNA chain elonga-
tion. The signal responsible for activating the disassembly machinery has not yet
been identified. One interesting speculation is that ubiquitylation of CMG is trig-
gered when completion of DNA synthesis leaves the CMG encircling double-
stranded DNA instead of single-stranded DNA (Dewar et al. 2015).

1.9 The Future

After more than 35 years of research, the basic features of DNA replication in
eukaryotic cells are reasonably well understood. The minimal set of proteins is
known, many of their interactions and functions have been defined, and some
aspects of regulation of DNA replication are understood at least in outline. Many
important and interesting issues remain, some of which have implications for human
disease. It is expected that the field will continue to build on the legacy of success
that it has enjoyed over the last three to four decades. The following are some areas
that are likely to see important advances in the next decade.

The temporal program of replication in individual eukaryotic cells remains of
considerable interest, and the central issues are how potential origins are distributed
and how they are activated in space and time. There are now excellent tools that can
be used to measure replication of individual segments of the genome at different
points in the cell cycle under different physiological conditions. These methods will
improve in resolution and will likely be coupled to increasingly sophisticated in
silico modeling approaches to gain a deeper appreciation of the processes that affect
the pattern of replication across the genome. This issue is of particular importance
for understanding the mechanisms that underlie the correlation between replication
timing and the frequency of mutations in the human genome (Stamatoyannopoulos
et al. 2009; Lang and Murray 2011; Woo and Li 2012).

Much remains to be learned about the details of helicase activation and replisome
assembly and function. Structural studies by X-ray diffraction and cryo-EM cou-
pled with mechanistic biochemical approaches, including single-molecule experi-
ments, will play an increasingly important role. The path to deeper understanding
has been opened by the recent reconstitution of core replication reactions with puri-
fied yeast proteins. It will be important in the coming years to extend these
approaches to higher eukaryotes. Experiments in the Xenopus egg extract system
have revealed a number of differences in the regulation of DNA replication between
vertebrates and yeast, and it is likely that more differences will be uncovered.

Another question of vital interest is how the replication machinery coexists with
other nuclear processes, including transcription, chromatin assembly, and various
repair processes. A closely related issue is how replication deals with proteins and
RNAs that compete with replication proteins for access to the DNA substrate. These
factors can clearly affect both the initiation of DNA replication and the elongation
of replication forks and can now be studied in vitro with purified proteins. As illus-
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trated by recent studies of Csm3/Tofl and Mrcl, the recent reconstitution of yeast
DNA replication will make it possible to define the functional roles of proteins that
normally travel with the replisome but are not absolutely essential for DNA replica-
tion (Yeeles et al. 2017). Such proteins may function to allow forks to deal with
barriers to chain elongation or other factors that may perturb ongoing DNA replica-
tion. It is expected that progress in understanding the role of these additional factors
will now be rapid.

Finally, a question that is of great significance for disease and aging is how the
replication machinery deals with DNA damage and how replication is integrated
with the cellular DNA damage response. It has become apparent that most somatic
mutations are the result of encounters of the replication apparatus with damage of
various kinds in the template. With the tools in hand, it should be possible to gain a
much deeper understanding of the results of such encounters. There is no doubt that
such understanding would contribute to building better approaches to prevention
and therapy of cancer and perhaps provide insights into the origins of somatic muta-
tions that contribute to aging.
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Chapter 2
Regulation of Replication Origins

Anna B. Marks, Haiqing Fu, and Mirit I. Aladjem

Abstract In eukaryotes, genome duplication starts concomitantly at many replica-
tion initiation sites termed replication origins. The replication initiation program is
spatially and temporally coordinated to ensure accurate, efficient DNA synthesis
that duplicates the entire genome while maintaining other chromatin-dependent
functions. Unlike in prokaryotes, not all potential replication origins in eukaryotes
are needed for complete genome duplication during each cell cycle. Instead, eukary-
otic cells vary the use of initiation sites so that only a fraction of potential replica-
tion origins initiate replication each cell cycle. Flexibility in origin choice allows
each eukaryotic cell type to utilize different initiation sites, corresponding to unique
nuclear DNA packaging patterns. These patterns coordinate replication with gene
expression and chromatin condensation. Budding yeast replication origins share a
consensus sequence that marks potential initiation sites. Metazoan origins, on the
other hand, lack a consensus sequence. Rather, they are associated with a collection
of structural features, chromatin packaging features, histone modifications, tran-
scription, and DNA-DNA/DNA-protein interactions. These features confer cell
type-specific replication and expression and play an essential role in maintaining
genomic stability.

Keywords DNA replication ¢ Cell cycle regulation ® Replication origin licensing ®
Chromatin organization  Histone modification ¢ Replication timing

2.1 Initiation of DNA Replication

Origins of replication are defined as chromosomal sites where double-stranded DNA
unwinds to form single-stranded DNA templates for genome duplication. Genetically,
the cis-acting sequences that determine the locations of replication initiation events
are termed replicators (Jacob et al. 1963). Replicators can confer the ability to start
replication when transferred from their original locations to ectopic sites. Replicators
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interact with trans-acting factors, termed initiators, to facilitate DNA replication. In
eukaryotes, initiators are highly conserved, as all eukaryotes share a group of essential
DNA-binding protein complexes that form pre-replication complexes. Pre-replication
complexes assemble on chromatin in a process termed “replication licensing,” and the
components of pre-replication complexes are orthologous in all eukaryotes (Aladjem
2007; DePamphilis 1999; Fragkos et al. 2015; Masai et al. 2010; Remus and Diffley
2009). Conversely, the chromatin features associated with eukaryotic replicators vary
and are often cell type and/or developmental specific (Aladjem 2007; Besnard et al.
2012; Cayrou et al. 2015; Smith and Aladjem 2014; Smith et al. 2016).

The conserved proteins that form pre-replication complexes (Fig. 2.1) include a
DNA-binding origin recognition complex (ORC) that serves as a platform to recruit
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Fig. 2.1 Pre-replication complex proteins bind in a stepwise manner throughout G1. Recruited
during the M to G1 transition, the origin recognition complex (ORC) is a platform to recruit a
conserved group of helicases, polymerases, and accessory proteins that catalyze the initiation of
DNA replication. ORC binds to chromatin as cells emerge from mitosis. Licensing factors Cdc6
and Cdtl bind to ORC, followed by the inactive form of the replicative helicase MCM2-7.
Additional proteins are required to activate the MCM helicase and initiate DNA replication.
Specifically, the inactive MCM2-7 helicase then interacts with CDC45, MCM 10, and GINS (SId5,
Psf1, Psf2, Psf3) to form the complete helicase (CMG) complex. Cyclin-dependent kinase (CDK)-
and Dbf4-dependent kinase (DDK)-mediated phosphorylation activates proteins and allows Cdc45
interacts with Treslin (S1d3 in yeast). SId2/RecQL4 and DPB11/TopBP1 are then recruited to the
complex. Chromatin-associated DNA polymerases (Pol-a and pol-d), replication protein A (RPA),
CMG, and Dpb11/TopBP1 then initiate DNA replication
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a conserved group of helicases, polymerases, and accessory proteins that catalyze
the initiation of DNA replication. Assembly of the conserved pre-replication and
pre-initiation complexes at potential replication origins occurs stepwise during the
G1 phase of each the cell cycle (Aladjem 2007; DePamphilis 1999; Fragkos et al.
2015; Remus and Diffley 2009). First, ORC binds to chromatin as cells emerge
from mitosis. Then, licensing factors CDC6 and CDT1 bind to ORC, which allows
for the binding of the inactive form of the replicative helicase MCM2-7. The result-
ing pre-replication complex recruits additional proteins required to activate the
MCM helicase and initiate DNA replication (Boos et al. 2013; Sansam et al. 2015;
Sheu et al. 2016; Tanaka and Araki 2013). The chromatin-bound but inactive
MCM2-7 helicase then interacts with additional components, CDC45, MCM 0,
and GINS (S1d5, Psf1, Pst2, Psf3), to form the complete helicase (CMG) complex.
Prompted by cyclin-dependent kinase (CDK)- and Dbf4-dependent kinase (DDK)-
mediated phosphorylation, CDC45 interacts with Treslin (S1d3 in yeast), which
recruits S1d2/RecQL4 and DPB11/TopBP1 (Bruck et al. 2015; Depamphilis et al.
2012; Masai et al. 2010; Remus and Diffley 2009; Zegerman and Diffley 2007).
Chromatin-associated DNA polymerases (Pol-o and pol-9), replication protein A
(RPA), CMG, and Dpb11/TopBP1I then initiate DNA replication (Abid and Costa
2016; Kanemaki and Labib 2006; Takayama et al. 2003).

The assembly of pre-replication complexes and the subsequent initiation are
tightly coupled with cell cycle progression by the phosphorylation activities of two
kinases, CDK and DDK. Helicase recruitment, in an inactive form, can only occur
at low kinase levels (Bell 2002; Remus and Diffley 2009), whereas the activities of
DDK and CDK are required at subsequent steps to activate the helicase and initiate
replication (Boos et al. 2013; Remus and Diffley 2009; Sansam et al. 2015; Sheu
et al. 2016; Tanaka and Araki 2013). The need for low kinase levels in the early
stages of pre-replication complex assembly implies that such complexes cannot be
assembled once DNA replication has started, insuring orderly cell cycle progression
as well as preventing re-replication of cellular DNA, a hallmark of genomic insta-
bility (Abbas et al. 2013; Hanlon and Li 2015; Remus and Diffley 2009; Richardson
and Li 2014).

Although the events that lead to initiation of DNA replication occur at all poten-
tial replication origins, replication initiation occurs with a remarkably consistent
order in most cells (Besnard et al. 2012; Cayrou et al. 2011; Martin et al. 2011) to
create a coordinated replication timing program (Koren et al. 2014; Mukhopadhyay
et al. 2014; Rhind and Gilbert 2013b). The binding patterns of pre-replication com-
plexes do not provide clues to the principles of origin choice as ORC does not
exhibit sequence-specific DNA binding (Miotto et al. 2016) and replication origins
in most eukaryotes do not share a clear common consensus (Aladjem 2007;
Bartholdy et al. 2015; Leonard and Mechali 2013; Masai et al. 2010). Interactions
between replication origins and components of pre-replication complexes, there-
fore, are essential for initiation but cannot intuitively explain the consistent replica-
tion patterns observed in most mitotic cell cycles.
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2.2 Genetic Features and Local Determinants of Replication
Origins

Replication origins in viruses and in some prokaryotes and eukaryotes exhibit dis-
tinct sequence features that facilitate interactions with unique initiator proteins. In
DNA tumor viruses, replication origins colocalize with replicator sequences that bind
specialized initiators (e.g., SV40 T-antigen and BPV El1 protein) to catalyze DNA
unwinding and recruit the host replication machinery (Fanning and Zhao 2009). In
budding yeast, replication origins contain an AT-rich, 11 bp consensus ORC binding
sequence. High frequency of initiation from yeast replication origins also requires
accessory sequences that affect chromatin structure by dictating the efficiency of
ORC binding as well as directing initiation in unique chromosomal environments
(Hoggard et al. 2013; Marahrens and Stillman 1992; Palacios DeBeer et al. 2003).
In metazoa, replication origin sequences exhibit high heterogeneity (Aladjem
2007; Bartholdy et al. 2015; DePamphilis 1999; Fragkos et al. 2015) and do not
share a clear consensus, consistent with the observation that not all potential replica-
tion origins initiate replication in all cells each cell cycle. There are two sources of
replication origin heterogeneity. First, a large fraction of replication origins exhibit
consistent initiation in particular cell types and not in other cells (Besnard et al.
2012; Cayrou et al. 2015; Martin et al. 2011; Smith et al. 2016). For example, less
than 50% of all origins identified in a survey of eight cell lines initiated replication
in all cells within that cohort, and a large fraction (about 15%) only initiated replica-
tion in a single cell line (Smith et al. 2016). Second, within populations of cells of
the same type, most replication origins initiate replication stochastically in a frac-
tion of cell cycles. In most somatic metazoan cells, only 10-20% of all potential
origins actually initiate replication each cell cycle, suggesting that most origins
exhibit flexible initiation patterns (Cayrou et al. 2015). When such flexible origins
remain “dormant” and do not initiate replication, they replicate passively from adja-
cent replication forks (Fig. 2.2). Notably, however, the presence of excess replica-
tion origins plays a role in genome preservation: a marked reduction in the frequency
of licensed but dormant origins, achieved either by targeted genetic deletions of
origins or by mutating replication licensing factors, increases genomic instability
(Abbas et al. 2013; Besnard et al. 2012; Blow et al. 2011; Fragkos et al. 2015;
Kawabata et al. 2011; Marks et al. 2016). These observations suggest that flexible or
consistent dormant origins, which rarely or never initiate replication during normal
cell cycle progression, might serve as backup origins when replication forks stall.
The exact sequence features that mark replication origins and determine the fre-
quency of initiation at each origin remain to be elucidated. Budding yeast potential
replication origins share a consensus sequence that is recognized by the ORC com-
plex. Yeast origins can all initiate replication on plasmids (Marahrens and Stillman
1992; Masai et al. 2010), but chromatin context plays a role in determining the
activation rates of particular chromosomal origins (Hoggard et al. 2013; Knott et al.
2012). Metazoan replication origins do not exhibit a prominent single consensus
sequence (Aladjem 2007; Fragkos et al. 2015; Mechali et al. 2013; Urban et al.
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Fig. 2.2 While the profiles of activated replication origins are similar within cell line, specific
replication origin chosen by cells within that population varies in location and replication time.
Most origins exhibit flexible initiation patterns, where the specific origins activated differ between
cells. When such flexible origins remain “dormant” and do not initiate replication, they replicate
passively from adjacent replication forks

2015) but share several sequence features (Fig. 2.3a) including regions that exhibit
strand asymmetry, CpG islands, G-quadruplexes, transcription start sites, origin
G-rich repeated elements (OGRESs), and regions of DNase hypersensitivity (Besnard
etal. 2012; Cayrou et al. 2015; Foulk et al. 2015; Martin et al. 2011; Mukhopadhyay
etal. 2014; Rao et al. 2014). Of those, genetic association studies on phased genome
revealed strong high association with strand asymmetry (Bartholdy et al. 2015).

The primary DNA sequence at replication origins can determine the ability to
initiate replication at ectopic sites (Aladjem et al. 1998; Liu et al. 2003), possibly via
affecting chromatin modifications (Chen et al. 2013; Conner and Aladjem 2012; Fu
et al. 2006; Liu et al. 2003). For example, the replication origin at the human HBB
locus can create an open chromatin conformation at ectopic sites (Fu et al. 2006). A
group of replication origins colocalizes with ubiquitous chromatin opening elements
(UCOES), which maintain open chromatin structure by recruiting transcription fac-
tors (Conner and Aladjem 2012; Majocchi et al. 2014) and protecting transcriptional
activity despite local repressive epigenetic features (Flickinger 2015). Hence,
recruiting chromatin modifiers could allow replication origins to alter the local envi-
ronment and create a context permissive for both transcriptional activity and replica-
tion initiation (Aladjem 2007; Hassan-Zadeh et al. 2012; Huang et al. 2011).

In agreement, local histone modifications correlate with, and can determine, rep-
lication origin locations (Feng et al. 2006; Leonard and Mechali 2013; Mechali
et al. 2013; Rhind and Gilbert 2013b; Smith and Aladjem 2014; Smith et al. 2016;
Vogelauer et al. 2002). Comparisons of initiation sites with histone features and
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Fig. 2.3 (a) Metazoan replication origins share several sequence features. Origins generally asso-
ciate with regions that exhibit strand asymmetry, CpG islands, G-quadruplexes, transcription start
sites, origin G-rich-repeated elements (OGREs), and regions of DNase hypersensitivity. In agree-
ment, local histone modifications correlate with and can determine replication origin locations and
timing. Early replicating regions associate with H3K4me1/2/3, H3K9ac, H3K18ac, H3K36me3,
and H3K27ac. These histone modifications also associate with open chromatin and are enriched in
moderately active transcription start sites. Late replicating regions tend to associate with H3 and
H4 hypoacetylation, H3K9 and H3K27 methylation, and are found in heterochromatic regions. (b)
Distal DNA sequences affect origin activity and transcriptional through long-distance interactions.
Such interactions can be mediated via protein interaction with enhancers and locus control regions,
by chromatin remodeling factors and transcriptional activators that bind enhancers and locus con-
trol regions, and by long noncoding RNAs

replication timing domains identify certain histone modifications as strong indica-
tors of origin utilization (Fig. 2.3a). For example, early replicating regions associate
with H3K4me1/2/3, H3K9ac, H3K18ac, H3K36me3, and H3K27ac (Smith et al.
2016). Origins that associate with those chromatin features also localize in open
chromatin and are enriched in moderately active transcription start sites (Besnard
et al. 2012; Martin et al. 2011). Replication origins that initiate replication early
during S-phase tend to associate with open chromatin features and are often acti-
vated in many cell types. In contrast, late replicating regions tend to associate with
H3 and H4 hypoacetylation and H3K9 and H3K27 methylation and often initiate
replication in a cell type-specific manner (Cayrou et al. 2015; Mechali et al. 2013;
Smith et al. 2016). The tendency to initiate replication in most cells or in a particular
cell type does not depend on cancer status, as common and cell type-specific initia-
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tion activity correlates with cellular lineages rather than with cancer or noncancer
(Smith et al. 2016).

Transcriptional activity of local genes and cellular differentiation state can alter
the replication timing program. For example, Xenopus early embryos do not exhibit
a strong preference for initiation sites, correlated with the absence of transcription
(Mechali and Kearsey 1984). In those embryos, induced transcription either through
development or by tethering specific transcription factors resulted in increased
localized initiation (Fragkos et al. 2015; Mechali et al. 2013). In somatic dividing
cells, replication origins often associate with transcription start sites at active genes
(Valenzuela et al. 2011) and, in particular, with transcription start sites at moder-
ately active transcribed regions (Martin et al. 2011; Sequeira-Mendes et al. 2009).
However, this association is diminished in highly transcribed regions, suggesting
that transcription and replication regulate each other to avoid disruptions and poly-
merase collision events (Martin et al. 2011; Sequeira-Mendes et al. 2009). In agree-
ment, transcriptional activity coordinates with the replication timing program
(Rivera-Mulia et al. 2015), and replication delays often accompany gene silencing.

2.3 Influences of Global Chromatin Organization
on Replication Initiation

On a larger scale, replication timing domains, each containing multiple replication
origins that replicate concomitantly (Bartholdy et al. 2015; Mukhopadhyay et al.
2014), exhibit high concordance with large-scale chromatin organization units
termed topologically associated domains that encompass several hundred kilobases
to megabases (Hiratani et al. 2010; Lieberman-Aiden et al. 2009; Mattarocci et al.
2014; Moindrot et al. 2012; Rao et al. 2014; Rhind and Gilbert 2013b; Yaffe et al.
2010). This association suggests that the time of activation of replication origins
reflects a fundamental structural property of the nucleus (Hiratani et al. 2010;
Moindrot et al. 2012; Pope et al. 2014; Rhind and Gilbert 2013b; Yaffe et al. 2010).
In agreement, replication origins are known to associate nuclear structural features
such as matrix attachment sites (MARS), scaffold attachment sites (SARs), and
stabilizing anti-repressor elements (STARs) (Mechali et al. 2013; Smith and
Aladjem 2014) as well as with lamins and cohesins (Cayrou et al. 2015; Smith and
Aladjem 2014).

High-resolution whole-genome analyses reveal that replication timing domains
often reflect chromatin modifications (Dileep et al. 2015; Pope et al. 2014). Early
replicating regions often associate with transcriptionally active topological domains,
whereas late replicating origins often associate with heterochromatin. The effects of
the primary sequence on replication origin activity and replication timing were
assessed using analyses on phased genomes, which permit identification of paternal
vs. maternal origins to characterize the effects of specific sequence variations on
origin activity (Bartholdy et al. 2015; Mukhopadhyay et al. 2014), and by identify-
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ing inherited alleles that affect replication timing following the sequencing of 161
individual proliferating cell samples (Koren et al. 2014). These analyses have dem-
onstrated that cis-acting genetic elements determine, at least in part, the locations of
megabase-scale replication timing domains. In cancer cells, the replication of entire
chromosomes could be delayed in a sequence-specific manner, and interactions
with long noncoding RNAs could alter the timing of replication for entire chromo-
somes (Donley et al. 2015).

Proteins that catalyze distinct histone modifications can facilitate or modulate
initiation in groups of replication origins. HBOI, a histone acetyltransferase that
modifies H4KS5 and H4K12, binds near origins of replication by associating with
ORC1 and Cdtl1 (Ilizuka et al. 2006; Miotto and Struhl 2010). The chromatin decon-
densation promoted by HBOI1 is enhanced near H3K4me3 and reduced near
H3K20me1/2/3 (Huang et al. 2006; Kim et al. 2006; Saksouk et al. 2009). While
histone acetyltransferase HBO1 is associated with early replicating origins, histone
methyltransferase PR-Set7 and heterochromatin-associated proteins ORC-
associated protein (ORCA) and HP1 are associated with late replicating origins.
ORCA/LRWDI stabilizes ORC on origins and promotes late replication by per-
petuating histone compaction near the repressive methylation of H3K9, H4K20,
and H4K27 (Chakraborty et al. 2011; Giri et al. 2015). HP1 is also known to stabi-
lize ORC on origins via interaction with ORC2 and ORC3 and to bind to methylated
H3KO9 to establish late replicating domains (Chakraborty et al. 2011; Schwaiger
etal. 2010). H4K20mel serves as a binding domain for other histone modifiers, like
Suv4, promoting further chromatin compaction (Tardat et al. 2010). Cells depleted
in further methylation of H4K20 are also shown have reduced ORCA and ORCI
binding (Sherstyuk et al. 2014).

In addition to modifying histones near origins of replication, some trans-acting
factors, like Rif1, Tazl, and FKH1/2, facilitate the recruitment of replication factors
to origins. Tazl and Rifl help promote replication initiation in heterochromatic,
telomeric regions (Cornacchia et al. 2012; Hayano et al. 2012; Tazumi et al. 2012;
Yamazaki et al. 2012). Both Taz1, which prevents early-S replication activation, and
Rifl, which recruits protein phosphatase 1 (PP1) and modulates the chromatin bind-
ing of pre-initiation complex components (Dave et al. 2014; Foti et al. 2016; Hiraga
et al. 2014; Kanoh et al. 2015), are associated with late replication. Tazl and Rif1
might delay replication by interfering with DDK phosphorylation of Mcm2-7 and
associating with nuclear architectures that anchor heterochromatin (Foti et al. 2016;
Tazumi et al. 2012). Inhibition of MCM phosphorylation subsequently interferes
with CDC45 and S1d3 loading (Francis et al. 2009; Tazumi et al. 2012). The replica-
tion and DNA repair features regulated by Rifl are conserved across eukaryotes
(Mattarocci et al. 2014). Rifl organizes replication timing domains by associating
with G-quadruplexes to suppress replication (Foti et al. 2016; Kanoh et al. 2015;
Mattarocci et al. 2014).

Unlike Taz1 and Rifl, FKH1/2 can promote early replication by recruiting repli-
cation factors to early replicating DNA (Knott et al. 2012). In addition, FKH1/2
overexpression advances the replication time of late replicating origins (Knott et al.
2012). These proteins help either activate or repress replication by facilitating inter-
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chromosomal interactions (Musialek and Rybaczek 2015). FKH1/2 advance the time
of initiation by acting during the late G1 phase of the cell cycle (Peace et al. 2016),
indicating that replication timing can be reset subsequently to origin licensing.

Distal DNA sequences affect transcriptional activity and origin activity through
long-distance interactions (Aladjem et al. 1998; Gerhardt et al. 2014; Norio et al.
2005). Such interactions (Fig. 2.3b) can be mediated via protein interaction with
enhancers and locus control regions (Huang et al. 2011) or by chromatin remodel-
ing factors and transcriptional activators that bind enhancers and locus control
regions (Aladjem 2007; Fragkos et al. 2015). ReplD, a protein that interacts with a
group of replication origins, is associated with an origin-activating chromatin loop
between the origin and the locus control region at the human HBB locus (Zhang
et al. 2016). Long-distance interactions that modulate replication timing can also be
mediated by long noncoding RNAs (IncRNAs) such as Xist and HOTAIR, which
guide histone and chromatin remodeling proteins to specific DNA sequences and
facilitate chromatin interactions (Fragkos et al. 2015; Nagano and Fraser 2011).
IncRNAs can stabilize ORC to origins in viruses (Fragkos et al. 2015; Nagano and
Fraser 2011) and can affect the timing of replication for entire chromosomes in
cancer cells (Donley et al. 2015).

2.4 Role of Replication Origins

The apparent excess of potential replication origins and the absence of sequence-
specific initiation during early embryogenesis both suggest that a consistent replica-
tion initiation program is not a mechanistic requirement for genome duplication.
Replication also proceeds stochastically with no apparent replication timing
domains within the human inactive X chromosome (Koren et al. 2014), again sug-
gesting that a consistent replication timing program is not required merely to insure
genome duplication. The replication program could be established to coordinate
replication with other chromatin transactions, primarily transcription. Consistent
replication initiation sites could facilitate genome integrity by coordinating replica-
tion with transcription and chromatin assembly on the shared chromatin template.
The consistent replication timing programs establish regions that replicate late dur-
ing S-phase and might serve to establish and maintain specific nuclear compart-
ments, such as heterochromatin. Late replication of heterochromatin can be required
to preserve the structural integrity of the nucleus by preventing rapid, massive chro-
matin decondensation and re-condensation that could and lead to DNA damage
(Bustin and Misteli 2016).

Although the severe effects of changes in replication timing support a critical
role for replication timing regulation in maintaining genomic stability, recent math-
ematical models suggest that the relative efficiencies of initiation at replication ori-
gins are sufficient to determine the organization of replication timing domains. A
mathematical model can predict replication timing with high accuracy in human
cells without assuming any “replication timing factor,” using two variables: the
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known distribution of replication origins as correlates of DNase hypersensitive sites
and the assumption that replication initiation is restricted by the availability of a
single rate-limiting activator (Gindin et al. 2014). A second model (Lob et al. 2016)
was also able to predict the general progression of DNA replication and in addition
predicted the three-dimensional spatial organization of replication events based on
higher chromatin organization, assuming spontaneous stochastic initiation within
euchromatin and facultative heterochromatin. Again, this model did not assume a
replication timing factor, and replication timing could be deduced without such a
factor assuming concomitant inhibition of replication initiation at distances below
the size of chromatin loops and a domino-like effect by which replication at a par-
ticular origin would induce initiation from adjacent origins. A third model was able
to predict replication timing in yeast with high accuracy relying on the density of
the MCM replicative helicase, assuming a high level of MCMs at early origins (Das
et al. 2015). Together, all models suggest that the spatial distribution of replication
origins determines the temporal organization of replication.

The ability to modify the spatial and temporal initiation profile also allows a cell
to accommodate its specific transcription program. A large fraction of the human
genome exhibits changes in the order of replication during nuclear reorganization
associated with differentiation and development (Pope et al. 2014; Rhind and
Gilbert 2013a; Rivera-Mulia and Gilbert 2016). Consistent with the need to activate
initiation at distinct times to accommodate changes in transcription, cell type-
specific replication origins are often located in regions that exhibit differentiation-
specific and tissue-specific gene expression (Gerhardt et al. 2014; Norio et al. 2005).
Origins that are activated in a narrow set of distinct cell types tend to initiate replica-
tion late in S-phase in regions that contain few and sparse origins, whereas origins
that are commonly activated in many cell type initiate replication throughout
S-phase (Smith et al. 2016). Since chromatin and histone modifications influence
transcription and replication patterns, varying recruitment of modifiers and other
proteins by transcription factors can markedly influence the replication program and
vice versa (Bar-Ziv et al. 2016). Massive alterations in replication initiation patterns
can be programmed, associated with activation of a differentiation cascade leading
to changes in gene expression patterns (Gerhardt et al. 2014; Norio et al. 2005).
Conversely, since transcription can hinder initiation of DNA replication on the com-
mon chromatin template (Martin et al. 2011), regions that exhibit massive
differentiation-induced transcription might contain fewer and sparser replication
origins due to the paucity of genetic elements that can support initiation. The precise
timing of origin activation within replication timing domains is determined anew
after each mitotic cell division (Wu and Gilbert 1996), facilitating dynamic and flex-
ible changes in replication order (Rhind and Gilbert 2013a).

The excess of replication origins might also play a regulatory role to facilitate
genomic stability by allowing for timely, accurate replication under stress. Activation
of stress responses in actively proliferating cells, including changes in the rate of
replication fork progression, can signal for changes in the utilization of certain ori-
gins. Conversely, alterations in the frequency of initiation can affect the rate of DNA
synthesis. In yeast, replication can proceed upon depletion of the most or all replica-
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tion origins in specific chromosomes, but those cells exhibit elevated chromosome
loss rates (Dershowitz et al. 2007). In addition, a lower number of potential origins
can increase the abundance of DNase hypersensitive regions, chromosome fragility,
and chromosomal rearrangements (Huang and Koshland 2003; Lengronne and
Schwob 2002).

Mammalian cells often exhibit increased frequency of replication initiation
events (activation of “dormant origins”) in response to events that slow the progres-
sion of replication forks, including changes in nucleotide pool levels (Anglana et al.
2003), exposure to histone deacetylase inhibitors (Conti et al. 2010) diminished
homologous recombination (Daboussi et al. 2008) and dysfunctional DNA modify-
ing enzymes such as topoisomerase I (Tuduri et al. 2009) and Mus81 endonuclease
(Fu et al. 2015). Since the enhanced frequency of initiation in those cases associates
with a mild decrease in replication fork progression rates, it is unclear whether the
overall increase in initiation frequency indicates a global compensatory mechanism
linking replication fork rates and origin activity or reflects local changes in a group
of loci (e.g., fragile sites) that are particularly prone to potentially genotoxic lesions
under conditions of slow replication fork progression.

2.5 Conclusions and Future Questions

Cells duplicate their genomes starting from many origins and proceeding along a
well-established program that sequentially replicate the entire genome. Consistent
replication origins are evident in most cells, although they are not essential for com-
plete genome duplication. Origin activation dynamics might therefore primarily
play a role in establishing local and global chromatin structure and facilitate the
cellular response to adverse events that perturb the replication process.

Although the ability to initiate DNA replication can partially be conferred by the
primary DNA sequence, most replication origins exhibit flexible initiation, as their
activation in a fraction of cells is affected by the chromatin environment and by
interactions with distal DNA elements. This flexible initiation program facilitates
coordination between replication and transcription and preserves genome stability
by maintaining a group of “reserve” potential replication origins that can be acti-
vated if replication at adjacent replicons stalls.

Understanding the molecular interactions at replication origins is critical for
establishing a complete picture of how cells coordinate chromatin transactions,
including transcription, chromatin decondensation and compaction, and DNA syn-
thesis. Despite rapid progress in mapping the locations and timing of replication
initiation events, we have yet to identify the corresponding molecular interactions
that dictate initiation of DNA replication at particular sites. Future progress in
addressing these issues will be achieved by identifying the exact combination of
DNA-binding proteins or chromatin modifiers that activate DNA replication. The
evident flexibility of the replication program also necessitates studies that character-
ize cell cycle signaling pathways that repress replication from origins that remain
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“dormant” during particular cell cycles and modulate replication initiation to coor-
dinate with changes in the transcription program. Finally, future studies character-
izing how cell cycle checkpoint pathways affect molecular interactions at replication
origins could lead to a better understanding of cellular responses to potentially
genotoxic stress.
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Chapter 3

Molecular Mechanism for Chromatin
Regulation During MCM Loading

in Mammalian Cells

Nozomi Sugimoto and Masatoshi Fujita

Abstract DNA replication is a fundamental process required for the accurate and
timely duplication of chromosomes. During late mitosis to G1 phase, the MCM2-7
complex is loaded onto chromatin in a manner dependent on ORC, CDC6, and Cdtl,
and chromatin becomes licensed for replication. Although every eukaryotic organism
shares common features in replication control, there are also some differences among
species. For example, in higher eukaryotic cells including human cells, no strict
sequence specificity has been observed for replication origins, unlike budding yeast or
bacterial replication origins. Therefore, elements other than beyond DNA sequences
are important for regulating replication. For example, the stability and precise posi-
tioning of nucleosomes affects replication control. However, little is known about how
nucleosome structure is regulated when replication licensing occurs. During the last
decade, histone acetylation enzyme HBO1, chromatin remodeler SNF2H, and histone
chaperone GRWDI1 have been identified as chromatin-handling factors involved in
the promotion of replication licensing. In this review, we discuss how the rearrange-
ment of nucleosome formation by these factors affects replication licensing.

Keywords Replication ¢ Pre-RC ¢ Cdtl « MCM « HBO1 * SNF2H ¢« GRWDI -
Histone * Nucleosome

3.1 Introduction

One of the fundamental events in the cell cycle is complete and precise duplication
of the genome. Although major features of replication are well conserved among all
organisms, there are also some differences. In all eukaryotes, DNA replication is
thought to begin at origins of replication. In S. cerevisiae, autonomously replicating
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sequences (ARSs) have been identified as origins (Stinchcomb et al. 1979; Rao et al.
1994; Wyrick et al. 2001). In S. pombe, although no consensus sequence has been
identified, AT-rich regions serve as potential origins (Segurado et al. 2003; Yompakdee
and Huberman 2004; Dai et al. 2005; Hayashi et al. 2007). In mammalian cells,
DNA replication origins do not have such consensus sequences (Vashee et al. 2003;
Schaarschmidt et al. 2004; Martin et al. 2011; Valenzuela et al. 2011; Besnard et al.
2012; Petryk et al. 2016). Although metazoan replication origins have been shown to
possess some characteristic features, genome-wide studies have shown that most
efficient origins in mammalian cells are strongly associated with human CpG island
(CGI) promoters (Cadoret et al. 2008). The association with CGI has also been con-
firmed in mouse cells (Sequeira-Mendes et al. 2009; Cayrou et al. 2011). A con-
served G-rich motif named OGRE (origin G-rich repeated elements) is present in
most of mouse and Drosophila origins, and OGRE motifs can form a G-quadruplex
(G4) (Cayrou et al. 2011, 2012). A genome-wide association between origins and G4
motifs has also been found in human cells (Besnard et al. 2012). In fact, some G4
motifs could promote replication initiation (Valton et al. 2014), and human ORC
binds preferentially to G4 motifs on single-stranded DNA (Hoshina et al. 2013).
Therefore, G4 structures could mediate ORC recruitment to initiation sites.

To initiate DNA replication, it is essential to form prereplicative complexes (pre-
RCs). In late M to early G1 phase, pre-RCs are formed on chromatin (Fig. 3.1a).
The pre-RC assembly, known as “licensing,” involves the binding of ORC to
DNA. In budding yeast, ORC interacts with ARSs in a sequence-specific manner
(Bell and Stillman 1992). In fission yeast, Orc4, a subunit of the ORC complex, has
unique sequence motifs called “AT hooks” and binds to replication origin DNA via
these motifs (Chuang and Kelly 1999). In metazoan, including human cells, ORC
binds to DNA without sequence specificity and tends to interact with open chroma-
tin regions containing active chromatin marks such as histone H3 acetylation and
H3K4 methylation (Vashee et al. 2003; Schaarschmidt et al. 2004; Dellino et al.
2013; Miotto et al. 2016).

ORC bound to origins, in conjunction with CDC6 and Cdt1, loads MCM double
hexamers onto DNA. Once MCM complexes are loaded, the origin becomes
“licensed” and is ready to be activated. As cells enter S phase, the licensing func-
tions of ORC, CDC6, and Cdt1 are suppressed to inhibit MCM reloading (Fig. 3.1b).
In addition, to activate MCM replicative helicase, two kinases, CDK and CDC7,
phosphorylate fork components and facilitate CDC45 and GINS recruitment (Araki
2011; Heller et al. 2011; Yeeles et al. 2015; Bleichert et al. 2017).

Generally, eukaryotic DNA is packaged into nucleosomes. The nucleosome con-
tains 146 bp of DNA wrapped around an octameric complex of H2A, H2B, H3, and
H4 (Horn and Peterson 2002). The N-terminal tails of the histones protrude from the
nucleosome. These histone tails are important for higher-order chromatin folding.
Because nucleosomes prevent DNA-related processes, they must first be disassem-
bled or moved transiently to allow DNA replication, DNA repair, and transcription
machineries to access the DNA. At the replication fork during S phase, two histone
chaperones, CAF1 and ASF]1, aid histone eviction and redeposition (MacAlpine and
Almouzni2013). The FACT histone chaperone binds to several replisome components
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Fig. 3.1 A model for regulation of pre-RC formation and its firing in human cells. (a) During late
M to G1 phase, the ORC, CDC6, Cdtl, and MCM2-7 proteins are sequentially assembled on rep-
lication origins (including dormant origins). The MCM complexes are loaded in excess onto chro-
matin and may be distributed to locations distant from the ORC binding sites. These ORC-distal
MCMs may also function as origins (including dormant ones). (b) When cells enter S phase, CDK
and CDC7 kinases are activated and facilitate loading of CDC45, GINS, and other proteins to
activate the helicase activity of MCM. This triggers the unwinding of DNA and the subsequent
loading of DNA polymerases and other factors onto chromatin to start DNA replication. To prevent
relicensing (i.e., reloading of MCM) during S phase, it is important to downregulate the function
of MCM loaders. A major pathway for this purpose is through regulation of Cdtl. Cdtl activity is
regulated by ubiquitin-mediated degradation and its specific inhibitor, geminin. Part of the mecha-
nisms for inhibition of relicensing is regulation of CDC6 and ORCI1. CDC6 is exported from the
nucleus in a CDK phosphorylation-dependent manner. ORC1 is phosphorylated by CDK and is
subsequently degraded by ubiquitin-mediated proteolysis

and travels with the replication fork (Wittmeyer and Formosa 1997; Gambus et al.
2006; Tan et al. 2006; VanDemark et al. 2006). Conditional knockout of SSRP1, a
small subunit of FACT, reduces fork speed in chicken DT40 cells (Abe et al. 2011).
In in vitro replication with purified yeast replication proteins and fully chromatinized
templates, replisome progression requires the FACT (Kurat et al. 2017). In addition,
several studies have shown that MCM2 interacts with histones H3-H4 and histone
chaperone ASF1 and acts as a histone chaperone to assist disassembly and assembly
of nucleosomes during fork progression (Ishimi et al. 2001; Groth et al. 2007;
Jasencakova et al. 2010; Huang et al. 2015; Richet et al. 2015). However, little is
known about nucleosomal regulation during pre-RC formation, especially in human
cells. This review will focus on recent findings addressing this issue.
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3.2 Factors That Promote Pre-RC Formation

Broadly, three families of functionally distinct protein complexes have been impli-
cated in transient nucleosome eviction, disassembly, and/or movement: (1) ATP-
dependent chromatin remodeling proteins, (2) histone acetyltransferases (HAT),
and (3) histone chaperones (Aalfs and Kingston 2000; Hammond et al. 2017).
“Chromatin openness” is important not only for transcription but also for replica-
tion licensing, origin firing, and other nuclear transactions. “Open chromatin
regions” may represent transiently generated nucleosome-free or nucleosome-low
DNA regions (Fig. 3.2). In general, when activating transcription, transcription fac-
tors promote chromatin openness by recruiting these chromatin-handling factors.

In yeast, ARS-binding factor 1 (ABF1), a transcription factor, is implicated in
formation of nucleosome-free regions at its binding sites and activates transcription
of many genes (Springer et al. 1997; Badis et al. 2008; Hartley and Madhani 2009).
ABF1 binds to several ARSs and alters local chromatin structure (Venditti et al.
1994; Hu et al. 1999). In an in vitro system, ABF1-dependent nucleosomal arrange-
ment of ARS/ is required for efficient ORC loading (Lipford and Bell 2001).
Furthermore, ABF1 binds to the promoters of many ribosomal genes and recruits
Esal, an essential histone acetyltransferase (Reid et al. 2000).

In higher eukaryotes, numerous studies have shown that transcription factors
contribute to replication licensing. In Drosophila, Myb, a sequence-specific tran-
scription factor, is required for site-specific replication at ACE3 and Ori-f} (Beall
et al. 2002). In human, mouse, and Xenopus, c-myc interacts with pre-RC compo-
nents and regulates origin activity (Dominguez-Sola et al. 2007). Binding of
Drosophila ORC to origin DNA is facilitated by E2F1-Rb (Bosco et al. 2001).
These studies indicate that transcription factors bind to specific DNA sequences,
thereby efficiently recruiting ORC via physical interactions. However, they could
also promote MCM loading by recruitment of chromatin-handling factors. As
another example, ORCA recruits ORC to chromatin at human heterochromatic
regions (Shen et al. 2010).

3.3 (Cdtl Strongly Stimulates Pre-RC Formation and Its
Activity Is Tightly Regulated by Multiple Mechanisms
in Human Cells

Cdtl is essential for loading of the MCM2-7 complex onto chromatin and physi-
cally interacts with several subunits of the MCM complex (Tanaka and Diffley
2002; Randell et al. 2006; You and Masai 2008). In human cells, Cdtl strongly
promotes MCM loading (Vaziri et al. 2003; Sugimoto et al. 2009), and accordingly,
its activity is tightly regulated by multiple mechanisms (Fig. 3.1b). It was originally
shown that geminin directly binds to Cdtl and inhibits its activity (McGarry and
Kirschner 1998; Wohlschlegel et al. 2000; Tada et al. 2001). Geminin is a substrate
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Fig. 3.2 “Open chromatin region” may have transient nucleosome-free or nucleosome-low DNA
at a low frequency. (a) Open chromatin regions are associated with DNA replication origins. Here,
chromatin openness is estimated by FAIRE (formaldehyde-assisted isolation of regulatory ele-
ments), a method of isolating genomic regions with no or depleted nucleosomes (Sugimoto et al.
2015). ChIP-seq data for CDC6 and MCM?7 are also from Sugimoto et al. (2015). Short nascent
strand (SNS) data are from Besnard et al. (2012). SIX5 and EPHA7 origins (Liu et al. 2012) are
shown as examples of origins having GRWD1-dependent open chromatin structure. (b) In quanti-
tative FAIRE-qPCR assays at several replication origins, the percentages of FAIRE signals are
~10% or less (Sugimoto et al. 2015). Therefore, theoretically, only a small fraction of DNA may
be in a “nucleosome-free” form even in such “open chromatin” regions. Such nucleosome-free
DNA may appear transiently and dynamically, which may generate spaces for efficient MCM
loading. At a subset of replication origins, maintenance of “chromatin openness” is dependent on
GRWDI (Sugimoto et al. 2015). Given that most DNA is organized into nucleosomes even in such
“open chromatin” regions, it would be difficult to directly detect changes in histone levels at repli-
cation origins

of the APC/C ubiquitin ligase and is destabilized during the G1 phase and accumu-
lates during the S, G2, and M phases (McGarry and Kirschner 1998; Wohlschlegel
et al. 2000; Tada et al. 2001; Vodermaier 2004). The protein level of Cdtl is also
strictly controlled during the cell cycle, being high in G1 phase, low in S phase, and
high again at the M-to-G1 transition (Nishitani et al. 2001). In human cells, two E3
ubiquitin ligases, SCF*** and CUL4-DDB 1“2, redundantly mediate proteolysis of
Cdtl (Fujita 2006; Arias and Walter 2007; Coleman et al. 2015). Human Cdtl
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interacts with the SCF%? ubiquitin ligase when phosphorylated by cyclin
A-dependent kinases and is then degraded (Li et al. 2003; Liu et al. 2004; Sugimoto
et al. 2004; Takeda et al. 2005). By contrast, the binding of CUL4-DDB1¢? to Cdt1
is dependent on prior interaction with chromatin-bound PCNA (Arias and Walter
2006; Jin et al. 2006; Nishitani et al. 2006; Ishii et al. 2010). These tight regulations
of Cdtl ensure that MCM is recruited only in G1 phase and that replication occurs
only once during the cell cycle.

3.4 Cdtl Interacts with Three Chromatin-Handling Factors
to Promote Pre-RC Formation

How does Cdtl promote MCM loading so strongly in human cells? One explanation
is that Cdtl might interact with other factors that enhance MCM recruitment. In
human cells, Cdtl interacts with histone acetyltransferase HBO1, ATP-dependent
chromatin remodeler SNF2H, and novel histone chaperone GRWD1 (Miotto and
Struhl 2008; Sugimoto et al. 2008, 2011, 2015; Miotto and Struhl 2010; Aizawa
et al. 2016). As mentioned above, the regulation of local nucleosomal structure
during replication licensing may be important. Thus, Cdtl may recruit these
chromatin-handling factors to facilitate MCM loading by altering chromatin acces-
sibility. In support of this notion, LacI-Cdtl tethered to LacO induces large-scale
chromatin decondensation that may be required for MCM recruitment in G1 phase
(Wong et al. 2010).

3.4.1 Histone Acetylation and HBOI (Also Known as MYST?2
or KAT7)

Highly conserved lysine residues present on all four core histones serve as the tar-
gets of acetylation. When histone tails are acetylated, inter-nucleosomal interac-
tions are reduced, resulting in unfolding of the chromatin fiber (Tse et al. 1998;
Annunziato and Hansen 2000; Shogren-Knaak et al. 2006; Robinson et al. 2008).
The acetylation of histone lysine residues has been implicated in origin activa-
tion during early development in Xenopus and at the chorion gene loci in Drosophila
follicle cells (Aggarwal and Calvi 2004; Danis et al. 2004; Hartl et al. 2007). In S.
cerevisiae, histone deacetylases Sir2 and Rpd3 control replication timing by regu-
lating silencing at the rDNA array (Yoshida et al. 2014). In Drosophila, Rpd3 sup-
presses origin activity, whereas histone acetyltransferase Chameau promotes origin
activation (Aggarwal and Calvi 2004). HBOI1 is the mammalian homolog of
Chameau and was originally identified through its physical interactions with human
ORCI (lizuka and Stillman 1999). Subsequent work has shown that HBO1 interacts
with Cdtl and acetylates histone H4 tails at origin regions during G1, and this is
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required for efficient MCM loading (Miotto and Struhl 2008, 2010). In addition,
HBOI stimulates Cdt1-dependent re-replication (Miotto and Struhl 2008) and inter-
acts with Kaposi’s sarcoma-associated herpes virus terminal repeats and promotes
replication of the viral genome (Stedman et al. 2004). It was recently reported that
the HBO1-BRPF3 complex regulates origin activation through H3K 14 acetylation
and CDC45 loading (Feng et al. 2016). Therefore, these findings suggest that HBO1
has two distinct functions in promoting replication; during G1 phase, it promotes
MCM2-7 loading, whereas during S phase, it promotes CDC45 loading. However,
whether HBO1 is essential for replication remains to be clarified (see below).

3.4.2 SNF2H, an ATP-Dependent Chromatin Remodeler

Chromatin remodeling complexes that use energy derived from ATP hydrolysis
alter chromatin structure by sliding, evicting, and/or modifying nucleosomes. This
large group of complexes can be subdivided into four subfamilies that include the
SWI/SNF-type complex, the ISWI-type complex, the INO8O-type complex, and the
CHD-type complex (Varga-Weisz 2001; Tsukiyama 2002; Corona and Tamkun
2004; Dirscherl and Krebs 2004; Eberharter and Becker 2004). In yeast, the func-
tion of the SWI/SNF remodeling complex is not limited to transcriptional regula-
tion. For example, the SWI/SNF complex is required for efficient maintenance of a
minichromosome containing ARS121, a yeast replication origin (Flanagan and
Peterson 1999). In addition, ISW2 and INOSO facilitate replication fork progression
in the presence of replication stress (Vincent et al. 2008; Au et al. 2011).

In human cells, SNF2H, an ISWI-type factor, has been implicated in regulation
of DNA replication. The dyad symmetry (DS) region of EB viral origin of plasmid
replication (oriP) is flanked by nucleosomes that undergo chromatin remodeling by
SNF2H (Zhou et al. 2005). Furthermore, SNF2H depletion by siRNAs reduces
MCM3 loading and replication at oriP (Zhou et al. 2005). It has been also reported
that SNF2H is enriched at two genomic replication origins in G1 phase, and silenc-
ing of SNF2H suppresses MCM7 and MCM3 loading at the origins (Sugimoto et al.
2011). These studies provide evidence that chromatin remodeling may be required
to move nucleosomes around the replication origin to unmask the pre-RC formation
site. If chromatin remodeling complexes are required to promote pre-RC formation
at the replication origins, a mechanism must exist to ensure they are recruited there.
One mechanism may be through interaction with pre-RC components. In this
regard, SNF2H and WSTF are identified as Cdt1-binding proteins and are recruited
to origins through interaction with Cdtl (Sugimoto et al. 2008, 2011). Another
potential mechanism is the direct binding of chromatin remodeling complexes to
origins, which could be mediated either through DNA binding or by recognition of
replication licensing-coupled histone code(s) such as acetylation (see below). The
involvement of other classes of ATP-dependent chromatin remodeling complexes in
licensing remains to be clarified.
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3.4.3 Novel Histone Chaperone GRWDI

Histone chaperones interact with histones and play crucial roles in mediating
nucleosome assembly and disassembly. In S. cerevisiae, the histone chaperone
FACT is ubiquitinated by E3 ubiquitin ligase Rtt101 and promotes MCM loading
(Han et al. 2010). However, the mechanism of FACT recruitment to origins remains
unclear. In human cells, Cdt1-binding protein GRWDI1 is a novel histone chaperone
that controls chromatin openness at pre-RC sites (Sugimoto et al. 2008, 2015;
Aizawa et al. 2016) (Fig. 3.2). GRWD is recruited to replication origins in a CDC6-
and Cdtl-dependent manner in G1 phase and promotes MCM loading (Sugimoto
et al. 2015) (Fig. 3.2). Although GRWDI is highly conserved among species
(Gratenstein et al. 2005), it is not clear whether GRWD1 homologs in other species
have a similar function. However, several findings link the budding yeast homolog
of GRWDI, Rrbl, to replication licensing. Rrb1 is essential for growth, is involved
in early ribosome assembly, and genetically interacts with Orc6 (Iouk et al. 2001;
Schaper et al. 2001; Killian et al. 2004). In addition, Rrbl interacts with Yphl,
which functions cooperatively with ORC and MCM (Du and Stillman 2002). Taken
together, these observations suggest that GRWD1 plays an important role in pre-RC
formation at DNA replication origins.

GRWDI has an acidic domain and promotes chromatin openness at replication
origins and efficient MCM loading (Sugimoto et al. 2015). Recently, we used an
in vitro reconstituted system to further show that GRWDI can evict H2A-H2B
dimers from nucleosomes (Aizawa et al. 2016). Interestingly, the acidic domain of
GRWDI is important for these activities (Aizawa et al. 2016), consistent with previ-
ous reports that acidic domains are found in numerous histone chaperones and play
roles in histone chaperone activity (De Koning et al. 2007). In vitro studies have
also shown that many acidic transcriptional activators can stimulate DNA replica-
tion by competing with the repressive effects of nucleosomes (Cheng and Kelly
1989; Cheng et al. 1992; Li and Botchan 1994). The acidic domain of GRWDI is
conserved among its homologs, including those in mouse, Drosophila, C. elegans,
and S. cerevisiae (Gratenstein et al. 2005). Thus, this domain could be functionally
important in other species.

3.5 Are HBOI1, SNF2H, and GRWD1 Essential for Minimal
Licensing to Support Normal Cell Growth?

Although H3K 14 acetylation is reduced in HBO1 knockout mouse cells, both DNA
replication and cell proliferation proceeded normally (Kueh et al. 2011). Also in
flies, proliferation occurs with reduced levels of HBO1 (Grienenberger et al. 2002).
Yeasts do not have obvious structural homologs of HBO1 (Avvakumov and Cote
2007; Lafon et al. 2007). Regarding SNF2H, DNA replication appears not to be
affected by immunodepletion of SNF2H-WSTF complexes in Xenopus egg extract
system (MacCallum et al. 2002). In addition, in human cells, the siRNA-mediated



3 Molecular Mechanism for Chromatin Regulation During MCM Loading... 69

silencing of SNF2H, HBO1, or GRWD1 does not impede re-replication induced by
overexpression of the degradation-resistant Cdtl mutant Cy+D1m (Sugimoto et al.
2008, 2009, 2011; our unpublished data). How can these findings be reconciled with
the observations suggesting that these chromatin-handling factors play important
roles in promotion of MCM loading? It is possible that SNF2H-, HBO1-, and
GRWD1-mediated chromatin regulation plays an important role in efficient MCM
loading in human cells, but is not essential for minimal origin firing. Alternatively,
SNF2H-, HBO1-, and GRWD1-mediated enhancement of licensing may be species
or cell type specific. Since HBO1, SNF2H, and GRWD1 are overexpressed in can-
cer cell lines (lizuka et al. 2009; Jin et al. 2015; Sugimoto et al. 2015), regulations
of DNA replication by these factors could be important in cancer cell growth.

It is important to consider the fact that excess MCM loading is crucial for main-
taining genome stability. Even if the number of MCM2-7 molecules loaded is reduced,
normal replication rates are maintained (Edwards et al. 2002; Cortez et al. 2004; Tsao
et al. 2004; Ge et al. 2007; Ibarra et al. 2008). However, depletion of MCM causes
hypersensitivity to replicative stress and a defect in Rad17-dependent ATR-mediated
checkpoint activation (Tsao et al. 2004; Woodward et al. 2006; Ge et al. 2007). A
hypomorphic mutation in MCM4 termed Chaos3 (chromosome aberrations occur-
ring spontaneously 3) causes severe genomic instability, and Chaos3 females are
highly prone to mammary adenocarcinoma (Shima et al. 2007). Although mutant
mice expressing low levels of MCM2 grow normally, they develop T- and B-cell
lymphomas (Pruitt et al. 2007). A reduction of MCM levels causes DNA damage
involving ATR and ATM activation (Orr et al. 2010). These studies demonstrate that
excess MCM loading is critical for toleration of replication stress and activation of the
checkpoint. Therefore, the recruitment of HBO1, SNF2H, and GRWD1 by Cdtl and
subsequent enhancement of MCM loading may be important for the maintenance of
genome stability. On the other hand, Das et al. suggest that the number of loaded
MCMs at origins may regulate replication timing in budding yeast (Das et al. 2015).

3.6 Relationship Between HBO1, SNF2H, and GRWD1
in Nucleosome Regulation and Its Involvement
in the Promotion of MCM Loading

We now favor a model in which HBO1, SNF2H, and GRWDI1 function coopera-
tively in the promotion of pre-RC formation (Fig. 3.3). However, each factor may
act individually on specific origins or under specific conditions. SNF2H-WSTF
complexes bind to acetylated histones in chromatin (Hakimi et al. 2002). Therefore,
it is possible that HBO1 is first recruited to replication origins via interaction with
Cdtl and acetylates histone H4, and then SNF2H is recruited to the origin through
interaction with both Cdtl and acetylated histone H4, where these factors together
with GRWDI alter chromatin plasticity (Fig. 3.3). In contrast to this model, SNF2H,
MCM, and HDAC1/2 (histone deacetylase) co-localize at EB virus OriP (Zhou
et al. 2005). Also, in an in vitro system, SNF2H preferentially interacts with



70 N. Sugimoto and M. Fujita

Cdt1 ™ 2 ’ 2 a

Nucleosome S

a m RS C it

Rearrangement

Fig. 3.3 A model for enhancement of MCM loading by the three chromatin-handling factors in
the context of chromatin. Since nucleosome structure interferes with MCM loading, it should be
rearranged during this process. Histone acetyltransferase HBO1, chromatin remodeler SNF2H,
and histone chaperone GRWDI are involved in this reaction. These factors are recruited to origins
in a Cdtl-dependent manner. It is currently unknown whether they are recruited interdependently

unacetylated histone H4 tails (Alenghat et al. 2006). The reason(s) for this discrep-
ancy is unknown. Nucleosome eviction activity of SWI/SNF is enhanced by tran-
scription factors (Gutierrez et al. 2007). Thus, other cellular cofactors could also be
required to effectively load MCM complexes.

There is a strong association between promotion of replication licensing and
transcriptional activation. For example, HBO1 also acts as a transcriptional coacti-
vator for hormone receptors and AP-1 proteins (Georgiakaki et al. 2006; Miotto and
Struhl 2006; Miotto et al. 2006), and many studies have shown that SNF2H is
involved in transcriptional regulation (Varga-Weisz 2001; Tsukiyama 2002; Corona
and Tamkun 2004; Dirscherl and Krebs 2004; Eberharter and Becker 2004). Our
recent results suggest that GRWD1 functions not only in replication licensing but
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also in transcription and other chromosome transactions (Sugimoto et al. 2015; our
unpublished data). Furthermore, chromatin immunoprecipitation coupled with
high-throughput sequencing (ChIP-seq) in mammalian cells shows that HBOI,
SNF2H, and GRWDI1 are highly enriched near the transcription start sites (Morris
et al. 2014; Sugimoto et al. 2015; Feng et al. 2016). These results indicate that the
Cdtl-interacting chromatin-handling proteins also act in transcriptional control.
The dual roles of HBO1, SNF2H, and GRWDI as coactivators for transcriptional
regulation and for DNA licensing suggest the possibility that these factors might
integrate internal and external stimuli to coordinate transcriptional responses with
initiation of DNA replication.

3.7 Conclusion and Perspectives

Although increasing evidence suggests that HBO1, SNF2H, and GRWD1 promote
MCM loading by regulating nucleosome structure in human cells, the detailed
molecular mechanisms remain unclear, mainly because of the lack of useful cell-
free in vitro reconstitution systems. With budding yeast proteins, pre-RC formation
has been reconstituted on naked DNA with ARSs (Seki and Diffley 2000; Bowers
et al. 2004; Kawasaki et al. 2006) or on the fully chromatinized templates (Kurat
etal. 2017). In human cells, there is no sequence specificity for assembly of pre-RC,
and numerous factors may provide either backup or fine-tuning mechanisms for the
regulation of pre-RC assembly. Therefore, it may take some more time and effort if
in vitro pre-RC reconstitution will be established using human proteins. Nevertheless,
it should be examined whether the Cdtl-binding chromatin-handling factors have
synergistic capabilities to efficiently remodel nucleosomes and/or evict histones in
in vitro reconstitution assays. In the future, it will be very tempting to combine these
factors with pre-RC reconstitution on nucleosome templates. Under these condi-
tions, the histone-handling activity of MCM2 might also have a crucial role.

Finally, whereas it seems clear that “open chromatin” structure facilitates DNA
replication, it remains unclear whether chromatin openness mainly promotes effi-
cient MCM “loading” or efficient MCM “activation” by enhancing recruitment of
CDC45 and GINS. Some suggest that efficient pre-RC formation leads to efficient
DNA replication initiation (Das et al. 2015). However, it has also been suggested
that “open chromatin” more strongly stimulates the latter process (Feng et al. 2016;
our unpublished data). It will be interesting to address this important issue in human
cells.
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Chapter 4
Initiation of DNA Replication
at the Chromosomal Origin of E. coli, oriC

Tsutomu Katayama

Abstract The Escherichia coli chromosomal origin consists of a duplex-unwinding
region and a region bearing a DNA-bending protein, IHF-binding site, and clusters
of binding sites for the initiator protein DnaA. ATP-DnaA molecules form highly
organized oligomers in a process stimulated by DiaA, a DnaA-binding protein. The
resultant ATP-DnaA complexes promote local unwinding of oriC with the aid of
IHF, for which specific interaction of DnaA with the single-stranded DNA is cru-
cial. DnaA complexes also interact with DnaB helicases bound to DnaC loaders,
promoting loading of DnaB onto the unwound DNA strands for bidirectional repli-
cation. Initiation of replication is strictly regulated during the cell cycle by multiple
regulatory systems for oriC and DnaA. The activity of oriC is regulated by its meth-
ylation state, whereas that of DnaA depends on the form of the bound nucleotide.
ATP-DnaA can be yielded from initiation-inactive ADP-DnaA in a timely manner
depending on specific chromosomal DNA elements termed DARS (DnaA-
reactivating sequences). After initiation, DnaA-bound ATP is hydrolyzed by two
systems, yielding ADP-DnaA. In this review, these and other mechanisms of initia-
tion and its regulation in E. coli are described.

Keywords oriC ¢ DnaA ¢ IHF ¢ DiaA » Hda ¢ DARS ° datA * Methylation * AAA+
e In vitro reconstitution

4.1 Introduction

Escherichia coli is a model bacterium for many aspects of molecular biology.
Replication initiation of the E. coli chromosome occurs in a complex consisting of
the initiator protein DnaA, the DnaA-binding protein DiaA, the DNA-bending pro-
tein IHF, and the chromosomal origin oriC (Costa et al. 2013; Kaguni 2011;
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Katayama et al. 2010; Leonard and Grimwade 2015; Wolanski et al. 2015). DnaA
tightly binds ATP or ADP, and ATP-DnaA rather than ADP-DnaA efficiently assem-
bles specific oligomers on oriC, forming an initiation complex that is competent for
localized DNA unwinding. DiaA is thought to be dissociated from DnaA to enable
DnaB helicase-DnaC loader complexes to bind to the initiation complex (Katayama
et al. 2010). For bidirectional replication, a pair of DnaB helicases is loaded onto the
single-stranded DNA region via dynamic interactions with DnaC and DnaA. The
loaded DnaB helicases form mobile complexes with DnaG primases, and the DnaB-
DnaG complexes proceed on the single-stranded DNA in a 5-3’ direction, with
duplex DNA unwinding and synthesis of primer RNAs for loading of DNA poly-
merase III holoenzymes (O’Donnell et al. 2013).

Replication initiation at oriC is highly regulated so that it occurs only once per
oriC at a specific time in the cell cycle. This strict regulation is sustained by positive
and negative regulatory systems for DnaA and oriC (Katayama et al. 2010; Wolanski
et al. 2015). In this review, we give an overall picture of the mechanisms of initia-
tion as well as the multiple coordinated systems for regulating initiation in E. coli.

4.2 Basic Structure of oriC

The 245 bp oriC sequence has two functional domains, the duplex-unwinding ele-
ment (DUE) and DnaA-oligomerization region (DOR) (Leonard and Grimwade
2015; Wolanski et al. 2015) (Fig. 4.1a). The DUE contains three AT-rich repeats of
a 13-mer sequence with the consensus GATCTnTTnTTTT. It should be noted that
this consensus includes a GATC sequence and a T-stretch in one strand and an
A-stretch in the other strand (see below). The DOR contains a specific binding site
for the DNA-bending protein IHF (IHF-binding site; IBS) with the consensus (A/T)
ATCAAnnnnTT(A/G). IHF binding effectively stimulates DUE unwinding in vitro
(Hwang and Kornberg 1992; Ozaki and Katayama 2012). HU protein, a structural
homolog of IHF, can substitute for IHF in this role in vitro (Hwang and Kornberg
1992). In vivo, a single mutation in IHF or HU causes moderate inhibition of initia-
tion, whereas double mutations of IHF and HU are lethal (Kano and Imamoto 1990),
consistent with the roles of these proteins identified in vitro.

The DOR is subdivided into at least two regions, the left-half and middle—right-half
regions, which contain sets of DnaA boxes with opposite orientations (Rozgaja et al.
2011; Ozaki and Katayama 2012; Ozaki et al. 2012a; Noguchi et al. 2015; Shimizu
et al. 2016) (Fig. 4.1a). DnaA box R1 and box R4, which reside at opposite ends of
DOR, have high affinity for DnaA. DnaA box R2 has moderate affinity and comprises
the middle region (Rozgaja et al. 2011; Shimizu et al. 2016). Other DnaA boxes are
low-affinity sites and form clusters: T1-12 in the left half and C3-C1 in the right half
(McGarry et al. 2004; Kawakami et al. 2005; Rozgaja et al. 2011; Shimizu et al. 2016).
These low-affinity sites bear moderate similarities to the DnaA box consensus. DnaA
binding to these low-affinity sites is supported by cooperative binding of ATP-DnaA
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Fig. 4.1 Basic structures of E. coli oriC and DnaA. (a) E. coli oriC consists of the duplex-
unwinding element (DUE) and DnaA-oligomerization region (DOR) domains. The DUE includes
13-mer repeats (L, M, and R). DnaA boxes (triangles) are shown with their directionality. Functions
of the left-half and middle—-right-half DOR are indicated (the middle region includes only the
DnaA box R2). IBS IHF-binding sequence. (b) E. coli DnaA consists of four domains. Amino acid
numbers are indicated for each domain. See text for details

(see below). ATP-DnaA binding to T1 might be specific for linear form oriC and might
not occur in supercoiled oriC (Kawakami et al. 2005; Rozgaja et al. 2011).

Functional differences exist between the left-half DOR and the middle-right-
half DOR (Fig. 4.1a). When the left-half DOR binds IHF and ATP-DnaA in vitro,
the flanking DUE region is unwound even without the middle-right-half DOR
(Ozaki and Katayama 2012). Efficient DnaB loading requires both subregions of the
DOR; the DUE together with the left-half DOR has only moderate activity for DnaB
loading (Ozaki and Katayama 2012). Consistently, in vivo, cells bearing deletion of
the DnaA box R4 in the chromosomal oriC initiate replication but with a moderate
inhibition (Bates et al. 1987).

4.3 Basic Structure of DnaA

DnaA protein consists of 473 amino acid residues, which comprise four functional
domains (Ozaki and Katayama 2009; Kaguni 2011) (Figs. 4.1b and 4.2a). The
N-terminal domain I has at least two specific sites for protein binding. The first site
contains Trp6 and supports DnaA domain I-domain I interaction with weak affinity
(Felczak et al. 2005) (Table 4.1). The second site, containing Phe46, is used for
binding to at least three proteins, DnaB helicase, DiaA protein, and YfdR protein
(Abe et al. 2007; Keyamura et al. 2009; Noguchi and Katayama 2016) (Table 4.1,
Fig. 4.2a, b). This residue forms a patch with Glu2l, Trp25, and Trp50 on the



82 T. Katayama

a DnaA domain — . . N
Motifs within DnaA domain IlI

4 Phed6 (Binding site for DiaA, DnaB and YfdR)

< Arg285 (ATP recogniition)
C ATP

mm Val211/Arg245
(ssDUE-binding H/B-motifs)
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Fig. 4.2 Binding structures of DnaA. (a) DnaA-DnaA box binding. The arginine finger side of
DnaA orients to the 5’ end of the DnaA box consensus. Important motifs are indicated. (b) DnaA-
DiaA binding. Each protomer of a DiaA homotetramer can bind DnaA. For simplicity, only two
DnaA molecules are shown. (¢) A model for DUE unwinding by a DnaA-oriC complex. ATP-
DnaA molecules and IHF bind to the DOR and can unwind the DUE. In the left-half DnaA sub-
complex, DnaA boxes R1,R5M, 12,11, andI2 are occupied with DnaA, and in the ssDUE-recruitment
model, DnaA bound to these sites bind the ssDUE. Even if ADP-DnaA binds to the R1 and R4
boxes, unwinding activity is sustained. See text for details

surface of domain I, which should interact with a specific site of DiaA (Keyamura
etal. 2007, 2009). Affinity of DnaA domain I for DiaA is high, but affinity for DnaB
and YfdR is weaker. DiaA is a stimulator of DnaA assembly on oriC (see below)
(Fig. 4.2b). YfdR is encoded by a cryptic prophage (termed CPS-53) in the E. coli
K12 chromosome and inhibits the DnaA-DnaB interaction. YfdR might be expressed
under specific growth conditions to inhibit initiation at oriC (Noguchi and Katayama
2016). In addition, HU protein interacts with domain I, but its specific binding site
has not been determined (Chodavarapu et al. 2008). Domain II is a flexible linker
(Abe et al. 2007; Nozaki and Ogawa 2008).
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Table 4.1 Important functional residues in DnaA

Residue Domain | Function

Trp6 I Domain I-domain I interaction

Asnd4 I Interaction with Hda

Phed6 1 Binding to DnaB, DiaA, and YfdR

Glu143 1 AAA+ N-linker, stable ATP/ADP binding

Glul73-Thr179 | 1III Walker A motif

Val211 I ssDUE-binding H motif

Asp236-Asp237 |11 Walker B motif

Arg227 I AID1 motif, domain III-domain III interaction

Arg245 11 ssDUE-binding B motif

Asp269 1 AAA+ sensor 1, stable ATP/ADP binding

Arg281 I AAA+ box VII, domain III-domain III interaction

Arg285 11 AAA+ Arg finger, recognition of ATP, domain III-domain IIT
interaction

Leu290 I AID2 motif, domain III-domain III interaction

Arg334 III AAA+ sensor II, ATP hydrolysis in RIDA, and DDAH

Lys366 1 Modulation of DnaA complex

Arg399-Lys443 |1V DNA-binding HTH motif

Leu422, Pro423 v Interaction with Hda

Domain I consists of the AAA+ domain that contains the Walker-type
ATP(ADP)-binding sites and specific motifs for ATP binding/hydrolysis and for
domain III-domain III interactions (Neuwald et al. 1999; Erzberger et al. 2002;
Nishida et al. 2002; Iyer et al. 2004; Katayama et al. 2010) (Figs. 4.1b and 4.2a,
Table 4.1). In addition to the typical Walker A motif (the P-loop), the AAA+ sensor
1 and N-linker motifs of DnaA support high-affinity ATP(ADP) binding (Kawakami
et al. 2006; Ozaki et al. 2012b) (Table 4.1). ATP binding induces a conformational
change in domains II-IIT (Saxena et al. 2015).

The sensor 2 Arg334 residue specifically supports ATP hydrolysis and is not
required for the replication-initiation activity of DnaA (Nishida et al. 2002)
(Table 4.1). The arginine finger motif Arg285 is the key residue in ATP activation of
DnaA for initiation at oriC (Fig. 4.2a, Table 4.1); in common with typical AAA+
family proteins, DnaA domain III forms homo-oligomers by head-to-tail interac-
tion, and at the interface, Arg285 of one protomer interacts with ATP bound to the
flanking protomer (Neuwald et al. 1999; Iyer et al. 2004; Kawakami et al. 2005;
Erzberger et al. 2006; Noguchi et al. 2015). DnaA is monomeric in solution, and
these specific domain III-domain III interactions occur when multiple ATP-DnaA
molecules are bound to oriC, which results in ATP-DnaA-specific, initiation-
competent complexes (Felczak and Kaguni 2004; Kawakami et al. 2005; Noguchi
et al. 2015; Shimizu et al. 2016) (Fig. 4.2c). In addition, AID (ATP-DnaA-specific
interactive locus for DUE unwinding) motifs corresponding to Arg227 and
Leu290 in domain III support specific DnaA-DnaA interaction for construction of
DUE unwinding-competent DnaA oligomers (Ozaki et al. 2012a) (Table 4.1).
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The single-stranded DUE (ssDUE)-binding H (hydrophobic)/B (basic) motifs of
domain III correspond to Val211 and Arg245 residues and have a crucial role in
DUE unwinding (Ozaki et al. 2008) (Fig. 4.2a, c, Table 4.1). These residues would
be exposed on the surface of the central pore when DnaA domain III oligomers form
a helical configuration as in typical AAA+ proteins (Ozaki et al. 2008; Ozaki and
Katayama 2009; Duderstadt et al. 2011) (see below). The C-terminus of domain III
is an amphipathic a-helix, in which Lys366 is important for modulation of oriC-
DnaA complexes (Garner and Crooke 1996; Saxena et al. 2011) (Table 4.1). Also, a
short loop connecting to the N-terminus of this a-helix allows domain I'V to rotate
at a certain extent (Erzberger et al. 2002; Shimizu et al. 2016).

Domain IV contains the sequence-specific DNA-binding helix-turn-helix motif
(Erzberger et al. 2002; Obita et al. 2002; Yoshida et al. 2003; Fujikawa et al. 2003)
(Figs. 4.1b and 4.2a, Table 4.1). The DnaA box consensus sequence is the nonamer
TTATNCACA. As this sequence is asymmetric, the orientation of bound DnaA is
determined by the directionality of the sequence; the arginine finger side of DnaA is
oriented toward the 5" end of the nonamer, whereas the ATP/ADP-binding site is
oriented toward the 3’ end (Noguchi et al. 2015) (Fig. 4.2a).

4.4 Basic Structure of DiaA

The 196 amino acid residue protein DiaA forms homotetramers with structural
symmetry (Keyamura et al. 2007). Each protomer contains a DnaA-binding site that
includes Leu190. This site binds tightly to the DnaA domain I Phe46 region, and,
theoretically, four DnaA molecules can simultaneously bind to a single DiaA mol-
ecule (Fig. 4.2b). Experimentally, binding of at least three DnaA molecules has
been demonstrated (Keyamura et al. 2009). As such, DiaA acts as a bridge between
DnaA molecules, exerting the so-called linkage effect, which drastically enhances
cooperative binding of ATP-DnaA molecules (Stauffer and Chazin 2004; Katayama
2008). Thus, DiaA enhances specific assembly of ATP-DnaA molecules on oriC
and DUE unwinding (Ishida et al. 2004; Keyamura et al. 2007). Even in the pres-
ence of DiaA, the requirement for ATP-DnaA (not ADP-DnaA) in construction of
active oriC-DnaA complexes is preserved (Keyamura et al. 2007, 2009).

As DiaA binds tightly to the DnaA domain I Phe46 site, and this site is also the
primary, but weak, binding site of the DnaB helicase, DiaA binding to DnaA results
in inhibition of DnaA-DnaB binding and DnaB loading onto unwound DUE strands
(Keyamura et al. 2009). The question of how this inhibition is resolved has to be
explored in the future.

DiaA deletion mutations, as well as a DiaA L190A mutation, cause moderate
inhibition of the initiation of chromosome replication, consistent with the role for
this protein in the stimulation of initiation that was revealed in vitro (Ishida et al.
2004; Keyamura et al. 2007). Oversupply of DiaA also causes moderate inhibition
of initiation (Ishida et al. 2004; Flatten et al. 2015), which might be caused by inhi-
bition of DnaA-DnaB interaction.
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4.5 Structure and Dynamics of the Initiation Complex

4.5.1 Assembly of DnaA on oriC

Assembly of DnaA can be subdivided into several stages, although further analyses
are required to fully understand this process. The cellular level of ATP-DnaA fluctu-
ates during the cell cycle, with a peak at the time of replication initiation (Kurokawa
et al. 1999). For a certain period before replication initiation, ADP-DnaA predomi-
nates, and only high-affinity DnaA boxes R1 and R4 and moderate-affinity DnaA
box R2 bind DnaA, according to the results of in vivo footprinting experiments
(Samitt et al. 1989; Miller et al. 2009). As the DiaA-DnaA interaction is stable,
DnaA molecules bound at the R1, R4, and R2 boxes might be accompanied by
DiaA (Fig. 4.2b), which would enhance the next step of ATP-DnaA assembly on the
clusters of low-affinity DnaA boxes. As the ATP/ADP-binding sites of DnaA pro-
tomers that are bound to the R1 and R4 boxes orient toward the outer edges of oriC
(Fig. 4.2¢), whether ADP-DnaA or ATP-DnaA binds at these sites is not important
for the assembly of ATP-DnaA to the low-affinity regions (Noguchi et al. 2015).

When the level of ATP-DnaA increases and becomes predominant, ATP-DnaA
cooperatively binds to the low-affinity DOR sites, with head-to-tail domain III-
domain III interactions (Fig. 4.2c). This process depends on the ATP-arginine finger
intermolecular interaction and is enhanced by DiaA, as described above. In addi-
tion, IHF binding also enhances ATP-DnaA binding to the 11-3 sites (Grimwade
et al. 2000; McGarry et al. 2004), which may be an indirect consequence of IHF-
dependent DNA bending and the resultant DnaA-DnaA interactions. Results from
studies of structural biology suggest that domain IIT homo-oligomers have a helical
configuration, which is a common structural feature in the AAA+ family proteins
(Erzberger et al. 2006; Duderstadt et al. 2011) (Fig. 4.2¢).

Finally, three DnaA subcomplexes are constructed on oriC (Rozgaja et al. 2011;
Ozaki and Katayama 2012; Ozaki et al. 2012a; Noguchi et al. 2015; Shimizu et al.
2016). The subcomplex that binds to the left-half oriC sustains the full activity in DUE
unwinding and basal activity for DnaB loading, whereas the subcomplexes that bind to
the R2 site and the region from the R4 site to the C3 site in the middle-right-half oriC
is not required for DUE unwinding but enhances the DnaB loading activity (Fig. 4.2c).

4.5.2 DUE Unwinding

DUE unwinding is enhanced by IHF binding to oriC (Hwang and Kornberg 1992).
The possibility that modulation of superhelicity by IHF is the main cause of this
stimulation has been considered. However, it has now been demonstrated that even
in the absence of superhelicity, IHF binding drastically stimulates DUE unwinding
in the presence of ATP-DnaA (Ozaki and Katayama 2012). This observation sup-
ports the idea that local structural change, in the form of sharp DNA bending
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between DUE and DnaA box R1, is crucial for stimulation of DUE unwinding (see
below) (Fig. 4.2¢).

DUE unwinding requires binding of DnaA to the ssDUE. ATP-DnaA complexes
(but not ADP-DnaA complexes) assembled on the DOR bind specifically to the
ssDUE T-rich strand, but not the A-rich strand (Ozaki et al. 2008). In the absence of
DOR binding, DnaA does not bind ssDUE efficiently. The DnaA Val211 and Arg245
residues (H/B motifs) located in domain III are required for DUE unwinding as well
as binding to the ssDUE T-rich strand (Ozaki et al. 2008). As the corresponding resi-
dues are conserved in DnaA orthologs, they are named ssDUE-binding H (hydro-
phobic) motif (Val211 in E. coli) and B (basic) motif (Arg245 in E. coli) (Table 4.1).
These motifs are exposed on the inner surface of the central pore of the DnaA
domain III helical oligomer in a model structure (Fig. 4.2c). A study of the crystal
structure of a hyperthermophilic bacterial DnaA ortholog domains III-IV supports
the specific structure and role of these residues (Duderstadt et al. 2011).

Overall structure models of DnaA complexes binding the ssDUE have been pro-
posed. In the ssDUE-recruitment model (Fig. 4.2c), the DnaA subcomplex con-
structed on the left-half DOR binds the ssDUE T-rich strand via DNA bending by
IHF (Ozaki et al. 2008; Ozaki and Katayama 2009; Noguchi et al. 2015). This
model explains the importance of IHF binding, ATP-DnaA complex formation on
the DOR and structural features of oriC, such as strict conservation of the spacing
between the DUE and the DnaA box R1 (Ozaki and Katayama 2009). Another
model postulates formation of a continuous DnaA fiber from DnaA box R1 to the
DUE region (Duderstadt et al. 2011). This model also supports the importance of
H/B motifs but is less able to explain the roles of IHF and specific DnaA complex
formation on the DOR in the unwinding mechanism. In addition, when ADP-DnaA
is bound to box R1 (the origin of the postulated DnaA fiber that expands to the DUE
in the continuous-fiber model), activity in DUE unwinding is sustained similarly to
the case of ATP-DnaA binding to R1 (Noguchi et al. 2015). This fact is consistent
with the ssDUE-recruitment model, but not with the continuous DnaA fiber model,
as construction of a DnaA fiber requires the intermolecular ATP-arginine finger
interaction, especially on DNA without high-affinity DnaA-binding sites. In addi-
tion, structures deduced from molecular dynamics simulation of oriC-IHF-DnaA
complexes are consistent with the ssDUE-recruitment model (Shimizu et al. 2016).

4.5.3 Interaction with Helicase

DnaA has specific binding sites for DnaB helicase; the primary site includes Phe46
(Abe et al. 2007; Keyamura et al. 2009) (Fig. 4.2a, Table 4.1). The secondary,
weaker site is suggested to reside at a region spanning the domain II-C-terminus to
the domain III-N-terminus but has not been determined at the amino acid residue
level (Marszalek et al. 1996; Seitz et al. 2000). Because affinity between DnaA
monomers and DnaB is low (Sutton et al. 1998), formation of DnaA oligomers is
required for functional interaction with DnaB helicase. DnaB helicase is a
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homo-hexamer, so oligomerization of DnaA would provide multiple binding sites
for a single DnaB hexamer, stabilizing DnaA-DnaB binding by the linkage effect
(Abe et al. 2007; Keyamura et al. 2009). A pair of DnaB helicases is proposed to
bind to the two DnaA oligomers assembled on the DOR in opposite directions,
enabling bidirectional loading on the single-stranded DNA region (Ozaki and
Katayama 2009; Noguchi et al. 2015) (Fig. 4.2¢). This hypothesis is consistent with
structures deduced from molecular dynamics simulation of oriC-IHF-DnaA com-
plexes (Shimizu et al. 2016). The mechanism of DnaB loading onto the single-
stranded DNA has yet to be determined.

4.6 Regulation Systems for DnaA and oriC in E. coli

4.6.1 Overview

Regulation of initiation during the E. coli cell cycle is achieved by multiple systems
targeting DnaA or oriC (Katayama et al. 2010; Saxena et al. 2013; Skarstad and
Katayama 2013; Riber et al. 2016). These systems operate in different or overlap-
ping periods of the replication cycle, ensuring robust regulation of initiation. For
DnaA, multiple systems promote timely inactivation of DnaA by DnaA-ATP hydro-
lysis or reactivation of DnaA by exchange of bound ADP for ATP. Specific protein
and DNA factors support these systems as key elements. The dnaA transcription is
cell cycle dependent. For oriC, a specific protein binds to the nascent oriC copies,
inhibiting reinitiation.

In addition, specific acetylation of DnaA occurs in the stationary phase, which
might be important to regulate replication (Zhang et al. 2016). Interaction of DnaA
with acidic phospholipids can stimulate exchange of bound nucleotide of DnaA
in vitro, and changes in components of membrane phospholipids in cells influence
initiation of replication (Sekimizu and Kornberg 1988; Yung and Kornberg 1988;
Crooke et al. 1992; Aranovich et al. 2006; Fingland et al. 2012; Saxena et al. 2013).
DnaA-phospholipid interaction also might participate in regulation of replication; a
possibility that phospholipids affect initiation in vivo in an indirect unknown man-
ner is not mutually exclusive.

4.6.2 The Replicative Clamp-Dependent, Negative Feedback
Jor DnaA

This system, termed RIDA (regulatory inactivation of DnaA), depends on the DNA-
loaded form of the replicative clamp (i.e., the $-subunit of the DNA polymerase III
holoenzyme) as well as ADP-Hda protein (Katayama et al. 1998; Kurokawa
et al.1999; Kato and Katayama 2001; Su’etsugu et al. 2008). As DNA-free clamps are



88 T. Katayama

inactive in RIDA, this system is activated upon replication initiation and loading of
DNA polymerase III holoenzyme. During lagging-strand replication, Okazaki frag-
ments are repeatedly synthesized, which leaves the used clamps on the nascent DNA
regions. These DNA-bound clamps interact with ADP-Hda protein, and the resultant
complex then interacts with ATP-DnaA, promoting ATP hydrolysis. RIDA operates
throughout chromosomal replication.

Hda consists of a short N-terminal region bearing a clamp-binding motif and an
AAA+ domain (Kato and Katayama 2001; Su’etsugu et al. 2005, 2008). Hda binds
ADP, but not ATP, resulting in RIDA-active, monomeric Hda. The arginine finger
motif of the Hda AAA+ domain is required for DnaA-ATP hydrolysis. A head-to-
tail complex of DnaA domain III and the Hda AAA+ domain assembles. In addi-
tion, Hda interacts with DnaA domain I and domain IV with low affinity (Keyamura
and Katayama 2011; Su'etsugu et al. 2013) (Fig. 4.1b, Table 4.1). These multiple
weak interactions would support repeated interaction of a single ADP-Hda-clamp-
DNA complex with ATP-DnaA molecules, catalytically promoting ATP hydrolysis.
Whereas the cellular level of DnaA is about 2000 monomers per cell (Sekimizu
et al. 1988), that of Hda is only about 100 monomers, and oversupply of Hda is very
toxic to cells (Su’etsugu et al. 2005; Baxter and Sutton 2012).

RIDA is the predominant system for inactivating DnaA (Camara et al. 2005;
Kasho and Katayama 2013). Hda mutations increase the cellular level of ATP-DnaA
and cause over-initiation, which results in inhibition of cell division and cell growth
(Kato and Katayama 2001; Fujimitsu et al. 2008; Charbon et al. 2014), although
suppressor mutations frequently occur. It should also be noted that, in the presence
of RIDA, an increase in the total cellular amount of DnaA causes only slight over-
initiation (Atlung et al. 1987; Flatten et al. 2015). By contrast, unlike expression of
wild-type DnaA, expression of a RIDA-insensitive DnaA variant, which substan-
tially constitutively takes on the ATP form, causes severe over-initiation, leading to
inhibition of cell growth (Nishida et al. 2002; Keyamura and Katayama 2011).

4.6.3 The Specific DNA Element (datA)-Dependent Timely
Inactivation of DnaA

The datA locus of the E. coli chromosome also has a role in repressing extra initia-
tions (Kitagawa et al. 1998) (Fig. 4.3). This locus contains a DnaA box cluster, in
which three boxes with the same direction (DnaA boxes 7, 2, and 3) are essential for
function, and one box with the opposite direction (DnaA box 4) is stimulatory
(Ogawa et al. 2002; Kasho and Katayama 2013; Kasho et al. 2017) (Fig. 4.3b). In
addition, this locus contains a single IHF-binding site, which is essential for datA
function (Nozaki et al. 2009b).

The IHF-datA complex promotes DnaA-ATP hydrolysis, yielding ADP-DnaA
(Kasho and Katayama 2013). This function is termed DDAH (datA-dependent
DnaA-ATP hydrolysis). The detailed mechanism of DDAH is under investigation,
but specific DnaA domain III-domain III interaction is important for activating the
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Fig. 4.3 Basic structures of datA, DARS1, and DARS2. (a) Chromosomal positions of oriC, datA,
DARS1, and DARS2. (b) Overall structures of datA, DARSI, and DARS2 are shown. Important
DnaA boxes are shown by filled triangles. Those are DnaA boxes 2, 3, 4, and 7 of datA, and DnaA
boxes I, II, and III of DARSI and DARS2. IHF and Fis binding sites are also indicated

ATPase activity of DnaA (Table 4.1). Supercoiled structure of the datA region stim-
ulates assembly of DnaA and IHF, thereby enhancing DDAH (Kasho et al. 2017). It
might be important to investigate if the chromosomal datA locus is regulated spe-
cifically in superhelicity.

Binding of IHF to datA is cell cycle specific; whereas binding is repressed before
initiation, it increases after initiation, peaking 15 min after initiation (Kasho and
Katayama 2013). DDAH is independent of RIDA and assists in repressing untimely
initiations. datA-deleted cells can grow but experience a moderate level of untimely
initiations (Kitagawa et al. 1998; Morigen et al. 2003, 2005; Nozaki et al. 2009b).

Fluorescent labeling experiments and genome conformation analysis suggest
that in a cell, oriC is colocalized with datA (Nozaki et al. 2009a; Cagliero et al.
2013). The genomic locus of datA is near oriC (i.e., distance between the two is
~470 kb) (Fig. 4.3a), and both two are included in a compactly folded domain (i.e.,
Ori macrodomain) of the chromosome (Niki et al. 2000; Valens et al. 2004).
Biological significance of the colocalization of oriC and datA remains unclear.
However, relocation of datA to a site near ferC (the replication termination site of
the chromosome) inhibits function of darA in rapidly growing cells, which could be
caused by delay of duplication of darA in a replication cycle or enlarged spacing
itself between the two in a cell (Kitagawa et al. 1998; Frimodt-Mgller et al. 2016).
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4.6.4 Sequestration: oriC DNA Methylation-Dependent
Regulation

This system depends on the Dam (DNA adenine methyltransferase) and SeqA pro-
teins (Waldminghaus and Skarstad 2009). Dam methylates the N-6 position of ade-
nine in the sequence GATC. As this sequence is palindromic, both A residues in the
duplex DNA sequence are methylated, resulting in a fully methylated state. When
this sequence is replicated, a hemi-methylated state (where the nascent strand is not
yet methylated) exists before further action of Dam. The hemi-methylated GATC
sites are binding targets of SeqA (Lu et al. 1994; Slater et al. 1995). SeqA-deleted
cells can grow but experience a moderate level of untimely initiations.

SeqA contains GATC-binding and self-oligomerization domains (Fujikawa et al.
2004; Odsbu et al. 2005; Guarné et al. 2005; Chung et al. 2009). The oriC region
includes a cluster of GATC sites (11 in total), and hemi-methylated oriC is bound
by SeqA oligomers; this binding is maintained for about 10 min after initiation in
cells with a doubling time of 30 min (Lu et al. 1994). Cooperative SeqA binding to
the supercoiled DNA causes DNA topological changes (Torheim and Skarstad
1999; Kang et al. 2003), and within oriC it inhibits DnaA binding to the low-affinity
boxes, thereby inhibiting initiation (Nievera et al. 2006). Subcellular localization of
SeqA is dynamically changed during the replication cycle: observation of
fluorescence-labeled SeqA in live cells suggests that SeqA molecules are assembled
on oriC during the sequestration period, and thereafter those molecules are dissoci-
ated from oriC and assembled on the nascent DNA regions flanking the replication
forks (Fossum-Raunehaug et al. 2014; Helgesen et al. 2015). Dissociation of SeqA
from a hemi-methylated oriC region spontaneously occurs independently of Dam
in vitro (Kang et al. 1999).

4.6.5 Specific DNA Element (DARS1 and DARS2)-Dependent
Timely Reactivation of DnaA

The E. coli chromosome contains two sites which specifically interact with ADP-
DnaA and reactivate it by exchanging ADP to ATP and producing ATP-DnaA
(Fujimitsu et al. 2009). These DnaA-reactivating sequence sites are termed DARS/
and DARS2 (Fig. 4.3a). These sites both include a cluster of three DnaA boxes
(Fig. 4.3b), which promote specific domain III-dependent DnaA-DnaA interactions,
thereby enhancing dissociation of DnaA-bound nucleotide. These trios of DnaA
boxes are connected to regulatory regions which structurally differ between DARS!
and DARS2. The regulatory region of DARS2 bears specific binding sites for IHF
and Fis, which are required for activating DARS2 function (Kasho et al. 2014)
(Fig. 4.3b; also see below). However, the mechanisms by which the regulatory
regions stimulate the DnaA-reactivating function are not yet known.
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Both DARSI and DARS?2 are required for timely initiation during the cell cycle
(Fujimitsu et al. 2009). In vivo, DARS2 has a predominant role and DARS/ has a
supporting role. Activation of DARS?2 is regulated by timely binding of Fis and IHF;
Fis binds to DARS?2 in log-phase cells, but not in stationary-phase cells, whereas
IHF binds to DARS2 in a pre-initiation stage of the cell cycle (Kasho et al. 2014). At
the time of initiation, the ATP-DnaA level reaches its maximum, and IHF is dissoci-
ated from DARS2. Mechanisms involved in the timely binding/dissociation of IHF
to/from DARS2 should be explored in the future. The chromosomal location of
DARS?2, in a central region between oriC and the replication termination site
(Fig. 4.3a), is important for regulating timely initiation in cells growing at 42 °C in
LB medium (Inoue et al. 2016; Frimodt-Mgller et al. 2016). In addition, genomic
conformation analysis suggests that oriC is colocalized with DARS2 in a cell
(Cagliero et al. 2013). The biological significance of this colocalization remains to
be investigated.

4.6.6 Cell Cycle-Dependent Transcription of the dnaA Gene

Transcription of the dnaA gene is regulated in a cell cycle-specific manner; it
increases before initiation and decreases after initiation (Theisen et al. 1993). This
fluctuation depends on Dam and SeqA (Bogan and Helmstetter 1997) and is impor-
tant to sustain timely initiation (Riber and Lgbner-Olesen 2005), probably because
de novo-synthesized DnaA will bind ATP (which is much more abundant in the cell
than ADP) to form ATP-DnaA. In addition, dnaA gene transcription is autoregulated
(Speck et al. 1999).

oriC is flanked by two genes, gidA and mioC, which are transcribed in the same
direction (oriC is downstream of mioC). The pattern of change of gidA transcription
is similar to that of dnaA, whereas fluctuation of mioC transcription is opposite to
that of gidA and dnaA (Theisen et al. 1993; Ogawa and Okazaki 1994). However,
transcription of gidA and mioC is not required for regulation of initiation (Bates
et al. 1987), although constitutive transcription of mioC moderately inhibits initia-
tion (Su’etsugu et al. 2003).

4.7 Conservation in Eubacterial Species

This review focuses on mechanisms and regulation of replication in E. coli.
However, many important studies on DNA replication initiation have been con-
ducted in other bacteria, phages, and plasmids. Evidence from these studies indi-
cates that the overall structure of oriC might be fundamentally similar in relation to
the locations of the DUE and DOR, although the detailed structures vary in different
species (Wolanski et al. 2015). ssDUE-binding activity of DnaA has been reported
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in Bacillus subtilis (Richardson et al. 2016). In the hyperthermophilic eubacterium
Thermotoga maritima, DnaA specifically binds to its cognate ssDUE when it forms
homo-oligomers on its cognate DOR (Ozaki and Katayama 2012). In plasmid RK2,
the origin includes iterons, which are repeats of the initiator protein TrfA-binding
sequence and its flanking DUE region. TrfA forms a homo-oligomer on the iteron
region, and the resultant complex binds the ssDUE-bottom (but not the DUE-top)
strand, which is followed by loading of replisomes (Wegrzyn et al. 2014; Wawrzycka
et al. 2015). This mechanism might be similar to the ssDUE-recruitment mecha-
nism of E. coli oriC.

In Helicobacter pylori, HobA, the DiaA functional homolog, has a crucial role in
assembly of the cognate DnaA at the replication origin (Zawilak-Pawlik et al. 2007,
Natrajan et al. 2009). In Caulobacter crescentus, HdaA, a structural and functional
homolog of E. coli Hda, is important for regulation of the cognate DnaA and repli-
cation initiation (Collier and Shapiro 2009; Fernandez-Fernandez et al. 2011). In
addition, C. crescentus CtrA binds to the cognate oriC in a timely manner, inhibit-
ing extra initiation. In B. subtilis, YabA, the functional counterpart of Hda, binds
both the replicative clamp and DnaA, sequestrating DnaA from oriC and repressing
untimely initiation (Noirot-Gros et al. 2006; Soufo et al. 2008). In addition, in B.
subtilis, binding of DnaA domain I by SirA and domain III by Soj/ParA, is impor-
tant for the repression of untimely initiation for sporulation (Jameson et al. 2014;
Scholefield et al. 2012).

The B. subtilis and Streptomyces coelicolor chromosomes have specific DnaA
box clusters that can repress untimely initiations (Smulczyk-Krawczyszyn et al.
2006; Okumura et al. 2012). Sequences corresponding to DARS are highly con-
served in Gammaproteobacteria (Fujimitsu et al. 2009), but except for E. coli, these
sequences have not yet been functionally analyzed.
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Chapter 5
Initiation of DNA Replication in the Archaea

Stephen D. Bell

Abstract Organisms within the archaeal domain of life possess a simplified ver-
sion of the eukaryotic DNA replication machinery. While some archaea possess a
bacterial-like mode of DNA replication with single origins of replication per chro-
mosome, the majority of species characterized to date possess chromosomes with
multiple replication origins. Genetic, structural, and biochemical studies have
revealed the nature of archaeal origin specification. Recent work has begun to shed
light on the mechanisms of replication initiation in these organisms.

Keywords DNA replication e Initiator protein * Helicase ¢ Replication origin ®
Archaea * Sulfolobus

The archaea are a diverse range of microorganisms that share more recent evolu-
tionary history with eukaryotes than do the bacteria (Woese and Fox 1977). The
precise timing of the divergence of the archaeal and eukaryotic lineages is the sub-
ject of considerable debate, with some studies even suggesting that eukaryotes arose
from within the archaeal domain of life (Williams et al. 2013; Rivera and Lake
2004; Forterre 2015). A number of phyla have been identified within the Archaea;
again controversy exists regarding the precise nature of the taxonomic divisions
between archaeal phyla. With increased sampling, particularly at the metagenomic
level, some degree of consensus is being established. It is generally accepted that
there is a broad divide between the phylum of the Euryarchaea and those of
the Thaumarchaea, Aigarchaea, Crenarchaea, and Korarchaea. The latter four taxo-
nomic groupings appear more closely related to one another and have been termed
the “TACK superphylum” (Guy and Ettema 2011; Brochier-Armanet et al. 2008;
Forterre 2015). At the morphological level, archaea are prokaryotes; most species
have a single cell membrane and are devoid of any organellar structures.
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Table 5.1 Taxonomic distribution of archaeal species described in the text

Origins in main
Phylum Species chromosome Copy number
Crenarchaea Sulfolobus islandicus 3 1C-2C
Sulfolobus solfataricus 3 1C-2C
Aeropyrum pernix 2 1C-2C
Pyrobaculum calidifontis 4 1C-2C
Euryarchaea Pyrococcus abyssi 1 Polyploid
Haloferax volcanii 3 (or4) Polyploid
Haloferax mediterranei 3 Polyploid
Methanothermobacter one mapped thus Polyploid
thermautotrophicum far
Thermococcus kodakarensis ND Polyploid

The ambiguity in origin number in Haloferax volcanii lies in the description of the integration of
an extrachromosomal element into the 3-origin main chromosome in a lab-adapted strain (Hawkins
et al. 2013). While one origin has been mapped in M. thermautotrophicum (Majernik and Chong
2008), no genome-wide repication profiling has been performed on this organism. It is possible,
therefore, that additional origins exist in this species

ND not determined

Thus far, all archaea characterized have circular chromosomes; however, the
chromosome copy number shows considerable variation across taxonomic divides.
To a broad approximation, euryarchaea appear to be generally oligoploid or poly-
ploid, while the members of TACK that have been studied have cell cycles that
oscillate between one and two copies of their chromosome (Table 5.1) (Samson and
Bell 2014; Breuert et al. 2006; Hildenbrand et al. 2011). Flow cytometry studies
have revealed that the TACK superphylum organisms, such as members of the
Sulfolobus genus of hyperthermophilic acidophiles, have cell cycles that contain
defined gap phases separating DNA replication and cell division (Lundgren et al.
2008; Pelve et al. 2013). These observations have led to the adoption of the Gl1, S,
G2, and M phase nomenclatures established in studies of the eukaryotic cell cycle
to describe the analogous stages of archaeal cell cycle progression. It must be
emphasized, however, that there is no evidence that archaeal chromosome segrega-
tion is in any way related to eukaryotic mitosis. Interestingly, in marked contrast to
the orchestrated cell cycles of crenarchaea, the euryarchaea that have been studied
appear to lack obvious gap phases, perhaps hinting that cell division can occur dur-
ing ongoing rounds of replication of the multiple copies of the chromosome, in a
manner somewhat reminiscent of fast-growing E. coli (Sherratt 2003).

5.1 The Replication Machinery of Archaea

With the availability of whole genome sequences of archaeal species in the 1990s, it
became apparent that archaea possess clear orthologs of eukaryotic DNA replication-
associated proteins (Edgell and Doolittle 1997). In general, and in keeping with the
organizational simplicity of the organisms, the archaeal replication proteins are
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simplified versions of their eukaryotic counterparts (Barry and Bell 2006; Kelman
and Kelman 2014). For example, the eukaryotic MCM(2-7) replicative helicase has
six distinct subunits. However, all six subunits are related to each other in sequence,
suggesting derivation from a common ancestor. Indeed, the majority of present-day
archaea encode a single mcm gene the product of which homo-multimerizes to form
a homohexameric assembly (Costa and Onesti 2009; Bochman and Schwacha
2009). Similarly, almost all archaea encode a protein that is related to both Cdc6 and
Orcl component of eukaryotic origin recognition complex, ORC (Bell 2012).
Interestingly, early branching eukaryotes, such as trypanosomes, also encode an
archaeal-like Orc1/Cdc6 protein, suggesting that the gene duplication and sequence
diversification leading to “higher” eukaryotic Orcl and Cdc6 occurred within the
eukaryotic lineage (Samson and Bell 2016; Tiengwe et al. 2012). Importantly, the
bacterial replication machinery, although, ultimately, performing the same function,
is largely non-orthologous to the shared archaeal/eukaryotic replication apparatus.
The key exceptions lie in the clamp/loader and sliding clamp that facilitate DNA
polymerization, leading to the proposal that the elongation machinery is fundamen-
tally conserved and thus ancestral, even though the rest of the replisome components
are not conserved between bacteria and archaea/eukarya (Yao and O’Donnell 2016).

5.2 Archaeal Replication Initiation

The first archaeon in which the replication mode was experimentally determined, a
euryarchaeon Pyrococcus abyssi, revealed a single origin of replication. The origin,
oriC, is located in a gene environment that contained genes for several replication-
associated proteins, including the candidate initiator protein orcl/cdc6 gene
(Myllykallio et al. 2000; Bell 2012). The orcl/cdc6 nomenclature is cumbersome,
and orthologs in archaeal genomes have been variously annotated as orcl or cdc6
on an apparently random basis. In this chapter, for simplicity’s sake, I will refer to
these genes as orcl. Many archaea encode multiple Orcl paralogs, and I will refer
to these as Orcl-1, Orcl1-2, etc.

Interestingly, the single-origin paradigm in Pyrococcus species actually appears
to be atypical among the archaea, and it is now known that many archaea from both
euryarchaea and TACK species have multiple replication origins per chromosome
(Robinson and Bell 2007; Robinson et al. 2004; Robinson et al. 2007; Lundgren
et al. 2004; Norais et al. 2007; Hawkins et al. 2013; Yang et al. 2015; Pelve et al.
2012). The highest number of origins reported is four per chromosome for lab
strains of the euryarchacon Haloferax volcanii and also the crenarchaeon
Pyrobaculum calidifontis (Pelve et al. 2012; Hawkins et al. 2013). For most species,
while origin number and location have been established, the extent to which each
origin is used remains poorly resolved. The exception to this lies in Sulfolobus spe-
cies where three origins have been mapped, and these have been experimentally
determined to fire once per cell cycle (Duggin et al. 2008). Studies with synchro-
nized cell populations have revealed that two of the origins, oriCI and oriC3, fire
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synchronously, thereby defining the start of S phase. Notably, oriC2 fires a few
minutes later. As will be discussed below, this temporal delay is likely linked to the
expression of the initiator protein that defines this origin.

Many archaea encode multiple Orcl paralogs. In the case of Sulfolobus, three
such proteins, Orc1-1, Orc1-2, and Orc1-3, are encoded in the 2.2—-3 megabase-pair
genome. Sulfolobus also encodes a further candidate initiator protein, WhiP, that is
a distant homolog of another eukaryotic replication initiation protein, the helicase
co-loader, Cdtl (Robinson and Bell 2007).

5.3 Origin Specification

Genetic studies in Sulfolobus islandicus have revealed a simple one-to-one relation-
ship between the location of initiator protein genes (Fig. 5.1) and the origins that
they specify (Samson et al. 2013). More specifically, Orc1-1 is encoded adjacent to,
and specifies origin function at, oriC1; Orcl1-3 is adjacent to oriC2 and is required
for function at that origin, and finally the gene for WhiP is beside oriC3, and the
WhiP gene product is necessary for oriC3 function. Furthermore, the initiator pro-
tein encoded adjacent to each origin is both necessary and sufficient for its cognate
origin function. What then of Orc1-2? The orcl-2 gene is not encoded immediately
adjacent to any of the three origins, and deletion of orc/-2 does not affect firing at
any of the three origins. A range of biochemical and transcriptomic analyses have
implicated Orc1-2 as a negative regulator of replication (Robinson et al. 2004;
Maaty et al. 2009; Frols et al. 2007; Gotz et al. 2007). However, its role in this
regard remains to be firmly established. Thus, the Sulfolobus islandicus chromo-
some is a mosaic of three distinct replicons, each origin having its own specific

Fig. 5.1 Diagram of the
organization of the 2.5 Mb
chromosome of Sulfolobus
islandicus. The relative
positions of the three
origins are indicated along
with their cognate initiator
proteins (Samson et al.
2013). Genetic dependence
of the origin upon initiators
is indicated by the circular
arrows

@'
oriC3 oriC2

orcl-3 §

Sulfolobus islandicus
REY15A (2.5 Mb)

orcl-1

oriCl
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initiator. Analyses of the phyletic distribution of the initiator proteins reveal that
Orcl-1 is highly conserved across a broad range of archaeal species. For example,
the single orc/ gene encoded by Pyrococcus is most closely related to Sulfolobus
Orcl-1. Indeed, it was demonstrated that Sulfolobus solfataricus Orcl-1 can bind
specifically to conserved sequence elements, termed ORB (origin recognition box),
in the Pyrococcus oriC in vitro (Robinson et al. 2004). ORB elements are conserved
across the archaeal domain of life and possess a dyad symmetric element flanked
uniquely on one side by a G-rich element. Interestingly, all characterized oriCI
origins in archaea possess at least two ORB elements in inverted orientation and
separated by an AT-rich candidate duplex unwinding element (see Samson and Bell
2016 for a review). The nature of Orcl-1 interaction with ORB elements is dis-
cussed below.

In contrast to the near universality of Orcl-1, Orcl-3 appears to be restricted to
the Sulfolobales, and WhiP is found in both Sulfolobales and Desulfurococcales.
This patchy distribution of the initiators suggests that the oriC2 and oriC3 origin/
initiator cassettes are relatively recent acquisitions, and it has been proposed that
they have been acquired by incorporation of extrachromosomal elements into an
ancestral oriC1/Orc1-1 containing chromosome (McGeoch and Bell 2008; Robinson
and Bell 2007; Samson and Bell 2014).

Direct evidence for functional incorporation of extrachromosomal origins has
been documented in the halophilic euryarchaecon Haloferax volcanii where a lab
strain differs from the parental strain by incorporation of a large plasmid, pHV4,
into the host chromosome (Hawkins et al. 2013). Importantly, the origin on the plas-
mid remains functional in its new integrated location. The malleability of the repli-
con architecture of H. volcanii main chromosome is underscored by the remarkable
observation that its replication can be maintained even in the apparent absence of
active replication origins. More specifically, experiments to delete all four origins in
the lab strain of H. volcanii’s main chromosome were successful, and, very strangely,
the resultant “zero origin” strain actually outcompeted the wild type in coculture
experiments. The zero origin strain was highly dependent on the RADS51/RecA
ortholog, RadA, suggesting a recombination-based mechanism was able to drive
genome duplication (Hawkins et al. 2013). How universal this remarkable observa-
tion is is not yet clear (Michel and Bernander 2014). When similar experiments
were performed in the closely related H. mediterranei, the main chromosome of
which normally has three active origins (Fig. 5.2), deletion of the three origins led
to activation of a cryptic novel origin of replication (Yang et al. 2015). It is possible
that the high ploidy, sexual promiscuity (as manifested by high levels of intraspecies
and even interspecies genetic exchange mediated by this organism), and natural
competence, i.e., ability to uptake DNA from the media, may be contributory to H.
volcanii’s remarkable genomic plasticity (Zerulla et al. 2014; Zerulla and Soppa
2014; Naor et al. 2012).

Genetic studies in Sulfolobus islandicus (Sis) reveal that at least one replication
origin is essential for viability and that each origin has a unique initiator protein.
Intriguingly, this simple binary relationship of origin and initiator is not conserved
across the Sulfolobus genus. Studies in Sulfolobus solfataricus (Sso) have revealed
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Fig. 5.2 Diagram of the organization of the 2.95 Mb main chromosome of Haloferax mediterra-
nei. The locations of the three active origins in wild-type cells are shown in the left-hand panel.
The right-hand panel indicated that, upon deletion of oriCl1, oriC2, and oriC3, cell viability is
maintained by activation of a novel cryptic origin, oriC4. For details see Yang et al. (2015)

that oriC2 in that species is bound by both Orc1-1 and Orcl1-3. While the genetic
dependence of this origin on both initiators has not been tested, a range of chromatin
immunoprecipitation and biochemical and structural studies have demonstrated that
this origin is bound by both Orc1-1 and Orc1-3 (Robinson et al. 2004; Dueber et al.
2007; Dueber et al. 2011). The Orcl-1 and Orc1-3 binding sites at this origin are
immediately adjacent, and the two proteins have a 360 A2 protein-protein interface
(Dueber et al. 2007). A biochemical comparison of Orcl-1 and oriC2 between S.
islandicus and S. solfataricus revealed that both origin sequence and protein
sequence have evolved to allow the binding of S. solfataricus Orcl-1 to oriC2 in
that species (Samson et al. 2013). This enhanced complexity of origin specification
may give insight into the evolutionary transitions that drove the evolution of the
multi-subunit present-day ORC complex found in eukaryotes.

5.4 Orcl Protein Structure and Function

The structural studies of Sulfolobus Orc1-1 and Orc1-3 bound to 0riC2, in conjunc-
tion with the work from the Wigley lab on Aeropyrum pernix Orcl-1 bound to its
cognate oriCl, revealed some general principles of Orcl protein/DNA interactions
(Dueber et al. 2007; Gaudier et al. 2007). The archaeal Orcl proteins are approxi-
mately 43 kDa in size and possess an N-terminal AAA+ domain and a C-terminal
winged-helix (wH) DNA-binding domain (Fig. 5.3). While mutational studies had
demonstrated the importance of the wH domain in DNA binding, the structural
studies revealed that the AAA+ domain also contacted the DNA (Gaudier et al.
2007; Robinson et al. 2004; Dueber et al. 2007; Dueber et al. 2011). The contact
between the AAA+ domain and DNA is mediated by a signature embellishment to
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Fig. 5.3 Structure of the Orc1 proteins. The upper panel is a linear representation of the protein. The
N-terminal two-thirds are a AAA+ domain, and the positions of the Walker A (WA), Walker B (WB),
and Sensor 2 (S2) motifs are indicated. The ISM is the signature initiator-specific motif embellish-
ment to the AAA+ fold found in the initiator clade of AAA+ proteins. MRM indicates the location
of the MCM recruitment motif. The C-terminal third of the protein forms a winged-helix (wH) fold.
The crystal structure shown below is of Orc1-1 bound to an ORB element (PDB Accession Number
2V1U). The ORB element is shown by a large gray arrow with internal dyad element and G-string
element indicated. The orientation of the arrow is the same as that in Fig. 5.5. The wH domain in red
interacts with the dyad symmetric element of the DNA. The ISM, in blue, mediates contacts a G-rich
element, the so-called G-string. ADP is present in the active site of the AAA+ domain and is shown
in magenta. The residues highlighted in cyan have been demonstrated to be essential for recruitment
of MCM by Orcl-1 (residue numbering based on the S. islandicus Orcl-1 protein)

the classical AAA+ fold found in the initiator clade of AAA+ proteins, termed the
initiator-specific motif (ISM). Thus, the orcl proteins make extended bipartite inter-
actions with the origin DNA (Fig. 5.3). It had been demonstrated that Orc1-1 bound
to conserved sequence elements, termed ORBs, at oriCI (Robinson et al. 2004).
ORB elements contain a dyad symmetric element flanked on one side only by a
string of G-C base pairs. The wH domain recognizes the dyad element, and the
G-string interacts with the ISM (Fig. 5.3). Despite the presence of the dyad element,
only a single Orcl-1 molecule binds per ORB element. The structural studies
revealed that binding of Orcl-1 substantially distorts and underwinds the DNA to
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the extent that a second Orcl-1 molecule is unable to recognize the symmetry-
related binding site (Gaudier et al. 2007). The preferred orientation of Orc1-1 on an
ORB element is presumably defined by the unique ISM-G-string interaction.

Thus, at oriCI, Orcl-1 binds to ORB elements as a monomer. Another key fea-
ture in the structural studies was that the active site of the AAA+ ATPase domain
was occupied by ADP. As no nucleotide was supplemented during purification and
crystallization, this presumably reflects ATP bound during expression in E. coli and
hydrolyzed during the expression and purification processes. Biochemical studies
have confirmed that ADP is extremely stably bound to Orcl proteins. Indeed, pro-
tein denaturation and extensive and subsequent re-folding are required to obtain
nucleotide-free protein with which to perform ATPase studies (Grainge et al. 2006;
Samson et al. 2013). Such studies have revealed that Orcl-1 undergoes a single-
turnover ATP hydrolysis event leaving ADP stably bound in the active site. While
bacterial DnaA is also active in its ATP-bound state, this activation is manifested in
a fundamentally distinct manner from that of Orcl-1. ATP facilitates multimeriza-
tion of DnaA, ultimately resulting in direct remodeling and melting of the origin
DNA (see Bleichert et al. 2017 for a review). In contrast, Orcl-1 remains mono-
meric when ATP bound and undergoes a subtle conformational change (Samson
et al. 2013) that facilitates interaction with MCM, as described below.

Studies using mutated versions of Orcl-1 in vivo and in vitro have revealed that
stabilization of the ATP-bound form of the protein by substitution of the so-called
Walker B glutamic acid residue by alanine results in a highly active form of the pro-
tein (Samson et al. 2013; Samson et al. 2016). In contrast, the ADP-bound form of
Orcl-1 is inactive in MCM loading in vitro. On the biochemical level, ATP binding
did not alter either the affinity or stoichiometry of Orcl-1 binding to DNA. Rather,
ATP binding simply induced a modest conformational change in the protein, as
detected by analytical ultracentrifugation and protease sensitivity assays. Despite
these modest changes, the constitutively ATP-bound form of the protein was far more
active in vitro than the ADP form (Samson et al. 2013). Thus, it appears that ATP
binding and not hydrolysis is required for Orc1-1 function. Importantly, expression
of the Walker B mutant form of the protein in vivo resulted in an overreplication
phenotype, suggesting that ATP hydrolysis serves as an off switch. In this regard, it
is significant that the orc /-1 gene shows cell cycle-dependent regulation of its expres-
sion with transcript levels highest in cells about to enter G1 (Samson et al. 2013).
Thus, the cell cycle dependence of orcl-1 expression, coupled with the single-turn-
over ATP hydrolysis activity, indicates that Orcl-1 is acting as a molecular switch,
permitting MCM recruitment in the Orc1-12ATP state and inhibiting it in the Orcl-
1ADP state. Such a binary switch behavior is likely important for ensuring once-
per-cell cycle regulation of origin activity (Fig. 5.4). The timing of expression of the
initiator protein gene thus helps define a permissive window for initiator function. As
mentioned above, oriC2 fires a few minutes later in the cell cycle than does oriClI.
This is reflected in the later peak of transcription of the Orc1-3 mRNA, relative to
that for Orc1-1 (Samson et al. 2013). How the ADP-bound form of the initiator is
removed from the origin at the end of the cell cycle is currently unknown. Possible
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Fig. 5.4 Cartoon of the
Sulfolobus cell cycle. The
red and black spheres
labeled ATP and ADP
represent the nucleotide
status of Orcl proteins. A
pulse of transcription of
orcl-1 at the time of cell
division will produce

Orcl-1 associated with
ATP; subsequently ATP
will be hydrolyzed to ADP
in a single-turnover event.
ADP will thus remain

stably associated with
Orcl-1 for the rest of the
cell cycle

®

2N

cohesion

explanations include an ATP exchange factor or, perhaps more likely given the new
wave of orcl-1 transcription, targeted destruction of Orc1-1*ADP at cell division.

5.5 MCM Recruitment to Archaeal Replication Origins

As alluded to above, Orcl-1 is able to recruit MCM to oriCI in a defined reaction
using recombinant proteins purified from E. coli (Samson et al. 2016). These exper-
iments reveal that, in addition to Orc1-1 sharing sequence homology with Orcl and
Cdc6 of eukaryotes, Orcl-1 also shares Orcl and Cdc6’s respective functions of
origin binding and helicase recruitment. Orc1-1*ATP was shown to contact MCM’s
C-terminal wH domain via a conserved motif in the lid domain of the AAA+ domain
(the MRM — MCM recruitment motif; see Fig. 5.3). The basis of the ATP depen-
dence of Orcl-1’s functionality was ascribed to the Sensor 2 motif. This conserved
arginine residue has the capacity to coordinate the gamma phosphate of ATP and in
doing so modulate the relative positions of the two subdomains of the AAA+ mod-
ule. Importantly, mutation of the Sensor 2 residue led to a protein that bound ATP
but had substantially reduced ATPase activity. However, unlike the Walker B mutant
that has similar ATPase-null behavior, the Sensor 2 mutant Orcl-1 was unable to
recruit MCM to the origin in vitro and did not support origin firing in vivo. Thus, the
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Sensor 2 residue may act to transduce the information of the nucleotide status of
Orcl-1 to the conformation of the MCM recruitment site (Samson et al. 2016).

5.6 Active Loading or Passive Recruitment of MCM?

Classical views of the MCM helicase portray it as a ring-shaped hexamer (Costa and
Onesti 2009). However, structural studies of both eukaryotic MCM2-7 and archaeal
MCM have revealed a range of conformations. With regard to the archaeal MCMs,
single and double hexamers and heptamers have been described, as have open-ring
and even filamentous forms of the protein (Chen et al. 2005; Pape et al. 2003;
Slaymaker et al. 2013; Samson and Bell 2016; Samson et al. 2016). There has been
considerable debate about how the MCM ring might be opened to allow loading
onto DNA (Yardimci and Walter 2014; Sakakibara et al. 2009). With regard to the
archaeal protein, a notable electron microscopy study demonstrated that simply
heating the MCM of Methanothermobacter thermautotrophicum to its normal phys-
iological growth temperature resulted in greater than half of the particles adopting
an open-ring conformation (Chen et al. 2005). Similarly, heat treatment of Sulfolobus
MCM resulted in substantial elevation of recruitment of MCM by Orcl-1 to oriCl
in vitro (Samson et al. 2016). Thus, based on Orc1-1’s monomeric behavior, single-
turnover ATP hydrolysis, activity when ATP bound, switch-off upon ATP hydroly-
sis, and the thermodynamically favored opening of MCM, we have proposed that
Orcl-1 is acting as a conditional platform for MCM recruitment to replication ori-
gins. Importantly, oriCI possesses ORB elements aligned in inverted orientation
flanking a ~90 bp AT-rich region. Replication initiation has been mapped at the
boundary of this candidate duplex unwinding element, and so it is believed that two
hexamers of MCM are loaded into this region by Orc1-1 bound to the flanking ORB
elements (Fig. 5.5).

5.7 The Archaeal CMG Complex

The molecular basis of how initial DNA unwinding at replication origins is effected
remains unknown at this time in both archaeal and eukaryotic systems. In eukary-
otes, it is well established that the ultimate activation of the MCM helicase is tightly
regulated and involves the facilitated recruitment of Cdc45 and GINS to form an
active helicase assembly, termed CMG, that is capable of driving replication fork
progression (Bell and Labib 2016).

Eukaryotic GINS is composed of four distinct subunits, Psfl, Psf2, Psf3, and
S1d5 (Labib and Gambus 2007; MacNeill 2010). The subunits fall into two classes,
related to each other by circular permutation. Psf2 and Psf3 have a domain order BA
with a beta-strand domain followed by an alpha-helical domain. In Psf1 and S1d5,
the order of the domains is switched to AB. The archaeal orthologs were initially



5 Initiation of DNA Replication in the Archaea 109

Fig. 5.5 Model of the ATP-dependent recruitment of MCM by Orcl proteins. ATP-bound Orcl1-1
associates with inverted ORB elements at oriC/. As illustrated in Fig. 5.3, Orc1-1 binds to ORB
elements as a monomer with a defined polarity — the AAA+ module contacting a G-rich element
and the wH domain binding a short inverted repeat. The region between the inverted ORB ele-
ments, colored in blue, is highly AT rich. The MRM is positioned such that it can interact with
MCM, leading to MCM’s recruitment to the origin with both hexamers encircling double-stranded
DNA. Subsequent hydrolysis of ATP to ADP repositions the MRM (shown in black in the “off”
state), preventing further rounds of MCM recruitment

identified by virtue of their ability to interact with the N-terminal domains of MCM
in a yeast two-hybrid screen. The first archaeal GINS ortholog identified was shown
to be related to both Psf2 and Psf3 and was thus named Gins23 (Marinsek et al.
2006). Interestingly, the gins23 gene is encoded within a bi-cistronic operon with
mcm. Biochemical studies revealed that Gins23 co-purified with another small pro-
tein that was revealed to be related to Psfl and SIdS5 and thus named Gins15. The
archaeal GINS assembly was shown to be a tetramer, containing two copies each of
Gins15 and Gins23 (Marinsek et al. 2006). While the initial work was performed in
Sulfolobus, the archaeal GINS complex is now known to be conserved across the
archaeal domain of life (MacNeill 2010; Oyama et al. 2011; Yoshimochi et al. 2008;
Oyama et al. 2016). During the biochemical isolation of Sulfolobus GINS, a further
polypeptide co-purified over eight steps and was identified as being related to the
DNA-binding fold of the RecJ superfamily of proteins, leading to its initial name of
RecJdbh (Marinsek et al. 2006). Subsequent work has revealed an unambiguous
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relationship between RecJ and eukaryotic Cdc45, and so RecJdbh has been renamed
as Cdc45 (Sanchez-Pulido and Ponting 2011; Xu et al. 2016). Interestingly, Cdc45-
related proteins have been identified across the archaeal domain of life but appear
phylogenetically diverse (Makarova et al. 2012). One such protein, termed GAN,
has been shown to be capable of association with GINS in the organism Thermococcus
kodakarensis and, intriguingly, appears to be active as a nuclease (Li et al. 2011;
Oyama et al. 2016). Recent structural studies have confirmed the GAN*GINS inter-
action and revealed the basis of the interaction between the GAN and the C-terminal
domain of Gins15 (Oyama et al. 2016). Notably, in eukaryotes, an analogous inter-
action is observed between Psf1’s CTD and Cdc45 (Costa et al. 2011).

In Sulfolobus, Cdc45 appears to be very tightly associated with GINS as evi-
denced by their co-purification over multiple steps (Marinsek et al. 2006).
Furthermore, experiments with recombinant GINS and Cdc45 have revealed that
the Cdc45°GINS complex (termed CG) is resistant to up to 8 M urea (Xu et al.
2016). Chromatin immunoprecipitation experiments have demonstrated that Cdc45
(and by inference, GINS) associates with MCM at replication origins and proceeds
with the helicase during DNA synthesis. At the biochemical level, association of CG
with MCM leads to a robust stimulation of helicase activity. Importantly, neither
Cdc45 nor GINS when individually added to MCM results in detectable stimulation
of helicase activity (Xu et al. 2016). While this latter observation agrees with initial
reports that Sulfolobus GINS did not stimulate MCM’s helicase activity (Marinsek
et al. 2006), a report from the Huang laboratory has suggested that Sulfolobus GINS
alone could stimulate MCM (Lang and Huang 2015).

One important difference between the archaeal and eukaryotic Cdc45 and GINS
association lies in the composition of the assembly. While both eukaryotic Psf1 and
Sld5 possess the AB domain organization, only Psfl interacts with Cdc45 (Costa
et al. 2011). This enforces a stoichiometry of one Cdc45 per GINS complex. In
contrast, in the archaeal GINS, two identical copies of Ginsl5 are present, thus
conferring the potential to interact with two Cdc45 molecules per GINS complex.
Native electrospray ionization mass spectrometry experiments on the reconstituted
Sulfolobus CG complex revealed that this was indeed the case, revealing a mass
compatible with two copies each of Cdc45, Ginsl5, and Gins23 (Xu et al. 2016).
While it has not been directly determined, it seems likely that this organization will
also apply to the euryarchaeal Thermococcus GINS*GAN assembly (Oyama et al.
2016). Although this observation suggests a distinct difference between archaeal
and eukaryotic CMG, hidden Markov modeling of the predicted structure of
Sulfolobus Cdc45 revealed a hitherto undocumented similarity with an unantici-
pated region of eukaryotic Cdc45 (Xu et al. 2016). More specifically, the RecJ fold
of eukaryotic Cdc45 is interrupted by a so-called CID domain (Simon et al. 2016).
Surprisingly, Sulfolobus Cdc45 was predicted to form a structure related to this CID
domain. As it had already been documented that Sulfolobus Cdc45 has similarities
to the RecJ fold, this observation suggests that eukaryotic Cdc45 may have arisen
via a gene duplication and internal fusion event, yielding a Russian doll-like orga-
nization (Fig. 5.6a). Thus, eukaryotic Cdc45 can be viewed as a pseudodimer when
compared to its archaeal antecedents.
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Fig. 5.6 The archaeal CMG complex. (a) Relationship between bacterial RecJ and archaeal and
eukaryotic Cdc45. The Sulfolobus Cdc45 corresponds to the core fold of Rec] — comprised of the
DHH and DHHA1 domains. Eukaryotic Cdc45 has these two domains separated by the “CID”
domain. Hidden Markov modeling revealed that the CID may have evolved from a partial copy of
a core Rec] fold. See Xu et al. (2016) for details. (b) Speculative model for the architecture of the
archaeal CMG complex. Gins23 and Gins15 are shown in gray and blue, respectively. Their beta-
strand-rich domains are shown as arrows and their alpha-helical domains as rectangles. Gins15 and
Gins23 form a 2:2 complex. Further, Gins15 interacts with Cdc45, and Gins 23 interacts with
MCM. An open-ring form of MCM, such as that loaded on the replication origins, is depicted

Electron microscopy studies of the eukaryotic CMG complex reveal that GINS
and Cdc45 interact over the interface between MCM2 and MCMS5 subunits (Costa
et al. 2011). This interface serves as a gate in the MCM ring, and elegant cross-
linking studies have revealed that the ability of this gate to open is key to loading
eukaryotic MCM(2-7) at replication origins (Samel et al. 2014). The innate
asymmetry of the eukaryotic heterohexameric MCM(2-7) makes it easy to under-
stand how the location and stoichiometry of Cdc45 and GINS association are
imposed. This contrasts with the situation in archaea where the MCM is composed
of six identical subunits. However, the available data indicate that MCM is recruited
to origins in an open-ring form (Samson et al. 2016). It is possible that the nature of
the opening between MCM subunits is such that it favors association of CG with
that locus on the MCM complex (Fig. 5.6b). It may be significant that CG interacts
with MCM’s N-terminal domains via the Gins23 subunit (Marinsek et al. 2006). It
is conceivable that the presence of two identical MCM-interaction interfaces on
archaeal CG favors interactions between MCM N-terminal domains juxtaposed
across the opening in the MCM ring.

In eukaryotes, the sequential and regulated associations of first Cdc45 and then
GINS with loaded MCM are pivotal events in the control of the initiation of DNA
replication (Siddiqui et al. 2013; Tanaka and Araki 2013; Bell and Labib 2016).
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Interestingly, the so-called firing factors that facilitate this process (e.g., S1d2, S1d3,
Sld7, Dpbll) are eukaryotic innovations with no discernable homologs in the
archaea. Furthermore, the CDK and DDK kinases that in turn govern the behavior
of the firing factors are also absent from archaea. The tight association of Cdc45 and
GINS in archaeal cell extracts might imply that these factors interact en bloc with
origin-associated MCM, leading to activation of MCM’s helicase activity. Whether
this step in archaeal DNA replication initiation is subject to regulatory control is
currently unknown. However, in species such as Sulfolobus where multiple replica-
tion origins are coordinately regulated to trigger a single initiation event per cell
cycle, it is very tempting to speculate that MCM activation by CG could be a key
and committing step in regulating replication initiation.

Acknowledgments I would like to thank Rachel Samson for helpful discussions of this
material.
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Chapter 6
Mechanism of Lagging-Strand DNA
Replication in Eukaryotes

Joseph L. Stodola and Peter M. Burgers

Abstract This chapter focuses on the enzymes and mechanisms involved in
lagging-strand DNA replication in eukaryotic cells. Recent structural and biochemi-
cal progress with DNA polymerase a-primase (Pol a) provides insights how each of
the millions of Okazaki fragments in a mammalian cell is primed by the primase
subunit and further extended by its polymerase subunit. Rapid kinetic studies of
Okazaki fragment elongation by Pol & illuminate events when the polymerase
encounters the double-stranded RNA-DNA block of the preceding Okazaki frag-
ment. This block acts as a progressive molecular break that provides both time and
opportunity for the flap endonuclease 1 (FEN1) to access the nascent flap and cut it.
The iterative action of Pol & and FENI is coordinated by the replication clamp
PCNA and produces a regulated degradation of the RNA primer, thereby preventing
the formation of long-strand displacement flaps. Occasional long flaps are further
processed by backup nucleases including Dna2.

Keywords DNA replication ¢ Lagging strand ¢ Okazaki fragment maturation °
DNA polymerase a-primase * DNA polymerase 6 * Flap endonuclease 1 ® Dna2

6.1 Introduction

Three DNA polymerases are responsible for the bulk of genomic DNA replication,
Pol a, Pol 8, and Pol €. A preponderance of evidence supports the following division
of labor at the replication fork: The Pol a-primase complex primes synthesis on both
the leading and lagging strands, with Pol € synthesizing the leading strand and Pol
d synthesizing the discontinuous Okazaki fragments that make up the lagging strand
(Burgers 2009). This model has been supported by analysis of replication errors
(Pursell et al. 2007; Nick McElhinny et al. 2008; Larrea et al. 2010), studies of
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polymerase localization on replication forks (Yu et al. 2014), and genomic rINMP
incorporation studies (Nick McElhinny et al. 2010a; Miyabe et al. 2011; Reijns
et al. 2015; Daigaku et al. 2015; Koh et al. 2015; Clausen et al. 2015). Biochemical
studies have shown that Pols € and § replicate their respective strands spontaneously
in the presence of purified CMG helicase (Cdc45-Mcm, ;-GINS) complex
(Georgescu et al. 2014a, 2015) and are excluded from the incorrect strand (Schauer
and O'Donnell 2017). For these reasons, the model placing Pol € on the leading
strand and Pol & on the lagging strand has become widely accepted.

A recent study has suggested an alternate arrangement of polymerases at the
replication fork (Johnson et al. 2015), concluding that Pol 8 replicates both strands
of the replication fork. These conclusions have become a matter of debate in the
field (Stillman 2015; Johnson et al. 2016; Burgers et al. 2016), and some very recent
biochemical data support a very limited engagement of Pol 8 during the initiation of
leading-strand DNA replication (Yeeles et al. 2017). However, no study disputes the
current model of lagging-strand DNA replication involving the synthetic activities
of Pol a-primase and Pol 8, which will be the primary focus of this review.

6.2 Priming by Pol a-Primase

DNA synthesis on both strands of the fork is initiated by the synthesis of RNA prim-
ers by the Pol a-primase complex. Pol a and its associated primase each contain one
accessory subunit, forming a hetero-tetrameric complex overall, often designated as
the eukaryotic primosome. The polymerase catalytic and accessory subunits are
Poll and Poll2, respectively, in budding yeast and p180 and p70 in human cells
(Johansson and Dixon 2013). The catalytic subunit is one of the four, eukaryotic
B-family polymerases, which comprises a conserved polymerase domain and a
separate C-terminal domain that is connected to the polymerase domain by a flexi-
ble linker (Klinge et al. 2009; Suwa et al. 2015; Kilkenny et al. 2012; Baranovskiy
et al. 2016a). Interactions between the catalytic and the accessory subunit are made
through this C-terminal domain (denoted p180c below). Similarly, the primase con-
tains a catalytic and an accessory subunit: Pril and Pri2, respectively, in yeast, and
p49 and p58 in humans. Integral to the mechanism described below, the primase
accessory subunit contains two domains (N-terminal and C-terminal, denoted p58y
and p58c below) connected by a flexible linker (Baranovskiy et al. 2015, 2016b).
The primase initiates RNA synthesis de novo, synthesizing an 8—10-nucleotide
primer that is transferred to the polymerase subunit of the Pol a-primase complex
for extension with dNTPs (Baranovskiy et al. 2016b; Singh et al. 1986; Kuchta et al.
1990; Kuchta and Stengel 2010) and then creating an ~30-nucleotide hybrid primer
that becomes the substrate for Pol & (Bullock et al. 1991; Murakami and Hurwitz
1993). The mechanism by which Pol a-primase makes uniformly sized RNA prim-
ers has long been unclear. Recent structural and biochemical studies with the human
and yeast primosome have contributed to the proposal of a new model for primer
synthesis (Klinge et al. 2009; Baranovskiy et al. 2015; Vaithiyalingam et al. 2014;
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Fig. 6.1 Priming of DNA synthesis by Pol a-primase. The sequential steps in the initiation of
RNA priming, the elongation of the RNA primer, and the switch to DNA synthesis are shown.
The model of Pol a-primase is based on Baranovskiy et al. (2016a)

Agarkar et al. 2011; Nunez-Ramirez et al. 2011; Sauguet et al. 2010; Kilkenny et al.
2013; Perera et al. 2013). This model is outlined by Baranovskiy et al. and described
below (Baranovskiy et al. 2016a).

The crystal structure of the apo form of the primosome (not bound to DNA)
indicates that the entire complex is built upon a stable platform with a p49-p58x-
p180c-p70 arrangement (human subunit designations). Flexible linkers connect the
polymerase (p180...) and the C-terminal half of the primase accessory subunit
(p58c) to this platform (Fig. 6.1). Large conformational changes of p180... and
pS58c with respect to the primosome platform enable the substrate exchanges neces-
sary for priming and extension. De novo RNA synthesis occurs at the interface of
the primase catalytic and accessory subunits (p49-p58c interface) (Zerbe and Kuchta
2002). As the new primer grows, p58¢ retains interactions with its 5’-terminus and
rotates away from p49. Eventually, this rotation brings on steric clashes between
p58c and pS8y (Fig. 6.1). Molecular modeling predicts that these clashes would
occur when the RNA primer had reached about ten nucleotides in length, providing
an explanation for why RNA primers longer than ten nucleotides are rarely pro-
duced (Baranovskiy et al. 2016a).

After further RNA synthesis is inhibited, the DNA/RNA duplex is intramolecu-
larly transferred from the primase to the polymerase subunit (Fig. 6.1). Since p58¢
makes extensive contacts with the duplex and p49 is only weakly bound, it is pre-
dicted that p58¢ delivers the primer terminus to the polymerase. Molecular model-
ing of the potential transfer complex predicts that the polymerase is only able to
access the 3’-primer terminus when the primer is at least nine nucleotides in length,
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consistent with biochemical data (Baranovskiy et al. 2016a). Pol o extends the RNA
primers for an additional 20-30 nucleotides with dNTPs, yielding a
30-40-nucleotide-long primer. This estimate dates back to early in vitro SV40 rep-
lication studies (Bullock et al. 1991; Murakami and Hurwitz 1993).

6.3 Polymerase Exchanges at Pol a-Synthesized Primers

After primer synthesis, Pol a is exchanged for Pol € or Pol 8 for further high-fidelity
DNA replication. It is still unclear how DNA synthesis by Pol a remains so pre-
cisely limited and how polymerase exchange occurs. Several mechanisms have
been proposed. First, it has been hypothesized that the different helical characteris-
tics of the RNA/DNA duplex and double-stranded DNA may be sensed by the Pol
a active site. Pol o has been shown to bind more tightly to RNA/DNA duplexes,
which adopt an A-form helix, than to the B-form DNA helix (Perera et al. 2013). As
Pol a extends the RNA primer with dNTPs, the A-form helix initially present will
be converted to a B-form helix. It has been proposed that the formation of the
B-form structure inhibits further synthesis by Pol a (Perera et al. 2013). However,
the biochemical experiments supporting this hypothesis were performed using
poly(dT) templates, where formation of triplex structures (dT-dA-dT) after limited
replication causes inhibition of DNA synthesis by most DNA polymerases, and not
just Pol o (Mikhailov and Bogenhagen 1996; Zhang et al. 2016). As a result, the
extent to which Pol o extended these homopolymeric templates was artificially low.

Alternately, it has been suggested that the switch from Pol a to Pol 6 is mediated
by loading of PCNA onto 3’-primer termini by the RFC complex (Schauer and
O’Donnell 2017; Tsurimoto and Stillman 1991; Eki et al. 1992; Yuzhakov et al.
1999; Maga et al. 2000; Mossi et al. 2000). In the absence of PCNA, the RFC com-
plex has been shown to inhibit Pol a activity when present at high concentrations
(Yuzhakov et al. 1999; Maga et al. 2000). However, Pol « inhibition is greatly
enhanced when both RFC and PCNA are both present, suggesting that clamp load-
ing is integral to polymerase switching (Schauer and O’Donnell 2017; Tsurimoto
and Stillman 1991). Polymerase switching has also been shown to be stimulated by
the presence of the single-stranded binding protein RPA at the template-primer
junction. RPA directly binds RFC, providing specificity of PCNA loading and the
displacement of Pol a (Yuzhakov et al. 1999; Gomes and Burgers 2001). Regardless
of the exact details of the mechanism of Pol a ejection, the preponderance of evi-
dence points to PCNA loading by RFC as essential to the recruitment of Pol 9,
which prevents rebinding of Pol a.

CMG helicase-dependent leading- and lagging-strand synthesis has recently
been reconstituted in vitro using the budding yeast replication system (Georgescu
et al. 2015, 2014b; Yeeles et al. 2017; Devbhandari et al. 2017). These studies have
provided biochemical support for the current model of the eukaryotic replication
fork, with Pol € replicating the leading strand and Pol 8 the lagging strand, and Pol
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o priming synthesis on both strands. It appears from these studies that replicating a
bidirectional fork in the presence of the CMG helicase complex enforces the divi-
sion of labor of the replication machinery; i.e., Pol € is suppressed on the lagging
strand, and Pol & is suppressed on the leading strand (Schauer and O’Donnell 2017).
Interestingly, Diffley and coworkers found that leading-strand replication proceeded
more efficiently if the initial elongation of the leading-strand primer was carried out
by Pol 8, followed by a second exchange from Pol & to Pol € (Yeeles et al. 2017).
Presumably, the latter polymerase exchange occurs when the elongating PCNA-Pol
6 complex collides with the leading CMG complex ahead of it and GINS enforces
the exchange to Pol €.

6.4 Strand Displacement Synthesis and Nick Translation

Pol § extends primers on the lagging strand until it reaches the 5’-end of the preced-
ing Okazaki fragment. Before ligation, however, the initiator RNA at the 5'-termi-
nus of the primer must be removed. Biochemical and genetic studies support a
model in which the initiator RNA is predominantly removed through the joint action
of Pol & and flap endonuclease 1 (FEN1), a structure-specific nuclease (Grasby et al.
2012; Balakrishnan and Bambara 2013). When Pol § collides with the previous
Okazaki fragment, it continues replicating through limited displacement of the
RNA primer, forming a short 5'-flap. This flap is the substrate for FEN1; repetition
of strand displacement synthesis by Pol 8 followed by FENI1 cleavage removes the
initiator RNA (Garg et al. 2004; Rossi and Bambara 2006; Stodola and Burgers
2016). Most frequently, one- or two-nucleotide products are liberated by FEN1
(Stodola and Burgers 2016; Stith et al. 2008). After removal of the RNA through
these iterative actions of Pol 8§ and FEN1, a process termed “nick translation,” the
nick can be sealed by DNA ligase. These basic steps are sufficient to process the
vast majority of Okazaki fragments. On rare occasions, strand displacement synthe-
sis may become decoupled from flap cutting, and flaps can grow to lengths that
cannot be processed by FEN1 (Murante et al. 1995; Bae et al. 2001a). Backup
mechanisms, described below, are required to cleave these flaps so that they do not
lead to DNA damage.

Pol & possesses two enzymatic activities, a DNA polymerase activity and a
3-5’-exonuclease activity. The exonuclease is required for proofreading of misincor-
porated nucleotides during DNA replication but also plays an important role in
Okazaki fragment maturation (Jin et al. 2001). After Pol d initiates strand displace-
ment synthesis, the forward, flap-generating movement of the polymerase is coun-
tered by the exonucleolytic activity of the polymerase. After formation of a short flap,
the exonuclease activity of Pol & cuts out the nucleotides that the polymerase had
inserted, with the release of ANMPs. Repeated short-flap formation followed by exo-
nucleolytic cleavage back to the nick position has been termed “polymerase idling.”
This activity appears to be unique to the lagging-strand polymerase; Pol € exhibits
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very weak strand displacement and idling activities (Garg et al. 2004; Ganai et al.
2016). In most sequence contexts, idling is sufficient to restrict forward movement of
Pol 8 to within three nucleotides of the nick position, and most frequently, one- or
two-nucleotide products are liberated by FEN1 (Garg et al. 2004; Stodola and Burgers
2016; Stith et al. 2008).

Polymerase idling is not the only restraint placed on strand displacement. As Pol
0 initiates strand displacement, the rate of forward polymerase movement slows
down progressively as the 5’-flap grows longer (Stodola and Burgers 2016), i.e., the
growing flap inhibits further synthesis in a length-dependent manner. Thus, the
nascent flap acts as a “molecular brake” on the polymerase. Idling and flap inhibi-
tion allow Pol & to produce a substrate with a short 5'-flap for FEN1 while simulta-
neously limiting extensive strand displacement synthesis. This cooperation is
necessary. If the rate of strand displacement remained constant irrespective of flap
length, idling alone would be insufficient to constrain the polymerase near the nick.

Surprisingly, the ability of Pol & to displace the duplex region of the preceding
Okazaki fragment is not dependent on the nature of the block, i.e., RNA versus
DNA, but solely on the stability of the duplex (Stodola and Burgers 2016; Stith et al.
2008). Extensive strand displacement synthesis is favored in sequence contexts with
low duplex stability such as AT-rich sequences. Furthermore, when flaps reach a
critical length, Pol & continues strand displacement synthesis in a manner that is
decoupled from its regulatory mechanisms, generating long flaps (Ayyagari et al.
2003). This “critical length” remains poorly defined. It is possible that the “molecu-
lar brake” exerted on Pol & only applies in situations where flaps are very short,
perhaps due to interactions between the polymerase and the 5’-end of the flap (Koc
et al. 2015). Perhaps, the failure of the flap-controlling mechanisms could be caused
by a failure of very long flaps to interact with the enzyme. Further investigation is
required to more fully examine this phenomenon.

6.5 Short-Flap Processing by FEN1

The iterative action of Pol § and FEN1 removes initiator RNA so that nick ligation
can occur. In vitro, these enzymes together comprise an efficient maturation
machine, rapidly degrading either RNA or DNA annealed downstream of Pol
(Stodola and Burgers 2016; Stith et al. 2008; Lin et al. 2013). In the absence of
DNA ligase, nick translation can continue indefinitely unless it is blocked by other
DNA-binding proteins, as observed in yeast (Smith and Whitehouse 2012). Much
effort has been dedicated to determine the structure of FEN1’s optimal substrate.
The consensus model is that FEN1 most efficiently cuts double-flap structures
with a single-nucleotide 3’-flap and a variable length 5'-flap (Kao et al. 2002;
Tsutakawa et al. 2011, 2014). Irrespective of the length of the 5'-flap, FEN1 cuts
a single base into the 5'-duplex region, yielding a ligatable nick when the single-nt
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Fig. 6.2 Regulatory steps that limit strand displacement synthesis by Pol 8. The formation of long
flaps is restricted by the 3’-exonuclease activity of Pol & (idling), by a progressive slowdown of
strand displacement synthesis as the flap grows, and by cutting of the nascent flap by FEN1. FEN1
cleavage may be accelerated when double-flap structures are formed as flaps grow in size, thereby
further limiting their length. Long flaps that still do occur are trimmed by Dna2

3’-flap reanneals to the template (Fig. 6.2) (Kao et al. 2002; Kaiser et al. 1999; Xie
et al. 2001).

Whether this optimal substrate, requiring at least two unpaired nucleotides, rep-
resents the substrate that is most often cut during nick translation has recently been
addressed. Data suggest that the major FEN1 substrate in nick translation results
from a single-nucleotide flap (Stodola and Burgers 2016). Since a 3'-flap is required
for FEN1 activity, we hypothesize that the single-nucleotide 5’-flap formed by Pol
O strand displacement must re-equilibrate into a single-nucleotide 3’-flap and a
fully base-paired 5'-junction before cutting (Fig. 6.2). Although shown to be effi-
ciently cut by FEN1, this single-flap structure is not processed as avidly as double-
flap structures. Thus, these data suggests that in most contexts, the major FEN1
substrate is not actually the optimal substrate (Stodola and Burgers 2016; Kao et al.
2002). These observations could be interpreted as a contradiction, but it may in fact
represent another layer of regulation limiting the formation of long flaps. It is likely
that during nick translation, FEN1 binds and cuts double-flap structures more
avidly than single 3’-flap structures. The higher-affinity binding of FEN1 to these
double-flap intermediates would aid in the preferential recruitment of FEN1 to
longer flaps in the case that the enzyme was not associated with PCNA-Pol § at the
start of strand displacement synthesis. Such a mechanism would ensure that flaps
longer than a single nucleotide are processed before Pol & strand displacement
extends too far.
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6.6 Alternative and Long-Flap Processing

The occurrence of long flaps in the cell was initially inferred from genetic studies in
S. cerevisiae. Deletion of RAD27, which encodes FENI, is associated with a dra-
matic increase in the occurrence of duplications between direct repeats, up to
~100 nt in length, as it could result from slippage mispairing of long 5’-flaps
(Tishkoff et al. 1997a). The related exonuclease 1 (Exol) also shows flap processing
activity and can process nascent flaps generated during strand displacement synthe-
sis by Pol 9, although less efficiently than FEN1 (Tran et al. 2002; Sparks et al.
2012). However, the spectrum of mutations observed in an exo/A strain is most
consistent with a defect in mismatch repair rather than in Okazaki fragment matura-
tion (Tran et al. 2001). Because rad27 exol double mutants are lethal, the model has
been proposed that Exol serves as a backup nuclease for FEN1, and in the absence
of both enzymes, the burden of long flaps overwhelms the ability of the cell to pro-
cess them (Stith et al. 2008; Tishkoff et al. 1997b). Further genetic studies have
highlighted Dna2 as the principal enzyme responsible for processing long flaps. For
instance, the conditional lethality of DNA2 mutations is suppressed by overexpres-
sion of RAD27, and the temperature sensitivity of rad27A is suppressed by DNA2
overexpression (Budd and Campbell 1997).

Based on biochemical studies, FEN1 has been apportioned the task of processing
short flaps and Dna2 that of long flaps (reviewed in Burgers 2009; Kang et al. 2010;
Balakrishnan and Bambara 2010; Burgers and Kunkel 2017). Long flaps are opera-
tionally defined as those longer than ~20 nucleotides, the length at which RPA sta-
bly binds flaps (Kumaran et al. 2006). FEN1 itself can cleave long flaps in vitro, but
when the 5'-flap is coated with RPA or assumes a secondary structure, FEN1 cutting
is abrogated (Murante et al. 1995). In wild-type cells, long flaps could be formed in
certain sequence environments, such as AT-rich sequences, where strand displace-
ment synthesis by Pol & is predicted to be very rapid (Stodola and Burgers 2016).
Alternatively, Pol & strand displacement could become decoupled from flap cutting
for other reasons, e.g., if FEN1 and Exol were absent from the replisome. In addi-
tion, the generation of long flaps is enhanced by the action of Pifl helicase (Budd
et al. 2006; Rossi et al. 2008) or by a defect in the proofreading activity of Pol & (Jin
et al. 2003). Therefore, backup mechanisms are required to process long flaps and
rescue replication forks (Stith et al. 2008; Jin et al. 2001, 2005).

S. cerevisiae Dna2 is a multifunctional enzyme with nuclease, helicase, and cell-
cycle checkpoint activities (Lee et al. 2000; Budd et al. 2000; Bae et al. 2001b;
Kumar and Burgers 2013). Of these activities, the nuclease is most critical to
Okazaki fragment maturation. Dna2 nuclease threads onto the 5’-end of flaps, dis-
placing RPA before cutting DNA (Stewart et al. 2010; Zhou et al. 2015). In several
reports, Dna2 was observed to cleave flaps several nucleotides away from their base,
leaving behind a ~5-8-nucleotide 5'-flap (Bae et al. 2001a, 1998; Kao et al. 2004).
Additionally, in one report, cutting at the base of the flap was also observed (Levikova
and Cejka 2015). However, regardless of the exact cleavage accuracy of Dna2, effi-
cient Okazaki fragment maturation of long-flap intermediates requires additional
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nucleolytic processing beyond that by Dna2. Either additional 5’'-flap cutting by
FEN1 or 3’-exonucleolytic processing by the proofreading activity of Pol & is
required to produce ligatable nicks with high efficiency. When in biochemical stud-
ies, Dna2 was the only 5'-nuclease provided, the maturation of long flaps carried out
with a proofreading-defective form of Pol & produced ligatable nicks very ineffi-
ciently (Jin et al. 2003; Levikova and Cejka 2015). Consistent with these biochemi-
cal results is the observation that yeast mutants defective for the Pol § 3’-exonuclease
activity are exquisitely sensitive to additional defects in FEN1 (Jin et al. 2001).

A recent electron-microscopic study of isolated fission yeast replication forks
provides structural support for the existence of the long-flap pathway (Liu et al.
2017). In wild-type cells, 10% of the isolated forks had associated with it a 40-50-nt-
long flap. Often, these long flaps were detected kilobases distant from the fork.
Because the EM methodology cannot detect very short flaps and nicks that are nor-
mally generated during short-flap processing, one conclusion from these data is that
long flaps are rare. The frequency of long flaps increased in rad?2 (S. pombe FEN1)
mutants as well as in dna2 mutants. These results are consistent with the model,
because FEN1 defects are expected to generate more long flaps while Dna2 defects
are expected to abrogate their resolution. Accordingly, quantification of the fre-
quency of long flaps in the dna2~ mutant should give a good estimate of their nor-
mal occurrence during Okazaki fragment maturation. In dna2- cells, 32% of the
forks showed long flaps, and the average distance between long flaps was about
6.5 kb. If one assumes that an Okazaki fragment is ~150 nt in length, one can esti-
mate that long flaps are generated at a frequency of 1-2%. With about 50,000
Okazaki fragments being generated per fission yeast cell cycle, this amounts to as
many as 500-1000 long flaps, which makes it unsurprising that dna? is essential for
cell growth in S. pombe, as itis in S. cerevisiae (Kang et al. 2000; Budd et al. 1995).

The same EM study also determined the role of fission yeast RNase H2 and
Exol in Okazaki fragment maturation (Liu et al. 2017). Defects in RNase H2
(rnh2014) did not result in a significant increase in the frequency of long flaps, sug-
gesting that this enzyme does not participate in the degradation of the RNA primers
during Okazaki fragment maturation. However, an exo/A mutant showed a clear
increase in the frequency of long flaps, suggesting that Exol participates in Okazaki
fragment maturation in wild-type cells. When compared with the known pheno-
types of S. cerevisiae exolA (see above), it appears that in S. pombe, Exol plays a
more prominent role in Okazaki fragment maturation.

While there is strong evidence in both yeasts for the processing of long flaps by
Dna?2, the situation is less clear in human cells. Human Dna2 has been shown to
play a role in nuclear genome maintenance, specifically promoting the rescue of
stalled replication forks (Thangavel et al. 2015). However, currently there is no
strong evidence for a role for Dna2 in Okazaki fragment maturation analogous to its
role in both yeasts (Duxin et al. 2009, 2012). It is unknown whether human Okazaki
fragment maturation can be accomplished by just FEN1 and Exol or whether long
flaps are processed by additional nucleases redundant with Dna2, or different
nucleases.
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6.7 DNA Ligation

Following the removal of initiator RNA, nicks are sealed by DNA ligase I (cdc9 in
budding yeast and L/G/ in human cells) (Howes and Tomkinson 2012). The eukary-
otic ligase contains a conserved PCNA-interacting protein motif that binds PCNA
in the interdomain connection loop (Vijayakumar et al. 2007). This interaction is
important for localizing ligase to replication foci and for completing Okazaki frag-
ment maturation in mammalian cells (Montecucco et al. 1998; Levin et al. 2000).
PCNA has also been shown to stimulate ligase activity on nicked DNA substrates
(Tom et al. 2001). Despite these effects, it is unclear whether the ligase is actually a
stable component of the PCNA-mediated maturation complex like Pol 8 and FENI.
During in vitro Okazaki fragment maturation, yeast ligase acts distributively, with
the position of ligation following RNA removal dependent on the ligase concentra-
tion (Ayyagari et al. 2003). The cause of this observation remains unclear, but it is
possible that when Pol & and FENI1 are bound to PCNA, ligase cannot gain access
to the PCNA ring, resulting in distributive ligation.

6.8 Limits to Nick Translation and the Size of Okazaki
Fragments

The transient nature of Okazaki fragments has made the study of their properties
in vivo difficult. However, advances have been made in recent years in isolating and
examining Okazaki fragments in vivo and also in reconstituting lagging-strand rep-
lication in vitro. Both approaches have yielded new insights into the controls placed
on Okazaki fragment synthesis and maturation.

Recent in vitro replication studies showed that, when lagging-strand replication
was coupled to leading-strand synthesis by CMG-Pol €, Pol a spontaneously primed
on the lagging strand (Georgescu et al. 2015; Yeeles et al. 2017). The distance
between priming events decreased as the concentration of Pol « in the assay was
raised, indicating that priming itself is stochastic (Yeeles et al. 2017). PCNA-Pol &
spontaneously extended these Pol a-synthesized primers, producing Okazaki frag-
ments that ranged from 100 to 500 nucleotides (Georgescu et al. 2015; Yeeles et al.
2017). Chromatin structure further modulated the size distribution of Okazaki frag-
ments (Devbhandari et al. 2017; Kurat et al. 2017).

Maturation of these synthesized Okazaki fragments minimally requires FEN1 and
DNA ligase as well as PCNA-Pol 8. In the absence of ligase, Pol 6 and FEN1 could
perform nick translation indefinitely (Ayyagari et al. 2003), although this would rep-
resent a major inefficiency in lagging-strand DNA replication. There is strong evi-
dence that the chromatin context of the cell places a limit on the amount of nick
translation synthesis that can be performed by Pol 8 FENI1 (Smith and Whitehouse
2012). By purifying Okazaki fragments from a budding yeast strain deficient for DNA
ligase, the Whitehouse Group found that the size distribution of Okazaki fragments
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was strongly influenced by the placement of nucleosomes, with Okazaki fragment
termini preferentially located at nucleosome dyads (Smith and Whitehouse 2012).
Thus, it appears that a bound nucleosome upstream of the nick translation machinery
is enough to block its further movement. This phenomenon has been extended to other
DNA-binding proteins that bind the double-stranded DNA downstream of the migrat-
ing nick; transcription factor binding sites have been shown to be correlated with
Okazaki fragment termination sites (Reijns et al. 2015; Smith and Whitehouse 2012).
The lagging-strand replication machinery has also been shown to be blocked by dou-
ble-stranded DNA-binding proteins in vitro (Koc et al. 2016).

It is currently unknown whether nick translation regularly extends to where
nucleosomes or protein blocks are positioned or whether DNA is ligated before
PCNA-Pol & and FENT reach these blocks. Since the observations discussed above
were generated in a yeast strain deficient for ligase, this data may report more on the
limits placed on the maturation machinery rather than representing true Okazaki
fragments (Smith and Whitehouse 2012; Smith et al. 2015). Since ligase acts dis-
tributively, in some situations ligation could leave some Pol a-synthesized DNA in
the mature genome, despite the fact that more extensive nick translation would
replace the lower-fidelity DNA produced by Pol o with that of the higher-fidelity
Pol 6 (Kadyrov et al. 2009; Liu et al. 2015). Indeed, several studies have shown that
a significant amount of Pol a-synthesized DNA remains in the mature yeast genome
(Reijns et al. 2015; Nick McElhinny et al. 2010b; Lujan et al. 2014). It remains to
be determined to what extent nucleosome positioning directly influences the reten-
tion of Pol a-synthesized DNA.
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Chapter 7

Functions of Multiple Clamp and Clamp-
Loader Complexes in Eukaryotic DNA
Replication

Eiji Ohashi and Toshiki Tsurimoto

Abstract Proliferating cell nuclear antigen (PCNA) and replication factor C (RFC)
were identified in the late 1980s as essential factors for replication of simian virus
40 DNA in human cells, by reconstitution of the reaction in vitro. Initially, they
were only thought to be involved in the elongation stage of DNA replication.
Subsequent studies have demonstrated that PCNA functions as more than a replica-
tion factor, through its involvement in multiple protein-protein interactions. PCNA
appears as a functional hub on replicating and replicated chromosomal DNA and
has an essential role in the maintenance genome integrity in proliferating cells.

Eukaryotes have multiple paralogues of sliding clamp, PCNA and its loader,
RFC. The PCNA paralogues, RAD9, HUSI1, and RADI form the heterotrimeric
9-1-1 ring that is similar to the PCNA homotrimeric ring, and the 9-1-1 clamp com-
plex is loaded onto sites of DNA damage by its specific loader RAD17-RFC. This
alternative clamp-loader system transmits DNA-damage signals in genomic DNA
to the checkpoint-activation network and the DNA-repair apparatus.

Another two alternative loader complexes, CTF18-RFC and ELG1-RFC, have
roles that are distinguishable from the role of the canonical loader, RFC. CTF18-
RFC interacts with one of the replicative DNA polymerases, Pole, and loads PCNA
onto leading-strand DNA, and ELG1-RFC unloads PCNA after ligation of lagging-
strand DNA. In the progression of S phase, these alternative PCNA loaders maintain
appropriate amounts of PCNA on the replicating sister DNAs to ensure that specific
enzymes are tethered at specific chromosomal locations.

Keywords DNA polymerase * PCNA ¢ RFC ¢ PIP box ¢ Leading strand ¢ Lagging
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7.1 Overview of the Clamp-Loader System

7.1.1 PCNA and RFC

Proliferating cell nuclear antigen (PCNA) was originally identified as an
autoimmune-disease antigen, which specifically accumulated in S-phase nuclei; it
was later rediscovered as an essential replication factor in human cells (Prelich et al.
1987). Subsequent studies demonstrated that PCNA functions as the processivity
factor for DNA polymerase & (Pold) through its activity as a sliding clamp on DNA
(Tinker et al. 1994). Sliding clamps are highly conserved in all organisms; examples
include B-clamp in Escherichia coli, the phage T4 gene 45 product (gp45), and
PCNA in archaea and eukaryotes (Georgescu et al. 2015b). Clamps have dimeric or
trimeric ring structures, which enable them to bind double-stranded DNA (dsDNA)
topologically and slide along it freely. Binding requires temporary opening of the
closed ring by the action of specific loader complexes. RFC, the loader for PCNA,
consists of one large and four small subunits (RFC1 and RFC2-5, respectively),
which are highly related proteins of the AAA+ ATPase family (Majka and Burgers
2004; Kelch et al. 2012; Yao and O’Donnell 2012). PCNA and RFC are involved in
the elongation stage of DNA replication and are essential for the coordinated syn-
thesis of leading-strand and lagging-strand DNA (Prelich and Stillman 1988;
Tsurimoto and Stillman 1989).

Because of the essential role of sliding clamps in DNA replication, PCNA-
loading mechanisms have been intensively studied by biochemical and structural
approaches (Indiani and O’Donnell 2006; Yao and O’Donnell 2012). The PCNA
ring consists of three identical subunits that connect in a head-to-tail manner. The
ring has asymmetric surfaces, known as the N face and C face (or the back face and
front face), because of the presence of N termini and C termini, respectively
(Fig. 7.1). The PCNA protomer has two repetitive domains, one and two, each of
which consists of a framework of pB-sheet arrays and two a-helices facing the hole
of the ring. These two domains are bridged by the interdomain connecting loop
(IDCL), which locates on the C face and provides a structure that interacts with
many PCNA-binding proteins (Tsurimoto 1999; Moldovan et al. 2007; Park et al.
2016; Choe and Moldovan 2017).

A sophisticated process has been demonstrated, in which RFC opens the ring
structure to enable loading of PCNA on a DNA substrate (Fig. 7.1). In the presence
of ATP, RFC attaches to the C face of PCNA, opens one interface between subunits,
and binds to DNA at a 3’-terminal primer-template junction. Subsequent ATP
hydrolysis induces a structural change in RFC and dissociation from PCNA and
DNA. The closed PCNA ring remains on the dsSDNA and is “loaded” with its C face
directed to the 3’ end of the primer. The loaded PCNA recruits Pold to the 3’ primer
end, using the C face as the docking surface. Pold is thereby bound to DNA in the
correct orientation, enabling processive DNA synthesis by the Pold-PCNA
complex.
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Fig. 7.1 A schematic model of PCNA loading by RFC. The homotrimeric ring of PCNA has a
head-to-tail configuration of subunits. The ring has asymmetric side surfaces known as the N face
and C face. PCNA protomer has two repetitive domains, 1 and 2 that are bridged by IDCL, which
is located on the C face. In the presence of ATP, RFC attaches to the C face, opens one interface
between the subunits, and binds to the 3’ primer-template junction. Upon ATP hydrolysis, the
structure of RFC changes to dissociate from PCNA and DNA, leaving a closed PCNA ring that is
loaded on the duplex DNA with the C face directed to the 3" end of the primer. Pold then binds to
the 3’ primer end using the C face of PCNA as its docking surface and synthesizes lagging-strand
DNA processively. After completion of the DNA elongation, FEN1 and DNA ligase 1 are tethered
sequentially to ligate the lagging strands

The dynamic status of PCNA on dsDNA was proposed by structural analyses,
single-molecule imaging, and molecular-dynamics simulations (Kochaniak et al.
2009; De March et al. 2017). PCNA moves along dsDNA in a diffusive fashion in
both directions. Most of the time, PCNA tracks rotationally the helical pitch of
dsDNA by tilting with the DNA axis. This rotational motion of the tilted PCNA on
DNA facilitates formation of a large number of electrostatic interactions between
DNA backbone and the positively charged residues lining the PCNA inner surface,
and it may provide a structure that captures a proper PCNA-binding partner.
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7.1.2 PCNA and Replicative DNA Polymerases

Eukaryotes have three distinct replicative DNA polymerases: Pola, Pold, and Pole
(Waga and Stillman 1998, Burgers 2009). Pola DNA synthesis does not depend on
PCNA; instead, Pola tightly associates with primase (pri) subunits. The Pola-pri
complex synthesizes a 20-30 nucleotides-long RNA-DNA hybrid that acts as a
primer. The 3’ end of this primer is a target of PCNA loading and efficient switching
to Pold, resulting in DNA synthesis for lagging strands. The Pol3-PCNA complex
has a major role in lagging-strand DNA synthesis in the eukaryotic replication fork,
and in repair DNA synthesis, at the late stage of various repair reactions (Prindle
and Loeb 2012). The importance of PCNA for Pold-mediated DNA synthesis is
apparent, as Pold alone can only incorporate several nucleotides at the primer end;
whereas in the presence of PCNA, it can produce DNA strands longer than 200-300
nucleotides. The PCNA-RFC-Pold system can efficiently fill DNA gaps from short
patches to lagging-strand sizes.

The largest subunit of Pole consists of a catalytic N-terminal half and a C-terminal
half that is involved in the protein-protein interaction necessary for initiation of
DNA replication (Dua et al. 1999). The catalytic half is not essential for viability of
Saccharomyces cerevisiae and Schizosaccharomyces pombe (Kesti et al. 1999; Feng
and D’Urso 2001), but it has a major role in leading-strand synthesis (Pursell et al.
2007). Pole alone has polymerase activity, but, for its full activity in leading-strands
synthesis, other replication-fork components are necessary, such as CMG helicase
(see previous chapters) and PCNA (Georgescu et al. 2014). The requirement for
PCNA for full activity of Pold and Pole indicates that the synthesis of both leading
and lagging strands in eukaryotes is dependent on PCNA.

7.1.3 Alternative Clamps and Loaders

Three RFC1 paralogues, RAD17 (RAD24 in S. cerevisiae), CTF18 (chromosome
transmission fidelity 18), and ELG/ (enhanced level of genome instability 1; in
human, also called as ATADS, ATPase family, AAA domain containing 5 or FRAG,
FGF receptor activating protein 1) have been identified in eukaryotes. Proteins from
these genes form the alternative clamp-loader-type complexes RADI17-RFC,
CTF18-RFC, and ELG1-RFC in association with RFC2-5, (reviewed in Kim and
MacNeill 2003, Majka and Burgers 2004, Kubota et al. 2013b, Shiomi and Nishitani
2017) (Fig. 7.2). The functions of these complexes have mainly been analyzed in
yeast, where they are involved in checkpoint responses, sister chromatid cohesion,
and maintenance of chromosome stability, respectively. Furthermore, three proteins
that share significant amino acid sequence similarities with PCNA (RAD9, RADI1
and HUS1 in humans and S. pombe, and DDC1, RAD17 and MEC3 in S. cerevisiae)
are necessary for the checkpoint-response pathway, along with RAD17-RFC
(Kondo et al. 1999; Volkmer and Karnitz 1999; St Onge et al. 1999; Caspari et al.
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Fig. 7.2 Structures and functions of multiple clamp-loader complexes in humans. Schematic
structures and representative functions of four clamp-loader complexes in human cells are shown

2000). The three proteins form a heterotrimeric complex RAD9-HUS1-RADI (9-1-
1) with a ring structure similar to that of PCNA (Burtelow et al. 2001; Kaur et al.
2001; Lindsey-Boltz et al. 2001; Shiomi et al. 2002; Griffith et al. 2002). Thus,
eukaryotes have two clamps and four clamp-loader complexes, which are function-
ally distinct from each other.

7.2 PCNA Is a Hub Protein That Connects DNA Replication
and Peripheral Chromosomal Reactions

7.2.1 During DNA Synthesis

Nearly 50 PCNA-interacting proteins have been identified, and most are involved in
DNA replication, repair, and cell cycle control (reviewed in Moldovan et al. 2007,
Park et al. 2016). Many of these proteins have a conserved motif, known as the
PCNA-interacting protein (PIP) box, at their N-termini or C-termini (Mailand et al.
2013; Boehm and Washington 2016). The PIP box motif is defined by the sequence
Q-X-X-P-X-X-0-0 (where ¥ is I/L/M/V, and © is F/Y), and it usually protrudes
from the main body of a protein and associates with IDCL in PCNA. Studies with
PCNA mutants have demonstrated that PCNA-partner interactions have coevolved
during evolution, and are not optimized for affinity, but rather may be designed for
rapid exchangeability (Zamir et al. 2012; Fridman et al. 2013).
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In eukaryotes, the interactions between PCNA, RFC, and Pold are essential for
chromosomal DNA replication. Several other enzymes that interact with DNA, such
as FENI nuclease and DNA ligase 1, also bind PCNA via PIP boxes and thereby
facilitate efficient lagging-strand processing (as described in the previous chapter).
Similarly, DNA polymerases, Poln, Poli, Polk, PolA, REV1, and Pol{ involved in
translesion synthesis (TLS) can interact with PCNA via the PIP box or its variants
(Mailand et al. 2013). PCNA provides a common platform, enabling rapid exchange
of polymerases at 3’ DNA ends and resulting in loading of enzymes that are compat-
ible with DNA structures at stalled forks (Maga and Hiibscher 2003).

The clamp-based switching of DNA polymerases and related enzymes is an
important feature of DNA replication and is highly conserved among organisms.
The E. coli B-clamp, like PCNA, interacts with lagging-strand-processing enzymes
DNA polymerase I (Pol I) and DNA ligase, and also with TLS polymerases Pol II,
PollV, and Pol V, in addition to the replicative DNA polymerase Pol III (Indiani
et al. 2005).

7.2.2 After DNA Synthesis

Even with the proofreading activity of replicative DNA polymerases, a number of
mis-incorporated nucleotides occur in replicated DNA. The mismatch repair
(MMR) reaction corrects such errors after DNA replication, thereby avoiding muta-
tion. MutS in bacteria (Iyer et al. 2006), and two MutS-related heterodimer com-
plexes (MutSo (MSH2-MSH6) and MutSp (MSH2-MSH3) in eukaryotes)
(Marsischky et al. 1996), function as sliding clamps in MMR and have essential
roles in the recognition of unmatched bases. ATP-dependent mismatch recognition
by MutS discriminates between DNA strands to specifically repair mis-incorporated
nucleotides in newly synthesized DNA. In E. coli, the hemi-methylated structures
produced by DNA replication of A-methylated GATC sites enable this discrimina-
tion. A major mechanism for discrimination in eukaryotes involves the targeting of
single-strand breaks in the nascent DNA strands by the MutS complexes (Iyer et al.
2006; Kunkel and Erie 2005). However, although these mechanisms differ, the
interactions of MMR proteins with clamp molecules are widely conserved from E.
coli to humans, indicating the importance of PCNA in the coordination between
replication and MMR (Lépez de Saro and O’Donnell 2001). Subunits of eukaryotic
MutS complexes, MSH3 and MSH6, interact with PCNA for efficient mismatch
recognition (Flores-Rozas et al. 2000; Kleczkowska et al. 2001). After replication,
PCNA remaining on the DNA is positioned with a specific orientation in the direc-
tion of synthesis, and it functions as the strand-discrimination marker for MutS
complexes (Pluciennik et al. 2010; Georgescu et al. 2015a; Kawasoe et al. 2016). In
the processing of mismatched DNA, the endonuclease MutL and an exonuclease
EXO1 also interact with PCNA (Kadyrov et al. 2006, 2007; Pluciennik et al. 2010;
Chen et al. 2013; Goellner et al. 2014). MutL complex that consists of MLH1 and
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PMS?2 interacts with MutS complexes and incises DNA strands near mismatched
bases, and EXO1 excises the mismatched DNA region. Subsequently, PCNA-RFC-
Pold repairs the processed DNA gap. Thus, PCNA functions in the sequential steps
of MMR by tethering MMR proteins, discriminating the newly synthesized DNA
strands, and facilitating processing of the mismatched DNA region (Lépez de Saro
and O’Donnell 2001).

Following DNA synthesis at the replication fork, various chromosomal struc-
tures including epigenetic information encoded by covalent modifications of DNA
and histones must be reconstituted. DNA methyltransferase 1 (DNMT1) has a PIP
box in its N-terminal region and physically interacts with PCNA (Chuang et al.
1997). This interaction is not essential for the DNMT1 action, but it facilitates effi-
cient methylation of hemi-methylated DNA in vitro and may help to maintain the
methylation status of replicated DNA in S phase (Iida et al. 2002). Laser micro-
irradiation experiments with mammalian cells demonstrated that interaction with
PCNA is required for efficient recruitment of DNMT1 to DNA-repair sites, suggest-
ing its importance for restoration of epigenetic information during DNA repair
(Mortusewicz et al. 2005).

Chromatin assembly factor-1 is an evolutionarily conserved histone-chaperone
complex that is capable of chromatin assembly in newly replicated DNA in vitro.
This complex associates histones H3 and H4 with replicated DNA through its inter-
action with PCNA (Shibahara and Stillman 1999) and is required for the mainte-
nance of epigenetic information in S. cerevisiae (Zhang et al. 2000). Similarly,
several regulators of chromatin, such as histone deacetylase 1, histone acetyltrans-
ferase p300, and the WSTF-SNF2H chromatin remodeling complex, bind to PCNA,
indicating its pleiotropic significance for the maintenance of chromatin structures in
replicated DNA (Moldovan et al. 2007).

Cohesion of sister chromosomes is essential for precise segregation of replicated
chromosomes to daughter cells (Skibbens 2009). This physical coupling of the rep-
licated DNA is mediated by a protein ring, known as cohesin, which consists of
SMC1, SMC3, SCC1, and SCC3 proteins. Cohesion is established in S phase simul-
taneously with the passage of the replication fork. The N-acetyltransferase ECO1 of
S. cerevisiae (ESCO1 and ESCO2 in humans), which acetylates SMC3, has an
essential role in this step. Replication-fork components, FEN1, RFC, and PCNA
interact with ECO1-family proteins and couple cohesion establishment with repli-
cation (Rudra and Skibbens 2013). Indeed, ECO1-family proteins contain PIP-box
motifs that are essential for PCNA binding and establishment of cohesion in S phase
(Moldovan et al. 2006).

7.2.3 Repair of Damaged DNA

Genomic DNA is exposed to various damaging events, such as ionizing and ultra-
violet radiation, exposures to chemicals, and oxidation. Various repair systems have
evolved that utilize PCNA as the assembly target and as a component of the
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resynthesis machinery after processing of damaged DNA, as in MMR. Base exci-
sion repair (BER) proteins correct DNA with damaged bases. This reaction is initi-
ated by the recognition and removal of damaged bases from nucleotides by specific
DNA glycosylases. The phosphodiester bond of the 5" abasic site is then cleaved by
apurinic/apyrimidinic (AP) endonucleases (Krokan and Bjgras 2013). PCNA binds
to four DNA glycosylases (UNG2, MPG, NTH1, and hMYH) and two AP endonu-
cleases (APEIl and APE2) to colocalize with them and stimulate their activities
(Moldovan et al. 2007). In the reaction that follows, short-patch repair reaction
using Polp and XRCC1-DNA ligase 3 complex seals the gap (reviewed in Dianov
et al. 2003). Polp and XRCC1 also interact with PCNA (Kedar et al. 2002; Fan et al.
2004). Thus, PCNA may recruit these BER proteins sequentially to the repair sites.
Nucleotide excision repair (NER) removes bulky DNA lesions, and as with other
types of repair, it involves PCNA (Sancar et al. 2004). Seven xeroderma pigmento-
sum (XP) proteins engage in detection of lesions, unwinding of damaged duplex
DNA, and removal of the damaged DNA strand by endonuclease and exonuclease
activities. Among XP proteins, the endonuclease XPG has a PIP box in its C-terminal
region, which is required for PCNA binding and NER activity. This interaction may
facilitate DNA resynthesis after DNA excision by XPG (Gary et al. 1997).

7.2.4 Cell-Cycle Regulation

PCNA was characterized as a marker protein of S-phase cells; it is involved in the
activities of these cells and in cell proliferation. PCNA interacts with proteins that
regulate cell-cycle progression, such as the cyclin-dependent kinases (CDKs)
(Zhang et al. 1993) and the tumor-suppressor protein p21 (Waga et al. 1994), which
binds to CDK and inhibits its activity (Xiong et al. 1993). These interactions pro-
duce a quaternary complex, PCNA—p21/CDK-cyclin, the function of which is
unclear. The interaction of PCNA with CDK-cyclin may locate CDK activity to the
replisome and result in phosphorylation of PCNA-binding partners, such as RFC,
DNA ligase 1 (Koundrioukoff et al. 2000), and FEN1 (Henneke et al. 2003). p21 has
a typical PIP box at the C-terminus and binds stably to PCNA (Warbrick et al.
1995). This binding results in competitive inhibition of PCNA binding to its part-
ners, including Pold, and inhibits DNA replication in vitro and in vivo (Rousseau
et al. 1999; Waga et al. 1994). Thus, p21 may regulate PCNA-stimulated reactions
competitively in accordance with cell-cycle progression. p21 is in turn regulated by
PCNA-dependent proteolysis (Chuang and Yew 2001; Kim et al. 2008; Nishitani
et al. 2008; Abbas et al. 2008). p21 has a specialized PIP box, the “PIP degron,”
which is characterized by the sequence Q-X-X-P-T-D-0-0-X-X-X-B (B: K/R)
(Havens and Walter 2009). An ubiquitin ligase (CRL49?) is activated by chromatin-
loaded PCNA, and poly-ubiquitinates the PCNA-associated PIP degron proteins,
such as p21. Because chromatin-loaded PCNA is maintained during DNA replica-
tion and repair, this PCNA-dependent proteolysis is responsible for degradation of
p21 from G1/S transition to S phase and upon UV irradiation (Abbas et al. 2008).
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One of the licensing factors, CDT1 (cdcl0 dependent transcript 1) (Hofmann
and Beach 1994), which is required in G1 phase to commit replication origins to
initiation of DNA synthesis, is the first protein that is characterized to have a PIP
degron (Arias and Walter 2005; Nishitani et al. 2006). CDT1 has a PIP degron at its
N-terminus and exhibits similar cellular behavior to p21, accumulating in G1 phase
and degrading from G1/S transition to S phase, concomitantly with loading of
PCNA to chromatin. CDT1 also degrades upon DNA damage. PIP-degron-
dependent CDT1 degradation is the major cause of the temporal alteration of chro-
mosomal CDT]1, and it ensures the initiation of DNA replication once per cell cycle.
Similar PIP-degron-dependent proteolysis has been reported for the transcription
factor E2F, the histone H4K20 mono methyltransferase Set8 and Poln (Shibutani
et al. 2008, Kim and Michael 2008, Abbas et al. 2010), which also exhibit S-phase
and DNA-damage-dependent degradation.

7.3 PCNA Dynamics

When 3" DNA ends are produced during DNA replication and repair, PCNA is
loaded on the sites mainly by RFC, setting the stage for the binding of other DNA-
interacting proteins (Leonhardt et al. 2000; Kim and Lee 2008). The topologically
bound PCNA remains on the DNA until a specific unloading process takes place.
Important reactions occur sequentially on replicated chromosomes, with PCNA as
a platform, and the timing and preference of target sites for PCNA loading and
unloading, along with the life-span of loaded PCNA, are essential factors in the
maintenance of chromosomal structure and progression of the cell cycle (Fig. 7.3).
PCNA and its loading proteins participate in a multilayered regulatory network to
maintain genome integrity.

7.3.1 Primary PCNA Loading by RFC

Biochemical analyses showed that RFC recognizes the 3’ end of primer without any
preference for the DNA sequence. RFC will load PCNA on any primer end to syn-
thesize lagging strands in a replication fork. Coordination of clamp-loading activity
with replication forks is likely to require physical association of the clamp loader
with the replisome complex. The y clamp-loader complex of E. coli is physically
integrated in the replisome (MclInerney et al. 2007). The y complex consists of five
subunits (8, &’, and three subunits of y and/or t) and associates with Pol III and
DnaB DNA helicase via the C-terminal domain of t subunits. The y complex is the
core protein for assembly of the multiple DNA polymerases and DNA helicase in
the E. coli replisome. However, unlike the E. coli loader, direct connections of RFC
and Pold to replisome components apart from PCNA are currently unknown.
Instead, Pole and Pola-pri are integrated in the eukaryotic replisome through direct



144 E. Ohashi and T. Tsurimoto

PCNA loading @ l/éfé@

-]

”"\\
'

X
o
(@)

PIP-degron \__ &Y
@1\ ¢ u} proteoly5|s : o)
= = }L{ o — P

: Memory of

_L-Replctin for S
complex y PCNA unloading
) . Processing of
: ? Replicated _
4 ™ ! D
Q~ ) J

-’\/

PCNA loading

[ DNA damage (%Séf

\)
.’(_}_ Repair RAD17>, | 9-1-1 loading
= - Synthesis %
- — & a o o
x

PIP-degron Activation of =~

proteolysis %’;%?:Sig' = ]
PCNA unloading \\E)/ELG\ = [D
\\RFC’ RAD9 C-tail

Fig. 7.3 PCNA dynamics (loading and unloading) on replicating and post-replication chromo-
somes. PCNA is loaded on lagging-strand DNA by RFC and on leading-strand DNA probably by
Pole—CTF18-RFC complex. This PCNA loading makes the chromosome region in S-phase mode,
in which various DNA processing reactions take place. After completion of these reactions, ELG1-
RFC unloads PCNA from chromosomes and switches to the G2-phase mode. Proper switching of
the chromosome modes is crucial for precise maintenance of genomic integrity and transmission
of epigenetic information. Similar PCNA dynamics, along with ATR checkpoint-signal activation
by 9-1-1 and RAD17-RFC, occur at sites of DNA damage. To simplify this model, several essential
components, such as CMG helicase, Pola/primase, and most of PCNA-interacting proteins are
represented by unlabeled markers. Ubiquitination and SUMOylation that occur on DNA-bound
PCNA are also not indicated

or indirect interactions with the replicative helicase CMG complex (O’Donnell and
Li 2016). This observation suggests that the action of RFC-PCNA-Pold during
DNA replication will be distributive with CMG complex in the DNA area proximal
to the replication fork. RFC-PCNA-Pold associates distributively with gapped DNA
regions between short RNA-DNA hybrid primers and the previously synthesized
lagging strands, and fills a few hundred nucleotides in the gaps, as it does in the
resynthesis of excised damaged DNAs.

In one particular situation, DNA-sequence-specific PCNA loading occurs via
interaction of RFC with a sequence-specific DNA-binding protein. Kaposi’s
sarcoma-associated herpesvirus (KSHV) latency-associated nuclear antigen medi-
ates viral DNA replication and persistence, binding specifically to the viral terminal-
repeat sequence that contains the viral replication origin and interacting with
RFC. Through this interaction, RFC loads PCNA to the terminal-repeat DNA
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efficiently in vitro (Sun et al. 2014). Thus, the viral antigen facilitates efficient virus
replication by recruiting host-cell replication machinery, such as the PCNA-loading
system, to its replication origin.

7.3.2 Secondary PCNA Loading by CTF18-RFC

The heptameric complex, CTF18-RFC, in addition to CTF18 and RFC2-5, contains
the subunits DCC1 and CTF8 (Mayer et al. 2001; Merkle et al. 2003) (Fig. 7.2) and
is involved in replication-fork progression, DNA-damage response, and proper
establishment of cohesion (Hanna et al. 2001; Naiki et al. 2001; Terret et al. 2009;
Crabbé et al. 2010). In DNA replication, CTF18 localizes at the replication fork in
S. cerevisiae and humans (Lengronne et al. 2006; Sirbu et al. 2013; Alabert et al.
2014). Biochemical studies demonstrated that CTF18-RFC functions as a second
PCNA loader, loading PCNA at the 3’ end of a primer-template junction through
ATP hydrolysis and stimulating Pold-mediated DNA synthesis (Bermudez et al.
2003; Shiomi et al. 2004). However, PCNA-unloading activity has also been
reported for CTF18-RFC in S. cerevisiae (Bylund and Burgers 2005). Purified
CTF18-RFC unloads PCNA in the presence of a sufficient amount of replication
protein A (RPA), although the physiological relevance of this unloading has not
been fully addressed.

CTF18-RFC directly interacts with Pole via a trimeric assembly consisting of
CTF18, DCC1, and CTF8 (Murakami et al. 2010; Garcia-Rodriguez et al. 2015).
The results of a recent study (Fujisawa et al. 2017) demonstrated that PCNA-loading
activity by CTF18-RFC alone is intrinsically weak and almost inactive at a near-
physiological salt concentration in the presence of RPA. However, if CTF18-RFC is
associated with Pole, its PCNA-loading activity is restored even in these conditions.
This result indicates that the active status of Ctf18-RFC has to be in a complex with
Pole, and it suggests the involvement of the secondary PCNA loader CTF18-RFC in
the leading strand DNA-polymerase complex. PCNA loading by the CTF18-RFC—
Pole complex occurs when Pole is in non-synthesis mode, and placing of Pole in the
synthesis mode greatly suppressed the loading. PCNA loading forms the novel com-
plex of CTF18-RFC-Pole-PCNA, which synthesizes DNA processively. From
these results, two roles of PCNA loading by CTF18-RFC—Pole for DNA replication
have been proposed. One role is the maintenance of leading-strand synthesis at tem-
plate DNA structures that disrupt Pole progression. The second role involves active
PCNA loading on a routine basis by CTF18-RFC—Pole during replication, which
balances PCNA dosage between the leading and lagging DNA strands, enabling
PCNA-binding proteins to function properly on both strands. Accordingly, it was
reported that CTF18-RFC has a key role in the PCNA-degron-dependent CDT1
degradation in S phase, whereas RFC is required for CDT1 degradation after UV
irradiation (Shiomi et al. 2012). These results suggest that the ubiquitin ligase
CRL4%? may be activated by PCNA on the leading strand via an unknown
mechanism.
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7.3.3 Unloading via ELGI-RFC, and PCNA Memory

Defects of ELG1 exhibit various genomic instabilities (Kubota et al. 2013b; Ulrich
2013; Shiomi and Nishitani 2017). Control of the life-span of PCNA loaded on
replicated chromosome is necessary to adjust enzymatic activity on the chromo-
somes from S phase to G2 phase (Fig. 7.3). ELG1-RFC unloads PCNA from chro-
mosome in yeast and mammalian cells (Lee et al. 2013; Kubota et al. 2013a; Shiomi
and Nishitani 2013). Depletion of ELG1 from S. cerevisiae or human cells results in
an accumulation of chromatin-bound PCNA, which is removed upon expression of
ELGI1 in vivo. Similarly, treatment of isolated chromatin with partially purified
ELG1-RFC causes PCNA unloading in vitro (Kubota et al. 2013a). Recent analyses
by eSPAN (enrichment and sequencing of protein-associated nascent DNA) showed
that the ratio of PCNA on the lagging strand to that on the leading strand in S. cere-
visiae is about two to one, but PCNA becomes preferentially associated with the
leading strand in a stalled replication fork (Yu et al. 2014). ELG1-RFC is required
for this shift of PCNA distribution and has a role as an unloader of PCNA from the
lagging strand in a stalled replication fork. PCNA unloading by ELG1-RFC will
shorten the life-span of PCNA on S-phase chromatin.

ELGI is not essential for cell viability in S. cerevisiae, suggesting that other
loader complexes can complement its activity during normal DNA replication.
Indeed, as RFC and CTF18-RFC unload PCNA from DNA with nicks or gaps
in vitro (Yao et al. 1996; Shibahara and Stillman 1999; Bylund and Burgers 2005),
their activities may provide the unloading function in the absence of ELGI.

Timing of unloading is another important aspect of PCNA functionality. S-phase-
specific PCNA modifications, such as SUMOylation (addition of small ubiquitin-
like modifier protein (SUMO)), may be involved in this timing. S. cerevisiae ELG1
has putative SUMO-interaction motifs (SIMs) within its N-terminal domain, and
ELG1-RFC preferentially interacts with SUMOylated PCNA through these motifs
(Parnas et al. 2010). Furthermore, SUMOylated PCNA accumulates on chromatin
in an elg/A mutant, especially in the presence of methyl methanesulfonate. These
results suggest that S. cerevisiae ELG1-RFC is an unloader that is specific to
SUMOylated PCNA. However, SUMOylation is not absolutely required for PCNA
unloading by ELG1-RFC (Kubota et al. 2013a), suggesting that accumulation of
SUMOylated PCNA in an elg/A mutant is probably the result of prolonged reten-
tion of PCNA on chromatin, caused by the absence of its unloader.

Although a PCNA-unloading reaction with purified ELG1-RFC has not been
reconstituted, partially purified yeast ELG1-RFC unloads PCNA from chromatin of
an elg/A mutant in vitro in an ATP-dependent manner (Kubota et al. 2013a). This
reaction also demonstrates that PCNA unloading by ELGI1-RFC is replication-
coupled, but inactive with a ligase-deficient cell extract, although it can be restored
by addition of an exogenous ligase (Kubota et al. 2015). Thus, ELG1-RFC acts as a
PCNA unloader on dsDNA, after lagging-strand ligation. This property may distin-
guish the active timing of ELG1-RFC from that of RFC and CTF18-RFC, which
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require unligated 3’ ends for their activity (Yao et al. 1996, Shibahara and Stillman
1999, Bylund and Burgers 2005).

DNA-bound PCNA will transmit various signals to DNA-transaction enzymes;
the presence of PCNA represents the “memory” of specific events related to newly
synthesized DNA strands, sister DNAs, de novo replicated DNA regions, and
incompletely replicated or repaired regions (Georgescu et al. 2015b). DNA-bound
PCNA induces strand-specific MMR in Xenopus-egg extracts through the interac-
tion of MutSa with PCNA (Kawasoe et al. 2016). MutSa that recognizes unmatched
bases prevents PCNA from being removed from the DNA. This interaction between
MutSa and PCNA keeps the memory of the new DNA strand that is contained in the
orientation of PCNA, through the inhibition of PCNA unloading, until MMR has
taken place. In vivo, PCNA unloading during S phase largely depends on ELG1-
RFC, suggesting that the PIP box in MutSa may limit the access of ELG1-RFC to
DNA-bound PCNA, thereby blocking the unloading.

If PCNA functions as a memory molecule on replicated chromosomes, ELG1-
RFC acts as an eraser of PCNA memory. PCNA-binding proteins may also regulate
the period of memory mediated by DNA-bound PCNA. The proper duration of this
memory is crucial to the maintenance of genome integrity after DNA replication,
and functional defects in the loader and unloader complexes lead to chromosomal
abnormalities (Johnson et al. 2016).

7.3.4 Post-translational Modifications

Quantitative regulation of PCNA levels on chromosomes is essential to maintain
genome stability in S phase and after DNA damages. In addition, qualitative altera-
tions to PCNA, in the form of several post-translational modifications (PTMs),
affect interactions with various partners, and function as “PCNA code” to select
these partners and thereby regulate PCNA functions. Among various PTMs, we
focus on two modifications, ubiquitination and SUMOylation (Hoege et al. 2002;
Stelter and Ulrich 2003), which sort the two DNA-damage-tolerance pathways dur-
ing S phase.

The highly conserved lysine 164 (K164) of PCNA is the target site of the PTMs
(PCNA in S. cerevisiae has a secondary SUMOQylation site at lysine 127). Mono-
ubiquitination of K164 occurs by Rad6-Rad18 E2/E3 ligase upon DNA damage in
S phase and promotes the TLS pathway. Mono-ubiquitination of K164 also occurs
in human cells, via CRL44? ubiquitin ligase. Unlike yeast, a temporal-negative
regulation of a ubiqutin-specific protease, USP1, results in the accumulation of
mono-ubiquitinated PCNA in S phase and upon DNA damage in human cells
(Huang et al. 2006; Terai et al. 2010). Most TLS polymerases have ubiquitin-binding
domains that are necessary for their activities, in addition to the PCNA binding
motifs (Bienko et al. 2005; Guo et al. 2006). At stalled replication forks, mono-
ubiquitination of K164 switches the affinity of PCNA from high-fidelity replicative
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polymerases to low-fidelity TLS polymerases, to bypass the lesions and continue
the replication (Masuda et al. 2010; Edmunds et al. 2008).

Mono-ubiquitination of K164 also links with poly-ubiquitination at the same site
by MMS2-UBC13 and RADS, another E2-E3 ligase (Ulrich and Jentsch 2000). The
poly-ubiquitinated PCNA leads an alternative, error-free lesion bypass through tem-
plate switching between de novo synthesized sister DNAs by recombination-like
processes. The different ubiquitination modifications can switch between error-
prone and error-free pathways at stalled replication forks, to bypass DNA lesions
and to restart the forks. However, the mechanism by which poly-ubiquitinated
PCNA promotes template switching is not yet understood.

SUMO modification of PCNA is more prominent in S. cerevisiae than other spe-
cies. In S. cerevisiae, this modification occurs at K164 in DNA-bound PCNA con-
stitutively during S phase by UBC9-SIZ1 SUMO ligase (Hoege et al. 2002) and
results in the recruitment of the anti-recombination helicase SRS2 via its PIP box
and SIM. K164 SUMOylation is also detectable in human cells, and a functional
orthologue of SRS2, PCNA-associated recombination inhibitor PARI (which con-
tains a PIP box and SIM), has been identified (Gali et al. 2012; Moldovan et al.
2012). These results show that PCNA SUMOylation has a role in the inhibition of
homologous recombination, and may suppress recombination-based restart of
stalled replication forks, which would cause potential deleterious recombination
events between newly synthesized sister chromatids, leading to chromosome rear-
rangements (Carr and Lambert 2013). SUMOylated PCNA is also a target of ELG1-
RFC, and may have a role in regulation of the unloading of DNA-bound PCNA,
although an active role for the unloading remains to be demonstrated.

7.4 Checkpoint Clamp and Loader

7.4.1 Loading of the 9-1-1 Clamp onto DNA by RAD17-RFC

The heterotrimer clamp 9-1-1 has the characteristic RAD9 C-terminal extension
(““C-tail”) that is intrinsically disordered, in addition to its PCNA-like ring structure.
9-1-1 and RAD17-RFC are thought to be the specialized clamp and clamp loader
for “emergency” situations. When DNA replication is perturbed by DNA damage,
uncoupling of replicative DNA helicase and DNA polymerase occurs, and single-
stranded DNA (ssDNA) regions are exposed and covered by the ssDNA-binding
protein, RPA (Byun et al. 2005). Nucleolytic degradation after generation DNA
double-strand breaks (DSBs), for example, by ionizing radiation, also leads to expo-
sure of ssDNA regions. Whereas RFC loads PCNA at 3’-recessed ends of DNA,
human RAD17-RFC and its S. cerevisiae orthologue load 9-1-1 onto 5'-recessed
ends, in a reaction that is dependent on ATP and RPA (Ellison and Stillman 2003,
Majka et al. 2006).
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DNA-damaging treatments result in increased chromatin association of 9-1-1
and nuclear-foci formation of its components (Caspari et al. 2000; Burtelow et al.
2000; Zou et al. 2002; You et al. 2002). These responses are dependent on RAD17
and are thought to correspond to the loading of 9-1-1 onto DNA by RADI17-
RFC. RPA has an important role in the localization of 9-1-1 to damaged chromatin,
probably through the interaction between RPA and the RPA-binding motif in the
C-tail of RAD9 (Wu et al. 2005; Xu et al. 2008). RAD17 is also recruited to the site
of DNA damage through the interaction with RPA (Lee et al. 2003a; Zou et al.
2003). Phosphorylation of RAD17 at two serine residues (S635 and S645) is induced
by DNA-damaging treatments and is required for the checkpoint responses, proba-
bly through stimulation of its 9-1-1 loading (Bao et al. 2001; Wang et al. 2006).
S635 and S645 are the targets of two major checkpoint kinases, ATM (ataxia telan-
siectasia mutated) and ATR (ATM and Rad3-related) (Kim et al. 1999, O’Neill et al.
2000, Bao et al. 2001, Matsuoka et al. 2007). Activated ATR phosphorylates RAD17,
which stimulates 9-1-1 loading that in turn contributes to ATR activation, implying
a positive-feedback loop to maintain activation of ATR until the DNA damage is
removed. The 9-1-1 complex is also phosphorylated by ATR or ATM in the presence
of DNA damage (Chen et al. 2001; Roos-Mattjus et al. 2002, 2003), but the biologi-
cal significance of this phosphorylation is unclear.

7.4.2 Activation of the ATR-Dependent DNA-Damage-
Checkpoint Pathway

7.4.2.1 From Loading of 9-1-1 to Activation of ATR

ATM and ATR respond mainly to exposure to DSBs and ssDNA, respectively
(reviewed in Lavin 2008, Cimprich and Cortez 2008, Maréchal and Zou 2013,
Awasthi et al. 2015). The activated kinases phosphorylate and activate their down-
stream kinases, CHK?2 (for ATM) and CHK1 (for ATR). All the activated kinases
phosphorylate and regulate the functions of a range of proteins involved in DNA
repair, cell-cycle regulation, and apoptosis. RAD17-RFC and 9-1-1 are involved in
an early stage of DNA-damage response, in activation of the ATR-CHK1 pathway
(Fig. 7.4). 9-1-1 is loaded by RAD17-RFC at the junction of RPA-bound ssDNA
and dsDNA. ATR complexed with ATRIP (ATR-interacting protein) is also recruited
to the RPA-bound ssDNA via an interaction between ATRIP and RPA. Thus, ATR-
ATRIP and 9-1-1 complexes are recruited to the damaged DNA independently
(Kondo et al. 2001; Melo et al. 2001; Zou et al. 2002; You et al. 2002). The DNA
topoisomerase 2-binding protein 1(TopBP1) binds to 9-1-1 and to ATR-ATRIP
complexes, and both of these interactions are involved in the activation of ATR
(Kumagai et al. 2006; Mordes et al. 2008; Navadgi-Patil and Burgers 2008).
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Fig. 7.4 Activation of the ATR-CHK1 pathway and interaction of 9-1-1 with factors involved in
DNA-damage responses. Proteins interacting with 9-1-1 and RAD9 described in this review are
shown. Double-headed arrows indicate interactions. Single-headed arrows with broken lines indi-
cate phosphorylations on 9-1-1. CRS, core ring structure; Ligl, DNA ligase 1; TLS pols, transle-
sion synthesis polymerases

7.4.2.2 Phosphorylation of the C-Tail and Activation of ATR

Phosphorylation of S387 in the RAD9 C-tail is required for the interaction of 9-1-1
with TopBP1 and the subsequent activation of ATR (St Onge et al. 2003; Delacroix
et al. 2007; Lee et al. 2007). The C-tail has multiple phosphorylation sites (10 in
humans: S272, S277, T292, S328, S336, S341, T355, S375, S380, and S387).
Among these sites, S272 is known to be phosphorylated by ATM in response to
DNA damage, although the phosphorylation is not involved in the interaction with
TopBP1 (Longhese et al. 1997; Furuya et al. 2004; St Onge et al. 2001; St Onge
et al. 2003; Roos-Mattjus et al. 2003). S387 and the internal S341 are typical targets
of casein kinase 2 (CK2), a ubiquitous, pleiotropic, and constitutively active kinase
(Fig. 7.4). The constitutive phosphorylation of S387 and S341 promotes binding of
9-1-1 to TopBP1 (Takeishi et al. 2010; Rappas et al. 2011) and is required for effi-
cient phosphorylation of CHK1 (Ueda et al. 2012).

As the CK2-dependent interaction between 9-1-1 and TopBP1 is constitutive, a
pathway should exist for immediate ATR activation upon DNA damage. Indeed, the
interaction of the counterparts of 9-1-1 and TopBPl in S. pombe is damage-
inducible, and the phosphorylation sites responsible for their interaction in both S.
cerevisiae and S. pombe are damage-inducible using ATM/ATR kinase activities
(Furuya et al. 2004; Puddu et al. 2008; Navadgi-Patil and Burgers 2009). In addi-
tion, the C-tail is also able to stimulate ATR (Mecl), in the absence of the TopBP1
(Dpbl1)in S. cerevisiae (Navadgi-Patil and Burgers 2009). Different models for the
binding of 9-1-1 and TopBP1 to damaged chromatin have been reported. One sug-
gestion is that 9-1-1 recruits TopBP1 in the vicinity of ATR-ATRIP complex (Greer
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et al. 2003; Delacroix et al. 2007; Lee et al. 2007), whereas an alternative is that
9-1-1 is recruited to sites of replication stress via the pre-assigned TopBP1 (Yan and
Michael 2009). However, recent studies with Xenopus-egg extract and human cells
demonstrated that 9-1-1, TopBP1, and ATR-ATRIP can be recruited to sites of stress
independently of each other (Duursma et al. 2013; Lee and Dunphy 2013; Gong
et al. 2010; Ohashi et al. 2014; Acevedo et al. 2016). The RAD9, HUS1, and RAD1-
interacting nuclear orphan protein 1 (RHINO) has been identified in human cells as
a co-binding factor to TopBP1 and 9-1-1 (Cotta-Ramusino et al. 2011). Recruitment
of this protein to the site of DNA damage is dependent on the 9-1-1 complex and
may have a role in damage-dependent activation of the 9-1-1-TopBP1 pathway in
vertebrates (Lindsey-Boltz et al. 2015).

7.4.2.3 The Intramolecular Interaction of the C-Tail

The RAD9 C-tail and 9-1-1 core ring structure (CRS) interact in the regulation of
9-1-1 function. The C-tail binds to the 9-1-1 CRS, and this intramolecular interac-
tion interferes with the DNA binding of 9-1-1 (Fig. 7.4) (Takeishi et al. 2015). The
region in the C-tail that is necessary for binding to the CRS partially overlaps with
the region for binding to TopBP1. When TopBP1 binds to the C-tail, the C-tail
unfolds and its binding motif(s) on the CRS are exposed. Many proteins interact
with 9-1-1, and some of them may bind through the same binding motif(s) on the
CRS as the C-tail does. The intramolecular interaction of the C-tail with the CRS
may alter the interaction of 9-1-1 with DNA, TopBP1, and other proteins and con-
sequently may have a role in genome maintenance following DNA damage.

7.4.3 Roles in Other Pathways

7.4.3.1 The Response to DSBs and Homologous Recombination

The results of early studies suggested that 9-1-1 and RAD17-RFC are involved in
ATR activation, but are not required for phosphorylation of CHK2, a mediator
kinase of the ATM pathway for response to DSBs (Weiss et al. 2002; Roos-Mattjus
et al. 2003; Wang et al. 2003). However, results from a number of studies involving
knockout of genes encoding 9-1-1 and RAD17-RFC in S. cerevisiae, chicken DT40
cells, and mouse cells demonstrated that these complexes have direct roles in DSB
repair and homologous recombination. Compared with wild-type cells, the mutants
show higher sensitivity to ionizing radiation, as well as inefficient gene targeting
and gene conversion (Aylon and Kupiec 2003, Kobayashi et al. 2004, Saberi et al.
2008, Nishino et al. 2008). In humans, RAD?9 interacts with RADS51 recombinase
and influences the DSB repair activity through homologous recombination (Pandita
et al. 2006).
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7.4.3.2 TLS and Template Switching

The 9-1-1 complex is involved in the two DNA damage-tolerance pathways (TLS
and template switching), as is ubiquitinated PCNA. In S. cerevisiae, the 9-1-1 com-
plex interacts with the TLS polymerase Poll, and enhances efficiency of PolC-
dependent mutagenesis (Paulovich et al. 1998; Sabbioneda et al. 2005). The S.
pombe checkpoint protein Rad17 is required for the enhanced chromatin association
of Polk (Kai and Wang 2003). Human 9-1-1 complex stimulates the activity of Polf
and Poli (Smith et al. 2012). Evidence suggests that 9-1-1 is also involved in tem-
plate switching. The DNA-damage-inducible phosphorylation of Rad9 at Thr-225
by ATR in S. pombe promotes interaction with Mms2, which is involved in poly-
ubiquitylation of PCNA, and represses the error-prone TLS pathway (Kai et al.
2007). In addition, 9-1-1 and RAD17-RFC promote the template-switching path-
way independently of their canonical checkpoint-signaling pathway in S. cerevisiae
(Karras et al. 2013).

7.4.3.3 DNA Repair Pathways

9-1-1 also interacts with many proteins that are involved in BER and MMR, such as
Polf, FEN1, DNA ligase 1, several DNA glycosylases, AP endonuclease 1, MLH1,
MSH2, MSH3, and MSH6, and enhances their activities (reviewed in Li et al. 2016).
Thus, 9-1-1 may have a direct role for efficient DNA-repair reactions. Because these
BER and MMR proteins have also been reported to interact with PCNA, it is unclear
which clamp is more important for the repair pathways (Gembka et al. 2007;
Balakrishnan et al. 2009). Notably, because 9-1-1 is involved in the DNA-damage-
checkpoint pathway, interaction of these proteins with 9-1-1 could provide signals
to activate the ATR pathway. 9-1-1 also interacts with p21 as PCNA does (Doré
et al. 2009). p21 binding to 9-1-1 was suggested to competitively block the interac-
tion between 9-1-1 and these repair enzymes.

7.4.3.4 Meiosis

DSBs occur during meiosis and are required for meiotic recombination and segrega-
tion of homologous chromosomes. To ensure the appropriate resolution of meiosis,
many canonical DNA-damage-response proteins are involved (reviewed in
Hochwagen and Amon 2006, Subramanian and Hochwagen 2014). RAD17-RFC
and 9-1-1 participate in meiosis through regulation of both meiotic checkpoint and
meiotic recombination. 9-1-1 is loaded to the ssDNA region close to the resected
meiotic DSB sites, and this loading can induce delays in the entry into meiosis I
(Lydall et al. 1996). In addition, RAD17-RFC and 9-1-1 have a direct role in mei-
otic recombination (Grushcow et al. 1999; Thompson and Stahl 1999; Shinohara
et al. 2003).
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7.5 Conclusion

PCNA has important roles, both as a component of the replisome and as a memory
molecule marking newly synthesized DNA strands to recruit specific DNA transac-
tion enzymes under a defined spatiotemporal regulation. The dynamics of PCNA
binding to DNA are involved in switching from G1 phase to S phase and from S
phase to G2 phase (Fig. 7.3). PCNA is, therefore, essential for maintenance of
genome integrity and epigenetic programming. We have a growing understanding
of the molecular mechanisms that determine how, where, and when PCNA loading
and unloading occur. However, many questions remain to be answered. The mecha-
nism that determines whether PCNA is loaded by RFC or CTF18-RFC is not yet
known. We have not yet discovered how PCNA loading discriminate between lead-
ing and lagging strands and how the loading process “determines” the relative fre-
quencies in a certain DNA region. Whether particular DNA sequences, chromatin
structures, stages in S phase, and cell-cycle progression events are able to switch
PCNA dynamics actively through effects on the interacting proteins and PTMs is
also not known. Furthermore, the mechanisms that determine the order and the
specificity of the actions of PCNA-binding proteins remain to be determined.
Approaches to address these questions should clarify the dynamic features of mul-
tiple clamps and loaders in eukaryotes, and how they change from fork to fork.
Factors that can influence these events include chromatin structure, DNA sequence,
and replication timing. Progress in the development of analytical technologies for
single molecules and single cells, along with data mining, should help to elucidate
the biological significance of multiple clamps and loaders in replicating
chromosomes.
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Chapter 8
Termination of Eukaryotic Replication Forks

Agnieszka Gambus

Abstract Termination of DNA replication forks takes place when two replication
forks coming from neighbouring origins meet each other usually in the midpoint of
the replicon. At this stage, the remaining fragments of DNA have to be unwound, all
remaining DNA replicated and newly synthesised strands ligated to produce con-
tinuous sister chromatids. Finally, the replication machinery has to be taken off,
chromatin re-assembled, and entwisted sister chromatids resolved topologically.

Over the last few decades, we have learned a lot about the assembly of the heli-
case and replisome and the initiation stage of DNA replication. We also know much
more about the ability of forks to cope with replication stress. However, only within
recent years we have gained the first glimpse of the mechanism of replication fork
termination. In this chapter I will summarise the recent findings on replication ter-
mination, weigh this against the past literature and discuss relevant consequences
and views for the future.

Keywords Eukaryotic DNA replication ¢ Termination of DNA replication ¢
Ubiquitin ® Cdc48 p97 segregase * Cullins

8.1 Introduction

To maintain genomic stability, it is essential that every step of DNA replication is
faultlessly executed. Mistakes during eukaryotic replication that are not efficiently
repaired can lead to mutations and genome rearrangements that promote changes
leading to development of cancer and other disorders.

DNA replication can be divided into three stages: initiation, elongation and ter-
mination. Initiation of DNA replication happens when licenced origins of replica-
tion fire creating two DNA replication forks, which move in opposite directions.
The elongation stage involves the progression of replication forks as they unwind
and replicate DNA. Finally, termination happens when two replication forks from
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neighbouring origins converge and the duplication of remaining fragment of DNA
is neatly completed. Over the years we have learnt a lot about the mechanisms of
DNA replication initiation and elongation (briefly explained below), but until
recently our knowledge of replication termination was very restricted. The last few
years have brought a breakthrough in our understanding of mechanisms of replica-
tion termination: we have learnt that converging replication forks can pass each
other when terminating, and we have also unravelled the workings of disassembly
of terminated replisomes.

8.2 Replication Fork Termination Occurs
Throughout S-Phase

When does replication termination take place? In our mind replication termination
should happen mostly at the end of the whole replication process, so in terms of cell
cycle stages — at the end of S-phase. In reality, however, DNA replication forks
encounter forks from neighbouring origins throughout the entire S-phase. Forks
emanating from origin clusters firing in early S-phase will also terminate in early
S-phase; with average replicon size of 31 kbp (Moreno et al. 2016; Picard et al.
2014) and an average fork speed of 1.5 kb/min (Conti et al. 2007), it takes about
10 min for the two neighbouring forks to reach one another. In fact there is likely
more termination occurring in mid S-phase than in late S-phase as the strict replica-
tion timing programme driving replication in each cell means that only difficult-to-
replicate regions are replicated in late S-phase (Gilbert 2010).

8.3 Replication Initiation and Elongation

To ensure that all of the large eukaryotic genomes are duplicated in full before each
cell division, eukaryotic DNA replication starts from multiple origins of replication.
Human cells have on average about 50,000 of them spread throughout the genome.
It is also essential that DNA is replicated just once per cell cycle as re-replication of
parts of the genome is a threat to the maintenance of genome integrity. To achieve
this, the replicative helicase (protein complex, which unwinds double-stranded
DNA during replication) can be loaded onto DNA only before the onset of S-phase
when CDK activity is low and can be activated only during S-phase when CDK
activity is high. Origins of replication are therefore “licenced” in late M and G1
stages of the cell cycle, by loading of the core of the replicative helicase: Mcm2-7
(Minichromosome maintenance 2,3,4,5,6,7) complexes. Double hexamers of the
Mcm2-7 complexes are loaded onto origins through the concerted action of ORC
(origin recognition complex), Cdc6 and Cdtl factors. These double hexamers encir-
cle the double-stranded DNA and are arranged in N-terminus to N-terminus
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orientation with the C-terminal helicase domains on the outside. There are multiple
Mcm2-7 double hexamers loaded around each origin of replication, which may be
facilitated by their ability to slide on double-stranded DNA (Evrin et al. 2009;
Gambus et al. 2011; Remus et al. 2009).

The initiation of DNA replication requires the activity of two S-phase kinases:
Cdc7/Dbf4 (DDK - Dbf4-dependent kinase) and Cdk/cyclin (CDK — Cyclin-
dependent kinase). DDK phosphorylates double hexamers of Mcm2-7, while CDK
drives association of GINS (Go-Ichi-Ni-San, complex of Sld5, Psf1, Psf2 and Psf3
or GINS1,2,3,4) and Cdc45 with the Mcm2-7 complexes, forming the CMG com-
plex (Cdc45/Mcm2-7/GINS), which is an active replicative helicase (Ilves et al.
2010; Moyer et al. 2006; Simon et al. 2016). The initiation process leads to rear-
rangement of Mcm?2-7 complexes: the double hexamers split into two CMGs, and
each of them now likely encircles just single-stranded DNA (Costa et al. 2011;
Gambus et al. 2006; Yardimci et al. 2010).

During the elongation stage of DNA replication, the helicase (CMG complex)
travels at the tip of the replication fork, unwinding the double-stranded DNA and
exposing single strands that can act as a template for DNA synthesis by DNA repli-
cation polymerases. The MCM motor of CMG belongs to the superfamily of AAA+
ATPases and is a 3—5" DNA translocase, which encircles the leading strand of the
replication fork (reviewed in Pellegrini and Costa (2016)). The Pola-primase com-
plex initiates DNA synthesis with a short RNA primer that is then elongated for
another 20-nt by Pola polymerase activity. The leading strand is believed to be
synthesised mainly by DNA Pole (DNA polymerase epsilon) in a continuous man-
ner, while the lagging strand is thought to be completed by DNA Pold (DNA poly-
merase delta) (Daigaku et al. 2015; Georgescu et al. 2015; Pavlov et al. 2006). The
latter synthesises short Okazaki fragments in the opposite direction to the move-
ment of the fork, and these fragments need to therefore be processed and ligated to
produce the continuous DNA strand (maturation of Okazaki fragments). DNA Pole
is therefore following the helicase and indeed has a number of connections linking
it directly to the helicase to facilitate the smooth progression of the fork (see below
and reviewed in Pellegrini and Costa 2016).

DNA unwinding generates a compensatory increase in the intertwining of paren-
tal strands, which can be converted into helical overwinding (positive supercoiling)
of the unreplicated portions of the DNA ahead of the forks (Postow et al. 2001;
Wang 2002). This mechanical strain can be transmitted to replicated DNA by rota-
tion at the branching point of the replication fork, thus generating intertwining of
the daughter duplexes (known as precatenates) (Been and Champoux 1980)
(Fig. 8.1). Recent research in budding yeast has shown, however, that during normal
progression of replication forks, fork rotation and precatenation are actively inhib-
ited by components of the replisome Timeless/Tof1 and Tipin/Csm3 (Schalbetter
et al. 2015). Instead, supercoils generated during replication elongation can be
relaxed by both type I and type II topoisomerases (Wang 2002). Indeed, the current
view assumes that positive supercoiling is mainly relaxed by type I enzymes (Topo
I, S. cerevisiae Topl) anywhere in the unreplicated region (Postow et al. 2001). The
replisome progression complex (RPC) built around CMG at the tip of the fork
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Fig. 8.1 Topoisomerases at the replication fork. Topo I relaxes the positive supercoiling building
up ahead of the fork. Sometimes this supercoiling can lead to rotation of the fork and intertwining
of the daughter strands of DNA behind the fork (precatenates). These are resolved by Topo II

contains Topl, positioning it perfectly for its function ahead of the fork (Gambus
et al. 2006) (Fig. 8.1). Interestingly, yeast cells without Top1 and also fop2 mutants
can replicate DNA, but replication is not possible when both proteins are defective
(Bermejo et al. 2007; Brill et al. 1987).

Importantly, replication forks do not move through naked DNA but through a
chromatin structure. Nucleosomes therefore need to be dismantled ahead of the
forks and rebuilt behind the forks. The efficient repositioning of parental histones is
essential for full reconstitution of epigenetic markings throughout the replicating
genome. Studies of SV40 replication forks provided evidence for the existence of
only 200-300 bp of apparently nucleosome-free DNA behind the replication fork
(Gasser et al. 1996), and the nucleosomes in yeast were shown recently to be posi-
tioned immediately after the fork passage and restrict Okazaki fragments sizes
(Smith and Whitehouse 2012). Progressing replication forks need also to remove
other proteins attached to DNA, for example, the unfired Mcm2-7 double hexam-
ers, which, loaded in excess, serve as dormant origins ready to rescue collapsed
forks. Finally, sister chromatids are topologically embraced and held together until
mitosis by cohesin ring complexes. This cohesion is established during DNA repli-
cation as forks progress (reviewed by Uhlmann 2009).
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8.4 Where Does Termination of Eukaryotic Replication
Forks Happen?

The simplest answer to this question is wherever the two neighbouring forks meet
each other. Recent analysis of genome-wide replication profiles in budding yeast,
both through high-resolution replication profiling (Hawkins et al. 2013) and through
deep sequencing of Okazaki fragments (McGuffee et al. 2013), showed that termina-
tion generally occurs midway between two adjacent replication origins. The precise
position of termination depends on the relative activation time of each of the origins
and their variable efficiency. Okazaki fragment mapping in human cells (HeLa and
GM06990) also confirmed such midpoint localisation (Petryk et al. 2016).

Eukaryotes not only have specific spatial patterns but also possess temporal pat-
terns of genome replication, which are executed by regulated activation of replica-
tion origins throughout S-phase. High-throughput experiments allowed the
identification of a genome-wide temporal order of replication (Gilbert 2010). In
early S-phase, “active” chromatin is replicated with origins of replication located in
general in-between the genes. Not surprisingly, therefore, many termination events
in early S-phase were found to overlap with transcribed genes. In late S-phase, how-
ever, when heterochromatin is replicated, many termination zones were found in
large non-expressed regions of DNA (Petryk et al. 2016).

This sequence independent localisation of termination sites is in sharp contrast to
the organisation of termination events in E. coli chromosome where termination
takes place within a broad region containing several specialised fork barriers, i.e.
Tus-TER complexes, which confine fork fusion to a site of 270 kb (reviewed in
Dimude et al. (2016)). Due to these defined prokaryotic termination regions (TER),
for a number of years, termination of eukaryotic replication forks was studied only
at the existing few loci within the eukaryotic genome, which contain specialised
replication fork barriers (RFBs). The best characterised of such sites are: the RTS1
site in S. pombe, which regulates mating type switching (Brewer and Fangman
1988), and the rDNA locus within ribosomal DNA repeats of metazoa and yeasts
(Dalgaard and Klar 2000). The RFB barriers are able to arrest one of the two neigh-
bouring forks and therefore create specific termination sites (Bastia and Zaman
2014; Dalgaard et al. 2009). To minimise fork pausing at RFBs, the protein dis-
placement helicase Rrm3 helps to displace the barriers to allow replication passage
and is required for fork termination at these sites. In yeast lacking Rrm3, tenfold
accumulation of termination structures (“X”-shaped DNA structures in 2D DNA
gels) was observed, while only twofold accumulation of paused forks at the barrier
(Ivessa et al. 2000, 2003). Despite this, Rrm3 is not required for bulk replisome
unloading during normal termination (Maric et al. 2014), and it is needed only for
fork convergence at rare situations when one fork is paused.

In 2010, Fachinetti et al. identified 71 termination regions (TERs) in budding
yeast, through a combination of chromatin immunoprecipitation (ChiP) and BrdU
incorporation experiments. Their work found that the majority of these regions
contain fork-pausing elements, such as transcription clusters, and that efficient ter-
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mination at the identified sites requires activity of Rrm3 and Top2 (Fachinetti et al.
2010). However, the more recent high-resolution approaches suggest that these
TERs actually represent sites with a higher than average probability of termination
as they are flanked by early-firing efficient origins. Importantly, changes of origin-
firing pattern moved the termination positioning both in non-TER and TER repli-
cons, indicating that it is the timing and efficiency of origin firing and not
fork-pausing elements that dictate the precise place of replication fork convergence
(Hawkins et al. 2013; McGuffee et al. 2013).

8.5 How Do Replication Forks Converge?

Figure 8.2 summarises our current model of replication fork termination. To allow
convergence of two approaching DNA replication forks, all of the proteins bound to
DNA between them must be evicted (Fig. 8.2a). Unwinding of final stretches of
DNA can present a problem for the forks as the torsional stress created ahead of the
fork cannot be easily released due to lack of access for Top I (see below for more
details) and has to be translated into precatenates, which accumulate behind the fork
(Fig. 8.2b). Two converging forks present two large protein machineries approach-
ing one another and heading for head-on collision while unwinding the remaining
DNA between them (Fig. 8.2c). After forks converge, all of the remaining DNA
needs to be replicated, and the RNA-DNA primer of the last Okazaki fragment on
the lagging strand needs to be processed (Fig. 8.2d, e). Once this is complete, DNA
needs to be ligated into a continuous strand, and replisomes need to be disassembled
(Fig. 8.2e). Finally, the entangled sister chromatids need to be resolved into two
separate strands (Fig. 8.2g).

Recent years have brought a breakthrough in our understanding of the above
processes. Beautiful work from Prof. Johannes Walter’s lab shed light on the mecha-
nism by which forks converge and termination is resolved (Dewar et al. 2015). To
synchronise termination events and facilitate their analysis, they constructed plas-
mids with an array of lac repressors (LacRs) bound to lac operators (LacOs), which
can be disrupted by IPTG. Such plasmids replicated in cell-free Xenopus laevis egg
extract accumulated blocked forks at the edges of the array. The blocked forks were
then released by addition of IPTG and proceeded to terminate within the DNA frag-
ment comprising the array. Using this system, Dewar et al. could monitor unwind-
ing of DNA as forks approach each other, synthesis of DNA, ligation of the replicated
DNA and decatenation of daughter molecules. Strikingly, the rate of DNA synthesis
within the array was almost perfectly linear after IPTG addition and resembled the
fork progression speed reported in the same extracts. It suggests therefore that con-
verging forks do not slow significantly before they meet; they do not collide with
each other or stall but rather pass each other (Dewar et al. 2015) (Fig. 8.2c, d). Such
passage can be possible as CMGs encircle the leading strand of the replication fork
and therefore approach each other on opposite strands when converging at
termination (Ali et al. 2016; Costa et al. 2011; Fu et al. 2011). Interestingly, how-
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Fig. 8.2 Model of termination of eukaryotic replication forks. When two neighbouring replication
forks approach each other from opposite directions, all of the proteins organising DNA in between
the forks (nucleosomes and others) have to be removed, while Topo I relaxes the torsional stress
(positive supercoiling) (a). When two terminating forks converge, the supercoiling of DNA
between them cannot be resolved by Topo I due to lack of space for it to act. Instead, terminating
forks depend on transmission of this torsional stress behind the forks creating precatenates resolved
by Topo II (b). During convergence two replisomes approach each other moving on opposite
strands of DNA (leading strand of each fork) (c¢). The replisomes can pass each other and most
likely CMG slides onto the double-stranded DNA of last Okazaki fragment (d). The synthesis of
DNA is completed, the last Okazaki fragment matured and the DNA is ligated. Helicase is then
ubiquitylated and removed by p97/VCP/Cdc48 segregase (e). Intertwined sister chromatids need
to be resolved by Topo II (f). The final product: two individual sister chromatids with reconstituted
chromatin structure (g)
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ever, recent reports suggest that large protein barriers on the lagging strand can
indeed slow down progression of the fork (Duxin et al. 2014; Langston and
O’Donnell 2017). Does the approaching neighbour replisome, which is on the lag-
ging strand, not present such a barrier? Is there an active mechanism regulating the
smooth passage of the replisomes? Or are the replisomes idling at the edge of the
barrier, in the attempt to unwind it, especially prepared to deal with barriers laying
ahead and hence better at passing each other smoothly? More work is needed to
answer these questions.

The results presented by Dewar et al. also suggest, at least in the context of the
plasmid template, that torsional stress building up ahead of the forks does not slow
down fork convergence (Dewar et al. 2015) (see also below for role of topoisomer-
ases) (Fig. 8.2b). The removal of proteins (nucleosomes) ahead of the fork could not
be directly addressed in this setup due to the artificial “clearing up” of chromatin
ahead of the fork due to removal of the lac array. Interestingly, the in vitro reconsti-
tution of eukaryotic DNA replication with purified budding yeast proteins revealed
that nucleosomal packaging does appear to inhibit replication termination. As the
elongation stage of the reaction was efficient, but termination alone was blocked, it
suggests that the termination stage may be especially sensitive to the presence of
chromatin structure (Devbhandari et al. 2017) (Fig. 8.2a).

8.6 The Completion of DNA Synthesis

Data provided by Dewar et al. suggest that leading-strand DNA is replicated up to a
few bases away from the end of the last Okazaki fragment of the encountered lag-
ging strand (Fig. 8.2d, e). There is no evidence for persistent gaps between these
strands upon termination (Dewar et al. 2015). These data, however, do not explain
which polymerase carries on synthesis of last fragments of DNA and maturation of
the last Okazaki fragment. The RNA-DNA primer of each Okazaki fragment on the
lagging strand is removed by concerted action of DNA Pold and Fenl endonuclease
(reviewed in Balakrishnan and Bambara (2013)). DNA Pold can support strand dis-
placement resynthesis of the DNA previously synthesised by Pola and in doing so
can progress until it encounters the nucleosome or another DNA-binding protein,
both of which are efficiently repositioned behind the replication fork (Smith and
Whitehouse 2012). Interestingly, fragments of DNA synthesised by Pola can be
detected in mature genome mostly at the junctions of Okazaki fragments, usually at
the nucleosome midpoint (dyad position). In total about 1.5% of mature genome
was shown to be synthesised by Pola (Reijns et al. 2015).

Is the last Okazaki fragment matured by DNA Pole? The holoenzyme of DNA
Pole is unable to carry on extended strand displacement synthesis in in vitro recon-
stitution experiments, unless its 3'=5’ exonuclease activity is removed, and it cannot
mature Okazaki fragments on lagging strand (Devbhandari et al. 2017; Ganai et al.
2016). However, DNA Pole in the context of the replisome tightly associates with
the CMG complex through the Dpb2 subunit of Pole and GINS and forms a func-
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tional unit (Langston et al. 2014; Muramatsu et al. 2010; Sengupta et al. 2013). A
recent negative stain electron microscopy reconstruction of a CMG-Pole complex
visualised the close association of this complex (Pellegrini and Costa 2016; Sun
etal. 2015), and we found that the post-replication replisome in both C. elegans and
X. laevis interacts with Pole and not Pold (Sonneville et al. 2017). This interaction
of Pole with the replisome likely acts as additional processivity factor for Pole, in
addition to action of PCNA (Kang et al. 2012; Langston et al. 2014; Yeeles et al.
2017). It would be interesting to investigate Pole strand displacement activity in the
context of the replisome. In support of the Pole role at termination, analysis of the
genome-wide location of ribonucleotides incorporated into DNA by mutants of
Pold and Pole especially prone to such misincorporations discovered a substantial
bias towards Pold proximal to origins which declined towards the centre of the rep-
licons where Pole synthesis was more evident (Daigaku et al. 2015). This would
suggest that Pole carries out the replication at sites of termination.

Can Pole mature the last Okazaki fragment? Can it sustain strand displacement
synthesis when supported by both PCNA and the CMG? It remains to be unravelled.
Importantly, DNA Pole on its own does not interact with Fenl (Garg et al. 2004);
therefore, another processing mechanism would be required to complete maturation
of the last Okazaki fragment, unless Fenl is brought in by a different component of
the terminating replisome. Alternatively, Pole can slide along the last Okazaki frag-
ment together with the post-termination replisome, making room for Pold to dis-
place and mature the last RNA-DNA primer. Much is to be discovered about the
ability of the terminated CMG to move away from the termination site especially in
the context of re-established nucleosomes. However, Pold has been shown previ-
ously to play a role in leading-strand synthesis in vivo (Daigaku et al. 2015; Johnson
et al. 2015; Waga et al. 2001). Moreover, recent data obtained from the budding
yeast in vitro reconstitution system of replication revealed that polymerase switch-
ing may be more common than expected. Pold can play an important role in estab-
lishing leading-strand synthesis (Yeeles et al. 2017), and Pold assembled at the
leading strand was shown to be displaced if Pole was added after DNA synthesis has
initiated (Georgescu et al. 2014). More research is required to show which of the
polymerases finishes the replication job.

8.7 Role of Topoisomerases During DNA Replication
Termination

The ability of topoisomerases to act ahead of the replication forks becomes very
limited as two replication forks converge (Sundin and Varshavsky 1980). In this
circumstance, fork rotation and precatenation become the primary pathway of DNA
relaxing ahead of the fork. Catenated, double-stranded DNA (intertwined sister
chromatids) can only be resolved by type II topoisomerases (Topo II, S. cerevisiae
Top2) (Fig. 8.2b). Experiments with Topo II inhibitors in Xenopus egg extract
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showed that Topo II can be trapped behind, but not in front of the forks, and resolves
replication intermediates in a nonredundant manner with Topo I (Hyrien 2009;
Lucas et al. 2001). Interestingly, Top2 depletion in yeast does not stop cells from
completing DNA replication, nor passing through mitosis, although they do dra-
matically mis-segregate and break their chromosomes due to sister chromatid cate-
nation. On the other hand, inhibition of Top2 enzymatic activity in a way that Top2
is still able to bind DNA but unable to catalyse strand breakage causes incomplete
DNA replication and induces G2/M cell cycle arrest (Baxter and Diffley 2008).
Similarly, inhibition of Topo II activity in higher eukaryotes with the small mole-
cule inhibitor ICRF-193 was shown to block termination of DNA replication in
Xenopus egg extract and induce G2 arrest in human cells without the high level of
DNA strand breaks associated with Topo II poisons (Cuvier et al. 2008; Downes
et al. 1994; Skoufias et al. 2004). ICRF-193 traps Topo II on the DNA in the form
of a non-covalent intermediate named the closed clamp (Roca et al. 1994). It is
unclear therefore whether replication termination defects observed upon addition of
ICRF-193 to Xenopus egg extracts are due to inhibition of Topo II activity or some
other effect of the closed clamps, such as changes to nucleosome spacing and chro-
matin structure (Gaggioli et al. 2013; Germe and Hyrien 2005).

In agreement with the role of Topo II in replication fork termination, post-
termination replisomes from C. elegans and X. laevis contain Topo II, unlike the
budding yeast replisome progression complex, which represents active helicase and
contains Top1 (Gambus et al. 2006; Sonneville et al. 2017). Moreover, Dewar et al.
reported that site-specific termination plasmids (described above) require Topo II
for decatenation of daughter plasmids, but Topo II activity is not needed for fork
convergence and DNA ligation (Dewar et al. 2015) (Fig. 8.2b, f).

8.8 Replisome Disassembly

The data presented by Dewar et al. suggest that the dissolution of the replisome in
the plasmid-based system is the last stage of replication fork termination, executed
after ligation of leading and lagging strands (Dewar et al. 2015) (Fig. 8.2e). Work in
budding yeast and Xenopus laevis egg extract discovered the first elements of this
dissolution mechanism, which was found to be a highly evolutionary conserved
process (Maric et al. 2014; Moreno et al. 2014) (Fig. 8.3a, b). In both model organ-
isms, the Mcm?7 subunit of the CMG complex becomes polyubiquitylated when
forks terminate. The ubiquitin chains attached to Mcm7 are linked through lysine 48
(K48), but ubiquitylated Mcm7 is not degraded directly on chromatin as inhibition
of proteasomal activity does not inhibit CMG disassembly. Instead, a protein remod-
eller Cdc48 (p97, VCP, segregase) recognises the ubiquitylated CMG and through
its ATPase activity removes the CMG complexes from chromatin (Maric et al. 2014;
Moreno et al. 2014). It is unclear at present whether the ubiquitylated Mcm?7 is
degraded upon removal from chromatin or de-ubiquitylated. A recent report by
Fullbright et al. suggests that during unperturbed DNA replication in Xenopus egg
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Fig. 8.3 Model of replisome disassembly at the termination of replication forks. In budding yeast
S. cerevisiae, the Mcm7 subunit of the terminating replisome is ubiquitylated by SCF®> and
removed from chromatin by Cdc48 segregase (a). In Xenopus egg extract and C. elegans embryos,
CRL2""! ubiquitylates Mcm7 during termination of replication forks, and CDC-48/p97 segregase
removes it from chromatin with help of Ufd1/Npl4 cofactors (b). If the mechanism of removal of
the replisome during termination of forks in S-phase does not work, C. elegans embryos have a

backup mechanism removing replisomes in prophase in mitosis. This mechanism requires CDC-
48/p97 and Npl4/Ufd1 but also UBXN-3/FAF1 cofactor and is regulated by ULP-4/Senp6,7 (c)

extract, ubiquitylated Mcm?7 is likely to be de-ubiquitylated (Fullbright et al. 2016).
Interestingly, ubiquitylation of human Mcm?7 (both endogenous and exogenously
expressed in cells) was reported in the past, but the fate of the ubiquitylated form of
Mcm?7 and the function of the ubiquitylation were not clear (Buchsbaum et al. 2007;
Kuhne and Banks 1998).

8.8.1 SCFP?“? Ubiquitin Ligase in Budding Yeast

In budding yeast the ubiquitin ligase, which ubiquitylates Mcm?7, is SCFP#? (Maric
et al. 2014). SCF# is a multisubunit ligase built around a Cdc53 cullin scaffold
(homologue of Cullin 1 in higher eukaryotes) (Fig. 8.3a). Dia2 is the substrate-
specific receptor, F-box protein, which binds through the substrate adaptor (Skp1)
to the N-terminal part of Cdc53. The C-terminus of Cdc53, on the other hand, binds
RING domain factor Hrtl, connecting the ligase to the ubiquitin-conjugating
enzyme (E2) Cdc34 (SCF = Skpl + Cullinl + F-box) (Fig. 8.4b). SCF"™? was
shown to be essential for Mcm?7 ubiquitylation, specifically in the context of CMG
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Fig. 8.4 Model of cullin ligases ubiquitylating Mcm?7 during termination of replication forks.
General model of organisation of cullin family members (a). Model of SCF"® ubiquitylating
Mcm7 in S. cerevisiae (b). Model of CRL2""! ubiquitylating Mcm7 in C. elegans embryos and
Xenopus egg extract (c)

during S-phase — both in vitro and in vivo. Moreover cells lacking Dia2 (dia2A)
retain CMG complexes on chromatin after S-phase until the next G1 stage of the
cell cycle (Maric et al. 2014). Not surprisingly budding yeast cells lacking Dia2,
although viable, are defective in S-phase progression and present high rates of
endogenous DNA damage and genome instability. They are also unable to grow at
low temperatures and are sensitive to DNA-damaging agents that affect replication
fork progression (Blake et al. 2006; Koepp et al. 2006).

Dia2 contains a protein-protein interaction N-terminal tetratricopeptide repeat
(TPR) domain, a nuclear localisation signal (NLS), an F-box that connects it to the
rest of the SCF ligase, and a C-terminal substrate recognition domain comprising of
leucine-rich repeats (LRR). The TPR domain of Dia2 was shown to interact with
Mrcl and Tofl components of the replisome progression complex (RPC) built
around the CMG helicase (Gambus et al. 2006; Morohashi et al. 2009). As a result,
Dia2 was detected interacting with RPC in S-phase, and this interaction was pre-
served when cells were treated with hydroxyurea (HU) to stall progressing replica-
tion forks (Morohashi et al. 2009). Interestingly cells lacking the TPR domain
within Dia2 (dia2-ATPR) do not present the severe phenotype of dia2A cells — with
the exception of synthetic lethality with rrm3A (a helicase supporting passage of
forks past protein-DNA barriers). Cells lacking the TPR domain in Dia2 were, how-
ever, shown consequently to have a partial defect in Mcm7 ubiquitylation and CMG
disassembly (Maculins et al. 2015). It seems that attaching SCF"™? to the replisome
via the TPR domain increases the efficiency of CMG ubiquitylation. It may not be
essential for normal CMG disassembly as the LRR domain can still recognise its
substrate even without the tethering, but there may be situations when this stabilised
interaction with the replisome is more vital — for example, when forks struggle to
pass DNA-protein barriers in the absence of Rrm3.
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8.8.2 CRL2"" Ubiquitin Ligase in Higher Eukaryotes

Recent research from our and two other groups discovered that in higher eukaryotes
the ubiquitin ligase ubiquitylating Mcm7 at termination of replication forks is not
an SCF but a Cullin2-based ubiquitin ligase with a leucine-rich repeat 1 protein
(Lrrl) as a substrate receptor (Cullin-Ring Ligase 2 with Lrrl = CRL2Y) (Dewar
et al. 2017; Sonneville et al. 2017) (Fig. 8.4c). Both in Xenopus egg extract and in
C. elegans embryos, inhibition or downregulation of Cullin 1 ligase activity did not
influence Mcm7 ubiquitylation nor helicase disassembly during S-phase (Sonneville
et al. 2017 and our unpublished data). On the other hand, siRNA downregulation of
CUL-2/LRR-1 complex in C. elegans embryos and immunodepletion of CRL2"" in
egg extract blocked both phenotypes (Dewar et al. 2017; Sonneville et al. 2017)
(Fig. 8.3b). CRL2Y"! was also shown to be the only cullin-type ubiquitin ligase that
interacts with post-termination replisomes in Xenopus egg extract and C. elegans
embryos and accumulates at the sites of termination in plasmid-based termination
system described above (Dewar et al. 2017; Sonneville et al. 2017). Importantly,
both studies found that CRL2M"! interacts specifically with terminating CMG and
not with actively unwinding helicase nor double Mcm2-7 hexamers of dormant
origins. The regulated binding of CRL2"! to post-termination replisome represents
therefore the first known step of replisome disassembly. Finally, the ubiquitin ligase
activity of CRL2Y"! is necessary for the Mcm7 ubiquitylation and helicase disas-
sembly, as a mutant of Cul2-Rbx1 complex, which cannot be activated by ned-
dylation, is unable to rescue the CRL2Y"-immunodepleted egg extract unlike a
wild-type fully functioning complex (Sonneville et al. 2017).

What is CRL2!? Previous work has shown that C. elegans LRR-1 is an essen-
tial gene (Piano et al. 2002). LRR-1 is required for embryonic development, but
maternal rescue allows analysis of /rr-1 loss of function in adult tissues. Lrr-1
mutants are sterile owing to severe defects in germ cell proliferation (Merlet et al.
2010; Starostina et al. 2010). Inactivation of /rr-1 induces DNA damage, which may
arise due to DNA re-replication problems (ssDNA/RPA-1 foci accumulate in [rr-1
germ cells, which also contain greater than 4 N DNA content). This in turn leads to
hyperactivation of ATL-1/CHK-1 pathway (ATR/Chkl pathway in vertebrates),
which delays mitotic entry and results in embryonic lethality. Inactivation of ATL-1/
CHK-1 checkpoint components supresses the proliferation defect and fully restores
Irr-1 mutant fertility (Burger et al. 2013; Merlet et al. 2010). How the re-replication/
DNA damage is induced in /rr-1 worms is not as yet determined. Interestingly, an
RNAi-based suppressor screen of /rr-1 and cul-2 mutants identified two genes
encoding components of the GINS complex, as well as CDC-7 and MUS-101,
which are needed for CMG activation (Ossareh-Nazari et al. 2016). These data sug-
gest that reducing CMG levels on chromatin can supress the DNA damage created
in [rr-1 mutants and supress their lethality. This is in agreement with LRR-1’s role
in Mcm7 ubiquitylation as lower levels of CMG on chromatin would compensate
for a defect in CMG unloading.
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On the other hand, another study found that C. elegans Irr-1 mutants germ cells
arrest with 2C DNA content, which may be due to accumulation of CDK inhibitor
CKI-1 as deletion of one copy of CKI-1 or cki-I RNAI treatment can rescue [rr-1
mutant germ cells numbers. In support of the CUL-2/LRR-1 role in targeting CKI-1
for degradation, study in human cells found that overexpressed CKI-1 was degraded
faster when LRR-1 was also overexpressed (Starostina et al. 2010). Interestingly,
LRR1 or CUL2 knockdown in HeLa cells did not induce a strong cell cycle arrest,
and LRR1 was shown to be important to regulate levels of cytoplasmic p21 (human
CKI) to control actin cytoskeleton remodelling (Starostina et al. 2010). Further
studies are required to analyse in depth the role of LRR1 in human cells and the
interplay between different substrates of this ubiquitin ligase.

Several questions remain — what is the signal for polyubiquitylation of Mcm7
and removal of helicase? How are CMGs protected from ubiquitylation during elon-
gation and efficiently ubiquitylated at termination (Fig. 8.2)? Dewar et al. hypoth-
esise that it may be conformational changes within CMG upon transition from
encircling single-stranded DNA to double-stranded DNA of last Okazaki fragment
that provide this post-termination specificity (Dewar et al. 2015). In support of this
hypothesis, it was shown that CMG is indeed able to slide on double-stranded DNA
(Kang et al. 2012).

We should also keep in mind that many substrate-specific receptors of CRLs
recognise their substrates only when they are post-translationally modified; e.g.
F-box receptors of SCF often recognise phosphorylated proteins, and VHL interact-
ing with CRL2 recognises Hiflo upon its hydroxylation. It is possible therefore that
terminating CMG is first modified in a yet undiscovered manner before being ubiq-
uitylated. Budding yeast Mcm2-7 complex has been recently shown to be
SUMOylated upon loading at origins in G1 stage of cell cycle before Mcm2-7
phosphorylation. The level of Mcm2-6 SUMOylation decreases during S-phase as
MCM becomes phosphorylated and activated, with exception of Mcm7, which
SUMOylation was retained during S-phase (Wei and Zhao 2016). Additionally,
deubiquitylating enzyme Usp7 was described recently as a SUMO-specific DUB,
removing ubiquitin from SUMOylated proteins and maintaining high SUMO/low
ubiquitin ratio at replication forks (Lecona et al. 2016; Lopez-Contreras et al. 2013).
A theory was therefore proposed that SUMO-driven ubiquitylation could act as a
signal for the termination of DNA replication (Lecona and Fernandez-Capetillo
2016). Usp7 was also previously shown to interact with MCM-binding protein
MCM-BP and to cooperate with it to unload the Mcm?2-7 complexes from chroma-
tin at the end of S-phase (Jagannathan et al. 2014; Nishiyama et al. 2011). Is Usp7
DUB activity for SUMOylated proteins linked with its MCM-BP interaction? Is
Mcm?7 in higher eukaryotes modified by SUMO? Is SUMOylation of Mcm7 regu-
lating its ubiquitylation at termination events? More work is needed to understand
fully this complex process.

Another possibility in need of investigation is involvement of priming ubiquitin
ligase. Indeed ARIHI, an Ariadne family Ring-Between-Ring (RBR) ubiquitin
ligase, was shown recently to interact with a number of CRLs including CRL2s and
prime their substrates (Scott et al. 2016). It is probable, therefore, that such a priming
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ligase recognises the terminating helicase and CRL2Y! only acts on primed
substrate.

8.8.3 The Role of p97 Segregase in Replisome Disassembly

p97, also known as VCP in metazoans, CDC-48 in C. elegans, Cdc48 in yeast and
Ter94 in insects, is a ubiquitin-dependent segregase that plays a central role in the
regulation of protein homeostasis. Once bound to ubiquitylated substrates, this con-
served hexameric AAA+ ATPase utilises the energy released from ATP hydrolysis
to undergo a conformational change across its hexamer structure called interpro-
tomer motion transmission (Huang et al. 2012; Li et al. 2012). This movement
allows p97 to remove substrates from different cellular locations and complexes,
likely by substrate translocation through p97’s narrow central pore (Tonddast-
Navaei and Stan 2013). The separated or unfolded substrates can then be directed to
the proteasome and degraded or de-ubiquitylated and recycled with the help of
DUBSs associating with p97. p97 carries on this segregase/unfoldase activity on a
myriad of substrates participating in a large variety of cellular processes. Not sur-
prisingly, knockdown of both p97 alleles causes early embryonic lethality in mice,
and siRNA-depletion of p97 in cells causes apoptosis (Muller et al. 2007; Wojcik
et al. 2004).

The interaction of p97 with its many different substrates is mediated by a group
of about 30 adaptor proteins that specifically recruit ubiquitylated proteins (Meyer
et al. 2012; Yeung et al. 2008). The cofactors usually bind to the N-terminal domain
of p97 using p97 interacting motifs. The best characterised major p97 cofactors
include Ufd1/Npl4 heterodimer and p47, which bind to the p97 in mutually exclu-
sive manner (Bruderer et al. 2004). Further, minor cofactors such as FAF1 or
UBXD?7 can then associate to the p97 complex with a major cofactor (Hanzelmann
et al. 2011). Some of the cofactors, such as UBXD?7, can also interact with various
ubiquitin ligases and streamline the process of ubiquitin-dependent substrate
removal/degradation (reviewed in Meyer et al. 2012).

The role of p97 during DNA replication was first suggested in C. elegans
embryos. RNAi-mediated depletion of the CDC-48 complex leads to a defect in cell
division: mitotic entry was delayed as a result of the activation of the DNA damage
checkpoint. The severe chromatin defects observed in embryos as well as mitotic
cells of the gonads included mitotic bridges and accumulated foci of RAD-51 DNA
repair protein. Moreover, embryos lacking CDC-48, UFD-1 or NPL-4 are strongly
reduced in DNA content (Deichsel et al. 2009; Mouysset et al. 2008). It was subse-
quently shown that embryos lacking CDC-48 or UFD1/NPL-4 cofactors accumulate
origin licencing factor CDT-1 on mitotic chromatin and present persistent chromatin
association of CDC-45/GINS after S-phase is completed (Franz et al. 2011). This
process involves another p97 cofactor UBXN-3/FAF1 (Franz et al. 2016).
Interestingly, inhibition of CDT-1 degradation and its accumulation on chromatin in
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embryos lacking CDC-48 or UFD1/NPL-4 does not lead to re-replication phenotype
in these embryos but rather a strong reduction in their DNA content.

In the case of replisome disassembly, the segregase function was shown to be
essential to disassemble ubiquitylated post-termination CMG in budding yeast, C.
elegans embryos and Xenopus egg extract (Maric et al. 2014; Moreno et al. 2014;
Sonneville et al. 2017). The ATPase activity of p97 is essential for this disassembly
function as the replisome can be blocked on chromatin when two ATPase domains
of p97 (D1 and D2) are mutated or the activity of p97 is blocked with a small mol-
ecule inhibitor NMS973 (Dewar et al. 2017; Moreno et al. 2014; Sonneville et al.
2017). This replisome disassembly defect phenotype is not driven through Cdtl
deregulation nor represents novel binding of GINS/Cdc45 to mitotic chromosomes
(Moreno et al. 2014; Sonneville et al. 2017). In worm embryos, RNAi-directed inac-
tivation of ufd-1 and npl-4 leads to a defect in replisome unloading, and the Ufd1/
Npl4 heterodimer is found to interact with the post-termination replisome in
Xenopus egg extracts (Dewar et al. 2017; Sonneville et al. 2017). Moreover, plas-
mids with accumulated terminating forks contain enriched Ubxn7 and Dvc1/SPRTN
bound to them (Dewar et al. 2017). Future work will show whether these additional
cofactors play a role in replisome disassembly.

8.8.4 Backup Pathway for Replisome Disassembly

Importantly, work in C. elegans embryos revealed that if the removal of CMG com-
plexes is not accomplished during S-phase due to defective CRL2"", then they can
be removed from chromatin at the beginning of mitosis, in late prophase (Sonneville
etal. 2017) (Fig. 8.3¢c). This backup mitotic pathway of replisome disassembly also
requires p97/Ufd1/Npl4 (worm CDC-48/UFD-1/NPL-4) segregase, but to accom-
plish it p97 requires yet another cofactor: Fas-associated factor 1 FAF1 (worm
UBXN-3) (Sonneville et al. 2017). FAF1 is an evolutionarily conserved proapop-
totic factor that contains multiple protein interaction domains: ubiquitin-associated
UBA, ubiquitin-like UBL1 and UBL2, Fas-interacting domain FID, death effector
domain-interacting domain DEDID, Ubiquitin-associated UAS and ubiquitin regu-
latory X UBX (Lee et al. 2013; Menges et al. 2009). FAF1 is an essential gene
(Adham et al. 2008), an established modulator of apoptosis, which regulates NFkB
and is involved in ubiquitin-mediated protein turnover (reviewed in Menges et al.
(2009)). FAF1 was also shown to bind to p97-Ufd1-Npl4 complex via the UBX
domain and polyubiquitylated proteins via the UBA domain to promote endoplas-
mic reticulum-associated degradation ERAD (Lee et al. 2013). Finally, recent work
from the Thorsten Hoppe lab showed that FAF-1/UBXN-3 is required for cell cycle
progression in C. elegans embryo due to the problem with CDT-1 degradation and
its inappropriate maintenance on chromatin during mitosis, together with CDC-45
and GINS (Franz et al. 2016). Moreover, Franz et al. have shown that downregula-
tion of FAF1 by siRNA in human cells causes a pronounced replication stress phe-
notype: defective fork progression, fork stalling, dormant origin firing and activation



8 Termination of Eukaryotic Replication Forks 179

of both S-phase checkpoint (ATR/Chkl) and DNA damage checkpoint (ATM/
Chk?2) (Franz et al. 2016). It remains to be investigated whether this observed repli-
cation stress is the result of Cdtl-induced re-replication, a defect in unloading of the
post-termination replisomes or one of the many other FAF1 functions.

Intriguingly, the backup mitotic pathway of replisome disassembly in C. elegans
embryos is modulated by the activity of the SUMO protease ULP-4: co-depletion of
ULP-4 with LRR-1 delayed the release of CMG components from chromatin
(Sonneville et al. 2017). ULP-4 is a major mitotic SUMO protease in worms and is
present at mitotic chromosomes and at the spindle midzone (Pelisch et al. 2014).
The ULP-4 analogous proteases in human cells are SENP6-7. It remains to be
unravelled whether SUMO plays a regulatory role in the backup process or whether
ULP-4 functions in another way, e.g. by bridging some important interactions and
allowing p97 complex recruitment. It would be very interesting to investigate the
existence of such a potential backup pathway in human somatic cells.

8.9 The Importance of Faultless Termination

Does deregulation of termination contribute to genomic instability and human dis-
ease? Cancer chromosomal instability (CIN) is observed in most solid tumours and
is associated with poor prognosis and drug resistance (McGranahan et al. 2012).
CIN leads to increased rate of changes in chromosomal numbers and structure and
generates intra-tumour heterogeneity. Recent data implicate a central role for repli-
cation stress in the generation of CIN (Burrell et al. 2013). Can faulty termination
provide a source of replication stress, which then contributes to the generation of
genomic instability and CIN? What are the ways in which problems during replica-
tion fork termination could lead to genomic instability? At present we have limited
experimental data on consequences of problems with replication fork termination,
but we can speculate based on what we know.

We know that failure to decatenate newly replicated sister chromatids upon ter-
mination of replication forks does not tend to be detected by G2/M checkpoint but
leads to dramatic mis-segregation of chromosomes during mitosis (Baxter and
Diffley 2008). What about other stages of the termination process?

What would happen if forks cannot converge properly? What if their passing
each other at the termination stage is blocked? We can imagine that problems during
convergence of replication forks could lead to similar torsional stresses as these cre-
ated by lack of topoisomerase I during elongation. Inhibition of Topo I activity in
human cells, mouse embryonic fibroblasts and Xenopus laevis egg extract frequently
induces replication fork reversal (reviewed in Neelsen and Lopes 2015). Fork rever-
sal can have physiological roles during replication but can also have pathological
consequences, contribute to genome instability in neurodegenerative syndromes
and cancer. A small but reproducible number of reversed forks were detected also in
various unchallenged human cell lines, while deregulation of poly (ADP-ribose)
metabolism, which regulates fork reversal and restart, induces high level of reversed
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forks even in the absence of genotoxic replication stress (reviewed in Neelsen and
Lopes 2015). Fork reversal is also very frequent in mouse embryonic stem cells
(Ahuja et al. 2016). Where do these reversed forks come from? Could problems
with termination of replication forks be one of the sources of such reversed forks?
Interestingly, transient over-replication, fork reversal and end-processing by exo-
nucleases were recently associated with completion of replication termination in E.
coli (Wendel et al. 2014). More research and visualisation of converging forks either
unchallenged or upon termination perturbations are needed to elucidate the possibil-
ity of fork reversal at sites of troubled replication fork termination.

Can failure to complete DNA synthesis at termination sites create genome insta-
bilities? It has been shown recently that not all of the DNA is always replicated in
human cells during S-phase — unreplicated segments resulting from double fork
stalling in large replicons are frequently present in G2. They can be partially
resolved during mitosis, create ultrafine bridges during segregation in mitosis and
are subsequently recognised in the G1 stage of the cell cycle by DNA repair protein
p53-binding protein 1 (53BP1) to be resolved in this new cell cycle (Moreno et al.
2016). Failure to complete DNA synthesis at termination sites would likely lead to
a similar scenario.

What about inhibiting disassembly of the replisome? This is the part of the ter-
mination process that we understand best at present. If disassembly of the replisome
constitutes the last step of replication termination, then the failure to remove it
should not leave unligated DNA nor unusual DNA structures (Dewar et al. 2015). It
would however leave a DNA helicase on a DNA substrate. Tested on synthetic
in vitro substrates CMG can translocate on double-stranded DNA and then start
unwinding DNA if a fork structure is present (Kang et al. 2012). One can imagine
therefore that the second to the last Okazaki fragment, which may be in a mid-
maturation stage with a flap created by Pold, could be such a substrate for the
approaching post-termination CMG to start de novo unwinding. In bacteria, recent
data suggest that in termination zones 3’ ssDNA flaps are created that, if not removed
by RecG nuclease (in RecG mutants), can provide substrates for de novo replica-
tion, leading to re-replication and creating pathological DNA structures. Tus termi-
nation sequences limit the extent of such re-replication initiated in termination
zones (Rudolph et al. 2013). What about eukaryotic cells? They do not have Tus
termination sequences. Can faulty termination of replication forks initiate
re-replication?

Moreover, CMG complexes left behind on chromatin would disturb proper chro-
matin re-establishment and pose a problem to processes for which DNA is a sub-
strate, such as transcription and next replication. As mentioned above, CMGs can
translocate on double-stranded DNA (Kang et al. 2012), and by moving along DNA,
they could displace other proteins bound to DNA. At present we do not know
whether CMG sliding on dsDNA can displace nucleosomes or if they will be trapped
by them.

A final potential problem arising from lack of efficient disassembly of the CMG
complexes at the termination of replication forks is entrapment of Cdc45 and GINS
within these post-termination complexes. Cdc45 was shown to be a rate limiting
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factor for DNA replication in mammalian cells. It was proposed that regulated
expression levels of Cdc45 enforce reutilisation of existing Cdc45 during S-phase,
which in turn can limit and stagger origin activation throughout the S-phase (Kohler
et al. 2016; Wong et al. 2011). A lack of Cdc45 available for recycling can therefore
potentially slow S-phase progression and inhibit DNA synthesis. Primary untrans-
formed human cells with reduced levels of GINS components present all the pheno-
types of replication stress and accumulation of DNA damage (Barkley et al. 2009).
Future studies of replisome disassembly in human somatic cells are essential to
shed light at this possibility as so far this process was investigated only in embry-
onic systems (Xenopus laevis egg extract and C. elegans embryos) which have
higher levels of Cdc45 and GINS.

Is there experimental evidence that faulty disassembly of the replisome can lead
to genome instability? S. cerevisiae cells lacking Dia2, which are unable to remove
post-termination CMG from chromatin, are viable but present very high levels of
genomic instabilities (described above). LRR-1 — the Mcm?7-specific substrate
receptor in higher eukaryotes — is an essential gene in C. elegans. LRR1 may have
other than Mcm7 substrates, as CMG becomes unloaded by a backup system in lrr-
I embryos. However, partial downregulation of LRR-1 together with downregula-
tion of the backup pathway factors FAF-1/UBXN-3 or ULP4 results in synthetic
lethality, suggesting that inhibition of CMG removal by partial blocking of both
pathways results in non-viable worms (Sonneville et al. 2017). FAF1 itself is a fac-
tor often downregulated or mutated in multiple cancers. It may be its proapoptotic
function that drives this downregulation, but in consequence these cancers could
exhibit higher levels of genomic instability due to their replication fork termination
problems. It is crucial therefore that we investigate the process of replisome disas-
sembly in human cells to confirm its analogy.

Factors that drive replication initiation and the assembly of CMG, such as Cdc7
kinase and TopBP1 (Cut5) initiation factor, are currently being explored as potential
anticancer therapy targets in tumours that present defects in chromosome replica-
tion (Chowdhury et al. 2014; Montagnoli et al. 2010). Can CMG disassembly also
serve as a potential target for future therapies? Could we target the S-phase pathway
of CMG disassembly in cancers with mutated or downregulated FAF1? For this we
need to understand the CMG disassembly process in much more detail and crucially
confirm its conservation in human cells. It seems likely that ubiquitylation is rate
limiting for CMG disassembly, although it needs to be demonstrated by mapping
the ubiquitylation sites and creating an unmodifiable mutant. It is clear, however,
that Mcm?7 ubiquitylation is regulated in a precise fashion on many levels, both
spatially and temporally.

Finally, many factors implicated in DNA replication fork termination and repli-
some disassembly, such as p97 segregase and Usp7, are also targets of small mole-
cule inhibitors used or being tested for antitumour therapies (Magnaghi et al. 2013;
Reverdy et al. 2012). A better understanding of CMG disassembly pathway and
replication fork termination in human cells might help us to explain the mode of
action of these inhibitors in clinic.
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