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Preface

High-fidelity genome duplication is fundamental to life and health. There are clear
links between chromosome replication defects and genome instability, genetic
disease and cancer in humans, making a detailed understanding of the molecular
mechanisms of genome duplication vital for future advances in diagnosis, drug
design, and treatment. The core cellular DNA replication machinery comprises
around 40-50 individual conserved proteins, many of which are components of a
series of elaborate molecular machines that interact with one another in a spatially
and temporally coordinated manner to perform distinct functions at the replication
fork, such as replication origin recognition, DNA unwinding, DNA synthesis and
ligation. Our understanding of how these processes occur is now entering an exciting
new phase as protein structure determination by X-ray crystallography allows us to
view the molecular make-up of the eukaryotic replication machinery in unprece-
dented detail. High-resolution three-dimensional structures are now available for
most of the key players in the replication process, allowing enzyme active sites and
nucleic acid- and protein-interaction surfaces to be viewed at atomic resolution.
Where crystal structures remain elusive, established methods such as single-particle
reconstruction using cryo-electron microscopy (cryo-EM) and emerging techniques
such as small angle X-ray scattering (SAXS) are increasingly being harnessed to
provide important information on the overall shape of individual protein complexes
and the organization of subunits therein.

The aim of this book is to provide a detailed guide to the structure and function of
the key conserved components of the eukaryotic replisome with particular emphasis
on how recent breakthroughs in protein structure determination have led to important
insights into protein function, protein-protein interactions, and enzyme mechanism.

Chapter 1 offers a brief overview of the replication process in eukaryotic cells,
from pre-RC formation in G1 through to Okazaki fragment processing at the end of
S-phase. The role of individual proteins and protein complexes in these processes is
summarized and the availability (or otherwise) of protein structural information
highlighted. Chapter 2 explores the extent to which the proteins that make up the
conserved machinery of chromosome replication in mammalian cells and in well-
studied eukaryotic model organisms such as budding and fission yeasts, Xenopus
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and Drosophila, are conserved across all eukaryotic evolution and reaches some
thought-provoking conclusions. The remainder of the book takes the reader on a
guided tour through the replication machinery, with each chapter focusing on an
individual protein or protein complex. This systematic approach allows the structure
and function of each factor to be considered at a level of detail that would otherwise
be impossible and makes this single volume a truly comprehensive guide to the over-
all structure and function of the replisome, one that can serve as introduction to the
complexities of the replication machinery for advanced undergraduate and post-
graduate students and as an essential guide and companion for experienced researchers
already working in the field.

As a final note, I would like to thank the authors for their hard work in preparing
their uniformly excellent chapters and for their patience with the production process,
my colleagues in St Andrews and elsewhere for their advice and encouragement,
publishing editor Thijs van Vlijmen at Springer SBM for his help and support, and
the Scottish Universities Life Sciences Alliance (SULSA) for funding.

St Andrews Stuart MacNeill
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Chapter 1
Composition and Dynamics of the Eukaryotic
Replisome: A Brief Overview

Stuart MacNeill

Abstract High-fidelity chromosomal DNA replication is vital for maintaining the
integrity of the genetic material in all forms of cellular life. In eukaryotic cells,
around 40-50 distinct conserved polypeptides are essential for chromosome repli-
cation, the majority of which are themselves component parts of a series of elaborate
molecular machines that comprise the replication apparatus or replisome. How these
complexes are assembled, what structures they adopt, how they perform their func-
tions, and how those functions are regulated, are key questions for understanding
how genome duplication occurs. Here I present a brief overview of current knowledge
of the composition of the replisome and the dynamic molecular events that underlie
chromosomal DNA replication in eukaryotic cells.

1.1 Introduction

Chromosomal DNA replication in all cells requires the complex interplay of variety
of essential and non-essential protein factors in a temporally and spatially coordinated
manner. In eukaryotes, chromosome replication as such (that is, the templated syn-
thesis of new DNA on leading and lagging strands in a semi-discontinuous manner)
occurs during S phase of the cell cycle, although some of the molecular events that
lead up to the initiation of S phase (such as assembly of pre-replicative complexes,
or pre-RCs, discussed below) take place in G1 phase (Bell and Dutta 2002) and it is
likely that the final steps of the replication process take place in what is convention-
ally thought of as G2 (Lygeros et al. 2008). Checkpoints (Hartwell and Weinert 1989)
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1 Composition and Dynamics of the Eukaryotic Replisome: A Brief Overview 3

ensure that cells do not enter mitosis (M phase) until replication is complete
(Labib and De Piccoli 2011) and, under normal circumstances, elaborate regulatory
mechanisms ensure that each part of the genome is replicated once and only once
during the cell cycle (Blow and Dutta 2005), thereby preventing unwanted
amplification of individual genes or larger regions of the chromosomes.

The following sections outline what is known of the functions of key conserved
components of the eukaryotic replication machinery (replisome), highlighting the
current state of knowledge of the structure of these diverse factors (summarised
schematically in Fig. 1.1). Detailed descriptions of those factors for which structural
information is available can be found in Chaps. 3—17, while Chap. 2 takes a phylo-
genetic view of the extent to which the replication machinery is conserved across
the major eukaryotic sub-groups.

1.2 Replication Origins and the Origin Recognition Complex

Eukaryotic chromosome replication is initiated at multiple replication origins on each
chromosome. Origin structure and function (reviewed by Cvetic and Walter 2005;
Lucas and Raghuraman 2003; MacAlpine and Bell 2005) lies largely outside the
scope of this volume but has been studied in greatest detail in the budding yeast
Saccharomyces cerevisiae. Briefly, the budding yeast genome contains around 300—
500 origins, equivalent to one origin every 30-50 kb, but not every origin is activated
(fired) in every cell cycle. Those origins that do fire, do so with characteristic timing —
some origins fire reproducibly early in S phase, for example. Exactly what controls
the timing of origin firing is unclear: chromatin accessibility clearly plays a role
(reviewed by Mechali 2010) as does the availability of the replication initiation
factors Cdc45, S1d2, S1d3, S1d7 and Dpb11, discussed below (Mantiero et al. 2011;

<
<

Fig. 1.1 Structures of eukaryotic and archaeal replisome components. Key: (a) structure of BAH
domain of Orcl only, (b) structure of middle domain of Orc6 only, (c) the archaeal Orc1/Cdc6
protein is regarded as hybrid of eukaryotic ORC and Cdc6 proteins — structures solved include
various Cdc6/Orcl proteins bound to DNA, (d) a partial structure of Cdtl in complex with the
replication inhibitor geminin has also been solved, (¢) archaeal MCM is a homohexamer, (f) Cdc45
structure has been examined by SAXS only, (g) the B-domain of the Psfl subunit is invisible in
GINS structures, (h) the structure of a Gins15,Gins23, tetrameric GINS has been solved — other
archaeal GINS complexes are Gins15, homotetramers, (i) no known archaeal homologues, (j) vari-
ous complexes featuring one, two or three subunits but no complete structure, (k) archaeca RPA’s
are highly heterogeneous in composition but several near complete structures have been solved, (/)
structure of PriS-Pril. dimer solved without Pril. C-terminal domain, (m) structures of several
monomeric archaeal PolB enzymes are known, (n) structure of Dpb4 protein solved in complex
with the chromatin remodelling factor DIs1 — otherwise only a cryo-EM structure for Pol € com-
plex is available, (p) structures of both modified and unmodified PCNA solved with and without
bound PIP peptides, (¢) structures of homotrimeric and heterotrimeric archaeal PCNA complexes
available, and (r) potential homologues in some species only. See text and individual chapters for
details and references
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Tanaka and Araki 2011; Tanaka et al. 2011). Budding yeast origins are relatively
short (<200 bp) and include a well conserved DNA sequence element (the ACS or
ARS-consensus sequence); origins in other well-studied species, including the fission
yeast Schizosaccharomyces pombe, are significantly more complex in nature and do
not contain a conserved sequence at their core.

Origins are bound by the origin recognition complex (ORC), a widely conserved
six-subunit protein complex (Duncker et al. 2009) (described in detail in Chap. 3,
this volume). Precise details of how ORC recognises origin sequences are still
unclear and the differences in origin structure apparent across eukaryotic evolution
make it highly likely that the details will differ from species to species. With the
notable exceptions of the N-terminal BAH (bromo-adjacent homology) domain of
the budding yeast and mouse Orcl proteins (Hou et al. 2005; Hsu et al. 2005; Kuo
et al. 2012; Zhang et al. 2002) and the middle domain of the human Orc6 protein
(the least conserved of the ORC subunits) (Liu et al. 2011), no crystal structures of
ORC subunits have been reported, although recent cryo-EM studies (discussed in
detail in Chap. 3) have provided significant insights into ORC structure at lower
resolution (Fig. 1.1). The BAH domain of metazoan Orcl (but not its yeast counter-
parts) recognises and binds specifically to histone H4 dimethylated at lysine 20
(K4K20me?2), thereby linking the process of replication origin licensing to chroma-
tin modification status (Kuo et al. 2012). Mutations the human Orcl BAH domain
have been implicated in Meier—Gorlin syndrome (MGS), a form of primordial
dwarfism. Also implicated in MGS are mutations in Orc4 and Orc6, and in the Cdc6
and Cdtl proteins described in Sect. 1.3 below (Bicknell et al. 201 1a, b; de Munnik
et al. 2012; Guernsey et al. 2011). The middle domain of Orc6 is similar in structure
to part of the eukaryotic transcriptional factor TFIIB, allowing DNA binding by Orc6
to be modeled; mutation of residues implicated in DNA binding in this way results in
reduced DNA replication in cultured cells (Liu et al. 2011). The observed similarity
between Orc6 and TFIIB has led to the suggestion that Orc6 may have role in cor-
rectly positioning ORC at origins in the same manner that TFIIB functions to position
the transcription PIC (pre-initiation complex) at promoters (Liu et al. 2011).

1.3 Formation of the Pre-RC at Origins

During the G1 phase of the budding yeast cell cycle, ORC is bound by the AAA+ fam-
ily protein Cdc6, which then recruits two additional factors, Cdtl and the MCM
(minichromosome maintenance) helicase, to form the pre-RC (pre-replicative com-
plex) on DNA (reviewed by Blow and Dutta 2005). Regulated pre-RC formation
(also known as replication licensing) is crucial for maintaining once-per-cell-cycle
replication control and in vertebrates the geminin protein (described in detail in
Chap. 5) plays an important role in regulating this process. Structures have been
solved for several archaeal Cdc6 proteins (see Fig. 1.1 and Chap. 4 — note that these
archaeal proteins share features of eukaryotic Cdc6 and ORC, and are commonly
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known as Cdc6/Orcl, and that ORC itself is absent from archaea) and for both Cdt1
and geminin (Chap. 5). In eukaryotes, the MCM helicase is a heterohexameric com-
plex comprising six related subunits, Mcm2-Mcm?7, whereas in most archaca, MCM
is a homohexamer. Each MCM subunit is a member of the AAA+ protein superfam-
ily (Duderstadt and Berger 2008; Hanson and Whiteheart 2005). Crystal structures
of several archaeal MCM proteins have been solved, in whole or in part, but none of
the eukaryotic subunits (Fig. 1.1). The structures of the archaeal MCM proteins are
discussed in Chap. 6 and mechanistic studies of the eukaryotic enzyme in Chap. 7.

The mechanism of assembly of the pre-RC is currently the subject of consider-
able interest (Labib 2011). Two recent cryo-EM studies have provided significant
insights into this process by showing that budding yeast MCM is loaded at the origin
as a head-to-head double hexamer (Evrin et al. 2009; Remus et al. 2009). Prior to
loading, budding yeast MCM binds Cdt1 to form a heptameric MCMeCdt1 unit and
it appears that the single ORC complex present at an individual origin loads two
of these to produce the head-to-head double hexamer (Takara and Bell 2011).
Interestingly, double hexamers are also seen at licensed replication origins in
Xenopus egg extracts too, suggesting that a similar loading mechanism may also be
used at metazoan origins (Gambus et al. 2011). ORC remains bound at origins
throughout the yeast cell cycle but once MCM is activated in S phase, Cdc6 and
Cdtl are lost and individual MCM hexamers move off with the replication forks
(Gambus et al. 2006; Yardimci et al. 2010). MCM movement requires a marked
remodelling of the MCM complex: initial loading clearly takes place on double-
stranded origin DNA but a recent series of elegant biochemical experiments appear
to indicate that the active helicase translocates 3’5’ on the single-stranded leading
strand template DNA (Fu et al. 2011), a process that requires that the DNA duplex
at the origin is melted and one strand (the lagging strand template) is excluded from
the central channel of the helicase.

Activation of MCM helicase activity to facilitate DNA unwinding is a complicated
and highly regulated process that requires MCM to associate with two additional
factors, Cdc45 and GINS, to form the CMG (Cdc45-MCM-GINS) complex (Costa
etal. 2011; Ilves et al. 2010; Moyer et al. 2006). The precise roles of the Cdc45 and
GINS components of the CMG are not yet known. The near-complete crystal struc-
ture of the tetrameric human GINS complex has been solved (Chang et al. 2007;
Choi et al. 2007; Kamada et al. 2007) (see Fig. 1.1, Chap. 8) and cryo-EM studies
have provided a low-resolution view of CMG complex structure (Costa et al. 2011).
No crystal structures are available for Cdc45 but this protein has recently been
reported to be related to the DHH family of phosphoesterases that includes the
bacterial RecJ nuclease (Krastanova et al. 2012; Makarova et al. 2012; Sanchez-
Pulido and Ponting 2011). The structure of RecJ can been modelled into the SAXS
(small angle X-ray scattering) structure of human Cdc45 (Krastanova et al. 2012).
Eukaryotic Cdc45 does not possess nuclease activity but at least some archaeal
Cdc45 homologues, exemplified by the GAN (GINS-associated nuclease) protein,
do (Li et al. 2011).
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Prior to associating with MCM, Cdc45 is found in a complex with the SId3
protein (Kamimura et al. 2001), whereas GINS is part of the pre-LC (or pre-loading
complex) together with Sld2, Dpbl1 and DNA polymerase ¢ (Pol €) (Muramatsu
et al. 2010). S1d2 and S1d3 bind to Dpbl11 directly via the latter’s BRCT domains,
but only when phosphorylated by the S-CDK (the S phase cyclin-dependent kinase)
(Tanaka et al. 2007; Zegerman and Diffley 2007). Somehow, this phosphorylation
leads to disassembly of the S1d3-Cdc45 and pre-LC complexes and formation of the
CMG. No structural information is presently available for S1d2, S1d3 or Dpb11, and
no archaeal homologues of these proteins are apparent. Once the CMG is formed,
DNA unwinding can occur and replication can begin in earnest. Recent results have
shown that while it is not required for CMG assembly at origins, the conserved
Mcm10 protein appears to be required for CMG translocation and for origin unwind-
ing, as the trimeric single-stranded DNA binding factor RPA is not recruited to
origins when Mcml10 is depleted (Watase et al. 2012). Partial X-ray structures are
available for both RPA (Chap. 10) and for Mcm10 (Chap. 11).

1.4 The Replisome Progression Complex

The CMG complex forms the heart of the molecular assembly (called the replisome
progression complex, RPC) at each replication fork (Gambus et al. 2006, 2009).
Experiments in budding yeast have shown that each RPC contains a single MCM
hexamer only, presumably as part of the CMG, together with a number of other
proteins including the Tof1-Csm3 complex that is required for forks to pause at
protein—-DNA barriers, the histone chaperone FACT, the checkpoint mediator Mrcl,
the type I topoisomerase Topl, the Mcm10 and Ctf4 proteins known to bind DNA
polymerase a—primase (Pol a—primase) and Pol a—primase itself. Interestingly,
purified RPCs do not contain either Pol € (despite this factor’s early involvement in
CMG assembly as part of the pre-LC) nor DNA polymerase & (Pol 8), suggesting that
these polymerases (which are known to be present at moving replication forks — see
Aparicio et al. 1999) are only loosely associated with the helicase machinery (Gambus
et al. 2006, 2009). Consistent with this, experiments with Xenopus egg extracts have
shown that it is possible to physically uncouple the helicase and polymerase activi-
ties by addition of the polymerase inhibitor aphidicolin (Pacek et al. 2006).

1.5 The Replicative Polymerases

Once the origin DNA is unwound, presumably by the action of the CMG complex
in the RPC, templated DNA synthesis can begin. DNA polymerases cannot synthe-
sise DNA de novo, but can only extend from a pre-existing 3'OH group. To generate
the appropriate 3’ end, a short (10—15 nucleotide) RNA primer is synthesised by a
specialised RNA polymerase enzyme known as primase — unlike DNA polymerases,
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RNA polymerases have no difficulty in initiating RNA synthesis de novo to form the
5" ends of nascent RNA transcripts. In eukaryotes, primase forms a stable tetrameric
complex with DNA polymerase o, the Pol a—primase complex (see Chap. 9 for
detailed discussion). Once the primase component of the Pol a—primase complex
has synthesised the short RNA, Pol a recognises the newly formed 3'OH and the
nascent strand is extended by a further 20-25 nucleotides of DNA. The process of
RNA-DNA primer synthesis by Pol a—primase is required to initiate leading strand
replication at the origin and also to initiate synthesis of each and every Okazaki
fragment on the discontinuously synthesised lagging strand.

Once the 30—40 nucleotide RNA-DNA primer is completed, Pol o—primase is
believed to play no further part in leading or lagging strand synthesis: Pol o—primase
is not a processive enzyme nor does it possess the ability to proofread the DNA it
synthesises, raising the possibility that the DNA segment of the primer might con-
tain potentially mutagenic sequence errors. Instead, a polymerase switch occurs and
the RNA-DNA primer is extended, apparently in a strand-specific manner, by DNA
polymerase & (Pol &) and DNA polymerase ¢ (Pol €) (see Chaps. 12 and 13, respec-
tively, for details). Elegant genetic studies in yeast indicate that Pol & is the lagging
strand polymerase and Pol ¢ the leading strand polymerase (Nick McElhinny et al.
2008; Pursell et al. 2007, reviewed by Kunkel and Burgers 2008; Stillman 2008).

Like Pol a—primase, both Pol 6 and Pol € are multi-subunit enzymes, comprising
in each case a family B polymerase catalytic subunit and a number of smaller sub-
units, one of which, the B-subunit, is also distantly related between all three replica-
tive enzymes (reviewed by Johansson and MacNeill 2010). The catalytic subunits of
Pol & and Pol € possess both polymerase and 3'-5' exonuclease (proofreading)
activities and replicate DNA with high fidelity. Combined with earlier studies of
distantly related bacteriophage and archaeal family B polymerase enzymes, recent
structural studies of the Pol & catalytic subunit Pol3 (discussed in detail in Chap. 12)
have shed considerable light on Pol & enzyme mechanism and in particular on how
the enzyme discriminates between correctly and incorrectly incorporated bases and
how an incorrectly incorporated base triggers movement of the nascent strand from
the polymerase to the exonuclease active site (Swan et al. 2009). The structures of
the B- and part of the C-subunit of Pol & have also solved (Baranovskiy et al. 2008),
as has the structure of the C-terminal domain of Poll, the catalytic subunit of Pol a,
bound to its B-subunit Pol12 (Klinge et al. 2009), and the iron-sulphur cluster
domain of the large subunit of primase (Sauguet et al. 2010; Vaithiyalingam et al.
2010) (see Fig. 1.1).

Despite being implicated as playing a key role in leading strand synthesis, genetic
studies in both yeasts have shown that the entire catalytic domain of Pol & can be
deleted without loss of cell viability, although chromosome replication is significantly
slowed under these conditions and the cells display a variety of additional defects
(Kesti et al. 1999). This behaviour is only seen when the catalytic domain is absent
and not with catalytically inactive full-length Pol € proteins, suggesting that deleting
the catalytic domain is necessary to free-up sufficient space to allow access of Pol &
to the leading strand substrate.
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1.6 Sliding Clamp and Clamp Loader Complexes

Processivity is a vital characteristic of Pol 6 and Pol € but is not an intrinsic property
of these enzymes. Instead, processivity is acquired through interaction with a
separate processivity factor, the conserved sliding clamp PCNA (proliferating cell
nuclear antigen). PCNA is a ring-shaped trimer that is able to encircle and slide
along double-stranded DNA (Ludwig and Walkinshaw 2006). Eukaryotic PCNA is
a homotrimer whereas both homo- and heterotrimeric PCNAs are found in archaea.
In bacteria, the sliding clamp is a dimer known as the 3-sliding clamp. Both dimeric
and trimeric PCNA display six-fold symmetry (Ludwig and Walkinshaw 20006).
In addition to being essential for polymerase processivity, PCNA acts as a stable
platform onto which a large number of DNA replication and repair factors are
assembled (Tsurimoto 2006). In recent years, much progress has been made in dis-
secting the regulation of PCNA function by post-translational modification (PCNA
is ubiquitylated, SUMOylated and phosphorylated) and structures of modified and
modified PCNA complexes have been solved (see Chap. 14).

In order to be loaded onto DNA, the PCNA ring must be opened and closed
around the duplex. In eukaryotes, PCNA ring opening and closing is accomplished
by replication factor C, a pentameric clamp loader complex that comprises a large
subunit Rfcl and four small subunits Rfc2-Rfc5 (see Chap. 15 for details) (Majka
and Burgers 2004). PCNA loading is an ATP-dependent progress and each RFC
subunit is a member of the AAA+family of ATPases and ATP binding proteins.
After ORC, Cdc6 and MCM, RFC is the fourth key component of the replication
machinery to be a member of the AAA+ protein superfamily (Duderstadt and Berger
2008; Snider et al. 2008). The core structure of yeast RFC in a complex with PCNA
has been solved (Bowman et al. 2004) as has an NMR structure for the N-terminal
BRCT domain of the large Rfc1 subunit (Kobayashi et al. 2006).

1.7 Okazaki Fragment Processing

The last stage in the replication process requires sees Okazaki fragments on the
lagging strand being processed, to remove the 5" RNA primer and the short stretch
of potentially error-containing DNA synthesised by Pol o—primase prior to the
polymerase switch, and finally joined. PCNA plays an important role here too, as at
least three of the key enzymes implicated in these reactions (the nucleases Fenl and
RNaseHII, and DNA ligase I) bind directly to PCNA via a conserved short sequence
motif known as a PIP (PCNA interacting protein) motif (Warbrick 1998). A number
of structures of eukaryotic and archaecal PCNA bound to PIP box peptides have been
reported, beginning with the structure of human PCNA bound to a PIP motif peptide
derived from the mammalian cell cycle and DNA replication inhibitor p21¢!
(Gulbis et al. 1996) (see Chap. 15). DNA polymerase 0 also contacts PCNA via PIP
motifs; in budding yeast these are found in all three subunits of the Pol § complex
(Acharya et al. 2011).
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While several, perhaps all, of the key players are known (Fenl, RNAseHII and
the helicase-nuclease Dna2), the precise contributions made by each to Okazaki
fragment processing remain somewhat unclear, a reflection of the complexity of the
task at hand: the 5’ end of each Okazaki fragment is a unique species and it is likely
that different enzymes, or combination of enzymes, are involved in processing
different classes of 5’ end (see Henry et al. 2010; Pike et al. 2009, 2010; Stewart
et al. 2008, 2009, for recent contributions to this field and detailed discussion).
The structures of human Fen1 protein complexed to PCNA (Sakurai et al. 2005) and
to a5’ DNA flap structure (Tsutakawa et al. 2011) have been solved, as have archaeal
Fenl and RNAseHII structures (Chapados et al. 2001, 2004; Hosfield et al. 1998;
Hwang et al. 1998; Lai et al. 2000) (see Chap. 16 for detailed discussion of Fenl
structure and function). The structure of trimeric human and mouse RNaseHII
enzymes have also been determined (Figiel et al. 2011; Shaban et al. 2010), allowing
mutations implicated in the human auto-inflammatory disorder Aicardi—-Goutieres
Syndrome (AGS) to be mapped.

The final step in the process of Okazaki fragment maturation sees DNA ligase
I seal the nicks in the processed DNA, thereby producing a continuous nascent
strand (see Chap. 17). In yeast, this ATP-dependent DNA ligase family member is
essential for the completion of nuclear chromosomal DNA replication and plays an
essential role in mitochondrial replication also (Donahue et al. 2001; Martin and
MacNeill 2004; Willer et al. 1999). DNA ligase I has also been shown to be
essential for mouse development (Bentley et al. 1996, 2002; Petrini et al. 1995)
and a human patient with a DNA ligase I deficiency and various developmental
and growth abnormalities has been identified, underlining the importance of this
enzyme for maintaining genome integrity (Barnes et al. 1992; Webster et al. 1992).
The structure of human DNA ligase I has been solved (Pascal et al. 2004). In addi-
tion, archaea also possess ATP-dependent DNA ligases and the structures of sev-
eral of these (as well as the structure of several ATP-dependent DNA ligases from
eukaryotic viruses and bacteriophage) have been determined (Kim et al. 2009;
Nishida et al. 2006; Pascal et al. 2006), providing insights into the conserved ligase
catalytic mechanism (see Chap. 17 for details). DNA ligase I also interacts with
PCNA and with the clamp loader RFC, an interaction that is regulated by phospho-
rylation of the ligase (Vijayakumar et al. 2009).

1.8 Model Systems for the Studying Eukaryotic Replication

Much of what we know about the enzymes and mechanisms of eukaryotic chromo-
some replication has come from studies of a relatively small number of model
systems and organisms, chosen for their tractability to genetic and/or biochemical
analysis, or for their simplicity. As much of the replication machinery is conserved
across species (at least within the range of well-studied eukaryotic organisms — see
Chap. 2, this volume, for a wider discussion of this point) detailed understanding
of protein function has often come from complementary and non-overlapping
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approaches in diverse models. Indeed, it is not unreasonable to assert that full
appreciation of protein function can only come from multi-disciplinary multi-
organism approaches. The following sections briefly summarise the advantages and
disadvantages of the most widely used model systems.

1.8.1 SV40

A number of the protein factors essential for chromosome replication in eukaryotes
were first identified in studies that made use of the ability of mammalian cell extracts
to successfully replicate plasmids carrying the SV40 viral replication origin in vitro
(Waga and Stillman 1998). SV40 is a polyoma virus with a circular double-stranded
DNA (dsDNA) genome. The virus encodes only a single protein that is required for
replication of its genome (large T-antigen, a hexameric DNA helicase that also
recognises the viral replication origin), all other replication factors being encoded
by the host cell (Waga and Stillman 1998). Biochemical fractionation of host cell
extracts led to identification of a number of protein factors that were later shown to
be essential for chromosome replication also: these included DNA polymerase
o—primase (Pol a—primase) and DNA polymerase & (Pol ), the single-stranded
DNA binding factor RPA (replication protein A), the sliding clamp DNA poly-
merase processivity factor PCNA (proliferating cell nuclear antigen) and the sliding
clamp loader replication factor C (RFC). Factors required for replication origin
recognition and/or DNA unwinding (or for the regulation of these processes) were
not identified in these studies, as these functions were provided by exogenously
added T-antigen. Studies on T-antigen continue to provide valuable insights into
DNA helicase function that are highly relevant to our understanding of the catalytic
core of the cellular replicative helicase, the MCM complex (see Chaps. 6 and 7).

1.8.2 Yeast

Studies on the budding yeast S. cerevisiae and the distantly related fission yeast
Schiz. pombe have proved vital for our understanding of the biology of chromosomal
DNA replication in eukaryotes. Both organisms are genetically tractable and screens
for conditional-lethal mutants (and in particular, temperature-sensitive mutants)
have led to the identification of many essential replication factors in both organisms,
including key regulatory factors that could not be identified in the SV40 system.
In addition to being genetically tractable, both yeasts are easy to grow in the labora-
tory, have short generation times (2-3 h is typical), have sequenced genomes of
~12.5 Mb, and are amenable to a wide range of molecular and cell biological and
biochemical applications. In addition, the cell cycle of budding yeast cells can be
readily synchronised by addition and removal of the mating pheromone a-factor,
allowing studies of the timing of replication events. Most of what is known about
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replication origin function, the regulation of replication initiation and the molecular
composition of the replication apparatus has come from studies with budding yeast.

1.8.3 Xenopus

The African clawed frog Xenopus laevis is arguably the most important biochemical
model for eukaryotic chromosome replication currently in widespread use. Central
to the utility of the Xenopus system is the ability of egg cytoplasmic extracts to
faithfully replicative exogenously added sperm nuclei or purified DNA in a once-
per-cell-cycle manner (Blow et al. 1987). Further modifications to this system, such
as the teasing apart of key regulatory steps by separating the egg cytoplasmic extract
into a high-speed supernatant fraction (HSS), which supports pre-RC formation
(see below), and a nucleoplasmic extract (NPE) that stimulates replication initiation
(Walter et al. 1998), have proved immensely valuable — for example, for dissecting
key steps in the regulation of replication initiation, for identifying components of
the replicative helicase (sometimes called the unwindosome) (Pacek et al. 2006)
and for characterising the properties of the latter (Fu et al. 2011).

1.8.4 Archaea

The yeast and Xenopus systems offer the opportunity of relatively straightforward
genetic and/or biochemical analysis of the processes of eukaryotic chromosome
replication. However, although both are regarded as simple models for higher
eukaryotic (i.e. mammalian) replication, in reality the composition of the replication
machinery in these systems is probably as complex as that found in human cells.
This complexity (typified by the number of multiprotein complexes on the list of
factors known to be essential for chromosome replication) creates many problems,
especially for biochemical and structural analysis. The archaea provide a partial
solution to this problem. These organisms make up the third domain of life on Earth
and form a sister group to the eukaryotes; the components of the archacal DNA
replication machinery resemble their eukaryotic counterparts but are frequently
simpler in structure (Barry and Bell 2006) (Fig. 1.1). The MCM helicase, for
example, a heterohexamer in eukaryotes, is homohexeric in archaea (see Chaps. 6
and 7, this volume). Archaea also have the added advantage that proteins from
thermophilic or hyperthermophilic organisms can often be efficiently expressed and
purified in recombinant form and are well suited to both biochemical and structural
analysis. To date, for example, the only high-resolution structures of the Cdc6 and
MCM proteins are those of archaeal organisms (see Chaps. 4 and 6, this volume).
With tools for molecular genetic analysis now becoming available for a number of
archaeal species (Leigh et al. 2011), there is no doubt that archaeal systems still
have much to offer the eukaryotic replication community.
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1.8.5 Other Model Systems

In addition to the yeasts, Xenopus and the archaea, significant recent insights into the
eukaryotic replication machinery have come from the studies on the fruit fly Drosophila
melanogaster (Costa et al. 2011; Ilves et al. 2010), from the nematode Caenorhabditis
elegans (Sonneville et al. 2012) and from the kinetoplastid Trypanosoma brucei
(Dang and Li 2011) amongst others. Drosophila has proved particularly important
recently for studies on the CMG complex (Costa et al. 2011; Ilves et al. 2010; Moyer
et al. 2006) and characterisation of the 7. brucei CMG complex was also recently
described (Dang and Li 2011), offering a rare glimpse of replication enzyme function
in a less well-studied early-branching eukaryal sub-group.

1.9 Conclusions

Structure determination is changing the face of eukaryotic replication research but
there is still some way to go before the change is complete. Figure 1.1 provides a
visual summary of current knowledge of the three-dimensional structures of the
eukaryotic and archaeal DNA replication factors, highlighting some significant gaps
in the information at hand. These include the absence of high resolution structures
for the origin recognition complex (ORC), the heterohexameric MCM helicase and
DNA polymerase €. Perhaps most strikingly, despite their importance as key substrates
of the S phase cyclin-dependent kinase (CDK), nothing of yet known of the structures
of the SId2, S1d3 and Dpbl1 proteins (although there is presumably scope for
modelling the latter’s BRCT domains). Given the rate at which high-resolution
structures have been obtained in the last 2-3 years, however, it is highly likely that
it will not be long before at least some of these gaps are filled.
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Chapter 2
Evolutionary Diversification of Eukaryotic
DNA Replication Machinery

Stephen J. Aves, Yuan Liu, and Thomas A. Richards

Abstract DNA replication research to date has focused on model organisms such
as the vertebrate Xenopus laevis and the yeast species Saccharomyces cerevisiae
and Schizosaccharomyces pombe. However, animals and fungi both belong to
the Opisthokonta, one of about six eukaryotic phylogenetic ‘supergroups’, and
therefore represent only a fraction of eukaryotic diversity. To explore evolutionary
diversification of the eukaryotic DNA replication machinery a bioinformatic approach
was used to investigate the presence or absence of yeast/animal replisome compo-
nents in other eukaryotic taxa. A comparative genomic survey was undertaken of
59 DNA replication proteins in a diverse range of 36 eukaryotes from all six super-
groups. Twenty-three proteins including Mcm2-7, Cdc45, RPA1, primase, some
DNA polymerase subunits, RFC1-5, PCNA and Fenl are present in all species
examined. A further 20 proteins are present in all six eukaryotic supergroups, although
not necessarily in every species: with the exception of RNase H2B and the fork
protection complex component Timeless/Tof1, all of these are members of anciently
derived paralogous families such as ORC, MCM, GINS or RPA. Together these
form a set of 43 proteins that must have been present in the last common eukaryotic
ancestor (LCEA). This minimal LCEA replisome is significantly more complex
than the related replisome in Archaea, indicating evolutionary events including
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duplications of DNA replication genes in the LCEA lineage. This pattern of early
diversification of the DNA replisome in the LCEA is consistent with similar patterns
seen in the early evolution of other complex eukaryotic cellular features.

Keywords Comparative genomics * Last common eukaryotic ancestor * Opistho-
konta ¢ Phylogeny ¢ Supergroup

2.1 Introduction

Most of our knowledge of eukaryotic DNA replication comes from studies on model
organisms such as the fungus S. cerevisiae and the animal X. laevis. But fungi and
animals belong to just one of the six major eukaryotic ‘supergroups’ (Adl et al. 2005;
Simpson and Roger 2004), so variation and diversification in DNA replication
systems remain largely unexplored in the diversity of eukaryotic life. This diversity
covers numerous biological forms including important parasite groups, keystone
species in environmental processes, and independent lineages that have evolved
multicellularity, cellular differentiation and a range of reproductive systems.
The recent rise in availability of genome sequence data from a range of eukaryotes
allows bioinformatic investigation of the extent to which the yeast/animal replisome
components are present, absent, or expanded by gene duplication in other eukaryotic
groups. This comparative genomic approach is proving an important tool for under-
standing the evolution and diversification of numerous cellular systems (Dacks and
Field 2007; Dacks et al. 2008; DeGrasse et al. 2009; Hodges et al. 2010; Ramesh
et al. 2005; Richards and Cavalier-Smith 2005; Wickstead et al. 2010), providing
insight into how they operate and also identifying differentially distributed gene
targets for therapeutic agents. This chapter will apply similar approaches to the
diversification of DNA replication machinery in extant eukaryotes and the last com-
mon eukaryotic ancestor (LCEA). As part of this work we will also compare the
eukaryotic form to its homologous counterpart in Archaea, giving insight into the
ancestral diversification of this core cellular system.

2.2 Eukaryotic Diversity

Eukaryotes have unique features such as a nucleus and other complex cell struc-
tures, but also share many cellular and molecular characteristics with one or both
of the other two domains of life, the Archaea (formerly, archaebacteria) and the
Bacteria (eubacteria). The evolutionary origin of eukaryotes is hotly debated with
a number of contesting hypotheses (Embley and Martin 2006; Martin et al. 2001;
Martin and Muller 1998), many of which posit that this ancient transition involved
endosymbiotic event(s) between two or more prokaryotes, one of which was a
member, close relative or ancestor of the Archaea (Martin 2005; Martin et al. 2001).
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Indeed, some have claimed an archaeon was the progenitor of the nucleus and
represented the first endosymbiotic event in the eukaryotic lineage (Lake and
Rivera 1994). Regardless of the details of eukaryogenesis, the similarities of the
eukaryote and Archaea DNA replisome and the non-homologous nature of the
bacterial replisome are certainly consistent with shared ancestry between Archaea
and at least a subsection of primary eukaryotic conglomerations. Whether this
subsection derives from an ancestor within the Archaea, or whether Eukarya and
Archaea share a common ancestor (the so-called ‘two primary domains’ or ‘three
primary domains’ (2D or 3D) scenarios), is the subject of much debate (Gribaldo
et al. 2010). What is certain, however, is that many complex cellular characters
evolved after the initial conglomeration event(s) in the early eukaryotic lineage
and before the diversification of the last common eukaryotic ancestor (LCEA)
into extant and sampled taxa. These complex cellular characters include diverse
elements of the cytoskeleton (Richards and Cavalier-Smith 2005; Wickstead and
Gull 2011; Wickstead et al. 2010), nuclear pore complexes (DeGrasse et al. 2009),
elements of the endomembrane system (Dacks and Field 2007; Dacks et al. 2008),
centrioles (Hodges et al. 2010) and many genes encoding the machinery of meio-
sis (Ramesh et al. 2005).

Evolutionary and taxonomic explanations for the diversity of present-day
eukaryotic forms are in a state of flux, with different datasets and rival hypotheses
identifying a number of different phylogenetic trees and taxonomic hierarchies.
These phylogenetic trees reveal between three and eight major eukaryotic clades, the
exact number depending on the analysis performed and the dataset used (Bapteste
et al. 2002; Burki et al. 2007, 2008; Hampl et al. 2009; Rodriguez-Ezpeleta et al.
2005, 2007). Animals and fungi, together with some unicellular organisms such as
free-living choanoflagellates, parasitic Ichthyosporea, and amoeboid organisms
known as nucleariids, belong to the Opisthokonta, which is currently recognised as
one of the six major eukaryotic phylogenetic ‘supergroups’ (Adl et al. 2005;
Simpson and Roger 2004). ‘Opisthokont’” means ‘posterior flagellum’ and refers to
the characteristic single rear organ of motility possessed by some animal and fun-
gal cells (think sperm, or the motile zoospores of chytrid fungi) and represents one
of the most consistently recovered phylogenetic groupings (Burki et al. 2007, 2008).
Flattened mitochondrial cristae are the other ancestral defining feature of this
supergroup (Patterson 1999). These cytological characteristics and molecular phy-
logenies have been used to demonstrate that this group represents a holophyletic
clade (Cavalier-Smith 2003; Lang et al. 2002), which helps to explain why yeasts
are useful model organisms for biomedical studies. However, we note that both
yeast species commonly used for experimental study have undergone relatively
recent gene loss events, in some cases limiting their use as comparative models; we
discuss examples of this below. For comparative genomics, the opisthokonts repre-
sent one of the best sampled groups, with over 100 fungal genomes reported and
numerous animal genomes representing the wide diversity of metazoan forms.
Increasing effort has been applied to genome sequencing of single cellular relatives
of the fungi and animals, including the choanoflagellate Monosiga brevicollis
(King et al. 2008), while a sequencing initiative to sample further opithokont taxa
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that branch in and around the fungi and the animal radiations is also underway
(Ruiz-Trillo et al. 2007).

A range of molecular evidence suggests that the opisthokonts form a sister branch
to the Amoebozoa supergroup (Bapteste et al. 2002; Burki et al. 2008; Richards and
Cavalier-Smith 2005), which includes diverse forms of amoebic protozoa. In terms
of genome projects this supergroup is less well represented, with genomes of the
cellular slime mould Dictyostelium discoideum and the anaerobic dysentery
pathogen Entamoeba histolytica completed, and that of Acanthamoeba castellani
underway.

The positions of the remaining groups, and indeed the number of major clades
and how they branch relative to the root of the eukaryotes, remain unclear.
However, recognised major groups include the Plantae supergroup (also known as
Archaeplastida — referring to the ancient primary endosymbiosis of a cyanobacte-
rium — (Adl et al. 2005; Gould et al. 2008)). This contains the familiar land plants
(e.g. Arabidopsis thaliana and the moss Physcomitrella patens genomes) and green
algae (e.g. Chlamydomonas reinhardtii and Ostreococcus tauri genomes), as well
as the red algae (thodophytes — e.g. Cyanidioschyzon merolae genome), and a small
group of unicellular algae, the glaucophytes. Other algal groups can be found in the
Chromalveolata, Rhizaria and Excavata, and are all the product of multiple
secondary and/or tertiary endosymbiotic transfers of plastids (Archibald 2009).

The supergroup Chromalveolata has changed in terms of constituent groups on
a number of occasions. It was originally proposed as a major grouping united by an
ancient secondary endosymbiosis of a red alga (Cavalier-Smith 2000). This larger
grouping (sometimes called Chromista (Cavalier-Smith 1987, 1998)) has undergone
anumber of revisions (Burki et al. 2007, 2008) and recent phylogenetic data suggest
that there were two separate red algal endosymbioses (Baurain et al. 2010). As such,
current versions of the Chromalveolata encompass the alveolates and the strameno-
piles which include for example the photosynthetic diatoms (e.g. Thalassiosira
pseudonana and Phaeodactylum tricornutum genomes), brown algae (e.g. Ectocarpus
siliculosus and the microalga Aureococcus anophagefferens), dinoflagellates, Chromera
and their non-photosynthetic relatives such as the oomycete potato blight pathogen
Phytophthora, ciliates (e.g. Tetrahymena and Paramecium), and parasitic apicompl-
exa. Many of the apicomplexa possess a remnant plastid organelle, the apicoplast, for
example the causative agents of toxoplasmosis and malaria (e.g. Toxoplasma gondii
and Plasmodium falciparum genomes).

Also traditionally included within the Chromalveolata are a group now some-
times referred to as “‘Hacrobia’ — the haptophytes and cryptomonads (cryptophytes).
Haptophytes include the coccolithophores, such as Emiliania huxleyi, which are
ecologically and geologically important phytoplankton, capable of forming huge
blooms and whose calcareous platelets form a major constituent of chalk and lime-
stone sedimentary rocks. The Hacrobia acquired their plastids from a red algal
endosymbiosis, and current data suggest they constitute a monophyletic group
(Okamoto et al. 2009; Patron et al. 2007) along with several heterotrophic protists
e.g. the Katablepharids and Telonemids (Burki et al. 2008). At present Hacrobia are
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poorly represented by genome sequences and are in a state of phylogenetic limbo as
recent analyses suggest the possibility that they may belong to the Plantae super-
group rather than the Chromalveolata (Burki et al. 2008; Hampl et al. 2009; Patron
et al. 2007); they are not included in this analysis.

The Rhizaria supergroup was defined from molecular data (Archibald et al.
2003; Bass et al. 2005) and unites a diversity of planktonic and benthic heterotrophs
with phototrophs derived from another secondary endosymbiosis, in this case a
green algal endosymbiosis (e.g. Bigelowiella natans for which the genome is cur-
rently being sequenced). Some phylogenetic studies indicate affinity between the
Rhizaria and certain chromalveolate groups (Burki et al. 2007), but deep evolution-
ary relationships between the supergroups remain controversial and the Rhizaria
will be treated as a separate supergroup in this discussion consistent with the cur-
rent taxonomic framework (Adl et al. 2005).

The final supergroup, the Excavata, comprises mainly flagellates with a wide
diversity of morphological forms, most notably the agents that cause sleeping
sickness (e.g. Trypanosoma brucei genome), giardiasis (e.g. Giardia intestinalis
genome), and trichomoniasis (e.g. Trichomonas vaginalis genome). The Excavata
has been a contentious grouping because they share no single defining morpho-
logical character — rather they possess a suite of overlapping cellular characters
(Simpson et al. 2006). Attempts to test the phylogenetic relationships of these
groups have been greatly affected by artefacts such as long-branch attraction
(Philippe 2000; Rodriguez-Ezpeleta et al. 2007). However, a recent phylogenomic
analysis focused on correcting such artefacts supports the monophyly of the
Excavata and confirms a subsection of the excavates including the Discoba (e.g.
Trypanosoma, Naegleria and Euglena), metamonads and Malawimonas is mono-
phyletic when only slowly-evolving sites are sampled for phylogenetic analysis
(Hampl et al. 2009; Rodriguez-Ezpeleta et al. 2007). The status of this group
remains controversial however: it includes several long-branch forming taxa, which
group together in the Metamonada (e.g. Giardia and Trichomonas) (Cavalier-
Smith 2003). This very group has been suggested to include the primary branch in
the eukaryotic radiation (Morrison et al. 2007), implying the root of the eukaryotes
may lie within a subsection of the excavates and this may therefore not be a holo-
phyletic group when rooted.

Even from the brief outline presented here it can be seen that there is a huge
diversity of eukaryotic life, and that each of the supergroups contains organisms of
great ecological and medical importance. To what extent is the process of DNA
replication conserved or diverged across these taxa? Notwithstanding some experi-
mental data for plants (Bryant 2010) and trypanosomes (e.g. Dang and Li 2011),
little replication research has been carried out on non-animal/fungi organisms, so
this question is being addressed by bioinformatic studies using completed genome
sequences. These comparisons also enable us to identify which features of the DNA
replication system are conserved and ancestral to all sampled eukaryotic forms, and
which features are derived. Such analysis is important for comparisons with prokary-
otic replication systems, understanding how the replisome has diversified as cell
complexity has evolved, and identifying therapeutic targets.
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2.3 Conservation of Replisome Proteins

A comparative genomic survey of MCM proteins (see Chaps. 6 and 7 for detailed
description) in a diverse range of 36 eukaryotes from all six supergroups is shown in
Fig. 2.1. BLAST, PSI-BLAST (Altschul et al. 1997), and local Pfam (Bateman
et al. 2004) searches using Hidden Markov Models were performed to identify MCM
orthologues, with phylogenetic analysis to confirm the identities of the individual
MCM paralogues (Liu et al. 2009). In cases of apparent absence, Expressed Sequence
Tag (EST) and Genome Survey Sequences (GSS) data of closely-related species
were also searched. This analysis enabled us to identify the distribution of DNA
replication proteins across the extant eukaryotes. We do not use these data to identify
duplication events within each DNA replication subfamily; as such all references to
gene duplications refer to anciently derived paralogues present in the LCEA.

All six of the Mcm2-7 helicase subunits were found to be present in all 36
eukaryotes sampled, consistent with the essential roles of all six subunits in the
replicative helicase. However, the same pattern was not observed for the Mcm10
replisome protein (see Chap. 11) which in animals/fungi is required for replication
initiation and elongation (Gambus et al. 2006; Moore and Aves 2008; Pacek
et al. 2006). Mcm10, which is not related to Mcm?2-7 as has no identifiable sequence
similarity, appears absent from at least some species in three supergroups, and from
both Amoebozoa species sampled. While it cannot of course be ruled out that homo-
logues were not detected due to low homology, or that individual genome sequences
may not have 100% coverage, this implies that, although Mcm10 has widespread
distribution across the eukaryotes, in some species its replication roles are either not
required or are provided by other factors.

The Mcm?2-7 paralogues Mcm8, Mcm9 and MCM-BP also show widespread but
patchy distributions across the eukaryotes, implying gene loss events in more than
one lineage (Fig. 2.1). These proteins have received relatively little experimental
attention, possibly because they are absent in S. cerevisiae, but in vertebrates they
have been reported to function in aspects of DNA replication (Gozuacik et al. 2003;
Kinoshita et al. 2008; Lutzmann and Mechali 2008; Maiorano et al. 2005; Volkening
and Hoffmann 2005). Particularly notable in Fig. 2.1 is the concordant pattern of
presence/absence of Mcm8 and Mcm9: in all but one case the absence of one gene
corresponds with the absence of the other. This suggests that Mcm8 and Mcm9
may have associated functions in the cell. Phylogenetic analysis groups Mcm8 and
Mcm9 as sister paralogues indicating that they also share co-ancestry. The one
exception to the co-ordinate loss pattern is Drosophila melanogaster in which
McmS is present but Mcm?9 is absent. This may be the exception that proves the rule
however, because closer inspection reveals that all Drosophila species have a highly
divergent Mcm8 which has a meiotic role; Drosophila therefore may not be a
good model for McmS8 in other organisms (Blanton et al. 2005; Liu et al. 2009;
Matsubayashi and Yamamoto 2003).

MCM binding protein (MCM-BP) shares only limited homology with Mcm2-9
(Sakwe et al. 2007). However, MCM-BP interacts with MCM proteins and, at least
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Fig. 2.1 Distribution of MCM proteins in eukaryotes. Black circles indicate detections and white
circles indicate no homologue detected in a comparative genomic survey of 36 species (Figure
adapted from Liu et al. 2009)

in animals and fission yeast, can form an alternative complex in which Mcm?2 is
replaced by MCM-BP (MCMMMB?) (Ding and Forsburg 2011; Li et al. 2011;
Nishiyama et al. 2011; Sakwe et al. 2007; Takahashi et al. 2008). Xenopus MCM-BP
has been reported to participate in unloading of the Mcm2-7 complex from chroma-
tin in late S-phase (Nishiyama et al. 2011). MCM-BP is widely distributed across
eukaryote taxa but its patchy distribution is different from that of Mcm8/9 and also
from that of Mcm10 (Fig. 2.1); this suggests that it does not function in association
with these proteins and that its roles are dispensable, or are provided by other
components in species such as S. cerevisiae and Caenorhabditis elegans that lack
MCM-BP.

Comparative genomic surveys of 50 other replisome proteins, carried out across
a diversity of eukaryotes as for the MCM proteins, are summarised in Fig. 2.2. It can
be seen that some replication proteins, like Mcm2-7, are completely conserved in
all species sampled — these include Cdc45, RPA1, primase, some DNA polymerase
subunits, RFC1-5, PCNA and Fenl — and are likely to be conserved because they
perform a core function in the DNA replisome such as DNA unwinding, single-
strand DNA binding, priming, DNA synthesis, clamp loading (where PCNA is the
sliding clamp, see Chap. 15) or Okazaki fragment processing.

Other gene families, like Mcm8 and Mcm9, have a widespread distribution across
all six supergroups but are absent from individual species, suggesting they have a
shared and ancient ancestry but have been lost on multiple occasions. The third
category of proteins is those, like Mcm10, which appear to be absent from one or
more supergroups, although in almost all cases they have taxonomic distributions
well beyond the opisthokonts. This demonstrates a high degree of conservation of
the replisome system in eukaryotes. Figure 2.2 also indicates those eukaryotic repli-
some proteins which have homologues in Archaea.
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Fig. 2.2 Distribution of DNA replication proteins across eukaryotic supergroups. Black dot
indicates proteins present in all species; black/white dot indicates proteins present in some species;
white dot indicates undetected proteins. See Fig. 2.1 for genomes analysed. Replication proteins
with established archaeal homologues are indicated (final column: black dots). Lines connecting
the eukaryote rows to the Archaea rows indicate paralogue relationships. (a) Initiation, sliding
clamp and clamp loader proteins. Distributions of Mcm8, Mcm9 and MCM-BP are in Fig. 2.1. (b)
DNA synthesis and associated proteins. DNA polymerase subunits labelled ‘A’ and primase sub-
unit PriS are catalytic; ‘DNA pol e-C” and ‘DNA pol &-D’ designate Dpb3 and Dpb4 subunits
respectively. FACT FAcilitates Chromatin Transcription; FPC fork protection complex

2.4 Indispensable Replisome Proteins

Many replisome proteins are found in all eukaryotic species (indicated by a row of
black dots in Fig. 2.2). These proteins therefore appear to be indispensable compo-
nents of the replisome: certainly they have remained steadfast components of
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the eukaryotic genome during the at least one billion years of evolution that has
generated the huge diversity of eukaryotic forms (Berney and Pawlowski 2006;
Parfrey et al. 2011). We predict these indispensable proteins provide key functions
in the DNA replication process. Interestingly, almost all of them have homologues
in archaeal genomes (Fig. 2.2).

The set of indispensable replication proteins includes the Mcm2-7 hexamer
plus its accessory factor Cdc45, and the largest subunit of the RPA single-stranded
DNA binding protein (see Chap. 10). These represent the key initiation function
of DNA unwinding.

For the DNA synthesis functions, the sliding clamp PCNA plus all five subunits
of the clamp loader RFC are completely conserved in eukaryotes (Fig. 2.2) (Chia
et al. 2010), as are both primase subunits, the catalytic subunit of the initiating DNA
polymerase o and the catalytic subunit of the processive DNA polymerase 6 (see
Chaps. 9 and 12). With the exception of the dysentery pathogen Entamoeba his-
tolytica, the catalytic and B-subunit of the leading-strand processive DNA polymerase
€ (Chap. 13) are also completely conserved in eukaryotes. Together these represent
all the key activities for DNA synthesis on leading and lagging strands. For process-
ing Okazaki fragments on the lagging strand, indispensable replication proteins
ribonuclease H2A and flap endonuclease Fenl (Chap. 16) are conserved (Fig. 2.2)
and although not part of this study, it is likely that DNA ligase I (Chap. 17) can also
be added to this list (Ellenberger and Tomkinson 2008). And for chromatin
configuration, topoisomerase IIA (Top2) is conserved, as is the FACT (facilitates
chromatin transcription) complex of Sptl6 and Pob3/SSRP1 for histone interac-
tions and nucleosome disassembly/reassembly (Formosa 2012).

Virtually all of the key indispensable replication proteins outlined above have
homologues in Archaea but not in Bacteria (Barry and Bell 2006; Chia et al. 2010;
Edgell and Doolittle 1997; Forterre and Gadelle 2009; Johansson and MacNeill
2010; MacNeill 2011; Marinsek et al. 2006; Robbins et al. 2005; Robinson and
Bell 2007); only the FACT complex and possibly topoisomerase type IIA (Forterre
and Gadelle 2009) appear to be eukaryotic innovations. Again this confirms that
the DNA replisome was derived from a lineage within Archaea or a close relative,
consistent with models of eukaryotic genesis that suggest an Archaea or Archaea-
like entity contributed to the primary eukaryotic conglomeration. In many cases
the eukaryotic core replication apparatus contains paralogues which in many
Archaea are represented by a single ancestrally derived orthologue, for example
the Mcm2-7 heterohexamer is present in all eukaryotes whereas many Archaea
have a homohexameric replicative helicase; in those cases where Archaea possess
multiple MCM proteins these are best explained by Archaea-specific gene duplica-
tions (Chia et al. 2010; Liu et al. 2009). Conserved eukaryotic paralogues such as
Mcm?2-7 arose by early gene duplication events of an archaeal-like MCM after this
gene family was acquired by the eukaryotic progenitor cell prior to the LCEA
(Liu et al. 2009). These wider observations suggest that a pattern of ancient gene
duplication was important in the early evolution of the eukaryotic DNA replisome
prior to the LCEA.
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2.5 Replisome Proteins Present in All Eukaryotic Supergroups

In addition to the ‘indispensable’ eukaryotic replisome proteins, many other proteins
are present in members of all six eukaryotic supergroups, although missing from
particular species. These ‘anciently acquired but dispensable’ proteins must there-
fore represent gene products which were present in the LCEA but have been lost
from different lineages; for example, Mcm8 and 9 have been lost on at least five
occasions in evolutionary history (Liu et al. 2009). Each ‘anciently acquired but
dispensable’ protein must either not be absolutely required for DNA replication, or
its function can be substituted by other protein(s). In this context, it is notable that
all but two of these 20 proteins are members of anciently derived paralogous gene
families (ORC/Cdc6; Mcm2-9; GINS; RPA; DNA pol B; topoisomerase IB)
(Figs. 2.1 and 2.2) with only RNase H2B and the fork protection complex (FPC)
subunit Timeless (Tim1) having no evidence of ancient gene duplication and paral-
ogues but being differentially lost. Note that these proteins are ‘dispensable’ only in
an evolutionary sense: in any one species they may be performing an essential
function (e.g. Orc6 is essential in S. cerevisiae (Li and Herskowitz 1993) but absent
from the related ascomycete fungus Neurospora crassa). Examples of replication
proteins in this ‘anciently acquired but dispensable’ category are ORC subunits
Orcl, Orc2, Orc4 and Orc5; RPA subunit Rpa2; ribonuclease H2B; topoisomerase
IB (Topl); the regulatory B-subunits of all three replicative DNA polymerases; and
the Dpb3 subunit of DNA polymerase «.

Interestingly, the individual ORC/Cdc6 and GINS subunits (see Chaps. 3 and 8)
appear to be dispensable. While all species sampled in the Amoebozoa, Opisthokonta,
Plantae and Rhizaria possess all four GINS subunits, individual subunits are absent
in particular species of the Excavata and the Chromalveolata (Fig. 2.2). It is note-
worthy that many Archaea possess only one GINS protein in their replisomes which
has homology to two eukaryotic GINS subunits (Yoshimochi et al. 2008). In eukary-
otes, the GINS and ORC/Cdc6 complexes are the only anciently derived paralogous
gene families amongst the DNA replication proteins which do not contain at least
one ‘indispensable’ member (Fig. 2.2).

Aside from the RNase H2B subunit, the Timeless (Tim1) protein of the FPC is
the only protein with no evidence of anciently derived paralogues which is ‘anciently
acquired but dispensable’. The FPC appears to be a eukaryotic innovation which is
conserved across all supergroups but may be dispensable, in whole or in part, in
particular species. The two components of the FPC, Timeless (Tofl in S. cerevisiae;
Swil in S. pombe) and Tipin (ScCsm3; SpSwi3) together function in yeasts and
Metazoa to stabilise the paused replisome, activate the replication checkpoint and
facilitate chromatin cohesion, thereby contributing to genome stability (Leman
et al. 2010; McFarlane et al. 2010). It may be that in certain species both subunits
are not required, or this function may be provided in a different manner, or may be
less important due to the biology of the organism e.g. faster generation time or
tolerance of higher mutation rates.
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2.6 Replisome Proteins Not Present in All Supergroups

A minority of replisome proteins are only present in some supergroups. Some, like
Mcm10, TopBP1/Dpbl1, ORC subunits Orc3 and Orc6, RPA subunit 3, RNase
H2C and subunits of DNA polymerases 6 and ¢, have widespread distribution and
may possibly have been present in the LCEA but have not been detected in one or
two supergroups to date (Figs. 2.1 and 2.2). A few proteins have a more limited
distribution and may represent regulatory variations between taxa despite conserved
DNA replication mechanisms (Errico and Costanzo 2010; Kearsey and Cotterill 2003).
For example the FPC-interacting checkpoint mediator protein Claspin/Mrcl is
limited to opisthokonts, and geminin is an animal-specific inhibitor of the MCM
loading factor Cdtl (Fig. 2.2). It is possible that alternative factors act as regulators
of Cdtl in different eukaryotic taxa, such as the GEM protein in plants (Caro et al.
2007; Caro and Gutierrez 2007).

An alternative explanation for a limited distribution of a regulatory replication
protein is that it may be poorly conserved at the sequence level and therefore difficult
to detect across supergroups using bioinformatic methods. SId3 is a case in point:
this replication initiation protein was initially thought to be restricted to fungi, but
experimental clues and advanced bioinformatic analysis revealed homology with the
vertebrate Treslin/Ticrr protein (Kumagai et al. 2010; Sansam et al. 2010) and
identified S1d3 homologues in the Plantae and Amoebozoa supergroups (Sanchez-
Pulido et al. 2010). S1d3 function as well as structure is conserved between yeast and
vertebrates: in yeast, phosphorylation of Sld3 and Sld2/Drcl by cyclin-dependent
kinase (CDK) leads to the formation of a ternary complex with the BRCT-domain
protein Dpbl1, which is required for CMG complex formation and initiation of
DNA replication (Tanaka et al. 2007; Zegerman and Diffley 2007). Similarly, CDK-
dependent phosphorylation of Treslin/Ticrr is required for binding to BRCT-domains
of TopBP1, the vertebrate Dpb11, and initiation of DNA replication in both Xenopus
and humans (Boos et al. 2011; Kumagai et al. 2010, 2011). SId3 phosphorylation
sites and the binding region of Dpbl1 are conserved in metazoans: phosphorylated
Treslin/Ticrr binds to BRCT repeats 1 and 2 of TopBP1, which are homologous to
the Sld3-binding BRCT repeats 1 and 2 in Dpb11 (Boos et al. 2011).

The Dpbl1 protein has homologues in at least five eukaryotic supergroups
(also known as Meil in Arabidopsis; Mus101 in Drosophila; Rad4/Cut5 in S. pombe;
TopBP1 in humans)(Garcia et al. 2005) which suggests that SId3 and S1d2 may also
be widely conserved. However, the situation for Sld2 is not straightforward in that
its apparent animal homologue, the RecQL4 helicase, only shares homology in the
N-terminal domain and, although it is required for initiation of DNA replication
(Im et al. 2009; Matsuno et al. 2006; Sangrithi et al. 2005; Xu et al. 2009), it is not clear
if CDK phosphorylation is conserved (Boos et al. 2011). Other TopBP1-binding
proteins may also play a role in initiation of vertebrate DNA replication (Balestrini
et al. 2010; Chowdhury et al. 2010). The extent of RecQL4 functional similarity
with yeast SId2 therefore remains to be determined (Masai 2011).
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2.7 A Complex Ancestral Replisome

An important evolutionary point about replisome proteins represented in all six
supergroups, regardless of their dispensability or otherwise, is that these must all
have been present in the LCEA. This assumes that horizontal gene transfer is not a
factor (Keeling and Palmer 2008; Richards et al. 2011) which is consistent with the
complexity hypothesis which suggests gene transfer is rare in DNA replication-
encoding gene families (Cotton and Mclnerney 2010; Jain et al. 1999). It is
thus possible to deduce a core replisome present in the LCEA from the sum of the
‘indispensable’ and ‘anciently acquired but dispensable’ replication proteins
(Fig. 2.3). It is immediately clear that this is much more complex than the ‘core’
archaeal replisome, i.e. involving additional novel gene families and duplicated
members of the archaeal form. This indicates that many events occurred early in
the evolution of the eukaryotic cell to produce the replisome of the LCEA, most
notably a series of gene duplications to give rise to anciently derived paralogues of
single proteins (MCM, GINS, RPA, B-family DNA polymerase, etc.) present in
replisomes of extant Archaea. This observation is consistent with many other
cellular systems e.g. nuclear pore complexes, membrane trafficking systems,
molecular motors, protein complexes that control meiosis, where a large proportion
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Fig. 2.3 Schematic diagram of the possible replisome in the LCEA with ‘indispensable’ proteins
in black and others (‘anciently acquired but dispensable’) in white. DNA ligase I was not part of
this study but is included in this diagram as it is likely to be conserved in eukaryotes (Ellenberger
and Tomkinson 2008)
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of the features are derived in the LCEA (Dacks and Field 2007; Dacks et al. 2008;
DeGrass et al. 2009; Hodges et al. 2010; Ramesh et al. 2005; Richards and Cavalier-
Smith 2005; Wickstead et al. 2010).

2.8 Conclusions

A high level of conservation across all six eukaryotic phylogenetic supergroups
indicates that the last common eukaryotic ancestor (LCEA) possessed a complex
DNA replication machinery comprising at least 43 proteins. Twenty-three of these
ancestral replication proteins appear to be indispensable, in that they are present in
the genome of all species sampled; the remaining 20 have been lost in some taxa
implying that their function is not essential or can be provided by other factors.
The replisome of the LCEA was significantly more complex than replisomes of
related Archaea, possessing novel eukaryotic components and multiple paralogues.
This indicates evolutionary events including gene duplications in the lineage lead-
ing to the LCEA, paralleling the acquisition of other complex cellular features in
early eukaryotic evolution.

DNA replication research to date has been heavily concentrated on model opist-
hokonts. Studies should now be carried out on representatives of other phylogenetic
supergroups to both test bioinformatic predictions and to seek other DNA replication
components within the diversity of eukaryotic life.
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Chapter 3
The Origin Recognition Complex:
A Biochemical and Structural View

Huilin Li and Bruce Stillman

Abstract The origin recognition complex (ORC) was first discovered in the baker’s
yeast in 1992. Identification of ORC opened up a path for subsequent molecular
level investigations on how eukaryotic cells initiate and control genome duplication
in each cell cycle. Twenty years after the first biochemical isolation, ORC is now
taking on a three-dimensional shape, although a very blurry shape at the moment,
thanks to the recent electron microscopy and image reconstruction efforts. In this
chapter, we outline the current biochemical knowledge about ORC from several
eukaryotic systems, with emphasis on the most recent structural and biochemical
studies. Despite many species-specific properties, an emerging consensus is that
ORC is an ATP-dependent machine that recruits other key proteins to form pre-
replicative complexes (pre-RCs) at many origins of DNA replication, enabling the
subsequent initiation of DNA replication in S phase.
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3.1 Introduction

At the most fundamental level, the concept that at least one origin of DNA replica-
tion and multiple protein factors are required to initiate the physical process of
genome duplication is conserved across the three domains of life (Kawakami and
Katayama 2010; Mendez and Stillman 2003). In eukaryotes, an origin of DNA
replication is a stretch of DNA sequence where the Origin Recognition Complex
(Bell and Stillman 1992) (ORC) binds and subsequently recruits other factors to
establish a pre-replicative complex (pre-RC) (Bell and Dutta 2002; Bielinsky and
Gerbi 2001; DePamphilis 2003; Diffley and Labib 2002; Kawakami and Katayama
2010; Mendez and Stillman 2003; Scholefield et al. 2011; Cocker et al. 1996).
In budding yeast, the genetically defined replication origins are usually near and
often overlap with the replication start sites (Marahrens and Stillman 1992; Rao
et al. 1994; Bielinsky and Gerbi 1998; Brewer and Fangman 1987; Theis and
Newlon 1994); in mammalian species start sites have not been genetically
characterized in sufficient detail but have been reported as new ORC binding sites
(Abdurashidova et al. 2003; Bielinsky and Gerbi 2001). In Drosophila, in which
origins of DNA replication in a metazoan species have been studied in most detail,
ORC binding sites are located near actual sites of initiation of DNA replication and
also correspond to start sites of transcription (Austin et al. 1999; Kim et al. 2011;
Royzman et al. 1999; Xie and Orr-Weaver 2008; Beall et al. 2002; Bielinsky et al. 2001;
Chesnokov et al. 1999; Gossen et al. 1995; MacAlpine et al. 2010; Sher et al. 2012).
Simple organisms such as viruses and bacteria use a single origin of replication
(Kawakami and Katayama 2010). In eukaryotes, due to their vastly expanded
genome size and the hierarchical structure of the chromosomes, there are hundreds
to tens of thousands of replication origins, depending on the organism (Gilbert
1998, 2010; Ryba et al. 2010; Cvetic and Walter 2005; DePamphilis et al. 2006).
The existence and utilization of the great number of origins is likely to ensure that
these large genomes can be duplicated within a reasonable time frame and cer-
tainly within a single cell division cycle.

Aside from the fact that origins are located near to ORC binding sites and
promote initiation of DNA replication, there is little consensus among eukaryotic
species as to what constitutes an origin of replication. This is further complicated
because ORC lacks sufficient DNA binding specificity to predict the location of
origins of DNA replication, even in the budding yeasts where there is some sequence
specificity to ORC binding (Chang et al. 2011). In this regard, the yeast S. cerevisiae
is perhaps an exception rather than the norm. In S. cerevisiae, the replication origins
are well-defined and ScORC binds to the genetically defined origins, but even here
the consensus sequence is rather variable (Chang et al. 2011; Marahrens and Stillman
1992; Theis and Newlon 2001; Bell and Stillman 1992). The S. cerevisiae origins of
replication are autonomously replicating sequences (ARS), 100—150 bp long, and
constitute three of four elements termed A, B1, and B2, with an auxiliary element
in some origins called B3 (Marahrens and Stillman 1992). Element A contains the
AT-rich 11 bp ARS consensus sequence (ACS) that is the most conserved and A and
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B1 contribute to ORC binding specificity (Bell and Stillman 1992; Deshpande and
Newlon 1992; Van Houten and Newlon 1990). The B2 element contains the double
strand DNA unwinding element (DUE) where DNA replication starts and this
element is required for loading the pre-RC and DNA helicase component Mcm?2—7
[mini-chromosome maintenance subunits 2-7] (Zou and Stillman 2000; Wilmes
and Bell 2002). B3 is an accessary sequence 22 bp long and at the ARS/ origin binds
the transcription factor Abfl (Marahrens and Stillman 1992). There are several
hundred origins in S. cerevisiae and they all share the same ACS sequence and
the general three-element architecture. In other eukaryotic organisms such as
Schizosaccharomyces pombe, Drosophila melanogaster, Xenopus laevis and Homo
sapiens, the origin sequence pattern is not so well defined, except for the fact that
they are generally contain AT rich sequences. It is clear now that, in these organisms,
certain features outside ORC may be more important than ORC in defining repli-
cation origins. These additional determinants may include the local chromatin
structure such as nucleosome positioning (Aggarwal and Calvi 2004; Calvi et al. 2007;
Chang et al. 2011; Eaton et al. 2010; Lipford and Bell 2001; MacAlpine et al. 2010;
Zou et al. 2006), chromatin modifications (Eaton et al. 2011; Liu et al. 2012; Weber
et al. 2008; Hartl et al. 2007), transcription regulation (Karnani et al. 2010;
MacAlpine et al. 2004), extra protein or RNA partners (Norseen et al. 2008; Thomae
et al. 2008; Bartke et al. 2010; Shen et al. 2010), and potentially physical properties,
such as the rigidity or the malleability of the DNA fragment (Cao et al. 2008; Huang
and Kowalski 1993; Natale et al. 1993).

In contrast to the great divergence in the number and sequence of the eukaryotic
replication origins, ORC, the ATP-dependent molecular machine that binds to those
origins and helps to execute DNA replication, is well conserved throughout evolu-
tion, at least at the amino acid sequence level (Gavin et al. 1995; Tugal et al. 1998;
Speck et al. 2005; Clarey et al. 2006). There are, however, considerable differences
between species with regard to the stability and composition of ORC subunits
during the cell division cycle, a topic that is addressed below with a discussion of
selected species. Furthermore, ORC has functions and activities well beyond DNA
replication (Sasaki and Gilbert 2007). Here we limit our discussion to the principal
role of ORC in replication initiation, although a summary of ORC activities and
structures is summarized at the end of this review.

ORC is composed of six protein subunits Orc1-6, named initially in the yeast
according to their molecular masses, with Orcl being the largest subunit
(120 kDa) and Orc6 the smallest (50 kDa) (Bell et al. 1995; Bell and Stillman
1992). ORC subunits in other eukaryotes are named according to their function
and amino acid sequence conservation with their yeast counterparts (Fig. 3.1).
ORC is an ATPase and its binding to origin DNA is usually ATP-dependent
(Klemm et al. 1997; Lee and Bell 2000; Speck et al. 2005; Takenaka et al. 2004;
Bell and Stillman 1992). Despite the overall conservation, ORC has sufficiently
evolved to warrant us to discuss ORC from different species individually. In the
following sections, we will briefly survey four ORCs from S. cerevisiae, S. pombe,
D. melanogaster, and H. sapiens, outlining some biochemical and structural studies
that have been reported.
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Fig. 3.1 Conservation of the six ORC subunits among six selected eukaryotic species. (a) Sequence
identity of Orcl through Orc6 as compared to the corresponding human subunits. (b) The relative
amino acid sequence length of Orcl to Orc6 with that of the human subunit set at 1

3.2 TheS. cerevisiae ORC

The most distinctive feature of SCORC is that it forms a hetero-hexamer consisting
of the Orcl, Orc2, Orc3, Orc4, Orc5 and Orc6 subunits, forming a stable structure
throughout the cell division cycle that constitutively binds all of the origins of rep-
lication (Gibson et al. 2006). ScORC binds in a DNA sequence-specific manner,
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although compared to sequence-specific transcription factors, SCORC has low bind-
ing affinity for its highly variable recognition site, which consists primarily of the A
and B1 elements of the double strand DNA origins (Rao and Stillman 1995; Rowley
et al. 1995). ScORC exhibits a high affinity for single strand DNA (ssDNA) (K,
~107®) in a sequence non-specific manner and without the requirement for ATP, as
long as the ssDNA is longer than 80 bases (Lee et al. 2000; Clarey et al. 2006; Lee
and Bell 1997; Speck et al. 2005).

Among the six subunits, the first five subunits, Orcl through Orc5, all contain a
predicted AAA+domain, and are essential for DNA binding, although only Orcl,
Orc2, Orc4, and Orc5 appear to have direct contact to the origin DNA (Clarey et al.
2006; Lee and Bell 1997; Speck et al. 2005). This suggests that Orc3 may function
to glue the DNA-contacting subunits together as a stable complex, but not
bind DNA directly. Orc6 is the only subunit that does not contain a predicted
AAA+domain, and does not bind DNA. However, Orc6 is an essential subunit for
DNA replication because Orc6 recruits multiple Cdtl molecules during repeated
loading of the replicative helicase core, the Mcm2-7 hexamer (Asano et al. 2007,
Chen and Bell 2011; Chen et al. 2007; Takara and Bell 2011).

The largest subunit Orcl is unique among ORC subunits, because it has a
N-terminal 235-residue bromo-adjacent homology (BAH) domain that interacts
with the C-terminal region of silencing regulator Sirl (Zhang et al. 2002; Bose et al.
2004; Fox et al. 1997; Gardner et al. 1999; Hou et al. 2005; Ozaydin and Rine 2010;
Triolo and Sternglanz 1996). The BAH domain is not essential, but its presence in
Orcl can influence origin binding specificity, as it also does in human ORC (Muller
et al. 2010; Noguchi et al. 2006). This latter specificity may be related to the known
nucleosome binding properties of the BAH domain present in the Orc1-related protein
called Sir3 (Armache et al. 2011; Hickman and Rusche 2010). Sir3 is a regulator of
the silent mating type genes in yeast and maintains certain mating type gene loci
transcriptionally silent. The BAH domain of Orc1 binds to the Sirl protein, which
is also required for efficient silencing of the silent mating type loci. In the absence
of Sirl or the Orcl BAH domain, different epigenetic states of mating type gene
expression are established (Bell et al. 1993, 1995; Pillus and Rine 1989, 2004;
Zhang et al. 2002). The crystal structure of the Sir3 AAA+domain has recently
been determined and although it does not have an ATPase activity (unlike the Orcl
AAA+domain), the Sir3 AAA+domain has evolved to bind to its partner Sir4 (silent
information regulator protein) and to chromatin containing non-methylated H3K79
residues (Ehrentraut et al. 2011). Thus, after duplication of the Orcl gene, the Sir3
allele evolved to acquire diverse biochemical functions for an AAA+ protein, even
though it retained the same overall structural features of the AAA+domain.

Both Orcl and Orc5 can bind ATP (Klemm et al. 1997; Klemm and Bell 2001;
Takehara et al. 2008), but the ATPase activity of SCORC primarily resides in the Orcl
subunit, and relies on the presence of an arginine finger in Orc4 (Bowers et al. 2004;
Randell et al. 2006). Orc1 has a predicted classic AAA+ ATPase domain, with func-
tional Walker A and Walker B motifs and the ATPase activity controlled by the
insertion of an arginine residue present in the Orc4 subunit into the active site of the
Orc1 ATP binding site (Bowers et al. 2004). Orc1 ATPase activity is required for load-
ing of multiple subunits of the Mcm2—-7 hexamer and is blocked by origin-specific
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double-stranded DNA (Klemm et al. 1997; Randell et al. 2006). Thus the ATPase
activity of ORC is required for DNA replication. Many ORC subunits, including Orc1
have a predicted winged-helix (WH) domain that may contribute to DNA binding
(Clarey et al. 2006; Speck et al. 2005), just like the DnaA protein uses both its
AAA+and its Helix-turn-helix domains for DNA sequence specific DNA binding
(Kawakami and Katayama 2010).

ScORC is subject to cyclin-dependent kinase (CDK) activity regulation and is a
substrate for the cell cycle regulatory kinase (Nguyen et al. 2001; Weinreich et al.
2001; Wilmes et al. 2004). ScOrc2 and ScOrc6 are phosphorylated by CDK only
during S and G2 phases of the cell cycle. Phosphorylation on Orc2 enhances Orc5
to bind to ATP (Makise et al. 2009). Phosphorylation of Orc6 by CDK prevents it
from interacting with Cdtl, thus regulating the Mcm?2-7 helicase loading (Chen and
Bell 2011). CDK phosphorylation sites in ORC can be altered without much pheno-
typic consequence, unless additional sites in Cdc6 and Mcm2-7 are simultaneously
altered, leading to over-replication of DNA from certain origins of DNA replication
in the genome (Nguyen et al. 2001).

The Orc1 subunit, in addition to having a primary amino acid sequence related to
Sir3, is also highly related to Cdc6. In fact many archaea species only have a single
Orc1/Cdc6 protein that binds to the origin in a DNA sequence-dependent manner
(see Chap. 4, this volume) and has amino acid sequence similarity to both Orc1 and
Cdc6 (Capaldi and Berger 2004; Duncker et al. 2009; Gaudier et al. 2007; Tada
et al. 2008). In S. cerevisiae, the Cdc6 protein is an AAA+ ATPase that is required
for Mcm2-7 loading onto the pre-RC, but then Cdc6 is degraded by ubiquitin-
mediated proteolysis at the G1 to S phase transition, dependent on the activation of
the S-phase cyclin-CDKs (Clb5-Cdc28 and Clb6-Cdc28) (Cocker et al. 1996; Liang
et al. 1995; Santocanale and Diffley 1996; Duncker et al. 1999; Perkins et al. 2001;
Drury et al. 1997, 2000; Piatti et al. 1996). The destruction of Cdc6, while leaving
ORC intact, is part of the mechanism that ensures that the pre-RC cannot be reas-
sembled in S and G2 phases, thereby limiting the initiation of DNA replication to
once per cell division.

Recent electron microscopic (EM) studies of the intact SCORC revealed a bipar-
tite structure about 120 A wide and 160 A long (Fig. 3.2) (Speck et al. 2005).
Assuming that DNA binds along the length of the protein complex, the length of the
ScORC structure is sufficient to interact with the observed 48 bp DNA fragment in
the presence of ATP, as observed in the DNase I footprint assay (Bell and Stillman
1992; Speck and Stillman 2007). Systematic subunit mapping with a maltose bind-
ing protein fused at the N-terminus or the C-terminus of the individual ORC subunits
showed that Orcl, 4, and 5 are located to one domain of the bi-globular structure,
whereas Orc2 and Orc3 are located at the other end (Chen et al. 2008). Therefore, the
most likely arrangement of the first five subunits is Orc1-Orc4-Orc5-Orc3-Orc?2,
with Orcl and Orc2 at the two extremes of the pseudo-ringed structure. Such an
architecture is consistent with in vivo and in vitro subunit interaction assays revealing
direct contact between Orc2 and Orc3, and between Orc4 and Orc5, between Orcl
and Orc4, and between Orc4—5 and Orc2-3 (Chen et al. 2008; Matsuda et al. 2007).
The physical position of Orc6 was mapped by comparing the EM structures of the
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Fig. 3.2 EM structures of (a) SCORC, (b) ORC-Cdc6 and (c) archaeal Mcm. (a, b) ScCORC
structure. The approximate locations of the ORC subunits (a) are marked based on the observed
MBP location on ORC complex with MBP fused to N- or C-terminus of subunits, one subunit and
one terminus at a time (Chen et al. 2008). Cdc6 binding to the left side of ORC, forming a ring-like
feature as illustrated by a dashed blue circle (b). The crystal structure of an archaeal Cdc6 ortholog
(PDB ID 1FNN) is docked into the EM density assigned to ScCdc6, and shown by pink ribbons.
(¢) The low-pass filtered crystal structure of the hexameric N-terminal domain of an archaeal Mcm
(PDB ID 1LTL) (Figure modified from Speck et al. (2005))

intact ORC and Orc1-5 sub-complex missing Orc6 (Chen et al. 2008). In the 3D
difference density map, two density peaks were identified: a larger one at the lower
Orc2-3 lobe and a smaller one near the upper Orc1-4-5 lobe. This observation
suggests that Orc6 binds mainly with Orc2-3 at the lower lobe but reaches up to
Orc1-4-5 lobe. A weak interaction between Orc6 and Orc5 was indeed found in the
yeast two-hybrid analysis (Matsuda et al. 2007).

S. cerevisiae Cdc6 is another important replication initiation factor beyond ORC.
It is predicted to contain an AAA +domain, including the DNA-binding initiator-
specific motif (ISM), and the DNA-binding winged helix domain, features well-
conserved among known replication initiators (Dueber et al. 2007, 2011; Gaudier
etal. 2007). In the absence of Cdc6, ORC is merely an origin binder and cannot load
the Mcm2-7 complex. In order to establish a pre-RC at an origin, ORC has to be
transformed from a passive origin binder or origin marker to the active replicative
helicase loader. It appears that Cdc6 throws a molecular switch in ORC that enables
such a transformation (Lee and Bell 2000; Speck et al. 2005). Cdc6 binding to ORC
in vitro introduces an extended pre-RC-like footprint on several replication origins.
Formation of the pre-RC signature DNA footprint is dependent on specific origin
sequence, and the intact ATPase activity of ORC as well as that of Cdc6 (Speck
et al. 2005; Speck and Stillman 2007). The ATP hydrolysis activity of ORC is inhib-
ited upon binding to the specific origin DNAs, and the ATP hydrolysis activity of
Cdc6 is suppressed upon binding to ORC that is bound on specific origin DNAs.
Presumably, the ATP molecules in the ORC-Cdc6-DNA assembly are preserved for
use in the subsequent recruitment and loading of Mcm2-7 helicase that are likely to
be a series of energy-requiring molecular events (Evrin et al. 2009; Remus et al.
2009; Lee and Bell 2000; Randell et al. 2006). EM studies showed that Cdc6 binds
to the side of the bipartite ORC, in close contact with Orc1, forming an apparently
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ring-like feature in the complex (Fig. 3.2). The ring-like feature may function as the
landing pad for the ring-shaped Mcm2-7 helicase core complex. Since Mcm2-7 is
first loaded on the dsSDNA rather than ssDNA (Evrin et al. 2009; Remus et al. 2009),
it is unlikely that SCORC will melt the dsDNA. Therefore, the function of initial
dsDNA melting will then have to be executed by the replicative helicase.

Following the determination of the structure of ORC and the ORC-Cdc6 struc-
ture using transmission electron microscopy, a recent study has shown a higher
resolution structure of ORC-Cdc6 bound to origin DNA [ARS] (Sun et al. 2012).
This structure shows that upon binding Cdc6 in a ATP-dependent manner, the BAH
domain of Orcl moves considerably to the back of the ring-like complex and new
density, most likely the Orc6 subunit, protrudes to the front of the complex. Orc6
has been shown to bind to two copies of the Cdt1 protein and thus the major confor-
mational change in Orc1 may facilitate the binding of two Ctd1-Mcm?2-7 heptamers
to the origin DNA. Although the DNA was not visible in the cryo-EM structure of
ORC-Cdc6-DNA complex, modeling of the archaeal Orc1/Cdc6 crystal structure
into the individual ORC-Cdc6 subunits allows the prediction that the DNA forms a
highly bent conformation within the ORC-Cdc6 complex, explaining the extended
protection from nuclease in DNA footprinting experiments. The bending of the
DNA is also consistent with other EM studies of ORC bound to DNA (Chastain
et al. 2004).

3.3 TheS. pombe ORC

It was thought that SpORC, like ScCORC, remains bound to chromatin throughout
the cell cycle (DePamphilis 2005; Kong and DePamphilis 2002). But a recent study
showed that SpORC behaves much like the metazoan ORC rather than ScCORC and
binds replication origin periodically during the cell cycle, with the binding peaking
at M to G1 transition stage (Wu and Nurse 2009). Like in the budding yeast, SpORC,
SpCdc18 and the SpCdtl are required for Mcm loading and pre-RC assembly upon
exit from mitosis (Kearsey et al. 2000; Kong and DePamphilis 2002; Moon et al.
1999; Nishitani and Nurse 1997; Ogawa et al. 1999; Takahashi et al. 2003).
SpOrcl, 2, and 5 subunits are highly conserved with their counterparts from
S. cerevisiae (Fig. 3.1) (Moon et al. 1999). SpOrc4 is unique among ORC proteins
in that it has an N-terminal extension containing nine AT-hook motifs that are not
found in budding yeast or metazoan Orc4 homologs (Chuang and Kelly 1999). The
SpOrc4 AT-hooks specifically bind the minor groove of AT-rich DNA tracts, and are
necessary and sufficient for the DNA binding activity of SpOrc4 (Chuang et al.
2002; Gaczynska et al. 2004; Lee et al. 2001). Indeed, it appears that the SpOrc4
AT-hooks are solely responsible for the DNA binding activity of the entire SpORC
complex, as deletion of the Orc4 AT-hooks not only abolishes the DNA binding of
Orc4, but that of the SpORC as well (Gaczynska et al. 2004). However, the AT-hook
mediated initial binding of SpORC to origin DNA is salt-sensitive, and this interaction
is gradually converted to a salt-stable binding state in which the topology of origin
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DNA is changed into a negatively-supercoiled or under-wound state (Houchens
et al. 2008). In agreement with this suggested DNA topology change, an atomic
force microscopy measurement of SpORC bound to the ars! containing DNA
fragments revealed shortening of the DNA length by 140 bp, a length sufficient for
wrapping around SpORC by two turns (Gaczynska et al. 2004). SpCdc18, the
homolog of ScCdc6, interacts with Cdtl and together they further enhance the
binding stability of SpORC on origin DNA, as if the SpCdc18-Cdt1 binary complex
is an additional origin determinant in S. pombe (Kelly et al. 1993; Houchens et al.
2008). No structural characterization of the purified SpORC has been reported so far.
Because of the unique AT-hooks in SpOrc4, the mechanism of origin recognition of
SpORC may be different from that of other eukaryotic systems.

3.4 The D. melanogaster ORC

DmORC can be isolated from a Drosophila embryo nuclear extract as a stable
complex (Gossen et al. 1995). But the presence of DmORC is cell cycle-dependent,
and is regulated by the degradation of Orc1 via the ubiquitin proteasome pathway at
the late M phase (Araki et al. 2003). DmOrc1 is resynthesized during late G1-phase.
DmORC is also an ATPase, and like ScOrcl, DmOrcl is essential for ATP hydrolysis
and for ATP-dependent DNA binding (Chesnokov et al. 2001). In contrast to ScOrc6,
which is not required for DNA binding, the DmOrc6 is required for the DNA binding
of DmORC and is an integral part of the DmORC complex (Chesnokov et al. 2001).
The DmOrc6 alone has DNA binding activity, likely due to the predicted TFIIB-like
DNA binding domain in the smallest subunit (Liu et al. 2011). Mutations to the
predicted DNA binding region abolish its DNA binding activity (Liu et al. 2011).
DmOrc6 contains a C-terminal domain that is important for cytokinesis and binds
to the septin protein that mediates closure of the cytokinesis furrow at the end of cell
division; this feature seems to be conserved among metazoans (Chesnokov et al.
2003; Huijbregts et al. 2009; Prasanth et al. 2002).

Under EM, DmORC is an elongated structure with dimension of 170 A by 115 A,
similar to SCORC (Clarey et al. 2006) (Fig. 3.3). The notable feature of DmORC is
a spiral crescent that encompasses a 25 A channel. Because there has been no bio-
chemical or structural reports on the subunit arrangement, it is not clear if DmORC
shares the same architecture with SCORC. But the overall dimension and basic
shape of the EM reconstruction of the two protein complexes appear to be compa-
rable, although not exactly the same. Similar features include the open-ring and the
middle location of Orc5 that was mapped in SCORC by MBP-fusion approach, and
in DmORC by a specific antibody (Fig. 3.3b).

DmORC binds DNA with little sequence specificity. DmORC localizes to open
chromatin regions that are depleted of nucleosomes (MacAlpine et al. 2004, 2010).
Interestingly, DmORC binds the negatively supercoiled DNA 30-fold better than a
linear or relaxed DNA and therefore DmORC may target the topology rather than
the sequence of the origin DNA (Remus et al. 2004). Because of the lack of sequence
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Fig. 3.3 Comparison of EM structures of SCORC (EM Data Bank ID: EMD-1156) and DmORC
(EMD-4820) reveals the similar basic overall architecture, including the opened ring feature
outlined by a dashed curve, and the middle location of Orc5 in both ORC complexes, but the
difference in the structural details is also obvious

specificity, it has been unclear how DmORC binds origin DNA: which subunit does
or does not directly contact DNA or what is the size of the DNA footprint of
DmORC. An AFM study showed shortening of a linear DNA by ~130 bp upon
DmORC binding. This length is similar to the 140 bp DNA shortening by the
SpORC. Therefore, DmORC may also wrap around DNA, much like the SpORC
(Clarey et al. 2000).

DmORC also is subject to CDK-mediated phosphorylation (Baldinger and
Gossen 2009). DmOrcl and DmOrc2 each contain several phosphorylation sites.
Hyper-phosphorylation at these sites does not affect the integrity of DmORC, but
prevents DmORC from binding to DNA (Remus et al. 2005). This is different from
the yeast ORC where phosphorylation does not appear to affect their DNA binding
activity. At the single molecule EM level, the hyper-phosphorylated DmORC is
structurally indistinguishable from the dephosphorylated version (Fig. 3.3) (Clarey
et al. 2006). Therefore, it can be concluded that phosphorylation does not introduce
substantial conformational changes in DmORC. To reconcile the phosphorylation-
induced interference with the DNA binding, one could imagine that extensive
phosphorylation will significantly alter the physicochemical property of the surface
of DmORC, even in the absence of large structural changes; this may interfere with
DmORC interactions with DNA.

The location of DmORC to the entire genome has been reported using a chromatin-
immunoprecipitation assay and mapping the associated DNA fragments using
microarrays or deep sequencing (Calvi et al. 2007; MacAlpine et al. 2004, 2010;
Spradling 1999). This association occurs as cells exit mitosis (Baldinger and Gossen
2009). DmORC is associated with regions of the genome enriched with the histone
H3 variant H3.3 that is associated with transcribed regions and indeed, DmORC is
associated with transcription initiation sites (MacAlpine et al. 2010). The complex
is also associated with origins of DNA replication that are amplified within a single
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cell division cycle during embryonic development, notably for the production of
egg shell proteins in the follicle cells (Austin et al. 1999; Kim et al. 2011; Kim and
Orr-Weaver 2011; Xie and Orr-Weaver 2008). Here, DmORC interactions with
chromatin occur in regions enriched with the transcription factor E2F (Bosco et al.
2001; Royzman et al. 1999). The E2F transcription factor is associated with a larger
complex called the Myb—-MuvB (MMB)/dREAM complex that contains the Myb
protein that is required for DNA replication and which is also associated with devel-
opmentally regulated gene expression (Georlette et al. 2007; Beall et al. 2002). Thus
ORC may associate with specific chromatin structures that differ in different cell
types, although this aspect of ORC binding has not been well investigated.

Mutations in DmORC subunits cause defects in DNA replication as expected,
but cells are also observed to arrest in mitosis, although this has been attributed to
DNA damage as a result of incomplete DNA replication (Chesnokov et al. 2001;
Loupart et al. 2000; Pflumm and Botchan 2001). DmORC subunits, however, localize
to centromeric heterochromatin and also bind the HP1 protein that is associated
with heterochromatin (Badugu et al. 2005; Huang et al. 1998; Pak et al. 1997,
Shareef et al. 2001, 2003).

3.5 The H. sapiens ORC

Human cells contain as many, if not more, origins of DNA replication than there are
genes in the genome, although their usage is not well understood (Falaschi et al.
2007). Only a little over a dozen origins have been studied with any depth and even
these have not been well characterized. One of the first specific origins identified
was the lamin B2 origin (Abdurashidova et al. 2000). Recombinant human Orc4
alone was shown to bind the lamin B2 origin of DNA in vitro and in an ATP-
independent manner (Stefanovic et al. 2003), perhaps reminiscent of the SpOrc4 in
the origin DNA binding capacity as an individual ORC subunit, although the human
protein contains no discernible AT-hooks. However it is unlikely that this biochemical
interaction is functionally significant for DNA replication. Human ORC binds to the
latent replication origin of Epstein—Barr virus in B cells where it is required for the
maintenance of the EBV plasmid (Chaudhuri et al. 2001; Dhar et al. 2001b; Julien
et al. 2004). ORC also has been reported to bind in HeLa S3 cells to intergenic
AT-rich regions (Ladenburger et al. 2002) and to the DBF4 promoter locus that is an
efficient replication origin (Romero and Lee 2008). This origin of replication con-
tains two initiation zones and two ORC binding sites that are approximately 400 bp
apart. The two-zone origin appears to promote a novel mode of asymmetric bidirec-
tional replication at the DBF4 origin. The recombinant and purified human ORC
has intrinsic DNA binding activity with preference for AT-rich sequences (Vashee et al.
2003). The purified human ORC seems to be capable of promoting the initiation of
DNA replication from any DNA sequence in vitro, with no preference for human
origin sequences, when DNA is added to ORC-depleted Xenopus egg extracts
(Vashee et al. 2003). This specificity of initiation of DNA replication reflects the
lack of DNA sequence specificity for DNA injected into activated Xenopus eggs
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(Harland and Laskey 1980) and may say more about the nature of the egg system
then origin specificity in human cells.

The six subunits of human ORC were first identified by sequence similarity to
their yeast counterparts (Dhar et al. 2001a; Dhar and Dutta 2000; Gavin et al. 1995;
Siddiqui and Stillman 2007; Tugal et al. 1998; Vashee et al. 2001) (see also Fig. 3.1).
The assembly of ORC and the stability of the complex are both ATP-dependent.
In the absence of ATP, the full complex does not assemble, and in the absence of
ATP the assembled complex is so fragile that it cannot survive glycerol gradient
fractionation (Ranjan and Gossen 2006). ATP can be replaced by ATPyS for the
purpose of assembly or maintenance of structural integrity, suggesting ATP is a
structural cofactor for ORC assembly. The assembly of human ORC is a stepwise
process in vitro: first, Orc2 and Orc3 form a binary complex, then the binary complex
recruits OrcS. The newly formed ternary complex subsequently recruits Orc4,
forming a quaternary complex. Incorporation of Orc4 into the growing complexes
is ATP-dependent (Ranjan and Gossen 2006; Siddiqui and Stillman 2007). The
Orc2-5 quaternary complex in turn recruits Orcl. ATP binding by Orcl is not essential
for this step, but ATP binding of Orc4 is essential for assembly of both Orc1-5 and
Orc2-5 (Siddiqui and Stillman 2007). It is possible that Orc4 is physically located
between Orcl and Orc5, and ATP binding converts Orc4 into an assembly competent
configuration with which Orcl can interact from one side, and Orc5 interacts from
the other. Mutations in the ATP binding sites of Orc4 and Orc5 impair complex
assembly. Thus human ORC is unique in that ATP is not only required for its func-
tion in replication initiation, but also in the assembly and stability of the complex.
Although the ATP binding motifs in Orcl, Orc4, and Orc5 subunits are important
for replication activity (Giordano-Coltart et al. 2005), the ATPase activity of human
ORC is largely contained in Orcl.

The HsORC is a very dynamic complex in vivo and indeed the period of the cell
division cycle during which ORC exists as a complete complex may be temporally
restricted to G1 phase (Kreitz et al. 2001; Mendez et al. 2002; Tatsumi et al. 2003).
The HsOrcl1 subunit is degraded at the G1 to S phase transition in a Skp2 ubiquitin
ligase-dependent manner, only to be re-appear as cells enter mitosis (Mendez et al.
2002; Tatsumi et al. 2003). The Orc2, Orc3, Orc4, Orc5 and Orc6 subunits are
displaced form chromatin as cells progress through S phase, but a heterodimer of
Orc2 and Orc3 remains bound to the centromere and functions during mitosis
(Craig et al. 2003; Prasanth et al. 2004; Siddiqui and Stillman 2007). Thus HsORC
is a very dynamic complex with respect to the cell division cycle. It has also been
reported to be associated with centrosomes where it controls the cyclin E-CDK2-
dependent duplication of centrioles (Hemerly et al. 2009). Orc6 and Orcl each
contain their own NLS, and are targeted to nucleus independently of Orc2-5. Such
a mechanism allows for the formation of different sub-complexes for the different
functions (Ghosh et al. 2011). Additional proteins other than ORC subunits, such as
the WD-repeat protein ORCA (LRWD1) may enhance human ORC binding to
origins and facilitate pre-RC assembly (Bartke et al. 2010; Chakraborty et al. 2011;
Shen et al. 2010; Vermeulen et al. 2010). The LRWDI protein is interesting as it is
associated with repressive marks on histone H3, such as H3K9 and H3K27 methylation,
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suggesting that the ORC may recognize specialized chromatin structures via histone
modifications.

Overexpressing all six subunits yields only Orc1-5 sub-complex, with Orc6 only
loosely associated with the complex. Orc6 joins Orcl-5 only at the G1/M phase,
and dissociates from Orc1-5 in the S phase. Orc6 contains a middle domain with a
structure similar to the helical domain of the TFIIB transcription factor (Liu et al.
2011). Interestingly, this middle domain of Orc6 binds to dsDNA. Orc6 has also
been shown to interact directly with Orc3 (Siddiqui and Stillman 2007); this is
different to the situation in S. cerevisiae where Orc6 binds Orc2 (Sun et al. 2012).
Other than that, the subunit interaction pattern of the human ORC appears to be
similar to that of the ScCORC, suggesting a conserved ORC architecture across
evolution.

A prominent feature of human ORC is the transient association of both Orc1 and
Orc6 with the Orc2-5 quaternary core complex (Dhar et al. 2001a; Siddiqui and
Stillman 2007; Vashee et al. 2001, 2003). In addition to sites that correspond to
origins of DNA replication, ORC also binds to heterochromatin and interacts with
the heterochromatin protein HP1 (Chakraborty et al. 2011; Duncker et al. 2009;
Lidonnici et al. 2004; Prasanth et al. 2010; Wallace and Orr-Weaver 2005). Human
Orcl-5, together with HP1, localizes to heterochromatin, and may be involved in
organizing higher order chromatin structure (Prasanth et al. 2010). Interestingly, the
association of the Orc2, Orc3, Orc4 and Orc5 subunits at sites of heterochromatin is
very dynamic, with a half-life of association of approximately 4-5 s in vivo. This
dynamic association of ORC subunits is similar to the dynamic association of HP1
to heterochromatin. In stark contrast, the Orc1 subunit, once bound, is stably bound
to heterochromatin, suggesting that this subunit has a distinct interaction with either
DNA or HPI1. Both the Orcl and Orc3 subunits bind directly to HP1, perhaps
explaining the different chromatin binding kinetics, but Orcl must interact with
other components of the chromatin other than HP1.

3.6 Future Perspectives

Crystal structures of archaeal ORC proteins in complex with DNA have provided
tantalizing clues about how the eukaryotic ORC may interact with DNA (Berquist
and DasSarma 2003; Dueber et al. 2007; Duncker et al. 2009; Gaudier et al. 2007;
Grainge et al. 2003; Wigley 2009) (see Chap. 4, this volume). But clearly, the crystal
structure of ORC is a critical missing piece of information that, when available, will
greatly advance the field. Many eukaryotic ORCs have been expressed in various
heterologous systems and then purified. It is hoped that the next several years may
see a series of crystal structures of the eukaryotic replication initiators, likely in the
form of individual ORC subunits or as the stable sub-complexes. However, given
the large size, the dynamic nature, and interaction with extended stretch of DNA
sequences, the structure of the entire ORC, and its further assembly with other
replication factors, such as the replicative helicases, could be exceedingly difficult
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for such crystallographic approaches. We anticipate that single particle cryo-EM
will continue to play an important role in elucidating the molecular mechanism of
eukaryotic replication initiation. Indeed, the anticipated crystal structures of the
individual subunits or sub-complexes will facilitate the interpretation of cryo-EM
studies of the various replication initiation complexes, including ORC, Cdc6,
Cdtl bound to Mcm2-7 and the Mcm2—7 double hexamer. And without a doubt,
EM and crystallographic observations will raise deeper mechanistic questions that
will prompt more specific biochemical experiments.
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Chapter 4
Archaeal Orc1/Cdc6 Proteins

Stephen D. Bell

Abstract The initiation of DNA replication in most archaeal genomes is mediated
by proteins related to eukaryotic Orc1 and Cdc6. Archaeal replication origins have
been mapped and their interactions with Orc1/Cdc6 proteins have been character-
ized at the biochemical level. Structural and biophysical studies have revealed the
basic rules of sequence recognition by archaeal initiators.

Keywords DNA replication * Helicase loader ¢ Archaea ¢ Evolution ¢ Initiators

4.1 Introduction

First put forward in 1963, the replicon hypothesis posits that defined sequences
within genomes serve as cis-acting “replicator” or origin sequences and trans-
acting “initiator” factors act upon these sites to mediate replication initiation (Jacob
et al. 1963). In bacteria, the broadly-conserved DnaA protein fulfills the role of
initiator. The eukaryotic counterpart of DnaA is the six-subunit origin recognition
complex (ORC) composed of Orc1-Orc6. As detailed in Chap. 3 of this book, ORC
interacts with origins and leads to the recruitment of the MCM replicative helicase,
in a reaction that is dependent upon two additional factors, Cdc6 and Cdtl (Bell and
Dutta 2002). Interestingly, Orc1 and Cdc6 show a degree of sequence conservation,
suggesting that they may have evolved from a common ancestor. When the first
archaeal genome sequences became available, it was instantly apparent that archaea
have a DNA replication machinery that is closely-related to that of eukarya and
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clearly distinct from the analogous apparatus in bacteria. More specifically, genes
encoding homolog(s) of the MCM helicase subunits, the two-subunit core DNA
primase, the sliding clamp PCNA, the clamp loader RFC, the flap endonuclease
Fenl and the ATP-dependent DNA ligase I were found to be highly conserved
between archaeal species (Edgell and Doolittle 1997). Intriguingly, however, the
first archaeal genome to be sequenced, that of Methanocaldococcus jannaschii, did
not reveal any clear candidates for initiator proteins. However, subsequent genomes
of other archaeal species revealed one or more genes encoding proteins that were
homologous to both Orcl and Cdc6, possibly representative of the ancestral gene
from which the distinct eukaryotic proteins evolved. In the following, I shall refer to
the archaeal proteins generically as Orc1/Cdc6. Unfortunately, there has been no
consensus policy adopted for the naming of these genes in archaeal genomes. This
has resulted in a confusing and non-unified nomenclature with some projects calling
orthologous proteins either Orcl or Cdc6. To add to the confusion, some workers
have named multiple Orc1/Cdc6 paralogs Orcl, Orc2, Orc3, etc., implying a non-
existent relationship with the eukaryotic-specific ORC components Orc2, Orc3, etc.

Thus, with the exception of M. jannaschii and its relatives in the Methanococcales,
archaea possess one or more Orc1/Cdc6 paralogs. To date the protein or proteins
responsible for defining replication origins within the Methanococcales remain
unknown.

4.2 Origins of DNA Replication in the Archaea

Four principal phyla of archaea have been identified thus far, the Crenarchaeota,
Euryarchaeota, Thaumarchaeota and Korarchaeota (Brochier-Armanet et al. 2008;
Elkins et al. 2008). While genes for Orc1/Cdc6 proteins are found in all four phyla,
biochemical studies of these proteins have been restricted to the Crenarchaeota and
Euryarchaeota and structural studies have been confined to crenarchaeal proteins.
Nevertheless, as detailed below, the degree of sequence conservation both of the
initiators and their DNA binding sites suggests that some general conclusions may
be drawn despite the limited phylogenetic range of proteins sampled to date.

All archaea studied so far possess simple circular chromosomes that contain
polycistronic transcription units and are thus reminiscent of the chromosome orga-
nization of most bacteria. This apparent parallel was strengthened with the first
characterization of the replicon architecture of the chromosome of the euryarchaea
from the genus Pyrococcus. Bioinformatic studies, in conjunction with in vivo DNA
labeling studies, revealed that this organism, like bacteria, had a single origin of
replication in its chromosome (Myllykallio et al. 2000). Furthermore, this origin
was tightly linked to the gene for the single Orc1/Cdc6 homolog in Pyrococcus,
again reminiscent of the linkage of dnaA genes with origins in many bacteria.
However, as alluded to above, many archaea possess multiple Orc1/Cdc paralogs.
For example, members of the genus Sulfolobus encode three such genes, now
called orcl-1, orcl-2 and orcl-3, in their single chromosome (She et al. 2001).
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Fig. 4.1 Cartoon of the architecture of S. solfataricus oriC1. The three ORB element binding sites
for Orcl-1 are indicated and the sequence of ORB2 is shown. The conserved dyad symmetric
element (TTTC....GAAA) is indicated by arrows as is the polarity defining G-string element.
Many archaeal origins share this arrangement where a central AT-rich region is flanked one or
more ORB elements on each side

The Sulfolobus orci-I gene is the clear ortholog of the single Pyrococcus Orcl/
Cdc6. Neutral-neutral 2D agarose gel analyses of S. solfataricus revealed two repli-
cation origins: one, oriCl, adjacent to orcl—I as in Pyrococcus, and the second,
oriC2, adjacent to orc/-3. No evidence for an origin within 15 kb of the orc/-2
gene could be obtained (Robinson et al. 2004). A subsequent whole genome marker
frequency analysis confirmed the existence of oriCI and oriC2 and revealed a
third origin in Sulfolobus, about 80 kb from the orc/-2 gene (Lundgren et al. 2004).
The position of oriC3 was further mapped at high resolution by 2D gel analyses
(Robinson et al. 2007). Remarkably, oriC3 lies beside a gene encoding a divergent
homolog of the eukaryal DNA replication initiation factor Cdtl. Studies using
synchronized Sulfolobus cells have revealed that all three origins fire in every cell in
every cell cycle during exponential growth. Furthermore, oriCI and oriC3 fire
highly synchronously while oriC2 fires over a slightly broader temporal window
(Duggin et al. 2008). How the coordinate control of origin firing is achieved is
currently unknown. The existence and use of multiple replication origins per chro-
mosome is not restricted to Sulfolobus species; two replication origins have been
identified in another crenarchaeon, Aeropyrum pernix, and the main chromosome of
the euryarchaeon Haloferax volcanii is replicated from at least two replication
origins (Grainge et al. 2006; Norais et al. 2007; Robinson and Bell 2007). However,
the stoichiometry of firing and timing of use of the origins in these species has yet
to be evaluated.

Analysis of the sequence composition of the various replication origins reveals
conservation of certain motifs between archaeal species (Fig. 4.1). The single origin
of Pyrococcus, two origins of Haloferax and oriC1 from Sulfolobus and Aeropyrum
all contain conserved Origin Recognition Box (ORB) elements. These possess a
dyad symmetric sequence flanked on one side by a run of three or more G bases
(G-string). The G-string element therefore ascribes a polarity to the ORB element.
Several origins have a common architecture where a central A-T rich region is
flanked by ORB elements of inverted polarity in the two arms (Fig. 4.1) (Robinson
et al. 2004).

Interestingly, Sulfolobus oriC2 has a related mini-ORB element that lacks the
G-string. Mini-ORB elements are also found at the single origin of replication in
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the euryarchaeon Methanothermobacter thermautotrophicum (Capaldi and Berger
2004; Majernik and Chong 2008; Robinson et al. 2004). The ORB and mini-ORB
elements are specific recognition sequences for Sulfolobus Orc1-1 and its orthologs
from other species. The conservation of the binding site is sufficient to allow
Sulfolobus Orc1-1 to bind specifically to the Pyrococcus origin in vitro, despite the
phylum level divide between these organisms (Robinson et al. 2004). In addition to
the Orc1-1-binding mini-ORB sites in Sulfolobus oriC2, this origin also possesses
“C3” binding sites for Orc1-3. Orc1-3 has 35% sequence identity to Orc1-1 and its
binding site contains a TTTC element that corresponds to one arm of the mini-ORB
dyad. As described below, oriC2 contains adjacent mini-ORB and C3 sites that bind
Orcl-1 and Orc1-3 with a degree of positive cooperativity.

4.3 Orcl/Cdcé6 Structure

Sequence analysis of the Orc1/Cdc6 proteins reveals that they possess a N-terminal
AAA+ ATPase domain and a C-terminal winged-helix (wH) domain. This organisa-
tion is reminiscent of the bacterial DnaA protein that also contains a AAA+fold
followed by a DNA-binding domain, although in the case of DnaA this latter domain
is a helix-turn-helix. AAA+domains can be classified into seven distinct clades
specified by characteristic embellishments on the core AAA+fold (Erzberger and
Berger 2006; Iyer et al. 2004). Importantly, DnaA, Orc1/Cdc6 and the eukaryotic
Orcl and Cdc6 all fall into the “Initiator” clade of AAA+proteins — defined by the
presence of an additional a-helix, termed the Initiator Specific Motif (ISM), that
precedes the second a-helix of the core AAA+fold. In DnaA it has been proposed
that this additional a-helix serves as a steric wedge that helps drive the DnaA
protein into a filamentous structure upon oligomerization (Erzberger et al. 2006).

The structures of Orc1/Cdc6 proteins from a number of archaeal species have
been solved by X-ray crystallography. The first structure to be determined was that
of Orc1/Cdc6 from the crenarchaeon Pyrobaculum aerophilum (Liu et al. 2000).
This structure revealed a monomeric protein that had ADP bound in its active site.
The tight ADP binding of this protein is found in many other archaeal Orc1/Cdc6s;
indeed, a number of studies with recombinant Orc1/Cdc6s have found that it is nec-
essary to employ a guanidinium hydrochloride-mediated denaturation/renaturation
protocol to effect efficient exchange of ADP for ATP (Singleton et al. 2004).

This may be reflective of a switch-like regulation of the activity of the protein.
Presumably, the protein when synthesized will bind to ATP, which it will then
hydrolyse to ADP. If the cell regulates the timing of the synthesis of Orc1/Cdc6
during the cell cycle, a situation could be envisaged where a short window in time
would be generated in which the ATP-bound form would be present. If one assumes
that the ATP-bound form of the protein is the active form for initiation of replica-
tion, then a permissive period of the cell cycle would be dictated by the timing of
synthesis and kinetics of ATP hydrolysis by the protein. It is also conceivable that
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ADP-bound forms ATP-bound form

Fig. 4.2 Conformational variation of A. pernix Orcl-2 protein in different nucleotide bound
states. ADP-bound forms of the protein are shown in magenta with the ADP in black. The ADPNP-
bound form of the protein is shown in blue. The proteins were aligned on their AAA+domains to
highlight the distinct relative placement of the wH domains. Figure prepared using PDB files
IWSS and 1WST

specific nucleotide exchange factors may impinge upon this process in the cellular
context, however, there is currently no evidence for the existence of such factors.
What are the consequences of ATP binding for the protein? Wigley and col-
leagues were able to determine the structures of an A. pernix Orc1-2 bound in the
apo form, bound to ADP and bound to a non-hydrolysable analog of ATP, ADPNP
(5’-adenylyl-B,y-imidodiphosphate), by subjecting the protein to a denaturation/
renaturation regimen before crystallization (Singleton et al. 2004). Interestingly,
and in contrast to the situation with the P. aerophilum protein, the ADP-bound form
of the A. pernix protein showed a range of distinct conformations (Fig. 4.2). While
little change was observed within the AAA+domain of the protein, the relative posi-
tioning of the wH domain varied, suggesting a degree of conformational flexibility
in the ADP-bound form of the protein. In contrast, the ADPNP-bound form of the
protein appeared to be much more conformationally constrained, with a locked
position not seen in any of the ADP-bound forms of the protein being adopted.

4.4 Structures of Orcl/Cdc6s Bound to DNA

A major step forward in our understanding of the function of these proteins came
in 2007 with the publication of two papers describing the structures of ADP-bound
forms of Orc1/Cdc6s in complex with DNA (Dueber et al. 2007; Gaudier et al. 2007).
One, from Wigley and colleagues, described the structure of A. pernix Orc1-1 bound
to an ORB element derived from A. pernix oriC1 (Fig. 4.3a). The second paper,
from Berger and colleagues, described the complex of a heterodimer of S. solfataricus
Orc1-1 and Orc1-3 bound to adjacent mini-ORB and C3 elements from that organ-
ism’s oriC2 (Fig. 4.3b). A key finding of both papers was the observation that the
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Fig. 4.3 Structures of Orc1/Cdc6 proteins bound to origin DNA. (a) A. pernix Orcl-1 bound to
ORB4 from that organism’s oriC/ (PDB File 2V1U). The dyad symmetric residues in ORB4
(see Fig. 4.1) are shown in blue and the G-string in red. (b) The heterodimer of Orc1-1 (magenta)
and Orcl1-3 (pink) from S. solfataricus bound to adjacent mini-ORM and C3 sites from oriC2.
The conserved dyad element of the mini-ORB and a related TTTC of the C3 site are shown in blue.
Positions of contact between the proteins in DNA are shown below the diagram and colour coded
as above

wH domain is not the sole DNA-binding interface in the proteins. All three proteins
made additional contacts with DNA mediated by the ISM, the initiator clade signa-
ture alpha helix in the AAA+domain. In the case of the A. pernix Orcl-1, this
contact was made with the G-string element that is found on one side of the ORB
element. Thus the A. pernix protein makes two sets of contacts with the DNA.
This first is mediated by the wH domain. The recognition helix inserts deeply into
the major groove, widening it by over 2 A and the wing of the wH makes contact
with the minor groove, also resulting in significant widening of over 5 A. Intriguingly,
only four base pairs within the recognition site are directly contacted by the protein,
although there are a number of additional contacts made with the phosphodiester
backbone. These unanticipated additional contacts between ISM and DNA are
mediated by a short loop immediately following the ISM alpha helix that inserts
into the minor groove of the G-string. This makes a single sequence-specific contact
with one of the G-string’s guanine residues and has the consequence of widening
the minor groove. Thus, the net effect of Orc1-1 binding to the ORB element leads
to considerable under-winding of the DNA in the complex and also to the introduc-
tion of a bend in the DNA of about 35°. Footprinting studies revealed that the wH
domain in isolation was still able to bind to DNA, albeit with a lowered affinity and
a loss of protection of the G-string when compared with the protection pattern gen-
erated by the full-length protein (Gaudier et al. 2007).

The second paper revealed the structure of the heterodimer of the ADP-bound
forms of Sulfolobus Orc1-1 and Orc1-3 in complex with adjacent mini-ORB and C3
elements from oriC2. As in the A. pernix structure, both of the Sulfolobus proteins
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have bipartite DNA-interaction surfaces, composed of wH domain and ISM.
The two proteins abut one another on the DNA, burying about 360 A2 of surface in
a protein-protein interface and generating an extensive positively-charged surface of
about 2,500 A that interacts with 28 base pairs of DNA. Despite this extensive
interface, a total of only five bases are contacted specifically by the proteins (Dueber
et al. 2007). Thus, the paucity of sequence specific contacts appears a general feature
of Orc1/Cdc6-DNA interactions. As in Aeropyrum, the Sulfolobus complex reveals
considerable protein-induced under-winding of the DNA. It seems possible there-
fore that in addition to the modest sequence-specific contacts, the binding of Orc1/
Cdc6 proteins is also modulated by the innate deformability of its recognition
sequence. If this is the case, the archaeal proteins may represent an evolutionary
stepping stone between the tight, highly-sequence-dependent interactions of the
bacterial initiator DnaA and the apparently much less sequence-dependent binding
of ORC in most eukaryotes. There also appears to be a degree of malleability in the
structures of the proteins themselves upon interaction with DNA. Examination
of the disposition of Aeropyrum Orcl-1 and Sulfolobus Orc1-3 on DNA reveal that
the ISM makes equivalent contacts with the minor groove of DNA. In contrast, in
the Sulfolobus Orcl-1/Orc1-3—-DNA structure, while the wH domains of both
proteins make essentially equivalent interactions with DNA, the respective ISMs do
not. More specifically, the interaction between Orcl—1 and Orc1-3 results in the
ISM of Orc1-1 being repositioned into the adjacent major groove, altering the angle
between AAA+and wH domains in comparison with the disposition of these
domains in Orc1-3. All the DNA bound structures of Orc1/Cdc6s are of the ADP-
bound form of the proteins. AAA+proteins typically function as higher order mul-
timers with the ATP-binding site being found at the interface between protomers.
Indeed, residues from both neighbours contribute to binding. The nucleotide is prin-
cipally bound in a “cis-acting” cleft in one protomer but is additionally coordinated
by “trans-acting” residues in the neighbour, the classic such residue is the arginine
finger. The arginine finger coordinates the y-phosphate of ATP and thus provides a
means for receiving information from, and effecting conformational changes
between, protomers during the nucleotide binding, hydrolysis and release cycle of
the active site.

In the Orc1-1/Orc1-3—-DNA structure, the cis-face of Orcl-1 points towards the
trans-face of Orcl-3, however, the arginine finger of Orc1-3 points away from the
bound ADP. Some degree of repositioning would therefore be required in order to
allow the arginine finger to appropriately coordinate an ATP moiety bound by Orc1-1.
Given the extensive nature of the protein-DNA contacts, it seems highly likely that any
significant conformational alteration within the Orc1/Cdc6 will either remodel the
protein-DNA interaction and/or possibly impact upon the protein-induced DNA defor-
mation. Interestingly, if one superimposes the wH domain of the ADPNP bound form
of Orc1-2 of Aeropyrum onto that of the DNA-bound Orcl-1, then the resultant pre-
dicted structure has the ISM some distance removed from the path of the DNA in the
structure (Fig. 4.4). This raises the tantalizing possibility that the ATP-bound form of
the protein may have its AAA+domain disengaged from the DNA and thus potentially
available for ATP-mediated contacts with the AAA+domains of adjacent protomers.
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ADP-bound Orc1-1 on DNA Model of ATP-bound Orc1/Cdc6 on DNA

Fig. 4.4 Comparison of the disposition of the AAA+domain in the known structure (a) of ADP-
bound Orcl-1 (from A. pernix Orcl-1 on DNA; PDB 2V1U) with a model (b) of how the
ATP-bound form may interact with DNA. The model was generated by superimposing the structure
of the ADPNP form of A. pernix Orc1-2 (PDB 1WST) onto the DNA-bound structure of the ADP-
form of Orcl-1. Colour coding of the DNA is as in Fig. 4.3; ADP and ADPNP are shown in
black. The superimposition was generated using the wH domains as the initial point of align-
ment. The resultant model suggests that the AAA+domain of the ATP-bound form may be some
distance removed from the DNA and thus could potentially be available for additional protein-
protein contacts. To date, no actual structure of the ATP-bound form of an Orc1/Cdc6 protein has
been determined

A recent study investigated the rules of attraction between Sulfolobus Orcl/
Cdc6s and origin DNA using a combination of biophysical and molecular-biological
methodologies (Dueber et al. 2011). The analysis focused on the mini-ORB and C3
binding sites for Orcl-1 and Orc1-3 at Sulfolobus oriC2. The affinities of the
isolated proteins for their cognate sites were 390 and 27 nM respectively. Orc1-1
showed a 12-fold lower affinity for a non-specific DNA oligonucleotide; Orc1-3
showed greater powers of discrimination, with a 280-fold difference in affinity.
Mutation of conserved residues in either wing or helix of the initiators had dual
impacts; the affinity of the mutant protein for DNA was significantly reduced and
the ability of the protein to discriminate between specific and non-specific DNA
sites was also impaired. A pair of conserved residues in the ISMs of Orcl-1 and
Orcl-3 were also targeted for mutagenesis, these residues (G120 and L121 in
Orcl-1 and G126 and 1127 in Orc1-3) make non-sequence specific van der Waals
contacts with DNA. Mutation of these residues had the anticipated effect of reducing
the affinity of the initiators for their cognate sites. Surprisingly, the residues also
proved important for determining the specificity of binding, despite the absence of
direct contacts with the bases. These data suggest that the ISM plays a key role in
reading an as yet unidentified aspect of the inherent geometry or deformability of the
origin DNA. The affinity data for individual sites were complemented by footprinting
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studies using the DNA conformation-sensitive reagent, copper phenanthroline.
Although the resultant data were complex, some general principles could be gleaned.
First, ISM mutations impacted on the DNA geometry, as revealed by altered hyper-
sensitivity to the footprinting reagent. Second, some ISM mutations, most notably
Orcl-1 (G120L, L121D) resulted in an extended region of protection, suggesting
that impairing the ability of the ISM to interact with DNA actually facilitated the
recruitment of a second protomer of the protein to an adjacent, presumably non-
specific, site on the origin. This situation arising from mutation of the ISM is, of
course, reminiscent of the model proposed above for an ATP-induced disengage-
ment of the AAA+domain from DNA (Fig. 4.4).

4.5 Beyond Binding Origins — What Do Orc1/Cdcé6s do?

The Orcl1/Cdc6s clearly bind to archaeal replication origins but how do they
mediate replication initiation? Are they simply passive recruitment platforms for
the replication machinery or do they actively mediate origin unwinding prior to
helicase recruitment? The latter possibility would be analogous to the situation in
bacteria where DnaA mediates localised DNA unwinding before the DnaBeDnaC
(helicaseehelicase loader) complex is recruited to the newly-exposed single-stranded
DNA. However, there is little unambiguous data to support a role for archaeal Orc1/
Cdc6s in mediating appropriate origin melting. Wigley and colleagues revealed that
high concentrations of A. pernix Orcl-1 led to periodic sensitivity to nuclease P1
across the entire origin region in vitro (Grainge et al. 2006). However, it was not
clear whether this was due to helical distortion or true melting of DNA. More
recently, Ishino and colleagues have reported P. furiosus Orc1-1 mediated melting
of DNA at the single Pyrococcus origin of replication in vitro as detected by nucle-
ase P1 sensitivity assays (Matsunaga et al. 2010). Puzzlingly, however, this apparent
melting was inhibited by ATP. Furthermore, the site of melting was 670 nt removed
from the in vivo start site of replication, mapped previously by the same authors,
raising questions regarding the physiological relevance of this observation.

It may not be too surprising that as yet there is no clinching proof for relevant
origin melting by the archaeal initiators. Orc1/Cdc6 is not orthologous to bacterial
DnaA and the organization of archaeal origins, with a distinct number of discrete DNA
binding sites, clearly differs from the densely packed DnaA boxes in bacterial origins.
Furthermore, recent studies in the orthologous eukaryotic system have provided strong
support for ORCeCdc6 mediating loading of MCM onto double stranded DNA rather
than onto a pre-melted origin (Evrin et al. 2009; Remus et al. 2009). Perhaps the most
parsimonious model for the archaeal system would be that Orc1/Cdc6 proteins do not
lead directly to DNA melting in archaea either and that the MCM helicase is, as in
eukarya, recruited to double stranded DNA. Melting could take place at a later stage
during the activation of the MCM helicase (Bell 2011). Although number of laborato-
ries have reported direct interactions between archaeal Orc1/Cdc6s and MCM, the
mechanism of the putative loading reaction remains elusive to date.
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Chapter 5
Cdt1 and Geminin in DNA Replication

Initiation

Christophe Caillat and Anastassis Perrakis

Abstract One of the mechanisms controlling the initiation of DNA replication is
the dynamic interaction between Cdtl, which promotes assembly of the pre-replication
license complex, and Geminin, which inhibits it. Specifically, Cdtl cooperates with
the cell cycle protein Cdc6 to promote loading of the minichromosome maintenance
helicases (MCM) onto the chromatin-bound origin recognition complex (ORC), by
directly interacting with the MCM complex, and by modulating histone acetylation
and inducing chromatin unfolding. Geminin, on the other hand, prevents the loading
of the MCM onto the ORC both by directly binding to Cdtl, and by modulating
Cdtl stability and activity. Protein levels of Geminin and Cdtl are tightly regulated
through the cell cycle, and the Cdtl-Geminin complex likely acts as a molecular
switch that can enable or disable the firing of each origin of replication. In this
review we summarize structural studies of Cdtl and Geminin and subsequent
insights into how this molecular switch may function to ensure DNA is faithfully
replicated only once during S phase of each cell cycle.

Keywords Replication licensing ® Cdtl * Geminin

5.1 Cdtl and Geminin: A Functional Preview

In eukaryotes, the control of the DNA replication license depends on the correct
spatiotemporal assembly of the pre replication complex (pre-RC) on the DNA. First
the origin recognition complex (ORC) binds to origins of replication. This complex
then recruits Cdtl and Cdc6, which in turn recruit the mini-chromosome maintenance
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(MCM) proteins. Together, these proteins form the functional pre-replication complex
(pre-RC) that permits the loading of the DNA replication machinery (Blow and
Dutta 2005; Stillman 2005) and subsequent replication.

The faithful replication of genomic DNA is ensured in part by the control of
licensing by several overlapping pathways (Diffley 2010). Firstly, the formation of
the pre-RC is limited in time to the late mitosis (M) and G1 phases of the cell cycle,
to ensure that each origin of replication fires only once during S phase (Kearsey and
Cotterill 2003). In addition, the activity of the ORC, Cdc6 and Cdtl are tightly
controlled to prevent re-replication in S and G2. Indeed over-expression of Cdc6
and Cdtl was shown to induce re-replication (Blow and Dutta 2005; Machida et al.
2005). Several mechanisms also exist to control Cdtl protein levels during the cell
cycle to allow or prevent the loading of the MCM, and Cdtl activity is controlled by
cyclin-dependent kinases (Cdks). In yeast, Cdk-dependent regulation of transcrip-
tion and proteolysis is necessary to prevent re-replication (Blow and Dutta 2005). In
higher eukaryotes, the regulation by Cdks is also important, but additional mechanisms
exist. Specifically, Cdtl activity is regulated by ubiquitination and degradation
through different pathways (Truong and Wu 2011) and by the binding of Cdtl to
Geminin (McGarry and Kirschner 1998; Wohlschlegel et al. 2000).

5.1.1 The Multiple Faces of Geminin

5.1.1.1 Geminin Functions in Replication Licensing

Geminin was first described as an inhibitor of DNA replication. It was shown to
work by binding and sequestering Ctd1, thereby preventing MCM complex loading
until the pre-RC needs to be assembled (McGarry and Kirschner 1998; Wohlschlegel
et al. 2000). However, subsequent studies have revealed that the function of Geminin
in replication licensing is far more complex.

In both yeast (Chen et al. 2007) and metazoans (Xouri et al. 2007), the recruitment
of Cdtl to chromatin appears to be a dynamic process crucial for MCM loading. In
metazoans it is likely that this recruitment is subject to additional regulation by Geminin.
Experiments in mammalian cells showed co-localization of Geminin and Cdtl on
chromatin (Kulartz and Knippers 2004) and recruitment of Geminin onto chromatin by
Cdtl in live cells (Xouri et al. 2007), suggesting that licensing inhibitory complexes are
formed on chromatin. Indeed, Geminin is thought to have a role specifically in modu-
lating Cdt1 interaction with the origins of replication on the DNA. Supporting this are
experiments in Xenopus egg extracts, which showed that Geminin significantly stabilizes
the binding of ORC, Cdc6 and Cdtl on plasmid DNA (Waga and Zembutsu 2006).
This apparent stabilization of Cdtl by Geminin on the chromatin is likely caused by
inactivated Cdtl that cannot be released from the ORC-Cdc6 complex.

Interestingly, Geminin can also positively regulate Cdt1 by stabilizing low levels
of Cdtl during S phase, and higher levels in G2, mitosis (Ballabeni et al. 2004) and
meiosis (Narasimhachar and Coue 2009). Also, the Cdt1-Geminin complex is still
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able to license origins, at least under low concentrations of Geminin, suggesting its
mechanism of action is more complicated than straightforward inhibition of Cdtl
(Lutzmann et al. 2006).

Histone acetylation mediated by Cdtl and Geminin was recently shown to promote
MCM loading and replication licensing. Cdtl was found to promote the loading of
MCM at the origins of replication by recruiting the histone acetylase HBO1, which
acetylates histone H4 thereby inducing chromatin de-condensation (Miotto and
Struhl 2008; Wong et al. 2010). Geminin was shown to inhibit HBO1-mediated
histone acetylation in the context of an HBO1-Cdtl complex (Miotto and Struhl
2010). In addition, Geminin association with the histone deacetylase HDACI11
(Wong et al. 2010) promotes the association of HDAC11 with Cdtl in S phase,
reducing histone acetylation and inhibiting licensing. Thus, Geminin appears to
inhibit licensing by suppressing histone acetylation via Cdtl in two synergistic
manners: by repressing HBO1 acetylation and by promoting HDAC11 deacetylation.

5.1.1.2 Geminin in the Cell Cycle

Geminin and Cdtl levels both oscillate strongly during the cell cycle: Cdtl accumu-
lates during G1, while Geminin accumulates during S, G2, and M phases (Nishitani
et al. 2004). This robust characteristic reverse oscillation has recently been used as
a marker for the cell cycle (Kulartz and Knippers 2004; Mechali and Lutzmann
2008; Sakaue-Sawano et al. 2008).

The synthesis of Geminin is transcriptionally regulated by the retinoblastoma
tumour suppressor (RB)/E2F pathway, starting at the G1/S phase transition and
continuing during S phase (Markey et al. 2004). Geminin levels persist through the
S and G2 phases, and the protein is degraded only late in mitosis at the anaphase/
metaphase transition, through anaphase promoting complex/cyclosome-mediated
proteolysis. On the contrary, Cdtl accumulates during G1 and is then ubiquitinated
by two distinct E3 ubiquitin ligases, SCF-Skp2 and Cul4-Ddbl, during S and G2
(Nishitani et al. 2006), and subsequently degraded by proteolysis.

These profiles suggest that Geminin and Ctd1 may co-exist both late in mitosis,
during the M/G1 transition when Cdtl levels start accumulating, and then at the
G1/S transition, as Geminin levels start to accumulate again. In human cells,
Geminin stabilizes Cdtl and promotes its accumulation at the G2/M transition
(Ballabeni et al. 2004). In some cell lines, Cdtl and Geminin have been shown to
co-express only at the G1/S transition; Cdtl is then degraded early in S phase, while
chromatin-bound Geminin persists (Kulartz and Knippers 2004; Mechali and
Lutzmann 2008; Sakaue-Sawano et al. 2008). Moreover, while silencing of Geminin
has been shown to induce re-replication and cell cycle arrest in several cell lines
(McGarry 2002; Melixetian et al. 2004; Zhu et al. 2004), deletion of Geminin does
not affect the cell cycle in HeLa cells (Kulartz and Knippers 2004). Similarly, the
cellular response to Geminin depletion by small interfering RNA (siRNA) has been
shown to be cell type dependent, which could be used as a mechanism to target
specific cancer cells (Zhu and Depamphilis 2009). This selectivity was proposed to
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occur because Cdtl inhibition by Geminin is the primary mechanism for preventing
DNA re-replication in some cancer cells, whereas normal cells posses several
partially redundant mechanisms. Thus Geminin depletion induces re-replication
only in certain cancer cells, thereby triggering apoptosis. Further work is needed to
fully characterize and uncover the function of these oscillating Geminin and Cdtl
levels over the cell cycle.

5.1.1.3 Geminin in Cell Differentiation

Besides its role in proliferation, Geminin also has a prominent role in cell differen-
tiation (Seo and Kroll 2006). Intriguingly, in some cell lines Geminin is involved in
the decision to direct cells to either divide or to differentiate. However the mechanisms
involved in this are still unclear.

In Xenopus embryos, Geminin is required to restrain commitment and spatially
restrict mesoderm, endoderm and non-neural ectoderm to their proper locations
by regulating the expression of genes involved in early embryonic development
(Lim et al. 2011). In hematopoietic stem cells, degradation of Geminin switches the
cells from an undifferentiated state to a proliferative and differentiated state, and is
directed by the RDCOXB4 complex (Hoxb4 bound to the ubiquitin ligase core
component Roc1/Rbx1-Ddb1-Cul4a) (Ohno et al. 2010) or by the PcG (polycomb
gene) complex 1 (Ohtsubo et al. 2008), both E3 ubiquitin ligases. Geminin can also
regulate the acquisition of neural fate in embryonic stem cells (Yellajoshyula et al.
2011). This function of Geminin in differentiation seems to be due to its ability to
maintain chromatin, and more specifically neural genes, in an accessible and hyper-
acetylated state, thereby promoting transcriptional activation.

Geminin can also interact with several homeodomain-containing regulators of
DNA transcription such as Six3 (Del Bene et al. 2004) and Hox family members
(Luo et al. 2004). The homeodomain is a DNA-binding domain found in hundreds
of transcription factors that promote distinct developmental programs (Merabet
et al. 2009). Geminin also interacts with the SWI/SNF remodelling complex cata-
lytic subunit Brgl (Seo et al. 2005), the PcG protein PRCI1 (Luo et al. 2004) and
with the co-repressor SMRT (Kim et al. 2006). More recently, Geminin has also
been shown to interact with coiled-coil proteins through a coiled-coil interaction.
Geminin interacts with the proteins ERNI and BERT, which are implicated in neural
plate acquisition (Papanayotou et al. 2008). In addition Geminin interacts with the
recently identified Geminin-related protein Idas (Pefani et al. 2011), which exhibits
high levels of expression in the choroid plexus and the cortical hem of the develop-
ing mouse forebrain (Pefani et al. 2011).

As previously discussed, Cdtl is implicated in the unfolding of chromatin
through interaction with HBO1 and HDAC11 (Miotto and Struhl 2008; Wong et al.
2010) and binding of Geminin to Cdt1 inhibits HBO1 acetylase activity (Miotto and
Struhl 2010). During development HBO1 functions as a transcriptional activator,
which is indispensable for H3K14 acetylation and for the normal expression of
essential genes regulating embryonic development (Kueh et al. 2011). Therefore,
Geminin might also function in additional differentiation processes through its
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Fig. 5.1 Domains and motifs of Geminin (a) Domain structure of human Geminin. The coiled-coil
domain, domains interacting with Cdtl, the NLS and the destruction box are shown. (b—e) The
different structures of Geminin coiled-coils are shown as a cartoon representation. The residues of
the NLS (blue) and the residues interacting with Cdtl (orange) are shown in sticks

interaction with Cdtl by modulating gene expression through histone deacetylation
and chromatin compaction.

How can such a small protein (around 200 amino acids in humans) apparently
interact with so many partners to mediate such diverse functions? The only interaction
that has been analyzed in detail and characterized structurally is the Cdt1-Geminin
interaction. This interaction is therefore known to be direct and it remains possible
that some of the other interactions are actually indirect.

5.1.2 The Structure of Geminin

The analysis of deletion mutants of Geminin (Kroll et al. 1998; McGarry and
Kirschner 1998; Benjamin et al. 2004) together with crystal structures (Saxena et al.
2004; Thepaut et al. 2004) have defined several domains within the Geminin protein
(Fig. 5.1), roughly consisting of an N-terminal region (residues 1-95), a central
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coiled-coil domain (residues 96—160) whose function and structure we will discuss,
and a C-terminal domain (residues 160-209) with a not fully understood function,
that binds the Brahma (Brm) catalytic subunit of the SWI/SNF chromatin remodeling
complex, and is cleaved by caspase-3 at two sites during apoptosis, one of which
removes the Brm interaction (Roukos et al. 2007).

5.1.2.1 The N-Terminal Domain

At the anaphase-metaphase transition, Geminin is degraded by the anaphase promoting
complex/cyclosome (APC/C) (McGarry and Kirschner 1998). APC/C recognizes
the destruction box (residues 23-31) and ubiqutinates Geminin, directing it to the
proteasome for degradation.

Geminin is mainly localized in the nucleus (Kroll et al. 1998; McGarry and
Kirschner 1998) and its known functions occur in the nucleus. While non-mammalian
Geminin possesses a classic bipartite nuclear localisation signal (NLS) (Benjamin
et al. 2004; Boos et al. 2006) located in the N-terminal domain, the mammalian
Geminin NLS appears to be an arginine-arginine-lysine (RRK) sequence at residues
106—-108 (Boos et al. 2006; Sakaue-Sawano et al. 2008) located in the coiled-coil
domain. Interestingly, arginines 106 and 107 interact with Cdt1 in the Cdt1-Geminin
complex, which suggests that this interaction could interfere with the nuclear
localization of Geminin. The N-terminal domain of Geminin has been proposed to
play a role in cell differentiation. A neutralizing domain, consisting of residues
38-90, has been identified as sufficient to induce uncommitted embryonic cells to
differentiate into neurons (Kroll et al. 1998).

5.1.2.2 The Coiled-Coil Domain

The coiled-coil domain is one of the principal structural motifs involved in protein
oligomerization. Predictions based on primary sequence analysis suggest that
2-10% of all the residues in proteins are coiled-coil regions (Moutevelis and
Woolfson 2009; Wolf et al. 1997). Although these domains look structurally simple,
they are highly versatile and are involved in many different functions. Coiled-coil
domains are composed of two or more a-helical peptides, which interact in a specific
manner to form a complex. They are typically composed of heptads, i.e. repeats of
seven amino acids (with positions denoted abcdefg). The specificity and properties
of the interaction between the two a-helices depends on the nature of the amino
acids at each position. The amino acids at position a and d are mainly hydrophobic
and the packing of the residues a,d from one a-helix on the residues a,d of the other
a-helix constitute the core of the interface. The amino acids at position e and g are
often charged residues and contribute to the specificity of the binding.

The crystal structure of the coiled-coil domain of Geminin alone (Saxena
et al. 2004; Thepaut et al. 2004) and in complex with Cdtl (De Marco et al. 2009;
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Lee et al. 2004) has been determined by X-ray crystallography. Geminin forms a
head-to-head homodimer in solution, typical for many coiled-coils, and also asso-
ciates with itself in vivo (Saxena et al. 2004). The coiled-coil domain of Geminin
consists of two a-helices interacting together through a left-handed superhelix, by
regular interlocking side-chain interactions. The seven heptad repeats (residues
96-144) show some variation compared to the canonical coiled-coil sequence. This
suggests that the packing of the Geminin:Geminin dimer is not ideal and does not
form a stable complex. On the a and d positions, several residues (i.e. Ser96, Trp99,
Alal03, Argl06, Alal13, Asn117,Lys127 and Asn138) are not ideal for stabilization.
On the e and g positions, the side-chains of five hydrophobic residues are exposed
to the solvent. Three of them (Vall02, Alal09 and Leul14) are mediating hydro-
phobic interactions with Cdtl, suggesting that the Geminin homodimer is probably
stabilized by the interaction with Cdt1. In the structure of the human Cdtl in complex
with Geminin (PDB 2WVR), residues 148—160 are extending the coiled-coil, by
two additional heptads.

The non-ideal packing of the Geminin:Geminin homodimer raises the possibility
that Geminin could form heterodimers with other partners of higher stability. This
is strongly supported by two studies of coiled-coil containing proteins interacting
with Geminin through coiled-coil interactions. Specifically, the coiled-coil domain
of the protein ERNI, involved in establishing neural plate identity, can interact with
itself and with the coiled-coil of Geminin (Papanayotou et al. 2008). Similarly, the
coiled-coil of Idas can also interact with itself but preferentially with the coiled-coil
of Geminin (Pefani et al. 2011). Interestingly, the binding of Idas to Geminin reduces
the affinity of Geminin for Cdtl. Thus, the proposed heterodimerization of Geminin
could modulate its interaction with other partners and thereby provide an additional
mechanism for regulating Geminin function.

The Geminin coiled-coil domain was shown to interact directly with the home-
odomain of the Hoxal 1 protein using peptide arrays (Luo et al. 2004). However, it
was also shown that the coiled-coil of Geminin is not sufficient to interact with
Hoxall (Saxena et al. 2004) and that the N-terminal (1-70) or C-terminal (152-209)
domains of Geminin are required. Del Bene et al. showed by two-hybrid analysis
and pull-down assays that full-length Geminin is required to interact with the home-
odomain containing transcription factor Six3 (Del Bene et al. 2004). We have so far
been unable to detect an interaction between the recombinant homeodomain of Hox
proteins and recombinant Geminin in vitro, using biophysical methods (unpublished
results). The mechanism by which Geminin interacts with these transcription factors
remains unknown.

5.1.3 The Structure of Cdtl

Cdtl can be divided into three domains; an N-terminal domain (1-166) whose
structure is unknown, and two winged helix domains (WHD) forming the middle
(167-351) and C-terminal domains (352-546) (Fig. 5.2).
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Fig. 5.2 Domains and motifs of Cdtl (a) Domain structure of human Cdtl. The middle and
C-terminal domains, the regions interacting with Geminin and the different regulation motifs of the
N-terminal domain are represented. PCNA bound to chromatin bind the PIP box and subsequently
Cdt2 recognize the degron motif which promotes the activity of the Cul4-Ddb1-Cdt2 E3 ligase in
response to DNA damage. The cyclin A-Cdk binds the Cy motif and phosphorylates the Thr29
close to the Skp2 recognition site that promotes the binding of the SCF-Skp2 E3 ligase. The three
destruction boxes recognized by the APC/C®"! are also represented. (b) Structures of the human
and (c¢) mouse middle domain of Cdtl. The residues interacting with Geminin are shown as sticks;
residues implicated in the primary and secondary interaction in green and the residues implicated
in the ternary interaction in blue. (d) The different structures of Cdtl middle (orange) and
C-terminal (purple) domains are shown as a cartoon representation

5.1.3.1 The N-Terminal Domain Is Highly Regulated

In metazoans the N-terminal domain of Cdtl mediates interactions with several
proteins implicated in different mechanism of regulation. This probably allows
more sophisticated control of the regulation of licensing and also variability in the
regulation of replication in different cell types.
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The N-terminal domain of human Cdt1 is recognized by three distinct E3 ubiquitin
ligases during the S and G2 phases (Truong and Wu 2011) to promote ubiquitin-
mediated proteolysis. First, Cyclin A-Cdk binding (Liu et al. 2004; Sugimoto et al.
2004) to the Cy-motif RRL (68-70) of Cdtl, and subsequent phosphorylation of
Thr29 close to the recognition site of Skp2 SPARPALR (31-38), induces binding of
the SCF-Skp2 E3 ligase and ubiquitination of Cdtl (Nishitani et al. 2006). Second,
Cul4-Ddb1-Cdt2 targets Cdtl during the S phase and in response to DNA damage
(Havens and Walter 2009; Hu et al. 2004; Nishitani et al. 2006; Takeda et al. 2005).
Degradation is dependent on Cdt1 binding to PCNA, which is involved in promoting
DNA replication, through a consensus PCNA-interaction motif (PIP) located in the
first 28 amino acids of Cdtl, and to subsequent Cdt2-mediated recognition of the
degron motif adjacent to the PIP box (Arias and Walter 2006; Roukos et al. 2011).
Finally, the APC/C€! is a third ubiquitin ligase recognizing three destruction boxes
in the N-terminal domain of Cdtl (Sugimoto et al. 2008).

Acetylation of the N-terminal domain of Cdtl prevents ubiquitination by E3
ligases (Glozak and Seto 2009). This acetylation can be removed by the binding
of HDACI11 on Cdtl. Given that Geminin binding to Cdtl promotes the recruit-
ment of HDAC11 (Wong et al. 2010), Geminin could be expected to enhance Cdtl
de-acetylation and thereby promote its degradation. Structural data on these com-
plexes would help elucidate how this could be achieved. The N-terminal domain of
Cdtl also binds Cdc7 (Ballabeni et al. 2009), which seems to regulate the amount of
Cdtl bound to chromatin. Finally, Cdt1 has two NLS (Arentson et al. 2002) required
for its nuclear import, which is probably mediated through an interaction with the
import receptors importin a1 and importin 1 (Sugimoto et al. 2008).

5.1.3.2 The Structurally Conserved Winged Helix Domains

Winged helix domains (WHD) are primarily used to mediate DNA recognition but
can also mediate protein-protein interactions (Gajiwala and Burley 2000). Many
pre-RC proteins (Orcl, Orc2, Cdc6, Cdtl and Mcm6) have a WHD, suggesting a
common evolutionary origin (Khayrutdinov et al. 2009). The two WHDs of Cdtl
are found in the middle domain and the C-terminus. The structure of the middle
domain of Cdtl was determined by X-ray crystallography in a complex with the
Geminin dimer (De Marco et al. 2009; Lee et al. 2004) and the C-terminal domain
was recently determined by X-ray crystallography and solution NMR spectroscopy
(Jee et al. 2010; Khayrutdinov et al. 2009). As these two domains share only 9%
sequence identity, the C-terminal domain was not expected to be structurally similar
to the middle domain (Z=1.1, RMSD of 3.4 A for 91 Co atoms) (Khayrutdinov
et al. 2009).

The middle domain of Cdtl also contains the binding site for Geminin, although
the interaction site is not located on the WHD fold itself but on the N-terminal and
C-terminal extensions (Fig. 5.2). The strong interaction of Geminin with Cdt1 probably
stabilizes the middle domain and affects its conformation, because when over-
expressed alone it is highly unstable, but co-expression with Geminin stabilizes it.
This middle WHD can also bind DNA (discussed in the next section). The C-terminal
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WHD of CdtI does not bind to DNA but mediates interaction with the MCM through
a C-terminal WHD domain in Mcm6 (Wei et al. 2010; Yanagi et al. 2002). Finally,
Cdtl can also interact with Mcm9, although the details of this interaction are
unknown. Mcm9 seems to be a positive regulator of Cdt1 and prevents the recruitment
of an excess of Geminin to Cdtl (Lutzmann and Mechali 2008), suggesting that
Mcm9 could interact with the middle domain of Cdtl.

5.1.3.3 The Recruitment of Cdtl on Chromatin

In yeast, ORC and Cdc6 recruit Cdtl and the MCM to origins of replication (Randell
et al. 2006) via a direct interaction between Cdtl and the Orc6 subunit (Chen et al.
2007). Experiments in Xenopus egg extracts suggest that also in metazoans, the loading
of MCM by Cdtl requires the presence of Cdc6 on chromatin (Tsuyama et al. 2005).
However, there is no data on how Cdtl is recruited to the ORC-Cdc6 complex. The
analysis of the binding of Cdt1 on DNA shows that Cdt1 can bind DNA directly in vitro,
in a sequence-, strand- and conformation-independent manner. It has been proposed
that residues 1-293 of Cdt1 contain a DNA binding site that could be composed of two
independent sites on the N-terminal and the middle domains (Yanagi et al. 2002).
Fluorescence recovery after photobleaching (FRAP) experiments using deletion
mutants of Cdtl implicated the N-terminal (residues 1-140) and middle domains
(residues 298-352) of Cdtl in the recruitment of Cdtl to chromatin in cells (Xouri
et al. 2007). However, detailed information of Cdt1-DNA interactions are still missing,
while interactions between Cdt1 and ORC subunits or with Cdc6 for the loading of the
MCM have not been identified (see Chap. 2, this volume).

The middle WHD could contribute to the binding of Cdt1 on chromatin by binding
to DNA. However, this would likely have to be in a non-canonical fashion, since in
a canonical DNA-binding WHD, helix H3 recognizes the major groove of the DNA
and has several basic residues (Gajiwala and Burley 2000), whereas in the middle
WHD of Cdtl the C-terminal loop of the domain folds back on the a-helix H3
(Fig. 5.3), which possesses several acidic residues.

The superposition of the middle domain of Cdtl (PDB: 2WVR) with other
WHDs in complexes with DNA, i.e. those from E2F (PDB: 1CF7), RTP (PDB:
2DPD), Orcl (PDB: 2V1U) or RFX (PDB: 1DP7), shows that the sequences in the
N-terminal and C-terminal of the WHD, which are stabilized by Geminin, would
collide with the DNA. Since the structure of this Cdtl domain is known only in a
complex with Geminin, and since Geminin binding may induce conformational
changes that stabilize this Cdtl domain, as we previously discussed, DNA binding
may only occur when the H3 helix is ‘released’ from the protection of Geminin, as
also suggested by previous work (Yanagi et al. 2002). However, Geminin does not
totally inhibit Cdt1 binding on chromatin as Geminin and Cdt1 have been shown to
co-localize on chromatin (Gillespie et al. 2001; Kulartz and Knippers 2004;
Lutzmann et al. 2006; Xouri et al. 2007). Structural data on the binding of Cdtl to
DNA would be needed to understand the mechanism of its recruitment to chromatin
and how the binding of Geminin could affect it.
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Fig. 5.3 Binding of the winged helix domains on DNA (a) Middle domain of Cdtl (orange, with
the Geminin interacting domains in light green and the C-terminal tail in red) in complex with
Geminin (grey). The C-terminal tail of Cdtl middle domain interacts with the H3 a-helix that
normally contacts the DNA in canonical WHD domains (PDB: 2WVR). (b) WHD of ORC1 in
complex with DNA (silver, PDB: 2V 1U). (¢) RTP dimer bound to DNA (PDB: 2DPD)

Fig. 5.4 The structures of the Cdtl-Geminin trimer and hexamer likely represent a licensing-
permissive and a licensing-inhibitory complex and both exist in cells in different spatiotemporal
contexts (PDB: 2WVR, (De Marco et al. 2009))

5.1.4 The Cdtl-Geminin Complex

The crystal structure of a truncated Cdt1-Geminin complex has been determined for
the mouse (Lee et al. 2004) and human (De Marco et al. 2009) proteins (Fig. 5.3).
In these structures the middle domain of Cdtl (167-353) interacts with a dimer of
Geminin (86—160) through tight primary and secondary interfaces with nano-molar
affinity (Lee et al. 2004). This heterotrimeric complex can dimerize through a tertiary
interface, forming a heterohexamer (De Marco et al. 2009).

5.1.4.1 The Primary and Secondary Interfaces

The primary and secondary interfaces are mainly hydrophobic and bury a surface of
~1,240 A2 (PDB: 2WVR), as shown by analyzing the interface with the interactive
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tool PISA (Krissinel and Henrick 2007). The primary interface is composed of the
two small o-helices located in the N-terminus of the middle WHD of Cdt1 (residues
167-182). These helices interact with the N-terminal regions of both monomers of
the Geminin coiled-coil (residues 106—121). This is the most important interface for
the interaction between Cdtl and the Geminin dimer as multiple point mutations in
Geminin at this interface reduce the affinity for Cdtl by 2,000 fold and a construct
of Cdtl lacking these two N-terminal a-helices does not bind to Geminin (Lee et al.
2004). The secondary interface is composed of a loop located towards the C-terminus
of the Cdtl domain (residues 310-336) and a loop in the N-terminal of the coiled-coil
of one of the Geminin monomers (residues 86—101). The contribution of this interface
to the affinity of Geminin for Cdtl1 is lower, and deletion of this loop on Cdt1 reduces
the affinity for Geminin only about 15 fold.

5.1.4.2 The Tertiary Interface

De Marco et al. described a tertiary interface mediating the dimerization of the
Cdt1-Geminin heterotrimer in a head to tail conformation, forming a heterohexamer.
This interface between the C-terminal section of Geminin’s coiled-coil (residues
145-160) and the middle domain of Cdtl buries a surface of 650 A2 and is rich
in charged residues, displaying eight hydrogen bonds and eight salt bridges. This
ternary interaction seems to be a weak affinity interaction in vitro, and the complex
likely exists in an equilibrium between a heterotrimer and a heterohexamer. The
dimerization of the complex is dependent on the residues located at the ternary
interface on both Cdtl and Geminin. It is possible that the in vivo stoichiometry of
the complex is affected by both the increase in local concentrations, caused by
recruitment on chromatin (Lutzmann et al. 2006; Waga and Zembutsu 2006; Xouri
et al. 2007), and/or by post-translational modifications, for example by Cdtl
phosphorylation, since Geminin was suggested to stabilize more efficiently a hyper-
phosphorylated form of Cdt1 (Ballabeni et al. 2004).

5.1.4.3 Conformational Change of the N-Terminal Domain?

Geminin has been suggested to prevent the degradation of Cdtl, thereby stabilizing
protein levels (Ballabeni et al. 2004; Narasimhachar and Coue 2009; Zhu and
Depamphilis 2009). The SCF-Skp2 ubiquitin ligase induces proteolysis of Cdtl1 at the
G1/S phase transition, when the levels of Geminin are increasing. This suggests that
the binding of Geminin on Cdt1 could prevent either Cdtl phosphorylation by Cyclin
A/Cdk or ubiquitination by SCF-Skp2. However, the currently known Geminin binding
site on Cdt1 does not overlap with the recognition site of Cyclin A-CDK or SCF-Skp2.
Interestingly though, pull-down assays have suggested that the 70-92 residue region
of Geminin interacts with the N-terminal 100 residues of Cdtl (Saxena et al. 2004).
Thus, a possible mechanism to explain these observations could be that Geminin
binding in the middle domain of Cdtl induces a conformational change of the
N-terminal region of Cdtl, thereby preventing its ubiquitination and degradation.
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5.1.5 Models for a Cdtl-Geminin Molecular Switch

Geminin constructs containing the primary and secondary interface for interaction
with Cdtl (Geminin®*'*4°) are unable to inhibit DNA synthesis in an in vitro DNA
replication assay derived from Xenopus egg extracts (De Marco et al. 2009; Thepaut
et al. 2004). The C-terminal end of the coiled-coil that is implicated in the formation
of the hexameric complex seems to be crucial for the inhibition of DNA replication
(De Marco et al. 2009; McGarry and Kirschner 1998). Geminin binding to Cdtl
does not inhibit Cdtl association with chromatin (Waga and Zembutsu 2006), and
the dynamic association of Cdtl to chromatin recruits Geminin onto chromatin
(Xouri et al. 2007). As the Cdt1-Geminin complex licenses chromatin but prevents
re-replication in a concentration dependent manner, we have suggested that the
changes in the oligomerization state of the Cdtl-Geminin complex works as a
molecular switch at replication origins.

Several possible oligomerization states of Geminin and the Cdtl-Geminin com-
plex have been described. SAXS data (Thepaut et al. 2004) and electron microscopy
(Okorokov et al. 2004) data suggest that the coiled-coil of Geminin can form tetramers,
where two homodimers of Geminin interact to form a tetramer. It has been proposed
that the Cdt1-Geminin heterotrimer is recruited to chromatin and is able to load the
MCM, but increasing concentrations of Geminin lead to the binding of additional
Geminin on the Cdtl-Geminin heterotrimer resulting in an ‘inhibitory’ complex
(Lutzmann et al. 2006). Crystallographic studies and SAXS experiments combined
with in vivo data suggest the existence of a Cdtl-Geminin ‘permissive’ heterotrimer
that dimerizes into an ‘inhibitory’ heterohexamer (De Marco et al. 2009).

The loading of the MCM is inhibited by Geminin when its concentration exceeds
a threshold (McGarry and Kirschner 1998; Waga and Zembutsu 2006) suggesting a
highly cooperative mechanism. Based on these data, a mathematical model of the
regulation of Cdtl by Geminin was developed (Ode et al. 2011). To take into account
the ‘all-or-nothing’ inhibition, they proposed a model with inter-origin cooperativity,
supported by experimentally measured distributions of inter-origin distances. In this
model the Cdtl-Geminin complexes loaded on different origins of replication can
interact with adjacent origins, forming complexes of higher oligomerization states.
This reaction can propagate through the chromatin, inhibiting the origins of replication
in a switch-like manner.

5.2 Conclusions

In higher eukaryotes, Cdtl recruitment on the chromatin promotes chromatin
unfolding and loading of the MCM complex, playing a role not only in the licensing
of DNA replication but also in transcription and DNA repair. The binding of Geminin
on Cdtl regulates Cdtl function by inhibiting MCM loading and affects Cdtl-
mediated histone acetylation and deacetylation. The presence of Geminin in meta-
zoans allows an additional layer of Cdtl regulation on top of ubiquitin-mediated
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degradation. The structural data collected on Cdtl and Geminin have helped to
improve the understanding of the mechanism of Cdtl inhibition by Geminin. The
Cdt1-Geminin complex can switch between a licensing ‘permissive’ to a licensing
‘inhibitory’ state depending on the concentration of Geminin and likely also on
other post-translational modifications. Further studies on the recruitment of the
Cdt1-Geminin complex to origins of replication, understanding of the cooperation
with ORC and Cdc6 for loading the MCM, and consideration of origin co-operativity
are required to understand the interplay of the Cdt1-Geminin complex that regulates
the spatial and temporal loading of the MCM to license DNA replication.
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Chapter 6
MCM Structure and Mechanics:
What We Have Learned from Archaeal MCM

Ian M. Slaymaker and Xiaojiang S. Chen

Abstract Minichromosome maintenance (MCM) complexes have been identified
as the primary replicative helicases responsible for unwinding DNA for genome
replication. This chapter discusses the current structural and functional understanding
of MCMs and their role at origins of replication, which is based substantially on
studies of MCM proteins complexes from archaeal genomes.

Keywords DNA replication * MCM ¢ Hexameric and double hexameric helicase
¢ Protein motor * Unwinding mechanism

6.1 Introduction

Eukaryotes and archaea employ a tightly regulated series of stepwise events to ensure
a complete, high fidelity genome duplication event that occurs once, and only once,
per cell cycle. Origins of replication spaced along chromosomes are engaged by
pre-replication complexes (pre-RCs), which initiate DNA melting at the inception of
S-phase. Two resulting replication forks originated from an origin travel in opposite
directions, unwinding and copying DNA along the way.

The pre-RC is an ensemble complex consisting of the origin recognition com-
plex (ORC), Cdc6, Cdtl and the MCM helicase. MCM association with chromatin
depends on the presence of all these factors (Donovan et al. 1997; Maiorano
et al. 2000; Romanowski et al. 1996; Tanaka et al. 1997). Most components of the
pre-RC are located specifically at potential origins and act locally to initiate firing.
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However, MCM complexes are unique in this respect, and are found broadly
distributed along chromatin (Bailis and Forsburg 2003, 2004; Edwards et al.
2002b; Forsburg 2004; Kuipers et al. 2011; Liang et al. 1999; Pasion and Forsburg
2001; Tabancay and Forsburg 2006). Following the assembly of the pre-RC at
the origin, additional factors, such as Cdc45 and GINS are incorporated into an
intermediate pre-initiation complex (pre-IC) (Zou et al. 1997). The CDK and DDK
protein kinases activate the Cdc45-MCM-GINS (CMG) complex, thought to be the
core of the replication fork complex (Aparicio et al. 2006, 2009; Costa et al. 2011;
Tlves et al. 2010).

MCM proteins are AAA+(ATPases associated with diverse cellular activities)
superfamily members that are known primarily as protein motors such as DNA
helicases. MCMs unwind genomic double-stranded DNA (dsDNA) to expose sin-
gle-stranded template during S-phase (Bailis and Forsburg 2004; Forsburg 2004;
Pasion and Forsburg 2001; Tabancay and Forsburg 2006). Their function is not
limited to unwinding DNA, however, as MCM has also been implicated in origin
melting, genome repair and transcriptional regulation. Like all AAA+enzymes,
MCM complexes hydrolyze ATP to fuel their substrate catalysis. Energy is trans-
ferred from the AAA+helicase motor to the central channel of the MCM complex
to remodel the bound DNA substrate, splitting the DNA duplex ahead of the pro-
gressing replication fork (Labib et al. 2000). Cycles of ATP binding and hydrolysis
drive MCM to translocate and unwind long stretches of DNA for the duplication of
the entire genome.

Eukaryotic and archaecal MCM proteins likely evolved from a common ancestor
with AAA+core components very similar to modern eukaryotic replication machin-
ery. From this common ancestor, eukaryotes evolved six MCM genes, the products
of which form a ring shaped hetero-oligomeric MCM2-7 complex. Many archaea,
however, evolved only a single MCM gene that produces a homo-oligomer with the
same basic function as its hetero-hexameric counterpart. It should be noted that
representatives of the recently characterized archaeal order Methanococcales have
as many at eight MCM genes (Walters and Chong 2010). GINS, Cdc6, PCNA and
ORC homologs are also found in several archaeal genomes, indicating an overall
conserved system in both orders of life. For this reason, archaea are used as a model
system to study replication.

Two archaeal MCM proteins, one from the thermophilic archaeon Sulfolobus
solfataricus (ssoMCM) and another from Methanothermobacter thermautotrophicus
(mtMCM), represent the best studied to date. MCM crystal structures from these
two archaea provide the vast majority of structural information available. In the last
decade, three MCM crystal structures have been solved. In order of publication
these are: an N-terminal fragment of mtMCM (N-mtMCM) (Fletcher et al. 2003), a
similar N-terminal fragment of ssoMCM (N-ssoMCM) (Liu et al. 2008) and a 4.3 A
near full-length ssoMCM (FL-ssoMCM) (Brewster et al. 2008). Additionally, an
inactive MCM homolog from the archaeon Methanopyrus kandleri (mkaMcm?2)
was solved (Bae et al. 2009). FL-ssoMCM and the inactive truncated mkaMcm?2 in
the inactive deleted form crystallized as monomers, providing valuable new infor-
mation about subunit domain organization.
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Electron micrograph (EM) reconstructions provide low resolution maps of
full-length MCM hexamer and double hexamer forms (Adachi et al. 1997; Costa
et al. 2006a, b, 2008, 2011; Gomez-Llorente et al. 2005). With all of this informa-
tion taken together, an understanding of how MCM functions at the core of the
replisome begins to emerge.

6.2 Complex Organization: Hexamers and Double Hexamers

MCM complexes in eukaryotes and archaea assemble into a variety of oligomeric
arrangements including hexamers, heptamers and some larger oligomers. This
observation is no longer surprising, as many AAA+ proteins are found to form poly-
morphic oligomers, including hexameric and heptameric rings. Hexameric MCM
rings are the most commonly observed oligomer and represent the active helicase.
These hexameric helicases in archaeal and eukaryotic DNA replication commonly
associate in a head-to-head double hexamer configuration.

MCMs (archaeal and eukaryotic) elute from size exclusion columns at a molecular
weight congruent with hexamers or double hexamers (Brewster and Chen 2010;
Brewster et al. 2008, 2010; Chong et al. 2000; Fletcher et al. 2003, 2005; Forsburg
2004; Gambus et al. 2011; Gomez-Llorente et al. 2005; McGeoch et al. 2005; Remus
et al. 2009; Yu et al. 2002). Closed circular rings of MCM are clearly visualized by
electron micrographs, exhibiting primarily hexameric and double hexameric rings
(Fig. 6.1). It should be noted that heptamers and double heptamers are also found in
relative abundance as examined by EM (Costa et al. 2006b, 2008; Gomez-Llorente
et al. 2005). Double hexameric architecture was first shown by the crystal structure
of N-mtMCM; N-ssoMCM was later crystallized as a single hexamer. Both display
planar rings (Fig. 6.1a). The double hexamer architecture was recently shown to be
a conserved eukaryotic Mcm2-7 architecture (Evrin et al. 2009; Gambus et al. 2011;
Remus et al. 2009). These results strongly suggest that MCMs exist as a double
hexamer at the replication origins at the initiation of replication.

The MCM double hexamer parallels that of SV40 large T antigen (LTag), another
AAA+hexameric helicase for viral replication in eukaryotic systems (Sclafani et al.
2004). Like MCM, LTag forms both hexamers and head-to-head double hexamers
in solution and on dsDNA (Cuesta et al. 2010; Valle et al. 2006). Double hexamers
clearly play an essential role for LTag, since in vivo DNA replication is not permitted
when hexamer-hexamer interactions are disrupted. However, LTag hexamers do
retain helicase activity in vitro, however, albeit at a 15-fold lower rate. These obser-
vations are echoed in studies of MCM: site-directed mutagenesis disrupting the
double hexamerization of mtMCM causes between 5- and 13-fold less unwinding
activity (depending on assay conditions) than wild-type (Fletcher et al. 2003, 2005;
Sclafani et al. 2004).

Further evidence for the double hexamer as an active oligomer at the origin is found
in the organization of origins within archaea. Three origins of replication identified
in S. solfataricus (see Chap. 4, this volume) have oppositely facing ORC homolog
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N-domain
side channels

C-domain
side channels

Fig. 6.1 The double hexamer architecture of two archaecal MCM complexes. (a) Double hexamer
crystal structure of N-mtMCM (Adapted from Fletcher et al. (2003)). (b) ssoMCM full-length struc-
ture docked into an EM map with side channels labeled (Adapted from Brewster et al. (2008))

binding sites flanking an AT-rich duplex unwinding element (DUE) suggesting that
hexamers are loaded in opposing directions i.e. head to head (Robinson et al. 2004).
The length of the Sulfolobus DUE is ~65 base pairs, approximately the size of an
MCM double hexamer (based on EM and crystal structure modeling), providing an
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attractive model in which an MCM double hexamer is loaded directly onto dsDNA
at the origin between two ORC proteins.

Research showing eukaryotic Mcm?2-7 is loaded to origins of replication as
double hexamers, provides convincing evidence for the biological significance of
this oligomer (Evrin et al. 2009; Gambus et al. 2011; Remus et al. 2009). Mcm2-7
double hexamers reconstituted on dsSDNA from purified yeast pre-RC components
show that loading occurs in a head-to-head configuration similar to that of mtMCM
(Remus et al. 2009). However, there was no indication that DNA had undergone
any melting or unwinding in this study. If the in vitro pre-RC assembly thoroughly
recapitulates in vivo MCM loading, this has significant implications for initiation
and unwinding as it implies that origin melting occurs after MCM is loaded, not
before or during the double hexamer loading/assembly at the origin. This is similar
to the results obtained from the melting study for SV40 LTag system. Components
involved in origin firing are not well understood and it is possible that the double
hexamer contributes to origin melting in coordination with other pre-RC proteins,
and once melted or at a certain stage of DNA replication (such as during elongation
or approaching termination of replication), single hexamers carry out unwinding.
Single molecule experiments demonstrated that Xenopus sister replisomes can
function independently to replicate long stretches of DNA under the in vitro assay
condition (Yardimci et al. 2010), which is consistent with the above hypothesis.

6.3 Helicase Activity

Several outstanding questions regarding MCM helicase mechanism during replication
still remain to be addressed. First, how does MCM complex participate in melting
origin DNA and generating viable replication forks? Secondly, what structural features
are responsible for the physical separation of dsDNA into ssDNA, and where in the
enzyme does this take place? Finally, how are the 6 subunits of an MCM hexamer
coordinated to unwind DNA?

A strongly positively charged central channel runs straight from N- to C-terminal
of MCM hexamers in MCM crystal structures (Fig. 6.2a), which is the primary
binding site for DNA (Brewster et al. 2008; Fletcher et al. 2003; Liu et al. 2008).
The length of the central channel in full-length ssoMCM hexamer is ~240 A,
sufficient for ~70 base pairs of straight B-form DNA (Brewster et al. 2008; Fletcher
et al. 2003; Liu et al. 2008). The central channel diameter is sufficient to accom-
modate either ssDNA or dsDNA, thereby supporting a number of different unwinding
models.

In addition to the primary central channel, side channels within the C domain
are observed on the side-walls of the hexameric or double hexameric complexes
(Figs. 6.1c and 6.2¢). A side channel is found between each pair of monomers for a
total of six side channels per hexamer (Brewster et al. 2008). The existence of posi-
tively charged side channels suggests a potential path through which DNA traverses
during helicase activity (Fig. 6.2c). Additionally, within the double hexamer a
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Fig. 6.2 The central channel features. (a) Electrostatics of N-mtMCM double hexamer structure
showing positive central channel. Yellow arrows indicate the narrowest point (Adapted from
Fletcher et al. (2003)). (b) LTag hexamer central channel narrowing as a result of nucleotide
binding. Presensor-1 (PS1-hp) is colored red (Adapted from Brewster and Chen (2010)). (c) Left:
cartoon of an MCM hexamer and the B-hairpins revealed by the crystal structure in the central
channel. Right: black lines indicate possible pathways for DNA including or excluding side chan-
nels (Adapted from Brewster et al. (2008))

second set of N-terminal side channels is formed by the head-to-head interface of
the double hexamer zinc binding domains (B-domain). It should be noted that the
biological relevance for the obvious side channels has yet to be demonstrated.
Although MCM will bind nearly any DNA substrate, it can only unwind DNA
with a forked end or a 3’ overhang, and cannot unwind DNA with a 5’ overhang or
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blunt ended dsDNA (Bochman and Schwacha 2008; Ishimi 1997; Shin et al. 2003;
You et al. 1999). This holds true for all isolated archaeal and eukaryotic MCM
complexes to date. LTag requires identical substrate specifications for in vitro
helicase activity in most cases, with one notable exception. If LTag is supplied with
a specific origin sequence, it is capable of melting and unwinding long stretches
(at least 1,000 bp) of blunt-end dsDNA from the middle portion of the dsDNA.
Since origin DNA is presumably double-stranded prior to replication initiation,
either MCM or another factor (or a combination of factors) must initially melt the
duplex. Interestingly, if the N domain of ssoMCM is removed, the remaining C
domain is capable of unwinding blunt-end dsDNA in vitro (Barry et al. 2007);
however, the blunt-ended dsDNA tested was only 44 bp long, and it is unclear if
much longer blunt-ended dsDNA can be unwound by this deletion mutant. It is pos-
sible that removing the N-terminal domain simulates an activation step or removes an
inhibitory component for origin melting in vivo. However, no conditions have been
found which permit wild-type MCM unwinding of blunt-end DNA in vitro. There
is some in vivo evidence that MCM contributes to origin melting prior to S-phase.
A S. cerevisiae mcm5 mutant (mcm5-bob[) that bypasses a kinase checkpoint appears
to melt DNA prior to S-phase (Geraghty et al. 2000). These observations raise the
question: is MCM loaded onto dsDNA at origins and melted at a later stage, or does
MCM load onto ssDNA that has been melted by other replication factors such as
ORC and Cdc6? The in vitro reconstitution of a eukaryotic MCM double hexamer
with no indication of origin melting (Remus et al. 2009), and failure to detect ssDNA
in G1 arrested cells (Geraghty et al. 2000), seem to suggest the former.

Once origin DNA is melted, MCM assumes the role of helicase to unwind the
replication forks. A number of unwinding models have been proposed to include the
available data on MCM helicase activity. These are described below.

6.3.1 Steric Exclusion

The steric exclusion model proposes that the MCM helicase binds ssDNA and
translocates away from the replication bubble, sterically excluding the opposite
strand from the duplex. This model suggests that the active helicase acts as a
single hexamer similar to DnaB family helicases found in prokaryotes and phages
(Patel and Picha 2000). Evidence for the steric exclusion model is MCM’s inability
to unwind dsDNA without a 3" ssDNA overhang, suggesting that, at least in vitro,
MCM threads onto ssDNA prior to unwinding.

If MCM is initially loaded at an origin as a double hexamer, this model implies
the enzyme should split into two hexamers sometime after the replication initiation,
with each hexamer reorganizing to encircle melted ssDNA strands and traveling in
opposite directions along ssDNA. Support for this model comes from FRET data
indicating that the 5’ tail rapidly binds and unbinds the outer MCM surface during
helicase activity (Rothenberg 2007).

The crystal structure of a related AAA+ papillomavirus E1 hexameric helicase pro-
vides evidence for the steric exclusion model for E1 helicase. In this structure ssDNA
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is bound to the central channel, with each subunit making identical interactions with
DNA (Enemark and Joshua-Tor 2006). In the steric exclusion model, this ssSDNA in the
central channel can be considered as the strand that would be translocating through
the central channel, excluding the opposing strand. Central channel B-hairpins form
a spiral staircase which tracks away from the ssDNA/dsDNA junction, pulling the
ssDNA through the toroidal hexamer with cycles of ATP hydrolysis. There are several
hairpins in the central channel that may play analogous roles (Brewster et al. 2008).

There are some inconsistencies with the steric exclusion model. The data showing
that Mcm2-7 loads onto dsSDNA double hexamer at origins (Remus et al. 2009) — and
not ssSDNA as this model would suggest — would require that MCM reorganizes
once origin DNA is melted, switching from dsDNA bound to ssDNA bound. One
possibility for this reorganization involves a Mcm2-7 “gate” between Mcm?2 and
McmS5, which may open to allow ssSDNA out of the central channel (Bochman and
Schwacha 2010; Costa et al. 2011) (discussed in detail in Chap. 7, this volume).
Similarly, archaeal MCMs are often observed to form broken rings. Displacement
of the excluded DNA strand may also engage side channels to direct the newly
unwound ssDNA away from MCM.

6.3.2 Ploughshare

The ploughshare model stipulates that a pinpointed force cleaves dsDNA into ssDNA
within the central channel (Takahashi et al. 2005). MCM is loaded onto DNA in an
inactive form (likely a double hexamer) by ORC and other replication factors and
upon S-phase initiation, dSDNA is melted to ssDNA and the fork DNA interacts
with MCM in such a way that a steric wedge, or ploughshare, is inserted at the
ssSDNA/dsDNA junction. By translocating along the genomic DNA, MCM pulls the
ploughshare through the duplex dsDNA, cleaving it to ssDNA (Takahashi et al. 2005).
If this model is accurate, a likely candidate for the ploughshare is the helix-2 insert
(H2I, described below), which occupies and appears to dominate the central channel
(Brewster et al. 2008) (Fig. 6.5).

6.3.3 LTag Looping Model (or Strand Exclusion)

Electron micrographs of LTag in the process of unwinding blunt-end origin contain-
ing dsDNA exhibit a curious particle shape suggesting that ssDNA is spooling out
and away from the double hexamer as two loops (often referred to as ‘rabbit ears’)
(Wessel et al. 1992). The crystal structure and EM structure of LTag —as well as
that of archaeal MCM - reveal the presence of large side channels on the hexameric
or double hexameric wall which may provide an avenue for ssDNA to spool away
from the replication fork (Fig. 6.1b). A looping model has been proposed for LTag
double-hexamer unwinding, in which dsDNA is pumped inside the double-hexamer,
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primase RPA polymerase

Fig. 6.3 The looping-model for bi-directional DNA unwinding by a double hexameric helicase,
which may be in action at the initial origin melting and even the first phase of replication elonga-
tion. Two hexamers stay together through N-N interactions. The C-terminal AAA+ motor domains
pump the dsDNA ahead of the fork into the double hexamer, extruding the separated ssDNA as
loops. During replication, primase, polymerase, RPA, and other replication proteins dock on the
side of the double hexamer near the side channels, capturing the emerging ssDNA loops as the
template for the synthesis of the leading and lagging strands

and the separated ssDNAs inside each of the hexameric helicase are extruded
through the side channels as loops (Fig. 6.3) (Gai et al. 2004, 2010; Li et al. 2003;
Sclafani et al. 2004). The two growing DNA forks are held close together by the
double-hexamer helicase while the ssSDNA continues to be extruded from the side
channel as loops, which can be captured and utilized by the primases and polymerases
as template for daughter strand synthesis. The similarity of the double-hexamer
architecture between LTag and MCM implies that MCM may function similarly
by pulling or pumping dsDNA into the double hexamer which in turn extrudes
ssDNA from its center.

Given LTag’s predisposition for forming double hexamers, it is possible that single
hexamers unwind DNA and the double hexamers found in ‘rabbit ears’ images are
merely artifacts of in vitro unwinding. The persistence of double hexamers would
present a problem for completing unwinding the circular genomes of archaea and
SV40 virus because eventually the double hexamer would be unable to unwind the
DNA when approaching replication termination. Alternatively, the double hexamer
helicase may function at the origin melting stage, perhaps even for most of the
elongation stage, and at termination, the double hexamer has to separate into less
efficient single hexamers to wrap up replication of the entire genome.

Recent compelling in vitro evidence suggests that sister replisomes can split and
travel in opposite directions, rather than pumping dsDNA through a central point of
unwinding (Yardimci et al. 2010). Unlike in vivo conditions where the replication
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machinery is believed to be anchored to the nuclear matrix, the replisome in this
experiment was free in solution but the two dsDNA ends were anchored to prevent
DNA from being pulled. Despite the anchoring, replication proceeded at normal
rates, indicating that sister replisomes and MCM likely split and travel along DNA
in this in vitro experiment. It is intriguing to find out at what stage(s) the double
hexamer splits into two single hexamers in the form of functional replisomes after
the origin melting and replication initiation in vivo.

6.3.4 Rotary Pump

The rotary pump model arose to explain the large abundance of MCM complexes
on chromatin. This model suggests that MCM complexes translocate bidirection-
ally away from sites of loading and are anchored within replication factories
(Laskey and Madine 2003). Once immobilized, multiple MCM complexes pump
DNA through the central channel, rotating the dsDNA and introducing a negative
twist that weakens the duplex. The key to this hypothesis is that two populations of
MCM face opposite directions and untwist DNA in opposite directions, transfer-
ring the twist back to origins.

This model hinges on the observation that many MCM complexes are distributed
along chromatin and speculation that they cooperatively unwind DNA. When MCM
numbers are drastically reduced to only a single double hexamer per origin, replica-
tion occurs efficiently regardless (Edwards et al. 2002a). This indicates that only a
subset of Mcm2-7 complexes bound to chromatin is essential for DNA unwinding
and that this model may not be plausible.

6.4 Domains and Features of an MCM Subunit

Sequence similarities suggest all MCM proteins share a similar domain organization
and can be separated into two major domains: the N-terminal domain (N domain) which
is split into A, B and C subdomains, and the C-terminal domain (C domain) which
contains the AAA+core and at its extreme C-terminus, a small subdomain predicted
to have a “winged helix” fold. The N- and C domains are connected by a flexible
linker designated the N-C linker. Here we will discuss the important features of each
domain, and how they contribute to the overall function of MCM complexes.

6.4.1 N Domain

MCM N domain sequences are poorly conserved between eukaryotic and archaeal
MCMs, and even between MCM subunits within an organism. However, structure-
based sequence alignments reveal a conservation of hydrophobic residues within
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buried regions, and charged residues within the central channel (Fletcher et al. 2003).
This suggests that although the primary sequence has mutated, the function and
overall fold of the N domain remains consistent.

The function of the N domain is thought primarily to be regulatory: when this
domain is deleted, the archaeal MCM (just the AAA+ motor and extreme C-terminal
winged helix subdomain) is still capable of unwinding DNA (Barry et al. 2007,
2009). However, substrate specificity and processivity are lost, indicating that the N
domain may be acting as a clamp to hold the AAA+domain around dsDNA and
prevent haphazard duplex unwinding. ssoMCM and mtMCM N domains (residues
1-268 and 2-286 respectively) have highly conserved structures and crystallized as
hexamers with six-fold symmetry and a positively charged central channel (Fletcher
et al. 2003; Liu et al. 2008). As previously discussed, only mtMCM crystallized as
a head-to-head double hexamer.

Subdomain A is primarily composed of helices, forming a compact bundle which
hangs off the outside of the hexamer (Fig. 6.4a) (Brewster et al. 2008; Fletcher
et al. 2003). This subdomain is best known for its role in regulating MCM via
kinases (Chen et al. 2005; Fletcher et al. 2003; Fletcher and Chen 2006; Geraghty
et al. 2000; Hoang et al. 2007). A proline (Pro83) to leucine mutation within the A
subdomain of yeast MCMS5 bypasses a checkpoint mediated by Dbf4-dependent
Cdc7 kinase (DDK), proposed to phosphorylate and promote proper assembly of
the MCM complex (Fletcher and Chen 2006; Hoang et al. 2007). This proline aligns
to a residue in mtMCM which mediates contact between subdomains A and C and
promotes a rotation of subdomain A that is proposed to activate MCM (Chen et al.
2005; Fletcher et al. 2003; Fletcher and Chen 2006; Hoang et al. 2007). Mutation of
the corresponding mtMCM proline (Pro62) to leucine causes a only slight shift of A
subdomain due to the large leucine sidechain, however, helicase activity is decreased
14-fold confirming an conserved regulatory role for subdomain A (Fletcher et al.
2003; Fletcher and Chen 2006). This agrees with EM reconstructions suggesting
this domain changes conformation (Chen et al. 2005; Fletcher and Chen 2006).
The archaeal data suggest that the phosphorylation by DDK which targets Mcm4
just prior to replication initiation in vivo may induce a swing out of subdomain A in
eukaryotic enzymes (Lei and Tye 2001).

Subdomain B is composed of three antiparallel B-sheets, which form a compact
domain at the opposite protein end from the AAA+motor (Fig. 6.4a). B subdomains
of neighboring hexameric subunits are in close association with each other around
the N-terminal end of the hexamer (Fletcher et al. 2003; Liu et al. 2008). Comparison
between the N-ssoMCM and N-mtMCM hexamers revealed a rigid body “bowing
in” of N-ssoMCM B subdomains, which narrows the central channel compared to
N-mtMCM (Fletcher et al. 2003; Liu et al. 2008). This may indicate a flexibility of the
B subdomain during helicase activity or promotion of oliogomerization. The B sub-
domain coordinates a zinc at its tip using a CX,CX CX CX(C,) motif that folds into
an zinc binding domain (Fletcher et al. 2003). ssoMCM and mtMCM also engages
a histidine to coordinate zinc, and in ssoMCM, this histidine replaces one of the
cysteines (Fletcher et al. 2003; Liu et al. 2008). Mcm?2-7 subunits have similar motifs
capable of binding zinc within their N domains, suggesting a conserved function.
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Fig. 6.4 Structural features of the N domain and at the nucleotide pocket of ssoMCM. (a) N
domain features of ssoMCM (PDB: 3F9V). Blue solid represents C domain. (b) ATP pocket with
modeled ATP (grey) and key residues labeled. (c¢) Detailed structural elements of the C domain
of ssoMCM (PDB: 3F9V). The surface (cream color) represents the N domain and the ribbon
diagram the C domain

Though little information is available for what this function is, the B-domain appears
to be essential for double hexamerization (Fletcher et al. 2003). Mutation of His146
(found at the tip of the B subdomain) to alanine in ssoMCM severely affects DNA
binding and helicase activity indicating an important, if unclear, role for the B sub-
domain (Fletcher et al. 2005; Gomez-Llorente et al. 2005; Sclafani et al. 2004).
Clustering the B subdomain in hexamers may suggest that this mutation affects the
enzymes ability to encircle DNA.

Subdomain C is the core of the N domain, and contains five antiparallel -sheets
that curl into a B-barrel like structure (Fig. 6.4a) (Brewster et al. 2008; Fletcher
et al. 2003; Liu et al. 2008). The C subdomains harbor two particularly interesting
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features: a positively charged B-hairpin which protrudes into the central channel
(Nt-hp) and a loop known as the allosteric communication loop (ACL) (Fig. 6.4a, c)
(Barry et al. 2009; Fletcher et al. 2003; Sakakibara et al. 2008). These features act
in coordination to modulate the C domain through contacts with hairpins within
the AAA+core (Barry et al. 2009; Sakakibara et al. 2008). N domain crystal struc-
tures (both of mtMCM and ssoMCM) show that all six Nt-hps point into the central
channel, contributing to the highly positive charge, and likely contacting DNA
(Brewster et al. 2008; Fletcher et al. 2003; Liu et al. 2008). It is unlikely that this
hairpin is essential for the physical splitting of the DNA duplex, as full-length
MCM maintains helicase activity (although this is diminished) when it is deleted
(Barry et al. 2009). These hairpins may track DNA through the central channel, in
an analogous manner to those found in E1. Interestingly, the N domain fragment of
mtMCM binds dsDNA only slightly less than full-length enzyme; however, when
the two positively charged residues at the tip of the B-hairpin (Arg226 and Lys228
in mtMCM) are mutated to alanine, all DNA binding is abrogated (Fletcher et al.
2003). This indicates that the primary N domain feature interacting with DNA is
likely the B-hairpin within the central channel. As mentioned previously, the B
subdomain has some influence on DNA binding, but this may be via oligomeric
interactions as opposed to DNA interactions. The C domain is connected to the
AAA+motor to via the N-C linker which extends from the B-barrel to the distal
end of the C domain (Brewster et al. 2008). There is some indication that this linker
is flexible, and permits AAA+domain movement important for helicase activity
(Brewster et al. 2008).

6.4.2 C Domain

The near full-length ssoMCM (FL-ssoMCM) and mkaMcm?2 crystal structures
revealed a typical organization of AAA+ features: the Walker A/B motif, P-loop and
a five-parallel B-sheet core arranged in a canonical 51432 arrangement (Fig. 6.4c)
(Bae et al. 2009; Brewster et al. 2008; Iyer et al. 2004). The C domain is often
referred to as the motor domain, as it carries out the chemo-mechanical motion of
MCM. Importantly, the C domain contains the ATP binding pocket.

6.4.2.1 ATP Binding Pocket

Two adjacent MCM monomers come together at the subunit interface to form a
complete ATPase pocket (Fig. 6.4b) (Erzberger and Berger 2006; Iyer et al. 2004).
Although neither a nucleotide-bound nor a multimer including the AAA+domain
structure has been solved, it is clear that a number of conserved residues contribute
to the coordination and hydrolysis of ATP (Fig. 6.4b). Related AAA+ protein struc-
tures serve as templates for hypotheses regarding the organization of these residues
within the MCM ATP pocket in lieu of a high resolution structure (Erzberger and
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Berger 2006; Iyer et al. 2004). Like all AAA+ proteins, MCMs have a canonical
P-loop motif bearing a conserved Walker A lysine (Fig. 6.4b). ATP is docked into
the P-loop and a coordinated assembly of cis and trans subunits bind and catalyze
the hydrolysis reaction. The Walker A lysine coordinates and binds the y phosphate
of ATP (Erzberger and Berger 2006; Iyer et al. 2004). The nearby Walker B motif
coordinates Mg*™ and water around the immobilized ATP molecule to catalyze
hydrolysis of the y phosphate, cleaving the ATP to ADP and phosphate. The Walker
B glutamate in the sequence hhhhDE (where h is a hydrophobic residue) primes the
water molecule for nucleophilic attack of the y phosphate. The adjacent subunit
projects a residue known as the arginine finger into the ATP pocket to stabilize
and coordinate the associated nucleotide. If the arginine finger is mutated, MCM
can no longer unwind DNA or hydrolize ATP (Moreau et al. 2007). In the LTag
ATP co-crystal structure (PDB: 1SVM) the arginine finger (R540) contacts with the
v phosphate of ATP (Gai et al. 2004). Once hydrolysis has occurred, R540 recedes
from the LTag ATP pocket and away from the ADP (Gai et al. 2004; Li et al. 2003).
Upon ATP binding within a LTag hexamer, a narrowing of the central channel
(to 14 A) ensues, and the next cycle of ATP hydrolysis again allows the arginine
finger to recede from the ATP pocket. The global effect is an iris-like contraction
and release mechanism, proposed to pump DNA and unwind duplex DNA within
the central channel (Fig. 6.2b) (Gai et al. 2004). Hexamer models of MCM predict
the arginine finger is positioned similarly, i.e. recessed from the ATP pocket as
expected in the open-iris state (Brewster et al. 2008). It is possible that MCM
utilizes ATP in a similar fashion, tightening the interface between monomers to pull
itself along, or pull DNA through the central channel.

Additional highly conserved residues are essential for ATPase activity including
sensor 1 and sensor 2 motifs. The sensor 1 motif is on 4 of the AAA+core sheets and
bears an asparagine residue that coordinates the water molecule in conjunction with
the Walker B glutamate (Fig. 6.4b) (Singleton et al. 2000; Story and Steitz 1992).
The sensor 2 motif is on a bundle of helices (a6, o7 and a8) and contains a conserved
arginine that coordinates and constrains the ATP within the pocket, usually interacting
with the y phosphate. Sensor 2 is atypically a trans residue in MCM proteins. Together
all these residues transmit energy from hydrolyzed ATP to the central channel.

AAA+proteins also transmit substrate information from the central channel to
the ATP pocket (Mogni et al. 2009; Zhang and Wigley 2008). MCM’s rate of hydro-
lysis notably increases with the addition of DNA (by 1.2-fold in ssoMCM) (Brewster
et al. 2010; McGeoch et al. 2005). This indicates a direct line of communication
from the DNA in the central channel to the ATPase active site. This occurs via a
conserved AAA+polar residue (T346 in ssoMCM) known as the “glutamate
switch”. The glutamate switch alters the position of the Walker B glutamate within
the hhhhDE motif from an active conformation to an inactive conformation, trig-
gered by substrate binding (Mogni et al. 2009; Zhang and Wigley 2008). When the
glutamate switch is mutated, DNA no longer stimulates ATPase activity (Mogni
et al. 2009; Zhang and Wigley 2008).

All C domain features discussed so far are common among AA A+ proteins, though
specifically positioned in MCM (Erzberger and Berger 2006; Iyer et al. 2004).
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Recently another essential conserved residue (R331 in ssoMCM) specific to MCMs
was located on a hairpin (known as EXT-hp, see below) near the ATPase pocket
(Brewster et al. 2008; Moreau et al. 2007). While the exact role of this residue
remains unclear, it is near enough to the ATP pocket to physically influence the
bound nucleotide (Brewster et al. 2010). This residue and the hairpin are further
discussed below.

6.4.2.2 Hairpins, Helices and Inserts

MCM is a member of the Pre-sensor I superclade, shared with LTag, and the
Pre-sensor II insertion clade, shared by the magnesium chelatase BChI. Proteins
within these clades are characterized by a number of inserts and modifications to the
basic AAA+core that sculpt the C domain into the helicase motor (Erzberger and
Berger 2006; Iyer et al. 2004).

The PS1-hp is a long hairpin structure predicted to protrude into the central chan-
nel of the MCM hexamer (see Figs. 6.4c and 6.5) (Brewster et al. 2008; McGeoch
et al. 2005; Moreau et al. 2007). A highly conserved lysine found at the tip of this
hairpin is essential for MCMs helicase activity (McGeoch et al. 2005). Although
unable to unwind DNA, the PS1-hp mutant MCM still binds dsDNA with wild-type
affinity, suggesting the mutation uncouples DNA binding from unwinding and the
PS1-hp is primarily involved in the unwinding mechanism (McGeoch et al. 2005).
A homologous PS1-hp is found in the LTag central channel, bearing lysines and
aromatic residues at its tip, all of which are essential for unwinding (Fig. 6.2b)
(Gai et al. 2004). Importantly, ATP hydrolysis dramatically shifts the LTag hairpin
17 A within the central channel during ATP hydrolysis, and accounts for the
central channel iris narrowing (Gai et al. 2004). Although perhaps not utilizing the
same mechanism as LTag, MCM likely harnesses a similar hairpin movement for
unwinding. PS1-hp may have a specialized role in MCM, such as positioning DNA
within the central channel, tracking DNA translocation similarly to E1, or prying the
duplex open. PS1-hp may also work in conjunction with other features, such as the
helix-2 insert (H2I), to cooperatively unwind DNA. Possibly, aspects of unwinding
are delegated to each feature; for example, the H2I may disrupt the DNA duplex
while the PS1-hp pulls the resulting strands apart.

The helix-2 insert (H2I) translates a portion of a2 into the central channel without
interrupting the continuity of a2 hydrogen bonding, creating a hairpin structure
with a piece of helix at its tip (Figs. 6.4c and 6.5) (Bae et al. 2009; Brewster et al.
2008; Erzberger and Berger 2006; Iyer et al. 2004). Like the PS1-hp, the H2I extends
into the hexamer central channel where it likely interacts with substrate DNA
(Brewster et al. 2008). H2I deletion completely abrogates helicase activity without
compromising oligomerization and interestingly, significantly stimulates ssDNA
and dsDNA binding (Jenkinson and Chong 2006). These mutational effects imply
that the H2I is directly involved in unwinding the DNA duplex, but may also be
forcing DNA into an energetically unfavorable conformation (Jenkinson and Chong
2006). In support of this, the H2I mutant, though having essentially wild-type basal
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Fig. 6.5 The functionally important -hairpins (in colors) of ssoMCM. (a) ssoMCM monomer
(PDB: 3F9V) showing the (3-hairpins from both N- and C domains. (b, ¢) The ssoMCM hexamer
model showing the locations of the 3-hairpins in the central channel viewing from the side and top
of the hexamer (Adapted from Brewster and Chen (2010))

ATPase levels, has much higher level of DNA-stimulated hydrolysis, suggesting that
the enzymes energetic load, normally overcome by nucleotide hydrolysis, is removed
and the enzyme is essentially “spinning its wheels”. This implies a significant shift
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of the H2I within the central channel occurs during ATP hydrolysis, similar to the
PS1-hp in LTag. Evidence for this shift is found in the H2I deletion in mtMCM;
when ATP is present, a tryptophan on the H2I is more solvent exposed than in the
nucleotide-free enzyme, suggesting a conformational change during helicase activity
(Jenkinson and Chong 2006). The mutational data for PS1-hp and the H2I indicate
that both are cooperatively engaged during helicase activity and likely influence
each other based on their positioning.

A hairpin predicted to be on the outer surface of the hexamer and below the side
channels, is appropriately named the external hairpin (EXT-hp) (Figs. 6.4c and 6.5)
(Brewster et al. 2008). This hairpin harbors the previously mentioned R331 residue
involved in ATPase activity. A detailed analysis of each residue of the hairpin indi-
cated that EXT-hp residues are also involved in DNA binding (Brewster et al. 2008,
2010). This could be interpreted as DNA threading through the side channels and
engaging the EXT-hp. An alternate explanation is that mutations to the EXT-hp
affect the ssoMCM subunit interface, which narrows or distorts the central channel,
negatively influencing DNA binding.

Lastly, a long insertion (PS2-ins) between o5 and o6 reorganizes a canonical
helical bundle domain (lid domain) found in PS1 superclade members (Fig. 6.4c)
(Erzberger et al. 2006). The PS2-ins splits the canonical lid domain into an o helix
bundle (a-domain consisting of a6, a7 and a.8) and a5. a5 remains in its canonical
location, but the helix bundle is repositioned to the opposite side of the subunit and
away from the cis ATP pocket (Bae et al. 2009; Brewster et al. 2008). Importantly,
this repositions the sensor 2 arginine on o7 into an atypical trans position (Moreau
etal. 2007). The full-length ssoMCM crystal structure revealed that a5 is flanked by
two long linkers, and predicted to associate with the adjacent monomers (Brewster
et al. 2008). This may represent a key interface at the C terminal domain, and allow
elasticity within the central channel.

The AAA+core isolated from the N domain is still capable of unwinding DNA,
albeit with much lower processivity and substrate specificity. Therefore this domain is
considered to be the helicase motor that carries out the dynamic motion required for
helicase activity. The PS1-hp and H2I appear to be intimately involved in the cleavage
of duplex DNA and may function as the steric wedge in the ploughshare model, to
redirect ssDNA in the steric exclusion model, or pull DNA through the central channel
in the T-antigen model. Similar hairpins of LTag narrow and widen the central channel
as ATP cycles though, making it likely that these hairpins are analogously involved
in MCM dsDNA unwinding via force exerted by the H2I and the PS1-hp.

6.4.2.3 Winged Helix Domain

The wing helix domain is very small and is comprised of a few helices attached
by a linker to a.8. When this domain is removed from ssoMCM helicase activity
is significantly stimulated, possibly indicating a regulatory role (Barry et al. 2007).
This effect could be due to an influence on the attached a6, a7, a8 helix bundle
which harbors the sensor 2 arginine. In eukaryotic MCM the winged helix domain
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is responsible for interactions with Cdtl, a protein essential for Mcm?2-7 loading
(Khayrutdinov et al. 2009). An archaeal homolog of Cdt1 has not been discovered yet
and it is curious that this domain is conserved between archaea and eukaryotes.

6.5 Inter- and Intra-Subunit Communication

The planar hexameric ring of MCM subunits comprises the active helicase unit.
Within a hexamer, the interface between each pair of subunits harbors a single ATP
active site, composed of cis and trans subunit contributions, for a total of six ATPase
pockets per helicase unit. In the homohexameric archaeal helicase, each active site
is equivalent, which is not the case in the Mcm2-7 complex, where each active site is
unique (see Chap. 7, this volume, for details) (Bochman et al. 2008; Bochman and
Schwacha 2008, 2010).

The coordination of hydrolysis within hexameric ring helicases fall into one of
several types: concerted, sequential, probabilistic or semi-sequential (Crampton
et al. 2006; Enemark and Joshua-Tor 2006; Gai et al. 2004; Martin et al. 2005;
Singleton et al. 2000). LTag is thought to engage and hydrolyze ATP in each active
site simultaneously, leading to the previously discussed iris-like contraction and
relaxation cycles. This is observed in crystal structures containing nucleotides, in
which all the ATP pockets are occupied (by ATP or ADP) or empty (Gai et al.
2004). Alternatively, ClpX subunits hydrolyze ATP probabilistically, suffering only
a 1/6 reduction in enzyme efficiency from a single compromised active site (Martin
et al. 2005). E1 and DnaB utilize a sequential mode of hydrolysis, in which each
hydrolysis event is promoted by the neighboring ATPase active site (Donmez
and Patel 2006; Enemark and Joshua-Tor 2006). Without DNA present, ssoMCM
indicates a probabilistic mode of hydrolysis, meaning that hydrolysis cycles of a
single subunit are not dictated by the neighboring subunits. However, during DNA
unwinding MCM fits a model between sequential and random models, often termed
semi-sequential (Moreau et al. 2007). This indicates that an individual subunit’s
ATP-dependent contribution to helicase activity is dependent on the conformation
of other subunits in the complex. In short, the helicase can tolerate several inactive
ATP pockets and still function.

A number of structural features at the subunit interface and within the central
channel have been implicated in mediating subunit communication (Barry et al.
2009; Brewster et al. 2008; Moreau et al. 2007; Sakakibara et al. 2008). The ACL is
so named for its role in regulating of the AAA+domain via the N domain (Fig. 6.4a).
The ACL function was initially recognized in mtMCM and subsequently validated
in ssoMCM (Barry et al. 2009; Sakakibara et al. 2008). When deleted, the ACL
mutant retains no helicase activity. This is curious since the AAA+domain in isola-
tion retains helicase activity. The missing ACL must somehow inhibit the helicase
mechanism. It was subsequently shown that adding an Nt-hp deletion to the AACL
mutant restores helicase activity. The ACL is therefore proposed to play a role in
properly positioning the Nt-hp within the central channel, and a mis-positioned
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Nt-hp is implicated for helicase inhibition of the AACL mutant (Barry et al. 2009).
It seems likely then that the Nt-hp is performing a regulatory role through structural
features identified as essential for helicase activity, possibly the PS1-hp and the H2I.
The modeled hexamer of ssoMCM indicates that these features may in fact be in near
each other in the central channel, offering support for this hypothesis. The N domain
influences the H2I position in the central channel via an arginine that supports the
ACL (R98 in mtMCM, R110 in ssoMCM). Mutation of this residue influences the
solvent exposure of the H2I tryptophan similarly to ATP hydrolysis, indicative of a
conformational change of H2I within the central channel. Although the data is
limited, this may support the idea that the ACL regulates the central channel hairpin
positioning (Barry et al. 2009; Sakakibara et al. 2008). Considered with the semi-
sequential subunit communication, subunits may alternate between “on” and “off”
conformations, inducing neighboring monomers to adopt an anti-conformation.

6.6 Higher-Order MCM Oligomers

Besides the hexamer and double hexamer, larger MCM oligomers have also been
observed by EM, including heptamers, open rings, and filaments (Chen et al. 2005;
Costa and Onesti 2009; Costa et al. 2006a, b, 2008; Gomez-Llorente et al. 2005; Yu
et al. 2002). The largest of these oligomers are filaments, which were first observed
in mtMCM EM preparations, and have been recognized in vitro for multiple archaeal
species with varying length and dimensions (Chen et al. 2005; Costa et al. 2008).
MCM filaments appear to depend on dsDNA, as purification that removes DNA also
prevents filament formation (Costa et al. 2006b, 2008). This may offer an explana-
tion for how the cell responds to exposed dsDNA in G1, and the sequence of events
leading up to replication initiation. Chromosome fluorescent imaging shows that
MCM is not focused at origins of replication but is instead liberally distributed
along the entirety of the chromosome (Kuipers et al. 2011). MCM loading is clearly
dependent on ORC, yet MCMs are found distal to ORC binding sites in large quan-
tities (Edwards et al. 2002a; Takahashi et al. 2005). It is possible that ORC acts as a
nucleation point for MCM filament extension. Recent work has shown that purified
Drosophila Mcm?2-7 fluctuates between a spiral “lock washer” state and a planar
notched state, the second which has been observed in archacal MCM (Costa et al.
2011). Inclusion of GINS and Cdc45 induce a planar notched state of Mcm2-7, and
addition of ATP closes the gap, sealing Mcm?2-7 into the closed hexamer. From the
filament state, inducing a planar conformation may collapse the filament to a hexamer,
effectively loading MCM to origin. This would suggest that the aforementioned
“lock washer” state is an intermediate between the filament and the loaded hexamer.
Alternatively, MCM filaments may function similarly to the bacterial initiator
DnaA, proposed to wrap dsDNA around its outer surface as a filament, twisting the
DNA in a way that transfers energy to a particular dsDNA region for duplex melting.
Interestingly, mtMCM hexamers were reported to wrap dsDNA around their outer
surface, inducing a 90° bend to the DNA (Costa et al. 2008).
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6.7 Conclusions

Archaeal MCM research is in the process of revealing the intricate details of the
MCM mechanism. Primary sequence conservation and similar complex organiza-
tion with eukaryotic Mcm?2-7 strongly suggests that archaecal MCM’s mechanistic
principals are transferable across orders of life. For this reason, archaeal enzymes
will continue be the focus of scientific interest and a source of significant replication
research.
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Chapter 7
The Eukaryotic Mcm2-7 Replicative Helicase

Sriram Vijayraghavan and Anthony Schwacha

Abstract In eukaryotes, the Mcm2-7 complex forms the core of the replicative
helicase — the molecular motor that uses ATP binding and hydrolysis to fuel the
unwinding of double-stranded DNA at the replication fork. Although it is a toroidal
hexameric helicase superficially resembling better-studied homohexameric helicases
from prokaryotes and viruses, Mcm2-7 is the only known helicase formed from six
unique and essential subunits. Recent biochemical and structural analyses of both
Mcm2-7 and a higher-order complex containing additional activator proteins (the
CMG complex) shed light on the reason behind this unique subunit assembly:
whereas only a limited number of specific ATPase active sites are needed for DNA
unwinding, one particular ATPase active site has evolved to form a reversible
discontinuity (gate) in the toroidal complex. The activation of Mcm?2-7 helicase
during S-phase requires physical association of the accessory proteins Cdc45 and
GINS:; structural data suggest that these accessory factors activate DNA unwinding
through closure of the Mcm?2-7 gate. Moreover, studies capitalizing on advances in
the biochemical reconstitution of eukaryotic DNA replication demonstrate that
Mcm?2-7 loads onto origins during initiation as a double hexamer, yet does not act
as a double-stranded DNA pump during elongation.
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7.1 Introduction

Although DNA is usually double-stranded, DNA polymerases universally require
single-stranded DNA as a substrate. In most organisms, double-stranded DNA
(dsDNA) is unwound into single-stranded DNA (ssDNA) by the replicative helicase,
a molecular motor that uses ATP binding and hydrolysis to separate two DNA
strands ahead of the polymerases at the replication fork. In eukaryotes, the catalytic
core of this activity has been identified as Mcm?2-7, a heterohexameric helicase
that forms a toroidal complex uniquely generated from six distinct and essential
subunits termed Mcm?2 through Mcm?7. This review focuses on recent structural and
biochemical advances of this helicase; for additional background on Mcm2-7, the
reader is directed to several earlier reviews (Bochman and Schwacha 2009; Forsburg
2004; Takahashi et al. 2005).

Despite the lack of a high-resolution Mcm2-7 structure, bioinformatics (Koonin
1993) and the crystal structure of the simpler but related homohexameric archaeal
Mcm complex (this volume, Chap. 6; Brewster et al. 2008; Fletcher et al. 2003)
confirm that Mcm2-7 is a AAA* ATPase (ATPases associated with a variety of
cellular activities; reviewed in Ogura and Wilkinson 2001). ATPase active sites in
AAA* proteins are formed at dimer interfaces. One subunit contributes specific cis
motifs to the active site (e.g. Walker A and B), while the other subunit contributes
specific trans motifs (e.g. arginine fingers) (Fig. 7.1a) (Erzberger and Berger 2006;
Iyer et al. 2004; Koonin 1993). As each subunit participates in two different ATPase
active sites, the study of isolated Mcm ATPase active site dimers has uncovered
the basic subunit architecture of Mcm2-7 (Bochman et al. 2008; Costa et al. 2011;
Davey et al. 2003). The six component ATPase active sites are named by the sub-
units that form them, and include the Mcm5/3, Mcm3/7, Mcm7/4, Mcm4/6,
Mcm6/2, and Mcm?2/5 active sites (Fig. 7.1b). Electron microscopy of the complex
confirms that like most other replicative helicases and many AAA* proteins, Mcm2-7
is toroidal with an open central channel (Biswas and Tsodikov 2008; Bochman and
Schwacha 2007; Costa et al. 2011; Enemark and Joshua-Tor 2006; Gai et al. 2004;
Pape et al. 2003; Patel and Picha 2000). Mcm2-7 presumably interacts with DNA
within the central channel, and the observation that the dimensions of this central
channel are sufficient to accommodate either sSDNA or dsDNA has inspired a vari-
ety of DNA unwinding models for Mcm2-7 (discussed below). Although the man-
ner in which ATP binding and hydrolysis are coupled to DNA unwinding is unknown,
sequence homology between Mcm2-7 and better studied AAA* helicases suggests
the involvement of several positively charged 3-hairpin ‘fingers’ that protrude from
each subunit into the central channel (Fig. 7.1¢). Two particular fingers (pre-sensor
1 (PS1) hairpin and the helix-2 insert (H2I) hairpin) are contained within the
C-terminal AAA* domain, and are likely involved in coupling ATP binding and
hydrolysis to DNA manipulation (Brewster et al. 2008; Jenkinson and Chong 2006)
(Fig. 7.1c). In particular, studies with related helicases (Brewster et al. 2010; Gai
et al. 2004) indicate that the PS1 hairpin undergoes a striking (~17 A) conforma-
tional change in the presence of ATP (Gai et al. 2004).
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a

Fig. 7.1 Subunit organization of Mcm2-7. (a) AAA+ active sites form in trans. (b) Subunit
architecture of Mcm2-7. (¢) Cross-sectional view through the Mcm complex showing the distribu-
tion of B-hairpins around the central channel and the conformational rearrangement of H2I and
PS1 following ATP binding (arrowheads, discussed in Brewster et al. 2008; Jenkinson and
Chong 2006). Mcm subunits are depicted with N- and C-terminal domains. EX external hairpins,
PS1 presensor-1 hairpin, H2I helix-2 insert hairpin, NH N-terminal hairpin, A Walker A, B Walker
B, and R arginine finger

As both the molecular motor driving replication fork progression and a major
regulatory focus, Mcm2-7 interacts with many additional proteins. Although a
detailed understanding of these accessory factors is lacking, sufficient evidence exists
to classify these interactions into the groups listed below; the known genetic and
physical interactions of these proteins with Mcm?2-7 are summarized in Table 7.1.

* Proteins involved with loading Mcm2-7 onto replication origins, including
ORC (origin recognition complex), Cdc6 and particularly Cdtl, which binds
Mcm?2-7 through its C-terminal domain (Ferenbach et al. 2005; Forsburg 2004;
Wei et al. 2010).

* Proteins that regulate Mcm2-7 helicase activity — likely in addition to various
kinases (e.g., Cdc7/Dbf4, CDK and Mecl) (Bruck and Kaplan 2009; Chuang
et al. 2009; Liku et al. 2005; Randell et al. 2010; Sheu and Stillman 2010), this
group includes Cdc45 and the GINS complex which are the presumed activators
of Mcm?2-7 (discussed below). In addition, various replication checkpoint pro-
teins (Mrc1/Tof1/Csm3) that are likely involved in the inactivation of Mcm?2-7 in
the presence of collapsed replication forks or other types of DNA damage
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Table 7.1 Summary of Mcm2-7 interactions
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Interacting Mcm?2-7 subunit Assay
factors involved Type* method® Selected references
Initiation factors
Orcl-6 2,457 G SPA (Loo et al. 1995)
Cdc6 25,7 P TH,IP.BRC (Randell et al. 2006; Seki and
Diffley 2000)
Cdtl 2,6 P IPAC,EM (Kawasaki et al. 20006;
Remus et al. 2009)
Mcm10 2,6,7 G,P TH,AC,SPA  (Homesley et al. 2000;
Im et al. 2009)
Elongation factors
GINS (Psf1-3, 3,5 P EM,IP,AC (Costa et al. 2011; Gambus et al.
S1d5) 2006; Remus et al. 2009)
Cdc45 2,5 G,P SPAEM, (Costa et al. 2011; Ilves et al.
IP,AC 2010; Im et al. 2009)
Ctf4 4 G,P AC,SPA (Gambus et al. 2009)
Mrcl 24,6 G, P 1IP,SPA (Lou et al. 2008; Nedelcheva
et al. 2005)
RPA1-3 3,4,5,6,7 P 1P (Nakaya et al. 2010)
Regulatory kinases
CDK (Cdc28) 3 P BRC (Liku et al. 2005; Tanaka et al.
2007a)
DDK (Cdc7/ 2-7 G,P SPA,BA,IP (Hardy et al. 1997, Jares et al.
Dbf4) 2000; Sheu and Stillman 2010)
Mecl 24,6 G,P BRC,SPA (Lee et al. 2010; Randell et al.
2010)
Checkpoint factors
Mrcl 6 P 1P (Komata et al. 2009)
Tof1 24,5 P ACMS,IP (Nedelcheva et al. 2005;
Numata et al. 2010)
Csm3 7 P 1P (Numata et al. 2010)
Radl7 7 P TH,IP (Tsao et al. 2004)
Chromatin factors
FACT 2,4,6,7 P MS.IP,GF (Tan et al. 2010)
(Spt16,Pob3)
HBO1 2 P TH (Burke et al. 2001)
HistoneH3 2 P AC (Ishimi et al. 1996)
MCM-BP 7 P AC,DC (Nishiyama et al. 2011)
Sister chromatid cohesion
Cohesin 6,7 P MS,IP (Ryu et al. 2006)
(Smc1,Smc3)
Cell cycle regulators
Rb 3,6,7 G,P TH,IP (Mukherjee et al. 2010; Numata

et al. 2010; Sterner et al. 1998)

“interaction abbreviations: P physical, G genetic

assay method abbreviations: AC affinity capture, BRC biochemical reconstitution, DC density
centrifugation, EM electron microscopy, GF gel filtration, /P immunoprecipitation, MS mass spec-
trometry, SPA synthetic phenotype/mutant analysis, TH two-hybrid analysis
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(Komata et al. 2009; Lopes et al. 2001; Lou et al. 2008; Nedelcheva et al. 2005;
Numata et al. 2010) can be placed in this class.

* Proteins that physically link Mcm2-7 to the rest of the replication fork, including
Mcm10 and Ctf4 (which link Mcm2-7 to Pola/primase) (Gambus et al. 2009;
Ricke and Bielinsky 2004) and Mrcl (that links Mcm?2-7 to the leading strand
DNA polymerase — Pole) (Lou et al. 2008).

* Proteins that provide additional functionality to the replication fork, including
the chromatin remodeling complex FACT (Tan et al. 2010; Wittmeyer et al.
1999), and proteins involved in sister chromatid cohesion (Guillou et al. 2010;
Ryu et al. 2006).

Although Mcm?2-7 superficially resembles other well-characterized homohexa-
meric helicases, biochemical and structural analysis of the complex has proved
largely intractable until recently. This impasse was chiefly due to the difficulty in
reconstituting biologically-relevant initiation and elongation reactions in vitro, an
inability to observe DNA unwinding from purified Mcm?2-7 in vitro, and a paucity
of knowledge concerning the function of numerous essential replication factors that
interact with Mcm2-7 but lack obvious orthologs in better-studied prokaryotic and
viral replication systems. Although significant technical problems remain, recent
advances in these areas (detailed below) have begun to crack the ‘Mcm problem’.

7.2 The ‘Mcm Problem’ and Nonequivalent ATPase
Active Sites

The biochemical reconstitution of Mcm?2-7 helicase activity hinged upon under-
standing why particular subunits within the complex inhibit helicase activity under
typical in vitro conditions. Ongoing genomic analysis has revealed that all currently
annotated eukaryotic genomes contain identifiable orthologs of each of the six
corresponding MCM genes, which further underscores the importance of a hetero-
hexameric organization (Iyer et al. 2004; Liu et al. 2009). Because replicative
helicases from bacteria, viruses and archaea are homohexamers in which each ATPase
active site is apparently capable of equal biochemical activity, the heterohexameric
nature of Mcm?2-7 begs a question — why are six different subunits required?

From initial biochemical investigation of Mcm?2-7, it was inferred that individual
Mcm subunits were functionally distinct. While the heterohexameric complex
(Mcm2-7) lacked in vitro helicase activity, a specific hexameric Mcm subcomplex
(Mcm467) was competent to unwind DNA (Bochman and Schwacha 2007; Davey
et al. 2003; Ishimi 1997; Lee and Hurwitz 2000). Consistent with a potential inhibi-
tory role for the Mcm2, Mcm3, and Mcm5 subunits, addition of either the Mcm5/3
dimer or Mcm2 monomer inhibits the DNA unwinding activity of Mcm467 (Sato
et al. 2000). In the case of Mcm?2, inhibition requires a functional ATPase active site,
because Mcm2 containing a mutation in the Walker A motif (mcm2KA) binds to
Mcm467 but does not inhibit its DNA unwinding activity (Stead et al. 2009). Moreover,
further analysis of Mcm467 indicates that helicase activity only depends upon the
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Mcm7/4 ATPase active site, as a dimer of Mcm4 and Mcm?7 can unwind DNA without
Mcmb6 (Kanter et al. 2008). These results present a paradox, because considerable in vivo
data indicate that all six subunits are coordinately required for both initiation and elonga-
tion (Aparicio et al. 1997; Kubota et al. 2003; Labib et al. 2000; Leon et al. 2008).

Mutational analysis verifies the non-equivalence of Mcm?2-7 ATPase active sites.
Studies of ATP hydrolysis and ATP-dependent ssDNA binding of S. cerevisiae
Mcm2-7 complexes containing mutations in individual ATPase active site motifs
(Walker A, Walker B, and arginine finger), indicates that both biochemical activities
depend upon the Mcm3/7 and Mcm7/4 active sites. In contrast, the remaining sites
(largely involving Mcm?2, Mcm3 and Mcm5) contribute little to either activity
(reviewed in Bochman and Schwacha 2009). In addition, analysis of Mcm dimers
corresponding to individual ATPase active sites (see below) indicates that the
Mcm3/7 and Mcm7/4 active sites account for the bulk ATP hydrolysis activity of
Mcm?2-7 complex (Bochman et al. 2008; Davey et al. 2003). Although the relative
functional contribution of the individual Mcm ATPase active sites may be some-
what different in metazoans (Ilves et al. 2010), results for S. cerevisiae divide the
Mcm subunits into two functional groups: those needed for DNA unwinding (Mcm4,
Mcm7, and possibly Mcm6), and those that possibly serve an essential regulatory
role (Mcm?2, Mcm3 and Mcm)).

The subunit architecture of Mcm?2-7 further underscores the nonequivalence of
ATPase active sites. S. cerevisiae Mcm?2-7 active site dimers can be formed and
studied either by reconstitution from purified subunits (Davey et al. 2003) or by
purification of co-expressed subunits from baculovirus-infected insect cell lines
(Bochman et al. 2008). Since most Mcm subunits are present in two different dimer
combinations, the dimer association data defines the order of Mcm subunits within
the intact heterohexamer (Fig. 7.1b). Because only five out of the six possible dimer
combinations could be isolated, a literal interpretation of the data would suggest
that the Mcm complex is linear, with a subunit order of Mcm5-3-7-4-6-2. Conversely,
electron microscopy of Mcm?2-7 (Sato et al. 2000), as well as analogy to better-
studied AAA* proteins (Hanson and Whiteheart 2005; Pape et al. 2003), indicates
that Mcm2-7 forms a toroidal structure. To accommodate this data, Mcm?2 and
Mcm35 must be adjacent to each other in the complex. However, because a stable
Mcm?2/5 dimer could not be isolated, the dimer interface between them must be
substantially weaker than those of the other Mcm active sites. The predicted juxta-
position of Mcm?2 and Mcm5 within the Drosophila Mcm2-7 has been subsequently
confirmed by electron microscopy (Costa et al. 2011).

7.3 Discovery of Mcm2-7 Helicase Activity
and the Mcm?2/5 Gate

The conundrum that Mcm467 had helicase activity, while Mcm2-7 did not, hin-
dered significant biochemical advances in this area for nearly a decade. Two groups
solved this problem using different approaches, and in the process they discovered
a likely function for the Mcm regulatory subunits.
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7.3.1 Differences in Circular ssDNA Binding
Between Mcm2-7 and Mcm467

To search for clues that explain the difference in helicase activity between Mcm2-7
and Mcm467, their ATP-dependent ssDNA binding activities were compared.
Analysis of recombinant Mcm complexes purified from baculovirus-infected insect
cells indicated that they have similar affinities for linear ss- or dSDNA (Bochman
and Schwacha 2007). However, these two complexes differ in their ability to bind
circular ssDNA. Whereas hexameric Mcm467 (dimer of Mcm467 trimers) binds
circular ssDNA poorly (Bochman and Schwacha 2008; Ma et al. 2010), Mcm2-7
binds to circular ssDNA depending upon the order of ATP addition to the reaction
(Bochman and Schwacha 2007, 2008). If Mcm?2-7 and circular ssDNA are pre-
incubated together, subsequent addition of ATP results in a high extent of circular
ssDNA binding. In contrast, if Mcm2-7 and ATP are pre-incubated together, fol-
lowed by addition of circular ssDNA, Mcm2-7 binds circular ssDNA poorly. The
intrinsic DNA binding properties of Mcm?2-7 do not vary under these conditions, as
linear DNA substrates generated from the circular substrate bind Mcm?2-7 to the
same extent regardless of the order of ATP addition. Because hexameric helicases
in general bind DNA within the central channel (Patel and Picha 2000) and the
archaeal Mcm complex has been specifically shown to bind in this manner (Fletcher
et al. 2003; Liu et al. 2008; McGeoch et al. 2005), a topological model was pro-
posed. Mcm467 was postulated to have a closed toroidal structure that prevents the
passage of circular DNA into the central channel, while Mcm2-7 has an accessible
central channel that could be closed by an ATP-dependent conformational change.
Mutational analysis of Mcm2-7 demonstrated that the Mcm2/5 ATPase active
site was responsible for the differences in circular ssDNA binding. Except for cer-
tain mutations in the Mcm3/7 or Mcm7/4 active sites, complexes containing muta-
tions in conserved ATPase active site motifs in the remaining active sites only lead
to minor defects in linear ssSDNA binding (Bochman and Schwacha 2007, 2010).
Mcm2-7 complexes containing mutations in the remaining active sites were tested
for circular ssDNA binding. Although some small effects were observed for certain
mutations in the Mcm6/2 and Mcm5/3 active sites (Bochman and Schwacha 2010),
two independent mutations in the 2/5 active site — a Walker A mutation in MCM5
(mecm5KA) and an arginine finger mutation in MCM?2 (mcm2RA) — abolished the
ATP pre-incubation effect on circular ssDNA binding (Bochman and Schwacha
2007, 2010). Their activities in this assay were, however, completely opposite — the
mem5 KA mutation causes Mcm2-7 to bind circular ssDNA in both the presence and
absence of ATP pre-incubation, while the mcm2RA mutation blocks the ability of
Mcm2-7 to bind circular ssDNA under either condition. Two additional points
should be noted: firstly, in a hexameric helicase such as the SV40 large T-antigen,
oligomerization into a hexamer requires ATP (Wang and Prives 1991) and secondly,
although specific AAA* proteins can vary, Walker A mutations tend to block both
ATP binding and hydrolysis, while arginine finger mutations tend to affect hydroly-
sis more than ATP binding (Hanson and Whiteheart 2005). Taken together, these
results directly imply that ATP binding to the Mcm2/5 active site functions as a



120 S. Vijayraghavan and A. Schwacha

o2

gate gate
o open closed
Inactive
(6]
o gate

gate
oW 1=

' closed

Inactive Active
Memb
c / \ Cdcds

Memd Mcm2

Psf2
Mem7 Mem5

Y Sids
Psf3 “pgry
Mem3 é”— ¥

Fig. 7.2 The gate model for Mcm2-7 complex activation. (a) Original model of the Mcm?2/5 gate.
(b) Current gate model showing the interaction of Cdc45 and GINS with Mcm?2 and Mcm5 to
switch the complex from the open to closed form. (¢) Summary of physical interactions among
Mcm?2-7, Cdc45 and members of the GINS complex (see text for details)

‘switch’ governing the transition between open and closed conformations of the
Mcm2-7 complex (Fig. 7.2a).

7.3.2 An In Vitro Condition That ‘Closes’ Mcm2-7 Stimulates
Its Helicase Activity

Hexameric helicases are believed to unwind dsDNA as a closed toroid to facilitate
a wave of conformational changes around the ring that drives DNA unwinding
(Erzberger and Berger 2006). This suggests that perhaps the reason why Mcm2-7
lacks DNA unwinding activity in vitro is because it is predominantly in an open
conformation, and thus unable to propagate the necessary conformational changes.
Although the simple experiment to pre-incubate Mcm?2-7 with ATP prior to addition
of a DNA helicase substrate failed to stimulate Mcm2-7 helicase activity (Bochman
and Schwacha 2008), other possibilities were considered. One possibility was that
ions present in the buffer system were preferentially stabilizing the open conforma-
tion. Biochemical analysis ultimately identified that either acetate or glutamate
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support the helicase activity of the S. cerevisiae complex, while the use of chloride
in the initial system poisoned this activity (Bochman and Schwacha 2008).
Interestingly, pre-incubation of Mcm2-7 with glutamate preferentially reduces
circular ssDNA binding relative to linear ssDNA binding (Bochman and Schwacha
2008), mimicking the pre-incubation effect with ATP and consistent with the notion
that the closed form of Mcm?2-7 is required for helicase activity.

7.3.3 The Mcm2/5 ‘Gate’ Model — The Open Conformation
and DNA Unwinding Are Mutually Exclusive

The reconstitution of Mcm2-7 helicase activity confirmed its identity as the eukary-
otic replicative helicase, and provided an important glimpse into the function of the
Mcm regulatory sites. Combined with the subunit association studies indicating that
the Mcm?2/5 active site is structurally unstable (above), these results suggest that the
Mcm?2/5 site is indeed the site of the discontinuity or ‘gate’ in the toroid. The cor-
relation between the closed conformation and helicase activity implies that the
status of the gate (Mcm?2/5 active site) regulates DNA unwinding in some manner.
Because DNA replication necessitates the loading and unloading of Mcm2-7 from
chromosomes, as well as the stimulation or repression of its helicase activity under
different circumstances, the gate could be expected to have an important in vivo
mechanistic and regulatory impact on Mcm?2-7 (see below).

7.4 The CMG Complex

An alternative approach to reconstitute the in vitro helicase activity of Mcm?2-7 was
to identify replication factors that stimulate this activity. Although, in principle, any
protein involved in either initiation or elongation could assume this role, interest
soon centered on two specific candidates: Cdc45 (Hennessy et al. 1991; Moir et al.
1982; Zou et al. 1997) and the heterotetrameric GINS complex (Japanese for go-
ichi-ni-san or 5-1-2-3, corresponding to S1d5, Psfl, Psf2, and Psf3, see Chap. 8)
(Takayama et al. 2003). Neither replication factor has an apparent ortholog in
prokaryotic or viral systems, consistent with the possibility that they might be
required for the proposed unique role of activating the replicative helicase in eukary-
otic DNA replication. Several critical experiments demonstrated the importance of
these two factors in fork progression; similar to studies of Mcm?2-7 (Labib et al.
2000), inactivation of either Cdc45 or members of the GINS complex (Sld5 and
Psfl) during S-phase blocks ongoing fork progression (Takayama et al. 2003;
Tercero et al. 2000). Likewise, immunodepletion of Cdc45 from the Xenopus in vitro
replication system also blocks elongation (Pacek and Walter 2004). Finally, using
appropriate affinity tags, a very large multi-protein complex was isolated from
yeast, containing Cdc45 and the GINS complex in combination with Mcm2-7 and
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other proteins (Gambus et al. 2006). Although this ‘replisome progression complex’
(Broderick and Nasheuer 2009; Liu et al. 2009) seemed a promising target for
biochemical investigation, its poor yield precluded this possibility.

7.4.1 Discovery of the CMG Complex

Drosophila embryonic extracts proved to be a more fruitful source of higher-order
complexes containing Mcm2-7. Following gentle purification of Cdc45 using both
conventional and immunoaffinity methods, a complex was isolated that additionally
contained Mcm2-7 and GINS; this was subsequently named the CMG complex
(Cdc45/Mcm2-7/GINS) (Moyer et al. 2006). This complex has robust DNA unwind-
ing activity, suggesting a strong stimulatory role for Cdc45 and GINS on Mcm2-7
(Moyer et al. 2006). However, because this system is poorly suited for generating
mutant Mcm2-7 complexes, some doubt remained over whether the observed
helicase activity was indeed Mcm2-7-specific.

To overcome this problem, a recombinant baculovirus system was developed that
co-expressed all of the eleven CMG subunits in sufficient abundance to allow their
detailed biochemical analysis (Ilves et al. 2010). To dispel the remaining doubts con-
cerning Mcm?2-7 dependence of the observed DNA unwinding, various mutant CMG
complexes were generated and shown to lack DNA unwinding activity. This recom-
binant system also allowed the production of both Mcm2-7 and CMG for biochemi-
cal comparison. Although the Drosophila Mcm2-7 complex in isolation had limited
helicase activity in the presence of glutamate, the CMG complex had much better
activity. This observation validated the initial belief that these two auxiliary factors
were, in fact, Mcm2-7 activators. Combined with the demonstration of a greatly
elevated degree of ATP hydrolysis from the CMG complex, it could be surmised that
that Cdc45 and GINS activate Mcm?2-7 by stimulating its ATPase activity.

7.4.2 CMG Structure — Cdc45 and GINS Close
the Mcm2/5 Gate

A comparative structural analysis of Mcm?2-7 and the CMG complex by transmis-
sion electron microscopy and image averaging uncovered the potential basis of
Mcm?2-7 activation by Cdc45 and GINS (Costa et al. 2011). In the absence of GINS
and Cdc45, Mcm?2-7 preparations contain two subpopulations in likely equilibrium:
approximately 28% are in a planar quasi-symmetric (notched) form; and 72% are
present as a non-planar spiral (lock washer) form (Costa et al. 2011). Three-
dimensional reconstruction to approximately 35 A resolution revealed that both
subpopulations contain a gap in the ring structure. Treatment of the Mcm?2-7 prepa-
ration with the ATP transition state analog ADP.BeF, causes a small shift in the
population from the lock washer form to the notched form (36% notched and ~65%
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lock washer), weakly consistent with the previous prediction that the binding of
ATP to the Mcm?2/5 active site could either close the gate (increase the planar form)
(Fig. 7.2a) or perhaps slow the interconversion of the two forms (Bochman and
Schwacha 2007). Through addition of large epitope tags, the subunit architecture of
Mcm?2-7 that was previously deduced in S. cerevisiae was confirmed. Moreover, the
gap in both subpopulations was shown to be flanked by Mcm?2 and Mcm35 (Costa
et al. 2011), consistent with the prior biochemical prediction of the Mcm?2/5 gate
(Bochman and Schwacha 2007, 2008).

Further structural analysis of the CMG complex demonstrated that Cdc45 and
GINS bridge the Mcm2/5 gate (Costa et al. 2011) (Fig. 7.2b). The CMG complex
structure reconstructed to a resolution of 28 A consists of a uniform population of
notched molecules. However in contrast to Mcm2-7, addition of ATP analogs uni-
formly and significantly narrows the Mcm?2/5 gap within the population. These results
suggest that in the presence of ATP, Cdc45 and GINS work together as a ‘latch’ to shut
the Mcm?2/5 gate (Fig. 7.2b) and, presumably activate Mcm?2-7 helicase activity.

Analysis of the CMG complex containing epitope-tagged GINS subunits com-
bined with available structural information on GINS (Chang et al. 2007; Choi et al.
2007) defined the physical contacts among Cdc45, Mcm2-7 and GINS (Costa et al.
2011). Although a prior study indicated that the GINS complex physically interacts
with Mcm4 (Tlves et al. 2010), structural analysis of the CMG complex indicates
that the Psf2 and Psf3 subunits of GINS make a series of intricate physical contacts
with the N-terminal domains of both Mcm3 and Mcm5 (Fig. 7.2c¢). In the presence
of ADP.BeF,, conformational changes within Mcm2-7 extend these contacts to the
C-terminal AAA* domains of Mcm3 and McmS5. Cdc45 has a similar series of intri-
cate physical interactions with GINS (largely through the S1d5 and Psf2 subunits),
Mcm?2, and Mcm5 that position it to bridge the Mcm2/5 interface (Fig. 7.2c). The
individual physical interactions among Mcm2-7, GINS and Cdc45 are likely to be
weak, consistent with the previous observation that a simple addition of GINS and
Cdc45 to Mcm?2-7 does not reconstitute in vitro helicase activity (Moyer et al. 2006).
Furthermore, these results may explain why additional essential replication factors
(S1d2 and S1d3) are required in vivo for the loading of GINS and Cdc45 onto repli-
cation forks (Kamimura et al. 2001; Muramatsu et al. 2010).

7.4.3 Possible Regulation of the Mcm2/5 Gate

The surprisingly good correlation between biochemical (Bochman and Schwacha
2007, 2008) and structural data (Costa et al. 2011) from two independent groups puts
the Mcm?2/5 gate model on a firm footing, and simultaneously provides a compelling
and testable model for the functional role of the Mcm?2-7 regulatory subunits (Mcm?2,
3, and 5), GINS, and Cdc45. Although no data currently validates the in vivo relevance
of the Mcm?2/5 gate, obvious roles for the gate in helicase loading during initiation,
activation of helicase activity in G1/S, temporary deactivation of helicase activity
during the checkpoint response, and unloading the complex during termination can
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be readily imagined (reviewed in Bochman and Schwacha 2009). For any of these
potential roles, there must exist some currently unknown way to regulate the opening
or closing of the gate. Given that gate closure apparently requires ATP, Cdc45 and
GINS, its regulation must focus on one of these attributes.

At least two general models to regulate the gate could be envisioned — one would
be regulation of interactions among members of the CMG complex. Presumably, this
happens in S-phase, as the loading of Cdc45 and GINS onto Mcm2-7 at the G1/S
transition requires cyclin-dependent kinase (CDK) phosphorylation of Sld2 and S1d3,
a critical step that ties DNA replication to cell cycle progression (Tanaka et al. 2007b;
Zegerman and Diffley 2007). The unique ternary assembly of the CMG complex might
facilitate such regulation, because disruption of any of the multiple weak interactions
might be expected to disassemble the entire CMG complex and inactivate Mcm2-7.
Alternatively, analogous to well-studied small GTPases that are regulated by proteins
that affect nucleotide exchange (GEFs) or catalytic turnover (GAPs) (reviewed in
(Bos et al. 2007)), the status of the Mcm2/5 gate could be similarly controlled.
Although the ATP hydrolysis activity of Mcm2-7 is stimulated in combination with
Cdc45 and GINS (Tlves et al. 2010), it is unclear if this is due to a GAP-like activity
intrinsic to these activator proteins or simply because Cdc45 and GINS cause a
conformational change in Mcm?2-7 that reconstitutes a functional Mcm?2/5 active site.

7.5 How Does Mcm2-7 Unwind DNA?

Despite the availability of high resolution structural data, there is still no consensus
on the mechanism of DNA unwinding by hexameric helicases: compare, for exam-
ple, unwinding models of SV40 large T-antigen (Gai et al. 2004) with those of
bovine papillomavirus E1 (Enemark and Joshua-Tor 2006). To account for a pleth-
ora of in vivo and in vitro observations, various unwinding models have been pro-
posed for Mcm2-7 (Takahashi et al. 2005). In general, these models can be classified
as those in which Mcm2-7 interacts in its central channel either with dSDNA or with
ssDNA. Even though most hexameric helicases are capable of sterically causing
strand displacement by binding and translocating along a complementary strand
in vitro, there is some debate if these in vitro observations reflect the true in vivo
mechanism. Although a definitive conclusion has yet to be reached, several investi-
gations using conditions that more closely reflect the in vivo state have considerably
sharpened our understanding on how Mcm?2-7 is loaded onto DNA during initiation
and how it unwinds DNA during elongation.

7.5.1 Mcm2-7 Loads as Double Hexamers onto dsDNA

Recent biochemical reconstitution of early stages of replication initiation using
purified components (origin DNA, ORC, Cdc6, and Cdtl) from either S.cerevisiae
or Xenopus egg extracts, has facilitated studies of Mcm2-7 in complex with DNA
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(Evrin et al. 2009; Gambus et al. 2011; Remus et al. 2009). Electron microscopy of
these complexes demonstrates that Mcm?2-7 binds origins of replication as double
hexamers (Evrin et al. 2009; Remus et al. 2009). Furthermore, by additionally visu-
alizing both protein and DNA, the Mcm2-7 double hexamers were shown to encircle
dsDNA and not ssDNA (Evrin et al. 2009). Although this result was unexpected
because the bacterial initiator protein DnaA melts origin DNA to a single stranded
form prior to loading of the replicative helicase DnaB (Bramhill and Kornberg
1988), ORC binding has never been observed to lead to measurable DNA unwind-
ing (Remu et al. 2009). These Mcm?2-7-DNA complexes are resistant to dissocia-
tion by high salt, suggesting a topological association of Mcm?2-7 with DNA, as has
been extensively observed in vivo (Donovan et al. 1997). Consistent with a topo-
logical mode of DNA binding, the binding half life of Mcm2-7 on linear DNA is
much shorter that on the corresponding circular substrate (half-life of 10 min vs.
60 min, respectively, see Remus et al. 2009).

Mcm?2-7 double hexamers assemble in a head-to-head configuration, with the
C-termini containing AAA* ATPase domains directed outward (Remus et al. 2009).
The archaeal MCM from Sulfolobus solfataricus adopts a similar orientation on
forked DNA substrates, with the C-terminal directed towards the ssSDNA/dsDNA
junction (McGeoch et al. 2005). The observed double hexamers appear to be the
physiologically relevant intermediates during initiation. Double hexamers have
been reconstituted on DNA both in solution as well as in a potentially more concen-
trated state (DNA immobilized on beads), lending credence to the fact that double
hexamerization is not an artifact resulting from forced interactions (Remus et al.
2009). Furthermore, the consistent observation of only double-hexameric Mcm?2-7
complexes on DNA strongly suggests that Mcm?2-7 hexamers are loaded concur-
rently rather than sequentially. Moreover, the failure to detect DNA distortion within
the pre-replicative complex (pre-RC) supports the idea that Mcm2-7 loads onto
dsDNA and that origin melting occurs downstream of Mcm2-7 loading.

7.5.2 Single-Molecule Studies Eliminate the dsDNA
Pump Model for Elongation

At least in vitro, Mcm2-7 (and probably the CMG complex) likely unwinds DNA by
tracking along a single DNA strand while sterically displacing the complementary
strand (Bochman and Schwacha 2008; Costa et al. 2011). In contrast, Mcm2-7 dou-
ble hexamers could unwind DNA via a dsDNA ‘pump’ mechanism. In this model,
both hexamers remain functionally and physically coupled while pumping flanking
dsDNA into the complex and releasing them between the two hexamers in a single-
stranded form (Takahashi et al. 2005) (Fig. 7.3). SV40 large T-antigen is believed to
unwind DNA in this manner, and the characteristic ‘rabbit ear’ DNA products have
been observed using electron microscopy (Wessel et al. 1992).

Recent single-molecule approaches to study DNA replication using immobilized
DNA and cell-free extracts from Xenopus oocytes hold much promise in addressing
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Fig. 7.3 Summary model of CMG loading and activation during DNA replication. Red circles
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these questions (Yardimci et al. 2010). Although complete eukaryotic DNA
replication has yet to be reconstituted using purified components, an efficient in vitro
system using Xenopus egg extracts and exogenous DNA has been well-characterized
and validated as a reliable model for in vivo eukaryotic DNA replication (Blow and
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Laskey 1986; Masuda et al. 2003; Newport 1987; Prokhorova and Blow 2000).
This system has been recently adopted for single-molecule analysis. Using total
internal reflection fluorescence (TIRF) microscopy to visualize DNA replication by
both an increase in DNA thickness (following staining with fluorescent DNA-
specific dyes), as well as localization of newly incorporated UTP-digoxigenin
(following addition of fluorescently-labeled anti-DIG antibodies), the bidirectional
incorporation of nucleotides into tethered lambda DNA was visualized and verified
as being Mcm-dependent (Yardimci et al. 2010).

Additional experiments using the single-molecule approach strongly argue
against the dsDNA pump model for elongation. This model proposes that dSDNA is
bidirectionally pumped into the helicase and predicts that unwinding (and DNA
replication) should stall if both ends of an actively replicating substrate are tethered
to prevent DNA movement into the pump (see Fig. 1A in Yardimci et al. 2010).
DNA substrates were designed in which either one or both ends were modified with
biotin. Upon addition to an avidin-coated flow cell, one end of the DNA binds the
avidin coating, while flow within the cell quickly stretches the DNA to 90% of its
estimated contour length. DNA containing the second biotin then binds the avidin
coating to generate a stretched DNA molecule with both ends tethered. Upon addi-
tion of the in vitro Xenopus DNA replication system followed by extensive UTP-
digoxigenin incorporation (replication over >60% of the DNA), no effects on the
rate or extent of DNA replication were observed between singly and doubly-
tethered lambda DNA molecules (Yardimci et al. 2010). These results demonstrate
that eukaryotic DNA replication does not require coupling between sister replica-
tion forks and disfavor the obligatory use of a dSDNA pump during elongation.

7.6 Speculative Model for Mcm2-7 Function

In combination, the above investigations suggest that Mcm?2-7 loads as dsDNA-
bound double hexamers during initiation but is likely active as an ssDNA-bound
CMG complex during elongation. If this interpretation is correct, two mechanistic
problems must be solved: firstly, one of the two hexamer types should melt the
double-stranded origin to generate sSSDNA and secondly, the dsSDNA-bound double
hexamers will require remodeling to release one of the two strands to the external
surface of the complex to form ssDNA-bound single hexamers (Fig. 7.3). Recent
studies suggest that SId2 and SId3 may be involved in one or both scenarios.

S1d2 and Sld3 serve to load GINS and Cdc45 onto the pre-RC (Kamimura
et al. 2001; Muramatsu et al. 2010). CDK-dependent phosphorylation of Sld2
and S1d3 facilitates their association with Dpbl1, and is the central event that
couples DNA replication to S-phase progression (Zegerman and Diffley 2007).
In vivo, unphosphorylated S1d3 assists origin loading of Cdc45 in G1 (Aparicio
et al. 1999). At the G1/S transition, phosphorylation of S1d2 facilitates its binding
to Dpb11, which further associates with GINS and Pole to form the ‘pre-loading’
complex (pre-LC) (Muramatsu et al. 2010). The pre-LC then binds phosphorylated
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S1d3 and loads GINS and Pole onto the nascent replication fork. SId2, S1d3 and
Dpbl1 are subsequently released from the replication origin (Kanemaki and Labib
2006; Masumoto et al. 2000). Although initially thought to be yeast-specific features
of DNA replication, metazoan orthologs of Sld2, such as RecQ4 (Matsuno et al. 2006),
and SId3, such as Treslin/Ticrr (Sanchez-Pulido et al. 2010), have been recently
identified.

In addition to their loading activity, both S1d2 and Sld3 have an origin-specific
ssDNA binding activity (Bruck and Kaplan 2011b). GST pull-down experiments
indicate that S1d3 preferentially binds one specific strand of the budding yeast rep-
lication origins ARS/ and ARS305 (K,=53 nM) but has much lesser affinity for
either dsDNA or the opposite strand (K, >200 nM) (Bruck and Kaplan 2011b).
Similarly, S1d2 preferentially binds the complementary single-stranded origin
region (Kanter and Kaplan 2010). Although these proteins may passively assist ori-
gin unwinding by binding ssDNA, experiments with S1d3 suggest a more complex
scenario. S1d3 physically associates in vitro with both Cdc45 and Mcm?2-7 (to gen-
erate the Cdc45-Mcm?2-7-S1d3 (CMS) complex) in the absence of CDK phosphory-
lation (Bruck and Kaplan 2011a; Kamimura et al. 2001). Furthermore, S1d3 and
GINS bind Mcm2-7 and Cdc45 in a mutually exclusive manner, indicating that S1d3
must dissociate from the pre-RC before GINS can load to form the CMG complex
(Bruck and Kaplan 2011a). In vitro, the association between Sld3 and ssDNA desta-
bilizes its association with Mcm2-7 and facilitates CMG formation (Bruck and
Kaplan 2011b). These observations may suggest several things: firstly, as GINS
loading requires a partially single-stranded origin to assist the removal of Sld3, the
origin may be unwound prior to CMG assembly, and secondly, as SId3 and GINS
bind both Mcm?2-7 and Cdc45 in a competitive manner, SId3 may form a complex
with Mcm2-7 and Cdc45 that is the structural or perhaps functional alternative to
the CMG complex (Bruck and Kaplan 2011a).

Precedents in other systems indicate that double hexameric helicases can melt
dsDNA with a pump-like activity (Enemark and Joshua-Tor 2006; Wessel et al.
1992). For example, the AAA* viral helicase E1 has two different modes of DNA
unwinding. While it unwinds DNA by steric exclusion of the unbound strand as a
single hexamer (Enemark and Joshua-Tor 2006), the double hexameric form is
specifically needed for initial origin dsDNA unwinding (Schuck and Stenlund
2005). Although the Mcm2-7 single-molecule experiments are inconsistent with a
dsDNA pump activity during elongation, they lack sufficient resolution to preclude
the possibility of limited dsDNA pump activity during initiation (Yardimci et al.
2010). Under appropriate conditions (e.g., phosphorylation by regulatory kinases,
or binding of additional replication factors), perhaps Mcm2-7 has a similar dsDNA
pumping activity (Fig. 7.3). A specific candidate for DNA unwinding would be the
CMS complex. If S1d3 can substitute for GINS to form the CMS complex (the CMS
complex has been observed in vitro, see Bruck and Kaplan 2011a), perhaps S1d3
positions Cdc45 over the Mcm?2/5 gate to generate an alternative Mcm?2-7 higher-
order complex that specializes in origin unwinding. Alternatively, perhaps S1d3
serves to stimulate specific Mcm ATPase active sites that are not directly involved
in DNA unwinding during elongation.
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Moreover, the apparent ssDNA-binding properties of SId2 and SId3 may assist
the remodeling of the Mcm?2-7 double hexamers into the CMG complex. Although
both S1d2 and Sld3 bind single-stranded origin DNA, they prefer opposite strands
(Bruck and Kaplan 201 1b; Kanter and Kaplan 2010). In a dSDNA pumping model,
origin DNA would be extruded between the double hexamers, forming a ‘rabbit-eared’
structure in which the two complementary origin strands separate (Wessel et al.
1992). The binding of S1d2 and SId3 to specific and opposite origin strands may
assist strand passage between individual hexamers (possibly through the Mcm?2/5
gate) to the outside of Mcm?2-7. Additionally, the force of extruding ssDNA as
‘rabbit ears’ may destabilize the double hexamers, perhaps resulting in their
separation into two bidirectionally moving single hexamers, and/or providing
mechanical stress to assist the predicted DNA remodeling required for CMG forma-
tion (Fig. 7.3).
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Note added in proof Using the Xenopus DNA replication system and single-molecule experiments
utilizing strand-specific roadblocks, Fu et al. (Cell 146, 931-941, 2011) recently demonstrated that
the CMG helicase can track along single-stranded DNA in a 3’-5’ direction on the leading strand
while selectively excluding the lagging strand template. While a dsDNA pump would effectively
stall regardless of the placement of the obstruction on either strand, a strand-specific translocation
mechanism would selectively allow bypass of an obstruction one of the two strands. By presenting
strong experimental evidence in favor of the latter scenario, Fu et al. validate the steric exclusion
model of DNA unwinding by the Mcm?2-7 helicase.
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Chapter 8
The GINS Complex: Structure and Function

Katsuhiko Kamada

Abstract Eukaryotic chromosomal DNA replication is controlled by a highly ordered
series of steps involving multiple proteins at replication origins. The eukaryotic
GINS complex is essential for the establishment of DNA replication forks and
replisome progression. GINS is one of the core components of the eukaryotic repli-
cative helicase, the CMG (Cdc45-MCM-GINS) complex, which unwinds duplex
DNA ahead of the moving replication fork. Eukaryotic GINS also links with other
key proteins at the fork to maintain an active replisome progression complex.
Archaeal GINS homologues play a central role in chromosome replication by
associating with other replisome components. This chapter focuses on the molecular
events related with DNA replication initiation, and summarizes our current under-
standing of the function, structure and evolution of the GINS complex in eukaryotes
and archaea.

Keywords CMGcomplex ¢ Crystal structure * DNA replication * Replication fork

8.1 Introduction

The initiation of chromosomal DNA replication in eukaryotic cells is a highly reg-
ulated process that requires the coordinated actions of a large number of essential
and optional protein factors (Bell and Dutta 2002; Diffley 2004). The early events of
chromosome replication have been well studied in the budding yeast Saccharomyces
cerevisiae. During the early stages of the cell cycle (G1), the loading of the six sub-
units of the conserved protein complex known as ORC (origin recognition complex)
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Fig. 8.1 Models of the ordered assembly of replication initiation in yeast. In the G1 phase, Cdc6
binds to ORC at origin DNA, and the loadings of inactive MCM complexes and Cdtl form the
pre-RC. Pre-RC assembly at this stage is said to license the origin. In S. pombe, at the onset of S
phase, S1d3 binds to replication origins in a manner dependent on DDK activity. Depending on
S1d3 and CDK, GINS and Cut5 then bind to the origin in a mutually dependent manner. The
loading of Cdc45 depends on the other factors. In S. cerevisiae, S1d3 is complexed with SId7 and
associates with Cdc45 at early replication origins. Phosphorylation of Sld3 by S-CDK allows, by
way of Dpb11 binding, the recruitment of the pre-LC to the CDK-dependent assembled complex.
The pre-LC contains Dpbl1, SId2, Pol € and the GINS tetramer. At this time, Dpbl11, S1d2 and
GINS are recruited in a mutually dependent manner. By the combined actions of kinases, an active
MCM complex is formed with Cdc45 and GINS, namely the CMG complex, which most likely
functions as the replicative helicase. Thus, the replisome progression complex (RPC) is assembled
with other protein factors around the single CMG complex

onto the DNA origin or prospective sites for the initiation of replication is a
prerequisite for the assembly of the pre-replicative complex (pre-RC) (Fig. 8.1).
ORC functions essentially as a platform for binding Cdc6 and Cdtl. These two
proteins subsequently facilitate the loading of the MCM (mini-chromosome mainte-
nance) 2-7 complex onto the DNA to form the pre-RC. Pre-RC assembly, also known
as replication licensing, occurs only during G1, when cyclin dependent kinase (CDK)
activity is low, ensuring that replication occurs once, and only once, per cell cycle.
Therefore, the MCM complex just loaded onto the origin or the isolated complex is
inactive as a DNA helicase. During G1/S transition, the recruitment of other replica-
tion factors such as Cdc45 and GINS, and the combined action of two S-phase pro-
moting kinases, the S-phase cyclin-dependent (S-CDK) and Cdc7-Dbf4 (DDK)
kinases, lead to the assembly of an active DNA helicase complex at replication ori-
gins. This activation results in the unwinding of DNA and the subsequent recruitment
of the replication machineries (DNA polymerases and the primase complex). Once
the replisome is activated, the replication forks move bidirectionally from the origin
DNA into the surrounding sequences. ORC stays at the origin in yeast cells, whereas
MCM, Cdc45, GINS and DNA polymerases move with the fork. Meanwhile, numer-
ous additional protein factors are recruited around the Cdc45-MCM-GINS core



8 The GINS Complex: Structure and Function 137

(Moyer et al. 2006), forming a larger macromolecular assembly known as the RPC
(replisome progression complex) (Gambus et al. 2006).

The present review summarizes the currently available information on the func-
tion, structure and evolution of the recently identified tetrameric GINS complex.
The GINS complex consists of four proteins (S1d5-Psf1-Psf2-Psf3) and was named
for the Japanese ‘go-ichi-ni-san’, which means 5-1-2-3 (Takayama et al. 2003). The
complex is essential for the initiation and elongation stages of chromosome replica-
tion. The function of the GINS complex has been investigated by a variety of meth-
ods in many species, and the three-dimensional structure of the human GINS
complex has been solved by X-ray crystallography. Archaeal GINS homologues
have also been identified, providing insight into its evolutionary origins.

8.2 Discovery of GINS

The regulation of the four subunit DNA polymerase ¢ (Pol €) complex, which
functions in leading strand synthesis, was originally investigated by Araki and
co-workers, who performed genetic screens in the budding yeast (Araki et al. 1995).
Increased expression of dpbl1 was found to suppress a mutation in the dpb2 gene,
which encodes the second largest subunit of Pol €. Dpb11 is required for the loading
of Pol & onto DNA during chromosomal DNA replication. However, Dpbl11 is
displaced from the origin after initiation and does not normally move with DNA
replication forks (Masumoto et al. 2000). Studies have focused on screening to
isolate synthetic lethal mutants in combination with the temperature sensitive
dpbl -1 allele (Kamimura et al. 1998). Isolated mutants were categorized into distinct
sld (synthetic lethality with dpbl1-1) groups, and named sld! (or dpb3: Dpb3 is the
third largest subunit of Pol €), sld2, sld3 and sld4 (or cdc45) (Kamimura et al. 1998,
2001; Masumoto et al. 2002). Of these groups, sld5 encoded an essential protein
for cell growth (Takayama et al. 2003). Using one of the thermosensitive mutants,
sequential multicopy suppressor screening and an immunoprecipitation assay
identified three additional interacting factors, namely Psfl (Partner of Sld Five 1),
Psf2 and Psf3. These four proteins are stoichiometric components of a complex that
is required for cell growth and chromosomal DNA replication.

Labib and co-workers also independently isolated these genes from a collection
of budding yeast strains that was systematically screened for genes essential for cell
viability but of unknown function (Kanemaki et al. 2003). These authors utilized a
method based on the conditional and rapid degradation of the target protein in vivo
(Labib et al. 2000). Strains were generated to express each target protein with a
‘heat-inducible degron’ cassette at its N-terminus (Dohmen et al. 1994). Under
higher temperature conditions, the unfolded degron is recognized by the Ubrl pro-
tein, ubiquitylated and subsequently degraded by the proteasome. In the original
report, three of the four subunits of the GINS complex were identified as Cdc105,
Cdc101 and Cdcl102, which correspond to Sld5, Psfl and Psf2, respectively
(Kanemaki et al. 2003). These proteins are required for the establishment and
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normal progression of DNA replication forks. The fourth factor, Cdc103 or Psf3,
was later isolated using a biochemical approach in yeast cell extracts.

Each of the four GINS proteins is essential for cell viability in budding yeast.
ChIP (chromatin immunoprecipitation) experiments have shown that the GINS
proteins associate with origin sequences in early S-phase before moving with the
replication fork as replication continues. In addition, dense-isotope substitution
experiments demonstrated that the GINS complex is required for both establishment
and progression of replication, indicating that the GINS complex is not only a pas-
senger at the fork but an active constituent (Kanemaki et al. 2003).

Takisawa and co-workers identified sequence homologues of the four yeast
GINS proteins and first characterized a higher eukaryotic GINS complex (Kubota
et al. 2003). Antibodies raised against Sld5 co-depleted Psfl, Psf2 and Psf3 from
Xenopus egg extracts, indicating that the four proteins coexist as a complex.
Biochemical analysis showed that the recombinant complex had an expected molec-
ular mass of approximately100 kDa.

8.3 GINS Functions

8.3.1 Replication Initiation in the Budding Yeast

Identification of CDK and DDK targets is important for the understanding of how
replication initiation is controlled. In the budding yeast, SId2 and S1d3 are the mini-
mal set of S-phase CDK substrates required for the initiation of DNA replication.
The CDK-mediated phosphorylation of Thr600 and Ser622 in Sld3 (the functional
orthologue in yeast of Treslin/Ticrr in humans) is essential for cell viability, and
provides a binding site for another essential replication factor, Dpb11 (the functional
orthologue of TopBP1 in humans) (Tanaka et al. 2007; Zegerman and Diffley 2007).
The Dpb11 protein possesses two sets of tandemly aligned BRCT (BRCA 1 C-terminal)
domains, and the N-terminal pair is responsible for binding to phosphorylated S1d3.
S1d3 appears to form a complex with a stabilization factor, S1d7 (Tanaka et al. 2011),
and also associates with an essential factor, Cdc45, which is recruited to the pre-RC
through its interaction with MCM. Interestingly, a mutant form of Cdc45 (known as
JET) can partially bypass the requirement for CDK (Tanaka et al. 2007), probably
by adopting a conformation that promotes the Sld3-Dpbl1 interaction. Another
essential substrate, SId2, has multiple CDK phosphorylation motifs and contains a
region that is partially homologous to human RecQL4, although unlike Sld2,
RecQLA4 appears to function after Cdc45 and GINS have been loaded onto replica-
tion origins (Matsuno et al. 2006; Sangrithi et al. 2005). In particular, the phospho-
rylation of Thr84 is crucial to create a binding site for Dpb11 through the C-terminal
pair of BRCT domains (Masumoto et al. 2002; Tak et al. 2006). Combination of a
phospho-mutant form of Sld2 Thr84 with the Sld3-Dpbl1 fusion bypasses the
requirement for S-CDK in replication initiation (Zegerman and Diffley 2007).
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Similar results were obtained when the phospho-mimicking SId2 mutant was
combined with cells expressing JET and overproducing Dpb11, showing that Dpb11
bridges phosphorylated S1d2 and Sld3 (Tanaka et al. 2007) (Fig. 8.1).

Origin association of GINS is dependent on the function of Sld3 and Dpbl1.
In sld3-5 or dpbl1-26 mutant cells, ChIP assays showed the absence of GINS
binding to the replication origin (Takayama et al. 2003), suggesting that this event
occurs downstream of Sld3 and Dpbll function. However, GINS function is
required for the association of Dpb11 with origins, indicating that origin binding of
GINS and Dpb11 are mutually dependent events.

In addition to the interactions among these factors, CDK promotes the formation
of a fragile complex called the preloading complex (pre-LC), which contains Poleg,
GINS, S1d2 and Dpbl1, in a DDK-independent manner (Muramatsu et al. 2010)
(Fig. 8.1). This complex is detected only in formaldehyde-fixed cell extracts, and is
somewhat heterogeneously assembled. However, its presence supports the function
of Dpb11 as a molecular bridge between Cdc45-S1d3 and SId2 to recruit the pre-LC
components to the origin. Therefore, the pre-LC acts as a carrier of GINS to the
pre-RC to efficiently activate subsequent steps. Thus, CDK might promote the
initiation of DNA replication by enhancing GINS recruitment to origins through
the formation of the pre-LC. Once DNA replication starts, SId2, S1d3 and Dpb11 do
not move with the replication fork, whereas Cdc45 and GINS act as major compo-
nents at the replication fork (Kanemaki and Labib 2006). In this scenario, the
pre-LC must be disrupted for the initiation of DNA replication to occur.

8.3.2 Replication Initiation in the Fission Yeast

Several conditional lethal mutants of GINS isolated in the fission yeast
Schizosaccharomyces pombe have been used for the analysis of replication initia-
tion. A temperature-sensitive mutant, psf2-209, was initially isolated that was unable
to re-replicate chromosomal DNA in the absence of cyclin B (Gomez et al. 2005).
When shifted to the restrictive temperature, the mutant displays a somewhat hetero-
geneous phenotype with nuclear abnormalities and a delay in S-phase progression.
The psf2-209 cells require the presence of a functional DNA damage checkpoint for
viability even at the permissive temperature. The psf3-1 mutant, which was isolated
by targeted screening, causes an early S-phase block when shifted to the restrictive
temperature (Yabuuchi et al. 2006). This mutation can be suppressed by overpro-
duction of other subunits and by Sld2, and is synthetically lethal at the normal per-
missive temperature together with mutant alleles of cut5 and cdc20, which encode
the fission yeast Dpb11 homologue and the largest subunit of Pol ¢ respectively, as
well as with sld3 and cdc45.

As in the budding yeast, the ChIP assay has been used to show that GINS
associates with origin DNA in the early S-phase. The loading of GINS and Cut5
onto DNA depends on S1d3, whereas S1d3 binds to origins independently (Fig. 8.1).
In contrast, the recruitment of Cdc45 requires S1d3 and GINS, but not vice versa.



140 K. Kamada

These results indicate that origin loading of S1d3 is the most upstream reaction
required for assembly at the beginning of S-phase (Yabuuchi et al. 2006). The
recruitment of GINS and Cut5 to origins is mutually dependent on S1d3, and Cdc45
is the last factor recruited. The unwinding of DNA at the replication origin thus
occurs after the assembly of these factors.

The biochemical function of GINS in the fission yeast was studied through the
fusion of GINS subunits to a steroid hormone-binding domain (HBD) (Pai et al.
2009). In this system, the 90 kDa heat shock protein Hsp90 binds to the HBD in the
absence of (-estradiol and can inactivate the tagged protein through structural inter-
ference, but binding of B-estradiol to the HBD causes Hsp90 displacement, which
can reactivate the fusion protein (Picard 2000). Fusing the B-estradiol HBD to Psf1
and Psf2 produces cells that require the constant presence of p-estradiol for cell
viability. Removal of B-estradiol causes rapid cell cycle arrest in early S-phase, and
in the case of Psf2, nuclear delocalization of Psf3. Inactivation of GINS has distinct
effects on the replication origin association and chromatin binding of two of the
replicative DNA polymerases. Inactivation of Psf1 leads to loss of chromatin bind-
ings of Pol € and Cdc45. In contrast, chromatin association of the catalytic subunit
of DNA polymerase a (Pol ) is not affected, suggesting that GINS functions in a
pathway that involves Cdc45 and is necessary for Pol € chromatin binding.

8.3.3 Replication Initiation in Higher Eukaryotes

The Xenopus laevis cell-free system is a powerful tool for the biochemical study of
eukaryotic chromosomes (Chong et al. 1997). Extracts prepared from Xenopus eggs
are able to replicate exogenously added sperm DNA while preserving the replica-
tion licensing system of the cell cycle. In Sld5-depleted Xenopus extracts, incorpo-
ration of labeled nucleotides into chromosomal DNA is not detected, indicating
that S1d5 is required for efficient replication initiation (Kubota et al. 2003). Further
analysis demonstrated that the GINS complex binds to chromatin in a manner
dependent on replication licensing and S-phase CDK. As seen in budding yeast, the
binding of GINS and Cdc45 to chromatin is interdependent. Lack of chromatin
binding of the two factors leads to a failure in the loading of the replicative poly-
merases Pol o and Pol €. Cut5 (TopBP1 in humans) is also required for chromatin
loading of GINS and Cdc45.

Analyses of endogenous human GINS have shown that the four components of
GINS are expressed during mitotic cycles, degraded shortly after the cells are driven
into GO, and resynthesized upon re-entry into the cell cycle (Aparicio et al. 2009).
The complex is present in abundance, even in untransformed cell lines, showing
an average of 100,000 GINS complexes per cell. The number of molecules present
varies in different cell types, with significantly higher concentrations seen in immor-
talized cells. While the level of GINS is constant throughout the cell cycle, a
significant fraction of human GINS associates with chromatin specifically during
S-phase. This chromatin-associated material co-purifies with MCM and Cdc45 in
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extracts prepared from nuclease-treated S-phase chromatin, consistent with the
existence of CMG complexes in human cells.

In human cells, evidence points to the possible involvement of GINS in the
Fanconi anemia (FA) tumor suppressor pathway, which plays an important role in
the maintenance of genomic stability in eukaryotic cells (Tumini et al. 2011). Psf2
physically interacts with the FANCF protein, which is a component of the FA
multiprotein nuclear core complex, as confirmed by yeast two-hybrid assays and
co-immunoprecipitation experiments. GINS is required to efficiently load compo-
nents of the FA complex onto the chromosome at the G1/S transition. However,
depletion of Psf2 is not sufficient to inhibit the monoubiquitylation of FANCD?2 or
its localization to nuclear foci following DNA damage, suggesting that involvement
of the GINS complex is limited to recruiting or stabilizing the complex.

8.3.4 GINS in the Replication Progression Complex

Using tandem affinity column purification, Gambus et al. identified a specific set of
proteins from budding yeast cells that interacted with GINS (Gambus et al. 2006).
In addition to Cdc45 and MCM, GINS binds to essential initiation and elongation
factors by forming large replisome progression complexes (RPCs), which are
assembled during initiation and disassembled at the end of S phase. Isolated RPC
components include Mrcl (checkpoint mediator for fork stalling), the Tof1-Csm3
complex (pausing factor for replication forks at protein-DNA barriers), the histone
chaperone FACT, type I topoisomerase (thought to release positive supercoils at the
fork), and Ctf4 and MCM 10, which are known to bind Pol o.. The GINS complex
may be a part of larger complexes that include the MCM helicase and other proteins
at the replication fork.

Other evidence for the involvement of GINS in the progression complex comes
from studies of fork pausing. The Xenopus cell-free system allows replication initiation
to occur independently of the DNA sequence. Pacek et al. synthesized plasmid DNA
containing a biotin group at a single site in which the resulting biotin-streptavidin
pairing halts replication fork progression, and detected the presence of individual
target proteins by ChIP (Pacek et al. 2006). This approach allowed the identification
of all three replicative DNA polymerases (., 6 and €), and MCM2-7, Cdc45, GINS,
and MCM10 as components of the replisome. In the presence of the DNA poly-
merase inhibitor aphidicolin, which causes uncoupling of a highly processive DNA
helicase from the stalled replisome, only Cdc45, GINS, and MCM2-7 were enriched
at the pause site. It is highly likely that the MCM, Cdc45 and GINS proteins form a
large molecular machine that functions as a replicative helicase.

A different version of the RPC, containing Pol o, was purified under conditions
that induced the displacement of MCM 10; coupling of Pol a to the RPC requires the
Ctf4 protein (Gambus et al. 2009). In the budding yeast, Ctf4 was originally
identified as a gene product whose mutated form showed decreased chromosome
transmission fidelity during mitosis (Spencer et al. 1990), and is also known to bind
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Pol a (Miles and Formosa 1992). GINS and Ctf4 were shown to form a stable
complex in vitro and the SId5 subunit was found to be responsible for their interac-
tion (Tanaka et al. 2009), indicating that the interaction between these two
components in the RPC is crucial for linking the replicative helicase MCM2-7 to
Pol a.. However, the subsequent contribution of MCM10 and Ctf4 at the replication
fork as a tether between Pol o and the MCM2-7 helicase was not addressed.

Several lines of evidence show that the GINS complex communicates with
polymerase complexes. Using surface plasmon resonance and co-immunoprecipi-
tation, a recombinant human GINS was shown to bind to a purified dimeric primase
complex (De Falco et al. 2007), although the dissociation constant was in the low
micromolar range and the interaction has yet to be observed in cells. Moreover, a
two-order molar excess of the GINS complex resulted in a ten-fold increase in
DNA synthesis by the Pol a-primase complex in vitro, but did not stimulate the
activity of primase itself.

Other studies have indicated that GINS also functions as an accessory module
for Pol ¢ (Takayama et al. 2003). This is originally based on the results of two-
hybrid assays showing an interaction between Psf1 and the Dpb2 subunit of Pol &.
The Xenopus GINS complex also binds to Pol € in vitro and stimulates its activity
(Shikata et al. 2006). How these in vitro observations might reflect the role of GINS
in vivo has not been determined. It remains to be explored whether GINS works
multi-functionally during the progression of the replication fork.

Many studies have reported snapshots of the progression of the DNA replication
fork in the budding yeast genome. Sekedat et al. monitored the dynamic progression
of the GINS complex during the cell cycle using whole genome time-resolved chro-
matin immunoprecipitation combined with microarray analysis (Sekedat et al.
2010). Previous data were interpreted to indicate that the dynamics of fork progres-
sion are strongly affected by local chromatin structures or macromolecular protein
architecture. Interestingly, they showed that GINS spreads bidirectionally and sym-
metrically from active replication origins independent of genome location, with a
highly uniform rate of 1.6+0.3 kb/min, revealing that replication fork dynamics in
yeast are simpler and more uniform than previously envisaged. Direct measurement
of a fork specific associated protein allowed simulations for progression of the RPC
and estimation of origin firing efficiencies.

8.4 Structure of GINS

8.4.1 Overall Structure

The structure of the human GINS heterotetramer has been solved at 2.3-3.0 A
resolution by three groups using similar crystallization conditions (PDB codes:
2E9X, 2EHO and 2Q9Q) (Kamada et al. 2007; Choi et al. 2007; Chang et al.
2007). Although the four full-length subunits of the complex form a stable 1:1:1:1
heterotetrameric complex when they are expressed simultaneously in Escherichia coli,
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mass spectrometry studies revealed that the C-terminal region of Psf1 is sensitive to
various proteases. Two of the three groups solved the structure of a GINS complex
containing a C-terminally truncated version of Psf1 (Choi et al. 2007; Kamada et al.
2007). The third group used the full-length Psf1 but the resulting electron density
map of the C-terminal region was disordered (Chang et al. 2007).

The structure of the GINS heterotetramer resembles a trapezoid with dimensions
of ~60 A deep, ~65 A high, and ~110 A wide (Fig. 8.2a). Each of the subunits
occupies roughly a quarter of the trapezoid. An Sld5 and Psfl heterodimer forms
the top layer, and Psf2 and Psf3 the bottom layer, creating a pseudo-dyad axis in the
center of the molecule. S1d5 and Psf2 are arranged roughly along the axis, sharing a
horizontal interface (Fig. 8.2a). Psf1 and Psf3 show a similar orientation. There are
few diagonal contacts between Sld5 and Psf3 and between Psfl and Psf2. At the
center of the complex is a narrow cavity (Fig. 8.2b). Calculation of the electrostatic
potential of the molecular surface showed that it is highly acidic.

a < 110 A &

pseudo 2-fold axis

Vertical interface

65 A

Horizontal
interface

Fig. 8.2 Overall structure and subunit arrangement of the tetrameric GINS complex. (a) Molecular
surface representation of the heterotetramer, viewed perpendicular to the pseudo-two fold axis of
the complex. Two major (vertical and horizontal) subunit-interfaces are roughly shown by grey
planes. (b) The molecular surface cut open along the horizontal interface, is viewed from the upper
direction of the pseudo-two fold axis of (a), to show an internal part of the central cleft. A flat verti-
cal interface between the A-domains of Psf2 and Psf3 is seen clearly. The width of the flat entrance
of the cleft is about 22 A, while the bottom of the cleft is almost closed by the linker region of the
S1d5 B-domain, with a 6 A pore remaining. (¢) Cartoon representation viewed from the opposite
side of that seen in (a). Mutation sites of the GINS subunits found in yeasts (Sc, S. cerevisiae; Sp,
S. pombe) are indicated by arrows (Gomez et al. 2005; Takayama et al. 2003; Yabuuchi et al.
2006). All the sites are located in subunit interfaces or the internal core of subunits
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Fig. 8.2 (continued)

8.4.2 Two Structural Domains in All Subunits

Each subunit is composed of two distinct structural domains: an o-helix-rich
(A)-domain and a B-strand-rich (B)-domain (Fig. 8.3a). As predicted by sequence
analysis, the two structural domains occur in the order A-B in SId5 and Psf1, but in
the reverse order in Psf2 and Psf3 (Fig. 8.3b). Superposition of the individual
domains in the subunits shows that each domain shares a common fold, suggesting
that the truncated C-terminal region of Psfl that is lacking in the crystal structures
has a similar folding to the B-domain. All the A-domains contain five o-helices.
The fourth element of Psf2 exceptionally adopts a 3-strand conformation to interact
with the S1d5 subunit (Fig. 8.3b). The B-domain has an extended N-terminal region
containing a one o-helical turn, followed by a globular core comprised of an a-helix
and two small antiparallel 3-sheets.

Notably, structure-based sequence alignment reveals that the A-domain of each
subunit contains two perfectly conserved residues, namely arginine in the third helix
and glutamate in the fifth helix (Fig. 8.3b) (Kamada et al. 2007). These two residues are
located in an internal portion of the A-domain and form a bidentate hydrogen bond
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Fig. 8.3 Structures and organization of subunits, and a functional model of the complex.
(a) Ribbon drawings of the four subunits of the solved structure. In SId5, two A- and B-domains
are almost separated with about 20 residues of a linker region. In contrast, the two domains of Psf2
and Psf3 are tightly bound to each other by hydrophobic interactions. (b) Schematic diagrams of
secondary structural elements and domains of eukaryotic and archaeal GINS subunits. The order
of the two domains has been inverted in the course of evolution creating two subfamilies (A-B and
B-A types). The locations of the arginine and glutamate residues within the A-domain, which are
perfectly conserved, are shown by vertical blue and red bars, respectively, forming hydrogen
bonds with each other. (¢) In solution, the B-domain of Psf1 is not involved in the formation of the
tetrameric complex. GINS contributes to the formation of the CMG complex through in the inter-
action of the Psf1 C-terminal B-domain and the peripheral surface of the tetrameric complex

within the hydrophobic environment. The pairing of these residues neutralizes their
opposing electrostatic forces and creates a hydrophobic plane, which contributes to
the stability of the interior protein structure. The conservation of these residues
in all the subunits can be considered a structural vestige, and indicates that GINS
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subunits evolved from a common ancestral gene module. In fact, the hydrogen bond
network followed by these residues is crucial to the fundamental structure of the
A-domain. Mutation of a conserved arginine residue of Psf2 in fission yeast (R133K;
Arg124 in human) causes the temperature-sensitive phenotype of the psf2-209 allele
(Gomez et al. 2005). This mutation could disturb the formation of the bidentate
hydrogen bond and destabilize the subunit structure (Fig. 8.2¢).

Two vertical and horizontal interfaces significantly contribute to heterotetramer
formation (Fig. 8.2a). The vertical interface is created by heterodimerization of the
A-domains of SId5 and Psf1 and the A-domains of Psf2 and Psf3. The third and fifth
helices of each pair of subunits are related by the pseudo-dyad axis and form a
four-helix bundle (Fig. 8.2b). In contrast, the B-domains of Psf2 and Psf3 create the
horizontal interface of the top and bottom layers through their interactions with the
first and third helices of the S1d5 and Psfl A-domains. At this interface, the arginine
residues of S1d5 or Psfl plug into hydrophobic patches on the B-domain surface of
Psf2 or Psf3, resulting in the stabilization of the horizontal interface. The effects of
disrupting this interface can be seen with the budding yeast psfl-/ mutant allele
(Takayama et al. 2003). Substitution of Arg84 in yeast Psfl (Arg74 in human) with
glycine confers lethality at non-permissive temperatures and severely disturbs
complex formation (Fig. 8.2c).

The two B domains of SIdS and Psfl play functionally distinct roles. The
C-terminal B-domain of SId5 is embedded between the SId5 and Psf2 A-domains
and helps stabilize the tetrameric complex (Fig. 8.2b). The C-terminus of this
domain is buried inside completely, and mutations or additional tags at/near this
domain destabilize the complex (Fig. 8.2c). Deletion of the Sld5 B-domain also
severely weakens the horizontal interface between the top and bottom layers of the
complex without affecting the vertical interfaces between S1d5 and Psf1 or between
Psf2 and Psf3 (Kamada et al. 2007). In contrast, the C-terminal region of Psfl is
dispensable for tetramer formation. Biochemical experiments indicate that this
domain does not interact stably with a tetrameric complex composed of the
B-domain-less Psfl and full-length S1dS, Psf2 and Psf3, suggesting that the Psfl
B-domain is simply tethered by its linker region to the tetrameric core complex in
solution (Kamada et al. 2007).

8.4.3 Functional Interface of the GINS Complex

Addition of recombinant human GINS to Xenopus egg extracts immunodepleted
of endogenous GINS restores full replication activity only when full-length Psf1 is
present; complexes containing C-terminally truncated Psf1 do not replicate sperm
chromatin, even with the addition in frans of the recombinant Psf1 B-domain (Kamada
et al. 2007). Moreover, the linker region tethering the Psf1 B-domain is crucial for
replication activity. In contrast, an unstable mutant complex lacking the S1d5 B-domain
shows weak but nonetheless detectable activity. This non-stoichiometric complex is
the result of the weakening of horizontal-interface interactions. This unstable mutant
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is quantitatively equivalent to thermosensitive mutants previously isolated from yeast
(Takayama et al. 2003), indicating that the presence of the Psfl B-domain is more
critical than the stability of the overall complex. Chromatin binding experiments also
show that this linker peptide region to the Psf1 B-domain is important for the initiation
process, consistent with previous observations of the interdependent chromatin
binding of GINS and Cdc45 (Kubota et al. 2003). The Psfl B-domain is not stably
anchored on the surface of the tetrameric core complex, and the conserved hydro-
phobic residues of the linker to the B-domain are functionally important. Sequence
conservation in the GINS complex maps to the surface where the B-domain of Psf1
is most likely adjacent. Consistent with this explanation, results of a complementation
assay using point mutations on the surface of the yeast GINS complex proposed that
several patches critical for cell viability are on the similar peripheral surface of SId5
and Psf2 (Choi et al. 2007). It is possible that the Psfl B-domain is a functional
interface for association with Cdc45, the MCM complex or both on chromatin
(Fig. 8.3c). It seems reasonable that conformational changes in the linker peptide
would allow association with protein(s) that target the GINS complex.

8.4.4 GINS and the CMG Complex

The GINS complex has been isolated biochemically with Cdc45 and MCM2-7;
together these are referred to as the CMG (Cdc45-MCM-GINS) complex. Botchan
and co-workers purified the complex from Drosophila embryo extracts by follow-
ing Cdc45-containing fractions (Moyer et al. 2006). They found a stable complex (of
predicted molecular weight of 711 kDa) containing Cdc45, the MCM2-7 hexamer
and GINS that was associated with ATP-dependent DNA helicase activity. The
amount of the complex was highly limited, containing only ~5% of the total Cdc45
and GINS proteins and ~1% of the total MCM proteins in the extracts. The authors
also reconstituted Drosophila MCM2-7 and CMG complexes using the baculovirus
expression system, and tested them for helicase activity (Ilves et al. 2010), showing
that the recombinant CMG complex possesses significantly enhanced helicase activ-
ity on a circular DNA template, and that the hexameric MCM motor does not func-
tion as a simple summation of six equally contributing ATPase domains. A recent
single-particle electron microscopy (EM) study produced low resolution (~30 A)
structures of the Drosophila MCM and CMG complexes, revealing their overall
architecture and providing insights into subunit-subunit contacts (Costa et al. 2011).
GINS and Cdc45 are located on the surface of the MCM ring and bridge a gap
between MCM2 and MCMS (discussed in detail in Chap. 7, this volume). GINS
makes extensive contacts to Cdc45 via the A-domain of Psf2, and is anchored to the
N-terminal domains of MCM5 and MCM3 via contacts with the underneath of the
A-domains of Psf2 and Psf3, respectively (Fig. 8.3c). Judged by density comparison
depending on the nucleotide status of CMG, the B-domain of Psf1 is likely involved
in binding to AAA+domain of MCMS, which is consistent with biochemical results
discussed above (Sect. 8.4.3).
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8.4.5 EM Images and DNA Clamping Action

Prior to the publication of the crystal structures of the human GINS complex, two
EM studies of the GINS structure were reported. In the original study, the image
of a rotary shadowed recombinant Xenopus GINS complex appears as a ring-
shaped structure with a central hole with a diameter of ~40 A (Kubota et al. 2003).
In the second study, single-particle EM with three-dimensional reconstruction at
33 A resolution showed recombinant human GINS as a C-shaped complex
(Boskovic et al. 2007). However, high-resolution crystallographic data show a
tapered central cleft (Fig. 8.2b), which is visually different from the images of the
complex in the EM studies. This may reflect the limitations of visualization tech-
nique of EM for macromolecular analysis. The previous impressions of a ring-like
structure can be accounted for by the low density distribution of electrons at the
center of the complex.

The impact of EM images led to the speculation that GINS has a DNA clamp-
like function similar to that of PCNA (proliferating cell nuclear antigen, see
Chap. 15) (Kubota et al. 2003). Crystallographic studies revealed that the inner
space is small and that its surface has high negative electrostatic potential with
low sequence conservation, which makes the cleft unsuitable for the accommo-
dation of even ssDNA. Because the subunit interfaces of the complex consist
mostly of tight hydrophobic interactions, rearrangement of the subunit orienta-
tion to make the central cleft wider is impossible without huge energy input. On
the other hand, it has been proposed that unplugging the Psf3 N-terminal peptide
from the complex would allow the cleft to become a wider cavity (Chang et al.
2007). However, the peptide region is stably bound to the S1d5 subunit inside the
cavity by hydrophobic interactions with low crystallographic temperature fac-
tors. DNA binding activity of the N-terminal peptide-less complex has not been
shown conclusively to date.

The DNA binding ability of the tetrameric GINS complex is somewhat contro-
versial. Boskovic et al. used electrophoretic mobility-shift assays (EMSA) to show
that a recombinant human GINS complex preferentially binds to single stranded
DNA or molecules containing stretches of ssDNA than to a probe consisting of
only double stranded DNA (Boskovic et al. 2007). To date, this remains the only
evidence for robust GINS-DNA interactions. In contrast, Pyrococcus furiosus
GINS does not have DNA binding activity (Yoshimochi et al. 2008). Moreover, a
PfuMCM band shift is not observed in the presence of PfuGINS, even at micromo-
lar concentrations, indicating that PfuGINS cannot assist the loading of PfluMCM
onto DNA. Ilves et al. have observed binding affinity to forked DNA substrates
using recombinant Drosophila GINS containing full-length or a C-terminally trun-
cated version of Psf3 (Ilves et al. 2010). The affinity of either complex for DNA
was considerably weaker compared to that of human GINS. Nonetheless, deletion
of the C-terminal basic region of Psf3 alters the DNA binding and helicase activity
of CMG, suggesting that it may indirectly enhance the DNA binding properties of
the CMG complex.
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8.5 Archaeal GINS

8.5.1 Structure and Evolution

The lack of detectable sequence conservation among the subunits of eukaryotic
GINS led to the belief that the four subunits were unrelated. Koonin and colleagues
first reported archaeal GINS homologues and proposed that the four eukaryotic
subunits diverged from a common ancestor (Makarova et al. 2005). Archaea encode
two GINS proteins (Fig. 8.3b), which appear to have been derived from each other
by swapping of the two small modules (termed A- and B-domains in the crystal
structure). This suggests that the last common ancestor of archaea and eukaryotes
may have contained two GINS paralogues. Presumably, the four genes encoding
the eukaryotic GINS subunits evolved from one ancestral gene via at least two
rounds of gene duplication and permutation after an initial round of duplication to
produce the reversal of the two domains. Further analyses have demonstrated that
all archaeal organisms encode an A-B type protein (variously termed Ginsl5 or
Gins51) related to SId5 and Psfl (MacNeill 2010; Yoshimochi et al. 2008). By
contrast, the second gene that encodes a B-A type protein (Gins23) related to Psf2
and Psf3 is found only in crenarchaeal species. Most euryarchaeal organisms lack
Gins23, indicating that known archaeal Gins23 proteins are already highly diver-
gent. The evolutionary branching point is difficult to identify, implying that Gins15,
which is predominantly present in archaea, is functionally more important than
Gins23 despite that fact that Gins23 was the original protein that was lost later in
the course of evolution.

Co-expression of archaeal Gins15 and Gins23 proteins results in formation of a
tetrameric complex comprising a dimer of dimers (Marinsek et al. 2006; Yoshimochi
etal.2008). Recently the crystal structure of the 2:2 type complex from Thermococcus
kodakaraenisis has been reported (Oyama et al. 2011). As expected, this complex
adopts a similar architecture to that of the human GINS complex (Fig. 8.4a). The
structure preserves the top and bottom layers, composed of Ginsl5 and Gins23
homodimers. The horizontal interface between the two layers is basically created by
the B-domains through interactions with their A-domains, although the B-domain
of Ginsl5 is not involved in stable tetramer formation (Oyama et al. 2011).
Considering the roles of the B-domain in eukaryotes, the B-domains of Gins15 may
play a role, like B-domain of Psf1, in the archaeal replisome.

In some archaeal genomes, the gene encoding Gins15 is found just downstream
to the gene encoding PriS, which is the small subunit of primase, the enzyme respon-
sible for RNA primer synthesis. Swiatek and MacNeill reported the structural simi-
larity of archaeal GINS to PriS, and provided an interesting explanation of domain
derivation of archaeal GINS by evolutionary gene transfer (Swiatek and MacNeill
2010). Multiple sequence alignments indicated that the C-terminal domain (CTD)
of PriS is conserved in most archaeal lineages, but not in Thermococcales and
eukarya. A crystal structure of PriS demonstrates that the PriS-CTD seems to be a
structural platform for a neighboring zinc-binding domain (Lao-Sirieix et al. 2005)
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Fig. 8.4 Structure of the archaeal GINS complex. (a) Comparison of subunit organization between
eukaryotic GINS and two types of archaeal GINS complexes. The archaeal 2:2 subunits complex
adopts a similar orientation to that seen in the eukaryote complex. The single subunit type is a
hypothetical model with interdomain loops by gradient dots (Oyama et al. 2011). The drawing
colors are based on Fig. 8.3b. (b) Superimposition of the B-domain of the human Psf2 subunit and
the small subunit of the Sulfolobus solfataricus primase (PriS, see PDB: 1ZT2) (Lao-Sirieix et al.
2005). The C-terminal domain of PriS has a similar structure to the B-domain seen in GINS sub-
units. In some archaeal species, the ORF of PriS is often found in a region upstream of that of
Ginsl3, resulting in a line of B-A-B order on the chromosome DNA region

(Fig. 8.4b), while the precise role of the domain is uncertain. The domain of PriS
was found to have a similar folding pattern as the B-domain of GINS subunits
despite limited sequence similarities (Fig. 8.4b), suggesting that the similarity
between the two domains is an evolutionary vestige resulting from the tandem
duplication of the Gins15 gene (A-B order). First, linear duplication of a Ginsl5
ORF could have occurred in the last common archaeo-eukaryotic ancestor. Then,
deletion of Ginsl5 A-domain sequences would have resulted in the fusion of the
Primase domain and the remaining B-domain, generating an ORF encoding a PriS
protein in the last common archaeal ancestor. However, another possibility might be
considered that tandem duplication of a Gins23 gene (B-A order) could have gener-
ated PriS-CTD and Gins15, and the subsequent horizontal transfer of a Gins23 ORF
by duplication would have resulted in its emergence in archaeal ancestors at a later
stage of evolution. More concrete lines of evidence supporting the archaeal gene
context are required to draw a definitive conclusion.
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8.5.2 Biological Functions of Archaeal GINS

The archaeal DNA replication machinery is most likely a simplified version of the
eukaryotic system. Therefore, the study of archaeal DNA replication systems should
help elucidate eukaryotic replication mechanisms.

Biochemical characterizations of several distinct archaeal GINS complexes have
been reported so far. In the crenarchaeote Sulfolobus solfataricus (Marinsek et al.
2006), the Gins23 protein interacts with the non-catalytic N-terminal domain of
MCM helicase in a yeast two-hybrid system. This interaction was also detected by
co-immunoprecipitation experiments in cell extracts of S. solfataricus. Gins23 also
interacts in the two-hybrid and pull-down assays with both subunits of primase, as
seen in human GINS (De Falco et al. 2007). However, addition of the SsoGINS
complex does not affect the activity of primase or MCM helicase. Further column
purification of Gins23 from the cell extracts identified two interacting factors: the
other GINS subunit Gins15 and a protein with similarity to the DNA-binding domain
of the bacterial Rec] homologue (RecJdbh). E. coli Rec], which has exonuclease
activity on ssDNA, plays an important role in the processing of stalled replication
forks (Courcelle et al. 2003). A recent paper also showed that a similar factor is
isolated with the ssDNA-specific exonuclease activity in 7. kodakaraensis (GINS-
associated nuclease: GAN) and its specific interaction with Ginsl5 enhances the
nuclease activity (Li et al. 2011). It is an attractive and likely situation that GINS
coordinates and regulates such additional factors with MCM at the archaeal replica-
tion fork.

The biochemical properties of GINS from the hyperthermophilic archaeon
P. furiosus have also been investigated (Yoshimochi et al. 2008). Similar to the
situation in S. solfataricus, recombinant P. furiosus Gins15 and Gins23 also form a
tetrameric GINS complex at a 2:2 M ratio. Gins23 interacts with the MCM helicase
in a yeast two-hybrid assay, and the two proteins are detected as an immunocomplex
from P. furiosus extracts. Moreover, two-hybrid analysis also showed that Gins15
interacts with the P. furiosus Orc1/Cdc6 homologue and ChIP studies using
anti-Gins23 antibody demonstrated that the PfuGINS complex associates more
dominantly with the P. furiosus replication origin during the exponential growth
phase compared with the stationary phase. As seen in S. solfataricus, purified
PfuMCM and PfuGINS cannot form a stable complex even in the presence of DNA.
Interestingly, recombinant PfuGINS can stimulate MCM ATPase and helicase
activities when present in excess over PfFuMCM. The helicase activity of PfluMCM
is weaker compared with MCM proteins from other archaeal organisms. Therefore,
full activity for archaecal MCM helicase might require other auxiliary factors
like GAN.

The GINS complex from the euryarchaeote Thermoplasma acidophilum has also
been characterized (Ogino et al. 2011). T. acidophilum encodes a Gins15-type sub-
unit only. Interestingly, this protein exists as homotetramer and also physically
interacts with its cognate MCM. How can this GINS form the tetrameric structure
without the Gins23 subunit? EM studies of the complex answer this question
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(Oyama et al. 2011). The Gins15 subunit contains a long intervening loop structure
between the A and B domains, which is potentially intrinsically disordered. Spatial
domain relocation of the single subunit by the loop could allow the creation of dif-
ferent domain configurations mimicking Gins23 to form the tetrameric complex
(Fig. 8.4a).

8.6 Conclusions and Prospects

Since the GINS complex belatedly appeared on the stage of the replication field in
2003, GINS has been recognized as one of the most ancient component of the repli-
some in eukaryotes and archaea. GINS undeniably plays a central role as the chro-
mosome replicative helicase, the CMG complex, and is fundamentally important for
both the establishment and progression at DNA replication forks. Although, to date,
the enzyme activity of the GINS tetrameric complex has not been reported, GINS
and Cdc45 seem to play as a gate keeper for the activity of the replicative helicase.
Therefore, further investigation of the function of this complex is important for
understanding of the eukaryotic replication process.

In the initiation step, the heterotetrameric GINS complex is integrated with
Cdc45 to allow MCM2-7 to be an active form of helicase by a certain mechanism.
This process not only depends on structural protein factors, but also on the local
concentration of S-phase protein kinases. Does GINS also participate in a phospho-
rylation event? Combinatory proteomics characterized human Psf2 as a protein
phosphorylated by the ATM and ATR protein kinases, two major signal amplifiers
for the DNA-damage response (Matsuoka et al. 2007). In Psf2, two sites of phos-
phorylation are listed: Thr180 and Serl182 in the extreme C-terminal region.
Considering the low sequence conservation of this region, the effect of these phos-
phorylation sites on GINS function is not clear. It would be of interest to assess
whether phosphor-mimic mutations have an effect on cell viability under DNA
damage induced conditions. In contrast, whether GINS acts as an acceptor of phos-
phopeptides like the BRCT domain remains to be investigated. Crystal structures
revealed the presence of several sulfate molecules with weak density on the surface
of the complex (Choi et al. 2007; Kamada et al. 2007). These compounds are used
as a precipitant for crystallization, and their binding to protein surfaces sometimes
mimics phosphate binding. It would be interesting to reconsider the possibility of
phosphopeptide binding in replication initiation.

In the elongation stage, GINS functions as a part of the CMG complex that
unwinds DNA during S-phase. How GINS and Cdc45 mechanistically contribute to
the function of CMG? Incorporation of GINS with Cdc45 to MCM enables efficient
loading to circular DNA, suggesting that these auxiliary factors create a gate on the
MCM2-7 ring (see Chap. 7). In fact, GINS partially contributes to the DNA binding
affinity of the CMG complex (Ilves et al. 2010). EM studies of the CMG complex
also suggest that these factors direct ssSDNA to the inside channel of the MCM2-7
ring (Costa et al. 2011). In correlation with the change in overall structure, the
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helicase activity of MCM2-7 in the CMG complex is functionally asymmetric, based
on mutations of the Walker A motif of individual subunits (Ilves et al. 2010). In
circular homohexameric helicases, crystallographically distinct NTP-binding sites
share several different configurations that allosterically affect the DNA-binding
loops, allowing for ssDNA movement within a subunit (Enemark and Joshua-Tor
2008). In the CMG complex, such a rotary translocation mechanism might not be
used; instead, repetitive actions mainly driven by specific NTP-binding subunits
might apply. It is possible that the asymmetric structure of the CMG caused by incor-
poration of GINS and Cdc45 facilitates biased engagement of the loops coupled with
the specific subunits that effectively utilize energy from ATP hydrolysis. Consequently,
coordinated escort of sSDNA by the motivated loop might be achieved in the central
channel of the CMG complex. The inherent function of GINS is veiled by the large
structure of the MCM helicase. Determination of the high resolution structure of the
CMG complex bound to DNA is a high priority and would provide an important
insight for understanding of the mechanism of action of the replisome core.

In archaea, primitive forms of the GINS complex are employed in the replication
machinery. The structure of an archaeal GINS complex not only represents the fun-
damental architecture but also provides interesting aspects for domain configurations
of a single-subunit form of archaeal GINS. It is highly intriguing how an associated
factor like GAN and RecJdbh are structurally involved in the replication assembly.
Unraveling archaeal replisome components with simplified structures is important
to understand the architecture of replication machineries in higher eukaryotes.
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Chapter 9
The Pol o-Primase Complex

Luca Pellegrini

Abstract Initiation of DNA synthesis in eukaryotic replication depends on the Pol
o-primase complex, a multi-protein complex endowed with polymerase and
primase activity. The Pol a-primase complex assembles the RNA-DNA primers
required by the processive Pol & and Pol € for bulk DNA synthesis on the lagging
and leading strand, respectively. During primer synthesis, the primase subunits
synthesise de novo an oligomer of 7—12 ribonucleotides in length, which undergoes
limited extension with deoxyribonucleotides by Pol a. Despite its central impor-
tance to DNA replication, little is known about the mechanism of primer synthesis
by the Pol a-primase complex, which comprises the steps of initiation, ‘counting’
and hand-off of the RNA primer by the primase to Pol o, followed by primer exten-
sion with dNTPs and completion of the RNA-DNA hybrid primer. Recent biochem-
ical and structural work has started to provide some insight into the molecular basis
of initiation of DNA synthesis. Important advances include the structural characteri-
sation of the evolutionarily related archaeal primase, the elucidation of the mecha-
nism of interaction between Pol o and its B subunit and the observation that the
regulatory subunit of the primase contains an iron-sulfur cluster domain that is
essential for primer synthesis.
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9.1 Introduction

In the semi-conservative model of DNA replication each parental strand acts as a
template for the synthesis of a complementary DNA chain. DNA polymerases are
responsible for synthesising the novel strands of nucleic acid accurately and efficiently.
However, polymerisation depends on the presence of an existing oligonucleotide
primer annealed to the template that is extended by addition of deoxynucleotides to
the 3" hydroxyl group of the primer.

In order to be able to begin duplication of their genome, all organisms have
evolved a specialised DNA-dependent RNA polymerase, termed primase, which is
endowed with the unique ability to initiate DNA synthesis de novo (Frick and
Richardson 2001; Kuchta and Stengel 2010). Primases can assemble from the
ribonucleotide pool of the cell the short RNA primers that are utilised by the DNA
polymerase for processive synthesis. The antiparallel arrangement of the parental
strands and the obligate 5'-3' direction of synthesis of DNA polymerase imply that
DNA synthesis needs to be primed repeatedly on the lagging strand. Thus, primase
activity is constantly required at the replication fork.

Priming DNA synthesis is a universal requirement of DNA replication and
consequently primases are present in all kingdoms of life. Certain important fea-
tures of primase activity, such as the tendency to initiate with a purine base and to
synthesise RNA primers of between 5 and 10 nucleotides, appear to be universal.
However, prokaryotic and eukaryotic primases differ radically in structural organ-
isation and mechanism of primer synthesis. Whereas bacterial primase is a single
polypeptide, in eukaryotic cells the primase is a heterodimer of catalytic or small
subunit (PriS) and regulatory or large subunit (PriL). In addition, in eukaryotic
cells the primase is normally associated in a specific, constitutive complex with
DNA polymerase a (Pol o) and its B subunit (Muzi-Falconi et al. 2003). The
resulting heterotetramer forms the Pol a-primase complex, the multi-subunit pro-
tein assembly that initiates DNA synthesis in eukaryotic replication. In the com-
plex, the RNA primer synthesised by the primase undergoes limited extension
with deoxynucleotides by Pol a.. The resulting RNA-DNA primer is then utilised
for processive synthesis by Pol € and Pol & on the leading and lagging strands,
respectively.

The first reports describing the isolation of primase activity and the biochem-
ical characterisation of the Pol a.-primase complex in cell extracts of eukaryotic
organisms date to almost 30 years ago (Conaway and Lehman 1982; Hubscher
1983; Kaufmann and Falk 1982; Plevani et al. 1984; Yagura et al. 1982). Despite
extensive experimental efforts, our understanding of the molecular steps of
RNA primer initiation, completion and limited elongation with dNTPs by the
Pol a-primase complex is still surprisingly limited. In this chapter, I will review
the current state of knowledge concerning the structural information currently
available for the Pol a-primase complex and describe how the present data
inform our understanding of the mechanism of primer synthesis in eukaryotic
replication.
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9.2 Primase

9.2.1 Prim Fold of the Catalytic Subunit

The eukaryotic primase is a heterodimer of catalytic or small subunit (PriS) and
regulatory or large (PriL) subunit. Most of our knowledge of its three-dimensional
architecture comes from crystallographic analysis of evolutionarily related archaeal
primases, which show clear sequence similarity and subunit organisation with their
eukaryotic counterparts.

To date, two crystal structures for the isolated catalytic subunit of archaeal
primases have been reported (Augustin et al. 2001; Ito et al. 2003) (Fig. 9.1a). The
crystallographic analysis showed that the core structural elements of the catalytic
subunit fold in a novel DNA-dependent RNA polymerase domain, the ‘prim’ fold,
that has at its core two flanged beta sheets accommodating the active site and
surrounded by alpha helices on the outside. Overall, the structure of the catalytic

Fig. 9.1 Structure of the archaeal/eukaryotic primase. (a) Ribbon diagrams of the catalytic sub-
units of archaeal primases from Sulfolobus solfataricus (Sso, PDB 1zt2) and Pyrococcus furiosus
(Pfu, PDB 1 g71) are shown in grey. In the middle of the panel, a superposition of the two struc-
tures is shown, coloured according to structure similarity: parts of the structure of the catalytic
subunits that are similar are drawn in red, whereas divergent regions are drawn in blue. The
colouring scheme highlights the elements of secondary structure that constitute the ‘prim’ fold.
(b) Ribbon representation of the crystal structure of the Sulfolous solfataricus primase in its
heterodimeric form. The catalytic subunit (PriS) is drawn is green and the large subunit (PriL) in
orange. The PriL polypeptide present in the crystal is a C-terminally truncated version that lacks
the Fe-S cluster domain (see Fig. 9.2)



160 L. Pellegrini

subunit has a flat, slab-like appearance with a very exposed active site, entirely
different from the classic ‘right-hand’ fold of DNA polymerases. The structure of
the catalytic subunit is completed by a smaller, species-specific domain that can
occupy different positions on the rim of the core ‘prim’ fold (Fig. 9.1a).

Although the archaeal/eukaryotic primase catalytic subunit fold is novel, the
mechanism of nucleotide polymerization is likely to be similar to the general enzy-
matic mechanism of nucleic acid synthesis. Thus, a triad of aspartate residues have
been identified that are invariant across archaeal and eukaryotic primases, and which
are deemed to be necessary for catalytic activity (Augustin et al. 2001; Ito et al. 2003)
(Fig. 9.2a). It therefore appears that convergent evolution has driven primases to
adopt the same mechanism of catalysis, involving two divalent metal ions, proposed
for other DNA and RNA polymerases (Yang et al. 2006). The position of the active
site was confirmed by diffusion of uridine triphosphate (UTP) in the Pyrococcus
horikoshii primase crystals (Ito et al. 2003) (Fig. 9.2a).

A highly conserved feature of the catalytic subunit is the presence of a zinc-binding
motif situated on the same side of the catalytic subunit as the active site; its putative
functional role remains uncertain but its proximity to the active site suggests an
involvement in the mechanism of catalysis (Fig. 9.1a). Intriguingly, bacterial primases
also contain a zinc-binding domain that has been implicated in binding single-stranded
DNA (Corn et al. 2005). It is tempting to speculate that the zinc-binding motif in
archaeal and eukaryotic primases might fulfill comparable functional roles. However,
in contrast to what observed in the archaeal primase, the zinc-binding motif of the
bacterial primase is located in a separate domain of the polypeptide chain.

The prim fold is probably of ancient evolutionary derivation as it has been found
in a number of different genetic contexts (Iyer et al. 2005), including multifunc-
tional enzymes with combined primase and helicase activities, encoded in the
genome of the bacterium Bacillus cereus (McGeoch and Bell 2005) and in a plas-
mid of the archaeon Sulfolobus islandicus (Lipps et al. 2003), as well as in certain
multi-functional bacterial enzymes active in non-homologous end joining pathway
of DNA repair in mycobacteria (Brissett et al. 2007).

9.2.2 The Archaeal/Eukaryotic Primase
Is an Iron-Sulfur Protein

The archaeal/eukaryotic primase is a constitutive heterodimer of two subunits, PriS
and PriL. The role of the non-catalytic polypeptide in primase activity has remained
mysterious for a long time, however it is known that PrilL performs an essential role
in the priming reaction (Zerbe and Kuchta 2002). Indeed, PriL is an essential gene
in yeast (Foiani et al. 1989).

Recent crystallographic and biochemical analysis of the archaeal/eukaryotic pri-
mase has made important progress in understanding the role of PriL in RNA primer
synthesis. The structure of a truncated form of the heterodimeric primase from the
thermophilic archaeon S. solfataricus, lacking the conserved C-terminal portion of
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Fig. 9.2 Active site architecture of the archaeal/eukaryotic primase. (a) Close-up view of the
archaeal primase from Pyrococcus horikoshii (PDB 1v34) with a molecule of UTP bound in the
active site. The side chains of the aspartate residues forming the putative catalytic triad are also
shown. (b) Structure of the conserved C-terminal domain of the large subunit of the yeast primase.
The [4Fe-4S] cofactor and the cysteine ligands are also shown in ball-and-stick representation. (c)
Superimposition of the yeast PriL-CTD on the active site of cryptochrome Cry3 from A. thaliana,
bound to FAD and ssDNA. The PriL-CTD is drawn as a thin tube in blue, the DNA photolyase in
green. FAD and ssDNA are shown as sticks, coloured according to element type. (d) A possible
model for the essential role of the PriL-CTD in initiation of RNA primer synthesis. In the model,
the PriL-CTD is an integral part of the active site and assists the catalytic subunit PriS in binding
the two initial ribonucleotides at the initiation site on the template DNA

PriL, illuminated the relative special arrangement of the two subunits (Lao-Sirieix
et al. 2005) (Fig. 9.1b): PriL is a mainly helical polypeptide that extends from the
narrow edge of the slab-shaped catalytic subunit and is better understood as a struc-
tural ‘arm’ that serves to position its conserved C-terminal domain (PriL-CTD) in
the correct position for catalysis. Indeed, the PriL-CTD is essential in the initiation
reaction of the heterodimeric primase, but not for its polymerase activity, pointing
to a crucial function of the PriL-CTD in the initial step of di-nucleotide synthesis.
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Surprisingly, it was found that PriL-CTD contains a [4Fe-4S] cofactor (Klinge
et al. 2007; Weiner et al. 2007). The iron-sulfur centre appears to have a structural
role in maintaining the C-terminal sequence of PriL in its correct three-dimensional
shape (Agarkar et al. 2011; Sauguet et al. 2010; Vaithiyalingam et al. 2010)
(Fig. 9.2b). At this stage, functional roles of the Fe-S cofactor depending on its
redox status remain speculative but cannot be ruled out.

The molecular mechanism underlying PriL-CTD’s involvement in primer syn-
thesis remains unclear, but an intriguing clue as to how this might happen comes
from the unexpected structural similarity between PriL-CTD and the active site of
DNA photolyase/cryptochrome family of DNA repair enzymes (Sauguet et al. 2010)
(Fig. 9.2c). The mode of binding of single-stranded (ss) DNA and flavin adenine
dinucleotide (FAD) observed in the co-crystal structure of the DASH cryptochrome
3 from Arabidposis thaliana (Pokorny et al. 2008) suggests that the PriL.-CTD could
adopt a similar mode of interaction with the template DNA and ribonucleotides dur-
ing de novo RNA synthesis. In particular, the spacial relationship between FAD and
the extruded, cross-linked pyrimidine dimer observed in the active site of DNA
photolyase suggests a possible arrangement for the pairing of the first dinucleotide
of the RNA primer onto template DNA during the initiation step catalysed by the
primase. Thus, the PriL-CTD might participate in RNA primer synthesis by assist-
ing the catalytic subunit PriS in the simultaneous binding of the two initial RNA
nucleotides and by promoting dinucleotide base-pairing with template DNA at the
initiation site (Fig. 9.2d).

9.3 DNA Polymerase o

9.3.1 Catalytic Activity

In contrast to prokaryotic and bacteriophage replication, where the primer is com-
posed exclusively of RNA, in eukaryotic replication the primer is a hybrid RNA-
DNA molecule. The polymerase responsible for synthesising the deoxy-nucleotide
portion of the primer is DNA polymerase o (Pol o), a member of the B-family of
DNA polymerases and the first DNA polymerase to be detected in mammalian cells.
The role of Pol o in priming synthesis is to extend the RNA primer synthesised by
the primase with deoxy-nucleotides, in order to assemble an RNA-DNA oligonucle-
otide of about 20-25 nucleotides. According to current models, transfer of the
3’-hydroxyl of the RNA primer between active sites of the primase and Pol o takes
place via an intra-molecular hand-off (Copeland and Wang 1993; Eki et al. 1991;
Kuchta et al. 1990; Sheaff et al. 1994). However, the nature of the molecular switch
that regulates the transfer is still unknown. The mature RNA-DNA primer is then
utilised by DNA Polymerase 6 and ¢ for processive synthesis on the lagging and
leading strands, respectively (Stillman 2008) (see Chaps. 12 and 13). Upon comple-
tion of lagging strand synthesis and joining of the Okazaki fragments, the primer is
excised by the combined action of Pol 6 and PCNA, which displace the 5’ end of the
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downstream fragment, and the enzymatic activities of the Fenl nuclease and the
Dna2 nuclease-helicase, which excise 5’ flaps of ssDNA (Burgers 2009).

A common feature of all three replicative polymerases — a, & and € — is the
presence of a conserved region that extends past the polymerase fold to a cysteine-
rich C-terminal region (CTD) that is necessary for DNA replication and cell via-
bility. A conserved pattern of eight cysteine residues indicated that the CTD of the
polymerase likely binds two metal ions, such as Zn**. Biochemical evidence
implicates this region of the polymerase in the interaction with the primase
(Mizuno et al. 1999).

9.3.2 Structure of the B Subunit and Its Interaction with Pol o

The three major replicative DNA polymerases — Pols o, 6 and € — share unifying
features of their subunit organisation that reveal a clear evolutionary relationship
(Fig. 9.3a) (Johansson and MacNeill 2010) (see also Chap. 12 and 13). Of their
different cohorts of accessory subunits, only the so-called B subunit is present in all
three polymerase assemblies and is clearly conserved in eukaryotic organisms
(Aravind and Koonin 1998; Makiniemi et al. 1999). Interestingly, an orthologue of
the B subunit has also been found in archaeal organisms as the single accessory
polypeptide of a replicative polymerase.

Reflecting their high degree of conservation, the catalytic and B subunits are the
only indispensable polymerase components. A large body of experimental evidence
has highlighted the functional importance of the CTD interaction with the B subunit
(Dua et al. 1998; Mizuno et al. 1999; Sanchez Garcia et al. 2004). Thus, a heterodi-
mer of catalytic and B subunit represents the conserved functional core of the three
replicative polymerases.

Recent crystallographic evidence has demonstrated the mode of interaction
between the CTD of yeast Pol a and its B subunit (Klinge et al. 2009) (Fig. 9.3b).
The B subunit fold derives from the intimate association of an N-terminal oligonu-
cleotide/oligosaccharide (OB) domain with an inactive C-terminal phosphoesterase
domain. The CTD of yeast Pol o adopts an elongated bilobal shape reminiscent of
an asymmetrically proportioned saddle. Each lobe contains a zinc-binding module:
the lobe with the four N-terminal cysteine ligands (Zn-1) is larger and includes
additional secondary structure elements as well as irregular coil structure; the lobe
with the four C-terminal cysteine ligands is smaller and formed entirely by the zinc-
binding module (Zn-2). The two lobes are connected by a three-helix bundle that
represents the central portion or ‘backbone’ of the saddle-shaped CTD.

The two zinc-binding motifs bear a clear structural relationship to each other; in
both cases, metal-binding results from the ‘handshake’ interaction of two [ rib-
bons, each providing a pair of cysteine ligands for the tetrahedral coordination of
the zinc atom. However, the crystal structure indicates that the two metal-binding
motifs take on distinct functional roles. The Zn-2 motif is an integral part of the Pol
o CTD — B subunit interface, whereas the Zn-1 motif is removed from the interface
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Fig. 9.3 Structure of the yeast Pol oo CTD — B subunit complex. (a) Cartoons of the three multi-
subunit replicative DNA polymerases a, 6 and ¢, highlighting the conserved B subunit (blue) and
Pol CTDs (orange). (b) Crystal structure of the Pol oo CTD — B complex. The B subunit is shown
as a orange ribbon, and the Pol oo CTD as blue ribbon. The position and extend of the oligonucle-
otide/oligosaccharide (OB) and inactive nuclease domains are shown, as well as the location of the
two zinc atoms
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and more exposed to solvent, possibly poised for interactions with other protein
factors or DNA.

The large surface area (4,500 Az) buried at the interface between the Pol oo CTD
and the B subunit indicates a tight association between the two polypeptides, sup-
porting the notion that the B subunit performs a function that requires its constitutive
association to Pol a. The presence of a phosphodiesterase domain juxtaposed to an
OB domain suggests that the evolutionary ancestor of the B subunit might have pos-
sessed an enzymatic function, perhaps required alongside the polymerase activity of
Pol a.. In support of this hypothesis, some nuclease activity appears to have been
retained by the archaeal orthologue of the eukaryotic B subunit (Jokela et al. 2004;
Shen et al. 2004). Thus, it appears that, in the course of evolution of the replication
machinery, the B subunit has morphed from a nuclease into a protein scaffold ele-
ment responsible for mediating multiple and concomitant protein-protein interac-
tions within the eukaryotic replisome (Baranovskiy et al. 2008; Klinge et al. 2009).

9.4 Towards a Concerted Mechanism for Primer Synthesis
by the Pol o-Primase Complex

As already mentioned, the nucleic acid primer that begins synthesis in eukaryotic
replication is a hybrid RNA-DNA molecule. Virtually nothing is known about the
molecular switch that coordinates the hand-off of the nascent primer between
active sites of primase and Pol a.. However, given the high frequency of initiation
events at the replication fork and the necessity to synchronize priming of synthesis
with fork progression and processive synthesis of bulk DNA, it seems reasonable
to assume that a coordinated, intra-molecular mechanism of primer transfer
between primase and Pol o must exist. Indeed, experimental evidence exists in
support of such a model (Copeland and Wang 1993; Eki et al. 1991; Kuchta et al.
1990; Sheaff et al. 1994).

The physical association of the primase and polymerase polypeptides provides a
physical basis for their functional coupling. Recent electron microscopy reconstruc-
tions of the 3D-architecture of the Pol a- B subunit (Klinge et al. 2009) and of the
Pol a-primase complex (Nunez-Ramirez et al. 2011) shows that it is organised as a
dumbbell-shaped particle with flexibly connected lobes (Fig. 9.4a, b). The catalytic
domain of Pol o resides in one lobe, whereas the other lobe is formed by the interac-
tion of the Pol oo CTD, the B subunit and the two primase subunits. The high degree
of mobility observed in the relative orientation of the two catalytic lobes might be
functionally relevant for the hand-off mechanism of the RNA primer between pri-
mase and Pol a (Fig. 9.4c). Thus, it is possible to envisage the process of RNA—
DNA primer synthesis as requiring a series of transitions between specific
conformational conformations of the Pol a-primase, leading in turn to RNA primer
synthesis, transfer to and extension with dNTPs by Pol a (Fig. 9.4¢c). Confirmation
of such mechanism will require the structural characterization of the Pol a-primase
complex in its key intermediate states during primer synthesis.
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primer synthesis

primer transfer

primer elongation

Fig. 9.4 Structure of the accessory B subunit and its interaction with Pol a.. (a) Ribbon model of
the Pol o CTD — B complex structure is fitted into the EM reconstruction of the Pol o — B complex.
The catalytic domain of the archaeal polymerase from 7. gorgonarius (PDB 2VW]J) has also been
fitted in the EM density. Two rotated views of the EM reconstruction are shown, represented as
white transparent density. The Pol oo CTD and the catalytic domain of the archaeal polymerase are
shown in blue and the B subunit in orange. (b) Collection of 2D reference-free averages of the Pol
o-primase. Each row shows a set of averages where the Pol lobe is oriented according to the same
view. The conformational flexibility of the primosome is highlighted by a cartoon outline showing
the superposition of all averages in a row. Scale bar represents 15 nm. (¢) Hypothetical diagram of
the steps of RNA-DNA primer synthesis, based on a conformational rearrangement of the Pol and
Prim lobes during primer transfer

9.5 Outlook

Elucidating in detail the molecular mechanisms by which the Pol a-primase com-
plex initiates nucleic acid synthesis is essential to our comprehension of DNA
replication. Despite its central role in the process of genomic duplication, how the
complex assembles the RNA-DNA oligonucleotides that prime DNA synthesis
remains surprisingly obscure. The evidence discussed here represents a hopeful
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sign that rapid progress will be made in providing a structural basis for the
enzymatic activity of the of Pol a-primase complex. Indeed, crystallographic
models of archaeal or eukaryotic derivation for almost all the proteins or protein
domains of the Pol a-primase complex are now available. The challenge for the
future will be to integrate our current structural knowledge in a complete picture of
the necessary enzymatic steps underlying RNA-DNA primer synthesis in eukary-
otic replication.
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Chapter 10
The Structure and Function of Replication
Protein A in DNA Replication
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Abstract In all organisms from bacteria and archaea to eukarya, single-stranded
DNA binding proteins play an essential role in most, if not all, nuclear metabolism
involving single-stranded DNA (ssDNA). Replication protein A (RPA), the major
eukaryotic ssDNA binding protein, has two important roles in DNA metabolism:
(1) in binding ssDNA to protect it and to keep it unfolded, and (2) in coordinating
the assembly and disassembly of numerous proteins and protein complexes during
processes such as DNA replication. Since its discovery as a vital player in the pro-
cess of replication, RPA’s roles in recombination and DNA repair quickly became
evident. This chapter summarizes the current understanding of RPA’s roles in repli-
cation by reviewing the available structural data, DNA-binding properties, interac-
tions with various replication proteins, and interactions with DNA repair proteins
when DNA replication is stalled.
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10.1 Introduction

DNA replication is a cleverly orchestrated, fundamental process occurring within
cells that allows organisms to duplicate the vast amounts of genetic information car-
ried within DNA. This process occurs during the S-phase of the cell cycle and must
be completed for healthy cells to divide. Replication of eukaryotic chromosomes is
initiated at replication origins. These origins, ~30—100 kb apart and scattered along
each chromosome, serve to recruit several proteins that constitute the replisome.
The replisome, an enormous multiprotein-DNA complex, comprises proteins that
unwind the DNA-double helix, stabilize ssDNA regions generated during the initial
steps, and copy the DNA with accuracy and speed.

Briefly, replication begins at the origins upon binding of the origin recognition
complex and proceeds bidirectionally in a semi-discontinuous manner (Campbell
1986; Wold 2010). The double-stranded DNA (dsDNA) is melted and unwound by
a DNA helicase after which the ssDNA regions produced are coated rapidly by
RPA (Oakley and Patrick 2010; Wold 1997). RPA is in abundance in cells and its
binding protects ssDNA. It is thought to unfold DNA secondary structures, and
keep them from reforming, before the DNA is replicated. During the initiation
of replication, RPA functions to recruit the DNA polymerase a-primase complex
(Pol a-primase) to the replication origins (see Chap. 9). Pol a-primase lays down
an RNA-DNA primer to initiate leading and lagging strand synthesis, after which
the leading strand is extended continuously. The clamp loader, replication factor C
(RFC), assembles the sliding clamp, proliferating cell nuclear antigen (PCNA), at
the end of the primer which then displaces Pol a-primase (see Chaps. 14 and 15).
During the elongation phase RPA is believed to play a role in stimulating DNA
polymerase 6 (Pol 8) and DNA polymerase € (Pol €) which carry out highly proces-
sive DNA synthesis (see Chaps. 12 and 13). The lagging strand is constructed in a
similar fashion to the leading strand but in the opposite 3’5" direction and as a
series of short Okazaki fragments, each of which is synthesized 5'-3’. When Pol &
approaches the RNA primer of the downstream Okazaki fragment, ribonuclease
(RNase) H1 removes all but the last RNA nucleotide of the DNA primer. RPA is
involved in the recruitment of the Dna2 endonuclease, which cleaves the RPA
bound primers and RPA is therefore thought to play a role in Okazaki fragment
processing (Bae et al. 2001, 2003; MacNeill 2001). Following this, the flap endo-
nuclease 1 (FEN1) exonuclease complex (Chap. 16) removes the last RNA nucle-
otide and the gap is filled in by Pol 8. DNA ligase joins the Okazaki fragment to
the growing strand (Wold 2010; Kunkel and Burgers 2008) (Chap. 17). DNA rep-
lication is regarded as a tightly regulated process that involves the coordinated
action of numerous factors that function to copy the DNA efficiently with minimal
error, in order to maintain genomic stability.

In the 1980s, when the molecular biology of DNA replication was still in its
infancy, scientists relied on in vitro reconstitution analyses to study this process. Due
to its simplistic genome organization, Simian Virus 40 (SV40) virus replication was
used as a model system. T-antigen, a virally encoded protein, plays a central role in
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the binding and unwinding of the viral DNA during the initial stages of replication.
This protein in addition to six others was necessary for proper replication (Weinberg
et al. 1990). The T-antigen requires ATP and another cellular protein to successfully
perform its unwinding functions. This cellular protein was determined to be RPA
(Wold and Kelly 1988). RPA has been studied extensively since its discovery and is
thought to be the primary eukaryotic ssDNA binding protein that is involved in sev-
eral facets of DNA metabolism including replication, recombination, and repair
(Binz et al. 2004; Bochkarev and Bochkareva 2004; Broderick et al. 2010; Fanning
et al. 2006; Iftode et al. 1999; MacNeill 2001; Mer et al. 2000a; Oakley and Patrick
2010; Sakaguchi et al. 2009; Turchi et al. 1999; Wold 1997; Zou et al. 2006).

RPA is an abundant protein in cells: in humans it is the most abundant ssDNA
binding protein with 5x 10* to 2.4x 10° molecules of RPA per cell (Kenny et al.
1990; Seroussi and Lavi 1993). RPA is essential for cell survival and there is a con-
stant level of RPA protein during the cell cycle (Din et al. 1990). Down regulation
of RPA with small-interfering RNA (siRNA) results in prolonged S-phase during
the cell cycle, accumulation of DNA strand breaks, G2/M arrest, and cell death
(Haring et al. 2008). Since the primary function of RPA is to bind any naked ssDNA
generated during cellular processes, it is not surprising that cells cannot survive
without it. RPA accumulates at sites of replication, called replication foci, in the
nucleus just prior to the initiation of replication and remains localized during the
DNA synthesis phase with 10-50 RPA molecules per replicating strand in the repli-
cation fork (Seroussi and Lavi 1993).

RPA is heterotrimeric in nature: in humans the three subunits are named RPA1,
RPA2 and RPA3 in decreasing order of size where RPA1 is 70 kDa, RPA2 is 32 kDa
and RPA3 is 14 kDa (Fig. 10.1a). Each of these subunits have folded domains called
“oligonucleotide binding folds” (OB-folds) (Fig. 10.1b, ¢). RPA1 contains four
OB-folds (F, A, B, and C — see Fig. 10.1) that are separated by intrinsically disor-
dered linkers. OB-folds A, B, and C bind DNA, whereas OB-fold F is a protein
interaction domain. RPA2 has a disordered N-terminus, OB-fold D at its center and
a winged-helix-loop-helix (WHLH) protein interaction domain at its C-terminus
connected by a disordered linker. RPA3 is composed of OB-fold E. The OB-folds
are conserved in structure, with more structural homology than sequence homology
(Figs. 10.1c and 10.2). Each of these domains is involved in specialized functions
that involve ssDNA binding, recognition of damaged DNA and noncanonical DNA,
protein-protein interactions, inter-subunit interactions, and post-translational
modifications such as phosphorylation (Iftode et al. 1999; Oakley and Patrick 2010;
Wold 1997).

10.2 Evolution of RPA

Single-strand DNA binding (SSB) proteins are essential in mediating several aspects
of DNA metabolism. These proteins have been identified in organisms from prokary-
otes to eukaryotes, and in archaea (Chedin et al. 1998). The bacterial SSB is
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Fig. 10.1 The domain structure of RPA. (a) Schematic drawing of the three subunits
(RPA1=70 kDa, RPA2=32 kDa, and RPA3 =14 kDa), the folded domains (thick colored rectan-
gles) and flexible linkers defined by limited proteolysis and NMR studies (Brosey et al. 2009;
Gomes et al. 1996; Gomes and Wold 1995, 1996) (thin white rectangles). The OB-folds are labeled
A-F, individually colored, and this color code is used in all figures in this chapter. The zinc finger
on RPALI is indicated (Zn*?). The winged-helix-loop-helix domain is labeled wHLH. (b) General
topology of the OB-folds (Bochkarev et al. 1997). The B-strands are indicated by arrows and the
a-helix by an oval. The blue [3-strands correspond to those that comprise the OB-fold. The L12
loop lies between 31" and 32 and the L45 loop lies between 4’ and B5'. (¢) Sequence and second-
ary structure alignment of domains A-E based on structure (Bochkarev et al. 1997, 1999;
Bochkareva et al. 2002). Orange secondary structure elements represent domains A and B, green
elements represent domain C, and blue elements represent domains D and E. Lower case z indi-
cates the Cys residues in domain C that bind zinc. Residues in RPA1-A and RPA1-B that bind
ssDNA are underlined

expressed from one gene and functions as a homotetramer. In contrast, eukaryotic
RPA is expressed from three separate genes forming three subunits and functions as
a heterotrimer. Despite these differences, the two proteins are structurally similar
suggesting they originated from a common ancestor before evolving into the pro-
teins they are today. In the archaeal homologs features like the zinc finger motif
(present at the C-terminal domain of RPA1) developed, which is not present in the
bacterial homologs, representing a link between prokaryotic (archaeal) and eukary-
otic proteins.

In addition to the three canonical subunits of RPA, a homolog of human RPA2
(with 47% amino acid identity and 63% similarity) called RPA4 was discovered
(Kemp et al. 2010). RPA4 readily forms an alternative heterotrimeric complex with
RPA1 and RPA3, called aRPA and is expressed in all human tissues, albeit at differ-
ent levels. This alternate form of RPA failed to support replication in the in vitro
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SV40 replication system indicating that the roles for this protein are significantly
different than canonical RPA (Haring et al. 2010). RPA4 has been implicated in the
initial steps of nucleotide excision repair (NER) and also during the Rad51 depen-
dent strand exchange step of homologous recombination (HR), indicating a role for
this protein in DNA repair (Mason et al. 2010).

10.3 RPA Structure

RPA is a dynamic complex in solution and not surprisingly, the quest for a full-
length crystal structure of RPA has resembled that for the Holy Grail. However, over
the past few decades, several groups have reported either NMR or crystal structures
of various domains and truncated subunits of RPA (Fig. 10.2). These structures have
enabled researchers to piece together some of the structural basis for the numerous
essential interactions of RPA with DNA and various interacting proteins.

The structures of RPA2-wHLH and RPAI1-F protein interaction domains have
been determined. An NMR structure of the C-terminal region of RPA2 comprising
residues 172-270, revealed a wHLH domain formed by a right-handed three-helix
bundle and three short anti-parallel B-strands (Fig. 10.2a) (Mer et al. 2000b). This
wHLH domain is an important protein-protein interaction domain in DNA repair,
mediating interactions with, for example, XPA, UNG?2 and RADS52 (Jackson et al. 2002;
Mer et al. 2000b; Stigger et al. 1998). The N-terminal RPA1-F domain, encompass-
ing residues 8-108 was also studied with NMR; it forms a five-stranded B-barrel
which is capped on both ends by a short helix (Jacobs et al. 1999) (Fig. 10.2b). This
region was shown to associate with various proteins including p53, VP16, Gal4 and
XPG (Bochkareva et al. 2005; He et al. 1993, 1995) and is very important in DNA
replication. Residues 109—168 form an unstructured flexible linker to RPA1-A. The
-barrel contains two loops on one side that form a basic cleft containing one lysine
and five arginine residues which extend from one end of the B-barrel. This basic
cleft was proposed to form a binding surface for the acidic motifs of transcriptional
activators, repair proteins and replication proteins.

X-ray crystallography was used to study the structure of the primary DNA bind-
ing domains of RPA1: A (residues 180-290) and B (residues 300-420). RPA1-AB
are arranged in a tandem orientation and connected with an extended, flexible inter-
domain linker (Fig. 10.2c). The crystal structure revealed that each domain contains
an OB-fold structure with an N-terminal extension with RPA1-B also having a
C-terminal helix (Bochkareva et al. 2001). Without ssDNA bound, the flexible
linker between RPA1-A and RPA1-B can adopt multiple conformations. RPA1-AB
was co-crystallized with a poly dC, oligonucleotide (Fig. 10.2d) (Bochkarev et al.
1997; Pfuetzner et al. 1997). This structure clearly showed that both OB-folds con-
tain ssDNA binding sites. Upon binding ssDNA the OB-folds reorient, the interdo-
main linker is stabilized and the binding surfaces coalign to tightly bind the
oligonucleotide (Fig. 10.3a, b). The oligonucleotide crosses on the p-strands on
both OB-folds and between the loops L12 and L45 (Fig. 10.2d) and these loops
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Fig. 10.2 X-ray and NMR structures of RPA domains. (a) Domain RPA2-wHLH with Ung
peptide bound (Mer et al. 2000b); (b) Domain RPA1-F; (¢, d) Major ssDNA binding domains
RPA1-AB with and without ssDNA bound (Bochkarev et al. 1997; Bochkareva et al. 2001);
(e) Trimerization core containing domains RPA1-C, RPA2-D and RPA3-E (Bochkareva et al.
2002). Domains colored as in Fig. 10.1. PDB IDs used were 1LIO, 1JMC, 1FGU, 1EWI and
1DPU, respectively

significantly change their conformation when DNA is bound (Fig. 10.3a, b). The
cytosine bases are tucked into the binding cleft and the phosphodiester backbone
interacts with basic patches on the surface (Fig. 10.3b). The loops move to a closed
conformation by folding around the oligonucleotide and securely hold it in the
depths of the charge and shape compatible binding cleft. Each OB-fold makes con-
tacts with three nucleotides and there are two nucleotides between the OB-folds
(Fig. 10.2d). RPA1-A makes more extensive contacts with the ssDNA than RPA1-B.
Thus we have a structural description for how RPA’s primary DNA binding domains
bind pyrimidine-rich ssDNA with high affinity.

The crystal structure of the RPA2/3 core was solved (Bochkarev et al. 1999).
This construct included only the central region of RPA2 (residues 43—171) and full-
length RPA3 which were resistant to limited proteolytic digestion (Fig. 10.4a). This
structure revealed that both RPA2 core and RPA3 contain canonical OB-fold struc-
tures with an N-terminal extension and a C-terminal helix. The heterodimer inter-
face is mediated by the C-terminal helices on both subunits through a helix-helix
interaction, while a higher order (dimer of dimers) interaction is mediated by a four-
helix bundle (Fig. 10.4a). This helix bundle was proposed to play a role in trimeriza-
tion of the full-length protein.

Full-length RPA2/3 was solved in several crystal forms (Deng et al. 2007). In
these crystals the N-terminus (residues 1-42) and C-terminal WHLH domain (residues
175-270) were disordered with very weak electron density. The ordered OB-fold
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Fig. 10.3 Electrostatic surfaces of RPA’s DNA binding domains. (a, b) Major ssDNA binding
domains RPA1-AB with and without sSSDNA bound. In the side view, the A domain is in the fore-
ground. In the top view, the A domain is at the bottom; (¢) RPA1-C domain; (d) RPA2-D domain;
(e) RPA3-E. Surface figures were created using ccp4mg with —0.5 V (red) to +0.5 V (blue)
(Potterton et al. 2004)

regions were very similar to the previously solved RPA2/3 core crystal structure.
However, the higher order quaternary structures formed between the heterodimers
were significantly different. The four-helix bundle previously thought to be impor-
tant for forming the heterotrimer only occurred when the deletion construct was
crystallized. The full-length RPA2/3 crystals contained different dimer-dimer
interfaces (Fig. 10.3b, c). These differences in quaternary structure may reflect the
actual structural repertoire of the RPA heterotrimer and the relative locations of the
RPA2/3 o2 helices may represent alternate locations for the RPA1 a3 helix when
the trimer forms.

The crystal structure of the RPA trimerization core included the C-terminus of
RPA1 (residues 436-616), the core of RPA2 (residues 45—171) and RPA3 (Fig. 10.2e)
(Bochkareva et al. 2002). All three domains comprise an OB-fold structure flanked
by a C-terminal a-helix and are structurally similar (Fig. 10.1c). The hydrophobic
interactions present between these helices form a three-helix bundle and mediate
the trimerization of the domains (Fig. 10.4d). Also, a six-helix bundle forms between
trimers in the crystal lattice (Fig. 10.4e). The individual RPA2 and RPA3 core
regions in this structure are identical to those found in the dimer core structure. The
binding surface of RPA2 and RPA3 is much shallower than seen with RPA1-AB
(Fig. 10.3d, e), which corresponds with their weaker binding to ssDNA. Also, the
floor of the binding cleft on RPA2-D is positively charged, and for RPA3-E the floor
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Fig. 10.4 Four-helix bundle quaternary structures formed by the RPA2/3 heterodimer and by the
RPA trimer core. (a) Dimer core (Bochkarev et al. 1999); (b) Orthorhombic; and (¢) Hexagonal
crystal forms of full length dimer (Deng et al. 2007); (d) Three helical bundle formed by one trimer
core; (e) Six helical bundle formed in the crystal lattice of the trimer core (Bochkareva et al. 2002).
Domains colored by sequence number with N-terminal residues shown in blue and C-terminal resi-
dues red. For parts a, b and ¢, PDB IDs 1QUQ, 2PI2 and 2PQA were used, respectively. For parts
d and e, PDB ID 1LIO was used

is negatively-charged with positively-charged loops. These observations imply that
these OB-folds bind ssDNA differently than RPA1-AB.

RPA1-C contains a zinc-finger motif that sets it apart from the other OB-folds
(Bochkareva et al. 2000). This zinc finger is present between strands 31 and 2, and
the zinc ion present in the structure is coordinated by four cysteine residues (Cys 481,
486, 500 and 503; Fig. 10.1c). This is similar to transcription factors involved in
DNA binding that have also been shown to possess zinc finger domains (Krishna
et al. 2003). The binding cleft is deep and the surface charges for RPA1-C are very
similar to RPA1-AB (Fig. 10.3c), implying that it will bind ssDNA in a similar con-
formation. Unfortunately, at this time we have no structural data on how RPA1-C,
RPA2-D and RPA3-E interact with ssDNA.
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Small angle x-ray scattering (SAXS) has been used to study the structural dynamics
of the N-terminal half of RPA1 (including domains RPA1-F, -A and -B) when bound
to ssDNA (Pretto et al. 2010). Consistent with previous reports, SAXS data indicate
that binding of ssDNA to RPA1-FAB reduces the interdomain flexibility between
RPA1-A and -B but has no effect on RPA1-F which is available for protein interac-
tions. These data support a model where RPA1-F remains structurally independent
of RPA1-AB when RPA is bound to ssDNA, thereby allowing RPA to form critical
protein-protein interactions.

Structural studies on various domain constructs of RPA have provided a wealth of
structural knowledge that has helped considerably in understanding the complex func-
tions of RPA. Unfortunately, we still do not have a complete structural model for RPA.
Methods have been developed using mass spectrometry to follow the reactivity of
amino acids to proteolytic and chemical modification to test theoretical models of RPA
built using the available domain structures (Nuss et al. 2006). These reactivities have
been employed to construct and test a complete model for the structure of RPA
(Nuss et al. 2009). This RPA structural model contains stable domains and highly
flexible non-domain regions. The overall structure is discoidal, and its surface is pre-
dominantly negatively charged with neutral and positive patches coinciding with
ssDNA or protein binding sites. This leaves one face of the structure largely negative
for interaction with basic protein molecules. The DNA binding OB-folds (A, B, C,
and D) are exposed to solvent and, with the exception of OB-fold D, they are on the
periphery of the complex. This structure is consistent with ssDNA binding simultane-
ously to domains A—D. Most of the protein binding sites on RPA are also exposed and
accessible to protein ligands. Four relatively long (>20 amino acids) regions of the RPA
primary structure are coiled or intrinsically disorganized as judged by primary structure
analysis. This model is helpful in understanding RPA function but is still limited in the
understanding of full-length RPA because of the flexible nature of the protein.

Full-length heterotrimeric RPA was analyzed using NMR and gave rich insight
into the folding and structural dynamics of this multidomain, flexible protein
(Brosey et al. 2009). The NMR spectra on the RPA trimer contained over 350 of the
550 expected signals domains F, A, B, wHLH and the N-terminus of RPA2. The
signals were nearly identical in position on the spectra as those from the isolated
domains. This indicates these domains are structurally independent from each other
in the absence of DNA. Signals from RPA-CDE core were absent in the spectra
from the full-length protein, indicating it had a slow rate of tumbling due to the drag
caused by the attachment of the five other domains. Experiments conducted in the
presence of DNA confirmed that the basic RPA1-F domain and the acidic RPA2-
wHLH domain played no role in binding to ssDNA and remained available for
binding to other protein factors. Upon binding to DNA, a structural rearrangement
and alignment of RPA1-AB with RPA-CDE was observed. Changes were also seen
in the NMR signals of the N-terminal region of RPA2 reflecting remodeling of this
region. This last observation may explain how the N-terminus of RPA2 with ssDNA
bound is more accessible to kinase activity during DNA repair processes than the
free form (Fotedar and Roberts 1992). We look forward to more NMR experiments
on intact RPA and the full-length crystal structure in the future.
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10.4 Interactions of RPA with Single-Stranded DNA

The DNA binding properties of RPA have been extensively studied and reveal several
important features. Importantly, its sSSDNA binding function protects DNA from
nucleases and aids in unfolding any secondary structures that DNA forms which may
disrupt DNA processing. RPA binds ssDNA with a much greater affinity when com-
pared with dsDNA or RNA, and binds ssDNA with low cooperativity and a 5'—3'
molecular polarity. In fact, RPA binds ssDNA over 1,000-fold better than dsDNA
with an association constant in the range of 10°~10"' M~! (Kim et al. 1992, 1994).
The binding of RPA also appears to be sequence dependent, as it prefers to bind
polypyrimidine sequences over polypurine sequences. One can summarize the order
of RPA binding to nucleic acids in order of decreasing affinity as follows: polypy-
rimidine >mixed ssDNA >polypurine ssDNA >>damaged dsDNA >dsDNA=RNA.
RPA-ssDNA binding depends on two important factors, the length of the ssDNA
sequence and salt conditions used in the assay. Shorter ssDNA sequences have lower
binding constants for RPA with association constants ranging from 107 to 10° M.
The binding of RPA to pyrimidine-rich sequences is so tight that salt concentrations
>1.5 M are necessary to weaken its interaction with the ssDNA for comparative stud-
ies (Kim et al. 1992; Wold 1997).

Several lines of evidence indicate that the binding of RPA to ssDNA causes a
significant change in its conformation. Limited proteolysis experiments revealed
that without ssDNA present, RPA1 and RPA2 are degraded within minutes
(Gomes et al. 1996). RPA3 was resistant to proteolysis in these experiments.
When a polypyrimidine oligonucleotide (dT,) was present, RPA1 and RPA2
became more resistant to degradation and the domain structure of RPA, used in
the many structural studies already discussed, was revealed. Additionally, electron
microscopy (EM) images of the RPA-ssDNA complex indicate that the complex
can adopt three different molecular shapes: globular, elongated, or contracted
depending on the salt concentrations present in the reactions (Treuner et al. 1996).
Using scanning-transmission electron microscopy (STEM), RPA was shown to
adopt different conformations upon DNA binding (Blackwell et al. 1996). These
complexes were observed as either an 8 nt mode which is more compact and
globular or a 30 nt elongated binding mode. These early observations were then
incorporated into the models for ssDNA binding described next.

The versatility of RPA’s numerous possible interactions with ssDNA comes from
the multiple DNA binding domains of RPA (Fanning et al. 2006; Sakaguchi et al.
2009). RPA1-A and-B are known as the primary DNA binding domains. These
domains bind DNA with 10-50-fold lower affinity when compared to full-length
RPA depending on the length and nature of the DNA sequence. RPA1-C and
RPA2-D have some, albeit weak, DNA binding activity on the order of 1010 M.
Based on the numerous ssDNA interactions performed with RPA, a sequential
model was proposed for DNA binding by RPA (Bastin-Shanower and Brill 2001;
Bochkarev and Bochkareva 2004; Fanning et al. 2006). In these models, RPA1-A
recognizes ssDNA first and this is followed by the binding of RPA1-B. Together
RPA1-A and -B bind a footprint of 8 nt. This is followed by the binding of RPA1-C
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which is then involved in binding a 12-23 nt segment of DNA. The binding of
RPA2-D covers a length of 25-30 nt which is the most characterized, well-known
footprint of RPA. This sequential model, updated with the recent data about RPA1-F
and RPA2-wHLH being protein binding domains, is summarized in Fig. 10.5.

In the absence of the primary DNA binding domains, a construct containing
only the trimer core RPA-CDE was capable of recognizing a primer-template
junction (Dickson et al. 2009; Kolpashchikov et al. 2000a, b; Pestryakov et al.
2003, 2004, 2007; Pestryakov and Lavrik 2008; Weisshart et al. 2004). RPA3-E
plays a vital role in the recognition of this primer-template junction since the
same core with RPA3 deleted could not properly recognize the 3’ end of the
primer-template junction. There is evidence for RPA3-E interacting with ssDNA
molecules bound to trimeric RPA (Pestryakov et al. 2007); the polarity of this
interaction is on the 3’ side of the oligonucleotide (Salas et al. 2009). Despite
RPA’s traditional preference for pyrimidine-rich sequences, more light has been
shed on the interaction of RPA with biologically-relevant mixed ssDNA sequences
(Deng et al. 2009) and the binding preferences of individual domains (Prakash
et al. 2011b). Additionally, RPA is now known to bind non-canonical ssDNA
sequences capable of forming complex secondary structures (Fan et al. 2009;
Salas et al. 2006; Wu et al. 2008). These secondary structures pose a difficult chal-
lenge for DNA replication and the involvement of RPA in conquering them
appears to be important, as described below.

10.5 DNA Structure and Requirement for RPA

The versatile nature of DNA and its ability to form stable secondary structures has
intrigued scientists for a long time (see Mirkin 2008, for review). Some of these
structures include DNA hairpins, cruciforms, triple-helical DNA, i-motif and
G-quadruplex structures (Fig. 10.6). The formation and stabilization of these sec-
ondary structures in vivo has sparked the interest of researchers all over the world
for decades because of their potential role in stalling replication thereby leading to
disease progression (Voineagu et al. 2009; Wells 2007). The section below discusses
some of these DNA arrangements in a disease-relevant context emphasizing the
requirement for proteins like RPA to help unfold these structures and/or to signal a
stress-response.

DNA hairpins are formed when ssDNA bends back onto itself forming duplex
DNA and terminating in a loop (Voineagu et al. 2008). These are commonly formed
by inverted repeat sequences. The stability of these hairpins is dependent upon the
GC content of the sequence. The most common sequences that have the capability to
form hairpins are trinucleotide repeats (TNRs), where the trinucleotide (for example,
CNG or GAA, where N is any nucleotide) sequence is repeated multiple times (Lahue
and Slater 2003). There are now over 20 known neurological disorders that involve
TNRs, including Huntington’s disease, Fragile X syndrome, and myotonic dystrophy
(Cummings and Zoghbi 2000; Mirkin 2006, 2007). TNRs can occur in non-coding
sequences as well as within coding sequences. NMR structural studies of these repeat
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Fig. 10.5 Sequential binding model for RPA. (a) Unbound RPA in globular conformation.
(b) Binding of 8-10 nt by RPA1-A and RPA1-B; (¢) Binding of 13—15 nt by RPA1-A, RPA1-B and
RPAI1-C; (d) The 30 nt binding mode with all four DNA binding OB-fold domains. Domains
RPA1-F and RPA2-wHLH are involved in protein-protein interactions. This model was created
combining information from what is known about the flexible regions of RPA, the order of DNA
binding, which domains primarily bind ssDNA (A-D) and which are involved in protein-protein
interactions (' and wHLH) and speculation that various helical bundles might form the heterotrimer
quaternary interface (Figs. 10.3 and 10.4) (Bastin-Shanower and Brill 2001; Bochkarev and
Bochkareva 2004; Bochkareva et al. 2002; Brosey et al. 2009; Deng et al. 2007; Fanning et al.
2006; Gomes et al. 1996)
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Fig. 10.6 RPA must bind DNA triplex Hairpin DNA
ssDNA secondary structures
and keep them from forming
during DNA replication.
Schematic representation of
the structures of a DNA
triplex (upper left), a DNA
hairpin (upper right) and a
G-quadruplex opposite an
i-motif structure (lower part)

AV A A VAN

G-quadruplex and i-motif

sequences reveal and confirm the formation of hairpin and mismatched DNA duplex
structures (Mariappan et al. 1998). In such instances when the replicative polymerase
encounters a stable secondary structure that was not unwound by a helicase or DNA
binding protein, it skips over the region resulting in a loss of genetic information,
genome instability and disease progression.

Another non-canonical DNA secondary structure that appears to have an effect on
process like replication and transcription in the formation of triple helical DNA,
often called triplex DNA (Bissler 2007). These structures are formed when a third
strand of DNA binds to the major groove of a double-stranded DNA, using Hoogsteen
base-pairing. Triplexes can form intermolecularly where the third strand originates
from a second DNA molecule or from a triplex forming oligonucleotide (TFO),
whereas in the case of intramolecular triplexes, also commonly referred to as H-DNA,
the third triplex forming strand originates from a region within the same DNA mol-
ecule. TFOs are being exploited as therapeutic agents to target specific genes because
of their ability to bind duplex DNA with high-affinity (Jain et al. 2008). Through the
years, it has been noted that H-DNA structures can be formed by triple repeat struc-
tures. In the case of Friedreich’s ataxia, an expansion of the intronic sequence d(GAA)
n forms a triplex structure that halts DNA polymerization in vitro (Mirkin 1999).
Thus, triplex DNA structures also pose a challenge for DNA replication.

The knowledge that G-rich regions in DNA form non-B DNA secondary struc-
tures like G-quadruplexes (often called tetraplexes or G4 DNA) has been known
for a long time; contrary to their being a nuisance, these sequences have potentially
important roles in regulating cellular metabolism (Dai et al. 2010; Gellert et al.
1962; Huppert 2008). In vitro, G-rich sequences can form a variety of G-quadruplex
structures. Four planar guanine residues interact via Hoogsteen hydrogen bonds to
form a G-quartet (Huppert and Balasubramanian 2007; Patel et al. 2007). A
G-quadruplex results from the stacking of two or more G-quartets. The formation
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of G-quadruplexes also depends on the presence of monovalent cations such as sodium
or potassium ions. The precise ion preference depends on the sequence and nature of
the G-quadruplexes (Marathias and Bolton 1999). G-quadruplexs form at the
telomere and in the promoter regions of proto-oncogenes, such as c-MYC, VEGF,
¢-KIT and Bcl-2 (Eddy and Maizels 2006, 2009; Patel et al. 2007). An i-motif can
form on the strand opposite the G-quadruplex (Dai et al. 2010). These locations
indicate that the occurrence of G-quadruplexes and i-motifs might be regulatory
and play a role in the formation and progression of many cancers.

10.6 RPA Binding to Non-canonical DNA Structures

As discussed previously, hairpin structures present the replication machinery with a
challenge and a roadblock if not properly unwound or melted. In vitro, RPA was
shown to bind preferentially to hairpin structures with a 3’ protruding end. However,
in this study, RPA did not significantly melt or unfold the hairpin structures (de Laat
et al. 1998). However, as will be discussed in later sections, RPA also serves to
recruit other DNA binding proteins such as helicases that enable successful unwind-
ing of DNA. Thus RPA binding could be a crucial initial first step in binding the
ssDNA regions generated by hairpin structures in DNA and further aiding in the
unfolding of these structures through the recruitment of other proteins. In contrast
to E. coli and T4 ssDNA binding proteins, RPA was shown to melt a DNA triplex
containing a pyrimidine third strand annealed to duplex DNA (Wu et al. 2008). In
the same study, cellular analyses using HeLa cells indicated that depletion of RPA
caused an increase in triplex DNA content. This emphasizes a physiological role for
RPA in binding and unfolding such secondary structures.

Compared with the above-mentioned secondary structures, a significantly greater
number of studies were performed with RPA binding to G-quadruplex DNA. Some
of these studies are summarized here. Native gel electrophoresis, cross-linking, and
fluorescence resonance energy transfer experiments indicate that RPA can bind and
unfold a 21-mer telomeric G-quadruplex sequence (Salas et al. 2006). Most recently,
studies employing CD (circular dichroism) indicate that RPA can bind and melt
intramolecular G-quadruplex structures (Fan et al. 2009). In fact, it was demonstrated
that RPA could bind a purine-rich, G-quadruplex forming sequence with a similar
affinity as the complementary pyrimidine-rich sequence. Interestingly, the above
studies showing RPA unfolding G-quadruplexes were all done in the presence of Na*
ions. It was subsequently shown that K* (and a porphyrin drug) can stabilize
G-quadruplex forming sequence from RPA unfolding (Prakash et al. 2011a).
G-quadruplex forming sequences can induce instability during leading-strand repli-
cation when cells are treated with a G-quadruplex stabilizing drug or in the absence
of the G-quadruplex unwinding Pif1 helicase (Lopes et al. 2011). It is possible that
RPA may have a role in these types of errors in DNA replication.

RPA helps prevent the accumulation of telomeric DNA in cells employing alter-
native lengthening of telomeres, supports telomerase activity in yeast, restores
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human telomerase activity in vitro, and causes telomere shortening in human cancer
cells (Grudic et al. 2007; Kobayashi et al. 2010). The human Dna?2 protein possesses
both helicase and nuclease activities during lagging strand DNA replication and it
specifically binds to telomeric regions that have the propensity to form
G-quadruplexes (Masuda-Sasa et al. 2008). Although the helicase activity of Dna2
is effective in unwinding G-quadruplex DNA, this secondary structure causes atten-
uation of nuclease activity. The presence of RPA bound to the G-quadruplex DNA
restores the nuclease activity of Dna2, thus emphasizing the requirement for RPA
during telomere biogenesis.

The diverse nature of RPA binding to ssDNA has been explored by several
groups. However, so far the data are limited since most studies on RPA, and its
domains, have been performed using primarily poly-pyrimidine ssDNA sequences.
The specific ssDNA sequences preferred by the DNA binding OB-fold domains of
RPA were studied using SELEX (Systematic Evolution of Ligands by EXponential
enrichment) methods (Prakash et al. 2011b). Not surprisingly, SELEX with full-
length RPA revealed no specific sequence preference. The most interesting SELEX
result was obtained with RPA-CDE which selected a 20-mer G-rich sequence that
formed an intramolecular G-quadruplex. Fluorescence polarization (FP) binding
studies to verify and understand the SELEX results were conducted where the
selected G-quadruplex, a TC-rich complement of the G-quadruplex, a polyA and a
polyG sequence were tested using five different RPA constructs: (i) full length RPA,
(ii)) RPA1-AB, (iii) RPA-CDE-core, (iv) RPA-DE, and (v) RPA1-C. These extensive
FP binding studies indicate that domains RPA1-A, -B and -C of contribute to the
“universal binder” functions of RPA. The similarities of their binding surfaces sup-
port this observation (Fig. 10.3). Binding affinity, with the RPA-C construct indi-
cated that this construct binds to TC-rich and G-rich sequences alike with a binding
constant ~3 pM. Most importantly RPA2-D and RPA3-E appear to contribute to a more
specialized function for binding preferentially to G-rich sequences. CD studies
showed that full length RPA and RPA-CDE core bind and unfold the G-quadruplex.
RPA-DE on the other hand stabilized the G-quadruplex secondary structure. Note
RPA2-D is unique in that is features positive charge on the floor of the binding cleft
and a model for how RPA2-D could bind a folded G-quadruplex was built (see Fig.
8(e) in Prakash et al. 201 1b). Taken together, it is likely that RPA-DE can recognize
the G-quadruplex fold and in the context of the RPA heterotrimer, the G-quadruplex
becomes unfolded. Also RPA-DE might recognize DNA secondary structures, such
as G-quadruplexes or DNA hairpins and then recruit DNA helicases, like Dna2, to
help unwind and unfold these structures for proper DNA replication.

10.7 RPA Binding to Damaged DNA

DNA is constantly being subjected to assault by either exogenous or endogenous
factors that cause damage. Some exogenous agents include ultra-violet (UV) light,
ionizing radiation (IR), toxic chemicals, and chemotherapeutic drugs. Endogenous
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agents include reactive oxygen species (ROS), free radicals, secondary structures
formed within DNA, and others. When the replicative machinery encounters lesions
in the DNA caused by one or more of these factors, stalling occurs, causing replica-
tion arrest which further leads to a cascade of events to take place that signal the
damage is present so that it is either repaired or bypassed (Hyrien 2000). The bind-
ing of RPA to damaged DNA has also been studied extensively. The first such report
indicated RPAs interaction with DNA damage adducts and crosslinks, mediated by
cisplatin (Clugston et al. 1992). In another study involving cisplatin induced DNA
damage, RPA was seen to bind the damaged duplex DNA with a 10-50-fold increase
in affinity over undamaged duplex DNA (Patrick and Turchi 1998). Conflicting
reports exist in the literature as to whether RPA prefers to bind to the damaged DNA
strand or the undamaged strand in vitro (Hermanson-Miller and Turchi 2002;
Schweizeretal. 1999). Further, the binding of RPA has been studied with UV-induced
damaged DNA where RPA bound preferentially to the 6-4- photoproduct thus
formed. Therefore, not only does RPA have functions in binding and coating ssDNA
regions formed during replication, but also binds to sites of DNA damage that can
occur as part of the process. The binding and interactions of proteins involved dur-
ing replication, either upon replication stalling or during normal replication, to RPA
will be discussed in the next section.

10.8 Role in Recruiting Proteins to the Replication Fork

While RPA is binding ssDNA, it also helps coordinates DNA replication by binding
to other replicative proteins at the appropriate place and time. RPA’s primary repli-
cative protein interaction domain appears to be the N-terminal RPA1-F domain
(Figs. 10.1a and 10.5). Large T-antigen, some of the helicases, replication factor C
(RFC), Dna2 and Pol a-primase all interact with RPA1-F (Fanning et al. 2006). The
C-terminal RPA2-wHLH domain has been shown to also be important in binding
T-antigen and proteins involved in processing stalled replication forks. RPA binds
ssDNA at the replication fork immediately after the initiation of replication and then
these interactions between RPA and other proteins are essential for forming an
active DNA replication fork indicating that RPA is a proteinaceous glue of sorts.
Human RPA was originally recognized as a component necessary for SV40
DNA replication in vitro (Fairman and Stillman 1988). The interaction between
RPA and the SV40 large T-antigen was shown to be essential for primosome
assembly (Melendy and Stillman 1993). More specifically, interaction with the
SV40 large T-antigen is mediated by both the RPA2-wHLH and the RPAI-F
domains (Han et al. 1999; Taneja et al. 2007) and both of these domains were abso-
lutely required for successful DNA replication. Large T-antigen residues 164-249,
located within the DNA binding domain, are responsible for mediating this interac-
tion with RPA (Weisshart et al. 1998). Large T-antigen actively loads RPA onto
nascent ssDNA after initiation. NMR analyses indicated that the T-antigen, RPA1-F
and a short 8-mer oligonucleotide can form a stable ternary complex (Jiang et al. 2000).
This complex was disrupted by increasing the length of the DNA bound to RPA,
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thereby indicating a conformational change within the protein that is required for
loading onto the DNA (Arunkumar et al. 2005). Thus, T-antigen protein interac-
tions with RPA, plus RPA’s conformational change upon binding ssDNA (Fig. 10.5)
load RPA on to ssDNA during initiation.

In addition, during the initial stages of replication RPA also forms a stable com-
plex with DNA Pol a-primase and as well as with T-antigen (Dornreiter et al. 1992).
The primase domain of Pol a-primase and RPA 1-F domain mediate this interaction
(Braun et al. 1997). RPA was shown to stimulate Pol a-primase activity and reduce
misincorporation by this polymerase, thereby increasing its processivity.

During the process of replication, Pol a-primase is replaced by a switching
mechanism where RFC, the eukaryotic clamp loader (see Chap. 14), binds to the 3’
end of the nascent DNA and loads PCNA and Pol & (Waga and Stillman 1994). This
switch occurs in the presence of RPA where RPA1-F binds Rfc4, one of the five
subunits of RFC (Kim and Brill 2001). Thus, RPA participates in loading PCNA
through an RFC protein-protein complex.

Furthermore, during the elongation stage of DNA replication RPA stimulates the
action of Pol 3 and Pol €, an activity that could be the result of RPA’s interaction
with PCNA. Pol 9 is one of the replicative polymerases which functions mainly in
lagging strand synthesis (McElhinny et al. 2008) (see Chap. 12). This polymerase
competes with RFC for RPA, resulting in displacement of RFC from the 3’ end
(Yuzhakov et al. 1999). During the processing of Okazaki fragments, the Dna2 heli-
case/endonuclease aids in removing the RNA primers of these fragments. RPA
plays a role in the stimulation of Dna2 endonuclease activity mediated by direct
protein-protein interactions at the N-terminal domains of Dna2 and RPAI1-F
(Bae et al. 2001, 2003).

Another group of proteins that interact with RPA during the replication process
are the RecQ family of helicases. The Werner syndrome protein (WRN), a member
of this class of helicases that localizes to sites of stalled replication, directly interacts
with RPA and the Mrel 1 complex upon replication arrest (Constantinou et al. 2000).
In contrast to human RPA, E. coli SSB and bacteriophage T4 gene 32 protein (gp32)
failed to stimulate WRN helicase unwinding of long DNA duplexes, indicating a specific
interaction between WRN and RPA (Brosh et al. 1999). The interaction of WRN
and RPA is substantially increased at stalled replication forks (Machwe et al. 2011).
Similarly, a Bloom syndrome helicase (BLM) interacts with RPA using its N-terminal
acidic domain. The basic N-terminal RPA1-F domain interacts with both the WRN
and BLM helicases (Doherty et al. 2005). This interaction stimulates the helicases’
ability to unwind long DNA substrates. These results suggest that the critical inter-
actions between RPA and WRN or BLM helicases play an important role in the
mechanism of RPA stimulated DNA unwinding during replication.

As indicated by the above examples, protein-protein interactions mediated by
RPA are essential for successful replication. However, when the replication fork
stalls, a DNA damage response (DDR) ensues involving the recruitment of repair
proteins, several of which require an initial interaction with RPA. RPA is involved
in cell cycle checkpoint signaling in addition to the DDR. Signaling from a stalled
replication fork involves proteins that are sensors, mediators, transducers or effectors.
Sensor proteins like ATM/ATR, the 9-1-1 complex and the MRN complex sense the
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damage and through mediator proteins such as 53BP1, TopBP1, claspin, etc., mediate
and recruit proteins that aid in restoring the replication fork (Sogo et al. 2002; Zou
and Elledge 2003). RPA is required for the recruitment of the ATR kinase to sites of
DNA damage and for ATR-mediated CHK1 phosphorylation and activation in vivo.
The N-terminal region of RPA1 also stimulates the binding of ATR interacting pro-
tein (ATRIP) to ssDNA in vitro enabling the ATR-ATRIP complex to associate with
DNA. The N-terminal region of RPA1 binds ATRIP, Rad9 and Mrel 1. Binding of
RPA to Rad9 promotes ATR signaling (Xu et al. 2008). The Rad9 protein is part of
the 9-1-1 (Rad9-Rad1-Hus1) clamp protein complex that plays a key role in cellular
response to DNA damage (Kemp and Sancar 2009). The pro-apoptotic BH3-
interaction death domain agonist (BID) associates with RPA1-F and stimulates the
recruitment/stabilization of ATR-ATRIP to the DNA damage sensor complex
(Liu et al. 2011). The Rad17 protein aids in loading the clamp complex onto the
DNA via an RPA-mediated interaction. Further phosphorylation of the Rad17 pro-
tein activates the downstream cell cycle check-point to mediate DNA repair or
alternatively leads to apoptosis (Gottifredi and Prives 2005). It has also been indi-
cated that RPA-coated ssDNA recruits the protein Cut5 which facilitates the binding
of the sensor protein ATR, Pol a-primase and Radl to damaged DNA (Parrilla-
Castellar and Karnitz 2003). Another protein SMARCALI localizes to stalled rep-
lication forks via an interaction with the RPA2-wHLH domain. Silencing of
SMARCALI causes an increase in RPA binding to chromatin (Bansbach et al. 2009).
From all the above examples, it is evident that these proteins that are necessary for
successful replication require an interaction with RPA.

It is noteworthy to mention here that RPA itself is phosphorylated in a cell cycle
dependent manner and is hyperphosphorylated in response to DNA damage (Oakley
et al. 2001; Oakley and Patrick 2010). Studies on RPA phosphorylation have been
primarily focused on the N-terminal region of RPA32 because this domain is con-
served in higher eukaryotes and up to ten phosphorylation sites have been noted on
RPA32 (Ser4, Ser8, Ser11-13, Thr21, Ser23, Ser29, Ser33 and Thr98). The kinases
that are known to phosphorylate RPA are ATM, ATR and DNA-protein kinase
(DNA-PK). Although, the phosphorylation of RPA does not directly impact the
process of DNA replication, some studies report an inhibitory effect (Vassin et al.
2004). It has been shown that RPA mediates recombination-based repair during
replication stress (Sleeth et al. 2007). RPA’s interaction with RADS?2 in this repair
pathway involves RPA1 and RPA2-wHLH domains (Jackson et al. 2002) and is
activated by phosphorylation (Deng et al. 2009). So it can be surmised that the phos-
phorylation of RPA forms a link between signaling from a stalled replication fork to
the initiation of DNA repair, mediated via extensive protein-protein interactions.

10.9 Concluding Remarks: Future Research on RPA

Despite the vast knowledge of RPA gained over the past three decades, RPA still
poses an enigma to scientists interested in facets of DNA metabolism involving
replication, recombination and repair. Although various aspects of RPA’s binding to
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DNA have been elucidated, mechanistically, the recruitment of RPA to ssDNA
regions is still largely unknown. Thus, a key question that still remains is, how does
RPA sense ssDNA regions? Does it remain loosely bound to DNA at all times in a
“cis-fashion” or are there other signals that lead to a “trans” recruitment of RPA.
The spatial-temporal regulation of RPA binding to DNA within a cell remains a
mystery. Other related questions that influence our thinking about RPA include:
What is the mechanism by which RPA is released from DNA so it can be handed-off
to the next protein? Does phosphorylation of RPA play a role in facilitating the
release of RPA from DNA by causing a conformational change in the protein? How
does RPA recognize, bind and relax secondary structures formed in sSDNA regions?
What is the global organization of RPA domains during all of its different functional
states? How are these changes in architecture used to drive function? How do the
various interaction domains serve as exchange points for different proteins and drive
transitions in the DNA processing machinery?

Since the interactions between RPA and DNA are crucial in several different
pathways, it is fathomable that disrupting this interaction could have disastrous
deleterious effects on a cell. However, in the case of rapidly dividing cancer cells,
targeting this interaction with small molecule inhibitors might enhance the efficacy
of DNA damaging agents currently in use as chemotherapeutics. Recent studies by
the Turchi lab have indicated that small molecule inhibitors in vitro can target the
OB-folds of RPA. One such compound prevented cell cycle progression, induced
cytotoxicity, and increased the efficacy of chemotherapeutic damaging agents
(Anciano Granadillo et al. 2010; Shuck and Turchi 2010). In addition, through high-
throughput screening, small molecule inhibitors of the N-terminal protein-protein
interaction domain of RPA1 were discovered. Such novel compounds that disrupt
RPA’s interactions with other proteins also possess further therapeutic potential
(Glanzer et al. 2011). The knowledge of the full-length structure of RPA would aid
in a more complete understanding of the protein and perhaps assist in the design of
more potent small molecule inhibitors. In addition to being a targeted by chemo-
therapeutic drugs, RPA has also been shown to be a prognostic indicator for patients
with astrocytomas (Kanakis et al. 2011).

Until recently, RPA was thought to be the sole SSB involved in several processes
involving DNA metabolism, however two novel proteins human SSB (hSSB1 and 2)
were recently discovered to participate in DNA-damage signal transduction. These
proteins are more closely related to the archael SSB in terms of domain structure.
The relationship between RPA and the two hSSB proteins has not been completely
teased out, although the roles for hRSSB1 in DSB repair have been well documented
(Richard et al. 2008).

For proper cellular function, it is apparent that the DNA within the cell has to be
properly replicated and protected. Disturbing the peaceful equilibrium in the cell by
DNA damaging agents can lead to replication stress, errors in replication, genomic
instability, disease progression and/or cell-death. RPA is one of the key players in
maintaining genomic integrity by its involvement in not only the complex replica-
tion process but also in the interrelated DNA-repair processes. Future experimental
work on this complex protein is necessary and will help define how RPA performs
its numerous roles in the cell.
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Chapter 11
Structural Biology of Replication Initiation
Factor Mcm10
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Abstract Minichromosome maintenance protein 10 (Mcm10) is a non-enzymatic
replication factor required for proper assembly of the eukaryotic replication fork.
Mcm10 interacts with single-stranded and double-stranded DNA, DNA polymerase
o and Mcm2-7, and is important for activation of the pre-replicative complex and
recruitment of subsequent proteins to the origin at the onset of S-phase. In addition,
Mcm10 has recently been implicated in coordination of helicase and polymerase
activities during replication fork progression. The nature of Mcm10’s involvement
in these activities, whether direct or indirect, remains unknown. However, recent
biochemical and structural characterization of Mcm10 from multiple organisms has
provided insights into how Mcm10 utilizes a modular architecture to act as a repli-
some scaffold, which helps to define possible roles in origin DNA melting, Pol a
recruitment and coordination of enzymatic activities during elongation.
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11.1 Replication Initiation

DNA replication can be divided into three primary stages: initiation, elongation and
termination (Bell and Dutta 2002; Garg et al. 2005). Initiation commences during
the G1-phase of the cell cycle, during which the replisome — the protein complex
responsible for DNA unwinding and synthesis at an active replication fork — begins
to assemble at origins of replication (Fig. 11.1). Initiation begins with origin licens-
ing, in which the origin recognition complex (ORC), coupled with Cdc6 and Cdtl,
loads the minichromosome maintenance (Mcm) proteins Mcm2-7 onto DNA as a
head-to-head double hexamer (Remus et al. 2009). This marks the formation of the
pre-replicative complex (pre-RC), which remains inactive in G1-phase.

The transition to S-phase is accompanied by origin activation. Mcm10 is one of
the first proteins loaded onto chromatin at the onset of S-phase and it is essential for
the subsequent recruitment of other replisome proteins (Wohlschlegel et al. 2002).
At this point, two phosphorylation events take place to activate the pre-RC. In yeast,
cyclin-dependent kinase (CDK) phosphorylates S1d2 and S1d3 and facilitates their
binding to Dpbl1 (Tanaka et al. 2007; Zegerman and Diffley 2007) and Dbf4-
dependent kinase (DDK), composed of Cdc7 and Dbf4, directly phosphorylates
Mcm2 and Mcm4 (Lei et al. 1997; Sheu and Stillman 2006). Mcm10 is important
for both of these events. It has been shown to stimulate Mcm2-7 phosphorylation by
DDK and may, in fact, recruit DDK to the pre-RC (Lee et al. 2003). In addition, the
human RecQ4 helicase contains a SId2-like sequence that is both a phosphorylation
target of CDK and a binding site for Mcm10, suggesting that phosphorylation may
act as a switch for RecQ4 activity by modulating its interaction with Mcm10
(Xu et al. 2009). These phosphorylation events enable the subsequent loading of
two helicase cofactors, Cdc45 and the GINS complex, to form the pre-initiation
complex (pre-IC) with the help of Mcm10 and other factors, including And-1/Ctf4
(Im et al. 2009; Tanaka and Nasmyth 1998; Wohlschlegel et al. 2002; Zou and
Stillman 2000). Cdc45, GINS, and Mcm?2-7 form the CMG complex, which is
considered to be the active form of the replicative helicase (see Chaps. 68, this volume;
Costa et al. 2011; Gambus et al. 2006; Ilves et al. 2010; Moyer et al. 2006; Pacek
et al. 2006). Denaturation of origin DNA into single strands forms two bidirectional
replication forks and is marked by recruitment of single-stranded DNA (ssDNA)
binding protein replication protein A (RPA, see Chap. 10, this volume).

The initiation phase concludes upon recruitment of the DNA synthesis machinery
to the emerging replication fork. Fork firing requires DNA polymerase o (Pol o)-
primase to initiate DNA synthesis by generating RNA primers and short stretches of
DNA on both leading and lagging strands (see Chap. 9, this volume). Mcm10 and
And-1/Ctf4 have been implicated in loading Pol o onto chromatin, as well as physical
coupling of Pol a0 and Mcm?2-7 (Gambus et al. 2009; Im et al. 2009; Lee et al. 2010;
Ricke and Bielinsky 2004; Zhu et al. 2007). Elongation proceeds through proces-
sive DNA synthesis by replicative DNA polymerases 6 and ¢, which require the
sliding clamp, proliferating cell nuclear antigen (PCNA), and the clamp loader,
replication factor C (RFC) (see Chaps. 12-15, this volume). Fork progression
requires concerted DNA unwinding and synthesis through coordination of activities
among the CMG complex and polymerases o, o, and €.
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Fig. 11.1 A simplified view of the initiation phase of eukaryotic replication, highlighting key steps
involved in replisome assembly. Many replication factors are omitted for clarity. At the end of the G1
phase of the cell cycle, chromatin is licensed for replication at the origin by formation of a pre-
replicative complex (pre-RC), which includes an inactive Mcm2-7 helicase. At the onset of S-phase,
the pre-RC is activated by Dbf4-dependent kinase (DDK) phosphorylation. Mcm10 loads in early
S-phase and is required for loading of Cdc45 and GINS, which form the CMG helicase complex
with Mcm2-7 and help constitute a pre-initiation complex (pre-IC). Denaturation of origin DNA
allows for binding of DNA polymerases and the rest of the elongation machinery, stimulating origin
firing. Mcm10 and And-1/Ctf4 have been implicated in coupling Pol o to the replisome
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11.2 Role of Mcm10 in Replication

The gene encoding Mcm10 was first identified in genetic screens in yeast. Referred
to at the time as Cdc23, Mcm10 was shown to be necessary for cell division in
Schizosaccharomyces pombe (Aves et al. 1998; Nasmyth and Nurse 1981). Bulk
DNA synthesis was disrupted in temperature sensitive alleles of cdc23, and thus
DNA replication and mitosis were blocked. Similar genes, referred to as DNA43 and
MCM]10, were identified in screens in Saccharomyces cerevisiae and shown to
encode homologs of Cdc23 (Dumas et al. 1982; Maine et al. 1984). DNA43 was
found to be essential for entering S-phase and maintaining cell viability (Solomon
etal. 1992). Ricke and Bielinsky (2004) showed that the recruitment of S. cerevisiae
Mcm10 (scMcm10) to replication origins is cell cycle regulated and dependent on
pre-RC assembly, and that scMcm10 is required to maintain Pol o on chromatin
independently of Cdc45. The importance of Mcm10 to replication initiation in yeast
is evident from the number of genetic and physical interactions identified between
Mcm10 and proteins involved in origin recognition, replisome assembly, and fork
progression (Gregan et al. 2003; Hart et al. 2002; Homesley et al. 2000; Kawasaki
et al. 2000; Merchant et al. 1997; Sawyer et al. 2004).

Mcm10 homologs have also been identified and characterized in higher eukaryotes,
including humans, Xenopus and Drosophila (Christensen and Tye 2003; Izumi et al.
2000; Wohlschlegel et al. 2002). Human Mcm10 (hMcm10) interacts with chromatin
at the G1/S-phase transition and dissociates in G2-phase (Izumi et al. 2000). It is
important for activation of pre-RCs and functional assembly of the replisome and is
regulated by phosphorylation-dependent proteolysis during late M- and early
Gl-phase (Izumi et al. 2001). Studies in Xenopus extracts showed that Mcm10
(xMcm10) binds to the pre-RC at the onset of S-phase, with roughly one xMcm10
bound per 5,000 bp of DNA (approximately two Mcml0Os per active origin)
(Wohlschlegel et al. 2002). These studies also showed Mcm10 to be essential for
loading downstream proteins Cdc45 and RPA (Wohlschlegel et al. 2002), which are
in turn required for chromatin unwinding and the association of Pol o at the origin
(Walter and Newport 2000). The Drosophila homolog of Mcm10 was able to com-
plement an mcm10-null strain of S. cerevisiae and was shown to interact with many
members of the pre-RC in KC cells, including Mcm?2, ORC and Cdc45 (Christensen
and Tye 2003). Depletion of Mcm10 from KC cells led to defects in chromosome
condensation (Christensen and Tye 2003).

The human, Xenopus and Drosophila Mcm10 orthologs have high sequence
similarity but are distinct from the yeast proteins in several ways. First, the verte-
brate proteins have an additional C-terminal domain (Robertson et al. 2008)
(Fig. 11.2a). Second, phosphorylated and mono- and diubiquitylated forms of
hMcm10 have been identified (Izumi et al. 2001), whereas only diubiquitylated
Mcm10 has been shown to be associated with chromatin in yeast (Das-Bradoo
et al. 2006). Finally, S. pombe Mcm10/Cdc23 (spMcm10) has been reported to
contain primase activity (Fien and Hurwitz 2006), a function not observed in other
orthologs.
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species Oligomeric state Method used Reference
S.pombe Monomer (asymmetric) GFC, GGS Lee et al. 2003
Dimer GFC, GGS Fien and Hurwitz 2006
S.cerevisiae Dodecamer or larger GFC, GGS Cook et al. 2003
Monomer (dsDNA), Trimer (ssDNA) EMSA, SPR Eisenberg et al. 2009
X. laevis FL, Dimer or larger (asymmetric) AUC Robertson et al. 2008
NTD, Dimer (asymmetric)
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Fig. 11.2 Mcm10 sequence homology, oligomerization, and domain architecture. (a) A schematic
sequence alignment of Mcm10 from Homo sapiens (Hs), Xenopus laevis (X1), Drosophila melano-
gaster (Dm), Caenorhabditis elegans (Ce), Saccharomyces cerevisiae (Sc), and Schizosaccharomyces
pombe (Sp). Light and dark grey bars indicate regions of moderate and high sequence conservation,
respectively, and hatched boxes represent invariant cysteine/histidine clusters involved in zinc
coordination. (b) Various oligomeric states of Mcm10 reported in the literature. GFC gel filtration
chromatography; GGS glycerol gradient sedimentation; EMSA electrophoretic mobility shift assay,
SPR surface plasmon resonance, AUC analytical ultracentrifugation, EM electron microscopy.
(c¢) Orthogonal views of an EM reconstruction of human Mcm10 at 16 A resolution and contoured
at 1o. The dashed line represents one 95-kDa subunit. (d) Domain architecture of Xenopus laevis
Mcm10. NTD N-terminal domain, /D internal domain, CTD C-terminal domain, CC predicted
coiled coil, OB oligonucleotide/oligosaccharide binding fold, ZnF zinc-finger, WH predicted winged
helix, Zn zinc ribbon. Interactions with proteins and DNA are shown below the schematic
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Physical interactions have been observed between Mcm10 and multiple proteins
found in the pre-RC and at the replication fork, including ORC (Hart et al. 2002; Izumi
et al. 2000), Mcm2-7 (see below), Pol a (Chattopadhyay and Bielinsky 2007; Ricke
and Bielinsky 2004, 2006) and the recently identified sister chromatid cohesion protein
And-1 and the RecQ-like helicase RecQ4 (Xu et al. 2009; Zhu et al. 2007). spMcm10
interacts with Mcm4/6/7 and Dfp1, the S. pombe homolog of Dbf4 (Lee et al. 2003).
Furthermore, spMcm10 has been reported to stimulate DDK phosphorylation of
Mcm2-7 (Lee et al. 2003) and is thus believed to play a role in helicase activation.
Studies in S. cerevisiae have shown that scMcm10 facilitates assembly of the Cdc45/
Mcm2-7/GINS helicase complex (Gambus et al. 2009) and physical interactions have
been observed with Mcm2, Mcm4, McmS5, Mcm6, and Mcm7 subunits (Apger et al.
2010; Hart et al. 2002; Homesley et al. 2000; Merchant et al. 1997). Recent work sug-
gested that scMcm 10 serves as a functional linker between the MCM helicase and Pol
o by coordinating their activities and ensuring their physical stability and integrity at the
replication fork (Lee et al. 2010), a role also identified for Ctf4 (Gambus et al. 2009).
Drosophila Mcm10 interacts with Mcm2, Dup (Cdt1), Orc2, Cdc45 and Hpl1 in yeast
two-hybrid assays (Christensen and Tye 2003). xMcm10 interacts with And-1/Ctf4
(Zhu et al. 2007) and with the helicase/nuclease Dna2 (Wawrousek et al. 2010).
hMcm10 interacts with Orc2, Mcm2, and Mcm6 (Izumi et al. 2000) and assembly of
the Cdc45/Mcm2-7/GINS complex in human cells requires Mcm10 as well as the
And-1/Ctf4 and RecQLA4 proteins (Im et al. 2009). hMcm 10 also regulates the helicase
activity of RecQ4 by direct binding (Xu et al. 2009).

Biochemical studies of Mcm10 have focused on its interactions with DNA and
Pol o.. Mcm10 binds to both single-stranded (ss) and double-stranded (ds) DNA,
with about a three- to five-fold preference for ssDNA (Eisenberg et al. 2009; Fien
et al. 2004; Robertson et al. 2008). Fien et al. (2004) showed that spMcm10 can
stimulate DNA polymerase activity by interacting with both ssDNA and Pol o, leading
to the idea that Mcm 10 may facilitate the binding of polymerase complexes to primed
DNA. Indeed, Mcm10 affects the localization and stability of Pol a., further support-
ing theidea thatMcm10 acts as amolecular chaperone for Pol ain vivo (Chattopadhyay
and Bielinsky 2007; Ricke and Bielinsky 2004, 2006; Yang et al. 2005). Mcm10
interacts with the p180 subunit of Pol o in both yeast and Xenopus (Fien et al. 2004;
Lee et al. 2010; Robertson et al. 2008). In fact, ssDNA and the N-terminal region of
p180 compete for binding to the conserved internal domain of Mcm10 (Warren et al.
2009). Mcm10 can stabilize Pol o throughout the cell cycle by preventing its degra-
dation by the proteasome (Chattopadhyay and Bielinsky 2007; Ricke and Bielinsky
2004, 2006). Moreover, Mcm 10 appears to be a cofactor for Pol o activity by increas-
ing its affinity for DNA (Fien et al. 2004; Zhu et al. 2007).

11.3 Opverall Architecture

The Mcm10 protein exists only in eukaryotes; no orthologs have been identified in
archaea or bacteria, although loose homology has been observed between regions of
Mcm10 and the Mcm?2-7 proteins (Robertson et al. 2010). Mcm 10 proteins range in
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size from 571 amino acids in yeast to 874 in humans, with regions of sequence
homology clustered in the central and extreme N- and C-terminal regions (Fig. 11.2a).
The spacing of homologous regions suggests the presence of three distinct structured
domains tethered by unstructured linkers. Zinc finger motifs, initially identified from
sequence alignments (Homesley et al. 2000; Izumi et al. 2000) and later confirmed
by structural analysis (Robertson et al. 2010; Warren et al. 2008, 2009), are present
in both the central and C-terminal regions. The yeast homologs lack the C-terminal
region altogether (Robertson et al. 2008), suggesting that in lower organisms, the
essential functions of Mcm 10 reside within its N-terminal and central regions.

Biochemical and structural studies using vertebrate and yeast Mcm10 orthologs
have been rather controversial with regard to the architecture and oligomeric state of
the full-length Mcm10 protein (Fig. 11.2b). scMcm10 has been reported to form large,
800 kDa homocomplexes consisting of ~12 molecules when analyzed by size-
exclusion chromatography (Cook et al. 2003), although the shape of the molecule
could potentially confound this analysis. Self-association in yeast was shown to be
mediated by the central zinc finger-containing domain, and mutations in the zinc-
binding residues rendered yeast cells temperature-sensitive, with demonstrable repli-
cation defects (Cook et al. 2003; Homesley et al. 2000). A more recent surface plasmon
resonance study showed that in the presence of ssDNA, scMcm10 forms complexes
with three subunits (Eisenberg et al. 2009). On dsDNA, however, scMcm10 interacted
as a monomer with a stoichiometry directly proportional to the length of the DNA (~1
scMcm10 per 21-24 bp). Work from the Hurwitz laboratory has reported highly
asymmetric monomeric and dimeric forms of spMcm10 using glycerol gradient cen-
trifugation (Fien and Hurwitz 2006; Lee et al. 2003). Analytical ultracentrifugation of
xMcm10 was consistent with self-associated, asymmetric complexes, although the
precise oligomeric state could not be determined from the data (Robertson et al. 2008).
More recent work using size exclusion chromatography with multi-angle light scatter-
ing is indicative of xMcm10 complexes containing two to three subunits in the absence
of DNA (W. Du and B.F. Eichman, unpublished). This is consistent with the presence
of a coiled-coil domain at the N-terminus of the protein (Robertson et al. 2008) and
the calculation of two molecules per replication origin based on the concentration of
chromatin-bound Mcm10 in Xenopus extracts (Wohlschlegel et al. 2002).

hMcm10 was reported to form a ring-shaped hexameric structure using electron
microscopy (EM) and single-particle analysis (Okorokov et al. 2007). The particle
has dimensions of 160 A x 120 A, a 35 A central channel (Fig. 11.2c) and a system
of smaller lateral channels and inner chambers. The volume of the electron density
calculated at the 1o contour level using Chimera (Pettersen et al. 2004) is consistent
with a particle of molecular weight 570 kDa or six 95-kDa subunits (unpublished
result). From the side, individual subunits appear to adopt two distinct lobes. Model
fitting with the structures available at the time suggested that each subunit within the
hexamer had the same orientation, with the zinc molecules positioned toward the
upper and lower edges of the ring (Okorokov et al. 2007). Subsequent crystal and
NMR structures of individual Mcm10 domains, discussed below, cannot be unam-
biguously positioned into the EM density. The hexameric structure was reportedly
consistent with its sedimentation behavior by analytical ultracentrifugation, although
the experimental data were not presented (Okorokov et al. 2007).
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The authors of the EM structure provided two explanations for hexamerization of
Mcml10. The first was that this architecture may enable a topological link with DNA
to allow for processive DNA binding like many other ring-shaped DNA-binding
proteins. Another explanation was that Mcm10 inherited the hexameric fold from a
DNA helicase ancestor but lost the helicase activity during evolution and instead
now serves as a “docking” module to facilitate protein-protein interactions in DNA
replication, such as Mcm?2-7 helicase and Pol o (Chen et al. 2005; Okorokov et al.
2007; Pape et al. 2003; Patel and Picha 2000). It is enticing to speculate that a hexa-
meric Mcm10 structure would provide an extensive binding interface for the six
subunits of Mcm2-7, although there are no data to support such a hexamer-hexamer
interaction and Mcm10 does not travel with the helicase that has been uncoupled from
the replisome by inhibition of the polymerase with aphidicolin (Pacek et al. 2006).
In light of the facts that a hexameric form of Mcm10 has not been reported in non-
human orthologs, that other studies identify Mcm10 assemblies composed of two to
three subunits and that only two molecules of Mcm10 are likely present at the origin,
we offer an additional explanation—that the hexamer is simply one of several states
occurring in cellular equilibrium and is needed under specific conditions during the
onset of replication. For example, hexamerization may be used for sequestering the
molecule at the replication fork or as a compact storage state of the protein during
replication inactivity. We note that to be consistent with the available oligomeriza-
tion data, the Mcm10 hexamer may in fact be a trimer of dimers.

11.4 Mcm10 Domain Structure

Biochemical and structural studies have been performed using xMcm10, which has
84% sequence similarity and 58% identity to the human protein. Limited proteolysis
and mass spectrometry revealed that full-length xXMcm10 is composed of three
structured domains at the N-terminal (NTD; residues 1-145), internal (ID; 230-427)
and C-terminal (CTD; 596-860) regions of the protein (Fig. 11.2d) (Robertson et al.
2008). The functional significance of the NTD is currently undefined, while the ID
and CTD each bind DNA and Pol a (Robertson et al. 2008). Interdomain linkers are
predicted to be largely unstructured by secondary structure and disorder predictions
and by virtue of their extreme proteolytic sensitivity in purified preparations
(Robertson et al. 2008).

11.4.1 Mcml0-NTD

Circular dichroism indicates that the NTD is predominantly o helical and random
coil, consistent with secondary structure predictions. The NTD alone is a dimeric
assembly as judged by analytical ultracentrifugation, consistent with the presence
of a predicted coiled-coil motif comprising residues 93—132 (Robertson et al. 2008).
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A strong yeast one-hybrid interaction from the first 100 residues of Drosophila
Mcm10 was recently reported (Apger et al. 2010), suggesting that the NTD might
function as an oligomerization domain for the full-length protein. Interestingly, self-
interaction of ID and CTD regions was observed in yeast 2-hybrid assays when the
NTD was deleted, suggesting that the NTD may not be the only point of contact
between Mcm10 subunits. Nonetheless, the strong NTD self-interaction supports a
proposed model in which Mcm10 forms a dimer with two subunits oriented in the
same direction, which provides a plausible explanation for interaction of Mcm10
with both leading and lagging strand polymerases at a replication fork. Unlike the
ID and CTD, the NTD does not bind to DNA (Robertson et al. 2008).

11.4.2 Mcml0-1D

The ID (residues 230-427) is homologous across all species from vertebrates to
yeast and is the most conserved region in the entire protein (Izumi et al. 2000).
Mutations in this region were identified in yeast genetic screens to affect minichro-
mosome maintenance and replication in vivo (Grallert and Nurse 1997; Liang and
Forsburg 2001; Maine et al. 1984; Nasmyth and Nurse 1981). The ID contains a
CCCH-type zinc finger and an oligonucleotide/oligosaccharide binding (OB)-fold
(Fig. 11.2d) that are now known to facilitate interactions with a number of proteins
and DNA (Izumi et al. 2000; Ricke and Bielinsky 2006; Warren et al. 2008).
Specifically, the ID has been shown to interact with ssDNA and the N-terminal 323
residues of Pol a (Robertson et al. 2008). In addition, a PCNA interacting peptide
(PIP) region was identified in the sequence of scMcm10’s ID (Das-Bradoo et al. 2006).
Mutations within the PIP box abrogated the interaction between diubiquitylated
Mcm10 and PCNA (Das-Bradoo et al. 2006; Warren et al. 2009).

The crystal structure of xMcm10-ID revealed that this region forms a globular
domain consisting of an a-helical/random coil region (aA-aB, residues 230-283),
an OB-fold (B1-B5.2, residues 286-375) and a C-terminal zinc finger motif (BC-oE,
residues 378—418) (Fig. 11.3a). The a-helical/coil region packs onto the back of the
OB-fold, opposite the canonical DNA-binding cleft of the OB-fold, to form a flat
molecular surface (Warren et al. 2008). The zinc finger protrudes sideways relative
to the OB-fold cleft and makes extensive electrostatic and van der Waals contacts
with both the L23 loop of the OB-fold and the a-helical/coil region. It is interesting
to note that the sequential arrangement of the OB-fold and the zinc finger in
Mcm10-ID is different from other DNA processing proteins that contain both struc-
tural motifs. In the structures of the archaeal MCM helicase (see Chap. 6, this volume;
Fletcher et al. 2003), the RPA trimerization core (see Chap. 10, this volume;
Bochkareva et al. 2002), T4 gp32 (Shamoo et al. 1995), and NAD*-dependent DNA
ligase (Lee et al. 2000), a zinc ribbon is inserted into the OB-fold L12 loop, whereas
in Mcm10-ID the zinc finger is C-terminal to the entire OB-fold (Warren et al. 2008)
(Figs. 11.3a, d). The unique arrangement of the OB-fold/zinc finger suggests that,
in Mcm10, this domain assembly may have a unique function.
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Fig. 11.3 The crystal structure of xMcm10-ID bound to ssDNA. (a) xMcm10-ID (residues 235-419)
bound to ssDNA, with the OB-fold in green, the zinc finger in blue, the Zn** ion in magenta, and
the N-terminal a-helical/coil region in tan. The three nucleotides of ssSDNA observed in the crystal
structure are shown as orange sticks. ssDNA traverses both the OB-fold cleft and the zinc loop.
The trajectory of bound DNA determined by NMR is represented by the orange dashed line.
(b) Crystal structure of RPA70AB subunit bound to ssDNA (PDB ID 1JMC). The OB-folds are
colored green and blue, and the ssDNA orange. (¢) Crystal structure of the xMcm10/ssDNA com-
plex viewed 90° with respect to the view shown in panel (a). (d) Crystal structure of
Methanobacterium thermoautotrophicun MCM (PDB ID 1LTL). (e) Sequence alignment of
Mcm10-ID. Zn?**-coordinating residues are highlighted in red. Mutations identified in yeast genetic
screens to affect cell growth and DNA replication are highlighted in yellow. Residues that affect
xMcm10 binding to DNA in vitro or that increase the sensitivity of S. cerevisiae to HU are high-
lighted in pink. The PIP-box and Hsp10-like motif are highlighted in blue and gold, respectively
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The tandem OB-fold-zinc finger arrangement in xXMcm10-ID is reminiscent of
the high affinity ssSDNA binding surface created by side-by-side OB-folds in the
RPA70AB sub-domain (Bochkarev et al. 1997) (Fig. 11.3b). NMR chemical shift
perturbation of xXMcm10-ID indicated that ssDNA binds to both the OB-fold cleft
and to the extended loop of the highly basic zinc finger (Warren et al. 2008). The
nature of the ssDNA interaction with the concave cleft of the OB-fold was revealed
by the crystal structure of xMcm10-ID in complex with ssDNA (Warren et al. 2009).
A tricytidine oligonucleotide was clearly observed within the OB-fold cleft, traversing
[ strands B1- B3 and 5.1 (Fig. 11.3a). The channel created by loops .12 and 145
was ~16 A in diameter (Fig. 11.3c), allowing the ssDNA a degree of flexibility that
precluded observation of atomic-level interactions. However, the polarity of the
ssDNA was unmistakably defined, with the 5" end oriented toward (5.1 and the 3’
end toward B1 and the zinc finger, similar to the polarity reported for the RPA70AB
structure (Bochkarev et al. 1997) (Fig. 11.3b). Also similar to RPA70AB, the L12
loop was unobservable in the unliganded structure, presumably due to flexibility
(Warren et al. 2008), but upon DNA binding, its electron density was readily visible
(Warren et al. 2009).

The Mcm10-ID zinc finger extends the ssDNA binding surface of the OB-fold in
a manner analogous to the RPA70B subunit (Bochkarev et al. 1997). A crystal lattice
contact occluded DNA binding by the zinc finger in the Mcm10-ID/ssDNA com-
plex structure (Warren et al. 2009). Nonetheless, NMR chemical shift perturbation
had unequivocally showed both this region and the cleft between it and the OB-fold
to be affected by ssDNA binding, and residues in these regions were shown to
affect DNA binding by xMcm10-ID and replication in yeast (Warren et al. 2008).
A Lys385Glu/Lys386Glu double mutant on the extended zinc loop reduced ssDNA
binding affinity by tenfold, and a Lys293 Ala mutant in the cleft reduced it by fivefold
(Warren et al. 2008). Transferring these mutations to yeast for assessment of their
functional consequences showed that they increased the sensitivity of yeast cells to
hydroxyurea (Warren et al. 2008). The Lys293Ala mutation (His215Ala/Lys216Ala
in scMcm10) caused a twofold decline in cell survival, while the Lys385Glu/
Lys386Glu mutation (Asn313Glu/Lys314Glu in yeast) led to a striking sevenfold
decrease. Cell survival was also significantly compromised (~60%) in cells contain-
ing the Phe306Ala mutation (Phe230Ala/Phe231Ala in yeast), which resides in the
cleft between the OB-fold and zinc finger. Interestingly, the zinc finger domain was
also found to be affected by dsDNA binding (Warren et al. 2008). The presence of
an extended loop in the zinc finger renders it structurally distinct from the archetypi-
cal Zif268 zinc finger that binds dsDNA in a sequence dependent manner, so it
remains to be seen how dsDNA binds to this motif.

The Mcml10-ID crystal structures elucidated the yeast mutations originally
identified to affect minichromosome maintenance and DNA replication (Fig. 11.3e).
The cdc23-1E2 (Cys239Tyr) (Grallert and Nurse 1997) and cdc23-M30 (Leu287Pro)
(Liang and Forsburg 2001) mutations, which correspond to xMcm10 Leu323 and
Leu369, respectively, are located in the interior of the OB-fold’s B-barrel, and thus are
likely to cause structural perturbations that disrupt protein folding. Other mutations
probably affected protein interactions necessary for replisome formation and/or
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progression. These include cdc23-M36 (Asp232Gly), corresponding to the invariant
xMcm10 Asp313 thatlies on the interior of the L23 loop, and cdc23-M36 (Val2651le)
and mcem10-1 (Pro269Leu), which map to solvent exposed positions in the L45 loop
(Maine et al. 1984; Nasmyth and Nurse 1981). The human counterpart to the
xMcm10-ID has been crystallized (Jung et al. 2008), but the structure was never
determined and is expected to be virtually identical to the reported Xenopus domain
on the basis of high sequence homology (58% identity; 84% similarity).

11.4.3 Mcml0-CTD

Vertebrate homologs of Mcm10 contain a CTD that is unique to higher eukaryotes;
yeast Mcml10 is not predicted by sequence alignments to have this domain
(Fig. 11.2a). Interactions between xMcm10-CTD (residues 596—-860) and ssDNA,
dsDNA, and Pol o have been mapped to a proteolytically stable subdomain (residues
690-842) that consists of a putative winged helix motif (residues 690-755)
followed by tandem CCCH- and CCCC-type zinc motifs (residues 756—842)
(Fig. 11.4a) (Robertson et al. 2010; Robertson et al. 2008). Heteronuclear NOE
experiments on this region showed that the putative winged helix contains high
backbone flexibility while the zinc motif is more rigid (Robertson et al. 2010). The
two Zn*" atoms in xMcm10-CTD, originally identified by atomic absorption spec-
troscopy, likely play a structural role based on the observations that, in the presence
of EDTA, the CTD is more proteolytically sensitive and DNA binding affinity
decreases (Robertson et al. 2008).

The solution NMR structure of the zinc binding region of xMcm10-CTD revealed a
V-shaped globular domain in which the two zinc binding motifs are tethered by a hinge
and the two zinc atoms bind at the tips of the V (Fig. 11.4b) (Robertson et al. 2010). The
N-terminal CCCH zinc motif (residues 756—795) consists of a three-stranded antiparallel
[B-sheet capped with a short perpendicular a-helix with a Zn?* ion embedded in between.
DNA binding maps to the CCCH zinc motif, the structure of which is unique to Mcm10.
The residues involved in DNA binding trace a nearly continuous 35 A path around the
CCCH arm (Robertson et al. 2010). The length of DNA required for maximal binding
affinity was between 10 and 15 nucleotides, suggesting that all of the residues along
that path are involved to some extent in interactions with DNA.

The CCCC zinc motif (residues 796-830) adopts a twisted antiparallel B-sheet
with the zinc coordinated between the loops by the four cysteines. This motif is
not involved in DNA binding and, interestingly, is identical in structure to a zinc
ribbon motif in the N-terminal domain of Methanobacterium thermoautotrophi-
cum MCM helicase (mtMCM) (Fig. 11.4c, see also Chap. 6, this volume). This
MCM zinc motif mediates the head-to-head double hexamer assembly observed
in mtMCM crystals (Fletcher et al. 2003, 2005) and in scMcm?2-7 loaded onto
DNA (Remus et al. 2009). The sequence of the CCCC zinc motif in xMcm10-
CTD is highly conserved relative to those in the metazoan Mcm?2-7 subunits and
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HsMcm2 325 VLGPFCOSOND- ------=OSAGPF 361
HaMem3 145 VHY - SPA T VAFESS -SVYPTED FNNPLE 185
CCCH cccc HeMomd 302 - IABESV 2GR - - TTHSM 337
HeMemS 168 LOPYF 213
DNA MCM HaMcmf 154 VI -YTOENT SRMPV-- --—SAMRRRF 151
binding homology HaMem? 180 AT QSPT- - - - FHGLIMAVSOE - - - - SGTNRSG 217

Fig. 11.4 NMR structure of xMcm10-CTD zinc binding region. (a) Sequence alignment of
Mcm10-CTD. Secondary structure elements shown above the sequence are either predicted (grey)
or determined from the NMR structure (green, blue). CCCH and CCCC zinc coordinating residues
are highlighted in red. (b) The NMR structure of xMcm10 (756-842) is shown as a ribbon with a
transparent grey molecular surface. (¢) Structural and sequence alignment of the CCCC zinc rib-
bon from xMcm10 (aa 796-830) (blue) and MthMCM (gold, PDB ID 1LTL). In the crystal struc-
ture of the MthMCM N-terminal domain (top right of panel), the CCCC zinc ribbon mediates
head-to-head double hexamer formation. The sequence alignment of this region (bottom of panel)
shows the CCCC motif to be conserved in human Mcm?2-7

in Mcm8 and Mcm9 proteins as well (Robertson et al. 2010). Mcm10 has been
shown to interact directly with several subunits of Mcm?2-7 helicase (Gambus
etal. 2006; Izumi et al. 2000; Lee et al. 2003) and the recent finding that Drosophila
Mcm10’s interaction with Mcm?2 is localized to the CTD (Apger et al. 2010) sug-
gests that the CCCC zinc motif in both proteins may be the point of contact. The
Mcm?2-7 double hexamer that is loaded onto chromatin in the pre-RC (Remus
et al. 2009) is able to separate during DNA unwinding (Yardimci et al. 2010),
leading us to predict that if Mcm10-Mcm?2-7 interactions are indeed facilitated by
the zinc motifs, then this interaction would take place only after fork firing. Of
course this is highly speculative and additional experiments are needed to define
this aspect of Mcm10’s function. What is known with certainty is that Mcm10
interacts with both the helicase and Pol a. Most likely, Mcm10 serves as a scaf-
fold to co-localize the essential players within the replisome during the initiation
and elongation phases of replication (Lee et al. 2010; Ricke and Bielinsky 2004;
Robertson et al. 2010).
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11.5 Implications of Modular Architecture for Function

Modular architecture is a common feature of DNA processing proteins that allows
for the coordination of distinct biochemical activities (Stauffer and Chazin 2004).
Flexible linkers between structured domains allow those domains to accommodate
DNA and protein binding partners simultaneously, by virtue of the fact that the
domains retain their structure while distance and angular adjustments are made
between them. When tandem domains bind to the same entity, affinity for that entity
is often increased relative to the strength of binding by one domain or the other.
In addition, many DNA processing proteins contain bifunctional folds, which are
known to bind both DNA and other proteins. Thus, when two different entities compete
for the same binding site, it promotes molecular hand-off that facilitates the progres-
sion of the DNA processing pathway.

The structural organization of Mcm10 exemplifies each of these general fea-
tures of DNA processing proteins. First, the attachment of the functional domains
of Mcm10 by unstructured linkers, coupled with the spatial separation of protein
and DNA binding sites, may allow it to bind both DNA and proteins simultane-
ously. Robertson et al. reported NMR spectra showing that the ID and the CTD of
xMcml0 retain their individual structural properties in the context of a larger
“ID+CTD” construct containing both domains and that the interdomain linker
region is unstructured and flexible (Robertson et al. 2010). Second, the full-length
xMcml0 protein, as well as the ID+CTD construct, binds DNA with 10-fold
greater affinity than either the ID or CTD alone (Robertson et al. 2008; Warren
et al. 2009), and ID+CTD binds Pol a p180 with 15-fold greater affinity than
Mcm10-ID alone (Warren et al. 2009). Lastly, ssDNA and the N-terminal region of
p180 compete for binding to the OB-fold cleft of Mcm10-ID (Warren et al. 2009).
dsDNA also binds to essentially the same site on Mcm10-ID (Warren et al. 2008).
Moreover, the PIP box predicted in the scMcm10 sequence (Ricke and Bielinsky
2006) coincides with the OB-fold 3 strand, suggesting that the OB-fold can bind
to PCNA as well. Indeed, xMcm10 Phe324, which corresponds to the residue in
scMcm10 that mediates interaction with PCNA (Das-Bradoo et al. 2006), had a
modest effect on DNA binding (Warren et al. 2008).

The interaction of multiple binding partners with identical sites on Mcm10 fits
with two distinct models of molecular hand-off (Fig. 11.5a, b). In the first, Mcm10-ID
binds to ssDNA while the CTD is used to recruit a protein partner (e.g., Pol a p180).
In the second model, the CTD binds ssDNA and ID recruits a protein binding part-
ner via its OB-fold. Hand-off would be facilitated in either scenario by competition
between the binding partner and Mcm10 for the exposed ssDNA or alternatively, for
the OB-fold in Mcm10-ID. Depending on the oligomeric state of Mcm10 in vivo,
there could be more than one subunit of the ID and the CTD present at the origin,
increasing the number of possible interaction points and competition events
(Fig. 11.5¢). Future studies of the oligomerization state of Mcm10 and of the order
of events at the origin will be needed to clarify which model is in play at each stage
of replication.
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Fig. 11.5 Three possible a Mcm10
models for Mcm10 hand-off binding
of other proteins (e.g., Pol o) protein

onto DNA. (a, b) Either
Mcm10-ID or CTD interact
with DNA, while the
non-DNA bound domain is
free to bind protein cargo.
(c) ID+CTD together create
a high-affinity DNA binding
platform, and Mcm10
self-association through the
NTD would present an
additional free binding
platform to localize proteins
to the DNA

Its modular architecture and lack of enzymatic activity suggest that Mcm10
serves as a scaffold for the coupling of protein and DNA interactions during replica-
tion initiation. For example, a head-to-head Mcm10 dimer could couple events on
the leading and lagging strands, or physically tether the helicase and Pol o, while
retaining the polarity necessary for fork progression. Interestingly, recent studies
have shown that yeast Mcm10 displays differential packing on ssDNA versus
dsDNA (Eisenberg et al. 2009), suggestive of an Mcm10-DNA scaffold during ori-
gin melting or helicase unwinding. The authors speculated that a change in Mcm10
conformation or oligomeric state could facilitate strand separation.

11.6 Summary and Future Perspectives

Despite decades of work, Mcm10 remains an essential yet mysterious player in
DNA replication. As one of the first proteins to load after pre-RC formation, Mcm10
is needed for subsequent protein loading and downstream events in DNA replication
initiation. Mcm10 interacts with multiple replisome components and DNA. Its
interactions with ssDNA and Pol o are mediated by the conserved ID and CTD
through OB-fold and zinc finger structural elements. Crystal and NMR structures
have elucidated the details of the ID-DNA interactions and have begun to address
the binding activity within the CTD. Full-length xMcm10 forms a number of oligo-
meric species, which may be assembled through coiled coil interactions within the
NTD. The functional significance of Mcm10’s self-assembly and its interactions
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within the replisome, the structure of the NTD, the mechanisms of multi-domain
DNA binding activities, and the effects of ubiquitylation and other post-translational
modifications on Mcml10 structure and function are all questions that remain
unanswered.

The nature of Mcm10 self-assembly is critical for understanding its role at the
replication fork, although the structural and functional relationship between the
apparent multiple oligomeric states is not at all clear from the literature. A dimeriza-
tion model best explains the physical and genetic evidence for Mcm10’s interaction
with both leading and lagging strand polymerases at a replication fork (Fien et al.
2004; Ricke and Bielinsky 2006; Robertson et al. 2008), but this remains to be deter-
mined. Detailed structural analyses of the N-terminal domain may help to address
this issue. In addition, studies of the configuration(s) of the tandem ID and CTD in
complex with DNA, Pol a and other protein binding partners will yield insight into
the mechanisms by which Mcm10 acts as a scaffold at the replication origin.

A growing body of research also suggests Mcm10 plays a role in elongation. The
first glimpse of a potential role for Mcm10 in fork progression came from the obser-
vation in S. cerevisiae that Mcm10 mutants delayed completion of DNA synthesis
after cells were released from hydroxyurea arrest (Kawasaki et al. 2000). Mcm10
interacted genetically with Pol 6 and Pol & (Kawasaki et al. 2000) and a physical
interaction with replisome progression complexes, which exist at DNA replication
forks, has been observed in yeast (Gambus et al. 2006). In addition, a diubiquitylated
form of scMcm10 interacts with PCNA, suggesting that Mcm 10 directly participates
in DNA elongation (Das-Bradoo et al. 2006). Pacek et al. showed that Mcm10 travels
with the replication fork by inducing specific replication fork pausing on biotin-
streptavidin-modified plasmids in Xenopus egg extracts (Pacek et al. 2006). In these
experiments, Mcm10 was found to localize to the vertebrate DNA replication fork by
chromatin immunoprecipitation. Finally, recent work in yeast suggested that Mcm10
coordinates the activities of the Mcm2-7 helicase and Pol o and ensures their physical
stability at the elongating replication fork (Lee et al. 2010).

Although the majority of work to date has been focused on its role in DNA
replication, Mcm10 has also been shown to be important for transcriptional gene
silencing (Apger et al. 2010; Douglas et al. 2005; Liachko and Tye 2005, 2009).
scMcm10 physically interacts with Sir2 and Sir3, two essential silencing factors in
S. cerevisiae (Douglas et al. 2005). Moreover, Mcm 10 mediates interactions between
Sir2 and subunits 3 and 7 of the Mcm?2-7 helicase via a ~100-residue segment at its
C-terminus. Mutations to this region of Mcm10 caused silencing defects, but had no
detrimental effect on replication (Liachko and Tye 2009). The corresponding
segment in the Xenopus protein resides within an unstructured linker between the
ID and CTD (Fig. 11.1b), which suggests that either the yeast protein has an
organism-specific function or the vertebrate Mcm10s have an as yet uncharacterized
role in gene silencing. The yeast sequence between residues 515 and 523 is pre-
dicted to be an amphipathic helix (Liachko and Tye 2009), a finding which warrants
further investigation into the analogous segments of its orthologs.

In summary, Mcm10 lies at the heart of the replication initiation pathway. It loads
early onto licensed replication origins and is necessary for pre-RC activation and
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origin melting as a result of its interactions with DNA and many of the enzymes
involved in fork progression. In addition to its essential role in establishing active
replication forks at the origin, Mcm10 is involved in other aspects of genome utili-
zation. The structures and interactions between Mcm10 and its binding partners are
adding to a growing body of knowledge for how multi-conformation scaffolding
proteins are used to maintain the integrity of the genome. To further enhance our
understanding of the mechanisms involved in replisome assembly and function, the
next step is to utilize the existing structures of the Mcm10 DNA binding domains as
a foundation to build up larger sub-complexes, taking advantage of the extensive
network of Mcm10 interactions. This higher resolution picture of the replisome will
be critical to understand the transactions involved at the replication fork, including
DNA synthesis, damage response and repair, and cell cycle regulation.
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Chapter 12
Structure and Function of Eukaryotic
DNA Polymerase &

Tahir H. Tahirov

Abstract DNA polymerase & (Pol 8) is a member of the B-family DNA polymerases
and is one of the major replicative DNA polymerases in eukaryotes. In addition to
chromosomal DNA replication it is also involved in DNA repair and recombination.
Pol 6 is a multi-subunit complex comprised of a catalytic subunit and accessory
subunits. The latter subunits play a critical role in the regulation of Pol & functions.
Recent progress in the structural characterization of Pol 9, together with a vast num-
ber of biochemical and functional studies, provides the basis for understanding the
intriguing mechanisms of its regulation during DNA replication, repair and recombi-
nation. In this chapter we review the current state of the Pol & structure-function
relationship with an emphasis on the role of its accessory subunits.

Keywords DNA polymerase delta » Crystal structure » Catalytic subunit ® Accessory
subunits ¢ Iron-sulfur cluster

12.1 Introduction

Eukaryotic DNA polymerase & (Pol 5) belongs to the B-family of DNA polymerases
(Pavlov et al. 2006). It addition to its central role in chromosomal DNA replication
(Downey et al. 1990; Garg and Burgers 2005), Pol & is involved in DNA repair and
recombination (Baranovskiy et al. 2008; Gibbs et al. 2005; Huang et al. 2000, 2002;
Lawrence 2002; Lydeard et al. 2007). In concert with Pol a—primase, it can
synthesize both leading and lagging DNA strands in the SV40 system and in yeast
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Table 12.1 Pol d subunit designations

Designation Human Sp Sc Comments
Catalytic or pl125 Pol3 Pol3p Catalytic subunit; contains the polymerase
A-subunit and 3'—5’ exonuclease active sites;

interacts with B- and D-subunits and
with PCNA

B-subunit p50 Cdcl Pol31p Accessory subunit; interacts with A-,
C- and D-subunits and with PCNA

C-subunit p66 Cdc27  Pol32p Accessory subunit; interacts with
B-subunit and with PCNA

D-subunit pl2 Cdml1 - Accessory subunit; interacts with A-

and B-subunits and with PCNA

strains carrying a catalytically inactive Pol € (Kesti et al. 1999; Waga et al. 1994).
The best studied Pol 8s are those from human, the fission yeast Schizosaccharomyces
pombe (Sp) and the budding yeast Saccharomyces cerevisiae (Sc). The former two
Pol 8s are found as four-subunit complexes (Liu et al. 2000; Zuo et al. 1997), while
the latter Pol 6 is found only as a three-subunit complex (Gerik et al. 1998). A unified
nomenclature for the subunits of these three Pol 8s has been proposed (MacNeill
et al. 2001) and is provided in Table 12.1 along with updated comments on their
roles and intersubunit interactions.

Currently published data on intermolecular interactions supports the overall
architecture of Pol & in which the A-, B- and D-subunits interact with each other and
the C-subunit interacts only with the B-subunit, while all four subunits somehow
interact with PCNA (Fig. 12.1). Progress on the three-dimensional structural char-
acterization of Pol 6 was slow for a long time and limited to the crystal structure of
the p66 C-terminal peptide with PCNA (Bruning and Shamoo 2004). Initial significant
progress was achieved when the crystal structure was solved for a complex of
human p50 subunit with the N-terminal pS0-interacting domain of the p66 subunit
(Baranovskiy et al. 2008). The next notable progress made was the crystal structure
determination of the Pol3p catalytic core in ternary complex with a template primer
and an incoming nucleotide (Swan et al. 2009). Based on these recent achievements
and a vast amount of biochemical, biophysical and functional studies, in this chapter
we provide a review rationalizing the structure-function relationship for Pol 9.
The first part of the chapter is devoted to the crystal structure of the A-subunit
catalytic core and possible structural consequences of cancer-causing mutations, the
organization and role of the A-subunit C-terminal domain (CTD), its metal-binding
motifs (MBM) and comparisons with CTDs of other B-family members. The second
part is devoted to a complex of the B- and C-subunits, its interaction with CTD and
the interaction of the C-subunit with PCNA. The final third part is devoted to the least
structurally characterized D-subunit, its interactions and functions, and speculation
on the possibility of its evolution from the B-subunit.
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Fig. 12.1 Cartoon
representation of Pol d in
complex with DNA-loaded
PCNA

12.2 Catalytic Subunit (A-subunit)

The purification of eukaryotic Pol & from the cytoplasm of erythroid hyperplastic
bone marrow was first reported in 1976 (Byrnes et al. 1976). Pol & has been shown
to possess both polymerase and 3'-5' exonuclease activities within a purified single
122 kDa polypeptide (Goscin and Byrnes 1982). This polypeptide is now known as
a catalytic subunit of Pol 6 and designated as an A-subunit (Table 12.1). The proof-
reading exonuclease activity significantly enhances the fidelity of the A-subunit
(Byrnes 1984; Simon et al. 1991). Cloning and sequencing of Sp, Sc, bovine and
human Pol & A-subunits revealed that, in general, their structures are similar (Chung
et al. 1991; Pignede et al. 1991; Zhang et al. 1991). Primary structure analysis indi-
cates that A-subunits could be considered as comprising of less conserved N-terminal
sequences, the highly conserved catalytic core and CTD. Until recently, information
for understanding the three-dimensional structure of the Pol & catalytic core was
derived mainly from the crystal structures of bacteriophage RB69 as well as its rep-
licating and editing complexes (Franklin et al. 2001; Shamoo and Steitz 1999; Wang
et al. 1997). Recently the 2.0 A resolution crystal structure of Sc Pol3p catalytic core
(residues 68—985) in ternary complex with a template primer and an incoming dCTP
nucleotide has been reported by Swan and co-authors (Swan et al. 2009). This struc-
ture, which is reviewed below, enables precise mapping of functionally important
residues and provides the basis for targeted genetic and functional studies.

12.2.1 Crystal Structure of Catalytic Core

The overall structure of the Pol3p catalytic core replicating complex is shown in
Fig. 12.2a. The DNA is located in a clasp comprised of the thumb, palm, fingers and
exonuclease domains. The thumb forms extensive contacts with the sugar-phosphate
backbones of template primer around the minor groove while the palm interacts with
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Fig. 12.2 A-subunit structure. (a) Cartoon representation of Sc Pol 6 catalytic core (PDB code 3iay)
(Swan et al. 2009). The NTD, palm, thumb, fingers, and exonuclease domains are color coded.
The side chain atoms of exonuclease and polymerase active site residues are shown as light green
and light cyan balls, respectively. The calcium ions are shown as blue balls. The side chain atoms
of Sc Pol & residues corresponding to cancer-causing mutations are shown as red balls. DNA and
dCTP molecules are drawn as sticks. The panel (a) was prepared with PyMol software (Delano
Scientific). (b) Comparison of human Pol oo CTD amino acid sequences with Pol €, and Pol 8 with
Pol £. The secondary structure elements predicted with Phyre server (Kelley and Sternberg 2009)
and metal-coordinating cysteines are marked

the replicative end of the DNA. The nascent G-dCTP base pair packs against the
second a-helix (aP) of the fingers domain. A long B-hairpin of exonuclease domain
is extended toward the DNA major groove forming a hydrogen bond with a DNA
base and a number of van der Waals contacts with the backbone of a template strand.
Finally, the N-terminal domain (NTD), which is wedged between the exonuclease
and fingers domains and interacting with the palm domain, contacts only the unpaired
segment of the template strand. Two active site residues (Asp608 and Asp764) that
catalyze the nucleotidyl transfer reaction are in the palm domain. The exonuclease
active site residues Asp321, Glu323 and Asp407 are located close to a single Ca?*.
The distance between the polymerase and exonuclease active sites is ~45 A.
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Pol3p catalytic core exhibits several notable differences compared with the
RB69 Pol. Their structures can be superimposed with a root-mean-square deviation
of 2.50 A for 631 matching a-carbons. The most notable differences are in NTD and
the fingers domain. The NTD is significantly larger in Pol3p and contains an OB-fold
and a RNA-binding motif, raising the possibility of RNA involvement in Pol & func-
tion. Unlike the NTD, the fingers domain in Pol3p is comprised of only two shorter
and straighter antiparallel a-helices than in RB69 Pol. Another significant difference
is in DNA recognition by the long -hairpin of exonuclease domain. In RB69 Pol
structure this B-hairpin does not associate with DNA. Contrarily, in the Pol3p struc-
ture it is tightly bound to the template, which is consistent with its role in strand
separation. The strand separation is proposed to be facilitated by holding the tem-
plate strand in place by a B-hairpin that allows the primer strand to separate and
migrate to the exonuclease active site (Hogg et al. 2007; Stocki et al. 1995).

12.2.2 Cancer-Causing Mutations

High-fidelity DNA replication is necessary for cell to avoid disease-causing muta-
tions. In the case of Pol 5, DNA replication fidelity is maintained by accurate nucle-
otide selectivity and exonucleolytic proofreading activity. Furthermore, the DNA
mismatch repair pathway contributes to an additional increase of fidelity. Engineering
mutations leading to defects in Pol 6 fidelity in mice increased the genome instability
and accelerated tumorigenesis, supporting the mutator hypothesis for cancer
(Albertson et al. 2009; Goldsby et al. 2001, 2002; Venkatesan et al. 2007). Unlike the
mutations in mice Pol 8, which were intentionally modeled to destroy specific poly-
merase functions, the mechanisms of actions of cancer-causing mutations in the
human Pol & A-subunit are not apparent. However, using the structure of the Pol3p
catalytic core it became possible to map the location of cancer-causing mutations
and provide the rationale for their structure-function relationship (Swan et al. 2009)

Examination of Pol 8 mRNA in six colon cancer cell lines (DLD-1, HCT116,
SW48, HT29, SW480 and SW620) and seven sporadic human colorectal cancers
revealed Arg506His, Arg689Trp and Ser746lle substitutions located in the catalytic
core (Fig. 12.2a — note that in the figure these are numbered according to their loca-
tion in Sc Pol3p, as described below) (da Costa et al. 1995; Flohr et al. 1999).

Arg506 of p125 is aligned with Arg511 of Pol3p that is located in a long a-helix
(o) opposite the active site of the exonuclease domain. Replacement of this arginine
residue by histidine may alter its interactions with the surrounding residues from
loop B13B14 and consequently shift the position of the al helix. Such a shift of
the ol helix may cause an allosteric effect on the exonuclease activity of Pol 6.
The Arg511His substitution in yeast Pol 6 resulted in a small but significant (2.5-fold)
increase in the rate of mutagenesis in a MMR-deficient strain (Daee et al. 2010).
Because the amino acid sequences and hence local structures are different between
the yeast and human Pol 3s, a more profound effect of Arg5S06His substitution is a
possibility for human Pol 3.
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Arg689 of p125 is the equivalent of Pol3p Arg696 which is located in the second
a-helix (aP) of the fingers domain. The Arg696 side chain is sandwiched between
the NTD and the fingers domain. Modeling of Trp696 in place of Arg696 shows
that, in any allowable conformation, the bulky tryptophan side chain creates signi-
ficant clashes with the surrounding residues. In order to release the clashes and
sterical hindrance introduced by Arg696Trp substitution, it is necessary to have a
significant shift of, and/or conformational changes in, the oP helix. Because the aP
helix is one of the most important determinants for the selectivity of incoming
nucleotide, any shift in its position will inevitably affect the accuracy of base selec-
tion. Indeed, the Arg696Trp substitution is lethal in yeast, with the lethality caused
by a catastrophic increase in spontaneous mutagenesis attributed to low-fidelity
DNA synthesis (Daee et al. 2010).

The effect of Ser746lIle mutation on the catalytic activities of Pol d is less clear.
The equivalent residue in Pol3p is Lys753 which is located in loop Q24 at the
edge of the palm domain. The Lys753 side chain is completely solvent-exposed.
However, it is possible that the local structure of the loop aQB24 is different in
human Pol & and that Ser746 is less exposed; consequently, its replacement by a
bulkier isoleucine may result in conformational changes. Another possibility is that
substitution of serine by isoleucine introduces conformational changes in the loop
aQP24 by packing the isoleucine side chain in the nearby hydrophobic pocket.
In both such scenarios an allosteric effect of Ser746lIle mutation to the polymerase
active site is possible.

Pol & from highly malignant Novikoff hepatoma cells was found to contain an
Arg648Gin substitution (Popanda et al. 1999). Several biochemical characteristics
of this polymerase were found to be altered, including a decrease in copying fidelity.
The Arg648 equivalent in Pol3p is Arg658, which is located in loop 2300 con-
necting the fingers and palm domains (Fig. 12.2a). Thus the conformational changes
caused by Arg648Gln substitution could allosterically alter the selectivity of incom-
ing nucleotide via the shift of the a0 and oP helices.

In summary, an inspection of the structure-function relationship of the reported
cancer-causing amino acid replacements in the Pol 3 A-subunit catalytic core indi-
cates that all these mutations have a potential to alter its exonuclease or polymerase
activities via allosteric effects. That is consistent with the mutator properties of Pol
d in cancer.

12.2.3 C-terminal Domain

Two putative zinc finger motifs (ZnF1 and ZnF2) each with four conserved metal-
coordinating cysteines has been identified in the CTD of Pol 8s from a variety
of sources (Sanchez Garcia et al. 2004). ZnF2 was found to be both necessary and
sufficient for binding to the B-subunit in vivo and in vitro. The ZnF2 metal-binding
site is critical for the activity of Sc and Sp Pol 3s since substitution of ZnF2 cysteines
with alanines abolishes B-subunit binding and their in vivo function. Recently Netz
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and co-authors have established that the cysteines in ZnF2, but not in
ZnF1, coordinate the [4Fe-4S] cluster instead of the previously assumed zinc ion
(Netz et al. 2011). They also determined that the ZnF1 is required for PCNA-
binding and PCNA-mediated Pol & processivity. However the nature of the metal in
ZnF1 motif has not yet been clarified and in further discussions the ZnF1 and ZnF2
will be referenced as the metal-binding motifs 1 and 2 (MBM1 and MBM2).

At present, the only reported CTD structure is the structure of yeast Pol oo CTD
in complex with its B-subunit (Klinge et al. 2009) (see Chap. 9, this volume). Pol a
CTD forms an elongated bi-lobal shape. The two lobes are connected by a three-
helix bundle and each lobe contains an MBM. In contrast to what has been observed
with the Pol & CTD, the conserved cysteines in both MBM1 and MBM2 of Pol o
CTD are coordinated with zinc ions. The CTD of Pol o forms a stable complex with
the B-subunit. However, in case of Pol 6 the CTD interaction with the B-subunit is
dependent on the stability of the [4Fe-4S] cluster. The complex becomes unstable
and dissociates at ambient conditions due to loss of iron from the Fe-S cluster. In
addition to the differences in MBM2 metal content, the primary structure of Pol &
CTD is nearly two times shorter than in Pol oo CTD. The secondary structure predic-
tion of Pol 6 CTD using the Phyre server (Kelley and Sternberg 2009) revealed three
helices alternated with MBM1 and MBM2 in the order: helix-MBM 1-helix-MBM2-
helix (Fig. 12.2b). Assuming the resemblance of overall architecture of Pol o and
Pol & CTDs, the predicted helices in Pol 8 CTD would be packed as a three-helix
bundle flanked by the MBM 1 and MBM2 lobes. However, unlike Pol oo CTD having
central three-helix bundle separate of MBMs, MBM2 in particular, the three-helix
bundle of Pol & CTD appears to comprise a part of its MBMs. In Pol & the first
conserved cysteine residue of MBM1 is located at the C-terminus of the first helix
while the first and second conserved cysteine residues of MDM2 are protruding
from the second helix, pointing to significant structural differences between the MBMs
of Pol a and Pol 8. Contrarily, in Pol oo MBMs the metal-coordinating cysteines are
located in either loops or B-strands. The discrepancy in structure is especially appar-
ent for MBM2 which results in the different nature of their ligands: Zn** in Pol o
and [4Fe-4S] cluster in Pol 6.

12.2.4 Similarities Between C-terminal Domains
of Pol 6 and Pol §

Unlike the bulkier CTDs of Pol o and Pol €, the CTD of Pol  appears to have a
structure which is highly similar to Pol &’s CTD (Fig. 12.2b). The alignment of
amino acid sequences and secondary structures of the latter two CTDs shows that
the length and positions of their helices as well as the positions of metal-coordinating
cysteines coincide (Fig. 12.2b). Their similarity raises the possibility of similarity in
the structures of their binding partners as well. The CTDs of Pol a, Pol € and Pol &
are known to bind their respective B-subunits. However, a B-subunit was not found
in Pol €. The three following explanations can be posited for this. First, Pol { does
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not possess a B-subunit. Second, a B-subunit was not discovered due to low expression
levels or other technical complications. Third, Pol £ shares a B-subunit with Pol 8.
The latter case would fit with a plausible model of efficient polymerase switch at
replication-blocking lesions during translesion DNA synthesis (TLS). According to
such a model, Pold and Polg will exchange only their catalytic subunits on a preas-
sembled complex while the shared accessory subunits of Pol 6 will be retained by
DNA-loaded PCNA. This model is in accordance with previously observed involve-
ment of Pol § accessory subunits in TLS (Gerik et al. 1998; Gibbs et al. 2005; Huang
et al. 2000, 2002; Lydeard et al. 2007).

12.3 B- and C-subunits

The B- and C-subunits of both yeast and mammalian Pol ds have been cloned,
purified and characterized (Gerik et al. 1998; Hughes et al. 1999; Mo et al. 2000;
Zhang et al. 1995; Zuo et al. 1997). The sequence homology is high among the
B-subunits with amino acid sequence similarity of 23-28%. However, the homol-
ogy is low among the C-subunits. Using the two-hybrid screening, human p66 has
been shown to contain p50- and PCNA-binding domains within the 144 N- and 20
C-terminal amino acids, respectively (Pohler et al. 2005). A similar domain arrange-
ment was found also for Pol32p (Johansson et al. 2004). The B-subunit interacts
with the A-, C- and D-subunits, as well as PCNA (Lu et al. 2002). The C-subunit
also interacts with PCNA (Bruning and Shamoo 2004; Zhong et al. 2006). The parts
of the B-subunit responsible for interactions with the D-subunit have not been
defined. Interestingly, many essential functions of Pol 6, including the regulation of
replication, TLS and BIR, are mediated by the C-subunit (Gerik et al. 1998; Gibbs
etal. 2005; Huang et al. 2000, 2002; Lydeard et al. 2007) and thus apparently depend
on the interaction between its B- and C-subunits. The crystal structure of human p50
in complex with the N-terminal domain of human p66 is described below.

12.3.1 Crystal Structure of p50°p66

The B-subunit of the human Pol & is the first among B-subunits of the B-family DNA
polymerases whose crystal structure has been solved, providing insights into the over-
all architecture of B-subunits and their structure-function relationship (Baranovskiy
et al. 2008). The structure of pS0 was determined in complex with the 144-amino-acids
N-terminal domain of the C-subunit (p66, ) and the complex hereinafter will be referred
as p50ep66, . The structure revealed an extended cashew-shaped molecule with three
domains: phosphodiesterase-like (PDE) and oligonucleotide/oligosaccharide-binding
(OB) domains in p50, and a winged helix-turn-helix (wHTH) domain in p66
(Fig. 12.3a). The PDE domain is located in the center of the molecule and bound to an
OB domain on one side, and a wHTH domain on the other side. The fusion of the
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Fig. 12.3 B- and C-subunit structures. (a) Cartoon representation of p50¢p66, (PDB code 3e0j)
(Baranovskiy et al. 2008). On the left side view the secondary structure elements are color coded
and labeled. a-helices, B-strands and coils are red, yellow and green in p50, and cyan, magenta and
light pink in p66. The disordered loops are shown as dotted lines. The expected CTD docking site
is highlighted in pink color. On the right side the molecule was rotated to optimize the view of
domains. The wHTH, PDE and OB domains are color coded. (b) Cartoon representation of p66
(residues 453-466) in complex with human PCNA (PDB code 1u76) (Bruning and Shamoo 2004).
Two orthogonal views are shown. The surface of one PCNA protomer is shown with bound p66
peptide represented as sticks. Both panels were prepared with PyMol software (Delano Scientific)
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PDE and OB domains is a distinct feature of the second subunits of replicative
B-family DNA polymerases covering all species from archaea to humans (Aravind
and Koonin 1998; Makiniemi et al. 1999).

The PDE domain of p50 is comprised of a two-layer -sheet with two o-helices
flanking on one side, and three o-helices flanking on the other side. However, unlike
the catalytically active PDE domains, the B-subunits of the eukaryotic B-family DNA
polymerases, including p50, do not contain conserved histidine and aspartate residues
involved in metal coordination and catalysis (Aravind and Koonin 1998). Instead, the
catalytically inactive PDE domains of eukaryotic polymerases play a central role in
protein-protein interactions. They have nearly twice the size and surface area com-
pared with catalytically active PDE domains. For example, comparison of pS0 with
the structure of a monomeric single subunit archaeal phosphodiesterase protein
MJ0936 (Chen et al. 2004) (PDB code 1s31) highlights significant differences in their
structures. The MJ0936 has a compact globular shape with a surface area of 6,579 A2,
In contrast, the PDE domain of p50 has a surface area of 12,858 A% and contains many
protruding parts and flexible loops. These differences make p5S0 a perfect docking
platform for Pol & subunits and possibly for other regulatory proteins.

The OB domain is connected with the PDE domain via two linkers, 17 interdomain
hydrogen bonds and several scattered interdomain hydrophobic contacts. The OB
domain consists of a five-stranded B-barrel (Murzin 1993) wrapped by a bended
a-helix on one side. Another side of the B-barrel remains fully accessible and may
have a potential for DNA and protein binding as in the case of the OB domains of
replication protein A (RPA) (Bochkarev et al. 1997; Bochkareva et al. 2005).

p50-bound p66, is comprised of a four-stranded, anti-parallel 3-sheet surrounded
by five a-helices and a C-terminal tail, and has a V-shaped structure. It contains a
novel variation of the wHTH motif that is often found in dsDNA-binding domains
of transcriptional activators and repressors.

12.3.2 p50°p66 Interactions

p66,, appears as an extension of p50 because one of the layers of a PDE domain
two-layer B-sheet is joined with the B-sheet of p66 via parallel B-strands, resulting
in an extended 10-stranded B-sheet (Fig. 12.3a). In addition, one more inter-subunit
- interaction is observed between the parallel B-strands (the first 3-strand of p5S0
and the last B-strand of p66,). Overall, 37 inter-subunit hydrogen bonds, including
12 main-chain to main-chain hydrogen bonds, inter-subunit hydrophobic interactions
covering one larger area and three smaller areas and inter-subunit electrostatic inter-
actions contribute to p50°p66, dimer formation. The latter interactions are formed
by the negatively charged p66-interacting surface of p50 and the complementary,
positively charged surface of p66. The p50ep66 complex formation produces
significantly large (5,398 A2) surface area buried at the dimer interface

Because of extended inter-subunit surface and a large number of main-chain to
main-chain hydrogen bonds, the impact of one or two interacting side chains
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truncations (for example by substitution to alanine) to the stability of p50ep66
complex is expected to be low. However, amino acid substitution with a bulky side
chain at the interface, which results in a sterical hindrance, or substitution with a side
chain, which results in a same charge repulsion, would be the efficient ways to pre-
vent the complex formation. Three sites in pS0 (Leu217, Gly224 and Glu231) were
selected to generate single and double tryptophan substitutions, aiming to disrupt
the pS0ep66 interactions by sterical hindrance and the interactions were examined by
two-hybrid assays. The data confirmed that sterical hindrance causing amino acid
substitutions leads to disruption of p50ep66 interaction (Baranovskiy et al. 2008).

12.3.3 Functional Studies

The crystal structure of Pol 5 p50ep66,, provides a platform for the explanation of
earlier accumulated genetic and functional studies as well as to set up novel structure-
based rational genetic and functional studies. Surprisingly, the structure also revealed
that in spite of the functional importance, the residues from the p50°p66 dimerization
interface belong to the least conserved regions. This significantly complicated the
mapping of p50ep66 interacting residues by genetic studies. As result, the earlier
genetic studies of p50 orthologs in yeast, Pol31p (Vijeh Motlagh et al. 2006) and Sp
Cdcl (MacNeill et al. 1996) were performed mainly targeting the highly conserved
regions. For example, the temperature-sensitive Pol31p mutants (Vijeh Motlagh
et al. 2006) are mapped to the secondary structure elements of pS0 that are neces-
sary for its proper folding. After inspection of the structure of p50°p66 we know
that these temperature-sensitive phenotypes are due to deformations in the overall
folding of Pol31. In another example the deletion of the C-terminal 20 residues of
Cdcl abolished its interaction with Cdc27 in yeast two-hybrid assays (MacNeill
et al. 1996). Indeed, corresponding residues of pS0 provide 7 out of the 12 inter-
subunit backbone interactions with p66. It has also become apparent why the deletion
of up to 100 N-terminal residues of the Pol32p abolishes its interaction with Pol31p
(Johansson et al. 2004).

Sc Pold was used to verify the functional importance of the interaction between
the B- and C-subunits (Baranovskiy et al. 2008). The Pol31pePol32p complex was
disrupted by a combination of charge repulsion and sterical hindrance. Two struc-
ture-guided Pol31p variants were constructed. In the first Pol31p variant, an Arg-
Arg-Gly is inserted in the loop located in the center of the Pol31pePol32p interface.
In the second Pol31p variant, an Arg-Arg-Gly insertion was combined with two point
mutations (Gly242Trp, Asp249Trp). These mutations were introduced into the yeast
strain allowing for concomitant detection of induced and spontaneous mutations in
three genetic loci (Pavlov et al. 2002). Neither of the mutations led to a growth defect
or temperature sensitivity, indicating that the mutations in this essential gene do not
affect the general properties of the second subunit. However, in comparison to the
parent strain, both mutations led to mild cold-sensitivity, increased sensitivity to
hydroxyurea, elevated sensitivity to UV light irradiation and reduced UV mutagenesis.
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Overall, the mutations behaved as strains with the complete deletion of the third
subunit. These experiments confirm that the mutations to affect specifically the
interaction between the B- and C-subunits, which is consistent with the structure-
predicted functional consequences of the amino acid changes.

In another set of experiments by the MacNeill group, random and directed muta-
genesis techniques were used to create a collection of 30 genes encoding mutant
Cdcl proteins (Sanchez Garcia et al. 2009). Each mutant protein was tested for
function in fission yeast and for binding to Pol3 and Cdc27 using the two-hybrid
system. Mapping of the location of each mutant onto the three-dimensional struc-
ture of p50 provided a plausible explanation for in vivo function of each Cdcl
mutant and also identified the amino acid residues and regions within the Cdcl
protein that are essential for interaction with Pol3 and Cdc27. Mutants specifically
defective in Cdc1eCdc27 and CdclePol3 interactions allowed the identification of
Cdc27- and Pol3-binding areas on Cdcl. The Cdc27-binding area of Cdcl coincides
with the p66-binding area of p5S0. The Cdc1 mutations disrupting Pol3 binding were
found mainly to affect the four disordered regions which are localized in close prox-
imity to each other and protruding to the same surface area (Fig. 12.3a). Based on
these observations, the disordered area of Cdc1 was predicted to bind the CTD of Pol3.
Similar conclusions were obtained by Maloisel group for Sc Pol 6 (Brocas et al. 2010).
Later, the crystal structure of the Pol o B-subunit in complex with the C-terminal
domain of its catalytic subunit has been reported (Klinge et al. 2009). The structure
confirmed that in Pol 8, the B-subunit area that was predicted to interact with the
CTD matches well with the corresponding interaction area in the Pol oo B-subunit.

12.3.4 Crystal Structure of p66°PCNA

The crystal structure of the C-terminal PCNA-interacting protein motif domain
(or PIP-box) of p66 (residues 452—466) has been determined in complex with human
PCNA (Fig. 12.3b) (Bruning and Shamoo 2004). The structure shows that the binding
mode of p66 and site of interaction is similar to the PIP-box structures of FEN1 and
p21°®! (Bruning and Shamoo 2004; Gulbis et al. 1996). As in these structures, the
PIP-box of p66 is comprised of an extended N-terminal region, a central conserved
region containing 3, -helix, and a region C-terminal to the PIP-box. A PIP-box exists
in proteins involved in cell cycle regulation and DNA processing. Sequential and
regulated binding of PIP-box-containing proteins to PCNA has been suggested to con-
tribute to the ordering of events during DNA replication and repair (Warbrick 2000).

12.4 D-subunit

The fourth D-subunit of Pol & was the latest addition to the list of Pol & subunits.
Hurwitz and coauthors purified and characterized the composition of Sp Pol &
(Zuo et al. 1997). Further analysis of the complex revealed four subunits with
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molecular masses of 125, 55, 54 and 22 kDa (Zuo et al. 2000). Western blot analysis
confirmed that the first three subunits correspond to Pol3, Cdcl, and Cdc27,
respectively. The identity of the smallest subunit was determined by sequence analy-
sis, indicating that this is identical to Cdm1, which was previously described as a
multi-copy suppressor of the temperature-sensitive cdcl-P13 mutant (MacNeill
et al. 1996). Unlike Sp Pol 8, Sc Pol & is comprised of three subunits only and lacks
the D-subunit (Gerik et al. 1998).

Shortly after the discovery of D-subunit in yeast Pol 8, Lee and coauthors
discovered the D-subunit of mammalian Pol & exhibiting a 25% identity to Cdm1
(Liu et al. 2000). The D-subunit of human Pol 8, designated as p12, is a 107 amino
acid protein with a molecular mass of 12.4 kDa. The four-subunit human Pol 3 complex
was reconstituted by overexpression of the four subunits in Sf9 insect cells by two groups
(Podust et al. 2002; Xie et al. 2002). The purified complex displayed a specific activity
comparable with that of the human, bovine, and fission yeast proteins isolated from
natural sources. Recently a large-scale production of human Pol & has been achieved by
its overexpression in silkworm larvae, providing a basis for its better structural and func-
tional characterization, especially the role of p12 (Zhou et al. 2011).

12.4.1 D-subunit Structure and Inter-Subunit Interactions

A stable three-subunit Sp Pol 6 complex containing Pol3, Cdcl, and Cdm1 was
reconstituted by simultaneous expression of corresponding polypeptides in baculo-
virus-infected insect cells (Zuo et al. 2000). The presence of such a complex pointed
to an interaction of Cdm1l with either or both Pol3 and Cdcl (Zuo et al. 2000).
Further clarification of D-subunit interactions was reported in the case of human Pol 8.
The yeast two-hybrid and pull-down assays revealed that p12 interacts with both the
catalytic subunit and the B-subunit of Pol & (Li et al. 2006).

The three-dimensional structure of the D-subunit from any source has not been
determined. Compared with other Pol 3 subunits the human p12 is a relatively small
polypeptide. Secondary structure predictions using the Phyre server (Kelley and
Sternberg 2009) shows that N-terminal residues may fold as two short B-strands
followed by a long stretch of disordered region that is rich in acidic residues and
three well-defined helices that are located at C-terminal half. The detailed mapping
of p12 regions interacting with the catalytic subunit and the B-subunit as well as
determination of its docking areas on the surface of these subunits has not been
performed. In addition to linking the Pol & with PCNA, interactions with p5S0 and
p125 subunits (Li et al. 2006) point to several likely scenarios for the architectural
role of p12 within the Pol & complex. One possible scenario is when p12 binds
simultaneously to the p50 and the CTD of p125. However, it may also form a bridge
between the p50 and the catalytic core of p125, or even interact with both CTD
and the catalytic core of p125 as well as p50. The p50-interacting CTD is flexible
relative to the catalytic core of p125 (Jain et al. 2009). Consequently, in the latter
two scenarios p12 will reduce the overall flexibility of the Pol 6 complex.
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Fig. 12.4 Amino-acid sequence alignment of B- and D-subunits of Pol & from different organisms.
Hs (human), Dr (Danio rerio), At (Arabidopsis thaliana), Sp (S. pombe) and Sc (S. cerevisiae).
Note that S. cerevisiae does not encode a D-subunit. The aspartate and glutamate residues in Asp/
Glu-rich insert of the S. cerevisiae B-subunit Pol31p and in corresponding regions of D-subunits
are marked in cyan. The tryptophan residues discussed in Sect. 12.4.1 are marked in magenta

As it was mentioned above, Sc Pol & lacks the D-subunit and functions as a
three-subunit complex (Gerik et al. 1998) indicating that some of these subunits
may compensate, at least in part, for the function of the D-subunit. Analysis of the
amino acid sequences of Sc Pol § subunits revealed a highly surprising similarity
between the amino acid sequences close to the C-terminal part of Pol31 and the
human p12 (Tahirov, unpublished data, see Fig. 12.4). This supports the idea that
upon the evolution the D-subunit was derived by duplication of the part of B-subunit.
In particular, Pol31 contains an insertion that is rich in acidic residues. Such acidic
sequences are absent in B-subunits of four-subunit Pol s but may have migrated to
their D-subunits. Another interesting finding is an apparent matching of three
tryptophan residues in Pol31p and pl2. An evolutionary relationship could be
observed upon changing from a lower eukaryotic organism to a higher eukaryotic
organism: during these changes, fewer of these tryptophan residues remained in
B-subunit and more appeared in D-subunit, but their total number in both subunits
remained at least three (Fig. 12.4). For example, in the case of Sp Pol & only one
tryptophan appears in Cdml and two remain in Cdcl, and, finally, in the case of
human Pol § all four tryptophan residues appear in p12 and none remain in p50.

The revealed evolutionary relationship of the B- and D-subunits along with the
crystal structure of the B-subunit (Baranovskiy et al. 2008) may help to map the
location of Pol31 sequences that “migrated” to form the D-subunit, and hence pro-
vide ideas about potential sites where the D-subunit might dock. In particular, the
position of the insertion that is rich in acidic residues is mapped to the loop between
the o-helices a, and o, of B-subunit, and the sequences harboring the tryptophan
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residues are in an extended loop between the o-helix o, and B-strand B, of the
B-subunit. Both of these loops protrude towards the B-subunit surface that is proposed
to bind the C-terminal domain of the catalytic subunit (Fig. 12.3a) (Sanchez Garcia
et al. 2009). In summary, these observations point out that the most likely scenario
for D-subunit docking is when the D-subunit binds simultaneously to the B-subunit
and the C-terminal domain of the catalytic subunit close to their interaction interface;
also, additional interaction with the catalytic core cannot be excluded since p12
alters the catalytic activity of Pol & (Meng et al. 2009, 2010).

12.4.2 D-subunit Function

Earlier studies with Sp Pol & showed that cells deleted for the D-subunit are viable,
indicating that the D-subunit is non-essential for Sp mitotic growth (Reynolds
et al. 1998). Subsequent characterization of the D-subunit and its functional role
were extensively pursued using mainly human Pol §. In initial studies the four-
subunit Pol § and three-subunit Pol 6 lacking the p12 subunit were reconstituted by
co-expressing the corresponding subunits in insect cells (Podust et al. 2002; Xie
et al. 2002). The four-subunit Pol & activity was comparable to that isolated from
natural sources and it efficiently replicated singly primed M13 DNA in the presence
of RPA, PCNA, and replication factor C (RFC) and was active in the SV40 DNA
replication system (Podust et al. 2002). The DNA polymerizing activity of three-
subunit Pol & was 15-fold lower than that of the four-subunit Pol 6. However,
addition of p12 stimulated the activity of the three-subunit Pol & fourfold on
poly(dA)-oligo(dT) template-primer, confirming that the p12 subunit is required to
reconstitute fully active recombinant human DNA polymerase (Podust et al. 2002).
In further studies, a PCNA-binding motif KRLITDSY (residues 4—11) at the N
terminus of p12 was determined by binding assays (Li et al. 2006). The interaction
with PCNA was confirmed by site-directed mutagenesis by replacing the p12
residues Ile7, Serl10, and Tyr11 with alanines. Comparison of DNA polymerizing
activities of four-subunit Pol 6 containing wild-type p12 with Pol & containing
mutated p12 with lost PCNA binding has been performed in the presence of increas-
ing amounts of PCNA using singly primed M13 DNA as the template. The data
revealed that Pol & with mutant p12 is less active than the wild-type Pol § in the
presence of similar concentrations of PCNA. Thus, based on obtained results authors
proposed that p12 not only stabilizes Pol  but also plays an important role in inte-
gration of Pol & with PCNA (Li et al. 2006).

Lee and coauthors have recently discovered that genotoxic agents such as UV
and alkylating chemicals trigger a DNA damage response in which the four-subunit
Pol 6 is converted to a three-subunit Pol & by rapid degradation of p12 (Meng et al.
2009, 2010; Zhang et al. 2007). The p12 degradation required an active ubiquitin
pathway and could be inhibited by proteasome inhibitors. Degradation was regulated
by ATR kinase that controls the damage response in S-phase. The three-subunit
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Pol & exhibits an increased capacity for proofreading 3'-5" exonuclease activity
compared with four-subunit Pol 6 (Meng et al. 2010). In particular, it cleaves single-
stranded DNA two times faster and transfers mismatched DNA from the polymerase
site to the exonuclease site nine times faster. However, Pol 6 extends mismatched
primers three times more slowly in the absence of p12.

In parallel studies, Suzuki and coauthors applied the short hairpin RNA (shRNA)
to control the levels of pl12 in a variety of human cells (Huang et al. 2010a).
Reduction of p12 resulted in a marked decrease in colony formation activity by
Calu6, ACC-LC-319, and PC-10 cells but increased population of karyomere-like
cells. The latter cells retained an ability to progress through the cell cycle suggesting
that p12 reduction induces modest genomic instability (Huang et al. 2010a).
Furthermore they also found that reduced expression of p12 plays a role in genomic
instability in lung cancer (Huang et al. 2010b).

The p12 subunit has been shown to be a target of posttranslational modifications.
Analysis of the p12 sequence for putative phosphorylation sites revealed a single
potential casein kinase 2 (CK2) phosphorylation site at Ser24 (Gao et al. 2008).
Mutation of this serine to aspartate resulted in resistance to phosphorylation,
confirming that Ser24 is indeed a target for CK2 phosphorylation. Dephosphorylation
of Pol § subunits, including p12, is catalyzed by the protein phosphatase-1 (PP1)
(Gao et al. 2008). In addition to phosphorylation and dephosphorylation, the p12
subunit was found to be target for ubiquitination (Liu and Warbrick 2006). However
the regulation of the levels of pl12 by the proteasome was found to be through a
mechanism that is not dependent upon p12 ubiquitination (Liu and Warbrick 2006).
The relation of these post-translational modifications to the above-described Pol &
functions has not been established.

p12 alone and within Pol § has been reported to interact specifically in vitro and
in vivo with BLM (the Bloom’s syndrome protein) and stimulate its DNA helicase
activity, and, reciprocally, BLM stimulates Pol § strand displacement activity
(Selak et al. 2008). A region of p12 comprising amino acids 31-60 was responsible
for interaction with BLM that indeed includes the disordered acidic region of p12.
Interestingly, BLM was found to co-localize with Pol 6 and prevent the degradation
of p12 when cells were treated with hydroxyurea (HU). These findings for the first
time provide a link between BLM and the replicative machinery in human cells and
points to the possible involvement of Pol § in Bloom’s syndrome (BS) (Selak et al.
2008). BS, which is caused by mutation of the BLM gene, is associated with exces-
sive chromosomal instability and a high incidence of cancers of all types.

12.5 Conclusions and Prospects

Decades of research has resulted in the identification and characterization of eukary-
otic B-family DNA polymerases. Now it is evident that the accessory subunits of
these high-molecular weight complexes are playing crucial roles in regulating their
activity. However, deciphering the exact mechanisms of their action remains highly
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challenging. Among the major hurdles toward achieving this goal is the lack of
comprehensive high-resolution three-dimensional structural information, especially
for the complexes containing accessory subunits. As we described in this chapter, in
the case of Pol 8, partial but significant progress has recently been achieved is this
direction. Importantly, the crystal structures were determined for the human Pol &
p50°p60,, complex and the Sc Pol 5 catalytic core. However, other important pieces
of the puzzle related to Pol 3 structure and function remain unknown. These include
the structure of the D-subunit and its complexes with other subunits of Pol d, the
structure of the CTD with its bound iron-sulfur cluster, the interaction of the CTD
with the B-subunit, the structure of the C-subunit C-terminal, the effect of post-
translational modifications, the interaction of Pol & subunits with PCNA, the inter-
action of Pol 3 subunits with other polymerases and regulatory factors, etc. Further
collective efforts of structural biologists will be required to find the missing pieces
of this puzzle and put them together in order to achieve a more complete under-
standing of Pol 8.
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Chapter 13
DNA Polymerase €

Matthew Hogg and Erik Johansson

Abstract DNA polymerase € (Pol €) is one of three replicative DNA polymerases
in eukaryotic cells. Pol € is a multi-subunit DNA polymerase with many functions.
For example, recent studies in yeast have suggested that Pol ¢ is essential during the
initiation of DNA replication and also participates during leading strand synthesis.
In this chapter, we will discuss the structure of Pol ¢, the individual subunits and
their function.

Keywords DNA replication * Leading strand * Pre-loading complex ¢ Processivity

13.1 Introduction

In the decades since the first DNA polymerase was discovered, the number and
types of known polymerases has expanded dramatically. In human cells there are at
least 15 DNA polymerases that play a part in a wide variety of activities in the
replication and maintenance of the genome (Shcherbakova et al. 2003a). DNA poly-
merase € (Pol €) is a large, multi-subunit enzyme found in all eukaryotic organisms
studied to date. The enzyme possesses two catalytic activities: template directed
DNA polymerization and the exonucleolytic removal of mispaired primer termini.
The role of Pol g, however, is not limited to DNA replication; it has been implicated
in such pathways as epigenetic silencing, cell cycle regulation, sister chromatid
adhesion and possibly DNA recombination during repair of DNA lesions (Pursell
and Kunkel 2008). All Pol € enzymes discovered to date consist of the same basic
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architecture. The core of the holoenzyme is the large, catalytic subunit that can be
divided into two subdomains: the N-terminal portion of the molecule is the catalytic
domain and contains the polymerase and exonuclease active sites, while the
C-terminal domain is catalytically inactive and appears to play a structural role in
the enzyme. All Pol € holoenzymes contain a large B-subunit as well as two small
subunits. The accessory subunits in Pol € do not appear to contain any catalytic
activities and do not appear to influence the catalytic rates of the polymerase or
exonuclease active sites of the N-terminal portion of the catalytic subunit. They do,
however, play important roles in the biological pathways in which Pol ¢ is found.
The following discussion looks at each of these subunits individually in terms of
what is known about their structures and then discusses how they function together
as higher order molecular complexes in the various cellular pathways in which Pol
€ plays a role.

13.2 Structure of Pol € Subunits

13.2.1 Pol2

While the crystal structure of Pol € has not yet been reported, many aspects of its
structure can be inferred from its classification with other DNA polymerases of
known structure. The N-terminal portion of Pol2 is classified as a B-family DNA
polymerase based on primary sequence similarities with other B-family DNA poly-
merases including eukaryotic DNA polymerase o and 3, the DNA polymerases
from bacteriophages T4 and RB69 and the DNA polymerases from several archaea
such as Desulfurococcus sp. (strain Tok), Thermococcus gorgonarius and Pyrococcus
furiosus. X-ray crystal structures are available for several members of the B-family
of DNA polymerases and all of these reveal a highly conserved arrangement of
protein domains (Fig. 13.1). All of the B-family DNA polymerases whose struc-
tures have been solved consist of five domains: a catalytic portion likened to a right
hand with a thumb, palm and fingers domain, an exonuclease domain and an
N-terminal domain.

The thumb domain associates with the duplex DNA upstream from the poly-
merase active site and has been shown to play a critical role in establishing the bal-
ance between polymerizing and editing modes of the B-family DNA polymerases.
Mutations in the thumb domain have been shown to act as mutators or antimutators
depending on whether they cause the enzyme to spend more time in the polymer-
izing mode or the editing mode respectively (Stocki et al. 1995; Wu et al. 1998). The
palm domain is the most highly conserved sub-domain among all DNA polymerases,
not just those from the B-family, and contains the catalytic residues involved in the
nucleotidyl transferase reaction of addition of nucleoside triphosphates to the grow-
ing 3' end of the primer terminus. All DNA polymerases in this family possess three
conserved sequence motifs called motif A, B and C, with motifs A and C containing
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Fig. 13.1 (a) The arrangement of conserved functional domains in the B-family DNA polymerases
as exemplified by the crystal structure of the ternary complex of the DNA polymerase from bacterio-
phage RB69 (Franklin et al. 2001). The N-terminal domain (residues 1-108 and 340-382) is shown
in yellow, the exonuclease domain (residues 109-339) is shown in orange, the palm domain (residues
383-468 and 573-729) is shown in red, the fingers domain (residues 469-572) is shown in blue and
the thumb domain (residues 730-903) is shown in green. The duplex DNA co-crystallized with the
protein is represented by a stick model with the primer strand appearing in pink and the templating
strand in magenta. The incoming dTTP molecule in the ternary complex is shown as grey spheres.
(b) The polymerase catalytic core of the DNA polymerase from bacteriophage RB69 (Franklin
et al. 2001). The three conserved motifs A, B and C (Delarue et al. 1990) are colored according to
the scheme in part a. The incoming dTTP is shown as grey sticks with transparent spheres. The
three conserved aspartates in the B-family DNA polymerases are shown as green sticks. The two
catalytic metal ions A and B are shown as yellow and orange spheres respectively. Leu 415 cor-
responds to Met 644 in Pol €. (¢) Conformational changes in the fingers domain of the DNA poly-
merase from bacteriophage RB69 (Franklin et al. 2001). The fingers from the open apo complex
are shown in cyan and those from the closed ternary complex in blue. The incoming dTTP is
shown as spheres. The conserved residues that coordinate the residues of the triphosphate tail dur-
ing catalysis are shown as sticks. (d) Sugar selectivity in the B-family DNA polymerase from
bacteriophage RB69 (PDB ID: 11G9 (Franklin et al. 2001)). The image on the left shows the
incoming dTTP molecule in grey spheres and the steric gate residue tyrosine 416 in green spheres.
The image on the right has a UTP ribonucleotide superimposed onto the dTTP to show the steric
clash between the 2'-OH group and the tyrosine ring. Tyr 416 corresponds to Tyr 645 in Pol &



240 M. Hogg and E. Johansson

the highly conserved catalytic aspartates (Fig. 13.1b) (Delarue et al. 1990). Motif C
consists of a B-hairpin loop with the invariant DTD sequence at its tip. These con-
served aspartate residues participate in the two-metal catalytic mechanism (Steitz
1993) that appears to be utilized by all DNA polymerases discovered to date. It has
been shown in genetic experiments that substitutions of the two catalytic aspartates
for alanine in the catalytic subunit of Pol € (Pol2) rendered the cells inviable, sug-
gesting that DNA synthesis by Pol ¢ is essential in yeast (Dua et al. 1999). Inserted
within the palm domain sequence is the fingers domain that contains motif B. This
motif consists of residues at the junction of the palm domain and the fingers domain,
the movement of which is a critical component in the catalytic activity of B-family
DNA polymerases. This domain also contains conserved amino acid residues that
bind the triphosphate tail of the incoming nucleotide triphosphates and which
undergo large conformational changes during catalysis (Fig. 13.1c) (Franklin et al.
2001; Yang et al. 1999). Another motif that may be located in the palm domain or
the vicinity of the thumb domain is a 66 amino acid insertion that is only found in
Pol € among all B-family DNA polymerases (Shcherbakova et al. 2003b). The func-
tion of this motif is still unknown.

The exonuclease domain in B-family DNA polymerases contains four conserved
residues that participate in the catalytic removal of mis-incorporated nucleotides and
provide an approximately 100-fold increase in replication fidelity (McCulloch and
Kunkel 2008). The exonuclease active site resides about 40 A away from the poly-
merase active site in RB69 and so at least three residues must be unwound from the
template in order to span this distance. Steric restraints prevent duplex DNA from
entering the exonuclease active site. The Pol € mutant allele pol2-4, carrying the dou-
ble mutation D290A and E292A in the conserved motif, has no exonuclease activity
in in vitro experiments and yeast strains with the pol2-4 allele also have a significantly
increased mutation rate (Morrison et al. 1991; Shcherbakova et al. 2003b)

The N-terminus of B-family polymerases consists of the aptly named N-terminal
domain. In archaeal DNA polymerases, this domain contains conserved cysteine
residues that form a binding pocket for uracil that can discriminate against the four
canonical DNA bases (Fogg et al. 2002). This activity has been proposed to allow
these polymerases to pause upon encountering uracil in the template to allow the
cell time to repair the uracil residue before replication proceeds across this poten-
tially mutagenic base (Connolly 2009). Interestingly, this read-ahead capability
appears to be unique to the archaeal B-family DNA polymerases as no other
B-family DNA polymerases, including Pol € from S. cerevisiae, are blocked by the
presence of uracil in the templating DNA (Wardle et al. 2008). A distinct function
of the N-terminal domain of Pol € has not yet been reported.

The catalytic core subunit of Pol € is unique among all of the eukaryotic B-family
DNA polymerases in that it appears to consist of two distinct polymerase domains.
While all of the domains discussed above exist within the catalytic Pol2 subunit of
Pol g, these domains only make up about 140 kD of the estimated 259 kD enzyme
in S. cerevisiae. Thus there is a large portion of Pol2 that appears to possess no cata-
lytic activity. Secondary structure predictions, fold recognition and sequence simi-
larity searches, however, result in high similarities between the 120 kD C- terminus
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of human Pol € and B-family DNA polymerases such as DNA polymerase II in
Escherichia coli and the archaeal DNA polymerases from Desulfurococcus sp.
(strain Tok) and Thermococcus kodakaraensis (Tahirov et al. 2009). The conserved
motifs for polymerase and exonuclease domains in the C-terminus of Pol € in both
humans and S. cerevisiae align with the catalytic domains of other B-family DNA
polymerases but the catalytic residues in both the polymerase and exonuclease
domains are disrupted such that catalytic activity has been lost. Such a disruption in
catalytic domains appears to be a common feature among a diverse group of archaeal
polymerase homologs (Rogozin et al. 2008). Interestingly, the alignments of the
C-terminal domain appear to be more similar to bacterial B-family DNA poly-
merases than the N-terminal domain of Pol ¢ itself (Tahirov et al. 2009). Thus the
evolutionary pathway for the creation of Pol € appears to be more complex than a
simple gene duplication event of the N-terminal domain.

The very C-terminal end of the protein is a cysteine rich sequence containing two
putative zinc fingers of the sequence CX,CX CX CX, CX,CX  CXC (Dua et al.
1998). The zinc fingers have been demonstrated to bind zinc ions, though the bind-
ing efficiency of the two fingers is not identical (Dua et al. 2002). Sequence analyses
of the zinc fingers suggest that they are more similar to the single zinc finger in the
archaeal PolD polymerase than to other B-family Zn fingers (Tahirov et al. 2009).
The zinc-finger domain is essential and interacts with the B-subunit Dpb2
(presented below). Point mutations that support growth exhibit sensitivity to the
alkylating agent methyl methane sulfonate (MMS) (Dua et al. 1999) suggesting that
the mutant is deficient in DNA damage repair or avoidance. Interestingly, it is the
inter-zinc finger region that is essential for cell viability, not the conserved cysteine
residues that constitute the zinc fingers (Dua et al. 1998).

13.2.2 Dpb2

The B-subunit of Pol € (Dpb2) consists of three domains: an N-terminal region that
shows structural similarity to AAA+ proteins, a predicted OB fold in the center of
the protein and a C-terminal calcineurin-like domain (Nuutinen et al. 2008). The
N-terminus of human Dpb2 has been solved by NMR spectroscopy (Nuutinen et al.
2008). So far, there have not been any functions assigned to the three domains. The
C-terminal calcineurin-like phosphodiesterase domain is active in archaea and
appears to be involved in PCNA binding. In eukaryotic B subunits, this domain is
disrupted and appears to no longer possess catalytic activity (Aravind and Koonin
1998). Dpb2 contains a putative PCNA binding domain (Dua et al. 2002). However,
mutant Pol € with mutations in the Dpb2 PIP (PCNA interacting protein) motif was
not affected in PCNA-dependent holoenzyme assays (unpublished observations).
Dpb2 is essential for cell viability as disruption of the DPB2 gene in
Saccharomyces cerevisiae and in Schizosaccharomyces pombe is lethal to the cell.
Temperature-sensitive mutants of Dpb2 showed partial defects at the restrictive tem-
perature (Araki et al. 1991), suggesting that Dpb2 participates during the establishment
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of the replication fork and is required for proper chromosomal replication in yeast.
In S. pombe, Dpb2 binds to origins in early S-phase supporting a function during
the initiation process (Feng et al. 2003). The C-terminal domain of Pol2 also asso-
ciates with origin DNA at the same time as Dpb2 (Feng et al. 2003).

Dpb2 is phosphorylated by Cdc28 during late G1 phase. Inactivation of cyclin-
dependent kinase (CDK) phosphorylation sites in Dpb2 leads to slow cell growth
and decreased spore viability. It was suggested that phosphorylation of Dpb2 regu-
lates its interaction with Pol2 or the activity of the Pol ¢ holoenzyme (Kesti et al.
2004), something which remains to be tested in vitro. Temperature sensitive dpb2
alleles were shown to give an increased spontaneous mutation rate (Jaszczur et al.
2008). The level of spontaneous mutation rates were correlated with loss of interac-
tion with Pol2 in two-hybrid assays (Jaszczur et al. 2009). Whether Dpb2 directly
influences the fidelity of Pol2 remains to be shown.

13.2.3 Dpb3/Dpb4 Dimer

The primary amino acid sequence of Dpb3 and Dpb4 suggests that the N-terminal
region of Dpb4 contains a histone fold motif consisting of a helix-strand-helix motif
(Ohya et al. 2000). This motif was first identified as being required for dimerization
of histone H2A/H2B and H3/H4 pairs (Arents and Moudrianakis 1993) and has
been shown to be present in numerous other protein-protein and protein-DNA inter-
actions (Baxevanis et al. 1995). In fact Dpb4 also has another partner, DIsl, in a
chromatin remodeling complex. The structure of the DIsl/Dpb4 complex
(CHRAC14-CHRACI16) from D. melanogaster revealed that Dpb4 indeed has a
histone-fold (Hartlepp et al. 2005).The role of DIs1/Dpb4 appears to tether the chro-
matin remodeling complex to the double-stranded DNA, a function which also has
been proposed for the Dpb3/Dpb4 complex in Pol ¢ (Dang et al. 2007; Hartlepp
et al. 2005; Tsubota et al. 2003).

Pol ¢ has the ability to bind double-stranded DNA with high affinity, a property
not normally associated with DNA polymerases (Tsubota et al. 2003). The double-
stranded DNA binding affinity is a property of the C-terminal portion and/or the
C-terminal associated subunits of Pol ¢ while the more common single-stranded
DNA binding property resides in the N-terminal portion of the enzyme that contains
the polymerase and exonuclease motifs. Binding of double-stranded DNA by a
heterodimer of Dpb3 and Dpb4, however, was very weak. Subsequent work showed
that the Dpb3/Dpb4 heterodimer acts in concert with the Pol2/Dpb2 heterodimer to
bind double-stranded DNA with an affinity much higher than the individual het-
erodimers (Tsubota et al. 2006). When Pol2/Dpb2 and Dpb3/Dpb4 were purified
separately, binding to double-stranded DNA as assayed in gel shift assays only
occurred at high concentrations of protein but when the two complexes were mixed
together, the affinity for double-stranded DNA was similar to that of the four subunit
holoenzyme. Homology modeling of the Dpb3/Dpb4 heterodimer onto the crystal
structure of the chicken H2A-H2B-dsDNA complex (Harp et al. 2000) suggested
regions of the proteins that might interact with double-stranded DNA (Fig. 13.2).
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Fig. 13.2 Theoretical DNA binding motifs in Dpb3 and Dpb4 based on the crystal structure of
histone fold containing proteins. The structures of H2A (blue) and H2B (cyan) are taken from PDB
ID 1EQZ (Harp et al. 2000). The regions of the proteins onto which Dpb3 and Dpb4 were homology
modeled are shown in darker colors with black outlines. The portion of the DNA duplex in direct
contact with the H2A and H2B proteins is shown as grey sticks. The residues in H2A and H2B
corresponding to those that were mutated in Dpb3 and Dpb4 are indicated by spheres and the
proposed DNA binding regions in Dpb3 and Dpb4 are indicated by the red dashed lines (Tsubota
et al. 2006). This figure is based on Figure 3 in Tsubota et al. (2006)

Indeed, mutations of several lysine residues in Dpb3 reduced double-stranded DNA
binding and this defect could be rescued by mutations of a serine and threonine to
lysine in Dpb4. Thus the conclusion was made that the heterodimer of Dpb3 and
Dpb4 is involved in double-stranded DNA binding (Tsubota et al. 2006).

Dpb4 and Dpb3 are not essential for cell viability in S. cerevisiae and appear to
offer no enhancement to the catalytic activity of Pol € (Aksenova et al. 2010; Ohya
et al. 2000). However, genetic interactions with Dpb11 and Rad53, as well as altered
cell cycle progression during S-phase support a model where Dpb3 and Dpb4 are
required for normal replication fork progression (Ohya et al. 2000).

13.3 Structure of Pol € Holoenzyme

Based on a combination of sedimentation velocity experiments and gel filtration
analysis, the quaternary structure of Pol € appears to be a 1:1:1:1 stoichiometric
ratio of all four subunits (Chilkova et al. 2003). The molecular mass of Pol € was
determined to be 371 kDa, demonstrating that Pol € purifies as a monomer in all
conditions tested (Chilkova et al. 2003).
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Structural studies of Pol € have been hampered by poor yields of recombinant
protein and by proteolytic cleavage of the Pol2 subunit (Dua et al. 2002). Expression
of the Pol ¢ holoenzyme in S. cerevisiae, however, yielded sufficient quantities of
material to begin attempts at structural studies of the holoenzyme (Chilkova et al.
2003). The structure of Pol € has been solved by cryo-electron microscopy (Asturias
et al. 2006). An iterative projection mapping procedure (Penczek et al. 1994) on
approximately 19,000 individual Pol & holoenzyme molecules resulted in a recon-
struction of the holoenzyme to about 20 A with a volume of approximately 380 kDa
that corresponded well with the previously estimated molecular weight of Pol ¢
(Fig. 13.3a) (Asturias et al. 2006). In this reconstruction, Pol € appears as an elon-
gated protein with a globular head domain and an extended tail domain. In an
attempt to locate the subdomains of Pol g, identical reconstructions were made
using only the Pol2 subunit (Fig. 13.3b). The 20 A reconstructions of Pol2 are strik-
ingly similar to the globular domain of the holoenzyme suggesting that the globular
head domain consists of the catalytic core. This, then, leaves the extended tail
domain to contain the three subunits Dpb2, Dpb3 and Dpb4. A third construct was
subjected to the same imaging protocol and consisted of the catalytic core Pol2 and
the B-subunit Dpb2. This reconstruction (again to about 20 A) resembled the struc-
ture of Pol2 alone but with extra volume (Fig. 13.3c). This extra volume, however,
does not account for all of the expected volume from Dpb2 suggesting that, at least
in the absence of Dpb3 and Dpb4, Dpb2 or the C-terminus of Pol2 is highly mobile
in the Pol2/Dpb2 heterodimer.

While particles preserved in amorphous ice tend to adopt similar conformations,
particles preserved in stain can show variability in conformational changes within a
protein structure (Burgess et al. 2004). Images of single Pol € molecules preserved
in stain were divided into subcategories based on the relative orientations of the
head and tail domains. This classification suggested that the tail domain can move
up to 25° and 70° relative to the head domain depending on the direction of motion
(see Figure 8 in Asturias et al. 2006). Such domain motions provide a tempting
mechanism for how Pol & could bind duplex DNA by way of a flexible linker
between the head domain containing the catalytic subunit and the tail domain con-
taining the three accessory subunits. Such a flexible linker domain is evidenced by
the intrinsic mobility (and loss of density resolution) for Dpb2 in the Pol2/Dpb2
heterodimer. If duplex DNA were, indeed, to bind to the Pol € holoenzyme in the
manner suggested in Fig. 13.3d, this would imply that there would be a minimum
length of DNA that would be stably bound by the holoenzyme of about 40 nucle-
otides. Primer extension assays support this hypothesis (Asturias et al. 2006). When
duplexes of varying lengths were provided to Pol € holoenzyme, processivity, as
measured by the termination probability at each template position (Kokoska et al.
2003; McCulloch et al. 2004), increased once the duplex region was 40 nucleotides
or greater. Such an increase in processivity did not occur with the Pol2 catalytic
subunit in the absence of the three accessory subunits Dpb2, Dpb3 and Dpb4. Early
experiments with Pol ¢ also showed an increase in processivity when the three
accessory subunits were added to the Pol2 subunit (Hamatake et al. 1990).
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Fig. 13.3 Cryo-electron microscopy (cryo-EM) images of Pol € from S. cerevisiae. (a) Front, side
and rop views of the four subunit holoenzyme. The crystal structure of the DNA polymerase from
bacteriophage RB69 (brown) (Franklin et al. 2001) docked to the sliding clamp from the same
organism (green) (Shamoo and Steitz 1999) is shown as a surface representation for scale compari-
son to the cryo-EM structure of Pol €. (b) The cryo-EM construction of the Pol2 catalytic subunit
alone. (¢) The cryo-EM construction of the catalytic subunit of Pol2 in complex with Dpb2. The
red density represents the increase in density over just the Pol2 domain alone. (d) Cryo-EM recon-
structions of molecules preserved in stain show flexibility of the tail domain with respect to the
globular head domain. This motion suggests a mechanism by which the active site could be made
accessible to duplex DNA, which would then be held in place by the closure of the C-terminal
domain of the polymerase and presumably, Dpb2, Dpb3 and Dpb4. All cryo-EM reconstructions
are from (Asturias et al. 2006)
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Interactions between the accessory subunits and duplex DNA as shown in
Fig. 13.3d would correlate with the proposed protein folds in these subunits. Dpb3
and Dpb4 both contain histone fold motifs that are presumed to interact with duplex
DNA. Indeed, deletion of the two subunits drastically reduces the processivity of the
catalytic core along the DNA template (Aksenova et al. 2010). Thus the Dpb3/Dpb4
heterodimer may be functioning as a processivity factor for Pol ¢ in place of PCNA
as discussed later.

One question in particular that cannot be answered by the cryo-EM structure is
how the accessory subunits are associated with Pol2. It would be tempting to believe
that the globular head domain contains all of Pol2 and that the tail domain contains
just Dpb2, Dpb3 and Dpb4. It is known, however, that the zinc fingers in Xenopus
Pol2 are required for binding of the B subunit p60 but not p12-p17. These interact
with a motif closer to the N-terminus of Pol2 (Shikata et al. 2006). Yeast two-hybrid
assays have also shown that yeast Dpb2 interacts with the zinc-finger domain
(Dua et al. 1998; Jaszczur et al. 2009). It is entirely possible, therefore, that the very
C-terminal domain of Pol2 extends away from the globular head domain and pro-
vides binding sites for the accessory subunits. This C-terminal tail would likely be
quite flexible and thus not visible in the cryo-EM reconstructions of Pol2 alone.

13.4 Higher Order Structures

The amino terminal half of Pol € that contains the polymerase and exonuclease
domains is not required for cell viability in S. cerevisiae (Dua et al. 1999; Kesti et al.
1999) or S. pombe (Feng and D’Urso 2001). However, the replication process is
impaired and it was suggested that Pol & can rescue the cells from death (Dua et al.
1999; Ohya et al. 2002). In agreement with these results, the catalytic domain of Pol
€ appears to be required for replication of the Xenopus genome (Shikata et al. 2006).
In all cases studied, the C-terminal portion of Pol ¢ is essential for cell viability
suggesting that higher order protein interactions between Pol € and other cellular
components are required for cellular viability.

13.4.1 Initiation of DNA Replication

The initial step in replication is the formation of a pre-replication complex at an
origin of replication (autonomously replicating sequence (ARS) in yeast — see
Stinchcomb et al. 1979) during the G1 phase of the cell cycle. This complex consists
of the six subunit origin replication complex (ORC), which recruits Cdc6, and
together these proteins load Cdt1-Mcm2-7 complexes onto DNA in an ATP hydro-
lysis-dependent manner (Randell et al. 2006) (see Chaps. 3, 4, 5, 6 and 7, this volume).
In budding yeast, upon entry of the cell into S-phase, activated cyclin dependent
kinases phosphorylate Cdc6 leading to its degradation to prevent re-initiation of
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replication (Drury et al. 1997). The order by which the assembly of replication forks
occurs is still not fully understood, however Pol ¢ participates in a very early step.
It has recently been reported that Pol € participates in a pre-loading complex in
S. cerevisiae consisting of Pol €, Dpb11, S1d2, GINS (Muramatsu et al. 2010). This
complex forms in a CDK dependent manner and in the absence of association with
replication origins. It was proposed that this pre-LC functions as a carrier of GINS
to the replication fork, which is required to form the active helicase known as the
CMG complex (Cdc45-Mcm2-7-GINS). The Dpb2 subunit has been reported to
interact with the Psfl subunit of GINS (Takayama et al. 2003) as well as with the
Orcl and Orc4 subunits of ORC (Krogan et al. 2006). Thus the C-terminal portion
of Pol € may be required for cell viability due to its association with Dpb2 and sub-
sequent formation of protein complexes required for the initiation of genomic
replication.

13.4.2 Role at the Replication Fork

While the N-terminal catalytic domain of Pol € was not absolutely required for cell
viability in S. cerevisiae, several lines of evidence suggested that it plays an impor-
tant role during normal DNA synthesis. Thermosensitive mutants of Pol2 in
S. cerevisiae were defective in chromosomal replication, failed to produce chromo-
some-sized DNA molecules and exhibited a dumbbell shape phenotype, which is
indicative of DNA replication problems in budding yeast (Araki et al. 1992; Budd
and Campbell 1993). Furthermore, site-directed mutagenesis of the two conserved
aspartates in Pol2 that are required for polymerase activity in all other DNA poly-
merases demonstrated that the polymerase activity of Pol € is essential in S. cerevisiae
(Dua et al. 1999). Pol ¢ has also been demonstrated to move together with the repli-
cation fork in S. cerevisiae (Aparicio et al. 1997).

The current view of the role for Pol € at the replication fork emerged in part from
a series of studies focused on the fidelity by which Pol € and Pol & replicate DNA.
Both Pol € and Pol & have proofreading activity (3'-5'exonuclease activity) that
significantly increases their fidelity during DNA synthesis (Morrison et al. 1993).
Early genetic experiments in S. cerevisiae asked if inactivation of the proofreading
activity of either Pol & or Pol € would give a bias in the mutation rates of leading and
lagging strand (Shcherbakova and Pavlov 1996). A nucleotide analog,
6-N-hydroxylamine (HAP), base pairs with both T and C and can lead to G-C to
A-T and A-T to G-C transitions depending on whether the HAP is in the templating
strand or is the incoming nucleotide. Mutagenesis by HAP is only affected by the
exonuclease proofreading activity of polymerases in correcting mis-incorporations
with this analog. Using the reporter gene URA3 downstream from the origin of rep-
lication ARS306, it was shown that mutagenesis by proofreading deficient Pol € and
Pol 6 changed when the orientation of the URA3 reporter gene was changed relative
to the origin of replication. Interestingly, the frequencies of reversion events were
opposite when comparing exonuclease deficient Pol € and Pol & (Shcherbakova and
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Pavlov 1996). Similar studies looking at mutational spectra in the SUP4 gene with
both Pol £ and Pol 8 exonuclease deficient mutants confirmed the results (Karthikeyan
et al. 2000). While these experiments do not specifically demonstrate leading or
lagging strand synthesis for either enzyme, they do suggest that Pol 3 and Pol ¢
proofread opposite strands.

In vitro studies of Pol ¢ revealed that Pol € is a highly accurate DNA polymerase
(Shcherbakova et al. 2003b). In fact, estimates suggest that Pol € has the highest
fidelity among all DNA polymerases in S. cerevisiae (Fortune et al. 2005). Still, Pol
€ makes errors and it was found that Pol € has a unique propensity for pyrimidine
mismatches, in particular T-dTTP (Shcherbakova et al. 2003b). This characteristic
was later enhanced in genetic experiments suggesting that Pol € participates in leading
strand synthesis (Pursell et al. 2007). These experiments utilized the concept of
asymmetric mutators — polymerases that had a propensity for certain mismatch
combinations over others. The original idea came from the E710A mutation in the
large Klenow fragment of E. coli pol I that showed reduced fidelity (Minnick et al.
1999) but, importantly for the experiments in question, showed a strong preference
for forming A-dCTP mismatches over T-dGTP mismatches (Minnick et al. 2002).
These two mismatches would both lead to A-T to G-C transitions depending on
whether the A or the T were in the templating strand, thus giving a mutational
marker as to which strand was being copied. The glutamate at position 710 in the
Klenow fragment is likely located in the same position as the invariant tyrosine at
position 645 in Pol € and at position 416 in RB69 (Fig. 13.1d). Replacement of the
adjacent methionine in Pol ¢ with glycine (pol2-M644G) results in a polymerase
that still retains high levels of activity but exhibits an in vitro error rate for forming
T-dTTP mismatches that is approximately 39-fold greater than forming A-dATP
mismatches (Pursell et al. 2007). When the URA3 reporter gene was placed in both
orientations both to the right and the left of the ARS306 origin of replication, it was
observed that mutational hot spots occurred in which A-T to T-A transitions were
the result of T-dTTP misincorporations by pol2-M644G. The data lead to the con-
clusion that Pol € participates during leading strand synthesis at the replication fork
(Pursell et al. 2007). Subsequent studies, using the same approach on Pol & with the
corresponding pol3-L612M mutant, showed that Pol & primarily synthesizes DNA
on the lagging strand where the reporter gene was located (Nick McElhinny et al.
2008). Recently a whole genome analysis of errors made in a pol3-L612M strain
confirmed that Pol & is the major lagging strand polymerase (Larrea et al. 2010).
Together these experiments suggests that during normal DNA replication Pol € is
the leading strand polymerase and Pol 3 is the lagging strand polymerase.

Other observations that support this model are that Pol & can proofread errors
made by Pol o, while Pol € does not (Pavlov et al. 2006). During lagging strand DNA
synthesis, Pol a is continually laying down RNA primers followed by about 20
nucleotides of DNA before the primer terminus moves from Pol a to the lagging
strand DNA polymerase (see Chap. 9, this volume). Because Pol a lacks 3'-5’ exonu-
clease activity, it is more error prone than Pol € and Pol & (Kunkel et al. 1989, 1991).
The mutator activity of Pol o has been shown to act synergistically with proofreading-
deficient Pol & (Pavlov et al. 2006). In these experiments, the poll-LS68M active site
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mutant had a limited mutator effect in vivo and the pol3-exo~ exonuclease deficient
mutant of Pol & had an approximately seven-fold increase in mutation rates. The
double mutant, however, showed an approximately 70-fold increase in mutation rate.
Such synergism in mutagenesis was not observed with a proofreading deficient
mutant of Pol & suggesting that Pol & is able to correct errors by Pol o on the lagging
strand but that Pol € is not able to correct such errors and is thus not likely to be active
on the lagging strand during DNA replication.

During Okazaki fragment maturation, strand displacement is carried out by the
lagging strand polymerase in tight regulation with the flap endonuclease FEN1
which removes the 5’ flap of RNA/DNA (see Chap. 16). Pol 8, in contrast to Pol g,
functionally interacts with FEN1 and DNA ligase I during the processing of primers
in the Okazaki fragments (Jin et al. 2001; Garg et al. 2004). This supports the
hypothesis that Pol ¢ is not a lagging strand DNA polymerase.

13.4.3 PCNA

PCNA (proliferating cell nuclear antigen, see Chap. 15, this volume) is a large, tri-
meric, ring-shaped molecule that wraps around duplex DNA. PCNA is loaded onto
the DNA by the activity of the clamp loading protein RFC (see Chap. 14). Many
molecules interact with PCNA such that it acts as a structural platform, recruiting
and maintaining other molecules on the DNA. The association of DNA polymerases
with PCNA at the replication fork serves to prevent dissociation of the polymerase
from the DNA. Pol ¢ and Pol & have both been shown to be stimulated by PCNA
(Burgers 1991; Lee et al. 1991). Under single hit conditions in which a polymerase
that dissociates from the DNA molecule will not re-associate with another previ-
ously extended DNA molecule (Bambara et al. 1995), the processivity of Pol € and
Pol  were very similar, with a less than two-fold longer processivity for Pol & com-
pared to Pol € (Chilkova et al. 2007). Interestingly, however, under these experimen-
tal conditions Pol € processivity was increased only about sixfold in the presence of
PCNA and clamp loader while Pol & processivity was increased at least 100-fold.
Thus, while both polymerases are stimulated by PCNA, the effect appears to be
much greater for Pol 8.

Pol ¢ appears to have a canonical PCNA-interacting protein (PIP) box motif.
That is a putative PCNA binding sequence of QTSLTKFF, which fits the consensus
sequence Qxxhxxaa in which ‘h’ is a hydrophobic residue and ‘a’ is an aromatic
residue (Warbrick et al. 1998). Unlike other proteins known to interact with PCNA,
however, the PIP box is not located at the N- or C-terminal end of the protein but
is instead located in the middle of the protein. The PIP box is likely where one
would expect to find it at the C-terminus of the catalytic domain, but upon the gene
duplication event (as discussed earlier) the PIP box became buried in front of
the second set of polymerase motifs that make up the C-terminal tail of Pol €. The
location of the PIP box suggests that it may no longer interact directly with PCNA.
Surface plasmon resonance experiments using immobilized PCNA showed no
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interaction with PCNA in solution at similar concentrations at which Pol & showed
strong interactions with PCNA (Chilkova et al. 2007) suggesting that stimulation
of Pol € and Pol 6 by PCNA occurs by two distinct mechanisms.

It is clear that PCNA stimulates Pol ¢ in vitro but genetic experiments demon-
strated that the putative PIP-box in Pol € is not necessary for cell viability. Site
directed mutagenesis of the conserved residues as well as deletion of the entire PIP
box had no effect on cell growth at both 23°C and 37°C (Dua et al. 2002). Instead
deletion of the entire PIP box as well as mutations of the conserved hydrophobic
(Leu 1196) and aromatic (Phe 1199 and Phe 1200) residues increased the sensitivity
of the resulting S. cerevisiae cells to the DNA damaging agent methyl methanosul-
fate (MMS).

Pol & has at least two different types of interactions with PCNA. It is possible that
the interaction between the PIP box and PCNA is important for the loading onto the
primer termini and the second interaction supports the distance by which Pol & rep-
licates DNA before it dissociates from the template. In contrast, Pol € only interacts
with PCNA when already loaded on the primer-template. Several enzymes predicted
to operate on the lagging strand of the replication fork contain PIP boxes known to
interact with PCNA. Pol & interacts with PCNA through a C-terminal PIP box in its
C-subunit p66, Pol32 or Cdc27 (Bermudez et al. 2002; Ducoux et al. 2001; Gerik
etal. 1998; Johansson et al. 2004), the flap endonuclease FEN1 interacts with PCNA
via a C-terminal PIP box (Warbrick et al. 1997) and DNA ligase I interacts with
PCNA via a PIP box in its N-terminus (Levin et al. 1997). Thus there may be dis-
tinct mechanisms of PCNA utilization between the two strands at the replication
fork. Leading strand replication, as carried out by Pol &, was hypothesized to be PIP
box-independent while lagging strand synthesis, as carried out by Pol 8, FEN1 and
DNA ligase I, was proposed to be dependent on the conserved PIP box motif for
interactions with PCNA(Chilkova et al. 2007). Physical interactions between Pol
and the CMG complex might explain why Pol ¢ primarily replicates the leading
strand: Pol ¢ is known to interact with both GINS and Cdc45 but whether this occurs
when these proteins are part of the CMG complex is not yet known.

13.4.4 Checkpoint Activation in S Phase

Inhibition of replication fork progression can lead to genomic instability and subse-
quent chromosomal rearrangements and translocations, which play an important
role in cancer development (Lengauer et al. 1998). Replication fork inhibition or
blockage can be caused by natural impediments such as DNA binding proteins, col-
lisions with the transcription machinery and aberrant DNA structures such as those
caused by nucleotide repeat sequences (reviewed in Mirkin and Mirkin 2007).
Replication forks are also stalled by the presence of DNA damage such as bulky
adducts (Shiotani et al. 2006), abasic sites (Boiteux and Guillet 2004), DNA-protein
crosslinks (Payne et al. 2006) and interstrand crosslinks (Niedernhofer et al. 2005).
Sensing of replicative stress leads to a signaling cascade culminating in the phos-
phorylation of Rad53 in budding yeast.
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Decoupling of the helicase from the replicative polymerases is suggested to
generate large amounts of single-stranded DNA that recruits RPA and initiates
signaling pathways (Navadgi-Patil and Burgers 2009). During chromosome repli-
cation, the lagging strand always has a certain amount of single-stranded DNA due
to the synthesis of the Okazaki fragments. In contrast, it is less likely to find large
amounts of single-stranded DNA on the leading strand during normal replication.
Thus the leading strand polymerase is ideally positioned to participate in the sen-
sory mechanism for the generation of checkpoint signals. Indeed, Pol € has been
implicated to play a role in this function. The pol2-12 allele in S. cerevisiae, with
Gln 2195 converted to a stop codon at the C-terminus of Pol2, leads to a loss of S
phase checkpoint function (Navas et al. 1995). Pol € acts as a sensor of DNA rep-
lication progression because the pol2-12 mutants fail to activate both the Dunl
protein kinase and transcription of RNR3 in response to DNA damaging agents, are
inviable in the presence of hydroxyurea (an inhibitor of ribonucleotide reductase
(Krakoff et al. 1968)), and enter into mitosis before completion of DNA replication
(Navas et al. 1995). Pol ¢ was found to act as a transducer of the DNA damage
checkpoint signal only during S phase and operates in a parallel pathway to RAD9
that transduces the signal during G1 and G2 phases (Navas et al. 1996). It is still
unclear how Pol ¢ participates in the checkpoint activation.

Mrcl is a replication fork associated protein that has been implicated to be
important both during DNA replication and mediating an S phase checkpoint.
Interestingly, Mrcl interacts with the helicase component Mcm6 (Komata et al.
2009) and Pol € (Lou et al. 2008) and it was suggested that Mrc1 stabilizes a hypo-
thetical interaction between the Mcm helicase and Pol € (Lou et al. 2008). Pol ¢
associates with Mrcl via both its N-terminus and C-terminus and the association
with the Pol2 C-terminus appears to be modulated by Dpb2. Phosphorylation of
Mrcl during S phase checkpoint eliminates N-terminal association but not
C-terminal association (Lou et al. 2008).

Another model is proposed in which stalling of leading strand synthesis by Pol ¢
signals the Dpb11/S1d2-Mec1-Rad53 signaling cascade leading finally to cell cycle
arrest. This activity appears to be dependent on Dpb4 and suggests that leading and
lagging strands sense DNA damage and signal this to the cell via different pathways
(Puddu et al. 2011). This is an interesting model since Pol ¢ is inhibited by single-
stranded DNA, while Pol § is less sensitive to the presence of single-stranded DNA
(Chilkova et al. 2007).

13.5 Ribose vs Deoxyribose Discrimination

Most DNA polymerases have mechanisms by which they can discriminate between
deoxyribonucleotide and ribonucleotide triphosphates (Brown and Suo 2011; Joyce
1997). For the B-family polymerases such as Pol ¢, this consists of a conserved
tyrosine residue (position 645 in Pol ¢) that acts as a steric gate against the 2'OH
group of the sugar in ribonucleotides (Bonnin et al. 1999; Gardner and Jack 1999;
Yang et al. 2002) (Fig. 13.1d). Discrimination between nucleotide sugars, however,
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is not absolute and the problem is confounded by the relative abundance of the sugar
moieties for which in vivo NTP concentrations can be orders of magnitude higher
than dNTP concentrations in yeast (Nick McElhinny et al. 2010b) and mammalian
cells (Traut 1994). Primer extension assays with Pol € suggest that it may incorpo-
rate approximately one NMP for every 1,250 dNMPs incorporated and that DNA
synthesis by Pol ¢ is inhibited by the presence of NMPs in the template (Nick
McElhinny et al. 2010b; Watt et al. 2011). Pol & can incorporate ribonucleotides
in vivo, as demonstrated by the increased presence of NMP residues detected by
alkali hydrolysis in the M644G mutant and the double mutant of M644G with ribo-
nuclease H2 knockout mutation in S. cerevisiae (Nick McElhinny et al. 2010a).
These mutations also resulted in mutator phenotypes. These results, along with the
fact that ribonuclease H2 contains a PIP box and associates with PCNA (Bubeck
et al. 2011), suggests that incorporation of NMP by Pol ¢ may be a significant
source of genomic instability and may be repaired by ribonuclease H2 traveling
with the replication fork.

13.6 Concluding Remarks

We have in this chapter only discussed some of the properties of Pol €. In addition to
what has been discussed, pol € mutants have been reported to affect telomere length
and silencing near the telomeres. There are reports suggesting that Pol ¢ interacts
with proteins that participate in sister chromatid establishment and in DNA repair
pathways, and which may influence chromatin structure. Its position as an important
protein during the assembly of the replisome and during leading strand synthesis
suggests that Pol € will interact with many processes involved in the maintenance and
duplication of the genome. The low-resolution cryo-EM structure has in part offered
an explanation to some of the unique properties of Pol €. However, it cannot give us
the molecular details on how the high fidelity during DNA synthesis is achieved or
why Pol € incorporates ribonucleotides relatively frequently. Both these properties
imply that the structure of the active site in Pol & will differ from Pol & or other
B-family polymerases. A high-resolution structure would be invaluable for our
understanding of how the active site functions and also for future studies of the inter-
actions with DNA and other proteins which have been discussed in this chapter.
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Chapter 14

The RFC Clamp Loader: Structure
and Function

Nina Y. Yao and Mike O’Donnell

Abstract The eukaryotic RFC clamp loader couples the energy of ATP hydrolysis
to open and close the circular PCNA sliding clamp onto primed sites for use by
DNA polymerases and repair factors. Structural studies reveal clamp loaders to be
heteropentamers. Each subunit contains a region of homology to AAA+ proteins
that defines two domains. The AAA+domains form a right-handed spiral upon
binding ATP. This spiral arrangement generates a DNA binding site within the cen-
ter of RFC. DNA enters the central chamber through a gap between the AAA+ domains
of two subunits. Specificity for a primed template junction is achieved by a third
domain that blocks DNA, forcing it to bend sharply. Thus only DNA with a flexible
joint can bind the central chamber. DNA entry also requires a slot in the PCNA
clamp, which is opened upon binding the AAA+domains of the clamp loader. ATP
hydrolysis enables clamp closing and ejection of RFC, completing the clamp load-
ing reaction.

Keywords Clamp loader ¢ Sliding clamp ¢ DNA polymerase * Replisome ¢ RFC
* PCNA » AAA+machine

14.1 Overview of Clamp Loaders and Sliding Clamps

Clamp loaders are so called for their action in loading ring-shaped sliding clamps
onto DNA (see Fig. 14.1a). Sliding clamps encircle DNA and slide along the duplex
while binding DNA polymerases, tethering them to DNA for high processivity
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m g ATP
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Fig. 14.1 Scheme of clamp loader function. (a) The structures of the E. coli B and human PCNA
sliding clamps (PDB: 2POL and PDB: AXC, respectively). (b) Schematic of clamp loader function
using eukaryotic RFC and PCNA as the example. ATP binding to RFC enables RFC to bind and
open PCNA. In the presence of a primed template, RFC places PCNA onto DNA and then hydro-
lyzes ATP to eject from the PCNA-DNA complex (Reproduced with permission from Figure 1a of
Bowman et al. (2004))

during chain extension (reviewed in O’Donnell and Kuriyan 2006). Clamps and
clamp loaders are ubiquitous in all life forms and thus must have evolved in the
progenitor ancestor cell from which all different cell types arose.

Sliding clamps were the first type of protein known to function by encircling
DNA (Kong et al. 1992; Stukenberg et al. 1991). Today, many DNA metabolic pro-
teins are known to encircle DNA for performance of their function. The structures
of the E. coli  clamp and the eukaryotic PCNA (proliferating cell nuclear antigen)
clamp are shown in Fig. 14.1a (Gulbis et al. 1996; Krishna et al. 1994). The eukaryotic
PCNA clamp is a homotrimer, while the bacterial clamp is a homodimer. Despite
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Table 14.1 Three component subunit structures of replicases from diverse organisms

Organism Polymerase Clamp loader pentamer Sliding clamp
E. coli Pol 11T (y/7),08 B dimer

T4 phage gp43 gp44/62 pentamer gp45 trimer
Archaea Pol B RFC pentamer PCNA trimer
Eukaryotes Pol 4, Pol € RFC pentamer PCNA trimer

this difference in oligomeric state, the eukaryotic and bacterial clamps have essentially
the same structure. In both cases, the clamps are six domain rings, and each domain
has the same chain folding pattern. The domains have fused together during evolu-
tion in various ways giving rise to the different oligomerization states. In PCNA, the
individual protomers of the trimer are composed of two domains each. In bacteria,
the clamps are homodimers, and each protomer consists of three domains. The
structure of sliding clamps from archaeal cells and bacteriophage T4 have also been
solved; they share the same general chain fold and trimeric oligomerization state as
PCNA (Dore et al. 2006; Matsumiya et al. 2001; Moarefi et al. 2000; Shamoo and
Steitz 1999). The detailed structure and function of PCNA is the subject of the
Chap. 15.

The crystal structures showed the sliding clamp rings were closed, implying that
another factor was needed to crack these ring-shaped clamps open and then reclose
them onto DNA. In fact, a second protein was known to be required for the clamp
to function with DNA polymerase. In all systems, this “clamp loader” protein is a
pentameric ATPase. The eukaryotic clamp loader was first identified as a necessary
protein for SV40 replication in vitro (Fairman et al. 1988). The exact function was
not known at the time and it was named replication factor C (RFC) (Waga and
Stillman 1994) or activator-1 (Lee et al. 1989). The name RFC gained widespread
use and is the term used today for eukaryotic and archaeal clamp loaders (Grabowski
and Kelman 2003). The names of the clamp loader, clamp and replicative DNA
polymerase in different cell types are given in Table 14.1.

Clamp loaders are heteropentamers and they hydrolyze ATP to assemble their
respective clamps onto a primed DNA site (see Fig. 14.1b) (O’Donnell and Kuriyan
2006). However, the clamp loader binds the same surface of the clamp as the DNA
polymerase and prevents the interaction of DNA polymerase with the clamp
(Jonsson et al. 1998; Naktinis et al. 1996). Thus, upon placing the clamp on DNA,
the clamp loader must eject from the clamp to enable the polymerase access to the
clamp. The hydrolysis of ATP accomplishes clamp loader ejection from the clamp
as illustrated in the second step of Fig. 14.1b (Ason et al. 2003). The polymerase
then binds to the clamp for highly processive function.

14.2 Clamp Loader Structure

The RFC clamp loader is composed of five essential “clamp loading” subunits
referred to as RFC1 through 5 (Cullmann et al. 1995). With the exception of the
large RFC1 subunit (approximately 128 kDa in human), the RFC2, 3, 4 and 5 subunits
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are approximately 38—41 kDa each. The five subunits contain a region of homology
with one another (O’Donnell et al. 1993). This region of homology defines a large
family of proteins referred to as AAA+proteins (ATPases associated with a variety
of cellular functions) (Erzberger and Berger 2006). The AAA+region encodes two
domains, the structure of which will be discussed shortly. AAA+ proteins generally
perform protein remodeling reactions in a wide variety of cellular pathways
(Neuwald et al. 1999). Many AAA+ proteins are circular hexamers, although other
oligomerization states exist and in fact, the heteropentameric clamp loader is one of
these exceptions. Numerous examples of AAA+ proteins participate in the replica-
tion process, including origin binding proteins (i.e. several subunits of the ORC
complex, Cdc6/Cdc18, the Mcm2-7 helicase and of course, the RFC clamp loader)
(Davey et al. 2002).

The AAA+homologous region folds into two domains, and these domains bind
ATP (Guenther et al. 1997). The P-loop and DEAD box ATP site motifs are
located on the larger, N-terminal domain, and the smaller domain contains several
residues that are important to binding and/or hydrolysis. In all clamp loader sub-
units there is at least one additional domain that is C-terminal to the AAA+ domains.
The C-terminal domain that is outside of the region of AAA+homology is mostly
composed of a-helix and it mediates the strongest intersubunit interactions that
hold the pentamer together. RFCI, the largest subunit of RFC, contains both
N- and C- terminal extensions in addition to these three domains (Bunz et al.
1993). Although the N-terminal extension of RFC1 contains a region of homol-
ogy to DNA ligases (i.e. the BRCT domain), it does not have ligase activity. The
solution structure of the human RFCI N-terminal BRCT domain has recently
been solved and a model for BRCT DNA binding presented (Kobayashi et al.
2010). The N-terminal extension of RFC1 is not essential for cell viability (Gomes
et al. 2000), nor is it required for in vitro clamp loading activity (Uhlmann et al.
1997), but removal of this region results in sensitivity to DNA damage in vivo
(Gomes et al. 2000).

The subunits of RFC, like clamp loaders of all cell types, are arranged in a circu-
lar shape (Bowman et al. 2004; Jeruzalmi et al. 2001a). The crystal structures of the
bacterial and eukaryotic clamp loaders, in Fig. 14.2a and b, respectively, show that
the AAA+domains of the five subunits are arranged in a spiral, while the C-terminal
domains define a nearly planar circle, referred to as a “collar”. One subunit of the
E. coli clamp loader is shown at the right of Fig. 14.2a, to illustrate the three domains
structure of clamp loader subunits (Jeruzalmi et al. 2001a). By convention, clamp
loaders are viewed from the “side” with the C-terminal domain at the top, and the
N-terminal AAA+domains at the bottom (Jeruzalmi et al. 2001a). Proceeding coun-
terclockwise around the circle from the subunit at the far right, the subunit positions
are referred to as the A, B, C, D and E subunits (see Fig. 14.2b and c). The C-terminal
domains of the collar form a tightly closed circle with no gap and are the main con-
nections that hold the complex together. In all clamp loaders, there is a gap between
the AAA+domains of subunits A and E (i.e. see Fig. 14.2a). In RFC this gap is pres-
ent between RFC1 and RFCS (Fig. 14.2b and c). In RFC, this gap is somewhat nar-
rower than in the E. coli clamp loader because RFC1 has a C-terminal region that
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a E. coli clamp loader b yeast RFC-PCNA
collar C
domain Il

d AAA+ domains of RFC

PCNA axis of rotation 1T CSCrew axis

Fig. 14.2 Architecture of the clamp loader. (a) E. coli minimal clamp loader heteropentamer of
v,80” (PDB: 1JR3). The left part of the figure shows the three-domain architecture of each subunit.
The right part of the figure shows the gap between the AAA+domains of subunits & (purple) and
&’ (orange). The yellow o helix of 3 binds the 3 clamp at one end (see text for details) (Adapted
with permission from Figure la of Jeruzalmi et al. (2001a)). (b) The yeast RFC-PCNA-ATPYS
complex (PDB: 1SXJ). RFC is in color and PCNA is in grey. The three domains of the subunits are
as indicated, and subunits are noted according to their positions (a—e), which for yeast RFC are
RFC1, RFC4, RFC3, RFC2 and RFCS, respectively (Adapted with permission from Figure 1b of
Bowman et al. (2004)). (¢) Cartoon of the arrangement of yeast RFC subunits. The location of ATP
sites at subunit interfaces is indicated. ATP binding sites are within subunits RFC2 (ATP site 1),
RFC3 (ATP site 2), RFC4 (ATP site 3) and RFC5 (ATP site 4). Subunits with arginine fingers that
are needed for catalysis are in RFCS5 (ATP site 1), REC2 (ATP site 2), RFC3 (ATP site 3) and RFC4
(ATP site 4) (Adapted with permission from Figure 3b in O’Donnell and Kuriyan (2006)). (d) RFC
—PCNA structure in which only the AAA+domains of RFC are shown (color) and the collar is
removed. The figure illustrates the spiral shape of the AAA+domains. RFC1 (purple) forms the
most extensive contact with PCNA (grey) (Reproduced with permission from Figure 2 of Bowman
et al. (2004))

extends across the gap and protrudes down toward the N-terminal face of the clamp
loader (colored white in Fig. 14.2b).

Although clamp loader subunits are homologous to AAA+ proteins, they do not
all have a functional ATP binding site (e.g. lack the P-loop). Therefore, certain
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clamp loader subunits do not hydrolyze ATP. In the eukaryotic RFC clamp loader
the RFC5 subunit lacks a P-loop. Thus the RFC pentamer has only four functional
ATP sites. In fact, mutational studies show that only three of these sites are needed
for PCNA clamp loading; the ATP site of RFCI is not essential for clamp loading
(Gomes and Burgers 2001). A common feature of AAA+proteins is that the ATP
site is located at the interface of two subunits, and catalysis requires residues from
both subunits. Specifically, one subunit binds ATP, but residue(s) needed for cataly-
sis of ATP are donated by the adjacent subunit. In RFC, one of these inter-subunit
catalytic residues is an “arginine finger” set within a SRC motif that is conserved in
clamp loader subunits of all cell types (Bowman et al. 2004; Jeruzalmi et al. 2001a;
O’Donnell and Kuriyan 2006). Mutational analysis has shown that the arginine of
the SRC motif is required for ATP catalysis (Johnson and O’Donnell 2003; Johnson
et al. 2006; Snyder et al. 2004; Williams et al. 2004). The fact that the ATP sites of
AAA+oligomers are formed by residues of two neighboring subunits suggests that
the AAA+architecture may reflect an underlying necessity for intersubunit com-
munication, consistent with the idea that cooperation of subunits within a large
complex is important to performance of a complicated protein remodeling task.

14.3 RFC Clamp Loader Interaction with DNA

The structure of RFC in complex with PCNA and ATPYS revealed an unanticipated
mode by which clamp loaders bind to DNA, even though DNA was not present in
the structure (Bowman et al. 2004, 2005). Modeling of DNA through the PCNA
ring, located below the complex, indicated that DNA may reside inside the center of
the clamp loader and be surrounded by all five subunits (see Fig. 14.3a). Surprisingly
there is sufficient space inside the center of RFC to accommodate duplex DNA
(Fig. 14.3b), but even more telling is the disposition of the AAA+domains of all five
subunits. The AAA+domains are arranged in a right-handed spiral that closely
match the pitch of the DNA duplex (Fig. 14.2d and illustration in Fig. 14.3c). This
highly suggested that DNA binds inside the clamp loader. Furthermore, many posi-
tive charged residues present in each subunit are within hydrogen bonding distance
to DNA modeled into the complex. These potential DNA interactive residues are
conserved from bacteria to human, further suggesting their importance in bind to
DNA (Bowman et al. 2005). These conserved residues are located on two o helices
in each subunit that have positive dipoles pointed toward the direction of DNA mod-
eled into the central chamber (illustrated in Fig. 14.3c). Although the AAA+domains
of the unliganded (no ATP) E. coli y,68" complex are also arranged in a spiral, the
pitch is not as steep as that seen in the yeast RFC-PCNA-ATPYS structure. This dif-
ference between unliganded E. coli clamp loader (no ATP) and ATPYS bound RFC-
PCNA suggests that ATP binding results in a conformational change that brings the
AAA+domains into the correct spiral shape to form a central DNA binding site.
Subsequent mutational studies demonstrated that these positive charged residues
are indeed required to bind DNA, both for the E. coli clamp loader and yeast RFC
(Goedken et al. 2005; Yao et al. 2006).
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a Side view b Top view

domain 3
(collar)

Fig. 14.3 Model of the RFC-PCNA-DNA complex. (a) Duplex DNA is modeled through PCNA
and into the center of RFC (Reproduced with permission from Figure 3c in O’Donnell and Kuriyan
(2006)). (b) View of the RFC-PCNA-DNA model looking from the “top” of RFC with the
C-terminal “collar” removed. There exists space for DNA in the center of RFC, and each subunit
contains residues on two o helices (yellow) that point toward the DNA (Adapted with permission
from Figure 4b of Bowman et al. (2004)). (c) Cartoon of the spiral disposition of the AAA+domains
of RFC relative to DNA and PCNA (Reproduced with permission from Figure 4c of Bowman et al.
(2004)). (d) Structure of the E. coli clamp loader bound to a primed DNA (/eff) and cartoon of the
structure (right diagram) (PDB: 3GLF) (Simonetta et al. 2009). The template strand of DNA is
colored green (left) or yellow (right) (Reproduced with permission from Figure 1c in Simonetta
et al. (2009))

The proposal that DNA binds to the central chamber of the clamp loader provided
an immediate answer to the question of why clamp loaders have a gap between two
subunits. Since clamps are loaded at primed sites on template strands that do not
have DNA “ends”, the DNA cannot simply enter the clamp loader through the
“bottom”. Hence, the observed gap between two clamp loading subunits provide an
entry port for an “endless” DNA strand to enter into the central cavity of the clamp
loader. Entry of a long DNA strand would also require an open interface of the
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sliding clamp located under the clamp loader in which the clamp loader gap and the
open interface of the clamp are aligned with one another for DNA entry.

Structural support for DNA binding to the central cavity of RFC was obtained
from an electron microscopy study of an archaeal RFC-PCNA bound to DNA
(Miyata et al. 2005). Although high resolution architectural details are not visible,
the DNA appeared to reside inside the clamp loader. The electron microscopy study
is described further below in the context of PCNA ring opening. A high resolution
structure of DNA bound to the inside of a clamp loader has recently been obtained
for the E. coli clamp loader in the presence of a primed template DNA (Simonetta
et al. 2009). The structure, shown in Fig. 14.3d, confirms that duplex DNA resides
within the central cavity of the ¥,60" clamp loader, and that each subunit interacts
with the DNA backbone. Interestingly, the clamp loader only interacts with the
template strand, not the primer strand. This finding was unanticipated and may
reflect an important biological function. Specifically, the E. coli clamp loader must
be capable of assembling the clamp onto an RNA primer made by primase, but it
must also be capable of assembling the clamp onto a DNA primed site during vari-
ous types of repair reactions outside the context of chromosome replication. RNA-
DNA and DNA-DNA duplexes have different structures. RNA-DNA duplexes
prefer the A-form, which has a much larger diameter than B-form duplex DNA.
Interestingly, the fit of RNA-DNA modeled into the structure indicates that the tem-
plate DNA strand interactions can be maintained with very little or no change.
Furthermore, the central cavity has sufficient diameter to accommodate the greater
diameter of A-form RNA-DNA relative to B-form DNA-DNA. Hence, the fact that
the major interactions between the clamp loader and DNA occur through the tem-
plate strand may facilitate binding to both A-form and B-form structures.

Primed sites are synthesized at nearly random positions during lagging strand
synthesis (Kornberg and Baker 1992), and thus clamp loaders must be capable of
recognizing the structure of a primed site, not a specific sequence for clamp load-
ing. Structure specific binding to a primed site is made possible by the tight packing
of the C-terminal domains in the collar (Bowman et al. 2004, 2005). As dis-
cussed above, DNA will enter the central chamber of the clamp loader through
the gap between the AAA+domains of two subunits that are aligned with the
open interface of the clamp, but the tightly packed C-terminal domains provide a
“cap” that prevents DNA from going straight through the structure. This imposes
the requirement that DNA must make a sharp bend in order to bind into the cen-
tral chamber of the clamp loader. Duplex DNA is too rigid for this sharp bend,
but the flexibility of single-strand DNA should allow this bend to occur. This is
nicely apparent from the structure of the E. coli clamp loader bound to a primed
template (Fig. 14.3d), in which the template strand bends out from the side of the
clamp loader at the top of the central cavity, just below the “cap” formed by the
C-terminal domains. Thus the clamp loader structure can be compared to a
“screw cap” in which the screw binds duplex DNA and the cap imposes the sharp
bend that provides specificity for a primed template junction that has a flexible
template single strand.
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14.4 ATP Binding and Opening of the Clamp

Studies in both E. coli and eukaryotes have shown that the clamp loader requires
ATP binding to interact with the sliding clamp (Gomes and Burgers 2001; Naktinis
etal. 1996). However, ATP does not need to be hydrolyzed for this function. Indeed,
the E. coli clamp loader has been shown to open one interface of the 3 dimer upon
binding ATP (or ATPYS) (Turner et al. 1999). Therefore hydrolysis is not required
for clamp binding or clamp opening, but is needed for completion of the reaction
(clamp loader ejection/clamp closing).

Most proteins that bind the PCNA clamp contain a conserved motif, called the
PIP (PCNA interacting peptide) motif (Warbrick 2000). The way that the PIP
sequence motif binds to PCNA was determined from the structure of a peptide of
this motif bound to the human PCNA clamp (Gulbis et al. 1996). The PCNA clamp
has a hydrophobic pocket located between the two domains in each subunit. The
PIP motif binds into this hydrophobic pocket. The PIP motif is required for most
known protein-PCNA interactions. Subsequently, the structure of an E. coli clamp
loader subunit (& subunit) bound to the B clamp, and a peptide bound to the T4
clamp, revealed a very similar type of interaction in which a peptide sequence binds
into a hydrophobic pocket located between the globular domains (Jeruzalmi et al.
2001b; Shamoo and Steitz 1999). A consensus sequence for bacterial clamp binding
peptides has been described, in analogy to the PIP sequence (Dalrymple et al. 2001;
Wijffels et al. 2004).

It is important to note that there appear to be additional binding sites to which
proteins can interact with the clamp, in addition to the interaction with the hydro-
phobic pocket of the clamp. For example, one such secondary site is observed in the
crystal structure of Pol IV bound to the bacterial clamp (Bunting et al. 2003).
Secondary sites of interaction of protein binding to PCNA are suggested by muta-
tional and genetic studies (Ayyagari et al. 1995; Eissenberg et al. 1997; Gomes and
Burgers 2000; Johansson et al. 2004). Despite these additional interactions with the
clamp, interaction with the hydrophobic pocket in the clamp is thought to be the
major source of binding energy between the clamp and the proteins that it binds.

PCNA is a homotrimer and therefore has three identical protein binding sites,
one in each subunit. Thus multiple proteins may attach to the PCNA clamp at the
same time through binding to these identical sites. This aspect of clamp biology, in
which multiple proteins bind the clamp at the same time, is referred to as the “tool
belt” hypothesis. This very interesting subject will be briefly mentioned again later,
and is expanded upon in Chap. 15.

The N-terminal, or bottom surface, of RFC binds to PCNA (Fig. 14.2b). As
described above, this surface is composed of the N-terminal AAA+domains that are
arranged in a right-handed spiral. The spiral shape of the N-terminal bottom surface
of RFC can only accommodate binding of two to three RFC subunits, as a spiral
geometry is inconsistent with complete interaction with a spiral (i.e. all five subunits
of RFC) with a flat closed circular PCNA ring. However, if an open PCNA clamp
adopts a right-handed spiral to match the right-handed spiral surface of the clamp
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RFC
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Fig. 14.4 The PCNA clamp opens in a right-handed spiral. (a) Molecular simulations indicate that
PCNA opens in a right-handed spiral that matches the shape of the RFC AAA+domains (fop
diagram); the model of open PCNA with the structure of RFC is shown below (Kazmirski et al.
2005) (Reproduced with permission from Figure 5 of Kazmirski et al. (2005)). (b) Electron micro-
graph particle reconstruction of an archaeal RFC-PCNA in the presence of DNA and ATP (Miyata
et al. 2005) (Reproduced with permission from Figure 3a in Miyata et al. (2005))

loader, all the RFC subunits could bind the open PCNA clamp. Molecular simulations
of PCNA in fact indicate that once an interface of PCNA is broken, the clamp spon-
taneously opens into a right-handed spiral (Kazmirski et al. 2005). Furthermore, the
open PCNA spiral closely matches the N-terminal surface of RFC (illustrated in
Fig. 14.4a). The electron micrographic reconstruction of an archaeal RFC-PCNA-
DNA also reveals that the clamp is open in a right-handed spiral (Miyata et al.
2005). One problem with both of these studies is that the opening in the clamp
(<15 A) is less than the distance needed for passage of a DNA duplex (Fig. 14.4b)
(Kazmirski et al. 2005; Miyata et al. 2005). The clamp must open at least 20 A to
accommodate passage of duplex DNA. Thus the mechanism of clamp opening is
still an active issue for future research.
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The PCNA clamp is closed in the yeast RFC-PCNA-ATPyS structure, yet ATP
binding should result in an open PCNA clamp when bound to RFC. Indeed, a
fluorescent assay for clamp opening indicates that the PCNA clamp is open upon
ATP binding to RFC (Zhuang et al. 2006). A likely reason for the closed clamp
in the crystal structure is that RFC subunits were mutated in the “arginine finger”
active site residue of the SRC motif to prevent any possible hydrolysis of ATPyS
over the long time frames needed for crystal growth. These active site mutations
probably prevented the conformation change required to open the clamp. The
fact that ATP binding to wild type (i.e. non-mutated) RFC yields an open PCNA
clamp is further supported by electron microscopy studies of a archaeal RFC-
PCNA-DNA-ATP complex showing the clamp in an open form (Fig. 14.4b)
(Miyata et al. 2005).

Substantial insight into the mechanism of clamp opening has been obtained from
crystal structure and biochemical analysis of the E. coli § clamp in complex with the
4 subunit of the clamp loader (i.e. d is located in position A) (Jeruzalmi et al. 2001b).
Biochemical studies demonstrated that the & subunit of the clamp loader, by itself,
opens the clamp (Turner et al. 1999). The d subunit cannot load clamps on DNA, as
the other subunits of the clamp loader are needed to perform the organized tasks of
binding DNA, placing the clamp on a primed site, ejection of the clamp loader and
clamp closing.

Only one & subunit binds to a 3 dimer and surprisingly, the  subunit binds much
more tightly to a monomeric  clamp, mutated at the interface (a half clamp)
(Stewart et al. 2001). This observation suggests that the binding energy of & sub-
unit to B is used to perform “work™ on the circular 3 clamp, presumably to open the
clamp on its own. This “work™ of clamp opening is manifested in a lower affinity
of & to a § dimer compared to the B monomer mutant. In other words, the 3 mono-
mer “half clamp” is already open, so & does not need to expend binding energy to
open it and thus binds the B monomer tighter then the § dimer. Biochemical studies
have demonstrated that the clamp is not dismantled into monomers during clamp
loading, and that only one interface opens during clamp loading onto DNA (Turner
et al. 1999).

The crystal structure of & subunit bound to the monomeric mutant § clamp pro-
vided much deeper insight into the clamp opening mechanism (Jeruzalmi et al.
2001b). Specifically, the structure of & bound to a f monomer revealed that the B
monomer adopts a much shallower crescent shape than the 3 protomers within a 3
ring. This shallower crescent shape was due to rigid body motions of the three
domains of the B protomer. Interestingly, the major rigid body change that contrib-
uted to the shallower crescent shape of the 3 monomer was distant from the & -
binding site. The implication of these observations for clamp loading is that the
protomers within the clamp are under spring tension (i.e. the protomers bend inward
because the force of the dimer interfaces are strong), but when one interface of the
ring is broken (i.e. by J), then each protomer can “relax” to a shallower crescent
shape, thereby providing a gap for DNA strand passage.

The 3-B structure also indicates a specific mechanism by which the & subunit
forces one B interface open. The connection between & and the hydrophobic pocket
in B is mediated by residues near one end of a long o helix in § (colored yellow in
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Fig. 14.2a). The opposite end of the same o helix extends to the B dimer interface
and causes a distortion at the interface (Jeruzalmi et al. 2001a). This distortion may
destabilize the  dimer interface and allow it to open.

14.5 ATP Hydrolysis and Closing of the Clamp

Clamp closure around DNA is the step at which ATP is hydrolyzed. In this regard,
it is important to note that each subunit of the RFC heteropentamer is encoded by a
different gene, and therefore each ATP site is structurally distinct (Cullmann et al.
1995). There are two extremes in which one may view the role of the different ATP
sites. At one extreme, all the ATPs are hydrolyzed at once, and the purpose is to
simply close the clamp and eject the clamp loader. In this view the clamp loader is
a simple switch, either opening or closing the clamp, and DNA is the trigger for the
switch in which primed template binding brings all catalytic residues into register at
once and hydrolysis is essentially simultaneous at all sites regardless of the struc-
tural differences between the sites. At the other extreme, the ATP sites have indi-
vidual functions enabled by their different molecular structures. In this view, the
clamp loader is still a switch, but a more complicated one, where each ATP drives a
different step along the path of clamp closure and clamp loader ejection.

Study of ATP binding and ATP site mutations in RFC indicates that different
ATP sites have different functions and thus favors a more complicated switch
(Gomes and Burgers 2001; Gomes et al. 2001; Johnson et al. 2006; Schmidt et al.
2001). One report demonstrates that the four ATP sites of RFC fill in a specific
fashion (Gomes and Burgers 2001). Binding of the first two ATP enable RFC to
bind PCNA, followed by a third ATP when it binds PCNA, while the fourth ATP
binds upon association with the primed template (Gomes et al. 2001). Mutational
studies of ATP site P-loops in different RFC subunits demonstrate that mutation of
the P-loop of any single subunit has an effect on activity, although defects due to
mutation of the RFC1 P-loop can be overcome by increasing the concentration of
ATP (Cai et al. 1998; Podust et al. 1998; Schmidt et al. 2001). Interestingly, P-loop
mutants of RFC still bind PCNA but are defective in binding DNA (Cai et al. 1998).
This may be explained by inability of the RFC mutants to open PCNA, precluding
DNA from the central chamber of RFC.

Studies that mutate the arginine finger in different RFC subunits suggest an
order to ATP hydrolysis and further support the proposal that different ATPase
sites have distinct functions in the clamp loading mechanism (Johnson et al.
2006). These experiments suggested that ATP binding was sensed by RFC3 to
promote DNA association. ATP hydrolysis in RFC2 was specifically stimulated
by PCNA, and thus may be the first ATP to be hydrolyzed and coupled to PCNA
ring closure around DNA. Remaining ATP appears to be hydrolyzed in an ordered
fashion around the clamp loader ring, starting from subunit D (RFC2), then sub-
units in positions C (RFC3), B (RFC4) and A (RFC1). The RFC-PCNA-ATPYS
structure indicates that upon closure of PCNA, contacts between PCNA to RFC2
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and RFCS5 will be severed (i.e. these subunit do not bind the closed ring in the
structure). This would also disable ATP induced conformations in RFC needed for
RFC binding to DNA. Hence, these differential effects conspire to achieve the
same goal — specifically to disconnect RFC from PCNA and DNA, allowing ring
closure and clamp loader ejection.

Studies of the E. coli clamp loader also suggest that different ATP sites may have
distinct functions. The E. coli clamp loader pentamer (,86) has three ATP binding
sites; only the y subunits bind ATP while § and 8" do not. Even though the three ATP
sites are each in a 7y subunit, they are not identical due to their formation by the
union of two subunits. Thus only two sites are structurally similar (those formed by
Y-Y junctions at positions B-C and C-D), while the third site (position D-E) involves
an arginine finger from an SRC motif within §’. A mutation in the arginine finger of
&’ results in deficient clamp binding, while mutations in the arginine fingers of 7y
disrupt DNA binding (Johnson and O’Donnell 2003; Snyder et al. 2004). These
results further support the idea that different ATP sites have distinct functions in
clamp loader action. Interestingly, after ATP hydrolysis and clamp loader ejection
from B, the E. coli clamp loader remains inactive for a short time, possibly due to
slow ADP release (Ason et al. 2003; Bertram et al. 2000). This may serve to prevent
the clamp loader from unloading clamps, an observation for both RFC and bacterial
clamp loaders (discussed later in this chapter).

A recent structure of the E. coli § clamp bound to a primed DNA site has impli-
cations for the clamp loading mechanism (Georgescu et al. 2008) and the recent
structure of PCNA-DNA indicates these findings may generalize to RFC (McNally
et al. 2010). Both structures show that DNA is highly tilted as it passes through
the ring. The electron density of DNA is too sparse in the PCNA-DNA structure
to locate the template strand. But the B clamp-DNA structure revealed that the
clamp binds the single-strand DNA template strand at the same hydrophobic
pocket that is used to bind to proteins (Georgescu et al. 2008). Considering the
substantial similarities in clamps and clamp loaders of bacteria and eukaryotes,
this structural feature may generalize to PCNA. Both the PCNA and E. coli
clamp have several contacts to the duplex DNA. Most notably are large loops that
extend from the ring and bind each of the two strands of duplex DNA through
conserved residues in the loops. Upon mutation of the duplex DNA interactive
residues, replication activity is significantly reduced, but the reduction specifically
resides in the clamp loading reaction and not the function of the clamp with DNA
polymerase (Georgescu et al. 2008).

Clamp-DNA interactions are proposed to function at the step that draws the
clamp closed around DNA during the clamp loading reaction (Georgescu et al.
2008). The residues on the loops that extend from the § clamp and bind DNA result
in a pronounced tilt of the clamp on DNA, and this tilt may help disconnect the
clamp from some of the subunits of the clamp loader (the first step in Fig. 14.5a).
One may presume that the last connection between the clamp loader and clamp to
be disrupted is the tight interaction between & and the B clamp. The & subunit is
located in position A, analogous to the RFC1 subunit which, like d, binds the clamp
tighter than any of the other clamp loading subunits (Yao et al. 2003). The J subunit
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Fig. 14.5 Function of clamp-DNA interactions. (a) Proposed role of DNA-clamp interactions in
the clamp loading mechanism. PCNA and 3 (shown) clamps bind duplex DNA with a high degree
of tilt. The first arrow suggests that when the clamp closes, the tilt of DNA through the clamp may
sever connections to some clamp loader subunits. The second arrow suggests that the template
single-strand DNA competes with & (analogous position to RFC1) to eject the clamp loader from
the clamp-DNA complex. (b) The tilt of DNA through PCNA and 3 may help DNA switch among
different proteins bound to the same clamp. Illustrated here is DNA switching among two differ-
ent polymerases attached to one clamp (Adapted with permission from Figure 7 of Georgescu
et al. (2008))

binds to the same hydrophobic pocket to which template single-strand DNA binds,
and therefore single-strand DNA may compete  from [ as illustrated in the second
step of Fig. 14.5b, thereby facilitating ejection of the clamp loader from the clamp-
DNA complex.

Another proposed function of clamp-DNA interaction is to hold the clamp at a
primed template junction after clamp loading. In the absence of these interactions,
the clamp could conceivably slide on duplex DNA and be lost from the primed tem-
plate junction. Hence, the clamp-DNA interactions may hold the clamp at the primed
template junction after it is loaded but before the polymerase has associated with it,
keeping the clamp where it is needed for function with the polymerase. This hypoth-
esis has support in single-molecule studies of clamp sliding on primed DNA
(Laurence et al. 2008).

The two protomers of the B clamp are identical, and therefore any particular site
is duplicated. DNA may be presumed to rapidly isomerize between the two identical
sites, tilting one way and then tilting the other. When two different DNA polymerases
bind one clamp, the DNA tilt likely favors binding one polymerase, but when DNA
isomerizes and tilts in the opposite direction, it may favor binding to the other DNA
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polymerase (see Fig. 14.5b). Ability of the primed terminus to isomerize between
different polymerases becomes quite important upon encounter with a template
lesion that requires a translesion DNA polymerase to bypass the lesion. Indeed, it has
been shown that both DNA polymerase III and translesion DNA polymerase IV can
bind to the B dimer at the same time (Benkovic et al. 2001). Studies have shown that
the high fidelity DNA polymerase III gains control of the primed DNA in preference
to the translesion polymerase IV, but upon DNA polymerase III stalling (e.g. at a
template lesion), the translesion polymerase IV gains control of the DNA (Benkovic
et al. 2001). Thus DNA isomerization between different DNA polymerases bound to
one clamp could enable replication forks that stall at a lesion to rapidly switch to the
translesion polymerase for lesion bypass, then switch back to a high fidelity DNA
polymerase to continue replication, thereby preventing fork collapse.

14.6 Clamp Loaders also Unload Clamps After Replication

Bacterial systems have demonstrated that the leading and lagging strand DNA poly-
merases are associated with the helicase, clamp loader and sliding clamps to form a
“replisome” machine (reviewed in Benkovic et al. 2001; Johnson and O’Donnell
2005). Eukaryotic replisomes are anticipated to contain both leading and lagging
polymerases as well. The presence of both polymerases in one replisome machine
implies formation of DNA loops on the lagging strand, due to the antiparallel struc-
ture of duplex DNA (Sinha et al. 1980). Specifically, the leading strand proceeds in
the direction of helicase unwinding, but the lagging strand must be copied in the
opposite direction of fork movement. These opposed directions are made possible
by formation of a DNA loop for each Okazaki fragment (Sinha et al. 1980). Upon
discovery that both leading and lagging strand polymerases are held to DNA by a
sliding clamp for high processivity, it became important to understand how a pro-
cessive polymerase-clamp complex could dissociate from DNA upon completing
each short Okazaki fragment.

The interesting question of how the lagging strand polymerase recycles from the
end of one Okazaki fragment to begin extension of the next fragment is made pos-
sible by regulated attachment of the polymerase to the clamp. For example, yeast
polymerase 0, the lagging strand polymerase (see Chap. 12, this volume), binds
tightly to PCNA during processive synthesis but upon completing a substrate rapidly
releases from PCNA and dissociates from the DNA (Langston and O’Donnell
2008). The polymerase then transfers to a new PCNA clamp at another primed site
(assembled there by RFC) for extension of the next Okazaki fragment. This lagging
strand polymerase recycling mechanism, whereby the polymerase hops from one
clamp to the next, results in stoichiometric use of clamps, one per Okazaki frag-
ment. This mechanism has been demonstrated to occur in bacterial systems as well
(Johnson and O’Donnell 2005; Sinha et al. 1980).

The lagging strand mechanism whereby PCNA clamps are left behind on each
completed Okazaki fragment is useful for the process by which RNA is removed at
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the 5" terminus of Okazaki fragments. For example, PCNA functions with FENI1,
the nuclease that removes RNA primers, and stimulates its action (Ayyagari et al. 2003;
Kao and Bambara 2003). PCNA also interacts with ligase which seals Okazaki frag-
ments together (Song et al. 2009). However, there are 10- to 100-fold more Okazaki
fragments than there are clamps in both bacterial and eukaryotic systems and there-
fore clamps must be recycled on and off DNA many times during genome replica-
tion. However, PCNA is highly stabile on DNA, requiring over half an hour to
dissociate from DNA at 37°C (Yao et al. 1996). Therefore clamps must be actively
removed from DNA to enable their reuse during duplication of a genome.

Studies have demonstrated that the RFC clamp loader can remove clamps from
DNA (Yao et al. 1996). ATP binding is needed, but hydrolysis is not required.
However, subassemblies of RFC can also open PCNA and remove it from DNA
(Yao et al. 2006), similar to the d subunit of the E. coli clamp loader opening 3 and
unloading it from DNA. Specifically, a complex of RFC2/RFCS is fully capable of
removing PCNA, as is a complex of RFC2/3/4/5. Intracellular concentrations of
individual yeast RFC subunits suggest that RFC2/RFCS5 complex is in excess over
other subunits and thus may be present inside cells, much as E. coli contains a
fivefold excess of & for § clamp recycling (Leu et al. 2000). Subassemblies of RFC
cannot load PCNA because they are lacking one or more subunits required for clamp
loading. Hence, they are capable of unidirectional action in unloading clamps, rather
than both loading and unloading as is the case with RFC. It is also interesting to note
that certain alternative RFCs (yeast Ctf18-RFC and yeast Rad17-RFC) can also
unload PCNA from DNA (Bylund and Burgers 2005; Yao et al. 2006). Alternative
RFC’s are the subject of the next section.

14.7 Alternative RFCs

The subunit composition of RFC can be altered by replacement of the RFC1 subunit
with another protein. Examples include Elgl (Bellaoui et al. 2003; Ben-Aroya et al.
2003; Kanellis et al. 2003) and Ctf18 (Bellaoui et al. 2003; Mayer et al. 2001).
These alternative RFC complexes are thought to load (or unload) PCNA onto DNA
for specific processes involved in genome stability (Elgl) and in cohesion (Ctf18).
The specific role of these alternative clamp loaders is not yet elucidated. Perhaps the
best understood alternative clamp loader is the Rad17-RFC, in which RFCI is
replaced by Rad17 (Rad24 in S. cerevisiae) (Green et al. 2000; Lindsey-Boltz et al.
2001). The Rad17-RFC (i.e. subunits RFC 2, 3, 4 and 5, along with Radl7) is
involved in the DNA damage checkpoint response and it loads a novel clamp onto
DNA. The novel clamp that Rad17-RFC functions with is a heterotrimer of Rad9/
Rad1/Husl (reviewed in Sancar et al. 2004). This clamp is often referred to as the
“911” clamp. The 911 clamp appears to activate a kinase instead of function with a
DNA polymerase (Majka et al. 2006b). Phosphorylation of other proteins by the
kinase then signals the cell that DNA damage has occurred thereby communicating
that an S phase checkpoint is required. Interestingly, the Rad17-RFC appears to load
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the 911 clamp onto the 5" terminus of a primed template junction, the opposite
polarity of RFC loading PCNA (Ellison and Stillman 2003; Majka et al. 2006a).

14.8 Conclusions

Clamp loaders are ubiquitous in all cellular life forms. The eukaryotic clamp loader
is called RFC. Like other clamp loaders, RFC is a heteropentamer and harnesses the
energy of ATP hydrolysis to assemble the ring-shaped PCNA processivity factor
onto a primed site. The function of RFC has been aided by biochemical studies and
structure determination, and also by the large body of research on the clamp loader
of E. coli, which is also a heteropentamer like RFC and functions in a similar way.
The studies to date answer many important questions, including the subunit organi-
zation that specifies how DNA is recognized, where clamps are bound to the clamp
loader, and how clamp loading is targeted to a primed template. There still exist
many important questions about the details of the clamp loading reaction. Multiple
ATP molecules are involved for optimum activity, and whether the individual ATP
sites perform individual functions is still unresolved. Also uncertain is the way that
clamps are opened. It is not certain that RFC binds and then opens the PCNA clamp,
or whether it waits for a PCNA clamp to open and then binds and stabilizes the open
form of the clamp. The order of ATP hydrolysis in the individual subunits is also
understudied and needs clarification. Despite these deficiencies in our knowledge,
the RFC clamp loader remains one of the most understood of the AAA+machines,
which are involved in numerous cellular processes. Future research will enable a
better grasp of the mechanism and help fill in our gaps in how AAA+ proteins, and
clamp loaders in particular, carry out their function.
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PCNA Structure and Function: Insights
from Structures of PCNA Complexes
and Post-translationally Modified PCNA
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Abstract Proliferating cell nuclear antigen (PCNA), the eukaryotic DNA sliding
clamp, forms a ring-shaped homo-trimer that encircles double-stranded DNA. This
protein is best known for its ability to confer high processivity to replicative DNA
polymerases. However, it does far more than this, because it forms a mobile plat-
form on the DNA that recruits many of the proteins involved in DNA replication,
repair, and recombination to replication forks. X-ray crystal structures of PCNA
bound to PCNA-binding proteins have provided insights into how PCNA recog-
nizes its binding partners and recruits them to replication forks. More recently,
X-ray crystal structures of ubiquitin-modified and SUMO-modified PCNA have
provided insights into how these post-translational modifications alter the specificity
of PCNA for some of its binding partners. This article focuses on the insights
gained from structural studies of PCNA complexes and post-translationally
modified PCNA.
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15.1 Introduction

DNA sliding clamp proteins are found in all three domains of life. Despite little
sequence homology among the sliding clamps from bacteria, archaea, and eukaryotes,
these proteins have similar overall structures. They all form ring-shaped proteins
that encircle double-stranded DNA. These sliding clamps are most widely known
for their ability to confer high processivity to classical DNA polymerases — those
involved in normal DNA replication and repair. Sliding clamps, however, do far
more than this; they form mobile platforms on the DNA that recruit many of the
enzymes involved in DNA replication, repair, and recombination.

In eukaryotes, the sliding clamp protein is proliferating cell nuclear antigen
(PCNA). In a recent review article on PCNA, this protein was called the “maestro of
the replication fork” (Moldovan et al. 2007). This is indeed an apt metaphor because
PCNA coordinates the recruitment of many proteins to sites of DNA replication and
in many cases regulates their activities. In this capacity, PCNA plays a critical role
in a wide range of nuclear processes including DNA replication, translesion DNA
synthesis, base excision repair, nucleotide excision repair, mismatch repair, recom-
bination, chromatin assembly and remodeling, sister chromatid cohesion, and cell
cycle control (Maga and Hubscher 2003; Moldovan et al. 2007; Naryzhny 2008;
Tsurimoto 1999; Zhuang and Ai 2010).

The X-ray crystal structure of eukaryotic PCNA was first determined in 1994
(Krishna et al. 1994). Over the last 18 years, various X-ray crystal structures of
PCNA bound to peptides derived from PCNA-binding proteins have been deter-
mined. More recently, X-ray structures and lower-resolution structures of PCNA
bound to full-length protein partners have been determined. These structures have
provided valuable insights into how PCNA recognizes PCNA binding proteins and
recruits them to replication forks.

A paradigm that has emerged over the last decade is that the specificity of PCNA
for some of its binding partners is regulated by post-translational modifications of
PCNA (Bergink and Jentsch 2009; Shaheen et al. 2010; Ulrich 2009; Ulrich and
Walden 2010; Watts 2006). For example, mono-ubiquitylation of PCNA facilitates
translesion synthesis by recruiting non-classical DNA polymerases to stalled repli-
cation forks. SUMOylation of PCNA inhibits unwanted recombination by recruit-
ing anti-recombinogenic helicases to replication forks. Recently, X-ray crystal
structures of ubiquitin-modified and SUMO-modified PCNA have been determined,
and these have provided insights into how these modifications alter the specificity of
PCNA for some of its binding partners (Freudenthal et al. 2010, 2011).

This review article focuses on the insights gained in recent years from structural
studies of PCNA, PCNA complexes and post-translationally modified PCNA. In
particular, we will discuss how PCNA recognizes many PCNA-interacting proteins.
We will discuss how these structures begin to help us understand how PCNA regu-
lates the activity of some of these proteins and how PCNA facilitates multi-step
enzymatic processes on DNA. Finally, we will discuss how ubiquitin and SUMO
modifications impact the function of PCNA.
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15.2 Structure of PCNA

Sliding clamps from bacteria, archaea and eukaryotes all form ring-shaped proteins
with pseudo-sixfold symmetry. However, there are differences in the number of
domains that comprise each subunit and the way that the subunits assemble to form
the ring. For example, the bacterial sliding clamp, called the 3 clamp, is a compo-
nent of the DNA polymerase III holoenzyme. It is a ring-shaped homo-dimer with
each subunit containing three domains (Kong et al. 1992). By contrast, PCNA, the
eukaryotic sliding clamp, is a ring-shaped homo-trimer with each subunit contain-
ing two domains (Krishna et al. 1994). The archaeal sliding clamp is also called
PCNA. Like eukaryotic PCNA, it is a ring-shaped trimer with each subunit containing
two domains. However, in some archaeal species, PCNA is a homo-trimer and in
others it is a hetero-trimer.

The X-ray crystal structure of eukaryotic PCNA shows that each subunit consists
of two independent and similarly folded domains (Fig. 15.1) (Krishna et al. 1994).
The N-terminal domain (residues 1-117) is referred to as domain A, and the
C-terminal domain (residues 135-258) is referred to as domain B. These independent
domains are held together by an extended [ sheet across the interdomain boundary
on each subunit. Furthermore, the two domains are connected through a long, flexible
linker (residues 118-134) called the interdomain connector loop (IDCL). The three
subunits assemble in a head-to-tail manner with domain A of one subunit interacting
with domain B on an adjacent subunit. This interaction is stabilized through an
extended [3 sheet comprised of 3 strands from domain A of one subunit and [ strands
from domain B of an adjacent subunit at each subunit interface.

The PCNA ring has a diameter of approximately 80 A. The central hole in the
ring has a diameter of approximately 35 A. The outer surface of the PCNA ring is a
circular collar of the aforementioned six 3 sheets (three interdomain [ sheets and
three intersubunit 3 sheets). The inner surface of the PCNA ring is a set of 12 a
helices, two from each domain. While the overall electrostatic potential of PCNA is
negative, the inner surface is positively charged due to the presence of lysine and
arginine residues on these a helices. These localized positive charges facilitate the
passage of the negatively charged DNA through the central hole.

The PCNA ring is approximately 30 A wide and contains distinct front and back
faces. The front face of PCNA contains the IDCL and is involved in many protein-
protein interactions (see Sect. 15.3 below). This is notable as many replication pro-
teins, such as DNA polymerases and DNA ligases, carry out their operations on the
DNA at the front face of the PCNA ring. The role of the back face of PCNA is cur-
rently less clear. The back face is emerging as a site of PCNA post-translational
modification and is likely involved in recruiting protein factors to replication
forks and holding them in reserve until they are needed on the front face of PCNA
(see Sect. 15.5 below).

X-ray crystal structures of the bacterial 3 clamp and of eukaryotic PCNA bound
to DNA show that as the DNA passes through the central hole of the ring, it is tilted
significantly away from the axis of symmetry (Georgescu et al. 2008). The angle of
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a Domain A

Front view Side view

Fig. 15.1 The structure of PCNA. Ribbon diagram of the PCNA trimer (PDB ID: 1PLQ) shown
from the front (a) and the side (b) with the individual PCNA subunits colored red, yellow and blue.
The inter-domain connector loop (IDCL) is indicated

the DNA is 22° in the case of the 3 clamp and 40° in the case of the PCNA. In addi-
tion, single-particle electron microscopy analysis of other PCNA-containing com-
plexes also shows that the DNA is tilted as it passes through the central hole of the
PCNA ring (see 15.3.3 below) (Mayanagi et al. 2009, 2011). Moreover, single-
molecule studies have shown that PCNA can diffuse along the DNA in two distinct
modes (Kochaniak et al. 2009). The first mode involves rotation and translation as
it tracks the helical pitch of the DNA duplex. The second mode, which is less com-
mon, involves faster translation that does not involve tracking the helical pitch. This
angular, rotational, and translational flexibility of PCNA on DNA may allow it to
accommodate the many diverse proteins with which it must interact.

15.3 Structures of PCNA Complexes

PCNA provides a structural platform for many cellular processes including DNA
replication and repair. To do this, PCNA must interact with many of the enzymes
involved in these processes. Structural studies of PCNA bound to several of its bind-
ing partners have been carried out and these have provided valuable insights into
how PCNA interacts with these proteins. We will first discuss X-ray crystal struc-
tures of PCNA bound to peptides derived from a variety of PCNA-interacting pro-
teins. We will then discuss X-ray crystal structures of PCNA bound to full-length
PCNA-interacting proteins. Finally, we will discuss the architecture of other PCNA-
containing complexes determined by single-particle electron microscopy and small
angle X-ray scattering (SAXS).
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Polymerase delta 456QVSITGFF483
Polymerase eta T0IMQTLESFF 78
Polymerase iota 21KGLIDYYL428

Polymerase kappa 862KHTLDIFF®6°
FEN1 3379GRLDDFF344
DNA ligase | 2QRSIMSFF?
p21 1449 TSMTDFY 15!
Consensus Oxxhxxaa

Polymerase eta Polymerase iota

Fig. 15.2 Structures of PCNA bound to PIP peptides. (a) Sequence alignment of PIP peptides
from several human PCNA-binding proteins. In the PIP consensus sequence, the ‘h’ can be isoleu-
cine, leucine or methionine, and the ‘a’ can be phenylalanine or tyrosine. (b) The structure of the
canonical PIP motif from FEN1 binding to PCNA (PDB ID: 1U7B) is shown in yellow. (¢) The
structure of the PIP motif from DNA polymerase 1 bound to PCNA (PDB ID: 2ZVK) shown in red
overlaid with the structure of the PIP motif from FEN1 shown in yellow. (d) The structure of the
PIP motif from DNA polymerase t bound to PCNA (PDB ID: 2ZVM) shown in green overlaid
with the structure of the PIP motif from FEN1 shown in yellow

15.3.1 Structures of PCNA Bound to PIP Peptides

Many proteins that bind PCNA do so through a conserved PCNA-interacting
protein (PIP) motif (Hingorani and O’Donnell 2000; Maga and Hubscher 2003;
Tsurimoto 1999). The PIP motifs of several proteins are shown in Fig. 15.2a. These
motifs usually interact with PCNA on a single subunit in a region between the two
domains near the IDCL. The canonical PIP motif contains eight amino acid resi-
dues. The conserved glutamine of the PIP motif normally inserts into a small pocket
in PCNA (Fig. 15.2b). The last five residues of the PIP motif, which include the
conserved hydrophobic residue (methionine, leucine, or isoleucine) and the two
conserved phenylalanine or tyrosine residues, form a 3, helix that binds in a large
hydrophobic pocket between the two domains and also contacts the IDCL. Generally,
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the structure of PCNA is not changed upon the binding of PIP peptides; only small
alterations in the structure of the IDCL are observed.

PIP motifs are often thought to be a flexible tether that anchors the PCNA-binding
protein to PCNA. PIP motifs are often found at the C-termini of PCNA binding
proteins, such as classical DNA polymerase & (the p66 subunit), non-classical DNA
polymerase 1, and the cyclin-dependent kinase inhibitor p21. PIP motifs, however,
can occur elsewhere in the primary structure of the PCNA-binding proteins, including
the N-termini (such as DNA ligase ) and the interiors of the proteins (such as non-
classical DNA polymerase 1). Deletion of the PIP motif or mutations in its con-
served residues can significantly weaken or abolish PCNA interactions in vivo and
in vitro. Thus, even though the PCNA-PIP interactions involve rather small regions
of these proteins, these interactions are often necessary to recruit many enzymes to
replication forks.

Classical DNA polymerases are responsible for synthesizing DNA during DNA
replication and DNA repair. They achieve high processivity by interacting with
PCNA, and this interaction is dependent on their PIP motifs. DNA polymerase 0 is
the classical polymerase that is responsible for lagging strand synthesis in eukaryotes
(see Chap. 13, this volume). In humans, DNA polymerase 6 is composed of four
subunits (p125, p66, p50, and p12). The catalytic activity resides in the p125 sub-
unit. DNA polymerase o interacts with PCNA via the PIP motif on the p66 subunit.
The X-ray crystal structure of PCNA bound to the PIP peptide of p66 shows that the
PIP motif forms the normal 3, helix that fits into the large hydrophobic pocket of
PCNA (Bruning and Shamoo 2004).

Upon encountering DNA damage in the template strand, the replication fork
stalls. This is because classical DNA polymerases are unable to incorporate nucle-
otides across from damaged DNA templates. Non-classical DNA polymerases, such
as DNA polymerases 1, k, and 1, are recruited to stalled replication forks to carry
out translesion synthesis (Prakash et al. 2005; Prakash and Prakash 2002; Washington
et al. 2009). The recruitment of these non-classical DNA polymerases is governed
in part by the mono-ubiquitylation of PCNA; this aspect of non-classical polymerase
recruitment will be described later (see Sect. 15.5 below). Nevertheless, the PIP
motifs of these non-classical polymerases are necessary for their recruitment to
stalled replication forks.

The X-ray crystal structures of PCNA bound to the PIP motifs of DNA poly-
merases 1, K, and 1 have been determined (Hishiki et al. 2009). The structures of the
PIP motifs of DNA polymerases n and « are similar to that of the classical DNA
polymerase 6 in that they form the normal 3 helix (Fig. 15.2¢). There are, however,
some minor differences in the specific contacts made by these PIP motifs, because
the sequences of the PIP motifs of these non-classical polymerases differ slightly
from the PIP consensus sequence. For example, neither of these PIP motifs have the
conserved glutamine residue. DNA polymerase 1, for instance, has a methionine
residue that inserts into the small pocket where the glutamine normally fits. The
structure of the PIP motif of DNA polymerase 1, however, differs significantly from
that of any other PIP motif structure. It does not form the normal 3 helix, but
instead forms a B-bend-like structure (Fig. 15.2d). Taken together, it is likely that
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the divergence of the non-classical polymerase PIP motifs from the consensus PIP
sequence reduces their affinities for PCNA relative to other PIP motifs (Hishiki
et al. 2009). This could be important for preventing the recruitment of non-classical
polymerases to replication forks until the PCNA is mono-ubiquitylated and their
activities are needed.

In the X-ray crystal structures of PCNA bound to some PIP peptides, secondary
contacts (i.e., those that occur outside of the PIP motif) are observed between PCNA
and the portions of the peptide flanking the PIP motif. For example, DNA ligases
catalyze the linkage of 5'phosphates and a 3'OH groups during DNA repair and
Okazaki fragment processing (see Chap. 17, this volume). The yeast Cdc9 DNA
ligase has a PIP motif that forms the conventional 3]0 helix. However, the residues
flanking the N-terminal sides of the PIP motif form an anti-parallel 3-sheet with the
C-terminus of PCNA (Vijayakumar et al. 2007).

The presence of DNA damage triggers an increase in expression of the tumor
suppressor protein p21 leading to DNA replication arrest. The inhibition of DNA
replication by p21 requires that it bind directly to PCNA (Flores-Rozas et al. 1994;
Gibbs et al. 1997; Waga et al. 1994). The X-ray crystal structure of the p21 PIP
motif bound to PCNA reveals that this PIP motif binds in the normal manner. However,
secondary contacts between PCNA and the peptide in the regions immediately
flanking the PIP motif are observed. The N-terminal and the C-terminal flanking
regions form anti-parallel B-sheets with the C-terminus and the IDCL of PCNA,
respectively (Gulbis et al. 1996). It has been suggested that these extensive interac-
tions are responsible for the higher affinity PIP motif-PCNA interaction observed
with the p21 PIP motif relative to other PIP motifs. This tighter binding may allow
the p21 PIP to inhibit DNA replication by effectively competing with DNA poly-
merases for binding PCNA.

15.3.2 Structures of PCNA Bound to Full-Length Proteins

While most structures of PCNA have been of complexes of PCNA with PIP motif
peptides, a few structures have been determined of complexes of PCNA with
full-length proteins. These have provided insights into the secondary contacts
between PCNA and PCNA-binding proteins that occur in addition to and alongside
the contacts mediated by PIP motifs. For example, the X-ray crystal structure of
PCNA bound to full-length flap endonuclease 1 (FEN1), which catalyzes the
removal of 5’ single-stranded DNA overhangs that occur during DNA repair and
during the processing of the ends of Okazaki fragments (see Chap. 16, this volume),
has been determined (Fig. 15.3a) (Sakurai et al. 2005). FEN1 consists of a nuclease
core domain (residues 1-332) and a C-terminal tail region (333-380). The main
PCNA-interacting interface of FEN1 is the N-terminal half of the C-terminal tail
region, which contains a PIP motif.

Although the primary contact made between FEN1 and PCNA is mediated by
the PIP motif, there are secondary contacts between PCNA and the regions flanking
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Fig. 15.3 Structure of PCNA bound to FENI. (a) Ribbon diagram of the PCNA trimer shown in
blue bound to three molecules of FEN1 shown in red, yellow and green (PDB ID: 1UL1). (b)
Overlay showing the three positions of FENI relative to the PCNA subunit to which they are
bound. The PCNA is shown in blue, the inactive conformation is shown in red, and the active
conformations are shown in yellow and green

the PIP motif and between PCNA and the core domain of FEN1. Residues of the
core domain make several intramolecular contacts with the PIP motif as well as
several intermolecular interactions with both the IDCL and C-terminus of PCNA.
Moreover, the core domain of FENI1 is connected to its C-terminal tail through a
4-residue linker. It has been suggested that this linker acts as a hinge to allow the
core domain of FENI1 to be positioned near its DNA substrate.

The structure of the FEN1-PCNA complex had three FEN1 molecules bound to
PCNA, and each FEN1 molecule was in a different position relative to the PCNA
subunit to which it was bound (Fig. 15.3b). One of the observed FEN1 positions had
the active site of the core domain swung away from the front face of PCNA, and this
may represent an inactive conformation of FENT1. In the other two positions, the
core domain is located closer to the PCNA central cavity near the expected position
of the DNA. These latter positions mat reflect active conformations in which FEN1
can bind the DNA flap and bring itself into a position to cleave it.

Replication factor C (RFC) is the ATP-dependent clamp loading protein that
binds to PCNA, opens the ring, and deposits it on the DNA. The structure and
mechanism of RFC is described in more detail in a companion chapter (Chap. 14,
this volume). Here, however, we will briefly mention the key features observed in
the X-ray crystal structure of the RFC-PCNA complex (Bowman et al. 2004). RFC
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sits on the front face of the closed PCNA ring. The five subunits of RFC form a
right-handed spiral that is tilted by approximately 9° relative to the threefold axis of
PCNA. Only three of the five subunits of RFC (RFC-A, RFC-B, and RFC-C) make
contacts with the PCNA. In the case of RFC-A and RFC-C, these are contacts medi-
ated by PIP motifs. RFC-B, by contrast, makes several secondary contacts with
PCNA at the intersubunit regions.

15.3.3 Low Resolution Structures of PCNA Complexes

Lower resolution approaches, such as small angle X-ray scattering (SAXS) and
single particle electron microscopy (EM), have been used to examine the architec-
ture of other PCNA complexes. Although much of this work has been done using
archaeal PCNA from either Sulfolobus solfataricus or Pyrococcus furiosus, these
studies have uncovered principles about PCNA complexes that are likely applicable
to eukaryotic systems. Like eukaryotic PCNA, P. furiosus PCNA is a homotrimer.
Each subunit has a similar overall fold to eukaryotic PCNA including a protein
binding pocket near the IDCL (Matsumiya et al. 2001). Thus P. furiosus PCNA
trimers have three identical protein binding sites. Unlike eukaryotic PCNA, S. sol-
fataricus PCNA is a heterotrimer comprised of three subunits: PCNA1, PCNA2,
and PCNA3. These three subunits share the same overall fold with one another and
with eukaryotic PCNA (Williams et al. 2006). Consequently, S. solfataricus PCNA
trimers have three distinct protein binding sites.

The architecture of the S. solfataricus PCNA bound to DNA ligase in the absence
of DNA was examined using SAXS (Pascal et al. 2006). The ligase and PCNA
trimer form a 1:1 complex with the ligase binding to the PCNA3 subunit. Ab initio
shape predictions suggested that DNA ligase has a preferred orientation with respect
to the PCNA ring and is extended out from the side of the ring. Structures of PCNA
and DNA ligase obtained from X-ray crystallography were docked into the SAXS
molecular envelope showing that the DNA ligase was in the open conformation.
It is suggested that the interface between the DNA ligase and the PCNA is malleable
enough to accommodate the conformational change in the DNA ligase from the
open state to the closed state that is needed for catalysis when DNA is present.

Insight into the architecture of PCNA-DNA ligase complex in the presence of
DNA came from single particle EM studies of P. furiosus PCNA and DNA ligase
(Mayanagia et al. 2009). The 3D map, with a resolution estimated to be 15 A,
revealed a two-tier structure. The lower tier was a hexagonal ring into which the
structure of PCNA nicely fits. The upper tier was crescent-shaped and corresponded
well to the structures of the domains of the DNA ligase. The DNA was visible in the
3D map as a rod-shaped component that went through the center of the PCNA ring.
The DNA ligase wrapped half way around the DNA. In this complex, the DNA was
tilted about 16° from the threefold axis of the PCNA ring.

Single particle EM studies were also used to examine the structure of the complex
of P. furiosus PCNA and DNA polymerase B bound to DNA (Mayanagi et al. 2011).
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Again, the 3D map, with a resolution estimated to be 19 A, was a two-tier structure.
The lower layer corresponded to PCNA, and the upper layer corresponded to DNA
polymerase B. The DNA was visible through the central channel of PCNA and was
tilted about 13° from the threefold axis of PCNA. Interestingly, the DNA poly-
merase directly contacted the PCNA trimer at two sites. One contact site was the
normal interaction mediated through the PIP motif of the polymerase. The other
contact site was with a different PCNA subunit than the one contacted by the PIP
motif. It has been suggested that this secondary contact helps to properly orient the
polymerase, which is difficult to do with only a PIP-mediated contact as this latter
contact is rather flexible. This secondary contact may also preclude other proteins
from binding at this other subunit.

The Msh2-Msh6 protein recognizes DNA mismatches and initiates mismatch
repair. The architecture of the complex of eukaryotic PCNA and the Msh2-Msh6
mismatch repair protein was analyzed by SAXS (Shell et al. 2007). First, the
N-terminal region of Msh6, which contains a PIP motif and binds tightly to PCNA,
was shown by SAXS to be intrinsically disordered. Upon binding to PCNA, the
N-terminal region does not acquire structure suggesting that this region functions as
a disordered tether. SAXS analysis was also performed on the full Msh2-Msh6 pro-
tein bound to PCNA, and these results did not favor a model in which the folded
regions of the Msh2-Msh6 protein directly contacted the PCNA ring. Instead they
suggested that the interaction is solely mediated through the long, unstructured
tether. This tether likely allows the structured regions of Msh2-Msh6 to remain
associated with PCNA, but also reach around other protein factors at the replication
fork in search of mismatches. It is likely that this type of PCNA interaction is common,
because other proteins containing PIP motifs also have adjacent regions predicted to
be intrinsically unstructured (Shell et al. 2007).

15.3.4 Unresolved Issues

PCNA interacts with a variety of proteins. How does PCNA discriminate between
these different partners? How does PCNA regulate when a protein should be recruited
to a replication fork or released from a replication fork? Because most PIP motifs
make very similar contacts with PCNA, they are unlikely to contribute much toward
this specificity. Notable exceptions include the non-classical DNA polymerases and
p21. The PIP motifs of non-classical polymerases are thought to bind PCNA with
lower affinity than those of classical DNA polymerases (Hishiki et al. 2009). This
could be important for preventing non-classical polymerases from binding PCNA
until PCNA is mono-ubiquitylated. By contrast, the PIP motif of p21 binds PIP with
higher affinity than those of classical polymerases (Bruning and Shamoo 2004). This
could be important for arresting DNA replication when there is DNA damage.

In most cases, the specificity of PCNA for its binding partners probably comes from
contacts outside the PIP motif. Secondary contacts between PCNA and PCNA-binding
proteins involving regions that immediately flank the PIP motif or elsewhere on the
PCNA-binding protein likely play a major role in specificity. This emphasizes the
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need for additional X-ray crystal structures of PCNA bound to full-length proteins.
Moreover, contact with the DNA may also play an important role in specificity in
cells. For example, specificity for FENI likely arises in part due to the secondary
contacts observed in the X-ray crystal structure and in part due to the presence of a
DNA substrate containing a 5’ flap. Moreover, post-translational modifications of
PCNA such as mono-ubiquitylation and SUMOylation clearly control the specificity
of PCNA interactions (see Sect. 15.5 below). Similarly, post-translational
modifications of PCNA-binding proteins such as phosphorylation have been
observed with p21 and FENI, and these modifications inhibit PCNA binding
(Henneke et al. 2003; Scott et al. 2000). Further studies will be needed to flesh out
some of these mechanisms and uncover yet others.

Many of the processes in which PCNA participates are multi-step processes that
involve the handing off of the DNA from one enzyme to another. For example, in
Okazaki fragment processing, FEN1 must cleave off the 5’ flap on the DNA before
handing it off to DNA ligase that seals the nick (see Chap. 16, this volume). How
does such a DNA handoff occur? One possibility is that PCNA forms toolbelts by
simultaneously binding several different enzymes and that these toolbelts facilitate
the handoff. For example, the simultaneous binding of DNA polymerase, FEN1,
and DNA ligase to a single PCNA trimer has been observed in S. solfataricus
(Dionne et al. 2003). Currently, there is no clear evidence for eukaryotic PCNA
functioning as a toolbelt but this seems to be a very likely scenario.

15.4 Structures of Mutant PCNA Proteins

A variety of PCNA mutant proteins have been identified that increase the sensitivity
of cells to DNA damaging agents (Ayyagari et al. 1995). Here we will focus on two
mutant proteins that block translesion synthesis. The first of these mutant proteins,
which was identified in a yeast genetic screen, has a glycine to serine substitution at
residue 178 (Zhang et al. 2006). Yeast cells producing this G178S mutant form of
PCNA have an increased sensitivity to DNA-damaging agents and are completely
defective in translesion synthesis. Interestingly, this mutant form of PCNA func-
tions normally in all other respects, such as DNA replication and repair. The second
of these mutant proteins, which was identified in another yeast genetic screen, has a
glutamate to glycine substitution at residue 113 (Amin and Holm 1996). Yeast cells
producing this E113G mutant protein have a very similar phenotype to those with
the aforementioned G178S substitution.

Gly178 is located in domain B at the subunit interface of the PCNA trimer.
Glu-113 is located in domain A at the subunit interface directly across from Gly-
178 on the adjacent subunit (Fig. 15.4a). Steady state kinetic studies show that while
wild-type PCNA stimulates incorporation by the non-classical DNA polymerase 1
opposite an abasic site, the G178S PCNA protein actually inhibits incorporation
opposite this DNA lesion (Freudenthal et al. 2008). Similarly, the E113G PCNA
mutant protein is unable to stimulate incorporation by DNA polymerase 1 opposite
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Fig. 15.4 Structures of the G178S and E113G PCNA mutant proteins. (a) A ribbon diagram of the
subunit interface of PCNA with domain A of one subunit shown in red and domain B of the adja-
cent subunit shown in blue. The position of Glul13, the position of Gly178 and loop J are indi-
cated. (b) The structure of backbone of loop J in wild-type PCNA protein shown in red (PDB ID:
1PLQ) is superimposed on the structures of the backbones of loop J in the E113G PCNA mutant
protein shown in yellow (PDB ID: 3GPM) and the G178S PCNA mutant protein shown in blue
(PDB ID: 3F1W)

this lesion (Freudenthal et al. 2008). Furthermore, the E113G PCNA mutant protein
is unable to stimulate the activity of non-classical DNA polymerase C involved in
translesion synthesis (Northam et al. 2006). The E113G PCNA mutant protein,
however, is capable of being mono-ubiquitylated on Lys164 (Northam et al. 2006),
which is required for translesion synthesis in vivo (see Sect. 15.5 below). This suggests
that the inability of these PCNA mutant proteins to support translesion synthesis is
independent of their mono-ubiquitylation.

X-ray crystal structures of the G178S and E113G PCNA mutant proteins have
provided insight into how these substitutions disrupt translesion synthesis by non-
classical DNA polymerases (Freudenthal et al. 2008, 2009). The G178S PCNA
mutant protein has little effect on the structure of domain B, which is the domain in
which the amino acid substitution occurs. Instead, a significant, local structural
change occurs in domain A of the adjacent subunit. This difference between the
G178S PCNA mutant protein and the wild type PCNA structures is limited to a single,
extended loop (residues 105-110), which is called loop J. In the mutant protein
structure, loop J adopts a very different conformation in which the protein backbone
has moved by as much as 6.5 A from its position in the wild type structure (Fig. 15.4b)
(Freudenthal et al. 2008). The E113G mutant protein structure has a similar, but
somewhat smaller (only about 3 A) shift in loop J (Freudenthal et al. 2008). These
structures suggest a key role for loop J in facilitating translesion synthesis by non-
classical polymerases, perhaps as a novel site of a secondary contact between the
polymerases and PCNA.
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15.5 Structures of Post-translationally Modified PCNA

The recruitment of proteins to sites of replication via interactions with PCNA is
regulated in some cases by post-translational modifications of PCNA. For example,
PCNA is mono-ubiquitylated on Lys164 by Rad6 (an ubiquitin-conjugating
enzyme) and Rad18 (an ubiquitin ligase) in a DNA damage-dependent manner
(Hoege et al. 2002; Stelter and Ulrich 2003). The mono-ubiquitylation of PCNA is
required for translesion synthesis by non-classical DNA polymerases. Several of
these non-classical polymerases contain ubiquitin-binding motifs (Bienko et al. 2005)
and the switch between the classical and non-classical DNA polymerases only
occurs when PCNA is mono-ubiquitylated (Zhuang et al. 2008).

The mono-ubiquitin on Lys164 can be converted to Lys63-linked poly-ubiquitin
chains by the Mms2-Ubc13 complex (an ubiquitin conjugating enzyme) and Rad5
(an ubiquitin ligase) (Hoege et al. 2002). The poly-ubiquitylation of PCNA is required
for an error-free damage bypass pathway that is currently poorly understood. It has
been suggested that this pathway involves switching of the stalled replicative poly-
merase from the damaged template to the newly synthesized sister strand.

In addition to mono-ubiquitylation and poly-ubiquitylation, PCNA is also sub-
ject to SUMOylation on Lys164 by Ubc9 (a SUMO conjugating enzyme) and Sizl
(a SUMO ligase) (Hoege et al. 2002). PCNA SUMOylation inhibits unwanted
recombination by recruiting the anti-recombinogenic Srs2 helicase (Papouli et al.
2005; Pfander et al. 2005) which contains a SUMO-binding motif. The Srs2 heli-
case then disrupts the Rad51 nucleoprotein filaments needed to carry out the strand
exchange reaction (Krejci et al. 2004; Veaute et al. 2003). SUMOylation has also
been observed to a lesser extent on Lys127 on the IDCL but the biological implica-
tions of this SUMOylation are unclear.

Our understanding of the structural and mechanistic basis of the recruitment of
these factors to post-translationally modified PCNA has come in part from recently
determined X-ray crystal structures of ubiquitin-modified and SUMO-modified
PCNA (Freudenthal et al. 2010, 2011). In the sections that follow we discuss these
structures and their implications.

15.5.1 Structure of Ubiquitin-Modified PCNA

Obtaining sufficient quantities of ubiquitin-modified PCNA for X-ray crystallog-
raphy had been an obstacle for years. A breakthrough came when it was shown
that large amounts of ubiquitin-modified PCNA could be created by splitting the
PCNA protein into two polypeptides at residue 164 (the site of ubiquitylation)
(Freudenthal et al. 2010). These two polypeptides self-assemble in vivo. This
allowed the ubiquitin to be fused in-frame to the C-terminal portion of the split
PCNA generating a split ubiquitylated PCNA analog that supported UV resis-
tance in vivo and translesion synthesis in vitro (Freudenthal et al. 2010). This
analog allowed for the determination of the X-ray crystal structure of ubiquitin-
modified PCNA.
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Fig. 15.5 Structures of ubiquitin-modified and SUMO-modified PCNA. (a) Ribbon diagram of
the ubiquitin-modified PCNA trimer (PDB ID: 3L10) shown from the back with the PCNA ring
shown in blue and the ubiquitin moieties shown in red. (b) Ribbon diagram of the SUMO-modified
PCNA trimer (PDB ID: 3PGE) shown from the back with the PCNA ring shown in blue and the
SUMO moieties shown in yellow. (¢) Overlay of the structures of ubiquitin-modified PCNA and
SUMO-modified PCNA shown from the side

The structure of ubiquitin-modified PCNA shows that the ubiquitin moiety occupies
a position on the back face of the PCNA ring (Fig. 15.5a) (Freudenthal et al. 2010).
It interacts primarily with a long loop on the back of PCNA called loop P (residues
184—195). Moreover, the attachment of ubiquitin to PCNA does not alter the conforma-
tion of the PCNA in any significant way. This suggests that the ubiquitin moiety does
not act as an allosteric modifier to increase the affinity of PCNA for the non-classical
polymerase. Instead, it argues for a simpler model in which the ubiquitin moiety pro-
vides an additional binding surface to which the non-classical polymerases can attach.

The position of the ubiquitin moiety on the back face of PCNA is consistent with
a variation of the typical toolbelt model. In the typical toolbelt model, different
PCNA-binding partners interact with different subunits on the front face of the
PCNA ring. In the case of PCNA ubiquitylation, PCNA should be able to interact
with other protein factors such as the classical DNA polymerase on its front face,
while at the same time binding non-classical polymerases on its back face. Here the
non-classical polymerase can be held in reserve until needed without interfering
with on-going activity on the front face of the PCNA ring. While there is not yet
experimental evidence for such a toolbelt in eukaryotes, there is convincing experi-
mental evidence for the analogous toolbelt in prokaryotes. The classical DNA poly-
merase III and the non-classical DNA polymerase IV have been shown to
simultaneously bind the 3 sliding clamp (Indiani et al. 2005).

The residues of ubiquitin that interact with the non-classical polymerases have
been mapped by NMR spectroscopy (Bomar et al. 2007). In the case of DNA
polymerase 1, this interaction is mediated by the same hydrophobic residues
(Leu7, Ile44, and Val70) that ubiquitin uses to interact with a wide range of other
proteins. It turns out that these residues of ubiquitin are buried at the ubiquitin-
PCNA interface (Freudenthal et al. 2010). This means that the conformation of
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ubiquitin-modified PCNA observed in this structure is not the conformation to
which the non-classical polymerases bind. This implies that the ubiquitin moiety
must either be capable of re-orienting itself on the back face of the PCNA ring or be
capable of moving around to occupy other positions on the PCNA ring including
possibly the side of the ring. Such alternative conformations would be necessary to
recruit the non-classical polymerase.

15.5.2 Structure of SUMO-Modified PCNA

Once it was shown that one could obtain sufficient quantities of ubiquitin-modified
PCNA for structural studies using the split/fusion strategy, large quantities of
SUMO-modified PCNA were produced using the same approach (Freudenthal et al.
2011). The X-ray crystal structure of SUMO-modified PCNA was then determined.
In this structure, the SUMO was also found to be on the back face of the PCNA ring
interacting predominantly with loop P of PCNA (Fig. 15.5b) (Freudenthal et al.
2011). Interestingly, the SUMO occupied a different, more radial, position on the
PCNA relative to the position occupied by ubiquitin in the ubiquitin-modified PCNA
structure (Fig. 15.5¢).

The attachment of SUMO does not change the structure of PCNA suggesting
that allosteric models for the recruitment of the anti-recombinogenic Srs2 helicase
are unlikely. Instead, the SUMO moiety likely provides an additional binding sur-
face to which Srs2 can bind. Moreover, the finding of the SUMO moiety on the back
face of the PCNA ring also argues for a toolbelt model. In such a model, Srs2 could
be recruited to the back face of PCNA where it can be held in reserve until needed.

15.5.3 Unresolved Issues

Understanding precisely how ubiquitin and SUMO modifications regulate the
recruitment of non-classical polymerases and anti-recombinogenic helicases to rep-
lication forks requires that we learn more about the dynamics of these modified
PCNA proteins. What other conformations do ubiquitin-modified PCNA or SUMO-
modified PCNA adopt? Which of these conformations recruit the polymerase or
helicase to the replication fork? Which of these conformations supports the enzy-
matic activity of the polymerase or helicase? Answering these questions will require
further structural studies of the modified PCNA proteins as well as structures of the
modified PCNA proteins bound to target proteins. It is likely that a combination of
high resolution approaches such as X-ray crystallography and low resolution
approaches such as single-particle EM and SAXS will be required.

Despite an intense effort, it remains unclear whether one subunit or all three
subunits of PCNA are modified in cells. This raises the possibility that PCNA trimers
may have some subunits mono-ubiquitylated and other subunits SUMOylated at the
same time. Do the ubiquitin and SUMO modifications work together? Does the
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SUMO modification inhibit recombination and therefore allow the ubiquitin
modification time to promote translesion synthesis? The ability to produce constitu-
tively ubiquitylated or constitutively SUMOylated PCNA in cells using the split/
fusion strategy may help answer these questions.

Finally, the details of the error-free damage bypass pathway promoted by Lys63-
linked poly-ubiquitylation of PCNA are still unclear. What protein factors are
recruited to replication forks when PCNA is poly-ubiquitylated? How do these
proteins allow replication to proceed past the DNA damage? These questions are
important because, unlike translesion synthesis, this damage bypass pathway does
not contribute to genome instability.

15.6 Concluding Remarks

All of the structural studies discussed here have contributed to our understanding of
the complex and dynamic processes in which PCNA participates. They have revealed
how PCNA binds PIP motifs from various PCNA-binding proteins, and they have
suggested mechanisms by which these interactions may be regulated. Nevertheless,
many unanswered questions remain regarding the regulation of these processes.
One important issue deals with how PCNA recognizes specific binding partners in
certain circumstances. Does this involve secondary contacts between PCNA and its
binding partner outside the PIP motif? Does this involve post-translational
modifications of either PCNA or its binding partner? Some of the structural studies
discussed here represent the first steps toward addressing these issues.

Another important issue deals with how the DNA substrate is handed off from
one PCNA binding partner to another. Does this involve the sequential binding of
these enzymes or does PCNA form specific toolbelts among the three protein-binding
sites on the front face of the PCNA ring to facilitate this handoff? Do ubiquitin and
SUMO modifications also allow PCNA to function as a toolbelt by opening up new
binding sites on the back face of the PCNA ring? The answers to these questions
await further biochemical and structural studies of complexes of unmodified and
modified PCNA.
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Chapter 16
The Wonders of Flap Endonucleases: Structure,
Function, Mechanism and Regulation

L. David Finger, John M. Atack, Susan Tsutakawa, Scott Classen,
John Tainer, Jane Grasby, and Binghui Shen

Abstract Processing of Okazaki fragments to complete lagging-strand DNA synthesis
requires coordination among several proteins. RNA primers and DNA synthesised
by DNA polymerase o are displaced by DNA polymerase 6 to create bifurcated
nucleic acid structures known as 5'-flaps. These 5'-flaps are removed by Flap
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Endonuclease 1 (FEN), a structure-specific nuclease whose divalent metal-ion-dependent
phosphodiesterase activity cleaves 5'-flaps with exquisite specificity. FENs are
paradigms for the 5’ nuclease superfamily, whose members perform a wide variety
of roles in nucleic acid metabolism using a similar nuclease core domain that displays
common biochemical properties and structural features. A detailed review of FEN
structure is undertaken to show how DNA substrate recognition occurs and how
FEN achieves cleavage at a single phosphate diester. A proposed double nucleotide
unpairing trap (DoNUT) is discussed with regards to FEN and has relevance to the
wider 5'-nuclease superfamily. The homotrimeric proliferating cell nuclear antigen
protein (PCNA) coordinates the actions of DNA polymerase, FEN and DNA ligase
by facilitating the hand-off intermediates between each protein during Okazaki
fragment maturation to maximise through-put and minimise consequences of inter-
mediates being released into the wider cellular environment. FEN has numerous
partner proteins that modulate and control its action during DNA replication and is
also controlled by several post-translational modification events, all acting in concert
to maintain precise and appropriate cleavage of Okazaki fragment intermediates
during DNA replication.

Keywords Okazaki fragment maturation * Lagging-strand DNA replication
* Double nucleotide unpairing * Structure-specific nuclease ¢ Disorder-order
transition

16.1 Introduction

Unlike leading-strand DNA replication, lagging-strand DNA is synthesised discon-
tinuously as the replication fork moves in the opposite direction to the polymerase.
As the replication fork progresses, newly exposed DNA on the lagging strand is
continuously primed by primase/pol o then extended by pol & with the assistance of
PCNA. These segments of DNA on the lagging-strand are known as Okazaki
fragments, and it is estimated that human DNA replication generates ~50 million
per cell cycle (Burgers 2009). To form a continuous piece of DNA, the RNA primer,
and possibly the DNA laid down by pol a, must be removed, with DNA being
subsequently ligated to complete Okazaki fragment maturation (Fig. 16.1a). Initial
experiments aimed at reconstituting the DNA replication machinery in vitro using
fractionated nuclear extracts identified a maturation factor (MF1) necessary for the
completion of lagging-strand DNA replication (Waga et al. 1994). This maturation
factor was later renamed Flap Endonuclease due to the enzyme’s preference to
cleave bifurcated DNA structures with displaced 5'-single-stranded DNA flaps
(Fig. 16.1b—d) (Harrington and Lieber 1994). Flap endonucleases (FENs), which
are present across all domains of life, are divalent metal ion-dependent nucleases,
whose phosphodiesterase activity enhances the hydrolysis rate of targeted
phosphodiester bonds at least ~10'" fold (Tomlinson et al. 2010). FENs possess
a single active site that can perform both endo- and exo-nucleolytic cleavages.
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Fig. 16.1 The role of FENSs in lagging-strand DNA replication and various FEN substrates in vitro.
(a) Simplified diagram of the Okazaki fragment maturation (b—i) Various activities that can be
observed with FENs and model substrates in vitro. The grey image represents the protein with the
active site highlighted by the white circle to show how these activities are achieved. (b—h) The
strength of each activity is indicated by the order they are placed as illustrated by the symbols between
each. (i) Example of a forked-gap substrate. (j-1) Examples of double flap constructs used in bio-
chemical studies. Illustrations are labelled to (j) show how in vivo Okazaki fragments correspond
to in vitro substrates and (k) each region or (I) component of the substrates are referred to as herein

Furthermore, FENs are considered prototypical members of the 5'-nuclease
superfamily, which includes enzymes with diverse DNA processing activities such
as EXO1, XPG and GEN1 (Finger and Shen 2010; Tomlinson et al. 2010; Grasby
etal. 2011), as well as the 5'-exoribonucleases Xrnl and Ratl (Solinger et al. 1999;
Yang 2010).

Current paradigms of eukaryotic DNA replication are based mainly on studies
in yeast (Burgers 2009). FENs were once thought to be solely responsible for
cleavage of flaps of any length in vivo, but studies identified two additional pro-
teins involved in yeast Okazaki fragment maturation — Pifl and Dna2 (Budd and
Campbell 1997; Budd et al. 2006). Pif1, a member of the IB helicase superfamily
(Bochman et al. 2010), has been shown to increase the efficiency of pol & strand
displacement synthesis, thereby resulting in long (>30 nucleotides) 5" ssDNA
flaps. Exposure of 30 or more nucleotides of ssDNA recruits Replication Protein A
(RPA; ssDNA binding protein), resulting in a 5'-flap-ssDNA-RPA complex that is
refractory to FEN1 cleavage. To remove these RPA coated flaps, the RPA-activated
Dna2 nuclease/helicase is recruited to imprecisely cleave the long flap, thereby
creating a short flap that is then processed by FEN1 (Kang et al. 2010). The rele-
vance of this yeast “two-step” Okazaki fragment maturation model to mammalian
systems remains unclear. Nonetheless, both short and long flap pathways require
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the ability of FEN to cleave with exquisite precision to create a product that is a
substrate for DNA ligase. Primers that are incorrectly processed or not removed by
FEN would create gaps or overlaps, respectively, resulting in genomic instability,
as seen in studies of budding and fission yeast lacking Rad27/Rad2 (FEN1 homo-
logues in Saccharomyces cerevisiae and Schizosaccharomyces pombe, respectively)
(Johnson et al. 1995; Reagan et al. 1995), which display severe mutator phenotypes
(Liu et al. 2004; Navarro et al. 2007) .

The importance of FEN is further highlighted in higher eukaryotes, where
homozygous deletion of the fenl gene (fenl~-) is embryonically lethal in mice
(Larsen et al. 2003), indicating that FEN1 is absolutely essential in mammals. FEN1
is expressed in all proliferative tissues in humans, including cancers (Kim et al.
2000; Warbrick et al. 1998). FEN1 expression levels in normal tissue are correlated
with proliferative capacity. In addition, FEN1 over-expression in human cancers has
been linked to tumour aggressiveness (Finger and Shen 2010); for this reason, the
chemotherapeutic potential of FEN1 inhibitors has been investigated (Tumey et al.
2004, 2005). Furthermore, mutations that decrease expression levels or alter FEN1
biochemical properties predispose humans and mice to cancers (Kucherlapati et al.
2002; Larsen et al. 2008; Zheng et al. 2007b). Thus, a paradox of FEN activity
emerges: optimal FEN1 activity is essential to prevent cancer, but overabundance or
impaired function of FEN1 can promote cancer by increasing the efficiency of DNA
replication and repair or reducing fidelity of DNA replication respectively.

An area of controversy regarding FENs is how the enzyme is able to precisely
cleave at a single phosphate diester to create a ligatable nick based solely upon the
structure instead of the sequence of the DNA. Early studies established that prokary-
otic and eukaryotic FENs recognize the structure of bifurcated 5'-flaps rather than
sequence (Harrington and Lieber 1995; Lyamichev et al. 1993), but controversy as
to how this was accomplished quickly emerged. Dahlberg and co-workers suggested
that specificity was achieved by threading the 5'-flap through a hole in the FEN
protein. Subsequent biochemical studies on mammalian FENs supported this proposal
and suggested that these enzymes thread the 5' flap through a hole in the protein until
it encounters the dsDNA, whereupon cleavage occurs (Murante et al. 1995). Structural
studies with bacteriophage T5 FEN (T5SFEN) revealed a helical archway above the
active site whose dimensions could only accommodate ssSDNA (Ceska et al. 1996),
lending support to threading models. Further biochemical and structural work sub-
sequently suggested instead that the helical arch was actually used to clamp onto
5'-flap ssDNA at the 5'-terminus and to then track along the flap until dsDNA was
encountered and subsequently cleaved (Bornarth et al. 1999; Chapados et al. 2004).
Alternatively, studies using the E. coli FEN homologue led Joyce and colleagues to
suggest that FENSs initially recognize the dsSDNA portion of 5'-flap substrates and
then, thread the 5'-flap DNA (Xu et al. 2001). More recent evidence from several
groups suggests that the latter model is a better mechanistic description of eukaryotic
FENSs (Finger et al. 2009; Gloor et al. 2010; Hohl et al. 2007; Stewart et al. 2009).
Furthermore, X-ray crystallographic studies of enzyme-substrate and enzyme-product
complexes of human FEN1 (hFEN1) have shed light on how FENSs identify their
substrate and select the scissile phosphate (Tsutakawa et al. 2011). Here, we review
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both biochemical and structural aspects of FEN1 that give rise to a structure-specific
nuclease with exquisite scissile phosphate diester selectivity, and then, discuss how
this protein is assisted and regulated in vivo by sub-cellular localization, protein
interaction partners, and post-translational modification.

16.2 Biochemical Activity

FENs cleave a large range of substrates in vitro with a 5’ to 3' polarity both
endo- and exo-nucleolytically (Fig. 16.1b—i) (Nazarkina et al. 2008; Shen et al. 2005).
The divalent metal ion-dependent phosphodiesterase activity of FENs exclusively
generates 5'-phosphate monoester and 3'-hydroxyl products (Pickering et al. 1999).
However, the catalytic efficiency on each type of substrate structure varies greatly.
In addition to DNA replication, FENs have also been implicated in other DNA
metabolic pathways due to the ability to observe activities with certain substrates
(Zheng et al. 2011b).

Eukaryotic and archaeal FENs prefer substrates with two dsDNA regions
(Fig. 16.1b—e), but substrates having only a single dsDNA region of at least 12 base
pairs can be cleaved as well, albeit weakly (Fig. 16.1f=i). Single 5'-flap substrates
(Fig. 16.1d) were initially thought to be the preferred substrate of FENs (Harrington
and Lieber 1995; Lyamichev et al. 1999), but 5'-flap and EXO substrates also
having a single nucleotide 3'-flap (i.e., a double-flap substrate) were later shown to
be the preferred substrates for eukaryotic FENs (Fig. 16.1b,c) for three reasons.
Substrates bearing 3'-flaps have lower apparent K s (Friedrich-Heineken and
Hubscher 2004; Kao et al. 2002), are cleaved with greater efficiency than their
single-flap cognates, and are cleaved exclusively at the phosphate diester between
the first and second nucleotide of the downstream duplex. Importantly, this increased
precision results in all dsSDNA product being ligatable (Fig. 16.2a) (Finger et al.
2009; Kao et al. 2002). With single-flap substrates, cleavage is less efficient and
predominantly occurs at the dsDNA-ssDNA flap junction, but to a lesser extent also
one nucleotide into the downstream duplex (Fig. 16.2b) (Finger et al. 2009; Kao
et al. 2002). The minor cleavage product results in a 1-nt gap that would require
post-replication repair mechanisms to fill in and close the gap (Chapados et al. 2004;
Finger and Shen 2010). Lower organism FENS, such as those from the T4 and T5
bacteriophages, do not possess a 3'-flap binding pocket (Friedrich-Heineken and
Hubscher 2004; Shen et al. 1998). Thus, FENs from higher organisms have evolved
such a feature to ensure that cleavage results in immediately ligatable nicks, avoiding
the need for initiation of DNA repair mechanisms.

The substrates used in vitro are commonly designed to exclusively form a 5'-flap
of a known length, with or without a single nt 3'-flap. These types of flap substrates
are referred to as static double-flap and single-flap substrates, respectively
(Fig. 16.2c,d), and are prepared either as tri-, bi-, or uni-molecular constructs
(Fig. 16.1j). The ‘template strand’ oligonucleotide corresponds to the lagging-strand
template in vivo. The strand that base pairs with the template to form the upstream
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Fig. 16.2 The importance of the 3'-flap in vitro and in vivo. Reactions on (a) double flaps result in
all dsDNA product being a ligatable nick, whereas (b) single flaps produce a minor product that
is a 1 nt gap. Examples of static (i.e., single conformation) double- (¢) and single- (d) flaps that are
commonly used in vitro. (e) Flaps generated in replication are potentially migrating flaps (equili-
brating flaps) and can theoretically form multiple structures. Those labelled here represent the two
conformations important for polymerase and FENs. (f) Diagram of the FEN reaction pathway on
double-flap substrates deduced from studies of FENSs to date. Note this is only a model, and there
may be more steps in the reaction pathway than illustrated. The FEN enzyme (E) binds its substrate
(S) to form an enzyme-substrate complex ([ES]). To be able to cleave the substrate, the protein,
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duplex region is equivalent to the nascently synthesized pol 8 DNA, whereas the
strand that anneals to form the downstream dsDNA corresponds to pol o and/or pol
& synthesized DNA of the previous Okazaki fragment depending on the extent of
strand displacement synthesis (Fig. 16.1j-1) and assuming that RNaseH has already
removed all but the last nucleotide of the RNA primer (Chon et al. 2009; Mesiet-
Cladiere et al. 2007; Qiu et al. 1999). In vivo pol o and pol & use the same template,
so the sequences they synthesise should be identical. Thus, the 5'-flap structures
generated in vivo are ‘equilibrating’ double-flap substrates (Liu et al. 2004); as such,
overlapping sequences can form multiple structures of varying 5 and 3’ flap lengths
by a mechanism analogous to Holliday junction migration (Fig. 16.2e). Model
‘equilibrating” double flap structures are cleaved at a single phosphate diester in a
manner analogous to the cleavage of a static double-flap substrate (i.e., one nucleotide
into the downstream duplex) (Kao et al. 2002). The 3'-flap in the static and equili-
brating double-flap substrates corresponds to the last nucleotide added by pol &
during strand displacement synthesis (Figs. 16.1a and 16.2e). Thus, FENs have
evolved to recognize the last nucleotide added by pol 6 and to identify the scissile
phosphate accordingly. In addition to increased specificity, the 3'-flap augments
“enzyme commitment” to the forward reaction by increasing first-order rates of
reaction after initial enzyme substrate complex formation (Fig. 16.2f) (i.e., k, >>k /f)
(Finger et al. 2009). In fact, the catalytic efficiency of FEN1 on a static double flap
substrate approaches enzyme:substrate association rates in solution. Therefore,
FEN reactions with static double flap substrates may be diffusion controlled under
conditions whereby substrate is limiting ([E] <[S]<K; k /K|, conditions), implying
that the enzyme has reached catalytic perfection (Sengerova et al. 2010).

Under saturating multiple turnover (MT) conditions ([S]>>K >>[E]), the
enzyme is rate limited by enzyme product release as single turnover (ST) rates of hydro-
lysis are faster than MT rates (Fig. 16.2f) (Finger et al. 2009; Williams et al. 2007).

IFig. 16.2 (continued) DNA, or both have to change conformation to create a cleavage competent
complex ([ES]"). Upon cleavage, ssDNA (P) and dsDNA (Q) products are created. The ssDNA (P)
likely dissociates form the complex immediately upon cleavage resulting in the enzyme-dsDNA
product complex ([EQ]). The dissociation of [EQ] results in nicked dsDNA and enzyme turnover.
The rates (k) associated with each steps are listed above or below the corresponding arrow: k-~
bimolecular association (i.e., diffusion), koﬁf— dissociation, kCC — conformational change, kRCC -
reverse conformational change, k , —chemical catalysis,k , —productdissociation, k,, —product
association. Note, k,, can be ignored when measuring initial rates of reaction. The macroscopic
rate constants commonly measured kinetically are above or below a bracket that encompasses the
rates that can influence the measured parameter. Because reactions with FEN have intermediates
after initial [ES] formation, the K ,, 1s an overall dissociation constant for all enzyme-bound species
([ES]+[ES]"+[EQ]). The turnover number (k_ ) in WT FENSs is mainly a reflection of the slowest
step (enzyme product release), but can be affected by other first order rates in the reaction pathway.
The second order rate constant (k_ /K, ) for WT is mainly a measure of diffusion (k ), but
mutants of FENs can sometimes change and represent anyone or some combination of steps
within the bracket. The rate measured under single turnover conditions can measure any rates after
initial [ES] complex formation and before [EQ] release and is a measure of some physical limita-
tion such as conformational change in WT FENs
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On double-flap substrates, FENs produce two products (denoted P and Q), which
with a double-flap substrate would be nicked dsDNA product (Q) and a small ssDNA
fragment (P). Product inhibition studies have deduced that the ssDNA product (P) is
instantaneously released after cleavage or released much faster than the dsDNA
product, whereas the dsDNA product (Q) is retained (Finger et al. 2009). Thus,
release of the dsDNA product is rate limiting in vitro under MT conditions
(Fig. 16.2f). The fact that FENs hold onto the dsDNA product is similar to the
observation that many DNA metabolic enzymes chaperone their potentially toxic
repair intermediates (Parikh et al. 1999). Furthermore, in FEN1-product DNA
crystals, only electron density for the hFEN1-dsDNA product (Q) and not for the
ssDNA flap (P) was observed, consistent with FEN retaining only the dsDNA
product after cleavage (Tsutakawa et al. 2011). Thus, FENs release the 5'-flaps
ssDNA product, but retain the dsSDNA product, which is the substrate for the next
step of Okazaki fragment maturation (i.e., ligation).

Because kw/KM conditions are likely diffusion controlled and saturating MT
conditions are rate-limited by enzyme product release (Fig. 16.2f), MT measure-
ments of reaction of FENs are probably not physiologically relevant, as these
physical limitations likely do not exist in the cell (Berg and von Hippel 1985) due
to sequestration of FENs to replication forks (Beattie and Bell 2011) and potential
PCNA-mediated handoff (see Chap. 15, this volume) of replication intermediates
between processing proteins (i.e., pol d and Ligase I, respectively) (Chapados et al.
2004; Tsutakawa et al. 2011). A more physiologically relevant measurement of
FEN activity is single-turnover experiments where [S] <K, <<[E]. These experiments
measure the rates of reaction after enzyme-substrate complex formation and before
enzyme product release (Fig. 16.2c). Despite knowing the rate of reaction of the
rate-limiting step under ST conditions, it is difficult to know exactly what is being
measured (e.g., k, ~or a physical step in the reaction cycle like k. /k,...) So far,
studies of TSFEN have shown that a physical limitation (e.g., protein, DNA or
concerted protein/DNA conformational change (k..)) is rate limiting under ST
conditions (Fig. 16.2f) (Sengerova et al. 2010). This is likely to be the case for
eukaryotic FENSs in vitro as well.

16.3 FEN Structure and Substrate Recognition

16.3.1 Free Protein

Crystal structures of FENs lacking substrate have been solved from a wide variety
of organisms (Ceska et al. 1996; Chapados et al. 2004; Hosfield et al. 1998b; Hwang
et al. 1998; Mase et al. 2009; Sakurai et al. 2005, 2008). These have revealed a
common architecture among FENs. The nuclease core domains of FENs fold into
an o/f structure known as a SAM or PIN fold (Fig. 16.3a). Moreover, a mixed
twisted B-sheet of (usually) seven-strands is sandwiched between two a-helical
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Fig. 16.3 Comparison of DNA-free hFEN1 and DNA-bound hFENI. Structures of (a) hFEN1
without DNA and (b) hFEN1-product dsDNA with domain maps to highlight the ordering of the
helical gateway and cap. Filled circles and triangles represent o-helices and B-sheets, respec-
tively, and are numbered accordingly. The open circle represents a single helical turn of 4 amino
acids. The approximate locations of the seven acidic residues for divalent metal sequestration and
of the three amino acid residues responsible for coordination of the K* ion are represented by
filled red stars and purple circle, respectively. Structures of the enzyme-product (¢) and enzyme-
substrate (d) complexes with the protein illustrated as ribbon diagrams with translucent surface
representations. The DNA template, 5'-flap and 3'-flap strand are shown in brown, yellow and
purple, respectively

regions and forms a saddle-like structure. Two sites for binding dSDNA are on either
side of the (-sheet. Protruding from the saddle-like structure is the region called the
helical arch or helical clamp that in some crystal structures is observed as a disordered,
flexible loop, and in others is structured as two o helices poised above the active
site. The active site of FENs are highly conserved and in eukaryotic and archaeal
FENSs, and is characterized by the presence of seven acidic residues (Lieber 1997,
Shen et al. 1998) (Fig. 16.3a) that sequester the divalent metal ions requisite for
catalysis. Consistent with a two metal ion mechanism for phosphate diester hydrolysis
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(Yang et al. 2000), these acidic residues in the hFEN1 substrate-free structure hold
the divalent metal ion <4 A apart; however, the occupancy in the crystal structures
varies for the metals (Sakurai et al. 2005). An unusual feature of archaeal and
eukaryotic FENS is that their N-termini are structured and lie close to the active site.
If electron density for the N-terminus can be seen, the sequence starts with Gly2,
and thus, N-terminal aminopeptidases have removed the initiator methionine during
translation (Bradshaw et al. 1998), at least when expressed as a recombinant protein
in E. coli. The observation of structured N-termini near the active sites of FENs
explains why cloning FENs with N-terminal affinity tags results in proteins that are
insoluble (i.e., GST tagged protein) (Zheng and Shen, unpublished data) or have
negligible activity (i.e., His-tags that are cleaved off leaving additional N-terminal
residues) (Grasby and Tainer, unpublished data) (Mase et al. 2009). This is the rea-
son for the exclusive use of C-terminal affinity tags for recombinant expression.

16.3.2 Protein-Product and Protein-Substrate Complexes

Comparison of the crystal structures of human FEN1 with product and substrate
DNA revealed an extraordinarily sophisticated dsDNA binding and ssDNA incision
mechanism (Tsutakawa et al. 2011). The proposed model allows FEN to distinguish
5'-flap structures from 3'-flap structures and ssDNA and is biologically elegant in
eliminating non-FEN substrates from inadvertent incision. First, we will discuss
structural elements common to both the enzyme-substrate and enzyme-product
complexes with respect to the template and 3'-flap strand interactions (Fig. 16.11).
Then, we will discuss the differences that exist between the two complexes at the
extreme 5'-end of the 5'-flap strand.

The protein-substrate and protein-product complexes show that most of the binding
surface is to the two dsDNA regions. The upstream dsDNA is bent at approximately
a 100° angle at a single phosphate diester relative to the downstream dsDNA. Helix
2 of FEN is wedged between the basepairs formed at either side of the two-way
dsDNA junction (Fig. 16.3c, d). Thus, an initial recognition mechanism is binding
dsDNA containing a junction that can easily bend at a single phosphate diester.
Recognition of the substrate is not mediated through the 5" flap DNA strand as
would be expected according to the original threading/clamping and tracking models,
but via interactions with the template DNA strand. Moreover, approximately half of
the protein:DNA interface is directed to the template strand (Fig. 16.4a—d), which
corresponds to the parental strand of DNA in replication (Fig. 16.1j). Part of this
interaction is mediated by a potassium ion that that is coordinated to amino acid
peptide carbonyls from a helix-two-turn-helix motif (H2tH), a side chain hydroxyl
of a serine residue, and a phosphate diester from the template DNA (Fig. 16.3b—d,
16.4a—f). In addition, there are contacts to the 5'-flap strand near its 3'-terminus
(Fig. 16.4c—d). Another facet to the dsDNA binding is that the protein-dsDNA inter-
action surface is not contiguous. The downstream portion of the template strand
departs from the surface of the protein after the H2tH motif and then, returns to the
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Fig. 16.4 FENs effectively utilize the helical properties of DNA to deliver the scissile phosphate
to the active site. Due to the spacing of the dsDNA binding regions and the bend induced on the
template strand of the two-way DNA junction, the template arc directs the 5'-flap strand towards
the active in both the enzyme product (a) and enzyme substrate (b) complexes. The DNA strands
and translucent surface representation of the protein are coloured as in Fig. 16.3. The two trivalent
samarium ions (Sm*") and the K* ions are represented as cyan and purple spheres, respectively.
Looking at the DNA alone and representing sites of protein contact to DNA by spheres, the product
(c) and substrate (d) DNA are almost the same except for important changes near the scissile phos-
phate. Note the lack of direct contacts in the template arc region. Focussing on the downstream
duplex region, comparison of the product (e) and substrate (f) DNA near the active site shows that
the two nucleotides have unpaired for the scissile phosphate to interact with the catalytically
important metal ions. In addition, the Gly2 N-terminus (G2NT) interacts initially with the scissile
phosphate diester in the enzyme substrate complex (f), but interacts with the phosphate diester 3’
to the scissile phosphate in the enzyme-product complex (e). (g) View of the active site (coloured
as above) from the back of the helical gateway and helical cap to highlight some of the catalytically
important residues. (h) View of the complete hFEN1 active site that includes the seven highly
conserved carboxylates, two basic residues from helix four (Lys93 and Arg100), and an aromatic
stacking partner (Tyr40) from helix two. (i) View of the four active site acidic residues (D86, E160,
D179, and D181) and product complex unpaired base phosphate monoester directly coordinating
the Sm* metals (grey dashed lines)

surface of the protein just before the bend in the DNA. The template strand enters a
groove where the DNA bends sharply, giving rise to the 100° bend at the two-way
dsDNA junction. The arc that is formed by the template strand (template arc) as it
leaves and then, returns to the protein surface is used to deliver the 5'-flap strand to
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the proximity of the active site (Fig. 16.4a, b). Moreover, as the downstream primer
strand follows the template strand, it is the 5'-terminus of the downstream flap strand
that is directed towards the active site. When delivered to the proximity of the active
site, helix 2 and helix 4 residues contact the 5'-terminal portion of the 5’-flap strand.
However, the way in which these residues interact with the 5'-terminal residues of
the downstream primer differs between the enzyme substrate and enzyme product
complexes, and will be dealt with in the next two sections (Tsutakawa et al. 2011).

Despite being base paired to the upstream nucleotides of the template, the only
interactions seen with the 3’-flap strand are localized to its last three nucleotides.
The rest of the upstream primer strand does not contribute to binding and passively
exits from hFEN1 by following the template DNA (Fig. 16.4c, d). Most of the inter-
actions are to the one nucleotide 3'-flap. The 3’ flap binding pocket is constructed by
ten amino acid residues, with most of the protein interaction with the DNA to the
sugar-phosphate backbone and the 3'-hydroxyl group. None of the interactions are
base-specific, as would be expected for a structure rather than sequence specific
nuclease. The 3'-flap is bound unpaired, as would be needed to obtain a ligatable
product from an equilibrating flap (Fig. 16.2a). The cleft formed by the 3'-flap
binding site physically blocks anything larger than a one nucleotide 3'-flap being
accommodated, consistent with biochemical experiments with substrates where
the 3'-flap sugar moiety was modified (Kao et al. 2002). In conjunction with the
3’-flap binding pocket, a conserved group of acidic residues (denoted as the acid
block) in the proximity of the 3'-flap binding pocket and presumably is present to
prevent DNA moving beyond this point. Both the 3’-flap binding pocket and the
acid block are features that are present only in FENs of the 5'-nuclease superfam-
ily, suggesting this feature has evolved to enhance FEN function. To a lesser extent,
there are also interactions between residues of helix 3 and the penultimate nucleotide
of the 3'-flap strand. These residues are part of the hydrophobic wedge that
stabilizes the bent conformation of the two-way dsDNA junction by interacting
with the face of the last base pair created by the 3'-flap strand and template. In the
free protein structures (Sakurai et al. 2005), the residues involved in 3'-flap binding
are disordered (Fig. 16.3a), suggesting the 3'-flap pocket orders upon recognition
and binding of this nucleotide. The only structural feature of the 3'-flap that distin-
guishes it from all other nucleotides in the upstream primer strand is the presence
of a 3’-hydroxyl. Thus, it is not surprising that the 3’'-hydroxyl is used a key
recognition feature by FEN.

16.3.3 Protein-Product Complex 5'-Strand Interactions

Crystallization of hFEN1 in complex with a four nucleotide ‘quasi-equilibrating’
double flap substrate resulted in an enzyme product complex where the dSDNA was
still in complex with the protein, consistent with the dsSDNA product (Q) being a
competitive inhibitor (Fig. 16.2f) (Finger et al. 2009). Unlike structures of hFEN1
in the absence of DNA, the residues of the helical arch and the top of helix two are
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ordered in a gate-like conformation (Fig. 16.4g). Helix two and most of helix four
form the posts of the gateway, whereas the upper portion of helix 4 and all of helix
5 sits atop the two posts, and has been referred to as the helical ‘cap’ (Fig.16.3c,d).
This nomenclature diverges from the previous arch or archway, which does not
include helix two. The helical gateway is 13 A at its most narrow and is located over
the active site at the base of the arch. This region of the protein would not be able to
order if dsDNA is in the gateway. Although FENs can cleave flaps containing
dsDNA (Fig. 16.1i), a sufficient number of single-stranded nucleotides must be
present between the dsDNA in the flap and the two way-dsDNA junction to allow
the helical gateway to order around the ssDNA portion of the flap and to bring
critical catalytic residues into the active site. The helical cap sterically limits passage
through the gateway to substrates with free 5’ terminus (i.e., no bubbles, bulges, etc.)
(Tsutakawa et al. 2011). Interestingly, the helical gateway is strongly conserved
in the 5'-nuclease superfamily. The cap, on the other hand, is conserved only in
FEN1 and EXOI1. GENI1 and XPG, which cleave Holliday junctions and DNA
bubbles, respectively, do not appear to have a cap (Orans et al. 2011; Tsutakawa
et al. 2011).

In the product complex, the nucleotide just to the 3'-side of the cleaved phos-
phate diester is unpaired, with the 5’-phosphate monoester product interacting with
the two divalent metal ions in the active site. Comparison of the product and
substrate complexes (Fig. 16.4c—f) shows that two downstream dsDNA nucleotides
5" and 3’ of the scissile phosphate must unpair to enter the active site. Tyr40 of helix
two stacks against the 3'-face of the base of the unpaired nucleotide, thereby stabi-
lizing the unpaired state (Fig. 16.4g). Two residues of helix four, Lys93 and Arg100,
interact with the terminal phosphate suggesting that these residues are also important
in stabilizing the unpaired state. These conserved residues were also identified in a
screen of toxic yeast rad27 mutants that had a dominant negative effect on cell
viability and growth (Storici et al. 2002). In DNA-free FEN structures where the
helical cap and gateway are disordered, Lys93 and Argl00 (or their equivalent
homologues) are not near the active site (Hosfield et al. 1998b; Hwang et al. 1998;
Sakurai et al. 2005). Furthermore, evidence from studies of TSFEN suggests that
Lys83, the equivalent of hFEN1 Lys93, acts as an electrophilic catalyst (Sengerova
et al. 2010). Once flipped, the N-terminus of Gly2 contacts the phosphate diester of
the next nucleotide in the 5'-flap strand. The trajectory of the phosphate backbone
through the active site of the enzyme product complex suggests that the substrate
5'-flap would traverse the helical gateway under the helical cap (Tsutakawa et al.
2011) (Fig. 16.4e). This strongly suggests that a bind-then-thread mechanism of
action. However, this is still being debated (Patel et al. 2012).

16.3.4 Protein-Substrate Complex 5'-Flap Strand Interactions

Overall, the protein-substrate and protein-product complexes share similar fea-
tures in binding, except for differences in the location of some downstream/flap
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strand primer nucleotides and amino acid residues involved in the interaction
with these two residues (Fig. 16.4d). Unlike the enzyme-product complex, the
downstream 5'-flap strand of the enzyme substrate complex is base paired to the
template strand, and the scissile phosphate is in the proximity of the active site,
but not in contact with the critical active site metals or amino acid residues.
Despite not being in the active site, the protein-substrate complexes show that
binding of the dsDNA alone in this bent, non-contiguous manner results in the
scissile phosphate being placed within 5-8 A of the active site in enzyme sub-
strate complexes. Moreover, the binding of a two-way dsDNA junction in this
orientation is important to place the scissile phosphate in the proximity of the
active site. By allowing the structural features of the placement of the scissile
phosphate diester to be mainly with the template strand and 3'-flap rather than
the 5'-flap strand itself may prevent inadvertent incision of ssDNA in the 5'-flap,
creating products that would require DNA repair processes to correct the imprecise
cleavage. The lack of interaction with the 5’-flap strand allows cleavage of substrates
containing RNA or DNA in the 5'-flap or near the site of incision, which is consistent
with the fact that deletion of RNase H in yeast does not result in a significant
mutator phenotype (Qiu et al. 1999). The spacing between dsDNA binding
regions of the protein formed by the potassium ion/H2tH and at the DNA bend,
which are approximately one helical turn apart, is also critical to exclude incision
of 3’-flaps. Using models, the spacing between dsDNA binding sites is too wide
for positioning a 5'-flap near the active site. FENs, therefore, elegantly take advan-
tage of the helical properties of two-way DNA junctions to position the scissile phos-
phate diester close to the active site and to distinguish 5'-flap and 3'-flap structures
(Tsutakawa et al. 2011).

As noted above, one-fourth of the protein-DNA interactions are made by the
helical gateway of the protein and the nucleotides at the base of the 5'-flap around
the scissile phosphate. In the product complex, there is little direct interaction
between the protein and the downstream primer strand between the gateway and
the potassium ion binding regions (Fig. 16.4a—d). Tyr40 in helix 2 stacks with the
5'-face of the base of the terminal 5’-flap strand nucleotide, whereas another helix
2 residue, Ile44, contacts the 5'-face of the complimentary nucleotide of the
template strand. In addition, the scissile phosphate in the enzyme substrate complex
is in contact with the N-terminus (Gly2) (Fig. 16.4d), instead of the phosphate
diester 3’ to the scissile phosphate in the enzyme-product complex (Fig. 16.4¢). In
the paired substrate complex, the terminal base pair of the downstream dsDNA
makes only one of two possible H-bonds due to a pronounced base pair opening
and stagger towards the major groove. Although the DNA helical parameters of
the upstream duplex conform to B-DNA, the helical parameters of the downstream
duplex differ. The dsDNA in contact with the K* ion and the H2tH motif conforms
to B-DNA (Fig. 16.3c,d), but the six base pairs of the downstream dsDNA nearest
to the active site deviate from B-DNA parameters and become more like A-DNA
(Fig. 16.4d). In this region, the nucleotides of the 5'-flap strand DNA are less
stacked (Tsutakawa et al. 2011).
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16.3.5 Bind-Then-Thread or Bind-Then-Clamp

Despite this advance in our understanding of FEN substrate recognition, it is still
unknown whether the 5'-flap portion of the substrates is threaded through the arch
consistent with the bind-then-thread model (Xu et al. 2001), or if the flaps are
instead clamped by the helical arch (Chapados et al. 2004; Orans et al. 2011).
Evidence for the bind-then-thread model comes from the structure of T4 FEN in
complex with a pseudo-Y substrate, which suggests that the 5’-flap traverses the
archway (Devos et al. 2007). However, in this structure, a portion of the helical arch
is not observed and the 5'-flap is not in the active site due to the absence of the
requisite divalent metals. The bind-then-thread model would be consistent with the
detrimental effects on incision activity with substrates where the 5'-flap has been
modified with streptavidin as passage through the helical arch would be blocked by
the addition of a molecule as large as tetrameric streptavidin (Gloor et al. 2010;
Murante et al. 1995). However, because the structured helical arch is not large
enough to accommodate dsDNA, the ability to cleave a fold-back flap substrate is
said to be more consistent with the bind-then-clamp model (Finger et al. 2009). To
counter this, the helical arch region in several DNA-free FEN structures from
several archaea and eukaryotes has been observed to be unstructured (Fig. 16.3a)
(Hosfield et al. 1998a; Hwang et al. 1998; Mase et al. 2009; Sakurai et al. 2005). An
unstructured arch is theoretically large enough to accommodate double stranded
DNA, and could then reorder around the ssDNA portion of the fold-back flap
structure (Tsutakawa et al. 2011). Thus, a bind-then-thread model, whereby substrates
containing dsDNA in the flap are threaded through an unstructured arch with sub-
sequent ordering after threading, is plausible (Patel et al. 2012).

16.3.6 Scissile Phosphate Placement: The Double
Nucleotide Unpairing Trap (DoNUT)

A disorder-to-order transition of the helical arch (gateway and cap) induced by DNA
binding is suggested by comparing DNA-bound hFEN1 structures with DNA-free
hFENT1 structures that had previously been solved in complex with PCNA, where
three hFEN1 molecules were bound to one PCNA homotrimer with each in a unique
crystallographic environment (Sakurai et al. 2005) (Fig. 16.5a,b). In all three DNA-
free structures, the helical gateway and cap, as well as the hydrophobic wedge of
helix two were disordered (Fig. 16.3a). Furthermore, the catalytically critical resi-
dues in helix four (Lys93 and Argl00) and helix two (Tyr40) were not correctly
positioned. Thus, we proposed that the binding of the 3'-flap likely orders the hydro-
phobic wedge, which in turn leads to the ordering of the helical gateway and cap.
When ordered, Lys93 and Arg100 are poised in the active site (Fig. 16.4g,h). Because
ordering has occurred without unpairing in the fully base-paired substrate complexes,
we propose that unpairing occurs after the ordering of the helical gateway. Although
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base flipping can occur via movement through the major or minor groove (Bouvier
and Grubmuller 2007), the dinucleotide unpairing inferred by comparing enzyme-
substrate and enzyme-product complexes would likely occur via the major groove,
because as the minor groove pathway is blocked by the hydrophobic wedge of helix
two. This is consistent with the pronounced base pair opening and stagger towards
the major groove in the enzyme-substrate complex (Tsutakawa et al. 2011).

But what drives the unpairing of the DNA? It has been shown by von Hippel and
co-workers that nucleotides at ssDNA-dsDNA junctions are much more prone to
spontaneous base flipping than nucleotides farther away from the ssDNA-dsDNA
junction (Jose et al. 2009). Therefore, FENs may take advantage of this and simply
capture the unpaired state. Comparison of the helical parameters of the enzyme-
substrate and enzyme-product complexes shows that some of the distortions from
B-DNA parameters in the downstream dsDNA of the enzyme-substrate complex are
alleviated in the unpaired state of the enzyme-product complex (i.e., returns to more
B-DNA like parameters), thereby suggesting that binding energy may also be used
to promote the dinucleotide unpairing (Fersht 1999). Regardless of whether the
unpairing process is passive or is actively promoted by the enzyme, the ability of
FEN to capture the unpaired state is clearly demonstrated in the product complex
(Fig. 16.4c—h).

16.3.7 Cleavage of the Scissile Phosphate Diester:
Active Site Structure

In the enzyme-product crystal structure, the active site of hFEN1 contains two
samarium (Sm*") cations, which directly interact with the terminal phosphate of
the product complex (Fig. 16.4h,i). The Sm** ions are directly coordinated to FEN
by four of the seven carboxylate residues that are invariantly conserved in the
5'-nuclease superfamily active site and occupy the same sites that Mg?* is known to
bind in the DNA-free hFEN1 protein structures (Sakurai et al. 2005). Asp86,
Glul60, Asp179, and Asp181 make inner sphere contacts with the metal ions, with
Glul60 acting as the crucial bridging residue between the two metals. The other
three conserved acidic residues in addition to a phenolic hydroxide from a con-
served tyrosine (Tyr234) make outer sphere contacts via water molecules. Using a
model of a ‘cleavage-competent’ enzyme-substrate complex based upon the
enzyme-product complex, we have proposed that the attacking water activated by
the two divalent metals hydrolyze the scissile phosphate diester bond in a manner
similar to a mechanism proposed for EndolV (Garcin et al. 2008; Ivanov et al.
2007). However, others have proposed a more traditional two divalent ion mecha-
nism for cleavage, where the nucleophilic water is activated by one of the two
metal ions (Orans et al. 2011). More work is necessary to distinguish which mech-
anism accurately describes hFEN1 catalysis and to identify the mechanism respon-
sible for activating the attacking nucleophile (Yang et al. 2006). Nevertheless, there
is consensus that phosphate diester hydrolysis requires two ions, in accordance
with functional data (Syson et al. 2008).
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16.4 Regulation of FEN1 Activity

The activity of FEN must be tightly controlled and coordinat with other components
of the DNA replication machinery. FEN has several protein-protein interaction
partners that work with FENs to achieve efficient and faithful copying of the DNA.
FEN is also the target of several post-translational modifications, adding a further
level of control (Zheng et al. 2011b). FEN interacts with its partner proteins mainly
through its C-terminal extension (Guo et al. 2008a). This C-terminus has been
implicated in DNA binding in vitro (Friedrich-Heineken et al. 2003; Stucki et al.
2001), but may in fact be an artefact in vitro due to its role of this region in mediat-
ing protein-protein interactions in vivo, which would interfere with the ability to
bind DNA (see Sect. 16.4.1). The C-terminus is likely disordered in the absence of
partner proteins; a disorder to order transition upon partner presence may allow
for multiple, simultaneous protein-protein interactions. Furthermore, FENs are
sequestered where necessary (e.g., nucleus and mitochondria), and evidence also
suggests that even subcellular as well as suborganellar location are regulated
(Zheng et al. 2011Db).

16.4.1 Protein-Protein Interactions

16.4.1.1 PCNA

Proliferating cell nuclear antigen (PCNA) is the major protein involved in co-
ordination of FEN recruitment and activity in the processing of Okazaki fragments.
PCNA is a trimeric ‘sliding clamp’ protein, localised at the sites of Okazaki
fragment maturation (see Chap. 15, this volume). PCNA binds and coordinates the
action of pol 8, FEN and DNA ligase I (Beattie and Bell 2011; Burgers 2009). Each
subunit of the homotrimeric PCNA likely interacts with a particular protein. In sup-
port of this notion, archaeal PCNA is a heterotrimer, with each member of the trimer
having specificity for either pol 8, FEN or ligase, suggesting a precise architecture
in the maturation of Okazaki fragments (Dionne et al. 2003). How a eukaryotic
cell could ensure that each subunit of the homotrimeric PCNA is loaded with a
single pol 3, FEN1, and ligase is unknown.

PCNA has been shown to interact with FEN1 in the absence of DNA (Wu et al.
1996) through a PCNA binding motif QXX(I/L/M)XXF(F/Y) (Frank et al. 2001).
Structural data also shows that FENs utilize amino acid residues Thr336 to Leu356
in their C-terminus to form two B-zippers (BA and BB) separated by a small o helix
(aA) to interact with PCNA (Fig. 16.5a—c) (Chapados et al. 2004; Sakurai et al. 2005).
Disruption of FEN and PCNA interactions by mutating Phe343 and Phe344 of FEN
to alanine (FFAA) results in loss of binding as determined using non-equilibrium
binding assays, but does not affect FEN nuclease activity in vitro or display gross
phenotypes in yeast (Frank et al. 2001) However, a homozygous FFAA mutation in
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mice results in newborn lethality and other phenotypes indicative of poor replicative
capacity (Zheng et al. 2007a). Furthermore, heterozygous FFAA mice (i.e., FFAA/
WT fenl) also show defects in Okazaki fragment maturation and an increased rate
of aneuploidy-associated cancers (Zheng et al. 2011a).

In the hFEN1-PCNA co-crystal structure, the various conformations of three
hFENT1s were a result of different torsion angles among four amino acid residues of
hFENT1 (aa residues 333-336) (Sakurai et al. 2005) (Fig. 16.5a,b). This ‘hinge
region’ (Fig. 16.5¢) is conserved among eukaryotic FENs. Using the recent hFEN1-
product structure in combination with one of the conformations in the FEN-PCNA
structure, a model of how FEN and PCNA would work together was generated
(Fig. 16.5d). Although upstream dsDNA need only be as short as 6 nts when studying
FENSs in vitro, the upstream dsDNA for a PCNA/FEN complex would need to be 6
nts plus ~15 base pairs to allow PCNA-DNA binding as well.

PCNA has been shown to stimulate in vitro FEN activity on static single-flap
substrates (Frank et al. 2001; Li et al. 1995; Sakurai et al. 2005). Furthermore,
kinetic analyses have shown that this PCNA stimulation occurs by facilitating FEN-
DNA complex formation (i.e., decreases K, rather than increasing £, (Hutton et al.
2009; Tom et al. 2000)). Because k_, for FENI is a measure of enzyme-product
release under MT conditions (Finger et al. 2009; Williams et al. 2007), it is interesting
that the addition of PCNA increases the affinity for substrate but does not affect the
rate of enzyme-product release. Obviously more work on this is necessary to determine
how PCNA can selectively enhance substrate binding without slowing enzyme-
product release.

16.4.1.2 RecQ Helicase Family Interactions

The RecQ helicase family members, WRN (Werner syndrome ATP-dependent heli-
case) and BLM (Bloom syndrome protein), are also key modulators of FEN activity.
WRN co-localises with FEN at stalled replication forks (Sharma et al. 2004),
unwinding Holliday junctions and stimulating FEN cleavage in a structure-depen-
dent manner. WRN has also been shown to stimulate both FEN cleavage on single-
flap, EXO, and forked-gapped substrates (Sharma et al. 2004; Zheng et al. 2005).
FEN-WRN interactions are mediated by a 144 residue domain of WRN that has
homology to RecQ helicase, interacting with the terminal 18 residues of FEN’s
C-terminal domain (Brosh et al. 2001; Guo et al. 2008a; Sharma et al. 2005). These
residues are disordered in the (hFENT),-PCNA complex (Fig. 16.5¢). WRN, unlike
PCNA, purportedly stimulates FEN by increasing its turnover of DNA substrates
directly (Brosh et al. 2002). The WRN/BLM binding site is adjacent to the PCNA
binding site and should allow direct co-ordination of activities by these partner
proteins (Sharma et al. 2005). Both WRN and BLM over-expression can rescue
mutants lacking Dna2, indicating their ability to stimulate FEN (Imamura and
Campbell 2003; Sharma et al. 2004). WRN is also purportedly required for nucleo-
lar localisation of FEN (Guo et al. 2008b).
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16.4.2 Post-translational Modifications

Phosphorylation, methylation and acetylation also play a key role in modulating
FEN activity and localisation (Zheng et al. 2011b). FEN is phosphorylated at Ser187
in late S-phase by the cyclin-dependent kinases Cdk1 and Cdk?2, in partnership with
cyclin A (Cdk1) or cyclin E (Cdk2). Phosphorylation in vitro results in a decrease in
nuclease activity, but not DNA binding (Henneke et al. 2003). Phosphorylated FEN
is unable to associate with PCNA and possibly also abrogates interactions with
other proteins like WRN (Zheng et al. 2011b). Interestingly, Ser187 is buried in
both DNA—free and DNA—-bound structures of FEN (Sakurai et al. 2005; Tsutakawa
etal. 2011). Thus, for kinases to phosphorylate FENs, a conformational change will
likely be necessary. PRMTS methylates Arg192 (Guo et al. 2010), a residue whose
side chain contacts DNA in the enzyme-product complex. Methylation prevents
phosphorylation, and has the opposite effect; addition of a methyl group facilitates
interaction with PCNA (Zheng et al. 2011b). Acetylation occurs on multiple lysine
residues of FEN both in vitro and in vivo (Choudhary et al. 2009; Hasan et al. 2001).
Acetylation in vitro of four lysines in the extreme C-terminus of the protein results
in a decrease in PCNA independent nuclease activity (Hasan et al. 2001). It is
speculated that acetylation could lead to blocking of the short flap pathway by
retarding FEN activity, leading to Okazaki fragment maturation by the long flap
method involving Dna2 (Balakrishnan et al. 2009). The roles of Lys80 and Lys267
acetylation, which were discovered in a genome-wide screen for acetylated proteins
(Choudhary et al. 2009), remain unclear. Lys80 is solvent exposed and interacts
with PCNA residues in the hFEN1-PCNA co-crystal structure (Sakurai et al. 2005);
therefore, its modification could influence PCNA interaction as well as other protein
interaction partners. Lys267 interacts with the 3'-terminus of the 5'-flap strand
(Tsutakawa et al. 2011); therefore, the addition of an acetyl group could regulate
downstream dsDNA binding (Zheng et al. 2011b).

16.5 Handoff of DNA Intermediates

Although physical limitations such as diffusion and enzyme-product release some-
times limit reaction rates in vitro, these limitations may not occur in vivo. To increase
the efficiency of metabolic processes, cells have overcome physical limitations by
sequestering the requisite proteins to their sites of action and channelling or handing-
off intermediates from protein to protein in the metabolic pathway, best exemplified
by the multifunctional enzyme tryptophan synthase (Yanofsky 1989). This channel-
ling is important to cellular function as it prevents the release of potentially reactive
intermediates into solution and prevents the establishment of enzyme-substrate
equilibrium (Ovadi 1991). An analogy to DNA metabolic pathways like Okazaki
fragment maturation can be hypothesized, but rather than channelling a small
metabolite from one active site to another, the metabolic intermediate (i.e., DNA) is
passed from protein to protein. Although DNA nicks or flaps may not necessarily be
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reactive intermediates, release of these species in vivo during Okazaki fragment
maturation could result in competition between ligation versus initiation of DNA
repair pathways. Although DNA repair pathways can usually faithfully replicate the
DNA, these processes are not perfect (e.g., unequal sister chromatid exchange in
trinucleotide repeat regions resulting in contractions and expansions). Thus, an
attractive mechanism for the processing of Okazaki fragment maturation is for
intermediates to be efficiently passed between each protein in the pathway with
PCNA coordinating the overall process.

Although there is no direct biochemical evidence yet for this handoff model, sup-
port for it does come from structural studies conducted on proteins involved in the
pathway. Currently, the best available polymerase structure in complex with down-
stream and upstream dsDNA is a structure of pol B (Krahn et al. 2004). Although
pol B is not involved in DNA replication, it is involved in an analogous process of
long-patch base excision repair (LP-BER), (Robertson et al. 2009). Inspection of
the pol B-DNA complex shows that the upstream and downstream dsDNA regions
are bent ~100° and that the base of the 5'-flap and 3'-flap and upstream dsDNA
duplex are in direct contact with the polymerase (Krahn et al. 2004), and thus, would
sterically clash with FENs (Fig. 16.5¢). The only region exposed for FENs to
initially bind is the downstream dsDNA region. To access the 5'- and 3'-flaps, FENs
would first interact with the downstream dsDNA and would then displace the
polymerase (Tsutakawa et al. 2011). Because flaps in vivo can potentially migrate
(Fig. 16.2e), the handoff of the substrate in this manner would prevent flaps from
forming structures that would need to be extensively remodelled before cleavage,
thereby ensuring efficient Okazaki fragment maturation. Still, at some point in this
hypothetical transition between the polymerase and FEN, the one nucleotide 3'-flap
must bind the single nucleotide binding pocket of FEN (Fig. 16.2e).

The structure of DNA ligase I in complex with DNA shows that the enzyme
encircles the nicked DNA using three domains: the DNA binding domain (DBD),
adenylation domain (AdD) and OB domain (OB) (see Chap. 17, this volume). It is
known that the DBD is essential for interaction with DNA substrates (Tomkinson
et al. 2006). The DBD interacts with the minor grooves on either side of the nick,
whereas the OB fold interacts with the major groove (Pascal et al. 2004). Inspection
of the hFEN1-product complex shows that the two minor grooves for DBD interac-
tion are exposed (Fig. 16.5f). However, the product DNA is bent in this structure
unlike in the ligase [-DNA structure, where DNA is not bent in order to align the
termini for ligation. Despite this, the fact that the grooves necessary for DBD inter-
action are exposed in the hFEN1-product complex provides further compelling
evidence for the handoff model, and suggests that hFEN1 and the DBD of ligase
I could bind DNA simultaneously.

In summary, consideration of the buried interfaces of the pol 3, hFEN1 and ligase
Iin complex with DNA shows that the choreography of handoff would be dictated
by the exposed regions of dsDNA. As such, it is not surprising that FENs have a
tendency to retain the product that is the substrate of the next step of the DNA
metabolic pathway and simply release the other upon cleavage. Such a handoff or
‘passing of the baton’ concept (Parikh et al. 1999; Wilson and Kunkel 2000) is a
simple but efficient way to envisage how the efficiency of Okazaki fragment
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maturation can be increased beyond the physical limitations of in vitro studies. The
proteins necessary for the process are sequestered to the site of action by PCNA,
and the intermediates could be passed between one another (Beattie and Bell 2011;
Burgers 2009). Although FENs show a remarkable non-sequence specific ability to
identify their substrate while preventing inadvertent activity on other DNA structures,
further work to determine how FEN interacts with its partner proteins is likely to be
as elegant as the structural and biochemical work to date that has dissected what we
already know about this remarkable enzyme.
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Chapter 17
DNA Ligase I, the Replicative DNA Ligase

Timothy R.L. Howes and Alan E. Tomkinson

Abstract Multiple DNA ligation events are required to join the Okazaki fragments
generated during lagging strand DNA synthesis. In eukaryotes, this is primarily
carried out by members of the DNA ligase I family. The C-terminal catalytic region
of these enzymes is composed of three domains: a DNA binding domain, an
adenylation domain and an OB-fold domain. In the absence of DNA, these domains
adopt an extended structure but transition into a compact ring structure when they
engage a DNA nick, with each of the domains contacting the DNA. The non-
catalytic N-terminal region of eukaryotic DNA ligase I is responsible for the specific
participation of these enzymes in DNA replication. This proline-rich unstructured
region contains the nuclear localization signal and a PCNA interaction motif that is
critical for localization to replication foci and efficient joining of Okazaki fragments.
DNA ligase I initially engages the PCNA trimer via this interaction motif which is
located at the extreme N-terminus of this flexible region. It is likely that this
facilitates an additional interaction between the DNA binding domain and the PCNA
ring. The similar size and shape of the rings formed by the PCNA trimer and the
DNA ligase I catalytic region when it engages a DNA nick suggest that these
proteins interact to form a double-ring structure during the joining of Okazaki
fragments. DNA ligase I also interacts with replication factor C, the factor that loads
the PCNA trimeric ring onto DNA. This interaction, which is regulated by
phosphorylation of the non-catalytic N-terminus of DNA ligase I, also appears to be
critical for DNA replication.
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17.1 Introduction

Since DNA polymerases only synthesize DNA in the 5'-3' direction, one of the
two antiparallel strands of duplex DNA is synthesized discontinuously as a series
of short Okazaki fragments that are then joined by a DNA ligase to generate an
intact strand. In 1967, several laboratories identified DNA ligase activity in extracts
from uninfected E. coli cells and also from E. coli cells infected with bacterio-
phage T4 (Lehman 1974). The following year DNA ligase activity was described
in extracts from mammalian cells (Soderhall and Lindahl 1976). Notably, the
Escherichia coli DNA ligase is NAD*-dependent whereas the bacteriophage and
mammalian DNA ligases are ATP-dependent (Lehman 1974; Soderhall and Lindahl
1976). Subsequent studies have revealed the existence of both NAD*- and ATP-
dependent DNA ligases in prokaryotes. In contrast, eukaryotic and viral DNA
ligases are almost exclusively ATP-dependent (Ellenberger and Tomkinson 2008;
Tomkinson et al. 2006).

Apart from utilizing a different nucleotide co-factor, the reaction mechanisms of
NAD*- and ATP-dependent are identical (Fig. 17.1). In the first step, the DNA
ligases react with the nucleotide co-factor to form a covalent DNA ligase-adenylate
complex in which the AMP moiety is linked to a specific lysine residue via a phos-
phoramidite bond. When the DNA ligase-adenylate engages a DNA nick with 3’
HO and 5’ phosphate termini, it transfers the AMP group to the 5’ phosphate, form-
ing a covalent DNA adenylate intermediate. Finally, the non-adenylated DNA ligase
interacts with the DNA-adenylate, catalyzing phosphodiester bond formation and
release of AMP as a result of nucleophilic attack on the 5 DNA adenylate by the 3’
HO group.

The first eukaryotic DNA ligase genes were identified in screens for cell division
cycle mutants in the yeasts, Saccharomyces cerevisiae and Schizosaccharomyces
pombe (Johnston and Nasmyth 1978; Nasmyth 1977). The DNA ligases encoded by
the CDC9 gene in Saccharomyces cerevisiae and the cdcl7* gene in
Schizosaccharomyces pombe are required for cell viability because of their essential
role in DNA replication. Biochemical and immunological characterization of DNA
ligase activity in mammalian cell extracts provided the first evidence that eukary-
otes contain more than one species of DNA ligase (Soderhall and Lindahl 1976).
The presence of multiple DNA ligase enzymes suggested that these may have dis-
tinct cellular functions. In the remainder of this chapter, we will briefly describe the
eukaryotic DNA ligases and then focus on DNA ligase I, the replicative DNA ligase,
and the mechanisms that underlie the specific participation of this enzyme in DNA
replication.
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Fig. 17.1 Three-step mechanism of DNA ligation. (/) DNA ligase I binds and hydrolyses adenos-
ine triphosphate (ATP), releasing pyrophosphate (PP,) and a covalent ligase-adenosine monophos-
phate (AMP) intermediate. (2) The AMP group is subsequently transferred from the ligase
polypeptide to the 5’ phosphate termini of a nick in duplex DNA. (3) The non-adenylated ligase
catalyzes phosphodiester bond formation in a reaction involving nucleophilic attack by the 3'HO
group and release of AMP

17.2 Eukaryotic DNA Ligase Genes

As mentioned above, the DNA ligases encoded by the CDC9 and cdcl7* genes of
S. cerevisiae and Schiz. pombe, respectively, were the first eukaryotic DNA ligases
to be identified (Johnston and Nasmyth 1978; Nasmyth 1977). Human cDNAs that
complemented the temperature-sensitive phenotype of a yeast cdc9 strain were iso-
lated from a human cDNA library (Barnes et al. 1990). Subsequent DNA sequenc-
ing revealed that these cDNAs encoded a polypeptide that was highly homologous
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with the yeast DNA ligases and contained sequences that were identical to those of
peptides from purified mammalian DNA ligase I (Barnes et al. 1990). Thus, human
DNA ligase I and the yeast DNA ligases are functional homologs that belong to the
DNA ligase I family of eukaryotes.

Two other mammalian genes that encode DNA ligases, LIG3 and LIG4, have
been identified (Chen, et al. 1995; Wei et al. 1995). Homologs of the LIG4 gene
have been found in all eukaryotes, whereas the LIG3 gene appears to be restricted
to vertebrates (Ellenberger and Tomkinson 2008). The DNA ligases encoded by the
three LIG genes share a conserved catalytic region that is flanked by unrelated
amino- and/or carboxyl-terminal regions (Fig. 17.2). There is compelling evidence
that interactions with specific protein partners mediated by these unique regions
flanking the catalytic domain direct the participation of the DNA ligases in different
DNA transactions (Ellenberger and Tomkinson 2008).

17.3 DNA Ligase I: Molecular Genetics and Cell Biology

The increased expression of the LIGI gene when quiescent cells are induced to
proliferate and increased levels of DNA ligase I protein and activity in proliferating
cells and tissues, implicated DNA ligase I in DNA replication (Petrini et al. 1991;
Soderhall and Lindahl 1976). This linkage was strengthened by studies showing
that DNA ligase I co-localized with replication foci in S-phase cells (Lasko et al.
1990). The location of distinct amino acid sequences within the non-catalytic
N-terminal region of DNA ligase I that function as nuclear localization and replica-
tion foci targeting sequences (Cardoso et al. 1997; Montecucco et al. 1995) are
shown in Fig. 17.2. The mechanism underlying the recruitment of DNA ligase I to
replication foci is described below.

A single case of human DNA ligase I-deficiency has been described. This indi-
vidual, whose symptoms included retarded growth, delayed development, recurrent
ear and chest infections and lymphoma, died at age 19 as result of complications
following a chest infection (Webster et al. 1992). Sequencing of genomic DNA
revealed the presence of two different mutant /ig/ alleles. The maternally inherited
lig1 allele encodes a DNA ligase polypeptide with reduced catalytic activity whereas
the other mutant allele, whose origin is not known, encodes a DNA ligase polypep-
tide with essentially no catalytic activity. In both mutant /ig/ alleles, the DNA
sequence change results in a single amino acid substitution within the conserved
catalytic region of DNA ligase I (Barnes et al. 1992). The locations of the amino
acid changes are described in the section below.

Primary (46BR) and SV40-immortalized (46BR.1G1) fibroblasts established
from the DNA ligase I-deficient individual exhibit defective joining of Okazaki
fragments and sensitivity to a wide range of DNA damaging agents, particularly
DNA alkylating agents (Teo et al. 1983). Since both mutant /ig/ alleles are present
in the primary fibroblasts whereas only the maternally inherited allele is present in
the SV40-immortalized (46BR.1G1) fibroblasts, it appears that the maternal lig/
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Fig. 17.2 Alignment of the polypeptides encoded by the three human L/G genes. The conserved
catalytic regions of the human DNA ligases each contain a DNA binding (DBD, red), adenylation
(AdD, green) and OB-fold (OBD, yellow) domain. The AdD and OBD, which make up the cata-
lytic core of the nucleotidy] transferase family that also includes RNA ligases and mRNA capping
enzymes, contain six highly conserved motifs (I, III, Illa, IV, V and VI). The position of the active
site lysine residue within motif I that forms the covalent bond with AMP is indicated for each DNA
ligase. The non-catalytic regions that flank the DNA ligase catalytic region determine the subcel-
lular distribution and cellular functions of the DNA ligases. The positions of the nuclear localiza-
tion signals (NLS, blue) of DNA ligase I and DNA ligase IIIf, and the mitochondrial leader
sequence (MLS, cyan) of DNA ligase Ila are shown. The replication factory targeting sequence
(RFTS), which is also a PCNA interacting peptide (PIP) box that targets DNA ligase I replication
and interacts with PCNA, is indicated in grey. Sites of phosphorylation on serine residues within
the non-catalytic N-terminal region of DNA ligase I are indicated. Amino acids, glutamine 566
and arginine 771, are replaced with lysine and tryptophan, respectively in the polypeptides encoded
by the mutant /ig/ alleles of the only known DNA ligase I deficient human identified to date. All
the DNA ligases encoded by the L/G3 gene have an N-terminal zinc finger (orange) that is involved
in DNA binding. Both DNA ligase IIla. and DNA ligase IV contain breast and ovarian cancer
susceptibility protein-1 C-terminal (BRCT, dark green) domain that are involved in protein-protein
interactions
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allele is responsible for the individual’s symptoms and the phenotype of the cell
lines (Barnes et al. 1992). As expected, both the DNA replication and repair defects
of the 46BR.1Gl fibroblasts are complemented by expression of wild type DNA
ligase I (Levin et al. 2000).

Although the levels of DNA ligase I protein and activity are reduced by about
50% and 90%, respectively in the 46BR.1G1 fibroblasts compared with SV40-
immortalized fibroblasts from a normal individual, there are no significant differ-
ences in cell cycle progression despite the defect in converting Okazaki fragments
into high molecular weight DNA (Barnes et al. 1992). In fact, the results of pulse-
labeling studies indicate that the majority of Okazaki fragments are degraded rather
than ligated (Henderson et al. 1985; Levin et al. 2004). Thus, it appears that when
DNA ligase I is not available to ligate the nick between adjacent Okazaki fragments,
the downstream fragment is displaced by DNA synthesis and then degraded. This
model predicts that the lagging strand in 46BR.1G1 fibroblasts is synthesized as a
series of longer fragments that are joined by either the defective DNA ligase I poly-
peptide or one of the other DNA ligases.

Based on the results of genetic studies in the yeasts S. cerevisiae and Schiz.
pombe (Johnston and Nasmyth 1978; Nasmyth 1977), it was expected that the mam-
malian LIGI gene would be essential. In accordance with this prediction, lig/ null
mouse embryonic stem cells could only be obtained when wild-type DNA ligase I
cDNA was ectopically expressed (Petrini et al. 1995). Surprisingly, lig/ null
embryos generated by crossing heterozygous mice were detectable until day 16
(Bentley et al. 1996, 2002). Furthermore, it was possible to establish lig/ null
embryonic fibroblasts (MEFs) from these embryos, demonstrating that LIG/ is not
an essential gene in mouse somatic cells. Similar to the human 46BR.1G1 fibroblasts,
the lig] null MEFs had a defect in converting Okazaki fragments into high molecu-
lar weight DNA but no defect in proliferation (Bentley et al. 1996, 2002). In contrast
to the 46BR.1G1 fibroblasts, the lig/ null MEFs have no apparent DNA repair
defect (Bentley et al. 1996, 2002; Teo et al. 1983) Thus, it appears that one of the
other mammalian DNA ligases can substitute for DNA ligase I in DNA replication.
The presence of additional DNA ligases in mammals encoded by the LIG3 gene
provides a possible explanation as to why the LIGI gene homolog is essential for
cell viability in yeast but not in mammals. For example, DNA ligase Il and its
partner protein XRCCI are recruited to participate in the repair of DNA single
strand breaks by an interaction with the poly(ADP-ribosylated) version of poly(ADP-
ribose) polymerase 1 (PARP-1), an abundant nuclear protein that binds to and is
activated by DNA single strand breaks (Okano et al. 2003, 2005). Since the defect
in Okazaki fragment processing caused by DNA ligase I deficiency is likely to result
in relatively long-lived, single-strand interruptions on the lagging strand, it is pos-
sible that these breaks are recognized and joined by the PARP-1/DNA ligase Illa
single-strand break repair pathway. The sensitivity of human 46BR.1Gl fibroblasts
and lig! null MEFs to a PARP-1 inhibitor (Lehmann et al. 1988) is consistent with
the single-strand break repair pathway joining single-strand breaks between Okazaki
fragments that remain after lagging strand DNA synthesis.

It is likely that cases of DNA ligase I-deficiency in humans will be extremely rare.
A mouse model that reiterates the mutation in human 46BR.1Gl1 cells has been generated.
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These animals are small and have hematopoietic defects (Harrison et al. 2002). Other
notable features of these animals include increased genomic instability and an
increased incidence of epithelial tumors (Harrison et al. 2002). As with the /ig/ null
MEFs, the MEFs harboring the equivalent mutation to that in the human 46BR.1G1
fibroblasts have a defect in replication but not repair, suggesting that the increased
genome instability and cancer incidence is due to accumulation of abnormal replica-
tion intermediates (Harrison et al. 2002). Together, these studies indicate that DNA
ligase I plays an important role in DNA repair in human but not mouse cells (Harrison
et al. 2002; Teo et al. 1983). It is conceivable that, while there is functional redun-
dancy between DNA ligases I and ITla in DNA repair as well as in DNA replication,
the relative contribution of DNA ligase Illa-dependent repair may be greater in mouse
cells compared with human cells. However, recent studies with mouse /ig3 null MEFs
do not support this model (Gao et al. 2011; Simsek et al. 2011).

17.4 DNA Ligase I Protein: Structure and Function

The 919 amino acid polypeptide encoded by human DNA ligase I cDNA has a
highly asymmetric shape, which causes anomalous behavior during density gradi-
ent sedimentation and gel filtration experiments (Tomkinson et al. 1990). Using lim-
ited proteolysis, it was found that catalytic activity resides within a relatively
protease-resistant C-terminal fragment of about 78 kDa whereas the N-terminal
fragment is extremely protease sensitive, indicative of an unstructured region
(Tomkinson et al. 1990). Notably, this N-terminal region is likely to have an
extended, flexible conformation because it contains a large number of proline resi-
dues (Barnes et al. 1990). In addition, the high proline content of DNA ligase I
(approximately 9%) results in anomalous mobility during SDS-polyacrylamide gel
electrophoresis, giving DNA ligase I an apparent molecular mass of 125 kDa
(Tomkinson et al. 1990).

The catalytic region of DNA ligase I contains six motifs (Fig. 17.2) that are
conserved among the nucleotidyl transferase family that includes mRNA capping
enzymes and RNA ligases in addition to DNA ligases (Shuman and Schwer 1995).
Motif I contains the active site lysine residue to which the AMP (or GMP) residue
is covalently via a phosphoramidite bond (Fig. 17.2). This residue was initially
identified by sequencing an adenylylated tryptic peptide from bovine DNA ligase I
(Tomkinson et al. 1991). Using this sequence, it was possible to predict the posi-
tion of the putative active site lysine residues in DNA ligases, RNA ligases and
mRNA capping enzymes. As expected, substitution of Lys568, the lysine residue
that binds the AMP moiety in human DNA ligase I (Fig. 17.2), prevents formation
of the enzyme-AMP complex and therefore abolishes enzymatic activity (Kodama
etal. 1991; Tomkinson et al. 1991). Interestingly, the mutated DNA ligase I enzyme
identified in the DNA ligase I-deficient individual has a lysine residue instead of a
glutamic acid at position 566 (Barnes et al. 1992). This amino acid change two
residues away from the active site lysine markedly reduces formation of the
enzyme-AMP intermediate.
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Fig. 17.3 DNA binding induces a large conformational change in the DNA ligase catalytic region.
(a) In the crystal structure of Sulfolobus solfataricus DNA ligase obtained in the absence of DNA
(Pascal et al. 2006), the DNA binding (DBD, shown in red), adenylation domain (AdD, green), and
OB-fold (OBD, yellow) domains are in an extended conformation with relatively few contacts
between the domains. (b) In the crystal structure of human DNA ligase I in complex with nicked
DNA (Pascal et al. 2004), the DNA binding (DBD, red), adenylation domain (AdD, green) and
OB-fold (OBD, yellow) domains encircle the nicked DNA forming a ring structure that is stabi-
lized by each domains interacting with the DNA and by contacts between the DNA binding and
OB-fold domains

The first nucleotidyl transferase structure to be determined was that of the DNA
ligase encoded by bacteriophage T7 (Subramanya et al. 1996). This was shortly fol-
lowed by the structure of the RNA-capping enzyme from PCBV-1 (Hakansson et al.
1997). These structures revealed the existence of the two domains: an adenylation/
guanylylation domain, which contains conserved motifs I through V, and an oli-
gomer binding-fold (OB) domain (OBD) containing motif VI. In 2004, Pascal et al.
successfully crystallized the catalytic C-terminal region of DNA ligase I (residues
233-919) bound to a nicked DNA substrate (Pascal et al. 2004). This structure
revealed several novel features. Firstly, it showed that nicked DNA is encircled by
DNA ligase I during catalysis (Fig. 17.3b), suggesting that the catalytic domain
undergoes a large conformational change when it engages a nick. Secondly, it
showed that the catalytic region of the larger eukaryotic DNA ligases contains a
DNA binding domain in addition to the adenylation and OB-fold domains that make
up the catalytic core (Fig. 17.2). Thus, the adenylylation/guanylylation and OB-fold
domains constitute the conserved catalytic core of nucleotidyl transferases with the
DNA binding domain (DBD) being a characteristic feature of eukaryotic DNA
ligases (Pascal et al. 2004).

The DNA binding domain of DNA ligase I spans residues 262-534 (Fig. 16.2).
As shown in Fig. 17.3b, these residues fold into 12 a-helices that exhibit a twofold
symmetry (Pascal et al. 2004). Due to the symmetry of the DBD, the interaction
with DNA occurs via one tight reverse turn of two a-helices and an extended loop
formation. These loops and helices arrange to create a relatively flat surface of
approximately 2,000 A2 that interacts almost exclusively with the phosphodiester
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backbone of the DNA substrate. The DBD interacts with the minor groove of the
DNA backbone on both sides of the nick, explaining how DNA ligase I binds to
DNA in a sequence-independent binding manner and why chemicals that bind to the
minor groove of DNA, such as distamycin, inhibit DNA ligase activity (Montecucco
et al. 1991). Notably, the DBD stimulates the weak DNA joining activity of the
DNA ligase I catalytic core containing the AdD and OBD when added in trans,
indicating that contacts between the DBD and both AdD and the OBD observed in
the crystal structure stabilize the folding of the catalytic core around the DNA nick
(Pascal et al. 2004).

The DNA ligase I adenylation domain, which spans from residue 535-747, con-
tains conserved motifs I, III, IIla, IV and V. These five motifs contribute to the sur-
face of nucleotide binding pocket (Fig. 17.3b). Tryptophan 742 of motif V provides
co-factor specificity by sterically excluding GTP. Furthermore, Arg573 and Glu621
of motifs I and III respectively, stabilize the hydroxyl groups on the ribose sugar of
AMP via hydrogen bonding interactions (Pascal et al. 2004). As mentioned above,
one of the two mutant /ig/ alleles identified in the individual with DNA ligase I
deficiency encodes a polypeptide in which Glu566 of motif I is replaced by a lysine
residue (Barnes et al. 1992). From the structure of DNA ligase I, it is evident that
the Glu566 residue contributes to the specific interaction with ATP by forming a
hydrogen-bond with the N6 of the adenine moiety (Pascal et al. 2004). Replacement
of Glu566 with a positively charged lysine residues disrupts this, providing an
explanation as to why the mutant polypeptide is defective in the first step of the liga-
tion reaction, formation of the covalent enzyme-adenylate intermediate.

The major structural feature of the OB-fold domain is a B-barrel and similar to
the other two domains, it also interacts with the minor groove of the DNA (Pascal
et al. 2004). Contacts between AdD and OBD are critical for correctly positioning
these domains when they engage a DNA nick. During catalysis, the AdD forms a
salt bridge with the OBD via Asp570 and Arg871, stabilizing the ligase catalytic
domains in a conformation in which they fully encircle the DNA nick. This posi-
tioning of the AdD and OBD creates a surface that binds to and distorts the nicked
DNA. Notably, the phenylalanine residues at positions 635 and 872 of the AdD and
OBD are forced into the minor groove both 3" and 5’ to the nick. As a result of these
interactions, the DNA duplex upstream of the nick duplex assumes an A-form struc-
ture and the nick is opened up for ligation (Pascal et al. 2004). Notably, the DNA
binding site downstream of the nick is specific for B-form DNA, explaining why
ligase I is not active on nicks within A-form duplexes formed by RNA duplexes and
RNA-DNA hybrids (Pascal et al. 2004). This ability to discriminate against duplexes
containing ribonucleotides 5' to the nick presumably prevents premature joining of
Okazaki fragments before the RNA primer has been removed. The maternally inher-
ited mutant /ig/ allele in the individual with DNA ligase I-deficiency encodes a
polypeptide in which the arginine 771 within the OBD is replaced by a tryptophan
residue (Barnes et al. 1992). This mutant enzyme has markedly reduced catalytic
activity and is, as expected, defective in step 2 of the ligation reaction (Fig. 17.1),
transfer of the AMP moiety from the ligase to the 5’ phosphate termini of the DNA
nick (Prigent et al. 1994).



336 T.R.L. Howes and A.E. Tomkinson

Although eukaryotic DNA ligases have not been crystallized without nicked
DNA, the structure of an ATP-dependent DNA ligase from the archaeal organism
Sulfolobus solfataricus has been determined in the absence of DNA (Pascal et al.
2006). As shown in Fig. 17.3a, the catalytic region of the archaeal enzyme has the
same three domain organization as eukaryotic DNA ligases but, in the absence of
DNA, the three domains are arranged in an extended conformation. The major dif-
ference between the extended (Fig. 17.3a) and closed (Fig. 17.3b) conformations of
the three domains is the position of the OBD domain relative to the other two
domains (Pascal et al. 2006). Thus, the OBD undergoes a large change in conforma-
tion during the nicked DNA-dependent transition from the extended to the closed
form with interactions between the OBD and DBD playing key roles in stabilizing
the closed form. Based on structures of smaller DNA ligases, it appears likely that
the OBD also undergoes conformational changes when the enzyme interacts with
ATP to form the enzyme-adenylate, possibly reorienting the OBD to expose a DNA
binding surface (Odell et al. 2000; Subramanya et al. 1996).

While the unstructured N-terminal region of DNA ligase I is dispensable for
catalytic activity in vitro, it does appear to be essential for cellular function and
viability (Mackenney et al. 1997; Petrini et al. 1995). As mentioned previously, this
region contains a bipartite nuclear localization signal located between residues 111
and 179 and a sequence that is required for targeting to replication factories, resi-
dues 2-9 (Cardoso et al. 1997; Montecucco et al. 1995). In addition, the N-terminal
region is phosphorylated on several serine/threonine residues (Fig. 17.2) by casein
kinase II and cyclin-dependent kinases during cell cycle progression (Ferrari et al.
2003; Frouin et al. 2002; Prigent et al. 1992). This results in a hyperphosphorylated
form of DNA ligase I in M-phase cells. It appears likely that these phosphorylation
events regulate the participation of DNA ligase I in DNA replication because phos-
phorylation site mutants fail to correct the DNA replication defect of DNA ligase
I-deficient 46BR cells (Soza et al. 2009; Vijayakumar et al. 2009).

17.5 DNA Ligase I: Protein Interactions

Proteins are directed to participate in complex DNA transactions, such as DNA
replication, by specific protein-protein interactions. Proliferating cell nuclear anti-
gen (PCNA), the eukaryotic homotrimeric DNA sliding clamp (see Chap. 15, this
volume) that functions as a processivity factor for the replicative DNA polymerases,
was the first DNA ligase I-interacting protein to be identified (Levin et al. 1997),
and mediates DNA ligase I interaction with the rest of the eukaryotic replisome.
Residues 2-9 within the non-catalytic N-terminal region of DNA ligase I constitute
the major PCNA binding site within DNA ligase I (Montecucco et al. 1998). Notably,
this same sequence, which is homologous to a PCNA-interacting protein motif, or
‘PIP box,” that has been identified in a large number of proteins, is required for the
recruitment of DNA ligase I to replication factories (Montecucco et al. 1998).
Amino acid changes that disrupt PCNA binding abolish both the recruitment of
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Fig. 17.4 Models for the interaction between PCNA and DNA ligase I on nicked DNA. (a) DNA
ligase I initially engages a PCNA trimer (orange) by an interaction between the DNA ligase I PIP
box (grey) and the interdomain connector loop (IDCL) region of the one of PCNA subunits. This
docking facilitates a lower affinity interaction between the DNA ligase I DNA binding domain
(red) and the PCNA trimer. At this stage, the DNA ligase I catalytic region remains in an extended
conformation. This complex of PCNA and DNA ligase I slides freely along the duplex until it
encounters a nick. The catalytic region of DNA ligase I then encircles the DNA nick. Interactions
with the face of the PCNA trimer are likely to facilitate the transition of the catalytic region from
the extended conformation into the compact ring structure. Domains of DNA ligase I are coloured
as Figure 17.3. (b) A theoretical space-filling model of the double ring structure formed by PCNA
(shown predominantly in orange but with the IDCL highlighted in blue; PDB: 1AXC) and the
catalytic region of DNA ligase I (PDB: 1X9N) on nicked duplex DNA

DNA ligase I to replication factories and the correction of the DNA replication
defect in 46BR cells, demonstrating the critical role of this interaction in the sub-
nuclear targeting of DNA ligase I and the efficient joining of Okazaki fragments
(Levin et al. 2000; Montecucco et al. 1998). Since the PIP box motif binds to the
interdomain connector loop of PCNA (Vijayakumar et al. 2007), it appears likely
that, when the flexible N-terminal region of DNA ligase I initially binds to the inter-
domain connector loop of PCNA trimer, the catalytic region remains in an extended
conformation (Fig. 17.4a) (Pascal et al. 2000).

DNA ligase I stably interacts with PCNA trimers that are topologically linked to
duplex DNA with only one molecule of DNA ligase I bound per PCNA trimer (Levin
et al. 1997). This suggests that the other potential binding sites are occluded because
of dynamic conformational changes in DNA ligase I as a consequence of its flexible,
extended structure. Alternatively, it is possible that the initial docking of DNA ligase
I'with a PCNA trimer via the PIP box facilitates lower affinity interactions that extend
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the protein-protein interaction interface. In support of this idea, the DBD binds weakly
to the subunit-subunit interface region of homotrimeric PCNA (Song et al. 2009).
Interestingly, the DBD also mediates the interaction with human Rad9-Rad1-Husl,
a heterotrimeric clamp involved in cell cycle checkpoints (Song et al. 2009) and
heterotrimeric PCNA from Sulfolobus solfataricus (Pascal et al. 2006). Given the
similarity in size and shape between the PCNA ring and the ring structure formed
when the catalytic region of DNA ligase I engages a DNA nick (Fig. 17.4b), the
PCNA ring may facilitate the transition of the catalytic region of DNA ligase I from
the extended conformation to the compact ring structure. It has been proposed that
the DBD, which provides the majority of the DNA binding affinity, serves as a pivot
during this transition after initial docking via the PIP box (Fig. 17.4a). Unlike studies
on the interaction between DNA ligase I and the heterotrimeric Rad9-Rad1-Husl
checkpoint DNA sliding clamp (Song et al. 2007; Wang et al. 2006), there are con-
tradictory reports as to whether the interaction with PCNA stimulates nick joining by
DNA ligase I (Levin et al. 1997, 2004; Tom et al. 2001).

DNA ligase I also functionally interacts with two other DNA replication pro-
teins, replication protein A (RPA), the heterotrimeric complex that binds to single
stranded DNA (see Chap. 10, this volume, and Ranalli et al. 2002), and replication
factor C (RFC), a heteropentameric complex that loads PCNA onto DNA (see Chap.
14, this volume, and Levin et al. 2004). Although a direct physical interaction
between RPA and DNA ligase I has not been demonstrated, RPA specifically stimu-
lates the rate of catalysis by DNA ligase I (Ranalli et al. 2002). In contrast to RPA,
RFC inhibits DNA joining by DNA ligase I (Levin et al. 2004). This interaction and
inhibition, which involves the large subunit of RFC, p140/RFCl, is abolished by
replacement of the four serine residues that are phosphorylated in DNA ligase I with
glutamic acid residues (Vijayakumar et al. 2009). Notably, the inhibition of DNA
ligase I by RFC can also be alleviated by inclusion of PCNA in the reaction, provid-
ing that DNA ligase I has a functional PIP box (Vijayakumar et al. 2009). Unlike the
interaction with RFC, DNA ligase I binding to PCNA is not modulated by phospho-
rylation (Vijayakumar et al. 2009). Thus, the failure of the phosphorylation site
mutant of DNA ligase I to complement the replication defect in DNA ligase
I-deficient cells may be due to the disrupted interaction with RFC (Vijayakumar
et al. 2009). Although these studies indicate that physical and functional interac-
tions among DNA ligase I, RFC and PCNA are critical for DNA replication, the
mechanisms by which these interactions contribute to Okazaki fragment processing
and joining are not fully understood.

17.6 Concluding Remarks

The catalytic region of DNA ligase I encircles and ligates the nicks between adja-
cent Okazaki fragments during lagging strand DNA synthesis. Although there is
compelling evidence that interactions with PCNA and almost certainly RFC are
critical for the specific participation of DNA ligase I in DNA replication, further


http://dx.doi.org/10.1007/978-94-007-4572-8_10
http://dx.doi.org/10.1007/978-94-007-4572-8_14

17 DNA Ligase I, the Replicative DNA Ligase 339

studies are needed to delineate the precise molecular mechanisms by which these
interactions contribute to the co-ordinated processing and joining of Okazaki frag-
ments and how these interactions are regulated by phosphorylation of DNA ligase I.
The cancer predisposition exhibited by a mouse model of DNA ligase I-deficiency
highlight the importance of this co-ordination and regulation in preventing genome
instability during DNA replication.
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