Chapter 5 )
The DNA Replication Machine: e
Structure and Dynamic Function

Nina Y. Yao and Michael E. O’Donnell

Abstract In all cell types, a multi-protein machinery is required to accurately dupli-
cate the large duplex DNA genome. This central life process requires five core repli-
some factors in all cellular life forms studied thus far. Unexpectedly, three of the
five core replisome factors have no common ancestor between bacteria and eukary-
otes. Accordingly, the replisome machines of bacteria and eukaryotes have important
distinctions in the way that they are organized and function. This chapter outlines the
major replication proteins that perform DNA duplication at replication forks, with
particular attention to differences and similarities in the strategies used by eukaryotes
and bacteria.
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Introduction

Cellular DNA genomes are duplicated by a multiprotein machinery referred to as a
replisome (Kornberg and Baker 1992). Replisomes of bacteria, archaea and eukary-
otes utilize a core set of five distinctive activities that we refer to here as the “core”
replisome factors (Bell and Labib 2016; Yao and O’Donnell 2019). The core repli-
some factors of Escherichia coli and Saccharomyces cerevisiae, representative of
bacteria and eukaryotes respectively, are listed in Table 5.1. The core replisome
factors are: (1) a hexameric helicase, that encircles one strand of DNA and uses ATP
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Table 5.1 The five core replisome factors of bacteria and eukaryotes

Cell type Helicase Primase DNA Clamp Clamp
polymerase loader
Bacteria DnaB Primase Pol 11T Beta Tau
(E. coli) (Homohexamer) | (Monomer) | (a Pol; &€ exo; | homodimer complex
0) 388 X
Eukaryote CMG: Cdc45, Pol Pol €: Pol 2 PCNA RFC
(S. cerevisiae) Mcm 2,3,4,5, |oa-primase (Pol 2, Dpb2, | (homotrimer) | (RFC
6,7, and GINS | (Pol 1, Pol Dpb3, Dpb4) 1,2,3,4,5)
(Psf1, 2, 3, and 12, Pri 1, Pri | Pol 8: Pol 3,
S1d5) 2) Pol 31, Pol 32

to motor along the ssDNA and unwind the duplex, (2) DNA polymerases, which poly-
merize DNA and contain a 3’-5’ proofreading exonuclease, (3) a primase that synthe-
sizes RNA (or RNA-DNA) primers to initiate elongation by DNA polymerases, (4) a
sliding clamp ring that encircles double-strand (ds) DNA (or RNA-DNA) and tethers
DNA polymerases to a primed DNA for highly processive synthesis, and (5) a clamp
loader complex that uses ATP to open and close the circular sliding clamp around
DNA. There are two other replication proteins that are important to genome duplica-
tion in all cell types but are not always considered part of the replisome machine. One
of these replication proteins is the single-strand (ss) DNA binding protein (e.g. bacte-
rial SSB (Single-Strand Binding protein) and eukaryotic RPA (Replication Protein
A)) that coat ssDNA to melt hairpin blocks to polymerization and also to protect
ssDNA from nucleases. The other replication protein is a DNA topoisomerase(s)
that removes helical turns from dsDNA, needed for progression of the replisome.
DNA topoisomerases are thought to act separate (and ahead) of replication forks.
The archaeal replisome is quite similar to the eukaryotic replisome as the archaeal
replication machinery is evolutionarily related to the eukaryotic replisome, and inter-
ested readers are referred to reviews on archaeal replication (Makarova et al. 2012;
Makarova et al. 2014).

A comparison of the subunit composition of the core replisome factors of bacteria
(E. coli) and eukaryotes (S. cerevisiae) shows that the eukaryotic core factors are
multi-subunit complexes giving eukaryotic replisomes many more distinct polypep-
tides compared to bacterial replisomes (Table 5.1). For example, the eukaryotic
replicative helicase is composed of 11 subunits and is referred to as CMG for its
3 subcomponents, the Cdc45 (Cell Division Cycle 45) protein, the Mcm (Mini Chro-
mosome Maintenance) 2—7 heterohexamer motor, and the 4 subunit GINS complex
(Psf 1,2,3 and S1d 5) (Ilves et al. 2010; Moyer et al. 2006). In contrast, the DnaB
helicase of the E. coli replisome is a single polypeptide that forms a homohexamer
(Kornberg and Baker 1992; LeBowitz and McMacken 1986). The eukaryotic primase
is the four-subunit DNA polymerase alpha-primase that contains a DNA polymerase
(Pol 1) and RNA primase (Pri 1/2) in addition to the Pol 12 subunit and gener-
ates a RNA-DNA primer of about 25 nucleotides (Conaway and Lehman 1982). In
contrast, the E. coli primase is only a single subunit that makes RNA primers of 10-12
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nucleotides in length (Kornberg and Baker 1992). The eukaryotic replisome utilizes
two distinct DNA polymerases, epsilon and delta, for replication of the leading and
lagging strands, respectively; each are multisubunit complexes (Burgers and Kunkel
2017). The E. coli replisome utilizes identical DNA polymerase III enzymes for both
strands, and while the E. coli polymerase III is composed of separate DNA poly-
merase and 3°-5’ exonuclease subunits, the corresponding replicative DNA poly-
merase of most bacteria is a single subunit that contains both polymerase and exonu-
clease activities in the same polypeptide chain (Kornberg and Baker 1992; McHenry
2011). The sliding clamp of eukaryotes is the homotrimeric PCNA (Proliferating
Cell Nuclear Antigen), and in bacteria it is the dimeric beta, but each form rings with
similar dimensions and molecular weight (Itsathitphaisarn et al. 2012; Kong et al.
1992). The eukaryotic clamp loader, RFC (Replication Factor C), is a heteropentamer
of proteins that each share homology to AAA + proteins (ATPases Associated with
diverse Activities), and the E. coli clamp loader also contains five AAA + subunits
(Jeruzalmi et al. 2001; Kelch et al. 2012). The E. coli SSB is a homotetramer and
each subunit contains an OB (Oligosaccharide Binding) fold, while eukaryotic RPA
is a heterotrimer that also uses four OB folds to bind ssDNA (Antony and Lohman
2019; Chen and Wold 2014). The eukaryotic replisome contains several “accessory”
factors that travel with the replisome and have no functional counterpart in bacteria
(Gambus et al. 2006; Gambus et al. 2009). Although we focus on the core replisome
factors is this review, we discuss a few of the eukaryotic replisome accessory factors
that have significant impact on undisturbed replisome action. The known eukaryotic
replisome accessory factors include: the Ctf4 (Chromosome Transmission Fidelity)
homotrimer (metazoan AND1), the Mcm10 (Mini Chromosome Maintenance) initi-
ation factor, the Mrc1 (Mediator of Replication Checkpoint) mediator of the S-phase
DNA checkpoint response (metazoan CLASPIN), the Tof1-Csm3 (Topoisomerase 1
interacting Factor and Chromosome Segregation in Meiosis) paused fork stabilizing
subunits (metazoan TIM-TIPPIN), and the FACT (FAcilitates Chromatin Transcrip-
tion) nucleosome mobility factor (Gambus et al. 2006; Gambus et al. 2009). Of these
replisome accessory factors, only Mcm10 is essential to S. cerevisiae cell viability.

Evolution and Structure of the Core Replisome Components

The advent of genomic sequencing revealed the surprising finding that major compo-
nents of bacterial and eukaryotic replisomes have non-homologous sequences and
thus are presumed to have evolved independently (Table 5.2) (Forterre et al. 2004;

Table 5.2 Structural folds in

Component Bacteria Eukaryote
the non-homologous core
replisome factors of bacteria ~ Helicase RecA fold AAA + fold
and eukaryotes Primase Toprim fold Pol X fold
DNA Polymerase | Polymerase III | Polymerases ¢ and §
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Koonin et al. 2015; Yao and O’Donnell 2016). This stands in contrast to other major
information pathways in which there exists homology between bacterial and eukary-
otic ribosomes and RNA polymerase subunits. The three core replisome factors that
lack homology are as follows. Bacterial helicase (e.g. E. coli DnaB) uses a RecA
fold for ATPase driven function, while the MCM motors of eukaryotic CMG utilize
a AAA + fold for ATP binding and hydrolysis. DNA polymerases assort into distinct
non-homologous sequence families (Steitz 1999; Yang and Woodgate 2007), and the
eukaryotic leading and lagging strand DNA polymerases epsilon and delta are in the
B-family of polymerases, while the bacterial replicative polymerase (Pol III/PolC)
is in the C-family of polymerases. The bacterial primase is derived from a topoiso-
merase fold (Aravind et al. 1998; Podobnik et al. 2000), while the RNA primase in
the eukaryotic DNA polymerase alpha-primase has the folding pattern of the DNA
polymerase X family (Kilkenny et al. 2013; Kirk and Kuchta 1999).

Helicase

Replicative hexameric ring shaped helicases in both bacteria and eukaryotes are
composed of 6 motor subunits that each have a N-terminal and a C-terminal domain
(Fig. 5.1a), giving the hexameric ring an appearance of two stacked rings on side
view (Fig. 5.1a) (O’Donnell and Li 2018). Thus the hexamer consists of an N-tier
ring and a C-tier ring. The ATP binding sites are located in the C-terminal domain in

a) b)

N—{N-domain (NTD) _C-domain (CTD) _}-C

Bacteria Eukaryotes

E. coli DnaB|

3 5 3 5
leading lagging leading lagging

Fig. 5.1 Replicative helicases are hexameric rings with two tiers. a Top and side views of the
eukaryotic Mcm2-7 heterohexamer of the CMG helicase; the GINS and Cdc45 subunits are omitted
for clarity (PDB 3JC7). The side view shows that the two domains of each subunit give the helicase
the appearance of two stacked rings, forming a N-tier and a C-tier. b Top: Each subunit of replicative
hexameric helicases have an N-terminal and C-terminal domain. The ATP sites are located in the
C-terminal domain for both bacteria and eukaryotes. Bottom: Hexameric helicases of eukaryotes
and bacteria encircle opposite strands because they track in opposite directions on ssDNA. Note
also that the eukaryotic helicase tracks N-tier first while the bacterial helicase tracks C-tier first
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both E. coli DnaB and the eukaryotic Mcm2—7 motors of CMG, and the ATP sites
are positioned at subunit interfaces of the C-tier ring in which residues from both
neighboring subunits are required for ATP hydrolytic activity (Enemark and Joshua-
Tor 2008; Lyubimov et al. 2011; O’Donnell and Li 2018). The interfacial ATP sites
may enable intramolecular communication within the ring during unwinding action.
Both the bacterial DnaB and eukaryotic CMG function by steric exclusion, in which
they translocate along a sSDNA and act as a wedge at a forked junction to separate the
strands; one strand is excluded to the outside of the helicase ring and the other strand
is pulled through the central channel of the helicase ring by loops within the motors in
the C-terminal domains (Ahnert and Patel 1997, Fu et al. 2011; Hacker and Johnson
1997; Lee et al. 2014). Interestingly, the bacterial and eukaryotic replicative helicases
translocate on ssDNA in opposite directions. The RecA based bacterial helicase
travels 5°-3’, placing it on the lagging strand while AAA + based eukaryotic CMG
travels 3°-5’, placing it on the leading strand (Fig. 5.1b). Furthermore, the bacterial
helicase travels C-tier first (Itsathitphaisarn et al. 2012), while the eukaryotic CMG
travels N-tier first (Georgescu et al. 2017). For further information about the detailed
structure and mechanism of hexameric helicases the reader is referred to reviews
that focus on this subject (Enemark and Joshua-Tor 2008; Lyubimov et al. 2011;
O’Donnell and Li 2018).

DNA Polymerase

All known DNA polymerases are shaped as a right hand, having thumb, fingers and
palm sub-domains, even though DNA polymerases can be assorted into at least six
different families that do not share homology to one another (Steitz 1999; Yang
and Woodgate 2007). Many (but not all) DNA polymerases, such as the replica-
tive DNA polymerases, also contain a proofreading 3’5’ exonuclease that removes
mismatched nucleotides inserted by mistake. The bacterial replicative polymerase is
the sole member of the C-family of DNA polymerases. The eukaryotic DNA poly-
merases delta and epsilon are in the B-family and thus share homology to one another.
The leading strand DNA polymerase epsilon is unique in that it contains two DNA
polymerases in its Pol 2 subunit (Tahirov et al. 2009). The N-terminal polymerase
domain in Pol 2 of DNA polymerase epsilon is the active DNA polymerase, while
the C-terminal polymerase is inactive (Tahirov et al. 2009). The active N-terminal
domain of Pol 2 in DNA polymerase epsilon is unique in having an extra sub-domain
(P-domain) that joins with the thumb/finger/palm sub-domains to completely encircle
the primed template (Hogg et al. 2014). Interestingly, genetic studies reveal that the
inactive C-terminal polymerase of Pol 2 is essential, while the N-terminal active
polymerase of Pol 2 is not required for cell viability, although the mutant cells grow
very slow (Dua et al. 1999; Kesti et al. 1999). It is thought that the catalytic N-
terminal half of Pol 2, if deleted, can be substituted by DNA polymerase delta (Dua
et al. 1999; Kesti et al. 1999). The essential, but inactive C-terminal polymerase in
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Pol 2 is thought to serve an essential structural role, and recent studies indicate that
it is important for the assembly of CMG at an origin (Goswami et al. 2018).

Primase

Primases of bacteria and eukaryotes are highly diverged and bear little similarity
in sequence or structure. It is still unresolved why the eukaryotic DNA poly-
merase alpha-primase contains a DNA polymerase and functions with its priming
subunits to make a hybrid RNA-DNA primer. Interestingly, a recent study showed
that mutating the polymerase active site in Pol 1, the DNA polymerase of poly-
merase alpha-primase, still gave full replication activity in a single-molecule study,
implying RNA primers can be used instead of RNA-DNA hybrid primers (Lewis et al.
2020). However, whether cells require DNA polymerase activity within polymerase
alpha-primase for cell viability is not yet known.

Clamps and Clamp Loaders

Unlike the other core factors, the clamp and clamp loaders of bacteria and eukaryotes
share the same common ancestor (Kelch et al. 2012; Yao and O’Donnell 2016). The
beta and PCNA clamps are essentially superimposable, having the same secondary
and tertiary 6 domain structure, with the exception that each monomer of dimeric
bacterial beta has three domains (Kong et al. 1992) and each monomer of trimeric
PCNA has two domains (Fig. 5.2a) (Gulbis et al. 1996). The clamp loader subunits
of bacteria and eukaryotes are heteropentamers that share sequence homology to one
another, and display homology from bacteria to eukaryotes (Cullmann et al. 1995;
O’Donnell et al. 1993). Clamp loader pentamers form a gapped ring that bind dsSDNA
in the central chamber (Fig. 5.2b) (Kelch et al. 2011, 2012). Clamp loaders operate
by binding/opening their respective clamp and then bind primed DNA in the center
of the pentamer ring, thereby positioning the DNA through the clamp (Fig. 5.2b).
The DNA induces a conformation change in the clamp loader that activates the ATP
sites for hydrolysis, which ejects the clamp loader and enables the clamp to snap shut
around DNA. For a more in-depth discussion of the mechanism of clamp loaders,
the reader is referred to reviews on the subject (Kelch 2016; Kelch et al. 2012; Yao
and O’Donnell 2012).

One may ask why the clamp and clamp loader are conserved while the other
core replisome factors have distinct structures and evolutionary heritage? Clamps
and clamp loaders are well known to be involved in numerous processes, not just
replication (De Biasio and Blanco 2013; Georgescu et al. 2015a; Yao and O’Donnell
2016). Hence, while they were discovered in DNA replication systems, they may
have originally evolved for function in other DNA metabolic reactions, and then
were recruited later in evolution for DNA replication. For example, use of a clamp
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Fig. 5.2 Sliding clamps and clamp loaders. a Representative sliding clamps of bacteria (E. coli
beta, PDB 2POL) and eukaryotes (human PCNA, PDB 1AXE) are shown in ribbon representation.
b The clamp loader of T4 bacteriophage bound to its clamp and primed DNA. ¢ Steps in the clamp
loading reaction. ATP binding to the clamp loader enables it to bind/open the clamp, which then
binds primed DNA in the central chamber of the clamp loader, positioning dsDNA through the
clamp. ATP hydrolysis ejects the clamp loader, enabling the clamp to close and bind to the DNA
polymerase. Panel c is reproduced with permission from Fig. 5.2 in (Jeruzalmi et al. 2001; Kelch
et al. 2012)

that binds a variety of different DNA metabolic proteins will enhance their effective
concentration on DNA, and thus the cell would not need to produce as much of the
protein for its activity on DNA. Specifically, the effective local concentration of a
clamp-interacting protein relative to DNA will be greatly enhanced by proximity to
DNA via interaction with a mobile sliding clamp that tethers it to DNA.
Considering that bacteria and eukaryotic replisomes evolved separately, why do
they have similar core replisome factors? One possible explanation is that genome
replication of the Last Universal Common Ancestor (LUCA) cell may have been very
different from modern day cells. The LUCA genome could possibly have even been
RNA. Viruses and bacteriophage have a plethora of different replication strategies,
providing precedent for unique DNA replication processes (Kornberg and Baker
1992). For example, LUCA may have replicated a duplex genome one strand at
a time (e.g. first duplicating one strand and then doubling back to replicate the
other). This “sequential strand replication” strategy is observed in some dsDNA
and RNA viruses today, and can circumvent the need for both primase and helicase.
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Primase is circumvented by sequential strand replication by protein priming by phi29
bacteriophage, priming by cleavage of a terminal hairpin by adeno-associated virus,
and tRNA priming in retroviruses (Kornberg and Baker 1992). The need for a helicase
can be circumvented using a strand displacing DNA polymerase. For example, phi29
bacteriophage replicates its dsDNA genome using a strand displacing polymerase
instead of a helicase.

Taking these speculations a step further, it is possible that cells eventually evolved
a large enough genome to require a mechanism to rapidly replicate both strands at
the same time to be more fit, or competitive with other cells. Rapid and simul-
taneous replication of both strands of the duplex requires an RNA primase for
semi-discontinuous replication, and an ATP driven DNA helicase dedicated to rapid
unwinding of the duplex genome. If these requirements for cellular fitness occurred
after the split of bacteria and eukaryotes from LUCA, it could possibly explain why
bacteria utilize a helicase and primase that share no homology to their eukaryotic
counterparts.

Organization of Replisomes

The apparent distinct evolutionary heritage of helicase, primase and DNA poly-
merases of eukaryotic and bacterial replisomes presents the possibility that these
components are organized differently in their respective replisome machines. Thus,
we summarize here the current state of knowledge about the organization of the core
replisome factors in bacterial and eukaryotic cell types, using E. coli to represent
bacteria and S. cerevisiae to represent eukaryotes.

Bacterial Replisome

The bacterial homohexameric replicative helicase (e.g. E. coli DnaB) unwinds DNA
5’3’ and is thus located on the lagging strand (LeBowitz and McMacken 1986). A
direct connection of E. coli polymerase III to the replicative DnaB helicase has yet
to be observed, and if it exists it is sufficiently weak to avoid detection. However,
three of the clamp loading subunits (tau) contain C-terminal appendages that bind
both the DnaB helicase and DNA polymerase III (Dallmann et al. 2000; Gao and
McHenry 2001; O’Donnell et al. 2001). Thus, the clamp loader is the organizing
center of the E. coli replisome, connecting the helicase to the DNA polymerases
(Fig. 5.3) (O’Donnell et al. 2001). The primase transiently binds the DnaB helicase
for function, and extends primers in the opposite direction of helicase unwinding
(Kornberg and Baker 1992). The E. coli primase acts distributively in the replisome,
coming on and off the replisome to prime the lagging strand at intervals of 1-2 kb
(Tougu and Marians 1996). The lagging strand DNA polymerase III, held to DNA
by its beta clamp, is capable of processive synthesis of an Okazaki fragment but
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Fig. 5.3 Organization of the core replisome factors of the E. coli replisome. The leading strand
DNA polymerase III is held to DNA by the beta clamp. The t-complex clamp loader contains 3 t
subunits, each of which contain extensions that bind a DNA polymerase III molecule and connect to
the DnaB helicase hexamer that encircles the lagging strand. Two molecules of DNA polymerase I11-
beta on the lagging strand. Primase transiently binds the helicase to initiate synthesis of the lagging
strand RNA primers onto which the central clamp loader repeatedly loads beta clamps as RNA
primers are formed. Extension of a lagging strand primer results in formation of a 1-2 kb Okazaki
fragment DNA loop. The SSB tetramer binds the lagging strand ssDNA to protect it from nucleases
and to remove secondary structures that would normally impede DNA polymerase movement

has an intrinsic mechanism that ejects DNA polymerase III from the beta clamp and
DNA upon completing a segment of DNA, enabling it to recycle to a new RNA
primed site while remaining bound to the clamp loader/replisome (O’Donnell 1987;
Stukenberg et al. 1994). This polymerase recycling mechanism will be discussed
further in the next section. Structural studies of the bacterial cellular replisome have
yet to be reported. Hence, specific details about the organization of the replisome
factors relative to one another in 3D space is not yet known. However, the structure
of the T7 bacteriophage replisome has recently been determined (Gao et al. 2019),
and has similarity to the eukaryotic replisome structure, as will be described below.

Considering that leading and lagging strand DNA polymerases are structurally
connected, it was originally thought that the leading and lagging strand polymerases
would also be functionally coupled (Kornberg and Baker 1992). Specifically, if a
lagging strand polymerase were to stall, the leading strand polymerase would also
stop (and the converse). Indeed, early in vitro studies of the T4 phage and T7 phage
replisomes indicated functional coupling of the two DNA polymerases (Lee et al.
1998; Salinas and Benkovic 2000). But studies in E. coli using both ensemble and
single-molecule methods showed that the leading/lagging strand polymerases within
the replisome are not functionally coupled, even though they are structurally attached
(McInerney and O’Donnell 2004; Yao et al. 2009). A recent study has re-confirmed
these actions in the E. coli system (Graham et al. 2017).
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Eukaryotic Replisome

The CMG helicase tracks 3’—5 and thus encircles the leading strand, the opposite
strand that bacterial DnaB helicase encircles (Ilves et al. 2010; Moyer et al. 2006).
Furthermore, the leading strand polymerase epsilon directly binds to the replicative
CMG helicase (Fig. 5.4) (Langston et al. 2014). This stands in contrast to the E. coli
DNA polymerases which lack direct connection to the DnaB helicase, and require the
clamp loader to mediate their connection. Also, unlike E. coli, the eukaryotic DNA
polymerase alpha-primase forms an indirect contact to CMG mediated by the Ctf4
trimer replisome accessory factor (Simon et al. 2014; Sun et al. 2015). Furthermore,
recent single-molecule studies demonstrate that DNA polymerase delta travels with
the replisome for several kilobases (Lewis et al. 2020). These observations infer that
numerous lagging strand DNA loops occur during replication of multiple Okazaki
fragments in one DNA polymerase delta binding event, especially considering the
small 100-200 bp length of eukaryotic Okazaki fragments (Smith and Whitehouse
2012). A strong interaction between the lagging strand DNA polymerase delta and
individual replisome factors is not yet observed, and it seems possible that the connec-
tion of polymerase delta to the replisome may require multiple weak contacts that
sum to form a strong connection. A previously identified contact between the Pol 32
subunit of DNA polymerase delta and the Pol 1 subunit of DNA polymerase alpha-
primase (Huang et al. 1999; Johansson et al. 2004) has been shown to be functionally
relevant in the single-molecule studies (Lewis et al. 2020).

Decades of textbook illustrations of the replisome show the helicase at the prow
of the replication fork and the DNA polymerases trailing behind. However, structural

Fig. 5.4 Organization of the core replisome factors of the S. cerevisiae replisome. The leading
strand polymerase epsilon is held to DNA by the PCNA clamp and by interaction with the CMG
helicase that encircles the leading strand. The Ctf4 scaffolding trimer holds the lagging strand DNA
polymerase alpha-primase to CMG helicase. The lagging strand DNA polymerase delta-PCNA
complex travels with the replisome, resulting in 100-200 nucleotide Okazaki fragment DNA loops.
The RPA heterotrimer binds the lagging strand ssDNA, protecting it from nucleases and melting
secondary structures that impede polymerase progression
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studies of the eukaryotic replisome reveal the leading strand DNA polymerase epsilon
is on the opposite side of CMG from the lagging strand DNA polymerase alpha-
primase, revealing that one polymerase travels ahead of the helicase and one travels
behind the helicase (Fig. 5.4) (Sun et al. 2015). Further study revealed the orientation
of CMG on DNA, and that polymerase alpha primase travels ahead of CMG while
polymerase epsilon tracks in back of CMG (Georgescu et al. 2017). This anti-intuitive
view of the lagging and leading strand DNA polymerases acting either in front or
behind the helicase generalizes to the structure of the T7 bacteriophage replisome
(Gaoetal. 2019; Li and O’Donnell 2019). While the T7 bacteriophage does not use a
clamp/clamp loader, it utilizes a hexameric helicase, and the structural studies reveal
the identical leading and lagging strand polymerases are located on opposite faces
of the helicase.

Now that the eukaryotic replisome structure is coming into view, one can compare
and contrast several salient details of replisome architecture between E. coli and S.
cerevisiae (compare Figs. 5.3 and 5.4). The directionality of the helicases places them
on opposite strands, DnaB acts 5’—3’on the lagging strand and eukaryotic CMG acts
3°-5’ on the leading strand. The CMG helicase organizes the eukaryotic replisome,
binding the leading polymerase epsilon directly and the lagging DNA polymerase
alpha-primase through the Ctf4 scaffolding factor. In E. coli, the leading and lagging
strand DNA polymerases connect indirectly to the helicase through their mutual
binding to the clamp loader that organizes the replisome. Bacterial primase does not
form a stable attachment to the replisome, while eukaryotic DNA polymerase alpha-
primase is attached to the replisome through the Ctf4 scaffolding factor (Gambus
etal. 2009; Yuan et al. 2019). While eukaryotes utilize two distinct DNA polymerases
for the two daughter strands, E. coli uses identical DNA polymerases. The bacterial
primase synthesizes a RNA primer, while the eukaryotic DNA polymerase alpha-
primase synthesizes a hybrid RNA-DNA primer. The eukaryotic CMG helicase is
sandwiched, ahead and behind, by leading and lagging strand DNA polymerases,
and DNA polymerases sandwiching the helicase generalizes to T7 bacteriophage,
but whether this generalizes to bacterial cellular replisome is not yet certain.

Despite these differences, there are numerous similarities. The helicase motors
in bacteria and eukaryotes are circular hexamers. The DNA polymerases in both
cell types are tethered to DNA by circular clamps, loaded on DNA by a clamp
loader pentamer. Furthermore, numerous Okazaki fragments can be synthesized by
a single replisome in both bacteria and eukaryotes, indicating that the lagging strand
polymerase stays attached to the replisome during multiple cycles of the lagging
strand polymerase coming on/off DNA to extend Okazaki fragments in the opposite
direction of fork movement. This “recycling” of the lagging strand polymerase is a
fundamental problem for replisome action and is the subject of the next section.
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Clamps Mediate Polymerase Recycling During Okazaki
Fragment Synthesis

The antiparallel architecture of dsDNA, and unidirectional action of DNA poly-
merases require the lagging strand DNA polymerase to extend DNA in the oppo-
site direction of the leading strand DNA polymerase. This action requires repeated
priming and synthesis of the lagging strand in sections (Okazaki fragments) (Korn-
berg and Baker 1992). In vitro studies have elucidated an unanticipated mechanism
by which this process is performed, as illustrated in Fig. 5.5.

Bacteria

In E. coli the repeated extension of RNA primers is accomplished by a DNA poly-
merase recycling process in which the same DNA polymerase is re-utilized numerous
times by hopping among beta clamps, illustrated in Fig. 5.5 (Johnson and O’Donnell
2005). Specifically, while DNA polymerase III-beta is extending an Okazaki frag-
ment, a new beta clamp is assembled on the next RNA primer by the clamp loader
within the replisome. DNA polymerase III contains an inherent mechanism whereby
it binds its beta clamp tightly during synthesis, but rapidly disengages from its beta

a i

sy

leading
extension & clamp
new priming loading
Iaggmg
c
).jf ] polymerase
; hopping
—
naw camp
oid clamp

Fig. 5.5 Lagging strand polymerase recycling by hopping among sliding clamps. a The lagging
strand DNA polymerase is attached to the leading strand DNA polymerase by connections with
other replisome factors. The lagging strand is primed while the lagging strand polymerase extends
a previously formed primer. b and ¢ When the Okazaki fragment is complete, the lagging strand
polymerase hops to a new clamp placed on the next primed site, leaving the old clamp behind on
DNA
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clamp upon finishing a section of DNA (O’Donnell 1987). Thus when polymerase
IIT releases its beta clamp upon completing extension of an Okazaki fragment, it
rapidly comes off DNA and binds a new beta clamp at the next primed site for rapid
and processive extension of the next Okazaki fragment (Stukenberg et al. 1994). This
rapid release and recycling process is referred to as “collision release”.

Further work in the T4 phage and E. coli systems revealed that not all lagging
strand DNA polymerase recycling events require the complete extension of an
Okazaki fragment, and that sometimes the DNA polymerase is “signaled” to recycle
from one clamp to a new clamp before an Okazaki fragment is extended to comple-
tion (Kurth et al. 2013; Li and Marians 2000; Yang et al. 2004). While the signal of
this “signal release” mechanism is not clear, the process of disengaging the strong
DNA polymerase-clamp connection while extending DNA would require significant
energy. Torsional strain during replication contains more than sufficient energy to
disrupt the strong polymerase-clamp connection, and experimental evidence exists
that the extensive energy generated by supercoiling during fork advance can force the
dissociation of polymerase from its clamp before an Okazaki fragment is complete
(Kurth et al. 2013).

Single-molecule assays have shown that recycling to new clamps by a lagging
strand polymerase that remains attached to the replisome can operate for at least
86 kb of fork progression, during which multiple Okazaki fragments of 1 kb or
less are generated (Yao et al. 2009). Polymerase hopping among sliding clamps
(O’Donnell 1987; Stukenberg et al. 1994) is the accepted process by which E. coli
DNA polymerase III recycles from one Okazaki fragment to the next. This process
appears to be at work in eukaryotes as well, and is described in more detail in the
next section.

Eukaryotes

The lagging strand specific eukaryotic DNA polymerase delta-PCNA clamp is highly
processive during replication of a > 5 kb primed substrate, and despite the non-
homology in bacterial and eukaryotic DNA polymerases, DNA polymerase delta
demonstrates collision release from its PCNA clamp upon completing DNA much
as observed for E. coli DNA polymerase III and illustrated in Fig. 5.5 (Langston and
O’Donnell 2008). However, unlike the E. coli system a strong and direct connec-
tion of polymerase delta to other replisome components has not been detected, and
therefore it is generally thought that the eukaryotic lagging strand polymerase delta
is used stoichiometrically—one DNA polymerase delta molecule for each Okazaki
fragment. As described earlier in this review, a recent single-molecule study of the
eukaryotic replisome reveals that a single molecule of DNA polymerase delta remains
with the replisome for numerous Okazaki fragments, and therefore is efficiently recy-
cled during replication (Lewis et al. 2020). Interestingly, when additional DNA poly-
merase delta is present in solution there occurs an exchange of polymerase delta from
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solution with polymerase delta in the replisome. DNA polymerases epsilon and alpha-
primase also undergo a similar exchange rate when either of these DNA polymerases
is present in excess (Lewis et al. 2020). This result is consistent with observations of
protein exchange within bacterial replisomes that depends on excess unbound protein
(Mueller et al. 2019). Regardless, the single molecule studies utilizing an 18 kb DNA
in the absence of excess solution phase proteins reveals that polymerase delta can be
held into the replisome for numerous Okazaki fragments that requires DNA looping
as illustrated in Fig. 5.5, especially considering that each eukaryotic Okazaki frag-
ment is only 100-200 bp in length (Lewis et al. 2020; Smith and Whitehouse 2012).
One connection point of DNA polymerase delta is through DNA polymerase alpha-
primase (Huang et al. 1999), consistent with polymerase delta function in extending
lagging strand primed sites into full length Okazaki fragments (Lewis et al. 2020).

It is unclear why DNA looping is utilized in DNA replication, either bacterial or
eukaryotic. Perhaps DNA looping on the lagging strand is simply a consequence of
a processive lagging strand polymerase that is held to the replication fork. Whether
there are other advantages to a DNA looping process for lagging strand synthesis
will remain for future studies.

Assembly and Escape of Replicative Helicases
from the Origin

The goal of an origin, in both bacteria and eukaryotes, is to load two helicases onto
the DNA to form bidirectional replication forks. In bacteria this is a comparatively
simple process because they often have one circular chromosome with only one
origin, and the firing of the origin is not strictly regulated. For example, in rich
growth media the single origin in the E. coli chromosome can fire more than one
time before cell division takes place (Kornberg and Baker 1992). Unlike E. coli,
eukaryotes contain numerous origins within each of several linear chromosomes,
and unregulated firing of these numerous origins could lead to genome instability. In
fact, eukaryotic origins are highly regulated, being “licensed” in the G1 phase of the
cell cycle, constraining them to fire once and only once during the ensuing S phase
of the cell cycle and preventing re-initiations that could result in a tangle of DNA
segments having different copy numbers (Blow and Laskey 1988). Many studies on
this subject have led to the finding of numerous proteins and two cell cycle kinases
that are required for initiation at eukaryotic origins (Bell and Labib 2016). Study of
the licensing step in G1 phase revealed that two Mcm?2-7 hexamers are loaded onto
dsDNA at S. cerevisiae origins (Evrin et al. 2009; Remus et al. 2009). Upon entering
S-phase, origin initiation factors assemble GINS and Cdc45 onto each Mcm2-7 to
form two CMG helicases. This two-step process, separated into two cell cycle stages,
ensures than an origin only fires once per cell cell cycle.
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Bacterial Helicase

The objective of the bacterial origin is to load two helicases onto DNA. However,
while eukaryotic CMG is assembled around dsDNA and must melt dsSDNA to switch
onto ssDNA, the bacterial helicase is directly loaded onto a ssDNA bubble formed
by origin binding proteins (e.g. DnaA protein) (Bramhill and Kornberg 1988a, b).
Also, unlike eukaryotic CMG, the bacterial replicative hexameric helicase tracks
C-tier first (Itsathitphaisarn et al. 2012; Lyubimov et al. 2011). In many bacteria the
helicase, like E. coli DnaB helicase, exists as a hexameric ring that use a protein (e.g.
E. coli DnaC) that acts as a “ring breaker” to open and close the DnaB ring around the
ssDNA, but some bacteria have proteins that act as “ring makers” that assemble the
hexameric helicase around ssDNA from monomeric subunits (Davey and O’Donnell
2003). In either case, once the helicase ring is assembled and encircles ssDNA it
can proceed to unwind dsDNA by the steric exclusion process. It is interesting to
note that the two E. coli DnaB helicases assembled at the open ssDNA bubble of an
origin face one another and must pass each another during initial origin unwinding
(Fang et al. 1999). As described below, this aspect mimics the two eukaryotic CMG
helicases that pass one another in the final stages of bidirectional origin unwinding.

Eukaryotic Helicase

Origins in eukaryotes require numerous proteins that act as chaperonin assembly
factors to assemble the 11 subunit CMG helicase at the G1/S phase boundary. At
this boundary, there exist numerous factors and kinases that modify and assemble
head-to-head CMGs to ensure that an origin fires once and only once per cell cycle.
Most of these factors are needed to assemble the 11-subunit CMG helicase, but do
not travel with the replication fork (Bell and Labib 2016). It has long been thought
that eukaryotic CMG tracks C-tier first like the bacterial hexameric helicase (Bell
and Labib 2016). This view is promoted by the fact that the two CMGs that are
formed at an origin are oriented N-tier to N-tier, suggesting they could simply move
apart in opposite directions to form bidirectional replication forks if they traveled
C-tier first.

Despite the attractive view of CMGs moving C-tier first from an origin, a C-
tier first orientation of CMG unwinding, when modeled into the cryo-EM replisome
structure, would require the leading strand polymerase epsilon to ride at the top of the
replisome during replication, and thus the unwound DNA would need to loop back
from the bottom of CMG to the top of the replisome to reach polymerase epsilon,
a distance of approximately 120 Angstroms and would leave the ssDNA vulnerable
to nuclease attack (Sun et al. 2015). Use of a strategy to determine a high resolution
cryo-EM 3D structure of CMG acting at a replication fork revealed that CMG tracks
N-tier first along sSDNA, which contradicted the long-held view that CMG travels C-
tier first (Georgescu et al. 2017). This new “N-tier first orientation of CMG” showed
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that the two CMGs at an origin are directed inward toward one another, not outward.
While inward directed CMGs would block one another, and may initially seem a
stand-off, this view of an inward direction of CMGs also offers a new way to look
at origin initiation (Georgescu et al. 2017). Specifically, if each CMG binds one
strand while surrounding dsDNA, the two opposite facing CMGs will block one
another from moving, but would pull on opposite strands. If they have sufficient
force, they could rip the DNA strands apart by pulling them through their respective
rings while the two CMG rings stand still. In fact, CMG has been demonstrated to
track on only one strand while encircling the duplex (Langston and O’Donnell 2019).
Interestingly, earlier studies of E. coli DnaB and eukaryotic Mcm4,6,7 showed that
they could rip DNA duplex structures apart, but the exact function of this observation
was not understood at the time (Kaplan et al. 2003; Kaplan and O’Donnell 2002).
Recent work using CMG and a 150 bp linear ARS1 origin DNA showed that two
head-on CMGs can in fact rip, or shear, the DNA strands apart provided that Mcm10
is also present (Langston and O’Donnell 2019). Mcm10 binds tightly to CMG and
enhances helicase activity over 10-fold (Langston et al. 2017). Furthermore, in vivo
studies document that Mcm10 is required for head-on CMGs to unwind the origin
(Kanke et al. 2012; van Deursen et al. 2012; Watase et al. 2012). Hence, two head-
on CMGs that track on opposite strands may explain how head-to-head CMGs +
Mcm10 unwind dsDNA at origins (Fig. 5.6).
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Fig. 5.6 Head-to-head CMGs shear dsDNA to ssDNA. Two CMGs are oriented head-to-head (N-
tier to N-tier) on dsDNA at eukaryotic origins. The CMGs track N-first on DNA and thus the two
CMGs are directed inward toward one another. Furthermore, each CMG tracks on one one strand
of the duplex and therefore pull the two strands in opposite directions. Experiments show that the
pulling force is sufficient to shear apart the two strands of a 150 bp ARS1 origin of yeast (Langston
and O’Donnell 2019)
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Once CMGs that encircle dsSDNA unwind an origin, they must transition to ssSDNA
to become bone fide replicative helicases acting at replication forks (Fig. 5.7). The
mechanism of this piece of the initiation puzzle has been determined from a single-
molecule study (Wasserman et al. 2019). In the single-molecule study, CMG +
Mcm10 could load onto linear ssDNA that is blocked by optical traps on either
end. This indicates that CMG contains a ssSDNA gate to enable it to get onto SSDNA,
because both ends of the DNA are blocked by beads in the optical trap. The inference
of a ssDNA gate in CMG is also consistent with earlier studies demonstrating that
CMG can melt a 5’ tailed oligonucleotide from circular M13 ssDNA (Ilves et al.
2010). Cryo-EM structures of CMG show no openings in the Mcm?2-7 ring (Abid
Ali et al. 2016; Yuan et al. 2016) and therefore one may presume the ssSDNA gate
is transient. The presence of a ssDNA gate in CMG also has implications to DNA
repair, to which the reader is referred to the original article (Wasserman et al. 2019).

ssDNA gate opening &

a) lagging strand expulsion
3 J
b) ssDNA gate closing
¥ 3
c) CMG bypass
%
3

Fig. 5.7 A ssDNA gate in CMG enables it to transition from dsDNA to ssDNA. CMG is assembled
onto dsDNA at origins, but must transition onto ssDNA for steric exclusion helicase action at
replication forks. CMG is demonstrated to have a ssDNA gate that allows it to exclude one strand
after initial unwinding of dsDNA. See text for details
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The CMG does not load onto dsDNA, consistent with the Mcm2-5 dsDNA entry
gate of Mcm2-7 being shut tight by the Cdc45/GINS accessory factors (Abid Ali
et al. 2016; Yuan et al. 2016). Hence, the ssDNA gate is presumed to be located
between Mcm subunits other than the Mcm?2/5 interface, and identification of this
ssDNA gate awaits future studies.

Assembly of Bacterial and Eukaryotic Replisomes

Bacterial Replisome

Two DnaB helicases assemble onto the ssDNA bubble formed by origin binding
factors (E. coli DnaA/DnaC), and a further small amount of unwinding (< 100 bp)
by the DnaB helicases enables primase to form RNA primed sites (Bramhill and
Kornberg 1988b; Fang et al. 1999). The DnaB helicase also recruits the clamp loader
through direct interaction (Kim et al. 1996). These actions only require the two bidi-
rectional helicases to unwind less than 100 bp at an origin to enable priming of both
strands and to assemble two replisomes (Fang et al. 1999). Replisome assembly is
straightforward because the E. coli clamp loader tightly binds three DNA polymerase
III molecules to form a tightly associated assembly containing one clamp loader and
three DNA polymerase III's (McInerney et al. 2007). Thus, once DnaB recruits a
primase to form a primed site, the clamp loader within the clamp loader-3 polymerase
IIT assembly only needs to place clamps onto the primed DNA and bind the helicase
and clamp for assembly of a leading/lagging strand replisome. After assembly of
the helicase onto ssDNA, the replisome assembly process occurs spontaneously and
without need of catalytic assembly factors (Mclnerney et al. 2007).

Eukaryotic Replisome

The fact that eukaryotes have different DNA polymerases for the leading and lagging
strands might suggest the need for certain chaperonin factors and/or kinases to
correctly assemble it, much like the assembly of CMG helicase at an origin. The
process of asymmetric assembly of the replicative polymerases has been recapitu-
lated in vitro (Georgescu et al. 2014; Georgescu et al. 2015b). The process involves
two suppression reactions that eliminate a DNA polymerase from the replication fork
if they load onto the wrong strand. The asymmetric polymerase assembly process
also involves two major recruitment interactions that are specific for each DNA
polymerase. The recruitment mechanism that locates DNA polymerase delta to the
lagging strand is due to its much stronger affinity to the PCNA clamp compared to the
affinity of DNA polymerase epsilon to PCNA (Schauer et al. 2017). The suppression
mechanism that prevents polymerase epsilon from function on the lagging strand is
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a) Pols on incorrect strands b) Quality Control c) Pols on correct strands
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Fig.5.8 Quality control processes that direct DNA polymerases epsilon and delta to their respective
strands. Panels a and b When a DNA polymerase loads onto the wrong strand, it is unstable. Thus
DNA polymerase delta undergoes collision release from PCNA-DNA upon colliding with CMG
on the leading strand. The RFC clamp loader out-competes polymerase epsilon on lagging strand
primed sites. ¢ When a polymerase assembles on the correct strand, it is stabilized and retained.
Thus polymerase epsilon binds to CMG and is held to the leading strand, and CMG also prevents
RFC from displacing polymerase epsilon from a leading strand primed site. Polymerase delta binds
tightly to PCNA at a primed site on the lagging strand, preventing it from becoming displaced by
the RFC clamp loader. Reproduced with permission from Fig. 5.8 in (Schauer et al. 2017)

its sensitivity to inhibition by the RFC clamp loader, which competes DNA poly-
merase epsilon off a primer terminus (Schauer et al. 2017). This RFC suppression
does not occur on the leading strand because CMG binds DNA polymerase epsilon
and protects it from RFC inhibition, thus enabling PCNA to be loaded onto the leading
strand for use by DNA polymerase epsilon (Schauer et al. 2017). The mechanism
that locates DNA polymerase epsilon to the leading strand is also two-fold. Firstly,
DNA polymerase epsilon is recruited to the leading strand by specific interaction with
CMG that encircles leading strand ssDNA (Langston et al. 2014). Once polymerase
epsilon is complexed to CMG, polymerase delta cannot displace it from the leading
strand (Georgescu et al. 2014; Georgescu et al. 2015b). But if DNA polymerase
delta arrives at the leading strand before DNA polymerase epsilon, DNA polymerase
delta self-ejects from DNA and PCNA upon colliding with CMG (Georgescu et al.
2014; Schauer et al. 2017). Taken together the studies indicate that assembly of an
asymmetric eukaryotic replisome is inherent in the core factors and does not require
outside assembly factors as illustrated in Fig. 5.8. Suppression reactions for poly-
merase occupancy are unprecedented for bacterial systems, because the leading and
lagging strand DNA polymerases are identical.

Summary and Future Outlook

Reconstitution of the bacterial and eukaryotic replisomes reveal the main structural
and biochemical differences by which the replisome machine functions in these two
cell types. The non-homologous sequences and structures of the helicase, primase
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and DNA polymerase core replisome factors of bacteria and eukaryotes is compelling
evidence that they evolved separately. However, as explained here, there are uncanny
similarities between assembly and function of bacterial and eukaryotic replisomes
when viewed with a wide-angle lens. Specifically, the origins have the same goal
of loading two bidirectional helicases onto DNA. Both the bacterial and eukaryotic
helicases are hexamers with N- and C-tiers. But bacterial and eukaryotic hexameric
helicases act on opposite strands setting the ground work for a distinct organization of
their respective replisomes. In bacteria, the clamp loader binds the helicase and joins
it to the leading and lagging strand DNA polymerases. In eukaryotes the helicase
directly binds the leading strand DNA polymerase, and binds the lagging strand DNA
polymerase indirectly through other replisome proteins. In both cases, two replisomes
spontaneously assemble once the helicases are loaded onto a bidirectional origin.
Another similarity is that in both cell types, the mechanism of polymerase recycling
by hopping among DNA sliding clamps for synthesis of lagging strand Okazaki
fragments appears to be conserved, although future studies are need to confirm if
this is true.

These generalities are comforting for the idea that an understanding of replisome
action is at hand, but there are still many mysteries that are yet to be solved. The reason
that the eukaryotic replisome uses different DNA polymerases for leading and lagging
strand DNA synthesis is unknown, while bacteria utilize identical enzymes for the
same purpose. Also, yet to be determined is the reason that eukaryotes use a RNA-
DNA primer to initiate DNA synthesis by the replicative DNA polymerases epsilon
and delta. Could it be that the RNA portion is all that is normally used, as in bacteria
and its phages? Perhaps the Pol 1 subunit activity of polymerase alpha-primase is only
required for certain regions of the genome. Another remaining mystery is why the
eukaryotic helicase has so many subunits. Presumably the extra subunits are needed
after the initial licensing step to close the gap between Mcm2 and McmS5, needed for
assembly of the Mcm2-7 ring onto dsDNA in G1 phase. However, these accessory
subunits also bind DNA polymerase epsilon and the Ctf4 scaffolding factor, and thus
appear central to direct the leading and lagging strand DNA polymerases to their
respective strands. It also remains possible that the multisubunit structure of CMG is
used for regulation, such as in response to the S phase replication checkpoint which
involves modification of some of the CMG subunits (Ilves et al. 2012; Labib and De
Piccoli 2011).

Eukaryotic replisomes must also deal with nucleosomes, epigenetic marks, sister
chromosome cohesion, and DNA repair. These aspects have not been dealt with in
this review. While it is obvious that replication must interface with these important
processes, there is still very little known about the mechanistic details. For example,
it has been shown in budding yeast that mutations in histone binding sites in DNA
polymerase epsilon, Pol 1 of DNA polymerase alpha-primase, and an N-terminal
region of Mcm?2 result in differential transfer of parental nucleosomes to either the
leading or lagging daughter strand, depending on the mutant protein (Gan et al.
2018; He et al. 2017; Petryk et al. 2018; Yu et al. 2018). These findings imply
there are different pathways for epigenetic marks to be transferred to one strand
or the other during genome replication. The mechanistic basis for these pathways
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are unknown, and remain important open questions for future studies with high
potential for an impact on disease and on developmental biology. While there is very
little is known about how replication interfaces with these important processes, a
mechanistic understanding of these aspects of chromatin structure and replication
are very important to our understanding of development, cancer, and ultimately a
cure for certain human health and diseases.
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