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Processivity  clamps  that  hold DNA  polymerases  to  DNA  for processivity  were  the  first  proteins  known
to  encircle  the  DNA duplex.  At  the time, polymerase  processivity  was  thought  to be  the  only  function  of
ring  shaped  processivity  clamps.  But  studies  from  many  laboratories  have  identified  numerous  proteins
that bind  and  function  with  sliding  clamps.  Among  these  processes  are  mismatch  repair  and  nucleosome
assembly.  Interestingly,  there  exist  polymerases  that  are  highly  processive  and  do  not  require  clamps.
eywords:
NA replication
CNA
-Clamp

Hence,  DNA  polymerase  processivity  does  not  intrinsically  require  that  sliding  clamps  evolved  for  this
purpose.  We  propose  that polymerases  evolved  to require  clamps  as  a  way  of  ensuring  that  clamps  are
deposited  on  newly  replicated  DNA.  These  clamps  are  then  used  on the  newly  replicated  daughter  strands,
for  processes  important  to  genomic  integrity,  such  as mismatch  repair and  the assembly  of nucleosomes
to  maintain  epigenetic  states  of replicating  cells  during  development.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The simplicity and elegance of the DNA double helix structure
uggested its replication might also be simple [1], but nothing could
e further from the truth. The antiparallel orientation of the two
trands of DNA makes the process much more complicated than
nitially anticipated. Watson and Crick correctly anticipated that
ne strand would template the other [2], and Arthur Kornberg
iscovered the DNA polymerase does exactly that, although tem-
late directed synthesis was unprecedented at the time [3]. Watson
nd Crick also realized a problem with their DNA model. The two
trands were extensively wound about one another, and therefore
he strands must be completely untwisted to be replicated, but they
roposed the cell would somehow solve this problem [2]. This also
roved correct, and we now know of many types of topoisomerases
hat twist, untwist, knot and unknot DNA [4]. Strand separation
uring replication also requires a helicase in all life forms. Indeed,
he true complexity of the enzymatic machinery needed for DNA
eplication was completely unexpected. Take for example that the
ntiparallel geometry of the DNA duplex suggests DNA is made in

wo directions, 5′–3′ on one strand and 3′–5′ on the other. However,
ll nucleotide precursors are 5′ activated, and this constrains the
irection of DNA synthesis to one chemical direction, 5′–3′ [4]. This

∗ Corresponding author. Tel.: +1 2123277252; fax: +1 2123277253.
E-mail address: odonnel@rockefeller.edu (M.  O’Donnell).

ttp://dx.doi.org/10.1016/j.dnarep.2015.01.015
568-7864/© 2015 Elsevier B.V. All rights reserved.
implies that while both strands are chemically extended 5′–3′, they
physically grow in opposite directions on the antiparallel strands
of duplex DNA. This imposes a discontinuous mechanism of repli-
cation on one strand (i.e. the lagging strand), which is made as a
series of fragments, while the other strand (i.e. leading strand) can
be made continuously [4]. Semi-discontinuous replication requires
a whole set of proteins just to accomplish replication of the discon-
tinuous lagging strand, none of which were anticipated from the
DNA structure. Thus RNA primase is needed to initiate each lagging
strand fragment, single-strand (ss) DNA binding protein is needed
to protect the single-strand (ss) DNA intermediate, RNase activity is
required to remove the RNA primers, DNA polymerase is required
to replace the RNA with DNA, and a ligase activity is required to
seal the lagging strand fragments together [4]. Also unanticipated
from the DNA structure is the requirement for DNA sliding clamps
and their associated clamp loaders, essential to replication in all
cell types [5,6].

While most information transfer processes, such as tran-
scription and translation, are performed by enzymes that share
homology in cells from all domains of life, comparative genomics
reveals the surprising finding that the core enzymes of DNA replica-
tion: polymerases, helicase, primase, and ssDNA binding proteins,
share no homology between bacteria and eukaryotes/archaea, and

thus are presumed to have evolved independently [7,8]. This find-
ing suggests that the first cell did not use these enzymes and
perhaps had an RNA genome [8]. Given the lack of a common ances-
tor, the mechanics of replication in bacteria and eukaryotes may be

dx.doi.org/10.1016/j.dnarep.2015.01.015
http://www.sciencedirect.com/science/journal/15687864
http://www.elsevier.com/locate/dnarepair
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dnarep.2015.01.015&domain=pdf
mailto:odonnel@rockefeller.edu
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Fig. 1. Proposed use of DNA in LUCA. The ribosome, genetic code, tRNAs, and the DNA dependent RNA polymerase of RNA transcription are homologous in all three cellular
domains of life, bacteria, archaea and eukaryotes. Thus, in this proposal, the translational and transcriptional pathways were well developed in LUCA. The presence of
ribonucleotide reductase, recombinase and thymidylate synthase indicate that DNA was  present, but the lack of homologous replication proteins suggests the DNA was  not
t r DNA
l

q
h
d
t
m
c
r
a

2

2

c
h
w
s
s
m
l
r
f
o
o
a
a
p
r
t
t
R
p
t
t
D
s
t
g

he  genomic material. Proposed here, the DNA served the purpose of substrate fo
oaders  were present in LUCA, but their function is uncertain.

uite distinct. Interestingly, the sliding clamp and clamp loader are
omologous in all cell types, and thus were present in the primor-
ial cell [7,8]. Presumably the clamp served a different function
han it does today. This review will briefly summarize the argu-

ent for independent evolution of replication enzymes, provide a
urrent overview of the architecture of the bacterial and eukaryotic
eplisome machinery, and then will propose a new way  of thinking
bout the role of sliding clamps in DNA replication.

. Evolution of the core replication machinery

.1. LUCA (Last Universal Common Ancestor)

DNA is the central repository of information in all modern day
ells, bacteria, archaea and eukaryotes alike. However, it may  not
ave always been that way. In the RNA World hypothesis, catalysis
as performed by ribozymes [9] and the instructions for life were

tored in the form of RNA [10]. The evolution of the protein synthe-
is machinery largely replaced ribozymes with proteins, although
any functional RNAs still exist. For example, the process of trans-

ating RNA into protein is still performed by a ribozyme (i.e. the
ibosome). Consistent with the existence of RNA before DNA is the
act that the metabolic path to deoxyribonucleotides in all cells
ccurs directly from the corresponding ribonucleotide, by removal
f the 2′ OH from the ribose ring of the ribonucleotide, rather than
ssembling deoxyribonucleotides from small precursor molecules
s the cell does to synthesize ribonucleotides. This reaction is
erformed by ribonucleotide reductase. This reductive reaction
equires a free-radical mechanism and thus it is widely believed
hat a protein, and not a ribozyme have always performed this reac-
ion, because a free radical intermediate would have destroyed an
NA enzyme. This suggests that the evolution of protein synthesis
redated the existence of DNA. Interestingly, ribonucleotide reduc-
ase is homologous in cells from all three domains of life, indicating
hat LUCA, the Last Universal Common  Ancestor cell, contained

NA [7,8]. Indeed, LUCA must have had well-developed protein

ynthesis machinery because the genetic code, rRNAs, tRNAs and
he twenty tRNA synthetases of all modern day cells are homolo-
ous.
 recombination and transcription of mRNA and genomic RNA. Clamps and clamp

Despite the near universal genetic code and many homolo-
gies among proteins in all cells, there are of course numerous
biomolecules that do not have a common heritage. One of the most
perplexing of these are the core proteins of DNA replication, sug-
gesting LUCA used RNA as a genome and had not yet evolved a
mechanism to replicate duplex DNA [7,8] (Fig. 1). Take for exam-
ple the DNA polymerases. The replicative DNA polymerases of
bacteria are in the C-family and are unrelated in sequence to the
replicative polymerases of eukaryotes, which are in the B-family
(Pols �, � and �) [11]. Although all DNA polymerases have a right
hand shape, the sequence and chain folding topology of the B and
C family polymerases are completely different [11–14]. The dif-
ferences between bacteria and eukaryotes go much further than
DNA polymerase. The primase, helicase and ssDNA binding pro-
teins lack homology and thus also lack a common ancestor [7,8].
The RNA primase of bacteria is a single subunit sculpted from a
Toprim fold (Topoisomerase and Primase fold), related to topoiso-
merase [15–17], while the primase of eukaryotes and archaea is a
two subunit enzyme with a catalytic subunit related to X-family
DNA polymerases [18–21]. Replicative helicases are hexameric
rings; the bacterial helicase is based on the RecA fold, encircles
the lagging strand and travels 5′–3′ [8,22], while the eukary-
otic/archaeal Mcm  helicases (Mini-Chromosome Maintenance) are
based on the AAA+ fold (ATPases Associated with a variety of cel-
lular Activities), encircle the leading strand and travel in the 3′–5′

direction [23,24]. Although the ssDNA binding proteins of all cells
contain OB folds (Oligonucleotide/oligosaccharide Binding fold)
[25], the architecture of the OB folds of the highly ordered bac-
terial homotetrameric SSB (Single-Strand DNA Binding protein)
[26,27], appears significantly distinct from the OB folds used in
the largely disordered eukaryotic heterotrimer RPA (Replication
Protein A) [28–30]. For these reasons, it is widely believed that the
DNA replication machineries of bacteria and eukaryotes evolved
independently from one another, after the major cellular domains
of life split from LUCA (see Fig. 1) [7,8].
The DNA replication enzymes of the archaeal domain of life are
related to those of eukaryotes, and thus the split of these cellular
domains is believed to have occurred on the same branch of life
from the primordial LUCA.
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.2. DNA usage in LUCA

It is interesting to note that LUCA almost certainly contained
NA, regardless of whether it used RNA as a genome. Not only

s ribonucleotide reductase conserved in all cells, but thymidylate
ynthase is also broadly conserved, indicating that the letter “T”
as already invented in LUCA [8]. The DNA recombinase (RecA,
ad51) is also conserved [8]. If LUCA did not use DNA as the genetic
aterial, how did it produce DNA and what did it use DNA for? A

imple proposal to answer these questions can be suggested from
odern day retroviruses. Retroviruses utilize an RNA genome, yet

roduce duplex DNA as an intermediate in their life cycle [4]. The
NA intermediate is used for transcription of viral genes and to
roduce new copies of the RNA genome (i.e. replication). The DNA

s synthesized from RNA in a very simple fashion, and does not
equire primase, helicase or single-strand (ss) DNA binding pro-
ein. Instead, a reverse transcriptase converts the RNA genome into

 ssDNA (as a DNA/RNA hybrid), and synthesis is primed by a tRNA
4]. This simple replication process avoids the difficulties associated
ith replicating the antiparallel strands of duplex DNA. The DNA in

UCA could have been used to produce mRNA for protein synthesis,
nd for transcription of new RNA genomes, much as modern day
etroviruses. Indeed DNA dependent RNA polymerase is conserved
nd thus presumed present in LUCA [7,8]. The homologies between
acterial and eukaryotic DNA recombinases (i.e. RecA/Rad52) sug-
est that DNA was the substrate for recombination, a requirement
or horizontal gene transfer. Before the genomes of organisms were
nown, the process of horizontal gene transfer was thought to
e a relatively minor event. But with the sequence of numerous
enomes in hand, it is now apparent that horizontal gene trans-
er was the major driving force of rapid evolution, allowing genetic

aterial to be freely exchanged among viruses and pro-cells and
odder for the pressures of natural selection to sculpt free living
rganisms [7,8]. Without recombination, evolution of cellular life
s we know it would probably not have been possible.

With time, it is only natural that DNA became the genetic mate-
ial for all cells because removal of the 2′ OH of the ribose results
n a much more stable molecule than RNA. Hence, after the split
f bacteria and eukaryotes/archaea from LUCA, two  independent
rocesses eventually solved the many problems inherent in dupli-
ation of antiparallel DNA. It may  seem improbable that the same
ctivities of helicase, primase, polymerase, and ssDNA binding pro-
ein are utilized for bacterial and eukaryotic replication, but these
undamental activities are inherent in any process that duplicates
NA. The use of sliding clamps for replication, and the fact that they
ere present in LUCA in the apparent absence of other replication

nzymes, is not so obvious.

. The replication fork

.1. Asymmetry at the replication fork

Although the DNA duplex is a wonderfully symmetric molecule,
he enzymology at the replication fork is highly asymmetric, based
n the fact that synthesis can only occur in the 5′–3′ direction [4]
hich drives the positioning of different proteins at the replication

ork.

.1.1. Bacterial replisome
The bacterial homohexameric helicase, encircles only one of

he two strands at a replication fork, and therefore is one factor

hat imparts asymmetric structure to the “replisome” machinery.
acterial helicase encircles the lagging strand and travels 5′–3′

long the ssDNA using rNTPs as fuel [22]. It separates the strands
f duplex DNA by excluding the opposite strand (leading strand)
pair 29 (2015) 4–15

from the central channel of the ring as it steps forward along the
strand that it encircles [31]. Also asymmetric, the bacterial repli-
some contains three copies of a C-family DNA polymerase (e.g.
E. coli Pol III) [32,33]. While three polymerases may seem like one
too many polymerases for duplex DNA, cellular and in vitro studies
have shown that two of the polymerases function on the lagging
strand [34,35]. Bacterial Okazaki fragments are 1–2 kb and the use
of two  polymerases for this strand ensures that lagging strand frag-
ments are extended to completion. The lagging strand is primed by
DnaG primase, a single subunit enzyme that is related to topoi-
somerase in sequence and structure; it generates short (<12 ntd)
RNA primers [16–18]. The enzymatic activity of DnaG primase
requires it to transiently interact with the helicase, thereby localiz-
ing RNA primers to replication fork junctions [4]. Both leading and
lagging strand polymerase action require the sliding beta clamp.
Without beta, Pol III is nearly inactive. But with the beta clamp,
Pol III becomes rapid (>500 bp/s) and highly processive (>5 kb)
during synthesis [36]. This rapid rate of synthesis is in keeping
with the observed 650 ntd/s rate of synthesis of the E. coli chro-
mosome [37]. Sliding clamps are assembled onto DNA at primed
sites by a clamp loader apparatus that couples ATP hydrolysis to
open and close beta clamps around primed sites [38]. Clamps and
clamp loaders are the subject of the next section, but deserve some
description here for the scaffolding role they play in the bacterial
replisome. The subunits required for clamp loading function con-
sist of a homotrimeric tau, and one each of delta and delta prime
(Fig. 2a) [32,39].

These subunits are members the AAA+ family, and each subunit
contains three domains, two  of which encompass the AAA+ region.
The three tau subunits contain two  additional C-terminal domains
that bind directly to Pol III and connect to the helicase [39]. Hence,
the clamp loader is the central organizer of the bacterial repli-
some, holding three polymerases together and interacting with
the helicase [32,34]. The single clamp loader places beta clamps
onto both the leading and lagging strands [40]. During fork pro-
gression, ssDNA is generated on the lagging strand. SSB binds to
the ssDNA, protecting it from nucleases and melting regions of sec-
ondary structure, greatly increasing the catalytic efficiency of Pol
III-beta. It is interesting to note that the dnaX gene encoding the tau
subunit also encodes a second protein in many bacteria, including E.
coli [41]. This second protein is about 2/3 the N-terminal sequence
of tau and referred to as gamma. In E. coli,  gamma  is generated
by a translational frameshift that encounters a stop codon within
two amino acids. Some bacteria utilize other methods to generate
gamma, such as transcriptional slippage.

The gamma  subunit can also assemble with delta and delta
prime to form a clamp loader with similar catalytic activity to
the tau-containing clamp loader [32]. Beta clamps are used by
several other proteins in addition to the replicative Pol III poly-
merase, including several enzymes in DNA repair (MutS, MutL,
ligase, translesion DNA polymerases) [42,43]. Hence, it has been
proposed that the gamma-containing clamp loader exists to assem-
ble beta clamps onto DNA for repair. The most frequent repair
process is the maturation of Okazaki fragments, which require
removal of the RNA primer, fill-in with DNA, and ligation [44]. Pol
I contains a 5′–3′ flap endonuclease that excises the RNA primer
while the polymerase simultaneously fills-in DNA [4]. Ligase then
seals the nick. Both Pol I and ligase interact with the beta clamp,
and although their activity does not absolutely require its presence,
interaction with the clamp increase their efficiency in locating the
proper site of action [43].
3.1.2. Eukaryotic replisome
Eukaryotes handle the distinct jobs of leading and lagging

strand replication quite differently from bacteria. The helicase con-
sists of 11 distinct subunits, six of which comprise the Mcm2-7
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Fig. 2. Replisomes of bacteria and eukaryotes. (A) The bacterial replisome is organized by the clamp loader, which contains a tau subunit homotrimer with extensions that
bind  three C-family DNA polymerases and connect to the helicase. The homohexameric helicase encircles the lagging strand. Primase is a single subunit based on the Toprim
fold  and acts to prime synthesis. DNA loops form during Okazaki fragment synthesis as a consequence of the connection between the leading and lagging strand polymerases
via  the clamp loader. (B) The eukaryotic replisome is organized by the 11-subunit CMG  helicase (composed of Cdc45), the Mcm2-7 hexamer that encircles the leading strand
and  the 4-subunit GINS heterotetramer. GINS binds to Pol �, a B-family polymerase dedicated to the leading strand. The 4-subunit Pol �-Primase interacts with CMG  through
the  Ctf4 homotrimer which also binds a GINS subunit of CMG. Pol � also contains a B-family polymerase that extends RNA primers to form hybrid RNA-DNA primers. Primers
are  further extended into Okazaki fragments by Pol � (B-family polymerase) that functions with the PCNA clamp. Direct connections of Pol � and the RFC clamp loader to
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ther  replisome components are currently unknown, and thus the lagging strand D
roteins protect lagging strand ssDNA from nucleases and are not shown for clarity

eterohexamer that encircles ssDNA and act as a helicase that has
he opposite polarity compared to the bacterial helicase [45–49].
hus the Mcm2-7 motor of the eukaryotic helicase is on the lead-
ng strand instead of the lagging strand. Each of the Mcm  subunits
s a member of the AAA+ family, unrelated to the RecA-based struc-
ure of the bacterial helicase [50]. As their name implies AAA+
roteins are typically oligomers involved in numerous cellular pro-
esses including membrane fusion, proteolysis, replication, gene
xpression and many other functions [51,52]. Five additional pro-
eins are required for Mcm2-7 activity; these are Cdc45 and the
eterotetramer GINS (Sld5, Psf1, Psf2 and Psf3) [45,46,49]. Thus
he 11-subunit assembly is referred to as CMG  (i.e. Cdc45-Mcm2-
-GINS) [49]. Interestingly, EM 3D reconstruction of CMG  shows
hat the CMG  helicase has two holes [45,53]. The Mcm2-7 subunits
orm the largest cavity for encircling the leading strand. The other
ole in CMG  is smaller, and is formed by the outside portion of the
cm ring bound to the GINS tetramer and Cdc45 accessory sub-

nits. It is not yet known whether DNA enters this second cavity.
he functions of GINS and Cdc45 are relatively unknown, but two  of
he GINS subunits bind other proteins, and the other two subunits

ay have partners yet to be discovered.
In eukaryotic cells the leading and lagging strands are duplicated

y two different B-family DNA polymerases, Pol � and Pol �, and
legant genetic studies have demonstrated that Pol � functions on
he leading strand while Pol � replicates the lagging strand [54,55].
iochemical studies reveal these two polymerases have distinctive
roperties suited for the asymmetric jobs of leading and lagging
trand synthesis [56–58]. Pol � consists of 4-subunits; the largest
ubunit contains the DNA polymerase and 3′–5′ exonuclease activ-
ties. The second largest subunit of Pol �, Dpb2, is essential and has
een demonstrated to bind the Psf1 subunit of the GINS complex
59,60]. Pol � is known to bind GINS during the activation of origins

61], and it is tempting to speculate that this Dpb2-Psf1 connection

ay  also be utilized to attach Pol � to CMG  at the replication fork.
ndeed, recent biochemical studies that reconstitute leading strand
eplication using pure proteins demonstrate that Pol � is stabilized
ay  not form loops. The bacterial SSB tetramer and eukaryotic RPA ssDNA-binding

for function with CMG  on the leading strand, while Pol � is not
stabilized by CMG  [62].

The lagging strand Pol � consists of four subunits (3 in yeast),
the largest of which contains both polymerase and proofreading
exonuclease activities [63,64]. The function of the accessory sub-
units of Pol � are not yet clear, although the second largest subunit
shares homology to the Dpb2 subunit of Pol � [65]. The C-terminal
region of the polymerases has recently been shown to contain a
Zn finger and a FeS cluster [65–67]. Like bacterial Pol III, Pol � is
essentially dependent on the sliding clamp for appreciable activ-
ity, and is capable of extending a primed site over 5 kb without
dissociating from the DNA substrate [68]. Also specific to the lag-
ging strand is the heterotrimeric RPA ssDNA binding protein [30].
Although apparently unrelated to bacterial SSB, RPA serves a similar
function by protecting ssDNA against nuclease attack and remov-
ing secondary structures in ssDNA that act as blocks to forward
progression by Pol �-PCNA. Consistent with asymmetric functions
on the leading and lagging strands, PCNA selects Pol � over Pol �,
even when Pol � is in 20-fold molar excess over Pol �, for synthesis
on PCNA primed ssDNA [62].

The eukaryotic primase is a four-subunit enzyme, Pol � that con-
tains both an RNA primase and a B-family DNA polymerase [69,70].
The primase and polymerase are connected by a B subunit (Pol12),
with homology to the B subunits of Pols � and �. Pol � synthesizes
a hybrid RNA/DNA primer of 25–35 nucleotides [69,70]. The pri-
mase activity is performed by a Pri1/2 heterodimer; the catalytic
site is located in the smaller subunit. The catalytic primase sub-
unit is related to the X-family of DNA polymerases, unrelated to
bacterial DnaG primase [71]. RNA primers of 7–12 nucleotides are
transferred to the DNA polymerase subunit for further extension.
The hybrid RNA/DNA primer is then recruited by Pol � in a poly-
merase switch first discovered in the SV40 system [63,64]. The RFC

clamp loader facilitates this polymerase switch. It is interesting to
note that eukaryotic Okazaki fragments are only about 160 bp on
average, yet yeast Pol � is highly processive with PCNA [62]. This
seeming paradox will be discussed later in this review.
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Fig. 3. Architecture of sliding clamps. (A) Front view of the E. coli beta [pdb id:
2POL] and yeast PCNA [pdb id: 1PLQ] sliding clamps. Both rings are composed of
six domains with the same chain folding topology. The six domains are arranged
 R. Georgescu et al. / D

Okazaki fragment maturation is performed in eukaryotes quite
ifferently than in bacteria. Eukaryotes have no polymerase like
acterial Pol I that contains a 5′–3′ exonuclease for RNA primer
emoval. Eukaryotic Okazaki fragment maturation is initiated by
ol �, which is capable of limited strand displacement synthesis
63]. As the RNA is displaced, an exonuclease, usually Fen1, removes
he displaced RNA [63]. Only after the RNA is removed can ligase
eal Okazaki fragments together [72]. The DNA product of Pol �
as low fidelity because Pol � lacks a 3′–5′ exonuclease. In fact Pol

 has been shown to proofread the DNA product of Pol � [73,74]. It
s also thought that during strand displacement, some of the DNA
roduced by Pol � may  be removed by the same strand displace-
ent/exonuclease reaction that eliminates the RNA [75].
The architecture and function of the eukaryotic replisome appa-

atus is not yet as well defined as that of the bacterial replisome,
ut several fascinating aspects of its architecture have been estab-

ished. As illustrated in Fig. 2b, the CMG  and Pol � function together
n the leading strand [62]. Unlike Pol � (and bacterial Pol III), bio-
hemical studies show that the eukaryotic Pol � is stabilized by
MG  and does not absolutely require PCNA [62]. Eukaryotes also
ontain a Ctf4 protein that moves with replication forks, but has no
omologue in bacteria [76,77]. Ctf4 has recently been shown to be

 homotrimer [78], and has long been known to bind Pol � [79]. The
nteraction site for Ctf4 within Pol � has been localized to a peptide

otif in the N-terminal region of the large catalytic subunit [78].
tf4 also binds the Sld5 subunit of the GINS complex (within CMG)
78]. Hence, Ctf4 appears to fulfill a scaffolding role. Given the lack
f homology between bacterial and eukaryotic replication proteins,
t is somewhat surprising that the eukaryotic replisome contains a
omotrimer at its core that binds helicase and the lagging strand
ol �. While this sounds similar to the role of C-terminal domains
f the bacterial tau trimer, there is no detectable sequence simi-
arity between the trimeric bacterial tau subunit and Ctf4, and in
act Ctf4 is not essential in yeast (although it is essential in other
ukaryotes). The ligand for the third protomer of Ctf4, if any, is cur-
ently unknown. Unlike the bacterial replisome, there are no known
onnections of the RFC clamp loader or the lagging strand Pol � to
ther subunits of the replisome. However, eukaryotic replication
orks contain many other proteins that connect to CMG, identified
y mass spectrometry from cell extract pullouts of CMG  [76,77].
his large assemblage, referred to as RPC (replisome progression
omplex) contains Mcm10, Ctf4, Csm3, Tof1, Mec1, FACT, Topo I,
ol � and probably other proteins as well [76,77].

. Processivity factors

.1. Sliding clamps and clamp loaders share a common ancestry

The structure and function of clamps and clamp loaders were
rst identified in the E. coli system [80]. However, the existence of
ccessory factors for DNA polymerases had long been known in the
. coli, T4 phage and eukaryotic systems [81,82]. The exact func-
ion of these accessory factors was unknown, although they were
mportant to polymerase processivity and the T4 proteins were col-
ectively referred to as a sliding clamp, while the idea that one,
r any of them actually encircled DNA was not proposed. The fact
hat E. coli beta subunit topologically encircles DNA was  first rec-
gnized from biochemical experiments [83], and then proven by
rystal structure analysis [84]. This was the first demonstration of a
rotein that encircles DNA, previously unprecedented, and we now
now that many proteins encircle DNA for their function. Clamps do

ot get onto DNA by themselves and require an ATP driven clamp

oader complex [38]. The DNA sliding clamp and its cognate clamp
oader are required for replication in all cell types and unlike the rest
f the replication machinery, these components, are homologous
on a dimer of E. coli beta, and a trimer of eukaryotic PCNA. (B) Side view of the
clamps, showing the inherent asymmetry of the C- and N-terminal faces. Most clamp
interactive proteins bind the C-face.

and share a common ancestry [7,8]. This was not immediately
apparent from the sequence of the bacterial beta and eukaryotic
PCNA, but the crystal structures of these proteins revealed that they
are nearly superimposable (Fig. 3) [85].

Their very different sequences with hard to detect homol-
ogy is common for proteins that do not serve catalytic functions
since their sequences are not constrained by the precise geometry
required for catalytic active site residues. But advanced sequence
algorithms recognize sequence homology between bacterial and
eukaryotic clamps. Both beta and PCNA consist of six domains that
form a ring (Fig. 3a). Bacterial beta is a homodimer and each subunit
consists of 3 domains that have the same chain folding topology.
Eukaryotic PCNA is a homotrimer and each subunit contains two
domains, each of which share the same chain folding topology as
the bacterial beta clamp. A continuous layer of antiparallel sheet
structure, which includes the subunit interfaces, forms the outside
perimeter of the clamps. The inside perimeter of the clamp is lined
by 12 alpha helices. Side views of the clamps demonstrate that each
face is structurally distinct, and are often referred to as the “C-face”
(from which the C-termini protrude) and the N-face (Fig. 3b). The
C-face is the surface that DNA polymerases and other proteins bind
to [86,87]. The clamp loaders of bacteria and eukaryotes also have
similar structures, and their homology is obvious from the primary
sequence analysis alone [88,89]. Clamp loaders consist of five dif-
ferent proteins, arranged in a circle, that together form a central
chamber that binds duplex DNA (Fig. 4) [90,91]. There is a gap
between two  of the five subunits that provide access for DNA to
enter the central chamber. Each of the five clamp loader subunits
is a member of the AAA+ family [88,89]. The first crystal structure

of an AAA+ protein was  the delta prime subunit of the E. coli clamp
loader [92].

The AAA+ region of homology folds into two domains, one
domain contains the Walker A and B motifs for nucleotide
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Fig. 4. Overview of clamp loader mechanism. Clamp loaders are circular heteropentamers with ATP sites situated at subunit interfaces. Three domains in each subunit include
the  N-terminal AAA+ domains and a C-terminal oligomerization domain referred to as a collar. ATP binding enables binding to the C-face of the clamp, opening it at one
i  two 
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nterface. Primed DNA fits into a central chamber, accessed through a gap between
nd  clamp into a right-hand spiral, triggering ATP hydrolysis that ejects the clamp 

nteract  with the clamp.

inding, while the other domain contains conserved “sensor”
esidues thought to regulate hydrolysis in response to substrate
inding. Clamp loaders are held into circular pentamers by a third
omain, C-terminal to the AAA+ domains, which forms a tightly
ssociated circular “collar” from which the AAA+ regions are sus-
ended. Not all the clamp loader subunits bind ATP, as some have
een mutated during evolution [93]. The ATP sites are located
t subunit interfaces between the AAA+ domains, and catalysis
equires an “arginine finger” provided by the subunit adjacent to
he nucleotide binding subunit [94]. This bipartite catalytic site
onstruction enables subunit communication during the catalytic
eaction.

Many structural and biochemical experiments have been per-
ormed on clamp loaders of all types, and the crystal structure of the
hage T4 clamp loader (gp44/62) in complex with the gp45 clamp
nd DNA has provided important details about how the clamp load-
ng reaction works [95]. The overview of clamp loader function is
llustrated in Fig. 4. Upon binding ATP, the clamp loader binds the
lamp via motifs in the AAA+ domains and the bound clamp opens
t one interface, which aligns with the gap in the side of the clamp
oader. DNA then enters the central chamber and acts as a scaffold
o bring the clamp loading subunits into a spiral pitch that aligns
he active site residues at the subunit interfaces into the correct
eometry to initiate ATP hydrolysis. Crystal structures of the T4
lamp loader with ADP-BeF in all three sites versus ADP in one site
ndicate that ATP is hydrolyzed in a particular order [95]. However,
nce started, all three ATP are destined to hydrolyze and the result-
ng conformation of the clamp loader breaks its connections to the
lamp and DNA, ejecting the clamp loader and allowing the clamp
o close. Polymerase, or other proteins, can then interact with the
lamp.

.2. The role of the sliding clamp in LUCA

We  do not currently know the role of the clamp in LUCA, but we
an make some reasonable proposals. In modern day cells, sliding
lamps bind the replicative polymerase and enhance its proces-
ivity for DNA replication. Even if LUCA had an RNA genome it is
ossible that the sliding clamp in LUCA evolved to facilitate the
everse transcriptase in converting RNA to an RNA-DNA hybrid, and
gain to form the duplex DNA. Although modern day retroviruses
o not require a clamp for reverse transcriptase activity, they have
ather small genomes while LUCA must have had a much larger
enome with genes for the rRNAs, the twenty tRNAs, the twenty

RNA synthetases, in addition to recombinase, RNA polymerase,
lamp, clamp loader subunits and a few hundred other universal
enes [96,97]. Thus, the genome of LUCA may  have been sufficiently
arge to require assistance of a sliding clamp, which may  have
clamp loader subunits and the open clamp interface. The DNA brings the subunits
, enabling the clamp to close around DNA. Polymerase, or other proteins, can then

helped hold the reverse transcriptase to DNA for processivity as
it does for DNA polymerases in modern day cells. However, clamps
function with many other proteins, as described earlier (Sections
3.1.1 and 3.1.2), and in more detail below. Thus LUCA may have
used clamps for some function other than reverse transcription.

Bacterial beta and eukaryotic PCNA interact with a wide variety
of proteins, not just replicative DNA polymerases [43,98]. E. coli beta
interacts with the MutS and MutL proteins of mismatch repair, DNA
ligase and all five DNA polymerases, including the replicative and
translesion synthesis (TLS) polymerases of repair and mutagenesis
[43,99]. A very large number of proteins interact with eukary-
otic PCNA, including those mentioned for bacterial beta, but also
a plethora of proteins involved in DNA repair, cell cycle control
and other DNA metabolic processes (Table 1) [98]. The interac-
tion is often, though not always, mediated by a peptide with a PIP
(PCNA Interacting Peptide) motif [100]. The function of the inter-
action between PCNA and many of its partners is not clear, but one
can expect that interaction of a protein with a ring shaped sliding
clamp increases the rate of locating lesions, proteins or particu-
lar sequences on DNA, simply by converting the search from a 3D
diffusion process to a 2D linear diffusion along DNA. This should
effectively increase the local concentration of an enzyme that func-
tions on DNA. In this fashion, LUCA could have effectively increased
the concentration of proteins that function on DNA, without actu-
ally producing a high concentration of these proteins. In essence,
this could amount to a cost saving measure in both time and energy
for the cell. For LUCA, or at least the version of LUCA proposed here,
one reaction of this type would be to increase the efficiency of tran-
scription of the DNA by bringing the RNA polymerase in proximity
to DNA via binding the clamp. In fact, the T4 phage offers excellent
precedent for just this type of clamp function, in which the T4 gp45
clamp recruits the RNA polymerase to DNA for gene expression
[101,102].

4.3. PCNA as a “marker” of newly replicated DNA

One could make the case that clamps are not “fundamentally”
required for processive replication, even though clamps are in fact
processivity factors that are essential to replication in all cells.
Specifically, there is ample modern day precedent for highly pro-
cessive polymerases that do not utilize a clamp at all. Take for
example phi29 DNA polymerase, a single subunit enzyme with high
processivity in the absence of any other factors [103]. The DNA poly-
merases of the T7 phages are another example of highly processive

enzymes that do not require a circular clamp [104]. In fact both bac-
terial and eukaryotic RNA polymerases are fantastically processive,
staying on DNA for very long times, yet they do not use separate
ring shaped sliding clamp proteins. Furthermore, it is not a “given”
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Table 1
PCNA binding proteins. The table contains many proteins known to interact with PCNA. Many other proteins contain PIP motifs and may also bind the PCNA clamp (not listed
here).  Many entries are from the review by Hubscher and Maga, Ref. [69], although others have been added to this list.

PCNA binding protein Function References

Pol � DNA replication and repair [117–119]
Pol ∈ DNA replication and repair [120,121]
RF-C DNA replication and repair [122]
DNA ligase I DNA replication and repair [123]
Fen1 DNA replication and repair [124]
Topo I DNA replication and repair [125]
Topo II� DNA replication and repair [126]
MLH1, MSH  2/3/6 Mismatch DNA repair [127,128]
XP-G endonuclease Nucleotide excision repair [129]
WRN  helicase Double strand breaks DNA repair; linked to the Werner syndrome disease [130]
UBC9 SUMOylation [131]
Rad18 Ubiquitin ligase [132]
AP-endonucleases APN1, APN2 Base excision repair [133,134]
Uracil-DNA glycosylase Base excision repair [135]
Pol � Base excision repair [136]
Pol � Translesion synthesis; linked to the XP-V disease [137]
Pol � Translesion synthesis [138]
Pol � Translesion synthesis [139]
Pol 	 Translesion synthesis/BER/NHEJ [140]
Pol 
 Translesion synthesis [141]
Rev1 Translesion synthesis [142]
Cyclin/CDKs Cell cycle control [143,144]
p21 Cell cycle control [145]
Ctf18 Alternative clamp loader in sister chromatid cohesin [114]
Elg1 Alternative clamp loader in DNA repair [146]
Pif1 helicase Break induced repair [147]
Mgs1 Replication stress [148]
CAF-1 Topological marker for CAF-1 [100]
CAF-1 Epigenetic inheritance [149]
CAF-1 Recruitment to DNA damages [150]
P300 Facilitation of PCNA function in DNA repair [151]
MeCTr Maintenance of methylation pattern [152]
Ctf7p Connection of sister chromatin cohesion to DNA replication [153]
CHL12 Alternative clamp loader in sister chromatin cohesion [154]
Gadd45 Negative growth control, prevention of apoptosis [155]
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MyD118 Negative growth contro
Inglp33ING1 Protection from UV-indu

hat an enzyme that replicates a genome must be highly processive,
 distributive enzyme would seem sufficient. Primase is a case in
oint. E. coli primase is thought to be distributive during replication
f the genome [105]. Indeed, many Okazaki fragments are thought
o be left incomplete [106], and filled by soluble polymerases after
he fork has passed, and thus even processive DNA synthesis during
enome replication may  not be required.

Given that clamps are not an intrinsically fundamental require-
ent for highly processive polymerase action, one may  turn the

rgument around and propose that replicative DNA polymerases
volved to piggyback on the use of clamps that are loaded onto DNA
or other uses. This may  have negated the need for replicative DNA
olymerases to become highly processive on their own, since they
ould have access to clamps that easily provide the extra grip to
NA for high processivity. Interestingly, a dependence on clamps
y replicative polymerases has the consequence of ensuring that
lamps are used during replication and thus are faithfully deposited
n newly replicated DNA, as illustrated in Fig. 5. The cell could
hen use clamps that are deposited onto newly replicated DNA as
eporters, or markers, to distinguish new DNA from old DNA. There
re at least two processes that depend on PCNA placement on newly
eplicated DNA. One of these processes is mismatch repair (MMR).
nother process is nucleosome assembly, discussed in more detail
elow. MMR  must not only recognize new DNA, but must also dis-
inguish the new strand from the parental strand, and PCNA is

equired by MMR  for this distinction [107,108]. As described earlier,
CNA has two distinct faces, a C-face, and an N-face (Fig. 2). The C-
ace contains the hydrophobic pocket to which the PIP motif of most
CNA interactive proteins binds. At a primed template junction,
ention of apoptosis [155]
poptosis [156]

PCNA is loaded onto DNA such that the C-face points in the direction
of synthesis, enabling polymerases to bind the C-face for function.
When the eukaryotic MutL homologue binds PCNA, its endonucle-
ase is directed by the asymmetry inherent in the two  faces of PCNA,
and cleaves only the newly replicated strand [107,108]. After nick-
ing the new strand, subsequent excision of this new strand back to
the mismatch (and a little beyond) ensures removal of the incorrect
nucleotide of the mismatched base pair. This same clamp mediated
strand discrimination process is believed to occur in bacterial cells
that utilize MutL with endonuclease activity [109]. Hence, clamp
directed MMR  occurs in bacteria and eukaryotes alone. However,
E. coli is an example of a bacterium that has evolved a different
strategy of strand discrimination. In E. coli, MutL lacks endonucle-
ase activity, and a completely different process performs strand
discrimination by MMR.  E. coli contain MutH, an endonuclease that
cleaves at hemimethylated GATC sites, and contain Dam methylase
that methylates the A residue in the GATC site [4]. During replica-
tion, the new strand is transiently unmethylated in the wake of the
fork, giving MutH time to cleave the new (unmethylated) strand
in the event that MutS/L detects a mismatch. Why  E. coli evolved
methyl-directed strand discrimination for MMR  is not clear.

Another process that uses the PCNA clamp is nucleosome assem-
bly. Nucleosome assembly is thought to occur nearly coincident
with DNA synthesis, directly in back of the fork [75]. New nucleo-
somes are assembled onto the daughter strands by the Caf1 and Hir

nucleosome assembly factors, both of which require PCNA to initi-
ate nucleosome assembly [100,110]. Hence PCNA deposition onto
DNA is important to signal nucleosome assembly onto daughter
DNA duplexes.
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Fig. 5. PCNA marks newly replicated daughter strands for MMR  and nucleosome assembly. Eukaryotic factors are illustrated. (A) PCNA clamps are deposited on each Okazaki
fragment by virtue of Pol � dependency on PCNA for function. Upon completing an Okazaki fragment, Pol � ejects from its PCNA clamp and binds a new clamp at the next
RNA  primer, leaving PCNA on the newly replicated DNA. (B) Proposed process of populating the leading strand with PCNA. Pol �-CMG does not absolutely require PCNA,
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These considerations imply that PCNA clamps must be left as
arkers on newly replicated daughter duplexes, to direct MMR

nd nucleosome assembly. It is therefore reasonable to speculate
hat replicative polymerases evolved to utilize clamps for proces-
ivity, even though polymerases exist that demonstrate intrinsic
igh processivity without need for a clamp. Specifically, DNA poly-
erases have evolved to “piggyback” on the existing tendency of

lamps to be loaded onto newly replicated DNA in order to increase
heir processivity. We  propose that polymerases that utilize clamps
or processivity evolved this property (i.e. clamp usage) in order to
nsure that newly replicated DNA has markers (i.e. clamps) to direct
ownstream processes line MMR.  If replicative DNA polymerases
id not required clamps, newly replicated DNA would not be able
o be marked with clamps.

A well studied process has defined how the lagging strand is
arked by sliding clamps. This process was initially identified in the

. coli system [80,111], and considering the dependence of eukary-
tic Pol � on PCNA, it likely generalizes to eukaryotes [68]. Pol
II requires a clamp for synthesis, but to depart from an Okazaki
ragment it sacrifices the connection and leaves the clamp on the
eplicated DNA. In order for Pol III to extend the next Okazaki frag-
ent, its dependence on clamps requires that a new clamp be

re-assembled on the RNA primer at the fork. Hence, polymerase
issociates from its clamp upon finishing an Okazaki fragments,
nd hops to a new clamp assembled at the next upstream primed
ite. Thus, clamps accumulate on the lagging strand during this
olymerase recycling process during multiple rounds of Okazaki
ragment synthesis. This process of polymerase recycling on the
agging strand leaves clamps on DNA where they can interact with
ther proteins; indeed, their accumulation on the lagging strand
as been experimentally demonstrated [112].

Although clamps are abundant in both bacteria and eukary-
tes, there are still more Okazaki fragments than clamps, and thus
lamps are likely recycled off DNA. Both the E. coli and eukary-
tic RFC clamp loaders can also remove clamps from DNA, and
ukaryotes contain alternative clamp loaders in which one subunit
s replaced by another protein [113]. One of these alternative clamp

oaders is a superior clamp unloader and may fulfill this clamp
ecycling function [114]. Interestingly, the E. coli Pol III and eukary-
tic Pol � have evolved to be highly dependent on function with a
lamp. Without a clamp they are nearly non-functional. Perhaps the
ding strand extension, staying bound to the fork through connection to CMG. This
licated daughter strands for MMR  and nucleosome assembly.

selection pressure for a polymerase that is highly dependent on a
clamp ensures that clamps are in fact used, and thus deposited on
the lagging strand for downstream events, like MMR  and nucleo-
some assembly.

The method, by which the leading strand is populated by clamps,
if at all, has remained mysterious. The E. coli model system may  not
yield this answer since MMR  in E. coli is directed by methylation.
Nor are clamps needed for nucleosomes in bacteria, considering
they lack nucleosomes altogether. But this is not the case in eukary-
otes, which require PCNA for both MMR  and nucleosome assembly,
and thus PCNA clamps are expected to mark both the leading and
lagging strands. Recent development of a eukaryotic replication
fork using CMG  helicase and several other enzymes in vitro pro-
vides a new clue to how this process might be solved in eukaryotes
[62,115]. Interestingly, the proposed solution has to do with the
asymmetric functionality of the leading and lagging strand poly-
merases. Pol �, unlike Pol �, has a subunit (Dpb2) that forms a
connection to the Psf1 subunit [60] (Psf1 is present in CMG). This
may  underlie the recently demonstrated stability of Pol �-PCNA in
leading strand synthesis with CMG  compared to Pol �-PCNA, which
is not stabilized by CMG  [62]. Unexpectedly, leading strand synthe-
sis by Pol �-CMG is not absolutely dependent on PCNA, unlike the
case of Pol �, which requires PCNA. Hence, Pol � appears to gain
processivity by connection to the CMG  ring in front of it, rather
than from the PCNA ring in back of it. Yet, model primed ssDNA
systems show that yeast and human Pol � are stimulated by PCNA
under certain conditions, and therefore even though Pol � lacks a
PIP motif, it must have some affinity for PCNA. Considering that Pol
� does not bind PCNA tightly, as demonstrated for Pol � [116], one
would expect that Pol � often dissociates from the 3′ terminus of
a primed site during leading strand synthesis, but remains bound
to CMG  for re-association to DNA (e.g. illustrated in Fig. 5b). This
action could enable RFC access to the 3′ terminus of the leading
strand for loading and populating the leading strand with PCNA
clamps, as proposed [62,115], and illustrated in Fig. 5.

5. Summary
Sliding clamps and clamp loaders are the only pieces of the repli-
cation machinery that are homologous in all domains of life, and
thus are presumed to have been present in LUCA. LUCA may  have
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sed RNA as a genome, and DNA as a substrate for transcription
nd recombination. In this scenario, sliding clamps may  have had

 function(s) other than, or in addition to use in genome replica-
ion, possibly as a way of increasing efficiency of protein action on
NA. Evolution of the complicated process of semi-discontinuous
NA replication of antiparallel duplex DNA may  have been a late
evelopment, and could have selected for DNA polymerases that
epend on clamps for activity as a way of ensuring that clamps are
sed and deposited on daughter strands to mark newly synthesized
NA. In eukaryotes, populating the leading and lagging daughter
uplex products with clamps may  have been achieved by separate
echanisms, facilitated by use of distinct polymerases on these two

trands. Populating clamps on the leading strand may  be facilitated
y a relatively distributive polymerase that binds the helicase in
ront of it to stay with the fork, and thus periodically leaves the 3′

erminus for access by RFC in clamp loading. Populating the lag-
ing strand with clamps could be facilitated by a polymerase that
volved to be completely dependent on the clamp for activity, thus
equiring a new clamp for every Okazaki fragment. In support of
his proposal, there is ample precedent for highly processive DNA
nd RNA polymerases that do not utilize clamps. Thus clamps are
ot fundamentally required for high processivity. The use of clamps
o mark new DNA may  be essential to genome stability, by enabling
trand discrimination in MMR.  Nucleosome deposition is also facil-
tated by PCNA, and inheritance of epigenetic modifications during
evelopment of a multicellular organism may  require rapid tar-
eted assembly of epigenetic modified nucleosomes behind the
eplication fork. In this perspective, clamps did not evolve to be
rocessivity factors, but as DNA markers instead, and polymerases
volved to utilize them in order to ensure that newly replicated
NA is properly marked by clamps that direct processes in back of

he replication fork.
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