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To achieve the high degree of processivity required for DNA replication, DNA polymerases
associate with ring-shaped sliding clamps that encircle the template DNA and slide freely
along it. The closed circular structure of sliding clamps necessitates an enzyme-catalyzed
mechanism, which not only opens them for assembly and closes them around DNA, but
specifically targets them to sites where DNA synthesis is initiated and orients them correctly
for replication. Such a feat is performed by multisubunit complexes known as clamp loaders,
which use ATP to open sliding clamp rings and place them around the 30 end of primer–
template (PT) junctions. Here we discuss the structure and composition of sliding clamps and
clamp loaders from the three domains of life as well as T4 bacteriophage, and provide our
current understanding of the clamp-loading process.

During each round of DNA replication, thou-
sands to billions of nucleotides must be

faithfully copied in a short period of time. How-
ever, by themselves, replicative DNA polymer-
ases are distributive, synthesizing only ten or so
nucleotides of complementary DNA before dis-
sociating. To achieve the high degree of pro-
cessivity required for efficient DNA replication,
replicative DNA polymerases associate with
ring-shaped sliding clamps that encircle the
template DNA and slide freely along it. Such
an association effectively tethers the polymerase
to DNA, substantially increasing the amount
of continuous replication. The closed circular
structure of sliding clamps necessitates an en-
zyme-catalyzed mechanism, which not only
opens them for assembly and closes them
around DNA, but specifically targets them to
sites where DNA synthesis is initiated and ori-
ents them correctly for interaction with DNA

polymerases. Such a feat is performed by mul-
tisubunit complexes known as clamp loaders,
which use ATP to open sliding clamp rings and
place them around the 30 end of primer–
template (PT) junctions. Here we discuss the
structure and composition of sliding clamps
and clamp loaders from the three domains of
life as well as T4 bacteriophage, and provide
our current understanding of the clamp-load-
ing process.

SLIDING CLAMPS

Crystal Structures

Based on early biochemical assays, it had been
predicted that sliding clamps encircle DNA
in a sequence-independent manner that al-
lows them to slide freely along DNA (Stuken-
berg et al. 1991). In 1992, this hypothesis was
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confirmed when the first crystal structure of
a sliding clamp, E. coli b clamp, was solved
(Fig. 1A, left). In the structure, two semicircu-
lar b subunits are aligned head-to-tail, form-
ing a ring with an inner diameter large enough
to accommodate duplex DNA. As a result of
the head-to-tail arrangement, the ring has two
structurally distinct faces, one of which, the “car-
boxy-terminal face,” contains both carboxyl
termini and serves as a platform for interaction
with other proteins, including polymerases and
the clamp loader, as discussed below. Each b

subunit consists of three independent domains
connected by a long loop, referred to as the
interdomain connecting loop (IDCL), which
protrudes from the carboxy-terminal face. Al-
though the amino acid sequence of each domain
is quite different, all fold into similar three-
dimensional structures with identical chain to-
pologies; two adjacent a-helices flanked by
two, four-stranded antiparallel b sheets (Fig.
1A, middle). Thus, the b clamp has pseudo
sixfold symmetry (Kong et al. 1992). The 12 a

helices line the inner surface of the ring while
the b sheets form a continuous outer surface.
Although the b clamp has a net negative charge,
a strong positive electrostatic potential lines
the inner surface of the ring where water mole-
cules mediate protein–DNA interactions, allow-
ing the b clamp to move freely along DNA in a
sequence-independent manner (Fig. 1A, right).

The functional equivalents of the b subunit
in eukaryotes (proliferating cell nuclear antigen,
PCNA) and T4 bacteriophage (gene 45 protein,
gp45) do not share any significant sequence
similarity (,10%) with the b subunit and
each is approximately two-thirds its size (Kong
et al. 1992; Krishna et al. 1994; Gulbis et al. 1996;
Moarefi et al. 2000). Early biochemical analy-
ses suggested that these proteins trimerize to
form a six-domain ring like the b clamp (Bauer
and Burgers 1988; Jarvis et al. 1989b; Yao et al.
1996). Subsequent crystallographic studies con-
firmed that each sliding clamp is a homotri-
meric ring with each monomer contributing
two nearly superimposable domains with chain
topologies identical to that in the b subunit
(Fig. 1B,D,E). The three monomers are aligned
head-to-tail, forming a ring with two structurally
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Figure 1. Sliding clamps from different organisms.
Crystal structures of (A) the Escherichia coli b clamp
(Protein Data Bank [PDB] code 2POL), (B) gene 45
protein (gp45) from T4 bacteriophage (PDB code
1CZD), (C) Pyrococcus furiosus proliferating cell nu-
clear antigen (PCNA, PDB code 1GE8), (D) Saccha-
romyces cerevisiae PCNA (PDB code 1PLQ), and (E)
Homo sapiens PCNA (PDB code 1AXC). For each
organism, the top and side views of the three-dimen-
sional crystal structure are shown on the left and
alignment of the globular domains in the middle.
The electrostatic surface potential for each is shown
on the right with red and blue representing negative
and positive electrostatic potentials, respectively. All
images were constructed using PyMOL. The sliding
clamps from all domains of life have a similar archi-
tecture comprised of six domains arranged in a circle.
The chain-folding topologies of each domain are
the same. The E. coli b clamp is homodimeric (three
domains per monomer), whereas T4 gp45 and PCNA
from eukaryotes and archaea are each homotrimeric
(two domains per monomer). The monomers are
arranged head-to-tail in all clamps, resulting in struc-
turally distinct faces. The face from which the carbox-
yl termini protrude (“carboxyl-terminus face”) inter-
acts with clamp loaders and polymerases. A strong
positive electrostatic potential lines the inner surface
of each ring where double-stranded DNA resides,
favoring nonspecific interactions with the negatively
charged phosphate backbone.
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distinct faces, one of which contains the car-
boxyl termini and the IDCLs. The negatively
charged outer surface of each ring is composed
of continuous b sheets, whereas a helices com-
prise the positively charged inner surface. Each
ring has a diameter large enough to completely
encircle duplex DNA (Krishna et al. 1994; Gul-
bis et al. 1996; Moarefi et al. 2000).

Most archaeal genomes, such as Pyrococcus
furiosus (Pfu), encode a homotrimeric sliding
clamp (PfuPCNA in Fig. 1C) similar to their
evolutionary counterparts (Cann et al. 1999;
Iwai et al. 2000; Matsumiya et al. 2001). How-
ever, in archaea of the crenarchaeal subdomain,
three PCNA homologs have been identified
(Cann and Ishino 1999; Iwai et al. 2000; Dai-
mon et al. 2002; Dionne et al. 2003). In Sulfo-
lobus solfataricus, the three PCNA homologs
(ssoPCNAs 1–3) share only 8%–22% sequence
identity and do not form homotrimers due
to electrostatic and steric clashes (Pascal et al.
2006). Rather, they exist as monomers in solu-
tion and self-assemble into a functional het-
erotrimer (ssoPCNA123) in a defined order
(Dionne et al. 2003; Williams et al. 2006; Hlin-
kova et al. 2008). Unlike its evolutionary count-
erparts, each interface within the ssPCNA123
heterotimer is unique, which has implications
on the clamp-loading mechanism, as discussed
below. However, the ring-shaped heterotrimer
has an overall shape and dimensions similar
to the homotrimeric sliding clamps in Figure
1 (Pascal et al. 2006; Williams et al. 2006;
Hlinkova et al. 2008). Thus, despite the various
subunit compositions and lack of any signifi-
cant sequence homology, the three-dimension-
al structure of the sliding clamp has been highly
conserved throughout evolution.

Solution Structures

Crystal structures are static representations of
a particular conformation and may not accu-
rately reflect the solution structure of a given
protein. For sliding clamps, one or more of the
subunit interfaces may dissociate because of
thermal fluctuations and flexibility of the pro-
tein, causing the closed ring to transiently or
permanently open in solution. Such behavior

has profound implications in both the clamp
loading and unloading pathways, as discussed
in future sections.

The stability of a closed sliding clamp is
largely governed by the intermolecular inter-
actions at subunit interfaces. Although the sub-
units of the b clamp appear to be under “spring
tension” caused by strenuous bending within
the b monomers, continuation of the b-sheet
structures across subunit interfaces contributes
six intermolecular ion pairs and four strong
hydrogen bonds to each interface, suggesting
that the b-clamp ring remains closed in solu-
tion (Kong et al. 1992; Jeruzalmi et al. 2001b).
Indeed, biochemical analyses have shown that
the closed b-clamp ring remains stable in so-
lution, with a Kd for subunit dissociation less
than 60 pM, and only opens in the presence
of the clamp loader (Yao et al. 1996; Paschall
et al. 2011). Similar behavior is observed for
PfuPCNA, where four hydrogen bonds and 10
intermolecular ion pairs are present at each sub-
unit interface. Such enhancement of electro-
static interactions is thought to be responsible
for the increased thermostability of the slid-
ing clamp from P. furiosus, a hyperthermo-
philic archaeon that grows optimally at 1008C
(Matsumiya et al. 2001, 2003). However, it is
interesting to note that a recent report suggests
that PCNA from Methanosarcina acetivorans
(Mac), a mesophilic archaeon that grows best
in moderate temperatures (258C–408C), may
exist as a monomer in solution (Liu et al. 2011).

In contrast to b clamp and PfuPCNA, vari-
ous experimental approaches have collectively
shown that gp45 exists exclusively in an open
state in solution, with one interface opened
within the plane of the ring (Soumillion et al.
1998; Alley et al. 1999b; Millar et al. 2004). Such
behavior may be ascribed to differences in the
architecture of the gp45 sliding clamp that weak-
ens the binding affinity at subunit interfaces.
Indeed, contacts at the subunit interfaces are
far less extensive; the hydrogen bonding net-
works are less regular, no intermolecular ion
pairs are present, and the buried surface area
is roughly half that for b clamp and PfuPCNA
(Moarefi et al. 2000). Consequently, the Kd

for subunit dissociation in gp45 (�210 nM) is
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approximately 3500-fold greater than that for b
clamp (Yao et al. 1996).

Eukaryotic PCNA seems to exist as a closed
ring in solution (Schurtenberger et al. 1998;
Zhuang et al. 2006b). However, recent molec-
ular dynamics (MD) simulations suggest that
the PCNA ring spontaneously relaxes in-plane
to adopt more open conformations and may
transiently sample out-of-plane, spiral confor-
mations (Kazmirski et al. 2005; Adelman et al.
2010; Tainer et al. 2010). Importantly, the bar-
rier to reclose is essentially nonexistent and oc-
curs on a nanosecond timescale in the absence
of clamp loader, preventing DNA from entering
the PCNA ring. Although the total surface area
buried at each interface of eukaryotic PCNA is
comparable that for b clamp and PfuPCNA,
only one ion pair is present at each interface
compared with six in b clamp (Kong et al.
1992; Krishna et al. 1994; Gulbis et al. 1996).
In agreement, the Kd for subunit dissociation
in human PCNA (21 nM) is �350-fold greater
than that forb clamp (Yao et al. 1996). Thus, the
closed ring structure may be favored in eukary-
otic PCNA but weakened intermolecular con-
tacts may permit spontaneous and transient
opening.

CLAMP LOADER COMPOSITION
AND ARCHITECTURE

Bacterial Clamp Loaders

The E. coli clamp loader is comprised of three
different subunits, d, d0, and g/t, which assem-
ble into a heteropentamer with stoichiometry
dd0(g/t)3 (Onrust et al. 1995; Pritchard et al.
2000; Jeruzalmi et al. 2001a). Two other sub-
units, x and c, are associated with the clamp
loader but these subunits are not required for
its assembly nor its clamp-loading activity and
will not be discussed further (Onrust and
O’Donnell 1993; Xiao et al. 1993; Naktinis
et al. 1995; Olson et al. 1995; Glover and
McHenry 1998; Kelman et al. 1998; Turner et
al. 1999). The g and t subunits are encoded by
the same gene. The t subunit is the full-length
product and, when present within the clamp
loader, binds the DNA polymerase III core and

helicase via its carboxyl terminus, effectively
trimerizing the polymerase at the replication
fork. However, the carboxyl terminus of the t

subunit is not required for clamp loading and its
truncation by a translational frameshift pro-
duces the g subunit (Leu et al. 2003; Reyes-La-
mothe et al. 2010). Thus, clamp loader com-
prised of dd0g3 has been predominantly used
in in vitro studies on the bacterial clamp loader
and is referred to as the minimal clamp loader or
simply the g complex. Herein, our description
of the bacterial clamp loader refers only to the g
complex. Each subunit of the g complex has the
same general architecture consisting of three
distinct domains (Fig. 2A). The amino-termi-
nal domain (Domain I) is a RecA-Type ATPase
domain containing Walker A (P-Loop), Walker
B, sensor 1, and Ser-Arg-Cys (SRC) motifs
(Guenther et al. 1997; Jeruzalmi et al. 2001a;
Kazmirski et al. 2004). Walker A and B motifs
are common among NTPases and are impor-
tant for nucleotide binding and hydrolysis
(Walker et al. 1982). The sensor 1 motif func-
tions to monitor and relay information regard-
ing the state of bound ATP through structural
rearrangements of the g complex. The highly
conserved arginine residue of the SRC motif
functions as an “arginine finger” within an in-
terfacial ATPase site, discussed further below
(Davey et al. 2002). Domain II contains a sensor
2 motif that is analogous to sensor 1. Together,
Domains I and II form an ATP-binding module,
referred to as an AAAþmodule, which is struc-
turally conserved among members of the AAAþ

superfamily of ATPases. The carboxy-terminal
domains (Domain III) are unique to clamp
loaders among AAAþ ATPases and pack togeth-
er to form a ring-shaped “collar” that holds the
complex together (Fig. 2B). The five subunits
are arranged such that the g subunits are adja-
cent to one another, in positions B–D, with the
d and d0 subunits flanking each side, in the A
and E positions, respectively. The amino-termi-
nal domains are arranged in an open “horse-
shoe” below the carboxy-terminal collar with
a gap present between the AAAþ modules of
the d(A) and d0(E) subunits to allow entry of
PT DNA into the complex, as discussed further
below. This arrangement positions the SRC
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motif of a given subunit near the ATP-binding
module of the next such that each ATPase site
is located at a subunit interface and faces the
inner surface of the complex (Fig. 2A). Howev-
er, only the g subunits bind ATP as the Walker
A motifs of the d and d0 subunits are degen-
erate. The d subunit also lacks an SRC motif
(Xiao et al. 1995; Guenther et al. 1997; Jeruzalmi
et al. 2001a; Kazmirski et al. 2004). Thus, only
three functional ATPase sites are present: be-
tween subunits d0(E) and g(D), g(D) and g(C),
and g(C) and g(B) (Tsuchihashi and Kornberg
1989; Hingorani et al. 1999; Johnson and
O’Donnell 2003). The SRC motif of g(B) does
not abut a nucleotide in the d(A) subunit.

T4 Bacteriophage Clamp Loader

In T4, four gp44 subunits and one gp62 sub-
unit associate to form the gp44/62 clamp
loader complex (Spicer et al. 1984; Jarvis et al.
1989b). The gp44 subunits contain AAAþmod-
ules and are homologous to the E. coli g sub-

units (Spicer et al. 1984; Jarvis et al. 1989b; Zhu-
ang et al. 2006a). However, gp62 lacks both SRC
and Walker A motifs, analogous to the E. coli
d subunit (Spicer et al. 1984; O’Donnell et al.
1993). Thus, based on homology between the
subunits of the g complex and gp44/62, it was
presumed that the subunit arrangement within
gp44/62 is analogous to that in the g complex,
with the gp62 subunit occupying position A
while the four gp44 subunits occupy positions
B–E (Fig. 2C). This has recently been verified
in a crystal structure of gp44/62 complexed to
both gp45 and PT DNA. Such an arrangement
provides for only three interfacial ATPase sites as
the gp62 subunit in position A does not present
an “arginine finger” to the gp44 subunit in po-
sition E (Kelch et al. 2011). However, it should
be noted that several studies have each indepen-
dently showed that gp44/62 hydrolyzes four
ATP molecules during the clamp-loading pro-
cess, suggesting that each gp44 subunit contains
an equally active ATPase site (Jarvis et al. 1989a;
Berdis and Benkovic 1996; Sexton et al. 1996;
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Figure 2. Clamp loader structure. (A) Close-up of the E. coli gD subunit (from PDB code 1XXH) bound to
ATPgS (shown in space-filling format). The carboxyl terminus and the three domains (I, II, and III) are
indicated. (B) Front (left) and carboxy-terminal/top (right) views of the g3dd

0 minimal clamp loader structure
(PDB code 1XXH). The “carboxy-terminal collar” and amino-terminal AAAþ ATPase modules are indicated.
All images were generated using PyMOL. (C) Stylized images of the clamp loaders from bacteria (g complex),
eukaryotes (RFC), bacteriophage T4 (gp44/62), and archaea (RFC). The positions of the five subunits of each
clamp loader complex are denoted by the letters A–E, with analogous subunits indicated by matching colors.
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Young et al. 1996; Zhuang et al. 2006a; Pietroni
and von Hippel 2008). In the aforementioned
crystal structure, ADP bound in the E subunit
packs closely against a carboxy-terminal exten-
sion of the gp62 (A) collar domain, referred to
as the Á domain. This domain has the same fold
topology as a corresponding domain in the A
subunit of eukaryotic RFC (discussed below),
tempting one to speculate that a novel inter-
facial ATPase site may be present between the A
and E subunits of both T4 and eukaryotic clamp
loaders (Bowman et al. 2004; Kelch et al. 2011).

Eukaryal Clamp Loaders

The eukaryotic clamp loader, referred to as rep-
lication factor C (RFC) or activator 1, is highly
conserved from yeast to humans and is com-
posed of five distinct subunits, RFCs 1–5, all
of which share a similar three-domain core ar-
chitecture reminiscent of their ancestral coun-
terparts (Burbelo et al. 1993; Cullmann et al.
1995; Uhlmann et al. 1997b; Bowman et al.
2004). RFCs 2–4 are homologous to each other
and to the ATP-hydrolyzing subunits of the T4
(gp44 subunits) and E. coli (g subunits) clamp
loaders. Thus, each contains an AAAþ module
and an SRC motif (Chen et al. 1992a,b; O’Don-
nell et al. 1993; Li and Burgers 1994a,b; Noskov
et al. 1994; Yao et al. 2003). The RFC5 subunit
is analogous to the d0 subunit of the E. coli g
complex in that it contains an SRC motif but
lacks several key residues that are conserved at
the active sites of functional ATPases (Gary and
Burgers 1995; Cai et al. 1998; Podust et al.
1998a; Schmidt et al. 2001; Yao et al. 2003; Bow-
man et al. 2004). However, it is still capable of
binding ATP (Bowman et al. 2004). Collectively,
the RFC2–5 subunits are often referred to as the
“small subunits” and occupy positions analo-
gous to their bacterial counterparts in the five-
subunit complex (Fig. 2C); RFC5 in position E
followed by RFCs 2, 3, and 4 in positions D, C,
and B, respectively (Pan et al. 1993; Uhlmann
et al. 1996; Cai et al. 1997; Ellison and Stillman
1998; Yao et al. 2003; Bowman et al. 2004). The
remaining subunit, RFC1, occupies position A
and is similar to the gp62 subunit of T4 gp44/
62 in that it lacks an SRC motif but contains an

A0 domain, which abuts the nucleotide bound
in position E (RFC5 [Li and Burgers 1994a;
Cullmann et al. 1995; Bowman et al. 2004; Kelch
et al. 2011]). However, unlike gp62, RFC1 con-
tains a consensus Walker A motif (Bunz et al.
1993; Cullmann et al. 1995; Cai et al. 1998;
Podust et al. 1998a; Schmidt et al. 2001; Yao et
al. 2003). Thus, four interfacial ATPase sites are
present within RFC; between RFC5 (E) and
RFC2 (D), RFC2 (D) and RFC3 (C), RFC3
(C) and RFC4 (B), and RFC4 (B) and RFC1
(A) (Gomes et al. 2001; Yao et al. 2003). Fur-
thermore, the RFC1 (A) subunit also contains
unique amino- and carboxy-terminal exten-
sions beyond the three-domain core. Hence,
RFC1 is often referred to as the “large subunit.”
The carboxy-terminal extensions are required
for complex formation with the small RFC sub-
units whereas the amino-terminal extensions
are dispensable for PCNA loading. In fact, their
deletion actually increases the PCNA-loading
activity of RFC and subsequent DNA synthesis
by polymerase d (Burbelo et al. 1993; Uhlmann
et al. 1996, 1997a; Allen et al. 1998; Podust et al.
1998b; Gomes et al. 2000; Gomes and Burgers
2001). Apart from a minor role in DNA damage
repair, the function of the amino-terminal ex-
tension remains largely unknown (Gomes et al.
2000). Interestingly, it shares homology with all
known bacterial DNA ligases and several eu-
karyotic poly-ADP ribose polymerases (PARPs)
although there is no evidence of either activity.
Rather, this region of RFC1, designated the li-
gase homology domain, is most likely responsi-
ble for the nonspecific DNA-binding affinity of
RFC, discussed further below (Bunz et al. 1993;
Burbelo et al. 1993; Cullmann et al. 1995; Fote-
dar et al. 1996; Allen et al. 1998).

Archaeal Clamp Loaders

Similar to their eukaryotic counterparts, ar-
chaeal clamp loaders are heteropentameric
complexes comprised of a single large subunit
in position A and four smaller subunits in posi-
tions B–E, as shown in Figure 2C (Pisani et al.
2000; Cann et al. 2001; Seybert et al. 2002;
Miyata et al. 2005; Chen et al. 2009b). Each sub-
unit adopts the conserved three-domain core
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architecture (Mayanagi et al. 2001; Oyama et al.
2001; Miyata et al. 2004, 2005; Seybert et al.
2006). The large subunit, RFCL, is homologous
to the carboxy-terminal portion of the large
subunit of eukaryotic RFC (RFC1) and contains
a conserved Walker A motif but lacks an SRC
motif (Cann and Ishino 1999; Pisani et al. 2000;
Cann et al. 2001; Oyama et al. 2001; Henneke
et al. 2002; Chen et al. 2005). Based on low-
resolution structures of RFC from Pyrococcus
furiosus, RFCL may also contain an A0 domain,
similar to yeast RFC1 and T4 gp62 (Miyata et al.
2005). In most archaea, a single small subunit
(RFCS) is present, which contains both Walker
A and SRC motifs, homologous to RFCs 2–4 of
eukaryotic RFC (Cann and Ishino 1999; Kelman
and Hurwitz 2000; Cann et al. 2001; Oyama
et al. 2001; Henneke et al. 2002). However, in
several archaea, such as Methanosarcina aceti-
vorans (Mac), an additional small subunit is
present, which contains an SRC motif and a de-
generate Walker A motif. This subunit, referred to
as RFCS2, is homologous to RFC5 from eukary-
otic RFC and occupies an analogous position (E)
in the five-subunit complex (Chen et al. 2005,
2009b). Thus, the five-subunit archaeal clamp
loader contains four interfacial ATPase sites,
similar to eukaryotic RFC (Seybert and Wigley
2004; Seybert et al. 2006). However, it should be
noted that a unique heterohexameric clamp
loader in which two large subunits (RFCL) are
complexed to four small subunits (RFCS) has
been reported for Methanobacterium thermoau-
totrophicum (Kelman and Hurwitz 2000).

CLAMP LOADERS ARE DNA-
DEPENDENT ATPases

Amid the numerous nucleic acid structures
within cells, clamp loaders must target their
respective clamps to sites where DNA synthesis
initiates. Thus, clamp loaders must have a high-
er affinity for PT junctions than any other nu-
cleic acid structure. However, if the high affinity
was static, clamp loaders would compete with
replicative polymerases for binding to the same
PT junctions. On the contrary, if their binding
affinity were dynamic, switching reversibly be-
tween high- and low-affinity states, clamp load-

ers could associate with PT junctions to load
their respective clamps and then dissociate to
allow polymerase binding (Ason et al. 2000).
Detailed analyses over the years have revealed
that the affinity of clamp loaders for PT junc-
tions is indeed dynamic and modulated by ATP.
Recent crystal structures of the E. coli g complex
have provided the structural basis for such be-
havior.

In the absence of DNA, the g complex binds
tightly to ATP but the “arginine fingers” of the
SRC motifs are held out of reach (Fig. 3A) (Hin-
gorani et al. 1999; Johnson and O’Donnell 2003;
Kazmirski et al. 2004; Thompson et al. 2009).
These motifs increase the rate of ATP hydrolysis

DNA-freeA B DNA-bound

P-loopP-loop

R169 R169ATPγS ADPBeF3

Figure 3. DNA promotes ATP hydrolysis by triggering
a structural rearrangement of the interfacial ATPase
sites of the g complex. The DNA-free (A, PDB code
1XXH) and DNA-bound (B, PDB code 3GLF) forms
of the g complex are shown. For each, the structure of
the g complex is shown on top with a close-up of the
gC-gB interfacial ATPase site shown at the bottom. All
images were generated using PyMOL. Nucleotide is
bound in the AAAþ module of the gB subunit. The
“P-loop” is indicated and shown in black. In the ab-
sence of DNA, the “arginine finger” (Arg169) from
the gC subunit is too far away to interact with the g

phosphate of ATP in the gB subunit. On binding
DNA, the g complex adopts a right-handed spiral
configuration with a uniform rise and rotation that
closely mimics that of the bound DNA. Such a struc-
tural rearrangement presents the “arginine finger”
(Arg169) from one subunit (gC) to the g phosphate
of ATP bound in the next subunit (gB), promoting
ATP hydrolysis.
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by stabilizing the transition state (Ahmadian
et al. 1997; Kazmirski et al. 2004). Consequently,
ATPase activity of the g complex alone is negli-
gible (Onrust et al. 1991; Hingorani et al. 1999;
Ason et al. 2000). This ATP-bound form of the
g complex has high affinity for PT junctions
and binds rapidly (Reems et al. 1995; Bloom
et al. 1996; Hingorani and O’Donnell 1998;
Ason et al. 2000). The single-stranded por-
tion of the template-strand is presumed to enter
through the gap between the AAAþmodules of
the d (A) and d0 (E) subunits, inducing a right-
handed spiral conformation that closely mim-
ics the helical geometry of the DNA duplex
and “screws” onto the double-stranded portion.
In this “notched screw cap” arrangement, the
g complex interacts intimately with only the
template strand; conserved positively charged/
polar residues within the AAAþ modules con-
tact the duplex region and track along the minor
groove while the 50 single-stranded overhang
exits the central chamber and binds to the exte-
rior surface of the d (A) subunit. In contrast, the
primer strand is mostly surface-exposed. Apart
from its 30 terminal nucleotide, which runs into
the interior wall of the carboxy-terminal collar,
the primer strand is disengaged from theg com-
plex. This lack of intimate contact is vital to the
clamp loader function as it allows recognition
of both RNA and DNA primers during DNA
replication and repair (Simonetta et al. 2009).
The “notched screw cap” arrangement of the g

complex subunits realigns the interfacial ATPase
sites such that the SRC motif from one subunit
is presented to the ATP binding site of the next,
promoting ATP hydrolysis (Fig. 3B) (Hingorani
et al. 1999). The sensor 1 and sensor 2 motifs,
“sensing” the absence of theg phosphate of ATP,
subsequently trigger a conformational change
converting the g complex to a low-affinity state
and promoting rapid dissociation (Ason et al.
2003; Simonetta et al. 2009; Thompson et al.
2009). On release from DNA, the g complex
can exchange ADP for ATP, allowing the dy-
namic DNA binding cycle to continue (Ason
et al. 2000, 2003; Thompson et al. 2009).

All clamp loaders must bind and hydrolyze
multiple ATP molecules to power site-specific
loading of their respective clamps to PT junc-

tions. The DNA-dependent ATPase activity dis-
cussed above for the E. coli g complex is con-
served among clamp loaders from T4 (Piperno
et al. 1978; Rush et al. 1989; Capson et al. 1991;
Munn and Alberts 1991b; Zhuang et al. 2006a),
eukaryotes (Lee and Hurwitz 1990; Lee et al.
1991; Tsurimoto and Stillman 1991; Yoder and
Burgers 1991; Fien and Stillman 1992; Cai et al.
1996; Ellison and Stillman 1998; Hingorani and
Coman 2002; Sakato et al. 2011a), and archaea
(Kelman and Hurwitz 2000; Pisani et al. 2000;
Cann et al. 2001; Seybert et al. 2002; Seybert
and Wigley 2004; Chen et al. 2005). Historically,
it had been assumed that clamp loaders use
the energy from ATP hydrolysis solely to apply
mechanical force to open sliding clamps. Al-
though ATP hydrolysis may contribute to ring
opening within T4 (discussed below), detailed
studies over the last 20 years or so have revealed
that ATP hydrolysis primarily serves to modu-
late the interaction between clamp loaders and
PT DNA by allowing interconversion between
high- and low-affinity DNA-binding states.
Such a dynamic DNA-binding mechanism spe-
cifically targets clamp loaders to PT junctions
yet triggers their departure to prevent competi-
tion with replicative polymerases, as discussed
further below.

Clamp-Loading Mechanism

Detailed mechanistic studies on the clamp-
loading process from all domains of life have
revealed a similar sequential mechanism that is
outlined in Figure 4. Given the conservation of
the clamp and clamp loader structures depicted
in Figures 1 and 2, this is no surprise. Nonethe-
less, subtle differences have emerged that distin-
guish each system. These are discussed below.

Opening of the Sliding Clamp Ring

In the absence of ATP, clamp loaders interact
with their respective clamps very weakly. On
binding ATP, clamp loaders undergo a confor-
mational change that permits optimal interac-
tion with the carboxy-terminal face of their re-
spective clamp and subsequent opening of the
clamp ring (Fig. 4A). In E. coli, all subunits of
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the g complex bind the b clamp but the d sub-
unit is the major contact point and is mainly
responsible for ring opening (Naktinis et al.
1995; Turner et al. 1999; Leu et al. 2000; Jeru-
zalmi et al. 2001b; Leu and O’Donnell 2001;
Johnson and O’Donnell 2003; Paschall et al.
2011). In the absence of ATP, the d subunit
is sequestered within the g complex, largely
because of the interaction with the nearby d0

subunit, and the g complex interacts with the
b clamp very weakly (Onrust and O’Donnell
1993; Naktinis et al. 1995; Onrust et al. 1995;

Leu and O’Donnell 2001; Indiani and O’Don-
nell 2003). On binding ATP, the interaction
between d and d0 is disrupted, presenting d for
interaction with the carboxy-terminal face of
a closed b clamp (Naktinis et al. 1995; Bloom
et al. 1996; Goedken et al. 2004; Snyder et al.
2004; Thompson et al. 2009; Paschall et al.
2011). A “hydrophobic plug” of the d subunit
subsequently wedges into a hydrophobic pocket
on either b monomer, destabilizing the adja-
cent dimer interface and prying open the b-
clamp ring. This process is favored by the release
of “spring tension” between domains within the
b monomers and occurs in the absence of ATP
hydrolysis (Onrust et al. 1991; Naktinis et al.
1995; Hingorani and O’Donnell 1998; Hingor-
ani et al. 1999; Turner et al. 1999; Jeruzalmi et al.
2001b; Stewart et al. 2001; Goedken et al. 2004;
Williams et al. 2004; Anderson et al. 2009;
Paschall et al. 2011). Thus, ATP binding but
not hydrolysis is required for g-complex bind-
ing to and opening the b clamp. The same is
true for RFC-catalyzed opening of PCNA rings
in both eukaryotes (Lee and Hurwitz 1990;
Shiomi et al. 2000; Gomes and Burgers 2001;
Schmidt et al. 2001; Johnson et al. 2006; Yao
et al. 2006; Zhuang et al. 2006b; Chen et al.
2009a; Sakato et al. 2011a,b; Thompson et al.
2011) and archaea (Henneke et al. 2002; Matsu-
miya et al. 2002; Seybert et al. 2002, 2006; Sey-
bert and Wigley 2004), suggesting a similar
mechanism applies to these domains of life.
However, it remains to be seen whether ATP-
bound RFC “actively” pries open the PCNA
ring as in E. coli or “passively” waits for it
open (Kazmirski et al. 2005; Thompson et al.
2009). Also, subtle variations in some archaea
should be noted. As alluded to above, three
unique interfaces are present within the
ssoPCNA123 heterotrimer of Sulfolobus solfa-
taricus and only the PCNA3–PCNA1 interface
is opened by ssoRFC (Dionne et al. 2003, 2008).
On the contrary, each subunit interface within
a homopolymeric sliding clamp is identical
and, thus, the one selected by the clamp loader
for opening is random. Furthermore, a recent
report suggests that, in Methanosarcina acetivor-
ans (Mac), PCNA exists as monomers in solu-
tion and RFC functions to assemble an open

Clamp loader

C A

B

Clamp

ATP

ADP-Pi

DNA

Figure 4. The clamp-loading mechanism. The cata-
lytic reaction cycle for the loading of sliding clamps
onto DNA by clamp loaders is shown as a schematic
diagram. (A) Opening of the sliding clamp ring. In the
absence of ATP, clamp loaders bind their respective
clamps very weakly. On binding ATP, clamp loaders
undergo a conformational change, which permits op-
timal interaction with the carboxy-terminal face
of their respective clamp and subsequent opening of
the clamp ring. (B) PT junction binding. The open
clamp–clamp loader complex together specifically
recognizes and binds a PT junction, adopting a
“notched screw cap arrangement,” which matches
the helical geometry of the DNA duplex and properly
aligns the interfacial ATPase sites for hydrolysis. (C)
Closure of the clamp ring. On hydrolysis of ATP, clamp
loaders revert back to a low-affinity DNA-binding
state and eject, leaving the PT DNA positioned within
an opened sliding clamp ring. Concurrent or subse-
quent to ejection, electrostatic interactions between
the positively charged inner surface of the sliding
clamp ring and the negatively charged DNA drives
closure of the open sliding clamp around DNA.
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PCNA homotrimer by binding individual
monomers in an ATP-dependent manner (Liu
et al. 2011). Regardless of these slight differences,
it is tempting to speculate that sliding clamps
within bacteria, eukaryotes, and archaea are
opened predominantly in-plane in the clamp–
clamp loader complexes as tandem out-of-plane
movements are presumed to induce the right-
handed spiral conformation of clamp loaders
that is competent for ATP hydrolysis.

Like RFC and the g complex, T4 gp44/62
also undergoes an ATP-dependent conforma-
tional change that permits optimal interaction
with the carboxy-terminal face of an open gp45
sliding clamp (Latham et al. 1997; Pietroni et al.
1997, 2001; Zhuang et al. 2006a; Pietroni and
von Hippel 2008). However, on interaction with
ATP-bound gp44/62, the open gp45 sliding
clamp opens further, stimulating ATP hydroly-
sis at two of the four ATPase sites within gp44/
62 (Mace and Alberts 1984; Rush et al. 1989;
Berdis and Benkovic 1996; Sexton et al. 1996,
1998; Young et al. 1996; Alley et al. 2000; Trak-
selis et al. 2003). Such partial ATP hydroly-
sis is required to open and stabilize gp45 in an
“activated” conformation that is competent for
optimal loading onto DNA, in stark contrast
to that described above (Sexton et al. 1996; Pie-
troni et al. 1997; Alley et al. 2000; Trakselis et al.
2003). This implies that the gp45 ring opens
out-of plane on interacting with ATP-bound
gp44/62, permitting the gp45–gp44/62 com-
plex to adopt an intermediate, right-handed spi-
ral conformation in which only two of the four
ATP sites of gp44/62 are aligned properly for
hydrolysis. Because of the unique open structure
of gp45 in solution, perhaps gp44/62 uses ATP
hydrolysis to passively “catch” and stabilize gp45
rings that have spontaneously adopted this pro-
ductive conformation. However, it is also pos-
sible that gp44/62 uses ATP hydrolysis to “ac-
tively” sculpt gp45 rings into this intermediate
conformation.

PT Junction Binding

Once formed, the open clamp–clamp loader
complex together specifically recognizes and
binds a PT junction (Fig. 4B) undergoing an-

other conformational change, which is illu-
strated in the recent crystal structure of the
gp45–gp44/62–DNA complex (Jarvis et al.
1989a; Munn and Alberts 1991b; Hockensmith
et al. 1993; Pietroni et al. 2001). The PT DNA is
positioned such that the duplex region is thread-
ed through the central pore of gp45 and is se-
questered within the inner chamber of gp44/62
(Fig. 5). The gp45 ring is held open by extensive
interactions between its carboxy-terminal face
and the entire undersurface of gp44/62 and
the gp45–gp44/62 complex together adopts a
“notched screw cap arrangement” that matches
the helical geometry of the DNA duplex. In this
orientation, all four interfacial ATPase sites
are aligned properly for optimal hydrolysis (Pi-
perno et al. 1978; Mace and Alberts 1984; Young
et al. 1996; Kelch et al. 2011). Furthermore, the
gap between domains in the open clamp is not
wide enough to allow passage of duplex DNA.
Hence, it is presumed that the single-stranded
portion of the template strand enters through
the gaps in the gp45 clamp and between the
A0 and AAAþ domains of the gp62 (A) subunit
of gp44/62 and the complex “screws” onto the
double-stranded portion of the DNA. Similar to

gp44(C)

gp44(B)

gp62(A)

Primer

gp44(D)

gp44(E)

A′ domain

gp45

TemplateTemplate

Figure 5. The clamp–clamp loader–DNA complex
from T4 bacteriophage. Structure of the T4 clamp
loader (gp44/62) bound to an open clamp (gp45)
and PT DNA (from PDB 3U60) generated using Py-
MOL. PT DNA, gp44/62 (multicolored), and gp45
(gray) are shown in cartoon form. The A0 domain
(red) as well as the primer (orange) and template
(yellow) strands of the duplex DNA are indicated.
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that observed in the crystal structure of the E. coli
clamp loader–DNA complex described above,
the closest contacts between gp44/62 and the
DNA involve the template strand (Jarvis et al.
1989a; Hockensmith et al. 1993; Kelch et al.
2011). Positively-charged/polar residues from
the inner surface of the clamp and the AAAþ

modules within the inner chamber of gp44/62
track the minor groove of the duplex region. The
single-stranded template overhang protrudes
through the gap between the A and A0 domains
of the gp62 (A) subunit and binds to its collar
domain. The 30 end of the primer is blocked by
the collar domain of the gp44B (B) subunit. This
structure depicted in Figure 5 closely resembles
a lower resolution, electron microscopy (EM)
structure from the archaeon Pyrococcus furiosus
in which PfuRFC is bound to DNA and an open
PfuPCNA ring. Indeed, most of the T4 crystal
structure fits well into the archaeal EM structure,
showing that the open clamp–clamp loader–
DNA complex is a common intermediate in the
clamp-loading process for both T4 and archaea
(Miyata et al. 2004, 2005; Kelch et al. 2011).

For bacteria and eukaryotes, it is suggested
that the ATP-bound clamp loader holds the
clamp in an open, right-handed spiral around
DNA as depicted in Figure 5 but such complexes
have yet to be captured. However, substantial
evidence supports their existence. The DNA-de-
pendent ATPase activity of the E. coli g complex
(Onrust et al. 1991; Xiao et al. 1995; Williams
et al. 2004) and eukaryotic RFC (Tsurimoto and
Stillman 1990; Lee et al. 1991; Podust et al. 1992;
Cai et al. 1996; Ellison and Stillman 1998;
Zhang et al. 1999; McNally et al. 2010) is stimu-
lated by their respective sliding clamp, suggest-
ing that an open clamp stabilizes the “notched
screw cap” arrangement of the clamp loader on
DNA. Furthermore, the experimentally-mea-
sured distance between PCNA subunits in the
PCNA–RFC–DNA complex from eukaryotes
(34 Å) agrees fairly well with that determined
from a MD-based model (39 Å) of the open
PCNA–RFC–DNA complex (Kazmirski et al.
2005; Kelch et al. 2011; Sakato et al. 2011b). Fi-
nally, the asymmetric DNA footprint of the eu-
karyotic PCNA–RFC complex agrees with that
predicted by the MD-based model (Tsurimoto

and Stillman 1991). Thus, the clamp-loading
process within all domains of life likely proceeds
through a common open clamp–clamp load-
er–DNA intermediate.

Closure of the Clamp Ring

In the “notched screw cap” arrangement of the
clamp–clamp loader complex on DNA, the in-
terfacial ATPase sites are aligned properly for
optimal hydrolysis. As described above, the
clamp loaders revert back to a low-affinity
DNA-binding state on hydrolysis of ATP and
eject (Fig. 4C), leaving the PT DNA positioned
within the opened sliding clamp ring (Tsuri-
moto and Stillman 1991; Kaboord and Benkovic
1995, 1996; Berdis and Benkovic 1996; Zhang
et al. 1999; Gomes and Burgers 2001; Stewart
et al. 2001; Trakselis et al. 2003; Seybert and
Wigley 2004; Johnson et al. 2006; Seybert et al.
2006; Zhuang et al. 2006b; Chen et al. 2009a;
Park and O’Donnell 2009). Concurrent or sub-
sequent to ejection of the clamp loader, electro-
static interactions between the positively
charged inner surface of the sliding clamp ring
and the negatively charged DNA drive contrac-
tion of the open sliding clamp around DNA. For
bacteria, eukaryotes, and presumably archaea,
such a process results in complete closure of
the sliding clamp ring (Tinker et al. 1994; Fu-
kuda et al. 1995; Johnson et al. 2006; Zhuang
et al. 2006b; Georgescu et al. 2008; Anderson
et al. 2009; McNally et al. 2010). However, the
T4 gp45 ring remains partiallyopen and T4 gp43
DNA polymerase subsequently fills the void by
inserting its carboxyl terminus into the open
subunit interface and docks onto the carboxy-
terminal face of gp45 (Pietroni et al. 1997; Alley
et al. 1999a, 2000; Latham et al. 1999; Trakselis
et al. 2001). Regardless, in all domains of life,
ATP hydrolysis is required for ejection of the
clamp loader from DNA and closure of the slid-
ing clamp ring. Indeed, ATP hydrolysis is neces-
sary for association of replicative polymerases
with loaded sliding clamps, a process presumed
to require closure of the clamp ring as well as
displacement of the clamp loader as clamp load-
ers and polymerases share common binding
sites on sliding clamps (Piperno and Alberts
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1978; Tsurimoto and Stillman 1990; Burgers
1991; Lee et al. 1991; Munn and Alberts 1991a;
Fotedar et al. 1996; Mossi et al. 1997; Oku et al.
1998; Zhang et al. 1999; Gomes et al. 2001; Sey-
bert and Wigley 2004; Liu et al. 2011). However,
it should be noted that numerous studies have
reported that eukaryotic RFC remains engaged
with DNA throughout DNA replication (Waga
and Stillman 1998; Masuda et al. 2007; Kumar
et al. 2010). Although such behavior may be
ascribed to nonspecific binding of RFC either
to DNA through the ligase homology domain
of RFC1 (Podust et al. 1998b) or to replica-
tion protein A (RPA) through RFCs 1, 4, and
5 (Waga and Stillman 1998; Yuzhakov et al.
1999), this raises the possibility that RFC may
remain in the vicinity of the PT junction after
ATP hydrolysis to either “hold” or reload PCNA
at the primer terminus on dissociation of poly-
merase d (Masuda et al. 2007; Waga and Still-
man 1998). Regardless, once clamp loaders ex-
change ADP for ATP, the catalytic cycle may
continue (Bertram et al. 1998, 2000; Hingorani
and O’Donnell 1998; Pietroni et al. 2001).

The aforementioned mechanism for assem-
bly of sliding clamps onto DNA is most likely
the predominant pathway in all domains of life
(Gomes et al. 2001; Thompson et al. 2009; Sa-
kato et al. 2011b). However, the unique open
structure of free gp45 clamp may also provide
alternative pathways. ATP-bound gp44/62 may
first bind to a PT junction and then load gp45
(Smiley et al. 2006; Zhuang et al. 2006a). For
other domains of life, the geometry of the clamp
loader–DNA complex likely prevents the clamp
loader from productively binding a closed
clamp (Thompson et al. 2009). Although this
pathway is productive in T4 bacteriophage, it is
most likely insignificant as binding of clamp
loaders to PT DNA triggers rapid ATP hydroly-
sis and their subsequent dissociation such that
clamp loader–DNA complexes are very short-
lived (Chen et al. 2009a; Thompson et al. 2009).
Alternatively, the open gp45 ring may sponta-
neously load onto DNA in a nonproductive
manner and subsequently be “corrected”
by gp44/62 before entry of gp43 polymerase.
However, this pathway is highly inefficient and
requires high concentrations of gp45 and/or

molecular crowding (Reddy et al. 1993; Sanders
et al. 1994; Smiley et al. 2006).

CLAMP UNLOADING

In a replicating cell, Okazaki fragments are in
excess of sliding clamps, necessitating an ef-
ficient unloading mechanism to recycle sliding
clamps during DNA replication (Yao et al. 1996;
Leu et al. 2000). For example, in an E. coli cell,
there are only about 350 b clamps for 2000–
4000 Okazaki fragments. With each round of
replication taking only 40 or so min, this re-
quires each b clamp to recycle every 3.5 to
7 min (Leu et al. 2000). Similar arguments ap-
ply to other domains of life (Yao et al. 1996). In
T4, the open gp45 ring is not stable on DNA and
rapidly dissociates on departure of gp43 poly-
merase. Such a process occurs with a half-life
of approximately 1.4 min, well within the allot-
ted time window for clamp recycling. Thus, en-
zyme-catalyzed clamp removal is not necessary
(Kaboord and Benkovic 1996; Yao et al. 1996;
Soumillion et al. 1998). However, as mentioned
above, the closed circular structure of sliding
clamps from bacteria, eukaryotes, and archaea
is very stable. Consequently, spontaneous dis-
sociation from DNA occurs much slower than
that for gp45 with half-lives of 24 and 72 min
reported for eukaryotic PCNA and E. coli b

clamp, respectively (Podust et al. 1995; Yao et
al. 1996; Leu et al. 2000). Thus, sliding clamps
must be catalytically recycled within these do-
mains of life to keep up with ongoing DNA
replication (Lee and Hurwitz 1990; Yao et al.
2006). Surprisingly, clamp loaders seem to per-
form this feat. In addition to loading their re-
spective clamps onto DNA, clamp loaders from
bacteria (g complex), archaea (PfuRFC), and
eukaryotes (RFC) have been shown to remove
loaded clamps from DNA in an ATP-dependent
process (Naktinis et al. 1995; Cai et al. 1996;
Yao et al. 1996; Shibahara and Stillman 1999;
Gomes et al. 2000; Leu et al. 2000; Cann et al.
2001). Although the mechanistic details have
yet to be revealed, this suggests that replicative
polymerases prevent unwanted clamp unload-
ing during ongoing replication by blocking the
clamp loaders access to loaded sliding clamps.
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On completion of an Okazaki fragment, the
polymerase dissociates, providing an opportu-
nity for the clamp loader to recycle the sliding
clamp (Naktinis et al. 1995; Oku et al. 1998).

CONCLUDING REMARKS

The twenty-first century has been an exciting
time for the study of clamps and clamp loaders.
Three-dimensional structures of sliding clamps
and clamp loaders from all domains of life as
well as T4 bacteriophage have now been report-
ed, showing that their basic architecture and
composition has been conserved throughout
evolution. Also, thorough biochemical analyses
along with ground-breaking crystal structures
have revealed the primary role of ATP as a mod-
ulator of the interaction between clamp loaders
and PT DNA and outlined similar sequential
mechanisms for the clamp-loading process with-
in the different life forms that are sprinkled with
subtle differences. However, many important
questions still remain unanswered. For instance,
what is the nature of the ATP-dependent con-
formational change within archaeal, eukaryo-
tic, and T4 clamps loaders that permit optimal
interaction with their respective clamps? Do
these clamp loaders “actively” pry open sliding
clamp rings like the bacterial clamp loader or
“passively” wait for them to open once bound?
What is the timing of clamp loader ejection and
ring closure? How is the unloading activity of
clamp loaders controlled during DNA replica-
tion? It will be interesting to see what answers
future studies will provide for these lingering
questions.
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solution structure of functionally active human prolifer-
ating cell nuclear antigen determined by small-angle neu-
tron scattering. J Mol Biol 275: 123–132.

Sexton DJ, Carver TE, Berdis AJ, Benkovic SJ. 1996. Pro-
tein–protein and protein-DNA interactions at the bac-
teriophage T4 DNA replication fork. Characterization of
a fluorescently labeled DNA polymerase sliding clamp.
J Biol Chem 271: 28045–28051.

Sexton DJ, Kaboord BF, Berdis AJ, Carver TE, Benkovic SJ.
1998. Dissecting the order of bacteriophage T4 DNA
polymerase holoenzyme assembly. Biochemistry 37: 7749–
7756.

Seybert A, Wigley DB. 2004. Distinct roles for ATP binding
and hydrolysis at individual subunits of an archaeal
clamp loader. EMBO J 23: 1360–1371.

Replication Clamps and Clamp Loaders

Cite this article as Cold Spring Harb Perspect Biol 2013;5:a010165 17

 on May 20, 2024 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


Seybert A, Scott DJ, Scaife S, Singleton MR, Wigley DB.
2002. Biochemical characterisation of the clamp/clamp
loader proteins from the euryarchaeon Archaeoglobus ful-
gidus. Nucleic Acids Res 30: 4329–4338.

Seybert A, Singleton MR, Cook N, Hall DR, Wigley DB.
2006. Communication between subunits within an ar-
chaeal clamp-loader complex. EMBO J 25: 2209–2218.

Shibahara K, Stillman B. 1999. Replication-dependent
marking of DNA by PCNA facilitates CAF-1-coupled
inheritance of chromatin. Cell 96: 575–585.

Shiomi Y, Usukura J, Masamura Y, Takeyasu K, Nakayama Y,
Obuse C, Yoshikawa H, Tsurimoto T. 2000. ATP-depen-
dent structural change of the eukaryotic clamp-loader
protein, replication factor C. Proc Natl Acad Sci 97:
14127–14132.

Simonetta KR, Kazmirski SL, Goedken ER, Cantor AJ,
Kelch BA, McNally R, Seyedin SN, Makino DL, O’Don-
nell M, Kuriyan J. 2009. The mechanism of ATP-de-
pendent primer-template recognition by a clamp loader
complex. Cell 137: 659–671.

Smiley RD, Zhuang Z, Benkovic SJ, Hammes GG. 2006.
Single-molecule investigation of the T4 bacteriophage
DNA polymerase holoenzyme: Multiple pathways of ho-
loenzyme formation. Biochemistry 45: 7990–7997.

Snyder AK, Williams CR, Johnson A, O’Donnell M,
Bloom LB. 2004. Mechanism of loading the Escherichia
coli DNA polymerase III sliding clamp: II. Uncoupling
the b and DNA binding activities of the g complex. J Biol
Chem 279: 4386–4393.

Soumillion P, Sexton DJ, Benkovic SJ. 1998. Clamp subunit
dissociation dictates bacteriophage T4 DNA polymerase
holoenzyme disassembly. Biochemistry 37: 1819–1827.

Spicer EK, Nossal NG, Williams KR. 1984. Bacteriophage T4
gene 44 DNA polymerase accessory protein. Sequences
of gene 44 and its protein product. J Biol Chem 259:
15425–15432.

Stewart J, Hingorani MM, Kelman Z, O’Donnell M. 2001.
Mechanism of b clamp opening by the d subunit of Es-
cherichia coli DNA polymerase III holoenzyme. J Biol
Chem 276: 19182–19189.

Stukenberg PT, Studwell-Vaughan PS, O’Donnell M. 1991.
Mechanism of the sliding b-clamp of DNA polymerase
III holoenzyme. J Biol Chem 266: 11328–11334.

Tainer JA, McCammon JA, Ivanov I. 2010. Recognition of
the ring-opened state of proliferating cell nuclear antigen
by replication factor C promotes eukaryotic clamp-load-
ing. J Am Chem Soc 132: 7372–7378.

Thompson JA, Paschall CO, O’Donnell M, Bloom LB. 2009.
A slow ATP-induced conformational change limits the
rate of DNA binding but not the rate of b clamp binding
by the Escherichia coli g complex clamp loader. J Biol
Chem 284: 32147–32157.

Thompson JA, Marzahn MR, O’Donnell M, Bloom LB.
2011. Replication factor C is a more effective PCNA
opener than the checkpoint clamp loader, RAD24-RFC.
J Biol Chem 287: 2203–2209.

Tinker RL, Kassavetis GA, Geiduschek EP. 1994. Detecting
the ability of viral, bacterial and eukaryotic replication
proteins to track along DNA. EMBO J 13: 5330–5337.

Trakselis MA, Alley SC, Abel-Santos E, Benkovic SJ. 2001.
Creating a dynamic picture of the sliding clamp during

T4 DNA polymerase holoenzyme assembly by using fluo-
rescence resonance energy transfer. Proc Natl Acad Sci 98:
8368–8375.

Trakselis MA, Berdis AJ, Benkovic SJ. 2003. Examination of
the role of the clamp-loader and ATP hydrolysis in the
formation of the bacteriophage T4 polymerase holoen-
zyme. J Mol Biol 326: 435–451.

Tsuchihashi Z, Kornberg A. 1989. ATP interactions of the
tau andg subunits of DNA polymerase III holoenzyme of
Escherichia coli. J Biol Chem 264: 17790–17795.

Tsurimoto T, Stillman B. 1990. Functions of replication fac-
tor C and proliferating-cell nuclear antigen: Functional
similarity of DNA polymerase accessory proteins from
human cells and bacteriophage T4. Proc Natl Acad Sci
87: 1023–1027.

Tsurimoto T, Stillman B. 1991. Replication factors required
for SV40 DNA replication in vitro. I. DNA structure-
specific recognition of a primer-template junction by
eukaryotic DNA polymerases and their accessory pro-
teins. J Biol Chem 266: 1950–1960.

Turner J, Hingorani MM, Kelman Z, O’Donnell M. 1999.
The internal workings of a DNA polymerase clamp-load-
ing machine. EMBO J 18: 771–783.

Uhlmann F, Cai J, Flores-Rozas H, Dean FB, Finkelstein J,
O’Donnell M, Hurwitz J. 1996. In vitro reconstitution of
human replication factor C from its five subunits. Proc
Natl Acad Sci 93: 6521–6526.

Uhlmann F, Cai J, Gibbs E, O’Donnell M, Hurwitz J. 1997a.
Deletion analysis of the large subunit p140 in human
replication factor C reveals regions required for complex
formation and replication activities. J Biol Chem 272:
10058–10064.

Uhlmann F, Gibbs E, Cai J, O’Donnell M, Hurwitz J. 1997b.
Identification of regions within the four small subunits of
human replication factor C required for complex forma-
tion and DNA replication. J Biol Chem 272: 10065–
10071.

Waga S, Stillman B. 1998. Cyclin-dependent kinase inhibi-
tor p21 modulates the DNA primer-template recognition
complex. Mol Cell Biol 18: 4177–4187.

Walker JE, Saraste M, Runswick MJ, Gay NJ. 1982. Distantly
related sequences in the a- and b-subunits of ATP syn-
thase, myosin, kinases and other ATP-requiring enzymes
and a common nucleotide binding fold. EMBO J 1:
945–951.

Williams CR, Snyder AK, Kuzmic P, O’Donnell M,
Bloom LB. 2004. Mechanism of loading the Escherichia
coli DNA polymerase III sliding clamp: I. Two distinct
activities for individual ATP sites in the g complex. J Biol
Chem 279: 4376–4385.

Williams GJ, Johnson K, Rudolf J, McMahon SA, Carter L,
Oke M, Liu H, Taylor GL, White MF, Naismith JH. 2006.
Structure of the heterotrimeric PCNA from Sulfolobus
solfataricus. Acta Crystallogr Sect F Struct Biol Cryst Com-
mun 62: 944–948.

Xiao H, Dong Z, O’Donnell M. 1993. DNA polymerase III
accessory proteins. IV. Characterization of x and c. J Biol
Chem 268: 11779–11784.

Xiao H, Naktinis V, O’Donnell M. 1995. Assembly of a chro-
mosomal replication machine: Two DNA polymerases,
a clamp loader, and sliding clamps in one holoenzyme

M. Hedglin et al.

18 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a010165

 on May 20, 2024 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


particle. IV. ATP-binding site mutants identify the clamp
loader. J Biol Chem 270: 13378–13383.

Yao N, Turner J, Kelman Z, Stukenberg PT, Dean F,
Shechter D, Pan ZQ, Hurwitz J, O’Donnell M. 1996.
Clamp loading, unloading and intrinsic stability of the
PCNA, b and gp45 sliding clamps of human. E coli and
T4 replicases. Genes Cells 1: 101–113.

Yao N, Coryell L, Zhang D, Georgescu RE, Finkelstein J,
Coman MM, Hingorani MM, O’Donnell M. 2003.
Replication factor C clamp loader subunit arrangement
within the circular pentamer and its attachment points
to proliferating cell nuclear antigen. J Biol Chem 278:
50744–50753.

Yao NY, Johnson A, Bowman GD, Kuriyan J, O’Donnell M.
2006. Mechanism of proliferating cell nuclear antigen
clamp opening by replication factor C. J Biol Chem 281:
17528–17539.

Yoder BL, Burgers PM. 1991. Saccharomyces cerevisiae rep-
lication factor C. I. Purification and characterization of
its ATPase activity. J Biol Chem 266: 22689–22697.

Young MC, Weitzel SE, von Hippel PH. 1996. The kinetic
mechanism of formation of the bacteriophage T4 DNA
polymerase sliding clamp. J Mol Biol 264: 440–452.

Yuzhakov A, Kelman Z, Hurwitz J, O’Donnell M. 1999.
Multiple competition reactions for RPA order the assem-
bly of the DNA polymerase d holoenzyme. EMBO J 18:
6189–6199.

Zhang G, Gibbs E, Kelman Z, O’Donnell M, Hurwitz J.
1999. Studies on the interactions between human repli-
cation factor C and human proliferating cell nuclear an-
tigen. Proc Natl Acad Sci 96: 1869–1874.

Zhuang Z, Berdis AJ, Benkovic SJ. 2006a. An alternative
clamp loading pathway via the T4 clamp loader gp44/
62-DNA complex. Biochemistry 45: 7976–7989.

Zhuang Z, Yoder BL, Burgers PM, Benkovic SJ. 2006b.
The structure of a ring-opened proliferating cell nu-
clear antigen-replication factor C complex revealed by
fluorescence energy transfer. Proc Natl Acad Sci 103:
2546–2551.

Replication Clamps and Clamp Loaders

Cite this article as Cold Spring Harb Perspect Biol 2013;5:a010165 19

 on May 20, 2024 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


2013; doi: 10.1101/cshperspect.a010165Cold Spring Harb Perspect Biol 
 
Mark Hedglin, Ravindra Kumar and Stephen J. Benkovic
 
Replication Clamps and Clamp Loaders

Subject Collection  DNA Replication

Barr Viral DNA−Replication of Epstein
Wolfgang Hammerschmidt and Bill Sugden

Endoreplication

DePamphilis
Norman Zielke, Bruce A. Edgar and Melvin L.

Replication Proteins and Human Disease

Nicholas Coleman
Andrew P. Jackson, Ronald A. Laskey and

Replication-Fork Dynamics

Antoine M. van Oijen, et al.
Karl E. Duderstadt, Rodrigo Reyes-Lamothe,

Break-Induced DNA Replication

Haber
Ranjith P. Anand, Susan T. Lovett and James E.

Replication
Replication Forks at Chromosomal Origins of 
Helicase Activation and Establishment of

Seiji Tanaka and Hiroyuki Araki
Regulating DNA Replication in Eukarya

Khalid Siddiqui, Kin Fan On and John F.X. Diffley
Poxvirus DNA Replication

Bernard Moss
Archaeology of Eukaryotic DNA Replication

Kira S. Makarova and Eugene V. Koonin Helicase
The Minichromosome Maintenance Replicative

Stephen D. Bell and Michael R. Botchan
Translesion DNA Polymerases

Myron F. Goodman and Roger Woodgate
DNA Replication Origins

Alan C. Leonard and Marcel Méchali

Cancer?
Human Papillomavirus Infections: Warts or

Louise T. Chow and Thomas R. Broker
Bacteria, Archaea, and Eukarya
Principles and Concepts of DNA Replication in

Stillman
Michael O'Donnell, Lance Langston and Bruce

Chromatin and DNA Replication
David M. MacAlpine and Geneviève Almouzni

DNA Replication Timing
Nicholas Rhind and David M. Gilbert

http://cshperspectives.cshlp.org/cgi/collection/ For additional articles in this collection, see 

Copyright © 2013 Cold Spring Harbor Laboratory Press; all rights reserved

 on May 20, 2024 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/collection/
http://cshperspectives.cshlp.org/cgi/adclick/?ad=55917&adclick=true&url=http%3A%2F%2Fwww.genelink.com
http://cshperspectives.cshlp.org/

