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Abstract

Clamp loaders are pentameric ATPases of the AAA+
family that operate to ensure processive DNA
replication. They do so by loading onto DNA the ring-
shaped sliding clamps that tether the polymerase

to the DNA. Structural and biochemical analysis of
clamp loaders has shown how, despite differences in
composition across different branches of life, all clamp
loaders undergo the same concerted conformational
transformations, which generate a binding surface
for the open clamp and an internal spiral chamber
into which the DNA at the replication fork can slide,
triggering ATP hydrolysis, release of the clamp loader,
and closure of the clamp round the DNA. We review
here the current understanding of the clamp loader
mechanism and discuss the implications of the
differences between clamp loaders from the different
branches of life.

High-speed replication of chromosomal DNA requires
the DNA polymerase to be attached to a sliding clamp
(known as proliferating cell nuclear antigen, or PCNA, in
eukaryotes) that prevents the polymerase from falling off
DNA [1,2]. In all cells and in some viruses, the clamp is a
ring-shaped protein complex that encircles DNA, forming
a sliding platform on which DNA polymerases and other
proteins that move along DNA are assembled. Sliding
clamps play a part in DNA replication, DNA repair, cell
cycle control and modification of chromatin structure
[3,4], and defects in several clamp-associated factors are
associated with cancer and other disorders caused by
abnormalities in DNA replication and repair [5].

Because sliding clamps encircle DNA but do not
interact tightly with it, they can slide along the double
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helix by diffusion [6-9]. Sliding clamps from different
branches of life have different subunit stoichiometry
(they are dimers in bacteria [10] and trimers in eukarya,
archaea and bacteriophage [11-15]) and their sequences
have diverged beyond recognition. Nevertheless, their
structures are remarkably similar. The conserved
structure is an elegant symmetrical elaboration of a
simple B-o-B motif, repeated 12 times around a circle
[10,14]. The circular geometry is broken when the clamp
is opened for loading onto DNA, but the elegance is
retained during the loading step as the clamp assumes a
helical symmetry that reflects the helical symmetry of
DNA (see below).

The increase in the processivity and speed of DNA
synthesis when DNA polymerases are engaged to sliding
clamps is very considerable. For example, in the absence
of the clamp, the polymerase subunit of the bacterial
replicase synthesizes DNA at a rate of about 10 base pairs
per second [16] and is hardly processive. In contrast, the
same polymerase subunit synthesizes 500 to 1,000
nucleotides per second when bound to the sliding clamp
[17-19]. To consider a startling analogy based on scaling
linear dimensions, if the bacterial replicase were a car, it
would travel only about 5 to 10 miles per hour without
the clamp and faster than the speed of sound with the
clamp. The bacterial replicase has a processivity of about
10 base pairs in the absence of the clamp [20], but has an
average processivity of approximately 80 kilobases when
bound to the sliding clamp in the replisome [21]. To
invoke another analogy based on scaling dimensions, if
the polymerase were a tightrope walker, without the aid
of the clamp only about 20 feet of the tightrope would be
traversed before the polymerase ‘walker’ fell off. The
clamp allows the polymerase to hold on to the DNA
‘rope’ without letting go, and now it would ‘walk’ almost
30 miles before falling off.

The enhancement in speed and processivity that the
clamp confers on the polymerase would not be possible
without the clamp loader, the less glamorous but much
more hardworking handmaiden of the sliding clamp,
which diligently loads the clamps onto primed DNA
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throughout the process of DNA replication. Together, the
clamp and the clamp loader lie at the heart of the
replisome — the DNA replication machinery, which, with
the polymerases (leading and lagging strand), includes
the helicases that unwind the double-stranded DNA
ahead of the polymerase at the replication fork, the
primase that synthesizes the RNA primer required for
the initiation of DNA synthesis, and the single-strand
DNA-binding proteins that prevent the DNA from re-
annealing in the wake of the helicases (Figure 1). The
clamp loader opens sliding clamps and places them on
the DNA at the site of the primer-template junction in
the correct orientation for polymerase to bind, both at
the initiation of DNA synthesis on the leading strand and
continually at the start of each Okazaki fragment on the
lagging strand. Thus, the clamp loader is critical for the
tight coupling of leading and lagging strand synthesis.
Indeed, in bacteria the clamp loader acts physically to
hold the leading and lagging strand polymerases together
[22-25] so that the two polymerases progress in tandem,
with the lagging strand wrapped around the replisome in
trombone fashion [26]. How leading and lagging strand
polymerases are coupled in eukaryotic DNA synthesis is
not known, and this is one of the major open questions
about the operation of the eukaryotic replisome.

Despite the uncertainty in the precise architectural role
of the clamp loader in the eukaryotic replisome, it is clear

RNA primer

Figure 1. Architecture of the bacterial replication fork. The
helicase is a homohexamer that encircles the lagging strand and
binds directly to the primase synthesizing the primer RNA. The clamp
loader acts to hold the replisome together by binding directly to

the helicase as well as three polymerase subunits for simultaneous
synthesis of the leading and lagging strands. The leading strand
polymerase synthesizes DNA continuously, while the other two
polymerases presumably cycle on and off the lagging strand, which
is coated in single-strand binding protein (SSB). The polymerase
subunits are attached to circular clamps that encircle duplex DNA for
enhanced processivity and speed.
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that sliding clamps are centrally important. The sliding
clamp recruits the polymerase as well as other factors to
the replication fork, including the chromatin-modifying
proteins required to reassemble chromatin on the newly
synthesized DNA [27,28].

The clamp loader is a molecular switch operated by
binding and hydrolysis of ATP

Clamp loaders are members of the AAA+ (ATPases
associated with various cellular activities) family of
ATPases [29] and derive from the same evolutionary root
as helicases and other motors that work on DNA, many
of which are also AAA+ ATPases. The role of AAA+
proteins is not restricted to DNA-dependent processes,
and there is hardly an aspect of cellular function that
does not have an AAA+ machine playing an important
role. In architecture and mechanism, the AAA+ ATPases
are related distantly to the F -ATPase [30], and as with
that energy-transducing machine, evolution has built
AAA+ systems into the master plan of life. A
comprehensive review of AAA+ ATPases is provided by
Berger and Erzberger [31], to which the reader is referred
for a thorough discussion of these ideas.

Initially thought to be a motor [32-34], the clamp
loader is now better thought of as a timing device or
molecular switch [35], related conceptually and in
molecular mechanism to small GTPases such as Ras [36].
The clamp loader must be bound to ATP in order to bind
and open the clamp [37,38] and to bind primer-template
DNA [39-41] (Figure 2). ATP hydrolysis is, however, not
necessary for clamp opening, which is thought to depend
simply on the affinity of the ATP-bound clamp loader for
the open conformation of the clamp: in the ADP or
empty state, the clamp loader has low affinity for the
clamp [42,43]. The ATPase activity of the clamp loader is
stimulated by binding both to the clamp and to DNA
[39,40], and upon ATP hydrolysis the affinity of the clamp
loader for both clamp and DNA is greatly diminished,
leading to ejection of the clamp from the clamp loader.

This complex but fundamental mechanism is embodied
in an assembly of surprisingly diverse composition from
bacteria to eukaryotes.

The structure of the clamp loader is more
conserved than its composition

Unlike other AAA+ ATPases, which are typically
hexameric, all clamp loaders are composed of five
subunits in a circular arrangement, with a gap between
the first and the fifth subunit, at the position of the
missing sixth subunit. The individual subunits are
designated A through E, starting with the subunit at the
open interface and proceeding counter-clockwise around
the clamp loader in the standard view (Figure 3). Each
subunit has three domains. The amino-terminal domain
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Figure 2. Clamp loaders place sliding clamps at primer-template junctions for processive DNA replication. When bound to ATP, clamp
loaders are competent to bind and open the sliding clamp protein. This ternary complex can now bind to a primer-template junction, which

activates the ATPase activity of the clamp loader. ATP hydrolysis causes the clamp loader to dissociate from the clamp and DNA, resulting in a
loaded clamp that is competent for acting as a processivity factor for DNA polymerase. Figure adapted from [60].
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Figure 3. Composition of clamp loaders from the different branches of life. (a) Bacterial clamp loaders consist of three different proteins: §, &',
and the T or y protein (y, a truncation of the T protein, is shown here). The & protein is at the A position, with three copies of the ATPase subunits T
or yat the B, Cand D positions. The & protein sits at the E position. (b) Eukaryotic clamp loaders consist of five distinct proteins, RFC1 through RFC5.
RFC1 lies at the A position, RFC4 at B, RFC3 at C, RFC2 at D and RFC5 at the E position. Eukaryotic A subunits contain an additional domain that
bridges the gap between the A and E positions. (c) Bacteriophage clamp loaders consist of two distinct proteins. The gp62 protein, which lacks a
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AAA+ module but has an A” domain similar to that of eukaryotic clamp loaders, lies at the A position. The ATPase gp44 protein lies at the B, C, D, and
E positions. Archaeal clamp loaders have a similar composition (see text for details). Figure adapted from [60].

-

and its adjacent domain assume the fold of AAA+
proteins (with one exception to be explained later); the
first structure to be determined for an AAA+ fold was
one of the five Escherichia coli subunits in isolation [44].
The subunits are held in a ring by their carboxy-terminal
domains, which together form a tight pentameric collar.
The clamp loader shares an essential aspect of its
mechanism with other AAA+ complexes and other
oligomeric ATPases, such as the F -ATPase [30]: the
binding of ATP brings together the inter-subunit
interfaces, most notably the arginine finger residues that
are essential for hydrolysis of ATP [45,46] (so called by
analogy with the catalytic residue from the activators of
small GTPases [47]). This conformational rearrangement
also results in a spiral organization of the five

amino-terminal regions of the clamp loader. The coupling
of the suicidal binding of ATP to large-scale
conformational change drives alterations in molecular
organization that are necessary to hold the sliding clamp
open and position it on the DNA.

Because clamp loaders are so fundamental to the
replication process, it is no surprise that their structure
and mechanism turn out to be highly conserved in all
branches of life. This conservation has been somewhat
difficult to appreciate, because the extensive biochemical
analyses of bacterial, eukaryotic and bacteriophage
clamps and clamp loaders have to a great extent
proceeded independently in the past, and scientists
working on these systems have used different conventions
to identify the subunits. Adding to the confusion is the
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fact that, even though all clamp loaders have five essential
subunits, the protein stoichiometry is different in clamp
loaders from different branches of life. This confusion
can be alleviated by using the simple A through E scheme
for identifying the clamp loader subunits. Figure 3 is a
schematic illustration of the bacterial, eukaryotic and
bacteriophage clamp loaders showing the relationship of
the different proteins they are composed of to the
conserved subunit organization; and to help avoid
confusion as we discuss the clamp loader mechanism on
the basis of studies in different organisms, we describe
below the three major variants.

The bacterial clamp loader is formed from three
essential subunits: 8, &', and the T or y protein (Figures 3a
and 4a). The & and & proteins, which have no ATPase
activity, are present in one copy each in the clamp loader,
at the A and E positions, respectively. The B, C and D
positions in the assembly are composed of either t or (in
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E. coli) y ATPase proteins. The 7 protein is a truncated
version of the T protein that lacks the elements necessary
for binding to the helicase or the polymerase. There is
evidence that most replisomes in vivo contain the 7
protein at the B, C and D positions, so that the replisome
has three polymerase subunits bound [48,49] (Figure 1).
Bacterial clamp loaders often have two accessory
subunits (x and ) that are not members of the AAA+
family [50] and are not necessary for the clamp loading
process but couple the clamp loader to single-strand
DNA-binding protein [51-53]. Binding of the y protein
also induces a conformational change in the clamp loader
that increases its affinity for DNA [54,55].

The eukaryotic clamp loader, Replication Factor C or
RFC [56-58], is composed of five unique proteins, RFC1
through RFC5 (Figures 3b and 4b). The largest subunit,
RFCI, is at the A position and contains an active ATPase
site as well as an extra domain (called the A" domain)

-

AAA+
module

Domain

and E - are shown in different colors. (a) The structure of the clamp loader of E. coli (known as the y-complex) in the apo form (PDB code 1JR3) [114]. This
structure illustrates the three conserved domains of clamp loader subunits. The two amino-terminal domains constitute the AAA+ module. The carboxy-
terminal domains form a disc-like structure that holds the complex together as a tight pentamer. (b) Structure of the budding yeast clamp loader, replication
factor-C (RFC), bound to the sliding clamp, PCNA, and an ATP analog (PDB code 1SXJ) [59]. ATP induces a spiral arrangement of the AAA+ modules. The
clamp is not open in this structure, probably because of mutations in key interfacial residues (the arginine fingers) that disrupt the tight interactions between
adjacent AAA+ modules and prevent hydrolysis of the ATP analog. (c) Structure of the T4 bacteriophage clamp loader bound to primer-template DNA, an
open sliding clamp and ATP analog (PDB code 3U60) [60]. The duplex region of the primer-template junction is bound within the central chambers of the
clamp loader and the sliding clamp, with the 5” single-stranded template extruded through the gap in the clamp loader where the missing sixth subunit
would be. The AAA+ modules of the clamp loader, bridged by the ATP analog, form a spiral that perfectly matches the helical symmetry of DNA. To see the
structures in upper panels a and b rotate, and a movie showing closure of the clamp in upper panel ¢, click on the individual images. The movies are also
available as addtional files 1,2 and 3. (Adobe Reader Version 8 or higher required).
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carboxy-terminal to the collar and that interacts with the
AAA+ module of the E subunit [59], thus bridging the
gap left by the missing sixth subunit. The other four
positions in the clamp loader are occupied by similarly
sized proteins: RFC4 at B, RFC3 at C, RFC2 at D, and the
ATPase-incompetent RFC5 protein at the E position.

The bacteriophage and archaeal clamp loaders are both
composed of two proteins each with one unique protein
occupying the A position (gp62 in T4 bacteriophage and
RFC-1 in archaea) and identical ATPase subunits at the B,
C, D and E positions (the gp44 protein in T4
bacteriophage and RFC-s in archaea) [11,60-62] (Figures
3b and 4c). While the archaeal clamp loader contains an
active ATPase at the A position [63], the A subunit in the
T4 bacteriophage clamp loader does not have a AAA+
fold [60]. Like the eukaryotic clamp loader, the A subunit
of the T4 and archaeal clamp loaders contains an A’
domain [60,62].

The bacteriophage clamp loader, whose structure
seems to reflect a rather curious evolutionary history (we
return to this briefly later), has played a particularly
important part in the elucidation of the clamp loader
mechanism. A recently determined structure of the T4
bacteriophage clamp loader bound to an ATP analog and
in complex with the sliding clamp and primer template
DNA [60] revealed a state of the system that we have long
sought to visualize: an open clamp encircling DNA while
in complex with an ATP-bound clamp loader. Another
structure shows what happens when the loader
hydrolyzes a single ATP molecule. Through a
combination of the most recent T4 structures with
previous structural and biochemical data, many general
features of clamp loader structure and function can be
placed in the context of detailed structural models for
changes in conformation and the assembly of complexes.

Recognition of the clamp during loading onto DNA
In three crystal structures of ATP-bound clamp loaders,
the AAA+ modules can be seen to form a right-handed
spiral [55,59,60]. The clamp binds ‘under’ the clamp
loader in the ‘standard view’ (Figure 4b,c). Three-
dimensional image reconstructions from electron
microscopy of a clamp-bound archaeal clamp loader
show that the loader holds the clamp in an open spiral
form [62]. The crystal structure of the T4 clamp loader
bound to the clamp and DNA confirms the generality of
this interaction [60] (Figure 4c). Indeed, there is some
evidence from molecular dynamics simulations that
clamp proteins are inherently biased toward a right-
handed spiral shape when opened [64,65], although not
all simulations show this right-handed bias [66].

The right-handed spiral of the open clamp roughly
matches the helical symmetry of DNA, with the clamp
tracking along the minor groove of the DNA duplex. The
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right-handed spiral of the clamp can be described as a
series of rigid-body rotations of the six domains present
in the clamp (Figure 5a). The distortions of the clamp
from its planar conformation are not uniform around the
spiral. The largest distortion occurs between domains 3
and 4 of the clamp (a 13.4° rotation), which is the domain
interface directly opposite the open interface. While it
may seem counterintuitive that the domains nearest the
opening show the least perturbation, a large rotation at
the site opposite the broken interface is amplified around
the ring, thus providing the greatest leverage for clamp
opening.

The recent structures of the T4 clamp loader bound to
an open clamp and primer template DNA indicate how
loaders open a clamp [60]. The T4 clamp loader holds the
clamp at six contact points: one each from the B, C, D,
and E subunits, and two from the A subunit (the A
domain and A” domain contact the clamp on either side
of the open interface; Figures 4c and 5b.) Three of the
contacts (from A, C and E subunits) occupy a
hydrophobic pocket between the two domains of each
subunit; this is the canonical site whereby clamps interact
with other proteins [12,32,67-69]. The other clamp loader
contacts (from B, D, and A’) occupy grooves that lie at
the interfaces between clamp subunits. In this way the
clamp loader completely occludes the face on which the
clamp binds other components of the replisome. This
occlusion explains the observation that binding of DNA
polymerase and clamp loader are mutually exclusive
[70-72].

The B, C, D and E subunits of the T4 clamp loader are
identical (see above), yet they can occupy two very
different binding surfaces on the clamp: the canonical
binding cleft or the inter-subunit crevice (Figure 5b).
These subunits bind to the clamp through relatively non-
specific van der Waals contacts, with limited hydrogen
bonds and ionic interactions. The B, C, and D subunits of
the bacterial clamp loader (also identical proteins, y or T)
can also bind to two kinds of sites on the clamp. This
raises the question of how the T4 and bacterial clamp
loaders achieve proper alignment with the clamp, so that
the ATP-driven conformational change in the clamp
loader can be coupled appropriately to opening of the
clamp. (Note that this question does not arise for
eukaryotic clamp loaders, whose five subunits are distinct
and can be specific for their requisite binding site.)

In both the T4 and the E. coli clamp loaders, this
problem is solved by specific interactions between the
clamp and the unique A subunit (Figure 5b). (The
eukaryotic A subunit also makes specific contacts with
the open end of the clamp.) In the case of the E. coli
clamp loader, the A subunit interacts more tightly with
the clamp than do any of the other subunits [73]; it binds
through a helix and loop that insert snugly into a
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Figure 5. Clamp loader interactions to open the sliding clamp. (a) The clamp is held in a distorted conformation. In the top panel, displacement
vectors compared from the closed planar structure (PDB code 1CZD) [13] to that of the open form (PDB code 3U60) [60] are mapped out onto

the structure and are scaled up by a factor of 4 and color coded blue to red. In the bottom panel, the relative domain rotations from the closed
planar structure to the open conformation are mapped onto the schematic, with the vector length and width scaled by the magnitude of rotation.
Figures adapted from [60]. (b) Clamp loader contacts to the open sliding clamp. All five clamp loader subunits contact the open clamp. In the top
panel, the clamp-interacting motifs of the clamp loader are shown with the rest of the structure displayed as a wireframe for clarity. In the bottom
schematic diagram, the clamp loader AAA+ modules and the sliding clamp are shown from the side and flattened out onto the page so that all
subunits can be viewed simultaneously. The contacts between the ATPs and arginine fingers direct the clamp loader to form a spiral assembly in
which the AAA+ modules are arranged to perfectly match the symmetrically positioned binding clefts on the sliding clamp. Figure adapted from

hydrophobic pocket, accompanied by specific hydrogen
bonds and ions pairs between the A subunit and clamp
[32]. Likewise, the A subunit of the T4 clamp loader has
the largest interaction surface area of all its subunits and
makes interactions that are specific for the deep
hydrophobic binding cleft [60], consistent with
biochemical studies that have shown that the A subunit is
necessary for productive binding of the clamp [74,75].
The clamp loader, as we have seen, interacts with the
clamp through the cooperative action of multiple
interactions that appear to be weak. Most other clamp-
binding proteins rely primarily on one tight interaction
with the clamp. For example, most DNA polymerases
[12,67,76,77] and the cell cycle regulator p21 [68] interact
with the clamp primarily through a single, high-affinity
binding site. The weak cooperative interactions between
clamp loader and clamp are easily regulated to facilitate
clamp loader ejection after loading the clamp onto DNA
(see below). Proteins that interact primarily through one
tight binding site allow the clamp to bind multiple
partners at once, so that, as suggested in earlier studies,
the clamp can be a sliding tool belt on DNA [78-80].
While the recently determined structures show how
the clamp is held in the open state by the clamp loader,

they do not address whether the clamp loader actively
opens the clamp or simply traps a transiently open state.
The T4 clamp appears to be dynamic and can open and
close even in the absence of the loader [81-84], possibly
explaining the short lifetime of the T4 clamp on DNA
compared with cellular clamps [85]. Hence, the T4 clamp
loader may not need to force the clamp open, but may
simply trap it in the open state and close it around a
primer-template junction in the correct orientation for
polymerase action. Conversely, the E. coli clamp forms an
extremely tight, closed structure in isolation [10,37,86]
and has a long lifetime on DNA (t,, ~ 1 h) [85]. Thus,
bacterial clamp loaders are thought to open the clamp
actively [37,86,87], probably through contacts from the A
subunit that cause a conformational change in the clamp
that destabilizes the interface between clamp subunits
[32]. Therefore, clamp loaders from different organisms
can be expected to behave differently: some clamps may
need to be actively unloaded from DNA while others will
fall off spontaneously. The same is true for clamp loaders
with different functions — for example, the RFC-Ctf18
variant clamp loader, which is involved in sister
chromatid cohesion [88,89], has been suggested to be a
dedicated clamp unloader [90].
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The clamp loader and the clamp collaborate in
specific binding of the clamp loader to primer-
template junctions

The clamp loader must position the sliding clamp on the
DNA specifically at the primer-template junction where
the polymerase is to be recruited. How the clamp loader
recognizes the primer-template junction was first
suggested by the structure of yeast clamp loader RFC
bound to PCNA in the absence of DNA [59] (Figure 4b).
The duplex segment of primer-template DNA is
positioned in the central chamber of the clamp loader
where it is stabilized by basic residues and amino-
terminal helix dipoles lining the interior surface of the
clamp loader spiral. Because the circular collar domains
form a disc with no central cavity, it blocks the 3" end of
the primer strand and in this way selects for DNA
structures that can bend sharply and thus leave the
interior of the clamp loader through the gap between the
A and E subunits (in bacterial clamp loaders) or the A
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and A’ domains (in the other clamp loaders) (Figures 3
and 6). The single-stranded template DNA at the primed
template junction is such a flexible structure. This escape
route for the template DNA is possible only because the
clamp loader is pentameric, and not hexameric, as is
typical for AAA+ machines: it is the gap where the sixth
subunit would be that allows egress of the single-stranded
template. The model in Figure 6 also shows how the
binding of primed DNA by the clamp loader would
automatically position the duplex region of a primer-
template junction through the ring of the sliding clamp.
The clamp loader AAA+ spiral does not conform to B-
form DNA, but matches instead the helical symmetry of
duplex A-form DNA [55,60]. It thus forces the duplex
DNA in the chamber into the A conformation. It is
perfectly adapted to bind the RNA-DNA hybrid segment
where an RNA primer is present, since RNA-DNA
hybrids assume a conformation that closely resembles A-
form DNA [91]. The principal interactions between the

loaded
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Figure 6. A detailed model for clamp loading mechanism. (1) Prior to ATP binding, the clamp loader AAA+ modules are not organized in a
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manner competent to bind the clamp. (2) Upon fully binding ATP, the clamp loader AAA+ modules assume a spiral shape that can hold the clamp
in an open lockwasher conformation. (3) This binary complex is competent to bind to primer template DNA. We propose that the dimensions of
the open clamp restrict DNA access to the central chamber such that only single-stranded regions or a major groove at a single-stranded/double-
stranded junction can slip through the crack in the clamp. (4) The duplex region of primer-template DNA then slides up into the clamp loader
central chamber, which activates the ATPase. (5) ATP hydrolysis or P, release initiates at the end of the AAA+ spiral, which allows the clamp to close.
Further hydrolysis events cause release of the clamp loader from the clamp and DNA, resulting in a loaded clamp. Figure adapted from [60].
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clamp loader and double helix are restricted to the
template strand [55,60]. These features enable the clamp
loader to bind either RNA-DNA or DNA-DNA primer-
template junctions, a versatility that is important in the
participation of clamp loaders in DNA repair, where the
primer is DNA.

For DNA to bind in the central chamber of the clamp
loader, it must enter through the clamp opening as well
as the gap in the clamp loader spiral, which in the T4
clamp loader is flanked by the A” and A domains of the A
subunit. The structures suggest, however, that both gaps
are too narrow for either duplex DNA or a DNA-RNA
hybrid to pass through. The clamp is only open by
approximately 9 A, and the gap between the A and A’
domains of the clamp loader is as small as 14 A [60].
(Eukaryotic and archaeal clamp loaders, with larger A
domains, would be expected to have an even smaller gap
between the A and A’ domains.) Although the T4
structure already has DNA present, Forster resonance
energy transfer experiments of the yeast clamp bound to
the clamp loader have shown that the opening of the
clamp is not significantly changed upon DNA binding
[92].

To explain how the DNA-RNA hybrid at the primer-
template junction gains access to the chamber of the
clamp loader, we propose that single-stranded DNA, or
possibly the major groove of duplex DNA directly
adjacent to a primer-template junction, initially enters
through the opening in the clamp (Figure 6). Once
through the opening, the duplex region could then screw
up into the interior of the clamp loader to occupy the
central chamber, where it would stimulate ATPase
activity and induce clamp loader ejection (see below).
This feature may have important functional implications
for the clamp loader mechanism at a replication fork, as
the small opening may act as a filter for regions of DNA
with single-stranded character, thereby aiding in the
search for primer-template junctions.

DNA-triggered ATP hydrolysis drives ejection of
the clamp loader

In all clamp loaders tested thus far, ATPase activity is
greatly enhanced by the binding of primer-template DNA
[40,93-95]. Hydrolysis of ATP leads to closure of the
clamp and ejection of the clamp loader from the clamp
and DNA, leaving the clamp loaded onto DNA [37,40].
The DNA-dependent hydrolysis of ATP is a key feature of
clamp loaders because it prevents futile cycles caused by
premature release of a clamp before a primer-template
junction is found.

The structural data suggest how DNA binding could
play a role in switching on the ATPase activity of the
clamp loader subunits. Earlier structural analyses of the
bacterial and eukaryotic clamp loaders showed how the

Page 8 of 14

formation of tight intersubunit interfaces on ATP binding
organizes the arginine finger at the catalytic center
[55,59]. The availability of the T4 structure, along with
other structures, suggests a possible allosteric switch
mechanism, in which a DNA-binding residue (the switch
residue) undergoes a DNA-dependent conformational
change that appears to control the positioning of the
catalytic glutamate in the Walker B motif [60]. This
mechanism was suggested on the basis of sequence
covariation to function in the eukaryotic clamp loaders
[96], and is conceptually similar to the glutamate switch
mechanism that has been proposed for other AAA+
proteins, in which a conserved asparagine holds the
catalytic glutamate in an inactive conformation until
ligand binds [97]. We now propose that this mechanism
plays a role in ATPase activation in all clamp loaders. In
the absence of DNA, the conserved basic switch residue
(Arg383 in the yeast A subunit, Lys100 in E. coli B, C and
D subunits, and Lys80 in the T4 B, C, D and E subunits)
is tucked into the interior of the AAA+ module, where it
interacts with the backbone of the Walker B residues and
holds the catalytic glutamate in an inactive conformation
[59]. Upon binding DNA, the switch residue interacts
directly with the phosphate backbone of the DNA
template strand and is released from the interior of the
AAA+ module, allowing the catalytic glutamate to enter
a conformation consistent with activation of water for
hydrolysis of the y-phosphate of ATP [55,60]. Mutational
analysis of the switch residue and neighboring residues
supports the hypothesis that the switch controls the
ATPase activity [42], but experimental verification of this
mechanism is still incomplete and our analysis is based
on comparisons of structures that are quite divergent in
sequence so we cannot be sure of their functional
equivalence. Further biochemical and structural data,
particularly for the same clamp loader captured in
different states of the cycle, are necessary to test this
hypothesis.

In addition to the state fully bound by ATP, a ternary
complex of T4 clamp loader, DNA, and clamp has been
crystallized in a state in which the clamp loader B subunit
is bound to ADP while the other active sites are bound to
an ATP analog [60]. Thus, this structure, which was
obtained adventitiously, represents a state in which only
one ATPase site has hydrolyzed ATP. The release of the A
and B ATPase from the rest of the ATPase subunits, as a
consequence of this ATP hydrolysis, shows that a
conformational change within the AAA+ module caused
by ATP hydrolysis is incompatible with the symmetric
AAA+ spiral.

The AAA+ spiral probably comes apart in a cooperative
fashion, starting from one end of the spiral (Figure 6).
ATP hydrolysis is cooperative in the presence of primer
template DNA [98]. Therefore, hydrolysis at one site in
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the clamp loader will promote hydrolysis at another site.
We also suspect that the cooperative disassembly of the
AAA+ spiral will be directional, starting from the ends of
the spiral, because ATP hydrolysis requires movement of
neighboring subunits away from each other. This
movement will be favored at an end of the spiral, as this
order imposes changes to only one subunit for each
hydrolysis event. Biochemical studies [45,99] and
structural data [60] corroborate this hypothesis.
Hydrolysis from the ends has the functional benefit of
allowing the clamp to close before the clamp loader is
fully ejected, which would prevent the DNA from
slipping out from the opening of the clamp before the
loading reaction is complete. In support of this idea, the
clamp loader with ADP at the B site is bound to a closed
clamp in the structure, which is a result of the breakdown
in the symmetric matching of the clamp loader’s binding
sites with those of both the DNA and the sliding clamp
[60]. Thus, upon further ATP hydrolysis events at the C
and/or D sites, the clamp loader can no longer recognize
the symmetrically arrayed binding sites on the clamp and
DNA, and therefore ejects from both macromolecular
substrates, leaving the primer-template junction threaded
through the ring of the clamp (Figure 6).

One apparently consistent feature of clamp loaders
from different domains of life is that only three of the
ATPase subunits are catalytically active in clamp loading.
(Mutated clamp loader complexes with fewer than three
active ATPase sites can accomplish clamp loading
[46,100,101], but only with greatly diminished efficiency.)
In the case of bacterial clamp loaders, it is clear that only
the B, C, and D subunits are active ATPases. The
eukaryotic clamp loaders contain five subunits that can
bind ATP, but activity appears to be necessary only in the
B, C, and D subunits. The E site can bind nucleotide [59],
but lacks catalytic activity. The A subunit can both bind
and hydrolyze ATD, but its activity is not necessary for
clamp loading in either the eukaryotic [102] or archaeal
clamp loader [63]. Likewise, in T4, the identical B, C, D
and E subunits all have ATP binding sites, but the E
subunit appears to be catalytically inactive, because the
A’ domain does not contribute an arginine finger residue
(normally supplied in trans) to complete the catalytic
machinery [60]. However, there is some controversy
regarding the stoichiometry of ATP usage in the T4
clamp loading cycle [94,98,103-105].

The T4 bacteriophage replication system seems to
be a chimera, with functional modules borrowed
from bacteria and eukaryotes

The genome of T4 bacteriophage is a curiosity, in that it
is thought to be composed of genes derived from both
eukaryotic and bacterial sources [106], even though it
infects only bacteria. The hybrid nature of T4 is further
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supported by the evidence that double-stranded DNA
bacteriophages share similarity in their capsid proteins
[107-109] as well as DNA packaging machinery [110,111]
with eukaryotic viruses such as herpesviruses. In fact,
many eukaryotic viruses seem to have a hybrid genome,
with significant horizontal transfer of bacterial and
archaeal genes [112,113]. In the case of T4, the similarity
of T4 proteins to their eukaryotic counterparts is
apparent from the sequence and structures of the clamp
and clamp loader. Both eukaryotic and T4 clamps are
homotrimers, unlike the dimeric bacterial clamps, and
the T4 clamp loader AAA+ subunit shows more sequence
homology to eukaryotic clamp loaders than to bacterial
clamp loading subunits (Figure 7a): this sequence
homology is reflected in the high structural similarity of
the B, C, D and E subunits of T4 with those of the yeast
clamp loader (Figure 7b).

One of the unique features of both the eukaryotic and
T4 clamp loaders is the A subunit. The T4 A subunit
forms an inverted U shape and reaches across the clamp
interface [60]. Therefore, the A subunit binds two clamp
subunits, with the A domain binding to the clamp I
subunit and the A’ domain binding to the clamp III
subunit (Figures 4c and 5b). We propose that the A
subunit of the eukaryotic clamp loader is also likely to
bind to both the clamp I and the clamp III subunits. The
yeast clamp loader structure shows that the A subunit
also forms an inverted U, although the A’ domain has
collapsed down onto the AAA+ module of the A subunit,
and there is no contact between the A” domain and the
clamp [59]. This collapse probably resulted from
mutations in the clamp loader that prevented clamp
opening, or deletion of the carboxy-terminal portion of
the A’ domain, or both. Whatever the evolutionary
history, the yeast and T4 A’ domains interact with the E
subunit in similar ways and have essentially the same fold
(Figure 7c). Furthermore, electron microscopic
reconstruction of the Pyrococcus furiosus clamp loader
demonstrates that archaeal clamp loaders also have the
A’ domain and shows electron density that reaches across
the interface and touches the clamp, like the T4 loader
[60,62] (Figure 7d) but unlike the E. coli A subunit, which
binds only one protomer of the clamp and contains no
A’ domain [32,114].

These findings may bear on the question of how the
oligomeric character of the clamp influences the
structure and mechanism of its loader. In particular, the
trimeric clamps of T4 and eukaryotes are less stable [85],
and thus may require a subunit to bind both sides of the
open interface to help stabilize the open form and to keep
clamp protomers from dissociating. In contrast, bacterial
clamps are dimeric and appear to be the most stable [85],
perhaps eliminating a requirement for additional
stabilization of the open form by the A” domain.
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Figure 7. Sequence and structural relationships between the T4 clamp loader and those from other branches of life. (a) A sequence
similarity dendrogram for the structurally characterized clamp loader subunits. The T4 clamp loader is more similar to yeast clamp loader than to
the bacterial clamp loader subunits. Tree calculated using PHYLIP [133] using the neighbor-joining bootstrap criterion. (b) The structure of the T4
clamp loader B position AAA+ module (the gp44 protein; purple) is highly similar to the yeast clamp loader B subunit AAA+ module (the RFC4
protein; salmon). The C, root mean square deviation (RMSD) is approximately 1.1 and 1.4 A for the amino- and carboxy-terminal domains of the
AAA+ modules, respectively. ATP is shown in spacefilling representation. (c) The A” domain is similar in yeast and T4 clamp loaders. The T4 and
yeast A” domains have identical fold topology (the gp62 and RFC1 proteins in purple and salmon, respectively). Additionally, their packing against
the E subunit AAA+ module is very similar. (d) A negative stain electron microscopy reconstruction of the P, furiosus clamp loader, clamp and DNA
complex [62] reveals the presence of an A” domain. The correspondence of the T4 clamp loader structure (fit to the electron microscopy-derived
molecular envelope) with that of the archaeal clamp loader suggests that the P, furiosus clamp loader also has an A” domain. Figure adapted from [60].
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The similarity between the eukaryotic and T4
bacteriophage clamp loaders may reflect a deeper shared
evolutionary history. The T4 DNA polymerase belongs to
the B family, as do the eukaryotic replicases [115],
whereas the bacterial replicases are members of the
unrelated C-family of polymerases [116,117]. In other
components of the replisome, however, there are
significant similarities between T4 components and
those of bacteria. The T4 and E. coli primases are single-
subunit enzymes [118-121] and both have TOPRIM folds
[122-124]. In contrast, the eukaryotic primase (Pol o) is a
four subunit assembly containing both a primase activity
and a DNA polymerase that extends the RNA to make a
chimeric RNA-DNA primer [125,126]. The T4 helicase is

related to the bacterial replicative helicase (E. coli DnaB)
[122] and has the same directionality of unwinding as E.
coli DnaB, implying that these helicases encircle the
lagging strand at a replication fork [125]. By contrast, the
archaeal and eukaryotic MCM hexamers translocate in
the opposite direction [127-130], implying they surround
the leading strand. Additionally, the single-stranded
DNA binding proteins from T4 (gp32) and E. coli (SSB)
have been suggested to be related [106], although there
are significant functional differences in their mechanisms
of action. Finally, the T4 gp69 protein, which has been
suggested to assist in the initiation of DNA replication
[106], has significant homology to the E. coli DnaA
protein that initiates DNA replication [131].
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These results imply that replisomes can be pieced
together from different modules. The helicase, primase
and single-stranded binding protein of T4 are most
closely related to those of bacteria, while the clamp,
clamp loader and polymerase are similar to those of
eukaryotes. These two groups of proteins represent
different functional modules of the replisome: the
helicase and primase travel on the lagging strand as one
unit, while the polymerase and clamp are tightly
associated. These observations suggest that entire
modules may be evolutionarily exchanged more readily
than individual proteins.

Open questions
We have now reached a satisfactory state of
understanding regarding the structural basis for clamp
loader action, at least at the level of the general
mechanism, understood in broad strokes (Figure 6). We
know what these assemblies look like when they are
alone, with and without ATP bound [114,132], and how
their structure converts to a tightly integrated spiral form
upon binding ATP [55,59,60,62]. The structures have
explained how the primer-template junction is
recognized [59], and how the clamp loader can
accommodate both RNA and DNA primers [55,60]. The
recently determined structures of the T4 clamp loader
have shown how the ATP-bound clamp loader stabilizes
an open form of the clamp, and how ATP hydrolysis
might be coupled to release of the clamp onto DNA [60].
Although the inferences drawn from these structures
are compelling, it is important to recognize that we only
have one structure for some of the key steps in the clamp
loading cycle, and that these structures are for clamp
loaders that are very divergent in sequence. The structure
of the ATP-free clamp loader is for the E. coli system
[114] (Figure 4a), as is the ATP-loaded form bound to
DNA [55]. A structure of the loader in complex with a
closed clamp in the absence of DNA is for the eukaryotic
clamp loader [59] (Figure 4b), and the complex with the
open clamp and DNA is for the T4 complex [60] (Figure
4c). A more comprehensive understanding of how ATP
binding and hydrolysis is coupled to the opening of the
clamp and its loading on DNA requires that we have
structures of the same clamp loader (or, at least, very
similar clamp loaders) in different states of the clamp
loading cycle. It is hoped that the considerable
information now available about the general nature of the
conformational changes that are intrinsic to clamp loader
function will allow such structures to be obtained in the
near future. In addition, it is hoped that a clamp loader
bound to an open clamp in the absence of DNA can also
be crystallized, which will provide information about
how much the clamp is opened before it is loaded on
to DNA.
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Although we have emphasized the clamp loading
aspect of the clamp loader machine, clamp loaders are
critical for the proper coordination of leading and lagging
strand synthesis. This is most clearly evident in bacteria,
where the clamp loaders are physically attached to the
polymerase subunits that replicate the leading strand
continuously and those that cycle between Okazaki
fragments on the lagging strand. The greater challenge
ahead is to understand how clamp loaders serve to
orchestrate rapid replication of chromosomal DNA, and
the bacterial replisome is likely to provide the route to
clearer structural understanding, because of the depth of
biochemical information available, as well as the ability to
purify intact complexes in reasonable amounts. We look
forward to future advances in the structural analysis of
intact replisome assemblies.

Additional material

Additional file 1

Rotating structure of the clamp loader of E. coli (known as the
y-complex) in the apo form (PDB code 1JR3)

Click here for file
http://www.biomedcentral.com/content/supplementary/1741-7007-10-
34-s1.mov

Additional file 2

Rotating structure of the budding yeast clamp loader, replication
factor-C (RFC), bound to the sliding clamp, PCNA, and an ATP
analog (PDB code 15XJ)

Click here for file
http://www.biomedcentral.com/content/supplementary/1741-7007-10-
34-s2.mov

Additional file 3

Movie of the T4 bacteriophage clamp loader bound to primer-
template DNA, an ATP analog, and the sliding clamp during clamp
closure (PDB code 3U60)

Click here for file
http://www.biomedcentral.com/content/supplementary/1741-7007-10-
34-s3.mov

Acknowledgements

Insightful comments and guidance provided by Miranda Robertson and
Stephen Harrison are warmly appreciated. We thank Kate Engel and Dr Tiago
Barros for help with figure preparation. This work was supported by a Ruth L
Kirschstein National Research Service Award through the National Institute of
General Medical Sciences to BAK and by grants from the NIH to JK (GM45547)
and MOD (GM38839).

Author details

'Department of Molecular and Cell Biology, University of California, Berkeley,
CA 94720, USA. *Department of Chemistry, University of California, Berkeley,
CA 94720, USA. *California Institute for Quantitative Biosciences, University

of California, Berkeley, CA 94720, USA. “Howard Hughes Medical Institute,
University of California, Berkeley, CA 94720, USA. *Physical Biosciences Division,
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA. ®Howard
Hughes Medical Institute, Rockefeller University, New York, NY 10021, USA.
’Current address: Max-Planck Institute of Biochemistry, Department of
Structural Cell Biology, D-82152 Martinsried, Germany

Published: 20 April 2012



Kelch et al. BMC Biology 2012, 10:34
http://www.biomedcentral.com/1741-7007/10/34

References

1.

22.

23.

24.

25.

26.

Benkovic SJ, Valentine AM, Salinas F: Replisome-mediated DNA replication.
Annu Rev Biochem 2001, 70:181-208.

Pomerantz RT, O'Donnell M: Replisome mechanics: insights into a twin
DNA polymerase machine. Trends Microbiol 2007, 15:156-164.

Vivona JB, Kelman Z: The diverse spectrum of sliding clamp interacting
proteins. FEBS Lett 2003, 546:167-172.

Bloom LB: Loading clamps for DNA replication and repair. DNA Repair
(Amst) 2009, 8:570-578.

DePamphilis M: DNA Replication and Human Disease. 1st edition. Woodbury,
NY: Cold Spring Harbor Laboratory Press; 2006.

Laurence T, Kwon Y, Johnson A, Hollars C, O'Donnell M, Camarero J, Barsky D:
Motion of a DNA sliding clamp observed by single molecule fluorescence
spectroscopy. J Biol Chem 2008, 283:22895-22906.

Stukenberg PT, Studwell-Vaughan PS, O'Donnell M: Mechanism of the
sliding beta-clamp of DNA polymerase Ill holoenzyme. J Biol Chem 1991,
266:11328-11334.

Georgescu RE, Kim S-S, Yurieva O, Kuriyan J, Kong X-P, O'Donnell M: Structure
of a sliding clamp on DNA. Cell 2008, 132:43-54.

McNally R, Bowman GD, Goedken ER, O'Donnell M, Kuriyan J: Analysis of the
role of PCNA-DNA contacts during clamp loading. BMC Struct Biol 2010,
10:3.

Kong XP, Onrust R, O'Donnell M, Kuriyan J: Three-dimensional structure of
the beta subunit of E. coli DNA polymerase Ill holoenzyme: a sliding DNA
clamp. Cell 1992, 69:425-437.

Jarvis TC, Paul LS, von Hippel PH: Structural and enzymatic studies of the T4
DNA replication system. I. Physical characterization of the polymerase
accessory protein complex. J Biol Chem 1989, 264:12709-12716.

Shamoo Y, Steitz TA: Building a replisome from interacting pieces: sliding
clamp complexed to a peptide from DNA polymerase and a polymerase
editing complex. Cell 1999, 99:155-166.

Moarefi |, Jeruzalmi D, Turner J, O'Donnell M, Kuriyan J: Crystal structure of
the DNA polymerase processivity factor of T4 bacteriophage. J Mol Biol
2000, 296:1215-1223.

Krishna TS, Kong XP, Gary S, Burgers PM, Kuriyan J: Crystal structure of the
eukaryotic DNA polymerase processivity factor PCNA. Cell 1994,
79:1233-1243.

Matsumiya S, Ishino Y, Morikawa K: Crystal structure of an archaeal DNA
sliding clamp: proliferating cell nuclear antigen from Pyrococcus furiosus.
Protein Sci 2001, 10:17-23.

Maki H, Kornberg A: The polymerase subunit of DNA polymerase Il of
Escherichia coli. Il. Purification of the alpha subunit, devoid of nuclease
activities. J Biol Chem 1985, 260:12987-12992.

O'Donnell ME, Kornberg A: Dynamics of DNA polymerase IIl holoenzyme of
Escherichia coli in replication of a multiprimed template. J Biol Chem 1985,
260:12875-12883.

Mok M, Marians KJ: The Escherichia coli preprimosome and DNA B helicase
can form replication forks that move at the same rate. J Biol Chem 1987,
262:16644-16654.

Mclnerney P, Johnson A, Katz F, O'Donnell M: Characterization of a triple
DNA polymerase replisome. Mol Cell 2007, 27:527-538.

Fay PJ, Johanson KO, McHenry CS, Bambara RA: Size classes of products
synthesized processively by DNA polymerase Ill and DNA polymerase IlI
holoenzyme of Escherichia coli. J Biol Chem 1981, 256:976-983.

Yao N, Georgescu R, Finkelstein J, O'Donnell M: Single-molecule analysis
reveals that the lagging strand increases replisome processivity but slows
replication fork progression. Proc Natl Acad Sci U S A 2009, 106:13236-13241.
Onrust R, Finkelstein J, Naktinis V, Turner J, Fang L, O'Donnell M: Assembly of
a chromosomal replication machine: two DNA polymerases, a clamp
loader, and sliding clamps in one holoenzyme particle. I. Organization of
the clamp loader. J Biol Chem 1995, 270:13348-13357.

O'Donnell M, Jeruzalmi D, Kuriyan J: Clamp loader structure predicts the
architecture of DNA polymerase IIl holoenzyme and RFC. Curr Biol 2001,
11:R935-946.

Studwell-Vaughan PS, O'Donnell M: Constitution of the twin polymerase of
DNA polymerase lll holoenzyme. J Biol Chem 1991, 266:19833-19841.

Kim S, Dallmann HG, McHenry CS, Marians KJ: Coupling of a replicative
polymerase and helicase: a tau-DnaB interaction mediates rapid
replication fork movement. Cell 1996, 84:643-650.

Sinha NK, Morris CF, Alberts BM: Efficient in vitro replication of double-
stranded DNA templates by a purified T4 bacteriophage replication

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 12 of 14

system. J Biol Chem 1980, 255:4290-4293.

Zhang Z, Shibahara K, Stillman B: PCNA connects DNA replication to
epigenetic inheritance in yeast. Nature 2000, 408:221-225.

Miller A, Chen J, Takasuka TE, Jacobi JL, Kaufman PD, Irudayaraj JMK,
Kirchmaier AL: Proliferating cell nuclear antigen (PCNA) is required for cell
cycle-regulated silent chromatin on replicated and nonreplicated genes. J
Biol Chem 2010, 285:35142-35154.

Neuwald AF, Aravind L, Spouge JL, Koonin EV: AAA+: A class of chaperone-
like ATPases associated with the assembly, operation, and disassembly of
protein complexes. Genome Res 1999, 9:27-43.

Abrahams JP, Leslie AG, Lutter R, Walker JE: Structure at 2.8 A resolution of
F1-ATPase from bovine heart mitochondria. Nature 1994, 370:621-628.
Erzberger JP, Berger JM: Evolutionary relationships and structural
mechanisms of AAA+ proteins. Annu Rev Biophys Biomol Struct 2006,
35:93-114.

Jeruzalmi D, Yurieva O, ZhaoY, Young M, Stewart J, Hingorani M, O'Donnell M,
Kuriyan J: Mechanism of processivity clamp opening by the delta subunit
wrench of the clamp loader complex of E. coli DNA polymerase IIl. Cell
2001, 106:417-428.

Ellison V, Stillman B: Opening of the clamp: an intimate view of an ATP-
driven biological machine. Cel/ 2001, 106:655-660.

Berdis AJ, Benkovic SJ: Mechanism of bacteriophage T4 DNA holoenzyme
assembly: the 44/62 protein acts as a molecular motor. Biochemistry 1997,
36:2733-2743.

Goedken ER, Levitus M, Johnson A, Bustamante C, O'Donnell M, Kuriyan J:
Fluorescence measurements on the E.coli DNA polymerase clamp loader:
implications for conformational changes during ATP and clamp binding. J
Mol Biol 2004, 336:1047-1059.

Bourne HR, Sanders DA, McCormick F: The GTPase superfamily: a conserved
switch for diverse cell functions. Nature 1990, 348:125-132.

Turner J, Hingorani MM, Kelman Z, O'Donnell M: The internal workings of a
DNA polymerase clamp-loading machine. EMBO J 1999, 18:771-783.
Pietroni P, Young MC, Latham GJ, von Hippel PH: Structural analyses of gp45
sliding clamp interactions during assembly of the bacteriophage T4 DNA
polymerase holoenzyme. |. Conformational changes within the gp44/62-
gp45-ATP complex during clamp loading. J Biol Chem 1997,
272:31666-31676.

Ason B, Bertram JG, Hingorani MM, Beechem JM, O'Donnell M, Goodman MF,
Bloom LB: A model for Escherichia coli DNA polymerase Il holoenzyme
assembly at primer/template ends. DNA triggers a change in binding
specificity of the gamma complex clamp loader. J Biol Chem 2000,
275:3006-3015.

Jarvis TC, Paul LS, Hockensmith JW, von Hippel PH: Structural and enzymatic
studies of the T4 DNA replication system. Il. ATPase properties of the
polymerase accessory protein complex. J Biol Chem 1989, 264:12717-12729.
Gomes XV, Burgers PM: ATP utilization by yeast replication factor C. I. ATP-
mediated interaction with DNA and with proliferating cell nuclear
antigen. J Biol Chem 2001, 276:34768-34775.

Goedken ER, Kazmirski SL, Bowman GD, O'Donnell M, Kuriyan J: Mapping the
interaction of DNA with the Escherichia coli DNA polymerase clamp
loader complex. Nat Struct Mol Biol 2005, 12:183-190.

Hingorani MM, Bloom LB, Goodman MF, O'Donnell M: Division of labor--
sequential ATP hydrolysis drives assembly of a DNA polymerase sliding
clamp around DNA. EMBO /1999, 18:5131-5144.

Guenther B, Onrust R, Sali A, O'Donnell M, Kuriyan J: Crystal structure of the
delta’ subunit of the clamp-loader complex of E. coli DNA polymerase Il.
Cell 1997, 91:335-345.

Johnson A, O'Donnell M: Ordered ATP hydrolysis in the gamma complex
clamp loader AAA+ machine. J Biol Chem 2003, 278:14406-14413.

Johnson A, Yao NY, Bowman GD, Kuriyan J, O'Donnell M: The replication
factor C clamp loader requires arginine finger sensors to drive DNA
binding and proliferating cell nuclear antigen loading. J Biol Chem 2006,
281:35531-35543.

Ahmadian MR, Stege P, Scheffzek K, Wittinghofer A: Confirmation of the
arginine-finger hypothesis for the GAP-stimulated GTP-hydrolysis reaction
of Ras. Nat Struct Biol 1997, 4:686-689.

Lia G, Michel B, Allemand J-F: Polymerase exchange during Okazaki
fragment synthesis observed in living cells. Science 2011, 335:328-331.
Reyes-Lamothe R, Sherratt DJ, Leake MC: Stoichiometry and architecture of
active DNA replication machinery in Escherichia coli. Science 2010,
328:498-501.



Kelch et al. BMC Biology 2012, 10:34
http://www.biomedcentral.com/1741-7007/10/34

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Gulbis JM, Kazmirski SL, Finkelstein J, Kelman Z, O'Donnell M, Kuriyan J:
Crystal structure of the chi:psi sub-assembly of the Escherichia coli DNA
polymerase clamp-loader complex. Eur J Biochem 2004, 271:439-449.
Marceau AH, Bahng S, Massoni SC, George NP, Sandler SJ, Marians KJ, Keck JL:
Structure of the SSB-DNA polymerase Il interface and its role in DNA
replication. EMBO J 2011, 30:4236-4247.

Kelman Z, Yuzhakov A, Andjelkovic J, O'Donnell M: Devoted to the lagging
strand-the subunit of DNA polymerase lll holoenzyme contacts SSB to
promote processive elongation and sliding clamp assembly. EMBO J 1998,
17:2436-2449.

Glover BP, McHenry CS: The chi psi subunits of DNA polymerase Il
holoenzyme bind to single-stranded DNA-binding protein (SSB) and
facilitate replication of an SSB-coated template. J Biol Chem 1998,
273:23476-23484.

Anderson SG, Williams CR, O'Donnell M, Bloom LB: A function for the psi
subunit in loading the Escherichia coli DNA polymerase sliding clamp. J
Biol Chem 2007, 282:7035-7045.

Simonetta KR, Kazmirski SL, Goedken ER, Cantor AJ, Kelch BA, McNally R,
Seyedin SN, Makino DL, O'Donnell M, Kuriyan J: The mechanism of ATP-
dependent primer-template recognition by a clamp loader complex. Cel/
2009, 137:659-671.

Waga S, Stillman B: Anatomy of a DNA replication fork revealed by
reconstitution of SV40 DNA replication in vitro. Nature 1994, 369:207-212.
Cullmann G, Fien K, Kobayashi R, Stillman B: Characterization of the five
replication factor C genes of Saccharomyces cerevisiae. Mol Cell Biol 1995,
15:4661-4671.

Tsurimoto T, Stillman B: 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
proteins. J Biol Chem 1991, 266:1950-1960.

Bowman GD, O'Donnell M, Kuriyan J: Structural analysis of a eukaryotic
sliding DNA clamp-clamp loader complex. Nature 2004, 429:724-730.
Kelch BA, Makino DL, O'Donnell M, Kuriyan J: How a DNA polymerase clamp
loader opens a sliding clamp. Science 2011, 334:1675-1680.

Cann IK, Ishino Y: Archaeal DNA replication: identifying the pieces to solve
a puzzle. Genetics 1999, 152:1249-1267.

Miyata T, Suzuki H, Oyama T, Mayanagi K, Ishino Y, Morikawa K: Open clamp
structure in the clamp-loading complex visualized by electron
microscopic image analysis. Proc Natl Acad Sci U S A 2005, 102:
13795-13800.

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

Kazmirski SL, Zhao Y, Bowman GD, O'Donnell M, Kuriyan J: Out-of-plane
motions in open sliding clamps: molecular dynamics simulations of
eukaryotic and archaeal proliferating cell nuclear antigen. Proc Natl Acad
SciUSA2005,102:13801-13806.

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

Adelman JL, Chodera JD, Kuo I-FW, Miller TF, Barsky D: The mechanical
properties of PCNA: implications for the loading and function of a DNA
sliding clamp. Biophys J 2010, 98:3062-3069.

Georgescu RE, Yurieva O, Kim S-S, Kuriyan J, Kong X-P, O'Donnell M: Structure
of a small-molecule inhibitor of a DNA polymerase sliding clamp. Proc Nat!
Acad SciUSA 2008, 105:11116-11121.

Gulbis JM, Kelman Z, Hurwitz J, O'Donnell M, Kuriyan J: Structure of the
C-terminal region of p21(WAF1/CIP1) complexed with human PCNA. Cel/
1996, 87:297-306.

Burnouf DY, Olieric V, Wagner J, Fujii S, Reinbolt J, Fuchs RPP, Dumas P:
Structural and biochemical analysis of sliding clamp/ligand interactions
suggest a competition between replicative and translesion DNA
polymerases. J Mol Biol 2004, 335:1187-1197.

Berdis AJ, Soumillion P, Benkovic SJ: The carboxyl terminus of the
bacteriophage T4 DNA polymerase is required for holoenzyme complex
formation. Proc Natl Acad Sci US A 1996, 93:12822-12827.

Latham GJ, Bacheller DJ, Pietroni P, von Hippel PH: Structural analyses of
gp45 sliding clamp interactions during assembly of the bacteriophage T4
DNA polymerase holoenzyme. lll. The Gp43 DNA polymerase binds to the
same face of the sliding clamp as the clamp loader. J Bio/ Chem 1997,
272:31685-31692.

72.

73.

74.

75.

76.

77.

78.

79.

80.

83.

84.

85.

86.

87.

88.

90.

92.

93.

Page 13 of 14

Naktinis V, Turner J, O'Donnell M: A molecular switch in a replication
machine defined by an internal competition for protein rings. Cell 1996,
84:137-145.

Leu FP, O'Donnell M: Interplay of clamp loader subunits in opening the
beta sliding clamp of Escherichia coli DNA polymerase Il holoenzyme. J
Biol Chem 2001, 276:47185-47194.

Young MC, Reddy MK, von Hippel PH: Structure and function of the
bacteriophage T4 DNA polymerase holoenzyme. Biochemistry 1992,
31:8675-8690.

Rush J, Lin TC, Quinones M, Spicer EK, Douglas I, Williams KR, Konigsberg WH:
The 44P subunit of the T4 DNA polymerase accessory protein complex
catalyzes ATP hydrolysis. J Biol Chem 1989, 264:10943-10953.

Dohrmann PR, McHenry CS: A bipartite polymerase-processivity factor
interaction: only the internal beta binding site of the alpha subunit is
required for processive replication by the DNA polymerase Il holoenzyme.
J Mol Biol 2005, 350:228-239.

Lopez de Saro FJ, Georgescu RE, O’'Donnell M: A peptide switch regulates
DNA polymerase processivity. Proc Natl Acad Sci U S A 2003,
100:14689-14694.

Indiani C, Mclnerney P, Georgescu R, Goodman MF, O'Donnell M: A sliding-
clamp toolbelt binds high- and low-fidelity DNA polymerases
simultaneously. Mol Cell 2005, 19:805-815.

Yang J, Zhuang Z, Roccasecca RM, Trakselis MA, Benkovic SJ: The dynamic
processivity of the T4 DNA polymerase during replication. Proc Natl Acad
SciUSA 2004, 101:8289-8294.

Beattie TR, Bell SD: Coordination of multiple enzyme activities by a single
PCNA in archaeal Okazaki fragment maturation. EAMIBO J 2012,
31:1556-1567.

Trakselis MA, Alley SC, Abel-Santos E, Benkovic SJ: Creating a dynamic
picture of the sliding clamp during T4 DNA polymerase holoenzyme
assembly by using fluorescence resonance energy transfer. Proc Natl Acad
SciUSA2001,98:8368-8375.

Millar D, Trakselis MA, Benkovic SJ: On the solution structure of the T4
sliding clamp (gp45). Biochemistry 2004, 43:12723-12727.

Alley SC, Shier VK, Abel-Santos E, Sexton DJ, Soumillion P, Benkovic SJ: Sliding
clamp of the bacteriophage T4 polymerase has open and closed subunit
interfaces in solution. Biochemistry 1999, 38:7696-7709.

Alley SC, Abel-Santos E, Benkovic SJ: Tracking sliding clamp opening and
closing during bacteriophage T4 DNA polymerase holoenzyme assembly.
Biochemistry 2000, 39:3076-3090.

Yao N, Turner J, Kelman Z, Stukenberg PT, Dean F, Shechter D, Pan ZQ, Hurwitz
J,0'Donnell M: Clamp loading, unloading and intrinsic stability of the
PCNA, beta and gp45 sliding clamps of human, E. coli and T4 replicases.
Genes Cells 1996, 1:101-113.

Hingorani MM, O'Donnell M: ATP binding to the Escherichia coli clamp
loader powers opening of the ring-shaped clamp of DNA polymerase Il
holoenzyme. J Biol Chem 1998, 273:24550-24563.

Paschall CO, Thompson JA, Marzahn MR, Chiraniya A, Hayner JN, O'Donnell M,
Robbins AH, McKenna R, Bloom LB: The Escherichia coli clamp loader can
actively pry open the B-sliding clamp. J Biol Chem 2011, 286:42704-42714.
Naiki T, Kondo T, Nakada D, Matsumoto K, Sugimoto K: Chl12 (Ctf18) forms a
novel replication factor C-related complex and functions redundantly
with Rad24 in the DNA replication checkpoint pathway. Mol Cell Biol 2001,
21:5838-5845.

Mayer ML, Gygi SP, Aebersold R, Hieter P: Identification of RFC(Ctf18p, Ctf8p,
Dcc1p): an alternative RFC complex required for sister chromatid cohesion
in S. cerevisiae. Mol Cell 2001, 7:959-970.

Bylund GO, Burgers PMJ: Replication protein A-directed unloading of PCNA
by the Ctf18 cohesion establishment complex. Mo/ Cell Biol 2005,
25:5445-5455.

OYu F, Salazar M, Reid BR: Structure of a DNA:RNA hybrid duplex. Why
RNase H does not cleave pure RNA. J Mol Biol 1993, 233:509-523.

Zhuang Z, Yoder BL, Burgers PMJ, Benkovic SJ: The structure of a ring-
opened proliferating cell nuclear antigen-replication factor C complex
revealed by fluorescence energy transfer. Proc Natl Acad Sci U S A 2006,
103:2546-2551.

Ason B, Handayani R, Williams CR, Bertram JG, Hingorani MM, O'Donnell M,
Goodman MF, Bloom LB: Mechanism of loading the Escherichia coli DNA
polymerase Il beta sliding clamp on DNA. Bona fide primer/templates
preferentially trigger the gamma complex to hydrolyze ATP and load the
clamp. J Biol Chem 2003, 278:10033-10040.



Kelch et al. BMC Biology 2012, 10:34
http://www.biomedcentral.com/1741-7007/10/34

94.

95.

96.

97.

98.

99.

101.

102.

104.

106.

107.

111

113.

Berdis AJ, Benkovic SJ: Role of adenosine 5”-triphosphate hydrolysis in the
assembly of the bacteriophage T4 DNA replication holoenzyme complex.
Biochemistry 1996, 35:9253-9265.

Gomes XV, Schmidt SL, Burgers PM: ATP utilization by yeast replication
factor C. IIl. Multiple stepwise ATP binding events are required to load
proliferating cell nuclear antigen onto primed DNA. J Bio/ Chem 2001,
276:34776-34783.

Neuwald AF: Bayesian shadows of molecular mechanisms cast in the light
of evolution. Trends Biochem Sci 2006, 31:374-382.

Zhang X, Wigley DB: The ‘glutamate switch’ provides a link between ATPase
activity and ligand binding in AAA+ proteins. Nat Struct Mol Biol 2008,
15:1223-1227.

Pietroni P, von Hippel PH: Multiple ATP binding is required to stabilize the
“activated” (clamp open) clamp loader of the T4 DNA replication complex.
J Biol Chem 2008, 283:28338-28353.

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

. Sakato M, O'Donnell M, Hingorani MM: A central swivel point in the RFC

clamp loader controls PCNA opening and loading on DNA. J Mol Biol 2011,
416:163-175.

Wieczorek A, Downey CD, Dallmann HG, McHenry CS: Only one ATP-binding
DnaX subunit is required for initiation complex formation by the
Escherichia coli DNA polymerase Ill holoenzyme. J Biol Chem 2010,
285:29049-29053.

Schmidt SL, Gomes XV, Burgers PM: ATP utilization by yeast replication
factor C. lll. The ATP-binding domains of Rfc2, Rfc3, and Rfc4 are essential
for DNA recognition and clamp loading. J Biol Chem 2001, 276:34784-34791.

. Sexton DJ, Kaboord BF, Berdis AJ, Carver TE, Benkovic SJ: Dissecting the order

of bacteriophage T4 DNA polymerase holoenzyme assembly. Biochemistry
1998, 37:7749-7756.

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

. Pietroni P, Young MC, Latham GJ, von Hippel PH: Dissection of the ATP-

driven reaction cycle of the bacteriophage T4 DNA replication processivity
clamp loading system. J Mol Biol 2001, 309:869-891.

Bernstein H, Bernstein C: Bacteriophage T4 genetic homologies with
bacteria and eucaryotes. J Bacteriol 1989, 171:2265-2270.

Zhou ZH, Dougherty M, Jakana J, He J, Rixon FJ, Chiu W: Seeing the
herpesvirus capsid at 8.5 A. Science 2000, 288:877-880.

. Fokine A, Leiman PG, Shneider MM, Ahvazi B, Boeshans KM, Steven AC, Black

LW, Mesyanzhinov VV, Rossmann MG: Structural and functional similarities
between the capsid proteins of bacteriophages T4 and HK97 point to a
common ancestry. Proc Natl Acad Sci U S A 2005, 102:7163-7168.

. Bamford DH, Grimes JM, Stuart DI: What does structure tell us about virus

evolution? Curr Opin Struct Biol 2005, 15:655-663.

. Smits C, Chechik M, Kovalevskiy OV, Shevtsov MB, Foster AW, Alonso JC,

Antson AA: Structural basis for the nuclease activity of a bacteriophage
large terminase. EMBO Rep 2009, 10:592-598.

Nadal M, Mas PJ, Mas PJ, Blanco AG, Arnan C, Sola M, Hart DJ, Coll M:
Structure and inhibition of herpesvirus DNA packaging terminase
nuclease domain. Proc Natl Acad Sci U SA 2010, 107:16078-16083.

. lyer LM, Balaji S, Koonin EV, Aravind L: Evolutionary genomics of nucleo-

cytoplasmic large DNA viruses. Virus Res 2006, 117:156-184.

Filée J: Lateral gene transfer, lineage-specific gene expansion and the
evolution of Nucleo Cytoplasmic Large DNA viruses. J Invertebr Pathol 2009,
101:169-171.

Page 14 of 14

114. Jeruzalmi D, O'Donnell M, Kuriyan J: Crystal structure of the processivity
clamp loader gamma (gamma) complex of E. coli DNA polymerase IIl. Cell
2001, 106:429-441.

115. Rothwell PJ, Waksman G: Structure and mechanism of DNA polymerases.
Adv Protein Chem 2005, 71:401-440.

116. Bailey S, Wing RA, Steitz TA: The structure of T. aquaticus DNA polymerase IlI
is distinct from eukaryotic replicative DNA polymerases. Cell 2006,
126:893-904.

117. Lamers MH, Georgescu RE, Lee S-G, O'Donnell M, Kuriyan J: Crystal structure
of the catalytic alpha subunit of E. coli replicative DNA polymerase lIl. Cell
2006, 126:881-892.

118. Mueser TC, Hinerman JM, Devos JM, Boyer RA, Williams KJ: Structural analysis

of bacteriophage T4 DNA replication: a review in the Virology Journal
series on bacteriophage T4 and its relatives. Viro/ /2010, 7:359.

119. Bouché JP, Zechel K, Kornberg A: dnaG gene product, a rifampicin-resistant
RNA polymerase, initiates the conversion of a single-stranded coliphage
DNA to its duplex replicative form. J Biol Chem 1975, 250:5995-6001.

120. Wickner S: DNA or RNA priming of bacteriophage G4 DNA synthesis by
Escherichia coli dnaG protein. Proc Natl Acad SciUS A 1977, 74:2815-2819.

121. Rowen L, Kornberg A: Primase, the dnaG protein of Escherichia coli. An
enzyme which starts DNA chains. J Biol Chem 1978, 253:758-764.

122. llyina TV, Gorbalenya AE, Koonin EV: Organization and evolution of bacterial
and bacteriophage primase-helicase systems. J Mol Evol 1992, 34:351-357.

123. Podobnik M, Mclnerney P, O'Donnell M, Kuriyan J: ATOPRIM domain in the
crystal structure of the catalytic core of Escherichia coli primase confirms
a structural link to DNA topoisomerases. J Mol Biol 2000, 300:353-362.

124. Keck JL, Roche DD, Lynch AS, Berger JM: Structure of the RNA polymerase
domain of E. coli primase. Science 2000, 287:2482-2486.

125. Kornberg A, Baker TA: DNA Replication. University Science Books: 1992.

126. Conaway RC, Lehman IR: A DNA primase activity associated with DNA
polymerase alpha from Drosophila melanogaster embryos. Proc Nat/ Acad
SciUSA1982,79:2523-2527.

127. Kelman Z, Lee JK, Hurwitz J: The single minichromosome maintenance
protein of Methanobacterium thermoautotrophicum DeltaH contains
DNA helicase activity. Proc Natl Acad Sci U S A 1999, 96:14783-14788.

128. Moyer SE, Lewis PW, Botchan MR: Isolation of the Cdc45/Mcm2-7/GINS
(CMG) complex, a candidate for the eukaryotic DNA replication fork
helicase. Proc Natl Acad Sci U S A 2006, 103:10236-10241.

129. Bochman ML, Schwacha A: The Mcm2-7 complex has in vitro helicase
activity. Mol Cell 2008, 31:287-293.

130. llves |, Petojevic T, Pesavento JJ, Botchan MR: Activation of the MCM2-7
helicase by association with Cdc45 and GINS proteins. Mol Cell 2010,
37:247-258.

131. Mosig G, Macdonald P: A new membrane-associated DNA replication
protein, the gene 69 product of bacteriophage T4, shares a patch of
homology with the Escherichia coli dnaA protein. J Mol Biol 1986,
189:243-248.

132. Kazmirski SL, Podobnik M, Weitze TF, O'Donnell M, Kuriyan J: Structural
analysis of the inactive state of the Escherichia coli DNA polymerase
clamp-loader complex. Proc Natl Acad Sci U S A 2004, 101:16750-16755.

133. PHYLIP [http://evolution.genetics.washington.edu/phylip.html]

doi:10.1186/1741-7007-10-34
Cite this article as: Kelch BA, et al: Clamp loader ATPases and the evolution
of DNA replication machinery. BMC Biology 2012, 10:34.




	Abstract
	The clamp loader is a molecular switch operated by binding and hydrolysis of ATP
	The structure of the clamp loader is more conserved than its composition
	Recognition of the clamp during loading onto DNA
	The clamp loader and the clamp collaborate in specific binding of the clamp loader to primer-template junctions
	DNA-triggered ATP hydrolysis drives ejection of the clamp loader
	The T4 bacteriophage replication system seems to be a chimera, with functional modules borrowed from bacteria and eukaryotes
	Open questions
	Additional material

