Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

Critical Reviews in Biochemistry and Molecular Biology, 41:179-208, 2006
Copyright © Taylor & Francis Group, LLC e
ISSN: 1040-9238 print / 1549-7798 online

DOI: 10.1080/10409230600648751

Taylor & Francis

Taylor & Francis Group

Dynamics of Loading the Escherichia coli
DNA Polymerase Processivity Clamp

Linda B. Bloom

Department of Biochemistry ABSTRACT Sliding clamps and clamp loaders are processivity factors required

and Molecular Biology, for efficient DNA replication. Sliding clamps are ring-shaped complexes that

Un?versi.ty of Florida, tether DNA polymerases to DNA to increase the processivity of synthesis.

Gainesville, FL, USA Clamp loaders assemble these ring-shaped clamps onto DNA in an ATP-
dependent reaction. The overall process of clamp loading is dynamic in that
protein-protein and protein-DNA interactions must actively change in a coor-
dinated fashion to complete the mechanical clamp-loading reaction cycle. The
clamp loader must initially have a high affinity for both the clamp and DNA
to bring these macromolecules together, but then must release the clamp on
DNA for synthesis to begin. Evidence is presented for a mechanism in which
the clamp-loading reaction comprises a series of binding reactions to ATP, the
clamp, DNA, and ADP, each of which promotes some change in the confor-
mation of the clamp loader that alters interactions with the next component
of the pathway. These changes in interactions must be rapid enough to allow
the clamp loader to keep pace with replication fork movement. This review
focuses on the measurement of dynamic and transient interactions required to
assemble the Escherichia coli sliding clamp on DNA.
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interactions, protein—protein interactions

INTRODUCTION

The Escherichia coli sliding clamp and clamp loader were first identified as
factors that enhanced the processivity of DNA synthesis (Bonner ez al., 1992;
Fay etal., 1981; Fay et al., 1982; Hurwitz and Wickner, 1974; Maki and Kornberg,
1988; O’Donnell, 1987; Wickner, 1976; Wickner and Hurwitz, 1974). Further
investigations revealed that one of these processivity factors is a ring-shaped
protein complex that functions as a sliding clamp to encircle DNA and tether
a DNA polymerase to the template being copied (Kong ez al., 1992; Stukenberg
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FIGURE 1 sliding clamps increase the processivity of synthesis by DNA polymerases. Clamps slide freely along DNA to tether poly-
merases to the templates being copied, yet allow DNA polymerases move at a rate limited by the rate nucleotide incorporation.

(Figure 1). The increase in processivity provided by
sliding clamps makes complete replication of entire
genomes possible. On the leading strand, where DNA
synthesis is continuous, one clamp is required at each
replication fork. On the lagging strand, where DNA
is synthesized discontinuously, a clamp is needed for
each Okazaki fragment synthesized. In E. coli, where
the replication fork progresses at rates of at least
500 nt/sec, clamp loading on the lagging strand must
be rapid. Sliding clamps have also been shown to in-
teract with a number of proteins required for different
aspects of DNA metabolism and are likely to have other
significant roles in the cell in addition to DNA replica-
tion (reviewed in Lopez de Saro and O’Donnell, 2001;
Maga and Hubscher, 2003; Vivona and Kelman, 2003;
Warbrick, 2000).

A second factor required to stimulate E. coli DNA
polymerase III processivity is a protein complex that
possesses DNA-dependent ATPase activity (Lee and
Walker, 1987; Onrust ez al., 1991). This processivity fac-
tor functions as a clamp loader to catalyze the assembly
of the ring-shaped sliding clamp onto DNA by open-
ing the clamp and placing DNA through the center of
the ring (Figure 2) (Stukenberg et al., 1991). This reac-
tion requires ATP binding and hydrolysis and, as such,
clamp loaders are part of a large family of enzymes that
couple NTP binding and hydrolysis to mechanical reac-
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tions (Burgers and Kornberg, 1982; Onrust ¢t al., 1991;
Wickner, 1976). Structural features of clamp loaders are
conserved among clamp loaders from different species
(reviewed in Bowman et al., 2005; Davey et al., 2002;
Ellison and Stillman, 2001; Jeruzalmi ez al., 2002). Five
subunits comprise the core of clamp loaders. Individ-
ual subunits within this core have structural features in
common with other proteins that are members of the
AAA+ family of ATPases (Davey et al., 2002; Jeruzalmi
et al., 2002; Ogura and Wilkinson, 2001).

The overall process of loading clamps onto DNA
requires the clamp loader to perform many individ-
ual reactions or steps, which may include binding
the clamp, opening the clamp, binding DNA, thread-
ing DNA through the clamp, closing the clamp, and
releasing the clamp on DNA. These individual steps
require different interactions between the clamp loader
and the clamp and between the clamp loader and DNA.
Initially, the clamp loader must have a high affinity
for both the clamp and DNA to bring these macro-
molecules together. After placing the clamp at the ap-
propriate site on DNA, or alternatively placing DNA
through the clamp in the appropriate orientation, the
affinity of the clamp loader for these macromolecules
must decrease, so that loaded clamps can be “handed
oft” to DNA polymerases to allow DNA synthesis to be-
gin. These “/ntermolecular” interactions are modulated
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FIGURE 2 Clamp loaders assemble ring-shaped sliding clamps onto DNA. Clamp loaders are molecular machines that couple ATP
binding and hydrolysis to the process of loading clamps onto DNA. The E. coli 3 clamp is a ring-shaped dimer of identical monomers.
The minimal E. coli clamp loader contains five subunits, three copies of ~ (blue) that contain ATP binding sites, and one copy each of §’
(red) and 6 (gold). The cartoon drawings are based on the structures of the E. coli 3 clamp and 366’ clamp loader in Figures 3 and 4.
Five subunits are drawn for the clamp loader, and each subunit is divided into three components representing the three domains of the
polypeptides. The clamp loader is drawn from a perspective looking down on the C-terminal domains, which are depicted as spheres.

by changes in “zntramolecular” interactions within the
clamp loader. ATP-dependent changes in the interac-
tions between and within clamp-loader subunits pro-
mote conformational changes in the complex that alter
interactions with the clamp and DNA. Binding interac-
tions with the clamp and DNA also promote changes
in the clamp loader that alter interactions for the next
step in the pathway. The main focus of this review
will be on the mechanism of loading the Escherichia
coli sliding clamp onto DNA, with special emphasis
on the dynamic and transient interactions that are re-
quired to catalyze the reaction. Reviews on the complete
replisomes and clamp loaders from E. coli (Johnson
and O’Donnell, 2005; Marians, 2004; McHenry, 2003;
Wijftels et al., 2005), bacteriophage T4 (Benkovic ez al.,
2001; Trakselis and Benkovic, 2001; Trakselis et al.,
2001b), and eukaryotes (Bell and Dutta, 2002; Garg and
Burgers, 2005; Johnson and O’Donnell, 2005; Kao and
Bambara, 2003; Majka and Burgers, 2004; Waga and
Stillman, 1998) have been published recently.

STRUCTURAL FEATURES OF CLAMPS
AND CLAMP LOADERS

Sliding Clamp Structures

The overall structures of sliding clamps are conserved
from bacteria to humans. Sliding clamps required for
DNA replication are composed of identical arc-shaped
monomers that oligomerize to form ring-shaped struc-

tures (Figure 3). Bacteriophage RB69 (Shamoo and
Steitz, 1999), bacteriophage T4 (Moarefi et al., 2000),
archaeal Proliferating Cell Nuclear Antigen (PCNA)
(Matsumiya et al., 2001), and eukaryotic PCNA (Gulbis
et al., 1996; Krishna et al., 1994) clamps are composed
of three subunits, whereas the E. coli (8) clamp (Kong
etal., 1992) contains two protomers. Although the num-
ber of subunits differs, the overall structure of the j ring
is very similar to that of PCNA. Both rings contain six
domains of similar fold, but the domains within an in-
dividual subunit, three in 8 and two in PCNA, differ
in sequence.

The B ring is approximately 34A thick, so that, when
bound to DNA, the ring covers about one helical turn.
The opening in the center of the 8 ring is about 35 A
in diameter and is lined with 12 a-helices. When DNA
was modeled through the center of the ring, the axes of
the a-helices were oriented perpendicular to the phos-
phate backbone (Kongezal., 1992). This geometry, along
with the inner diameter that is somewhat larger than
B-DNA, suggest that 8 freely slides along duplex DNA
and a layer or two of water rather than twisting around
the grooves of DNA. In support of this model, bio-
chemical studies have shown that the 8 dimer remains
stably associated with circular duplex DNA, but on lin-
earization of the DNA, rapidly dissociates, most likely
by sliding off the ends (Stukenberg ez al., 1991).

In the crystal structures, each of the clamps forms
a closed ring; however, in solution, open and closed
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FIGURE 3 Structures of sliding clamps. Ribbon diagrams are shown for sliding clamps from bacteriophage T4 (gp45, Moarefi et al.,
2000), E. coli (3, Kong et al., 1992), and humans (PCNA, Gulbis et al., 1996). Individual subunits are shown in different colors.

forms of the clamp may exist in equilibrium (Alley
et al., 1999b; Griep and McHenry, 1988; Millar ez al.,
2004). When the B clamp is loaded onto closed cir-
cular DNA, a stable complex is formed that can be
isolated by gel filtration chromatography (Stukenberg
et al., 1991). In these complexes, B has a half-life on
DNA of over an hour at 37°C (Leu et al., 2000; Stewart
et al., 2001). This would suggest that, at least after being
loaded on DNA, the monomer interfaces of the j ring
are largely closed. Yeast and human PCNA also form a
stable gel-filterable complex when loaded onto DNA,
suggesting that a closed form predominates in solution
(Burgers, 1991; Lee and Hurwitz, 1990; Yao et al., 1996).
In contrast, the gp45 clamp does not form such a sta-
ble interaction with DNA (Richardson ez al., 1990; Yao
et al., 1996). Solution-based studies have shown that
one of the subunit interfaces in gp45 is in an open
conformation (Alley et al., 1999b; Millar et al., 2004).
In the presence of the bacteriophage T4 DNA poly-
merase, the gp45 clamp remains stably bound to DNA,
because the C-terminal tail of the polymerase binds in
the open interface to effectively close the ring (Alley
et al., 1999a; Alley et al., 2001; Capson et al., 1991).
Sliding clamps contain a rotational axis of symmetry
through the center of the ring. A twofold axis is present
in the B clamp and a threefold axis is present in gp45
and in PCNA. This symmetry creates two distinct faces
to which proteins can bind. Thus, it is theoretically pos-
sible for different proteins to bind to different faces of a
clamp simultaneously. However, in E. coli, DNA poly-
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merase III core and the clamp loader bind to the same
face of the 8 clamp, and even at the same site (Jeruzalmi
etal., 2001b; Lopez De Saro et al., 2003a; Naktinis ez al.,
1995; Naktinis ez al., 1996). This means that some mech-
anism must regulate the polymerase and clamp loader
so that the enzymes do not compete with each other for
binding the clamp, allowing each to bind at the appro-
priate time (Kim ez al., 1996¢; Naktinis ez al., 1996). The
same situation is true for bacteriophage T4 and eukary-
otes in that the polymerases and clamp loaders bind to
the same face of the clamp (Fotedar ez al., 1996; Latham
et al., 1997; Mossi et al., 1997).

Common binding motifs have been identified in
proteins that interact with the B clamp and PCNA.
A key feature of both motifs is the presence of hy-
drophobic amino acid residues, including Phe. Based
on sequence alignments and binding studies, consen-
sus B binding sequences of QL(S/D)LF (Dalrymple
et al., 2001) and QxxL(x)F (Lopez De Saro ez al., 2003a)
have been proposed. A similar consensus sequence,
Qxx(I/L/M)xxF(F/Y), has been proposed for proteins
that interact with PCNA (Warbrick, 1998; Warbrick,
2000). The similarity in binding motifs between
B-binding and PCNA-binding proteins is remarkable
because the primary sequences of 8 and PCNA are
not conserved. The & subunit of E. coli DNA poly-
merase III core potentially contains two 8 binding mo-
tifs (Dohrmann and McHenry, 2005). One site located
internally at residue 920, QADME, is absolutely re-
quired for high-affinity binding to the 8 clamp and
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processive DNA synthesis (Dohrmann and McHenry,
2005; Kim and McHenry, 1996). A second site located
at the extreme C-terminus of the « subunit at residue
1154, QEVLEEF, also contributes to clamp binding and
processive synthesis (Lopez De Saro et al., 2003a; Lopez
De Saro etal.,2003b). This second site may be important
for maintaining the polymerase—clamp interaction dur-
ing processive synthesis, but allowing the polymerase
to dissociate on completing an Okazaki fragment (Kim
etal., 1996¢; Leu etal., 2003). A six-amino-acid sequence,
QAMSLE, present in the in the § subunit of the E. coli
clamp loader is required for the §-p interaction and
contributes to the high-affinity interaction between the
clamp loader and clamp (Jeruzalmi ez al., 2001b).

Clamp-Loader Structures

At the replication fork, the E. coli DNA polymerase
III holoenzyme is composed of two core polymerases
(cef subunits), a clamp loader, and two copies of the
B sliding clamp (reviewed in Johnson and O’Donnell,
2005; McHenry, 2003). The clamp loader contains
seven subunits with the stoichiometry of three copies
of the dnaX gene products, t and y, and one copy each
of the 8, &', x, and ¥ subunits (Jeruzalmi et al., 2001a;
Pritchard ez al., 2000). The amino acid sequence of the
y subunit (47.5 kDa) is the same as the N-terminal two-
thirds of the t subunit (71.1 kDa). The y subunit is
produced by a translational frameshift that adds one
unique amino acid residue before prematurely truncat-
ing the protein (Blinkowa and Walker, 1990; Flower and
McHenry, 1990; Tsuchihashi and Kornberg, 1990). The
form of the clamp loader in the holoenzyme most likely
contains two copies of t and one copy of y (Glover and
McHenry, 2000; Onrust ez al., 1995b; Pritchard ez al.,
2000). Both the y and t subunits bind ATP (Tsuchihashi
and Kornberg, 1989), but the C-terminal end of 7 pro-
vides properties unique to 7 that are important at the
replication fork. A region in the C-terminus of the t
subunit interacts with the « subunit of the core poly-
merase, forming a dimeric DNA polymerase III com-
plex (core-7), that couples leading and lagging strand
synthesis (Kim ez a/., 1996b; McHenry, 1982; Studwell-
Vaughan and O’Donnell, 1991). The activity of the
DnaB helicase is stimulated by interactions with the 7
subunit coupling duplex unwinding at the replication
fork to DNA synthesis (Kim ez al., 1996a). The 7 sub-
unit protects the B clamp from being removed while the
DNA polymerase is actively synthesizing DNA (Kim

et al., 1996¢) but then mediates DNA polymerase dis-
sociation and recycling on completing synthesis of an
Okazaki fragment (Leu ez al., 2003). Clamp loaders con-
taining either three copies of the 7 subunit (t complex,
7388’ x ) or y subunit (y complex, y388" x ) are fully
active in clamp loading (Dallmann et a/., 1995; Onrust
et al., 1995a). The minimal complex of E. coli proteins
with clamp-loading activity has the composition 3388’
(Olson et al., 1995; Onrust and O’Donnell, 1993; Xiao
et al., 1993).

Recent structures of a minimal E. coli clamp loader
(y388"), a S. cerevisiae clamp loader—clamp complex, and
a P. furiosus clamp loader-clamp-DNA complex have
made a significant contribution to our understanding
of these molecular machines (Bowman et al, 2004;
Jeruzalmi ez al., 2001a; Kazmirski ef al., 2004; Miyata
et al., 2004; Miyata et al., 2005). The structures of the
individual subunits within the E. coli clamp loader, y,
8, and &', are similar in that each comprises three do-
mains arranged in a “C”-shaped geometry (Figure 4,
top) (Guenther et al, 1997; Jeruzalmi et al., 2001a;
Podobnik ez al., 2003). Domains 1 and 2 are similar
to the nucleotide binding domains of proteins in the
AAA+ family of ATPases, although only the y subunits
are functional ATPases (Onrust and O’Donnell, 1993;
Onrust et al., 1991; Xiao et al., 1993; Xiao et al., 1995).
The five subunits are arranged such that C-terminal
domains of each protein form a more tightly packed
ring-shaped collar (Figure 4, bottom). The relative ori-
entations of the three domains within each subunit are
different so that the overall structure is asymmetric with
the N-terminal end being more open. The three y sub-
units occupy adjacent positions within the complex, the
8’ subunit contacts y;, and the § subunit contacts 3.
Although the C-terminal domains (domain 3) form a
closed ring, there is a large gap in the structure between
the domains 1 and 2 of the §’ and § subunits such that
these regions of the adjacent proteins do not interact.

The y subunits form the motor of the clamp loader
in that these subunits bind and hydrolyze ATP dur-
ing the course of the clamp-loading reaction (Onrust
and O’Donnell, 1993; Onrust et al., 1991; Tsuchihashi
and Kornberg, 1989; Xiao et al., 1993; Xiao et al,
1995). The ATP binding sites are located at the in-
terface of two domains within a single subunit, and
at an interface between two adjacent subunits within
the complex (Podobnik ez al., 2003). Within a y sub-
unit, ATP is bound in a cleft between domains 1 and
2 (Figure 4, top). Conserved Walker A and Walker B
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6’ subunit Y, subunit + ATPyS

Y,00’ complex

C-terminal domains

N-terminal domains

FIGURE 4 Structural features of the minimal E. coli clamp loader, v366’. Top. A ribbon diagram of the 6’ subunit taken from the crystal
structure of the free subunit is shown on the left (Guenther et al., 1997). Shown on the right is a ribbon diagram of the v subunit bound
to ATP~S (red spheres) taken from the crystal structure of the 366’ complex (Kazmirski et al., 2004). Both subunits are oriented with
the C-terminal domains at the top and N-terminal domains at the bottom. Bottom. A space-filled diagram of the 368’ complex with the
&’ subunit in red, v subunits in shades of blue, and § subunit in gold (Jeruzalmi et al., 2001a). The individual subunits in the complex
are aligned in a parallel fashion with the C-terminal domains (top) forming a tightly packed ring. The complex is more open on the side
containing the N-terminal domains (bottom) and a large gap exists between the &’ and § subunits.
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nucleotide binding motifs are located in domain 1
(Podobnik ez al., 2003; Walker et al., 2000). A sensor
2 element, thought to sense nucleotide binding and
to transmit binding into conformational changes in
AAA+ proteins, is located in domain 2, and Arg-215
in this region that is conserved in clamp loaders inter-
acts with the y-phosphate of ATP. The location of these
binding elements in different domains is likely to result
in differences in the conformation between domains
within a y subunit on nucleotide binding and hydrol-
ysis (Podobnik e al., 2003). A second nucleotide sens-
ing element, sensor 1, is located in domain 2 (residues
157 to 170). A conserved Ser-Arg-Cys (SRC) motif is
present in this region that is found in all clamp load-
ers and is located at the interface between subunits.
The “Arg finger” present in the SRC motif extends
toward the ATP binding site in the adjacent subunit
and may sense ATP binding and/or hydrolysis in the
neighboring subunit (Johnson and O’Donnell, 2003;
Ogura et al., 2004; Snyder et al., 2004). Although the §’
subunit does not bind ATP, an SRC motifis present that
could potentially interact with nucleotide bound in the
adjacent y; subunit (Jeruzalmi et al., 2001a; Johnson
and O’Donnell, 2003; Snyder et al., 2004). Given the
location of ATP binding sites at the interface between
domains within a y subunit and at the interface be-
tween subunits within the complex, it is easy to envi-
sion a mechanism in which ATP binding and hydrolysis
at individual sites promote conformational changes in
each subunit that are translated to changes within the
complex that alter interactions with other molecules.
Crystal structures of the nucleotide-free (Jeruzalmi
et al., 2001a) and ATPy S-bound (Kazmirski ez al., 2004)
forms of the 388" complex have been solved. There is
very little difference in the conformations of the two
complexes; however, only two of the three ATP bind-
ing sites (y; and y; in Figure 4, lower panel), are oc-
cupied by ATPyS. In both structures, the nucleotide
binding sites of the y; and y3 subunits are open to
allow nucleotide entry, whereas the binding site in the
y2 subunit is physically blocked by the j; subunit.
Nucleotide binding to the y388" complex measured in
solution by isothermal titration calorimetry also indi-
cates that only two molecules of ATP or ATPyS bind
this minimal clamp loader (Kazmirskit ez a/., 2004). It is
also interesting to note that, in these structures, the Arg
fingers do not approach the nucleotide binding sites of
the adjacent subunits closely enough to interact with
the y-phosphates of ATP. Based on these findings, this

conformation of the 388" complex is likely to repre-
sent a stable, but inactive, state of the clamp loader.
The reason that nucleotide-dependent changes in con-
formation are not observed is not clear. One suggestion
is that all three sites must be occupied by ATP to pro-
duce conformational changes that activate the clamp
loader and interactions with the B clamp allow the third
site, ¥2, to bind ATP. Another likely possibility is that
the x and v subunits that are missing from this mini-
mal clamp loader stabilize a conformation in which the
third ATP binding site in y, is open and an active state
is more stable.

The ability of a single ¥ complex subunit, §, to stim-
ulate dissociation of the 8 clamp from circular DNA
molecules indicates that the § subunit alone is capable
of opening the B clamp (Leu et al., 2000; Turner et al.,
1999). A crystal structure of a complex between the N-
terminal domain (domain 1) of § and a 8 monomer
suggests the mechanism by which this might be possi-
ble (Jeruzalmi et al., 2001b). Conserved residues in 3,
Leu-73 and Phe-74, make a hydrophobic “finger” that
binds in a hydrophobic pocket on the face of 8. Bind-
ing in this way creates steric clashes between residues
in the § subunit and a loop on the surface of B that is
connected to «-helix that forms part of the S-dimer
interface (Jeruzalmi et al., 2001b). This steric clash is
likely to alter the conformation of the helix to disrupt
interactions at the dimer interface and open the clamp.
The conformation of the inactive state of the Y388’ com-
plex described above is such that this § — 8 interaction
required for clamp opening cannot occur due to steric
clashes between the clamp and other subunits in the
clamp loader (Jeruzalmi et al., 2001a).

The S. cerevisiae REC clamp loader has many struc-
tural features in common with the E. coli clamp loader
(Bowman et al., 2004; Jeruzalmi et al., 2001a). Like the
human clamp loader, the S. cerevisiae REC is composed
of four small subunits, RFC2-5, and one large subunit,
RFC1 (Cullmann et al., 1995; Fien and Stillman, 1992;
Yoder and Burgers, 1991). These five subunits assemble
in a five-membered ring to form a structure similar to
the minimal E. coli 388’ complex (Bowman ez al., 2004;
Jeruzalmi et al., 2001a). The small subunits are com-
posed of three domains similar to the y subunit and the
large subunit also contains 3 domains, but with larger
N-terminal and C-terminal ends. The large RFC1 sub-
unit is analogous to the § subunit in its clamp binding
site and position in the complex, but differs in that it is
a functional ATPase (Ca et al., 1997, Fotedar et al., 1996;
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Podust et al., 1998; Schmidt et 4l., 2001; Uhlmann ez al.,
1997). The RFC5 subunit is analogous to §’ in its posi-
tion in the complex and in that it does not hydrolyze
ATP but possesses and Arg finger that can interact with
the ATP binding site on the adjacent subunit (Bowman
et al., 2004). The RFC2-4 subunits are functional
ATPases and occupy positions in the clamp loader anal-
ogous to the y subunits (Bowman et al., 2004; Cai et al.,
1997, Jeruzalmi ez al., 2001a; Schmidt ez al., 2001).
Structures of the E. coli clamp loader, S. cerevisiae
RFC-PCNA complex, and P. furiosus REC-PCNA-
DNA complex show how clamps and clamp loaders
may interact during the clamp loading reaction as well
as how clamp-loaders bind DNA (Figure 5). The clamp
loaders bind one face of the clamp via the N-terminal
domains of the clamp-loader subunits (Bowman et 4l.,
2004; Jeruzalmi et al., 2001a; Jeruzalmi e al., 2001b;
Miyata et al., 2004; Miyata et al., 2005). One interface
between adjacent monomers in the clamp is opened

Clamp Loader

C-terminal domains
Y2

N-terminal domains

Clamp

DNA

possibly through movement both in the plane of the
ring and out of the plane of the ring formed by clamp
monomers (Kazmirski ez al., 2005; Miyata et al., 2005).
Individual clamp-loader subunits adopt a conformation
such that they spiral around an axis going from the
C-terminal to N-terminal domains of the proteins in
the complex. Duplex DNA at the 3’ primer/template
junction enters the clamp-loading complexes through
the open side formed by the N-terminal domains, and
the spiraling conformation of the subunits matches the
spiral of the DNA helix such that the clamp loader
resembles a “screw-cap” (Bowman ez al., 2004; Miyata
et al., 2005; Zhuang et al., 2004). Single-stranded DNA
exits through the gap between the E. coli §’ and § sub-
units, or the analogous S. cerevisiae RFC5 and RFCl1
subunits or P, furiosus large and small RFC subunits.
Although there are many similarities, there are some
significant differences in the structures of the RFC-
PCNA complexes from S. cerevisiase and P. furiosus. One

FIGURE 5 Model for the E. coli clamp loader-clamp complex binding DNA. The side of the v366’ complex containing the N-terminal
domains of the subunits interacts with one face of the 3 clamp (green) such that the conserved binding motif in the §’ subunit can interact
with the hydrophobic pocket on 8. The 3 clamp is open at one interface between adjacent subunits, possibly by motion both in the plane
and out of the plane of the 3 ring. The duplex portion of p/t DNA enters the clamp loader through the open end on the N-terminal side
and the single-stranded DNA overhang exits through the gap between the &’ (red) and 6 (gold) subunits. This model has been proposed
based on data for the S. cerevisiae RFC-PCNA (Bowman et al., 2005; Bowman et al., 2004; Kazmirski et al., 2005) and P. furiosus RFC-
PCNA-DNA complexes (Miyata et al., 2005). The cartoon drawing shows five subunits of the clamp loader, each of which is divided into
three components representing the three domains. The view is side-on with the N-terminal domains that contact 3 at the bottom.
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key difference is that the PCNA clamp is in an open
state in the archaeal structure but closed in the yeast
structure. There is also a difference in the contacts made
between RFC and PCINA that are most likely related to
the difference in the open and closed conformations
of PCNA. All five subunits in the archaeal RFC com-
plex make extensive interactions with PCNA whereas
only three of the five yeast RFC subunits interact with
PCNA. Both complexes were formed in the presence of
the non-hydrolyzable ATP analog, ATPyS, to activate
the clamp loader but to limit hydrolysis. It is possible
that the different conformations observed in the com-
plexes represent different states that are formed dur-
ing the course of the clamp-loading reaction. The yeast
complex could represent a state that forms just prior
to clamp opening, or possibly on closing the clamp.
The archaeal complex, on the other hand, is likely to
represent the open state that is needed to thread DNA
through the clamp. Another possibility is that muta-
tions made to the Arg fingers (Arg to Gln) in the yeast
RFC subunits to limit hydrolysis of ATPy S also inhibit
ATP-induced conformational changes that allow RFC
to open the clamp. Answers to these questions await
further studies.

REAL-TIME TECHNIQUES USED TO
INVESTIGATE CLAMP-LOADING
REACTIONS

The process of loading clamps is dynamic. Protein—
protein interactions within the clamp-loader complex
and between the clamp loader and clamp as well as
protein-DNA interactions must change in order for the
mechanical reaction of loading clamps to take place.
Not only do the interactions change, but interactions
change rapidly over milliseconds. Although much has
been learned from structural and biochemical studies
that measure end-state products of clamp-loading reac-
tions, techniques that allow the investigator to monitor
these reactions directly in solution and in real time are
key to uncovering the dynamic and transient interac-
tions that are required for clamp loading. Fluorescence
spectroscopy is a useful tool for monitoring these reac-
tions, because it offers the sensitivity necessary to mea-
sure interactions between biomolecules at biologically
relevant concentrations in solution and because it can
be adapted to real time assays. A general overview of
several fluorescence-based techniques that have been
used successfully in investigations of the mechanism of

clamp loading will be presented in this section. This is
by no means an exhaustive list of techniques that may
be used, but instead highlights some of the approaches
that have been used. These techniques are generally ap-
plicable to the measurement of pre-steady-state enzyme
kinetics. For a more detailed description of pre-steady-
state kinetic techniques and analyses, the reader is re-
ferred to the following reviews (Fersht, 1999; Fierke and
Hammes, 1995; Johnson, 1986; Johnson, 1992).

Fluorescence Anisotropy
Measurements of Protein—Protein
and Protein—-DNA Interactions

Fluorescence anisotropy, or depolarization, is com-
monly used to measure protein—protein and protein—
nucleic acid interactions in solution (for more detailed
references on the technique, see Hill and Royer, 1997;
Lakowicz, 1999; Rusinova et al., 2002; Steiner, 1991).
Fluorescence depolarization reports on the rate of rota-
tional diffusion of molecules in solution, and because
larger molecules tumble more slowly than smaller ones,
fluorescence depolarization provides a measure of the
overall size of a molecule. This sensitivity to molecular
size or volume makes fluorescence anisotropy experi-
ments ideally suited for investigations of macromolec-
ular interactions where binding reactions create larger
complexes from smaller components and where disso-
ciation reactions create smaller species from larger ones.
Typically, a biomolecule of interest is covalently labeled
with a fluorescent dye, and the fluorescence depolariza-
tion of the extrinsic dye is measured. On binding an-
other macromolecule, the effective size of the labeled
species increases, which in turn decreases its rate of ro-
tational diffusion and the rate of fluorescence depolar-
ization of the probe (Figure 6). Similarly, dissociation
events that create smaller species from a larger com-
plex increase the rate of rotational diffusion and fluo-
rescence depolarization of the probe. One advantage of
this technique is that it is generally applicable, in that
all interactions between macromolecules or between a
macromolecule and a labeled ligand will change the
effective size of the species to which the fluorophore is
attached and thus affect the fluorescence anisotropy of
the probe. It is usually advantageous to label the small-
est biomolecule, because this will give the largest differ-
ence in size when a complex is formed or dissociates. A
second advantage is that anisotropy measurements do
not necessarily require knowledge of the structure of
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protein

FIGURE 6 Fluorescence anisotropy, or depolarization, reports on the rotational dynamics of macromolecules in solution. A free DNA
molecule labeled with an extrinsic fluorophore (star) will tumble relatively rapidly in solution giving rise to a large depolarization of
fluorescence or relatively small anisotropy. When a protein binds the DNA molecule, the rate of rotational diffusion decreases which
decreases the fluorescence depolarization and yields a large anisotropy.

macromolecules. As long as the fluorophore does not
interfere with the activity of the biomolecule, it can
be attached to any chemically reactive site, such as an
amino group or sulthydryl group. In contrast, other flu-
orescence techniques often require some knowledge of
structure so that the fluorophore can be located at a site
where its environment changes in some way to produce
a signal on forming a complex.

The clamp-loading reaction is not a traditional
enzyme-catalyzed reaction in the sense that the clamp
loader catalyzes the making or breaking of covalent
bonds to convert a substrate into a product. Instead,
this reaction uses the energy from ATP binding and hy-
drolysis to make and break noncovalent bonds (Purich,
2001). The clamp loader catalyzes the formation of a
macromolecular complex, a clamp on DNA, from two
“free” macromolecules. Fluorescence anisotropy exper-
iments report on exactly this type of reaction, forma-
tion of a complex. Not only does the clamp-loading
reaction form a complex on going from “substrates” to
“product,” but formation and dissociation of interme-
diate complexes are required to assemble clamps on
DNA. The clamp loader must bind both the clamp
and DNA to ultimately form a ternary complex, and
then, the clamp loader must dissociate to release the
clamp on DNA for use by the polymerase. Fluores-
cence anisotropy provides a powerful tool for monitor-
ing the formation and decomposition of intermediate
complexes directly in solution in real time.

Using fluorescence anisotropy to measure molecular
interactions is possible because fluorophores provide
the appropriate time scale for the measurements and
information on molecular orientation (Figure 7). A
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fluorophore acts as a molecular stopwatch to provide a
defined time window in which to measure the extent of
tumbling of molecules in solution. When a fluorophore
is excited by light, it spends some time in an excited
state before emitting a photon as fluorescence to relax to
the ground state. Excited state lifetimes are typically on
the order of nanoseconds, which is precisely the time
scale on which macromolecules tumble in solution.
Because fluorophores have specific transition dipole
moments for excitation and emission, they provide
information on the orientation of macromolecules in
solution (Figure 7). In the simplest terms, when a pop-
ulation of fluorophores is excited by polarized light,
those molecules with excitation transition moments
aligned with the polarization of light are selectively
excited. It is actually a little more complicated, in that
the probability of exciting a fluorophore decreases
as the angle between the polarized light and the
transition dipole increases, but the general idea is the
same. If those excited molecules are held absolutely
motionless during the lifetime of the excited state,
then the emitted fluorescence will also be polarized,
because fluorophores have a specific transition dipole
for emission. In solution, however, the molecules
tumble during the excited state lifetime, and this leads
to depolarization of fluorescence emission. Thus, the
rate of fluorescence depolarization reflects the rate of
rotational diffusion of the fluorophore in solution.
Because the fluorophore is acting as a molecular stop-
watch to provide the time scale for anisotropy measure-
ments, the choice of a fluorophore for binding mea-
surements depends on the lifetime of the probe and
the time scale of the rotational motions of the free
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FIGURE 7 Fluorophores provide a time window in which to observe rotational dynamics of macromolecules and information about
molecular orientation in solution. Top. Following excitation, a fluorophore spends some time in an excited state before emitting a photon
as fluorescence. The lifetime of a fluorophore provides the time scale on which to measure the motion of a population of molecules in
solution. Bottom. Fluorophores have specific transition dipoles for excitation and emission. Excitation of a solution of fluorophores with
polarized light selectively excites molecules with transition dipoles aligned with the light. (Note: An arbitrary transition dipole is depicted
for X-rhodamine.) In the absence of rotational diffusion, fluorescence emission is also polarized. Rotational diffusion during the lifetime
of the excited state depolarizes fluorescence emission.
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and bound macromolecules. The goal, as always, is to
maximize the observed signal change, which in this
case is the difference in the anisotropy values for the
free and bound states of the labeled molecule. Ideally,
the free molecule should tumble rapidly relative to the
rate of fluorescence decay, and the bound molecule
should tumble less, or virtually not at all, during the
lifetime of the excited state. Fluorophores genenerally
have characteristic fluorescence lifetimes. For example,
fluorescein and rhodamine dyes typically have lifetimes
on the order of 3 to 5 ns, and pyrene can have a lifetime
as long as 100 ns. The lifetimes of some fluorophores
are very sensitive to the environment, whereas others
are less sensitive. Equation 1 describes how the lifetime
of a fluorophore and tumbling rate affect the observed
anisotropy.

r=1,/(1+71/9) o

As shown in equation 1, the observed anisotropy
(r) of a fluorophore is a function of three terms: the
fundamental anisotropy value, r,; the lifetime of the
fluorophore, 7; and the rotational correlation time, ¢,
of the fluorophore. The 1, value is the anisotropy in
the absence of rotational diffusion and is defined by
the angle between the excitation and emission dipole
moments. Theoretical values for r, range from 0.4,
when the excitation and emission dipoles are collinear,
to —0.2 when the dipoles are orthogonal. The value
of 1, sets a limit on the observed anisotropy, which
ranges from 0 when the molecules tumble rapidly to
r, when the molecules tumble slowly relative to the
lifetime of the fluorophore. The value 7, is the aver-
age time that a fluorophore stays in the excited state,
and is inversely related to the rate of decay of fluores-
cence. The rotational correlation time, ¢, is a parameter
that defines the time scale of the rotational motion of
a molecule in solution, and similar to the lifetime, is
inversely related to the rate of anisotropy decay. For
the purposes of choosing candidate probes, probe life-
times should be on the order of the rotational corre-
lation time of the macromolecule, which can be ap-
proximated based on the molecular weight (Lakowicz,
1999).

Anisotropy measurements are made by exciting a
sample with polarized light and measuring the intensity
of polarized emission parallel and perpendicular to the
direction of the excitation light (Figure 7, lower panel).
The steady-state anisotropy, 1, is calculated from the po-
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larized emission intensities using equation 2 in which
Iy and Iy are the intensities of vertical and horizon-
tal emission when the sample is excited with vertically
polarized light and g is the g-factor.

r = (I — glyy)/(Lwv + 2gly,y) @)

The g-factor is a measure of the polarization bias of
the detection system and corrects for differences in the
efficiencies with which the detection system measures
vertically and horizontally polarized light. The g-factor
is experimentally determined by measuring the inten-
sity of vertical and horizontal emission when exciting
with horizontally polarized light (equation 3).

g = Lw/Iwu ©)

Because the difference in vertically and horizontally
polarized emission is normalized to the total intensity
of fluorescence (Iyy + 2glyy), anisotropy values are in-
dependent of the concentration of a fluorophore in so-
lution; that is, assuming that the concentration differ-
ences do not affect a binding equilibrium in such a way
as to change the populations of free and bound species.
This makes physical sense; the concentration of a fluo-
rophore should not affect its rate of rotational diffusion
unless some concentration-dependent binding interac-
tion takes place.

Figure 8 illustrates how steady-state anisotropy mea-
surements can be used to monitor clamp-loading reac-
tions. In this experiment, primed template DNA is la-
beled on the 5 end of the template with X-rhodamine
(RhX) via a C6 amino linker. When attached to DNA, X-
rhodamine has a mean lifetime of on the order of 4.5 ns
(Bloom etal., 1996) and an r, on the order of 0.34 to 0.35
(Bloom, unpublished observations). The anisotropy
value of RhX is about 0.22 on free DNA (DNA) and
does not change on addition of the 8 clamp (+8) be-
cause the 8 clamp does not spontaneously assemble on
DNA. Addition of the y complex clamp loader, (+y.),
results in an increase in anisotropy to a value of about
0.32. This increase in anisotropy reflects the establish-
ment of a steady-state clamp-loading reaction in which
the y complex loads clamps on DNA, clamps slide off
the ends of the short linear substrates and are reloaded
(Bloom ez al., 1996). After 15 minutes, the clamp loader
has consumed the ATP present and the reaction cy-
cle stops. When additional ATP is added, (+ATP), the
clamp loading cycle resumes. These changes anisotropy
between free DNA and bound DNA can be measured
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FIGURE 8 Fluorescence anisotropy measurements of a steady-state clamp-loading reaction cycle. A DNA template, 105 nucleotides,
was covalently labeled on the 5’-end with X-rhodamine and annealed to a 30-nucleotide primer. The anisotropy value for free DNA is about
0.22 (DNA) and does not change on addition of 3 (+3). Addition of the + complex clamp loader (+~¢) increases the anisotropy to a value
just over 0.32 because a steady-state clamp-loading cycle is established. As illustrated in the diagram above the graph, the 3 clamp is
loaded onto DNA, slides off the short linear template, and must be reloaded. After 15 min, the ATP initially present in the reaction is
consumed and the reaction cycle stops. The observed anisotropy decreases to that of free DNA (75 min). When additional ATP is added
to the mixture, the clamp loading reaction cycle resumes and the anisotropy increases to a value just under 0.32 (+ATP). Concentrations
were 50 nM DNA, 500 nM ~ complex, 2 M 3 and 250 .M ATP. The second addition of ATP gave a final concentration of 1 mM.

as a function of concentrations of components or as a
function of reaction time to investigate the mechanism
of clamp loading reactions.

Anisotropy measurements can be used to quantitate
binding interactions measured under equilibrium con-

ditions or in real time. In both cases, the observed
anisotropy at any time (t) is a population weighted
average of the anisotropy values for all free and bound
species as in equation 4, where x; is the mole fraction
of species i at time t, and r; is the anisotropy of species
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1. For equilibrium experiments, time t is time at which
the system has come to equilibrium.

1‘obs(t) =2 Xi(t)ri (4)

Because the observed anisotropy is a function of the
fraction of free and bound species, equilibrium binding
constants can be determined from experiments in which
the concentrations of the binding partner is varied. For
example, in measuring an equilibrium binding constant
for a simple two-state system, in which there is a single
free and single bound state, equation 4 can be rewritten
as shown in equation 5.

Lobs = Xfree Ifree T Xbound Ibound

= Xpound (rbound - 1'free) + Ifree (5)

The anisotropy values for the free and bound states
can be determined experimentally. The mole fraction
bound, Xpounds can be expressed in terms of a dis-
sociation constant and substituted into equation 5.
Equation 5 then becomes equation 6, where K is the
dissociation constant, M; is the total concentration of
labeled molecule and My, is total concentration of the
unlabeled binding partner. Titration data can be fit by
nonlinear regression to equation 6 to calculate a Ky
value.

Yobs
K;+Mp+ My — \/(Kd-f—ML + My)? — 4M; My
B 2M;
X (rlmund - 73%(3) + Vfree (6)

This approach has been used to measure the equi-
librium binding of y complex to the B clamp (Sny-
der et al., 2004). In these experiments, the B clamp,
the smaller of the two species, was covalently labeled
with pyrene via a cysteine residue (8Y). Pyrene was
chosen as a probe over fluorescein or rhodamine be-
cause pyrene typically has a much longer mean life-
time and results in a larger signal difference between
free and bound . Figure 9 shows an equilibrium bind-
ing experiment measuring the affinity of a y com-
plex Arg finger mutant, Arg-158 to Ala in the §" sub-
unit, for Y in the presence (Figure 9, filled circles)
and absence (Figure 9, open circles) of ATP. ATP bind-
ing only slightly increases the affinity, less than a fac-
tor of three, of this mutant clamp loader for the B
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clamp. Dissociation constants calculated assuming a
simple two-state binding model for y, binding B as in
equation 6 were 123 £ 1 nM in the absence of ATP
and 51 &+ 4 nM (Snyder et al., 2004). In contrast, ATP
binding increases the affinity of wild-type y complex
for B by about three orders of magnitude (Naktinis
et al., 1995; Snyder et al., 2004). These results suggest
that this y complex mutant is deficient in the abil-
ity to undergo ATP-induced conformational changes
that produce a high affinity binding state of the clamp
loader.

Anisotropy measurements can also be made in real
time during the time course of a binding reaction
to determine the kinetics of binding and dissocia-
tion. As an example, the ATY anisotropy-based bind-
ing assay described above can be used to measure
the dissociation of y complex from AY (Figure 10,
S.G. Anderson and L.B. Bloom, unpublished results).
Two types of dissociation events are possible: pas-
sive dissociation of the clamp from the clamp loader
and active release of the clamp on DNA during a
clamp-loading reaction. To measure passive dissocia-
tion, the y complex, BT, and ATP are pre-mixed to
form a y-BYY complex and then rapidly added to
a solution containing a 20-fold excess of unlabeled
B trap. To measure active dissociation, primed tem-
plate DNA along with the unlabeled B trap is rapidly
mixed with the solution of y-gFY complex. In both
reactions, when y complex dissociates from AFY, the
anisotropy of BFY decreases, and free y complex is
trapped by the excess unlabeled 8. Comparison of
the rates of decrease in anisotropy shows that pas-
sive dissociation of B from the y complex is signif-
icantly slower, about 80 times, than active release g8
on DNA (Figure 10). It takes about 80 sec (k.g¢ =
0.05 s71) for y complex to dissociate from g Y in the
absence of DNA and only about 1 sec (kog =4 s71) in
the presence of p/t DNA. The latter dissociation event
is the result of a productive clamp-loading reaction. By
performing anisotropy-based assays with PY-labeled 8
and RhX-labeled DNA, the clamp-loading reaction can
be monitored from the perspectives of DNA and the
B clamp. The combination of measurements provide
information on steps that involve changes in interac-
tions with DNA versus steps that involve changes in
interactions with the clamp, as well as two independent

measurements of steps that involve both the clamp and
DNA.
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FIGURE 9 Titration of pyrene-labeled 3 with a v complex mutant (Snyder et al., 2004). In this titration, 3PY, a v complex mutant containing
an Arg-158 to Ala mutation in the §’ subunit (v.-5’R158A), and ATP were sequentially added to a cuvette and the anisotropy was measured
after each addition. This procedure was repeated at several concentrations of the v complex mutant, v.-6’R158A. Anisotropy values
determined for free 3 (filled squares) illustrate of the reproducibility of these measurements. Anisotropy values measured following
addition of v — 6’R158A provide a measure of the ATP-independent interaction between this v complex mutant and the 3 clamp. Finally,
anisotropy values measured after addition of ATP provide a measure of the ATP-dependent interactions between this v complex mutant
and 3. The observation that the affinity of this v+ complex mutant for 3 does not increase substantially on addition of ATP suggests that
this mutant is defective in the ability to undergo ATP-induced conformational changes that give the clamp loader a high affinity for the
clamp.

Webb and colleagues that permits the measurement of
ATP hydrolysis directly in solution and in real time
(Brune ez al., 1994; Brune et al., 1998). This assay makes

Fluorescence Intensity Measurements
of ATP Hydrolysis

ATP binding and hydrolysis by the clamp loader
modulate protein—protein and protein-DNA interac-
tions to allow the clamp loader to assemble clamps
onto DNA. Measurement of the temporal correlation
between ATP binding or hydrolysis events and changes
in protein—protein and protein-DNA interactions is es-
sential for defining how ATP-dependent changes con-
tribute to the affinity modulation of clamp-loader inter-
actions. An ATPase assay has been developed by Martin

use of the E. coli phosphate binding protein (PBP), the
product of the phoS gene, and monitors ATP hydrolysis
by measuring the inorganic phosphate product of the
hydrolysis reaction.

In E. coli, PBP is made under low-phosphate
conditions. Phosphate binding protein is present in
the periplasm and functions to bind and trans-
fer P; to a membrane-bound transporter for trans-
fer to the cytoplasm. The overall structure of PBP
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FIGURE 10 Stopped-flow anisotropy measurements of passive dissociation and active release of 3 from v complex. Passive disso-
ciation of 8PY from ~ complex (light gray reaction trace over 80 sec) was measured by rapid addition of a solution of a 20-fold excess of
unlabeled 3 and ATP to a solution of v complex, 3PY, and ATP. Active release of the 3 clamp (dark gray reaction trace over 2 sec in both
the main plot and inset) was measured in an identical reaction except that primed template DNA was added along with the unlabeled 3
clamp. The diagram above the graph illustrates the stopped-flow mixing scheme in which preincubation of the v complex, 3, and ATP
results in formation of an ATP-activated clamp loader-clamp complex indicated by the star. Solid black lines through the reaction traces
are the result of a fit to a single exponential decay. Simple dissociation of 3°Y from v complex is significantly slower, kof = 0.05 s,
than active release of 3PY, kosf = 4 s, resulting from a productive clamp loading reaction (S.G. Anderson and L.B. Bloom, unpublished
results). Final concentrations were 300 nM v complex, 300 nM 3PY, 500 M ATP, 6 1M unlabeled 3, and 330 nM p/t DNA when present.

contains two globular domains with a cleft between MDCC fluorescence is produced presumably from the
the domains. Inorganic phosphate binds in the cleft P;-dependent conformational change which alters the
produces a conformational change that closes the environment of the probe (Brune ez al, 1994; Brune
cleft (Hirshberg er al, 1998; Ledvina et al, 1996; et al., 1998; Hirshberg et al., 1998). The fluorescence
Luecke and Quiocho, 1990). A mutation from Ala- emission increases by about 10-fold, and there is a blue-
197 to Cys allows PBP to be site-specifically labeled shift in the emission maximum from 474 nm in the
with a coumarin dye, N-[2-(1-maleimidyl)ethyl]-7- absence of P; to 464 nm in the presence of P;.
(diethylamino)coumarin-3-carboxamide (MDCC) near Because PBP rapidly binds P; with high affinity
the phosphate binding cleft. When MDCC-labeled (kon = 1.36 x 108 M~1s~1, Brune etal., 1994), MDCC-
PBP binds inorganic phosphate, a large increase in labeled PBP provides an excellent tool for measuring
194 L. B. Bloom
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inorganic phosphate produced by nucleotide hydroly-
sis. ATP hydrolysis is measured by including MDCC-
PBP in enzyme-catalyzed reactions and monitoring the
fluorescence emission of MDCC, typically at 465 nm
when exciting at 425 nm. Given that there is a one-
to-one binding stoichiometry, one molar equivalent
of MDCC-PBP is required for each mole of P; pro-
duced in an ATP hydrolysis reaction. Fluorescence mea-
surements must be made over a concentration range
in which the response of MDCC fluorescence is lin-
ear with increasing P; concentration. This concentra-
tion range can be determined empirically by titrating
MDCC-PBP with inorganic phosphate. As the fraction
of protein bound approaches saturation, the fluores-
cence response becomes nonlinear. When P; product
is measured within the linear range of the fluorescence
response, the increase in fluorescence is directly pro-
portional to the amount of P; product. The observed
MDCC fluorescence is a function of the fraction of
MDCC-PBP that is bound to P;, as in equation 7, where
Xpound 18 the mole fraction of MDCC-PBP bound to P;,
Xfree 18 the mole fraction of free MDCC-PBP, I, g and
Ifee are the intensities of MD CC-PBP-P; and MDCC-
PBP, respectively.

Iobs(t) = Xfree(t) Ifree =+ Xbound(t) Ibound
= (1 - Xbound(t))(Ibound - Ifree) + Ifree (7)

Before MDCC-PBP can report on ATP hydrolysis,
inorganic phosphate must be released by the enzyme
hydrolyzing ATP. Thus, the MD CC-PBP-based ATPase
assay truly measures the rate of release of inorganic
phosphate from the enzyme active site. However, if
the rate of phosphate release is rapid relative to the
rate of ATP hydrolysis, then the rate of ATP hydroly-
sis limits the rate of the reaction, and rates measured
in a MDCC-PBP-based assay reflect rates of ATP hy-
drolysis. Rapid-quench experiments using radio-labeled
ATP measure the total concentration of ADP product
produced in an enzyme-catalyzed reaction regardless of
whether the product remains bound in the enzyme ac-
tive site or is free in solution. A comparison of rates
of ATP hydrolysis measured in rapid-quench experi-
ments and in MDCC-PBP experiments will demon-
strate whether the rates determined in the MDCC-
PBP assay reflect the rate of ATP hydrolysis or P;
release. If both assays give the same reaction rates, then
the rate of P; release is rapid relative to ATP hydroly-
sis and the MDCC-PBP-based assay provides a mea-
sure of the rate of ATP hydrolysis. On the other hand,

if the rate measured in MDCC-PBP-based assays is
slower than in rapid-quench assays, then P; release is
rate-limiting.

By correlating the timing of ATP hydrolysis with
binding and dissociation reactions that occur during
the clamp-loading reaction cycle, steps that require ATP
hydrolysis can be identified. Figure 11 shows an exam-
ple of the time courses for ATP hydrolysis measured
using the MDCC-PBP-based assay and clamp release
measured using the BTY anisotropy assay under iden-
tical conditions (S.G. Anderson and L.B. Bloom, un-
published results). ATP hydrolysis by the y complex
is triggered by DNA binding; ATP hydrolysis in the
absence of DNA is significantly slower (Bertram et al.,
1998; Hingorani et al., 1999; Onrust e al., 1991; Turner
et al., 1999). The time course of P; release as measured
by the increase in MDCC fluorescence shows a small
lag, reflecting the time it takes to bind DNA followed
by a “burst” of ATP hydrolysis and a linear steady-state
phase of the reaction mirroring the time course mea-
sured in rapid-quench experiments (Bertram ez /., 2000;
Hingorani ez al., 1999). The time course for clamp re-
lease as measured by the anisotropy of 8FY shows a sub-
stantial lag in which there is very little (if any) change
in the anisotropy preceding a decrease in anisotropy,
reflecting clamp release. Comparison of the timing of
ATP hydrolysis and BY release shows that the majority
of the burst of ATP hydrolysis occurs approximately
within the first 120 ms of the reaction. Over this time
period, there is very little (if any) change in anisotropy
showing that the clamp has not yet been released. A sig-
nificant decrease in anisotropy does not begin until the
burst of ATP hydrolysis is nearly complete. This correla-
tion in timing indicates that ATP hydrolysis occurs prior
to release of the clamp on DNA. Similar experiments
measuring the temporal correlation clamp loading from
the perspective of RhX-labeled DNA and ATP hydrol-
ysis have yielded the same result that ATP hydrolysis
occurs prior to clamp release (see Figure 13, Bertram
et al., 2000).

Fluorescence Resonance Energy
Transfer Measurements of
Protein—-Protein Interactions

Fluorescence resonance energy transfer (FRET) oc-
curs when a fluorescent donor transfers its excited state
energy to an acceptor that emits fluorescence (for more
detailed references on FRET, see Clegg, 1995; Lakowicz,
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FIGURE 11 Temporal correlation of ATP hydrolysis and 3 clamp release. Stopped-flow reactions were done using the MDCC-PBP-
based assay to measure ATP hydrolysis (black reaction trace) and the 3PY-anisotropy-based assay to measure clamp release (gray
reaction trace). In both reactions, a solution of primed template DNA and ATP was rapidly added to a solution of v complex, 3, and ATP
as illustrated in the stopped-flow reaction scheme above the graph. Preincubation of the v complex, 3, and ATP results in formation of
an ATP-activated clamp loader-clamp complex indicated by the star. In the ATPase reaction, MDCC-PBP was included in the solution with
DNA and in the anisotropy experiment, 3°Y was used along with a 20-fold excess unlabeled 3 as in Figure 10. A rapid increase in MDCC
fluorescence due to ATP hydrolysis occurs over the first approximately 120 ms of the clamp loading reaction. During this time period, there
is little if any change in the anisotropy of PY indicating that the 3 clamp is not released on DNA. A significant decrease in PY anisotropy
resulting from clamp release occurs over the time period of approximately 120 to 800 ms. These data indicate that ATP hydrolysis by the
~ complex occurs before release of the clamp on DNA during the clamp loading reaction (S.G. Anderson and L.B. Bloom, unpublished
results). Final concentrations were 330 nM p/t DNA, 300 nM ~ complex, 300 nM 3FY, 500 M ATP, 6 .M unlabeled 3 in the clamp release
assay and 4.5 uM MDCC-PBP in the ATPase assay.

1999; Wu and Brand, 1994). Transfer of energy is a
nonradiative process that results from dipole-dipole in-
teractions between the donor and the acceptor. The
efficiency of energy transfer (E) is a function of the

photophysical properties of the donor-acceptor pair
and the distance between donor and acceptor shown in
equation 8 in which 7 is the distance between donor and
acceptor and R, is the Forster distance or the distance
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at which energy transfer is 50% efficient.

. — ®)

- 1+ (T/Ro)6

FRET typically occurs over distances of 10 to 100A,
making it ideal for measurements of the proximity
of two macromolecules or two regions within the
same macromolecule (reviewed in Hillisch et al., 2001;
Lakowicz, 1999; Lilley and Wilson, 2000; Selvin, 1995;
Stryer, 1978; Wu and Brand, 1994). When one macro-
molecule is labeled with a donor and a second with an
acceptor, changes in interactions that bring the donor
and acceptor closer together will increase the FRET ef-
ficiency, and changes that move them farther will de-
crease the FRET efficiency. FRET is most easily used
to measure changes in distances between donor and
acceptor that occur during the course of a reaction.
FRET can also be used to measure absolute distances
between donor and acceptor sites, but these measure-
ments are more complicated, in that absolute FRET
efficiencies must be accurately measured and R, for the
donor-acceptor pair must be determined which requires
measuring a number of photophysical properties of the
pair, including the lifetime of the donor and orientation
factor.

The choice of a donor-acceptor pair depends on
the distance range being measured and on the R,
value for a particular pair. As can be seen from equa-
tion 8, the FRET efficiency is very sensitive to dis-
tance when the distance between donor and accep-
tor, 7, is close to R,. Ideally, a donor-acceptor pair
should be used that has an R, value within a factor
of 2 of the predicted donor-acceptor distance. A donor-
acceptor distance of 0.5R, gives a FRET efficiency of
98% and a distance of 2R, gives a FRET efficiency of
1.5%. When the goal is to measure a change in dis-
tance, a pair should be chosen based on R, so that the
change in donor-acceptor distance has a large effect on
FRET efficiency. Extrinsic donors and acceptors can
be site-specifically incorporated into proteins by cova-
lently modifying amino or sulthydryl groups. Often,
the terminal amino group can be selectively labeled
(over lysine residues) by performing the labeling reac-
tion around neutral pH. Tryptophan can also be used as
a donor with several different extrinsic acceptors. Use
of tryptophan as a donor is particularly useful when a
donor and acceptor need to be incorporated in the same
polypeptide.

FRET measurements have proved to be an extremely
valuable tool for measuring dynamic and transient in-
teractions that occur during the clamp loading reac-
tion cycle (Alley et al., 2000; Alley et al., 1999b; Millar
etal.,2004; Soumillion et al., 1998; Trakselis et al., 2001a;
Trakselis e al., 2003) and between different components
in the bacteriophage T4 replisome (Alley ez al., 2001;
Xi et al., 2005a; Xi et al., 2005b; Zhang et al., 2005).
In the bacteriophage T4 clamp-loading reaction, FRET
has been particularly useful in defining the stages at
which the gp45 clamp opens and closes. By placing a
donor on one monomer near the interface and placing
an acceptor on the adjacent monomer across the inter-
face, changes in FRET report on opening and closing
of the interface which increase and decrease the dis-
tance between donor and acceptor. By mixing labeled
and unlabeled clamps, subunit exchange can also be
monitored by FRET. Subunit exchange studies done in
the presence and absence of the clamp loader indicate
that the gp45 clamp is loaded onto DNA by opening
an interface rather than by a disassembly/reassembly
mechanism (Soumillion et al., 1998). One of the key
findings of FRET studies of the gp45 clamp is that one
interface between adjacent subunits is open in solution,
whereas all three monomer interfaces are closed in the
crystal structure (Alley ez al., 1999b; Millar ez al., 2004).
On binding the open clamp in solution, the gp44/62
clamp loader opens the clamp further in a process
that most likely requires hydrolysis of two molecules
of ATP. Following DNA binding, hydrolysis of two
more molecules of ATP is required to close the clamp,
but the clamp is not closed completely (Alley et al.,
2000; Sexton et al., 1998; Trakselis e al., 2001a; Trakselis
et al., 2003). The bacteriophage T4 DNA polymerase
ultimately binds the clamp in a manner in which the
C-terminus is bound in the small opening left at the in-
terface between clamp subunits to effectively close the
ring (Alley ez al., 1999a; Alley et al., 2001; Trakselis e al.,
2001a).

DYNAMICS OF CLAMP LOADING

Unlike other systems in which a protein must sim-
ply have a high affinity for its target to accomplish its
function, the mechanics of clamp loading require that
the affinity of the clamp loader for its targets, the clamp
and DNA, be rapidly modulated during the course of
the reaction. The clamp loader must bind the clamp
and DNA to bring these macromolecules together, but
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then must release both the clamp and DNA to allow
the DNA polymerase to bind. Not only must the affin-
ity be rapidly modulated, but the affinity must also be
regulated in a coordinated fashion. If the clamp loader
were to lose affinity for one substrate prior to bind-
ing the other, then this cycle of clamp loading would
be unproductive. Changes in the intermolecular asso-
ciation of the clamp loader with the clamp and DNA
are likely to be associated with changes in interactions
within the clamp loading complex itself. ATP binding
and hydrolysis are likely to alter interactions within in-
dividual subunits and between subunits of the clamp
loader that alter the overall structure of the complex
to modulate its interactions with the clamp and DNA.
In addition to the bound nucleotide, interactions be-
tween the clamp loader and its targets, the clamp and
DNA, must also affect changes. For example, if the ATP-
bound form of a clamp loader were simply activated for
binding the clamp and DNA, there would not necessar-
ily be any driving force to release the clamp on DNA.
However, if interactions between the clamp loader and
one of its targets, say DNA, were to trigger a change
that made the complex competent for ATP hydroly-
sis, then ATP hydrolysis could produce an ADP-bound
state with lower affinity for the clamp and DNA. Al-
ternatively, if the clamp loader were to spontaneously
hydrolyze ATP and oscillate between high- and low-
affinity states in the absence of its targets, then clamp
loading would be inefficient, because the clamp loader
would be spending much its time in the wrong binding
state. The process of clamp loading is likely to comprise
a series of binding reactions, each of which promotes
some change in the clamp loader that alters its inter-
action with the next component of the pathway. This
dynamic process would allow for the coordinated for-
mation individual clamp-loader states that are required
to perform each of the steps in the overall clamp load-
ing reaction. The following section describes work that
has been done to define the dynamic and transient in-
teractions that are required for clamp loading using the
E. coli clamp-loading reaction as a model system.

Clamp-Loader Interactions with DNA

Early studies of the DNA polymerase III holoen-
zyme demonstrated that the holoenzyme requires ATP
to form a pre-initiation complex on DNA that is ca-
pable of rapid, on the order of 500 nt/sec, and pro-
cessive DNA synthesis (Burgers and Kornberg, 1982;
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Fay et al., 1981; Fay et al., 1982; Hurwitz and Wickner,
1974; Wickner, 1976; Wickner and Hurwitz, 1974). The
holoenzyme only hydrolyzes ATP in formation of the
pre-initiation complexes and not during the elonga-
tion phase of synthesis (Burgers and Kornberg, 1982;
O’Donnell, 1987; Wickner, 1976). In addition to con-
tributing to the formation of a processive pre-initiation
complex, the E. coli clamp loader has DNA-dependent
ATPase activity (Lee and Walker, 1987; Onrust et al.,
1991). The steady-state ATPase activity of the clamp
loader is stimulated to the greatest degree by primed
template DNA and is greater in the presence of 8 than
in the absence (Onrust et al., 1991; Turner et al., 1999).
Although the DNA-dependent ATPase activity of the
clamp loader shows that the clamp loader interacts
with DNA in the absence of the clamp, this interac-
tion is dynamic and requires real time techniques for
characterization.

High affinity binding of the E. coli y complex
clamp loader (y388’ x ¥ subunits) to DNA requires ATP
binding, but the interaction with primed template
DNA is transient (Ason et al., 2000; Hingorani and
O’Donnell, 1998; Turner et al., 1999). Fluoresence-
anisotropy-based experiments in which DNA substrates
are covalently labeled with X-rhodamine have been
used to characterize ATP-dependent y complex-DNA
interactions (Ason et al., 2000; Ason et al., 2003). The ex-
periments show that y complex binds p/t DNA rapidly,
but on binding, the affinity of ¥ complex for DNA de-
creases so that DNA is rapidly released (Figure 12). In
the steady-state regime of the reaction, after about 1 sec,
the y complex cycles between a high-affinity state that
binds DNA rapidly and a low-affinity state that disso-
ciates from DNA rapidly and relatively slowly converts
back to the high-affinity binding state (Figure 12, dia-
gram). This cycling reaction makes it appear that the
clamp loader weakly binds p/t DNA in steady-state ex-
periments because only a small population is transiently
bound at any time. The p/t-DNA-triggered dissociation
of y complex is associated with ATP hydrolysis. The
nonhydrolyzable ATP analog, ATPyS, supports bind-
ing of y complex to p/t DNA, but the DNA-triggered
dissociation of a low-affinity form is not observed in re-
actions with ATPy S (Ason et al., 2000). In steady-state
reactions, a greater population of p/t DNA is bound
in reactions with ATPy S because the cycling reaction
is inefficient in the absence of ATP hydrolysis (Ason
et al., 2000; Turner et al., 1999). Consistent with these
results, experiments measuring the temporal correlation
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FIGURE 12 Dynamic interaction of v complex with primed template DNA (Ason et al., 2000). A stopped-flow anisotropy assay was used
to measure the kinetics of v complex binding to a primed template covalently labeled on the 5’ template end with X-rhodamine. A solution
of primed template DNA and ATP was rapidly added to a solution of + complex and ATP. The reaction time course (dark gray trace) shows
a rapid increase in anisotropy due to v complex binding DNA followed by a decrease due to dissociation of v complex from DNA. The
diagram above the graph illustrates reactions that occur to give rise to the observed reaction time course. An ATP-activated form of the
~ complex rapidly binds DNA with high affinity. DNA binding triggers a change in the + complex converting it to a state with low affinity
for DNA that rapidly dissociates. Conversion from the low affinity binding state of the clamp loader to the high affinity state is the slowest
step in the reaction cycle so that at steady state times greater than about 1 s, a very small population of the DNA is bound at any given
time. The light gray trace is the result of a mock reaction done by mixing labeled DNA with buffer and shows that there is no anisotropy
change for DNA in the absence of the clamp loader. Final concentrations were 50 nM p/t DNA, 300 nM v complex, and 500 M ATP.

of DNA binding and ATP hydrolysis show that y
complex binds p/t DNA rapidly prior to hydrolyzing
ATP and subsequently dissociating (Ason ez al., 2003).
DNA substrates of the correct structure for synthesis

by a DNA polymerase, a single-stranded (ss) double-
stranded (ds) DNA junction with a 5 template over-
hang, preferentially trigger ATP hydrolysis and release
of DNA from the y complex. Single-stranded DNA
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and ss/ds DNA junctions of incorrect polarity are sig-
nificantly less efficient at triggering this reaction. As a
result, binding interactions measured under steady-state
conditions give the appearance that the clamp loader
binds more tightly to DNA structures that would not be
appropriate substrates for clamp loading and DNA syn-
thesis. These results suggest a model in which ATP bind-
ing by the y complex alters the conformation in some
way to increase binding to DNA, subsequent binding to
p/t DNA alters the conformation to make the complex
competent for ATP hydrolysis, and hydrolysis alters the
complex so that DNA is released.

The p/t-DNA-triggered ATP hydrolysis and release
of DNA from the clamp loader is not an artifact of
DNA binding experiments done in the absence of the
clamp, but is relevant to the clamp loading reaction.

Stopped-flow anisotropy experiments measuring clamp
loading onto RhX-labeled DNA show that a pre-formed
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clamp-loader-clamp complex rapidly binds DNA and
on binding, the y complex releases the clamp onto
DNA (Bertram ez al, 2000; Bloom et al, 1996). In
similar reactions with either single-stranded DNA or
ATPyS, the clamp/DNA release step is inhibited show-
ing that p/t DNA and ATP hydrolysis are required for
efficient clamp release (Bertram et al., 1998; Turner et al.,
1999). The temporal correlation between DNA bind-
ing and ATP hydrolysis in clamp-loading reactions was
measured in identical stopped-flow experiments using
anisotropy to measure clamp loading on RhX-labeled
p/t DNA and the MDCC-PBP-based assay to mea-
sure the inorganic phosphate product of hydrolysis
(Figure 13 (Bertram et al., 2000)). These experiments
show that a pre-formed B-y complex rapidly binds
DNA in a step that does not require ATP hydrol-
ysis. Once bound, ATP is hydrolyzed and the y
complex dissociates from the clamp-DNA complex.

Anisotropy

P, release (uM)

P, release (uM)

1.0 1.5

Time (s)

FIGURE 13 Temporal correlation of DNA binding and ATP hydrolysis during a clamp loading reaction (Bertram et al., 2000). Side-by-side
experiments were done measuring DNA binding in an X-rhodamine-anisotropy-based assay and inorganic phosphate release from ATP
hydrolysis in the MDCC-PBP-based ATPase assay. A pre-incubated solution of 3, v complex and ATP was rapidly mixed with a solution of
primed template DNA and ATP. In the DNA binding reaction, DNA was labeled on the 5’ template end with X-rhodamine and in the ATPase
reaction MDCC-PBP was included. The temporal correlation between DNA binding and P; release shows that DNA binding occurs rapidly
prior to ATP hydrolysis. P; release is correlated with a decrease in anisotropy resulting from the clamp loader releasing the clamp and
DNA. These results indicate that the DNA-triggered ATP hydrolysis is coupled to release of the clamp on DNA by the clamp loader. Final
concentrations were 500 nM primed template DNA, 500 nM ~ complex, 500 nM 3, and 200 M ATP.
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Physical measurement of clamps loaded onto circu-
lar DNA templates confirms the observations made
in these real time kinetic assays. The y complex ex-
hibits specificity in clamp loading reactions and prefer-
entially loads clamps on DNA substrates that contain
an ss/ds DNA junction with a 5" ss overhang (Yao et al.,
2000).

This DNA-triggered switch in the affinity of the
clamp loader for the clamp and DNA makes two contri-
butions to the clamp loading mechanism. First, it pro-
vides a dynamic mechanism by which the clamp loader
recognizes the appropriates sites for loading clamps be-
cause those sites preferentially trigger the clamp loader
to “fire” and release the clamp on DNA. Second, it
provides a mechanism that allows the clamp loader to
“hand” the loaded clamp to the polymerase. When the
clamp loader fires at a p/t junction, the clamp and DNA
are released, and the clamp loader transiently cycles into
a state with reduced affinity for both. This gives the
DNA polymerase the opportunity to bind the loaded
clamp without competing with the clamp loader for
binding. And, because both the clamp loader and the
polymerase are part of the same holoenzyme complex,
the polymerase is positioned to bind the clamp as soon
as it is released.

Clamp Loader Interactions with
the Clamp

Binding of ATP dramatically increases the affinity
of the E. coli y complex for the 8 clamp (Hingorani
and O’Donnell, 1998; Naktinis et al., 1995), such that
the binding constant in the presence of ATP is about
1000-fold greater than in the absence (Naktinis ez al.,
1995; Snyder et al., 2004). In the ATP-bound state, the
y complex is also able to open the clamp (Hingorani
and O’Donnell, 1998; Turner ez al., 1999). Studies with
a clamp mutant containing a cross-link at one dimer
interface to prevent opening indicate that the clamp
loader only needs to open one interface to load clamps
(Turner et al., 1999). Binding to the B clamp does not
stimulate the ¥ complex to hydrolyze ATP in the ab-
sence of DNA, whereas p/t DNA triggers hydrolysis by
the clamp loader in the absence of B. Moreover, the
presence of the B clamp inhibits the weak ATPase ac-
tivity of the y complex that occurs in the absence of
DNA (Hingorani ez al., 1999; Onrust ez al., 1991; Turner
etal., 1999). In this respect, the interactions between the
E. coli and bacteriophage T4 clamp loader and clamp

differ. The gp44/62 clamp loader binds ATP prior to
binding the gp45 clamp, but on binding gp45, gp44/62
most likely hydrolyzes two of the four molecules of
ATP (Alley et al., 2000; Sexton et al., 1996; Sexton et al.,
1998; Trakselis ez al., 2001a; Trakselis ez al., 2003). How-
ever, it must be noted that another study suggests that
formation of an open gp44/62-gp45 complex does not
require ATP hydrolysis (Pietroni ef al., 2001). In solu-
tion, one interface between neighboring monomers of
gp45 is in an open conformation, on hydrolysis of ATP,
gp44/62 opens this interface further (Alley et al., 2000;
Alley et al., 1999b; Millar et al., 2004; Trakselis ez al.,
2001a; Trakselis ez al., 2003). Although, ATP binding by
the y complex is sufficient to allow for clamp opening,
the degree of opening is not known. It is possible that
ATP binding partially opens the clamp, and ATP hy-
drolysis triggered by DNA opens the subunit-subunit
interface further.

Biochemical studies of interactions between individ-
ual subunits of the y complex and the B clamp showed
that a single subunit, 8, binds the clamp with relatively
high affinity (Naktinis ez 4., 1995; Turner et al., 1999).
Experiments measuring the dissociation of clamps that
were assembled on circular DNA substrates showed that
the § subunit dramatically increased the rate of clamp
dissociation indicating that the § subunit alone is ca-
pable of opening the clamp (Leu ez al., 2000; Stewart
et al., 2001). The clamp binding and opening activity
of the § subunit is regulated when § is a part of the
y complex. Binding of ATP most likely induces con-
formational changes in the y complex that exposes the
B-binding site of the § subunit in such a way as to al-
low the interaction between § and B that opens the
clamp (Hingorani and O’Donnell, 1998; Naktinis ez 4/,
1995; Turner et al., 1999). Weaker interactions between
other clamp loader subunits and the clamp may en-
hance this interaction and assist in clamp opening (Leu
and O’Donnell, 2001).

ATP Binding and Hydrolysis

Clamp loaders contain multiple subunits that bind
ATP. The E. coli complex contains three ATP binding
sites, and bacteriophage T4 and eukaryotic complexes
contain four ATP binding sites. Binding and hydroly-
sis of ATP could be an “all or none” process in which
binding of ATP or hydrolysis at all of the sites is re-
quired to effect a change in affinity. Complete filling of
the sites with ATP could activate the clamp loader for
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binding both the clamp and DNA. And, hydrolysis of
ATP at all sites could be required to release the clamp
and DNA. Alternatively, ATP binding and hydrolysis
could occur incrementally to effect changes that pro-
mote sequential binding and release of the clamp and
DNA. In either case, interactions with the clamp and
DNA are likely to promote changes in the clamp loader
that affect the ATP binding and hydrolysis activity of
the complex. Binding to the clamp or DNA could en-
hance ATP binding or promote ATP hydrolysis at some
or all of the sites, or could do both. In work done to
date, the major differences in the clamp-loading reac-
tions catalyzed by the E. coli, bacteriophage T4, and S.
cerevisiae clamp loaders seem to be at the steps in which
ATP is bound and/or hydrolyzed.

ATP binding by the y complex is sufficient to drive
all the steps in the clamp-loading reaction up to the for-
mation of a ternary complex between the clamp loader,
clamp and DNA (Hingorani and O’Donnell, 1998;
Naktinis et al., 1995; Turner et al., 1999). However, the
number of molecules of ATP bound to the clamp loader
at each step and the order in which each of the three
ATP sites are filled has not yet been firmly established.
Gel filtration experiments done under equilibrium con-
ditions indicate that the y complex (y388’ x ¥ subunits)
binds three molecules of ATP in the absence of the
clamp and DNA, and that all three sites bind with simi-
lar affinity, a K4 of 1 to 2 uM (Johnson and O’Donnell,
2003). Isothermal titration calorimetry (ITC) experi-
ments show that a minimal clamp loader complex (388’
subunits) binds two molecules of ATP with equal affin-
ity, Kq of 3.7 uM, in the absence of the clamp and DNA
(Kazmirski et al., 2004). The ITC results are consistent
with the crystal structure of the minimal clamp loader,
in which two molecules of ATPyS are bound and the
third binding site is physically blocked (Jeruzalmi ez al.,
2001a; Kazmirski ez al., 2004). The reason for the differ-
ence in the number of ATP molecules bound to the free
clamp loaders is not yet clear. One possibility is that the
x and ¥ subunits that are present in the y complex but
not in the minimal complex stabilize a conformation
of the clamp loader in which the third ATP binding site
is open allowing the third molecule of ATP to bind.
Another possibility is that the free clamp loader only
binds two molecules of ATP, and a stepwise series of
binding events as have been seen in the yeast system
occurs. Studies with yeast RFC suggest that RFC binds,
in the following order, two molecules of ATP, PCNA, a
third molecule of ATP, DNA, and a fourth molecule of
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ATP (Gomes et al., 2001). Regardless of whether two or
three molecules of ATP bind y complex in the absence
of the clamp and DNA, both experiments indicate that
the sites that bind ATP do so with equal affinity and
that there is little or no cooperativity in ATP binding.
This would suggest that the ATP sites in the free clamp
loader are not filled in a specific order.

On binding ATP, the y complex undergoes con-
formational changes that increase the affinity of the
clamp loader for the clamp and DNA (Ason et al., 2000;
Bertram ez al., 1998; Hingorani and O’Donnell, 1998;
Naktinis ez al., 1995; Turner et al., 1999). Structural data
for an ATP-activated complex is not available so the
physical changes that take place are not yet known.
However, the kinetics of formation of a complex that
is activated by ATP for DNA binding has been deter-
mined (Williams ez a/., 2004). The ATP-induced confor-
mational changes required for high affinity DNA bind-
ing are relatively slow. ATP-activation of the y complex
is likely to be the sum of several discrete conformational
changes that produce the activated complex at an over-
all rate of 6.5 s~1. When ATPase assays are initiated
by the addition of ATP to the y complex, hydrolysis
is relatively slow and limited by the rate of these con-
formational changes (Williams ez 4/., 2004). It remains
to be determined whether conformational changes that
result in high affinity clamp binding occur at the same
rate. It is possible that a different set of conformational
changes within the y complex modulates interactions
with the clamp. Modeling the kinetics of ATP hydrol-
ysis in the absence of the clamp suggests that the ATP-
activated state binds and hydrolyzes three molecules of
ATP (Williams et al., 2004). The conformational changes
that produce the ATP-activated state could occur af-
ter binding the third molecule of ATP, or alternatively,
could reflect conformational changes that open a site
to allow the third molecule of ATP to bind. The latter
possibility is intriguing given that the minimal clamp
loader (y388") bound only two molecules of ATPyS in
the crystal and the third site was physically blocked by
an adjacent subunit.

Whereas ATP binding is sufficient for the formation
of a ternary clamp loader-clamp-DNA complex, ATP
hydrolysis is required for releasing the clamp on DNA
(Bertram et al., 1998; Turner et al., 1999). Incubation of
the y complex (y388’ x v subunits) with ATP and the
clamp produces a B-y complex that is activated for
DNA binding and clamp loading. Binding of this ATP-
activated B—y complex to p/t DNA triggers a burst of
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ATP hydrolysis (Figures 11 and 13). Careful measure-
ment of the total protein concentration and concentra-
tion of ADP product indicate three molecules of ATP
per molecule of y complex are likely to be hydrolyzed
in this step (Williams ez al., 2004). These results suggest
that all three sites in the y complex hydrolyze ATP at the
same global stage of the reaction, releasing the clamp on
DNA (Bertram ez al., 2000). This differs from the bacte-
riophage T4 reaction clamp loading reaction in which
the gp44/62 clamp loader most likely hydrolyzes two
molecules of ATP on binding the clamp and the remain-
ing two molecules on binding DNA (Alley et al., 2000;
Pietroni et al., 2001; Sexton et al., 1996; Sexton et al.,
1998; Trakselis and Benkovic, 2001; Trakselis ez4l., 2003;
Young et al., 1996). There may also be some interest-
ing differences in the stage at which ATP is hydrolyzed
in the clamp-loading reaction catalyzed by the clamp
loader associated with the E. colif DNA polymerase I11
holoenzyme. The composition of the clamp loader in
the holoenzyme is most likely t,88'x ¥ and each
subunit is bound to a core polymerase via contacts with
the « subunit (reviewed in Johnson and O’Donnell,
2005; McHenry, 2003). Experiments with the nonhy-
drolyzable analog, ATPy S, show that the holoenzyme
can load one clamp to form a processive DNA poly-
merase complex (Glover and McHenry, 2001). Further
clamp loading requires ATP hydrolysis. This suggests
that at the replication fork, ATP binding may be suf-
ficient to drive all steps leading to the formation of a
pre-initiation complex on the leading strand and subse-
quent loading of clamps on the lagging strand requires
ATP hydrolysis (Glover and McHenry, 2001). It is pos-
sible that differences in protein—protein interactions are
responsible for this difference in requirement for ATP
hydrolysis between the y complex and clamp loader
in the holoenzyme. The t subunits in the holoenzyme
contain an additional C-terminal region and make con-
tacts with the core polymerase that are not present in
the y complex. Alternatively, it is possible that the
physical association of the polymerase with the clamp
loader in the holoenzyme allows the formation of a
functional replication complex by a mechanism that
differs from the ATP-hydrolysis-dependent formation
of a pre-initiation complex such as a passive dissocia-
tion reaction (see Figure 11).

Although the clamp does not induce the y com-
plex to hydrolyze ATP in the absence of DNA, 8 does
increase the overall rate of hydrolysis in the presence
of DNA (Bertram et al., 1998; Hingorani et al., 1999;

Onrust et al., 1991; Turner et al., 1999). In the absence
of the clamp, the ATP-activated form of the y complex
hydrolyzes two molecules of ATP more rapidly than
the third (Williams et al., 2004). Equilibration of the y
complex with ATP and B produces an ATP-activated
B-y complex that hydrolyzes all three molecules of
ATP at the same rapid rate as the two molecules hy-
drolyzed in the absence of the clamp (Williams ez 4l.,
2004). These results show that binding of 8 to the ATP-
activated clamp loader alters the complex in some way
to increase the efficiency of ATP hydrolysis at one of
the three sites. This is consistent with the notion that
each component that binds the clamp loader produces
a change that affects the reaction. DNA binding alters
the y complex in some way to trigger hydrolysis, but
clamp binding is required to produce a change that al-
lows one of the three sites to hydrolyze ATP efficiently.

The ATP binding sites in the y subunits are located at
the interface between two adjacent subunits (Jeruzalmi
et al, 2001a; Kazmirski et al., 2004; Podobnik et al.,
2003). This interfacial location is likely to provide a
mechanism by which ATP binding and hydrolysis at
individual sites could be communicated between sub-
units and translated to changes in the whole complex.
Conserved Arg fingers are present in the &' subunit
and y subunits that extend to the ATP binding site
of the adjacent subunit and that could sense changes
in the bound nucleotide or possibly trigger hydrolysis
(Jeruzalmi ez al., 2001a; Kazmirski ez al., 2004; Ogura
et al., 2004). Although these Arg fingers are too far from
the ATP binding sites in the crystal structures of the
“inactive” states of the minimal clamp loader, biochem-
ical evidence suggest that these Arg residues play a role
in nucleotide-dependent changes in the clamp loader
(Johnson and O’Donnell, 2003; Kazmirski ez al., 2004;
Snyder ez al., 2004). Asymmetry in the ATP sites can
be introduced by reconstituting y complex with either
an Arg finger mutant of §’ (§’'R158A) or Arg finger mu-
tants of y (yR169A) (Figure 14). The Arg finger mutant
y complexes bind ATP with the same affinity as wild-
type y complex, but the ATP hydrolysis activities of the
mutant complexes are reduced differentially (Johnson
and O’Donnell, 2003). The Arg mutations in the y sub-
unit have a much more pronounced effect on hydrolysis
of ATP than the §' mutation. Interestingly, mutations
in the y versus 8’ subunits also have a differential ef-
fect on the ATP-dependent binding to the clamp and
DNA (Snyder et al., 2004). The ATP-dependent 8 bind-
ing activity of y complex with the §’'R158A mutation
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“Arg finger”
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1

ATP Binding
Site

Y.~0’'R158A
affects ATP site iny,

o

conserved
“Arg finger”

Y.~-YR169A

affects ATP sites iny, & y;

FIGURE 14 Diagram illustrating the juxtaposition of conserved arginine fingers and ATP binding sites in the 7366’ complex. Each of
the three v subunits contain an arginine (Arg) finger and ATP binding site. Arg fingers from one subunit extend towards ATP binding sites
in the adjacent subunit as illustrated (Jeruzalmi et al., 2001a; Kazmirski et al., 2004). The 6’ subunit contains an Arg finger but lacks an
ATP binding site. Mutation of the Arg finger in the §’ subunit potentially affects ATP binding and hydrolysis in the v, subunit and mutation
of the Arg fingers in the ~ subunits potentially affects ATP binding and hydrolysis in the v, and ~3 subunits.

(see Figure 9) is reduced to a greater extent than that for
the yR169A mutant. Conversely, the yR169A mutant
shows very little binding to DNA, whereas the ’'R158A
mutant complex binds DNA with about the same affin-
ity as the wild-type y complex. These studies revealed
that the Arg fingers in the y complex play an important
role in sensing bound ATP and translating ATP bind-
ing into conformational changes increase the affinity of
the y complex for B and DNA. It is possible that the
Arg fingers also either sense or are needed to catalyze
ATP hydrolysis, but these functions may be more diffi-
cult to establish because these mutations affect binding
of the ¥ complex to B and DNA and these binding
interactions in turn affect ATP hydrolysis. Because of
the differential effects of the y and §’ mutations on
the binding activities of the complexes to f and DNA,
these results suggest that ATP binding at one subset of
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sites, y, and/or y3, is largely responsible for increasing
the affinity of the complex for DNA, and ATP binding
at another, y1, is largely responsible for increasing the
affinity of the complex for B (Snyder ez al., 2004). The
possibility that one subset of sites is largely responsi-
ble for modulating interactions with 8 whereas another
modulates interactions with DNA is supported by kinet-
ics of ATP hydrolysis. In the absence of the clamp, the
y complex hydrolyzes two molecules of ATP faster than
the third, suggesting that DNA binding efficiently trig-
gers hydrolysis at two sites, but 8 binding is required for
efficient hydrolysis at the third (Williams ez al., 2004).

SUMMARY

The combined efforts of many laboratories have
started to unravel the ordered series of binding

L. B. Bloom

RIGHTS L

A



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

interactions and subsequent changes in the E. coli clamp
loader that are necessary to complete the mechanical
clamp-loading cycle. Binding of ATP alters the clamp
loader in some way as to increase the affinity of the
y complex for the clamp and DNA. It is likely that
ATP binding at one subset of sites, y, and/or y3, pro-
motes changes that enhance the interaction with DNA
and binding to another, y;, enhances interactions with
the clamp. Binding to B alters the y complex in some
way that increases the efficiency with which one of the
three sites hydrolyzes ATP. On binding primed tem-
plate DNA, the DNA triggers a change in the clamp
loader that induces hydrolysis of ATP. ATP hydrolysis
reduces the affinity of the clamp loader for the clamp
and DNA so that the y complex releases the clamp
on DNA and transiently cycles into an inactive state
so as not to compete with the polymerase for bind-
ing loaded clamps. Nucleotide exchange, ADP for ATP,
is presumably required to repeat the cycle. Although
structural and biochemical studies have answered many
questions about the clamp loading reaction cycle, many
more remain. One key question is whether or not in-
teractions between the clamp loader other proteins at
the replication fork alter the clamp-loading reaction cy-
cle. Lessons learned from the investigation of the clamp
loading mechanism may also be relevant to the mech-
anism of other enzymes that couple NTP binding and
hydrolysis to mechanical reaction cycles.
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