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Clamp loader proteins catalyze assembly of circular sliding clamps on
DNA to enable processive DNA replication. During the reaction, the clamp
loader binds primer-template DNA and positions it in the center of a clamp
to form a topological link between the two. Clamp loaders are multi-
protein complexes, such as the five protein Escherichia coli, Saccharomyces
cerevisiae, and human clamp loaders, and the two protein Pyrococcus
furiosus andMethanobacterium thermoautotrophicum clamp loaders, and thus
far the site(s) responsible for binding and selecting primer-template DNA
as the target for clamp assembly remain unknown. To address this issue,
we analyzed the interaction between the E. coli g complex clamp loader and
DNA using UV-induced protein–DNA cross-linking and mass spec-
trometry. The results show that the d subunit in the g complex makes
close contact with the primer-template junction. Tryptophan 279 in the d C-
terminal domain lies near the 3 0-OH primer end and may play a key role in
primer-template recognition. Previous studies have shown that d also
binds and opens the b clamp (hydrophobic residues in the N-terminal
domain of d contact b. The clamp-binding and DNA-binding sites on d
appear positioned for facile entry of primer-template into the center of the
clamp and exit of the template strand from the complex. A similar analysis
of the S. cerevisiae RFC complex suggests that the dual functionality
observed for d in the g complex may be true also for clamp loaders from
other organisms.
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Introduction

Sliding clamp proteins are used by DNA poly-
merases as mobile tethers for highly processive
replication of DNA. By themselves, the poly-
merases can incorporate a few nucleotides into the
growing DNA polymer in a single binding event; in
association with clamps, however, their processivity
can increase to several thousand nucleotides. DNA
polymerases in viruses, bacteria and archaebacteria,
as well as eukaryotes use such clamps for rapid and
efficient replication of chromosomal DNA.1,2
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Sliding clamps are composed of two (Escherichia
coli b clamp) or three subunits (bacteriophage T4
gp45, Sacharomyces cerevisiae PCNA, human PCNA),
arranged in the form of a ring with a central cavity
wide enough to accommodate double-stranded
DNA (dsDNA).3–8 Upon encircling the duplex,
clamps are linked topologically to DNA, and yet
free to move on it; therefore, they can serve
effectively as mobile tethers for polymerases during
DNA synthesis. Several recent reports indicate that
circular sliding clamps also play important roles in
other cellular processes, including DNA repair and
recombination, DNA methylation, chromatin
remodeling, and cell-cycle control, perhaps by
helping target key proteins in these processes to
their sites of action on DNA.9,10

Circular sliding clamps must be loaded onto
primed sites on template DNA by multi-protein
complexes known as clamp loaders.1 These proteins
use ATP to fuel their actions, which include binding
d.
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the clamp, opening it, binding the DNA, and
facilitating closure of the clamp around the duplex
portion of the primer-template.11–15 Consistent with
their essential role in DNA metabolism and
possibly other cellular processes, clamp loader
proteins appear to be conserved across evol-
ution.16–18 Numerous studies of clamp loaders,
including the E. coli g complex, S. cerevisiae, Pyr-
ococcus furiosus, and human RFC complexes, have
revealed detailed information about their structure
and mechanisms of action. For example, g complex,
the clamp loader of E. coli DNA polymerase III
holoenzyme, is composed of five different proteins,
g/t, d, d 0, c, and j, with three copies of g/t and one
each of d and d 0 forming the minimal functional
body of the loader.15,19,20 (c and j serve accessory
functions, such as coordinating clamp assembly
with primase and single-stranded DNA (ssDNA)
binding protein activity at the replication fork.)21–23

The g, d, and d 0 subunits are arranged in a
pentameric ring in the shape of a claw, with the b
clamp binding sites at the tips of the fingers (see
model in Discussion).19,24 The g/t subunits bind
and hydrolyze ATP and serve as the motors of the
clamp-loading machine (g/t belong to the AAAC

ATPase family).16,25,26 The d subunit is the main
contact between g complex and the b clamp, and
can open the clamp by itself.11 The d 0 and g subunits
modulate interaction between d and b.11,27,28 ATP
binding to the g/t subunits triggers conformational
changes in g complex that allow d to bind b with
high affinity and open the ring.12,24,29 The ATP-
bound g complex-b complex binds primer-template
DNA with high affinity, presumably positioning it
within the central cavity of the opened ring.12,30 The
DNA-binding event triggers rapid ATP hydrolysis
at the g subunits, which is accompanied by a
reduction in g complex affinity for both b and
DNA.13,14,31–33 Release of g complex from b and
DNA, and closure of the clamp around DNA
complete the assembly process, following which
DNA polymerase (or other proteins) can bind the
clamp and commence work on DNA.

Clamp loaders from other organisms are com-
posed of multiple subunits: the bacteriophage T4
clamp loader has four copies of the gp44 subunit
and one copy of gp62;34 the S. cerevisiae and human
RFC clamp loaders contain one copy each of five
different proteins, RFC1, RFC2, RFC3, RFC4 and
RFC5;35–38 archaebacterial clamp loaders contain
two proteins, RFC-l and RFC-s.39–41 The gp44 and
the RFC proteins share sequence similarities with g
and d 0, and are members of the AAAC family; thus,
like g complex, these clamp loaders utilize multiple
ATPase-active subunits for clamp assembly.16,17 A
new report on S. cerevisiae RFC structure from the
Kuriyan research group shows that the five RFC
subunits adopt a claw-like arrangement, reminis-
cent of g complex.42 Electron microscopy images of
human RFC and P. furiosus RFC43 show the five
subunits in a pentameric ring arrangement, and
indicate ATP-dependent changes in clamp loader
conformation.44 The conservation of many elements
of clamp loader structure and biochemical activity
across different species suggests a common overall
mechanism of clamp assembly.

A key piece of information missing from our
knowledge of the clamp loader mechanism is how
this multi-protein complex binds DNA and recog-
nizes primer-template as the target site for clamp
assembly. Thus far, no discrete DNA-binding site(s),
or even subunit(s) in the clamp loader has been
identified as having DNA-binding activity that is
essential for clamp assembly. Prior reports indicate
that an N-terminal domain in RFC1 that shares
homology with DNA ligase can bind DNA;45–47

however, removal of this domain from RFC1
appears to have no effect on RFC clamp-loading
activity.48–50 The g complex and S. cerevisiae RFC
can interact with ssDNA and primer-template
DNA, and RFC can even bind dsDNA with high
affinity.12,51 Nonetheless, g complex ATPase kinetics
reveal that only primer-template DNA triggers
rapid ATP hydrolysis, which in turn results in
release of the DNA and clamp.30,33 In the case of
RFC as well, primer-template DNA stimulates the
greatest increase in steady-state ATPase activity.52

These data indicate that clamp loaders have a
refined DNA-binding activity that is capable of
distinguishing primer-template DNA from other
DNA structures, and is coupled to both clamp-
binding/opening and ATPase activities to facilitate
efficient assembly of clamps on primed DNA
during DNA replication.

In this study, we probed the identity of the
DNA-binding subunit(s) on E. coli g complex and
S. cerevisiae RFC clamp loaders. Using UV-induced
protein–DNA cross-linking at specific locations on
primer-template DNA, we found that d, the clamp-
binding/opening subunit, also contacts DNA at the
3 0-OH primer-template junction. In the case of RFC,
the RFC1 subunit appears to be the major contact
between the clamp loader and DNA. Further
characterization of the cross-linked complexes by
mass spectrometry revealed the DNA-binding site
on d, and these findings, in conjunction with the
known crystal structure of g complex, suggest a
possible mechanism by which clamp loaders can
recognize primed DNA as the substrate for clamp
assembly.
Results and Discussion

The following sections describe: (a) preparation
of DNA substrates with photo-reactive and radio-
active nucleotides at desired locations, necessary
for identification of proteins bound at the primer-
template junction; (b) SDS-PAGE used to identify
the DNA-binding subunit in the g complex and
S. cerevisiae RFC; (c) mass spectrometric analysis of
the protein–DNA complex to identify the DNA-
binding site; and (d) a model for primer-template
DNA binding and selection by the clamp loader for
clamp assembly.
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Primer–template DNA with 5-bromodeoxyuridine
(BrdU) and 32P inserted at specific locations

We have used site-specific photo-affinity labeling
to map interactions between protein(s) in the multi-
subunit clamp loader and primed DNA.53 The
schematic in Figure 1 shows polymerase-catalyzed
synthesis and purification of a DNA substrate
containing BrdU and 32P-labeled deoxyadenosine
monophosphate (dA). During biosynthesis, the
polymerase incorporates BrdU, [32P]dA, and then
the other nucleotides into a DNA primer as defined
by the template strand sequence. The duplex DNA
product is bound to streptavidin beads (via the
biotin-tagged template) and the extended primer
strand is separated by alkali denaturation and
purified. This strand now serves as the template
for primers of different lengths that position BrdU
at various distances from the primer-template
junction (primer-template DNA length is greater
than the minimal length required for interaction
with g complex and RFC).54,55 BrdU allows zero-
length cross-linking between protein and DNA, and
is therefore a good probe for close protein–DNA
contacts.56 The 32P-label marks the protein linked
covalently to DNA and, most importantly, proxi-
mity of the 32P label to BrdU permits nearly
complete degradation of DNA in the protein–
DNA complex without loss of the radioactive
marker, allowing identification of the cross-linked
protein simply by size.
A C-terminal domain of the d subunit in g
complex cross-links DNA at the primer-template
junction

Binding of g complex to p/tC1 primer-template
DNAwas examined first; p/tC1 contains two BrdU
nucleotides on the single-stranded region immedi-
ately flanking the 3 0-OH primer end (Figure 1). The
reactions were performed in the presence of ATPgS,
as ATP binding to g complex facilitates its
interactions with both DNA and the b clamp and,
in this regard, ATPgS is a good non-hydrolyzable
mimic of ATP.12 Exposure of the protein and DNA
to UV light resulted in a single predominant
complex that was separated from free DNA by
SDS-PAGE (Figure 2(A), lane 3; 3% yield); a control
experiment showed no such complex formation
with DNA alone (Figure 2(A), lane 1). The protein–
DNA complex was treated with DNaseI and S1
nuclease, but the 32P label adjacent to BrdU was
protected by the protein and the complex remained
radiolabeled (Figure 2(A), lane 4; in the correspond-
ing control in lane 2 no free DNA remains after
treatment with nuclease). Since the mass of the
protein–DNA complex is reduced to nearly that of
the free protein following treatment with nuclease,
comparison of the radioactive image and Coom-
massie brilliant blue stain of the same gel reveals
the identity of the cross-linked protein/s (Figure
2(A) and (B), lane 4). Because of their similar sizes,
both d (39 kDa) and d 0 (37 kDa) subunits of g
complex were implicated in DNA binding by this
analysis. Further investigation of the interaction
showed that the extent of DNA cross-linking to d
and/or d 0 increased from 3% to 10% when b was
added to the reaction (Figure 2(A), compare lanes
3/4 and 7/8), even though b itself does not form
any covalent links with DNA (Figure 2(A), lanes 5
and 6). The stimulatory effect of the clamp implies
that the protein–DNA complex trapped by UV
cross-linking is likely a relevant intermediate in the
clamp assembly process. This effect is consistent
with prior reports that g complex-b has higher
affinity for primed DNA, and rapidly assembles
clamps on it, as compared with free g complex.12,31,
32

Next we attempted to resolve whether d or d 0, or
both proteins, bind primer-template DNA. The
cross-linking experiment was performed with
individual g, d, and d 0 subunits, as well as a
complex of c/j (j alone is insoluble). Only d
exhibits strong cross-linking to p/tC1 DNA (Figure
Figure 1. Design and synthesis of
primed DNA templates containing
5-bromodeoxyuridine and 32P at
specific locations. BrdU and
[32P]dATP were incorporated into
indicated positions within a 54
nucleotide DNA strand by T7
DNA polymerase. The 54-mer was
purified and a 33 nucleotide primer
annealed to it to form p/tC1, a
primed DNA substrate with two
[32P]dA in the double-stranded
region and two BrdU in the single-
stranded region immediately flank-
ing the primer-template junction.
Primers composed of 28 nucleo-
tides and 23 nucleotides were used
to generate p/tC6 and p/tC11
DNA substrates, respectively.



Figure 2. The d subunit in g complex cross-links primer-template DNA. Protein–DNA complexes formed by UV-
induced cross-linking were analyzed by SDS-PAGE. (A) Phosphorimage and (B) Coommassie brilliant blue-stained gel
showing cross-linking of g complex to p/tC1 DNA: lanes 1 and 2 contain p/tC1 alone, loaded onto the gel before and
after treatment with DNaseICS1 nuclease, respectively; lanes 3 and 4 show similar analysis of p/tC1 DNA with g
complex in the reaction; lanes 5 and 6 show p/tC1 with b clamp; lanes 7 and 8 show p/tC1 DNAwith g complex and b.
(C) Phosphorimage and (D) Coommassie brilliant blue-stained gel showing similar analysis of p/tC1 cross-linking to g
complex subunits: lanes 1 and 2 show g, lanes 3 and 4 show gCb, lanes 5 and 6 show d, and lanes 7 and 8 show dCb
loaded onto the gel before (lanes 1, 3, 5 and 7) and after (lanes 2, 4, 6 and 8) treatment with nucleases. (E) Phosphorimage
and (F) Coommassie brilliant blue-stained gel of a similar analysis as in (C and D), except with d 0 and c/j (K/Cb).
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2(C) and (D), lanes 5 and 6; 11% cross-linking yield).
A trace amount of cross-linked product detected
with the g subunit, although not reproducible in all
experiments, may indicate contact between g and
DNA aswell (Figure 2(C) and (D), lanes 1/2 and 3/4;
0.4% yieldK/Cb). In the presence of b, the yield of
d-DNA increases from 11% to 20%, suggesting that
b binding to d (and b opening?) may stabilize the
interaction between d and DNA and/or help
position d to favor cross-linking BrdU in the ptC1
DNA (Figure 2C, compare lanes 5/6 and 7/8). Thus,
the d subunit in g complex appears to play a
dominant role in DNA binding during clamp
assembly.

We questioned whether the interaction detected
between d and DNA is specific to a primed DNA
template. The BrdU and 32P-containing template
was used alone (ssDNA), annealed to its com-
plement (dsDNA), annealed to a 33 nt primer
(p/tC1), a 28 nt primer (p/tC6), or a 23 nt primer
(p/tC11), in cross-linking reactions with g complex
in the presence of ATPgS (K/Cb) and with d
(K/Cb). The g complex does cross-link to ssDNA
(Figure 3(A), lane 1) but, unlike the single pre-
dominant species observed with p/tC1 DNA
(Figure 3(A), lane 5), ssDNA yields multiple cross-
linked species (the origin of non-specific species is
not entirely clear). Following treatment with nucle-
ase, however, the 32P label again marks d as the
subunit cross-linked to BrdU in ssDNA (Figure 3(A)



Figure 3. The d-DNA cross-link is specific to the primer-template junction. (A) Lanes 1 and 2 show cross-linking of g
complex to single-stranded DNA (ssDNA), loaded onto the gel before and after treatment with nuclease, respectively;
lanes 3 and 4 show similar analysis with double-stranded DNA; lanes 5 and 6 show p/tC1 DNA; lanes 7 and 8 show
p/tC6 DNA and lanes 9 and 10 show p/tC11 DNA (containing BrdU 5 and 10 bases from the junction, respectively).
(B) Similar analyses with g complexCb, (C) with the d subunit, (D) with dCb.
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and (C), lanes 1 and 2). Interestingly, both p/tC6
and p/tC11 DNA, which have BrdU positioned in
the single-stranded region at six and 11 nucleotides
from the primer-template junction, respectively,
show reduced levels of cross-linking to g complex
compared with p/tC1 DNA (Figure 3(A), lanes
5/6, 7/8, and 9/10). The effect is more striking in
the presence of b (p/tC1: 10%; p/tC6: 2%; p/tC11:
2%; Figure 3(B), lanes 5/6, 7/8, and 9/10); accord-
ing to nitrocellulose membrane filtration assays, g
complex can bind all these DNAs (data not shown).
Barely any cross-linking is detectable with the
dsDNA substrate, which is consistent with prior
reports of low or no interaction between g complex
and duplex DNA12 but may reflect inaccessibility of
BrdU within the double helix. Cross-linking experi-
ments with d indicate that it can distinguish the
primer-template junction by itself (Figure 3(C)
(Kb) and D (Cb), compare lanes 5/6, 7/8, and
9/10). Thus, it appears that the amino acid
residue(s) that can cross-link DNA are located in
a region of d that binds the primer-template
junction specifically.

Further investigation of the DNA binding/recog-
nition properties of d and g complex was facilitated
by knowledge of the crystal structure of d, which
shows three distinct domains: N-terminal domain I
(1K140), domain II (141K210), and C-terminal
domain III (211K343) (Figure 7(A)).19 The d
domains I (dI) and III (dIII) can be expressed at
high levels and in soluble form,24,57 and dI has in
fact been co-crystallized with the b clamp and is
similar in structure to domain I within d in the g
complex (except for elements that change upon
contact with b).24 Experiments performedwith the d
domains show that dIII forms a cross-linkwith p/tC1
DNA, but dI does not (Figure 4(A) and (B), lanes 3/4
and 5/6, respectively). These data suggest that both
clamp-binding and DNA-binding activities of the
clamp loader are located on the same protein, in
separate domains, I and III, respectively. Moreover,
dIII exhibits some preference for p/tC1 DNA over
the other DNAs, although the difference is not as
striking as that seen for full-length d (Figure 4(C),
compare lanes 1, 3, 5, and 7). However, dIII in
complex with g and d 0 (g3dIIId

0) can apparently
distinguish a primer-template junction as it cross-
links BrdU in p/tC1 DNA but not in p/tC6,
p/tC11 DNAs (c and j were not included in the
complex because they are not absolutely necessary
for clamp assembly and because similarity in their
sizes with dIII would have complicated analysis).
These results indicate that domain III is necessary
and sufficient for interaction between d and DNA,
although specific placement of d at the primer-
template junction may be most effective when



Figure 4. A C-terminal domain of d (dIII) is responsible for interaction with the primer-template junction. (A)
Phosphorimage and (B) Coommassie brilliant blue-stained gel with p/tC1 and full-length d in lanes 1 and 2 (before and
after treatment with nuclease, respectively), N-terminal dI domain in lanes 3 and 4, and C-terminal dIII domain in lanes 5
and 6. (C) Analysis of dIII and (D) g3dIIId

0 cross-linking to single-stranded DNA, p/tC1, p/tC6, and p/tC11 DNAs.
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full-length d protein or d domain III bind DNA
within the context of the g complex.
Identification of the cross-linked amino acid
residue in dIII and d by mass spectrometry

The UV cross-linking experiments yielded a fairly
substantial amount of dIII-DNA complex (10–15%
yield), enabling further analysis by mass spec-
trometry (MS) and identification of the amino acid
residue(s) in close proximity to the 3 0-OH primer
end. p/tC1 DNAwas synthesized on a large scale,
and cross-linking of 1 nmol of DNA to dIII followed
by SDS-PAGE and electro-elution from the gel
yielded 30–50 pmol of pure dIII-DNA complex
(Figure 5(A)). The complex was subjected to
proteolysis by immobilized trypsin. Because of the
high molecular mass of the DNA attached to the
protein, it proved convenient to treat the resulting
tryptic peptides with nuclease to digest the majority
of the DNA.58 This treatment reduces them/z of the
cross-linked peptide ions to a convenient range for
analysis (m/z!4000) and improves their MS
response. Direct comparison of the MS profile
before and after treatment with nuclease enabled
us to distinguish and identify peptides modified by
DNA cross-links among the other unmodified dIII
tryptic peptides (Figure 5(B)). Six peaks emerged
reproducibly in the MS spectrum after exhaustive
treatment with nuclease (Figure 5(B) and Table 1).
These six peaks were analyzed by multi-stage MS in
order to identify the modified peptide, the modified
residue, and the nature of the modification (Figure
5(C)). For example, the peak at m/z 1301.6 was
present in the MS spectrum only after exhaustive
treatment with both DNaseI and S1 nuclease, but
not in the MS spectrum of a sample treated with
only DNaseI, suggesting it as a potential candidate
containing the DNA cross-linked site. MS2 analysis
on 1301.6 gave characteristic neutral losses of 98 Da
and 196 Da, which correspond to H3PO4 and
phosphodeoxyribose, respectively. MS3 on the
peak at m/z 1105.5 yielded a dominant product
ion at m/z 949.5, corresponding to loss of the
C-terminal arginine residue. Further MS4 analysis
on m/z 949.5 gave a series of b and y ions that
indicated the original peptide sequence was
HRVWQNR, and that the tryptophan residue in
this peptide was modified with a uracilyl group.
These results agreed well with the photo-cross-
linking chemistry of the BrdU reagent used in the
experiment.59 Similar analysis of the other five
modified peptide peaks revealed that they all
contained the same cross-linked tryptophan 279
residue, and originated from partial cleavage by
trypsin or nuclease (Table 1). A similar approach
was applied to d-p/tC1 DNA complex, but because
MS peaks from the cross-linked tryptic peptides of
full-length dwere masked by background noise, we
resorted to analysis by hypothesis-driven multi-
stage MS as described.60 As shown in Figure 5(D),
we found that even in the full-length d protein, the
same tryptophan 279 residue cross-links with the
uracil base at the primer-template junction.



Figure 5. Differential peptide mass mapping and multiple stage mass spectrometry analysis of dIII$p/tC1 DNA and
d$p/tC1 DNA complexes reveal tryptophan-279 as the site of cross-linking to DNA. (A) Phosphorimage and
Coommassie brilliant blue-stained gel showing separation of cross-linked protein–DNA complex from impurities,
including unreacted protein and DNA; lanes 1, 2 and 3 have dIII alone, dIIICp/tC1 DNA, and protein size marker,
respectively. (B) Comparison of MS spectra of dIIIKp/tC1 DNA complex tryptic digest treated with (top) only DNaseI

DNA-binding Site on the Clamp Loader 1463
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RFC1 subunit in the S. cerevisiae clamp loader
cross-links primer-template DNA

The five subunits of the S. cerevisiae clamp loader,
RFC (RFC1-5), are homologous to the g and d 0

subunits of g complex; however, as there is no clear
sequence similarity between any of these proteins
and d, it is not immediately obvious which
subunit(s) in RFC binds and opens the PCNA
clamp. RFC1 is proposed to be the functional
equivalent of d due to certain common structural
features, including a pair of conserved hydrophobic
residues that contact PCNA.24,61 However, the
RFC3 subunit also appears to bind PCNA, and it
is not known which subunit actually opens the
clamp for assembly on DNA.61,62 In the recently
solved structure of S. cerevisiae RFC-PCNA, RFC1
and RFC3 (and RFC 4 to some extent) contact
PCNA.42 Given our finding that d possesses both
clamp-binding/opening and DNA-binding activi-
ties, we wondered if RFC1 and/or RFC3 might also
bind primer-template DNA.

In UV cross-linking experiments, the large RFC1
subunit was found linked to p/tC1 DNA (Figure 6,
lanes 1 and 2). Less prominent products of the size
of RFC2-5 were visible, but these were further
reduced in the presence of PCNA (Figure 6(A),
compare lanes 2 and 4). Since reports in the
literature indicate that an N-terminal domain in
RFC1, which is unnecessary for clamp loading,
binds DNA, we tested an RFC complex with RFC1
replaced by RFC1S, which has the 282 amino acid
residue domain deleted from the N terminus.37

RFC1S also cross-links p/tC1 DNA and weaker
cross-links between the small RFC subunits and
DNA are lost when PCNA is included in the
reaction, highlighting the relevance of the contact
between RFC1 and DNA for clamp assembly
(Figure 6(A), lanes 5/6 and 7/8).
Implications for the mechanism of primer-
template recognition and clamp assembly by
clamp loader proteins

Of the five subunits in the g complex, d is the only
one capable of opening the b clamp by itself. While
essential, this action of d is not sufficient for clamp
assembly, as g and d 0 are required for placement of
the clamp around a primed DNA template.11 Since
the identity of the DNA-binding subunit was
unknown, it was considered possible that the g
and/or d 0 subunits were required for interaction
between g complex and DNA, and therefore d alone
could not function as a clamp loader. Here, we show
that the d protein has both clamp-binding/opening
and primer-template binding/recognition activi-
ties, located on two separate domains.
and (bottom) both DNaseI and S1 nuclease. Labeled peaks eme
contained the DNA cross-linked site. (C) Identification ofm/z
of cross-linking using multiple stage MS. (D) Identification of
site of cross-linking using multiple stage MS.
Tryptophan 279 found cross-linked at the primer-
template junction is in a cationic amino acid-rich
region in the C-terminal domain of d (dIII; Figure
7).42 The tryptophan flanks a narrow pass in d, with
two lysine residues located on the other side of the
pass (lysine 113 and lysine 116 in domain I). The
average width of the pass appears to be about 12 Å,
which is wide enough to accommodate ssDNA, but
not dsDNA. The correspondence between the cross-
linking data and the protein structure in proximity
to the cross-link suggests a pathway for entry of
DNA into the g complex as well as a means for
selection of primer-template as the substrate for
clamp assembly (Figure 7(A)). Once the clamp
loader-open clamp complex is formed, primed
DNA can be positioned in it with part of the
double-stranded region in the central cavity of the
clamp, and the rest, including the primer-template
junction and single-stranded region, located within
the dome-shaped chamber of the g complex. As the
template strand goes through the pass, the lysine
residues may help position the DNA backbone,42

while the tryptophan residue stacks against a base
at or near the primer-template junction, and
perhaps helps lock the DNA substrate into place
for clamp assembly (Figure 7(B)). Viewed from the
top of the g complex, the template appears to exit
from the gap between the d and d 0 subunits
(consistent with proposed paths for DNA in
structural analyses of the S. cerevisiae and P. furiosus
RFC clamp loaders).42,43 In this model pathway for
DNA, the tryptophan residue is in the right location
to form a covalent link with a UV-induced uracilyl
radical in the template strand flanking the primer-
template junction. Tryptophan 279 function may be
analogous to the “bracketing” action of tryptophan
residues in the structure of p19 protein bound to its
siRNA substrate, a 19-bp duplex with 3 0-dinucleo-
tide overhangs at both ends.63,64 In this case,
tryptophan residues stack over the terminal base-
pairs of the substrate, facilitating sequence-inde-
pendent selection of duplex RNAs of specific
lengths.

The defined position of BrdU in our DNA
substrates allowed us to identify an amino acid
present near that location. However, BrdU tends to
couple most easily to tryptophan residues, particu-
larly when excited at shorter wavelengths (254 nm
in this case),56 so it is highly likely that there are
other interactions between g complex/RFC along
the length of the DNA substrate that are not
detected by this particular analysis. For example,
the lysine residues in d domain I, which also appear
to be in close proximity to the DNA, were not
picked up in the cross-linking analysis with DNA.
In fact, the RFC structure reported by the Kuriyan
research group shows a track of positive
rged after treatment with S1 nuclease, indicating that they
1301.6 cross-linked peptide from dIII-p/tC1 DNA and site
m/z 1301.6 cross-linked peptide from d-DNA p/tC1 and



Figure 6. The RFC1 subunit in S. cerevisiae RFC clamp loader, which is analogous to the d subunit, cross-links primed
DNA. (A) Phosphorimage and (B) Coommassie brilliant blue-stained gel showing cross-linking of RFC with p/tC1
DNA in the absence (lanes 1 and 2) and in the presence (lanes 3 and 4) of PCNA; lanes 5–8 show similar analysis of RFC
containing an N-terminal-truncated RFC1 subunit (RFC1s).
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electrostatic potential along all the RFC subunits
that matches the minor groove of a double helix
placed within the central cavity in the complex.42

The cross-link formed between tryptophan 279 and
BrdU at the 3 0-OH end of the primer does, however,
highlight a special role for d versus the other clamp
loader subunits in primer-template selection. We do
Figure 7. Possible positioning of primed DNAwithin the cl
(A) A model of the open b clamp docked onto g complex, illus
duplex portion passing through the b ring and the single-st
domain III of d. The structure of d is shown with the DNA-
lysine 116 and lysine 119 colored purple (the alphabet nomenc
the S. cerevisiae RFC crystal structure).11 (B) Another view of th
against the primer-template junction.
not know whether the observed cross-link between
RFC1 and DNA also reflects interaction between a
tryptophan residue (or another base-stacking resi-
due) and the primer-template junction. However,
previous studies have noted several similarities
between RFC1 and d, including the fact that both
RFC1 and d contact their clamps; both lack the SRC
amp loader-open clamp complex during clamp assembly.
trating a possible path for primer-template DNAwith the
randed portion exiting the complex near the C-terminal
cross-linking residue, tryptophan 279, colored green and
lature for g complex subunits corresponds to that used for
e complex, illustrating possible stacking of tryptophan 279
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amino acid motif essential for ATPase activity; both
do not contribute ATPase activity towards clamp
assembly; both are most divergent in sequence from
other subunits in their respective complexes; both
appear to be positioned similarly within their
respective complexes, relative to the other subunits,
and these observations fuel the hypothesis that
RFC1 functions like d in clamp assembly. Here, we
add to this list of similarities by demonstrating that
both proteins bind primer-template DNA. Further
analysis is underway to identify the amino acid(s)
in RFC1 that contacts DNA (note: the RFC1 DNA-
binding site detected in this study is not located in
the N-terminal ligase homology domain, which is
known to bind DNA but is unnecessary for clamp
assembly).48–50

The d sequence is poorly conserved, making it
difficult to predict even its functional homologue in
other clamp loaders, let alone the location of the
DNA-binding site in the said d homologue.
Recently, however, the McHenry research group
used an iterative j-blast approach to identify d
sequences in known bacterial genomes and noted
six conserved regions in these proteins.57 Of the
amino acid residues we have identified as potential
contributors to the DNA-binding site in d, lysine 116
and lysine 119 are conserved in Region 3. Trypto-
phan 279 in d does not lie in a conserved region;
however, most of the proteins contain tryptophan,
tyrosine, or phenylalanine residues at or within two
to three residues of that location.57 Thus, it is
possible that the DNA-binding site and mechanism
for recognition of primer-template DNA might be
conserved among bacterial clamp loaders.

An interesting corollary to the above discussion is
the growing evidence that alternate RFC complexes
function in DNA metabolic processes other than
genomic DNA replication. These eukaryotic RFC-
like complexes are pentamers of RFC2, RFC3, RFC4,
and RFC5 subunits plus an RFC1 homologue, such
as Rad17 (S. cerevisiae Rad24), Ctf18/Chl12, or Egl1,
and are known to clamp proteins other than PCNA
onto DNA (e.g. human Rad1-Hus1$Rad9 and
S. cerevisiae Ddc1-Mec3-Rad17).65,66 A recent report
on the human Rad17-RFC2-5 complex revealed that
it catalyzes assembly of Rad1-Hus1-Rad9 preferen-
tially on primer-template DNA with a recessed 5 0

primer end, in marked contrast to the RFC complex,
which loads PCNA onto primer-template DNA
with a recessed 3 0 primer end.67 The protein-loading
activity of alternate RFC complexes is proposed to
play a role in recognition/resolution of DNA
structures containing recessed 5 0 ends, such as are
formed during stalled DNA replication, nucleotide
excision repair, recombination-coupled DNA
repair, and telomere maintenance.68 These obser-
vations are strikingly consistent with our finding
that the RFC1 subunit in RFC complex binds
primer-template DNA with a recessed 3 0 end.
Perhaps RFC1-like proteins perform analogous
functions with other DNA structures.

An exact understanding of the mechanism of
clamp loader action awaits further structural and
biochemical studies; in the meantime, however, it is
tempting to speculate the existence of a primordial
clamp loader comprising a single protein that could
bind DNA, bind and open the clamp, and load the
clamp on DNA, and perhaps even had ATPase
activity to drive needed conformational changes.
Multiplication of this primordial clamp loader
possibly yielded better clamp-loading efficiency
and regulation of activity; however, the key
activities of clamp binding/opening and DNA
substrate recognition were retained on one subunit.
Experimental Procedures

Preparation of protein and nucleotide reagents

The g, d, d 0, c, and j proteins were purified and the g
complex reconstituted,11 S. cerevisiae RFC (containing
RFC1 or RFC1S) was over-expressed and purified from
E. coli,37 dI was cloned and purified,24 and E. coli b3 and
S. cerevisiae PCNA51 were purified as described in earlier
reports. dIII, a 212–343 amino acid residue fragment of d,
was cloned into pET11a, over-expressed in E. coli, and
purified over an SP Sepharose column (Amersham
Biosciences; 100–700 mM NaCl gradient). Bacteriophage
T7 DNA polymerase (exoK mutant) was a gift from Dr
Smita Patel (Robert Wood Johnson Medical School),
thioredoxin was purchased from Sigma-Aldrich, and
Deoxyribonuclease I and S1 nuclease were purchased
from Life Technologies.
The 5-BrdUTP was purchased from Sigma-Aldrich,

other dNTPs were purchased from Amersham Bio-
sciences, and [a-32P]dATP was purchased from Perkin
Elmer. Short synthetic DNAs were purchased from
Integrated DNA Technologies:
ST-5 0 biotin-TAGCAGGGTGGAGGTTGTCAGGGTA

GGGGGCTTAACGGCGCGGTCTTAGTCAGC 3 0

SP-5 0 GCTGACTAAGACCGCGCCG 3 0

PC1-5 0 TAGCAGGGTGGAGGTTGTCAGGGTAGG
GGGCTT 3 0

PC6-50 TAGCAGGGTGGAGGTTGTCAGGGTAGGG30

PC11-5 0 TAGCAGGGTGGAGGTTGTCAGGG 3 0

For synthesis of BrdU and 32P-containing template
DNA, first the ST and SP DNAs were annealed at a
concentration of 5–25 mM (90 8C for five minutes and slow
cooling to 25 8C in 20 mM Tris–HCl (pH 7.5), 150 mM
NaCl). SP/ST at a concentration of 0.2 mM (or 2.5 mM for
large-scale synthesis) was extended by 0.2 mM phage T7
DNA polymerase (pre-incubated for 20 minutes with
1 mM thioredoxin, 3 mMDTT) at 37 8C in 40 mMTris–HCl
(pH 7.5), 12.5 mM MgCl2, 50 mM NaCl, 0.1 mg/ml of
bovine serum albumin (BSA), 1 mM DTT, 1 mM EDTA.
Fifty micromolar BrdUTP and trace amounts of
[a-32P]dATP were added to the reaction and incubated
for ten minutes (25 minutes for large scale), followed by
all four dNTPs at 1 mM each and further incubation for
30 minutes. The reaction was mixed with MagnaBind
Streptavidin beads (Pierce) for 30 minutes at 37 8C to bind
the DNA. The beads were collected and washed three
times with 10 mM Tris–HCl (pH 7.5), 2 M NaCl, 1 mM
EDTA, then incubated with 0.08 M NaOH for one minute
to denature the duplex, and then centrifuged to separate
ST (bound to the beads via biotin–streptavidin inter-
action) from the extended SP DNA (released into the
supernatant). The supernatant was collected and dialyzed
against 20 mM Hepes–NaOH (pH 7.5), 30 mM NaCl.
0.2 mM (or 2 mM for large scale) of the DNAwas annealed
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with PC1, PC6, or PC11 DNAs to prepare the primer-
templates.
UV-induced protein–DNA cross-linking and SDS-
PAGE analysis

The g complex, g3dd
0cj, or g3dIIId

0 (1 mM), d (2.5 mM),
dIII (5 mM), or RFC (1 mM)was incubated with 0.05 mMp/t
DNA (or 1 mM DNA for large scale) and 200 mM ATPgS
(in the case of g complexes) in 30 ml of 30 mM Hepes–
NaOH (pH 7.5), 4 mMMgCl2 for tenminutes at 25 8C. The
reactions were placed on ice and exposed to UV light
(254 nm) in a StrataLinker (Stratagene) for 25 minutes.
Following cross-linking, each reaction was split into two:
(a) 15 ml was quenched with 6 ml of SDS dye (1.5 M Tris
base, 3% (w/v) SDS, 35% (v/v) glycerol, 150 mM DTT,
bromophenol blue) C 6 ml of 0.5 M EDTA; (b) 15 ml was
treated with 0.2 ml of DNaseI (200 units/ml) for ten
minutes at 25 8C, then with 0.5 ml of 10% SDS and boiling
for threeminutes to destroy DNaseI, followed by addition
of 2 ml of 10!S1 nuclease buffer and 1 ml of S1 nuclease
(20 units/ml) and incubation at 37 8C for five minutes,
after which the reaction was quenchedwith 0.5 ml of 0.5 M
Tris base and 15 ml of SDS/dye. The reactions were boiled
and analyzed by SDS-PAGE. The gels were scanned by
Phosphorimager (Molecular Dynamics) and then stained
by GelCode Blue stain (Pierce). For mass spectrometry
analysis, the protein–DNA band was cut out of the gel
and eluted using the BioRad Electro-Eluter (50 mM
NH4HCO3 with 0.1% SDS for six hours and without
SDS for four hoursmore). The eluate was dialyzed against
20 mM Tris–HCl (pH 7.5), 30 mM NaCl and dried under
vacuum. The pellet was washed twice with 50 ml of water,
0.5 ml of 1 M HCl, 450 ml of acetone (12 hours at K20 8C)
and twice with 50 ml of water/150 ml of acetone to remove
SDS.
Protease digestion and mass spectrometry analysis

dIII-DNA and d-DNAwere dissolved in 20 ml of 50 mM
NH4HCO3/acetonitrile (9/1, v/v), and digested with
1.5 ml of immobilized trypsin (Pierce) at 37 8C, shaking at
900 rpm for five hours. Next, 125 pg DN-EP (Sigma-
Aldrich) was added to digest duplex DNA at room
temperature for two hours; then 2 ml of the reaction
product was removed for MS analysis. The rest of the
sample was neutralized to pH 5 with 10% acetic acid and
then zinc acetate (to 1 mM) and 0.5 unit of S1 nuclease
added to digest ssDNA at room temperature for eight
hours. MS spectra were collected on an in-house
modified prototype Sciex QqTOF mass spectrometer.
Tandem mass spectrometry experiments were performed
on an in-house assembled matrix-assisted laser desorp-
tion/ionization (MALDI)-ion trap mass spectrometer that
incorporates a Finnigan LCQ DecaXP (Thermo Electron)
mass analyzer. 2,5-Dihydroxybenzoic acid (DHB) (Sigma-
Aldrich) was prepared as a saturated solution in
methanol/acetonitrile/water/trifluoroacetic acid (TFA)
(50/20/30/0.1, by vol.) and diluted threefold in the
same solution. Portions (2 ml) of the samples (before and
after treatment with S1 nuclease) were mixed with 6 ml of
diluted DHB solution and deposited onto MALDI target
CD at 4 ml per spot, and air-dried before the mass
spectrometry analysis. For the multi-stage MS experi-
ments, samples were further concentrated using reversed
phase oligoR3 beads (Applied Biosystems) and eluted
with 4 ml of 1/4 saturated DHB solution.
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