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The heterotrimeric checkpoint clamp comprises the Saccha-
romyces cerevisiae Rad17, Mec3, and Ddc1 subunits (Rad17/3/1,
the 9-1-1 complex in humans). This DNA damage response fac-
tor is loaded onto DNA by the Rad24-RFC (replication factor
C-like complex with Rad24) clamp loader and ATP. Although
Rad24-RFC alone does not bind to naked partial double-
stranded DNA, coating of the single strand with single-stranded
DNA-binding protein RPA (replication protein A) causes bind-
ing of Rad24-RFC via interactions with RPA. However, RPA-
mediated binding is abrogated when the DNA is coated with
RPA containing a rpal-K45E (rfal-t11) mutation. These prop-
erties allowed us to determine the role of RPA in clamp-loading
specificity. The Rad17/3/1 clamp is loaded with comparable effi-
ciency onto naked primer/template DNA with either a 3'-junc-
tion or a 5'-junction. Remarkably, when the DNA was coated
with RPA, loading of Rad17/3/1 at 3'-junctions was completely
inhibited, thereby providing specificity to loading at 5’-junc-
tions. However, Rad17/3/1 loaded at 5’'-junctions can slide
across double-stranded DNA to nearby 3’-junctions and
thereby affect the activity of proteins that act at 3’-termini.
These studies show a unique specificity of the checkpoint loader
for 5'-junctions of RPA-coated DNA. The implications of this
specificity for checkpoint function are discussed.

DNA damage elicits a broad range of cellular responses from
DNA repair to inhibition of cell cycle progression. DNA dam-
age checkpoints cause the arrest of cells at appropriate points in
the cell cycle so that the integrity of the DNA can be restored
(1). Although damage-induced checkpoints can be executed in
many phases of the cell cycle, most of the progress in under-
standing the molecular details of this process has been made in
the G, phase of the cell cycle, because its execution is unencum-
bered by complications related to the progression of DNA rep-
lication or chromosome segregation. In G, for the DNA dam-
age checkpoint to be executed in response to UV irradiation,
repair of damage needs to be initiated by the nucleotide exci-
sion repair machinery (2). This finding suggests that gaps made

* This work was supported in part by Grants GM32431 (to P.M.J.B.) and
GM44721 (to M. S. W.) from the National Institutes of Health. The costs of
publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

' To whom correspondence should be addressed: Dept. of Biochemistry and
Molecular Biophysics, Washington University School of Medicine, 660 S.
Euclid Ave,, St. Louis, MO 63110. Tel.: 314-362-3872; E-mail: burgers@biochem.
wustl.edu.

SEPTEMBER 22, 2006 +VOLUME 281+NUMBER 38

during the progression of nucleotide excision repair are targets
for the checkpoint machinery.

Gaps in the double-stranded DNA contain three structural
elements, a region of single-stranded DNA (ssDNA),> a ss-ds
DNA junction with a 5'-terminus (5'-junction), and a ss-ds
DNA junction with a 3’-terminus (3'-junction). Although the
ssDNA is a target for binding by the single-stranded binding
protein RPA, the 5'- and 3'-junction can be targeted by a variety
of proteins, including nucleases (to either junction), DNA po-
lymerases (to 3'-junctions), and circular clamp proteins. The
replication clamp proliferating cell nuclear antigen (PCNA) is
uniquely targeted to 3'-junctions and in that capacity serves as
a processivity factor for several DNA polymerases and for a
large number of other proteins that participate in various DNA
metabolic pathways (reviewed in Ref. 3). Much less is known
about the PCNA-related checkpoint clamp Rad17/3/1, a het-
erotrimer composed of the yeast Rad17, Mec3, and Ddcl sub-
units. This clamp is the ortholog of the human 9-1-1 clamp,
consisting of Rad9, Rad1, and Hus1 subunits.

The final steps of the DNA damage checkpoint pathway
resulting in inhibition of the cell cycle are well understood
(reviewed in Refs. 4 and 5). However, molecular details are lack-
ing regarding its initiation. Required for checkpoint initiation
are the yeast ataxia telangiectasia-related protein kinase
Mecl and the checkpoint clamp Rad17/3/1 and its loader
Rad24-RFC. Mecl forms a heterodimer with Ddc2, and
localization of Mec1/Ddc2 to DNA is mediated by interac-
tions between Ddc2 and the eukaryotic single-stranded
DNA-binding protein RPA (6). Loading of the clamp at sites
of DNA damage proceeds independently of Mecl localiza-
tion (7, 8). The loader Rad24-RFC is a heteropentameric
complex that has the four small Rfc2-5 subunits in common
with the canonical clamp loader replication factor C (RFC),
the loader of PCNA (9). DNA binding is specified by the
clamp loader. Productive binding of RFC proceeds exclu-
sively toward a 3'-junction. Successful loading of PCNA by
REC requires binding of ATP to the Rfc2, Rfc3, and Rfc4
subunits (10). ATP binding causes opening of the clamp-
clamp loader complex, which then is capable of binding tem-
plate-primer DNA. Hydrolysis of bound ATP causes closing
of PCNA around DNA and release of RFC. Substitution of

2The abbreviations and trivial names used are: ssDNA, single-stranded;
dsDNA, double-stranded DNA; RPA, replication protein A; PCNA, prolifer-
ating cell nuclear antigen; RFC, replication factor C; Rad24-RFC, complex of
Rfc2-5 and Rad24; Rad17/3/1, complex of Rad17, Mec3, and Ddc1; pol,
DNA polymerase; SPR, surface plasmon resonance; nt, nucleotide(s);
ATP+S, adenosine 5'-3-O-(thio)triphosphate.
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the Rfcl subunit by Rad24 (hRad17 in humans) endows this
alternative complex with the capacity to load Rad17/3/1
onto DNA while abrogating loading of PCNA. Once loaded,
the clamp has the ability to slide across double-stranded
DNA, although less efficiently than does PCNA (11, 12).

Several studies have been carried out to determine the DNA
substrate specificity for the checkpoint clamp and clamp loader
from yeast and from human. We initially showed that yeast
Rad24-RFC can load its clamp onto both 3'-junctions and
5'-junctions in an ATP-dependent reaction (12). Similar obser-
vations were made by Zou et al. (13). However, Ellison and
Stillman conclude that 5'-junctions constitute the preferred
substrate for loading of the human 9-1-1 clamp (14). It is impor-
tant to understand the substrate specificity and what factors
contribute to it, because this specificity determines whether the
clamp binds target proteins, e.g. nucleases, that likely act at 5'-
or 3'-junctions.

In an effort to find a reconciliation for the apparently contra-
dictory results in DNA-loading specificity, we have carried out
a comprehensive biochemical study of the substrate specificity
for the yeast checkpoint clamp system. We have concluded
that, although loading on naked DNA at both 5’- and 3'-junc-
tions was observed, coating of the ssDNA with RPA strongly
inhibited loading onto 3'-junctions, thereby endowing a unique
specificity of the checkpoint loader for 5’-junctions.

EXPERIMENTAL PROCEDURES

Proteins, Yeast Strains, and DNA—The checkpoint factors
and DNA polymerase 6 (pol 8) were overproduced in yeast and
purified as described previously (12, 15, 16). PCNA and RFC (a
version lacking the N-terminal 172-amino-acid domain of
Rfcl) were overproduced in Escherichia coli (17). The yeast
Rpal-K45E mutation, known as rpal-t11 (18), was generated
by tandem PCR with primers containing the desired mutation
and using plld-sctRPA as the template, analogous to that
described previously (19). The three-subunit protein complex
(RPA-t11) was overexpressed in E. coli strain Bl21 (DE3) and
purified as described earlier (20). A truncation mutant of RPA
lacking the N-terminal 180-amino-acid domain of Rpal (RPA-
1A) was overproduced in E. coli and purified as described pre-
viously (21).

The oligonucleotides used in the SPR and replication assays
were template oligonucleotide V21 (biotin-5'-TTTGAATTC-
TTTTTTTTTTTTTTTGACAGCCAAACCAACTTACCAT-
CTGGCCACAGTGCTGCAATGATATT-3"-biotin) and
complementary oligos C21-1 (5'-junction, 3'-DS end, 5'-TG-
TCAAAAAAAAAAAAAAAGAATTCAAA-3'), C21-2 (3'-
junction, 5'-DS end, 5'-AATATCATTGCAGCACTGTGGC-
CAGATG-3'), C21-3 (3'-junction, 5'-9 nt gap, 5'-GCAGCAC-
TGTGGCCAGATGGTAAGTTGG-3’), and C21-4 (3'-junc-
tion, 5'-9 nt gap, 5'-GCAGCACTGTGGCCAGATGGTAAG-
TTGGTTTGGCTG-3'). When used as primers for replication
assays, oligos C21-2, C21-3, and C21-4 were labeled with T4
polynucleotide kinase and [y-**P]ATP before annealing to the
template V21. Streptavidin (3-fold molar excess over DNA) was
then added to create biotin-streptavidin bumpers at the tem-
plate ends. The 50-mer 5'- ATACGACTCACTATAGGGC-
GAATTGGGTACCGGGCCCCCCCTCGAGGTCG-3' or a
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derivative with terminal biotin moiety(ies) was hybridized to SS
Bluescript DNA followed by the addition of a 3-fold molar ex-
cess of streptavidin.

Replication Assay—The 40-pul replication assays contained
25 mMm Hepes, pH 7.8, 70 mm NaCl, 8 mm MgAc,, 1 mwm dithi-
othreitol, 100 pwg/ml bovine serum albumin, 100 um each
dNTPs, 1 mMm ATP or ATPS, 3.6 nm DNA, either V21/C21-2,
V21/C21-3, or V21/C21-4 with the primer 5'-**P-labeled, and
when present, 75 nm Rad17/3/1 and 30 nm Rad24-RFC. The
reaction was pre-incubated for 2 min at 30 °C before the addi-
tion of 2 nm pol . Aliquots were taken at the indicated times,
quenched in an equal volume of sequencing stop buffer, and
analyzed by 8 M urea/16% PAGE. Quantitation was done by
phosphorimaging.

DNA-Protein Interaction Analysis—Surface plasmon reso-
nance (SPR) was performed in a BIAcore X apparatus. The run-
ning buffer used in the analysis contained 25 mm Hepes-NaOH,
pH 7.8, 125 mm NaCl, 5 mm MgAc,, 1 mm dithiothreitol, 0.05%
Tween 20, and 100 ug/ml bovine serum albumin. The DNA
chips were prepared as described previously and contained
~50-100 resonance units of biotinylated DNA attached via
streptavidin to an F1 chip (12). The interaction between Rad24-
RFC (30 nm) and Rad17/3/1 (60 nm) with DNA was monitored
at 20 °C by injecting, at a flow rate of 30 ul/min, 80 ul of the
protein factors and 1 mm ATP over a DNA chip. Coating of the
DNA with wild-type or mutant RPA was accomplished by
injecting 80 wl of 100 nm RPA across the DNA chip. Regenera-
tion of the chip was accomplished by a 10-ul injection of 1 M
NaCl, 0.02% SDS.

Gel Filtration Analysis of Clamp Loading—150 fmol of effec-
tor DNA was incubated with 250 fmol of Rad24-RFC and 2
pmol of [**P]Rad17/3/1 in buffer A (25 mm Hepes-NaOH, pH
7.8,75 mm NaCl, 8 mm MgAc,, 1 mm dithiothreitol, 100 ug/ml
bovine serum albumin) with 1 mm ATP at 23 °C for 3 min and
then loaded onto a 5-ml BioGel A5m column equilibrated in
buffer A. The radioactivity in each 6-drop fraction was deter-
mined in a scintillation counter.

RESULTS

Rad24-RFC Interacts with RPA—Previously, we used an
SPR methodology to detect Rad17/3/1 loading onto partial
duplex DNA (12, 15). These studies allowed us to make the
following general conclusions with regard to clamp-clamp
loader interactions and loading onto DNA. (i) Loading of
Rad17/3/1 requires Rad24-RFC and ATP. (ii) In analogy with
the canonical PCNA-RFC system, ATP binding to Rad24-
REC suffices for the formation of a high affinity clamp-clamp
loader complex, clamp opening, and formation of a ternary
complex with effector DNA, although hydrolysis of the
bound ATP results in closure of the clamp around DNA and
release of the loader. (iii) Under our standard reaction con-
ditions containing 125 mm NaCl, the measured affinities of
the clamp and the loader for each other and for DNA are in
the 2—5 nmrange. Therefore, we have carried out most of our
current studies at 30 nm Rad24-RFC and 60 nm Rad17/3/1,
which were saturating under all conditions.

A DNA substrate was used consisting of a 71-mer template
and a 28-mer primer positioned flush at either end of the tem-
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FIGURE 1. Interaction between Rad24-RFC and RPA requires the N-terminal domain of Rpa1. Proteins
were flowed across a chip with the 5’-junction DNA substrate (V21/C21-1) as described under “Experimental
Procedures.” A, scheme of the assay. L, Rad24-RFC; C, Rad17/3/1. B, DNA was coated with RPA where indicated,
and the clamp and/or loader together with ATP, except where indicated as —ATP, were injected at t = 0. The
dashed line represents injection of buffer at t = 0 after coating with RPA. The hatched line indicates the disso-
ciation phase of the C + L experiment fitted to first order kinetics. C, DNA was coated with wild-type or mutant
RPA followed by injection of loader or RFC and ATP. D, DNA was coated with wild-type of mutant RPA as

indicated followed by injection of clamp and loader and ATP.

plate allowing ample ssDNA for binding by RPA. Biotin resi-
dues were incorporated at both ends of the template, thereby
providing a double anchor to the streptavidin chip. We used a
SPR chip containing flexible dextran linkers, anticipating that,
on such a chip, both biotins on the template DNA would be able
to bind accessible streptavidins (Fig. 14). Remarkably, although
many different binding configurations can be envisaged with
such a dual biotin arrangement, when the clamp and clamp
loader together with ATP were flowed across a chip charged
with 5'-junction DNA, the dissociation phase of the binding
curve followed first order kinetics, suggesting that the majority
of clamp-clamp loader complexes encounter DNA molecules
that are in a similar environment (Fig. 1B).

Control experiments showed that only background signal
was observed when any two factors were flowed across the chip
containing naked DNA: Rad24-RFC with ATP, or Rad17/3/1
with ATP, or Rad24-RFC together with Rad17/3/1 but without
ATP (Fig. 1B). However, when the DNA had previously been
coated with RPA, strong binding was observed when Rad24-
RFC alone was injected, regardless of whether Rad17/3/1 or
ATP were also present. This strong binding signal was also
observed when Rad24-RFC was flowed over RPA-coated
3'-junction DNA (data not shown). We reasoned that the
observed signal resulted from direct interactions between RPA
and Rad24-RFC, as had previously been reported for the human
complex hRad17-REC (13). This strong interaction was medi-
ated through the Rad24 subunit because canonical RFC failed
to elicit a signal when injected across a chip with RPA-coated
DNA (Fig. 1C). Previously, interactions between RFC and RPA
have also been reported, but these were likely too weak to give a
positive signal under our assay conditions in buffer containing
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(RPA-1A). This RPA truncation
mutant shows normal binding to
ssDNA (21, 25). However, interac-
tion with Rad24 was completely
abrogated (Fig. 1C).

Next, we tested a mutant RPA
containing the Rpal-tll mutation
(K45E). The rfal-t11 allele was orig-
inally isolated in a genetic screen
for damage-sensitive Rpal mutants (18). The rfal-t11 mutant
shows defects in mitotic and meiotic recombination and double
strand break repair and affects the adaptation of cells to irrep-
arable double-stranded DNA breaks (18, 26, 27). The mutant
does not measurably affect DNA replication, and the mutant
RPA complex RPA-t11 binds ssDNA in a similar manner as
wild-type (data not shown) (28). The mutant protein also shows
reduced interactions with Ddc2, a subunit of the Mec1/Ddc2
checkpoint kinase (6). However, the rfal-t11 mutant shows
only very minor defects in the DNA damage checkpoint (data
not shown) (6,23, 29). Remarkably, in our SPR assay, no binding
of Rad24-RFC to the mutant RPA (RPA-t11) was observed (Fig.
1C). These results suggest that the functionality of the DNA
damage checkpoint is relatively insensitive to the strength of
the RPA-Rad24 interactions.

When either of these two mutant RPAs was used in our
checkpoint clamp-loading assay, we detected a robust signal
that was dependent on the presence of Rad24-RFC, Rad17/3/1,
and ATP (Fig. 1D and data not shown). Moreover, the kinetics
of binding and dissociation were independent of the mutant
RPA used to coat the DNA. Interestingly, when the DNA was
coated with the interaction-defective mutants of RPA, the dis-
sociation kinetics of the clamp-clamp loader were not greatly
affected compared with those with naked DNA (k¢ = 0.018
s~ ! without RPA, 0.01 s~ with RPA-1A, and 0.011 s~ " with
RPA-t11). In contrast, dissociation of Rad24-RFC alone from
DNA coated with wild-type RPA was very slow (kg << 0.001
s 1). As expected, complex kinetics were observed when
Rad17/3/1 was loaded by Rad24-RFC onto DNA coated with
wild-type RPA, reflecting contributions due to RPA interac-
tions with Rad24-RFC and to the stability of the loaded clamp
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FIGURE 2. RPA restricts loading of Rad17/3/1 to 5'-junctions. The assays were carried out as diagrammed in
Fig. 1A. The chip contained either 5’-junction DNA (V21/C21-1; Aand C) or 3’-junction DNA (V21/C21-2; Band
D). The chips were coated with the indicated form of RPA followed at t = 0 by injection of Rad24-RFC (L) and
Rad17/3/1 (C), with ATP (A and B) or RFC, and ATP and PCNA where indicated (C and D). Absolute response
signals (in resonance units) were converted into relative response signals to correct for differences in absolute
coupling of the 5’-junction DNA (50 resonance units) and the 3’-junction DNA (90 resonance units).

(Fig. 1B). Thus, the use of RPA mutants allowed us to investi-
gate clamp-loading kinetics on naked versus coated DNA.
RPA Inhibits Loading of the Clamp at 3'-Junctions—Having
established a loading assay that allows us to investigate the role
of RPA without interfering with binding to the clamp loader, we
next investigated the role of the effector DNA. We used two
template-primer substrates, with each primer providing one
unique junction for loading, because the other side of the
primer was situated flush against the terminal template biotin-
streptavidin moiety. On the 5’'-junction substrate, which was
also used in the studies presented in Fig. 1, we observed robust
loading of Rad17/3/1 in a clamp loader- and ATP-dependent
manner. Coating of the DNA with RPA-1A or with RPA-t11
resulted in loading with almost the same efficiency (Fig. 24).
However, a radically different result was obtained with the
3'-junction substrate. Although loading of Rad17/3/1 on naked
3'-junction DNA proceeded with high efficiency and in a clamp
loader- and ATP-dependent manner, loading on the same
effector DNA coated with RPA-1A or RPA-t11 was completely
abrogated (Fig. 2B). These results not only indicate that the
3’-junction of RPA-coated DNA is inaccessible to the check-
point system but also that the double-stranded end of the DNA
situated against the biotin-streptavidin bumper did not provide
an entry site for loading. In a control experiment, we moved the
primer downwards on the template so that a 9-nt gap was cre-
ated between the 5'-end of the primer and the biotin-streptavi-
din. This gapped substrate (depicted in Fig. 4, right panel) was
fully functional for checkpoint clamp loading, even when the
DNA was coated with mutant RPA (data not shown).
Although RPA provides specificity for checkpoint clamp
loading toward 5'-junctions, the exact opposite was observed
for PCNA loading by REC (Fig. 2, C and D). In these studies, we
used a version of RFC that lacks the N-terminal 172 amino acids
of Rfcl. This domain has been shown to bind phosphorylated
5'-junction DNA, yet this activity is dispensable for PCNA
loading (17, 30, 31). Both nonspecific binding of RFC to 5’ -junc-
tion DNA and inefficient loading of PCNA on this substrate was
completely blocked by coating the DNA with RPA (Fig. 2C). On
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0 160 2(I}0 using more traditional clamp-load-
ing assays in which primed circular
DNA was used as substrate and
clamp-DNA complexes were iso-
lated by gel filtration. These assays
could only be performed when the
ssDNA was coated with RPA,
because in its absence, clamp load-
ing was both inefficient and nonspecific, likely because of the
presence of large regions of ssDNA (data not shown). However,
the assay allowed us to use wild-type RPA, as control experi-
ments showed that very little clamp was associated with the
wild-type RPA-coated DNA when either ATP or Rad24-RFC
was omitted from the incubation or the ssDNA lacked a primer
(Fig. 3) (15). Thus, unlike with the SPR assay, this assay allowed
us to monitor complex formation on DNA coated with wild-
type RPA.

The clamp was >?P-labeled for ease and accuracy of quanti-
tation. The 3-kb SS Bluescript circle was primed with a 50-mer
and loading of [**P]Rad17/3/1 monitored. Blocking of the
5’-end of the primer with biotin and streptavidin substantially
reduced loading, whereas blocking of the 3'-end had no effect
on the loading efficiency (Fig. 3). Blocking of both the 5’- and
3'-ends yielded the same loading efficiency as did blocking of
only the 3'-end. These data are consistent with our conclusion
from the SPR studies, i.e. that loading to 3’-junctions is abro-
gated when the ssDNA is coated with RPA. They also suggest
that the inactivity of the 3'-junction merely requires coating of
the ssDNA, and either wild-type RPA, RPA-1A, or RPA-t11 can
fulfill this function.

We also determined whether a DNA nick served as a loading
site for the checkpoint clamp, but no activity at a nick was
observed (Fig. 3). PCNA isloaded at a nick by RFC, as one would
expect given its function in base excision repair (33). On the
other hand, PCNA is not loaded at a nick by the alternative
clamp loader Ctf18-RFC (25).

After Loading at 5'-Junctions, the Clamp Can Slide to
3'-Junctions—Previously, we have shown that Rad17/3/1 can
slide across dsDNA (12). In the course of searches for enzymes
that might be stimulated by the checkpoint clamp, we actually
noted that Rad17/3/1 inhibited rather than activated pol 8. This
inhibition did not appear to be specific, as the activity of E. coli
DNA polymerase I, Klenow fragment, and that of T7 DNA po-
lymerase was also inhibited by the checkpoint clamp (data not
shown). Inhibition requires the clamp loader and ATP and
therefore appears to represent the result of bona fide loading of

VOLUME 281+-NUMBER 38+-SEPTEMBER 22, 2006

1002 ‘9z Arenuer uo Alisianiun uolbuiysepn 1e 610 ogl-mmm woly papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

e

RPA Rad24-RFC
Rad17/311 ATP . BioGel A-5m
DNA-bound Free Rad17/31

4

—>~ No block
=7 3'-block

—x 5'-block
—4@- 5'+3-blocks

-O~ No primer
- -@- Nicked DNA
0 N L L1 L I 11 1 L I L_L L1 [ L1 L1 I
5 10 15 20 25
Fraction

FIGURE 3. Stable loading of Rad17/3/1 requires unblocked 5’-junctions.
Loading reactions were as described under “Experimental Procedures.” The
DNA-protein complex elutes in fractions 7-10 and free protein in fractions
12-25. See “Experimental Procedures” for details. DNA effectors were either
nicked pUC19-A2 DNA (25), RPA-coated SS Bluescript DNA (No primer), or
RPA-coated primed SS Bluescript DNA. The 50-mer primer had either no bio-
tin (No block), a 5'-biotin (5'-block), a 3'-biotin (3'-block) or 5’- and 3’-biotin
residues (5’ +3'-blocks). Streptavidin was added after hybridization of the
primers to the SS template DNA. cpm, counts/min.

[32P]-Rad17/3/1 (103 cpm)

IlIIIIII]IIIIIIIIIIIIIIIIIIIIII!IIIIIII

the clamp. We used this inhibition system to further investigate
the polarity of clamp loading and clamp sliding. When the
checkpoint clamp was loaded onto a 3’-junction substrate with
the 5'-end of the primer flush-ended to the biotin streptavidin
bumper, very little inhibition of pol d activity was observed (Fig.
4, left panel; compare lanes 4 and 5 with lanes 2 and 3). We
noted that the lack of inhibition or stimulation of a target DNA
polymerase did not allow us to make any conclusions regarding
clamp loading as the presence of the clamp on the dsDNA could
be transparent to the polymerase. In a control reaction, ATP
was replaced by the non-hydrolyzable analog ATPvS, which
inhibits the final step of clamp loading and freezes the clamp at
the site of loading (12). As expected, pol 8 activity was inhib-
ited because the 3’-terminus was blocked by the clamp-
clamp loader complex (Fig 4.; compare lanes 8 and 9 with
lanes 6 and 7).

Next, we provided a 9-nt gap to allow loading of the clamp at
the 5'-junction (Fig. 4, right panel). A strong inhibition of pol 8
activity was observed (compare lanes 13 and 14 with lanes 11
and 12). Control SPR studies showed that the 9-nt gap was
sufficient for 5’'-junction-mediated loading of Rad17/3/1 (data
not shown). These data suggest that Rad17/3/1, after being
loaded at the 5'-junction, can slide to the 3'-junction and make
the 3’-terminus inaccessible for binding by DNA polymerases.
An alternative possibility would be that the mere occupancy of
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FIGURE 4. Clamp loading at 5'-junctions affects activity at nearby 3’-junc-
tions through clamp sliding. Where indicated, Rad17/3/1 (C) was loaded by
Rad24-RFC (L) on either 5'-flush-end DNA (V21/C21-2; left panel) or on
5'-gapped DNA (right panel) containing a 28-mer primer (V21/C21-3) or a
36-mer primer (V21/C21-4). Clamp loading was carried out for 2 min at 30 °C
with 1 mm ATP or 1 mm ATP+S, indicated as Nucl., and the replication reaction
was started at t = 0 by the addition of pol  and dNTPs. Full-length products,
as % of input DNA, were quantitated. The sizes of the ss-gaps are indicated.
Details are in “Experimental Procedures.”

the checkpoint clamp at the 5'-junction would provide a suffi-
ciently large steric bulk to block access to the 3'-terminus. The
5'-and 3'-junction are separated by 28 bp of dsDNA, a distance
of ~90 A. The width of the PCNA trimer is ~40 A, and this
sliding clamp covers about one turn of a B-DNA helix (34).
Based upon the structural homology between the checkpoint
clamp and PCNA, we think it unlikely that the checkpoint
clamp could extend for 90 A along dsDNA. However, to exclude
that possibility, we further increased the separation between
the 5~ and 3'-terminus to 36 nt (or ~115-120 A). Checkpoint
clamp-dependent inhibition of pol 8 activity was still observed
(Fig. 4; compare lanes 18 and 19 with lanes 16 and 17), suggest-
ing that the observed inhibition most likely originates from
5'-loading followed by sliding to the 3'-junction.

DISCUSSION

The replication clamp PCNA functions as a processivity fac-
tor for DNA polymerases and stimulates the activity of many
other proteins in DNA metabolism, generally by increasing
their residence time on the DNA. Based upon the structural and
functional analogies between PCNA and Rad17/3/1, it has been
assumed that the checkpoint clamp fulfills a similar function. In
both S. pombe and S. cerevisiae, genetic studies suggest that the
DNA damage checkpoint clamp and clamp loader are required
for a robust mutagenic response (35-37). Interactions have
been demonstrated between the clamp and DNA polymerase ¢,
the major mutagenic enzyme in the eukaryotic cell (37). How-
ever, these observations have not been verified in vitro; PCNA
rather than Rad17/3/1 was shown to be a cofactor for transle-
sion synthesis by pol ¢ (38).

Biochemical studies have identified two enzymes that are
stimulated in vitro by the presence of the human 9-1-1 com-
plex, the human ortholog of S. cerevisiae Rad17/3/1. The
human 9-1-1 complex stimulates DNA polymerase 3 activity,
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Directionality of the Checkpoint Clamp

Sliding
5'-Loading 3'-Position
| 3|
—
Sliding
3'-Loading 5'-Position
B Rpa Rpa3
C N
Rpat
3!
— -
Sliding
5'-Loading 3'-Position

FIGURE 5. Polarity of the clamp at junctions depends on the site of load-
ing. A, on naked DNA, Rad17/3/1 can be loaded at either junction and subse-
quently slide to a neighboring junction. B, RPA-coated DNA restricts loading
to 5’-junctions, yet 3'-junctions can be functionalized through sliding. The
binding orientation of RPA is from Refs. 42 and 43.

primarily by increasing the efficiency of primer recognition by
pol B rather than the processivity of polymerization (39). The
human checkpoint clamp also stimulates FENT1 activity (40). In
these studies, the clamp was not loaded by the hRad17-RFC
clamp loader but was allowed to slide onto the double-stranded
ends of substrate DNA in a manner that was previously shown
to also mediate RFC-independent loading of PCNA (41). This
mode of clamp loading by diffusion onto dsDNA ends not only
requires a large excess of clamp but also yields products with
the clamp positioned in either orientation with regard to the
primer-template junction. Therefore, it is not clear which side
of the clamp is responsible for mediating the observed stimula-
tion of FEN1 or pol B. For instance, is the increased primer
recognition by pol B caused by interaction with the side of the
clamp that the loader normally would position at the 3'-termi-
nus or is it with the opposite side of the clamp that would be
positioned there after loading at a 5'-junction followed by slid-
ing across intervening dsDNA to the 3’-terminus (Fig. 54)?

The studies described here show that Rad24-RFC is a dual
polarity loader of Rad17/3/1 on naked DNA; however, loading
of the clamp on 3’-junctions is inhibited when the DNA is
coated with RPA (Fig. 2). These results are in agreement with
those by Ellison and Stillman (14), who carried out their studies
on RPA-coated DNA templates. In contrast, they do not sup-
port the conclusion from the Elledge group (13) that hRad17-
RFC s a dual polarity clamp loader on RPA-coated DNA. How-
ever, in their experimental protocol, these authors used a
concentration of RPA insufficient to coat the entire ssDNA
region of the circular DNA (1 pmol of RPA/pmol of ssDNA
circle). Therefore, naked 3’-junctions likely were present and
permissive for clamp loading.

RPA binds ssDNA with a defined polarity (42, 43). The ori-
entation of RPA is such that the N-terminal domain of Rpal will
be at the 5'-end of the ssDNA and the C-terminal domain at the
3’-end. Consequently, the 5'-junction of primed ssDNA is clos-
est to the N terminus, and the 3'-junction is closest to the C
terminus of Rpal. The mutant forms of RPA containing Rpal-
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(AN1-180) or Rpal-t11 (K45E) affect the N-terminal region of
Rpal, leaving the C-terminal region and its inhibitory effect on
3'-junction loading intact. In vivo, where RPA participates in
replication and many repair processes, it is anticipated that
RPA will bind to most DNA intermediates containing ssDNA,
thereby restricting checkpoint clamp loading to 5’-junctions.
For instance, during simple checkpoint activation in the G,
phase of the cell cycle, the ~30-nt DNA gap produced during
the course of nucleotide excision repair would only allow load-
ing of the clamp at 5'-junctions because of RPA binding at the
gap. Therefore, under these conditions, the target protein for
the checkpoint clamp would most likely be one that acts at
5'-junctions, e.g. a 5'-nuclease, and not a DNA polymerase that
acts at 3’-junctions.

However, the studies in Fig. 4 suggest that additional check-
point functionalities could exist when the DNA discontinuities
are more complex. If multiple gaps are formed on the DNA, for
instance at stalled DNA replication forks, loading of Rad17/3/1
at a 5'-junction could result in its presence at a neighboring
3’-junction because of its ability to slide across double-stranded
DNA (Fig. 5B). And if RPA were not present at a gap, perhaps
because the gap is too small for RPA binding, all four distinct
clamp configurations are conceivable (Fig. 54). Although the
checkpoint clamp is not loaded at a nick (Fig. 3), robust loading
was observed at a 9-nt gap.

The specificity for checkpoint clamp loading revealed in this
study has certain predictive value. In the checkpoint pathway
elicited by nucleotide excision repair of DNA damage (2), it is
likely that the checkpoint will be functionalized by an enzyme
that acts at 5'-junctions, perhaps an exonuclease. On the other
hand, to understand checkpoint function in response to more
complex forms of DNA damage, it is possible that 3’-junctions
can also be of importance. In this regard, it will be important to
determine how the polarity of the clamp at a given junction can
affect its interactions with a target protein in the checkpoint
pathway itself or in a pathway activated by the checkpoint.
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