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The B and proliferating cell nuclear antigen (PCNA) sliding clamps
were first identified as components of their respective replicases,
and thus were assigned a role in chromosome replication. Further
studies have shown that the eukaryotic clamp, PCNA, interacts
with several other proteins that are involved in excision repair,
mismatch repair, cellular regulation, and DNA processing, indicat-
ing a much wider role than replication alone. Indeed, the Esche-
richia coli B clamp is known to function with DNA polymerases Il
and V, indicating that B also interacts with more than just the
chromosomal replicase, DNA polymerase Ill. This report demon-
strates three previously undetected protein-protein interactions
with the g clamp. Thus, B interacts with MutS, DNA ligase, and DNA
polymerase I. Given the diverse use of these proteins in repair and
other DNA transactions, this expanded list of 8 interactive proteins
suggests that the prokaryotic B ring participates in a wide variety
of reactions beyond its role in chromosomal replication.

PCNA | mismatch repair

The Sliding Clamp in Replication

he highly processive DNA polymerases that replicate cellular

genomes combine a tight grip on DNA with rapid mobility
along the duplex during synthesis (reviewed in refs. 1 and 2). The
apparent contradiction of binding to DNA tightly, yet rapidly
moving on DNA, is resolved by a mechanism that on hindsight
is quite elegant and simple. The solution lies in a protein
molecule in the shape of a ring that, rather than binding to DNA
by using direct chemical forces, binds to DNA by encircling it
(i.e., topological binding). This mechanism was first discovered
in the Escherichia coli system in which the 8 dimer, a subunit of
DNA polymerase IIT holoenzyme (Pol III H.E.), was found to be
able to bind tightly to circular DNA but to slide off the ends of
linear DNA (3). The dependence of the beta-DNA interaction
on the topological state of DNA indicated that the protein does
not bind DNA through the usual chemical forces, but instead
binds DNA by virtue of its shape (i.e., as a ring, or clamp). The
B subunit therefore serves as a mobile sliding clamp to contin-
uously tether Pol III H.E. to DNA during synthesis, thus assuring
its processivity.

Crystal structure analysis of E. coli B and its functional
homologues, eukaryotic proliferating cell nuclear antigen
(PCNA) and phage T4 gp45, has revealed the ring shape of all
of these “processivity factors” (Fig. 1 A-C; refs. 4-7). The fold
of the polypeptide chain in 8 and PCNA is essentially the same,
which is remarkable given the fact that no homology is observed
between the two proteins. The chain fold of gp45 is similar, with
the exception of the loss of two secondary structural elements.
The overall structures of the homoligomeric B and PCNA rings
can be described as being composed of six globular domains,
each of the same shape, which pack together to form a six domain
ring. The architecture of the ring includes a continuous layer of
pleated sheet structure around the entire circumference, and a
set of 12 a-helices that line the inside of the ring. A major

8376-8380 | PNAS | July 17,2001 | vol.98 | no. 15

difference between B, PCNA, and gp45 is their oligomeric
composition. 8 is a homodimer in which each monomer consists
of three domains; PCNA and gp45 monomers consist of only two
domains and trimerize to form the ring.

Sliding clamps require a clamp loader assembly for their
topological association with DNA. Clamp loaders consist of
multiple subunits and require ATP to perform their task as a
“molecular matchmaker” between the sliding clamp and the
DNA (reviewed in refs. 1 and 8). The workings of the E. coli
clamp loader, called the y complex, will be discussed later in this
report. After assembly of the sliding clamp onto DNA, the
polymerase associates with the same side of the ring used by the
clamp loader (see scheme in Fig. 1D).

PCNA and gp45 Participate in Many DNA Metabolic Processes

In this report, we demonstrate that B interacts with other
proteins besides those directly involved in chromosomal repli-
cation. First, however, it seems prudent to briefly review what is
known in this regard in other systems, especially considering the
broad scope of proteins that are known to interact with PCNA.
Although the clamps were first discovered for their use in
replication, it soon became apparent that they are also involved
in many other DNA metabolic processes. The first example of
this was in the T4 system in which Geiduschek and coworkers
demonstrated that the T4 gp45 clamp can act as a “mobile
enhancer” to activate transcription of phage late genes (9). This
work demonstrated that T4 gp45 assembles onto DNA at a
nicked site and interacts with phage-modified E. coli RNA
polymerase, which is then active for specific transcription from
the phage late-gene promoters.

PCNA is known to function with DNA polymerases 6 and ¢,
enzymes responsible for chromosome replication (2). The first
indication that PCNA may act with a protein other than a DNA
polymerase came from an observation of PCNA in complex with
p21CIPUWAFL "the cyclin kinase inhibitor (10). This interaction is
thought to play a regulatory role in replication because p21
blocks use of PCNA by Pol 6 (11, 12). Since this observation was
made, several other proteins have been shown to interact with
PCNA (reviewed in ref. 10). These include XPG, MSH3, MSHG6,
MLH1, PMS2, and hMYH (13), implying roles for PCNA in
nucleotide excision repair, mismatch repair, and base excision
repair. PCNA also interacts with Fenl endonuclease and DNA
ligase I, suggesting a role in the maturation of Okazaki fragments
or perhaps other processes involving the trimming of 5’ ends or
filling of DNA gaps. PCNA also binds the chromatin assembly
factor 1 (CAF-1; ref. 14), and several other proteins, including
a DNA methyltransferase and gadd45.

This paper results from the National Academy of Sciences colloquium, “’Links Between
Recombination and Replication: Vital Roles of Recombination,” held November 10-12,
2000, in Irvine, CA.

Abbreviations: Pol [l H.E., DNA polymerase Il holoenzyme; PCNA, proliferating cell nuclear
antigen.
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Fig. 1. DNA sliding clamps from E. coli, human, and phage T4. Ribbon

diagrams are shown for sliding clamps from different organisms: (A) E. coli B
(4), (B) human PCNA (6), and (C) phage T4 gp45 (7). Each monomeric unit of the
ring isshown in a different color. The arrows indicate the protomer interfaces.
(D) The scheme illustrates assembly of a B ring on a primed template by vy
complex in an ATP-driven reaction, followed by association of the core poly-
merase with B for processive DNA synthesis.

Interaction of B with Pol Il H.E., Pol II, and Pol V

The B clamp interacts not only with the &« DNA polymerase
subunit of DNA polymerase III H.E., but also with three
subunits of the clamp loader. The clamp loader, y complex,
consists of five different subunits, v, 8, 8', x, and ¢». The §, &', x.
and ¢ subunits are present in single copy in the complex (15, 16),
and vy is present as a homotrimer (17). The B subunit interacts
most strongly with the & subunit (18), although it also shows a
week interaction with the y and y subunits (A. Yuzhakov and
M.O.D., unpublished results).

The v, 8, and &' subunits are needed for efficient clamp
loading; neither y nor s are required (1). The & subunit has been
shown to be capable of opening the B ring by itself and can
remove 3 from DNA, but cannot load 8 onto DNA without yand
8" (19). The y and &' subunits presumably coordinate ring
opening with the positioning of DNA inside the ring, and with
ring closure. The +y subunit is the only subunit that binds and
hydrolyzes ATP, and thus is the motor of the clamp loader. In
the absence of ATP, the interaction of y complex with B is
decreased. ATP binding results in the interaction with B, and
ring opening. ATP hydrolysis is promoted by primed DNA and
results in dissociation of y complex from 3, leading to the closed
ring on DNA (ref. 17, and reviewed in ref. 1). The exact roles of
the y-B and x-B interactions are not clear at the present time.

The B subunit has also been shown to interact with DNA
polymerase II (Pol II), increasing its processivity in synthesis (20,
21). The role of Pol II is unclear; it has been implicated in
replication restart (22). The recently discovered DNA polymer-
ase activity present in UmuC, renamed Pol V, requires the
presence of y complex and B [plus UmuD’, RecA, and ssDNA-
binding protein (SSB)] for activity, suggesting that it too inter-
acts with the B clamp (23).

Interaction of 8 with MutS

In vitro, E. coli mismatch repair depends specifically on DNA
polymerase III H.E (24), suggesting that some component of this
replicase contacts the mismatch repair machinery. Further, the
fact that in eukaryotes PCNA binds MSH2 and MSH6 suggested
that perhaps B interacts with MutS.

We initially examined MutS and B for interaction by gel
filtration, a technique that detects fairly strong interactions (e.g.,
Kg = 300 nM or less), but did not observe a Muts—8 complex
(data not shown). Next, we examined 3 for a MutS interaction
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Fig.2. A protein-shift assay reveals a MutS interaction with the g clamp. (A)
Interaction of B with replication proteins. The B subunit, modified at the C
terminus to incorporate a protein kinase motif, was labeled with [32P]ATP by
protein kinase as described (25). Reactions (15 ul) contained 20 mM Tris-Cl (pH
7.5),0.1 mM EDTA, 4% glycerol, 50 ug/mI BSA, 100 mM NacCl, 5mM DTT, and
90 nM [32P]B. Lanes 1 and 7 are controls; lane 2, 0.5 uM DNA polymerase II; lane
3, 0.5 uM DNA polymerase lll core; lane 4, 3 uM §; lane 5, 4 uM v; lane 6, 3 uM
7. (B) Analysis of B interaction with mismatch repair proteins. Reactions were
as in A. Lanes 8-11 contained 3 uM of either MutS, MutL, MutH, or UvrD,
respectively. Reactions were incubated at 37°C for 4 min before loading 5 ul
on a native 4% polyacrylamide gel. Electrophoresis was performed by using
TBE buffer (90 mM Tris/64.6 mM boric acid /2.5 mM EDTA, pH 8.3) at 17 mA
and 22°C. Gels were dried, and detection of radioactive 8 was performed by
using a Phosphorimager (Molecular Dynamics).

by using a native PAGE (Fig. 2). In this technique, we used 3
with a six-residue C-terminal extension that can be phosphory-
lated with protein kinase (25). Either MutS, or other proteins,
were mixed with [3?P]B, and then the mixture was analyzed in a
native polyacrylamide gel followed by autoradiography. An
interaction between [3?P]g and the added protein results in a gel
shift. In Fig. 2A4, this technique was applied to proteins known
to bind B. The [3?P]B was gel shifted by Pol II, Pol III core, and
the & subunit of y complex, all proteins that have previously been
shown to bind to 8. The y and 7 subunits did not produce a gel
shift with [32P]B, yet we have recently detected a weak associa-
tion between y and 3 by surface plasmon resonance (A. Yuzha-
kov and M.O.D., unpublished results). [3>P]B was also examined
for interaction with MutL, MutH, and UvrD (helicase II), all
proteins involved in mismatch repair. The results using this
technique, in Fig. 2B, demonstrate an interaction between 8 and
MutS but no interaction with MutL, MutH, or UvrD.

The interaction between 8 and MutS was also examined by the
kinase protection technique (25). In this assay the rate of
phosphorylation of the six-residue kinase tag at the C terminus
of Bis followed in the presence or absence of a protein that binds
B. As illustrated in the diagram at the Top of Fig. 3, the C termini
of the B dimer on which the kinase tags are placed protrude from
one face of the ring. If the B8 binding protein interacts with the
face of B from which the C-terminal kinase tags protrude, kinase
action is blocked, and the phosphorylation rate of B8 is dimin-
ished. Previous studies have demonstrated that both Pol III core
and & subunit protect B from phosphorylation, indicating that
they bind to the face of 8 from which the C termini protrude. The
first five lanes of Fig. 34 show the time course of phosphoryla-
tion of B in the absence of MutS. As an internal control,
kinase-tagged PCNA is also present in the reaction. The same
experiment, but in the presence of MutS, is shown in lanes 6-10.
The result shows protection of 3, but no protection of the PCNA
internal control, indicating that MutS binds the face of g from
which the C-terminal tags protrude. A positive control using &
subunit is shown in lanes 11-15. The & subunit acts like MutS,
protecting 3 but not PCNA from phosphorylation by the kinase.
These results are quantitated in the plot of Fig. 3B.
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Fig.3. Kinase protection analysis of the B—~MutS interaction. The diagram at
the Top illustrates the location of the six-residue kinase tags placed onto the
C terminus of B. The diagram to the Left is a front view (no tags shown). The
diagram to the Right shows a side view; the location of the kinase tags is
indicated by the boxes. (A) Interaction of MutS with g is specific and occurs on
the same face of the ring as § and «. Kinase-tagged 8 and PCNA were labeled
with [32P]ATP using protein kinase as described in Fig. 2. Lanes 1-5 show a time
course of phosphorylation of kinase-tagged B or PCNA in the absence of
additional protein. Addition of MutS (lanes 6-10) or & (lanes 11 to 15) inhibits
labeling of B but not of PCNA, indicating a specific interaction of MutS with
B. Reaction conditions were as described (26). Concentrations of g and PCNA
(as dimer or trimer, respectively) were 1 uM, and those of MutS and §, when
present, 10 uM. Reactions (50 ul) were incubated at 37°C, and aliquots (5 ul)
were removed and quenched with 1% SDS and 40 mM EDTA at the times
indicated. Quenched reactions were analyzed in a 12% SDS polyacrylamide
gel, followed by autoradiography. Positions of g and PCNA are indicated to
the left of the gel. (B) Quantitation of the gel in A. The plot indicates the ratio
of labeled PCNA to labeled g in each time point. m, no protein added; ¢, MutS
added; and @, § added.

What Role May the -MutS Interaction Play in Mismatch
Repair?

How may the B clamp participate in the mismatch repair
process? Perhaps the B clamps that are deposited on DNA
during lagging strand replication help localize MutS to regions
of active DNA synthesis (Fig. 44). In this scenario, MutS is
mainly targeted to the lagging strand on which B clamps are
deposited. However, it is possible that the B-MutS interaction
simply increases the local concentration of MutS at regions of
newly replicated DNA, thereby helping to target MutS to both
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Fig. 4. Possible uses of g in mismatch repair. (A) MutS may be oriented on
DNA by B clamps deposited on DNA by the replication machinery. The fact that
MutS has distinct front and back faces (like 8) and interacts with the same face
of Bthat the polymerase binds may direct MutS action to the newly replicated
strand. (B) MutS interaction with B may exert a drag force on the replicase in
the direction opposite to DNA synthesis. This force may result in activating the
3'-5” exonuclease for excision past the mismatch. (C) The g clamp, on binding
to MutS, may signal the dissociation of proteins from excised DNA, enabling
polymerase to fill in the gap.

daughter strands. Indeed, DNA replication has been shown to
take place at discrete loci within the cell (27), where the 8 clamp
could serve as the common interacting platform for the actions
of PollIl, MutS, and other proteins involved in replication. The
MutS-f interaction may also help orient MutS on DNA, pro-
viding it with information as to which strand is newly replicated.
Mechanisms such as these have been hypothesized for roles of
PCNA in mismatch repair (28-30). The crystal structures of both
B and MutS (4, 31) show that they have structurally distinct faces
(i.e., a front and a back) as they sit on DNA, consistent with the
hypothesis that an interaction between 8 and MutS will orient
one protein relative to the other on DNA. In E. coli, the status
of the methylation state of DNA provides the signal to the
mismatch repair machinery to discriminate the new strand from
the template strand. However, methylation-dependent strand
discrimination does not exclude the possibility that other mech-
anisms for strand discrimination may be available to the bacte-
rium (e.g., such as B-directed orientation). Further, other bac-
teria such as Gram-positive organisms lack the high degree of
DNA methylation observed in E. coli, and lack the Dam meth-
ylase and MutH endonuclease (32). Hence, many prokaryotes
share in common the same problem that eukaryotic organisms
face in solving strand discrimination and endonucleolytic nicking
in mismatch repair.

Another possible role for a B-MutS interaction is illustrated
in Fig. 4B, in which MutS may “drag” the replicase backward via
pulling on the B clamp, or may inhibit the DNA synthetic activity
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of Pol III H.E., resulting in excision of DNA past the mismatch
by the proofreading nuclease in Pol III H.E. (also a proposed
role for PCNA; refs. 28-30).

Yet another possible role for f—~MutS interaction is shown in
Fig. 4C. The excision step of mismatch repair is likely to be
overseen by MutS and MutL, ensuring that excision proceeds
past the mismatch. However, in the fill-in step, the DNA
polymerase must recruit a 3’ primer terminus that, up to the time
for fill-in, has been acted on by UvrD helicase, exonuclease, and
possibly MutS /MutL. Perhaps the f—MutS interaction functions
to recruit this 3’ terminus in a process in which repair proteins
are dismantled from the DNA, clearing the excised DNA for
fill-in by a DNA polymerase.

Despite these various hypotheses on possible roles of the
B-MutS interaction, it remains quite possible that it functions in
a very different fashion from any of the above speculations.
Clearly, further studies of Pol III H.E. action in mismatch repair
are required to delineate the role(s) of B and other proteins in
this complicated reaction.

The B Clamp Interacts with Pol | and Ligase

Early reports using accessory factors of Pol III indicated that
they stimulated DNA synthesis by Pol II, and possibly Pol I (33,
34). On hindsight, these accessory factors were most likely the
clamp and the y complex clamp loader. Follow-up studies using
recombinant proteins demonstrated that 8 and y complex do
indeed function with Pol II (20, 21). We used the native gel
mobility shift assay to determine whether 8 binds Pol I. We also
examined B for an interaction with E. coli DNA ligase, because
PCNA is known to interact with eukaryotic DNA ligase I (35).
The results, shown in Fig. 54, indicate the formation of a S—Pol
I complex and a B-ligase complex.

Does the interaction of 8 with Pol I influence its action during
DNA synthesis? The influence of 8 on Pol I was examined in the
experiment of Fig. 5B by using an ssDNA-binding protein-coated
M13mp18 ssDNA template primed with a unique 5’ 3?P-labeled
oligonucleotide. Reactions were performed for 30 min in either
the presence or absence of B (y complex is present in both
experiments), using different amounts of Pol I as indicated in the
figure. Reactions were quenched with SDS/EDTA and analyzed
in a urea polyacrylamide gel. The autoradiogram shows a widely
different pattern of synthesis by Pol I in the presence of
compared with Pol I in the absence of 8. The pattern of Pol I in
the absence of B is characteristic of a distributive enzyme that
extends the entire population of primed template with a speed
that depends on protein concentration. The reaction is not
saturated at even the highest Pol I concentration. In the presence
of B (and y complex) a significant proportion of the substrate
becomes fully replicated at even the lowest concentration of Pol
I. This result is likely explained by an increase in processivity of
Pol I, with some molecules perhaps remaining with the same
template from beginning to end. In the presence of 8/ complex,
the reaction would appear to be saturated at the highest Pol I
concentration (assuming the template is completed, and that the
small amount of starting material that remains is inactive
primer). Further studies are needed to more fully understand the
effects of B on Pol I and ligase.

What roles may 3 play with Pol I and ligase in DNA metab-
olism? One obvious possibility could be the processing of the
RNA primers at Okazaki fragments, where Pol I and ligase
function at nearly the same time and place. On the completion
of each lagging strand fragment, Pol III H.E. disengages from its
B clamp and the completed DNA and cycles to a new upstream
primed site near the replication fork (reviewed in refs. 8 and 36).
The “used B clamp” remains on the completed Okazaki frag-
ment. To complete the joining of Okazaki fragments, Pol I
digests the RNA primer at the 5" end of each fragment and fills
this section in with DNA by using its nick translation capacity.

Lopez de Saro and O'Donnell

Klenow

Po® oS, R
4 13 40 SETP4 13 40 A M)

|
- Extended

iﬁ“i"' 8 .‘ I primer

il R

e I
”uhh"""ll # 5 44+ | <@ Primer
11

12 345 67891011121314

Fig. 5. The B subunit interacts with DNA polymerase | and DNA ligase. (A)
Analysis of [32P]8 interaction with Pol | and ligase by gel shift in a native
polyacrylamide gel was performed as described in the legend to Fig. 2. Lane
1, no addition ([32P]B only); lane 2, addition of 3.5 uM Pol I; and lane 3, addition
of 3.5 uM DNA ligase. (B) The B clamp stimulates Pol | activity. DNA synthesis
by Pol | was examined on a 32P-labeled primed M13mp18 ssDNA template in
the presence of a B clamp (see diagram above the gel) and in the absence of
B. Reactions (25 ul) contained 20 mM Tris-Cl (pH 7.5), 0.1 mM EDTA, 100 mM
NaCl, 4% glycerol, 40 ng/ml BSA, 5mM DTT, 8 mM MgCl,, 0.5 mM ATP, 60 M
each of dGTP, dATP, dTTP, and dCTP, 1.7 nM M13mp18 ssDNA primed with a
32p.5'-end-labeled 30-mer DNA, 0.42 uM ssDNA-binding protein (as tetramer),
and 2 nM y-complex (as y3 81 8’1 x1 ¢n). Reactions in lanes 1-7 contained 30 nM
B. The Klenow fragment of DNA polymerase | was added to each reaction as
indicated above each lane. Reactions were incubated at 37°C for 30 min and
then quenched on addition of 25 ul of 1% SDS and 90% formamide. Reactions
were analyzed in a 8% polyacrylamide gel containing 6 M urea. The gel was
dried, and radiolabeled DNA was visualized by using a Phosphorimager.
Positions of primer and extended primer are indicated to the right of the gel.

After this, DNA ligase seals the nick. Combining the findings
that B clamps are left by Pol III H.E. on each Okazaki fragment,
and that B interacts with both Pol I and ligase, it seems possible
that the B clamp that Pol III leaves behind on DNA may aid Pol
Iand ligase in Okazaki fragment maturation, as illustrated in Fig.
6. Similar events have been hypothesized to occur in eukaryotes
based on interactions between PCNA and both the Fenl nucle-
ase and DNA ligase I (37). Clearly, further studies on the effects
of B on Pol I and ligase are required to determine whether they
may function as hypothesized, or perhaps act in other aspects of
DNA metabolism. For example, the role of Pol I in various repair
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Fig. 6. Possible role of B in Okazaki fragment maturation. During lagging
strand synthesis, 8 clamps are left behind on lagging strand fragments. The
remaining B clamps may serve to target Pol | to the lagging strand for removal
of the RNA used to initiate each fragment. The g subunit interaction with
ligase may serve a similar purpose in targeting, or otherwise aiding, DNA
ligase in sealing lagging strand fragments after Pol | action.

reactions may be aided by B (e.g., nucleotide excision repair).
Ligase is also needed in a variety of DNA transactions involving
repair and recombination (e.g., mismatch repair, a reaction in
which Pol III H.E. and ligase are both involved).

The finding that Pol I can use the beta clamp may be exploited
in modified versions of reactions important in biotechnology,
such as PCR, because most of these involve polymerases of the
Pol I family.

Conclusions

The DNA sliding clamp was originally identified as a key
component of the chromosomal replicating machine. However,
studies presented here and elsewhere demonstrate that sliding
clamps, prokaryotic and eukaryotic, directly interact with nu-
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Table 1. Proteins that interact with the E. coli g clamp

Protein Protein function Reference
DNA polymerase | Repair and replication This work
DNA polymerase Il Replication restart 18, 19
DNA polymerase lll (¢) Chromosomal replication 3

DNA polymerase V Lesion bypass 21

v complex (y88' xi) Clamp loader 16

y Motor protein *

) Clamp opener 16

X Salt stabilization, primase switch  *

MutS Mismatch recognition This work
DNA ligase Ligation This work

*A. Yuzhakov and M.O.D., unpublished observations.

merous DNA metabolic enzymes including ligase, mismatch
repair proteins, and several different types of DNA polymerases
involved in replication, repair, and the bypass of DNA lesions. In
fact, Pols I, II, III, and V all belong to different polymerase
classes, making it all the more remarkable that B can function
with all of them. This report increases the list of factors that
interact with the E. coli B clamp to nine different proteins (Table
1). The emerging view of the sliding clamp is now more of a
mobile platform upon which a variety of different proteins may
attach, indicating that 8 and PCNA are amazingly versatile and
may play many roles, not only as a sliding clamp in replication,
but also in repair and recombination.
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