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The p21 protein, a cyclin-dependent kinase (CDK) inhibitor, is capable of binding to both cyclin-CDK and
the proliferating cell nuclear antigen (PCNA). Through its binding to PCNA, p21 can regulate the function of
PCNA differentially in replication and repair. To gain an understanding of the precise mechanism by which p21
affects PCNA function, we have designed a new assay for replication factor C (RFC)-catalyzed loading of PCNA
onto DNA, a method that utilizes a primer-template DNA attached to agarose beads via biotin-streptavidin.
Using this assay, we showed that RFC remains transiently associated with PCNA on the DNA after the loading
reaction. Addition of p21 did not inhibit RFC-dependent PCNA loading; rather, p21 formed a stable complex
with PCNA on the DNA. In contrast, the formation of a p21-PCNA complex on the DNA resulted in the dis-
placement of RFC from the DNA. The nonhydrolyzable analogs of ATP, adenosine-5'-O-(3-thiotriphosphate)
(ATPvyS) and adenyl-imidodiphosphate, each stabilized the primer recognition complex containing RFC and
PCNA in the absence of p21. RFC in the ATPyS-activated complex was no longer displaced from the DNA by
p21. We propose that p21 stimulates the dissociation of the RFC from the PCNA-DNA complex in a process
that requires ATP hydrolysis and then inhibits subsequent PCNA-dependent events in DNA replication. The
data suggest that the conformation of RFC in the primer recognition complex might change on hydrolysis of
ATP. We also suggest that the p21-PCNA complex that remains attached to DNA might function to tether
cyclin-CDK complexes to specific regions of the genome.

The p21 protein, also known as Wafl, Cipl, or Sdil, is an
inhibitor of cyclin-dependent kinase (CDK) and directly binds
to both cyclin and CDK kinase (for reviews, see references 59
and 60). The expression of p21, among other stimulators, can
be induced by the tumor suppressor gene product p53 in re-
sponse to DNA damage, so that cells can arrest in G, phase of
the cell cycle by p21-dependent inhibition of the cyclin-CDKs
that are required for the G, progression or the G,-S transition
(16, 18). This model for cell cycle checkpoint function involv-
ing p21 is supported by previous studies, including some in-
volving gene knockout mice (6, 14). On the other hand, p21
can also be induced by serum or individual growth factors in a
p53-independent manner (20, 46); hence, increased levels of
p21 are present during G, phase after the cells have been
released from serum deprivation (42, 45). With respect to the
p53-independent induction, it has been shown that p21 might
function as an assembly factor for certain pairs of cyclin-CDK
complexes (30, 37). Furthermore, p21 is also thought to be
involved in other cellular functions, including control of apo-
ptosis, differentiation, signal transduction, and senescence (5,
17, 29, 51, 61, 65).

Based on amino acid sequence similarity, the p21 protein
belongs to a family of CDK inhibitors which also includes p27
(Kip1) and p57 (Kip2) (for a review, see reference 60). Among
these, only p21 can bind directly to the proliferating-cell nu-
clear antigen (PCNA) (22, 72), an essential DNA replication
and repair factor (for a review, see reference 34). Previous
biochemical studies have shown that p21 exists as part of a
quaternary complex with cyclin, CDK, and PCNA (77). Inter-
estingly, the quaternary complex was seen in normal cells but
not in many transformed cells (78), suggesting that it might
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play an important role in maintaining the integrity of the ge-
nome. Recent studies also suggest that this quaternary com-
plex is a target for the human papillomavirus type 16 (HPV-16)
E7 oncoprotein. In addition to the retinoblastoma protein, E7
binds directly to p21 in a region that overlaps with the PCNA
binding region, and the E7 protein can reverse the inhibitory
effect of p21 on DNA replication (25). Moreover, binding of
E7 to p21 that is complexed with cyclin-CDK results in reac-
tivation of the kinase activity (25, 33).

Through a direct interaction between p21 and PCNA, p21
inhibits simian virus 40 DNA replication and PCNA-depen-
dent DNA synthesis by DNA polymerase § in vitro (22, 72). A
p21-derived peptide that also binds to PCNA has a similar
inhibitory effect on DNA replication in vitro (26). In contrast
to its effect on DNA replication, p21 has no detectable effect
on nucleotide excision repair using cell extracts, even though
the repair reaction is absolutely dependent on PCNA (40, 62).
Consistent with the biochemical data, p21 has also been shown
to colocalize with PCNA in the nuclei of UV-induced, DNA-
damaged G, cells (39). Interestingly, both p21 and PCNA
became resistant to detergent extraction from nuclei upon the
occurrence of DNA damage (39). This similarity of behavior of
p21 and PCNA in response to DNA damage suggests that
these proteins might function in concert during a certain step
of the DNA repair reactions.

The structure of p21 has been extensively characterized.
Mutational analyses of p21 have revealed distinct regions that
are responsible for binding of cyclin, CDK, and PCNA (10, 12,
13, 23, 27, 43, 44, 47, 48, 75). The cyclin-CDK binding region
is located near the N terminus of p21, while the region neces-
sary for PCNA binding is near the C terminus. A second cyclin
binding region, however, has been found in the C-terminal
region that overlaps with the PCNA binding region (13). A
crystal structure of a complex containing cyclin A-CDK2 and a
peptide derived from the N-terminal region of p27 (Kipl),
whose sequence is similar to that of the N-terminal region of
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p21, has been determined (58). However, it is not yet clear how
the C-terminal region of p21 also influences the interaction
between p21 and cyclin-CDK. Intriguingly, it has been shown
that the HPV-16 E7 oncoprotein, but not the nononcogenic
HPV-6 E7 protein, binds to the C-terminal region of p21 and
reactivates the kinase activity of p21-bound cyclin E-CDK2
without displacing p21, indicating that the C-terminal region of
p21 may affect the interaction between p21 and cyclin-CDK
(25). Another structural study has shown that although free
p21 does not seem to have a stable, high-order structure, p21
adopts an ordered and stable conformation upon its binding to
cyclin-CDK, indicating that the protein has considerable struc-
tural flexibility (36).

The crystal structure of PCNA complexed with a peptide
derived from the p21 C-terminal region has been also deter-
mined (28); the peptide binds to the interdomain connecting
loop of PCNA, suggesting that p21 might block the interaction
between PCNA and another protein(s) that requires this par-
ticular loop for binding. Related to this mutually exclusive
binding, it has been shown that a complex containing PCNA
and FENI, a 5’-3" exo- and endonuclease required for DNA
replication and repair, can be disrupted by p21 (11).

PCNA functions as a processivity factor for DNA polymer-
ase 9, and possibly DNA polymerase €, during DNA replica-
tion (1, 4, 56, 66, 74). PCNA exists as a homotrimer, forming a
donutlike ring shape (35), and can be loaded onto DNA cat-
alytically by replication factor C (RFC) in an ATP-dependent
manner (9, 70). During this process, RFC binds preferentially
to the DNA at a primer-template junction and thus forms a
primer recognition complex with PCNA (8, 9, 38, 70). PCNA
then interacts with DNA polymerase 8, forming a processive
polymerase holoenzyme. This series of events is thought to be
required for initiation of leading-strand DNA synthesis, as well
as for synthesis of each Okazaki fragment on the lagging strand
during DNA replication (67, 73).

Although p21, as mentioned above, can interfere with the
function of PCNA by directly binding to it, it is not known how
p21 affects PCNA function, leading to inhibition of replication
but not repair. To begin to address this issue, we have designed
a new assay for RFC-catalyzed loading of PCNA onto DNA, a
method which has allowed us to investigate the formation of
the primer recognition complex in great detail. This assay uti-
lizes a primer-template DNA fixed onto agarose beads through
biotin-streptavidin binding. We have shown that PCNA can be
efficiently loaded onto the DNA even if the DNA is fixed to
beads. Furthermore, we have found that p21 does not inhibit
the loading of PCNA; rather, it can form a stable complex with
PCNA on the DNA. RFC, however, is displaced from the
DNA upon formation of the p21-PCNA complex. Interest-
ingly, the nonhydrolyzable analogs of ATP, adenosine-5'-O-(3-
thiophosphate) (ATPyS) and adenyl-imidodiphosphate (AMP-
PNP), each stabilize the primer recognition complex, and RFC
in the ATP~vS-activated complex is no longer displaced by p21.
Hence, these results not only suggest a mechanism of inhibi-
tion of DNA replication by p21 but also provide some insight
into the function of RFC upon ATP hydrolysis during the
assembly of a primer recognition complex.

MATERIALS AND METHODS

Materials. ATPyS and AMP-PNP were obtained from Boehringer Mannheim.
Homopolymer poly(dA) (average length, 540 nucleotides) and oligomer dT, ;5
were from Pharmacia. Streptavidin-agarose was purchased from Sigma. The
antibodies used were an anti-RFC p140 monoclonal antibody (no. 6 [7]), an
anti-PCNA monoclonal antibody (PC10 [76]), a rabbit anti-p21 antiserum (79),
and an anti-RPA p70 monoclonal antibody (p70-9 [15]).

Proteins. RFC (second phosphocellulose fraction [68]), PCNA (21), and his-
tidine-tagged p21 (His-p21 [72]) were prepared as previously described. The
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FIG. 1. The design of biotin-labeled templates and a primer for PCNA load-
ing. The two biotin-labeled 90-mer DNA templates, BTNS and BTN3, are iden-
tical in nucleotide sequence but differ in the end to which a biotin moiety is
attached (5" and 3’ ends for BTNS and BTN3, respectively). The location of a
primer and the length (in nucleotides [nt]) of each DNA segment are shown.

Escherichia coli expression plasmid for human replication protein A (RPA) was
kindly provided by M. Wold (University of Iowa), and recombinant RPA was
purified as described elsewhere (31).

DNA primer-templates. The 90-mer oligonucleotide, biotin labeled at the 5’ or
3" end (BTNS and BTN3, respectively [see Fig. 1]), was synthesized with an
Applied Biosystems model 394 DNA synthesizer, using either biotin-cyanoethyl
phosphoramidite at the 5’ end or a biotin-linked, controlled pore glass bead at
the 3" end (Peninsula Laboratories, Inc.), and purified by denaturing 6% poly-
acrylamide gel electrophoresis. The sequence of BTN5 and BTN3 corresponded
to nucleotide positions 4833 and 4922 of the bacteriophage M13 mp18 single-
stranded DNA. The sequence of the 30-mer primer (Fig. 1) was complementary
to nucleotide positions 4865 to 4894 of the M13 mpl8 DNA. To anneal the
30-mer primer to the biotin template, they were mixed at a 2:1 (primer/template)
molar ratio in 100 mM NaCl-10 mM Tris-HCI (pH 8.0)-1 mM EDTA, heated at
95°C for 3 min, and slowly cooled down to 37°C.

Nicked circular pSVO10 plasmid (55) was prepared by a brief treatment of the
supercoiled plasmid with DNase I and then purified by phenol-chloroform ex-
traction and ethanol precipitation. Under these conditions, more than 90% of
the plasmid was converted to nicked circular DNA.

PCNA loading assay with biotin-labeled DNA. The assay was performed as
described below unless otherwise noted. Ten microliters of streptavidin-agarose
beads was first preincubated with 1 pmol of biotin-labeled DNA template-primer
in 20 ul of buffer A (40 mM HEPES-KOH [pH 8.0], 8 mM MgCl,, 0.1 mg of
bovine serum albumin per ml, and 1 mM dithiothreitol) with 0.12 M NacCl for 30
min at room temperature. The DNA-coated beads were washed with 100 ul of
0.12 M NaCl in buffer A three times and resuspended in 20 pl of the same buffer.
The DNA-coated beads were then preincubated with 2 pmol of RPA in the same
buffer containing 0.12 M NaCl for 5 min at room temperature, and PCNA
loading was started by further adding 1 mM ATP, RFC, and PCNA as indicated
in the figures. The final reaction volume was adjusted to 100 pl with buffer A
containing 0.12 M NaCl. The reaction mixture was incubated for 30 min at room
temperature with occasional agitation. After incubation, the mixture was briefly
chilled on ice and the beads were then washed with 400 pl of ice-cold buffer A
containing 0.12 M NaCl three times. Finally, the beads were boiled for 3 min in
a sodium dodecyl sulfate (SDS) loading buffer, and the proteins recovered were
analyzed by SDS-10% polyacrylamide gel electrophoresis and Western blotting
with the appropriate antibodies. The detection for Western blotting was done
with the ECL Western blotting detection reagent (Amersham) or SuperSignal
chemiluminescent substrate (Pierce). To reprobe with a different antibody, the
blots were stripped by incubation in 62.5 mM Tris-HCI (pH 6.8)-2% SDS-0.1 M
B-mercaptoethanol for 30 min at 50°C.

When p21 was tested in the loading reaction with biotin-labeled DNA, 0.2%
Nonidet P-40 (NP-40) was included in the reaction mixture (see Results). When
the effect of p21 on the stability of the PCNA-RFC-DNA complex was examined,
the complexes bound to beads were washed as described above, resuspended in
100 pl of buffer A containing 0.12 M NaCl, 0.2% NP-40, and 5 uM poly(dA)-
oligo(dT) (19:1, in nucleotides), and incubated with or without p21 under the
conditions indicated in the figure legends. The preincubation of PCNA with p21
in the experiment described below (see Fig. 6) was done in buffer B (25 mM
Tris-HCI [pH 7.5], 1 mM EDTA, 10% glycerol, 0.01% NP-40, 12% sucrose, and
1 mM dithiothreitol) containing 0.12 M NaCl.

Western blotting signals were quantitated by using an IS-1000 (version 1.97)
digital imaging system (Alpha Innotech Corporation).

Gel filtration assay. Nicked circular pSVO10 DNA (0.3 pmol) was incubated
for 10 min at 37°C with RFC, PCNA, and 1 mM ATP, in the presence or absence
of His-p21 (see Fig. 7), in a 100-pl reaction volume containing buffer A with 0.12
M NaCl. Then, the mixture was transferred onto ice and immediately applied
onto a 5-ml (0.55- by 21-cm) Bio-Gel A1.5m (Bio-Rad) column equilibrated with
buffer A with 0.12 M NaCl. Thirty-five fractions (170 wl each) were collected at
4°C. The proteins in each fraction were precipitated with 20% trichloroacetic
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acid and 0.08% sodium deoxycholate and analyzed by SDS-12.5% polyacryl-
amide gel electrophoresis and Western blotting as described above.

RESULTS

PCNA loading on primed template DNA fixed on beads. To
examine the effect of the p21 protein on the formation of a
PCNA-RFC-DNA complex on the primer-template, we de-
signed a new assay for RFC-catalyzed loading of PCNA onto
DNA, a method which allowed us to analyze multiple reactions
relatively quickly without the use of any cross-linking reagent.
This assay utilized a 90-mer DNA template that was primed
and labeled with biotin at its 5" or 3’ end (Fig. 1). As described
in Materials and Methods, the biotin-labeled, primed template
DNA was fixed onto streptavidin-agarose beads prior to the
incubation with proteins. The primer was located in the middle
of the template DNA, leaving about 30 nucleotides of single-
stranded DNA at either end so that RPA, the single-stranded
DNA binding protein, could bind to either side of the primer.

After the protein complex was formed on the DNA-coated
beads, the unbound proteins were washed away, and the pro-
teins remaining on the beads were subjected to Western blot
analysis. Alternatively, the protein-bound beads were imme-
diately processed further by resuspending them in another
buffer. Because the washing process took approximately 30 min
under these conditions, very transient DNA-protein interac-
tions should not have been detected by this assay. Instead of
capturing the preformed protein-DNA complexes directly, the
biotin-primed template was fixed to streptavidin beads because
it was possible that the recovery of protein-DNA complexes
might vary, depending on the state of the complex formed.

The efficiency of the binding of biotin-labeled DNA to strep-
tavidin-agarose beads was examined by using **P-end-labeled
biotin-DNA templates (BTN3 and BTNS). We determined that
approximately 50 to 60% of input biotin-labeled DNA bound
to the streptavidin beads under these conditions, irrespective
of the end to which the biotin was attached (data not shown).
Nonspecific binding of the biotin-labeled DNA to agarose
beads was negligible under the same conditions (approximately
0.4% of input DNA bound to Sepharose CL-4B).

Requirement for RPA in PCNA loading. Previous studies of
the formation of the primer recognition complex, using a gel
shift assay (70), have shown that RPA can prevent RFC from
binding to the single-stranded DNA region, thereby facilitating
specific recognition of a primer-template junction by RFC (i.e.,
a junction between a single-stranded DNA template and the
3’ end of the duplex DNA section). Thus, first we examined
whether RPA would be required in this new assay. Increasing
amounts of RPA were tested in the presence of ATP with
either primed BTNS or primed BTN3 template DNA (Fig. 2).
Both PCNA and RFC could be recovered with the DNA-
coated beads. Importantly, the recovery of PCNA was ob-
served only when RPA was present, indicating that RPA was
required for PCNA loading in this assay. In the case of the
primed BTN3 template DNA, the recovery of PCNA was sat-
urated with 2 pmol of RPA (lane 11), which appeared to be a
stoichiometric amount if one took into consideration that
about 0.6 pmol of the primed template DNA had been fixed to
the beads and that there were two binding sites for RPA in
each primed template. There was a notable difference, how-
ever, between primed BTNS and primed BTN3 in the effi-
ciency of recovery of both RFC and PCNA, BTN3 being
clearly the better substrate. This difference was not due to a
different efficiency of binding of the biotin-labeled DNA to
streptavidin-agarose beads (data not shown). This conclusion
was also supported by the fact that RPA was recovered to a
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FIG. 2. RPA is required for PCNA loading onto a primer-template fixed on
agarose beads. The loading reactions (100-pl reaction volumes) were carried out
in the presence of 1 mM ATP with increasing amounts of RPA (0 to 8 pmol), 1
pmol of primed template BTN5 (lanes 1 to 5) or primed template BTN3 (lanes
9 to 13), 2 pmol of PCNA trimer, and 2.2 pmol of RFC. After incubation for 30
min at room temperature, the beads were washed at 0°C with buffer A containing
0.2 mM ATP. The proteins remaining on the beads, along with protein standards,
were subjected to Western blotting. The protein standards were as follows: 0.2,
0.4, and 0.8 pmol of RFC; and 0.02, 0.05, and 0.2 pmol each of PCNA trimer and
RPA in standards S1, S2, and S3, respectively. Note that the blots shown on the
left (lanes 1 to 8), probed with anti-RFC p140 and anti-PCNA antibodies, were
exposed longer than those on the right (lanes 9 to 16). Each set of samples (lanes
1 to 8 or 9 to 16) was run on the same SDS-polyacrylamide gel.

similar extent with both primed templates (Fig. 2, bottom pan-
els). This template preference was further addressed, as de-
scribed below. On the basis of this experiment, 2 pmol of RPA
was used with the primed BTN3 template for most of the
reactions described below.

Requirement for ATP and primer in PCNA loading. To ver-
ify that the recovery of both RFC and PCNA with the DNA-
coated beads truly reflected ATP-dependent formation of the
primer recognition complex, the requirement for ATP and
primer was investigated. In the experiments shown in Fig. 3,
constant amounts of both RFC and PCNA were incubated
with primed or unprimed template DNA (BTN3 or BTNY)-
coated beads in the absence or presence of ATP. Nonhydro-
lyzable analogs of ATP, ATPyS and AMP-PNP, were also
tested (Fig. 3, right panels, and data not shown). In the absence
of nucleotide, RPA bound to the DNA but neither RFC nor
PCNA was recovered (lanes 1 to 5). The faint bands of RFC
seen across the lanes are probably due to nonspecific binding
of RFC to the agarose beads. In contrast, in the presence of
ATP or ATPyS, both PCNA and RFC were recovered with
either BTN3 or BTNS template DNA only when a primer was
present (lanes 13, 14, 22, and 23). PCNA was not recovered
without RFC (lanes 15 and 24). Therefore, these results indi-
cated that even when the primed template DNA was fixed on
agarose beads, RFC could catalyze the loading of PCNA onto
DNA, forming a primer-recognition complex in the presence
of ATP or ATP+S. Such a complex was not observed when
AMP-PNP was used instead of ATP (data not shown).

The amount of PCNA recovered with primed BTN3 tem-
plate DNA in the presence of ATP was clearly more than 0.2
pmol of trimer (compare to the 0.2 pmol of PCNA standard
shown in Fig. 3, lane 18, middle panel). Therefore, since the
streptavidin-agarose beads bound approximately 60% of the
input DNA (equivalent to 0.6 pmol), a significant fraction of
the primed template fixed on the beads must have been occu-
pied by PCNA, assuming that only one PCNA trimer could be
loaded per primed template DNA. Based on quantitative im-
munoblotting with highly purified RFC (data not shown), the
RFC standard in lanes 8, 17, and 26 was equivalent to 0.4 pmol
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FIG. 3. ATP- and primer-specific formation of a primer recognition complex on DNA fixed onto agarose beads. The loading reaction was carried out in the absence
of nucleotide (lanes 1 to 6) or in the presence (lanes 10 to 15) of ATP or ATPyS (lanes 19 to 24), using 1 pmol each of BTN5 without primer (lanes 2, 11, and 20),
BTN3 without primer (lanes 3, 12, and 21), primed BTNS (lanes 4, 13, and 22), or primed BTN3 (lanes 5, 14, and 23), along with 2 pmol of RPA, 2.2 pmol of RFC,
and 20 pmol of PCNA trimer. Reactions without DNA (lanes 1, 10, and 19) or RFC (lanes 6, 15, and 24) were also performed. The beads, after incubation for 30 min
at room temperature, were washed at 0°C with buffer A containing no nucleotide (lanes 1 to 6), 0.2 mM ATP (lanes 10 to 15), or 0.2 mM ATP+S (lanes 19 to 24). The
bound proteins and standards were analyzed as described in the legend to Fig. 2. Each set of samples (lanes 1 to 9, 10 to 18, or 19 to 27) was run on the same
SDS-polyacrylamide gel. Note that although 10-fold more PCNA was used here as well as for the study shown in Fig. 4, the efficiency of loading of PCNA was essentially
the same with either amount of PCNA. S1, S2, and S3, standards (see legend to Fig. 2).

of RFC, indicating that the primer recognition complex was
formed stoichiometrically on the DNA-coated beads (compare
lanes 14 and 17).

Among the proteins used in the reactions described above,
only RFC was partially purified (second phosphocellulose frac-
tion [68]). However, PCNA could be loaded onto primed
BTN3 to a similar extent even when highly purified RFC (glyc-
erol gradient fraction [68]) was used (data not shown).

The results above are consistent with previous results ob-
tained by using a gel shift assay with a hairpin DNA substrate
(70). However, in contrast with the previous experiments (70),
we have failed to detect the formation of an RFC-DNA com-
plex without PCNA by this assay using DNA fixed to beads in
the presence of ATP (data not shown). In the presence of
ATP~S, a primer-independent complex of RFC with single-
stranded DNA was observed (Fig. 3, lanes 20 and 21), suggest-
ing that RFC may bind nonproductively to single-stranded
DNA and then be released by hydrolysis of ATP. This non-
productive binding, however, could not facilitate loading of
PCNA (lanes 20 and 21).

One unique feature revealed by this assay was that the effi-
ciency of PCNA loading varied depending on the end of the
template to which the biotin was attached. As shown in Fig. 2
and 3, primed BTN3 template was a better primer-template
DNA than primed BTNS, whereas similar amounts of RPA
bound to both primed templates. The same result was obtained
when another primer located at the 3’ end of the template was
used (data not shown). Interestingly, however, when ATPyS
was used instead of ATP, both PCNA and RFC were recov-
ered to relatively similar extents with both templates (Fig. 3,
lanes 22 and 23). This could be due partly to stabilization of the
primer recognition complex by ATPyS (see below for details).
One possible reason for the more efficient recovery of PCNA
with primed BTN3 is that the streptavidin-agarose beads at-
tached to the 3" end of the template might have prevented the
loaded PCNA from sliding off the 3’ end of the DNA. This
could have resulted in an increased half-life of the PCNA-
DNA complex.

A competition experiment was also carried out to further
verify that the RFC-catalyzed loading of PCNA was primer

specific. In the loading reaction in the presence of ATP or
ATP~S, different amounts of oligo(dT)-poly(dA) (primer-tem-
plate) or poly(dA) (single-stranded DNA) were added. The
amount of single-stranded poly(dA) was not sufficient to titrate
the excess RPA in the reaction (Fig. 4). In contrast, oligo(dT)-
poly(dA), but not poly(dA) alone, blocked formation of the
RFC-PCNA-DNA complex, supporting the notion that the
formation of the complex is primer specific. Considering the
fact that 500 pmol of oligo(dT)-poly(dA) contains 1.6 pmol of
oligo(dT) primer (lanes 3 and 8) and that approximately 0.6
pmol of biotin-labeled, primed template was detected on the
beads, PCNA loading was completely inhibited by the addition
of only a threefold molar excess of the primer-template com-
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FIG. 4. PCNA loading onto immobilized DNA is inhibited by soluble primed
template DNA but not single-stranded DNA. A primed BTN3 template DNA
fixed to the beads was first preincubated with 2 pmol of RPA for 5 min at room
temperature and then mixed with 2.2 pmol of RFC, 20 pmol of PCNA trimer,
and homopolymeric competitor DNA in the presence of 1 mM ATP (lanes 1 to
5) or ATPyS (lanes 6 to 10) for 30 min at room temperature. The beads were
then washed with buffer A containing 0.2 mM ATP (lanes 1 to 5) or 0.2 mM
ATP~S (lanes 6 to 10). The bound proteins were analyzed by Western blotting
along with standards (S1 to S3) as described in the legend to Fig. 2. The
competitor DNAs used were as follows: none (lanes 1 and 6), 250 pmol (in
nucleotides) (lanes 2 and 7) or 500 pmol (lanes 3 and 8) of poly(dA)-oligo(dT)
(pdA odT), and 250 pmol (lanes 4 and 9) or 500 pmol (lanes 5 and 10) of
poly(dA) (pdA).
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FIG. 5. p21 does not inhibit PCNA loading; rather, it forms a complex with
loaded PCNA. A loading reaction with 1 pmol of primed BTN3 template DNA
and (except for lane 4) 2.2 pmol of RFC was carried out in the presence of 1 mM
ATP as described in Materials and Methods, except that 2 pmol of PCNA trimer
was preincubated with 0 (lane 1), 11 (lane 2), or 33 (lanes 3 and 4) pmol of
His-p21 in buffer B containing 0.12 M NaCl for 20 min on ice. This mixture was
then added into the PCNA loading reaction mixture supplemented with 0.25%
NP-40. After incubation for 30 min at room temperature, the beads were washed
with buffer A containing 0.2 mM ATP. The bound proteins were analyzed by
Western blotting along with standards as described in the legend to Fig. 2. The
reactions in lane 4 contained no RFC. For the standards, 0.06, 0.15, and 0.6 pmol
of His-p21 were included in S1, S2, and S3, respectively, in addition to RFC,
PCNA, and RPA as described in the legend to Fig. 2.

petitor. Based on this result, oligo(dT)-poly(dA) was used as a
trap to prevent the reformation of RFC-PCNA-DNA com-
plexes on the DNA-coated beads in some of the experiments
described below.

Effect of p21 on the loading of PCNA. To examine the effect
of p21 on the loading of PCNA, p21 was preincubated with
PCNA and then the mixture was added to the loading reaction.
p21 was added in a 6-fold (Fig. 5, lane 2) or a 17-fold (lane 3)
molar excess over the amount of PCNA trimer. Thus, it is high-
ly likely that almost all of the PCNA molecules were associat-
ed with p21 (72). Furthermore, a 10-fold molar excess of p21
over PCNA trimer fully inhibited RFC- and PCNA-dependent
DNA synthesis by DNA polymerase 8 on an RPA-coated,
primed M13 DNA (data not shown).

As shown in Fig. 5, when a sixfold molar excess of p21 was
added to the loading reaction in the presence of ATP (lane 2),
the formation of the primer recognition complex was hardly
affected; more than 0.2 pmol of PCNA trimer was loaded
(lanes 1 and 2; also compare to the 0.2-pmol PCNA standard
in lane 7). Even when a 17-fold molar excess of p21 was added
(lane 3), a significant amount of PCNA (approximately 0.1
pmol of trimer) was loaded (lane 3; compare to PCNA stan-
dards in lanes 6 and 7). However, the amount of RFC recov-
ered was notably reduced upon addition of a 17-fold molar
excess of p21 (compare lanes 1 and 3). This result suggests that
p21 does not inhibit the loading of PCNA, even when p21 is
present in a large excess, but p21 affects the stability of the
formed primer recognition complex. Interestingly, p21 was also
recovered with the beads (lanes 2 and 3). When RFC, PCNA,
or RFC and PCNA were left out (lane 4 and data not shown),
only faint bands of p21 were seen, probably due to its aggre-
gation or nonspecific binding to the DNA or streptavidin-
agarose. These data indicated that p21 remained associated
with PCNA even after PCNA had been loaded onto the tem-
plate DNA. Note that in order to reduce nonspecific binding of
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p21 to the beads, it was necessary to include 0.2 to 0.25%
NP-40 in the loading reaction mixture. However, we have con-
firmed that neither RFC- and PCNA-dependent DNA synthe-
sis nor its inhibition by p21 was affected in the presence of
0.25% NP-40 (data not shown).

In addition to the loading assay using the biotin-labeled
template DNA, a gel filtration assay was also used to examine
the effect of p21 on PCNA loading. In this assay, a nicked
circular DNA was incubated with RFC and PCNA in the pres-
ence of ATP and then the mixture was directly applied to a gel
filtration column. Under these conditions, free DNA as well as
protein-DNA complexes, such as PCNA loaded onto nicked
circular DNA, were large enough to be excluded from the gel
filtration matrix, whereas unbound proteins were in the in-
cluded volume (data not shown).

In the absence of p21, during the loading reaction a signif-
icant portion of input PCNA was recovered in the void-volume
fractions (Fig. 6A, fractions 15 to 19). The recovery of PCNA
in the void-volume fractions was ATP dependent (data not
shown). Moreover, no PCNA was seen in the void-volume
fractions when a supercoiled form of plasmid was used (data
not shown). Consistent with the results from the loading assay

fraction
L13 15 17 19 21 23 25 27 29
1

— RFC p140

- e OB@E@® e — = = = @ e e e _ DCNA

fraction
L13 15 17 19 21 23 25 27 29
I

— RFC p140

- -cOOO®e e~ aaoaaeaeaes s —PCNA

€] - - - - - = =@ e _His-p21

FIG. 6. PCNA loaded onto nicked circular DNA remains associated with
p21. The loading reaction was carried out with 0.3 pmol of nicked circular
pSVO10 DNA, 6 pmol of RFC, and 2.2 pmol of PCNA trimer in the absence (A)
or presence (B) of 22 pmol of His-p21. Under these conditions, the void volume
was to around fraction 17. The proteins in each fraction were precipitated with
trichloroacetic acid, separated in an SDS-12.5% polyacrylamide gel, and sub-
jected to Western blotting with a mixture of anti-RFC p140 and anti-PCNA
antibodies. (C) The blot shown in panel B was reprobed with anti-p21 antibody.
Lane L represents 1/20 of the protein used for the loading reaction. The positions
of molecular mass markers (in kilodaltons) are shown on the left.
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described above, even when a 10-fold molar excess of p21 over
PCNA trimer was present during the reaction, the loading of
PCNA was hardly affected (Fig. 6B). Furthermore, some por-
tion of input p21 was also recovered in the void-volume frac-
tions (Fig. 6C). Since neither p21 nor PCNA was detected in
the voided fractions when the DNA was linearized by BamHI
digestion immediately after the loading reaction with p21 (data
not shown), these results demonstrated that p21 could form a
complex with the PCNA loaded on the DNA. It should be
noted, however, that we could not conclude that RFC specif-
ically bound to the nick under these conditions, because RFC
was recovered in the void volume even when supercoiled DNA
was used (data not shown). The same results were obtained by
using the gel filtration assay with an RPA-coated, singly primed
M13mpl8 DNA; namely, even in the presence of a 24-fold
molar excess of p21 over PCNA trimer, the loading of PCNA
was not affected. Furthermore, both p21 and PCNA were re-
covered in the voided fractions in an RFC- and ATP-depen-
dent manner (data not shown).

Taken together, the results of both PCNA loading assays
demonstrated that p21 could not inhibit RFC-catalyzed load-
ing of PCNA; rather, it formed a complx with the PCNA load-
ed onto the DNA.

Stability of the primer recognition complex. The decreased
recovery of RFC in the presence of p21 shown in Fig. 5 would
imply that p21 might accelerate the dissociation of the primer
recognition complex. Thus, we next wanted to examine the
effect of p21 specifically on the preformed primer recognition
complex.

In the experiment shown in Fig. 7, the stability of the pre-
formed primer recognition complex was examined in the ab-
sence of p21. For this experiment, the complex was first formed
on the primed BTN3 template in the absence of p21 and then
the beads were extensively washed to remove unbound RFC
and PCNA (Fig. 7, 0 min). Subsequently, the beads, on which
the primer recognition complex remained, were resuspended
in buffer containing a trap DNA and incubated further for
various lengths of time at room temperature.

In the presence of ATP or in the absence of any nucleotide,
the primer recognition complex gradually dissociated during
the second incubation (Fig. 7A, lanes 1 to 4 and 8 to 10; Fig.
7B, lanes 1 to 4). Quantitation of the amount of bound RFC
revealed that the half-life of the RFC-DNA complex was ap-
proximately 5 min under these conditions. In stark contrast,
in the presence of ATPyS or AMP-PNP, RFC in the primer
recognition complex was significantly more stable, since the
majority of RFC remained on the DNA-coated beads even
after 30 min (Fig. 7, lanes 5 to 7). This result indicated that
even after the primer recognition complex was formed, these
nonhydrolyzable analogs could bind to RFC and affect its sta-
bility on the DNA. As for PCNA, a slight stabilization was seen
in the presence of the nonhydrolyzable analogs of ATP (Fig.
7A, middle panel, lanes 5 to 7).

Effect of p21 on a preformed primer recognition complex.
Next, a similar stability assay was performed in the presence of
p21 (Fig. 8). In this experiment, the stability at 0°C and at room
temperature was examined. As shown in Fig. 8A, no obvious
effect of p21 on the stability of the loaded PCNA was detected
in the presence of ATP at room temperature. In contrast, p21
did affect the stability of RFC, since slightly more RFC re-
mained on the DNA-coated beads in the absence of p21, but
the rate of RFC release was too rapid to easily observe this
effect. Therefore, the rate of RFC release was slowed down by
performing reactions at 0°C. In the absence of p21, the primer
recognition complex was significantly stabilized by lowering the
temperature of the second incubation, even in the presence of
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FIG. 7. Stability of the primer recognition complex in the presence of ATP or
one of its nonhydrolyzable analogs. The primer recognition complex was first
formed on the primed BTN3 template DNA by incubating the DNA-coated
beads with 2 pmol of RPA, 2.2 pmol of RFC, 2 pmol of PCNA trimer, and 1 mM
ATP for 20 min at room temperature. The beads were washed with the buffer
without nucleotide as described in Materials and Methods (lanes 1, 0 min [A and
B]) and then resuspended in buffer A containing 0.12 M NaCl, 5 uM poly(dA)-
oligo(dT), and 1 mM ATP (lanes 2 to 4 [A and B]), ATPyS (lanes 5 to 7 [A]),
AMP-PNP (lanes 5 to 7 [B]), or no nucleotide (lanes 8 to 10 [A]), after which
they were incubated further for the indicated period of time at room tempera-
ture. Finally, the beads were washed and the proteins that bound to them were
analyzed by Western blotting. All of the reactions in both panels were processed
at the same time, and the proteins were run on the same SDS-polyacrylamide gel.
The standards (S1 to S3) are as described in the legend to Fig. 2.

ATP (Fig. 8B, lanes 5 to 7). In the presence of p21, however,
the majority of RFC was displaced from the DNA at 0°C (Fig.
8B, lanes 2 to 4). On the other hand, the majority of PCNA still
remained on the DNA-coated beads throughout the incuba-
tion at 0°C (Fig. 8B, lanes 1 to 7), and p21 also remained bound
to the PCNA (Fig. 8A and B, lanes 2 to 4). Only a faint band
of p21 was seen without RFC (Fig. 8B, lane 8). These results
indicated that the binding of p21 to the loaded PCNA stimu-
lated the displacement of RFC from the DNA and conse-
quently led to the disruption of the primer recognition com-
plex, while the p21-PCNA complex remained on the DNA.
The displacement of RFC by the addition of p21 was also
seen without addition of ATP in the second incubation mixture
(data not shown). Thus, additional ATP binding appears not to
be required for the displacement of RFC by p21.
Interestingly, the primer recognition complex was no longer
disrupted by p21 when ATPyS was used instead of ATP during
the incubation with p21, either at room temperature or 0°C
(Fig. 8C and D). Both PCNA and the PCNA-p21 complex
were gradually displaced at room temperature, irrespective of
the presence of p21 (Fig. 8C). At 0°C and with ATPyS, the
primer recognition complex was stable, even in the presence of
p21. Although we don’t know how ATPyS stabilizes a pre-
formed primer recognition complex which has already hydro-
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FIG. 8. p21 facilitates the dissociation of RFC from an ATP-activated primer recognition complex but not from an ATP~yS-activated complex. The complex was first
formed in the absence of p21 on the primed BTN3 template DNA-coated beads as described in the legend to Fig. 7. The beads were then washed (0 min; lanes 1) and
resuspended in buffer A containing 0.2% NP-40, 5 uM poly(dA)-oligo(dT), and either 1 mM ATP (A and B) or 1 mM ATPyS (C and D); then they were incubated
further with 10 pmol of His-p21 (+) (lanes 2 to 4) or without His-p21 (—) (lanes 5 to 7) for the indicated time periods at room temperature (A and C) or 0°C (B and
D). Finally, the beads were washed and the bound proteins were analyzed by Western blotting along with standards (S1 to S3) as described in the legend to Fig. 5. The

loading reaction in lane 8 of panels B, C, and D contained no RFC.

lyzed ATP during PCNA loading, the results shown here sug-
gest that the state of the primer recognition complex stabilized
by ATP~vS would be different from that stabilized by lowering
the temperature, based on the different response of RFC to the
presence of p21 in the complex on the DNA.

DISCUSSION

Mechanism of inhibition of DNA replication by p21. Our
biochemical analysis of the loading of PCNA revealed that p21
did not immediately inhibit RFC-catalyzed loading of PCNA
onto DNA. This means that the possible transient opening of
the PCNA trimer, which is thought to be a prerequisite for its
loading, is not affected, even if PCNA is complexed with p21
before loading. In addition, our results argue that the p21-
PCNA complex in solution is also efficiently recognized by
RFC. However, we cannot exclude the possibility that p21
transiently dissociates from the PCNA trimer during the load-
ing of PCNA. Gibbs et al. (26) showed that adding p21 or a

peptide derived from p21 that is capable of binding to PCNA
inhibited the loading of PCNA onto nicked circular DNA by
only 50%. Although their experiment did not address how
much RFC remained on the DNA, the 50% inhibition they
observed could be due to the accelerated dissociation of RFC
from DNA upon the formation of the p21-PCNA complex on
DNA, as shown in this study.

Both PCNA loading assays, i.e., the biotin-labeled DNA
beads method and the gel filtration assay, have revealed that
p21 can form a complex with PCNA loaded on the DNA. This
is consistent with the crystal structure of the PCNA-p21 pep-
tide complex, showing that the trimeric ring of PCNA and its
central hole for the interaction with DNA are maintained even
in the p21 peptide-bound form (28). The p21-PCNA complex
on the DNA could be formed by either loading of preformed
p21-PCNA complex or association of p21 with preloaded
PCNA trimer. A quaternary complex consisting of p21, PCNA,
RFC, and DNA may exist transiently in the presence of ATP,
but subsequently RFC is displaced from the DNA, leaving the
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p21-PCNA complex on the DNA. PCNA stimulates the RFC
ATPase activity and thus stimulates RFC dissociation (refer-
ence 69 and data described herein), and the present results
suggest that the PCNA-p21 complex is a more effective acti-
vator of RFC dissociation from the DNA.

Although the role of RFC in the assembly of the DNA
polymerase holoenzyme after PCNA loading is not yet known,
it is conceivable that after PCNA is bound, the RFC-PCNA
acts synergistically to load DNA polymerase and then remains
part of the polymerase complex throughout DNA synthesis, as
suggested previously (71). This is also supported by the obser-
vation by Pan et al. that one of the small subunits of RFC, p40,
physically interacts with polymerase & (49). In this regard, it
will be interesting to see, using this newly designed assay,
whether RFC would be displaced from DNA upon association
of PCNA with polymerase 8 or upon initiation of DNA syn-
thesis.

It has been shown that p21 inhibits PCNA-dependent DNA
synthesis by polymerase 8 under conditions where RFC is not
required (72). Thus, it is also likely that some function of
PCNA itself is impaired by the formation of the p21-PCNA
complex on DNA. The crystal structure of PCNA complexed
with the p21 peptide has revealed that the peptide interacts
with the interdomain connecting loop (amino acids 119 to 127)
of PCNA that is located on its surface (28). In addition, Roos
et al. have shown that a monoclonal antibody that specifically
recognizes the interdomain connecting loop can inhibit PCNA-
dependent DNA replication (57). Furthermore, a mutational
analysis of PCNA by Fukuda et al. has shown that some of the
alanine substitution mutations of PCNA which lead to im-
paired stimulation of DNA polymerase & are located in the
same loop (24). Therefore, it is likely that the interdomain
connecting loop serves to interact with other replication pro-
teins, such as DNA polymerase 8 and FEN1 (11, 41), and that
p21 blocks these interactions in a competitive manner. Taken
together, these data indicate that the inhibition of DNA rep-
lication by p21 is initiated by the displacement of RFC from
the DNA and further enhanced by the impaired association of
PCNA with DNA polymerase 8.

We have shown previously that p21 does not inhibit PCNA-
dependent nucleotide excision repair in vitro or in vivo (39,
40). However, biochemical data obtained by other groups have
suggested that p21 does indeed inhibit nucleotide excision re-
pair in vitro and that the assembly of polymerase & holoenzyme
may not be inhibited by p21 (50, 54). We expect that this dis-
crepancy will be clarified by further investigation of the mech-
anism of polymerase & holoenzyme assembly and determina-
tion of how RFC and PCNA are involved in DNA repair. What
is clear is that p21 is localized with PCNA to sites of DNA
repair in vivo (39), and thus it is unlikely that p21 inhibits DNA
repair in vivo. We suggest that either PCNA-dependent poly-
merase processivity is altered by p21, a different DNA poly-
merase (perhaps polymerase €) is involved in PCNA-depen-
dent repair, or, alternatively, PCNA loading during nucleotide
excision repair does not depend on RFC.

Mechanism of formation of the primer recognition complex.
PCNA functions as a processivity factor for DNA polymerase
8. However, the process through which PCNA is engaged in
the DNA replication machinery is complex and includes ener-
gy-driven, dynamic transitions, e.g., ATP-dependent loading of
PCNA, formation of a primer recognition complex, and asso-
ciation with polymerase 8. The new assay described here has
allowed us to analyze some of these steps in detail, looking at
each protein component, such as PCNA, RFC, RPA, or p21.

The PCNA loading assay revealed that the preformed prim-
er recognition complex can be stabilized with ATPyS or AMP-
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PNP. It is highly likely that upon binding of these ATP analogs
to RFC in the primer recognition complex, the conformation
of RFC is altered or stabilized, leading to increased stability of
the entire complex. This could be due, for instance, to an al-
tered DNA binding activity of RFC when it is present in the
ATP- or ATPvyS-activated state. The possibility of a difference
in conformation of the complex or state of DNA binding of
RFC in the presence of ATP or ATPyS was further substan-
tiated by the differential sensitivity of RFC to p21; p21 could
displace RFC in the ATP-activated complex but not in the
presence of ATPyS. In a previous analysis of the PCNA-RFC-
DNA complex by a DNase I footprinting assay, protection of
DNA by the RFC-PCNA complex was detected in the pres-
ence of ATPyS, but not ATP, while the formation of similar
complexes was detected by a gel shift assay with either ATPyS
or ATP (70). This ATPvyS-specific DNase I protection could
reflect differences between RFC in an ATP- and an ATPvS-
activated primer recognition complex, as seen in this study.

It is not clear whether RFC in the complex can continuously
hydrolyze ATP. It is possible that once ATP is hydrolyzed, turn-
over of RFC occurs. Regarding this aspect, previous studies of
the bacteriophage T4 gp44/62 proteins, a functional equivalent
of RFC, demonstrated that the addition of aluminum tetra-
fluoride (AIF,), a phosphate analog, resulted in the formation
of a gp44/62-ADP-AIF, complex in a stable transition state
during the loading of gp45 onto DNA (gp45 is a functional
homolog of PCNA). This indicates that the ADP-bound gp44/
62 proteins may exist transiently but long enough for it to as-
sociate with AlF, (3). Furthermore, a processive T4 DNA poly-
merase complex failed to form once the gp44/62-ADP-AIF,
complex was formed (3). This suggests that turnover of gp44/62
is necessary for the assembly of a processive DNA polymerase
complex.

Based on these observations, it is reasonable to assume that
immediately after ATP is hydrolyzed by RFC during the load-
ing of PCNA, an ADP-bound RFC exists in a transition state.
This ADP-bound RFC may be displaced from the 3’ end of the
primer but still remain bound to DNA, and it may be required
for the subsequent assembly of the polymerase holoenzyme.
Our PCNA loading assay has indicated that this ADP-bound
RFC on the DNA is unstable at room temperature. In contrast,
it is stable at 0°C but sensitive to p21, so that RFC can com-
pletely dissociate from the DNA upon formation of the p21-
PCNA complex. However, upon addition of ATPyS or AMP-
PNP into the ADP-bound RFC on the DNA, an exchange of
nucleotides at the same ATP binding site or an additional
binding of the ATP analog to one of the potential sites present
in another RFC subunit might occur. This ATPyS-activated
RFC, which has been shown to be stable and resistant to p21,
might structurally mimic the gp44/62-ADP-AIF, complex. Thus,
it will be interesting to see if the ATPyS-activated complex can
associate with DNA polymerase 8.

We have also shown that AMP-PNP can stabilize the pre-
formed RFC-PCNA complex, but in the presence of this ATP
analog, neither binding of RFC to the primer template DNA
nor loading of PCNA was detected under the conditions de-
scribed here (data not shown). This also supports the notion
that the conformation of RFC itself can be altered following
assembly of the primer recognition complex, so that an AMP-
PNP-reactivated RFC binds to DNA with a higher affinity
while AMP-PNP-bound free RFC may not tightly bind to the
DNA. However, at present, it is not clear whether free RFC
actually binds AMP-PNP.

We expect that the new assay presented here will facilitate
studies designed to gain a more precise understanding of how
turnover of ATP as well as RFC occurs during the assembly of
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the primer recognition complex and the subsequent formation
of a processive DNA polymerase complex. In addition, since
cDNAs for all five subunits of RFC have been cloned (for a
review, see reference 32) and recombinant RFC has been re-
constituted by expression in baculovirus-infected insect cells
(9, 19, 53), it will be possible to test how RFC mutants, such as
those deficient in ATP binding or hydrolysis, function in poly-
merase assembly.

It is intriguing that there was a notable difference between
the 5'- and 3’-biotin-DNA templates in the amounts of both
RFC and PCNA recovered in the complex. The 3'-biotin-DNA
template is a better template than the 5'-labeled one. It can be
reasonably speculated that the presence of streptavidin-aga-
rose at the 3’ end prevents the PCNA trimer from sliding off
the end of the DNA. This different efficiency is, however, not
due to the different efficiency of PCNA loading itself, because
with either primed template, both RFC and PCNA were re-
covered to relatively similar extents when ATPyS was used in-
stead of ATP (Fig. 3). In this situation, once the primer rec-
ognition complex is formed, the complex is stabilized further
by ATP+S. This stabilization could account for the similar
recoveries of both RFC and PCNA on the two templates in
the presence of ATPyS. However, it remains to be determined
whether RFC can actually hydrolyze ATPyS.

In vivo functions of p21-PCNA interaction. Beamish et al.
(2) have reported that delayed progression through S phase of
the cell cycle occurs in response to DNA damage by +y-irradi-
ation in wild-type cells but not in ataxia telangiectasia-derived
cells, in which the ATM gene that is required for induction of
p21 and p53 expression has been mutated. This suggests that
downstream of ATM function there might exist some mecha-
nism(s) to control progression through S phase. Moreover,
Paulovich and Hartwell (52) also reported a slow rate of S-
phase progression in response to DNA damage in the yeast
Saccharomyces cerevisiae, in which this slowing was dependent
on the MECI and RAD53 genes. Thus, although it is not known
whether p21 can regulate ongoing DNA replication in vivo, it
would be interesting to see if the p21-PCNA interaction is
involved in slowing of the progression of S phase. One attrac-
tive but speculative possibility is that the displacement of RFC
by p21 is a signal for the activation of a cell cycle checkpoint
and that this signal results in slow progression through S phase
or arrest at the G,-M transition of the cell cycle. It is therefore
of interest that RfcSp, one of the RFC subunits in S. cerevisiae,
has been shown genetically to be involved in the S-phase check-
point (63), although the precise biochemical mechanism for
this checkpoint has not been determined. Another possibility is
that during DNA replication, p21 binds to PCNA within the
replication machinery only under specific circumstances—for
example, when the DNA polymerase is stalled at a damaged
site (64). If this is the case, the assembly of a p21-PCNA com-
plex and subsequent displacement of RFC might trigger an
arrest in DNA replication to allow DNA repair pathways to
gain access to the DNA repair lesion.

Since PCNA is loaded onto the DNA and can remain bound
after dissociation of the clamp loader protein (RFC) and,
possibly, DNA polymerase, it has the potential to be a landing
pad for other proteins. Since p21 can bind to PCNA and the
cyclin-CDKs simultaneously (77), the DNA-bound p21-PCNA
complex could tether the cyclin-CDKs to the DNA at critical
sites in the genome and thereby coordinate cyclin-CDK-de-
pendent processes at these sites. This would represent a novel
mechanism for targeting a protein kinase to regions of the
genome. Interestingly, the p21-PCNA-cyclin-CDK quaternary
complex is disrupted in many tumor cells (78), suggesting that
this complex plays a role in maintaining genome integrity.
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