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ABSTRACT: The heterotrimeric DNA-binding protein, replication protein A (RPA), consists of 70-, 34-,
and 14-kDa subunits and is involved in maintaining genomic stability by playing key roles in DNA
replication, repair, and recombination. RPA participates in these processes through its interaction with
other proteins and its strong affinity for single-stranded DNA (ssDNA). RPA-p34 is phosphorylated in a
cell-cycle-dependent fashion primarily at Ser-29 and Ser-23, which are consensus sites for Cdc2 cyclin-
dependent kinase. By systematically examining RPA-p34 phosphorylation throughout the cell cycle, we
have found there are distinct phosphorylated forms of RPA-p34 in different cell-cycle stages. We have
isolated and purified a unique phosphorylated form of RPA that is specifically associated with the mitotic
phase of the cell cycle. The mitotic form of RPA (m-hRPA) shows no difference in ssDNA binding
activity as compared with recombinant RPA (r-hRPA), yet binds less efficiently to double-stranded DNA
(dsDNA). These data suggest that mitotic phosphorylation of RPA-p34 inhibits the destabilization of
dsDNA by RPA complex, thereby decreasing the binding affinity for dsDNA. The m-hRPA also exhibits
altered interactions with certain DNA replication and repair proteins. Using highly purified proteins,
m-hRPA exhibited decreased binding to ATM, DNA polR, and DNA-PK as compared to unphosphorylated
recombinant RPA (r-hRPA). Dephosphorylation of m-hRPA was able to restore the interaction with each
of these proteins. Interestingly, the interaction of RPA with XPA was not altered by RPA phosphorylation.
These data suggest that phosphorylation of RPA-p34 plays an important role in regulating RPA functions
in DNA metabolism by altering specific protein-protein interactions.

Eukaryotic RPA1 is a heterotrimeric single-stranded DNA
(ssDNA)-binding protein that has multiple, critical roles in
DNA metabolism (1-3). RPA participates in these diverse
functions through its strong affinity for ssDNA and its ability
to interact with numerous proteins. There is some evidence
that suggests the phosphorylation of RPA may play an
important role in regulation of these diverse functions. The
p34 subunit of RPA becomes phosphorylated during the
normal cell cycle beginning at the onset of S phase,

continuing into mitosis, and dephosphorylation occurs in the
latter part of mitosis, suggesting a physiological role for
RPA-34 phosphorylation in cellular signaling pathways (4,
5). The cell-cycle-dependent phosphorylation events occur
primarily at Ser-29 and Ser-23 (6), which are consensus sites
for cyclin B/p34cdc2 kinase (7, 8). In vitro phosphorylation
of RPA by cyclin B/p34cdc2 yields two forms that migrate
slower on polyacrylamide gels than unphosphorylated RPA-
p34, a predominant form (Form 2) and a minor form that
migrates similar to the mitotic form (Form 3). A serine to
alanine mutation of Ser-29 in a synthetic peptide or r-hRPA
either inhibited or markedly attenuated phosphorylation by
cyclin B/p34cdc2kinase, whereas a serine to alanine mutation
of Ser-23 had no effect on phosphorylation levels (8, 9). Ser-
29 is the only phosphorylated residue identified in the
predominant form, Form 2, suggesting that Ser-29 is the
preferred site of phosphorylation by cyclin B/p34cdc2 (8, 10,
11). It has yet to be determined if the minor cyclin B/p34cdc2

phosphorylated form (Form 3) is identical to the mitotic form.
In addition to cell-cycle-dependent phosphorylation, RPA-

p34 becomes hyperphosphorylated in vivo in response to
various genotoxic agents (11, 12). The kinases implicated
in this response include DNA-PKcs and ATM (10, 13, 14).
We showed previously that DNA-PK and ATM phos-
phorylated RPA-p34 at multiple sites in vitro (Ser-11, Ser-
12, or Ser-13, Thr-21, Ser-23, Ser-29, and Ser-33), and many
of these sites appear to be identical to those phosphorylated
in vivo in response to DNA damage (10, 14). Evidence impli-
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cating both ATM and DNA-PKcs but not ATR in ionizing
radiation (IR)-induced RPA-p34 hyperphosphorylation was
obtained using wortmannin and caffeine in vivo (15).

The functional effects of phosphorylation of RPA have
been examined in a variety of assays; however, a specific
role for RPA phosphorylation remains to be elucidated. In
cell-free SV40 DNA replication, the presence of phos-
phorylated RPA or unphosphorylated RPA had no effect on
replication efficiency (16-18). Similarly, phosphorylation
of RPA had no effect on NER activity in both HeLa whole
cell extracts and NER reconstituted with purified proteins
(17, 19). In addition, mutant RPA-p34 lacking N-terminal
amino acids 1-33 had no effect on in vitro SV40 replication
or DNA repair activity (9, 19). While these data do not rule
out possible effects of RPA phosphorylation in vivo, they
suggest that phosphorylation of RPA does not directly affect
DNA replication or NER in cell-free systems.

As for checkpoint activation, the finding that overexpres-
sion of the ATM kinase domain in A-T cells failed to
phosphorylate RPA yet corrected the radiosensitivity of these
cells suggested phosphorylation of RPA-p34 can be dissoci-
ated from checkpoint activation (20). Similarly, UCN-01 (a
protein kinase C, cyclin-dependent kinase and Chk1 inhibi-
tor), which abrogates the S and G2 checkpoints, had no effect
on IR-induced RPA-p34 phosphorylation in HeLa cells
providing additional evidence that RPA phosphorylation can
be dissociated from checkpoint activation (15).

Conversely, other experimental evidence suggests that
RPA phosphorylation may play a regulatory role in DNA
replication. First, we have previously shown that UV-induced
RPA hyperphosphorylation occurs concomitantly with a loss
of SV40 replication efficiency, but replication efficiency was
restored to the level of untreated cells with the addition of
unphosphorylated RPA (11). Liu et al. observed a similar
inactivation of SV40 replication by adozelesin and rescue
with unphosphorylated RPA (21). Further evidence that RPA
hyperphosphorylation is related to DNA synthesis inhibition
is shown by camptothecin-induced DNA inhibition coincid-
ing with RPA hyperphosphorylation. Furthermore, UCN-01
treatment blocked camptothecin-induced RPA-p34 phos-
phorylation in vivo (22). These observations allude to a
regulatory role for RPA phosphorylation in DNA replication
in response to DNA damage.

RPA is known to interact specifically with numerous DNA
replication, recombination, and repair proteins including
DNA pol R and SV40 large tumor antigen; transcription
factors VP16 and GAL4; DNA repair proteins XPA, DDB,
XPF, and XPG; the Rad52 epistasis group; DNA helicases,
Blooms (BLM) and Werners (WRN) proteins; and proteins
involved in cell cycle control and/or DNA damage response
such as p53, cdc2, and DNA-PK (22-31). The direct
physical association between RPA and other proteins is
primarily via the N-terminus of RPA-p70 with some
contribution from the C-terminus, although XPA, Rad52, and
Rad51 interact with RPA-p34 in addition to the N-terminus
of RPA-p70 (24, 31, 32). The association between p53 and
RPA is disrupted following UV damage, providing indirect
evidence that RPA-p34 phosphorylation alters the ability of
RPA to interact with proteins (33).

To investigate the role of RPA-p34 phosphorylation in
protein function, we have purified a cell-cycle specific
phosphorylated form of RPA, m-hRPA, and examined DNA

binding activity and protein-protein interactions. Here, we
demonstrate that phosphorylated RPA has a 4-6-fold
decrease in binding affinity for undamaged and cisplatin-
damaged dsDNA, yet exhibits similar ssDNA binding activity
as compared to unphosphorylated r-hRPA. In addition, the
phosphorylated form of RPA exhibited decreased protein-
protein interactions with ATM, DNA polR, and DNA-PK.
In contrast, RPA phosphorylation did not alter interaction
with the DNA repair protein XPA. Based on these observa-
tions, we propose that phosphorylation of RPA-p34 plays a
role in regulating cellular DNA replication and DNA repair
functions by altering protein-protein and protein-DNA
interactions.

MATERIALS AND METHODS

Cell Culture. HeLa cells were grown in Dulbecco’s
Minimal Essential medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin, at 37
°C and 5% CO2.

Flow Cytometry and Cell Elutriation.HeLa cells were
fixed at a density of 2× 106/mL overnight in 70% ethanol
at -20 °C. The following day, the cells were sedimented at
300g in a swinging bucket centrifuge for 10 min at 4°C.
The cells were resuspended in the propidium iodide master
mix [phosphate buffered saline (PBS) containing 1µg/mL
RNAse A, 1.6µg/mL propidium iodide] and incubated at
37 °C for 1 h. The cells were washed twice and resuspended
with PBS containing propidium iodide (1.6µg/mL) at a
density of 1× 106/mL. The cells were filtered through a 40
µm nylon mesh filter immediately prior to sorting. The cells
were elutriated using a FACS Vantage SE cell sorter (Bectin
Dickinson, San Diego, CA).

DNA Synthesis Assay.Thymidine incorporation was as-
sayed essentially as described previously (14). Briefly, cells
were pre-labeled with 0.01µCi/mL 14C-thymidine (Perkin-
Elmer, Inc., Boston, MA) for 24 h at 37°C. After incubation
in fresh medium for 1 h, cells were treated with nocodazole
(0.3 µM). The rate of DNA synthesis after release from
nocodazole treatment was measured by3H-thymidine incor-
poration during a 30 min pulse with 10µCi/mL 3H-thymidine
(Perkin-Elmer, Inc., Boston, MA). After labeling with14C-
thymidine and3H-thymidine, cells were washed with PBS
twice and lysed with 500µL of 0.2 M NaOH. Triplicate
samples (150µL each) were collected onto Whatman #3
circles (Whatman International, Maidstone, England) and
rinsed with 5% trichloroacetic acid and then 100% ethanol.
The radioactivity of each sample was counted by dual-label
liquid scintillation, and the ratio of3H/14C reflected the DNA
synthesis activity.

Purification of RPA, XPA, DNA polR, and DNA-PK.HeLa
cells grown in flasks were treated with the microtubule
inhibitor nocodazole (0.3µM, Sigma, St. Louis, MO) for
17 h (4). Mitotic cells were separated from the interphase
cells by gently shaking off the mitotic cells. Hypotonic
extracts were prepared as described previously (11). Briefly,
the cells were washed with PBS and extracted in 20 mM
HEPES (pH 7.5), 5 mM KCl, 1.5 mM MgCl2, 1 mM
dithiothreitol (DTT), 25µM bromotetramisole oxalate, 5µM
cantharidin, and 5 nM microcystin LR followed by clari-
fication by centrifugation at 15 000g for 10 min. The pro-
tein concentration of the cell extracts was estimated using
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the BCA protein assay (Pierce, Rockford, IL). The hRPA
form of RPA was purified from asynchronously growing
HeLa cells. The r-hRPA protein was expressed and purified
from Escherichia coliBL21 (DE3) cells transformed with
p11d-tRPA vector (a gift from Dr. Marc Wold, University
of Iowa, Iowa City, IA) as described previously (34). The
m-hRPA and hRPA forms of RPA were purified using the
same chromatographic steps as with r-hRPA (34, 35). Briefly,
the extracts were loaded onto a 20-mL Affi-gel blue column
equilibrated in HI buffer (30 mM HEPES, pH 7.8, 0.01%
NP-40, 0.25 mM EDTA, 1 mM DTT, and 0.25% inositol)
supplemented with 0.1 M KCl. The column was washed with
HI buffer containing 0.8 M KCl followed by HI buffer
supplemented with 0.5 M NaSCN. The protein was eluted
from the column using HI buffer supplemented with 1.5 M
NaSCN, and the peak protein based on absorbance at 280
nm was directly loaded onto a 2-mL hydroxylapatite column
equilibrated in HI buffer. The column was washed with HI
buffer, and RPA was eluted with HI buffer containing 100
mM KPi. The peak protein was loaded directly onto a 2-mL
Q-Sepharose column equilibrated in HI buffer and washed
with HI buffer supplemented with 0.1 M KCl. RPA was
eluted with HI buffer using a linear gradient from 0.1 to 1
M KCl. The peak fractions based on SDS gel analysis of
m-hRPA were pooled and dialyzed in HI buffer.

XPA was expressed as a [His]6-XPA fusion protein in
Sf-21 insect cells following infection with a recombinant
baculovirus. The protein was purified using metal chelate
affinity chromatography as previously described (36). DNA
pol R was purified from calf thymus by immunoaffinity
chromatography according to Nasheuer and Grosse (37).
DNA-PK was purified from HeLa cells using traditional
column chromatography as previously described (38).

Stopped-Flow Kinetic Experiments and Data Analysis.
Stopped-flow kinetic traces and data analysis were performed
as previously described (35). Briefly, the traces were obtained
using a SX.18MV stopped-flow reaction analyzer (Applied
Photophysics). Reactions were performed in buffer contain-
ing 20 mM HEPES (pH 7.8), 2 mM DTT, 0.001% NP-40,
and 50 mM NaCl. Constant RPA (6.25 nM final concentra-
tion) and varying DNA concentrations (62.5-125 nM)
starting at a 10-fold excess of DNA were used to achieve
pseudo-first-order kinetics (35). The trace shown represents
the average of 10 individual shots. The observed ratekobs

was calculated using Pro-K software (Applied Photophysics),
and the rate constants were determined using linear regression
analysis (SigmaPlot, Jandel). The slope of the line is the
bimolecular association rate,kon, and they intercept is the
rate of dissociation,koff (35). The largekobs values for each
DNA concentration and the slow dissociation results in large
errors associated with thekoff determinations and thus a
negativey intercept value. These data are consistent with
r-hRPA; thus, thekoff value was not determined for the
m-hRPA.

Electrophoretic Mobility Shift Assay (EMSA).EMSAs
were performed as previously described (34). Briefly, reac-
tions were carried out in 20 mM HEPES (pH 7.8), 2 mM
DTT, 0.001% NP-40, 50 mM NaCl, 50µg/mL bovine serum
albumin, and 50 fmol of ssDNA or 20 fmol of dsDNA. The
ssDNA substrate was a dT30 DNA substrate as used previ-
ously (35). The 30-bp dsDNA substrates with and without a
single, centrally located 1,2 d(GpG) cisplatin adduct were

prepared as previously described to ensure minimal single-
strand DNA contamination (34, 35). Each reaction in the
ssDNA EMSAs contained 200 ng of the RPA-p34 antibody
to supershift the RPA-DNA band, which resulted in a cleaner
band shift. Reaction products were electrophoresed on a 4%
native polyacrylamide gel. The gels were visualized and
quantified by phosphorimager analysis (Molecular Dynamics,
Sunnyvale, CA).

Immunoblotting.For Western immunoblots, samples were
solubilized in Laemmli sample loading buffer, placed at 100
°C for 5 min, and then separated on 13% denaturing SDS-
polyacrylamide gels (monomer-to-crosslinker ratio 37.5:1)
with a 4% stacking gel using the Laemmli buffer system.
Proteins were transferred to Immobilon-P polyvinyl-divinyl
fluoride transfer (PVDF) membranes (Millipore Corp., Bed-
ford, MA) in 50 mM 3-(cyclohexylamino)propanesulfonic
acid (pH 11.0) and 10% methanol at 500 mA for 1 h (39).
Membranes were blocked for 15 min in blocking buffer (2%
nonfat dry milk, 0.1% Tween 20 in PBS) and then incubated
with anti-RPA-p34 monoclonal antibody or isotype control
for RPA (1:5000; Neomarkers, Fremont, CA) for 15-20 min
at 37°C. After washing four times with 0.1% Tween 20 in
PBS, membranes were incubated with a 1:3000 dilution of
horseradish peroxidase-linked goat anti-mouse secondary
antibody for 15 min. Membranes were washed as described
and visualized using chemiluminescent detection.

Immunoprecipitation.For co-immunoprecipitation assays,
100 ng of r-hRPA or m-hRPA were incubated with either
500 ng of purified XPA (36), ATM (14), DNA-PK (38), or
DNA pol R (37) in PBS containing 0.05% NP-40 for 30
min with end-over-end mixing at 4°C. Following the
addition of 0.5-3.0 µg of anti-XPA, ATM, DNA-PK, or
DNA pol R antibody, the immunoprecipitates were incubated
overnight at 4°C. After the addition of 30µL of protein
G-agarose (Gibco-BRL) for 2 h, the immunoprecipitates were
separated from the supernatant by centrifugation at 5000g
for 5 min. The immunoprecipitates were washed three times
with 0.01% NP-40- PBS, resuspended in 1X Laemmli gel
loading buffer, and separated on a 13% SDS-polyacrylamide
gel.

RESULTS

G2/M Phase of the Cell Cycle Is Required for Mitotic
Specific Phosphorylated Form of RPA-p34 (m-hRPA).In
normal cycling HeLa cells, RPA-p34 exists in three different
forms that can be resolved by SDS-PAGE. One of these
forms, Form 3, is the predominant form observed following
nocodazole-induced cell-cycle arrest in mitosis. The fact that
the majority of RPA-p34 is phosphorylated in one specific
form may be attributed to the presence of nocodazole rather
than a specific mitotic form of the protein. To determine if
the phosphorylated Form 3 is specific to mitosis, exponen-
tially growing HeLa cells were treated with nocodazole for
17 h and released. Following release, cell cycle progression
through G1, S, and back into G2/M phase was monitored by
3H thymidine incorporation (Figure 1A). Peak incorporation
during S-phase occurred approximately 15 h post-release
(Figure 1A), confirming the release from the nocodazole-
induced cell-cycle block. The different forms of RPA-p34
were monitored as cells progress throughout the cell cycle
after removal of nocodazole. In addition, nocodazole-blocked
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cells were processed by gently shaking off loosely attached
mitotic cells (Figure 1B, lane 1); the remaining attached cells
were also processed for Western blot analysis (lane 2). An
extract (lane 3) from cells subject to DNA damage [long-
term aphidicolin treatment, 6µM at 24 h (40)] is also
included as a control to delineate the various forms of RPA-
p34. Form 1 represents unphosphorylated and perhaps some
partially phosphorylated forms of RPA-p34, Forms 2 and 3
are cell-cycle-dependent phosphorylated forms, and Form 5
is the DNA damage-induced hyperphosphorylated form. In
nocodazole-blocked cells that were shaken off the dish, Form
3 is the predominant form of RPA-p34 and also represents
a large portion of the RPA-p34 in cells remaining attached
to the plate. At 7 h after release, in the G1 phase of the cell
cycle, the protein becomes largely dephosphorylated (Figure
1B, lane 4). As cells progress through S-phase, Form 2 was
observed (Figure 1B, lane 6). Form 3 appeared most strongly
at 19 h after release from nocodazole as the cells traversed
G2 and into mitosis, providing further evidence that Form 3
represents a mitotic form of RPA-p34. To further verify this
was a cell-cycle specific phosphorylated form of RPA-p34
and not due to the presence of the microtubule-disrupting
drug nocodazole, asynchronous exponentially growing HeLa
cells were sorted by counterflow centrifugal elutriation and
FACS analysis. With this method, cell populations were

fractionated by means of size, density, and DNA content,
and cell lysates were prepared from fractions corresponding
to discrete cell-cycle phase-specific populations. Immunoblot
analysis revealed that the majority of the protein present in
G1 and S-phase cells was in Forms 1 and 2 (Figure 1D, lanes
3 and 4), while as cells progress through S into the G2/M
phase the appearance of a form of the protein with the same
gel mobility as that observed in nocodazole-arrested mitotic
cell was present (Figure 1D, lane 5). Although the proportion
of Form 3 appears negligible in the G2/M fraction, this is
likely due to phosphatase activity in the collected cells. Also,
there are likely to be more G2 than M phase cells in the
G2/M fraction, reducing the contribution of m-hRPA to the
total observed. These results are consistent with the conclu-
sion that Form 3 of RPA-p34 is the mitotic form of the
protein, and the presence of this form after nocodazole
treatment is not attributable simply to the presence of the
drug. This suggests a strict regulation of the phosphorylation
of this protein during cell cycle progression.

Purification of m-hRPA.To investigate the effect of mitotic
RPA-p34 phosphorylation on DNA binding and protein-
protein interaction, we have used conventional biochemical
techniques to purify phosphorylated RPA from nocodazole
treated HeLa cells. Initial fractionation of cellular extracts
was accomplished on an Affi-Gel blue column as described

FIGURE 1: G2/M phase of the cell cycle is required to regenerate the mitotic specific phosphorylated form of RPA-p34 (m-hRPA) following
cell synchronization with nocodazole. (A) Time course of DNA synthesis following nocodazole release. The rate of DNA synthesis after
release from nocodazole treatment (0.3µM) was measured as3H-thymidine incorporation during a 30 min pulse with 10µCi/mL 3H-
thymidine. Cells were pre-labeled with 0.01µCi/mL 14C-thymidine for 24 h at 37°C followed by 3H-thymidine pulse labeling. After
labeling, cells were washed with PBS twice and lysed with 500µL of 0.2 M NaOH per dish. The radioactivity of each sample was counted
by dual-label liquid scintillation, and the ratio of3H/14C reflected the DNA synthesis activity. (B) Time course of RPA-p34 phosphorylation
following release from nocodazole treatment (lanes 4-8). Mitotic cells were shaken from the dish after nocodazole treatment (lane 1) and
compared to attached cells (lane 2). Following preparation of hypotonic extracts, RPA-p34 was visualized by immunoblotting with anti-
RPA-p34 antibody and chemiluminescent detection. Phosphorylation causes a slower migration on the gel; at least five different forms of
the p34 subunit of RPA can be visualized; Form 1 is unphosphorylated RPA-p34, Forms 2 and 3 are cell cycle dependent phosphorylated
forms, and Form 5 is the DNA damage-induced hyperphosphorylated form as shown in the positive control (lane 3, long-term aphidicolin
treatment, 6µM at 24 h). (C) FACS analysis of cells from an asynchronous growing HeLa cell population. (D) Immunoblot analysis of
RPA-p34 from cell fractions corresponding to G1, S, and G2/M cell-cycle populations (lanes 3-5). DNA damage-induced hyperphosphorylated
form as shown in the positive control (lane 1, UVC 30 J/m2 at 8 h). The purified m-hRPA is in lane 2. Cell lysates were prepared from
asynchronously growing HeLa cells, and the p34 subunit of RPA was detected with anti-RPA-p34 monoclonal antibody (1:5000).
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in the Materials and Methods. Further purification was
achieved with hydroxylapatite and Q-Sepharose columns
under the same conditions as for purification of r-hRPA (see
Materials and Methods). A silver stained SDS-PAGE gel
of fractions from the purification of m-hRPA is shown in
Figure 2A. R-hRPA was used as a marker to verify the
position of m-hRPA (not shown). The hydroxylapatite pool
that was loaded on the Q-Sepharose column is in lane 1
followed by fractions from the gradient elution from the
Q-Sepharose column. The RPA protein is concentrated in
fractions 16-18 (Figure 2A, lanes 6-8) from the Q-
Sepharose column, and the p34 subunit appears to have three
distinct bands or phosphorylated forms (Forms 1-3). These
fractions were pooled as m-hRPA. The final pool and
additional fractions were analyzed by SDS-PAGE and the
Western immunoblotting (Figure 2B). We estimated that
Form 3 represents 40% of the RPA-p34 present in the pool.
We verified that the slower migrating forms of RPA-p34
represent phosphorylated forms of the protein as treatment

of the protein with calf intestinal phosphatase (CIP) resulted
in a loss of these slower migrating species of RPA (Figure
2B, lane 8) generating a band that migrates similarly to the
r-hRPA (Form 1). Although band 1 runs with the same
mobility as the r-hRPA protein, it does not appear to
represent unphosphorylated RPA in the m-hRPA purification
product. Two-dimensional gel analysis suggests that all forms
within the mitotic pool of protein are phosphorylated, but
Form 1 cannot be separated into distinct phosphorylated
forms on one-dimensional SDS gels (data not shown). Form
2 most likely represents one or two phosphates on the RPA-
p34 subunit, while Forms 3 and 4 most likely represent a
p34 subunit with multiple phosphates (10). Phosphatase
inhibitors are required in the purification buffers to obtain
purified phosphorylated RPA.

m-hRPA Has Similar ssDNA Binding ActiVity as r-hRPA.
The DNA binding activity of RPA is crucial for many DNA
metabolic processes. Whether RPA phosphorylation plays a
role in DNA binding and ultimately in RPA regulation has
not been definitively addressed. Thus, having purified
m-hRPA, we sought to characterize the DNA binding
activities of the phosphorylated RPA versus the unphos-
phorylated r-hRPA protein. Electrophoretic mobility shift
analyses (EMSAs) were performed using a dT30 ssDNA
substrate (Figure 3A). Increasing concentrations of either
m-hRPA or r-hRPA were titrated into reactions, and bound
RPA-DNA was observed. RPA-p34 monoclonal antibody
(125 ng) was added to each reaction to super-shift the RPA-
DNA complex, resulting in a cleaner band shift. The
quantification of the EMSA (Figure 3B) reveals no difference
in ssDNA binding activity between m-hRPA or r-hRPA. The
equilibrium binding experiment was also performed in the
absence of RPA antibody, and the relative binding activity
of phosphorylated and unphosphorylated RPA was similar
to that shown in Figure 3 (data not shown). Thus, phos-
phorylation of the p34 subunit appears to have no measurable
effect on RPA ability to bind a dT30 ssDNA substrate.

To confirm the EMSA results, stopped-flow kinetic
analysis was performed using the same dT30 DNA substrate
as used in the EMSA experiments and in a previous study
with r-hRPA (35). As RPA binds DNA, the intrinsic
fluorescence of the protein is quenched, and this quenching
can be monitored over time to generate observed rates of
quenching,kobs, values (35). Figure 4A is a kinetic trace of
m-hRPA mixed with dT30 DNA. Time zero represents the
relative fluorescence of the m-hRPA in the absence of DNA
and upon mixing with the DNA substrate, a quenching of
the fluorescence is observed. The quenching of constant RPA
(6.25 nM) was monitored over time with varying DNA
concentrations (62.5-125 nM). Each trace was fit to a single-
exponential decay (thick line), and the residual values were
presented in the panel below the trace. The resultingkobs

values were plotted versus DNA concentration (Figure 4B).
The results revealed a linear relationship with the slope being
the bimolecular association rate,kon, and they intercept equal
to thekoff (35). Thekon of the m-hRPA for dT30 ssDNA was
2.46( 0.435 nM-1 s-1, while the r-hRPA protein has akon

of 2.14( 0.08 nM-1 s-1 (35). They intercept value for the
m-hRPA resulted in a negative value suggesting a slow
dissociation, consistent with that observed with r-hRPA (35).
Thekon values are indistinguishable, and the consistently slow
dissociation is consistent with the EMSA in that there is no

FIGURE 2: Purification of m-hRPA. (A) Protein fractions were
visualized on a 13% SDS-polyacrylamide gel by silver staining.
Lanes contain an equal volume from the hydroxylapatite column
(L; lane 1) and fractions from the Mono-Q column (lanes 2-10).
The positions of the subunits of RPA are indicated (p70, p34, and
p14). (B) Immunoblot of the Affi-gel blue peak fractions; hydroxyl-
apatite pooled fractions; Mono-Q fractions 14, 19, and 20 r-hRPA;
Mono-Q pooled fractions 15-18 (m-hRPA; lane 7); and Mono-Q
pooled fractions with 40 units of calf intestinal phosphatase (lane
8).
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difference in ssDNA binding between m-hRPA and r-hRPA.
These data are consistent with phosphorylation playing no
effect on RPA ssDNA binding.

Phosphorylation of RPA Inhibits DNA Binding to Un-
damaged and Cisplatin-Damaged dsDNA.RPA has previ-
ously been shown to preferentially bind cisplatin-damaged
dsDNA versus undamaged dsDNA (41, 42). To assess
whether phosphorylation affects dsDNA binding, EMSAs
were performed with m-hRPA and r-hRPA using 30-bp
dsDNA substrates with and without a single 1,2 d(GpG)
cisplatin lesion (Figure 5A). Increasing concentrations of
either m-hRPA or r-hRPA were titrated into reactions
containing undamaged or cisplatin-damaged dsDNA contain-
ing a single 1,2 d(GpG) adduct. Increasing RPA resulted in
increasing RPA-DNA complex formation, although it is
clear that the m-hRPA bound less DNA than the r-hRPA.
The m-hRPA still displayed damage specificity in dsDNA
binding, but compared to the r-hRPA, much less DNA was
bound. Quantification of the results revealed approximately
a 4-6-fold difference in dsDNA binding between the
m-hRPA and the r-hRPA protein with the largest difference

being with the undamaged dsDNA (Figure 5B, compare open
circles with filled circles). Previously, it was shown that
dsDNA binding of RPA correlated with its ability to denature
the dsDNA strands (34). Interestingly, hyperphosphorylated
RPA dsDNA binding also correlates with the denaturation
of the dsDNA substrate (our unpublished data). These data
suggest that phosphorylation affects how RPA binds to and
destabilizes dsDNA. This could potentially be due to an
alteration in the direct interaction of the p34 subunit with
DNA or a change in the conformation of RPA complex
leading to a change in DNA binding through the p70 subunit.
The cisplatin-DNA adduct may distort the 30-bp dsDNA
substrate giving it more single-stranded character, thereby
reducing the distinction between the two forms of RPA.
Interestingly, RPA purified from asynchronous HeLa cells
(hRPA) still shows less dsDNA binding than r-hRPA but
displays about 3-fold better binding to dsDNA than the
m-hRPA (data not shown). It is possible that the hRPA
protein purified from cycling cells is partially phosphorylated
(potentially 1-2 phosphates). This would help explain the
difference observed in dsDNA binding between r-hRPA,
hRPA, and m-hRPA. Alternatively, the dsDNA binding
activity observed with m-hRPA may be a result of the small
amount of unphosphorylated Form 1 in the m-hRPA
preparation.

FIGURE 3: m-hRPA has similar ssDNA binding activity as r-hRPA.
(A) EMSAs were carried out as previously described (38).
Oligonucleotides were 5′-labeled with [γ-32P]ATP using T4 kinase
and purified as described in Materials and Methods. The indicated
amounts of either m-hRPA or r-hRPA were incubated with 50 fmol
of labeled oligo(dT30) in a total volume of 20µL. Following a 20
min incubation, RPA-p34 antibody (125 ng) was added to each
sample for an additional 10 min. The products were separated on
a 4% native polyacrylamide gel. Lanes 1 and 7 are free labeled
oligo(dT30) only; lanes 2-6 and 8-12 contain 2, 4, 8, 16, and 32
ng of m-hRPA and r-hRPA, respectively. (B) Quantification of the
m-hRPA (filled circles) and r-hRPA (open circles) binding data
from panel A is presented and represents the average of two
individual experiments. Error bars correspond to the range of values.
The equilibrium binding experiment was also performed in the
absence of RPA antibody, and the relative binding activity of
phosphorylated and unphosphorylated RPA was similar to that
shown in Figure 3 (data not shown).

FIGURE 4: Stopped-flow kinetic analysis of m-hRPA binding
ssDNA (dT30). (A) The kinetic trace for m-hRPA binding to dT30
ssDNA. The trace was fit to a single-exponential decay (thick line),
and the residual values for the fit are presented below the trace.
Kinetic traces were measured at a constant m-hRPA concentration
of 6.25 nM and varying DNA concentrations from 62.5 to 125 nM.
Each trace used was an average of 8-10 measurements at each
DNA concentration. (B) Thekobs values were plotted vs DNA
concentration, and the linear fit provided the rate of association,
kon. Each point represents the average of two separate experiments,
and the error bars correspond to the range of values.
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RPA-p34 Phosphorylation Alters Protein-Protein Interac-
tion In Vitro. Many proteins have been shown to interact
with RPA, including the nucleotide excision repair protein
XPA (24, 45), the DNA replication protein DNA polR (26),
and the PI-3 kinase DNA-PKcs (43). In this study, we also
demonstrate that purified ATM protein can bind to r-hRPA,
and r-hRPA can be immunoprecipitated with an ATM
antibody (Figure 6). The ATM protein and DNA-PK are
thought to be responsible for the in vivo DNA damage-
dependent phosphorylation of RPA (14, 16, 44-46). To
assess whether phosphorylation plays a role in altering the
RPA protein-protein interactions, we performed co-immuno-
precipitation analyses comparing r-hRPA and m-hRPA with
respect to interaction with the XPA protein, ATM, DNA-
PK, and DNA polR, respectively. Each purified protein (see
Materials and Methods) was incubated with RPA and then
precipitated with its own specific antibody, and both the
supernatant (S) and the immunoprecipitate (P) were analyzed
by Western blot analysis using the RPA-p34 antibody.
Control experiments using r-hRPA and antibodies to XPA,
ATM, DNA-PK, or DNA pol R without the interacting
protein show no ability to pull down the RPA protein (data
not shown). The results presented in Figure 6 demonstrate

that the XPA protein efficiently interacts with both the
m-hRPA (lane 2) and the r-hRPA protein (lane 4). These
results demonstrate that RPA phosphorylation does not affect
the interaction between the two proteins. The ATM protein
interacts weakly with r-hRPA, and this interaction is
abolished by phosphorylation as might be predicted for an
enzyme/substrate interaction (lanes 2 and 4). DNA-PK
interacts with the r-hRPA, but like the ATM protein,
interaction is abolished by phosphorylation of RPA. DNA
pol R also interacts with the r-hRPA protein, and like the
ATM and DNA-PK proteins, phosphorylation disrupts the
RPA-DNA pol R interaction (lanes 2 and 4). These data are
consistent with the possibility that RPA phosphorylation in
mitosis may inhibit DNA replication by disrupting or
inhibiting the interaction with DNA polR, while having no
effect on the interaction with the XPA protein and thus
having no effect on nucleotide excision repair.

Dephosphorylation of m-hRPA Restores Protein-Protein
Interactions.To determine if the RPA phosphorylation effect
was reversible, calf intestinal phosphatase (CIP) was used
to dephosphorylate the m-hRPA, and the immunoprecipita-
tion experiments were repeated (Figure 7). Treatment of
m-hRPA with CIP resulted in a form of RPA that migrated
similarly to the r-hRPA protein as determined by single
dimension SDS-PAGE. The CIP-treated m-hRPA interacts
to the same extent as untreated m-hRPA with XPA, as
expected since no difference in the ability to interact with
XPA was observed between the r-hRPA and the m-hRPA

FIGURE 5: Phosphorylation of RPA inhibits DNA binding to
undamaged and cisplatin-damaged dsDNA. EMSAs were carried
out using 20 fmol of 30-bp undamaged dsDNA (lanes 1-10) or
using the same 30-bp oligo containing a single 1,2d(GpG) cisplatin
adduct (lanes 11-20). Lanes 1, 6, 11, and 16 without added
m-hRPA or r-hRPA; lanes 2-5 and 12-15 contain 25, 50, 75,
and 100 ng of m-hRPA; lanes 7-10 and 17-20 contain 25, 50,
75, and 100 ng of r-hRPA. The products were separated on a 4%
native polyacrylamide gel. (B) Quantification of increasing con-
centrations of m-hRPA (filled circles) and r-hRPA (open circles)
binding undamaged dsDNA and increasing concentrations of
m-hRPA (filled squares) and r-hRPA (open squares) binding
cisplatin damaged DNA. The data presented are the average of two
individual experiments, and error bars correspond to the range of
values.

FIGURE 6: RPA-p34 phosphorylation alters protein-protein interac-
tion in vitro. Purified m-hRPA or r-hRPA (100 ng) was mixed with
purified XPA, ATM, DNA-PK, or DNA pol R (500 ng) for 30
min on ice. The mixture was incubated further with anti-XPA,
ATM, DNA-PK, or DNA pol R overnight at 4°C. The proteins
were immunoprecipitated with protein G-agarose, and RPA-p34
was detected by Western blotting. Each panel is marked with the
appropriate protein. Lanes 1 and 3 contain the supernatant separated
by centrifugation (S) for m-hRPA or r-hRPA, respectively. Lanes
2 and 4 are the immunoprecipitate pellet (P) for m-hRPA and
r-hRPA, respectively.
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(Figure 6, lanes 2 and 4). Interestingly, different results were
obtained assessing the interaction of CIP-treated m-hRPA
with ATM. In the absence of CIP, the m-hRPA showed very
little interaction with ATM (as shown in Figure 6). CIP
treatment of m-hRPA resulted in an increased interaction
with the ATM protein that was not observed in mock-
dephosphorylated m-hRPA (Figure 7A, compare lanes 2 and
4). In addition, both the DNA-PK- and the DNA pol
R-RPA interactions were partially recovered by CIP treat-
ment (Figure 7A, lanes 2 and 4). Quantification of the data
reveals that CIP treatment of m-hRPA restored binding to
ATM, DNA-PK, and DNA polR to levels that were 77, 15,
and 33% of the r-hRPA binding, respectively. However, more
importantly, the increase in protein binding observed with
CIP-treated m-hRPA was 25, 15, and 13.5-fold above the
very low but measurable levels observed with untreated
phosphorylated m-hRPA binding to ATM, DNA-PK, and
DNA pol R, respectively. Clearly, this is a significant and
specific increase as no binding was observed above the
background for the nonspecific IgG control. To validate the
differences observed in protein binding between m-hRPA
and r-hRPA control, in vitro binding experiments comparing
purified hRPA and r-hRPA were carried out. The protein-
protein interactions between hRPA and XPA DNA-PK and
DNA pol R were similar to r-hRPA (data not shown and
Figure 7B). In addition, control experiments using r-hRPA

and nonspecific IgG antibody to confirm the specificity of
the interactions show no ability to pull down the RPA protein
(Figure 7C). The inability to recover 100% of the protein-
protein interactions by CIP treatment of m-hRPA could be
a result of numerous factors including the processing of
samples for treatment with CIP. The fact that no interaction
is detected with the m-hRPA and upon dephosphorylation,
a clear, specific interaction is regained strongly suggest that
phosphorylation plays a major role in RPA-protein interac-
tions, which ultimately may affect the regulation of the
biological functions of RPA.

DISCUSSION

We have investigated the functional consequences of the
RPA-p34 phosphorylation that is associated with the mitotic
phase of the cell cycle. In normally cycling cells, RPA-p34
exists in three forms: one unphosphorylated and two
different phosphorylated forms. We have purified and
characterized one of these forms of RPA, which is specifi-
cally associated with the mitotic phase of the cell cycle. We
have used purified m-hRPA to show that binding affinity
for undamaged and cisplatin-damaged dsDNA is reduced as
compared with r-hRPA; however, ssDNA binding affinity
is unchanged. Furthermore, purified phosphorylated m-hRPA
exhibited decreased association with purified DNA polR
and DNA-PK. RPA/XPA interaction was unaffected by RPA

FIGURE 7: (A) Dephosphorylation of m-hRPA restores protein-protein interaction. Purified m-hRPA (100 ng) or CIP treated m-hRPA
(100 ng) was mixed with XPA, ATM, DNA-PK, and DNA polR. The products were incubated further with antibodies to the respective
proteins and incubated overnight at 4°C. After immunoprecipitation, RPA-p34 was detected by Western immunoblotting using anti-RPA-
p34 monoclonal antibody. Lanes contain an equal volume of the supernatant (S) and the immunoprecipitates (P). Lanes 1 and 3 correspond
to the supernatant for the untreated m-hRPA and CIP treated m-hRPA, respectively, while lanes 2 and 4 are the immunoprecipitate (P) for
the untreated and CIP treated m-hRPA, respectively. (B) Purified r-hRPA or hRPA were combined with XPA, DNA-PK, and DNA polR.
Lanes 1 and 3 correspond to the supernatant (S) for the r-hRPA and hRPA, respectively, while lanes 2 and 4 are the immunoprecipitate (P)
for the r-hRPA and hRPA, respectively. (C) Purified r-hRPA was combined with XPA, DNA-PK, or DNA polR. The products were
incubated further with the control IgG antibody and protein G-agarose. After immunoprecipitation, RPA-p34 was detected by Western
immunoblotting using anti-RPA-p34 monoclonal antibody.
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phosphorylation. We also discovered that purified r-hRPA
interacts directly with purified ATM in vitro, and this
interaction is absent with m-hRPA. This observation is
consistent with the observation that RPA and ATM co-
localize on meiotic chromatin (47). We conclude that the
phosphorylation of RPA-p34 alters specific protein-protein
interactions and dsDNA binding activity.

It has been postulated that the ability of RPA to bind to
double-stranded DNA is a reflection of its capacity to cause
unwinding of dsDNA. This unwinding activity does not
require ATP and does not reflect helicase activity but rather
a helix-destabilizing activity. The unwinding activity of RPA
appears to require thermally unstable sequences and is more
pronounced with damaged DNA such as the cisplatin-
containing dsDNA used here. We observed that the binding
affinity of the phosphorylated m-hRPA was the same as that
of the unphosphorylated r-hRPA to ssDNA. In contrast, the
binding to both damaged and undamaged dsDNA was
reduced 4-6-fold in m-hRPA. Interestingly, calf thymus
RPA phosphorylated in vitro using chicken cdc2 kinase
resulted in an increase in DNA unwinding (48). In vitro, the
cdc2 kinases appear to phosphorylate RPA-p34 primarily at
serine 29, characteristic of the S-phase form (Form 2) of
RPA. The mitotic form we have used is phosphorylated on
at least two sites (10). If binding to dsDNA indeed reflects
DNA unwinding activity, then both our observations are
consistent with phosphorylation modulating the DNA un-
winding activity of RPA. The direction of the modulation
would then be specific for the differentially phosphorylated
forms of RPA. Alternatively, binding to dsDNA may reflect
RPA activities that are distinct from DNA unwinding. One
might speculate that in S-phase, DNA unwinding is important
in the DNA replication function of RPA, while in mitosis,
RPA may be required to participate in protein-protein
interactions that promote DNA stability.

RPA has been shown to interact with a number of proteins
involved in DNA replication and DNA repair. In particular,
it was shown previously that purified human RPA bound
specifically to purified human DNA polR (26). Here we
show that unphosphorylated r-hRPA associates in vitro with
DNA pol R, whereas no association between purified
m-hRPA and DNA polR could be detected by co-immuno-
precipitation. Similarly, Wold and colleagues (personal
communication) have found that r-hRPA with multiple serine
to aspartic acid substitutions in the N-terminal region of
RPA-p34 also exhibits reduced affinity for DNA polR.

The results presented here demonstrate that the interaction
between purified RPA and purified DNA-PK in vitro is
altered by RPA-p34 phosphorylation. RPA has previously
been shown to bind to DNA-PKcs in vitro, and the RPA-
p70 subunit was required for the efficient interaction of the
two proteins (22). A possible role for RPA-p34 phosphoryl-
ation in protein-protein interaction between RPA and DNA-
PK was suggested by the observation that association
between RPA and DNA-PK in cells was disrupted after
camptothecin-induced DNA damage (22), which results in
hyperphosphorylation of RPA. The results presented here
involve a direct role for phosphorylation in protein-protein
interaction in vitro between RPA and DNA-PK. In addition,
we show here for the first time that unphosphorylated RPA
forms a complex with ATM in vitro, and this interaction is
eliminated by phosphorylation as might be predicted for an

enzyme/substrate interaction. Furthermore, RPA interacted
with ATM in untreated HeLa cells (data not shown). We
have previously shown that RPA is hyperphosphorylated by
ATM and DNA-PK in vitro, and many of the sites phos-
phorylated in vivo are identical to those identified in vitro
(10, 14). An interesting hypothesis is that ATM and/or DNA-
PK catalyzed phosphorylation of RPA act as a molecular
switch to redirect RPA from the replication complex to
interact with proteins involved in DNA recombination or
repair.

Cell-cycle-dependent phosphorylation of RPA was first
reported by Din et al. and was shown to occur at serines 23
and 29 of RPA-p34 (4, 8). Cyclin B/p34cdc2 phosphorylates
these sites in vitro. The phosphorylation observed at the onset
of S-phase (Form 2) appears to be independent of DNA
replication and elongation (14, 49). In addition, a double
mutant strain ofS. cereVisiae, incapable of replicating DNA
but continuing through the cell cycle, is proficient in the
primary phosphorylation of Rfa2 (16, 44). A biological role
for S-phase related phosphorylation has not been demon-
strated; however, the requirement for RPA in the initiation
of DNA replication and its phosphorylation in a cell-cycle-
dependent manner makes it a likely candidate to play a key
role in regulating DNA replication. In xenopus cell-free
extracts, S-phase phosphorylation of RPA-p34 is dependent
on association with DNA, whereas mitotic phosphorylation
of RPA is independent of DNA binding (50). Similarly,
DNA-PK- and ATM-catalyzed in vitro phosphorylation of
RPA-p34 is dependent on ssDNA, whereas cyclin B/p34cdc2

catalyzed in vitro phosphorylation does not require DNA
(14). During embryogenesis inDrosophila melanogaster, the
phosphorylated form of RPA-p30 is tightly regulated and
most abundant during mitosis. Separation by two-dimensional
gel electrophoresis resolved the mitotic form into two major
species with similar molecular weight that differed mainly
by charge (51). It will be important to determine the exact
sites of phosphorylation of the various cell-cycle forms and
to determine the kinases responsible.

NMR analysis has revealed that the N-terminus of RPA-
p34, containing the phosphorylation sites, acts independently
of the heterotrimer core complex (32). The unrestricted
motion of the N-terminus along with the phosphorylation of
specific serine and threonine residues could alter the hetero-
trimer conformation making it unfavorable for certain
protein-protein interactions, while favoring others. We have
categorized the phosphorylated forms of RPA-p34 into four
distinct forms, Forms 2-5, according to their electrophoretic
mobility in one dimension. It is possible that each band could
be made up of multiple phosphorylated forms with an equal
number of phosphorylated residues but located at different
sites within the N-terminus. This could give rise to different
forms that act preferentially in replication, repair, or recom-
bination. RPA is known to interact with the recombinational
repair protein Rad52 via the N-terminus of the p70 and the
C-terminus of the p34 subunits (32, 51, 52). Indeed, it is
inviting to speculate that mitotic-specific phosphorylation
may decrease interactions with other DNA replication
proteins such as DNA polR, redirecting the RPA tasks in
the direction of recombinational repair. Genetic analysis in
S. cereVisiaeprovides additional evidence that RPA is a key
element in mitotic recombination processes and interacts with
Rad52 (53). Further evidence that RPA is involved in double
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strand break repair is demonstrated by increased DSB-
induced deletions and translocations observed in the mutation
spectrum of mutant alleles of the p70 subunit (54). It is
interesting that the interaction of XPA with RPA is un-
affected by phosphorylation of the p34 subunit. This
insensitivity may reflect the importance of having a func-
tional NER complex independent of the phase of the cell
cycle. These results are also consistent with reports of the
insensitivity of in vitro catalyzed NER to the state of RPA
phosphorylation (17).

In summary, we have demonstrated that cell-cycle-
dependent phosphorylation of RPA-p34 in mitosis decreases
double-stranded DNA binding activity and alters protein-
protein interaction. We postulate that phosphorylation of RPA
acts as a molecular switch to control the role of RPA in
multiple pathways of DNA metabolism. Further, we suggest
that phosphorylation of the p34 subunit induces subtle
conformational changes that influence the ability of RPA to
interact with other proteins and bind DNA.
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