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ABSTRACT: Replication protein A (RPA) is a single-stranded DNA-binding complex that is essential for DNA
replication, repair, and recombination in eukaryotic cells. In addition to this canonical complex, we have
recently characterized an alternative replication protein A complex (aRPA) that is unique to primates. aRPA
is composed of three subunits: RPA1 and RPA3, also present in canonical RPA, and a primate-specific sub-
unit RPA4, homologous to canonical RPA2. aRPA has biochemical properties similar to those of the canonical
RPA complex but does not support DNA replication. We describe studies that aimed to identify what pro-
perties of aRPA prevent it from functioning in DNA replication. We show aRPA has weakened interaction
with DNA polymerase o (pol @) and that aRPA is not able to efficiently stimulate DNA synthesis by pol o. on
aRPA-coated DNA. Additionally, we show that aRPA is unable to support de novo priming by pol .. Because pol
a activity is essential for both initiation and Okazaki strand synthesis, we conclude that the inability of aRPA
to support pol aloading causes aRPA to be defective in DNA replication. We also show that aRPA stimulates
synthesis by DNA polymerase o in the presence of PCNA and RFC. This indicates that aRPA can support
extension of DNA strands by DNA polymerase 9. This finding along with the previous observation that
aRPA supports early steps of nucleotide excision repair and recombination indicates that aRPA can support
DNA repair synthesis that requires polymerase 0, PCNA, and RFC and support a role for aRPA in DNA repair.
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Replication protein A (RPA)' is a single-stranded DNA-binding
protein that functions in many aspects of DNA metabolism (/—3).
Since its discovery as an essential factor for simian virus 40 (SV40)
DNA replication, RPA has been shown to play a crucial role in
multiple processes of DNA metabolism. In addition to being essen-
tial in DNA replication, RPA is required for DNA recombination,
DNA repair, and the response to DNA damage (/—3). RPA func-
tions by binding and protecting exposed single-stranded DNA
(ssDNA) and interacting with a multitude of proteins involved in
DNA metabolism (/—3).

The canonical RPA is a heterotrimeric protein composed of
70 (RPAT1), 32 (RPA2), and 14 kDa (RPA3) subunits that are
conserved among eukaryotes (/, 3, 4). In addition to the three
subunits that make up the canonical RPA complex, a fourth sub-
unit termed RPA4 has been identified in primates (5, 6). RPA4 is
63% homologous to RPA2 and on the basis of sequence compa-
rison has a domain structure similar to that of RPA2: an N-terminal
putative phosphorylation domain, a central DNA binding domain,
DBD G, and a C-terminal winged helix domain (5, 6). It has been
shown that RPA4 can replace RPA2 in the trimeric complex
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creating a complex containing RPA1, RPA3, and RPA4, termed
alternative RPA (aRPA) (7). This alternative complex has hydro-
dynamic properties indistinguishable from those of the canonical
RPA complex but does not support SV40 or chromosomal DNA
replication (6, 7). It has been hypothesized that aRPA functions
in DNA repair processes. Supporting this hypothesis, in vivo
studies have shown that RPA4 localizes to sites of DNA damage
when cells are challenged with inhibitors of either topoisomerase
I or II (6). In vitro studies have shown that aRPA can support
the dual incision—excision steps of nucleotide excision repair and
stimulate Rad51-dependent strand invasion during the initial
steps of recombination-mediated repair (8).

The role of RPA in DNA replication has been characterized in
detail using the SV40 system. SV40 initiation requires the concer-
ted action of four proteins, SV40 large T-antigen (Tag), polymerase
a—primase (pol ), topoisomerase I (topo I), and RPA (9—11).
Tag assembles at the origin of replication, bidirectionally unwinds
the double-stranded DNA, and recruits other proteins to estab-
lish a replication fork (12). Topo I stimulates pol a by binding to
Tag and releases torsional stress induced by unwinding of the
parental strands (/3, /4). RPA is required to stabilize the emer-
ging ssDNA and, along with Tag, recruits pol & (13, 16). Pol ais a
heterotetrameric complex of p180, p68, p58, and p48 subunits
that synthesizes a short RNA primer on the leading strand and at the
beginning of each Okazaki fragment on the lagging strand (15, 17).
After ~10 ribonucleotides are incorporated, the complex tran-
sitions to DNA synthesis for ~20 deoxynucleotides, creating the
initial RNA—DNA primers used to start DNA replication and
each Okazaki fragment (/8). It has been shown that RPA acts
as an auxiliary factor for pol a by stimulating synthesis and
increasing processivity during the initiation of DNA replication (19).
During initiation, RPA interacts with pol o to keep the polymerase
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at the primed site. To switch from initiation to elongation, RFC
interacts with RPA, disrupting the pol a—RPA interaction and
causing the release of pol o (20). RFC then loads PCNA and
remains at the primed site by interacting with RPA. DNA poly-
merase O (pol 0) can then access the primed site via contact with
RPA. pol ¢ is one of the replicative polymerases in eukaryotes
and is the major polymerase used for lagging strand synthesis (21).
Pol 6 competes with RFC for RPA, resulting in displacement
of RFC from the 3’ terminus, and replacement with pol 0 (20).
RFC remains at the site by interacting with the PCNA ring.
While in SV40 replication, pol  can support synthesis of both
leading and lagging strands (22), it is believed that generally
once the elongation complex is established, pol 0 extends the
primers generated by pol o on the lagging strand while DNA
polymerase ¢ continuously synthesizes DNA on the leading
strand (21, 23, 24).

RPA has multiple roles in DNA replication. These include
binding to exposed ssDNA being created by the helicase, helping
recruit pol a, and coordinating the polymerase switch from
polymerase o to polymerase d/polymerase . Throughout the
course of replication, RPA serves as a common interaction
partner for many proteins and through a protein-mediated
handoff mechanism coordinates the ordered assembly of the
proteins (3). We have previously shown that aRPA does not
support SV40 initiation or elongation. However, it is not known
what activity prevents aRPA from functioning in DNA replica-
tion. This study examines the role of aRPA during the initiation
and elongation reactions of DNA replication using purified
recombinant proteins. In particular, we wished to understand
how aRPA affects the activities of pol a and pol 6. We show
that unlike RPA, aRPA has altered interactions with pol o and
does not support efficient loading of or priming by pol a. The
pattern of DNA synthesis by pol a in the presence of aRPA
also suggests that aRPA cannot stabilize pol o on the DNA. In
contrast, we find that aRPA does support pol 6 synthesis in the
presence of PCNA and RFC. These findings suggest that
the defect of aRPA in replication is in promoting efficient priming
by pol a but can function in processive DNA synthesis by
pol 9.

EXPERIMENTAL PROCEDURES

Plasmids. pPGBM-RFCI, pET-RFC4/2, and pPCDFK-RFC5/3
were generous gifts from Y. Masuda (25). pET-hPold1 and pCOLA-
hPold234 were generous gifts from Y. Matsumoto (26). pl1d-
tRPA and p11d-aRPA were described previously (7). pT7-hPCNA
was a generous gift from B. Stillman (Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, NY). This plasmid was used as a tem-
plate for in vitro site-directed mutagenesis to insert an N-terminal
six-histidine tag. The primers used to generate pT7-His-hPCNA
were 5-CCGTTTACTTTAAGAAGGAGATATACATATGC-
ATCACCATCATCACCACGGATCCGCTATGTTCGAGGC-
GCGCCTGGTCCAGGGCTCC-3 and ¥-GGAGCCCTGGAC-
CAGGCGCGCCTCGAACATAGCGGATCCGTGGTGATG-
ATGGTGATGCATATGTATATCTCCTTCTTAAAGTAAA-
CG-3'. The mutations were confirmed by DNA sequencing.

Protein Purification. Recombinant RPA and aRPA were
expressed in BL21(DE3) cells and purified as previously des-
cribed (7, 27, 28). Recombinant human pol o was expressed and
purified as described previously (29). Recombinant human pol 0
was expressed in BL21(DE3) cells harboring pPRARE2 (Novagen)
cotransformed with pET-hPoldl and pCOLA-hPold234 for 18 h
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at 16 °C after induction with 0.2 mM isopropyl 5-p-1-thiogalacto-
pyranoside and purified as described previously (25). The purity
of pol 6 (~85%) was confirmed by SDS—PAGE visualized with
Coomassie Blue staining. Recombinant human RFC was expres-
sed in BL21(DE3) cells harboring pRARE2 cotransformed with
pGBM-RFCI1, pET-RFC4/2, and pCDFK-RFC5/3 for 18 h at
16 °C after induction with 0.2 mM isopropyl 5-p-1-thiogalacto-
pyranoside and purified as described previously except the size
exclusion column was omitted (25). The purity of RFC (~85%)
was confirmed by SDS—PAGE visualized with Coomassie Blue
staining. Recombinant human PCNA was expressed in BL21-
(DE3) cells transformed with pT7-His-hPCNA for 4 h at 37 °C.
The cells were harvested and lysed in a manner similar to that for
RPA and aRPA. The supernatant loaded onto a Ni-NTA Agarose
(Qiagen) column equilibrated with buffer J [30 mM HEPES
(pH 7.8), 0.25% (w/v) myoinositol, | mM tris(2-carboxyethyl)-
phosphine, and 0.02% Tween 20 (v/v)] supplemented with 20 mM
imidazole. Following a 3 column volume wash, PCNA was eluted
with a 5 column volume linear gradient from 20 to 250 mM imida-
zole. The peak fractions were pooled and dialyzed for 16 h against
buffer J supplemented with 150 mM KCI to remove the imida-
zole. The purity of PCNA (>95%) was confirmed by SDS—PAGE
visualized with Coomassie Blue staining.

Enzyme-Linked Immunosorbent Assay (ELISA). An ELISA
was used to examine interactions between purified proteins as
described previously (28). Briefly, wells in microtiter plates were
coated with 1 ug of RPA or aRPA for interactions with PCNA
and pol a and 1 ug of RFC and pol 0 in 50 uL of water and
incubated for 1 h. Plates were washed with phosphate-buffered
saline with 0.2% Tween 20 and blocked with 5% milk in phosphate-
buffered saline. The indicated amount of pol o, PCNA, RPA,
aRPA, or BSA was added to each well, incubated for 1 h, and
washed. Primary antibodies in phosphate-buffered saline with
5% milk for pol o (1:100 for SJK237), RPA/aRPA (1:300 for
719A), and PCNA (1:50 for anti-human PCNA antibody, the gene-
rous gift of T. Kelly) were added to the plates, incubated for 30 min,
and washed. Goat a-mouse IgG-HRP (1:1000) was added and
incubated for 30 min. Plates were developed using 200 u#L of
0.8 mg/mL o-phenylenediamine in 0.005 M phosphate citrate
buffer with 0.03% sodium perborate. ODgs, was quantified after
10—60 min using a microtiter plate reader. Background was deter-
mined by using BSA as the secondary protein, and all data shown
have these values subtracted. In all assays, the background values
were similar and close to zero.

Pol a Extension Assay. Pol a activity was assayed with a
singly primed d24-d66-mer oligodeoxynucleotide (d24, 5'-CTC-
GGACAATTTGGTGTGCTAGGT-Y; d66, 5-AGGATGTAT-
GTCTAGTAGGTACATAACTATTCAGTAGTATAGACC-
TAGCACACCAAATTGTCCGAG-3') as a template. The d24-
d66-mer was prepared by labeling the 5'-end of the d24-mer primer
with [y-*PJATP and T4 polynucleotide kinase (NEB) according to
the manufacturer’s protocol. The d66-mer template oligonucleotide
was then mixed with the complementary labeled d24-mer oligo-
nucleotide in a 1:1 molar ratio in 20 mM Tris-HCI (pH 8.0)
containing 20 mM KCland | mM EDTA, heated for 5 min at 90 °C,
and then incubated for 2 h at 65 °C and slowly cooled to room
temperature. A final volume of 15 uL contained 50 mM Tris-HCl
(pH 7.6), 0.25 mg/mL BSA, 1 mM dithiothreitol, 6 mM MgCl,,
20 nM (3'-OH ends) 5'-**P-labeled d24-d66-mer DNA template,
10 uM dNTPs, 1 nM pol a, and 50 nM RPA or aRPA as indi-
cated. Reaction mixtures were assembled on ice; reactions were
initiated by the addition of dNTPs, and mixtures were incubated
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FIGURE 1: Effect of RPA and aRPA on pol o when polymerase is premixed with the DNA substrate. (A) Schematic illustrating the experimental
setup and order of addition of proteins. The asterisk indicates the location of the **P label. (B) DNA pol a extension assays in which pol o (1 nM)
has been preincubated with the DNA substrate (20 nM 3’-OH ends). Following preincubation, either RPA (50 nM) or aRPA (50 nM) was added
and the reaction initiated by the addition of dNTPs (10 uM). Reaction products were separated by electrophoresis on a denaturing polyacrylamide
sequencing gel and visualized on a Fuji FLA-7000 phosphorimager. (C) The results from three independent experiments were quantified and are
presented. For each experiment, the amount of DNA in each band was determined. Percent primer extension was calculated by determining the
ratio of all extended products (nucleotides 1—42) to total DNA [all products with an unextended primer (+0)]. Error bars indicate the standard
deviation. (D) Amount of products at nucleotides 17 and 25 in the gel shown in panel B were quantified by dividing the sum of the amount of DNA

at nucleotides 17 and 25 by total DNA.

for the indicated time at 37 °C. When the order of addition was
varied, reaction mixtures were preincubated at 37 °C for 10 min
and then reactions initiated by the addition of the indicated pro-
teins and dNTPs. Reactions were quenched by the addition of
formamide loading buffer [80% deionized formamide, 10 mM
EDTA (pH 8.0), 1 mg/mL xylene cyanol, and 1 mg/mL bromo-
phenol blue] and heated at 95 °C for 5 min, and products were sepa-
rated in a 15% polyacrylamide sequencing gel containing 8 M
urea. Products were visualized with a FLA-7000 phosphorimager
(Fujifilm Global) and quantified using Multi Gauge (Fujifilm
Global).

Primer RNA—DNA Synthesis Assay. These assays were
conducted as described by Khopde et al. (/4). Briefly, reaction
mixtures (40 uL) contained 400 ng of CsCl-purified pSKori, 245 1M
T-antigen (monomer), 7 nM pol o, and 200 nM RPA or aRPA
with or without 55 nM topo I in replication buffer [30 mM HEPES-
KOH (pH 8.0), 7mM MgCl,, 40 mM creatine phosphate, 25 ug/mL
creatine phosphokinase, 0.5 mM dithiothreitol, 50 ug/mL BSA,
4 mM ATP, CTP, GTP, and UTP (0.2 mM each), and 10 units
of RNasin (Sigma)]. After 1 h at 37 °C, newly synthesized
RNA—DNA primers were pulse labeled for 1 min with 10 uCi of

[0-**P]dCTP, in the presence of 100 M dATP, dTTP, and dGTP.
Purified DNA was incubated with 15 uLL 0of 95% formamide, 10 mM
EDTA, 0.01% bromophenol blue, and 0.01% xylene cyanol at
90 °C for 3 min and subjected to electrophoresis on 12% poly-
acrylamide—urea sequencing gels. Products were visualized by
being exposed to phosphorimager screens.

Pol 6 Extension via a Singly Primed ssM13mp18 Assay.
Pol 9 activity was assayed on singly primed single-stranded
M13mpl8. The standard reaction mixture (10 uL) contained
20 mM HEPES-NaOH (pH 7.5), 0.2 mg/mL BSA, 1 mM dithio-
threitol, | mM ATP, 1 mM EDTA, 50 fmol (364 pmol for nucleo-
tides) of singly primed ssM13mp18 (5'-*P-labeled 36-mer primer,
CAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGG,
complementary to nucleotides 6330—6295), 555 nM RPA or
aRPA, 50 nM PCNA, 50 nM RFC, and 20 nM pol 4. Reactions
were initiated by the addition of dNTPs and MgCl, to final con-
centrations of 150 uM and 10 mM, respectively. After incubation
at 37 °C for the indicated time, the reactions were quenched by
the addition of formamide loading buffer [80% deionized form-
amide, 10 mM EDTA (pH 8.0), 1 mg/mL xylene cyanol, and
1 mg/mL bromophenol blue] and heated at 95 °C for 5 min,
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FiGcure 2: Effect on pol oo when either RPA or aRPA is prebound to the DNA substrate. (A) Schematic illustrating the experimental setup and
order of addition of proteins. The asterisk indicates the location of the >*P label. (B) DNA pol o extension assays in which either RPA (50 nM) or
aRPA (50 nM) was preincubated with the DNA substrate (20 nM 3’-OH ends). Following preincubation, pol o (1 nM) was added and the reaction
initiated by the addition of ANTPs (10 uM). Reaction products were separated and visualized as described in the legend of Figure 1. (C) The results
from three independent experiments were quantified and are presented. Percent primer extension was determined as described in the legend of

Figure 1. Error bars indicate the standard deviation.

and products were separated in a 15% polyacrylamide sequencing
gel containing 8 M urea. Products were visualized with a FLA-7000
phosphorimager (Fujifilm Global) and quantified using Multi
Gauge (Fujifilm Global).

RESULTS

Effect of aRPA on Pol o. Initiation of SV40 DNA replica-
tion requires the concerted action of SV40 large T-antigen (Tag),
topoisomerase I, pol a, and RPA, which form an “initiation
complex” (10). Previously, we have shown that aRPA interacts
with Tag at levels similar to that of RPA (7). This suggests that
the inability of aRPA to support DNA replication is a result of
aRPA affecting one of the other proteins in initiation or at the
replication fork. We initially examined the effect of aRPA on the
function of pol o using a 66-mer oligonucleotide primed with
a 24-mer oligonucleotide. Pol a and either RPA or aRPA were
incubated with the primed template in the presence of deoxy-
nucleotides (ANTPs), and products of the reaction were separated
ona 15% denaturing polyacrylamide gel, which allowed for sepa-
ration of single-nucleotide incorporation events creating a ladder-
ing of products from nucleotide 1 to nucleotide 42. By allowing
some components to prebind to the DNA, we were able to exa-
mine the effect of aRPA on the polymerization of a prebound pol
a (Figure 1A) or on the loading and subsequent polymerization
of pol a (Figure 2A). When pol o was allowed to bind to the
template before the addition of dNTPs, it efficiently synthesized
DNA, with the full-length product being observed in <I min
(Figure 1B, lanes 1—35). Intermediate-length products, notably
two major pause sites at positions 17 and 25, were observed. The
major pause sites are both two purines in a row (AA and GG,
respectively), and the degree of pausing is consistent with the low
processivity of pol o (19, 30). Similar experiments in which pol o
was allowed to bind to the primer-template junction and then

either RPA or aRPA was added with the initiating dNTPs were
conducted. The amount of RPA or aRPA used was enough to satu-
rate the ssDNA region of the substrate with two RPA molecules
bound per DNA substrate. In these reactions, addition of either
RPA or aRPA resulted in levels of synthesis similar to that obser-
ved with pol a alone (Figure 1B,C). Addition of RPA caused a
decrease in the level of accumulation of products at the two major
pause sites by an average of 56% over the time course (Figure 1D).
In contrast, there was only a slight change in the level of pausing
(16%) when aRPA was added. Together, these findings suggest
that aRPA does not affect the polymerization of pol a that is
associated with the primer-template junction.

We next examined the ability of aRPA to facilitate the loading
of pol a. This was done using the template described above, but
the order of addition was changed: RPA or aRPA was allowed to
prebind to exposed ssDNA on the template strand, and reactions
were initiated by the addition of pol a (Figure 2A). The level of
total synthesis with pol a was reduced under these conditions
(Figure 2B). This is consistent with association of the polymerase
being the rate-limiting step with this type of template. When RPA
is prebound, total DNA synthesis by pol a is similar to that under
conditions in which pol o is prebound to the template (compare
Figure 1B with Figure 2B). This suggests RPA promotes loading
of pol o on primer-template junctions. In contrast, when aRPA
was prebound to the ssDNA of the template, there was a 64%
decrease in the total level of DNA synthesis [compared to pre-
binding RPA and a decrease of 42% compared to pol o alone
(Figure 2C)]. This suggests, that unlike RPA, aRPA does not
support efficient loading of pol a and actually inhibits its associ-
ation with the primer-template junction.

We next examined the concentration dependence of RPA and
aRPA on pol a synthesis. The concentrations of RPA and aRPA
were varied from 0 to 100 nM with a fixed amount of DNA
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FiGure 3: Titration of RPA and aRPA in the pol o extension assay.
(A and B) Pol a was preincubated with the DNA substrate (20 nM
3’-OH ends) as described in the legend of Figure 1. Following pre-
incubation, RPA (®) or aRPA (a) was added and the reaction
initiated by the addition of (A) dNTPs (10 uM) or (B) only dCTP
(10uM). (Cand D) RPA (@) or aRPA (a) was preincubated with the
DNA substrate (20 nM 3’-OH ends) as described in the legend of
Figure 2. Following preincubation, pol o (1 nM) was added and the
reaction initiated by the addition of (C) dNTPs (10 uM) or (D) dCTP
(10 uM). Primer extension was quantified as described in the legend
of Figure 1. Averages of two independent experiments are shown with
error bars to indicate the range of the data.

substrate (20 nM). RPA and aRPA had a minimal effect on pol o
when the polymerase was allowed to prebind the DNA substrate
(Figure 3A,B). When either RPA or aRPA was allowed to pre-
bind the DNA substrate, there was a minimal change in DNA
synthesis at low concentrations but the level of DNA synthesis
quickly decreased when aRPA concentrations went above 30 nM
(Figure 3C). However, the level of DNA synthesis with RPA
increased to 30 nM and then remained constant for multiple
incorporation events (Figure 3C). We also examined incorpora-
tion of the first nucleotide to determine whether the form of RPA
affected the initial polymerization reaction. Single-nucleotide
incorporation was examined by conducting the reactions in the
presence of only the next nucleotide in the sequence (dCTP).
RPA had a minimal effect up to 50 nM but inhibited synthesis at
higher concentrations (Figure 3D). In contrast, aRPA decreased
the amount of single-nucleotide incorporation at all concentra-
tions examined (Figure 3D). The results suggest that over this
concentration range, aRPA is inhibitory while RPA had a mini-
mal effect on synthesis by pol a.

Mechanism of Pol a. Inhibition by aRPA. We next deter-
mined whether there were altered interactions between aRPA and
pol o. Enzyme-linked immunosorbant assays were conducted
with purified proteins. Compared to that of RPA, the extent of
interaction between aRPA and pol o was decreased by ~75%
(Figure 4A). Both RPAI and RPA2 interact with the pol o
complex so either the pol o interaction with RPA2 is most impor-
tant for the interactions monitored in these assays or the presence
of RPA4 in the aRPA complex causes altered interactions of pol
a with RPA1. These findings suggest that aRPA has a reduced

FIGURE 4: Enzyme-linked immunosorbant assay in which interac-
tions were assessed between different forms of RPA and either (A) pol
o, (B) PCNA, (C) RFC, or (D) pol 6. Forms of RPA used: RPA (®)
and aRPA (a). The data from each experiment were normalized to
the highest absorbance in each experiment, averaged, and plotted.
Error bars indicate the average of two or more independent repli-
cates. BSA was used to determine nonspecific background (<0.1) in
each assay and subtracted. (B) PCNA (M) was also placed directly on
the plate as a positive control.

level of interaction with pol a and that this prevents efficient
loading when aRPA is bound to the DNA. However, they do not
rule out aRPA allosterically modulating the activity of pol a.. To
test this possibility, a series of mixing experiments were conduc-
ted. Either RPA or aRPA was prebound to the DNA substrate,
while at the same time, DNA pol o was preincubated with the
other form of RPA. DNA synthesis was then initiated by a com-
bination of the two mixtures and primer extension monitored
(Figure 5A). When RPA was prebound and the reaction initiated
by the addition of the aRPA—pol o complex, there was a slight
decrease in the level of DNA synthesis compared to that for pol o
alone (Figure 5B). In contrast, when aRPA was prebound to ssDNA
and the reaction initiated by the addition of the RPA—pol a
complex, there was a larger decrease in the level of DNA synthesis
(Figure 5B). Together, these findings suggest that the majority of
the inhibition of pol a by aRPA is a result of weakened protein
interactions between aRPA and pol a preventing either pol o
from associating on aRPA-coated primer-template junctions or
pol a from displacing aRPA from the DNA template.

Effect of aRPA on the Synthesis on RNA—DNA Primers.
To examine the effect these altered interactions have on initiation,
we examined the ability of aRPA to support pol a-dependent
priming using a SV40-based monopolymerase assay. We identi-
fied newly synthesized RNA—DNA primers by labeling them in
the presence of [**PJdCTP for | min following a | h incubation in
the presence of INTPs. RNA—DNA primers of approximately
36 nucleotides were synthesized and readily detected in the pre-
sence of RPA (Figure 6, lanes | and 2) or RPA and topoisomerase [
(Figure 6, lanes 3 and 4). However, no synthesis was detected in the
presence of aRPA (Figure 6, lanes 5—8). This demonstrates that
aRPA is unable to support efficient initiation of DNA replication
from the SV40 origin by preventing priming by pol a.

Effect of aRPA on Pol 6 DNA Synthesis. Thus far, we
have shown that aRPA does not support the efficient loading of
pol o onto the primer-template junction. This agrees with our
earlier findings that aRPA does not support the initiation steps of
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FIGURE 5: Mechanism of pol a inhibition. (A) Schematic illustrating
the experimental setup, order of addition of proteins, and preincuba-
tion of proteins and DNA substrate. (B) DNA pol o extension assays
in which either RPA (50 nM) or aRPA (50 nM) was preincubated
with the DNA substrate (20 nM 3’-OH ends) and the other form of
RPA was preincubated with pol a (1 nM). The preincubated samples
were mixed, and the reaction was initiated by the addition of ANTPs
(10 uM). Reaction products were separated by electrophoresis on a
denaturing polyacrylamide sequencing gel and visualized by phos-
phorimaging. (C) The results from two independent experiments
were quantified and are presented. Percent primer extension was
determined as described in the legend of Figure 1. Error bars indicate
the range of data.

SV40 DNA replication. However, we have shown that aRPA
also does not support the elongation phase of SV40 DNA
replication (7). One possibility is that like pol a inhibition, aRPA
could also inhibit DNA synthesis by pol . Another possibility
is that the inhibition of pol a, which is required for Okazaki
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FIGURE 6: Primer RNA—DNA synthesis in the presence of RPA or
aRPA. Primer RNA—DNA synthesis was assessed by incorporation
of [**PJdCTP in a 1 min labeling reaction mixture that contained
pSKori DNA (400 ng), Tag (800 ng), pol a (100 ng), Topo I (200 ng),
RPA (900 ng), and aRPA (900 ng) as indicated. After deproteination,
the DNA was denatured with formamide and subjected to electro-
phoresis on a 12% acrylamide sequencing gel followed by detection
of the labeled DNA with a phosphorimager. The major band in the
right lane represents a 42 nt single-stranded DNA marker. The arrow
indicates predominant length primers.

fragment synthesis, is enough to uncouple leading and lagging
strand synthesis, thus halting DNA synthesis.

To discriminate between these two possibilities, pol 6, RFC,
and PCNA were purified and the effect of aRPA on pol d DNA
synthesis was examined on a singly primed ssM13mp18 plasmid.
As shown in lanes 2 and 3 of Figure 7A, DNA synthesis by pol 0
by itself is limited to a small number of nucleotides incorporated,
which is consistent with its low processivity in the absence of the
accessory factors PCNA and RFC (20). When RFC and PCNA
were added to the reaction mixture (Figure 7A, lanes 11 and 12),
there was an increase in the length of products formed, indicating
that RFC actively loaded PCNA onto the single-strand plasmid
and PCNA formed a complex with pol d. The addition of RPA to
the RFC, PCNA, and pol 0 reaction mixture showed a dramatic
increase in the length of the products formed (Figure 7A, lanes 5
and 6). Interestingly, addition of aRPA to RFC, PCNA, and pol
o resulted in products that are identical to those synthesized in the
presence of RPA (in Figure 7A, compare lanes 8 and 9 to lanes 5
and 6, and quantitation of the products in Figure 7B). A time
course of these reactions indicated that while there was a slight lag
with aRPA, overall the rate of synthesis is similar with either
RPA or aRPA (Figure 7C). We conclude that aRPA does sup-
port processive DNA synthesis by pol 0 in the presence of RFC
and PCNA.

We also examined whether there were altered interactions
between aRPA and RFC, PCNA, and pol . Both RFC and pol &
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FIGURE 7: Synthesis of pol 6 on singly primed single-stranded M 13mp18 template. (A) Pol 0 activity was assayed on singly primed single-stranded
M 13mp18 (50 fmol) in a reaction initiated by the addition of dNTPs (150 uM). Addition of individual componentsis indicated by a plus sign: pol &
(20 nM), RPA (555 nM), aRPA (555 nM), PCNA (50 nM), and RFC (50 nM). The time of the reaction is indicated (0, 5, or 15 min). Reaction
products were separated by electrophoresis on a denaturing polyacrylamide sequencing gel and visualized by phosphorimaging. (B) The results
from three independent experiments were quantified and are presented. Primer extension was quantified by dividing either short products (<40 nt,
dark gray) or long products (=41 nt, light gray) by total DNA. Error bars indicate the standard deviation of the data for the long products. The
standard deviation for the short products is shown in supplemental Figure 1 of the Supporting Information. (C) Expanded time course of complete
reactions [pol 0 (20 nM), PCNA (50 nM), and RFC (50 nM)] with the addition of either RPA (555 nM, dark gray) or aRPA (555 nM, light gray).

interact with RPA, while PCNA does not directly interact with
RPA (3, 20). As shown in Figure 4C, the interaction between
aRPA and RFC was the same as that between RPA and RFC.
RPA and aRPA did not directly interact with PCNA (Figure 4B).
aRPA also interacted with pol 0 but at a slightly reduced level
relative to RPA [60% (Figure 4D)]. In the absence of the
accessory proteins RFC and PCNA, RPA but not aRPA caused
a modest stimulation of pol 0 DNA synthesis (in Figure 7A,
compare lane 3 to lanes 15 and 18). This suggests that the altered
interactions between aRPA and pol ¢ might reduce the level of

direct stimulation of pol 6 by aRPA. However, even if there is a
miscommunication between aRPA and pol 4, it is readily over-
come by the accessory proteins (Figure 7A).

While optimizing pol 6 DNA synthesis on the ssM13mp18
plasmid, we examined the salt dependence of the reaction. Pol d is
sensitive to ionic strength, and most previous analyses with RFC
and PCNA have been conducted under low-ionic strength condi-
tions (25, 31, 32). We find that the addition of RPA or aRPA can
overcome the salt inhibition of pol d DNA synthesis (Figure 8).
Synthesis was monitored, and both short (<40 nt) and long (=41 nt)
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products were quantified. Under all salt conditions examined,
minimal long products were observed with pol é or with pol 6,
PCNA, and RFC in the absence of either form of RPA [Figure 8B
(O and <©)]. At low salt concentrations, short products were
observed but the amount of synthesis decreased as salt con-
centration increased (Figure 8A). In contrast, when RPA or
aRPA was added to RFC, PCNA, and pol 0, high levels of
synthesis and full-length (long) products were observed from low
to near-physiological ionic strength {0—125 mM NaCl
[Figure 8B (filled symbols)]}. There is inhibition of synthesis at
250 mM NaClin the presence of RPA or aRPA; however, even at
this high ionic strength, synthesis of short products was observed
while there was virtually complete inhibition of pol ¢ in the
absence of RPA. These data clearly show that aRPA can
stimulate pol 0 under a variety of conditions and that both
RPA and aRPA stimulate pol 0 activity at physiological ionic
strength.

DISCUSSION

RPA has a central role in DNA replication, playing an essen-
tial function in both initiation and elongation (33, 34). We have
previously shown that aRPA does not support DNA synthesis
during the initiation and elongation phases of SV40 DNA repli-
cation or S-phase progression in human cells (6, 7). The studies
presented here provide a molecular explanation for this difference
in activity. We have shown that aRPA bound to ssDNA prevents
the synthesis of RNA—DNA primers by pol a by preventing
efficient loading of the polymerase onto the ssDNA. This effect is
probably caused by altered interactions between pol o and aRPA.
However, aRPA has minimal effects on the polymerization
reaction by pol o once it has started synthesizing DNA. These
findings indicate that aRPA is unlikely to support the association
of pol a.on ssDNA, leading to priming and the initiation of DNA
replication. This mechanism is also supported by the finding that
aRPA is unable to support primer synthesis in an SV40 origin-
dependent initiation reaction. This defect would also be expected
to prevent priming of Okazaki fragments needed for lagging
strand synthesis, which would presumably stall replication forks
during elongation synthesis. Walther et al. showed that inhi-
bition of pol a during the elongation phase of SV40 replication
completely halts DNA synthesis, consistent with coupled synthe-
sis of leading and lagging strands (34). This indicates that the loss
of pol a loading on the lagging strand in the presence of aRPA
would be expected to cause a defect in elongation. We also show
that aRPA supports pol d DNA synthesis in the presence of RFC
and PCNA to the same extent as canonical RPA and that both
aRPA and RPA increase the processivity of the polymerase more
than PCNA and RFC alone. This suggests that aRPA can support
processive DNA synthesis on primed DNA templates. This
activity would have little consequence during DNA replication
in the absence of priming by pol a but would further support a
role for aRPA in genome maintenance. It has been shown that
aRPA can function in multiple aspects of DNA repair from
localization to sites of damage to supporting the dual incision—
excision steps of nucleotide excision repair to supporting Rad51-
dependent strand invasion (8). Our findings here suggest that
aRPA can complete the nucleotide excision repair process by
filling the gap left when the damaged DNA is removed. This gap
filling reaction is conducted by PCNA, RFC, and either pol 6 or
pol ¢, in a continuous manner using the free 3'-OH left by the
removal of the damaged DNA (35). Similar gap filling reactions
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FiGure 8: Salt dependence of pol 0 activity. Pol  activity was assayed
on singly primed single-stranded M 13mp18 (50 fmol) in varying con-
centrations of NaCl initiated by the addition of dNTPs (150 uM).
Reaction components: pol d (20 nM) (O); pol 6 (20 nM), RPA (555nM),
PCNA (50nM), and RFC (50 nM) (®); pol 6 (20 nM), aRPA (555 nM),
PCNA (50 nM), and RFC (50 nM) (4); and pol 8 (20 nM), PCNA
(50 nM), and RFC (50 nM) (<). (A) Reaction products were sepa-
rated by electrophoresis on a denaturing polyacrylamide sequencing
gel and visualized by phosphorimaging. (B) The results from two
independent experiments were quantified and are presented. Percent
long products (=41 nt) were calculated as described in the legend of
Figure 7. Error bars indicate the range of the data.

by a high-fidelity polymerase, such as pol d and DNA polymerase
¢, are common to most other forms of DNA repair (36). We
suggest that aRPA, like canonical RPA, is capable of supporting
gap synthesis in repair and thus helps the cell maintain genome
stability. Of the 14 identified human polymerases, RPA has been
shown to interact with at least pol o, 9, ¢, 4, and « (32, 37—39).
Interestingly, only pol o is able to initiate strand synthesis in
DNA replication. All other human DNA polymerases extend
previously initiated DNA strands.

The number of and the role of RPA-like complexes in different
processes in eukaryotic cells are diverse. Up until the past decade,
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it was thought that eukaryotic cells had primarily one nuclear
single-stranded DNA-binding protein involved in DNA meta-
bolism, canonical RPA. However, it is now clear that there are a
number of RPA-like proteins in cells. Several domains of the
tumor suppressor BRCA2 are structurally and functionally
similar to the DNA-binding domains of RPA (40, 41). Other
examples include the recently identified pol a accessory proteins
that are homologous to RPA and function in DNA metabo-
lism (42) and the RPA-related complex, consisting of Cdcl3,
Stnl, and Tenl, that is involved in telomere maintenance (43—45).
Mammals also have non-RPA-related single-stranded DNA
binding proteins that function in DNA repair (46, 47). Further-
more, a number of eukaryotes have multiple RPA complexes.
Cryptosporidium parvum has two forms of RPAI (48). Plants
such as Oryza sativa and Arabidopsis thaliana have multiple
copies of RPA genes that form multiple different heterotrimeric
RPA complexes (49). These plant RPA complexes have non-
redundant functions with respect to each other. For example, in
rice the B type RPA plays a role in DNA damage repair while the
C type RPA is required for DNA replication (50, 57). RPA4 and
RPA2 could be functioning similarly in human cells with aRPA
and canonical RPA in humans playing the same roles as B type
and C type RPA in rice, respectively.

RPA4 appears to have emerged relatively recently in evolution.
RPA4-like sequences have been identified only in mammals, and
intact RPA4 genes have been maintained only in horses and
primates (6). It has been estimated that approximately 3% of
human genes are restricted to primates, and these genes are
termed orphan genes (52). However, very few orphan genes have
been well characterized experimentally. One characterized gene,
dermcidin, encodes a peptide with antimicrobial activity that is
secreted in sweat glands and has been reported to be involved in
neural survival and cancer (53). Another example of a primate-
specific orphan gene with described function is the SPHAR,
which is involved in the regulation of DNA synthesis (54). Two
more genes that function in DNA metabolism pathways are
FAM9B and FAMOC, expressed solely in the testis, and they
have been suggested to play a role in mediating recombination
during meiosis (55). There has also been speculation that primate-
specific genes are preferentially expressed in the reproductive
system (36). RPA4 is expressed in reproductive tissues (placenta,
ovary, prostate, testis, and oocytes) but is also expressed in non-
reproductive tissues (e.g., lung, esophagus, and bladder) (8, 57).
Therefore, while the cellular function of aRPA is not understood,
it appears that the role(s) of RPA4 in the cell is not limited to
reproduction.

The findings presented here reveal the mechanism that pre-
vents aRPA from functioning in DNA replication. They also
show that aRPA can support DNA repair synthesis that depends
on pol 0 with its accessory proteins, RFC and PCNA. These
and other recent findings on aRPA suggest that it functions in
repair processes to maintain the genomic stability in nondividing
cells.
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Results from three independent experiments described in
Figure 7 quantified with error bars for the standard deviation
of the short products. This material is available free of charge via
the Internet at http://pubs.acs.org.
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