THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 8, pp. 5324 -5331, February 20, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

An Alternative Form of Replication Protein A Prevents Viral

Replication in Vitro™

Received for publication, November 26, 2008, and in revised form, December 24, 2008 Published, JBC Papers in Press, December 29, 2008, DOI 10.1074/jbc.M808963200

Aaron C. Mason, Stuart J. Haring', John M. Pryor, Cathy A. Staloch, Tze Fei Gan, and Marc S. Wold”
From the Department of Biochemistry, Carver College of Medicine, University of lowa, lowa City, lowa 52242

Replication protein A (RPA), the eukaryotic single-stranded
DNA-binding complex, is essential for multiple processes in cel-
lular DNA metabolism. The “canonical” RPA is composed of
three subunits (RPA1, RPA2, and RPA3); however, there is a
human homolog to the RPA2 subunit, called RPA4, that can
substitute for RPA2 in complex formation. We demonstrate
that the resulting “alternative” RPA (aRPA) complex has solu-
tion and DNA binding properties indistinguishable from the
canonical RPA complex; however, aRPA is unable to support
DNA replication and inhibits canonical RPA function. Two
regions of RPA4, the putative L34 loop and the C terminus, are
responsible for inhibiting SV40 DNA replication. Given that
aRPA inhibits canonical RPA function iz vitro and is found in
nonproliferative tissues, these studies indicate that RPA4
expression may prevent cellular proliferation via replication
inhibition while playing a role in maintaining the viability of
quiescent cells.

Replication protein A (RPA)? is a stable complex composed
of three subunits (RPA1, RPA2, and RPA3) that binds single-
stranded DNA (ssDNA) nonspecifically. RPA (also referred to
as canonical RPA) is essential for cell viability (1), and viable
missense mutations in RPA subunits can lead to defects in DNA
repair pathways or show increased chromosome instability. For
example, a missense change in a high affinity DNA-binding
domain (DBD) was demonstrated to cause a high rate of chro-
mosome rearrangement and lymphoid tumor development in
heterozygous mice (2). RPA has also been shown to have
increased expression in colon and breast cancers (3, 4). High
RPA1 and RPA2 levels in cancer cells are also correlated with
poor overall survival (3, 4), which is consistent with RPA having
arole in efficient cell proliferation.
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RPA is a highly conserved complex as all eukaryotes contain
homologs of each of the three RPA subunits (1). At least some
plants (e.g. rice) and some protists (e.g. Cryptosporidium par-
vum) contain multiple genes encoding for subunits of RPA (5,
6). In rice, there is evidence for multiple RPA complexes that
are thought to perform different cellular functions (5). In con-
trast, only a single alternative form of RPA2, called RPA4, has
been identified in humans (7). RPA4 was originally identified as
a protein that interacts with RPA1 in a yeast two-hybrid screen
(7). The RPA4 subunit is 63% identical/similar to RPA2. Com-
parison of the sequences of RPA4 and RPA2 suggests that the
two proteins have a similar domain organization.* RPA4
appears to contain a putative core DNA-binding domain (DBD
G) flanked by a putative N-terminal phosphorylation domain
and a C terminus containing a putative winged-helix domain (Fig.
1A). The RPA4 gene is located on the X chromosome, intronless,
and found mainly in primates.* Initial characterization of RPA4 by
Keshav et al. (7) indicated that either RPA2 or RPA4, but not both
simultaneously, interacts with RPA1 and RPA3 to form a complex.
This analysis also showed that RPA4 is expressed in placenta and
colon tissue but was either not detected or expressed at low levels
in most established cell lines examined (7).

These studies describe the purification and functional anal-
ysis of an alternative RPA (aRPA) complex containing RPAI,
RPA3, and RPA4. The aRPA complex is a stable heterotrimeric
complex similar in size and stability to the canonical RPA com-
plex (RPA1, RPA3, and RPA2). aRPA interacts with ssDNA in a
manner indistinguishable from canonical RPA; however, it
does not support DNA replication in vitro. Mixing experiments
demonstrate that aRPA also inhibits canonical RPA from func-
tioning in DNA replication. Hybrid protein studies paired with
structural modeling have allowed for the identification of two
regions of RPA4 responsible for this inhibitory activity. Data
presented here are consistent with recent analyses of RPA4
function in human cells,* and we conclude that RPA4 has anti-
proliferative properties and has the potential to play a regula-
tory role in human cell proliferation through the control of
DNA replication.

EXPERIMENTAL PROCEDURES

Materials—HI buffers contain 30 mm HEPES (diluted from
1 M stock at pH 7.8), 1 mm dithiothreitol, 0.25 mm EDTA, 0.5%
(w/v) inositol, and 0.01% (v/v) Nonidet-P40. HI was supple-
mented with different salt concentrations as indicated. Crea-
tine phosphokinase from rabbit skeletal muscle and creatine
phosphate disodium salt were purchased from Calbiochem.
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[y-**P]ATP (250 uCi) and [a->?P]dCTP (250 uCi) were pur-
chased from PerkinElmer Life Sciences.

Construction of aRPA and aRPA Hybrid Expression Plasmids—
To purify RPA4 in a complex with RPA1 and RPA3, a PCR
fragment containing RPA4 cDNA was amplified using primers
5'-CACCTGACGTCAAAAAACCCCTCAAGACCCGTTT-
AGAGGCCCCAAGGGGTTATGCTATTATCAATCAGCA-
GACTTAAAATGCTC-3' and 5'-TTGATGGATCCTAGAA-
ATAATTTTGTTTAACTTTAAGAAGGAGATATACATA-
TGAGTAAGAGTGGGTTTGGGAGC-3'. This fragment was
then cloned into the BamHI-AatlI sites of pET16b-hSSB (9),
replacing the RPA2 cDNA. Subsequently, a BsrGI-Scal frag-
ment containing the 3" end of RPA3 and the entire RPA4 coding
region was cloned into p11d-tRPA(10) to generate the plasmid
pl1d-aRPA. Plasmids for expressing RPA4 alone or with RPA3
were generated by inserting the BamHI-Aatll fragment into
pET-11d or pET16b-RPA32/hisl4 (a derivative of pET16b-
hSSB in which RPA1 has been deleted), respectively. A His, , tag
was added to the N terminus of RPA4 and cloned into pET11d
using the same method with the primer 5'-TTGATGGAT-
CCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA-
TATACATATGGGCCATCATCATCATCATCATCATC-
ATCATCACAGCAGCGGCCATATCGAAGGTCGTCAT-
ATGAGTAAGAGTGGGTTTGGGAGC-3'. All plasmids
were confirmed by restriction digest and DNA sequencing.

Hybrid constructs were amplified from their corresponding
pEGFP plasmids* using either primer 5'-TCTCGAGGTGGA-
TTAATGAGTAAGAGT-3' or5'-CTCGAGGTGGATTAAT-
GTGGAACAGT-3" and 5'-AGATCCGGTGGATCCCGGG-
CCCGC-3'. The fragment was digested with Asel and Kpnl and
then cloned into the Ndel and Kpnl sites of pRSF. All plasmids
were confirmed by restriction analysis and DNA sequencing.

Protein Expression and Purification—RPA, aRPA, and aRPA
hybrids were expressed in BL21 (DE3) cells and purified as
described previously (10, 11). RPA4/3 complex was purified as
described.” When dual vectors were used, both ampicillin (120
pg/ml) and kanamycin (30 ug/ml) were used for colony selec-
tion and growth.

DNA Binding Assays—Gel mobility shift assays were carried
out as described previously (11). Briefly, indicated amounts of
protein and radiolabeled oligonucleotide were incubated for 20
min at 25 °C in filter binding buffer (30 mm HEPES (diluted
from 1 m stock at pH 7.8), 100 mm NaCl, 5 mm MgCl,, 0.5%
inositol, and 1 mm dithiothreitol). Reaction mixtures were sep-
arated on a 1% agarose gel in 0.1 X Tris acetate-EDTA running
buffer. Bound and free DNA from gel mobility shift experi-
ments were quantitated using a Packard Instant Imager. Appar-
ent affinity constants were calculated by nonlinear least squares
fitting of the data to the Langmuir binding equation using
KaleidaGraph (Synergy Software) as described previously (13).

SV40 Replication and Elongation Assays—SV40 reactions
were carried out in 25 ul. Standard reactions contained 30 mMm
HEPES (pH 7.5); 7 mm MgCl,; 50 um dCTP with 2.5 uCi (92.5
kBq) of [a-**P]dCTP; 100 um each of dATP, dGTP, and dTTP;
200 um each of CTP, GTP, and UTP; 4 mm ATP; 40 mm creatine
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phosphate; 2.5 ug of creatine kinase; 15 mm potassium phos-
phate; and 50 ng of pUC.HSO DNA template. RPA, usually 300
ng, was added as indicated. Each reaction also contained 100 ug
of HeLa cell cytoplasmic extract and 0.2— 0.5 ug of SV40 T-an-
tigen. SV40 T-antigen was purified by immunoaffinity chroma-
tography from Sf9 cells infected with a baculovirus vector con-
taining the T-antigen gene as described previously (14).
Complementation assays were carried out using a 35-65%
ammonium sulfate fraction of HeLa cell extract (11). Briefly, 1
ml of complete extract was precipitated by the gradual addition
of ammonium sulfate to 35%. The supernatant was further pre-
cipitated with 65% ammonium sulfate. The resulting precipi-
tant was dissolved in one-fifth of the initial volume of 50 mm
Tris-HCI, pH 7.8, 1 mmM dithiothreitol, 0.1 mm EDTA, 10% glyc-
erol and dialyzed to remove any residual ammonium sulfate. All
reaction mixtures were assembled on ice and incubated at 37 °C
for 2 h. The reactions were analyzed on gels as described previ-
ously (11) or quantitated by precipitation by trichloroacetic
acid; reactions were quenched by the addition of 0.1 M sodium
pyrophosphate to a final concentration 80 mm and precipitated
with 500 ul of 10% trichloroacetic acid. The reaction mixtures
were filtered through glass microfiber filters and radioactive
DNA quantitated by liquid scintillation.

SV40 T-antigen dependent elongation assays (15) were done
as described in the SV40 replication assay with the following
modifications. Reactions were assembled as above except the
[a-*?P]dCTP was excluded from stage 1. After incubation at
37°C for 2 h, [a->?P]dCTP and RPA or RPA variants were
added, and a stage II incubation was carried out for an addi-
tional hour at 37 °C. Products were analyzed as described
above.

RESULTS

RPA4 Forms a Stable, Functional ssDNA-binding Complex—
Recombinant RPA4 was produced using methodology previ-
ously described to generate recombinant canonical RPA (10).
The cDNA encoding RPA4 was cloned into a bacterial expres-
sion vector either alone, with RPA3, or with RPA1 and RPA3
and expressed in Escherichia coli. Overall, RPA4 had properties
that were similar to those of recombinant RPA2 (10). A His-
tagged RPA4 gene expressed alone was predominantly insolu-
ble (data not shown). When RPA4 was expressed with RPA3,
both proteins were predominantly soluble and could be puri-
fied as a stable RPA4/3 complex (Fig. 1B and data not shown).
When all three genes (RPA1, RPA4, RPA3) were expressed
simultaneously, all three polypeptides were substantially solu-
ble, and a complex, aRPA, could be purified to near homogene-
ity following the purification procedure used for canonical RPA
(11). The expression of RPA4 in E. coli and the yield of aRPA
complex after purification were similar to that for RPA (~0.8
mg/liter of culture). The purified aRPA contained three intense
bands of 70, 34, and 14 kDa (Fig. 1B). Although RPA4 has nine
fewer amino acids than RPA2 and a predicted pl (6.07) slightly
more basic than RPA2 (5.75), the RPA4 subunit consistently
migrated slower in SDS-PAGE gels.

We examined the hydrodynamic properties of aRPA and
found them to be nearly indistinguishable from those of the
canonical RPA complex; the sedimentation and Stokes’ radius
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for ssDNA (19-21). Therefore,
aRPA, which contains RPA1, RPA4,
and RPA3, was expected to bind
ssDNA with high affinity. We ana-
lyzed the binding affinity of purified
aRPA to (dT),, by gel mobility shift
assays. The binding of canonical
RPA and aRPA is very similar;
nearly equivalent concentrations of
protein were needed to form a com-
plex, and only one protein-DNA
species was observed (Fig. 3A).
Quantitation of the titrations dem-
onstrated that both RPA complexes

RPA4/3
RPA
aRPA

RPAT = o v

-RPA4 _ . . .
RPA2 — have high affinity for ssDNA; K,
equals 7.5 X 10™° M for RPA and
C Sedimentation  Stokes’ Predicted  Experimental Frictional 20 X 10~° m for aRPA (Fig. 3B).
coefficient (S)  radius (A) mass (kDa) mass (kDa) coefficient (f0) Binding was also examined with
RPA (RPA2) 5.0 512404 110.9 1143 7.8 1,60 £0.04 longer oligonucleotides, (dT)s, and
aRPA(RPA4) | 5.0 520402 | 1106 1161480 | 1.620.04 (dT).,. Only one protein-DNA spe-

« =RPA3- 70

FIGURE 1. Properties of aRPA complex. A, schematic diagram of the structural and functional domains of the
three subunits of RPA and (proposed for) RPA4: DNA-binding domains (DBD A-G), the phosphorylation domain
(PD), winged-helix domain (WH), and linker regions (lines). The sequence similarity between RPA2 and RPA4 is
indicated for each domain of the subunit. B, gel analysis of 2 ug of RPA4/3, RPA. or aRPA separated on 8-14%
SDS-PAGE gels and visualized by Coomassie Blue staining. The position of each RPA subunit is indicated.
C, hydrodynamic properties of aRPA and RPA complexes. The sedimentation coefficient and Stokes’ radius
were determined as described previously by sedimentation on a 15-35% glycerol gradient and chromatogra-
phy on a Superose 6 10/300 GL column (GE Healthcare), respectively (13). Mass and frictional coefficients were
calculated using the method of Siegal and Monty (8). The predicted mass was based upon the amino acid

sequence derived from the DNA sequence.

of aRPA were determined to be 5.0 sand 52.0 A (versus 5.0 s and
51.2 A for canonical RPA; Fig. 1C). The mass calculated for
aRPA is in close agreement to that predicted from the amino
acid sequence (Fig. 1C) and indicates RPA4 is forming a hetero-
trimeric complex with RPA1 and RPA3. The frictional coeffi-
cients for aRPA and RPA are both consistent with an elongated
shape (16), which suggests that when RPA4 is substituted for
RPAZ2, the overall shape of the complexes in solution is similar.

The predicted sequence of RPA4 is 63% identical/similar to
RPA2.* This similarity allows homology modeling to be used to
predict the structure of the putative domains of RPA4. The
known structure of the DNA-binding domain of RPA2 (DBD D;
2PI2.pdb) is shown in Fig. 2A. The shallow, putative DNA-
binding cleft between the L12 and L45 loops is indicated (17).
Two other prominent features of the structure are the flexible
L34 loop (at the top of structure) and the C-terminal « helix,
which has been shown to be part of the subunit interface of
RPA2 (right side of structure) (17, 18). The known structure for
DBD D of RPA2 was used to model DBD G of RPA4 (Fig. 24).
The predicted structure of DBD G is very similar to that of DBD
D, suggesting that the two domains may assume similar struc-
tures (Fig. 2A). However, comparison of the predicted surface
charge of the DBDs of RPA2 and RPA4 indicates that the sur-
face of RPA2 is much more acidic than that of RPA4 (Fig. 24,
lower row, see also below).

In canonical RPA, two domains in RPA1 (DBD A and B) are
both necessary and sufficient for high affinity DNA binding,
and RPA2 contributes little to the overall affinity of the complex
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cies was observed with (dT),,,
whereas two distinct protein-DNA
bands were observed with dT,, for
both aRPA and RPA (Fig. 34), sug-
gesting that for high concentrations
of both proteins, two molecules
bind to dT,,. Together these data
indicated that the occluded binding
site of aRPA is 25-35 nucleotides,
which is comparable with the bind-
ing site size of RPA (13). The occluded binding site size was
confirmed with stoichiometric reverse titrations monitoring
changes in intrinsic protein fluorescence as described by Kim ez
al. (13) (data not shown). These analyses also indicate that
aRPA binds with low cooperativity similar to RPA because if
aRPA bound with high cooperativity, a single transition would
have been observed with dT., rather than a gradual transition
between single- and double-liganded species (Fig. 34). We con-
clude that aRPA has ssDNA binding properties indistinguish-
able from canonical RPA; it binds ssDNA with high affinity and
low cooperativity.

aRPA Function in SV40 Replication—RPA was originally
identified as a protein essential for simian virus 40 (SV40)
DNA replication (22); therefore, we examined whether aRPA
could support SV40 DNA replication. Cell extracts derived
from human tissue culture cells contain all of the cellular
proteins required for SV40 replication, except the viral pro-
tein large T antigen (Tag) (23). RPA is required for SV40
replication and is present in the cell extracts (22); however,
the extracts can be depleted of RPA using ammonium sulfate
fractionation, making the DNA synthesis dependent on both
Tag and RPA (11). RPA-depleted, ammonium sulfate-frac-
tionated extract (AS-Ex) is unable to support DNA synthesis
in the presence of Tag unless the reaction is also supple-
mented with RPA (Fig. 44, bars 1-3). A complete reaction
with canonical RPA gives robust DNA synthesis (Fig. 44, bar
3). In contrast, supplementation with aRPA results in only
background levels of DNA synthesis (Fig. 44, bar 4). Back-
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FIGURE 2. Structural Models of RPA2 and RPAA4. A, structural models of
RPA2 DBD D (2PI2.pdb) and proposed RPA4 DBD G. The proposed structure of
DBD G was generated using Geno3D by modeling against DBD D. Top, the
ribbon representation was generated by Swiss-PdbViewer; helices are red,
B-sheet regions are blue, and coil regions are green. Putative DNA-binding
cleft and important loops on DBD D are indicated. Bottom, the electrostatic
surface potential of the above model are shown with regions of basic (blue),
acidic (red), and neutral (white) surface potential. B, schematic of RPA2-RPA4
hybrid proteins generated. RPA2 (blue) and RPA4 (orange) domains are indi-
cated for each hybrid. WH, winged-helix domain. C, structure of winged-helix
domain. Structure of RPA2 winged-helix domain (1Z1D.pdb) and the pro-
posed structure of the winged-helix domain of RPA4 (generated using
Geno3D) are shown. Top, the ribbon representation was generated by Swiss-
PdbViewer. The side chain structures of residues in the RPA2 winged helix
demonstrated to interact with T antigen are shown (interface) (24). Bottom,
the electrostatic surface potential of the above model is shown. All colors asin A.
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ground synthesis was also observed when purified RPA4/3
complex was added in place of RPA (data not shown). Rep-
lication of the SV40 origin containing DNA occurs by two
mechanisms in these reactions: circle-to-circle and rolling
circle. These mechanisms produce different products, cir-
cles and long linear DNA, respectively (Fig. 4B) (15). Analy-
sis of the products by gel electrophoresis showed that aRPA
did not support the formation of either type of product (Fig.
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4B, left panel). We conclude that although aRPA binds
ssDNA with high affinity, it is unable to support SV40 DNA
replication.

Interestingly, the addition of aRPA to unfractionated
extracts also showed only background levels of synthesis (data
not shown). This is surprising because canonical RPA is present
in these unfractionated extracts and normally supports replica-
tion. Reactions containing both purified aRPA and purified
RPA were analyzed. Additional canonical RPA (double the nor-
mal amount) in the reaction results in a modest increase in
DNA synthesis (Fig. 44, bar 10). When aRPA was added in the
presence of equal amounts of RPA, no DNA synthesis was
observed (Fig. 44, bar 11). This demonstrates that aRPA has a
dominant negative effect on the function of canonical RPA in
SV40 DNA replication. This effect does not appear to be caused
by dissociation of the aRPA complex or subunit exchange
because the addition of the purified RPA4/3 complex had no
effect on a complete SV40 replication containing canonical
RPA (data not shown).

RPA2 and RPA4 are both composed of three distinct func-
tional domains: the phosphorylation domain, a DBD, and a
winged-helix domain (Fig. 14). To determine what region(s) of
RPAA4 is responsible for the properties of aRPA in DNA repli-
cation, three hybrid proteins were generated in which the phos-
phorylation domain, the DBD, or the C terminus of RPA2 was
replaced with the corresponding domain of RPA4, named
RPA2(422), RPA2(242), and RPA2(224), respectively (Fig. 2B).
These domain hybrid proteins were expressed with RPA1 and
RPA3, and the resulting complexes were purified. All three
complexes purified with a yield similar to RPA and bound
(dT),, with an affinity equivalent to wild-type RPA (data not
shown). When the trimeric complexes, RPA-2(422),
RPA-2(242), and RPA-2(224), were examined for the ability to
support DNA synthesis, only the RPA-2(422) hybrid complex
was able to support wild-type levels of DNA synthesis (Fig. 44,
bars 5-7). RPA-2(242) and RPA-2(224) both supported levels of
synthesis that were slightly above background and aRPA levels.
We conclude that the phosphorylation domain of RPA4 is not
responsible for the phenotype observed with aRPA. These data
also indicate that both the DBD and the winged-helix domains
of RPA2 are necessary for RPA function in SV40 DNA replica-
tion and that both of these domains of RPA4 are contributing to
the aRPA phenotype.

Mixing experiments were also carried out with the RPA2-
RPA4 hybrids. RPA-2(422) did not inhibit the function of RPA
and showed levels of synthesis comparable with that of RPA
alone. Both RPA-2(242) and RPA-2(224) showed levels of DNA
synthesis that were significantly reduced from that of RPA (¢
test; p < 0.005 and p < 0.001, respectively) but greater than that
of aRPA (Fig. 44, bars 12—14). RPA-2(224) consistently showed
more inhibition than RPA-2(242), suggesting that the two
domains may have different effects on SV40 DNA replication.
We conclude that both the DBD and the winged-helix domain
of aRPA are contributing to the inhibitory effect of RPA4.

Mechanism of aRPA Inhibition of SV40 Replication—RPA is
required for both initiation and elongation phases of DNA rep-
lication. To examine which phase of replication is being
affected by aRPA, two-stage elongation assays were carried out.
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Time course experiments have

shown that in the SV40 replication
reaction, initiation predominantly
occurs during early times (stage I),
and at later times (stage II), only
] elongation synthesis on rolling-cir-
cle intermediates is occurring (15).
1 It is therefore possible to examine
1 aRPA function in elongation in a
two-stage reaction. Stage I contains
all the components necessary for
1 (initiation and elongation of SV40
] origin-containing DNA except for
the radioactive dCTP tracer. This
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FIGURE 3. DNA binding properties of RPA complexes. A, gel mobility shift assays were carried out as
described previously (11). Autoradiograms of representative gel mobility shift assays of aRPA and RPA using
radiolabeled dT;,, dTs,, and dT,, are shown. Radiolabeled dT,, (0.2 fmol), dTs, (2 fmol), or dT,, (2 fmol) was
incubated with various amounts of protein (dT30: 0, 0.0067, 0.02, 0.067, 0.2 nm; dT50 and dT70: 0, 0.067, 0.2,
0.67,2.0 nm) as described under “Experimental Procedures.” The positions of free DNA and shifted protein-DNA
complex are indicated. B, representative binding isotherms for aRPA and RPA binding dT;, determined as
described under “Experimental Procedures.” Binding data for RPA (circles) and aRPA (open triangles) and best-fit
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FIGURE 4. SV40 DNA replication with various forms of RPA. A plus sign in
the table indicates an addition of the indicated component: 300 ng RPA
forms, 0.2-0.5 ug SV40 large T antigen (Tag), 100 ug of HeLa cytosolic extract
(AS-Ex). The 2+ indicates 600 ng of RPA. The amount of DNA synthesis after
2 h of incubation at 37° was quantitated by scintillation counting or analyzed
by agarose gel electrophoresis. A, summary of quantitative analysis of repli-
cation. Five independent experiments with duplicate points at each condi-
tion were completed. The data from each experiment were normalized to the
minus Tag and RPA control (bar 1) for that experiment, averaged, and plotted.
Maximal DNA synthesis for individual experiments ranged from 23 to 60
pmol. Error bars represent standard deviation for the combined data. B, auto-
radiograph of the products of a representative reactions (containing the indi-
cated components) after separation on a 1% agarose gel. The mobility of
various DNA forms is indicated.
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stage is incubated for 2 h at 37 °C,
during which normal initiation
and elongation occur, but the
DNA synthesized is not labeled. In
stage II, [a-*?P]dCTP and various
forms of RPA are added, the incu-
bation is continued for 1 h, and the
elongation DNA synthesis is quan-
titated. This assay measures DNA
synthesis occurring during the
elongation phase and is independ-
ent of the initiation processes (15).

Substantial elongation synthesis was observed in the stage 11
elongation phase (Fig. 54, bar 2). This synthesis was dependent
on the presence of RPA from the start of the reaction and could
be stimulated by additional RPA at the beginning of stage II
(Fig. 5A, bars 1-3). aRPA strongly inhibits elongation synthesis,
demonstrating that aRPA inhibits the normal function of
canonical RPA at the pre-existing replication fork (Fig. 54, bar
4). This strong inhibition was not observed with the hybrid
subunits (Fig. 54, bars 5-7). RPA-2(422) causes a slight increase
in elongation synthesis similar to the addition of canonical RPA
(¢ test; p < 0.0005) and consistent with its ability to promote
replication. RPA-2(224) had no effect on elongation synthesis (¢
test; p < 0.11), whereas RPA-2(242) showed slightly reduced
levels of DNA synthesis (¢ test; p < 0.001). Together these
experiments indicate that the putative phosphorylation domain
of RPA4 has no role in inhibiting elongation synthesis, whereas
DBD G of RPA4 inhibits elongation synthesis. Interestingly, the
putative winged helix of RPA4 appears to have a separation of
function phenotype. Although this region results in inhibition
of the complete SV40 DNA synthesis, it does not affect elonga-
tion synthesis. This suggests that the putative winged helix-
containing C terminus of RPA4 is defective for replication ini-
tiation only.

Structural Basis of RPA4 Inhibition—The DNA-binding
domains of RPA2 and RPA4 are predicted to have similar struc-
tures but very different electrostatic surface potentials (Fig. 24).
Because the solution structure of the C-terminal region of
RPA2 is known (24), we used homology modeling to predict the
structure of the C terminus of RPA4. Fig. 2C shows that the
predicted structure for the winged helix of RPA4 is very similar
to the known structure of the RPA2 winged helix. The pre-
dicted surface potential is predominantly acidic for both
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FIGURE 5. Function in elongation ad Tag interactions. A, SV40 elongation
assay. Two-stage SV40 elongation assays were carried out as described under
“Experimental Procedures.” A plus sign in the table indicates the addition of
300 ng RPA in stage | or 300 ng of the indicated form of RPA in stage Il. 100 ng
of Hela cytosolic extract (AS-Ex) and 0.2-0.5 ug of SV40 large T antigen (Tag)
were added to all reactions. Three independent experiments with all reac-
tions done in duplicate were completed. The data from each experiment
were normalized to the minus Tag and RPA control (bar 1) for that experiment,
averaged, and plotted. Maximal DNA synthesis for individual experiments
ranged from 128 to 135 pmol. Error bars represent standard deviation for the
combined data. B, interactions of aRPA or RPA with Tag monitored by
enzyme-linked immunosorbent assay (11). The lines indicate the average of
two independent experiments: aRPA (closed triangle), RPA (closed square),
and bovine serum albumin (closed circle). Microtiter plate wells were coated
with 1 g of indicated protein for 1 h, blocked, and washed. The indicated
quantities of SV40 large T antigen (Tag) were then incubated in each well for
1 h. After washing, wells were incubated sequentially with Pab419 SV40 Tag
antibody (12) and peroxidase-conjugated secondary antibody each for 1 h.
After the final incubation, the wells were washed and developed using 200 pl
of 0.8 mg/ml o-phenylenediamine in a 0.50 m phosphate-citrate buffer, and
absorbance at 450 nm was determined. All steps were carried out at room
temperature.

winged-helix domains; however, the N terminus of the pre-
dicted winged helix of RPA4 is much more acidic than the
equivalent region of RPA2 (Fig. 2C). The inhibition studies dis-
cussed above suggest that the putative winged-helix domain of
RPA4 is inhibiting initiation; RPA-2(224) inhibits the complete
reaction but has no effect on elongation synthesis. This is con-
sistent with a previous analysis that described an important role
for the winged-helix domain of RPA2 in initiation of SV40 rep-
lication (24). In contrast, RPA-2(242) inhibits both the complete
SV40 replication reaction and the elongation reaction. This
suggests that DBD G of RPA4 (Fig. 24) is affecting an RPA
function (or functions) normally required for both phases of
replication.
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Functional Analysis of aRPA

Initiation of SV40 replication requires binding of the origin
of replication by SV40 large T antigen (Tag) and specific inter-
actions between RPA and T antigen to promote unwinding of
the origin sequence and loading of DNA polymerase a/primase
complex (25-27). Protein interaction assays were carried out to
determine whether aRPA interacts with T antigen. aRPA inter-
acts with SV40 T antigen to the same extent as RPA (Fig. 5B). It
has been shown that T antigen interacts with both the core
DNA-binding domain of RPA1 and the C terminus (winged
helix) of RPA2 (key residues Glu-252, Tyr-256, Ser-257, Asp-
261, Thr-267, Asp-268) (24, 28). This region of the winged helix
of RPA2 is partially conserved in RPA4, with 3 of the 6 key
residues differing between RPA2 and RPA4 (Glu-252, Tyr-256,
Pro-257%, Arg-261*, Ala-267*, Asp-268; asterisks indicate non-
conserved residues). The finding that aRPA interacts strongly
with T antigen (Fig. 5B) suggests either that the interaction is
primarily mediated through RPA1 or that the partial conserva-
tion of the C terminus of the winged helix in RPA4 is sufficient
for interaction with Tag.

The inability of aRPA to support SV40 DNA replication indi-
cates either that aRPA is forming a nonfunctional initiation
complex with Tag or that aRPA is inhibiting another part of the
initiation reaction. T antigen has origin-dependent helicase
activity, which can be stimulated nonspecifically by RPA or
other single-stranded DNA-binding proteins (22, 29). We
found that aRPA stimulated T antigen-dependent unwinding at
levels comparable with canonical RPA (data not shown). This
indicates that aRPA does not inhibit T antigen helicase and that
the defects in replication are more likely to be in subsequent
steps of initiation such as loading of DNA polymerase a/pri-
mase complex or primer synthesis by DNA polymerase a/pri-
mase complex.

Construction of a Dominant Negative Form of RPA2—DBD G
has a more basic surface charge than DBD D and is capable of
inhibiting the function of the canonical RPA complex. This sug-
gests that electrostatic interactions may be responsible for the
altered function of DBD G. A comparison of the sequences of
RPA2 and RPA4 identified one region that was very poorly con-
served between RPA2 and RPA4, amino acids 108-123 in
RPA2, referred to as the L34 loop (Fig. 2A). These residues are
acidic in DBD D (5/17 acidic and 0/17 basic residues) and basic
in DBD G (1/16 acidic and 3/16 basic residues). To test whether
this region is responsible for the difference in activity between
RPA4 and RPA2, the acidic region of RPA2 and the basic region
of RPA4 were exchanged for one another. This resulted in two
mutated subunits: an RPA2 subunit that has the basic L34 loop
of DBD G (RPA2Basic) and an RPA4 subunit with the acidic
L34 loop of DBD D (RPA4Acidic). These structures were again
modeled against the crystal structure of DBD D (2PI2.pdb; Ref.
17), and the electrostatic surface potential was displayed for
each (Fig. 2A). The electrostatic surface potential shows that
RPA2Basic has a predicted surface potential similar to RPA4
and that RPA4Acidic has a predicted surface potential similar
to RPA2.

The RPA2Basic and RPA4Acidic complexes were expressed
in E. coli and purified. Both complexes bound (dT),, with an
affinity equivalent to wild-type RPA (data not shown). Each was
then tested for the ability to support SV40 DNA replication as
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FIGURE 6. Schematic showing observed properties for RPA2, RPA4, and RPA2 hybrids. PD, phosphoryla-

tion domain; WH, winged-helix domain. See “Discussion” for details.

described above. Neither trimeric complex, RPA-2Basic nor
RPA-4Acidic, was able to support DNA synthesis in the SV40
system (Fig. 4A, bars 8-9). Mixing experiments containing
equal amounts of RPA, and RPA-2Basic had background levels
of DNA synthesis (Fig. 44, bars 8 and 15), indicating that
RPA-2Basic is strongly inhibitory of RPA activity in DNA rep-
lication. This is similar to that observed for aRPA. In contrast,
mixing RPA and RPA-4Acidic resulted in intermediate levels of
synthesis that were similar to those obtained with RPA-2(224)
(Fig. 4A, bars 9, 12, and 16). This suggests that removing the
basic L34 loop from DBD G reduces the inhibitory activity of
this domain. In elongation assays, RPA-2Basic inhibited DNA
synthesis almost as well as aRPA, whereas RPA-4Acidic had no
inhibitory effect on elongation synthesis (Fig. 54). These find-
ings indicate that the L34 loop of RPA4 is both necessary and
sufficient for the inhibitory activity of DBD G. In HeLa cells
studies, RPA-2Basic is defective in chromosomal DNA replica-
tion and has a dominant negative effect.* Therefore, replication
inhibition (both viral and cellular) appears to be a general prop-
erty of this short amino acid stretch of RPA4.

DISCUSSION

We have shown thataRPA and RPA have similar biochemical
properties but not similar functions. Both complexes have sim-
ilar solution structures and DNA binding activity, but aRPA is
unable to support in vitro SV40 DNA replication. Analysis of
the mechanism of aRPA action indicates that aRPA inhibits the
function of canonical RPA in the initiation and elongation
phases of DNA replication (Fig. 6). Recent findings suggest that
RPA4 also does not support chromosomal replication in the
absence of RPA2, suggesting that these properties identified in
vitro also hold true for cellular replication.* Our findings sug-
gest a model by which RPA4 levels could regulate DNA repli-
cation in the cell. At low concentrations of RPA4, aRPA com-
plex formation is also low, and efficient DNA replication will
occur, utilizing canonical RPA. When RPA4 is expressed at
higher levels, aRPA forms and exists at a level that can inhibit
the replication activity of canonical RPA. RPA4 is expressed in
some human tissues (7), suggesting that cell viability is main-
tained in the presence of RPA4. Thus, we would predict that in
cells that need to perform genome maintenance, but not
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by RPA, such as DNA repair. Multi-
ple protein-protein interactions are
important for RPA function in SV40
DNA replication. These include
interactions with SV40 Tag, DNA polymerase «, and topoi-
somerase | during initiation (21, 31) and interactions with
RF-C, DNA polymerase «, and polymerase & in elongation (32).
Because aRPA has ssDNA binding properties similar to RPA, it
is most likely that altered protein interactions are responsible
for the inability of aRPA to function in replication. aRPA inter-
acts with SV40 Tag and can stimulate Tag DNA unwinding at
the same level as RPA, suggesting that the inhibitory properties
of aRPA result from aRPA either forming nonfunctional com-
plexes with the replication machinery or being unable to par-
ticipate in a subset of essential protein interactions.

Two regions of RPA4 have been identified to be involved in
its activity: the basic L34 loop of DBD G and the winged-helix
domain (Fig. 6). Analysis of RPA4Acidic and RPA2Basic indi-
cated that the L34 loop in RPA4 is both necessary and sufficient
for inhibition of SV40 DNA replication. The RPA4Acidic com-
plex, which contains RPA4 with the L34 loop from RPA2, has
properties similar to RPA-2(224) in both DNA replication and
elongation. In contrast, the RPA2Basic complex, which con-
tains RPA2 with the L34 loop of RPA4, strongly inhibits all
replication reactions, identical to the full aRPA complex.
Recent analysis of RPA4 function in human cells indicates that
the L34 loop also inhibits cellular chromosomal replication,*
suggesting that this is a general property of this loop. The
importance of the L34 loop in RPA function has not been pre-
viously identified. Modeling of the electrostatic surface poten-
tial of DBD G (Fig. 24) indicates that the basic loop from RPA4
has a large influence on the surface potential of this domain. It
seems likely that this change in surface potential is causing the
inhibitory activity of this domain.

The second domain of RPA4, the C terminus containing a
putative winged helix, also affects SV40 DNA replication.
RPA-2(224) strongly inhibited a complete replication reaction
but had minimal effects on elongation, suggesting that the puta-
tive winged-helix domain is only playing a critical role in the
initiation of SV40 replication. Structure-function analysis of
RPA2 previously mapped the T antigen interaction domain to
the C terminus of the winged-helix domain and showed that
this interaction was important for initiation of SV40 replication
(24). Our analysis of hybrid RPA2 complexes demonstrates that
this interaction is either only necessary for initiation or can also
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occur with RPA4. In contrast, the DNA-binding domain of
RPAA4 is inhibitory in both complete and elongation assays. Fur-
thermore, previous studies have shown that the DNA-binding
domain is the only domain of RPA2 essential for life in yeast
(33).” Additional analysis is necessary to understand the com-
plete function of the winged helix-containing domains of RPA2
and RPA4.

It has recently been demonstrated that RPA4 expression in
human cells does not allow the cell to replicate its genome nor
proceed through the cell cycle.* In addition, the original analy-
sis of RPA4 by Keshav et al. (7) showed that RPA4 expression
occurs in predominantly quiescent cells and not in cell lines,
which are by definition proliferative. Our detailed biochemical
characterization of purified alternative RPA complex (contain-
ing RPA1, RPA3, and RPA4) provides definitive evidence that
not only does aRPA prevent DNA replication, it does so in the
presence of canonical RPA. The fact that RPA4 is expressed in
at least some tissues suggests that it may have an active role in
preventing cell proliferation and promoting quiescence.
Canonical RPA is crucial for maintenance of the genome. aRPA
has similar solution properties and DNA binding activity, so it
seems likely that aRPA can function in at least some cell main-
tenance processes normally carried out by RPA. These findings
suggest that RPA4 has potential functions as a therapeutic
agent and/or target not only in preventing cell proliferation (i.e.
cancer) but also as a potential antiviral agent (i.e. through pre-
vention of viral duplication).
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