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ABSTRACT: Human replication protein A (RPA) is a multiple subunit single-stranded DNA-binding protein
that is required for multiple processes in cellular DNA metabolism. This complex, composed of subunits
of 70, 32, and 14 kDa, binds to single-stranded DNA (ssDNA) with high affinity and participates in
multiple protein-protein interactions. The 70-kDa subunit of RPA is known to be composed of multiple
domains: an N-terminal domain that participates in protein interactions, a central DNA-binding domain
(composed of two copies of a ssDNA-binding motif), a putative (C-X2-C-X13-C-X2-C) zinc finger, and a
C-terminal intersubunit interaction domain. A series of mutant forms of RPA were used to elucidate the
roles of these domains in RPA function. The central DNA-binding domain was necessary and sufficient
for interactions with ssDNA; however, adjacent sequences, including the zinc-finger domain and part of
the N-terminal domain, were needed for optimal ssDNA-binding activity. The role of aromatic residues
in RPA-DNA interactions was examined. Mutation of any one of the four aromatic residues shown to
interact with ssDNA had minimal effects on RPA activity, indicating that individually these residues are
not critical for RPA activity. Mutation of the zinc-finger domain altered the structure of the RPA complex,
reduced ssDNA-binding activity, and eliminated activity in DNA replication.

Replication protein A is a heterotrimeric single-stranded
DNA-binding protein that is required for multiple processes
in DNA metabolism including DNA replication, DNA repair,
and recombination (reviewed in1). Human RPA (RPA)1 is
a stable complex of three subunits with molecular masses
of 70, 32, and 14 kDa (RPA70, RPA32, and RPA14,
respectively) (2, 3). RPA is highly conserved throughout
evolution, and homologous, heterotrimeric single-stranded
DNA-binding proteins have been identified in all eukaryotes
examined (1, 4). Despite a high degree of homology, only
some RPA homologues can substitute for human RPA in
SV40 DNA replication, suggesting that there are species-
specific interactions required for RPA function (5-8).

RPA interacts with proteins required for the initiation of
DNA replication (SV40 T antigen, DNA polymeraseR) (1,
9), the damage recognition and excision steps of nucleotide
excision repair (XPA and XPG) (10-12), homologous
recombination (Rad51 and Rad52) (13-16), regulation of
transcription (GAL4 and VP16), and regulation of the cell
cycle (p53) (17-21). These protein interactions are important
for RPA function in the cell. Recent studies indicate that

RPA-protein interactions modify protein activity and can
change in response to cellular signals (20-22; Braun et al.,
in preparation). RPA also becomes phosphorylated during
cellular DNA metabolism (reviewed in1). Recent studies
have suggested that this phosphorylation modulates RPA
activity by affecting RPA-protein interactions (Braun et al.,
in preparation).

RPA binds to single-stranded DNA (ssDNA) with high
affinity (Ka ∼1010 M-1) and low cooperativity (24-26);
binding is nonspecific with a preference for binding pyri-
midine-rich sequences (24, 27). RPA forms a stable complex
with DNA that has an occluded binding site size of 30
nucleotides (24-26). A second unstable complex with an
apparent occluded binding site size of 8-10 nt has been
observed in studies using chemical cross-linking (28, 29).
Most RPA homologues have similar binding properties (1);
although, the DNA-binding properties of the homologue from
S. cereVisiae differ significantly from human RPA (27).
Recently, it has been shown that a complex of 32- and 14-
kDa subunits of RPA can interact weakly with ssDNA (27,
30-32). The affinity of this complex for ssDNA is at least
5 orders of magnitude lower than that of the heterotrimeric
RPA complex (27). It is not yet known how this weak
binding activity contributes to the overall activity of RPA.

Deletion and mutational analyses have identified four
domains in RPA70: an N-terminal domain (residues 1-168)
that participates in RPA-protein interactions, a central DNA-
binding domain (residues 169-441), a putative C4-type zinc-
finger motif (residues∼481-503), and a C-terminal domain
(∼503-616) which is required for interactions with the 32-
and 14-kDa subunits of RPA [reviewed in (1, 22)]. The
structure of the central DNA-binding domain has been
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determined and is composed of two copies of an oligonucle-
otide/oligosaccharide-binding (OB) fold (33). The structures
of these two motifs are similar to each other and to those
found in other single-stranded DNA-binding proteins with
an OB-fold (33). A third sequence with homology to the
DNA-binding motifs has been identified in the central region
of the 32-kDa subunit of RPA (34). Although its structure
has not been determined, this domain is probably responsible
for the weak DNA-binding activity observed with RPA 32
(27, 30-32, 34). In the crystal structure, multiple interactions
were observed between the high-affinity DNA-binding
domain and the DNA (33). These interactions included
hydrogen bonds with individual bases and the phosphate
backbone as well as hydrophobic interactions between several
aromatic residues and individual bases. It is currently not
known what the individual contributions of these interactions
are to the overall binding affinity of RPA.

The putative C4-type zinc-finger motif (residues 481-503)
is conserved in all RPA70 homologues (1, 4). While it has
been suggested that the zinc-finger motif may be involved
in binding to damaged DNA (35), its function is currently
not known. There has been no quantitative analysis of the
role of this domain in RPA-DNA interactions. In addition,
previous functional analyses of this motif have been ambigu-
ous with different laboratories obtaining contradictory results
regarding the role of this motif in replication and DNA repair
(36-39) (see Discussion).

We have examined the roles of the central DNA-binding
domain, the putative zinc-finger domain, and other regions
of RPA70. Using multiple mutant forms of RPA, we show
that the central DNA-binding domain is necessary but not
sufficient for optimal ssDNA binding. Sequences adjacent
to this domain are necessary for high-affinity DNA-binding
activity. Mutation of aromatic residues F269 and F386 in
the central DNA-binding domain had modest effects on RPA
DNA-binding activity and on RPA’s ability to support DNA
replication. In contrast, mutation of aromatic residues F238
and W361 caused ag500-fold reduction in ssDNA-binding
activity and a perturbation of the structure of RPA. This
structural perturbation also disrupted interactions with SV40
T antigen but did not affect interaction with XPA protein.
We also examined the role of the zinc-finger motif and show
that mutation of this motif reduced RPA ssDNA-binding
activity by an order of magnitude and caused loss of activity
in DNA replication. We also show that this mutation disrupts
the structure of the C-terminus of RPA, suggesting that this
domain plays a role in these processes.

MATERIALS AND METHODS

Materials. Restriction endonucleases, polynucleotide ki-
nase, and Klenow fragment were purchased from New
England BioLabs and Life Technologies, Inc. PFU DNA
polymerase was purchased from Stratagene. [γ-32P]ATP
(4500 Ci/mmol) and [R-32P]dATP (3000 Ci/mmol) were
obtained from Amersham. Oligonucleotides were synthesized
by the DNA core facility at the University of Iowa.E. coli
DH5R cells were from Life Technologies, Inc.E. coli
expression strain BL21(DE3) was from W. Studier (40).
Oligodeoxythymidine [(dT)30] was purchased from Bio-
Synthesis, Inc.

HI buffer contains 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 concentrations of salt as indicated. 1×
Tris acetate/EDTA (TAE) gel buffer contained 40 mM Tris-
acetate and 2 mM EDTA, pH 8.5 (41).

RPA expression plasmids (p11d-tRPA, p11d-RPA70, and
pSD-RPA14/32) were described previously (42).

DNA Manipulation.Restriction endonucleases and Klenow
were used according to the manufacturers’ recommendations.
Oligonucleotides were radiolabeled with [γ-32P]ATP using
polynucleotide kinase (41). Polymerase chain reactions
(PCR) were performed with Vent DNA polymerase (New
England Biolabs) in a DNA Thermal Cycler (Perkin-Elmer).
DNA amplification conditions were 29 cycles of 94°C for
1 min; 55°C for 1 min; 72°C for 3 min. PCR products and
DNA fragments were isolated from 1% TAE agarose gels
using a Geneclean II kit (BIO 101, La Jolla, CA) according
to manufacturer’s specifications. Ligation reactions and
transformations were according to Ausubel and co-workers
(41). Recombinant plasmids were transformed into strainE.
coli DH5R and isolated by the boiling lysis method (41).
All mutations were confirmed by DNA sequencing at the
DNA core facility at the University of Iowa.

Proteins Used in These Studies.Multiple mutant forms
of RPA are used in these studies (all are shown schematically
in Figure 1). Either these forms have been described
previously (22, 42-44) or their construction is described
below. Protein nomenclature: Complexes of multiple sub-
units are indicated by RPA‚ followed by a description of
the sequences modified. Deletions are indicated by∆XX-
XX with the numbers referring to the residues deleted. When
only a portion of a protein is present, the mutant form is
named for the amino acids present; for example, RPA70-
(113-441) contains residues 113 through 441 of RPA70
(residues 1 through 112 and residues 442 through 616 of
wild-type RPA70 are deleted). Point mutations are indicated
using one-letter amino acid abbreviations and the residue
number. Abbreviations used are described in Figure 1.

Construction of RPA70 DNA-Binding Domain Mutants.
A series of mutants were constructed with different regions
of the N- and C-termini of RPA70 deleted. PCR was used
to amplify specific regions of the RPA70 cDNA (Figure 1).
The N-terminal primers were designed to introduce nucleo-
tide base changes (underlined) to generate aBamHI restric-
tion site followed by aNcoI restriction site: 5′-GGAG-
GATCCATGGGCAATCCAGTG-3′ (RPA70∆1-112); 5′-
TTTGGATCCATGGCAGGTCCCAGC-3′ (RPA70∆1-168).
TheNcoI restriction site provided the ATG initiation codon.
The primers used to generate deletion at the C-termini were
designed such that primers contained nucleotide base changes
(underlined) that generated aBamHI restriction site and a
termination codon: 5′-CAAGGATCCTCAGTTGGTGTT-
3′ (RPA70∆442-616); 5′-CGGGCAGGATCCTTACATG-
CAGTT-3′ (RPA70∆477-616); 5′-TTGGGATCCTTAG-
GTGTCGCA-3′ (RPA70∆507-616). Appropriate N- and
C-terminal primers were used to amplify different regions
of the central region of the RPA70 cDNA. Amplified
sequences were digested withBamHI andNcoI, isolated, and
ligated to pET-11d digested withBamHI andNcoI. (In some
cases, PCR products were initially inserted into pUC19 and
then subcloned into pET-11d.) The resulting series of
expression vectors contained specific deletions of the RPA70
gene at the N- and C-termini. Each plasmid contained a T7
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promoter, a Shine-Dalgarno ribosome-binding site, and the
coding sequence of a RPA70 deletion mutant.

Construction of RPA70(C500S,C503S).A set of two
internal PCR primers was constructed to introduce point
mutations in the coding sequence of the RPA70 gene. These
point mutations alter two of the four cysteines of the putative
“zinc-finger” motif. The primer 5′-CTTCTCCGATCGG-
TACAATCC-3′ (C500S-Zrev) contained nucleotide changes
(underlined) to alter cysteine 500 to a serine while primer
5′-TTGTACCGATCGGAGAAGTCCGAC-3′ (C500S-Zfor)
contained nucleotide changes (underlined) that changed
cysteine 500 to serine and cysteine 503 to serine and
generated aPVuI restriction site at residue 500. An N-
terminal PCR primer (5′-CCAGGATCCGTACGGCGTA-
GAGGA-3′) (pET-φ10) and a C-terminal PCR primer (5′-

ATGCTAGTTATTGCTCAGCGG-3′) (#35) were also used.
The pET-φ10 sequence is located immediately upstream of
the T7 RNA polymerase promoter in the pET11d (40).
Primer #35 is downstream of theBamHI site in the pET11d.
The primer pairs C500S-Zrev with pET-φ10 and C500S-
Zfor with #35 were used to amplify∼1500 and∼900 bp
fragments, respectively, of the coding sequence of RPA70
from plasmid p11d-RPA70 (42). These fragments were
individually ligated into pUC19 digested withSmaI to
generate plasmids pUC19-RPA70(1-500:C500S) and pUC19-
RPA70(500-616:C500S,C503S), respectively. pUC19-
RPA70(1-500:C500S) was digested withNcoI andPVuI to
produce a∼1490 bp fragment. pUC19-RPA70(500-616:
C500S,C503S) was digested withPVuI and BamHI to
generate a∼840 bp fragment. Each fragment was isolated

FIGURE 1: Mutant forms of RPA used in these studies. The left portion shows schematic diagrams of all RPA mutants used in this study:
(A) wild-type RPA, RPA‚70(Zn*), and aromatic residue mutants; (B) DNA-binding domain polypeptides; (C) deletion mutants described
previously (22, 44). Beginning and ending amino acids of each mutant are indicated. Aromatic residues and mutations made are indicated
by letters. Ticks indicate positions every 100 amino acids, and the position of the putative zinc-finger motif is indicated by a box (Zn). The
activities of each of the mutants in relation to wild-type RPA are shown to the right. ssDNA-binding activity was determined in these
studies or (27, 44) with (+++) wild-type binding, (++) binding reduced by a order of magnitude, (+) binding reduced by 2 orders of
magnitude, (() binding reduced by 3 orders of magnitude, and (-) binding reduced by more than 4 orders of magnitude. SV40 DNA
replication activity was determined in these studies or previously (43, 44). Protein interactions with T antigen or DNA polymeraseR were
determined by ELISA in these studies. The number of (+) marks indicates the relative activity, (() indicates minimal activity, (-) indicates
no activity, and nd indicates not determined. The following RPA mutants were used in these studies (abbreviations where used are listed
in brackets): wild-type RPA [RPA], RPA‚70(C500S,C503S) [RPA‚70(Zn*)], RPA‚70(F238A), RPA‚70(W361A), RPA‚70(F238A,W361A),
RPA‚70(F269A,T270S,F386A) [RPA‚70(F269A,F386A)], RPA‚70∆1-236 [RPA‚70∆N236], RPA‚70∆1-382 [RPA‚70∆N382], RPA70∆442-
616 [RPA70∆C442], RPA70∆326-616 [RPA70∆C326], RPA70(113-477), RPA70(113-441), RPA70(169-477), RPA70(169-441), RPA‚
32∆1-33 [RPA‚32∆N33], RPA‚32∆224-270 [RPA‚32∆C224], and RPA32‚14.
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and ligated to pET-11d digested withBamHI andNcoI. The
subsequent vector, p11d-RPA70(C500S,C503S), contained
the coding sequence of RPA70 with nucleotide changes
which altered cysteine 500 to serine and cysteine 503 to
serine. Sequence analysis confirmed the presence of the two
point mutations.

A vector capable of expressing RPA32, RPA14, and
mutant RPA70(C500S,C503S) was constructed using a
procedure similar to that used to generate p11d-tRPA (42).
pSD-RPA14/32 was digested withBamHI, AatII, andAlwNI
restriction enzymes, generating a 2.25 kbBamHI-AatII
fragment containing the coding sequences of both RPA14
and RPA32. This 2.25 kb fragment was ligated to p11d-
RPA70(C500S,C503S) that had been digested withBamHI
andAatII. The resulting plasmid, ptRPA‚70(C500S,C503S),
contains a single T7 RNA polymerase promoter followed
by the coding sequence of the mutated 70-kDa subunit and
the wild-type 14- and 32-kDa subunits of RPA. Each coding
sequence is preceded by a Shine-Dalgarno ribosome-binding
site.

Construction of RPA70 Aromatic Residue Mutants.Con-
served aromatic residues present in RPA70 were mutated
using the QuikChange Site-Directed Mutagenesis protocol
(Strategene). Individual aromatic residues were mutated to
alanines using the following primer pairs: 5′-ATCCGAGC-
TACGGCCGCCAATGAGCAAGTG-3′ and 5′-CACTTGCT-
CATTGGCGGCCGTAGCTCGGAT-3′ (RPA70 F238A cre-
ating anEagI site); 5′-AACAAGCAGGCTAGCGCTGTT-
AAAAATGAC-3 ′ and 5′-TTTAACAGCGCTAGCCTGCT-
TGTTAGCAAT-3′ (RPA70 F269A, T270S creating aNheI
site); 5′-GTGACTGCTACGCTAGCGGGGGAAGATGCT-
3′ and 5′-AGCATCTTCCCCCGCTAGCGTAGCAGTCAC-
3′ (RPA70 W361A creating aNheI site); 5′-GTCTCTGAT-
GCCGGCGGACGGAGCCTCTCC-3′ and 5′-GCTCCGT-
CCGCCGGCATCAGAGACTCGGGC-3′ (RPA70 F386A
creating aNaeI site). Residues F269/T270 and F386 were
individually mutated in the vector pET11d-RPA70 to gener-
ate pET11d-RPA70 F269A,T270S and pET11d-RPA70
F386A. The 14- and 32-kDa subunits were added on a
BamHI-PVuI fragment isolated from pSD-RPA14/32 (44)
to generate the triple-expression vectors ptRPA‚70 F269A
and ptRPA‚70 F386A, respectively. Mutations F269A/T270S
and F386A were also generated in tandem by ligation of the
XhoI-SacI fragment from ptRPA‚70(F386A) into ptRPA‚
70(F269A/T270S) digested withXhoI and SacI, yielding
ptRPA‚70(F269A/T270S, F386A). Residues F238 and W361
were individually mutated in the vector p11d-tRPA (42) to
generate ptRPA‚70(F238A) and ptRPA‚70(W361A). Muta-
tions F238A and W361A were generated in tandem by
QuikChange Site-Directed Mutagenesis using F238A primers
and ptRPA‚70(W361A) as the template vector, yielding
ptRPA‚70(F238A,W361A).

Induction and Purification of Mutant Forms of RPA.The
various deletion mutants were expressed in BL21(DE3) cells
as described previously (42, 44). Purification of RPA70
mutants followed previously published procedures in which
E. coli lysates are fractionated over Affi-gel Blue, hydroxy-
lapatite (HAP), and Mono-Q columns (42, 44). During the
purification, forms of RPA were monitored by immunob-
lotting (45). Like wild-type RPA, the deletion mutants
RPA70(113-441), RPA70(113-477), RPA70(169-441),

and RPA70(169-477) eluted in 1.5 M NaSCN from Affi-
gel Blue and at low (40 mM) potassium phosphate from
HAP. When these proteins were applied to a Mono-Q (HR5/
5) column (Pharmacia) equilibrated with HI buffer containing
14 mM KCl, none of them bound to the column; however,
most of the impurities were retained on the column. The
flow-through fractions for each protein were mixed 1:2 with
2 M sodium thiocyanate and loaded separately onto a 5 mL
HAP column equilibrated with HI buffer. The column was
washed sequentially with 15 mL each of HI buffer containing
0, 40, 80, and 100 mM potassium phosphate. Each DNA-
binding domain mutant bound to the column and was eluted
in HI buffer with ∼40 mM potassium phosphate. All
heterotrimeric aromatic mutants were purified in a manner
similar to wild-type RPA as described previously (42). The
elution profiles of the aromatic mutants were similar to wild-
type RPA. The RPA complex containing two cysteines
mutated in the putative zinc-finger motif [RPA‚70(Zn*)] was
purified as described above except that it was eluted from
Mono-Q in ∼200 mM KCl. Protein concentrations were
determined by Bradford assay using bovine serum albumin
as a standard (46).

Gel Mobility Shift Assays.Gel mobility shift assays were
performed as described previously with slight modifications
(24). Binding assays were carried out in 15µL binding
reactions in HI buffer containing in 1× FBB buffer [30 mM
HEPES (pH 7.8), 100 mM NaCl, 5 mM MgCl2, 0.5%
inositol, and 1 mM DTT]. Increasing amounts of RPA were
incubated with 2 fmol of radiolabeled oligonucleotides and
50 ng/µL BSA at 25°C for 20 min. Binding reactions were
brought to a final concentration of 4% glycerol and 0.01%
bromophenol blue and electrophoresed on 1% agarose gel
in 0.1× TAE at 100 V/cm for 1.5 h. The gels were then
dried on DE81 paper, and radioactive bands were visualized
by autoradiography. The radioactivity in each band was
quantitated using a Packard Instant Imager. The data were
analyzed by nonlinear least-squares fitting to the Langmuir
binding equation using Kaleidagraph (Abelbeck Software)
as described previously (25).

Enzyme-Linked Immunosorbent Assay (ELISA).ELISA to
examine interactions between purified proteins were carried
out as described previously (22, 47). The 96-well microtiter
plates were coated with 10 pmol of RPA or a RPA mutant
and incubated for 1 h at 25°C. Plates were washed 3 times
with phosphate-buffered saline (PBS) containing 0.2%
Tween-20 (all washes are 3 times with PBS+Tween). The
plates were then blocked with 5% milk in PBS for 10 min
at 25°C, washed, and incubated with the indicated amount
of either SV40 large T antigen, XPA protein, or BSA in PBS
with 5% milk for 1 h at 25°C. The plates were washed,
incubated with either anti-T antigen (419) (48) or anti-
polyHistidine (HIS-1; Sigma) antibodies in PBS with 5%
milk for 30 min at 25°C, and washed again. Antibody was
detected using anti-mouse IgG peroxidase conjugate (Sigma)
developed after incubation at 25°C in 0.8 mg/mL o-
phenylenediamine in 0.05 M phosphate-citrate buffer with
0.03% sodium perborate. OD450 was quantitated multiple
times between 20 and 60 min using a microtiter plate reader
to confirm the linearity of the assay and the consistency of
individual readings.

3966 Biochemistry, Vol. 38, No. 13, 1999 Walther et al.



RESULTS

Initial Characterization of Mutant Forms of RPA.Previous
mutational and structural analyses of RPA70 have shown
that there is a central DNA-binding domain between residues
169 and 441 (1). This domain contains two copies of a
ssDNA-binding motif that interacts directly with ssDNA (33).
The N-terminal binding motif also participates in RPA-
protein interactions (22). Two series of mutant forms of RPA
were generated to examine the specific role of the central
binding domain in RPA function. In the first series, various
combinations of conserved aromatic residues in the two
ssDNA-binding motifs were mutated to alanine (Figure 1A).
In the second series, the central DNA-binding domain was
expressed with various combinations of adjacent sequences
(Figure 1B). These two series will be referred to as the
aromatic residue mutants and DNA-binding domain polypep-
tides, respectively. In addition, a mutant form of RPA was
made in which two of the conserved (C500 and C503)
cysteine residues in the putative zinc-finger motif in RPA70
were mutated to serine [RPA‚70(Zn*); Figure 1A].

Each of the mutant forms of RPA70 was expressed inE.
coli, and their properties were examined. Full-length forms
of RPA70 were insoluble when expressed alone but became
partially soluble when expressed with wild-type RPA32 and
RPA14 (data not shown). In contrast, the DNA-binding
domain polypeptides were soluble when expressed alone in
E. coli (data not shown). [When sequences beyond residue
477 were expressed with the DNA-binding domain, e.g.,
RPA70(169-506), the polypeptides became insoluble (data
not shown).] These data are consistent with previous studies
which indicated that forms of RPA70 containing the C-
terminal domain of RPA70 were insoluble in the absence of
the two smaller subunits (43, 44).

All of the soluble mutant forms were purified to>95%
homogeneity (Figure 2) and characterized using a combina-
tion of glycerol gradient sedimentation and gel permeation
chromatography (data not shown). The hydrodynamic prop-
erties of the DNA-binding domain fragments indicated that
these proteins were monomers in solution. The hydrodynamic
parameters of aromatic residue mutants and RPA‚70(Zn*)
were equivalent to those of wild-type RPA, indicating that
all are stable heterotrimeric complexes in solution. The one
exception was RPA‚70(F238A,W361A) which had a Stokes
radius (55.8( 2.1 Å) slightly larger than wild-type RPA
(51.8 ( 1.4 Å).

ssDNA-Binding Properties of Mutant Forms of RPA.
Binding of the mutant forms of RPA to ssDNA was
examined by gel mobility shift assays (GMSA). In these
assays, a short oligonucleotide, (dT)30, was incubated with
a mutant form of RPA, and the protein-DNA complexes
were separated by gel electrophoresis. This assay has the
advantage of being able to detect binding over a wide range
of affinities. Initial studies were carried out to determine the
role of aromatic residues in RPA binding to ssDNA. Binding
isotherms for two double mutants, RPA‚70(F269A,F386A)
and RPA‚70(F238A,W361A), are shown in Figure 3A. RPA‚
70(F269A,F386A) and RPA‚70(F238A,W361A) had affini-
ties for ssDNA 1/10 ande1/500 that of wild-type RPA,
respectively (Figure 3A).2 The apparent association constants
determined in these experiments are summarized in Table
1. Because it was difficult to saturate binding with RPA‚

70(F238A,W361A), its association constant must be con-
sidered an upper limit of the true binding constant. The DNA-
binding activity of RPA complexes in which single aromatic
residues were mutated was also examined. RPA‚70(F269A)
and RPA‚70(F386A) had binding constants equivalent to
wild-type RPA (data not shown), and RPA‚70(F238A) and
RPA‚70(W361A) had binding constants one-third and one-
tenth that of wild-type RPA, respectively (Figure 3B, see
also Table 1). In the crystal structure of the central DNA-
binding domain, all four of these aromatic residues stack
with bases in the DNA. However, the modest changes
observed with most of the aromatic residue mutants dem-
onstrate that individually these residues are not essential for
ssDNA-binding activity. Furthermore, the reduction in ss-
DNA-binding activity observed with the double-mutant RPA‚
70(F238A,W361A) was much greater than that for any single
mutant alone or RPA‚70(F269A,F386A). This indicates that
residues F238 and W361 are not equivalent to F269 and F386
and that the presence of either F238 or W361 is sufficient
for high-affinity ssDNA-binding activity of RPA. These
studies also confirm that the central DNA-binding domain
is necessary for ssDNA-binding activity.

2 RPA‚70(F269A,F386A) has three amino acid changes: F269A,
F386A, and T270S. The conservative threonine to serine mutation was
made to simplify creation of this mutant form of RPA. Biochemical
analysis of RPA‚70(F269A,F386A) and RPA‚70(F269A,T270S) indi-
cated that the T270S had no detectable effect on RPA function.

FIGURE 2: Purified RPA‚70(Zn*), aromatic residue mutants, and
DNA-binding domain polypeptides. A 0.5-1 µg sample of RPA
or the indicated mutant was electrophoresed on an 8-14% SDS-
PAGE gel and visualized by staining with silver nitrate. Arrows
indicate the positions of RPA70 (70), RPA32 (32), and RPA14
(14). The minor band at 71-72 kDa visible in some lanes is anE.
coli protein contaminant. The positions of molecular mass standards
in kDa are indicated.
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To determine whether the central DNA-binding domain
of RPA70 is sufficient for RPA-binding activity, DNA-
binding domain polypeptides were assayed. Table 1 compares
the apparent association constants determined for these
mutant forms of RPA to those of selected deletions of
RPA70. (All forms of RPA are shown schematically in
Figure 1.) The DNA-binding domain polypeptides all had

reduced affinity for ssDNA; apparent association constants
ranged between 1/20 and 1/300 that of wild-type RPA. The
minimal DNA-binding domain mutant [RPA70(169-441)]
had the lowest affinity for ssDNA. [The only previous
analysis of the DNA-binding domain concluded that it had
a higher affinity for ssDNA than shown here. However, those
studies were carried out under stoichiometric binding condi-
tions which precluded the accurate determination of equi-
librium binding constants (49).] A drop in affinity was
observed between RPA70(113-477) and RPA70(169-477)
and between RPA70(113-441) and RPA70(169-441). This
indicated that residues 113-168 were important for optimal
binding of the DNA-binding domain. RPA70(113-441) had
a higher affinity for ssDNA that did RPA70(113-477) while
RPA70(168-441) and RPA70(168-477) had similar affini-
ties. This suggests that in some contexts, residues 442-477
can have a modest inhibitory effect on ssDNA binding. We
conclude that the central DNA-binding domain is necessary
and sufficient for ssDNA-binding activity but that additional
sequences are needed for optimal binding activity.

The putative zinc-finger domain also has a role in RPA-
DNA interactions. The apparent association constant for
RPA‚70(Zn*) was one-tenth that of wild-type RPA (Table
1). Previously, we have shown that deletion of the C-terminus
of RPA70 up to the boundary of the ssDNA-binding domain
(residue∼442) reduces the affinity of RPA by approximately
an order of magnitude (44; see also Table 1). Thus, mutation
of the putative zinc-finger motif had the same effect on
ssDNA binding as deletion of RPA32/14 and residues 442-
616 of RPA70. This suggests that the decrease in binding
affinity observed with RPA70∆C442 can be attributed to
the loss of the putative zinc finger and not to the loss of the
32- and 14-kDa subunits. We conclude that both the
sequences immediately preceding the central DNA-binding
domain (residues 113-168) and the putative zinc-finger
domain are needed for maximal binding of RPA to ssDNA.

Structural Analysis of Mutant Forms of RPA.Whenever
a mutation is made in a protein it is possible that the mutation
affects the structure of the protein, its function, or both.
Proteolytic enzymes directly interact with peptide bonds and
provide a means to directly probe the structure of a protein.
Therefore, we carried out partial proteolytic digestion of the
mutant RPA complexes to determine whether these mutations
caused significant changes in RPA structure. Previously, we
have shown that treatment of RPA with proteases results in
a limited and reproducible set of proteolytic fragments (45).
When similar analysis was carried out using RPA‚70-
(F269A,F386A) and RPA‚70(F238A,W361A), the initial
digestion products observed were similar to those observed
for wild-type RPA (Figure 4A). These data and the hydro-
dynamic analysis described above indicate that the global
structure of both double mutants is similar to that of wild
type. However, RPA‚70(F238A,W361A) was digested more
rapidly than either wild-type RPA or RPA‚70(F269A,-
F386A). This suggests that although mutation of F238 and
W361 does not disrupt the global structure of the complex,
it does cause a perturbation or destabilization of the RPA
structure. These results are consistent with the observation
that RPA‚70(F238A,W361A) has a slightly larger Stokes
radius than either wild-type RPA or RPA‚70(F269A,F386A).
When the single mutants RPA‚70(F238A) and RPA‚70-
(W361A) were subjected to proteolysis, they were found to

FIGURE 3: Binding isotherms for aromatic residue mutants. Binding
to (dT)30 was determined by GMSA. Binding data and best-fit
curves for (A) RPA, RPA‚70(F238A,W361A), and RPA‚
70(F269A,F386A); and (B) RPA, RPA‚70(F238A), and RPA‚
70(W361A) are as indicated. The binding constants determined are
summarized in Table 1. Multiple assays were performed, and
representative data are shown. Titrations do not end at zero because
of gel background.

Table 1: DNA-Binding Properties of RPA Mutantsa

form of RPA
Ka[(dT)30]

(×10-8 M-1)
relative binding,

Ka/Ka,wildtype

RPA 270( 40 (S) 1
RPA70∆C442 21( 8 0.08
RPA70∆C326 0.42( 0.04 0.002
RPA‚70(F238A,W361A) 0.66( 0.09 0.002
RPA‚70(F238A) 180( 27 0.67
RPA‚70(W361A) 43( 7 0.16
RPA‚70(F269A,F386A) 35( 8 0.13
RPA70(113-477) 4.4( 0.7 0.016
RPA70(113-441) 12( 2 0.044
RPA70(169-477) 1.1( 0.2 0.004
RPA70(169-441) 0.8( 0.2 0.003
RPA‚70(Zn*) 29( 9 0.11

a The average apparent association constant from multiple indepen-
dent titrations is shown; errors were calculated using the standard
formulation of determining propagation of individual errors obtained
during nonlinear least-squares fitting. (S), stoichiometric or near-
stoichiometric binding conditions.
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give a similar digestion pattern with rates of digestion
between those of wild-type and RPA‚70(F238A,W361A).
We conclude that aromatic residues F238 and W361 are
important for maintaining the structure of the high-affinity
DNA-binding domain. Mutation of either residue alone
causes a small perturbation of the structure (and ssDNA-
binding) while mutation of both residues causes a disruption
of structure that has major effects on RPA activity.

The mutant RPA‚70(Zn*) complex was also subjected to
a partial proteolysis using trypsin. In the absence of ssDNA,
the rate of digestion and the initial digestion products
observed with RPA‚70(Zn*) were similar to those of wild-
type RPA (data not shown). We have shown previously that
binding to ssDNA causes changes in the digestion pattern
of wild-type RPA: RPA70 becomes more resistant and
RPA32 becomes more sensitive to digestion. When RPA‚
70(Zn*) was incubated with ssDNA, similar changes were
observed except that the major sites of cleavage changed.
In the presence of ssDNA, wild-type RPA70 was rapidly
cleaved to yield∼52-kDa and∼18-kDa fragments which
were highly resistant to further digestion (Figure 4B). With
RPA‚70(Zn*), the∼52-kDa fragments were observed only
transiently, and instead a∼38-kDa trypsin-resistant fragment
was observed (Figure 4B). Also a ssDNA-dependent increase
in the sensitivity of RPA32 was not observed with the RPA‚
70(Zn*) complex (Figure 4B). The cleavage sites of RPA‚
70(Zn*) were mapped by immunoblotting as described
previously (45) (data not shown). This analysis indicated that
the initial cleavage of the 70-kDa subunit of RPA‚70(Zn*)
occurred near the N-terminus-generated∼52-kDa and∼18-
kDa fragments (as in wild type). The∼52-kDa fragment was
then rapidly digested to a 38-kDa fragment which was
resistant to further digestion. The position of this second
cleavage site is near the putative zinc-finger motif. We
conclude that mutation of the zinc-finger motif alters the
structure of the 70-kDa subunit near the site of the mutation.

SV40 Replication ActiVity. We determined the activity of
the mutant forms of RPA in SV40 replication. A series of
replication assays were performed under conditions where
DNA synthesis is absolutely dependent on both T antigen

and functional RPA (Figure 5). None of the DNA-binding
domain polypeptides were able to support SV40 replication
(data not shown). All aromatic residue mutants except RPA‚
70(F238A,W361A) were able to support replication (Figure
5). RPA‚70(F238A,W361A) has minimal ssDNA-binding
activity, so its inability to support significant levels of DNA
replication was not surprising. The other aromatic residue
mutants, RPA‚70(F269A,F386A), RPA‚70(F238A), and RPA‚
70(W361A), all had binding constants within 1 order of
magnitude of RPA yet had different activities in SV40 DNA
replication (Figure 5). Specific activities range from ap-

FIGURE 4: Partial proteolysis of specific RPA mutants. The indicated forms of RPA [wild-type RPA (RPA), RPA‚70(F269A,F386A),
RPA‚70(F269A,F386A), RPA‚70(Zn*)] were incubated with trypsin for the times indicated without DNA (A) or with 125 fmol of oligo-
(dT)30 (B; +DNA). Partial proteolysis was carried out as described previously (45). Briefly, 10 µg of the indicated RPA complex was
incubated with 50 ng of trypsin in 50µL of HI buffer at 37°C. At the times indicated, aliquots containing∼1 µg of protein were removed,
and proteolysis was terminated by boiling for 5 min in sample loading buffer. Proteolyzed products were separated on an 8-14% SDS-
polyacrylamide gel (SDS-PAGE) (62) and stained with silver nitrate (41). Lanes C contain undigested protein. The positions of the molecular
mass markers are shown on the left (in kDa). The positions of the subunits (arrows) and the molecular mass in kDa of the major proteolytic
fragments observed are indicated on the right. Representative digestions are shown. These results were confirmed in independent experiments.

FIGURE 5: Replication activity of mutant forms of RPA. SV40
replication assays were carried out as described previously (42, 63).
Cellular components necessary for SV40 replication were supplied
as either purified or partially purified proteins. Each replication
reaction contained 9.4µg of fraction CFII (containing DNA
polymerasesR and δ and RF-C), 4.2µg of fraction CFIBC
(containing proliferating cell nuclear antigen and protein phos-
phatase 2A), 1µg of T antigen, and 1 unit of topoisomerase I.
Wild-type or individual mutant forms of RPA were added as
indicated. The assays were incubated for 2 h at 37°C and the
picomoles of dNTP incorporated was quantitated by TCA precipita-
tion. Replication products were analyzed on agarose gels in
independent experiments and found to be identical with all forms
of RPA. DNA synthesis in the absence of added RPA was 0.8 pmol
and in the absence of T antigen (with 3 pmol of RPA) was 1.0
pmol.
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proximately 85% [RPA‚70(F269A,F386A)] to∼50% [RPA‚
70(W361A)] that of wild-type RPA at saturation. For these
mutant forms, replication activity did not directly correspond
to ssDNA-binding activity. RPA‚70(F238A) had the highest
affinity for ssDNA and intermediate replication activity. Also,
the replication activity of RPA‚70(W361A) was∼50% that
of RPA‚70(F269A,F386A); these two forms have identical
affinities for ssDNA. We conclude that while ssDNA-binding
activity is essential for replication, other activities of RPA
are also important for activity in replication. These conclu-
sions are supported by the analysis of RPA‚70(Zn*). RPA‚
70(Zn*) has an association constant that is equivalent to
RPA‚70(W361A) and RPA‚70(F269A,F386A) (one-tenth
that of wild-type RPA); however, it was defective in DNA
replication even when high levels of protein were used
(Figure 5). RPA‚70(Zn*) also did not inhibit DNA synthesis
when mixed with wild-type RPA (data not shown). We
conclude that while only minimally involved in ssDNA
binding, the zinc-finger motif is essential for activity in DNA
replication.

RPA Interactions with XPA and SV40 T Antigen.RPA-
protein interactions are believed to be important for RPA
function. Therefore, the mutant forms of RPA were analyzed
for their ability to interact with SV40 T antigen in ELISA
assays. SV40 T antigen is essential for the initiation of SV40
DNA replication (50). We found that both the DNA-binding
domain polypeptides and RPA‚70(Zn*) were able to interact
strongly with SV40 T antigen (Figure 6A,B). These results
were consistent with previous studies which mapped T

antigen interactions to the N-terminal half of the central
DNA-binding domain (1, 22) and indicated that mutation of
the putative zinc-finger domain does not perturb the structure
of this region of RPA. The aromatic residue mutants also
interacted well with T antigen except for RPA‚70(F238A,-
W361A) which interacted very weakly (Figure 6A). These
data support the conclusion that in this double mutation, the
structure of the DNA-binding/T antigen interaction domain
is partially disrupted. (Note that mutants with a single
aromatic residue change interacted with T antigen normally,
indicating that their structure is close to wild-type RPA.)

Interactions of these mutants with XPA were also exam-
ined. RPA-XPA interactions are thought to be important
in the damage recognition step of nucleotide excision repair
(1, 51-53). The mutant forms of RPA fell into three groups
based on their interactions with XPA: forms of RPA that
interacted at near-wild-type levels; those that interact with
intermediate affinity; and those that interacted weakly (near
background). The first group included the aromatic residue
mutants, RPA‚70(Zn*), and RPA‚32∆N33 which had the
N-terminal 33 residues of RPA32 deleted (Figure 6C,D, and
data not shown). The second group included a complex of
32- and 14-kDa subunits and N-terminal deletions of RPA70
in which amino acids up to residue 236 were deleted.
Selected members of this group are shown in Figure 6D.
The low-interacting group included C-terminal deletions of
RPA70, C-terminal deletions of RPA32, and all the DNA-
binding domain polypeptides (Figure 6D). These data are
summarized in Figure 1. These data suggest that two regions

FIGURE 6: Protein interactions of mutant forms of RPA as monitored by ELISA. Wild-type or the indicated mutant form of RPA was
immobilized on microtiter plates. Interactions with SV40 T antigen (A, B) or XPA (C, D) were then determined as described under Materials
and Methods. Data shown are from a 20 min incubation with substrate. Multiple assays were performed, and representative data are shown.
The absolute values varied between assays, but the relative signals for the different mutants were consistent. Lines corresponding to individual
forms of RPA are indicated in the figure. Solid lines indicate interactions similar to wild-type RPA, dotted lines indicate background with
bovine serum albumin (BSA), and dashed lines indicate intermediate interactions. SV40 large T antigen was purified as described previously
(22). Histidine-tagged XPA was purified fromE. coli as described previously (64). Either anti-T antigen or anti-polyhistidine antibodies
were used as primary antibodies.
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of RPA are involved in RPA-XPA interactions. The
C-terminus of RPA32 seems to be the primary interaction
site for XPA because deletion of 49-16 residues from the
N-terminus of RPA32 caused a dramatic reduction in XPA
interactions (Figure 6D, and data not shown). This domain
is not the only interaction site because RPA32‚14 and
deletions missing only regions of RPA70 (RPA‚70∆N382)
had reduced interactions with XPA. The finding that RPA‚
70∆N236 interacted at an intermediate level but RPA‚
70∆N382 interacted very poorly with XPA indicated that
the second interaction site includes residues∼236-382. This
second region does not seem to be sufficient for strong
interactions with XPA because the DNA-binding domain
polypeptides do not interact well with XPA. The regions of
RPA that interact with T antigen and XPA are shown
schematically in Figure 7.

DISCUSSION

We have shown that the central DNA-binding domain of
RPA70 is necessary and sufficient for ssDNA-binding
activity. However, this domain alone has an affinity for
ssDNA that is more than 2 orders of magnitude lower than
that of the heterotrimeric RPA complex [Table 1; see also
(33, 49)]. Maximal binding activity requires sequences
outside of the central DNA-binding domain (Figure 7). There
are two possible mechanisms by which adjacent sequences
could contribute to the affinity of RPA: direct interactions
with DNA or contributing to the stability of the structure of
the central DNA-binding domain. Our data support both
processes occurring. Residues 113-168 cause the binding
constant of the isolated central DNA-binding domain to
increase by approximately 1 order of magnitude (Table 1);
however, in the context of heterotrimeric RPA complex, these
residues do not affect the affinity of RPA (44). This suggests
that these residues have a structural role rather than directly
interacting with the DNA. In contrast, the putative zinc-finger
domain increases binding affinity by directly interacting with
the DNA (see below).

All known homologues of RPA70 possess an identical C4-
type putative zinc-finger motif near residue 500 (1). Previous
studies to define the role of this domain have been ambigu-
ous. In one set of studies, mutation of two of the conserved
cysteines inactivated RPA in SV40 DNA replication and base
excision repair but did not affect nucleotide excision repair
(36, 37). In contrast, a second laboratory found that a mutant,
in which the zinc-finger domain was deleted, was active in

DNA replication but not active in nucleotide excision repair
(38, 39). None of these studies quantitated the role of the
putative zinc-finger domain on ssDNA-binding activity. Our
data agree with the first set of studies (36, 37) and provide
a mechanistic basis for this defect in function. We found
that RPA containing mutations in the conserved cysteine
residues had an affinity for ssDNA that was an order of
magnitude lower than wild-type RPA and had a disruption
of the structure of the C-terminal domain of RPA70. These
changes were sufficient to cause a loss of activity in SV40
DNA replication but did not affect interactions with T antigen
and XPA. Our conclusions are supported and extended in
the accompanying paper which shows that the zinc-finger
motif directly interacts with DNA and that metal ions are
needed for function of the zinc-finger motif (54). In addition,
recent studies by Brill and Bastin-Shanower have shown that
the zinc-finger motif in the yeast homologue of RPA interacts
with ssDNA (55). The structural perturbation observed in
RPA‚70(Zn*) may explain the inconsistencies between the
previous studies of this domain. It is possible that deletion
of the domain is less disruptive than making point mutations.

The zinc-finger motif in RPA70 is essential for function.
However, the decrease in replication activity of RPA‚70-
(Zn*) is greater than predicted by the change in ssDNA-
binding activity (see Figure 5). In the accompanying paper,
we show that the zinc-finger domain directly interacts with
DNA (54). Thus, it is possible that these interactions are
essential for RPA function in DNA replication. Alternatively,
the perturbation of the structure caused by mutating the zinc-
finger motif could disrupt the structure of some other region
of RPA essential for function. The first hypothesis is
supported by hydrodynamic analysis and partial proteolysis
which showed that there were not large changes in the global
structure of RPA‚70(Zn*). Interestingly, the decreases in
ssDNA-binding affinity and replication activity observed with
the zinc-finger mutant are equivalent to the decrease observed
with RPA70∆C442 which lacks the C-terminal 175 residues
of the 70-kDa subunit (including the zinc-finger motif) and
the entire 32- and 14-kDa subunits. This suggests that the
major defect in RPA70∆C442 is caused by the loss of the
zinc-finger motif. It has been recently shown that a complex
of RPA32/14 binds weakly to ssDNA (27, 31). However,
the binding activity of RPA‚70(Zn*) is most consistent with
the 32- and 14-kDa subunits not contributing significantly
to ssDNA-binding affinity of the heterotrimeric complex.
Although, it is also possible that mutation of the zinc-finger
motif somehow prevents the normal function of the 32- and
14-kDa subunits.

The crystal structure of the high-affinity binding domain
bound to DNA suggested that both hydrophobic (base-
stacking) interactions and ionic interactions were contributing
to the stability of the RPA-DNA complex (33). Four
aromatic residues (F238, F269, W361, and F386) interact
with bases in the DNA. Mutant forms of RPA with mutations
in individual hydrophobic residues or the double mutant
RPA‚70(F269A,F386A) all had minimal changes in ssDNA-
binding activity; the binding constants for these mutants
ranged from one-tenth to equal to that of wild-type RPA. In
contrast, the double mutant RPA‚70(F238A,W361A) had a
binding constant that was 3 orders of magnitude lower than
wild-type RPA; however, its structure was partially disrupted.
Examination of the crystal structure of the central binding

FIGURE 7: Schematic showing protein interaction domains and
regions required for ssDNA binding. Functional domains are
indicated in the schematic: Zn, zinc-finger domain; S.I., subunit
interactions; P, phosphorylation/regulatory domain (1, 23). Hori-
zontal lines above the schematic indicate sites of protein interac-
tion: XPA and T antigen (Tag). Bars under the schematic indicate
regions required for high-affinity ssDNA binding: dashed bar,
probably contributes to the structure of the DNA-binding domain
(Structural?); solid bars, directly interacting with DNA. See text
for detailed discussion.
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domain indicated that residues F238 and W361 are closely
packed with other residues (i.e., partially “buried”) (33). In
contrast, the side chains of F269 and F386 both extend away
from other residues (33). These differences are consistent
with mutation of F238 and W361 causing a greater disruption
of the structure of the DNA-binding domain than mutation
of F269 and F386. The structural perturbation seen in RPA‚
70(F238A,W361A) makes it difficult to draw firm conclu-
sions about its mutant phenotype; however, it seems likely
that the change in structure contributes to its lower ssDNA-
binding activity. The other aromatic residue mutants suggest
that no one aromatic residue is essential for formation of
the RPA-DNA complex. Furthermore, these studies suggest
that ionic interactions, not base stacking, are responsible for
most of the energy of interaction between RPA and ssDNA.
This conclusion is consistent with the strong ionic depen-
dence of RPA binding to ssDNA (26, 56, 57) and also with
studies of other single-stranded-binding proteins that show
multiple ionic interactions (58, 59).

Philipova and co-workers identified four aromatic residues
in the yeast homologue of RPA70 which were conserved
between RPA homologues andE. coli single-stranded-
binding protein (34). Of these four residues, only two
correspond to residues that directly interact with DNA in
the crystal structure (equivalent to F238 and W361) (33).
Mutation of these residues resulted in cells that were not
viable. A simple explanation of this phenotype is that the
mutation caused a disruption in RPA structure and decreased
DNA-binding activity as observed in vitro (see above). While
this seems likely to be the case, it should be noticed that the
viability of single point mutations does not correlate directly
with the biochemical analysis of these studies. We found
that both single mutations had modest effects on DNA
binding and DNA replication. However, yeast cells are viable
when the residue corresponding to W361 was mutated but
not viable when the residue corresponding to F238 was
mutated. This discrepancy could be the result of the
mutations effecting processes in vivo that have not been
examined in vitro such as DNA repair or interactions with
other proteins such as DNA polymeraseR/primase. The latter
possibility is supported by F238 being located in a protein
interaction domain of RPA (22), making it likely that a
mutation of this residue would affect essential RPA-protein
interactions.

Mutant forms of RPA that had a significantly decreased
ssDNA-binding activity were unable to support DNA
replication. However, mutants with modest defects in ssDNA
had different activities in DNA replication. These results are
consistent with ssDNA-binding activity being necessary but
not sufficient for RPA function in replication and with other
activities of RPA being necessary [see also (1)].

These studies also confirm that the central DNA-binding
domain of RPA70 participates directly in protein-protein
interactions. Analysis of the interactions with XPA indicated
that there are two XPA interaction domains on RPA. The
first is near the C-terminus of RPA32, and the second is in
the central domain of RPA70 (Figure 7). [The first domain
as has been mapped previously (39, 52, 60).] XPA interaction
domains on RPA are thus overlapping with, but not identical
to, those for DNA polymeraseR (22). Previously it has been
shown that the N-terminal half of RPA70 interacts with
multiple proteins (22). It now appears that the C-terminal

domain of RPA32 is a second general protein interaction
domain which interacts with XPA, uracil-DNA glycosylase
(61), and possibly other proteins.
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