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Species-Specific Interactions with Single-Stranded DNA
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ABSTRACT. Replication protein A (RPA) is a multisubunit single-stranded DNA-binding (ssDNA) protein
that is required for cellular DNA metabolism. RPA homologues have been identified in all eukaryotes
examined. All homologues are heterotrimeric complexes with subunits7¢f, ~32, and~14 kDa.

While RPA homologues are evolutionarily conserved, they are not functionally equivalent. To gain a
better understanding of the functional differences between RPA homologues, we analyzed the DNA-
binding parameters of RPA from human cells and the budding y&astharomyces cerisiae (hRPA

and scRPA, respectively). Both yeast and human RPA bind ssDNA with high affinity and low
cooperativity. However, scRPA has a larger occluded binding site (45 nucleotides versus 34 nucleotides)
and a higher affinity for oligothymidine than hRPA. Mutant forms of hRPA and scRPA containing the
high-affinity DNA-binding domain from the 70-kDa subunit had nearly identical DNA binding properties.

In contrast, subcomplexes of the 32- and 14-kDa subunits from both yeast and human RPA had weak
ssDNA binding activity. However, the binding constants for the yeast and human subcomplexes were 3
and greater than 6 orders of magnitude lower than those for the RPA heterotrimer, respectively. We
conclude that differences in the activity of the 32- and 14-kDa subunits of RPA are responsible for variations
in the ssDNA-binding properties of scRPA and hRPA. These data also indicate that hRPA and scRPA
have different modes of binding to ssDNA, which may contribute to the functional disparities between
the two proteins.

Replication protein A (RPA)was originally purified asa  mutants and subcomplexes of RPA are not active in DNA
single-stranded DNA-binding protein essential for SV40 replication @, 9), and genetic studies iBaccharomyces
DNA replication ((—3). Subsequently, RPA was shown to cerevisiae have shown that all three genes are essential for
be required for multiple processes in cellular DNA metabo- viability (10, 11). Furthermore, point mutations or other
lism including DNA replication, DNA repair, and recombi- small changes in any of the three genes for RPA can cause
nation (see refl for general review). RPA may also have defects in DNA metabolism in vivo5( 12—18).

r_oles in the regulation of gene expression and _the coordina-  The 70-kDa subunit of RPA (RPA70) has an intrinsic high-
tion of the cell cycle4—7). Human RPA (hRPA)is a stable, affinity ssDNA-binding activity and specifically interacts
heterotrimeric complex composed of 70-, 32-, and 14-kDa with multiple other proteins4 9, 37). This subunit has been
subunits 2, 3). Homologous heterotrimeric single-stranded  studied extensively and its structural and functional domains
DNA-binding proteins have been identified in all eukaryotes have been mapped. Itis composed of an N-terminal domain
examined (reviewed in refd and 8). Several lines of (residues~1—170) that participates in proteirprotein
evidence indicate that all of the subunits are required for interactions, a central DNA binding domain (residaes70—
RPA function: biochemical studies have shown that deletion 450) that can also participate in proteiprotein interactions
and a C-terminal domain (residues450-616) that is
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tion protein A holoenzyme; scRP/&accharomyces carisiae replica- Defining the function of the 32- and 14-kDa subunits of

tion protein A holoenzyme; hRPA3P4, complex of 32-kDa and 14- .
kDa subunits of human replication protein A; sSCRPABR complex RPA (RPA32 and RPA14, respectively) has been more

of 32-kDa and 14-kDa subunits Sccharomyces cerisiaereplication elusive. These subunits form a soluble complex (RPA32
protein A; RPA70, 70-kDa subunit of replication protein A; RPA32,  14) that has been implicated in the formation of the RPA

32-kDa subunit of replication protein A; RPA14, 14-kDa subunit of i~ i i ;
replication protein A; ssDNA, single-stranded DNA; DTT, dithiothrei- complex @6, 27). RPA32 participates in specific protein

tol; GMSA, gel mobility shift assay; SDSPAGE, sodium dodecyl protein interactions4, 7, .28-_ 29) and has been shown to be
sulfate-polyacrylamide gel electrophoresis; nt, nucleotide. phosphorylated upon binding to ssDNA, 6, 20, 30—33).
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Recent studies indicate that phosphorylation modulateslowa DNA Core Facility. Escherichia coliexpression strain

RPA—protein interactions (K. A. Braun, unpublished). Thus,

RPA32 appears to have a role in regulating RPA function.

BL21 (DE3) cells were from W. Studieb68). A 100 mM
stock solution of isopropy#-p-thiogalactopyranoside (IPTG;

It was originally proposed, on the basis of sequence Research Products International) was used. Buffers used
homology, that both the 32- and 14-kDa subunits could were HI buffer [30 mM HEPES (diluted fro a 1 M stock

interact with ssSDNA 15). While initial studies of an isolated
hRPA3214 subcomplex detected no ssDNA-binding activity

at pH 7.8), 0.25 mM EDTA, 0.5% (w/v) inositol, and 0.01%
(v/v) NP40] and filter binding buffer [30 mM HEPES

(26), subsequent studies in several laboratories have showr(diluted from a 1 Mstock, pH 7.8), 5 mM MgGl 100 mM

that RPA32 can interact with ssDNA4—36).

All RPA homologues bind with high affinity to ssSDNA
(4) and participate in specific protetrprotein interactions
(4, 37). However, RPA homologues are not functionally

NacCl, 0.5% inositol (w/v), and 1 mM dithiothreitol].

DNA Methods. Restriction endonucleases and Klenow
fragment were used according to the manufacturers’ recom-
mendations. Oligonucleotides were radiolabeled wyitfP]-

equivalent. The coding sequences of the subunits of humanATP using polynucleotide kinasé&). Polymerase chain
RPA cannot complement a null mutation of the homologous reactions (PCR) were performed with Vent DNA polymerase

yeast genel(0, 11). In vitro, human, bovine, anBrosophila
melanogasteRPA can support SV40 DNA replicatior2,(

3, 38—40), while the homologues from yeast or trypano-
somes cannotd0—43). In addition, the ability to support
SV40 replication is highly correlated with the ability of the
homologue to participate in specific interactions with SV40
large T antigen and DNA polymerase (37—40, 44, 45).

(New England Biolabs) in a DNA thermal cycler (Perkin-
Elmer). DNA amplification conditions were 30 cycles of
94 °C for 1 min, 45°C for 1 min, and 72C for 3 min. PCR
products and DNA fragments were isolated from 1% FAE
agarose gels with a Geneclean Il kit (BIO 101, La Jolla, CA)
according to the manufacturer’s specifications. Ligation
reactions and transformations were according to Ausubel et

These data have been interpreted to indicate that speciesal- (69). Recombinant plasmids were transformed i&to

specific RPA-protein interactions are essential for RPA
function in DNA replication; however, the role of these
specific interactions in DNA replication is not knowB87%

K. A. Braun, unpublished data).

The binding properties of hRPA and scRPA have been

examined in detail46—49). Initial analyses showed that
both homologues had a much higher affinity for sSDNA than

coli DH5a. cells and isolated by the boiling lysis method
(59). DNA sequencing was performed on an Applied
Biosystems 373A automatic DNA sequencer at the DNA
Core Facility at the University of lowa.

Protein Methods.Protein concentrations were determined
by Bradford assay (Bio-Rad) with bovine serum albumin as
a standard. Extinction coefficients of purified hRPA (92.2

double-stranded DNA and both showed a preference for X 10° M~ cm™) and scRPA (98.5< 10° M"* cm™) were

binding pyrimidine residuedig, 50, 51). hRPA was shown
to have an occluded binding site size~680 nt and bound
ssDNA with low cooperativity = ~10—20) (46—48, 52,

determined using the method of Edelhoéi®,(61). Purity
of protein fractions was determined by SBBAGE on
8—14% gradient gels as described previous?g)( Gels

53). [Similar binding parameters have also been observed Were either stained with coomassie blue or with silver nitrate

for RPA homologues frond. melanogasteandBos taurus
(54-56).] In contrast, scRPA was initially shown to have
an occluded binding site of 90100 nt and to bind with very
high cooperativity ¢ = 10°*~10°) (49). Recently, an

(59

Plasmid Construction We have described the construction
of a plasmid vector containing all three subunits of human
RPA previously 26). A similar plasmid was made contain-

independent study reported the occluded binding site of iNg the genes for the three subunits of scRPA. pJM114,

ScRPA to be between 20 and 30 Bf).

We have characterized the DNA-binding properties of
hRPA and scRPA under uniform conditions. We find that
the DNA-binding properties of scRPA are significantly
different from those of hRPA: scRPA has an occluded
binding site 30% larger and an affinity for oligothymidine
5-fold higher than hRPA. We find no evidence for a 90 nt,
highly cooperative binding mode for sScRPA. By examining

subcomplexes from human and yeast RPA, we show that
the 32- and 14-kDa subunits are probably responsible for
the differences in binding properties observed between the
two RPA homologues. These studies indicate that SCRPA

and hRPA have different modes of binding to ssDNA and
that this may contribute to their differences in function.

EXPERIMENTAL PROCEDURES

Materials. Restriction endonucleases, Vent DNA poly-

pJM223, and pJM320, containing the wild-type RFAL, RFA2
(without intron), and RFA3 genes, respectively, were ob-
tained from Dr. Steven BrillX1). RFAL1 and RFA3 genes
were amplified by PCR so thatcd and BanH| or BanHl
restriction sites were introduced at theds 3 ends of the
genes, respectively. The primers used were as follows, with
nucleotide base changes introduced indicated by under-
lines: RFAL1 5 TATGGATCCAAGCCATGGGCAGTGT-
TCAA 3'; 5 ACAATCGAATTACCTAGGTTA 3'; RFA3

5 CAAGGATCCATGGCCAGCGAA 3,5 TACTACTAT-
CATCCTAGGCAG 3. The RFA1l and RFA 3 gene
products were isolated, digested witlcd and BarHI, and
individually ligated into pET-11d digested witNcd and
BanHl to generate plasmids plld-scRPA70 and plld-
scRPA14, respectively. plld-scRPA14 was digested with
BanHl| and the fragment containing the ShinBalgarno
sequence and the scRPA14 gene was ligated into pUC18
digested withBanHI to yield pSD-scRPA14. Th8anHI

merase, primers used in PCR, and polynucleotide kinase werdragment of pSD-scRPA14 containing the scRPA14 gene was
purchased from New England Biolabs or Life Technologies, ligated to pJM223 (pET-11a containing the RFA2 gene)
Inc. [y-32P]JATP (>5000 Ci/mmol) was purchased from digested withBanHI to produce plla-RPAsc30/scl4. A
Amersham. Oligonucleotides were obtained from The Bglll—Clal fragment from plla-RPAsc30/sc14 containing
Midland Certified Reagent Company or the University of the genes for the two smaller subunits of sScRPA was isolated
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5) column (Pharmacia) that had been equilibrated in HI buffer

to generate plld-tscRPA. This plasmid contained all three containing 100 mM KCI. The column was washed sequen-
genes for the subunits of scRPA under the control of the T7 tially with 2 mL each of HI buffer containing 100 and 200

promoter with each gene having a Shirigalgarno sequence
upstream of the start codon.

mM KCI, respectively, before elution with a 10 mL linear
salt gradient from 200 to 400 mM KCIl. Two peaks of

A plasmid capable of expressing the first 442 amino acids protein were obtained: purified scRPA32 subcomplex
of scRPA70 was generated by PCR using the scRPA70eluted at~210 mM KCI and purified scRPA heterotrimer

cDNA at a template. The N-terminal primer was the same
as described above for scRPA70. Similarly, a C-terminal

eluted at~250 mM KCI. Final yields for scRPA and
scRPA3214 are~1 mg and~0.2 mg/L of culture, respec-

primer was designed with nucleotide base changes thattively. Throughout the purification procedure, the presence
created two stop codons starting at residue 443 followed by of scRPA was monitored by SD%olyacrylamide gel

a Hindlll restriction site. The C-terminal primer used to
amplify the specific region of scRPA70 is shown below with
base changes indicated by underlines:C3GAAGCTT-
TCATTATGTTAAGCT 3. The truncated scRPA70 gene
produced by PCR was digested witltd and Hindlll and
ligated to pET-11d vector that had been digested Witll
andHindlIll. The resulting plasmid, plld-RPA70442—-623,
containing the coding sequence for scRPA%@2—623
(SCRPA7@A\C442) under the control of the T7 promoter was
isolated and confirmed by DNA sequencing.

electrophoresis followed by staining with silver nitrate.
Purification of ScRPA7QC442. Cells were transformed
with p11d-scRPA708442—-621, induced, and lysed as de-
scribed previously 26). Purification of recombinant
SCRPA7A\C442 was similar to the protocol described for
hRPA7MC442 @1) with the following exceptions. Soluble
lysates fron 2 L of aninduced culture was applied to a 25-
mL Affi-Gel Blue (Bio-Rad) column equilibrated with HI
buffer containing 80 mM KCI. The column was washed
sequentially with 90 mL each of HI buffer containing 80

A plasmid capable of expressing RPA14 and the central mM KCI, 800 mM KCI, 0.5 M NaSCN, and 1.5 M NaSCN.

domain of hRPA32, residues 4371, was made. p3d-

Partially purified sScRPA7QRC442 protein eluted in the 1.5

RPA14/32, which contains the coding sequences for hRPA14M NaSCN wash. These fractions were pooled and applied

and hRPA32 gene®6), was used as a template for a PCR
reaction using 5 AAATCAGGATCCATGGCCCAGCA-
CATTGTG 3 and 83 GGGCTGAAGCTTTCATTTGCT-
TAGTAC 3 as the N- and C-terminal primers, respectively.

to a 7-mL hydroxylapatite (Calbiochem) column that had
been equilibrated in HI buffer with 1.5 M NaSCN. The
column was washed with HI buffer followed by elution with
a 70-mL linear salt gradient from 0 to 250 mM potassium

This produced a truncated form of hRPA32 containing amino phosphate in HI buffer. Highly purified SCRPAZE442
acids 43-171. Base pair changes (indicated by underlines protein eluted as a single peak @200 mM potassium

in the primers) in the N-terminal primer creatBdnHI| and

phosphate. This protein migrated as a single band on an

Ncd restriction sites and an ATG start codon, and changes SDS—polyacrylamide gel stained with silver nitrate (data not

in the C-terminal primer introduced a stop codon followed
by aHindlIl restriction site. The full-length hRPA32 coding

shown).
Purification of hRPA32(43171)y14. Cells were trans-

sequence was removed from p3d-RPA14/32 by digestion formed with p3d-hRPA182(43-171), induced, and lysed

with BanHI and Hindlll, and theBanH|—HindllI-digested
vector was ligated to the PCR amplified RPA32(431)
fragment that had also been digested wighrmHI and
Hindlll. The resulting plasmid, p3d-RPA132(43-171),
contains the hRPA14 and hRPA32(4B71) coding se-

as described previously2§). Protein was monitored by
Western blotting. Soluble lysates fro2 L of induced
culture (185 mg of total protein) were separated on an Affi-
Gel Blue (Bio-Rad) column as described above. The peak
of hARPA1432(43-171) protein {38 mg) eluted in the 800

quences. The sequence of this vector was confirmed bymM KCI wash (60 mL). These fractions were pooled and

DNA sequencing.

Protein Purification. hRPA, hRPA7AC442, and hRPA32
14 were purified as described previousBi,26).

Purification of sScRPA.p11d-tscRPA was transformed into
E. coliexpression strain BL21(DE3) cells§) as described
previously £6). Recombinant scRPA protein was purified
as described previously for hRPAR®). All steps were
carried out at £C. The soluble fraction (280.6 mg) from 2
L of induced culture was applied to a 50 mL Affi-Gel Blue
(Bio-Rad) column that was equilibrated in HI buffer contain-
ing 80 mM KCI. The column was washed successively with
150 mL each of HI buffer containing 80 mM KCI, 800 mM
KCI, 0.5 M NaSCN, and 1.5 M NaSCN. Partially purified
SCRPA protein (39.6 mg) eluted in the 1.5 M NaSCN wash.
These fractions were pooled and applied to a 10 mL
hydroxylapatite (Calbiochem) column that was equilibrated
in HI buffer. The hydroxylapatite column was successively
washed in HI buffer containing 0, 80, and 500 mM potassium
phosphate (pH 7.5). Fractions collected during the 80 mM

applied to a 7-mL hydroxylapatite column equilibrated with
HI buffer. After the column was washed with 3 column
volumes of HI buffer, a 70-mL linear gradient was developed
containing 6-250 mM potassium phosphate. A single peak
at 75 mM potassium phospate contained partially purified
protein (~15 mg). (NH,).SO, (2 M) was added to 7 mg of
the partially purified protein to give a final concentration of
1.7 M. This protein fraction was applied to a phenyl-
Superose HR5/5 column (Pharmacia) that had been equili-
brated in 1.7 M (NH),SO,. The column was washed with
3 column volumes of 1.7 M (NSO, before a 20 column
volume linear gradient from 1.70t0 M (NH4),SO, was
developed. The protein eluteda0.1 M (NH,).SO,. These
fractions were pooled (1.5 mL) and applied to a Mono-Q
HR5/5 column (Pharmacia) that was equilibrated in 50 mM
KCI. A single peak of protein corresponding to hRPA32-
(core)14, eluted in the 50 mM KCI wash and contained 0.75
mg of protein.

Analytical Ultracentrifugation. To determine the state of

potassium phosphate wash contained scRPA. These fractionself-association of human and yeast RPA and the mutant

were pooled (6 mg) and applied & 1 mLMono-Q (HR5/

SCRPA7@A\C442 under low (0.1 M) and high (1.5 M) salt
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cqnditions, sedimentation eqL_JiIibrium studie_s were conducted T e 1: Molecular Mass of Forms of RPA in Solution
with a Beckman XL-I analytical ultracentrifuge (Beckman
Instruments, Inc., Fullerton, CA) at 2& with six-channel

solution molecular mass (kDa)

equilibrium centerpieces following general procedures de- RPA 7;nC442
scribed by Laue@g2). species 0.1M 1.5M 0.1M 1.5M
Purified RPA and scRPAZ0C442 were extensively human 115£3.0  123+9.9

dialyzed against a 10-fold greater volume of filter binding _S: cereisiae 101+ 7.4 96+88 37£19 39+17
buffer with either 0.01% Tween 20 or 1.5 M NaCl/0.01%

Tween 20. Proteins were then diluted to concentrations Simultaneously irE. coli, a soluble heterotrimeric complex
between 0.125 and 0.5 mg/mL in the appropriate dialysis was produced (data not shown). The properties of sScRPA
buffer prior to ultracentrifugation. during purification were identical to those of hRPA (see

Sedimentation of all samples was monitored by absorbanceExperimental Procedures and &#) with the exception that
at 280 nm. Multiple concentrations of each protein were Mono-Q chromatography yielded two protein peaks. One

centrifuged at 8000, 10 000, and 14 000 rpm until equilibrium Was heterotrimeric sScRPA an_d the second was a subcomplex
was established (184 h.). Baseline absorbance was ©Of SCRPA3214. Both fractions were homogeneous as

subsequently determined by meniscus depletion of the sampledetermined by SDSPAGE followed by staining with silver

at 50 000 rpm for 2 h. The reduced apparent molecular mass(data not shown). Partial proteolysis of the sScRPA complex
(0; 62) was resolved by fitting the data from all samples demonstrated that its protease-sensitive sites and the kinetics

globally using nonlinear least-squares analysis (WinNonlin Of digestion were similar to those of hRPA (data not shown;

Version 1.03 by Yphantis and Lary; see 68). In fitting see also reR0). This suggests that the general structures of
the data to a model describing a single ideal species inSCRPA and hRPA are similar.

solution, InC, o ando were allowed to vary and the natural It has been reported previously that RPA can aggregate
logarithms of the association constants Kl In Ks, In Ka, at high protein concentrationd) or in buffers of high ionic

and InKs) were fixed to—1.00 x 10% N,, N3, N4, andNs strength §4). Since aggregation will perturb the analysis
were fixed at 2, 3, 4, and 6, respectively; @das fixed at of _blndlng data, we identified solu_tlp_n conditions und_er
0. Multiple criteria reported by NONLING4) were used whlch Nno aggregation occurred._ An |n|t_|al screen of solution
for evaluating goodness-of-fit of the data to the model. conditions was carried out by incubating hRPA or scRPA
These error statistics included (a) the value of the square@t 25°C and then subjecting the RPA to centrifugation in a
root of variance, (b) the values of asymmetric 65% confi- Microcentrifuge (1000§ 5 min). A decrease in RPA
dence intervals, (c) the systematic trends in the distribution concentration monitored by intrinsic RPA fluorescence or
of residuals, (d) the magnitude of the span of residuals, andYV absorbanceA = 280 nm) indicated aggregation. When
(e) the absolute value of elements of the correlation matrix. 0-01% Tween 20 was added to standard buffers, no loss of
Fluorescence TitrationsFluorescence studies were per- <PA Was observed at a variety of protein concentrations
formed on an SLM 4800C spectrofluorometer. Forms of .(43_20.0 nM and 5u4M) even after seve_ral hours of
RPA were titrated with oligonucleotides as indicated and incubation at 25C (data not shown). To <_:0nf|rm these data
changes in the intrinsic protein fluorescence were monitored and to dete”f”'”e whether these conditions had any effect
as described previousiT, 48). All assays were carried " the solution state of hRPA or scRPA, the solution

out in filter binding buffer containing 0.01% Tween 20 and mdecu'ar mass was de_tgrmined by equilibrium sedimenta-
the indicated concentration of NaCl. Protein samples were 10 Under these conditions, both hRPA and scRPA were

excited at 292 nm and emission was monitored at 346 nm. Present in solution as single species with masses consistent
Photobleaching under these conditions was less than 2%. ThéN'th_ 111 _heterotnmers (Tab!e 1). In addition, velo_C|ty
decrease in intrinsic fluorescent signal or quenching was sedimentation and gel-permeation chromatography confirmed

calculated as the absolute change in signal normalized b that recombinant scRPA had hydrodynamic parametrs (

the initial fluorescence in the absence of DNA and corrected _ 5.5+ 1.5, Stokes radius 47 + 2 A, calculated molecular

for dilution effects 65). The protein concentration of mass— 108 kDa) similar to those published for the native

i 0
samples used was initially determined by Bradford assay and?_nzyme;(?)'b \i\r/]e rt]:er;CAIudedthat ;{”P'i‘e preiertme tOf 0.01%
confirmed by UV spectroscopy. The concentration of active ' V€N 0 and sc are heterotrimers in
protein was experimentally determined for each reverse SPlution and that under these conditions no aggregation
titration with a (dT)o substrate, and the percent quenching °¢CU’s-

: : General Binding Properties of scRPARreviously it has
was plotted versus DNA/RPA ratio (mol/mol) as described L
previously @1). Analysis of equilibrium binding experi- been shown that binding of both human and yeast RPA to

ments was carried out as described previoudly, @8). SSDNA can be examined in gel mobility Shift assays (GMSA)
Briefly, binding data were fit to the Langmuir equation (46). The number of complexes formed with an oligonucle-

[converted to a function of total active RPA and total DNA otide will depend on the affinity of the protein for the

; . . : . oligonucleotide and the occluded binding site size of the
Eig)]elg)églfgg}tevsgrlsfﬁ squares fitting using KaleidaGraph protein. Oligothymidine, 30 nucleotides in length [(&d)

was titrated with either hRPA or scRPA and the resulting
RESULTS complexes were analyzed on an agarose gel. With both
proteins only a single band with altered mobility was
Characterization of Recombinant scRPAs has been  observed and similar concentrations of each protein were
observed previously with several RPA homologuEs 26, needed to produce an RPAsSDNA complex (Figure 1A).
66), when the three subunits of scRPA were expressedWhen similar assays were carried out with (gJ)two
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Ficure 1: Gel mobility shift assay of hRPA and scRPA protein using radiolabeled oligonucleotides. Binding reactiqrls) (@&re

carried out with the indicated amounts of hRPA or scRPA protein in filter binding buffer. The protein was incubatetCao220 min

with 2 fmol of radiolabeled (A) (dTa or (B) (dT)so. The reaction mixtures were separated on a 1% agarose gebinioid acetate/EDTA

(TAE) running buffer and analyzed as described in Experimental Procedures. The position of the shifted complexes and free oligonucleotide
DNA are indicated. (C) Radioactivity present in free DNA and protddNA complexes in the gels shown in panels A and B was quantitated

and the ratio of free DNA to total DNA was determined. These data were then plotted and fit to the Langmuir binding equation. Binding
constants determined are shown in TableC3.4cRPA with (dT)o; (&) hRPA with (dTyo; (4) SCRPA with (dT}e; (V) hRPA with (dTo.

Solid lines indicate best-fit curves. Span and minimum of data from hRPA withhd@i&s normalized to the other three data sets.

complexes with slower mobility were observed as increasing Binding to a 295 nt oligonucleotide was also examined. Both
amounts of hRPA bound (Figure 1B). These two complexes hRPA and scRPA formed multiple complexes with the 295
represent singly and doubly liganded DNA, and their nt oligonucleotide (Figure 2). The overall pattern of
formation is consistent with the 30 nt occluded binding site complexes observed with sScRPA was similar but not identical
observed previously for hRPA47). In contrast, when tothat of hRPA. This would not be the case if the occluded
scRPA was incubated with (dgg) only one shifted band with  binding site sizes of hRPA and scRPA were 30 and 90 nt,
altered mobility was seen (Figure 1B). Similar results were respectively. The data shown in Figure 2 also provided
observed at 10 times higher concentrations of scRPA (datainformation about the cooperativity of binding of scRPA.
not shown). When binding to (dfg)was examined, up to In the titrations shown in Figure 2, multiple partially saturated
three complexes with altered mobility were observed with complexes with intermediate mobility were observed. How-
hRPA while a maximum of two complexes were observed ever, if SCRPA bound ssDNA with high cooperativity as
with scRPA (data not shown; see also 48). These data initially reported @9), only free and fully saturated DNA
suggested that hRPA and scRPA have different occludedshould have been observe@7). These data indicate that
binding site sizes. However, these data were not consistentscRPA binds with a cooperativity similar to that of hRPA.
with an occluded binding site of 90100 nt as reported  Similar patters were also observed when binding of hRPA
previously for scRPA49). If this were the case, multiple  or scRPA to M13 ssDNA was examined (data not shown).
complexes should not have been observed with 4dT) Preliminary quantitative analysis also indicated that the
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geqe g L9« The data from GMSA titrations shown in Figure 1A,B
fmol o 2 5285 ocroes

was quantitated and apparent binding constants were deter-
origin origin mined by fitting the resulting binding isotherms to the
Langmuir equation (see Figure 1C). Binding constants were
also determined for both homologues of RPA using several
oligonucleotides of lengths approximately equal to the
_ — occluded binding site size (Table 3). When hRPA or scRPA
= = - bound to (dTjo, (dT)se, Or an oligonucleotide of mixed
Free DNA—- itk = -— «Free DNA sequence [(dGACT)], both RPA homologues had apparent
association constants of approximately £.00'°°M~* (Table
3). Since the DNA concentration used in these assagsi(
. y Gel b"‘l'FtkpAh'ft f;"::: 4 SeRPA Usin | nM) is approximately equal to the apparent association
IGURE Z: el moDpility snift assay o and sc using ion indi i ichi
ssDNA. A 295 bp frZ\gment co%/taining thdindlll —SpH svgo ? constant, binding was probably occurring under stoichio-
origin DNA was amplified by PCR from pUGISO (73) using M13 metric and not gql_uhbnum conditions. This means that the_se_
forward and reverse primers. The resulting DNA fragment was apparent association constants must be considered lower limit
isolated using a GenElute agarose spin column, treated with calf estimates of the true equilibrium binding constants.
intestinal phosphatase, and radiolabeled using polynucleotide kinase. To obtain equilibrium binding constants for hRPA and
The radiolabeled fragment (1 fmol) was denatured at"@Chilled SCRPA, binding was also quantitated by fluorescence quench-

to 0°C, and mixed with the indicated amounts of hRPA or scRPA. . ; T
After incubation at 25C for 20 min, the reaction mixtures were  N9- Previous studies have shown that the intrinsic fluores-

separated on a 1% agarose gel inx0Tris acetate/EDTA (TAE)  cence of both hRPA and scRPA is decreased (quenched)
running buffer and analyzed as described in Experimental Proce-when bound to ssDNAA4(7, 48; see also reb5). Fluores-
dures. The pOSitiOﬂ of the gel Origin. (Or|g|n), shifted Complexes cence quenchlng d”'ectly monrtors blnd”’]g, and because no
(dashes), and free DNA (arrow) are indicated. electrophoresis is required, the ionic strength present can be
increased so that binding occurs under equilibrium conditions
(65, 68). Thus, while binding constants obtained from

Table 2: Occluded Binding Site Size of RPA and RPATMN42

site sizé (nt) fluorescence studies cannot be directly compared to those
species RPA RPA78CA442 obtained in GMSA because of differences in ionic strength
human 34+ 4 30+ 5 between the assays, the relative binding affinities from both
S. cereisiae 45+ 3 31+3 assays can be compared and should be consistent (see also
aCalculations were carried out as described in Experimental '€f 9). To ensure that the solution structure of RPA was
Procedures. not changed by the high ionic strength used in fluorescence

assays, the solution structure of both homologues was
cooperativity parameters of hRPA and scRPA are very determined in the presence of 1.5 M NaCl by equilibrium
similar and of low magnitude (data not shown). We centrifugation (Table 1). Neither aggregation nor multim-
conclude that scRPA binds to ssDNA with low cooperativity erization was observed; both proteins remained heterotrimeric
and with an occluded binding site that is greater than that of at 1.5 M NacCl.
hRPA but much less than 90 nt. Titrations of hRPA and scRPA were carried out with
Quantitation of scRPA Binding Parameterso reconcile various oligonucleotides and the changes in fluorescence
the inconsistencies between published binding properties ofmonitored. lonic strength was varied until equilibrium
scRPA @9, 57) and those described above, a quantitative binding was observed. Representative titrations with {¢IT)
comparison of yeast and human RPA was carried out. Bothare shown for both homologues in Figure 3. Binding
hRPA and scRPA have an intrinsic fluorescence that constants were determined for hRPA and scRPA. scRPA
decreases upon binding to ssDN#7(-49). When RPA is had an association constant at least 5 times higher than that
titrated with long ssDNA under stoichiometric binding of hRPA with both (dTj,and (dT), (Table 4). The affinity
conditions, saturation occurs when all of the protein is of SCRPA for oligonucleotides of mixed sequence was 2
complexed with DNA. Thus, the saturation point is diag- times higher than that of hRPA, while hRPA and scRPA
nostic of the occluded binding site size. A series of reverse had similar affinities for (dAg (Table 4). We conclude that
titrations were carried out with hRPA or scRPA binding to scRPA has a higher affinity for oligothymidine than does
poly(dT) under low-salt (stoichiometric binding) conditions. hRPA.
The occluded binding site determined for hRPA was 34 nt  Comparison of the High-Affinity sSSDNA-Binding Domain
(Table 2); this value is in agreement with previous studies of Yeast and Human RPALhe experiments described above
of hRPA (46, 47) and quantitative studies @frosophilaand indicate that yeast and human RPA have different ssSDNA
bovine RPA homologueshd, 56). In contrast, under the  binding properties. To determine the region(s) of RPA
same conditions the occluded binding site size of sScRPA wasresponsible for causing these different binding properties,
45 nt, 30% larger (Table 2). [Note the occluded binding we examined the DNA binding of fragments of RPA70 that
site of a protein reflects the number of nucleotides that are contain the high-affinity sSSDNA binding domain. The high-
covered when it binds to DNA. This parameter does not affinity sSSDNA-binding domain is localized to the central
provide any information about the number of nucleotides domain of RPA70 in both human and yeast RPA1{, 69).
that are interacting with RPA (the interaction site). Previous Previously we have shown that a fragment of hRPA70 made
studies indicate that the high-affinity DNA-binding domain up of residues 4441 (hRPA7@AC442) is a monomer in
of RPA is the principal determiniant directing RPA binding solution, contains the entire ssDNA-binding domain, and
and only interacts with-8 nucleotides 15, 20, 24, 25)]. binds ssDNA with an affinity that is approximately 1 order
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Table 3: Binding Properties of hRPA and scRPA Determined by GMSA
apparenKa (x1078 M)

template hRPA scRPA hRPA3X scRPA3214 hRPA32corel 4
(dT)12 nd nd nd NC nd
(dT)20 nd nd nd 0.034t 0.005 nd
(dT)s0 >130+ 50 (S) >150+ 40 (S) NG 0.41+0.08 >0.003+ 0.0005
(dT)so >260+ 160 (S) >140+ 80 (S) nd nd nd
(dGACT) s >110+ 20 (S) >130+ 30 (S) NC 0.14+ 0.04 nd

a S, stoichiometric or near-stoichiometric binding conditions (values represent the lower limit for association constant); NC, no complex observed

nd, not determined’ See also Figure 4.

v E =TT Ty .....OI

T Binding of the RPA324 Subcomplex to ssSDNA he 32-
kDa subunit of both hRPA and scRPA has weak ssDNA
binding activity (L5, 34—36). However, while these data
suggest that this subunit can interact with ssDNA, no
guantitative analysis of this interaction has been carried out.
hRPA ] In addition, there has been no direct comparison of the 32-
kDa subunits from human and yeast RPA.

We examined the DNA-binding properties of subcom-
] plexes containing the 32-kDa and 14-kDa subunits of yeast
] and human RPA, scRPA3 and hRPA32L4, respectively.
o B ] When (dT}o was titrated with sScRPA324 and the products
10° 10° 107 10° 10° were separated on an agarose gel, a single complex with
[DNA] (M) slower mobility was observed (Figure 4B). Similar data were
Ficure 3: Binding of hRPA and scRPA to (djj monitored by obtained with (dT3 and (dGACT}s (data not shown).
ﬂl;(%re?rfcsenscic{;\zlr?%)eraqur ;‘é‘g'mh‘%églaas?nd g%gmt :g?\(lgT) These binding data were quantitated, binding isotherms were
i% 1x f,ilter%indingybuffer in the presence of Og.Ol% Tweerel' and generated, and apparent bind_ing cons_ta_nts were determined.
1.5 M NaCl at 25°C. The absolute decrease (quenching) of the SCRPA3214 binds to ssDNA with an affinity at least 3 orders
intrinsic fluorescent signal was plotted versus the DNA (molar) of magnitude lower than that of the heterotrimeric SCRPA
concentration. Quenching data was normalized prior to plotting; complex (compare binding constants for scRPAZ2with

maximum quenching for hRPA and scRPA were 51% and 39%, those of hRPA and scRPA; Table 3). Furthermore, the
respectively. Data were fitted to the Langmuir binding equation, ' ) ’

and solid lines indicate best-fit curves. Binding constants determined affinity for (dT)so was 4-fold higher than for a 30-mer of

are shown in Table 4. (Note that the binding curve for scRPA has mixed sequence (Table 3). In contrast to scRPA32no

the asymmetrical shape characteristic of stoichiometric binding complex with altered mobility was seen for \RPAB2, even

conditions.) at high protein concentrations (Figure 4A). These results
. agree with previous studies of the hRPAB2 subcomplex

of magmtudg lower th_an that qf the hRPA compl&Q) A (26). Several preparations of hRPA32 were assayed,

similar deletion conta|r_1|ng residues-441 from scRPA70 including a His-tagged complex that was purified by nickel

was made (see Experimental Procedures) and shown to bggfinity chromatography. Identical results were obtained with

monomeric in solution by analytical ultracentrifugation )| hRPA3214 preparations (data not shown). These data

(Table 1). Binding of hRPA7RC442 and scCRPATRC442  indicate either that hRPA324 is unable to bind to SSDNA

to oligonucleotides was examined by fluorescence titration. or that it binds with an affinity much lower than the yeast
Titrations of hRPA7@AC442 and scRPA7AC442 did not  subcomplex. To distinguish between these possibilities, we

saturate at 1.5 M NacCl, so binding constants were determinedreexamined binding with 10-fold higher concentrations of
at 1 M NaCl where binding was saturable (data not shown). (dT)s, and 1000-fold higher concentrations of hRPAB2
This indicates that NRPAZ0C442 and scRPAZ8C442 have  Under these conditions, a single band with altered mobility
a lower affinity for ssDNA than heterotrimeric RPA. was observed (Figure 4C). There was no change in the
hRPA7QA\C442 and scRPA78C442 bound ssDNA with  mobility of the DNA when identical amounts of other, non-
similar affinities; the largest difference observed between DNA-binding proteins (such as bovine serum albumin) were
these two fragments was a 2-fold difference in affinity for used (data not shown). Therefore, we believe that the
(dT)s0 (Table 4). We conclude that the high-affinity binding complex observed in Figure 4C is caused by direct interac-
domain in RPA70 is not responsible for the observed tions between hRPA324 and ssDNA; however, because
differences in DNA binding between these two homologues. of the high level of protein required for this interaction, we
In addition, the occluded binding sites for hRPAD442 cannot rule out that the complex is caused by a low-level
and scRPA7AC442 were identical; both are approximately contaminant. These results indicate that the RPAS2
31 nt (Table 2). This site size is close to that of hRPA subcomplexes from both human aBd cereisiae interact
indicating that the occluded binding site size for hRPA is With ssDNA and that the affinity of theS. cereisiae
primarily determined by the 70-kDa subunit. In contrast, subcomplex is more than 1000-fold greater than that of the
the binding site size of SCRPAAL442 is 14 nt smaller than ~ human subcomplex.

that of scRPA, indicating that additional regions of sScRPA  Bochkareva et al. 36) have characterized the DNA-
are probably interacting with ssDNA. binding activity of hRPA321L4 complexes containing mutant

Normalized Quenching
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Table 4: Binding Properties of hRPA and scRPA Determined by Fluorestence
apparenKa (x1076 M)

template [NaCl] (M) hRPA scRPA h70C442 sc7AC442

(dA)s0 0.5 31+ 6 43+ 9 nd nd

(dT)s0 1.0 nd nd 1502 3.2+ 0.5
15 39+ 13 >220+ 68 (S) NS NS

(dT)ao 1.0 nd nd nd 4412
15 34+ 2 =140+ 32 (S) nd NS

(dGACTY s 0.5 nd nd 15-02 1.9+ 0.2
15 15+1 26+ 2 NS NS

(dGACTho 1.5 6+ 0.2 12+ 0.8 nd nd

a Concentrations of hRPA and scRPA used in fluorescence assays ranged from 14 to 58 nM and from 27 to 40 nM, respectively. S, stoichiometric
or near-stoichiometric binding conditions (values represent the lower limit for association constant); NS, not possible to saturate binding; nd, n
determined.

hRPA32-14 C hRPA32-14
mil o S 332539cSrg8Kgege o ¥ pmol
& @ @ — origin
origin — b ‘:
L]
|
d Shifted
.‘4' Complex
Free
e LLLLLLLLLL LT T
B -« Free
scRPA32-14 DNA
fmol 95%333232823553
QO © 0 © v AN & = N & N = N <
origin —
Shifted
Complex ™ FERERN

Free
> 00000000000

Ficure 4: Gel mobility shift assay of hRPA324 and scRPA3244 subcomplexes using radiolabeled oligonucleotides. Radiolabeleg (dT)

(2 fmol) was incubated with the indicated amounts of hRPA3Zubcomplex (A) or scRPA324 subcomplex (B) for 20 min at 2% in

filter binding buffer. (C) Radiolabeled (dJy)(20 fmol) was incubated with the indicated amounts of hRPA3Zubcomplex (picomoles)

for 20 min at 25°C in a total volume of 1%L containing 25 mM HEPES (diluted fro a 1 Mstock, pH 7.8), 200 mM NacCl, 4% glycerol,

0.5 mM dithiothreitol, and 0.1% Nonidet 40. Reaction mixtures were separated on a 1% agarose gel rif.4cetate/EDTA (TAE)

running buffer and analyzed as described in Experimental Procedures. The positions of the gel origin (origin), shifted complexes, and free
DNA are indicated.

forms of hRPA32. They showed that a complex containing  The binding of scRPA324 to oligonucleotides of dif-
only the core domain of hRPA32, residues4¥1, has a  ferent lengths was also examined. As the length of the
higher affinity for sSSDNA than does a complex with full- oligonucleotide was decreased, the association constant of
length RPA32. We wanted to determine how this higher scRPA3214 also decreased: the affinity for (dd)was
affinity subcomplex of hRPA compared to sScCRPAB2. A approximately/,o that for (dTxo and no binding was detected
subcomplex containing the core of hRP32 and hRPA14 with (dT):, (Table 3).

[hRPA32(43-171)14] was purified and assayed for binding

for ssDNA binding activity. hRPA32(43171)14 bound DISCUSSION

ssDNA with an affinity higher than hRPA3P4 (data not We determined the DNA binding parameters for both
shown). However, the association constant of hARPA32(43 hRPA and scRPA. These studies are the first direct
171y14 was less thai 1o that of ScCRPA3214 (Table 3). comparison of these proteins under identical conditions. We

We conclude that deletion of the N- and C-terminal domains find that hRPA and scRPA have different binding parameters.
of hRPA32 does not expose a high-affinity sSDNA-binding Both RPA homologues bind ssDNA with high affinity and
domain and that the DNA-binding activity of hRPA32 is low cooperativity. However, SCRPA has an occluded binding
intrinsically much less than that of SCRPA32. site 11 nt larger and a 5-fold higher affinity for oligothy-
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and we find no detectable phosphorylation of native scRPA
characterized in our laboratory (data not shown). We feel
that it is most likely that the discrepancy between the values
determined here and those reported previously was caused
by the difficulty in defining the binding parameters of
ssDNA-binding proteins. The binding parameters of coop-
erativity, intrinsic binding constant, and occluded binding
site size are very tightly correlated so it is difficult to resolve
all three parameters unambiguousB8f, We have found
that if all three parameters are fit simultaneously, a wide
range of values for cooperativity, occluded binding site size,
and binding affinity can describe a single RPA binding
isotherm. Without constraining at least one parameter by

Ficure 5: Schematic of hypothetical ssSDNA binding modes of independent determination (e.g., binding site size), it is

human and yeast RPA. Hypothetical binding modes for hRPA and ; ; feti ; :
SCRPA are shown. DNA (solid line) binds predominantly to the |dmpos_z|b|$] t%. d('ft'”g“'Sht. Wh'CI't” set OfI.IPa}ratr;‘ett?;S E.esht
high-affinity DNA-binding domain of hRPA70 and binds both to  9€SCIbe e binding reaction. 1t seems likely that the hig

the high-affinity DNA-binding domain of SCRPA70 and to scR- Ccooperativity and large binding site size reported previously
PA32. See text for details. represent one of these alternate sets of parameters that does

not reflect the true binding properties of scRPA.

midine than hRPA. Taken together, these data indicate that All mutant forms of RPA that are missing the C-terminus
scRPA and hRPA have different modes of binding to ssSDNA. of RPA70 and 32- and 14-kDa subunits have reduced affinity

We localized the cause of the difference in binding for sSsSDNA @, 21—24). In the case of hRPA70C442, this
activities to the 32, and 14-kDa subunits. Deletion mutants reduction is approximately an order of magnitu®e Z1).
of RPA70 containing the entire high-affinity ssSDNA-binding These data suggest that either the C-terminus of RPA70 or
domain (hRPA70.C442 and scRPA7RC442) were shown  the 32- and 14-kDa subunits of hRPA may be contributing
to have identical DNA-binding properties, while subcom- approximately 1 order of magnitude to the overall affinity
plexes of scRPA324 and hRPA32L4 had distinctly dif- of the hRPA complex for ssSDNA. This increase in affinity
ferent DNA-binding properties. scRPA32 had a prefer-  could be caused either by weak interactions of hRPA32 with
ence for binding oligothymidine and had an affinity for DNA or by effects on the structure of the high-affinity
ssDNA more than 1000-fold higher than that of hRPA32 ssDNA-binding domain. There are multiple precedents for
14 (Table 2). Thus, we propose that direct interactions weak binding sites becoming very significant physiologically
between scRPA324 and ssDNA are causing scRPA to have when coupled with stronger binding site&?).
a higher affinity for oligothymidine and a larger occluded The crystal structure of the DNA-binding domain of the
binding site size than hRPA. These extra interactions make 70-kDa subunit indicates that it is composed of two copies
it likely that ssDNA wraps around scRPA when bound of a conserved ssDNA-binding motifs and that the binding
(Figure 5). This conclusion is supported by previous studies domain interacts with 8 nt of DNA2E). Each of the ssDNA-
that visualized RPADNA complexes using electron micros-  binding motifs interacts with~4 nt (25). On the basis of
copy. In these independent studies, hRPA formed linear DNA sequence, RPA32 contains a single ssDNA-binding
arrays with ssDNA and caused a minimal decrease in themotif (15). Thus, RPA3214 should have an interaction site
length of the DNA suggesting that the DNA was bound along of approximately 4 nt. In this case, sScRPAB2 would be
one face of the protein (49), while scRPA formed nucleo- expected to have a similar affinity for short oligonucleotides
somelike structures, suggesting that the DNA was wrappedof different lengths. Instead a strong length dependence of
around the protein7/(l). (However, it should be noted that binding was observed (Table 3). Moreover, the observed
these two studies were carried out independently and maylength dependence is greater than would be predicted by the
not be directly comparable.) increased number of possible binding sites present on the

Our results contradict the one previous quantitative study longer oligonucleotides. This suggests that there is some
of scRPA DNA-binding properties, which concluded that form of cooperativity in SCRPA324 binding. Either there
scRPA bound with very high cooperativity and had an are multiple sites in SCRPA3R4 interacting with SSDNA
occluded binding site size of 9400 nt @9). This discrep- or scRPA3214 binds as a dimer. Both of these possibilities
ancy is probably not caused by differences between nativewould make the effective binding site larger and thus could
(used in ref49) and recombinant RPA (used in these studies) cause the observed length dependence of binding.
because we have observed that native and recombinant It has been recently shown that the core domain of
scRPA have similar DNA-binding properties (data not hRPA32 binds to ssDNA with a higher affinity than full-
shown). Nor can this discrepancy be explained by differ- length hRPA32 (36). However, even a subcomplex contain-
ences in assay conditions because we have observed identicaihg hRPA32(43-171)14 binds to ssDNA with an affinity
DNA-binding properties under the assay conditions used in less than'/,oo that of SCRPA3214. Thus the DNA-binding
the previous study (data not shown) and hRPA has beenactivity of hRPA32 is intrinsically much weaker than that
found to have similar binding properties under a wide range of SCRPA32.
of solution conditions 47, 48). It also is unlikely that Two recent studies have shown that hRPA32 can be cross-
differences in the posttranslational modification state such linked to nascent DNA34, 35). This raises the possibility
as phosphorylation are the source of the discrepancy. RPAthat during DNA replication the 70-kDa subunit interacts
purified from HeLa or yeast cells is usually unphosphorylated with the template strand and the 32-kDa subunit interacts

scRPA
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with the nascent strand. If this is the case, RPA may have
an active role coordinating reactions between the template
and nascent strands at the replication fork or between two
strands of DNA during DNA repair or recombination.

RPA homologues from different organisms are not func-
tionally equivalent. The differences in function have been
previously attributed to differences in the ability of different
RPA homologues to participate in specific proteprotein
interactions 87—40, 44, 45). In this paper, we show that
hRPA and scRPA have different modes of binding to ssSDNA.
We suggest that this difference may also contribute to
differences in functional activity between RPA homologues.
Additional studies will be needed to determine the relative
contributions of RPA-protein and RPADNA interactions
to RPA function.
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