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ABSTRACT. Replication protein A (RPA) is multisubunit single-stranded DNA-binding protein required

for multiple processes in DNA metabolism including DNA replication, DNA repair, and recombination.
Human RPA is a stable complex of three subunits of 70, 32, and 14 kDa (RPA70, RPA32, and RPA14,
respectively). We examined the structure of both wild-type and mutant forms of human RPA by mapping
sites sensitive to proteolytic cleavage. For all three subunits, only a subset of the possible protease cleavage
sites was sensitive to digestion. RPA70 was cleaved into multiple fragments of defined lengths. RPA32
was cleaved rapidly to &28-kDa polypeptide containing the C-terminus that was partially resistant to
further digestion. RPA14 was refractory to digestion under the conditions used in these studies. The
digestion properties of a complex of RPA32 and RPA14 were similar to those of the native heterotrimeric
RPA complex, indicating that the structure of these subunits is similar in both complexes. Epitopes
recognized by monoclonal antibodies to RPA70 were mapped, and this information was used to determine
the position of individual cleavage events. These studies suggest that RPA70 is composed of at least two
structural domains: arr18-kDa N-terminal domain and-a52-kDa C-terminal domain. The N-terminus

of RPA70 was not required for single-stranded DNA-binding activity. Multiple changes in the digestion
pattern were observed when RPA bound single-stranded DNA: degradation-eb#ikDa domain of

RPA70 was inhibited while proteolysis of RPA32 was stimulated. These data indicate that RPA undergoes
a conformational change upon binding to single-stranded DNA.

Replication protein A (RPA,also known as human SSB
and replication factor A) is a heterotrimeric single-stranded
DNA-binding protein composed of subunits of 70, 32, and
14 kDa (Wold & Kelly, 1988; Fairman & Stillman, 1988).

It is essential for DNA replication, DNA repair, and
recombination (Wobbe et al., 1987; Wold & Kelly, 1988;
Fairman & Stillman, 1988; Coverley et al., 1991, 1992;
Heyer et al., 1990; Moore et al., 1991). RPA homologues
have been found in all eukaryotes examined (Brill &
Stillman, 1989; Brown et al., 1992; Mitsis et al., 1993;
Adachi & Laemmli, 1992; Atrazhev et al., 1992; Georgaki
et al.,, 1992; Brown et al., 1992; Fang & Newport, 1993).
This high level of homology suggests that the general

and interacts specifically with several proteins required for
DNA replication including SV40 T antigen and DNA
polymerase alpha/primase complex (Dornreiter et al., 1992).
RPA also interacts with proteins involved in DNA repair
such as XPA and XPG (Matsuda et al., 1995; He et al.,
1995), transcriptional activators (He et al., 1993; Li &
Botchan, 1993), and the cell regulator p53 (Li & Botchan,
1993; He et al., 1993; Dutta et al., 1993). The role of RPA
protein interactions is not understood; however, at least some
of these interactions appear to be essential for RPA function
(Melendy & Stillman, 1993; Lee & Kim, 1995; Santocanale
etal., 1995). RPA also binds specifically to double-stranded
DNA and may regulate gene expression (Luche et al., 1993;

structure and functions of RPA may be conserved throughoutSingh & Samson, 1995).

eukaryotes. Human RPA (hRPA) binds with high affinity
to single-stranded DNA (ssDNA) (Wobbe et al., 1987; Wold
& Kelly, 1988; Fairman & Stillman, 1988; Kim et al., 1992)
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1 Abbreviations: RPA, replication protein A; hRPA, human replica-
tion protein A; rhRPA, recombinant human replication protein A,
rhRPA70N168, recombinant hRRPA0A1—168; AC442, RPATACA442—
616;A1—-33, rhRPA32A1—33; rhRPA32A1—-33, recombinant human
RPA:-32A1-33; rhRPA3214, recombinant human 324 subcomplex;
ssDNA, single-stranded DNA; RPA70, 70-kDa subunit of RPA; RPA32,
32-kDa subunit of RPA; RPA14, 14-kDa subunit of RPA; oligo(gT)
oligodeoxythymidine 30 residues in length; mab70A, monoclonal
antibodyaSSB70A; mab70C, monoclonal antibod$SB70C; mab8l,
monoclonal antibody 81; mabRPA9, monoclonal antibody RPA9; SDS-
PAGE, SDS-polyacrylamide gel.

There is strong biochemical evidence demonstrating that
all three subunits of RPA are required for function (Kenny
et al., 1990; Erdile et al., 1990, 1991; Umbricht et al., 1993;
Henricksen et al., 1994; Gomes & Wold, 1995; Lee & Kim,
1995). In addition, in yeast, the genes for all three subunits
of RPA are essential for viability (Heyer et al., 1990; Brill
& Stillman, 1991). However, currently the precise roles of
the individual subunits of RPA remain unknown. The 70-
kDa subunit (RPA70) has intrinsic DNA-binding activity
(Wold et al., 1989; Kenny et al., 1990; Gomes & Wold,
1995) and is involved in specific proteifprotein interactions
(Dornreiter et al., 1992; He et al., 1993; Dutta et al., 1993).
Residues +441 of human RPA70 have been shown to be
required for DNA-binding activity, and the C-terminus of
RPA70 is necessary for stable interactions with the other
two subunits of RPA (Gomes & Wold, 1995). The specific
role of the 32- and 14-kDa subunits of RPA (RPA32 and
RPA14, respectively) is unknown. These two subunits form
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a stable structure in solution (Henricksen et al., 1994; Stigger HI buffer contained 30 mM HEPES (diluted froma 1 M
et al., 1994) and appear to be important for the formation of stock at pH 7.8), 1 mM dithiothreitol, 0.25 mM EDTA,
the heterotrimeric RPA complex (Henricksen et al., 1994). 0.25% (w/v) inositol, and 0.01% (v/v) Nonidet-P40. HI was
In addition, RPA32 is phosphorylated in a cell-cycle- supplemented with different concentrations of salt as indi-
dependent manner (Din et al., 1990; Dutta et al., 1991, cated in the text. & Tris-Acetate/EDTA (TAE) gel buffer
Fotedar & Roberts, 1992; Dutta & Stillman, 1992) and may contained 40 mM Tris acetate and 2 mM EDTA, pH 8.5
participate in specific proteiaprotein interactions (Dornreiter  (Ausubel et al., 1989). Sample loading buffer contained 4%
et al., 1992; Lee & Kim, 1995). ficoll, 2% SDS, 10 mM Tris-Cl (pH 6.8), and 10 mM
Currently little is known about the structure of RPA. The dithiothreitol.
hRPA complex is very stable in solution (Wold & Kelly, Expression plasmid p3a-RPA32 (Henricksen et al., 1994)
1988; Fairman & Stillman, 1988). Hydrodynamic analysis contains a T7 RNA polymerase promoter followed by the
indicates that hRPA is a heterotrimer with 1:1:1 stoichiometry cDNA sequence for the 32-kDa subunit of hRPA. pl11d-
(Kenny et al., 1990; Kim et al., 1994; Mitsis et al., 1993; tRPA (Henricksen et al., 1994) contains a single T7 RNA
Alani et al.,, 1992). In these studies, we examined the polymerase promoter followed by the cDNA sequence for
structure of hRPA using limited proteolysis. Cleavage of a the 70-, 14-, and 32-kDa subunits of hRPA. pET expression
protein by a protease requires direct interactions betweenplasmid, pET-3a, was obtained from W. Studier and co-
the protease and individual peptide bonds. Thus, proteolyticworkers (Studier et al., 1990).
cleavage provides a direct probe of protein conformation  An N-terminal deletion of RPA70 missing residues168
(Price & Johnson, 1989). Regions of proteins accessible towas generated and an expression vector similar to p11d-tRPA
proteases most often occur in extended regions betweerconstructed. This plasmid, ptRFAA1—-168, contains a
domains or in loops exposed on the surface of a protein (Pricesingle T7 RNA polymerase promoter, the coding sequence
& Johnson, 1989). Therefore, mapping protease sensitiveof RPA70 lacking residues-1168 and the cDNA sequences
sites provides information about the location of structural for the 14- and 32-kDa subunits of hRPA. The construction
domains. Partial proteolysis has been used by many authorof this mutant and its functional characterization will be
to identify protein domains, and it has been possible with described elsewhere (X. V. Gomes and M. S. Wold, manu-
well characterized proteins to use proteolytic footprinting to script submitted).
map protein domains involved in macromolecular interac- DNA manipulation. Restriction endonucleases and T4
tions (Heyduk & Heyduk, 1994) and to quantitate structural DNA polymerase were used according to manufacturer’'s
changes occurring upon ligand binding (Pedigo & Shea, recommendations. Oligonucleotides were radiolabeled with
1995). The studies presented here describe the initial[y-3?P]JATP using polynucleotide kinase (Ausubel et al.,
proteolytic mapping of the 110-kDa hRPA complex. We 1989). Polymerase chain reactions (PCR) were performed
treated RPA with two specific proteases (trypsin and chy- with Vent DNA Polymerase (New England BiolLabs) in a
motrypsin) and one nonspecific protease (bromelain). The DNA Thermal Cycler (Perkin-Elmer). DNA amplification
specific sites of cleavage were mapped on both wild-type conditions were 25 cycles of 94 for 1 min, 40°C for 1
RPA and RPA deletion mutants using immunoblotting with min, and 72°C for 3 min. PCR products and DNA
monoclonal antibodies. These studies indicate that bothfragments were isolated from 1% agarose gels runxn 1
RPA70 and RPA32 are composed of at least two distinct TAE using the Geneclean Il kit (BIO 101, La Jolla, CA)
structural domains. In the presence of ssDNA, the pro- according to manufacturer's specifications. Ligation reac-
teolytic sensitivity of the RPA complex changed dramatically, tions and transformations were as described (Ausubel et al.,
indicating that RPA undergoes a conformational change upon1989). Recombinant plasmids were transformed into strain
binding to ssDNA. E. coli DH5a and isolated by the boiling lysis method
(Ausubel et al., 1989). DNA sequencing was carried out
EXPERIMENTAL PROCEDURES using an Applied Biosystems 373A automatic DNA se-
Materials. All reagents used were of the highest purity quencer at the DNA Core Facility at the University of lowa.
commercially available. Restriction endonucleases, T4 DNA  Construction of N-Terminal Deletion of the 32-kDa
polymerase, polynucleotide kinase, and Klenow fragment Subunit of hRPA.A mutagenic PCR primer to the coding
were purchased from New England BioLabs and Life sequence of RPA32 was synthesized; S33A-TS5GAC-
Technologies, Inc. d-3?P]dATP (3000 Ci/mmol) and{-32P]- CTGCGCAAGCCGAA-3) contained nucleotide changes
ATP (4500 Ci/mmol) were obtained from ICN. Trypsin, (underlined) to alter serine 33 to an alanine and to generate
chymotrypsin A, and bromelain were obtained from Boe- a Fsp restriction site (bold). The mutagenic primer and a
hringer Mannheim. Trypsin stock was 0.5 or 2 mg/mL in second primer, #35 [FATGCTAGTTATTGCTCAGCGG-
10 mM HCI with 10% (mol/mol) tosyl--phenylalanine- 3, corresponding to sequences downstream fronBtreH|
chloromethyl ketone. Chymotrypsin stock was 1 mg/mL in site in all pET expression vectors (Studier et al., 1990)] were
10 mM HCI. Bromelain was purchased as a concentrated used to amplify a~0.9-kb fragment containing & 8egion
solution (5 mg/mL) in 3.2 M ammonium sulfate. For each of the coding sequence of RPA32 from plasmid p3a-RPA32
proteolysis experiment a fresh protease solution-eb@ ng/ (Henricksen et al., 1994). The 0.9-kb PCR fragment was
uL was made by diluting stock solutions with HI buffer. isolated and ligated into pUC18 digested wimd to
Oligonucleotides were synthesized using an Applied Bio- generate plasmid pUC-RPA32s33a3UC-RPA32s3343
systems DNA synthesizer model 380B by the DNA Core was digested withFspl and EcdRl generating a 0.9-kb
Facility at the University of lowa.Escherichia coliDH5a restriction fragment. The fragment was isolated and ligated
was obtained from Life Technologies, In&. coliexpression to pET-3a (Studier et al., 1990) digested wiNhd, treated
strain BL21(DE3) was obtained from W. Studier (Studier et with T4 DNA polymerase to generate blunt ends and then
al., 1990). digested witfEcdRl. The subsequent vector, p3a-RPA32-
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33, co_ntains the coding Sequ?nce fpr RPA32 starting alTaple 1: Recognition of RPA70 Mutants by Monoclonal
glutamine 34. Sequence analysis confirmed that the fragmentantibodies

of RPA32 was maintained in the correct reading frame. p3a-
RPA32A1—-33 was digested witKbd, treated with T4 DNA

polymerase to generate blunt ends, and then digested with

Aatll. The resulting 1-kb fragment was ligated to p11d-tRPA
digested withSnaBl and Aatll. The subsequent expression
vector, ptRPA32A1—33, contains a single T7 RNA poly-
merase promoter followed by the coding sequence for
RPA70, RPA14, and RPA3Y1—33 with each preceded by

a Shine-Dalgarno binding site. To place the deletion mutant
in frame with an initiator methionine, three additional amino
acids were fused at the N-terminus. Thus, rhRPAB233
begins methionine-alanine-arginine and then continues with
the coding sequence of hRPA32 starting at glutamine 34.

Induction and Purification of Wild-Type and Mutant
rhRPA. p11d-tRPA, ptRPA70A1—-168, p11d-RPA78442—
616, p3d-RPA14/32, and ptRP22A1—33 were individually
transformed into BL21(DE3), grown, and induced as de-
scribed (Henricksen et al., 1994; Gomes & Wold, 1995).
Recombinant hRPA (rhRPA), recombinant hRPBA1—

168 (rhRPA70N168), RPA7Q442-616 (AC442), and
rhRPA3214 were purified as described (Henricksen et al.,
1994; Gomes & Wold, 1995; X. V. Gomes and M. S. Wold,
manuscript submitted). rhRPA2A1—-33 had chromato-
graphic properties identical to wild-type RPA and was
purified to apparent homogeneity (see Figure 3). The yield
of rhRPA:32A1—33 varied between 0-51 mg of protein/L

of induced culture.

Partial Proteolysis of rhRPA.The indicated amounts of
rhRPA or mutant RPA complex were digested with either
25 ng of bromelain, 50 ng of trypsin, or 62 ng of chymot-
rypsin in 50uL of HI buffer at 37°C. At the times indicated,
aliquots containing~1 ug of protein were removed, and
proteolysis was terminated by boiling for 5 min in sample
loading buffer. Even using this quenching procedure, the
proteases took a finite amount of time to be inactivated. Thus,
a low level of proteolysis was observed in zero minute time

points. The proteolyzed products were separated on an

8—14% SDS-polyacrylamide gel (SDSPAGE) (Laemmli,
1970) and analyzed either by staining with silver (Ausubel
et al., 1989) or immunoblotting. All experimental results
were confirmed in independent experiments. Variations in
the rate of digestion were observed between individual
experiments and with different protease preparations; how-
ever, the proteolytic fragments observed and their order of
appearance were consistent throughout these studies.
Immunoblotting and Monoclonal Antibody Epitope Map-
ping of RPA70. Protein samples were separated on an
8—14% SDS-PAGE (Laemmli, 1970) and transferred to
nitrocellulose (Bio-Rad) using a PolyBlot Electrotransfer
System from Millipore as per manufacturer’s specifications.
RPA subunits and the various proteolytic fragments were
detected using monoclonal antibodies to RPAG@RSB70A
(mab70A) (Kenny et al., 19904SSB70C (mab70C) (Kenny
et al., 1990), RPA9 (mabRPA9; B. Stillman, CSHland
81 (mab81; Wold and Kelly, unpublished results); RPA32:
71 (Erdile et al., 1990) and polyclonal serum to RPA14:
RPA3 (C. Umbricht and T. Kelly, Johns Hopkins). All of

monoclonal antibodies

protein mab70A mab81 mab70C mabRPA9
RPA7C + + + +
RPA7QA507-616° + + + +
RPA7OAC442-616 + + + +
RPA7A373-616 + + + —
RPA7A327-616 + + + —
RPA7QA250-616 + + - —
RPA7A169-616 + + - —
RPA7A1—-66" nd - + +
RPA7TQA1-11A nd — + +
RPA7TOA1-168 nd - + +
RPA7TQA1—23¢ nd — - +
RPA7QA1-382 nd — - +

@ Recognition of RPA70 mutants by individual monoclonal antibod-
ies. Approximately +2 ug of cell lysate from induced cultures
containing p11d-RPA70 (RPA70) or pET-11d containing individual
RPA70 deletion mutants were separated on-d 4% SDS-PAGE,
transferred onto nitrocellulose, and probed with individual monoclonal
antibodies to RPA70 as described in Experimental Procedure}. (
Recognized by indicated antibody on immunoblet) 6ot recognized
by indicated antibody on immunoblot; (nd) not determin®ild-
type RPA70.L C-terminal RPA mutants in which numbers refer to
amino acids deleted (Gomes & Wold, 1995N-terminal RPA mutants
in which numbers refer to amino acids deleted (X. V. Gomes and
M. S. Wold, manuscript submitted).

(Sigma), were used to detect primary antibodies using an
ECL chemiluminescense kit (Amersham) as recommended
by manufacturer. Stripping and reprobing of nitrocellulose
membranes were performed as recommended by the manu
facturer.

The epitopes recognized by each monoclonal antibody to
RPA70 were mapped using a series of six C-terminal and
five N-terminal deletion mutants of RPA70 (Gomes & Wold,
1995; X. V. Gomes and M. S. Wold, manuscript submitted).
Wild-type RPA70 and each deletion mutant were expressed
individually in BL21(DE3) cells (Gomes & Wold, 1995).
The resulting cell lysates were separated on arl8/
SDS-PAGE, transferred to nitrocellulose and probed se-
guentially with individual monoclonal antibodies to RPA70.
The results of this analysis are summarized in Table 1. These
experiments identified the region of RPA70 recognized by
each monoclonal antibody. These data indicated that
mabRPAQ9 recognizes an epitope between residues 373 and
441, mab70A and mab81 recognize epitopes located between
residues 1 and 168, and antibody mab70C recognizes an
epitope between residues 168 and 326.

RESULTS

Proteolysis of RPA70We examined the solution structure

of rhRPA by analyzing its sensitivity to different proteases.
Figure 1 shows the cleavage pattern of rhRPA at various
times of digestion with either bromelain or trypsin. Bro-
melain is a nonspecific protease that probes the accessibility
of the peptide bonds in proteins. Bromelain rapidly degraded
RPA into distinct proteolytic fragments (Figure 1A, note
polypeptides of 52, 33, and 16 kDa). Trypsin specifically
cleaves peptide bonds on the carboxyl-terminal side of lysine

these antibodies are specific for a single subunit of hRPA, and arginine residues providing a more limited/specific probe
and no cross-subunit reactivity was observed in any experi- of protein conformation. The amino acid sequence of the
ment (data not shown). Secondary antibodies, sheep antithree subunits of RPA predicts 71, 22, and 11 potential
mouse or goat anti-rabbit horseradish peroxidase conjugaterypsin-cleavage sites in the 70-, 32-, and 14-kDa subunits
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Ficure 1: Partial proteolysis of rhRPA with bromelain and trypsin.
Eight micrograms of rhRPA was digested with either trypsin or
bromelain for the times indicated as described in Experimental
Procedures. (A) Shown is an-84% SDS-PAGE gel stained with
silver. The position of the molecular mass markers (dashes) and
the position of the 70-, 32- and 14-kDa subunits of rhRPA (arrows)
are indicated. Polypeptides recognized by various antibodies are
also indicated: ®, mabRPA9; *, mab70Ca, mab81. Lane C
contains purified rhRPA. (B) Immunoblot of proteolyzed rhRPA
probed with mab70C. Position of full length RPA70 is indicated
(arrow). Approximate molecular mass in kDa of proteolytic
fragments is shown. Lane C contains purified rhRPA.

of RPA, respectively. However, digestion of rhRPA by
trypsin resulted in the generation of a small number of
distinct proteolytic fragments similar in size to those obtained
after digestion by bromelain. Chymotrypsin specifically
cleaves peptide bonds on the carboxyl-terminal side of
aromatic amino acids. Digestion of rhRPA with chymot-
rypsin resulted in a cleavage pattern similar to the pattern

indicate that, despite different specificities, the same regions
of RPA were sensitive to digestion by all three proteases.
Thus, each protease is probably recognizing the same
structural elements of RPA.

Each lane in Figure 1A containsl ug of rhRPA. At
such high levels of RPA, a small amount of proteolyzed
RPA70 is detected in the starting fraction (Figure 1A, lane
C). In addition, a minor contaminant slightly larger than
RPA70 is observed in this fraction of RPA. This protein
did not react with antibodies to RPA and is unrelated to RPA
(compare lane C in FigurelA to lane C in Figure 1B).

Using a series of deletion mutants of RPA70 (Gomes &
Wold, 1995; X. V. Gomes and M. S. Wold, manuscript
submitted), we mapped the regions of RPA70 recognized
by individual monoclonal antibodies (Table 1). This infor-
mation allowed us to identify the specific regions of RPA70
that were present in each of the proteolytic fragments. The

Biochemistry, Vol. 35, No. 17, 1996589

polypeptides present after various times of digestion were
separated by SDSPAGE, transferred to nitrocellulose, and
subjected to immunoblot analysis. Figure 1B shows an
immunoblot of rhRPA digested with either bromelain or
trypsin and probed with monoclonal antibody mab70C. Only
a subset of the proteolytic fragments of rhRPA observed after
staining with silver cross-reacted with mab70C (compare
Figure 1 panels A and B). Digestion of rhRPA by bromelain
initially resulted in a~52-kDa proteolytic fragment. Polypep-
tides of~33 and~16 kDa were detected by mab70C at later
time points. After digestion of rhRPA with trypsin, polypep-
tides of ~52, 40, and 22 kDa were detected by mab70C.
Similar analysis was performed with other monoclonal
antibodies to RPA70 (data not shown). The specific pro-
teolytic fragments of RPA70 recognized by mab70C and
other monoclonal antibodies are summarized in Figure 1A.
The initial ~52-kDa cleavage product of RPA70, observed
with all proteases, cross-reacted with monoclonal antibodies
mabRPA9 and mab70C but not with mab81. Since antibody
mab81 recognizes the N-terminal region of RPA70,t3%2-
kDa fragment must arise from cleavage events near the
N-terminus. Thus, the initial cleavage event of RPA70 by
either bromelain, trypsin, or chymotrypsin remove8 kDa
from the N-terminus. After this initial cleavage event, the
C-terminal ~52-kDa fragment of RPA70 is sensitive to
subsequent digestion into smaller fragments. The number
and size of these secondary cleavage products differed for
each protease used (Figure 1A, see also Discussion).
Proteolysis of the 32- and 14-kDa Subunits of RAAese
studies also provided information about the susceptibility of
the 32- and 14-kDa subunits of RPA to proteolysis. After
treatment with either bromelain or trypsin, the initial diges-
tion product of RPA32 was a-28—30-kDa polypeptide
(Figure 1A). Immunoblot analysis confirmed that these
polypeptides were cleavage products of RPA32 (Figure 2).
This truncated polypeptide was relatively resistant to further
cleavage by trypsin but was rapidly degraded by bromelain.
A slightly larger (31-kDa) initial cleavage product was
obtained when rhRPA was digested with chymotrypsin (data
not shown). Examination of the amino acid sequence of
RPA32 indicated that the polypeptides obtained with trypsin
and chymotrypsin were most consistent with the initial
cleavage of RPA32 being near the N-terminus (data not
shown). To confirm this hypothesis, a mutant RPA complex
lacking amino acid residues-B3 of RPA32 (rhRPA32A1—

a33) was digested with trypsin. The 32-kDa subunit of both

rhRPA:32A1—33 and wild-type rhRPA is cleaved rapidly

to a ~28-kDa proteolytic fragment (32Figure 3). Since
digestion of rhRPA32A1—33 and wild-type rhRPA yielded

the same~28-kDa polypeptide, the initial cleavage event
of RPA32 by trypsin must remove the N-terminus. Antibod-
ies to RPA32 were unable to detect any other cleavage
products suggesting that either there were no other stable
proteolytic fragments or that subsequent cleavage events
removed the antigenic determinants.

The 32- and 14-kDa subunits of RPA can form a stable
complex (rhRPA3214) in the absence of the 70-kDa subunit
of RPA (Henricksen et al., 1994; Stigger et al., 1994).
Therefore, we also examined the protease sensitivity of
RPA32 in the rhRPA324 complex to determine if there

were differences between the structure of rhRPA32and

the native RPA complex. The proteolytic fragments obtained
after digestion of rhRPA324 with trypsin were identical
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Ficure 2: Immunoblot of proteolysis of the 324 complex. rhRPA (7.xg, ~70 pmol) or 4ug of rhRPA32/14 {70 pmol) was digested

as described in Experimental Procedures with either (A) bromelain (25 ng) or (B) trypsin (25 ng) for the times indicated. The immunoblot
was probed with anti-RPA32 monoclonal antibody 71 (Erdile et al., 1990) and anti-RPA14 polyclonal antibody RPA3 (Umbricht et al.,
1993) to visualize both subunits. Positions of RPA14 and full-length and proteolytic fragments of RPA32 are indicated. The left-most lane

of each set contains the purified protein fraction (vertical labels).
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Ficure 3: Digestion of rhRPA32A1—-33 with trypsin. Ap-
proximately 7ug of either rhRPA or rhRP/A82A1—-33 were treated
with 5 ng of trypsin. At the times indicated, aliquots containing
~1 ug (10 pmol) were removed and proteolysis terminated by
boiling for 5 min in sample loading buffer. An-8l4% SDS-PAGE
stained with silver is shown. The position of the subunits of RPA
are indicated including the28-kDa proteolytic fragment of RPA32
(32). The position of the molecular mass markers is shown on the
left in kDa.

to those obtained with the heterotrimeric RPA complex
(Figure 2); RPA32 was degraded rapidly into~28-kDa
polypeptide which was resistant to further digestion. With
bromelain, the initial cleavage product of the rhRPARBP
complex was slightly smaller than observed with rhRPA:
~28-kDa rather than &30-kDa polypeptide (see Figure 2A).
Similar results were also obtained when the proteolytic
fragments of rhRPA32.4 were visualized by staining with
silver (data not shown). Thus, the proteolytic sensitivity of
the 32-kDa subunit in the 324 subcomplex is similar to

+ DNA
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Ficure 4: Digestion of rhRPA with trypsin in the absence¥NA)

or presence{DNA) of ssDNA. Eight micrograms of rhRPA was
digested with 50 ng of trypsin. Where indicated 138 fmol of DNA
(oligo(dT)sg) was added prior to the addition of trypsin. Digestion
products were separated on an181% SDS-PAGE and stained
with silver. Lane C contains purified rhRPA. The position of the
molecular mass markers is shown on the left in kDa. The arrows
indicate the position of the 70-, 32-, and 14-kDa subunits of RPA.
Approximate molecular mass in kDa of proteolytic fragments is
shown.

In contrast to both RPA70 and RPA32, RPA14 seemed
unaffected with any protease tested (Figures 1A and 2). There
are 11 potential trypsin cleavage sites and 10 potential
chymotrypsin sites present in this 121-residue subunit.
RPA14 was resistant to cleavage both in the native RPA
complex and in the rhRPA324 subcomplex. Even after
extensive digestion in which RPA70 and RPA32 were
degraded, RPA14 remained resistant to proteolytic digestion
(FigurelA, 60 and 90 min digestion with bromelain). These
results suggest that the intrinsic conformation of RPA14 is
highly resistant to protease cleavage.

Changes Obseed in Protease Sensitty of rhRPA in the
Presence of ssDNAWe next examined whether interactions
with ssDNA changed the sensitivity of RPA to protease

the entire RPA complex. These results indicate that the digestion. rhRPA was incubated with a 2-fold molar excess

structure of RPA32 in rhRPA324 is similar to its structure

in the heterotrimeric RPA complex. The sensitivity of the
N-terminal residues of RPA32 to proteolytic cleavage in both
complexes indicates that the N-terminus of RPA32 is either
on the surface of the complex and/or in an extended
conformation.

of oligo(dT)o prior to digestion with protease. Previous
analysis of RPA binding has demonstrated that under these
conditions only one molecule of rhRPA binds to oligo(ghT)
(Kim et al., 1994; Kim & Wold, 1995). Figure 4 shows the
cleavage of rhRPA by trypsin in the absence or presence of
oligo(dTko. In the experiment shown, a preparation of
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trypsin was used that gave a more rapid rate of proteolysis A B
than that in the experiment shown in Figure 1. These
conditions emphasize differences in protease sensitivity of

RPA in the presence of ssDNA. In this assay, in the absence 0 2 10 30 9% 0 2 10 30 90 min
of ssDNA, the initial ~52-kDa fragment of RPA70 was  RpA70—+ s -_

degraded in less than 2 min of digestion (compare -DNA at —

0 and 2 min, Figure 4). In contrast, in the presence of 52 — | — A —
ssDNA, RPA70 was degraded rapidly to thes2-kDa g

fragment; however, this’52-kDa fragment was now resistant 34 2

to secondary cleavage events. In the presence of ssDNA, RPA32—> s

the ~52-kDa fragment was slowly digested to~@84-kDa

fragment (Figure 4). This is in contrast to digestion in the

absence of ssDNA in which-a40-kDa secondary cleavage

fragment was observed (compare Figures 1 and 4). In similar ik

experiments with bromelain, the52-kDa fragment was also ) )
Ficure 5: Southwestern analysis of rhRPA proteolyzed with

more resistant to cleavage in the presence of sSDNA (dat rypsin. Southwestern analysis was performed as described (Wold

not shown). Similar changes in proteol'ytic digt_astion pattern et a|., 1989). Approximately 100g of rhRPA was incubated with
were also observed when rhRPA was digested in the presence nmol of oligo(dT}, prior to digestion with 200 ng of trypsin in
of poly(dT) with a average length of 3000 nt (data not 2100uL of Hi buffer at 37°C. Atindicated times, aliquots containing
shown). Immunoblot analysis of MRPA digested in the i HUETER S0 ERgien B0 P e products
presence c,)f oligo(d using monoclqnal antibodies to were separated on an—84% SDS-PAGE and transferred to
RPA?O indicated that with thg exception of thé34-kDa nitrocellulose as described for an immunoblot. The nitrocellulose
trypsin fragment, the proteolytic fragments produced in the was blocked by incubating in phosphate buffered saline (150 mM
presence of ssDNA were identical to those observed in thesodium chloride, 10 mM sodium phosphate, pH 7.05, 1 mM EDTA,
absence of ssDNA (Figure 4: see also Figure 1). We 1 mM sodium azide) containing 4% (w/v) bovine serum albumin

- and 0.2% (v/v) Triton X-100 for 30 min at Z%. The nitrocellulose
conclude that binding of RPA to ssDNA causes a reduced o< then incubated witk 10 pmol (1x 107 cpm)3P-labeled oligo-

rate of proteolytic cleavage of RPA70 and resulted in the (dT),, at 25°C for 60 min, washed three times with phosphate-
detection of at least one additional trypsin cleavage site. buffered saline containing 0.2% Triton X-100 and analyzed by

These changes could either be caused by the bound ssDN/Autoradiography. Panel A shows the nitrocellulose blot stained with

: ; K India ink. Panel B is an autoradiogram of the same nitrocellulose
sterically blocking access of proteases or by a DNA-induced blot probed with3?P-labeled oligo(dTa. The arrows indicate the

conforr_national change in RPA. position of the full length RPA70, RPA32, and the 52-kDa
Binding of the rhRPA complex to ssDNA also altered both proteolytic fragment.

the pattern and rate of cleavage of RPA32. In the absence
of ssDNA, RPA32 was proteolyzed rapidly into~&28-kDa transferred onto a nitrocellulose membrane, and probed with
fragment and was then resistant to further proteolysis (Figure radioactively labeled oligo(d%). To accurately monitor the
4, see also Figure 1). In the presence of DNA, RPA32 rate of digestion and efficiency of protein transfer, the
became more sensitive to trypsin and th28-kDa fragment nitrocellulose membrane was stained with India ink (Figure
was rapidly degraded (Figure 4). In addition, the site of the 5A). Only full length RPA70 and the initiak52-kDa
initial proteolytic cleavage of the N-terminus of RPA32 proteolytic fragment bound ssDNA (Figure 5B). All other
changed in the presence of ssDNA. In experiments contain-proteolytic fragments had no ssDNA-binding activity in these
ing less trypsin, a novel31-kDa fragment of RPA32 was  assays even though they were present in amounts similar to
observed in the present of sSSDNA (data not shown; see alsathe ~52-kDa fragment (compare band intensities of +&2-
Figure 4, 2 min digestion). Thus, binding to ssDNA caused kDa fragment at 90 min to intensities of smaller proteolytic
RPAS32 to become more sensitive to proteolytic cleavage andfragments). Identical results were obtained after digestion
resulted in the detection of at least one additional cleavageof RPA in the absence of ssDNA except that digestion
site. Currently, there is no evidence that RPA32 directly proceeded much more rapidly (data not shown). These
interacts with ssDNA; therefore, we conclude that the results indicate that the N-terminal170 residues are not
observed changes in the proteolytic sensitivity of RPA32 are essential for DNA-binding activity.
the result of DNA-induced conformational changes in RPA32  Proteolysis of RPA70 Deletion Mutant§he high sen-
and/or the RPA complex. sitivity of the N-terminus of RPA70 proteases and the finding
DNA-Binding Actiity of Proteolytic Fragments of RPA. that these residues are not essential for ssDNA binding
The 70-kDa subunit of RPA contains intrinsic DNA-binding  activity suggest that the 170 residues of RPA70 may be a
activity (Wold et al., 1989), and the ssDNA-binding site in separate structural domain. A deletion mutant of RPA70
RPA70 has been mapped to the region contained in residuesvas made in which residues-168 were deleted, rhRPA
1-442 (Gomes & Wold, 1995). Proteolysis of RPA initially 70N168. This~52-kDa mutant forms a stable complex with
causes the cleavage of approximately 170 residues from theRPA32 and RPA14 and supports SV40 DNA replication
N-terminus of RPA70 (see above); therefore, we examined (X. V. Gomes and M. S. Wold, manuscript submitted). If
whether these residues were important for sSDNA binding the N-terminus of RPA70 is a separate structural domain,
activity. The ability of specific proteolytic fragments to this mutant would be expected to have proteolytic properties
interact with ssDNA were determined by southwestern identical to those of the wild-type RPA complex. When
analysis (Figure 5). rhRPA was preincubated with oligo- rhRPA70N168 was digested with trypsin in absence of
(dT)sp and then digested with trypsin. The proteolytic ssDNA, the population of proteolytic fragments was identical
fragments were separated on an-18% SDS-PAGE, to those seen with full length RPA70 (compare -DNA in
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kDa AC442 maintains a distinct structure in solution in the

—DNA + DNA absence of the 32- and 14-kDa subunits of RPA (Gomes &
Coaw®Ss 8_ ocaw Y min Wold, 1995). We subjectedC442 to limited proteolysis
80- in the presence and absence of ssSDNA to determine if the
70- solution structure oAC442 differed significantly from that
60- of rhRPA. The cleavage products obtained wAii442 were
50-%= = it Sl <+ RPA70AN168 similar to those obtained with full-length rhRPA (Figure 6B).
40~ (Since 32- and 14-kDa subunits were absent, polypeptides
34 derived from these subunits were not observed.) As with
e R = | «RPA32 rhRPA, the initial cleavage event removed.8-kDa from
RN -28 the N-terminus ofAC442 (Figure 6B). In the absence of
ssDNA, the resulting~34-kDa C-terminal fragment was
- e cleaved into a smaller24-kDa fragment (Figure 6B) while
20 in the presence of ssDNA, additional cleavage of the 34-
By — = < RPA14 kDa fragment was not observed (Figure 6B). This DNA-
10— FF TSR e —" dependent protection @C442 is identical to that observed
with RPA70 in the complete RPA complex. This strongly
B suggests that the structure of the first 441 residues of RPA70
3 _5D:‘:JA30 % 0 2 +5D'1“0A30 %0 min is_ similar in AC_442 and Wild-type_ RPA and is consiste_nt
116 with RPA70 being composed of distinct structural domains.
97— These results suggest that interactions with the 32- and 14-
kDa subunits do not affect the structure of this region of
68— 70-kDa subunit of RPA.
. - <ada2 DISCUSSION
36- _sEaE R . o hRPA is a very stable, heterotrimeric complex in solution.
29 The heterotrimeric structure of hRPA and related homologues
is unique among single-stranded DNA-binding proteins.
- - - Currently, little is known about the structure of hRPA
20- = = & & B - = —--18 complex. In this study, we performed limited proteolysis
14— with trypsin, chymotrypsin, or bromelain to examine the

solution structure of rhRPA. Both wild-type and mutant
FiGure 6: Digestion of RPA deletion mutants in the presence or forms of rhRPA were digested with a protease for various

absence of ssDNA. Nine micrograms of rhRFBAN168 (A) or intervals of time, separated on SBBAGE, and character-

12 ug of AC442 (A442) (B) were digested with either 50 or 12.5  j;64 py staining and immunoblot analysis. The sites of
ng, respectively, of trypsin in the absenceQNA) or presence | h subunit of RPA identified ed
(+DNA) of 168 fmol of DNA (oligo(dT)o). At the times indicated, ~ C/€avage on each subunit o identified are summarize

aliquots of protein were removed, and proteolysis was terminated in Figure 7. Only a limited number of the possible cleavage
by boiling for 5 min in sample loading buffer. The proteolyzed sites were found to be accessible in fully-folded rhRPA.
products were separated on ahBBl% SDS-PAGE and analyzed  These sites are likely to indicate exposed regions of the

by staining with silver. Lanes C contain either undigested rhRPA ; : : :
7¥)AN168%A) or AC442 (B). The position of the m%lecular mass Protein such as surface loops or interdomain regions. These

markers is shown on the left (in kDa). The position of the mutated Studies allow us to draw general conclusions about the
RPA70 subunits (arrows) and the molecular mass in kDa of the Structure of the individual subunits of hRPA and the hRPA
major proteolytic fragments observed are indicated on the right. complex.

Figure 6A with Figure 4). (As expected, thel8-kDa We found that RPA14 was highly resistant to protease
N-terminal fragment of W||d_type RPA70 was not observed digestion under all conditions used in these studies. This
when rhRPA70AN168 was d|gested) In the presence of could indicate that RPA14 is buried when part of the RPA
ssDNA, the deleted RPA70 subunit became much more complex or the 3214 subcomplex. However, we observed
resistant to digestion by trypsin and RPA32 became more that RPA14 was resistant to digestion even after complete
sensitive to trypsin digestion (Figure 6A). No new sites of digestion of the 70- and 32-kDa subunits (Figure 1). We
protease C|eavage were detected on rhiHPAN168. These conclude that the 14-kDa subunit of RPA intrinSica”y has a

data are consistent with this mutant having a similar structure Protease resistant structure. Studies with antibodies to
to the W||d-type RPA Comp|ex and with the N-terminus of RPA14 indicate that the N- and C-terminus of RPA14 are

RPA70 being a distinct structural domain. not accessible in heterotrimeric RPA (Umbricht et al., 1993;
These studies suggest that RPA70 is composed of multipleStigger et al., 1994); however, because polyclonal serum to
structural domains. If the DNA-binding site of RPA70 is RPA14 specifically inhibits replication, there must be regions
part of a distinct structural domain, then mutations that of RPA14 accessible to solution in the RPA complex
disrupt other regions of RPA70 would be predicted to have (Umbricht et al., 1993).
little effect on the structure of this domain. Previously, we  RPA32 was partially resistant to protease digestion. All
have characterized a C-terminal deletion mutant of RPA70, proteases tested rapidly removed the N-terminus of RPA32
RPA7M\442-616 (AC442), that binds to oligonucleotides (Figures 1 and 2). The precise cleavage site varied between
with an affinity close to that of wild-type RPA (Gomes & proteases (summarized in Figure 7), but in all cases the initial
Wold, 1995). Hydrodynamic studies indicated that the 50- cleavage events removed approximately-30 residues from
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RPA70 canale et al., 1995). These mutations cause defects in DNA
replication and repair and are all located in the large
704, 81 10C RPAS C-terminal domain of RPA32.
T 'T* T* The digestion pattern of RPA70 was complex. In order
Zn? to identify the sites of proteolytic cleavage on RPA70, we
Nz ' ' ' J_"' COoH used monoclonal antibodies to identify the various proteolytic
e T o o fragments of RPA70. We mapped the regions of RPA70
recognized by different monoclonal antibodies using a series
N-Terminal omain DNA Binding o of C-terminal deletion mutants of RPA70 (Table 1). This
information allowed us to localize the cleavage sites on
RPA32 RPA14 RPA70. With all proteases tested the initial cleavage event

on RPA70 was~170 residues from the N-terminus generat-
NH, S —— ing ~18- and~52-kDa fragments (Figure 7). After the
’ | | coor N S——Coo initial cleavage event, the18-kDa N-terminal fragment was
cT partially resistant to further digestion by trypsin (Figure 1A)
FIGURE 7: Preliminary map of the functional domains of RPA Of chymotrypsin (data not shown). In contrast, th&2-
subunits. The figure shows schematic of RPA70, RPA32, and kDa C-terminal fragment was digested into smaller fragments
RPA14. Ticks are positioned every 100 amino acids. Triangles py all proteases tested. The specific sites of cleavage of the
indicate protease sensitive sites mapped in these studies with J55 kpa fragment varied with each protease used (Figure
numbers indicating order of cleavage: T, trypsin; B, bromelain; . .
C, chymotrypsin. (*) Sites of cleavage which are protected in the /) SUggesting that after removal of the N-terminus, much
presence of ssDNA# Site of cleavage observed in the presence Of the C-terminus of RPA70 is accessible to proteases.
of ssDNA. The position of the conserved, putative zinc finger motif ~ We found that there were significant changes in the
of RPA70 indicate the location of pLiaiive domains (see text for G .decton pattern of RPATO after RPA bound SsDNA. In
details). Lines above the schemati(?of RPA70 indicate the regions the presence of ssDNA, the m.mal proteolytic event which
recognized by individual monoclonal antibodies. generated the-52-kDa C-terminal fragment was not af-
fected. However, this fragment was more resistant to
the N-terminus. The rapid rate of cleavage and the variation digestion by trypsin (Figure 4), bromelain, or chymotrypsin
in the precise sites of cleavage suggest that the N-terminus(data not shown). The sites protected in the presence of
of RPA32 is in an exposed configuration. After proteolytic sSDNA are located primarily but not exclusively in the DNA-
cleavage of the N-terminus, the 28-kDa C-terminal fragment binding domain (Figure 7). A similar DNA-induced protec-
of RPA32 was resistant to further digestion by trypsin and tion was also seen in the case of two deletion mutants of
chymotrypsin but sensitive to bromelain. Similar results RPA70: rhRPAAN168 andAC442 (see Figure 6). Binding
were obtained with both the native RPA complex and a of rhRPA to ssDNA also altered the proteolytic digestion
subcomplex of the 32- and 14-kDa subunits of RPA pattern of RPA32; in the presence of ssSDNA, RPA32 had
suggesting that the structure of RPA32 is similar in both increased sensitivity to proteases and an additional cleavage
complexes. site was observed. These changes in RPA70 and RPA32
Phosphorylation of RPA32 is strongly stimulated by RPA could be due to DNA protecting protease sensitive sites or
binding to ssDNA (Fotedar & Roberts, 1992; Henricksen et by a DNA-induced conformational change. We hypothesize
al., 1994). Recently, it has been shown that the N-terminusthat both processes are occurring. Most of the sites that
of RPA32 is important for phosphorylation of RPA but not become resistant to digestion in the presence of ssDNA are
required for replication activity (Lee & Kim, 1995; L. A.  located in the DNA-binding domain (Figure 7). These sites
Henricksen, T. Carter, A. Dutta, and M. S. Wold, manuscript are likely to be protected from cleavage by steric effects of
submitted). We have shown that all phosphorylation occurs ssDNA binding. However, steric effects are unlikely to
on the N-terminal domain of RPA32 (L. A. Henricksen, T. explain the increase sensitivity of RPA32 in the presence of
Carter, A. Dutta, and M. S. Wold, manuscript submitted). ssDNA. In addition, sites not located in the DNA-binding
The studies presented here provide a structural context fordomain were also protected from cleavage. These sites
these findings. We hypothesize that RPA32 is composedinclude one trypsin cleavage site near the C-terminus of
of two structural domains: a small exposed N-terminal RPA70 and one in RPA32. These data are most consistent
domain required for phosphorylation and a C-terminal with there being a conformational change in RPA upon
domain required for subunit interactions and activity. The ssDNA binding. As described above, this conformational
observed changes in the protease sensitivity indicate thatchange probably makes the N-terminus of RPA32 more
RPA32 changes conformation when the RPA complex binds accessible to protein kinases (Fotedar & Roberts, 1992;
to ssDNA. These changes are probably responsible for theHenricksen et al., 1994).
increased level of phosphorylation observed in the presence RPA70 has intrinsic DNA-binding activity. We deter-
of ssDNA. These properties are consistent with the pos- mined whether any of the proteolytic fragments of RPA70
sibility that the N-terminus of RPA32 is a regulatory domain. retained this activity by southwestern analysis. Only the full
Lee and Kim (1995) have recently shown that the C-terminus length RPA70 and the-52-kDa proteolytic fragment bound
of RPA32 is essential for replication activity. Our studies DNA. This suggests that the N-terminalLl8-kDa fragment
provide no evidence for the C-terminus of RPA32 being a is not required for the interactions of RPA70 with DNA and
third structural domain. Thus, it is possible that the that all other cleavage events disrupt the DNA-binding
C-terminus of RPA32 may have both a structural and a domain of RPA70. Previously, we have mapped the location
functional role. Recently, several mutations in the gene of the DNA-binding domain of RPA70 to the N-terminus
encoding RPA32 have been characterized in yeast (Santobetween residues-#442 (Gomes & Wold, 1995). The
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southwestern data shown in Figure 5 suggest that residuesncreased the sensitivity to proteases but only if the DNA
1-170 are dispensable for DNA-binding activity thereby being bound was long enough to allow cooperative binding
localizing the DNA-binding domain to residues 7442. (Williams et al., 1983). When T4 gene 32 protein was

The C-terminal region of RPA70 between residues 507 treated with proteases in the presence of SSDNA, one region
and 616 is required for the formation of a stable heterotri- of the protein was protected and a second region of the
meric complex with RPA32 and RPA14 (Gomes & Wold, protein became more sensitive (Hosoda & Moise, 1978;
1995; X. V. Gomes and M. S. Wold, manuscript submitted). Williams & Konigsberg, 1978). Again these changes were
We conclude that there are at least three functional domainsonly observed with DNA fragments long enough to allow
in RPA70: an~18-kDa ¢(~170 amino acid) N-terminal  cooperative binding (Hosoda & Moise, 1978; Williams &
domain that is not required for interactions with DNA, a Konigsberg, 1978). We find that RPA70 become more
central domain that interacts directly with ssDNA, and a resistant to protease digestion after binding to ssDNA while
C-terminal domain required for complex formation. Pro- RPA32 becomes more sensitive. In contrast to the prokary-
teolytic analysis ofAC442 showed that deletion of the otic single-stranded DNA-binding proteins, both short and
C-terminus of RPA70 did not change the proteolytic long oligonucleotides had similar effects on the proteolysis
sensitivity of the first 441 amino acids. This suggests that of RPA (data not shown). Thus, these studies suggest that
AC442 has a similar conformation to that of full-length cooperative binding of RPA is not necessary for DNA-
RPA70. This would be consistent with the central and induced changes in protease sensitivity of RPA. This could
C-terminal domains being in distinct structural domains; reflect the fact that unlike both. coli single-stranded DNA-
however, additional experimentation will be needed to binding protein and T4 gene 32 protein, RPA binds ssDNA
demonstrate this. with low cooperativity (Kim et al., 1994; Kim & Wold,

Functional studies that examined the effect of specific 1995). Additional experiments are needed to examine the
antibodies to hRPAn uitro provide additional information  effects of cooperative binding on RPA conformation.
about the possible function of the domains of RPA70. It has been hypothesized that the formation of the RPA
Mab70A specifically inhibits RPA stimulation of DNA  complex requires an ordered assembly of subunits with the
polymerasea while mab70C specifically inhibits RPA  32- and 14-kDa subunits interacting to form a stable
stimulation of both T antigen-dependent DNA-unwinding and subcomplex that then interacts with the 70-kDa subunit to
DNA polymerase) activity (Kenny et al., 1990). We show form a complete RPA complex (Henricksen et al., 1994).
above that mab70A interacts with the N-terminal domain of The studies presented here are consistent with this model.
RPA70 and mab70C interacts with the central domain. Thus, The protease sensitivity of RPA14 and RPA32 is similar in
itis likely that the N-terminal domain of RPA70 is involved  both the 3214 subcomplex and in the native RPA heterot-
with interactions with DNA polymerase and the central  rimer. In addition, the 70-kDa subunit of RPA is very
domain of RPA70 may be involved in interactions with DNA  sensitive to protease digestion, consistent with this subunit
polymerased. Because the central region of RPA70 also being on the exterior of the heterotrimeric RPA complex.
interacts with ssSDNA, it is also possible that the inhibition Additional structural studies will be needed to test this model
by mab70C may be an indirect effect of antibody binding. and define the structure of RPA more precisely.

There is a high level of conservation between the RPA
homologues in yeast and humans; therefore, it is likely that ACKNOWLEDGMENT
the structural domains described above are conserved in yeast
RPA. Recently, genetic studies have identified mutations
in the yeast homologue of RPA70 that disrupt RPA function
in vivo (Longhese et al., 1994; Firmenich et al., 1995; Smith
& Rothstein, 1995). Several mutations with severe defectsm mbers of the Wold laboratory for scientific di ion
are located in the N-terminal domain of RPA70; these include embers OI e Wo fa ﬁ atory tor scientific shcusks ohs
a point mutation at G77 (G77D) (Firmenich et al., 1995) 2nd critical reading of the manuscript. We thank the

. S : . University of lowa DNA Core Facility for oligonucleotide

and two amino acid insertions between residues S7 and RBS nthesis. These studies were suoported by Public Health
(1) and Y96 and V97 (M2) (Longhese et al., 1994). The S}:arvice G.rant GM44721 from the Ggr?eral Mec)ilicine Institute
phenotypes of these mutations include reduced rates of DNA '
repair and recombination (G77D), lethality (T1), and tem- pEFERENCES
perature sensitive growth coupled to reduced rates o
replication and repair (M2). These results indicate that the Adachi, Y., & Laemmli, U. K. (1992)J. Cell Biol. 119 1—-15.
N-terminal domain of RPA is important for RPA function Alani, E., Thresher, R., Griffith, J. D., & Kolodner, R. D. (1992)
in vivo and may be involved in multiple cellular processes. J- Mol- Biol. 227 54-71.

Two other mutants, M4 [a two amino acid insertion between Atgszg_eé/éé., Zhang, S., & Grosse, F. (19%)r. J. Biochem. 210

T211 ,and W2,12 (Longhese et al., 1994.)] and a pQInt Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman,
mutation at residue D228, rfal-D228Y (Smith & Rothstein, 3. G., Smith, J. A., & Struhl, K. (1989%Furrent Protocols in
1995), are located in the central DNA-binding domain. Molecular Biology John Wiley & Sons, New York.

These mutants also have slow-growth and repair-deficientBrill, S. J., & Stillman, B. (1989Nature 342 92-95.
phenotypes and provide evidence that the central domain isBrill. S. J., & Stillman, B. (1991)Genes De. 5, 1589-1600.
essential for RPA functioin zivo. Brown, G. W., Melendy, T. E., & Ray, D. S. (199Pyroc. Natl.

. s . Acad. Sci. U.S.A. §91022710231.
The changes in protease sensitivity observed with RPA Coverley, D., Kenny, M. K., Munn, M., Rupp, W. D., Lane, D. P.,

are similar to those observed previously with prokaryotic g wood, R. D. (1991)Nature 349 538-541.

single-stranded DNA-binding proteins. In the cas&ofoli Coverley, D., Kenny, M. K., Lane, D. P., & Wood, R. D. (1992)
single-stranded DNA-binding protein, binding to ssDNA Nucleic Acids Res. 2(8873-3880.

We thank Madeline A. Shea for scientific discussions and
suggestions during these studies. We thank B. Stillman and
J. Hurwitz for monoclonal antibodies to RPA and C.
Umbricht and T. Kelly for polyclonal serum. We thank the



Proteolytic Mapping of the Structure of RPA

Din, S.-U., Brill, S. J., Fairman, M. P., & Stillman, B. (199Genes
Dev. 4, 968-977.

Dornreiter, 1., Erdile, L. F., Gilbert, I. U., von Winkler, D., Kelly,
T.J., & Fanning, E. (1992EMBO J. 11 769-776.

Dutta, A., & Stillman, B. (1992EMBO J. 11 2189-2199.

Dutta, A., Din, S., Brill, S. J., & Stillman, B. (1991¢old Spring
Harbor Symp. Quant. Biol. 568315-324.

Dutta, A., Ruppert, J. M., Aster, J. C., & Winchester, E. (1993)
Nature 365 79—82.

Erdile, L. F., Wold, M. S., & Kelly, T. J. (1990). Biol. Chem.
265 3177-3182.

Erdile, L. F., Heyer, W.-D., Kolodner, R., & Kelly, T. J. (1991)
Biol. Chem. 26612090-12098.

Fairman, M. P., & Stillman, B. (1988¢MBO J. 7 1211-1218.

Fang, F., & Newport, J. W. (1993). Cell Sci. 106983-994.

Firmenich, A. A., Elias-Arnanz, M., & Berg, P. (1998)ol. Cell.
Biol. 15, 1620-1631.

Fotedar, R., & Roberts, J. M. (199&MBO J. 11 2177-2187.

Georgaki, A., Strack, B., Podust, V., & Hacher, U. (1992FEBS
Lett. 308 240-244.

Gomes, X. V., & Wold, M. S. (1995J. Biol. Chem. 2704534~
4543.

He, Z., Brinton, B. T., Greenblatt, J., Hassell, J. A., & Ingles, C. J.
(1993)Cell 73 1223-1232.

He, Z., Henricksen, L. A., Wold, M. S., & Ingles, C. J. (1995)
Nature 374 566—569.

Henricksen, L. A., Umbricht, C. B., & Wold, M. S. (1994) Biol.
Chem. 2691112+11132.

Heyduk, E., & Heyduk, T. (1994Biochemistry 339643-9650.

Heyer, W.-D., Rao, M. R. S., Erdile, L. F., Kelly, T. J., & Kolodner,
R. D. (1990)EMBO J. 9 2321-2329.

Hosoda, J., & Moise, H. (1978). Biol. Chem. 2537547-7558.

Kenny, M. K., Schlegel, U., Furneaux, H., & Hurwitz, J. (1990)
Biol. Chem. 2657693-7700.

Kim, C., & Wold, M. S. (1995)Biochemistry 342058-2064.

Kim, C., Snyder, R. O., & Wold, M. S. (199ol. Cell. Biol. 12
3050-3059.

Kim, C., Paulus, B. F., & Wold, M. S. (1998Biochemistry 33
14197-14206.

Laemmli, U. K. (1970)Nature 227 680-685.

Lee, S.-H., & Kim, D. K. (1995)J. Biol. Chem. 27012801-12807.

Li, R., & Botchan, M. R. (1993Cell 73 12071221.

Biochemistry, Vol. 35, No. 17, 1996595

Longhese, M. P., Plevani, P., & Lucchini, G. (199pl. Cell.
Biol. 14, 7884-7890.

Luche, R. M., Smart, W. C., Marion, T., Tillman, M., Sumrada, R.
A., & Cooper, T. G. (1993Mol. Cell. Biol. 13 5749-5761.

Matsuda, T., Saijo, M., Kuraoka, I., Kobayashi, T., Nakatsu, Y.,
Nagai, A., Enjoji, T., Masutani, C., Sugasawa, K., Hanaoka, F.,
Yasui, A., & Tanaka, K. (1995). Biol. Chem. 2704152-4157.

Melendy, T., & Stillman, B. (1993). Biol. Chem. 2683389-
3395.

Mitsis, P. G., Kowalczykowski, S. C., & Lehman, I. R. (1993)
Biochemistry 325257-5266.

Moore, S. P., Erdile, L., Kelly, T., & Fishel, R. (199Proc. Natl.
Acad. Sci. U.S.A. 88®067-9071.

Pedigo, S., & Shea, M. A. (1998iochemistry 341179-1196.

Price, N. C., & Johnson, C. M. (1989) Proteolytic Enzymes: A
Practical ApproachiBeynon, R. J., & Bond, J. S., Eds.) pp 163
180, IRL Press, Oxford, England.

Santocanale, C., Neecke, H., Longhese, M. P., Lucchini, G., &
Plevani, P. (1995). Mol. Biol. 254 595-607.

Singh, K. K., & Samson, L. (1995proc. Natl. Acad. Sci. U.S.A.
92, 4907-4911.

Smith, J., & Rothstein, R. (199%)lol. Cell. Biol. 15 1632-1641.

Stigger, E., Dean, F. B., Hurwitz, J., & Lee, S.-H. (19%¥pc.
Natl. Acad. Sci. U.S.A. 9579-583.

Studier, F. W., Rosenberg, A. H., Dunn, J. J., & Dubendorff, J. W.
(1990) Methods Enzymol. 18%0—89.

Umbricht, C. B., Erdile, L. F., Jabs, E. W., & Kelly, T. J. (1993)
J. Biol. Chem. 2686131-6138.

Williams, K. R., & Konigsberg, W. (1978). Biol. Chem. 253
2463-2470.

Williams, K. R., Spicer, E. K., Lopresti, M. B., Guggenheimer, R.
A., & Chase, J. W. (1983). Biol. Chem. 2583346-3355.

Wobbe, C. R., Weissbach, L., Borowiec, J. A., Dean, F. B.,
Murakami, Y., Bullock, P., & Hurwitz, J. (1987Proc. Natl.
Acad. Sci. U.S.A. 841834-1838.

Wold, M. S., Weinberg, D. H., Virshup, D. M., Li, J. J., & Kelly,
T. J. (1989)J. Biol. Chem. 2642801—-2809.

Wold, M. S., & Kelly, T. (1988)Proc. Natl. Acad. Sci. U.S.A. 85
2523-2527.

BI19526995



