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ABSTRACT: Replication protein A (RPA) is a heterotrimeric single-stranded DNA-
binding protein that is highly conserved in eukaryotes. RPA plays essential roles in many
aspects of nucleic acid metabolism, including DNA replication, nucleotide excision repair,
and homologous recombination. In this review, we provide a comprehensive overview of
RPA structure and function and highlight the more recent developments in these areas. The
last few years have seen major advances in our understanding of the mechanism of RPA
binding to DNA, including the structural characterization of the primary DNA-binding
domains (DBD) and the identification of two secondary DBDs. Moreover, evidence indi-
cates that RPA utilizes a multistep pathway to bind single-stranded DNA involving a
particular molecular polarity of RPA, a mechanism that is apparently used to facilitate origin
denaturation. In addition to its mechanistic roles, RPA interacts with many key factors in
nucleic acid metabolism, and we discuss the critical nature of many of these interactions to
DNA metabolism. RPA is a phosphorylation target for DNA-dependent protein kinase
(DNA-PK) and likely the ataxia telangiectasia-mutated gene (ATM) protein kinase, and
recent observations are described that suggest that RPA phosphorylation plays a significant
modulatory role in the cellular response to DNA damage.
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[. INTRODUCTION (RPA), a heterotrimeric protein complex.
At the most basic level, RPA stabilizes DNA
in the single-stranded conformation, a form

Single-stranded DNA-binding proteins  more active in many aspects of nucleic acid

(SSBs) play multiple and essential roles in  enzymology. As the characterization of RPA

almost every aspect of DNA metabolism, structure and function proceeds, however, it

including replication, repair, and recombi- is becoming more apparent that RPA plays
nation. In eukaryotic cells, the role of the a dynamic modulatory role in each of these

SSB is played by replication protein A  processes through specific physical interac-
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tions with other protein molecules, and with
the DNA. As an excellent comprehensive
review of RPA was published recentlihis
review concentrates on the more recent ad-
vances in our understanding of RPA struc-
ture and function.

RPA was first identified and purified
from human (HelLa) cell extracts as an in-
dispensable component of simian virus 40
(SVv40) DNA replicatiort=* Analysis of
hsRPA* indicates that it is a heterotrimer
composed of 70 kDa (RPA1), 29 kDa
(RPA2), and 14 kDa (RPA3) subunits.
Subsequent to its identification in human
cells, heterotrimeric homologues of hsRPA
have been isolated or RPA-encoding genes
have been identified from virtually every
eukaryotic organism examined, including
Saccharomyces cerevisjagSchizosaccha-
romyces pomhé Xenopus laevi% Droso-
phila melanogasteti® as well as in plants
such as deepwater ri€eRPA is apparently
the most abundant SSB in eukaryotic c#lls.
Systems that overexpress hsRPA in bacteria
or in insect cells infected with recombinant
baculovirus have been develogéét

Comparison of the amino acid sequence
of various RPA subunits has revealed sig-
nificant homology between species at the
amino acid level, with the genes for RPA1
showing the highest homology (Table 1).
For example, amino acid sequence com-
parison shows 44.5, 50.0, and 80.7% simi-
larity for scRPAL, spRPA1, and xIRPAl
subunits, respectively, vs. hsRPAL1 (Table
1A). The amino acid homology between the
derived sequences of RPA2 and its RPA4
homologué® (see below), and RPA3 is less
strong (Tables 1B and 1C). For example,
the scRPA2 and scRPA3 subunits show a

37.8 and 35.2% similarity when compared
with the hsRPA2 and hsRPA3 subunits,
respectively. Even with this evolutionary
divergence, RPA activities are conserved to
a certain extent as SV40 DNA replication
in vitro can be efficiently supported when
hsRPA is replaced by bovine (Bos taurus)
RPA and dmRPA’However, even though
hsRPA and scRPA are somewhat homolo-
gous and can substitute for each other in
certain reactions (e.g., Ref. 6), the yeast
protein cannot replace hsRPA in SV40 DNA
replicationin vitro,*2and the essential SCRPA
genes can not be replaced by the corre-
sponding human coding sequengés.

II. RPA STRUCTURE

A. Primary DNA-Binding
Domains

Initial studies of hsRPA indicated that
only the RPA1 subunit had significant
single-stranded DNA (ssDNA)-binding ac-
tivity. For example, testing of the individual
hsRPA subunits renatured after separation
by SDS-PAGE showed that only the large
subunit could bind ssDNA2° and had an
affinity for ssDNA similar to that found for
the heterotrime¥ Similarly, UV-cross-link-
ing of hsRPA bound to ssDNA found that
only RPA1 was tightly associated with the
DNA.*® Supporting this interpretation, a
single DNA-binding domain (DBD) was
mapped to the center of the hsRPA1 subunit
(residues ~180 to 420; FigureZ:)?>More-
over, analysis of the similar region in

*  This review continues the nomenclature of Woéthd designates the source of RPA by the species from
which it was derived (e.g., RPA fro®accharomyces cerevisié® scRPA). In addition, to facilitate
comparison with RPA isolated from different organisms, the large, middle, and small RPA subunits are
referred to as RPAL, RPA2, and RPA3, respectively.
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TABLE 1

Amino Acid Homology of the RPA Subunits from Various Species

TABLE 1A
H. sapiens X. laevis D. melanogaster | S. pombe
Species RPA1 RPA1 RPA1 RPA1
S. cerevisiae 445 (32.5) 44.4 (33.1) 46.9 (34.5) 50.4 (39.2)
RPA1
S. pombe 50.0 (38.7) 51.9 (41.4) 49.4 (36.9)
RPA1
D. melanogaster 54.6 (45.3) 54.3 (44.5)
RPA1
X. laevis 80.7 (74.1)
RPA1
TABLE 1B
H. sapiens H. sapiens M. musculus S. pombe
Species RPA2 RPA4 RPA2 RPA2
S. cerevisiae 37.8 (29.9) 35.3 (26.9) 37.4 (29.5) 41.7 (35.7)
RPA2
S. pombe 43.5 (34.2) 38.7 (29.2) 44.2 (34.6)
RPA2
M. musculus 88.5 (87.4) 54.1 (45.6)
RPA2
H. sapiens 56.8 (47.5)
RPA4
TABLE 1C
H. sapiens S. pombe
Species RPA3 RPA3
S. cerevisiae 35.2 (27.6) 35.3 (27.4)
RPA3
S. pombe 37.0 (26.0)
RPA3

Note: For each comparison, the first value indicates the percent similarity, while the second value (in
parentheses) indicates the percent identity. Three comparisons were made: amino acid homologies
between RPAL subunits (panel A), between the RPA2/4 subunits (panel B), and between the RPA3
subunits (panel C). Sequence analysis was performed using the GAP program from the Wisconsin
Package, version 10.0 (Genetics Computer Group, 1998). Note that GAP rather than BESTFIT was
used, because BESTFIT was unable to recognize significant homology between the RPA3 sub-
units. For the RPALl, RPA2, RPA4 subunits, the GAP and BESTFIT programs yielded similar
homology values. The following accession numbers were used: hsRPA1l, M63488; hsRPA2,
J05249; hsRPA3, L07493; hsRPA4, U24186; xIRPA1, Q01588, dmRPA1, Q24492; mmRPA2,
D00812; spRPA1, U59385; spRPA2, U59386; spRPA3, U59387; scRPA1, P22336; scRPA2,
P26754; scRPA3, P26755.
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scRPA1 suggested that the central region
contained two interchangeable subdomains,
A and B?%¢

The crystal structure of the central DBD
of hsRPAL (residues 181 to 422) complexed
to a single molecule of octadeoxycytosine
was obtained recently at 2.2 A resolutfén.
This domain is composed of two adjacent
subdomains of similar structure (~100 amino
acids each; designated domains A [residues
198 to 291] and B [residues 305 to 402])
connected by a 15 amino acid linker and
forming a channel with a width of ~17 A.
Three nucleotides are contacted by each
subdomain, and two additional nucleotides
bridge the contacted residues. Each sub-
domain resembles a protein structure (the
OB fold) found previously in various oligo-
nucleotide- and oligosaccharide-binding
proteins, including SSBs encoded by the f1
phage (gene V) and bacteriophage Pf3, the
yeast aspartyl-tRNA synthetase, and, to a
lesser extent, the ssDNA binding-domain of
the bacteriophage T4 SSB, gp32. In addi-
tion, the OB fold was observed in a recent
structure of theEscherichia coliSSB
(EcoSSBY?

Two types of RPA-DNA contacts were
noted in the hsRPAY, ,,,Structure: hydro-

gen bonds between side chains and the phos-

phate backbone and individual bases, and
hydrophobic base-stacking interactions be-
tween four aromatic amino acid residues
(F238, F269, W361, and F386) and indi-
vidual base$’ A recent study indicates that
while mutation of two of the aromatic resi-
dues (F238 and W361) caused the mutant
heterotrimer to bind ssDNA extremely
poorly, mutation of the other two aromatic
amino acids (F269 and F386) had no effect
on ssDNA binding? In addition, mutation

of F238 and W361 generated a protein with
an altered proteolytic digestion pattern, in-
dicating that these amino acids are critical
for the maintenance of proper hsRPA con-

formation?® These results support the argu-
ment that the key interactions between
hsRPA and ssDNA are ionic rather than
hydrophobic.

B. Secondary DNA-Binding
Domains

1. RPAZ

That domains A and B comprise the
sole ssDNA-binding motif in RPA was ques-
tioned as its DNA-binding properties un-
derwent further scrutiny. Blackwell and
Borowiec¢® found that in addition to the
previously characterized 30 nt binding
form'23! (termed the hRP4,, complex by
our laboratory), hsRPA was also able to
bind ssDNA more unstably using an 8 nt
binding mode (the hRPA complex) that
required the use of a crosslinking agent for
detection (see also below). Thus, the possi-
bility that RPA bound ssDNA using mul-
tiple binding sites was raised. In addition,
the identification of the minimum essential
domains for the scRPA2 and scRPAS3 sub-
units indicated that each domain contained
regions that bore weak similarity to the
ssDNA binding domain of EcoSSBand to
each other. The conserved region in RPA2
contains three hydrophobic residues, and a
double mutation of two of these residues
(Y133A and F143A) in scRPA2 were found
to be lethal to yeast viabili&f.

More direct evidence demonstrating that
RPAZ2 binds ssDNA has surfaced recently.
It has been found that the ScCRPA2 subunit,
when present in the heterotrimer, could be
weakly crosslinked to ssDNA in a ssDNA-
length- and salt-dependent mantfdn ad-
dition, the hsRPA2 subunit was able to be
crosslinked to synthetic primer-template
DNA moleculesn vitro.3? Photocrosslinking
studies performed using SV40 chromosomes
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replicating in African green monkey CV-1
cells Cercopithecus aethiopshowed that
ceRPA2 was crosslinked to RNA-DNA
primers that were 10 to 35 nt in leng¥As
lagging strand synthesis appears to involve
synthesis of short RNA-DNA primers by
DNA polymerasea prior to a switch to
DNA polymerased,3-3¢these data suggest
that RPA2-DNA contacts may play a sig-
nificant role in the polymerase switching
mechanism.

While these data reveal contacts between
RPA2 and DNA, isolation of a bacterially
expressed hsRPA2-hsRPA3 complex was
unable to bind ssDNA and could not sup-
port SV40 DNA replicatiom vitro (Ref. 13,
see also Ref. 26). These somewhat contra-
dictory results were resolved with the find-
ing that while the isolated hsRPA2-hsRPA3
did not show significant ssDNA-binding
activity the dimeric complex containing an
N- and C-terminal deletion of hsRPA2 (resi-
dues 43 to 171) did bind ssDNA.The
binding affinity of this complex was rela-
tively weak (~10 — 5& 106 M), compared
with the primary DBD in the central region
of RPA1 (~50 — 100x 10° M).3"3° These
data could suggest that the RPA2 ssDNA-
binding domain is normally cryptic, and only
becomes accessible after RPAL binding to
ssDNA?3’

2. C-Terminus of RPA1

Recent characterization of various frag-
ments of the scRPA1 subunit demonstrated
that the C-terminal region (residues 416 to
621) also contains a fourth ssDNA-binding
domain that weakly binds ssDNA as de-
tected by UV-crosslinking analysiSimi-
larly, a mutated hsRPA heterotrimer lack-
ing the N-terminal 382 residues of hsRPA1
(including the central DBDs A and B) could
be weakly crosslinked to ssDNA through
the truncated hsRPA1 subuffitThat the

RPA1 C-terminus contains a DBD is also
supported by the observation that a trun-
cated hsRPA heterotrimer containing the
hsRPA1 C-terminal complexed with the
central domain of hsRPA2 (residues 43 to
171) and hsRPAS3 has a three- to fivefold
greater affinity for ssDNA than the trun-
cated hsRPA2-hsRPA3 dimé&r.

The different DBDs of RPA have been
designated in the following manner: the
central high-affinity RPA1 sites, domains
A and B; the low-affinity site at the RPA1
C-terminal, domain C; and the central RPA2
site, domain D. Domains C and D have
limited homology with domains A and B,
most especially with respect to the presence
and location of amino acid residues impor-
tant for RPA functior?®37:38Domains C and
D also appear to be constructed using an
OB-fold motif37:38 The role of the second-
ary ssDNA-binding domains is still unclear
as their contribution to the overall RPA-
ssDNA binding affinity is relatively mar-
ginal (e.g., Refs. 21, 39, 44). However, as
discussed in greater detail below, they may
contribute to the molecular polarity of RPA
binding to ssDNA and could facilitate the
multistep binding pathway that RPA uses to
bind DNA.

C. Other RPA Domains
1. RPA1

Apart from its ssDNA binding role, the
C-terminus of hsRPA (residues ~503 to 616)
is necessary for the correct assembly of the
heterotrimer!-24Deletion analysis suggests
that the extreme C-terminal 50 amino acids
are required for interaction between hsRPA1
and hsRPA3, while the adjacent 60 residues
interact with hsRPA23 The C-terminal re-
gion is highly hydrophobic and its deletion
renders hsRPAL soluble in the absence of
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the other two subunit’.?2 Assembly of the
heterotrimer has been shown to occur in an
ordered process, with the initial formation
of a stable RPA2-RPA3 complex followed
by the association of RPA%4

The C-terminal portion of RPA1 also
contains a highly conserved zinc-
finger motif (residues 481 to 503 of
hsRPA1):840-42Complete deletion has only
modest effects on the affinity of hsRPA for
ssDNA?1-2429.4349T esting the effect of zinc-
finger mutations on RPA function has led to
contradictory findings. Lee and colleagues
have observed that deletion of the zinc fin-
ger motif or mutation of all four of the
critical cysteine residues generated a pro-
tein that was unable to stimulate the activity
of DNA polymerasex or 9, was inactive in
excision nucleotide repair, yet functional in
SV40 DNA replicatior?®4345 In contrast,
the laboratory of Dutta showed that a simi-
larly mutated hsRPA stimulated each poly-
merase to levels observed with the wild-
type hsRPA, could not support SV40 DNA
replication or mismatch repair, yet could
functionally replace the wild-type protein in
excision nucleotide repaif:*¢ Similarly, a
recent study by Wold and co-workers found
that a recombinant hsRPA mutated in the
zinc-binding motif was inactive in SV40
DNA replication?®

It is possible that the observed differ-
ences in the effect on zinc-finger mutation
on RPA activities relate to the source of the
protein. Lee and co-workers prepare hsRPA
using a baculovirus overexpression system,
while the laboratories of Dutta and Wold
have each generated recombinant hsRPA in
bacteria. Although the source of the protein
did not affect hsRPA activity in other assay
systemg?1447it is possible that mutations
in the zinc-finger motif result in an RPA
heterotrimer with a less-stable conforma-
tion that requires the participation of the
eukaryotic chaperonin system to generate
properly folded molecules (e.g., Ref. 48). In
support of this hypothesis, hsRPA mutated

in the zinc-finger has a somewhat different
pattern of trypsin proteolysis, although only
in the presence of DNA. Therefore, it is
possible that the zinc-finger motif might
play a role in the correct folding of the
RPA1 subunit, similar to the T4 gp32 motif
(e.g., Ref. 49).

Because trypsin cleavage of hsRPA
causes initial cleavage of hsRPA1 into
~18 kDa N-terminal and ~52 kDa C-termi-
nal fragments, it appears that ~170 amino
acids of the N-terminal are constructed as a
discrete domaif? This region is apparently
nonessential because its deletion does not
affect either ssDNA-binding or the ability
of RPA to function in SV40 replication
in vitro.2223 Although various regions of
hsRPAL1 are responsible for binding other
proteins, the N-terminal region has been
implicated in many of the known interac-
tions. For example, hsRPA, able to stimu-
late DNA synthesis by DNA polymerases
and 9,23405L52¢can physically interact with
DNA polymerasea using the N-terminal
half of hsRPA22353 In addition, the N-ter-
minal 327 amino acids of RPA1 contain
overlapping regions that interact with the
activation domain of VP16 and the SV40
large tumor antigen (T antige¥¥) hsRPA
interacts with p53 (see belowf)>¢and this
interaction maps to two hsRPA1 regions
(residues 1 to 221 and 411 to 492).

Outside of the primary DBD, the bio-
chemical characterization of tBecerevisiae
RPAL1 subunit has been less extensive, and
most of our knowledge has been obtained
from genetic studies. In apparent contrast to
hsRPA1, both the extreme N- and C-termini
of scRPAL1 are critical for RPA function as
their truncation causes either extremely poor
growth or loss of viability’s Recently, three
temperature-sensitive mutations within the
yeastRFA1 gene (encoding the large sub-
unit) were found to confer mutator pheno-
types, resulting in various types of muta-
tions, including deletions, base substitutions,
frameshifts, and nonreciprocal transloca-
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tions>” A test of one of thesdal alleles in
rad10 rad51, orrad52strains showed it to
be growth defective, leading to the sugges-
tion that the mutant scRPA was causing an
increase in double-strand breaks that were
then repaired by mutagenic processes. Con-
sistent with this view, a point mutation
(G77D) in the N-terminal domain of the
SCRPAL causes cells to be defective in DNA
repair induced by X rays, double-strand
breaks, and high UV dos&sSimilarly, a
D228Y mutation in scRPAL appears to yield
a protein defective in interactions with the
replication, repair, and recombination ma-
chinery that deleteriously affects the ability
of RPA to function in repair or recombina-
tion.59.60

2. RPA2

Similar to the RPA1 subunit, RPA2
appears to contain three distinct functional
domains. In addition to the secondary
ssDNA-binding domain located in the cen-
ter of RPA2 (described above), both the
N- and C-terminal regions have distinct func-
tions. As discussed in greater detail below,
RPA is phosphorylated in a cell-cycle-de-
pendent fashiof,¢? and the sites of phos-
phorylation are located in the N-terminal
region. For scRPA2 and hsRPA2, the
N-terminus is nonessential for growth or
in vitro SV40 DNA replication, respec-
tively.26.63

Deletion of the ~100 C-terminal resi-
dues from scRPA2 allowed yeast growth,
although in a temperature-sensitive fash-
ion.?8 However, conflicting results regard-
ing the importance of the C-terminus of
hsRPA2 have been reported. While Braun
et al. found that deletion of up to 50 residues
from the hsRPA2 C-terminus efficiently
supported SV40 DNA replicatian vitro,>
Lee and Kim observed that hsRPA2 mu-
tants lacking the C-terminal 33 residues were

nonfunctional in SV40 DNA replicatiof.
Again, it is possible that the source of the
recombinant proteirH. colivs. insect cells)

is a contributing factor. The C-terminal two-
thirds of hsRPA2 has been found to be re-
quired for interactions with both hsRPA1
and hsRPA3?

The RPA2 subunit can interact with
other protein factors, including the various
kinases that are able to phosphorylate RPA2
(see below). Deletion of the hsRPA2
C-terminal 33 amino acids has been found
to prevent hsRPA-T antigen complex for-
mation, suggesting that the C-terminus
physically interacts with the viral proteip.
However, analysis of similar hsRPA2 mu-
tants by the Wold laboratory found no ef-
fect on the ability of hsRPA to interact with
Tantigen2® The latter group has suggested
that the hsRPA2 mutation alters RPA con-
formation, and thus indirectly affects pro-
tein-protein interaction¥® Mutation of
RPA2 (and RPA3) also caused diminished
association of RPA with DNA polymerase
a, but this may likewise be a consequence
of differences in RPA conformatidd.The
hsRPA2 C-terminal has been found to be
required for interaction with théeroderma
pigmentosungroup A complementing pro-
tein (XPAY?®4584and with the human uracil-
DNA glycosylase? implicating the RPA2
subunit in both nucleotide and base exci-
sion repair.

A homologue of RPA2 in human cells,
hsRPA4, has been isolated using hsRPA1
as bait in the yeast two-hybrid systé&m.
hsRPA4 shares moderate (47%) identity with
hsRPA2 and is expressed primarily in pla-
centa and is present in colon mucosa cells.
Although hsRPA4 is capable of assembling
a heterotrimeric complex together with
RPA1 and RPA3 thatis able to bind SSDNA,
placental cells express little RPA1L, suggest-
ing that most hsRPA4 is not present in a
heterotrimeric hsRPA1-3-4 structure. The
role of RPA4 is open to speculation.
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3. RPA3

At present, apart from bridging the RPA1
and RPAZ2 subunits and stabilizing their in-
teraction, the role of RPA3 is not yet estab-
lished!3141t has been proposed that RPA3
can directly bind DNA$ although such bind-
ing has not yet been demonstrate#:373°
Mutational analysis of sScRPAS3 indicates that
loss of the N-terminal 70 residues from the
122 amino acid subunit can be accommo-
dated even though viability is temperature
sensitive?® Small deletions from the C-ter-
minus of sScCRPA3 are inviabté.

Examination of the effects of various
rfa2 andrfa3 (encoding the scRPA2 and
SCRPAS3 subunits, respectively) mutations
on chromosomal replication indicates dif-
fering roles for each subunit. A majority of
temperature-sensitive mutations dh2
show a ‘fast-stop’ DNA synthesis pheno-
type at the nonpermissive temperature, with
RPA1 and RPA2 no longer associated at the
elevated temperatufes” Thus, the contin-
ued presence of the RPA2 subunit is re-
quired for replication fork progression. In
contrast, all temperature-sensitiva3 mu-
tations were seen to have a ‘slow-stop’ rep-
lication phenotype at the nonpermissive tem-
perature and had no apparent effect on
RPA1-RPA2 associatidfi. The rfa3 cells
were primarily arrested in the G1 phase and
apparently were functional in both the ini-
tiation and elongation stages of chromo-
somal replication. Thea2 andrfa3 alleles
were seen to have various degrees of methyl
methane sulfonate (MMS)- and ultraviolet
(UV)-sensitivity and slight to significant
increases in mutation frequency.

4. Archaeal Homologues of RPA

Interestingly, examination of the ge-
nomic sequence of various archaeons

(Methanococcus jannaschiflethanobacter
thermoautotrophicumand Archaeoglobus
fulgidag found candidate SSB genes that
contained regions that bore significant
homology to the ssDNA-binding domain A
of hsRPA1 and are predicted to be structur-
ally similar%8%° For each candidate gene,
the homologous region was present in mul-
tiple copies with four and five repeats found
for M. jannaschii and M. thermoauto-
trophicum respectively, and two repeats
were found in each of two putative SSB
genes inA. fulgidas When expressed in
bacteria, the mjSSB showed high-affinity
ssDNA-binding activity and a binding site
size of ~20 n#® As mentioned, the RPA1
and RPA2 subunits of yeast and humans
show weak homology with EcoSSB°also
known to form using an OB-fol.Overall,

it appears that the eukaryotic RPA and
archaeal SSBs evolved from a common pre-
cursor, perhaps present in an early prokary-
otic ancestor.

5. Location of the RPA Genes

Mapping of the individual hsRPA genes
indicate that the RPA1 subunit is located on
chromosome 17 at 17p13.3, RPA2 on chro-
mosome 1 (1p35), and RPA3 on chromo-
some 7 (7p22)%-72 In yeast, theRFAL
RFA2 andRFA3genes are located on the
right arm of chromosome I, the left arm of
chromosome XIV, and the left arm of chro-
mosome X, respectively3 Null mutations
of the three yeast genes are nonviable and
result in a terminal phenotype consistent
with an essential role in chromosomal DNA
replication®>”® As yet, no known genetic
disorders map to an hsRPA gene, but it is
clear that mutation of any of the three yeast
genes can result in genetic instability (e.g.,
Refs. 57 and 67).
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[ll. INTERACTION OF RPA WITH
NUCLEIC ACIDS

A. Binding to ssDNA

The binding parameters of various RPA
homologues (hsRPA, scRPA, dmRPA) have
been characterized extensively and are re-
viewed in detail by Wold.The strength of
the interaction between RPA and its SSDNA

substrate, as reflected by the apparent asso-

ciation constant (Ka), is in the range of 10
to 10+ M1, depending on the conditions
used??2:31.39.47.74-7The Ka value is depen-
dent on DNA length, increasing ~50-fold as
the DNA length is increased from 10 to
20 nt, and ~6-fold as the length further in-
creases to 60 rit.Base composition of the
ssDNA substrate significantly modulates the
RPA binding affinity, with ~50-fold higher
affinity noted for hsRPA and scRPA bind-
ing to single-stranded polypyrimidine se-
guences when compared with polypurine
sequenced.Similarly, both human and yeast
RPA have been shown to strongly prefer
binding to the pyrimidine-rich strands of
both the SV40 origin of replication and an
S. cerevisiaechromosomal origin, respec-
tively.3%77 hsRPA has also been found to
bind preferentially to short (8 nt) single-
stranded pyrimidine sequences, relative to
purine elements, located either in the center
or at one end of 48-bp DNA molecul@s.
The various RPA homologs were found
to bind DNA with various degrees of
cooperativity. dmRPA, hsRPA, and btRPA
have been shown to bind ssDNA with low
cooperativity with w determined to be
10 to 20 for hsRPA and 10 to 300 for
dmRPA? 757679 Although scRPA was ini-
tially found to bind with high cooperativity
(w =10 — 10),”* a recent study disputes
these observations and finds the co-
operativity of scRPA binding similar to

hsRPA3° The conformation of hsRPA-DNA
complexes is salt sensitive, with higher salt
levels (i.e., 100 mal NaCl or >2 nM MgCl,)
inducing their significant compactidh.

B. Binding to Double-Stranded
DNA (dsDNA)

The binding affinity of RPA for non-
specific dsDNA and RNA is at least three
orders of magnitude weaker than that for
ssDNAZS:203L448However, significant bind-
ing by hsRPA was observed to duplex DNA
containing thermally unstable sequenes.
In addition, high-affinity binding of RPA
was detected with particular dsDNA se-
guences, which are apparently involved in
the regulation of transcription in various
eukaryotic specie®8*As no DNA consen-
sus sequence was identified for these inter-
actions, it is likely that RPA recognizes a
specific DNA structure associated with the
sequence rather than the sequence itself.

Interestingly, RPA has been shown to
recognize specific types of damaged DNA.
For example, hsRPA has four- to sixfold
higher affinity for duplex DNA containing
a single 1,2-d(GpG) cisplatin adduct than to
an unmodified contrd®® These results
are consistent with previous observations
showing a 50-fold greater binding of hsRPA
to dsDNA containing pyrimidine(6-4)
primidone photoproducts induced by UV
irradiation®” hsRPA has also been observed
to bind with increased affinity to DNA dam-
aged with N-acetoxy-2-acetylaminofluo-
rene®* As discussed in greater detail below,
binding to certain damaged substrates is
synergistic with other repair factors (e.g.,
XPA).%4 Although the structure of the pri-
mary DNA-binding domain of hsRPA1 has
been solved’ the molecular requirements
of damaged DNA that are recognized by
hsRPA are not yet understood. However, a
recent study by Patrick and Turchi indicates
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that hsRPA does not recognize the damaged haps indicating that hsRPA binding in the

base per se, but rather the structural distor-
tion caused by the damatfe.

C. Mechanism of RPA Binding

hsRPA has been found to bind ssDNA
in multiple binding mode¥:8%Csimilar to
that previously noted for EcCoSSB (e.g., see
Ref. 91). First identified was a stable bind-
ing mode that occludes 30 nt (the hRRA
complex)2303175768hsRPA has also been
found to associate less stably with ~8 nt of
ssDNA to form the hRP#&, complex, which
can be detected in the presence of glutaral-
dehyde30.89.90 |nterestingly, the primary
DBDs A and B bind 8 nt of ssDN&,per-

hsRPA
monomers

-ssDNA

hsRPA
dimers

45 nt ssDNA

i

8 nt mode involves ssDNA occupancy of
both primary DBDs.

Visualization of both complexes by scan-
ning transmission electron microscopy
(STEM) revealed a topological reorienta-
tion of hsRPA after ssDNA binding, depen-
dent on the ssDNA length (Figure 2). In the
absence of ssDNA or using short ssDNA
lengths that prevent hRB4&, complex for-
mation, hsRPA appears as globular mono-
mer or as globular contracted oligomers coat-
ing the DNA, respectively. Using longer
DNA lengths that permit formation of the
hRPA,,.complex, hsRPA takes a more elon-
gated shape along the DNAThese con-
formational changes appear to affect both
the hsRPA1 and hsRPA2 subunits, as DNA-

LACAES

hsRPA -

B0 nt ssDNA

FIGURE 2. STEM visualization of conformational changes induced in hsRPA after binding to
ssDNA of sufficient length. Images of representative hsRPA molecules or hsRPA-ssDNA com-
plexes, in the absence of glutaraldehyde, are shown. Image shading cycles progressively through
black, three gray levels of increasing lightness, and white with each shading change representing
an increase in the mass per unit area. The hsRPA stoichiometries are indicated to the left of each
panel. Note that the central image in the middle panel contains two hsRPA (dimer)-ssDNA

complexes. Bar indicates 10 nm.
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binding causes increased phosphorylation
of hsRPA2 by activated DNA-dependent
protein kinase (DNA-PKY and alters the
sensitivity of the two larger hsRPA subunits
to protease cleavageNotably, the crystal
structure of hsRPA1 domains A and B
revealed that each domain contained a large
loop (L) in the OB-fold that was postu-
lated to occur in different orientations
dependent on the presence of ssDWNA,
and may be at least partially responsible for
the observed hsRPA conformational
changes?®®® In addition, recent character-
ization of the ability of hsRPA to be photo-
crosslinked to template-primer substrates
indicates that while the formation of the
hRPA;,, complex involves major contacts
of the primer with RPAL, formation of the
hRPA,.complex utilizes additional primer
contacts with RPA2?

Characterization of the two hsRPA bind-
ing modes has led to the suggestion that
hsRPA binding to ssDNA occurs through a
multistep pathway? RPA first binds 8 nt of
DNA unstably, using the high-affinity
ssDNA-binding domains A and B, and form-
ing the hRP4,, complex. RPA then aligns
along the DNA, using additional contacts
with one or both of the secondary DBDs (C
and D), forming the stable hREA com-
plex (Figure 3)8°

In addition to the 8 and 30 nt complexes
identified for hsRPA binding, use of elec-
tron microscopy and fluorescence quench-
ing has indicated that scRPA can bind
ssDNA in a 90 to 100 nt mode, forming
nucleosome-like structurés.More recent
studies indicate that scRPA uses a smaller
binding site of 20 to 30 #tor 45 nt3° In the
latter study, scRPA was observed to bind
ssDNA oligonucleotides with a 5-fold higher
affinity compared with hsRPA. The differ-
ences in DNA-binding properties between
hsRPA and scRPA are apparently due to
distinct binding activities of the RPA2/RPA3
subcomplexes, in part because the yeast

RPA2/RPA3 subcomplex bound ssDNA
with 1000-fold stronger affinity than the
human subcompleR.

1. Molecular Polarity of RPA
Binding

The polarity of hsRPA binding to ssSDNA
has been examined by de Laat and co-work-
er 2 in conjunction with the role of RPA in
the nucleotide excision repair (NER) reac-
tion. In this study, hsRPA showed preferen-
tial binding to hairpin substrates containing
3'-protruding arms shorter than 19 nt. The
results were interpreted to indicate that the
strong ssDNA-binding domain of hsRPA
lies on the 5portion of the ssDNA, while a
weaker binding entity was located on the 3
portion of the DNA (Figure 3). Equivalent
binding to both the '3 and 5-protruding
arms was seen when longer sequences were
used. The polar binding appears to allow
positioning of the XPG and ERCC1-XPF
factors during NER to facilitate processing
of repair intermediates.

Using somewhat similar substrates, our
laboratory has found that hsRPA binds pref-
erentially to 8 nt sSDNA arms protruding in
the 3 direction, or to the '5arm of a fork
structure’® Although the arm that hsRPA
bound was the opposite of that found by de
Laat et al®® these data are also consistent
with a strong ssDNA binding site located on
the B portion of the site, while a secondary
site(s) is used to contact thegp®rtion of the
ssDNA binding site. Moreover, using
photocrosslinking methodology to study the
interaction of hsRPA with primer-template
substrates, Lavrik et al. found that a 19 nt
ssDNA region allowed RPA2 to be cros-
slinked to the primer end 15-fold better than
RPA1, while use of a 9 nt ssDNA region
showed that only RPA1 was covalently
bound to the primeét The laboratory of
Kaufmann, studying SV40 replication
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FIGURE 3. Model of RPA binding to ssDNA. In the first step, RPA recognizes the ssSDNA unstably
using the high-affinity ssDNA-binding domains A and B to contact ~8 nt. In a step involving a
significant change to RPA conformation, RPA then occludes 30 nts using the primary and second-
ary ssDNA-binding domains of RPA1, and perhaps the D domain of RPA2. During the process of
DNA synthesis (e.g., by DNA replication or repair), elongation of the nascent strand first contacts
the RPA2 subunit, and then the RPA1 subunit, in the process returning RPA to the nonextended
configuration. The unstably bound RPA thus can be easily released from the template by further
elongation of the nascent strand.
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in vivo, observed that RPA2 was crosslinked
to the growing lagging strand earlier (at
slightly shorter DNA lengths) than RPA3%*

As the RNA-DNA primer was extended fur-
ther, RPA2 also dissociated from the primer

copy®® Note that the duplex DNA-unwind-
ing activity of RPA does not require ATP
hydrolysis. RPA-mediated DNA unwind-
ing therefore is not due to any intrinsic DNA
helicase activity but rather to a helix-desta-

end earlier than RPAL. These data suggest bilizing activity, similar to that identified

that RPA2 is positioned at thé é1d of the
ssDNA binding site relative to RPAL, again
consistent with a’5-» 3 molecular polarity
of RPA binding (Figure 3).

Although no evidence of polarity for
the binding of subsequent molecules of RPA

for T4 gp32%8 AdDBP°100gnd ICP801:102

In addition to completely duplex DNA
substrates, ‘pseudo-origin’ substrates have
also been employed that contain an 8-nt
bubble flanked by 20-bp duplex
flanks /447103 and thus resemble a DNA

has yet been observed (e.g., see Ref. 95), it structure found within the ATP-dependent

is possible that the'5- 3 polarity is also
reflective of the mechanism of hsRPA load-
ing onto the lagging DNA strand of a repli-
cation fork (which would expose the single-
and lagging-strand template in the 5 3
direction). RPA polarity was also suggested
to be involved in homologous recombina-
tion because the protein binds to the
3'-ssDNA tails created as a result of double-
strand break (DSB) resection (see bel&w).

D. Unwinding of Duplex DNA by
RPA

RPA can unwind dsDNA substrates with
varying efficiencies. Short (24 nt) oligo-
nucleotides hybridized to M13 DNA are
completely denatured by btRPA®hsRPA
also was observed to denature very lengthy
(>1 kb) duplex DNA regions, leading to the
production of RPA-DNA filament¥ hsRPA
has been shown to stimulate the unwinding
of the S. cerevisiaeARS1 element when
present on a negatively supercoiled plas-
mid.*” The latter two examples of DNA
unwinding by RPA appear to require ther-
mally unstable DNA sequences (e.g., AT-
rich regionsf%®’ These ‘general’ DNA un-
winding activities of RPA are salt sensitive,
being strongly inhibited by moderate salt
levels®%¢ This inhibition may be due in
part to salt-induced compaction of RPA-
DNA complexes seen by electron micros-

initiation complex formed between the SV40
T antigen and the viral origit¥*-1%hsRPA
cooperatively binds the pseudo-origin sub-
strate across both strands, causing localized
regions of the flanking dsDNA to become
reactive to a chemical probe specific for
distorted DNA, and leading to the denatur-
ation of a fraction of the bound substr&t&3
Although it has been suggested that dsDNA
binding is a consequence of the ssDNA-
binding activity of hsRPA?} Iftode and
Borowiec have found that hsRPA binds to
the pseudo-origin substrate with an inter-
mediate affinity between ssDNA and
dsDNA#7 In addition, DNA unwinding can
be distinguished from DNA binding both
kinetically and by temperature.

Unwinding of the pseudo-origin struc-
ture has been proposed to occur by hsRPA
first binding the 8-nt bubble using the
hRPA;, binding mode. Then, as a result of
the conversion of the hRRAto the hRP Ay,
complex, the duplex DNA becomes dena-
tured. Because the 8-nt bubble structure has
been identified within the SV40 T antigen-
origin complext°51% the DNA unwinding
activity of RPA rather than the T antigen
DNA helicase activity apparently induces
the complete denaturation of the viral ori-
gin. Loss of the duplex DNA recognition
elements releases the T antigen DNA
helicase activity to subsequently unwind the
DNA bidirectionally outward from the ori-
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gin19-11%5We postulate that the DNA un-

winding activity of RPA also serves a simi-
lar role during the initiation of chromosomal

DNA replication and may be involved in

the denaturation of the damaged DNA re-
gion during NER.

The large subunit of RPA has been sug-
gested to be important for dsDNA unwind-
ing.#4% While it is not clear whether the
secondary ssDNA-binding domains of RPA
play an important role in its helix-destabili-
zation activity, it is notable that mutation of
the hsRPA1 zinc-finger motif reduced its
ability to unwind duplex DNA* RPA2 may
also play a role in modulating dsDNA dena-
turation, as phosphorylation of this subunit
stimulates unwinding of short oligonucle-
otides®

IV. RPA PHOSPHORYLATION

One of the most intriguing aspects of
RPA that remains functionally undefined is
its phosphorylation. Both human and yeast
RPA are phosphorylated in a cell-cycle-de-
pendent fashion, with phosphorylation of
RPAZ2 seen at the G1/S transition and con-
tinuing through late mitosis:2In addition
to its cell-cycle-dependent phosphorylation,
both hsRPA2 and scRPA2 become hyper-
phosphorylateth vivoin response to DNA-
damaging agents such as UV or ionizing
radiation, treatment with the replication-in-
hibitor hydroxyurea, and during cellular
apoptosigiés-12Phosphorylation of hsRPA2
in vitro occurs during SV40 DNA replica-
tion, with hsRPA binding to ssDNA stimu-
lating its modificationt??

Characterization of the hsRPA kinases
has shown that certain cdk-cyclin complexes
(cyclin A-cdk2 and cyclin B-cdc2) are able
to phosphorylate hsRPAR vitro, while oth-
ers (cyclin E-cdk2) do nég53122-126This
differential phosphorylation activity appar-

ently results from the ability of hsRPA2 to
physically interact with the individual
cyclins1?> A second kinase active in hsRPA
phosphorylation is DNA-PR%123.127-129Ag

its name suggests, DNA-PK requires ssDNA
or duplex DNA ends to stimulate kinase
activity,t27130131gnd partially explains the
enhanced RPA phosphorylation when DNA-
bound. In addition, hsRPA binding to ssSDNA
causes changes to the conformation of RPA
allowing more efficient phosphorylation by
DNA-PK.508|nterestingly, RPA-DNA-PK
complexes are present in unstressed cells,
but are disrupted by the topoisomerase
[-inhibitor camptothecin that induces DNA
damage during replicatidd? Thus, RPA-
DNA-PK complexes may serve to target
DNA-PK to sites of DNA damage.

While extracts from DNA-PK-deficient
cell lines (e.g., mouse SCID cells) show an
inability to phosphorylate hsRPA, irradia-
tion of murine or human cell lines lacking
DNA-PK activity still induces RPA2
hyperphosphorylatiot?® As an earlier re-
port found that SCID cells were deficient in
the hyperphosphorylation of murine RPA
(mus musculus, mmRPA3 this point re-
mains controversial. Overall, these data sug-
gest that a kinase different from DNA-PK
can also phosphorylate RPA in response to
ionizing radiation.

Very recently, hsRPA has been shown
to be a phosphorylation target for immuno-
precipitates specific for the ataxia telang-
iectasia-mutated gene (ATM) protein Kki-
naset®? Lack of ATMp activity results in
defective cellular check-point control and
causes cells to be hypersensitive to ionizing
radiation®3Notably, the ionizing-radiation-
dependent phosphorylation of hsRPA is
delayed in ataxia telangiectasia (AT)
cells}1¢11%indicating that either an ATM-
mediated pathway or ATMp kinase activity
itself play an important role in hsRPA phos-
phorylation. Consistent with this notion,
although S. cerevisiaeapparently lacks
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DNA-PK activity, yeast cells contain an
ATMp homologue, Meclp (product of the
MEC1gene), which is responsible for scRPA
phosphorylation after radiation treatmétit.
mmRPA and ATMp have been found to co-
localize during meiotic prophase in nodules

identical®?137 verifying that the sites deter-
mined fromin vitro phosphorylation reac-
tions are identical to those modifigdvivo.
Although it is probable that the sites of
hsRPA2 phosphorylation by DNA-PK and
ATM are identical (e.g., Ref. 132), this as-

on synapsed chromosomes, suggesting a sumption should be verified.

functional interaction during meiotic recom-
bination34135 Thus, it is possible that the
kinase responsible for the early radiation-
induced phosphorylation of mammalian
RPA is actually ATMp, and the delayed
RPA phosphorylation in AT cells results
from DNA-PK activity.

hsRPA2 can be phosphorylated at nu-

Unfortunately, the functional signifi-
cance of RPA phosphorylation remains un-
clear. Although SV40 DNA replication is
stimulated by the addition of an S-phase
cdk activity®2138 no significant differences
were detected between the activities of wild-
type phosphorylated or nonphosphorylated
hsRPA in SV40 DNA replication or

merous sites, as indicated by the presence of NER 127139140 |n addition, deletion of the

~five different species when its modification
is examined by SDS-PAGE analysis (e.g.,
Ref. 117). The extreme N-terminal of
hsRPA2 contains both the cyclin-cdk and
DNA-PK phosphorylation site§:63.116,124,126,141
Two consensus cyclin-cdk sites (Ser-Pro or
Thr-Pro}3¢are present at Ser-23 and Ser-29
of hsRPAZ2 Mutation of both these resi-
dues to alanine was observed to greatly re-
duce hsRPA2 phosphorylation when the
subunit was expressed in mouse c&lis,
crude extracts of human cetflsand pre-
vented the phosphorylation of recombinant
hsRPA (expressed in bacteria) by cyclin B-
cdc2* Single mutations of the two Ser
residues indicate that, while both sites are
cdk target$* Ser-29 is phosphorylated more
efficiently 124126

The primary DNA-PK phosphorylation
sites on hsRPA2 have been localized to Thr-
21 and Ser-33, with Thr-21 appearing to be
the primary sité?6:137In addition, DNA-PK
likely phosphorylates another site at either
Ser-11, Ser-12, or Ser-13, and perhaps ei-
ther Ser-4 or Ser-87 Mutation of the Ser-
23 and Ser-29 cdk phosphorylation targets
does not affect hsRPA2 phosphorylation by
DNA-PK.63124|mportantly, phosphopeptide
maps of hsRPA phosphorylatedvivo and
in vitro with cyclin-cdk and DNA-PK are

N-terminal hsRPA2 residues 2 to 30 pre-
vents hsRPA phosphorylation, yet has no
significant effects on the ability of the mu-
tant heterotrimer to support SV40 DNA rep-
lication 83141Similarly, replacement of wild-
type hsRPA by an hsRPA mutant containing
alanine residues at hsRPA2 positions 23
and 29 had no effect on the ability of hsRPA
to bind ssDNA or support SV40 DNA rep-
lication'2* With respect to checkpoint con-
trol, expression of dominant-negative frag-
ments of ATM (which prevent S-phase arrest
after exposure to ionizing radiation) are not
defective in RPA phosphorylatidt. More-
over, AT cells transformed to express the
ATM kinase domain are able to undergo
cell-cycle arrest, yet show no significant
hsRPA phosphorylatiof?

On the other hand, various pieces of
evidence suggest that RPA phosphorylation
plays an important role in eukaryotic DNA
metabolism. First, extracts from human cells
exposed to ultraviolet radiation (causing
hsRPA hyperphosphorylation) are deficient
in supporting SV40 DNA replicatian vitro,
but can be restored to the activity of non-
treated cell extracts by the addition of puri-
fied hsRPA” Second, characterization of
the general DNA unwinding activity of
btRPA indicates that phosphorylation of
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btRPA2 by the cdc2 kinase stimulated 5- to
6-fold the displacement of a 24 nt oligo-
nucleotide bound to M13 ssDNAThird, a
test of a mutant recombinant hsRPA lack-
ing the N-terminal 33 residues of hsRPA2
found that the heterotrimer was inactive in
SV40 replication only in the presence of
DNA-PK, perhaps suggesting that differen-
tial phosphorylation of particular replica-
tion components induces the inhibition of
replication!#! Finally, two recent studies in-
dicate that RPA phosphorylation modulates
the ability of RPA to interact with other
proteins. The laboratory of Wold has found
that RPA phosphorylation by DNA-PK or
mutation of the hsRPA2 phosphorylation
sites to aspartic acids reduced RPA-T anti-
gen complex formation and prevented RPA
from physically interacting with DNA poly-
merasea-DNA primaset*?> Moreover, the
mutated RPA was unable to stimulate DNA
polymerase activity. Similarly, Abramova
et al. found that RPA phosphorylation pre-
vented the association of RPA with p33.
As hsRPA interacts with each of these pro-
teins through the RPA1 subunit (see above),
these data suggest that RPA2 phosphoryla-
tion alters the conformation of the hetero-
trimer 142

In conclusion, current evidence suggests
that RPA phosphorylation appears to act in
cellular signaling pathway(s) involving
DNA-PK, ATM, and related kinases. At
sites of DNA damage and on DNA recom-
bination intermediates found during meio-
sis and during DNA damage repair,
hyperphosphorylated RPA may act to re-
cruit additional cellular repair/recombina-
tion factors, and thereby facilitate these pro-
cesses. In addition, RPA phosphorylation
has the potential of modulating the enzy-
matic activities of the proteins with which it
interacts. A future experimental direction is
clearly the identification of cellular factors
that interact specifically with hyper-
phosphorylated RPA, perhaps when bound

to DNA substrates resembling DNA repair
intermediates (e.g., formed following a
double-strand DNA break). Elucidation of
such factors has the potential of yielding
new information not only on the role of
RPA phosphorylation in cellular signaling
relating to the metabolism of DNA, but
also on the actual mechanism of these path-
ways.

V. CELLULAR LOCALIZATION
OF RPA

Examination of the cell-cycle location
of hsRPA showed that, during the G1 and
G2 phases, each RPA subunit displays a
diffuse nuclear localization when examined
by immunofluorescencé#14 with RPA3
observed additionally to be localized to the
nucleolus#5146 A significant fraction of to-
tal hsRPA appears to be associated with
double-stranded chromatin during the G1-
phase of the cell cycle, although itis unclear
whether this interaction is mediated through
other DNA-binding protein&*’ After enter-
ing S-phase, the RPA distribution changes
to show a punctate nuclear patté&it>148
consistent with previous observations that
DNA replication occurs in so-called nuclear
replication factories (e.g., Refs. 149, 150).
Study of recruitment of RPA 8. cerevisiae
replication origins indicates that, at the on-
set of replication initiation, RPA loading
requires a functional MCM complex, and it
is regulated by S phase cyclin-dependent
kinases and the Dbf4/Cdc7 kinase com-
plex!! In Chinese hamster ovary (CHO)
cells, association of RPA with replication
foci occurs concurrently with the beginning
of nucleotide incorporation for both early-
and late-replicating origin's?

Using X. laeviscell-free replication ex-
tracts in which replication was blocked by
depletion of the membrane components,
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xIRPA was seen to bind the decondensed
chromatin at numerous sites that appear to
represent prereplication centé#83154 Af-
ter membrane addition, initiation of replica-
tion occurred at the RPA binding sites, indi-
cating that aggregation of RPA around these
foci takes place prior to the initiation of
replication and could even occur before for-
mation of the nucleus. Subsequent exami-
nation showed that the formation of these
foci requires ATP hydrolysis and the
presence of the focus forming activity-1
(FFA-1) 15515 FFA-1 has DNA helicase
activity and its cloning revealed it to be a
homologue of the human WRN gene prod-
uct whose mutation leads to the Werner
syndromé>® Presently, it is unclear as to
whether FFA-1 is an essential factor for
chromosomal DNA replication iKenopus,
or rather if FFA-1 is involved in some as-
pect of DNA repair (see also below).
Examination of the cellular localization
of hsRPA during metaphase indicated that,
while RPA2 remained attached to chromo-
somes, RPA1 became associated with the
spindle poles and RPA3 was cytoplas#itc.
Although these data could suggest a cell-
cycle-regulated assembly of the hsRPA
heterotrimef*+145a more recent reexami-
nation of RPA localization in mitotic CHO
or Hela cells found no evidence for disso-
ciation of the heterotrimeric RPA, and no
significant association of RPA subunits with
metaphase chromosoniés.

VI. RPA-PROTEIN INTERACTIONS

RPA is an essential factor in cellular
DNA metabolism, and as such the interac-
tions between RPA and other proteins are
important for almost every aspect of ge-
nome maintenance. Isolation and identifica-
tion of proteins that physically interact with
RPA (Table 2) have further elucidated the

various functions of this protein and
the reactions in which this protein partici-
pates.

A. RPA Interactions with
Replication Factors

Study of the initiation and elongation
phases of SV40 replication indicates that T
antigen and RPA first catalyze the denatur-
ation of the viral origirt>” These two fac-
tors then recruit the DNA polymerase
o-DNA primase complex to the unwound
origin using specific protein-protein inter-
actions between each protéf:162 The
hsRPA-binding site maps to T antigen resi-
dues 164 to 2493 while hsRPA interacts
with the DNA polymerasa complex via its
primase subunits (see above for the recipro-
cal binding sites on hsRPA316! Genetic
evidence also reveals an interaction between
RPA and the DNA polymerase complex
in yeast¢4

The physical interactions between each
protein results in a variety of effects on the
various activities these proteins mediate. For
example, the presence of both hsRPA and
the DNA-polymerasen complex inhibits
the rate of T antigen-mediated unwinding
of an SV40 origin-containing template,
likely as a consequence of RNA primer
synthesis by the polymerase compl@&x.
While hsRPA stimulates polymerase activ-
ity and primer elongation, it inhibits primer
synthesis on M13 ssDNA, and both of these
effects are reversed to a degree by T anti-
genidssie0166As T antigen and the DNA
polymerasea complex have overlapping
binding sites on hsRPA, it is possible that
competition between T antigen and the poly-
merase for RPA is responsible for the ob-
served effect8 Although an association
with the RPAL subunit is essential for the
stimulatory effects on DNA polymerase
activity, ssDNA-binding by the RPA1 sub-
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TABLE 2
Proteins Known or Postulated to Interact with RPA

Chromosomal or viral DNA replication

proteins Species 2 Ref.
DNA polymerase a-DNA primase H. sapiens, B. taurus, 16, 161, 164
S. cerevisiae
SV40 large tumor antigen H. sapiens 161
RTH1 nuclease S. cerevisiae 169
Bovine Papillomavirus E2 H. sapiens 56
N Epstein-Barr virus EBNA-1 H. sapiens 167
o)
g DNA repair proteins P
5 XPA H. sapiens 64, 182-185
S XPG H. sapiens 64
g ERCC1-XPF H. sapiens 186
@ Uracil-DNA glycosylase H. sapiens 65
—
8'; DNA recombination proteins
g Rad52p H. sapiens, S. cerevisiae 58, 206, 207
<] Rad51p H. sapiens 209
]
E Proteins involved in cell-
3 division or checkpoint
& control, or DNA damage
kS response
= p53 H. sapiens 54-56
g—? cdc2 H. sapiens, S. cerevisiae 62
38 DNA-PK H. sapiens 123, 127, 128
'gg ATMp (MEC1) H. sapiens, S. cerevisiae 118, 132
= c
8 gs_ Transcription factors
O>B Herpes simplex virus VP16
ig”“‘ (activation domain) H. sapiens 55, 56
& S. cerevisiae GAL4 (activation
B domain) H. sapiens 55
=
3
g Other factors
§ Murine FM3A DNA helicase H. sapiens 231
Es Note: See text for details.
5
g a  Indicates the species from which RPA and the RPA-interacting factor (if appropriate) were
@ isolated to demonstrate the physical interaction.
% b Proteins that are involved in nucleotide or base excision repair.
3
©
8
&

unit alone is not sufficient for the observed origin, they were observed to inhibit both
stimulation?®* Recently, two monoclonal the synthesis of RNA primers and the elon-
antibodies have been identified that are spe- gation of these primers by the DNA poly-
cific for the RPA-binding domain of T an- merasea complex. Taken together, these
tigen and prevent T antigen-hsRPA com- results suggest that the stimulatory role of
plex formationt®3 Although these antibodies RPA on DNA polymerasel activity uti-
have no significant effects on the ability of lizes specific protein-protein contacts and
T antigen to bind or denature the SV40 requiresthe ssDNA-binding activity of RPA.
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A direct interaction between hsRPA and
EBNAL, the latent origin-binding protein of
the Epstein-Barr virus, has been reported
recently*®’” The interaction is mediated
through the hsRPA1 subunit and occurs in
solution as well as when EBNAL1 is bound
to the viral origin. As the hsRPA-EBNA1
interaction does not appear to induce struc-
tural alterations to the viral origin, hsRPA-
EBNA1 complex formation may serve to
recruit other host-cell replication proteins to
viral initiation sites.

TheS. cerevisia®RTH1gene product is
a 3 - 3 exonuclease that also has flap
endonuclease activities similar to the mam-
malian FEN-1168169 | jke its mammalian
counterpart8®17°-17¥he RTH1 nuclease has
been implicated in the processing of chro-
mosomal replication intermediates and in
DNA damage repait®169174175The addi-
tion of scRPA stimulates the endonucle-
olytic cleavage of flap substrates, while
hsRPA does not, suggesting a species-spe-
cific physical interaction between scRPA
and the RTH1 nucleasé.

hsRPA can physically interact with the
bovine papillomavirus (BPV) E2, a tran-
scriptional activator and a required factor
for BPV replicationin vivo.*®¢ hsRPA has
also been reported to bind with significant
affinity to a PCNA-affinity columrt’¢ Be-
cause purified hsRPA and human PCNA do
not interact by various criterigéathis inter-
action is likely mediated by other factors.

B. RPA Interactions with Repair
Factors

1. Nucleotide Excision Repair

Aside from its absolute requirement in
DNA replication, RPA is also a critical fac-
tor in NER that is used to repair cyclobutane
pyrimidine dimers resulting from UV irra-
diation as well as other types of le-
sions$4164177-18Contribution of RPA to the

NER process occurs stepwise. At an early
stage, hsRPA interacts with the damage rec-
ognition factor XPA, stimulating its ability
to bind the damaged site®-18XPA-RPA
complex formation utilizes interactions
across the hsRPA1 and hsRPA2 sub-
units29.64.183-185yjjth XPA residues 153 to
176 determined to be important for hsRPA1
binding!8 The interaction with RPA1 seems
to be critical because deletion of this inter-
acting domain on XPA results in the inhibi-
tion of XPA-mediated NER activit}#® The
dissociation constant of the hsRPA-XPA
complex has been determined to be 2.9
108 M using a surface plasmon resonance
biosensot8® The interaction of hsRPA with
XPA leads to the inhibition of SV40 DNA
replicationin vitro.184

Once the XPA-RPA complex is formed,
the XPG and ERCC1-XPF endonucleases
are recruited for excision of the damaged
site. XPG and RPA can physically interact,
with this interaction mediated by a highly
acidic region (residues 668 to 747) within
XPG % hsRPA but not scRPA can facilitate
the binding of ERCC1-XPF to DNA sub-
strates containing a 30-nt bubble, also sug-
gesting that hsRPA and ERCC1-XPF can
form a specific compleé® Although a ter-
nary interaction between XPA, RPA, and
ERCC1-XPF was observed, an RPA-
ERCC1-XPF interaction was not seen using
surface plasmon resonari€eAs mentioned
above, the molecular polarity of RPA ap-
pears to be a key determinant in the proper
positioning of the XPG and ERCC1-XPF
nucleases onto the damaged DNA mol-
ecule?® In addition to recruitment of the
two nucleases, the presence of RPA modu-
lates the ability of these nucleases to cleave
the damaged strariéb-18RPA also partici-
pates in a later stage of NER, the gap-filling
reaction, along with PCNA, RFC, and DNA
polymerase® or €.18°

RPA was initially reported to comple-
ment the NER defect observed in extracts of
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xeroderma pigmentosum group E (XP-E)
cells!*®More recently, however, it has been
found that RPA stimulates NER in extracts
from wild-type and various mutant cell lines,

Two other results implicate RPA in base
excision repair. First, RPA has been shown
to be a stimulatory factor in long patch DNA
base excision repair by facilitating gap fill-

so the observed effect does not appear to be ing by DNA polymerase.t** Second, mu-

specific for the XP-E cell®?!

RPA has been implicated recently in
transcription-coupled repair, in which le-
sions (generally pyrimidine dimers) present
in transcribed regions undergo selective re-
pair such that the transcribed strand is re-
paired at a higher rate than the nontran-
scribed strand? Characterization of the
yeastrfal-M4 strain (that contains a two
amino acid insertion in the scRPA1 ssDNA-
binding domain A between residues 211
and 212%%4 showed it to be completely de-
fective in NER on the nontranscribed strand
of theMFA2gene, yet was able to repair the
transcribed strand, albeit at reduced levels
relative to the wild-type strait¥® Although
it is possible that other factors can function-
ally replace RPA for transcription-coupled
repair in thafal-M4 strain, these data sug-
gest that the primary ssDNA-binding do-
main of SCRPA1 plays a less important role
in repair of the transcribed strand compared
with the nontranscribed strand.

2. Base Excision Repair

As mentioned above, a role for RPA in
base excision repair has been implicated by
virtue of its ability to physically interact
with human uracil-DNA glycosylase
(UNG).%® The interacting domain on UNG
has been localized to residues 28 to 79, a
region that bears homology to the RPA-
binding region of XPA. The significance of
this interaction is unclear, because RPA has
only weak inhibitory effects on UNG activ-
ity. Nagelhus et al. have suggested that RPA
may function to localize UNG to replication
foci, so that the template DNA is scanned
for the presence of uracil prior to passage of
the replication forlé>

tation of theS. cerevisia®FAlgene led to
the identification of a variety of mutants
that were MMS sensitivé> Although many

of the recoveredfal mutants were also
defective in double-strand break repair
(DBR), suggesting an impairment of ho-
mologous recombination (see below), oth-
ers were not. As MMS-induced lesions are
often repaired by base excision repair (see
Ref. 194), these data provide suggestive
genetic evidence for a role of RPA in this
process.

Finally, an essential function for RPA
in mismatch repair has been reported be-
cause the use of anti-RPA antibodies inhib-
its the repair reaction, and the inhibition can
be overcome by addition of wild-type RPA
but not by various RPA mutamlt is not
clear whether RPA is only required for the
gap-filling stage of mismatch repair, or if it
also acts during the preexcision phase.

C. RPA Interactions with
Recombination Factors

Recently, one of the more significant
advances that has been made toward our
understanding of RPA function is in regard
to DNA recombination. Although RPA has
been known for a number of years to play a
role in recombination from genetic studies
in S. cerevisiag®>%164g number of labora-
tories have explored the role of RPA in
homologous genetic recombination and in
double-strand break repair. Both of these
pathways are mediated by members of
the highly conservedRAD52 and RAD51
families, the latter encoding a protein that is
the eukaryotic homologue of the. coli
recA _196—198

The Rad51 protein has DNA-dependent
ATPase activity and promotes homologous
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pairing and strand exchange of complemen-
tary ssSDNA molecule¥?-20lwhile Rad52p

is a ssDNA-binding protein that facilitates
strand annealingf? It is known that the two
proteins can physically intera&®.203-205
Studies of human and yeast RPA have shown
that each can interact with the cognate
Rad5258206.204yith the human protein inter-
action occurring via the hsRPA2 subunit
and residues 221 to 280 of hsRad3%2p.
hsRPA-Rad52p complex formation appears
to be essential for recombination, because
overexpression of a mutant Rad52p that is
unable to interact with RPA2 failed to en-
hance homologous recombination in mon-
key cells?%¢ In contrast, use of the yeast
two-hybrid system indicates that scRad52p
can interact with all three RPA subunits,
with the strongest interaction observed with
SCRPA12%” Mutation of Rad52p residues
121 or 142 within the putative DNA-bind-
ing domain (generating a Rad52p defective
in HO-mediated gene convers¥nabol-
ished binding of Rad52p to RPA1 but had
no effect on the interaction with RPAZ.It

is unclear at this point whether the observed
requirements for the Rad52p-RPA interac-
tion actually differ between yeast and hu-

concentrations by competing for available
ssDNA?®2210 Interestingly, Rad52p is able
to overcome the inhibitory effect of RPA
by recruiting additional Rad51p to the RPA-
ssDNA complexX!0-212The effect was not
observed if ECOSSB or RecA was substi-
tuted for RPA or Rad51p, respectively, in-
dicating that specific RPA-Rad52p-Rad51p
interactions are requireé These data sug-
gest a stepwise pathway in which a double-
strand DNA break is first resected to gen-
erate a lengthy '3ssDNA tail (e.g., Ref.
213). RPA binds to the ssDNA, leading to
a reduction in the amount of ssDNA sec-
ondary structure. Rad52p acts to displace
RPA and facilitate Rad51p binding to the
ssDNA, using specific interactions with
both proteins and causing the formation of
the presynaptic filament that can then be-
gin the search for homologous sequences.
Even with these clear demonstrations of
the role of RPA in presynaptic filament for-
mation, thein vivo process is undoubtedly
more complex. A recent study reports the
extensive colocalization of scRPA and
scRad52p in discrete foci during meiotic
recombination, and a less strong co-local-
ization with scRad51p* Examination of

mans, or if the assay systems used to test genetic requirements for the appearance of

Rad52p-RPA complex formation led to the
divergent findings.

hsRPA has been found to stimulate the
strand transfer activity of hsRad51p and
these two proteins can directly intergt®®
The RPA-Rad51p interaction is mediated
through residues 169 to 326 of the RPA1
subunit?®® A significant interaction between
the scRPA1 and the cognate Rad51p was
not observed using the two-hybrid sys-
tem 207

Study of the strand exchange reaction
in vitro has indicated that scRPA could re-
duce the amount of secondary structure in
the ssDNA substrate, yet lessened the
amount of presynaptic Rad51p-ssDNA
complex formation under limiting Rad51p

the Rad51p foci demonstrated that the
RAD55andRAD57genes were required, in
addition toRAD52 In contrast, formation
of the RPA-Rad52p foci did not require
RADS51 RAD55 RAD57 or DMC1 (a recA
homologue with meiotic specificity).
Colocalization of RPA and Rad51p in
nuclear foci followingy-irradiation has also
been observed in mammalian céfslin
addition, RPA and Rad51p have been found
to colocalize on newly synapsed axes formed
during murine meiotic propha$®.As men-
tioned above, RPA was seen to colocalize
with ATMp at nodules within the synap-
tonemal complex, suggesting that RPA,
Rad51p, and ATMp are members of a larger
nucleoprotein comple¥*135
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Genetic studies have found that an al-
lele of the yeasRFAL gene (fal-D228Y
suppresses defects in direct-repeat recombi-
nation observed imadl rad52 strains3®6°
Both rfal-D228Ymutant strains and wild-
type strains overexpressing tti@l-D228Y
mutant protein were seen to show a hyper-
recombinogenic phenotyp&Analysis of the
processing intermediates caused by induc-
tion of the HO-endonuclease revealed that,
in a rad52 background, thefal-D228Y
mutation decreases formation of large-
ssDNA intermediate®. Therefore, these
results lead to the suggestion that RPA con-
taining therfal-D228Ymutation increases
the processing rate of an intermediate in the
double-strand break repair pathway that
occurs subsequent to the generation of a 3
ssDNA-tailed molecule (e.g., Refs. 213 and
215).

Mutagenesis oRFAlled to the isola-
tion of a number offal alleles that were
either defective in DNA replication yet in-
sensitive to UV-irradiation or MMS treat-
ment, or UV or MMS sensitive but able to
efficiently support chromosomal DNA rep-
lication®® These data demonstrate that, in
addition to common determinants needed
for both processes (e.g., SSDNA binding),
specific features of the RPAL subunit are
selectively required for repair of DNA dam-
age and for DNA replication.

D. RPA and Cell-Division Control

hsRPA has been shown to physically
interact with the tumor suppressor %3¢
a cellular protein critical for a variety of
processes, including transcriptional activa-
tion, cell division, and apoptosi¥ While
the activation domain of p53 stimulates
BPV-1 DNA replicationin vitro (when
bound adjacent to the origin in a GAL4
fusion)?® formation of the RPA-p53 com-
plex inhibits SV40 replicatioft The p53-
RPA interaction is mediated through the

RPA1 subunit (see abov#)$*and the bind-
ing constant of the RPA-p53 complex
has been determined to be from 1 to U3
M-1217 Two RPA-interacting domains on
p53 have been detected that map to residues
40 to 60 and 289 to 356, although each
domain was suggested to consist of smaller
subdomaing*143218nterestingly, Dutta and
colleagues found that a synthetic protein
constructed from tandem repeats of a p53
peptide (residues 48 to 58) bound RPA ef-
ficiently.?® The monomeric peptide con-
tains an aromatic core surrounded by acidic
amino acids, and it was suggested that other
proteins used such a motif to bind RPA
(e.g., XPA). Mutation of either of two pairs
of aromatic amino acids in the N-terminal
domain of p53 (D48H-D49H; W53S-F54S)
rendered p53 unable to interact with RPA.
These same mutations only modestly af-
fected the ability of p53 to activate or re-
press transcription and had little effect on
growth suppression, demonstrating that these
p53 activities are not mediated through an
interaction with RP&!8

The RPA-p53 interaction is greatly
down-regulated after the damage-induced
hyperphosphorylation of hsRPAZ. The
diminishment of RPA-p53 complex forma-
tion depends on a viable NER process, be-
cause XP-A, XP-C, or XP-G cells did not
show a disruption of p53 binding to RPA
after UV irradiationt** The RPA-p53 com-
plex, which is abolished by the presence of
ssDNA, inhibits p53 binding to the WAF1
p53-recognition elements’ These data sug-
gest that mobilization of RPA in DNA dam-
age repair releases p53 to mediate the glo-
bal damage response mechanism, including
regulation of the cell cycl&321°

Recently, it has been reported that p53
localizes to hsRPA-containing viral replica-
tion centers in the nuclei of cells infected
with human cytomegaloviri#3° In contrast,
co-localization of RPA and p53 has not been
observed during the early development of
X. laevis??!
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Two yeast studies have implicated RPA
in modulating cellular checkpoint mecha-
nisms. A UV- and MMS-sensitive strain
with the rfal-M2 allele (containing a two
amino acid insertion between scRPA1 resi-
dues 96 and 9% still underwent an abor-
tive S-phase after UV-irradiation in G1
phase, in contrast to the wild-type strain
that became arrested at G3#49n that UV-
irradiation of therfal-M2 strain during the
G2 phase results in a normal G2/M arrest,
these data suggest that RPA is an important
element of the G1/S and S-phase damage
checkpoints.

More recently, examination of yeast
DSB repair has also suggested a role for
RPA in the cellular DNA damage-sensing
and checkpoint control mechanisms. Induc-
tion of a single unrepairable DSB during G1
causes yeast cells to undergo a lengthy ar-
rest at G2/M, subsequent to which the cells
adapt to the break, undergo cellular divi-
sion, and eventually die because of the loss
of essential genetic information (e.g., Ref.
223). Mutant cells that have an increased
rate of 5 to 3 degradation at the broken
ends (e.g., as a result of a mutatiornafl
that encodes Ku70) and hence have longer
3 ssDNA tails are unable to adapt and fail
to escape from the arrédt.Notably, cells
defective in DSB repair resulting from a
K45E mutation in scRPA1l (thefal-t11
allele)®> can adapt to the DSB hdflcells
and divide, while having no effect on adap-
tation in an otherwise wild-type stréitf.
While therfal-t11mutation does not appar-
ently affect the rate of degradation of the
DSB in a wild-type strain, the degradation
pattern of arfal-t11 hdfldouble mutant
was similar to wild type. These results indi-
cate that the mutant RPA modulates the
adaptation response to DNA damage, al-
lowing release from the G2/M arrest. It is
unclear whether the altered adaptation seen
in therfal-tl1lstrain is a result of a different
length of ssSDNA generated after resection

of the DSB in thehdfl strain, or if the
altered response is caused by changes in
RPA-mediated communication with the cell-
cycle arrest machinery.

E. Role of RPA in Transcription
Regulation

Physical interactions of RPA with sev-
eral transcription factors have been de-
scribed, although the functional significance
of this interaction is still unclear. A possible
role for transcription factors in eukaryotic
replication has been suggested because the
binding of such factors (e.g., CTF, c-Jun,
and Oct-1) to origin-proximal sites can
stimulate the initiation of replicatiotd®-227
RPA was shown to interact with VP16, a
structural component of herpes simplex vi-
rus that contains a transcription- and repli-
cation-activation domain, and mutagenesis
experiments demonstrate a correlation be-
tween the ability to interact with hsRPA and
enhance polyomavirus DNA replicatiéf®
Interactions between hsRPA and the GAL4
activation domain were also found in these
studies.

RPA has been reported to bind to dsDNA
upstream repressing sequences (URS) sites
in S. cerevisiagncluding ‘MAG-type’ URS
elements shared by at least 12 DNA repair
and metabolism gené%8.228 However, a
recent study found that RPA manifests sig-
nificantly higher binding-affinity to single-
stranded than double-stranded URS1 sites,
implying that RPA does not have a func-
tional role in transcriptional repression
through this sité?° RPA has also been found
to repress transcription from the promoter
of the human metallothionein IIA gefte.

F. Other Interactions

RPA has been observed to associate with
or stimulate the activity of a variety of ei-
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ther functionally characterized or orphan
helicases as described previousSfyMost
recently, Hughes and Baldacci described the
isolation of a novel helicase from the mouse
mammary carcinoma cell line FM3A using
an hsRPA-affinity chromatography tech-
nique?3! Intriguingly, XIRPA has been ob-
served to co-localize in nuclear foci with
FFA-1, a factor that recently has been found
to have DNA helicase and exonuclease ac-
tivity and bears significant homology to the
human WRN protein. Notably, mutation of
the human WRN gene leads to the Werner
syndrome, a rare progeria epitomized by a
significantly shortened life span resulting
from changes to the organism that resemble
premature aginét? The functional signifi-
cance of this observation is presently un-
clear, but may indicate that WRN acts dur-
ing replication to properly process DNA
replication intermediates, perhaps by reduc-
ing the level of intrachromosomal recombi-
nation (e.g., see Refs. 233 and 234). Further
biochemical characterization of a possible
FFA-1- or WRN-RPA interaction may shed
light on the genetic derangement seen in
cells from Werner syndrome patients, par-
ticularly deletions and rearrangements of
large DNA segments.

VIl. CONCLUDING REMARKS

As can be gleaned from the many dif-
ferent reactions in which RPA acts directly
and indirectly, RPA is involved in central
aspects of DNA metabolism. The mecha-
nistic aspects of RPA function in these path-
ways is becoming more apparent as seen
from recent structural and mutational char-
acterization of the RPA subunits, and from
biochemical and genetic study of these pro-
cesses. In contrast, the degree to which RPA
exerts regulatory control over these pro-
cesses is still only poorly understood, and

this likely will continue to be a profitable
avenue of investigation. It is our opinion
that novel roles of RPA in the coordination
of major aspects of cellular growth remain
to be discovered. We anticipate that the next
few years will continue to yield important
information on RPA, consistent with it be-
ing a central player in nucleic acid metabo-
lism.
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