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ABSTRACT

Replication protein A (RPA) is a heterotrimeric zinc-finger protein complex involved in DNA replication, repair,
and genetic recombination. Unlike other zinc-finger proteins, RPA’s zinc-finger motif is not essential for its sin-
gle-stranded DNA (ssDNA) binding activity, but is involved in redox regulation of its single-stranded DNA (ss-
DNA) binding activity. To get an insight into the regulation of RPA-ssDNA interaction, wild-type RPA (wt-RPA)
and zinc-finger mutant were examined for ssDNA binding activity using surface plasmon resonance technique.
Interaction of wt-RPA with ssDNA under nonreducing conditions was very weak (Kp X 2.33 X 1078 M) compared
with that under reducing conditions (Kp = 7.35 X 10™!! M), whereas ssDNA binding affinity of the zinc-finger
mutant was not affected by redox. The divalent ion chelator, o-phenanthroline, significantly reduced wt-RPA-ss-
DNA interaction, but had no effect on the zinc-finger mutant. The inhibitory effect of o-phenanthroline on RPA-ss-
DNA interaction was reversed by Zn(II), but not by other divalent cations, suggesting that Zn(II) is the unique
metal coordinating the zinc-finger cysteines in redox regulation of RPA-ssDNA interaction. In DNA repair, redox
affected RPA’s interaction with damaged DNA, but not its role in stabilizing the xeroderma pigmentosum group
A (XPA)-damaged DNA complex, suggesting that the zinc-finger motif may mediate the transition of RPA-XPA
interaction to a stable RPA-XPA-damaged DNA complex in a redox-dependent manner. Antioxid. Redox Signal.
3, 657—669.

INTRODUCTION

EPLICATION PROTEIN A [RPA; also known as

human single-stranded DNA (ssDNA)
binding protein, HSSB] is a three-subunit pro-
tein complex consisting of 70-, 34-, and 11-kDa
subunits involved in DNA replication, repair,
and genetic recombination (Fig. 1A) (28). In
DNA replication, RPA is involved in unwind-
ing of the replication origin, whereas it inter-
acts with the DNA polymerase a-primase com-
plex at the origin (5, 7, 15, 20). In nucleotide
excision repair (NER), RPA interacts with the
xeroderma pigmentosum group A comple-
menting protein (XPA) on damaged DNA and

stimulates XPA-DNA interaction and also re-
cruits other repair proteins such as XPG, exci-
sion repair cross complementing protein 1
(ERCC1)-XPF, and transcription factor IIH
(TFIIH) to the damaged site for the subsequent
incision/excision step (11, 19). RPA may also
be involved in a later stage of NER, gap-filling,
that requires PCNA, RF-C, and DNA poly-
merase 6 (or g) (1).

The large subunit of RPA (p70) contains the
ssDNA-binding domain that resides in the
middle region of p70 with two homologous
subdomains in tandem positions (3, 8, 14, 16).
RPA p70 has a 4-cysteine type zinc-finger mo-
tif toward the C-terminus (amino acids
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FIG. 1. Proteins used for this study. (A) Schematic representation of wild-type RPA (wt-RPA) and a zinc-finger
mutant RPA [ZFM4; containing cysteine-to-alanine substitution at all four cysteine sites (amino acids 481, 486, 500,
and 503)]. (B) SDS-PAGE of purified proteins. Proteins were separated by 12% SDS-PAGE followed by Coomassie

Blue staining (see Materials and Methods).

481-503; Fig. 1A) (21, 30). Unlike other zinc-fin-
ger proteins, RPA’s zinc-finger domain is not es-
sential for its ssDNA binding activity and has
little or no effect on its DNA binding activity (14,
16). Recent studies have shown that RPA’s ss-
DNA binding activity is regulated by redox
through the cysteines in a putative zinc-finger
domain (21, 30). In fact, all four zinc-finger cys-
teines are required for redox regulation of RPA’s
DNA binding activity (30). Under reduced con-
dition, the zinc-finger structure is favorably
formed and Zn(II) may protect the zinc-finger
cysteines from engaging in disulfide bond for-
mation. Under nonreducing conditions, how-
ever, oxidation of the Zn(II)-thiolate bond in-
duces the release of Zn(Il) from the pocket (21),
which promotes the formation of disulfide
bonds (21, 30). The redox status of RPA signifi-
cantly affected initial interaction with ssDNA,
but had no effect after RPA formed a stable com-
plex with DNA (30), suggesting that redox reg-
ulation of the zinc finger may be involved in me-

diating initial RPA-ssDNA interaction to form
a stable RPA-ssDNA complex.

XPA is also a zinc-finger protein involved in
the damage recognition step of NER (10, 13, 24).
XPA preferentially binds to (6-4) photoproduct
of ultraviolet ray (UV)-damaged DN A and may
also play a role in subsequent steps of NER
through interaction with other repair proteins
(13). XPA exhibits a low-affinity binding to
UV-damaged DNA; hence, the interaction be-
tween XPA and RPA stimulates the XPA-dam-
aged DNA complex and also recruits other re-
pair proteins such as XPG, ERCC1-XPF, and
TFIIH to the damaged site for the subsequent
incision/excision step (11, 19, 27). A mutation
of RPA at any zinc-finger cysteine abolished its
function in repair (6), suggesting a unique role
for the zinc-finger domain in the early stage of
repair.

To understand the role of the zinc-finger mo-
tif in the redox regulation of RPA-DNA inter-
action, we carried out a real-time analysis of
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ROLE OF ZINC-FINGER MOTIF IN REDOX REGULATION OF RPA

the interaction between RPA (and XPA) and
DNA using the surface plasmon resonance
(SPR) technique. We found that interaction of
wild-type RPA (wt-RPA) with ssDNA under
nonreducing conditions was 1/3,000th of the
affinity observed under reducing conditions,
whereas the zinc-finger mutant exhibited a
strong binding to ssDNA regardless of its re-
dox status. RPA-damaged DNA interaction
was also regulated by redox, although RPA’s
role in stabilization of the XPA-damaged DNA
complex was not affected by redox, suggesting
that the zinc-finger motif may mediate the tran-
sition of RPA-XPA interaction to a stable
RPA-XPA-damaged DNA complex in a redox-
dependent manner.

MATERIALS AND METHODS

Proteins and antibodies

wt-RPA and a zinc-finger mutant [ZFM4; the
mutation with the change of all four cysteines
(the sites 481, 486, 500, and 503) into alanines]
were prepared according to the procedure de-
scribed previously with slight modifications
(6). In brief, cell lysates were prepared from in-
sect cells (Sf-9), coinfected with recombinant
baculoviruses encoding three subunits (11 kDa,
34 kDa, and either wild-type or zinc-finger mu-
tant 70 kDa). After the salt concentration (0.5
M NaCl) was adjusted, cell lysates were loaded
onto a ssDNA cellulose column (1.0 X 8 cm)
equilibrated with buffer A [25 mM Tris-HCl
(pH 7.5), 10% glycerol, 0.02% Nonidet P-40, 1
mM dithiothreitol (DTT), 0.5 mM EDTA, 0.1
mM phenylmethylsulfonyl fluoride, 0.1 ug/ml
leupeptin, and 0.2 ug/ml antipain] containing
0.5 M NaCl. The column was successively
washed with 20 column volumes of buffer A
containing 0.5 M NaCl and 0.8 M NaCl. The
proteins were eluted with buffer A containing
2.0 M NaCl and 40% ethylene glycol. The eluted
fractions were diluted fivefold with buffer A,
and loaded onto an Affi-Gel Blue (Bio-Rad) col-
umn equilibrated with buffer A containing 0.5
M NaCl. After the column was washed with
buffer A containing 0.5 M NaCl and 0.8 M
NaCl, proteins were eluted with buffer con-
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taining 2.5 M NaCl and 40% ethylene glycol.
The RPA-containing fractions were pooled
and dialyzed against buffer A containing
50 mM NaCl and further purified on a
Q-Sepharose column with a linear salt gradient
(50 mM to 0.4 M NaCl). During purification,
RPA was monitored by immunoblotting using
anti-p70 and -p34 antibodies (25). Histidine-
tagged XPA was prepared according to the pro-
cedure described previously (15).

Biomolecular interaction analysis

Interaction of wt-RPA , a zinc-finger mutant,
and/or XPA with ssDNA (or UV-damaged
DNA) was monitored using an SPR biosensor
instrument, Biacore 3000 (Biacore) as described
previously (27). For preparation of the biosen-
sor surface with DNA, 5'-biotinylated 70mer
DNA was diluted to 1.5 nM in a buffer con-
taining 10 mM sodium acetate (pH 4.8) and 1.0
M NaC(Cl, and manually injected onto an im-
mobilized streptavidin surface of the Biacore
sensor chip to the desired density in different
flow cells. One flow cell was left underivatized
to allow for refractive index change correction.
Proteins were diluted in the running buffer
containing 10 mM HEPES (pH 7.4), 150 mM
NaCl, 2 mM MgCl,, 0.005% polysorbate-20,
and 1 mM DTT. Each experiment was repeated
at least twice to assure reproducibility.

Electrophoretic mobility shift assay of
RPA-ssDNA interaction

Oligo(dT)sp was labeled with [y-3?P]JATP
(ICN) and T4 polynucleotide kinase (Roche Mo-
lecular Biochemical) based on the manufac-
turer’s instructions. The indicated amount of wt-
RPA or zinc-finger mutant was incubated with
100 fmol of 5'-*?P-labeled oligo(dT)sy at room
temperature for 25 min in a reaction mixture
containing 50 mM HEPES-KOH (pH 7.8),
poly(dI-dC) (0.2 ug), bovine serum albumin (0.2
ng/ul), 200 mM NaCl, and the indicated
amounts of other chemicals. The RPA-ssDNA
complex was analyzed on 5% polyacrylamide
gels in 0.5X Tris-borate-EDTA buffer (acry-
lamide: bisacrylamide = 43.2:0.8). The gels were
dried and exposed to x-ray films (Kodak). For
quantification, the bands of interest were excised
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from the gels and measured for radioactivity us-
ing a Beckman Scintillation Counter LS 6500.

Proteolytic analysis of wt-RPA and zinc-finger
mutant with trypsin

The reaction mixture (60 wl) contained 0.1 M
Tris-HCI (pH 8.5), 120 ng/ ul wild-type or mu-
tant RPA, and, where indicated, 200 ng/ul
oligo(dT)sp. After the reaction mixture was
incubated at room temperature for 15 min, 50
ng of trypsin (sequencing grade; Boehringer
Mannheim) was added into the reaction. The
reaction mixture was then immediately incu-
bated at 37°C. Eight or 10 ul of the sample was
removed from the reaction at the indicated time
points. The reaction samples were separated by
sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) gel and were ana-
lyzed by the western blot (Fig. 1B).

Western blotting

Western blots were performed as described
previously (25). In brief, wild-type or mutant
RPA was run in a 12% SDS-PAGE gel and trans-
ferred to a nitrocellulose membrane (BA83; Bio-
Rad). After the transfer, either anti-p70 or anti-
p34 polyclonal antibody was used to detect RPA
subunits, which were then revealed by %I-pro-
tein A (Amersham Corp.) treatment and visual-
ized by autoradiography.

Circular dichroism (CD) analysis

CD spectra of purified wt-RPA and a zinc-fin-
ger mutant were acquired on a Jasco J-720 spec-
tropolarimeter (Japan Spectroscopic Co.). Far-
UV CD spectra (200-260 nm) were measured in
a I-mm path length quartz cell and represent av-
erages of four accumulations with a protein con-
centration of 100 ug/ml in 25 mM Tris-HCI (pH
7.5), 10% (vol/vol) glycerol, 0.02% (vol/vol)
NP40, 0.5 mM EDTA, 0.1 mM phenylmethylsul-
fonyl fluoride, 0.1 ug/mM leupeptin, 0.2 ug/ml
antipain, and 200 mM NaCl. All spectra were
baseline-corrected by subtraction of an averaged
scan derived from the buffer alone to obtain the
mean molar residue ellipticity (deg cm? dmol ).
The result from CD spectra was deconvoluted to
obtain information on the secondary structures
that are mostly affected by the zinc-finger motif
during interaction of protein with damaged
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DNA. The software program (CDnn) used to de-
convolute CD spectra was obtained through
the Internet (http://bioinformatik.biochemtech.
uni-halle.de/cdnn/).

RESULTS

Role of zinc-finger motif in redox requlation: kinetic
analysis of RPA’s ssDNA binding activity

Our recent study indicates that all four zinc-
finger cysteines are essential for redox regula-
tion of RPA’s-ssDNA binding activity (30).
Redox regulation affects initial RPA-ssDNA in-
teraction, but has no effect after RPA forms a
stable complex with DNA (30), suggesting that
the zinc-finger motif may mediate the initial in-
teraction of RPA with ssDNA. To get an insight
into the RPA-ssDNA interaction, we used the
SPR technique to examine the ssDNA binding
activity of wt-RPA and zinc-finger mutant
(ZFM4) under various redox conditions, which
allows macromolecular interactions to be mea-
sured in real time (27). wt-RPA or zinc-finger
mutant ranging from 0.125nM to 2 nM was in-
jected onto a biosensor chip containing a low
level (33 RU) of 70mer ssDNA for 600 s, fol-
lowed by 900 s of a buffer injection period for
dissociation. The sensorgram indicated that
both wt-RPA and zinc-finger mutant bound to
ssDNA with high affinity in the presence of 1
mM DTT (Fig. 2B and D). Under nonreducing
conditions, however, wt-RPA exhibited very
low ssDNA binding activity, whereas ZFM4
maintained its high-affinity binding to ssDNA
(Fig. 2A and C, and Table 1). Interaction of wt-
RPA with the ssDNA surface under nonreduc-
ing conditions was very weak, as indicated by
the derived Kp = 2.33 X 1078 M, 1/3,000th of
the affinity observed for RPA under reducing
conditions (Table 1). Even though wt-RPA
exhibited a low-affinity binding to ssDNA un-
der nonreducing conditions, it maintained a
stable interaction with ssDNA once forming a
complex.

A unique role for Zn(1l) in
RPA-ssDNA interaction

To understand the role of Zn(II) in the redox
regulation of RPA-ssDNA interaction, we ex-
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FIG. 2. Biomolecular interaction analysis of RPA-ssDNA binding under redox conditions. A 5 nM concentration
of wt-RPA or a zinc-finger mutant (ZFM4) was injected onto a sensor chip surface containing 33 RU of ssDNA using
the KINJECT function of Biacore 3000. The association phase was allowed for 600 s followed by 900 s of a buffer in-
jection period for dissociation. (A) wt-RPA in the absence of DTT. (B) wt-RPA in the presence of 1 mM DTT. (C)
ZFM4 in the absence of DTT. (D) ZFM4 in the presence of 1 mM DTT.

amined various divalentions for RPA’s ssDNA
binding activity (Fig. 3). The role of Zn(Il) in
RPA-ssDNA interaction was supported by the
fact that the inhibitory effect of the divalent ion
chelator, o-phenanthroline, was reversed by ad-
dition of Zn(II) (30; Fig. 3A, lanes 4-6). In con-
trast, the interaction of the zinc-finger mutant
with ssDNA was not affected by either o-
phenanthroline or Zn(II) (Fig. 3A, lanes 7-16).
Addition of an excess amount of Zn(Il) non-
specifically inhibited RPA-ssDNA interaction
regardless of o-phenanthroline’s presence, sug-
gesting that Zn(II)-dependent reversal of the
inhibitory effect of o-phenanthroline functions
within stoichiometric concentration (data not
shown). To assess the role of Zn(Il) in coordi-
nation of the zinc finger cysteine, we examined

other divalent ions to see whether they can re-
place Zn(Il) in RPA-ssDNA interaction (Fig.
3B). Mg(II), Ca(II), and Cu(II) were not able to
compensate for Zn(Il) in overcoming the in-
hibitory effect of o-phenanthroline in RPA-
ssDNA interaction, whereas Fe(Il) partially re-
placed Zn(II) (Fig. 3B). This result suggests that
Zn(Il) is the unique metal element coordinat-
ing four cysteine residues at RPA’s zinc-finger
motif.

Involvement of zinc-finger domain in
RPA’s structural change following
interaction with DNA

To understand further the role of the zinc-
finger motif in RPA-ssDNA interaction, we ex-
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TaBLE 1. EquiLiBriuM AND KINETIC BINDING CONSTANTS OF WT-RPA AND A ZINC-FINGER MUTANT (ZFM4) TO ssDNA
RPA KpM) K,(s7? M) ky(s™1)
+ DTT
Wild-type (7.35 = 0.01) x 10~ (2.76 = 0.02) x 10~ (2.03 = 0.01) x 10~*
ZFM4 (4.47 = 0.04) x 10~ 11 (6.39 = 0.01) X 10~ (2.86 = 0.02) X 1073
— DTT
Wild-type (2.33 = 0.20) x 1078 (2.38 = 0.06) x 1073 (5.53 = 0.32) x 107°
ZFM4 (4.97 = 0.03) x 10~ (4.49 = 0.01) X 10-¢ (2.23 = 0.01) X 1074

The data were globally fit to a 1:1 binding model.

amined far-UV CD spectra of wt-RPA and a
zinc-finger mutant to see a change in secondary
structure upon binding to DNA. A significant
change in CD spectra was observed with both
wt-RPA and a zinc-finger mutant upon bind-
ing to DNA (Fig. 4), suggesting that RPA un-
dergoes a significant conformational change
upon binding to DNA. A noticeable difference
between wt-RPA and a zinc-finger mutant in
the CD spectra pattern was observed under re-
ducing conditions (Fig. 4A and C, and Table 2).
Under nonreducing conditions, however, very
little change in CD spectra between wt-RPA
and zinc-finger mutant was observed (Fig. 4B
and C, and Table 2). This result not only sup-
ports a role for the zinc-finger domain in the
structural change of RPA, but also establishes
a relationship between redox regulation and
the structural change of RPA upon binding to
DNA.

We also examined p70 and p34 subunits of
wt-RPA and zinc-finger mutant for the tryptic
digestion patterns in the presence and absence
of ssDNA. In the absence of ssDNA, wt-RPA
was cleaved into several tryptic products (55-,
47-,19-21-, and 25-kDa fragments), whereas 19
kDa and 55 kDa were the major cleavage frag-
ments in the presence of ssDNA (Fig. 5A). This
result is in keeping with that from far-UV CD
spectra analysis (Fig. 4) and suggests that RPA
undergoes a conformational change upon bind-
ing to DNA (8, 21). The zinc-finger mutant,
however showed very little change of its tryp-
tic digestion in the presence of ssDNA (Fig. 5B),
suggesting that a mutation at zinc-finger cys-
teine affects p70’s conformational change upon
binding to ssDNA. We also examined the tryp-
tic digestion pattern of p34 to see whether the
mutation at p70’s zinc-finger domain affects

the conformation of the p34 subunit. The p34
subunit of the zinc-finger mutant (ZFM4) was
not only protected from tryptic digestion, but
also unaffected by the presence of ssDNA (Fig.
5D). On the other hand, wt-RPA showed a
change in the p34 tryptic digestion pattern
upon binding to ssDNA, such that the p34 sub-
unit was more accessible to tryptic digestion
following RPA-ssDNA interaction. This result
suggests that the mutation at the zinc-finger
domain of p70 may also affect the accessibility
of p34 to tryptic digestion.

Redox regulation of RPA’s zinc-finger motif in
recognition of damaged DNA

RPA not only has a preferential binding to
UV- or cisplatin-damaged DNA, but also can
stabilize XPA-damaged DNA complex through
protein—protein interaction (2, 4, 22, 26, 27). Al-
though zinc-finger mutant RPA failed to sup-
port NER activity (6), it also can stabilize the
interaction of XPA with damaged DNA (26).
We therefore examined whether redox affects
RPA'’s interaction with damaged DNA and/or
with XPA. Both XPA and wt-RPA are the 4-cys-
teine type zinc-finger proteins, and their inter-
actions with UV-damaged DNA were affected
by redox (Fig. 6A and B), whereas the interac-
tion of the zinc-finger mutant RPA with dam-
aged DNA was not affected by redox change
(Fig. 6B). On the other hand, RPA’s role in sta-
bilization of XPA-damaged DNA complex was
not affected by redox (Fig. 6A & 6B), suggest-
ing that the failure of zinc-finger mutant in sup-
porting NER may not be due to its role in in-
teraction with damaged DNA or XPA. Redox
regulation of the zinc finger significantly af-
fected the initial RPA-ssDNA interaction, but
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FIG. 3. (A) Inhibitory effect of o-phenanthroline on RPA ssDNA binding activity is restored by Zn(II). wt-RPA or
zinc-finger mutant (20 ng) was treated with 1.0 mM o-phenanthroline followed by the addition of increasing amounts
of Zn(Il) to the reaction mixture. After incubation for 15 min in the presence of 100 fmol of 5'-32P-labeled oligo(dT)so,
the RPA-ssDNA complex was analyzed by gel mobility shift assay (5% PAGE). Lane 1 contained no RPA. (B) Effect
of various metal ions on RPA’s ssDNA binding activity in the presence of o-phenanthroline. wt-RPA (20 ng) was
treated with 1.0 mM o-phenanthroline and the indicated amounts of divalent metal (100 uM in lanes 4, 7, 10, 13, and
16; 250 uM in lanes 5, 8, 11, 14, and 17; 1,000 uM in lanes 6, 9, 12, 15, and 18) added to the reaction mixture before
incubation for 15 min with 100 fmol of 5'-3?P-labeled oligo(dT)so. No RPA was included in lane 1. The RPA-ssDNA
complex was analyzed by the procedure as described in A.
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FIG. 4. Far-UV CD spectra of wild-type RPA (—) and zinc-finger mutant (ZFM4) (- - -) under various conditions.
Reactions were carried out at 25°C in either the absence (A and B) or presence (C and D) of oligo(dT)s. Reactions

contained either 1 mM (A and C) or 0 mM DTT (B and D).

had no effect after RPA formed a stable com-
plex with DNA (30). Similarly, RPA-XPA-dam-
aged DNA complex, once formed, was not af-
fected by redox (Fig. 6C), suggesting that the
zinc-finger motif may mediate the transition of
RPA-XPA interaction to a stable RPA-XPA-
damaged DNA complex in a redox-dependent
manner.

DISCUSSION

The zinc finger is one of the key structural
motifs found in many DNA binding proteins
in eukaryotes and implicates a role in the reg-
ulation of DNA binding activity through redox
(9, 12, 29). Nonetheless, the role of the zinc fin-
ger in redox regulation has not been directly

demonstrated because the zinc finger domain
is essential for sequence-specific DNA binding
and a mutation at this region would abolish
DNA binding activity. RPA’s zinc-finger motif
is not a DNA binding element, and a mutation
at the zinc-finger motif has very little effect on
its DNA binding activity (8, 14, 16), which
makes RPA an excellent model to study the role
of zinc-finger motifs in redox regulation. In this
study, we analyzed a role for RPA’s zinc-fin-
ger motif in the redox regulation of RPA-DNA
interaction.

The SPR analysis indicated that interaction
of wt-RPA with ssDNA under nonreducing
conditions was very weak and was only
1/3,000th of the affinity observed for RPA un-
der reducing conditions (Table 1). Even though
wt-RPA showed a low affinity to ssDNA un-
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TABLE 2. FAR UV-CD ANaLYsis OF WT-RPA AND ZINC-FINGER MUTANT (ZFM)

Helix (%) Antiparallel (%) Parallel (%) B-turn (%) Random coil (%)

wt-RPA (+ DTT) 10.9 29.6
wt-RPA (— DTT) 15.7 28.0
wt-RPA/DNA (+ DTT) 16.3 27.8
wt-RPA/DNA (— DTT) 114 31.1
ZFM (+ DTT) 9.9 31.4
ZFM (— DTT) 13.6 30.4
ZFM/DNA (+ DTT) 154 30.3
ZFM/DNA (— DTT) 11.7 32.3

5.5 20.3 36.1
6.3 159 329
6.4 15.5 324
5.8 18.5 35.0
5.4 20.3 36.3
6.2 16.3 33.6
6.5 14.8 322
6.0 17.4 34.4

der nonreducing conditions, it maintained a
stable interaction with ssDNA once forming
the RPA-ssDNA complex. This result is in
keeping with a recent observation that redox
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regulation of the zinc finger significantly af-
fected initial RPA-ssDNA interaction, but had
no effect after RPA formed a stable complex
with DNA (30). This result also suggests that
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FIG. 5. Involvement of zinc-finger motif in the conformational change of RPA. (A and B) Tryptic digestion of
RPA p70 subunit upon binding to ssDNA. Reaction mixtures (60 ul) contained 0.1 M Tris-HCl (pH 8.5) and 120 ng/ ul
of either wt-RPA (A) or a zinc-finger mutant (ZFM4) (B). Where indicated, 40 ng/ ul oligo(dT) was added. After in-
cubation at room temperature for 15 min, 50 ng of trypsin (sequencing grade; Boehringer Mannheim) was added to
the reaction. Reaction mixtures were then incubated at 37°C, and aliquots were removed from the reactions at the in-
dicated time points. Samples were mixed with gel loading buffer, boiled for 5 min, and loaded onto a 14% SDS-PAGE.
The gel was then subjected to a western blot analysis using an anti-p70 polyclonal antibody. (C and D). Tryptic di-
gestion pattern of RPA p34 subunit upon binding to ssDNA. Reaction mixtures and the sample preparations were
the same as in A and B except that an anti-p34 polyclonal antibody was used to visualize p34 and its cleaved frag-

ments for western analysis.
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the zinc-finger motif mediates the transition of
RPA-ssDNA interaction to a stable RPA-ss-
DNA complex in a redox-dependent manner.

The 4-cysteine zinc finger contains Zn(Il) that
tetrahedrally coordinates four cysteine residues
(18). Under reducing conditions, the zinc-finger
structure is favorably formed and Zn(II), buried
in the interior, stabilizes the module by binding
four cysteines (21), whereas the oxidation of the
Zn(Il)-thiolate bond induces the release of Zn(II)
from the zinc finger, which likely promotes
disulfide bond formation between the zinc-fin-
ger cysteines (21, 30). Other divalent ions were
not able to compensate for Zn(Il) in overcoming
the inhibitory effect of o-phenanthroline in
RPA-ssDNA interaction (Fig. 3), suggesting that
Zn(Il) may play a unique role in coordinating
the zinc finger cysteines, which in turn controls
RPA’s ssDNA binding activity. The latter is also
supported by the fact that a mutation at zinc-
finger cysteines (amino acids 481, 486, 500, or
503) would be sufficient to abolish redox sensi-
tivity of RPA’s ssDNA binding activity (21, 30).

A significant change in the tryptic digestion
pattern observed with wt-RPA, but not with a
zinc-finger mutant, upon binding to ssDNA
(Fig. 5A) strongly suggests that the conforma-
tional change of p70 occurs in an ssDNA-de-
pendent manner, which mainly protects the
large domain of p70 (55-kDa fragment) from
proteolytic digestion. One possibility is that the
55-kDa fragment may actually be involved in
the conformational change of p70 and pro-
tected from tryptic digestion through its inter-
action with ssDNA. It would be interesting to
see whether the protected region of p70 (55-
kDa fragment) represents the domain directly
in contact with ssDNA. The p34 subunit (wt-
RPA) also showed a change in the tryptic di-
gestion pattern, becoming more accessible to
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tryptic digestion following its interaction with
ssDNA, whereas the tryptic digestion pattern
of the p34 subunit from the zinc-finger mutant
(ZFM4) was virtually unaffected by the pres-
ence of ssDNA (Fig. 5D). This result suggests
that the zinc-finger domain of p70 not only is
essential for the conformational change of its
own subunit, but may also affect the accessi-
bility of p34 to tryptic digestion. The latter pos-
sibility was also supported by the previous
finding where DN A-dependent protein kinase
phosphorylated the p34 subunit from wt-RPA,
but not that from the zinc-finger mutant, in the
presence of ssDNA (6).

A role for RPA’s zinc-finger domain has been
demonstrated previously indicating that muta-
tions at the zinc-finger domain differentially af-
fected its function in DNA replication and NER
(6, 17). The failure of zinc-finger mutants in
supporting NER was not due to its role in the
stabilization of the XPA-damaged DNA com-
plex (26, 27). It is possible that the zinc-finger
motif may be involved in mediating the gen-
eration of ssDNA during RPA-damaged DNA
interaction (23). No matter what the role of
RPA’s zinc-finger domain in DNA repair may
be, the initial interaction of XPA with damaged
DNA under nonreducing conditions was sig-
nificantly affected in the presence of wt-RPA,
but not in the presence of a zinc-finger mutant
(Fig. 6). It is not clear whether the differential
effect of wt-RPA and a zinc-finger mutant on
the XPA-damaged DNA interaction plays a di-
rect role in NER. Considering the fact that the
zinc-finger domain is involved in the confor-
mational change of the RPA p70 subunit, it is
conceivable that RPA’s zinc-finger domain and
its redox regulation may affect the early stage
of repair, such as formation of a damage-recog-
nition complex.

r

FIG. 6. Biacore analysis of redox regulation of RPA stabilization of XPA-(64) photoproduct interaction. wt-RPA
or ZFM4 was injected onto a sensor chip surface containing 2,000 RU of double-stranded DNA, which contains a cen-
trally located (6—4) photoproduct, using the KINJECT function of Biacore 3000. The association phase was allowed
for 300 s followed by 540 s of a buffer injection period for dissociation. (A) wt-RPA (1 nM), XPA (2.5 nM), and the
mixture of XPA (2.5 nM) and wt-RPA (1 nM) in the presence (1 mM) and absence of DTT. (B) ZFM4 RPA (1 nM),
XPA (2.5 nM), and the mixture of XPA (2.5 nM) and ZFM4 RPA (1 nM) in the presence (1 mM) and absence of DTT.
(C) wt-RPA (1 nM), XPA (2.5 nM), and the mixture of XPA (2.5 nM) and wt-RPA (1 nM) were injected onto the sen-
sor chip surface in the presence of 1 mM DTT for a period of 300 s for association followed by a dissociation of 540
s by washing with a buffer containing either 1 mM or 0 mM DTT.
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