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ABSTRACT. XPA plays an important role in the DNA damage recognition during human nucleotide excision
repair. Here we report that the XPA is a homodimer either in the free state or as a complex with human
RPA in solution under normal conditions. The human XPA protein purified from baculovirus-infected
sf21 insect cells has a molecular mass of 36 317 Da, as determined by mass spectroscopy. However, the
apparent molecular mass of XPA determined by the native gel filtration chromatography was about 71
kDa, suggesting that XPA is a dimer. This observation was supported by a native F2¥&E and
fluorescence spectroscopy analysis. XPA formed a dimer gXRAa broad range of XPA and NaCl
concentrations, and the dimerization was not due to the disulfide bond formation. Furthermore, a titration
analysis of the binding of XPA to the human RPA indicated that it was the XR#& formed the complex

with RPA. Finally, the difference between the mass spectrometric and the calculated masses of XPA
implies that the protein contains posttranslational modifications. Taken together, our data suggest that the
dimerization of XPA may play an important role in the DNA damage recognition of nucleotide excision
repair.

The human XPA (xeroderma pigmentosum group A) power of RPA through the formation of XPARPA complex
protein is an indispensable participant of human nucleotide delivers enhanced affinity for DNA lesion®,(10). The
excision repair (NER)that recognizes and removes a large XPC—HR23B is the other important protein complex
variety of bulky DNA lesions, which are structurally and involved in the DNA damage recognition. The XPER23B
chemically distinct{, 2). The XPA gene is required for both is generally believed to be involved in the initial DNA
global genome repair (GGR) and transcription-coupled repair damage recognition in GGR, which is probably followed by
(TCR) (3, 4). The protein with a zinc finger motif is capable the further recognition of the damage by XPRPA (11,
of binding specifically to damaged DNA in vitro. In the 36). In TCR where the XPEHR23B may not be required,
mechanism of human NER, XPA interacts with the replica- the RNA polymerase complex may play a substituting role
tion protein A (RPA) which also recognizes bulky DNA for initial damage finding. Compared to the XPEIR23B,
damage, to form a tight proteirprotein complex. It is  the exclusive roles of XPA in NER are demonstrated by its
believed that this complex is involved in the DNA damage indispensable involvement in both the GGR and the TCR
recognition process at the early steps of NER, and it also for DNA damage recognition and its presence in the final
plays a role in the NER complex and nuclease assendbly ( excision complex.

7). The XPA has been generally considered to be a monomer

Because of the importance of XPA in both the damage under physiological conditions, either in its free state or as
recognition and assembly of NER, the interactions of XPA complex with DNA, RPA, or other proteins in NER. No solid
with DNA and other NER proteins have been widely studied. evidence has been presented to show the actual form of XPA.
It has been suggested that the involvement of XPA in the Itis clear that knowledge of the aqueous form of XPA protein
DNA damage recognition is primarily determined by its is important for determination of the protein’s structure,
efficient binding to rigidly bent DNA duplexes8). This biochemical characteristics, and interactions with DNA and
binding potential integrated with the damage recognition other proteins, and therefore, the mechanism of nucleotide
excision repair including the damage recognition.

In the present study, we examined the possibility of self-
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interacts with RPA and forms the XBARPA heterotrimer
protein complex. Finally, in comparison with the calculated
molecular mass of XPA, the MS data implied that human
XPA contains posttranslational modifications.

EXPERIMENTAL PROCEDURES

Human XPA and RPA Purificationhe [Hisk-XPA was
purified from the sf21 cells infected with recombinant
baculovirus pBac-XPA (graciously provided by J. J. Turchi,
Wright State University School of Medicine), as described
previously (L4). Briefly, 2 L of sf21 cells at a density of 1
x 10° cells/mL in a spinner flask were infected with the
recombinant virus at a multiplicity of infection (moi) of 10.
After 48 h infection, the cells were harvested by centrifuga-
tion at 200@ for 10 min and washed twice with PBS. The
cells resuspended in the buffer A (20 mM Tris, pH 7.4, 1
mM imidazole, and 0.5 M NaCl) were then lysed by
sonication. All the buffers used in the purification were
supplemented with protease inhibitors (0.5 mM PMSEkgi
mL leupeptin, and Lkg/mL pepstatin). After centrifugation
at 1300@ for 1 h at 4°C, the supernatant was mixed with
4 mL of Ni-NTA Superflow resin equilibrated with buffer
A, followed by incubation at £#C on a rotator overnight.
After the incubation, the resin was used for making a column
and washed twice with 100 mL of buffer A with 1 mM
imidazole and then twice with 5 mM imidazole. Proteins
were eluted in buffer A with 200 mM imidazole. Fractions
containing the [His}XPA protein were pooled and dialyzed
into buffer B containing 50 mM Tris, pH 7.5, 0.1 M NacCl,
1 mM DTT, 1 mM EDTA, and 20% glycerol. In the final
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at 16°C for 12 h, then at 37C for 1 h. One-twentieth of
the ligation products were then transformed into competent
E. coli DH5a cells (Gibco). The cells were plated and
selected against 10@g/mL ampicillin. Colonies were
screened for those containing the plasmid encoding the RPA
cDNA by both restriction and PCR assays. The final
construct was confirmed by full-length DNA sequencing. It
should be noted that the cloning into tBend site left an
additional glycine residue attached to the C-terminus of the
p32 subunit of RPA protein.

To purify RPA, the transformeé&. coli BL21(DE3)-RP
cells with pTYB—RPA were plated on LB-agar with 100/
mL ampicillin. A freshly grown colony was inoculated into
4 mL of LB with 100 ug/mL ampicillin and 50ug/mL
chloramphenicol. The culture with high density was trans-
ferred inb 4 L of LB supplemented with 10Q:g/mL
ampicillin. IPTG (isopropylthigs-p-galactoside) was added
to a final concentration of 1.0 mM for inductionrf@ h at
25°C after the OD (600 nm) of the culture reached 0.6. The
cells were harvested and centrifuged at 5% 10 min at
4 °C. The pellets were re-suspended in ice cold column buffer
(20 mM Tris-HCI pH 8.0 1 M NaCl, 0.1 mM EDTA, 0.1%
Triton X-100) and lysed by sonication on ice. Supernatants
were obtained by centrifugation at 12@dfr 30 min at 4
°C, and loaded on a chitin beads column (New England
Biotech) that was preequilibrated with the column buffer.
Column was washed with 200 mL of the buffer containing
30 mM HEPES pH 7.8, 0.25 mM EDTA, 0.01% NP-40, 1
mM DTT, 10% glycerol, and 0.8 M NaSCN. The on-column
cleavage of RPA from the fused intein-chitin binding domain

step, the XPA in the dialyzed fractions was separated from was induced by flushing the column quickly with three

other contaminantsroa 6 mL ofHeparin-Sepharose column
equilibrated with buffer B containing 0.1 M NaCl. The XPA
protein was eluted using a 250 mL of NaCl gradient (0.1 to
1 M) in buffer B. Fractions containing XPA were pooled
and concentrated using Amicon filter centrifuged at 2500
for 1 h at 4 °C, followed by dialysis against buffer B
containing 0.1 M NaCl. The purified XPA in 2Q4_ aliquots
were stored at-80 °C. The concentration of XPA protein
was determined using Bio-Rad Protein Assay Kit.

RPA was purified in one step through a 14 mL chitin
column fromEscherichia colistrain BL-21(DE3)-RP (Strat-
agene) transformed with the overexpressing plasmid pTYB
RPA containing the RPA cDNA under the control of the
IPTG-induced T7 promoter. The pTYBRPA was con-
structed by subcloning the RPA cDNA from plasmid p11d-
tRPA (graciously supplied by M. S. Wold, University of
lowa College of Medicine) into the pTYB2 vector (New
England BioLabs). Briefly, the RPA cDNA in p11d-tRPA
was amplified by PCR witiPfu DNA polymerase (Strat-
agene) and two primers containindNad and aSmad sites,

column volumes of the cleavage buffer (20 mM Tris-HCI
pH 8.0, 500 mM NacCl, 0.1 mM EDTA, and 30 mM DTT).
The flow was stopped immediately, and the cleavage was
allowed to continue overnight at 4C. RPA protein was
eluted and collected with the cleavage buffer without DTT,
and then dialyzed in storage buffer (30 mM HEPES, pH 7.8,
0.25 mM EDTA, 0.01% NP-40, 1 mM DTT, 100 mM NacCl,
50% glycerol). The concentration of RPA protein was
determined using Bio-Rad Protein Assay Kit.

Gel Mobility Shift AssayBinding of XPA protein to the
DNA substrates was determined by gel mobility-shift assays.
The DNA substrates used in this assay were constructed
following the procedures as described previouS§) (Two
types of substrates were used, the 50 bp DNA containing a
single AAF or BPDE adduct and the 50 bp DNA containing
a six-base mismatched region around the adduct (bubble
substrate). Typically, the substrate (3 nM) was incubated with
varying concentrations of XPA or RPA at 3C for 10 min
in 20 uL of the binding buffer (40 mM HEPESKOH, pH
7.9, 75 mM KCI, 8 mM MgC}, 1 mM DTT, 5% glycerol,

respectively, which flank the gene. The PCR products were and 100ug/mL BSA). After incubation, 2«L of 80% (v/v)

purified with a PCR purification kit (Qiagen) by following

glycerol was added, and the mixture was immediately loaded

the procedures suggested by the manufacturer. Both the PCRento a 3.5% native polyacrylamide gel in TBE running buffer

purified product and the vector pTYB2 were subjected to
restriction with Ndd and Sma. After purification, the
restricted vector pTYB2 was dephosphorylated by alkaline

and electrophoresed at room temperature.
Mass SpectrometryThe molecular mass of the purified
XPA was determined by mass spectroscopy. Protein sample

phosphatase for increasing the subsequent ligation efficiencyfor analysis was prepared using the Zipdippipet tips

The products were purified again for the ligation in which

the dephosphorylated vector (3.5 ng) and the purified PCR-

generated RPA cDNA fragment (0.4 ng) were incubated with
10 units of T4 DNA ligase (Gibco) in 66L of ligation buffer

following the procedures suggested by manufacturer. The
protein was eluted directly onto MALDI target in 50% ACN/
0.1% TFA/matrix/water for analysis on a Voyager-DE STR
(Perseptive Biosystems) mass spectrometer.



13014 Biochemistry, Vol. 41, No. 43, 2002 Yang et al.

Gel Filtration Chromatograph All the gel filtration Protein—Protein Binding AssayThe cDNA of human
experiments were performed on an AKTApurifier system XPA, which was amplified from the pBAeXPA, was
(Amersham Pharmacia Biotech) with the Superdex-200 HR subcloned into the pTYB4 vector (New England Biolabs)
and Superdex-75 HR columns (Amersham Pharmacia Bio- following the similar procedures as described above for
tech). Typically, 108-200 uL proteins (XPA, RPA, or pTYB—RPA construction. The constructed pTY¥BPA was
markers) were automatically injected onto the Superdex then transformed into pLysS competent cell (Novagen), and
column equilibrated with the running buffer containing 50 plated onto LB-agar with ampicillin and chloramphenicol.
mM Tris-HCI, pH 7.5, 1 mM DTT, 1 mM EDTA, 0.1 M As a control, the pLysS cells without transformation were
NaCl, and 10% glycerol. The markers include ribonuclease also directly plated onto LB-agar without antibiotics. Freshly
A, 13.7; chymotrysinogen A, 25; ovalbumin, 43; albumin, grown colonies from the plates were inoculated into 4 mL
67; aldolase, 158; catalase, 232; ferritin, 440; thyroglobulin, of LB with 100 xg/mL ampicilline and 5Q:g/mL chloram-
669; and blue dextran, 2000 kDa (Amersham Pharmaciaphenicol (nontransformed pLysS colony with chlorampheni-
Biotech). The samples were analyzed with the running buffer col only). The cultures with high density were then trans-
under the conditions with monitored UV wavelengti280 ferred into 200 mL of LB. IPTG (isopropylthig-p-
nm, flow rate= 0.5 mL/min, loading loop volume= 100 or galactoside) was added to a final concentration of 1 mM for
200 uL, and fraction size= 1 mL. Retention time was induction fa 6 h at 28°C after the OD (600 nm) of the
calculated with the software UNICORN Version 3.10 sup- culture reached 0.6. To obtain the supernatants, cells were
plied with the system. After each run, the proteins in the then treated in the same way as described earlier for RPA
collected fractions were precipitated with 10% TCA for purification except that proteinase inhibitors aprotinin (8 mg/
subsequent SDSPAGE analysis. For the titration experi- mL) and PMSF (0.5(M) (both from Sigma) were added in
ments, XPA and RPA (0.61M) proteins with specific molar  all buffers used.
ratio (XPA/RPA=0, 0.5, 1, 1.5, 2, 3, 4, or 8) were premixed A total of 50 uL of XPA (2.7 mg/mL) purified from the
in running buffer and centrifuged for 5 min at 13 000 rpm, pBAc—XPA infected insect cells was mixed with 10 mL of
followed by the incubation for 20 min at room temperature. the supernatants from the pTYEXPA transformed and
The mixture was then loaded to the column for analysis. To nontranformed pLysS cells, respectively, followed by incu-
reduce the systematic errors of measurement, concentrationdation overnight at 4C and then 2 h at 28C. Incubated
of XPA and RPA were determined at the same time using mixtures were then loaded onto two 1-mL chitin-beads
the Bio-Rad protein assay. The quantification was conductedcolumns (NEB), one for the transformed and the other for
by integrating the enveloped area of peaks corresponding tothe nontransformed. Eluted fractions (1 mL each) were
the specific protein molar ratios. The free XPA concentration obtained following the same procedures as for the RPA
at each titration point was evaluated by subtracting the RPA purification above. The first three fractions from each column
background obtained in absence of XPA from the XPA were then subjected to a 10% SBBAGE electrophoresis
titration data. For comparison, the same experiments wereand the Western blotting analysis as previously described
also carried out for varying concentrations of XPA but in (37). The XPA both from the pBAe XPA and pTYB-XPA
the absence of RPA. In this case, 0.1 mg/mL of ribonucleasewas detected in the immunoblots using a XPA monoclonal
A protein (13 700 Da, retention time, 17.05 mL) was mixed antibody (12F5 from Kamiya Biomedical Co., Seattle, WA)
with XPA for stabilization purpose. Under the denaturing with a dilution ratio of 1:200 in the blocking buffer (5%
conditions, the gel filtration experiments were performed with nonfat dry milk and 0.1% Tween 20 in phosphate buffered
the running buffer containing 0.1% SDS. The protein samples saline PBS).
were first treated with 1% SDS for 10 min at room
temperature and then diluted to 0.1% SDS with the running RESULTS
buffer. Basic Determination of Purified Human XPA and RPA

PFO—PAGE Analysis The PFO (Oakwood Products, Considering the possible posttranslational modifications of
West Columbia, SC) native PAGE was performed as pre- XPA in cells (13), the XPA used in this study was
viously described]2) with some minor modifications. Brief-  overproduced in the eukaryotic cells (sf21) and purified
ly, 2—3 ug protein samples were mixed with the same vol- following the procedures as described previoudls) ( As
ume of 2<PFO sample buffer [100 mM Tris base, 0.2% (w/ shown in Figure 1A, the homogeneous XPA was obtained
v) NaPFO, 20% (v/v) glycerol, 0.005% bromophenol blue, from the Heparin-Sepharose column in the last step of the
25 mM DTT, pH 8.0] and then immediately loaded onto the purification procedures (see Experimental Procedures) which
freshly prepared 7.5% native Tris/glycine polyacrylamide gel produced a yield of about 1.5 mg frol L of infected cells.
without SDS. The running buffer contained 25 mM Tris, 192 The proteins were stained with Coomassie Blue. Consistent
mM glycine and 0.1% (w/v) NaPFO, at pH 8.5. All of the with the previous report1), the purified XPA has an
preparations were made at 4C. Electrophoresis was apparent molecular mass of about 43 kDa as determined by
preformed at 100 V at £C in cold room. After the the SDS-PAGE, and functionally binds to the damaged
electrophoresis, the gels were stained with Coomassie Blue.DNA (Figure 1B). Since many DNA adducts recognized by

Fluorescence Measuremeiithe tryptophan fluorescence  XPA induce local DNA unwinding, it is of interest to test if
spectra of XPA were recorded on a SPEX Fluoromax strand opening is one of the components required for XPA
fluorometer with the excitation wavelength 295 nm, and binding. The data from the XPA binding to AAFDNA
the slit width was set at 5 nm for both excitation and emission showed that XPA has a significantly higher affinity for an
beams. The XPA was measured at room temperature in theadduct in the double-stranded DNA than for that in the DNA
buffer of 25 mM Tris, 192 mM glycine at pH 8.5, in the bubble, suggesting that DNA strand opening may not be the
presence and absence of NaPFO. alteration of DNA conformation recognized by XPA. To
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Ficure 1: Purification of XPA and RPA proteins and their binding to DNA substrates. (A) The XPA protein was overproduced and
purified from the baculovirus-infected sf21 insect cells. The RPA protein was overexpressed with the pTYB-RPA plasmid cor&truct in
coli, and purified from a chitin-binding column. Both proteins were analyzed on a 12%-8BSE. The proteins were stained with
Coomassie Blue. (B) The XPA or RPA at various concentrations was incubated with bubble (six-base) or nonbubble DNA substrates
(50-bp) containing a single AAF or BPDE adduct in the binding buffer at@@or 10 min. The ND stands for the nondamaged DNA. The
samples were analyzed on a 3.5% native polyacrylamide gel.

investigate the interactions of XPA with the human RPA, data shown in Figure 2 indicated that the insect cell-expressed
the RPA was overproduced frof coli transformed with XPA has a mass of 36 317 Da. This value is greater than
the construct pTYB-RPA and purified to homogeneity using  the molecular mass of XPA calculated (36 017 Da) based
a single chitin column (Figure 1A). As shown in Figure 1B, p its amino acid sequence and the sequence of the tag,
the purified RPA was able to specifically bind to the damgged implying that posttranslational modifications may occur
DNA. It should be noted that, although the RPA binds y,in exnression of the protein in the eukaryotic cells. In

significantly to undamaged DNA, todlQ, 38), the 50 bp ; ) .
undamaged substrate has many more binding sites availaplg©mPanson, the MS-determined molecular mass of XPA

for nonspecific binding than the damaged DNA for specific Produced in bacteria was in a very good agreement with the
binding of a single damaged site. Therefore the affinity for calculated one1d). In addition to the major mass peak
the adduct was estimated to be about two orders higher tharf€Presenting the XPA monomer, a small peak at 73 061 Da
for the undamaged DNA. for XPA dimer was also observed. Although this dimer signal
To precisely determine the molecular mass of purified may be due to the ionization of the protein occurring during
XPA, the mass spectroscopic analysis was conducted. Thethe mass measurement, it cannot be ruled out that the possible
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1on 2205 = For comparison, we also investigated the gel filtration
Jg7 behavior of both the XPA and standard markers in the buffer
o containing 0.1% SDS on the same Superdex column (Figure

- o 3B). Since the experiments were conducted under the
’ denaturing conditions, proteins without disulfide bond cross-
‘ links should be in the form of monomer. As expected,

“If | analysis of the data indicated that the denatured XPA has

w ‘ an apparent molecular mass of 36.8 kDa (Figure 3B) that is
|

% Intensity

consistent with the data from MS study (36.3 kDa). In
contrast, the SDSPAGE produced a molecular mass (43
» E kDa) significantly different from the 36.3 kDa value. This
»l strongly supports the valid application of the gel filtration

' /| Xra; chromatography in this study.
- aJ! ,«/ |
s\

\ A PFO—PAGE Analysis Recently, a new method called
-— st PFO-PAGE was developed to evaluate the oligomeric
Mass (m/) structure of proteins under native conditions2)( This
FIGURE 2: Mass spectroscopy of XPA protein. The molecular mass Method has been successfully used for both water-soluble
of XPA was measured on a Voyager-DE STR mass spectrometerand membrane proteindZ, 27, 28). Here, to verify the
(Pefseptl;/etEIO;SF')SAtemS) using "_meDl IOIFOIOFOL The m]?ls%f%%n? observation from the gel filtration chromatography, XPA
represents the monomer witn a molecular mass o H : ;
2) where m stands for mass anfbr the number of charges of the protein together with th? protein markers (catalase, .BSA’
ionized protein. The intensity at the 73 081/) represents the ~ and ovalbumin) was subjected to the PFRAGE analysis.
XPA dimer. As shown in Figure 4A, the band of XPA had a gel mobility
shift corresponding to its dimeric form as compared to the
original dimerization of XPA might contribute to this mass markers. Also used as controls, the catalase (60 kDa per
signal. subunit) had a gel mobility shift corresponding to its native
Gel Filtration CharacterizationGel filtration chromatog- fornlwbof t_etrzzr;\i:)(ZBZ kDa), while both BSA (655 II<Da) and
raphy has been widely used for protein separation and also?v&/oumin ( a) were monomer as expected. In contrast,

for determination of the size and molecular mass of proteins thesxgg_;vzééleg_rly In ZsBm_cI)_Eorgentc)lfc;rn;tvr\]/h?PaAnslyz;d
under native conditions. Since there is a big difference in on (Figure 4B). The doublet of the ands

size and molecular mass between the monomer and theobserved in the SDSPAGE was generally reported before

oligomer of XPA (if it forms), the gel filtration technique and was probably due to the intramolecular disulfide bonds
. . e formation during the electrophoresit5.

was used for analysis of the possible self-association of XPA. Fluorescence Spectroscony of XPA in PEe human

As shown in Figure 3A, the gel filtration chromatography XPA protein cont ?n thr ﬁy ) nt tr .t hans located
was performed for both the XPA and a wide range of protein contains three fiuorescent tryptopnans locate

molecular mass markers under the same conditions on
Superdex-200 HR column driven by the AKTApurifier
system (Pharmacia Biotech). The XPA had a retention time
of 13.2 mL, which was well shorter than the retention time

of 14.3 mL for ovalbumin (43 kDa), but consistent with that

[}
oenr a3

at 175, 194, and 235 residues, respectively, in the C-terminal
half of the protein. Exposure of the internally buried
tryptophans to the polar aqueous buffer on the protein surface
usually results in a shift of thi,ax of fluorescence spectrum

to the longer wavelength and a decrease in intensity.
. Therefore, changes in the environment of the tryptophans
(1.3'2 mL) of BSA (67 kDa). The same results were ob_talned due to the protein structural alteration, may result in the
with the concentration of XPA as low as 0.03 mg/mL in the o5 cteristic changes of the fluorescence spectra of these
presence of 0.2 mg/mL of ribonuclease A (13.7 kDa) for gqrophores 85). The information of structural change may
the purpose of protein stabilization (data not shown). Alinear ;s pe obtained by determining the fluorescence properties
regression of the data for the set of markers was then uf the protein under given experimental conditions. As shown
generated to calculate the molecular mass of XPA (Figure i, Figure 4C, the fluorescence spectra were measured for
3A). The nicely fitted standard line gave the XPA a hg XPA in the absence and the presence of 0.1 and 0.2% of
molecular mass of 71 kDa that is well consistent with that PFO, as well 8 6 M guanidine hydrochloride. The finding

of a XPA dimer. At least three independent experiments were that the XPA in the absence and the presence of 0.1% PFO
performed for this determination. The data were very has a similar emission spectrum without wavelength shift
consistent as demonstrated in Figure 3 where the standargmplies that the protein has a similar structure under both
deviation error bars are too small to see as compared to thezonditions. In contrast, 0.2% PFO, which dissociates XPA
data symbols. The same experiments were also conductednto monomers as demonstrated by PARAGE analysis

on a Superdex-75 HR column, and the same results have(data not shown), produced a spectrum with a clear shift of
been obtained, indicating the consistency of the determina-the emission maximum to the longer wavelength (from 342
tions from different sizing columns. Since XPA protein to 347 nm) and an apparent decrease in fluorescence
contains seven cysteines, of which four are believed to form intensity. The wavelength shift and the quenching indicated
the zinc finger, we examined the XPA under limited that some or all of the XPA tryptophans were in a more
denaturing conditions on a SB®AGE in the absence of polar environment in the presence of 0.2% PFO, suggesting
reducing reagents to determine if any intermolecular disulfide that an apparent conformational change of the protein may
bonds formed. The results indicated that there was no suchoccur with more exposure of the tryptophan residues to the
kind of links involved (data not shown). polar buffer. For comparison, the fluorescence of XPA in
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Ficure 3: Gel filtration analysis of XPA. (A) XPA (20@L, 0.3 mg/mL) and the molecular mass markers were gel-filtrated on a Superdex-

200 HR column with the AKTApurifier (Amersham Pharmacia Biotech). The markers include Rib (ribonuclease A, 13.7), ChyA
(chymotrysinogen A, 25), Ova (ovalbumin, 43), BSA (bovine albumin, 67), Ald (aldolase, 158), Cat (catalase, 232), Fer (ferritin, 440), and
Thy (thyroglobulin, 669 kDa). The apparent molecular mass of XPA (71 kDa) was determined based on the relationship of the retention
times of markers versus their molecular masses fitted with linear regression method. At least three independent experiments were performed
and very consistent data were obtained, as the error bars representing the standard deviation plotted in the figure are too small to see in
comparison to data symbols. (B) The similar experiments were performed under denaturing conditions in the presence of 0.1% SDS in both
the running buffer and the sample. The molecular mass of denatured XPA (36.8 kDa) was determined based on the linear regression of the
retention times of the four low molecular mass markers.

the presence fo6 M guanidine hydrochloride was also (Eco—XPA) has an original molecular mass of 32 kDa. In
measured, in which the emission maximum shifted to a much contrast, the XPA from pBaeXPA (Bac—XPA) has a
longer wavelength of 355 nm (Figure 4C). Compared with molecular mass of 36 kDa due to an N-terminal tag. In
this large shift for the denatured form of XPA, the shift from addition, the pTYB-XPA originally generates a chitin
the XPA in the 0.2% PFO buffer suggests that the protein binding domain (CBD)-fused XPA protein, which binds
may still remain in a relatively folded structure. The red- tightly to the chitin-beads column. Subsequent incubation
shift of Amax for the XPA in the 0.2% PFO may be due to with high concentration of DTT (30 mM) after thorough
the loss of the quaternary structure of the protein (dimer) wash of the column triggers the cleavage of the XPA protein
with some of the tryptophans located in the dimerization (32 kDa) from the CBD. Since these XPA proteins of
interface. This is consistent with the conclusion that XPA different sizes are well separated on SEFAGE (lanes 1
exists as a dimer. The shift from 347 to 355 in the presence and 2, Figure 5), the potential binding between these two
of guanidine chloride is likely the result of destruction of proteins can be examined. Specifically, before binding to
secondary and tertiary structures of the protein. the chitin beads on the column, the supernatant of the
Analysis of XPA-XPA Bindingn this protein-protein pTYB—XPA overexpressel. coli cells was incubated with
binding assay, two different recombinant human XPA the purified XPA from pBac-XPA infected insect cells to
proteins were overproduced with the pT¥BPA and the allow the two types of XPA proteins to exchange with one
recombinant baculovirus pBac-XPA i&. coli and insect another (see Experimental Procedures). As a control, the
cells, respectively. The XPA produced from pT¥BPA purified Bac-XPA was also mixed with the supernatant of
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Ficure 4: PFO-PAGE Analysis of XPA. (A) Two micrograms each of catalase (tetramer, 232 kDa), BSA (66 kDa), and ovalbumin (43
kDa), and purified XPA were solubilized in PFO and separated on a 7.5% native-IPRGE at 4°C. The XPA migrated with a shift

corresponding to the molecular mass of homodimer. (B) The same proteins were solubilized in SDS and separated on a regular 7.5%
SDS-PAGE. The XPA migrated with a size of monomer. (C) The fluorescence spectra of XPA in the absence and presence of PFO were
recorded with the excitation at 295 nm. The XPA was in the buffer of 25 mM Tris, 192 mM glycine at pH 8.5, with different concentrations

of NaPFO ad 6 M guanidine hydrochloride.

Bac-XPA
Supernatant with  Supematant wio
Markers Eco-XPA Eco-XPh
Fractions 1 2 3 1 2 3
Bac-XPA—— -
o — @ _e-
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Ficure 5: Binding of pTYB—XPA produced human XPA with
the human XPA generated from pBac-XPA analyzed by Western
blotting. Lanes 3-5, fractions eluted from the chitin column loaded
with the preincubated mixture of tHe coli pLysS cell supernatant
overexpressing the pTYBXPA and the purified pBac-XPA
generated XPA (Bac-XPA). Lanes8, fractions eluted from the
chitin column loaded with the preincubated mixture of Ehecoli
pLysS cell supernatant without pTYBXPA and the pBac-XPA
generated XPA (Bac-XPA). The pTYBXPA produced XPA from

E. coli cells (Eco-XPA) has a molecular mass of 32 kDa (lane 2)
and the Bac-XPA is a protein of 36 kDa. A monoclonal antibody
against XPA was used for the probing.

E. coli cells without pTYB-XPA following the same

Interaction of XPA with RPAIn human NER, XPA
interacts with RPA to form a complex that functionally
recognizes damaged DNA. Therefore, it is of great interest
to examine the stoichiometry of the XPARPA protein
complex. As shown in Figure 6, the RPA protein (0:61)
was titrated with varying concentrations of XPA and
analyzed by the gel filtration chromatography on the Super-
dex-200 HR column. In Figure 6, the XPA and RPA proteins
were essentially well-separated from each other through the
column, though some extent of overlapping did occur. For
comparison, the similar experiments were also carried out
for the XPA at the same concentrations in the absence of
RPA, which generated a linear relationship of the absorption
(280 nm) versus the concentrations. The data in Figure 6
showed that in the absence of XPA, the RPA is featured by
a dominant peak with a retention time of 11.6 mL, corre-
sponding to the association of p70, p32, and p14 subunits
of RPA. Two minor peaks were also observed, one at 12.5
mL and the other at 14.1 mL. Those are due to the partial
degradation of RPA, and the complex formation between
the p32 and p14 subunits, respectivelg,(17), as supported
by a SDS-PAGE analysis of the fractions (data not shown).
Addition of enough amount of XPA to the RPA produced a
separate new absorption maximum at 13.1 mL (Figure 6A),
which was contributed by the unbound XPA as confirmed
by SDS-PAGE (data not shown). However, at the concen-
trations of XPA lower than 1.22M (XPA/RPA = 2), little

procedures. After the binding and extensive washing, only or no free XPA was observed at 13.1 mL, indicating that
CBD-Eco-XPA and its associated proteins are expected tothe XPA molecules were bound to RPA. As shown in Figure

remain bound to the chitin column. As shown in Figure 5,
in comparison with the control (lanes-8), bands corre-
sponding to the BaeXPA protein were identified in the
Western blotting analysis of the eluted fractions after the
DTT cleavage of the proteins from the column (lane53
The results strongly suggest that the B&d®A forms a
complex with the Ece-XPA, and therefore the dimerization
of XPA most likely occurred.

6, even at 1.22M, only very small absorption intensity for
free XPA was detected over the background, as compared
to the intensity for the XPA at the same concentration in
the absence of RPA (right panel of Figure 6A). Therefore,
the increasing absorption peak of the free XPA served as
the signal to be monitored during the titration. The intensity
corresponding to the unbound XPA was calculated based
on the integrated area under each of the titration-generated
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Ficure 6: Interaction of XPA with RPA. (A) RPA (0.64M) incubated with different concentrations of XPA at room temperature for 15

min was analyzed on a Superdex-200 HR column with the AKTApurifier system (Amersham Pharmacia Biotech). In comparison, the gel
filtration of the XPA with the same concentrations in the absence of RPA was also performed. The curve with the zero concentration of
XPA represents the gel filtration for RPA. The peaks with the indication of XPA concentration represent the free or unbound XPA. (B) The
binding isotherm was generated by plotting the intensity of free-XPA absorption (280 nm) as a function of the total molar ratio of XPA/
RPA. The ratio at the crossing point of the two best-fitted lines of the binding isotherms gave the stoichiometry of the binding, suggesting
that each RPA binds to two XPA molecules.

peaks over the background, and then plotted as a functioninteractions. Instead, XPA has been widely assumed to be a
of the total molar ratio of XPA/RPA (Figure 6B). Since the monomer acting in the mechanism of NER. In the present
concentration of RPA (0.6&M) was much higher than the  study, data obtained using three independent approaches
dissociate constant(19 nM) for XPA binding to RPA 26), suggested that the functional form of XPA is a homodimer.

the stoichiometry of this binding was estimated from the  The use of gel filtration chromatography for determination
value of XPA/RPA at the crossing point of the two best- of protein molecular mass is well documented. Although the
fitted lines of the binding isotherms. The value was about yetention time of gel filtration directly corresponds to the
;1..8, Suggestin.g that the intel’action Of XPA W|th RPA resulted Size Of the protein and thus the Shape of the protein may
in the formation of the XPA-RPA protein complex. In affect the relationship between the retention time and
addition, the experimental binding isotherms were nicely molecular mass, the effect is limited in most cases of proteins.
fitted with a nonlinear least-squares method using the 2:1 ypon the gel filtration determination, the result was then
binding model 89) (data not shown). confirmed by the native PFEPAGE assay and fluorescence
It should be mentioned that, in Figure 6A, the RPA peak spectroscopic analysis. Our results are also consistent with
did not shift to the left upon the addition of XPA. Thisis g previous observation ofenopusXPA oligomerization in
probably because that the RPA may contain a Iarge hollow a g|utara|dehyde Cross_”nking experimeﬂex_ In human
structure which is able to accommodate the major part of NER, XPA works together with RPA, a complex of three
the XPA molecule. RPA is a protein of three subunits, p70, subunits, to recognize the damaged Dm (l'he know|edge
p32, and p14, which most likely form a nonglobular protein. of the functional form of XPA in the complex with RPA
This is consistent with the retention time of RPA from the could be important for understanding the structtfitanction
gel filtration experiment, which corresponds to a molecular aspects of the complex. The data from our titration analysis
mass of~170 kDa, a value much higher than the actual indicated that the dimer rather than the monomer of XPA
molecular mass of 116 kDa for RPA. This subject is currently forms complex with RPA, which in another way verified
under investigation. the dimerization of XPA. Interestingly, by examining the
recent data presented by Missura et al. in their inhibition
DISCUSSION study of DNA unwinding 8), it also appears that XPA may
The importance of XPA in human cells is illustrated by have a binding ratio to RPA about two, although the authors
its indispensable roles in NER including both GGR and TCR. did not mention this possibility in their report.
It has been generally accepted that XPA is a DNA damage In nucleotide excision repair, other known initial DNA
recognition protein directly involved in the early steps and damage recognition proteins such as UMIRAE. coli, XPC—
probably also the late steps of NER. These functions of XPA HR23B, and RPA, are either homodimer, heterodimers, or
are delivered by its interactions with other NER proteins and heterotrimers. The oligomerization of these proteins may
with the damaged DNA. Understanding of these interactions provide the necessary structures for protein binding to DNA,
depends on the availability of the basic information on the or recognizing DNA structural alterations and lesions. In the
molecular composition of XPA, which decisively affects the E. coli NER system, each UvrA molecule has two zinc
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fingers and is primarily involved in the first step of damage 9.

recognition for detecting the DNA conformational changes
from Watson-Crick structure induced by DNA lesion8Z%,

33). Interestingly, XPA was also recently identified as the
damage recognition protein specifically sensing the DNA
bending and unwinding8j. It is, therefore, not surprising
that XPA is also a dimer if at least two zinc fingers are
required for probing such DNA structural alterations.

One of the direct effects of the XPA dimerization on our
understanding of the mechanism of human NER is regarding
to the XPA binding to the damaged DNA in the damage
recognition process. Our results suggest that the dimerization
needs to be considered in the evaluation of the binding
constants. Correct determination of these biochemical prop-
erties is critical for defining the activities of the XPA in NER
and may also be helpful in addressing the contradictory
results in the mechanistic actions of XPA and XPC in NER
(18). Previously, the binding affinity of XPA for DNA

[y

damage has been widely measured and used as a strong20.

evidence for the role of XPA in damaged or damage-induced
DNA abnormal structure recognitiord,(10, 19, 20). In
addition, the knowledge of XPA dimerization may also help
us understand the molecular structures of the XIPAA
interactions. Although the NMR studies of DNA binding
domain of XPA have shown that XPA contains an accom-
modative domain structure for docking double-stranded DNA
(21, 22), a full structural understanding of the interaction of
XPA with DNA may need to include the XPA dimerization. 4
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And this may be also true when the interactions of XPA
with other NER proteins are concerned, such as its interac-
tions with RPA, XPF-ERCC1, and TFIIH28—31).
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