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tosum (XP) (6), an autosomal recessive disease often
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Nucleotide excision repair (NER) is an important
ellular mechanism, conserved from bacteria to hu-
ans, responsible for eliminating multiple types of

tructurally distinct DNA lesions from the genome.
he protein XPA appears to play a central role in NER,
ecognizing and/or verifyingdamaged DNA and re-
ruiting other proteins, including RPA, ERCC1, and
FIIH, to repair the damage. Sequence analysis and
enetic evidence suggest that zinc, which is essential
or DNA binding, is associated with a C4-type motif,
-X2-C-X17-C-X2-C. Sequence analysis suggests that a
econd, H2C2-type zinc-binding motif may be present
ear the C-terminal. Seventy percent of the amino acid
equence of Xenopus laevis XPA (xXPA) is identical to
uman XPA and both putative zinc-binding motifs are
onserved in all known XPA proteins. Electrospray
onization–mass spectroscopy data show that xXPA
ontains only one zinc atom per molecule. EXAFS
pectra collected on full-length xXPA in frozen (77 K)
5% glycerol aqueous solution unequivocally show
hat the zinc atom is coordinated to four sulfur atoms
ith an average ZnOS bond length of 2.33 6 0.02 Å.
ogether, the EXAFS and mass spectroscopy data in-
icate that xXPA contains just one C4-type zinc-
inding motif. © 1999 Academic Press

Many chemically and structurally distinct DNA le-
ions produced by a broad variety of physical and
hemical DNA damaging agents, including natural tox-
ns, man-made carcinogens, and UV and ionizing radi-
tion (1, 2), are repaired by the ubiquitous, multi-
nzyme, nucleotide excision repair (NER) pathway (3,
). One of the major proteins involved in NER is XPA.
utations to the human XPA gene (5) results in the
ost severe forms of the syndrome xeroderma pigmen-

1 To whom correspondence should be addressed at Pacific North-
est National Laboratories, Biosciences Department, Richland, WA
9352. Fax: 509-376-2149. E-mail: eric.ackerman@pnl.gov.
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haracterized by neurological abnormalities, hypersen-
itivity to sunlight, and elevated levels of skin cancer.
n humans, the XPA gene product (hXPA) is a 31-kDa
rotein of 273 amino acids (7) with no inherent cata-
ytic activity. However, hXPA preferentially binds
NA damaged by UV, cisplatin and osmium tetraoxide
ith respect to undamaged DNA (8–10) and specifi-

ally interacts with other NER proteins including
RCC1 (11), TFIIH (12), and RPA (13), suggesting that
PA plays a central, multifunctional role in NER: rec-
gnizing and/or verifying (14) damaged-DNA and re-
ruiting other proteins to repair the damage.
The mechanism of the XPA-DNA interactions are of

reat interest. The location of the DNA binding domain
f hXPA has been reduced to a 122-amino-acid region
etween M98 and F219 (hXPA-MBD) (15). Sequence
nalysis shows that the hXPA-MBD contains a single
lass IV, C4-type, zinc-binding motif, C105-X2-C108-
17-C126-X2-C129 (7). Zinc-binding domains play a ma-

or role in eukaryotic protein-nucleic acid interactions
16) and genetic evidence suggests that it is an essen-
ial functional motif in XPA because the replacement of
105, C108, C126, or C129 with a Ser severely reduces
ER (10, 17).
Extended X-ray absorption fine structure (EXAFS)

pectroscopy has been successfully used to characterize
he local structural environment around metals in a
ariety of metalloproteins (18–20) by unambiguously
dentifying the element at the metal center and by
roviding information on interatomic distances, the
umber and type of ligand atoms, and the statistical
nd/or thermal disorder of the shells of atoms around
he metal center (21, 22). Recently, we have obtained
XAFS spectra on a lyophilized sample of hXPA-MBD
hich unambiguously shows that hXPA-MBD contains
metal-binding motif and that the metal is coordi-

ated to the sulfur atom of 4 cysteine residues (23).
hile a zinc-metal site has been unambiguously iden-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ified in the minimal DNA binding domain of hXPA,
nd its solution structure determined by NMR/
istance geometry methods (24, 25), there is still some
ncertainty about the number of zinc atoms bound to
ull-length XPA (10) because there is a possible second,
2C2-type, zinc-binding domain near the C-terminal

H242-C264) (7). To resolve the issue, we have obtained
XAFS data on full-length Xenopus laevis XPA

xXPA), a protein whose amino acid sequence shares
0% identity and 85% similarity (conserved replace-
ent of amino acids) to hXPA (26) (Fig. 1).

ATERIALS AND METHODS

Preparation of xXPA. Plasmid pXPACXE1 containing the full-
ength Xenopus XPA cDNA was a kind gift from Professor Kenji Kohno
Nara Institute of Science and Technology, Japan). The complete coding
equence was cloned into the vector pET-11a and transfected into the
ost Escherichia coli bacterial strain BL21(DE3)pLysS (Novagen). Af-
er expression, three chromatographic steps were used to purify xXPA:
nion exchange, cation exchange, and hydrophobic interaction chroma-
ography (complete expression and purification protocols will be de-
cribed fully elsewhere (Iakoucheva and Ackerman, in preparation)).
pproximately 90 mg of ;99.5% pure xXPA, as determined by SDS
olyacrylamide gel electrophoresis and Coomassie Blue staining, was
btained from 120 g of frozen cells (wet weight). The protein was
ialyzed against storage buffer (50 mM Tris–HCl, 200 mM KCl, 10 mM
TT, 15% glycerol, pH 7.5), concentrated to 25 mg/ml using centrifugal
ltrafiltration (Millipore, Bedford, MA), and then quickly frozen in

iquid nitrogen for storage at 280°C. Mass determination of xXPA by
lectrospray ionization mass spectral (Finnigan TSQ 7000 triple-
uadrupole mass spectrometer, San Jose, CA) confirmed the predicted
olecular weight for a protein containing a 1:1 stoichiometric ratio

f zinc.

EXAFS spectroscopy. EXAFS measurements were conducted at
he Stanford Synchrotron Radiation Laboratory under dedicated op-

FIG. 1. Amino acid alignment of hXPA and xXPA using the
egAlign program. Relative to hXPA, only the non-identical resi-

ues in xXPA are shown and the conserved residues are underlined.
he general amino acid sequences of the 2 putative zinc-binding
egions are provided below the sequence. Potential zinc-binding res-
dues are highlighted in bold.
110
ample of xXPA containing 15% glycerol was loaded into a specially
esigned 125 mL cell holder and frozen at ;77 K with liquid nitrogen.
pectra for xXPA were collected at the Zn K-edge in the fluorescence
ode, up to a photoelectron wavevector of 13 Å21, using an energy

esolving 13-element Ge detector. Energy calibration for zinc was
ade by assigning the first inflection point in the absorption edge of
n foil to 9659 eV. The absorption spectrum was normalized by
tting polynomials through the pre- and post-edge regions. At E0, the
alue of the extrapolated pre-edge was set to zero and the difference
etween the extrapolations of the pre- and post-edge polynomials
as set to unity.
The EXAFS oscillations were extracted by fitting a polynomial

pline function through the postedge region and normalizing the
ifference between this approximation of the solitary-atom EXAFS
nd the actual data with the absorption decrease calculated using
he McMaster tables (27). Fourier transforms were taken over pho-
oelectron wavevector ranges that varied on the basis of the signal-
o-noise ratio for each element. EXAFS nodes were selected as end-
oints to the Fourier transform range and a two-sigma-wide
aussian window was used to dampen the EXAFS oscillations at the
nd points.
The phase and amplitude for the cation-sulfur path were calcu-

ated using the ab initio code FEFF7.02 (28). The normalized phase
nd amplitudes of the zinc-sulfur scattering paths were used to fit
he experimentally measured EXAFS. The ZnS F-4 M 3 structure
as used to approximate the metal cation tetrahedral environment

n both proteins. The number of sulfur atoms determined by using
he normalized phase and amplitude to fit the ZnS EXAFS data was
ultiplied by a scale factor of 0.9 to give a sulfur atom value of 3.9

toms for ZnS, a value in good agreement with the expected value of
.0 atoms. Typically, scale factors between 0.8 and 1.0 are used to
atch the values calculated by FEFF7.02 (28).

ESULTS AND DISCUSSION

The recombinant xXPA was shown to be active by its
bility to restore NER in Xenopus oocyte nuclear ex-
racts in which cellular xXPA had been inactivated by
he addition of an affinity-purified rabbit polyclonal
ntibody specific for xXPA (29).

FIG. 2. Overlay of the Zn K-edge XANES spectra for xXPA in
rozen (77 K) 15% glycerol aqueous solution (solid line) and the ZnS
tandard (300 K) (dashed line).
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Electrospray ionization mass spectra for xXPA con-
rmed a molecular weight predicted for a protein con-
aining a 1:1 stoichiometric molar ratio of zinc. Such a
atio is in agreement with the value reported for the
east Saccharomyces cerevisiae homologue of XPA,
AD14, using atomic absorption spectroscopy (30).
iven the amino acid sequence similarities between
XPA, hXPA, and RAD14 (Fig. 1), we speculate that
he conflicting 1:2 molar protein:zinc ratio observed by
sahina et al. (1994) is likely a result of sample prep-
ration or instrumentation shortcomings.
The X-ray absorption near-edge structure (XANES)

pectra for xXPA and ZnS is shown in Fig. 2. XANES
pectra provide information on the metal valence and
ts site symmetry as well as serving as a fingerprint for
he local structure around the absorber. For example,
ANES can be used to determine the oxidation state of

he absorbing element by measuring the energy shift of
he absorption edge. With higher oxidation states the
bsorption edge shifts to higher energy by a few eV.
igure 2 illustrates that the absorption edge energies

or xXPA and the ZnS standard are identical, with an
bsorption edge energy of 9660.91 eV, corresponding to
he Zn21 oxidation state. Note that directly above the

FIG. 3. EXAFS spectra for xXPA (bottom) and the ZnS standard
top) shown in Fig. 2. Solid line, experimental data; dashed line,
tted data; dotted line, residual data (experimental minus fitted).

TAB

Fitting Results to the EXAFS Spectra for xXPA (15% Fro

Sample
Zn-S distance

(Å)
Number of

sulfur atoms

xXPA 2.33 6 0.02 4.3 6 1.0
hXPA-MBD 2.34 6 0.01 4.4 6 0.9
ZnS 2.33 6 0.02 3.9 6 0.7

a The uncertainties were determined as the quantity that a param
2 value by 10% from its minimum value. Data for hXPA-MBD are
111
isplays more spectral features than xXPA due to
ackscattering of Zn next nearest-neighbors which are
bsent in xXPA. However, further above the edge
.9700 eV), the spectrum is dominated by low fre-
uency oscillations that result from the nearest-
eighbor sulfur atoms.
The experimental (solid line) and fitted (dashed line)

XAFS spectra for xXPA and ZnS are shown in Fig. 3
etween the photoelectron wavevector region of 1.3 to
1.0 Å for xXPA and 1.3 to 12.6 Å for ZnS. Analysis of the
XAFS oscillations provides quantitative information on

he number and chemical identity of neighboring atoms
s well as their distance from the absorber. The EXAFS
or xXPA and ZnS are very similar even though the ZnS
XAFS contain an additional low amplitude, high fre-
uency contribution from the second and third nearest-
eighbor Zn atoms. The xXPA EXAFS are well fit with a
ingle sulfur scattering wave as shown in Fig. 3 by the
ack of oscillations in the small residual spectra (dotted
ine) remaining upon subtraction of the experimental
ata from the fit. The ZnS EXAFS are equally well fitted
ith a linear combination of individual scattering waves

rom the nearest neighbor sulfur and next-nearest neigh-
or zinc atoms. Table 1 contains the quantitative fitting
esults and shows that in both xXPA and the nearest-
eighbors of the ZnS standard, the zinc is coordinated by
our sulfur atoms with identical ZnOS bond lengths of
.33 6 0.2 Å.
Fourier transforms of the EXAFS oscillations for

XPA and ZnS are compared in Fig. 4. Because the
eaks in the Fourier transforms are uncorrected for
hase shifts they appear 0.2 to 0.5 Å shorter than the
ctual distance from the absorber to the neighboring
toms. The major peak observed in the Fourier trans-
orms of the EXAFS for xXPA and ZnS is due to the
ackscattering amplitude of sulfur atoms. The position
f the major peak is nearly identical for xXPA and ZnS
ndicating that the Zn-S bond length is very similar in
he two compounds. The second peak observed in the
ourier transform of the EXAFS of ZnS is due to sec-
nd nearest-neighbor Zn atoms.
The Zn-S bond length of 2.33 Å determined for xXPA

s identical to the bond length obtained from EXAFS

1

Aqueous Glycerol), hXPA-MBD (Lyophilized), and ZnSa

Debye waller DE0 r2

0.0025 6 0.0004 21.0 6 3.3 1.07865
0.0009 6 0.0016 21.4 6 3.1 0.8114
0.0016 6 0.0004 22.7 6 2.4 0.8893

could be varied from the value giving the best fit as to increase the
Hess et al., (23).
zen

eter
from
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ata for another C4-type, zinc-binding domain in the
vrA protein of Escherichia coli, a damage recognition

ubunit of ABC excision nuclease (18). Like UvrA,
here is no evidence that the metal in xXPA is coordi-
ated to the imidazole nitrogen of a histidine residue.
roteins containing zinc-binding motifs tetrahedrally
oordinated to one (C3H1) or two (C2H2) histidines are
ommon (16, 19). Such EXAFS profiles display oscilla-
ions composed of more than a single component due to
he presence of a shorter Zn-N bond (1.94 Å) and the
orresponding Fourier transforms have additional
eaks (20). Consequently, the second, H2C2-type zinc-
inding motif predicted in XPA (7) does not exist. The
XAFS data, in combination with the electrospray
ass spectrometry data, indicate that xXPA contains

nly one C4-type zinc binding domain (Table 1).
The Zn-S bond length of 2.33 Å determined for full-

ength xXPA is, within the uncertainty limits, identical
o a value of 2.34 Å determined for a lyophilized (23)
nd a frozen 15% glycerol aqueous (Hess and Buchko,
npublished results) sample of the minimal DNA bind-

ng domain of human XPA. Like xXPA, the EXAFS and
lectrospray mass spectrometry data show that hXPA-
BD contains one C4-type zinc-binding domain (Table

) (23) and a substantial body of indirect evidence
ndicates that C105, C108, C126 and C129 are the 4
ysteine residues involved in metal chelation (10,17).
ecause the amino acid sequence of xXPA shares 70%

dentity and 85% similarity to hXPA, with 97 of the 122
esidues identical in the minimal DNA binding region,
t is likely that C99, C102, C120, and C123 are the
esidues involved in metal chelation in xXPA.

FIG. 4. Fourier transforms of the xXPA and ZnS EXAFS profiles
ver the photoelectron wavevector region from ;2 to ;11 Å. The
ajor peak in each of the Fourier transforms is due to sulfur atoms.
he second peak in the ZnS standard consists of second nearest-
eighbor Zn atoms. The peaks in the Fourier transforms are uncor-
ected for phase shifts and appear 0.2 to 0.5 Å shorter than the actual
istance from the absorber to the neighboring atoms.
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