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Cadmium mutagenicity and human nucleotide excision repair
protein XPA: CD, EXAFS and 1H/15N-NMR spectroscopic studies
on the zinc(II)- and cadmium(II)-associated minimal DNA-binding
domain (M98–F219)

Garry W.Buchko, Nancy J.Hess and Michael A.Kennedy1 diseases (1,2). The cellular response is to repair and remove
the DNA damage through a number of highly conserved repair
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repair pathway responsible for removing many structurally
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important for protecting eukaryotic organisms from the carcino-
Human XPA is a 31 kDa protein involved in nucleotide genic effects of solar UV light.
excision repair (NER), a ubiquitous, multi-enzyme pathway In NER, six repair factors orchestrate the excision of
responsible for processing multiple types of DNA damage damaged DNA in the form of a 24–32 bp oligomer. These six
in the eukaryotic genome. A zinc-associated, C4-type motif repair factors are replication protein A (RPA), XPC, TFIIH,
(C105-X2-C108-X17-C126-X2-C129) located in the minimal XPG, XPF-ERCC1 and XPA (3). Both XPA and RPA are
DNA-binding region (M98–F219) of XPA (XPA-MBD) is essential for lesion recognition and lesion removal by NER
essential for damaged DNA recognition. Cadmium is a (5). XPA appears to play a central, multifunctional role in
known carcinogen and can displace the zinc in many metal- NER (6). In addition to preferentially binding damaged over
binding proteins. It has been suggested that the carcinogenic undamaged DNA (7–9), human XPA interacts with other NER
properties of cadmium may result from structural changes proteins including ERCC1 (10), TFIIH (11), RPA (12,13), and
effected in XPA when Cd2� is substituted for Zn2� in the XPC-HR23B (14).
metal-binding site. The solution structure of XPA-MBD The DNA-binding region of XPA is located within a 122
containing zinc(II) has recently been determined [Buchko amino acid polypeptide between M98 and F219 (15). The
et al., (1998) Nucleic Acids Res., 26, 2779–2788; Buchko solution structure of XPA-MBD has been determined; it

consists of two subdomains, a zinc-binding core and a loop-et al., (1999) Biochemistry, 38, 15116–15128]. To assess the
rich subdomain joined together by a linker sequence (16–18).effects of cadmium(II) substitution on the structure of
Zinc-associated domains are found in many DNA-bindingXPA-MBD, XPA-MBD was expressed in minimal medium
proteins where they often play a direct role in binding DNAsupplemented with cadmium acetate to yield a protein that
(19). While cysteine replacement studies show that the zinc-was almost exclusively (�95%) associated with cadmium(II)
containing motif in XPA is essential for NER activity (9,20)(CdXPA-MBD). Extended X-ray absorption fine structure
chemical shift mapping studies indicate that it does not playspectra collected on ZnXPA-MBD and CdXPA-MBD in
a direct role in binding DNA (16–18). Instead, the DNAfrozen (77 K) 15% aqueous glycerol solution show that the
binding surface of XPA is located in the loop-rich subdomainmetal is coordinated to the sulfur atoms of four cysteine
(16–18). Regions of the zinc-binding core, together withresidues with an average metal–sulfur bond length of 2.34
regions of the loop-rich subdomain, form the binding surface� 0.01 and 2.54 � 0.01 Å, respectively. Comparison of
for the largest subunit of RPA (RPA70) (16–18).the circular dichroism, two-dimensional 1H,15N-HSQC, and

It is possible to replace the zinc in some zinc-bindingthree-dimensional 15N-edited HSQC–NOESY spectra of
proteins with cadmium (21,22), a known carcinogen (23). InZnXPA-MBD and CdXPA-MBD show that there are no
vivo studies show that the mutation frequency of cells exposedstructural differences between the two proteins. The
to UV irradiation increases in the presence of cadmium(II)absence of major structural changes upon substituting
(24) which may be linked to its interference with the repaircadmium(II) for zinc(II) in XPA suggests that cadmium-
of UV-induced DNA damage (25). Furthermore, gel-mobilityinduced mutagenesis is probably not due to structural
shift assays with HeLa nuclear cell extracts show that cadmiumperturbations to the zinc-binding core of XPA.
alters the ability of two proteins, of about the same molecular
weight as XPA, to bind damaged DNA (26). The chemical
mechanism of cadmium mutagenicity is not known (27). OneIntroduction
hypothesis is that cadmium displaces the zinc in DNA-binding

The genomic DNA of all organisms is constantly being proteins involved in NER, such as XPA, and that the resulting
damaged by endogeneous reactions, such as hydrolysis, oxida- structural changes hinder, or prevent, the protein from binding
tion and methylation, and by reactions with exogeneous agents, damaged DNA or from interacting with other NER proteins
such as ultraviolet (UV) and ionizing radiation and environ- (26,28). To determine if the solution structure of XPA-MBD is

affected by the replacement of the Zn2� with Cd2�, recombinantmental chemical mutagens and carcinogens. Over time, this
XPA-MBD containing Cd2� was expressed, purified and thenDNA damage leads to carcinogenesis, aging and genetic
characterized by circular dichroism (CD), extended X-ray
absorption fine structure (EXAFS) and NMR spectroscopy.

Abbreviations: CD, circular dichroism; CdXPA-MBD, cadmium associated
XPA-MBD; EXAFS, extended X-ray absorption fine structure; HSQC, hetero- Materials and methods
nuclear single quantum coherence; NER, nucleotide excision repair; NMR,

Preparation of 15N-labeled ZnXPA-MBD and CdXPA-MBDnuclear magnetic resonance; UV, ultraviolet; XPA-MBD, minimal DNA-
binding domain of human NER protein XPA (M98–F219); ZnXPA-MBD, The DNA coding sequence for human XPA-MBD (M98–F219) was cloned

into the vector pET-11d and transfected into the host Escherichia coli bacterialzinc associated XPA-MBD.
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strain BL21(DE3)pLysS (Novagen, Madison, WI). Uniformly 15N-labeled
ZnXPA-MBD was expressed and purified as described previously (16,29).
The same procedure was followed to express and purify CdXPA-MBD except
for the supplementation of the minimal medium to a final concentration of
0.01 mM cadmium acetate [Cd(CH3CO2)2·2H2O; Sigma, St Louis, MO]
instead of zinc acetate [Zn(CH3CO2)2·2H2O; Sigma]. Mass determination of
CdXPA-MBD by electrospray ionization mass spectral analysis of a non-
labeled preparation (TSQ 7000 triple-quadrupole mass spectrometer; Finnigan,
San Jose, CA) confirmed the predicted molecular weight for a protein
containing a 1:1 stoichiometric ratio of cadmium and indicated that the metal
in the CdXPA-MBD preparation was primarily (�95%) cadmium. The final
yield of CdXPA-MBD obtained from the soluble fraction was ~30 mg/l.

Circular dichroism spectroscopy

CD spectra were obtained on an Aviv Model 62DS spectropolarimeter
calibrated with an aqueous solution of ammonium d-(�)camphorsulfonate.
The measurements were obtained on ZnXPA-MBD and CdXPA-MBD solutions
in NMR buffer with, and without, 15% (v/v) glycerol at 25°C in a quartz cell
of 0.1 cm path length. The samples were of approximately equal concentration
estimated at 0.02 mM using the Bradford assay. Each spectrum was the result
of averaging two consecutive scans from 250 to 195 nm recorded with a
bandwidth of 1.0 nm and a time constant of 1.0 s. Following the subtraction
of a blank spectrum of either water or 15% aqueous glycerol, the data were
smoothed with a binomial function. Thermal denaturation curves for both

Fig. 1. Circular dichroism spectra for ZnXPA-MBD in NMR buffer (solidproteins were obtained by recording CD spectra at 2.5°C intervals from 5 to
line) and in NMR buffer containing 15% glycerol (dashed line). Due to the80°C, at 220 nm.
uncertainty in the protein concentration determined by the Bradford assay,

EXAFS spectroscopy the spectra are displayed in units of millidegrees.

The EXAFS data were collected at the Stanford Synchrotron Radiation
Laboratory (beamline 4.2) under dedicated operating conditions (3.0 GeV and
40–90 mA current). Five milligrams of CdXPA-MBD in NMR buffer was Table I. Helical parameters R1 and R2 for ZnXPA-MBD and CdXPA-MBD
lyophilized, pressed into a holder (1.5�0.25 cm), sealed with Kapton tape, at 25°C, pH 7.2a

and frozen at ~77 K in a liquid nitrogen cryostat. Approximately 2 mM
samples of ZnXPA-MBD and CdXPA-MBD in NMR buffer containing 15% Sample R1 R2
glycerol were loaded into a specially designed 125 µl cell holder and frozen

ZnXPA-MBD –1.13 1.04at ~77 K with liquid nitrogen. The beam size for all the experiments was
ZnXPA-MBD (15% glycerol) –0.94 1.021.0�0.1 cm. Spectra for ZnXPA-MBD and CdXPA-MBD were collected at
CdXPA-MBD –1.05 0.93the zinc and cadmium K-edges, respectively, in the fluorescence mode, using
CdXPA-MBD (15% glycerol) –1.19 0.99an energy-resolving 13-element germanium detector. The spectrum of a ZnS

standard was collected in transmission mode at 300 K. Energy calibration for
aCalculated as described by Rizo et al. (37). R1 is the ratio between thethe zinc K-edge EXAFS was made by assigning the first inflection point in
intensity of the maximum between 190 and 195 nm and the intensity of thethe absorption edge of zinc foil to 9659 eV. Similarly, energy calibration for
minimum between 200 and 210 nm. R2 is the ratio between the intensity ofthe cadmium K-edge EXAFS was made by assigning the first inflection point
the minimum near 222 nm and the intensity of the minimum between 200in the absorption edge of cadmium foil to 26 711 eV. The absorption spectra
and 210 nm.were normalized by fitting polynomials through the pre- and post-edge regions.

At E0, the value of the extrapolated pre-edge was set to 0 and the difference
Resultsbetween the extrapolations of the pre- and post-edge polynomials was set to 1.

The EXAFS oscillations were extracted by fitting a polynomial spline
Circular dichroism spectroscopyfunction through the post-edge region and normalizing the difference between

this approximation of the solitary-atom EXAFS and the actual data with the The CD spectrum for ZnXPA-MBD shown in Figure 1 (solid
absorption decrease calculated using the McMaster tables (30). Fourier line) is characteristic of a protein with substantial secondary
transforms were taken over photoelectron wavevector ranges that varied on structure. The double minima near 222 and 208–210 nm plus
the basis of the signal-to-noise ratio for each element. EXAFS nodes were

the distinct maximum between 190–195 nm are characteristicselected as endpoints to the Fourier transform range and a 2σ-wide Gaussian
of a peptide containing significant helical structure (34). Figurewindow was used to dampen the EXAFS oscillations at the endpoints.
1 shows the CD spectrum for ZnXPA-MBD (dashed line) afterThe phase and amplitude for the cation–sulfur path were calculated using

the ab initio code FEFF7.02 (31). The normalized phase and amplitudes of the addition of 15% (v/v) glycerol to the original sample.
the cation–sulfur scattering paths were used to fit the experimentally measured Except for a small decrease in intensity due to dilution, the
EXAFS. The ZnS and CdS T2

d structures were used to approximate the metal CD profiles for ZnXPA-MBD are identical in both solutions,
cation tetrahedral environment in both proteins. The number of sulfur atoms

indicating that 15% aqueous glycerol does not affect thewas determined by using the normalized phase and amplitude to fit the ZnS
solution structure of ZnXPA-MBD. The CD profiles observedstandard EXAFS data which was multiplied by a scale factor of 0.9 to give

a sulfur atom value of 3.9 atoms, a value in good agreement with the expected for CdXPA-MBD in the presence and absence of glycerol
value of 4.0 atoms. Typically, scale factors between 0.8 and 1.0 are used to were similar to each other and similar to that observed for
fit experimental EXAFS amplitudes with those calculated by FEFF7.02 (31). ZnXPA-MBD.
The same scale factor was applied to the fitting results for both ZnXPA-MBD Because mean molar ellipticity values used to deconvoluteand CdXPA-MBD.

CD spectra are sensitive to many factors (35), the CD data
NMR spectroscopy were analyzed using two parameters, R1 and R2, which are
NMR samples of ZnXPA-MBD and CdXPA-MBD (1.5 mM) were prepared independent of inaccuracies in determining protein concentra-
in 600 µl of 90% H2O/10% D2O in the following NMR buffer: 20 mM tions as well as those caused by small shifts in wavelength
K2HPO4, 100 mM KCl, 25 mM DTTd10, 50 µM NaN3, pH 7.3. Two-

(36,37). For a random structure R1 is positive and R2 close todimensional 1H,15N-heteronuclear single quantum coherence (HSQC) (32,33)
0; in a highly helical structure R1 is near –2 and R2 approachesand three-dimensional 15N-edited HSQC (33) spectra were collected at 30°C

on a Varian 750- or 500-Unityplus spectrometer. 1. Such parameters, tabulated in Table I, are similar for both
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Fig. 4. EXAFS spectra for ZnXPA-MBD and CdXPA-MBD in 15% frozen
aqueous glycerol solution at ~77 K. The paler line is a plot of experimental

Fig. 2. Ribbon representation of the average structure for XPA-MBD as data and the darker line is the fit of the experimental data.
determined by NMR-based distance geometry methods (17). The secondary
structural features are labeled. Residues D101–K137, zinc-binding core;
residues L138–F219, loop-rich subdomain. for both proteins are similar, suggesting little, if any, difference

in the stability between the zinc- and cadmium-containing
proteins. The uneven appearance of the melt below ~50°C,
together with the rise of the slope in this range, is indicative
of unraveling of individual units of secondary structure (38).
As shown in Figure 2, XPA-MBD has a prolate global shape
with α-helices located in the C-terminal subdomain (17).
Helices are less stable than β-sheet and, therefore, the shape
of the CD temperature melts below ~50°C probably results
from the unraveling of α-helices in the loop-rich subdomain
(38). Above ~50°C the melt is characteristic of a cooperative
transition with an inflection point of ~62°C. After cooling the
samples back to 25°C, the profiles of the CD spectra were
similar to those of the original spectra except for an ~20%
decrease in intensity (measured at 220 nm), suggesting that
denaturation was not completely reversible.

EXAFS spectroscopy
Because the CD spectra indicated that the structures of ZnXPA-
MBD and CdXPA-MBD were not affected by the presence of
15% aqueous glycerol in the aqueous solution, EXAFS data
were collected for both proteins in this medium. Figure 4
compares the EXAFS for ZnXPA-MBD and CdXPA-MBD inFig. 3. Thermal melts for ZnXPA-MBD (solid line) and CdXPA-MBD

(dashed line). The data were collected at 220 nm in 2.5°C intervals between frozen 15% aqueous glycerol (the paler lines). In addition to
5 and 80°C. The difference in the absolute position of the temperature melts unambiguously identifying the element at the metal center, the
is caused by different protein concentrations. analysis of the EXAFS oscillations provides information on

interatomic distances, the number and type of ligand atoms
and the statistical and/or thermal disorder of the shells ofZnXPA-MBD and CdXPA-MBD in the presence or absence

of 15% glycerol, suggesting that the solution structures of both atoms around the metal center (39) and has been successfully
used to characterize the local structural environment aroundproteins are similar in both solutions. While the R1 and R2

values indicate that ZnXPA-MBD and CdXPA-MBD are not metals in a variety of metalloproteins (29,40–43). The differ-
ence in phase between the ZnXPA-MBD and CdXPA-MBDrandomly coiled in solution, the intermediate range of the R1

and R2 values indicates that the protein is not predominantly EXAFS can be attributed to a combination of the difference
in the absorber phase shift with Z and the abitrary assignmenthelical. This is corroborated by the NMR-derived solution

structure for XPA-MBD illustrated in Figure 2 (17). The of the ionization threshold, E0, which is the basis for calculating
the wave vector magnitude from the energy. The EXAFSprotein consists of two subdomains; a zinc-binding core

composed of one anti-parallel β-sheet and one long ‘turn’, oscillations for ZnXPA-MBD and CdXPA-MBD were fitted
over the magnitude of the photoelectron wavevector region ofand a loop-rich subdomain composed of a triple-stranded

antiparallel β-sheet, three α-helices, one short turn and three ~2–13 Å and the results for the frozen 15% glycerol samples
are shown by the darker line in Figure 4. Both metalloproteinsloops.

Figure 3 shows CD temperature melts for ZnXPA-MBD are well fitted by a single sulfur scattering wave. Table II
contains the quantitative fitting results and shows that theand CdXPA-MBD in NMR buffer. In general, the CD melts

1053



G.W.Buchko, N.J.Hess and M.A.Kennedy

Table II. Fitting results to the EXAFS spectra for ZnXPA-MBD, CdXPA-MBD and ZnS in 15% frozen aqueous glycerol or lyophilized (L)a

Sample Distance (Å) Number σ r2 dE0

ZnXPA-MBD 2.34 � 0.01 4.3 � 1.1 0.00 � 0.00 1.9477 –1.9 � 3.1
ZnXPA-MBD (L) 2.34 � 0.01 4.4 � 0.9 0.03 � 0.04 0.8114 –1.4 � 3.1
CdXPA-MBD 2.53 � 0.02 4.6 � 1.2 0.06 � 0.02 2.0328 0.5 � 3.7
CdXPA-MBD (L) 2.54 � 0.01 4.4 � 1.0 0.03 � 0.02 1.0505 2.7 � 3.3
ZnS (L) 2.33 � 0.02 3.9 � 0.7 0.04 � 0.02 0.8893 –2.7 � 2.4

aThe uncertainties were determined as the amount by which a parameter could be varied from the value giving the best fit as to increase r2 by 10% from its
minimum value. The data for ZnXPA-MBD (L) and ZnS (L) are from Hess et al. (29).

Fig. 5. Fourier transforms of the ZnXPA-MBD and CdXPA-MBD EXAFS
profiles over the photoelectron wavevector region from ~2 to 13 Å. The
solid line is for the sample in 15% frozen aqueous glycerol solution and the Fig. 6. The 1HN (A) and 1Hα (B) chemical shift differences between
dashed line is for the lyophilized sample. The major peak in each of the ZnXPA-MBD and CdXPA-MBD, defined as the chemical shift of ZnXPA-
Fourier transforms is due to sulfur atoms. The peaks in the Fourier MBD minus the chemical shift of CdXPA-MBD.
transforms are not corrected for phase shifts and appear shorter than the
actual distance from the absorber to the neighboring atoms.

XPA (43). An identical zinc–sulfur bond length was also
observed at the metal center of the E.coli UvrA protein, ametal in both proteins are coordinated by four sulfur atoms in
damage recognition subunit of ABC excision nuclease thatthe lyophilized and frozen 15% aqueous glycerol states.
contains a C4-type zinc-binding motif (40). The 2.54 ÅFourier transforms of the EXAFS oscillations for ZnXPA-
cadmium–sulfur bond length determined for CdXPA-MBD isMBD and CdXPA-MBD, lyophilized and in frozen 15%
identical to that determined for cadmium complexes withaqueous glycerol, are compared in Figure 5. Because the
metallothioneins (44,45) and phytochelatins (46,47), cysteine-Fourier transforms are not corrected for phase shifts the peaks
rich, heavy metal chelating proteins in animals and plants,appear 0.2–0.5 Å shorter than the actual distance from the
respectively. As observed for UvrA, metallothioneins andabsorber to the neighboring atoms. In all four samples, the
phytochelatins, the EXAFS data for ZnXPA-MBD and CdXPA-major peak observed in the Fourier transform of the EXAFS
MBD contain no evidence to indicate that the metal isspectra results from the backscattering amplitude of sulfur
coordinated to the imidazole nitrogen of a histidine residue.atoms. The sulfur amplitude peak is in exactly the same
Proteins containing zinc-binding motifs tetrahedrally coordin-position for both the lyophilized and frozen 15% aqueous
ated to one (C3H1) or two (C2H2) histidine residues areglycerol XPA-MBD sample containing the same metal. The
common (19). EXAFS spectra of cysteine–histidine, hetero-only difference between the lyophilized and frozen 15%
residue zinc-binding motifs are more complex because of theglycerol sample is that the maximum intensity of the former
presence of a shorter (1.94 Å) zinc–nitrogen bond. Con-sample is slightly lower, probably reflecting greater disorder
sequently, such EXAFS profiles display oscillations composedin the lyophilized sample. The radial distance of the sulfur
of multiple components and the corresponding Fourier trans-amplitude peak is greater for CdXPA-MBD than for ZnXPA-
forms have additional peaks (41,42). The EXAFS data collectedMBD, reflecting a longer metal–sulfur bond length in the
for ZnXPA-MBD and CdXPA-MBD do not display oscillationscadmium-associated protein. The quantitative fitting results
due to multiple components nor do the corresponding Fouriershown in Table II indicate that the zinc–sulfur bond is the
transforms of the EXAFS profiles contain additional peakssame length in both the lyophilized and frozen 15% aqueous
due to nitrogen, confirming that the metal in ZnXPA-MBDglycerol ZnXPA-MBD samples, at 2.34 Å. The cadmium–
and CdXPA-MBD is coordinated only with sulfur atoms.sulfur bond lengths for both the lyophilized and frozen 15%
NMR spectroscopyaqueous glycerol CdXPA-MBD samples are also essentially

identical, 2.54 Å. Figure 6A is a plot of the chemical shift changes of the 1HN

resonances of XPA-MBD upon the substitution of Cd2� forThe 2.34 Å zinc–sulfur bond length determined for human
ZnXPA-MBD is identical to the zinc–sulfur bond length Zn2�. The backbone nuclei, 1HN and 15N, are sensitive to

perturbations to the chemical environment brought about bydetermined at the metal center of full-length Xenopus laevis
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bonds between the 32Sγ of C105, C108 and C126 and the 1HN

of C108, E107, K110, N128, C129 and C126. These restraints
were introduced into the final stages of their structure refine-
ments on the basis of slow exchange of the amide protons and
structure calculations. Although we also observed slowly
exchanging 1HN resonances for the four cysteine zinc-chelating
residues and residues neighboring these amino acids (16), we
did not introduce any hydrogen bonds into our structure
refinements because, from our structure calculations, the pos-
sible hydrogen bonding pattern was ambiguous. Furthermore,
the data in Figure 6A show that the 1HN chemical shifts of
C108, C126 and C129 are the most perturbed cysteine residues
upon substituting Cd2� for Zn2�, indirectly supporting only
some of the hydrogen bonds reported by Ikegami et al. (18,52)
around the metal site. Indeed, Figure 6B shows that the most
perturbed amide is for T125, which becomes shielded by �1.0
p.p.m. with the substitution of Cd2�. The amide of T125
slowly exchanges with H2O (16) and the upfield direction of

Fig. 7. The average orientation of C105, C108, T125, C126 and C129 about the chemical shift change upon substituting Zn2� with Cd2�

the Zn2� in XPA-MBD from Figure 2 (17). The sulfur atoms are labeled suggests that a hydrogen bond has been broken. However, as
‘S’, the backbone amide protons are shown as black spheres and the metal– illustrated in Figure 7, the nearest possible proton acceptor issulfur bonds are indicated by dashed lines. The distance from T125 1HN to

the sulfur atom of C126 which is 4.5 Å away, a distancethe nearest sulfur atom (C126, 32Sγ) is also illustrated.
well beyond the typical ~2.0 Å hydrogen bond length (53).
Consequently, while it is not possible to identify the hydrogen
bond acceptor for 1HN of T125, the substitution of Cd2� forphysical or structural changes to the protein (16–18,48). By

identifying the residues whose 1HN–15N HSQC cross peaks Zn2� in XPA-MBD disturbs the metal site such that a hydrogen
bond involving the amide of T125 is probably broken.undergo a metal-dependent chemical shift perturbation it is

possible to map the location of the structural changes on to
the three-dimensional structure of the protein. Figure 6A Discussion
illustrates that the substitution of Cd2� for Zn2� only effects
changes in the 1HN resonances in the zinc-binding subdomain One possible mechanism for the mutagenicity of cadmium is

that it displaces the zinc in XPA and that the resulting structuralof XPA-MBD and that these changes are localized about the
four cysteine residues that chelate the metal. The absence of changes to XPA hinder, or prevent, the protein from binding

damaged DNA or from interacting with other NER proteinssignificant 1HN resonance changes outside the immediate
vicinity of the metal-binding site indicates that substitution of (26,28). Such a hypothesis is based upon the greater affinity

of Cd2� over Zn2� for sulfur ligands due to the hard–softCd2� at the metal site does not alter the gross structure of
XPA-MBD (49). This is corroborated in Figure 6B, a plot of acid–base effect (54,55). The EXAFS data presented here

indicate that the metal–sulfur bond in CdXPA-MBD is ~0.2the change in the chemical shift of the 1Hα resonances upon
substituting Cd2� for Zn2� in XPA-MBD. The backbone 1Hα Å longer than that in ZnXPA-MBD. However, both the CD

and NMR data show that such a difference in the metal–sulfurchemical shifts are sensitive to the protein’s secondary structure
(50) and only residues C105, T125 and C129 shift by �0.05 bond length does not result in any detectable structural changes

to the protein. The only notable difference between the twop.p.m. when the Zn2� is replaced with Cd2�. Further evidence
that ZnXPA-MBD and CdXPA-MBD have essentially identical proteins is in the hydrogen bond network about the metal site

where the hydrogen bonding must apparently change in ordertertiary structures is obtained from the three-dimensional 15N-
edited NOESY spectrum for each protein. NOESY cross peaks to accommodate differences in the metal–sulfur bond length.

Therefore, even if Cd2� replaces Zn2� at the metal-bindingare observed between protons that are within 5 Å of each
other and the cross-peak patterns in the 15N-edited NOESY site in XPA, the mutagenic effects of cadmium are probably

brought about by another mechanism(s). One possibility isexperiment for ZnXPA-MBD and CdXPA-MBD are essentially
identical (data not shown). that cadmium may bind to negatively charged surface residues

on XPA; such binding, while not necessarily altering theWhile the NMR data indicate that there are no major
differences in the overall structure of ZnXPA-MBD and structure of XPA, may interfere with DNA binding. Another

possibility is that cadmium’s mutagenicity results from itsCdXPA-MBD, the data in Figure 6 suggest that something is
occurring at the vicinity of the metal-binding site. From the association with DNA rather than with NER proteins. Such a

conclusion is supported by in vitro competition studies withEXAFS data it is known that the metal–sulfur bond in the
Cd2� form of XPA-MBD is ~0.2 Å longer than that in the human cell extracts, which showed that addition of Zn2� to

the cell extracts inhibited NER more than addition of Cd2�Zn2� form. This will affect any hydrogen bonds involving
sulfur atoms coordinated to the cadmium because both the (56). In vitro studies show that Cd2� interferes with the fidelity

of DNA synthesis (57) and both Cd2� and Zn2� can bind toelectron density at the sulfur and the hydrogen bond length will
be different. Therefore, the chemical shift changes observed in DNA (58,59). Given the importance of counterions in stabiliz-

ing the structure of DNA at specific sites on the phosphodiesterFigure 6A all probably arise from changes in the hydrogen
bonding network about the metal site (51). Figure 7 highlights backbone (60), and the basic protrusion in the loop-rich

subdomain of XPA which may bind DNA through non-specificthe region around the metal site for the average refined structure
of XPA-MBD (17). Ikegami et al. (18,52) reported six hydrogen contacts with the acidic phosphodiester DNA backbone (17),
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