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ABSTRACT

XPA, an essential protein in nucleotide excision repair
(NER), interacts with damaged DNA and other proteins
(RPA, ERCC1 and TFIIH) to remove a wide variety of
chemically and structurally distinct DNA lesions from

the eukaryotic genome. To understand the structural
basis for the role of XPA in the repair process, the
structure of the minimal DNA binding domain of
human XPA [XPA-MBD (M98-F219)] was studied by
NMR spectroscopy. A three-dimensional structure for
XPA-MBD was generated using distance geometry and
simulated annealing methods from NOE-based distance
restraints, hydrogen bond and Zn—S distance restraints,
and dihedral restraints. The structure calculations
indicate that XPA-MBD contains elements of well-defined
secondary structure interspaced with disordered
loops organized into two non-interactive sub-domains:

a zinc-binding core (D101-K137) and a loop-rich domain
(L138—-F219). The zinc-associated core contains an
antiparallel (-sheet (Y102—C105 and K110-M113) and an
o-helix (C126—K137) separated by a poorly defined turn,
reminiscent of the structure of the zinc-binding domain

of the chicken erythroid transcription factor GATA-1
when bound to its cognate DNA sequence. Thel  oop-rich
domain contains a triple-strand antiparallel B-sheet
(L138-T140, L182-M178 and K163—-K167), three loops
(K151-L162, N169-D177 and Q208-F219) and three
o-helices (K141-L150, K183-W194 and Q197-R207).
The XPA-MBD structure is discussed in terms of
known functions: binding single- and double-stranded
DNA and binding RPA.

INTRODUCTION

excised, the unmodified strand is used as a template to resynthesis
the excised DNA, and DNA ligase seals the nicks.

Mutations in NER genes are responsible for at least three human
cancer-prone genetic instability syndromes: trichothiodystrophy,
Cockayne’s syndrome and xeroderma pigmentosum Q3PTle
latter is an autosomal recessive disease often characterized by
hypersensitivity to sunlight, elevated levels of skin cancer and
neurological abnormalities. Systematic complementation analysis
by cell fusion techniques has identified seven XP complementation
groups (A-G) and a variant fornd)( Five of the relevant gene
products (XP-A, XP-B, XP-C, XP-D and XP-G mutations) have
been identified {0-16) and are believed to work together in NER.
Among the complementation groups, XP-A is the most common
and most severe form of the dised®e With at least 12 different
sites of mutation identified in the XPA geri&); The human XPA
gene product, a 31 kDa protein (XPA) of 273 amino atids llas
no inherent catalytic activity yet plays a central role in NER. XPA
has been reported to interact specifically with other NER proteins,
including ERCC1 19,20), TFIIH (21,22) and RPA 23), and to
have a greater affinity for DNA damaged by UV, cisplatin and
osmium tetroxide than for undamaged DNA{26). While many
chemically and structurally distinct DNA lesions generated by a
broad variety of physical and chemical DNA damaging agents,
including natural toxins, man-made carcinogens and UV and
ionizing radiation4,27,28) are repaired by NER, the mechanism of
the XPA-DNA interactions is unknown. Instead of recognizing the
structure of specific DNA lesions, the prevailing hypothesis is that
XPA responds to distortions in the normal DNA topolddy2%,29);

DNA damage recognition being facilitated by lesions that produce
single-stranded character leading to an ‘open complex formation’.
DNA damage recognition is also facilitated by interactions with
other proteins. The association of RPA with XPA leads to the
formation of a complex which binds UV-irradiated DNA with a
greater affinity than either protein alone and leads to an expansion
of the types of lesions recognized by NER)(

The location of the DNA binding domain of XPA has been

Nucleotide excision repair (NER) is an important cellulapinpointed to a 122 amino acid region between M98 and F219 that

mechanism, conserved from yeast to humans, for eliminatirgpntains a
many structurally distinct DNA lesions from the genome).

class IV, C4type zinc-binding  motif;
C105-%—-C108-%7C126—%-C129 (where X is a variable

The process involves five steps: recognition, incision, excisiommino acid) $1). Zinc-binding domains play a major role in
resynthesis and ligation. In mammalian cells the incision usuallgukaryotic protein—nucleic acid interactior®2,83) and it is an

occurs by hydrolysis of the fifth phosphodiester bohtb3he
lesion and the 24th phosphodiester bard e lesiong). The

essential functional motif in XPA because the replacement of C105,
C108, C126 or C129 with a Ser severely reduces NER activjty (

single-stranded fragment containing the damaged DNA iBroton NMR solution studies of a synthetic 41 residue peptide
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containing the zinc-binding region [zZXPA-41 (D101-K14B})(  System (PerSeptive Biosystems, Framingham, MA). The column
suggest that zZXPA-41 adopts a structure similar to the DNA bindingas washed with 50 mM Tris—HCI, 50 mM Bis—Tris—propane
domain of the chicken erythroid transcription factor GATA-1 boundSigma), pH 8.0 and eluted in the same buffer with a linear gradient
to its cognate DNA target sequengg)( Although the zinc-binding of 0.0-0.25 mM NaCl over 15 column volumes. The major
core structures of XPA and cGATA-1 appear simit,35), the  chromatogram peak was collected, pooled and then concentrated
motif in cGATA-1 requires only 28 additional C-terminal residueswith a Centriprep-10 (Amicon Inc., Beverly, MA). Sample purity

to bind DNA, while XPA requires an additional 82 C-terminalwas >90% as determined by SDS—polyacrylamide gel electro-
residues §1). The 15N, 13c% 13cO, HN and H" backbone phoresis and Coomassie Blue staining. Western blot analysis of the
resonances of XPA-MBD have been previously assigh@d To  purified protein using a polyclonal XPA antibody (Santa Cruz
better understand how XPA is involved in NER, the majority of thiotechnology, CA) tested positive. DNA filter binding assays
side-chain proton resonances of the 122 residue minimal DNiAdicated that the isolated XPA-MBD was active, having a 12-fold
binding domain of XPA (M98—-F219) have been assigned and thyeeater affinity for cisplatin-damaged DNA over undamaged DNA
three-dimensional structure determined using multi-dimensionéinearized pUC19 plasmid). Analysis on a TSK-GEL G300QEW

NMR protocols 87). (7.8 mmx 30 cm, 5um) size-exclusion column (50 MMoRQOy,
200 mM NaCl pH 7.0) showed one band with a molecular weight
MATERIALS AND METHODS expected for a monomeric 15 kDa protein. Mass determination of
, 150171 XPA-MBD by electrospray ionization mass spectral analysis of a
Preparation of 1>N/1C labelled XPA-MBD non-labelled preparation [Finnigan TSQ 7000 triple-quadrupole

The cDNA for human XPA residues M98-F219 (XPA-MBD) wasMass spectrometer, (San Jose, CA)], confirmed the predicted
cloned into the vector pET-11d and transfected into the hoBtolecular weight for a protein containing a 1:1 stoichiometric ratio
Escherichia colibacterial strain BL21(DE3)pLysS (Novagen Inc.,of zinc. Zinc K-edge extended X-ray absorption fine structure
Madison, WI). Cells were grown at 3Z to an ORgg reading of ~ (EXAFS) spectra collected on a lyophilized sample confirmed the
0.6-0.8 in minimal medium (Miller) containing 10Qg/ml  coordination of zinc with four sulfur atom8§). The final yield of
ampicillin (Sigma, St Louis, MO), 34g/ml chloramphenicol (Fluka  XPA-MBD obtained from the soluble fraction was0 mg/l.
BioChemika, Switzerland)!®NH,CI (Cambridge Isotopes Inc.,

Woburn, MA) and }3Cg]-p-glucose (Cambridge Isotopes Inc.,

Woburn, MA). The medium was then supplemented to a findlMR spectroscopy

concentration of 0.01 mM zinc acetate (Sigma), the temperature

lowered to 28C, and protein expression induced for 3-5 h withA 1.5 mM sample of XPA-MBD was prepared in 0®f 90%

1.0 mM isopropyl-1-thiqd-p-galactopyranoside (Sigma). Cells H20/10% DO in the following buffer: 20 mM gHPQ, 100 mM
were harvested by centrifugation for 15 min at 59@0 4°C and KClI, 25 mM perdeuterated dithiothreitol, B! zinc acetate, 5aM
resuspended in 50 mM Tris—HCI (Sigma), pH 7.5. PhenylmethyNaNs, pH 7.3. Two-dimensional®N/'H HSQC @9,40) and
sulfonyl fluoride (0.2 mM; Sigma) was added to the cell suspensidhree-dimensional HNCA 4(1), 1°N-edited NOESY-HMQC
immediately prior to lysis by three passes through a French Préy@rian, Palo Alto, CA)1*C-edited NOESY-HMQC (Varian),
(SLM Instruments Inc., Rochester, NY). The debris was removed §yBCA(CO)NH @2), HNCACB (42), HNCO {2), HCCH-
centrifugation at 50 009 for 30 min in a SW-50 rotor and the TOCSY @#3) and HCCH-TOCSY-NNH 44) data were all
supernatant applied to a POROS HQ/M strong anion exchangellected at 30C on a Varian 750- or 500-Unityplus spectrometer

column attached to a BioCAD Sprint Perfusion Chromatographgquipped with a triple-resonancé/13C/AN probe and a
gradient amplifier. The parameters used for data collection are

listed in Tablel. The data were processed with Felix95 (MSI,
San Diego, CA) software. Sequence-specific backbone resonance
assignmentseN, 13C? 13cO, IHN and1H%) for XPA-MBD

Table 1.Acquisition parameters for NMR experimentsl = 750 MHz) on .
a P P ¢ ) have been reported previousB6). Subsequently, most of the

XPA-MBD ‘ : .
side-chain proton resonances have been assigned and an update
table containing th&N, 13c®, 13cB 13co, 1HN, 1H®, 148, 1Hy,
Experiment Nucleus No. of complex pts.  Spectral width (Hz) 1Hf’th‘v“’chemlc_al shifts are available as Supplementary Material.
EEEREREEEEEEEEEED In order to identify slowly exchanging amide protons, a
TS TR AT ~0000 i35 IN-labelled sample of XPA-MBD in 90%8/10% 30 (600pl)

was exchanged into 98%0 on a Pharmacia PD-10 size-exclusion
column packed with Sephedex-G25 media pre-treated (six column
volumes) with NMR buffer prepared in 98%® (pH meter

NOESY-HMQC H H SN | 1536 | 128 |48 9000 (9000 |2100
C-NOESY-HMQC® | 'H H 3¢ 11024 |32 27 6500 |5000 |3000

HNCA H BC | 5N 1024 |25 32 9000 |5640 [2100 . . . .
cBoACONH T Twe o 1023 a5 T2 Tease Ti280 350 reading of 7.0). The protein was collected in one@@taction
FINGAGE oo Ten 1022 50 TaoTe000 71280 2100 (gravity elution) with the addition of three column volumes of

deuterated buffet®N/H HSQC spectra (18 min) were recorded
HNCO H BC (15N | 1024 |50 32 9000 (2265 |1350

at 1, 2 and 4 h. Amide resonances still present after 1 h are
L identified by an open circle in Figure In order to obtain
HCCH-TOCSY-NNH H H N | 1024 |48 |27 |9000 |7400 |2100 semi-quantitativéJlHN - values, a15N/1H HMQC J-resolved

J-resolved HMQC™ | 'H | 5N 3200 | 800 6400 | 1600
spectrum 45) was collected and processed with & 8aifted
sine-bell function in D1 and a 28hifted sine-bell function in D2.
Coupling constants >6.5 Hz are identified by an open box in
*Performed at &H resonance frequency of 500 MHz. Figurel_

HCCH_TOCSY H H 13C 11024 | 128 |38 9000 | 6750 |4527
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Figure 1. Summary of the short- and medium-range NOEs, slowly exchanging Elll 6109 Elll
backbone amide protorf 1, 1+ coupling constants and consensus CSls for 7425 - Vi3, wmni3| o
XPA-MDB at 30°C, pH 7.3. The NOE intensities are proportional to the height £106 10

of the bars. Open circles indicate slowly exchandlj resonances (>1 h).

Open squares indica%élHN,lm coupling constants >6.5 Hz. Upright triangles

represent g-strand consensus CSI and inverted triangles represartelix

consensus CSI. Predicted elements of secondary structure are depicted biyigure 2. Strip plots extracted from thg, = 150 msSN-edited NOESY-

arrows forp-strands and ovals for-helices. HMQC spectrum of XPA-MBD illustratingHN to IH* NOEs for residues
G195-R2074) and D101-M113R). ThelHY-IHN cross peaks are labeled
with an ‘i'. Note that théHN strips for V103 and E111 are the same.

Tertiary structure calculations for XPA-MBD restraints were used in the distance geometry/simulated annealing
) calculations for M98-L139. Ten additional distance restraints
Because of the absence of assignable long-range NOEs betwggfle used to constrain the zinc coordination to a tetrahedral
the N- and C-terminal regions, and the paucity of NOEs withigeometry [six S-S distance ranges of 3.60-3.85 A and four Zn-S
residues Q208-F219, distance geometry/simulated annealifgtance ranges of 2.30-2.403%38)] about the sulfur atoms of
structure calculations [DGII program of Insight95 (MSI, Sanc0s, €108, C126 and C129. For the C-terminal region, a final
Diego, CA)] ¢6) for XPA-MBD were divided into two parts, set of 656H-H NOE-based distance restraints (299 inter residue),
M98—L139 al’ld H136—Q208 The |n|t|al dIStance restraints Werg) hydrogen bond restraints and(Mhedra' restraints were used

obtained by classifying the NOE peak volumes from the the distance geometry/simulated annealing calculations.
15N-edited and3C-edited NOESY-HMQC experiments into

strong (1.80-2.5 A), medium (2.50-3.50 A) and weak (3.50-5.00 s T

bins. Following the generation of ten distance geometry/simulate

annealing derived structures, the distance restraints were eitff@vo-dimensional®N/IH HSQC spectra of XPA-MBD contain a
widened or eliminated to reflect uncertainty in the distancevide chemical shift dispersion of the amide proton resonances
classification or the integration of overlapping cross peaks. THé4 p.p.m.) 42) characteristic of a non-random protein
process was repeated until no distance violations >0.1 A wegenformation. Out of the 117 potentially observaBlgN
observed. An average structure for both domains was generatetkbone resonances (122 minus four prolines and terminal
from an ensemble of 4 out of 10 calculated structures aftamide), 104 resonances were observed inf#éH HSQC
minimization (250 steps conjugant gradient) which includedpectrum and 100 of these were previously assigned (8&)6) (
tighter omega dihedral restraints (—178 to °1¥8rsus —176 to Using additional three-dimensional NMR experiments, most of
176°). A final set of 378 H-1H NOE-based distance restraints the side-chaiAH resonances of the 100 identifitdN XPA-MBD

(174 inter residue), 10 hydrogen bond restraints agrtiif@dral  resonances were subsequently assigned (see Supplementary
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to r-3). Because of the presence of three loops in the C-terminal

region (L138-F219) we call this the loop-rich domain (for

simplicity we also refer to r-3 in XPA-MBD as a loop, although

it is not bound to a secondary structure motif). Note that 15 out

of the 17 absentHN resonances are in the disordered loops

suggesting substantial conformational exchange in these regions.
XPA-MBD contains four helical regions: C126-K13¥-1),

K141-L150 (i-2), K183-W194 ¢-3) and Q196—R2070¢4).

The helices were identified by characteristic patterns of NO#s (

and negative consensus CSI (Big.Strip plots extracted from the

IN-edited NOESY-HMQC spectrum, shown in Figupd,

illustrate the quality of the NMR data and the typical helical NOE

network of1H% to i+1, i+2, i+3 and i+4HN cross peaks that

0 H—H 0 H fﬁ\?nd througholgcct)—é. No medbium—raélgbe seungntFaZ“i Zo

C.ra0 N C. C. N i+1 (or greater S were observed betweer3 anda-4,

/ {léo/ \0/1139\N/ \L,‘j"/ AN sugges(tinéj a ve)ry tight turn, or ‘kink’, centered at G195-S196

b o P (t-3). Glycine residues are known to disrupt helice§ @nd
¢ / ; ¢\ non-helical®J, ,y ,,,, values >6.5 Hz for G195 and S196 further

Hee-->H o H<—>I:-| o HeH o support a helical break between3 anda-4. A number of
e d L ¢ 1 long-range NOEs were observed betwee and a-2 and
1

1 1 | 1 1
C. Neero€o € NowiC N_ e 1g0,C
\N’ﬁm\c/ \5::79/ Ny \Yg}/ Ny \Késﬁ’ \.  betweena-4 anda-2, such as those between the epsilon ring
i i i x i proton of W195 and the methyl groups of L149 and L150,

1 I I |

? " 4" ? HQ':' H indicating that hydrophobic interactions force the three helices

; /V into a bundle.

|;|’ 0 H=—H 0 H Five B—straréds)are found in EP,?—MBD: Yloz—?él(;ﬁx)(,j

C N C C N C C N K110-M113 (-2), L138-T140 §-3), K163-K168 -4) an

/ %é@ \c vms\N/ \Hés/ \c F164\N/ \Kéﬁ}' AN M178-L182 (3-5). NOE patterns typical of frsheet structure,

B 8 fe>hf 6 heph such as a weadkd®; toHN; cross peak accompanied with a strong
sequentialH?%; to 1HN;, 1 cross peak4©), are evident in the strip
plots extracted from tHeN-edited NOESY-HMQC spectrum for

Figure 3. Summary of the NOEs acrogs)(the antiparalleB-sheet between ~ D101-M113 in Figur@B. Figure3A summarizes the sequential

Y102-C105 §-1) and K110-M113{-2) and B) the antiparallel triple-strand ~ NOEs and the long range interstréhtﬂ‘i to 1HNJ', lHNi to 1HNJ',

B-sheet between L138-T148-8), M178-K183 -5) and K167-K163(¥-4). ) 1o, ; i a[}ek
The unambiguous NOEs are illustrated by solid arrows. NOEs shown withand l_P' to “H J NOEs, used to define the antipar heet

dashed arrows could not be confirmed unambiguously due to degeneraciep.etweenﬁ'l an(_jB'Z- The-sheet is _Corr()borated in the® )
Hydrogen bonds supported by amide protons that slowly exchang®iar® exchange experiment by the observation of four slowly exchanging
indicated by dashed lines. IHN resonances for residues that are predicted to form hydrogen

bonds betweer-1 and (-2. Sixteen unambiguous NOEs
, ) observed among the other thBestrands, summarized in Figa®,

Material). Attempts to observe absent amide resonances fre ysed to identify a triple-stranded antiparapesheet
lowering the pH below 7.0 to increase th lifetimes resulted  cantered abol-5. NOEs that uniquely identify the antiparallel
in the denaturation of the protein in the time required to execuigiyre of the secorftsheet include stronBHY to 1H% NOEs
the three-dimensional NMR experiments. between K179 and V166, Y181 and F164, L182 and L138 and

Figure1 summarizes (i) the short- and medium-rahge'H | 180 and T140. Seven slowly exchangigN resonances in
ll\fE,OE data involving'H* and 'HN protons obtained from the positions where hydrogen bonds are predicted betR«ef-5
. l\lil-edlted NOESY-HMQC spectrum, (i) slowly exphangmg andp-4 further corroborate the secofeheet.

H™ resonances following exchange of the sample inte@ D The glements of secondary structure obtained from the data in
based buffer, (iii)*3,  ,,,, coupling constants obtained from a rijgyre 1 were introduced into the starting structures for the
J-resolved!®>N/IH HMQC spectrum and (iv) the regions of distance geometry/simulated annealing calculations carried out
a-helix andB-sheet predicted by the consensus CSI usigj,  independently on the two sub-domains, M98-L138 and
13cB, 13O and!H® chemical shifts47,48). The elements of H136-Q208. The convergence of the final set of calculated
secondary structure determined from the NMR data are alstructures for each sub-domain is illustrated in Figufggure4A
illustrated in Figurel: four a-helices ¢-1 toa-4), fiveB-strands  and B is a superposition of the N =0 backbone atoms of the
(B-1 tof-5), three turns (t-1 to t-3) and three disordered loops (r-final ensemble of calculated structures on the average structure

A

Figure 4. Confomational ensembles of calculated structures for the zinc-bindingAgoaad loop-rich domainB) of XPA-MBD superimposed on the average
structure (highlighted). Superimposed are the backbone atom&{8=0) of residues F100-M113 and C126-K137 in (A) (RMSD on meant=013jand residues
1139-K151, K163-K167 and M178-R207 in (B) (RMSD on mean =18). (C and D) Ribbon representations of the backbone of the average structure of the
zinc-binding core @) and the loop-rich domailj of XPA-MBD. The four Cys residues that chelate the zinc are highlighted in (D)afedix; yellow, B-sheet;

blue, turn; green, random coil.
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Table 2.Backbone atom RMS differences)(for the final set of calculated structures of the zinc-binding
core and loop-rich domain of XPA-MBD

B-strand RMSD B-sheet RMSD a-helix RMSD turns RMSD
B 0.21 £ 0.06 B-1/Bp2 |0.45+0.06 o-1 1.3+03 t-1 0.34 + 0.17
B-2 0.39 £ 0.06 t-2 12104
B-3 0.20 £ 0.06 | B-3/-5/3-4 | 1.08 £ 0.30 -2 0.52+0.28 -3 0.56 £ 0.20
B-4 0.85 + 0.26 -3 0.65 +0.18
B-5 0.81 +0.08 o-4 1.8+0.3

for the zinc-binding core and the loop-rich domain, respectivel)KPA-MBD, distributed in four helices, is in accord with the
The overall RMSD of the backbone atoms to the mean structusecondary structure estimation made by circular dichroism
of the residues superimposed in Fig#eand B is 1.5 0.3 and  spectroscopy31). The absence of assignable long-range NOEs
1.6 + 0.3 A, respectively. The quality of the structures isbetween the two sub-domains, the zinc-binding core and the
highlighted in FigurdC and D where the mean structure for eachioop-rich domain, suggest that the two sub-domains are structurally
sub-domain has been represented by using a ribbon drawdependentin the absence of DNA substrate, XPA residues 1-97
through the backbone atoms. The individual elements of secorald/or 220-273, or RPA.
ary structure summarized in Figukrere generally well defined
as summarized in Talifewhich lists the RMS differences for the zinc-binding core (D101-K137)
individual elements of secondary structure and thesbeets ) ) ) o
The good definition of the elements of secondary structure al@ our previous NMR studies of the zinc-binding core of XPA
further evident in Figurs, a plot of the mean pairwise RMSDs (zZXPA-41), residues V102—-C105 and G109-F112 formed an
to the mean structure for each residue. Except for the C-termiriitiparallel3-sheet and residues N128-K137 a nasoemtlix.
region of the helices of both domains, the pairwise RMSD of thigven though the zZXPA-41 experiments were conducted at pH 6.3
backbone atoms to their mean structure rarely rises above 1 A fid 25C (34), rapid exchange of most amide resonances
residues identified im-helices,B-sheets or turns in Figue  between S115-C126 prevented unambiguous assignment of all
Turn-2 and loop regions r-1 and r-2 have RMSDs near, or aboB€ protons resonances in this region. Consequently, a hybrid
1 A, reflecting a greater amount of flexibility in these regions. homology—NMR-based solution structure for zXPA-41 was
Figure 6 is a model for XPA-MBD based on the averagedenerated based on similarities in sequence and secondary
structure calculated for both domains. The relative orientation §fructure to the zinc-binding domain of the chicken erythroid
the two sub-domains are not well defined since no long randeanscription factor GATA-1 when bound to its cognate DNA
NOEs were confirmed between the zinc-binding core and tHarget sequenceg). Using the latter technique, a sec@irsheet
loop-rich domain. The lack of interactions between the twdvas predicted within residues S115-C12§(
sub-domains is reflected in the increase in the pairwise RMSD The NMR data for XPA-MBD summarized in Figureand the
(Fig. 5) towards the C-terminus of the zinc-binding core, whictlistance geometry/simulated annealing derived calculated structures
suggests a region between the two domains is flexible. Afhown in Figure4, confirm the presence of the firBtsheet

elongated, solvent exposed structure is supported by the relativé102-C105 and K110-M113) in a region almost identical to that
rapid (4 h) deuterium exchange of all of the backbhﬂg observed in zXPA-41 (V102—C105 and 6109—F112) Indeed, the

resonances. 1H® chemical shifts are markedly similar between the residues in
the two sequences. The greater number of interstrand NOEs
DISCUSSION observed for XPA-MBD over zXPA-41 (7 versus 3), together

with the detection of slowly exchanging amide resonances for
XPA has been shown by filter-binding assays to bind preferential)PA-MBD, results in a better definition of tfiesheet (Fig3A).
to UV-, cisplatin- and osmium-tetroxide-damaged DNA overAlso observed in the zinc-binding core region of XPA-MBD is an
undamaged DNAZE). XPA-MBD has also been shown to have a-helix that extends from C126—K13-() which overlaps with
a 4-fold greater affinity for single-stranded DNA over doublethe residues of the nasceathelix observed in z-XPA-41
stranded DNAZ5). As illustrated in Figur&, XPA also interacts (N128-K137). In contrast with zXPA-41, tleehelix is more
with a number of NER proteins. RPA associates with a region stable in XPA-MBD as suggested by the larger number of
the minimal DNA binding domain of XPA to form a complex a-helical NOEs.
which binds UV-irradiated DNA with a greater affinity than either The coordination of zinc to the sulfur atom of four Cys residues
protein alone and widens the variety of lesions repaired by NEfRas been confirmed by EXAFS spectroscopy).( While
(30). Therefore, XPA-MBD is anticipated to be involved in atstructure calculations were performed using Zn-S and S-S
least two distinct functions, (i) binding single- and doubledistance restraints designed to introduce a tetrahedral geometry
stranded DNA and (ii) binding RPA. Our structural investigationdetween the metal ion and the sulfur atoms; no covalent Zn-S
indicate that XPA-MBD is 38% helical, 18@ssheet, 14% turn bonds were added into the starting structure. Nevertheless, in all
and 30% unstructured. The predominantly helical nature dhe distance geometry/simulated annealing structures calculated,
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Figure 5. Plots of the mean pairwise RMSDs to the mean structure for each residue of the zinc-bindix)gaoakthe loop-rich domaiBj. The plots were generated
by moving a window of three residues along the sequence and plotting the mean pairwise RMSD (A) over the central residue.

an R configuration (using priorities assigned C126 > C105
C129 > C108) of the Cys sulfur atoms about the Ziig \as
generated. FiguréC illustrates the R orientation of the four Cys
residues around the zinc with C105 and C108 in a turn (t-1) of th
antiparallel3-sheet B-1/3-2) and C126 and C129 part of a helix
(a-1). It is interesting to note that all four zinc-coordinated Cys
IHN resonances exchange very slowly wig©DWhile thetHN
resonance of C105 exchanges slowly because it ifishaet Loop
(Fig. 3A), the other three slowly exchanging Cys amide [l
resonances suggest a structure about the metal ion that may [t
stabilized by a unique network of hydrogen bonds between th
backbonetHN groups and the sulfur atoms of the Cys residueg
coordinated to the zinc, as observed in the case of rubredox
from Pyrococcus furioususvhich contains a C—X—X-C—-G—X R - A Tiae
metal binding motif $2,53). The average structure of the Zn “'imﬂng
zinc-binding core indicates that three of the four cysteine residue ([ Core
havelHN-S distances di2.5 A. However, the N\HN, S bond -2
angle is[B0°, which is less than the minimum angle of 120
necessary for ideal hydrogen bond formatid®).( Further
experiments to determine if the Cys amide protons are coupled
115cd via hydrogen bonds with the Cys sulfur atoms will be
necessary to define the precise hydrogen bonding interactio
involving the Cys amide protons.

One significant difference between the zinc-binding core
region of zXPA-41 and XPA-MBD is that al_l the amide average distance geometry/simulated annealing calculated structures of the
resonances between S115-C126 are observed in the larger XBAc-binding core to the loop-rich domain. Reehelix; yellow, B-sheet; blue,
fragment studied here, even though the pH (7.3 versus 6.2) amdn; green, random cail.
temperature (30 versus 5) are elevated. Consequently, more
NOEs for residues D101-K141 are observed in XPA-MBD over

zXPA-41. Such observations suggest that the addition of 8ght turn as illustrated in the distance geometry/simulated
C-terminal residues to the zinc-binding core of zZXPA-41 effectgnnealing derived structures (Figand6). Three i to i+3 and i+4
the NMR data in Figurd and the distance geometry/simulatedformation of a single turn of axrhelix involving residues S115—
annealing derived structures in Figukeit is now possible to  N119 and negative consensus CSI values for Y116—-N119 further
define more accurately the secondary structure of residuggpport such an interpretation (Fiy. However, the lack of a full
S115-T125in XPA even though the pairwise RMSDs @jigf  complement of i to i+3 and i+4 NOEs over the entire S115-T125
the residues in this region suggest that this turn is flexiblgegion (Fig.1) indicate that it is not entirely helical as others have
Foremost, the absence of long-rafgl); to 1HY; and'H% to  predicted using a 3D-1D compatibility analysis mettif. (

1H°‘j NOEs between the extremities of the S115-T125 region

disproves the3-sheet predicted previously in the region usin i : .

hybrid homology—NMR modelling3d). Instead, the SllS—TlZSgThe loop-rich domain (L-138-F219)

region in XPA-MBD, at least in the absence of DNA, adopts &Vhile the zinc-binding core is essential for binding DNA, as
structure that contains a single turn ofcehelix followed by a  shown by the reduction in DNA binding activity upon (i) the

Figure 6. A three-dimensional model of XPA-MBD obtained by linking the
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1 —— 213 XPA structure of the DNA binding domain of the chicken erythroid
transcription factor, CGATA-1 (K158—-R223), has been determined

:: —_— " r::binding core bound to its cognate DNA substrai®), The structure has been
) i described as a ‘hand (protein) holding a rope (DNA)’ with the
198 210 loop-richdomainhand’ composed of two functional regions, the ‘palm and
153 e 176 RPA-70 fingers’ [38 residue zinc-binding core (K158-H195)] and a
¥ e 58 RPA-34 ‘thumb’ [28 residue C-terminal (Q196—R223)]. The zinc-binding
72 w84 ERCC1 core provides a scaffold for binding double-stranded DNA,
255 273 TFIH interacting specifically with nucleotide bases in the major groove

and non-specifically with the DNA sugar—phosphate backbone.
The C-terminal ‘thumb’ confers further specificity to the DNA
Figure 7. Map of the functional regions of XPA. binding, wrapping itself into the DNA minor grooVvesy.
While cGATA-1 and XPA-MBD share some structural
similarities, at this time there is no clear functional analogy

removal of zinc and (ii) the replacement of C105, C108, C126 €tween the two proteins. Only one of the two sub-domains of
C128 with a Ser in experiments on XP&), the core structure XPA-MBD is structurally comparable with cGATA-1, the
alone (D101-K137) does not bind DNALJ. An additional 82 zinc-binding core and the ‘palm and fingers’. Both sub-domains

residues (L138—F219), corresponding to the loop-rich domaifoNtain ap-sheet between the first two zinc-associated Cys
are required for DNA binding. As illustrated in Figudeands, residues and am-helix containing the second two zinc-associated

the loop-rich domain consists of a triple-strand antiparalleq:ys residues. The major difference between the two zinc-chelated

B-sheet, three-helices and three loops. The three helices forrROre structures is the presence of a turn (t-1) within XPA-MBD
a loose bundle that is orientated perpendicular to the triple-straff$idues S115-T125 instead of the sefesideet observed in the:
B-sheet with loops joininf-4 top-5 anda-2 top-4. The ability analogous region in cGATA-1. Itis p035|bl_e th_at the loop (t-1) in
of XPA to bind DNA is lost in an XPA fragment that is terminated<PA-MBD may change structure upon binding DNA and the
at W194 (S49-W194)3(). The C-terminal 26 residues of function of the zinc-binding dom_aln, like in cGATA-l3 may be to
XPA-MBD (W194—F219) have been predicted to adopt a helicg€rve as a scaffold for double-helical DNA. However, irfiisl*H
conformation 81). We observe that Q197—R20@-4) does two-dimensional HSQC chemlca! shlft mapping experiments
indeed form an-helix; however, the remaining residues betweerguggest that the structure of the zinc-binding core is unperturbed
Q208 and F219 (r-3) are disordered. The absence of a complBiethe addition of a damaged single- or double-stranded DNA
helix at the C-terminus may be due to termini dynamic frayingsubstrate (G.W.Buchko and M.A.Kenedy, unpublished results).
truncation of the full-length XPA protein, the absence of other While the zinc-binding core of the XPA-MBD and cGATA-1
NER proteins, or the absence of a DNA substrate. are the same size and share similar structural features, the
Approximately 30% of XPA-MBD is unstructured and theC—termlna}I sub—domams_of both proteins differ S|gn!f|cantly.
majority (90%) of this disorder is in the loop-rich domain. GivenXPA requires a larger region, 82 residues at the C-terminus of the
XPAs ability to associate with both single- and double-strande@nc-associated core, to bind damaged DNA, while cGATA-1
DNA, such flexibility may be expected in the absence of &eduires only 28 residues (the ‘thumb’) at the C-terminus of the
damaged DNA substrate. Furthermore, it is plausible that tidnc-associated core to recognize its cognate DNA substrate. In
structure of XPA might change, not only upon association witRGATA-1, the C-terminus wraps around its DNA substrate, while
DNA, but also upon association with other proteins (F)g. N XPA-MBD the C-terminus forms a structure containing a
involved in NER 65). The 70 kDa subunit of RPA is the only triple-strandB-sheet and a three helix bundle interspaced with
NER protein that is known to bind to XPA-MBD and is requiredhree loops (Fig6). It is not surprising that the structural
for XPA to function in complementation of XP-A cells in a UV Similarities diverge given the distinct functional roles of XPA and
survival assayH6). The location of RPA-70 binding to XPA-MBD CGATA-1. For example, cGATA-1 recognizes a specific, double-
has been pinpointed to a 24 residue region (C153—-G176) locag&tanded DNA sequence and binds tightly ta3i)( whereas
in -2 in the loop-rich domain of XPA-MBD (Figr) (56). XPA-MBD participates in the recognition of an extensive list of
Unstructured regions in isolated proteins have been shown to plR|NA lesions that are corrected by NER. The list, as determined
a role in protein—protein interactiors7(58). Therefore, r-2, as by in vitro andin vivo investigations, includes bulky adducts of
well as r-1 and r-3, may be involved in the conformationapenzo[a]pyrene, acetylaminofluorene, aflatoxin, chlorestorol,
changes that occur to XPA upon association with the NERsoralen, cross-linked cisplatin adducts, UV-induced lesions such
proteins and/or damaged DNA. as cyclobutane pyrimidine dimers and the [6—4] photoproduct,
apurinic sites, oxidative lesions and G:G mismatchgs,64).
According to the prevailing model, the topological feature
recognized by XPA in the aforementioned list of DNA lesions is
Zinc binding motifs play an important role in gene regulation wittsingle-stranded character leading to an ‘open complex formation’
at least ten different classes having been charactefigedive  (6,25,29). Preliminary chemical shift mapping experiments with
of which bind to DNA 60,61). XPA appears to be a class IV RPA and single- and double-stranded DNA indicate that the RPA
zinc-dependent DNA binding protein, associating with DNA asnteractions are spread throughout both domains with slightly
a monomer through a single, C-4 motif of the formmore perturbations to the zinc-binding core whereas the DNA
C—Xo—C-X7-C—X—C (10,26). The erythroid transcription interactions are highly localized in the loop-rich domain
factor GATA-1 is the prototypical member of the class IV(G.W.Buchko, D.F.Lowry, B.K.Sudha Rao and M.A.Kennedy,
zinc-dependent DNA binding proteing2j. The NMR solution unpublished results). Consequently, despite the presence of a

Possible mechanisms for DNA binding



similar zinc-binding core in cGATA and XPA, the mechanism oft3
DNA binding probably differs significantly between cGATA-1
and XPA. 14

CONCLUSIONS

XPA is the only known eukaryotic DNA repair protein to contain17
a C4-type zinc-associated DNA binding domain. Two other
bacterial DNA repair proteins, UvrAG6H) and fapy-DNA- 18
glycosylase §6) also contain the C-4 motif. Bacterial UvrA,
which binds damaged DNA as a dimer, contains two C-4 typ¥
zinc-binding motifs and requires a helix—turn—helix motif to
recognize its damaged substra&)( Bacterial fapy-DNA-
glycosylase contains a single C-4 type zinc binding motif but @1
is located at the very end of the C-terminus. Hence, the structural
organization of the minimal DNA binding domain of XPA 22
appears to be uniqgue among DNA repair proteins. The presenge
of two structurally distinct sub-domains together with preliminary
chemical shift mapping experiments indicate that the two primary
functional roles of XPA-MBD may be divided according to its24
structural organization into two distinct regions, a zinc-bindin
core and the loop-rich domain. The unstructured or loop regio
may represent the structural features required to facilitate the
reorganization of XPA necessary to accommodate binding to
DNA and RPA. 27
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