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SUMMARY

XPA is a nucleotide excision repair (NER) protein, which is involved in the damage
recognition step of NER. XPA binds to other repair proteins, and acts as a key element in NER
complex formation. The central domain of human XPA consisting of 122 amino acids from Met98
to Phe219 is responsible for the preferential binding to damaged DNA and to replication protein A
(RPA). In this study, the resonance assignments, three-dimensional structure, interactions with
DNA and RPA, and dynamic properties of the central domain were studied by means of NMR.
Almost all of the resonances of the backbone and sidechain 1H, 15N and 13C nuclei were assigned.
The calculated structures showed that the domain consists of a zinc-containing subdomain with a
compact globular structure and a C-terminal subdomain with a positively charged cleft in a novel
a /3 structure. The spectra of the complexes with RPA70 and with DNA showed that the zinc-
containing subdomain binds to RPA70 and the cleft in the C-terminal subdomain binds to DNA.
The results of the analyses of 15N relaxation data showed that the central domain exhibits
anisotropic rotational diffusion, and most of flexible regions exist on the DNA binding surface in
the cleft in the C-terminal subdomain. The flexibility may be involved in the ability of XPA to

recognize various kinds of DNA damages.



INTRODUCTION

Ultraviolet (UV) irradiation and some chemical agents produce alterations in DNA that are
potentially mutagenic or lethal to cells. Usually, cells efficiently recognize and eliminate lesions
through DNA repair processes. Nucleotide excision repair (NER) is the ubiquitous pathway by
which a broad spectrum of structurally unrelated DNAs damaged by UV and chemical carcinogens
is removed from the genome. The NER pathway repairs damaged DNA by recognizing lesions,
excising the oligomer carrying the damaged bases, and synthesizing a repair patch using the
opposite strand as the template (1, 75) (Fig. 1). The importance of NER has been highlighted by
studies on the human inherited disease, xeroderma pigmentosum (XP), which is characterized by a
>1,000-fold higher frequency of skin cancer in sun-exposed areas, and by neurological
complications (2) (Fig. 2). Cells from XP patients have defects in NER, and therefore are
hypersensitive to UV irradiation. Complementation analyses have identified seven
complementation groups (A-G) and a variant form in XP cells (3).

The gene that complements XP group A cells encodes a zinc-finger protein, XPA, composed
of 273 amino acids. XPA has been shown in vitro to bind preferentially to various kinds of DNA
damages such as (6-4) photoproducts and crosslinks caused by UV and chemical carcinogens. It
has, therefore, been suggested that XPA is involved in the damage recognition step of NER (4-8).
XPA has also been shown to bind directly to many other repair factors: replication protein A
(RPA), ERCCI1 (excision repair cross-complementing rodent repair deficiency 1) /XPF
heterodimer, and TFIIH (transcription factor II H) which contains XPB and XPD as its subunits
(9-16). All of these factors are essential for the early steps of NER (1, 17). In vitro experiments
have shown that XPA has a moderately higher affinity for damaged DNA over undamaged DNA,
and exhibits enhanced preferential binding in the presence of RPA (9, 10). It was also shown that
the binding activity of XPA to damaged DNA was increased by the interaction of XPA with
ERCC1 (16). Thus, it has been suggested that XPA plays a role in loading the incision protein
complex onto a damaged site as a multifunctional protein that coordinates the early steps of NER
processes (11, 13). Recently, it has also been reported that XPA, RPA, TFIIH, XPC-HHR23B,
XPG and ATP are required for high specificity DNA-protein complex formation (18). There is
another suggestion of a two-step mechanism about damage recognition in which damage is
detected by XPC-HHR23B, and then verified by XPA (19).

XPA consists of several distinct functional domains. Its amino-terminal part contains a

region (residues 4 to 74) for binding to a subunit of RPA, RPA34, and a region (residues 59 to



97) for binding to ERCC1 (11, 12, 14-16). The carboxyl-termiﬁal part of XPA, residues 226 to
273, has been shown to bind to TFIIH and to recruit it to the damaged site (12, 13). The central
domain (residues Met98 to Phe219, Fig. 3), designated as MF122 by Kuraoka et al., has been
identified as the minimal polypeptide essential for the preferential binding to damaged DNA, by
means of a combination of limited proteolysis and deletion analysis (8). The central domain also
includes a region essential for binding to RPA70 (10,11).

The central domain contains the zinc-binding sequence, Cys-X-X-Cys-(X);7-Cys-X-X-Cys,
in its N-terminal part (20). Through 113Cd-NMR analysis combined with site-directed mutagenesis
and atomic absorption, it has been shown that one zinc ion is tetrahedrally coordinated by four Cys
residues in the zinc-binding sequence (20). Miyamoto et al. have shown that a mutation at each of
the four zinc-coordinating Cys residues results in a drastic reduction in the UV resistance of cells,
as compared to the wild-type XPA protein (21). However, a mutation at Cys153, which is located
outside of the zinc-binding sequence, gives almost the same UV resistance as that of the wild-type

XPA. These results indicate that XPA has a (Cys), type zinc-finger motif, and it was generally

thought that the zinc-finger motif of XPA was involved in DNA binding, through analogy to the
zinc-finger motifs found in transcriptional regulatory factors.

In this thesis, I present NMR studies of the resonance assignments of the backbone and
sidechain 1H, 15N, and 13C nuclei, solution structure, interactions with damaged DNA and
RPA70, and overall and internal dynamics of the central domain of human XPA. The purpose of
these studies is to understand the mechanisms of the damage recognition and complex formation
with another protein in terms of the three-dimensional structures. The determined structure shows
that the central domain consists of a zinc-containing subdomain, a C-terminal subdomain with a
basic cleft, and a linker sequence which connects these two subdomains. The spectra of its
complex with a cisplatin-damaged oligonucleotide or a truncated RPA70 show that the cleft in the
C-terminal subdomain serves as the DNA-binding surface and the zinc-containing subdomain
serves as an RPA70-binding‘ surface. The backbone dynamics were determined on analysis of the

I5N T, T, and NOE (nuclear Overhauser effect) relaxation data. The results show an anisotropic

character of the rotational diffusion of the central domain. The DNA-binding surface exhibits a
highly dynamical feature, suggesting possible relationships to the versatility of the damage

recognition of XPA.
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Fig. 1. Model of human nucleotide excision repair (NER).

U.V,, cisplatin, OsOy, oxygen radical, and so on damage DNA. A damaged site is drawn in red. The XPA-RPA and,

possibly, other factors recognize the damaged DNA, and recruit TFIIi-I to the damaged site. The subunits of TFIIH,
XPB and XPD, have ATP-dependent helicase activities with 3' to 5' and 5' to 3' directions, respectively, which may
facilitate the formation of an open DNA complex. The role of XPE and XPC-HHR23B are presently unclear. XPG
may be recruited to the lesion by its interaction with RPA. Likewise, ERCCI1-XPF(ERCC4) complex may be
recruited to the lesion by the interaction between ERCC1 and XPA. About 28-mer oligonucleotide including the
damage is cut out by XPG and XPF on the 3'- and 5'-sides, respectively. The DNA polymerase &/ e synthesiies a
new DNA strand. The proliferating cell nuclear antigen (PCNA) and replication factor C (RFC) may be required to

displace the incision proteins from the postincision complex. Finally, DNA ligase I ligates the DNA (75).
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Fig. 2. Mutations found in xeroderma pigmentosum group A patients.
The deletions and base substitutions are indicated in boxes. The main symptoms are also listed. NLS means nuclear

localization signal or nuclear transport signal. E-cluster means glutamic acid cluster. The numbered boxes I to VI

stand for respective exons.
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Fig. 3. Sequence alignment of the central domains of human XPA and other XPAs.
The numbering is shown for human XPA. The asterisks indicate the zinc-coordinated Cys residues. The residues
identical to human XPA are boxed. The secondary structure of human XPA which was determined in this study is

indicated. Important residues discussed in the text are colored (green, basic; yellow, acidic; grey, hydrophobic).
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EXPERIMENTAL PROCEDURES

@ Background of NMR Experiments

Introduction of stable isotopes into proteins

Assignment of the spin systems in protein NMR spectra is an essential step in solution
structure determination. However, conventional proton NMR experiments are ineffective for
structure determinations of proteins with molecular masses greater than approximately 10 kDa. The
number of protons present in proteins increases with molecular masses. The rotational correlation
times of proteins, and thus the linewidths of peaks in NMR spectra, also increase with molecular
masses. The increased numbers and linewidths of resonances in homonuclear 1H NMR spectra
result in severe resonance overlaps. The introduction of isotopically (15N- and/or 13C) labelled
proteins has enabled heteronuclear NMR spectroscopy which effectively circumvents these
problems. Such labelling has become available by the device of high-yield expression systems for
proteins in bacteria such as Escherichia coli, which can grow in minimal nutrient media composed
of simple organic carbon sources and nitrogen sources. Spectral resolution is improved by an
increase of the dimensionality of the NMR spectrum. Moreover, the efficiency of coherence
transfer is increased by relatively large scalar coupling interactions rather than the small 1H
homonuclear three-bond scalar coupling interactions. Recently, even larger proteins consisting of
more than 200 amino acids have become accessible by the introduction of fractional deuteration.
That is because the deuteration reduces the 1H relaxation rates which are otherwise dominated by
dipolar interactions with other protons, and the deuteration also reduces the heteronuclear
relaxation rates which are otherwise dominated by strong dipolar interactions with directly bonded
TH nuclei (23, 76, 77).

Resonance assignments

Through-bond connectivities between chemically remote pairs of magnetic nuclei can be
established by a stepwise relay of magnetization along a chain of chemically linked magnetic nuclei
by utilizing relatively large one-bond scalar coupling constants among hetero atoms. A large
number of heteronuclear pulse schemes have been published which provide correlations between
backbone and sidechain nuclei. The nomenclature established for these experiments is systematic.
For example, HNCO experiment uses the following coherence transfers:

IHN {i+1} --> I5N {i+1} (t;) --> 13Co {i} (t) --> 15N {i+1} --> IHn {i+1} (t3)

13



, where {1} represents the amino acid number, i. Magnetizations are detected in the t;, t; and t3
time domains, and transformed to the w |, w; and w 3 frequency domains by Fourier

transformations, respectively. Thus, the HNCO experiment provides a cross peak at the cross

point of the chemical shifts of the 'Hn/!5N spins of residue i+1, and the 13Co spin of residue i. On
the other hand, HN(CA)CO experiment correlates the chemical shifts of the 1Hn/15N spins of

residue i, and the 13Co spin of the same residue i. Therefore, if the 13Co{i} shift is unique, the

THN/15SN{i+1} and THn/15N{i} shifts are linked. In similar ways, almost all of the chemical shifts

of 1H, 13C and 15N nuclei in proteins can be assigned (23, 76, 77).

NMR parameters for structure determinations

NMR methods for protein structure determinations mainly rely on a dense network of
distance constraints derived from nuclear Overhauser effects (NOEs). The NOE reflects the
transfer of magnetization between hydrogen atoms separated by less than 5 A which may be far
away along the protein sequence but close together in space. The second source of constraints
obtained by NMR is the information on torsion angles derived from scalar coupling constants.

Dihedral angle ¢ constraints are often derived from 3JynH o coupling constants between a

backbone amide proton and the « proton in the same residue according to the Karplus relation

(CJuNH($) =6.4 cos2 ¢ - 1.4 cos ¢ +1.9). Additional NMR parameters that are often used in

structure determinations include hydrogen exchange data and chemical shifts. The presence of
slow exchange of amide protons with solvent deuterons is a good indicator of hydrogen bonding
patterns. It has been recognized that the deviations of 13C « , 13C 3, 13Co, and 'H a chemical
shifts from their random coil values are correlated with the local backbone conformations. For
example, 13C o chemical shifts larger or smaller than the random coil values tend to occur for « -

helix or /3 -sheet conformation, respectively (23, 76, 77).

Structure calculations ‘

NMR based structure calculations essentially involve finding conformations of a molecule
that are consistent with defined structural constraints such as intefproton distance, dihedral angle,
and hydrogen bonding constraints. There are a variety of methods which utilize restrained
molecular dynamics (rMD) and/or distance geometry (DG) methods. The DG uses the metric
matrix algorithm or the variable target function approach. The rMD uses the simulated annealing

(SA) procedure in which pseudoenergy potentials drive a structure toward a conformation that will



reduce violations of constraints during a forced heatup-cooldown annealing cycle. The result of an
NMR structure calculation is a group of conformers that represents the solution structure of a
protein. These structures are often evaluated with root mean square deviation (RMSD) values
which indicate differences between the structures, and distributions of dihedral angles (e.g.,
Ramachandran plot) (23, 76, 77).

Protein-ligand interactions

Specific interactions between proteins and ligands play important roles in many biological
processes. The simplest and most popular approach to detect the interactions by NMR is the
chemical shift perturbation experiment. In the experiment, changes of amide chemical shifts in a
protein are monitored by 15N-1H-HSQC spectra during titration with a ligand. The locations of
resonances that undergo chemical shift perturbations are mapped onto the three-dimensional
structure of the protein. This mapping exhibits the putative binding site of the protein for the
ligand. Since amide chemical shifts are sensitive to many changes in condition (e.g., pH, ionic
strength, temperature, etc.), NMR line widths often increase due to the effective molecular weight

of a protein and its ligand (74).

Relaxation parameters

Solution NMR spectroscopy is a powerful tool for characterizing protein dynamics. By
perturbing the states of the nuclear spin systems and observing their returns to the equilibrium,
NMR relaxation experiments provide a sensitive means by which both global (external) and
internal motions in proteins can be probed. Heteronucleus, 15N spin, is well suited for relaxation
studies because the relaxation mechanism is governed mainly by the chemical shift anisotropy
(CSA) and the dipole-dipole interaction (DD) with the attached 'H nucleus. As a consequence of
molecular motion, the CSA and DD create the fluctuations of local fields, which provide the
mechanism for spins to exchange energy with the lattice or with each other, resulting in nuclear

spin relaxation. In practice, the longitudinal relaxation time (7)), transverse relaxation time (1),

and nuclear Overhauser effect (NOE) are measured and analyzed. (The NOE used in relaxation
experiments stands for heteronuclear steady state NOE. To the contrary, the NOE used for distance

constraints stands for homonuclear transient NOE.) The theoretical expressions for Ty, T, and

NOE are
1/T1=d2[](wH-wN)+3](wN)+6](wH+wN)]+CZJ(wN)

T, =d2/2[4J0) + L wp-wN) + 3 wN) + 6/ wy) + 6J(wpt+ wN) ] + ¢2/6 [4J0) + 3/ wnN) ]

15



NOE=1+(yn/yN) R[6lwntwn)-Hwn-oN) 1T

swhere d2= y 42 y N2 (h/27)2 /(10 ;N6) and 2 =2 y N2 Hg2 A2/15; A is the chemical shift
anisotropy of amide 15N nucleus; Hy is the strength of a static magnetic field; w y is the angular
resonance frequency of 15N nucleus; y y and y y are gyromagnetic ratios for 'H and 15N nuclei,
respectively; his Planck's constant; and ryy is the length of the amide 15N-1H bond. J( @) denotes

the spectral density function at angular frequency, w . It can be thought of as a spectrum analyzer
which expresses the probability distribution of motional frequency. If a molecule is known to have

isotropic rotational diffusion, the overall rotational correlation time, = ,,, can be estimated from a
trimmed average value of T}/T, which is assumed to be independent of generalized order

parameter, S2 (23, 76, 77).

Model-free analysis
A useful way of expressing J( w ) in terms of the minimum number of model independent
motional parameters was provided by the formalism of Lipari-Szabo (37, 38). According to this
formalism,
Jw)=82 1/ (1+ 02752+ (1-S2) 7/ (1 + w2 ;2),
lVri=l/tm+1/7,
for isotropic rotational diffusion, and
Hw)=5 Z=1.3Ak 7k /(1+ 027 )+ (1-82) i/ (1 + w27 2),
1/7i=2Dy +4D, + 1/t ,
Ap=(1.5cos2a -0.5)2, A =3sin2acos?2a, A3=0.75sin a,
v1=1/(6D1), t2=1/(Dy +5D1), 3=1/@ADy +2D.)
for axially symmetric anisotropic rotational diffusion

, Where 7 1, is the overall rotational correlation time for molecular tumbling, 7 . is the effective

correlation time characterizing the internal motions, « is the angle between the NH bond vector
and the unique axis of the diffusion tensor, D, and S2 is the generalized order parameter which is
interpreted as describing the amount of spatial freedom of the NH vector as a result of internal

motion. The residue-specific parameters for internal motions, S2 and z ¢, and overall parameter,
T m (D), for external motions are adjusted to fit observed relaxation data, Ty, T, and NOE. The r
m Value can be compared with the value calculated by hydrodynamic theory according to the

equation, v m= 7 V /KT, where 7 is viscosity, k is Boltzmann's constant, T is absolute

16



temperature, and V is volume of the object. Anisotropy of the rotational diffusion can be estimated
from the ratio of the principal values of the diffusion tensor, D. The order parameter, S2, contains

detailed information on the internal motions (23, 76, 77).

@ Sample Preparations of XPAog_219

Expression check

The vector plasmids which carried the genes of the central domain of human XPA protein
(XPAyg.219) under the control of the T7 ¢ 10 promoters were constructed and kindly provided by
Kuraoka et al. (8). E. coli cells of strain BL21(DE3) were transformed with the plasmids. The
transformed cellsi were plated out onto 2 X YT (16 g/L bacto-tryptone, 10 g/L. bacto-yeast extract
and 5 g/L NaCl) agar plates containing 50 x g/ml ampicillin. Several colonies were inoculated into
3 ml of 2 X YT medium containing 50 x g/ml ampicillin. It was incubated at 37 °C with shaking
until the ODgyg reached 0.4. At this point, 0.5 ml of the culture was taken from the culture, and
stored with 50% sterile glycerol at -20 C. IPTG was added into the remaining culture to a final

concentration of 4 mM for the induction of the expression of XPAgg_»19. Two hours after the

induction, the expression was checked by SDS-PAGE (15% acrylamide concentration).

Non-Iabelled proteins
The stored cells were inoculated into 200 ml 2 X YT medium containing 50 # g/ml ampicillin,

25 p g/ml chloramphenicol and 20 2 M zinc-acetate, Zn(CH3COO),, and incubated at 37 ‘C with

shaking for about six hours as a pre-culture. The pre-culture was transplanted into the same 2 L

medium. It was incubated with an air-bubbling at 37 C. When the ODgyg reached 0.5, IPTG was

added to a final concentration of 1.0 mM. Two hours after the induction, the culture was harvested
by centrifugation. The pellets were washed with 50 ml of 140 mM NaCl solution at 4 °C. The
washed pellets were frozen quickly in liquid N5 and stored at -20 C.

Uniformly 15N-labelled proteins
The stored cells were inoculated into 3 m! 2 X YT medium containing 50 w g/ml ampicillin

and 25 y g/ml chloramphenicol and incubated at 37 °C with shaking for about four hours. When
the ODgyg reached 1.0, 1.0 ml of the culture was centrifuged at 6,000 rpm, and the pellets were

washed with 1.5 ml of sterile 140 mM NaCl solution at 4 °C twice for removal of contamination of

17



non-labelled nitrogen sources from the 2 X YT medium. The washed pellets were planted into 200
ml M9 minimal medium (7.0 g/L Na;HPOy, 3.0 g/L KH,POy, 0.5 g/L NaCl, 20 mg/L thymine,

20 mg/L adenosine, 20 mg/L guanosine, 20 mg/L cytidine, 20 mg/L biotin, 20 mg/L thiamine, 1.0
mM MgSOy, 3.3 1« M FeCls, 50 « M MnCly, and 100 « M CaCl,) containing 50 z« g/ml ampicillin,

25 p g/ml chloramphenicol, 20 .« M Zn(CH3COO),, 0.1% glycerol, 4.0 g/L. D-glucose and 0.5 g/L
ISNH4Cl as a sole nitrogen source as a pre-culture. After growth overnight at 30 °C with shaking,

the culture was added into the same 2 L. M9 medium. It was incubated at 37 C with an air-
bubbling. When the ODg;( reached 0.5, IPTG was added to a final concentration of 1.0 mM.

Four hours after the induction, the culture was centrifuged and the pellets were washed with 50 ml

of 140 mM NaCl solution at 4 °C. The washed pellets were frozen quickly in liquid N; and stored
at -20C.

Uniformly 15N- and 13C-doubly labelled proteins
Since the method was almost the same as that of the singly 15N-labelled sample described
above, only the differences are described here. The medium for obtaining the doubly labelled

sample was almost the same M9 medium except that it contained 0.5 g/L 15NH,CI and 1.0 g/L
[13Cslp-glucose as sole nitrogen and carbon sources, respectively. It did not contain non-labelled
glucose or glycerol. When the ODgy reached 0.4, IPTG was added to a final concentration of 2

mM. Four hours after the induction, the cells were harvested by centrifugation.

Specifically 15N-Lys or 15N-Arg labelled proteins

The method of the preparation of the 15N-amino acid specifically labelled sample (64) was
similar to that of the singly 15N-labelled sample described above. The differences were that the
medium contained non-labelled (cold) NH4Cl instead of I5NH4CI, and that 100 mg/L of 95%
15N2-labelled L-Lysine-2HCI (or 99% 15N4-labeled L-Arginine-HCI) was added together with
IPTG (final 1 mM) at the time of the induction (ODgy = 0.4).

Fractionally deuterated proteins
A uniformly 15N-labelled and fractionally (80%) deuterated XPAog 59 (C153S) point

mutant was expressed as the following. E. coli cells (BL21(DE3)) harboring the vector plasmids

which carried the genes of the mutant of the central domain of human XPA (XPAgg 219 C153S)
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under the control of the T7 ¢ 10 promoters were kindly provided by Kuraoka et al. (20). The

frozen cells stored in 50% glycerol were streaked onto plates of 2 X YT 80% D,0 agar medium
containing 50 x g/ml ampicillin. Several colonies were inoculated into 3 ml of 2 X YT 80% D,0O

medium containing 50 4 g/ml ampicillin, and incubated at 37 ‘C with shaking. The expression and
purification procedures were similar to those described for the preparation of the 15N-labelled

samples, except that the M9 minimal medium contained 80% D,0 / 20% H,0. In the similar way,
a uniformly 15N- and 13C-labelled and fractionally (50%) deuterated XPAgg 219 (C153S) point
mutant was expressed. In this case, the medium contained 50% D,0 / 50% H,0, 0.5 g/L
I5NH4Cl and 1.0 g/L [13Cg]p-glucose.

Purification
The frozen cells obtained from 2 L of 2X YT or 15N-singly labelled culture were suspended
in 30 ml of lysis buffer (50 mM Tris-HCl, 400 mM KCl, 5 mM DTT, 20 « M Zn(CH3COO);,, 1

mM PMSF, and pH 7.2 at 4 C). The cells were lysed by sonication for 30 min on ice. The
soluble fraction was separated by centrifugation at 20,000 X g for 40 min at 4 “C. For removal of
nucleic acids, the soluble fraction was passed through a DEAE-Sepharose (Pharmacia) anion-
exchange opened column (bed volume 20 ml) equilibrated previously with the same lysis buffer.
The crude substances were salted out from the pass-through fraction with finally 70% saturated
ammonium sulfate. The precipitation was suspended in 400 ml of B buffer (50 mM potassium-
phosphate (K;HPO4-KHyPOy4), 50 mM KCl, 5 mM DTT, 20 « M Zn(CH3COO),, and pH 6.1 at

4 C). The solution was loaded onto a SP-Sepharose (Pharmacia) cation-exchange opened column
(bed 20 ml) equilibrated previously with the same B buffer. It was fractionated by a linear KCl
gradient ranging from 50 mM to 1000 mM. The fractions eluted at the KCI concentration of around
400 mM were collected. The solution was purified further and concentrated with a Mono-S
(Pharmacia) cation-exchange packed column (bed 8 ml) under the same condition as in the case of
the SP-Sepharose column. The fractions which contained XPAgg_519 were applied onto a
Sephacryl S-100 gel filtration column (Hiload™ 26/60, Pharmacia) equilibrated previously with
the B buffer whose pH value was increased to 7.3. The sample was concentrated to a volume of
about 200 4 L with an Amicon concentrator (Centricon-10 10,000 M.W. cut-off) with 4,500 X g
centrifugation. A desired solution (about 10 mL) was added onto the concentrated sample, and it

was concentrated again to a desired volume. Samples for NMR measurements typically comprised

1.2 mM protein in 50 mM deuterated Tris-HCI (pH 7.3 at 30 C), 150 mM KCI, 10 mM
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deuterated DTT, and 20 uM Zn(CH3COO); in 90% H,0/10% 2H50.

@ Sample Preparations of RPA70 and Damaged DNA

Preparation of RPA70,;g;.422
RPA 81422, which comprised residues 181 to 422 of RPA70 and had a consecutive stretch

of six histidine residues (His-tag) at its N-terminus, was prepared as described (56, 57) and kindly
provided by Saijo et al. The His-tag sequence was removed with human thrombin (2.5 units/mg
RPA protein) in a solution containing 50 mM HEPES, 150 mM NaCl, and 10% glycerol at pH 7.4
at 4 C. After the incubation for 18 hours, the solution was loaded onto a Mono-S packed column
(bed 8 mL) equilibrated with a buffer containing 25 mM HEPES, 20 mM KCl, 3% glycerol, 1 mM
DTT, 1 mM EDTA, and 0.01% Triton X-100 at pH 7.4. The column was developed with a linear
gradient from 20 to 600 mM KCI. The purified RPA 51422 had four extra residues,

Gly-Ser-His-Met, at its N-terminus, which was checked by an amino-terminal analysis sequencer.

Purification of oligonucleotides

A chemically synthesized 24-mer deoxyoligonucleotide, 5'- TCT TCT TCT GTG CAC
TCT TCT TCT -3' (plat-1), and the complementary oligonucleotide (plat-2) were purchased. Each
4,4'-dimethoxy tritylated (DMTr) oligonucleotide was loaded onto a reversed phase C-18 silica gel
column (TOSOH TSK-gel ODS-80Ts) equilibrated with a buffer containing 0.1 M triethylamine
acetic acid (TEAA) and 5% acetonitrile at pH 7.0. The column was developed with a linear
gradient from 5 to 60% acetonitrile. The elusion was concehtrated and incubated with 80% acetic
acid for 15 min at 20 C for removal of the DMTr protecting groups. The solution was again
purified with the same reversed phase C-18 silica gel column. The concentrated elution was loaded
onto an anion-exchange column (Resource-Q, Pharmacia, 1 mL) equilibrated with 200 mM KCl
solution, and the triethylamine salts attached on the oligonucleotides were converted to the
potassium salts. The solution eluted with 1 M KCI solution was applied onto a gel filtration
column (HiTrap desalting, Pharmacia, 5 mL X 3) for the desalting. Each dried oligonucleotide was
dissolved in a buffer containing 28 mM KH,PO,4-K,;HPO, (pH7.8), 28 mM KCl, 3 mM DTT, 6

UM Zn(CH3COO),. Equal amounts of both oligonucleotides were mixed and annealed by

decreasing the temperature from 95 to 30 C overnight.

20



Platination reaction
A plat-1 solution containing 3 mM plat-1 oligonucleotide, 10 mM Tris-HCI (pH 7.4), and |
mM EDTA was mixed with twice volume of a platination buffer containing 4.5 mM

cis-diamminedichloroplatinum II (cisplatin), 4.5 mM NaCl, 0.75 mM Na,HPOQy, and 0.75 mM
NaH,POy4. The mixed solution containing 1 mM plat-1 and 3 mM cisplatin was incubated in the

dark at 37 “C for 16 hours (58). The platination reaction was stopped by the addition of NaCl to a
final concentration of 0.5 M. The solution was applied onto an anion-exchange column and a gel
filtration column. The plat-1 oligonucleotide damaged with cisplatin and the undamaged plat-2

oligonucleotide were annealed as described above.
@ NMR Spectroscopy

Parameters

All NMR spectra for resonance assignments were acquired at 30 ‘C with a Bruker AMX500,
DMX500 or DRX500 NMR spectrometer equipped with a triple resonance (1H, 15N and 13C)
probe and a self-shielded triple axis gradient coil. The sample tube used was a 5 mm ¢ Shigemi
silicone-coated micro tube with a flat bottom and a cylindrical adaptor inserted from upward. The
proton base frequency (0 ppm) was set to the absolute resonant frequency of DSS dissolved in

90% H,0/10% D,0 at 30 C. The base frequencies of 15N and 13C nuclei were set to the values of

0.10132905 (15N/'H) and 0.25144952 (13C/1H) times the proton base frequency, respectively
(42).

Resonance assignments

For the assignments of the 'H, I5N, and 13C resonances, a series of two- and
three-dimensional experiments (1SN-1H-HSQC, 13C-TH-HSQC, 15N-edited NOESY, 15N-edited
TOCSY, HNCA, HNCO, HN(CA)CO, CBCA(CO)NH, CBCANH, HN(CA)HA, HBHA
(CBCACO)NH, HBHA(CBCA)NH, C(CO)NH, H(CCO)NH and HCCH-TOCSY) were
performed with the 15N- or 15N, 13C-labelled protein dissolved in 90% H,0/10% 2H,0 (23). The

13C-TH-HSQC and HCCH-TOCSY (69) spectra were also acquired with a sample dissolved in
99.8% 2H,O0.

The 2D-15N-1H-HSQC experiments included WATERGATE with '3-9-19' composite pulse
sequence (65) and Water-flip-back techniques (23). Other NMR experiments in which amide
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protons were directly detected included the sensitivity-enhancement and gradient-echo methods
(70) on the indirect ISN dimensions. In these pulse sequences, the first gradient pulse was applied
at the end of the first INEPT sequence (23) for a duration of 2 ms at a strength of 25 gauss/cm
with a sine curve profile. The second gradient pulse was applied during the half end of the constant
I5N evolution period for a duration of 2.5 ms at a strength of 40 gauss/cm with a rectangular
profile. The last gradient pulse was applied just before the acquisition period for a duration of 250
w s with a rectangular profile. The strength of the third gradient pulse (40.6 gauss/cm) was
precisely adjusted relative to the second pulse, so that they formed a gradient echo between the 1SN
and 'H nuclei. The delays after all the gradient pulses were set to 400 4 s. The 2D-13C-1H-HSQC
experiment was also employed with the sensitivity-enhancement indirect detection on the 13C
dimension (67). The delays of the first and the second reverse INEPT (23) sequences were set to
900 £« s X2 and 1.8 ms X2, respectively. The two pulses for the gradient echo were applied with
rectangular profiles for durations of 2.4 ms (40.2 gauss/cm) and 600 ¢ s (40.4 gauss/cm),
respectively. The former gradient pulse was applied during an additional delay of 2.8 ms X2
which was inserted into the 13C indirect detection period.

In NMR experiments in which amide protons were directly detected, the spectral widths
were set to 6009.615 and 810.938 Hz for the 'H and I5N dimensions, respectively. The 1H
carrier was set to the frequency of the water resonance (4.7 ppm), and the 15N carrier was set to
119.4 ppm. In acquisition, 512 (1H) X 20 (15N) complex points of 32 to 64 scans were collected.

TH pulses were applied at field strengths of 27.8 and 6.6 kHz for hard and decoupling
pulses, respectively. 15N pulses were applied at field strengths of 6.3 and 1.9 kHz for hard and
decoupling pulses during the acquisition period, respectively. 13C a (13Co) hard pulses were
applied on the resonance of 54.7 (176.7) ppm at such a strength as to excite none of the 13Co (13C
a ) regions. These strengths were set to 4.0 and 8.8 kHz for 90 and 180° pulses, respectively.
13C (aliphatic) pulses were applied on the resonance of 43.7 ppm at strengths of 4.3 and 9.6 kHz
for 90 and 180° pulses, respectively, for the similar reason. Off-resonance 13C pulses were
applied with sinc profiles with peak amplitudes of 1.2 and 2.5 kHz for 90 and 180° pulses,
respectively, corresponding to a length of 202 i s. The WALTZ-16 sequence (71) was used for
all the decoupling.

For each value of the 15N constant evolution period, the N- and P-type coherences were
acquired by inverting the sign of the last gradient pulse and the phase of the 15N 90° pulse at the
end of the evolution period. Each frequency modulated data set was stored in separate memory

areas. The phase of the 1SN 90° pulse at the beginning of the evolution period and the receiver

22



were reversed for each increment of the 15N evolution time ( 70). The other indirect dimensions
were acquired by the TPPI-states method (68).

In the H(CCO)NH, C(CO)NH and HCCH-TOCSY experiments, 13C homonuclear mixing
time was set to 20.2 ms and the DIPSI-3 sequence (72) with a field strength of 8.1 kHz was used.
The 15N-edited TOCSY experiment was modified to the combination of IH-TOCSY and 15N-1H-
HSQC with the WATERGATE and Water-flip-back techniques described above. The 1H-
homonuclear mixing was employed by the DIPSI-2 sequence (72) with a field strength of 8.6 kHz
for a duration of 70.1 ms.

Stereospecific assignments of the methyl groups of the Leu and Val residues were achieved

with a 15% fractionally 13C-labelled protein dissolved in 99.8% 2H,O as described (25).

Chemical shifts of the lH '/ ¢ spins of aromatic residues were assigned by (H 2)C B(Cy
Co)HJ and(HB)CB(Cy CSCe)He experiments in which the tHS /e and 13C B
resonances were correlated via scalar couplings (66).

Chemical shifts of the amide groups of Lys or Arg residues were assigned with a 1SN-1H-

HSQC spectrum of 15N-Lys or 1SN-Arg specifically labelled XPAgg 519, respectively.

I developed a four-dimensional HN(CA)NH experiment which provides the correlations
between the amide (1H-15N) resonances of neighboring residues. A 4D-HN(CA)NH spectrum
was obtained with a uniformly 15N- and 13C-labelled and fractionally (50%) deuterated XPAgg 519

(C153S) point mutant as described (73). The deuterium decoupling was applied as continuous
waves with a field strength of 1.15 kHz at the carrier frequency of 4.6 ppm. The assignments of

the backbone amide groups were sequentially confirmed with the spectrum.

Processing of the NMR data

All data were processed with the program, NMRPIPE (31). The peaks were analyzed with
the program, PIPP (32). All the programs were run on Unix workstations (Silicon Graphics Indy
or Indigo2).

For the measurements which utilizéd the sensitivity-enhancement indirect detection method,
the amplitude modulated data sets were generated by adding and subtracting the frequency
modulated N- and P-type data sets and applying a 90° zero-order phase correction for the direct
observation axis to one of the new data sets. The data of the dimension in which the constant
evolution period was used were elongated by the Mirror-Image-Linear-Prediction method (23).

The data were multiplied with a cosine-squared window function. A sequence of zero values

was added at the end of the data. Fourier transformation was applied. The phase of the data was
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adjusted so that the pure absorption peaks were obtained. The imaginary part of the data was
discarded. A desired region of the spectrum was extracted. The dimensions were exchanged, and

the data of another dimension were processed in the same way as described above.

Structure determination

Interproton distance information was obtained from a 2D, 3D-15N- or 13C-edited or 4D-13C,
I5N- or 13C, 13C-edited NOESY spectrum acquired at 30 C with a Bruker DRX500 or DRX800
NMR spectrometer with a mixing time of 100 ms (23). In addition, 14 restraints were obtained
through a i5N, I5N-edited 4D NOESY experiment on the uniformly 15N-labelled and fractionally

deuterated XPAgg.219 (C153S) mutant, since the mutant was shown to have an identical
conformation with the wild type XPAog.»19 based on the 1SN-1H-HSQC and !13Cd-NMR spectra

(20). In the 15N, 15N-edited 4D NOESY experiment, the mixing time and the pulse delay were set
to 200 ms and 2 s, respectively, and the WATERGATE and Water-flip-back techniques were
used.

Average values of the backbone vicinal coupling constants (37 HN,H ¢ ) €stimated from
HMQC-J and HNHA experiments were used for torsion angle constraints (23). The torsion
angles, y 1, of Tyr116 and His136 were estimated from the 3J ccy and 3Jnc, coupling

constants (26).
Amide proton exchange with solvent was monitored by means of a series of 1SN-1H-HSQC

spectra after dissolving lyophilized 15N-labeled XPAgg .59 in 2H5O to a final concentration of

0.58 mM. The spectra were recorded at pH 6.5 at 30 ‘C every 30 min. The signals remaining after

exchange were identified.
@ Structure Calculation

The structures of the central domain of XPA were calculated by the standard simulated
annealing protocol (modified sa.inp file) in the program, X-PLOR 3.1 (27). The NOE
connectivities derived from strong, medium, and weak cross peaks were categorized, and assumed

to correspond to the upper limits for proton-proton distances of 3.0, 4.0, and 5.0 A, respectively.
The constraints for the hydrogen bonds were added for slowly exchanging amides as 2.7 - 3.3 A

for N-O, and 1.7 - 2.3 A for H-O. Those in « -helices were estimated based on the short and

medium range NOE patterns. Those in /3 -sheets were introduced during the refinement stages.
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The geometry of the zinc-binding site was restrained by a series of sulphur-sulphur distance
restraints between Cys105, Cys108, Cys126, and Cys129, based on the previous metal binding
results (20), so as to ensure the tetrahedral coordination geometry of the Cys-Zn bonds.

The final structures were analyzed with MOLMOL (28), and AQUA and
PROCHECK-NMR (29) software. The secondary structures were determined mainly based on the
main chain hydrogen bond patterns and the dihedral angles, ¢ and ¢, of the calculated
structures, using PROCHECK-NMR and MOLMOL software.

@ Chemical Shift Perturbation Experiments

An equimolar amount of the 24-mer oligonucleotide duplex treated with cisplatin was added
to 50 uM I5N-labelled XPAgg 219 in 77 mM KH,PO,4-K,HPO, (pH7.8), 77 mM KCl, 7 mM

DTT, 15 uM Zn(CH3COO),, and 5 mM MgCl,. The WATERGATE and Water-flip-back I5N-1H-
HSQC spectrum at 30 C was compared with that of the free XPAgg ;9. A HSQC spectrum of
XPAgg.219 mixed with an equimolar amount of the duplex not treated with the chemical was also

measured.

For analysis of the XPA-RPA70 interaction, an equimolar amount of RPA70,g;.472 was
added to 50 uM 15N-labelled XPAgg 519 in 28 mM KH,P0O4-K,HPO, (pH7.8), 28 mM K(l, 3
mM DTT, 6 uM Zn(CH3COQ),, and 5 mM MgCl,. The 15N -1H-HSQC spectrum was then

compared with that of the free XPAgg_ 9.

@ Relaxation Analyses

Measurements of 15N T, Ty, and NOE
Spectra for 15N spin-lattice relaxation times, T}, 15N spin-spin relaxation times, T», and

{IH}-15N steady-state heteronuclear NOE values were acquired at 30 ‘C with Bruker DRX500
and DRX800 spectrometers, equipped with pulsed field gradient probes, operated at 15N

frequencies of 50.7 and 81.1 mHz, respectively. The sensitivity-enhanced pulse sequences, used
for these experiments, were described previously (30). The Tj relaxation delays were 5, 65, 145,
245, 365, 525, 755 and 1145 ms at 50.7 \Hz, and 5, 105, 215, 355, 525, 735, 1035, 1555 and
2000 ms at 81.1 pHz. The T; relaxation delays were 14.4, 28.8, 43.2, 57.6, 72.0, 100.8 and
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144.0 ms at 50.7 vHz, and 7.2, 14.4, 28.8, 43.2, 57.6, 79.2, 108.0 and 151.2 ms at 81.1 yHz.
The delay between 1SN 180" pulses in the Carr-Purcell-Meiboom-Gill (CPMG) sequence for the

T, measurements was 900 « s. In the experiments for {1H}-15N steady-state NOE, relaxation

delays of 3.6 and 1.6 s before the 'H saturations of 3.0 and 5.0 s were applied at 50.7 and 81.1

mHz, respectively. The TH saturations were achieved with 120° 1H pulses applied every 5 ms.
The spectral widths were 6009.615 Hz (1H) and 810.938 Hz (15N) at 50.7 mHz, and 13020.833
Hz (1H) and 1297.387 Hz (15N) at 81.1 yHz. The 1H carrier was set to the frequency of the water
resonance (4.7 ppm), and the 15N carrier was set to 119.4 ppm. For the T} and T> measurements,

512 (1H) X 200 (15N) and 1024 (1H) X 200 (15N) complex points of 32 scans were collected at
50.7 and 81.1 vHz, respectively. For the {1H}-15N NOE measurements, 512 (TH) X 200 (I5N)

and 1024 (1H) X 128 (15N) complex points of 64 scans were collected at 50.7 and 81.1 mHz,

respectively. All data sets were processed with the program, NMRPIPE (31). Lorentz-to-Gauss

transformations were applied to both 1H and 15N dimensions.

Estimation of 15N T, T,, and NOE

Peak heights were determined from the spectra using the program package, PIPP (32). The
root mean square (r.m.s.) value of the background noise of each spectrum was used for the

uncertainties of the measured intensities. Each T} and T, value was determined by fitting a series
of measured intensities to a two-parameter function of the form, I(t) = Iy exp (-t / Ty 2), where I(t)
is the intensity after a time delay t, and Iy is the intensity at time zero. Nonlinear least-square fitting

according to the Levenberg-Marquardt method was employed for optimization of the values of the

Io and T, parameters using the program, CURVEFIT (33). Only the results with x % values

smaller than the tabulated x 2 values at the 95% confidence level were used, where ¥ 2equals =

{L(1)-1(t)}2 / o 12 (I(t) : the intensity calculated from the fitting parameter values, L(t) : the
experimental intensity, o | : the uncertainty of the experimental value), and summation was
performed for the available experimental data set. The uncertainties of the Ti, , values were

estimated from the Levenberg-Marquardt error matrices (34). The {1H}-15N steady-state NOE
values were determined from the ratios of the intensities of the peaks with and without proton
saturation. The uncertainties of the NOE values were estimated according to the error propagation

equation (34).
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J(0) analysis

The effective spectral density function at zero-frequency, Jus(0), is defined as the sum of
inherent J(0) and a chemical exchange term. The J.4(0) values for the backbone 15N nuclei were
calculated from the 1SN Tj, T, and NOE values according to the following equations (35, 36),
Jefi(0) = JO) + ARex = A [-1/(2Th) + 1/T2- 3y N(NOE-1) / (5y uT) ],
where A =3/(6d+2c),d=y 2 yN2(h/27)2/ (@ mn®) andc= A2 wn2/3; A is the
chemical shift anisotropy of the amide !5N nucleus (-160 ppm); w y is the angular resonance
frequency of the I5N nucleus; y y and y N are gyromagnetic ratios for the H and 15N nuclei,
respectively; h is Planck's constant; and ryy is the length of the amide ISN-1H bond (1.02 A).
The A values calculated at 50.7 »Hz ( A 59.7) and 81.1 mHz ( A g1 1) are approximately 0.787 X
109 and 0.613 X 10-9 (s2/rad), respectively. The chemical exchange rate, Ry, was calculated
from the Jef(0) values obtained at 50.7 \Hz (Jtr(0)50.7) and 81.1 pHz (Jog(0)g) 1) according to
the following equation (35, 36),

Rex (at wN) = @ N2 (Jer(0)81.1 - Jer(0)50.7) / (A 811 @Ng1.12 - A 507 @ N50.72).

The uncertainties of the Jo¢(0) and Ry values were estimated from the uncertainties of the 15N T;,

T3, and NOE values according to the error propagation equation (34).

Model-free analysis with an isotropic rotational diffusion model

An initial estimate of the overall rotational correlation time, m» Was obtained from the
average T1/T, ratios at 50.7 \yHz which were limited within one ¢ (SD). In the model-free

analysis developed by Lipari and Szabo (37, 38) with the assumed isotropic rotational diffusion
model, the following five dynamic models were applied according to Mandel ef al. (33). The

models and the combinations of optimized parameters were (1) S2, (2) S2and 7, (3) S2and
Rex, (4) 82, 7 ¢rand Rey, and (5) S2, S? and 7 5, where S2 is the square of the order parameter,
T ¢ is the effective correlation time, R.y is the chemical exchange rate, and subscripts f and s

indicate the fast and slow time scales, respectively. In model 5, the extended formula of the
spectral density function was used (39). For the residues of which the 15N relaxation data were

available at both 50.7 »Hz and 81.1 pmHz, model-free analyses were performed by fitting the data

simultaneously for the two fields with the assumed quadratic field dependence of the exchange

contribution to 15N transverse relaxation rate (1/73). Otherwise, the analyses were performed by
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fitting only the available data. First, the data were fitted to each of the five dynamic models with

the overall rotational correlation time, 7, fixed to the initially estimated value. Then, one of the

dynamic models was statistically selected for each backbone 15N spin by means of Monte Carlo

numerical simulations and F-statistical tests as described by Mandel et al. (33). Finally, 7 ,, and

the internal motion parameters were simultaneously optimized with the selected dynamical models.
The uncertainty for each parameter was estimated by means of a Monte Carlo simulation. All the

analyses were performed using the program, MODELFREE-4.0 developed by Palmer et al. (33).

Model-free analysis with an anisotropic rotational diffusion model
The magnitude and orientation of the anisotropic rotational diffusion tensor, D, were

estimated from the T/T; ratios and the molecular coordinates of the central domain of XPA.

Amide groups were excluded which had significant internal motions manifested by {IH}-15N

steady-state NOE values of less than 0.65 or had large exchange rates manifested by R.x values
estimated on J(0) analysis of larger than 2.5 s-1 at 50.7 yyHz. The structure which showed the

lowest backbone r.m.s.d. from the mean of the final 30 structures calculated through the simulated
annealing procedure was used for the analysis (PDB: 1xpa). The axially symmetric diffusion
tensor was calculated with the program, R2_R1_DIFFUSION, in the package, MODELFREE-4.0
(33), and the fully anisotropic diffusion tensor was calculated by using an in-house program. In

the analyses, the experimentally obtained T;/T5 ratios were fitted to an anisotropic diffusion model
by means of nonlinear optimization procedures, so that they agreed best with the T,/T5 ratios

predicted from the fittings (40). Based on the estimated magnitude and orientation of the
anisotropic rotational diffusion tensor, D, model-free analysis with the axially symmetric
anisotropic diffusion model was performed. The procedure was essentially the same as that
employed in the analysis with the isotropic diffusion model except for the following points. First,

the diffusion tensor, D, was used instead of the single overall rotational correlation time, ¢ m-

Second, the extended expression of the spectral density function (model 5) was not used in the
model selection procedure. Third, the information regarding the orientations of the amide NH bond
vectors was used, which was obtained from the molecular coordinates. Last, the spectral density

function for an axially symmetric diffusion model (40, 41) was applied.
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RESULTS

@ Preparation of XPAogg 219

The central domain of human XPA protein consists of 122 amino acid residues ranging from
Met98 to Phe219. The molecular mass of the domain is 14,685 dalton. The domain contains 5
Arg, 18 Lys, 4 His, 10 Asp, 15 Glu, 4 Tyr, 5 Cys, and 2 Trp. The calculated isoelectric point is
6.1. The molar absorption coefficient at 280 nm is calculated to be 17,430 according to the
equation ((5,500 X n [Trp] + 1,400 X n [Tyr]) X 1.05), where n [x] represents the number of
amino acid x. A protein concentration was estimated with the coefficient.

A two-dimensional (2D) 15N-1H-HSQC experiment provides a spectrum which correlates

the resonances of an amide proton (1Hy) and the directly attached amide nitrogen (15N). Each

cross peak corresponds to the amide group of each amino acid or that of the side chain of Asn,
Gln, Trp, His, Lys, or Arg residue. Therefore, a condition of a protein can be judged from the
degree of the dispersions and intensities of peaks in HSQC spectra. Comparisons of the HSQC

spectra obtained at various conditions of XPAgg.»9 solutions showed that the domain is more

stable when the pH value is higher (Fig. 4), the concentration of salt is hi gher, the concentration of
the domain is lower, or the temperature is lower. However, a lower pH value, lower salt
concentration, higher protein concentration, and higher temperature are generally preferable for
NMR measurements. Consequently, the final condition was decided to be 1.2 mM protein, 50 mM
Tris-HCI (pH 7.3 at 30 C), and 150 mM KCl, which satisfies both of the protein stability and

NMR measurements to some extent.
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Fig. 4. A pH dependence of the stability of XPAggo19.
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Two-D-15N-TH HSQC spectra of XPAgg 519 obtained at pH 7.0 (left) and 7.5 (right) at 25°C for 1.5 hours by the

AMXS500 NMR spectrometer. The solution contained 20 mM KH;PO4-K>HPO,, 180 mM KCI, 20 uM

Zn(CH3CO0O0),, and 0.61 mM protein. The inconsistent intensities of the cross peaks in the left spectrum indicate

that the protein is not stable at pH 7.0. On the other hand, almost the same intensities of the cross peaks in the

right spectrum indicate that the protein is more stable at pH 7.5 than at pH7.0.
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@ Resonance Assignments

The resonance assignments for the backbone nuclei were completed except for those of
residues 98, 99, 131, 152, 153, and 170-174. The 15N/1H signals of the backbone amides of
these residues, except for Pro170, could not be observed, probably due to conformational
averaging or hydrogen exchange with solvent. Most of the side-chain resonances were assigned
except for those of residues 151, 152, and 170-173. All the methyl groups of the twelve Leu and
five Val residues were assigned stereospecifically with a 15% fractionally 13C-labelled protein.

Fig. 5 shows the sequential connectivities of backbone amide resonances based on 13C ,

resonances in HNCA spectrum as an example. Fig. 6 shows a ISN-1H-HSQC spectrum of

XPAgg 219 with the assignments of the backbone and sidechain amide groups.

A four-dimensional HN(CA)NH spectrum was obtained with a uniformly I5N- and 13C-
labelled and fractionally deuterated XPAgg 519 (C153S) point mutant (73). The assignments of the

backbone amide groups were easily confirmed with the spectrum. The experiment provides the
correlations between the amide proton and nitrogen resonances of neighboring residues. Thus, the
spectrum is extremely beneficial for determining sequential connectivities between neighboring
mainchain amide groups. In the experiment, magnetization on 15N(i) spin is at first relayed to 13C
« (1) and 13C , (i-1) spins by 1J [I15N(i)-13C , (i)] and 2J [15N(i)-13C « (1-1)] scalar interactions,
respectively. During the following constant time period, antiphase 13C, magnetization refocuses

partly with respect to 15N(i), while the couplings to the !5N spins of the following and preceding
residues evolve. Finally, the magnetization is transferred to the I5N(i-1) and 15N(i+1) spins, as
well as back to the I5N(i) spin. Therefore, two cross peaks and one diagonal peak can be observed
which correspond to connectivities to 1H-15N(i-1), IH-15N(i+1), and 1H-15N(i), respectively. For
the increase in signal intensities, hydrogens at « sites of a sample are replaced by deuteriums

because the transverse relaxation of 13C , magnetization due to dipolar interactions is reduced by

the deuteration. Further, deuterium decoupling is used in the constant time period for the removal

of the scalar relaxation of the second kind for 13C , spins caused by the attached deuterons.
Fig. 7 shows the sequential NOE connectivities, amide proton exchanges, 3J yn . coupling

constants, and chemical shift indexes (CSI) for 13C ,, 1H , and 13C' resonances (42).
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Fig. 5. Strips from HNCA spectrum of XPAog ).
The strips are taken from slices at the backbone amide 15N frequency of each residue. The HNCA experiment

correlates amide 'H and 15N chemical shifts with 13C , shifts of the intraresidue as well as the preceding residue.

Sequential connectivities of the amide groups are indicated by horizontal lines. Connectivities between cross peaks

142T 143E 144A 145K 146Q 147E 148Y 149L 150L 151K

Residues

Ca Chemical shift (ppm)

to 13C, resonances of residue i and residue i-1 are indicated by vertical lines. Interresidual cross peaks generally have

weaker intensities than intraresidual cross peaks due to smaller I5SN-13C « 2J coupling constants than 1 J coupling

constants.



L -]
176G [
1968 -
v
120H (119N) | ™
195G
© i
en GO
© 156E I
&
1407 145K @

1908 147E

® 140L
© 145Q 12op 155L |

1158
185
184L @  joqw 108C 114D@:57K 15% @ 10 -

@o 127D »0iE ° 0134]) Py
1391 © 1650 o Qon 2k 102Y 137K

- 193v
e g 1M 21&?202 ] E
198E Soacnd
181Y, 177D ) 175W, =
@ 187V, 178M,l%81§5§ 1 - &
112F 209E —
107E  144A - -
@ 11E E":"
151K 141K -
3 w
197
Q 169N i =
®
182 lIsoL E
5)
i |
116Y © (&)
© 163K 132A @ -3 i Z
219F | =
105C -
(194W) -
° 167K -
(175W) - %
e
-2
106E ® 18K -
126C I
(-]
¥ ] ' | | ! | | ! | B

1HN Chemical shift (ppm)

Fig. 6. 15N-1H-HSQC spectrum of XPAgg.219.

The assignments of the backbone amide groups are shown. The assignments in parentheses indicate those of

sidechain amide groups.

[ 98]
w



% 102 10 120 129 138 7
MEFDYVICEECGKEFMDSYLMNHFDLPTCDNCRDADDKHKLITKTEAKQEYLLKD

INNG ) e e e o
d, NG —— [y S
dgn Chit)) - — _
Ay (i, 42) - T _ g
daN(i,id-Z) —T——— JU— ey —— ——
¢, N (iied) —_— _ S
d, p Giisd)
g N isd) ———
Secondary Structure =) (=) (= (€I
Ca CSI ———— -’ T T ———’ i
cocst -, .., ™ e’ ‘—
Ha CSI S e — ™ O, -
Hydrogen Bxchange 00eCee0e O O 00 S0e 88 080 OO0 O @00 000000000
) 3,8 [ —an J-=u- Buguen- = § =gl -sllu- » =~ masannfin-m- |
135 163 170 180 190 197 209
CDLEKREPPLKFIVRKNPHHSQWGDMKLYLKLQIVKRSLEVWGSQEALEEAKEVRQEN
e W — - —— [UUNEIISI—— I W R
— — Wt - -m —— —
e —— P
i e R
—— T e ———
= => QUUUTTITTTTD
s L G .} - L Ll -—-_-— -
Py ey e
T WP U — -
(s} 00080 QOSLIVOeRSCOCOLO0 OO0 000 O
(== -wigg——— =] N QW WD OO0 000D 01711 -

Fig. 7. Summary of the sequential and medium-range NOE connectivities, secondary structures, chemical shift
indexes, amide hydrogen exchange data, and 3J gy, coupling constants observed for the central domain of human
XPA.

The NOE connectivities are represented by bars, the size of which indicates the NOE intensity (strong or weak). The
notation d , N(i, i+1), for example, shows the connectivity between the a proton resonance of an amino acid (i) and
the amide proton resonance of the subsequent amino acid (i+1) in the sequence. Amide protons exchanged slowly at
pH 6.5 at 30°C are indicated. (Open circles) Life time longer than 30 min and shorter than 2 h. (Half filled circles)
Life time longer tﬁan 2 h and shorter than 10 h. (Filled circles) Life time longer than 10 h. Three-bond scalar

coupling constants between spins Hy and H,, (37, ) smaller than 4 Hz are indicated by open boxes, those larger

than 4 Hz and smaller than 6 Hz are indicated by one-third filled boxes, those larger than 6 Hz and smaller than 8 Hz
are indicated by two-thirds filled boxes, and those larger than 8 Hz are indicated by filled boxes. The chemical shift

indexes (CSI) are plotted for 13C ,, H , and 13C' resonances (42). Upper bars represent + 1, lower bars -1, and

horizontal lines 0. The figure was produced with the program, VINCE (1996, Rowland Institute for Science).



@ Structures

Overall structure

The structure calculations were based on the simulated annealing procedure with 1,336
NOE-derived interproton distance constraints (Fig. 8) (293 intraresidual, 376 sequential, 286
medium-range, and 381 long-range), 83 dihedral angle constraints, 47 sets of hydrogen bond
constraints, and six sulphur-sulphur constraints. A total of 140 structures was calculated, and 47
of them showed no violation greater than 0.5 A or 5 °. Of these, the 30 final structures which
showed the lowest energy and no violation greater than 0.3 A or 5 ° were selected and analyzed
(Figs. 9, 10a). The r.m.s.d. value from the average coordinate positions was 0.76 A for the
backbone heavy atoms of residues 102 to 155, 163 to 165, and 180 to 209 (22). A summary of the
constraints and structural statistics is listed in Table I. The linearity of the 41 hydrogen bonds of
the 30 final structures, to which backbone hydrogen bond constraints were applied, was checked.

For the total 1,230 pairs the average and SD values of the O-Hy distance and the angles between
N-Hy and N-O, and between C'=0 and C'-Hy;, are 2.21 A + 0.11,23.9° + 9.8, ahd, 27.5° +

13.7, respectively.

The central domain of XPA consists of a zinc-containing subdomain (residues 102 to 129)
and a C-terminal subdomain (residues 138 to 209), connected by an eight amino acid linker
sequence (Fig. 10b). Since 42 NOE contacts were found between the zinc-containing subdomain,
the C-terminal subdomain, and the linker sequence, the relative orientation of the two subdomains,
as well as that of the linker sequence, are well defined. Since few medium- and no long-range
| NOE:s were observed for the C-terminal sequence (residues 211 to 219), this region was excluded

from the structure calculations.
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Fig. 8. The network of distance constraints used for the structure calculations of XPAogg719.
Backbone is shown as bold magenta lines. Each of the 1,389 upper distance bounds is indicated by a thin blue line

connecting the two atoms involved in the constraints.

Psi (degrees)

Fig. 9. Ramachandran plot of XPAgg.5 9.

Residues 102-155, 163-165, and 180-209 of the 30 final calculated structures were analyzed with AQUA and
PROCHECK-NMR (29) software. The horizontal and vertical axes indicate the dihedral angles, ¢ (about N-C,

axis) and ¢ (about C , -C' axis), of the backbones, respectively. The numbers in the boxes indicate the molecule

numbers. Most favored, additional allowed, generously allowed, and disallowed regions are shaded in black, dark

grey, grey, and white, respectively. Glycine residues are shown as triangles. Statistics is listed in Table L.
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(a)

(b)

Fig. 10. Tertiary structures of the central domain of human XPA.

(a) Best-fit superposition of the backbone (N, C,, and C') atoms of the 30 final structures (residues 98 to 210),

which were calculated by means of the simulated annealing procedure, and showed the lowest energy and no violation
greater than 0.3 A or 5 °. The backbone atoms of residues 102 to 155, 163 to 165, and 180 to 209 are superimposed.
Loops L1 (residues 148 to 163) and L2 (residues 166 to 179) are colored green. (b) Schematic ribbon drawing of the
structure which shows the lowest backbone r.m.s.d. from the mean of the 30 structures, drawn with the programs,

MOLSCRIPT (53) and RASTER3D (54). Secondary structure elements are indicated.
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Table 1. Structural statistics for the central domain of XPA.

Total number of distance constraints
Intraresidual
Sequential (li-ji=1)
Medium-range (ii-ji < 4)
Long-range (ti-ji>4)
Hydrogen bonds
Sulphur-sulphur
Number of dihedral angle constraints
Distance constraint violations greater than 0.3 A
Dihedral angle constraint violations greater than 5 °

R.m.s. deviations from experimental constraints
Distance ( A )
Angle (°)

R.m.s. deviations from idealized covalent geometry
Bonds ( A )
Angles (°)
Impropers (°)

X-PLOR potential energy ( Egal )

PROCHECK Ramachandran plot statistics
(residues 102-209, A156-162, A 166-179)
Residues in the most favored regions
Residues in additional allowed regions
Residues in generously allowed regions
Residues in disallowed regions

R.m.s. deviations from the mean coordinate positions
Zinc-containing subdomain (residues 102-129)
Backbone heavy atoms
All heavy atoms
C-terminal subdomain excluding part of loop L1 and all of loop L2
(residues 138-209, A 156-162, A 166-179)
Backbone heavy atoms
All heavy atoms
Central domain excluding part of loop L1 and all of loop L2
(residues 102-209, A 156-162, A 166-179)
Backbone heavy atoms
All heavy atoms

These statistics comprise the ensemble of the final 30 simulated annealing structures from Met98 to Asn210

1,389
293
376
286
381

47

83

0.0130 £ 0.0011
0.325 £ 0.061

0.0020 * 8.02 X 10-5
0.487 = 0.008
0.300 = 0.011
171.5 + 8.3

67.2 %
30.3 %
22 %
03 %

023 A
0.75 A

0.52 A
1.05 A

0.76 A
1.18 A

calculated with X-PLOR version 3.1 (27). All variances are quoted * one SD.
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Zinc-containing subdomain

The overall structure of the zinc-containing subdomain, which is composed of an antiparallel
/3 -sheet and a helical turn, is different from those of other zinc-fingers so far reported (Fig. 11),
while its local structure around the four Cys residues, including hydrogen bond networks, is

common to the (Cys)4 type zinc-fingers of GATA-1 and other zinc fingers (46). Residues 103 to

112 form a /3 hairpin structure which encompasses Cys105 and Cys108, whose side chains
coordinate a zinc ion. The helical turn ranges from Tyr116 to Phe121, and the following loop
(residues 122 to 129) provides the other two Cys residues, Cys126 and Cys129, whose side
chains coordinate the zinc ion. The structure of this subdomain is dominated by the zinc ion, which
is coordinated to the Sy atoms of the four Cys residues. The subdomain is also stabilized by the
hydrophobic core formed by Val103, Phe112 and Met118 (Fig. 11a).

The zinc-containing subdomain has a hydrophobic patch made up of Tyr116, Leul17,
Phel21, and Leu123 on the outer surface of the helical turn (Fig. 11b). These hydrophobic
residues also serve as part of a hydrophobic core which contains residues in the C-terminal
subdomain, Leu138, Ile165, Leu182 and Leul84. The core is formed by packing the three-
stranded /3 -sheet of the C-terminal subdomain against the helical turn of the zinc-containing
subdomain (Fig. 12). A total of 101 NOE contacts among the hydrophobic residues that form the
core were observed in the NOESY spectra. Therefore, the side chain rotamers of Tyr116, Leul17,
Phel21, Leul23, Leul38, and Leu182 are well defined.

The zinc-containing subdomain and the subsequent linker sequence both include many Glu
and Asp residues (9/36) (Figs. 11b, 14). This highly acidic feature, which is also seen in the
zinc-binding sequences of XPAs from other species, is also distinct from those of the zinc-fingers

of transcription factors.
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(a) (b)

Fig. 11. Structures of the zinc-containing subdomain.

(a) Best-fit superposition of the backbone (N, C ,, and C") atoms of the 30 final structures of the zinc-containing

subdomain (residues 102 to 129). The backbone atoms of these residues are superimposed. The side chains of the
residues in the hydrophobic core are colored red, and those of the zinc-binding Cys residues are colored green. (b)
Stick representation of the zinc-containing subdomain. The locations of residues that contribute to the acidic patch in
the vicinity of the /3 -hairpin are indicated in red. The locations of residues that contribute to the hydrophobic patch

in the vicinity of the helical turn are indicated in green. Both figures were produced with the program, MOLMOL
(28).

Fig. 12. The hydrophobic core formed between the zinc-containing subdomain and the C-terminal subdomain.
The hydrophobic side chains of the zinc-containing subdomain that form the core are colored green, those of the C-

terminal subdomain are colored red. The figure was produced with the program, MOLMOL (28).
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C-terminal subdomain

The C-terminal subdomain consists of a sheet-helix-loop region (residues 138 to 182) and a
helix-turn-helix region (residues 183 to 209) (Fig. 13). The sheet-helix-loop region is composed
of an antiparallel /3 -sheet (strands 3 3-5), helix « 1, and two long loops, L1 and L2. Loop L1
(residues 148 to 163) connects helix « 1 and strand 3 4, and loop L2 (residues 166 to 179)
connects strands 34 and (3 5. While the structure of loop L1, except for residues 156 to 162, is
well defined by hydrophobic contacts with residues in helices « 1 and « 2, loop L2 apparently
does not form' a single definite structure based on the observation of few long-range NOEs. The
signals for residues 171 to 174 could not be observed in 15N-1H-HSQC spectra, possibly due to
local exchange broadening and/or rapid exchange of the amide protons with solvent. Heteronuclear

{TH}-15N steady-state NOE values of smaller than 0.68 at 50.7 mHz were observed for residues

157 to 162 in loop L1, for all the residues in loop L2 except residues 171 to 174 whose signals
could not be observed in the HSQC spectra, and for the nine C-terminal residues of the central
domain. This indicates that loop L2, part of loop L1 and the C-terminal flanking sequence are
highly mobile in solution.

The helix-turn-helix region in the C-terminal subdomain consists of two long helices, a 2
(residues 183 to 194) and « 3 (residues 197 to 209), connected by the conserved Gly195-Ser196
sequence forming a short turn. This region is packed tightly against helix « 1, loop L1 and the B -
sheet of the sheet-helix-loop region, stabilized by a hydrophobic core containing Alal44, Tyr148,
Leul49, Leul50, Leul55, Leul62, Tyr181 and Ile186 (Fig. 13a).

The C—terminal subdomain has a large cleft between the sheet-helix-loop region and the
helix-turn-helix region. The surface electrostatic potentials show that many positively charged side
chains, which are contributed by well-conserved Lys141, Lys145, Lys151, Lys179, Lys204 and
Arg207, are present in the cleft (Figs. 13b, 14).
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E209

E205 £}

E198 E192

Fig. 13. Structures of the C-terminal subdomain.

(a) Best-fit superposition of the backbone (N, C ,, and C') atoms of the 30 final structures of the C-terminal

subdomain (residues 138 to 209). The backbone atoms of residues 138 to 155, 163 to 165 and 180 to 209 are
superimposed. Loops L1 (residues 148 to 163) and L2 (residues 166 to 179) are colored light blue. The side chains
of the residues in the hydrophobic core are colored red. (b) Stick representation of the C-terminal subdomain. The
well conserved residues that contribute to the positive charges in the basic cleft are colored blue. The acidic residues

in helices « 2 and « 3 are colored red. Both figures were produced
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Fig. 14. Mapping of the electrostatic potential of XPA.
Distribution of the electrostatic potential displayed with GRASP (55) on the solvent-accessible surface of residues
98 to 210. Blue corresponds to positive potential and red to negative potential. The presence of a positively charged

cleft is evident in the C-terminal subdomain. In the zinc-containing subdomain negatively charged patches are

dominant. The molecular orientation is the same as in Fig. 16.

@ DNA and RPA70 Binding Surfaces

Interaction with DNA
For the identification of the DNA binding surface of the central domain of XPA, chemical

shift perturbation experiments were done with 15N-labelled XPAgg 5;9. Selective chemical shift

perturbation and/or broadening were observed for the signals in the ISN-1H-HSQC spectrum after
mixing with an equimolar amount of the 24-mer oligonucleotide treated with cisplatin. This
chemotherapeutic agent reacts with the oligonucleotide to form a single 1,3-intrastrand d(GpTpG)-

cisplatin crosslink (58). Almost all of the signals that showed remarkable chemical shift
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perturbation (defined as more than 0.08 ppmv for 15N or 0.02 ppm for 'H chemical shifts) or
broadening (defined as peak intensities decreased to < 50% of the original values) were attributed
to the amide residues in the basic cleft of the C-terminal subdomain (Figs. 15a, 15c¢, 14, and 16).
On the other hand, smaller and more uniform signal losses with no detectable chemical shift
change were observed for the residues in the zinc-containing subdomain. The peak intensities for
the 22 well-resolved signals in the subdomain became 61.3 + 7.2 (1 ¢ ) % of the original values.
These small and uniform losses are caused mainly by an increase of the effective molecular mass
upon formation of the XPA-DNA complex. These findings suggest that the basic cleft and the
surrounding region are involved in the interaction with DNA, but that the zinc-containing

subdomain is not.

Interaction with RPA70

The interaction of the central domain of XPA with RPA70,35;.422 Was also examined by
chemical shift perturbation experiments with 15N-labelled XPAgg.2)9. Selective signal losses were

observed in the 15N-1H-HSQC spectrum after mixing with an equimolar amount of

RPA70131.42;. Signal losses are observed when the chemical shifts are perturbed considerably by

binding, the exchange rate between the free and bound states is comparable to the chemical shift
difference between the two states, or the ligand binding enhances the amide proton exchange rate
with a solvent. Almost all of the signals for which the peak intensities decreased to < 65 % of the
original values were attributed to the residues in the zinc-containing subdorhain (Figs. 15b, 15c,
14, and 16), suggesting that this subdomain serves as an RPA70-binding surface. Smaller and
more uniform signal losses were observed for the residues of the C-terminal subdomain. The peak
intensities for the 30 well-resolved signals in the subdomain became 73.6 + 5.2 (1 6) % of the
original values. These small and uniform losses are due mainly to an increase of the effective

molecular mass upon formation of the XPA-RPA complex.
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Fig. 15. Identification of the binding surfaces for DNA and RPA70.

(a) IN-TH-HSQC spectra of the !5N-labelled XPAgg 519 and the complex with the 24-mer oligonucleotide treated

197 200 200210 29
GSQEALEEAKEVRQENREKMEKEQEKEKTF

with cisplatin. The reference spectrum of the 50 UM protein with a 'H frequency of 800.13 yHz is shown in black.

The assignments of the amide resonances are indicated. The spectrum of the protein in the presence of a molar

equivalent of the chemically damaged oligonucleotide is shown in red. (b) I5N-1H-HSQC spectra of !5N-labelled

XPAgg 219 and the complex with RPA70;g).42;. The reference spectrum of the 50 uM protein with a | H frequency

of 800.13 \Hz is shown in black. The spectrum of the protein in the presence of a molar equivalent of

RPA70;g).422 is shown in red. (c) Residues of which the amide signals showed chemical shift perturbation and/or

broadening upon binding to the oligonucleotide treated with cisplatin or to RPA70,g;.425 are indicated by blue and

red dots under the primary sequence of the central domain of XPA, respectively. The asterisks on the sequence

indicate the zinc-coordinated Cys resides.
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Fig. 16. Mapping of the interaction surfaces of XPA.

Mapping of the XPA residues with chemical shift perturbation or broadening effects in the SN-1H-HSQC spectra.
The residues of which the amide resonances were perturbed upon complex formation with the cisplatin-damaged 24-
mer oligonucleotide are indicated in magenta (chemical shift perturbation defined as > 0.08 ppm for 5N or > 0.02
ppm for 'H, or broadening defined as peak intensities decreased to < 50 % of the original values), and the residues of

which the amide resonances showed specific broadening upon complex formation with RPA70,g1.42 are colored

green (the peak intensities decreased to < 65 % of the original values).
@ Dynamics

ISN relaxation data

The relaxation data, ISN Ty, T, { IH}-'15N steady-state NOE, and T;/T, ratios, were
obtained by analysis of 1H-detected ISN-1H correlation spectra of XPAgg 519 at 50.7 \yHz and
81.1 MHz 15N frequency fields (Fig. 17). Most data for the 1SN spins in the five N-terminal

residues (98 to 102), the five residues (170 to 174) in loop L2, and the four C-terminal residues
(216 to 219) could not be obtained due to signal broadening or severe signal overlapping in the

spectra. Smaller {IH}-15N NOE values (< 0.55 at 50.7 mHz) were found for a part of loop L1

(residue 158), most of loop L2 (residues 168 to 179, except for non-detectable resonances), and
the latter part of helix « 3 (residues 206 to 209), and markedly smaller or negative {IH}-15N NOE

values (< 0.2 at 50.7 \Hz) were found for the N-terminal region (residue 102) and the C-terminal
region (residues 212 to 218, except for non-detectable resonances). The T/ T, ratios showed wide
distribution ranges (10.8 +=2.2(1 ¢ ) at 50.7 mHz and 25.9+7.7(1 ¢ ) at 81.1 \yHz), which

implied the presence of anisotropy in the rotational diffusion of the domain.
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Fig. 17. Plots of amide 15N Tj, T, Ty/T,, and NOE against the residue number.

The data were measured at 15N frequencies of 50.7 mHz (open circles) and 81.1 yHz (filled circles). (a) Longitudinal
relaxation times, T). (b) Transverse relaxation times, T;. (¢) T}/ T; ratios. (d) Heteronuclear { lH}-15N steady-state
NOE values defined as I/Iy, where I and Iy are the intensities of the peaks with and without 1H saturation,

respectively. For plots a-d, the error bars indicate the =SD (1 ¢ ) values of the uncertainties of the data. The

secondary structures are indicated at the top.
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J(0) analysis

The effective spectral density function at zero-frequency, Jeg(0), is defined as the sum of
J(0) and A Rex (35). Because R, values are proportional to the square of the magnetic field
strength, and J(0) values are independent of the field strength, Rex values can be determined from
Je££(0) values obtained at two different field strengths. Fig. 18 shows the J.¢(0) values at 50.7
mHz and 81.1 \Hz, and the calculated R, values. The mean and SD of the Rex values at 50.7
mHz was 1.54 = 0.97 s-1. High R,y values ( > 3.5 s-! at 50.7 mHz) were found for residues 133

and 134 in the linker sequence, and residues 154 and 156 in loop L1.
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Fig. 18. Plots of the results of J(0) analysis against the residue number.
(a) Reduced effective spectral density functions at zero frequency, Jos(0), estimated at 15N frequencies of 50.7 MHz
(open circles) and 81.1 MHz (filled circles). (b) Chemical exchange rates, Rex.jo. were calculated from the Jog(0)

values estimated at the two static magnetic fields. For plots a and b, the error bars indicate the = SD (1 o) values of

the uncertainties of the data. The secondary structures are indicated at the top.
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Isotropic, axial symmetric, fully anisotropic models
To determine which diffusion model is more appropriate for analysis of the relaxation data,

the experimental T}/T; ratios were fitted to each of the isotropic, axially symmetric, and fully

anisotropic diffusion models. The results of the fitting were evaluated by means of F-statistical

tests (40). The T3/ T, ratios at 50.7 »Hz were used for the analysis since they were expected to
involve less contribution from the chemical exchange rates, Rey, than those at 81.1 pyHz. The
Ty/T; ratios of the residues whose {1H}-15N NOE values were smaller than 0.65 at 50.7 mHz, or
whose Rex values were greater than 2.5 s-! on J(0) analysis were excluded from the analysis. y 2

values, 320.0, 194.3 and 182.9, were obtained for the isotropic, axially symmetric, and fully
anisotropic diffusion models, respectively. For these x 2 values, the F-statistical values were
calculated to be 11.9 between the isotropic and axially symmetric models, and 1.7 between the
axially symmetric and fully anisotropic models. These F-statistical values were used to determine
whether the improvement in the fitting, expressed as the x % values, by using a more complicated
model is significant or merely arises due to the incorporation of additional parameters that causes
reduction of the degree of freedom (33). The F-statistical value for the isotropic and axially
symmetric models (11.9) was significantly larger than the corresponding tabulated 95% critical
value of 2.8 obtained from the statistical table presented by Bevington et al. (34). On the other
hand, that for the axially symmetric and fully anisotropic models (1 .7) was smaller than the

corresponding tabulated 95% critical value of 3.2. These results show that the improvement in the

fitting using the axially symmetric diffusion model instead of the isotropic model was statistically
significant, but that using the fully anisotropic model instead of the axially symmetric mode] was
merely due to the incorporation of additional parameters.

Another test for the validity of the axially symmetric model was performed using in-house
programs. First, the Ti/T; ratios at 50.7 \yHz were randomly assigned to the 59 backbone amide
bond vectors in XPA. This random assignment removes the correlation between the orientations of
the amide bond vectors and the T}/T5 ratios (40). Then, an axially symmetric model was used for
the fitting to these randomly assigned T}/7; ratios. The procedures for the random assi gnment and
the fitting to these data were independently repeated 200 times, and then the statistical si gnificance
was evaluated. The average and minimum values of y 2 obtained through the 200 simulations
were 299.8 and 242.1, respectively. As the value of x 2, 194.3, for the fitting based on the correct
amide bond vectors was smaller than the minimum y 2 value of 242.1 in the 200 random

simulations, it was shown that the correlation between the T1/T, values and the orientations of the
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amide bond vectors was statistically significant.

Model-free analyses

The relaxation data were analyzed by means of model-free formalism under the assumption
of isotropic rotational diffusion, or the assumption of axially symmetric anisotropic rotational
diffusion. The results were compared for the judgement on which model was more appropriate for

the data i.e., the isotropic diffusion model or the axially symmetric anisotropic diffusion model.

Initial estimation of r ,, and D

The overall rotational correlation time, t ,,, estimated from the mean (10.81 + 0.65
[uncertainty]) of the 61 one ¢ trimmed Ty/T; ratios at 50.7 yHz was 12.13 £ 0.43 ns. The
number of spins for which the {1H}-15N NOE values were smaller than 0.65 at 50.7 mHz was
23, and the number of spins for which the Re values estimated on J(0) analysis were larger than
2.5 s-l at 50.7 \yHz was seven. These spins were excluded from the calculation of the axially
symmetric rotational diffusion tensor, D. The remaining 59 T;/T; ratios at 50.7 mHz and the

coordinates of XPA (PDB: 1xpa) were used for estimation of the principal values of the tensor.
The ratio of the diffusion constants parallel and perpendicular to the long axis of the symmetric
rotor (D /D) was 1.38 * 0.04, and the average correlation time (1/[2D | +4D 1) was 12.03 =+

0.05 ns (Fig. 19). The orientations of the unique axes of the calculated diffusion tensor and the

inertia moment estimated only from the molecular coordinates agreed well (7.9° difference).
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Fig. 19. Axially symmetric anisotropic character of the rotational diffusion of the central domain of XPA.

(a) Plots of the observed 1SN T)/T; ratios at 50.7 yHz against the angle, 6, between the NH bond vectors and the

unique axis of the diffusion tensor (D | ) for the coordinates of XPA (PDB: 1xpa). The ISN T}/T; ratios of the spins

which showed significant internal motions on a time scale of longer than a few hundred picoseconds ({!H}-15N NOE

< 0.65 at 50.7 \Hz) or conformational exchange (Rex estimated on J(0) analysis at 50.7 yyHz > 2.5 s-!) were not

used for determination of the rotational diffusion tensor, D, and are not plotted in a. The curved line represents the

theoretical dependence of the T}/T, ratios on the angle, 8 , for the determined diffusion tensor with an anisotropy (D
I/D 1) of 1.38 and an average correlation time (1/[2D I +4D 1) of 12.03 ns. The error bars indicate the +=SD (1 ¢ )
values of the uncertainties of the T}/T, ratios. (b) Stick representation of the backbone and NH bonds of the central

domain of XPA (PDB: Ixpa) with the principal axis orientations of the determined rotational diffusion tensor, D.

Only the NH bonds whose coordinates were used for determination of the tensor are drawn. The solid lines labelled

Dy and D correspond to the respective orientations of the tensor. The ratio of the lengths of the lines labelled D |
and D equals the actual anisotropy of the tensor (D | /D= 1.38). The orientations of D | can be rotated arbitrarily

about the unique axis (D | ) since the tensor, D, is assumed to be axially symmetric.
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Selection of the dynamic models

The experimental 15N Ty, T, and NOE values were fitted to the dynamic models 1 to 5 with

the isotropic diffusion model with r ., fixed at the initially estimated value, 12.13 ns, using a

statistical model selection protocol (33). Likewise, they were fitted to the dynamic models 1 to 4

with the axially symmetric diffusion model with a fixed orientation and magnitude of the diffusion

tensor, D. Table II summarizes the number of spins for which each dynamic model was selected.

One of the two simpler models, 1 or 2, was chosen for 15 spins with the isotropic model, while

one of them was chosen for 28 spins with the anisotropic model, suggesting that the anisotropic

diffusion model is more appropriate than the isotropic model for model-free analysis.

Table II. The number of residues selected for each dynamic model on model-free analyses with isotropic and

anisotropic rotational diffusion models.

classification a model 1 model 2
parameters b 52 82,7 of
isotropic ¢ 3e,2f,92(14)h 1,0,0(1)
anisotropic d 5.4,1423)  4,0,1(5)

model 3
S2,Rc«
2,3,9(14)
0,2,8(10)

model 4

§2, 7 efiRex
4,0,15(19)
3,0,21(24)

model 5 not fit
S¢2,52, 7 ¢

3,3,2127)  0,0,15(15)
none 1,1,23(25)

total

13,8,69(90)
13,7,67(87)

4 The five dynamic models applied for the fitting in model-free analyses developed by Lipari and Szabo (37, 38). b

The parameters optimized for each dynamic model. ¢ Isotropic rotational diffusion was assumed. d Axially symmetric

anisotropic rotational diffusion was assumed. ¢ The number of residues for which only the data (T, T, and NOE) at

the 15N frequency of 50.7 \jHz were available and fitted the corresponding dynamic model, f The number of residues

for which only the data at the 15N frequency of 81.1 mHz were available and fitted the dynamic model. &€ The number

of residues for which the data at the 15N frequencies of both 50.7 mHz and 81.1 \;Hz were available and fitted

simultaneously the dynamic model. b The sum of the numbers (e), (f) and (g).
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Optimization of r 1, D, and internal motion parameters
The overall rotational correlation time, t ,, for the isotropic diffusion model or the diffusion

tensor, D, for the anisotropic diffusion model, and the internal motion parameters were
simultaneously optimized with the selected dynamic model for each spin. The optimized overall

correlation time, 7 1, was 12.23 ns, the average correlation time of the diffusion tensor (1/[2D
+4D ]) was 11.96 ns, and the ratio of the principal values of the diffusion tensor (D I /D1) was

1.39. The associated internal motion parameters are shown in Figs. 20, 21 and 22. The overall

correlation time, 7 1, and the average correlation time derived from the diffusion tensor, D,

showed good agreement (0.27 ns difference). The orientation of the unique axis of the diffusion
tensor determined on model-free analysis is close to that of the diffusion tensor determined from

the Ti/T; ratios (6.1° difference), and also close to that of the inertia moment estimated from the
molecular coordinates ( 2.6 ° difference). The S2, Rex, and ef Values determined with the

isotropic and anisotropic models did not exhibit statistically significant differences, as described
under Discussion.

Relatively smaller S2 values (< 0.75) were found for residues 130 and 134 in the linker
sequence. Significantly smaller S2 values (< 0.6) for the isotropic model were found in parts of
loop L1 (residue 158), loop L2 (residues 169, 176 and 177), and the C-terminal region (residues
209, 212, 213 and 215).
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Fig. 20. Plots of order parameters, S2, against the residue number.
The S2 values were determined on model-free analyses with the isotropic rotational diffusion model (a), and the
axially symmetric anisotropic rotational diffusion model (b). For plots a and b, the error bars indicate the =+ SD(10)

values of the uncertainties estimated by Monte Carlo simulations. The secondary structures are indicated at the top.
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Fig. 21. Plots of chemical exchange rates, Ry, against the residue number.
The Rex values were determined on model-free analyses with the isotropic rotational diffusion model (a), and the

axially symmetric anisotropic rotational diffusion model (b). For plots a and b, the error bars indicate the ESD(1¢)

values of the uncertainties estimated by Monte Carlo simulations. The secondary structures are indicated at the top.
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Fig. 22. Plots of effective correlation times, 7 of and 7 ¢, against the residue number.

(a) The slow internal correlation times, 7 .5, were determined on model-free analysis with the isotropic rotational
diffusion model using the extended formula for the spectral density function proposed by Clore et al. (39). This
extended formula was not used for model-free analysis with the axially symmetric anisotropic rotational diffusion
model. The fast internal correlation times, 7 o, were determined on model-free analyses with the isotropic rotational

diffusion model (b), and the axially symmetric anisotropic rotational diffusion model (c). For plots a-c, the error bars

indicate the £SD (1 ¢ ) values of the uncertainties estimated by Monte Carlo simulations. The secondary structures

 are indicated at the top.



DISCUSSION

@ Description of the Structure

Comparison with other structures

Comparison of the amino acid sequence of the central domain of human XPA with those of
XPAs from other eukaryotes, including the yeast homologue of XPA, RAD14, indicates that the
level of sequence identity ranges from 28% (yeast) to 93% (mouse). The similarity of the tertiary
structure of XPA to those of known proteins was analyzed with DALI server version 2.0 (43). It
showed that there is no previously determined structure with a Z score of > 1.9 in the database.

In the zinc-containing subdomain of XPA, a series of hydrogen bond networks has been
found around the four Cys residues: Cys105 NH - Lys110 O, Glu107 NH - Cysl105 S, , Cys108

NH - Cys105 S, , Gly109 NH- Cys105 O, Lys110 NH- Cys108 S,,Asnl128 NH - Cys126 S,
Cys129 NH - Cys126 S, Arg130 NH - Cys126 O, and Cys126 NH - Cys105 S, . The presence

of these hydrogen bonds was indicated by both the presence of slow exchanging amide protons
and structures calculated without these hydrogen bond constraints. These local structure elements

found in XPA are common in the (Cys), type zinc-fingers of erythroid transcription factor

GATA-1 (44) and the glucocorticoid receptor (GRE) (45, 46). However, alignment of the
zinc-binding sequence of XPA, Cys-X-X-Cys-(X)7-Cys-X-X-Cys, with that of GATA-1
showed that only the positions of four Cys residues and a Pro residue (XPA position 124) are
identical. Moreover, the zinc-finger of GATA-1 has more basic residues than acidic residues, as
usually seen in the zinc-fingers of the DNA binding domains of transcription factors, whereas the

zinc-containing subdomain of XPA is highly acidic (Fig. 14).

Exons/introns and tertiary structure elements

Satokata et al. have characterized the genomic structure of the human Xpa gene, and
identified six exons in the gene (47). Interestingly, the genomic structure of the xpa gene shows
quite good correlation to the tertiary structure elements (Fig. 23). Exon 3 (residues 96 to 130)
encodes the entire zinc-containing subdomain, exon 4 (residues 131 to 185) encodes the linker
(residues 130 to 137) and the sheet-helix-loop region (residues 138 to 182), and exon 5 (residues
186 to 224) encodes most of the helix-turn-helix region (residues 183 to 209) and the C-terminal

flanking sequence (residues 211 to 219). This result indicates that the introns are located at sites
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corresponding to the inter-module junctions of the central domain of XPA. The correlation
between the functional domains of XPA and its genomic structure does not seem to be limited to
the central domain. Previous analysis involving truncated XPA has shown that a particular region,
residues 59 to 97, is necessary for ERCC1 binding, and this region almost corresponds to the
region encoded by exon 2 (residues 58 to 95) (11, 14-16). The TFIIH binding site, residues 226
to 273, is encoded by exon 6 (residues 225 to 273) (12). Further structure determination will

reveal the relationship between the exons/introns and the tertiary structure elements of these
regions (48, 49).

Fig. 23. Relationship between the genomic structure and tertiary structure elements of XPA.

Exons 3, 4, and 5 are drawn in cyan, magenta, and green, respectively.
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@ Interactions of XPA with DNA and RPA70

Interaction with damaged DNA

The results of the chemical shift perturbation experiment on mixing with damaged DNA
suggest that the basic cleft and the surrounding region are involved in the interaction with DNA,
but that the zinc-containing subdomain does not directly interact with DNA. Visual inspection
revealed that the internal curvature of the basic cleft fits the diameter of standard B-form
double-stranded DNA (Fig. 24b). All the signals attributed to the positively charged residues in the
cleft showed induced chemical shift changes upon the addition of DNA, suggesting that they might
interact ionically with the backbone phosphate groups of DNA.

The induced chemical shift perturbation was most remarkable for the C-terminal end of helix

a 3 (15N chemical shift changes > 0.3 ppm or peak intensity decreases < 35% for residues 204 to
208). The importance of helix a 3 can be seen in the following observations. XP129 is an
UV-resistant revertant of an XP group A cell line (XP12RO) that is homozygous for the nonsense
mutation at amino acid position 207. In XP129 this stop codon has been mutated further and
encodes the Gly residue in one allele instead of the wild type Arg residue. XP129 can repair (6-4)
photoproducts normally but not cyclobutane dimers (CPD), while XP12RO cannot repair either
kind of damage (59, 60). It was also shown that the rate of genome overall repair of both CPD and
(6-4) photoproducts in the transfectant XP12ROSV cells overexpressing R207G mutant was
indistinguishable from that in the transfectant overexpressing wild type XPA, whereas no
detectable repair of CPD and (6-4) photoproducts was observed in control XP12ROSYV cells (79).
These results suggest that the C-terminus of helix « 3 is important for the recognition of DNA

damages and/or interaction with other NER factors. In addition, the truncated XPAy9.194, which

lacks the whole « 3 helix, lost its DNA binding activity (8).

Specificity to damaged DNA

A similar pattern of chemical shift perturbation was observed when complex was formed
with the same 24-mer oligonucleotide with no damage. This similarity suggests that the same
binding surface is shared by both undamaged and damaged DNAs.

It has been shown that XPA and XPA-RPA bind with moderately higher affinity to damaged
DNA compared with undamaged DNA by various methods including filter binding and gel
retardation assays (6, 8, 9, 10). For example, the filter binding experiments done by Kuraoka et
al. showed the affinities of the central domain of XPA for 2,686 bp DNAs with and without
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multiple damages (8). According to our calculation based on these results, the dissociation

constant, Ky, for XPAgg.»19 and DNA damaged by UV or cisplatin is approximately 4 x 10-8 M,
and the K, for XPAgg 719 and the undamaged DNA is in the range of 3 x 10-6 M to 6 x 10-7 M.

However, in these experiments done so far, large DNA fragments with random damages were
used for detecting DNA-protein complexes. There have been no reports on the preferential binding
to a small DNA fragment with a single lesion like the one-site platinated 24-mer oligonucleotides
used in this experiment.

No large difference between the chemical shift perturbations with damaged and undamaged
DNA is possibly due to the low binding specificity of XPA alone to damaged over undamaged
DNA (8). Hence, multi-site damages on larger DNA may be necessary for the detection of the low
binding specificity. The moderate specificity of XPA or XPA-RPA to damaged DNA is not
enough to account for the capacity of the human NER system to repair rare damages within a huge
amount of human DNA. In addition, it has been recently shown that a stable complex of high
specificity can be detected only when XPA-RPA, TFIIH, XPC-HHR23B, XPG and ATP are
present in vitro( 18). Therefore, it is possible to assume that XPA and/or RPA at first find damaged
sites on DNA, and then additional several NER factors together with XPA/RPA perfectly
recognize damaged sites by making the complex more stable.

Substrates for human NER cover a wide variety of damages on DNA. There is also a report
showing that more affinity was found for single-stranded DNA over double-stranded DNA (6).
Thus, specific chemical groups on DNA might not be determinants for the recognition of the
damage. NER factors may recognize an abnormal DNA structure with a single-stranded character
as a result of destabilization or distortion by damages. Under this assumption, the 24-mer
oligonucleotide with one cisplatin damaged site which was used in this experiment may be too

short to exhibit a single-stranded character as to attract XPA preferentially.

Interaction with RPA70

RPA is a heterotrimeric single-stranded-DNA-binding protein, which is involved in DNA
replication, homologous recombination, and NER, and its interaction with XPA has been shown
to be essential for NER (9, 10, 61, 62). Although XPA binds to the two largest subunits of RPA,
RPA70 and RPA34, the deletion analyses of XPA showed that RPA7O contributes more
predominately to the XPA-binding than RPA34 does (9-11). By means of limited proteolysis and
mutational analysis, and from its crystal structure, Pfuetzner et al. have shown that residues 181

to 422 of RPA70, RPA7013).42;, form a compact structural domain that exhibits single-stranded
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DNA binding activity (52, 63).

The results of the chemical shift perturbation experiment on mixing with RPA70,g;.42
suggest that the zinc-containing subdomain serves as an RPA70-binding surface of XPA. All of
the amide residues with peak intensities decreased to < 20% of the original values are located on
the 3 hairpin and its vicinity (residues 101 to 114). This region contains five acidic residues. The

binding between the central domain of XPA and RPA70,35;_475 is sensitive to ionic strength. As

the KCI concentration in the sample solution was increased from 28 to 77 mM, the signal loss of

XPAgg.219 caused by its binding to RPA70;g;.470 was much reduced. These results suggest that

the molecules may interact through the electrostatic force between the negatively charged patch

around the /3 hairpin of XPA and a positively charged patch in RPA70;g;.425.

Through deletion analyses, Saijo et al. have shown that residues 98 to 187 of XPA, which
include the zinc-containing subdomain and the sheet-helix-loop region (residues 138 to 182) of the
C-terminal subdomain, are sufficient for binding to RPA70, but further deletion of the
sheet-helix-loop region would cause the loss of RPA70 binding (17). These results indicate that
the sheet-helix-loop region of the C-terminal subdomain is also required for RPA70 binding,
although the present data have shown that the C-terminal subdomain does not directly interact with

RPA70431.422. The sheet-helix-loop region and its vicinity contain Leu138, Ile165, Leu182, and

Leu184, whose side chain methyl groups make hydrophobic contacts with the hydrophobic patch
formed by Tyr116, Leul17, Phe121, and Leu123 in the zinc-containing subdomain (Fig. 12).
These contacts can be necessary to stabilize the fine structure of the zinc-containing subdomain as
well as the conformation of the C-terminal subdomain. There is also a possibility that the
sheet-helix-loop region of XPA serves as another binding surface for the N- or C-terminal region,
outside of RPA70435;.422, of RPA70.
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@ Protein Dynamics
Selection of the diffusion models

The central domain of XPA consists of a zinc-containing subdomain, a C-terminal
subdomain, and a linker sequence which connects these two subdomains. The relative magnitudes
of the inertia moment calculated from the molecular coordinates (PDB: 1xpa) were 1.00 : 0.90 :
0.41, indicating that the overall shape of the molecule is rather elliptical. This is coincident with the

observation that the T1/T; ratios exhibit wide dispersion, which is mainly due to the anisotropy of

the rotational diffusion (Fig. 17¢). These observations suggest that an anisotropic diffusion model
is preferable for the analysis of the 15N relaxation data.

The F-statistical and random assignment tests have shown that the axially symmetric
anisotropic model is more appropriate than the isotropic model for the analysis of the 15N
relaxation data. However, the relaxation data were analyzed with the axially symmetric model, as
well as with the isotropic model for the following two reasons. First, the analysis with an axially
symmetric model for the 15N spins requires information on the orientations of the corresponding
N-H bond vectors. However, they are not available for flexible parts of the molecule, for example,
several residues in loop L2. Second, it is generally difficult to distinguish the contribution of

overall motional anisotropy from that of slow internal motions (50).

Comparison of the dynamic parameters

The order parameters, S2, determined on model-free analyses with the isotropic and axially
symmetric anisotropic rotational diffusion models were compared (Fig. 20). The r.m.s. of the
differences is 0.050, while the average uncertainties (1 o ) of the S2 values are 0.020 and 0.017 in
the isotropic and anisotropic cases, respectively. Thus, the S2 values determined with the two
diffusion models do not exhibit statistically significant differences.

Likewise, the chemical exchange rates, R.,, determined on model-free analyses with the

isotropic and axially symmetric diffusion models were compared (Fig. 21). The r.m.s. of the

differences between the R, values with the two diffusion models is 0.75 s-1, while the average
uncertainties (1 o ) of the Rey values are 0.30 and 0.25 s-1 in the isotropic and anisotropic cases,
respectively. This suggests that the Rey values derived with both diffusion models do not exhibit
statistically significant differences. Then, Rex values determined on J(0) analysis (Rex-jo) were
compared with R, values determined on model-free analysis (Rex.;mf) With the isotropic model

(Figs. 18b and 21a). The average difference of Rex-jo values from Reyx_ values is +0.75 s-1. This
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positive difference arises mainly from the fact that the R.,_m¢ parameter was fixed at zero for
dynamic models 1, 2 and 5. However, as the average uncertainty (1 ¢ ) of Rex.jo (0.84 s-1) is

comparable to the average difference of +0.75 s-1, the chemical exchange rates determined on the

present model-free analyses, Rex.mf, are statistically reliable to the extent of their uncertainties

(0.30 and 0.25 s-! in the isotropic and anisotropic cases, respectively).

In the similar manner, the fast internal correlation times, t of, with the two diffusion models
were compared. The r.m.s. of the differences between the 7 ¢ values with the two diffusion
models is 10.64 ps, which is comparable to the éwerage uncertainty (11.37 ps) of the 7 ¢ values,
showing that the r ¢ values detérmined with the two diffusion models are statistically similar (Fig.
22).

On model-free analysis with the isotropic diffusion model, model 5 was incorporated into the

model selection, which includes the effective correlation times for slow internal motions, 7 ¢, in
addition to the overall correlation time, 7 p,. On the other hand, for analysis with the anisotropic

rotational diffusion model, model 5 was not included in the model selection procedure because it
has recently been shown that slow internal correlation times in an isotropic diffusion model often
originate from the anisotropy of overall rotational diffusion (50). Out of the 27 spins assigned to
model 5 in the isotropic model, 13 were fitted reasonably well to any of models 1 to 4 in the

anisotropic model, only two could be fitted by the incorporation of the additional parameter, t

(model 5), and the remaining 12 spins could not be assigned to any of the dynamic models with
the anisotropic model, probably because the orientations of the amide bonds for these 12 spins

were not fixed rigidly (the average {1H}-15N NOE value is 0.61 at 50.7 yHz). These results

suggest that the slow internal motions of about the half of these 27 spins determined with the
isotropic model may originate from the anisotropic overall motion, and the rest of the spins may
actually have slow internal motions.

The results of analysis of the 15N relaxation data showed that the rotational diffusion of the
central domain of XPA has an anisotropic character. Thus, an anisotropic rotational diffusion
model and an isotropic model were applied to model-free analyses of the 15N relaxation data for
the investigation of the internal motions of the backbone and the overall rotational diffusion of the
domain. The result showed that the internal motion parameters obtained with the isotropic model
and the anisotropic model are similar except for the parameters for the slow internal motions of
nanosecond order. The large values of these slow internal motions determined on model-free

analysis with the isotropic model may arise from the anisotropic overall motion.
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Backbone dynamics and their biological implications

Uniformly high values of the order parameter, S2, are observed for the zinc-containing
subdomain, except for N-terminal residues 98 to 103, suggesting that this region is among the
most rigid ones in the protein molecule. This feature is probably due to the stabilization of the
subdomain by the zinc coordination with associating extensive hydrogen bond networks, and the
hydrophobic core formed by residues V103, F112 and M118 (22).

Small {TH}-I5N NOE values (< 0.55 at 50.7 \jHz), large T» values, and small S2 values (<

0.6) are characteristic of a part of loop L1 (residues 158), a part of loop L2 (residues 168 to 179),
the latter half of helix « 3, and the following C-terminal region (residues 206 to 218), suggesting
that these regions are not rigid but exhibit a large extent of mobility. These regions exhibited

contributions from slow internal correlation times, 7 ., of an order of 1 ns on model-free analysis
with the isotropic diffusion model, but they did not exhibit significant contributions from Ry

values. These observations suggest that these regions exhibit internal motions on a picosecond to

nanosecond time scale. On the other hand, larger R, values (> 0.2 s-! at 50.7 mHz) were

observed for a part of loop L1 (residues 154 to 157), indicating the presence of conformational
exchange on a microsecond to millisecond time scale. All these regions that exhibit picosecond to
nanosecond motions or microsecond to millisecond motions are exposed to solvent, and are parts
of the DNA binding surface, as suggested by the previous chemical shift perturbation experiment
(22) (Fig. 16). The internal motions of these regions may be important for the interaction of the
central domain of XPA with various kinds of damaged DNA by altering the conformation of the
interaction surface to fit the structures of damaged DNAs. Hi gh rates of amide proton exchange are
also observed in these regions (Fig. 7), suggesting that conformational exchange of large
magnitude on a slower time scale is also possible.

The average Ti/T; ratio for the zinc-containing subdomain was almost the same as the
average Ty/T, ratio for the C-terminal subdomain (Fig. 17c), showing that the two subdomains

undergo rotational diffusion with similar correlation times (57). The hydrophobic core formed
between residues Y116, L117, F121 and L123 in the zinc-containing subdomain, and residues
L138, 1165, L182 and 1.184 in the C-terminal subdomain, possibly restricts the independent
motion of each subdomain (Fig. 12). The 15N spins of residues 133 and 134 located in the linker

sequence had large R, values ( > 3.5 s-! at 50.7 mHz), showing that the linker sequence may

exhibit conformational exchange on a microsecond to millisecond time scale (Fig. 24).
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(@)

(b)

Fig. 24. Mapping of the flexible regions of XPA which are related to its function.
(a) Regions exhibiting internal motions on a picosecond to nanosecond time scale characterized by small {/H}-ISN

NOE values (< 0.55 at 50.7 \{Hz), large T, values, small S2 values (< 0.6), slow internal correlation times of an
order of 1 ns, and little contribution from Ry values are drawn in magenta (residues 158, 168 to 179, and 206 to
218). A region exhibiting conformational exchange on a microsecond to millisecond time scale characterized by large
Rex values (> 0.2 s°1 at 50.7 \fHz) is drawn in red (residues 154 to 157). These regions are in the interaction surface
for DNA. Residues 133 and 134 with large Re, values ( > 3.5 s-! at 50.7 mHz) are drawn in cyan. This region
serves as a linker connecting the zinc-containing subdomain and the C-terminal subdomain, and exhibits
conformational exchange on a microsecond to millisecond time scale. (b) The X-ray structure of a double-stranded
DNA dodecamer containing a cisplatin adduct (78) is shown with a stick model. The flexible residues shown in (a)

are also drawn in magenta on a ribbon model of XPA. The diameter of the DNA is almost the same as the width of

the cleft on XPA.
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CONCLUSION

NER is a major DNA repair pathway whose mechanism is highly conserved. However, the
three-dimensional structures of none of the proteins involved in the early steps of NER were
known, except for that of the single-stranded-DNA-binding domain of RPA70 (52). By means of
NMR, I determined the three-dimensional structure of the central domain of human XPA,
identified its interaction surfaces for DNA and RPA70, and analyzed its dynamic properties.

For the assignments of the chemical shifts of 1H, 15N, and 13C nuclei, a series of
heteronuclear and multi-dimensional NMR experiments was performed with the 15N-, 15N-13C-,
or 2H-15N-13C-labelled XPAgg.219. Almost all of the chemical shifts of the backbone and

sidechain nuclei were assigned except for those of 10 residues.

For the structure calculations, the information on the interproton distances, dihedral an gles
and hydrogen bonds was obtained from the NOE spectra, scalar coupling constants, and amide
hydrogen-deuterium exchange rates, respectively. The three-dimensional structures were calculated
by the simulated annealing procedure with 1,336 interproton distance, 83 dihedral angle, and 47
hydrogen bond constraints. The calculated structures show that the central domain of XPA is
composed of two subdomains, the zinc-containing subdomain with a compact globular structure
and the C-terminal subdomain with a positively charged cleft.

For the identification of the DNA- and RPA70-binding surfaces of the central domain,

chemical shift perturbation experiments were performed with the 15N-labelled XPAog_59. The

results showed that the basic cleft in the C-terminal subdomain is involved in the DNA-binding,
and the zinc-containing subdomain is involved in an RPA70-binding. This is one of the
zinc-fingers which do not serve as DN A-binding surfaces, but interact directly with other proteins.

For the investigation of the dynamic properties of the central domain, the relaxation data (T},
T3, and heteronuclear NOE) of the amide 15N spins were obtained. The analysis of the relaxation

data showed that the domain has an anisotropic character of the rotational diffusion. Further
model-free analyses with isotropic and anisotropic rotational diffusion models showed that the cleft
in the C-terminal subdomain contains most of the flexible regions, and almost all of the zinc-
containing subdomain is rigid. XPA recognizes structurally unrelated DNA damages such as (6-4)
photoproducts and crosslinks caused by UV and chemicals like cisplatin, N-acetoxy-2-acetylamino
fluorene, and osmium-tetroxide (8). The flexibility in the basic cleft may be important for the

interactions of XPA with various kinds of damaged DNA.
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The present structural data suggest that XPA interacts with RPA through the zinc-containing
subdomain, and subsequently the complex binds to damaged DNA using the basic cleft in the
C-terminal subdomain as an interface. By recruiting other factors to the damaged site, the
XPA-RPA complex is supposed to serve as a platform for the formation of the repairsome for the
early step of NER (10, 11, 13, 14, 17). Knowledge on the tertiary structure of the central domain
of XPA, and its DNA- and RPA70-binding surfaces may facilitate understanding of the NER
molecular assembly formed at damaged sites. It may also lead to an understanding of the serious

genetic diseases caused by mutations in NER factors, in particular, xeroderma pigmentosum.

Coordinates and other NMR data

The coordinates have been deposited in the Brookhaven Protein Data Bank as Ixpa. Other
NMR data (chemical shifts, coupling constants, and distance and angle constraints) have been

deposited in the BioMagResBank as rlxpamr.
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