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XPA is involved in the damage recognition step of nucleotide excision repair (NER). XPA
binds to other repair factors, and acts as a key element in NER complex formation. The
central domain of human repair factor XPA (residues Met98 to Phe219) is responsible for
the preferential binding to damaged DNA and to replication protein A (RPA). The domain
consists of a zinc-containing subdomain with a compact globular structure and a C-ter-
minal subdomain with a positively charged cleft in a novel ¢/2 structure. The resonance
assignments and backbone dynamics of the central domain of human XPA were studied by
multidimensional heteronuclear NMR methods. '*N relaxation data were obtained at two
static magnetic fields, and analyzed by means of the model-free formalism under the
assumption of isotropic or anisotropic rotational diffusion. In addition, exchange contribu-
tions were estimated by analysis of the spectral density function at zero frequency. The
results show that the domain exhibits a rotational diffusion anisotropy (I},/D,) of 1.38, and
that most of the flexible regions exist on the DNA binding surface in the cleft in the
C-terminal subdomain. This flexibility may be involved in the interactions of XPA with
various kinds of damaged DNA.
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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. Nucleo-
tide 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 a template (I). The importance of NER
has been highlighted by studies on the human inherited
disease, xeroderma pigmentosum (XP), which is character-
ized by a >1,000-fold higher frequency of skin cancers in
sun-exposed areas, and by neurological complications (2).
Cells from XP patients have defects in NER, and therefore
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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 damage 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 verification and/or recognition step of NER (4-8).
XPA has also been shown to bind directly to other repair
factors: replication protein A (RPA), ERCC1 (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 un-
damaged DNA, and exhibits considerably enhanced prefer-
ential binding in the presence of RPA (9, 10). It was also
shown that the binding activity of XPA to damaged DNA is
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 forma-
tion (18). There has been another suggestion of a two-step
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C-terminal subdomain

zinc-containing subdomain

Fig. 1. A ribbon diagram of the solution structure of the
central domain of human XPA. The domain consists of a zinc-con-
taining subdomain (residues 102 to 129) and a C-terminal subdomain
(residues 138 to 209), connected by an eight amino acid linker
sequence (PDB: 1xpa) (22). Secondary structure elements are helices
al (residues 141 to 147), a2 (residues 183 to 194), and a3 (residues
197 to 209), strands A1 (residues 103 to 104), 82 (residues 111 to
112), A3 (residues 139 to 140), A4 (residues 164 to 165), and 85
(residues 180 to 181), and loops L1 (residues 148 to 163) and L2
(residues 166 to 179). The C-terminal sequence (residues 211 to 219)
was excluded from the structure calculations (22). The figure was
drawn with the programs, MOLSCRIPT (52) and RASTER3D (53).

mechanism for 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 (N)-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(C)-terminal part of XPA, residues 226 to
273, has been shown to bind to TFIIH and recruit it to the
damaged site (12, 13). The central domain (residues Met98
to Phe219), designated 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),;-Cys-X-X-Cys, in its N-terminal part
(20). '"*Cd-NMR analysis combined with site-directed
mutagenesis and atomic absorption have 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. 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 fac-
tors.

Recently, in a short communication, we reported the
structure of the central domain of human XPA determined
by NMR and its interactions with damaged DNA and
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RPA70 (22). The central domain consists of a zinc-contain-
ing subdomain, a C-terminal subdomain with a positively
charged cleft, and a linker sequence that connects these two
subdomains (Fig. 1). By analyzing the spectra of its com-
plex with a cisplatin-damaged oligonucleotide or a truncat-
ed RPA70, we found that the cleft in the C-terminal
subdomain serves as the DNA-binding surface and that the
zinc-containing subdomain serves as an RPA70-binding
surface. Recently, another group has also reported the
backbone assignments (23) and structural features (24, 25)
of this domain of XPA. '

Here, we present resonance assignments of the backbone
and sidechain 'H, **N, and '*C nuclei, and backbone dynam-
ics of the central domain of human XPA. We investigated
the backbone dynamics by analyzing the "N T, T;, and
NOE (nuclear Overhauser effect) relaxation data obtained
by NMR at two static magnetic fields. From the results, we
have found the anisotropic character of the rotational
diffusion of the central domain. The DNA binding surface
appears highly dynamic, suggesting possible relationships
to the versatility of the damage recognition of XPA. We
also compared the dynamic parameters obtained on model-
free analyses under the agsumptions of isotropic rotational
diffusion and anisotropic rotational diffusion.

MATERIALS AND METHODS

Sample Preparation—The central domain of human
XPA, XPAg.215, was expressed in BL21(DE3) strain Esche-
richia coli cells transformed with vector plasmids contain-
ing the gene under the control of the phage T7 promoter.
For NMR experiments, uniformly '*N- or '*N-, '*C-labeled
XPAga 2o were produced by growing the E. coli in M9
medium containing 0.5 g/liter *’NH, Cl, without or with 1.0
g/liter [U-'*C)glucose, respectively. A uniformly '°N-
labeled and fractionally deuterated XPAgs 210 (C1538S) point
mutant (20) was also prepared by growing the E. coliin the
presence of 80% ?H,0. The recombinant proteins were
purified by SP-Sepharose (Pharmacia) and Mono-S (Phar-
macia) ion-exchange and Sephacryl S-100 (Pharmacia)
gel-filtration chromatographies. Samples for NMR mea-
surements typically comprised 1.2 mM protein in 50 mM
deuterated Tris-HCl (pH 7.3 at 30°C), 150 mM KCI, 10
mM DTT, and 20 uM Zn(CH,;COO), in 90% H,0/10%
H,0.

NMR Spectroscopy for Resonance Assignments and
Structure Analysis—All NMR spectra for resonance
assignments were acquired at 30°C with a Bruker DMX500
or DRX500 NMR spectrometer. For the assignments of the
'H, '*N, and '3C resonances, a series of three-dimensional
experiments [!°N-edited NOESY, '*N-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 per-
formed with the '*N- or '*N,'3C-labeled protein dissolved in
90% H,0/10% *H,0 (26, 27). A HCCH-TOCSY spectrum
was also acquired with a sample dissolved in 99.8% 2H,O.
Stereospecific assignments of the methyl groups of the Leu
and Val residues were achieved with a 15% fractionally
13C.labeled protein dissolved in 99.8% 2H,O as described
(28).

Interproton distance information was obtained from 2D,
N. or 3C-edited 3D, or '*C,'*N- or °C,*C-edited 4D
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NOESY spectra acquired at 30°C with a Bruker DRX500 or
DRX800 NMR spectrometer with a mixing time of 100 ms
(26). In addition, 14 restraints were obtained through a
*N,"*N-edited 4D NOESY experiment on the uniformly
*N-labeled and fractionally deuterated XPAgs.10 (C1538)
mutant, since the mutant was shown to have a conformation
identical to that of the wild type XPAgs 210 based on the (**N,
'H) heteronuclear single quantum correlation (HSQC) and
13Cd-NMR spectra (20). HMQC-J and HNHA spectra
were measured to obtain the backbone vicinal coupling
constants (PJix i), and the data were used for torsion angle
constraints (26, 27).

Amide proton exchange with solvent was monitored by
means of a series of **N-"H-HSQC spectra after dissolving
lyophilized '*N-labeled XPAgs.;5 in 2H;O to a final concen-
tration of 0.58 mM. The spectra were recorded every 30
min at pH 6.5 at 30°C. The signals remaining after ex-
change were identified.

Measurements of '*°*N T,, T,, and NOE—Spectra for '*N
spin-lattice relaxation times, T), N spin-spin relaxation
times, T, and {'H}-'*N steady-state heteronuclear NOE
values were acquired at 30°C with Bruker DRX500 and
DRX800 spectrometers, equipped with pulsed field gradi-
ent probes, operated at '*N frequencies of 50.7 and 81.1
MHz, respectively. The enhanced-sensitivity pulse sequenc-
es used for these experiments were described previously
(29). The T, relaxation delays were 5, 65, 145, 245, 365,
525, 755, and 1,145 ms at 50.7 MHz, and 5, 105, 215, 355,
525, 735, 1,035, 1,555, and 2,000 ms at 81.1 MHz. The T
relaxation delays were 14.4, 28.8, 43.2, 57.6, 72.0, 100.8,
and 144.0 ms at 50.7 MHz, and 7.2, 14.4, 28.8, 43.2, 57.6,
79.2, 108.0, and 151.2 ms at 81.1 MHz. The delay between
'*N 180" pulses in the Carr-Purcell-Meiboom-Gill (CPMG)
sequence for the T, measurements was 900 us. In the
experiments for {'H}-'*N steady-state NOE, relaxation
delays of 3.6 and 1.6 s before the 'H saturations of 3.0 and
5.0 8 were applied at 50.7 and 81.1 MHz, respectively. The
'H saturations were achieved with 120" 'H pulses applied
every 5 ms. The spectral widths were 6,009.615 ('H) and
810.938 Hz (**N) at 50.7 MHz, and 13,020.833 ('H) and
1,297.387 Hz ('°N) at 81.1 MHz. The 'H carrier was set to
the frequency of the water resonance (4.7 ppm), and the
N carrier was set to 119.4 ppm. For the T\ and T}
measurements, 512 (*H) X200 (**N) and 1,024 (*"H) x 200
(**N) complex points of 32 scans were collected at 50.7 and
81.1 MHz, respectively. For the {H}-'*N NOE measure-
ments, 512 (*H)x200 (*N) and 1,024 (*H)x128 (**N)
complex points of 64 scans were collected at 50.7 and 81.1
MHz, respectively. All data sets were processed with the
program, NMRPIPE (30). Lorentz-to-Gauss transforma-
tions were applied to both 'H and '*N dimensions.

Estimation of '°N T,, T,, and NOE—Peak heights were
determined from the spectra using the program package,
PIPP (31). The root mean square (r.m.s.) value of the
background noise of each spectrum was used as uncer-
tainties 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)=1I, exp(—t/
T..), where I(¢) is the intensity after a time delay ¢, and I
is the intensity at time zero. Nonlinear least-square fitting
according to the Levenberg-Marquardt method was em-
ployed for optimization of the values of the I, and T,
parameters using the program, CURVEFIT (32). Only
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results with y? values smaller than the tabulated y? values
at the 95% confidence level were used, where x? equals
S{L(t)—L(t)}*/o? [L(t): the intensity calculated from the
fitting parameter values, L (t): the experimental intensity,
o;: the uncertainty of the experimental value], and sum-
mation was performed on the available experimental data
set. The uncertainties of the T, values were estimated
from the Levenberg-Marquardt error matrices (33). The
{'H}-'*N 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
(33).

Estimation of Effective J(0) Spectral Density Functions
and Chemical Exchange Rates, R.,—The effective spectral
density function at zero-frequency, J.;((0), is defined as the
sum of inherent J(0) and a chemical exchange term. The
Jorr(0) values for the backbone *N nuclei were calculated
from the '*N T,, T,, and NOE values according to the
following equation (34, 35):

Jert(0) =J(0) + A Rex
=1(-1/2T)+1/T:—3w (NOE—-1)/(5mT\)],

where A =3/(6d+2¢), d=vyiy% (h/27)*/(4rfy), and c=
A w?/3; 4is the chemical shift anisotropy of the amide '*N
nucleus (—160 ppm); wy is the angular resonance fre-
quency of the N nucleus; y and yy are gyromagnetic
ratios for the 'H and '*N nuclei, respectively; h is Planck’s
constant; and ryy is the length of the amide **N-'H bond
(1.02 A). The A values calculated at 50.7 MHz (1s0-) and
81.1 MHz (A,,,) are approximately 0.787x10™® and
0.613x107° (s*/rad), respectively. The chemical exchange
rate, R.., was calculated from the /,(;(0) values obtained at
50.7 MHz [Jer1(0)so-] and 81.1 MHz [Jer((0)s,,,] according
to the following equation (34, 35):

R, (at wy) = @} [err(0)s1.0 — Jerr(0)507]/

2 2
(A-Bl.l @11 — Asoz (ONso.7)-

The uncertainties of the oJo(0) and Rex values were
estimated from the uncertainties of the *N T, T3, -and
NOE values according to the error propagation equation
(33).

Model-Free Analysis with an Isotropic Rotational Diffu-
sion Model—An initial estimate of the overall rotational
correlation time, 7,, was obtained from the average T,/ T;
ratios at 50.7 MHz, which were limited to within one o
(SD). In the model-free analysis developed by Lipari and
Szabo (36, 37) with the assumed isotropic rotational
diffusion model, the following five dynamic models were
applied according to Mandel et al. (32). The models and the
combinations of optimized parameters were (1) S?, (2) S?
and 7., (3) S? and R.,, (4) S?, 7.; and Ry, and (5) S;?, S?
and 7.,, where S? is the square of the order parameter, 7
is the effective correlation time, Rox is the chemical ex-
change rate, and subscripts f and s indicate fast and slow
time scales, respectively. In model 5, the extended formula
of the spectral density function was used (38). For residues
for which the '*N relaxation data were available at both
50.7 and 81.1 MHz, model-free analyses were performed
by fitting the data for the two fields simultaneously with the
assumed quadratic field dependence of the exchange contri-
bution to the '*N transverse relaxation rate (1/7T;). Other-
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wise, the analyses were performed by fitting only the
available data. First, the data were fitted to each of the five
dynamic models with the overall rotational correlation
time, 75, fixed at the initially estimated value. Then, one of
the dynamic models was statistically selected for each
backbone '*N spin by means of Monte Carlo numerical
simulations and F-statistical tests as described by Mandel
et al. (32). Finally, 7, and the internal motion parameters &
were simultaneously optimized with the selected dynamic
models. The uncertainty for each parameter was estimated
by means of a Monte Carlo simulation. All analyses were
performed using the program, MODELFREE-4.0 (32).

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. Thirty amide groups were excluded
as these have significant internal motions manifested by
{'H}-'*N steady-state NOE values of less than 0.65 or large
exchange rates manifested by R., values estimated by (0}
analysis at larger than 2.5 87! at 50.7 MHz. The structure
showing the lowest backbone r.m.s.d. from the mean of the B
final 30 structures calculated through the simulated anneal-
ing procedure was used for the analysis (22) (PDB: 1xpa).
The axially symmetric diffusion tensor was calculated with
the program, R2_R1_DIFFUSION, in the package,
MODELFREE-4.0 (32), and the fully anisotropic diffusion
tensor was calculated using an in-house program. In the
analyses, the experimentally obtained T)/T: ratios were
fitted to an anisotropic diffusion model by means of non-
linear optimization procedures to obtain the best fits with
the T,/ T, ratios predicted from the fittings (39). 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 per-
formed. 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 correla-
tion time, 7,. Second, the extended expression of the
spectral density function (model 5) was not used in the
model selection procedure. Third, the information regard-
ing the orientations of the amide NH bond vectors obtained
from the molecular coordinates was used. Last, the spectral
density function for an axially symmetric diffusion model
(39, 40) was applied.
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RESULTS

Resonance Assignments—The resonance assignments for
the backbone nuclei were completed except those of resi-
dues 98, 99, 131, 152, 153, and 170-174. The '*N/'H
signals of the backbone amides of these residues, except
Prol70, could not be observed, probably due to confor-
mational averaging or hydrogen exchange with the solvent.
Most of the side-chain resonances were assigned except
those of residues 151, 152, and 170-173. All the methyl
groups on the twelve Leu and five Val residues were
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an amino acid and the amide proton resonance of the next amino acid in the sequence. Amide
protons that exchanged slowly at pH 6.5 at 30°C are indicated. (Open circles) Life times longer
than 30 min and shorter than 2 h. (Half filled circles) Life times longer than 2 h and shorter

assigned stereospecifically with a 15% fractionally '*C- ~An o ~aoan

labeled protein. The average values of the backbone vicinal Tr a3 3 é 35 B § z
coupling constants (*Jyn.u.) estimated from HMQC-J and 223222 e 2 ,g ? K
HNHA spectra were used for torsion angle constraints. E o J‘?J’ g E 0l x g"
Figure 2 shows the sequential NOE connectivities, amide z

<
g
5

2T0Z ‘T J800100 U0 [e1idsoH tensuyD enybuey) e /6io'sjeunolpiojxo-ql//:dny wouj pspeojumoq


http://jb.oxfordjournals.org/

Human Nucleotide Excision Repair Protein, XPA

proton exchanges, 3Juy i, Coupling constants, and chemical
shift indexes (CSI) for '*C,, 'H,, and '*C’ resonances (41).

N Relaxation Data—The relaxation data, N T, T3,
{*H}-'*N steady-state NOE, and T,/T, ratios, were ob-
tained by analysis of the 'H-detected '°N-'H correlation
spectra of XPAgss at 50.7 and 81.1 MHz N frequency
fields (Fig. 3). Most data for the N 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 {'H}-'°*N
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 a3 (residues 206 to 209); markedly smaller or
negative {'H}-'*N NOE values (<0.2 at 50.7 MHz) 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(10) at 81.1 MHz], implying the presence of anisotropy
in the rotational diffusion of the domain.

J(0) Analysis—The effective spectral density function at
zero-frequency, o (0), is defined as the sum of J(0) and
AR.x (34). Because R., values are proportional to the
square of the magnetic field strength, and J(0) values are
independent of the field strength, R.x values can be deter-
mined from J,(0) values obtained at two different field
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Fig. 3. Plotsof amide *N T,, T, T,/ T;, and NOE against residue
numbers. The data were measured at '*N frequencies of 50.7 MHz
(open circles) and 81.1 MHz (filled circles). (a) Longitudinal relaxation
times, T,. (b) Transverse relaxation times, T;. (c) T;/T: ratios. (d)
Heteronuclear {'H }-'*N steady-state NOE values defined as I/,
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strengths. Figure 4 shows the Je(,(0) values at 50.7 and 81.1
MHz, and the calculated R., values. The mean and SD of the
R, values at 50.7 MHz was 1.54+0.97 s~!. High R, values
(>3.587" at 50.7 MHz) were found for residues 133 and
134 in the linker sequence, and residues 154 and 156 in loop
L1.

Comparison of Isotropic, Axial Symmetric, Fully Aniso-
tropic Models—To determine which diffusion model is
more appropriate for the analysis of the relaxation data, the
experimental T,/T; ratios were fitted to each of the iso-
tropic, axially symmetric, and fully anisotropic diffusion
models. The results of the fitting were evaluated by means
of F-statistical tests (39). The T,/T, ratios at 50.7 MHz
were used for the analysis since they were expected to
involve less contribution from the chemical exchange rates,
Rox, than those at 81.1 MHz. The T,/ T; ratios of residues
whose {'H}-*N NOE values were smaller than 0.65 at 50.7
MHz, or whose R,y values were greater than 2.5 s~! on J(0)
analysis were excluded from the analysis. y? values, 320.0,
194.3, and 182.9, were obtained for the isotropic, axially
symmetric, and fully anisotropic diffusion models, respec-
tively. For these x? 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 y? values, made by using a more
complicated model is significant or merely arises due to the
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where I and I, are the intensities of the peaks with and without 'H
saturation, respectively. For plots a-d, the error bars indicate the
+SD (lo) values of the uncertainties of the data. The secondary
structures are indicated at the top.

2T0Z ‘T 1200100 U0 [eridsoH UensLyD enybuey) e /Bio'seulnolpiosxo ql//:dny wouy pspeoumoq


http://jb.oxfordjournals.org/

500

Bl B2 p3al LI
—>— 0BG

B4 L2 BS a2 al
OO DGEE

@) 6 - 3 —

[3,]
BEE T
g
WO’C
3=
[ gl
Norm
o g
potr L
ey, g
o
aal

Jegr (O (ps / rad)
w

' ° 50.7MHz

[ o 81 1MHz
0 Fyreveesrery prmTY Y T
b
® ]
4
2 3
=
o
< 2
1
0
100 120 140 160 180 200

Residue number

Fig. 4. Plots of the results of J(0) analysis against residue
numbers. (a) Reduced effective spectral density functions at zero
frequency, Jor(0), estimated at *N frequencies of 50.7 MHz (open
circles) and 81.1 MHz (filled circles). (b) Chemical exchange rates,
Rex.0, were calculated from the /,¢(0) values estimated at the two
static magnetic fields. For plots a and b, the error bars indicate the
+8D (10) values of the uncertainties of the data. The secondary
structures are indicated at the top.

incorporation of additional parameters that causes a reduc-
tion in the degrees of freedom (32). 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 and Robinson (33). 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 made by using the axially
symmetric diffusion model instead of the isotropic model is
statistically significant, but that made by using the fully
anisotropic model instead of the axially symmetric model
arises merely due to the incorporation of additional param-
eters.

Another test of the validity of the axially symmetric
model was performed using in-house programs. First, the
T,/ T, ratios at 50.7 MHz were randomly assigned to the 59
backbone amide bond vectors in XPA. This random assign-
ment removes the correlation between the orientations of
the amide bond vectors and the T,/ T, ratios (39). Then, an
axially symmetric model was used for the fitting to these
randomly assigned 7'/T: ratios. The procedures for the
random assignment and the fitting to these data were
independently repeated 200 times, and then the statistical

T. Ikegami et al.

significance was evaluated. The average and minimum
values of x? obtained through the 200 simulations were
299.8 and 242.1, respectively. As the value of x?, 194.3, for
the fitting based on the correct amide bond vectors was
smaller than the minimum yx? value of 242.1 in the 200
random simulations, the correlation between the T\/T,
values and the orientations of the amide bond vectors is
statistically significant.

Model-Free Analyses—The relaxation data were ana-
lyzed by means of model-free formalism under the assump-
tion of isotropic rotational diffusion, or the assumption of
axially symmetric anisotropic rotational diffusion. The
results were compared to determine which mode] was more
appropriate, i.e., the isotropic diffusion model or the axially
symmetric anisotropic diffusion model.

Initial Estimation of the Overall Correlation Time and
Rotational Diffusion Tensor—The overall rotational corre-
lation time, 7, estimated from the mean (10.81+0.65
{uncertainty)) of the 61 one ¢ trimmed T,/ T} ratios at 50.7
MHz was 12.1340.43 ns. The number of spins for which
the {'H}-'*N NOE values were smaller than 0.65 at 50.7
MHz was 23, and the number of spins for which the Rex
values estimated on J(0) analysis were larger than 2.5 s
at 50.7 MHz 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 to estimate
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,]) was 12.03+0.05 ns (Fig.
5). 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° differ-
ence).

Selection of the Dynamic Models—The experimental "*N
T, T,, and NOE values were fitted to dynamic models 1 to
5 with the isotropic diffusion model with 7, fixed at the
initially estimated value, 12.13 ns, using a statistical model
selection protocol (32). Likewise, the values were fitted to
dynamic models 1 to 4 with the axially symmetric diffusion
model with a fixed orientation and magnitude of the
diffusion tensor, D. Table I 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 mode! is more appropriate than the
isotropic model for model-free analysis.

Optimization of tn, D, and Internal Motion Parame-
ters—The overall rotational correlation time, 1, for the
isotropic diffusion model or the diffusion tensor, D, for the
anisotropic diffusion model, and the internal motion param-
eters were simultaneously optimized with the selected
dynamic model for each spin. The optimized overall corre-
lation time, 7, 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,/
D)) was 1.39. The associated internal motion parameters
are shown in Figs. 6, 7, and 8. The overall correlation time,
T, 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
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Fig. 6. Axially symmetric aniso- (a)
tropic character of the rotational
diffusion of the central domain of

501

(®)

XPA. (a) Plots of the observed '*N
T,/T: ratios at 50.7 MHz against
angles, #, between the NH bond Isr
vectors and the unique axis of the
diffusion tensor (D) for the coordi-
nates of XPA (PDB: 1xpa). The "*N
T,/ T, ratios of the spins that showed
significant internal motions on a time
scale longer than a few hundred
picoseconds ({'H}-'""N NOE<0.65at T} 12}
50.7MHz) or conformational ex- T,
change [ R., estimated on J(0) analy-

sis at 50.7MHz>2.587'] were not

used to determine the rotational 101
diffusion tensor, D, and are not plot-
ted in a. The curved line represents
the theoretical dependence of the T/
T, ratios on the angle, 4, for the
determined diffusion tensor with an

|
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anisotropy (Dy/D,) of 1.38 and an 0 45 90 135 180
average correlation time (1/{2D,+ Angle (")

4D,]) 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: 1xpa) with the principal axis orientations of the determined rotational diffusion tensor, D. Only NH bonds whose
coordinates were used to determine the tensor are drawn. The solid lines labeled D and D, correspond to the respective orientations of the tensor
elements. The ratio of the lengths of the lines labeled I}, 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. The figure was drawn with the
program, MOLMOL (54).

TABLE I. The number of residues selected for each dynamic model on model-free analyses with isotropic and anisotropic
rotational diffusion models.
Classification*
Model 1 Model 2 Model 3 Model 4 Model 5 Not fit Total
Parameters® S? S, 7o S%, R, 8%, 7or, Rox S, 82, 7es
Isotropic® 3°,21.9%(14)" 1,0,0(1) 2,3,9(14) 4,0,15(19) 3,3,21(27) 0,0,15(16) 13,8,69(90)
Anisotropic? 5,4,14(23) 4,0,1(5) 0,2,8(10) 3,0,21(24) None 1,1,23(25) 13,7,67(87)

*The five dynamic models applied for fitting in model-free analyses developed by Lipari and Szabo (36, 37). ®The parameters optimized for each
dynamic model. Isotropic rotational diffusion was assumed. “Axially symmetric anisotropic rotational diffusion was assumed. *The number of
residues for which only the data (T), T, and NOE) at the '*N frequency of 50.7 MHz were available and fitted the corresponding dynamic model.
The number of residues for which only the data at the '*N frequency of 81.1 MHz were available and fitted the dynamic model. ¥The number
of residues for which the data at the ®N frequencies of both 50.7 and 81.1 MHz were available and fitted simultaneously the dynamic model.

5The sum of the numbers (e), (f), and (g).

diffusion tensor determined on model-free analysis is close
to that of the diffusion tensor determined from the T\/T;
ratios (6.1° difference), and also close to that of the inertia
moment estimated from the molecular coordinates (2.6°
difference). The S?, Re,, and 7., values determined with the
isotropic and anisotropic models showed no statistically
significant differences, as described under “DISCUSSION.”

Relatively smaller S? values (<0.75) were found for
residues 130 and 134 in the linker sequence. Significantly
smaller S* 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).

DISCUSSION

Description of the Structure—Comparison of the amino
acid sequence of the central domain of human XPA with
those of XPAs from other eukaryotes, including the yeast

Vol. 125, No. 3, 1999

homologue of XPA, RAD14, revealed sequence identities
ranging 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 (42); no
previously determined structure with a Z score >1.9 was
found 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-Cys105
S,, Cys108 NH-Cys105 S,, Gly109 NH-Cys105 O, Lys110
NH-Cys108 S,, Asn128 NH-Cys126 S,, Cys129 NH-
Cysl26 S,, Argl30 NH-Cys126 O, and Cysl26 NH-
Cys105 S,. The presence of these hydrogen bonds is
indicated by both the presence of slow exchanging amide
protons and structures calculated without these hydrogen
bond constraints (22). These local structure elements in
XPA are common in the (Cys), type zinc-fingers of eryth-
roid transcription factor GATA-1 (43) and the glucocor-
ticoid receptor (44, 45). However, alignment of the zinc-
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Fig. 6. Plots of order parameters, S? against residue numbers.
The S? 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 (1o) values of the uncertainties estimated by
Monte Carlo simulations. The secondary structures are indicated at
the top.

binding sequence of XPA, Cys-X-X-Cys-(X),;-Cys-X-X-
Cys, with that of GATA-1 shows that only the positions of
the 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 is usually seen
in the zinc-fingers of the DNA binding domains of transcrip-
tion factors, whereas the zinc-containing subdomain of XPA
i8 highly acidic (Fig. 9a).

Satokata et al. have characterized the genomic structure
of the human xpa gene, and identified six exons in the gene
(46). Interestingly, the genomic structure of the xpa gene
shows good correlation to the tertiary structure elements.
Exon 3 (residues 96 to 130) encodes the entire zinc-contain-
ing 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 indicates that the introns are located at sites
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 involv-
ing truncated XPA showed that a certain region, residues
59 to 97, is necessary for ERCC1 binding, and that this
region corresponds almost exactly to the region encoded by
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Fig. 7. Plots of chemical exchange rates, H.., against residue
numbers. The R., 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 (1o) values of the uncertainties
estimated by Monte Carlo simulations. The secondary structures are
indicated at the top.

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 structural determinations will reveal
the relationship between the exons/introns and the tertiary
structure elements of these regions (47, 48).

Selection of the Diffusion Models—The central domain of
XPA consists of a zinc-containing subdomain, a C-terminal
subdomain, and a linker sequence connecting the two
subdomains (22). 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 consistent
with the observation that the T,/T, ratios exhibit wide
dispersion, which is due mainly to the anisotropy of the
rotational diffusion (Fig. 3c). These observations suggest
that an anisotropic diffusion model is preferable for the
analysis of the '*N 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, we analyzed the relaxation
data with the axially symmetric model as well as with the
isotropic model for the following two reasons. First, analy-
sis with an axially symmetric model for the '*N spins
requires information on the orientations of the correspond-
ing N-H bond vectors. However, this information is not
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Fig. 8. Plots of effective correlation times, r.,, and r.,, against
residue numbers. (a) The slow internal correlation times, z.,, 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. (38). This extended formula was not
used for model-free analysis with the axially symmetric anisotropic
rotational diffusion model. The fast internal correlation times, 7.,
were determined on model-free analyses with the igotropic rotational
diffusion model (b) and the axially symmetric anisotropic rotational
diffusion model (c). For plots a-c, the error bars indicate the +SD
(10) values of the uncertainties estimated by Monte Carlo simula-
tions. The secondary structures are indicated at the top.

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 anisot-
ropy from that of slow internal motions (49).

Comparison of the Dynamic Parameters—The order
parameters, S*, determined on model-free analyses with
the isotropic and axially symmetric anisotropic rotational
diffusion models were compared (Fig. 6). The r.m.s. of the
differences is 0.050, while the average uncertainties (1¢) of
the S? values are 0.020 and 0.017 for the isotropic and
anisotropic models, respectively. Thus, the S? values
determined with the two diffusion models do not exhibit
statistically significant differences.

Likewise, the chemical exchange rates, R, determined
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on model-free analyses with the isotropic and axially
symmetric diffusion models were compared (Fig. 7). The
r.m.s. of the differences between the R,, values with the
two diffusion models i8 0.75 s7*, while the average uncer-
tainties (1) of the R.x values are 0.30 8~' and 0.25 s™! for
the isotropic and anisotropic models, respectively. This
indicates that the R., values derived with both diffusion
models do not exhibit statistically significant differences.
Then, R, values determined on J(0) analysis (Ra.) were
compared with R,, values determined on model-free
analysis (Re.m) with the isotropic model (Figs. 4b and 7a).
The average difference of the R, values from the Re.n
values is +0.75 87'. This positive difference arises mainly
from the fact that the Re..r parameter was fixed at zero for
dynamic models 1, 2, and 5. However, as the average
uncertainty (1¢) of Rep (0.8487') is comparable to the
average difference of +0.7587!, the chemical exchange
rates determined on the present model-free analyses,
R, .1, are statistically reliable to the extent of their
uncertainties (0.308~' and 0.25 87! for the isotropic and
anisotropic models, respectively).

In the similar manner, the fast internal correlation times,
Tet, Obtained with the two diffusion models were compared.
The r.m.s. of the differences between the 7., values ob-
tained with the two diffusion models is 10.64 ps, compa-
rable to the average uncertainty (11.37 ps) of the ., values,
showing that the 7., values determined with the two
diffusion models are statistically similar (Fig. 8).

On model-free analysis with the isotropic diffusion
model, model 5 was incorporated into the model selection,
which includes effective correlation times for slow internal
motions, 7.4, in addition to the overall correlation time, .
On the other hand, for analysis with the anisotropic rota-
tional 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 an anisotropy of the
overall rotational diffusion (49). 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 when the additional parame-
ter, 7.5, was added (model 5), and the remaining 12 spins
could not be agsigned to any of the dynamic models with the
anisotropic model, probably because the orientations of the
amide bonds for these 12 spins are not fixed rigidly (aver-
age {'H}-'*N NOE value, 0.61 at 50.7 MHz). These results
suggest that the slow internal motions of about half of these
27 spins determined with the isotropic model may originate
from the overall anisotropic motion, and the rest of the
spins may actually have slow internal motions.

Backbone Dynamics and Their Implications for Biologi-
cal Function—Uniformly high order parameter, S?, values
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 sub-
domain by the zine coordination with the associated exten-
sive hydrogen bond networks, and the hydrophobic core
formed by residues V103, F112, and M118 (22).

Small {'"H}-*N NOE values (<0.55 at 50.7 MHz), large
T, values, and small S 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 a3, and the following
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C-terminal region (residues 206 to 218), suggesting that
these regions are not rigid but exhibit a large extent of
mobility. These regions show contributions from slow
internal correlation times, 7.s, of an order of 1 ns on model-
free analysis with the isotropic diffusion model, but show no
significant contributions from the R., values. These obser-
vations suggest that these regions exhibit internal motions
on a picosecond to nanosecond time scale. On the other
hand, larger R.x values (>2.0s8"! 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 micro-
second 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.
9). The internal motions of these regions may play a role in
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.
High rates of amide proton exchange are also observed in
these regions, suggesting that conformational exchange of

T. Ikegami et al.

Fig. 9. Mapping of the electrostatic potential, interaction
surfaces, and flexible regions of XPA. (a) Distribution of the
electrostatic potential, displayed with GRASP (55), on the solvent-
accessible surface of the central domain of XPA (residues 98 to 210)
(22). 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 b. (b) Mapping of the XPA residues with chemical shift
perturbations or broadening effects in the '*N-'H-HSQC spectra
obtained previously (22). The residues showing perturbed amide
resonances upon complex formation with the cisplatin-damaged
24-mer oligonucleotide are indicated in magenta, and the residues
showing specifically broadened amide resonances upon complex
formation with RPA70181422 are colored green. (c) Mapping of the
flexible parts of XPA that are related to its function. Regions
exhibiting internal motions on a picosecond to nanosecond time scale
characterized by small {'H}-'*N NOE values (<0.55 at 50.7 MHz),
large T; values, small S? values (<0.6), slow internal correlation
times on the order of 1 ns, and little contribution from R, 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 R., values (>2.087! at
50.7 MHz) is drawn in red (residues 154 to 157). These regions are
located in the interaction surface for DNA. Residues 133 and 134 with
large R,, values (> 3.5 87! 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. The figures in b and ¢ were
drawn with the program, MOLMOL (54).

large magnitude on a slower time scale is also possible. The
previous filter binding experiments showed the affinities of
the central domain of XPA for 2,686 bp DNAs with and
without multiple damages (8). According to our calculation
based on these results, the dissociation constant, K, for
XPAgsse and DNA damaged by UV or cisplatin is ap-
proximately 4 X108 M, and the K, for XPAg. and the
non-damaged DNA is in the range of 3X107°to 6 X 107" M.

The average T,/ T; ratio for the zinc-containing subdo-
main was almost the same as the average T/ T: ratio for the
C-terminal subdomain (Fig. 3c), showing that the two
subdomains undergo rotational diffusion with similar corre-
lation times (50). The hydrophobic core formed between
residues Y116, 117, F121, and L123 in the zinc-contain-
ing subdomain, and residues 1.138, 1165, L182, and L184 in
the C-terminal subdomain, possibly restricts the indepen-
dent motion of each subdomain. The *N spins of residues
133 and 134 located in the linker sequence have large Rex
values (>3.587! at 50.7 MHz), showing that the linker
sequence may exhibit conformational exchange on a mi-
crosecond to millisecond time scale (Fig. 9c¢).

NER is a major DNA repair pathway whose mechanism
is highly conserved. However, the three-dimensional struc-
tures of only the central domain of human XPA (22) and the
single-stranded-DNA-binding domain of RPA70 (51) are
known for proteins involved in the early steps of NER. We
have shown the resonance assignments of most of the 'H,
13C, and '*N spins of the central domain of human XPA.

From the analysis of the '*N relaxation data, we found
that the rotational diffusion of the central domain of XPA
has an anisotropic character. Thus, we applied an aniso-
tropic rotational diffusion model as well as an isotropic
model for model-free analyses of the !*N relaxation data to
obtain parameters for the internal motions of the backbone
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and the overall rotational diffusion of the domain. As a
result, we have shown 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
overall anisotropic motion.

The previous RPA- and DNA-binding experiments sug-
gested that the acidic zinc-containing subdomain and the
basic cleft in the C-terminal subdomain are involved in the
binding to RPA70 and DNA, respectively (22). Interesting-
ly, the surface of the cleft contains most of the flexible
regions identified on analyses of the relaxation data, while
the zinc-containing subdomain is completely rigid. XPA
recognizes structurally unrelated DNA damage such as
(6-4) photoproducts and crosslinks caused by UV and
chemicals like cisplatin and osmium-tetroxide (8). The
flexibility of these regions may be important for the
interactions of XPA with various kinds of damaged DNA.
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