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DNA damage recognition by the nucleotide excision repair pathway requires an initial step identifying helical
distortions in the DNA and a proofreading step verifying the presence of a lesion. This proofreading step is
accomplished in eukaryotes by the TFIIH complex. The critical damage recognition component of TFIIH is the XPD
protein, a DNA helicase that unwinds DNA and identifies the damage. Here, we describe the crystal structure of an
archaeal XPD protein with high sequence identity to the human XPD protein that reveals how the structural helicase
framework is combined with additional elements for strand separation and DNA scanning. Two RecA-like helicase
domains are complemented by a 4Fe4S cluster domain, which has been implicated in damage recognition, and an a-
helical domain. The first helicase domain together with the helical and 4Fe4S-cluster-containing domains form a
central hole with a diameter sufficient in size to allow passage of a single stranded DNA. Based on our results, we
suggest a model of how DNA is bound to the XPD protein, and can rationalize several of the mutations in the human
XPD gene that lead to one of three severe diseases, xeroderma pigmentosum, Cockayne syndrome, and
trichothiodystrophy.
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Introduction

Nucleotide excision repair (NER) is the most versatile DNA
repair pathway. [1-5]. NER is well known for its ability to
remove bulky DNA lesions and is unique in its ability to
repair structurally and chemically different substrates,
including benzo[a]pyrene-guanine adducts caused by smok-
ing, as well as guanine-cisplatin adducts formed during
chemotherapy [6]. NER is the only repair mechanism in
humans that is able to remove photoproducts induced by
ultraviolet light. The phenotypic consequences of defective
genes involved in NER are apparent in three severe diseases:
xeroderma pigmentosum, Cockayne syndrome, and tricho-
thiodystrophy [1,7-10]. The mechanism of the human NER
system, while analogous to the well-characterized bacterial
system, is less well understood. Over 30 proteins have been
identified in humans that are critical for mediating the
individual steps leading from damage recognition to incision
and repair. However, due to the paucity of specific structural
intermediates, the precise role for each protein has not been
fully delineated.

NER has been proposed to proceed through either a
“bipartite substrate discrimination” or a “multi-partite
damage recognition” model [11,12]. It is generally believed
that NER is initiated by the combined action of XPC and
RAD23B, which recognize a general disruption of Watson-
Crick base-pairing created in the vicinity of the damaged
nucleotide. Both proteins are required to recruit the ten-
subunit transcription factor TFIIH to this site. The XPD and
XPB proteins are two helicases that are present in TFIIH, and
which open the DNA around the lesion in an ATP-dependent
fashion. This is the first catalytic step in this reaction
pathway, leading to a conformational change that allows the

iE). PLos Biology | www.plosbiology.org

recruitment of additional NER factors [5,13,14]. A second,
more important function of the two helicases is damage
verification. Recent data suggest very different roles for XPB
and XPD [15]. The helicase activity of the XPB protein seems
to be dispensable; however, its ATPase activity is essential for
NER. This has been interpreted to suggest a wrapping of the
DNA around XPB, which leads to an opening of the double-
stranded DNA (dsDNA) close to the lesion. This opening
allows the correct binding of XPD, which then utilizes its
helicase activity to verify the damage and ensures that the
backbone distortion is not the result of an unusual DNA
sequence. This process was termed “enzymatic proofreading”
and supports the bipartite damage recognition model in
which the function of XPC-RAD23B is limited to the
observation of a backbone distortion, and XPD is required
to verify the damage through its helicase activity [16,17].
Very recently, it has been shown that the XPD protein
contains an FeS cluster, which is essential for its function [18].
However, it is not clear whether the cluster has a structural
role or is actively involved in the damage recognition process
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Author Summary

Preserving the structural integrity of DNA, and hence the genetic
information stored in this molecule, is essential for cellular survival. It
is estimated that the DNA in each human cell acquires about 10*
lesions per day. Consequently, efficient DNA repair mechanisms
have evolved to protect the genome. One of these DNA repair
mechanisms, nucleotide excision repair (NER), is present in all
organisms and is unique in its ability to repair a broad range of
damage. In humans, NER is the major repair mechanism protecting
DNA from damage induced by ultraviolet light. Defects in the genes
and proteins responsible for NER can lead to one of three severe
diseases: xeroderma pigmentosum, Cockayne syndrome, and
trichothiodystrophy. The XPD protein is one of the key components
of a ten-protein complex and is essential to initiate NER. In
particular, the XPD protein verifies the presence of damage to the
DNA and thereby allows DNA repair to proceed. We have solved the
3-dimensional structure of the XPD protein, and show how XPD has
assembled several domains to form a donut-shaped molecule,
which is able to separate two DNA strands and scan the DNA for
damage. The structure also helps to explain why some of the
mutations that have been identified in humans are associated with
disease.

[19]. We solved the crystal structure of the XPD protein from
Thermoplasma acidophilum, which shares high sequence identity
to its eukaryotic homologs, and show that it contains two
RecA-like helicase domains. The XPD protein displays high
structural similarity to the bacterial UvrB protein, which is
also required for enzymatic proofreading in NER. Two
additional domains emerge from the first helicase domain
and form a hole that is sufficient to allow passage of ssDNA.
Furthermore, the structure delineates how different muta-
tions in the protein lead to the human genetic disorders
xeroderma pigmentosum, Cockayne syndrome, and tricho-
thiodystrophy.

Results/Discussion

Overall Structure of XPD

Two different XPD-related protein sequences from T.
acidophilum have been deposited in the National Center for
Biotechnology Information (NCBI) and the Swiss-Prot data-
bases, respectively. They differ only with respect to their N-
terminus, with one of them containing 19 additional amino
acids. We cloned both constructs and obtained crystals of the
shorter protein, which was also active with respect to both its
helicase and its ATPase activity (Figure S1). The protein
crystallized in space group P65 and the asymmetric unit
contains one XPD molecule, indicating no higher oligomeric
states, which is consistent with size-exclusion chromatography
results and an analysis of the model using the PISA server [20].
The structure was solved by multiwavelength anomalous
diffraction (MAD) using the anomalous Fe signal of the
endogenous FeS cluster in the protein and was refined at 2.9 A
resolution to an R-factor of 0.209 and Ry, of 0.287 (Table 1).
The current model contains residues 23-507 and 515-615 (586
out of 602 residues) of the XPD construct with residues 20 to
22, 508 to 514, and 616 to 620 presumably being disordered.

The structure of the protein can be divided into four
distinct domains. Domain 1 is formed by residues 23-87, 178-
225, and 366-407, domain 2 by residues 88-177, domain 3 by
residues 226-365, and domain 4 by residues 408-615 (Figure
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Crystal Structure of XPD

1A and 1B). The first three domains together with a-helix 22
from domain 4 form a donut-shaped structure containing a
hole with a diameter of approximately 13 A (Figure 1A). The
remainder of domain 4 is positioned in front of the ring
without obstructing the hole of the donut. The overall
dimensions of the protein can therefore be divided into the
donut with a width and height of 65 A and 75 A and a
thickness of 29 A. At the location of domain 4, the width of
the ring is increased to 45 A (Figure 1A and 1B). Domains 1
and 4 represent the “classical” RecA-like fold that is present
in all helicases of superfamilies 1 and 2 (SF1 and SF2) [21].
Both domains share approximately 9% sequence identity and
can be superimposed with a root mean square (rms) deviation
of 2.4 A using 101 Ca-atoms out of 153 from domain 1, and
201 from domain 4, respectively. Both domains display a
similar o/Bloc sandwich architecture with a central parallel
seven-stranded B-sheet surrounded by seven o-helices in
domain 1 and a six-stranded B-sheet surrounded by seven a-
helices and two 3;y helices in domain 4. The interface
between domains 1 and 4 forms the composite ATP binding
site. Domain 1 contains helicase motifs I, Ia, II, and III,
whereas domain 4 harbors helicase motifs IV, V, and VI [22]
(Figure 2). In the context of the overall XPD structure,
domain 1 can be viewed as the core domain surrounded by
the other three domains. Domains 2 and 3 are insertions,
which emerge from domain 1. Domain 2 is inserted between
B-strands B3 and B4, while domain 3 is inserted between o-
helices a11 and a17. Domain 4 is situated adjacent to domain
1 within the linear protein sequence (Figures 1 and 2).

Notably, the closest related homolog of the full-length XPD
structure as revealed by similarity searches [23] was UvrB [24],
which has been proposed to be the prokaryotic equivalent to
XPD and utilizes its helicase activity for damage verification.
XPD and UvrB can be superimposed with an rms deviation of
2.6 A using 254 aligned Co atoms out of 588 and 505 residues,
respectively. The match is mostly mediated via the two
helicase domains, whereas the other domains have no
significant structural similarity to each other (Figure S2). In
addition, we compared XPD to Hel308 and NS3, two SF2
helicases (Figure S3). The superposition shows that structural
similarities are again mainly confined to the RecA domains,
whereas the auxiliary domains are highly variable. Hel308 and
NS3 have been structurally characterized with DNA sub-
strates, and both represent a closed state of the helicase
framework [25,26]. No adenosine nucleotide is bound in these
structures, but they are presumed to be in a preprocessive
state that only requires ATP binding to reach the processive
state [25]. Using the first RecA domain (domain 1) as a
reference point for superposition with either Hel308 or NS3,
XPD assumes a more open state that is mainly mediated via a
rotation of the second RecA domain (domain 4) of about 30°
or 16°, respectively, relative to domain 1 (Figure S3C). The
composite ATP binding site is located near the hinge region
when compared to the closed state of the other two helicases.
Our structure may therefore reflect a ground state of XPD
prior to nucleotide and/or DNA binding that underlines the
conformational flexibility necessary to translate chemical
energy into motion.

The FeS Cluster Domain
The first insertion into helicase domain 1 is of particular
interest since it contains an FeS cluster, a unique feature
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Table 1. Crystallization, Data Collection, and Refinement Statistics

Dataset Subparameter Native Fe Peak Fe Inflection Fe Remote
Resolution (A) 29 36 36 36
Wavelength (A) 1.0 1.7367 1.7419 17
Unique reflections 13.622 6.963 6.967 6.909
<I>/<cl> 383 (1.7) 23.1 (4.5) 19 (3.9) 32.6 (16.1)
Completeness (%) 99.0 (99.4) 99.9 (100) 100 (100) 99.2 (100)
Redundancy 4 14.8 124 143
Rsym 0.07 (0.617) 0.14 (0.52) 0.16 (0.59) 0.07 (0.17)
Phasing to 4.0 A Number of sites 1
Phasing power Ano 1.505 0.758 1.915

Iso (acentric/centric) 0.303/0.288 1.236/0.987
Mean figure of merit (acentric/centric) 0.43/0.15
Reryst (Reree) i 0.209 (0.287)
rms deviations bond lengths (A) 0.007
Rms deviations bond angles (°) 0.92
Mean B-factor (A?) 54.2

Ramachandran statistics

86.6/11.1/1.5/0.8

Rsym = Y _nkip_illi — <I>|/3_nup_i<I>, where | is the i™" measurement and </> is the weighted mean of all measurements of /. </>/<c/> indicates the average of the intensity divided by
its average standard deviation. Numbers in parentheses refer to the respective highest resolution data shell in each dataset. Phasing power is the mean standard value of the heavy atom
structure factor amplitude divided by the lack of closure for anomalous (ano) and isomorphous (iso) data. Reryst = > ||Fo| — |Fc|//>|Fo|, where Fo, and F are the observed and calculated
structure factor amplitudes. Rgec is the same as Reyys;, but is calculated for 5% of the data randomly omitted from the refinement. Mean B-factor is the mean residual B-factor after TLS
refinement. Ramachandran statistics indicate the fraction of residues in the most favored, additionally allowed, generously allowed, and disallowed regions of the Ramachandran diagram,

as defined by the program PROCHECK [59].
doi:10.1371/journal.pbio.0060149.t001

among the XPD-like SF2 helicases [18]. Domain 2 displays an
exclusively a-helical architecture consisting of six a-helices
and one 3o helix that surround the central 4Fe4S cluster
(Figure 1A, 1C, and 1D). The FeS cluster is coordinated by
four cysteines, consistent with the coordination typically
observed in 4Fe4S clusters, and all four cysteines display
continuous connectivity in the electron density maps (Figure
1C). A comparison of the B-factors between the 4Fe4S cluster
and the surrounding protein residues reveals similar values,
indicating full occupancy of the cluster. Three of the
coordinating cysteines (Cys92, Cys128, and Cysl164) are
located in loops, whereas the fourth cysteine, Cys113, is
located in a central position within a-helix 5 (Figures 1 and 2).
Surprisingly, it was shown that the helicase activity is not
affected when Cys102 or Cys105 in Sulfolobus acidocaldarius or
Ferroplasma acidarmanus XPD, respectively, were mutated to
serine [18,19]. These two residues correspond to Cysl13 in
our structure. Pugh et al. [19] suggested that the aerobically
purified protein most likely contained a degraded 3Fe4S
cluster, which is still functional, but presumably a 4Fe4S
cluster is present in vivo. When any of the remaining
cysteines is mutated to serine, however, the helicase activity
of the enzyme is abrogated [18,19].

The cluster is further stabilized predominantly by hydro-
phobic interactions. Residues Arg88 and Tyr166, which shield
the cluster from solvent exposure, are strictly conserved and
face towards a pronounced solvent-exposed groove that is
formed by a-helices 5 and 8 from domain 2 and o-helix 10
from domain 1 at the back of the protein (Figures 1D and 3).
The closest structural homolog for this domain identified by a
secondary structure matching search [23] revealed c-myb, a
transcription factor that does not contain an FeS cluster [27].
Although c-myb superimposes with a relatively low Q-score of
0.15 (Figure S2B), it is notable that the structural similarity is
restricted to the DNA binding interface of c-myb. c-Myb
superimposes well with o-helices 5, 6, 7, and 8 of domain 2, of
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which helices 5 and 8 coincide with the DNA binding interface
of c-myb (Figure S2B). In the XPD structure, these helices
form part of the groove mentioned above, thus indicating a
possible DNA binding site. This is further emphasized by the
basic nature of this groove (Figure 3), which is composed of
several highly conserved, positively charged residues. How-
ever, no significant sequence conservation can be identified
between c-myb and XPD in the structurally homologous
regions.

The a-Helical Domain

Domain 3 consists mostly of extended a-helices (a-helices
12, 13, 14, 15, and 16) and four additional antiparallel B-
strands (B6, 7, B8, B9) building a “B-bridge” to domain 1. The
B-bridge is further stabilized by 222, an a-helical extension
located between P15 and 023 of domain 4. The helices can be
grouped into two o-helical hairpins that stack with each
other, with one hairpin containing «12 and «13, and the
second containing a15 and a16, which is slightly distorted by
the insertion of a loop. The two helical hairpins intersect at
an angle of approximately 60° and create an extensive
hydrophobic core between them. Helix al4 is situated in
the V-shaped opening that is formed by the tilt between the
two a-helical bundles (Figure 1A and 1B). Similarity searches
revealed no significant hit, indicating that this fold has not
been encountered previously.

The ring of the donut is closed at its thinnest side via an
interface between domains 2 and 3 that has a buried surface
area of approximately 620 A2 The interface is formed by 17
residues from each domain, which display little sequence
conservation apart from Phe326, which is always an aromatic
residue (Figure 2). Most of the interactions are hydrophobic
in character, additionally four salt bridges can be observed
between Lys323/Asp99, Arg335/Glul03, Arg235/Glul03, and
Glu315/Lys111.
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Figure 1. Overall Structure of XPD and the FeS Cluster

Glu167

N

(A) Front view of XPD, with domain 1 in yellow, domain 2 in cyan, domain 3 in green, and domain 4 in red. The FeS cluster is shown in all-bonds

representation.
(B) Side view of XPD color-coded as in (A).

(C) SIGMAA weighted 2F,-F electron density map contoured at one times the standard deviation around the 4Fe4S cluster and the surrounding protein
in grey, and at four times the standard deviation in blue. The cluster and the coordinating cysteines are shown in all-bonds representation. Secondary
structure elements are labeled in grey.

(D) Residues in close proximity to the 4Fe4S cluster. The cluster is shown as in (C), and residues Arg88, Tyr166, Lys117, Phe131, and Glu167 are shown in

all-bonds representation, with a-helices and B-strands being labeled.
doi:10.1371/journal.pbio.0060149.g001

The Role of the FeS Cluster

Since the presence of the FeS cluster is essential for
helicase activity on dsDNA [18,19], it prompted us to
investigate the only other structurally characterized DNA-
binding proteins with such a feature, the base excision repair
proteins, MutY and Endo III [28,29], with a focus on the first
because a structure of a MutY-DNA complex has been
described [28]. For MutY, it was shown that its FeS cluster is
required for enzymatic activity and DNA binding [30]. The
XPD protein contains a loop motif in the FeS cluster domain
with a high density of positively charged residues similar to
the FeS cluster loop motif (FCL) in MutY [31]. The super-
position of the XPD and MutY FeS cluster domains (Figure 4)
reveals a similar orientation of two conserved arginines
(Arg88 in XPD and Argl53 in MutY). In MutY, it was shown
that a neighboring conserved arginine, Argl49, is perfectly
positioned for an interaction with the DNA backbone, and
bridges the distance between Argl53 and the DNA [32]. Based
on the similarity to MutY, Arg88 in XPD may fulfill a similar
function. Furthermore, the position of Arg88 at the surface of
a pocket where DNA recognition could take place supports
the idea proposed by Lukianova et al. that the FeS cluster
plays an important role in arranging the residues of the FCL
motif for DNA binding [31].
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For MutY, it was shown that the redox properties of the
[4Fe-4S]?" cluster are modulated by the presence of DNA [33].
DNA-binding activates the cluster and facilitates oxidation
[34]. Boal et al. proposed a model for DNA-mediated charge
transfer (CT) in DNA repair in which one electron is
transferred from the cluster to the DNA. In this model, the
CT acts as an initial sorting mechanism, enabling a rapid
scanning of undamaged regions by several glycosylase
molecules, so that they are able to relocate themselves onto
sites near the damage [34]. In NER, an analogous scanning
mechanism seems unlikely, but a change in oxidation state of
the 4Fe4S cluster upon DNA binding and as part of the
damage verification step may be required, thus suggesting a
functional role for the 4Fe4S cluster and not just a structural
role. This hypothesis is further supported by site-directed
mutagenesis studies that demonstrate that single mutations of
three of the four 4Fe4S cluster coordinating cysteines to
serine lead to a loss of the 4Fe4S cluster, and abrogate
helicase activity, but retain a correctly folded protein that is
still able to translate along ssDNA [18,19].

DNA Binding and Unwinding

The XPD protein is a member of the SF2 helicases. To
obtain insight into the DNA binding mode of XPD, we
calculated the electrostatic surface potential of the protein
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Figure 2. Sequence Alignment

Sequence alignment of five different XPD proteins. From top to bottom: XPD from T. acidophilum, human, mouse, Arabidopsis thaliana, and

Saccharomyces cerevisiae. Secondary structure elements are indicated a

bove the sequence and are color coded according to their domains; arrows

indicate B-strands and coils a-helices. Helicase motifs are shown as gray boxes. Mutations leading to xeroderma pigmentosum, Cockayne syndrome, or

trichothiodystrophy are indicated below the sequence and are colored i

in blue, green, and grey, referring to their occurrence in trichothiodystrophy,

xeroderma pigmentosum, or xeroderma pigmentosum/Cockayne syndrome patients, respectively. Conserved residues are boxed, and strictly conserved
residues are shown in white with a red background. The four cysteines that coordinate the 4Fe4S cluster are highlighted in green surrounded by thick

blue boxes.
doi:10.1371/journal.pbio.0060149.9002

and searched for conserved solvent-exposed amino acids
(Figures 2, 3, 5, and 6). The surface potential indicates a
positively charged path for dsDNA along domain 4, leading
towards a highly conserved groove along domain 4 and
domain 1, which provides sufficient space for ssDNA and
directs the DNA towards the hole formed by domains 1-3.
The dsDNA requires separation into ssDNA prior to entering
the groove. Recently, the structure of the SF2 helicase Hel308

@ PLoS Biology | www.plosbiology.org

was determined in complex with DNA, and a prominent B-
hairpin in the second helicase domain was identified that is
responsible for initial strand separation [25]. It was proposed
that this B-hairpin could be a general feature of SF2 helicases.
In XPD however, this “wedge” is formed more likely by an a-
helical extension in domain 4 (Figure 5). Despite the
difference in secondary structure, it is located between
helicase motifs V and VI as demonstrated for Hel308 and
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binding

Figure 3. Electrostatic Surface Potential of XPD

Crystal Structure of XPD

Four different views of the electrostatic surface potential of XPD. The surface potential has been calculated with Pymol/APBS at an ionic strength of 150
mM and is contoured at =10 kgT. The first view is the same as shown in Figure 1A; the arrows show the transition from one view to the other with the
rotation indicated by the arrow. Putative DNA binding sites are marked by additional arrows.

doi:10.1371/journal.pbio.0060149.g003

proposed for NS3 [25] (Figure S3). Two a-helices in XPD, 022
and 023, form two walls of the wedge and extend farther out
towards the solvent compared to other helicases such as UvrD
and PcrA [35,36].

We propose that the tip of the wedge composed of residues
in the loop between 022 and 023 separates the two DNA
strands. The last two turns of 022 and the first two helical
turns of a23 contain several aromatic amino acids, which
could stabilize the separated DNA strands in a fashion similar

to that observed for Hel308. On one side of this wedge, the
highly conserved residues Tyr540 and Tyr545 are oriented
with their side chains pointing towards the solvent where they
could easily form stacking interactions with the exposed bases
of ssDNA. These stacking interactions can then be continued
by additional solvent-exposed aromatic residues, such as
Tyr23, leading the ssDNA along the back of the protein to a
position where the two strands meet again to reform dsDNA.
Although exposed aromatic residues are also present on the

Figure 4. Structural Similarity to MutY

Side-by-side presentation of the 4Fe4S clusters in MutY and XPD after superposition (A). Two arginines (Arg149 and Arg 153) are located in close
proximity to the 4Fe4S cluster and point towards the DNA in MutY (B). In XPD, Arg88 occupies a similar position as observed for the arginines in MutY.
The helices surrounding the cluster have been labeled.
doi:10.1371/journal.pbio.0060149.g004
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Figure 5. The Wedge

A view towards helices «22 and 423 in domain 3. The color code from
Figure 1A was maintained, and a transparent surface was added to
provide a view of the groove where one DNA strand binds. All residues
that may play a role in double strand separation are indicated and
labeled. Helices 222 and 423 have been labeled and indicated by arrows.
doi:10.1371/journal.pbio.0060149.9g005

other side of the wedge, their degree of conservation is
relatively low. In our structure, Phe538 and Tyr425 could
both stack against the bases in ssDNA. However, only Tyr425
is conserved, whereas Pheb38 is replaced by a leucine in
eukaryotic XPDs. This substitution appears to be compen-
sated by the occurrence of Phe651 in human XPD, which
substitutes for Serb552 in T. acidophilum XPD; and due to the
close spatial proximity of the two side chains, they would
assume similar positions (Figure 5). Consequently, there is
one phenylalanine available that would represent the
required stacking partner. In addition, several highly con-
served, positively charged residues, such as Lys583 and
Lys424, apparently define the path for the second strand
leading into the groove described above and from there
continues through the central hole (Figures 5 and 6).

Despite the fact that we crystallized the protein in the
absence of DNA and phosphate buffer, we identified
significant peaks with heights of more than 2.5 times the
rms deviation in difference electron density maps (Figure 6)
that are spaced by approximately 6.5 A, as well as slightly
longer distances and cannot be explained by the protein
model. Since the distance between phosphates in ssDNA is
approximately 6.4 A, it is therefore very tempting to
speculate that some DNA remains bound to the protein
during purification and gives rise to these residual electron
density features. Further support for this hypothesis is
provided by the superposition of our structure with NS3
helicase in complex with ssDNA [26] (Figure S3). Based on this
superposition, we have built a model for a ssDNA binding
mode (Figure 6) in which the extension of the ssDNA towards
the hole positions three of the phosphates into the residual
electron density peaks.
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The postulated DNA route passes by another highly
conserved surface feature in XPD, a narrow pocket that is
formed by the strictly conserved Arg88 and Tyrl66 on one
side and Tyr185 on the other side, and is located in the wall of
the central hole, directly adjacent to the 4Fe4S cluster (Figure
6). The dimensions and shape of this pocket are ideally suited
to accommodate a nonmodified purine or pyrimidine base,
which would be held in place through van der Waals
interactions with the residues mentioned above. Due to its
location, this surface feature would allow a direct coupling
between the FeS cluster and a readout of the DNA. This
pocket is reminiscent of the pocket for the flipped-out base
that was observed in the UvrB-DNA structure [24] .

Damage Recognition

Initial DNA distortion recognition in eukaryotes is
achieved through the combined action of XPC and RAD23B
[37]. It was shown that with the recruitment of TFIIH to the
site of damage, the helicase XPD is required for proofreading,
whereas XPB fulfills a structural role [15]. In the absence of an
XPD-DNA complex containing a lesion, the process of
proofreading remains highly speculative. The structure of
XPD clearly reveals structural homology to its prokaryotic
homolog UvrB. In UvrB, it was shown that a B-hairpin, which
emerges from the first helicase domain, is critical for damage
recognition [38-40]. However, despite the structural similar-
ity between the two proteins, XPD does not contain a
corresponding feature. In our model of the XPD-DNA
complex (Figure 6), we propose that one of the DNA strands
passes through the central hole, which is formed by domains
1-3. According to studies by Naegeli et al. [41], this would be
the translocating strand, which contains the lesion, and leads
to a stalled protein-DNA complex. The dimension of this
hole, with a diameter of 13 A, however, is most likely too big
to provide a trap for damaged DNA. One possible candidate
for the “analysis” of each base with respect to their correct
structure would be the narrow pocket in the wall of the
central hole described above. The size of this pocket suggests
that only nondamaged bases could be accommodated, where-
as a bulky DNA substrate would be excluded. This pocket is
also an attractive candidate for the damage recognition
process due to its close proximity to the 4Fe4S cluster and the
involvement of Argll2 of human XPD (Arg88 in our
structure), which has been shown to cause trichothiodys-
trophy when mutated to histidine.

Mutations Leading to Xeroderma Pigmentosum,
Cockayne Syndrome, or Trichothiodystrophy

TFIIH in humans is not only required for DNA repair, but
is also essential for transcription [42]. XPD represents one of
the ten protein subunits of TFIIH and interacts tightly with
the N-terminal 236 amino acids of p44. This interaction
results in a 10-fold increase in its helicase activity [43]. It has
been shown that the helicase function of XPD is not required
for transcription, but is essential for NER [44]. On the other
hand, XPD is required to stabilize the interaction between the
core TFIIH complex, which contains seven subunits, and the
cdk-activating kinase (CAK) subcomplex, consisting of the
remaining three subunits [45,46]. Mutations in XPD (Figure 2
and 7) can therefore lead to three different effects. The first
class of mutations affects the activity of the protein directly,
whereas the second group can lead to impaired interactions
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Figure 6. Hypothetical XPD-DNA Model

Crystal Structure of XPD

(A) Overall view of XPD in complex with ssDNA. The model was obtained by superposition with the NS3 helicase in complex with ssDNA [26]. Residual
difference map peaks at 2.5 times the standard deviation are shown in blue, and peaks used for backbone phosphate positioning are numbered.
Further extension of the ssDNA towards the hole of XPD was achieved by the addition of B-form DNA. The DNA is shown with its backbone in orange,
and the bases are shown as blue spokes.

(B) Close-up view from (A).

(C) Surface representation of the XPD-DNA model. The DNA is shown as in (A), and the surface is colored according to sequence conservation, with
green indicating strictly conserved, yellow highly conserved, and gray residues that are not conserved. The DNA in this view emerges from the hole and
fits nicely into the highly conserved pocket (indicated by the red arrow), which could potentially play a role in damage recognition or which couples
DNA binding to the FeS cluster.

(D) Top view of the XPD-DNA model. For clarity, the top part of XPD has been removed to allow a view into the highly conserved groove, which leads

the ssDNA towards the hole in the donut-shaped molecule.
doi:10.1371/journal.pbio.0060149.9g006

with p44, thus affecting its own activity in an indirect way.
The third group of mutations may lead to a destabilization of
TFIIH, thereby reducing overall transcriptional activity.
Based on our structure the effects of several point mutations
leading to xeroderma pigmentosum, Cockayne syndrome, or
trichothiodystrophy can be explained (Figure 7). Point
mutations associated with xeroderma pigmentosum, such as
G47R, D234N, and R666W, are located in helicase motifs I, II,
and VI, respectively, and impair the ability to bind and
hydrolyze ATP, thus inactivating the enzyme; however, point
mutations within other regions have quite distinct effects.
Argl12 (Arg88 in T. acidophilum) is located in the FeS cluster
domain and is in direct contact with the cluster. A mutation
of this residue to histidine has been identified in several TTD
patients [47]. Analysis of the equivalent residue in S.
acidocaldarius XPD abolished its helicase activity [18]. Arg88
is located in close vicinity to Cys113 one of the Fe-ligands,

(). PLos Biology | www.plosbiology.org

and shields the cluster, with its long side chain, from solvent.
It is the first residue in a short o-helix, o 3, which together
with the opposite side of the helix forms one wall of the hole
where ssDNA most likely passes through (Figure 6). The
proposed role for Arg88 in analogy to MutY as described
above may be accomplished by Argll2 in the human XPD
protein and a mutation to histidine, as observed in
trichothiodystrophy patients, could prevent this interaction,
thus reducing the affinity of the protein to the DNA.
However, the exact role of the 4Fe4S cluster, whether it is
involved directly in the recognition process or the trans-
location along the DNA, remains speculative at this point. It
is interesting to note that Egly and coworkers have shown this
variant in human XPD to be completely devoid of helicase
activity [48].

The effects of the C259Y variant can also be readily
explained. This cysteine is replaced in T. acidophilum by
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Figure 7. Mutants Leading to Xeroderma Pigmentosum, Cockayne Syndrome, or Trichothiodystrophy

XPD is shown in ribbon presentation with the same orientation and color code for the different domains as in Figure 1A. Point mutations leading to
either xeroderma pigmentosum, Cockayne syndrome, or trichothiodystrophy are shown in a space-filling representation and are labeled according to
their residue number for T. acidophilum XPD in black and, according to the disease they cause in humans, green (XP), blue (TTD), and grey (XP/CS).

Secondary structure elements mentioned in the text are labeled.
doi:10.1371/journal.pbio.0060149.g007

another small hydrophobic residue, Ala236, in o-helix 12,
which points into the hydrophobic core within domain 3. This
core stabilizes the relative position of the four a-helices within
this domain as outlined above. Replacing this small hydro-
phobic residue with a tyrosine leads to severe steric clashes
within this core and thereby destabilizes the entire domain.

The two mutants Y542C and G602D are very close to each
other in the structure. Tyr458 (Tyr542 in human XPD) is
located at the beginning of a-helix 20 in domain 4 and forms
hydrophobic interactions with another strictly conserved
residue, Val501 (Val599 in human XPD), in a neighboring -
strand. Replacing the tyrosine with a cysteine would weaken
the interactions between this helix-strand pair. Gly504 (Gly602
in the human enzyme) is positioned between B-strands 14 and
15 in domain 4. If this residue were to be replaced by a larger
residue, it would point towards Tyr458 (Tyr542 in human
XPD) and would thereby interfere with this side chain.

The remaining four mutations D673G, G675R, D681N, and
R683WIQ, although causing different diseases, are all clus-
tered closely together towards the C-terminal end of the
human XPD protein and correspond to residues Asp574,
Gly576, Asp582, and Argh84 in T. acidophilum XPD, respec-
tively. It has been speculated that residues at the C-terminal
end of human XPD interfere with p44 binding, thus leading
to an inability to stimulate the helicase activity of XPD [43].
Of these four mutations, only G675R was analyzed with
respect to its ability to interact with p44, and it was shown

iE). PLos Biology | www.plosbiology.org

that the interaction was severely diminished [43]. All other
analyzed disease mutants are located further towards the C-
terminal end of human XPD where our archaeal XPD
contains no corresponding residues, which is not unexpected
since T. acidophilum does not contain a p44 homolog. T.
acidophilum Asp574, Gly576, Asp582, and Argh84 are located
in domain 4 and fulfill important structural roles. Asp574
forms interactions with the strictly conserved Arg570 (Arg669
in the human enzyme), which is located at the end of helix 24,
and thereby stabilizes the transition from the helix to the
following B-strand 16. Gly576 is positioned in this B-strand
and points towards two hydrophobic residues, Leub568 and
11le569 (Ala667 and 11e668 in human XPD) in 924. A mutation
of Gly675 to an arginine would push the entire helix away
from the B-strand and thereby destabilize the integrity of the
domain. Aspb82 is located directly behind P16 and forms
tight interactions with the strictly conserved Arg584 (Arg683
in human XPD), and the latter forms additional interactions
with Asp426 and Phe527 (Glu509 and Tyr625 in human XPD),
two highly conserved residues. The point mutations at the C-
terminal end of XPD thus clearly play important structural
roles, and any of the four mutations would interfere with the
fold of domain 4, which could also diminish the interactions
with p44. According to our protein-DNA model, however, T.
acidophilum Argb84 (Arg683 in human XPD) also plays an
important role in DNA binding and is one of the residues that
may bind to the DNA close to the double-strand/single-strand
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junction. Replacing this positively charged residue with either
a glutamine or tryptophan may severely interfere with DNA
binding and thereby lead to the disease phenotype.

The crystal structure of XPD from T. acidophilum revealed
that the protein contains two RecA-like helicase domains and
two additional domains that emerge from the first helicase
domain. Surprisingly, the first three domains form a donut-
shaped structure and a protein-DNA model is proposed in
which one of the ssDNA strands passes through this central
hole in close spatial proximity to the 4Fe4S cluster in the
second domain. The high sequence homology to eukaryotic
XPDs allowed the analysis of mutations leading to one of the
three severe diseases xeroderma pigmentosum, Cockayne
syndrome, or trichothiodystrophy and provides the basis for a
more detailed analysis to understand the combined action of
the helicase and the 4Fe4S cluster to achieve damage
verification within the NER repair cascade.

Materials and Methods

Protein expression and purification. The genes encoding two XPDs
from T. acidophilum with variable N-termini (residues 1-622 and 23-
622) were cloned into the pET16b vector (Novagen) using the Ndel
and Xhol restriction sites. XPD was expressed as an N-terminally His-
tagged protein in Escherichia coli BL21-CodonPlus (DE3)-RIL cells
(Stratagene) by induction with 0.1 mM isopropyl-B-thiogalactoside at
14 °C for 18 h. The protein was purified by metal affinity
chromatography (Ni-NTA; Invitrogen) followed by size-exclusion
chromatography (HiLoad 26/60 Superdex 200 prep grade; GE
Healthcare) in 20 mM Tris (pH 8) and 500 mM NaCl. The protein
was concentrated to 5 mg/ml based on a molar absorption coefficient
of 65,140 M' cm™".

Helicase assay. For construction of the 5" overhang DNA substrate,
a 25-mer oligonucleotide (MDJ1, 5-GACTACGTACTGT-
TACGGCTCCATC-3") was 5 end labeled and annealed to the 3’
end of a 50-mer oligonucleotide (NDB, GCAGATCTGGCCT-
GATTGCGGTAGAGATGGAGCCGTAACAGTACGTAGTC). The
helicase assay was carried out as described by [18] with slight
modifications. Briefly, the reactions (10 pl) were incubated at room
temperature in 20 mM MES (pH 6.5), 1 mM DTT, 0.1 mg/ml BSA, 5
mM MgCly, 10 nM 32p_Jabeled DNA substrate, and 500 nM XPD for 10
min. The reactions were started by the addition of 3 mM ATP and
transferred to a 45 °C water bath. After the specified time, 20 pl of
stop solution (10 mM Tris-HCl [pHS8]. 5 mM EDTA, 5 pM cold
competitor [MD]1], 0.5% SDS, and 1 mg/ml proteinase K) was added
and incubated for 15 min at 37 °C to allow proteinase K digestion.
Samples were separated on a native 10% acrylamide:bis TBE gel for 1
h at 100 V.

Crystallization, data collection, and structure solution. XPD
crystals were grown by vapor diffusion in hanging drops containing
equal volumes of protein in 20 mM Tris/HCI (pH 8.0) and 500 mM
NaCl at a concentration of 5 mg/ml, and a reservoir solution
consisting of 200 mM MgCls, 100 mM Hepes (pH 8), and 5%-10%
PEG 400 equilibrated against the reservoir solution. Crystals grew
within 7 d at 20 °C to a maximum size of 100 X 50 X 50 um®. Prior to
data collection, the crystals were cryocooled by sequential transfer
into mother liquor containing increasing amounts of glycerol in 5%
steps to a final concentration of 30%.

The crystals were flash cooled in liquid nitrogen, and data
collection was performed at 100 K. Data sets were collected at
beamline BM14 (European Synchrotron Radiation Facility [ESRF]) at
wavelengths of 1.0 A, 1.7 A, 1.7367 A, and 1.7419 A. All data were
indexed and processed using Moslfm and Scala [49,50]. The crystals
belong to space group P65 with unit cell dimensions of a=b="789 A, ¢
= 174.0 A. Structure solution was achieved utilizing the anomalous
signal of the endogenous Fe belonging to the 4Fe4S cluster by MAD
data collection at the Fe edge. The peak and inflection datasets were
obtained from one crystal and were merged with a highly
isomorphous dataset collected at the remote wavelength. The Fe
sites were located using ShelxD [51], and phase improvement was
achieved with Sharp [52]. Substructure solution and refinement was
carried out at 4 A resolution, and the 4Fe4S cluster was treated as a
“super” atom for phasing. The initial maps were subjected to solvent
flattening and phase extension to 3.6 A using the programs Solomon
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[63] and Pirate [54]. The solvent-flattened maps were autotraced
using the low-resolution quick-build option in ARP/WARP [55] and
further extended manually using the programs O and Coot [56,57].
After assigning the maximum number of residues and side chains
possible, the model was subjected to phase-restrained simulated
annealing and maximum likelihood refinement using the program
phenix.refine [58]. Refinement was carried out against the highest
resolution dataset up to 2.9 A. The model was further improved by
alternating rounds of refinement and manual model building. When
the model was sufficiently complete, refinement continued with TLS
and restraint maximum likelihood refinement using Refmach [54].
The final model contains 586 out of 602 amino acid residues, the 4Fe-
4S cluster, one calcium ion, and one water molecule.

Supporting Information
Figure S1. Helicase Activity of T. acidophilum XPD

(A) Graphic representation of helicase assay.

(B) XPD is an ATP-dependent DNA helicase. Lane 1 is the ssDNA
control, lane 2 dsDNA without XPD, lanes 3-6 contain 500 nM XPD
in the absence (lanes 3 and 4) of ATP and in the presence of ATP
(lanes 5 and 6). The 5-min and 15-min incubation times were analyzed
and are shown in lanes 3 and 5 or 4 and 6, respectively.

Found at doi:10.1371/journal.pbio.0060149.sg001 (322 KB PDF).

Figure S2. Superposition of XPD with UvrB and with cMyb

(A) XPD, color coded as in Figure 1A, was superimposed with UvrB
shown in grey. The two RecA-like domains (yellow and red)
superimpose well, whereas the remainder of the two protein models
share no structural homology.

(B) Superposition of the 4Fe4S cluster containing domain of XPD
with cMyb. XPD is shown in cyan and cMyb in grey.

Found at doi:10.1371/journal.pbio.0060149.sg002 (959 KB PDF).

Figure S3. Superposition of XPD with Hel308 and NS3 Helicases

(A) XPD is color coded as in Figure 1A; Hel 308 is shown in light blue.
Main chain atoms of the wedge in XPD and the B-hairpin in Hel308
are shown in space-filling models and are indicated by arrows. The
DNA is shown in grey, and the bases as grey spokes. The super-
position of XPD with Hel308 revealed an rms deviation of 3.6 A using
240 Ca-atoms out of 683 from Hel308 and 588 from XPD.

(B) XPD is color coded as in (A), and NS3 is shown in blue. The
superposition of NS3 helicase with XPD led to an rms deviation of 3.0
A using 205 Co-atoms out of 432 from NS3 and 588 from XPD.

(C) Superpositions of the RecA-like domains of XPD (yellow and red),
NS3 (blue), and Hel308 (light blue) using the first RecA domain
(domain 1) as the pivot point.

Found at doi:10.1371/journal.pbio.0060149.sg003 (1.59 MB PDF).

Accession Numbers

Coordinates and structure factors for the XPD structure have been
deposited in the Protein Data Bank (http://www.rcsb.org/pdb/home/
home.do) using the Autodep tool from the European Bioinformatics
Institute (http://www.ebi.ac.uk/) with the entry code 2VSF.

The Protein Data Bank accession numbers for the proteins
discussed in the paper are as follow: c-myb (1h89), UvrB (2fdc),
Hel308 (2p6r), and NS3 (lalv).

Acknowledgments

We thank the staff of beamline BM14 at the ESRF for technical
support.

Author contributions. SCW, JK, and CK conceived and designed
the experiments. SCW, JK, PH, JJT, and DLC performed the
experiments and analyzed the data. JK and CK wrote the manu-
script. BVH helped write the manuscript and contributed important
discussions and a figure to the manuscript.

Funding. This work has been supported by grants from the
Deutsche Forschungsgemeinschaft (DFG) and the National Institutes
of Health to CK (KI-562/2-1, GM 07873), and in part by the
Intramural Research Program of the National Institutes of Health,
National Institute of Environmental Health Sciences (BVH and
DLC).

Competing interests. The authors have declared that no competing
interests exist.

June 2008 | Volume 6 | Issue 6 | €149



References

1.

i

at

10.

11.

12.

14.

16.

17.

19.

20.

21.

22,

26.

27.

28.

29.

30.

32,

Friedberg EC, Walker GC, Siede W, Wood RD, Schultz RA, et al. (2006) DNA
repair and mutagenesis. Washington (D.C.): ASM Press. 1118 p.

Goosen N, Moolenaar GF (2001) Role of ATP hydrolysis by UvrA and UvrB
during nucleotide excision repair. Res Microbiol 152: 401-409.

Sancar A (1996) DNA excision repair. Annu Rev Biochem 65: 43-81.

Van Houten B (1990) Nucleotide excision repair in Escherichia coli.
Microbiol Rev 54: 18-51.

Gillet LC, Scharer OD (2006) Molecular mechanisms of mammalian global
genome nucleotide excision repair. Chem Rev 106: 253-276.

Sancar A (1994) Mechanisms of DNA excision repair. Science 266: 1954-
1956.

van Gool AJ, van der Horst GT, Citterio E, Hoeijmakers JH (1997) Cockayne
syndrome: defective repair of transcription? EMBO J 16: 4155-4162.
Vermeulen W, de Boer ], Citterio E, van Gool AJ, van der Horst GT, et al.
(1997) Mammalian nucleotide excision repair and syndromes. Biochem Soc
Trans 25: 309-315.

Bergmann E, Egly JM (2001) Trichothiodystrophy, a transcription syn-
drome. Trends Genet 17: 279-286.

de Boer J, Hoeijmakers JH (2000) Nucleotide excision repair and human
syndromes. Carcinogenesis 21: 453-460.

Hess MT, Schwitter U, Petretta M, Giese B, Naegeli H (1997) Bipartite
substrate discrimination by human nucleotide excision repair. Proc Natl
Acad Sci U S A 94: 6664-6669.

Riedl T, Hanaoka F, Egly JM (2003) The comings and goings of nucleotide
excision repair factors on damaged DNA. EMBO J 22: 5293-5303.

. Evans E, Fellows J, Coffer A, Wood RD (1997) Open complex formation

around a lesion during nucleotide excision repair provides a structure for
cleavage by human XPG protein. EMBO ] 16: 625-638.

Evans E, Moggs JG, Hwang JR, Egly J-M, Wood RD (1997) Mechanism of
open complex and dual incision formation by human nucleotide excision
repair factors. EMBO J 16: 6559-6573.

. Coin F, Oksenych V, Egly JM (2007) Distinct roles for the XPB/p52 and

XPD/p44 subcomplexes of TFIIH in damaged DNA opening during
nucleotide excision repair. Mol Cell 26: 245-256.

Reardon JT, Sancar A (2003) Recognition and repair of the cyclobutane
thymine dimer, a major cause of skin cancers, by the human excision
nuclease. Genes Dev 17: 2539-2551.

Reardon JT, Sancar A (2004) Thermodynamic cooperativity and kinetic
proofreading in DNA damage recognition and repair. Cell Cycle 3: 141-144.

. Rudolf J, Makrantoni V, Ingledew W], Stark MJ, White MF (2006) The DNA

repair helicases XPD and Fanc] have essential iron-sulfur domains. Mol Cell
23: 801-808.

Pugh RA, Honda M, Leesley H, Thomas A, Lin Y, et al. (2008) The iron-
containing domain is essential in Rad3 helicases for coupling of ATP
hydrolysis to DNA translocation and for targeting the helicase to the single-
stranded DNA-double-stranded DNA junction. J Biol Chem 283: 1732-
1743.

Krissinel E, Henrick K (2007) Inference of macromolecular assemblies from
crystalline state. ] Mol Biol 372: 774-797.

Singleton MR, Dillingham MS, Wigley DB (2007) Structure and mechanism
of helicases and nucleic acid translocases. Annu Rev Biochem 76: 23-50.
Gorbalenya AE, Koonin EV, Donchenko AP, Blinov VM (1989) Two related
superfamilies of putative helicases involved in replication, recombination,
repair and expression of DNA and RNA genomes. Nucl Acids Res 17: 4713-
4730.

. Krissinel E, Henrick K (2004) Secondary-structure matching (SSM), a new

tool for fast protein structure alignment in three dimensions. Acta

Crystallogr Sect D Biol Crystallogr 60: 2256-2268.

. Truglio JJ, Karakas E, Rhau B, Wang H, DellaVecchia M], et al. (2006)

Structural basis for DNA recognition and processing by UvrB. Nat Struct
Mol Biol 13: 360-364.

. Buttner K, Nehring S, Hopfner KP (2007) Structural basis for DNA duplex

separation by a superfamily-2 helicase. Nat Struct Mol Biol 14: 647-652.
Kim JL, Morgenstern KA, Griffith JP, Dwyer MD, Thomson JA, et al. (1998)
Hepatitis C virus NS3 RNA helicase domain with a bound oligonucleotide:
the crystal structure provides insights into the mode of unwinding.
Structure 6: 89-100.

Tahirov TH, Sato K, Ichikawa-Iwata E, Sasaki M, Inoue-Bungo T, et al.
(2002) Mechanism of c¢-Myb-C/EBP beta cooperation from separated sites
on a promoter. Cell 108: 57-70.

Fromme JC, Banerjee A, Huang SJ, Verdine GL (2004) Structural basis for
removal of adenine mispaired with 8-oxoguanine by MutY adenine DNA
glycosylase. Nature 427: 652-656.

Thayer MM, Ahern H, Xing D, Cunningham RP, Tainer JA (1995) Novel
DNA binding motifs in the DNA repair enzyme endonuclease III crystal
structure. EMBO J 14: 4108-4120.

Porello SL, Cannon MJ, David SS (1998) A substrate recognition role for the
[4Fe-4S]2+ cluster of the DNA repair glycosylase MutY. Biochemistry 37:
6465-6475.

. Lukianova OA, David SS (2005) A role for iron-sulfur clusters in DNA

repair. Curr Opin Chem Biol 9: 145-151.
Guan Y, Manuel RC, Arvai AS, Parikh SS, Mol CD, et al. (1998) MutY

iE). PLos Biology | www.plosbiology.org

1342

33.

38.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

54.

55.

56.

57.

58.

Crystal Structure of XPD

catalytic core, mutant and bound adenine structures define specificity for
DNA repair enzyme superfamily. Nat Struct Biol 5: 1058-1064.

Boon EM, Livingston AL, Chmiel NH, David SS, Barton JK (2003) DNA-
mediated charge transport for DNA repair. Proc Natl Acad Sci U S A 100:
12543-12547.

. Boal AK, Yavin E, Barton JK (2007) DNA repair glycosylases with a [4Fe-4S]

cluster: a redox cofactor for DNA-mediated charge transport? J Inorg
Biochem 101: 1913-1921.

. Lee JY, Yang W (2006) UvrD helicase unwinds DNA one base pair at a time

by a two-part power stroke. Cell 127: 1349-1360.

5. Velankar SS, Soultanas P, Dillingham MS, Subramanya HS, Wigley DB

(1999) Crystal structures of complexes of PcrA DNA helicase with a DNA
substrate indicate an inchworm mechanism. Cell 97: 75-84.

. Sugasawa K, Okamoto T, Shimizu Y, Masutani C, Iwai S, et al. (2001) A

multistep damage recognition mechanism for global genomic nucleotide
excision repair. Genes Dev 15: 507-521.

Skorvaga M, Theis K, Mandavilli BS, Kisker C, Van Houten B (2002) The
beta-hairpin motif of UvrB is essential for DNA binding, damage
processing, and UvrC-mediated incisions. ] Biol Chem 277: 1553-1559.

. Moolenaar GF, Hoglund L, Goosen N (2001) Clue to damage recognition by

UvrB: residues in the beta-hairpin structure prevent binding to non-
damaged DNA. EMBO J 20: 6140-6149.

Truglio JJ, Rhau B, Croteau DL, Wang L, Skorvaga M, et al. (2005)
Structural insights into the first incision reaction during nucleotide
excision repair. EMBO ] 24: 885-894.

Naegeli H, Bardwell L, Friedberg EC (1992) The DNA helicase and
adenosine triphosphatase activities of yeast Rad3 protein are inhibited by
DNA damage. a potential mechanism for damage-specific recognition. J
Biol Chem 267: 392-398.

Svejstrup JQ, Vichi P, Egly JM (1996) The multiple roles of transcription/
repair factor TFIIH. Trends Biochem Sci 21: 346-350.

Coin F, Marinoni JC, Rodolfo C, Fribourg S, Pedrini AM, et al. (1998)
Mutations in the XPD helicase gene result in XP and TTD phenotypes,
preventing interaction between XPD and the p44 subunit of TFIIH. Nat
Genet 20: 184-188.

Winkler GS, Araujo SJ, Fiedler U, Vermeulen W, Coin F, et al. (2000) TFIIH
with inactive XPD helicase functions in transcription initiation but is
defective in DNA repair. ] Biol Chem 275: 4258-4266.

. Drapkin R, Le Roy G, Cho H, Akoulitchev S, Reinberg D (1996) Human

cyclin-dependent kinase-activating kinase exists in three distinct com-
plexes. Proc Natl Acad Sci U S A 93: 6488-6493.

Reardon JT, Ge H, Gibbs E, Sancar A, Hurwitz J, et al. (1996) Isolation and
characterization of two human transcription factor IIH (TFIIH)-related
complexes: ERCC2/CAK and TFIIH. Proc Natl Acad Sci U S A 93: 6482-
6487.

Lehmann AR (2001) The xeroderma pigmentosum group D (XPD) gene:
one gene, two functions, three diseases. Genes Dev 15: 15-23.

Dubaele S, Proietti De Santis L, Bienstock R], Keriel A, Stefanini M, et al.
(2003) Basal transcription defect discriminates between xeroderma
pigmentosum and trichothiodystrophy in XPD patients. Mol Cell 11:
1635-1646.

Leslie AGW (1992) Recent changes to the MOSFLM package for processing
film and image plate data. Joint CCP4 + ESF-EAMCB Newsletter on Protein
Crystallography No.26. Warrington (U.K): Daresbury Laboratories.

Evans P (2006) Scaling and assessment of data quality. Acta Crystallogr Sect
D Biol Crystallogr 62: 72-82.

Sheldrick GM (1990) Phase annealing in SHELX-90: direct methods for
larger structures. Acta Crystallogr A 46: 467-473.

De La Fortelle E, Bricogne G (1997) Maximum-likelihood heavy-atom
parameter refinement for multiple isomorphous replacement and multi-
wavelength anomalous diffraction methods. In: Carter CW Jr, Sweet RM,
editors. Methods in enzymology: macromolecular crystallography, part A.
New York: Academic Press. pp. 472-494.

. Abrahams JP, Leslie AGW (1996) Methods used in the structure

determination of bovine mitochondrial F; ATPase. Acta Crystallogr Sect
D Biol Crystallogr 52: 30-42.

Bailey S (1994) The CCP4 suite: programs for protein crystallography. Acta
Crystallogr Sect D Biol Crystallogr 50: 760-763.

Morris R], Perrakis A, Lamzin VS (2003) ARP/WARP and automatic
interpretation of protein electron density maps. Methods Enzymol 374:
229-244.

Emsley P, Cowtan K (2004) Coot: model-building tools for molecular
graphics. Acta Crystallogr D Biol Crystallogr 60: 2126-2132.

Jones TA, Zou JY, Cowan SW, Kjeldgaard M (1991) Improved methods for

building protein models in electron density maps and the location of errors
in these models. Acta Crystallogr A 47: 110-119.

Adams PD, Grosse-Kunstleve RW, Hung LW, Ioerger TR, McCoy A], et al.
(2002) PHENIX: building new software for automated crystallographic
structure determination. Acta Crystallogr D Biol Crystallogr 58: 1948-1954.

. Laskowski RA, MacArthur MW, Moss DS, Thornton JM (1993) PROCHECK:

a program to check the stereochemical quality of protein structures. ] Appl
Crystallogr 26: 283-291.

June 2008 | Volume 6 | Issue 6 | €149



