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The xeroderma pigmentosum group D (XPD) helicase is a subunit of
transcription/DNA repair factor, transcription factor Il H (TFIIH) that
catalyzes the unwinding of a damaged DNA duplex during nucle-
otide excision repair. Apart from two canonical helicase domains,
XPD is composed of a 4Fe-S cluster domain involved in DNA damage
recognition and a module of uncharacterized function termed the
“ARCH domain.” By investigating the consequences of a mutation
found in a patient with trichothiodystrophy, we show that the
ARCH domain is critical for the recruitment of the cyclin-dependent
kinase (CDK)-activating kinase (CAK) complex. Indeed, this mutation
not only affects the interaction with the MAT1 CAK subunit, thereby
decreasing the in vitro basal transcription activity of TFIIH itself and
impeding the efficient recruitment of the transcription machinery
on the promoter of an activated gene, but also impairs the DNA
unwinding activity of XPD and the nucleotide excision repair activity
of TFIIH. We further demonstrate the role of CAK in downregulating
the XPD helicase activity within TFIIH. Taken together, our results
identify the ARCH domain of XPD as a platform for the recruitment
of CAK and as a potential molecular switch that might control TFIIH
composition and play a key role in the conversion of TFIIH from
a factor active in transcription to a factor involved in DNA repair.

rare disease | regulation of gene expression

he xeroderma pigmentosum group D (XPD) gene encodes a 5'—

3’ helicase (XPD) that harbors mutations in patients suffering
from three rare autosomal recessive diseases, xeroderma pigmen-
tosum (XP), trichothiodystrophy (TTD), and Cockayne syndrome
(CS) (1,2). XP is characterized by a deficit of the nucleotide excision
repair (NER) pathway, leading to sun sensitivity and susceptibility to
skin cancer. TTD is characterized by sulfur-deficient brittle hair and
a variety of neuroectodermal symptoms (3). XPD is the founding
member of a family of DNA helicases conserved in archaea and
eukaryotes. All family members share a four-domain organization
including a conserved (Fe-S) cluster-binding domain that is essential
for the helicase activity and a module of uncharacterized function
named the ARCH domain by its arch-shape structure (4-7). Al-
though archeal XPD homologs are monomers and have no known
stable interactors, eukaryotic XPD homologs are part of the
general transcription/DNA repair factor transcription factor II H
(TFIIH), a multisubunit complex made up of 10 subunits (reviewed
in ref. 8). Low-resolution models for TFIIH have been obtained
for the complex in yeast (9, 10) and for the human complex (11),
showing an overall conservation of shape. Human TFIIH can be
resolved into two functional and structural entities bridged by
XPD: the core-TFIIH consists of XPB, p62, p52, p44, p34, and
p8, whereas the cyclin-dependent kinase (CDK)-activating kinase
(CAK) subcomplex contains CDK7, cyclin H, and ménage a trois 1
(MAT1). XPD interacts with the p44 core-TFIIH subunit and with
MAT1, a subunit of CAK involved in the regulation of CDK 7
transcription activity (12-15).

www.pnas.org/cgi/doi/10.1073/pnas.1213981110

TFIIH first was identified as a basal transcription factor and
subsequently was shown to play a key role in DNA repair. The
xeroderma pigmentosum group B (XPB) helicase is involved in
promoter opening during transcription initiation, whereas XPD
allows strand separation around the DNA lesion in the context of
DNA repair by NER (16, 17). Biochemical and genetic studies have
shown that both XPB and XPD ATPase activities are needed to
open up DNA around a damaged site (18, 19). Recent data showed
that only XPB ATPase activity of is required for opening and
remodeling of DNA in NER and transcription, and its helicase is
devoted to promoter escape in transcription (20, 21). XPD helicase
activity, on the other hand, plays a minor role in transcription but is
necessary for NER (19, 22). Once recruited to the DNA damage/
xeroderma pigmentosum group C (XPC)/HR23B complex, CAK
dissociates from core-TFIIH and XPD upon the arrival of xero-
derma pigmentosum group A (XPA) and other NER factors, thus
promoting incision/excision of the damaged oligonucleotide and
repair of the DNA (23). The CDK7 subunit of TFIIH phosphor-
ylates residues Ser5 and Ser7 from the C-terminal domain (CTD)
of the rpb1 RNA polymerase IT (RNA Pol IT) subunit and functions
in promoter-proximal pausing and termination (24-26). In addition
to its role in basal transcription, CDK?7 also participates in the
transactivation of several hormone-dependent genes by phos-
phorylating nuclear receptors (NRs) including retinoic acid
receptors (27, 28), the estrogen receptor (29), peroxisome
proliferator-activated receptor (30), and the androgen receptor (31).
The importance of NR phosphorylation by TFIIH in transcription
has been highlighted in studies using cells from patients bearing
mutations in the XPD subunit of TFIIH or in the xeroderma
pigmentosum group G (XPG) endonuclease that established the
consequence of hormonal/transcriptional dysfunctions in XP-CS/
TTD phenotypes. In patient cell lines, NRs are hypophosphory-
lated, and the ligand-dependent response is decreased (28, 32).

Most mutations in TFIIH that originate XP, TTD, and XP/CS
both disturb the regulatory interactions between TFIIH compo-
nents and affect the catalytic activities of the complex. For ex-
ample, mutations in p8§/TTD-A weaken interactions with the p52
core-TFIIH subunit, leading to a reduced intracellular TFIIH
concentration and a defect in NER, a common feature of TTD
cells (33, 34). The F99S mutation in XPB weakens the XPB/p52
interaction and thus the resulting decrease in the XPB ATPase
activity (21). Similarly, the R683W and R722W mutations found

Author contributions: J.-M.E. and A.P. designed research; W.A,, LI, L.R., C.B., AM.-R., and
C.G. performed research; W.A,, LI, LR, CB., AM.-R,, C.G,, J.-M.E., and A.P. analyzed data;
and W.A,, J.-M.E., and A.P. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. A.R.L. is a guest editor invited by the Editorial
Board.

"To whom correspondence may be addressed. E-mail: egly@igbmc.fr or arnaud.poterszman@
igbmc.fr.

See Author Summary on page 2705 (volume 110, number 8).

PNAS | Published online February 4, 2013 | E633-E642

>
3
=4
4]
=
e}
=
[%}
]
@



mailto:egly@igbmc.fr
mailto:arnaud.poterszman@igbmc.fr
mailto:arnaud.poterszman@igbmc.fr
http://www.pnas.org/content/110/8/E633/1
www.pnas.org/cgi/doi/10.1073/pnas.1213981110

L T

/

1\

=y

in XPD patients weaken its interaction with p44, another TFIIH
subunit, and consequently disrupt its helicase activation function
(35, 36).

We have combined in vitro reconstituted assays with cell-based
approaches to provide insights on the relationships between the
structure and function for XPD and the architecture of TFIIH.
Based on a detailed characterization of mutations identified in cell
lines derived from patients suffering from TTD, we show that the
ARCH domain of XPD plays a key role in DNA recognition and in
the strand-displacement activity of the helicase and identify this
domain as a platform for the recruitment of CAK and thus the
regulation of TFIIH transcription and NER activities.

Results

Composition of Reconstituted Mutant TFIIH. To address the role of the
ARCH domain of human XPD, we take advantage of the C259Y
mutation, which to our knowledge is the only mutation identified
in this domain and which is associated with the R722W allele in
patients TTD12PV and TTD15PV (Fig. 14). Fibroblasts from
these patients show a drastic reduction of the capacity to perform
DNA-repair synthesis, with unscheduled DNA synthesis levels that
are 20% of normal, and poor survival after UV irradiation (37).
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Fig. 1. TTD and XP mutations in the XPD TFIIH subunit. (A) Schematic rep-
resentation of XPD. Helicase motor domains HD1 and HD2 are shown in ma-
genta and blue, respectively, the Fe-S iron sulfur-containing domain is in cyan,
and the ARCH domain isin green. Black bars indicate the helicase motifs (I, Ia, II,
11, 1V, V, and VI). Positions of mutations flanking the ARCH domain and diseases
associated with the mutations are shown. (B) Production of rlIH. The 10 sub-
units of human TFIIH, including either wild-type or mutated XPD, were coex-
pressed in insect cells using the baculovirus expression system, and complexes
were immunoprecipitated using an antibody directed against the p44 subunit
of the core-TFIIH in low-salt conditions (buffer B containing 75 mM KCl). After
elution with a synthetic peptide recognized by Ab-p44, equal amounts of pu-
rified rlIHs were analyzed by SDS/PAGE with 12% (wt/vol) polyacrylamide fol-
lowed by Western blot (WB) analysis with antibodies directed against XPB,
the N-terminus of XPD, p44, CDK7, or p8. Arrowheads indicate the theo-
retical molecular weight of each XPD mutated form. The asterisk indicates
a nonspecific band.
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We first examined the consequences of the C259Y mutation on
TFIIH composition and activities. Recombinant TFITH complexes
(rIIH), resulting from coinfection by baculoviruses expressing
either wild-type (XPD-wt) or mutant (XPD-C259Y and XPD-
R722W) proteins were produced in insect cells. Sf21 cells were
coinfected first with a virus for expression of the six core-TFIIH
subunits, with a second virus for the three CAK subunits, and
a third virus for the production of XPD. Recombinant complexes
were immunopurified from infected cell extracts using an antibody
directed against the p44 core-TFIIH subunit under physiological
salt conditions to prevent dissociation of weakly associated sub-
units, and bound complexes were eluted with a competitor peptide.
Western blot analysis of immunopurified complexes shows that the
C259Y mutation does not affect the composition and stoichiometry
of rITH XPD-C259Y, which is comparable to that of rIIH XPD-wt
or rIIH XPD-R722W. Immunopurification by the p44 antibody
precipitated not only the p44, XPB, and p8 subunits of core-TFIIH
but also the XPD and CDK?7, a component of the CAK subcomplex
(Fig. 1B compare lanes 1, 5, and 6). For further insights, we also
engineered an XPD variant (XPD-AARCH) in which residues
248-438 that correspond to the entire ARCH domain were deleted
and replaced by a short linker peptide. Deletion of the ARCH
domain had no visible effect on the composition and stoichiometry
of the immunopurified complex (Fig. 1B, lane 4); this result was not
surprising, because previous reports had shown that deletion of
entire domains does not necessarily affect TFITH composition (34,
38). We also analyzed XPD-Ins199 and XPD-Q452X, two mutant
forms located on either side of the ARCH domain (36). Consistent
with previous experiments, in rIlIH XPD-Q452X, where the XPD
ARCH domain is present but the CTD is lacking, the level of
CDK7 is similar to that observed in the control (compare lanes
1 and 3). The frameshift at position 199 in XPD-Ins199 leads to
a protein lacking the ARCH domain and the C-terminal part of the
protein. In rITH XPD-Ins199, XPD as well as CDK are sub-stoi-
chiometric, but XPB and p8 are not affected (compare lanes 1 and
2), suggesting that the ARCH domain, deleted in the Ins199 but
not in the Q452X mutant, might be required for a stable association
of CAK with core-TFIIH. The reduced amount of XPD and CDK?7
could result directly from the impaired association of CAK with
XPD or from an altered association of XPD with core-TFIIH,
which, as a consequence, might affect recruitment of CAK.

DNA Repair and Helicase Activities of XPD Mutants. We tested the
different rITH recombinant complexes in a dual-incision assay that
contains the XPC-HR23B, XPA, RPA, XPG, and ERCC1-XPF
factors and a closed circular plasmid with a single 1,3-intrastrand d
(GpTpG) cisplatin-DNA crosslink as template (35). Both deletion
of the ARCH domain and the C259Y mutation impair incision:
Although rITH XPD-AARCH is totally inactive (Fig. 24, lanes 7
and 8), low but significant residual incision activity is detectable
with rITH XPD-C259Y (lanes 3 and 4). Note that rIIH XPD-
R722W, the complex harboring the mutation found in the second
allele in TTD12PV and TTD15PV patients, is unable to potentiate
dual incision of the damaged DNA (lanes 5 and 6), suggesting that
C259Y is a causative mutation i.e., is responsible for the molecular
phenotype.

We then evaluated the helicase 5-3 activity of purified XPD
using a double-stranded oligonucleotide substrate with a 5’ single-
strand extension (Fig. 2B). Experiments were performed in pres-
ence of the p44 core-TFIIH subunit, known to interact specifically
with and to regulate XPD helicase activity (39). In contrast to
XPD-wt, which is able to displace the 25-bp *?P-labeled oli-
gonucleotide in the presence of p44, neither XPD-C259Y nor
XPD-AARCH exhibit detectable helicase activity, even with the
addition of a large excess of p44 (Fig. 2B, compare lanes 6-8 and
lanes 12-14 with lanes 3-5). We next investigated interactions
with the same substrate DNA using an EMSA and tested whether
mutations in the ARCH domain impair DNA binding. Although
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Fig. 2. DNA repair and helicase activities of rllHs. (4) In vitro double-incision assay. Increasing amounts of immunopurified rllH were added to an incision/
excision assay using recombinant NER factors, and the reaction was analyzed by electrophoresis followed by autoradiography. “t” corresponds to ~25 ng of
rlIH with p44 as reference. (B) The 5'-3" helicase activity of XPD variants. Equivalent amounts of each Flag-purified XPD variant (~100 ng) were added to a 5'-
strand extension probe obtained by annealing a 52-nt single-strand DNA to a 5’ 3?P-labeled 25-nt single-stranded DNA in the presence of increasing amounts
of p44 (0, 50, or 500 ng). Single- and double-stranded DNA are separated by electrophoresis on a 14% (wt/vol) polyacrylamide gel and analyzed by auto-
radiography (lanes 3-15). The symbols “~" and “A” indicate the native and denatured probes, respectively (lanes 1 and 2). (C) DNA-binding activity. In-
creasing amounts of XPD variants (Left, lanes 1-9) and CAK-XPD (Right, lanes 10-14) were incubated with the labeled 5’-strand extension probe shown in B,
and the resulting nucleoprotein complexes were analyzed by electrophoresis using a 6% (wt/vol) polyacrylamide gel followed by autoradiography with XPD
as reference. Densitometric analysis of lanes 3, 5, 7, 9, 12, and 14 are shown as below. “x" corresponds to 100 ng of XPD. BP, bound probe; FB, free probe. (D)
5-3’ helicase activities of rllH complexes. Insect cells were infected with a set of baculoviruses overexpressing the subunits of TFIIH including either wild-type
or mutated Flag-tagged XPD, and complexes were immunoprecipitated using an antibody directed against the Flag epitope in buffer B. After elution with the
Flag synthetic peptide, core-TFIIH/XPD (core-IIH, lanes 1-3) and Holo-TFIIH (rliH, lanes 4-6) were analyzed by Western blot analysis (WB), and equivalent amounts
of complex (~200 ng) were tested for their 5'-3’ helicase activities (Helicase). The negative control is shown in lane 7. Densitometric analysis suggests a fivefold

decrease of Holo-TFIIH (lane 4) 5'-3' helicase activity compared with that of core-TFIIH (lane 1) in the case of XPD-wt.

the XPD-R722W mutant has partially retained the capacity to
form a stable complex with DNA (Fig. 2C, compare lanes 6 and 7
with lanes 2 and 3), neither XPD-C259Y nor XPD-AARCH is
able to shift the helicase DNA probe (Fig. 2C, compare lanes 4 and
5 and lanes 8 and 9). Because TFIIH subunits are involved in an
intricate protein—protein interaction network that is likely to
modulate its catalytic activities, we also analyzed the 5’3" helicase
activity of XPD when associated with core-TFIIH and in the
context of Holo-TFIIH (composed of core-TFIIH, XPD, and
CAK). In accordance with previous observations on isolated
subunits (13), we indeed found that the 5'-3’ helicase activity of
Holo-TFIIH is reduced significantly compared with that of core-
TFIIH (Fig. 2D, compare lanes 1 and 4). However, none of the
mutant complexes exhibited detectable helicase activity (Fig. 2D,
Lower, compare lane 1 with lanes 2 and 3 and lane 4 with lanes 5
and 6). Taken together, these results show that the ARCH domain
is required for the unwinding reaction and is involved in recog-
nition of the DNA substrate. Comparison of the helicase activity of
core-TFIIH with that of Holo-TFIIH suggests that the presence of
CAK represses XPD helicase activity. In agreement with this ob-
servation, gel-shift experiments performed with CAK/XPD in-
stead of XPD do not lead to the formation of a stable
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nucleoprotein complex detectable under our experimental con-
ditions (Fig. 2C, compare lanes 11 and12 with lanes 13 and 14).

XPD Mutations Impair in Vitro Transcription Activity of TFIIH. The
rITHs complexes next were tested for their transcription activity
using an in vitro reconstituted assay in the presence of recombi-
nant TBP, TFIIA, TFIIB, TFIIE, and TFIIF in addition to puri-
fied RNA Pol II and a linearized DNA template containing the
adenovirus major late promoter. rIIH XPD-C259Y and rIIH
XPD-R722W significantly impair RNA synthesis relative to wild
type (Fig. 34, compare lanes 1-3 with lanes 4-6 and 7-9).
Because CAK phosphorylation of the RNA Pol IT CTD is re-
quired for the transition from initiation to elongation and for
further promoter escape (40, 41), we investigated how mutations
in XPD impact the phosphorylation status of the polymerase.
Addition of XPD-wt to an in vitro transcription system that con-
tains all the basal transcription factors in addition to core-TFIITH
and CAK results in a shift from the lower-molecular-weight RNA
Pol ITA (the nonphosphorylated form) to higher-molecular-weight
RNA Pol IIO (the hyperphosphorylated form; Fig. 3B, lanes 1-3).
Interestingly, no phosphorylation of RNA Pol I CTD is observed
in the presence of XPD-C259Y or XPD-R722W (Fig. 3B, com-
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Fig. 3. Transcription and CTD kinase activity of rlIHs. (A) Basal transcription
activity. Increasing amounts of purified rlIH with different XPD variants were
added to an in vitro reconstituted transcription system lacking TFIIH. Tran-
scripts were analyzed by electrophoresis followed by autoradiography and
quantification. The length of the corresponding transcript is indicated on
the left. Data from a representative experiment are shown in the histogram.
For each mutant, the transcription activity from three independent experi-
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pare lanes 2 and 3 with lanes 4 and 5 and with lanes 6 and 7),
whereas TFIIH containing XPD-K48R (which carries a mutation
in the helicase motif I) allows CTD phosphorylation (lanes 10 and
11) (22). We then wondered whether an excess of CAK could
enhance the transcription activity of recombinant TFIIH harbor-
ing the XPD mutations. Addition of CAK to purified recombinant
rITH XPD-C259Y leads to a twofold stimulation of RNA synthesis
and a partial recovery of TFIIH transcription activity (Fig. 3C,
lanes 2-5). Addition of CAK to rIITH-R722W also stimulates RNA
synthesis, but only when a large excess of CAK is used (Fig. 3C,
compare lanes 6-9 with lanes 2-5). The addition of CAK to rIIH-
AARCH did not result in any stimulation (Fig. 3C, lanes 10-12).
Taken together, these results establish that the C259Y mutation
impairs the initiation of TFIIH basal transcription but in a manner
that differs from the deletion of the entire ARCH domain and
from the R722W mutation, which impairs the interaction with the
p44 core-TFIIH subunit (39).

ARCH Domain Is a Platform for CAK Anchoring. To explain why the
C259Y mutation in XPD affects TFIIH transcription activity, we
first tested pairwise interactions between mutant XPDs and p44
from core-TFIIH or XPDs with MAT1 from CAK, the two TFIIH
subunits that interact tightly with the helicase (12, 39). Proteins
were coexpressed in insect cells, immunoprecipitated in 250 mM
NaCl using either the Flag-tag fused to the N-terminal extremity of
XPD or an anti-XPD antibody, and analyzed by Western blot.
Mutation C259Y in the ARCH domain and deletion of the entire
module have no visible effect on the association of XPD with p44
(Fig. 44, compare lanes 6 and 8 with lane 5) but significantly affect
the MAT1/XPD interaction (compare lanes 2 and 4 with lane 1
and with lanes 11 and 12), suggesting that the ARCH domain is
involved in anchoring CAK to XPD. Point mutation R722W, in
contrast, impairs the p44/XPD interaction (compare lane 7 with
lane 5) but does not modify its interaction with MAT1 (compare
lane 3 with lane 1). In a second set of experiments, we analyzed
interactions between XPD variants and the XPG endonuclease
that associates strongly with TFIIH and stabilizes the interaction
between core-TFIIH, CAK, and XPD (32). Pull down from cell
extracts of Sf9 cells expressing XPG and XPD showed that the two
proteins interact (Fig. 4B, lane 1) and that all XPD mutants, in-
cluding XPD-AARCH, have retained the capacity to bind immo-
bilized XPG (Fig. 4B, lanes 2 and 4), although to a lesser extent than
wild-type XPD (Fig. 4B, lane 1). Mutations in either the ARCH
domain and/or in the C-terminal end of XPD affect the ability to
interact with other partners but in general do not abolish binding.
Next, to characterize further the CAK/XPD interface, XPD
deletion fragments corresponding to the N-terminal region (resi-
dues 1-277), the ARCH domain (residues 245-443), or the C-
terminal region (residues 444-760) of XPD (Fig. 14) were coex-
pressed with the three subunits of CAK in insect cells. Complexes
were affinity purified using either the Flag-tag fused to the N
terminus of XPD constructs or the C-terminal Strep-tag from the
CDK7 component of CAK. Both Flag-XPD and CDK7-Strep
pull-down experiments followed by Coomassie staining show that

ments and normalized to wild-type rlIH is indicated. “//" indicates saturation;
“t" corresponds to ~25 ng of rlIH with p44 as reference; au, arbitrary units.
(B) To evaluate the RNA Pol Il kinase activity of the TFIIH variants, purified
core-TFIIH (200 ng), CAK (100 ng), and XPD (x or 2x) mutants were mixed in
an in vitro assay containing all the basal transcription factors and the
AdMLP. Arrows indicate hypophosphorylated (lIA) and hyperphosphorylated
(110) forms of RNA Pol Il. “x" corresponds to ~100 ng of XPD. (C) The
transcription activity of rllHs containing the different XPD variants was
assessed in presence of increasing amounts of purified recombinant CAK.
"“+" corresponds to 50 ng of rlIH-wt, -C259Y, and -R722W and 150 ng of rlIH-
AARCH. Wild-type rlIH was used as control. The signals were quantified and
normalized to wild type assuming activities of 30, 17, and 9% for rlIH-C259Y,
-R722W, and -AARCH, respectively.
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the anti-Flag M2 resin (Left) or were immunoprecipitated with an anti-XPD antibody (Right) in the presence of 250 mM NaCl (buffer C). Input and purified
complexes were analyzed by anti-p44, anti-MAT1, or anti-Flag Western blot. The asterisk indicates a nonspecific band. (B) Pairwise interactions between XPD
variants and XPG. 519 insect cells were coinfected with viruses that allow the expression of Flag-tagged XPD variants and a virus that allows the expression of
c¢-myc-tagged XPG. Immunopurification was performed with anti-c-Myc resin in buffer C. Input and the purified complexes were analyzed by Western blot
'.-.' with anti-Flag antibody. (C) Interactions between XPD fragments and CAK. Sf9 insect cells were coinfected with a virus that allows the expression of the CAK

subcomplex with CDK7 C-terminal Strep-tag fusion and with viruses that allow the expression of N-terminal XPD (residues 1-245), C-terminal XPD (residues
443-762), or ARCH (residues 245-443) with an N-terminal Flag tag. The capacity of XPD fragments to bind CAK and to copurify was tested using the Flag-tag
(lanes 1-3) or Strep-tag Il (lanes 4-6) for the purification of the complexes in buffer C. Purified proteins were analyzed using PAGE with 12% (wt/vol)
polyacrylamide followed by Coomassie staining. Proteins are indicated by arrowheads. (D) Consequences of XPD mutations on association with CAK and core-
TFIIH. Insect cells were infected with a set of baculoviruses overexpressing the subunits of TFIIH including either wild-type or mutated Flag-tagged XPD, and
complexes were immunoprecipitated using an antibody directed toward the Flag epitope in buffer C. After elution with the Flag synthetic peptide,
immunopurified complexes (rllHs) were analyzed by Western blot analysis (WB, Upper) and were tested for their capacity to phosphorylate the CTD of RNA
Pol Il (autoradio, Lower). Experiments were performed in triplicate. Histograms represent estimated ratios (in arbitrary units, au) between MAT1 (a repre-
sentative CAK subunit) and XPD or p44 (a representative core-TFIIH subunit).
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the XPD fragment corresponding to the ARCH domain is able to
coimmunoprecipitate with the three subunits of CAK (Fig. 4C,
lanes 3 and 6). This is not the case for fragments corresponding to
the N- and C-terminal regions of XPD, which do not associate with
CAK (Fig. 4C, lanes 1 and2 and lanes 4 and 5), showing that the
ARCH module indeed is required for stable association with CAK
and can be considered a recruitment platform.

To investigate the consequences of XPD mutations on associ-
ation with CAK and core-TFIIH, recombinant complexes were
coexpressed in insect cells and immunopurified using the epitope
Flag fused to the N terminus of XPD. These experiments were
performed in the presence of 250 mM NaCl and 0.1% Nonidet
P-40 to eliminate subunits that might be nonspecifically coimmu-
nopurified, because the experiments presented above at lower
ionic strength and in the absence of detergent showed that neither
the C259Y or R722W point mutations nor the deletion of the
ARCH domain affects the composition of the purified complex

Abdulrahman et al.

(Fig. 1B). Analysis of CDK?7 kinase activity using a peptide that
mimics the RNA Pol II CTD shows that the immunopurified
complexes rIIH XPD-C259Y and rIIH XPD-AARCH are unable
to phosphorylate their substrate because they contain only limited
amounts of active CAK (Fig. 4D, compare lanes 1 and 3 with lanes
2 and 4). Western blot analysis shows that these immunoprecipi-
tated complexes contain detectable amounts of p52, a core-TFITH
subunit, but the complex harboring the R722W mutation does not.
A quantitative interpretation of Western blot experiments shows
that mutations in the ARCH domain, and particularly the deletion
of the entire domain, affect association not only with CAK but also
with the p44 core-TFIIH subunit (Fig. 4D, histogram). This result
suggests that subunit associations are not limited to a set of strong
pairwise interactions and implies additional weaker contacts.
These secondary interactions may anchor XPD positively within
the complex or regulate catalytic activities, perhaps explaining
why CTD phosphorylation is extremely low but the XPD/MAT1
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interaction is not totally abolished (Fig. 4D, lanes 2 and 4). To-
gether, these observations establish the role of the ARCH domain
as a platform for recruitment of CAK and highlight the intricacy of
the protein—protein interaction network within TFITH.

Incidence of XPD Mutations on Transactivation Mediated by NRs.
Knowing that mutations in XPD can affect ligand-dependent
transactivation mediated by nuclear hormone receptors (28), we
tested the effect of the C259Y mutation on the capacity of TFIIH
to transactivate the RARP2 gene in response to all-frans retinoic
acid (t-RA). The established cell line HD2 harboring the causative
XPD-R683 point mutation (42) was transfected with a plasmid
expressing XPD-wt, XPD-C259Y, or XPD-R722W, treated with
t-RA, and the concentration of RARB2 mRNA was quantified by
quantitative PCR (qPCR) (Fig. 54). Overexpression of XPD-wt
allows a significant transcriptional activation upon ligand induction
compared with HD?2 control. This correction is specific to XPD-wt;
neither XPD-C259Y nor XPD-R722W was able to increase the
level of RARB2 mRNA significantly, demonstrating that, although
not lethal, both the C259Y and R722W mutations strongly affect
TFIIH function in vivo.

ChIP assays then were undertaken to investigate whether
mutations affect the recruitment of TFIIH on activated RARP2
promoter using isogenic stable cell lines engineered by site-specific
integration of transgenes into HEK293 cells using an FLP-FRT
system. In addition to endogenous XPD, these cells express either

XPD-wt or a mutant protein (XPD-C259Y or XPD-R722W) fused
to an N-terminal Flag peptide (Fig. 5B, Left). The genomic DNA
fragments bound to XPD were immunoprecipitated with anti-
bodies directed against either the Flag epitope or the XPD protein
and were analyzed further by qPCR. After 6 h of treatment with
t-RA and synthesis of RARB2 mRNA (43), the recruitment of
TFIIH containing the Flag-XPD at the RARP2 promoter was
evaluated. Using antibodies directed against either Flag-XPD or
the XPD subunit itself demonstrated that both integrate TFIIH
and are recruited together with RNA Pol II at the RARB2 pro-
moter in XPD-wt/HEK?293 cells (Fig. 5C). We next observed that
mutants XPD-C259Y and XPD-R722W are not recruited effi-
ciently at the RARB2 promoter (Fig. 5 D and E), explaining the
inability of this mutated protein to restore the RARPB2 expression
(Fig. 54). Further ChIP/reChIP experiments confirm that the
immunoprecipitated Flag-XPD complex contains the MAT1 and
p44 TFIIH subunits when XPD-wt is used (Fig. 5 F—H). HEK293
Flp-In cells express endogenous XPD which competes with ec-
topically expressed mutants and impairs the assembly of mutant
complexes at detectable levels. Interestingly, and in agreement
with our previous conclusions obtained with recombinant com-
plexes, pull-down experiments from whole-cell extracts prepared
from HEK293 Flp-In expressing XPD-R722W show that the
XPD-R722W mutation does not affect coimmunoprecipitation of
XPD with the MAT1 CAK subunit but does affect coimmuno-
precipitation of XPD with the p44 core-protein (Fig. 5B, Right).
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Fig. 5.

Implications of XPD in retinoic acid-dependent recruitment of TFIIH on the RARB2 promoter. (A) Relative RARB2 mRNA expression monitored by qPCR

from XPD-transfected HD2 cells (XPD-wt, -C259Y, -R722W) treated with 1 pM t-RA. The effect of XPD mutations on nuclear hormone receptors mediated
transactivation. The XPD-deficient cell line HD2 was transfected with an empty plasmid (blue diamond) or with a plasmid expressing XPD-wt (red square),
XPD-C259Y (green triangle), or XPD-R722W (magenta cross) and was treated with t-RA. Transcription of the RARB2 mRNA was quantified by gPCR. (B) HEK293
Flp-IN cells were stably transfected with 3Flag-XPD (XPD-wt, -C259Y, -R722W). Chromatin extracts were prepared and analyzed for Flag, XPD, and MAT1 by
Western blot (Left). Whole-cell extracts were immunoprecipitated using the Flag tag and analyzed for XPD, p44, and MAT1 (Right). (C-H) ChIP/ReChIP
monitoring the coimmunoprecipitation of the RARB2 promoter using Flag or XPD antibodies (C-E) or a combination of antibodies against Flag/MAT1, Flag/
p44, or Flag/pol Il (F-H ) from 3Flag-XPD-transfected HEK293 stable cell lines (XPD-wt, XPD-C259Y, XPD-R722W) treated with t-RA (1 pM).
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The C259Y mutation affects the interaction with both core-TFIIH
and CAK. Taken together, our data show that the XPD-C259Y
and XPD-R722W mutations are detrimental for RNA synthesis
in a cellular context because the inability of mutants to integrate
a functional TFIIH complex impairs the assembly of functional
transactivation complexes.

Discussion

Helicases are modular proteins that use ATP to bind and/or re-
model nucleic acid complexes. Involved in virtually all aspects of
RNA and DNA metabolism, these motor proteins are built
around a conserved helicase core consisting of two similar RecA-
like motor domains with additional accessory domains, i.e., N- or
C-flanking regions or inserts within the core. Specific regulation or
complementary catalytic activities often are provided by inter-
actions with protein partners, and several helicases are compo-
nents of large macromolecular complexes.

Structural Considerations. The XPD helicase illustrates the molec-
ular organization of these motor proteins and the key role of ac-
cessory domains for regulation. Apart from its motor domains HD1
and HD2, human XPD is composed of a 4Fe-S cluster domain, the
ARCH domain, and a specific C-terminal extension required for
association with the p44 core-TFIIH subunit (Fig. 64) (5-7). The
4Fe-S cluster domain contains four redox-sensitive cysteines that
are thought to play a role in DNA damage recognition (44) and,
together with the ARCH domain, forms a small tunnel large
enough to accommodate single-stranded DNA (5-7, 45).

We have shown that the ARCH domain of human XPD is
a platform for CAK anchoring and is required for the stability of
TFIIH. The ARCH domain interacts specifically with the MAT1
subunit of CAK and has been identified as the minimal region
required for a stable association of XPD with the kinase complex.
In the context of TFIIH, deletion of the ARCH domain impairs
association not only with CAK but also with core-TFIIH, as

A <7

S44/
’“ p34

HD1
C-terminal ext.

demonstrated by quantitative XPD pull-down experiments per-
formed in the presence of medium salt concentration and of
limited amounts of nonionic detergent to dissociate weakly asso-
ciated subunits. In this work, we largely took advantage of the
C259Y mutation, which impedes the MATI1/XPD interface.
Residue C259 maps onto the first helix of the ARCH domain, and
its side chain points into the center of the helical bundle where it
packs with other residues that form the core of the domain (Fig.
64). Mutation of C259 into a tyrosine probably destabilizes or
unfolds the protein locally, as is consistent with the reduced
thermal stability of a mutant XPD homolog from Sulfolobus
tokodaii. We have shown that mutation C259Y in human XPD
affects the XPD/MAT1 interface and thus the stability of mutant
TFIIH. In TTD12PV fibroblasts, this mutation is associated with
the R722W allele that leads to destabilization of the XPD/p44
interaction (39) and as a consequence also impacts the stability of
TFIIH, explaining the low intracellular concentration of TFIIH,
a common feature of TTD-derived cell lines (37, 46, 47).

Functional Implications. We have shown that the C259Y mutation
affects TFIIH in vitro and in vivo DNA repair and transcription
activities but does so in a manner that differs from deletion of the
entire ARCH domain or from the R722W point mutation. The
R722W mutation, which affects the interface with p44, abolishes
XPD helicase activity but partially retains the capacity to bind
DNA. In contrast, the C259Y mutation totally impairs DNA
binding, suggesting direct involvement of the ARCH domain in
DNA recognition and thus in the unwinding reaction. In favor of
this hypothesis, mutagenesis and structural data obtained on
archeal XPD suggest that the translocated DNA strand protrudes
through the pore formed by HD1, the iron-sulfur cluster, and the
ARCH domain (45). Because the helicase loads on the DNA
bubble in vivo without a DNA end available, these domains must
be mobile to allow strand passage, and the C259Y mutation might
affect this mobility. In Sulfolobus tokodaii, mutation of the residue

c259 (TTD) B

p62

XPB

p52

A

Fig. 6. XPD structure and TFIIH architecture. (A) Modular organization of XPD. Thermoplasma acidophilum XPD (Protein Data Bank ID code 2VSF) is
composed of four structural domains: two RecA-like helicase domains (HD1 in blue and HD2 in magenta), one domain that contains an iron/sulfur group (in
cyan), and a domain described as the ARCH domain (in green). The C-terminal extension of eukaryotic XPD that is required for interaction with the p44 core-
TFIIH subunit and for which no structural data are available is represented by an ellipse. Residue 259 mutated into a tyrosine in the TTD12PV patient cell line
maps onto the first helix of the ARCH domain, and its side chain points into the center of the helical bundle. (B) Schematic of subunit architecture of TFIIH.
Each subunit is represented by a circle with the radius of a sphere corresponding to its molecular weight. Interactions between XPB, p52, and p8/TTD-A
stimulate XPB ATPase activity and consequently favor binding of TFIIH to damaged DNA. Interactions between p44 and XPD stimulate the helicase activity,
allowing unwinding of DNA around the lesion and subsequent double incision by the endonucleases XPF-ERCC1 and XPG. XPD helicase activity, dispensable
for transcription initiation but required for NER, is repressed when CAK is associated with TFIIH.
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corresponding to C259 in human has no measurable consequences
on in vitro helicase activity but affects the DNA-dependent
ATPase activity (6) which is connected to the conformational
changes required for loading helicases on the DNA bubble.

XPD helicase activity is not required for the transcription ac-
tivity, and the limited capacity of TFIIH containing XPD-C259Y
and XPD-R722W to stimulate transcription/transactivation prob-
ably results from the perturbed XPD/MAT1 and XPD/p44 inter-
actions. We can speculate that these mutations lead to an inactive
conformation and to the mispositioning of TFIIH within tran-
scription/transactivation complexes. This mispositioning can ex-
plain the inability of the CDK?7 subunit of CAK to phosphorylate
the CTD of RNA Pol II (and thus the transcription defect observed
in vitro) as well as the absence of TFIIH recruitment on the
RARP2 promoter in response to t-RA. The XPD-C259Y and
-R722W alleles affect different interfaces within TFIIH, thus
rationalizing the observation that the addition of CAK overcomes
the inhibition of TFITH/XPD-R722W only when a large excess of
CAK is used. Interestingly, deletion of the entire ARCH domain
leads to an enzyme that does not respond at all to addition of
CAK. Taken together, these data provide insights into the XPD
alleles C259Y and R722W and show that the ARCH domain of
XPD not only plays a direct role in catalysis but also constitutes
a platform for the recruitment of CAK.

Negative Regulation Mechanism. XPB, XPD, and CDK7 exert their
enzymatic activities in a complex network of interactions essential
to ensure the correct functioning of TFIIH in transcription and
repair. Fine-tuning mechanisms exerted by core-TFIIH subunits
have been proposed to explain regulation of XPB ATPase and
XPD helicase activities (Fig. 6B). Interactions among XPB, p52,
and p8/TTD-A stimulate XPB ATPase activity and consequently
favor the binding of TFIIH to damaged DNA (21). Interactions
between p44 and XPD stimulate the helicase activity (35, 38),
allowing unwinding of DNA around the lesion and subsequent
double incision by the endonucleases XPF-ERCC1 and XPG. Our
data provide evidence for a negative regulation mechanism that
involves the CAK module of TFIIH and cross-talk among core-
TFIIH, XPD, and CAK. Following previous observations with
isolated subunits (13), we compared the 5'-3' catalytic activities of
wild-type core- and Holo-TFIIH complexes and show that the
XPD helicase activity, which is dispensable for transcription ini-
tiation but is required for NER (19, 22), is repressed when CAK is
associated with TFIIH. Underlining the crucial role of the ARCH
platform domain in the anchoring of CAK, it was shown recently
that NER is driven by dissociation of CAK from core-TFIIH,
a mechanism that allows TFIIH to switch from its transcription to
its repair function (23). In favor of such a model in which CAK
negatively regulates NER, CDK?7 also has been shown to inhibit
repair by phosphorylation of one or more NER factors (48).

Non-TFIIH XPD Complexes. The XPD helicase functions as a com-
ponent of TFITH but also can be found associated with non-TFITH
complexes that play roles in processes other than transcription and
DNA repair. The MMXD complex is composed of XPD, MMSI19,
MIP18, Ciaol, and ANT2 and is involved in chromosome segre-
gation and nuclear-shape formation (49). XPD also associates
with CAK in the absence of the other TFIIH subunits, regulating
the localization of CAK on its substrate and therefore its activity
(50). How do mutations in XPD impact the functions of the dif-
ferent non-TFIIH complexes? Identification of the XPD ARCH
domain as the minimal region required for the association of CAK
with XPD suggests that mutations in ARCH that affect the asso-
ciation between CAK and XPD should impact the intracellular
distribution of CAK and of the CAK/XPD complex. Because
XPD/CAK plays a role in the coordination and progression of
mitosis during late-division steps (51, 52), mutations that impair
association between CAK and XPD are likely to affect cell-cycle
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regulation and could provide further insights to our understanding
of XP, XP/CS, and TTD.

In conclusion, the present study underlines the essential roles of
regulatory domains from motor proteins in the context of tran-
scription regulation and maintenance of genome integrity. Using
the human XPD helicase, a subunit of the transcription/DNA re-
pair factor TFIIH, we have shown that its ARCH domain not only
is involved in DNA binding and catalysis but also constitutes an
essential component of the intricate protein—protein interaction
network that enables the assembly of functional transcription/
transactivation complexes. Introduction of a TTD mutation iden-
tified in a TTD patient impairs the helicase activity of XPD and the
NER activity of TFIIH. We also have demonstrated that the
ARCH domain is critical for the recruitment of the CAK kinase
module of TFIIH and that alteration of the interface with the
MAT1 CAK subunit both decreases the in vitro basal transcription
activity of TFIIH and impedes an efficient recruitment of the
transactivation complex on the promoter of the activated RARB2
gene. Interestingly, comparison of the 5’3’ catalytic activities of
wild-type core- and Holo-TFIIH complexes showed that XPD is
repressed when CAK is associated with TFITH, suggesting that the
ARCH domain also participates in the fine tuning of TFIIH en-
zymatic activities.

Methods

Construction of Baculoviruses, Protein Production, and Purification. The cDNAs
encoding XPD-wt (residues 1-762), XPD variants [K48R, C259Y, R722W, Ins199PP,
Q452X, N-terminal (residues1-245), C-terminal (residues 443-762), ARCH (resi-
dues 245-443), and AARCH], and XPG were cloned into pAC8F (53). Variant XPD-
AARCH, designed on the basis of the crystal structures of archeal XPD homologs
(4-7) and analysis of multiple sequence alignments, results from the deletion of
residues 248438 of human XPD that were replaced by the hexapeptide SGA-
SAS. The mutations generating a frame shift after a 2-aa PP insertion at position
199 (Ins199PP) and the premature stop codon at position 452 (Q452X) have
been described previously (36). All resulting transfer vectors were recombined
with baculovirus DNA (BaculoGold DNA; Pharmingen) in Sf9 cells to generate
viruses for the production of proteins in fusion with the Flag peptide
(DYKDDDDK). In the case of XPG, the protein also is fused to a C-terminal c-Myc
peptide (AEEQKLISEEDLLRKRREQLKHKLE). Baculoviruses overexpressing p44
and MAT1 were described previously (22). Two multigene-expressing viruses
were used; the first, VCAK, allows expression of CDK7 with a C-terminal Strep-
tag Il together with cyclin H and MAT1 (54); the second, Vcore, allows coex-
pression of the core-TFIIH subunits p8, p34, p44, p52, p62, and XPB. Vcore was
generated from a transfer vector resulting from Cre/LoxP fusion of three vectors
(55): (i) pFL, in which XPB, p34, and p44 were cloned; (ii) puCDM, in which p52
and p62 were cloned; and (iii) pSPL, in which p8 was cloned.

For the production of proteins and complexes, Sf21 insect cells grown in
suspension (typically 250 mL) were infected/coinfected with the appropriate
viruses/combinations of viruses, were collected 48 h postinfection, and were
resuspended in 10 mL of buffer A [20 mM Tris-HCl (pH 8.0), 150 mM KCl, 1 mM
DTT] supplied with Complete protease inhibitor mixture (Roche). Cells were
disrupted using a Vibra-Cell (Sonics) sonicator (3-mm probe at 20% intensity
for 30 s). After centrifugation at 14,000 x g for 30 min at 4 °C, the lysate was
incubated for 2 h with 200 pL of Protein A Sepharose beads crosslinked to the
M2 anti-Flag antibody (Sigma) for purification of Flag-XPD, to the 1H5 anti-
p44 antibody (directed against residues 1-17 of human p44) for purification of
core-lIH and rlIH, or with StrepTactin Sepharose (IBA) for purification of CAK.
After extensive washing in buffer A and equilibration in buffer B [S0 mM
Tris-HCl (pH 8.0), 75 mM KCl, 20% (vol/vol) glycerol, 0.1% Nonidet P-40, 1 mM
DTT], proteins were eluted by competition with 2 column volume (CV) of
buffer B containing the appropriate synthetic peptide at 0.5 mg/mL for im-
munoprecipitations or 2.5 mM d-desthiobiotin (Sigma) for elution from
StrepTactin Sepharose (IBA).

Monoclonal antibodies against the TFIIH subunits XPB (1B3), XPD (2F6),
p52(1D11), p44 (1H5), CDK7 (2F8), MAT1 (2D3), p8 (1D 1), and XPG (1B5) were
obtained from Institut de Génétique et de Biologie Moléculaire et Cellulaire
facilities. The antibody directed against the Flag peptide was obtained
from Sigma.

In Vitro Transcription and Phosphorylation Assays. Run-off transcription assays

were performed as previously described (22, 56) using reaction mixes con-
taining the adenovirus major late promoter sequence (AdMLP) EcoRI-Sall DNA
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template (50 ng), TFIIB (15 ng), TFIIE (160 ng), TFIIF [500 ng of the phenyl
fraction,from Pol Il and the GTF purification scheme (55)], TBP (30 ng), en-
dogenous RNA Pol Il [10 pg of the 1 M DEAE fraction (55)], and the different
rlHs (see the legend of Fig. 3 for concentrations estimated according to
quantitative Western blot analysis using the 1H5 anti-p44 antibody). RNA Pol Il
phosphorylation was carried out as a classical runoff transcription except that
ATP was added to a final concentration of 5 mM, the amount of purified RNA
Pol Il polymerase was adjusted (typically reduced by a factor 3), and rliH was
replaced by a mixture of purified core-llH, CAK, and XPD, which allows the
preparation of a premix containing all components but XPD variants. Hypo-
phosphorylated (I1A) and hyper phosphorylated (110) forms of RNA Pol Il were
resolved by SDS/PAGE with 12% (wt/vol) polyacrylamide and detected by
Western blot using the monoclonal antibody (7C2) directed against the CTD.

To analyze the CDK7 kinase activity, purified complexes (typically 500 ng)
were added to a reaction mixture containing 1 pg of bacterially expressed
GST-fused human CTD in 20 mM Tris-HCl (pH 7.5), 250 mM NacCl, 10 mM
MgCl,, 20% (volivol) glycerol, and 0.005 uM 0.5 pCi [y->2P] in a total reaction
volume of 20 pL for 30 min at 25 °C. Reactions were stopped by the addition
of 5 uL concentrated Laemmli sample buffer, and the amount of phosphate
incorporated was analyzed by autoradiography after separation on a 12%
(wt/vol) SDS-polyacrylamide gel.

Dual-Incision, Helicase, and Gel-Shift Experiments. NER dual-incision assays
were performed using a plasmid with a single 1,3-intrastrand d(GpTpG) (50 ng)
in a buffer containing 50 mM Hepes-KOH (pH 7.8), 5 mM MgCl,, 1 mM DTT,
0.3 mM EDTA, 10% (vol/vol) glycerol, 2.5 ug BSA, 50 mM KCl, and 2 mM ATP.
Reaction mixtures (10 pL) containing XPG (5 ng), XPF/ERCC1 (15 ng), XPC/
hHR23B (10 ng), RPA (50 ng), XPA (25 ng), and increasing amounts of rlIH
complexes (see the legend of Fig. 2A for concentrations estimated according
to quantitative Western blot analysis using the 1H5 anti-p44 antibody) were
incubated at 30 °C for 90 min and analyzed as previously described (35).

DNA unwinding reaction substrate was prepared by annealing two oligo-
nucleotides: AL (TTTTTTTTTTTTTTTTTITTTTTTITTITCGAGCACCGCTGCGGCTGC-
ACCGGQ) and BC (GCCGGTGCAGCCGCAGCGGTGCTCG). Before annealing, BC
was labeled using [y->?P] ATP and T4 polynucleotide kinase (New England
BioLabs) and was purified using Micro Bio-Spin clean-up columns (Bio-Rad).
Reaction was performed for 40 min at 25 °C by adding the immunopurified
helicase (see the legend of Fig. 2 B and D for concentrations estimated and
adjusted according to the Western blot analysis using the M2 anti-Flag anti-
body) to the DNA probe at 10 nM in a buffer containing 20 mM Tris-HCI (pH
8.0), 75 mM KCl, 4 mM MgCl,, 1 mM DTT, 4 mM ATP, and 0.1 mg/mL BSA with
a total reaction volume of 20 pL. Reaction was stopped by adding 20 mM
EDTA, 14% glycerol, 0.2% SDS, and 0.028% bromophenol to the reaction
mixture. Analyses were performed by migration in 14% (wt/vol) poly-
acrylamide gel (acrylamide/bis-acrylamide ratio: 33/1) and autoradiography.

The helicase assay probe described above was used for gel-shift experi-
ments. Increasing amounts (see the legend of Fig. 2C for concentrations
estimated according to Western blot analysis using the M2 anti-Flag anti-
body) of immunopurified XPD variants or TFIIH complexes were incubated
with the probe in the absence of ATP for 15 min at 25 °C in 20 mM Tris-HCl
(pH 8.0), 75 mM KCl, 4 mM MgCl,, 1 mM DTT, and 0.1 mg/mL BSA. Analyses
were performed by migration in 6% (wt/vol) polyacrylamide gel (acrylamide/
bis-acrylamide ratio: 29/1) and autoradiography.

Protein-Interaction Assays. Wild-type or mutated XPD complexes were coex-
pressed by coinfecting 579 insect cell monolayers (typically 20 x 10° cells) with
the appropriate baculoviruses and were resuspended in 1 mL of buffer A. Cell
extracts were prepared as described above. Pull downs were performed in
buffer C[50 mM Tris-HCl (pH 8.0), 250 mM Nacl, 0.1% Nonidet P-40, 1 mM DTT]
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