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Background: Ssl1/p44 is a critical helicase stimulating factor for Rad3/XPD.
Results: Structure-based mutation analysis of the B4-a5 loop of Ssl1/p44 resulted in defects of Rad3/XPD stimulation and yeast

cell lethality.

Conclusion: The 34-a5 loop of Ssl1/p44 is essential for the functional regulation of Rad3/XPD.
Significance: These findings provide insights into the interaction between Rad3/XPD and Ssl1/p44 in TFIIH complex.

The Ssl1/p44 subunit is a core component of the yeast/mam-
malian general transcription factor TFIIH, which is involved in
transcription and DNA repair. Ssl1/p44 binds to and stimulates
the Rad3/XPD helicase activity of TFIIH. To understand the
helicase stimulatory mechanism of Ssl1/p44, we determined the
crystal structure of the N-terminal regulatory domain of Ssl1
from Saccharomyces cerevisiae. Ssl1 forms a von Willebrand fac-
tor A fold in which a central six-stranded 3-sheet is sandwiched
between three « helices on both sides. Structural and biochem-
ical analyses of Ssl1/p44 revealed that the B4-a5 loop, which is
frequently found at the interface between von Willebrand factor
A family proteins and cellular counterparts, is critical for the
stimulation of Rad3/XPD. Yeast genetics analyses showed that
double mutation of Leu-239 and Ser-240 in the 4-a5 loop of
Ssl1 leads to lethality of a yeast strain, demonstrating the impor-
tance of the Rad3-Ssll interactions to cell viability. Here, we
provide a structural model for the Rad3/XPD-Ssl1/p44 complex
and insights into how the binding of Ssl1/p44 contributes to the
helicase activity of Rad3/XPD and cell viability.

Initiation of eukaryotic transcription requires the assembly
of RNA polymerase II and multiple general transcription fac-
tors, including TFIIB, TFIID, TFIIE, TFIIF, and TFIIH, at a
promoter region. TFIIH, which possess 10 subunits, exhibits at
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least four enzymatic activities, including ATPase, helicase,
kinase, and ubiquitin ligase, which are responsible for several
fundamental cellular functions of TFIIH, such as DNA repair,
cell cycle regulation, and transcription (1, 2). Yeast/mammalian
TFIIH comprises a core complex that is consisted of seven sub-
units (Rad3/XPD, Ssl2/XPB, Tfbl/p62, Tfb2/p52, Ssl1/pdd,
Tfb4/p34, and Tfb5/p8) and a Cdk-activating kinase (CAK)*
complex containing three subunits (Kin28/CDK7, Ccl1/Cylin
H, and Tfb3/MAT1). Holo TFIIH comprising all 10 subunits is
essential for transcription, whereas the core complex is required
for DNA repair (2—4).

The four enzymatic activities of TFIIH are controlled by six
of its subunits. The CAK subcomplex phosphorylates the
C-terminal domain of the Rbp1 subunit of RNA polymerase II
and controls its interaction with mRNA and histone-modifying
enzymes (5-7). In addition, CAK phosphorylates several
nuclear receptors, resulting in the transactivation of hormone-
dependent genes in mammalian cells (2, 8). The XPB and XPD
subunits possess ATP-dependent 3’ to 5" and 5’ to 3’ helicase
activities and unwind DNA around the promoter region to
allow transcription by RNA polymerase II and the excision of
damaged DNA via nucleotide excision repair (NER), respec-
tively (9, 10). The XPD helicase and XPB ATPase activities are
required for NER, and these activities are enhanced in the pres-
ence of the p44 and p52 subunits, respectively (11, 12). Finally,
yeast Ssl1 subunit exhibits E3 ubiquitin ligase activity that is
involved in the transcriptional response to DNA damage (13).

XPD helicase activity is important for the maintenance of
genomic stability, and its mutation causes DNA repair defects
and abnormal TFIIH assembly, resulting in the genetic disor-
ders xeroderma pigmentosum, Cockayne syndrome, and tri-
chothiodystrophy, which cause premature aging and several
types of cancer (14, 15). In a study of 50 individuals, 87% of
xeroderma pigmentosum patients and 50% of trichothiodystro-
phy patients carried mutations in the C-terminal regions of
XPD spanning residues 675-730 and 713-730, respectively

“The abbreviations used are: CAK, Cdk-activating kinase; VWA or VWFA, von
Willebrand factor A; NER, nucleotide excision repair; EM, electron micros-
copy; FOA, 5-fluoroorotic acid; PDB, Protein Data Bank; RMSD, root mean
square deviation.
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(16). Biochemical analysis of human XPD-p44 and determina-
tion of the crystal structures of archaeal XPD homologs pro-
vided insights into how amino acid substitutions result in these
disorders (10, 12, 17-20). Rad3/XPD comprises four domains,
namely, RecA-like HD1, RecA-like HD2, 4FeS, and Arch. p44 is
believed to interact with the C-terminal third (150 residues) of
human XPD through its N-terminal domain (235 amino acids)
and stimulates its helicase activity (10, 15). The C-terminal
region of Thermoplasma acidophilum XPD is similar to that of
eukaryotic XPD (17-20); however, it is ~30 residues shorter
than human XPD or yeast Rad3. Furthermore, an archaeal Ssl1/
p44 homolog has not been identified.

The TFIIH p44 subunit consists of three domains, namely,
the N-terminal (residues 1-235), zinc finger (residues 291-
308), and ring finger (residues 345-385) domains (10, 21, 22).
The N-terminal domain of p44 is responsible for regulation of
the helicase activity of XPD through direct interaction with its
C-terminal domain (10, 15).

Xeroderma pigmentosum- and trichothiodystrophy-causing
mutations in the N- and C-terminal regions of XPD destabilize
its interactions with MAT1 and p44, respectively, and interfere
with both transcription and DNA repair (23, 24). The overall
architectures of the yeast and human TFIIHs have been deter-
mined, and the subcomplex structures have been modeled into
the overall electron microscopy (EM) density (3, 4). However,
the structures of only a limited number of individual compo-
nents are available, which hampers the modeling of complete
TFIIH. It is unclear how Ssl1/p44 interacts with and stimulates
Rad3/XPD helicase activity and how the disease-causing C-ter-
minal mutations of Rad3/XPD are correlated with its interac-
tion with Ssl1/p44. To address these questions, we have deter-
mined the crystal structure of the N-terminal regulatory
domain of Saccharomyces cerevisiae Ssl1. The structure forms a
nucleotide-binding fold with a central B-sheet flanked by two
helical bundles. We show that the $4-a5 loop of Ssl1/p44 is
important for the binding and stimulation of Rad3/XPD, and
the interaction between Rad3/XPD and Ssl1/p44 is critical for
cell viability. Based on the derived structure, mutation analysis,
and genetics studies, we provide a model for the Rad3/XPD-
Ssl1/p44 subcomplex.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of S. cerevisiae Ssi1—
The cDNA encoding residues 1-350 of S. cerevisiae Ssl1 were
inserted into the pET28a vector. Escherichia coli BL21 (DE3)
cells containing the pET28a (Ssl1 1-350) vector were cultured
in Luria broth. After induction with 0.4 mm isopropyl B-p-thio-
galactopyranoside, the cells were incubated at 28 °C for 12 h.
Cell pellets were resuspended in a buffer containing 20 mm
Tris-Cl, pH 7.4, 300 mm NaCl, 7 mm -mercaptoethanol, 5%
glycerol) and lysed by sonication. The extract was centrifuged
at 18,000 rpm for 1 h. The Ssl1 (1-350) protein was first purified
by nickel-nitrilotriacetic acid affinity chromatography using
the His tag at the N terminus of Ssl1 and then eluted with 500
mM imidazole in the same buffer. Fractions containing the Ssl1
(1-350) protein were subsequently purified using anion
exchange (Mono Q) and gel filtration chromatography (Super-
dex 75). To aid crystallization of the Ssl1 N-terminal regulatory
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domain, the Ssll (1-350) fragment was subjected to limited
proteolytic digestion by treatment with a 2000:1 ratio of subtil-
isin for 20 min at 10 °C. N-terminal sequencing and mass spec-
trometry analyses of the digested fragment revealed that the
resulting Ssll fragment contained residues 108-328. The
Ssl1(108—328) fragment was inserted into the pET28a vector,
and the Ssl1 N-terminal regulatory domain was purified via
nickel-nitrilotriacetic acid affinity chromatography. The pro-
tein was purified further using cation exchange (Mono S) and
gel filtration chromatography. The selenomethionine-substi-
tuted Ssl1(108-328) protein was obtained from E. coli B834
(DE3) cells and purified using the same method as that used for
native Ssll. For biochemical assays, N-terminal histidine-
tagged human TFIIH p44 proteins (wild type, T138R, or
L174W/T175R) were purified using the same method for Ssl1
purification.

Crystallization and Data Collection—Crystals of the Ssll
N-terminal regulatory domain (108 —328) were grown at 18 °C
by the hanging drop vapor diffusion method. The crystalliza-
tion buffer contained 28% polyethylene glycol 3350 and 0.1 m
Tris-HCI, pH 8.0, and the concentration of protein was 12
mg/ml. Diffraction data were collected at —170 °C using crys-
tals flash-frozen in crystallization buffer containing 30% (w/v)
glycerol. Diffraction data from selenomethionine-substituted
Ssll core crystals were collected at 0.9791 A on Beamline 4A
using the Pohang Advanced Light Source. The Ssl1 regulatory
domain crystals formed in the space group P3,21 with the
parameters a = 78.6 A, b=178.6 A, c=839 A, a =90, B =90,
and vy = 120, and contained one Ssl1 N-terminal regulatory
domain protein in an asymmetric unit. Diffraction data integra-
tion, scaling, and merging were performed using the HKL2000
package (Table 1 and Ref. 25).

Structure Determination and Refinement—The structure of
the Ssl1 N-terminal regulatory domain was determined by the
single-wavelength anomalous scattering dispersion method.
Five selenium sites were identified initially, and an electron
density map was generated using the Phenix program (26). The
electron density map generated at a resolution of 2.4 A showed
good quality, which allowed tracing of most of the chain. The
complete structure was built through successive rounds of
model building using COOT (27) and refinement (bulk solvent
corrections, overall B-value refinement, and positional and
individual B-value refinement) using Phenix program (26). The
statistics are summarized in Table 1.

Expression of His-XPD, His Full-length p44, and His-p44
(1-252) or (252-395) Fragments—Sf9 cells were infected with
baculoviruses expressing His-XPD, WT full-length His-p44, or
the His-p44 1-252 or 252-395 fragment at the indicated mul-
tiplicity of infection (pfu/cell). In brief, the cells were collected
48 h after infection, washed once with 1X PBS containing 30%
glycerol, resuspended in buffer A (20 mm Tris-HCI, pH 7.9, 20%
glycerol, 150 mm NaCl, 0.1% Nonidet P40, and 1X protease
inhibitor mixture), and then centrifuged at 14,000 X g for 30
min.

Yeast Viability Test—The S. cerevisiae PDY2 Mato leu2A1
ura3-52 trplA63 his3A200 Ssli:Kan (pSsi1/316) haploid
strain was a gift from Dr. Charles Cole (Dartmouth University).
We generated a mutant plasmid (pSsl1/pRS314) using site-di-
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rected mutagenesis. We transformed the PDY2 cells using the
pSsl1/pRS314 mutant plasmid and selected transformants on
Ura(—)/Trp(—) synthetic complete medium plates. The trans-
formed strains were cultured in YPD broth until they reached
an Agoonm Of 1.0. The yeast cells were then serially diluted
5-fold and spotted onto Trp(—)/FOA medium.

Human XPD-p44 Binding Assay—G-Sepharose beads (5 ul)
cross-linked with an anti-XPD antibody were washed with
buffer B (20 mm Tris-HCI, pH 7.9, 20% glycerol, 150 mm KCI,
0.1% Nonidet P40, and 1X protease inhibitor mixture) and then
incubated with a large excess of XPD cell crude extract at 4 °C
for 4 h. After the incubation, the beads were washed four times
with buffer A (20 mm Tris-HCl, pH 7.9, 20% glycerol, 1 m KCl,
0.1% Nonidet P40, and 1X protease inhibitor mixture) and
twice with buffer B and then incubated with His-p44 WT or
mutant cell crude extracts at 4 °C overnight. The beads were
then washed four times with buffer C (20 mm Tris-HCI, pH 7.9,
20% glycerol, 400 mm KCI, 0.1% Nonidet P40, and 1X protease
inhibitor mixture) and twice with buffer D (20 mm Tris-HCI,
pH 7.9, 20% glycerol, 50 mm KCl, 0.01% Nonidet P40, and 1X
protease inhibitor mixture). Following the washes, the beads
were incubated in 1X Laemmli SDS buffer for electrophoresis
at 95 °C for 30 min. The immobilized XPD-p44 complex was
then analyzed by SDS-PAGE and Western blotting.

Helicase Assay—G-Sepharose beads bound to human XPD
(150 ng) and the 2-fold excess of WT or mutant p44 complex
were generated by the procedure described for the XPD-p44
binding assay. Helicase assays were performed as described pre-
viously (10). Briefly, reactions were incubated for 45 min at
37 °Cin the presence of 4 mm MgCl,, 4 mm ATP, 50 mm KCl, 50
pg/ml BSA, and 1-3 ng of radioactive DNA substrate and were
stopped by the addition of EDTA and SDS. The samples were
loaded onto a 14% nondenaturing acrylamide gel, which was
dried and analyzed by autoradiography. The DNA substrate for
helicase assays was prepared by mixing oligonucleotides corre-
sponding to fragment 6219-6253 of the single-stranded
M13mp18(+) DNA with single-stranded M13mp18(—) DNA.

RESULTS

Overall Structure of the N-terminal Domain of Ssl1—Our ini-
tial attempt to crystallize full-length yeast Ssl1 (or human p44)
or a fragment containing residues 1-350 was unsuccessful, pre-
sumably because of the presence of highly flexible regions. To
identify the stable and compact domain of Ssl1, we performed a
limited digestion analysis of Ssl1 (1-350) and identified a com-
pact fragment comprising residues 108328, with which we
successfully obtained high diffraction quality crystals. In con-
junction with previous results, our analysis showed that the
human p44 fragment containing residues 1-252 (correspond-
ing to residues 50 —322 of Ssl1) is sufficient to interact with XPD
(Fig. 1A, lane 8), whereas the C-terminal fragment (residues
252-395) does not bind to XPD (Fig. 14, lane 9). Furthermore,
residues 1-235 of p44 participate in stimulating the helicase
activity of XPD (10); thus we named this region the “regulatory
domain.” The structure of the Ssll regulatory domain was
determined using the selenium single-wavelength anomalous
dispersion scattering method at a resolution of 2.4 A (Table 1).
The final structure of Ssll contained residues 119-310, of
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which the N-terminal 11 residues and C-terminal 18 residues
were disordered.

The overall shape of the Ssl1 regulatory domain is a cuboid
with six faces (Fig. 1, Band C). Ssl1 folds into an «/ 8 structure in
which a six-stranded sheet (in the order 6, 5,4, 1, 2, and 3) forms
a central core flanked by three amphipathic helices on each
side. In addition, a short helix is located at the top of the sheet.
With the exception of the 33 strand, all other strands are ori-
ented in a parallel manner. The domain is 40 A high, 30 A wide
across the B-sheet, and 40 A broad. The top and bottom of the
structure are both comprised of loops that connect the sheet to
the helices (Fig. 1B). Because the central sheet is surrounded by
helices and loops, fully or partially exposed residues are located
primarily in the N-terminal a1-a2 loop, the 83-a3, a3-a4, and
B4-a5 loops, the a5 and a6 helices, and the C-terminal end
(Figs. 1, Band C, and 2). Among these exposed residues, highly
conserved residues are located in the N-terminal region; in the
a2-B2, B3-a3, and B4-a5 loops; and at the end of the a7 helix
(Fig. 2).

Ssl1 Structural Homologs and Their Interactions with Partners—
A database search using DALI revealed that Ssl1 resembles sev-
eral members of the von Willebrand factor A (VWA) family
proteins, including von Willebrand factor type A (PDB code
4FX5), 26S proteasome regulatory subunit RPN10 (PDB code
2X5N), Ku70 (PDB code 1JEY), TFIIH Tfb4/p34 subunit (PDB
code 4PN7), and integrin aLB2 (PDB code 1TOP), with root
mean square deviations of 2.0-2.6 A for 172-178 Ca atoms
(Refs. 28 —33 and Fig. 3A4). Although the secondary structures of
Ssll are similar to those of other VWA family members, the
lengths of some regions differ; for example, the lengths of the
al, a3, and o4 helices of Ssl1 are notably different from those of
the corresponding helices of the TFIIH Ttb4/p34 subunit (Fig.
2). In addition, the loops that connect each secondary structure
show marked differences (Fig. 3A). The largest structural dif-
ferences between the Ssl1 and VWA proteins occur in the
B3-a3, ad-B4, B4-a5, and B5-a6 loops, which exhibit up toa 10
A difference. The sequences of Ssl1 and the VWA proteins are
poorly conserved (Fig. 2); no noticeable conservation was
observed in a multiple sequence alignment. The length of the
loop corresponding to the 33-a3 loop varies from 2—-25 amino
acid residues and the length of the a4-B4 loop varies from 7 to
35 residues. From the aspects of the length, loop B4-a5 and
B5-a6 showed the smallest differences (5—8 and 4 -7 residues,
respectively). Unlike many VWA family members, Ssl1 has a
five-residue insertion (a1 helix) between B1 and «2, which is
similar to the equivalent B1-a2 region of RPN10 (Fig. 3B). Fur-
thermore, the metal ion-dependent adhesion site (DXSXS
motif) that is found in a number of VWA proteins is replaced by
a DCSEA motif in B1-a1 in Ssl1 (Fig. 2).

To predict the surface of Ssll that interacts with Rad3, we
first analyzed the interfaces between VWA domain-containing
proteins and their binding partners based on nine available
structures. The most frequently used binding surface at the
VWA domain is the region that corresponds to the B4-a5 loop
in Ssl1 (white dotted line in Fig. 3C). In five VWA protein struc-
tures, a loop equivalent to the B4-a5 loop of Ssll participates
in the recognition of partners (dark green in Fig. 3C); these
proteins include anthrax toxin-receptor (PDB code 1T6B),
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FIGURE 1. The overall structure of the Ssl1 regulatory domain. A, residues 1-252 of the human p44 fragment (residues 50-322 of ScRad3), but not the
C-terminal fragment comprising residues 252-395, interact with human XPD. Sf9 cells infected with XPD baculoviruses were lysed and incubated with either
full-length p44, p44 (residues 1-252), or p44 (residues 252-395) Sf9 cell extracts. The Ab-XPD immunoprecipitated (/P) complexes were resolved by SDS-PAGE
and immunoblotted. Lanes 1-3 represent full-length p44 (full-length), p44 (residues 1-252), and p44 (residues 252-395), respectively; lanes 4 -6 represent the
negative control, in which the Ab-XPD were incubated with various p44 proteins only. Lanes 7-9 represent the immunoprecipitated complexes containing
Ab-XPD, which were incubated with XPD, and subsequently with p44 proteins. The positions of XPD, p44 full-length, p44 (residues 1-252) fragment, p44
(residues 252-395) fragment, immunoglobulin heavy chain (HC), and light chain (LC) are indicated in the right panel. B and C, in Ssl1, a central B-sheet is

surrounded by the seven amphipathic helices. The B4-a5 loop is indicated as a red line.

VWFA1l domain-Gplba (PDB code 1M10), integrin olfB2-
ICAMS3 (PDB code 1TOP), integrin 33-integrin allb (PDB code
3NIG), and Sec23/24-Sarl (PDB code 1M20) (30, 33, 35-38).
Four VWA protein structures utilize a loop corresponding to
the a3-a4 loop and a4 and a6 helices of Ssl1 for interactions
with cellular counterparts (Fig. 3C).

Mutational Analysis of p44 in Vitro—Previous biochemical
and genetics analyses provide an important clue for the regions
essential for the function of Ssl1. First, the C-terminal region of
XPD (residues 616 —730) interacts with the N-terminal region
of p44 (residues 1-252) (15). Second, in a yeast genetics analy-
sis, the T2421 Ssl1 mutant (corresponding to Cys-177 of human
p44) exhibited reduced helicase activity and caused a defect in
recombination between short repeats, as well as translational
defects (39). Thr-242 is exposed in the B4-a5 loop and does not
make contact with any neighboring residues. We hypothesized
that the B4-a5 loop could be involved in binding to ScRad3
(Figs. 3B and 4A). Furthermore, the region equivalent to the
B4-a5loop in VWA proteins is one of the most commonly used
segments involved in interactions with partner proteins (30, 33,
35-38). Based on these data, we predicted that the B4-a5 loop
of Ssl1 may participate in binding to XPD.
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To validate our prediction, we performed mutational analy-
ses of the solvent-exposed residues of Ssl1 and examined the
Rad3 binding and helicase stimulating activities of the mutant
proteins (Fig. 4, B and C). Because we could not isolate the
full-length yeast Rad3 in a soluble form, we used human p44, a
homolog of Ssl1, for the XPD binding and helicase stimulation
assays (“Experimental Procedures”).

Leu-239 and Ser-240 are solvent-exposed residues in the
B4-a5 loop of yeast Ssll; therefore, we mutated the equivalent
Leu-174 and Thr-175 residues in human p44 to Trp and Arg,
respectively (L174W/T175R). In contrast to wild type p44,
L174W/T175R p44 exhibited significantly reduced binding to
XPD (Fig. 4B, lanes 3 and 9). The a3-a4 loop is also frequently
used to interact with partners by VWA family proteins, which is
closely placed to the B4-a5 loop (closest Ca-Ca distance
between two loops is 6.3 A). We mutated the solvent-exposed
Thr-138 of the a3-a4 loop, to Arg (T138R; Glu-203 in the
a3-04 loop of Ssl1). The T138R mutant showed similar or
slightly increased XPD binding activity relative to W'T p44 (Fig.
4B, lanes 3 and 6).

Next, we examined the XPD helicase-stimulating activity by
the p44 mutants. Full-length p44 alone and a XPD mutant that
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TABLE 1
Statistics of data collection and refinement

The values in parentheses are for the highest shell. R, = 33|l ; — L33,
where I, is the mean intensity of the i observations of symmetry-related reflections
of h.r = 2|F,,, = Fyl/2F,,, where F,, = F,, and F,,_is the calculated protein
structure factor from the atomic model (R, was calculated with 10% of the reflec-
tions). Root mean square deviation in bond lengths and angles are the deviations
from ideal values, and the root mean square deviation in B factors is calculated
between bonded atoms.

Ssl1 regulatory domain
(residues 108 —328)

Diffraction data
Space group P3,21
Cell dimensions
a, b, c(A) 78.6,78.6, 83.9
aBy() 90, 90, 120
Resolution (A) 50-2.4 (2.48-2.4)
Measured reflections 416,666
Unique reflections 20,596
Rom 0.26 (0.48)
<I>/<o> 39.69 (8.21)
Completeness (%) 100 (100)
Redundancy . 20.2 (20.0)
Phasing (SAD) Resolution range (A) 50-2.8
Phasing (SAD) initial figure of merit 0.33
Refinement
Resolution (A) 28.7-2.4
No. of reflections 12,054
R yorting! Rivee 0.195/0.214
No. of atoms
Protein 1472
Ligand/ion (SO,, glycerol) 11
Water . 81
Root mean square deviation bond length (A)  0.008
Root mean square deviation bond angles (°) 1.17
B-factors (A?)
Protein 49.9
Solvent 49.4
Ramachandran plot
Favored/allowed/outlier (%) 98.95/0.53/0.53

failed to associate with p44- (R722W) did not exhibit any helicase
activity, which established the critical relationship of p44 bind-
ing to XPD and helicase stimulating activity (10, 15). The XPD
helicase-stimulating activity of the L174W/T175R p44 was sig-
nificantly lower than that of WT p44, which is consistent with
its decreased XPD binding (Fig. 4C, lanes 2 and 4 and histo-
gram). By contrast, T138R p44 retained XPD helicase stimulat-
ing activity similar to that of WT p44 (~110% helicase activity
compared with WT p44; Fig. 4, B, lanes 3 and 6, and C, lanes 2
and 3). We conclude that Leu-174 and Thr-175 in the B4-a5
loop play a critical role for p44 in XPD binding and helicase
stimulation.

In Vivo Analysis of Ssl1/p44 Mutants—To examine the bio-
logical significance of interactions between Ssl1/p44 and Rad3/
XPD, we created yeast strains containing mutations of the
equivalent residues of the p44 mutants tested above and exam-
ined their viabilities in budding yeast (Fig. 4D). Because Ssl1 is
essential for cell viability, we tested the effects of these muta-
tions on cell viability using the plasmid shuffling method (40,
41). A pRS316 plasmid containing mutant Ssl1 was transformed
into a yeast cell that lacked the chromosomal Ssl1 gene but
expressed WT Ssl1 from pRS314. The WT Ssl1 pRS314 plasmid
was shuffled out by growth on SC(Trp-)/FOA medium. We
generated yeast strains harboring plasmids expressing the
E203R (T138 of p44) or L239W/S240R (L174/T175 of p44) Ssl1
mutants. The strain harboring the L239W/S240R mutant
shows significantly reduced viability on FOA medium. By con-
trast, the E203R mutation had no negative effect on cell viability
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(Fig. 4D). Collectively, these in vivo analyses confirmed the sig-
nificance of the interaction between Rad3 and the 34-a5 loop of
Ssl1 to cell viability.

Structural Prediction of the Interface between Rad3 and
Ssl1—To understand how Ssl1/p44 interacts with Rad3/XPD
and stimulates its helicase activity, we built a model onto the
EM density of budding yeast TFIIH (ScTFIIH) using high reso-
lution structures of T. acidophilum XPD homolog (TaXPD;
PDBID:2VSF) and Ssl1 (3, 42). We used the TaXPD structure
because it contains the longest C-terminal region among the
available XPD homologs and is most similar to yeast Rad3. Nev-
ertheless, this model lacks a region correspond to residues 727—
778 of ScRad3. We initially fitted the structure of TaXPD to two
well defined segments of SCTFIIH cryo-EM density using a chi-
mera program (Ref. 42 and Fig. 5A4). The correlation coefficient
of the fitting trials of TaXPD structures into the EM density was
0.92. Subsequently, we performed rigid body fitting of Ssl1 into
the electron density in the presence of TaXPD, such that the
B4-a5 loop was directed toward Rad3 (TaXPD) (Fig. 5B). The
overall structure fit into the Ssl1 density reasonably well; how-
ever, a small empty space was present between Rad3 (TaXPD)
and Ssl1, and we presume that the C-terminal region (residues
727-778) of ScRad3 may be placed in this region. This model
can explain the previous data that the C-terminal region of
ScRad3 interacts with the N-terminal segment of Ssl1 (43). In
previous cross-linking analysis, only Lys-113 of Ssl1 was cross-
linked with Lys-731 of Rad3 in the Rad3-Ssll interface (43).
This could be due to the following: (i) the interface between
Rad3 and Ssl1 may be too close and/or (ii) no lysine residues are
present in the B4-o5 loop and neighboring region of Ssl1, which
limit the high resolution cross-linking analysis (performed by
bis-sulfosuccinimidyl suberate) in this interface. We note that,
because of the lack of structure of the C-terminal region of
Rad3, the model presented here provides only limited informa-
tion (Fig. 5, A and B).

DISCUSSION

The Ssl1/p44 subunit is critical for maintaining the architec-
ture of the TFIIH transcription/DNA repair factor and stimu-
lation of the Rad3/XPD helicase, which are required for accu-
rate transcription and NER, respectively (2, 12, 44). In the
present work, we showed that the N-terminal regulatory
domain of Ssl1 forms a VWA fold, identified a key interaction
between Rad3/XPD and Ssl1/p44, and provided a model for the
Rad3/XPD-Ssl1/p44 complex through structural, biochemical,
and genetic analyses.

The VWA domain interacts with a diverse range of cellular
proteins involved in cell adhesion and signal transduction (38).
Structural analyses have shown that VWA family members
exhibit noticeable structural diversity with weak conservation.
Although VWA proteins recognize cellular proteins through
various motifs, the region corresponding to the B4-a5 loop is
most frequently involved in protein recognition (38). Our anal-
yses suggest that the B4-a5 loop of Ssl1/p44 are involved in
binding to Rad3/XPD, its helicase stimulating activity, and the
cell viability. Although it is located at the same face as the 34-a5
loop, mutation of the a3-a4 loop of p44 did not influence XPD
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FIGURE 2. Sequence alignment of seven Ssl1/p44 homologs and five different VWA proteins. Shown are Ssl1 from S. cerevisiae (Sc), Schizosaccharomyces

SASBMB

In a previous study, mutation of the conserved residues of

binding to Rad3/XPD may not require an extensive surface of p44, including Asp-66, Glu-166, Asp-178, and Gly-200, abol-
ished the helicase activity of XPD, suggesting that these resi-

@ partly exposed Conserved

o fully exposed
pombe (Sp), Homo sapiens (Hs), Mus musculus (Mm), Drosophila melanogaster (Dm), Caenorhabditis elegans (Ce), and Arabidopsis thaliana (At), S. pombe (Sp)

Rpn10, Chaetomium thermophilum (Ct) Tfb4/p34, Catenulispora acidiphila (Ca) VWFA, H. sapiens Ku70, and H. sapiens integrin aL 2. « helices and 8 strands are
indicated by blue dots. The positions of the mutations (Leu-174/Ser-175 and Glu-203) are indicated as red dots. Promals program (34) was used for multiple

boxes, and fully and partly exposed residues are indicated by open and half-filled circles, respectively. Metal ion-dependent adhesion site motif residues are
sequence alignments.

shown as red rectangles and blue arrows, respectively. The secondary structures of the proteins are underlined. The conserved residues are indicated by yellow

binding or helicase stimulating activity, which suggests that the
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B4-a5

FIGURE 3. Structural comparisons of Ssl1 and VWA family proteins. A, from left, Ssl1 (orange) was superimposed onto C. acidiphila VWFA (Protein Data Bank
4FX5,RMSD 2.0 A, blue), S. pombe Rpn10 (Protein Data Bank code 2X5N, RMSD 2.5 A, cyan), C. thermophilum Tfb4/p34 (Protein Data Bank code 4PN7, RMSD 2.2
R, deep blue), H. sapiens Ku70 (Protein Data Bank code 1JEY,RMSD 2.6 A, pink), or H. sapiens integrin L 32 (Protein Data Bank code 1TOP, RMSD 2.6 A, green). The
B4-a5 loopisindicated by dotted black circles. The structures are shown in the same orientation. B, structural superposition of Ssl1 (light orange) and VWA family
proteins. The variable regions of VWFA (Protein Data Bank code 4FX5), RPN10 (Protein Data Bank code 2X5N), and Tfb4/p34 (Protein Data Bank code 4PN7) are
shown in magenta, blue, and teal, respectively. C, surface representation of the Ssl1 regulatory domain. The frequencies with which specific regions of VWA
family members interact with their counterparts are indicated by dark green, green, and pale green, which represent high, moderate, and low frequencies. The
binding frequencies were calculated from the interface analyses of VWA family protein structures that are complexed with their binding partners (30, 33,

35-38). The B4-a5 loop is indicated as a white dotted line.

dues are involved in binding to XPD (12). However, these resi-
dues are either partly or completely buried in the structure of
Ssl1 (Fig. 6, A-D).

Recently, the structure of Tfb4/p34, another component of
TFIIH, was reported (31). Notably, Tfb4/p34 also formsa VWA
fold. Despite the structural similarity between Tfb4/p34 and
Ssl1, the lengths of several helices and loops are clearly differ-
ent. In addition, the loop of Tfb4/p34 equivalent to the B4-a5
loop of Ssl1 exhibits significant difference, suggesting that this
region may be a unique structural feature that allows Ssl1/p44
to interact with Rad3/XPD.

Which parts of Rad3/XPD interact with Ssl1/p44? Four dis-
ease-causing mutations at Asp-673, Gly-675, Asp-681, and
Arg-683 of XPD are important for its interaction with p44,
which suggests that the HD2 domain is important for the bind-
ing to p44 (16). However, it is unlikely that these residues from
the HD2 domain are directly involved in binding to p44,
because they play structural roles in maintaining the integrity of
the HD2 domain (17-20). In addition, residues Gly-713, Arg-
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722, and residues 716 —730 of XPD are also involved in binding
to p44 (16). We note that the C-terminal 30 residues (residues
749 -778) of yeast Rad3 are disordered in the structural predic-
tion presented here; this region may undergo a structural tran-
sition to become ordered upon binding to Ssll. Because a
30-residue peptide (residues 749 —778) from the C-terminal tail
of yeast Rad3 did not bind to Ssl1,” we speculate that a coordi-
nated action of HD2 and the C-terminal tail of Rad3 may be
required for the stable assembly of Rad3 and Ssl1.

The Rad3/XPD-Ssl1/p44 interface is crucial for maintaining
the architecture and the functional role of TFIIH in both DNA
repair and transcription. First, by interacting with XPD, p44 is
able to regulate its helicase activity in DNA repair required for
opening DNA lesions induced by UV irradiation and chemical
adducts caused by agents such as cisplatin (10, 11). Mutation of
the Arg-658, Gly-713, and Arg-722 residues located in the

®J.S.Kim, C. Saint-André, H. S.Lim, C.-S. Hwang, J. M. Egly, and Y. Cho, unpub-
lished data.
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FIGURE 4. Protein interaction, helicase activity assays, and yeast viability tests of XPD and mutant p44 proteins. A, the positions of the following residues
that were mutated in this study are indicated: Glu-203 (Thr-138 of p44, blue line) and Leu-239/Ser-240 (Leu-174/Thr-175 of p44, dark green lines) at the top side
of Ssl1. The B4-a5 loop is indicated as red lines. The Thr-242 residue is indicated by a dotted circle. The top figure is in the same orientation as that of Fig. 1C. B,
binding of WT, T138R, or L174W/T175R p44 proteins to XPD. Equivalent residues of Ssl1 are marked in parentheses. The positions of XPD and p44 are indicated
at the right side of the panel. C, the stimulation of XPD helicase activity by WT and mutant p44 proteins. Lane 2, WT; lane 3, T138R; lane 4, L174W/T175R. The
positions of the substrate and product are shown at the right side of the panel. Lanes 7 and 6 show results for WT-XPD and WT-p44 only, respectively. Lane 5
contains XPD mutant (R722W) and p44. Lanes 7 (—) and 8 (A) show the results for nonboiled and boiled substrate, respectively. The helicase activities were
quantified using ImageJ software and are shown as a bar graph (bottom panel). D, 5-fold serial dilutions of yeast strains containing the pRS316_WT Ssl1 plasmid
and the pRS314_mutantor WT Ssl1 plasmid were spotted onto Trp—/Ura— and Trp —/FOA plates and photographed after growth for 2 days at 30 °Cin the dark.
The positions of the SsI1 mutants are indicated at the left side of the panel. The strain that harbored the pRS314 vector only was spotted at the empty vector line.

C-terminal end of human XPD disrupt the XPD-p44 interac- of Ssll exhibited defective NER and conditionally defective
tion and consequently suppress the NER function of TFIIH (10, transcription and cell viability (40 -41, 45). Gly-265 is located
15). In a previous study, a strain expressing the G265R mutant  at the B85 strand, next to the B4-a5 loop (Fig. 1, B and C); thus
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Rad3

Rad3 C-term

FIGURE 5. The predicted position of Ssl1 in the TFIIH complex. A, the x-ray structures of T. acidophilum XPD (Protein Data Bank code 2VSF) and Ssl1 were
fitted into the EM density of the ScTFIIH complex. The predicted locations of the Rad3 C-terminal is depicted as blue dotted circles. The B4-a5 loop is shown as
a red line. The Ssl1 N-terminal end is indicated by a red dot. B, a close-up view of the interface between Rad3 and Ssl1 in the complex model.

FIGURE 6. Close-up views of the p44 mutants. A-D, previously studied p44
mutant residues Asp-66, Arg-165, Glu-166, Asp-178, and Gly-200 are shown in
stick representation and colored in cyan (12). Water molecules are shown as
red dots, and hydrogen bonds are indicated by black dotted lines.

mutation of this residue to Arg likely perturbs the local struc-
ture in this region, supporting our data (Fig. 1, Band C). Second,
p44 also allows the anchoring of the CAK subcomplex that
interacts with XPD through the MAT1 subunit to the core
TFIIH (23). Disruption of the XPD-p44 interaction also per-
turbs the anchoring of the CAK kinase to the TFIIH core and
subsequently its ability to phosphorylate the activators (such as
the retinoic acid receptor, estrogen receptor, and/or peroxi-
some proliferator-activated receptors) that would result in a
defect of the transactivation process (2). This event ultimately
leads to the developmental and neurological defects observed
in some xeroderma pigmentosum patients (14). A weak or
absent interaction between Ssl1/p44 and Rad3/XPD may lead
to the incorrect assembly of TFIIH, resulting in decreased tran-
scriptional activation, and thereby limits cell viability. In
human XPD, the K75Q polymorphism located at this region
induces a number of cancers, including esophageal, gastric,
colorectal, breast, and bladder cancer (46 —50), highlighting the
importance of the interaction of XPD and p44 through this
region.

In conclusion, we determined the structure of the N-termi-
nal regulatory domain of Ssl1 and provided insights into the
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mechanism of stimulation of Rad3/XPD by Ssl1/p44 using mul-
tidisciplinary approaches. The structural and biological data
presented here should contribute to understanding the archi-
tecture of TFIIH and its function in DNA repair and
transcription.
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