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ABSTRACT

Nucleotide excision repair is initiated by two different
damage recognition subpathways, global genome re-
pair (GGR) and transcription-coupled repair (TCR). In
GGR, XPC detects DNA lesions and recruits TFIIH
via interaction with the pleckstrin homology (PH)
domain of TFIIH subunit p62. In TCR, an elongat-
ing form of RNA Polymerase Il detects a lesion on
the transcribed strand and recruits TFIIH by an un-
known mechanism. Here, we found that the TCR ini-
tiation factor UVSSA forms a stable complex with the
PH domain of p62 via a short acidic string in the
central region of UVSSA, and determined the com-
plex structure by NMR. The acidic string of UVSSA
binds strongly to the basic groove of the PH do-
main by inserting Phe408 and Val411 into two pock-
ets, highly resembling the interaction mechanism of
XPC with p62. Mutational binding analysis validated
the structure and identified residues crucial for bind-
ing. TCR activity was markedly diminished in UVSSA-
deficient cells expressing UVSSA mutated at Phe408
or Val411. Thus, a common TFIlIH recruitment mech-
anism is shared by UVSSA in TCR and XPC in GGR.

INTRODUCTION

Nucleotide excision repair (NER) is a ubiquitous and ver-
satile DNA repair system that protects the genome from
a wide range of risk factors such as ultraviolet (UV) radi-
ation, chemical agents and metabolic byproducts that in-
duce bulky DNA adducts. Defective NER gives rise to sev-
eral inherited skin conditions (genodermatoses), such as
xeroderma pigmentosum (XP), Cockayne syndrome (CS),
trichothiodystrophy, and UV-sensitive syndrome (UVSS)

(1). NER is initiated by one of two damage recogni-
tion subpathways: global genome repair (GGR) (2,3) and
transcription-coupled repair (TCR) (4,5). In GGR, the XP-
related gene product XPC binds to RAD23B and CETN2,
and then detects a DNA helix-distorting lesion on the entire
genome (6,7) or, in some cases, UV light-damaged DNA-
binding protein (UV-DDB) binds to a cyclobutane pyrimi-
dine dimer (CPD) in a complementary manner (8,9). XPC
then recruits the general transcription/repair factor TFITH
to the lesion (10,11), which verifies the presence and loca-
tion of damage (12), and then opens up the damaged DNA
for subsequent excision.

In TCR, by contrast, an elongating form of RNA poly-
merase 11 (RNA Pol Ilo) first encounters the lesion on the
transcribed DNA strand of actively transcribed genes (13).
The stalled RNA Pol IIo molecule is then displaced (or
backtracked) by the TCR-initiation complex, a multimolec-
ular complex comprising CS complementation group pro-
teins CSB (ERCC6) and CSA (ERCCS), UV-specific scaf-
fold protein A (UVSSA) and ubiquitin-specific protease 7
(USP7); this provides space to enable TCR-specific factors
to access the lesion for the DNA damage incision process
(14). TFIIH is subsequently loaded onto the damaged site;
in contrast to GGR, however, the mechanism responsible
for recruitment of TFIIH in TCR remains elusive. After
TFIIH recruitment, the two NER subpathways converge,
and NER proceeds to perform excision and removal of
a short oligonucleotide containing the lesion, followed by
DNA resynthesis across the gap by polymerization and lig-
ation using the opposite undamaged strand as a template.

UVSSA isacrucial TCR factor (15-17), and mutations in
UVSSA cause UVSS complementation group A (UVSS-A),
a rare autosomal recessive genodermatosis characterized
by cutaneous photosensitivity without skin carcinoma and
neurological abnormalities (18-21). UVSSA forms a com-
plex with the deubiquitinating enzyme USP7 and, as men-
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tioned above, cooperatively contributes to the processing of
RNA Pol I1o stalled at damage sites, in addition to stabiliza-
tion of CSB by protecting against UV-induced degradation
through regulation of ubiquitination and deubiquitination
(15-17,22,23).

TFIIH is a 10-subunit protein complex that functions in
transcription and cell cycle, as well as NER (24). Its p62
subunit has a pleckstrin homology (PH) domain at its N
terminus (residues 1-108 in human; hereafter termed p62
PH), which has proven to be crucial as a hub responsible
for recruiting the TFIIH complex to the sites necessary for
its function. In GGR, for example, XPC recruits TFITH
mainly via interaction with p62 PH (25,26). In transcrip-
tion, the general transcription factor TFIIEx (27,28) and
transcriptional activators such as the tumor suppressor p53
(29,30), erythroid Kruppel-like factor (31), cell cycle con-
trolling factor DP1 (32), and a member of the NF-«B fam-
ily p65 (33) all target p62 PH; furthermore, viral transcrip-
tional activators, herpes simplex virus protein VP16 (34,35)
and Epstein—Barr virus nuclear antigen 2 (36) also target
this domain of TFIIH.

Regarding the interactions of mammalian p62 PH and
its binding partners, four structures of human p62 PH in
complex with XPC, TFIIE«, p53 and DP1 have been deter-
mined (26,28,30,32) and reveal a common structural prin-
ciple for the recognition of p62 PH: (i) an intrinsically dis-
ordered acidic region of the p62 PH-binding protein forms
an extended string-like conformation in a binding-coupled
manner; (ii) the acidic region in the p62 PH-binding protein
interacts with an exposed basic surface of p62 PH via exten-
sive electrostatic contacts; (iii) the insertion of a phenylala-
nine or a tryptophan residue surrounded by several acidic
residues into a pocket in p62 PH is necessary and essential
for specific binding.

In this study, we focused on the process of TFIIH re-
cruitment in TCR. We identified a short acidic region in
UVSSA that is similar to the p62 PH-binding region of XPC
and also meets the structural principles of p62 PH recog-
nition, and then tested whether this region is responsible
for the recruiting of TFIIH in TCR. Binding analyses us-
ing isothermal titration calorimetry (ITC) and nuclear mag-
netic resonance (NMR) spectroscopy demonstrated that a
stable complex is formed between the UVSSA acidic re-
gion and p62 PH. Using NMR spectroscopy, we determined
structure of the UVSSA-p62 PH complex, which showed
significant resemblance to the XPC-—p62 PH complex. Mu-
tational binding analysis by ITC further clarified the role
of key residues suggested by the tertiary structure. Finally,
mutant UVSSA proteins with amino acid substitutions of
residues identified as critical for p62 binding elicited a sig-
nificant reduction in transcription-coupled NER activity,
suggesting that the UVSSA-TFIIH p62 interaction is cru-
cial for progression of the TCR initiation process to unwind
DNA damage.

MATERIALS AND METHODS
Protein expression and purification

Unlabeled or *C/'>N-labeled human TFIIH p62 PH
(residues 1-108) and unlabeled or '*C/'>N-labeled human

UVSSA (residues 390-434) were prepared as previously de-
scribed (28). In brief, p62 or UVSSA was expressed as
fusion product with glutathione S-transferase (GST) in
a pGEX-4T vector (GE Healthcare) in Escherichia coli
BL21(DE3) cells (Merck Millipore). The lysed supernatant
was loaded onto a glutathione Sepharose column (GE
Healthcare), and the eluate was digested with thrombin to
remove the GST tag. After concentration with an Amicon
Ultra device (Merck Millipore), the sample was purified on
a Superdex75 column (GE Healthcare).

Peptide preparation

Unlabeled wild-type and mutated peptides of human
UVSSA (residues 399—419) were purchased from Sigma
Genosys and GenScript.

ITC

The Ky values of the interaction between p62 PH and
UVSSA (residues 390—434 and residues 399—419) were
measured by ITC using a VP-ITC calorimeter (MicroCal).
Calorimetric titrations between 250 wM UVSSA in the sy-
ringe (25 x 20 pl injections) and 2 ml of 25 uM p62 PH
in the cell were carried out in 20 mM potassium phos-
phate (pH 6.8) at 20°C. Each injection took 4 s, with a pre-
injection delay of 210 s and a syringe stirring speed of 307
rpm. Data were analyzed by using the Origin software pack-
age (MicroCal).

NMR chemical shift perturbation

Unlabeled p62 PH was added to 0.4 mM !*C/!'>N-labeled
UVSSA at a molar ratio of 1.0:1.2 in 20 mM potassium
phosphate (pH 6.8), 5 mM deuterated DTT, and 10% D,O.
Unlabeled UVSSA was added to 0.4 mM 3C/>N -labeled
p62 PH at a molar ratio of 1.0:1.2 in the same buffer. 'H,">’N
HSQC spectra were acquired before and after the addition
of unlabeled samples at 32°C on Bruker AVANCE II1 HD
950MHz spectrometers equipped with a triple-resonance
TCI cryogenic probe. Backbone resonances were assigned
by using a combination of CBCA(CO)NH, CBCANH,
HNCO and HN(CA)CO signals. Spectra were processed by
NMRPipe (37) and analyzed by NMRView (38).

NMR spectroscopy

13C/N-labeled UVSSA (residues 390-434) was mixed
with unlabeled p62 PH at a molar ratio of 1.0:1.2 in 20
mM potassium phosphate (pH 6.8), 5 mM deuterated DTT,
and either 10% D,0O or 99.9% DO to prepare the complex
at 0.4 mM. In the same way, *C/!’N-labeled p62 PH was
mixed with unlabeled UVSSA. NMR experiments were per-
formed at 32°C on Bruker AVANCE III HD 600 MHz and
950 MHz spectrometers, each equipped with a cryogenic
probe. Backbone and side-chain resonances were assigned
by using standard triple-resonance NMR experiments (39).
Stereospecific assignments were obtained from a combi-
nation of HNHB, HN(CO)HB, HNCG, HN(CO)CG and
13C-edited and "N-edited NOESY-HSQC (7, = 50 ms)
spectra. Intramolecular distance restraints were obtained



from ’N-edited NOESY-HSQC (7, = 50 and 150 ms) and
B3C-edited NOESY-HSQC (7, = 50 and 100 ms) spectra.
Intermolecular distance restraints were obtained from 3C,
SN filtered /edited NOESY (7, = 120 and 150 ms) spectra.
Side-chain torsion angles, x 1 and x 2, were obtained from a
combination of HNHB, HN(CO)HB, HNCG, HN(CO)CG
and BC-edited and "N-edited NOESY-HSQC (1, = 50
ms) spectra. Hydrogen bond restraints were obtained by
backbone amide H/D-exchange experiments. Spectra were
processed by NMRPipe (37) and analyzed by NMRView
(38).

Structure calculation

In total, 197 and 2498 NOE-derived distance restraints were
collected for UVSSA and p62 PH, respectively (Table 1).
In addition, 96 hydrogen bond restraints were collected for
p62 PH, and 17 and 267 dihedral angle restraints were col-
lected for UVSSA and p62 PH, respectively. For the in-
termolecular distance restraints, 359 intermolecular NOEs
and 2 hydrogen bond restraints were collected. Interpro-
ton distance restraints derived from NOE intensities were
grouped into four distance ranges, 1.8—2.7 A (1.8—2,9 A
for NOEs involving HN protons), 1.8—3.3 A (1.8—3.5 A for
NOE:s involving HN protons), 1.8—5.0 and 1.8—6.0 A, cor-
responding to strong, medium, weak and very weak NOEs,
respectively. The upper limit was corrected for constraints
involving methyl groups, aromatic ring protons, and non-
stereospecifically assigned methylene protons. Dihedral an-
gle restraints for ¢ and s were obtained from analysis of the
backbone chemical shifts with TALOS+ (40). x1 and x2
angles were restrained +30° for three side-chain rotamers.
Structure calculations were performed by distance geom-
etry and simulated annealing using the program Xplor-
NIH (41,42). In total, 100 structures were calculated. All
structures were then subjected to water refinement (43), in
which the structures were immersed in a 7.0 A layer of wa-
ter molecules. After minimization with 120 steps, a heating
stage from 100 to 500 K with 200 steps of molecular dy-
namics for every 100 K increment, a refinement stage with
2500 steps at 500 K, and a cooling stage from 500 to 25
K with 200 steps for every 25 K decrement were carried
out. The refinement protocol was finished with 200 steps of
minimization. Structural statistics for the 20 best structures
are summarized in Table 1. Structures were analyzed and
displayed by using PROCHECK-NMR (44), CHIMERA
(45,46), and PyMol (http://www.pymol.org).

Recovery of RNA synthesis (RRS) assay

The RRS assay has been described previously (15,47,48).
TCR-deficient (Kps3) and TCR-proficient (48BR) con-
trol primary fibroblasts were plated in 96-well plates. For
virus complementation experiments, cells were infected with
lentiviruses expressing V5-tagged wild-type, or various mu-
tant UVSSA ¢cDNAs for 48 h prior to UV irradiation. Cells
were UV-irradiated (12 J/m? of 254 nm UV-C) and in-
cubated for 12 h for RNA synthesis recovery. RRS was
measured by the fluorescence-based ethynyluridine (EU)
incorporation assay. In brief, cells were incubated for 2 h
after RNA synthesis recovery in medium containing 100
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wM 5-cthynyluridine (EU), followed by Click reaction to
conjugate Alexa488 fluorescent dye to incorporated EU.
Cells were stained with 20 ng/ml of DAPI and Alexa647-
conjugated anti-V5 antibody to seclect infection-positive
cells for the RRS measurement. Fluorescent image acqui-
sition and data processing were automated by using the
ArraySCANVT system (Thermo Scientific). The RRS in
V5-positive cells was calculated.

Immunoprecipitation

Either V5-tagged wild type or various mutant UVSSA pro-
teins were ectopically expressed in HEK293FT cells. Im-
munoprecipitation of the UVSSA proteins was performed
on the cell extracts using anti-V5 agarose beads (MBL).
Immunoprecipitated protein samples were separated on 5—
20% gradient SDS-PAGE gels, blotted onto PVDF mem-
branes (PALL), and analyzed by western blotting with an-
tibodies specific for V5-tag and p62.

RESULTS

Identification of a potential TFIIH p62 PH-binding region in
UVSSA

Despite being a crucial and fundamental process, the mech-
anism of TFIIH recruitment in TCR has remained elu-
sive. To obtain clues on this process, we first examined the
amino acid sequences of the TCR-specific proteins CSA,
CSB, UVSSA, USP7, XAB2, HMGNI1 and TFIIS. Intrigu-
ingly, we found that only UVSSA possesses a sequence sim-
ilar to the p62 PH-binding regions of XPC and TFIIEq, lo-
cated at residues 400413 of human UVSSA (Figure 1A). In
this region, eight consecutive acidic amino acids (Glu400—
Asp407) are followed by an aromatic residue (Phe408),
and the third residue from the aromatic residue is a valine
(Val411). In previous studies, we observed that a key aro-
matic residue, either phenylalanine or tryptophan, in the
acidic regions of XPC, TFIIE«, p53 and DP1 is inserted
into a pocket (hereafter termed ‘pocket 1) of p62 PH. In ad-
dition, the third valine residue from the aromatic residue in
XPC and TFIIE« inserts its side-chain into another pocket
(hereafter termed ‘pocket 2’), leading to the higher p62 PH
binding affinities of the acidic regions of XPC and TFIIE«
as compared with p53 and DP1 (26,28,49). Furthermore,
the third residue is a glutamate in p53 and an asparagine in
DPI, and the substitution of asparagine with valine in DP1
leads to increased binding affinity (32). As a result, we pre-
sumed that the acidic region of UVSSA may bind strongly
to p62 PH for recruitment of TFIIH.

As shown in Figure 1B, UVSSA contains two conserved
domains: the VHS (Vps-27, Hrs, and STAM) domain, and
DUF2043 (domain of unknown function) domain. The pre-
sumed binding region to p62 PH is located in the central re-
gion between these domains. Although the number of con-
secutive acidic amino acids varies across species, the pre-
sumed binding sequence is well conserved (Figure 1A). To
our knowledge, however, no particular functions have as yet
been identified for this acidic region. The presumed bind-
ing region is likely to be an intrinsically disordered region
(IDR) similar to the acidic regions of XPC and other p62
PH-binding partners (Figure 1B).
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Table 1. Structural statistics for the 20 best structures of the complex formed between UVSSA399_434 and TFIIH p62 PH

UVSSA TFIIH p62

Experimental restraints
Total NOE 197 2498

Intraresidue 19 375
Sequential (i-j=1) 131 616
Medium-range (1 <i—j < 5) 47 414
Intramolecular long-range (i —j > 5) 0 1093
Intermolecular 359
Hydrogen bond 0 48 x 2
Intermolecular 1 x2
Number of dihedral restraints
¢ 7 98
U 7 97
x1 3 62
X2 0 10
Statistics for structure calculations
R.m.s. deviations from experimental restraints®
Distance (A) 0.032 £ 0.001
Dihedral (°) 0.285 + 0.028
R.m.s. deviations from idealized covalent geometry
Bonds (A) 0.00483 £ 0.00008
Angles (°) 0.645 £ 0.015
Improper (°) 0.660 £+ 0.025
Coordinate precision
Average pairwise r.m.s. deviation from the mean structure
Backbone atoms (A) 0.51 + 0.16° 0.50 + 0.11¢ 0.46 + 0.104
Heavy atoms (A) 1.24 4+ 0.25P 1.16 + 0.16° 1.12 + 0.164
Ramachandran plot statistics
Residues in most favored regions (%) 85.8¢
Residues in additional allowed regions (%) 12.9¢
Residues in generously allowed regions (%) 0.2¢

Residues in disallowed regions (%)

1.1¢

aNone of the structures exhibited distance violations >0.5 A, dihedral angle violations >5°.

YThe value was calculated over residues 402-417 of the UVSSA in the complex.

°The value was calculated over residues 402-417 of the UVSSA and residues 7-104 of the TFIIH p62 PH domain in the complex.
dThe value was calculated over residues 7-104 of the TFITH p62 PH domain in the complex.
¢The value was calculated over residues 402-417 of the UVSSA and residues 7-104 of the TFIIH p62 PH domain in the complex.

UVSSA binds with high affinity to p62 PH of TFIIH

To examine whether the presumed binding region of
UVSSA has affinity for p62 PH, and if so, its strength, we
analyzed the interaction by using ITC. We prepared a frag-
ment of human UVSSA corresponding to residues 390434
(UVSSA390_434), which contains the presumed binding re-
gion (residues 400-413) and used it as a titrant. The ITC
data indicated that the fragment strongly and specifically
binds to p62 PH in an exothermic reaction (AG = -9.6
kcal-mol™!; TAS = 4.0 kcal-mol~'; AH = —-5.6 kcal-mol™!;
binding stoichiometry = 1:1; K4 = 71.4 + 16.7 nM) (Figure
2A). The binding affinity was equivalent to that of XPC (Ky
= 60-140 nM) and TFIIEa (K4 = 95 nM), and higher than
that of p53 (Kg = 960 nM) and DP1 (Kyg = 980 nM) (26,50).

We then investigated which residues in the binding frag-
ment of UVSSA are affected on binding to p62 PH by
using NMR spectroscopy. In the free form, all backbone
amide resonances of UVSSA3g_434 Were observed within
a narrow range between 7.8 and 8.6 ppm on the 'H axis
in the 'H-">’N HSQC spectrum, indicating that the frag-
ment is an IDR (Figure 2B upper panel and Supplemen-
tary Figure S1, black signals). By contrast, the addition
of unlabeled p62 PH significantly changed the position
(chemical shift) of several backbone amide resonances of
UVSSA390_434 (Figure 2B upper panel and Supplementary

Figure S1, blue signals). These resonances corresponded to
residues from Asp405 to Glu415, suggesting that the pre-
sumed binding acidic region indeed interacts with p62 PH.
In the complementary experiment, i.e. the addition of unla-
beled UVSSA399_434 to °N-labeled p62 PH, the resonances
of several residues of p62 PH (Lys19, Glu53 to Val68, Thr74
to Phe79, and Asp94) displayed relatively large chemical
shift changes when UVSSAj399_434 was added (Figure 2B
lower panel and Supplementary Figure S2). Similar chemi-
cal shift changes in these residues have been previously ob-
served when XPC and other p62 PH-binding partners are
added to TFIIH p62 PH. Collectively, these results indicate
that UVSSA390_434 1s disordered in the unbound state but,
on encountering p62 PH, its acidic region adopts a certain
structure and binds to the surface of p62 PH at a region
similar to that bound by the XPC, TFIIE«, p53 and DP1
acidic region.

Binding to TFIIH p62 PH induces an extended string-like
structure in the IDR of UVSSA

The binding analyses by ITC and NMR spectroscopy
clearly indicated that UVSSA390_434 and p62 PH form a sta-
ble complex in solution. Next, to elucidate the recognition
mechanism, we solved the structure of the complex by using
950 MHz NMR spectroscopy. In total, 197 nuclear Over-
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A
H. sapiens UVSSA 389 ERRRTEALG--DAEEDEDDEDFVEVPEKEGYEPHIPDHLRPE 428
M. musculus UVSSA 393 ORSRTEAL----EDSEDEDQDFVEVPEKEGYEPRIPDHLRAE 430
B. taurus UVSSA 360 RSGET G----DEDEDEDDFVEVPEKEGYEACVPEHLRPE 397
E. caballus UVSSA 377 HRRET GDEDEDEDEDDEDFVEVPEKEGYEACIPDHLRPE 418
G. gallus UVSSA 397 RKRKVMKASDDGDDDDDDEDDFVEVPEKEGYEPHIPDHLRKE 438
X. tropicalis UVSSA 409 RERKVMTAS----DDDDDDDEFEEVPEKEGYEPHIPDHLREE 446
D. rerio UVSSA 371 RER RAP---EDGEDDDDDFVDVPEKEGYEPHIPEHLRTE 409
C. elegans UVSSA 330 DELRIINPRPPKNKRKKSDDDFIDVDISIDD QYAEKLE 371
®
H. sapiens XPC 112 LKRGATMNEDSNLEEEESENDWEE EELSEPVLGDVRESTAF 153
H. sapiens TFIIEa 366 PPRPAAVAVHKREEDEEEDDEFEEVADDPIVMVAGRPFSYSE 407
H. sapiens p53 32 LSPLPSQAMDDL}MLSPDDIEQWFTEDPGPDEAPRMPEAAPPV 73
H. sapiens DP1 382 SGSRVETPVSYVGEDDEEDDDFNENDEDDT 410
B
1 108 154 180 232 548
TFIH p62 I |
A
1 163 400*415 495 605 709
UVSSA |
£ 3133
Z (1):8 T —
g 193 1 100 200 U300 260 500 600 700

Figure 1. Amino acid sequence and domain organization of UVSSA. (A) Alignment of the amino acid sequences of UVSSA and the TFIIH p62 PH-
binding regions of human XPC, TFIIEq, p53, and DPI. Green and orange circles above the sequence of XPC indicate the amino acids that insert into
pocket 1 and pocket 2 in p62 PH, respectively. (B) Domain organization of TFIIH p62 and UVSSA. Intrinsically disordered regions in UVSSA predicted

by IDEAL (55) are indicated by the black bars.

hauser effect (NOE)-derived distance restraints and 17 dihe-
dral angle restraints collected for UVSSA, and 2498 NOE-
derived distance restraints, 96 hydrogen bond restraints, and
267 dihedral angle restraints collected for p62 PH were used
to define each structure in the complex. For UVSSA, these
restraints alone were not enough to define the structure ow-
ing to its elongated conformation; however, 359 intermolec-
ular NOE-derived distance restraints and 2 intermolecular
hydrogen bond restraints fully determined its structure, as
well as the structure of the whole complex (Figure 3A and
Table 1).

In terms of the coordinate precision of UVSSA, p62 PH,
and the whole complex, the r.m.s.d. was, respectively, 0.51 +
0.16,0.46 £0.10 and 0.50 £ 0.11 A for the backbone atoms;
and 1.24 +£0.25,1.12+0.16 and 1.16 + 0.16 A for the heavy
atoms (Table 1). As shown in Figure 3A, the structure of p62
PH bound to UVSSA is essentially the same as its struc-
ture in the unbound state (51) and those bound to XPC
and other p62 PH binding proteins. By contrast, UVSSA,
which is disordered in the free state, forms an extend string-
like structure upon binding to p62 PH, and widely wraps its
acidic string around the basic surface of p62 PH, which is
formed by a loop between the B1 and B2 strands in the first
antiparallel B sheet (31-34), the second antiparallel B sheet
(B5-B7), and the C-terminal part of the a1 helix of p62 PH
(Figure 3B-E). Residues 402-417 of UVSSA are well or-
dered, whereby residues 409-412 form the 0 strand, which
makes an anti-parallel 8 sheet with the 35 strand of p62 PH.

UVSSA and the GGR factor XPC use a similar mode of
TFIIH p62 PH recognition

The determined structure revealed that the TCR-specific
factor UVSSA and the GGR-specific factor XPC bind to al-
most the same positively charged molecular surface of p62
PH (Figure 4). Therefore, to examine further the p62 PH
recognition mode of UVSSA, we compared it with that of
XPC and clarified the similarities and differences of TFIIH
recognition between TCR and in GGR.

UVSSA possesses eight consecutive acidic amino acids
located at residues 400407 in the N terminus of the bind-
ing region (Figure SA). This highly acidic polypeptide chain
forms an extended conformation and runs along a posi-
tively charged path on the surface of p62 PH, making elec-
trostatic interactions with Lys18 and Lys19 in the loop be-
tween strands B1 and B2 and Lys60 and Lys62 in the loop
between strands B5 and B6 of p62 PH. Very similar exten-
sive electrostatic interactions are observed in the XPC—p62
PH complex, where XPC makes contacts via seven acidic
residues including five consecutive glutamate amino acids
located at residues 124-132 (Figure 5B). These acidic amino
acids of XPC electrostatically interact with the same lysine
residues of p62, namely, Lys18, Lys19, Lys60 and Lys62.

As mentioned above, p62 PH has two hydrophobic pock-
ets, ‘pocket 1’ and ‘pocket 2° on the binding surface (Figure
4B). Pocket 1 is occupied by the aromatic ring of UVSSA
Phe408, which is located immediately after the stretch of
acidic amino acids (Figure 5C). In the pocket, Phe408
makes van der Waals contacts with the aliphatic parts of
Lys54 and Ser56, in addition to amino (8;)-aromatic ()
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Figure 2. Specific binding of UVSSA to TFIIH p62 PH. (A) Isother-
mal titration calorimetry for the binding of UVSSA390_434 to TFIIH p62
PH. Shown are thermogram (upper panel) and binding isotherm (lower
panel) of the calorimetric titration. Titrant: wild-type UVSSA390 434. (B)
NMR chemical shift perturbation for I5N-labeled UVSSA390_434 with
TFIIH p62 PH (upper panel) and for N-labeled TFITH p62 PH with
UVSSA390_434 (lower panel). Shown in overlay of "H-'N HSQC spectra
before (black) and after (blue) the addition of unlabeled sample. Selected
regions are shown here (see full region in Supplementary Figures S1 and
S2). Residues showing a large chemical shift change are labeled.

interactions (52) with Gln64, GIn66, and Asn76 in the sec-
ond antiparallel 8 sheet of p62 PH. Correspondingly, in the
XPC—p62 PH complex, the indole ring of XPC Trpl33 in-
serts into pocket 1 in the same direction as the aromatic ring
of UVSSA Phe408, and interacts with the same residues of
p62 (Figure 5D).

Meanwhile, pocket 2 of p62 PH is packed with Val411 in
the B0 strand of UVSSA (Figure 5E). Val411 inserts its two
methyl groups into the pocket in a specific orientation and
makes hydrophobic contacts with Ile55 and the aliphatic
parts of GIn53 and Lys93 of p62. Glu410 makes electro-
static and van der Waals contacts with Lys54 in strand B5 of
p62 (Figure SE). XPC has the same amino acids, Val136 and
Glul35, at the corresponding positions in the XPC-p62 PH
complex, and these two residues make identical interactions
with the p62 residues (Figure 5F). In the UVSSA-p62 PH
complex, Val409 of UVSSA makes hydrophobic contacts
with Ile55 and Pro57 of p62 (Figure SE). Glul34, the cor-
responding residue of XPC, also makes contacts with Ile55
and Pro57 of p62, but this acidic residue seems to compen-
sate for the weaker hydrophobic interaction by making elec-
trostatic contact with Arg89 of p62 (Figure 5F).

The sequence after Val411 of UVSSA is considerably dif-
ferent from the corresponding sequence of XPC except for
a glutamate residue (Glu413 in UVSSA; Glul38 in XPC),
which makes van der Waals contacts with Pro101 and elec-
trostatic contacts with Lys104 in the al helix of p62 (Fig-
ure 5G and H). Nevertheless, both polypeptide chains pass
by the C terminus of the al helix, interacting with almost
identical residues in this helix (Figure 5G and H). Similar
to Leul39 of XPC, Lys414 of UVSSA makes hydrophobic
contacts with the aliphatic portions of GIn97 and GIn98
of p62. Tyrd17 of UVSSA also makes contacts with GIn98
of p62, and at the same time, with Lys414 via cation-1 in-
teraction. Similar to Ser140 of XPC, Glu415 of UVSSA
makes contacts with Pro101 of p62. Regarding UVSSA, an
electrostatic interaction between Glu418 and Lys102 of p62
was suggested in some structures of the NMR ensemble by
the water-refined structure calculation. A similar suggestion
was previously made for Glul41l of XPC. Thus, UVSSA
specifically recognizes p62 PH through an interaction mode
that is nearly identical to that of XPC.

Aromatic and hydrophobic residues of UVSSA are required
for strong binding

In both the UVSSA-p62 PH and XPC-p62 PH com-
plex structures, a single aromatic amino acid (Phe408 in
UVSSA; Trpl33 in XPC) and a single valine (Val411 in
UVSSA; Vall36 in XPC), respectively, insert into pocket
1 and 2 in p62 PH. Our previous study showed that ala-
nine substitution of each of these residues in XPC, espe-
cially that of Trp133, markedly reduces the binding activ-
ity (26). Next, therefore, we examined whether this type of
site-specific mutation would reduce the binding affinity of
UVSSA by using ITC. First, we compared the binding ac-
tivity of UVSSA399_434, Which was prepared from an ex-
pression system in E. coli and used for structure determi-
nation, and that of a smaller chemically synthesized pep-
tide of UVSSA399_419, which encompasses only the bind-
ing site. The two fragments of UVSSA showed almost the
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Figure 3. Structure of the complex between UVSSA and TFIIH p62 PH. (A) The 20 best solution structures represented as a line diagram. UVSSA and
p62 are shown in magenta and black, respectively. (B-E) The 20 best solution structures represented as a ribbon diagram. UVSSA and p62 are shown
in magenta and blue, respectively. For clarity, the four N-terminal residues and the nine C-terminal residues of UVSSA390 434 have been omitted. The
structures in C, D, and E are rotated by 45, -45, and 180 degrees, respectively, relative to the structures in A and B.

same binding activity (both Kys = 70 nM) (Figures 2A and
6A); therefore, we used UVSSA399_419 peptides for the mu-
tational analysis.

Substitution of Phe408 (F408A) of UVSSA with alanine
led to a marked loss of binding activity (Figure 6B). The
Kq was 5.1 £ 0.6 wM, which is two orders of magnitude
larger than that of the wild-type peptide. Although not such
a marked decrease, the V411A peptide also showed reduced
binding activity with a K4 (380.2 & 82.3 nM) 5-fold greater
than that of wild type (Figure 6C). Hence, we confirmed
that these two pocket-packing residues of UVSSA are as
significant for strong binding to TFIIH as the correspond-
ing residues of XPC.

We also tested the significance of Val409 of UVSSA,
which makes hydrophobic contacts with Ile55 and Pro57
of p62 PH (Figure 5E). The V409A peptide showed a 3-
fold reduction in binding affinity (Kq = 217.9 £ 40.2 nM)

(Figure 6D). Thus, Val409 is important for strong binding
to TFIIH, but its contribution is a little less than that of
Val411.

Binding deficient UVSSA mutants fail to restore normal
RNA synthesis recovery

To verify the cellular significance of the interaction of
UVSSA and p62, we examined TCR activity in cells by
measuring the recovery of RNA synthesis after UV irra-
diation. We generated Kps3 cells lines (originating from a
UVSSA deficient UVSS patient) expressing UVSSA mu-
tants in which each amino acid responsible for the interac-
tion with p62 PH was substituted with alanine or another
residue, as shown in Figure 7. Substitution of Phe408 or
Val411 in UVSSA with alanine caused a significant reduc-
tion of TCR activity. The mutant in which Phe408 was sub-
stituted with alanine showed a large reduction; on the other
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Pocket 1
Pocket 2

Figure 4. Structural comparison of the UVSSA—p62 PH and XPC-p62 PH complexes. (A) Superimposition of the best 20 structures of the UVSSA-p62
PH complex (magenta/pink) and those of the XPC-p62 PH complex (green/grey). (B) Binding surface of p62 PH in complex with UVSSA (left) and XPC
(right). The electrostatic potential surfaces are shown. Positive potential is shown in blue, and negative potential in red. UVSSA and XPC are shown in

stick representation (best 20 structures).

hand, the mutant substituted with tryptophan to resemble
XPC did not exhibit such a marked reduction. In the case
of Val411, substitution with glutamic acid or asparagine to
resemble p53 or DPI led to diminished TCR activity, simi-
lar to the effect of alanine substitution. The replacement of
Val409 with alanine also led to a reduction of TCR activ-
ity somewhat, but the reduction was not as marked as com-
pared with substitution of Phe408 or Val411. These findings
are well correlated with the in vitro binding activities mea-
sured for the mutants (Figure 6). Substitution of each of the
acidic residues, Glu401, Glu410 and Glu413, with alanine,
lysine or arginine did not strongly alter the TCR activity
of each mutant. Thus, the three acidic residues of UVSSA
are not likely to play an essential role in the interaction with
p62 PH; rather, the net charge of the acidic string of UVSSA
seems to be important for p62 PH binding. Regardless, these
findings indicate that the interaction between UVSSA and
p62 PH is essential for TCR.

Next, we examined the interaction of full-length UVSSA
with p62 by immunoprecipitation (Figure 7B). A variant
in which the key residue Phe408 of UVSSA was replaced
with tryptophan retained strong binding affinity to p62. On
the other hand, UVSSA mutants with deletion of residues

390-434, replacement of Phe408 with alanine, and replace-
ment of Val4ll with asparagine showed significantly de-
creased binding affinity, although they still bound to p62.
Their weaker binding affinities remain to be elucidated.

DISCUSSION

In TCR, the important molecular mechanism underlying
the recruitment of TFIIH to a site of DNA damage has so
far remained elusive. TFIIH is known to interact with mul-
tiple TCR factors; however, the protein that is responsible
for recruiting TFITH in TCR has not been identified. Elu-
cidating the interplay among the TCR factors involved in
each step is essential for a comprehensive understanding of
NER. For this purpose, here we focused on identification of
the factor that recruits TFIIH in TCR. The TFIIH complex
is required not only for NER but also for transcription. In-
triguingly, p62, a subunit of TFIIH, is often involved when
TFIIH is recruited to damaged sites in the genome and tran-
scription initiation sites. Notably, the proteins so far identi-
fied as involved in TFIIH recruitment, such as XPC in the
GGR pathway, and TFIIEa, p53, and DP1 in transcrip-
tion initiation, bind to an almost identical basic surface in
the N-terminal PH domain of p62 via an intrinsically dis-
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Figure 5. Comparison of p62 PH recognition between TCR factor UVSSA and GGR factor XPC. (A, C, E, G) Intermolecular interactions in the UVSSA-
p62 PH complex. (B, D, F, H) Intermolecular interactions in the XPC-p62 PH complex. p62, UVSSA, and XPC are shown in blue, magenta, and green,
respectively. To discriminate p62 from UVSSA or XPC, residues of p62 are labeled in lowercase and residues of UVSSA or XPC are labeled in uppercase.
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Figure 6. ITC analysis of p62 PH binding by UVSSA mutant. Shown are
thermograms (upper panels) and binding isotherms (lower panels) of the
calorimetric titration. (A) Titrant: wild type UVSSA399 419. (B) Titrant:
F408A UVSSA399 419. (C) Titrant: V411A UVSSAi99 419. (D) Titrant:
V409A UVSSA399 419. The calculated binding dissociation constant (Kg)
is shown below each panel. Data are the mean + standard error (S.D.) from
the fitting curve.

ordered acidic string. The acidic strings are polymorphic
at the amino acid sequence level (Figure 1A), and hold no
regular secondary structures in common; nevertheless, their
networks of interaction with p62 PH highly resemble one
another. Therefore, on the basis of three-dimensional struc-
tural information, rather than solely sequence information,
we considered that it might be possible to identify a new p62
PH-binding partner.

Indeed, the presence of a sequence in the TCR initia-
tion factor UVSSA with the potential to satisfy the com-
mon structural principles of p62 PH recognition led to the
finding that UVSSA is responsible for recruiting TFIIH in
TCR. The sequence, which is present at residues 400-413 in
human UVSSA, is well conserved across different species
(Figure 1A). Our finding is also consistent with a previous
study showing that the deletion of residues 400-500 abol-
ishes the interaction between UVSSA and TFIIH (22) (Fig-
ure 1B). In fact, this short sequence of UVSSA specifically
binds to p62 PH with an affinity equivalent to XPC (Figure
2).

We carried out the ITC and NMR binding assays in
buffer comprising 20 mM potassium phosphate (pH 6.8) in
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Figure 7. The p62 binding domain of UVSSA is essential for transcrip-
tion coupled NER activity. (A) Recovery of RNA synthesis was measured
in Kps3 cells expressing wild-type UVSSA-VS5 or UVSSA-VS5 with muta-
tions in the p62-binding domain (filled bars, 12 J/m? of UV-C; open bars,
no UV). Aromatic (green) and hydrophobic (orange) residues required for
strong binding between UVSSA and p62 are indicated. Error bars repre-
sent the standard error (S.E.) of quadrupled experiments. (B) The interac-
tion of p62 with either wild-type UVSSA or various UVSSA mutant pro-
teins was assayed by immunoprecipitation, followed by western blotting.
CL, crude lysate; IP, immunoprecipitate.

order to compare the binding of UVSSA with that of XPC
under the same buffer conditions used in previous stud-
ies (26,50). Because this low salt concentration might not
reflect binding under physiological conditions with higher
salt concentration, we also performed the ITC assay in
phosphate-buffered saline (PBS; 8.10 mM Na,HPO,, 1.47
mM KH;POy4, 137 mM NaCl, 2.68§ mM KCI, pH 7.5). Al-
though the binding affinity decreased as expected, the spe-
cific interaction of UVSSA with p62 PH was still retained
(Supplementary Figure S3).

The strong interaction prompted us to determine the so-
lution structure of the UVSSA-p62 PH complex (Figure
3), which revealed striking similarity to the XPC—p62 PH
complex (Figures 4 and 5). Of note, substitution of a single
amino acid of UVSSA caused a marked reduction in TCR
activity, which correlated well with the strength of binding
between the mutant and TFIIH p62 PH (Figures 6 and 7).



Such a correlation has been previously observed for XPC,
where alanine substitution at a key residue for binding com-
promised UV resistance, recruitment of TFIIH to DNA
damage sites, and removal of UV-induced photoproducts
from genomic DNA (26). Both UVSSA and XPC interact
with subunits of TFIIH other than p62, but the present re-
sults indicate that the interaction with p62 PH makes essen-
tial contributions to the recruitment of TFIIH in TCR and
in GGR. Taking all of these findings together, we conclude
that UVSSA is a TFIIH recruiting factor in TCR.

Our finding that UVSSA shares the binding surface of
p62 PH in TFIIH with the GGR initiation factor XPC,
and also with the transcription initiation factor TFIIE, pro-
vides a conceptual advance in our understanding of NER.
In other words, because of the different mechanisms for
recognition of DNA lesions in TCR and GGR, it might
be imagined that different proteins would recruit TFITH
to damaged sites. However, their TFIIH recruiting mech-
anisms are remarkably similar. Because TFIIH is a huge
complex comprising 10 different proteins, it may seem cu-
rious that UVSSA and XPC select such a small area on
its large molecular surface. One possible explanation might
come from the subsequent step in the NER process. In both
TCR and GGR, recruitment of TFIIH is followed by load-
ing of the incision nucleases XPG and XPF/ERCCI. It
has been demonstrated that Rad4 (yeast homolog of XPC)
competes with Rad2 (yeast homolog of XPQG) for com-
mon binding sites on TFIIH, including the PH domain of
Tfb1 (yeast homolog of p62) (25,53). XPG stabilizes TFITH
(54); however, the TFITH-UVSSA complex does not con-
tain XPG, implying that UVSSA and XPG share the same
binding interface of TFIIH (15). We infer that UVSSA and
XPC both use the same surface of TFIIH because it is ef-
ficient for passing TFIIH to XPG as it allows UVSSA or
XPC to release from TFIIH at the same time that XPG as-
sociates with TFIIH. Further studies will be needed to ver-
ify this idea.

UVSSA has turned out to be a scaffold protein. Its N-
terminal VHS domain supports a direct interaction with
TFIIH and CSB after UV irradiation (15). The VHS do-
main is also required for its interaction with USP7 and
CSA, regardless of UV damage (22). Furthermore, residues
151-495 together with a TRAF-binding motif (residues
251-254) are necessary for UVSSA’s interaction with the
TRAF domain of USP7 (23). In the present study, we have
pinpointed a novel interaction between residues 399-419
and TFIIH p62 PH, and have reported the first structure
of this complex. In parallel with finding new interactions of
components of the TCR pathway, the identified interactions
should be further characterized to define the details of their
roles in TCR from both structural and functional points of
view.
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