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ABSTRACT

The general transcription factor IIH (TFIIH) is a multi-
protein complex and its 10 subunits are engaged in
an intricate protein—protein interaction network crit-
ical for the regulation of its transcription and DNA
repair activities that are so far little understood on
a molecular level. In this study, we focused on the
p44 and the p34 subunits, which are central for the
structural integrity of core-TFIIH. We solved crystal
structures of a complex formed by the p34 N-terminal
VWA and p44 C-terminal zinc binding domains from
Chaetomium thermophilum and from Homo sapiens.
Intriguingly, our functional analyses clearly revealed
the presence of a second interface located in the C-
terminal zinc binding region of p34, which can rescue
a disrupted interaction between the p34 vWA and the
p44 RING domain. In addition, we demonstrate that
the C-terminal zinc binding domain of p34 assumes a
central role with respect to the stability and function
of TFIIH. Our data reveal a redundant interaction net-
work within core-TFIIH, which may serve to minimize
the susceptibility to mutational impairment. This pro-
vides first insights why so far no mutations in the p34
or p44 TFlIH-core subunits have been identified that
would lead to the hallmark nucleotide excision re-
pair syndromes xeroderma pigmentosum or trichoth-
iodystrophy.

INTRODUCTION

The general transcription factor ITH (TFIIH) has been
identified as a common factor involved in both transcrip-
tion and nucleotide excision repair (NER) processes. TFITH
is highly conserved among ecukaryotes and is composed
of ten subunits, three of which possess enzymatic activi-
ties (Figure 1A). The transcription factor can be divided
into two main functional sub-complexes: core-TFIIH com-
prising the XPB helicase, p62, p52, p44, p34, p8/TTD-A
and the heterotrimeric Cdk-activating-kinase (CAK) com-
posed of Cdk7, cyclin H and MAT1. The XPD helicase
bridges core-TFIIH to CAK. The CAK complex plays
an important role in transcription by phosphorylating the
C-terminal domain of RNA polymerase 11 (RNA pol II)
as well as several transcription regulators such as the nu-
clear hormone receptor RAR or PPAR (1). XPB and XPD
possess adenosine triphosphate (ATP)-dependent translo-
case and helicase activities, respectively. XPB is involved in
promoter opening during transcription initiation, whereas
XPD is responsible for strand separation around the DNA
lesion during NER.

Mutations in XPB, XPD and the p§/TTD-A subunits of
TFIIH are associated with autosomal recessive disorders
such as xeroderma pigmentosum (XP), sometimes com-
bined with Cockayne syndrome (XP/CS), or trichothiodys-
trophy (TTD) (2,3). Many of the known mutations that
cause the aforementioned syndromes do not directly affect
the activity of XPB and XPD but rather the interactions
of these subunits with their regulatory partners. No fur-
ther disease associated mutations in other TFIIH subunits
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Figure 1. Organization of TFIIH and characterization of a minimal p34/p44 complex. (A) Composition of TFIIH and domain organization of the p34
and p44 TFIIH subunits: the Homo sapiens (hs)/ Chaetomium thermophilum (ct) nomenclature of each subunit is indicated. The different structural do-
mains of the p34/p44 subunits are represented in blue, gray and green shades, respectively. The interaction between the two subunits as observed in the
structures is indicated for each protein and framed by a black diamond. (B) Structure based alignment of H. sapiens (hs) and C. thermophilum (ct) p34
and p44. Secondary structure elements are indicated below the sequence, with arrows representing B-strands and coils for a-helices. Red (largely buried)
and orange circles (partially buried) indicate interface residues as defined by PDBsum. Residues that were mutated are boxed and numbered. Conserved
residues are color coded (light purple for moderate conservation and dark purple for highly conserved residues (threshold 30% and 50% identify computed
from a multiple sequence alignment of the human and ct sequences with orthologs from Danio rerio, Caenorhabditis elegans, Drosophila melanogaster,
Saccharomyces cerevisiae and Arabidopsis thaliana). The highly conserved Zn knuckles of the p44 subunits are shown.
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have been identified in humans so far. Yeast genetics has
shown that the p44/SSL1 and XPB/SSL2 subunits are stem
loop suppressors, essential for translation initiation (4,5). In
drosophila, mutations in p62 and p52 lead to photosensitiv-
ity and XP/TTD like phenotypes (6,7).

The intricate network of interactions between the 10 sub-
units of yeast or human TFIITH that governs its assembly
and activity has been analyzed by several groups (8—11). For
human TFIIH it was shown that XPB and XPD interact
tightly with the p52 and p44 core-TFIIH subunits, respec-
tively (12-14). p52 is physically associated with p8/TTD-
A (15) to regulate the ATPase and translocase activities
of XPB (16), whereas p44 stimulates the ATPase and heli-
case activities of XPD (12,17). The trimeric CAK complex
formed between cdk7, cyclin H and MAT]1 is required for
optimal kinase activity of cdk7 (18). CAK interacts with
XPB and XPD and has been shown to inhibit XPD’s heli-
case activity in vitro (19,20).

So far, low resolution EM reconstructions of the en-
tire yeast and human TFIIH have been determined as well
as crystal and nuclear magnetic resonance (NMR) struc-
tures of isolated subunits and/or functional domains (Sup-
plementary Table S1). These include the crystal structures
of the N-terminal von Willebrand Factor A (VWA) like
domain of p34 from the eukaryotic fungus Chaetomium
thermophilum (ct) (21), the N-terminal domain of yeast
p44/SSL1 (22) and the NMR structure of the C-terminal
RING finger of human p44 (23,24). However, with the ex-
ception of the crystal structure of the interaction domain of
p52/Tfb2 in complex with p8/TTD-A/Tfb5, little is known
regarding the interaction between core-TFIIH subunits and
no high resolution data on protein interfaces (15) between
TFIIH subunits are available.

Here, we analyzed the interaction between the p34 and
p44 subunits (Figure 1A) and solved the crystal structure
of the N-terminal vWA domain of p34 in complex with the
RING domain of p44. Surprisingly, interface variants only
mildly affected the association between the full length pro-
teins and did not impinge on TFIIH activities due to the
presence of an additional interface involving the C4 domain
of p34. Further analyses revealed that the C4 domain of p34
does not only rescue the interaction between p34 and p44
but also seems to be necessary to maintain additional core-
TFIIH interactions.

MATERIALS AND METHODS

Protein expression, purification and crystallization of p34
vWA /p44 RING complexes

The  p34hs(1-233)/p44hs(321-395) and  p34ct(l-
277)/p44ct(386-584) complexes were co-expressed in
Escherichia coli BL21(DE3) and purified using affinity
followed by size exclusion chromatography (SEC). Details
are provided in the Supplementary Materials and Methods
section. Crystals of the human complex grew in hanging
drops at 20°C from a 0.1 mM Tris—HCI or HEPES (pH 7.0
to 8.5) and 20-40% (w/v) PEG 4000 solution containing 5
mg/ml or 2.5 mg/ml of protein. The ct p34/p44 minimal
complex I (MC I) was crystallized at 20°C in 15% (w/v)
PEG 20 000 and 100 mM MES pH 6.5, whereas the ct
p34/p44 minimal complex II (MC II) was crystallized at

20°C in 5-10% (w/v) PEG 4000, 20-33% (v/v) MPD and
100 mM HEPES pH 7.0-7.5. Crystals of the ct p34/p44
minimal complexes [ and II were crystallized at concentra-
tions of 5-10 mg/ml using the vapor diffusion method in
sitting drops.

Structure determination and analysis

X-ray diffraction data were collected at the SOLEIL Prox-
imal beamlines and the European Synchrotron Radiation
Facility and processed using XDS (25). The structures of the
p34ct/pddct complex were solved by molecular replacement
using the p34ct vWA domain (PDB ID: 4PN7) as a search
model. Phases permitted the building of the p44ct RING
domain using the human p44 NMR structure (PDB ID:
1Z60) as a guide. The structure of the p34hs/p44hs complex
was solved by molecular replacement using the same strat-
egy. We used the intrinsic Zn anomalous scattering signal of
the two zinc ions in the p44 RING domain to confirm the
solution. Models were adjusted and extended in Coot (26)
and refined with Phenix (27) or Refmac (28). Figures con-
taining structures were generated using UCSF Chimera (29)
or PyMOL (30). Details are provided in the Supplementary
Materials and Methods section.

Construction of baculoviruses, production and purification

Procedures used for insect cell manipulation, generation of
recombinant baculoviruses and production of multiprotein
complexes are described in (31). To produce wild-type and
variant p34hs/p44hs complexes, viruses expressing p34hs
in fusion with an N-terminal twin-strep tag under the con-
trol of a pl0 promoter and with p44hs under the control
of a PH promoter were generated. These viruses were co-
infected with the virus Vcore Ap34p44, expressing the core-
TFIIH subunits His-XPB, p62, p52 and p8 but missing p34
and p44 to reconstitute core-TFIIH variants. Details of the
purification procedures are provided in the Supplementary
Materials and Methods section.

Characterization of the protein complexes

The interaction between p34ct(1-277) or p3dct full
length and p44ct(368-534), which can both be expressed
and purified as isolated proteins, was investigated us-
ing SEC and isothermal titration calorimetry (ITC).
Pull down experiments followed by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis analysis with
Coomassie staining or western blot detection or high
resolution LabChip electrophoresis analysis were used
to analyze the p34hs/p44hs complexes. Protein thermal
stability was measured by label-free fluorimetric analysis.
Details are provided in the Supplementary Materials and
Methods section.

Transcription and dual-incision assays

In vitro transcription and dual-incision assays were per-
formed as previously described (19): Run-off transcrip-
tion assays were performed using reaction mixes contain-
ing the adenovirus major late promoter sequence (AdMLP)



EcoRI-Sall DNA template (50 ng), TFIIB (15 ng), TFIIE
(160 ng), TFIIF (500 ng of the phenyl fraction, (32)), TBP
(30 ng), endogenous RNA Pol II (10 pg of the | M DEAE
fraction) and TFIIH was replaced by a mixture of purified
wild-type and variant core-1IH6, XPD (100 ng) and CAK
(100 ng). 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 Dithiothreitol (DTT), 0.3 mM ethylene-
diaminetetraacetic acid, 10% (v/v) glycerol, 2.5 wg bovine
serum albumin, 50 mM KCl and 2 mM ATP. Reaction mix-
tures (10 pl) containing XPG (5 ng), XPF/ERCCI (15 ng),
XPC/hHR23B (10 ng), RPA (50 ng), XPA (25 ng) and
XPD (100 ng) and increasing amounts of purified wild-type
or variant core-1TH6 (see figure legends) were incubated at
30°C for 90 min and stopped by rapid freezing. About 6 ng
of an oligonucleotide complementary to the excised DNA
fragment containing four extra G nucleotides at the 5’ end
was annealed to the excision products. Sequenase (0.1 units)
and 1 wCi of [a-?>P]dCTP were used to add four radiola-
beled C nucleotides to excision products that were separated
on a denaturing 14% (w/v) polyacrylamide gel and visual-
ized by autoradiography. Concentrations of core-1TH6 wild-
type and variants were estimated using quantitative western
blot analysis with a monoclonal antibody directed against
XPB (1B3).

Automated Hydrogen—Deuterium eXchange coupled to Mass
Spectrometry (HDX-MS)

Hydrogen—Deuterium eXchange coupled to Mass Spec-
trometry (HDX-MS) experiments were performed on a
Synapt-G2 HDMS (Waters Scientific, Manchester, UK)
coupled to a Twin HTS PAL dispensing and labelling robot
(LEAP Technologies, Carborro, NC, USA) via a NanoAc-
quity system with HDX technology (Waters, Manchester,
UK). Briefly, 5 pl of protein at 31.5 wM were diluted in
95 wl of protonated (for peptide mapping) or deuterated
buffer (20 mM Tris pD 7.4, 50 mM NaCl) and incubated
at 20°C for 0, 0.5, 1, 5 and 10 min. A total of 95 pl were
then transferred to vials containing 15 pl of pre-cooled
quenching/digestion solution (0.8 mg/ml pepsin in 500 mM
glycine pH 2.6). After 2 min of digestion, 105 .l were in-
jected into a 100 wl loop. Peptides were desalted for 2 min
on a C18 pre-column (Acquity UPLC BEH 1.7 uM, VAN-
GUARD) and separated on a C18 column (Acquity UPLC
BEH 1.7 uM, 1.0 x 100 mm) by a linear gradient (2% to
40% (v/v) acetonitrile in 7 min). Experiments were run in
triplicates and protonated buffer was injected between each
sample to wash the column and avoid cross-over contami-
nation.

Peptide identification was performed with the Protein-
Lynx Global SERVER (PLGS, Waters, Manchester, UK)
based on the MSE data acquired on the non-deuterated
samples. Peptides were filtered in DynamX 3.0 with the fol-
lowing parameters: peptides identified in at least 3 acqui-
sitions, 0.2 fragments per amino-acid, intensity threshold
1000. Structural representation of the differential uptake
was performed using UCSF Chimera (29).
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RESULTS
Structure of the minimal p34/p44 complex

Based on previous studies (33), we pursued the struc-
tural characterization of the human p34/p44 minimal
complex (p34hs(1-233) and p44hs(321-395)) and the cor-
responding complex from the fungal model organism
Chaetomium thermophilum (p34ct(1-277) and p44ct(368—
534)). The p34hs/ct and p44hs/ct sequences share 28% and
40% sequence identity, respectively (Figure 1B). The human
and the fungal p34/p44 complexes are structurally simi-
lar (Figure 2A-D) and can be superimposed with a root
mean square (rms) deviation of 1.5 A using 236 equiva-
lent Ca-atoms (182 and 54 residues for p34 and p44, re-
spectively), indicating a high structural conservation of the
p34/p44 complex. Their secondary structure elements are
almost identical except for two helices (a4 of p34ct and al
of p44ct) that are only present in the fungal complex. Data
collection and refinement statistics can be found in Table 1.
A detailed description of the structure solution process is
available in the Supplementary Materials and Methods sec-
tion.

In both complexes, p34 adopts a vVWA like architecture as
it was previously described by Schmitt ez al. (21) (Figure 2A
and B). The p44ct/hs C4C4 RING finger displays a com-
pact o/B global fold and binds two zinc ions with an inter-
weaved zinc-binding motif (Figure 2A—C). Interestingly, the
p44ct/hs C4C4 RING fingers present significant structural
homology to other RING finger domains. The best matches
were obtained with the RFN38 and Ark2C E3-RING do-
mains (pdb entries SDOM chain B and 4V3L chain C) that
can be superimposed with the human p44-RING with rms
deviations of 1.9 A and 2.5 A for 50 and 46 equivalent Ca-
atoms, respectively (Supplementary Figure S1, left panel).
Furthermore, this similarity is extended toward their inter-
actions with other proteins, since both zinc-binding sites of
the p44-RING and the E3-RING domain participate in the
recognition of the partner molecule (Supplementary Figure
S1, middle and right panel).

Analysis of the p34 vWA /p44 RING interface

The p34ct/hs-p44ct/hs interactions are governed by strand
B3 and helices a5 and a6 of p34 and structural elements
flanking the cross-braced zinc-binding motif of p44 includ-
ing the kinked loop between helix a1 and strand B2 as well
as helices a2 and o3 (see Figure 2C). In line with the over-
all spatial conservation of the complexes, a geometry-based
comparison of the interfaces (34) from both species pro-
vided a structural alignment of 39 residues (IS-score of 0.53,
P-value 0.44 10~'! and rmsd 1.6 A). Within these aligned
residues, 28% are identical, a value that is comparable to
that obtained when all surface residues are considered (28%
and 34% sequence identity for p34 and p44, respectively).
A total of 11 residues share a hydrophobic character while
8 are polar or charged in both structures, resulting in a
complex mixture of small hydrophobic patches and polar
interactions scattered over the entire interface. Conserved
hydrophobic residues contributing to the interface include
F69, P72, L141 and A183 from p34hs and L.379, F374 and
P383 from p44hs, corresponding to W80, P83, L150 and



10876 Nucleic Acids Research, 2017, Vol. 45, No. 18

H. sapiens

C. thermophilum

Ct(388)

Nt(18)

0
0
b7
%5
2
o
0,
77(}(

!

' F-
N

B3 kinked loop
(p44)

Figure 2. Overall structure of the p34/p44 complex. (A and B) Ribbon representation of the ct and hs p34/p44 complexes. The topology of the p44 RING
domain is shown on the upper left side of panel A. The kinked loop between helix a1 and strand 32 is shown in red. (C) Overall superposition of the human
(in magenta and yellow for p34 and p44, respectively) and fungal (in blue and green for p34 and p44, respectively) p34/p44 complex structures. Close-up
view of the interactions between the two proteins. The blue spheres represent the Zn ions. The anomalous electron density map from the human complex
calculated using the phases of the p34 molecule is contoured at 3. (D) Schematic diagram of the p34 vWA /p44 RING interface. The fungal interface was
analyzed with PDBsum: interacting residues are colored by residue type (blue positive (H,K,R); red negative (D,E); green neutral (S,T,N,Q); gray aliphatic
(A,V,L,I,M); magenta aromatic (F,Y,W); orange (P,G); yellow (C) cysteine) and interactions are indicated by colored lines (blue and red lines for potential
H-bonds and salt bridges, dashed orange lines for non-bonded contacts). Structurally similar residues (identified from a geometry-based alignment of the
human and fungal interfaces) are represented using the same color code.



Table 1. Data collection and refinement statistics
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Data collection p34ct/pddct MC (I) p34ct/pddct MC (II) p34hs/p44hs *
Space Group P6322 P6322 12,2124

Cell Dimensions

a, b, c[A] 138.21, 138.21,95.24 147.06, 147.06, 87.60 81.41, 120.39, 128.67
B,y [ | 90, 90, 120 90, 90, 120 90, 90, 90
Resolution [A] 45.24 - 3.7 (4.05-3.70) 48.14 -2.2 (2.27 - 2.20) 40.7 - 3.4 (3.58 - 3.40)
Wavelength [A] 0.8726 0.97625 1.2826
Unique Reflections 6,120 (1,418) 28,834 (2,439) 9014 (1306)
1/o1 . 9.5(1.4) 19.6 (1.0) 10.5 (2.0)
I/ol > 2.0 [A] ** 3.97 2.36 3.40

CC (1/2) 0.998 (0.601) 0.999 (0.700) 0.998 (0.820)
Rmerge [%)] 20.0 (142.5) 12.1 (454.8) 13.3 (145.7)
Completeness [%0] 99.8 (100.0) 100.0 (100.0) 99.4 (96.4)
Redundancy 8.1(8.4) 18.5(14.8) 13.1 (13.1)
SigAno 0.8 (0.6)
Refinement p34ct/pddcet MC (1) p34ct/pddct MC (II) p34hs/pddhs *
Resolution [A] 452-3.7 414-22 40.7-3.4
Unique Reflections 5828 28 436 9014

Number of Atoms 2088 2,211 3896

Ryork (Rfree) [70] 19.6 (24.6) 21.0 (22.7) 24.0 (29.0)
Mean B-Factor [Az] 152.7 73.88 146.2

Bond Lengths [A] 0.011 0.003 0.003

Bond Angles [°] 1.610 0.728 0.720
Ramachandran Statistics (%)

Favored 93.56 96.83 95.00
Allowed 4.92 3.17 4.35

Outliers 1.52 0.0 0.65

Values in parentheses refer to the highest resolution shell. * Friedel mates were averaged when calculating reflection statistics. ** Resolution [A] at which

/ol >2.0

Ramachandran analyses were performed using MolProbity.

Table 2. Human (Hs) and Chaetomium thermophilum (Ct) p34/p44 variants and their location

Variant in Hs p34 Variant in Ct p34 Structure element
L132E QI41E helix o5
A134E S143D helix o5
A138E helix a5
Cl42E Al151E helix o5
R146E KI155E helix a5
Variant in Hs p44 Variant inCrp44 Structure element
D370A helix a2
F374E F490E helix a2
1386E Q502E helix a3

A226 from p34ct and 1495, F490 and P499 from p44ct (Fig-
ure 2D). However, some interactions also differ between the
two complexes, for example, the orientation of the positively
charged side chain of R 146 in p34hs, corresponding to K155
in p34ct that forms a salt bridge with D386 from p44ct (Fig-
ure 3A, left panel). R146 from p34hs points into a different
direction and therefore, does not participate in similar in-
teractions.

Mutational analysis of the p34/p44 interface

To further dissect the interaction of both complexes, we gen-
erated mutations in the interface of the p34hs/ct-p44hs/ct
complexes: L132Ehs/Q141Ect, A134Ehs/S143Dct,
C142Ehs/A151Ect and R146Ehs/K155Ect of p34 and
D370Ahs, F374Ehs/F490Ect and I386Ehs/QS502Ect of
p44 (Figures 1B and 3A, Table 2). Circular dichroism
spectroscopy of the fungal variants showed that they all

display similar spectra as the wild-type proteins indicating
that the overall fold has been maintained (Supplementary
Figure S2).

Analysis by SEC revealed that equimolar ratios of wild-
type p34ct(1-277) and p44ct(368-534) form a stable com-
plex as demonstrated by a clear shift in the elution volume
compared to the individual components (Figure 3B, upper
panel). The p44ct(368-534)-Q502E variant does not pre-
vent complex formation when combined with WT p34ct(1-
277) (Supplementary Figure S3A, second panel). The dou-
ble p34ct(1-277)-Q141E/S143D variant that most likely
disrupts the hydrogen bonding network between helices
a5 of p34ct and o3 of pd4ct (Figure 3A) shows a weak-
ened interaction with wild-type p44ct(368-534) as illus-
trated by the observation of a shifted peak for the com-
plex (Figure 3B, middle panel), whereas the three single mu-
tations A151E and KI155E of p34ct and F490E of p44ct
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Figure 3. Mutational analysis of the p34/p44 interface. (A) Detailed view of the contact area for the fungal and the human complex: selected side chains
of interface residues are shown. Residues 76-85, 131-151 and 213-231 of p34ct (blue) and 398-407 and 484506 of p44ct (green) of the fungal complex are



clearly disrupt the interaction between p34ct(1-277) and
p44ct(368-534) (Figure 3B, lower panel and Supplementary
Figure S3A, third and fourth panels). The p34ct(1-277)-
A151E and p44ct(368-534)-F490E single mutations most
likely weaken the van der Waals contacts in close proxim-
ity to the Zn I binding site, while the p34ct(1-277)-K155E
variant disrupts the electrostatic interaction with D486 of
p44ct (Figure 3A).

Additional characterization by ITC shows that the
p34ct(1-277) and p44ct(368-534) fragments associate with
a Kp of 11 nM and a 1:1 stoichiometry (Figure 3C and Sup-
plementary Figure S3B). However, no interaction was ob-
served when the p34ct(1-277)-A151E or the p34ct(1-277)-
K155E variant was titrated into p44ct(368-534). Similarly,
the p44ct(368-534)-F490E variant also abolished binding
to p34ct(1-277) underlining the key roles of the p34ct amino
acids A151 and K155 as well as F490 from p44ct toward the
stabilization of the interaction between p34ct(1-277) and
p44ct(368-534) (Figure 3C) as observed in the crystal struc-
ture. Similar conclusions were obtained when we introduced
the R146E mutation (K155E in p34ct) in p34hs(1-233) and
the F374E mutation (F490E in p44ct) in p44hs(321-395)
(Supplementary Figure S4).

We next transferred mutations that impair the interaction
between the two minimal domains into the full length p34hs
and p44hs proteins. Full length p34hs-L132E/A134E,
p34hs-C142E, p34hs-R146E and p44hs-F374E or p44hs-
I386FE variants were co-expressed with the remaining core-
TFIIH subunits, and the purified recombinant complexes
(rITH6) were tested in in vitro transcription and DNA repair
assays. Interestingly, while variants p34hs-R146E (K155E
in p34ct), p44hs-F374E (F490E in p44ct) and p34hs-C142E
(A151E in p34ct) impaired the formation of the p34/p44
minimal complex (Figure 3B and C, Supplementary Fig-
ures S3 and 4), western blot analysis of the rIIH6 complexes
showed that none of these mutations affected the rI[ITH6
composition or stoichiometry (Figure 3D). Moreover, when
the core-TFIIH variants were added to an in vitro tran-
scription assay containing in addition to the AAMLP tem-
plate, RNA polymerase II, TFIIB, TFIIE, TFIIF, TBP
transcription factors as well as XPD and CAK, RNA syn-
thesis was performed almost as accurately as observed for
the wild-type proteins (Figure 3E and Supplementary Fig-
ure S5C). Similarly, these core-TFITH variants were able to
remove the damaged oligonucleotide as well as wild-type
core-TFIIH (Figure 3F and Supplementary Figure S5C),
when added to an in vitro nucleotide excision repair (NER)
assay containing XPC/Hr23B, XPA, RPA, XPF/ERCCI,
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XPG in addition to the XPD subunit of TFIIH as well as a
cisplatinated damaged plasmid.

The p34 C-terminal zinc-binding domain interacts with the
p44 RING domain

Due to this disparity between lack of interaction as ob-
served for the minimal complexes and no disruption of
core-TFIIH, we speculated that additional p34/p44 inter-
acting domains could circumvent the impaired interactions
between the p34 vWA domain and the p44 RING finger
domain. To investigate this further, SEC experiments origi-
nally pursued with the A151E and the F490E variants of the
minimal complex domains (Figure 3B and Supplementary
Figure S3A) were now performed with full length p34ct.
Contrary to what we observed with the truncated version of
p34ct, full length p34ct and p44ct(368-534)-F490E as well
as p34ct-A151E and p44ct(368-534) led to, albeit highly re-
duced, complex formation (Figure 4A). These results are in
line with pull down data on the human complexes where
no effect could be observed for all variants except for the
p34hs-C142E variant that showed a diminished interaction
(Supplementary Figure SSA and B), suggesting that the C-
terminal C4 domain of p34 can compensate for mutations
in the p34 vWA or in the p44 RING domain by providing
an additional interaction site for p44.

To further validate the importance of the C4 domain of
p34 for the p34/p44 interaction, we deleted this domain and
compared the stability of the p34hs(1-233)/p44hs complex
with that of full length p34hs/p44hs. Deletion of the C-
terminal region of p34hs does not prevent association be-
tween p34hs and p44hs (Supplementary Figure S6A, left
panel). The thermal stability of the mutant complex is, how-
ever, affected. Analysis of the intrinsic tryptophan fluores-
cence changes upon thermal unfolding yielded a clear melt-
ing curve with a single transition indicative of a melting tem-
perature close to 50°C for the wild-type complex, but an
altered profile when the p34 C4 domain was deleted (Sup-
plementary Figure S6A, right panel) emphasizing the forti-
fication of the p34/p44 interaction by this domain.

We also performed HDX-MS experiments, in which we
compared deuterium exchange labeling of p34hs in the pres-
ence and absence of p44hs (Figure 4B). Association of
p34hs with p44hs caused an appreciable reduction of back-
bone amide deuterium uptake on several p34hs peptides.
When mapped onto the p34 structure, the deuterium ex-
change nicely validates the crystallographically observed
interface (Supplementary Figure S6B and C). In addition
to the known interface a significant reduction in exchange

represented in the left panel. Residues 65-74, 131-151 and 172-188 of p34hs (magenta) and 343-351 and 368-506 of p44hs (yellow) are represented in the
right panel. (B) SEC of p34ct(1-277) with p44ct(368-534) wild-type or variants. p34ct(1-277) (red) and p44ct(368-534) (blue) were analyzed separately
and after mixing them in a 1:1 stoichiometry (green) prior to SEC. (C) Quantification of the interaction between wild-type or variant p34ct(1-277) and
p44ct(368-534) by ITC. The thermodynamic parameters for the association of the wild-type protein domains are: Kp = 11 nM, n = 0.71, AH = -25
kcal/mol and AS = —45 cal/mol/degree. (D) Core-TFIIH wild-type or variant were co-expressed in insect cells and purified using immobilized metal
affinity chromatography (IMAC) followed by immuno-precipitation using an anti-p44 antibody. Equal amounts of purified rIIH6 were analyzed by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis followed by western blot (WB) using antibodies directed against XPB, p62, p52, p44 and p34. (E) Basal
transcription activity. Increasing amounts of purified wild-type and variant rIIH6 (20, 40 and 80 ng) were added to an in vitro reconstituted transcription
system lacking core-TFIIH. Transcripts were analyzed by electrophoresis followed by autoradiography. The length of the corresponding transcript is
indicated on the right. (F) In vitro dual-incision assay. Increasing amounts of immune purified wild-type and variant rITH6 (60 and 160 ng) were added to
an incision/excision assay using recombinant NER factors, and the reaction was analyzed by electrophoresis followed by autoradiography. Quantification
of the basal transcription and of the double incision assays are presented in Supplementary Figure S5C.
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Figure 4. Association between p34 and p44 also involves the C-terminal domain of p34. (A) SEC of the p34ct full length protein with p44ct(368-534) wild-
type or p44ct(368-534)-F490E and p34ct-A151E with p44ct(368-534) wild-type. p34ct full length (red) and p44ct(368—534) (blue) were analyzed separately
and mixed in a 1:1 stoichiometry (green) prior to SEC. (B) HDX-MS differential heatmap of p34hs versus p34hs/p44hs. Hydrogen—Deuterium eXchange
coupled to mass spectrometry experiments, in which the deuterium exchange labeling of p34hs in the presence and absence of p44hs was compared. Data
could be measured only for the highlighted areas as depicted in the sequence coverage presented in Supplementary Figure S6B. (C) Densitometry analysis
of a Coomassie stained gel of rIIH6/p34wt and rITH6/p34(1-233) purified using IMAC followed by immuno-precipitation using an anti-p44 antibody. The
gel as well as a western blot analysis of the complexes are presented in the supplementary data. (D) Extracts from SF9 cells co-infected by viruses expressing
core-TFIIH wild-type (rIIH6/p34 wt) or mutant (rIIH6/p34(1-233)) were incubated with XPD plus CAK, immuno-precipitated using an antibody directed
against cdk7 and immobilized proteins were analyzed using specific antibodies. Heavy (HC) and light (LC) chains of the anti-cdk7 antibody are indicated.
(E) and (F) Complexes purified in (C) were analyzed for their transcription and NER activities as described in Figure 3.



active TFIIH

active TFIIH

Nucleic Acids Research, 2017, Vol. 45, No. 18 10881

inactive TFIIH

Figure 5. Cartoon representation depicting the summary of our observations with the same coloring scheme as used in Figure 1 showing core-TFIIH with
XPD. Left panel: wild-type active TFIIH. Middle panel: TFIIH mutated within the minimal p34/p44 interface (structurally characterized in this study)
maintaining the active complex. Right panel: TFIIH with the C4 domain of p34 missing. This p34 variant still interacts with p44 but other vital interactions

are missing leading to an inactive TFIIH.

was observed in one region of the C4 domain (residues
288-297), strongly supporting our biochemical observa-
tions that the C-terminus of p34 provides an additional in-
terface for the p34/p44 interaction. To further analyze the
observed effects, we generated a model of the p34hs C4 do-
main (Supplementary Figure S7). According to this model
the potential region of interaction starts just after a highly
conserved zinc binding motif and is extended to the solvent
accessible surface, clearly supporting the possibility of an
interaction interface. However, the sequence conservation
between p34hs and p34ct in that region is not very high
(Supplementary Figure S7).

Since the p34 C4 domain constitutes an additional in-
terface for the interaction with p44, we decided to con-
duct experiments to probe its importance on the integrity of
core-TFIIH and its impact on transcription and repair. Pull
down experiments with extracts of insects cells co-infected
with baculoviruses expressing p34hs(1-233) together with
the other core-TFIIH subunits showed that an anti-p44 an-
tibody permits the isolation of a complex with levels of p34
almost comparable to those observed for the wild-type com-
plex, verifying that the redundant network between p34 and
p44 ensures an interaction between the two proteins. These
complexes, however, showed highly reduced levels of p62,
p52 and XPB (Figure 4C and Supplementary Figure S§A),
indicating an additional more central role of the p34 C4 do-
main in the architecture of core-TFITH. For further charac-
terization, lysates containing core-TFITH were mixed with
XPD and CAK and in vitro reconstituted complexes were
immobilized using an antibody directed against the cdk7
subunit of CAK. In agreement with the results described
above, the p34 deletion mutant but not XPB or p62 were de-
tected (Figure 4D and Supplementary Figure S8B). These
results not only confirm the central role of the p34 C4 do-
main in the architecture of core-TFITH but also show that
the p34 C-terminal deletion is not compensated by inter-
actions mediated by CAK and/or XPD. Consequently, the
rITH6/p34(1-233) complex is unable to support RNA syn-
thesis and to function in DNA repair when incorporated

into in vitro transcription and NER assays (Figure 4E and
F).

DISCUSSION

High-resolution structural data on the molecular interac-
tions within TFIIH are indispensable for our understanding
of the functional networks within this complex. Here, we
focused on the association between the p34 and p44 sub-
units of core-TFIIH. The p44 subunit was described for
both its ubiquitin ligase activity and its role as a regula-
tor of XPD’s helicase activity (12,35). It interacts with XPD
and anchors the CAK via XPD to core-TFIIH on the one
hand, whereas its interaction with the p34 subunit of core-
TFIIH is crucial for TFIIH core integrity and function on
the other hand (13). We solved crystal structures of the p34
vWA domain in complex with the p44 RING domain and
analyzed the p34/p44 interaction using a combination of
biophysical and biochemical approaches. A closer analy-
sis of the structure indicates that the p44 RING domain
displays significant structural homology to other ubiquitin
ligase E3 RING domains as observed in the RFN38 and
Ark2C proteins, which is consistent with the E3 ligase ac-
tivity described for the yeast SSL1/p44 TFIIH subunit (35).
Moreover, as observed in E3-RING/E2 ubiquitin ligase in-
terfaces, structural elements flanking the zinc-binding mo-
tif of the p44 RING also govern the recognition of the p34
subunit in an E3-RING/E2 like fashion, indicating a simi-
lar recognition mechanism for the p34/p44 complex (Sup-
plementary Figure S1). However, the fact that this interface
is required for the formation of core-TFIITH interactions
renders a p44 E3 ligase function within the TFIIH context
unlikely.

We identified a set of amino acids that are essential for
the interaction within the minimal complex (Figure 3A-
C; Supplementary Figures S3 and 4). However, when these
residues were mutated in the full length human p34 and p44
proteins, we discovered that most of them did not interfere
with complex stability (Supplementary Figure SSA and B).
Furthermore, disrupting this interaction in the context of
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the entire TFIIH impinges neither on its composition nor
on its transcription or NER activities (Figures 3D-F and
5) suggesting the presence of additional binding site(s) that
compensate for the impairment in complex formation be-
tween the VWA domain of p34 and the C4C4 RING finger
of p44.

In search for an additional interface, we identified the C4
domain of p34 to be involved in the association with the
p44 RING domain and to further stabilize the association
between the two proteins (Figure 4A). This observation is
strongly supported by our HDX-MS experiments, where
the C4 domain of p34 shows the lowest exchange of interact-
ing interfaces (Figure 4B). The interaction network of the
p44 RING domain with two interfaces within p34 is also
highly important for the integrity of core-TFIIH, which is
demonstrated by our pull down experiments. The use of
p34hs(1-233) lacking the C-terminal domain led to almost
no reduction in p44 interaction whilst other TFITH compo-
nents such as p52, p62 and XPB clearly show weaker bind-
ing profiles (Figures 4C-D and 5). This demonstrates that
the loss of the p34 C4 domain cannot directly be compared
with the effect of point mutations in the p34 vWA/p44
RING interface as it has a more dramatic impact on the
structure and function of TFIIH. However, the robustness
of the p34/p44 interaction in the absence of the p34 C-
terminal domain clearly indicates that both interfaces of
p34 need to be disrupted to affect the p34/p44 association.
In addition, our data show that the C-terminal domain of
p34 not only interacts with p44 but also stabilizes interac-
tions with p62 and p52. The reduction of XPB is most likely
a secondary effect due to the loss of the p52 interaction.
Consequently, the deletion of the C-terminal p34 domain
affects both the stability of human TFIIH and its NER
and transcription activities (Figure 4E and F). Intriguingly,
yeast genetics demonstrated that the deletion of the C4 do-
main was lethal (10). How the C-terminal domain of p34
exactly interacts with other TFIIH partners requires further
investigation in future studies.

Our studies provide evidence of an intricate network
within TFIIH that governs the structure and function of
the 10 subunits complex with p34 and p44 being positioned
at the very core of this network (Figure 5). p44 interacts
through its N-terminal vWA domain with XPD; the latter
interacts through its ARCH domain with the central region
of MATT1 (14,19) to anchor the regulatory CAK to core-
TFIIH. p44 further interacts with p62 (36). p34, apart from
interacting with p44, might also interact with p52 as pre-
viously suggested (11) and as indicated by our data (Fig-
ure 4C and D) suggesting that the p34/p44 pair could act
as a seed to assemble the remaining TFIIH core subunits
(Figure 5). This hypothesis is further supported by the fact
that both proteins contain vVWA domains, which are known
to be able to perform multiple protein—protein interactions
(37,38) and the presence of two interfaces to safeguard the
p34/p44 interaction.

The strong and redundant multipoint interaction be-
tween p34 and p44 suggests the presence of a failsafe mech-
anism for a pair of proteins that is central to TFIIH sta-
bility and function, explaining why individual point muta-
tions in either subunit have so far not been associated with a
disease phenotype. Most disease-associated mutations have

been identified in XPB, XPD and the p§/TTDA subunits
of TFIIH (3,39). Mutations in XPB or XPD disturb either
their catalytic activity and/or their regulation by p52 and
p44, respectively (1). Due to the importance of the p34/p44
pair within TFIIH in acting as a core seed and mediator for
other TFIIH subunits, a disruption by multiple mutations
may not be tolerated.
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