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ABSTRACT

In eukaryotes, three RNA polymerases (RNAPs) play
essential roles in the synthesis of various types of
RNA: namely, RNAPI for rRNA; RNAPII for mRNA
and most snRNAs; and RNAPIII for tRNA and other
small RNAs. All three RNAPs possess a short flex-
ible tail derived from their common subunit RPB6.
However, the function of this shared N-terminal tail
(NTT) is not clear. Here we show that NTT interacts
with the PH domain (PH-D) of the p62 subunit of the
general transcription/repair factor TFIIH, and present
the structures of RPB6 unbound and bound to PH-D
by nuclear magnetic resonance (NMR). Using avail-
able cryo-EM structures, we modelled the activated
elongation complex of RNAPII bound to TFIIH. We
also provide evidence that the recruitment of TFIIH to
transcription sites through the p62–RPB6 interaction
is a common mechanism for transcription-coupled
nucleotide excision repair (TC-NER) of RNAPI- and
RNAPII-transcribed genes. Moreover, point muta-
tions in the RPB6 NTT cause a significant reduc-
tion in transcription of RNAPI-, RNAPII- and RNAPIII-
transcribed genes. These and other results show that
the p62–RPB6 interaction plays multiple roles in tran-
scription, TC-NER, and cell proliferation, suggesting
that TFIIH is engaged in all RNAP systems.

INTRODUCTION

In eukaryotic transcription, three RNAPs are essential for
synthesizing various RNAs: RNAPI for ribosomal RNA
(rRNA), RNAPII for messenger RNA (mRNA) and most
small nuclear RNAs (snRNAs), and RNAPIII for transfer
RNA (tRNA) and other small RNAs. The three RNAPs
are multi-subunit complexes comprising five common sub-
units and several specific subunits, in total more than
twelve subunits. Among the latter subunits, RPB1 is specific
to RNAPII and has a well-characterized long flexible C-
terminal domain (CTD) tail that provides a critical binding
platform for various transcription factors and RNA pro-
cessing factors (1). CTD comprises heptad repeats of a se-
quence ‘YSPTSPS’, which is repeated 52 times in humans
and 26 times in budding yeast (2), and its phosphorylation
is important for regulating multiple stages in transcription
(1).

The general transcription factor TFIIH is a multifunc-
tional 10-subunit complex involved in transcription, NER
and cell cycle (3). The XPB and XPD subunits possess the
ATPase/helicase activities necessary for opening promoter
DNA during transcription initiation and damaged DNA
during NER. The CDK7 subunit phosphorylates S5 of the
YSPTSPS consensus repeats of RNAPII CTD, other tran-
scription factors, and nuclear receptors. Moreover, it has
been shown that the p62 subunit plays a crucial role in re-
cruiting TFIIH to appropriate functional sites through the
N-terminal pleckstrin homology (PH) domain (PH-D) in-
teracting with intrinsically disordered acidic regions of var-
ious transcription factors such as TFIIE� (4,5), p53 (6,7),
EKLF (8), DP1 (9), VP16 (10,11) and EBNA2 (12) and sev-
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eral NER factors such as XPC (13,14), UVSSA (15) and
XPG (16,17).

Here, we show that p62 PH-D also interacts with a short
tail of RNAP, derived from the N-terminal tail (NTT) of
RPB6, a subunit shared by all three RNAPs. We determined
the solution structures of RPB6, both in a free form and
when bound to p62 PH-D by NMR spectroscopy. On the
basis of the NMR structures and previously solved cryo-
electron microscopy (cryo-EM) structures (18–20), we built
reasonable structural models of RNAPII bound to TFIIH
and also the activated elongation complex of RNAPII
bound to TFIIH. Point mutations in the RPB6 NTT that
impair p62 binding resulted in cell growth defects associ-
ated with significant reduction in transcription of RNAPI-,
RNAPII- and RNAPIII-transcribed genes and defects in
TC-NER of RNAPI- and RNAPII-transcribed genes, indi-
cating that TFIIH is engaged in all RNAP systems through
the RPB6–TFIIH p62 interaction.

MATERIALS AND METHODS

Preparation of human p62 PH domain (PH-D)

Unlabeled or 13C/15N-labeled human TFIIH p62 PH-D
(residues 1–108) and unlabeled or 13C/15N-labeled human
RPB6 (residues 1–127) were prepared as previously de-
scribed (5). In brief, p62 or RPB6 was expressed as a hexa-
histidine-tagged product in a pET15b vector (Merck Milli-
pore) in Escherichia coli BL21 (DE3) Gold (Agilent Tech-
nologies). The lysed supernatant was loaded onto a Ni-
nitrilotriacetic acid (NTA) column (QIAGEN), and the elu-
ate was digested with thrombin to remove the histidine tag.
After concentration with an Amicon Ultra device (Merck
Millipore), the sample was purified on a Superdex75 col-
umn (GE Healthcare).

Isothermal titration calorimetry

The binding dissociation constant (Kd) for the interaction
between p62 PH-D and human RPB6 (residues 1−24) or
yeast (Saccharomyces cerevisiae) Rpb6 (residues 11−34)
was measured by ITC using a VP-ITC calorimeter (Micro-
Cal). Titration of 100∼300 �M RPB6/Rpb6 in the syringe
(25 × 20 �l injections) into 2 ml of 10–30 �M p62 PH-D in
the cell was carried out in 20 mM potassium phosphate (pH
6.8) with or without 25 mM NaCl 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 package (MicroCal).

NMR titration
RPB6 (residues 1−127) dissolved in 20 mM potassium
phosphate (pH 6.8), 25 mM NaCl, 5 mM deuterated DTT
and 10% D2O was added to 50 �M 15N-labeled p62 PH-
D at the following molar ratios: 1:0, 1:0.25, 1:0.50, 1:0.75,
1:1.00, 1:1.50, 1:2.00 and 1:2.50. 1H,15N-HSQC spectra
were acquired before and after addition of RPB6 at 32◦C
on an AVANCE III HD 600-MHz spectrometer (Bruker)
equipped with a Cryo-TCI probe. The chemical shift change
�� was plotted as a function of molar ratio. Kd was calcu-
lated by employing the nonlinear regression fitting function:

�δ = �δmax

(
Kd + [P]t+[L]t − {(Kd + [P]t+[L]t)

2 − (4[P]t[L]t)}
1/2

)
/2[P]t

where ��max is the maximal change in chemical shift, and
[P]t and [L]t are the total concentrations of protein and lig-
and, respectively. In this study, [P]t and [L]t corresponded to,
respectively, 15N-labeled p62 PH-D and unlabeled RPB6.
Signals from Glu58, Gln66, Thr74, Phe77 and Lys102 of
p62 PH-D were used to calculate Kd.

NMR structure determination

To determine the structure of RPB6, we used 2 mM
13C/15N-labeled RPB6 in 20 mM potassium phosphate
(pH 6.8), 25 mM NaCl, and 5 mM deuterated DTT,
prepared in either 90% H2O/10% D2O or 99.9% D2O.
NMR experiments were performed at 25◦C on AVANCE
III HD 600-MHz and 950-MHz spectrometers (Bruker),
each equipped with a Cryo-TCI probe. Backbone and
side-chain resonances were assigned by using standard
triple-resonance NMR experiments (21). Stereospecific as-
signments were obtained from a combination of HNHB,
HN(CO)HB, HNCG, HN(CO)CG and 13C-edited and 15N-
edited NOESY-HSQC spectra. Distance restraints were ob-
tained from 15N-edited NOESY-HSQC (� m = 150 ms) and
13C-edited NOESY-HSQC (� m = 50 and 100 ms) spec-
tra. Side-chain torsion angles, � 1 and � 2, were obtained
from a combination of HNHB, HN(CO)HB, HNCG,
HN(CO)CG, and 13C-edited and 15N-edited NOESY-
HSQC spectra. Hydrogen bond restraints were obtained by
backbone amide H/D-exchange experiments. Spectra were
processed by using NMRPipe (22) and analyzed by using
NMRView (23).

To determine the structure of RPB6 bound to p62
PH-D, the complex was prepared at 0.38 mM by mix-
ing 13C/15N-labeled RPB6 with unlabeled p62 PH-D at
a molar ratio of 1.0:2.0 in 20 mM potassium phosphate
(pH 6.8), 25 mM NaCl, 5 mM deuterated DTT, and ei-
ther 10% D2O or 99.9% D2O. In the same way, 13C/15N-
labeled p62 PH-D was mixed with unlabeled RPB6. NMR
experiments were performed at 25◦C on AVANCE III
HD 600-MHz and 950-MHz spectrometers (Bruker), each
equipped with a Cryo-TCI probe. Backbone and side-
chain resonances were assigned by using standard triple-
resonance NMR experiments (21). Stereospecific assign-
ments were obtained from a combination of HNHB,
HN(CO)HB, HNCG, HN(CO)CG and 13C-edited and 15N-
edited NOESY-HSQC spectra. Intramolecular distance re-
straints were obtained from 15N-edited NOESY-HSQC (� m
= 50 and 150 ms) and 13C-edited NOESY-HSQC (� m =
50 and 100 ms) spectra. Intermolecular distance restraints
were obtained from 13C,15N-filtered/edited NOESY (� m
= 120 and 150 ms) spectra. Side-chain torsion angles, � 1
and � 2, were obtained from a combination of HNHB,
HN(CO)HB, HNCG, HN(CO)CG, and 13C-edited and
15N-edited NOESY-HSQC (� m = 50 ms) spectra. Hydrogen
bond restraints were obtained by backbone amide H/D-
exchange experiments. Spectra were processed by using
NMRPipe (22) and analyzed by using NMRView (23).

Structure calculation

Interproton distance restraints derived from NOE inten-
sities were grouped into four distance ranges: 1.8−2.7 Å
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(1.8−2.9 Å for NOEs involving HN protons), 1.8−3.3 Å
(1.8−3.5 Å for NOEs involving HN protons), 1.8−5.0 and
1.8−6.0 Å, corresponding to strong, medium, weak, and
very weak NOEs, respectively. The upper limit was cor-
rected for constraints involving methyl groups, aromatic
ring protons, and non-stereospecifically assigned methylene
protons. Dihedral angle restraints for � and � were ob-
tained from analysis of the backbone chemical shifts with
TALOS+ (24). � 1 and � 2 angles were restrained ±30◦ for
three side-chain rotamers. Structure calculations were per-
formed by distance geometry and simulated annealing using
the program Xplor-NIH (25,26). In total, we calculated 100
structures, which were each subjected to water refinement
(27) by immersion in a 7.0-Å layer of water molecules. After
minimization with 120 steps, we carried out a heating stage
from 100 to 500 K with 200 steps of molecular dynamics 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. The refinement protocol was fin-
ished with 200 steps of minimization. Statistics for the 20
best structures are summarized in Table 1. Structures were
analyzed and displayed by using PROCHECK-NMR (28),
MOLMOL (29) and PyMol (http://www.pymol.org).

NMR relaxation analysis

The steady-state 15N–{1H} NOE values were measured
by using 13C/15N-labeled RPB6 (2.0 mM) at 25◦C on
an AVANCE III HD a 600-MHz spectrometer (Bruker)
equipped with a Cryo-TCI probe, and were determined
from peak intensity ratios obtained from spectra acquired
with and without proton saturation. Uncertainties were de-
termined from the standard deviation in background noise
levels by using NMRView (23).

Structural docking modeling

To build a structural model of RNAPII docking with p62
PH-D or TFIIH, the N-terminal 41 residues of human
RPB6 from our NMR structure (PDB code 7DTI) were
linked to RPB6 of human RNAPII from the Cryo-EM
structure (PDB code 5IY6) at Gly42 by using the program
PyMol (http://www.pymol.org). To build a structural model
of the RNAPII–elongation complex docking with TFIIH,
the N-terminal 45 residues of human RPB6 from our NMR
structure (PDB code 7DTI) were linked to RPB6 of pig
RNAPII from the Cryo-EM structure (PDB code 6GMH)
at Gln46 by using PyMol. For the human TFIIH Core com-
plex, we used a previously reported model (30). Docking
calculations were done by the program Xplor-NIH (25,26)
using the scripts ‘rigid min.inp’ and ‘sa cross tor.inp’. We
employed the experimentally obtained intermolecular dis-
tance restraints used in the structure determination of the
RPB6–p62 PH-D complex.

Cell culture

HeLa cells were cultured in DMEM supplemented with
10% FBS and antibiotics at 37◦C at 5% CO2. To knock
down RPB6, three synthetic double-stranded oligonu-
cleotides encoding shRNAs against RPB6 (listed in Sup-

plementary Table S1) were inserted into the pRSI9 con-
trol vector, which was derived from pRSI9-U6-(sh)-UbiC-
TagRFP-2A-Puro (Cellecta). To express exogenous un-
tagged WT or mutant RPB6, first RNAi-resistant RPB6
was prepared by gene synthesis, subcloned into pLenti6
(Thermo Fisher Scientific), and used as a template to in-
troduce amino acid substitutions by inverse PCR. Recombi-
nant viral particles were then produced in 293FT cells using
the resultant plasmids and ViraPower Lentiviral Packaging
Mix (Thermo Fisher Scientific). HeLa cells were infected
with the appropriate RPB6 expression vector (WT, F13A,
F8A-F13A or �N20) and cultured in the presence of 3
�g/ml of blasticidin (InvivoGen) for 1 week. The cells were
then further infected with one of shRPB6 expression vec-
tors, and stably transduced cells were selected by incubation
with 0.5 �g/ml of puromycin for another week (Thermo
Fisher Scientific). The most effective shRNA (shRPB6 #2)
was used in most experiments. In some experiments, the re-
sultant cells were treated with the RNAP inhibitor BMH21
(AdooQ Bioscience) or ML60218 (FOCUS Biomolecules)
dissolved in DMSO.

RNA extraction and qRT-PCR analysis

Total RNA was extracted by using Sepasol-RNA I Super
G (Nacalai Tesque). qRT-PCR reactions were carried out
by using a One Step TB Green PrimeScript RT-PCR Kit
(Takara), the appropriate primer set (Supplementary Table
S1), and a StepOnePlus Real Time PCR System (Thermo
Fisher Scientific). Unlike the standard procedure based on a
reference gene, total RNA samples prepared from the same
number of cells were subjected to qRT-PCR and compared
directly, because there were no genes that were not affected
by RPB6 knockdown.

RNA-seq

RNA-seq was performed in triplicate. Total RNA was ex-
tracted by using Sepasol-RNA I Super G and further pu-
rified using an RNeasy Mini Kit (Qiagen). Libraries were
prepared by using a SureSelect Strand Specific RNA Li-
brary Preparation Kit (Agilent), and 75-cycle single-read
sequencing was carried out with a NextSeq 500 (Illumina)
and NextSeq 500/550 High Output Kit v2.5 (Illumina). The
obtained reads (>10,000,000 per sample) were analyzed by
using CLC Genomics Workbench version 11.0 (Qiagen).
The reads were mapped to the human genome assembly
GRCh38, and TPMs were used to identify differentially
expressed genes with a minimum fold change of 2 and a
maximum FDR q-value of 0.05. Gene set enrichment anal-
ysis was performed with the Functional Annotation Tool
DAVID.

Measurement of cell viability after UV irradiation

HeLa cells cultured on 35-mm dishes were washed with PBS
and irradiated with 254 nm UV-C light using a Stratalinker
2400 (Stratagene). After further culture at 37◦C for 72 h,
the numbers of viable cells were counted by using a hemo-
cytometer.

http://www.pymol.org
http://www.pymol.org
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Table 1. Statistics for the 20 best structures of RPB6 and the complex formed between RPB6 and TFIIH p62 PH-D

Free Complex

RPB6 RPB6 TFIIH p62 PH-D

Experimental restraints
Total NOE 1783 1584 2188

Intraresidue 279 279 365
Sequential (i – j = 1) 522 460 501
Medium-range (1 < i – j < 5) 361 326 365
Intramolecular long-range (i – j ≥ 5) 621 519 957
Intermolecular 174

Hydrogen bond 35×2 27×2 46×2
Number of dihedral restraints

� 110 109 97
� 110 104 96
� 1 47 47 60
� 2 7 7 10

Statistics for structure calculations
R.m.s. deviations from experimental

restraintsa

Distance (Å) 0.037 ± 0.001 0.039 ± 0.001
Dihedral (◦) 0.337 ± 0.063 0.442 ± 0.049

R.m.s. deviations from idealized covalent
geometry

Bonds (Å) 0.00472 ± 0.00008 0.00523 ± 0.00010
Angles (◦) 0.579 ± 0.015 0.663 ± 0.011
Improper (◦) 0.588 ± 0.018 0.705 ± 0.020

Coordinate precision Average pairwise r.m.s.
deviation from the mean structure

Backbone atoms (Å) 0.53 ± 0.15b 0.61 ± 0.14c 0.51 ±0.10d 0.39 ±0.07e

Heavy atoms (Å) 1.09 ±0.18b 1.11 ± 0.17c 1.14 ±0.18d 1.01 ±0.17e

Ramachandran plot statistics
Residues in most favored regions (%) 83.4f 81.6g

Residues in additional allowed regions (%) 16.0f 17.6g

Residues in generously allowed regions (%) 0.1f 0.6g

Residues in disallowed regions (%) 0.5f 0.2g

aNone of the structures exhibited distance violations >0.5 Å, dihedral angle violations >5◦.
bThe value was calculated over residues 36–39 and 53–125 of the RPB6.
cThe value was calculated over residues 36–39 and 53–125 of the RPB6 in the complex.
dThe value was calculated over residues 3–19 of the RPB6 and residues 7–104 of the TFIIH p62 PH-D in the complex.
eThe value was calculated over residues 7–104 of the TFIIH p62 PH-D in the complex.
fThe value was calculated over residues 36–125 of the RPB6.
gThe value was calculated over residues 3–125 of the RPB6 and residues 7–104 of the TFIIH p62 PH-D in the complex.

Measurement of cell viability after cisplatin treatment

HeLa cells cultured on 96-well plates were treated with var-
ious concentrations of cisplatin (Tokyo Chemical Industry)
for 72 h. Next, 10 �l of Cell Count Reagent SF (Nacalai
Tesque) was added to each well, and absorbance at 450 and
600 nm was measured with a GloMax-Multi Detection Sys-
tem (Promega) after 1 h of incubation at 37◦C.

Fluorescence-based assays for RRS and UDS

Fluorescence-based RRS and UDS assays were performed
essentially as described (31). HeLa cells grown on cover-
slips were treated with 100 �M cisplatin for 2 h or irra-
diated with UV-C light as described above. After 0, 6 or
24 h of incubation in complete medium, the damaged cells
were further cultured in serum-free DMEM containing 100
�M 5-ethynyluridine (Toronto Research Chemicals) for 1
h (for RRS) or in serum-free DMEM containing 10 �M
5-ethynyl-2′-deoxyuridine (Tokyo Chemical Industry) for
2 h (for UDS). After fixation and permeabilization with
2% paraformaldehyde and 0.5% Triton X-100, the resul-
tant cells were incubated with 25 �M Alexa Fluor 488-

azide (Thermo Fisher Scientific), 4 mM CuSO4, and 10 mM
sodium ascorbate for 1 h at room temperature in the dark.
The cover slips were then washed and mounted by using
Vectashield Mounting Medium with DAPI (Vector Labo-
ratories). Fluorescence images were taken with an LSM780
confocal microscope (Zeiss) and analyzed with CellProfiler
(32). DAPI signals were used to define the nuclear regions
of individual cells, and Alexa Fluor 488 signals in individ-
ual nuclei were quantified. For UDS, S-phase cells were
removed before analysis. Background-subtracted, geomet-
ric mean fluorescence intensities were determined for >125
cells per condition for RRS and >250 cells per condition
for UDS.

RRS assay for individual genes

HeLa cells were treated with 100 �M cisplatin for 2 h. After
0, 6 or 24 h of incubation in complete medium, the dam-
aged cells were further cultured in serum-free DMEM con-
taining 100 �M 5-ethynyluridine for 1 h. Similarly, Sf9 cells
were incubated in Sf-900 II SFM (Thermo Fisher Scien-
tific) containing 100 �M 5-ethynyluridine for 1 h. After the
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cells were counted and total RNA was extracted by Sepasol-
RNA I Super G, a spike of Sf9 RNA was added to each
RNA sample prepared from the same number of HeLa cells.
Nascent RNA was biotinylated by using a Click-iT Nascent
RNA Capture Kit (Thermo Fisher Scientific), purified with
ethanol precipitation, immobilized to Dynabeads MyOne
Streptavidin T1 magnetic beads (Thermo Fisher Scientific),
and reverse-transcribed by using Superscript III Reverse
Transcriptase (Thermo Fisher Scientific) with seven gene-
specific primers on the beads. qPCR reactions were carried
out by using KAPA SYBR FAST qPCR Kit Master Mix
(2×), an ABI Prism (KAPA Biosystem), the appropriate
primer set (Supplementary Table S1), and a StepOnePlus
Real Time PCR System. The ��Ct method was employed
to normalize the results to Spodoptera frugiperda GAPDH
as a reference gene.

RESULTS AND DISCUSSION

RPB6 NTT shared by all three RNAPs provides a binding
platform for the PH-D of TFIIH p62

RNAPII possesses the long flexible CTD tail in RPB1. We
noticed that RPB6, a subunit shared by all three RNAPs,
similarly has a short flexible tail of unknown function at
its N-terminus (NTT) (18,33). To our knowledge, no study
has focused on this region. Flexible tails are generally in-
visible in crystal and/or cryo-EM structures. In the cryo-
EM structure of human RNAPII (18), the number of in-
visible residues is less than 13 in each subunit, except for
∼485 in RPB1 CTD and 41 in RPB6 NTT (Figure 1A and
Supplementary Figure S1). Thus, while RNAPII has long
and short tails (Figure 1B), RNAPI and RNAPIII have
only the short RPB6 NTT (Figure 1C). In the cryo-EM
structure of human RNAPII, RPB6 forms a characteris-
tic core, whose amino acid sequence is highly conserved
in various species (Figure 1D). Although NTTs are gener-
ally divergent, vertebrate NTTs contain highly conserved
regions (Figure 1D) similar to the acidic strings that are
found in a subset of transcription and DNA repair factors
and are known to interact with p62 PH-D of TFIIH (Figure
1E). p62 PH-D is invisible in the cryo-EM structure of apo
TFIIH (19,20); however, we recently modelled the structure
of human TFIIH including p62 PH-D, and those of TFIIH
bound to the transcription factors TFIIE�, p53 and DP1,
and the NER factors XPC and UVSSA (Figure 1F) (30).

Thus, we examined whether vertebrate RPB6 NTT in-
deed binds to p62 PH-D. ITC experiments indicated that
human p62 PH-D binds to the NTT peptide derived from
human RPB6, but not from yeast Rpb6 (Figure 2A and
Supplementary Figure S2). Concordantly, an NMR titra-
tion experiment revealed that human p62 PH-D binds
specifically to human full-length RPB6 in a 1:1 stoichiomet-
ric ratio (Figure 2B and Supplementary Figure S3).

RPB6 catches the PH-D of TFIIH p62 by its flexible NTT

Next, we determined the structure of RPB6, both unbound
and bound to p62 PH-D, by NMR (Table 1). Unbound
and bound RPB6 were similar to each other and to a pre-
viously reported structure (34) (Supplementary Figure S4):

NTT (residues 1–32) adopts random conformations (Fig-
ure 3A–D), as confirmed by 15N relaxation analysis (Figure
3E); while residues 34–39, comprising the strand 	1, form
a 	-sheet with 	3 and 	4.

In the bound structure (Figures 4 and 5), NTT 	0
(residues 14–17) interacts with PH-D 	5 (Figure 4C), while
Phe13 fits into a hydrophobic pocket in PH-D (Figure 5E,F)
and Val16 is also buried in the PH-D groove (Figure 5C, D).
In alanine substitution experiments, PH-D binding was di-
minished by F13A and V16A, but not by F8A (Figure 5G).
While no further reduction was caused by F13A-V16A dou-
ble mutation, F8A-F13A double mutation entirely abol-
ished PH-D binding, suggesting that, in the absence of
Phe13, Phe8 can fit into the pocket with reduced binding
activity (Figure 5G).

RPB6 is reportedly phosphorylated at Ser2 in vivo
(35,36). We therefore examined the effect of its phospho-
rylation or substitution to alanine on the interaction with
p62 PH-D. ITC experiments showed that Ser2 phosphory-
lation or its alanine substitution had only a modest effect
on PH-D binding in vitro (Figure 5G), concordant with the
finding that RPB6 Ser2 is located outside the PH-D groove
in the bound state (Figures 4 and 5).

RPB6 NTT of RNAPII is a binding platform for holo-TFIIH

Although 	1 of free RPB6 interacts with 	3 and 	4 (Fig-
ure 4C), it is unfolded in the RNAPII complex (part of the
invisible 41 residues; Figure 6A), in which 	3 and 	4 form
an alternative 	-sheet, called a 	-addition motif, together
with the 	-strand in the largest subunit RPB1 that precedes
the invisible CTD. This 	-addition motif is also formed be-
tween RPB6 and RPA1, the largest subunit of RNAPI, and
between RPB6 and RPC1, the largest subunit of RNAPIII
(Figure 6B and Supplementary Figures S5 and S6). From
these observations, we propose an extension model of RPB6
NTT (Figure 6C); when RPB6 is incorporated into RNAP,
the N-terminal 10 amino acid residues of 	1 is unfolded to
form the extended NTT together with the 32 amino acid
NTT of free RPB6. Using such an unfolded RPB6 NTT,
we built a structural model of the complex of RNAPII and
p62 PH-D (Figure 6D and Supplementary Figure S7). This
model demonstrated that the RPB6 NTT in RNAPII is long
enough for p62 PH-D to bind. In all three RNAPs, RPB6
NTT is likely to access PH-D in a similar way.

As mentioned above, we recently established a structural
model of human TFIIH including p62 PH-D (30). On the
basis of this model and the aforementioned model, we built
a docking model of RNAPII bound to TFIIH and con-
firmed that RPB6 NTT is accessible to p62 PH-D in the
context of TFIIH (Figure 7A and Supplementary Figure
S8A). During transcription initiation, the interaction be-
tween RNAPII and TFIIH modelled here (Figure 7A and
Figure 7B, bottom) is unlikely to occur because TFIIE�
closely interacts with p62 PH-D at this point (37) (Figure
7B, top and Supplementary Figure S8B). However, elon-
gating RNAPII is likely to interact with TFIIH without
steric hindrance, as modelled from the cryo-EM structure
of RNAPII surrounded by the elongation factors DSIF
(SPT4 and SPT5), PAF (PAF1, LEO1, CTR9, CDC73 and
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TFIIEα
N-ter. N-ter. N-ter.

N-ter.
N-ter.

p53 DP1 XPC UVSSA

p62 PH-D 

TFIIH

PDB ID: 2RNR PDB ID: 2RVB PDB ID: 5XV8PDB ID: 2RUK PDB ID: 5GOW

5

p6

IH

RPB6 1 MSDNEDNFDGDDFDDVEEDEGLDD 24
TFIIEα 375 HKREEDEEEDDEFEEVADDPIVMV 398
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Figure 2. The short tail common to RNAPs has binding affinity for TFIIH
p62 PH-D. (A) ITC analysis of p62 PH-D binding by RPB6 (residues 1–
24). (B) NMR analysis of p62 PH-D binding by full-length RPB6. Overlay
of 1H–15N HSQC spectra of p62 titrated with RPB6 and titration curves.

WDR61) and SPT6 (38) (Figure 7C and Supplementary
Figure S9).

RPB6 binding to p62 through the NTT is critical for cell
growth and transcription by the three RNAPs

To elucidate the biological significance of this interaction,
we knocked down endogenous RPB6 expression and re-
expressed wild-type (WT) or mutant RPB6 in HeLa cells us-
ing lentivirus vectors (Figure 8A and Supplementary Figure
S10A–D). Knockdown of RPB6 resulted in cell death, but
simultaneous expression of RNAi-resistant RPB6 WT re-
stored cell viability. Simultaneous expression of F8A-F13A
or �N20 RPB6 did not fully restore cell growth, suggesting
that the p62–RPB6 interaction is critical for cell prolifera-
tion.

To investigate the underlying cause of growth defects
in F8A-F13A and �N20 cells, transcript levels were
compared among RNAPI-, RNAPII-, and RNAPIII-
transcribed genes. We found that both precursor and ma-
ture rRNAs were modestly downregulated (Figure 8B), and
some RNAPIII-transcribed genes also showed reduced ex-
pression in F8A-F13A and �N20 cells (Figure 8C), indi-
cating that the p62–RPB6 interaction is involved in both
RNAPI and RNAPIII transcription. Regarding RNAPII-
transcribed genes, although mutations in RPB6 NTT had
little effect on ACTB expression, CDKN1A and FOS ex-
pression was severely attenuated in F8A-F13A and �N20
cells (Figure 8D), suggesting that the p62–RPB6 interaction
is important for RNAPII transcription in a gene-specific
manner. Given these findings, we performed RNA-seq anal-
ysis (Figure 8E). There was significant overlap among the
genes that were up- or downregulated in F13A, F8A-F13A
and �N20 cells; in particular, genes associated with cell ad-
hesion were enriched in the commonly upregulated genes

(Supplementary Figure S10E). However, protein-coding
genes related to NER were not substantially affected in
F8A-F13A or �N20 cells (Supplementary Figure S10F).

RPB6 binding to p62 through the NTT is critical for TC-NER
of RNAPI- and RNAPII-transcribed genes

Because TFIIH plays an essential role in the DNA open-
ing step of NER (39,40), we investigated DNA repair pro-
ficiency by measuring cell survival after UV irradiation or
cisplatin treatment. These types of DNA damage are pri-
marily repaired through the NER pathway (41). As com-
pared with WT cells, F8A-F13A and �N20 cells were more
sensitive to UV-C and cisplatin exposure (Figure 9A, B).
To differentiate between the TC and global genome (GG)
NER pathways, which differ in initial damage recognition,
we used fluorescence-based assays to measure recovery of
RNA synthesis (RRS) and unscheduled DNA synthesis
(UDS), which respectively reflect TC-NER and GG-NER
(31). In WT cells, RNA synthesis decreased immediately
after UV-C irradiation or cisplatin treatment, but recov-
ered almost completely within 24 h (Figure 9C, E and Sup-
plementary Figure S11). In F8A–F13A cells, however, in-
hibition of RNA synthesis persisted (Figure 9D, F), sug-
gesting that TC-NER is defective in F8A–F13A cells. By
contrast, WT and F8A–F13A cells showed similar UDS
after UV-C irradiation or cisplatin treatment (Supplemen-
tary Figure S12), suggesting that the p62–RPB6 interaction
is selectively involved in TC-NER. Further analysis (Sup-
plementary Figures S13 and S14) indicated that the p62–
RPB6 interaction plays independent roles in transcription
and NER, and that both contribute to cell growth (Supple-
mentary Text).

In the microscopy-based RRS assay, rRNA synthesis was
the main source of the signal (Figure 9C–F and Supplemen-
tary Figures S11). Given that RPB6 is common to all three
RNAPs, we investigated RRS of genes transcribed specifi-
cally by each RNAP by qRT-PCR using EU-labeled nascent
RNA purified from streptavidin beads. Under the condi-
tions employed, cisplatin treatment significantly affected
RNAPI and RNAPII transcription, but not RNAPIII tran-
scription (Figure 9G, H), probably due to the short lengths
of the RNAPIII-transcribed genes. The transcriptional de-
fects observed for RNAPI and RNAPII genes were partially
recovered within 24 h of cisplatin treatment in WT, but not
in F8A-F13A cells (Figure 9G, H), suggesting that the p62–
RPB6 interaction is critical for TC-NER of RNAPI- and
RNAPII-transcribed genes.

RPB6 NTT in yeasts

So far, we have shown that human RPB6 NTT interacts
with PH-D of the p62 subunit of human TFIIH. Like the
human counterpart, yeast Rpb6 core forms the base of the
clamp near the active site whereas its NTT (the N-terminal
71 residues in budding yeast, 59 residues in fission yeast) is
invisible in the crystal structure of RNAPII (33,42). Appar-
ently, most bacterial 
 and archaeal RpoK, which are ho-
mologous to eukaryotic RPB6, lack NTT, whereas in yeasts
the NTT has only limited sequence similarity to the verte-
brate counterparts (Figure 1D) (43). Thus, whether yeast
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Figure 4. Structure of the RPB6–TFIIH p62 PH-D complex. (A) The 20 best solution structures of the RPB6–TFIIH p62 PH-D complex superimposed
over residues 36–39 and 53–125 of RPB6. (B) The 20 best solution structures of the RPB6–TFIIH p62 PH-D complex superimposed over residues 3–19 of
RPB6 and residues 7–104 of TFIIH p62 PH-D. (C) Ribbon diagram of one model of the structural ensembles. RPB6 is colored green; p62 PH-D is colored
coral.
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Figure 5. Intermolecular interactions. (A–D) Electrostatic interactions between acidic residues of RPB6 NTT and basic residues of TFIIH p62 PH-D.
(E, F) Interactions between Phe8, Phe13, and Val16 of RPB6 NTT and TFIIH p62 PH-D. In (A, C, E), RPB6 is shown in stick representation (green/pale
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labeled in lowercase and residues of RPB6 are labeled in uppercase. (G) Kd estimated from ITC analysis of p62 PH-D binding by mutant RPB6 (residues
1–24).

Rpb6 NTT binds to PH-D of Tfb1, the yeast counterpart
of human p62, and plays a role in transcription or DNA re-
pair is an interesting question that needs further study. De-
spite low sequence similarity, acidic amino acids are abun-
dant with a phenylalanine sandwiched between them in the
first half of NTT in yeasts. Meanwhile, the binding sur-
face of p62 PH-D is not highly conserved between humans
and yeasts (7,14), leading us to speculate a different bind-

ing mode between yeast Rpb6 NTT and Tfb1 PH-D. In
yeasts, Rpb6 is essential for survival and genetically inter-
acts with other subunits of RNAPs and various factors
such as TFIIS, a proteosome subunit, 5’-3’ exoribonucle-
ase, and trimethylguanosine synthase (44–51). Notably, the
N-terminal 42 amino acids of budding yeast Rpb6 and the
N-terminal 60 amino acids of fission yeast Rpb6 are dis-
pensable for survival (44,46). In one study, however, out of



Nucleic Acids Research, 2022, Vol. 50, No. 1 11

p62 PH-D

N-ter.RPB1

RPB2

RPB11
RPB10

RPB12

RPB4

RPB7

RPB5

RPB8

RPB9

RPB3

RPB6 NTT
RPB6

R

p62 PH-D

RPB6 NTT
RPB6

N-ter.RPB1

RPB2

RPB11
RPB10

RPB12

RPB4

RPB7

RPB5

RPB8

RPB9

RPB3

Expander
1 90 356 477 506 581 654 827 991 1053 1180 1260 1337 1440 1500 1608 1664

1649

Clamp
core

Clamp
core

Active
siteDock Pore 1 Funnel Cleft Cleft CleftJaw Linker CTDFootClamp

head
1 95 235 346 508375 436 663 809 871 1059 1141 1275 1395 1436 1535 1733

1 93 243 549465361 403 710 857 918 1083 1160 1275 1370 14601423

Rpa1

Rpb6
1 72 155

NTT Assembly

Rpb1

Rpc1

�2 �3 �4 �5�1 �2

727777 155

RPB6

RNAPIl
to CTD

RNAPIl

Free Incorporating Complex

N-ter. tail
(NTT)

extended NTT

��

RPB1
�

��
��

�� �1
�-addition

motif

β-addition 
motif

β4
β3

β

RPB6 
G42

RPB1
E1485

B

A C

D

Figure 6. Structural model of the complex of human RNAPII and TFIIH p62 PH-D based on the extension model of RPB6 NTT. (A) Formation of a
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and the most C-terminal residue of RPB1 that are visible in the structure are indicated by magenta and blue dotted circles, respectively. (B) Interactions
between Rpb6 and the largest subunit of each RNAP from yeast. PDB ID: 5W65, RNAPI; 5FYW, RNAPII; 6EU0, RNAPIII. Residues within 5 Å are
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RNAPII, elongation factors, and TFIIH. In molecular surface representation, RPB6 is colored green; p62 is colored coral. For clarity, the model in which
the subunits of RNAPII except for RPB6 are colored gray; the subunits of TFIIH except for p62 PH-D are colored yellow is shown in (B) and the inset in
(C).
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Figure 8. Role of the interaction between TFIIH-p62 and RPB6 in cell growth and transcription. (A) Growth curves of HeLa cells expressing WT or
mutant RPB6. Cell numbers were counted at days 0, 4 and 7. Doubling time is indicated in the table below. Data represent mean ± S.D. (n = 3). n.s., not
significant; ***P < 0.001 (two-tailed Student’s t-test). (B–D) qRT-PCR analysis of RNAPI (B) RNAPIII (C) and RNAPII (D) transcripts. Pre and mat
indicate precursor and mature transcripts, respectively. Data represent mean ± S.D. (n = 3). n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001
(two-tailed Student’s t-test). (E) Venn diagram showing upregulated (left) and downregulated (right) genes relative to WT, determined by RNA-seq analysis
(FC > 2; FDR q-value < 0.05).

14 Rpb6 temperature-sensitive mutants isolated in fission
yeast, seven carried mutations in NTT (46), suggesting that
NTT plays an important role at least at an elevated temper-
ature in yeasts.

CONCLUSION

It remains under debate whether TC-NER occurs during
RNAPI transcription (52,53). Our finding supports its exis-
tence and suggests that TFIIH recruitment to transcription
sites through the p62–RPB6 interaction is a common mech-
anism for TC-NER of RNAPI- and RNAPII-transcribed
genes.

In a previous study, we showed that UVSSA, a key TC-
NER factor involved in the recruitment of TFIIH (54,55),
also interacts with p62’s PH-D (15). This interaction is me-
diated by UVSSA’s intrinsically disordered region spanning
amino acids 400–418 and the p62’s PH-D (15). Since p62’s
PH-D should not be able to bind to UVSSA and RPB6 si-
multaneously, how each of these interactions contributes to
TC-NER is an interesting questiont that needs to be ad-
dressed in the future. One hypothesis is that the two in-
teractions contribute to different steps in TC-NER. More
specifically, the interaction with UVSSA may facilitate the
recruitment of TFIIH to damaged sites, whereas the in-
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teraction with RPB6 may facilitate a subsequent step by
tethering TFIIH to damaged sites. In support, Nakazawa
et al. have shown that UVSSA is monoubiquitinated at
K414 during DNA repair and that this monoubiquitina-
tion is critical for DNA damage-induced interaction be-
tween TFIIH and elongating RNAPII and for TC-NER
(55). Thus, monoubiquitination of UVSSA K414 may trig-
ger dissociation of p62 and its transfer to RPB6. Moreover,
while Drosophila lacks CSA, CSB, and UVSSA homologs,
it performs TC-NER (56). Given the evolutionary conser-
vation of RPB6’s NTT among vertebrates and Drosophila
(Figure 1D), it may be that in Drosophila, RPB6 interacts
with p62 and plays a more important role in TC-NER as a
surrogate for UVSSA.

Overall, we have shown that the common RPB6 tail in
all three RNAPs (RNAPI, RNAPII and RNAPIII) plays a
crucial role in recruiting TFIIH via its interaction with the
PH domain of the TFIIH p62 subunit; this interaction con-
necting between TFIIH and all three RNAPs plays multiple
roles in transcription, TC-NER, and cell proliferation. Our
findings provide a plausible answer for the simple and long-
standing question of why RNAPs share the RPB6 subunit
with a short tail, and represent a significant conceptual ad-
vance over previous studies on transcription and TC-NER,
demonstrating that TFIIH is involved extensively in multi-
ple transcription and TC-NER systems.
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program for display and analysis of macromolecular structures. J.
Mol. Graph., 14, 51–55.

30. Okuda,M., Ekimoto,T., Kurita,J., Ikeguchi,M. and Nishimura,Y.
(2021) Structural and dynamical insights into the PH domain of p62
in human TFIIH. Nucleic Acids Res., 49, 2916–2930.

31. Nakazawa,Y., Yamashita,S., Lehmann,A.R. and Ogi,T. (2010) A
semi-automated non-radioactive system for measuring recovery of
RNA synthesis and unscheduled DNA synthesis using ethynyluracil
derivatives. DNA Repair (Amst.), 9, 506–516.

32. McQuin,C., Goodman,A., Chernyshev,V., Kamentsky,L.,
Cimini,B.A., Karhohs,K.W., Doan,M., Ding,L., Rafelski,S.M.,
Thirstrup,D. et al. (2018) CellProfiler 3.0: Next-generation image
processing for biology. PLoS Biol., 16, e2005970.

33. Cramer,P., Bushnell,D.A., Fu,J., Gnatt,A.L., Maier-Davis,B.,
Thompson,N.E., Burgess,R.R., Edwards,A.M., David,P.R. and
Kornberg,R.D. (2000) Architecture of RNA polymerase II and
implications for the transcription mechanism. Science, 288, 640–649.

34. del Rı́o-Portilla,F., Gaskell,A., Gilbert,D., Ladias,J.A. and
Wagner,G. (1999) Solution structure of the hRPABC14.4 subunit of
human RNA polymerases. Nat. Struct. Mol. Biol., 6, 1039–1042.

35. Kayukawa,K., Makino,Y., Yogosawa,S. and Tamura,T. (1999) A
serine residue in the N-terminal acidic region of rat RPB6, one of the
common subunits of RNA polymerases, is exclusively phosphorylated
by casein kinase II in vitro. Gene, 234, 139–147.

36. Christensen,G.L., Kelstrup,C.D., Lyngsø,C., Sarwar,U., Bøgebo,R.,
Sheikh,S.P., Gammeltoft,S., Olsen,J.V. and Hansen,J.L. (2010)
Quantitative phosphoproteomics dissection of seven-transmembrane
receptor signaling using full and biased agonists. Mol.Cell.
Proteomics, 9, 1540–1553.

37. Yan,C., Dodd,T., He,Y., Tainer,J.A., Tsutakawa,S.E. and Ivanov,I.
(2019) Transcription preinitiation complex structure and dynamics
provide insight into genetic diseases. Nat. Struct. Mol. Biol., 26,
397–406.

38. Vos,S.M., Farnung,L., Boehning,M., Wigge,C., Linden,A.,
Urlaub,H. and Cramer,P. (2018) Structure of activated transcription
complex Pol II-DSIF-PAF-SPT6. Nature, 560, 607–612.

39. Evans,E., Fellows,J., Coffer,A. and Wood,R.D. (1997) Open complex
formation around a lesion during nucleotide excision repair provides
a structure for cleavage by human XPG protein. EMBO J., 16,
625–638.

40. Tapias,A., Auriol,J., Forget,D., Enzlin,J.H., Schärer,O.D., Coin,F.,
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