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TFIIH is a multiprotein factor involved in transcription
and DNA repair and is implicated in DNA repair/
transcription deficiency disorders such as xeroderma
pigmentosum, Cockayne syndrome and trichothio-
dystrophy. Eight out of the nine genes encoding the
subunits forming TFIIH have already been cloned. We
report here the identification, cDNA cloning and gene
structure of the 52 kDa polypeptide and its homology
with the yeast counterpart TFB2. This protein, along
with p89/XPB, p62, p44 and p34, forms the core of
TFIIH. Moreover, using in vitro reconstituted transcrip-
tion and nucleotide excision repair (NER) assays and
microinjection experiments, we demonstrate that p52
is directly involved in both transcription and DNA
repair mechanisms in vitro and in vivo.
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Introduction

TFIIH, a multisubunit transcription/DNA repair factor, 1s
currently on the point of being fully characterized: eight
subunits ranging from 89 to 32 kDa are now cloned and
sequenced. TFIIH is the only basal transcription factor
known to possess several enzymatic activities (for reviews,
see Bhatia et al., 1996; Svejstrup et al., 1996a). The
p89/XPB and p80/XPD subunits are a 3'-5" and a 5'-3’
ATP-dependent helicase respectively: cyclin-dependent
kinase 7 (cdk7), cyclin H and MATI form a ternary
complex with a cdk-activating kinase (CAK) activity that
was shown to use (at least in vitro) an array of substrates
required in transcription such as the TATA binding protein
(TBP). TFIIE and the carboxy-terminal domain (CTD) of
the largest subunit of RNA polymerase II (RNA pol 1I)
(for review, see Nigg, 1996). In addition to the XPB and
XPD helicases, the p62 and p44 subunits of TFIIH were
shown to be involved in the nucleotide excision repair
(NER) mechanism by in vivo and in vitro complementation
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experiments using normal and NER-deficient mammalian
cells (Vermeulen et al., 1994a) or by induction of thermo-
sensitive mutations in yeast (Wang ef al., 1995). p44 and
p34 contain putative zinc finger motits (Humbert et al.,
1994) that could help TFIIH target the promoter and/or
the DNA lesion. TFIIH possesses cdk7 and cyclin H that
can phosphorylate cdc2 and cdk2, two regulators of cell
cycle progression (Morgan, 1995). While direct evidence
that TFIIH participates in cell cycle regulation 1s lacking,
an involvement in this or other cellular events 1s certainly
not excluded (Hoeijmakers et al., 1996). In contrast, the
key roles of the complex in the initiation of transcription
by RNA pol II and in the removal of DNA damage are
well documented.

The multiple roles of TFIIH in the cell might explain
why and how genetic defects in TFIIH subunits give rise
to a wide clinical variety of human syndromes and
symptoms. These include the rare autosomal recessive
disease xeroderma pigmentosum (XP), known to be due
to an NER deficiency, the main symptoms of which are
cutaneous abnormalities such as UV photosensitivity and
predisposition to UV-induced skin cancer. Other TFIIH-
elated disorders are Cockayne syndrome (CS), which 1s
predominantly a neuro-developmental disease, and the
CS-like, brittle hair disease trichothiodystrophy (TTD).
These latter two conditions are thought to be due, at least
in part, to a crippled transcription function of TFIIH
affecting a specific set of genes (Vermeulen er al., 1994a).
The various degrees of photosensitivity exhibited by most
CS and TTD patients are probably caused by an additional,
but variable, TFIIH-related defect that impairs the ability to
remove UV-induced DNA damage. The disorder-specific
mutations in two of the TFIIH subunits, XPB and XPD,
associated with either XP, XP/CS or TTD, reveal the
clinical intricacies and pleiotropic effects of various TFIIH
deficiencies (Vermeulen et al., 1994a; Broughton et al.,
1995; Hoeijmaker et al.. 1996). The occurrence of
mutations leading to disease in genes encoding the other
subunits of TFIIH has not been documented. However,
an NER defect in cells of a single photosensitive TTD
patient (TTD-A) constitutes a separate NER-deficient
complementation group, that is clearly corrected by micro-
injection of purified TFIIH. This patient does not carry
mutations in either the XPD or XPB genes (our unpublished
results): therefore, it is likely that a subunit of TFIIH
1s affected.

Mutations in TFIIH subunits may also give rise to
syndromes resulting from a defect in transcription rather
than DNA repair. Preliminary results have shown that the
two p44 genes are located in the proximal vicinity of the
human survival motor neuron (SMN) gene, a mutation of
which results in spinal muscular atrophy (SMA) (Lefebvre
et al.. 1995). Analysis of ~100 unrelated SMA patients
revealed that one of the p44 genes is involved in large
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scale deletions associated with the severe forms of SMA.
also called the Werdnig—Hoffman disease (L.Biirglen and
J.Melki, personal communication).

[n this study, we describe the cloning of a gene encoding

the 52 kDa subunit that co-purifies with the eight other

characterized subunits of TFIIH. We further demonstrate
that this polypeptide 1s indeed a subunit of TFIIH by co-
immunoprecipitation experiments and sedimentation shift
assays in glycerol gradients using antibodies raised against
p52. Microinjection of this antibody into normal fibroblasts
or addition to in vitro reconstituted transcription and NER
assays results in inhibition of both transcription and DNA
repair. These results demonstrate that p52 1s physically
and functionally associated with TFIIH both in vivo
and n vitro.

Results

Cloning of the cDNA encoding the p52 polypeptide
of TFIIH

Eight out of the nine or more TFIIH subunits which are
visible on SDS-PAGE of the hydroxyapatite column (the
last step of our purification procedure; Gérard et al., 1991
Figure 1, lanes 4 and 6 of the SDS-PAGE) have been
cloned previously. We now focus our attention on the
polypeptide (now called p52) migrating above the p44
subunit and co-purifying with the various enzymatic
activities (ATPase, CTD kinase and helicase) associated
with TFIIH transcription activity through each step of our
purtfication procedure. After microsequencing of p52
tryptic digests, degenerate oligonucleotides were designed
and used to screen several cDNA libraries. One apparently
full-length clone was isolated from a human preB-cell
AZAPII cDNA library.

Sequencing revealed the existence of an open reading
frame (ORF) of 1386 bp that encodes a protein of 462
amino acids (Figure 2) with a calculated isoelectric point
of 9.76 and a theoretical mol. wt of 52.186 kDa. When
overexpressed in Escherichia coli, the recombinant poly-
peptide exhibits the same electrophoretic mobility on
SDS-PAGE as the endogenous p52 and is recognized by
Ab-p52 (data not shown). An in-frame stop TAA codon
1S found 48 nucleotides upstream of an ATG codon
which 1s surrounded by a translational consensus sequence
(Kozak, 1986): this indicates that this ATG is the transla-
tional start site of the p52 protein. All microsequenced
oligopeptides were found in the deduced amino acid
sequence of p52, thus confirming the identity of the clone.
Moreover, since some of the TFIIH subunits have been
shown to contain specific sequences (helicase or kinase
motifs) typically associated with the various enzymatic
activities (XPB, XPD and cdk7). or indicative of zinc
finger (p44 and p34; Humbert ez al., 1994) or RING finger
domains (MATI; Devault et al., 1995; Tassan et al.. 1995).
we pertormed computer searches using the MOTIFS
software of the GCG package. First, we found two highly
basic domains (amino acids 274-280 and 451-459) rich
in lysine and arginine residues and sharing homology with
the consensus sequence for nuclear localization signals
(Boulikas, 1994). Second, three putative conserved helix
structures were detected from analysis of the human and
the yeast proteins (amino acids 20-59, 210-240 and 369-
412; Figures 2A and B; see also below). No other motifs
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Fig. 1. The p52 polypeptide contained in the highly purified TFIIH
eluted from an hydroxyapatite column co-purifies with the other eight
identified subunits as shown on the right of the panel (silver staining
of an 11% SDS-PAGE) and with transcription, ATPase, the CTD
kinase and both 5'-3" XPD and 3'-5" XPB helicase activities of
TFIIH (assays described in Fischer er al., 1991; Adamzcewski et al.,
1996).

such as a leucine zipper, kinase signature or nucleotide
binding domain were found. Furthermore, searching in
the GenBank, EMBL as well as in a Caenorhabditis
elegans expressed sequence tag (EST) databanks, we
found high homologies to one C.elegans, one human and
one Brassica campestris translated EST, with accession
Nos T55635 (35% identity and 68% similarity), YK70F
5.3 (40% 1dentity and 67% similarity) and L38200 (45%
identity and 70% similarity) respectively (Figure 2B). In
addition, a mouse EST (GenBank accession No. W61868)
was found to share 98% i1dentity with the human p52, and
very likely corresponds to the mouse homolog of p52.
Sequence searches in GenBank (accession No. U43503)
and 1n the Saccharomyces Genome Project databank
(genomic clones P310, P315 and P320 of yeast chromo-
some XVI), as well as information from the laboratory of
R.Kornberg, detected matches with TFB2 (55 kDa, 513
amino acids), a newly cloned subunit of the yeast TFIIH.
Comparison of human p52 with the yeast TFB2 revealed
37% 1dentity and 61% similarity, indicating that p52 i1s
indeed the human counterpart of the S.cerevisiae TFB2.

The p52 genomic structure and chromosomal
assignment

To characterize further the gene encoding p52, in terms
of its structural organization and regulatory aspects as
well as to obtain probes for its chromosomal localization,
1Isolation of genomic clones was undertaken. Using the
cloned cDNA as a probe to screen a placental genomic
AGEMI12 library, 12 positive clones were isolated from
which a 2.5 kb EcoRV and a 5.5 kb EcoRI fragment were
subcloned and subjected to sequence analysis. The coding
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Fig. 2. The gene encoding p52 and its product. (A) Organization of the p52 gene deduced from the two clones. Complete exon—intron organization
of the p52 untranslated region (in white) and coding region (in black) relative to the protein sequence are indicated. The helical regions of the p52
polypeptide are in white and the basic domains are hatched. (B) Protein sequence comparison between human (Hs p52), S.cerevisae (Sc TFB2:
GenBank U43503), and alignment with related human (Hs EST; EMBL, T55635). C.elegans (Ce EST: Sanger Center. YK70F5.3) and B.campestris
(Bc EST: EMBL. 1.38200) translated ESTs. Identical residues are boxed in black; similar residues are in grey.

sequence of p52 is contained within a 7 kb region and 1s
split into 13 exons (numbered 1I-XIV); the size of each
is indicated in Figure 2A. The sequence corresponding to
the 5'-untranslated region was located within exons I and
[I. The translation start (ATG) is located in exon II. The

sequences of the exon—intron junctions fit the splice donor

and acceptor consensus sequences 5’ AGgt(a,g)agt 3" and
5" (c,t)(c,t)agG 3’ respectively. A potential polyadenylation
signal was found 17 bp upstream from the actual poly-
adenylation site as deduced from the analysis of the
cDNA. Three CpG-rich regions were found: the first 1s
408 bp long and located in the promoter, thus suggesting
a putative housekeeping role for this gene. By its position
as well as by its length and high CpG content, this region

proves characteristic of class Il gene promoters (Gardiner-
Garden and Frommer, 1987). In addition, this region
contains a CAAT box and a putative TATA box. The
second CpG-rich region is 292 bp long and contained 1n
the first exon and intron 1. The third CpG-rich region
spans 692 bp over the end of intron 13, exon 14 and the
3'-untranslated region (Figure 2A).

To characterize p52 and its putative involvement In
genetic disorders further, chromosomal localization was
erformed. The 5.5 kb EcoRI genomic fragment containing
hart of the p52 gene was biotinylated and used as a probe
in fluorescence in situ hybridization (FISH) experiments.
As shown in Figure 3, the p52 genomic probe shows one
site of hybridization on the human karyotype. Fluorescent
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Fig. 3. In situ hybridization on human chromosomes with a
biotinylated 5.5 kb genomic probe of the p52 gene. On the left (a, b
and ¢), indirect immunofluorescence detection with propidium iodide
counterstaining: chromosomes show an R-banding pattern; the
frequency of cells with at least one fluorescent spot in 6p21.3 was
>80%, for a probe concentration ranging from 200 to 300 ng of DNA
per shde: arrows indicate fluorescent spots on 6p21.3. On the right 1s
shown a schematic diagram of the human chromosome 6 and the
position of the gene encoding the p52 subunit of TFIIH.

spots were observed on the short arm of chromosome 6.
After R-banding on metaphase chromosomes, the probe
was localized on the distal part of the 6p21.3 band. No
other secondary hybridization site was detected under our
experimental conditions.

p52 is a subunit of TFIIH

Several lines of evidence indicate that the protein encoded
by the p52 ¢DNA is part of the TFIIH complex. First,
p5>2 co-fractionates with TFIIH transcription, ATPase,
CTD kinase and both helicase activities through the last
three steps of our purification procedure including the
hydroxyapatite (HAP) chromatography (data not shown
and Figure 1). Second, when a partially purified TFIIH
fraction (heparin HPLC fraction; step 4 of our purification
procedure) 1s pre-incubated either alone or with either
Ab-p52 or Ab-control antibody before glycerol gradient
centrifugation, pS2 co-sediments with the other subunits
of the complex (Figure 4A). In the absence of antibody
(data not shown) or in the presence of Ab-control (upper
panel), p52 is present in fractions 6-11 (with a peak in
fraction 9), whereas after pre-incubation with Ab-p52
antibody, p52, p62 and XPB (the p89 3'-5’ helicase of
T'FIIH) are co-shifted towards the bottom of the gradient
(fractions 7-14, with a peak in fraction 10-11: lower
panel). Third, immunoprecipitation of the same heparin
HPLC fraction was carried out with either Ab-p52 (Figure
4B, lane 3), Ab-XPB (lane 4) or Ab-control (lane 2)
previously incubated with protein G-Sepharose beads.
Atter washing (0.15 M KCl), the remaining proteins were
separated on SDS-PAGE and immunoblotted with Ab-p52.
Ab-XPB and Ab-p62 antibodies (Figure 4B). Ab-p52
immunoprecipitated p52 as well as XPB and p62, two
subunits of TFIIH, as did Ab-XPB (see lanes 3 and 4
respectively). Together, these experiments demonstrate
that p52 is strongly associated with the previously charac-
terized subunits of TFIIH as well as with all the enzymatic
activities exhibited by this transcription factor.

p52 is involved in both transcription and NER
reactions in vitro

Since the Ab-p52 was able to immunoprecipitate not only
p>2 but also the other subunits of TFIIH, we investigated
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Fig. 4. The monoclonal antibody raised against the C-terminus of p52
displaces TFIIH in a glycerol gradient (A) and immunoprecipitates this
complex (B). (A) The TFIIH heparin HPLC fraction (250 ul) was
incubated for 2 h at 4°C with 25 pg of either a control (Ab-control:
upper panel) or an Ab-p52 antibody (lower panel). After centrifugation
on a glycerol gradient for 14 h at 270 000 g on a 10-30% glycerol
gradient in an SW60 rotor (Beckman), the collected fractions were
analyzed by immunoblotting using Ab-XPB (antibody directed against
the p89 3'-5" helicase of TFIIH), Ab-p62 and Ab-p52 antibodies. The
material in lanes 5-7 corresponds to the heavy chain of the Ab used in
each assay and/or protein contaminants. (B) The TFIIH heparin HPLC
fraction (50 pl) was incubated overnight at 4°C with the same amount
(20 pg) of either Ab-control (lane 2), Ab-p52 (lane 3) or Ab-XPB
antibody (lane 4). After incubation for 2 h with protein G-Sepharose
beads (Pharmacia), subsequent washing in 50 mM Tris—HCI, pH 7.9.
10% glycerol, 0.1 mM EDTA, 150 mM KCI, 0.1% NP-40, loading
onto SDS-PAGE and transfer to nitrocellulose membrane, polypeptides
were revealed with the described antibodies. Lane 1, 10 ul of TFIIH
heparin HPLC fraction; L, light chain of antibody; XPB (the p89 3'-5’
helicase of TFIIH), p62 and p52 subunits are indicated. The lower
yield observed with Ab-p52 may reflect the quality of the antibody
(compared with Ab-XPB).

whether this polypeptide was associated with the transcrip-
tion and repair functions of TFIIH. First, increasing
amounts of Ab-p52 were pre-incubated with a fixed amount
of partially purified TFIIH (heparin HPLC fraction), before
being added to an in vitro transcription system containing
RNA pol II, the adenovirus 2 major late promoter (Ad2
MLP) template and all the basal transcription factors
except TFIIH (Figure 5A). Under these conditions, tran-
scription was reduced as a function of the concentration
of Ab-p52 (lanes 2-6, compared with lane 1), whereas
transcription was not inhibited when increasing amounts
of Ab-control were added (lanes 7 and 8). To establish
further that this inhibition resulted from the specific
interaction between Ab-p52 and TFIIH, increasing
amounts of a highly purified fraction of TFIIH (the HAP
fraction, see Figure 1) were added (lanes 11-15) to the
(n vitro transcription reaction that previously was 75%
inhibited after addition of Ab-p52 (lane 10). Under such
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Fig. 5. Ab-p52 inhibits both transcription (A) and repair (B) in vitro.
(A) The TFIIH heparin HPLC fraction (1 pl) was pre-incubated with
either no antibody (lane 1), or increasing amounts of Ab-p52 (0.1, 0.5,
|, 5 and 10 pg: lanes 2-6 respectively), or Ab control (5 pg: lane 7
and 10 pg: lane 8) before being supplemented with all the other
general transcription factors, RNA pol II and the DNA template.
Increasing amounts of TFIIH HAP fraction were added to the 75%
inhibited (5 ng of Ab-p52; lane 10) transcription (lanes 11-15). The
arrow indicates the 309 nucleotide transcript. (B) A HelLa whole cell
extract (10 ul) was incubated with increasing amounts of either Ab-
p52 (0.5, 1, 5 and 10 pg; lanes 2-5) or Ab-control (5 pg: lane 8 and
10 pg; lane 9) and added to cis-diamminedichloroplatinum-treated

(+ ¢-DDP) pBluescript and untreated (- c-DDP) pUC309 DNA and
tested for repair activity (see Materials and methods). To restore the
DNA repair, the TFIIH heparin (lane 6) or phenyl (lane 7) fraction
was added to the 75% (5 ug of Ab-p52) inhibited NER reaction. EtBr,
ethidium bromide.

conditions, it was possible to increase the level of RNA
synthesis (compare lane 15 with lane 9).

Second, the ability of p52 to inhibit in vitro NER
was assessed. Undamaged (pUC309) and damaged DNA
(c-DPP-treated pBluescript) were added to a HeLLa whole
cell extract previously pre-incubated with either Ab-p52
or Ab-control and tested for repair activity. The incorpora-
tion of labeled [0**P]dATP to replace the damaged DNA
was decreased as a function of the amount of Ab-p52
(Figure 5B, lanes 2-5 compared with lane 1) whereas Ab-
control did not affect NER (lane 8-9). As shown for
the transcription reaction, addition of TFIIH from either
heparin (lane 6) or phenyl (lane 7) fractions to an already
75% inhibited NER reaction restores the repair activity
(compare lanes 6 and 7 with lane 4). Taken together,
these results demonstrate that p52 participates in the
transcription and NER reactions as a component of TF1IH.

Ab-p52 inhibits both transcription and DNA repair
in vivo

To measure the ability of TFIIH to participate in NER, a
highly purified TFIIH preparation from the final stage of
purification (HAP fraction, see Figure 1) was injected nto
the cytoplasm of repair-deficient TTD-A fibroblasts. These
cells carry a mutation in a still undefined component of
TFIIH causing a severe NER defect (Stefanim er al.,
1993). After injection, the cells were UV irradiated and
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Fig. 6. Effect of Ab-p52 on transcription and NER in vivo.

(A) Micrograph of TTD-A (TTDIBR) fibrob
the highly purified TFIIH fraction of the HA

lasts microinjected with
P chromatography column

(see Figure 1), showing induction of the UV-dependent unscheduled
DNA synthesis in the injected multinucleated cell (*17; arrow)

compared with the low residual unscheduled
typical of TTD-A as shown by the surround:
mononuclear cells. (B and C) Micrographs o

DNA synthesis level
ng uninjected
f normal human

fibroblasts injected (‘i’, arrow) with Ab-p52 showing in vivo inhibition
of both NER (B) and transcription (C) compared with non-injected

cells (‘n1’, arrow).

their ability to restore DNA repai

r was monitored by

incubation in the presence of [°’H]thymidine, followed by
autoradiography to visualize the repair patches (Figure
6A). The results show that the number of grains in injected
cells is much higher than the number of grains of non-
injected neighboring cells which exhibit the low level of

residual repair synthesis characterist:

ic of the TTD-A NER

defect. In fact, the number of grains present in 1njected
cells is similar to that of repair-competent cells assayed

in parallel, indicating that TFIIH re
the wild-type level (data not shown)

stores DNA repair to
. Similar results were

obtained when TFIIH was microinjected in XPB- and

XPD-deficient cells (Vermeulen et

not shown).
Since p52 is a component of TFII

al.. 1994a, and data

H. we thus wondered

if a mutation in p52 could be responsible for the form of
TTD observed in the TTD-A patient. Unfortunately, the
pSG513-p52 expression vector, which overexpresses p32,
was not able to restore the NER activity when micro-
injected in TTD-A-deficient cells (data not shown), indicat-

ing that p52 is not deficient in TTD-

A cells. Additionally,

sequence analysis of the p52 ¢cDNA in cells of patient

TTD-A did not reveal any mutations.
To understand the role of p52 in vivo, the effect of
microinjection of Ab-p52 into normal human fibroblasts

on NER and transcription was stud

ied. DNA repair and

transcription were quantitated by counting the number of
autoradiographic grains in the nuclei of the injected (as

indicated by ‘1" and arrow) compared

with the non-injected
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Table I. Effect of antibody injection on repair and transcription in living normal human fibroblasts

Microinjected Effect on NER Effect on transcription
antibody

Non-injected® [njected” Percentage Non-injected® [njected” Percentage

inhibition inhibition*

Ab-p52 190 = 5 1027 64 197 = 7 38 16 71
Ab-XPD 46 £ 2 6% 0:5 87 61 %2 9% 1 85
Ab-XPB 40 = 2 230 1 42 29 * 2 15+ 1 48
Ab-ERCC] 38 =2 |2 104 97 27 =4 28 1] 0
Ab-HA |92°% 6 190 £ 5 l 195 * 6 188 = 5 4
Ab-Preim 38 & 2 3. 2 3 25 1 26 = ] 7

Ab-ERCCI (an antibody raised against a NER protein not residing in TFIIH), Ab-XPD. Ab-XPB and Ab-p52 (three subunits of TFIIH). Ab-Preim

or Ab-HA were used.

“Expressed as grains/nucleus = SEM. each mean resulting from at least 25 nuclei. Note that grains/nucleus differ per sample, since these data were

obtained from different injection experiments, i.e. different autoradiograms.

"Compared with the unscheduled DNA synthesis level observed in non-injected cells on the same slide.
“Compared with the transcription level (assayed by 1 h pulse labeling with [*H]uridine) observed in non-injected cells on the same slide.

cells (‘'n1” and arrow). Microinjection of Ab-p52 as well
as Ab-XPB and Ab-XPD results in a marked decrease in
both NER (as determined by the absence of grains resulting
from UV-induced [*H]thymidine incorporation) and tran-
scription (as determined by the absence of grains resulting
from the incorporation of [’H]uridine), whereas mock
antibodies (Ab-Preim and Ab-HA) showed no effect (see
Figure 6B and C respectively and Table I). The residual
activity observed could be due to either incomplete inter-
action with the antigen or an insufficient titer of the
antibody. Interestingly, microinjection of antibodies
against ERCC1, a factor exclusively devoted to the DNA
repair reaction, had no effect on RNA synthesis (Table I).
This demonstrates unequivocally that p52, as part of
TFIIH, participates in both transcription and DNA repair
reactions in vivo.

p52 belongs to the core of TFIIH

The above results strongly suggest that p52 is a bona
fide subunit of TFIIH and, as such, participates in the
transcription and DNA repair activities of TFIIH. Previous
results obtained with yeast TFIIH favor the hypothesis
that TFIIH is divided into two subcomplexes. One is the
kinase complex TFIIK containing Kin28 and two forms
of Ccll (Feaver et al., 1994; Svejstrup et al., 1996b), the
yeast counterparts of cdk7 and cyclin H, whereas the
second subcomplex in yeast (called the core of TFIIH)
contains the other six subunits (for review, see Bathia er al. .
1996). To localize p52 further among the polypeptides that
form this multisubunit complex, TFIIH was immunopre-
cipitated with Ab-XPB and washed with either 0.1 or 1 M
KCI. When pre-incubated at high salt concentration, TFIIH
could be partially dissociated (Adamczewski et al., 1996).
At high salt concentration, immunoblotting experiments
using the corresponding antibodies show that only XPB.
p62, p44, p34 and p52 remain adsorbed on the Ab-XPB
cross-linked onto protein A—agarose beads, whereas XPD
and cdk7 as well as the two other polypeptides that form
the kinase complex (cyclin H and MAT1) are resolved
from the other subunits (Figure 7, compare lanes 2 and 3
respectively). Indeed, antibodies directed against any of
the three components of the kinase complex detect the
corresponding subunits in the low salt fraction but not in
the high salt fraction (data not shown) as previously
demonstrated (Gérard et al., 1991; Adamczewski et al..
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Fig. 7. p52 belongs to the core of TFIIH. The TFIIH heparin HPLC
fraction (50 ul) was incubated with 20 pg of either Ab-control or
Ab-XPB cross-linked to protein A-Sepharose (Roy et al., 1994). After
washing, either at low (0.1 M KCI, LS) or at high (I M KCI, HS) salt
concentrations (lanes 2 and 3 respectively), the immunoadsorbed
polypeptides, as indicated at the right of the panel, were analyzed by
immunoblotting using Ab-XPB, Ab-XPD, Ab-p62. Ab-p52, Ab-p44,
Ab-p34 (upper panel) and Ab-cdk7 (lower panel).

1996). This demonstrates that p52 is part of the TFIIH
complex and 1s tightly associated with the four other
polypeptides that form the core factor.

Discussion

In an effort to understand the function of each of the TFIIH
subunits 1n the diverse fundamental cellular processes in
which TFIIH has been shown to participate (transcription,
DNA repair and possibly cell cycle regulation), research
in our laboratory has been aimed at systematically cloning
and characterizing all TFIIH subunits. Several functions
have been inferred for individual components. These

activities include DNA helicases (Sung et al., 1993;
Drapkin er al., 1994; Schaeffer et al., 1994), ATPase (Roy




et al., 1993) and cdk (Feaver et al., 1994; Roy et al.,
1994: Adamczewski et al., 1996). A careful analysis of
the protein profile (Figure 1) indicates that the purest
human TFIIH contains at least nine Coomassie blue (or
silver)-stained bands. The two polypeptides located above
the p52 and XPB respectively probably do not belong to
the TFIIH complex because they are eluted repeatedly at
lower phosphate concentration on the HAP columns.
Nevertheless, it is not excluded that these two polypeptides
as well as other proteins which are unstained or which
co-migrate with one of the identified TFIIH subunits
during the six steps of our purification procedure could
be associated with some functions of TFIIH in a larger
protein structure. Whether or not additional bands represent
other components of TFIIH remains to be established. It
should be borne in mind that a purification process 1s
partially denaturating: high salt concentrations that are
used for precipitations and/or hydrophobic chromato-
oraphy may favor partial dissociation and/or non-specific
association with, as a consequence, a modification of the
composition of the ‘native protein complex’. For this
reason, the definition of a multiprotein complex 1s often
a matter of controversy. TFIID and the ‘RNA polymerase
holoenzyme’ are excellent examples. For these complexes,
the composition is not defined unequivocally and may
vary as a function of the sample preparation. Indeed, it 1s
not surprising to find associated with the TBP or with
RNA pol II, polypeptides that are either directly (in the
case of general transcription factors) or indirectly (in the
case of activators) involved in transcriptional regulation
of protein coding genes: these compounds often bind TBP
or RNA pol II at one of the numerous steps of the
transcription reaction. In all cases, as for TFIIH, proteins
that belong to the core of a multiprotein complex have
to be differentiated from the ones that are transiently
associated. Concerning p5>2, we present strong arguments
supporting the idea that it belongs to TFIIH.

p52 is de facto part of TFIIH
Our conclusion that p52 does belong to TFIIH 1s based
on the following arguments. First, p52 co-purifies with
the other subunits of TFIIH. Second, antibodies directed
towards p52 or any subunit of TFIIH co-immunoprecipitate
or co-shift on glycerol gradients a complex which contains
p52 in addition to the eight other subunits of TFIIH: XPB,
XPD, p62, p44, p34, cdk7, cyclin H and MATI. Third,
p52 antibody inhibits not only in vitro and in vivo protein
coding gene transcription but also NER, a feature that
was shown previously for the other identified subunits.
Inhibition of in vitro transcription and NER can be relieved
by supplementing the assay with purified TFIIH (HAP
fraction for transcription and phenyl fraction for NER).
Transcription and NER inhibition experiments demonstrate
that p52 is in the complex(es) which participate(s) in both
reactions either through a structural function or due to
some enzymatic activity not yet identified.

In addition, we find that p52 together with the four

other subunits, XPB, p62, p44 and p34, forms the core of

TFIIH since the four others subunits (XPD and the
ternary kinase complex) were dissociated at high salt
concentration. p52, as is the case with p62, does not
contain any known specific motif or enzymatic activities.
Therefore, it may only have an architectural role, around

p52, the fifth subunit of the core TFIIH

which the other polypeptides with specific functions, such
as DNA binding for p44 and p34, or helicase/ATPase tor
XPB and XPD, are assembled. It remains to be elucidated
whether or not the core TFIIH complex (minimal) reflects
a distinct in vivo complex which would have a specific
function in one step of the transcription or NER reaction.
Finally, consistent with the integral association of p52
with TFIIH, its involvement in transcription and repair and
the presence of one or more putative nuclear localization
signals, we find the protein to be located 1n the nucleus.

Is p52 involved in some genetic disorders?

[t was reported previously (Vermeulen et al., 1994a) that
TFIIH harbors at least three polypeptides involved 1n
the NER machinery. Further experiments identified two
subunits of TFIIH (p89/XPB and p80/XPD) that are
responsible, when mutated, for the NER defect observed
in XP-B and XP-D cells. Moreover, the most severe form
of SMA (also called Werdnig—Hoftmann disease) results
from large scale deletions (Lefebvre et al., 1994) that
involve, in addition to the SMN gene, one of the two p44
genes that have arisen from a recent duplication (L.Biirglen
and J.Melki, personal communication). Altogether these
findings and the observations of the wide clinical hetero-
geneity and pleiotropy associated with XP, CS and TTD
strongly suggest that mutations in some of the TFIIH
subunits do not result exclusively in the appearance of
NER syndromes, but also in a wider class of disorders
that have been called transcription syndromes (Bootsma
and Hoeijmakers, 1993).

To find possible clues as to whether mutations in other
TFIIH subunits are associated with other mapped genetic
disorders, we have determined the chromosomal localiz-
ation of the genes for all previously unmapped TFIIH
components (summarized in Table II). Genetic loci have
already been published for XPD, XPB, p62 and cdk7/
(Mohrenweiser et al., 1989; Weeda er al., 1991; Heng
et al.. 1993). In fact for cdk7. two localizations have been
proposed: 2q22-q24 and 5q12—q13 (Darbon et al., 1994).
In our hands, the localization has been refined to 5q13.1.
[nterestingly, cyclin H lies within the same 5ql3—ql4
region that harbors the X-ray-complementing Chinese
hamster gene 4 (XRCC4) involved in double strand DNA
break repair (Otevrel et al., 1995). The gene encoding
p44 is also located in 5q13.1. As stated above, p44 may
be associated with the neurodegenerative disorder SMA.
Genes associated with this condition lie in a 2 ¢cM interval
in the 5q12—ql3 region (Lefebvre et al., 1994). By
searching the databanks, the p34 gene was found to be
encoded by the complementary strand of the gene encoding
eIF2b translation factor, located on chromosome 12. In situ
hybridization experiments are under way to refine this
localization.

The p52 gene has been assigned to 6p21.3. This
particular location on chromosome 6 harbors numerous
genes involved in immunity, such as the genes of the
complement component 2, 4A and 4B and the major
histocompatibility complex (HLA A-C) cluster, but also
numerous genes encoding proteins involved in transcrip-
tion, such as the octamer binding transcription factor 3
(OCT3), the retinoid X receptor 3 (RXRp), the high
mobility group protein 1 (HMG1) and the o-subunit ot the
transcription factor NF-y (NF-YA). However, no obvious
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Table II. Homologies between human and yeast (S.cerevisiae) TFIIH subunits

Human Yeast Percentage
homology*
Name MW (kDa) aa Chromosome Name MW (kDa) aa
localization
XPB 89 782 2q2 SSL2/RAD25 95 843 55 (71)
XPD 80 760 19q13.2-13.3 RAD3 85 778 33:(73)
p62 62 548 [ Ipl5.1-pl4 TFBI 73 642 22 (44)
p>2 52 436 6p21.3° TFB2 5o 513 37 (61)
p44 44 3935 5q13.1° OoL] 50 461 41 (58)
p34 34 303 12° TFB4® 37 338 31 (55)
cdk? 40) 346 5ql3.1 KIN28 35 306 47 (63)
cyclin H 34 323 5q13-ql14¢ CCL1C 47; 45 393 314(52)
MATI 32 309 n.d. TFB3 33 321 31 (55)

The molecular weight (MW), the amino acid (aa) composition and the chromosomal localization are indicated.

“Identities are given and similarities are shown in parentheses.

"The TFB4 yeast homolog of human p34 (GenBank Z49219) is still being characterized (Bhatia et al., 1996).

“Chromosomal localization detected or refined (cyclin H) in our hands.

4The CCL! gene produces two polypeptides of 45 and 47 kDa (Svejstrup et al., 1996b).

candidate disorders for TFIIH defects have been mapped
to this localization.

Since microinjection of a highly purified TFIIH was
able to restore NER in TTD-A-deficient cells (from the
only recorded patient), it was tempting to relate the gene
encoding the p52 subunit of TFIIH to this still unexplained
genetic disease. Unfortunately, microinjection of p52
cDNA 1n TTD-A cells does not restore NER, suggesting
that this subunit 1s not responsible for the NER defect
when mutated. However, it has to be noted that injection
of the purest TFIIH preparation (HAP fraction, see Figure
1), induces, only a weak or partial correction of the repair
defect in TTD-A, XP-B and XP-D cells immediately after
injection and a much stronger effect at later times. Similar
findings were observed when individual recombinant XPB
protein was injected into XP-B fibroblasts (our unpublished
results). This suggests that either one subunit of TFIIH or
a polypeptide associated with this factor is missing in the
purest TFIIH, or that TFIIH (from the HAP fraction)
needs to undergo some kinetically slow modification
before being able to function fully in NER. This possibility
could not be excluded since we know that p62 and cyclin H
(our unpublished data) are phosphorylated proteins and
that phosphorylation activates cdk7 (Fisher and Morgan,
1994). That the p52 gene product needs some type of
post-modification to exert its role in NER or is responsible
for still unidentified disorders remains an interesting
possibility.

TFIIH in human and yeast

The recent completion of work on the TFIIH subunit
composition reveals an extraordinary structural and func-
tional conservation of this factor from yeast to humans.
In both species, p52 is found associated with TFIIH (Table
lI). However, there are some discrepancies between the
human and the yeast TFIIH complex. Nine subunits
have been identified in humans whereas only eight were
identified in yeast. The yeast TFB4, the counterpart of
human p34, exists in the Saccharomyces Genome Project
databank (genomic clones P665 and P670) and GenBank
(accession No. Z49219) and possesses 31% identity and
35 % similarity with its human homolog; whether or not this
subunit 1s part of yeast TFIIH has yet to be demonstrated.
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Moreover, the human kinase complex contains three sub-
units (cdk7, cyclin H and MAT1; Tassan er al., 1995;
Adamczewski er al., 1996) and exhibits a cdk-activating
kinase activity (CAK), whereas the yeast TFIIH-associated
kinase complex (also called TFIIK) contains only Kin28
and Ccll and does not possess CAK activity (Feaver
et al., 1994). These findings are in line with the high
conservation of other basic transcription and repair factors
between human and yeast.

With the study and cloning of p52, the characterization
of the TFIIH complex is almost completed. It is now
possible to focus on the reconstitution of a TFIIH complex
and 1nvestigate 1ts role in one of the various cellular events
in which 1t 1s involved.

Materials and methods

Microsequencing of p52 and cloning of the cDNA and the
gene encoding p52

TFIIH was purified as previously described (Gérard er al., 1991). A
concentrated HAP fraction was subjected to SDS-PAGE and electrotrans-
ferred onto a PVDF membrane. The p52 polypeptide was digested with
trypsin, before being resolved by reverse phase chromatography. Amino
acid sequences obtained from tryptic digests of p52 were used to design
degenerate oligonucleotides. A preB-cell cDNA library constructed in
the AZAPII vector was screened and the positive cDNA clones were
sequenced (Fischer er al., 1992). A human placental genomic library
constructed in AGEM12 was screened using the random-primed full-
length cDNA as a probe (Chalut er al., 1995).

Fluorescence in situ hybridization (FISH)

In situ hybridization on human chromosomes was performed essentially
as described (Viegas-Péquignot et al., 1989). Briefly, the 5.5 kb p52
genomic probe was nick-translated in the presence of biotin-11-dUTP.
The biotinylated probe (200-300 ng) resuspended in 15 ul of hybridiza-
tion buffer was denatured for 10 min at 98°C with 10-20 pg of human
placental DNA as competitor before addition to slides. After an overnight
hybridization, slides were rinsed for 2 min in 50% formamide/2xX SSC
and for 1 min in 2X SSC at 37°C.

Antibodies used in the following assays

A monoclonal mouse antibody (hereafter Ab-p52) was raised against a
polypeptide corresponding to the C-terminus of p52. Other antibodies
used in these assays are: Ab-Preim (a pre-immune serum of the same
mice), Ab-control (a mouse monoclonal antibody directed against GST),
Ab-HA (an antibody against hemagglutinin), Ab-XPB, Ab-XPD, Ab-p62,
Ab-p44, Ab-p34 and Ab-cdk7 (monoclonal mouse antibodies directed
against the known subunits of TFIIH, previously described in Humbert



et al., 1994) and Ab-ERCCI1 (a monoclonal mouse antibody against
ERCCI, a protein involved in the NER process).

Inhibition of in vitro transcription

One ul of the TFIIH heparin HPLC fraction was pre-incubated for 1 h
at 4°C with either no antibody, increasing amounts of Ab-p52 or
Ab-control, or a 75% inhibitory amount of Ab-p52. The reaction was
then complemented with the other basal transcription factors, RNA
polymerase II, 50 ng of linearized Ad2-MLP DNA template and, when
needed, increasing amounts of a TFIIH HAP fraction to restore the
transcription activity. After 15 min of incubation at 25°C, the nucleotides
were added and transcription was allowed to proceed for 45 min at
25°C. The 309 nucleotide transcripts were analyzed after electrophoresis
of the samples through a sequencing gel (Humbert er al., 1994).

Inhibition of in vitro repair

A pBluescript plasmid was treated with cis-diamminedichloroplatinum
(c-DDP) to obtain ~20 platinum adducts per plasmid, as described in
Hansson and Wood (1989). Standard 50 pl reaction mixtures contained
250 ng of non-treated (pUC309) and treated DNA 1n addition to 150 pg
of protein from HeLa whole cell extract previously incubated for 1.5 h
at 4°C either alone or with Ab-p52 or Ab-control. Reactions were
incubated for 3 h at 30°C, with or without addition of TFIIH (heparin
HPLC or phenyl fraction). Plasmid DNA was purified from the reaction
mixtures, linearized with HindlIIl and loaded onto a 1% agarose gel. The
DNA was visualized by ethidium bromide staining and the NER reaction
was quantitated by autoradiography.

Microneedle injection and assays for UV-induced
unscheduled DNA synthesis and RNA synthesis

Microneedle injections of repair-deficient (TTDIBR, XPCSIBA.
XP6BE) and normal (C5RO) human diploid fibroblasts were performed
as described (Vermeulen er al., 1994b). Briefly, at least 3 days prior to
injection, cells were fused with the aid of inactivated Sendai virus, seeded
onto coverslips and cultured in Ham’s F-10 medium, supplemented with
12% fetal calf serum and antibiotics. Protein preparations (purified
TFIIH. final HAP chromatography) and antibodies were injected into
the cytoplasm, whereas the cDNAs (pSGS513-p52 construct) were
delivered into one of the nuclei of polykaryons. After injection of at
least 50 homopolykaryons, cells were incubated for the desired time
(24—48 h for ¢cDNA, 6-20 h for antibodies and 0—4 h for TFIIH
injections) in normal medium before being assayed. NER activity was
determined after UV-C light irradiation with 15 J/m?, incubation for 2 h
in a culture medium containing [*H]thymidine (10 uCi/ml; sp. act. 50 Ci/
mmol), fixation and exposure to autoradiography. RNA synthesis was
determined after labeling with [*H]uridine (10 pnCi/ml; sp. act. 50 Ci/
mmol) during a pulse labeling period of 1 h in normal culture medium.
Grains within each nucleus (>100) were counted and represent a
quantitative measurement for NER or overall transcription activity.

Nucleotide sequence accession number
The EMBL accession number for p52 reported here 1s YO73595.
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