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The p53 tumour suppressor is mutated in the majority
of human tumours. p53’s proposed role as the guardian
of the genome is reflected in its multiple effects on
transcription, genome stability, cell growth and sur-
vival. We show that p53 interacts both physically
and functionally with the TFIIH complex. There are
multiple protein—-protein contacts, involving two
regions of pS3 and three subunits of TFIIH, ERCC2
(XPD), ERCC3 (XPB) and p62. p53 and its C-terminus
(amino acids 320-393) inhibit both of the TFIIH
helicases and in vitro transcription in the absence of
TFIIH. Transcription inhibition is overcome by TFITH.
The N-terminal region of p53 (1-320), lacking the
C-terminus, is inactive on its own, yet apparently
affects the activity of the C-terminus in the native
protein. Interestingly, mutant p53s that are frequently
found in tumours are less efficient inhibitors of the
helicases and transcription. We hypothesize that the
interactions provide an immediate and direct link for
p53 to the multiple functions of TFIIH in transcription,
DNA repair and possibly the cell cycle.

Keywords: cell cycle contro/DNA repair/transcription/
tumour suppressor/xeroderma pigmentosum

Introduction

Cancer is believed to result from mutation in proto-
oncogenes and tumour suppressor genes, a process that is
favoured by defects in DNA repair (Bodmer et al., 1994;
Shibata er al., 1994). p53 appears to be particularly
important in maintaining DNA integrity (Lane, 1992,
1993). Mutations in the p53 tumour suppressor gene are
the most common genetic alteration in human tumours
(Hollstein et al., 1991; Caron de Fromentel and Soussi,
1992; Harris, 1993). p53 mutations lead to genome in-
stability, tumour susceptibility and transformation. p53 is
not essential for cellular functions since p53 null mice are
viable, but they develop tumours spontaneously early in
life (Donehower et al., 1992). pS3 null cells display both
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genetic instability (Livinstone et al., 1992; Yin et al.,
1992) and increased resistance to cell death following
exposure to y-radiation (Clarke ef al., 1993; Lowe et al.,
1993).

p53 is a transcription factor that regulates cell growth
and apoptosis (Baker et al., 1990; Younish-Rouach et al.,
1991; Shaw et al., 1992; Yew and Berk, 1992). Transcrip-
tional regulation appears to be essential for its functions.
p53 downstream effectors include the cell cycle inhibitor
p21WAFI (El-Deiry et al., 1993) and the apoptosis-promot-
ing factor bax (Miyashita and Reed, 1995). Tumour-
associated mutations generally alter amino acids that are
essential for DNA binding (Cho et al., 1994), thereby
affecting its transcriptional properties. However, there are
effects of p53 that do not require transcription of effector
genes (Wang et al., 1989; Momand et al., 1992; Caelles
et al., 1994; Cox et al., 1995; Dubs-Poterzman et al.,
1995; Haupt et al., 1995). The transactivation domain of
p53 resides in the N-terminus (Fields and Jang, 1990),
and the specific DNA binding ‘core’ domain is in the
centre (Bargonetti et al., 1993; Pavlevitch et al., 1993;
Wang et al., 1993). The C-terminal region is involved in
many functions. It mediates tetramerization (Stiirzbecher
et al., 1992; Clore et al., 1995; Jeffrey et al., 1995),
regulates specific DNA binding of the full-length protein
(Hupp et al., 1992, 1995; Jayaraman and Prives, 1995),
binds to damaged DNA (Lee et al., 1995; Reed et al.,
1995), re-anneals DNA and RNA (Bakalkin et al., 1994;
Wu et al., 1995), inhibits transcription in transfection
assays (Shaulian et al, 1995) and has transforming
potential (Shaulian et al., 1992; Reed et al., 1993).

TFIIH is a complex factor that has roles in RNA
polymerase II (pol II) transcription (Gerard et al., 1991;
Flores et al., 1992), DNA repair (van Vuuren et al., 1994)
and possibly the cell cycle (Seroz et al., 1995). TFIIH
forms part of the transcription initiation complex and,
with TFIIE, directs promoter clearance by pol II (Goodrich
and Tjian, 1994; Maxon et al., 1994). TFIIH is also a
component of the pol II holoenzyme that is competent for
specific initiation (Ossipow e? al., 1995), but it is absent
from the elongating pol II complex (Zawel et al., 1995).
TFIIH contains two helicases, ERCC2 and ERCC3, that
are essential components of the cellular DNA repair
machinery (Feaver et al., 1993; Schaeffer et al., 1993,
1994; Drapkin et al., 1994). Their genes are mutated in
subgroups of xeroderma pigmentosum (XP-D and -B,
respectively), a human syndrome with defects in nucleotide
excision repair (NER) and susceptibility to cancer (Weeda
et al., 1990; Flejter et al. 1992). TFIIH also contains a
kinase, composed of MO15 (CDK?7) and cyclin H (Feaver
et al., 1994; Roy et al., 1994; Shiekhattar et al., 1995).
TFIIH phosphorylates pol II and may thereby regulate
transcription initiation (Lu et al., 1992; Akoulitchev et al.,
1995). CDK7 and cyclin H are also implicated in activation
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Fig. 1. p53 binds TFIIH in vitro. HeLa cell protein fractions (Gerard
et al., 1991; Fisher et al., 1992) were adjusted to 150 mM KCI and
applied to 50 pl mini-columns containing 5-10 pg of GST-p53,
GST-MDM2 or GST. The mini-columns were washed with 0.6 ml of
the binding buffer. One-tenth of the load (L) and equivalent amounts
of the flow through (FT), wash (W) and 1/3 of the bound (B) proteins
were analysed on SDS-PAGE and by Western blotting. (A) TFIIH
binds to GST-p53 and not to GST-MDM2 or GST. The 0.6 M
heparin—Sepharose fraction (50 pg protein) was analysed, and the blots
were probed with the p62 subunit antibody. (B) Salt stability of
interactions with GST-p53. As in (A) except that the columns were
washed sequentially with buffers containing 150 mM and 1 M KCl,
and the blots probed with antibodies against the large subunit of pol II
[RNA pol II (LS)], TFIIH p62, TBP and TFIIE-B. (C) Purified TFIIH
in a fraction lacking TFIID binds to GST-p53. Five ug of the
heparin-5PW fraction was applied to mini-columns and the Western
blot was probed with p62 mAbs. The arrows point to the specific
bands.

of cyclin-dependent kinases (CDKs) that are required for
cell cycle progression (Fisher and Morgan, 1994).

We report that p53 interacts physically and functionally
with the TFITH complex. Direct physical interactions with
TFIIH provide an immediate means by which p53 might
regulate cellular functions without recourse to transcription
of effector genes, that might even have been damaged by
the genotoxic agents that induce p53 (Kastan et al., 1991).

Results

TFIIH interacts with p53

We found that TFIIH interacts specifically with p53 (Figure
1A). Crude HeLa cell extracts (0.6 M heparin-ultrogel
fraction, Gerard et al., 1991) were applied to mini-columns
containing glutathione S-transferase (GST) proteins bound
to glutathione-Sepharose and fractions were tested for the
presence of TFIIH by Western blotting with the p62
subunit monoclonal antibody (mAb) (3¢9, Fisher et al.,
1992). TFIIH bound to GST-p53 (lanes 1-3), but not to
either GST alone (lane 4) or GST-MDM2 (lanes 5 and
6), indicating that p53 has a specific affinity for TFIIH.
Similar results were obtained with antibodies against the
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ERCC3 and ERCC2 subunits of TFIIH (not shown).
TFIIH interacts strongly with p53, since most of it remains
bound after a 1 M KCl wash, similarly to TATA box
binding protein (TBP) which is known to interact with
p53 (compare lanes 4 and 5, Figure 1B; Seto et al., 1992,
Liu et al., 1993; Truant et al., 1993; Horikoshi et al.,
1995). Pol II and TFIIE were also specifically retained on
the p5S3 column.

TFIIH may associate with p53 directly, or as a complex
with other factors in the crude extract. TFIIE is absolutely
required for TFIIH to bind to the pre-initiation complex
(Flores et al., 1992; Maxon et al., 1994; Ohkuma and
Roeder, 1994). However, TFIIE is apparently not essential
for the association of TFIIH with p53, since it was
quantitatively eluted from the column by 1 M KCl,
whereas most of the TFIIH was retained (Figure 1B, lanes
4 and 5). TFIIH in an extensively purified fraction (heparin
HPLC, Gerard et al., 1991) still bound specifically to the
p53 column (Figure 1C), indicating that TFIIH interacts
directly with p53. In particular, it is interesting to note
that this interaction is not mediated by TBP which is not
detectable in this fraction (Figure 3, lane 4).

TFIIH binds to both the N- and C-terminal domains
of p53

GST-p53 fusion proteins were used to localize the domains
of p53 that interact with TFIIH. The C-terminal amino
acids (320-393) of p53 bound specifically to both the
TFIIH and TBP complexes in the crude HeLa cell extract
(Figure 2A). TFIIH was detected with p62 antibody as in
Figure 1. Neither the oligomerization domain (320-362)
nor the basic region (363-393) alone interacted with
TFIIH or TBP (Figure 2B). p53 (1-320), deleted of the
C-terminus, also interacted with TFIIH (Figure 2C, lanes
5-7), but apparently less efficiently than the whole protein,
as shown by both the amount retained (compare lanes 4
and 7) and flowing through (lanes 2 and 5). These results
show that TFIIH binds independently to two distinct
regions of p53.

P53 and its C-terminal domain bind directly to 80
and 52 kDa polypeptides in a purified TFIIH
fraction

Far Western blotting was used to identify the subunits of
TFIIH that interact directly with p53. Crude and purified
fractions of TFIIH (heparin 0.6 M and heparin HPLC)
were probed with p53 labelled with 3P by casein kinase
II (Meek et al., 1990; Hupp et al., 1992). Two major 80
and 52 kDa bands were detected in the purified fraction
(Figure 3, lane 2). They were also clearly discernable on
the original autoradiogram in the crude fraction, amongst
other bands (lane 1). The 80 kDa band co-migrated
precisely with ERCC2 revealed with a specific antibody
(lanes 3 and 4). The 52 kDa band does not correspond to
a known component of TFIIH and is unlikely to be p53,
which was undetectable in this fraction with the PAb 240
antibody (result not shown). There was a weak 62 kDa
band with similar mobility to the p62 subunit of TFIIH
(lane 2). Several other bands were detected with labelled
p53 in the purified fraction, most notably above 100 kDa.
Using the casein kinase II-labelled C-terminus of p53 as
a probe, we uniquely detected the 80 and 52 kDa bands
in the TFIIH purified fraction, even after longer autoradio-
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Fig. 2. TFIIH interacts with both the 320-393 (A) and 1-320 (C)
regions of p53, and TBP with the 320-393 region. The 0.6 M
heparin-Sepharose fraction was loaded on mini-columns containing
the indicated GST proteins. One-tenth of the load (L), flow through
(FT), wash (W) and 1/3 of the bound (B) fractions were analysed by
SDS-PAGE. Western blots were probed with mAbs against the p62
subunit of TFIIH (A-C) and against TBP (A and B). The arrows point
to the specific bands.

graphic exposure (lane 6). Again the 80 kDa band co-
migrated precisely with ERCC2 (lanes 7 and 8). These
bands were also detected in the crude fraction, both
visually (lane 5) and by scanning (not shown). The 80 kDa
band increased in intensity during TFIIH purification
(lanes 5 and 6) to the same extent as ERCC?2 (lanes 7 and
8). Interestingly, the 52 kDa band was also enriched to a
similar extent, suggesting that it might be associated with
TFIIH. The results were similar with p53 C-terminal
probes labelled in three different ways (with casein kinase
II, protein kinase C or protein kinase A on an external
tag; not shown), indicating that the interactions were not
affected by phosphorylation on a particular site. The data
suggest that p53 interacts directly with ERCC2.

ERCC2 interacts with p53 in vivo and in vitro

We investigated interactions with isolated ERCC2 using
two additional approaches, co-immunoprecipitation from
infected insect cells (Figure 4) and GST columns (Figure
5). Sf9 insect cells were co-infected with baculoviruses
expressing ERCC2 and p53. Crude extracts were immuno-
precipitated with a p53 mAb (DO-1). Immunoprecipitates
were analysed on Western blots with ERCC2 mAbs.
ERCC2 was found to co-immunoprecipitate with wild-
type p53 (Figure 4, lane 2). Several control infections
were used to confirm that the interactions were specific.
The p53 antibody did not co-immunoprecipitate ERCC2
when only the ERCC2 virus was used for infection
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Fig. 3. p53 interacts with proteins of 80, 62 and 52 kDa molecular
weight in far Western blotting. Proteins from crude [heparin—
Sepharose 0.6 M; HEP (0.6), lanes 1, 3, 5 and 7] and more
extensively purified (heparin—-5PW column; HPLC, lanes 2, 4, 6 and 8)
fractions were resolved on SDS-PAGE, transferred to nitrocellulose
membranes and probed with 32P-labelled p53 (p53*, lanes 1 and 2) or
its C-terminus (320-393 pS53*, lanes 5 and 6), or with antibodies
against ERCC3, ERCC2, p62, TBP and TFIIE-B (lanes 3 and 4) or
ERCC?2 (lanes 7 and 8). Arrowheads indicate the corresponding

bands.
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Fig. 4. ERCC2 co-immunoprecipitates with p53 when they are co-
expressed in vivo. Sf9 cells were infected with baculoviruses
expressing ERCC2 alone (lanes 1 and 4), or with either p53 (wild-
type, lane 2; mutant R273H, lane 3) or MDM2 (lane 5). Whole cell
extracts were immunoprecipitated with the p5S3 mAb DO-1 (lanes 2-4)
or the MDM2 polyclonal antibodies 365 (lane 5). One-tenth of the
ERCC?2 input is shown in lane 1.

(lane 4), showing that exogenous p53 was required and
that the p53 antibody did not cross-react with ERCC2.
MDM?2 antibodies did not bring down ERCC2 with co-
expressed MDM2 (lane 5), showing that ERCC2 was
not trapped non-specifically in immunoprecipitates. With
affinity columns, in vitro translated ERCC2 was retained
on GST—-p53 (Figure 5, lane 3) but not on GST (lane 2).
In conclusion, we have shown by three different techniques
that p53 interacts with ERCC2.

ERCC2-p53 interactions require the C-terminus of
p53 as well as the N-terminus of ERCC2

p53 and ERCC?2 interactions were investigated using GST
fusion proteins. p53 (320-393) retained in vitro translated
ERCC2 (Figure 5A, lane 5), whereas the other part of
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Fig. 5. Interactions between p53 and ERCC2. (A) The C-terminus of
p53 binds the N-terminal region of ERCC2. In vitro translated ERCC2
(lanes 1-5) was loaded on mini-columns containing GST (lanes 2),
GST-p53 (lane 3), GST-p53 (1-320) (lane 4), GST-p53 (320-393)
(lane 5). In vitro translated N-terminal domain (1-300) of ERCC2
(lanes 6-8) was loaded on columns containing GST (lane 7) and
GST-p53 (lane 8). One-tenth of the load (LOAD, lanes 1 and 6) and
1/10 (lanes 24, 7 and 8) or 1/3 (lane 5) of the bound proteins were
analysed on SDS-polyacrylamide gels. (B) Wild-type p53 and the
R175H mutant interact with the N-terminal domain of ERCC2 (1-300,
N ERCC?2). Purified wild-type (p53 wt, lanes 1-3) and p53 R175H
(lanes 4-6) were loaded on GST (lanes 2 and 5) or GST-N ERCC2
(lanes 3 and 6) columns, and 1/10 of the input (LOAD, lanes 1 and 4)
and 1/3 of the bound fractions (lanes 2, 3, 5 and 6) were analysed by
SDS-PAGE and Western blotting with a p53-specific antibody (DO-1).
The arrowheads indicate the specific bands.

p53 (1-320) did not (lane 4). These and the Far Western
results indicate that the p53 C-terminus is necessary and
sufficient for the interaction with ERCC2. Full-length p53
specifically retained N ERCC2, the N-terminal part of
ERCC2 (1-300, lanes 6-8). Conversely, N ERCC?2 retained
p53 (Figure 5B, lanes 1-3). Both proteins had been
purified extensively, pS3 from Sf9 cells, GST-N ERCC2
from bacteria, indicating that they contact each other
directly. The N-terminal 300 amino acids of ERCC2
contain the ATP binding site (Hoeijmakers, 1993). They
are probably essential for p53 binding since an ERCC2
mutant lacking most of this sequence (247-760) did not
bind p53 (results not shown).

p62-p53 interactions require the N-terminus of p53
In vitro translated p62 bound specifically to GST-p53
(Figure 6, lanes 1-3) but less efficiently than ERCC2
(compare lanes 1-3 with Figure 5A lanes 1-3 done at the
same time). p53 (1-320) bound p62 (lane 4) whereas p53
(320-393, lane 5) did not. These results show that different
regions of p53 interact with p62 and ERCC2, the N-
terminal 320 amino acids with p62, and the C-terminal
73 amino acids with ERCC2. The affinity is apparently
weaker for p62, as indicated by both affinity chromato-
graphy and Far Western blotting.
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Fig. 6. p62 interacts with the N-terminal region of p53 (1-320) and
with the R175H mutant. In vitro translated p62 was loaded on mini-
columns containing GST (lane 2), GST-p53 (lane 3), GST-pS53
(1-320) (lane 4), GST-p53 (320-393) (lane S), GST-p53 (R175H)
(lane 6). One-tenth of both the bound and input (LOAD) proteins were
analysed.
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Fig. 7. p53 co-immunoprecipitates with ERCC3 when they are
co-expressed in vivo. Sf9 cells were infected with baculoviruses
expressing ERCC3 alone (lanes 1 and 5), or with either p53 (wild-
type, lanes 2; pS3 R175H, lane 3; R273H, lane 4) or MDM2 (lane 6).
Whole cell extracts were immunoprecipitated with a p53 mAb DO-1
(lanes 2-4) or MDM2 polyclonal antibodies 365 (lane 6). One-tenth of
the ERCC3 input is shown in lane 1.

ERCC3 interacts with p53

Interactions between ERCC3 and p53 were studied in co-
infection experiments in Sf9 cells, as for ERCC2 above.
ERCC3 was brought down by p53 antibodies when it was
co-expressed with p53 (Figure 7, lane 2) but not when it
was expressed alone (lane 5). It was not precipitated with
MDM2 antibodies when it was co-expressed with MDM?2
(lane 6). These results show that ERCC3 interacts
specifically with pS3 in vivo. The interactions were not
detected by Far Western blotting, possibly because ERCC3
does not renature appropriately.

p53 mutants interact with TFIIH subunits

We investigated interactions between TFIIH subunits and
two p53 mutants: R175H, that alters the conformation of
the DNA binding domain, and R273H, that substitutes an
amino acid that contacts DNA (Cho et al., 1994). In
column assays, GST-N ERCC2 specifically retained p53
R175H (Figure 5B, lanes 4-6) and GST-p53 R175H
retained p62 (Figure 6, lanes 1, 2 and 6). In co-infections,
ERCC3 co-immunoprecipitated with R175H (Figure 7,
lane 3). These data show that p53 R175H interacts with
ERCC2, ERCC3 and p62. In co-infection assays, p53
R273H interacted with both ERCC2 (Figure 4, lane 3)
and ERCC3 (Figure 7, lane 4). These results, together
with those of Wang et al. (1995), show that the R17SH
and R273H mutations do not affect p53 binding to ERCC2
and ERCC3.
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Fig. 8. Effects of wild-type and mutant p53 proteins on TFIIH helicase
activities. The helicase assays (Schaeffer et al., 1994) contained
purified p53 and TFIIH (2 pl hydroxyapatite fraction, Gerard et al.,
1991). The arrowheads point to oligonucleotides dissociated from the
probe. 5’3" and 3'—5’ indicate the direction of strand displacement
due to the ERCC2 and ERCC3 helicases, respectively. (A) Re-
annealing assay (lanes 1-3). DNA strand re-annealing by wild-type
p53 is undetectable in the conditions of the helicase assay. Heat-
denatured probe (lanes 1-3, see undenatured probe in lane 4) before
(lane 1) and after (lanes 2 and 3) incubation in the presence (lane 3)
or absence (lane 2) of p53. Helicase assay (lanes 4-8). Wild-type p53
inhibits the TFIIH helicases (lanes 4-6) and PAb421 does not affect
inhibition (lanes 7 and 8). The helicase probe was incubated in the
absence (lane 4) or presence (lane 5-8) of TFIIH with wild-type p53
(0.1 uM, lanes 6 and 8) and PAb421 (2 pg, lanes 7 and 8).

(B) Helicase assay. p53 mutants inhibit TFIIH helicases to different
extents. The native probe (lanes 2-18) was incubated without (0, lane
2) or with (+, lanes 3-18) TFIIH and with wild-type p53 (0.05 uM,
lane 4; 0.2 uM, lane 5), p53(1-320) (0.05 uM, lane 6; 0.2 UM, lane
7). purified RXRP (0.2 uM, lane 10), p53 (320-393) (0.2 uM, lane 8;
0.9 uM, lane 9), point mutated p53s (as indicated in lanes 11-18;
0.05 UM, odd lanes; 0.2 uM, even lanes) and HD (lane 1) = heat-
denatured probe.

Wild-type and mutant p53s have different effects
on the helicase activities of TFIIH

TFIIH has both 5'—3’ and 3’5’ helicase activities, due
to ERCC2 and ERCC3, respectively (Schaeffer er al.,
1994). Helicase activities were measured with a probe
consisting of different sized labelled oligonucleotides
(23mer and 27mer for ERCC3 and ERCC2, respectively)
hybridized to the extremities of linear single-stranded M13
phage DNA. The helicases track in either direction from
the central single-stranded part of the probe and displace
the corresponding oligonucleotides, which are detected by
non-denaturing gel electrophoresis (Figure 8A, see bands
labelled 5'—3" and 3'—>5'; compare lane 4, the ‘starting

Cross-talk between p53 and TFIIH

native’ probe, with both lane 5, in which TFIIH has
displaced the oligonucleotides, and lane 1, the heat-
denatured probe). Wild-type p53 reproducibly inhibited
both helicases, with a greater effect on ERCC2 (Figure
8A, lane 6, and B, lanes 4 and 5). Another transcription
factor, RXRf, did not significantly affect the helicase
activities (Figure 8B, lane 10). p53 has been shown to
catalyse re-annealing of complementary single-stranded
oligonucleotides (Oberosler et al., 1993; Bakalkin et al.,
1994; Wu et al., 1995), a separate reaction that would
give the same result as direct inhibition of the helicases.
Under our assay conditions, p53 did not significantly
stimulate re-annealing of dissociated oligonucleotides
(Figure 8A, lanes 1-3 and results not shown). Moreover,
p53 inhibition was not counteracted by PAb 421 (Figure
8A, compare lanes 7 and 8 with 5 and 6), that binds to
the C-terminus of p53 and inhibits its strand re-annealing
activity (Wu et al., 1995). PAb421 did not inhibit binding
of p53 to TFIIH (not shown). Our results indicate that
wild-type p53 directly inhibits both TFIIH helicases.

Mutated pS53 proteins were less effective inhibitors of
TFIIH helicases. The C-terminal amino acids (320-393)
inhibited (Figure 8B, lanes 8 and 9), but less efficiently
than wild-type (compare lanes 8 and 5 with equivalent
molar amounts of protein), whereas the N-terminal part
had no effect (Figure 8B, lanes 6 and 7). Several mutant
proteins inhibited less efficiently than wild-type (A138V,
R248W, R273H, lanes 11-12 and 15-18), similar to the
isolated C-terminus. Surprisingly, the R175H mutant had
virtually no effect, even though it binds efficiently to
TFIIH subunits (see above and the Discussion).

TFIIH relieves wild-type p53-mediated inhibition of
transcription in vitro

The effects of pS3—TFIIH interactions on in vitro transcrip-
tion were studied with a reconstituted system (Gerard
et al., 1991), in which the effects of p53 in the absence
and the presence of TFIIH can be compared. As expected
from previous studies (Parvin and Sharp, 1993), specific
transcription from the IgH promoter does not absolutely
require TFIIH when the template is supercoiled (Figure
9, lane 1), whereas TFIIH is essential when the template
is linear (not shown). Wild-type p53 and, to a lesser
extent, the C-terminus (320-393), reproducibly inhibited
TFIIH-independent transcription (Figure 9, lanes 2, 3 and
9), whereas mutants R175H, R248H and p53 (1-320)
were less efficient (lanes 4-8). These results show that
inhibition of transcription by p53, in the absence of a’
specific DNA binding site, does not require TFIIH. TFIIH
stimulated transcription to levels that were similar for
supercoiled and linear templates (lanes 10 and 21), presum-
ably because it overcomes topological requirement,
although other effects cannot be excluded. TFITH overcame
inhibition by wild-type p53, leading to an ~2-fold activa-
tion (lanes 11, 12 and 22). In contrast, TFIIH did not
completely overcome inhibition by the C-terminus (lanes
19, 20 and 26). TFIIH also overcame the weaker inhibition
by the p53 mutants, and gave a smaller stimulation than
with wild-type p53 [see p53 R175H, p53 R248W and p53
(1-320) in lanes 13-18 and 23-25]. Similar results were
obtained with the adenovirus major late promoter (not
shown). These data show that TFIIH can relieve inhibition
of transcription by p53.
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Fig. 9. Effects of pS3 on TFIIH-independent and -dependent
transcription in vitro. Supercoiled or linear pu(-47)-(G-) were
incubated in a reconstituted transcription system in the absence (lanes
1-9) or presence (lanes 10-26) of purified TFIIH (heparin-SPW). The
reactions also contained either no additional proteins (lanes 1, 10 and
21), wild-type pS3 [0.2 uM (lanes 2 and 11); 0.6 uM (lanes 3, 12 and
22)], p53 R175H [0.2 uM (lanes 4 and 13); 0.6 uM (lanes 5, 14 and
23)], p53 R248W [0.2 uM (lanes 6 and 15); 0.6 uM (lanes 7, 16 and
24)], p53 (1-320) [N-term; 0.2 uM (lane 17); 0.6 pM (lanes 8, 18 and
25)] and p53 (320-393) [C-term; 0.4 uM (lane 9), 0.2 uM (lane 19);
0.6 uM (lanes 20 and 26)]. Reactions were incubated for 60 min at
30°C and the products were analysed on denaturing polyacrylamide
gels. The specific transcripts are shown. TXN = the percentage of
transcription relative to the controls without p53 (lanes 1, 10 and 21),
as estimated by phosphorimaging.

p53 does not affect NER in vitro

NER was studied in vitro using HeLa whole cell extracts
and UV-irradiated DNA, that was treated with Nth endo-
nuclease to remove ‘non-specific’ damage (Wood et al.,
1995), and extensively purified. A mixture of UV-modified
and untreated plasmids (+ and - in the upper part
of Figure 10B) was incubated under standard reaction
conditions (see Wood et al., 1995). As expected for NER,
only the damaged DNA was labelled (compare + and —,
in Figure 10B, lane 1, lower panel). We used 40 min
incubations, well within the linear range (Figure 10A), to
study the effect of p53. Added wild-type p53 did not
affect NER (Figure 10B, compare lanes 2—5 with lane 1),
even when a nearly 10-fold higher concentration was used
than is necessary to inhibit TFIIH helicases (see Figure
8A, lanes 5 and 6). The HeLa extracts contained very
little endogenous p53 (data not shown), in agreement with
other studies (Haupt et al., 1995). Furthermore, exogenous
p53 was not degraded during the incubation (not shown).
Similarly, p53 did not inhibit NER with extracts from
primary lymphoblasts (GMO01953) and fibroblasts
(GMO03348C) (not shown). These results agree with studies
in other laboratories (Sancar, 1995 and personal com-
munications; R.Wood, T.Hupp and D.Lane, personal com-
munications). We also found that NER was unaffected by
several mutants [p53 R175H (lanes 6-9); p53 (1-320) and
p53 (320-393), not shown].

Discussion

Multiple interactions between the complex factors
p53 and TFIIH

We have shown by different approaches that p53 interacts
with the TFIIH complex that is involved in multiple steps
in transcriptional initiation, DNA repair and possibly cell
cycle control (Seroz et al., 1995). p53 interacts with
highly purified TFIIH, suggesting that it does not require
additional factors, notably TFIID that also interacts with
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Fig. 10. Effect of p53 on NER in vitro. DNA repair reactions
contained HeLa whole cell extracts (100 pg) and a mixture of
UV-damaged (+UV) and control (-UV) plasmids (200 ng of each).
(A) Kinetics of DNA repair synthesis in the absence of added p53.
HeLa cell extracts were incubated for various times, incorporated
radioactivity was quantified by phosphorimaging and plotted in
arbitrary units. (B) Effect of p53 on DNA repair synthesis. HeLa
extracts were pre-incubated without p53 (lane 1) or with the indicated
amounts (0.5 pg = 0.25 uM; 2.0 ug = 0.9 uM) of wild-type (lanes
2-5) or mutant (R175H, lanes 6-9) p53, and then incubated for

40 min at 30°C. The products were separated in 1% agarose gels. The
ethidium bromide-stained gel (upper panel) was dried and exposed for
autoradiography (lower panel).

p53. The interactions are complex, since two distinct
regions of p53 contact three different subunits of TFIIH,
ERCC2, ERCC3 and p62. Interestingly, the viral transcrip-
tion factor, EBNA2, also interacts with ERCC2 and p62
(Tong et al., 1995). The N-terminal transactivation domain
of p53 contacts the p62 subunit [see results and Xiao
et al. (1994)]. The C-terminus binds directly to the
N-terminal half of the ERCC2 helicase (our results), and
the related domain of ERCC3 (Wang et al., 1995). The
C-terminus of p53 is involved in many processes, including
oligomerization, regulation of specific DNA binding,
single strand re-annealing, nuclear localization and binding
to a variety of factors. The N-terminus of ERCC2 contains



the ATP binding site (Hoeijmakers, 1993). Related
sequences are found in the ERCC6 and RAD3 helicases
that also interact with p53 (Wang et al., 1995 and our
unpublished results). Interestingly, p53 was first isolated
through its ability to complex with a viral helicase, SV40
large T (reviewed in Ludlow, 1993). Sakurai et al. (1994)
reported that p53 binds to an unidentified helicase from
HeLa cells whose activity has the same polarity as ERCC2.
These observations suggest that p53 has an intrinsic
affinity for helicases.

Direct inhibition of helicase activity by p53
Wild-type p53 inhibits both helicase activities of TFIIH.
A number of observations point to a direct effect, rather
than an indirect result of p53 re-annealing dissociated
DNA strands. p53 alone does not detectably re-anneal the
probe during the incubation. The mAb PAb421 does not
influence p53’s effects on the helicases, even though it
blocks the ability of p53 to re-associate single-stranded
DNA (Wu et al., 1995). There are various ways by which
p53 could inhibit the helicases. p53 could prevent ATP
binding by interacting with ATP binding domains of
helicases. However, p53 does not block the ATPase activity
of TFIIH (Wang et al., 1995). An interesting possibility
is that p53 could displace ERCC2 from TFIIH. This would
explain greater inhibition of ERCC2 than ERCC3, even
though isolated ERCC3 interacts efficiently with p53 (our
results and Wang et al., 1994, 1995). Dissociated ERCC2
has no helicase activity, but stimulates both helicase
activities when added back to ERCC2-depleted TFIIH
(Schaeffer et al., 1994).

Cancer-associated mutations in the p53 core
domain affect activities mediated by the
C-terminus
Mutant p53s that are found in tumours inhibit TFIIH
helicases less efficiently than wild-type. Based on the
crystal structure of the core domain (Cho et al., 1994),
p53 mutants have been classified into two groups: those
with changes in amino acids that interact with DNA and
retain the wild-type conformation (R273H and R248W)
and those with a disrupted structure (R175H). The ‘contact’
mutants inhibit less efficiently than wild-type, but as
efficiently as the isolated C-terminal domain, whereas pS3
lacking the C-terminus has no effect on the helicases.
Apparently, inhibition is mediated by the C-terminal
domain and the linked DNA binding core domain affects
its activity. ‘Contact’ mutations may abrogate the activity
of the core domain, leaving an activity due to the
C-terminal domain. Interestingly, R175H is virtually in-
active, even though it binds to the three subunits of TFIIH
as efficiently as wild-type p53. The conformation of
R175H is thought to be severely affected, to such an
extent that it interacts with HSC70 (Hinds et al., 1990).
This unusual conformation of the core domain could also
block the activity of the C-terminus. p53 R175H is a
‘gain of function’ mutant that appears to have acquired
transforming activity (Dittmer et al., 1993). An interesting
possibility is that there is a link with degree of inhibition
of TFIIH helicases.

p53 and the C-terminus inhibit in vitro transcription in
the absence of TFIIH, as expected if inhibition results
from interactions between the N- and C-terminal domains

Cross-talk between p53 and TFIIH

of p53 and TFIID (Liu et al., 1993; Mack et al., 1993;
Seto et al., 1993; Truant et al., 1993; Horikoshi et al.,
1995). Surprisingly, we found that both mutations in the
core domain and deleting the C-terminal domain abrogate
inhibition. Apparently, as with the helicase assays, the
linked core domain affects the activity of the C-domain.
A number of studies have shown the converse, that the
C-terminus affects DNA binding by the core domain
(Hupp et al., 1992, 1995; Jayaraman and Prives, 1995).
These effects could be due to intramolecular interactions
between domains of p53, or other mechanisms. The core
domain of wild-type p53 binds to long stretches of single-
stranded DNA (Bakalkin et al, 1995). It may interact
with single-stranded DNA in the assays and thereby affect
the activity of the linked C-terminal domain. Mutations
could modify these p5S3-DNA interactions and abrogate
these effects.

TFIIH overcomes inhibition of transcription by p53

TFIIH reproducibly converts inhibition of transcription by
wild-type p53 to a weak activation and also partially
suppresses inhibition by the C-terminus. There are a
number of potential mechanisms. TFIIH helicases may
counteract promoter closing by p53 or the C-terminus,
either by sterically hindering their access to the DNA or
by independently opening the DNA. Alternatively, TFIIH
may affect p53-TBP or pS3-TFIID interactions (Figure
2A and Liu et al., 1993; Mack et al., 1993; Seto et al.,
1993; Truant et al., 1993; Horikoshi et al., 1995; Lu and
Levine, 1995). Nevertheless, these mechanisms do not
explain weak but reproducible TFIIH-dependent activation
of transcription by wild-type p53, even in the absence of
a specific p53 DNA binding site. TFIIH may help recruit
p53 to the promoter by providing stabilizing contacts for
p53. Alternatively, TFIIH may change the activity of p53,
by altering its conformation or state of phosphorylation.
An interesting possibility suggested by our data is that
changes in TFIIH in the cell could affect transcriptional
regulation by p53.

Involvement of p53 in NER

NER deficiencies favour cancerogenesis. p53 could inter-
vene in these processes through its interactions with
several components of the NER machinery, TFIIH and
RPA (Dutta et al., 1993). From experiments in several
laboratories, including ours, p53 does not affect NER
in vitro (Sancar, 1995 and personal communications;
R.Wood, D.Meek and D.Lane, personal communications).
There are contradictory reports on the effects of p53 on
NER. Several studies describe slow and less efficient NER
in cells with down-regulated or mutated p53 (Ford and
Hanawalt, 1995; Havre et al., 1995; Smith et al., 1995;
Wang et al., 1995). On the other hand, cells from p53 —/—
mice are as efficient in DNA repair as their wild-type
counterparts (Ishizaki et al., 1994; Sands et al., 1995).
p53 might affect NER indirectly through its downstream
target, Gadd45. However, there are conflicting reports on
the effects of Gadd45 on NER (Smith et al., 1994;
Kazantsev et al., 1995). pS3-TFIIH interactions do not
affect in vitro repair directly, but there could be other
consequences during the repair process. One intriguing
possibility is that, during repair, the cyclin H-CDK7
component of TFIIH could phosphorylate p53, by analogy
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with phoshorylation by other cyclin~-CDKs (Wang and
Prives, 1995). Phosphorylated p53, bound to excised and
damaged DNA, may have altered transcriptional and
apoptotic properties.

Perspectives

Our results provide an enticing conceptual framework for
integrating the properties of two complex factors. Our
working hypothesis is that the interaction of p53 with
TFIIH is a direct manner by which p53 expresses its
functions as the guardian of the genome. In response to
genotoxic stress, pS3 could, through the interaction with
one factor, TFIIH, intervene at three critical levels, tran-
scription initiation, NER and the cell cycle.

Materials and methods

Protein expression and purification

GST fusion proteins were expressed in Escherichia coli BL21 grown at
28°C and purified on gluthatione-Sepharose in the presence of 10 mM
dithiothreitol (DTT) as described previously (Léveillard and Verma,
1993). p53 C-terminal polypeptide (320-393) was digested from the
fusion protein by thrombin and further purified on benzamidine—
Sepharose. All other p53 proteins were purified from Spodoptera
frugiperda (Sf9) insect cells infected with appropriate recombinant
baculoviruses by affinity chromatography on agarose-coupled p53 mAbs
PAb421 or DO-1. Proteins were eluted with antibody-specific peptides
(10 mM, final concentration), purified on Superose 12 or on MonoQ/
MonoS columns (SMART, Pharmacia), verified to be nuclease free and
kept in storage buffer (20 mM HEPES, pH 7.9, 50 mM KCl, 20%
glycerol, 5 mM DTT, 0.1 mM EDTA, 0.02% NP-40) at —80°C.

In vitro transcription/translation

Plasmids for in vitro binding studies. Plasmids [pGOp53, pGOp53(1-
320), pGOp53(320-393), pGOp53(320-362) and pGOp53(363-393]
contain wild-type p53 coding sequences in pGOMTT (a modified pGEX
plasmid containing two thrombin cleavage sites) and were a gift from
B.Tocqué. pPBSKERCC?2 contains the insert from p2E-ER2 (a modified
version of p2E-ER2-14; Weber et al., 1990) in pBluescript (Stratagene).
pETp62 is described by Fisher er al. (1992). pPBSKANERCC2 lacks
the 5’ 670 bp fragment of the ERCC2 cDNA, allowing translation
from Met247.

Transcription/translation. Proteins translated in rabbit reticulocyte lysates
(Promega, manufacturer’s procedure) were treated immediately for 1 h
at 30°C with a cocktail of nucleases (RNase A, T1 and DNase I), and
purified on heparin—agarose.

Protein-protein interaction assays and immunodetection
Mini-column assays. Glutathione-Sepharose (40 ul) with bound GST
fusion proteins packed in mini-columns (yellow pipetman tips) were
equilibrated with binding buffer [20 mM Tris-HCI, pH 7.5, | mM DTT,
5% glycerol, 0.1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride
(PMSF) and 2.5 ug/ml proteinase inhibitors] + 50 or 150 mM KCl.
Columns were loaded with either the in vitro translation products or
partially purified HeLa cell fraction (0.6 M eluate from a heparin—
ultrogel column) or more extensively purified TFIIH fraction (0.3 M
KCl fraction from a heparin—-5PW column; Gerard et al., 1991) and
washed with 10 volumes of binding buffer containing different KCl
concentrations, as specified in the figure legends. The fractions were
analysed by SDS-PAGE and either processed for fluorography or
transferred to nitrocellulose membranes and revealed by Western blotting
using standard protocols and the mAbs: 3G3 (anti-TBP), 3¢9 (anti-p62),
2F6 (anti-ERCC2), 2G12 (anti-ERCC3), 7G5 (anti-CTD pol II), 1C2
(anti-TFIIE-B) and PAb 240 (anti-p53).

Far Western blotting. This method was modified from Lee et al. (1991)
as follows. Eluted GST—-p53 (320-393) and bacterially expressed and
purified full-length p53 were labelled with [y-32P]ATP and casein kinase
II. GST-p53 (320-393) was re-purified on glutathione-Sepharose and
the p53 sequence was isolated after thrombin cleavage. Labelled full-
length pS3 was re-purified on a heparin-Sepharose column.
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Co-immunoprecipitation. This method was adapted from Hannon et al.
(1993). Briefly, 107 Sf9 cells were infected with either p53 (wild-type
or R175H and R273H) or MDM2 baculoviruses at 2 p.f.u. per cell and
either with ERCC2 or ERCC3 baculoviruses at 5 p.f.u. per cell and
incubated for 50 h at 27°C in Grace’s medium. Cells were lysed (20 mM
HEPES, pH 7.9, 150 mM NaCl, 0.2% NP-40, 3 mM DTT, 20% glycerol,
0.1 mM EDTA, 0.5 mM PMSF), pre-cleared with protein A—Sepharose
and immunoprecipitated for 2 h at 4°C with either p5S3 mAb DO-1 or
with polyclonal antibodies against MDM?2 (365Ab) bound to protein A—
Sepharose. After washing in the lysis buffer, bound fractions were
resolved on SDS-PAGE, transferred to nitrocellulose membranes and
probed with mAbs 2F6 (anti-ERCC2) or 2G12 (anti-ERCC3).

Functional assays

Helicases. The conditions are described in Schaeffer er al. (1994). For
the re-annealing experiment, the DNA substrate was denatured by boiling
the reaction mixture for 2 min prior to the addition of ATP and proteins.

In vitro transcription. The reactions contained recombinant human TBP,
TFIIB, TFIIE and purified TFIIF, TFIIH and RNA pol II, as described
previously (Fisher et al., 1992). The templates were linear (60 ng per
25 pl reaction) or supercoiled (30 ng per 25 ul) pu-47-(G-) plasmids
containing the IgH promoter and 180 bp G-less cassette (Parvin and
Sharp, 1993). The reactions were incubated at 30°C for 60 min and
terminated by the addition of 150 pul of stop mix containing 1.2 M LiCl,
25 mM EDTA, 0.005% SDS, and 60 ul/ml tRNA. The reaction products
were extracted with phenol, followed by chloroform extraction, ethanol
precipitated, separated on 8% polyacrylamide gels containing 8.3 M
urea and dried gels were exposed for autoradiography and quantified by
phosphorimaging.

In vitro DNA repair. The protocol is described in Wood et al. (1995).
The substrates were purified UV-irradiated pUC19 or N-acetylamino-
fluorene (N-AAF)-modified pBluescript (kindly provided by R.Fuchs)
and mock-treated pUC19 with a 1.2 kb insert (200 ng of each plasmid
per reaction), and HeLa whole cell extracts were the source of NER
proteins. p53 proteins were pre-incubated with the cell extracts (100 ug
of total protein) for 5 min at 25°C, then DNA repair reactions were
carried out at the same temperature for another 40 min. Reaction products
were extracted with phenol—chloroform, digested with EcoRI and
separated on 1% agarose gels. Gels were stained with ethidium bromide,
photographed, dried, exposed for autoradiography and quantified by
phosphorimaging.
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