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TFIIH is a multisubunit complex, containing ATPase, helicases, and kinase activities. Functionally, TFIIH has
been implicated in transcription by RNA polymerase II (RNAPII) and in nucleotide excision repair. A member
of the cyclin-dependent kinase family, CDK7, is the kinase subunit of TFIIH. Genetically, CDK7 homologues
have been implicated in transcription in Saccharomyces cerevisiae, and in mitotic regulation in
Schizosaccharomyces pombe. Here we show that in mitosis the CDK7 subunit of TFIIH and the largest
subunit of RNAPII become hyperphosphorylated. MPF-induced phosphorylation of CDK7 results in inhibition
of the TFIIH-associated kinase and transcription activities. Negative and positive regulation of TFIIH requires
phosphorylation within the T-loop of CDK7. Our data establishes TFIIH and its subunit CDK7 as a direct link
between the regulation of transcription and the cell cycle.
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Entry into mitosis is accompanied by repression of tran-
scription by all three nuclear RNA polymerases (Johnson
et al. 1965, 1987; Fink et al. 1977). In cultured cells,
incorporation of RNA precursors ceases in prophase and
resumes at the exit from mitosis. Mitotic repression has
been associated with a number of regulatory mecha-
nisms (Gottesfeld and Forbes 1997). Accumulating evi-
dence indicates that mitotic repression involves the di-
rect inactivation of key components of the transcription
machinery (Gottesfeld et al. 1994). For example, the hep-
tapeptide repeats present in the carboxy-terminal do-
main (CTD) of the largest subunit of RNA polymerase II
(RNAPII) are hyperphosphorylated in meiotic and mi-
totic cells (Shermoen and O’Farrell 1991; Bellier et al.
1997; Parsons and Spencer 1997). Phosphorylation of the
CTD is a critical regulatory step in the modulation of
elongation competence (Lu et al. 1991; O’Brien and Lis
1991; Weeks et al. 1993; Dahmus 1996; Zhu et al. 1997).
It was found that the CTD is hyperphosphorylated by
MPF in vitro resulting in the dissociation of transcrip-
tion complexes (Cisek and Corden 1989; Zawel et al.
1993). Additionaly, the TAF subunits of TFIID (Segil et
al. 1996), and TFIIH are inactivated in mitosis (Long et
al. 1998)

A key role in the regulation of the cell cycle is played
by a family of cyclin-dependent serine/threonine protein
kinases (CDKs) (Reed 1992; Coleman and Dunphy 1994;
Elledge and Harper 1994; King et al. 1994). These en-

zymes are critical for initiation and completion of DNA
replication and cell division in organisms from yeast to
mammals (Reed 1992; King et al. 1994). The activity of
CDKs is modulated through phosphorylation of their
catalytic subunits and by their association with positive
(cyclins) and negative regulatory proteins (Elledge and
Harper 1994). Distinct cyclins perform different tasks in
specific phases of the cell cycle. Entry into mitosis is
mediated by M-phase-promoting factor (MPF; Labbe et
al. 1989; Gautier et al. 1990). Activation of MPF results
in the activation of different kinases and the inhibition
of the phosphatases PP1 and PP2A (Kinoshita et al. 1990;
Nigg 1993). As a result, multiple proteins are phosphory-
lated causing a reorganization of the nuclear envelope,
the spindle apparatus, the chromosomes, and the regu-
lation of transcription factors.

We have investigated the mechanisms of repression of
transcription by RNAPII during mitosis. Transcription
by RNAPII requires multiple factors. One family of fac-
tors functions to deliver RNAPII to the promoter (TFIIB,
TFIID, TFIIF) (Conaway et al. 1990; Lu et al. 1991),
whereas two other factors (TFIIE and TFIIH) mediate the
escape of RNAPII from the promoter (Goodrich and
Tjian 1994; Kumar et al. 1998). These factors are collec-
tively known as the general transcription factors (GTFs)
(Roeder 1991; Orphanides et al. 1996). We found that
TFIIH and the CTD of RNAPII are hyperphosphorylated
in mitosis. TFIIH is composed of nine polypeptides with
four enzymatic activities (Drapkin and Reinberg 1994;
Svejstrup et al. 1996). TFIIH contains a DNA-dependent
ATPase activity, two ATP-dependent DNA helicase ac-
tivities, and a kinase activity specific for the CTD of
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RNAPII (Drapkin and Reinberg 1994; Orphanides et al.
1996). TFIIH functions not only in transcription, but also
in nucleotide excision repair (Shaeffer et al. 1993; Drap-
kin et al. 1994; Sancar 1996). TFIIH exists in two forms,
a six subunit core complex that is active in nucleotide
excision repair (Svejstrup et al. 1995) and holo-TFIIH
that results from the association of core-TFIIH with the
kinase complex composed of CDK7, cyclin H, and Mat1
(Drapkin et al. 1996; Reardon et al. 1996). This trimeric
complex is known as the cdk-activation kinase (CAK)
complex and was initially isolated as an activator of dif-
ferent CDKs (Fisher and Morgan 1994). Holo-TFIIH is
necessary for transcription activity (Svejstrup et al. 1995;
Drapkin et al. 1996; Reardon et al. 1996; Marinoni et al.
1997; LeRoy et al. 1998), yet the CDK7-kinase activity is
dispensable for transcription of some genes in vitro (Ak-
oulitchev et al. 1995; Makela et al. 1995). The regulation
of CDK7 (CAK) activity has been the subject of extensive
studies (Shuttleworth et al. 1990; Labbe et al. 1994;
Tassan et al. 1994; Fisher et al. 1995; Martinez et al.
1997). The activity and substrate specificity of CDK7 is
regulated by phosphorylation (Labbe et al. 1994) and/or
association with other polypeptides like Mat1 and core
TFIIH (Devault et al. 1995; Fisher et al. 1995; Adam-
czewski et al. 1996; Rossignol et al. 1997; Yankulov and
Bentley 1997). Genetic studies demonstrate that the S.
pombe CDK7 homolog, crk1/mcs6, is an essential gene
with the same substrate specificity as human CDK7.
Moreover, Dcrk1 cells undergo arrest in late mitosis
(Buck et al. 1995). Crk1 was initially identified as the
mitotic catastrophe suppressor, mcs6, and could be func-
tionally complemented by Xenopus CDK7, but not by
KIN28 (Cismowski et al. 1995; Valay et al. 1995) the S.
cerevisiae homolog of CDK7 (Buck et al. 1995).

Here, we demonstrate that the CTD kinase and tran-
scriptional activities of TFIIH are repressed as the cells
enter mitosis. Mitotic repression of TFIIH is mediated
through a regulatory phosphorylation of the CDK7 sub-
unit of the CAK complex. This regulation takes place in
the T-loop of CDK7 and it is presumed to induce a con-
formational change as was described for cdk2 (Russo et
al. 1996).

Results

Mitotic extracts are transcriptionally impaired

To study mitotic repression of transcription and the pos-
sible role played by TFIIH, we used HeLa cells arrested
with nocodazole. FACS analysis demonstrated that
>95% of these cells arrested in G2/M (Fig. 1b). A mitotic
hallmark is the induction of MPF, which is composed of
cdc2 and its regulatory subunit cyclin B (Norbury and
Nurse 1992). The extracts prepared from mitotic cells
displayed ∼10-fold higher H1 kinase activity than ex-
tracts from asynchronous interphase cells (Fig. 1c, lanes
1–2). Affinity purification with immobilized p13 (suc1)
protein (Fig. 1c, lanes 3–4; Labbe et al. 1991), followed by
Western blot analysis (Fig. 1d), confirmed that almost
the entire H1 kinase activity of the mitotic extract was
attributed to an induction of cdc2 activity.

Following an earlier report by us performed in vitro
(Zawel et al. 1993), and reports of others performed in
vivo (Shermoen and O’Farrell 1991; Parsons and Spencer
1997), demonstrating that the cdc2 kinase phosphory-
lates the CTD of RNAPII (Cisek and Corden 1989), we
analyzed the state of phosphorylation of the CTD of
RNAPII in interphase and mitotic extracts using mono-
clonal antibodies that recognize the hypophosphorylated
form of RNAPII (IIA). Interphase extracts displayed a dis-
tinct band of ∼200 kD corresponding to the hypophos-

Figure 1. FACS analysis of the asynchronous (interphase) (a)
and nocodazole-treated (mitotic) (b) HeLa cells: Distribution of
cells in the G1, S, and G2/M phases of the cell cycle (Y axis) on
the basis of the cellular DNA content (X axis) is plotted on the
graph. (c) Histone H1 kinase assay with extracts derived from
the mitotic and interphase HeLa cells (lanes 1,2) or with
Suc1(p13)-affinity purified cdc2 kinase from mitotic and inter-
phase extracts (lanes 3,4). (d) Western blot analysis of the
Suc1(p13)-affinity purified cdc2 kinase (lanes 2,3) and affinity
control (lane 1). (e) Western blot analysis of the CTD of RNAPII
by use of 8WG16 antibodies (Parsons and Spencer 1997) in the
interphase (lane 1) and mitotic extracts (lanes 2,3). (Lane 3) Ex-
tracts were pretreated with 10 units of alkaline phosphatase. (f)
Reconstituted basal (210 nucleotides) and activated (390 nucleo-
tides) transcription with eTFIID immunopurified from inter-
phase (lanes 1,2) and mitotic (lanes 3,4) LTR HeLa cells (Zhou et
al. 1992). Reactions contained the activator Gal4–VP16 and the
coactivators PC4 and TFIIA (lanes 2,4; Ma et al. 1996). The
templates used were pG5MLP and pMLP that contain G-less
cassettes of different sizes (390 and 210 nucleotides). Transcrip-
tion was directed by the AdML promoter. The 390-nucleotide
transcript was derived from pG5MLP, which contains five Gal4-
binding sites upstream of the TATA box. pMLP is devoid of
Gal4-binding sites.
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phorylated largest subunit of RNAPII, Rpb1 (Fig. 1e, lane
1). This band was not detected in mitotic extracts (Fig.
1e, lane 2). However, treatment of the mitotic extract
with phosphatase restored the hypophosphorylated form
(lane 3). It has been shown previously that the hyper-
phosphorylated form of RNAPII is functionally impaired
in the formation of the preinitiation complex (Lu et al.
1992; Zawel et al. 1993; Dahmus 1996). Detection of
hyperphosphorylation of CTD in mitotic somatic cells
in vivo identifies it as one of the potential mechanisms
for the mitotic block to transcription (Shermoen and
O’Farrell 1991; Parsons and Spencer 1997).

To further characterize the mitotic extract, we ana-
lyzed the ability of TFIID to function in transcription
activation. In agreement with earlier reports demonstrat-
ing that the TAFs are phosphorylated in mitosis result-
ing in the inhibition of TFIID to function in transcrip-
tion activation (Segil et al. 1996), we observed that TFIID
isolated from nocodazole treated cells by use of an im-
munopurification procedure (Zhou et al. 1992), was ac-
tive in a reconstituted assay measuring basal transcrip-
tion, however, TFIID was impaired in its ability to me-
diate activation by Gal4–VP16 (Fig. 1f).

The above analyses allow us to conclude that the ex-
tracts prepared from nocodazole-arrested cells have all
the reported properties of mitotic extracts.

TFIIH activity is impaired in mitosis

We observed that the transcription activity of the mi-
totic extract was severely compromised compared with
that of the interphase extract (Fig. 2a, cf. lanes 1 and 2).
The transcription observed was mediated by RNAPII as
it was sensitive to low concentrations (2 µg/ml) of a-am-
anitin (data not shown). Next, we analyzed whether the
purified general transcription factors and/or RNAPII
could reactivate the mitotically compromised extract.
We observed that the addition of purified TFIIH and
RNAPII together effectively restored transcriptional ac-
tivity (Fig. 2a, lanes 7,8). We found that no other combi-
nation of GTFs/RNAPII complemented the mitotic ex-
tracts (Fig. 2a, lanes 3–6; data not shown). These finding
strongly implicated TFIIH and RNAPII in mitotic inhi-
bition of basal transcription.

Next, to directly investigate whether TFIIH was inac-
tivated in the mitotic extracts, we isolated TFIIH from
the mitotic extracts and assayed it in a reconstituted
transcription system. TFIIH was isolated by an immuno-
affinity purification method by use of monoclonal anti-
bodies against ERCC3 (LeRoy et al. 1998). A silver stain-
ing of a polyacrylamide gel containing a representative
TFIIH used in the experiments described below is shown
in Figure 2b (see Fig. 2b; Materials and Methods). TFIIH
isolated from interphase extracts was transcriptionally
active (Fig. 2c, lane 3), whereas TFIIH isolated from the
mitotic extract was severely compromised in its ability
to reconstitute transcription (Fig. 2c, lane 4). This was
not the result of the amounts of purified TFIIH added to
the assay as demonstrated by Western blots (Fig 2d).

Moreover, as an additional control, we isolated TBP from
the same extracts using an immunopurification assay
(Zhou et al. 1992), and found it to be active in its ability
to reconstitute basal transcription (Fig. 2c,d). These re-
sults collectively demonstrate that TFIIH is impaired in
its ability to function in transcription in mitosis. These
results are in agreement with previous studies performed
in vitro that demonstrated that the addition of MPF to
interphase extracts resulted in the inactivation of TFIIH
(Long et al. 1998).

The CAK complex is inactivated in mitotic extracts

Studies performed initially in yeast (Svejstrup et al.
1995), and recently extended to the mammalian factor
(Drapkin et al. 1996; Reardon et al. 1996), demonstrate
that TFIIH exists in at least two subcomplexes, a com-
plex containing the core subunits of TFIIH (ERCC3,
ERCC2, p62, p52, p44, and p34) and devoid of the kinase
complex, referred to as core-TFIIH, and a complex asso-
ciated with the kinase complex (CDK7, cyclin H, and

Figure 2. (a) Transcriptional activity of mitotic extracts (lane
2) as compared with the interphase extracts (lane 1) and comple-
mented with different GTFs and RNAPII (lanes 3–8). Titration
included all GTFs without RNAPII (lanes 3,4 ), GTFs and
RNAPII without TFIIH (lanes 5,6), TFIIH and RNAPII (lanes
7,8). (Arrow) The specific transcript derived from the pMLP
template. (b) Silver-staining of immunoaffinity purified TFIIH
(LeRoy et al. 1998) (lane 2). (Lane 1) Molecular weight markers.
(c) Reconstituted basal transcription (lane 1), dependent on
TFIIH (lane 2) and TBP (lane 5). Reactions were reconstituted
with immunoaffinity purified TFIIH or TFIID from interphase
(lanes 3,6) or mitotic (lanes 4,7) extracts. (d) Western blot of the
ERCC3 and p62 subunits of immunopurified TFIIH and of eTBP
(Zhou et al. 1992), used in the reconstituted transcription in c.
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MAT1), referred to as holo-TFIIH (Fig. 3a). Core TFIIH
appears to be the form involved in nucleotide excision
repair (Svejstrup et al. 1995), whereas holo-TFIIH func-
tions in transcription. Previously, we (Drapkin et al.
1996) and others (Reardon et al. 1996; Marinoni et al.
1997) showed that the CAK complex could be dissoci-
ated from holo-TFIIH with high salt. The reassociation
of CAK with core-TFIIH restores transcriptionally active
TFIIH (holo-TFIIH) and requires the formation of the in-
termediary CAK/ERCC2 complex, which is present in
HeLa cell extracts (Drapkin et al. 1996; Reardon et al.
1996; Marinoni et al. 1997). We exploited these features
of TFIIH and analyzed whether the transcriptionally
compromised mitotic TFIIH could be reactivated by the
addition of excess ERCC2–CAK isolated from interphase
extracts (Fig. 3c, lane 2). In agreement with the previous
results, basal transcription reconstituted with mitotic
TFIIH showed reduced transcriptional activity (Fig. 3b,
lane 2). On the other hand, when the interphase CAK/
ERCC2 complex was added in lieu of TFIIH, no tran-
scription activity was observed (lane 1), although it was
active as a CTD kinase (data not shown). Addition of
excess purified interphase CAK/ERCC2 to reactions
containing mitotic TFIIH led to restoration of basal tran-
scription (Fig. 3b, lanes 3, 4). These results collectively
establish that the CAK–ERCC2 complex is inactivated
on entry into mitosis.

The CDK7 subunit is hyperphosphorylated in mitosis

Phosphorylation is an important regulatory modification
observed both in mitotic regulation and in regulation of
cyclin-dependent kinases. Earlier reports established
that CDK7 is phosphorylated in vivo at two major sites,
Ser-164 and Thr-170 (Labbe et al. 1994; Fisher et al.
1995). Phosphorylation on Thr-170 is essential for CDK7
kinase activity in vivo (Labbe et al. 1994), whereas phos-
phorylation on Ser-164 is dispensible and even detrimen-
tal in stage VI oocytes (Labbe et al. 1994). The Ser-164
site matches the consensus sequence for cdks/MAP ki-
nases (see Fig. 6a, below). Therefore, we analyzed
whether the CDK7 subunit of TFIIH was specifically
phosphorylated in mitosis. Interphase and nocodazole-
arrested HeLa cells were labeled with [32P]orthophos-
phate in vivo. TFIIH was isolated by immunoprecipita-
tion by use of the ERCC3 monoclonal antibodies de-
scribed above (Fig. 2b). The isolated TFIIH complex was
then treated with SDS to disrupt the interaction among
the different subunits and the CDK7 subunit was immu-
noprecipitated with antibodies specific to CDK7 (Fig. 4a;
Materials and Methods). The immunoprecipitates were
separated by polyacrylamide gel electrophoresis. The au-

Figure 3. (a) Schematic representation of the composition of
core TFIIH, the ERCC2–CAK complex, and holo-TFIIH. (b)
Basal transcription by the AdML promoter was reconstituted
with affinity purified mitotic TFIIH (lanes 2–4), CAK/ERCC2
affinity purified from interphase extract (lane 1), or with in-
creasing amounts of the CAK/ERCC2 complex in the presence
of mitotic TFIIH (lanes 3,4). (Arrow) The specific transcript de-
rived from the pMLP template. (c) Western blot analysis of the
immunoaffinity preparation of mitotic TFIIH and interphase
CAK/ERCC2 complexes.

Figure 4. (a) In vivo-labeled CDK7 immunoprecipitated from
affinity purified TFIIH and analyzed by Western blot (bottom)
after autoradiography (top). (=) The resolved shift in the mobility
of mitotic CDK7. (b). (Top) Basal transcription from the AdML
promoter was reconstituted with affinity purified interphase
TFIIH (lane 2), mitotic TFIIH (lane 3), mitotic or interphase
TFIIH pretreated with alkaline phosphatase in the absence or
presence of sodium phosphate as indicated. (Lane 1) The result
using a mock affinity purification procedure. (Bottom) Western
blot analysis of the samples analyzed in transcription at top
using anti-CDK7 antibodies.
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toradiograph displayed a single phospholabeled polypep-
tide with increased radioactivity in the mitotic-derived
CDK7 sample (Fig. 4a). Western blot analysis revealed
that the increased radioactivity observed in mitotic-de-
rived CDK7 was not due to differences in the amount of
CDK7 loaded on the gels (Fig. 4a, bottom). More impor-
tantly, a shift in the mobility of the mitotic-derived
CDK7 was observed (Fig. 4a, bottom).

The above result prompted us to analyze whether tran-
scriptional activity of mitotic TFIIH could be restored by
phosphatase treatment. This approach was possible be-
cause in CDK7, the phosphate on Thr-170, which is es-
sential for enzymatic activity (Labbe et al. 1994), is pro-
tected from nonspecific dephosphorylation in the CAK
complex (Labbe et al. 1994). TFIIH immunopurified from
the interphase and mitotic extracts was treated with
phosphatase and then used in the reconstituted TFIIH-
dependent transcription assay (Fig. 4b; see Materials and
Methods). We observed that treatment of mitotic TFIIH
with phosphatase restored transcriptional activity (Fig.
4b). Importantly, reactivation of TFIIH activity was de-
pendent on the amount of phosphatase added and was
blocked by sodium phosphate, a phosphatase inhibitor
(Fig. 4b). Western blot analysis of the samples analyzed
in transcription demonstrate a shift in the mobility of
CDK7 associated with mitotic inactive TFIIH, sugges-
tive that phosphorylation of CDK7 is associated with
inactivation of TFIIH activity (Fig. 4b, bottom).

Phosphorylation of CDK7 impairs CTD-kinase
and transcription activities

The CTD is one of the substrates of CDK7, and we found
that TFIIH isolated from mitotic cell extracts displayed
reduced CTD kinase activity (Fig. 5a, lanes 3,4). The re-
duced CTD-kinase activity was not due to the amount of
factor analyzed as detected by Western blot analysis (Fig.
5b, lanes 4,5). We expanded this observation and asked
whether inhibition of the TFIIH kinase activity could be
reconstituted in vitro. Interphase TFIIH was attached to
beads through monoclonal antibodies against ERCC3
and the beads were then incubated with mitotic- or in-
terphase-derived extracts in the presence of ATP as de-
scribed in Figure 5a. TFIIH was then recovered from the
extracts and analyzed for its ability to phosphorylate the
CTD. As shown in Figure 5a, mitotic extract specifically
inactivated the TFIIH kinase activity, the interphase-de-
rived extract was without effect (Fig. 5a). The inhibition
observed was dependent on ATP (data not shown, see
below).

Having established that CDK7 is hyperphosphorylated
in mitosis and that this inhibitory effect can be recon-
stituted in vitro by incubating interphase TFIIH with
mitotic extracts, we attempted to analyze the sites phos-
phorylated in CDK7 by the mitotic extract by incubating
bacterially produced recombinant His-tagged CDK7
with interphase and mitotic extracts. Equal amounts (see
Fig. 6b) of purified wild-type CDK7 or a mutant form of
CDK7, in which the two major phosphorylation sites,
Ser-164 and Thr-170, were substituted to alanine were

incubated in the extracts in the presence of [g-32P]ATP.
Extensive digestion of the in vitro-labeled CDK7 poly-
peptides, followed by thin-layer chromatography identi-
fied two phosphopeptides (Fig. 6c; data not shown). The
substitutions in CDK7 abrogated phosphorylation (Fig.
6c; data not shown). This result confirmed earlier reports
that Ser-164 and Thr-170 are the two major sites of phos-
phorylation with particularly strong phosphorylation of
Ser-164 in vivo (Labbe et al. 1994). Comparison of the
levels of phosphorylation at these sites revealed ∼2-fold
decrease for Thr-170, and 2.5- to 3-fold increase for Ser-
164 in mitotic extracts.

To analyze more directly whether the phosphorylation
of CDK7 is implicated in the regulation of TFIIH, we
studied several mutants of CDK7 in vivo. Wild-type
CDK7 and individual point mutations with Ser-164 (S) or
Thr-170 (T) substituted to alanine were cloned into a
mammalian expression vector with an in-frame triple
c-Myc tag at the carboxyl terminus (Makela et al. 1997)
and were transiently expressed in 293T cells. Following
transfection, the cells were treated with nocodazole. c-
Myc-TAG affinity-purified complexes were further se-
lected for TFIIH by affinity purification using ERCC3
monoclonal antibodies (Fig. 7a). Interphase and mitotic
TFIIH were isolated and assayed in transcription and ki-
nase activities (Fig. 7b). In agreement with results pre-
sented above, mitotic-derived TFIIH was compromised
in its ability to reconstitute transcription and in CTD
phosphorylation (Fig. 7b, lanes 1,2). Analysis with mu-
tant TFIIH reveals that both the transcriptional and ki-
nase activities are dependent on phosphorylation of Thr-

Figure 5. Mitotic TFIIH is deficient in CTD kinase activity. (a)
CTD kinase activity of TFIIH directly purified from mitotic and
interphase cells (in vivo, lanes 3,4). The kinase activity of con-
ventionally purified TFIIH is shown in lane 1. Purified TFIIH
was pretreated with mitotic or interphase extracts in the pres-
ence of ATP (in vitro, lanes 6–7, see diagram at right). (b) West-
ern blot analysis of TFIIH subunits (p62 and CDK7) from
samples analyzed in a. This blot shows that similar amounts of
TFIIH were used in the assay performed in a. The electropho-
retic mobility of CDK7 caused by phosphorylation in mitosis is
not resolved in this analysis. The samples were separated on a
Bio-Rad mini-gel.
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170 (lane 4). Importantly, however, the mutation in Ser-
164 relieved mitotic repression of TFIIH (lane 3). This
experiment demonstrates that phosphorylation on Ser-
164 is detrimental for TFIIH activity. The studies collec-
tively establish that in mitosis, Ser-164 is phosphory-
lated and impairs the transcription activity of TFIIH.

Discussion

Cells arrested in the mitotic stage of the cell cycle dis-
play high levels of cdc2 kinase activity and a high level of
protein phosphorylation. Under these conditions, basal
transcription by RNAPII is repressed because of the
modifications of two factors, RNAPII and TFIIH. Detec-
tion of the hyperphosphorylated form of RNAPII in mi-
totic extracts correlates with earlier observations in vitro
(Cisek and Corden 1989) and studies in Xenopus oocytes
(Bellier et al. 1997), Drosophila melanogaster (Shermoen
and O’Farrell 1991) and HeLa cells (Parsons and Spencer
1997). It is currently unknown, however, whether inac-
tivation of RNAPII activity in mitosis is due to the direct
phosphorylation of the CTD by MPF, as is the case in

vitro (Cisek and Corden 1989; Zawel et al. 1993), or
whether it involves a downstream cascade of kinases. In
metaphase II-arrested Xenopus oocytes, it was shown
that inactivation of RNAPII results from the activation
of the Xp42 MAP kinase (Bellier et al. 1997).

The second factor susceptible to mitotic block is
TFIIH. Studies performed with the CDK7 homologs
demonstrated its role in negative regulation during mei-
otic maturation in Xenopus (Shuttleworth et al. 1990), as
well as a mitotic function in Schizosaccharomyces
pombe (Buck et al. 1995) and in D. melanogaster (Laro-
chelle et al. 1997). Earlier biochemical analysis of CDK7
regulation did not detect significant changes in its activ-
ity during the cell cycle in the context of the CAK com-
plex (Tassan et al. 1994; Adamczewski et al. 1996). How-
ever, previous studies have demonstrated differences in
substrate specificity between free CAK and CAK associ-
ated with core TFIIH (holoTFIIH) (Rossignol et al. 1997;
Yankulov et al. 1997). Our studies uncovered that phos-
phorylation of CDK7 plays a critical regulatory role
within the context of TFIIH. Similar conclusions were
reached recently by Long et al. (1998), that demonstrated
that the transcription and kinase activities of TFIIH are
negatively regulated in in vitro reconstituted mitotic ex-
tracts. Their findings and our conclusions demonstrating
that regulation of TFIIH dependent on the association of
the CAK complex with core TFIIH are in agreement, yet
in the studies of Long et al. (1998), the molecular mecha-
nism of inhibition, through CDK7, was not analyzed.

Extensive studies of CDK7 regulation reveal pathways
either common for other members of the CDK family or
unique for CDK7. For example, as is the case with other
CDKs, the kinase activity of CDK7 requires its associa-
tion with a cyclin partner, cyclin H (Labbe et al. 1994;
Martinez et al. 1997). Moreover, full activity in vivo re-
quires phosphorylation of a specific residue within the
T-loop (Thr-170; Labbe et al. 1994). On the other hand, in
vitro, the association of the Mat1 subunit of CAK with
the CDK7/cyclin H complex can confer activity to
CDK7, not requiring prior phosphorylation (Fisher et al.
1995; Martinez et al. 1997). Ser-164 within the T-loop of
CDK7 corresponds to the cdk/MAP kinase phosphoryla-
tion consensus site and is responsible for specific phos-
phorylation of CDK7 in mitosis and for negative regula-
tion of TFIIH activity. The presence of a cdk/MAP ki-
nase consensus sequence within the T-loop is unique to
CDK7. As a phenomenon, inhibitory phosphorylation
within the T-loop of a kinase has been described (Luo
and Lodish 1997). Collectively, these results demon-
strate that the transcriptional and kinase activities of
TFIIH depend on the phosphorylation state of its CDK7
subunit in vivo.

Previous studies demonstrated that the CDK7-kinase
activity is dispensable for transcription of one class of
promoters (represented by the TATA-containing Ad-
MLP) (Akoulitchev et al. 1995; Makela et al. 1995), but is
required for transcription from other classes of promot-
ers (represented by the TATA-less DHFR promoter) (Ak-
oulitchev et al. 1995). Interestingly, in the case of the
DHFR promoter, it was found that the requirement for

Figure 6. (a) Amino acid sequence of a fragment of CDK7 span-
ning the sites of phosphorylation in vivo (Ser-164 and Thr-170).
(Arrowheads) Positions of cleavage by trypsin. (b) Purified re-
combinant wild-type and mutant [S164D, T170D] CDK7 contain-
ing a carboxy-terminal-His-tag as detected by Western blot us-
ing antibodies against CDK7 (a-CDK7) and by Coomassie-blue
staining (Ni2+). (c) Recombinant wild-type and mutant CDK7
were incubated with interphase or mitotic extracts in the pres-
ence of [g-32]ATP. Labeled proteins were affinity purified, di-
gested with trypsin, and resolved by one-dimension thin layer
chromatography. Positions of Ser-164 and Thr-170 containing
fragments are indicated.
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the CTD (the substrate for the kinase) was during com-
plex assembly and/or first bond formation, and preceded
the requirement for the CDK7 kinase activity that was
found to be at a later step. Regardless of the requirement
for the CDK7-kinase activity, the CDK7 polypeptide, to-
gether with cyclin H and Mat1, are necessary for the
transcriptional activity of TFIIH (Drapkin et al. 1996;
Reardon et al. 1996; Marinoni et al. 1997). Although the
inhibition of the CDK7-kinase activity, by mutations in
the ATP-binding domain in the catalytic cleft, is not
sufficient to compromise the transcriptional activity of
TFIIH on the AdML promoter (Akoulitchev et al. 1995;
Makela et al. 1995), we would like to suggest that nega-
tive regulation of the TFIIH transcription activity in mi-
tosis is mediated via a conformational change of CDK7.
The changes are mediated by phosphorylation of resi-
dues within the T-loop (Russo et al. 1997). It remains
unclear as to which of the kinase(s) acts directly up-
stream from CDK7. Also, the relationship between the
Thr-170 and Ser-164 phosphorylation pathways needs to
be elucidated.

In conclusion, our studies demonstrate that mitotic
repression of basal transcription results from the
phosphorylation of RNAPII and TFIIH. Others have
demonstrated previously that phosphorylation of the
TAF subunits of TFIID in mitosis impairs activated
transcription (Segil et al. 1996). These studies collec-
tively demonstrate that the cell has developed mecha-
nisms to silence transcription during mitosis, by affect-
ing different steps of the transcryption cycle, that is, ini-
tiation via the TAF subunits of TFIID and CTD
phosphorylation, promoter escape via the CDK7 subunit
of TFIIH, and perhaps elongation, by extensive phos-
phorylation of the CTD by MPF or MPF-activated ki-
nase.

Materials and methods

Cell culture and in vivo labeling

Long terminal repeat HeLa cells containing epitope-tagged
TATA-binding protein (TBP; Zhou et al. 1992) were grown in
suspension in 10% DMEM. Mitotic arrest was obtained by ap-
plying 400 ng/ml nocodazole to 30 liters of growing cell culture
(2 × 1010 cells) 24 hr prior harvesting. [32P]Orthophosphate (1
mCi) was applied to actively growing cells 16 hr before harvest-
ing.

Extract preparation

Whole-cell extract was prepared as described (Manley et al.
1980) from 2 × 1010 cells with addition of 20 mM EGTA, 80 mM

b-glycerophosphate (pH 7.3), 10 mM sodium fluoride, 10 nM oca-
daic acid, 100 nM calyculin A, and 1 mM ATP. Ocadaic acid and
calyculin A were maintained in the extracts through purifica-
tion.

Immunoprecipitation, immunoaffinity purification,
and functional assays

Immunoaffinity purification of TFIIH with ERCC3 monoclonal
antibodies was performed as described (LeRoy et al. 1998). In
short, proteins from the second step of purification of TFIIH, the
DEAE-cellulose bound fraction, were incubated with protein
A-immobilized anti-ERCC3 monoclonal antibodies. The beads
were washed extensively with BC400 (400 mM KCl, 10 mM Tris-
HCl at pH 7.9, 0.1 mM EDTA, 20% glycerol) and TFIIH was
eluted with a peptide. Immunoaffinity purification of CAK/
ERCC2 was as follows: The same protein fraction used above
was incubated with protein A-immobilized cyclin H monoclo-
nal antibodies. The beads were washed extensively in BC900
(900 mM KCl; the rest as in BC400) to dissociate core TFIIH. The
CAK complex was eluted with 1.0 M ammonium sulfate, 50%
ethylene glycol, 10 mM Tris-HCl (pH 7.9). Double-immunoaf-

Figure 7. (a) Schematic representation of the proce-
dure used to isolate TFIIH from transfected cells con-
taining mutated subunits of CDK7. TFIIH containing
c-Myc-tagged CDK7 was isolated from interphase
and mitotic cells. After cell lysis, the transfected
CDK7 subunit was recovered by immunoprecipita-
tion by use of antibodies recognizing the c-myc tag.
The IPs were eluted and the transfected myc-tagged
CDK7 subunits were selected for those subunits that
were incorporated into TFIIH by performing a second
immunoprecipitation with anti-ERCC3 monoclonal
antibodies. The IPs were functionally analyzed in
transcription and CTD phosphorylation. (b) TFIIH
isolated from mitotic cells and containing a mutation
in Ser-164 [Ser164A (S)] or a mutation in Thr-170
[Thr170A (T)] or a control vector were assayed for
transcription and kinase activities. The amount of
TFIIH recovered and used in the functional analysis
was analyzed by Western blot by use of antibodies
against the p62, cyclin H, and CDK7-[3xMyc] sub-
units (top). The samples were separated on a Bio-Rad

minigel; therefore, the change in electrophoretic mobility due to phosphorylation of CDK7-[3xMyc] could not be resolved. Function-
ally, the mutant proteins were assayed in basal transcription (middle), and for CTD-kinase (bottom) activities. Minus (−) above the lane
denotes the activity present in cells that were transfected with the Myc tag but devoid of the CDK7 coding sequences (empty vector).
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finity purification of in vivo labeled CDK7 was performed as
follows: After immunoprecipitation of TFIIH with anti-ERCC3
antibodies the samples were heated at 100°C for 5 min in
BC100, 1% SDS, diluted 10-fold in RIPA buffer (0.15 M NaCl, 50
mM Tris-HCl at pH 7.5, 0.5% NP-40, 0.1% SDS) and used in
immunoprecipitation with anti-CDK7 antibodies immobilized
on protein A beads. No other subunits of TFIIH coimmunopre-
cipitated with CDK7 in this procedure. Immunoprecipitates of
TFIIH and epitope-tagged TBP (eTBP, eTFIID) used in transcrip-
tion/kinase reactions were carried out as follows: 50 µl of pro-
tein A beads were saturated with the corresponding antibodies
for 2 hr at 4°C, washed extensively with PBS, and incubated
with 500 µl of the extracts for 2 hr at 4°C; washed four times
with 20 mM Tris-HCl (pH 7.9), 150 mM NaCl, 2 mM EDTA, 10
mM b-glycerolphosphate, 5 mM sodium fluoride, 10 nM ocadaic
acid, and 100 nM calyculin A; and washed two times in tran-
scription or kinase buffer containing 10 nM ocadaic acid. Protein
A beads (10 µl) were added to transcription/kinase reactions.
Reconstituted transcription reactions with the AdMLP were
performed as described (Akoulitchev et al. 1995). Reactions per-
formed with the extracts were as described, but the interphase
and mitotic extracts were pretreated with 10 units of hexoki-
nase (Boehringer) to remove residual ATP. Reactions were per-
formed under single-round transcription conditions by using a
pulse-chase protocol: preinitiation complexes were formed for 1
hr, followed by the addition of ATP and UTP (500 mM), and
[a-32P]CTP (1 µM) for 5 min; followed by the addition of 500 mM

CTP for a 15 min chase.

Phosphatase treatment

Immunopurified TFIIH from 500 µl of interphase or mitotic
extracts was incubated with 0.1–0.5 units of alkaline phospha-
tase for 15 min at 25°C in the absence or the presence of 100 mM

sodium phosphate. Phosphatase treatment was performed on
TFIIH attached to the beads. This allowed the removal of the
phosphatase and/or phosphate prior to the addition of TFIIH to
the assays.

Western blot

Western blots with antibodies against the CTD of RNAPII
(8WG16), the HA tag of eTBP (12CA5), ERCC3, ERCC2, p62,
cyclin H, or CDK7 were carried out with PVDF membranes
(Bio-Rad) following the manufacturer’s recommendations.

Kinase assay

Kinase reactions were performed in a 40 µl volume containing
80 mM-glycerolphosphate (pH 7.5), 20 mM EGTA, 15 mM

MgCl2, 1 mM DTT, 1 mM ATP, 10 µCi [g-32P]ATP, and 1 mg/ml
of CTD peptide or histone H1. Reactions were incubated for 15
min at 30°C. An aliquot (5 µl) was analyzed by electrophoresis
on 15% polyacrylamide–SDS gels.
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