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Summary

A protein kinase activity that phosphorylates the C-ter-
minal domain (CTD) of RNA polymerase 1i and is asso-
ciated with the basal transcription-repair factor TFlIH
(also called BTF2) resides with MO15, a cyclin-depen-
dent protein kinase that was first found to be invoived
in cell cycle regulation. Using in vivo and in vitro repair
assays, we show that MO15 is important for nucleotide
excision repair, most likely through its association
with TFilH, thus providing an unexpected link among
three important cellular mechanisms.

Introduction

The initiation of protein-coding gene transcription requires
the assembly of a complex including the basal transcrip-
tion factors and RNA polymerase Il (RNA pol Il) at the
promoter (reviewed by Chalut et al., 1994). One of these
factors, TFiiH (also called BTF2), like its rat and yeast
counterparts (Conaway and Conaway, 1989; Feaver etal.,
1991), possesses DNA-dependent ATPase, helicase, and
protein kinase activities that may be involved in both tran-
scription initiation (Serizawa et al., 1993; Roy et al., 1994)
and in nucleotide excision repair (NER) (Feaver et al.,
1993; Schaeffer et al., 1993, 1994; Drapkin et al., 1994;
Wang et al., 1994). The DNA-dependent ATPase probably
reflects the helicase activities of p89 (XPB/ERCC3) and

TThe first two authors coniributed equally to this work.

p80 (XPD/ERCC2) that may be invoived in unwinding DNA
in both transcription (Wang et al., 1992} and repair (Ma
et al., 1994). Although their exact role remains elusive,
mutations in these two (and in an uncharacterized third
TFiH subunit) are responsible for three severe human
syndromes: the cancer-prone repair disorder xeroderma
pigmentosum (XP groups B and D) and the neurodevelop-
mental conditions Cockayne’s syndrome and trichothio-
dystrophy (reviewed by Bootsma and Hoeijmakers, 1993).
Many clinical features associated with the latter two disor-
ders may in fact be due to a subtle defect in the basal
transcription function of TFIIH, and, as such, they may
uncover the manifestations of a previously unrecognized
transcription syndrome.

The protein kinase activity of TFlIH has been shown to
phosphorylate the C-terminal domain (CTD) of the large
subunit of RNA pol li (Lu et al., 1892}, a modification that
occurs prior to elongation (reviewed by Dahmus, 1994).
The nonphosphorylated form interacts preferentially with
the TATA-binding protein (TBP) (Ushevaetal., 1992), lead-
ing to the assumption that the phosphorylation of RNA
pol Il couid disrupt its interaction with TBP, consequently
freeing the elongation complex from its TBP anchor or
other basal transcription factors at the promoter.

We now report that the TFiiH-associated CTD kinase
activity resides with MO 15, which was previously identified
as the catalytic subunit of CDK-activating kinase (CAK),
a cyclin-dependent protein kinase that phosphorylates
p34°*2 and p33°*2 in an action required for the cell cycle
to proceed (Fesquet et al., 1993; Poon et al., 1993; Fisher
and Morgan, 1994; Makela et al., 1994; Tassan et al., 1994).

Results

identification of MO15

When a partially purified TFilH fraction was subjectad to
an immunoaffinity chromatography using an antibody di-
rected against the 62 kDa subunit of TFilM, additional poly-
peptides with molecular masses of 80 kDa (the XPD/
ERCC2 helicase), 38 kDa, and 32 kDa were found to copur-
ify with the five previously identified members (Gérard et
al., 1991; Fischer et al., 1992). Amino acid sequence anal-
ysis of tryptic peptides derived from the 38 kDa polypeptide
gave KLADFGLAK and KLDFLGEGQFATVYK, which cor-
responded to the 40 kDa cdc2-related protein kinase MO15
(Tassan et al., 1994).

We thus examined the presence of MO 15 and the CTD
kinase throughout the final stages of the TFliH purification
procedure (Figures 1A-1C), using immunoblots with anti-
MO15 antibodies (Tassan et al.,, 1994); using the CTD
kinase assay in which a synthetic peptide (ctd4) mimicking
four repeats of the CTD of the largest subunit of RNA pol
Il was used as a substrate; using the phosphorylation of
glutathione S-transferase (GST)-cdk2, a known in vitro
substrate of Xenopus laevis and human MO15; and using
the CAK assay (Poon et al., 1993) wherein M(O15 phospho-
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Figure 1. Copurification of MO15 with TFIIH

A transcriptionally active sulfopropyl fraction was successively sepa-
rated on a heparin-5PW (A), HAP (B), and a 50 mM KCl glycerol gradi-
ent (C) as previously described (Gérard et al., 1991). Each fraction
was analyzed on an 11% SDS-polyacrylamide gel (10 pl) and immu-
nobiotted with antibodies against all of the TFIH subunits (Ab-ERCC3
for p89, Ab-ERCC2 for p80, and Ab-3¢9 for p62) and, when indicated,
with antibodies against p44, p34, and MO15. Aliquots of the same
fractions were subjected to a kinase assay (3-6 pl), using ctd4 as a
substrate, and to a CAK assay (10-20 pl), resulting in phosphorylation
of histone H1. The phosphorylation of E. coli overexpressed GST-
cdk2 by 10 pl of each fraction was also tested (Poon et al., 1993). WB,
Western blot; lane L, loading material; as negative control, the CAK
assay was performed on buffer (minus) and on peak fractions without
addition of GST-cdk2 (C).

rylates and hence activates p33°*? in the presence of
cyclin A and subsequently p33°*? phosphorylates histone
H1 in the presence of radioactive [y-**PJATP. On the hepa-
rin-5PW and hydroxyapatite (HAP) columns, MO15 (as ob-
served by immunobilotting, cdk2 phosphorylation, and the
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Figure 2. Coimmunoprecipitation of TFIlH and MO 15

Protein A-Sepharose beads carrying the Ab-3c9 (lanes 2 and 8), Ab-
ERCC2 (lanes 3 and 9), and Ab-MO15 (lanes 5 and 11) antibodies
and Ab-GST (lanes 4 and 10) or preimmune serum (lanes 6 and 12)
were incubated with 50 uif of highly purified TFIIH (HAP elute) (lanes
1-6) or 200 ui of WCE (lanes 7-12). After extensive washing, half of
the beads were eluted by boiling in SDS sample buffer, analyzed by
SDS-PAGE, and immunoblotted using the antibodies described in the
legend of Figure 1. The remaining beads were subjected to kinase
assays, using either CTD or TBP as substrates, or to CAK assays.
The lane marked by the minus shows a negative controi; HAP and
WCE were tested without adding GST—-cdk2 (C). WB, Western blot.

CAK assay) copurifies with p62 and CTD kinase activity
(Figure 1A, lanes 10-14; Figure 1B, lanes 8-14). We then
joaded the TFIIH (HAP fraction) onto a glycerol gradient
(50 mM KCI). We observed that phosphorylation of ¢ctd4,
GST~cdk2, and CAK activity copurifies with MO15 and
the three TFIIH subunits peaking in fractions 9 and 10
(Figure 1C).

Characterization of the MO15 Polypeptide
Complexe(s)

The copurification experiments strongly suggest, but do
not prove, that MO15 is part of the TFIIH compiex. To
obtain evidence for a physical association between MO15
and other TFIIH components and to characterize the
MO 15-associated polypeptides, we performed parallel im-
munoprecipitations (Figure 2) from HAP and Hela whole-
cell extract (WCE) using Ab-3¢c9, Ab-ERCC2, and Ab-
MO15 antibodies against either p62 (Fischer et al., 1992),
p80/ERCC2 (Schaeffer et al., 1994), or p40/MO15 (Tassan
et al., 1994), respectively. Antibodies directed against the
TFIIH subunits p34 and p44 were also used where indi-
cated (Humbert et al., 1994).

Qualitatively both sets of immunoprecipitations per-
formed with the HAP and the WCE fractions gave the same
result: Ab-3¢9, Ab-ERCC2, and Ab-MO15 antibodies im-
munoprecipitated all the previously characterized sub-
units of TFIIH (p89, p80, p62, p44, and p34), in addition
to MO15. In the two controls, none of these polypeptides
was detected.

A quantitative analysis of the polypeptides precipitated
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Figure 3. Some MO15 Can Be Resolved from TFIIH

Aliquots (20 pi) from the phenyl-5PW fractions (0.4-0.0 M ammonium
sulfate gradient) were analyzed by Western biot (WB) for the presence
of MO15 and p62. Fractions 3-10 were applied onto a HAP-5PW col-
umn (Gérard et al., 1991) and tested as described in the legend of
Figure 2.

with the three antibodies Ab-3c9, Ab-ERCC2, and Ab-
MO15, however, shows important differences. The ratios
among the six polypeptides immunoprecipitated from HAP
are almost identical, independently of the antibody used
(compare lanes 2, 3, and 5 in Figure 2), which suggests
that all five of the TFIIH subunits and MO15 belong to one
homogeneous protein complex. When WCE is used as
starting material, the ratios among the various polypep-
tides vary depending on the antibody employed (Figure
2, lanes 7~12). Ab-3c9 immunoprecipitates much less p80
and MO15 compared with p62, while Ab-ERCC2 and Ab-
MO15 immunoprecipitate p80 and MO15 in similar propor-
tions but comparatively less p62 and p88 (Figure 2, ianes
8, 9, and 11). Furthermore, the ratio of p80 to MO15 is
constant regardless of whether an anti-ERCC2 or an anti-
MO15 antibody is used, implying a direct relationship be-
tween these two polypeptides. All together, these results
suggest that there are at least two complexes that contain
MO15 in the HeLa WCE fraction.

Phosphorylation of the ctd4 synthetic oligopeptide, as
well as the CAK activity, is directly proportional to the
MOQ15 polypeptide concentration, suggesting that MO15
kinase activity is independent of the polypeptide composi-
tion of the immunoprecipitated complexes. When TBP is
used as a substrate, we observed a different phosphoryla-
tion efficiency that was not proportional to the MO15 poly-
peptide concentration (compare lane 8 with lane 11 in Fig-
ure 2). It was not possible to elute the protein complexes
from the immunoadsorbant in nondenaturing conditions
10 evaluate their transcription activity.

MO15 Possesses CTD Kinase Activity

To correlate the presence of MO15 with the CTD kinase
activity, an intermediate fraction was separated on a phe-
nyl-5PW column. Elution of TFIlH occurs between 0.25
and 0.10 M ammonium sulfate, corresponding to fractions

Table 1. Comparison of Kinase Activities between MO15
and TFIIH

Effectors MO158 TRIH®

ATP +
dATP

GTP

CTP

cAMP

YSPTSPS wild type®
YAPTSPS mutant
YSPTAPS mutant
BNA pol II (yeast)
p33ede

Histone

Casein

oUC309° -

1+ 4+
I+ 4+ +

[
A

i
]

+

Competition assays using the oligopeptide ctd4 were performed with
8O15 or TFIIH and different nucleotide substrates. Phosphoryfation
of synthetic peptides corresponding to the CTD consensus sequence
(YSPTSPS wild type) or alanine-substituted mutants (1 ug per assay),
RNA pol It (yeast) (a gift from J. M. Rivat) (50 ng per assay), recombi-
nant E. coii overexpressed rp33°*2, and histone H1 and casein {Sigma)
(1 ug per assay each) were tested as substrates in kinase reactions.
The effect of pUC309 (100 ng per assay) on the phosphorylation of
RNA po! il was as described (Serizawa et al., 1992). Plus designates
whether excess radioinert nucteotide (1 mM) could compete the ATP-
dependent reaction, whether the polypeptide substrate couid be phos-
phorylated, or whether the presence of promoter-containing DNA stim-
ulated the phosphorylation of RNA pol |i.

@ MO15 was resolved on HAP (see Figure 3) fraction 8 at 3 ul (10 ng)
per assay.

® TFIIH was resolved on HAP fraction 12 at 3 pl {10 ng) per assay.

° Synthetic peptide consisting of eight copies of the wild-type or the
mutated CTD consensus sequence.

4 pUC309 is a pUC-derived plasmid that contains the adenovirus 2
major late promoter from regions —677 to +33.

16-24 as judged by the presence of p62, whereas MO15
and CTD kinase activity eluted with a much broader peak
(Figure 3, top panel; data not shown). No traces of the
characterized TFilH subunits could be detected in the frac-
tions 2~10. Note also that a portion of the MO15 coelutes
with TFIIH (fractions 18-22). Fractions 310 were then run
over a HAP column. MO15, CTD kinase, and CAK activity
elute in fractions 4-10 (Figure 3, lower panel).

We then compared the kinase activity of both MO15
(HAP fraction 8; Figure 3) and TFlIH (Gérard et al., 1991).
This MO15 fraction contains the MO15 polypeptide and
likely its regulatory subunit(s), as evidenced by the ob-
served CAK activity. As summarized in Table 1, the nu-
clectide specificities of MO15 and TFHH are identical:
ATP, dATP, and GTP all act as cofactors for the CTD
kinase in competition assays, while CTP or cAMP had
no effect on the phosphorylation of ctd4. Both TFIIH and
MO15 are similarly inhibited by staurosporin and by the
isoquinoline sulfonamide derivative H-8 (data not shown;
Serizawa et al., 1993). By using synthetic peptides that
correspond to the wild-type CTD consensus sequence
(YSPTSPS) or peptides that contain alanine substitutions
at serine positions 2 or 5, we show that TFliH and MO15
exclusively phosphorylate the sering at position 5 (Table
1}, similar to yeast factor b (J. Corden, unpublished data).
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Figure 4. Ab-MO15 Antibody Shifts MO15-Associated Kinase Activi-
ties through a Glycerol Gradient

HAP (200 pl) (fraction 12) was incubated for 1 hr at 4°C with purified
rabbit polyclonal antibodies directed against either TFIIB (TFIIH plus
Ab-Control) or MO15 (TFIIH plus Ab-MO15) before glycerol gradient
centrifugation (Schaeffer et al., 1994). Aliquots (10 pl) were tested
for TFliH-dependent transcription, CTD kinase, and CAK activity and
immunoblotted as in Figure 1. The specific runoff transcript is marked
as 309 nt. WB, Western blot.

RNA pol [l from yeast was weakly phosphorylated and
Escherichia coli overexpressed recombinant p33°*? was
strongly phosphorylated in solution, while two common
proline-directed kinase substrates, histone H1 and casein,
were not phosphorylated by either of the kinase fractions.
Phosphorylation of the CTD of the RNA pol Il under tran-
scription conditions was highly stimulated by the presence
of promoter DNA (pUC309) only in reactions performed
with TFIIH. No such effect was observed with MO15.
Taken together, these data show that MO15 and TFIIH
exhibit nearly identical kinase properties, suggesting that
the presence of MO15 polypeptide in the TFIIH complex
is ultimately responsible for its kinase activity. However,
when RNA pol Il phosphorylation was tested in the pres-
ence of the other basal transcription factors, only reactions
performed with TFIIH were stimulated by the presence of
promoter, therefore suggesting that MO15 requires other
TFIIH components to carry out this reaction efficiently.

Evidence for Different Forms of TFilH
The existence of two or more MO15-containing complexes
is apparent from the immunoprecipitation experiments.

We thus performed glycerol gradient shift experiments
(Figure 4) using TFIIH (HAP, fraction 12) and either purified
rabbit anti-TFIIB antibody (Ab-Control) or Ab-MO15. in the
gradient performed with Ab-Control, transcription, CTD ki-
nase, and CAK activity, as well as MO15, p62, p80, and
p89, peaked in fractions 7 and 8. No significant CTD kinase
or CAK activity could be detected elsewhere on the gradi-
ent, suggesting that these two activities are associated
with TFIIH.

In the second gradient, Ab-MO15 displaces the MO15
antigen along with the CTD kinase and the CAK activities
(from fractions 7-8 to fractions 8~14), thus demonstrating
the presence of at least two qualitatively different com-
plexes, one of which is shifted by the antibody, while the
other(s) sediments in a similar manner as TFIIH on the
Ab-Control gradient (compare the band intensity levels of
the four polypeptides in fractions 7 and 8 of the Ab-Control
gradient and of the same fractions of the TFIIH plus Ab-
MO15 gradient and also the difference in stoichiometry
between the polypeptides present in fractions 7 and 11 in
TFIIH plus Ab-MO15, respectively, shown in Figure 4).
Interestingly, the Ab-MO15-induced shift of the MO15-
associated kinase activities compromised the levels of
transcription by approximately 10-fold compared with that
recovered from the gradient performed with the Ab-Control
(Figure 4). It is improbable that this reduction in transcrip-
tion activity is due to an inhibitor present in the antibody
fraction since, prior to our performing the gradient sedi-
mentations, similar titers of antibody demonstrated no in-
hibitory effect on any of the enzymatic functions associ-
ated with TFIIH. Therefore, the diminished transcription
activity is most likely due to the disruption of the fully active
TFIIH. These results also show that appoximately 30% of
the total p8O/ERCC2 present in TFliH was also shifted with
the human MO15 and its associated activities, strongly
suggesting an association between both polypeptides in
the shifted complexes.

Phosphorylation of RNA Poi Il

and Transcription Activity

To establish further a relationship between the ability of
MO15 to phosphorylate the CTD of the large subunit of
RNA pol Il and transcription activity, we tested a series
of different TFilH-derived fractions (Figure 5A). The Ab-
Control flowthrough (FT) fraction contained each of the
TFIIH subunits present in the load in addition to MO15
{Western blot; Figure 5A, lanes 1 and 2), whereas the FT
of the other immunoaffinity columns (Ab-ERCC3, Ab-
ERCC2, and Ab-MQO15) contained little or none of these
polypeptides (lanes 3-5). The Ab-ERCC3 and Ab-ERCC2
eluate fractions (see Experimental Procedures) contained
p89, p80, and p62 (Figure 5A, lane 6) in addition to p44
and p34 (data not shown) and to p80 and MO15 (lane 7),
respectively.

Ali the fractions that contained MO15 phosphorylated
the ctd4 oligopeptide (Figure 5A, lanes 1, 2, and 7). On
the other hand, only the FT of Ab-Control, as well as the
load, were able to phosphorylate the CTD of the large
subunit of RNA pol il under transcription conditions (Figure
5A, lanes 2 and 1, respectively). Neither the MO15 nor
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Figure 5. MO15 Depletion Abrogates TFIIH Transcription, Kinase,
and Repair Activities

Heparin-5PW {500 pl) (fraction 12; load) (lane 1) was applied on protein
A~Sepharose that contained either Ab-Control, Ab-ERCC3, Ab-ERCC2,
or Ab-MO15 antibodies as described in the legend of Figure 1. The
FT fractions and the eluates (as indicated at the top of the panel),
either alone {A) or in complementation experiments (B), were tested
in kinase assays using either ctd4 or RNA pol li, for TFiiH-dependent
transcription activity, in in vitro DNA repair assays, and also by immu-
noblotting (shown as WB). TFIIH was HAP fraction 12 (3 ul); H and
minus refer to reactions performed with HeLa and GM2552A (ERCC3)
WCEs, respectively, EtBr, ethidium bromide.

the Ab-ERCC2 eluate fractions were capable of phosphor-
ylating RNA pol Il despite the fact that both possessed
MO15 and a CTD (peptide) kinase activity.

Addition of MO15 or the Ab-ERCC?2 eluate (which con-
tains p80 and MO15) to the FT Ab-MO15 fraction had no
restoring effect on RNA pol |l phosphorylation (Figure 58,
lanes 4 and 5). The Ab-ERCC3 eluate (which contains p89,

Table 2. Effect of Antibody injection on Repair and Transcription

Percent Remaining Percent Remaining

injected Antiserum Transcription? NER®
Ab-MO15 57 50
Ab-ERCC3® 52 57
Ab-ERCC1® 100 3
Nonimmune serum® 93 98

¢ Derived from grain countings of nuclei of injected cells, compared
with the grains above nuclei from noninjected neighboring fibroblasts.
° See van Vuuren et al. (1994).

p80, p62, p44d, and p34) was ailso ineffective in restoring
this activity (data not shown). None of the latter fractions
were active in our transcription system, either alone or in
combination. Only when TFIIH or FT Ab-Control are added
back to the FT Ab-MO15 can phosphorylation of RNA pol
it and transcription be restored {data not shown; Figure
5B, lane 6). Our inability to reconstitute TFIH activity could
be due to some irreversible denaturation of the complex
during the various immunoaffinity wash steps. From the
present data, we conclude that the CTD kinase activity
associated with MO15 is not sufficient efficiently to phos-
phorylate the CTD of RNA pol iI, to phosphorylate tran-
scription, or both. Phosphoryiation of RNA polymerase
and maximal transcription require the presence of MO15
in addition to other, if not ali, the TFIIH subunits.

Involvement of MO15 in DNA Repair

and Transcription

The previous fractions first were tested for their ability to
restore the DNA repair in a XPB/ERCCS3 repair-deficient
cell extract. Only the FT Ab-Control restored the DNA re-
pair activity whereas the FT Ab-ERCC3, FT Ab-ERCC2,
and FT Ab-MO15 were inactive (Figure 5A). Addition of
TFIIH as well as recombinant ERCC3 {van Vuuren et al.,
1894) to the ERCC3-deficient WCE combined with the FT
Ab-MO15 (Figure 5B, lanes 1 and 6; data not shown) re-
stored the DNA repair activity. However, if MO15 alone
or MO15 associated with ERCC2 was added to the NER
extract, no repair of the damaged DNA was observed (Fig-
ure 5B, lanes 4 and 5). All together, these results suggest
that the absence of NER activity in the FT of the Ab-MO15
depleted fraction is not directly due to the removal of MO15
kinase itself, but rather to the overali depletion of ERCC3
inciuded in a complex that aiso contains both MO15 and
ERCC2, namely TFIIH.

In a second set of experiments, we showed that microin-
jection of Ab-MO15 into the cytoplasm of normal human
fibroblasts (Vermeulen et al., 1994) results in a marked
decrease in both transcription (as determined by incorpo-
ration of [*H]uridine) and NER (as determined by the level
of ultraviolet [UVl-induced [*H]thymidine incorporation;
Figure 6; Table 2). Microinjection of antibodies against
ERCCA1, a polypeptide exclusively devoted to the repair
reaction, had no effect on RNA synthesis (Table 2). We
attribute the remaining residual activity to incomplete ac-
cess of the antibody to the MO15 protein or an insufficient
titer of the serum, as was also seen with XPB/ERCC3
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Figure 6. EffectofMicroinjection of MO15 Antibodies on Transcription
and NER of Normal Cells

Micrographs demonstrating the inhibition of general transcription (A)
and DNA repair (B) in vivo after injection of Ab-MO15 in the cytoplasm
of normal human fibroblasts (C5RO). RNA synthesis is assayed by a
1 hr pulse labeling with [°H]uridine and visualized by in situ autoradiog-
raphy. NER synthesis was measured by incorporation of ["Hjthymidine
over a period of 2 hr immediately following UV exposure (15 J/m?). The
heavily tabeled nucleus is from a cell in S phase during [*H]thymidine
incubation. Note the morphological changes in the nuclei (in particular
the disappearance of the nucieoli) in the injected dikaryon. The injected
cells are indicated with an arrow. Only multinuclear cells were used
for injection (indicated as 2), generated by cell fusion using inactivated
Sendai virus, and were compared with the neighboring noninjected
cells {indicated as 1).

antiserum. Although the microinjection of Ab-MO15 inhib-
its DNA repair and transcription, we cannot presently rule
out that the effect of MO15 antibodies is indirect via the
activation of some other CDK required for these two pro-
cesses.

Discussion

Research on the transcription of protein-coding genes has
now reached the stage at which the main factors that con-
stitute the basal transcription machinery have been identi-
fied. Very little is known concerning the catalytic steps
underlying the formation of the initiation complex and its
conversion to an elongation complexin order to begin RNA
synthesis.

We report here that the previously cloned human MO15
protein kinase, the activity of which was measured by the
phosphorylation of p33°%2 and by the CAK assay, is associ-

ated with TFIIH and is responsible for its CTD kinase activ-
ity. Furthermore, when this CTD kinase activity is dissoci-
ated from TFIIH, it continues to copurify with MO15,
suggesting that this protein kinase is the catalytic subunit
of the TFlIH-associated kinase. Surprisingly, following the
partial dissociation of TFIIH with 0.05% sarcosyl followed
by glycerol gradient sedimentation, the kinase activities
and MO15 migrated to a position on the gradient that cor-
responded to the 94 kDa size marker, far from the position
one would expect for a 40 kDa polypeptide monomer (data
not shown). That TFIIH possesses CAK activity, whereas
the recombinant MO15 requires the presence of cyciin H
for CAK (Fisher and Morgan, 1994; Makela et al., 1994},
implies that TFIIH is also complexed with cyciin H. In fact,
when immunoprecipitations of a partially purified TFIIH
fraction with Ab-ERCC2 under medium high salt condi-
tions (0.5 M KCI) are performed, a triplet consisting of
MO15, p34, and p32, in addition to the known TFIIH sub-
units, was visualized on silver-stained polyacrylamide gels
(data not shown). Our microsequencing data (HWTFSS-
EEQLAR and TADDFLNR) confirms the presence of the
cyclin H regulatory partner of MO15 in a highly purified
TFHH fraction (R. R. and J.-M. E., unpublished data).

We did not find any homology between the CTD and
the T loop sequence of p33°%? and p34°*2, Thus, the fact
that TFilH is capable of phosphorylating very different sub-
strate sites is somewhat perplexing, the CTD, however,
being a more typical substrate for a CDK.

MO15 and Transcription

Although we could not present direct evidence for a func-
tional role of MO15 and its kinase activity in the transcrip-
tion reaction, the following facts strongly suggest that
MO15 plays a role in this step of gene expression. First,
MO15 is associated with the TFIIH transcription factor.
Second, microinjection experiments using Ab-MO15 re-
duced in vivo RNA synthesis, thus adding to previous re-
sults that have shown that an antibody directed toward
the p62 TFIIH subunit results in an inhibition of both RNA
pol Il phosphorylation and transcription activity (Lu et al.,
1992; Fischer et al., 1992). Third, Ab-MO15 depletes an
activity necessary for RNA pol |l phosphorylation and tran-
scription. The fact that MO15 alone is not sufficient to
restore both activities suggests that phosphorylation as
well as RNA synthesis likely requires certain other key
TFIIH subunits.

is TFIIH invoived in Cell Cycie Regulation?

it is intriguing that a protein kinase involved in the reguia-
tion of the cell cycle is associated with a basal transcrip-
tion—repair factor. The most triviai explanation would be
that the cell uses the same essentially unregulated kinase
for two independent processes. The CAK activity of MO15
has been shown to remain constant during the mammalian
cell cycie (Tassan et al., 1994). Thus, it is possible that it
is only the availability of the substrate (that is, p34°®2 with
a bound cyclin) that regulates the activity of MO15 as the
cdc2-activating kinase. Similarly the CTD kinase of MO15
associated with TFIIH may only depend on a transcription
context bringing kinase and substrate into close proximity.
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Thus, if the MO15 kinase activity remains constant under
different physiological conditions, the cell can afford to
use the same kinase for two functions without having these
interfere with each other.

Alternatively, MO15 could respond to an unidentified
cellular signal o relay it both to the cell cycle and transcrip-
tion apparatuses. The links among a cell cycle kinase,
basal transcription, and DNA repair revealed by the pres-
ent work set the scene for an interesting scenario. DNA
damage induces cell cycle arrest. The checkpoints of this
cellular response (reviewed by Murray, 1993) serve to pro-
vide DNA repair systems the time to eliminate lesions in
DNA. For example, MO15 may respond to DNA-damaging
agents through its interaction with the p80/ERCC2 heli-
case, a subunit of TFIIH. However, it is currently unknown
which process senses DNA injury first and generates the
primary trigger that eventually results in cell cycle arrest.
Transcription constitutes a process that continuously sub-
jects large, vital parts of the genome to a rigorous test for
intactness since it is effectively blocked by lesions in the
template. Thus, the RNA pol Il machinery indirectly per-
forms a cell cycle~independent surveillance for genome
integrity. The identification of a cell cycle kinase as an
integrat component of the basal transcription apparatus
may provide a link between blocked transcription by DNA
lesions and cell cycle control. Thus, TFilH-associated
MO15 could initiate the signaling cascade via activation
of various CDKs that lead to cell cycle arrest in G1, S,
or G2 when transcription is hampered. Alternatively (or
additionally), the kinase activity may be required for re-
cruiting TFIIH from the transcription mode into the repair
configuration or vice versa.

Toward Several Forms of Specialized

TFlIIH Complexes

In the light of glycerol gradient shift and immunoprecipita-
tion experiments (this study; see also Schaeffer et al.,
1994), it seems that there are forms of TFIIH complexes
that differ qualitatively, quantitatively, or both in their poly-
peptide composition. Moreover, a TFliH-free form of MO15,
likely associated with its regulatory subunits, can be par-
tially dissociated from TFIIH with high concentrations of
ammonium sulfate (Gérard et al., 1991; Schaeffer et al.,
1994). Considerable discrepancy in the published molecu-
lar mass of CAK containing MO 15 supports this possibility.
in human cells, native molecular masses of 60~120 kDa
(Tassan et al., 1994), 180 kDa (Fisher and Morgan, 1994),
and 300-400 kDa (Wu et al., 1994) were reported. Poon
et al. (1993) and Fesquet et al. (1993) showed two peaks
{corresponding to molecular masses of 80 and 180-220
kDa) of CAK activity in X. laevis egg extract. It is not clear
whether these differences reflect different functional enti-
ties in vivo, but it is possible that the 80 kDa complex
corresponds to MO15-cyclin H, the 180 kDa complex to
MO15-cyclin H-ERCC2, and the 300-400 kDa complex
to TFilH. All these forms strongly suggest a heterogeneity
of the MO15-TFIIH complex reminiscent of the suggested
factor b repairosome that includes three different func-
tional entities (Svejstrup et al., 1994). Feaver et al. (1994
{this issue of Cell]) show that KIN28, the yeast homolog

of MO15 (47% identity; 68% similarity) is also part of yeast
factor b. This demonstrates once again the functional and
structural equivalence of both the yeast and the human
TFIIH, which share Rad25/ERCC3, Rad3/ERCC2, Tib1/
p62, SSL.1/p44, and now KIN28/MO15 subunits. The het-
erogeneity in the composition of TFilH (see Figure 2) and
factor b (Svejstrup et al., 1994) suggests that the various
functions of TFIIH in transcription, repair, and possibly in
cell cycle control could be associated with different TFiIH
complexes.

Experimentai Procedures

FPhosphorylation Reactions

Kinase assays using the synthetic oligopeptides were as in Cisek and
Corden (1991), while GST-cdk2 phosphorylation and CAK activity
were performed according to Poon et al. {1993).

The phosphorylation of RNA pol Il was performed essentially as
described elsewhere (Serizawa et al., 1992). In brief, preinitiation com-
plexes were formed as in a typical runoff transcription reaction in a
20 i volume using a reconstituted in vitro system (Humbert et al.,
1994). Following an incubation of the compiexes for 15 min at 25°C,
the reactions were completed to 25 pl by adding radioinert GTP, CTP,
UTP (0.20 mM final concentration), and ATP (0.02 mM final concentra-
tion) in addition to 2 uCi of [y-*P]ATP (7000 Ci/mmol). After 45 min
at25°C, the incubation mixture was subjected to SDS-polyacrylamide
gel elecirophoresis (SDS-PAGE) on a 9% poiyacryiamide gel. The
gel was dried and autoradiographed.

immunological Methods

The polyclonal anti-MO15 and the monocionai antibodies against the
various TFilH subunits (Tassan et al.,, 1994; Humbert et al,, 1994;
Schaeffer et al., 1994) were cross-linked to protein A-Sepharose. For
the immunoaffinity columns, 200 ui of a 50% slurry {antibody-bound
protein A-Sepharose) was incubated with 500 ul of a partially purified
TFHH fraction (heparin-5PW) for 1 hr at 4°C. The various steps were
as described previously (Schaeffer et al., 1994). In brief, Ab-ERCC3
and Ab-ERCC2 columns were extensively washed with 0.5 M, 1 M,
and 2 M KCI and reequilibrated to 0.05 M KCI for elution using the
synthetic peptides (2 mg/ml final concentration) ASRRFGTMSSMS-
GADDTSETD for Ab-ERCC3 and LESEETLKRIEQIAQQL for Ab-
ERCC2. To remove the peptide, we dialyzed the resulting eluates
against 50 mM Tris—HCI (pH 7.6), 0.1 mM EDTA, 0.50 mM DTT, 50
mM KCl, 10% glycerol (viv).

For immunoprecipitations, the fraction to be tested was diluted 10-
fold in buffer A (100 mM NaCl, 20 mM Tris-HCi {pH 8}, 1 mM DTT,
0.1% EDTA), and 10 ul of antibody beads were added. After 1 hr of
shaking at 4°C, the beads were washed four times in buffer A and
once in kinase buffer. An aliquot was used for kinase assays and the
rest was taken up in SDS sampie buffer.

DNA Repair Synthesis

Plasmids pUC309 and pET3a (Novagen) were grown in E. coli strain
DH5q, and plasmid DNA was isolated by alkaline lysis. The plasmid
pET3a was UV irradiated (450 J/m?) as described (Wood et al., 1988).
Both plasmids were treated with E. coli Nth protein {provided by R.
Wood). Standard 50 i reaction mixtures contained 250 ng of nonirradi-
ated and irradiated DNA in addition to 80 mg of protein HeLa or GM2552A
(ERCC3") WCE. Reactions were incubated at 30°C for 3 hr. Plasmid
DNA was purified from the reaction mixtures, linearized with BamHi,
and electrophoresed overnight on a 1% agarose gel containing 0.5
mg/mi ethidium bromide. The DNA was visualized, and the gel was
dried and autoradiographed.

Other Methods

Protein purification of TFIIH and microsequencing of the polypeptides
were performed as previously described (Fischer et al., 1992). Glycerol
gradients and antibody shifts were as in Schaeffer st al. (1994).
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