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A cyclin-dependent kinase (cdk)-activating kinase
(CAK) has been shown previously to catalyze T-loop
phosphorylation of cdks in most eukaryotic cells. This
enzyme exists in either of two forms: the major one
contains cdk7, cyclin H and an assembly factor called
MAT-1, whilst the minor one lacks MAT-1. Cdk7 is
unusual among cdks because it contains not one but
two residues (S170 and T176 inXenopus cdk7) in
its T-loop that are phosphorylated in vivo. We have
investigated the role of S170 and T176 phosphorylation
in the assembly and activity of cyclin H-cdk7 dimers.
In the absence of MAT-1, phosphorylation of the T-loop
appears to be required for cdk7 to bind cyclin H.
Phosphorylation of both residues does not require
cyclin H binding in vitro. Phosphorylation of S170 is
sufficient for cdk?7 to bind cyclin H with low affinity,
but high affinity binding requires T176 phosphoryl-
ation. By mutational analysis, we demonstrate that in
addition to its role in promotion of cyclin H binding,
S170 phosphorylation plays a direct role in the control
of CAK activity. Finally, we show that dual phosphoryl-
ation of S170 and T176, or substitution of both phos-
phorylatable residues by aspartic residues, is sufficient
to generate CAK activity to one-third of its maximal
value in vitro, even in the absence of cyclin H and
MAT-1, and may thus provide further clues as to how
cyclins activate cdk subunits.
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Introduction

Activation of cyclin-dependent kinases (cdks) requires
not only association with a cyclin subunit, but also

with two further subunits to form CAK (cdk-activating
kinase). The cyclin partner is cyclin H (Fisher and Morgan,
1994; M&kelaet al, 1994). The third subunit is a RING
finger protein, called MAT-1 (‘menageteois’) because it
was shown to functiorin vitro as an assembly factor,
promoting a stable interaction between cdk7 and cyclin
H (Devaultet al, 1995; Fisheet al, 1995; Tassaet al,,
1995). The trimeric CAK complex also associates with
‘core’ TF,;H to form a complex of at least nine subunits
which is required for nucleotide excision repair of DNA
and for transcription by RNA polymerase Il (Drapkin and
Reinberg, 1994; Serazt al, 1995). Potential homologues
of cdk7 and cyclin H have been identified in yeasts. In
fission yeast, a complex between Crk1/Mop1l (the putative
cdk7 homologue) and Mcs2 (the putative cyclin H homo-
logue) displays CAK activityin vitro (Buck et al., 1995;
Damagnezt al, 1995). In budding yeast, in contrast, the
complex between KIN 28 and CCL1 (the closest budding
yeast structural homologues of cdk7 and cyclin H respect-
ively) does not seem to display CAK activity, even though
it readily associates with core JH and is able to
phosphorylate the C-terminal domain of RNA polymerase
Il (Feaveret al, 1994; Cismowskiet al, 1995; Valay
et al, 1995).

Recently, a novel CAK (CAK1/Civl) has been identified
in budding yeast (Kaldist al, 1996; Thurett al,, 1996).
Although CAK1/Civl is most similar in sequence to the
cdk family of kinases, unlike the cdks, CAK1/Civl is
active as a monomer and may thus be the founding
member of a new family of protein kinases. Genetic data
indicate that it is indeed a physiologically relevant CAK
in budding yeast. To our knowledge however, no CAK1/
Civl homologues have yet been found in other eukaryotes,
and their potential role in controlling activation of cdk
complexes remains elusive, except in budding yeast. As
depletion of cdk7 from oocyte or egg homogenates has
been shown to suppress their ability to support T161
phosphorylation of cdc2 and formation of active cdc2—
cyclin A complexes (Fesquett al., 1993), whilst micro-
injection of antibodies directed against cdk7 severely
impairs assembly of active complexes between cdc2 and
cyclins in microinjected Xenopus oocytes (M.Dore,
unpublished results), it thus seems almost certain that a
complex containing cdk? is the physiologically relevant

phosphorylation of a conserved threonine residue (T161 CAK, at least in oocytes and early embryos.

in human cdc2) located within the so-called T-loop of
kinase subdomain VIII (for reviews, see Solomon, 1994;
Jeffreyet al, 1995; Morgan, 1995).

Whilst assembly of active trimeric CAK complexes
does not require phosphorylation of cdk7 (Devaail@al,
1995; Fisheret al, 1995), it has been reported that

Two distinct protein kinases have so far been shown to assembly of active cdk7-cyclin H dimers can occur

catalyze T-loop phosphorylation of cdks in eukaryotic
cells. The first one, purified from both vertebrate and
invertebrate species (Fesquett al, 1993; Poonet al,
1993; Solomonet al, 1993), is itself a member of the
cdk family of protein kinases (cdk7), which associates
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through an alternative MAT-1-independent pathway that
requires phosphorylation of cdk7 in its T-loop by a CAK-
activating kinase (Fisheet al, 1995). Whether cdk7—
cyclin H complexes can actually assembievivo in the
absence of MAT-1 was, however, not documented.
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Here, we first provide evidence that, unlike cdk7 and
cyclin H, the RING finger protein MAT-1 is not a universal
component of CAK. Indeed, gel filtration &fenopusegg
extracts reproducibly yielded a peak of CAK activity with
an apparent Mof 75 kDa containing both cdk7 and cyclin
H, but not MAT-1. AsXenopuscdk? has been shown to
be phosphorylateth vivo on two residues of the T-loop,
S170 and T176 (Labbet al, 1994; Pooret al, 1994),
we further investigated the role of S170 and T176 phos-
phorylation ofXenopuscdk? in the assembly and activity
of cyclin H-cdk7 dimers. We show that, besides promoting
association with cyclin H, both phosphorylations further
increase the catalytic activity of the complex. In fact, dual
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Fig. 1. Analysis by Western blotting of materials immunoprecipitated
with anti-cdk7 antibodies from 160 (trimeric) and 75 kDa (dimeric)
peaks of CAK activity, resolved by gel filtration frodenopusegg

phosphorylation of S170 and T176 appears to be sufficient extracts. A) Inmunoprecipitated materials were analysed by SDS—

to generate CAK activityn vitro, even in the absence of
cyclin H and MAT-1.

Results

Xenopus oocytes contain an active heterodimeric
cdk7-cyclin H complex

Analysis by gel filtration on a sizing Superdex 200 column
of extracts prepared from unfertilizeXenopus eggs
resolved from trimeric CAK complexes a minor peak
eluting with an estimated apparent, Mdf 75 kDa, that
was shown by Western blot analysis of anti-cdk7 immuno-
precipitates to contain cyclin H, but apparently not MAT-1
(Devaultet al,, 1995). However, the MAT-1 antibody used
in the previous work was directed against the N-terminal
RING finger motif of MAT-1. Thus, we could not exclude
the possibility that this minor CAK complex could have
contained an N-terminally truncated form of the third
subunit. This was not unlikely, as the N-terminal RING
finger domain can be deleted from MAT-1 and is not
required for CAK assembly (Tassat al, 1995).

For this reason, a mutant MAT-1 protein deleted of
the N-terminal RING finger domain was expressed in
Escherichia coliand used to immunize rats, then the
resulting affinity-purified polyclonal antibodies were used
to analyze, by Western blotting, materials immunoprecipit-
ated with anti-cdk7 antibodies from the minor peak of
CAK activity. Again, no MAT-1 protein was detected
(Figure 1A). In contrast, antibodies directed against the
RING finger or the N-terminally deleted protein readily
detected MAT-1 in the major peak of CAK activity. Hence,
Xenopusoocytes actually contain an active heterodimeric
CAK complex. We previously showed that cdk7 is phos-
phorylated on both Ser170 and Thrl76 in heterotrimeric
CAK complexes (Labbest al, 1994). This appears also
to be the case for heterodimeric CAKs, as they contain
cdk7 of identical electrophoretic mobility after SDS—PAGE
(Figure 1B). In the next experiments, we investigated
how cdk7—cyclin H complexes can form through cdk7
phosphorylation in the absence of the MAT-1 assembly
factor.

In vitro phosphorylation of cdk7 by cdk2-cyclin A

or cdc2-cyclin B promotes cyclin H binding

In a previous study, we failed to co-precipitate cyclin H
and cdk? from a reticulocyte lysate lacking MAT-1, even

PAGE and Western blotting with antibodies directed against the
N-terminal RING finger domain (upper panel) or the N-terminally
deleted MAT-1 protein lacking the RING finger (lower panel).

(B) Materials immunoprecipitated from the trimeric and dimeric peaks
of CAK activity were analysed by SDS—PAGE and Western blotting
with an antibody directed against the C-terminus<ehopuscdk?: the
same downward shift of cdk7 was observed in both cases
(unphosphorylated®s-radiolabelled cdk7, translated in reticulocyte
lysate and run on the same gel, is shown on the left).

filtration assay on a Superosel2 SMART column: whilst
a complex of MAT-1-cyclin H-associated cdk7 was clearly
resolved as a peak of appagéi kDa (fractions 12—
15) when a mixture of lysates programmed with MAT-1,
cyclin H and cdk7 mRNAs was loaded (Figure 2A), cdk7
eluted as a peak of apparent. Mot higher than 40 kDa
(fractions 33-37) when it was mixed before loading
with unprogrammed lysate (Figure 2B) or cyclin
H-programmed lysate (Figure 2C). Thus, cdk7 did not
appear to bind cyclin H in these experimental conditions.
The absence or presence of GST-cdk2—cyclin A, used
as a CAK substrate, was the only parameter that differed
between the previous immunoprecipitation experiments
and the test of CAK activity. Even though unphosphoryl-
ated cdk2 gains only very low kinase activity when it
binds cyclin A (Connell-Cowleet al., 1993), this could
perhaps have been sufficient to catalyse initial phosphoryl-
ation of cdk?, thereby promoting cyclin H binding.
A downwards shift®e8-labelled cdk7, characteristic
of T-loop phosphorylation in the cdk family (Lora al,,
1992b; Rosenbtatt, 1992), was observed when cdk7—
cyclin H co-translation reactions were incubated in the
presence of ATP and both recombinant GST-cdk2 and
cyclin A (Figure 3, left panel). In the presence of GST—
cdk2 alone, which lacks basal protein kinase activity, no
shift was observed. The downwards shift was again
observed when cdc2—cyclin B kinase, purified from starfish
oocytes, was used instead of GST-cdk2—cyclin A.
It has been shown that phosphorylation by cdk2 or cdc2
kinase can bypass the requirement for MAT-1 for formation
of stable complexes between cdk7 and cyclin H (Fisher
et al, 1995). Indeed, we observed that antibodies against
the C-terminus of cdk?7 co-precipitated cyclin H from a
reticulocyte lysate lacking MAT-1 if cdk7 was phosphoryl-
ated previously by either GST—cdk2—cyclin A (Figure 3,
right panel) or cdc2—cyclin B (not shown). In contrast,
cyclin H did not co-immunoprecipitate with cdk7 when

though a strong CAK activity was measured in the absencethe reticulocyte lysate was not incubated with either of

of the RING finger protein (Devaulet al, 1995; see
below Figure 4). We confirmed this result using a gel
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Fraction number 5 10 15 20 25 30 35 40
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Fig. 2. In vitro translated §°S]cdk7 does not bind cyclin H in the absence of MAT-1 if not phosphorylated. A clarified reticulocyte lysam (20
containing f°S]methionine and programmed with cdk7 mRNA only was mixed with 1 vol of unprogrammed If@gt& ¢ol of unlabelled lysate
programmed with cyclin H mRNAR) or 1 vol of unlabelled lysate programmed with both cyclin H and MAT-1 mRNA} €ubmitted to gel

filtration on a Superose 12 column and fractions (@0analysed by SDS—-PAGE and fluorography. No free cdk7 is detected in (A) because cyclin H
and MAT-1 were translated in excess.

in the reticulocyte lysate. Hence, phosphorylation of the IP anti-cdk7
T-loop seems to be required for cdk7 to bind cyclin H in
the absence of MAT-1.
To confirm the above experimenis vitro, we took
advantage of our previous observation that microinjection  qk7 »|

of MRNAs encoding cdk7 can generate CAK activity only cdk?@b— P ‘
if cdk7 is allowed to translocate in the nucleus (Labbe cyc H» d

et al, 1994). As shown in Figure 4A, the downwards shift - — C—
of cdk7 characteristic of T-loop phosphorylation was
observed readily in manually isolated nuclei but not in
the cytoplasm of enucleated oocytes.

Next, both cdk7 and cyclin H mRNAs were micro-

injected into intact oocytes and, aft@ h expression, RadYi & S - +
homogenates prepared from the cytoplasm of enucleated &0 33 q’,c?’i ’L‘d cdk2-cycA
oocytes, or from the same number of manually isolated o&*’ cb"

nuclei, were immunoprecipitated with anti-cdk7 anti-
bodies. As shown in Figure 4B (lane 3), cyclin H was Fig. 3. Phosphorylation of cdk7 by cdk2—cyclin A or cdc2—cyclin B
detected in equivalent amounts to the downward-shifted promotes cyclin H binding in reticulocyte lysate. Left panel: a mixture

; ; _ of wild-type cdk?7 and cyclin H, both translated in reticulocyte lysate
and thus phosphorylated form of cdk7 in nuclear immuno containing f°S]methionine, was supplemented with either GST—cdk2,

preCipitQteS- In contrast, neither cyclin H nor the dowr_" GST-cdk2 plus recombinant cyclin A or cdc2—cyclin B purified from

ward-shifted form of cdk7 were detected in cytoplasmic starfish oocytes, and analysed by fluorography after SDS—PAGE. The
immunoprecipitates (lane 1). The absence of cyclin H was positions of unphosphorylated cdk7, phosphorylated cdk7 and cyclin H
not due to failure of cyclin H to accumulate in cytoplasm are indicated by arrowheads. Right panel: proteins immunoprecipitated

. . . with an antibody directed against the C-terminus of cdk7 were
as cyclin H was readily recovered together with phos- analysed as above: cyclin H is recovered, in a stoichiometric amount

phorylated cdk7 in anti-cdk7 immqnoprgcipitates (lane 2) with the phosphorylated form of cdk7, aftet) but not before (-)
when enucleated oocytes were microinjected with starfish incubation with cdk2—cyclin A.

cyclin B—cdc2 kinase 30 min before immunoprecipitation.

These results validate the vitro assay that was used in A or cdc2—cyclin B, as already observed when cyclin H
the next experiments to analyse further the role of cdk7 was present (Figure 5A); its electrophoretic mobility
phosphorylation in assembly of active cdk7—cyclin H became identical to that of cdk7ifremo assembled
complexes. complexes (not shown), which have been shown previously

to be phosphorylated on both Serl170 and Thrl176. This is
Cdk7 can undergo phosphorylation on both Ser170 not the case for cdk2, however: usiimgvitro translated
and Thr176 in the absence of cyclin H expression Xenopusdk2, we found in parallel experiments that CAK
We confirmed in the previous section that formation of a induces the downward shift of cdk2 characteristic of T160
stable dimeric complex with cyclin H in the absence phosphorylation exclusively when a cdk2 cyclin partner
of MAT-1 requires phosphorylation of cdk7. We next is co-translated or added in the reticulocyte lysate (not
wondered if the catalytic subunit could be phosphorylated shown).
in vitro by cdk2 or cdc2 kinase, even in the absence of To confirm that both residues are phosphorylated by
an associated cyclin subunit. Indeed, cdk7, translated in cdc2—cyclin B kinase, in the absence of cyclin H expres-
reticulocyte lysate in the absence of cyclin H, was found sion, a recombinant wild-type GST—cdk7 and an inactive
to shift following incubation with either GST—cdk2—cyclin kinase mutant GST—cdk7-K47R were used as substrates
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dk7®"‘ Fig. 5. cdk7 undergoes double phosphorylation on serine and threonine
c residues even in the absence of cyclin W) (n vitro translated

cycH » 353-labelled cdk7 was incubated either with cdk2 alone, cdk2—cyclin A
or cdc2—cyclin B and analysed by fluorography after SDS-PAGE.

(B) Wild-type GST—-cdk7, a GST—cdk7-K47R mutant or a GST protein
(control) were phosphorylated by cdc2—cyclin B in the presence of

[y-32P]ATP. Proteins were recovered on glutathione-Sepharose beads,

C‘-‘ subjected to SDS—PAGE and analysed by fluorography.
& (C) Phosphoamino acids released by acid hydrolysis of the
\@‘-’ 52p-labelled GST—cdk7-K33R mutant were identified by bidirectional
OQ analysis. Positions of unlabelled phosphoserine (S) and
d" phosphothreonine (T) markers are circled.

Fig. 4. In vivo phosphorylation by microinjected cdc2—cyclin B allows o .

overexpressed cdk7 to bind cyclin H in cytoplaskenopuspocytes ruled out the possibility that phosphorylation of cdk7 on
were microinjected, or not, with mRNAs encoding cdk7 alone (A) or  either Ser170 or Thr176 might be due to a cyclin B—cdc2-
both cdk7 and cyclin H (B) and allowed to express the corresponding  gctivated autophosphorylation reaction.

proteins fo 8 h in theabsence (A) or presence (B) 6P§]methionine.

(A) Homogenates were prepared from 10 oocytes (oocyte), ; v g . .
10 manually isolated germinal vesicles (nucleus) or cytoplasm from  Phosphorylation confers significant CAK activity

10 enucleated oocytes (cytoplasm) microinjected ¢r not (=) with on cdk7 in the absence of cyclin H translation
cdk7 mRNAs. Aliquots (equivalent to 0.5 oocyte) were analysed by ~ To quantify CAK activity generated in reticulocyte lysate
SDS-PAGE and Western blot with anti-cdk7 antibodies. The by expressingXenopusmRNAs, we used the classical

downward-shifted form of cdk7, not observed in cytoplasm, t t . in th te of H1 ph horvlati
corresponds to phosphorylated cdk7 [cdk7 (FB) Homogenates, wo-step assay (increase in the rate o phosphorylaton

prepared from 10 enucleated oocytes (cytoplasm) or the corresponding after CAK-dependent activation of GST—cdk2—cyclin A
manually isolated germinal vesicles (nucleus) were first due to expression o)(enopustNAs) which is more
immunodepleted of MAT-1, then immunoprecipitated with anti-cdk7 sensitive by ~2 orders of magnitude than direct measure-

antibodies and analysed by SDS-PAGE and fluorography (mobility of N : .
unphosphorylated cdk7 and cyclin H, both translated in reticulocyte ment of GST-cdk2 phOSphorylatlon’ due to the final

lysate containing¥S]methionine, is shown on the left). Lanes 1 and amplification step. As expected, CAK activity was gener-

3: homogenates were prepared ding@lh after mMRNAs ated readily in reticulocyte lysate expressing both cdk7
microinjection. Lane 2: highly purified starfish cyclin B—cdc2 kinase and cyclin H, whilst no CAK activity was detected in the
was microinjected into enucleated oocy® h after mRNA control (lysate programmed with cyclin H only). However,

microinjection and allowed to phosphorylate cdk7 for 30 min before

homogenization. surprisingly, wild-type cdk7 alone was found consistently

to generate significant CAK activity, representing from
one-third to one-half (depending on the experiments) of
(GST was used as a control). Following incubation with that generated in lysates expressing both cdk7 and cyclin

[y-32P]ATP, proteins were recovered on glutathione— H (Figure 6). At this point, it was tempting to speculate
Sepharose beads, separated by SDS—PAGE and transferretthat cyclin-free cdk7 may have CAK activity if doubly

to an Immobilon membrane. The membrane was submitted phosphorylated in its T-loop by cdk2 or cdc2 kinase.

to autoradiography and blotted with an anti-cdk7 antibody.  We were concerned, however, that recombinant cyclin
Immunoreactivity co-localized with the autoradiographic A, added in the second step of the above experiment,
signal (not shown). Both the wild-type and the inactive could possibly have substituted for cyclin H and activated
mutant were phosphorylated equally, incorporating phosphorylated cdk7 to some extent. To circumvent this
[y-32P]ATP with a ratio >1 mol of phosphate/mol of difficulty, starfish cyclin B—cdc2 kinase was used in the
protein (Figure 5B). Following phosphorylation by the next experiment in place of recombinant cyclin A—cdk2.

cdc2—cyclin B kinase, the phosphoamino acid composition This preparation, purified by affinity chromatography on

was determined for the K47R mutant. The cdk7-dead {53 3does not contain any free cyclin (Lable¢ al.,

enzyme was found to contain botfP-labelled phospho-  1991) and does not phosphorylate GST—cdk2. We first
serine and phosphothreonine (Figure 5Cjragivo phos- phosphorylated cdk7 with the starfish kinase, then recom-
phorylated cdk7. Accordingly, kinase-dead cdk7 mutant binant GST—cdk2 was allowed to marinate in the lysate.
translated in a reticulocyte lysate programmed with the GST—-cdk2 was next recovered on glutathione—Sepharose
corresponding mRNA underwent a downward shift equiva- beads, which were washed extensively under stringent

lent to that of wild-type cdk7? when phosphorylated by conditions to remove both cdk7 and cyclin B—cdc2 kinase.
cdk2 or cdc2 kinase (data not shown). The above resultsThe starfish kinase was completely removed from the
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beads, as no H1 kinase was detected on the beads in the was incubated in unprogrammed lysate (lane 3), in lysate
absence of added cyclin A, as shown in Figure 7A, lane programmed with cyclin H mRNA instead of cdk7 mRNA

1. In contrast, extensive phosphorylation of H1 histone (lane 4) or in lysate programmed with cdk7 mRNA only
was observed when cyclin A was added subsequent to the(lane 5) or both cdk7 and cyclin H mRNAs (lane 6) in
washing step (lane 2). Only a much lower phosphorylation the absence of starfish cyclin B—cdc2. Again, the CAK
of H1 histone, due to basal activation of unphosphorylated activity of the presumably cyclin-free cdk7 was found to
GST—cdk2 by cyclin A, was detected when GST-cdk2 be about one-half that of the cdk7—cyclin H complex

(Figure 7B).
12

Cyclin-free, doubly phosphorylated cdk7 with CAK
activity is eluted from a gel filtration column as a
monomeric 40 kDa protein

A trivial explanation for the above observations could have
been that non-programmed reticulocyte lysate contains a
small amount of endogenous cyclin H that associates with
in vitro translated cdk7. This seemed unlikely, as we failed
to detect endogenous cyclin H in lysates using polyclonal
antibodies raised against bacterially produgeshopusor
human cyclin H, that both readily cross-react with rabbit
cyclin H (data not shown). Moreover, CAK activity could
still be generated by further translating cdk7 after the
putative endogenous cyclin H had been first co-immuno-

[
® o

CAK activity
(picomoles/min/ul)

cyc H cdk7 cdk?7 depleted with newly synthesized cdk7 using an antibody
cy+c H directed against the C-terminus ofenopuscdk? (data
not shown).

Fig. 6. CAK activities of reticulocyte-translated cdk? in the absence or None the less, to rule out this possibility unambigously,
presence of co-translated cyclin H. CAK activities were measured as g Superose 12 SMART column was used to fractionate a
picomoles of phosphate transferred from ATP to H1 histone per min cdk7—programmed reticulocyte Iysate after its phosphoryl-
and microlitre of lysate, using the two-step assay (increase in the rate . . P v

of H1 phosphorylation after CAK-dependent activation of GST—cdk2—  ation b_y Cd!(Z_CyCI'n A and Co_ntml of its CAK activity.
cyclin A) in reticulocyte lysate programmed with cdk7 mRNA only Okadaic acid was added at a final concentration pML

and mixed with one volume of unprogrammed lysate in the presence  before loading the Superose column, in order to inhibit
of GST—cdk2—cyclin A (grey box) or in the same volume of the mixed phosphoprotein phosphatases 1 and 2A and to avoid

reticulocyte lysates programmed with cyclin H and cdk7, still in the . - .
presence of GST—cdk2—cyclin A (solid box). No CAK activity was dephosphorylation of cdk7, as gel filtration segregates

detected by the differential assay in lysate programmed with cyclin H  CdK7 from both 'ATP and Cdkz—_CyC"n A. A single peak
only (open box). of downward-shifted cdk7 (fractions 32—-36) was resolved

A B

starfish kinase + + + + — -

100
cdk7 mRNA  + + — —  + + -
>
2
cyclin HmRNA — — = + — 4 E
________________ &
M e
cyclin A -+ + + + + =
Paew ¥ -
cyc H cdk7® cdk7@® cdk7 cdk7
1 2 3 4 S 6 Cyt—_'[-l cy+cH

Fig. 7. Activation of GST—cdk2—cyclin A byn vitro translated cdk7 phosphorylated by starfish cdc2—cyclin B in the absence of cyclin H translation.

(A) Recombinant GST—cdk2 was allowed to incubate in reticulocyte lysate with the indicated components (except cyclin A), recovered on
glutathione—Sepharose beads and assayed for its ability to phosphorylate H1 histones with or without addition of cyclin A. Bottom: an autoradiogram
of phosphorylated H1 histones after SDS—PAGH). flistogram showing CAK activities generated in reticulocyte lysate by translating cyclin H only
(open box), cdk7 only (grey boxes: with or without starfish cdc2—cyclin B) or both cdk7 and cyclin H (black boxes: with or without starfish cdc2—
cyclin B) in the above experimental conditions (100%: CAK activity of lysate translating both cdk7 and cyclin H in the presence of starfish cdc2—
cyclin B). For each set of experimental conditions, activities were measured as differences of H1 histone phosphorylation catalysed by GST—cdk2—
cyclin A after incubating GST—cdk2 either in the programmed or the corresponding non-programmed lysate.
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Fig. 8. Cyclin-free, doubly phosphorylated cdk7 with CAK activity is eluted from a gel filtration column as a monomeric 40 kDa protein.

(A) Analysis by gel filtration on a Superose 12 column of a reticulocyte lysate programmed with cdk7 only (upper panel) or both cdk7 and cyclin H
(lower panel; only cdk7 is radiolabelled) after phosphorylation of cdk7 by cdk2—cycli?$Labelled cdk7 is eluted as a 40 kDa monomeric
component in the first case or as a component of an 80 kDa complex in the secon®By&&&K (activity of cyclin-free phosphorylated cdk7

(fraction 34 of the above gel filtration). Phosphorylation was performed before loading the column (box 2) or in fraction 34 after running the column
(box 3). No CAK activity was detected in fraction 34 originating from a lysate programmed with cyclin H only (bo®)1Eyclin H stably binds
phosphorylated and purified cdk7 (fraction 34) and further increases its CAK activity. Left: histogram showing CAK activities of cdk7 alone (grey
box) and cdk7 supplemented with purified cyclin H (black box). The open box is a control with fraction 34 derived from a lysate programmed with
cyclin H only. Right: proteins immunoprecipitated with an antibody directed against the C-terminus of cdk7 from fraction 34 alone (cdk7), from
fraction 34 supplemented with purified, radiolabelled cyclin H (cyclin-Hedk?7) or from purified cyclin H alone (cyclin H) were analysed by
fluorography after SDS—-PAGE (lower panel). The upper panel shows the input materials which were subjected to immunoprecipitation.

on the sizing column, corresponding to an apparept M
of ~40 kDa (Figure 8A, upper panel). This peak was
discriminated clearly from a peak of cyclin H-associated
cdk7 eluting with an apparent Mof 80 kDa (fractions
23-26) when cyclin H-programmed reticulocyte lysate
(cyclin H in excess) was mixed with phosphorylated cdk7
before loading the column (Figure 8A, lower panel).

Next, peak fraction 34 was assayed for CAK activity.
As shown in Figure 8B, CAK activity, not detected in
fraction 34 originating from a lysate containing cdk2—
cyclin A and programmed with cyclin H mRNA only
(box 1), was measured readily in fraction 34 originating
from a lysate containing cdk2—cyclin A and programmed
with cdk7 mRNA only (box 2). An almost identical CAK
activity was measured in fraction 34 when cdk7 was
phosphorylated by cdk2—cyclin A in fraction 34 only after
running the sizing column (box 3).

Finally, samples containing either phosphorylated and
purified cdk7 (fraction 34) alone, cyclin H purified by gel
filtration from the lysate programmed with the correspond-
ing mRNA or a mixture of both were assayed for CAK
activity (Figure 8C). As expected, CAK activity increased
by ~2-fold in samples containing both cyclin H and cdk7

Taken together, the above results are consistent with
the view that phosphorylated cdk7 has significant CAK
activity in the absence of an associated cyclin H subunit.
Furthermore, cyclin H binding can occur after cdk7
phosphorylation and it increases its CAK activity.

Phosphorylation of Thr176 in cdk7 is required and
phosphorylation of Ser170 is dispensable for cdk7
to bind cyclin H stably in vitro
We first investigated the ability of either the S170A or
the T176A cdk7 mutant (in which the phosphorylatable
hydroxyl amino acid has been substituted by a non-
phosphorylatable alanine residue) to bind cyclin H in the
absence or presence of GST-cdk2—cyclin A, using gel
filtration on a Superose 12 SMART column to assay the
formation of complexes that do not dissociate when
subjected to substantial dilution during the column run
(Figure 9).
In the absence of GST-cdk2—cyclin A, neither the
S170A nor the T176A cdk7 mutants were found to form
stable complexes with cyclin H. Thus they behaved just
like wild-type cdk7. In the presence of GST—cdk2—cyclin
A, the two mutants were found to behave differently,

as compared with samples containing only cdk7, and a which implies that each one was phosphorylated on its

stable complex of cyclin H and cdk7 could be immuno-
precipitated using antibodies directed against the
C-terminus of cdk7.
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single phosphorylatable residue. Whilst the S170A mutant
was found to form a stable complex with cyclin H (peak
in 80 kDa fractions), only part of the T176A mutant was
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cdk7-S170A IP anti-cdk?
> T GSTedk2-cyclin A
207 cyc H# -1 |...-...._
107 S A A
S170A T176A T176E S170D/T176D
o +e-a-a-u T -0
20 Fig. 10. Ability of various in vitro translated cdk7 mutants to bind

(+) GSTedk2-cyclin A 33_jabelled cyclin H stably following£) or without (=)

phosphorylation by cdk2—cyclin A. Lysates containi¥g-labelled

i cyclin H and each cdk7 mutant were diluted 50-fold in a buffer
10 containing 1% NP-40 and immunoprecipitated with an antibody
directed against the C-terminus of cdk7. The immunoprecipitated
proteins were analysed by SDS—-PAGE and fluorography. The
arrowhead points to cyclin H, co-immunoprecipitated with cdk7 in

0 ‘ some, but not all, conditions.
20 30 40
cdk7-T176A
30 - immunoprecipitates when the T176A mutant was incuba-
|(-) GSTedk2-cyclin A ted in the same conditions, confirming that T176 phos-
20 phorylation is essential for cdk7 to bind the regulatory
subunit stably.
Next, two cdk7? mutants in which either T176 alone
107 (T176E) or both S170 and T176 (S170D/T176D) were
1 substituted by acidic residues were constructed. The acidic
0 Y residues were expected to mimic phosphorylated residues
12 ](+) GSTcdk2-gyclin A and to allow mutant cdk7_ to bind cyclin H stably in the
10 7 absence of phosphorylation. Indeed, the S170D/T176D
8 double mutant was found to co-immunoprecipitate with
6 cyclin H, even in the absence of GST-cdk2—cyclin A
21 (Figure 10). Some cyclin H was found to co-immunopre-
- cipitate with the T176E mutant in the absence of GST—
01 . ! cdk2—cyclin A, but recovery of cyclin H was higher in its
20 ‘ 30 ‘ 40 presence, su.ggestlng.that 8170_ phosphorylatlor!,_ even
though not strictly required for cyclin H binding, stabilizes
80kDa 40kDa its association with cdk?.
Fig. 9. Interaction with cyclin H of cdk7-S170A and cdk7-T176A Evidence for a direct role of S170 phosphorylation

mutants, both translated in reticulocyte lysate lysate containing

o : - in CAK activation
[33S]methionine after{) or without () phosphorylation by GST— . . .
cdk2—cyclin A. The phosphorylated or non-phosphorylatiabelled In the previous section, we established that S170A and

cdk7 mutants were mixed with unlabelled cyclin H in excess, loaded ~T176A cdk7 mutants can be phosphorylated singly. We

on a Superose 12 column and fractions analysed by SDS-PAGE and next evaluated the effect of these unique phosphorylations

fluorography after the run (see Figures 1 and 6). The fluorograms were on CAK activation, in the absence or presence of the

scanned by densitometry and the profile of optical densities plotted . . ! .

(arbitrary units). cyclin H subunit (Figure 11). In the absence of cyclin H,
neither the S170A nor the T176A cdk7 mutants were
found to have any significant CAK activity, even when

found to be shifted from its monomeric position towards GST—cdk2—cyclin A was present in the reticulocyte lysate.

a larger size. In fact, the cdk7-T176A mutant did not Thus, phosphorylation of neither S170 nor T176 alone is

shift to the expected dimeric position, but rather to an sufficient to confer CAK activity to monomeric cdk7, and

intermediate one, suggesting progressive dissociation of phosphorylation of both residues is required. In agreement
the dimeric complex during gel filtration and thus a with this view, the double mutant S170D/T176D was
shift of the elution profile. These results suggested that found to have significant CAK activity in the absence of

phosphorylation of S170 is neither required nor sufficient cyclin H. As expected, this held true in the absence of
for cdk7 to form a stable complex with cyclin H. In GST—cdk2—cyclin A (not shown). The cyclin H-free T176E
contrast, cdk7 and cyclin H do not associate with high mutant also had CAK activity, but only in the presence

affinity if cdk7 is not phosphorylated at T176. of GST—cdk2—cyclin A, indicating that prior phosphoryl-

To confirm the above results, we used a more stringent ation of S170 is required for this mutant to become active.
assay, immunoprecipitation with an antibody directed In the presence of cyclin H, CAK activity was increased
against the C-terminus of cdk? after dilution of the lysate in all cdk7 mutants. Cyclin H conferred on the T176A
in a buffer containing 1% of the non-ionic NP-40 detergent. mutant CAK activity almost comparable with that of wild-
As shown in Figure 10, cyclin H was recovered in anti- type cdk7. In contrast, only a low CAK activity was
cdk7 immunoprecipitates when the S170A mutant was generated when cyclin H was added to the S170A mutant,
incubated ¢) in the presence of GST—cdk2—cyclin A. demonstrating that phosphorylation of S170 is required
In contrast, no cyclin H was recovered in anti-cdk7 for cdk7 to generate maximal CAK activity. The lower
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minus cyclin H

- plus cyclin H

1

CAK activity % é

(=]
L

WT S170A

cyc H

T176A T176E S$170D/T176D

Fig. 11. CAK activities of phosphorylation site mutants in the absence or presence of cyclin H. CAK activities were measured as a percentage of
that of the wild-type in the presence of cyclin H, as described in the legend to Figure 4. Identical amounts of each mutant were used in all
experiments, as standardized by monitoring the incorporatioA°8irhethionine intdn vitro translation products.

CAK activity of S170A is not due merely to reduced
binding of cyclin H, since the S170A mutant binds cyclin
H more efficiently than does the T176A mutant.

Discussion

Whilst activity of most cdks is positively controlled by
association with cyclins and phosphorylation of a con-
served threonine residue in the T-loop of the catalytic
subunit, cdk?, the catalytic subunit of CAK, appeared to
be an exception among the cdk family, as it was shown
to require association with a RING finger protein, MAT-1,
to form a detectable compler vitro with cyclin H in the
absence of T-loop phosphorylation (Devaettal, 1995;
Fisheret al, 1995; Tassamt al, 1995). The requirement
for MAT-1 was, however, reported to be suppressed if
mammalian cdk?7 is phosphorylatéd vitro by cdk2—
cyclin A or cdc2—cyclin B (Fisheet al, 1995). In the
present work, we provided direct experimental evidence
that heterodimeric complexes comprising cyclin H and
T-loop-phosphorylated cdk7 actually exist as a minor form
of CAK in Xenopusoocytes, and further investigated the
role of T-loop phosphorylation in the assembly and activity
of cdk7—cyclin H complexes.

Xenopuscdk7 has been shown to be phosphorylated
in vivo on two residues of the T-loop, S170 and T176
(Labbe et al, 1994; Poonet al, 1994), corresponding
to S164 and T170 in mammalian cdk7. Whilst S164
phosphorylation was due to cyclin A—cdk2 or cdc2—cyclin

accordingly, a cdk7-T170A mutant was found to lack
CAK activity in the presence of cyclin H, even after S164
phosphorylation.
In the present work, we first confirmed fo¢enopus
cdk? thatin vitro phosphorylation by cdk2—cyclin A or
cdc2—cyclin B suppresses the requirement for MAT-1,
strongly suggesting that in the absence of the assembly
factor, phosphorylation of the T-loop is a pre-requisite for
cdk7 to bind cyclin H. We further established that,
even in these conditions, T176 phosphorylation is not an
autophosphorylation reaction, as a kinase-dead mutant of
cdk7 was found to undergo both serine and threonine
phosphorylation in the presence of cdc2—cyclin B. We
previously reported that this kinase-dead mutant also
undergoes phosphorylation on S170 and TihABvowhen
overexpress@nopusoocytes (Labbeet al, 1994).
The finding that phosphorylation of the cdk7 T-loop
does not require and occurs prior to binding of the cyclin
partner contrasts with a current model based on crystal
structures of cdk2 and cdk2—cyclin A (De @&aaidt
1993; Jeffreyet al, 1995). In this model, cyclin binding
first allows the T-loop to point away from the active site,
thereby conferring basal catalytic activity on the cdk. In
the next step, CAK-mediated phosphorylation of the
T-loop would occur, stabilizing the T-loop and conferring
maximal activity on the cyclin—cdk complex. Our molecu-
lar model of the cdk7 T-loop shown in Figure 12 highlights
considerable differences in the electrostatic environment
of T176 in cdk7 as compared with T160 in cdk2. Whilst

B in experiments by Fisher and colleagues, it remained there is an extensive negatively charged surface formed
unclear whether or not T170 phosphorylation was an by E12, E162 and D38 surrounding the hydroxyl group
autophosphorylation reaction. The same authors reported of T160, the electrostatic environment of the corresponding
that S164 phosphorylation is not sufficient for mammalian phosphorylation site in our model of cdk7 is much less

cdk7 to bind cyclin H, as a S164-phosphorylated cdk7- negatively charged. E26 (corresponding to cdk2 E12) is
T170A mutant was not found to form a detectable complex present but, in cdk7, N178 substitutes cdk2 E162 and
with cyclin H in the absence of MAT-1, and no CAK G52 substitutes cdk2 D38. This dramatic change in the
activity was detected in the corresponding anti-cdk7 electrostatic environment of the cdk7 T176 phosphoryl-
immunoprecipitates. In contrast, phosphorylation of T170 ation site is consistent with its capacity to be phosphoryl-
was reported to be absolutely required for cdk7 to bind ated more readily in the absence of a cyclin. In cdk2, this
cyclin H stablyin vitro in the absence of MAT-1 and, region undergoes considerable changes in conformation
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Fig. 12. A molecular model of cdk7 core (residues 17-314) based on the crystal structure of the cdk2—ATP—Mg complex (O 8ori893).

The sequences were aligned using Quanta (Molecular Simulations Inc.) and the cdk7 model was constructed and optimized as described in Sali and
Blundell (1993) using the program ModeleA)(Ribbon diagram of the cdk7 core highlighting the T-loop residues (F168-S186) coloured in red and

the phosphorylation sites (S170 and T176) coloured in yell@y.A close-up view of the T160 phosphorylation site of cdk2 (De Bogidal.,

1993): a portion of the T-loop and all side chains that fall withi A of T160 are shown. Acidic residues are shown in red, basic residues in blue,

other polar residues in yellow and non-polar residues in white. The atoms in this region generally haBevhiges in the crystal structure (De

Bondtet al, 1993), suggesting conformational mobility. It is possible, nevertheless, to characterize the electrostatic environment of this site. There is
an extensively negatively charged surface formed by E12, E162 and D38 surrounding the hydroxyl group o€YI8@. ¢lose-up view of the
corresponding T176 phosphorylation site in our model of cdk7: this site displays a very different electrostatic environment to that seen in cdk2. E26
(corresponding to cdk2 E12) is present but, in cdk7, N178 substitutes cdk2 E162 and G52 substitutes cdk2 D38. In addition, H53 (adjacent to R54)
is recruited into te 5 A contact volume.

on binding to cyclin A (Jeffreyet al, 1995) which are MAT-1, as does its mammalian equivalent and, accord-
possibly necessary for phosphorylation to occur. Through ingly, no CAK activity was detected in anti-cdk7 immuno-
structural comparison with the cyclic AMP-dependent precipitates. However, we foundhtkéto translated
protein kinase catalytic subunit (PKA) structure (Knighton cdk7-T176A gains CAK activity almost comparable with
etal, 1991), it has been speculated that, when phosphoryl- wild-type cdk7 (upon phosphorylation by cdk2—cyclin A),
ated, cdk2 T160 (in the cdk2—cyclin A complex) could if measured directly in cyclin H-containing reticulocyte
interact with an electrostatic pocket formed by residues lysate, without immunoprecipitation. This suggested that,
R50, R126 and R150 (De Bondtal.,, 1993; Jeffreyet al,, even if not resistant to immunoprecipitation conditions, a
1995). We note that the polarity of these residues is well complex could form between cdk7-T176A and cyclin H
preserved in cdk7 (R67, R142 and K166 respectively) and in reticulocyte lysate. We were able to confirm this view
that the phosphorylated T176 of cdk7 potentially could using gel filtration to assay the formation of complexes that
interact with a similar negatively charged pocket through dissociate only progressively when subjected to dilution
the same conformation as seen in PKA. during the column run. Phosphorylation of S170 is thus
We also confirmed that, even after phosphorylation with sufficient for Xenopuscdk?7 to bind cyclin H with low
cdk2—cyclin A, theXenopusdk7-T176A mutant does not affinity.
co-immunoprecipitate with cyclin H in the absence of No specific role could be assigned to S164 and T170
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phosphorylation of mammalian cdk7 besides favouring
association with cyclin H, in the work of Fisher and
colleagues. In contrast, we were able to analyse further
the role of S170 and T176 phosphorylation Xenopus
CAK. We found that, even though it binds cyclin H with
higher affinity than the cdk7-T176A mutant, cdk7-S170A
does not gain full CAK activity upon phosphorylation by
cdk2—cyclin A or cdc2—cyclin B, in contrast to cdk7-
T176A. This indicates that, besides its role in promoting
cyclin H binding, S170 phosphorylation plays a more
direct role in the control of CAK activity.

We previously reported that expression from micro-
injected mMRNAs of a cdk7-S170A mutant allows produc-
tion of CAK activity in the recipient oocyte, in contrast
to that of a cdk7-T176A mutant (Lable al., 1994). This
suggests that efficient binding of cyclin H, mediated by
phosphorylation of T176, though not so efficiently by
phosphorylation of S170, is essentialvivo to assemble
CAK complexes, even though in the absence of S170
phosphorylation the newly assembled kinase cannot
undergo full activation.

As the acronym indicates, binding of a cyclin is widely
believed to be absolutely required for a cdk to express
catalytic activity. This may be due partly to the fact that
T-loop-phosphorylated cyclin-free cdks are highly unstable
and undergo rapid dephosphorylationvivo, as shown
for example after degradation of mitotic cyclins at exit
from mitosis (Gould and Nurse, 1989; Gowdtlal, 1991;
Lorcaet al, 1992b; Leeet al, 1994). Yet, everin vitro,
kinase activity of a cyclin-free cdk has never been demon-

strated. For example, GST-cdk2, even containing a phos-

phorylated T160 residue in its T-loop, has no detectable
kinase activity, and kinase activity readily appears upon
cyclin A addition (Pooret al, 1993). This also appears
to hold true for monomeric cdc2 (Desat al., 1995).

Cdk7 is peculiar among cdks because it contains two
residues in its T-loop that are phosphorylated Hothivo
and in vitro. In this respect, cdk7 is similar to another
family of protein kinases, MAP kinases, that require for
catalytic activity dual phosphorylation of the T-loop but
no interaction with a companion protein (Hanks and
Hunter, 1995). In the present work, we found that, even
in the absence of cyclin H or any other cyclenopus
cdk7 acquiresn vitro CAK activity of one-third of its
maximal value if phosphorylated by cdk2—cyclin A or
cdc2—cyclin B. Double phosphorylation of S170 and T176
is required for this cyclin-free activity of cdk7. The
unphosphorylatable double mutant with S170 and T176
replaced by aspartic residues has significant CAK activity
in the absence of a cyclin, as does the T176E mutant if
further phosphorylated on S170. In all cases, cyclin H
further enhances CAK activity.

The conclusions of the present work, as well as those
of previous investigators, are derived framvitro experi-
ments. In fact, we do not know how CAK subunits
assemblan vivo and how CAK interacts with ERCC2,
ERCC3 and at least three other subunits (Fistteal,
1992; Humbertt al,, 1994) to form the basal transcription
factor THH. Even thoughin vitro studies support the
view that T-loop phosphorylation of cdk7 is dispensable
for its assembly with cyclin H and MAT-1 and for CAK
activity of the trimeric complex, it readily occuis vivo.
T-loop phosphorylation of cdk7 was detected first when
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tryptic peptides derived from the purified trimeric complex
were microsequenced (Fesqwtal, 1993). In addition,
cdk? exhibits on SDS-PAGE the same characteristic
downwards shift in both the major trimeric form and the
minor dimeric form of CAKX{anopusbocytes (Devault
et al, 1995). We do not know whether T-loop phosphoryl-
ation occuryivo after or before assembly of trimeric
CAK. If it occurs before, MAT-1 cannot be required
in vivo as an assembly factor for CAK, and must fulfill
another role, perhaps that of a junction subunit with ‘core’
THH. MAT-1 might interact with core TfH through its
RING finger domain, which is not required for MAT-1 to
assemble cyclin H andicdkifo (Devaultet al., 1995;
Tassaret al, 1995). Reports that assembly factors at first
sight functionally related to MAT-1 may exist for other
cdk—cyclin complexes (Katet al, 1994; Gerbert al,
1995) are also ambiguous and require further investig-
ation.
The kinase responsilitevfgo phosphorylation of
cdk7 has not yet been identified. Even though both
cdk2—cyclin A and cdc2—cyclin B readily catalyse dual
phosphorylation of cdk7 T-loojn vitro, suggesting that
‘cdk activation could be governed by a positive feedback
loop in which the targets of CAK, the cdks, are also its
activators’ (Fethadr, 1995), it seems unlikely that any
of these kinases may fulfill this role vivo, at least in
Xenopusand starfish oocytes. Indeed fully grown,-G
arrested oocytes have never been shown to contain any
active cdk, in spite of extensive investigation. None the
less, they contain cdk7 doubly phosphorylated in its
T-loop. Moreover, cdk7 expressed from microinjected
MRNAs undergoes dual phosphorylation on S170 and
T176 Har@stedXenopusoocytes. As nuclear trans-
location is required for newly synthesized cdk7 to gain
CAK activity (Labbeet al, 1994), the CAK-activating
kinase (CAKAK) may be nuclear. Work is in progress to
characterize this key enzyme.

Materials and methods

Mutagenesis and protein expression

A PRSET-B vector (In Vitrogen) carrying Xenopuscdk?7 wild-type

gene was used for mutagenesis. Single and double mutations of S170
and T176 were introduced by oligonucleotide-directed mutagenesis of a
uracil-containing single-stranded Kunkel template (Kuredel., 1987).

All constructs were checked by direct sequencing.

Capped mRNAs, transcribed by T7 polymerase, virewgtro translated
in reticulocyte lysates in the presence or absence®¥]inethionine.

The amount of protein produced was monitored by autoradiography and/
or Western blotting.

The GST fusion proteins (GST-cdk2, GST—cdk7 and GST—cdk7-
K47R) were expressed IB.coli and purified by affinity chromatography
on glutathione—Sepharose. Recombinant cyclin A was produced and
purified as previously described (Loreaal, 1992a).

Two oligonucleotides were used to create a 779 bp fragment of
XenopusMAT-1 cDNA truncated of its RING finger domain:’'5
ggAATTCATgAAAAgGCAACTTTAAAGTCCAQCTC-3' and 3-ggAAT-
TCCTAATgTgTCTgCCAQAATAGTCC-5. The B-oligonucleotide con-
tained an ATG in-frame codon allowing the expression of the N-terminally
truncated MAT-1 protein (MAT-JARING). The PCR fragment was
cloned into a pRSET B vector. Recombinant MafRING was
expressed itE.coli BL 21 (DE3) after induction with IPTG and purified.
Protein (100pg) was mixed with an equivalent volume of complete
Freund adjuvant (Difco) and injected into rats for immunization.

Antibodies and immunoprecipitations
Cdk7 and cdk7-containing complexes were immunoprecipitated using a
polyclonal antibody (C-ter antibody) raised in rabbits against a 15



amino acid peptide corresponding to the C-terminus<efopuscdk?
(Shuttleworthet al, 1990). Samples were diluted with 1 ml of buffer
containing 40 mM Tris pH 7.5, 150 nM NaCl and 0.5% NP-40.

Dual phosphorylation of the T-loop in cdk7

Damagnez,V., Mela,T.P. and Cottarel,G. (1995chizosaccharomyces
pombeMop1-Mcs2 is related to mammalian CAKEMBO J, 14,
6164-6172.

Immunoprecipitates were recovered by standard methods using proteinDe Bondt,H.L., Rosenblatt,J., Jancarik,J., Jones,H.D., Morgan,D.O. and

A-Sepharose.

CAK activities
Two procedures were used to measure CAK activitieXefopusdk?,
both based on the two-step assay previously described (Labbé,
1994). In the first, samples (@ of mRNA-programmed reticulocyte
lysate) were added to Bl of a mixture containing 0.33 mM ATP,
16.6 mM MgC), 1 ug of GST—cdk2 and ug of cyclin A. After 30
min at 25°C, samples were diluted by adding |250f distilled water
and assayed for H1 histone kinase activity by addingill6f a mixture
containing 4 mg/ml histone H1, 80 mM HEPES pH 7.4, 40 mM MgCl
and 0.8 mM §-32PJATP (100 c.p.m./pmol). The same assay was run in
parallel using 2ul of non-programmed reticulocyte lysate. CAK activity
generated by translation &fenopusmRNAs in reticulocyte lysate was
deduced from the difference between H1 histone kinase activities
measured in the programmed and the non-programmed lysate.

In the second assay, samples were added tpl ®f a mixture
containing 0.33 mM ATP, 16.6 mM Mggland 1ug of GST—cdk2, but
no cyclin A. After 30 min at 25°C, samples were diluted in 1 ml of
buffer containing 40 mM Tris pH 7.5, 150 mM NaCl and 0.5% NP-40,
and GST-cdk2 was recovered by affinity on glutathione—Sepharose 4B.
The beads were washed twice with 1 ml of the same buffer, once with
1 ml of 40 mM Tris pH 7.5, resuspended in 80 of the latter buffer
containing g of cyclin A, then H1 histone kinase activity was assayed
as above. CAK activities were deduced from the differences in H1 histone
phosphorylation catalysed by GST—cdk2—cyclin A after incubating GST—
cdk2 in the programmed or the corresponding non-programmed lysate.

Phosphoamino acid analysis

Affinity-purified 32P-labelled GST-cdk7-K47R was solubilized in
Laemmli buffer, transferred to an Immobilon membrane (Millipore) after
SDS-PAGE, and submitted to autoradiography. The labelled GST—cdk7
spot was hydrolysed in HCI and the released phosphoamino acids
analysed by thin-layer electrophoresis in the first and thin-layer chromato-
graphy in the second direction, according to Coogteal. (1993).

Gel filtration

Association betweer?®S-labelled cdk7 and unlabelled, reticulocyte-
translated cyclin H (or cyclin H plus MA-1) was assessed by gel
filtration. Samples, containing 1 mg/ml each of leupeptin and aprotinin,
were centrifuged for 15 min at 100 0@dand injected onto a Superose
12 column equilibrated with 50 mM NBEPO,, 1 mM EGTA, 1 mM
dithiothreitol and 100 mM NacCl, and monitored by a Pharmacia SMART
system. Fractions (2Q1l) were collected and analysed by SDS-PAGE
and fluorography.
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