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Cyclin-dependent kinase 7 (CDK7) is the catalytic subunit of the metazoan CDK-activating kinase (CAK),
which activates CDKs, such as CDC2 and CDK2, through phosphorylation of a conserved threonine residue
in the T loop. Full activation of CDK7 requires association with a positive regulatory subunit, cyclin H, and
phosphorylation of a conserved threonine residue at position 170 in its own T loop. We show that threonine-170
of CDK7 is phosphorylated in vitro by its targets, CDC2 and CDK2, which also phosphorylate serine-164 in the
CDK7 T loop, a site that perfectly matches their consensus phosphorylation site. In contrast, neither CDK4 nor
CDK7 itself can phosphorylate the CDK7 T loop in vitro. The ability of CDC2 or CDK2 and CDK7 to
phosphorylate each other but not themselves implies that each kinase can discriminate among closely related
sequences and can recognize a substrate site that diverges from its usual preferred site. To understand the
basis for this paradoxical substrate specificity, we constructed a chimeric CDK with the T loop of CDK7 grafted
onto the body of CDK2. Surprisingly, the hybrid enzyme, CDK2-7, was efficiently activated in cyclin A-depen-
dent fashion by CDK7 but not at all by CDK2. CDK2-7, moreover, phosphorylated wild-type CDK7 but not
CDK2. Our results suggest that the primary amino acid sequence of the T loop plays only a minor role, if any,
in determining the specificity of cyclin-dependent CAKs for their CDK substrates and that protein-protein
interactions involving sequences outside the T loop can influence substrate specificity both positively and
negatively.

Full activation of cyclin-dependent kinases (CDKs) requires
the binding of a positive regulatory subunit or cyclin and the
phosphorylation of a threonine residue on a conserved loop—
the activation segment or T loop—of the catalytic subunit by a
CDK-activating kinase (CAK) (reviewed in references 20 and
32). The major CAK in metazoan cells is itself a CDK con-
taining CDK7 as its catalytic subunit (10, 29, 34, 45). That
CDK7 activates CDKs in vivo was confirmed in Drosophila
melanogaster; flies with a temperature-sensitive CDK7 had a
defect in CDC2 phosphorylation, resulting in a block to mitosis
at the nonpermissive temperature (25).

The T-loop region of CDK7 has a threonine residue, thre-
onine-170 (T170), in the same location as and within a se-
quence context similar to that for the activating threonines of
other CDKs. T170 is required for activation of dimeric com-
plexes of CDK7 with its physiologic partner cyclin H in vitro
and in vivo (13, 27) and for the basal kinase activity associated
with monomeric CDK7 (28), probably reflecting the phosphor-
ylation of T170 by a putative CAK-activating kinase (CAKAK)
(12). What regulatory function, if any, T-loop phosphorylation
of CDK7 serves in vivo is unknown. The major form of CDK7
in the cell is a ternary complex of CDK7, cyclin H, and the
RING finger protein MAT1 (7, 12, 47). MAT1 stabilizes the
cyclin H-CDK7 complex and can bypass the need for T170

phosphorylation in vitro; trimeric CDK7-cyclin H-MAT1 com-
plexes formed with CDK7 bearing the T170-to-alanine
(T170A) mutation appear to be fully active towards CDK2
(12).

Several lines of evidence suggest that phosphorylation-de-
pendent activation of CDK7 and its relatives in lower eu-
karyotes occurs in vivo. CDK7 and cyclin H form a stable
complex when overexpressed together in mammalian or insect
cells or in budding yeast; stable association requires phosphor-
ylation of T170 (12, 27; unpublished observations). In both
amphibian (24) and mammalian (P. Jin and D. O. Morgan,
unpublished observations) cells, T170 is a major site of CDK7
phosphorylation in vivo. In fission yeast, the ortholog of CDK7,
Mcs6, can be activated in vitro by another kinase, Csk1,
through T-loop phosphorylation (17, 26); this presumably ex-
plains the reduced Mcs6-associated kinase activity observed in
strains deleted for csk1 (17, 30). The physiologic importance of
this activation is unclear, however, because Csk1 also directly
activates Cdc2, the major CDK in fission yeast (26). In budding
yeast, the CDK7 family member Kin28 is not a CAK but is a
target for T-loop phosphorylation by another enzyme, Cak1 (8,
21). Recent studies have shown that T-loop phosphorylation
dramatically stimulates the kinase activity of Kin28 in vivo (8,
21) but is not essential for viability (21).

Active CDK2-cyclin A complexes promote CDK7-cyclin H
assembly in vitro in T170-dependent fashion, suggesting that
CDK7 and its targets might participate in positive feedback
loops of activating phosphorylation (12). Direct phosphoryla-
tion of T170 by a CDK has never been demonstrated, however,
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and a mechanism whereby CDC2 or CDK2 phosphorylates
CDK7 on another site to promote autophosphorylation on
T170 by CDK7 itself was considered possible. The T loops of
CDC2, CDK2, and CDK7 are all quite similar, so it was not
obvious from primary sequence comparisons why CDK7 was
able to activate both CDC2 and CDK2 (13) (as well as the
much more divergent CDK4 [29] and -6 [1]) but was unable to
autoactivate. Conversely, the sequence surrounding T170 of
CDK7 bears no resemblance to the consensus phosphorylation
site for CDC2 and CDK2, Ser/Thr-Pro-X-Lys/Arg (where X is
any residue) (2, 18, 31, 46). Phosphorylation of T170 would
represent a significant departure from the normal substrate
specificity of the prototypic CDKs.

In this report, we confirm that T170 is a direct target for
phosphorylation by CDC2 and CDK2 but not by CDK4 or
CDK7 in vitro. In addition, both CDC2 and CDK2 phosphor-
ylate S164 within a CDK consensus phosphorylation site also
present in the T loop of CDK7; the two phosphorylations,
however, occur independently of one another. We constructed
a chimeric CDK with the T loop of CDK7 grafted onto the
body of CDK2 to show that sequences outside the T loop are
primarily responsible both for promoting T-loop phosphoryla-
tion by CAK, independent of the primary amino acid sequence
surrounding the phosphorylation site, and for preventing au-
tophosphorylation by CDK2, even when its T loop contains a
perfect consensus CDK2 phosphorylation site.

MATERIALS AND METHODS

Baculoviruses. The construction of recombinant baculoviruses encoding un-
tagged CDK7 (wild type and a catalytically inactive mutant, K41A), cyclin H, and
MAT1-His has been described previously (12, 13). Viruses encoding CDK7 fused
to a carboxyl-terminal hemagglutinin (HA) epitope have also been described. In
this study, we used wild-type CDK7-HA (13); CDK7-HA(T170A), a mutant in
which the activating threonine-170 residue is mutated to alanine (13); CDK7-
HA(S164A), in which the consensus phosphorylation site for CDK family ki-
nases, serine-164, was mutated to alanine by site-directed mutagenesis (23) with
the oligonucleotide 59-GCTCTATTGGGcgcCCCAAAAGATTTGGC-39 (mu-
tagenic nucleotides in lowercase); and CDK7-HA(S164A/T170A), in which both
phosphorylation sites were changed to alanines with the oligonucleotide 59-CA
ACCTGATGTGcATAAGCTCTATTGGGcgcCCCAAAAGATTTGGC-39.

In order to create the baculovirus encoding the CDK2-7 mutant, we synthe-
sized a double-stranded oligonucleotide corresponding to the NheI-BstEII frag-
ment of the CDK2 cDNA with the desired mutations to the CDK7 sequence (see
Fig. 4A), 59 CTAGCAGACTTTGGATAGCCAaAtCTTTTGGgagCCCcaaTag
agGCTTAtACaCATcAGGTG 39 (sense strand) and 59GTCACCACCTgATGt
GTaTAAGctctAttgGGGctcCCAAAAGaTtTGGCTAGTCCAAAGTCT 39 (an-
tisense strand).

The oligonucleotides were annealed and then ligated with CDK2 cDNA (con-
taining a carboxyl-terminal HA tag) digested with NheI and BstEII. The speci-
ficity of mutagenesis was confirmed by direct sequencing, and the CDK2-7–HA
coding sequence was used to construct a baculovirus by standard methods (13,
33).

Protein purification. Purification of cyclin H-His from bacteria (13) and of
CDK7, cyclin H, and MAT1-His from lysates of insect cells infected with recom-
binant baculoviruses (11) has been previously described. We used an abbreviated
version of the CDK7 purification scheme to obtain partially purified wild-type
and kinase-deficient CDK7. The ATP-agarose chromatography used to purify
wild-type CDK7 to homogeneity (11) was omitted, because the catalytically
inactive K41A mutant failed to bind this resin efficiently (R. P. Fisher and D. O.
Morgan, unpublished observations). Instead, both the wild-type and mutant
proteins were purified by chromatography on DEAE-Sepharose Fast Flow
(Pharmacia), HiTrap SP (Pharmacia), and Superose 12 (Pharmacia). Both pro-
teins appear to be monomeric, with an apparent size in Superose 12 gel filtration
chromatography of ;40 kDa (data not shown). After the gel filtration step,
proteins were concentrated by adsorption to a 1-ml HiTrap SP column in buffer
C (11) plus 50 mM NaCl (followed by step elution with buffer C plus 400 mM

NaCl), frozen in liquid N2, and stored at 280°C. Based on Coomassie blue
staining of sodium dodecyl sulfate (SDS)-polyacrylamide gels, we estimate that
both wild-type and mutant CDK7 are ;80% pure (data not shown).

Monomeric CDK2 and cyclin A were purified from baculovirus-infected insect
cell lysates as previously described (6, 37). Pure CDK2-cyclin A complexes
activated by CAK-mediated phosphorylation (41) were generously provided by
A. Russo and N. Pavletich of Memorial Sloan-Kettering Cancer Center. Pure
complexes of CDC2 with glutathione transferase (GST)-cyclin B and of CDK4
with cyclin D2 were the kind gift of G. Bollag (Onyx Pharmaceuticals). CDK2-7
was purified by the CDK2 protocol previously described (37).

Synchronization of HeLa cells. HeLa cells were grown in minimal medium
supplemented with 5% fetal calf serum on plastic dishes and synchronized in
different cell cycle intervals by standard methods (14, 38). Briefly, cells arrested
at the G1/S boundary were obtained by a double thymidine block; logarithmically
growing cells were treated with 2 mM thymidine for 12 to 14 h, followed by a
recovery period of 9 h in drug-free medium, followed by a second treatment with
2 mM thymidine for 12 to 14 h prior to harvest. A population of cells synchro-
nized in G2 was generated by the double thymidine block, followed by release
into drug-free medium for 7 to 9 h before harvest. To obtain cells arrested in
mitosis, cells treated once for 12 to 14 h in 2 mM thymidine were released into
medium containing 50 ng of nocodazole/ml and incubated for 18 to 24 h. Mitotic
cells that were detached or loosely adherent to the dish were then harvested. To
obtain cells in G1, cells arrested in mitosis with nocodazole were harvested by
centrifugation, washed extensively, and released into drug-free medium. After 4
to 6 h, cells remaining in mitosis were removed by shakeoff and adherent cells
were harvested. To assess the efficiency of arrest and synchronization, parallel
cultures were analyzed by flow cytometry.

Preparation of HeLa cell lysates. Cells were harvested by scraping (G1, S, and
G2 populations) or by shakeoff (mitotic cells), washed with phosphate-buffered
saline, and lysed by resuspension in ;0.2 ml of lysis buffer per 150-mm dish: 25
mM HEPES (pH 7.4), 150 mM NaCl, 0.1% Triton X-100, 1 mM EDTA, 1 mM
dithiothreitol (DTT), 50 mM NaF, 80 mM b-glycerophosphate, 0.1 mM Na3VO4,
0.5 mM phenylmethylsulfonyl fluoride, 2 mg of aprotinin/ml, and 1 mg of leu-
peptin/ml. Resuspended cells were vortexed briefly, incubated 10 min on ice,
vortexed again, and centrifuged for 20 min at 14,000 rpm in a microcentrifuge
(Eppendorf) at 4°C. The supernatant was transferred to a fresh tube, frozen in
liquid nitrogen, and stored at 280°C. To resolve CDK7 phosphoisoforms, we
used SDS-polyacrylamide gels containing the cross-linker piperazine diacrylam-
ide (PDA) and raised the pH of the separating gel buffer to 9.2 (22, 25).

Phosphorylation of CDKs in vitro. Autophosphorylation of CDK7 was exam-
ined by incubating 1 mg of pure CDK7, alone or in combination with equimolar
amounts of pure cyclin H and/or MAT1-His, in 30 ml of kinase mix containing 10
mM HEPES (pH 7.4), 150 mM NaCl, 10 mM MgCl2, 50 mM unlabeled ATP, and
2.5 to 10 (depending on the experiment) mCi of [g-32P]ATP. In some experi-
ments, phosphorylation of CDK7 by other CDKs was assayed by a simple mod-
ification of this protocol; pure, active complexes of CDC2, CDK2, and CDK4
were added to reactions containing pure or partially pure wild-type or kinase-
deficient CDK7. We also used HA-tagged CDK7-cyclin H complexes immobi-
lized on protein A-Sepharose (Sigma) with monoclonal antibody (MAb) 12CA5
(BAbCO) to activate mixtures of CDC2 or CDK2 and cyclin A or B that had
been purified separately, exactly as described previously (6, 37). Aliquots (200
ng) of CDK-cyclin complexes thus activated were added to kinase mixes con-
taining 1 mg of pure CDK7 (with or without 1 mg of pure cyclin H) and labeled
ATP, as described above.

Tryptic phosphopeptide mapping. A further modification of this protocol was
made in order to generate tryptic phosphopeptide maps of the two phosphory-
lation site mutants of CDK7 after phosphorylation by CDK2-cyclin A complexes
in vitro. Pure CDK2 and cyclin A were mixed and activated by immobilized
trimeric (CDK7-HA–cyclin H–MAT1-His) CAK complexes. An aliquot (200 ng)
of the activated complex was then transferred to a second tube containing
CDK7-HA(T170A) or CDK7-HA(S164A) immunoprecipitated from a baculo-
virus-infected insect cell lysate with MAb 12CA5 and protein A-Sepharose and
the radioactive kinase mix described above. Reactions were terminated by the
addition of fourfold-concentrated SDS-polyacrylamide gel electrophoresis
(PAGE) sample buffer, and labeled proteins were denatured by boiling and
separated by SDS-PAGE.

CDK2 and CDK2-7 were labeled by incubating 1 mg of either pure protein
with 300 ng of CDK7-cyclin H in the presence of 10 mM MgCl2, 50 mM unla-
beled ATP, and 10 mCi of [g-32P]ATP. In order to label wild-type CDK7 (see Fig.
6), 1 mg of CDK2 and 1.5 mg of cyclin A were activated with 300 ng of CDK7-
cyclin H in the presence of 10 mM MgCl2 and 1 mM unlabeled ATP. Sf9 lysate
containing CDK7-HA (100 mg of total protein) was immunoprecipitated with
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MAb 16B12 (BAbCO), washed, and incubated with 250 ng of activated CDK2-
cyclin A in the presence of 10 mM MgCl2 and 20 mCi of [g-32P]ATP.

Bulk phosphorylation of CDKs was visualized by autoradiography of the dried
gels and quantified by liquid scintillation counting of excised gel bands. To detect
phosphorylation on specific residues, labeled proteins were transferred electro-
phoretically to polyvinylidene difluoride membranes (Immobilon-P; Whatman),
autoradiographed and stained with Ponceau S to locate and excise labeled CDK,
and processed for tryptic phosphopeptide mapping essentially as described ear-
lier (3, 14). Phosphoamino acid analysis was performed on both major phos-
phopeptides of CDK7, which were recovered by scraping from the chromatog-
raphy plate, according to published methods (3).

CAK assays. Activation of CDK complexes was assayed essentially as previ-
ously described (13). To measure activation of CDK2-7, 500 ng of CDK2-7 was
mixed with 750 ng of cyclin A and 100 ng of CDK7-cyclin H in the presence of
Mg-ATP, immunoprecipitated with MAb 16B12, and tested for kinase activity
with 5 mg of GST–carboxyl-terminal domain (CTD) substrate.

The ability of CDK2-7 to phosphorylate CDK2 was assayed in a similar
manner. Instead of GST-CTD substrate, the activated CDK2-7 was incubated
with either 1 mg of CDK2 and 1.5 mg of cyclin A or 5 mg of histone H1 (to confirm
activation). To measure direct phosphorylation of CDK2-7 by CDK7-cyclin H,
we incubated 1 mg of CDK2-7 (or wild-type CDK2 as a control) and 1.5 mg of
cyclin A for 30 min in a 30-ml reaction mixture containing 10 mM HEPES (pH
7.4), 150 mM NaCl, 1 mM DTT, 10 mM MgCl2, 50 mM ATP, and 2 mCi of
[g-32P]ATP, with or without 100 ng of pure CDK7-cyclin H. Radiolabeled prod-
ucts were detected as above. To activate CDK2-cyclin A complexes prior to
testing their ability to phosphorylate CDK2-7, we immunoprecipitated Csk1-HA
(26) from 10 mg of appropriately infected Sf9 cell lysate with MAb 16B12. The
beads were washed and incubated with 1 mg of CDK2, 1.5 mg of cyclin A, 1 mM
ATP, and 10 mM MgCl2 in 30 ml of total volume. An aliquot (3 ml) of super-
natant containing activated CDK2-cyclin A was then removed and tested for
kinase activity towards CDK2-7 or histone H1 (5 mg per reaction) as described
above. To assess CDK2-7 activity towards CDK7, 1 mg of CDK2-7 or CDK2 was
incubated with or without 1.5 mg of cyclin A in the absence or presence of 300
ng of CDK7-cyclin H in a mixture containing 10 mM MgCl2 and 1 mM ATP.
CDK7-HA was immunoprecipitated from 50 mg of Sf9 lysate with MAb 16B12
and incubated with 100 ng of activated CDK2 or CDK2-7 in the presence of
labeled ATP, as described above.

CAKAK assay. Phosphorylation-dependent activation of dimeric CDK7-cyclin
H complexes in vitro was assayed as previously described (12), with minor
modifications. Insect cell lysates (50 mg of total protein) containing ;1 mg of
either CDK7-HA(S164A) or CDK7-HA(S164A/T170A) were incubated with 1
mg of pure cyclin H in an activation mixture containing 10 mM HEPES (pH 7.4),
10 mM MgCl2, 1 mM ATP, 1 mM DTT, and either 100 to 500 ng of pure
activated CDK2-cyclin A (41) or 50 mg of HeLa cell lysate protein. After a
15-min incubation at 25°C, CDK7 complexes were recovered on protein A-
Sepharose by immunoprecipitation with MAb 16B12. Immunoprecipitates were
washed three times with 10 mM HEPES (pH 7.4), 150 mM NaCl, 0.1% Triton
X-100, and 10 mM EDTA; washed twice with 10 mM HEPES (pH 7.4), 150 mM
NaCl, and 1 mM DTT; and then tested for CAK activity as previously described
(12, 13) with unphosphorylated CDK2-cyclin A complexes (19; kind gift of Russo
and Pavletich, Memorial Sloan-Kettering Cancer Center) as the substrate. In
indicated control reactions, 1 mg of MAT1-His was included in the activation mix
to stabilize (and activate) CAK independent of phosphorylation. Phosphorylated
CDK2 was detected by autoradiography of the dried gels and quantified with a
PhosphorImager (Molecular Dynamics).

Immunodepletion of HeLa cell extracts. Mitotic HeLa cell extracts were sub-
jected to two rounds of immunodepletion with antibodies to CDC2 (polyclonal
antibody C-19; Santa Cruz), to CDK2 (polyclonal antibody M2; Santa Cruz), or
to GST (mock depletion). For each round of immunodepletion, anti-CDC2 (60
mg), anti-CDK2 (10 mg), or anti-GST (30 mg) was preadsorbed to 25 ml of protein
A-Sepharose beads in the presence of 20 mg of bovine serum albumin/ml. HeLa
extract (250 mg of total protein) was added to antibody-containing beads, incu-
bated at 4°C for 1 h, and cleared by centrifugation. Immunoprecipitation was
repeated with the supernatant from the first round, and the beads from both
rounds were combined for a subsequent kinase assay. Immunoblotting per-
formed with 10% of the twice-depleted extract confirmed complete removal of
CDC2 and CDK2 with the appropriate antibodies and no detectable losses due
to cross-reactivity or nonspecific adsorption. The remainder of the depleted
extract (;90%) was then used for CDK7 activation assays.

Insect cell lysate (100 mg/reaction) containing CDK7-HA(S164A) was incu-
bated for 2 h at 4°C with protein A-Sepharose beads (50 ml/reaction) plus MAb
16B12. The beads were washed as described above and were aspirated dry. We
added either depleted or mock-depleted extract (;200 mg each) and incubated

the beads for 30 min at room temperature in the presence of 10 mM MgCl2 and
1 mM ATP. Pure cyclin H (1 mg) was added, and the mixtures were incubated for
an additional 30 min. The beads were then washed and assayed as described
above (see “CAKAK assay”), except that the substrate was 5 mg of GST-CTD
per reaction.

To measure CAKAK activity of immunoprecipitated HeLa CDKs, we incu-
bated the beads containing immune complexes with 100 mg of CDK7-
HA(S164A) lysate for 30 min at room temperature in the presence of 10 mM
MgCl2 and 1 mM ATP. Cyclin H (1 mg) was added, and the beads were incubated
for another 30 min. The beads were recovered by centrifugation, washed, and
used to perform a histone H1 kinase assay as previously described (13). The
supernatant was added to 50 ml of protein A-Sepharose beads plus MAb 16B12
and incubated at 4°C for 2 h. The beads containing activated CDK7-cyclin H
complexes were recovered by centrifugation, washed, and assayed for CTD
kinase activity as described above. Phosphorylation was detected by autoradiog-
raphy of dried gels and was quantified either by liquid scintillation counting or by
scanning with a PhosphorImager.

RESULTS

Phosphorylation of CDK7 in vitro. The CDK7 homolog in
Xenopus laevis is phosphorylated at two major sites in vivo (24)
and in egg extracts in vitro (35). The mammalian protein is
phosphorylated at the same two sites: S164 (corresponding to
serine-170 of Xenopus CDK7) and T170 (corresponding to
threonine-176 of Xenopus CDK7) in COS-7 cells (unpublished
observations). Both S164 and T170 lie within the T loop. A
comparison of human CDK T loops (Fig. 1) reveals that T170
of CDK7 is in the same position as and in a sequence context
similar to that of threonine-160 (T160), the activating residue
(and CAK target site) of CDK2. S164, which has no obvious
corresponding residue in CDC2 or CDK2 (Fig. 1), is in a
context that matches the consensus sequence for sites phos-
phorylated by CDC2 (CDK1) and CDK2 (2, 18, 31, 46).

We observed labeling of CDK7 in assays containing pure
recombinant CAK and either CDK2-cyclin A or CDC2-cyclin
B complexes as the substrates (unpublished observations). We
therefore tested directly whether CDKs could phosphorylate
CDK7 in vitro. As shown in Fig. 2A, pure CDK2-cyclin A
(lanes 1 to 3) and CDC2-cyclin B (lanes 4 to 6) efficiently
phosphorylated CDK7 in vitro. Phosphorylation of CDK7 by
CDC2 and CDK2 did not require the CDK7 binding partner,
cyclin H (which is itself phosphorylated weakly by both ki-
nases). In fact, phosphorylation of CDK7 was somewhat more
intense in the absence of cyclin H (Fig. 2A, compare lanes 1
and 3 and lanes 4 and 6). Labeling of CDK7 in these reactions
did not require the catalytic activity of CDK7 itself; we ob-
served similar levels of incorporation whether the substrate
was wild-type CDK7 or the catalytically inactive Lys-41-to-Ala
(K41A) mutant (13) (Fig. 2B, compare lanes 2 to 4 with lanes
9 to 11).

In contrast to CDC2-cyclin B and CDK2-cyclin A, which
phosphorylated CDK7 efficiently (and roughly equally), active
CDK4-cyclin D complexes were unable to phosphorylate
CDK7 above the background level in vitro (Fig. 2B, lanes 5 to
7 and 12 to 14). To determine the phosphorylation state of
CDK7 at different points in the cell cycle when different CDK-
cyclin complexes are active, we ran SDS-polyacrylamide gels
containing the cross-linking agent PDA to resolve CDK7 iso-
forms (22, 25). As shown in Fig. 3A, phosphorylation of both
T170 and S164 in vitro by CDK2-cyclin A markedly increased
the electrophoretic mobility of CDK7 (Fig. 3A, lane 2). Phos-
phorylation of T170 alone caused an intermediate shift (Fig.
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3A, lane 4), whereas phosphorylation of S164 alone did not
produce a consistent, detectable change in mobility (Fig. 3A,
lane 6). We next looked at the steady-state distribution of
CDK7 among different isoforms in synchronized HeLa cell
extracts (Fig. 3B). The form that was phosphorylated on both
S164 and T170 predominated throughout the cell cycle. The
unphosphorylated form was more abundant in the extract from
asynchronous cells; in other experiments, the distribution of
isoforms in asynchronous cells appeared more similar to that in
synchronized populations, with the doubly phosphorylated
form predominating (unpublished observations). There appear
to be no major fluctuations, however, in steady-state levels or
distribution of CDK7 T-loop phosphorylation in HeLa cells
arrested or synchronized in different phases of the cell cycle
with drug treatments.

To investigate further whether the phosphorylation-depen-
dent activation of CDK7 could be regulated in cell cycle-de-
pendent fashion, we tested extracts of HeLa cells arrested or
synchronized at different positions in the cell cycle for the
ability to activate CDK7-cyclin H complexes in vitro (Fig. 3C).
To ensure that activation was dependent on T170 phosphory-
lation, we used the S164A mutant form of CDK7 and per-
formed duplicate assays with the S164A/T170A mutant. Only
the single mutant, which retains an intact T170, can be acti-
vated by the phosphorylated CDK2-cyclin A complex (Fig. 3C,
lane 2). The double phosphorylation site mutant is completely
refractory to CDK2 (Fig. 3C, lane 8) but is activated when
MAT1 is included in the preincubation to stabilize a ternary
complex (Fig. 3C, lane 7).

CAKAK activity was virtually undetectable in extracts pre-
pared from HeLa cells in S or G2 (Fig. 3C, lanes 4 and 5) but
rose dramatically in cells arrested in mitosis with nocodazole
(Fig. 3C, lane 6). CAKAK activity in the mitotic extract was
approximately 10-fold higher than in a G1 extract (Fig. 3C, lane
3) (data not shown). We suspect that the decrease upon exit
from mitosis is even sharper, because our G1 cell population,

derived from nocodazole-arrested cells that were allowed to
reattach to culture dishes in drug-free medium, consistently
contained 10 to 20% cells with a G2/M DNA content by flow
cytometry (data not shown). None of the extracts could acti-
vate the S164A/T170A mutant CDK7 (Fig. 3C, lanes 9 to 12).
Because pure MAT1 can activate the double mutant (Fig. 3C,
lane 7), activation by the extracts therefore cannot be due to
the presence of free MAT1.

The apparent restriction of CAKAK activity to mitosis is
surprising, given the ability of CDK2—which is active through-
out much of the S and G2 phases (38)—to activate CDK7 in
vitro (12) (Fig. 3C, lane 2). To determine the relative contri-
butions of CDC2 and CDK2 to CAKAK activity in the mitotic
extract, we performed immunodepletion with antibodies to
either CDK and measured residual activity of the depleted
extracts in vitro. Immunoblotting was performed with aliquots
of the depleted extracts to insure that the antibodies were
specific and that all of the targeted protein was in fact removed
(data not shown). In addition, a mock depletion was carried
out with antibodies to GST.

Depletion of CDK2 from the extract produced at most a
modest reduction (;25%) in its ability to activate CDK7 (Fig.
3D). Clearing the extract of CDC2, on the other hand, caused
the activity to drop to background levels. The small decrease in
activity after CDK2 depletion, together with the complete re-
moval of CAKAK activity by CDC2 depletion, suggests that
CDC2 is the major CDK7-activating kinase in the extract and
that the contribution of endogenous CDK2 is minor or even
negligible. To get a better idea of their relative contributions,
we directly assayed the ability to activate CDK7, relative to
histone H1 kinase activity, of the two CDKs immunoprecipi-
tated from the mitotic extract (Fig. 3E). Our results indicate
that endogenous CDC2 is a more efficient activator of CDK7
than is CDK2. We therefore conclude that CDC2 is the major
CAKAK in the mitotic extract, with only a minor contribution,
if any, by CDK2. This presumably explains why S and G2

FIG. 1. Alignment of CDK T-loop sequences. The activation segments or T-loop sequences of five mammalian CDKs are compared by aligning
the DFG and APE motifs (underlined), which are conserved among protein kinases (15). Sites of phosphorylation are shown in boldface and
include the activating threonine residue present in all five T loops (T170 in CDK7) and the consensus CDC2/CDK2 phosphorylation site,
serine-164, which is unique to CDK7.
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extracts—which contain high levels of active CDK2 but low
levels of active CDC2 (14)—do not activate CDK7 efficiently in
our assay (Fig. 3C).

Activating phosphorylation of CDK7 by CDC2 and CDK2.
The ability of pure CDK2-cyclin A to activate CDK7 in T170-
dependent fashion (Fig. 3C, lane 2) strongly suggested a direct
phosphorylation mechanism. Tryptic phosphopeptide mapping
confirmed that both CDK2-cyclin A (Fig. 4A) and CDC2-
cyclin B (Fig. 4D) phosphorylated CDK7 on both S164 and
T170. The identity of the two major tryptic phosphopeptides
generated by incubation with CDC2 or CDK2 was confirmed
by analysis in vitro of CDK7 mutants in which either T170 or
S164 was changed to alanine (Fig. 4B or C, respectively). The
two phosphorylations were independent of one another; mu-
tation of T170 to alanine had no effect on the phosphorylation
of S164 (Fig. 4B), and phosphorylation of T170 was likewise
unaffected by mutation of S164 (Fig. 4C). No significant dif-
ferences were seen between the phosphorylation patterns pro-
duced by CDC2 and CDK2 (compare Fig. 4A and D). Addi-
tion of cyclin H had no consistent effect on the distribution of
label among different phosphopeptides, although it did reduce
the overall intensity of labeling (Fig. 2A).

The sequence surrounding T170 of CDK7 bears no resem-
blance to the phosphorylation site consensus recognized by
CDC2 and CDK2 (Ser/Thr-Pro-X-Lys/Arg, where X is any
residue [2, 18, 31, 46]). Moreover, the results shown for Fig. 4
indicated that CDC2 and CDK2 phosphorylate the T170 res-
idue independently of the consensus S164 site. We investigated
the possibility that CDK2 and CDC2 were not phosphorylating
CDK7 directly but rather stimulating a cryptic autophosphor-
ylation activity intrinsic to CDK7. We partially purified
CDK7(K41A) and phosphorylated it in vitro with pure CDC2-
cyclin B. The catalytically inactive CDK7 was also phosphory-
lated on both T170 and S164 by CDC2 (Fig. 4D); similar
results were obtained with CDK2-cyclin A (data not shown).
Thus, CDC2 and CDK2 must directly phosphorylate T170 in
the T loop of CDK7. Activation of CDK7 by CDC2 and CDK2
is efficient: under optimal conditions (as described for Fig. 2A,
lane 4), CDC2 can catalyze incorporation of ;1.5 mol of phos-
phate per mol of CDK7 protein (data not shown). Indeed,
phosphorylation of the nonconsensus site, T170, is consistently
equivalent to phosphorylation of the consensus site, S164 (Fig.
4A and D), which serves as an internal control in our labeling
reactions.

FIG. 2. Phosphorylation and activation of CDK7 in vitro. (A) CDK2-cyclin A (lanes 1 to 3) and CDC2-cyclin B (lanes 4 to 6) complexes were
formed by mixing the pure subunits in vitro and were activated by incubation with HA-tagged CDK7-cyclin H immobilized on protein A-Sepharose.
A 100-ng aliquot of each was used to phosphorylate 1 mg of pure CDK7 either in the absence (lanes 1 and 4) or in the presence (lanes 3 and 6)
of 1 mg of pure bacterial cyclin H-His (incubated without CDK7 in lanes 2 and 5). Arrows at left indicate mobilities of CDK7 and cyclin H-His.
Bands were excised from the gel, and incorporation was quantified by liquid scintillation counting; in the absence of cyclin H, activated CDC2
transfers ;1.5 mol of phosphate per mol of CDK7 protein (data not shown). (B) Pure CDK7 (1 mg), either wild type or the catalytically inactive
K41A mutant, was phosphorylated efficiently by pure CDC2-cyclin B (lanes 2 to 4 and 9 to 11) but not by pure CDK4-cyclin D (lanes 5 to 7 and
12 to 14). Both CDC2 and CDK4 efficiently phosphorylated a GST-retinoblastoma protein substrate (data not shown).
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We consistently observed low levels of phosphorylation on
CDK7 in the absence of other kinases (Fig. 2B). In contrast to
phosphorylation that was dependent on the exogenous CDC2
or CDK2, the apparent autophosphorylation signal was abol-
ished by the K41A mutation (Fig. 2B, compare lanes 1 and 8).
Autophosphorylation by CDK7 in the presence of cyclin H
alone is inefficient; the molar ratio of incorporated phosphate
to CDK7 protein is much less than 1. Addition of MAT1 in
stoichiometric amounts dramatically increased autophosphor-
ylation (data not shown). However, virtually all of the in-
creased labeling occurred on a site or sites distinct from T170
or S164, the identity of which remains unknown (correspond-
ing to peptide 4 in Fig. 4E). We have also tested the ability of
CDK7 complexes to autoactivate in trans in a CAKAK assay.
Preassembled, active CDK7-cyclin H complexes were unable
to activate CAK reconstituted from monomeric CDK7 and
cyclin H subunits in vitro (unpublished observations). Thus,
little or no autophosphorylation occurs in the T loop of CDK7
by either intra- or intermolecular mechanisms. We conclude
that activating T-loop phosphorylation of CDK7 depends on
an exogenous activating kinase and that this function can be
provided in vitro by either CDC2 or CDK2.

The basis of substrate recognition by cyclin-dependent
CAKs. Our results suggested that CDK7 and its targets, CDC2
and CDK2, reciprocally activate each other by T-loop phos-
phorylation. In both cases, recognition of the relevant phos-
phorylation site within the T loop represents a departure from
the orthodox, proline-directed mode of substrate recognition
by CDKs (2, 18, 31, 46). To test whether the T-loop sequence
itself directed the activation of CDK7 by CDK2, we replaced
the wild-type CDK2 T-loop sequence with the analogous re-
gion of CDK7 (Fig. 5A). The mutant was expressed in both Sf9
insect cells and mammalian COS-7 cells at levels equal to those
of wild-type CDK2, suggesting that no major structural alter-
ations were introduced by the mutation (data not shown). We
expected that, if phosphorylation depended primarily on the
T-loop sequence, the chimeric enzyme CDK2-7 would not be
activated by CDK7-cyclin H complexes and would instead be
activated by CDK2-cyclin A. Indeed, we anticipated that the
hybrid CDK might actually be capable of autoactivation, be-
cause its T loop contained a sequence phosphorylated by
CDK2 when encountered in the context of CDK7.

When pure CDK2-7 was mixed with pure cyclin A and in-
cubated in vitro with pure CDK7-cyclin H complexes and
[g-32P]ATP, the CDK2-7 polypeptide was heavily phosphory-

FIG. 3. Cell cycle analyses of CDK7 phosphorylation states and
activating kinases. (A) T-loop phosphorylation of CDK7 increases its
electrophoretic mobility. Insect cell lysates containing ;1 mg of HA-
tagged wild-type CDK7 (wt; lanes 1 and 2), CDK7(S164A) (lanes 3 and
4), CDK7(T170A) (lanes 5 and 6), or CDK7(S164A/T170A) (lanes 7
and 8) were incubated without (odd-numbered lanes) or with (even-
numbered lanes) 100 ng of active CDK2-cyclin A in the presence of 1
mM ATP. Proteins were denatured and subjected to SDS-PAGE in
gels containing the cross-linker PDA and were transferred to nitrocel-
lulose membranes. CDK7 was detected by immunoblotting with MAb
16B12 specific for the HA epitope. (B) CDK7 is phosphorylated on
both T170 and S164 throughout the cell cycle. Extracts prepared from
asynchronous (A) HeLa cells (lane 3) and from cells synchronized in
G1, S, G2, or M phase were subjected to SDS-PAGE in PDA-contain-
ing gels and analyzed by immunoblotting with anti-CDK7 antibody.
The mobilities of the unphosphorylated (CDK7) and singly and doubly
phosphorylated (CDK7-P) CDK7 isoforms are indicated at left;
CDK7-cyclin H dimeric complexes (D) purified after double infection
of insect Sf9 cells contain the doubly phosphorylated form predomi-
nantly whereas CDK7-cyclin H-MAT1 trimeric complexes (T) pro-
duced by triple infection contain only the unphosphorylated form. (C)
CAKAK peaks at mitosis in HeLa cells. Lysate containing ;1 mg of
CDK7-HA(S164A) (lanes 1 to 6) or CDK7-HA(S164A/T170A) (lanes
7 to 12) was mixed with 1 mg of pure cyclin H and incubated without
further protein addition (lane 1) or with 200 ng of activated CDK2-
cyclin A (lanes 2 and 8), 1 mg of pure MAT1-His (lane 7), or 50 mg of
lysate from HeLa cells in G1 (lanes 3 and 9), S (lanes 4 and 10), G2
(lanes 5 and 11), or M phase (lanes 6 and 12). CDK7-cyclin H com-
plexes were then immunoprecipitated and tested for the ability to
phosphorylate CDK2 (indicated by lower arrow at left). CDK7 (higher
arrow) was also phosphorylated in the reaction. (D) Immunodepletion
of CDK2 from the mitotic extract slightly reduces CDK7-activating
kinase, whereas immunodepletion of CDC2 reduces CDK7 activation
to the background level observed in the absence of extract. Mitotic
extract was subjected to two rounds of immunodepletion with antibod-
ies to CDK2 (aCDK2), CDC2 (aCDC2), or GST (mock). Depleted
extracts were incubated with CDK7-HA(S164A) immunoprecipitated
from Sf9 lysate and 1 mg of pure cyclin H in the presence of MgCl2 and

ATP. The CDK7-cyclin H complexes were then assayed for activity
towards the CTD of RNA polymerase II. Activity was quantified by
liquid scintillation counting, and residual activity was expressed as a
percentage of activity in mock-depleted extract (mock) (defined as
100%), as indicated below each lane. (E) CDC2 activates CDK7 more
efficiently than does CDK2. Mitotic extracts were immunodepleted of
CDC2 or CDK2 as described for panel D. The immunoprecipitated
kinases were incubated with lysates containing CDK7-HA(S164A) and
pure cyclin H in the presence of MgCl2 and ATP. The CDK7 com-
plexes were then immunoprecipitated and assayed for activity towards
the CTD. The beads containing the immunoprecipitated CDC2 or
CDK2 were then washed and assayed for activity towards histone H1.
Activity was quantified by PhosphorImager scanning.
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lated (Fig. 5B, lane 1). In fact, we consistently observed more
intense labeling of CDK2-7 than of wild-type CDK2 (Fig. 5B,
compare lanes 1 and 3). There are two possible explanations,
both of which are unexpected. Either CDK2-7 is an even better
substrate for CDK7-cyclin H than is wild-type CDK2, or CDK7
phosphorylates more sites in CDK2-7 than in CDK2. In any
case, CDK7-cyclin H efficiently phosphorylated CDK2-7 de-
spite the change in its T-loop sequence.

CDK2-7 is activated by CDK7 in a cyclin-dependent man-
ner. We next asked whether phosphorylation of CDK2-7 by
CDK7-cyclin H resulted in its enzymatic activation. The direct
phosphorylation experiments (Fig. 5B) suggested that CDK2-7
was indeed phosphorylated by CDK7 within the T loop, be-
cause of the characteristically increased electrophoretic mobil-
ity of the labeled species. Indirect CAK assays (Fig. 5C), in
which CDK2-7 was first incubated with CDK7-cyclin H and
then tested for kinase activity towards the CTD of the RNA
polymerase II large subunit, confirmed that CDK7 activates
CDK2-7 in a cyclin A-dependent manner (Fig. 5C, compare
lanes 5 and 6). This result strongly suggested that CDK7-cyclin
H phosphorylated the T-loop threonine of CDK2-7, leading to
its enzymatic activation, despite the mutations within the sur-
rounding sequences.

To determine if CDK2—a CAK for wild-type CDK7 in
vitro—could activate the CDK2-7 chimera, we activated
CDK2-cyclin A complexes by preincubation with immobilized
HA-tagged Csk1 (26) and incubated them with pure CDK2-7–
cyclin A (Fig. 5D). Although the CDK2-cyclin A complexes
were active towards histone H1 (Fig. 5D, lane 4), they were
unable to phosphorylate CDK2-7 measurably above the level
of background autophosphorylation (Fig. 5D, compare lane 1
with lane 2). Thus, CDK2 recognized neither the noncanonical

FIG. 4. CDC2 and CDK2 phosphorylate CDK7 on S164 and T170.
Tryptic phosphopeptide mapping was performed as described in Ma-
terials and Methods. (A) Phosphorylation of CDK7 by activated
CDK2-cyclin A complexes (as described for Fig. 2A, lane 2) results in
strong phosphorylation of two tryptic peptides (1 and 2). These spots
comigrate with the two major phosphopeptides produced by phosphor-
ylation of CDK7 in vivo (data not shown). (B) The map generated by
phosphorylation of CDK7(T170A) in vitro lacks spot 2. (C) The map
generated by phosphorylation of CDK7(S164A) in vitro lacks spot 1.
(D) Phosphorylation of the CDK7 kinase-dead mutant, K41A, in vitro.
Both spots 1 and 2, corresponding to phosphorylation of S164 and
T170, respectively, are generated with pure CDC2-cyclin B in vitro. (E)
Phosphopeptide map produced by autophosphorylation of wild-type
CDK7 (in the presence of stoichiometric amounts of cyclin H). Auto-
phosphorylation reactions were performed with fourfold more radio-
labeled ATP and required two- to fourfold-longer autoradiographic
exposures than did reactions with CDC2 and CDK2. For all maps,
thin-layer electrophoresis (TLE) was from left (1 electrode) to right
(2 electrode) in the first dimension, followed by ascending thin-layer
chromatography (TLC) in the second dimension. Samples were spot-
ted at the origin (1).

FIG. 5. Construction and phosphorylation in vitro of CDK2-7. (A)
A schematic diagram of the CDK2-7 hybrid T loop. CDK2-7 was
constructed by replacing the T loop of CDK2 with the analogous
sequence from CDK7, a total of six amino acid changes. The region
converted to the CDK7 sequence is indicated by the boxed residues,
while the asterisks denote positions that actually differ between CDK2
and CDK7. (B) Pure CDK2-7 in a complex with cyclin A is efficiently
phosphorylated by CDK7-cyclin H in vitro (lane 1) to a level signifi-
cantly above that of background autophosphorylation (lane 2) and
comparable to that of CAK-mediated phosphorylation of wild-type
CDK2-cyclin A (lane 3). CDK2/2-7, CDK2 (lanes 3 and 4) and
CDK2-7 (lanes 1 and 2). (C) Phosphorylation by CDK7-cyclin H ac-
tivates CDK2-7. CTD kinase activity of CDK2-7 is dependent on
association with cyclin A and activation by CDK7-cyclin H (compare
lane 5 with lanes 4 and 6), as is that of wild-type CDK2 (compare lane
2 with lanes 1 and 3). (D) CDK2 cannot phosphorylate CDK2-7.
CDK2-cyclin A activated by preincubation with CDK7-cyclin H is
unable to phosphorylate CDK2-7-cyclin A (lane 1) above the back-
ground level presumably due to autophosphorylation (lane 2), even
though it is active towards histone H1 (lane 4). As a control, CDK2-7
in complex with cyclin A was phosphorylated by CDK7-cyclin H (lane
3).

94 GARRETT ET AL. MOL. CELL. BIOL.



T170 phosphorylation site nor S164, which matches its consen-
sus recognition sequence. This implies that structural features
of CDK2-7 actually prevent CDK2 from phosphorylating sites
that it would recognize in their normal context, i.e., CDK7.
Interference appears to be specific to CDK2: both CDK7-
cyclin H (Fig. 5C) and Csk1 (unpublished observations) acti-
vate CDK2-7 quite efficiently, suggesting that the T loop is
accessible to certain kinases.

Fidelity of T-loop phosphorylation events in a CDK chi-
mera. Our results suggested that the overall protein context
prevailed over the actual T-loop sequence in determining to
which activating kinase the CDK was susceptible. Moreover,
the inability of CDK2 to phosphorylate the CDK7 T loop out
of its usual context implied that sequences outside the T loop
could block as well as promote activating phosphorylation. We
sought further evidence to support these rules by mapping the
specific residues phosphorylated in the T loops of CDK2-7 and
its two parental enzymes, CDK2 and CDK7, when they are
activated. We labeled CDK2-7 (Fig. 6B) and CDK2 (Fig. 6C)
in vitro with CDK7-cyclin H and labeled CDK7 with activated
CDK2-cyclin A (Fig. 6D). We then analyzed the tryptic phos-
phopeptides generated in each reaction. Phosphorylation of
CDK2-7 by CDK7 generated five discrete spots (Fig. 6B);
three of the spots comigrated exactly with phosphopeptides
from wild-type CDK2 phosphorylated in vitro by CDK7 (ana-
lyzed alone for Fig. 6C and mixed with CDK2-7 for Fig. 6E).
The most prominent spot in the CDK2 tryptic phosphopeptide
map corresponds to the T160-containing peptide derived from
the T loop (14; data not shown); a precisely comigrating pep-
tide is also the major labeled fragment of CDK2-7 (compare
Fig. 6B, C, and E). Although the two predicted phosphopep-
tides differ in their amino acid compositions at two positions
(Fig. 6A), neither change (Thr-to-Ala at position 1 and Glu-
to-Gln at position 5) would be expected to affect mobility in
either dimension under the conditions that we used (3).

To account for the other phosphopeptides in the map de-
rived from CDK2-7, we compared them with the peptides
derived from CDK7 labeled in vitro by CDK2 (analyzed alone
for Fig. 6D and mixed with CDK2-7 for Fig. 6F). One peptide
clearly comigrated with the previously identified (Fig. 4) S164-
containing phosphopeptide of CDK7 (compare Fig. 6B, D, and
F); the predicted tryptic peptides containing this residue are in
fact identical in CDK7 and CDK2-7 (Fig. 6A). Of the three
remaining spots generated from CDK2-7, two correspond to
minor peptides derived from CDK2, as mentioned above. We
believe that these represent labeling by CDK7 of nonphysi-
ologic sites; we have previously observed such nonspecific la-
beling when monomeric, CDK2(T160A) was the substrate
(Fisher and Morgan, unpublished observations). We used mo-
nomeric CDK2-7 as the substrate in this case to suppress the
elevated level of autophosphorylation that occurs when
CDK2-7 and cyclin A are mixed in the absence of CAK (Fig.
5B, lane 2). Thus, only one spot cannot be accounted for by
comparison with the two parental enzymes. We conclude that
CDK7-cyclin H phosphorylates both T160 and S154 within the
T loop of the hybrid enzyme, CDK2-7. This argues that T-loop
recognition by CDK7 is not principally dependent on the se-
quence of the T loop but rather on the overall protein context
of the CDK in which it is embedded.

FIG. 6. CDK2-7 is phosphorylated by CDK7-cyclin H on both S154
and T160. TLC, thin-layer chromatography. TLE, thin-layer electro-
phoresis. (A) A diagram of expected T-loop phosphopeptides derived
from the labeling and tryptic digestion of CDK2, -7, and -2-7. The
residues expected to be targets for phosphorylation are indicated with
asterisks, and the peptides are named according to the identity and
number of this residue (in parentheses at right). The S154 peptide of
CDK2-7 and the S164 peptide of CDK7 are identical and therefore
comigrate. Although they are not identical, the T160 peptides of
CDK2-7 and CDK2 should also comigrate; the two amino acid differ-
ences in the peptides are not predicted to have any effect on their
mobility in either dimension (3). (B) The tryptic phosphopeptide map
of CDK2-7 labeled by CDK7-cyclin H has two spots that correspond to
labeling on both S154 and T160 in the T loop (indicated by labels).
Three additional spots appear, which presumably represent phosphor-
ylation at non-T-loop residues (see text). (C) Phosphorylation of
CDK2 by CDK7-cyclin H generates one major spot that corresponds to
phosphorylation on T160. (D) Phosphorylation of CDK7 by activated
CDK2-cyclin A yields two major spots, which correspond to phosphor-
ylation at S164 and T170 (Fig. 3). (E) Mixing of labeled CDK2-7 and
CDK2 reveals comigration of the T160 peptides of each of these
CDKs, indicating that CDK2-7 is in fact phosphorylated on T160. The
spot corresponding to phosphorylation on the S154 peptide, which has
no counterpart in the map derived from wild-type CDK2, is visible, as
are three spots presumed to be due to be phosphorylation outside the
T loop. (F) Mixing of CDK7 and CDK2-7 samples generates a major
spot of increased intensity that corresponds to comigration of the S154
and S164 phosphopeptides. Two spots corresponding to the T160 and
T170 phosphopeptides, which are not expected to comigrate, are vis-
ible, as are the spots previously ascribed to non-T-loop phosphoryla-
tion.
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CDK2-7 retains the substrate specificity of CDK2. Our fail-
ure to switch the substrate specificity of cyclin-dependent
CAKs by swapping their target T loops implies that structural
features outside the T loop are the principal determinants of
CAK-CDK recognition. The revised model predicts that
CDK2-7 would retain the ability to phosphorylate CDK7 but
would be unable to phosphorylate CDK2 or to autoactivate.
This is indeed the case, as shown by the ability of CDK2-7-
cyclin A complexes activated by CDK7-cyclin H to phosphor-
ylate CDK7 efficiently in vitro (Fig. 7A, lane 5). As in our other
assays of CDK2-7-associated kinase activity (e.g., as shown in
Fig. 5C), full catalytic activity of the hybrid CDK is dependent
on both cyclin and an exogenous CAK, ruling out autoactiva-
tion by intramolecular phosphorylation. Although we have not
specifically tested whether CDK2-7 can activate itself in trans,
the hybrid enzyme is unable to phosphorylate wild-type CDK2
(Fig. 7B). Wild-type CDK2 and CDK2-7 differ only in their
T-loop sequences (Fig. 5A), and CDK2-7 is able to phosphor-

ylate the CDK7 T loop in its native context (Fig. 7A), so
autoactivation by CDK2-7 through intermolecular phosphory-
lation seems unlikely. Taken together, in fact, our results sug-
gest a general prohibition against autoactivation by CDKs,
despite the ability of one CDK to activate another and the high
degree of homology among CDK T-loop sequences.

DISCUSSION

A positive feedback loop of CDK activation? The phosphor-
ylation of CDK7 depends on a CAKAK. A physiologic
CAKAK remains to be identified in metazoans; however, in
HeLa cell culture, only cells arrested in prometaphase by no-
codazole treatment contain detectable amounts of extractable
CAKAK (Fig. 3C). This coincides with the peak of CDC2-
cyclin B activity (38). Similar results have been reported for
Xenopus CDK7; an extract from frog eggs arrested in mitosis
with cytostatic factor or an interphase extract supplemented

FIG. 7. CDK2-7 retains the substrate specificity of wild-type CDK2. (A) CDK2 (lanes 1 to 3) or CDK2-7 (lanes 4 to 6) was preincubated with
combinations of cyclin A and CDK7-cyclin H indicated above each lane. Lane 7, control lacking any CDK-7-activating kinase. When activated by cyclin
A and CAK, both CDK2 (lane 2) and CDK2-7 (lane 5) were capable of phosphorylating HA-tagged CDK7 immobilized on protein A-Sepharose beads.
CDK2 demonstrated slight stimulation of its activity towards CDK7 by cyclin A alone (lane 1), while neither CDK2 nor CDK2-7 had any activity towards
CDK7 when preincubated with CDK7-cyclin H alone (lanes 3 and 6). The CDK7-HA exhibited no visible autophosphorylation (lane 7), indicating that
any signal is due to phosphorylation by CDK2 or CDK2-7. (B) CDK2-7–cyclin A activated by incubation with pure CDK7-cyclin H was unable to
phosphorylate pure CDK2-cyclin A (lane 2), even though it was active towards histone H1 (lane 3). CDK2-cyclin A was directly phosphorylated by
CDK7-cyclin H (lane 1).
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with cyclin A to activate endogenous CDKs was able to support
activation and phosphorylation of CDK7 at enhanced rates
relative to those for untreated interphase extracts (35). No
exogenous sources of cyclin H or MAT1 were available for that
study, and so the mechanism of CAK activation remained
undetermined. Moreover, while activation in the Xenopus egg
extract was dependent on an intact threonine-176 (analogous
to T170 of mammalian CDK7), phosphorylation was not ap-
preciably affected by mutation of this residue to alanine (35).
We have demonstrated T170 dependence of CDK2-mediated
activation of CDK7 (Fig. 3C) (12), as well as direct phosphor-
ylation of T170 in vitro by CDC2 and CDK2 (Fig. 4), which are
both active in mitotic extracts (38).

Does a positive feedback loop of reciprocal CDK-activating
phosphorylation operate in vivo? CDK7 activates CDC2 in
Drosophila (25), so the two kinases must interact directly. Al-
though other kinases, perhaps analogous to fission yeast Csk1
(17, 26), might activate CDK7 in vivo, we have been unable to
separate CAKAK activity from CDC2 and CDK2 upon frac-
tionation of HeLa cell extracts by ion exchange or gel filtration
chromatography (W. A. Barton and R. P. Fisher, unpublished
observations). Our immunodepletion studies, moreover, seem
to implicate CDC2 as the major CAKAK in extracts from
HeLa cells arrested at mitosis (Fig. 3D and E). Reciprocal
activation by CDK7 and CDC2 could contribute to the rapid
activation of CDC2 that ensures the all-or-none onset of mi-
tosis. We have not, however, detected dramatic fluctuations in
the phosphorylation state of CDK7 as HeLa cells traverse the
cell cycle in culture (Fig. 3B). Such a positive feedback loop, if
it exists, might therefore involve only a fraction of CDK7 in the
cell. Alternatively, increased rates of phosphorylation of the
CDK7 T loop at specific points in the cell cycle might be
balanced by the opposing action of T-loop phosphatases and
thus fail to produce changes in the steady-state distribution of
CDK7 phosphoisoforms.

CDKs that phosphorylate other CDKs. The ability of two
prototypic CDKs—mammalian CDC2 and CDK2—to activate
CDK7 was unexpected. The sequence encompassing T170 of
CDK7, Thr-His-Gln-Val, bears no apparent resemblance to
the consensus phosphorylation site recognized by CDC2 and
CDK2 (2, 18, 31, 46). The T loop of CDK7 does contain such
a consensus sequence, Ser-Pro-Asn-Arg, which is a major site
of phosphorylation in vivo (24; Jin and Morgan, unpublished
observations) and is also phosphorylated by CDC2 or CDK2 in
vitro (this work). Interestingly, CDK7 shows a similar, flexible
substrate specificity by phosphorylating the conserved T-loop
sequence Thr-His-Glu-Val, found in CDC2 and CDK2; the
highly diverged variants Thr-Pro-Val-Val and Thr-Ser-Val-
Val, found in the T loops of CDK4 and -6, respectively (1, 29);
and the heptad repeat sequence of the RNA polymerase II
CTD, Tyr-Ser-Pro-Thr-Ser-Pro-Ser (4, 9, 39, 43, 44). Even
more remarkably, CDK7 appears to discriminate between the
two serine residues within the CTD repeat, preferring Ser-5 to
Ser-2, despite the high similarity of the surrounding residues to
each other (36; unpublished observations). Perhaps most sur-
prising is the inability of CDK7 to phosphorylate its own T loop
efficiently, given that the sequence encompassing T170 differs
only by a Glu-to-Gln change at the 13 position and by largely
conservative changes at upstream residues from that of CDK2
(Fig. 1).

We believe that our studies of the CDK2/CDK7 hybrid
(CDK2-7) may explain some of the seemingly quixotic sub-
strate preferences of CDC2, CDK2, and CDK7. In fact, both
CDK2 and CDK7 appear to be relatively insensitive to the
amino acid sequence surrounding the phosphorylation sites of
some substrates. Although CDK7 is not an established physi-
ologic substrate of CDK2, CDC2 (and probably CDK2) is an
important substrate for CDK7 in vivo (25), and our results
suggest that a specific T-loop sequence is not required for
CDK7-mediated activation of CDC2 and CDK2. We have not
thoroughly investigated just how tolerant CDK7 (or CDK2)
might be of divergence within the target T loop, although the
ability to activate CDK4 (29) and CDK6 (1) suggests a high
degree of flexibility. It will be interesting to test, for example,
whether valines (or other hydrophobic residues) in the 13
and/or 14 positions are necessary for T-loop recognition by
CDKs (Fig. 1). Clearly, however, no sequence within the T
loop is sufficient to ensure phosphorylation.

CDK-mediated T-loop phosphorylation: a novel mode of
substrate recognition? The inability of CDK7 complexes to
phosphorylate the CDK7 T loop, despite its close resemblance
to other CDK7 targets, is a remarkable example of substrate
specificity with possibly important biologic and evolutionary
implications. For example, it necessitates a separate kinase to
activate the enzyme. This may be a general rule for all CDKs;
no CDK yet described is capable of autophosphorylation of its
T loop, even though the requirement for T-loop phosphoryla-
tion has in at least two instances been circumvented by evolu-
tion, either natural (48) or artificial (5). That certain CDKs are
capable of phosphorylating the T loops of other CDKs only
deepens the mystery of why autoactivation appears to be
strictly forbidden.

We attempted to get around this restriction by engineering a
CDK2 mutant with the T loop of CDK7. We reasoned that if
CDK2 could phosphorylate that T loop in its natural context
(i.e., that of CDK7), it might also do so in its transplanted
context. Unless the T-loop swap also affected substrate or
cyclin-binding specificity, we could reasonably hope for a mu-
tant, CDK2-7, capable of autoactivation. Instead, we generated
a kinase that was still efficiently activated by CDK7-mediated
T-loop phosphorylation. Thus, the inability of CDK7 to phos-
phorylate its own T loop must be due to interference by other
structural features of the CDK7 complex. Likewise, CDK2 is
prevented from phosphorylating its own T loop, even when it
contains a perfect CDK2 consensus phosphorylation site, as is
the case for CDK2-7.

Activation of CDKs by other CDKs represents an expansion
of the substrate repertoire beyond the orthodox, proline-di-
rected sites that they normally recognize. The relaxation of
normal substrate recognition rules presumably requires pro-
tein-protein interactions involving surfaces remote from the
active site of the enzyme or the target site of the substrate.
Such interactions are clearly important for other enzyme-sub-
strate interactions involving CDKs and their physiologic sub-
strates (42). Our data suggest that contacts between CDKs and
certain substrates might be strong enough and specific enough
to override normal rules of substrate preference imposed (pre-
sumably) by the architecture of the enzyme active site. Perhaps
in support of this notion, a quaternary complex containing
CDK7-cyclin H and CDK2-cyclin A has been observed in vitro
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(40). Also suggestive of fundamentally different modes of sub-
strate recognition is our recent finding that T170 phosphory-
lation stimulates the CTD kinase activity of the trimeric
CDK7-cyclin H-MAT1 complex without affecting its CAK ac-
tivity (S. Larochelle and R. P. Fisher, unpublished observa-
tions).

Can we identify the structural features that either direct or
block productive interactions between the active site of one
CDK-cyclin complex and the T loop of another? Are there
other important, nonconsensus CDK substrates recognized in
similar fashion? In the case of the CDK7 T loop, at least,
phosphorylation at the nonconsensus site is as robust as phos-
phorylation directed by an adjacent site matching the consen-
sus. It is interesting to note that the ability of CDK7 family
members to activate CDKs is not universal and was either
acquired during evolution by metazoan CDK7 and fission yeast
Mcs6 or lost by budding yeast Kin28 (16, 20, 32). Mcs6, more-
over, is both a general CTD kinase and a species-specific CAK
able to activate fission yeast Cdc2 but not mammalian CDC2
or CDK2 (26). Thus, nonconserved determinants must direct
Mcs6 to phosphorylate the T loop of Cdc2. We suggest that the
ability to expand the substrate repertoire by an alternative
mode of recognition could have facilitated the acquisition of
CAK function—and the maintenance of specificity for the
CTD—by CDK7 and its relatives.
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10. Fesquet, D., J.-C. Labbé, J. Derancourt, J.-P. Capony, S. Galas, F. Girard, T.
Lorca, J. Shuttleworth, M. Dorée, and J.-C. Cavadore. 1993. The MO15 gene
encodes the catalytic subunit of a protein kinase that activates cdc2 and other
cyclin-dependent kinases (CDKs) through phosphorylation of Thr161 and its
homologues. EMBO J. 12:3111–3121.

11. Fisher, R. P. 1997. Reconstitution of mammalian CDK-activating kinase.
Methods Enzymol. 283:256–270.

12. Fisher, R. P., P. Jin, H. M. Chamberlin, and D. O. Morgan. 1995. Alternative
mechanisms of CAK assembly require an assembly factor or an activating
kinase. Cell 83:47–57.

13. Fisher, R. P., and D. O. Morgan. 1994. A novel cyclin associates with
MO15/CDK7 to form the CDK-activating kinase. Cell 78:713–724.

14. Gu, Y., J. Rosenblatt, and D. O. Morgan. 1992. Cell cycle regulation of
CDK2 activity by phosphorylation of Thr160 and Tyr15. EMBO J. 11:3995–
4005.

15. Hanks, S. K., and A. M. Quinn. 1991. Protein kinase catalytic domain
sequence database: identification of conserved features of primary structure
and classification of family members. Methods Enzymol. 200:38–62.

16. Harper, J. W., and S. J. Elledge. 1998. The role of Cdk7 in CAK function, a
retro-retrospective. Genes Dev. 12:285–289.

17. Hermand, D., A. Pihlak, T. Westerling, V. Damagnez, J. Vandenhaute, G.
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