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Cell cycle progression is controlled by the sequential functions of cyclin-dependent
kinases (cdks). Cdk activation requires phosphorylation of a key residue (on sites
equivalent to Thr-160 in human cdk2) carried out by the cdk-activating kinase (CAK).
Human CAK has been identified as a p40MO15/cyclin H/MAT1 complex that also
functions as part of transcription factor IIH (TFIIH) where it phosphorylates multiple
transcriptional components including the C-terminal domain (CTD) of the large subunit
of RNA polymerase II. In contrast, CAK from budding yeast consists of a single polypep-
tide (Cak1p), is not a component of TFIIH, and lacks CTD kinase activity. Here we report
that Cak1p and p40MO15 have strikingly different substrate specificities. Cak1p preferen-
tially phosphorylated monomeric cdks, whereas p40MO15 preferentially phosphorylated
cdk/cyclin complexes. Furthermore, p40MO15 only phosphorylated cdk6 bound to cyclin
D3, whereas Cak1p recognized monomeric cdk6 and cdk6 bound to cyclin D1, D2, or D3.
We also found that cdk inhibitors, including p21CIP1, p27KIP1, p57KIP2, p16INK4a, and
p18INK4c, could block phosphorylation by p40MO15 but not phosphorylation by Cak1p.
Our results demonstrate that although both Cak1p and p40MO15 activate cdks by phos-
phorylating the same residue, the structural mechanisms underlying the enzyme-sub-
strate recognition differ greatly. Structural and physiological implications of these find-
ings will be discussed.

INTRODUCTION

Cell cycle transitions are controlled by cyclin-dependent
kinases (cdks; Morgan, 1995), protein kinases that are
dependent on a cyclin regulatory subunit for activity (see
below). Four of the cdks function in cell cycle progres-
sion: cdc2 (cdk1), cdk2, cdk4, and cdk6. The activities of
the cdks are regulated by multiple mechanisms, includ-
ing protein-protein interactions (with cyclins, inhibitors,
and assembly factors), protein degradation, transcrip-
tional control, subcellular localization, and multiple
phosphorylations (Nasmyth, 1993; Morgan, 1995; Pines,

1995; Sherr and Roberts, 1995; King et al., 1996; Solomon
and Kaldis, 1998).

Activation of cdks requires binding of cdks to a
cyclin subunit. The cyclins are unstable proteins that
are transcribed and synthesized periodically during
the cell cycle (Evans et al., 1983; Sherr, 1994; Pines,
1995). The transcriptional control limits cyclin synthe-
sis to specific phases of the cell cycle. The ubiquitin-
mediated proteolysis of cyclins (King et al., 1996) en-
sures the irreversible and abrupt inactivation of the
associated cdk.

Full activation of cdk/cyclin complexes requires de-
phosphorylation of inhibitory sites (Thr-14 and Tyr-
15) by the dual-specificity phosphatase, Cdc25, and
phosphorylation of a particular threonine (Thr-160 in
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human cdk2). The site of this activating phosphoryla-
tion is located in the “T-loop” of cdks (Johnson et al.,
1996) and is phosphorylated by the cdk-activating ki-
nase (CAK; for review see Solomon and Kaldis, 1998).
The first reported putative CAKs are composed of a
catalytic subunit, p40MO15 (or cdk7; Fesquet et al., 1993;
Poon et al., 1993; Solomon et al., 1993); a regulatory
subunit, cyclin H (Fisher and Morgan, 1994; Mäkelä et
al., 1994); and an assembly factor, MAT1 (Devault et
al., 1995; Fisher et al., 1995; Tassan et al., 1995). In vitro,
this enzyme can phosphorylate and activate cdc2 (Fes-
quet et al., 1993; Solomon et al., 1993), cdk2 (Fesquet et
al., 1993; Poon et al., 1993, 1994; Solomon et al., 1993;
Fisher and Morgan, 1994), cdk3 (Labbé et al., 1994),
cdk4 (Kato et al., 1994a; Matsuoka et al., 1994; Blain et
al., 1997), and cdk6 (Aprelikova et al., 1995; Iavarone
and Massagué, 1997). p40MO15, cyclin H, and MAT1
are also subunits of transcription factor IIH where
they phosphorylate the C-terminal domain (CTD) of
the large subunit of RNA polymerase II (Feaver et al.,
1994; Roy et al., 1994; Serizawa et al., 1995; Shiekhattar
et al., 1995; Adamczewski et al., 1996). CAK can also
phosphorylate the retinoic acid receptor-a (Rochette-
Egly et al., 1997), octamer transcription factors (Oct-1;
Inamoto et al., 1997), and p53 (although the specific
site of phosphorylation is in dispute [Ko et al., 1997; Lu
et al., 1997]). None of these substrates contains a con-
sensus cdk phosphorylation site or a T-loop. p40MO15

is itself phosphorylated on serine 164 and threonine
170 (in human p40MO15); phosphorylation of Ser-164 is
involved in cyclin H binding, whereas phosphoryla-
tion of Thr-170 is involved in the activation of p40MO15

(Martinez et al., 1997). Phosphorylation of Thr-170 ac-
tivates the dimeric p40MO15/cyclin H complex, al-
though the trimeric p40MO15/cyclin H/MAT1 com-
plex is active independent of the phosphorylation
state of Thr-170 (Fisher et al., 1995). The assembly
factor MAT1 increases the CTD kinase activity of
p40MO15/cyclin H relative to its CAK activity (Rossig-
nol et al., 1997; Yankulov and Bentley, 1997). At least
some of the cdk inhibitors (p21CIP1, p27KIP1, and
p18INK4c) can block phosphorylation of cdks by
p40MO15 in addition to inhibiting the cdks directly,
thereby creating a “double block” to their activation
(Kato et al., 1994b; Polyak et al., 1994b; Aprelikova et
al., 1995).

Recently, we and others have identified the CAK
from budding yeast (Espinoza et al., 1996; Kaldis et al.,
1996; Thuret et al., 1996). Cak1p shares only 20–25%
identity to its closest protein kinase homologues. Al-
though Cak1p belongs to the cdk subfamily of protein
kinases, it lacks the GxGxxG motif known to be in-
volved in nucleotide binding (Hanks and Quinn,
1991). Cak1p is active as a monomer (Kaldis et al.,
1996) and phosphorylates yeast Cdc28p as well as
human cdk2 in the presence or absence of cyclin (Es-
pinoza et al., 1996; Kaldis et al., 1996; Thuret et al.,

1996). Temperature-sensitive mutants of CAK1 arrest
in G2 and G1 at the restrictive temperature with neg-
ligible CAK activity, low Cdc28p activity, and an un-
phosphorylated threonine 169 in Cdc28p (Kaldis et al.,
1996, Thuret et al., 1996). These experiments demon-
strate that Cak1p is the physiological CAK in budding
yeast. In addition, expression of p40MO15 in yeast fails
to rescue cak1–22 cells at the restrictive temperature
(Kaldis et al., 1996).

Active cdk/cyclin complexes can be inhibited by a
number of usually small proteins called cdk inhibitors
(CKI or CDI; for review see Sherr and Roberts, 1995).
Two families of inhibitors have been identified. The
CIP/KIP family contains p21CIP1/WAF1 (El-Deiry et al.,
1993; Gu et al., 1993; Harper et al., 1993), p27KIP1

(Polyak et al., 1994a,b; Toyoshima and Hunter, 1994),
and p57KIP2 (Lee et al., 1995; Matsuoka et al., 1995) and
the INK4 family contains p15INK4b/MTS2 (Hannon and
Beach, 1994), p16INK4a/MTS1 (Serrano et al., 1993),
p18INK4c (Guan et al., 1994; Hirai et al., 1995), and
p19INK4d (Chan et al., 1995; Hirai et al., 1995). The
CIP/KIP inhibitors can associate with a wide variety
of cdks, but are more active toward cdk2 than cdk4 or
cdc2 (Toyoshima and Hunter, 1994; Blain et al., 1997).
The CIP/KIP inhibitors bind to both the cdk and the
cyclin subunits (Lin et al., 1996; Chen et al., 1996a;
Chen et al., 1996b). The crystal structure of the
p27KIP1/cdk2/cyclin A complex confirmed that the
same p27 molecule binds to both subunits (Russo et al.,
1996a), suggesting that a single CKI molecule is suffi-
cient to inhibit one cdk/cyclin complex. The N termi-
nus of p27 lies in the catalytic cleft of the cdk/cyclin
complex, precluding the cdk from phosphorylating
substrates. The INK4 inhibitors are specific for cdk4
and cdk6 and bind predominately to the cdk subunit
(Serrano et al., 1993; Guan et al., 1994; Hannon and
Beach, 1994; Chan et al., 1995; Hirai et al., 1995).

Despite their common enzymatic function, human
p40MO15 and yeast Cak1p share few physical proper-
ties. To determine whether these differences have
functional implications, we compared the substrate
specificities of these enzymes in vitro using highly
purified proteins. We used the well defined substrate
cdk2/cyclin A and the less characterized substrates,
cdk4 and cdk6, in complex with cyclins D1, D2, and
D3. The presence of cyclins had inverse effects on cdk
phosphorylation by these CAKs, increasing phosphor-
ylation by p40MO15 and decreasing phosphorylation
by Cak1p. We also found that cdk inhibitors (p21, p27,
p57, p16, and p18) blocked phosphorylation of cdks by
p40MO15, but not by Cak1p. Thus, although Cak1p and
p40MO15 specifically phosphorylate the same residue
in cdks, the structural mechanisms underlying this
phosphorylation are very different. These results have
implications for the pathways by which cdks are acti-
vated and predict properties for a potential human
Cak1p-like CAK.
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MATERIALS AND METHODS

Protein Expression and Purification
Wild-type human cdk2 was expressed in insect cells (Russo, 1997),
and cyclin A173–432 (Russo, 1997), human HA-cdk2 (Connell-Crow-
ley et al., 1993), mutants of HA-cdk2 (Connell-Crowley et al., 1993),
and glutathione S-transferase (GST)-Cak1p (Kaldis et al., 1996) were
expressed in bacteria and purified as described.

Human GST-cdk4, GST-cdk6, GST-cdk6T177A (all constructs were
a kind gift of Y. Xiong, University of North Carolina at Chapel Hill),
and GST-Rb605–829 (construct was a kind gift of N. Grammatikakis,
Tufts University, Boston) were expressed in Escherichia coli (Apre-
likova et al., 1995). After growth to A600 of 0.6–0.8 in LB, 2-l cultures
were induced for 17–20 h at 20°C with 0.4 mM IPTG. Bacteria were
harvested and resuspended in 15 ml PBS, 1 mM DTT, and 0.23
protease inhibitors (13 protease inhibitors corresponds to 10 mg/ml
each of leupeptin, chymostatin, and pepstatin [Chemicon, Te-
mecula, CA]) per liter of culture. Cells were lysed using a French
press (Power Laboratory Press, American Instruments, Silver
Spring, MD) at 10,000 psi, and GST-fusion proteins were purified as
described (Solomon et al., 1990) using PBS as the buffer (except for
GST-Rb605–829, which was left on the glutathione agarose beads,
aliquoted, and stored at 280°C until use). The yield of each protein
was only in the microgram range since most of each GST-fusion
protein was insoluble.

Recombinant baculoviruses encoding human His6-cyclin H,
p40MO15, and MAT1 were kindly provided by Robert Fisher and
David Morgan. Recombinant baculoviruses containing human cy-
clin D1, D2, and D3 were generated by inserting PCR fragments
encoding six histidines N-terminal to cyclin D-coding regions into
transfer vectors pVL1392 and pVL1393. Recombinant baculoviruses
containing GST-tagged cdk4, cdk4D158N, cdk6, and cdk6D163N were
generated by first inserting the cdk-coding sequences together with
a GST-encoding fragment of pGEX2T into transfer vector pVL1392
and coinfected into Sf9 cells with BaculoGold DNA (Pharmingen,
San Diego, CA). Hi Five insect cells (Invitrogen, San Diego, CA)
were infected with the indicated recombinant baculoviruses (cyclin
viruses were always in excess of cdk viruses) and harvested 48 h
postinfection. Recombinant proteins were purified through the
GST-tags with glutathione agarose beads (Sigma Chemical, St.
Louis, MO). Cyclin D1, D2, and D3 monomers and cyclin H-con-
taining complexes (with p40MO15 or p40MO15 and MAT1), were
purified through His6-tags by nickel metal-affinity chromatography.

p21
Recombinant human p21-inhibitory domain, corresponding to res-
idues 6–96, was expressed in E. coli BL21 using the pET3d vector
(Novagen) according to standard procedures. The insoluble fraction
of the E. coli lysate was resuspended in 8 M urea and bound to C4
resin on HPLC. The resin was washed with 0.1% trifluoroacetic acid
(TFA) and eluted with 60% acetonitrile and 0.1% TFA, lyophilized to
dryness, and resuspended in 0.1% TFA. The p21 was then applied to
a C4 reverse phase column and eluted with an acetonitrile gradient,
lyophilized, resuspended in 25 mM Tris (pH 7.5), 200 mM NaCl, 5
mM DTT, and further purified by gel filtration chromatography.

p27

Recombinant human p27 with an N-terminal His6-tag was ex-
pressed in E. coli BL21 using the pET21a vector (Novagen) according
to standard procedures. The cells were lysed in a solution contain-
ing 8 M urea, 50 mM Tris-HCl (pH 7.4), 20 mM imidazole and
clarified by centrifugation. Proteins were bound to nickel-agarose
and the column was washed with a reverse gradient of urea from 8
M to zero in Tris-HCl (pH 7.4), 20 mM imidazole, 200 mM NaCl, 5
mM DTT. Elution was achieved by the same buffer containing 200
mM imidazole. The p27 protein was further purified by ion ex-

change and gel filtration chromatographies (see also Polyak et al.,
1994b).

p57
Recombinant human p57-inhibitory domain, corresponding to res-
idues 13–93, with an N-terminal His6-tag was expressed in E. coli
BL21 according to standard procedures using the pET28b vector
(Novagen). The insoluble fraction of the E. coli lysate was solubi-
lized in 8 M urea and bound to nickel-agarose. The nickel-agarose
was washed with 25 mM Tris (pH 7.5), 100 mM NaCl. The His6-p57
was eluted with 200 mM imidazole and dialyzed against 25 mM Tris
(pH 7.5), 100 mM NaCl, 2 mM DTT. The His6-tag was then removed
by thrombin cleavage. The protein was then applied onto a Mono Q
column in 25 mM Tris (pH 7.5). The p57 fragment was eluted with
a NaCl gradient, concentrated by ultrafiltration, and further puri-
fied by gel filtration chromatography.

p16
Recombinant human p16 was expressed as an N-terminal GST
fusion protein in E. coli BL21. The bacterial lysate was clarified over
a Q Sepharose column, the flow through of which was applied to a
glutathione Sepharose column. The GST-p16 was eluted with 10
mM glutathione and applied to a Source 15Q column and eluted
with a NaCl gradient. The GST tag was then removed by thrombin
cleavage, and the p16 was further purified by ion-exchange and gel-
filtration chromatography.

GST-p18
Recombinant human GST-p18 (Aprelikova et al., 1995; construct was
a kind gift of Y. Xiong, University of North Carolina at Chapel Hill)
was expressed in E. coli and purified as described for GST-cdk4/6.

Cdk Activation Assay
CAK assays were performed essentially as described (Cismowski et
al., 1995): 5 ml of CAK (7.5 ng GST-Cak1p, 0.1 mg p40MO15/cyclin H
complexes, or 0.1 mg p40MO15/cyclin H/MAT1 complexes) were
incubated for 30 min at room temperature with 5 ml of substrate mix
containing 0.1 mg cdk2 (or GST-cdk6), 0.075 mg cyclin A173–432 (or
His6-cyclin D1, D2, D3), 1 mM ATP, 10 mM MgCl2, 50 mg/ml
creatine kinase, and 35 mM phosphocreatine in EB (80 mM b-glyc-
erophosphate [pH 7.3], 20 mM EGTA, 15 mM MgCl2, 10 mM DTT,
1 mg/ml ovalbumin, and 103 protease inhibitors [see above]). The
reaction was terminated by adding 40 ml EB; 10 ml were assayed for
histone H1 kinase activity in the presence of [g-32P]ATP. Histone H1
kinase assays were performed as described previously (Solomon et
al., 1990), run on 10% SDS-PAGE, and analyzed by phosphorimag-
ing (Molecular Imager GS-250; Bio-Rad, Richmond, CA) and auto-
radiography. In some experiments the cyclin concentration was
varied as indicated in the figure legends.

Retinoblastoma (Rb) Kinase Assay
Activity was determined as above for histone H1 kinase activity except
that buffer A (100 mM HEPES [pH 7.5], 10 mM MgCl2, 1 mg/ml
ovalbumin, 10 mM DTT, 13 protease inhibitors [see above]) was used
instead of EB and samples were not diluted before their Rb kinase
activity had been assayed. Each sample (10 ml) was incubated with 1.5
mCi [g-32P]ATP, 1 mM ATP, and 5 ml GST-Rb605–829 (see above) bound
to glutathione agarose beads in buffer A (final volume, 16 ml). After
incubation for 15 min at room temperature, reactions were terminated
by the addition of 7 ml 53 SDS-PAGE sample buffer. Samples were
processed as described above.

Comparison of Cak1p and p40MO15
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Phosphorylation of cdks
The quantities of CAK indicated above were incubated with 0.1 mg
cdk2 and 0.3 mg cyclin A173–432 or with 0.1–0.5 mg GST-cdk4 or cdk6
in the presence of 5 mCi [g-32P]ATP, 10 mM ATP, and 20 mM MgCl2
in EB (final volume 16 ml). The reactions were terminated after 30
min at room temperature by the addition of 7 ml of 53 SDS-PAGE
sample buffer and analyzed as described above for the CAK assay.
In some experiments the cyclin concentration was varied as indi-
cated in the Figure legends.

CTD Phosphorylation
CTD kinase assays were performed essentially as described (Cis-
mowski et al., 1995). Briefly, a 10-ml sample (containing the same
amount of the CAKs as described under “Cdk Activation Assay”)
was incubated in the presence of 3 mCi [g-32P]ATP, 3.75 mM ATP,
and 4 mg CTD peptide [(YSPTSPS)4] in buffer A (see above). Reac-
tions were terminated after 30 min at room temperature by the
addition of 7 ml of 53 SDS-PAGE sample buffer. Samples were
processed as described above for the CAK assay.

Phosphorylation of cdks in the Presence of cdk
Inhibitors
Cdk inhibitors (CKIs) at the indicated concentrations were preincu-
bated for 10 min at room temperature with either 0.3 mg cdk2/0.225
mg cyclin A173–432 or 0.3 mg GST-cdk6D163N/0.225 mg cyclin A173–432.
Samples were then subjected to phosphorylation by CAK as de-
scribed above for the phosphorylation of cdks. The amounts of the
CKIs used were 3 mg, 1.5 mg, 0.75 mg, 0.25 mg, 0.083 mg, 0.027 mg,
and 0.009 mg.

Inactivation by 5*-p-Fluorosulfonlybenzoyl-
Adenosine (FSBA)
CAK (0.5 mg GST-Cak1p or 1.8 mg p40MO15/cyclin H) was diluted
into 18 ml buffer B (50 mM HEPES [pH 7.5], 50 mM NaCl, 10 mM
MgCl2, 1 mg/ml ovalbumin, and 13 protease inhibitors [see
above]). Two microliters of 10 mM FSBA in DMSO (Sigma, St. Louis,
MO) were added and incubated for 15 min (p40MO15) or 60 min
(Cak1p) at room temperature. DTT (5 mM) was added to inactivate
the FSBA before the samples were assayed for phosphorylation of
cdk2/cyclin A173–432 (see above). As a control, FSBA was first inac-
tivated by 5 mM DTT and then added to CAK as above.

RESULTS

First we verified the basic activities of our purified
preparations of CAKs. Cak1p and p40MO15 were orig-
inally purified by monitoring their phosphorylation
and activation of either cdc2- or cdk2-containing com-
plexes as substrates (Fesquet et al., 1993; Poon et al.,
1993; Solomon et al., 1993; Fisher and Morgan, 1994;
Espinoza et al., 1996; Kaldis et al., 1996). We repeated
this assay by incubating CAK, cdk2, and cyclin A in
the presence of unlabeled ATP. The activated cdk2
was then added to a second reaction containing the
cdk2 substrate, histone H1, and radiolabeled ATP to
monitor the activity of cdk2. Cak1p and p40MO15 acti-
vated wild-type cdk2 only in the presence of cyclin A
(Figure 1A, compare lanes 3 and 4). Cdk2 proteins
containing a mutation of the activating threonine (to
alanine, “T160A,” lanes 6) or a mutation of a residue
essential for catalysis (“N132A,” lanes 8) could not be

activated by either CAK. Nevertheless, the N132A
mutant of cdk2 could still be phosphorylated, presum-
ably on Thr-160 (see below, Figure 2, lanes 7 and 8).

Figure 1. Basic properties of yeast and human CAKs. (A) The
activation of wild-type cdk2 expressed in insect cells and of mutant
forms of cdk2 expressed in bacteria by CAK in the presence or
absence of cyclin A173–432 was monitored by the ability of cdk2 to
phosphorylate histone H1. The T160A mutation alters the site of
activating phosphorylation, whereas the N132A mutation renders
cdk2 catalytically inactive. (B) Phosphorylation of the CTD peptide
by GST-Cak1p (lanes 1 and 2), p40MO15/cyclin H (lanes 3 and 4), and
Xenopus cdc2/cyclin B complexes (lanes 5 and 6). The CTD peptide
was present in the even-numbered lanes. The same amounts of
Cak1p and of p40MO15 were used as in panel A. (C) GST-Cak1p or
p40MO15/cyclin H was preincubated with the irreversible inhibitory
ATP-analog 59-p-fluorosulfonylbenzoyladenosine (FSBA) before as-
saying for phosphorylation of cdk2/cyclin A173–432 (mass ratio,
1:0.75). As a control, FSBA was inactivated by incubation with DTT
before addition to CAK (2FSBA lanes). Lanes represent the aver-
ages of three and five measurements for GST-Cak1p and p40MO15/
cyclin H, respectively.
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p40MO15-containing enzymes have also been shown to
phosphorylate the C-terminal domain (CTD) of the
large subunit of RNA polymerase II (Feaver et al.,
1994; Roy et al., 1994; Serizawa et al., 1995; Shiekhattar
et al., 1995). We tested the ability of each CAK to
phosphorylate a synthetic CTD peptide. Cak1p was
unable to phosphorylate the CTD peptide, whereas
both p40MO15- and cdc2-containing complexes phos-
phorylated this substrate efficiently (Figure 1B). In
addition, we found that Cak1p and p40MO15 cannot
phosphorylate each other (our unpublished results).

Two of the surprising sequence differences between
p40MO15 and Cak1p are the absence of a canonical
GxGxxG nucleotide-binding motif in Cak1p and its
insensitivity to mutations at the conserved Lys-31
(equivalent to Lys-41 in human p40MO15 [Thuret et al.,
1996; Chun and Goebl, 1997]; Enke, Kaldis, and So-
lomon, unpublished results), a residue that helps to
position the ATP phosphates (Zheng et al., 1993; Jef-
fery et al., 1995). Other ATPases and kinases are irre-
versibly inhibited by the ATP analog FSBA, which
covalently modifies the equivalent lysine residue
(Zoller and Taylor, 1979). We found that FSBA readily
inhibited p40MO15 (Figure 1C; see also Solomon et al.,
1993) but that it had no effect on the ability of Cak1p
to phosphorylate cdk2/cyclin A (Figure 1C).

Phosphorylation of cdk2
Both phosphorylation on Thr-160 by CAK and binding
to a cyclin are required for full cdk2 activation. We

investigated the effect of mutations in cdk2 and the
presence of cyclin on the phosphorylation of Thr-160
in a direct phosphorylation assay. Surprisingly, Cak1p
preferentially phosphorylated cdk2 in the absence of
cyclin and displayed only very low activity toward
cdk2 in the presence of excess cyclin A (Figure 2,
upper panel, compare lanes 3 and 4). In contrast,
p40MO15 phosphorylated cdk2 in the presence of cyclin
A much more efficiently than cdk2 alone (Figure 2,
lower panel, compare lanes 3 and 4). Neither enzyme
could phosphorylate cdk2 containing an alanine mu-
tation of the activating threonine (“T160A,” Figure 2,
lanes 5 and 6). Both Cak1p and p40MO15 could phos-
phorylate a catalytically inactive mutant of cdk2
(“N132A”), although this phosphorylation was less
sensitive to the presence of cyclin (Figure 2, lanes 7
and 8; see also below).

Effect of Cyclin on Phosphorylation by CAK
To investigate the effects of cyclin on cdk phosphory-
lation by CAKs in more detail, the cyclin concentration
was varied over a wide range while keeping the cdk
concentration constant (Figure 3). We used a fragment
of cyclin A consisting of amino acids 173–432 (cyclin
A173–432) that binds to cdk2 and promotes kinase ac-
tivity, but that lacks the destruction box at the N
terminus (Jeffery et al., 1995). Cyclin A173–432 was used
because it is highly soluble and has been used success-
fully for crystallographic studies (Jeffery et al., 1995;
Russo et al., 1996a,b). The presence of cyclin A173–432
reduced the phosphorylation of cdk2 by Cak1p by
;90% at a 1:1 ratio of cyclin A173–432 to cdk2 and by
96% at a 10:1 ratio (Figure 3A, triangles). In contrast, a
1:1 ratio of cyclin A173–432 to cdk2 increased the phos-
phorylation of cdk2 by p40MO15 by more than seven-
fold (Figure 3A, squares). The ability of cyclin A173–432
to increase cdk2 phosphorylation by p40MO15 indicates
that its inverse effect on Cak1p is specific and not an
artifact. The actual activation of cdk2 toward its sub-
strate histone H1 will be a function both of the extent
of activating phosphorylation by CAK and of the
binding of cyclin. Initially, increasing cyclin A173–432:
cdk2 ratios yielded increased activity of the complexes
phosphorylated both by Cak1p and by p40MO15 (Fig-
ure 3B). However, at higher cyclin concentrations,
cdk2 incubated with Cak1p showed reduced activity
(Figure 3B, triangles), reflecting the lower level of
phosphorylation of cdk2 under these conditions (see
Figure 3A).

To address whether cyclin A173–432 affected the CAK
enzymes directly or whether these effects were due to
its binding to cdk2, we took advantage of the fact that
cyclin A173–432 does not bind stably to cdk6 (Russo and
Pavletich, unpublished results) and cannot activate
cdk6 (our unpublished results). Cak1p phosphory-
lated cdk6 equally well in the presence and in the

Figure 2. Phosphorylation of cdk2. Wild-type cdk2 expressed in
insect cells and mutant forms of cdk2 expressed in bacteria were
incubated in the presence of radiolabeled ATP with GST-Cak1p or
p40MO15/cyclin H. Samples were analyzed on 10% SDS-PAGE for
incorporation of radiolabeled phosphate by autoradiography.
T160A contains a mutation of the activating phosphorylation site
(lanes 5 and 6), whereas N132A renders cdk2 catalytically inactive
(lanes 7 and 8). Cyclin A173–432 was present in the indicated lanes in
a threefold mass excess over cdk2. The mobility of cdk2N132A is
decreased due to the presence of an N-terminal influenza hemag-
glutinin (HA) epitope tag (lanes 7 and 8). A low level of phosphor-
ylation of p40MO15 by active cdk2 complexes is apparent in lane 4
(see also Fisher et al., 1995).
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absence of cyclin A (Figure 3C, triangles), thus exclud-
ing a direct effect of the cyclin on Cak1p. Surprisingly,
phosphorylation of cdk6 by p40MO15 increased more
than 44-fold in the presence of cyclin A173–432 (Figure
3C, squares). Although we do not completely under-
stand this effect, we believe that transient binding of
cyclin A173–432 to cdk6 induces a conformation of cdk6
that favors phosphorylation by p40MO15 (see DISCUS-
SION). However, the lack of stable binding of cyclin
A173–432 to cdk6 precludes it from activating cdk6 (our
unpublished results) or from blocking cdk6 phosphor-
ylation by Cak1p. The same general effects on phos-
phorylation by Cak1p and p40MO15 were observed for
cyclin D3 (Figure 3D) as for cyclin A173–432 (Figure
3A), although they were less pronounced due to the
low binding affinity of D-type cyclins to cdk6 in vitro
(Kato et al., 1994a).

We further explored the relative cyclin-insensitivity
of cdk2N132A phosphorylation observed in Figure 2. In
principle, this effect could be due to reduced binding
of cyclin A173–432 or to an altered conformation of
cdk2N132A reflecting its inability to bind ATP. In a
cyclin titration experiment, the effect of cyclin A173–432
on the phosphorylation of cdk2N132A by Cak1p (Figure
3E, triangles) was similar to its effect on phosphoryla-
tion of wild-type cdk2 (Figure 3A). In contrast, mono-
meric cdk2N132A was a surprisingly good substrate for
p40MO15 (Figure 3E, squares). The presence of modest
amounts of cyclin A173–432 increased phosphorylation
of cdk2N132A by p40MO15 twofold. As with wild-type
cdk2, most of the effects of cyclin A173–432 were man-
ifested by a 1:1 ratio, indicating that its binding to
cdk2N132A was approximately normal. We infer that a
conformational alteration of cdk2N132A renders its

Figure 3. Effect of cyclins on
phosphorylation of cdks by
Cak1p and p40MO15/cyclin H.
Phosphorylation (A) and activa-
tion (B, measured as the phos-
phorylation of histone H1 by
cdk2) of wild-type cdk2 or phos-
phorylation of cdk2N132A (E) by
GST-Cak1p (triangles) and by
p40MO15/cyclin H (squares) were
determined in the presence of in-
creasing concentrations of cyclin
A173–432. Phosphorylation of cdk6
expressed in insect cells was ana-
lyzed in a similar manner in the
presence of various concentra-
tions of cyclin A173–432 (C), which
binds cdk6 very weakly, or of
His6-cyclin D3 (D). Note that
His6-cyclin D3 binds less tightly
to cdk6 in vitro (Kato et al., 1994a)
than does cyclin A173–432 to cdk2,
resulting in less pronounced ef-
fects on cdk phosphorylation.
Data were analyzed by phospho-
rimaging and are expressed in ar-
bitrary units. The cyclin:cdk ratios
are mass ratios of the indicated
proteins.
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phosphorylation less sensitive to the presence of cy-
clin A173–432.

Phosphorylation and Activation of cdk6
We used a bacterially produced GST-cdk6 protein to
examine the activation of cdk6 by the two CAK en-
zymes. We chose this reagent because it is not already
phosphorylated on Thr-177 (the site of activating
phosphorylation in cdk6) and because a previous
study showed that it could be phosphorylated by
p40MO15 (Aprelikova et al., 1995). Wild-type GST-cdk6,
but not a T177A mutant, was phosphorylated by both
Cak1p and p40MO15 (Figure 4A, compare lanes 3–5 to
6–8). Each enzyme could phosphorylate wild-type
cdk6 in the presence of cyclin D1, D2, and D3 (Figure

4A, lanes 3–5). Phosphorylation by either CAK stim-
ulated the Rb kinase activity of wild-type GST-cdk6 in
the presence of cyclin D1, D2, or D3 (Figure 4B, lanes
3–5). The T177A mutant of cdk6 could not be activated
by either CAK (Figure 4B, compare lanes 6–8 to 3–5).
We noticed that phosphorylation of cdk6 (Figure 4A,
lanes 4) and the resulting Rb kinase activity (Figure
4B, lanes 4) were consistently lower in the presence of
cyclin D2 compared with cyclin D1 and D3 (Figure 4B,
compare lane 4 to lanes 3 and 5). We do not know
whether this difference in activity is due to a property
of D2-type cyclins in general or to a lower quality of
this particular reagent (see DISCUSSION).

D-Type Cyclin Complexes as Substrates for CAKs
We investigated the phosphorylation of cdk4 and cdk6
bound to D-type cyclins in a more systematic manner,
looking first at phosphorylation by Cak1p. GST-cdk4
and GST-cdk6 were purified from insect cells infected
with viruses for these proteins alone or in the presence
of excess virus encoding a D-type cyclin. The latter
enzymes will be referred to as cdk/cyclin D com-
plexes even though some free cdk is likely to be
present as well. We observed that all cdk4 complexes
as well as cdk6/cyclin D1 complexes autophosphory-
lated to a significant extent (Figure 5 top panel, lanes
3–6) and displayed considerable Rb kinase activity
even without incubation with CAK (our unpublished
results), presumably due to activating phosphoryla-
tion in vivo. We do not know whether this autophos-
phorylation occurs in cis or trans and which sites are
phosphorylated. Cak1p phosphorylated monomeric
GST-cdk6D163N, wild-type GST-cdk6 complexes, and
catalytically inactive cdk6D163N complexes (K6D163N,
Figure 5, second panel from top, compare lanes 6–8
and 12–14). Complex formation with the D-type cyc-
lins significantly reduced phosphorylation of cdk6 by
Cak1p (Figure 5, second panel from top, compare lane
2 to lanes 6–8 and 12–14; see also Figure 3D).

In contrast, neither p40MO15/cyclin H nor p40MO15/
cyclin H/MAT1 could phosphorylate monomeric
cdk6 and only efficiently phosphorylated wild-type
cdk6 bound to cyclin D3 (Figure 5, bottom two panels,
lanes 8). Neither form of p40MO15 phosphorylated the
catalytically inactive mutant of cdk6, suggesting that
the wild-type conformation of cdk6 contributes to
phosphorylation by p40MO15, but not to phosphoryla-
tion by Cak1p. We do not believe this effect results
from activation of p40MO15 by wild-type cdk6 in a
feedback process. First, there was much less phos-
phorylation of p40MO15 following incubation with
cdk6 (our unpublished results; and see faint band
between cyclin D3 and GST-cdk4 label in Figure 5)
than by cdk2/cyclin A complexes (see Figure 2, lower
panel, lane 4), which are known to phosphorylate and
activate p40MO15/cyclin H complexes in vitro (Fisher

Figure 4. Cdk6 phosphorylation and activation by CAK. (A) Wild-
type and mutant forms of GST-cdk6 expressed in bacteria were
incubated in the presence of radiolabeled ATP with GST-Cak1p
(upper panel) or p40MO15/cyclin H (lower panel). T177A contains a
mutation of the activating phosphorylation site (lanes 6, 7, and 8).
Purified His6-cyclin D1, D2, or D3 was present in the indicated
lanes. (B) Activation of cdk6 by CAKs. Wild-type and mutant forms
of GST-cdk6 expressed in bacteria were incubated with the indi-
cated D-type cyclins and GST-Cak1p (upper panel) or p40MO15/
cyclin H (lower panel) in the presence of unlabeled ATP. The
reaction was then incubated with GST-Rb605–928 as a substrate in the
presence of radiolabeled ATP. Samples were analyzed by 10% SDS-
PAGE and autoradiography. His6-cyclin D1, D2, and D3 proteins
were expressed in insect cells and purified via their His6-tags,
whereas GST-cdk6 was expressed in E. coli.
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et al., 1995). Preincubation of p40MO15/cyclin H with
cyclin B/cdc2 had no effect on the subsequent phos-
phorylation of cdk6D163N by p40MO15 (our unpub-
lished results). Second, MAT1 is known to fully acti-
vate even unphosphorylated p40MO15/cyclin H
complexes (Fisher et al., 1995), yet this ternary complex
failed to phosphorylate the catalytically inactive form
of cdk6D163N (Figure 5, bottom panel, lanes 12–14).
These results also indicate that MAT1 does not con-
tribute to the substrate specificity of p40MO15 toward
these cdk/cyclin complexes under our experimental
conditions. We obtained identical results using

p40MO15 immunoprecipitated from HeLa cell extracts
(our unpublished results).

None of our purified CAK preparations could phos-
phorylate any form of cdk4 we tested (Figure 5 and
our unpublished results), although p40MO15 immuno-
precipitated from HeLa cell extracts phosphorylated
purified cdk4N158D/cyclin D2 (our unpublished re-
sults). In addition, coinfection of insect cells with GST-
cdk4/cyclin D viruses and either p40MO15/cyclin H or
Cak1p viruses did not elevate the Rb kinase activity of
the purified cdk4/cyclin D complexes (our unpub-
lished results).

Figure 5. Phosphorylation of
cdk4 and cdk6-cyclin D com-
plexes by CAK. Monomeric
and cyclin-bound GST-cdk4
and GST-cdk6 complexes were
purified from baculovirus-in-
fected insect cells and used as
substrates for autophosphory-
lation (upper panel) or for
direct phosphorylation by
GST-Cak1p (second panel),
p40MO15/cyclin H (third panel),
and p40MO15/cyclin H/MAT1
(bottom panel) in the presence
of radiolabeled ATP. Samples
were analyzed by 10% SDS-
PAGE and autoradiography.
Lanes 3–8 contained wild-type
cdks whereas lanes 1, 2, and
9–14 contained catalytically in-
active enzymes. The positions
of the phosphorylated cdks and
of cyclin D3 are indicated at the
left. Note that the GST-cdk4/
cyclin D complexes undergo
significant autophosphoryla-
tion (top panel, lanes 3–5) and
display Rb kinase activity (our
unpublished results).
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Cdk Inhibitors Prevent cdk Phosphorylation by
p40MO15 but Not by Cak1p
Since cyclins had dramatic effects on cdk phosphor-
ylation by CAKs (see Figure 3), we sought to inves-
tigate the influence of other cdk-binding proteins.
The p21Cip1/Waf1/p27Kip1 inhibitors have been re-
ported to inhibit cdk2 phosphorylation by p40MO15

but not to decrease p40MO15 activity per se (Kato et
al., 1994b; Polyak et al., 1994a; Aprelikova et al.,
1995). We investigated the effects of the p21, p27,
and p57 members of the CIP/KIP family on cdk

phosphorylation by Cak1p and by p40MO15 (Figure
6). To compare the two CAK enzymes under iden-
tical conditions, we chose an intermediate cyclin:
cdk ratio (0.75:1) at which phosphorylation by each
enzyme was efficient (see Figure 3). The inhibitors
were preincubated with cdk and cyclin before phos-
phorylation by Cak1p or p40MO15 in the presence of
radiolabeled ATP. None of the inhibitors prevented
the phosphorylation of cdk2 or cdk6 by Cak1p (Fig-
ure 6A–D, top panels), although p27 caused a minor
decrease in the phosphorylation of cdk6 (Figure 6B,

Figure 6. Cdk inhibitors from the CIP/KIP family block phosphorylation of cdks by p40MO15 but not by Cak1p. Cdk2 (A, C, and D) or
GST-cdk6 (B) was phosphorylated directly by GST-Cak1p (upper panels) or by p40MO15/cyclin H (lower panels) in the presence of various
concentrations of His6-p27 (A and B), p21 (C), or p57 (D), respectively. Lanes 1 contained no inhibitors. Mass ratios of inhibitor:cdk are 10:1
(lanes 2), 5:1 (lanes 3), 2.5:1 (lanes 4), 1.2:1 (lanes 5), 0.3:1 (lanes 6), 0.09:1 (lanes 7), and 0.03:1 (lanes 8). In all experiments the cdk:cyclin
A173–432 ratio was chosen to be 1:0.75. In panel A, the position of His6-p27 that has been phosphorylated by cdk2/cyclin A173–432 is indicated.
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top panel, lanes 2– 4). In contrast, phosphorylation
by p40MO15 was abolished by all three inhibitors
(Figure 6A–D, bottom panels). Even in the absence
of cyclin, cdk phosphorylation by Cak1p was unaf-
fected by p27 (our unpublished results). p27 also
failed to further inhibit phosphorylation by Cak1p
of cdk2/cyclin A complexes prepared using a 10-
fold excess of cyclin (our unpublished results).
Thus, p27 does not block the phosphorylation by
Cak1p of either monomeric or cyclin-bound cdk2. In
fact, excess p27 slightly diminished the inhibition of
cdk2 phosphorylation caused by a large excess of
cyclin (our unpublished results), similar to the mod-
est stimulation of cdk2 phosphorylation by Cak1p in
the presence of p27 seen in Figure 6A (top panel,
lanes 2– 4). In all cases, however, the cdk/cyclin
complexes phosphorylated in the presence of excess
p27 remained inactive (our unpublished results).
Intermediate p27 concentrations led to the phos-
phorylation of p27 by the active subset of cdk2/
cyclin A complexes (Figure 6A, lanes 5), presumably
on a site known to lead to p27 degradation in vivo
(Sheaff et al., 1997; Vlach et al., 1997). The inhibition
of phosphorylation by p40MO15 appears to require
the binding of p27 to cdk2. p27 forms a hydrogen
bond to Asn-132 in cdk2 (Russo et al., 1996a). Phos-
phorylation by p40MO15 of a cdk2N132A mutant
bound to cyclin A173– 432 is insensitive to p27 (our
unpublished results), presumably because this form
of cdk2 no longer binds to p27.

We also tested whether cdk inhibitors of the INK
family could block phosphorylation of cdks by the
CAKs. Unlike the CIP/KIP family proteins, these CKIs
bind predominately to the cdk subunit and are specific
for cdk4 and cdk6 (Serrano et al., 1993; Guan et al.,
1994; Hannon and Beach, 1994; Chan et al., 1995; Hirai
et al., 1995). p18 has been shown previously to inhibit
phosphorylation by p40MO15 of cdk6/cyclin D1 but
not of cdk2/cyclin A (Aprelikova et al., 1995). We
incubated various concentrations of p16 or p18 with
cdk6 or cdk2 before phosphorylation by either Cak1p
or p40MO15 (Figure 7). Phosphorylation by Cak1p was
not affected by the presence of either inhibitor (Figure
7, A–D, top panels). p16 also had no effect on the
phosphorylation of cdk6 by Cak1p in the absence of
cyclin (our unpublished results). In contrast, phos-
phorylation of cdk6 by p40MO15 was severely de-
creased by both p16 and p18 (Figure 7, A and C,
bottom panels). p16 and p18 had no effect on the
phosphorylation of cdk2 by p40MO15 (Figure 7, B and
D, bottom panels), reflecting the lack of binding of
these proteins to cdk2 (Serrano et al., 1993; Guan et al.,
1994; Hannon and Beach, 1994; Chan et al., 1995; Hirai
et al., 1995). Thus, all of the tested cdk inhibitors
blocked phosphorylation of cdks by p40MO15 but not
by Cak1p.

DISCUSSION

In this study, we have compared the phosphorylation
of cdks by budding yeast Cak1p and by human
p40MO15 using an in vitro system with highly purified
proteins. Primary sequence analysis had previously
revealed that Cak1p and p40MO15 are only distantly
related (Espinoza et al., 1996; Kaldis et al., 1996; Thuret
et al., 1996). In addition, Cak1p is active as a mono-
meric enzyme (Kaldis et al., 1996), whereas p40MO15 is
found in a complex with cyclin H, MAT1, or even with
transcription factor IIH (TFIIH) (see Morgan, 1995).
The identification and initial characterization of Cak1p
suggested that it had properties distinct from p40MO15.
For example, Cak1p was able to phosphorylate mono-
meric cdk2 and Cdc28p (Espinoza et al., 1996; Kaldis et
al., 1996; Thuret et al., 1996), whereas p40MO15 required
the presence of a cyclin (Solomon et al., 1993; Fisher
and Morgan, 1994). We have now performed a sys-
tematic comparison of the substrate specificities of
these two CAK enzymes and found that Cak1p pref-
erentially phosphorylates monomeric cdks, whereas
p40MO15 prefers cyclin-bound cdks as substrates. Sur-
prisingly, cdk inhibitors prevent phosphorylation of
cdks by p40MO15 but not by Cak1p. These results in-
dicate that Cak1p and p40MO15 recognize the same
residue in cdks via very different mechanisms. Fur-
thermore, the presence of MAT1 had no effect on the
substrate specificity of p40MO15 toward cdk/cyclin
complexes, although previous studies have indicated
that MAT1 changes the relative substrate specificity of
p40MO15 toward the CTD and monomeric GST-cdk2
(Rossignol et al., 1997; Yankulov and Bentley, 1997).
These prior studies did not examine the effect of
MAT1 on phosphorylation of cyclin-bound cdk2 (a
much better substrate for p40MO15).

Although our studies utilized exclusively human
proteins as CAK substrates, we believe that the
findings are quite general. Since we were interested
in identifying differences between Cak1p and
p40MO15, it was essential to compare their activities
toward common substrates. Human cdk2 is a func-
tional homolog of Cdc28p, demonstrated by the
ability of cdk2 to rescue a temperature-sensitive
CDC28 mutation in budding yeast (Elledge and
Spottswood, 1991; Ninomiya-Tsuji et al., 1991), indi-
cating that cdk2 can be a physiological substrate for
Cak1p. Moreover, a diverse array of well character-
ized human proteins was available for this work.
Our previous studies have shown that phosphory-
lation of the yeast cdk, Cdc28p, by Cak1p is de-
creased in the presence of a yeast cyclin, Clb2p
(Kaldis et al., 1996). Consistent with the current
studies we have also found that phosphorylation of
cdk2/cyclin A173– 432 by p40MO15, but not by Cak1p,
is inhibited by a yeast CKI, Sic1p (our unpublished
results). These results demonstrate that the major
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substrate differences we observed here represent
general properties of the respective enzymes re-
gardless of the particular substrates employed. In
addition, we have recently identified a novel human
CAK activity that shares several features with
Cak1p (Kaldis and Solomon, unpublished). This
partially purified activity elutes at ;30 kDa from gel
filtration, lacks CTD kinase activity, is recognized
by antibodies against budding yeast Cak1p but not
by antibodies against p40MO15, is insensitive to
FSBA, and efficiently phosphorylates monomeric
cdks. We predict that this human Cak1p-like CAK
will share the properties of Cak1p we have charac-
terized here and that these studies will contribute to
our understanding of two very different CAK activ-
ities within human cells.

Cak1p Phosphorylates cdks Efficiently in the
Absence of Cyclin

We have found that the presence of cyclins has oppo-
site effects on the phosphorylation of cdks by Cak1p
and p40MO15. Phosphorylation of both cdk2 and cdk6
by Cak1p was strongly repressed by the presence of
cyclin A and cyclin D3, respectively, whereas phos-
phorylation of these same cdks by p40MO15 was
greatly elevated by the presence of cyclins. As a con-
trol, cyclin A had little effect on the phosphorylation of
cdk6 by Cak1p, reflecting the weak interaction be-
tween cyclin A and cdk6. Most likely, cyclin A influ-
ences CAK phosphorylation of cdks by binding to the
cdks and thereby remodeling the CAK substrate (see
below). These results suggest that activation of cdks

Figure 7. Inhibitors of the INK4 family prevent phosphorylation of cdk6 by p40MO15 but not by Cak1p. GST-cdk6 (A and C) or cdk2 (B and
D) was phosphorylated directly by GST-Cak1p (upper panels) or by p40MO15/cyclin H (lower panels) in the presence of various concen-
trations of p16 (A and B) or GST-p18 (C and D). Lanes 1 contained no inhibitors. Mass ratios of cdk:inhibitor are as in Figure 6. In all
experiments the cdk:cyclin A173–432 ratio was chosen to be 1:0.75.
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by Cak1p in vivo may proceed by a pathway distinct
from that employed by p40MO15. Monomeric cdks
might first become phosphorylated by Cak1p and only
subsequently bind to cyclins to yield the active protein
kinase. Whether this pathway is actually utilized will
depend on a number of parameters, including the
binding kinetics and affinity of the cyclin for the un-
phosphorylated cdk, and the activities of Cak1p and
the opposing phosphatase toward the monomeric and
cyclin-bound cdks. Perhaps both pathways operate in
vivo, one carried out by p40MO15 and the other by
Cak1p or by a vertebrate Cak1p-like CAK. We are
currently testing this possibility by investigating the
activation pathway of yeast Cdc28p in vivo.

Activation of cdk4 and cdk6 by CAK
We extended our investigation of the substrate speci-
ficities of CAKs to complexes of cdk4 and cdk6 with
D-type cyclins formed either in vitro with purified
proteins or in vivo (coinfected in insect cells). Up until
now there have been no systematic studies of these
CAK substrates. Both Cak1p and p40MO15 specifically
phosphorylated cdk6 in the absence of mutation at
threonine 177 (Figure 4A) and could activate the Rb
kinase activity of cdk6/cyclin D complexes formed in
vitro. Cak1p phosphorylated monomeric cdk6 and all
cdk6/cyclin D complexes formed in vivo, whereas
p40MO15 only phosphorylated cdk6/cyclin D3 com-
plexes (Figure 5), raising the possibility of distinct
CAKs for different cdk complexes. Interestingly,
cdk6/cyclin D2 complexes assembled in vitro were
consistently less active after phosphorylation by CAK
than the corresponding cyclin D1 or D3 complexes.
Several explanations are possible for this difference: 1)
cyclin D2 protein may be less active because of mis-
folding or aggregation (Blain et al., 1997); 2) the bind-
ing affinity of cyclin D2 toward cdk6 may be lower
than that of cyclins D1 and D3; or 3) Rb may not be an
optimal substrate for cdk6/cyclin D2 complexes, im-
plying some specialization of the cyclin D complexes.
Further experiments will be needed to resolve this
issue.

We have never observed phosphorylation of cdk4
using purified proteins. These reagents include both
Cak1p and p40MO15 (both of which we know to be
active toward other substrates) and cdk4 expressed
from multiple constructs both in bacteria and in insect
cells. On the other hand, we have found that p40MO15

immunoprecipitated from HeLa cell extracts was able
to phosphorylate cdk4/cyclin D2 from insect cells (our
unpublished results). In reviewing the literature, it
appears that phosphorylation of cdk4 has been ob-
served in cell extracts (the most common situation) or
when either cdk4 or p40MO15 has been immunopre-
cipitated (Kato et al., 1994a; Matsuoka et al., 1994; Blain
et al., 1997; Diehl and Sherr, 1997; Phelps and Xiong,

1997). We conclude that phosphorylation of cdk4 is
strongly dependent on the conditions of the assay.
Perhaps highly purified proteins have lost cofactors
essential for efficient phosphorylation of cdk4. These
cofactors would be present in cell extracts and possi-
bly also in immunoprecipitates.

Phosphorylation of bacterially produced cdk6 by
CAK in the presence of cyclin D greatly stimulates its
Rb kinase activity (Aprelikova et al., 1995 and this
study). In contrast, Cak1p stimulated the Rb kinase
activity of in vivo formed cdk6/cyclin D2 complexes
purified from insect cells by only 4- to 8-fold (our
unpublished results). This is a range of activation sim-
ilar to that observed by others (Blain et al., 1997), but
much less than is observed for cdk2 complexes (Con-
nell-Crowley et al., 1993; see also Figure 1A). Insect
cell-produced cdk/cyclin complexes display consider-
able activity before incubation with CAK in vitro,
probably due to activating phosphorylation in vivo.
The basal Rb kinase activity of similarly produced
cdk4/cyclin D1, D2, or D3 and cdk6/cyclin D1 com-
plexes could not be increased by incubation with CAK
in vitro (our unpublished results).

Effects of cdk Inhibitors on Phosphorylation by
CAKs
The ability of CAKs to phosphorylate cdks depends
not only on the presence of cyclin but also of cdk
inhibitors. We have shown that the p21, p27, p57, p16,
and p18 CKIs inhibit phosphorylation of cdks by
p40MO15 (Figures 6 and 7) but do not prevent phos-
phorylation by Cak1p. None of the CKIs actually in-
hibited p40MO15 per se (Aprelikova et al., 1995; and see
Figure 7, B and D), suggesting that the CKIs hinder
cdk-p40MO15 interactions. Different classes of CKIs ap-
pear to inhibit p40MO15 differently. A crystal structure
of the p27/cdk2/cyclin A complex indicates that p27
binding would sterically interfere with recognition of
the T-loop of the cdk2/cyclin A complex. On the other
hand, p16 binds to cdks far from the T-loop, and
presumably exerts its effects through indirect confor-
mational alterations in T-loop residues. While CKIs
can both block cdk phosphorylation by p40MO15 and
directly inhibit the phosphorylated cdks, there is no
such “double block” with respect to Cak1p. The in
vivo relevance of such a double block for p40MO15 is
unclear, however.

Cak1p and p40MO15 Recognize Substrates Differently
Cak1p and p40MO15 recognize their substrates, cdks
and ATP, very differently. The effect of cyclin binding
to cdks on phosphorylation by the CAKs suggests that
each CAK binds to a different orientation of the T-
loop, on which the site of activating phosphorylation
resides. Based on the crystal structure of monomeric
cdk2, the Thr-160 on the T-loop is less accessible

P. Kaldis et al.

Molecular Biology of the Cell2556



(“closed” conformation), blocking substrates from the
site of catalysis (De Bondt et al., 1993). This closed
conformation appears to be preferred by Cak1p. In
contrast, binding of cyclin A induces large motions of
the entire T-loop, exposing Thr-160 and permitting
substrate access (Jeffery et al., 1995). This “open” con-
formation seems to be favored by p40MO15. Interest-
ingly, similar activating sites in a MAP kinase are
phosphorylated by MEK while in a distinct closed
position (Canagarajah et al., 1997), resulting in a very
similar open conformation. Thus, there are multiple
solutions as to how to achieve activating phosphory-
lation of protein kinases in which the final conforma-
tions of the activated T-loops are similar. An intrigu-
ing way in which Cak1p might gain access to Thr-160
in the closed conformation would be by inducing
movement of the T-loop into an open or partially open
conformation. Perhaps Cak1p and cyclin bind to over-
lapping sites on cdks, thereby inducing similar con-
formational changes. Overlapping binding sites
would also explain the decreased phosphorylation by
Cak1p caused by cyclin binding to the cdk. p40MO15

might not be able to move the T-loop and would
therefore only efficiently phosphorylate the cyclin-
bound cdks. Alternatively, p40MO15 might bind di-
rectly to cyclin A and use it as a docking site to gain
access to the activating threonine. Indeed, we have
detected complexes of p40MO15 with cyclin A or cdk2/
cyclin A but not with monomeric cdk2 by using gel
filtration chromatography. We have not observed sim-
ilar stable binding of monomeric cdk2 to Cak1p under
our experimental conditions (our unpublished re-
sults).

The differential effect of the cdk inhibitors on phos-
phorylation by Cak1p and by p40MO15 also indicates
that these enzymes approach the site of activating
phosphorylation on the T-loop differently. Binding of
p27 does not induce a conformational change in the
T-loop of cdk2 (Russo et al., 1996a), suggesting that
p27 sterically interferes with phosphorylation by
p40MO15 rather than causing a repositioning of the
Thr-160 on the T-loop to create a poor p40MO15 sub-
strate. Cak1p may approach the T-loop in a way that
avoids the bound CKI. We presume that the other cdk
inhibitors act similarly. Even though the T-loop is
located in a groove between the N-terminal and C-
terminal lobes of cdk2 (De Bondt et al., 1993), it ap-
pears that there are at least two different ways to gain
access to the activating threonine.

Some cdk2 mutations had interesting effects on the
phosphorylation of cdk2 by CAKs. The cdk2N132A mu-
tant prevents ATP binding. The effect of the cyclin
A173–432 titration on phosphorylation of this mutant
(Figure 3E) indicated that binding of cyclin A173–432
was roughly normal, which is consistent with a report
that a similar non ATP-binding mutant bound cyclin
normally (van den Heuvel and Harlow, 1993).

Cdk2N132A is an excellent substrate for p40MO15 even
in the absence of cyclin, indicating that the mutation
induces a conformational change in cdk2 that makes it
a better substrate. Crystal structures of various forms
of cdk2 indicate that cyclin binding has little effect on
Asn-132 (which interacts with ATP) and that mutation
of this residue might not affect the T-loop significantly.
The effects of this mutation on the phosphorylation of
cdk2 are therefore most likely due to the inability of
cdk2N132A to bind ATP. The T-loop may be more sen-
sitive to the presence of cyclin when ATP is bound.
Interestingly, the D163N mutation in cdk6 abolished
phosphorylation by p40MO15 but had no effect on
phosphorylation by Cak1p. We speculate that since
the D163N mutation in cdk6 is closer to the activating
threonine (Thr-177) than is Asn-132 in cdk2, it could
affect the structure of the T-loop more profoundly.

p40MO15 is a typical protein kinase in its mode of
ATP binding whereas Cak1p is quite unusual. FSBA
covalently modifies an invariant lysine in protein ki-
nases (equivalent to Lys-41 in p40MO15) and thereby
inactivates all tested ATPases and protein kinases of
which we are aware. This lysine, together with specific
glutamic acid and asparagine residues, is involved in
the proper positioning of the ATP phosphates (Zheng
et al., 1993; Jeffery et al., 1995). p40MO15 is completely
inhibited by FSBA (Figure 1C and Solomon et al.,
1993), whereas Cak1p is unaffected (Figure 1C). Fur-
thermore, Cak1p shows only minor sensitivity to mu-
tation of Lys-31 [equivalent of Lys-41 in human
p40MO15 (Thuret et al., 1996; Chun and Goebl, 1997;
Enke, Kaldis, and Solomon, unpublished results) and
lacks a canonical glycine-rich loop (GxGxxG motif)
that is also involved in positioning the phosphates of
ATP (Hemmer et al., 1997). These properties suggest
that Cak1p binds ATP quite differently from other
protein kinases and raise the possibility of identifying
drug inhibitors that are specific for Cak1p-like CAKs.
A detailed study of the ATP-binding properties of
Cak1p will be published elsewhere (Enke, Holmes,
Kaldis, and Solomon).

Conclusion
We have shown that Cak1p and p40MO15 have strik-
ingly different substrate requirements with respect to
ATP binding, cyclins, and cdk inhibitors. These differ-
ences predict distinct cdk activation pathways involv-
ing these CAKs. An important unsolved question is
whether both Cak1p and p40MO15 actually function as
physiological CAKs in vivo. Two groups have dem-
onstrated that Cak1p is the physiological CAK of bud-
ding yeast (Kaldis et al., 1996; Thuret et al., 1996). Our
study significantly extends the list of differences be-
tween Cak1p and p40MO15. Furthermore, many non-
cdk substrates of p40MO15 have been identified, in-
cluding the CTD, components of the transcription
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machinery, and p53. The phosphorylation sites of
these substrates share no homology to the consensus
cdk phosphorylation sites, are not located in T-loop
contexts, and share little resemblance to each other.
These results indicate that p40MO15 has a relaxed sub-
strate specificity and suggest that it might simply be
fortuitous that p40MO15 can also phosphorylate cdk/
cyclin complexes. Two recent reports suggest physio-
logical roles for p40MO15 as CAK in Xenopus egg ex-
tracts and in Drosophila embryos (Fesquet et al., 1997;
Larochelle et al., 1998). Clearly, further studies will be
needed to elucidate the in vivo function(s) of p40MO15.
We expect that the properties of Cak1p will be shared
by our partially purified human Cak1p-like CAK and
that our results will thereby affect the understanding
of mammalian cdk activation by both classes of CAK.
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