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Although Cks proteins were the first identified binding partners of cyclin-dependent protein kinases (cdks),
their cell cycle functions have remained unclear. To help elucidate the function of Cks proteins, we examined
whether their binding to p34cdc2 (the mitotic cdk) varies during the cell cycle in Xenopus egg extracts. We
observed that binding of human CksHs2 to p34cdc2 was stimulated by cyclin B. This stimulation was dependent
on the activating phosphorylation of p34cdc2 on Thr-161, which follows cyclin binding and is mediated by the
cdk-activating kinase. Neither the inhibitory phosphorylations of p34cdc2 nor the catalytic activity of p34cdc2 was
required for this stimulation. Stimulated binding of CksHs2 to another cdk, p33cdk2, required both cyclin A and
activating phosphorylation. Our findings support recent models that suggest that Cks proteins target active
forms of p34cdc2 to substrates.

Cell cycle transitions in eukaryotic cells are controlled by a
family of cyclin-dependent protein kinases (cdks) and their
cyclin-binding partners. The cyclin B-p34cdc2 complex is re-
quired for the G2-to-M phase transition. Regulation of p34cdc2

activity is crucial to the proper timing and execution of mitosis
and is accomplished via regulation of cyclin B levels and by
multiple phosphorylations of p34cdc2 (for reviews, see refer-
ences 29, 33, 37, 44, and 51). Inactive, monomeric p34cdc2 binds
to cyclin B, which accumulates during interphase, permitting
phosphorylation of p34cdc2 on three sites: Thr-14, Tyr-15, and
Thr-161 (50). Phosphorylation of Thr-161 is necessary for com-
plete activation of the kinase and is carried out by the cdk-
activating kinase (CAK) (for reviews, see references 48 and
49). Vertebrate and starfish CAKs consist of the cdk7-cyclin H-
MAT1 complex (16, 18, 34, 45, 51, 56, 57), although budding
yeast has a distinct CAK, Cak1p, that functions as a monomer
(15, 27, 58). p34cdc2 also undergoes inhibitory phosphoryla-
tions on Thr-14 and Tyr-15 that keep it inactive until cdc25, a
dual-specificity phosphatase, dephosphorylates these sites just
prior to mitosis (for a review, see reference 8), thus producing
an active, Thr-161-phosphorylated p34cdc2 responsible for en-
try into mitosis. Inactivation of p34cdc2 and exit from mitosis
require the ubiquitin-dependent proteolysis of cyclin B (20, 28,
39). Ubiquitination of cyclin B is mediated by the ubiquitin
ligase termed the anaphase-promoting complex, a multiprotein
assembly that is activated by phosphorylation during mitosis
(24, 30, 32, 53).

p13suc1 is the founding member of a family of p34cdc2-bind-
ing proteins whose functions are less clearly understood than
those of the cyclins. suc1 was initially identified in fission yeast
from a screen for high-copy-number suppressors of a temper-
ature-sensitive allele of cdc2 (23). Homologs have since been
identified in many organisms including budding yeast (CKS1),
humans (CksHs1 and CksHs2), and frogs (Xe-p9) (21, 41, 46).
In addition to extensive primary amino acid sequence conser-
vation among these homologs, crystal structures of p13suc1,
Cks1p, CksHs1, and CksHs2 reveal a common core motif (2, 3,

6, 13). Ternary complexes containing a cdk, a cyclin, and a Cks
protein have been detected biochemically (1, 5), and the Cks
proteins (in particular p13suc1) covalently coupled to Sepha-
rose beads have become universal reagents for precipitating
monomeric as well as active (cyclin-bound) forms of p34cdc2

from all eukaryotes (1, 5, 11, 46, 50).
Although both suc1 and CKS1 are essential for cell viability

in fission yeast and budding yeast, respectively (21, 23, 25), the
functions of the Cks proteins have remained unclear because
no single model that can account for the conflicting observa-
tions has been proposed (for reviews, see references 14 and
43). While p13suc1 can stabilize the activity of some tempera-
ture-sensitive forms of fission yeast p34cdc2 in vitro (5, 36),
there are also several lines of evidence that suggest that Cks
proteins antagonize p34cdc2 activation. For example, overex-
pression of suc1 in fission yeast and of CKS1 in budding yeast
delays entry into mitosis (22, 25, 46). In vitro, excess p13suc1 or
Xe-p9 prevents the dephosphorylation of p34cdc2 on Tyr-15 in
Xenopus interphase egg extracts, thereby keeping p34cdc2 in-
active (12, 41). In fact, excess p13suc1 or Xe-p9 can directly
inhibit the dephosphorylation of Tyr-15 by recombinant cdc25
(19, 41). These data are difficult to reconcile with the conse-
quences of immunodepletion of Xe-p9 from Xenopus inter-
phase egg extracts, which also prevents entry into mitosis (41).
A role for Cks proteins in the exit from mitosis is suggested by
the anaphase arrest of fission yeast suc1 deletion mutants (36).
Inactivation of suc1 leads to elevated cyclin B levels and high
p34cdc2 activity (4). In Xenopus, immunodepletion of Xe-p9
from mitotic egg extracts leads to a stabilization of cyclin B and
high p34cdc2 activity, which prevents exit from mitosis (41). In
budding yeast, conditional cks1 mutants display defects at both
the G1/S and the G2/M transitions (55). Thus, Cks proteins
present a complex picture from which their primary function is
not easily deduced.

Recent X-ray crystallographic studies of CksHs1 bound to
p33cdk2 led to the suggestion that Cks proteins might target
cdks to specific substrates or to particular phosphoproteins (7).
CksHs1 has a phosphate-binding pocket that is positioned
along the putative substrate-binding surface of p33cdk2, thus
possibly extending this surface and permitting more specific or
tighter binding of substrates. A related model suggesting that
Xe-p9 might serve as a “docking factor” has been proposed by
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Patra and Dunphy (41), based on a biochemical analysis using
Xenopus egg extracts. These models, which we refer to as
targeting models, have recently gained support from a study
showing that p13suc1 binds to the phosphorylated (active) form
of the anaphase-promoting complex (54).

Previous studies have not addressed whether Cks proteins
might interact with p34cdc2 in a cell cycle-specific manner or
preferentially with distinct subsets of p34cdc2 molecules. The
existence of variations in binding would help guide proposed
models of Cks protein function. We have addressed these
questions by using Xenopus egg cytoplasmic extracts in which
we could easily and synchronously manipulate the activation
state of p34cdc2. Binding of Cks proteins to monomeric p34cdc2

in an interphase-arrested extract was compared to binding to
p34cdc2 activated by addition of recombinant cyclin B. The role
of p34cdc2 phosphorylation in binding of CksHs2 was assessed
using p34cdc2 mutant proteins as well as p34cdc2 phosphory-
lated in vitro by Cak1p. We found that CksHs2 preferentially
associated with the active form of p34cdc2. Finally, we discuss
our observations in the context of current models of Cks func-
tion.

MATERIALS AND METHODS

Buffers. EB contains 80 mM b-glycerophosphate (pH 7.3), 20 mM EGTA, 15
mM MgCl2, 10 mM dithiothreitol (DTT), 1 mg of ovalbumin per ml, and 13
protease inhibitors (10 mg each of leupeptin, chymostatin and pepstatin per ml).
XB contains 10 mM K-HEPES (pH 7.7), 100 mM KCl, 1 mM MgCl2, 0.1 mM
CaCl2, 50 mM sucrose, 100 mg of ovalbumin per ml, and 0.13 protease inhibi-
tors. 23 sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) sample buffer (SB) contains 6.6% SDS, 26% (vol/vol) glycerol, 100 mM
DTT, 262 mM Tris base, and bromophenol blue. Tris-buffered saline (TBS)
contains 150 mM NaCl and 10 mM Tris-HCl (pH 8.0). TBST is TBS with 0.1%
Tween 20.

Xenopus egg extracts. Cytostatic factor-arrested extracts were released from
cytostatic factor arrest with calcium and arrested in interphase by treatment with
cycloheximide as described previously (50).

Protein purification. Glutathione S-transferase (GST)–cyclin B was expressed
from a pGEX vector encoding GST as an N-terminal fusion to residues 13 to 409
of sea urchin cyclin B (50). The protein was prepared from a 6-liter culture of
Escherichia coli and purified by precipitation with glutathione-agarose followed
by elution with free glutathione as described previously (50). The protein was
desalted for use in glutathione-agarose precipitations by chromatography on a
1-ml Sephadex G-25 (Sigma) column equilibrated with 50 mM HEPES (pH
7.5)–3 mM DTT–13 protease inhibitors.

GST-cyclin A was expressed from a pGEX vector (42) and purified as for
GST-cyclin B except that expression was induced at an A600 of 0.8 with 0.4 mM
isopropyl-b-D-thiogalactopyranoside (IPTG) at 16°C overnight. The yield from 6
liters was 350 mg.

CksHs2 was expressed from pRK171 in E. coli BL21(DE3)pLysS cells (46). A
3-liter culture was induced at an A600 of 0.4 with 0.4 mM IPTG. After 3.5 h at
37°C, the cells were pelleted at 4,200 3 g for 5 min in a Sorvall GS-3 rotor. Cells
were washed twice with 0.9% NaCl, resuspended in 30 ml of 50 mM Tris-HCl
(pH 8.0)–2 mM EDTA–10% glycerol, and sonicated on ice (four 30-s continuous
pulses on output 5, using a Heat Systems-Ultrasonics, Inc. model W-375 appa-
ratus with a microtip). The extract was clarified by ultracentrifugation for 40 min
at 1.78 3 105 3 g (50,000 rpm) in a Beckman 60 Ti rotor. A 50 to 70%
ammonium sulfate fraction was resuspended in 2.5 ml of 50 mM Tris-HCl (pH
8.0)–2 mM EDTA–100 mM NaCl. The protein was applied to a 100-ml Bio-Gel
P-30 column (1.5-cm diameter; Bio-Rad) that had been equilibrated with the
same buffer. Fractions containing CksHs2 were pooled and either dialyzed into
EB or coupled to CNBr-activated Sepharose (see below).

Recombinant human p33cdk2 was purified from E. coli as described by Con-
nell-Crowley et al. (9); the p33cdk2 used for Fig. 2D was a gift of P. Kaldis.
Purified recombinant Cak1p was a gift of P. Kaldis.

In vitro transcription and translation. PCR was used to introduce an NcoI site
at the start codon and a BamHI site downstream of the stop codon of CksHs1,
CksHs2, and Xe-p9. NcoI-BamHI fragments were subcloned into NcoI-BamHI-
cut cycD13Tb. This vector contains a T7 promoter and the 59 and 39 untranslated
regions of b-globin to facilitate in vitro transcription and translation (19). The 59
and 39 primers used for PCR were as follows (start and stop codons are under-
lined): for CksHs1, GGGGAATTCCATGGCGCACAAACAAATTTACTAT
TCG and GGGGGATCCTCATTTCTTTGGTTTCTTGG; for CksHs2, GGGG
AATTCCATGGCCCACAAGCAGATCTAC and GGGGGATCCTCATTTTT
GTTGATCTTTTGG; and for Xe-p9, GGGGAATTCCATGGCATACAAGA
ACATTTACTACTCGG and GGGGGATCCTCATTTCTGTTGATCTTTT
GG. The complete sequence of each gene was verified. Hemagglutinin epitope

(HA)-tagged versions of wild-type and mutant forms of Xenopus p34cdc2 in the
same vector have been described elsewhere (19, 52).

In vitro transcription reactions were performed as described previously (19)
except that rRNasin (1.6 U/ml; Promega) was included and the products were
treated with RNase-free DNase (0.9 U/ml) for 15 min at 37°C. The RNA was
translated in reticulocyte lysates (Promega) according to the manufacturer’s
instructions. p34cdc2 translations used 0.15 mCi of [35S]methionine per ml and 40
mM unlabeled methionine. The luciferase translation used 0.3 mCi of [35S]
methionine per ml and included 40 mM unlabeled methionine. (Luciferase
mRNA was obtained from Promega.) The Cks protein translations used 0.3 mCi
of [35S]methionine per ml without any additional unlabeled methionine. The
concentration of the p34cdc2 was determined by immunoblotting compared to a
known concentration of Xenopus p33cdk2, using an anti-PSTAIR antiserum (50).
The concentration of CksHs2 was calculated by comparison to the p34cdc2 trans-
lation, using SDS-PAGE and phosphorimage quantitation and adjusting for the
respective specific activities of methionine and the number of methionines in
each protein. The concentration of wild-type and mutant p34cdc2 was 70 nM, and
the concentration of the Cks proteins was ;100 nM.

Glutathione-agarose precipitation of cyclin-bound Cks proteins. Six microli-
ters of in vitro-translated CksHs1 or CksHs2, 20 ml of Xenopus egg extract or XB,
and 6 ml of XB were incubated for 10 min at 23°C; 8 ml of GST-cyclin B was
added to a final concentration of either 36 or 360 nM, and reaction mixtures were
incubated for 20 min at 23°C. As a control, 8 ml of GST was added to a final
concentration of 3.5 mM. Reaction mixtures were diluted to 200 ml with XB
containing 0.5% Nonidet P-40 (NP-40) and rotated for 1 h at 4°C with 30 ml of
glutathione-agarose beads (Sigma). The beads were washed five times with 400
ml of XB containing 0.5% NP-40 then once with XB. The beads were resus-
pended in 25 ml of 23 SB, and 10 ml was analyzed by using a 10% acrylamide
stacking gel and a 16.5% acrylamide separating gel containing 13% glycerol and
3.6 M urea (35). A set of dilution standards of CksHs1 or CksHs2 (representing
from 24 to 0.75% of the total in each reaction) was run simultaneously for
comparison. Gels were analyzed by phosphorimaging (Molecular Imager GS-
250; Bio-Rad) or by fluorography.

Immunoprecipitation of p34cdc2-bound Cks proteins. Six microliters of a
p34cdc2 in vitro translation, 6 ml of a CksHs1, CksHs2, or Xe-p9 in vitro trans-
lation, and 20 ml of Xenopus egg extract were incubated for 10 min at 23°C.
(Control incubations contained translations performed without RNA or XB in
place of Xenopus extract.) Eight microliters of 180 nM GST-cyclin B in XB (or
8 ml of XB alone) was added, and reaction mixtures were incubated for 20 min
at 23°C. The reaction mixtures were then diluted with 160 ml of XB containing
0.5% NP-40, and the in vitro-translated p34cdc2 was immunoprecipitated by its
C-terminal HA tag. Immunoprecipitation was performed with 10 ml of protein
A-agarose beads bound to 1 ml of ascites fluid containing the 12CA5 antibody
(17, 59). After rotating at 4°C for 1 h, the beads were washed as for glutathione-
agarose precipitations (see above) (0.5 M NaCl was included in the third and
fourth washes for Fig. 5 and 6). The beads were resuspended in 20 ml of 13 SB
or in EB (10-ml total volume including the beads) for histone H1 kinase assays;
10 ml was analyzed by SDS-PAGE and phosphorimage analysis or fluorography
as above for glutathione-agarose precipitations. The amount of bound CksHs2
was calculated as the ratio of the integrated intensity of the CksHs2 band to that
of the p34cdc2 band. The gel background was subtracted from the p34cdc2 band
intensity, and the amount of CksHs2 precipitated in the absence of p34cdc2-HA
was subtracted from the CksHs2 value.

Histone H1 kinase assays. Histone H1 kinase assays were performed as de-
scribed previously (50), using either 10 ml of immunoprecipitated p34cdc2 or 10
ml of 50-fold-diluted Xenopus egg extract in EB. Quantitation was performed by
phosphorimage analysis.

Cak1p activation of p34cdc2. Three microliters of in vitro-translated p34cdc2

and 0.8 ml of 0.9 mM GST-cyclin B were incubated with 8.5 ng of budding yeast
Cak1p in EB containing 6 mM MgCl2 and 0.6 mM ATP in a total volume of 17
ml for 30 min at 23°C. Pilot experiments indicated that this amount of Cak1p
maximally activated p34cdc2 under these conditions. For coimmunoprecipitation
with CksHs2, 3 ml of in vitro-translated CksHs2 was subsequently added for 5
min at 23°C, and then p34cdc2 was immunoprecipitated. Immunoprecipitation
was carried out as described above with substitution of EB for XB. For assess-
ment of histone H1 kinase activity, CksHs2 was omitted and the beads were
resuspended in 10 ml of EB after immunoprecipitation.

To determine the effect of CksHs2 on Cak1p activation of p34cdc2, 3 ml of in
vitro-translated p34cdc2 and 0.8 ml of 0.9 mM GST-cyclin B were incubated with
bacterially produced and purified CksHs2 in EB in a 16-ml total volume for 10
min at 23°C. Activation with Cak1p, immunoprecipitation, and histone H1 kinase
assay were then performed as described above except that 18 ng of Cak1p was
used in a final volume of 20 ml.

To determine the effect of CksHs2 on the phosphorylation of p34cdc2 by
Cak1p, 30 ml of in vitro-translated p34cdc2 was immunoprecipitated as described
above; 0.8 ml of 0.9 mM GST-cyclin B and various amounts of purified CksHs2
were added in a final volume of 16 ml, and the reaction mixtures were incubated
for 25 min at 23°C. Phosphorylation with 18 ng of GST-Cak1p was performed as
described above in a total reaction volume of 20 ml except that 10 mCi of
[g-32P]ATP was included. The reaction was stopped with 23 SB and analyzed by
SDS-PAGE and autoradiography.

3660 EGAN AND SOLOMON MOL. CELL. BIOL.



Cak1p phosphorylation of p33cdk2. Five microliters of 600 nM HA-p33cdk2

with or without 5 ml of 1.8 mM GST-cyclin A was incubated with or without 17.5
ng of purified GST-Cak1p in a total volume of 15 ml of EB containing 165 mM
ATP and an extra 1.7 mM MgCl2 for 20 min at 23°C; 15 ml of 35S-labeled, in
vitro-translated CksHs2 was then added to each reaction for 30 min at 23°C. The
HA-p33cdk2 was immunoprecipitated and analyzed by SDS-PAGE and fluorog-
raphy as described above except that the EB used for the immunoprecipitation
and washes lacked NP-40 in all but the two middle washes.

To confirm the phosphorylation of HA-p33cdk2 by Cak1p, reactions of the
same composition as above were performed with 5 mCi of [g-32P]ATP per
reaction. After the first incubation, these reactions were analyzed by SDS-PAGE
and autoradiography and quantitated by phosphorimage analysis.

Binding of purified CksHs2 to monomeric HA-p33cdk2. One hundred micro-
grams of HA-p33cdk2 in 200 ml of EB was immunoprecipitated with 10 ml of
protein A-agarose beads bound to 1 ml of ascites fluid containing the 12CA5
antibody. The beads were washed five times with 400 ml of EB. The immuno-
precipitated HA-p33cdk2 was incubated with rotation in a final volume of 100 ml
with 11 mM CksHs2 for 45 min at 4°C and was then washed once with 400 ml of
XB containing 0.5% NP-40 and once with XB alone. The beads were resus-
pended in 20 ml of 23 SB and were analyzed by SDS-PAGE as described above
for glutathione-agarose precipitations. The bound CksHs2 protein was detected
by immunoblotting. The Immobilon-P (Millipore) membrane was incubated for
1 h at 23°C with a 1:1,000 dilution of an anti-Cks1 antiserum (Santa Cruz
Biotechnology) in TBST containing 5% powdered milk (TBST-BLOTTO) fol-
lowed by one 15-min wash in TBST-BLOTTO and three washes in TBST for 15
min. Successive 30-min incubations were performed with 1:5,000 dilutions of
mouse anti-rabbit and rabbit anti-mouse antibodies in TBST-BLOTTO. The
membrane was then incubated with a mixture of 1:10,000 dilutions of horseradish
peroxidase-coupled goat anti-rabbit and goat anti-mouse antibodies in TBST-
BLOTTO for 1 h at 23°C followed by washes as above and an additional wash in
TBS. Detection was performed with Pierce Supersignal substrate and fluorog-
raphy.

Preparation and use of CksHs2-Sepharose and ovalbumin-Sepharose. Oval-
bumin (30 mg) and CksHs2 (5 mg) were each dialyzed against 0.1 M NaHCO3
(pH 8.3)–0.5 M NaCl and coupled to CNBr-activated Sepharose (Pharmacia)
according to the manufacturer’s instructions. Unreacted groups were quenched
with 0.1 M Tris-HCl (pH 8.0), and the beads were stored at 4°C in 50 mM
Tris-HCl (pH 8.0)–2 mM EDTA–100 mM NaCl. The final concentration of
ovalbumin-Sepharose was 10 mg/ml. The final concentration of CksHs2-Sepha-
rose was 5 mg/ml.

For use in precipitation experiments, 10 ml of beads was washed into XB
containing 0.5% NP-40 and 0.5 M NaCl and incubated with 2 to 10 ml of in
vitro-translated protein in a 200-ml total volume. Alternatively, these beads were
incubated with 35 nM GST-cyclin B or 3.5 mM GST (a gift of J. Holmes) in a
100-ml total volume. After incubation for 1 h at 4°C with rotation, the beads were
washed once with XB containing 0.5% NP-40 and 0.5 M NaCl and once with XB.
The beads were resuspended in 23 SB, and the bound 35S-labeled, in vitro-
translated proteins were detected by SDS-PAGE and quantitated by phosphor-
image analysis as described above for glutathione-agarose precipitations. Protein
standards were used to quantitate the percentage of total protein bound. Pre-
cipitation of GST-cyclin B and GST was assessed by immunoblotting with affin-
ity-purified anti-GST polyclonal antibodies (a gift of Z. Pitluk) and was quanti-
tated by phosphorimage analysis and comparison to standards on the same blots.

RESULTS

CksHs1 and CksHs2 exhibit cyclin-stimulated binding to
p34cdc2. We used Xenopus egg extracts to study the binding of
in vitro-translated Cks proteins to p34cdc2. This system allowed
us to manipulate the activation state of p34cdc2. Xenopus egg
extracts undergo successive cell cycles dependent on the syn-
thesis of only one protein, cyclin B (38). Extracts treated with
cycloheximide to inhibit protein synthesis arrest in interphase;
subsequent addition of exogenous cyclin B induces mitosis
(50). We first wished to verify that exogenously supplied hu-
man Cks proteins would interact with Xenopus p34cdc2 under
physiological conditions and to determine the efficiency of
their binding. We added trace amounts of 35S-labeled, in vitro-
translated CksHs1 or CksHs2 proteins to a Xenopus egg extract
in interphase. GST-cyclin B was added to activate the p34cdc2,
thus driving the extract into mitosis (50). GST-cyclin-p34cdc2

complexes and any associated proteins were then precipitated
by using glutathione-agarose beads. We observed that 25 to
50% of the added CksHs1 or CksHs2 was precipitated under
these conditions (Fig. 1, lanes 2 and 4), indicating that in

vitro-translated CksHs1 and CksHs2 can bind efficiently to
Xenopus p34cdc2.

As a first step toward determining whether the association of
CksHs1 or CksHs2 with p34cdc2 varies at any point in the
stepwise activation of p34cdc2, we examined whether the pres-
ence of cyclin B affected the binding of CksHs1 or CksHs2 to
p34cdc2. We used exogenously supplied p34cdc2 for this and
many subsequent experiments. This in vitro-translated p34cdc2

contained a C-terminal HA tag to facilitate its selective immu-
noprecipitation using monoclonal antibody 12CA5. We incu-
bated 35S-labeled, in vitro-translated CksHs1 or CksHs2 with
35S-labeled, in vitro-translated p34cdc2 in a Xenopus interphase
egg extract. When added, the concentration of GST-cyclin B
(36 nM) was just sufficient to maximally activate p34cdc2 (Fig.
2B). The p34cdc2-HA was immunoprecipitated, and the
amount of bound CksHs1 and CksHs2 was determined follow-
ing SDS-PAGE. Because the added in vitro-translated
p34cdc2-HA represented only a small fraction (;10%) of the
total p34cdc2 in the extracts (see Materials and Methods and
reference 31) and because the immunoprecipitations were
;20% efficient, we expected at most only a small percentage
of the added Cks protein to coimmunoprecipitate with
p34cdc2-HA even if binding was as efficient as seen in Fig. 1.
Assuming that glutathione-agarose precipitated all of the
GST-cyclin B-p34cdc2 and associated Cks proteins (Fig. 1), we
expected to precipitate (0.10)(0.20) or 2% as much CksHs1
and CksHs2 as in Fig. 1. In the absence of cyclin, we detected
little or no specific association of CksHs1 or CksHs2 with
monomeric p34cdc2-HA (Fig. 2A, lanes 3 and 7). In contrast,
the presence of cyclin B stimulated binding of CksHs1 or
CksHs2 to p34cdc2-HA (Fig. 2A, lanes 4 and 8). The proportion
of input Cks protein bound was 0.4 to 1.0%, which was almost
exactly the anticipated 2% of the level of Cks proteins that
precipitated with GST-cyclin-p34cdc2 above (Fig. 1), indicating
that binding is quite efficient under these conditions. Control
precipitations from reactions containing cyclin B confirmed
that both antibody and p34cdc2 were required for coprecipita-
tion of CksHs1 or CksHs2 (Fig. 2A, lanes 1, 2, 5, and 6).
Because CksHs1 and CksHs2 consistently bound to p34cdc2

equally well (Fig. 1 and 2 and data not shown), we arbitrarily
selected CksHs2 for most of the in-depth analysis that follows.

To evaluate the physiological relevance of cyclin-stimulated
binding of CksHs1 and CksHs2 to p34cdc2, we performed a
titration of cyclin B to determine whether stimulation of
CksHs2 binding to p34cdc2 paralleled the activation of p34cdc2.
In vitro-translated, 35S-labeled CksHs2 was incubated with
p34cdc2-HA in a Xenopus egg extract to which various amounts
of GST-cyclin B were added. The association of CksHs2 with

FIG. 1. Association of in vitro-translated CksHs1 and CksHs2 with cyclin
B-p34cdc2 in a Xenopus egg extract. In vitro-translated, 35S-labeled CksHs1 (lanes
1 and 2) or CksHs2 (lanes 3 and 4) was incubated in Xenopus egg interphase
extracts with (lanes 2 and 4) or without (lanes 1 and 3) 36 nM GST-cyclin B.
Cyclin-p34cdc2 complexes and any associated CksHs1 or CksHs2 were precipi-
tated by using glutathione-agarose beads. The bound Cks proteins were detected
by fluorography following SDS-PAGE.

VOL. 18, 1998 CYCLIN-STIMULATED BINDING OF Cks PROTEINS TO CDKs 3661



p34cdc2-HA was determined by coimmunoprecipitation (as de-
scribed above), and the activity of the p34cdc2-HA was deter-
mined by a histone H1 kinase assay. The binding of CksHs2 to
p34cdc2-HA at a given cyclin concentration closely followed the
activation of p34cdc2-HA (Fig. 2B). Maximal activation and
maximal stimulation of CksHs2 binding both occurred at 18
nM GST-cyclin B, confirming that the concentrations of cyclin
B that stimulate binding are reasonable and suggesting that
there is a correlation between the activation of p34cdc2 and its
association with CksHs2. We chose to perform subsequent
experiments with 36 nM GST-cyclin B to be firmly within the
range of maximal CksHs2 association with p34cdc2-HA.

Cyclin-stimulated binding of Cks proteins to cdks is con-
served. While these studies were near completion, Patra and
Dunphy reported the cloning and characterization of the Xe-
nopus homolog of CksHs2, Xe-p9 (41). Although their exper-
imental approach was different, their data could be interpreted
as indicating that Xe-p9 binding to p34cdc2 is not stimulated by
cyclin. We therefore tested 35S-labeled, in vitro-translated

Xe-p9 for cyclin-stimulated binding to 35S-labeled, in vitro-
translated p34cdc2-HA in a Xenopus egg extract. Virtually no
Xe-p9 coimmunoprecipitated with p34cdc2-HA in the absence
of cyclin (Fig. 2C, lane 7); however, 1% of the added Xe-p9
bound to p34cdc2-HA in the presence of GST-cyclin B (Fig. 2C,
lane 8), comparable to the level of cyclin-stimulated binding of
CksHs2 to p34cdc2-HA (Fig. 2C; compare lanes 4 and 8).

To test whether CksHs2 would exhibit cyclin-stimulated
binding to a cdk other than p34cdc2, we substituted purified
human HA-p33cdk2 for p34cdc2-HA in the coimmunoprecipita-
tion assay. Although binding of CksHs2 to monomeric p33cdk2

was undetectable (Fig. 2D, lane 3), significant binding (0.25 to
0.5%) of CksHs2 to p33cdk2 was observed in the presence of
cyclin B (Fig. 2D, lane 4). This percentage of total bound
CksHs2 was comparable to that seen in Fig. 2. However, the
concentration of CksHs2 in this experiment was fourfold
higher than that in Fig. 2, and the concentration of HA-p33cdk2

(produced in E. coli rather than by in vitro translation) was
;15-fold higher than the concentration of p34cdc2-HA used for

FIG. 2. Cyclin stimulates binding of Cks proteins to cdks. (A) CksHs1 and CksHs2 exhibit cyclin-stimulated binding to p34cdc2. In vitro-translated, 35S-labeled
CksHs1 (lanes 1 to 4) or CksHs2 (lanes 5 to 8) and in vitro-translated, 35S-labeled p34cdc2-HA (lanes 2 to 4 and 6 to 8) were incubated in Xenopus interphase egg extract
with (lanes 1, 2, 4, 5, 6, and 8) or without (lanes 3 and 7) 36 nM GST-cyclin B. p34cdc2-HA and associated CksHs1 or CksHs2 were immunoprecipitated with 12CA5
monoclonal antibody (Ab) against the HA epitope and were analyzed by SDS-PAGE and fluorography. Controls for background precipitation of CksHs1 or CksHs2
were performed by substituting unprogrammed reticulocyte lysate for p34cdc2 (lanes 1 and 5) or using protein A-agarose beads without antibody (lanes 2 and 6). (B)
Effect of cyclin concentration on association of CksHs2 with p34cdc2 and on p34cdc2 activation. CksHs2 and p34cdc2 were incubated in extract (as for panel A) along
with 0.05 to 120 nM cyclin B. Aliquots were analyzed for histone H1 kinase activity and for the amount of CksHs2 bound to p34cdc2 (as for panel A). (C) Xe-p9 exhibits
cyclin-stimulated binding to p34cdc2. In vitro-translated, 35S-labeled CksHs2 (lanes 1 to 4) or Xe-p9 (lanes 5 to 8) and in vitro-translated, 35S-labeled p34cdc2 (lanes 2
to 4 and 6 to 8) were incubated in Xenopus egg interphase extract with (lanes 1, 2, 4, 5, 6, and 8) or without (lanes 3 and 7) cyclin B. p34cdc2 and associated CksHs2
or Xe-p9 were immunoprecipitated and analyzed by SDS-PAGE and fluorography. The amounts of CksHs2 and Xe-p9 and their specific activities were equal. Controls
for background precipitation of CksHs2 or Xe-p9 were as described above. (D) CksHs2 exhibits cyclin-stimulated binding to p33cdk2. Purified bacterially expressed
HA-p33cdk2 was incubated with in vitro-translated, 35S-labeled CksHs2 in Xenopus egg interphase extract with (lanes 1, 2, and 4) or without (lane 3) cyclin B. p33cdk2

and associated CksHs2 were immunoprecipitated and analyzed by SDS-PAGE and fluorography. Controls for background precipitation of CksHs2 were performed by
substituting buffer for p33cdk2 (lane 1) or using protein A-agarose beads without antibody (lane 2); 0.25 to 0.5% of the added CksHs2 bound to p33cdk2.
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Fig. 2. Thus, while this experiment indicates that cyclin-stim-
ulated binding of CksHs2 is not limited to p34cdc2, it also
suggests that the affinity of CksHs2 for cyclin B-p33cdk2 is much
lower than for cyclin B-p34cdc2.

Binding of monomeric cdks to CksHs2. Although our exper-
iments indicate that the presence of cyclin increases the
amount of Cks protein that coimmunoprecipitates with
p34cdc2, they do not preclude a weak interaction of Cks pro-
teins with p34cdc2 in the absence of cyclin. In fact, many studies
have used Sepharose-coupled CksHs2 homologs to purify both
monomeric and cyclin-bound forms of p34cdc2 (5, 10, 50). It is
possible that Cks proteins and p34cdc2 interact weakly in the
absence of cyclin, resulting in a high dissociation rate and
making detection of physiological concentrations of the com-
plex difficult on the time scale of immunoprecipitations. High
concentrations of Cks protein coupled to beads might drive a
low-affinity interaction between Cks and monomeric p34cdc2

and facilitate rebinding of any p34cdc2 molecules that dissoci-
ate, thereby allowing detection of the complex. To test this
prediction using our reagents, we used CNBr-activated Sepha-
rose beads to which CksHs2 was coupled at a concentration of
5 mg/ml to precipitate 35S-labeled, in vitro-translated p34cdc2-
HA. We found that 33% of the input p34cdc2-HA bound to the
CksHs2-Sepharose beads, which was much greater than the
association of p34cdc2 with control beads (coupled to ovalbu-
min) or the association of an unrelated protein (luciferase)
with the CksHs2-Sepharose beads (Fig. 3A). These results
indicate that the presence of a vast excess of Cks protein can
drive a low-affinity interaction with monomeric p34cdc2.

To further confirm that high protein concentrations can
stabilize the weak interaction between CksHs2 and monomeric
cdk, we incubated 11 mM (0.1 mg/ml) CksHs2 with a high
concentration of immunoprecipitated HA-p33cdk2 and then
pelleted the HA-p33cdk2. Coprecipitating CksHs2 was detected
by SDS-PAGE followed by immunoblotting with an antibody
that recognizes CksHs2. We were able to detect a low level of
binding of CksHs2 to monomeric HA-p33cdk2 (;0.2% of in-
put) in this assay (Fig. 3B).

Phosphorylation of p34cdc2 is critical for the cyclin-stimu-
lated binding of CksHs1 and CksHs2. In principle, cyclin could
stimulate Cks binding to p34cdc2 by a number of mechanisms,
including direct interaction with the Cks protein, induction of
a conformational change in p34cdc2, or induction of phosphor-
ylation of p34cdc2, or indirectly through production of the mi-
totic state. We first examined whether CksHs2 could bind
directly to cyclin B by attempting to precipitate GST-cyclin B
with CksHs2-Sepharose beads in the absence of p34cdc2. A low
level of binding of GST-cyclin B to the CksHs2 beads was
detected in this assay (Fig. 3A). Although this binding was
18-fold higher than that to control ovalbumin-coupled Sepha-
rose beads, it was relatively inefficient (3.3%) compared to the
binding of p34cdc2 (33%) to the same beads, indicating that it
reflects a very weak interaction between cyclin and CksHs2. A
control protein, GST, bound to CksHs2-Sepharose beads at
background levels.

To assess the contribution this interaction may play to the
cyclin-stimulated binding that we observed in Fig. 2, we incu-
bated 35S-labeled, in vitro-translated CksHs1 or CksHs2 with
GST-cyclin B and precipitated the GST-cyclin B by using glu-
tathione-agarose beads. There was no detectable association of
CksHs2 with GST-cyclin B over background with 36 nM cyclin
B (Fig. 4, lanes 5 to 8), the standard cyclin concentration for
CksHs1 and CksHs2 binding experiments (Fig. 2B). A low
level of CksHs1 and CksHs2 binding could be detected when
the concentration of GST-cyclin B was raised 10-fold to 360
nM (Fig. 4, lanes 9 to 12). However, even this level of binding

of CksHs2 was 30-fold less than the amount of CksHs2 that
bound to GST-cyclin B-p34cdc2 in an egg extract containing
only 36 nM cyclin B (Fig. 4, lanes 1 to 4). Thus, although
CksHs2 appears to bind weakly to cyclin B, this interaction
plays at most a minor role in the cyclin-stimulated binding to
p34cdc2. The physiological significance of this binding, if any,
remains unclear.

We next examined whether any of the three phosphoryla-

FIG. 3. Binding of Cks proteins to monomeric cdks. (A) Binding of p34cdc2

and cyclin B to CksHs2-Sepharose beads. Binding of in vitro-translated, 35S-
labeled p34cdc2 or luciferase (as a control) to either ovalbumin (ova)-Sepharose
beads or CksHs2-Sepharose beads was assessed by SDS-PAGE and phosphor-
image quantitation. Values represent the means of five experiments with the
indicated standard errors. Binding of GST-cyclin B or GST to either ovalbumin-
Sepharose beads or CksHs2-Sepharose beads was assessed by immunoblotting
with antibody specific for GST and quantitation by phosphorimage analysis. The
GST was added at 100-fold higher concentration (3.5 mM) than the GST-cyclin
B. Values for GST-cyclin B binding represent the means of three experiments.
The standard errors were too small to show on this graph. (B) Binding of CksHs2
to monomeric p33cdk2. A high concentration of immunoprecipitated HA-p33cdk2

was incubated with 11 mM partially purified CksHs2 and then pelleted and
washed. Immunoprecipitates were analyzed by SDS-PAGE followed by immu-
noblotting with an anti-Cks antibody. A control for background precipitation of
CksHs2 was performed by substituting buffer for p33cdk2 (lane 1).

FIG. 4. Binding of CksHs1 and CksHs2 to GST-cyclin B. In vitro-translated,
35S-labeled CksHs1 (lanes 1, 2, 5, 6, 9, and 10) or CksHs2 (lanes 3, 4, 7, 8, 11, and
12) was incubated with (even-numbered lanes) or without (odd-numbered lanes)
GST-cyclin B in the presence (lanes 1 to 4) or absence (lanes 5 to 12) of Xenopus
egg interphase extract; 36 nM GST-cyclin B was used in lanes 1 to 8, and 360 nM
was used in lanes 9 to 12. GST-cyclin B and associated proteins were precipitated
with glutathione-agarose beads and analyzed by SDS-PAGE and fluorography.
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tions of p34cdc2 that occur subsequent to cyclin-binding in
Xenopus egg extracts (50, 52) affected the cyclin-stimulated
binding of CksHs2 to p34cdc2. The levels of cyclin-stimulated
binding of 35S-labeled CksHs2 to wild-type p34cdc2-HA and to
a nonphosphorylatable mutant form of p34cdc2-HA in a Xeno-
pus egg extract were compared following immunoprecipitation
of the epitope-tagged p34cdc2. The nonphosphorylatable
p34cdc2, called AF/ala, contained conservative mutations of all
three phosphorylation sites: Thr-14 to Ala, Tyr-15 to Phe, and
Thr-161 to Ala. Although cyclin strongly stimulated the bind-
ing of CksHs2 to wild-type p34cdc2, binding to the nonphos-
phorylatable mutant was consistently reduced by 80 to 90%
(Fig. 5; compare lanes 4 and 6). Because cyclin can bind to the
p34cdc2 AF/ala mutant (52), we conclude that the conforma-
tional change of p34cdc2 induced by binding to cyclin is insuf-
ficient for cyclin-stimulated binding. Additionally, since the
addition of cyclin to this extract activates the endogenous
p34cdc2 and drives the Xenopus egg extract into mitosis, this
experiment also indicates that the simple induction of mitosis
does not stimulate CksHs2 binding.

In a complementary experiment, we measured the associa-
tion of 35S-labeled CksHs2 with 35S-labeled p34cdc2-HA in the
absence of Xenopus egg extract (and hence in the absence of
any protein kinases acting on p34cdc2). The cyclin-stimulated
binding of CksHs2 to p34cdc2 in the absence of extract was only
5 to 10% of the level of binding to p34cdc2 in an egg extract
(Fig. 5; compare lanes 4 and 8). The comparable binding of
CksHs2 to wild-type p34cdc2 in the absence of egg extract and
to nonphosphorylatable p34cdc2 in the presence of egg extract
supports the conclusion that phosphorylation of p34cdc2 plays a
major role in binding to CksHs2.

Phosphorylation of Thr-161 stimulates binding of CksHs2
to p34cdc2. We used additional p34cdc2 mutants to determine
which specific phosphorylations were important for the cyclin-
stimulated binding to CksHs2. Coimmunoprecipitation of 35S-
labeled CksHs2 with 35S-labeled p34cdc2-HA from a Xenopus
egg extract was performed as described above, substitut-
ing p34cdc2-HA phosphorylation site mutants for wild-type
p34cdc2-HA. Conservative mutation of the inhibitory phos-
phorylation sites (T14A and Y15F) either individually (data
not shown) or in combination (AF) did not affect the cyclin-

stimulated binding of CksHs2 to p34cdc2 (Fig. 6; compare lanes
4 and 6). In contrast, mutation of the activating phosphoryla-
tion site (T161A) consistently reduced binding by 80 to 90%
(Fig. 6; compare lanes 4 and 8), comparable to the reduction in
binding of CksHs2 to the triple phosphorylation site mutant of
p34cdc2 (AF/ala) (Fig. 6, lane 10). Similar results were obtained
with CksHs1 (data not shown).

Since phosphorylation of Thr-161 is necessary for catalytic
activity, we tested whether the kinase activity of p34cdc2 was
important for CksHs2 binding. We found that CksHs2 bound
comparably to wild-type p34cdc2 and to a mutant p34cdc2

(K33R) that is inactive as a protein kinase due to a conserva-
tive mutation of a lysine required for catalysis (Fig. 6; compare
lanes 4 and 12). Thus, cyclin-stimulated binding of CksHs2 to
p34cdc2 depends on the phosphorylation of Thr-161 and/or the
active conformation that this phosphorylation causes p34cdc2 to
adopt, but not on the catalytic activity of p34cdc2.

We then tested whether activating phosphorylation of
p34cdc2 by purified CAK could stimulate binding to CksHs2 in
the complete absence of Xenopus egg extract. We first con-
firmed that purified budding yeast Cak1p could activate GST-
cyclin B-p34cdc2-HA. As expected, wild-type p34cdc2 showed
significant cyclin- and Cak1p-dependent histone H1 kinase ac-
tivity, but the T161A activation site mutant was inactive (Fig.
7A). This phosphorylation was accompanied by a 13-fold in-
crease in the binding of added CksHs2 (Fig. 7B; compare lanes
3 and 4), whereas incubation with Cak1p did not affect the
binding of CksHs2 to the T161A mutant (Fig. 7B, lanes 5 and
6).

We wondered whether activating phosphorylation alone (in
the absence of cyclin) would be sufficient to stimulate associ-
ation with CksHs2. We tested this possibility in an assay using
p33cdk2 rather than p34cdc2. Although p34cdc2 phosphorylation
by CAK is dependent on its association with cyclin B, cyclin-
free p33cdk2 can be phosphorylated efficiently by budding yeast
Cak1p (Fig. 7D; see also reference 27). Both phosphorylation
by Cak1p and binding to cyclin A were required to stimulate
association of CksHs2 with p33cdk2 (Fig. 7C, lane 6). Neither
phosphorylation nor cyclin binding alone had a significant ef-
fect on binding (Fig. 7C, lanes 4 and 5). Thus, although cyclin-

FIG. 5. Phosphorylation of p34cdc2 plays an important role in the cyclin-
stimulated binding of CksHs2 to p34cdc2. In vitro-translated, 35S-labeled CksHs2
and in vitro-translated, 35S-labeled wild-type (wt) p34cdc2-HA (lanes 1 to 4, 7,
and 8) or an unphosphorylatable mutant of p34cdc2-HA (AF/ala; lanes 5 and 6)
were incubated in the presence (lanes 1 to 6) or absence (lanes 7 and 8) of
Xenopus egg interphase extract (EXT) with (lanes 1, 2, 4, 6, and 8) or without
(lanes 3, 5, and 7) cyclin B. (AF/ala is mutated at all three phosphorylation sites
on p34cdc2: T14A, Y15F, and T161A.) p34cdc2-HA and associated CksHs2 were
immunoprecipitated and analyzed by SDS-PAGE and fluorography. Controls for
background precipitation of CksHs2 were performed as described for Fig. 2.
Equal amounts of each form of p34cdc2 were used in each reaction, and their
specific activities were the same. Ab, antibody.

FIG. 6. Phosphorylation of Thr-161 of p34cdc2 is necessary for the cyclin-
stimulated binding of CksHs2. In vitro-translated, 35S-labeled CksHs2 and in
vitro-translated, 35S-labeled p34cdc2-HA mutants were incubated in Xenopus egg
interphase extract with (lane 1 and even-numbered lanes) or without (odd-
numbered lanes except lane 1) cyclin B. The binding reactions contained the
following forms of p34cdc2-HA: wild type (wt; lanes 2 to 4), AF (lanes 5 and 6),
T161A (lanes 7 and 8), AF/ala (lanes 9 and 10), and K33R (lanes 11 and 12). (AF
is mutated at the two inhibitory phosphorylation sites; T161A is mutated at the
activating phosphorylation site; AF/ala is mutated at all three sites; K33R is
mutated in the ATP-binding site.) p34cdc2-HA and associated CksHs2 were
immunoprecipitated and analyzed by SDS-PAGE and fluorography. Controls for
background precipitation of CksHs2 were performed as described for Fig. 2.
Equal amounts of each form of p34cdc2 were used in the reactions, and the
specific activities of these proteins were equal. Ab, antibody.
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stimulated binding of Cks proteins to cdks is largely dependent
on the activating phosphorylation of the cdk, it is the phos-
phorylated, cyclin-bound cdk complex that preferentially asso-
ciates with Cks proteins.

CksHs2 blocks Cak1p phosphorylation and activation of
p34cdc2. While we have shown that binding of Cks proteins to
cdks is stabilized by the presence of cyclin and activating phos-
phorylation of the cdk, we also wished to determine whether a
weaker interaction between CksHs2 and an unphosphorylated
cyclin-cdk complex might exist at roughly physiological con-
centrations of these proteins. We developed an assay for in-
teraction between Cks proteins and cdks free in solution at
near physiological concentrations, based on a suggestion by
Bourne et al. (7). Using a cocrystal structure of CksHs1 and
p33cdk2, they hypothesized that CksHs1 binding to cyclin A-
p33cdk2 might sterically block CAK from phosphorylating Thr-
160 of p33cdk2. Studying the effect of a Cks protein on cdk
activation and phosphorylation by CAK might therefore pro-
vide an assay to detect an interaction without the time delay
and dilution inherent in immunoprecipitations. Thus, to look
for an interaction between Cks proteins and unphosphorylated
cyclin-cdk while at the same time testing the prediction of
Bourne et al., we incubated complexes of p34cdc2-HA and GST-
cyclin B with various concentrations of bacterially expressed and
purified CksHs2. Yeast Cak1p was added, and the p34cdc2-HA
was subsequently assayed for its histone H1 kinase activity and
for its level of phosphorylation by Cak1p (Fig. 8). The histone
H1 kinase assays showed that high concentrations of CksHs2
virtually completely inhibited both p34cdc2 activation and its
phosphorylation by Cak1p (Fig. 8). Maximal inhibition oc-
curred at supraphysiological concentrations of CksHs2 (Fig. 8,
lanes 4 to 6), although partial effects were observed at near
physiological concentrations of CksHs2 (Fig. 8, lanes 7 and 8;
see reference 41). In contrast, up to 26 mM CksHs2 had no
effect on the activity of p34cdc2 that had already been activated
by Cak1p (data not shown). We conclude that binding of
CksHs2 can interfere with the phosphorylation of p34cdc2 by
yeast Cak1p. This solution assay also indicates that CksHs2 is
able to interact with a cyclin B-p34cdc2 complex prior to phos-
phorylation of Thr-161, even though this interaction is too
weak to detect by the coimmunoprecipitation assay.

FIG. 7. In vitro phosphorylation of p34cdc2 by CAK stimulates binding of
CksHs2. (A) Histone H1 kinase assays to assess Cak1p activation of p34cdc2.
Purified yeast Cak1p was incubated in the presence of cyclin B with in vitro-
translated, 35S-labeled wild-type (wt) p34cdc2-HA (lanes 3 and 4) or p34cdc2-HA
(T161A) (lanes 5 and 6). p34cdc2-HA was immunoprecipitated, and histone H1
kinase assays were performed on the immunoprecipitates. Controls for back-
ground histone H1 kinase activity include substituting unprogrammed reticulo-
cyte lysate for the p34cdc2 translation (lane 1) and substituting buffer for cyclin B
(lane 2). The histone H1 kinase activity seen in lane 3 is 6% of that in lane 4 (by
phosphorimage quantitation) and is due to a low level of CAK activity in the
reticulocyte lysate. (B) Cak1p phosphorylation of p34cdc2 stimulates association
with CksHs2. Cak1p was incubated in the presence of cyclin B with in vitro-
translated, 35S-labeled wild-type p34cdc2-HA (lanes 2 to 4) or p34cdc2-HA
(T161A) (lanes 5 and 6). In vitro-translated, 35S-labeled CksHs2 was then added,
and the p34cdc2 and associated CksHs2 were immunoprecipitated and examined
by SDS-PAGE and fluorography. Controls include wild-type cyclin B-p34cdc2 and
cyclin B-p34cdc2 (T161A) that were not incubated with Cak1p (lanes 3 and 5) and
controls for background association of CksHs2 with the protein A-agarose beads,
substituting unprogrammed reticulocyte lysate for the p34cdc2 translation (lane 1)
or performing the experiment as for lane 4 but precipitating with protein A-aga-
rose beads in the absence of antibody (Ab) (lane 2). (C) Both cyclin binding and
Cak1p phosphorylation of p33cdk2 are required to stimulate association with
CksHs2. Monomeric HA-p33cdk2 (lanes 3 and 4) or GST-cyclin A-p33cdk2 (lanes
5 and 6) was incubated with GST-Cak1p (lanes 4 and 6) or a buffer control (lanes
3 and 5) and then incubated with in vitro-translated, 35S-labeled CksHs2. The
p33cdk2 and associated CksHs2 were immunoprecipitated and analyzed by SDS-
PAGE and fluorography. Buffer was substituted for p33cdk2 to control for back-
ground immunoprecipitation of CksHs2 (lanes 1 and 2). (D) Cak1p phosphor-
ylation of monomeric p33cdk2 and GST-cyclin A-p33cdk2. Phosphorylation of
HA-p33cdk2 (lane 2) or GST-cyclin A-p33cdk2 (lane 3) was performed as for panel
C in the presence of [g-32P]ATP. The incorporation of 32P into p33cdk2 was
assessed by SDS-PAGE and autoradiography. A control reaction contained only
GST-Cak1p (lane 1).

FIG. 8. CksHs2 blocks the activation and phosphorylation of p34cdc2 by
Cak1p. In vitro-translated, 35S-labeled p34cdc2 was incubated with cyclin B
and partially purified CksHs2 (lanes 4 to 10). Following incubation with added
Cak1p, p34cdc2-HA was immunoprecipitated and assayed for histone H1 kinase
activity (top panel). In the bottom panel, in vitro-translated p34cdc2-HA was
immunoprecipitated and incubated with GST-cyclin B and partially purified
CksHs2 (lanes 4 to 10) prior to phosphorylation by GST-Cak1p in the presence
of [g-32P]ATP. The incorporation of 32P into p34cdc2 was assessed by SDS-PAGE
and autoradiography. Control reactions were performed in the absence of
p34cdc2 (lane 1) or of Cak1p (lane 2). The final concentrations of CksHs2 after
addition of Cak1p were as follows: lane 3, no CksHs2; lane 4, 26 mM; lane 5, 7
mM; lane 6, 1.6 mM; lane 7, 410 nM; lane 8, 100 nM; lane 9, 26 nM; lane 10, 6
nM.
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DISCUSSION

Cyclin-stimulated binding of Cks proteins to cdks. This
study was designed to determine whether human Cks proteins
bound preferentially to different forms of p34cdc2 or to p34cdc2

at different stages of the cell cycle in Xenopus egg extracts. We
observed that binding of CksHs2 was stimulated in the pres-
ence of cyclin B. We also observed cyclin-stimulated binding of
a Xenopus Cks protein (Xe-p9) to Xenopus p34cdc2 and of
human CksHs2 to human p33cdk2, indicating that this effect is
conserved between species and between different Cks and cdk
proteins. The major determinant of this stimulation was the
activating phosphorylation of p34cdc2 on Thr-161. Binding was
reduced by ;90% in the absence of this phosphorylation, ei-
ther in the absence of Xenopus egg extract, which provides the
CAK to phosphorylate this site, or when a nonphosphorylat-
able T161A mutant of p34cdc2 was used. Furthermore, binding
to wild-type p34cdc2 in the absence of Xenopus egg extract was
stimulated when p34cdc2 was phosphorylated by purified bud-
ding yeast CAK. Activating phosphorylation of monomeric
p33cdk2 was not, however, sufficient to stimulate binding of
CksHs2; both phosphorylation and the presence of cyclin were
required.

At first glance, these results seem to conflict with previous
indications that Cks proteins can bind to all forms of p34cdc2,
regardless of phosphorylation state or the presence of cyclin.
For example, p13suc1-coupled Sepharose beads are a universal
reagent for binding monomeric and cyclin-bound, active and
inactive forms of p34cdc2 from all eukaryotic cells (1, 5, 10, 11).
We believe that the stimulated binding of Cks proteins to
p34cdc2 was not appreciated previously because the high con-
centrations of the Cks proteins that were coupled to the beads
would have favored association of even weakly bound proteins
and would have masked any differences between low- and
high-affinity interactions. Whereas the concentration of a Cks
protein coupled to beads is typically at least 100 mM (5, 10, 11),
our coimmunoprecipitation experiments used approximately
physiological (41) or even subphysiological levels. It seems
unlikely that the bead experiments could have distinguished
weak from strong binding. In fact, we found that the same
monomeric, unphosphorylated p34cdc2 that did not bind de-
tectably to a physiological concentration of CksHs2 neverthe-
less bound strongly to CksHs2-Sepharose beads (Fig. 3). We
also infer from the ability of supraphysiological concentrations
of CksHs2 to block phosphorylation of p34cdc2 by Cak1p that
CksHs2 is able to interact transiently with unphosphorylated
cyclin B-p34cdc2 complexes. (It is unclear whether this inhibi-
tion of Cak1p plays any role in vivo.) Thus, the presence of
cyclin and of activating phosphorylation of the cdk stabilizes an
otherwise weak and transient interaction, thereby permitting
isolation of an intact Cks-cdk complex.

A few earlier studies suggested that Cks proteins may exhibit
cell cycle-specific association with p34cdc2, observations that
might have been due to the effect that we report here. Using
synchronized fission yeast cells, Booher et al. (5) observed that
the peak in p34cdc2 binding to p13suc1-Sepharose beads paral-
leled the peak in the levels of the p63cdc13 cyclin and the peak
in p34cdc2- and p63cdc13-associated histone H1 kinase activity.
Nigg et al. (40) detected no p13suc1 precipitation of p34cdc2

from G1 lysates of synchronized chicken cells but found equiv-
alent precipitation of p34cdc2 from lysates of cells in S, G2, or
M phase. In both of these cases, binding correlated with in-
creased levels of cyclins, and hence also with activating phos-
phorylation of p34cdc2, although it is unclear to what extent
binding of an endogenous Cks protein may have prevented
binding of p34cdc2 to the p13suc1-Sepharose beads.

How does cdk phosphorylation stimulate Cks binding?
Some structural hints as to how activating phosphorylation of
a cdk might stimulate binding of a Cks protein come from
X-ray diffraction studies of a CksHs1-p33cdk2 complex. In this
structure, the T-loop of p33cdk2 (which contains Thr-160) lies
at least 7.5 Å from CksHs1 and even further from a phosphate-
binding site on CksHs1 (7). However, the p33cdk2 in this struc-
ture was unphosphorylated and not bound to a cyclin. Binding
to a fragment of cyclin A induces large movements of T-loop
residues (26). Subsequent phosphorylation of Thr-160 induces
further movement of T-loop residues by up to 7 Å (47).
Whether these extensive changes would be sufficient to place
the phosphate on Thr-160 in the phosphate-binding site of
CksHs1 is unclear, although such an interaction would nicely
explain the stimulated binding upon Cdk phosphorylation and
cyclin binding. An alternative possibility, proposed by Bourne
et al. (7), is that binding to cyclin and Thr-160 phosphorylation
may move other T-loop residues into contact with CksHs1.
Stabilization of binding following Thr-160 phosphorylation
could follow from general contacts between T-loop residues
and CksHs1, or possibly from ionic interactions between the
phosphate on Thr-160 and a positively charged surface on
CksHs1 formed by Lys-24, Lys-30, and Lys-34 (7). Finally, it is
possible that Thr-160 phosphorylation of cyclin-bound p33cdk2

communicates a more subtle conformational change to the
CksHs1-p33cdk2 interface to stabilize the interaction.

Implications for Cks protein function. The preferential as-
sociation of CksHs2 with fully active, cyclin-bound, Thr-161
phosphorylated p34cdc2 is consistent with current models that
suggest a p34cdc2 targeting function for Cks proteins (7, 41).
Bourne et al. (7) observed that the surface of CksHs1 that
faces the active site cleft of p33cdk2 may extend the substrate
recognition surface of p33cdk2. The putative phosphate-binding
site of CksHs1, located on this surface, may guide the protein
kinase to specific phosphoproteins. Thus, a Cks protein could
serve to stimulate the phosphorylation of certain substrates or
to direct the subcellular localization of an active cdk. Based on
biochemical experiments in Xenopus egg extracts, Patra and
Dunphy (41) suggested that Xe-p9 might serve as a docking
factor to target p34cdc2 to potential substrates such as cdc25 or
the anaphase-promoting complex. Such targeting functions
could go a long way toward rationalizing the often conflicting
evidence concerning whether Cks proteins are activators or
inhibitors of p34cdc2 function.
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34. Mäkelä, T. P., J.-P. Tassan, E. A. Nigg, S. Frutiger, G. J. Hughes, and R. A.
Weinberg. 1994. A cyclin associated with the CDK-activating kinase MO15.
Nature 371:254–257.

35. Merle, P., and B. Kadenbach. 1980. The subunit composition of mammalian
cytochrome c oxidase. Eur. J. Biochem. 105:499–507.

36. Moreno, S., J. Hayles, and P. Nurse. 1989. Regulation of p34cdc2 protein
kinase during mitosis. Cell 58:361–372.

37. Morgan, D. O. 1995. Principles of CDK regulation. Nature 374:131–134.
38. Murray, A. W., and M. W. Kirschner. 1989. Cyclin synthesis drives the early

embryonic cell cycle. Nature 339:275–280.
39. Murray, A. W., M. J. Solomon, and M. W. Kirschner. 1989. The role of cyclin

synthesis and degradation in the control of maturation promoting factor
activity. Nature 339:280–286.

40. Nigg, E. A., W. Krek, and M. Peter. 1991. Vertebrate cdc2 kinase: its regu-
lation by phosphorylation and its mitotic targets. Cold Spring Harbor Symp.
Quant. Biol. 56:539–547.

41. Patra, D., and W. G. Dunphy. 1996. Xe-p9, a Xenopus Suc1/Cks homolog,
has multiple essential roles in cell cycle control. Genes Dev. 10:1503–1515.

42. Peeper, D. S., L. L. Parker, M. E. Ewen, M. Toebes, F. L. Hall, M. Xu, A.
Zantema, A. J. van der Eb, and H. Piwnica-Worms. 1993. A- and B-type
cyclins differentially modulate substrate specificity of cyclin-cdk complexes.
EMBO J. 12:1947–1954.

43. Pines, J. 1996. Cell cycle: reaching for a role for the Cks proteins. Curr. Biol.
6:1399–1402.

44. Pines, J. 1995. Cyclins and cyclin-dependent kinases: a biochemical view.
Biochem. J. 308:697–711.

45. Poon, R. Y., K. Yamashita, J. P. Adamczewski, T. Hunt, and J. Shuttleworth.
1993. The cdc2-related protein p40MO15 is the catalytic subunit of a protein
kinase that can activate p33cdk2 and p34cdc2. EMBO J. 12:3123–3132.

46. Richardson, H. E., C. S. Stueland, J. Thomas, P. Russell, and S. I. Reed.
1990. Human cDNAs encoding homologs of the small p34Cdc28/Cdc2-associ-
ated protein of Saccharomyces cerevisiae and Schizosaccharomyces pombe.
Genes Dev. 4:1332–1344.

47. Russo, A. A., P. D. Jeffrey, and N. P. Pavletich. 1996. Structural basis of
cyclin-dependent kinase activation by phosphorylation. Nat. Struct. Biol.
3:696–700.

48. Sclafani, R. A. 1996. Cyclin dependent kinase activating kinases. Curr. Opin.
Cell Biol. 8:788–794.

49. Solomon, M. J. 1994. The function(s) of CAK, the p34cdc2-activating kinase.
Trends Biochem. Sci. 19:496–500.

50. Solomon, M. J., M. Glotzer, T. H. Lee, M. Philippe, and M. W. Kirschner.
1990. Cyclin activation of p34cdc2. Cell 63:1013–1024.

51. Solomon, M. J., J. W. Harper, and J. Shuttleworth. 1993. CAK, the p34cdc2

activating kinase, contains a protein identical or closely related to p40MO15.
EMBO J. 12:3133–3142.

52. Solomon, M. J., T. Lee, and M. W. Kirschner. 1992. Role of phosphorylation
in p34cdc2 activation: identification of an activating kinase. Mol. Biol. Cell
3:13–27.

53. Sudakin, V., D. Ganoth, A. Dahan, H. Heller, J. Hershko, F. C. Luca, J. V.
Ruderman, and A. Hershko. 1995. The cyclosome, a large complex contain-
ing cyclin-selective ubiquitin ligase activity, targets cyclins for destruction at
the end of mitosis. Mol. Biol. Cell 6:185–197.

54. Sudakin, V., M. Shteinberg, D. Ganoth, J. Hershko, and A. Hershko. 1997.
Binding of activated cyclosome to p13suc1: use for affinity purification. J. Biol.
Chem. 272:18051–18059.

55. Tang, Y., and S. I. Reed. 1993. The Cdk-associated protein Cks1 functions
both in G1 and G2 in Saccharomyces cerevisiae. Genes Dev. 7:822–832.

56. Tassan, J.-P., M. Jaquenoud, A. M. Fry, S. Frutiger, G. J. Hughes, and E. A.
Nigg. 1995. In vitro assembly of a functional human CDK7-cyclin H complex
requires MAT1, a novel 36 kDa RING finger protein. EMBO J. 14:5608–
5617.

57. Tassan, J.-P., S. J. Schultz, J. Bartek, and E. A. Nigg. 1994. Cell cycle
analysis of the activity, subcellular localization, and subunit composition of
human CAK (CDK-activating kinase). J. Cell Biol. 127:467–478.

58. Thuret, J.-Y., J.-G. Valay, G. Faye, and C. Mann. 1996. Civ1 (CAK in vivo),
a novel Cdk-activating kinase. Cell 86:565–576.

59. Wilson, I. A., H. L. Niman, R. A. Houghten, A. R. Cherenson, M. L. Connolly,
and R. A. Lerner. 1984. The structure of an antigenic determinant in a
protein. Cell 37:767–778.

VOL. 18, 1998 CYCLIN-STIMULATED BINDING OF Cks PROTEINS TO CDKs 3667


