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ABSTRACT: The formation of cdk-cyclin complexes has been investigated at the molecular level and
quantified using spectroscopic approaches. In the absence of phosphorylation, cdk2, cdc2, and cdk7 form
highly stable complexes with their “natural” cyclin partners with dissociation constants in the nanomolar
range. In contrast, nonphosphorylated cdc2-cyclin H, cdk2-cyclin H, and cdk7-cyclin A complexes
present a 25-fold lower stability. On the basis of both the structure of the cdk2-cyclin A complex and
on our kinetic results, we suggest that interaction of any cyclin with any cdk involves the same hydrophobic
contacts and induces a marked conformational change in the catalytic cleft of the cdks. Although cdks
bind ATP strongly, they remain in a catalytically inactive conformation. In contrast, binding of the cyclin
induces structural rearrangements which result in the selective reorientation of ATP, a concomitant 3-fold
increase in its affinity, and a 5-fold decrease of its release from the active site of cdks.

Progression of the cell cycle in higher eukaryotes is
governed by members of the cyclin-dependent kinase family
(cdks).1 These heterodimeric complexes are composed of a
catalytic protein kinase subunit (cdk) and of a regulatory
cyclin partner. Eight members of the cdk family (cdk1-
cdk8) and nine cyclins (A-I) have been identified so far
[reviews: Pines (1993), Dunphy (1994), Sherr (1994), and
Morgan (1995) and references therein]. Cdk protein kinases
are closely related in size, ranging from 30 to 40 kDa, and
share at least 40% sequence homology. They contain a
highly conserved catalytic core of 300 residues which is also
present in all other eukaryotic protein kinases (Hanks et al.,
1988). Cyclin subunits named after their cyclical pattern of
accumulation and destruction throughout the cell cycle vary
importantly in size (30-80 kDa) but are nevertheless fairly
homologous within particular domains, in particular, a 100
amino acid stretch: the cyclin box (Pines, 1993; Hunter &
Pines, 1994). Formation of cdk-cyclin complexes is
regulated both by protein/protein interactions and by revers-
ible phosphorylation. Monomeric cdk subunits do not exhibit
protein kinase activity whereas association with a cyclin
partner confers basal kinase activity to the cdk-cyclin
complex and further promotes phosphorylation of the cdk
on the conserved threonine 160 (amino acid position in cdk2)
by the cdk activating kinase complex (CAK) (Fesquet et al.,
1993; Poon et al., 1993; Solomon et al., 1993; Fisher &
Morgan 1994; Solomon 1994), which finally renders the
complex fully active (Morgan, 1995; Russo et al., 1996).

Moreover, the cyclin subunit modulates substrate specificity
and cellular localization of the kinase complex (Pines &
Hunter, 1991; Kobayashi et al., 1992; Maridor et al., 1993).
Determination of the X-ray cristallographic structures of

cdk2 (Debondt et al., 1993), mitogen-activated protein kinase
(MAPK) (Zhang et al., 1994), cyclic-AMP-dependent protein
kinase (cPKA) (Knighton et al., 1991), the tyrosine kinase
domain of the human insulin receptor (Hubbard et al., 1994),
and casein kinase 1 (Longenecker et al., 1996; Xu et al.,
1995) has revealed a common structural organization of
protein kinases in two domains: a small lobe containing the
nucleotide binding site and a large lobe corresponding in
part to the protein substrate binding site. ATP binds in a
deep cleft located between the two lobes which contains well-
conserved catalytic residues.
Despite these common structural features, cdks present

differences with other protein kinases in their mechanism
of regulation. The structure of cyclin A has revealed a two-
helical-domain organization, each domain containing five
R-helices which is characteristic of cyclins (Brown et al.,
1995; Jeffrey et al., 1995). This characteristic cyclin helix
fold has indeed been predicted in all cyclins, but also in other
cyclin-like proteins, although they only share little sequence
similarity (Bazan, 1996), and surprisingly, in transcription
factor TFIIB (Bagby et al., 1995; Nikolov et al., 1995).
The recent determination of the structure of unphospho-

rylated and phosphorylated cdk2-cyclin A complexes has
been an important step in the understanding of the mecha-
nism of cdk2 activation, which takes place upon binding to
its cyclin subunit (Jeffrey et al., 1995; Russo et al., 1996).
The cyclin subunit binds to one side of the catalytic cleft of
cdk2 and interacts with the two lobes of cdk2, thus forming
a large continuous hydrophobic protein/protein interface. The
main structural motifs involved in this interface are theR1-
helix, which contains the characteristic PSTAIRE sequence
and the T-loop of cdk2, and theR3, R4, andR5-helices of
the first helix fold of cyclin A. Weaker interactions with
cyclin A take place in the N-terminalâ-sheet and the
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C-terminal lobe of the cdk2 which are stabilized by a network
of hydrogen bonds. Comparison of the structure of unbound
cyclin A with that of cyclin A complexed to cdk2 reveals
that no significant conformational changes occur within
cyclin A upon formation of the cdk-cyclin complex. In
contrast, cyclin binding to cdk2 induces a conformational
change of cdk2 which is essential for its activation. It
involves a rotation of the PSTAIRE helix about its axis thus
moving it into the catalytic site and a positional switch of
the T-loop, which promotes phosphorylation of Thr160 by
CAK. The most important feature of this conformational
change is the reconfiguration of the ATP binding site which
moves theâ-γ phosphate bond of ATP into a position which
favors nucleophilic attack by the substrate (Jeffrey et al.,
1995). Finally, phosphorylation of Thr160 induces additional
conformational changes in the T-loop and in the C-terminal
lobe of cdk2 which strengthen the contact between cdk2 and
cyclin A and affect the orientation of the putative substrate
binding site of cdk2 (Russo et al., 1996).
Further understanding of the molecular basis of cell

division requires appropriate investigations of the molecular
features and structural interactions between cyclins and cdks.
In this study, we have developed powerful tools for the direct
investigation of the mechanism of formation of cdk-cyclin
complexes. Our results show that highly stable cdk-cyclin
complexes can formin Vitro without requiring prior phos-
phorylation. On the basis of the comparative characterization
of three cdks, cdk2, cdc2, and cdk7, with respect to their
association with cyclin partners, we propose a common
mechanism of interaction of cyclin subunits close to the ATP
binding pocket of cdks. The cyclin strongly modifies the
catalytic cleft of the cdk into a conformation which places
the ATP appropriately for the catalysis.

EXPERIMENTAL PROCEDURES

Materials. Restriction enzymes, Klenow, and T4 DNA
ligase were obtained from Promega Corp. Ni2+-nitrolo-
triacetic acid-agarose was from Quiagen Inc. The TSK-
250 and TSK-125 columns were from Bio-Rad. ADP and
ATP were purchased from Boehringer. The purity and
stability of the nucleoside and nucleotide analogues were
checked by reverse phase HPLC. Mant-derivative nucle-
otides were synthetized as described by Hiratsuka (1983)
and purified according to John et al. (1990). Endogenous
nucleotides were titrated, after thermal denaturation, by
HPLC on a C18 reverse phase column (Divita et al., 1993a).
Cloning and Protein Expression and Preparation.The

human-cdc2 ORF was excised from the pTZ19B-cdc2
construct byNdeI digestion, made blunt with Klenow, and
subcloned into theSmaI site of the pQE30 vector (Quiagen).
TheXenopuscyclin H cDNA was subcloned from pcDNA3
cycH into the pQE31 vector to produce a N-terminally tagged
cyclin H (Quiagen).
GST-cdk2 and GST-cdk7 as well as cyclin A were

overexpressed inEscherichia coliand purified to homogene-
ity as previously described (Lorca et al., 1992; Labbe´ et al.,
1994; Devault et al., 1995). The GST tag moiety was
removed with factor Xa or thrombin and the proteins were
purified further by size exclusion chromatography. N-
terminal polyHis-tagged cyclin H and cdc2 were obtained
by overexpression inE. coli as soluble proteins. Cultures
were grown at 37°C in LB medium (10 g/L bacto-tryptone,

5 g/L bacto-yeast extract, 10 g/L NaCl) containing 50µg of
ampicillin/mL toA600of 0.7-0.8 followed by induction with
IPTG to a final concentration of 2 mM for 3 h. Cells were
harvested by centrifugation and disrupted by sonication in
buffer A [50 mM K2HPO4, 12 mM KH2PO4 (pH 7.2), 200
mM NaCl, 1 mM EDTA] containing 20 mM imidazole at 4
°C. After high-speed centrifugation, the supernatant was
applied onto a Ni2+-nitrolotriacetic acid-agarose column
(Pharmacia) equilibrated with the buffer A . The His6-tagged
cyclin H and cdc2 was eluted with buffer A containing 300
mM imidazole and analyzed by SDS-PAGE (10%) (Laem-
mli, 1970). Fractions containing at least 95% of purified
cyclin H or cdc2 were concentrated and dialyzed against
buffer A containing 50% glycerol and stored at-80 °C.
Fluorescence Experiments.Fluorescence measurements

were performed at 25°C using a Spex II fluorolog spec-
trofluorometer, with spectral band-passes of 2 and 8 nm for
excitation and emission, respectively. The intrinsic tryp-
tophan fluorescence of the different cdks (0.1-1.0 µM
protein) was measured in a fluorescence buffer containing
50 mM Tris-HCl (pH 7.5), 50 mM KCl, 5% glycerol, and 2
mM EDTA (or 5 mM excess of MgCl2). Proteins were
incubated 30 min in fluorescence buffer before starting the
experiments and all measurements were corrected as already
described (Divita et al., 1993b). Excitation was performed
at 290 nm, and the emission spectrum was scanned from
310 to 450 nm. The binding of nucleotides was monitored
by the quenching of the intrinsic tryptophan fluorescence of
cdks at 340 nm upon excitation at 295 nm. A fixed
concentration of cdks was titrated by increasing the concen-
tration of ATP, ADP, or labeled nucleotide. The binding of
mant-nucleotides to cdks or cdk-cyclin complexes was
monitored by the enhancement of the mant-group fluores-
cence at 450 nm upon excitation at 340 nm (John et al.,
1990). Fitting of titration curves was accomplished using
the Grafit software (Erithacus software Ltd) with the fol-
lowing equation:

whereF is the relative fluorescence intensity,Fini is the
relative fluorescence intensity at the beginning of the titration,
∆F is the variation of the fluorescence intensity between the
initial value and at saturating concentrations of substrate (L),
Et is the total concentration of cdks or mant-nucleotide
depending on the titration andKd is the dissociation constant
of the enzyme-substrate complex. All the results correspond
to the average of four separate experiments with a standard
deviation lower than 10% for intrinsic and extrinsic fluo-
rescence titrations.
Size-Exclusion HPLC.Size-exclusion chromatography

was performed using two HPLC columns (Bio-Rad) in series
TSK-250 followed by TSK-125 (7.5× 200 mm). The
proteins (cyclins and cdks) and cdk-cyclin complexes
(0.2-2 µM) were incubated 15 min at 25°C, then applied
and eluted with 150 mM potassium phosphate (pH 6.8 or
7.2) at a flow rate of 0.8 mL/min. This method was used
for analytical as well as for preparative experiments. The
separated cdk-cyclin complexes were analyzed by SDS-
PAGE (Laemmli, 1970).
Measurement of the Interaction between Cdks and Cyclins.

The affinities between cdks and cyclins were measured by

F ) Fini - {(∆F)[(Et + L + Kd) - [(Et + L + Kd)
2 -

4EtL]]
1/2}/2Et (1)
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two approaches: the direct fluorescence titration of the cdk-
mant-ATP complex with different cyclin concentrations and
the displacement experiments of mant-ATP using an excess
of ATP or ADP. In both cases, mant-ATP-cdk complexes
were incubated 15 min in the presence of different cyclin
concentrations before starting the experiment.
Interactions between cdks and cyclins were monitored

using the enhancement of mant-ATP fluorescence at 430 nm.
The mant-ATP-cdk complexes were kept at a constant
concentration of 0.2µM and fluorescence emission was
monitored at 430 nm (excitation at 350 nm) as a function of
the concentrations of cyclins. TheKd was calculated by
fitting the data to a standard quadratic equation.
In the displacement experiments, a cdk-mant-ATP com-

plex concentration of 0.2µM in fluorescence buffer was
incubated in the presence of a 200-fold excess of unlabeled
nucleotide and increasing concentrations of cyclins were
added. The kinetics of dissociation of the fluorescently
labeled nucleotide were monitored by the quenching of mant-
fluorescence at 430 nm upon excitation at 350 nm. The
dissociation rate constants (kobs) were determined by fitting
the data to single exponentials. Thekobs values were fitted
according to the model described in the Results using the
following eq 2 to yield dissociation constants (Kds) of cdks
for the corresponding cyclins.

RESULTS

Binding of Nucleotides to Cdks Monitored by Quenching
of Intrinsic Fluorescence.All cdks contain three conserved
Trp-residues, corresponding to positions 167, 187, and 229
of cdk2 (Figure 1), located in key domains of the kinases
(Taylor & Radzio-Andzelm, 1994). The structures of cdk2
(Debondt et al., 1993) and of cdk2 complexed to cyclin A
(Jeffrey et al., 1995; Russo et al., 1996) have shown that
Trp167 is located in the T-loop close to the essential Thr160
phosphorylation site and to the catalytic site of the kinase.
As shown in Figure 2A (curve 1), these Trp-residues confer
to cdk2, cdk7, and His6-cdc2 an important intrinsic fluores-
cence with emission spectra centered at 334 nm, character-
istic of deeply buried Trp-residues. This property offers the
potential for investigating the interactions of cdks with their
substrates and of other proteins such as cyclins involved in
their regulation. In order to exclude an effect of the GST
tag on the affinity of cdks for the nucleotide, the same
experiments were performed with both tagged and nontagged
cdk2 and cdk7, from which the GST tag was cleaved using
factor Xa or thrombin and the nontagged kinase was further
purified by gel filtration.
The binding of ATP or ADP to cdks produced a marked

quenching of intrinsic fluorescence up to 40% for cdk7 and
48% for cdk2 and His6-cdc2, at saturating concentrations
without any shift in the emission spectrum (Figure 2A, curve
2). The titration curves in which a fixed concentration of
cdks (0.2µM) were titrated by increasing the concentration
of ATP are monophasic (Figure 2B). The three cdks bound
ATP with high affinity and the apparent dissociation

constants (Kd) were calculated to 227( 20, 280( 20, and
234( 30 nM for cdk2, cdk7, and His6-cdc2, respectively.
In contrast, the affinity for ADP was at least 5-10-fold lower
than for ATP, withKd values of 1.4( 0.4, 2.7( 0.3, and
2.1 ( 0.5 µM for cdk2, cdk7, and His6-cdc2, respectively
(Table 1). The presence of 5 mM excess of Mg2+ in the
buffer did not modify the affinity of cdks for ATP or ADP.
Similar titration patterns were obtained for the GST-cdks
with Kd values for ATP of 245( 20 nM (GST-cdk2) and
272( 15 nM (GST-cdk7), confirming that the GST tag at
the N-terminus of cdks does not interfere with the binding
of nucleotides.
The change of intrinsic fluorescence related to the binding

of ATP was also useful in defining the stoichiometry of
binding as well as the active fraction of the cdk preparations
used. A value of 0.9 mol of ATP/1 mol of cdks was obtained
for each of the three kinases with the cdk sample used in
Figure 2B, indicating that the nucleotide binding site of the
cdk preparations was correctly folded with a stoichiometry
of one nucleotide binding site per cdk.
Binding of Fluorescently Labeled Nucleotides to Cdks.

The fluorescence of mant-derived nucleoside (mant-) has
been extensively used to investigate the kinetics and the
stoichiometry of nucleotide binding to enzymes. Recently,
this approach was extended to the characterization of protein
kinases (Rittinger et al., 1996; Rossi et al., 1996). In the
present work fluorescent properties of the mant-group were
used to quantify the interaction of mant-ATP and mant-ADP
with different cdks as well as the formation of cdk-cyclin
complexes. The binding of mant-ATP or mant-ADP was
monitored both by the quenching of the intrinsic fluorescence
of cdks and by the enhancement of mant-fluorescence. The
binding of mant-ATP to cdks resulted in a 57% quenching

kobs) k-1 - (k-1 - k-2)

([C0] + [K0] + Kd) - x([C0] + [K0] + Kd)
2 - 4[C0][K 0]

2[C0]
(2)

FIGURE 1: Sequence alignment of the human and Xenopus cyclin-
dependent kinases. Cdc2hu, human cdc2; cdk2hu, human cdk2;
cdk3hu, human cdk3; cdk4hu, human cdk4; cdk5hu, human cdk5;
cdk6hu, human cdk6; cdk7xe, xenopus cdk7).
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of the intrinsic fluorescence of the kinases (Figure 2A, curve
3) and a 10-fold increase in the fluorescence of the mant-
nucleotide, reflecting the highly hydrophobic environment
of the cdk’s active site. The titration curves of cdks with
mant-ATP and mant-ADP as monitored by fluorescence
enhancement are shown in Figure 3, panels A and B. The
kinases were added incrementally at a constant concentration
of mant-nucleotide (0.2µM) and the curve fitting yielded
Kd values of 278( 31, 324( 27, and 281( 30 nM for
cdk2, cdk7, and His6-cdc2, respectively. These values are
close to those obtained using intrinsic fluorescence to monitor
nucleotide binding (Table 1). As already observed with
intrinsic fluorescence titration, the affinity of mant-ADP is
10-fold lower than for mant-ATP and neither the presence
of the GST tag on cdk2 or cdk7 nor Mg2+ affected the
affinity of cdks for the nucleotide. Moreover, mant-ATP
was fully displaced when an excess of ATP was added and
displacement titrations (Figure 3C) yieldedKd values for ATP
on the order of 300 nM. These results confirm that both
types of signals monitor the same process and that the
fluorescent group attached at the 2′ or 3′ hydroxyl group of
the sugar moiety of the ATP does not affect the binding to
cdks.
Interaction of Cyclins with Cdks.The term of “unusual”

cyclin was used arbitrarily to describe the formation of cdk-
cyclin complexes other than the naturally occuring forms
isolatedin ViVo. The formation of “usual” and “unusual”
cdk-cyclin complexes was monitored and quantified both
by enhancement of fluorescence of mant-ATP bound to cdks
and by inhibition of mant-ATP displacement by an excess
of unlabeled nucleotide (Table 2). Moreover, these results

correlated directly with the fraction of stable cdk-cyclin
complexes estimated for each titration using size-exclusion
HPLC and identified by SDS-PAGE.
Binding of Cyclins to Cdks as Monitored by mant-ATP

Fluorescence.The binding of cyclin A to cdk2 and His6-
cdc2 or of cyclin H to cdk7 resulted in a 3-fold increase in
the fluorescence of the mant-ATP previously bound to the
kinase without a shift in the emission spectrum. The titration
curves obtained by enhancement of mant-ATP fluorescence
(Figure 4A) follow a monophasic pattern, and their fitting
yieldsKd values of 48 nM (cdk2-cyclin A), 52 nM (cdk7-
cyclin H), and 88 nM (His6-cdc2-cyclin A) with a 1/1
(cyclin-cdk) stoichiometry for all the complexes. The
formation of unusual complexes (cdk2-cyclin H, cdk7-
cyclin A, and cdc2-cyclin H) also induced a 3-fold
enhancement of the mant-ATP fluorescence (Figure 4B), and
the dissociation constants (in a 1-2 µM range) were at least
15-25-fold higher compared to those obtained for the
complexes formed with the natural cyclin partner (Table 2).
Titration of the bound nucleotide performed by reverse phase
HPLC at saturating concentrations of cyclin as already
described (John et al., 1990; Divita et al., 1993a) yielded a
1/1 ratio of mant-ATP bound per cdk-cyclin complex. This
confirms that the enhancement of mant-ATP fluorescence
was indeed mainly due to a dramatic conformational change
in the nucleotide binding site of the cdks and not instead
associated with a release of the nucleotide.
Binding of Cyclins to Cdks as Monitored by Size-Exclusion

HPLC. The monomers (cdks or cyclins) and the different
cdk-cyclin complexes were separated by size-exclusion
HPLC using a 200 mM phosphate buffer at pH 6.8, as
described in Experimental Procedures. Cyclin H, cdks,
cyclin A, and the cdk-cyclin complexes were eluted at 17,
16, 15, and 13 min, respectively. As shown in Figure 5
(panels A and B), after 15 min incubation of cdk2 with cyclin
A or cdk7 with cyclin H in an equimolar ratio (0.2µM) in
the presence of 2µM ATP, cdks were fully complexed with
their cyclin partner, thus well in accordance with a 1/1 (cdk-
cyclin) stoichiometry. Only one peak (13 min) was detected,
corresponding to the retention time of the cdk-cyclin
complex, and no higher molecular weight species were noted.
In the absence of ATP, only 75% of the monomers were
engaged in a complex, indicating that the stability of the
cdk-cyclin complexes formed was dependent on the pres-
ence of nucleotide. At higher concentrations of cyclins (3
µM), the different complexes cdk2-cyclin H, His6-cdc2-
cyclin H, and cdk7-cyclin A were also detected by size-
exclusion HPLC and identified by gel electrophoresis (Figure
5C). Figure 5D shows a cyclin H concentration-dependent
titration of the formation of the cdk2-cyclin H complex as
monitored by size-exclusion HPLC. The titration curve
follows a monophasic pattern and the best fit yields aKd

value of 0.94µM for the cdk2-cyclin H complex. These
data correlate perfectly with the lower affinity observed for
unusual complexes by fluorescence titrations.
Binding of Cyclins to Cdks as Monitored by Displacement

Experiments. Mant-ATP bound to cdks can be fully
displaced by an excess of unlabeled nucleotide, resulting in
a 10-fold decrease in the fluorescence of the mant-group.
The dissociation rate of mant-ATP from cdk2 using a 200-
fold excess of ATP can be kinetically estimated by fitting
the time-dependent curve (Figure 6A) as a single exponential
to a rate constant of (kobs) 5.4× 10-3 s-1. In the presence

FIGURE 2: Binding titration of ATP to cdks. (A) Emission
fluorescence spectrum of cdk2 (0.2µM) in the absence of nucleotide
(1) and in the presence of a saturating concentration (1µM) of
ATP (2) and mant-ATP (3). The excitation was performed at 295
nm. (B) The binding of ATP to cdk2, cdk7, and His6-cdc2 was
monitored by following the quenching of intrinsic Trp-fluorescence
of cdks at 340 nm upon excitation at 290 nm. A fixed concentration
(0.2 µM) of cdk2 (b), cdk7 (O), and His6-cdc2 (4) was titrated
with increasing ATP concentrations. The data were fitted according
to the eq 1, which describes the binding of ATP to a single site
within the cdks.
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of an equimolar concentration of cyclin A, the dissociation
rate of mant-ATP from cdk2 is reduced to a value of 1.2×
10-3 s-1. Cyclins behave as nucleotide dissociation inhibitors
since the release of nucleotide from cdks induced by an
excess of ATP is decreased upon addition of cyclin (Figure
6A). The displacement kinetics of mant-ATP from cdks by
an excess of ATP is similar for the three cdks analyzed (ca.
5 × 10-3 s-1), and a 5-fold decrease in the rate of mant-
ATP release from the cdk-cyclin complex is observed with
both cyclin H and cyclin A.

The inhibitory effect of cyclin on ATP release was used
as an alternative for the quantitative analysis of complex
formation between cdks and cyclins, by following the
dissociation rate constants of fluorescently labeled ATP from
cdks. Mant-ATP was first bound to the cdk, using a 5-fold
excess compared to theKd value. The dissociation of mant-
ATP from cdks with an excess of nonlabeled ATP (300µM)
was then measured in the presence of increasing concentra-
tions of the cyclin partner. The fluorescence decay kinetics
were fitted according to a single exponential which yielded
the rate constant for dissociation of mant-ATP (kobs).

Table 1: Affinity Constants [Kd (µM)] of Cdks for Nucleotides and Fluorescent Analoguesa

cdk2 cdk7 cdc2

nucleotides monomer + cyclin A monomer + cyclin H monomer + cyclin A

ATP 0.227( 0.02 0.28( 0.02 0.234( 0.03
ADP 1.4( 0.4 2.7( 0.3 2.1( 0.5
mant-ATP 0.278( 0.03 0.075( 0.01 0.324( 0.027 0.087( 0.012 0.281( 0.030 0.072( 0.007
mant-ADP 1.7( 0.5 2.0( 0.5 3.1( 0.8 1.8( 0.4 2.3( 0.7 1.4( 0.2
a Kd values were determined by monitoring either the quenching of intrinsic fluorescence of cdks or the enhancement of mant-ATP and mant-

ADP fluorescence.

FIGURE 3: Titration of cdk2, cdk7, and His6-cdc2 with mant-
nucleotide. A fixed concentration of mant-ATP or mant-ADP (0.2
µM) was titrated with increasing concentration of cdk2 (b), cdk7
(O), and His6-cdc2 (4). The binding of mant-ATP (panel A) or
mant-ADP (panel B) was monitored by following the enhancement
of the mant-group fluorescence at 440 nm upon excitation at 350
nm, and the data were fitted as described in Figure 2. (C)
Displacement of mant-ATP from cdk7 (O) and His6-cdc2 (b) by
ATP. Cdks (0.1µM) were previously incubated in the presence of
mant-ATP (0.8µM) and titrated by increasing ATP concentrations.

Table 2: Affinity Parameters of the Different Cdk-Cyclin
Complexesa

cyclin A cyclin H

Kd1 (nM) Kd2 (nM) Kd1 (nM) Kd2 (nM)

cdk2 48( 7 55( 7 1200( 48 1450( 85
cdk7 824( 11 750( 24 52( 7 61( 10
cdc2 88( 5 78( 5 1700( 210 1810( 100
a Kd1 andKd2 were determined by direct titration using the enhance-

ment of the mant-ATP fluorescence and by mant-ATP displacement
experiments, respectively.

FIGURE 4: Binding titration of cyclins to cdks followed by mant-
ATP fluorescence enhancement. Cdks (0.2µM) previously saturated
with mant-ATP (1µM) were titrated with increasing amounts of
cyclin A or cyclin H. The enhancement of mant-ATP fluorescence
was monitored at 450 nm upon excitation at 340 nm. (A) Titration
curves for “usual” cdk2-cyclin A (O), cdk7-cyclin H (b), and
cdc2-cyclin A (4) complexes. (B) Titration curve of the “unusual”
cdk2-cyclin H (O), cdk7-cyclin A (b), and cdc2-cyclin H (4)
complexes. Both experiments were fitted using quadratic equation.
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According to the model presented in Scheme 1, the rate
constantsk+1 and k+2 are negligible considering the large
excess of unlabeled nucleotide. The rate constantkobs is
therefore composed of two components: the dissociation of
the nucleotide from the monomer cdk (k-1) and its dissocia-

tion from the cdk-cyclin complex (k-2). Since the ratek-2

cannot be determined precisely, the dissociation of the
nucleotide from cdks in the absence of cyclin must be fast
in comparison with the dissociation from the cdk-cyclin
complex andk-2 is negligible compared tok+1, which is more
than 1 order of magnitude faster.
Figure 6B shows the variation of the dissociation rate

constant of mant-ATP depending on the concentration of the
cyclin used. The dissociation data (kobs) were fitted as
described in the Experimental Procedures to dissociation
constant values of 55 nM (cdk2-cyclin A), 61 nM (cdk7-
cyclin H), and 78 nM (cdc2-cyclin A), which are quite
similar to those calculated by direct fluorescence titration.
The binding of unusual cyclins to cdks also reduced the rate
of mant-ATP displacement therefore leading to lower affinity
constants of 1.8µM (cdc2-cyclin H), 0.75µM (cdk7-cyclin
A), and 1.45µM (cdk2-cyclin H) compared to the natural
cyclin partner. It should be noted that the formation of the
cdk-cyclin complexes was not affected by the presence of
200 mM phosphate, which validates the HPLC size exclusion
method to monitor the formation of these cdk-cyclin
complexes.

FIGURE 5: Separation of cdk-cyclin complexes by size-exclusion
HPLC. Cdks and cyclins (0.2µM) were preincubated 15 min in a
phosphate buffer pH 6.8 and applied onto two size-exclusion HPLC
columns in series. The elution was performed with phosphate buffer
at a flow rate of 0.8 mL/min, and the different peaks were analyzed
by SDS-PAGE. (A) Separation of the cdk2-cyclin A complex.
Lane 1, peak 1 (cdk2-cyclin A) and lane 2, purified cdk2. (B)
Separation of the cdk7-cyclin H complex. Lane 1, peak 1 (cdk7-
cyclin H); lanes 2 and 3, purified cyclin H and cdk7. (C) Separation
of the cdk7-cyclin A complex. Lane 1, peak 1 (cdk7-cyclin A);
lane 2, peak 2 (cyclin A); and lane 3, peak 3 (cdk7). (D) Titration
curve of cdc2 with cyclin H as “unusual” cyclin partner. Cdc2 (0.2
µM) was incubated with increasing concentration of cyclin H (0-
10 µM) and applied onto size-exclusion HPLC columns. The
dimeric fraction (cdc2-cyclin H) was quantified by size-exclusion
chromatography.

FIGURE6: Interaction of cdks with cyclins monitored by nucleotide
release experiments. (A) The mant-ATP displacement from cdk2
(0.1µM) by a 200-fold excess of ATP was monitored in the absence
(b), and in the presence (O) of an equimolar cyclin A concentration.
The decrease of the mant-ATP fluorescence was monitored at 450
nm and the kinetic was fitted as single exponential. (B) The
displacement of mant-ATP/cdk2 (O), mant-ATP/cdc2 (2), and
mant-ATP-cdk7 (b) complexes was titrated by adding cyclin A
and cyclin H concentrations, respectively. The data were fitted as
single exponential and the observed dissociation rate constants (kobs)
were analyzed as a function of cyclin concentrations. The data were
fitted to eq 2 to yieldKd values of 55, 61, and 78 nM for the cdk2-
cyclin A, cdk7-cyclin H, and cdc2-cyclin A complexes.

Scheme 1
k–1

k+1

k–2

k+2

cdk–mant–ATP

+ cyclin Kd

mant–ATP–cdk/cyclin

cdk + mant–ATP

cdk/cyclin + mant–ATP
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In the absence of cyclin, the rate constant of mant-ADP
release from cdc2 by addition of an excess of ADP is 2-fold
faster than that of mant-ATP. In contrast to the result
observed for mant-ATP, the displacement of mant-ADP with
an excess of ADP was not dramatically affected upon cyclin
binding, which suggests that the conformational change
induced in the cdk upon cyclin binding affects the organiza-
tion of the phosphate group rather than the adenine moiety
of the nucleotide bound to cdk.
Binding of Nucleotides to the Cdk-Cyclin Complexes.

The binding of ATP and ADP to cdk-cyclin complexes was
monitored using the large enhancement of the mant-labeled
nucleotide fluorescence which occurs upon binding to cdks.
The cdk2-cyclin A, cdk7-cyclin H, and cdc2-cyclin A
complexes were formed and checked as to their homogeneity
by size-exclusion HPLC. The binding of mant-ATP to
preformed cdk-cyclin complexes resulted in a 15-fold
increase in mant-ATP fluorescence. The titration curves
shown in Figure 7 are monophasic, and their fitting yields
mant-ATP dissociation constant values of 75( 10 nM for
cdk2-cyclin A, 87( 12 nM for cdk7-cyclin H, and 72(
7 nM for cdc2-cyclin A complexes. These affinities for
ATP are at least 3-fold higher than those obtained for free
cdks. In contrast, the affinity of these cdk-cyclin complexes
for mant-ADP is in the same range as that obtained for the
cdks alone withKd values of 2.0( 0.5, 1.8( 0.4, and 1.4
( 0.2 µM for cdk2-cyclin A, cdk7-cyclin H, and cdc2-
cyclin A, respectively (Table 1).

DISCUSSION

In the present work, we have successfully applied fluo-
rescence technology using both fluorescently labeled nucle-
otides and intrinsic fluorescence of cdks to further the
understanding of the mechanism and the different parameters
which control the formation of nonphosphorylated cdk-
cyclin complexes. We have characterized the interaction of
three different cdks, cdc2, cdk2, and cdk7, with cyclins A
and H, both in usual and unusual complexes, the former
relating to complexes observed and isolatedin ViVo, as
opposed to the latter. Cdc2, cdk2, and cyclin A were chosen
as the most extensively studied and representative members
of the cdk-cyclin family, the kinase activity of which varies
in a cyclical fashion (Norbury & Nurse, 1992). The cdk7-
cyclin H complex was chosen for its differences compared

to other cdk-cyclin complexes, first in that it forms a
trimeric complex with the additional MAT1 subunit and
second in its constitutive activity throughout the cell cycle
(Fesquet et al., 1993; Poon et al., 1993; Solomon et al., 1993;
Devault et al., 1995; Fisher et al., 1995; Tassan et al., 1995).

Nucleotide Binding to Monomeric Cdks. All cdks contain
three highly conserved and strategically located Trp-residues
(locations 167, 187, and 229 in cdk2, see Figure 1). Trp167
is located in the so-called T-loop motif (residues 152-170),
which contains the essential Thr160 phosphorylation site,
interacts directly with the ATP binding site, and controls
the accessibility of the protein substrate (Radzio-Andzelw
et al., 1995; Johnson et al., 1996). Trp187 is involved in
cyclin A binding and Trp229 in the interaction of cdks with
small proteic “regulator” p9cksHs1(Bourne et al., 1996). These
three deeply buried Trp-residues confer a characteristic
intrinsic fluorescence to cdks, which is extremely sensitive
to the binding of nucleotides to cdks.

Our experiments show that cdk2, cdk7, and cdc2, exhibit
a relatively high and similar affinity for ATP in the order of
300 nM, whereas the affinity of these cdks for ADP is ca.10-
fold lower (Table 1). Moreover, we find that, although the
catalytic substrate of cdks is the ATP-Mg complex, the
binding of ATP is not dependent on the presence of MgCl2,
which can be explained by the inactive organization of the
catalytic site of monomeric cdks in the absence of a cyclin
partner. These results demonstrate that the cdks can bind
ATP with high affinity in a structural orientation which is
inconsistent with phosphate transfer reactions. Similar values
defining a strong affinity for ATP have also been reported
for other protein kinases, including the catalytic subunit of
cPKA (Herberg & Taylor, 1993), epidermal growth factor
receptor protein tyrosine kinase (Cheng & Koland, 1996),
and isocitrate dehydrogenase kinase/phosphatase (Rittinger
et al., 1996). Mant-ATP analogs bind the catalytic site of
cdks with high affinity (Kd ca. 300 nM) in the same range
as ATP, indicating that the labeled group attached to the
sugar moiety of ATP does not alter the binding ability. This
is not surprising considering that, in the cdk2-ATP complex,
the 2′ and 3′ hydroxyl groups of the sugar do not interact
with residues in the catalytic site of the kinase (Debondt et
al., 1993).

All protein kinases share a high degree of homology with
well-defined domains, and a common architecture composed
of two lobes, the smaller associated with ATP-binding
domain and the larger containing the substrate binding
domain, between which the active site cleft is located
[Reviews: Radzio-Andzelm et al. (1995), Johnson et al.
(1996)]. On the basis of our results, we can now extend
this homology to the nucleotide binding process and to the
related conformational change. Indeed, as cdks and the
active forms of the other kinases share a similar high affinity
for ATP, we conclude that the essential phosphorylation of
cdks on the T-loop threonine (which occurs upon activation
of the kinase by CAK) does not seriously interfere with the
binding of ATP, but that it is instead required for the catalytic
process. Mutation of the essential threonine residue Thr161
on cdc2 (Atherton-Fessler et al., 1993) and of Thr196 on
cPKA (Adams et al., 1995) has lead to a similar conclusion:
phosphorylation is required for the phosphoryl transfer
reaction but does not interfere with the affinity either for
the nucleotide or for the substrates.

FIGURE 7: Titration of cdk2-cyclin A, cdk7-cyclin H, and His6-
cdc2-cyclin A with mant-ATP. A fixed concentration of mant-
ATP (0.2µM) was titrated with increasing amount of cdk7/cyclin
H (b), His6-cdc2/cyclin A (O), and cdk2/cyclin A (4) complexes
purified by size-exclusion chromatography. The enhancement of
the fluorescence of the mant-ATP was monitored at 440 nm and
the curves fitting was performed as described in the Figure 3.
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Cyclin Binding to Cdk Induces a Change in the Confor-
mation of the Nucleotide Binding Site.Using mant-ATP
fluoresence, we have monitored kinetically whether any
conformational changes occur in the nucleotide binding site
of cdk upon cyclin binding. Our kinetics clearly show that
binding of a cyclin subunit to a cdk induces a 3-fold increase
in the affinity for ATP, but not for ADP, which is coupled
to a decrease in nucleotide release from the cdk subunit.
Together, the increase in mant-ATP fluorescence and the

decrease in nucleotide exchange upon binding of a cyclin to
a cdk provide evidence for an important conformational
change in the nucleotide binding site and in the catalytic
cleft. The fact that the affinity of cdks for ADP remains
unchanged upon cyclin binding clearly denotes that this
conformational change occurs close to theγ-â phosphate
bond of the nucleotide, as already suggested from the
structures of cdk2 and of the cdk2-cyclin A complex. Upon
binding of the cyclin subunit, the ATP site is reconfigured
and the PSTAIRE helix moves into the catalytic site by
rotation thus placing the catalytic residues and theâ-γ
phosphate bond of ATP correctly, turning it into an ap-
propriate conformation for nucleophilic attack from a bound
substrate (Debondt et al., 1993; Jeffrey et al., 1995). On
the basis of these results, we suggest that binding of cyclin
to a cdk increases the affinity for ATP by reducing the off-
rate of ATP.
Mechanism of Formation of the Cdk-Cyclin Complexes.

Cyclin binding is an absolute prerequisite to the activation
of cdks, as it promotes the phosphorylation of the conserved
threonine at the active site, itself essential for the full
activation of cdks. The X-ray cristallographic structure of
the cdk2-cyclin A complex has provided some clues for
understanding these mechanisms of cdk regulation from a
structural point of view (Jeffrey et al, 1995; Radzio-Andzelm
et al., 1995; Johnson et al., 1996; Russo et al., 1996).
We have used the high sensitivity of mant-labeled nucle-

otide to quantify the formation of the cdk-cyclin complexes
at the molecular and dynamic levels and to monitor the
conformational change which occurs in the catalytic site of
cdks upon binding of cyclin to the cdk. Binding of cyclins
to cdks resulted in a 2-fold increase of fluorescence of the
mant-ATP bound to cdks and reduced dramatically the rate
of mant-ATP displacement from the cdks by an excess of
ATP.
Cdc2, cdk2, and cdk7 exhibit a high affinity for their

corresponding cyclin A or cyclin H partners with dissociation
constant values of ca. 50 nM obtained in the presence of
ATP, whichever the quantitative method used. As the
binding of the cyclin with the cdk is identical for the three
complexes studied, the mechanism of interaction must be
common to all cdk-cyclin complexes. Given the tight
interaction occurring between cdks and cyclins, phosphory-
lation of the conserved Thr161 of cdks is obviously not an
absolute prerequisite for the formation of cdk-cyclin
complexes. Our results are further supported by the fact that
the nonphosphorylated cdk2-cyclin A and cdc2-cyclin B
complexes have been isolatedin Vitro (Desai et al., 1995)
and shown to be partially active (Connell-Crowley et al.,
1993). In contrast, the presence of nucleotide stabilized the
cdk-cyclin complexes. Moreover, from the structural data
of the cdk2-cyclin A complex, it seems clear that acces-
sibility of Thr160 for phosphorylation by CAK is only
promoted following binding of cyclin A (Jeffrey et al., 1995).

The recent determination of the structure of the phosphory-
lated cdk2-cyclin A complex confirms that phosphorylation
on the Thr160 of cdk2 improves the effect of the cyclin by
maintaining the T-loop in the catalytic cleft and stabilizing
the cdk-cyclin complexes in a more active conformation
(Russo et al., 1996). Finally, in the case of the cdk7-cyclin
H complex, neither phosphorylation on Thr176 (correspond-
ing to Thr160 on cdc2) nor binding of MAT the third
component of CAK is essential for the basic interactions
between the cdk and cyclin components, but nevertheless
plays a role in their stabilization (Devault et al., 1995; Fisher
et al., 1995).
With the high sensitivity of the mant-fluorescent probe

used for the first time, we have observed that cdks can form
dimeric complexes with cyclins other than their usual cyclin
partner. Indeed cdk2-cyclin H, cdc2-cyclin H, and cdk7-
cyclin A complexes were isolatedin Vitro by size-exclusion
HPLC and identified by gel electrophoresis. The stability
of these cdk-cyclin complexes at high salt concentration
(up to 400 mM) indicates that the interface between the two
subunits is mainly formed of hydrophobic interactions, which
clearly play a central role in the stability of the cdk2-cyclin
A complex. Of interest, however, cdks exhibit a 25-50-
fold lower affinity for an unusual cyclin partner than for their
usual cyclin partner. Thermodynamically, the usual and
unusual cdk-cyclin complexes are not drastically different.
Indeed this difference lower than 2 kcal/mol must correspond
only to few interactions. The binding of cyclin H to cdk2
or cdc2 and of cyclin A to cdk7 produces the same 2-fold
increase in the fluorescence of mant-ATP bound to cdks
which suggests that the formation of unusual complexes
involves the same type of interactions as those described for
the usual complexes. The X-ray structure of cdk2-cyclin
A complex shows that binding of cyclin occurs on one side
of the cdk and that the main contact between cdk2 and cyclin
A involves theR1-helix (containing the PSTAIRE motif)
and the T-loop of the cdk2 and theR3-, R4-, andR5-helices
of the cyclin A. Several residues implicated in this interface
between cdk2 and cyclin A appear to be conserved in all
cdks and cyclins, including the PSTAIRE helix in Figure 1
and mainly two invariant residues located in theR3- and
R5-helices of conserved cyclin helical fold, Lys266 and
Glu295. Preliminary kinetic experiments for cyclin-cdk
binding have revealed that the formation of cdk-cyclin
complexes occurs in at least two steps, in which the cdk-
cyclin association rate is similar for usual and unusual
complexes (unpublished results). Taking together the struc-
tural information and our kinetic results, we propose that
the first step in the cdk-cyclin interaction involves the
PSTAIRE helix of cdk and theR3- andR5-helices of the
cyclin irrespective of the cyclin and the cdk type. Addition-
ally, selectivity of binding most likely arises from stabiliza-
tion of a complex between a specific cdk and cyclin by other
contacts between the two subunits. Moreover, phosphory-
lation of the essential Thr160 of a cdk increases the stability
of “chimeric” cdk-cyclin complexes as has already been
suggested for cdc2-cyclin A (Atherton-Fessler et al., 1993;
Desai et al., 1995).
The formation of a such chimeric complexesin Vitro raises

the question of their biologically relevant role in the
regulation and progression of the cell cycle. The specificity
of cdk-cyclin partnerships at a particular point in the cell
cycle is in part regulated by temporal expression and
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degradation patterns of cdks and cyclins. Moreover, many
biological situations suggest that additional mechanisms may
exist in the cell that prevent temporally inappropriate
activation of the cdk kinases. Proteins other than cdks and
cyclins, such as the so-called cyclin-dependent kinase
inhibitors (Zhang et al., 1994) and post-translational modi-
fications, are most likely involved in the stability and
regulation of cdk-cyclin complexes (Kobayashi et al., 1991).
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