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ABSTRACT. The formation of cdk-cyclin complexes has been investigated at the molecular level and
guantified 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 cdcgclin H, cdk2-cyclin H, and cdk?cyclin A complexes
present a 25-fold lower stability. On the basis of both the structure of the-adli2in 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 Moreover, the cyclin subunit modulates substrate specificity
governed by members of the cyclin-dependent kinase family and cellular localization of the kinase complex (Pines &
(cdks)! These heterodimeric complexes are composed of aHunter, 1991; Kobayashi et al., 1992; Maridor et al., 1993).
catalytic protein kinase subunit (cdk) and of a regulatory  Determination of the X-ray cristallographic structures of
cyclin partner. Eight members of the cdk family (cekl  cdk2 (Debondt et al., 1993), mitogen-activated protein kinase
cdk8) and nine cyclins (Al) have been identified so far (MAPK) (Zhang et al., 1994), cyclic-AMP-dependent protein
[reviews: Pines (1993), Dunphy (1994), Sherr (1994), and kinase (cPKA) (Knighton et al., 1991), the tyrosine kinase
Morgan (1995) and references therein]. Cdk protein kinasesdomain of the human insulin receptor (Hubbard et al., 1994),
are closely related in size, ranging from 30 to 40 kDa, and and casein kinase 1 (Longenecker et al., 1996; Xu et al.,
share at least 40% sequence homology. They contain al995) has revealed a common structural organization of
highly conserved catalytic core of 300 residues which is also protein kinases in two domains: a small lobe containing the
present in all other eukaryotic protein kinases (Hanks et al., nucleotide binding site and a large lobe corresponding in
1988). Cyclin subunits named after their cyclical pattern of part to the protein substrate binding site. ATP binds in a
accumulation and destruction throughout the cell cycle vary deep cleft located between the two lobes which contains well-
importantly in size (36-80 kDa) but are nevertheless fairly conserved catalytic residues.
homologous within particular domains, in particular, a 100  Despite these common structural features, cdks present
amino acid stretch: the cyclin box (Pines, 1993; Hunter & differences with other protein kinases in their mechanism
Pines, 1994). Formation of ceicyclin complexes is  of regulation. The structure of cyclin A has revealed a two-
regulated both by protein/protein interactions and by revers- helical-domain organization, each domain containing five
ible phosphorylation. Monomeric cdk subunits do not exhibit o-helices which is characteristic of cyclins (Brown et al.,
protein kinase activity whereas association with a cyclin 1995; Jeffrey et al., 1995). This characteristic cyclin helix
partner confers basal kinase activity to the ediclin fold has indeed been predicted in all cyclins, but also in other
complex and further promotes phosphorylation of the cdk cyclin-like proteins, although they only share little sequence
on the conserved threonine 160 (amino acid position in cdk2) similarity (Bazan, 1996), and surprisingly, in transcription
by the cdk activating kinase complex (CAK) (Fesquet et al., factor TFIIB (Bagby et al., 1995; Nikolov et al., 1995).
1993; Poon et al., 1993; Solomon et al., 1993; Fisher &  The recent determination of the structure of unphospho-
Morgan 1994; Solomon 1994), which finally renders the rylated and phosphorylated cdk2yclin A complexes has
complex fully active (Morgan, 1995; Russo et al., 1996). been an important step in the understanding of the mecha
nism of cdk2 activation, which takes place upon binding to
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C-terminal lobe of the cdk2 which are stabilized by a network

Heitz et al.

5 g/L bacto-yeast extract, 10 g/L NaCl) containingggdof

of hydrogen bonds. Comparison of the structure of unbound ampicillin/mL to Asoo 0f 0.7—0.8 followed by induction with

cyclin A with that of cyclin A complexed to cdk2 reveals
that no significant conformational changes occur within
cyclin A upon formation of the cdkcyclin 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 thegd—y 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

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 K,HPQy, 12 mM KH,PQ; (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 Nit—nitrolotriacetic acid-agarose column
(Pharmacia) equilibrated with the buffer A. The §iagged
cyclin H and cdc2 was eluted with buffer A containing 300
mM imidazole and analyzed by SB®AGE (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-a80 °C.
Fluorescence Experimentd-luorescence measurements
were performed at 28C using a Spex Il fluorolog spec-

lobe of cdk2 which strengthen the contact between cdk2 andtrofluorometer, with spectral band-passes of 2 and 8 nm for

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

excitation and emission, respectively. The intrinsic tryp-
tophan fluorescence of the different cdks (110 uM
protein) was measured in a fluorescence buffer containing

division requires appropriate investigations of the molecular 50 mM Tris-HCI (pH 7.5), 50 mM KClI, 5% glycerol, and 2
features and structural interactions between cyclins and cdksmM EDTA (or 5 mM excess of MgG). Proteins were

In this study, we have developed powerful tools for the direct incubated 30 min in fluorescence buffer before starting the
investigation of the mechanism of formation of eetkyclin experiments and all measurements were corrected as already
complexes. Our results show that highly stable-edkclin described (Divita et al., 1993b). Excitation was performed
complexes can fornin vzitro without requiring prior phos- ~ at 290 nm, and the emission spectrum was scanned from
phorylation. On the basis of the comparative characterization 310 to 450 nm. The binding of nucleotides was monitored
of three cdks, cdk2, cdc2, and cdk7, with respect to their by the quenching of the intrinsic tryptophan fluorescence of
association with cyclin partners, we propose a common cdks at 340 nm upon excitation at 295 nm. A fixed
mechanism of interaction of cyclin subunits close to the ATP concentration of cdks was titrated by increasing the concen-
binding pocket of cdks. The cyclin strongly modifies the tration of ATP, ADP, or labeled nucleotide. The binding of
catalytic cleft of the cdk into a conformation which places Mmant-nucleotides to cdks or cdkyclin complexes was
the ATP appropriately for the catalysis. 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:

EXPERIMENTAL PROCEDURES

Materials. Restriction enzymes, Klenow, and T4 DNA
ligase were obtained from Promega Corp.2™Ninitrolo-
triacetic acid-agarose was from Quiagen Inc. The TSK- F=F,, — {(AF)[(E,+ L+ Ky — [(E,+ L + Ky)* —
250 and TSK-125 columns were from Bio-Rad. ADP and 1
ATP were purchased from Boehringer. The purity and AEL]] 2}/2Ef ()
stability of the nucleoside and nucleotide an_alogues Were\where F is the relative fluorescence intensiti, is the
checked by reverse phase HPLC. Mant-derivative nucle- yg|ative fluorescence intensity at the beginning of the titration,
otides were synthetized as described by Hiratsuka (1983) AF js the variation of the fluorescence intensity between the
and purified according to John et al. (1990). Endogenous j,itia| value and at saturating concentrations of substiate (
nucleotides were titrated, after thermal'd'enaturatlon, by E, is the total concentration of cdks or mant-nucleotide
HPLC on a C18 reverse phase column (Divita et al., 1993a). gepending on the titration arit} is the dissociation constant

Cloning and Protein Expression and Preparatiofhe  of the enzyme-substrate complex. All the results correspond
human-cdc2 ORF was excised from the pTZ19B-cdc2 to the average of four separate experiments with a standard
construct byNdd digestion, made blunt with Klenow, and  deviation lower than 10% for intrinsic and extrinsic fluo-
subcloned into th&ma site of the pQE30 vector (Quiagen). rescence titrations.

TheXenopusyclin H cDNA was subcloned from pcDNA3 Size-Exclusion HPLC.Size-exclusion chromatography
cycH into the pQE31 vector to produce a N-terminally tagged was performed using two HPLC columns (Bio-Rad) in series
cyclin H (Quiagen). TSK-250 followed by TSK-125 (7.5x 200 mm). The

GST—cdk2 and GST*cdk7 as well as cyclin A were
overexpressed iBscherichia coliand purified to homogene-
ity as previously described (Lorca et al., 1992; Lalbal.,
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 ifE. coli as soluble proteins. Cultures
were grown at 37C in LB medium (10 g/L bacto-tryptone,

proteins (cyclins and cdks) and cdkyclin complexes
(0.2-2 uM) were incubated 15 min at 28, 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 cdkcyclin complexes were analyzed by SBS
PAGE (Laemmli, 1970).

Measurement of the Interaction between Cdks and Cyclins.
The affinities between cdks and cyclins were measured by
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two approaches: the direct fluorescence titration of the-cdk 30 40 50 60 70 80
mant-ATP complex with ciferent cycii concentrations and = #7re sseen —am mtnn sr e
the displacement experiments of mant-ATP uSINg &N €XCESS saxshu ueeveSTATR EISLLKELK- ~-HENIVRLL DV-——VHN ERKLYLVEEF LSQDLEKYMD
of ATP or ADP. In both cases, mant-ATedk Comp|exes cdk4hu GGGLPISTVR EVALLRRLEA FEHPNVVRLM DVATSRTDR EIKVTLVFEH VDQDLRTYLD
1 H H H H edk5hu  DEGVPSSALR EICLLKELK- —--HKNIVRLH DV----LHS DKKLTLVFEF CDQDLKNE-D
Were InCUbated 15 mln In the presenceOf dlfferent CyC“n cdk6éhu EEGMPLSTIR EVAVLRHLET FEHPNVVRLF DVTVSRTDR ETKLTLVFEH VDQDLTTYLD
Concentratlons before Startlng the experlment cdk7xe NDGINRTALR EIKLLQELS- --HPNIIGLL DA----FGH KSNISLVFDF METDLEVIIK
Interactions between cdks and cyclins were monitored a0 100 110 120 130 140
using the enhancement of mant-ATP fluorescence at 430 NM. cdc2hu  RISETGATSL DPRLVOKFTY QLVNGVNFCH SRRITHRDLK PONLLIDKEG NLKLADFGLA
The mant_ATP_Cdk CompleXeS Were kept at a Constant cdk2hu ASALTGIPLP LIKSYL-FQL LQ--GLAFCH SHRVLHRDLK PQNLLINTEG AIKLADFGLA
. . . cdk3hu STPGSELPLH LIKSYL-FQL LQ~-GVSFCH SHRVIHRDLK PQNLLINELG AIKLADFGLA
concentration of 0.2¢4M and fluorescence emisSiON WaS  cawin rareecreaE TIKDLMROFL R---GLDFLH ANCIVHRDLK PENTLVTSGG TVKLADFGLA
monitored at 430 nm (excita’[ion at 350 nm) as a function of cdaxshu  SCNG-DLDPE IVKSFL-FQL LK--GLGFCH SRNVLHRDLK PONLLINRNG ELKLADEGLA
the Concentratlons Of CyClInS Trléd WaS Calculated by cdk6hu KVPEPGVPTE TIKDMM-FQL LR--GLDFLH SHRVVHRDLK PONILVTSSG QIKLADFGLA
fitting the _data to a standaro_l guadratic equation. 150 Lo 170 150 1on 200
In the dlSplaCement experlmentsl a' edhant_ATP Com- cde2hu  RSFGVPLRNY THEIVTLWYR APEVLLGSRH YSTGVDIWSYV GCIFAEMIRR -SPLFPGDSE
plex Concentration Of OZJM in ﬂuorescence buffer was cdkZhu RAFGVPVRTY THEVVTLWYR APEILLGCKY YSTAVDIWSL GCIFAEMVTR -RALFPGDSE
incubated in the presence of a 200-fold excess of unlabeled sdx3hu RAFGVPLRTY THEVVTLWYR APEILLGSKF YTTAVDIWSI GCIFAEMVIR -KALFPGDSE
nucleotlde and Increaslng Concentratlons Of CyCl”’]S Were cdk4hu RIYSYQMAL TPVVVTLWYR APEVLLQS-T YATPVDMWSV GCIFAEMFRR -KPLFCGNSE
. . . . . cdk5hu  RAFGIPVRCY SAEVVTLWYR PPDVLFGAKL YSTSIDMWSA GCIFAELANA GRPLFPGNDV
added' The klnetlcs Of dISSOCIatIOn Of the fluorescently cdk6hu RIYSFOMALT SV-VVTLWYR APEVLLQSS- YATPVDLWSV GCIFAEMFRR -KPLEFRGSSD
labeled nucleotide were monitored by the quenChing of mMant- cax7ze KSFGSPNRIY THOVVTRWYR SPELLFGARM YGVGVDMAV GCTLAELLLR ~VPFLPGDSD
fluorescence at 430 nm upon excitation at 350 nm. The 210 220 230 240 250
i inti ; e cdc2hu  IDEIFKIFQ VLGTPNEEVW PGVTLLODYK STFPRW-KRM DLHKVVENGEE
dt:SSgCIatlon I.’atel ConStank‘)l.(s)lwe[re deterlmlned by ?.ttmg cdk2hu  IDQLFRIFR TLGTPDEVVW PGVISMPDYK PSFPKW-ARQ DESKVVEPLDE
t e ata to Slng e exponentla S %S Va ues Were Itte cdk3hu IDQLFRIFR MLGTPSEDTW PGVTQLPDYK GSFPKW-TRK GLEEIVPNLEP
aCCOfd|ng to the mOdeI descrlbed In the ReSUItS US|ng the cdk4hu ADQLGKIFD LIGLPPEDDW PRDVSLPR-- GAFPPRGPRP VQ~SVVPEMEE

cdk7xe DTSLV-LTPA HIKSYMLMTL Q---GLEYLH HIWILHRDLK PNNLLLDENG VLKLADFGLA

foIIowing eq 2 to yle|d dissociation COﬂStani‘QdQ of cdks cdk5Shu DDQLKRIFR LLGTPTEEQW PSMTKLEDYK P-YPMYPATT SLVNVVEKLNA
for the Corresponding CyC"nS. cdk6hu  VDQLGKILD VIGLPGEEDW PRDVALPRQA ~-FHSKSAQ- PIEKFVTDIDE
cdkTxe LDOQLTRIFE TLGTPTEEQW PGMSSLPDY- VAFKSFPG-T PLHLIFIAAGD
Kope=K_; — (K_; — ) Ficure 1: Sequence alignment of the human and Xenopus cyclin-
S — -1 —2.

dependent kinases. Cdc2hu, human cdc2; cdk2hu, human cdk?2;

2 cdk3hu, human cdk3; cdk4hu, human cdk4; cdk5hu, human cdk5;
([Cql +[Kol +Ky) — \/([CO] + [Kol +Kg)” — 4G[K o] cdk6hu, human cdk6; cdk7xe, xenopus cdk?7).
2[C,]

@) constantskiq) were calculated to 22% 20, 280+ 20, and
234+ 30 nM for cdk2, cdk7, and Hiscdc2, respectively.
RESULTS In contrast, the affinity for ADP was at least-30-fold lower
than for ATP, withKy values of 1.4+ 0.4, 2.7+ 0.3, and
Binding of Nucleotides to Cdks Monitored by Quenching 2.1 4+ 0.5 uM for cdk2, cdk7, and Hiscdc2, respectively
of Intrinsic Fluorescence All cdks contain three conserved (Table 1). The presence of 5 mM excess of ¥in the
Trp-residues, corresponding to positions 167, 187, and 229buffer did not modify the affinity of cdks for ATP or ADP.
of cdk2 (Figure 1), located in key domains of the kinases Similar titration patterns were obtained for the GSHks
(Taylor & Radzio-Andzelm, 1994). The structures of cdk2 with K4 values for ATP of 245+ 20 nM (GST-cdk2) and
(Debondt et al., 1993) and of cdk2 complexed to cyclin A 272+ 15 nM (GST-cdk7), confirming that the GST tag at
(Jeffrey et al., 1995; Russo et al., 1996) have shown thatthe N-terminus of cdks does not interfere with the binding
Trpl67 is located in the T-loop close to the essential Thr160 of nucleotides.
phosphorylation site and to the catalytic site of the kinase. The change of intrinsic fluorescence related to the binding
As shown in Figure 2A (curve 1), these Trp-residues confer of ATP was also useful in defining the stoichiometry of
to cdk2, cdk7, and Hiscdc2 an important intrinsic fluores-  binding as well as the active fraction of the cdk preparations
cence with emission spectra centered at 334 nm, characterused. A value of 0.9 mol of ATP/1 mol of cdks was obtained
istic of deeply buried Trp-residues. This property offers the for each of the three kinases with the cdk sample used in
potential for investigating the interactions of cdks with their Figure 2B, indicating that the nucleotide binding site of the
substrates and of other proteins such as cyclins involved incdk preparations was correctly folded with a stoichiometry
their regulation. In order to exclude an effect of the GST of one nucleotide binding site per cdk.
tag on the affinity of cdks for the nucleotide, the same  Binding of Fluorescently Labeled Nucleotides to Cdks.
experiments were performed with both tagged and nontaggedThe fluorescence of mant-derived nucleoside (mant-) has
cdk2 and cdk7, from which the GST tag was cleaved using been extensively used to investigate the kinetics and the
factor Xa or thrombin and the nontagged kinase was further stoichiometry of nucleotide binding to enzymes. Recently,
purified by gel filtration. this approach was extended to the characterization of protein
The binding of ATP or ADP to cdks produced a marked kinases (Rittinger et al., 1996; Rossi et al., 1996). In the
quenching of intrinsic fluorescence up to 40% for cdk7 and present work fluorescent properties of the mant-group were
48% for cdk2 and Hiscdc2, at saturating concentrations used to quantify the interaction of mant-ATP and mant-ADP
without any shift in the emission spectrum (Figure 2A, curve with different cdks as well as the formation of cedkyclin
2). The titration curves in which a fixed concentration of complexes. The binding of mant-ATP or mant-ADP was
cdks (0.2uM) were titrated by increasing the concentration monitored both by the quenching of the intrinsic fluorescence
of ATP are monophasic (Figure 2B). The three cdks bound of cdks and by the enhancement of mant-fluorescence. The
ATP with high affinity and the apparent dissociation binding of mant-ATP to cdks resulted in a 57% quenching
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correlated directly with the fraction of stable cdkyclin
complexes estimated for each titration using size-exclusion
HPLC and identified by SDSPAGE.

Binding of Cyclins to Cdks as Monitored by mant-ATP
Fluorescence.The binding of cyclin A to cdk2 and His
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
yieldsKq values of 48 nM (cdkzcyclin A), 52 nM (cdk#
cyclin H), and 88 nM (His-cdc2-cyclin A) with a 1/1
(cyclin—cdk) stoichiometry for all the complexes. The
formation of unusual complexes (cdk2yclin H, cdk7
cyclin A, and cdc2cyclin H) also induced a 3-fold
enhancement of the mant-ATP fluorescence (Figure 4B), and
the dissociation constants (in a2 uM range) were at least
15—-25-fold higher compared to those obtained for the

08

0,6

Rel. Fluorescence

04

0,2

300 340 360

Wavelength (nm)
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0,6

os L s : - complexes formed with the natural cyclin partner (Table 2).
P R NS NS Titration of the bound nucleotide performed by reverse phase

0 1 2 3 4 5 HPLC at saturating concentrations of cyclin as already
ATP (1M) described (John et al., 1990; Divita et al., 1993a) yielded a

Ficure 2: Binding titration of ATP to cdks. (A) Emission
fluorescence spectrum of cdk2 (@:®1) in the absence of nucleotide
(1) and in the presence of a saturating concentrationM} of
ATP (2) and mant-ATP (3). The excitation was performed at 295
nm. (B) The binding of ATP to cdk2, cdk7, and Klsdc2 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 uM) of cdk2 (@), cdk7 ©), and Hig-cdc2 () 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.

1/1 ratio of mant-ATP bound per celicyclin 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,
of the intrinsic fluorescence of the kinases (Figure 2A, curve cyclin A, and the cdk-cyclin complexes were eluted at 17,
3) and a 10-fold increase in the fluorescence of the mant- 16, 15, and 13 min, respectively. As shown in Figure 5
nucleotide, reflecting the highly hydrophobic environment (panels A and B), after 15 min incubation of cdk2 with cyclin
of the cdk’s active site. The titration curves of cdks with A or cdk7 with cyclin H in an equimolar ratio (0,2M) in
mant-ATP and mant-ADP as monitored by fluorescence the presence of 2M ATP, cdks were fully complexed with
enhancement are shown in Figure 3, panels A and B. Thetheir cyclin partner, thus well in accordance with a 1/1 (edk
kinases were added incrementally at a constant concentratiorcyclin) stoichiometry. Only one peak (13 min) was detected,
of mant-nucleotide (0.2M) and the curve fitting yielded  corresponding to the retention time of the edyclin
Kq values of 278+ 31, 324+ 27, and 281+ 30 nM for complex, and no higher molecular weight species were noted.
cdk2, cdk7, and Hiscdc2, respectively. These values are In the absence of ATP, only 75% of the monomers were
close to those obtained using intrinsic fluorescence to monitorengaged in a complex, indicating that the stability of the
nucleotide binding (Table 1). As already observed with cdk—cyclin complexes formed was dependent on the pres-
intrinsic fluorescence titration, the affinity of mant-ADP is ence of nucleotide. At higher concentrations of cyclins (3
10-fold lower than for mant-ATP and neither the presence uM), the different complexes cdkzZyclin H, Hiss-cdc2—
of the GST tag on cdk2 or cdk7 nor Mg affected the cyclin H, and cdk?cyclin A were also detected by size-
affinity of cdks for the nucleotide. Moreover, mant-ATP  exclusion HPLC and identified by gel electrophoresis (Figure
was fully displaced when an excess of ATP was added and5C). Figure 5D shows a cyclin H concentration-dependent
displacement titrations (Figure 3C) yieldiglvalues for ATP titration of the formation of the cdk2cyclin H complex as
on the order of 300 nM. These results confirm that both monitored by size-exclusion HPLC. The titration curve
types of signals monitor the same process and that thefollows a monophasic pattern and the best fit yield&sa

fluorescent group attached at thieo? 3 hydroxyl group of
the sugar moiety of the ATP does not affect the binding to
cdks.

Interaction of Cyclins with CdksThe term of “unusual”
cyclin was used arbitrarily to describe the formation of edk
cyclin complexes other than the naturally occuring forms
isolatedin vivo. The formation of “usual” and “unusual’
cdk—cyclin complexes was monitored and quantified both

value of 0.94uM 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-

by enhancement of fluorescence of mant-ATP bound to cdksfold excess of ATP can be kinetically estimated by fitting

and by inhibition of mant-ATP displacement by an excess

the time-dependent curve (Figure 6A) as a single exponential

of unlabeled nucleotide (Table 2). Moreover, these results to a rate constant ok, 5.4 x 103 s%. In the presence
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Table 1: Affinity Constantsiy (uM)] of Cdks for Nucleotides and Fluorescent Analogues

cdk2 cdk? cdc2
nucleotides monomer + cyclin A monomer + cyclinH monomer +cyclin A
ATP 0.2274+ 0.02 0.28+ 0.02 0.234+ 0.03
ADP 14+04 2.7+ 0.3 2.1+ 0.5
mant-ATP 0.278+ 0.03 0.075+ 0.01 0.324+ 0.027 0.08#A 0.012 0.28H-0.030 0.072+ 0.007
mant-ADP 1.7+ 05 2.0+ 0.5 3.1+ 0.8 1.8+ 0.4 2.3+ 0.7 1.4+0.2

aKq values were determined by monitoring either the quenching of intrinsic fluorescence of cdks or the enhancement of mant-ATP and mant-
ADP fluorescence.

Table 2: Affinity Parameters of the Different CdlCyclin
Complexes

cyclin A cyclin H
Ka1 (NM) Kaz (NM) Ka1 (NM) Kaz (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 Kg1 andKgq, were determined by direct titration using the enhance-
0 05 1 15 2 25 ment of the mant-ATP fluorescence and by mant-ATP displacement
cdks (M) experiments, respectively.
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Ficure 3: Titration of cdk2, cdk7, and Hiscdc2 with mant- Cyclin (nM)
nucleotide. A fixed concentration of mant-ATP or mant-ADP (0.2
uM) was titrated with increasing concentration of cdi@®),(cdk7
(0), and Hig-cdc2 (). 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 cdkD} and Hig-cdc2 @) by
ATP. Cdks (0.1uM) were previously incubated in the presence of
mant-ATP (0.&M) and titrated by increasing ATP concentrations.

Ficure 4: Binding titration of cyclins to cdks followed by mant-
ATP fluorescence enhancement. Cdks (M) previously saturated
with mant-ATP (1uM) 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” cdkzcyclin A (O), cdk7—cyclin H (@), and
cdc2-cyclin A (a) complexes. (B) Titration curve of the “unusual”
cdk2—cyclin H (O), cdk7—cyclin A (@), and cdc2-cyclin H (a)
complexes. Both experiments were fitted using quadratic equation.

The inhibitory effect of cyclin on ATP release was used

of an equimolar concentration of cyclin A, the dissociation ; o )
as an alternative for the quantitative analysis of complex

rate of mant-ATP from cdk2 is reduced to a value of &.2 formation between cdks and cyclins, by following the

10s™%. Cyclins behave as nucleotide dissociation inhibitors s ciation rate constants of fluorescently iabeled ATP from
since the release of nucleotide from cdks induced by an .qxs Mant-ATP was first bound to the cdk, using a 5-fold
excess of ATP is decreased upon addition of cyclin (Figure gycess compared to th& value. The dissociation of mant-
6A). The displacement kinetics of mant-ATP from cdks by ATP from cdks with an excess of nonlabeled ATP (300)

an excess of ATP is similar for the three cdks analyzed (ca. was then measured in the presence of increasing concentra-
5 x 107 s™), and a 5-fold decrease in the rate of mant- tions of the cyclin partner. The fluorescence decay kinetics
ATP release from the cakcyclin complex is observed with  were fitted according to a single exponential which yielded
both cyclin H and cyclin A. the rate constant for dissociation of mant-ATiB,J).
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FIGURE 5: Separation of cdkcyclin complexes by size-exclusion
HPLC. Cdks and cyclins (0.2M) 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 cdkzyclin A complex.
Lane 1, peak 1 (cdk2cyclin A) and lane 2, purified cdk2. (B)
Separation of the cdk7cyclin 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 (cdkZyclin 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
uM) was incubated with increasing concentration of cyclin H (0
10 uM) and applied onto size-exclusion HPLC columns. The
dimeric fraction (cdc2cyclin H) was quantified by size-exclusion
chromatography.
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Ficure 6: Interaction of cdks with cyclins monitored by nucleotide
release experiments. (A) The mant-ATP displacement from cdk2
(0.1uM) by a 200-fold excess of ATP was monitored in the absence
(@), and in the presenc®j 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/cdk2Df, mant-ATP/cdc2 &), and
mant-ATP-cdk7 @) complexes was titrated by adding cyclin A
and cyclin H concentrations, respectively. The data were fitted as
single exponential and the observed dissociation rate conskag)s (
were analyzed as a function of cyclin concentrations. The data were
fitted to eq 2 to yieldq values of 55, 61, and 78 nM for the cdk2
cyclin A, cdk7—cyclin H, and cdc2-cyclin A complexes.

Scheme 1

cdk—-mant-ATP —= cdk + mant-ATP

+1
+ cyclin L Ky

k2

mant—ATP—cdk/cyclin cdk/cyclin + mant-ATP

+2

tion from the cdk-cyclin complex k-;). Since the raté&_,
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 eekyclin
complex andk_; is negligible compared tk ;, 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 dat#.fy were fitted as
described in the Experimental Procedures to dissociation
constant values of 55 nM (cdkZyclin A), 61 nM (cdk?
cyclin H), and 78 nM (cdczcyclin 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 1.8M (cdc2—cyclin H), 0.75uM (cdk7—cyclin
A), and 1.45«M (cdk2—cyclin H) compared to the natural

According to the model presented in Scheme 1, the ratecyclin partner. It should be noted that the formation of the

constantsk;; and ky, are negligible considering the large
excess of unlabeled nucleotide. The rate conskastis

cdk—cyclin complexes was not affected by the presence of
200 mM phosphate, which validates the HPLC size exclusion

therefore composed of two components: the dissociation of method to monitor the formation of these edbyclin

the nucleotide from the monomer cdk () and its dissocia-

complexes.
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L L B R L R 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 Cdk#\ll cdks contain
three highly conserved and strategically located Trp-residues
(locations 167, 187, and 229 in cdk2, see Figure 1). Trpl67
is located in the so-called T-loop motif (residues $3Z0),

Rel. Fluorescence

P [ T I T N T '

(A . . . . .
o 02 04 06 08 1 12 WhICh contains the' essential Thr_l6Q phqsphorylatlon site,
cdldeyclin [uM] interacts directly with the ATP binding site, and controls
Ficure 7: Titration of cdk2-cyclin A, cdk7—cyclin H, and Hig- the accessibility of the protein substrate (Radzio-Andzelw

cdc2-cyclin A with mant-ATP. A fixed concentration of mant- €t al., 1995; Johnson et al., 1996). Trp187 is involved in
ATP (0.2uM) was titrated with increasing amount of cdk7/cyclin  cyclin A binding and Trp229 in the interaction of cdks with
H (_.f),dHI'OSe'CdCZ/CYCl“n,A O)ﬁ and ide/C%C“nTﬁ £) Cﬁmplexes . fsmall proteic “regulator” p¥"s(Bourne et al., 1996). These
purified by size-exclusion chromatography. The enhancement o ; e g
the fluorescence of the mant-ATP was monitored at 440 nm and Fhrge .deeply buried Trp reSIdue§ cpnfer a characterlgtlc
the curves fitting was performed as described in the Figure 3.  intrinsic fluorescence to cdks, which is extremely sensitive

to the binding of nucleotides to cdks.

In the absence of cyclin, the rate constant of mant-ADP  Our experiments show that cdk2, cdk7, and cdc2, exhibit
release from cdc2 by addition of an excess of ADP is 2-fold a relatively high and similar affinity for ATP in the order of
faster than that of mant-ATP. In contrast to the result 300 nM, whereas the affinity of these cdks for ADP is ca.10-
observed for mant-ATP, the displacement of mant-ADP with fold lower (Table 1). Moreover, we find that, although the
an excess of ADP was not dramatically affected upon cyclin catalytic substrate of cdks is the AFRg complex, the
binding, which suggests that the conformational change binding of ATP is not dependent on the presence of MgCl
induced in the cdk upon cyclin binding affects the organiza- which can be explained by the inactive organization of the
tion of the phosphate group rather than the adenine moietycatalytic site of monomeric cdks in the absence of a cyclin
of the nucleotide bound to cdk. partner. These results demonstrate that the cdks can bind

Binding of Nucleotides to the CellCyclin Complexes.  ATP with high affinity in a structural orientation which is
The binding of ATP and ADP to cdkcyclin complexes was  inconsistent with phosphate transfer reactions. Similar values
monitored using the large enhancement of the mant-labeleddefining a strong affinity for ATP have also been reported
nucleotide fluorescence which occurs upon binding to cdks. for other protein kinases, including the catalytic subunit of
The cdk2-cyclin A, cdk7—cyclin H, and cdczcyclin A cPKA (Herberg & Taylor, 1993), epidermal growth factor
complexes were formed and checked as to their homogeneityreceptor protein tyrosine kinase (Cheng & Koland, 1996),
by size-exclusion HPLC. The binding of mant-ATP to and isocitrate dehydrogenase kinase/phosphatase (Rittinger
preformed cdk-cyclin complexes resulted in a 15-fold et al., 1996). Mant-ATP analogs bind the catalytic site of
increase in mant-ATP fluorescence. The titration curves cdks with high affinity K4 ca. 300 nM) in the same range
shown in Figure 7 are monophasic, and their fitting yields as ATP, indicating that the labeled group attached to the
mant-ATP dissociation constant values of #510 nM for sugar moiety of ATP does not alter the binding ability. This
cdk2—cyclin A, 87 £ 12 nM for cdk7cyclin H, and 72+ is not surprising considering that, in the cdk&TP complex,

7 nM for cdc2-cyclin A complexes. These affinities for  the 2 and 3 hydroxyl groups of the sugar do not interact
ATP are at least 3-fold higher than those obtained for free with residues in the catalytic site of the kinase (Debondt et
cdks. In contrast, the affinity of these cedkyclin complexes al., 1993).

for mant-ADE is in the same range as that obtained for the 5 protein kinases share a high degree of homology with
cdks alone witfKy value_s of 2.0+ 0.5, 1.8+ 0.4, and 1.4 el defined domains, and a common architecture composed
+ 0.2uM for cdkz—cyclin A, cdk7—cyclin H, and cdc2- of two lobes, the smaller associated with ATP-binding
cyclin A, respectively (Table 1). domain and the larger containing the substrate binding
domain, between which the active site cleft is located
DISCUSSION [Reviews: Radzio-Andzelm et al. (1995), Johnson et al.
In the present work, we have successfully applied fluo- (1996)]. On the basis of our results, we can now extend
rescence technology using both fluorescently labeled nucle-this homology to the nucleotide binding process and to the
otides and intrinsic fluorescence of cdks to further the related conformational change. Indeed, as cdks and the
understanding of the mechanism and the different parametersactive forms of the other kinases share a similar high affinity
which control the formation of nonphosphorylated edk  for ATP, we conclude that the essential phosphorylation of
cyclin complexes. We have characterized the interaction of cdks on the T-loop threonine (which occurs upon activation
three different cdks, cdc2, cdk2, and cdk7, with cyclins A of the kinase by CAK) does not seriously interfere with the
and H, both in usual and unusual complexes, the former binding of ATP, but that it is instead required for the catalytic
relating to complexes observed and isolaiedvivo, as process. Mutation of the essential threonine residue Thr161
opposed to the latter. Cdc2, cdk2, and cyclin A were chosenon cdc2 (Atherton-Fessler et al., 1993) and of Thr196 on
as the most extensively studied and representative membersPKA (Adams et al., 1995) has lead to a similar conclusion:
of the cdk-cyclin family, the kinase activity of which varies  phosphorylation is required for the phosphoryl transfer
in a cyclical fashion (Norbury & Nurse, 1992). The cdk7  reaction but does not interfere with the affinity either for
cyclin H complex was chosen for its differences compared the nucleotide or for the substrates.
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Cyclin Binding to Cdk Induces a Change in the Confor- The recent determination of the structure of the phosphory-
mation of the Nucleotide Binding SitdJsing mant-ATP lated cdk2-cyclin A complex confirms that phosphorylation
fluoresence, we have monitored kinetically whether any on the Thr160 of cdk2 improves the effect of the cyclin by
conformational changes occur in the nucleotide binding site maintaining the T-loop in the catalytic cleft and stabilizing
of cdk upon cyclin binding. Our kinetics clearly show that the cdk-cyclin complexes in a more active conformation
binding of a cyclin subunit to a cdk induces a 3-fold increase (Russo et al., 1996). Finally, in the case of the cdkyclin
in the affinity for ATP, but not for ADP, which is coupled H complex, neither phosphorylation on Thr176 (correspond-
to a decrease in nucleotide release from the cdk subunit. ing to Thrl60 on cdc2) nor binding of MAT the third

Together, the increase in mant-ATP fluorescence and thecomponent of CAK is essential for the basic interactions
decrease in nucleotide exchange upon binding of a cyclin to between the cdk and cyclin components, but nevertheless
a cdk provide evidence for an important conformational plays a role in their stabilization (Devault et al., 1995; Fisher
change in the nucleotide binding site and in the catalytic et al., 1995).
cleft. The fact that the affinity of cdks for ADP remains With the high sensitivity of the mant-fluorescent probe
unchanged upon cyclin binding clearly denotes that this used for the first time, we have observed that cdks can form
conformational change occurs close to thef phosphate  dimeric complexes with cyclins other than their usual cyclin
bond of the nucleotide, as already suggested from thepartner. Indeed cdk2cyclin H, cdc2-cyclin H, and cdk#
structures of cdk2 and of the cdk2yclin A complex. Upon cyclin A complexes were isolated vitro by size-exclusion
binding of the cyclin subunit, the ATP site is reconfigured HPLC and identified by gel electrophoresis. The stability
and the PSTAIRE helix moves into the catalytic site by of these cdk-cyclin complexes at high salt concentration
rotation thus placing the catalytic residues and fhey (up to 400 mM) indicates that the interface between the two
phosphate bond of ATP correctly, turning it into an ap- subunits is mainly formed of hydrophobic interactions, which
propriate conformation for nucleophilic attack from a bound clearly play a central role in the stability of the cdk@yclin
substrate (Debondt et al., 1993; Jeffrey et al., 1995). On A complex. Of interest, however, cdks exhibit a-Z50-
the basis of these results, we suggest that binding of cyclinfold lower affinity for an unusual cyclin partner than for their
to a cdk increases the affinity for ATP by reducing the off- usual cyclin partner. Thermodynamically, the usual and
rate of ATP. unusual cdk-cyclin complexes are not drastically different.

Mechanism of Formation of the CellCyclin Complexes Indeed this difference lower than 2 kcal/mol must correspond
Cyclin binding is an absolute prerequisite to the activation only to few interactions. The binding of cyclin H to cdk2
of cdks, as it promotes the phosphorylation of the conservedor cdc2 and of cyclin A to cdk7 produces the same 2-fold
threonine at the active site, itself essential for the full increase in the fluorescence of mant-ATP bound to cdks
activation of cdks. The X-ray cristallographic structure of which suggests that the formation of unusual complexes
the cdk2-cyclin A complex has provided some clues for involves the same type of interactions as those described for
understanding these mechanisms of cdk regulation from athe usual complexes. The X-ray structure of cekfclin
structural point of view (Jeffrey et al, 1995; Radzio-Andzelm A complex shows that binding of cyclin occurs on one side
et al., 1995; Johnson et al., 1996; Russo et al., 1996). of the cdk and that the main contact between cdk2 and cyclin

We have used the high sensitivity of mant-labeled nucle- A involves theal-helix (containing the PSTAIRE motif)
otide to quantify the formation of the celicyclin complexes and the T-loop of the cdk2 and th&—, a4-, anda5-helices
at the molecular and dynamic levels and to monitor the of the cyclin A. Several residues implicated in this interface
conformational change which occurs in the catalytic site of between cdk2 and cyclin A appear to be conserved in all
cdks upon binding of cyclin to the cdk. Binding of cyclins cdks and cyclins, including the PSTAIRE helix in Figure 1
to cdks resulted in a 2-fold increase of fluorescence of the and mainly two invariant residues located in 8- and
mant-ATP bound to cdks and reduced dramatically the rate a5-helices of conserved cyclin helical fold, Lys266 and
of mant-ATP displacement from the cdks by an excess of Glu295. Preliminary kinetic experiments for cycliodk
ATP. binding have revealed that the formation of edyclin

Cdc2, cdk2, and cdk7 exhibit a high affinity for their complexes occurs in at least two steps, in which the—cdk
corresponding cyclin A or cyclin H partners with dissociation cyclin association rate is similar for usual and unusual
constant values of ca. 50 nM obtained in the presence ofcomplexes (unpublished results). Taking together the struc-
ATP, whichever the quantitative method used. As the tural information and our kinetic results, we propose that
binding of the cyclin with the cdk is identical for the three the first step in the cdkcyclin interaction involves the
complexes studied, the mechanism of interaction must be PSTAIRE helix of cdk and the:3- and a5-helices of the
common to all cdkcyclin complexes. Given the tight cyclin irrespective of the cyclin and the cdk type. Addition-
interaction occurring between cdks and cyclins, phosphory- ally, selectivity of binding most likely arises from stabiliza-
lation of the conserved Thr161 of cdks is obviously not an tion of a complex between a specific cdk and cyclin by other

absolute prerequisite for the formation of eebyclin contacts between the two subunits. Moreover, phosphory-
complexes. Our results are further supported by the fact thatlation of the essential Thr160 of a cdk increases the stability
the nonphosphorylated cdk2yclin A and cdc2-cyclin B of “chimeric” cdk—cyclin complexes as has already been

complexes have been isolatedvitro (Desai et al., 1995)  suggested for cde2cyclin A (Atherton-Fessler et al., 1993;
and shown to be partially active (Connell-Crowley et al., Desai et al., 1995).

1993). In contrast, the presence of nucleotide stabilized the The formation of a such chimeric complexasiitro raises
cdk—cyclin complexes. Moreover, from the structural data the question of their biologically relevant role in the
of the cdk2-cyclin A complex, it seems clear that acces- regulation and progression of the cell cycle. The specificity
sibility of Thr160 for phosphorylation by CAK is only  of cdk—cyclin partnerships at a particular point in the cell
promoted following binding of cyclin A (Jeffrey et al., 1995). cycle is in part regulated by temporal expression and
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degradation patterns of cdks and cyclins. Moreover, many John, J., Sohmen, R., Feuerstein, J., Linke, R., Wittinghofer, A.,

biological situations suggest that additional mechanisms may

exist in the cell that prevent temporally inappropriate

& Goody, R. S. (1990Biochemistry 296958-6965
Johnson, L. N., Noble, M. E. M., & Owen, D. J. (1996kIl 85
149-158.

acti\_/ation of the cdk kinases. Proteins_ other than cdk_s and Knighton, D. R., Zheng, J., Ten Eyck, L. F., Ashford, V. A., Xuong,
cyclins, such as the so-called cyclin-dependent kinase N. H., Taylor, S. S., & Sowadski, J. M. (1998cience 253

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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