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Kinetics of Dimerization and Interactions of p*3 with Cyclin-Dependent Kinasés
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ABSTRACT. The impact of p13“lon the conformation and regulation of cyclin-dependent kinases (cdks)
and cyclins was investigated by spectroscopic and rapid kinetic approaches. In the absence of
phosphorylation on cdks, p18tformed stable complexes, mainly stabilized by hydrophobic interactions,
specifically with cdk2 and cdc2. The presence of cyclin A, associated with cdk2 or cdc2, increased the
stability of the interaction between cdk2 and pt3by a factor of 2. However, cyclin A did not modify

the association rate of p38'to cdk2, but the dissociation rate, which was decreased 3-fold. Moreover,
binding of p13U<'to cdk2 resulted in a 2-fold decrease in the release of nucleotide from cdk2, indicating
that p13“tinduces a marked change in the structure of the nucleotide binding site of cdks. On the basis
of the structure of cdk2/CksHs1 complex and on our kinetic results, we propose that the binding of Cks
proteins to C-lobe of cdk2 is stabilized by the presence of cyclin A and that it may modify the orientation
of the loop carrying residues 14 and 15 and their consequent access for dephosphorylation by cdc25
phosphatases. Finally, we have shown that dimerization o*'f#18 the presence of zinc abolishes its
interaction with cdks, which suggests that the binding of{#1® cdk2 or cdk2/cyclin A may be regulated

by dimerization of p13tin vivo.

In higher eukaryotes cell cycle progression is governed both the G1/S and the G2/M transitiorigl. Overexpression
by members of the cyclin-dependent kinase family (cdks) of p13tlin S. pombeand its microinjection or that of the
and by their regulatory cyclin partners. Formation of cdk/ Xenopushomologue p9 inXenopusoocyte extracts delay
cyclin complexes is regulated both by protein/protein interac- mitosis significantly through inhibition of cdc2/cyclin B
tions and by reversible phosphorylation. Monomeric cdk tyrosine dephosphorylation1{, 15, 1§. However Cks
subunits do not exhibit protein kinase activity, whereas proteins are not direct inhibitors of cdk kinase activigy (
association with their cyclin partner confers basal kinase 17). Surprisingly, immunodepletion ofenopusp9 during
activity to the complex and further promotes phosphorylation interphase also abolishes entry into mitosis through a failure
of the cdk on the conserved threonine 161 residue (positionof cdc2/cyclin B tyrosine dephosphorylation and activation
in the sequence of cdk2) by the cdk activating kinase (16). Finally, immunodepletion ofXenopusp9 during
complex (CAK), which finally renders the complex fully  mjtosis prevents exit from mitosis through a defect in protein
active (1—3 and references therein). degradation16). Although the product of th&. pombe sucl

The activity of cdk/cyclin complexes is also regulated by gene, p13°t is essential for regulation of cdc2 and cdk2 in

small proteins from the CKI familly 4 that bind and  \jyo (5), it is altogether devoid of catalytic activity: moreover
inactivate cdki/cyclin complexes and by a small protein ji5 mechanism of regulation is not clearly defined.
termed Cks (cyclin-dependent kinase subunit). Cks proteins

: . . The recent determinations of the X-ray structures of fission
from _dlfferent species fo_rm a family of.conserved, small yeast pl8©! (18-20) and of the two human isoforms
proteins (9-13 kDa) which are essential for cell cycle
progression in vivo§—10). Schizosaccharomyces pombe CkSHs1 @1) and CksHs2 22) have revealed that these
p13ucl and Saccharomyces censiae Cksl were first proteins can adopt a’g least two different conformations:
isolated and identified as suppressors of certain temperatureMonomeric and dimeric. The central structural feature of
sensitive mutations of cdc2 and CDC28, respectivejyi(, Cks proteins is a fouf-stranded core flanked by two or
12). Both S. pombepl3c! and S. cereisiae Cksl are three smalbi-helices. Dimers share a common organization
essential for cell viability and have been shown to interact N human and yeast proteins, formed by symmetrical
physically with cdc2 and CDC28, respectiveh?( 13. Two .excha.nges of the C—t'ermlr)&lstrand bgtween two monomers
human Cks homologues, CksHs1 and CksHs2, have beerin their extendegs-hinge conformation8, 19, 2). The
isolated and found to complement Cks1 function in budding key region involved in the formation of dimers iggehinge
yeast mutantsg)_ S. cereisiae Cks1 p|ays a key role at which carries residues “HXPEPH”, conserved throughout all
the members of the Cks family. Endicott et al. have shown
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In the present work, we have combined complementary trofluorometer, with spectral band-passes of 2 and 8 nm, for

methods including intrinsic and extrinsic fluorescence, as

excitation and emission, respectively. The intrinsic tryp-

well as size exclusion HPLC, in steady-state and transienttophan fluorescence of p%8' (0.1-1.0 uM protein) was

kinetic experiments to investigate both the dimerization
process of p18c as well as the molecular processes of
protein/protein interactions between g3 cdks, and cyclins
which are essential for eukaryotic cell cycle progression.
Finally the impact of the distinct dimeric conformations of
p13“clon its ability to interact with cdks and with cdk/cyclin

measured in a fluorescence containing Tris-HCI, pH 7.5, 50
mM KCI, 5% glycerol, and 2 mM EDTA. Dimerization
experiments were performed in the absence of EDTA by
adding ZnC} to the medium. Proteins were incubated for
30 min in fluorescence buffer before starting the experiments,
and all measurements were corrected as already described

complexes was quantified and characterized at the moleculan32). Protein samples were excited at 295 nm, and emission

level. Our results on the dimerization of 13 mediated

by zinc indicate that this process occurs in at least two
steps: first the binding of zinc to pi18, followed by
dimerization of the p18<Yzinc complex. Our studies on
the interactions between p%3, cdk2, and a cdk2/cyclin
complex reveal that only the monomeric form of BE3is
able to interact with cdk2 or cdk2/cyclin A.

EXPERIMENTAL PROCEDURES

Materials. TSK-250 and TSK-125 Bio-Sil columns were
from Bio-Rad. ADP and ATP were purchased from Boe-
hringer Mannheim. Acrylamide and iodide were obtained
from Sigma. Mant derivative nucleotides were synthesized
as described by Hiratsuka3) and purified according to John
et al. 4). The purity and stability of nucleoside and

nucleotide analogues were checked by reverse-phase HPLC.

Protein Expression and PurificationYeast p13“* was

spectra were scanned from 310 to 450 nm.

Quenching experiments with either acrylamide or potas-
sium iodide were performed at 2& by sequential addition
of aliquots from 6-8 M stock solutions, up to 0.4 M final
concentration. The solution of potassium iodide contained
0.1 mM sodium thiosulfate, to prevent formation af .|
Using NaCl, we verified that ionic strengths up to 0.4 M
did not significantly modify the fluorescence emission of
pl3ut The correction for the inner filter effect due to
acrylamide absorption was calculated according to Calhoun
etal. @3). All values presented correspond to the means of
four separate experiments and were corrected according to
dilution and by subtracting the blank buffer. The fluores-
cence quenching data were analyzed according to the-Stern
Volmer equation, which assumes that all quenching is
collisional (34).
Measurement of the Interaction of F13 with cdks and
cdk/Cyclin Complexes.The binding of monomeric and

expressed and purified as described by Labbal. €5). dimeric forms of p13'to cdks and cdk/cyclin complexes

Purification was achieved by gel filtration on a Pharmacia \ya5 performed using cdks complexed to mant-ATP, by

Sepharose 75 column: two peaks were eluted, correspondingygnitoring the enhancement of the mant group fluorescence
to the monomeric and dimeric forms of §13 respectively. at 450 nm upon excitation at 340 ni29j. In both cases,

The two forms of p13<twere dialyzed and concentrated in  mant ATP/protein complexes were kept at a constant con-
buffer containing 50 mM Tris-HCI, pH 7.5, 50 mM KCl,  centration of 0.2¢M and incubated for 15 min in the presence
and 50% glycerol. GST-cdk2, GST-cdk7, and cyclin Awere ¢ gifferent p13Uclconcentrations before starting the experi-
overexpressed ifischerichia coliand purified to homogene-  ment. Fitting of titration curves was accomplished using the

ity as previously describe®¢—-28). The GST tag moiety  Gyafit software (Erithacus Software Ltd.) with a quadratic
was removed by cleavage with factor Xa or thrombin, and equation 29). Competition experiments were performed in

the proteins were further purifieq by size exclu_sion chro- e presence of different amounts of zinc, up to 1 mM. For
matography. N-Terminal poly(His)-tagged cyclin H and higher concentrations of zinc, protein aggregation and
cdc2 were obtained as soluble proteins by overexpressionyrecipitation were noted. The apparent dissociation constants
in E. coli as already described). All proteins were  yere evaluated with a quadratic equation, and a plot of these
concentrated in a buffer containing 50% glycerol and stored 5nharent affinities versus the concentration of zinc yielded
at—80°C. Protein concentrations were routinely determined g estimation of the dissociation constant of p23or zinc
according to Bradford30) with bovine serum albumin as @ = 54 cdk2. All the results presented correspond to the average
standard. of four separate experiments with a standard deviation lower
Size Exclusion HPLC Size exclusion chromatographies than 5%. For displacement experiments, cdk2/mant-ATP or
were performed using either one HPLC column (Biorad), cdk2/mant-ADP complexes at a concentration of QN
TSK-125 (7.5x 200 mm), or two columns in series, TSK-  were incubated in the presence of a 200-fold excess of ATP
250 followed by TSK-125 (7.5 200 mm). p18 cyclins,  or ADP, and increasing concentrations of ptBvere added.
cdks, and cdk/cyclin complexes (6:2 uM) were incubated  Dissociation of the fluorescently labeled nucleotides was
for 15 min at 25°C, then loaded onto the columns, and eluted monitored according to the quenching of mant fluorescence
with 150 mM potassium phosphate or NaCl (pH: 6.8 or 7.2) at 450 nm upon excitation at 340 nm. Data were fitted as
at a flow rate of 0.8 mL/min. The columns were calibrated already described20).
with standard proteins including bovine serum albumin (60 Rap|d Kinetics. Kinetic experiments were performed at
kDa), ovalbumin (43 kDa), chymotrypsin (25 kDa), and 25°C on an SF-61 DX2 stopped-flow apparatus (High-Tech
ribonuclease (13.7 kDa). This method was used for analyti- Scientific, Salisbury, England). Dimerization of 13
cal as well as for preparative experiments. Following size induced by zinc was followed by measuring changes of
exclusion chromatography, the separated complexes wergntrinsic Trp fluorescence. Tryptophan groups were excited
analyzed by SDSPAGE @31). at 290 nm, and the corresponding emission was detected
Fluorescence Experimentd-luorescence measurements through a filter with a cutoff at 320 nm. Kinetics of pt3
were performed at 28C using a Spex Il fluorolog spec- binding to cdks and cdk/cyclin complexes were performed
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Ficure 1: Sequence alignement of the different cdk proteins. The sequences of the two yeast hom8logoebesucl ¢) and S.
Cerevisiae cksl (L2) are aligned with those of the two human homologues CksHs1 and Ck8HaRd theXenopushomologue cks2Xe
(16). Conserved residues are in bold, and the positions of the structural netifslices angs-strand) in p18'°1(18) and cksHs121, 22
crystal structures are shown above and below the sequence alignment, respectively.
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by monitoring the fluorescence of mant-ATP through a filter
with a cutoff at 408 nm, after excitation at 350 nm. Data
collection and primary analysis were performed with the
package from High-Tech Scientific, and secondary analysis
was performed with the Grafit program (Erithacus, Sofware)
using a nonlinear-square procedure to a single or double
exponential. Kinetic simulations were performed by using
the KinSim program35), and the fitting of the steady-state
experiments were performed with the Scientist program 60
(Micromath, UT). 2
Circular Dichraism. Circular dichoism experiments were 20
carried out with a Jobin Yvon mark V spectrometer at 25 0
°C using quartz cells of various path lengths (from 0.01 to 320 340 360 380 400 420 440 460
50 mm) according to the concentration and to the region Wavelength (nm)
observed (near or far UV).
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—e— pl3suc monomer
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RESULTS

Characteristics of the pE¥F!Dimer. pl3Ulcontains two
Trp residues which are highly conserved in all Cks proteins,
at positions 71 and 82 in its sequence (Figure 1), which
confer to the monomeric form of pi8! an important
intrinsic fluorescence with an emission spectrum centered
at 344 nm, upon excitation at 295 nm, as already reported
(36). The dimerization of p138°!induced in the presence
of zinc (18) can be monitored by a quenching in its intrinsic
fluorescence. Indeed, as shown in Figure 2A, zinc-induced
dimerization results in 50% quenching of intrinsic fluores-
cence with a blue shift of the emission from 344 to 325 nm, 0 0,1 0,2 0,3 0,4 0,5 0,6
which is characteristic of deeply buried Trp residues. In
contrast, the3-strand-exchanged p%8* dimer purified in . ) )
the absence of zinc presents a fluorescence spectrum centerdgCURE 2: Dimerization of p13*!induced by zinc. A: Fluores-

S ence emission spectrum of monomeric and zinc-induced dimeric
at 334 nm. Hence, these results suggest that in ZlnC'|ndUC9C£135ucl (2 uM). Monomeric p13:*Lwas incubated in the absence

dimeric forms of p13*the environment of the Trp residues (@) or presence®) of equimolar amounts of zinc. Fluorescence
is strongly modified compared to that in monomeric or emission was measured upon excitation at 295 nm. B: Quenching
p-strand-exchanged dimeric pt3. The differences in of fluorescence of monomeri®(O) and dimeric 4,A) p13ttby

Lo . ; .| iodide and acrylamide. The different forms of 43were mixed
intrinsic fluorescence observed offer an interesting potential | .- increasing amount of acrylamide (closed symbols) and iodide

for investigating the dimerization of p18'by both steady-  (gpen symbols). Fluorescence emission was measured at 340 nm
state and rapid kinetics. It should be noted that in the upon excitation at 295 nm. Data were analyzed according to-Stern
absence of zinc, and in the presence of 2 mM EDTA, no Volmer plots.

self-association of monomeric p%¥3 was observed for a

range of protein concentrations from 0.1 to 4. respectively. For the zinc-induced 13 dimer, the acces-
We have characterized the conformational change of sibility of the Trp residues toward both quenchers was 3-fold

p13tupon dimerization by following the accessibility of lower, withKs, values of 2.7 and 1.6 M, respectively. The

the Trp residues to two quenchers: acrylamide and iodide.decrease in the accessibility of the fluorophores in the

In each case, the SteriVolmer plots obtained were linear  [-strand-exchanged dimer was less marked than in the zinc-

(Figure 2B). K, constant values of 8.1 and 4.2 #Mwere induced dimer, withKg, values of 3.6 M? for acrylamide

calculated for monomeric p#8for acrylamide and iodide, and 2.9 M for iodide. Once more, these results reveal

FolF

[Quenchers]
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FiIGURE 3: CD spectra of p18°L The CD spectra of 1M p13ucl
were recorded in phosphate buffer at pH 7.2. A: Peptide redion (
in degcm?mol~t in peptide units). B: Aromatic side-chain region
(6 in degcm?mol~t in protein units). o] 1 2 3 4 5 6

important differences in the accessibility of tryptophan Zinc [uM]
residues in the dimeric versus monomeric forms ofsﬁf‘l:g Ficure 4: Titration of dimerization of pl%ﬂin the presence of
Hence, although the secondary structures of both the strand?N¢; A: Fluorescence spectroscopy. A fixed concentration of
' o . - pl3tcl (0.2 uM) was titrated with increasing concentrations of
exchanged and the zinc-induced dimers are similar, thez,cy, Dimerization of p18ct was monitored by following the
environment of the Trp residues is clearly different. quenching of intrinsic Trp fluorescence at 340 nm, upon excitation
Secondary Structure of the p¥3 Dimer Monitored by ~ at 295 nm. Data were fitted according to the model of a sum of

Circular Dichroism. The secondary structures of [51%3 two equilibrium reactions: first zinc binding followed by dimer-

L . . . ization, both of which induce quenching of the fluorescence, with
monomer and zinc-induced dimer were investigated by following equationAF =qAF1[zinc% + AF,[p13Yzinc].

circular dichroism (CD). As shown in Figure 3B, the CD  |ytermediate fluorescence values for each concentration of zinc were
spectrum of monomeric p18! presented a very particular  determined by simulation and fitted as described in Experimental
feature: a characteristic strong dichroic signal in the side- Procedures. B: Size exclusion HPLC. B£8 (0.2 uM) was
chain absorpton egion (230 nm). i perfectagreement wih S Wit neseni coreenrelons T2 St ord
t_he existence of aromatic clusters. Thls was further CON- \yas quantified by size exclusion chromatography.

firmed by analysis of structural features in the far-UV region,

which, as shown in Figure 3A, yielded a spectrum character- of monomeric p13°tis not significantly different from that
ized by two unusual extrema, the one positive, the other of the dimer.

negative, centered at 230 and 208 nm, respecti@dy This Zinc-Induced Dimerization of p#8% Using the properties
type of spectrum does not appear to reflect the presence ofof intrinsic fluorescence of monomeric versus dimeric forms
any known polypeptide conformation or mixture of known of p13Uc% we investigated the process of g¥3zinc-induced
conformation. In the absence of disulfide bridges, the band dimerization. As reported in Figure 4A, the titration curve
at 230 nm can be attributed to the Trp residuds énd of p13uct dimerization obtained by adding increasing con-
references therein), whereas the band at 208 nm can beentration of zinc results in a maximal quenching value of
associated with the presenceoshelices. It should however 50%. In contrast, no dimerization or self-association of
be noted that in the present case, due to the presence op13'!was observed in the presence of an excess éf Ca
tyrosine engaged in the aromatic clusters, an aromatic originor Mg?". The formation of dimeric p28° was also

of the band at 208 nm cannot be excluded. Measurementsnvestigated by size exclusion chromatography. Sgt3

in the far-UV region constitute a good means of detecting (0.2—2 uM) was applied onto a TSK-125 HPLC column and
structural changes which arise upon variations in the medium. eluted with 50 mM KHPQ;, 150 mM NaCl (pH: 7.2) at a
This approach was therefore used to check whether the zincflow rate of 0.8 mL/min. This method was used for the
induced dimerization of pE%tinferred modifications inits  quantification of the ratio of pZ3° dimer in the presence
CD spectrum. However, no dramatic change occurred uponof increasing amounts of zinc. The titration curve obtained
binding of zinc, which suggests that the overall conformation by size exclusion chromatography was monophasic (Figure
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4B) and revealed that p13* was fully dimeric for a — T T T T T " T T T 1
concentration of zinc which promotes maximal quenching 'r A7
of fluorescence in Figure 4A (ZM). This result is in 3 ]
agreement with the value reported from the X-ray structure & %
of the p13“*dimer (18) and confirms the presence of only §
one zinc binding site per monomer of f13 These results £ 09
demonstrate that the quenching of intrinsic fluorescence of 2
p13ucican be directly correlated to the appearance of the = %%
dimeric form of the protein. x
The quenching of intrinsic fluorescence induced upon 08
binding of zinc to p18*°! was used for monitoring the
dimerization kinetics of p28°X As shown in Figure 5A, 078 . 1 \ X ) X ]

biphasic kinetics were obtained, when the two components
p13Uc1 (0.2 uM) and zinc (3uM) were mixed in a stopped-

flow apparatus. We have interpreted these data with the 16
following hypothetic model, in which the first equilibrium
corresponds to the formation of ptdzinc complex and

14

the second to the dimerization of the preformedsg#inc 12 =
complex. Both induce quenching of intrinsic fluorescence 10 b
of p13uct 2 B
e 8 I

K = -

zinc+ p1§“°1<k—1> p13““Yzinc 1) °r

1 N

p13““Yzinc + pl?“cyzinc% [p13“Yzincf  (2)

o
a
X
©
IS
]
o
~
[

Figure 5B shows a plot of the pseudo-first-order rate Zinc (uM)
constant for the initial association of zinc with 43
(corresponding to the fast phase in the experiment) versus 3 — T T T T T T T 1T
the concentration of zinc which is linear up to a concentration C
of 7 uM and a rate of 14 §. In this experiment the
concentration of p158°tis fixed to 0.2uM. In contrast, for
concentrations of zinc greater than M, the kinetics could
not be analyzed clearly, due to protein oligomerization or
precipitation. An association rate constaq) of 2.6+ 0.5
x 1P M~ st and a dissociation rate constakt) of 0.8
~1were calculated from the slope and the intercept, respec-
tively. This dissociation rate constant was taken together
with the rate constant for the dissociation of the dimeric
complex to calculate an equilibrium dissociation conskaat 0 [ IR TR RN TR N
of 0.4+ 0.1 uM for the binding of zinc to p13°t 0 0,25 0,5 0,75 1 1,25

In contrast the second part of the kinetics is not dependent P13 (uM)
on the concentration of zinc. Assuming that this step o S L A Kipet
corresponds to the dimerizatiqn of the_ E}H_zinc complex, g;?nueﬁlizzgfior}flgfe gi;c?f(éj_g?f,\%z?;'?Eeogrggn'c:bf I;'&etz'?]%lgf
we performed the same experiment with different concentra- gxcitation was performed at 290 nm, and fluorescence emission
tions of p13“! ranging between 0.1 and 1M and a was monitored through a cutoff filter (320 nm). Curves were fitted
saturating concentration of zinc (@M). The observed as a sum of two exponential terms. B: Dependence of the fitted
association rate constant increased almost linearly with thePSeudo-first-order rate constakiss for the initial association of

trati f pIeL with iati ¢ tant zinc with p13Uc?on the zinc concentration. The association and
concentration or p » With an :association rate constant  gissociation rate constants were calculated from the slope and the

(ko) of 4.8+ 1 x 10° M~ s7* (Figure 5C) and a very low intercept of the linear fit. C: Dependence of the fitted rate constant
dissociation rate constakt, < 0.005 s! estimated by the kobs2for the dimerization of p18¢Yzinc complex on the concentra-
intercept of the plot. Taken together these two rate constantstion_ of p134c1 The association and_dissociation rate constants were
lead to an equilibrium constant for the dimerizatiép < 1 ﬁtstlmated from the slope and the intercept of the linear part of the
nM. '

Accordingly, the quenching of fluorescence of p't3ipon following model: AF = AFj[zinc] + AF, [p13“Yzinc],
dimerization induced by zinc, reported in Figure 4A, is in where AF; and AF, correspond to the quenching of
fact the sum of two equilibrium reactions, the first involving fluorescence due to binding of zinc and to dimerization of
binding of zinc, followed by dimerization, both of which  p13°% respectively. The intermediate fluorescence values
induce quenching of the fluorescence with relative amplitudes for each concentration of zinc were determined by simulation
of 1.2/1. The final titration curves are the result of the sum with the KinSim program, using the rate constants obtained
of two equilibria (egs 1 and 2), which can be fitted with the from transient kinetics. Best fits were obtained for dissocia-

kobs2
1
L
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Ficure 7: Binding titration of p13““*to cdk2 in the presence of
zinc. Cdk2 (0.24M) previously saturated with mant-ATP ¢dM)

was titrated with increasing concentrations of $¥3n the absence
(O) and presence of zinc %M (@), 200uM (O), 500 uM (M),

and 1 mM @). The enhancement of mant-ATP fluorescence was
monitored at 450 nm upon excitation at 340 nm, and the experi-
ments were fitted as described in Figure 6A.

fluorescence of mant-ATP. All the titration curves obtained
were monophasic, witliy values of 150 and 170 nM for
cdk2 and cdc2, respectively, and of 78 and 90 nM for cdk2/
cyclin A and cdc2/cyclin A complexes, respectively. In
contrast, no binding of p2%'to cdk7 or cdk7/cyclin H was
observed up to a concentration of 1M pl3ul At
0 500 1000 1500 2000 2500 saturating concentrations of g3, the complexes formed
were separated by gel filtration chromatography (data not
FiGUrRe 6: Binding titration of p13! to cdks and cdk/cyclin shown). Both cdka/p¥s* and cdkz/cyclin A/ng1QIUted
blexes. A Cak2 ) K7 S uM). and cak2 as comple>.<es, which reveals that monomeric® B]t.eracts
ggcliﬁ i (e.s) and%?jcz(/?gc))’/;%CA%))’cg(rjnple-xc)séo(o.gm))yr?re?/iggsly/ stro_ngly with c_:dks _and that t'he presence of cyqlln A dpes
saturated with mant-ATP (JlM) were titrated with increasing not |nterfere W|th thIS interaction. In ContraSt, no interaction
concentrations of pF%% The enhancement of mant-ATP fluores- between the two different dimeric forms of p¥3and cdks

cence was monitored at 450 nm upon excitation at 340 nm, and or cdk/cyclin complexes was detected, up to a concentration
the experiments were fitted using a standard quadratic equation.qf 10 ,M p13suct

B: Mant-ATP displacement. The mant-ATP release from cdk2 (0.2 .
uM) by a 200-fold excess of ATP was monitored in the absence Mant-ATP bound to Cdk,s can be.fuII.y displaced by an
(O) and presence of an equimolar concentration of cyclimAdr excess of unlabeled nucleotide, resulting in a 10-fold decrease

3 uM p13! (@). The decrease of mant-ATP fluorescence was in the fluorescence of the mant group. As already shown
monitored at 450 nm, and the kinetics were fitted as a single elsewhereZ9), the dissociation rate of mant-ATP from cdk2
exponential. using a 200-fold excess of ATP occurred according to a
tion constants of 1.2M and 0.9 nM for zinc and dimer-  single exponential with a rate constant of 541073 s
ization, respectively (Figure 4A). That these values should When this experiment was repeated in the presence of
be close to those obtained by transient kineti¢s & 0.384 saturating concentrations of pt3, the dissociation rate
uM; Kq, = 1.05 nM) validates our two-equilibria model and constant of mant-ATP from cdk2 was reduced to a value of

Fluorescence

Time (sec)

thus enables us to propose that dimerization ofs{fith 2.1 x 10°3s ! (Figure 6B), which is 2-fold faster compared
fact corresponds first to binding of zinc, followed by very to the values obtained for a saturating concentration of cyclin
tight dimerization. A (1.2 x 102 sY). The rate of the displacement kinetics

Binding of p13““'to cdks and cdk/Cyclin Complexe$he was dependent on the concentration ofgt3and a maximal
binding of monomeric and dimeric p*8'to cdks and cdk/  effect was obtained for a concentration of p't3of 3 uM,
cyclin complexes was monitored using cdks, complexed to a value close to that obtained with both fluorescence and
a mant-ATP group, and by measuring changes in the extrinsicsize exclusion titrations.
fluorescence of mant-ATP. Indeed, as already repo&@y ( The zinc-induced dimeric form of p18'does not interact
mant-ATP presents high affinity for cdks and constitutes a with either cdk2 or the cdk2/cyclin A complex. As such,
very sensitive probe for monitoring the interactions between we were interested in furthering our understanding of the
cdks and its partners. Mant-ATP/cdk2, mant-ATP/cdc2, and role of zinc in the regulation of the interaction of 13
mant-ATP/cdk7 complexes were formed prior to addition with its partners. With this aim, we performed titrations as
of p13°! and then titrated with increasing concentrations described above in the presence of different concentrations
of p134¢X As shown in Figure 6A, the binding of mono- of zinc ranging from 1Q«M to 1 mM. As shown in Figure
meric p13U'to cdk2 or cdc2 and to cdk2/cyclin A or cdc2/ 7, in all cases, the fluorescence increased similarly 2.1-fold,
cyclin A complexes induced a 2-fold increase in the whatever the concentration of zinc used. In contrast, the
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slope of the titration curve was dependent on the concentra- 18 —TTT T T T T T T
tion of zinc, due to competition between zinc and cdk2. Each
curve was fitted to a quadratic equation yielding an apparent
dissociation constant, which was then plotted against the
concentration of zinc. This resulted in a straight line,
indicating that zinc and cdk2 compete for the same binding
domain on p13°! in perfect agreement with our observation
that dimeric p18**did not bind to cdk2. In addition, the
displacement of cdk2 by zinc was extremely low, as only
10% of cdk2/p18' complexes were displaced with 1 mM
zinc (data not shown). These data can be explained by the
fact that binding of zinc is the limiting step in the dimer-
ization of p13“L Accordingly, the limiting intracellular
localized concentration of zinc could explain why dimeric o 005 01 015 02 025 03
forms of p13““have not been found in vivo. Time (sec)

Kinetics of p18*!Binding to cdks and cdk/Cyclin Com-
plexes. The kinetics of p18<binding to cdk2 and the cdk2/ 2 L b T
cyclin A complex were investigated in a series of stopped-
flow experiments. As for the above experiments, cdk2 was 100
complexed to mant-ATP, and association rate constants for
the formation of cdk2/p1s8°! and cdk2/cyclin A/p13¢ct
complexes were determined by recording the increase in the
fluorescence of mant-ATP after mixing differents concentra-
tions of p13vI with constant amounts of cdk2/mant-ATP
or cdk2/mant-ATP/cyclin A. Figure 8A presents typical
kinetics obtained for a concentration of 43 of 4 uM.
Fitting of the time scale yielded a single exponential term
2-fold faster for the cdk2/cyclin A complex than for 0
monomeric cdk2. In both cases, the association reactions 0 2 4 6 8 10
measured under pseudo-first-order conditions yielded a linear p13suct (uM)

relationship between the observed rate constlpf) (and e 8: Kinetics of binding of p18* to cdi2 and cdizleveli

i 1 ; : IGURE 8: Kinetics of binding of p o cdk2 and cdk2/cyclin
tEe ancent(;atlon of pE¥~ The Slohpe of the Ilne_ar g}coig A. A: Kinetics of the interaction of p18°1 (4 uM) with cdk2 (0.2
the observed rate constant versus the concentration 8913 \1yand cdk2/cyclin A (0.2M). Excitation was performed at 350
yielded a similar association rate constdqt)(for cdk2 and ~ nm, and fluorescence emission of mant-ATP was monitored through
cdk2/cylin A of 2.1 x 107 and 2.8 x 10’ Mt s a cutoff filter (408 nm). Curves were fitted using a single-

respectively (Figure 8B). In contrast the dissociation rate €xponential term. B: Dependence of the fitted pseudo-first-order

) : rate constankops 0n the concentration of p$8'in the interaction
constantKo«) was 3-fold faster for cdk2 than for cdk2/cyclin of p13el with k2 ©) and cdk2/cyclin A ®). The association

A with values of 5.7 and 2.1°$, respectively. These results  ang dissociation rate constants were calculated from the slope and
show that although the presence of cyclin complexed to the the intercept of the linear fit.

cdk2 does not significantly modify the binding kinetics of
p13.cl it does decrease the off-rate kinetics of Pt3 As X-ray crystallographic data available, we can now propose
a consequence, the calculated dissociation constant is 3-folca mechanism to explain how the interaction betweerf{§13
lower for cdk2/cyclin A (75+ 12 nM) or cdc2/cyclin A (82 and both cdks and cdk/cyclin complexes occurs and how it
+ 21 nM) complexes than for monomeric cdk2 (2#133 may play a role in cell cycle progression.
nM) or cdc2 (224+ 38 nM). Zinc-Induced Dimerization of p#%% The three forms of
recombinant p18t monomeric, the3—strand-exchanged
DISCUSSION dimer, and the zinc-induced dimer, were overexpressed,
Cks proteins are small ubiquitous subunits of cyclin- purified, and characterized at the molecular level. All Cks
dependent kinases, essential for cell cycle progression in allproteins contain two highly conserved Trp residues at
eukaryotes, which seem to be involved in multiple stages of positions 71 and 82 in p%3! (Figure 1), which are
cdk/cyclin regulation§, 10. Despite their essential nature strategically located in the structure of Cks proteins and
and apparent multiple functionality, the precise function as constitute good tools for investigating the structufienction
well as the regulation of Cks proteins in cell cycle progres- relationship of this protein. Trpis located ina-helix 4
sion still remain elusive. It has however recently been which is involved in stabilizing the phosphate binding
proposed that oligomerization of Cks proteins may be a domain of CksHs1 (21), and T#pis located at the base of
critical step for their biological function and that multimers S-strand 3, which is at the interface close to the zinc binding
of Cks may constitute a negative regulatory stdte, (21, motif, in the p13vc'3-hairpin dimer {8). The corresponding
22, 38. In the present work, we have combined biophysical Trp residue (Trp) in CksHsl is a key residue in its
and kinetic approaches to investigate the mechanism of zinc-phosphate analogue binding site and is involved in its
induced dimerization of pE¥! and the parameters which interaction with cdk221, 3. Moreover 53- andf4-strands
control its interaction with cdks and cdk/cyclin complexes. are involved in thés-interchanged dimer of both p%Stand
On the basis of our kinetic results and taking into account CksHs1 (9, 21, 22.

1,6

1,4

Rel. Fluorescence

1,2

1|I1I|I|I|I|

80

60
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In the monomeric form of p¥3*’ the conserved Trp  relatively high affinity with aKy of 150 and 180 nM,
residues are buried and confer an important intrinsic fluo- respectively, and clearly indicate that §43binding is not
rescence to pEFwith an emission maximum centered at mediated via phosphorylation of residues Tland Ty#%in
344 nm. Zinc-induced dimerization of p%tSresulted in a cdks.
large decrease (50%) in its intrinsic fluorescence with a 19-  The binding of monomeric p£%*to cdk2 induced a 2-fold
nm blue shift of the maximal emission wavelength, which increase in the fluorescence of mant-ATP, and as previously
revealed that the Trp residues became less accessible to thehown for cyclin A @9), the presence of p#8*reduced by
solvent in the dimeric form of pE¥L These results were a factor of 2 the release rate of mant-ATP displacement from
indeed confirmed by a 3-fold decrease in their accessibility cdk2. Our results indicate that the binding of pt%o cdk2
toward quenchers such as iodide and acrylamide. This ismodifies the conformation of the catalytic site or of the
not surprising, considering that Ffs documented as being  nucleotide binding site of cdk2 by closing the ATP binding
located in a positively charged cluster involved in dimer pocket. According to the X-ray structure of the cdk2/CksHs1
formation (L8). It should however be noted that, despite this complex, the binding of Cks proteins to cdk2 takes place in
important change in the accessibility of tryptophan groups the C-terminal lobe of cdk2 but also induces a discrete

in the dimeric form of p18} circular dichroism measure-
ments did not reveal significant differences between the

change in the conformation of the N-lobe of cdk2, where
residues 3639 adopt a conformation similar to that of the

secondary structures of the monomer and those of the zinc-activated cdk2/cyclin A complex38, 42, 43. As the
induced dimer, as also reported from the crystallographic residues of CksHs1 at the interface with cdk2 are essentially

structure of dimers18—21).
In the strand-exchanged pt3 dimer purified in the

conserved in p18, we can extrapolate this structure to
pl3“land, based on our kinetic data, confirm that such a

absence of zinc, the decrease in solvent accessibility of theconformational change occurs in the catalytic domain of

Trp residues is less marked than in the zinc-induced dimer,

cdk2. However, binding of pE%* similarly reduced the

which indicates that, although the secondary structures ofdissociation rate of ATP and ADP from cdk2, in contrast to
both dimers are similar, the environment of their Trp residues cyclin A, which was specific for the catalytic substrate ATP.

is different and can directly be correlated with differences
in the molecular surface accessibility between fhimter-
changed dimer and thg-hairpin single-domain fold of
pl3uct

From these data, we therefore conclude that the conforma-
tional change of cdks induced by the presence of{siiday

not be directly linked to the activation or inhibition of the
catalytic mechanism of cdk2 but is more probably related

Both steady-state and rapid kinetic experiments have to the regulation of cdks through binding of other proteins.

shown that p13°! forms stable dimers in the presence of
zinc with high affinity in a nanomolar range. The dimer-
ization of p13v“! constitutes a complex kinetic process,

Overexpression of Cks proteins has been proposed to
inhibit the cdc25-dependent dephosphorylation of cdc2 on
residues THf* and Tyf®. We have not observed a require-

composed of at least two equilibrium reactions (eqs 1 and ment for phosphorylation of these two residues for binding

2); the first equilibrium corresponds to the binding of one
molecule of zinc per molecule of p38twith a dissociation
constant of 0.4«M, followed by a very tight [P13Yzinc]—
[p13*UcYzinc] association, with a dissociation constant of 1
nM. These results indicate that binding of zinc is the limiting
step in the formation of the p18! dimer, as only p13¢¥
zinc complexes are able to form dimers. Given that we did
not observe any dimerization or self-association in the
presence of cations other than zinc, such ag'™y C&",
we conclude that zinc is a specific mediator of dimer
formation and that such a dimerization may be of biological
relevance in vivo. In this respect, it should be reminded
that Reed et al. have reported that the kinase activitg.of
cerevisiae CDC28 is controlled by the presence of zi3e)
However, this dimeric form of pF3 remains specific to
yeast Cks proteins, and several grou$3, @1) have clearly
observed the lack of dimerization of the human form of
CksHsl1 in the presence of zinc. This is not surprising given
that the major residues involved in the zinc-binding motif
(His?® and Asp®) are only conserved in yeast Cks proteins
(Figure 1).

Mechanism of Formation of p#8¥cdk and p13°Ycdk/
Cyclin ComplexesWe have previously reported that nucle-

of p13“to cdks. Moreover, from the X-ray structure of
the CksH1/cdk2 complex it is clear that CksHs1 binds to
the C-lobe of cdk2. Our data taken together with that of
the structure of cdk2/CksHs1 suggest that Cks proteins do
not directly prevent the dephosphorylation of cdk2 residues
14 and 15 by competing with cdc25 with respect to their
binding site within the cdk, but rather through a conforma-
tional change in the cdks, for instance, in the ATP-binding
pocket, thus modifying the orientation of residuesand
Thr!S with respect to their accessibility for cdc25.

The interface between cdk2 and CksHs1 is mainly form
by a-helix 5 and L14 loop, and the sequence of these motifs
is present only in cdk2, cdk3, and cdc2 but neither in cdk5
nor in cdk4, which accordingly do not interact with Cks
proteins 44). Now we can extend this characteristic to cdk7,
as no significant binding of p®%'to cdk7 or cdk7/cyclin
H was observed. These data reveal a certain specificity in
the interaction between p18tand different cdks and cdk/
cyclin complexes. In the case of cdk7, the lack of interaction
is most likely due to differences in the structure of its C-lobe.
Indeed, most of the side-chain residues in cdk2 which form
the interface with CksHs1 are different in cdk?7. In particular
the residues forming the aromatic cluster at the interface

otide analogues such as mant-ATP are powerful tools for between CksHs1 and cdk2 were shown to be essential, as a

monitoring the binding of cyclins to cdkg9). In this work,

mutation in this domain in CDC28 (Pro250-Leu) completly

we have used the high sensitivity of mant fluorescence to abolished the binding of CksHsB§).

quantify the interactions between cdks, cyclins, and®{§13
Our titration experiments reveal that monomeric §¥Zan
form stable complexes with monomeric cdk2 or cdc2 with

Of particular interest, the presence of cyclin associated to
cdks did not affect binding of p£3*to cdks but instead
seemed to increase the stability of the p¥&dk2/cyclin A
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ternary complex by a factor of 2, with a dissociation constant
between 70 and 90 nM for cdk2/cyclin A and cdc2/cyclin
A, respectively. These results together with the lack of
interaction between cyclin A and p*3tare in agreement
with the model of two independent binding sites on cdk2
for cyclin A and Cks proteins38). Indeed, according to
the X-ray crystal structure of the cdk2/CksHs1 complex,
CksHs1 binds exclusively to a continuous sequence of
residues withir-helix 5 and L14 loop in the C-lobe of cdk2,
far away from the cyclin binding domain on cdk&X, 43.
Moreover, the high stability of both binary cdk2/13and
ternary cyclin A/lcdk2/p13¢complexes isolated by size
exclusion chromatography in the presence of high salt
concentrations confirms the mainly hydrophobic character
of these interactions, as previously proposed from the X-ray
data @8). The presence of a cyclin in a ternary B£3
cdk2/cyclin complex may cooperate in strengthening the
interaction between cdk and p¥3. Moreover the structural
data reveal that binding of cyclin A to cdk2 may modify the
orientation of the C-lobe of cdk24®, 43, and we have
argued that the binding of cyclin A to cdk2 exposes the
hydrophobic patch of the L14 loop of cdk2 for the interaction
with Cks proteins. This 2-fold increase in the affinity of
p13-for cdk2 in the presence fo cyclin A observed in vitro
seems realistic and has recently been confirmedeinopus
eggs, where it was shown that the presence of the cyclin
stimulated binding of Cks proteins to cdks in viv&4. The
comparison of our results with the in vivo data frofanopus
extracts shows that a slight effect observed in vitro can in
fact promote dramatic changes in a cellular context.
Transient kinetics demonstrated that binding of %30
cdk2 or the cdk2/cyclin A complex occurred in one single
step, with ko, and k. rate constants which were not
significantly different from those proposed for binding of
human CksHs1 using the Biacore syste38,(40. These
similarities tend to confirm that the human homologue of
p13Imight complement depletion in yeast and vice versa
and that the binding of CksHs1 or p*3to cdk2 involves
the same binding site9). Interestingly, the presence of
cyclin A did not modify the association rate of j13binding
to cdk2 but decreased its off rate 3-fold, which suggests that
the presence of cyclin A stabilizes the ternary complex. This
high stability of the ternary complex and the conformational
change induced by p#8*may reflect a restrictive event for
the binding of substrate to cdk2/cyclin A or for the binding
of cdc25 for the activation of cdk2. On the other hand, as
the conformational change in cdk2 occurs close to the T-loop,
binding of p13' may restrict the access of the Cdk
activating kinase (CAK), thus preventing phosphorylation
of Thrt¢%and full activation of cdk2/cyclin A. Cks proteins

contain a conserved positively charged cluster that has the 12,

potential to interact with phosphate or phosphorylated
proteins. Moreover, it has recently been shown that{513
could interact with the active phosphorylated form of the

cyclosome. Taken together, these data have led to the ;g

hypothesis that the tight binding of Cks proteins to the cdk2/
cyclin A complex might be a means of targeting it for
degradation46, 47. That p13“!should present such an
important affinity for cdk2 and cdk2/cyclin A indicates, as

already suggested by other groups, that Cks proteins are

likely to play a role in the regulation of the mutiple forms
of cdk2 kinase throughout cell cycle progressiad,(49.

Biochemistry, Vol. 37, No. 40, 19984265

Finally neither the strand-exchanged dimer nor the zinc-
mediated dimeric form of pE%tinteract with cdks or cdk/
cyclin complexes. This result is not surprising, as the
residues involved in dimer formation are directly involved
in the interaction of the monomeric form of F¥3with cdk2
(19, 22, 38. Our results clearly show an effective competi-
tion between zinc and cdk2 for the same binding domain on
pl13cl constistent with data from the X-ray structure of
cksHs1/cdk2 and from the characterization of mutations of
CksHs1 which have shown that the essential residues at the
interface between cdk2 and CksHs1 are also involved in
formation of strand-exchanged dime88(4Q. For instance,

a mutation in the3-hinge domain (residues Ty Met>®,
His®, and GIi#%) favors strand-exchanged dimer formation
but suppresses the binding of cks to cdk2. Moreover, a
mutation in the3-strand 1 region (residues from TrGlut®,

and Lys4) forming the hydrophobic domain at the interface
between CksHs1 and cdk2 also suppresses the binding of
cksl to cdk2 88). Taken together, these results tend to
suggest that dimerization may be a means of regulating
excessive concentrations of §43in vivo. pl3““proteins

may indeed adopt different conformations and assemble as
multimers in reponse to changes in their environment during
the cell cycle and thereby directly modulate the activity of
cdk/cyclin complexes in vivo.
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