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Abstract

All kinases require an essential divalent metal for their activity. In this study, we investigated the metal dependence
of cyclin-dependent kinase 4(CDK4). With Mg as the essential metal and MgATP being the variable substrate,2q

the maximum velocity,V, was not affected by changes in metal concentration, whereasVyK was perturbed, indicating
that the metal effects were mainly derived from a change in theK for MgATP. Analysis of the metal dependencem

of initial rates according to a simple metal binding model indicated the presence on enzyme of one activating metal-
binding site with a dissociation constant,K , of 5"1 mM, and three inhibitory metal-binding sites with an averagedd a( )

dissociation constant,K , of 12"1 mM and that the binding of metal to the activating and inhibitory sites appearedd i( )

to be ordered with binding of metal to the activating site first. Substitution of Mn for Mg yielded similar metal2q 2q

dependence kinetics with a value of 1.0"0.1 and 4.7"0.1 for K andK , respectively. The inhibition constantsd a d i( ) ( )

for the inhibition of CDK4 by MgADP and a small molecule inhibitor were also perturbed by Mg .K values2q
d a( )

estimated from the metal variation of the inhibition of CDK4 by MgADP(6"3 mM) and a small molecule inhibitor
(3"1 mM), were in good agreement with theK value(5"1 mM) obtained from the metal variation of the initiald a( )

rate of CDK4. By using the van’t Hoff plot, the temperature dependence ofK andK yielded an enthalpy ofyd a d i( ) ( )

6.0"1.1 kcalymol for binding of Mg to the activating site andy3.2"0.6 kcalymol for Mg binding to the2q 2q

inhibitory sites. The values of associated entropy were also negative, indicating that these metal binding reactions
were entirely enthalpy-driven. These data were consistent with metal binding to multiple sites on CDK4 that perturbs
the enzyme structure, modulates the enzyme activity, and alters the affinities of inhibitor for the metal-bound enzyme
species. However, the affinities of small molecule inhibitors for CDK4 were not affected by the change of metal
from Mg to Mn , suggesting that the structures of enzyme–Mg and enzyme–Mn were similar.� 20022q 2q 2q 2q
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1. Introduction

Protein kinases are crucial components of the
signal transduction pathways that are central to
cellular and biological functionsw1,2x. Conse-
quently, genetic or somatic changes that activate
protein kinases are frequently responsible for the
development of such detrimental diseases as dia-
betes, rheumatoid arthritis, and cancerw3–6x and
targeting protein kinases is currently a popular
approach taken by pharmaceutical industry for
developing effective treatments of these diseases.
Currently, approximately 500 protein kinases have
been discovered and as many as 2500 protein
kinases have been estimated to existw7–9x. Over
the past decade, tremendous progress has been
made toward understanding of the kinetics, struc-
tures, and mechanisms of protein kinases, and in
developing potent and selective protein kinase
inhibitors as potential therapeutics.
All kinases require an essential divalent metal

cation for their activity. An accepted role of the
divalent metal is that it complexes nucleotide, such
as ATP, in order to form the active, metal–
nucleotide substratew10–13x. This metal–nucleo-
tide interaction is mainly bidendate where the
metal coordinates with theb, g and probably to a
lesser degree,a-phosphoryl groups of the nucleo-
tide w14,15x. The metal–nucleotide interaction neu-
tralizes charge, orients and polarizes the
g-phosphoryl group and thereby, facilitates a facile
phosphoryl transfer during the enzyme-catalyzed
phosphotransfer reactionsw13,16x. In the case of
PKA, Mg can contribute as much as a factor of2q

300 to catalysisw16x, demonstrating the importance
of the metal–nucleotide interaction. Without being
associated with a divalent metal, the free nucleo-
tide is not a substrate and can function as a
competitive inhibitorw17,18x.
A less understood role of the divalent metal is

its modulation of enzyme activity through binding
to enzyme allosteric sitesw10x. This mode of
enzyme regulation has been proposed for kinases
catalyzing phosphoryl transfer reactions with small
biochemical substrates, such as choline kinasew19x
and pyruvate kinasew20x, as well as for protein
tyrosine kinases, such as IR TKw21,22x, EGFR
TK w23x, FGFR TK w24x, Csk w24x, and Srcw24x.

Binding metal to enzyme allosteric sites has also
been observed for PKAw25–27x, a seriney threo-
nine protein kinase, and this binding is inhibitory
w26,27x.
In the current study, kinetic and thermodynamic

analyses of the metal requirement of cyclin-
dependent kinase 4(CDK4), a seriney threonine
protein kinase, were performed. The data presented
here are consistent with metal binding to multiple
sites on enzyme that likely perturbs the enzyme
structure, activates as well as inhibits the enzyme
activity dependent upon the allosteric sites the
metals bind, and alters the affinity of inhibitors for
the metal-bound enzyme species.

2. Methods and experimental procedures

2.1. Materials

ATP, MgCl , MnCl , DTT, BSA, HEPES andp-2 2

aminobenzamidine were of reagent grade from
Sigma.wg- PxATP (10 mCiyml) was from Amer-33

sham. Stock solutions of GST-Rb and ATP were
prepared in 100 mM HEPES, pH 7.5. 1 M
MgCl and MnCl stock solutions were prepared2 2

in H O and the actual concentrations were deter-2

mined by atomic absorption spectroscopy. Ni-
chelating Sepharose FF resins were from
Pharmacia.

2.2. Expression and purification of D1-CDK4
fusion protein

The enzyme used in this study was a cyclin D1
and CDK4 fusion protein constructed by fusing
cyclin D1 to the N-terminus of CDK4 with a 16
residue linker(GGGGGSGGGGSGGGGS). This
fusion protein was expressed from baculovirus and
purified using a Ni-chelating Sepharose FF column
and an anion exchange column(Q-Sepharose HP).
The purity ()95%) was assessed by using SDS-
PAGE. The purified protein was aliquoted and
frozen aty80 8C before use.

2.3. Expression and purification of GST-Rb

GST-Rb used in this study was constructed by
fusing GST to the N-terminus of a truncated Rb
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Scheme 1.

protein that contained amino acid residues of Rb
from 773 to the end. This protein was expressed
in E. coli and purified by using a glutathione
Sepharose 4B column and a Poros HS column.
The purity ()95%) of the protein was estimated
by using SDS-PAGE. The purified protein was
aliquoted and frozen aty80 8C before use.

2.4. Radioactive glutathione plate-binding assay
of CDK4

Fifty microliter reaction mixtures containing 100
mM HEPES, pH 7.5, 1mCiyml wg- PxATP, 0.533

mM GST-RB protein, 10 mM MgCl , 2.5 mM2

EDTA, 0.2 mgyml BSA, 1 mM DTT and 7.5 nM
CDK4ycyclinD1 enzyme, were prepared in a 96-
well polystyrene plate. The reactions were started
by addition of enzyme and quenched after 30 min
of incubation by addition of 50ml 100 mM EDTA,
pH 8.0, and 2mM ATP. One hundred microliters
of a quenched reaction mixture was transferred to
a glutathione-coated 96-well plate, and incubated
at room temperature(22 8C) overnight to allow
complete binding of the GST-RB protein to gluta-
thione. The glutathione-coated plate was then
washed in a 96-well plate washer with 4=150ml
ywell de-ionized H O. Following washing 150ml2

ywell Ultina-Flo M scintillant was added and the
plate was sealed with a plastic plate sealer. The
radioactivity of each well of the plate was then
determined in a micro-b plate counter(Wallac).

2.5. K (ATP) determination of CDK4m

Fifty microliter reaction mixtures containing 100
mM HEPES, pH 7.5, 20mCiyml wg- PxATP, 0.533

mM GST-RB protein, 10 mM MgCl , 2.5 mM2

EDTA, 0.2 mgyml BSA, 1 mM DTT and 15 nM
D1-CDK4, were prepared in a 96-well polystyrene
plate. ATP concentration was varied from 500mM
final reaction concentration to 0.5mM final reac-
tion concentration by two-fold serial dilution. The
reactions were quenched with 50ml 2.5% TCA
after being incubated for 30 min at room temper-
ature(22 8C). The reactions were transferred to a
filter binding plate(Millipore) and washed three
times with 1% H PO . Ten microliters of Scintiv-3 4

erse BD was then added to each well and the

radioactivity of each well of the plate was deter-
mined in a micro-b plate counter. The cpms as a
function of wATPx were fit to Eq.(1) using non-
linear squares analysis to estimateK , them ATP( )

K -value for ATP.m

2.6. Inhibition of CDK4

The reactions were carried out and processed as
described above. Structure1 (Scheme 1) was
prepared at a 2-mM final reaction concentration
and two-fold serial-diluted in pure DMSO and
then transferred to assay plates. The transferred
volume was such that the final DMSO in each
reaction was 2%. ADP was prepared in 100 mM
HEPES, pH 7.5 and two-fold serial-diluted before
being transferred to an assay plate. The activities
of D1-CDK4 in the presence of inhibitor were
determined in the same way as described above.
The IC values were obtained by fitting data to50

Eq. (2) using non-linear squares analysis as
described in Section 2.9 below.

2.7. Metal dependence of CDK4

The reactions were run using the procedures as
described above in Section 2.4 with the metal
concentration varied between 0 and 50 mM, with
wATPxs2 mM and wGST-RBxs0.5 mM. To deter-
mine the metal effect onV andVyK, the reactions
were run at a specified metal concentration and
different ATP concentrations with GST-Rb fixed
at 0.5mM. Kinetic properties ofV andVyK were
obtained by fitting data to Eq.(1) as described in
Section 2.9 below.
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2.8. Temperature-dependence of metal effect on
CDK4

The assays were run according to the procedures
as described above at various temperatures. The
data were fitted to Eq.(13) with ns3 (see below
in Section 2.9) by non-least squares analysis to
estimate dissociation constants of metal binding.
Enthalpy and entropy of metal binding were
obtained by fitting the temperature-dependent dis-
sociation constant data to Eq.(25) as described in
Section 2.9 below.

2.9. Data analysis

Initial rates (y) were analyzed by using the
Michaelis–Menten equation:

w xV Sm
ys (1)

w xK q Sm

where V is the maximum velocity andK them m

Michaelis–Menten constant for substrateS.
The apparent inhibition constant,IC , where50

the enzyme activity is inhibited by inhibitor, I, by
50% was obtained by non-linear least squares
analysis of data usingw28x:

w xIyiR'1y s (2)
w xy IC q I50

where y is the initial rate in the presence ofi

inhibitor. The value ofIC is reduced toK where50 i

the substrate concentration is much less than the
K .m

To quantitate metal effects on enzyme activity,
a general kinetic mechanism is illustrated as below:

where E is enzyme, M is metal, S is substrate,
EM is the enzyme–metal complex with metal

bound at the activating site, and ME and MEM
are enzyme complexes with a metal bound at the
inhibitory site; k is the turnover number; thecat

equilibria are characterized by the following dis-
sociation constants:

w xw xM E
K s (4)d a( ) w xEM

w xw xM EM
K s (5)d i( ) w xMEM

w xw xM E
K9 s (6)d i( ) w xME

and

w xw xM ME
K s . (7)d MEM( ) w xMEM

The mass balance is given by

w x w x w x w xE s E q EM q ME q MEM (8)t

where E represents the total concentration oft

enzyme. The initial velocity for this system,y,
under theVyK condition is given by

kcatw xw xys EM S . (9)
Km

Assuming thatwMx is constant during the enzy-
matic reaction, the equilibrium system can be
solved forwEMx as

Etw xEM s (10)B E w x1 1 M
1qK q qC Fd a( ) w xK9 MD Gd i( ) Kd i( )

Bringing Eq.(10) into Eq. (9), we have

yo
ys (11)

B EB E w x1 1 M
1qK q qC FC Fd a( ) w xDK9 M G DK Gd i d i( ) ( )

wherey , the maximum initial rate, is given by0

kcat w xy s E S . (12)0 tKm

Generally, if there are multiple inhibitory bind-
ing sites, Eq.(11) may be expressed as
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y0
ys (13)nB EB E w x1 1 M

1qK q qC Fd a( ) C Fw xK9 MD Gd i( ) KD Gd i( )

wheren is the number of the inhibitory sites. For
an ordered binding of metal to the activating site
and followed by binding of metal to the inhibitory
site, namely,K9 4K , Eq. (13) is reduced to:d i d a( ) ( )

yo
ys . (14)nB Ew xK Md a( )1q qC Fw xM KD Gd i( )

The effects of metal binding to the activating
site on the binding of inhibitor to enzyme is given
by

whereI is inhibitor; the dissociation constants for
the equilibria are given by

w xw xI E
K s (16)i E( ) w xEI

w xw xI EM
K s (17)i EM( ) w xEMI

w xw xM E
K s (18)d a( ) w xEM

and

w xw xM EI
K s . (19)d EM( ) w xEMI

The mass balance is given by

w x w x w x w xE s E q EI q EM q EMI . (20)t

Assuming wIx and wMx are constant during the
enzymatic reaction, the equilibrium system can be

solved forwEMx as

Etw xEM s . (21)B E B Ew x w xK I Id a( ) 1q q 1qC F C Fw xM K KD G D Gi E i EM( ) ( )

Bringing Eq.(21) into Eq. (9), we have

yo
ys . (22)B E B Ew x w xK I Id a( ) 1q q 1qC F C Fw xM K KD G D Gi E i EM( ) ( )

Rearranging yields:

yo
ys (23)

w xI
1q

Ž .K appi

where the apparent inhibition constant(K ) isi app

given by

w xK q Md a( )
Ž .K sK . (24)appi i EM( ) Ki EM( ) w xK q Md a( ) Ki E( )

Enthalpy (DH) and entropy (DS) for metal
binding were obtained by a linear squares fitting
of dissociation constantsK (K andK ) valuesd d a d i( ) ( )

determined at different temperatures to the van’t
Hoff plot:

1 1
yRln sDH yDS (25)

K Td

whereR is the gas constant, andT the temperature
in K.

3. Results

3.1. Effects of metal binding on the CDK4 enzy-
matic activity

The initial rates of CDK4 as a function of
Mg are shown in Fig. 1. The reactions were run2q

at ATP concentrations much less than theK form

MgATP (18 mM, data not shown) and therefore,
the variation of the CDK4 activity by metal con-
centration indicated perturbation of theVyK. To
evaluate ifV was also affected, bothV andVyK
were determined at variouswMg x values. As2q
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Fig. 1. Plots of the initial rate,v, of the CDK4-catalyzed reac-
tion as a function of the concentration of divalent metals
(M ), wMg x (s) or wMn x (d) at pH 7.5, 228C. The2q 2q 2q

solid lines are theoretical values calculated by using Eq.(13)
with ns3 and the kinetic parameters given in Table 1.

Fig. 2. Pots of the maximum velocity,V (a), and the first order
rate,VyK (b) of the CDK4-catalyzed reaction as a function of
wMg x. The solid line in panel A is the average of all the data2q

shown in the figure. The solid line in b was calculated using
Eq. (13) with ns3 and the kinetic parameters given in Table
1.

shown in Fig. 2,wMg x had no effect onV (Fig.2q

2a) but had an effect onVyK (Fig. 2b). The metal
effect onVyK (Fig. 2b) was similar to the effect
on the initial rate obtained at low concentrations
of ATP (Fig. 1). These data indicate that the metal
effects were mainly from a change inK .m

A simple model (Eq. (3)) assuming that the
metal effects were due to direct binding of metal
to enzyme was formulated(see Section 2) to
provide a quantitative understanding of the metal
effects. An initial analysis of data according to Eq.
(13) suggested an ordered binding of metal to
enzyme metal binding sites with binding of metal
to an activating site first(K 4K ) (data notd i d a( ) ( )

shown). The data were then re-analyzed using Eq.
(15) by choosing only integrals forn. The best fit
of data was consistent with the presence of one
activating metal-binding site and three inhibitory
metal-binding sites. As shown in Table 1, the
dissociation constants for Mg binding to the2q

activating site,K s5"1 mM, and the inhibitoryd a( )

sites,K s12"1, obtained at lowwATPx agreedd i( )

well with the values 6"3 and 11"2, respectively,
obtained from metal variation ofVyK. These
values are much greater than the dissociation
constants for MgATP(20mM) w29x and therefore,

cannot be attributed to binding of metal to ATP.
The activation of enzyme observed for Mg2q

concentrations up to 10 mM is clearly attributable
to lowing K upon the metal binding to them

activating site. The pattern of initial rates obtained
with Mn was similar to the pattern obtained2q

with Mg (Fig. 1). The differences were mainly2q

two-fold: (1) the maximum activity,y , in the0

presence of Mn was much greater thany in2q
0

the presence of Mg ; and(2) the binding of2q

Mn to enzyme was tighter than the binding of2q

Mg (Table 1). These data are consistent with2q
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Table 1
Constants for divalent metal-binding to CDK4 measured at pH
7.5, 228C

Metal y0 Kd a( ) Kd i( ) y
(cpmymin) (mM) (mM)

Mg2qa 5635"591 5"1 12"1 3
Mg2qb 255"54 6"3 11"2 3
Mn2qa 24 380"3244 1.0"0.1 4.7"0.1 3

Data obtained from metal variation of the CDK4 activitya

at low wMgATPx.
Data obtained from metal variation ofVyK. The low cpmb

value in this measurement compared to the value obtained at
low wMgATPx was due to low specific radioactivity used in
this experiment.

Table 2
Constants for inhibition of CDK4 as a function of Mg con-2q

centration and dissociation constants for Mg -binding to2q

CDK4 at pH 7.5, 228C

Inhibitor Ki E( ) Ki EM( ) Kd a( )

(mM) (mM) (mM)

ADP (4.6"1.3)=103 (0.6"0.1)=103 6"3
1 (2.5"1.0)=10y1 3"1

Fig. 3. Plots of the apparent inhibition constant,(K ) , fori app

ADP (a) and 1(b) as a function ofwMg x. The solid lines2q

are theoretical values calculated using Eq.(24) with the par-
ameters given in Table 2.

the model wEq. (3)x used for analyzing metal
effects on the CDK4 activity that assumes metal
binding to enzyme.

3.2. Effects of metal binding on the inhibition of
CDK4

The above analysis assumed that the metal
effects observed in Figs. 1 and 2b were due to
metal binding to enzyme. If this assumption was
true, one would expect similar metal effects on
inhibitor binding to enzyme. Two inhibitors, ADP
and 1 (Scheme 1), a small molecule inhibitor of
CDK4 that is competitive vs. MgATP(data not
shown), were used to evaluate this hypothesis. As
shown in Fig. 3a, the apparent inhibition constant,
(K ) , for ADP decreased aswMg x increased.2q

i app

The effect again cannot be attributed to changes
in wMgADPx for the concentrations of Mg used2q

in this experiment were much greater than the
dissociation constant for the MgADP complex(78
mM) w29x. A model wEq. (15)x of metal effects on
inhibitor binding assuming that metal binds only
to the activating site was solved. According to this
model, (K ) wEq. (23)x, the apparent inhibitioni app

constant in the presence of a metal, can be
expressed as a function ofK , the dissociationd a( )

constant for Mg binding to the activating site,2q

K , the inhibition constant for the inhibition ofi EM( )

the enzyme–Mg complex(EM), andK the2q
i E ,( )

inhibition constant for the inhibition of the free
enzyme(E) wEq. (24)x. Inhibition of CDK4 by
ADP was run at 1–12.5 mM Mg , where the2q

metal binding to the inhibitory sites was limited
but sufficient for saturating the binding of metal
to ADP. Analysis of the inhibition data using Eq.
(23) yielded (K ) values at different Mg2qi app

concentrations(Fig. 3a). Fitting the(K ) valuesi app
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according to Eq. (24) provided estimates of
K andK . As shown in Table 2, this analysisi EM i E( ) ( )

indicated an eight-fold increase(K yK (8)i E i EM( ) ( )

in ADP binding to enzyme in the presence of
Mg . The presence of Mg also affected2q 2q

(K ) for 1 (Fig. 3b), but metal binding increasedi app

the (K ) for 1 rather than decreasing(K ) asi app i app

observed for ADP. The dissociation constant for
metal binding to the activating site,K , by thisd a( )

analysiswEq. (24)x was 6"3 mM from variation
of (K ) for ADP (Table 2) and 3"1 mM fromi app

variation of (K ) for 1 (Table 2). These valuesi app

were in good agreement with the values obtained
from the metal effect on the initial rates of CDK4
at low concentrations of ATP(5"1 mM) (Table
1) and from the metal effect onVyK (6"3 mM)
(Table 1). These data suggest that the metal
binding to CDK4 perturbs the enzyme structure
and alters the affinities of inhibitors for the metal-
bound enzyme species although other possibilities,
such as metal binding at adjacent sites in or near
the active site, cannot be ruled out.

3.3. Non-specific metal effects

A number of possibilities exist for non-specific
metal effects. The highest divalent metal concen-
tration used in this study was 50 mM. This
translates into an ionic strength of 150 mM. To
rule out the effect due to the change in ionic
strength with the change in the divalent metal
concentration, the activity of CDK4 at 10 mM
Mg and in the presence of 0–1 M NaCl was2q

analyzed. This analysis indicated very little change
in CDK4 activity with the concentration of NaCl
(data not shown). The CDK4 used in this study
was not very stable. This raised the question if the
presence of a divalent metal could stabilize or
destabilize the enzyme. Pre-incubation of CDK4
with 10 mM MgCl at 4 8C for 20 min did not2

change the CDK4 activity, suggesting that the
observed metal effects were not due to a pertur-
bation of the enzyme stability. The fact that the
K derived from metal effects on the inhibitiond a( )

of CDK4 by 1 was identical to theK valuesd a( )

from metal effects on CDK4 activity(see above)
also argues against non-specific effects arising
from factors such as the presence of a divalent

metal interacting with a contaminating CDK4
inhibitor or activator.

3.4. Temperature dependence of metal effects on
the CDK4 activity

Microcalorimetry has been used extensively to
study metal–protein interactions. Application of
this technique to metal–CDK2 interactions
revealed binding of at least two Mg ions to this2q

enzyme (Rocque, W., personal communication).
This technique is, however, not easily amenable to
studying metal binding to CDK4 because of the
relatively low stability of enzyme. To gain ther-
modynamic insights into the metal binding to
CDK4, metal effects on the CDK4 enzyme activity
were examined at various temperatures(Fig. 4a).
K andK (Table 3), the dissociation constantsd a d i( ) ( )

for Mg binding to the activating and inhibitory2q

sites, respectively, were obtained by non-linear
least squares analysis of data obtained at various
temperatures by using Eq.(14) with ns3. The
K andK values as a function of temperatured a d i( ) ( )

were then re-evaluated using the van’t Hoff plot
(Fig. 4b) to obtain the enthalpy(DH) and entropy
(DS) of metal binding (Table 3). The negative
values for both enthalpy and entropy clearly indi-
cated that the metal binding to both the activating
and inhibitory sites on CDK4 was driven by
enthalpy.

3.5. Change of metal from Mg to Mn does2q 2q

not perturb inhibition of CDK4 by small molecule
inhibitors

The data presented so far are consistent with
metal binding of enzyme and that this binding
perturbs the enzyme structure and alters the affin-
ities of inhibitors for enzyme. We were curious to
see if different metals would cause different chang-
es in the enzyme structure and perturbs the affin-
ities of the inhibitors. To address this question,
inhibition of CDK4 by a series of small molecule
inhibitors was performed in the presence of
Mg or Mn at their optimal concentrations,2q 2q

and the inhibition constants obtained with Mg2q

were compared to those obtained in the presence
of Mn . As shown in Fig. 5, a linear correlation2q
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Fig. 4. (a) Plots of the initial rate,y, of the CDK4-catalyzed
reaction as a function ofwMg x at pH 7.5 and 2(m), 8 (n),2q

16 (j), 22 (h), 30 (●), and 35(s) 8C. The solid lines are
theoretical values calculated using Eq.(13) and the parameters
given in Table 3.(b) Plots of yRln(1yK ) (n) or yd a( )

Rln(1yK ) (h) as a function of 1yT.d i( )

between the two sets of inhibition constants was
evident. The fact that this linear correlation had a
slope of 1.08"0.03 suggests that the structures of
enzyme–Mg and enzyme–Mn complexes2q 2q

accessible to the binding of inhibitors are similar.

4. Discussion

Several reports have indicated that protein tyro-
sine kinases can be activated by binding of a
divalent metal(M ) to allosteric sitesw21–24x.2q

Data presented in the current study strongly sug-
gest that binding of a divalent metal Mg or2q

Mn to an allosteric site on CDK4, a seriney2q

threonine kinase, also activates the enzyme. This
result suggests that metal binding to enzyme allo-
steric sites could also be a general phenomenon
for other seriney threonine protein kinases.

Quantitative analysis of the activation of CDK4
upon metal binding indicates a dissociation con-
stant of 5"1 mM for binding of Mg to the2q

activating site. This binding affinity appears simi-
lar to the affinity for binding of Mg to Src and2q

Csk as judged by comparing the curve of metal
dependence of CDK4 presented here, and the
curves for Src and Csk reported by Sun and Budde
w24x. However, the mechanism that this activation
is achieved by CDK4 appears quite different from
the mechanism by Src and Csk. In the case of Csk
and Src, the metal effect is onV w24x, whereas in
the case of CDK4 it is due to an increase inVyK.
In addition, there is clearly inhibition of CDK4 at
Mg concentrations greater than 15 mM, whereas2q

this inhibition is not observed for Src at 20 mM
Mg w24x. For Csk, the activity is not inhibited2q

at 15 mM Mg using polyE Y as the peptide2q
4

substrate, and slightly inhibited using RCM–L as
the peptide substratew24x. The reason for this
substrate-dependent inhibition at high metal con-
centrations is not clear, but may suggest metal–
peptide interaction as a mechanism for the
metal-mediated inhibition of Csk.
The metal dependence curve for CDK4 with

Mn is remarkably similar to the curve for Csk2q

w24x. In both the cases, the activity increases to
the maximum at approximately 2.5 mM Mn and2q

decreases to background at approximately 10 mM
Mn . In the case of Csk, the decrease in activity2q

was attributed to protein precipitation visible at
Mn concentrations greater than 5 mM. In the2q

case of CDK4, no protein precipitation was
observed and no activity loss was attributable to
pre-incubation of enzyme with Mn at this 52q

mM. The reason for this discrepancy is not clear.
The mechanism of activation for PKA, the only

other protein seriney threonine kinase for which
metal dependence has been investigated, is unique
in that the metal mediated activation of enzyme is
solely derived from metal binding to ATPw26,27x.
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Fig. 5. Plot ofIC values determined with Mn as the acti-2q
50

vating divalent metal, , againstIC values deter-Ž .IC 2qMn50 50

mined using Mg as the activating metal, , for the2q Ž .IC 2qMn50

inhibition of CDK4 by small molecule inhibitors. The linear
line is from the theoretical values using a slope of 1.08"0.03.

Table 3
Effect of temperature Mg -binding to CDK4 measured at pH 7.52q

T 1yT yo Kd a( ) Kd i( )

(8C) (1y8K) (cpmymin) (mM) (mM)

2 0.003634 635"135 2.0"0.9 8.8"1.1
8 0.003556 752"41 2.1"0.3 11.0"0.4

16 0.003458 1659"340 4.1"1.6 9.7"1.2
22 0.003388 5635"591 5.1"1.0 12.0"0.7
22 0.003388 5868"585 5.4"1.0 11.9"0.7
30 0.003298 8031"644 5.0"0.8 15.8"0.8
35 0.003245 12005"791 5.9"0.8 16.9"0.7

Thermodynamic parameters for Mg binding2q

DH (kcal mol )y1 y6.0"1.1 y3.2"0.6
DS (cal mol K )y1 y1 y9.6"3.8 y2.0"2.1

All the other protein kinases investigated so far
appear to require binding of an additional metal to
an allosteric site in order to fully activate the
enzymew21–24x (Tian et al., this study).

The mechanism of enzyme activation by binding
of divalent metals to allosteric sites is not a
phenomenon restricted to protein kinases. Kinetic
data suggest that this is also a general mechanism
for activation of other kinases, such as choline
kinasew19x and pyruvate kinasew20x. This mech-
anism has also been reported for ATPases such as
pyruvate carboxylasew30x. In contrast to the abun-
dant kinetic data for the presence of allosteric
binding sites for divalent metal ions, there is little
structural information on the nature of the metal
binding sites. The only structural information
regarding metal binding to allosteric sites on
enzyme is from the crystal structure of PKA. A
second metal is found to bridge the metal nucleo-
tide complex with enzymew31x and the binding of
this second metal is considered inhibitory to the
enzyme activityw26,27,31x. To date, no structural
data exist to show metal binding at activating
allosteric sites. Resolving this issue is important
from the standpoint of drug discovery, since it is
possible that perturbation of protein structures by
metal binding to allosteric sites may alter the
affinity of inhibitors for the enzyme, as it is
suggested by data presented here, and therefore
change the observed structure activity relationship
for these inhibitors.

The nature of divalent metal binding to the
inhibitory sites is not clear. The crystal structure
of PKA with ADPPNP in the presence of Mg2q

indicates binding of a second metal at the ATP
binding site, bridging the phosphates of ATP with
enzymew31x and this binding is inhibitoryw26,27x.
Since this second metal is also interacting with the
phosphates of ATP, the metal ATP complex bound
at the active site may be considered Mg ATP. It is2

known that Mg can interact with ATP to form2q
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Mg ATP in solution and such a dimetal-nucleotide2

species is inhibitory to kinasesw18x. The current
study suggests three inhibitory binding sites on
CDK4 and this binding of a second metal with
ATP may account for metal binding to one of the
three inhibitory sites of CDK4. How the remaining
two metals interact with CDK4 and inhibit the
activity is totally unclear and warrants further
investigations.
Divalent Mn and Mg are very similar in2q 2q

many ways w32x. They both have similar co-
ordination numbers and angles in various co-
ordination complexes, and function generally as a
Lewis acid. However, there are subtle differences
that may make these two metals behave differently.
For example, Mn has a larger radius(0.75 A)2q ˚
than Mg (0.65 A). Generally, Mg prefers2q 2q˚
oxygen ligands and so does Mn , but Mn is2q 2q

more acceptive of nitrogen than Mg . These2q

differences may account for the observed tighter
binding of Mn than Mg in most enzymatic2q 2q

studies. Such differences could also result in metal
binding to different allosteric sites, thereby, to
perturb the enzyme structure in different ways. For
drug screening against CDK4, this does not appear
to be a significant concern because, as demonstrat-
ed in the current study, no differences exist in
apparent inhibition constants obtained by using
Mg or Mn in the kinase inhibition assay.2q 2q
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