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Cyclin dependent kinases are a key family of kinases involved in cell cycle regulation and are an attractive
target for cancer chemotherapy. The roles of four residues of the cyclin-dependent kinase active site in
inhibitor selectivity were investigated by producing cyclin-dependent kinase 2 mutants bearing equivalent
cyclin-dependent kinase 4 residues, namely F82H, L83V, H84D, and K89T. Assay of the mutants with a
cyclin-dependent kinase 4-selective bisanilinopyrimidine shows that the K89T mutation is primarily
responsible for the selectivity of this compound. Use of the cyclin-dependent kinase 2-selective 6-cyclo-
hexylmethoxy-2-(4′-sulfamoylanilino)purine (NU6102) shows that K89T has no role in the selectivity, while
the remaining three mutations have a cumulative influence. The results indicate that certain residues that
are not frequently considered in structure-aided kinase inhibitor design have an important role to play.

Introduction

Passage through the eukaryotic cell cycle is controlled by
the sequential activation of members of the cyclin-dependent
protein kinase (CDKa) family. A hallmark of a cell’s progression
to a cancerous state is the assimilation of mutations within the
genes encoding either selected members of this family or
proteins that directly or indirectly regulate their activities. In
particular, the cyclin D-CDK4-INK4-pRB axis is central to
G1 progress,1 and is altered in the majority of human cancers.2,3

For example, levels of cyclin D1 are commonly elevated in
many neoplasms including breast tumors, colorectal, head and
neck carcinomas and lung cell tumors,4 and mutations within
the INK4a (CDK2N2A) gene have been repeatedly documented
in various human melanomas.5

CDK2 is extensively regulated through association with
cyclins A and E, the inhibitory proteins p21Cip1 and p27Kip1 and
by phosphorylation.6 Cyclin E overexpression and depression
of p27Kip1 activity are the two most common alterations to the
network of CDK2 regulation observed in tumors of diverse
origin.4,7,8 In some cancers, notably breast, cyclin E levels
correlate with patient survival and can be used as a prognostic
indicator.9 Genetic alterations within thep27gene are rare, and
posttranslational processing of the protein seems to be the major
cause of down-regulation.10

The up-regulation of CDK2 or CDK4 activity in different
tumor types suggests that CDK2- or CDK4-selective inhibitors

would be useful chemotherapeutics. Structure-aided design
approaches have benefited from the relative ease with which
CDK2 can be crystallized and have contributed to the rapid
development of CDK2 inhibitors.11 In contrast, CDK4 has
proved resistant to crystallization, hindering a proper assessment
of the structure-activity relationships of the CDK4 inhibitors
developed to date. To overcome this lack of structural informa-
tion, other methods, including the use of CDK2 as a surrogate
kinase,12 homology modeling,13 and mutagenesis14 have been
used.

Here, the roles of four nonconserved residues in CDK2/CDK4
inhibitor selectivity have been studied using site-directed
mutagenesis and X-ray crystallographic structure determination.

Results and Discussion

Residues Implicated in Defining CDK2/CDK4 Inhibitor
Selectivity.Analysis of the structures of CDK2 bound to eight
chemically distinct ligands identified 33 residues that lie within
5 Å of one or more of the ligands (Figure 1). The equivalent
CDK4 residues are∼70% identical (22 of 32). The noncon-
served residues correspond to the following CDK2 mutations:
E8A, K9E, E12V, T14A, F82H, L83V, H84D, K89T, Q131E,
and L133I. The side-chain of Phe82 defines part of the ‘top’ of
the ATP adenine-binding site; the backbone of Leu83 forms
hydrogen bonds with all the ligands studied, and the side-chain
defines part of the ‘bottom’ of the adenine site; and the side-
chain of Lys89 lies at the ‘entrance’ of the ATP binding site.
These nonconserved residues were hence considered potential
prime determinants of CDK inhibitor selectivity and were
mutated in CDK2 to produce CDK4-like mutants. His84 was
additionally mutated due to its proximity to Leu83.

CDK2 mutants were constructed to assay the influence of
the chosen residues on inhibitor selectivity. The initial aim of
producing the quadruple mutant CDK2F82H/L83V/H84D/K89T was
achieved via the single mutant CDK2K89T and triple mutant
CDK2F82H/L83V/H84D. Two further mutants were then constructed
based on preliminary assay of CDK2F82H/L83V/H84D, namely
CDK2F82H and CDK2L83V/H84D. Each mutant was coexpressed
with CIV1, and subsequently purified as a fully activated cyclin-
bound heterodimeric complex, under conditions essentially
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identical to those of wild-type CDK2. All mutants retained
kinase activity against a fragment of the retinoblastoma protein,
an endogenous substrate of CDK2 (Figure 2).

The roles of the four residues in inhibitor selectivity were
assayed using the 300-fold CDK2-selective 6-cyclohexyl-
methoxy-2-(4′-sulfamoylanilino)purine compound1 (NU610218)
and the 26-fold CDK4-selective ((2-chloro-5-methyl-phenyl)-
{6-[4-(3-(dimethylamino)-2-hydroxy-propoxy)-phenylamino]-
pyrimidin-4-yl}-amino)-acetonitrile compound2 (Figure 3;
Table 1). IC50 values of compound1 were determined against
all five CDK2 mutants. The IC50 of compound1 against wild-
type CDK2 was also measured as a control and matched the
published values.18 IC50 values of compound2 against CDK2K89T,
CDK2F82H/L83V/H84D, CDK2F82H/L83V/H84D/K89T, and wild-type
CDK2 were also determined (Table 1). The relative activity of
each of the CDK2 mutants with respect to wild-type CDK2 was
also determined by comparison of the DMSO-only control
reactions (Table 2).

Effects of Residue Changes on CDK2 Structure and on
Inhibitor Potency. Compound2 is a member of a family of
CDK4-selective bisanilinopyrimidines.36,37Cocrystal structures
of five analogues bound to wild-type CDK2 show the amino-
propoxy moiety projecting out of the ATP binding site, and
interacting with Lys89. The potency of compound2 against
CDK2K89T (0.14µM) is 18 times greater than against wild-type
CDK2 (2.6µM) and is only 3-fold less than against wild-type
CDK4 (0.047 µM). The potency of compound2 against

CDK2F82H/L83V/H84D (7.3 µM) is 3-fold lower than its potency
against wild-type CDK2 (2.6µM), while its potency against
CDK2 F82H/L83V/H84D/K89T (0.64 µM) is approximately 4-fold more
than its potency against wild-type wild-type CDK2. Thus, when
presented in the context of CDK2, the CDK4 residues H82/
V83/D84 appear to decrease the relative of affinity of the kinase
for compound2, while the residue T89 appears to promote the
relative affinity.

The cocrystal structure of compound2 bound to CDK2K89T/
cycA3 was solved. The structure of the kinase is overall very
similar to that of compound1/CDK2/cycA3 (CDK2 CR RMSD
) 0.34 Å) (Figure 4A). Compound2 binds to the ATP binding
site in a similar conformation to those of the five analogous
compounds bound to monomeric wild-type CDK2.36,37 Two
hydrogen bonds are formed between the inhibitor and the main-
chain atoms of Leu83, analogous to those seen in the majority
of CDK2/ligand crystal structures.11 Activation of CDK2 by

Figure 1. Sequence alignment of CDK2 and CDK4. The sequence alignment of human CDK2 and CDK4 is shown, based on a multiple sequence
alignment of multiple CDKs. Residues shown in bold are those in CDK2 that contact one or more CDK2 ligands and the equivalent residues in
CDK4.

Figure 2. Phosphorylation of the retinoblastoma protein by wild-type
and mutant CDK2/cycA3. The assay was carried out as described in
materials and methods. The proteins used were: Lane 1, no kinase;
Lane 2, wild-type CDK2/cycA3; Lane 3, CDK2F82H/L83V/H84D/cycA3;
Lane 4, CDK2K89T/cycA3; Lane 5, CDK2F82H/L83V/H84D/K89T/cycA3; Lane
6, CDK2F82H/cycA3; Lane 7, CDK2L83VH84D/cycA3.

Figure 3. The structural formulas of compound1 (NU610218) and
compound2 are shown. Hydrogen bonds formed between the inhibitors
and the kinase residues are indicated by numbered double-headed
arrows, with the bond lengths tabulated.
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phosphorylation of Thr160 and binding to cycA3 leads to
conformation changes in and around the ATP ribose/phosphate

binding site.20 These conformation changes appear to affect the
binding of nitrile moieties in this compound series. The nitrile
moiety of compound2 bound to the activated CDK2K89T forms
water-mediated hydrogen bonds to the side-chain of Glu51 and
the main chain nitrogen of Asp145 and Phe146. The structure
of an analogous compound bound to monomeric wild-type
CDK2 (compound1736) shows polar contacts from the nitrile
to the main-chain nitrogen atom and side-chain carboxylate
group of Asp145.

Substitution of Lys89 for Thr causes the side chain of Asp86
to reorient and form a hydrogen bond with the Thr89 side-chain.

Table 1. IC50 Values and 95% Confidence Intervals for Binding of Inhibitors to CDK2 and Mutant CDK2s

compound1 compound2

protein IC50 (nM) CI0.95(nM) relative IC50 IC50 (µM) CI0.95 (µM) relative IC50
d

CDK2 8.1 7.0-9.4 1 2.6 2.0-3.4 55
CDK2K89T 8.9 7.6-10 1 0.14 0.12-0.17 3
CDK2L83V/H84D 21 19-23 3 n/da n/d n/d
CDK2F82H 33 28-39 4 n/d n/d n/d
CDK2F82H/L83V/H84D 103 85-126 13 7.3 5.3-9.9 155
CDK2F82H/L83V/H84D/K89T 120 86-160 15 0.64 0.47-0.87 14
CDK4b 1600 1000c 200 0.047 0.021c 1

a n/d ) not determined.b Reference 18; P. Jewsbury, personal communication.c Standard deviation.d Relative IC50 values given here are calculated from
data presented in this table: values for selectivity stated in the Introduction are from measurements reported in the literature and differ somewhatfrom these
values.

Table 2. Relative Kinase Activities and Standard Deviation of the
Mutant CDK2s

protein relative activity

CDK2 1
CDK2K89T 1.03( 0.18
CDK2F82H 0.76( 0.15
CDK2L83V/H84D 1.05( 0.18
CDK2F82H/L83V/H84D 0.38( 0.16
CDK2F82H/L83V/H84D/K89T 0.38( 0.02

Figure 4. Compound2 bound to the ATP binding site of CDK2K89T. A (stereo): Selected residues of CDK2 are shown, with carbon, nitrogen, and
oxygen atoms colored green, blue, and red, respectively. Compound2 is drawn in a similar style. For clarity, only one stereoisomer is shown. The
blue grid represents the REFMAC5 weighted 2Fo - Fc electron density map of the final refined structure. The map is contoured at 0.21 electrons/
Å3, or 1.0 times the RMSD of the map. Hydrogen bonds are depicted by dotted lines (B,C): The electrostatic potential of CDK2K89T (Panel B) is
compared with the electrostatic potential of wild type CDK2 (Panel C). Electrostatics were calculated in CCP4MG by a finite difference Poisson-
Boltzmann method42 and are used to color the solvent-accessible surface of the two proteins, such that positive potential is blue and negative
potential red. The mesh is a contour of the potential field at-0.01 V and defines the volume in which significant favourable interactions are made
with a positively charged group.
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The electron density for the structure of compound2 bound to
CDK2K89T/cycA3 allows a confident fitting of one of the isomers
of the aminopropoxy moiety of the inhibitor, in contrast to the
structures of compound2 analogues bound to wild-type CDK2.
The moiety is seen to project out of the kinase active site,
forming van der Waals interactions with the side chain of Thr89.
A lysine side chain would be expected to clash with the inhibitor
in this conformation. The Lys89Thr mutation also has a
significant effect on the electrostatic potential of this region of
the kinase. In the compound2/CDK2K89T/cycA3 structure, the
amine moiety of the inhibitor, which is expected to be positively
charged at physiological pH (pKa ≈ 9.8), binds within the-0.01
V potential field contour, implying favorable binding (Figure
4B). In contrast, the amine lies outside the field in a model of
compound2 bound to wild-type CDK2. The 18-fold increase
in potency of compound2 against CDK2K89T therefore seems
to be due to a more favorable steric and electrostatic binding
environment for the aminopropoxy moiety in CDK2K89T,
compared to that in wild-type CDK2.

Other CDK inhibitors exploit the K89T residue difference,
both by chance and by design. For example, the CINK4 inhibitor
is a >33-fold selective CDK4 inhibitor (1.5µM) over CDK2
(>50 µM).13 A homology model of CDK4, with CINK4 bound
in the active site, shows a benzyl moiety projecting toward the
Thr102 residue, the equivalent CDK4 residue to CDK2 Lys89.
It is predicted that the additional bulk of the Lys89 side-chain
inhibits binding of CINK4 in CDK2. A diarylurea series of
CDK4 inhibitors were designed to exploit three poorly conserved
CDK4 residues, including Thr102.14,38 The crystal structure of
one such compound (compound II; an inhibitor of CDK4 with
an IC50 of 210 nM), bound to mutated CDK2 (bearing, among
others, K89T), shows a cyclic amine moiety interacting with
the Thr89 side-chain.39 Again it is predicted that a lysine side
chain would inhibit the compound binding to CDK2. CDK
inhibitors also exploit attractive interactions to the Lys89 side-
chain. Purvalanol B is a>1500-fold selective CDK2 inhibitor
(6 nM) over CDK4 (>10 µM). The crystal structure of
Purvalanol B bound to CDK2 shows an attractive charge-
charge interaction between the amine of Lys89 and the car-
boxylic acid of the inhibitor.19

Compound 1 is a potent and specific member of the
O6-alkylguanine CDK2 inhibitor family (Table 118). The Lys89/
Thr102 sequence difference was targeted in the structure-aided
design of compound1. Compared with the phenolic analogue
(compound25, 69 nM40), the sulfonamide moiety increased the

potency for CDK2, and selectivity over CDK4, by factors of
100 and 50, respectively. However, the structure of compound
1/CDK2/cycA3 shows that the sulfonamide forms two hydrogen
bonds to Asp86, which is conserved in CDK4, and forms van
der Waals contacts with the Lys89 side-chain.18 Here, we show
that the K89T mutation makes no significant difference to the
potency of compound1 (8.9 nM) compared to against wild-
type CDK2 (8.1 nM). In contrast, the potency of compound1
is decreased 13-fold against CDK2F82H/L83V/H84D (103 nM).
Further introduction of the K89T mutation does not further
significantly alter compound1 potency (CDK2F82H/L83V/H84D/K89T,
120 nM). Dissection of the roles of the individual members of
the triplet of mutations show that compound1 potency decreased
4- and 3-fold for the mutants CDK2F82H (33 nM) and
CDK2L83V/H84D (21 nM). It therefore seems that the three
mutations F82H, L83V, and H84D act together in decreasing
the potency of compound1, while K89T has no significant role.
As with the changes in compound2 potency by the HVD
mutations, the effect on ATP binding may play a role (see
below).

The structures of compound1 bound to CDK2K89T/cycA3
(Figure 5; CDK2 CR RMSD) 0.32 Å) and CDK2F82H/L83V/H84D/
cycA3 (Figure 6; CDK2 CR RMSD ) 0.31 Å) were solved.
The inhibitor binds in a similar conformation to both CDK2s
in a similar conformation to that seen in the wild-type CDK2/
cycA3 structure.18 As seen in the compound2/CDK2K89T/cycA3
structure, the Chi2 angle of the Asp86 residue in the compound
1/CDK2K89T/cycA3 structure differs from that seen in the wild-
type structure by∼60°, which permits the formation of a
hydrogen-bond with the side-chain of Thr89. As this residue is
conserved in CDK4, it is reasonable to expect that compound
1 interacts with CDK4 in a similar manner in this region. This
rotation leads to a decrease in the length of the hydrogen bond
between the inhibitor and the Asp86 side-chain (Figure 3). In
contrast, the hydrogen bond to the Asp86 backbone nitrogen is
lengthened due to a rotation by 11° of the sulfonamide relative
to the aryl ring. The similar potency of compound1 against
wild-type CDK2/cycA3 and CDK2K89T/cycA3 implies that the
changes to the hydrogen-bond geometries compensate for each
other.

The structure of compound1/CDK2F82H/L83V/H84D/cycA3
shows that the substitution of the three CDK2 residues with
the equivalent CDK4 residues makes little overall difference
to the structure of the kinase, or the binding geometry of the
inhibitor. The backbone of the kinase is not significantly altered,

Figure 5. (Stereo) Comparison of the binding of compound1 to wild-type CDK2 and CDK2K89T. Residues of CDK2 and compound1 from the
compound1/CDK2/cycA3 crystal structure are shown with carbon, nitrogen, oxygen, and sulfur atoms coloured green, blue, red, and yellow,
respectively. Residues of CDK2K89T and compound1 from the compound1/CDK2K89T/cycA3 crystal structure shown in a similar style, with carbon
atoms colored orange.
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the conformation of the side-chains are equivalent, and the
geometry of the three hydrogen-bonds formed between the
inhibitor guanine moiety and the kinase are not significantly
altered (Figure 3). In a manner analogous to compound1 binding
to wild-type CDK2, the side chains of His82 and Val83 of
CDK2F82H/L83V/H84D make van der Waals contacts with the
inhibitor, while the side-chain of Asp84 projects away from
compound1, making no direct contact.

The greater impact that F82H has on compound1 potency,
compared to that of L83V and H84D combined, may be due to
the more significant change in the chemical identity of the side-
chains in F82H compared to L83V. The phenyl ring of Phe82
and the imidazole ring of His82 are both aromatic and could
potentially form π-π interactions with the purine ring of
compound1. However, the His82 imidazole ring is expected
to be basic (pKa ≈ 6.7) and may therefore have a delocalized
positive charge around the ring. In contrast, the L83 and V83
side-chains only differ by a methylene unit. Although residue
82 is remote from the site of phosphotransfer, proteins that carry
the F82H mutation have significantly decreased relative kinase
activity (Table 2), presumably due to a decreased affinity for
ATP.

A second possible explanation of the marked effect of the
F82H mutant comes from a consideration of “second shell”
residues, i.e., amino acid residues that do not contact ATP or
inhibitors directly, but that are in contact with residues that do.
While, in general, the contribution of such residues to selectivity
is likely to be smaller than that of directly contacting residues,
they might be expected to have an effect on the conformation
and mobility of the first shell residues, such as F82, that have
been targeted in this study. Notably, F82 contacts V29 in CDK2,
a residue that is replaced by a phenylalanine (F31) in CDK4.
The aromatic character of F31 in CDK4, in particular, suggests
that it may well contribute to stabilizing an appropriate stacking
conformation for the interaction between the hinge residue and
any ATP-site directed ligand. Hence the mutation F82H, in the
absence of the corresponding mutation V29F, may produce a
structure, and a corresponding composite molecular field, that
is not fully representative of CDK4 in this region. A combi-
natorial mutation of all first and second shell residues is beyond
the scope of this paper, but may be required to realize the full
potential of mutagenesis in dissecting inhibitor specificity.

While this work confirms some predictions made about the
causes of inhibitor selectivity, notably the role of K89T in
CDK4-inhibitor selectivity, some apparent anomalies remain.

More potent members of the bisanilinopyrimidine family have
been described as deriving selectivity from interactions with
residues conserved between CDK2 and CDK4, most promi-
nently Phe80/93.36,37 Similarly, NU6094, the des-sulfonamide
analogue of compound1, shows only 16-fold selectivity for
CDK2 over CDK4, implying that the interactions of the
sulfonamide group with the conserved residue Asp86 contribute
to inhibitor selectivity as well as potency.18 In both cases, the
most obvious explanation is that there are local structural
differences in the two kinases that lead to the differential
interaction with these conserved residues. The conformational
perturbation of Asp86 as a consequence of mutation of Lys89
to a Thr may exemplify such structural differences. The effect
of this conformational difference is neutral on the binding of
compound1, presumably because of compensatory changes in
the strengths of the two hydrogen bonds formed between the
sulfonamide and Asp86. The compound1 phenolic-analogue,
in contrast, forms different interactions with the Asp86/Lys89
pair and may even bind more strongly to the conformation of
Asp86 observed in CDK4. Further mutagenesis of CDK2 is
required to address such subtleties of inhibitor binding.

Conclusions

The four nonconserved CDK2/CDK4 residues tested here
(F82/H95, L83/V96, H84/D97, and K89/T102) all play a role
in CDK inhibitor selectivity. The K89T mutation causes
significant changes to the electrostatic and steric local environ-
ment of the kinase. These changes are well exploited by
compound2. However, the potency of compound1 is unaffected
by this mutation, implying further potency and/or selectivity
may still be derived by targeting this residue.

Mutagenesis of the other three residues to those of CDK4,
causes a decrease in potency of compound1 and compound2.
This apparent differential binding of the purine/pyrimidine of
compound1/compound2, respectively, corroborates one of the
conclusions of a recent study of kinase inhibitor selectivities.41

The inhibition profiles of 20 clinically relevant kinase inhibitors
were assessed against 119 kinases. The study showed that
chemically similar compounds can have very different selectivity
profiles and therefore that the general chemical scaffold of an
inhibitor class does not dictate specificity. That compound2
appears to be making weaker interactions with the three CDK4
residues His95/Val96/Asp87 compared with the CDK2 Phe82/
Leu83/His84, implying that further CDK4 selectivity may be
achievable by replacing the pyrimidine core. It should be noted,

Figure 6. (Stereo) Comparison of the binding of compound1 to wild-type CDK2 and CDK2F82H/L83V/H84D. Residues of CDK2 and compound1
from the compound1/CDK2/cycA3 crystal structure are shown with carbon, nitrogen, oxygen, and sulfur atoms coloured green, blue, red, and
yellow, respectively. Residues of CDK2F82H/L83V/H84D and compound1 from the compound1/CDK2F82H/L83V/H84D/cycA3 crystal structure are shown
in a similar style, with carbon atoms colored orange.
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however, that this might have a significant impact on the
geometry of the attached groups, which in and of themselves
have important roles in potency and selectivity.

Designing potent and specific kinase inhibitors remains a
challenging task, but should be helped by the increasingly
detailed understanding of inhibitor/kinase interactions, such as
that provided by this study.

Experimental Section

Ligand Contacting Residues.Ligand/CDK2 interactions were
calculated using CONTACT,15 using a distance cutoff of 5 Å. The
following structures were used: 1HCK (ATP/CDK216), 1JST (ATP/
CDK2/cycA317), 1H1S (compound1/CDK2/cycA318), 1CKP (pur-
valanol B/CDK219), 1E9H (indirubin-5-sulfonate/CDK2/cycA320),
1DM2 (hymenialdisine/CDK221), 1FVT and 1FVV (oxindole
3/CDK2 and oxindole 4/CDK2/cycA322), 1DI8 (quinazoline
2/CDK223) and 1AQ1 (staurosporine/CDK224).

Sequence Alignment.The protein sequences of human CDK2
(Swiss-Prot accession code P24921), CDK4 (P11802), and CDK6
(Q00532) were used as search sequences against the nrdb95
database25 using BLAST2.26 A multiple sequence alignment was
generated using the BLOSUM30 matrix and ClustalW with default
settings.27 The alignment of CDK2 and CDK4 was then extracted.

Mutagenesis of CDK2.Site-directed mutagenesis was performed
using pUC18-CDK2 as a template, and the Fisher method.28 Primers
were designed (Tables S1 and S2) to produce the following CDK2
mutants: CDK2F82H, CDK2L83V/H84D, CDK2F82H/L83V/H84D, CDK2K89T,
and CDK2F82H/L83V/H84D/K89T. Mutated CDK2 sequences were sub-
cloned into an expression vector for expression of GST-tagged

CDK2, phosphorylated on Thr160.29 Clones were verified by
restriction-enzyme digestion and DNA sequencing.

Protein Expression and Purification.Wild-type CDK2 and the
five mutant CDK2 proteins were expressed and purified in a fully
active form (bound to a cyclin A fragment and phosphorylated on
Thr160) as previously described.29 Briefly, a modified pGEX-6P-1
vector was used to coexpress GST-tagged CDK2 and a monomeric
CDK-activating kinase (CIV1), which phosphorylated CDK2 on
Thr160 in vivo inE. coli. A fragment of cyclin A (residues 174-
432, cycA3) was separately expressed inE. coli. The GST-CDK2
lysate was bound to GSH-sepharose beads (Amersham), and the
cycA3 lysate was then applied. GST-CDK2/cycA3 was eluted with
reduced glutathione (Sigma), and the GST tag was removed by 3C
protease digestion. CDK2/cycA3 was purified to homogeneity by
gel filtration and checked by mass spectrometry.

Phosphorylation of pRB.Five nanograms of wild-type and each
mutant CDK2/cycA3 was separately added to 1µg of a GST-tagged
C-terminal fragment of pRb (residues 792-928; a gift from N.
Brown) in buffer R (50 mM Tris/HCl, pH 7.4, 10 mM MgCl2,
1 mM ATP, 1 mM DTT) in a final volume of 10µL and incubated
for 30 min at 21°C. The reactions were terminated by addition of
10 µL SDS-PAGE loading dye and heating to 100°C for 5 min.
The reactions were analyzed by SDS-PAGE.

Inhibition Assays. IC50 values were measured using a modifica-
tion of a CDK1/cyclin B1 inhibition assay.30 Wild-type or mutant
CDK2/cycA3 (1.7 nM in 10 mM Tris, pH 7.5, 80 mM NaCl, 20%
glycerol) was incubated with histone H1 (type III-S, Sigma,
Gillingham, UK; 0.83 mg/mL) and 12.5µM ATP (Sigma) in buffer
K (50 mM Tris/HCl, pH 7.5, 5 mM MgCl2) supplemented with
[32P-γ]-ATP (5.7 kBq/reaction; ICN, Irvine, CA) and 1% DMSO

Table 3. Data Collection and Refinement Statistics

compound1/CDK2K89T/cycA3 compound1/CDK2F82H/L83V/H84D/cycA3 compound2/CDK2K89T/cycA3

PDB accession code 2i EBI-14659 EB-14660

Data Collection
space group P212121 P212121 P212121

unit cella, b, c (Å) 73.76, 134.10, 148.12 73.89, 135.32, 148.32 73.66, 133.89, 148.28
maximal resolution (Å) 2.00 2.30 2.30
highest resolution shell 2.10-2.00 2.41-2.30 2.41-2.30
observations 256673 165025 224073
unique reflections 97458 64531 61358
completeness (%)a 98.1 (96.7) 97.1 (94.4) 93.8 (87.0)
Rmerge

a,b 0.062 (0.354) 0.128 (0.315) 0.102 (0.439)
meanI/σIa 6.0 (1.4) 3.6 (2.3) 5.5 (1.4)
multiplicitya 2.6 (2.5) 2.6 (2.5) 3.7 (2.2)

Refinement
protein atoms 8701 8650 8877
inhibitor atoms 56 56 72
residues modeled A0-A37 A0-A297 A-2-A37

A42-A297 B176-B282 A41-296
B178-B282 B285-B432 B176-B432
B285-B432 C0-C220 C0-C295
C0-C220 C252-C296 D178-D432
C251-C296 D178-D432
D178-D432

nonprotein monomers modeled 2× compound1 2 × compound1 2 × compound2
2 × MTG 2 × MTG 2 × MTG
2 × Mg2+ 1 × Mg2+ 1 × Mg2+

384 waters 309 waters 114 waters
resolution range 47.14-2.00 65.94-2.30 41.17-2.30
Rconv

c (%) 0.210 0.212 0.228
Rfree

d (%) 0.240 0.254 0.287
most favored geometrye 92.1% 91.3% 88.1%
RMSD bond (Å) 0.012 0.012 0.018
RMSD angle (deg) 1.294 1.409 1.713
mean B-factor (Å2)

protein 36.3 14.4 45.3
ligand 38.2 9.7 58.8
solvent 39.4 15.1 45.3

a Figures in brackets are those for the highest resolution shell only.b Rmerge ) ΣhΣj|Ih,j - Ih|/ΣhΣj|Ih,j|, where Ih,j is the jth observation of reflection h.
c Rconv ) Σh||Fo| - |Fc||/Σh|Fo|, whereFo and Fc are the observed and calculated structure factor amplitudes respectively for the reflection h.d Rfree is
equivalent toRconv calculated from the 5% subset of reflections not used in refinement.e Residues lying in the most favored regions of the Ramachandran
plot, as assessed by PROCHECK.43
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(v/v). Inhibitors, made up in 100% DMSO, were added to final
concentrations in the range 0.3 nM to 30µM to the reaction mix
to give a final volume of 30µL, and reactions were then incubated
for 10 min at 30°C. Each inhibitor concentration was assayed in
duplicate in the same experiment. DMSO-only controls were
included in each experiment. A wild-type CDK2/cycA3 control was
included in each set of reactions, and each experiment was repeated
twice. Reactions were terminated by spotting onto phosphocellulose
filter paper (Whatman P81, Maidstone, UK), drying for 20 s, and
then washing (five times for 5 min each) in 1% (v/v) phosphoric
acid (Riedel de-Hae¨n; Honeywell, Seelze, Germany). The filter
papers were then air-dried overnight.32P incorporation into histone
H1 was measured by using a Phospho-Image plate (Molecular
Dynamics, Model SO230; Amersham Biosciences, Uppsala, Swe-
den) read on an FLA3000 plate reader (FujiFilm, Hemel Hempsted,
UK), and the resulting images were analyzed using ImageGauge
(FujiFilm) and ImageJ (NIH, Bethesda, MD). Image plate response
was calibrated by comparison to the measured response due to
spotted amounts of [32P-γ]-ATP of known radioactivity. IC50 values
and 95% confidence intervals (CI0.95) were determined by least-
squares fitting of the data to the Hill equation (Prism version 3.03;
Graphpad Software, CA).

X-ray Diffraction Data Collection and Processing.Inhibitor/
CDK2/cycA3 crystals were grown in potassium chloride and
ammonium sulfate as described,20 and cryo-protected by brief
immersion in 6-8 M sodium formate, before flash freezing at 100
K. Data were collected using a MarCCD (compound2/CDK2K89T/
cycA3) and an ADSC Q4 CCD (compound1/CDK2K89T/cycA3 and
compound1/CDK2F82H/L83V/H84D/cycA3) at the ESRF, France. Data
were processed using MOSFLM,31 SCALA,32 and the CCP4 suite.15

Structure Solution and Refinement.All structures were solved
by molecular replacement, using the protein chains of the compound
1/CDK2/cycA3 complex as a search model (1H1S;18), modified in
silico to replace the mutated residues with alanines. Models were
subjected to rigid body refinement, followed by TLS and individual
atomic refinement using REFMAC5.33 Ligand models were created
using the Monomer Library Sketcher.15 Model rebuilding and
refinement was carried out using O34 and REFMAC5.33 Water
molecules were added using the CCP4 implementation of ARP/
wARP35 and verified by manual inspection. Data collection,
processing, and refinement statistics are shown in Table 3. The
model of compound2 bound to wild-type CDK2/cycA3 was created
by performing an all-CDK2 CR alignment between the compound
2/CDK2K89T/cycA3 structure and the compound1/CDK2/cycA3
structure (1H1S), removing the coordinates of compound1, and
adding the transformed coordinates of compound2 to the CDK2/
cycA3 structure.
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