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Cyclin-dependent kinases (CDKSs) are regulatory proteins of the eukaryotic cell cycle. They act
after association with different cyclins, the concentrations of which vary throughout the
progression of the cell cycle. As central mediators of cell growth, CDKs are potential targets
for inhibitory molecules that would allow disruption of the cell cycle in order to evoke an
antiproliferative effect and may therefore be useful as cancer therapeutics. We synthesized
several inhibitory 2,6,9-trisubstituted purine derivatives and solved the crystal structure of
one of these compounds, H717, in complex with human CDK2 at 2.6 resolution. The
orientation of the C?-p-diaminocyclohexyl portion of the inhibitor is strikingly different from
those of similar moieties in other related inhibitor complexes. The N°-cyclopentyl ring fully
occupies a space in the enzyme which is otherwise empty, while the C8-N-aminobenzyl
substituent points out of the ATP-binding site. The structure provides a basis for the further
development of more potent inhibitory drugs.

Introduction

The progression of the eukaryotic cell cycle is tightly
controlled by cyclin-dependent kinases (CDKs). The
activity of this well-conserved family of serine/threonine
protein Kinases is regulated through multiple mecha-
nisms such as transcriptional and translational control,
phosphorylation, complex formation between catalytic
and regulatory (cyclin) subunits, degradation of cyclins,
and interaction with CDK inhibitory proteins (CKIs),
e.g. p16, p21, and p27.1 While monomeric CDKs are
virtually inactive, complex formation with various cy-
clins provides a basal kinase activity which can subse-
quently be enhanced through phosphorylation of a
threonine residue (Thr160 in human CDK2, Thrl61 in
cdc2) by a CDK activating kinase.?3

In animal cells CDK2 is believed to play a major role
in the onset of DNA replication. In the late G1 phase of
the cell cycle, CDK?2 is activated when it complexes with
cyclin E and subsequently triggers the passage into the
synthetic (S) phase. During S phase, the concentration
of cyclin E decreases and CDK2 exchanges its regulatory
subunit for cyclin A, which is active until G2 phase,
when other CDKs are activated.* Currently, 9 different
human CDKs (CDK1-9) and 10 cyclins (cyclin A—K)
have been described. Several cellular targets of CDK2
have been identified, among them the tumor suppressor
pRb,> the transcription factor E2F-1,6 and the oncopro-
tein b-myb.” Recently, several crystal structures have
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been determined (the CDK2:ATP:Mg?" complex,® the
CDK2:cyclin A complex,® and the tertiary complex
CDK2:cyclin A:p1619), which have greatly contributed
to the understanding of CDK regulation and function.

Like several other protein kinases, CDK2 consists of
a relatively small N-terminal domain that is rich in
pB-sheet structure and a larger C-terminal domain which
is predominantly o-helical. The ATP-binding site is
located in a pocket between the two domains. Upon
association with cyclin A, CDK2 undergoes large con-
formational changes and activates the kinase activity
through a rearrangement of active site residues.®

Malfunctioning of the cell cycle control mechanism
may lead to enhanced CDK activity and uncontrolled
cell proliferation. Indeed, several cancer types have been
associated with mutations in CKI genes'!1?2 and other
regulators. Therefore, CDKs have become a target for
the development of inhibitors which could function as
antitumor agents. 1317

Numerous chemical compounds have been reported
which inhibit cell cycle progression by binding to CDKs
and thus possess great therapeutic potential.’>18 Among
these substances, ATP analogous 2,6,9-trisubstituted
adenines such as olomoucine, roscovitine, and purval-
anol'® and their derivatives have been shown to be
relatively specific for certain CDKs and have I1Cs values
in the micromolar to nanomolar range. As was shown
by the crystal structures of CDK2:inhibitor com-
plexes,131920 the inhibitors bind to and block the ATP
pocket in the active site, but the binding mode of the
adenine ring is quite different from that of the adenine
portion of ATP.

In our study we report the crystal structure of the
complex between human CDK2 and H717, a new
olomoucine-derived highly potent CDK2 inhibitor.
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Figure 1. Structures of the 2,6,9-trisubstituted adenine
derivatives investigated in this study.

Table 1. Inhibition of CDKs?

|C50, nM
compd CDK2 CDK4 CDK1
H327 50 2000 226
H622 24 780 70
H717 48 3600 52
H724 720 8800 2000

a Enzyme activities were measured as described in the Experi-
mental Section in the presence of increasing drug concentrations.
The ICso values represent the 50% inhibitory concentration.

Results

Inhibition of CDK2 by H717. 2,6,9-Trisubstituted
purines are ATP analogues that are known to inhibit
CDK2 activity by binding to the active site of the
enzyme. We have synthesized a series of 6-substituted
2-[trans-(4-aminocyclohexyl)amino]-9-cyclopentylpur-
ine derivatives (Figure 1) and tested them for inhibition
of CDK2:cyclin E activity in assays using retinoblastoma
protein as a substrate (Table 1). Three of the four
substances showed ICs values between 24 and 50 nM
and were thus by a factor of ca. 25-fold more effective
than roscovitine (0.65 uM¥) and only slightly less
effective than purvalanol B (9 nM3). One of our
compounds, H724, has an 1Csg value of 720 nM. This
10-fold decrease in inhibitory power is caused by an
additional methyl group at C-19 in the benzylamino
substituent, which is not present in any of the other
compounds. Compounds H622, H327, and H717 inhib-
ited the growth of human tumor cells in vitro with mean
ICsp values of 1.2—2.2 uM in comparison to H724 which
had a mean ICs value of 5.6 uM for eight different cell
lines (Table 2).

To reveal the chemical basis for the binding behavior,
we solved the crystal structure of the complex between
human CDK2 and H717.

Overall Protein Structure. The final protein model
comprises residues 1—36, 46—148, and 163—298. The
typically mobile regions 37—45 and 149—-162 (the so-
called T-loop) of the enzyme exhibited only poor electron
density and could not be traced. Thirty water molecules
were fitted into the model. The free R-factor of the final
model is 24.2% (Rconv = 20.1%; further crystallographic
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Table 2. Effect of Compounds on Human Tumor Cell Growth
in Vitro2

proliferation: 1Cso, uM

tumor type cell line H622 H327 H717 H724
breast MCF-7 1.3 0.6 1.4 3.3
MDA-MB-231 1.7 1.0 25 5.2
colon HT-29 2.0 1.2 2.4 5.7
HCT-15 33 21 5.8 8.6
lung A549 1.6 1.0 2.1 6.1
DMS-114 14 1.0 1.2 6.6
prostate PC-3 0.6 1.4 1.1 3.9
DU-145 1.3 16 14 5.6

a2 Tumor cell monolayers were incubated with drug for 72 h.
DNA content was measured by CyQuant staining, and I1Csg values
were determined.

Table 3. Data Collection and Refinement Statistics

P21212;
a=542A b=728A c=735A

space group
cell dimensions

resolution 261A
reflections (total) 47878
reflections (unique) 10442
completeness (overall) 99.8%
completeness (last shell) 99.9%
Rsym (overall) 4.8%

Rsym (last shell) 33.3%
Rfree 24.2%
Rconv 20.1%

mean B-factor (overall) 41.2 A2
mean B-factor (main chain) 44.3 A2
rmsd bond lengths 0.007 A
rmsd bond angles 1.60°

data are listed in Table 3). All residues except for Asn74,
which is located in a highly mobile loop, lie within
allowed regions of the Ramachandran plot.

In the complex with H717, CDK2 folds into a two-
domain structure with an N-terminal domain that is
predominated by fS-strands (residues 1—83) and a C-
terminal domain which is mostly a-helical (residues 84—
298). The ATP-binding site, which is occupied by the
inhibitor, is located in a cleft between the two domains
(Figure 2). As expected, the overall structure of CDK2
is very similar to the structure of the enzyme in its apo-
and ATP-bound®2! and other inhibitor-bound forms.1320.22
The largest global differences between the ATP and the
H717-containing complex structures are observed in the
N-terminal domain, whereas the structures of the
C-terminal domain are almost identical. The rms posi-
tional differences between all Ca. atoms is 0.72 A for an
overlay of the complete models, while it is 0.94 A for an
overlay of the N-terminal domain and 0.53 A for an
overlay of the C-terminal domain. The largest local
coordinate shift between the two structures is observed
at residue Gly147 near the active site.

The N-terminal lobe is involved in extensive crystal
contacts. Even minor conformational changes are there-
fore likely to cause a disruption of packing and hence
the observed cracking of the crystals.

Inhibitor Binding in the Active Site. Clear (F, —
F¢) difference electron density in the ATP-binding cleft
between the two domains indicated unambiguously the
location and orientation of the H717 inhibitor molecule.
The purine ring system of H717 binds quite differently
from the purine portion of the natural cofactor ATP but
in a similar way as the homologous but 200-fold weaker
inhibitor olomoucine.2® The ring is embedded between
the side chains of Leul34 on one side and lle1l0 and
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Gly-rich loop

Figure 2. Ribbon representation of the backbone structure
of CDK2 showing the location of the inhibitor H717 (red) in
the ATP-binding pocket between the (upper) N-terminal and
the (lower) C-terminal domains. N- and C-termini as well as
residue numbers at chain breaks are indicated.

Ala31 on the other side (Figures 3, 4). An ATP-like
orientation for the purine portion of H717 is impossible
due to the large benzyl substituent at N-18 which would
collide with the backbone around residues Phe80/Glu81,
yet the planes of the purine rings deviate only by a few
degrees. Similar to other 2,6,9-trisubstituted adenines,
H717 forms two strong hydrogen bonds to the Leu83-N
and Leu83-O backbone atoms using its N-7 and N-18
atoms as acceptor and donor, respectively. These hy-
drogen bonds have a more favorable geometry and
shorter distance and are therefore assumed to be
stronger than the two hydrogen bonds formed between
the ATP-purine and this backbone region. Another
H-bond is formed between the strongly polarized proton
at C-8 of the adenine ring and the main chain carbonyl
oxygen of Glu81.

Two large substituents distinguish H717 from the
homologous inhibitors roscovitine and olomoucine and
account for the different affinities for the enzyme: the
cyclopentyl ring at N-9 and the trans-diaminocyclohexyl
residue at C-2. The cyclopentyl ring binds in a hydro-
phobic environment formed predominantly by residues
Phe80, Vall8, and Val64 with smaller contributions
from Ala31, Alal44, Leul34, and a more distant polar
side made up by main chain and side chain atoms from
Aspl45. The plane of the cyclopentyl ring is almost
perpendicular to the plane of the purine ring and is
packed nicely against the aromatic ring of Phe80 with
an approximate distance of 4.0 A between the rings. The
two charged amino acid side chains of Asp145 and Lys33
are shifted and rotated away from the hydrophobic ring.

H717 carries a charged amino group at its trans-
diaminocyclohexane substituent at C-2. The orientation
of the cyclohexyl ring differs strikingly from the orienta-
tion of the corresponding hydroxyethyl-derived groups
in olomoucine, roscovitine, and purvalanol B by a
rotation of 180° around the C-2—N-10 bond. This
enables the inhibitor to undergo two new interactions
with the protein, namely a salt bridge to Asp145-O61
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(at 2.7 A distance) and a hydrogen bond with Asn132-
001 (2.9 A). Interestingly, the positively charged inhibi-
tor amino group at the 4-position on the cyclohexane is
located close to the position of the Mg2* ion in the ATP-
binding structure. The shift and rotation of the Asp145
side chain is likely to be responsible for a relatively large
conformational change in the main chain of residues
146—148: the backbone at these residues is rather
stretched out, while in the other structures it is bent
and starts a helical turn in residue Gly147. This results
in Ca coordinate shifts of up to 4.4 A for residues in
this stretch of amino acids.

The Ca atoms of Gly11 and Gly13 in the glycine-rich
loop between strands 1 and 2 undergo hydrophobic
interactions with the C-12 and C-13 atoms in the
cyclohexyl ring of H717. Compared to the ATP-contain-
ing structure, the loop moves deeper into the cofactor-
binding pocket (ACa. = 3.0 A for Thr14). A hydrogen
bond between Thr14-Oy and Lys33-N¢ stabilizes this
conformation. It should, however, be noted that the
glycine-rich loop is still highly mobile.

The aromatic portion of the benzyl substituent at the
adenine amino group interacts hydrophobically with the
side chains of 1le10 and Phe82 and the main chain of
His84 along the edge and on one side of the ring. The
other side of the ring is exposed to solvent. The meth-
ylene group is involved in van der Waals contact with
the main chain at GIn85. An additional methyl group
at C-19 as in H724 is sterically unfavorable because it
collides with the backbone at GIn85, and hence the
inhibition is significantly lower (ICsp = 720 nM).

Buried Surface Area. Tight and specific binding
between a protein and an inhibitor usually requires a
high degree of shape complementarity as well as match-
ing of opposite charges and hydrogen bond geometry.23
One way to describe the geometrical fit is by analysis
of the buried solvent-accessible surface areas (SASAS).
In an ideal case, the buried SASAs of the two molecules
are identical. For the CDK2:H717 complex we deter-
mined a total buried SASA of 906 A2:521 A2 on the
inhibitor and 385 A2 on the protein. The ratio of 0.74
between buried SASAs of protein and ligand is compa-
rable with data from other complexes.® The cyclopentyl
ring alone is virtually solvent-inaccessible, and its five
atoms contribute 133 A2 (26%) to the buried SASA on
the inhibitor. The benzyl ring, on the other hand, is
relatively accessible for solvent, and its six atoms
contribute 82 A2 (67%) to the total remaining accessible
surface of 123 A2 for the bound inhibitor. The shape
complementarity as calculated with SC is 0.72 and
therefore even higher than for the slightly stronger
inhibitor purvalanol B (0.70; calculated from PDB entry
1CKP?8) and ATP (0.66; calculated from PDB entry
1HCK13).

Discussion

The crystal structure of human CDK2 complexed with
the adenine-derived inhibitor H717 allows the analysis
of inhibitor—enzyme interactions on the atomic level.
Particularly interesting are the interactions between the
enzyme and the parts of the inhibitor that are different
from the related compounds olomoucine, roscovitine,
and purvalanol. Although the cyclopentyl ring at N-9
requires more space than the isopropyl group in the
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Figure 3. (top) Detailed view of the active site of the CDK2:H717 complex. Polar bonds between the inhibitor and the protein
are shown as dotted lines. Oxygen atoms are depicted in red, nitrogen atoms in blue, and carbon atoms in black. Residues are
given for the Ca positions. (bottom) Superposition of the active sites of CDK2 in the complexes with H717 (blue), with purvalanol
B (red), and with ATP (green). The single green cross indicates the Mg?" ion in the ATP-containing structure.

other inhibitors, it may enhance binding by offering a
larger surface area for hydrophobic interactions. In the
apo-enzyme as well as in the ATP-containing enzyme,
this space next to the adenine ring is empty, and it is
only partly occupied by a methyl group and an isopropyl
group, respectively, in the olomoucine and roscovitine
complexes. Binding of H717 therefore requires only
minor rearrangements in the immediate protein envi-
ronment of the cyclopentyl ring.

To our knowledge, H717 is the first adenine-derived
inhibitor that has a positive charge at the C-2 substitu-
ent. This trans-diaminocyclohexyl group colocalizes with
the o-phosphate in a superimposition with the Mg2*/
ATP-containing crystal structure.?! The amino group is
close to the position of the Mg?* ion that binds to the
phosphates and to Asp145 of CDK2 (Figure 3). The ionic
interaction of Aspl45 is therefore retained in the
complex with H717 and may act as an additionally
supportive element for tight binding.

As shown by compound H327, meta-halogenation on
the phenyl ring does not significantly affect inhibition.
This is consistent with the finding that one of the two
meta-positions is completely exposed to solvent and no
interaction with protein atoms is evident to arise from
small substituents. The small contribution to binding
by the aromatic ring atoms beyond the ortho-positions
is underscored by the fact that a cyclopropyl ring as in
H622 gives an even slightly lower I1Cs value.

The crystal structure of human CDK2 in complex with
H717 broadens the understanding of inhibitor—protein
interactions for this important class of enzymes and
opens the potential for the structure-based design of
additional potent drugs. The antiproliferative properties
of the compunds described here suggest that highly
active compounds in this chemical series could serve as
potential anticancer agents. For instance, some CDK
inhibitors, including flavopiridol, are currently in clini-
cal trials for several tumor types.2*
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Figure 4. Schematic drawing of interactions between H717 and CDK2. Dotted lines represent nonpolar and broken lines polar
bonds with distances given in A. For clarity, only interactions up to 4.0 A are shown. Carbon atoms of the inhibitor are shown as
white and nitrogen atoms as gray circles. Contacts to CDK?2 side chain atoms are indicated by lines to the respective box boundaries
while interactions to main chain atoms are shown as lines to the specific atoms.

Experimental Section

Inhibitor Synthesis: Synthesis of 9-Cyclopentyl-2,6-
dichloropurine. To a stirred solution of cyclopentanol (2.28
g, 26.5 mmol), 2,6-dichloropurine (5.0 g, 31.8 mmol) and
triphenylphosphine (8.33 g, 31.8 mmol) in dry THF (100 mL)
at 0 °C was added diethyl azodicarboxylate (5.53 g, 3.60 mmol)
dropwise under N, atmosphere. The resulting solution was
stirred for 48 h at ambient temperature. The reaction mixture
was concentrated and the residue was stirred with ether for 2
h. The solid was removed by filtration and the filtrate was
concentrated and purified on a 40-g silica gel column which
was eluted with methylene chloride to give 4.4 g of product:
NMR (CDCl;, TMS) 6 8.13 (s, 1H), 4.95 (quint, 1H), 2.34 (m,
2H), 2.1-1.7 (m, 6H).

Synthesis of 2-[trans-(4-Aminocyclohexyl)amino]-6-
(benzylamino)-9-cylopentylpurine Dihydrochloride. A
solution of 9-cyclopentyl-2,6-dichloropurine (0.5 g, 2.0 mmol),
diisopropylethylamine (1 g), and benzylamine (0.21 g, 2.0
mmol) in EtOH (25 mL) was heated at reflux overnight. The
solution was concentrated, dissolved in methylene chloride and
extracted with water and brine. The aqueous layer was
extracted twice with methylene chloride and the combined
organic layers were dried over sodium sulfate and concentrated
to dryness. The product was transferred to a thick-walled seal
tube with 4.0 g of trans-1,4-diaminocyclohexane, sealed and
heated at 120—140 °C (oil bath), and left overnight. The
product was dissolved in methylene chloride and extracted
with water and brine. The aqueous layer was extracted three
times with methylene chloride and the combined organic
phases were dried over sodium sulfate and concentrated to
dryness. The product was purified on silica gel using 4:1
methylene chloride/methanol, then converted to the dihydro-

chloride salt by dissolving the product in ethanol and adjusting
the pH to 2.0 with 6 N HCI. The solution was concentrated to
give 738 mg of product. Anal. Calcd for Cy3H3zN7-2.8HCI-
0.5EtOH: C 54.32, H 6.99, N 18.48. Found: C 54.24, H 7.29,
N 18.53.

Substrate for CDK2 and CDK4 Assays. Glutathione-S-
transferase—retinoblastoma fusion protein (GST-Rb) was ob-
tained from Dr. William Kaelin. GST-Rb was prepared by
transformation of E. coli with the plasmid pGEX-Rb (379—
928) and purified on GSH-Sepharose as described.?®> The
transformed bacteria were grown overnight to saturation, then
diluted in L broth and incubated at 37 °C for 2 h. The protein
was induced by incubation with 0.2 mM isopropyl thioglycoside
for 3 h. Following sedimentation by centrifugation, the cells
were lysed by sonication in TNEN (50 mM Tris, pH 7.5, 120
mM NacCl, 1 mM EDTA and 0.5% Nonidet P-40). Particulate
matter was removed by centrifugation and the lysate was
incubated with glutathione-Sepharose at 4 °C. The beads were
washed with kinase buffer and then quantitation of Coomassie
blue-stained proteins separated by SDS—PAGE was performed
using a protein standard of known concentration.

CDK2:Cyclin E Preparation. Recombinant baculoviruses
for human CDK2 and cyclin E were obtained from Prof. David
Morgan at UC, San Francisco.?6 Optimum coexpression in Sf9
insect cells was obtained at MOI's of 0.1 and 1.0 for CDK2
and cyclin E, respectively, at 72 h post-infection.

Lysates were prepared by lysis of Sf9 cells coinfected with
CDK?2 and cyclin E in 50 mM HEPES, pH 7.5, 10 mM MgCl,
1 mM DTT, 0.1 mM phenylmethanesulfonyl fluoride, 5 ug/mL
aprotinin, and 5 ug/mL leupeptin using a Parr bomb under
500 psi nitrogen pressure for 5 min at 4 °C. Insoluble material
was sedimented at 10000g for 20 min at 4 °C. Glycerol was
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added to the supernatant to 10% and stored at —80 °C in
aliquots.

CDK4:Cyclin D1 Preparation. Human CDK4 was cloned
by PCR using degenerate primers based on the published
amino acid sequence.?” The cDNA for human cyclin D1 was
cloned by reverse transcription PCR using genomic DNA from
MCF-7 cells. The sequence was consistent with the published
sequence.?® Both the cDNAs for CDK4 and cyclin D1 were
cloned into pFastBac (Life Technologies), and recombinant
Bacmid DNA containing the cDNAs was produced by site-
specific transposition using the Bac-to-Bac system (Life Tech-
nologies). Bacmid DNA was used to transfect Sf9 insect cells
to produce recombinant virus. Following plaque purification
of the virus, the viral preparations were amplified until high-
titer stocks were achieved. Optimum coexpression of the
recombinant proteins was determined to be achieved with an
MOI of 0.1 for both CDK4 and cyclin D1 at 72 h post-infection.
Insect cell lysates were prepared as described for CDK2:cyclin
E.

CDK2:Cyclin E and CDK4:Cyclin D1 Kinase Assay.
Millipore Multiscreen 96-well filter plates (0.65-um Durapore
filters, Millipore #MADV NOB50) were prewetted with 200
uL Kinase buffer (50 mM Hepes, pH 7.5, 10 mM MgCl;, 1 mM
EGTA). GST-Rb (0.5 «g) bound to glutathione-Sepharose beads
was added in 50 uL/well and the solution removed by applica-
tion of vacuum. The assay contained 50 mM Hepes, pH 7.5,
10 mM MgCl;, 1 mM EDTA, 1 mM DTT, 10 mM g-glycero-
phosphate, 0.1 mM sodium orthovanadate, 0.1mM NaF, 0.25%
BSA, 10 uM ATP and 0.25 uCi of [y**P]JATP (NEN #NEG-602H,
1000—3000 Ci/mmol). Enzyme, 0.1 ng CDK/cyclin (from clari-
fied insect cell lysate), was added to initiate the assay and
incubation was for 30 min at 30 °C. Final assay volume was
100 uL. The reaction was terminated by filtration on Millipore
vacuum manifold followed by washing four times with TNEN.
After drying the plates at room temperature, the filter plates
were placed in adapter plates (Packard) and 40 uL of Micros-
cint-O was added to each well. Top Seal A film was used to
cover the plates before counting in a Top Count scintillation
counter.

CDK1/Cyclin B Preparation. Human CDK1 was cloned
by reverse transcription PCR. The sequence was consistent
with that reported by Lee and Nurse.?° The cDNA for cyclin
B1 was also cloned by reverse transcription PCR and the
sequence was consistent with that reported by Pines and
Hunter.® CDK1 and cyclin B1 were coexpressed in Sf9 insect
cells where optimum coexpression was achieved at an MOI of
0.1 for both CDK1 and cyclin B1 at 48 h post-infection.

CDK1/Cyclin B Kinase Assay. The p34cdc2 SPA [y%3-P]
kinase enzyme assay kit was purchased from Amersham Life
Science (catalog #RPNQ0170) and the protocol was performed
as a 96-well format assay as suggested by the manufacturer.
Each assay contained 50 mM Tris HCI, pH 8.0, 10 mM MgCl,,
0.1 mM NazVOy, 0.5 uM ATP, 0.2 uCi [y-3P]ATP, 2 uM DTT
and 0.75 uM biotinylated peptide (biotin-PKTPKKAKKL,
derived from the in vitro p34cdc2 phosphorylation site of
histone H1) and 3 ug CDK1/cyclin B insect cell lysate in a total
assay volume of 100 xL. Incubation was for 30 min at 30 °C.
The reaction was terminated by addition of 200 uL of stop
buffer (50 uM ATP, 5 mM EDTA, 0.1%(v/v) Triton X-100 in
phosphate-buffered saline)/streptavidin-coated SPA beads (2.5
mg/mL). The plate was left at room temperature overnight,
covered with a Packard TopSeal and counted on a Packard
TopCount.

Antiproliferative Assay. The CyQUANT cell proliferation
assay was used to quantitate tumor cell proliferation. Tumor
cells were harvested with trypsin—EDTA, and cells that
excluded trypan blue were counted, added to 96-well plates
and incubated overnight at 37 °C. Drug was added to the wells
following dilution in culture medium. Three days later the
medium was removed and the plates were frozen at —80 °C
for at least 30 min. After the plates had thawed, 200 uL of
CyQUANT-GR in cell lysis buffer (Molcular Probes #C-7026)
was added to each well and incubated 3—5 min at room
temperature. Fluorescence of CyQUANT-GR was measured on

Journal of Medicinal Chemistry, 2001, Vol. 44, No. 4 529

a Molecular Devices Fmax fluorescence microplate reader
(excitation 485 nm, emission 530 nm).

“Protected” Crystal Cross-Linking. Human CDK2 was
purified and crystallized as described elsewhere.3! Crystals of
CDK?2 dissolved quickly when H717 was added to the sitting
drop, and cocrystallization with the inhibitor was not success-
ful. We therefore cross-linked the crystals as follows: crystals
were transferred from the drop to a solution of 0.5 mM ATP,
1 mM MgCl,, 50 mM Hepes (pH 7.4) in order to occupy the
active site with the cofactor and hence protect active site lysine
residues from potential reaction with the cross-linking agent.
The solution was exchanged for 0.1% glutaraldehyde, 50 mM
Hepes (pH 7.4) and this cross-linking reaction was kept at 4
°C for 2 h. Subsequently, the crystals were extensively washed
with 0.4 M Hepes (pH 7.4) before a few grains of H717 were
added to the drop. After 16 h the protein crystals were slightly
red in color.

Data Collection and Structure Refinement. X-ray dif-
fraction data of the CDK2:H717 complex were collected with
a Rigaku R-AXIS IIC imaging plate on a Rigaku RU-200B
rotating anode at 7 °C. Data were processed with DENZO and
SCALEPACK.? Initial phases were obtained from the protein
part of the Mg?*:ATP-containing structure of CDK2,%° leaving
out the flexible regions 36—48 and 147—162. After rigid body
and group B-factor refinement with X-PLOR3? the (F, — F¢)
difference electron density showed clearly the presence of the
inhibitor. Further steps involved manual model building with
program “O”%* and torsion angle molecular dynamics simulated
annealing procedures with CNS,3® using the maximum likeli-
hood target function and bulk solvent correction. All reflections
to 2.61 A resolution were used. The polypeptide chain was
refined to convergence before the inhibitor molecule was fitted
into the active site pocket, and final steps included alternating
cycles of manual rebuilding and maximum likelihood energy
minimization. Water molecules were introduced at positions
with difference electron density of at least 3.5¢0 and reasonable
hydrogen bond geometry. Because individual B-factor refine-
ment did not lead to a significant drop in Rsee, ONly grouped
B-factors (side chain atoms, main chain atoms, and water
molecules) were determined. In a later stage, individual
B-factors were refined for the inhibitor atoms. Structural
analysis and calculation of the SASAs (probe radius 1.4 A)
were carried out with X-PLOR, calculation of shape comple-
mentarity with SC,% and PROCHECK?¢ was used for valida-
tion of the structure. Figures were produced with Ribbons®’
and O/OPLOT.3

Coordinates. Atomic coordinates have been deposited in
the Protein Data Bank under accession code 1G5S.
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