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Identification of Novel Purine and Pyrimidine Cyclin-Dependent Kinase
Inhibitors with Distinct Molecular Interactions and Tumor Cell Growth

Inhibition Profiles
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Substituted guanines and pyrimidines were tested as inhibitors of cyclin B1/CDK1 and cyclin
A3/CDK2 and soaked into crystals of monomeric CDK2. O%-Cyclohexylmethylguanine (NU2058)
was a competitive inhibitor of CDK1 and CDK2 with respect to ATP (K; values: CDK1,5 £+ 1
uM; CDK2, 12 + 3 uM) and formed a triplet of hydrogen bonds (i.e., NH-9 to Glu 81, N-3 to
Leu 83, and 2-NH; to Leu 83). The triplet of hydrogen bonding and CDK inhibition was
reproduced by 2,6-diamino-4-cyclohexylmethyloxy-5-nitrosopyrimidine (NU6027, K; values:
CDK1, 2.5 £ 0.4 uM; CDKZ2, 1.3 4+ 0.2 uM). Against human tumor cells, NU2058 and NU6027
were growth inhibitory in vitro (mean Gls values of 13 + 7 uM and 10 + 6 uM, respectively),
with a pattern of sensitivity distinct from flavopiridol and olomoucine. These CDK inhibition
and chemosensitivity data indicate that the distinct mode of binding of NU2058 and NU6027
has direct consequences for enzyme and cell growth inhibition.

Introduction

The cyclin-dependent kinases (CDKs) are a family of
serine-threonine protein kinases which control cell cycle
progression in proliferating eukaryotic cells.!™> The
activity of CDKs is dependent upon the presence of
cyclin partners whose levels are sequentially regulated
to ensure that the phases of the cell cycle proceed in
the correct order. For example, cyclins of the D family
complex with CDKs 4 and 6 during G1 phase, cyclin E
with CDK2 in late G1, cyclin A with CDK2 in S phase,
and cyclin B with CDK1 (also known as cdc2) in late
G2/M. Aberrant CDK control and consequent loss of cell
cycle checkpoint function have been directly linked to
the molecular pathology of cancer.® For example, cyclin
overexpression (e.g., cyclin D), loss of function of en-
dogenous CDK inhibitors (e.g., p16 deletion or p21 loss
secondary to p53 defects), and CDK substrate alter-
ations (e.g., retinoblastoma gene mutations) have been
widely documented in human tumors.® These CDK-
related events are among the most common genetic
changes found in human tumors and, clinically, they
often confer a poor prognosis.

In view of the strong link between CDKs and the
molecular pathology of cancer, CDKs are being inves-
tigated as possible targets for therapeutic intervention.”—°
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Chart 1. Chemical Structures of CDK Inhibitors
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CDK inhibitors should function as non-DNA-interactive
antiproliferative agents, thereby avoiding treatment-
induced DNA damage in normal tissues and the con-
sequent carcinogenic risk. Furthermore, when used in
combination with cytotoxic drugs, reestablishing an
otherwise deficient cell cycle checkpoint may enhance
the activity of conventional treatments. Studies with
first-generation CDK inhibitors support a role for the
use of these agents as both single agents and in
combination with cytotoxic drugs (see below).

A lead CDK inhibitor is flavopiridol (Chart 1a) which
has recently completed Phase I clinical evaluation.1®
Evidence of activity was seen in the Phase | trial of

10.1021/jm9906280 CCC: $19.00 © 2000 American Chemical Society
Published on Web 07/11/2000



2798 Journal of Medicinal Chemistry, 2000, Vol. 43, No. 15

Chart 2. Structures of Compounds Designed to Probe
the Interaction of NU2058 with CDKs
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flavopiridol, consistent with preclinical in vivo data,12
and Phase Il trials are underway. However, enzyme
inhibition studies have shown that the CDK specificity
of flavopiridol is limited, CDKs 1, 2, and 4 being equally
sensitive to inhibition by the compound.813 Consistent
with the lack of CDK specificity, whole cell studies have
shown that following treatment with flavopiridol cell
cycle arrest can occur at either the G1/S and/or G2/M
checkpoints.13-16

In the search for more specific CDK inhibitors a
number of pharmacophores have been investigated,
prominent among which are the 6-aminopurine-based
inhibitors.17-24 Where studied, the 6-aminopurines have
been shown to be competitive inhibitors with respect to
ATP, and structural investigations with monomeric
CDK2 have shown that certain of the compounds (e.g.,
olomoucine, roscovitine, and purvalanol B (Chart 1b—
d, respectively) bind as expected in the ATP binding
site.?12526 However, the 6-aminopurines do not repro-
duce the hydrogen-bonding characteristics of ATP.
Specifically, ATP forms a single hydrogen bond with Leu
83 of CDK2 through the N-1 position of the purine ring,
and a second bond to Glu 81 through the N-6 position.
In contrast, the 6-aminopurines interact with Leu 83
through the N-7 and N-6 positions, and Glu 81 via
C-8.21‘25’26

As part of a screening exercise, a series of guanine
analogues were evaluated for their ability to inhibit
CDKZ1. Surprisingly, given the lack of an exocyclic C-6
amino group and hence the potential for interaction with
Leu 83 via this position, certain O8-alkylguanines were
found to be CDK1 inhibitors (L. Meijer, personal com-
munication). This paper describes the inhibition of
CDKs 1 and 2 by selected O%-cyclohexylmethylguanines.
The tumor cell growth inhibitory properties of O%-cyclo-
hexylmethylguanines and O?*-cyclohexylmethylpyrimi-
dines designed to probe hydrogen bond interactions
within the CDK2 active site, identified by crystal
structure analysis, have also been determined.

Materials and Methods

Chemistry. O%-Cyclohexylmethylguanine (NU2058, Chart
le) was synthesized as previously reported,?”28 using either
2-amino-6-chloropurine or 2-amino-6-(1,4-diazabicyclo[2.2.2]-
oct-1-yl)purinium chloride as starting materials, respectively.
The latter method has the advantage of easier purification of
products and was also used to prepare O%-cyclohexylmethyl-
purine (NU2017, Chart 2a). O8-Cyclohexylmethyl-N°-methyI-
guanine (NU6052, Chart 2b) was synthesized from 2-amino-
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6-chloro-9-methylpurine, which was prepared by methylation
of 2-amino-6-chloropurine. 2,6-Diamino-4-cyclohexylmethoxy-
5-nitrosopyrimidine (NU6027, Chart 2c) and 2,6-diamino-4-
cyclohexylmethoxypyrimidine (NU6034, Chart 2d) were syn-
thesized from 2,6-diamino-4-chloropyrimidine as described
previously.?

Experimental: NU2058. Cyclohexylmethanol (9.71 mmol)
and sodium hydride (3.54 mmol) were stirred in anhydrous
DMSO (8.0 mL) for 1 h, before addition of 2-amino-6-(1,4-
diazabicyclo[2.2.2]oct-1-yl)purinium chloride (1.78 mmol). After
the reaction was stirred for 48 h, glacial acetic acid was added
to adjust the pH to 7. The solvent was removed, and the crude
product was loaded onto a silica column, which was eluted with
10% MeOH/DCM. The desired product was obtained as a white
solid (51%), mp 202—204 °C; Amax (CH30H)/nm 281; IR 3350,
3200, 2900, 1640 cm™%; *H NMR 6 1.5 (m, 11H, C¢H11), 4.5 (d,
2H, OCHy), 6.31 (s, 2H, NH,), 7.92 (s, 1H, C8H); 1*C NMR ¢
25.5 (C4'), 26.3 (C3' and C5'), 29.5 (C2' and C6'), 37.2 (C1"),
70.8 (OCHy), 137.9 (C8), 157.0 (C4), 160.1 (C2), 162.0 (C6);
HRMS (El) m/z 247 [M*], 170, 151, 134, 109, 81. Anal.
(C12H17N5O) C, H, N.

NU2017. Cyclohexylmethanol (0.8 mL, 6.5 mmol) and
sodium hydride (0.08 g, 3.33 mmol) were added to anhydrous
DMSO (8.0 mL) under N3, and the mixture was stirred for 1 h
at room temperature. 6-(1,4-Diazabicyclo[2.2.2]octyl)purinium
chloride (0.3 g, 1.13 mmol) was added, and stirring was
continued for 3 days. The reaction was neutralized by addition
of glacial acetic acid, and solvents were removed. Purification
by column chromatography (eluent 10% MeOH/DCM) yielded
a white solid (57%), mp 210—211 °C; *H NMR ¢ 1.25 (m, 5H,
CGHll)y 1.9 (m, 6H, CGHll)y 4.4 (d, ZH, J=6 HZ, OCHz), 8.5
(s, 1H, C2H or C8H), 8.6 (s, 1H, C2H or C8H); HRMS (EIl) m/z
232 (M1), 149, 135, 119, 81, 41. Anal. (C12H1sN4O) C, H, N.

NU6052. 2-Amino-6-chloropurine (2.95 mmol) and potas-
sium carbonate (2.95 mmol) in DMF (2 mL) were stirred
vigorously for 30 min. Methyl iodide (3.25 mmol) was added,
and stirring continued at room temperature for 18 h. The
solvent was removed under reduced pressure. Purification by
column chromatography (eluent 10% MeOH/DCM) yielded the
N® isomer (62%, white solid, mp > 300 °C) as the predominant
product. UV Amax 247, 311 nm (MeOH); IR 3412, 3332, 3210,
2990, 1647, 1607, 1562 cm™; 'H NMR ¢ 8.2 (s, 1H, C&H),
7.0 (s, 2H, NH,), 3.8 (s, 3H, CH3); HRMS (El) m/z 183.030693
[M* calc for C¢HgNsCI], 148. Sodium (2.46 mmol) was added
to cyclohexylmethanol (2 mL) at 90 °C. After 1 h, 2-amino-6-
chloro-9-methylpurine (0.82 mmol) was added, and the reac-
tion was stirred for a further 2 h. The reaction mixture was
cooled to room temperature, after which the pH was adjusted
to 7 by addition. The solvent was removed and the residue
extracted with water (100 mL) and EtOAc (2 x 100 mL). The
organic layers were combined, dried, and evaporated. The
residue was purified by column chromatography (eluent 3%
MeOH/DCM). Recrystallization from ethyl acetate/petrol yielded
a white solid product (60%), mp 174—175 °C. UV Amax 250, 283
nm (MeOH); IR 3382, 3338, 2922, 2850, 1651, 1607, 1582 cm™;
IH NMR 6 1.0—1.5 and 1.7—2.0 (m, 11H, CsH1), 3.7 (s, 3H,
CHa), 4.3 (s, 2H, OCH,), 6.5 (s, 2H, NH_), 7.9 (s, 1H, Hg); HRMS
(El) m/z 261.157974 [M™ calcd for C13H19NsO 261.158960], 178,
165, 148. Anal. (C13H19Ns0) C, H, N.

NU6034. Cyclohexylmethanol (30 mL) and sodium (32
mmol) were heated under N, at 150 °C for 90 min. 4-Chloro-
2,6-diaminopyrimidine (30 mmol) was added, and the reaction
mixture was refluxed at 180 °C for 2 h. The excess of
cyclohexylmethanol was removed, and the residue was purified
by column chromatography (eluent 10% MeOH/DCM). The
product was recrystallized from MeOH yielding a white solid
(70%), mp 142 °C; *H NMR 6 1.05 (m, 5H,), 1.85 (m, 6H), 4.0
(d, 2H, OCHy), 5.15 (s, 1H, C5H), 5.95 (s, 2H, NH)), 6.1 (s, 2H,
NHz); HRMS (El) miz 222 [M+] Anal. (C11H13N40) C, H, N.

NU6027. 2,6-Diamino-4-cyclohexylmethoxypyrimidine (1.26
mmol) was dissolved in warm 30% glacial acetic acid solution
(10 mL). The solution was heated to 80 °C, and aqueous sodium
nitrite solution (1.72 mmol in 5 mL of H,O) was added
dropwise over 1 h. The reaction mixture was allowed to cool
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to room temperature, and the violet crystals were filtered off
and washed well with water. The crude product was purified
by recrystallization from EtOH (83%), mp 254 °C; 'H NMR 6
1.25(m, 5H,), 2.0 (m, 6H), 4.4 (d, 2H, OCHy), 7.9 (s, 2H, NH>),
8.1 (s, 1H, NH), 10.2 (s, 1H, NH); HRMS (EI) m/z 251 [M™].
Anal. (C11H17N502) C, H, N.

Enzyme Inhibition Studies. Inhibition of cyclin B1/CDK1
was assayed as previously described!” using enzyme prepared
from starfish oocytes (Marthasterias glacialis). Inhibition of
cyclinA3/CDK2 was determined using a similar assay and an
assay buffer comprised of 50 mM Tris-HCI pH 7.5 containing
5 mM MgCl,. Cyclin A3/CDK2 was prepared as previously
described®® (cyclin A3 is a C-terminal cyclin A fragment
encoding residues 171—432). The final ATP concentration in
both CDK assays was 12.5 uM ,and the 1Cs, concentration for
each compound is the concentration required to inhibit enzyme
activity by 50% under the assay conditions used. To determine
the K, for ATP for cyclin B1/CDK1 and cyclin A3/CDK2, and
K values for NU2058 and NU6027, assays were performed in
the absence of inhibitor and at two fixed inhibitor concentra-
tions (NU2058, 25 and 50 uM; NU6027, 5 and 10 uM), with
ATP concentrations ranging from 6.25 to 800 uM. Data were
fitted to the Michaelis—Menten equation using unweighted
nonlinear least squares regression.

Expression, Purification, and Crystallization of Human
CDKZ2. Human CDK2 was expressed in Sf9 insect cells using
a recombinant baculovirus encoding CDK2 and purified
following slight modifications to a published method.® Mono-
meric unphosphorylated CDK2 crystals were grown as previ-
ously described.3!

X-ray Crystallography Data Collection and Process-
ing. The CDK2/NU2058 data set was collected from a crystal
soaked for 48 h in 5 mM NU2058 in 1x mother liquor solution
(50 mM ammonium acetate, 10% PEG 3350, 15 mM NacCl, 100
mM HEPES, pH 7.4) plus 5% DMSO. The CDK2/NU6027 soak
conditions were 26 h in 5mM NU6027 in 1x mother liquor
solution plus 5% DMSO. CDK2/NU2017 soak conditions were
similar. Data for the CDK2/NU2058 complex was collected on
beamline 9.5, SRS, Daresbury, U.K. The CDK2/NU6027
complex data set was collected on X-RAY DIFFRACTION at
the Elettra Light source, and the CDK2/NU2017 data set was
collected on BM14 at the ESRF. In each case data were
collected at 100 K after crystals had been transferred briefly
to cryoprotectant (mother liquor containing 20% glycerol).
Images were integrated with the DENZO package and sub-
sequently scaled and merged using SCALEPACK .22 Statistics
for the CDK2/NU2058 and CDK2/NU6027 data sets are given
in Table 1.

Structure Solution and Refinement. The starting model
for the structure solution and refinement of the CDK2/inhibitor
complexes was the CDK2/ATP structure, PDB code 1HCK.?®
This model included protein residues 1—36 and 41—298.
Refinement of the structure was begun by carrying out rigid
body refinement using REFMAC,3¢ using sequentially higher
resolution data. As the resolution of the data included was
increased from 3.0 A to approximately 2.0 A, an increasing
number of rigid bodies were used, so that initially the whole
molecule was treated as a single rigid body, and finally five-
residue segments were allowed to refine independently. Fol-
lowing rigid body refinement, the (F, — Fc)acalc maps included
readily interpretable electron density for the bound inhibitors.
Clear electron density also defined those residues involved in
interactions with the inhibitors. The structure was then
compared with 2F, — F. electron density maps using the
program “O”,% and minor structural changes were introduced.
Following the first round of model building, a model of the
appropriate ligand generated within SYBYL3* was built into
the electron density map and included in subsequent refine-
ment steps. Appropriate parameters for the geometric re-
straints in subsequent refinement by the program REFMAC
were taken from the SYBYL minimized structure. Refinement
was then pursued with alternating cycles of interactive model
building and maximum likelihood refinement using the pro-
gram REFMAC.%>3 Toward the end of the refinement, water
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Table 1. Statistics of the Data Sets Used and of the Refined
Structures

CDK2/NU2058 CDK2/NU6027
cell dimensions (A) 52.62, 71.05, 71.50 52.65, 69.90, 71.61
maximal resolution (A) 1.95 1.85
observations 42 243 62 274

unique reflections,
completeness (%)

17 940 (88.8) 22 399 (96.4)

Rmerge? 0.065 0.057

mean /(1) 12.3 16.3

highest resolution bin (A)  2.04—1.95 1.93-1.85

completeness (%) 84.3 97.2

mean I/mean (1) 2.6 2.27

Rmerge 0.313 0.372

protein atoms 2338 2338

residues 290 290

other atoms 174 water 144 water
18 NU2058 18 NU6027

resolution range (A) 20.00—-1.8 20.00—1.85

Reony® 19.5 21.3

Riree® 26.9 28.1

mean main chain protein 25.2 35.9

temperature factors (A)2
mean ligand temperature  16.9 42.6

factors (A)2

2 Rmerge = >hYjllnj — Inl/XnYjllnjl where Inj is the intensity of
the jth observation of unique reflection h. ® Reony = 3 n||Fo,| — [Fc,|I/
>nlFo,| Where Fy, and F, are the observed and calculated structure
factor amplitudes for reflection h. ¢ R is equivalent to Reony but
is calculated using a 5% disjoint set of reflections excluded from
the least squares refinement stages.

Table 2. Inhibition of CDK1 and CDK2 and Cell Growth by
Cyclohexylmethyl Guanine and Pyrimidine Derivatives

CDK1 inhibition CDK2 inhibition mean Glsg
compound?  K;or ICsg (uM)P Ki or I1Csg (uM)P (uM)e
NU2058 Ki=5+1 Ki=12 +3 13+7
NU2017 ICso=18+7  ICso = 13(10—16) 55
NU6052 1Cs0 > 100 1Cs0 > 100 >100
NU6027 Ki=25+04 Ki=13+0.2 10+ 6
NU6034 1Cs0 > 109 1Cso > 104 >100

a For structures, see Charts 1 and 2. ? ICx is the concentration
of inhibitor required to inhibit enzyme activity by 50% under the
assay conditions used, and K; is the associated inhibition constant.
Values are from independent studies or the mean + SD where
n = >3 experiments or the mean and range for n = 2. ¢ The mean
Glsp is the mean of the concentrations of the compound required
to inhibit cell growth by 50% in each of the cell lines (total = 57),
mean + SD where n = >2 experiments. ¢ Less than 10% inhibition
at 10 uM, the maximum achievable concentration.

molecules were added with ARP.3637 Statistics for the final
models are given in Table 1 and the atomic coordinates are
available in PDB files 1E1V (CDK2/NU2058) and 1E1X
(CDK2/NU6027).

Cell Growth Inhibition Studies. The growth inhibitory
activity of the compounds was evaluated in the NCI in
vitro cell line panel using the standard 48 h exposure assay
and inhibitor concentrations ranging from 10=° to 1074 M.38
Relationships between the profile of cell growth inhibition
produced by the novel CDK inhibitors and that of stand-
ard anticancer agents, and the established CDK inhibitors
olomoucine and flavopiridol, was investigated using the
COMPARE algorithm.®°

Results and Discussion

The lead guanine-based CDK inhibitor OS-cyclo-
hexylmethylguanine (NU2058, Chart 1e) was found to
be an inhibitor of both CDK1 and CDK2 (Table 2).
Enzyme Kinetic studies demonstrated that the Ky, for
ATP for both CDK1 and CDK2 under the assay condi-
tions used was 50 uM (51 + 5 uM and 53 £+ 6 uM,
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respectively, mean 4+ SD, n = 4), and the K; values for
NU2058 were as follows: CDK1, 5 + 1 uM; CDK2,
12 + 3 uM (mean + SD, n = 4). Against both enzymes,
inhibition by NU2058 was competitive with respect
to ATP.

Inhibitors were soaked into crystals of monomeric,
unphosphorylated, CDK2 and the structures refined to
the resolutions given in Table 1. The structure of CDK2
represents the minimal catalytic kinase core, consti-
tuted by two domains: a smaller N-terminal domain of
approximately 80 residues formed principally from
pB-sheet, and a larger (~210 residue) predominantly
a-helical C-terminal domain. The first complex charac-
terized was CDK2/NU2058. Consistent with the enzyme
inhibition data, NU2058 was found to bind within the
ATP site of CDK2. A comparison of the refined structure
to that of apo-CDK2,%° and to other CDKZ2-inhibitor
complexes,?125.26:3141.42 reyealed that NU2058 employs
a number of novel interactions to bind to CDK2. Figure
1 shows the site of binding of NU2058 to CDK2 and the
hydrogen-bonding pattern between NU2058 and the
CDK2 backbone.

As shown in Figure 1b, N-9 of NU2058 donates a
hydrogen bond to the peptide oxygen of Glu 81, the NH
group of Leu 83 donates a hydrogen bond to NU2058
N-3, and 2-NH; acts as a donor to the carbonyl group
of Leu 83. Although residues 80—84 constitute part of
the hinge between the N- and C-terminal domains of
CDKZ2, the interactions do not result in a significant
change in relative domain orientation. Importantly,
NU2058 binds into the ATP binding site cleft in a
different orientation from that of the purines olo-
moucine, roscovitine, or purvalanol B (Figure 2).21.2526
The hydrogen bonds to the carbonyl group of Glu 81,
and the amide group of Leu 83, are also made by
isopentenyladenine and ATP, while the hydrogen bond
with the carbonyl group of Leu 83 is also seen in the
complexes of CDK2 with olomoucine, roscovitine, and
purvalanol B. Hydrogen bonds to these amino acids are
also observed with members of the indirubin class of
CDK2 inhibitors,*? although these are structurally
dissimilar from NU2058. The binding of the guanine
ring of NU2058 is not coplanar with that of the ATP
adenine ring in the CDK2/ATP structure,?® and minor
variations in ring position are observed among the
inhibitors described here. The cyclohexylmethyl group
at the OS-position of NU2058 occupies space close to
where the ribose ring of ATP binds, although it cannot
mimic the hydrogen-bonding interactions of the ribose
2'- and 3'-hydroxyls.

In the apo-CDK2 structure, and in other monomeric
CDK2-inhibitor complex structures, two regions of
CDK2 have been reported to be flexible.253140 The
missing residues constitute the loop connecting strand
B3 to helix aC, and the “activation segment” containing
Thr 160 which is phosphorylated in the fully active
CDK2-cyclin A complex.*® NU2058 binding to CDK2 is
accompanied by a marked decrease in the main chain
temperature factors for all residues, but it is particularly
noticeable for residues in strand 1 and the activation
loop and results in a readily interpretable electron den-
sity map for both these regions (Figure 3a). Additional
interactions between the NU2058 O6-substituent and
the glycine-rich loop accompany stabilization of the
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Figure 1. Interaction of NU2058 with monomeric CDK2: (a)
NU2058 binding to CDK2 in the ATP binding site cleft. The
structure is shown in a cartoon representation. The N-terminal
domain (residues 1—-82) is colored white, with the exceptions
of the glycine-rich loop (residues 11—24) colored magenta, and
the C-helix (PSTAIRE helix, residues 46—55) colored gold. The
chain is broken at residues 36—43 for which there is no
electron density in the maps. NU2058 is shown in ball-and-
stick representation at the interface between the N- and
C-terminal domains. The C-terminal domain is colored pink,
with the activation segment (residues 145—172) highlighted
in cyan. (b) Schematic drawing of NU2058 bound to CDK2.
Conserved hydrogen bonds between the CDK2 backbone at
residues Glu 81 and Leu 83 and NU2058 are illustrated by
thin lines. CDK2 residues within 4 A of the ligand are drawn
with carbon atoms colored as for Figure la. Selected CDK2
residues are labeled.

activation loop (Figure 3a). These interactions are pre-
dominantly hydrophobic between the cyclohexyl group
and a hydrophobic patch on the glycine loop contributed
by the side chains of residues Val 18 and the peptide
backbone around residue Gly 11 (Figure 3c). Residues
in the activation loop do not interact directly with
NU2058. The activation segment conformation is simi-
lar to that first reported by DeBondt et al.,*° for the
structure of the monomeric CDK2/ATP complex. Order-
ing of both the glycine-rich loop and the activation
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Figure 2. Overlay of the CDK2/olomoucine structure with
that of the CDK2/NU2058 complex in the vicinities of the
inhibitor binding sites. Conserved hydrogen bonds between the
CDK2 backbone, at residues Glu 81 and Leu 83, and NU2058
are drawn as thin lines. Only CDK2 residues Phe 80 to Leu
83 in the CDK2/NU2058 structure are included for clarity.
CDK2 carbon atoms are colored as for Figure 1a; NU2058
carbon atoms are green, and olomoucine carbon atoms are
yellow. The O8-cyclohexyl substituent of NU2058 and the
2-hydroxyethyl group of olomoucine occupy the ATP ribose
binding site. The olomoucine Né-group binds outside the ATP
cleft. Roscovitine and purvalanol B bind to CDK2 in the same
orientation as olomoucine.

F"f’ —N

segment is not observed in all guanine- and pyrimidine-
based CDK2/inhibitor complex structures (results not
shown). For example, binding of NU6027 to CDK2 does
not result in ordering of these regions (Figure 3b).

On the basis of the structure shown in Figure 1, two
additional O8-cyclohexylmethylguanine derivatives were
prepared in order to determine the relative importance
of the hydrogen bonds at the 2-NH, and N-9 positions
of NU2058. These were OS%-cyclohexylmethylpurine
(NU2017, Chart 2a) and O%-cyclohexylmethyl-N°-meth-
ylguanine (NU6052, Chart 2b). As shown in Table 2,
both compounds were less active than NU2058 as
inhibitors of CDK1 and/or CDK2, implying that the
hydrogen bonds formed by the 2-NH, and N-9 functions
of NU2058 can both contribute to the potency of the
molecule. Of the two NU2058 derivatives NU2017
retained activity, particularly against CDK2, indicating
that the hydrogen bond formed by the 2-NH; is not
indispensable. The CDK2/NU2017 structure confirmed
that NU2017 binds to CDK2 within the ATP binding
site in the same orientation as NU2058 (data not
shown).

In an attempt to reproduce the triplet of hydrogen
bonds observed for NU2058 (Figure 1b) in a molecule
lacking the purine nucleus, the pyrimidine NU6027 (2,6-
diamino-O*-cyclohexylmethyloxy-5-nitrosopyrimidine,
Chart 2c¢) was prepared. In designing NU6027, note was
taken of the need to maintain the 6-amino group
(equivalent to N-9 in NU2058) in the correct orientation
to enable hydrogen bonding with the peptide oxygen of
Glu-81. To do so, a nitroso group was introduced at the
5-position in the expectation that the 5-nitroso group
would form an intramolecular hydrogen bond with
the 6-amino group, thereby establishing the correct
geometry for the remaining hydrogen atom on the
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6-NH> group. As shown in Table 2, NU6027 was indeed
a potent inhibitor of both CDK1 and CDK2, with K;
values of 2.5 + 0.4 uM and 1.3 4+ 0.2 uM, respectively
(mean 4+ SD, n = 4). As in the case of NU2058, the
pyrimidine NU6027 was a competitive inhibitor of both
CDK1 and CDK2 with respect to ATP.

NU6027 was soaked into crystals of monomeric CDK2
and the structure refined to a resolution of 1.85 A. As
shown in Figure 4, as anticipated, the 6-NH; group of
NUG6027 donates a hydrogen bond to the peptide oxygen
of Glu 81, the NH group of Leu 83 donates a hydrogen
bond to N-1, and the NH; group attached to C-2 acts as
a donor to the carbonyl group of Leu 83. Importantly,
the predicted intramolecular hydrogen bond between
the 5-nitroso and 6-NH, groups of NU6027 was ob-
served, and this interaction was apparently the only
contribution to binding made by the 5-nitroso group. To
confirm the importance of the intramolecular hydrogen
bond between the 5- and 6-substituents of NU6027, the
derivative lacking the 5-nitroso group was synthesized
(2,6-diamino-O*-cyclohexylmethyloxypyrimidine, NU6034,
Chart 2d). As shown in Table 2, NU6034 did not inhibit
CDK1 or -2 at the concentrations tested, suggesting that
the intramolecular hydrogen bond between the 5- and
6-substituents of NU6027, and hence the correct orien-
tation of the 6-NH; group, is required for activity.

Having defined the unique interactions of the novel
guanine- and pyrimidine-based CDK inhibitors with
CDK2, the effects of the compounds on the growth of
human tumor cells was investigated. Fifty-seven of the
cell lines in the National Cancer Institute in vitro cell
line panel were used for these studies in order to allow
comparisons with other compounds, both standard
anticancer agents and known CDK inhibitors. Table 2
shows the mean Glso data (concentrations required to
inhibit cell growth by 50% over 48 h) for the compounds
investigated as CDK inhibitors. In the purine series,
NU2058 was the most potent compound with a mean
Glsp value of 13 + 7 uM. The compound lacking the
2-NHj; substituent (NU2017, Chart 2a) was less potent
than NU2058, a result consistent with the reduced
activity of the compound as a CDK1 inhibitor (Table 2).
The N-9 methyl derivative of NU2058 (NU6052, Chart
2b), which cannot by definition form a purine N-9 to Glu
81 hydrogen bond and did not inhibit CDK1 or -2 in the
isolated enzyme assays, was not an inhibitor of cell
growth in most of the cell lines (Glso > 100 uM in 50/57
cell lines studied). Similar in vitro growth inhibition
studies were performed with the pyrimidines NU6027
(Chart 2c) and NU6034 (Chart 2d). NU6027 was growth
inhibitory with mean Glsg values of 10 + 6 «M whereas
NU6034, which cannot form an intramolecular hydro-
gen bond in order to orientate correctly the 6-NH;
substituent, was not growth inhibitory (Glsg > 100 uM
in 49/57 cell lines studied).

A COMPARE analysis was performed against the
standard anticancer agent database for both NU2058
and NU6027. Neither compound generated Pearson
correlation coefficients of >0.5 for the Glsp COMPARE
analysis, and hence these CDK inhibitors have a pattern
of cellular activity distinct from that of known classes
of antitumor agents. Interestingly, the COMPARE
analysis for the relationship between the Glsg sensitivity
profiles of NU2058 and NU6027 versus flavopiridol and
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Figure 3. (a, b) Ribbon diagrams of CDK2/inhibitor complexes colored by temperature factor such that deep blue corresponds to
a temperature factor at least 10 A2 less than the average main chain B-factor and deep red corresponds to a temperature factor
greater than or equal to 40 A2 greater than the average main chain B-factor. The inhibitors are shown in ball-and-stick
representation. (a) CDK2/NU2058 complex, (b) CDK2/NU6027 complex. (c) The shape and surface properties of the CDK2 ATP
binding site cleft as seen in complex with NU2058. The Connolly molecular surface of CDK2 is rendered looking onto the N-terminal
domain at the surface of the glycine-loop sequence to show the hydrophobic region that interacts with the NU2058 O8-cyclohexyl
group.*® The surface is colored such that regions showing a preference for hydrophobic interactions (as calculated by the program
GRID*%) range from yellow (strong preference) to gray (no particular preference). A hydrophobic patch generated by the side
chain of Val 18 and the peptide backbone around Gly 11 is apparent.

olomoucine also yielded low Pearson correlation coef-
ficients, i.e., 0.22—0.38. These low values are in contrast
to the value for the relationship between flavopiridol
and olomoucine (0.57), and NU2058 and NU6027 (0.65).
Together with the enzyme inhibition and structural
studies, these in vitro chemosensitivity data suggest
that the distinct mode of binding of NU2058 and
NU6027 to CDKs has direct consequences in terms of
cell growth inhibition and differential activity with
respect to other CDK inhibitors.

The CDKs are prominent among novel targets for
cancer therapy because of the frequency of abnormali-
ties in genes which encode proteins that either directly
(e.g., p 16, cyclin D) or indirectly (e.g., p 53) control

CDKs or are CDK substrates (e.g., retinoblastoma
protein). Preclinical’®12 and more recently clinicall®
studies with the prototype CDK inhibitor flavopiridol
have shown that CDK inhibitors can have single agent
antitumor activity, and initial combination studies with
cytotoxic drugs are encouraging.**

The first generation of CDK inhibitors, exemplified
by flavopiridol and olomoucine, have either limited
specificity for individual CDKs (flavopiridol'®) or rela-
tively poor potency as inhibitors of the CDK enzymes
and tumor cell growth (olomoucinel”!8). Hence a num-
ber of groups have initiated analogue development pro-
grams focused largely on the 6-aminopurine pharma-
cophore.1’=24 These latter studies have shown that it
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Figure 4. NU6027 bound to CDK2. Conserved hydrogen
bonds between the CDK2 backbone at residues Glu 81 and
Leu 83 and NU6027 are illustrated by thin lines. The (2F, —
F¢)acalc electron density for the CDK/NU6027 complex in-
cluded in the figure was calculated at the end of the refinement
(Reonv = 21.3%, Rfee = 28.1%) using map coefficients output
from REFMAC with resolution between 20.0 and 1.85 A. The
map is contoured at a level of 0.3 eA~3, corresponding to 1.1
times the root-mean-square deviation of the map from the
mean value. The intramolecular bond between the 5-nitroso
group and the 6-amino group establishes the correct geometry
for the 6-amino group to act as a hydrogen bond donor to the
backbone oxygen atom of Glu 81.

is possible to develop CDK inhibitors with nanomolar
potency as CDK inhibitors and mean Glso values in
the NCI cell line screen, or ICso values for other
human tumor cell lines, in the low micromolar range.
The challenge in the area of small molecule CDK
inhibitor development is currently to identify com-
pounds with improved specificity for individual CDKs,
coupled with greater in vitro potency against tumor cell
lines. To meet this challenge, additional CDK inhibitor
pharmacophores would be valuable, and the current
report describes the identification of the guanine phar-
macophore and novel pyrimidine-based inhibitors de-
rived from a knowledge of the binding of the guanine-
based inhibitors to CDK2. The lead compounds in the
two series (NU2058 and NU6027) display CDK inhibi-
tory potency similar to that of olomoucine, which has
ICsp values against cyclinB/CDK1 and cyclinA or E/CDK2
of 7 uM,1” and activity against cell lines equivalent
or superior to that of roscovitine (the mean Glso of
roscovitine in the NCI cell line screen is 16 uM*8). These
data suggest that NU2058 and NU6027 may be able to
enter cells more readily than the 6-aminopurine-based
inhibitors.

High-throughput cell line screening and protein struc-
ture-based drug design are two of the most important
contemporary approaches to drug discovery. However,
it can be difficult to show that effects in whole cells of
chemical changes to inhibitors, introduced on the basis
of information from inhibitor—protein structures, are in
fact due to interactions with the intended target of the
compound. The approach taken here was to synthesize
compounds designed to delete what appeared, from the
NU2058—CDK2 structure, to be critical hydrogen bond
interactions, namely, the bonds between purine NH-9
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to Glu 81 and purine 2-NH, to Leu 83. The inhibitors
so produced had either reduced activity against CDK1
(NU2017) or no activity (NU6052) at the concentrations
tested. Importantly, the same relative effects were seen
in tumor cell growth inhibition studies, i.e., reduced
activity with NU2017 and no activity with NU6052,
suggesting that growth inhibition in the whole cell
activity was indeed a reflection of kinase inhibition.
Detailed studies of the cellular pharmacology of NU2058
and NU6027, in comparison to olomoucine, are currently
ongoing. Preliminary studies in MCF7 cells have shown
that, consistent with inhibition of both CDK1 and
CDKZ2, treatment with NU2058 and NU6027 causes a
reduction in the number of cells in S-phase but not G1
or G2/M (J. Bentley and C. Arris, unpublished results).

An important feature of protein structure-based drug
design is the ability to predict novel pharmacophores
once important sites for inhibitor—protein interactions
have been identified. In the current study, identification
of the triplet of hydrogen bonds formed between NU2058
and the ATP binding site of CDK2 led to the design of
NUG6027. Further detailed structure—activity studies
based on both the guanine and pyrimidine pharmaco-
phores are underway and will be described elsewhere.
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