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Probing the ATP Ribose-Binding Domain of Cyclin-Dependent Kinases 1 and 2

with O%-Substituted Guanine Derivatives
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Of%-Substituted guanines are adenosine 5'-triphosphate (ATP) competitive inhibitors of CDK1/
cyclin B1 and CDK2/cyclin A, the OF substituent occupying the kinase ribose binding site. Fifty-
eight O®-substituted guanines were prepared to probe the ribose pocket, and the structures of
four representative compounds bound to monomeric CDK2 were determined by X-ray
crystallography. Optimum binding occurs with a moderately sized aliphatic Of substituent
that packs tightly against the hydrophobic patch presented by the glycine loop, centered on
Vall8, an interaction promoted by the conformational restraints imposed in a cyclohexylmethyl
or cyclohexenylmethyl ring. Structure-based design generated (R)-(2-amino-9H-purin-6-yloxym-
ethyl)pyrrolidin-2-one (56), which reproduces the reported hydrogen bonds formed between
ATP and Asp86 and GIn131 but failed to improve inhibitory potency. Thus, the parent compound
OS8-cyclohexylmethylguanine (NU2058, 25) is the preferred starting point for exploring other

areas of the kinase active site.

Introduction

Cyclin-dependent kinases (CDKSs) are attracting con-
siderable attention as targets for therapeutic interven-
tion in cancer as well as nonneoplastic proliferative
diseases, and first generation compounds are in clinical
trials.12 A large number of CDK inhibitory pharma-
cophores have been identified, and the majority of the
nonpeptide inhibitors interacts with CDKs at the ad-
enosine 5'-triphosphate (ATP) binding site.3~5 Recently,
we identified two novel substituted guanine and pyri-
midine CDK inhibitory pharmacophores, which were
shown to be inhibitors of CDK1/cyclin B1 and CDK2/
cyclin A.6 The compounds bind to monomeric CDK2 in
an orientation distinct from that of the majority of the
purine-based inhibitors such as olomoucine, roscovitine,
and purvalanol.”~° The lead guanine-based inhibitor,
0Of%-cyclohexylmethylguanine (NU2058, 25), is a com-
petitive inhibitor of CDK1 and CDK2 with respect to
ATP (K values = CDK1, 5 + 1 uM; CDK2, 12 + 3 uM).
NU2058 forms a triplet of hydrogen bonds within the
CDK2 ATP binding site, i.e., NH-9 to the backbone
carbonyl group of Glu 81 and N-3 and 2-NH; to the
backbone carbonyl and amide groups, respectively, of
Leu 83. The OS-cyclohexylmethyl group of NU2058
occupies the ribose binding pocket of CDK2. NU2058
inhibits the growth of human tumor cells (mean Glso
value 13 £ 7 uM in the National Cancer Institute,
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U.S.A,, cell line panel), with a pattern of activity distinct
from that of flavopiridol and olomoucine.®

The current paper describes studies to define struc-
ture—activity relationships (SAR) for OS-substituted
guanine derivatives. These studies were performed in
an attempt to improve the potency and selectivity of
CDK1 and CDK2 inhibition by exploring the ribose
binding pocket of the enzymes. Selected compounds
were soaked into monomeric CDK2 crystals, to define
further inhibitor—enzyme interactions and to guide
inhibitor design. In addition, representative compounds
were tested for their ability to inhibit human tumor cell
growth in vitro.

Chemistry

With the exception of the compounds listed in the
Experimental Section, inhibitors were prepared as
previously described.61911 The preparation of OS-
substituted purines has been well-documented in the
literature. Previous syntheses of compounds derived
from simple alcohols utilized commercially available
2-amino-6-chloropurine as starting material, with the
alcohol as solvent or employing a cosolvent.1%12 How-
ever, with less reactive alcohols, activation of the
6-position is required to achieve a satisfactory rate of
displacement. Thus, a number of activated purine
derivatives have been employed to enhance reactivity
at this position, including 2-amino-6-trimethylammo-
nium purine.1314 We have previously reported the use
of 2-amino-6-(1-azonia-4-azabicyclo[2.2.2]oct-1-yl)purine
chloride (DABCO-purine) as a convenient and readily
prepared reagent for the introduction of 6-alkoxy sub-
stituents.'115 This quaternary ammonium salt also
offers the advantage of being readily separable from the
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Table 1. Inhibition of CDKs 1 and 2 by O8-Alkylguanines

R\
o
T
HZN)\N ”lk
H

CDK inhibition (1Cso (uM)
or % inhibition at the
concentration indicated)

compd R CDK1l/cyclin B CDK2/cyclin A
1 Me 36 + 1% 35+ 1%
(100 uM) (100 uM)
2 Et 48 + 1% 51 + 5%
(100 uM) (100 uM)
3 n-Pr 75+7 67 +5
4 n-Bu 32+3 48+ 7
5 Me(CHz)3CH> 37+6 49+7
6 Me(CH2)sCH>» 62+ 6 >100 uM
7 i-Pr 75+ 14 75+ 10
8 EtCH(Me) 27+3 25+1
9 (Me)2,CHCH; 45+ 8 42 +£5
10 EtCH(Me)CH; 17+1 15+2
11 (Me),CHCH,CH; 21+4 26+9

Of-alkylpurine, thereby aiding product purification. In
this study, the choice of purine starting material varied
according to the alkoxide employed, which was readily
generated by reaction of the appropriate alcohol with
sodium or sodium hydride (see standard procedures
A—C, Scheme 1).

Results and Discussion

SAR for CDK1 and CDK2 Inhibition. Initial stud-
ies explored the inhibition of CDK1/cyclin B1 and CDK2/
cyclin A by simple O®-alkylguanines. Homologation from
O%-methylguanine (1) to O8-butylguanine (4) and OS-
pentylguanine (5) resulted in an increase in both CDK1
and CDK2 inhibition with greater chain length. How-
ever, there was no differential inhibition of the two
CDKs and extension beyond 5 resulted in reduced
potency (Table 1). The introduction of branched alkyl
chains either had no effect on activity (7 and 9) or
resulted in increased activity (8 — CDK2; 10 and 11 —
CDK1 and 2), relative to the corresponding linear alkyl
derivative (Table 1). Notably, compound 10, which may
be regarded as most closely resembling NU2058 (25),
showed maximal activity among the linear or branched
chain alkyl derivatives investigated and was equipotent
with 25 against CDK2. However, 10 proved 2—3-fold
less potent than 25 against CDK1. Overall, the activity
of the Of-alkylguanines is consistent with the presence
of a hydrophobic pocket in the ribose binding domain,
which can accommodate lipophilic groups of appropriate
size (see below). Furthermore, OS-alkyl substituent
binding at this site influences potency but not CDK
specificity.
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Table 2. Inhibition of CDKs 1 and 2 by O%-Alkynyl-,
0%-Alkenyl-, and 0%-(2-Oxo)alkylguanines

~0
N
=
ﬁ )
HoN"~ SN N
H
Compd. R CDK inhibition (ICso (M) or % inhibition at the
concentration indicated)
CDK1/Cyclin B CDK2/Cyclin A
12 CH=CCH, 91=6 90 =7
13 CH,=CH(CH,);CH; 41+4 47+ 4
14 E-EtCH=CHCH,CH, 76£6 69+ 8
15 CH,=CHCH, 68 £ 10 78+ 13
16 CHy=C(Me)CH, 32+9 3546
17 CH,=C(Ef)CH; 192 202
18 CHy=C(i-Pr)CH, Ml 16=1
19 25+1 3443
©\ﬂ:2\
20 21 +4% 12 +4%
O\/\ (10 M) {10uM)
21 MeC(O)CH; 15+3% 16+ 3%
(100 uM) (100 uM)
22 i-PrC(O)CH: 41 + 8% 31+3%
(100 uM) (100 M)

The introduction of unsaturation into the O8-alkyl
substituent was tolerated, with O8-propargyl- (12) and
Of-allylguanines (15) (Table 2) exhibiting activity com-
parable with the O%-propyl derivative (3) (Table 1), while
the alkene 17 was of similar potency to the correspond-
ing saturated derivative (10). The most potent OS-
alkenylguanine was the OS-isopropallylguanine (18),
which had I1Csy values for both CDK1 and CDK2
inhibition similar to those of NU2058 (25). Consistent
with there being a ribose pocket that can accept
considerable steric bulk, the phenylallyl derivative 19
retained much of the activity of compounds 16—18.
Unfortunately, the poor solubility of the cyclohexylidine
analogue 20 precluded studies with this compound at
concentrations greater than 10 uM, where only weak
CDK inhibition (<25%) was observed. Of interest is the
observation that the 6-(2'-oxoalkyl)purine analogues 21
and 22 were both markedly less active than their
corresponding isosteric alkenyl derivatives 16 and 18,
suggesting that their carbonyl substituents are unable
to form sufficiently favorable hydrogen bonds within the
ribose binding domain.

In light of the interesting activity exhibited by the
OS%-cyclohexylmethylpurine 25, a number of analogous
Of-cycloalkylmethyl- and O8-cycloalkenylmethyl deriva-
tives were synthesized and evaluated. O%-Cyclopentyl-
methylguanine 23 was less active than 25 against CDK1
but of similar potency as an inhibitor of CDK2 (Table
3). The introduction of a double bond at the 1-position
of the OS-cyclopentylmethyl and OS-cyclohexylmethyl
derivatives to afford 24 and 26, respectively, reduced
potency as compared with the parent cycloalkylmeth-
ylguanines 23 and 25. In contrast, the O%-cyclohex-3-
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Table 3. Inhibition of CDKs 1 and 2 by O8-(Cycloalkyl)methyl-
and O%-Benzylguanines

R\O

NZ SN
I
HzN/k\N ’T‘>
H

Compd. R CDK inhibition {ICso (uM) or % inhibition at the
concentration indicated)
CDK1/Cyelin B CDK2/Cyclin A
23 C 151 21+4
24 :/\ 19+8 31x7
25 : ~ T+1 172
26 @/\ 11+3 22+4
27 @/\ 641 13,19
28 17+7% 18 +15%
CHSTO/\ (10 uM) (10 uM)
Hz
29 55+1% 29+ 10%
(10 uM) (10 pM)
30 37+6 44 +3
31 : ~ 24+3 35+6
32 HaC 70+ 1% 52+ 7%
¢ \©/\ (100 uM) (100 uM)
3 L 65+ 1% 524 3%
\©/\ (100 xM) (100 M)
34 c 28+ 4% 19+ 1%
'\@/\ (10 M) (10 M)
35 CH30. 65+ 1% 49 + 14%
\©A (100 uM) {10 uM)
36 @/\/ 59+7 656
37 12+ 4% 9+ 8%
38 10 +4% 3+4%
(104 (10 M)

enylmethyl derivative (27) had similar activity to 25
against both enzymes. Replacement of the cyclohexyl
group of 25 with a phenyl group to give OS-benzyl-
guanine (31) resulted in a 2—3-fold reduction in activity
against both kinases, whereas substitution on the OS%-
benzyl group (32, 33, and 35) resulted in a marked loss
of potency. The effect of chloro substitution could not
be fully defined, because of the poor solubility of 34.
Homologation of 25 and 31 to give O8-cyclohexyleth-
ylguanine (30) and O®%-phenethylguanine (36), respec-
tively, reduced inhibitory activity against both enzymes,
an observation that is consistent with a ribose binding
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Table 4. Inhibition of CDKs 1 and 2 by O8-Hydroxyalkyl- and
0O%-Alkoxyalkylguanines

R\
o}

N

N/
Y
HoN~ SN N
H

CDK inhibition (ICso (uM)
or % inhibition at the
concentration indicated)

compd R CDK1/cyclin B CDK2/cyclin A
39 HOCH,CH(OH)CH> 35+ 8% 33+ 12%
(100 uM) (100 uM)
40 MeOCH;—CH(OMe)CH> 49 £ 9% 41 + 5%
(100 uM) (100 uM)
41  MeC(OELt),CH; 36+8 33+6
42  EtC(OMe),CH; 19+2 20+5

pocket of limited dimensions. Attempts to probe the
ribose-binding domain with bulky cycloalkyl (28 and 29)
or aromatic groups (37 and 38) were compromised by
the poor solubility of these compounds in the CDK assay
buffers. However, with the exception of O%-adamantyl-
methylguanine (29), which had activity comparable to
25, CDK inhibition at 10 uM was relatively weak
(<25%).

With a view to exploiting known H-bonding interac-
tions within the ribose binding pocket of CDK2,” a
number of guanine derivatives bearing O%-hydroxyalkyl
and O%-alkoxyalkyl functions (39—42) were investigated
(Table 4). None of the compounds was as active as 25,
although in comparison to the corresponding linear OS-
alkyl derivatives (3 and 4) the 2',2'-dialkoxy compounds
41 and 42 were approximately 2-fold more active and
similar in activity to the branched chain O%-alkylgua-
nines (9—11) and OS%-alkenylguanines (16—18). In con-
trast, the 0%-(2',3'-dihydroxypropyl)- and OS%-(2',3'-
dimethoxypropyl)guanines (39 and 40) were less active
than OS%-propylguanine (3).

As an alternative approach to exploiting potential
H-bonding interactions in the ribose binding pocket, a
series of guanine derivatives bearing heteroalicyclic
(43—56) or pyridyl groups (57 and 58) at the O8-position
were evaluated (Table 5). Where comparisons could be
made, these derivatives were markedly less active than
the corresponding OS-cycloalkylmethyl or OS-benzyl
derivatives, and in general, no pronounced inhibition
of either CDK1 or CDK2 was observed. Hence, the
derivatives investigated were either unable to exploit
potential H-bonding interactions in the ribose binding
pocket, or such interactions do not confer increased
potency for CDK inhibition. Structural studies were
performed with selected compounds (see below) to
address these two possibilities.

The above structure—activity studies demonstrate
that a broad range of substituents are tolerated at the
OS%-position but that none result in improved activity or
specificity of CDK1 vs CDK2 inhibition over that seen
with the lead compound NU2058 (25). On the contrary,
certain modifications appear to be deleterious, notably:
substitution with oxygen at the 2'-position of the alkyl
chain, introduction of heteroalicyclic or pyridyl deriva-
tives, and nonoptimal size for lipophilic groups.

For CDK inhibitors based on the 6-aminopurine
pharmacophore, as exemplified by olomoucine, rosco-
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Table 5. Inhibition of CDKs 1 and 2 by
Of%-Heterocyclomethylguanines

R0

N)IN
S
HoNT SN )

)
H
Compd. R CDK inhibition (ICsp (uM) or % inhibition at the
concentration indicated)
CDK1/Cyclin B CDK2/Cyclin A3
43 49+ 7% 40+ 3%
Q_\ (100 uM) (100 M)
44 Ve 10+ 3% 16 +5%
Me (100 uM) (100 M)
%T
CcH0” O
45 0. 43+ 8% 36+5%
Mol j/\ (100 M) (100 M)
Me o
46 O 46+ 4% 39+2%
Me>< j (100 pM) (100 pM)
Me o
47 31+3% 27+3%
Me><oj/\ (100 pM) (100 uM)
Me’ o
48 o/_\o 39£12 65£2
Me.
Me
49 26£7% 29+3%
<:><Oj ~ (100 pM) (100 pM)
o}
50 50+ 4% 43+2%
(100 uM) (100 uM)
o
51 e 10 + 6% 425%
Me (100 M) (100 uM)
0
j~
o
o
Va0
Me
52 ° 52+2% 52+2%
@[ j/\ (100 M) (100 M)
o
53 u 70+ 1% 64+ 6%
“O/\ (100 uM) (100 M)
54 52+£2% 43+ 7%
H@/\ (100 uM) (100 M)

55 22+ 6% 15 £ 5%
A (100 uM) (100 pM)
o

56 N 50+ 5% 35 4%
QH (100 M) (100 M)

[o]
57 N 58+ 8% 435%
@A (100 M) (100 M)

x

58 N 554 3% 43£3%
] (100 xM) (100 pM)

vitine, and purvalanol, the substituent at the 2-position
of the purine ring occupies the ribose binding pocket of
CDK2.779 Consistent with the data in the current
investigation, SAR studies for inhibition of CDK1 and/
or CDK2 by 2-substituted 6-aminopurines have shown
that an extremely diverse range of groups is tol-
erated,?91621 gssuming that the derivatives bind to the
enzymes in the same orientation to that of olomoucine,
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roscovitine, and purvalanol, which for at least one such
compound (OL567) has been shown to be the case.?!
These 2-substituents include straight chain and branched
alkylamino, alkyl, alkenyl, and alkynyl groups, as well
as cyclic amines, many with hydroxyl substituents.
Together with the results in the current study, the data
for 6-aminopurine CDK inhibitors suggest that the
ribose pocket, provided it is adequately occupied but not
overfilled, does not contribute greatly to the potency or
selectivity of CDK inhibition.

Structural Studies of the Binding of Represen-
tative OS-Substituted Guanines to Monomeric
CDK2. To rationalize the SAR observed for the OS-
substituted guanines (Tables 1-5), the structures of four
inhibitors complexed with monomeric CDK2 were de-
termined using X-ray crystallography. The inhibitors
studied were chosen with the aim of examining protein—
ligand interactions formed by a representative range of
0% substituents including unsaturated 27, acyclic 22,
and polar (43 and 56) groups, and the results were
compared to the previously described structure of the
purely hydrophobic cyclohexylmethyl derivative 25.5

Monomeric unphosphorylated CDK2 represents the
minimal catalytic kinase core and consists of a smaller
(approximately 80 residues) N-terminal domain com-
posed predominantly of g-strands and a larger (210
residues) C-terminal domain, which is mainly o-heli-
cal.”?2 These two domains are linked by a short hinge
region (residues 81—84), and the ATP binding site is
located in a deep cleft between them (Figure 1a). In all
cases, the overall fold of CDK2 was unperturbed by
inhibitor binding and a superposition revealed no major
structural changes (Figure 1b). However, the quality of
the electron density map was very variable for residues
in the activation loop (containing the Thr160 phosphor-
ylation site) and in some structures was of insufficient
quality to build all residues with confidence.

The binding mode of the O8-alkylguanine-based in-
hibitors to CDK2 has been previously elucidated by
X-ray crystallography.® Studies on the monomeric
CDK2—-NU2058 complex presented previously revealed
that the purine ring binds in the ATP binding cleft,
forming a triplet of hydrogen bonds between residues
in the hinge region of CDK2 and the N2, N3, and N9
atoms of the inhibitor.® The purine ring system is
sandwiched between the N- and the C-terminal domains
of the kinase with which it forms a number of hydro-
phobic contacts. Both the triplet of hydrogen bonds and
the purine—CDK?2 packing interactions are conserved
in all five CDK2—inhibitor structures described here
and are shown in schematic form in Figure 2a. The
purine core occupies a similar region of the pocket in
all structures although some minor variations occur,
presumably to accommodate differences in the shape of
the OSf substituent (Figure 2b,c). Although the OS-
cyclohexyl substituent of NU2058 (25) binds in a posi-
tion close to that occupied by the ribose group of ATP,
the interactions of the O® substituent are predominantly
hydrophobic, with highly complementary packing aris-
ing between the cyclohexane ring and an apolar patch
on the glycine loop contributed predominantly by the
side chain of Vall8 (Figure 3).

As described above (Table 3), the effect on CDK
inhibition of introducing unsaturation into the cyclo-
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a

Figure 1. (a) Overall structure of monomeric CDK2—NU2058
(25) complex. The CDK2 fold is rendered in ribbon representa-
tion and colored green. The inhibitor NU2058 is drawn in ball-
and-stick mode with carbon, nitrogen, and oxygen atoms
colored yellow, blue, and red, respectively. (b) Overlay of CDK2
Co atoms of the five CDK2—inhibitor complexes. The Ca traces
for CDK2 bound to each inhibitor are colored red (for CDK2
bound to inhibitor 22), mint (bound to 25), yellow (bound to
43), white (bound to 56), and blue (bound to 27).

hexane ring of NU2058 is dependent upon the position
of the double bond within the ring. Introduction of a
double bond at the 1,2-position (as exemplified by 26)

Journal of Medicinal Chemistry, 2002, Vol. 45, No. 16 3385

a L83 E81

Figure 2. (a) Schematic representation of hydrogen bonds
formed by O8-substituted purines and the CDK2 hinge region.
(b) Overlay of five inhibitors in the ATP binding site of CDK2
to illustrate main subsites. The inhibitors are drawn in ball-
and-stick mode and colored as follows: 22 (red), 25 (mint), 43
(yellow), 56 (white), and 27 (blue). The solvent accessible
surface of CDK2 is shown in turquoise. (c) Edge-on view of
inhibitors, overlaid and colored as in b.

reduced inhibitory activity, while compound 27 (which
contains a double bond at the 2,3-position) retained the
activity of the parent compound. These differences may
be explained by subtle alterations to protein—ligand
packing as a result of changes in the shape of the 0%
moiety due to differential flattening and ring pucker
between compounds. The structure of 27 bound to CDK2
shows that the cyclohexene ring occupies a very similar
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Figure 3. CDK2—inhibitor interactions in the ribose binding
pocket. The solvent accessible surface of part of the glycine-
rich loop of CDK2 is colored by hydrophobicity as calculated
using GRID.%® Yellow areas indicate hydrophobic regions, and
blue areas indicate nonhydrophobic surfaces. The cyclohexane
ring of NU2058 (25), drawn in white in ball-and-stick repre-
sentation, is seen to pack with a hydrophobic pocket on CDK2.

-
Figure 4. The O° substituent of compound 27 and NU2058
(25) is similar in shape. The solvent accessible surface area
for compound 27 is rendered as a red net and that of NU2058
(25) is rendered as a solid white surface. Packing of the O
substituent with the hydrophobic pocket on the glycine-rich
loop (colored as a blue surface) is present in each case.

position within the ribose site as the cyclohexyl group
of NU2058 (25). An overlay of 27 and 25, together with
their associated solvent accessible surfaces, shows that
they pack almost identically with the hydrophobic
pocket on the glycine-rich loop (Figure 4). The electron
density does not clearly identify the ring conformation,
and it is probable that both enantiomers of 27 are
bound. Nevertheless, when 27 is built as the dominant
(S) enantiomer and refined with ideal geometry, the C2'
carbon (which is responsible for the majority of the
contacts with the glycine loop) is found in the same
position as that in 25. In contrast, introduction of a
double bond at the C1'-position of the ring is predicted
to lead to a flattening of the ring at this point, which
would decrease the packing complementarity between
CDK2 and the inhibitor.

Compound 56 was designed to mimic the hydrogen-
bonding interactions of the ribose hydroxyl groups of
ATP. However, enzyme inhibition data (Table 5) re-
vealed a marked reduction in activity relative to 25. The
structure of 56 bound to monomeric CDK2 provides a
rationale for this observation (Figure 5). Compound 56
is observed to bind to CDK2 in the designed mode,
forming a hydrogen bond between the amide nitrogen
on the O° substituent and the Asp86 (rnn—o = 3.1 A).
In addition, a rather long hydrogen bond is formed
between the ligand amide oxygen and the side-chain of
GIn131 (ro-nn = 3.3 A). GIn131 was poorly defined in
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the electron density and appears to be present in two
conformations, consistent with a relatively weak or
energetically neutral hydrogen bond being formed with
the inhibitor. Although Asp86 is considerably better
positioned to accept a hydrogen bond from the inhibitor
as compared to GIn131, in both cases, the geometry of
interaction is suboptimal. Desolvation and removal of
both inhibitor and unliganded CDK2 from bulk solvent,
where hydrogen-bonding geometry will be near-optimal,
is therefore likely to be enthalpically unfavorable. In
the absence of protein hydrogen bond acceptors and
donors with suitable geometry, the net effect on ligand
binding will be a decrease in binding affinity and hence
a reduction in enzyme inhibition, as observed here.
Although desolvation of polar atoms on the O° substitu-
ent provides the main explanation for the reduced
inhibitory acitivity of 56, the compound additionally
lacks the hydrophobicity and shape complementarities
to the glycine loop that are present in NU2058 (25). As
a final caveat, it should be noted that any hydrogen
bonds formed between inhibitors and monomeric CDK2
may not be present when bound to the fully active
phosphoCDK?2/cyclin A complex. The ribose binding site
of CDK2 undergoes considerable rearrangement on
activation, and a comparison of the structures of mon-
omeric CDK2/ATP and phosphoCDK2/cyclin A/ATP
shows that the protein—ribose hydrogen bonds are
different in the inactive and active forms of the en-
zyme.22:23

The structure of 22 bound to CDK2 reveals that the
0% group of this inhibitor binds in a slightly different
position to the cyclohexane ring of NU2058 (25). The
hydrophobic isopropyl group of the Of substituent is
orientated toward the glycine loop, but its position is
such that it cannot mimic the C2'-position of cyclohex-
ane and is not complementary in shape to the hydro-
phobic patch formed by Vall8. Instead, it forms an
unfavorable apolar—polar contact with the backbone
amide nitrogen of Glul2 (rc-n = 3.1 A) and causes the
glycine loop to shift by approximately 1 A leading to a
slight widening of the binding cleft. The carbonyl oxygen
mimics the a-ether oxygen of ATP and forms a long
hydrogen bond with Lys33 (ro-n = 3.6 A) (Figure 6).
However, as for 56, the nonideal geometry of this
interaction will lead to inadequate energetic compensa-
tion for the penalty of desolvating this oxygen and
Lys33. Consistent with the reduced activity of 22 (Table
2), the O8 substituent of this compound is (in both shape
and chemical character) less complementary to its
environment than the cyclohexylmethyl group of NU2058
(25).

The structure of 43 bound to CDK2 revealed that
although chemically distinct, the tetrahydrofuran (THF)
ring of 43 overlays with the cyclohexane ring of NU2058
(25). CDK2 exclusively bound the (S) enantiomer from
the racemic 43. The furan oxygen lies in the same
position as the C2' carbon of NU2058 (25) and is
orientated toward the hydrophobic pocket formed by
Vall8 on the glycine loop (Figure 7). To satisfy the
hydrogen-bonding potential of Lys 33 and the furan
oxygen, a water molecule forms a bridge between the
Lys33 and the inhibitor through two hydrogen bonds
(ro-o = 2.2 A) and Lys33 (ro-n = 2.9 A). However, the
sequestration of the water molecule is likely to carry



Probing the ATP Ribose-Binding Domain Journal of Medicinal Chemistry, 2002, Vol. 45, No. 16 3387

E81

F82
H84 :

Q131

Figure 5. Stereoview of compound 56 bound to CDK?2. Selected protein residues are drawn in ball-and-stick mode with carbon
atoms colored green, nitrogen atoms colored blue, and oxygen atoms colored red. Hydrogen bonds are denoted by dashed lines.
Only one conformation of GIn131 is represented. The final 2F, — F¢ electron density map is shown for the ligand (contoured at

1o).

]

F8o_ .5 ,
" k33 /’D145 k33 2" D14s

\
| 4 =,

) =50

Figure 6. Comparative stereoview of compound 22 and ATP bound to CDK2. Only selected CDK2 residues are included for
clarity. CDK2 carbon atoms and those of 22 are colored yellow. Hydrogen bonds are denoted by dashed lines. All ATP atoms are

drawn in green.

Figure 7. Comparative stereoview of compound 43 and NU2058 (25) bound to CDK?2. Selected protein atoms from the CDK2/43
complex structure are included. Hydrogen bonds are denoted by dashed lines. NU2058 is shown overlaid with all atoms of the
molecule drawn in white.

an entropic penalty, which is not compensated for by inhibit the growth of MCF7 human breast carcinoma
these interactions in such a restricted space. cells was studied. As previously reported,® NU2058 (25)
Inhibition of Human Tumor Cell Growth by Q8- was growth-inhibited with a Glso (concentration re-

Substituted Guanines. The ability of three of the more quired to inhibit cell growth by 50% over a 48 h period)
potent CDK inhibitors (compounds 19, 25, and 27) to of 20 + 9 uM. Compounds 19 and 27 had similar Glsg
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values of 28 + 7 and 37 + 2 uM, respectively, consistent
with their comparable CDK—inhibitory activity (Tables
2 and 3). Conversely, compound 44, which produced
<20% CDKZ1 or CDK2 inhibition at 100 uM (Table 5),
had a Gls value of >100 uM against MCF7 cells. These
data are consistent with previous results showing that
Of-substituted guanine CDK inhibitors possess tumor
cell growth—inhibitory activity in vitro.®

Conclusions

The aim of the studies described in this paper was to
use structure—activity studies, supported by structural
analyses, to probe the ribose binding pockets of CDK1
and CDK?2 in an attempt to increase the potency and
individual kinase specificity of O%-substituted guanine
CDK inhibitors. SAR studies demonstrated that non-
polar alkyl or cycloalkyl substituents of appropriate size
(cyclohexylmethyl or similar) gave rise to maximum
CDK inhibition, whereas substitution with polar groups
or ring heteroatoms in cyclic systems was detrimental
to inhibition. The maximum differential CDK 1 and 2
inhibition observed was 2—3-fold, which was restricted
to unsubstituted O%-cyclohexylmethyl and O8-cyclohex-
enylmethyl derivatives. No compound was identified
that was markedly more potent or selective than the
lead inhibitor NU2058 (25). Consistent with the SAR
data, structural analysis of selected inhibitors bound to
monomeric CDK2 showed that a small hydrophobic
group of defined shape at the O%-position complements
the CDK2 active site in the ribose binding pocket and
leads to tight binding. The lack of any other obvious
structural determinants of binding, and hence enzyme
inhibition, probably reflects the highly flexible and
hydrated nature of this region of the kinase active site,
complicating the design of inhibitors that attempt to
exploit this pocket. Furthermore, even when the ribose
H-bonding interactions reported for ATP bound to
monomeric CDK2 were reproduced (e.g., with Asp86 and
GIn131),” as was the case for compound 56, a reduction
and not an increase in CDK inhibition was observed.
Together with recent studies of ligand binding to the
fully active phosphoCDK2/cyclin A complex (manuscript
in preparation), which have shown a considerably larger
degree of protein plasticity for this region than observed
in complexes with monomeric CDK2, the data reported
here imply that the ribose binding pocket will be difficult
to exploit in the development of potent and selective
CDK inhibitors. In contrast, substitutions on the 2-ami-
no group of NU2058 (25) have resulted in inhibitors of
considerably greater potency (ca. 1000-fold), and these
are currently the subject of detailed biological, struc-
tural, and chemical evaluation.2425

Experimental Section

Melting points were obtained on a Stuart Scientific SMP3
apparatus and are uncorrected. Infrared spectra (IR) were
recorded as KBr disks on a Nicolet 20 PC Fourier Transform
spectrometer or neat on an Excalibur series BioRad Spectro-
photometer. Ultraviolet (UV) spectra were recorded in MeOH
or EtOH on a U-2001 Hitachi Spectrophotometer. Mass spectra
were determined on a Kratos MS80 spectrometer in electron
impact (El) mode or fast atom bombardment (FAB) mode using
a m-nitrobenzyl alcohol matrix. Proton (*H) and carbon (*3C)
nuclear magnetic resonance (NMR) spectra were recorded at
200 and 50 MHz, respectively, on a Bruker WP 200 Spectrom-
eter employing the deuterated solvent as internal standard.

Gibson et al.

Unless indicated otherwise, spectra were recorded in [?Hg]-
dimethyl sulfoxide (DMSO) as solvent. NH signals appeared
as broad singlets (br s) exchangeable with D,O. Chemical shift
values are quoted in parts per million (ppm), and coupling
constants (J) are quoted in Hertz (Hz). Key: t = triplet, s =
singlet, g = quartet, d = doublet, dd = double doublet, m =
multiplet. The thin-layer chromatography (TLC) systems
employed Merck 1.05554 aluminum sheets precoated with
Kieselgel 60F 254 (0.2 mm) as the adsorbent and were visualized
with UV light at 254 and 365 nm. Column chromatography
was conducted under medium pressure on silica (Kieselgel 60,
240—400 mesh). Elemental analyses were performed in house
on a Carlo-Erba Instrumentazione 1106 analyzer or by But-
terworth Laboratories, Middlesex, U.K., and are within £0.4%
of theory unless otherwise specified. Reagents were purchased
from Aldrich Chemical Co., Gillingham, U.K., or Lancaster
Synthesis and used as received unless otherwise stated.
Ethanol and methanol were dried using Mg/l, and stored over
4 A molecular sieves. Diethyl ether and THF were predried
over CaCl, and distilled from sodium/benzophenone. Aceto-
nitrile was predried over potassium carbonate and distilled
from CaH. Petrol refers to that fraction in the boiling range
40—-60 °C. Organic solvents from separations were dried using
anhydrous MgSQO,.

Standard Procedures. Standard Procedure A. The
required alkoxide was generated in situ from sodium and the
appropriate alcohol using the same alcohol or THF as solvent,
before addition of 2-amino-6-chloropurine, 6-chloropurine, or
2,6-dichloropurine.?6:27

Standard Procedure B. 6-(1-Azonia-4-azabicyclo[2.2.2]oct-
1-yl)purine chloride and DABCO-purine were synthesized
according to a previously published procedure.'® Displacement
reactions were carried out as detailed by Lembicz et al.
whereby the DABCO-purine was added to the desired alkoxide,
which had been generated in situ from sodium hydride (2.0
equiv) and the relevant alcohol (5.5 equiv) employing DMSO
(2 mL per mmol) as solvent. Purification was achieved on a
silica column or by extraction into EtOAc followed by concen-
tration in vacuo.

Standard Procedure C. The reaction was carried out as
detailed in Arris et al.® using sodium hydride (5 equiv) and
alcohol (2 equiv) to form the desired alkoxide, with THF,
DMSO, or reactant alcohol as solvent. 2-Amino-6-chloropurine
(1 equiv) was added as the purine reactant.

Compounds. Certain of the compounds have been previ-
ously described,** and physical data for the compounds pre-
pared here are presented in Table 6. Unless specified other-
wise, chiral compounds were racemic.

2-Amino-6-prop-2-yloxypurine (7). Compound 7 was
prepared according to standard procedure A; mp 209—210 °C.
'H NMR: ¢ 1.4 (d, 6H, CH(CHz)y), 5.6 (m, 1H, CH(CHs3)), 6.25
(s, 2H, NHy), 7.9 (s, C8H), 12.5 (s, 1H, NH). HRMS (El): m/z
259.142799 [MT Ci1HioNgO calcd as 259.143310]. Anal.
(C3H11N5O-1.0'PrOH) C, H, N.

2-Amino-6-(1'-methyl)propyloxypurine (8). Compound
8 was prepared according to standard procedure B; mp 88—
91 °C; Amax (CH30H)/nm 241.6, 282.0. *H NMR: ¢ 1.0 (t, 3H,
CH,CHg), 1.4 (d, 3H, (CHCHg), 1.8 (m, 2H, CH,CH3), 5.5 (m,
1H, CHCHa), 6.3 (s, 2H, NHy), 7.9 (s, 1H, C®H), 12.5 (s, H,
NH). HRMS (El): m/z 207.112999 [M* CgH13NsO calcd as
207113353] Anal. (C9H13N5O'0.7H20) C, H, N.

2-Amino-6-(2'-methyl)propyloxypurine (9). Compound
9 was prepared according to standard procedure B; mp 89—
92 °C. 'H NMR: ¢ 1.1 (d, 6H, CH(CHg),), 2.2 (m, 1H,
CH,CH(CHa)2), 4.3 (d, 2H, OCHy), 6.3 (s, 2H, NHy), 7.9 (s, 1H,
C8H), 12.5 (s, 1H, NH). HRMS (El): m/z 207.112446 [M*
CyH13Ns0 calcd as 207.112010].

2-Amino-6-(2'-methyl)butyloxypurine (10). Compound
10 was prepared according to standard procedure A; mp 175—
179 °C; Amax (CH3OH)/nm 241.0, 281.4. 'H NMR: 6 1.1, 1.3,
1.6 (m, 8H, CHsCH,CHCHs), 1.9 (m, 1H, OCH,CH), 4.3 (m,
2H, OCHy), 6.3 (s, 2H, NHy), 7.9 (s, 1H, C®H), 12.5 (s, 1H,
NH). HRMS (El): m/z 221.127811 [M* CioH1sNsO caled as
221.127660]. Anal. (C19H15sNs0-0.8MeOH) C, H, N.
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Table 6. Physical Data for O8-Alkylguanines

R\O
N
=
5D
HN S N
H
Compd. R method®  recryst.  yield (%) formula mp (°C)
solvents®
7 i-Pr B A - CsHiiNsO 209-210
8 EtCH(Me) B B 12 CyH;3NsO 88-90
9 (Me),CHCH, B B 23 CoH 3NsO 89-92
10 EtCH(Me)CH, A B 71 CoHsNsO 175-179
20 ()\/\ B - 11 Ci3H7NsO 198-200°
29 C - 9 C6H21NsO 230°
30 O/\/ B - 82 Ci3H9NsO 209-210
32 B B 49 Ci3H13NsO 202-203
H3c©/\
33 H2N\©/\ B C 71 C2H ;N0 152-153
34 CI\©/\ B C 63 C2H,¢CINsO 220-221
119
35 CH30\©/\ B C 72 C3Hi3NsO2
37 B - 65 Cy6H13NsO 230-234
38 ‘/\I B - 57 Ci¢H13NsO 165-170
39 HOCH,CH(OH)CH, B C 87 CsH|iNsO3 250-251
40 MeOCH,-CH(OMe)CH, A - 50 CoH)sNs503 179-180
43 Oj B - 27 CoH13NsO, 224-228
o]
44 Me B - 74 C14H1sNsOs 220-225
Me>L
el
Obﬂ
CH0” O
46 B - 98 C11H;sNsO 189-191
Me><oj o~ 11H15NsOs
Me o
47 o) B - 98 C11H5NsO3 165-167
T
Me™ Ny

49 Oj/\ B - 92 C14H9N50;3 210-211
%

50 O/\ B - 65 C11H1sN5O; 255-260
o]

51 Me B - 54 C17H23Ns50¢ 147-149
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Table 6 (Continued)

Compd. R method®  recryst.  yield (%) formula mp (°C)
solvents®
52 oj/\ B - 62 C14H[3Ns0; 184-185
.,
53 B 12 C11H16NsO 221-223
T
54 B D 14 C11Hi6NgO 250°
55 B - 87 C10H12N6O; 150-151
o
o
- 46 CigH12N¢O, 147-148

56 TN B
.

a See the Experimental Section. P Recrystallization solvents: A, IPA; B, EtOH/petrol; C, H,0; D, EtOH/H,0. ¢ Decomposes.

2-Amino-6-(2'-cyclohexylidenethoxy)]purine (20). Com-
pound 20 was prepared according to standard procedure B and
decomposed at 198—200 °C. IR: 3504, 3397, 2933, 1621 cm™1.
IH NMR: ¢ 1.6—2.2 (m, 10H, CeHao), 4.9 (d, 2H, J = 7.3 Hz,
CH,), 5.4 (t, 1H, 3 = 7.3 Hz, =CH), 6.2 (s, 1H, NHy), 7.8 (s,
1H, C8®H), 12.4 (s, 1H, NH). Anal. (C13H17Ns0-0.5DMSO) C,
H, N.
2-Amino-6-adamantylmethoxypurine (29). Compound
29 was prepared according to standard procedure C and
decomposed at 230 °C; Amax (CH3OH)/nm 282. IR: 3500, 3315,
1622 cm™%. 'H NMR: § 1.92 (m, 13H, CsH12), 2.1 (s, 3H, CH),
4.1 (s, 2H, OCHy), 6.35 (s, 2H, NHy), 7.9 (s, 1H, C8H), 12.5 (s,
1H, NH). MS (El): m/z 299 [M*], 151, 135. Anal. (C1sH2:Ns0O-
0.75H,0) C, H, N.
2-Amino-6-(2-cyclohexyl)ethoxypurine (30). Compound
30 was prepared according to standard procedure B; mp 209—
210 °C. IR: 3498, 3132, 2788, 1458 cm™%. IH NMR: ¢ 1.0 (m,
2H, CHy), 1.2—2.0 (m, 11H), 4.5 (t, 2H, OCHy), 6.3 (s, 2H, NH>),
7.9 (s, 1H, C8H), 12.5 (s, 1H, NH). MS (El): m/z 261[M*]. Anal.
(C13H19NsO) C, H, N.
2-Amino-6-(3'-methylbenzyl)oxypurine (32). Compound
32 was prepared according to standard procedure B; mp 202—
203 °C; Amax (CH30OH)/nm 241.0, 296.5. IR: 3390, 3330, 2790,
1640, 1590 cm™. 'H NMR: ¢ 2.4 (s, 3H, CHg3), 5.5 (s, 2H,
OCHy), 6.4 (s, 2H, NHy), 7.4 (m, 4H, ArH), 7.9 (s, 1H, C8H).
HRMS (El): m/z 255.112537 [M* calcd as 255.112010]. Anal.
(C13H13N50'0.5H20, OSMGOH) C, H, N.
2-Amino-6-(3'-aminobenzyl)oxypurine (33). Compound
33 was prepared according to standard procedure B; mp
152.5—-153 °C; Amax (CH3OH)/nm 284, 240, 219. IR: 3008.8,
2887.7,2783.9,1627.1, 1588.8, 1455.2, 1375.6, 1326.6, 1273.2,
1087.8 cm™L. IH NMR: ¢ 7.78 (1H, CH=), 7.07 (1H, t), 6.72
(1H, brs), 6.65 (2H, H, dd), 6.57 (1H, dd), 6.31 (1H, s, NH),
5.39 (2H, s, OCH,), 5.15 (2H. s. NHy). HRMS (El): m/z
256.107079 [M* Cy,H12NgO caled as 256.107259], 256, 106.
Anal. (C12H12Neo) C, H, N.
2-Amino-6-(3'-chlorobenzyl)oxypurine (34). Compound
34 was prepared according to standard procedure B; mp 220—
221 °C; Amax (CH3OH)/nm 283, 241, 215. IR: 3411.4, 3304.0,
3172.9, 3109,2, 2957.9, 1627.9, 1584.0, 1449.4, 1400.5, 1348.0,
1276.0, 1025.8, 942.9, 785.0, 677.0, 628.8 cm™*. 'H NMR: d
7.96 (1H, CH=), 7.68 (1H, s, CH=), 7.60—7.52 (3H, 3 CH=),
6.60 (2H, s, NHy), 3.47 (2H, s, CH;0), 4.22 (1H, brs). HRMS
(E1): m/z 275.057388 [M* C12H10CINs calcd as 275.058044],
275, 125, 135. Anal. (C12H10CINsO-1.0MeOH) C, H, N.
2-Amino-6-(3'-methoxybenzyl)oxypurine (35). Com-
pound 35 was prepared according to standard procedure B;
mp 119 °C; Amax (CH3OH)/nm 283, 242, 215. IR: 3495.6, 3421.7,
3321.4, 3130.5, 2840.5, 1632.1, 1583.6, 1357.9, 1284.6, 1150.1,
999.7 cm . 'H NMR: ¢ 7.82 (1H, CH=), 7.30 (1H, t, CH=),
7.06—7.04 (2H, 2 CH=), 6.90 (1H, dd, CH=), 6.27 (2H, s, NH),
5.44 (2H, s, CH20), 4.09 (1H, s, NH), 3.75 (3H, s, OCHj3). HRMS
(El): m/z 271.106925 [M* Ci3H13NsO; caled as 271.107735],
271, 121, 135, 91. Anal. (C13H13Ns0,-1.0H,0) C, H, N.

2-Amino-6-(2'-naphthyl)methoxypurine (37). Compound
37 was prepared according to standard procedure B; mp 230—
234 °C; Amax (CH3OH)/nm 281. IR: 3335, 2562, 1642, 1585
cm™L 'H NMR: 6 5.75 (s, 2H, OCHy), 6.4 (s, 2H, NHy), 7.7 (m,
3H, CioHy), 8.05 (m, 5H, C®H and CioH7). MS (El): m/z 291
[M+], 141, 95, 81. Anal. (C16H13N50’0.010H2C|2) C, H, N.
2-Amino-6-(1'-naphthyl)methoxypurine (38). Compound
38 was prepared according to standard procedure B; mp 165—
170 °C. IR: 3424, 2971, 2638, 1635, 1579 cm~*. *H NMR: o
6.1 (s, 2H, OCHy), 6.5 (s, 2H, NH_), 7.9 (m, 8H, C®H and CyoHy).
MS (El): m/z 291 [M*], 141, 81. Anal. (C16H13N50-0.01CH.-
Cly) C, H, N.
2-Amino-6-(2',3'-dihydroxy)propoxyguanine (39). O¢-
(2,2-Dimethyl-1,3-dioxolan-4-ylmethoxy)guanine 45 (1.79 mmol)
was suspended in H,O (9.5 mL), and acetic acid was added
dropwise until all of the starting material dissolved. The
reaction mixture was left to stir at ambient temperature for
17 days. After this time, the solvents were removed under
pressure and the product was recrystallized from water to
furnish the desired product as a white solid (1.56 mmol; 87%);
mp 250—251 °C. IR: 3437, 3363, 3107 cm L. *H NMR: ¢ 3.6
(m, 2H, C?H,), 3.9 (m, 1H, CYH), 4.4 (m, 2H, OCH,), 4.8 (t,
1H, C?0H), 5.1 (d, 1H, C*OH), 6.3 (s, 2H, NH,), 7.9 (s, 1H,
C®H). 13C NMR: ¢ 161.0, 160.0, 155.3, 138.0, 114.0, 70.0, 67.9,
63.1. HRMS (El): m/z 225.0862 [M* calcd for CgH11NsO3
225.08618], 194, 151, 134.
2-Amino-6-(2',3'-dimethoxy)propoxypurine (40). Com-
pound 40 was prepared according to standard procedure A;
mp 179-180 °C. IR: 3482, 3380, 3231, 2965, 2911, 2847, 2772,
2557 cm~L. *H NMR: 6 3.3 (s, 6H, 20CHpg), 4.4 (s, 2H, OCHy),
4.8 (t, 1H, J = 5.5 Hz, CH,CH), 6.3 (s, 2H, NH>), 7.8 (s, 1H,
C8H). MS (El): m/z 239 [M*], 208, 151, 134, 75.
2-Amino-6-(2'-tetrahydrofuranyl)methoxypurine (43).
Standard procedure C yielded the title product and starting
material as a 50:50 mixture (0.26 g), which was further
dissolved in anhydrous DMSO (5.0 mL), and 1,4-diazabicyclo-
[2.2.2]octane (0.09 g, 0.8 mmol) was added. The reaction
mixture was stirred at 25 °C for 24 h. The reactant solvents
were removed under pressure, and the crude product was
purified by column chromatography (10% MeOH/DCM); mp
224—-228 °C; Amax (CH3OH)/nm 283. IR: 3331, 2976, 2550, 1625
cm~t 'H NMR: 4 1.9 (m, 4H, C?H and C®H), 3.85 (m, 2H, C*H),
4.3 (m, 1H, C5H), 4.5 (d, 2H, J = 4.5 Hz, OCH,), 6.4 (s, 2H,
NHy), 7.95 (s, 1H, C8H). 33C NMR: ¢ 25.5 (C?), 28.0 (C?), 67.8
(C*), 67.9 (CY), 76.5 (OCHy), 113.8 (C®), 138.1 (C?8), 155.5 (C*),
160.0 (C?), 160.4 (C8). MS (EI): m/z 235 [M*], 165, 151, 134,
78. Anal. (C10H13N502’0.01CH2C|2) C, H, N.
06-[2-Methoxy-3,4-di-O-isopropylidine-p-ribos-5-ylJgua-
nine (44). Compound 44 was prepared according to standard
procedure B employing methyl-2,3-O-isopropylidene-3-p-ribo-
furanoside;?® mp 220—225 °C; Amax (CH3OH)/nm 283. IR: 3498
(NH), 2937 cm™%. IH NMR: 0 1.37 (3H, s, CHj3), 1.49 (3H, s,
CHg), 3.34 (3H, s, OCHg), 4.51 (3H, m, OCH; and C(4)H), 4.75
(1H, d, Hz, 3 = 6 Hz), 4.91 (1H, d, C(3)H, J = 6 Hz), 5.07 (1H,
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s, C(1)H), 6.41 (2H, s, NH,), 7.93 (1H, s, C(8)H), 12.5 (1H, br
s, NH). MS (El): m/z 337 (M*). Anal. (C14H19N505:0.75 M H0)
2-Amino-6-[(R)-2',2'-dimethyl-1',3'-dioxolane-5"-yl]-
methoxypurine (46). Compound 46 was prepared according
to standard procedure B; mp 189—191 °C. 'H NMR: ¢ 1.4 (d,
6H, 2CHs), 3.85 (m, 1H,), 4.2 (m, 1H), 4.6 (m, 3H), 6.4 (s, 2H,
NH,), 7.95 (s, 1H, C8H), 12.5 (s, 1H, NH). MS (El): m/z 265
[M+]. Anal. (C11H15N503'0.5H20) C, H, N.
2-Amino-6-[(S)-2',2'-dimethyl-1',3'-dioxolane-5'-yl]-
methoxypurine (47). Compound 47 was prepared according
to standard procedure B; mp 165—167 °C. IR: 3436, 2755,
1455, 1371 cm™L. 'H NMR: 6 1.4 (d, 6H, 2CHs), 3.9 (m, 1H),
4.2 (m, 1H), 4.6 (m, 3H), 6.35 (s, 2H, NH,), 7.95 (s, 1H, C&H),
12.6 (S, 1H, NH) MS (El) m/z 265 [M+] Anal. (C11H15N503)
C, H, N.
2-Amino-6-(cyclohexylidin-2-yl)methoxypurine (49).
Compound 49 was prepared according to standard procedure
B; mp 210—-211 °C; Amax (CH3OH)/nm 283. IR: 3477, 3182,
2937, 1618 cm™%. 'H NMR: 9 1.6 (m, 10H, CsH1o), 4.0 (m, 1H,
C%H), 4.5 (m, 3H, OCH; and C?H), 6.4 (s, 2H, NH,), 7.9 (s,
1H, C8H). 13C NMR: 4 23.7 (C"), 23.9 (C?), 24.9 (C®), 34.9 (C?),
36.3 (C®), 65.9 (C?), 66.6 (C?), 73.5 (OCH_), 109.6 (C®), 138.7
(C?®), 159.9 (C?). MS (El): m/z 305 [M*], 262, 208, 151, 81. Anal.
(C14H19N503'0.050H2C|2) C, H, N.
2-Amino-6-(2'-tetrahydropyranyl)methoxypurine
(NU6019-50). This compound was prepared according to
standard procedure B; mp 255—260 °C; Amax (CH3OH)/nm 283.
IR: 3336, 2940, 2563, 1626, 1587 cm L. *H NMR: 6 1.6 (m,
6H, C4He), 3.5 (m, 1H, CSHax)x 3.7 (m, 1H, ClHax)y 4.0 (m, 1H,
C5Heg), 4.4 (M, 2H, OCHy), 6.4 (s, 2H, NHy), 7.9 (s, 1H, C8H),
12.5 (s, 1H, NH). 3C NMR: 6 22.9 (C?®), 25.8 (C*), 27.9 (C?),
67.5 (C%), 68.7 (C), 75.4 (OCH,), 113.8 (C%), 138.0 (C?), 155.4
(C*, 160.0 (C?), 160.4 (C®). MS (EIl): m/z 249 [M*], 165, 151.
Anal. (C11H15N502‘0.01CH2C|2) C, H, N.
068-[2',3',4',5'-di-O-isopropylidine-p-galactos-6'-yl]gua-
nine (51). Compound 51 was prepared according to standard
procedure C employing 1,2:3,4-O-di-isopropylidene-a-p-galac-
topyranose;?® mp 147—149 °C. IR: 3459, 3200, 2936, 1625
cm. *H NMR: 6 1.4 (d, 6H, 3 =7 Hz, 2CHj3), 1.5 (s, 6H, 2CH3),
4.3 (m, 1H, C5H), 4.5 (m, 3H, OCH, and C2H), 4.6 (dd, 1H, J
=7 Hz, CH,), 4.7 (dd, 1H, 3 = 7 Hz, C*H), 5.6 (d, 1H, J =5
Hz, C5H), 6.4 (s, 2H, NH>), 7.9 (s, 1H, C8H), 8.0 (s, 1H, NH).
MS (El): m/z 393 [M*]. Anal. (C17H23N506:0.01 M CH,CI;) C,
H, N
2-Amino-6-[1',4'-benzodioxan-2'-yllmethoxypurine (52).
Compound 52 was prepared according to standard procedure
B; mp 184—185 °C. IR: 3439, 3157, 2886, 1629 cm™. *H NMR:
0 4.25 (m, 1H), 4.5 (m, 1H), 4.8 (m, 3H), 6.4 (s, 2H, NH,), 7.0
(m, 4H), 7.95 (s, 1H, C®H), 12.6 (s, 1H, NH). MS (El): m/z 299
[M+]. Anal. (C14H13N503) C, H, N.
2-Amino-6-(piperidin-3'-ylmethyl)oxypurine (53). Com-
pound 53 was prepared according to standard procedure B;
mp 221—-223 °C; Amax (CH3OH)/nm 243.5, 284.0. IR: 3340,
3180, 1590 cm~t. HRMS (El): m/z 248.138496 (M* calcd for
C11H16N6O 248.138559). 'H NMR: § 1.4 (m, 1H), 1.7 (m, 1H),
1.9 (m, 2H), 2.2 (s, 1H, NH), 2.8 (m, 2H), 3.2 (m, 2H), 3.4 (d,
1H), 4.3 (d, 2H, OCHy), 7.8 (s, 1H, C®H). Anal. (C11H16N6O-
1.2C,H40,) C, H, N.
2-Amino-6-(piperidin-3'-ylmethyl)oxypurine (54). Com-
pound 54 was prepared according to standard procedure B and
decomposed at 250 °C; Amax (CH3OH)/nm 242.0, 283.5. IR:
3340, 3180, 1590 cm~*. HRMS (El): m/z 248.139446 [M™ calcd
for C11H16NO 248.138559]. 'H NMR: § 1.6 (m, 2H, CH,CH,-
NH), 2.1 (d, 2H, CH,CH;NH), 2.2 (s 1H, NH), 3.0 (d.t, 2H,
CH,CH;NH), 3.3 (m, 2H, CH,CH;NH), 3.6 (d, 1H, CH,CH),
4.4 (d, 2H, OCHy), 7.9 (s, 1H, C8H). Anal. (C11H16NsO+1.3H,0,
1.3C,H40,) C, H, N.
2-Amino-6-[(S)-pyrrolidinon-5-ylJmethoxypurine (55).
Compound 55 was prepared according to standard procedure
B; mp 150—151 °C. IR: 3348, 3113, 2796, 1450 cm™t. 'H
NMR: 6 2.0 (m, 1H,), 2.3 (m, 3H), 4.0 (m, 1H), 4.4 (d, 2H,
OCHy), 6.4 (s, 2H, NH,), 7.95 (s, 2H, C8H, NH ). MS (El): m/z
248 [M+] Anal. (C10H12N602‘1.5H20) C, H, N.
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2-Amino-6-[(R)-pyrrolidinon-5'-yllmethoxypurine (56).
Compound 56 was prepared according to standard procedure
B; mp 146—148 °C. 'H NMR: ¢ 2.0 (m, 1H), 2.35 (m, 3H), 4.05
(m, 1H), 4.45 (d, 2H, OCHy), 6.4 (s, 2H, NHy), 7.9 (s, 2H, C8H,
NH). MS (El): m/z 248 [M*]. Anal. (C10H12NsO,°1.0H,0) C,
H, N.

2-Amino-6-(3'-pyridyl)methoxypurine (58). Compound
58 was prepared as reported previously by Kohda et al and
McElhinney et al.1430

Expression, Purification, and Crystallization of Hu-
man CDK2. 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. Crystals of CDK2 were soaked for approximately 48 h in
5 mM inhibitor in crystallization well solution (50 mM am-
monium acetate, 10% PEG 3350, 15 mM NaCl, 100 mM
HEPES, pH 7.4) plus 5% DMSO. Immediately prior to data
collection, the crystals were transferred briefly to cryopro-
tectant (mother liquor containing 20% glycerol) before flash-
freezing in an Oxford Cryostream at 100 K. X-ray diffraction
data were collected at the ESRF, the Synchrotron Radiation
Source, Daresbury, and the Elletra Light source. Images were
integrated using Denzo®2 or Mosflm®3 and subsequently scaled
and merged using Scalepack® or Scala.* Data collection and
processing statistics are available in the Supporting Informa-
tion.

Structure Solution and Refinement. The starting model
for the structure solution and refinement of the CDK2-22
complex was a model of CDK2 from a complex with another
inhibitor of the purine-based series (unpublished data). Re-
finement of the structure was begun by carrying out rigid body
refinement using REFMAC,® using both sequentially higher
resolution data and an increasing number of rigid body
fragments. Following rigid body refinement, the (Fo — Fc)Ccalcd
maps included readily interpretable electron density for the
bound inhibitor. The ligand was built assuming ideal geometry
in SYBYL and subsequently fitted into the difference electron
density using “O”.%¢ The resulting complex was then subjected
to alternating cycles of manual model rebuilding and maxi-
mum likelihood refinement using REFMAC.3 Individual
anisotropic temperature factor refinement was implemented
throughout, and hydrogen atoms were added and included in
the refinement although they were omitted from the final
model. Toward the end of refinement, water molecules were
added using ARP.¥” In view of the high-resolution data
available for the refinement of the CDK2—-22 complex, the
resulting structure was subsequently used as a model for
refinement of the other three data sets using the same protocol
as described above. Electron density for residues forming the
activation segment was of variable quality, and residues were
omitted from the final models where their positions could not
be modeled with confidence. Refinement statistics are in the
Supporting Information. The four structures solved in this
study (of CDK2 in complex with the compounds 27, 43, 22,
and 56) will be deposited with the Protein Data Bank and
assigned the codes 1hOw, 1h0u, 1928, and 1h0v, respectively.
The structure of NU2058 (25) solved previously has been
assigned the PDB code 1lelv.b

Enzyme Inhibition Studies. Inhibition of starfish oocyte
(Marthasterias glacialis) CDK1/cyclin B1 and human CDK2/
cyclin A was assayed as previously described.®

Cell Growth Inhibition Studies. The inhibition of tumor
cell growth was determined using MCF-7 human breast
carcinoma cells. Cells were plated at a density of 1 x 10%/well
in 96 well plates containing RPMI medium (supplemented with
10% (v/v) fetal calf serum), allowed to grow for 72 h, and then
treated with a range of inhibitor concentrations for 48 h (final
DMSO concentration 1% (v/v)). Cell growth, relative to growth
of control cells treated with 1% (v/v) DMSO alone, was
measured by sulfurhodamine B staining of trichloroacetic acid-
precipitated cell protein as described.3 The Glso concentration
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for each compound was the concentration required to reduce
cell growth by 50%.
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