Pergamon

Bioorganic & Medicinal Chemistry Letters 12 (2002) 221-224

BIOORGANIC &
MEDICINAL
CHEMISTRY

LETTERS

Structure-Based Design and Protein X-ray Analysis of a Protein
Kinase Inhibitor

Pascal Furet,®* Thomas Meyer,* André Strauss,” Sylvie Raccuglia®
and Jean-Michel Rondeau®*

aNovartis Pharmaceuticals Inc., Oncology Research, CH-4002 Basel, Switzerland
®Novartis Pharmaceuticals Inc., Core Technologies, CH-4002 Basel, Switzerland

Received 27 August 2001; revised 9 October 2001; accepted 24 October 2001

Abstract—A 5-aryl-1H-pyrazole molecular scaffold was designed to ligate the ATP binding site of cyclin dependent kinase 2
(CDK2) on the basis of crystallographic information. A search of the compound collection of Novartis using this scaffold as sub-
structure query led to the identification of PKF049-365 as a representative of a new class of inhibitors of the cell cycle kinases
CDK1/2. The three-dimensional structure of CDK2 in complex with PKF049-365 was subsequently determined by protein crys-
tallography and refined to 1.53 A resolution. The X-ray analysis confirmed the binding mode expected from the design hypothesis.
In addition, it revealed an alternative binding orientation involving a second tautomeric form of the inhibitor that was not envi-
saged during the design stage. © 2002 Elsevier Science Ltd. All rights reserved.

Introduction

In contemporary pharmaceutical research, massive
screening remains the principal approach to lead finding.
However, when the structural determinants of the desired
biological activity are well understood, an alternative lead
identification process not relying on brute force and
requiring the testing of a much smaller number of com-
pounds can be envisaged. In this respect, a possible
approach is the design, by interactive molecular modeling,
of chemical scaffolds judiciously chosen to make favorable
interactions with the parts of the targeted binding site that
are known to be critical for ligand affinity. The designed
scaffolds can then lead to the synthesis of prototype mole-
cules or serve as substructure queries in compound data-
base searches.! In the present letter, we wish to illustrate
this approach to lead finding by reporting our work on the
structure-based identification and characterization by
protein X-ray crystallography, of the pyrazole compound
PKF049-365 as a new CDK1/2 kinase inhibitor.

Design

Analysis of the many available crystal structures of
kinase/inhibitor complexes reveals the existence of con-
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served interactions that appear to be determinant for
the recognition of small heterocyclic molecules by the
ATP (cofactor) binding site of this class of enzymes.?
Prominent among these are hydrogen bond interactions
that inhibitors make with the backbone of the amino
acid stretch that connects the kinase N- and C-terminal
domains, the so called ‘hinge’ loop. In particular, for
CDK2, at least one hydrogen bond with hinge residue
Leu 83 is observed in all reported crystal structures.?
These hydrogen bonds position the inhibitors in an
orientation that allow them to make multiple favorable
contacts with the side chains of hydrophobic residues
that normally form the environment of the adenine ring
of ATP in the pocket. In the case of CDK2, these resi-
dues include Ile 10, Ala 31, Val 64, Phe 80, Leu 134 and
Ala 144. Recognizing the importance of the hinge
hydrogen bonds and the associated hydrophobic inter-
actions to obtain binding affinity for the ATP pocket,
our strategy to find new kinase inhibitors is based on the
design of molecular scaffolds targeting these interac-
tions.

As an illustration of this approach, we used an X-ray
crystal structure of CDK2 to design* a 5-aryl-1H-pyra-
zole ligand scaffold in the following way (Fig. 1):

e a pyrazole ring was constructed both to form
bidentate hydrogen bonds with the backbone
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carbonyl and NH groups of hinge residue Leu 83
and make hydrophobic contacts with the side
chain of Leu 134.

e an aryl moiety was attached at position 5 of the
pyrazole ring to create hydrophobic interactions
with the side chain of Ile 10.

e finally, the 3-position of the pyrazole ring was
substituted by a hydrophobic group such as
phenyl or isopropyl to fill the bottom of the
pocket formed by the side chains of Ala 31, Val
64, Phe 80 and Ala 144. In the model, the phenyl
substituent appeared particularly interesting
because, unlike a shorter group, it could make
contacts with Phe 80, the residue having the
deepest location in the pocket.

Database Searching and Biological Results

Following the design, we searched the compound col-
lection of Novartis employing the substructure query
shown in Figure 2.5 The search returned several com-
pounds available for testing. All of them had a phenyl
moiety in position 3 of the pyrazole ring. The retrieved
compounds were tested for their ability to inhibit the
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Figure 1. Designed scaffold in the ATP pocket of CDK2. Hydrogen
bonds to Leu 83 are indicated as dashed lines.
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Figure 2. Substructure query used in the database search (A means a
carbon or a nitrogen atom and the dashed lines any type of bond).

enzymatic activity of CDK2 (activated by cyclin A),° as
well as that of CDK1 (activated by cyclin B)” which has a
very similar ATP binding site.® Some of the compounds
turned out to inhibit both enzymes with ICs, values in the
low micromolar range. With an ICs, value of 1.6 uM
against CDK2 and of 1.3 uM against CDK 1, PKF049-
365 (Fig. 3) was the most active one.® This result clearly
demonstrated the validity of our approach in the search
for new chemical series of kinase inhibitors.

X-ray Analysis

The three-dimensional structure of the CDK2/PKF(049-
365 complex was determined by protein crystallography
and refined to 1.53 A resolution (Table 1).!° The X-ray
analysis shows that PKF049-365 binds to the adenine
pocket of the ATP binding site and interacts with the
hinge region of the kinase molecule, as designed by
molecular modeling (Fig. 4). However, two over-
lapping—and hence mutually exclusive—binding modes
are detected, which are characterized by a different pat-
tern of hydrogen-bonded interactions with the main
chain of the hinge region of the kinase. In the first
binding mode, which corresponds exactly to the design
hypothesis, N2 of the pyrazole ring of PKF049-365
receives a H-bond from the amide nitrogen of Leu 83
and N1 donates a H-bond to the carbonyl oxygen of the

Figure 3. Two tautomeric forms of PKF049-365. The first one corre-
sponds to the structure recorded in the database and identified by the
search.

Table 1.

Crystal data

Space group P2,2,2, .
Unit cell dimensions 53.53, 71.80, 72.36 A
Number of complexes/a.u. 1

Resolution range 30.0-1.53 A
Number of observations 179,814
Number of unique reflections 39,979
Data redundancy 4.5
Data completeness 93.5%
<I/o(I)> 14.0
Rierge 0.046
Refinement statistics

Reryst 0.206
Rfree 0.253
Nb of non-H protein atoms 2409
Nb of non-H ligand atoms 36 (2x18)
Nb of solvent molecules 267
mean B value for protein 232 A?
mean B value for ligand 19.4 A?
mean B value for waters 34.5 /3:2
C-V estimated coord. error 0.22 A
Rmsd bond lengths 0.008 A
Rmsd bond angles 1.7°
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Figure 4. (A) Refinement of the two alternate binding modes: final os-weighted 2Fo-Fc, ¢, electron density map (white; 1o contour) and ca-
weighted 2Fo-Fc, ¢cac SA-omit map (yellow; 0.75c contour; both inhibitor molecules were removed from the model, as well as all residues within
3.5A). Note that two alternate conformations were refined for protein residues 81-85 (shown here in bold and thin trace), but structural differences
are minimal (see text). (B) Refinement of designed binding mode only: residual o-weighted Fo-Fc, ¢.q electron density when only the binding
mode shown in bold magenta is modeled, with an occupancy of 1.0 (green: + 3o contour; red: —3c contour). (C) Refinement of second binding
mode only: residual oa-weighted Fo-Fc electron density when only the binding mode shown in grey is modeled, with an occupency of 1.0 (green:

+ 30 contour; red: —3c contour).

same residue (Fig. 4b). In the second binding mode, N2
of the pyrazole ring donates a H-bond to the carbonyl
oxygen of Glu 81, and NI receives a H-bond from the
amide nitrogen of Leu 83 (Fig. 4c). Hence, the observed
binding modes involve two distinct tautomeric forms of
PKF049-365, differing by the presence of a proton on
either N1 or N2 of the pyrazole ring of the inhibitor
(Fig. 3). Refinement of the occupancies indicates that the
two binding modes are equally populated. Furthermore,
switching from one to the other binding mode only
requires a small translation/rotation of the inhibitor
molecule within the same plane and is not associated
with any significant structural rearrangement of the
kinase. Two alternate conformations were modelled for
residues 81-85 of the hinge region, but only a few minor,
structural changes are observed, notably for Leu 83 and
His 84. The largest structural difference is observed for
the oxygen carbonyl atom of Leu 83, for which the two
alternate positions are 1.6 A apart (Fig. 4a—).

Conclusion

The work reported in this letter examplifies the value of
structure-based design combined with database mining
and experimental structure determination for the iden-
tification of lead structures. In addition, it provides an
interesting and, to the best of our knowledge, unique
example of duality, due to tautomerism, in the binding
mode of an enzyme inhibitor.
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