
Binding Mode of the 4-Anilinoquinazoline Class of Protein Kinase Inhibitor:
X-ray Crystallographic Studies of 4-Anilinoquinazolines Bound to
Cyclin-Dependent Kinase 2 and p38 Kinase

Lisa Shewchuk, Anne Hassell, Bruce Wisely, Warren Rocque, William Holmes, James Veal, and Lee F. Kuyper*

Glaxo Wellcome Inc., Five Moore Drive, Research Triangle Park, North Carolina 27709

Received August 6, 1999

4-Anilinoquinazolines represent an important class of protein kinase inhibitor. Modes of binding
for two members of this inhibitor class were determined by X-ray crystallographic analysis of
one inhibitor (4-[3-hydroxyanilino]-6,7-dimethoxyquinazoline) in complex with cyclin-dependent
kinase 2 (CDK2) and the other (4-[3-methylsulfanylanilino]-6,7-dimethoxyquinazoline) in
complex with p38 kinase. In both inhibitor/kinase structures, the 4-anilinoquinazoline was
bound in the ATP site with the quinazoline ring system oriented along the peptide strand that
links the two domains of the protein and with the anilino substituent projecting into a
hydrophobic pocket within the protein interior. In each case, the nitrogen at position-1 of the
quinazoline accepted a hydrogen bond from a backbone NH (CDK2, Leu-83; p38, Met-109) of
the domain connector strand, and aromatic hydrogen atoms at C2 and C8 interacted with
backbone carbonyl oxygen atoms of the peptide strand. The anilino group of the CDK2-bound
compound was essentially coplanar with the quinazoline ring system and occupied a pocket
between Lys-33 and Phe-80. For the p38-bound inhibitor, the anilino group was angled out of
plane and was positioned between Lys-53 and Thr-106 in a manner similar to that observed
for the aryl substituent of the pyridinylimidazole class of inhibitor.

Introduction

Selective, reversible phosphorylation of protein hy-
droxyl groups is one of the primary mechanisms for
cellular signal transduction and regulation of a variety
of cellular events.1-3 Consequently, selective inhibitors
of particular protein kinases may have therapeutic
value in a wide range of disease states, such as cancer,
diabetes, and arthritis.4-10 To date, the large majority
of known protein kinase inhibitors are competitors of
ATP.6,11,12 The ATP binding site of protein kinases is
relatively conserved;13,14 therefore inhibitor selectivity
has been an important concern. Among the many
reported classes of protein kinase inhibitors, the 4-anili-
noquinazolines have played a particularly important
role in demonstrating the potential for selectivity and
potency.15-17 For example, Fry and co-workers identified
4-anilinoquinazoline 1 as a highly potent and selective
inhibitor of the epidermal growth factor receptor (EGFR)
kinase.18 The compound has an EGFR kinase IC50 of
29 pM and shows little effect on the activity of platelet-
derived growth factor receptor, fibroblast growth factor
receptor, colony-stimulating factor receptor, and c-Src
kinases at a concentration of 50 µM.18 Of relevance to
this report, compound 1 inhibits cyclin-dependent ki-
nase 2 (CDK2) and p38 kinase with IC50 values of 250
and 6.3 µM, respectively.

The available evidence indicates that the 4-anilino-
quinazolines bind to protein kinases in the ATP binding
site, and molecular models of inhibitor/kinase complexes
have been created.19-21 The two reported efforts to
predict the binding mode for this general class of
inhibitor came to different conclusions as to the orienta-
tion of the inhibitor within the ATP binding site of
homology models of EGFR tyrosine kinase.19-21

In this paper, we report crystal structures of two
serine/threonine protein kinases - CDK222 and p3823

- each in complex with a 4-anilinoquinazoline (com-
pounds 2 and 3, respectively). The interactions between
kinase and inhibitor were similar in both complexes and
closely corresponded to those proposed by Palmer and
co-workers for a series of 4-anilinoquinazolines binding
to EGFR kinase on the basis of molecular modeling and
structure-activity relationships.19 Although the two
compounds used in these crystallographic studies were
relatively weak inhibitors of the CDK2 and p38 kinases,
the observed mode of binding may be of relevance to
other kinases for this class of inhibitor and should be
useful for the design of novel inhibitors.
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Results and Discussion

The protein structures described herein are in keeping
with those reported previously by other investigators
for CDK224-28 and p38.29-32 Thus the discussion will
focus primarily on the inhibitors and their interactions
with the two enzymes but will also include differences
in protein conformation where significant.

Structure of Compound 2 Bound to CDK2. The
X-ray structure of the CDK2/compound 2 complex was
solved at 2.2 Å resolution with an R factor of 18.5% at
the current level of refinement (see Table 1 for data
collection and refinement details). This monomeric form
of the kinase is catalytically inactive, but the ATP
binding site is structurally similar to that of the
activated cyclin A complex.33,34 However, the region of
the ATP site involving Lys-33, Glu-51, and Asp-145 does
undergo structural alterations upon complexation with
cyclin A. Thus, analysis of inhibitor interactions with
that part of the cleft must be viewed with some caution.

The 4-anilinoquinazoline 2, which inhibited CDK2
with an IC50 of 1 µM, was found to bind in the ATP site
with the quinazoline ring interacting with the â-strand
of CDK2 (residues 81-83) that links the two domains
of the protein, as illustrated in Figure 1. The 3′-
hydroxyanilino group at the 4-position of the quinazoline
ring projected into the interior of the protein toward
Phe-80, and its phenyl ring was approximately coplanar
with the quinazoline ring system as defined by torsion
angles N3-C4-C1′-C2′ ) 5° and C4-C1′-C2′-C3′ )
-180°. This essentially planar conformation was similar
to the lowest-energy conformation of 4-anilinoquinazo-
line as calculated by quantum mechanical optimization
using the 6-31G* basis set and was consistent with an
NMR analysis of 4-anilino-6,7-dimethoxyquinazoline.35

The 6,7-dimethoxy substituents were near the opening
to the active site with methyl groups close to the plane
of the quinazoline ring system, in concert with confor-
mations of o-dimethoxy groups observed in small mol-
ecule crystal structures.36

A number of interactons between compound 2 and
CDK2 appeared to control binding. A hydrogen bond
between quinazoline N1 and the backbone NH of Leu-
83 linked inhibitor to enzyme. Two aromatic CH‚‚‚Od
C interactions37,38 also appeared to play a role in
binding; the carbons at positions-2 and -8 of the quinazo-
line ring were 3.1 and 2.9 Å from the carbonyl oxygens
of Glu-81 and Leu-83, respectively. A similar interaction
is observed in the CDK2 complex with the purine

derivative olomoucine in which C8 of olomoucine is
found in close proximity to the carbonyl oxygen of Glu-
81.39 In both cases, polarization of the aromatic CH by
adjacent ring nitrogens may enhance the interaction.
The 3′-hydroxy group of the anilino substituent donated
a hydrogen bond to the side chain of Asp-145 and
accepted one from Lys-33, although those interactions
may be altered in the complex with activated enzyme
because the corresponding residues are found in a
significantly different orientation in the latter form of
the protein. The phenyl moiety of compound 2 interacted
with the phenyl group of Phe-80 in an approximately
edge-to-face orientation40 and was also in close contact
with, and sandwiched between, the side chains of Val-
18 and Ala-144. The methoxy groups of the inhibitor
were at the solvent interface with a water molecule
bridged between them. The methyl groups were 3-5 Å
from the side chains of Ile-10, Phe-82, and Leu-134 and
the backbone of His-84. The side chains of Ile-10, Ala-
31, Phe-82, and Leu-134 surrounded the quinazoline
ring system of the inhibitor as shown in Figure 1.

The binding of compound 2 in monomeric CDK2 is
compared to that of ATP in the fully activated CDK2/
cyclin A heterodimer33 in Figure 2. The adenine ring
system of ATP was approximately coplanar with the
quinazoline ring system of compound 2, but overlap of
the two compounds in the binding site of CDK2 was
limited primarily to the pyrimidine ring found in each.
The N1 atoms of both ATP and quinazoline 2 accept a
hydrogen bond from the backbone NH of Leu-83. A
hydrogen of ATP’s 6-amino group donates a hydrogen
bond to the backbone carbonyl oxygen of Glu-81 and is
similar in position to the hydrogen at C2 of the inhibitor.
The C2 hydrogen of ATP is in close proximity to the
carbonyl oxygen of Leu-83, analogous to C8 of the
inhibitor. The hydroxyphenyl group and the dimethoxy-
benzo moiety of the inhibitor had no counterpart in ATP,
and conversely, no part of the inhibitor corresponded
to the ribosyltriphosphate portion of ATP. Thus, the
inhibitor takes advantage of significant portions of the
binding site that ATP does not and vice versa.

Relatively small protein conformational differences
observed in the two liganded (ATP and compound 2)
complexes of CDK2 appeared to reflect the structural
differences of the two ligands. For example, the side
chain orientation of His-84 was somewhat different in
the two complexes and may be related to the different
position of the peptide unit that links residues 83 and
84. The carbonyl oxygen of that amide group interacts
with the aromatic hydrogen at C8 of the inhibitor and
the aromatic hydrogen at C2 of ATP. The position of
the peptide unit appeared to adjust for an optimal
interaction in each case. Similarly, the two ligands
differentially affected the side chain conformation of
Lys-33. In the CDK2/compound 2 complex, the amino
group of Lys-33 was found almost 4 Å away from its
position in the corresponding ATP complex in which it
is hydrogen-bonded to the R-phosphate moiety of ATP.
A potential steric clash with the anilino group of
inhibitor 2 presumably forced Lys-33 to adopt an
alternative conformation.

Structure of Compound 3 Bound to p38. The
structure of p38 in complex with quinazoline 3 was
solved at 2.8 Å resolution and an R factor of 20.6% at

Table 1. Crystallographic Data for the 2/CDK2 and 3/p38
Complexes

CDK2 p38

space group P212121 P212121
cell a ) 72.75, b ) 74.07,

c ) 54.00
a ) 45.17, b ) 84.86,

c ) 127.01
molecules/asu 1 1
resolution 10-2.2 Å 10-2.6 Å
no. of observations 160 386 88 853
no. of unique reflns 14 980 14 136
completeness 97% 90%
Rmerge 9.3% 6.5%
Rfactor 18.5% 20.6%
Rfree 22.7% 25.1%
average B 32.8° 19.6°
rms bonds 0.009 Å 0.010 Å
rms angles 1.3° 1.3°
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the current level of refinement (see Table 1). The p38
protein was in the nonphosphorylated, catalytically
inactive form corresponding to that in previously re-
ported crystal structures.29-32,41 In keeping with previ-
ous studies of p38, the structure reported here showed
a relatively open ATP binding site. The structural
relevance of this inactive form of p38 to the phospho-
rylated active form is not known, although members of
the pyridinylimidazole class of inhibitor, which compete
with ATP, have similar affinity for the active and
inactive forms of the enzyme.29,42 However, until struc-
tures of activated p38 are determined, conclusions
drawn from structures of inhibitor complexes with the
inactive form of p38 should be tempered with an

appropriate level of skepticism regarding relevance to
experimental inhibition of p38 activity.

The quinazoline ring system of compound 3, which
inhibited p38 with an IC50 of 5 µM, was found to interact
with p38 in a manner similar to the interaction observed
for compound 2 in complex with CDK2. As shown in
Figure 3, the nitrogen at position-1 of the inhibitor
accepted a hydrogen bond from the backbone NH of Met-
109 of p38, with an N-N distance of 2.8 Å. The carbons
at positions-2 and -8 were 3.3 and 3.7 Å from the
backbone carbonyl oxygen atoms of His-107 and Met-
109, respectively. In addition, the nitrogen at position-3
was hydrogen bonded to a buried water molecule, which
in turn was linked to the side chain of Thr-106. Such

Figure 1. Stereoview of compound 2 in complex with CDK2. Oxygen atoms are shown in red, nitrogens in blue, protein carbons
in white, and inhibitor carbons in green. Hydrogen atoms are not shown. Hydrogen bonds are indicated by red dashed lines.
Water molecules are represented as red spheres.

Figure 2. Stereoview of a superposition of compound 2/CDK2 and ATP/CDK2/cyclin A complexes. Compound 2 and its hydrogen
bond to protein backbone are shown in green. ATP and its associated hydrogen bonds are shown in red. The color scheme for
protein atoms is as described in Figure 1. The molecular surface of the binding site is represented by white dots.

Figure 3. Stereoview of compound 4 bound to p38. Graphics details are as described in Figure 1.
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an interaction with N3 was not observed in the CDK2/
compound 2 complex in which the corresponding protein
residue is Phe-80.

As in the CDK2/compound 2 complex, the dimethoxy
groups of inhibitor 3 were in a coplanar conformation.
Unlike the fully planar conformation of quinazoline 2,
the anilino group of quinazoline 3 was tilted out of the
plane of the quinazoline ring system (torsion angles
N3-C4-C1′-C2′ ) 21° and C4-C1′-C2′-C3′ ) 57°).
Similar nonplanar conformations were predicted by
Palmer and co-workers in their modeling studies of
anilinoquinazolines bound to the EGFR kinase.19 The
methylthio substituent was out of plane with a C2′-
C3′-S-CH3 torsion angle of -39°.

The quinazoline core was sandwiched in a hydropho-
bic environment formed by the side chains of Val-30,
Val-38, Ala-51, Met-109, and Leu-167 which are all
within 4 Å of the inhibitor. The methoxy substituents
were again at the solvent interface but with some
protein contacts. The 6-methoxy group was within 4 Å
of Val-30 and Gly-31, and the methyl group of the
7-methoxy substituent was in close contact with the
carbonyl oxygen of Met-109.

The 3′-methylthiophenyl group of compound 3 was
oriented into a large pocket at the back of the binding
site. This part of the p38 binding site is formed by Val-
38, Val-52, Lys-53, Glu-71, Leu-75, Ile-84, Leu-104, Thr-
106, and Asp-168 and appears to play an important role
in binding the pyridinylimidazole class of inhibi-
tor.29,32,41 For example, the 4′-fluorophenyl group of
compound 4 binds in this pocket as reported by Tong
and co-workers.32 A comparison of compounds 3 and 4

in their respective complexes with p38 is shown in
Figure 4. The pyridine ring of compound 4 was in a
position similar to the pyrimidine ring of quinazoline
3, both accepting a hydrogen bond from the backbone
NH of Met-109. The phenyl rings of the 4′-fluorophenyl

group of compound 4 and the 3′-methylthiophenyl group
of compound 3 were slightly angled with respect to one
another and occupied different regions of the large
pocket at the back of the site. The methylthio group of
inhibitor 3 was positioned in the same general vicinity
as the C3′, C4′, and C5′ part of the fluorophenyl ring of
compound 4. The dimethoxybenzo piece of quinazoline
3 had no counterpart in compound 4, and the phenyl-
methylsulfoxide moiety of inhibitor 4 had no counterpart
in compound 3.

Conclusions

The structures reported here represent the first
experimental determination of the kinase binding mode
for the 4-anilinoquinazoline class of protein kinase
inhibitor. The quinazoline ring system was found to bind
to two different serine/threonine kinases - CDK2 and
p38 - in essentially the same way, with the fused ring
oriented along and interacting with the peptide strand
that connects the two domains of the protein. In both
structures the inhibitor’s anilino substituent projected
into a pocket deep inside the ATP binding site, which
ATP does not occupy. The observed binding mode was
similar to that predicted by Palmer and co-workers from
molecular modeling studies of 4-anilinoquinazolines
bound to EGFR kinase.19 Thus, these experimental
structures provide confirmation of the theoretical stud-
ies and may serve as a basis for the design of novel
inhibitors.

Experimental Section

Chemistry. Compounds 243 and 3 were prepared from
4-chloro-6,7-dimethoxyquinazoline and the corresponding aniline
according to literature procedures.44

X-ray Crystallography. Human CDK2 was expressed in
T. ni cells using a baculovirus vector. The protein was
expressed and purified as previously described.45 Crystals of
the apo-protein were obtained by the hanging drop vapor
diffusion method. Protein (∼10 mg/mL in 20 mM HEPES, pH
7.5, 1 mM EDTA) was mixed with an equal volume of well
solution (10% PEG3340) and equilibrated at 20 °C. Crystals
grew within 1 day. Prior to data collection, crystals were
soaked for 24 h with a 5 mM inhibitor solution and then
transferred to a cryogenic solution containing 25% glycerol in
10% PEG3340.

Human p38 was expressed and purified as follows. All
procedures were performed at 4 °C. Ninety grams of E. coli
cells expressing 6 × histidine-tagged p38 were lysed in 5

Figure 4. Stereoview of a superposition of p38 complexes with compounds 3 and 4. Graphics details are as described in Figure
2, with compound 3 in green and compound 4 in red.
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volumes of 20 mM HEPES, 325 mM NaCl, and 25 mM
imidazole, pH 7.5, using two passes through a cell homog-
enizer. The clarified supernatant was passed over a 40-mL
nickel chelating Sepharose column (Pharmacia-Amersham; 2.5
× 8 cm), washed with lysis buffer, and step-eluted with lysis
buffer containing 100 mM imidazole. The eluate was diluted
5-fold with 25 mM HEPES and 1 mM DTT, pH 7.5 (buffer A),
and loaded onto a 50-mL Q Sepharose HP column (Pharmacia-
Amersham; 2.5 × 10 cm). The column was washed with buffer
A until baseline absorbance was observed and then was
washed with buffer A containing 200 mM NaCl. p38 was step-
eluted using buffer A containing 300 mM NaCl. After diluting
the p38 eluate 5-fold with buffer A, the protein was loaded
onto a 50-mL Blue Sepharose column (Pharmacia-Amersham;
2.5 × 10 cm). The column was washed with buffer A until
baseline absorbance, then eluted with a 0-1 M NaCl gradient
over 10 column volumes. The main p38 fraction as judged by
SDS-PAGE was concentrated in a Centriprep 10 concentrator
(Amicon) and then loaded onto an 1800-mL Superdex 200 gel
filtration column (Pharmacia-Amersham; 5 × 92 cm) equili-
brated in 25 mM HEPES, 200 mM NaCl, and 1 mM DTT, pH
7.5. The protein eluted as a single peak and was judged to be
>95% pure by densitometry scanned SDS gels, Edman se-
quencing, and electrospray ionization mass spectrometry. The
purified p38 was aliquoted and stored at -80 °C.

The p38 protein (∼10 mg/mL in 50 mM HEPES, pH 7.5,
300 mM NaCl, 1 mM DTT) was mixed with a 3-fold molar
excess of inhibitor dissolved in DMSO. Crystals were grown
by vapor diffusion by mixing the protein/inhibitor complex with
an equal volume of well solution (30% PEG600, 250 mM NH4-
SO4, 100 mM HEPES, pH 7.5) and equilibrating at 20 °C.
Crystals grew within 1 week. Prior to data collection, crystals
were briefly soaked in a solution consisting of 25% glycerol,
30% PEG600, 250 mM NH4SO4, and 100 mM HEPES, pH 7.5.

Data were collected at -170 °C on an RAXIS II area detector
using a Rigaku rotating anode X-ray generator and processed
with DENZO and SCALEPAK.46 The structures were solved
by molecular replacement using Brookhaven Database coor-
dinates files 1HCL and 1WFC as starting models for CDK2
and p38, respectively. Both structures were built using
QUANTA47 and refined with XPLOR 3.148 and CNS 0.5.49,50

Data collection and refinement statistics are presented in
Table 1. Coordinates have been deposited in the Protein Data
Bank (CDK2, 1DI8; p38, 1DI9).
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