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Abstract—4-Anilino-3-cyanoquinolines were reported to have irreversible binding to epidermal growth factor receptor kinase
(EGFRK) by forming a covalent linkage to C773. Our initial docking studies gave results inconsistent with the in vitro data and
showed two different binding modes. To perceive the exact mode of binding of these ligands, two models of the ligand—-EGFR
complexes were considered: (1) reversible binding mode in which the ligand had hydrogen bond interactions at the binding site and
(2) irreversible binding mode wherein the ligand’s Michael acceptor side chain has proximity to the sulfhydryl group of C773 of
EGFR, thereby enabling a covalent interaction. The irreversible binding mode correlated better than reversible binding mode with
respect to in vitro data. However, our results indicate that both modes are being adopted by the ligands and could be utilized to

design more potent EGFRK inhibitors.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

EGFR belonging to the group-I receptor tyrosine ki-
nases plays a key role in vital signal transduction path-
ways responsible for cell division and differentiation.'
Overexpression and deregulated expression of EGFR
has been observed as a feature of uncontrolled cell
proliferation leading to certain types of cancer.? Com-
pounds that inhibit the kinase activity of EGFR are of
potential interest as therapeutic antitumor agents.>*
Recently, a new class of 4-anilinoquinoline-3-carbo-
nitriles has been reported as irreversible EGFR tyrosine
kinase inhibitors.”> Their basic pharmacophore was
modified with the help of docking studies using a
homology model of EGFR, wherein an irreversible
interaction between the Michael acceptor side chain of
the inhibitor and the sulfhydryl hydrogen of C773 was
indicated.>® Later, the crystal structure of the kinase
domain of EGFR with 4-anilinoquinazoline was de-
scribed by Stamos et al.,” wherein the authors found the
binding of quinazoline to EGFRK differed in detail
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from previous homology modeling studies.® The inhib-
itor utilized for the crystal structure did not have the
structural moiety capable of making covalent linkage to
C773. In our quest to understand this novel irreversible
binding of the ligand to the C773 residue of the kinase,
we carried out molecular docking studies. Our initial
FlexiDock and Dock studies of the series of 4-anilino-
quinoline-3-carbonitriles indicated that most of the li-
gands preferred to dock at the binding site. Only a few
oriented in such a manner, that the Michael acceptor
was easily accessible for a covalent linkage with the
C773 residue. The docking scores also did not correlate
to the in vitro data. It became clear from these studies
that these ligands cannot satisfy both the conditions of
formation of a covalent linkage with the sulfhydryl
group of C773 and also hydrogen bond interactions at
the binding site as reported. To better understand the
exact mode of binding of these ligands to EGFR, two
models were considered and molecular minimization
studies were carried out. The first model (reversible
binding mode) had the ligands oriented as in the crystal
structure’ and the second model (irreversible binding
mode) had ligands oriented with the Michael acceptor at
such a distance from the sulthydryl group of C773 so as
to favor a covalent linkage. Binding energies and scoring
functions of the minimized complexes of both the
models were analyzed.
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2. Computational methodology

All ligands were designed using the sketcher module of
Sybyl6.9 (Tripos Associates, St. Louis, MO) on a Silicon
Graphics Octane2 workstation. Initial geometric opti-
mizations were carried out using the standard MMFF94
force field, with a 0.001 kcal/mol energy gradient con-
vergence criterion and a distance-dependent dielectric
constant employing Gasteiger charges. Further geo-
metric optimizations were performed using the semi-
empirical method Molecular Orbital Package
(MOPAC). Molecular minimizations of the ligand—
protein complexes were carried out using Sybyl6.9. The
protein—ligand complex was constructed based on the X-
ray structure (PDB entry 1M17) and these complexes
were minimized by using MMFF94 Force Field until the
iteration number reached 5000. The scoring functions
(D-Score, G-Score, Chem-Score, and PMF-Score) of
ligands were calculated from minimized ligand protein
complex by using Cscore!®!* of Sybyl6.9.

3. Results and discussion

Initial docking studies could not give a clear under-
standing of the binding mode of the ligands, hence
manually docked complexes were built and studied. In
the reversible binding mode studies each ligand was
docked at the bound ligand (Erlotinib) position with
same orientation of crystal structure in order to cover
the binding pocket and minimized the ligand—protein
complex. In irreversible binding mode, the ligand mol-
ecules were manually placed close to C773 with orien-
tation towards binding pocket and minimized by giving
a 3 A distance constraint in between the -carbon of the
ligand to cysteine.
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3.1. Reversible binding mode

After docking and minimization, it was observed that
most of the ligands with good binding energy retained
the crystal structure ligand orientation. A few of the
ligands with poor binding energy moved away from the
crystal structure ligand orientation. The poor binding
energy ligands were reported to have low in vitro
activity (ICsy). The most active ligand 5 not only showed
good binding energy but also maintained the N-H- - -'N
intermolecular H-bonding interaction with M769 and
O-H-- >N interaction of the 3-cyano group with the
Thr766 of the protein as exhibited by the crystal struc-
ture ligand. But the distance between the Michael
acceptor side chain and the sulthydryl group of the C773
of the protein was 5.97 A, which is more than the per-
missible distance for a covalent linkage. The nitrogen
atom of the dimethyl amino group was at a distance of
7 A from the C773 sulfhydryl group (Fig. 1a). The least
active ligand 41 exhibited poor binding energy as well as
a shift in the position of the ligand while maintaining the
hydrogen bond interactions with M769 and T766. The
distance from the Michael acceptor side chain of 41 and
the C773 residue of the protein was found to be 6.6 A
and the nitrogen atom of the dimethyl amino group was
8.1A from C773 (Fig. 1b). The correlation of the
binding energy with the in vitro activity data was 0.50
(Table 1) and the evaluated Cscore functions did not
correspond well to the in vitro data.

3.2. Irreversible binding mode

Mutation studies (C773S) by Fry et al.'* showed that
PD168393 specifically interacted with the sulfhydryl
group of C773 in an irreversible manner. A similar
interaction was suggested by Wissner et al.> Minimized
protein-ligand complex structures in the irreversible
binding mode were generated for all the ligands and
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Figure 1. Minimized reversible binding mode of the ligand~-EGFR complexes (a) ligand 5 and (b) ligand 41. EGFR protein binding sites are rep-
resented by molecular surfaces generated by MOLCAD (blue color indicates N of M 769, red indicates O of T766 and yellow indicates S of C773) and
the bound ligands represented as stick models. Dotted lines represent hydrogen-bonding interactions with the M769 and T766 of EGFR.
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Table 1. Binding energies (BE) for the minimized reversible (RB) and irreversible (IRB) ligand-EGFR complexes

Ar
u HN
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X N R1\( _ J\/Y R JJ\( ]|\(
Pz - 1 1
Re N " /\/\g/ " o o
R3 0 o
I I \Y; \Y
Ligand (series) R! R? R} Ar ICsp? BE (RB) BE (IRB)
5 (1D N(CHj;), OC,Hs H 3-Cl, 4-F1 0.08 -253.1 -251.5
18 (I) H H H 3-Br 0.94 -222.4 —-195.7
19 (1) OCH; H H 3-Br 0.96 —-164.5 -287.1
20 (D O(CH,),0CH; H H 3-Br 0.93 —-139.5 -210.1
21 (1) OCH,0CH; H H 3-Br 0.33 -173.5 -234.5
22 (1) Thiomorpholinyl H H 3-Br 0.55 -3235 -236.4
23(D) 2(S)-2-(methoxymethyl-1-pyrrolidinyl) H H 3-Br 0.15 -225.0 -194.3
24 (1) N(n-Pr), H H 3-Br 0.13 —200.0 —228.2
25 (1) N(i-Pr), H H 3-Br 0.25 —-296.0 -221.9
26 (1) H OCH; H 3-Br 0.91 -303.4 —-209.5
27 (1) OCH; OCH; H 3-Br 0.79 -239.8 —244.6
28 () N(CH;), OCH; H 3-Br 0.09 -235.9 -250.5
30 (IT) N(CHj3), H H 3-Br 0.31 -232.9 —-178.7
31 (I N(CHj;), OCH; H 3-Br 0.79 —-189.0 -213.7
32 (I N-morpholinyl OCH; H 3-Br 3.83 -193.0 -218.1
33 (11) N(CHj;), OGC,H; H 3-Br 1.6 -211.5 —40.6
34 (IT) N-morpholinyl OC,Hs H 3-Br 10.3 -13.0 116.3
35 (I N(CHs), H OCH; 3-Br 2.88 -173.7 3.8
36 (1II) N-morpholinyl H OCH; 3-Br 5.39 —-133.1 -116.6
37 (I N(CHj;), H H 3-Cl, 4-F 0.65 -125.0 -251.5
38 (II) N-morpholinyl H H 3-Cl, 4-F 2.29 -219.3 9.6
39 (II) N(CHs), OCH; H 3-Cl, 4-F 2.32 -161.9 -7.5
40 (I1) N(C,Hs), OCH; H 3-Cl, 4-F 1.91 -223.4 -99.8
41 (I1) N-morpholinyl OCH; H 3-Cl, 4-F 13.6 —-143.7 94.5
42 (I1) N(CH3), H H 3-Cl, 4-F 2.64 -197.5 66.7
43 (111) N(CHj;), OCH; H 3-Cl, 4-F 5.22 -167.7 -38.3
44 (111) N(C,Hs), OCH; H 3-Cl, 4-F 4.84 -236.5 19.9
45 (111) N-morpholinyl OCH; H 3-Cl, 4-F 10.6 -119.6 -102.6
47 (V) H H H 3-Br 0.59 -157.5 —-196.2
48 (V) H OCH; H 3-Br 0.81 -93.4 -201.1
49 (V) CH; H H 3-Br 1.62 -107.1 —-155.8
50 (V) CH; OC,Hs H 3-Cl, 4-F 7.5 -89.4 -125.4
51 (IV) N-morpholinyl H H 3-Cl, 4-F 2.7 -115.9 -203.0
52 (IV) N(CHs), OC,Hs H 3-Cl, 4-F 0.56 —-149.9 -224.3
Correlation 0.5 0.7

#1Cs values are in uM concentrations (taken from Ref. 5).

their binding energy calculated. In these structures, most
of the ligands moved away from the binding site, while
maintaining the covalent linkage. The most active ligand
5 also moved out of the pocket resulting in a loss of the
hydrogen bonding interactions. The orientation of 5
appeared to cap the entry space of the binding pocket
(Fig. 2a). The least active ligand 41 also moved away
from the binding pocket accompanied by the loss of
hydrogen bonding interactions with the binding site; it
oriented itself so as to partially cover the access to the
binding pocket (Fig. 2b). It could be clearly seen from
this study that when the ligand formed a covalent link-
age with the C773, it could not occupy the binding site in
its entirety. The reason for the in vitro activity of some
of these ligands could be because of the inaccessibility of
the binding pocket for ATP. The correlation of calcu-
lated binding energies with the in vitro data was 0.70

(Table 1), significantly better than what was obtained by
reversible docking and minimization. It is interesting
to note that the PMF score from the Cscore evaluations
for irreversible binding mode showed correlation of 0.50
to the activity data.

Our studies indicate that the both irreversible and
reversible binding modes can be adopted by the ligands.
As the correlation values of binding energies with in
vitro data of reversible and irreversible binding modes
are in close proximity, they could indicate that all the
ligands are not binding in the same manner. They also
depict the different orientations that the ligands could
adopt in the binding pocket. Even though these differ-
ences are dramatic, the ligands seem to be acting as
chemical modifiers of EGFR thereby preventing
ATP from reaching the binding pocket. Designing a
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Figure 2. Minimized irreversible binding mode of the ligand-EGFR complexes (a) ligand 5 and (b) ligand 41. EGFR protein binding sites are
represented by molecular surfaces generated by MOLCAD (blue color indicates N of M769, red indicates O of T766 and yellow indicates S of C773)
and the bound ligands represented as stick models. The dotted lines depict the distance between the B-carbon atom of the Michael acceptor side chain
and Sy atom of C773.

compound that could occupy the binding pocket com-

plet

ely, make the hydrogen bonding interactions at the

binding site and also form a covalent linkage with the
sulfhydryl group of C773 could result in a very potent
inhibitor of EGFR.
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