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Abstract—Epidermal growth factor receptor (EGFR) protein tyrosine kinases (PTKs) are attractive targets for anti-tumor drug
design. Although thousands of their ligands have been studied as potential inhibitors against PTKs, there is no QSAR study that
covers different kinds of inhibitors with observable structural diversity. However, by using this approach, we could mine far more
useful information. Hence in order to better understand the binding model and the relationship between the physicochemical
properties and the inhibitory activities of different kind of various inhibitors, molecular docking and 3D-QSAR, viz. CoMFA and
CoMSIA, were combined to study 124 reported inhibitors with different scaffolds. Based on the docked binding conformations,
highly reliable and predictive 3D-QSAR models were derived, which reveal how steric, electrostatic, and hydrophobic interactions
contribute to inhibitors’ bioactivities. This result also demonstrates that it is possible to include different kinds of inhibitors with
observable structural diversity into one 3D-QSAR study. Therefore, this study not only casts light on binding mechanism between
EGFR and its inhibitors, but also provides new hints for de novo design of new EGFR inhibitors with observable structural

diversity.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Protein tyrosine kinases (PTKs) play important roles in
activating numerous signal transduction pathways
within cells, leading to cellular proliferation, differenti-
ation, and various regulatory mechanisms.!> Epidermal
growth factor receptor (EGFR), which was identified as
a kind of PTK in 1980s that belongs to a large family of
the transmembrane growth factor receptor PTKs, is
activated by the binding of epidermal growth factor
(EGF).* Mistakenly regulated activity or over-expres-
sion of the receptor have been demonstrated to be
related to many human cancers such as breast and liver
cancers,> ¢ leading many to believe that EGFR PTK is
an attractive target for anti-tumor drug discovery.” !
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Thus by reasoning, inhibitors of the EGFR PTK are
expected to suppress the kinase’s activity, with great
therapeutic potential for the treatment of malignant and
nonmalignant tumors.!!

In last decade or so, several kinds of compounds were
reported as tyrosine kinase inhibitors.*!>?! The total
number of intensively studied chemicals were estimated
to be in their thousands.!” Although many of them
possess potent inhibitory activities against the tyrosine
kinase, they often lack selectivity or show only weak
cellular and in vivo potency.>!” Therefore, it is still a big
challenge to develop successful drugs targeting at
EGFR. Quantitative structure-activity relationship at
the three-dimensional (3D) level (3D-QSAR) is in gen-
eral considered as a powerful approach for developing
new drug leads based on small ligand structures.
Although there are some reports on 3D-QSAR, such as
comparative molecular field analysis (CoMFA)** and
comparative molecular similarity index analysis (CoM-
SIA),? studies on the EGFR inhibitors are limited to
one kind of inhibitors.'7?*2¢ Moreover no 3D-QSAR
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studies have been found on the structures that covered
two or more different kinds of ligands. One reason may
lie in the difficulty of aligning compounds that have
distinct differences in structures, for the key step of using
with COMFA or CoMSIA lies in the alignment. Nev-
ertheless, there should be abundant information hidden
behind the observed results, and waiting to be mined. A
3D-QSAR study on ligands with observable structure
diversity, if possible, will definitely lead to more uni-
versal and robust QSAR models for designing novel
compounds in inhibiting EGFR. To address such pow-
erful models covering different types of ligands, we
carried out CoMFA and CoMSIA studies on 124
reversibly ATP-competitive inhibitors of EGFR PTK,
belonging to four types of reported EGFR inhibitors in

this research. They are phenylamino-quinazolines,
phenylamino-pyrido[4,3-d]pyrimidines,  phenylamino-
pyrrolo[2,3-d]pyrimidines, and phenylamino-pyrim-
ido[5,4-d]pyrimidines.

2. Materials and methods
2.1. Structures and activities of inhibitors

The structures of 124 EGFR TK inhibitors and their

inhibitory activities (—loglCy,s) are shown in Table
1.18-21

Table 1. Structure, experimental, and predicted activities of COMFA and CoMSIA of the 124 inhibitors

phenylamino-

quinazolines

[4,3-d]pyrimidines  [2,3-d]pyrimidines

68-81,83-93,96-106 107-124

phenylamino-pyrido phenylamino-pyrrolo phenylamino-pyrimido

[5,4-d]pyrimidines
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No. R] R2 R3 log I/C
2 3 4 5 Obsd CoMFA CoMSIA

1 F Br 1-(1,2,3-Triazolyl)-(CH,),0 6.40 6.160 6.516
2 F Br MeN(CH,CH,),CH-CH,0 6.30 6.352 6.569
3 F Cl MeO(CH,),0 7.00 6.818 6.658
4 F Cl 4-Me-piperazinyl-(CH,);0 7.12 7.203 6.836
5 F Br 4-Me-piperazinyl-(CH,);0 7.00 6.939 7.742
6* F Cl 4-Me-piperazinyl-(CH,),0 6.70 6.752 6.734
7 F Cl 4-Morpholinyl-(CH,);0 7.00 6.967 6.574
8 F Cl 4-Morpholinyl-(CH>),O 6.40 5.988 6.578
9 F Cl 1-Pyrrolidinyl-(CH,);O 7.00 7.037 6.864
10 F Cl (CH,)sN-CH,CH=CH-CH,0O 7.05 6.745 7.188
11 F Br (CH;,)sN-CH,CH=CH-CH,0 7.00 6.995 6.825
12 F CN (CH,)sN-CH,CH=CH-CH,0O 6.10 6.105 6.050
13 F Cl 4-Pyridyl-N(Me)—(CH,),0 6.52 5.794 6.239
14 F Cl MeN(CH,CH,),CH-CH,0O 6.52 6.399 7.058
15 F Me MeN(CH,CH,),CH-CH,0O 6.00 6.119 6.302
16* F Cl OH MeN(CH,CH,),CH-CH,0O 7.00 6.960 6.988
17 F Me OH MeN(CH,CH,),CH-CH,0O 6.52 6.536 6.375
18 F Cl F MeN(CH,CH,),CH-CH,0O 6.35 6.599 6.200
19 F Br F MeN(CH,CH,),CH-CH,0O 6.52 6.719 6.581
20 F Cl HN(CH,CH,),CH-CH,0O 6.52 6.542 6.325
21 F Br HN(CH,CH,),CH-CH,0 6.70 6.566 6.731
22 F Me HN(CH,CH,),CH-CH,0O 6.30 6.432 6.092
23 F Cl F HN(CH,CH,),CH-CH,0 6.30 6.214 5.935
24 F Br F HN(CH,CH,),CH-CH,0O 6.35 6.242 6.578
25 F Cl MeN(CH,CH,),CH-CH,CH,0 6.52 6.671 6.953
26* F Br MeN(CH,CH,),CH-CH,CH,0 6.70 6.992 7.087
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Table 1 (continued)
No. R[ R2 Rj; log 1/C
2 3 4 S Obsd CoMFA CoMSIA

27 F Br HN(CH,CH,),CH-CH,CH,0 6.70 6.515 6.356
28 F Cl (R)-MeN(CH,)(CH,); CH-CH,O 7.00 6.974 7.029
29 F Br (R)-MeN(CH,)(CH,); CH-CH,0 6.70 6.427 7.314
30 F Br (S)-MeN(CH,)(CH,); CH-CH,O 7.00 7.373 7.702
31 Br NH, 8.00 8.653 8.509
32 Br NHMe 9.89 9.268 9.372
33 Br NMe, 10.05 9.133 9.536
34 Br NHCH,CH,O0H 9.62 9.294 9.367
35 Br N(Me)CH,CH,OH 8.59 8.743 8.727
36* Br NHCH,CH(OH)CH,OH 9.04 8.887 8.802
37 Br N(Me)CH,CH(OH)CH,OH 8.49 8.577 9.157
38 Br NHCH(CH,OH), 7.85 8.169 8.573
39 Br N(CH,CH,0H), 7.92 7.728 8.001
40 Br NHCH,(CHOH),CH,OH 8.32 8.019 8.320
41 Br N(Me)CH,(CHOH),CH,OH 8.49 8.339 8.631
42 Br NH(CH,),NMe, 7.35 7.048 7.253
43 Br NH(CH,);NMe, 8.06 8.135 8.133
44 Br NH(CH,);NMe, 8.13 8.814 8.601
45 Br NH(CH,;)sNMe, 8.08 7.966 7.969
46* Br N(Me)(CH,),NMe, 7.40 7.753 8.075
47 Br NH(CH,),Nmorph 8.49 8.538 9.062
48 Br NH(CH,;);Nmorph 8.72 8.801 8.997
49 Br NH(CH,)4Nmorph 8.27 7.848 8.524
50 Br NH(CH,);N(O)morph 9.13 9.231 8.785
51 Br NH(CH,);NMepip 8.31 8.244 7.670
52 Br NH(CH,),N(CH,CH,0H), 8.04 7.966 7.665
53 Br NH(CH,);N(CH,CH,0H), 8.92 8.817 8.398
54 Br NHNH, 8.15 8.330 8.004
55 Br NH(CH,);(1-imidazolyl) 9.29 9.397 9.161
56* Br NH(CH,),(4-imidazolyl) 9.04 9.481 9.372
57 Br NHCH,COOH 8.82 8.971 8.647
58 Br NHCH,CH,COOH 9.21 8.806 9.349
59 Br NH(CH,);COOH 9.55 9.718 9.570
60 Br N(Me)CH,COOH 7.80 7.771 8.663
61 Br NHCH,CH,SO;H 8.85 9.492 9.441
62 Me NHMe 8.85 8.707 8.442
63 Me NH(CH,);NMe, 8.27 8.704 7.825
64 Me NH(CH,;);Nmorph 8.03 7.895 8.202
65 Me NH(CH,);Nmepipazin 8.25 8.416 8.229
66* Me NH(CH,);(1-imidazolyl) 8.46 8.119 7.876
67 Me NH(CH,),(4-imidazolyl) 8.14 8.094 7.952
68 Cl Me Me 7.57 6.814 6.988
69 Cl C¢HS5 Me 8.00 7.301 7.923
70 Cl Me C¢H5 6.64 6.723 6.856
71 Cl CgHS5 CeH5 7.02 7.683 7.595
72 Cl CONHMe H 8.52 8.576 7.924
73 Cl Pyridin-2-yl H 8.15 7.558 7.712
74 Cl 4-OMe-C¢Hy4 H 7.82 7.700 8.022
75 Cl 4-OH-C¢H,4 H 8.52 8.376 8.568
76* Cl 4-NH,-C¢H, H 8.52 7.984 7.782
77 Cl 3-NH,-C¢H,4 H 8.40 8.577 8.021
78 Cl 4-COOH-C¢Hy4 H 9.00 9.022 8.903
79 Me Me 5.72 5.742 6.122
80 Me Me Me 6.24 6.369 6.227
81 F Me Me 6.26 6.476 6.024
82 Cl Me Me 5.60 6.122 6.654
83 Br Me Me 7.60 6.880 7.230
84 OH Me Me 5.90 5.791 5.424
85 OMe Me Me 5.92 6.302 5.993
86" CF; Me Me 5.72 6.228 6.341
87 CO,H Me Me 4.79 4.775 4.870
88 CN Me Me 6.70 6.224 5.856
89 Me Me Me 5.68 6.162 5.843
90 Et Me Me 4.11 4.782 5.649
91 F Me Me 6.25 6.280 6.166

(continued on next page)
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Table 1 (continued)

No. R] Rz R3 IOg I/C
2 3 4 5 Obsd CoMFA CoMSIA

92 Cl Me Me 4.12 5.151 4918
93 Cl Cl Me Me 6.77 6.911 7.086
94 Cl Me Me 6.30 5.836 5.933
95 Me Me 5.97 5.955 5.729
96* -CH,CH,CH,CH,- 6.51 6.406 6.411
97 Me ~CH,CH,CH,CH,- 6.09 7.426 7.002
98 Cl —~CH,CH,CH,CH,- 7.54 7.561 7.199
99 Br ~CH,CH,CH,CH,- 7.34 7.141 7.709
100 OH —CH,CH,CH,CH,- 6.38 6.237 5.999
101 OMe ~CH,CH,CH,CH,~ 6.07 5.988 5.745
102 CF; -CH,CH,CH,CH,— 6.44 5.697 6.535
103 COH ~CH,CH,CH,CH,- 4.59 4.774 5.314
104 Me —~CH,CH,CH,CH,- 6.96 6.804 6.336
105 —CH,CH,CH,CH,- 8.22 7.431 6.387
106 ~CH=CHCH=CH- 5.16 5.554 5.985
107 Cl 5.59 6.887 6.393
108 NHMe 7.89 7.479 7.685
109 Br Cl 7.09 7.099 7.044
110 Br NH, 8.82 8.646 8.415
111 Br NHMe 9.12 8.702 8.428
112 Br NMe, 9.02 9.232 9.099
113 Br OMe 8.42 8.511 8.877
114 Br NH(CH,),NMe, 7.46 7.426 8.226
115 Br NH(CH,),morpholide 9.09 8.830 8.711
116* Br NH(CH,);morpholide 8.54 8.483 7.740
117 Br NH(CH,),(4-imidazolyl) 9.60 9.489 9.005
118 Br NH(CH,);(1-imidazolyl) 8.64 8.731 8.257
119 Me Cl 6.42 7.260 7.084
120 Me NH, 7.77 8.385 7.882
121 Me NHMe 8.37 8.278 8.150
122 Me NMe, 8.40 8.677 7.599
123 Me NH(CH,),morpholide 8.64 8.521 8.246
124 Me NH(CH,),(4-imidazolyl) 8.52 8.521 8.413

* Inhibitors are selected for test set.

The 3D structures of these compounds were constructed
by wusing molecular modeling software package
Sybyl6.8.27 The geometries of these inhibitors were
optimized using the Tripos force field*® with Gasteiger—
Hiickel charges.?3! The Powell method available in the
Maximin2 module encoded in Sybyl6.8 was used for
energy minimization using an 8 A nonbond cutoff and
an energy convergence gradient value of 0.005kcal/
(mol A).

2.2. EGFR structure

The X-ray crystal structure of the EGFR PTK in com-
plex with inhibitor AQ4774%** was recovered from the
Protein Data Bank (PDB, http://www.rcsb.org/pdb/,
entry code 1M17).2* AQ4774 occupies the ATP binding
pocket. Although residues of the enzyme were missing
from 965 to 976 in the structure, they are too far away
from the binding site. So we did not repair these residues
for the protein structure. Subsequently, the residues
from 977 to 996, which code the C-terminal of the
protein and are far from the binding pocket as well, were
also removed. After adding all the necessary hydrogen
atoms, the AQ4774-protein complex was relaxed 200

steps by using the MMFF94 force field with MMFF94
charges.?

2.3. Molecular docking

DOCK4.0%* was employed to dock all the inhibitors
listed in Table 1 into the EGFR PTK binding pocket.
Briefly, the molecular surface of the pocket was calcu-
lated using the AutoMS*” program. Then, SPHGEN™®
was used to create the sphere clusters for the pocket. The
steric and electrostatic environment of the pocket was
evaluated with the program Grid.*® During the docking
simulations, the inhibitors were regarded as flexible and
subjected to an energy minimization. For each inhibitor,
the top 10 docked binding conformations were reported.
We noticed that the skeletons of compounds 1-67 and
107-124 in Table 1 are somewhat similar to that of
AQ4774. This skeleton is composed of a naphthalene-
like nitrogen heterocondensed ring and a substituted
benzene ring. All of the ring atoms of this skeleton were
used to calculate the root mean square deviation (rmsd)
between AQ4774 and each reported conformations. For
compounds 68-106, the atoms of the two six-membered
rings are used to estimate rmsd. The binding confor-
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mation of each inhibitor with least rmsd among the 10
reported conformations of each inhibitor was selected
for further QSAR analyses.

2.4. QSAR analyses

To construct good predictive QSAR models and to
evaluate the contributions of electrostatic, steric, and
hydrophobic effects to the activities of EGFR PTK
inhibitors, CoMFA?* and CoMSIA? analyses were
performed upon the binding conformations and their
alignments derived from docking calculation.

2.5. CoMFA

For CoMFA analysis, steric and electrostatic fields were
calculated using a sp® carbon as steric probe, and a +1
point charge as the electrostatic probe. Steric and elec-
trostatic interactions were calculated using Tripos force
field with a distance-dependent dielectric constant at all
intersection in a regularly spaced (2 A) grid. The mini-
mum sigma (column filtering) was set to 2.0 kcal/mol to
improve the signal-to-noise ratio by omitting those lat-
tice points whose energy variation was below this
threshold. A cutoff of 30 kcal/mol was adopted and the
regression analysis was carried out using the full cross-
validated partial least-squares (PLS) method (leave one
out) with CoMFA standard options for scaling of
variables.®** The final model (non-cross-validated
conventional analysis) was developed and yielded the
highest cross-validated ¢*> value with the optimum

number of components equal to that yielding the highest

q>.

2.6. CoMSIA

For CoMSIA analysis, three physicochemical proper-
ties, steric, electrostatic, and hydrophobic fields, were
evaluated. The steric contribution was reflected by the
third power of the atomic radii of the atoms. Electro-
static properties were calculated based on the atomic
charges. An atom-based hydrophobicity was assigned
according to the parameterization developed by Viswa-
nadhan and co-workers.*! The lattice dimensions were
selected with a sufficiently large margin (>4 A) to enclose
all molecules. Any singularities were avoided at atomic
positions in CoMSIA fields because a Gaussian-type
distance dependence of the physicochemical properties
was adopted, thus no arbitrary cutoffs were required. In
general, similarity indices, Ap ¢ between the compounds
of interest and a probe atom placed at the intersections
of the lattice could be calculated with the equation
below,?

n
2
q N —ar:
AF,K(J) = E Wprobe ks Wik€ "
i=1

where ¢ represents a grid point, i is summation index
over all atoms of molecule j under computation, wy is

the actual value of the physicochemical property & of
atom i, Wpobi is the value of the probe atom. In this
study, similarity indices were computed using a probe
atom (Wpobx) With charge +1, radius 1A, hydropho-
bicity +1, and attenuation factor « 0.3 for the Gaussian-
type distance. The statistical evaluation for the CoMSIA
analyses was performed in the same way as described in
CoMFA. Molecular modeling, docking, and QSAR-
related calculations were carried out on a SGI O2
workstation with Sybyl6.8 and DOCK4.0.

3. Results and discussion
3.1. Interaction models

3.1.1. The structure of ATP binding site. The crystal
structure of EGFR PTK revealed that the ATP binding
pocket consists of Thr766, GIn767, Leu768, Met769,
Gly772, Thr830, Asp831, Val702, Lys721, Ala719,
Glu738, and Met742.3 This binding pocket can be
divided into five regions including two hydrophobic
regions and an adenine region.* Hydrophobic region I
shaped by Ala719-Lys721, Leu764-Thr766, Thr830 and
Asp831 is located deeply inside the ATP binding pocket
(refer to Supporting material, Fig. S1). Hydrophobic
region II mainly comprises Leu694 and Gly776.> These
two hydrophobic regions are almost opposite each other
to the adenine region.

Docking simulation resulted in two different binding
models for the inhibitors to EGFR PTK, designated as
model 1 and model 2. Figure 1 illustrated these two
binding models taking inhibitor 94 as an example. For
model 1, the nitrogen atom N1 of the pyrrolo[2,3-
dlpyrimidine (refer to Table 1 for atomic numbering)
forms a hydrogen bond with the NH group of Met769,
while the anilino group lies in a hydrophobic pocket 1.
The binding between AQ4774 and EGFR PTK in the
crystal structure belongs to model 1. For model 2,
although the nitrogen atom N1 of the pyrrolo[2,3-
dpyrimidine also forms a hydrogen bond with the NH
group of Met769 (Fig. 1), the anilino group lies in the

Figure 1. Binding models 1 and 2 of inhibitor 94.
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hydrophobic pocket II. Therefore, the orientation of
anilino group is in opposite directions in these two
binding models.

These two binding models are very similar to each other
in terms of binding pattern.*> The anilino moiety binds
with a hydrophobic pocket in both models, while there is
a hydrogen bond between the inhibitors and the NH
backbone of Met769. The only difference is that the
inhibitor binds to different hydrophobic pockets. Many
researchers concluded that hydrophobic interaction
dominates the binding between EGFR PTK and inhib-
itors.>'%#2 Our docking result shows that the electro-
static interaction energy is no larger than 25% of the
overall interaction energy between inhibitor and EGFR
PTK, demonstrating that the hydrophobic interaction is
essential to the binding. Meanwhile, we also noticed that
all of the 124 inhibitors possess model 1 in binding to
EGFR while only a few inhibitors adopt model 2.
Therefore, model 1 was used in the QSAR analyses.

3.1.2. Binding conformations of the inhibitors. The
DOCKA4.0 predicted binding conformation of AQ4774 is
shown in Figure 2 with the X-ray crystallographic
obtained conformational superposition.’?* The rmsd of
heavy atoms between these two conformations is
~1.46A. A large part of the rmsd is from
-OC,H4OCHj;, which is very flexible and is almost
located outside the binding pocket to access the solvent.
The rmsd between the two conformations without
—-OC,H4OCH; moiety is only ~0.97 A, indicating the
parameters for the docking simulation are reasonable in
reproducing the X-ray structure. DOCK4.0 and its
parameter set could be extended to search the enzyme-
binding conformations for other inhibitors accordingly.

Figure 3 illustrates 124 best conformations of the 124
inhibitors, chosen from the docked conformations
according to their rmsds to AQ4774. It shows that the
common ring structures were superimposed each other
rather well. Based on this set of binding conformations
and their alignment, COMFA and CoMSIA analyses
were performed.

Figure 2. Docked (brown) and X-ray crystallographic (blue) confor-
mations of AQ4774.

Figure 3. The docked 124 best binding conformations in the ATP
binding site of EGFR.

3.1.3. Hydrogen-bonding interactions. Our docking
results showed that all inhibitors of EGFR PTK were
involved in a hydrogen bonding with the residue Met769
in the binding pocket (Fig. 1). This hydrogen bond is in
fact crucial for the binding activities of EGFR inhibi-
tors, in which more than a 3700-fold loss in inhibitory
potency will be caused when substituted N1 with a
carbon atom.* A second hydrogen bond can be formed
between the N3 of the quinazoline ring and the side
chain of Thr766, which is located at the beginning of the
extended coil stretched deep into the binding cleft.
Removal of the N3 of the quinazoline ring results in a
moderate loss of affinity (a 200-fold loss in inhibitory
potency), indicating that this hydrogen bond is probably
less important than the first one.** Our docking result is
in agreement with Palmer’s result that most of the 124
inhibitors formed the first hydrogen bond, and a few of
them formed the second hydrogen bond (refer to Sup-
porting material, Fig. S2, for the details of the interac-
tions between four classes of inhibitors and EGFR,
which was derived by the program LIGPLOT?#).

3.2. 3D-QSAR models

3.2.1. CoMFA. During 3D-QSAR analyses, we selected
112 (unasterisked molecules in Table 1) compounds for
model construction and 12 compounds (asterisked
molecules in Table 1) as testing set for model validation.
The result of COMFA analysis is summarized in Table 2.
PLS analysis gave a correlation with a cross-validated ¢*
of 0.591 and an optimum component number of 7. The
non-cross-validated PLS analysis was repeated with the
optimum number of components, determined by
the cross-validated analysis, to give a 72 of 0.904,
F5103 = 139.9, and an estimated standard error of 0.401.
These values indicate a good conventional statistical
correlation. Thus, the CoOMFA model has a good pre-
dictive ability. The steric descriptors explain 50.6% of
variance, while the electrostatic descriptors explain
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Table 2. Statistical indexes of COMFA and CoMSIA models based on
112 inhibitors binding conformers

CoMFA CoMSIA
PLS statistics
7 0.591 0.588
” 0.904 0.856
s 0.401 0.487
F 139.900 125.904
Optimal components 7 5
Contribution
Steric 0.506 0.212
Electrostatic 0.494 0.366
Hydrophobic 0.422

49.4%. The predicted inhibitory activities of the 112
compounds were listed in Table 1. The correlation
between observed activities and the predicted values was
depicted in Figure 4a. The good correlation suggests
that a reliable CoMFA model was successfully con-
structed.

The CoMFA result was usually represented as 3D
‘coefficient contour’. It shows regions where variations
of steric and electrostatic nature in the structural fea-
tures of the different molecules contained in the training
set lead to increases or decreases in the activity. The
CoMFA steric and electrostatic fields were presented as
contour plots in Figure 5. To aid in visualization,
compound 42 was displayed in the maps. Green colored

Calculated Values
~

4 5 6 7 8 9 10 M
(a) Experimental Values

2415

regions indicated where increased steric bulk is associ-
ated with enhanced activity, and yellow colored regions
suggested where increased steric bulk is unfavorable to
activity. The biggest yellow steric region was found near
the C5 and N6 of pyrido[4,3-d]pyrimidine moiety in the
CoMFA contour map, suggesting that the modification
of the inhibitors with bulky group to this region would
lead to decrease in activity. In fact, no EGFR PTK
inhibitors have a substituent at the site of C5. Two small
yellow contours around the C2 of pyrido[4,3-d]pyrim-
idine moiety and 6’ position of anilino moiety suggest
that the region near residue Val702 is quite sterically
restricted. Another yellow region near R2 substituent
moiety indicates that bulky R2 group is not beneficial to
the inhibitory activity.

Regions where more positive charge is favorable to
inhibitory activity are indicated in blue, while regions
where increased negative charge is favorable to activity
were indicated in red. Hence, red polyhedral near the R2
or R3 substituent shows that more negatively charged
R2 or R3 groups should improve inhibitory activity.
This is in agreement with fact that many inhibitors have
atoms, such as N or O, with negative partial atomic
charge near this region in their structures.

3.2.2. CoMSIA. CoMSIA analysis results are also
summarized in Table 2. The CoMSIA model has a

cross-validated ¢*> of 0.588 for five optimum

11
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Figure 4. Correlation between predicted and the observed activities. O: Compounds of the training set (+> = 0.904 and 0.856 for the two QSAR
models, respectively); A: compounds of the testing set ( = 0.966 and 0.906 for the two QSAR models, respectively). (a) COMFA result; (b) CoMSIA

result.

i .

(b)

Figure 5. COMFA contour maps in combination with inhibitor 42: (a) the steric field distribution; (b) the electrostatic field distribution. The inhibitor
is shown in ball-and-stick. Sterically favored areas in green; sterically unfavored areas in yellow. Positive potential favored areas in blue; positive

potential unfavored areas in red.



2416 G. Chen et al. | Bioorg. Med. Chem. 12 (2004) 2409-2417

(a)

(c)

Figure 6. CoMSIA contour maps in combination with inhibitor 42: (a) the steric field distribution; (b) the electrostatic field distribution; (c) the
hydrophobic field distribution. Sterically favored areas in green; sterically unfavored areas in yellow. Positive potential favored areas in blue; positive
potential unfavored areas in red. Hydrophobic favored areas in magenta; hydrophilic favored areas in white.

components. The non-cross-validated PLS analysis was
repeated with the optimum number of components,
giving a * of 0.856, Fsjp; = 125.9, and a estimated
standard error of 0.487. These data demonstrate that the
CoMSIA model is also fairly predictive. The predicted
inhibitory potencies of the 112 compounds are listed in
Table 1, and the correlation between predicted and
observed activities was shown in Figure 4b. These data
also suggest that a good CoMSIA model was achieved.
The steric field descriptors explain 21.2% of the vari-
ance, while the electrostatic is 36.6%, and the hydro-
phobic field explains the rest, with 42.2%, suggesting
that the hydrophobic interaction is more important than
the electrostatic.

The steric and electrostatic fields of CoMSIA, as shown
in Figure 6a and b, are generally in accordance with the
field distribution of CoMFA maps. The hydrophobic
analysis of CoMSIA was depicted in Figure 6¢, where
magenta and white colored regions represent hydro-
phobic and hydrophilic favorable to bioactivity. Pre-
cisely, the white colored region is the site where the
hydrophilic side chains of Cys773 and Lys721 interact
with the inhibitor, while the magenta color polyhedral
is where the phenyl group of inhibitors interacts with
the hydrophobic region I within the binding pocket
(Supporting material, Fig. S1). The agreement of the
CoMSIA contour with the structural topological prop-
erties of the EGFR PTK binding site demonstrates
again the reasonability of the constructed CoMSIA
model.

3.2.3. Validation of the 3D-QSAR models. In order to
validate the QSAR models, we randomly selected
inhibitor 6 as starting point, inhibitors with number of
10n+6(m=1,2,...,11) were included in the testing set.
Altogether, 12 inhibitors were selected as testing com-
pounds, which were shown in Table 1 (labeled with
asterisks) and Figure 4 (with triangle symbol). The
predicted —loglCs, values by using our CoMFA and
CoMSIA models are in good agreement with the
observed data with a statistically tolerable error range
(Table 1), » = 0.966 and 0.906 for CoMFA and CoM-
SIA models, respectively, demonstrating again that the
CoMFA and CoMSIA models, which based on 112
inhibitors are reliable and have a good ability of pre-
diction. From these results, the method that used in 3D-
QSAR study are reliable and could be used for designing
new inhibitors against EGFR.

4. Conclusions

In this study, molecular docking and 3D-QSAR meth-
ods were successfully combined to investigate the rela-
tionship between molecular bioactivities and their
structures with observable geometrical diversity. The
124 best binding conformations of 124 EGFR PTK
inhibitors, which belong to four different classes, were
determined using docking. Based on the binding con-
formations and their alignments inside the binding
pocket, highly reliable and predictive 3D-QSAR models
were derived, which are consistent with the observed
results and could be traced and mapped back to the
original ligand-receptor binding model. This result also
demonstrates that it is possible to construct a universal
3D-QSAR model using different types of inhibitors with
observable structural diversity. Therefore, our new
QSAR models not only lead to a better understanding of
inhibition’s mechanism, but also provide useful guide-
lines for designing new inhibitors of observable struc-
tural diversity.
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