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Abstract The present article is an attempt to formulate the
three-dimensional quantitative structure—activity relationship
(3D-QSAR) modeling of 4-anilinoquinazoline derivatives
having promising anticancer activities inhibiting epidermal
growth factor (EGFR) kinase. Molecular field analysis was
applied for the generation of steric and electrostatic descrip-
tors based on aligned structures. Partial least-squares (PLS)
method was applied for QSAR model development consider-
ing training and test set approaches. The PLS models showed
some interesting results in terms of internal and external pre-
dictability against EGFR kinase inhibition for such type of
anilinoquinazoline derivatives. Steric and electrostatic field
effects are discussed in the light of contribution plot gen-
erated. Finally, molecular docking analysis was carried out
to better understand of the interactions between EGFR tar-
get and inhibitors in this series. Hydrophobic and hydrogen-
bond interactions lead to identification of active binding sites
of EGFR protein in the docked complex.

Keywords Murine tumors - Anilinoquinazoline
derivatives - Molecular field analysis - Steric and electrostatic
descriptors - Partial least squares - Binding affinity

Introduction

A considerable amount of experimental studies have been
carried out with 4-anilinoquinazoline derivatives which are
potent and highly selective inhibitors of epidermal growth
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factor (EGFR) phosphorylation at the ATP binding site. These
compounds cause inhibition of EGFR produced by abnormal
signal transduction via hyperactivation of tyrosine protein
kinases due to overexpression or mutation, thus leading to
anticancer activities against human lung cancer, breast can-
cer, squamous head, and neck carcinomas [1]. A number of
5-substituted 4-anilinoquinazoline derivatives were synthe-
sized by Ballard et al. [2] and these compounds were evalu-
ated in erbB2 and EGFR kinase assays measuring inhibition
of phosphorylation at the ATP binding site. Rewcastle and co-
workers [3] prepared two series of 4-(phenylmethyl) amino
and 4-(3-bromophenyl) amino quinazoline compounds and
evaluated their inhibitory activities against EGFR tyrosine
kinases that ultimately led to structure—activity relationships
of these compounds. Structure—activity relationships of a
series of quinazoline derivatives studied by Gibson et al. [4]
identified 4-(4-iso quinolylamino) quinazoline and 4-(trans-
2-phenyl cyclopropylamino) quinazoline as potent EGFR
inhibitors against a tumor xenograft model (A431 vulval car-
cinoma in nude mice). In order to study the structure—activ-
ity relationships, Hennequin and co-workers [5] synthesized
a number of 4-anilinoquinazoline compounds, and it was
shown that anilinoquinazolines possessing C-6 aminomethy]l
side-chains act as potent and selective inhibitors of EGFR
kinase. Structure—activity relationships for 4-anilinoquinaz-
olines and modeling of the binding of these compounds to
EGEFR have also been studied by Denny [6]. Bridges et al.
[7] synthesized numerous 4-anilinoquinazoline derivatives
acting as EGFR-mediated potential tyrosine kinase inhibi-
tors, and the anticancer activities of these compounds against
human A431 carcinoma cell vesicles have been reported.
However, hardly any quantitative structure—activity relation-
ships (QSARSs) based on structural parameters of the 4-anili-
noquinazoline derivatives have been presented. The present
article is an attempt to develop QSAR models based on
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three-dimensional quantitative structure—activity relation-
ship (3D-QSAR) methods for 4-anilinoquinazoline com-
pounds.

For the development of 3D-QSARs, molecular field anal-
ysis (MFA) [8] has been applied to evaluate specific contri-
butions of steric and electrostatic field effects necessary for
the activity variation of 4-anilinoquinazolines. These steric
and electrostatic field descriptors are useful for the better
understanding of molecular modeling studies of these series
of compounds in terms of ligand-receptor interactions. In
the present study, an attempt has been made to formulate
3D-QSAR models using partial least-squares (PLS) [9,10]
methodology. The concept of training and test sets has been
introduced for the prediction of EGFR kinase inhibitory activ-
ity of structurally diverse sets of compounds. It is natural to
associate molecular docking studies for clarification of the
binding mode of these series of compounds. Interesting fea-
tures have been obtained from the ligand—receptor docked
conformation in terms of binding affinity and interaction
between the ligand and active binding sites. It is expected
that such 3D-QSARs and ligand-receptor-based molecular
modeling studies of 4-anilinoquinazolines will provide bet-
ter tools for rational design of promising EGFR inhibitors
having greater therapeutic safety and efficacy [11-16].

Materials and methods
Biological activity data

A number of 4-anilinoquinazoline derivatives having anti-
cancer activities by EGFR kinase inhibition [7] were con-
sidered in the present study. The experimental biological
activities, in the form of ICsg(nM), were converted into
pICsy(—log ICs,, uM), where ICsq represents the concen-
tration of these compounds that produce 50% kinase
inhibition. Our aim is to utilize these activity data for the
development of a valid 3D-QSAR model based on steric and
electrostatic fields that gives a deep insight into structure—
property—activity correlations. Table 1 shows the structure of
64 such compounds along with their biological activity val-
ues. Out of these 64 compounds, small aliphatic substituents
such as —OMe, —NH,, —NO,, and —OC,Hs, are attached
at 6- and 7-positions of compounds 1-57, whereas com-
pounds 58—64 contain methoxy group at 6- and 7-positions.
Moreover, —NH>, —Me, and —OMe groups are attached to
2-, N*-, and 5-positions of compounds 58—64.

From Table 1, it is observed that mostly small structural
substituents are introduced at 3’-position of the aniline group,
whereas 6- and 7-positions are modified by bulky aliphatic
substituents. Small lipophilic electron-withdrawing substit-
uents such as CI, Br, and CF3 at the 3’-position of the ani-
line group are favorable. Electron-donating groups such as
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6,7-(OCH3),, 6,7-(OC,Hs),, and 6,7-(OC3Hg), should be
substituted at the 6- and 7-positions of the 4-anilinoquinaz-
oline ring to generate more potent compounds. Compounds
bearing 6-NH, group or 6,7-(NH>)» in case of 3-bromoani-
lino quinazolines are highly active in this series.

Geometry optimization

Three-dimensional quantitative structure—activity relation-
ship studies of 4-anilinoquinazoline derivatives were carried
out by using Molecular Design Suite software version 3.5
[17]. Three-dimensional structures of all compounds have
been constructed using MDS 3.5 and their geometries were
subsequently optimized to make the conformations having
least potential energy. Energy minimizations were performed
using Merck molecular force field (MMFF) and MMFF
charge [18] followed by considering distance-dependent
dielectric constant of 1.0 and convergence criterion of
0.01 kcal/mol. The total energy of a conformation can be
calculated using MMFF by the relation

Eiotal = Eg + EA + Ea + Eoop + ET + Evdw + Eelec,

where

Ep =energy of bond stretching

E A =energy of angle bending

Epa =energy of bond stretching and angle bending
Eoop =out-of-plane bending energy

ET =torsion energy term

E,4w = van der Waals energy

E¢lec =electrostatic energy

Alignment of molecules

Molecular alignment is a crucial step in 3D-QSAR study to
obtain meaningful results. This method is based on moving
of molecules in 3D space, which is related to the conforma-
tional flexibility of molecules. The goal is to obtain optimal
alignment between the molecular structures necessary for
ligand-receptor interactions [19]. All molecules in the data
set were aligned by template-based method where a template
is built by considering common substructures in the series.
The structure of 4-anilinoquinazoline template is shown in
Fig. 1.

A highly bioactive energetically stable conformation in
this class of compounds is chosen as a reference molecule on
which other molecules in the data set are aligned, considering
template as a basis for the alignment. For this purpose, the
crystal conformation of erlotinib [20] was selected as a ref-
erence for generating the alignment in the present investiga-
tion. The aligned view of 4-anilinoquinazolines is presented
in Fig. 2.
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Table 1 Structures
of 4-anilinoquinazoline
derivatives with activities

X
58-64
Comp No. Substituents 1C50 (nM) pICsy (uM) PLP score (kcal/mol)
Ry Ry X
1 H H H 344 0.463 —49.300
2% H H F 56 1.251 —50.858
3* H H Cl 23 1.638 —49.058
4 H H Br 27 1.568 —50.516
5* H H 1 80 1.096 —53.814
6 H H CF3 577 0.238 —51.265
7* OMe H H 55 1.259 —54.089
8 OMe H Br 30 1.522 —52.137
9* NH; H H 770 0.113 —50.449
10* NH; H CF; 574 0.241 —51.998
11* NH; H Br 0.78 3.107 —56.570
12 NO; H H 5000 —0.698 —55.528
13* NO; H Br 900 0.045 —53.415
14 H MeO H 120 0.920 —56.860
15* H MeO Br 10 2.000 —54.465
16 H NH, H 100 1.000 —53.032
17* H NH, F 2 2.698 —54.298
18 H NH» Cl 0.25 3.602 —53.636
19* H NH, Br 0.1 4.000 —57.083
20 H NH, 1 0.35 3.455 —51.938
21 H NH» CF3 33 2.481 —58.723
22* H NO, H 12000 —1.079 —54.651
23* H NO, F 6100 —0.785 —57.359
24* H NO, Cl 810 0.091 —55.319
25 H NO, Br 1000 0.000 —53.921
26* H NO, 1 540 0.267 —54.426
27 OMe OMe H 29 1.537 —61.904
28* OMe OMe F 3.8 2.420 —57.418
29 OMe OMe Cl 0.31 3.508 —59.088
30 OMe OMe Br 0.025 4.602 —65.423
31* OMe OMe 1 0.89 3.050 —60.996
32 OMe OMe CF3 0.24 3.619 —60.691
33* NHMe H Br 4 2.397 —56.509
34 NMe,; H Br 84 1.075 —53.287
35 NHCO;;Me H Br 12 1.920 —63.560
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Table 1 continued

Comp No. Substituents 1Cs5p (nM) pICsy (M) PLP score (kcal/mol)
R R> X
36* H OH Br 4.7 2.327 —58.106
37 H NHAc Br 40 1.397 —62.214
38* H NHMe Br 7 2.154 —54.697
39 H NHEt Br 12 1.920 —56.608
40 H NMe, Br 11 1.958 —52.324
41 NH» NH» Br 0.12 3.920 —55.921
42 NH» NHMe Br 0.69 3.161 —48.377
43* NH»> NMe; Br 159 0.798 —58.141
44 NH» OMe Br 3.8 2.420 —57.088
45 NH»> Cl Br 6.5 2.187 —53.772
46 NOz NH» Br 53 1.275 —64.780
47 NOz NHMe Br 68 1.167 —55.634
48 NO2 NMe> Br 2000 —0.301 —54.627
49 NOz NHAc Br 28 1.552 —63.707
50 NOz OMe Br 15 1.823 —58.164
51 NOz Cl Br 25 1.602 —49.889
52 OCH,O Br 15 1.823 —60.877
53 OH OH Br 0.17 3.769 —55.698
54 OEt OEt Br 0.006 5.221 —70.960
55 OPr OPr Br 0.17 3.769 —67.286
56 OBu OBu Br 105 0.978 —70.503
57 5,6-diOMe Br 1367 —0.135 —51.838
58 2-NH» 3'-Br 463 0.360 —52.243
59 N*-Me 3'-Br 152 0.818 —56.877
60 5-OMe 3'-Br 0.67 3.173 —62.789
61 H 2/-Br 128 0.892 —57.918
62 H 4'-Br 0.96 3.017 —55.623
63 H 3’ 4'-diBr 0.072 4.142 —61.725
* Compounds belonging to test 64 H 3,5-diBr 113 0.946 ~57.199
set
Computation of steric and electrostatic fields
The aligned biologically active conformations of 4-anilino-
quinazolines are used for the calculation of molecular fields.
Molecular fields are the steric and electrostatic interaction
energies which are used to formulate a relationship between
HN steric and electrostatic properties together with the biolog-
ical activities of compounds. Each conformation is taken
AN N in turn, and the molecular fields around it are calculated.
This is done by generating three-dimensional rectangular
) grids around the molecule and calculating the interaction
N energy between the molecule and probe group placed at each

Fig. 1 4-Anilinoquinazoline (template)
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grid point. Steric and electrostatic fields are computed at
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Fig. 2 3D view of aligned
molecules

each grid point considering MMFF charges [18]. Methyl
probe of charge +1 with 10.0kcal/mole electrostatic and
30.0kcal/mole steric cutoff were used for fields generation. A
value of 1.0 is assigned to the distance-dependent dielectric
constant. Steric and electrostatic field descriptors were cal-
culated using Lennard—Jones and Coulomb potentials [19].

Several 3D-QSAR techniques such as comparative molec-
ular field analysis (COMFA), comparative molecular sim-
ilarity analysis (COMSIA), and k-nearest neighbor (kNN)
[8,19] are being used in modern QSAR research. In the
present study, molecular field analysis coupled with partial
least squares (PLS) was applied to obtain a 3D-QSAR model
based on steric and electrostatic descriptors. Since multicol-
linearity among the computed descriptors may detrimentally
affect the regression analysis, PLS is frequently used as the
regression method in 3D-QSAR. The calculated steric and
electrostatic field descriptors were used as independent vari-
ables and pICs, values were used as dependent variables in
partial least-squares regression analysis [9,10] to derive the
3D-QSAR models using MDS software. The internal pre-
dictability of the models was evaluated in terms of cross-
validated ¢ by the following equation:

. Z{il ()’i - ypred,i)2
ZiN=] ()’i - ﬁ)z

g’ =1 : (1

where Z?I:I (yi Ypred,i)z is the predicted sum of squared
deviations between the observed activities (y;) and predicted
activities (ypred, ;) of the i-th molecule in the training set,

whereas § is the mean of observed activities of all mole-
cules in the training set. To test the utility of the model as a
predictive tool, it was validated over the external test set of
compounds for the prediction of activities. The external pre-
dictability of the developed model is denoted by predictive r2
(Pred_r?), which is given by Eq.2.

PRESS

Pred r2=1— ——
SSD

. @
where PRESS is the predicted sum of squared deviations
between the observed and predicted activities of compounds
in the test set, and SSD indicates the sum of squared devi-
ations between the observed activities of the test molecules
and the mean of observed activities of the training molecules.

Molecular docking study

Piecewise linear pairwise potential (PLP)-based molecular
docking of 4-anilinoquinazoline derivatives has been per-
formed using the docking module of Molecular Design soft-
ware [21,22], which involves the use of the PLP function
summed over energy interactions between all pairs of pro-
tein and ligand atoms. Molecular docking energy evaluations
are usually carried out with the help of a scoring function.
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There are several scoring functions such as dock score,
PLP score, potential of mean force (PMF) score, steric and
electrostatic score, etc. For our interest, the energy of
interactions between ligand and protein was calculated in
terms of PLP score, which depends upon the following dif-
ferent atom type parameters: hydrogen-bond donors, hydro-
gen-bond acceptors, both donor and acceptors, and nonpolar
atoms such as carbon.

The PLP function is incorporated by the MDS software
in the GRIP docking method that calculates the ligand-recep-
tor binding affinity in terms of the PLP score. The PLP score
is designed to enable flexible docking of ligands to perform a
full conformational and positional search within a rigid bind-
ingsite. All the optimized ligands were docked into active bind-
ing sites of EGFR target protein that can be obtained in a co-
crystallized state with erlotinib (protein data bank, PDB entry
1M17) [20], which was considered as the reference to define
the active binding sites in the presentinvestigation. Water mol-
ecules and HET ATOM-like bound ligand data were removed
from the PDB file of EGFR protein during docking study.
A rotation angle of 30° was set so that ligand would be rotated
inside the receptor cavity to generate different ligand poses
inside the receptor cavity. After completion of the docking
process, the minimum interaction energy between each
ligand and EGFR protein for the best ligand pose inside the
receptor cavity was obtained as the PLP score, which is pre-
sented in Table 1. For our interest, docking of compounds 54
(highly active), 56 (moderately active), and 25 (low activity)
with minimum PLP score are discussed to explore the interac-
tion patterns in the “Results and discussion” section.

Results and discussion
3D-QSAR modeling and its validation

In the present study, PLS coupled with stepwise variable
selection method was used to develop 3D-QSAR models of
4-anilinoquinazoline derivatives based on steric and electro-
static fields. The total data set was divided into training and
test sets using the sphere exclusion algorithm [23] for diver-
sity of the sampling procedure. Compounds marked with an
asterisk (*) in Table 1 were selected as test-set molecules. The
quality of the model was assessed by cross-validated ¢2 in the
training set and external validation was performed by calcu-
lating predictive 72 (Pred_r?) from the test-set compounds.
The 3D-QSAR model for EGFR inhibition developed in the
training set may be written as

pIC50 = —22.929 + (0.072) E_403 — (1.721) E_1039
—(0.057) E_389 + (3.479) S_215
+(0.102)S_414 — (3.722)S_924
+(0.819)S_671 3)
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Table 2 3D-QSAR-derived predicted activities of test-set compounds

Test molecule Observed activity Predicted activity

2 1.251 1.151
3 1.638 1.127
5 1.096 1.113
7 1.259 1.162
9 0.113 0.927
10 0.241 0.226
11 3.107 1.592
13 0.045 —0.078
15 2.000 2.566
17 2.698 1.777
19 4.000 2.762
22 —1.079 0.49

23 —0.785 0.524
24 0.091 0.501
26 0.267 0.486
28 2.420 2.943
31 3.050 2.732
33 2.397 2.496
36 2.327 0.845
38 2.154 2.653
43 0.798 1.594

n=43,df =40, r2=0.714, g> = 0.626, F-test =49.807,
no. of optimum components=2.

Here, n represents number of observations, df is the
degrees of freedom, r is the square root of the multiple
R-squared for regression, ¢ is the cross-validated 72, and
F is the F-statistic for the regression model.

E_403,E_1039,E_389,S_215,S_414,S_924,and S_671
are the steric and electrostatic field energy of interactions
between probe (CH3) and compounds at their corresponding
spatial grid points of 403, 1039, 389, 215, 414, 924, and 671.

The above model is validated by predicting the biological
activities of the test molecules, as indicated in Table 2.

The plot of observed versus predicted activities for the
test compounds is represented in Fig. 3. From Table 2 it is
evident that the predicted activities of all the compounds in
the test set are in good agreement with their corresponding
experimental activities and optimal fit is obtained.

The external predictability of the above 3D-QSAR model
using the test set was determined by Pred_r2, whichis 0.685.
So the above results indicate that 3D-QSAR model for EGFR
generates 62.6% and 68.5% internal and external model pre-
diction, respectively.
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Predicted Activities

Observed Activities

Fig. 3 Observed versus predicted activities according to the model
shown in Eq.3

Steric and electrostatic contribution plot

The plot of contributions of steric and electrostatic field inter-
actions (Fig. 4) indicates relative regions of the local fields
(steric and electrostatic) around the aligned molecules [24].
Green and blue balls represent steric and electrostatic field
effects, respectively.

In the QSAR model, steric descriptors with positive coeffi-
cients represent regions of high steric tolerance; bulky
substituent is favorable in this region. Steric descriptors with
negative coefficients indicate regions where bulky substituent
is disfavored. Electrostatic field descriptors with positive
coefficients represent regions where electropositive (elec-
tron-withdrawing) groups are favorable, whereas negative
coefficient indicates that electronegative (electron-rich or
electron-donating) groups are favorable in this region [25].

Fig. 4 Contribution plot
of steric and electrostatic field
interactions

From 3D-QSAR model Eq.3 and Fig. 4 it is observed
that electrostatic field with negative coefficient (E_1039)
is far from the anilino moiety, indicating that electroneg-
ative groups are unfavorable on this site and presence of
electronegative groups decrease the activity of 4-anilinoqui-
nazoline compounds. Electrostatic descriptor with negative
coefficient (E_389) around 7-position of the quinazoline ring
corroborates that electronegative (electron-donating) group
is preferred at 7-position of quinazolines. These results are
in close agreement with the experimental observations that
compounds 27, 28, 29, 30, 31, and 32 have methoxy sub-
stituent and compound 54 contains ethoxy group at 6- and
7-positions. These compounds produce greater activity due
to electronegative substituents on the 6- and 7-positions of
the quinazoline ring [7]. Presence of electrostatic field with
positive coefficient (E_403) suggests that electropositive
(electron-withdrawing) substituent may be favorable on the
5-position of template. Presence of steric descriptors with
positive coefficients simultaneously at 6- and 7-positions of
the quinazoline ring, such as S_414 and S_215, suggests the
favorability of bulky groups in these regions for producing
potent EGFR inhibitors. This is also well supported by the
docking study, which confirms that the bulky substituents
attached to 6- and 7-positions of the quinazoline are situ-
ated in hydrophobic pocket formed by GLY 695, LEU 694,
GLY 772, and PHE 771. Bulkiness of the substituents at
6- and 7-position makes the compounds more active (com-
pounds 28, 29, 30, 31, 32, 54, and 55) because of increased
steric field effect near this region [7]. A bulky aromatic ani-
lino substituent is essential at 4-position of the quinazo-
line ring for producing kinase inhibition, as indicated by the
presence of steric field with positive coefficient (S_671) in
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this region. It is inferred from the docking results that the
4-anilino moiety is located in a deep hydrophobic pocket
formed by LEU 820, VAL 702, THR 830, LYS 721, ASP 831,
and ALA 719. Steric field with negative coefficient (S_924)
near 3’-position of the anilino group indicates that sterically
unfavorable bulky group in this position would have a detri-
mental effect on the EGFR kinase inhibitory activity of these
quinazoline compounds. Thus, the contribution plot arising
out of 3D-QSAR studies provide some useful insights for
better understanding of the structural features of these com-
pounds responsible for producing significant EGFR kinase
inhibitory activity, which conforms with the docking results.

4-Anilinoquinazoline-EGFR docking

Molecular docking helps the study of ligand—receptor inter-
action to identify active binding sites of receptor
proteins, which helps to obtain the best geometry of ligand—
receptor complex so that the energy of interaction between
ligand and receptor is minimum. The minimum energy of
interaction is represented by different scoring functions. This
utility allows screening of a set of compounds for lead optimi-
zation. The affinity of ligands to a receptor can be predicted
with reasonable accuracy, yielding a relative rank ordering
of the docked compounds with respect to affinity. Prediction
of affinity is referred to as scoring.

The present investigation deals with docking of highly
active, moderately active, and low-activity 4-anilinoquinazo-
lines with the EGFR protein and makes a comparison between
EGFR-4-anilinoquinazoline docking and crystallographic
EGFR-—erlotinib study. Erlotinib has been chosen for its pote-
ntial drug-like activity in anilinoquinazoline congeneric ser-
ies. The detailed results of interactions are given in Table 3.

Comparison of docked complexes provides an insight into
the activity patterns of various 4-anilinoquinazoline com-
pounds in terms of hydrogen-bond and hydrophobic interac-
tions. Figures 5, 6, and 7 represent the interaction patterns
of a highly active (compound 54), a moderately active (com-
pound 56), and a low-activity (compound 25) compound,
respectively, with EGFR for a clear understanding of predic-
tion of binding sites.

Binding-site analysis and its graphical interpretation

From the above study, it is clear that the quinazoline ring is
surrounded by hydrophobic residues, as indicated in Table 3.
The anilino group substituted at the 4-position of the quinaz-
oline ring is bounded by a hydrophobic pocket consisting of
residues such as LEU 820, VAL 702, THR 830, LYS 721,
ASP 831, and ALA 719. These observations may be com-
pared with binding sites and interaction patterns of erlotinib
in case of anilino moiety and quinazoline ring. The docked
models reveal that N — 1 of the quinazoline forms a hydrogen
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bond with hydrogen atom of amino backbone of MET 769.
The hydrogen-bonding distances for compounds 54, 56, and
25 are 2.6 /0%, 1.9 10%, and 3.0 /0\, respectively. The quinazoline
ring plays a crucial role for producing biological activity by
interacting with MET 769 [26], an important active residue
for binding affinity of the inhibitor, which correlates with
the results obtained from crystallographic study of erlotinib—
EGFR [20]. The minimum PLP score of —70.960kcal/mol
for compound 54 indicates high binding affinity of the ligand
toward EGFR. For compound 54, the methylene carbons of
ethoxy group at 6-position of the quinazoline produce strong
hydrophobic interactions with GLY 695 and LEU 694, and
the methylene carbons of ethoxy group at 7-position are inter-
acting with GLY 772 and PHE 771. GLY 695, LEU 694,
GLY 772, and PHE 771 are nonpolar hydrophobic residues
having higher hydropathy indices [27]. The moderately active
compound 56 produces good PLP score of —70.503 kcal/mol,
but it is less active than compound 54 since the butoxy group
at 6-position of the quinazoline is associated with hydro-
phobic interactions with GLY 772, CYS 773, and ASP 776,
where CYS 773 and ASP 776 are hydrophilic residues having
lower hydropathy indices, which may decrease the activity
of the compound. The butoxy group at 7-position has hydro-
phobic interactions with nonpolar residues such as PHE 771,
LEU 694, and GLY 772, and polar residue such as PRO 770.
PRO 770 possesses hydrophilic characteristic with lower
hydropathy index, causing decrease in activity of the com-
pound. Compound 25 shows poor affinity toward EGFR, as
denoted by PLP score of —53.921 and there are no hydro-
phobic interactions at 6- and 7-positions due to presence of
—NO; as deactivating group.

Concluding remarks

The contribution plot of steric and electrostatic field inter-
actions generated by 3D-QSAR shows that electronegative
groups at aniline moiety are unfavorable. This finding is in
close agreement with the structures of these compounds,
where presence of electropositive groups is found in the
anilino moiety. It also suggests that bulky electronegative
(electron-donating) groups are favorable at 7-position of the
template. This finding supports the experimental observa-
tions, where presence of bulky electronegative groups at 7-
position signifies increase in activities of compounds. From
the molecular docking studies, it is evident that hydrophobic
groups substituted at 6- and 7-positions of the quinazoline
ring possessing strong hydrophobic interactions with nonpo-
lar active residues are likely to enhance EGFR kinase inhi-
bition. On the other hand, presence of hydrophilic residues
or polar hydrophobic residues with lower hydropathy indices
in this region of interactions may decrease the activity of the
4-anilinoquinazoline compounds.
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Table 3 Hydrogen-bonding and hydrophobic interactions of 4-anilinoquinazolines with EGFR kinase

Compounds Hydrogen-bonding distance Hydrophobic interactions (within 5 A)
bgtween N =1 of quinaz= - Apilino Quinazo- Substituent attached  Substituent attached to 7-
oline and H atom of amino moiety line ring to 6-position of qui-  position of quinazoline
backbone of MET 769 nazoline
Erlotinib (lead) 1.6A LEU 820, MET 769, GLY 695, GLY 772,
VAL 702, LEU 694, LEU 694, PHE 771,
THR 830, LEU 820, VAL 702 LEU 694
LYS 721, LEU 768,
ASP 831, GLY 772,
ALA 719, VAL 702,
THR 766 ALA 719,
PRO 770
Highly Comp 54  2.6A LEU 820, MET 769, GLY 695, GLY 772,
active VAL 702, LEU 694, LEU 694 PHE 771
THR 830, LEU 820,
LYS 721, LEU 768,
ASP 831, GLY 772,
ALA 719 VAL 702,
ALA 719,
PRO 770
Comp30 27A LEU 820, MET 769, LEU 694 GLY 772,
VAL 702, LEU 694, PHE 771
THR 830, LEU 820,
LYS 721, LEU 768,
ASP 831, GLY 772,
ALA 719 VAL 702,
ALA 719,
PRO 770
Moderately  Comp 56  1.9A LEU 820, MET 769, GLY 772, GLY 772,
active VAL 702, LEU 694, CYS 773, PHE 771,
THR 830, LEU 820, ASP 776 LEU 694,
LYS 721, LEU 768, PRO 770
ASP 831, GLY 772,
ALA 719 VAL 702,
ALA 719,
PRO 770
Comp47 2.1A LEU 820, MET 769, No hydrophobic LEU 694,
VAL 702, LEU 694, interactions due to PRO 770
THR 830, LEU 820, presence of —NO;
LYS 721 LEU 768, as deactivating group
GLY 772,
VAL 702,
ALA 719,
PRO 770
Comp 43 2.8A LEU 820, MET 769, No hydrophobic LEU 694, GLY 772,
VAL 702, LEU 694, interactions due to PRO 770
LYS 721 LEU 820, presence of —NO»
LEU 768, as deactivating group
GLY 772,
VAL 702,
ALA 719,
PRO 770
Low Comp25 3.0A LEU 820, MET 769, LEU  No hydrophobic No hydrophobic
activity VAL 702, 694, LEU 820, interactions due to interactions due to
THR 830, LEU 768, GLY  presence of —NO» presence of —NO»
LYS 721 772, VAL 702,  asdeactivating group  as deactivating group
ALA 719, PRO
770
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Fig. 5 Highly active ligand 54
bound with the active binding
sites of EGFR, represented by \—Rsn818
molecular surface; the bound &
ligand is represented as stick
model (pink color). The residues A
within 5 A of the inhibitor are - AcpEI1
. . N, 830
displayed. Dotted line represents W\
H-bonding between the N — 1 of
quinazoline ring and hydrogen
atom of amino backbone of
MET 769 (stick model)

Met742

'“..r-:r {13 Leu764

A,

Ala719 _"' e

Fig. 6 Moderately active
ligand 56 bound with the active
binding sites of EGFR,
represented by molecular
surface; the bound ligand is
represented as stick model (pink
color). The residues within 5 A
of the inhibitor are displayed.
Dotted line represents
H-bonding between the N — 1 of
quinazoline ring and hydrogen
atom of amino backbone of
MET 769 (stick model)

m‘ﬂi'r"q_ \ __
[ leue8a <i~val702
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Fig. 7 Low-activity ligand 25
bound with the active binding
sites of EGFR, represented by
molecular surface; the bound
ligand is represented as stick
model (pink color). The residues
within 5 A of the inhibitor are
displayed. Dotted line represents
H-bonding between the N — 1 of
quinazoline ring and hydrogen
atom of amino backbone of
MET 769 (stick model)

¢ ___ Phe7™
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