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The overexpression and/or mutation of the epidermal growth factor receptor family of tyrosine
kinases, namely EGFR and HER-2, have been implicated in poor prognosis of human solid
tumors and are under investigation as molecular targets for cancer therapy. To gain insights
into selectivity in the interaction of inhibitors at the ATP site of the two kinases, we have
carried out docking, comparative molecular field analysis (CoMFA), and comparative molecular
similarity analysis (CoMSIA) 3D-QSAR studies on 50 benzylidene malonitrile derivatives.
Docking studies indicate different binding modes (A, B, C, D, and E) that are dependent on
the R; substituent of the compounds. Binding modes A and B are favored by compounds having
a hydroxyl substituent at R; whereas a methoxy substituent at R; results in compounds
occupying binding modes, C, D, and E. The compounds preferred modes A, B, and C in the
apo-enzyme whereas modes B, D, and E were preferred in the enzyme in complex with erlotinib.
For 3D QSAR studies, based on the multiple binding modes obtained from the docking, four
composite alignment strategies (I, 11, 111, 1VV) were employed and compared with alignment V,
which is based on pairwise atom alignment of the common structural elements. Alignments |
and Il produced models with better predictive ability than those from alignments 111 and IV
against an external test set. In the EGFR kinase results, alignments | and Il produced
comparable 3D-QSAR models with alignment Il being slightly better than I, whereas in the
HER-2 results, alignment 1 was better than alignment 11 in its predictive ability. It appears
that differences in binding mode preferences at the ATP site might constitute a reason for the
selectivity of the dihydroxy compounds as inhibitors of EGFR relative to HER-2. They are more
likely to have multiple binding modes at the ATP site of EGFR, i.e., either modes A or B, than
in the ATP site of HER-2 where they are possibly limited to only binding mode, A. Selectivity
of the methoxy compounds on the other hand appears to depend on hydrogen bonding
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interactions involving the cyano group and residue 751 in the ATP site.

Introduction

Cancer chemotherapy has entered a new era of
molecularly targeted therapeutics, which are highly
selective and not associated with the serious toxicities
of conventional cytotoxic drugs.»2 The first group of
these novel anticancer drugs are those targeting mutant
or aberrantly expressed oncogenic growth factor receptor
and nonreceptor tyrosine kinases involved in mitogenic
or proliferative signal transduction pathways in cancer
cells.34 The epidermal growth factor receptor (EGFR)
and the homologous HER-2 kinases, which are members
of the type 1 or erbB/HER receptor tyrosine Kinase
(RTK) family,> have emerged as the most viable anti-
cancer molecular targets in this family of four members,
the others being HER-3 and HER-4. The overexpression
or activating mutation of EGFR and/or HER-2 occurs
frequently in breast, ovarian, and non small cell lung
cancers®~8 making them attractive therapeutic targets
in these cancers.® The EGFR and HER-2 like other
RTKs are single polypeptide chain transmembrane
proteins composed of an extracellular ligand-binding
domain, a transmembrane lipophilic segment, and an
intracellular tyrosine-kinase (TK) domain.1° Binding of
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extracellular ligands such as epidermal growth factor
(EGF) and transforming growth factor a (TGFa) to the
extracellular ligand-binding domain of EGFR results in
receptor homo- or heterodimerization, activation of
intrinsic TK activity, and autophosphorylation of the
receptors, which initiates a mitogenic signaling cas-
cade.®1 While a specific ligand for HER-2 has not been
found, it undergoes heterodimerization with EGFR or
other members of the family when they bind their
cognate ligands and get activated.

Antibodies and small molecules are being pursued as
therapeutics targeting EGFR or HER-2. This has re-
sulted in for example, trastzumamab (Herceptin, Ge-
nentech, South San Franscisco, CA), a humanized
monoclonal antibody already being used in the clinic for
the treatment of patients with HER-2 overexpressing
metastatic breast cancer,'2 while an orally active anili-
noquinazoline, ZD1839 (lressa),® ATP-site inhibitor of
EGFR has recently been approved for clinical use
against refractory lung cancers.

To date, there are no reports on 3D QSAR studies!?
of EGFR kinase inhibitors belonging to the benzylidene
malonitrile class and only one report of a limited 3D
QSAR study on HER-2 kinase inhibitors.'* Here we
report the application of docking, comparative molecular
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Table 1. Structures and Inhibitory Activities of Benzylidene Malonitrile Tyrphostins
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field analysis (CoMFA),’®> and comparative molecular
similarity analysis (CoMSIA)' 3D QSAR methods to a
series of benzylidene malonitrile tyrphostins that were
shown to be potent inhibitors of EGFR and/or HER-2
kinase activities.”~20 The study was undertaken to gain
insights into the structural determinants and the
electrostatic and steric factors that underlie the selec-
tivity of these inhibitors for one kinase or the other,
information that will be valuable for designing inhibi-
tors of EGFR and/or HER-2 kinases.

Materials and Methods

Dataset. The data set comprises a series of 50 benzylidene
malonitrile derivatives (Table 1),~2° which were demon-
strated to be ATP competitive inhibitors of EGFR and HER-
2.2 For compounds 14 and 16, both stereoisomers were
considered. The test set used in validating the QSAR models
consisted of seven compounds, 42—48. The ICs, values for
inhibition of phosphorylation by EGFR and HER-217~20 were
converted to plCso (—log 1Cso, Table 1) values and used as
dependent variable in the CoMFA and CoMSIA 3D-QSAR
analyses.
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Molecular Modeling and Alignment. CoMFA and CoM-
SIA model development require that the 3D structures of the
molecules be aligned according to a reasonable conformation,
possibly the bioactive conformation. There are no reports of
crystal structures of any of these compounds either alone or
in complex with any of the RTKs. Therefore, to obtain
reasonable molecular alignments, the inhibitors were docked
into the ATP site of each kinase since they have been shown
by Osherov et al.?! to be ATP competitive inhibitors. Docking
studies were carried out on the ATP site of the apo-enzyme as
well as the ATP site of the enzyme bound to erlotinib to
identify any differences in binding that may result from
perturbation caused by complexation with the ligand. After
the binding modes were identified, the molecular alignments
were obtained for COMFA and CoMSIA studies by superim-
posing the compounds in their major docking modes.

Homology Modeling. A homology model of the tyrosine
kinase domain of HER-2 was built using HOMOLOGY module
of the Insightll modeling software (version 2000) from Accelrys
Inc. (San Diego, CA) running on an SGI Octane 2 (R12000)
workstation. The crystal structures of apo-form (PDB code
1M14) and the complexed form (PDB code 1M17) of EGFR
kinase domain were used as the templates to build homology
models of the corresponding forms of HER-2. A single template
was used as both enzymes belong to the same family and share
greater than 80% sequence identity in the tyrosine kinase
domain. The residues that were mutated in HER-2 were
subjected to minimizations with 500 cycles of steepest descents
while the rest of the structure was fixed. The structural
statistics of the generated homology model complied with the
PROSTAT checks in Homology.

Docking. The program GOLD (version 2.0)?? from Cam-
bridge Crystallographic Data Center, UK, was used to dock
the inhibitors into the ATP site of the enzymes. GOLD is an
automated ligand docking program that uses a genetic algo-
rithm to explore ligand conformational flexibility. It also
incorporates receptor flexibility to a limited extent by optimiz-
ing the torsion angles of serine and threonine hydroxyl groups,
and lysine NH3* groups. A built-in cavity detection algorithm
is used to restrict the region of interest to concave solvent-
accessible areas. Chemscore as implemented in the GOLD
program was used as the scoring function. The ATP site was
defined as residues lying within 15 A of Thr766 in both
enzymes. Up to 20 different docking solutions were obtained
for each molecule, the docking being terminated when the top
10 solutions were within a root-mean-square deviation (RMSD)
of <1.5. Preliminary docking using the default torsion distri-
bution file indicated the inability of the program to retain the
planarity of the styryl-conjugated system in the docked solu-
tions. Therefore, the torsion distribution file was modified so
as to maintain a nearly planar styryl-conjugated system in
the docked solutions. We also carried out pilot docking runs
of erlotinib into EGFR using the same definition of the ATP
site, as mentioned above, to confirm the ability of the program
to reproduce the crystal structure. We were able to reproduce
the crystal structure of erlotinib in EGFR (Figure 1a) only after
introduction of the critical water molecule, which is present
in the crystal structure that forms a bridge between the N3 of
the quinazoline ring and the hydroxyl group of Thr766.

CoMFA and CoMSIA 3D QSAR Studies. CoMFA and
CoMSIA models were generated using SYBYL 6.8, Tripos
Associates (St. Louis, MO). A 3D cubic lattice with a grid
spacing of 2.0 A and extending 4.0 A beyond the aligned
molecules in all directions was used for deriving the descriptor
fields. COMFA descriptor fields were calculated using an sp?
carbon probe with a van der Waal radius of 1.52 A and a
charge of +1.0 to generate steric and electrostatic fields using
a distance dependent dielectric at each lattice point. An energy
cutoff of 30 kcal/mol was applied. The CoMFA steric and
electrostatic fields were scaled by the COMFA-STD method in
SYBYL. CoMSIA similarity index descriptors were derived
according to Klebe et al.*6 using a similar lattice box as used
in CoMFA calculations. Five properties, namely steric, elec-
trostatic, hydrophobic, hydrogen bond donor, and hydrogen
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bond acceptor, were evaluated using the probe atom of 1.4 A
radius and +1.0 charge, applying the default attenuation factor
of 0.3. The CoMSIA steric indices are related to the third power
of the atomic radii, the electrostatic descriptors are derived
from atomic partial charges, the hydrophobic fields are derived
from atom-based parameters developed by Viswanadhan et
al.,?® and the hydrogen bond donor and acceptor indices are
obtained from a rule-based method derived from experimental
values.

The CoMFA and CoMSIA descriptors were used as inde-
pendent variables and plCsg values for kinase inhibitions were
used as dependent variables in partial least squares (PLS)
regression analyses to derive 3D QSAR models using the
standard implementation in the SYBYL package running the
SGI workstation mentioned above. The internal consistency
of the models was evaluated by leave-one-out (LOO) cross-
validation. The cross-validated coefficient, g2, was calculated
using eq 1.

q2 =1— Z(Ypredicted - Yactual)2 (1)
z (Yactual - Ymean)2

where Y predicted, Yactual, aNd Yimean are predicted, actual and mean
values of the target property (plCso), respectively. The opti-
mum number of PLS components for deriving the final
regression models was the one that corresponds to the lowest
value of Z(Ypredicted — Yactal)?, the predictive sum of squares
(PRESS). In addition to the g?, the corresponding PRESS, the
conventional correlation coefficient (r?) and its standard error
(s) were also computed. CoOMFA and CoMSIA coefficient maps
were generated by interpolation of the pairwise products
between the PLS coefficients and the standard deviations of
the corresponding CoMFA or CoMSIA descriptor values.

Results and Discussion

Receptor-Guided Alignments. To obtain align-
ments for the 3D QSAR studies, we performed a flexible
docking of the molecules into the ATP-binding sites of
each kinase. The 3D coordinates of EGFR Kinase
domain available in the PDB (code 1M14 and 1M17)
were used to define its ATP-binding site. Since the 3D
structure of HER-2 is not available, homology models
in the apo-form and the complex form of its kinase
domain were constructed using the corresponding EGFR
kinase domain as template. In the ATP site definition,
only one amino acid difference exists between the two
receptors, i.e., a change of Cys 751 in EGFR to Ser in
HER-2. This is the only instance wherein the residue
that is changed exposes its side chain to the ATP site.
The other changes close to the ATP site, namely Phe
688 to Leu, Ser 744 to Gly, Asp 746 to Gly, Asn 747 to
Ser, His 749 to Tyr and lle 765 to Val, that do not expose
their side chains to the ATP could be possibly contribut-
ing to the differences in selectivity of these enzymes
toward various inhibitors. The effects of these residues
in terms of their effects on dynamics of the ATP site is
difficult to model using static docking on the receptor
models.

There were differences in the docking modes of the
compounds in the apo-enzyme and the complexed
enzyme receptor sites. In examining the first ranked
docking solutions five major binding modes were identi-
fied, which have been designated modes A, B, C, D, and
E (see Figure 1). Modes A, B, and C were the major
docking modes adopted in the apo-enzyme model while
modes B, D, and E were adopted in the enzyme model
derived from the complex. Mode A does not occur in the
model derived from the complex. Mode C happens to
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Figure 1. Docking modes of the compounds overlayed on the bound conformation of erlotinib. The reproduction of the crystal
bound conformation and orientation by GOLD is shown in a. Binding Modes A, B, C, D, and E are shown in b, c, d, e, and f,
respectively. The docked molecules are rendered as orange colored ball-and-stick while the residues of the hinge region of the
enzyme are shown in cyan. Erlotinib in its binding orientation as it is in complex with EGFR (PDB code: 1M17) is colored gray.
Hydrogen bonds are shown as dotted lines. The juxtaposition of the cyano group of mode C docking compounds between Thr766
and Cys751 in EGFR is shown in g. Hydrogens are not shown.. Alignments I and Il are shown in h and i, respectively.

be a minor mode in the complex structure model,
whereas modes D and E are minor modes in the apo-
enzyme model. The occurrence of a particular mode was
structure related (Table 1), in that compounds that have
hydroxyl substitution at R; (also referred to as the
dihydroxy compounds) preferred either mode A or B
whereas molecules that have a methoxy substitution at
R; adopted mode C, D and E. It is worth noting that
the latter group of compounds is likely to have high
inhibitory activity in both kinases while the former
group of compounds is generally more selective toward
EGFR. A comparison of the interactions of erlotinib with
the hinge region of EGFR kinase (PDB code: 1M17) and
the interactions of the benzylidene malonitriles in the
five docking modes (Figure 1b—f) brings out the possible
commonalities in the interactions shared by benzylidene
malonitriles and erlotinib (an ATP competitive site
inhibitor). The interactions of the inhibitors with the
hinge region of the kinases, especially residues Thr766,
GIn767, and Met 769, have been shown to be important
for inhibitory activity.?* In mode A, the oxygen atoms
of the hydroxyl groups occupy a positions equivalent to
the N1 and N3 atoms of the quinazoline moiety of

erlotinib while the hydrogens attached to these oxygen
atoms hydrogen bond with GIn767 backbone carbonyl
as seen for the H-2 of erlortinib.?> Thus the hydroxyl
groups interact with residues Thr766 and Met769. In
the case of mode B, the cyano group and the carbonyl
of the amide share the same interactions as N1 and N3
of erlotinib, respectively, while the amide nitrogen and
its substituent occupy a similar location as the substi-
tuted anilino group of erlotinib. Here the interactions
appear more like those of erlotinib than in mode A, as
acceptor-only groups, cyano and the carbonyl, interact
with Thr766 and Met 769. In mode C, the carbonyl of
the amide and the cyano group occupy positions similar
to the N1 and N3, respectively, while the methoxy
substituent at R; occupies the location of the phenyl
group of the anilino moiety of erlotinib. In mode C, the
interactions are similar to those in mode B but the
acceptors are interchanged. In mode D, the oxygen atom
of the methoxy group interacts with the NH of the
Met769 and the hydroxyl group forms a hydrogen bond
with the CO of Met769, and the cyano group shares the
same interaction as in Mode C. In mode E, the hydroxyl
oxygen forms only one hydrogen bond with the hinge
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R1
OH

Figure 2. A structural insight from docking conformations
of the benzylidene malonitriles. The dotted line indicates a
possible linking strategy that would place the two acceptors
on the same side allowing favorable interactions with the hinge
regions of the kinase.

region residues, i.e., NH of Met769. Recently, it has been
shown by mutagenesis studies that Thr766 is an
important interaction residue on EGFR that contributes
to kinase inhibitory activity.?® In light of the reduced
number of hydrogen bond interactions with important
residues and the apparent lack of involvement of Thr766
in the interactions of this binding mode (E), it is less
compelling as a mode for the methoxy compounds.

Based on these docking modes, five alignments were
generated for comparative 3D QSAR studies, as follows.
Alignment I (Figure 1h) consisted of binding conforma-
tions of compounds that could occupy mode A (irrespec-
tive of the rank in docking), compounds that occupied
only mode B, and compounds that occupied mode C.
Alignment 11 (Figure 1i) had binding conformations of
compounds that occupied only mode A, all compounds
that could occupy mode B (irrespective of the rank in
docking), and compounds that occupied mode C. Align-
ment 111 (Figure not shown) had conformations of
compounds in mode B and compounds in mode D
whereas alignment 1V (Figure not shown) had confor-
mations of compounds in mode B and compounds in
mode E. Conformations for alignments | and Il were
obtained from docking onto the apo-enzyme whereas
alignments 111 and 1V were obtained from docking onto
the complex structure’'s ATP site. Alignment V (Figure
not shown), a classical alignment strategy in 3D-QSAR
was obtained by using the MULTIFIT routine in SYBYL,
which uses a pairwise atom-forcing using a spring
constant of 20.0 kcal/A/mol to the homologous portion
of the compounds on to a selected template. The most
active compound, 31, was selected as a template.

By performing QSAR studies using these composite
alignments (1, 11, 111, and V), we envisaged that the
influence of multiple binding modes would be included
in the 3D-QSAR models and provide a means to
distinguish between binding modes preferred for inhibi-
tory activity. This issue arises because of the inadequacy
of current scoring functions to accurately calculate
binding energies of docked structures, which often
leaves an element of uncertainty in identifying correct
binding mode(s).

Another insight that was obtained from the docking
simulations is that these molecules possibly bind with
the cyano and carbonyl groups on the same side, thereby
suggesting that incorporating these into a ring system,
as shown in Figure 2, might enhance binding affinity.

3D QSAR Studies. As already mentioned, 3D QSAR
studies were undertaken with the above five receptor-
based composite alignments, I, II, 111, and IV and the
MULTIFIT alignment V to investigate the probable
binding mode(s) at the ATP sites, to determine the
effects of steric, electrostatic, hydrophobic, and hydrogen
bonding on selective kinase inhibitory activity toward

Journal of Medicinal Chemistry, 2003, Vol. 46, No. 22 4661

either EGFR or HER-2 kinase, and to obtain models for
predicting inhibitory activity. PLS analysis of all the
compounds in the training set resulted in 3D QSAR
models with low g2 values (approximately 0.1 in many
instances). Improvements in g? values up 0.702 were
attained by the omission of two to five possible outliers
depending on the particular model. The PLS statistics
of the various 3D-QSAR models for EGFR and HER-2
inhibition are summarized in Tables 2 and 3, respec-
tively. The fitted curves for activity prediction of the
training and test sets for EGFR and HER-2 inhibition
are shown in Figures 3 and 4, respectively. The various
QSAR models that were derived are discussed in the
following sections.

EGFR QSAR Models. Alignments I, 11, 111, and V
gave good CoMFA QSAR models with reasonable PLS
statistics. The improvement of g2 for alignment IV
required the removal of eight possible outliers. The large
number of outliers for alignment IV indicates a poor
alignment, ruling out mode E as a favorable docking
mode in EGFR. The PLS statistics are shown in Tables
2, and the corresponding fitted curves of the CoMFA
models are shown in Figure 3a—d. Based on the scatter
of the data points about the fitted lines (see Figure 3a—
d), the CoOMFA models from alignments I, 11, and 111
outperformed that from alignment V, regardless of the
g? values. It is worth noting that even though the g2 is
important for internal consistency in a QSAR model it
may not always be the best measure of predictive ability
as has been shown recently.2” Models from alignments
I and I1 also performed better at predicting the activities
of the compounds in the test set than did the model from
alignments 111 and V. Alignment Il was the worst
among the various alignments in predicting the test set.
This suggests that the receptor-based alignments are
advantageous over the MULTIFIT alignment in deriv-
ing predictive QSAR models for this series of compounds
provided the docking mode is correctly identified. Be-
tween models from alignments | and 11, the latter model
performed slightly better than the former in predicting
the test set (compare Figure 3a with Figure 3b).

Paralleling the CoOMFA QSAR models, alignments I,
11, 111, and V gave good CoMSIA QSAR models. Align-
ment IV was eliminated for reasons mentioned above.
The fitted curves of the CoMSIA models are shown in
Figure 3e—h and the corresponding PLS statistics are
reported in Table 2. CoMSIA models from alignments
I, 11, and 111 performed better than the model derived
from alignment V in predicting the activities of the
training set. However, models from alignments | and
Il predicted the test set compounds better than that
from alignment V. The model from alignment 111
performed poorly on the test set, regardless of the g?
value. As was the case of the CoMFA analysis, the
CoMSIA model from alignment 11 is slightly better than
that from alignment I in predicting the activities of the
test set.

Therefore, for EGFR kinase inhibitory activity, the
results from both the CoMFA and CoMSIA models agree
and suggest that alignment Il (Figure 1i), which had a
greater number of dihydroxy compounds in binding
mode B (Figure 1c), provided the best model. However,
the fact that alignment | (Figure 1h) also provided a
good QSAR model means that perhaps both binding
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Table 2. PLS Statistics of 3D-QSAR Models for EGFR Inhibitory Activities from Various Alignments for Benzylidene Malonitrile

Tyrphostins

alignments
PLS statistics | 1 11 \Y
CoMFA

g? 0.522 0.540 0.702 0.651
components 6 6 5 6
outliers 19, 28, 29, 38 18, 21, 29, 40, 41 15, 23, 28, 34 15, 23
PRESS 0.477 0.452 0.439 0.418
r2 0.959 0.971 0.977 0.921
S 0.140 0.113 0.122 0.192
F 120.183 175.420 218.744 69.507
contribution

steric 0.445 0.533 0.476 0.473

electrostatics 0.555 0.469 0.524 0.527

CoMSIA

g? 0.498 0.519 0.667 0.614
components 6 6 4 6
outliers 21, 28, 29, 38, 41 21,29, 38, 41 15, 23, 28, 38 15, 23, 38
PRESS 0.476 0.478 0.460 0.436
r2 0.947 0.958 0.955 0.921
S 0.154 0.141 0.170 0.197
F 92.705 122.769 142.309 62.639
contribution

steric 0.119 0.107 0.151 0.172
electrostatics 0.247 0.243 0.215 0.289

hydrophobic 0.260 0.213 0.183 0.265

donor 0.209 0.242 0.298 0.131

acceptor 0.165 0.194 0.153 0.143

Table 3. PLS Statistics of 3D-QSAR Models for HER-2 Inhibitory Activities from Various Alignments for Benzylidene Malonitrile

Tyrphostins

alignments
PLS statistics | 1 11 v \Y%
CoMFA
g2 0.610 0.630 0.676 0.643 0.614
components 5 3 4 5 6
outliers 28, 37, 40 17, 28, 30, 37, 38 39 25 17,27, 28, 36
PRESS 0.562 0.528 0.523 0.554 0.541
r2 0.953 0.855 0.939 0.955 0.945
S 0.194 0.330 0.227 0.198 0.205
F 139.126 65.906 130.996 117.532 87.969
contribution
steric 0.449 0.492 0.546 0.492 0.470
electrostatics 0.551 0.508 0.454 0.508 0.530
CoMSIA
g? 0.646 0.642 0.672 0.653 0.594
components 6 5 5 6 6
outliers 19, 28, 37 17, 28, 37 37,38 18,21 7,17, 27, 28, 36
PRESS 0.555 0.520 0.533 0.560 0.563
r2 0.974 0.964 0.969 0.967 0.920
S 0.152 0.164 0.169 0.172 0.250
F 202.369 183.54 200.896 127.663 57.569
contribution
steric 0.131 0.114 0.151 0.189 0.148
electrostatics 0.297 0.330 0.287 0.210 0.331
hydrophobic 0.239 0.229 0.119 0.206 0.253
donor 0.216 0.219 0.231 0.210 0.125
acceptor 0.117 0.107 0.131 0.184 0.143

modes A and B are possible for these compounds in the
ATP site of EGFR, although mode B is preferred. Thus
the possibility of multiple binding modes for these
dihydroxy compounds exists at the ATP site of EGFR.

HER-2 QSAR Models. All the alignments produced
CoMFA QSAR models with reasonable PLS statistics.
The PLS statistics are reported in Table 3 and the fitted
curves of the CoMFA models are shown in Figure 4a—
e. The CoMFA models from alignments | and 1V are
better than those from alignments II, 111, and V in
predicting the activities of compounds in the training

set. The CoMFA model from alignment I performs the
best in its ability to predict the activities of the test set.
These CoMFA results have similarities as well as
differences when compared to the CoMFA results from
the EGFR data sets. In both the EGFR and HER-2
CoMFA analyses, alignments 111 and 1V did not perform
well. On the other hand, alignment I performed best in
the HER-2 CoMFA models, in contrast to the EGFR
CoMFA models where alignment 11 performed best. In
this instance, the results suggest that the dihydroxy
compounds prefer binding in mode A (Figure 1b) at the
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Figure 3. Curves for the prediction of the activities of the training set and test set compounds by QSAR models for inhibition
of EGFR kinase by benzylidene malonitriles. Plots a, b, ¢, and d show predictions by CoMFA models using alignments I, 11, 111
and V, respectively, while plots e, f, g, and h show predictions by CoMSIA models using alignments I, 11, 111, and V, respectively.
The activity predictions for the training set are shown as open circles whereas filled squares indicate predictions for the test set.
The solid line represents the regression fitted line of the training set whereas the dotted line shows the error limit of +1 log unit

about the corresponding fitted curve.

ATP site in HER-2. This is interesting, in that these
dihydroxy compounds are selective inhibitors of EGFR
kinase relative to HER-2 kinase (see Table 1). It appears
that this selectivity may have to do, at least in part,
with different mode preferences in binding of these
compounds to the two kinases. Mode B appears to be
the slightly preferred mode in EGFR, although mode A
is suggested to be good as well. In HER-2, the situation
is more clear-cut, where mode A is preferred over mode
B.

All the alignments fared well in generation of COMSIA
QSAR models. The PLS statistics are shown in Table
3, and the corresponding fitted curves of the CoMSIA
models are shown in Figure 4f—j. CoMSIA models from
alignments | and Il performed better than that from
alignment V in the predictive ability toward both the
training set and the test set compounds. Models from
alignments 1V and V fared the worst in their predictive
ability of the test set even though their ability to predict
the training set was comparable to models from align-
ment | and Il. In agreement with the CoMFA models,
the CoMSIA models show that alignment 111 and IV
give the worst model in terms of predictions of the

activities of the test set, regardless of the g? values. The
CoMSIA models from alignments | and Il are compar-
able in predicting the test set, but the fitted curve was
better for the model from alignment 1. Therefore,
overall, the CoMSIA results agree with the CoMFA
results in suggesting that most of the dihydroxy com-
pounds prefer binding mode A at the ATP site of HER-
2.

3D QSAR Contour Maps. The coefficients from
CoMFA and CoMSIA QSAR models are usually plotted
to generate contours maps that indicate regions in 3D
space around the molecules where changes in the
respective physicochemical properties are predicted to
increase or decrease potency. The steric and electrostatic
contours for the CoMFA models, along with hydrophobic
and hydrogen bond contours of the CoMSIA models for
EGFR inhibitory activity using alignments I and 11, and
some of interacting residues close to the contours in the
ATP site are presented in Figure 5, and the correspond-
ing contours for the 3D-QSAR models for HER-2 inhibi-
tory activity are presented in Figure 6. The CoMFA and
CoMSIA contours maps for models from a classical 3D-
QSAR alignment strategy, V, are shown in Figure 7.
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Figure 4. Curves for training set and test set activity predictions by QSAR models for inhibition of HER-2 kinase by benzylidene
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corresponding fitted curve.

Only contours from the best two models from the
receptor guided alignments (I and Il) are shown and
discussed for brevity.

Although in models from each kinase there are
similarities in the appearance of the steric and electro-
static contour maps, there occur significant differences
in comparing maps from the different kinases (compare
Figure 5a,b for EGFR, and Figure 6a,b for HER-2). For
example in alignment I, the CoMFA contours show more
steric hindrance regions in the EGFR models than the
HER-2 models (compare Figure 5a and 6a) whereas for
alignment 11 the opposite is true (compare Figure 5b
and 6b). This implies that alignment | will be preferred

in HER-2 and alignment Il in EGFR. In terms of
electrostatics in the CoMFA models, there are electro-
positive favored regions at the R, substituent in the
EGFR models that are absent in the HER-2 models
(compare Figure 5a and 5b with Figure 6a and 6b).
Around the Rj substituent, the HER-2 models tend to
have prominent electropositive favored contours, which
is not the case in the EGFR models. This implies that
substitution of electropositive groups at this region will
enhance selectivity toward HER-2 inhibitory activity.
The contours show general complimentarity with the
receptor surface physicochemical properties (data not
shown).
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Figure 5. PLS coefficient*stdev contour maps of COMFA and CoMSIA QSAR models of benzylidene malonitriles along with the
interacting residues in the ATP site of EGFR. CoMFA contours of the models from alignment | and Il are shown in a and b,
respectively, while the corresponding CoMSIA contours are shown in ¢ and d, respectively. Only the hydrophobic and the hydrogen
bond contours are shown for the CoMSIA models. The green contours indicate sterically favored regions in the CoMFA models
and indicate hydrophobic favored areas in the CoMSIA models. The yellow contours in the CoOMFA models denote regions that
are sterically unfavorable while in the CoMSIA models they show areas where hydrophobic groups decrease activity. The blue-
colored areas favor electropositive groups and red-colored regions favor electronegative substituents. The cyan-colored contours
show areas where a hydrogen bond donor is favored, and purple-colored contours indicate the opposite. Hydrogen bond acceptors
are favored in areas indicated by orange contours whereas red contours are areas where hydrogen bond acceptors are disfavored.

The CoMSIA hydrophobic contours for alignments |
and Il for both EGFR (Figure 5c¢,d) and HER-2 (Figure
6c,d) are similar, with hydrophobic groups favored on
the sulfur substituent. They also complement the recep-
tor site surface physicochemical properties (data not
shown). An additional hydrophobic-favored contour is
seen near the R; substituent in the models derived from
alignment | for EGFR (Figure 5c) and alignment 11 in
the case of HER-2 (Figure 6d). This again suggests that
different hydrophobicity requirements might contribute
to the selectivity of the compounds in inhibiting the two
kinases.

The hydrogen bond donor and acceptor contours from
alignments I and Il for EGFR and HER-2 bear an
overall similarity (Figure 5c,d and Figure 6c¢,d). The
hydrogen bond acceptor contours on the cyano and the
carbonyl of the amide, and donor contours on the amide,
indicate the importance of these sites in contributing
to the activity. The model derived from alignment Il in
EGFR (Figure 5d) shows an additional hydrogen bond
donor-favored contour close to the R, substituent, which
is not seen in any other model from either the EGFR or
HER-2. Since alignment Il appears preferred over
alignment 1 in EGFR CoMFA models, placing strong
hydrogen bond donor groups in this location might
enhance selectivity of compounds for EGFR.

The following describes the contours obtained from
models based on alignment V. The steric contours for
the CoMFA model of EGFR (Figure 7a) differ from those
for HER-2 (Figure 7b). Steric bulk is favored around the
amide region in the EGFR model whereas it is disfa-
vored in the HER-2 model. In the HER-2 CoMFA model,
steric bulk is favored around the sulfur (Ry) region. In
the CoMSIA model, steric bulk is predicted to be favored
around both the amide and the sulfur substituent in the
EGFR model (Figure 7c) whereas it is favored only
around the latter in the HER-2 model (Figure 7d). The
electrostatic CoOMFA contours for both EGFR and HER-2
(Figure 7a and 7b) are similar, with electropositive
contours near the Rz substituent and electronegative
contours around the R, substituent. The CoMSIA elec-
trostatic contours for EGFR show an electropositive area
around Rz in addition to that seen in the CoMFA model
(compare Figures 7a and 7c¢) whereas in the model for
HER-2 (Figure 7d), the electropositive contour near R3
is absent. The CoMSIA model suggests that hydrophobic
groups are favored around both the amide (R3) and the
sulfur (R,) substituents in EGFR (Figure 7e) whereas
it is only favored near the sulfur substituent in HER-2
(Figure 7f). Hydrogen bond donor favored regions are
at similar locations as in the other alignments, but the
acceptor-favored contours are predicted to be important
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Figure 6. PLS coefficient*stdev contour maps of COMFA and CoMSIA models of benzylidene malonitriles along with the interacting
residues in the ATP site of HER-2. CoMFA contours of the models from alignments I and Il are shown in a and b, respectively,
while the corresponding CoMSIA contours are shown in ¢ and d, respectively. Only the hydrophobic and the hydrogen bond
contours are shown for the CoMSIA models. The green contours indicate sterically favored regions in the CoMFA models and
indicate hydrophobic favored areas in CoMSIA models. The yellow contours in the CoOMFA models denote regions that are sterically
unfavorable whereas in the CoMSIA models they show areas where hydrophobic groups decrease activity. The blue-colored areas
favor electropositive groups and red-colored regions favor electronegative substituents. The cyan-colored contours show areas
where a hydrogen bond donor is favored and purple-colored contours denote areas where a hydrogen bond donor is disfavored.
Hydrogen bond acceptors are favored in areas indicated by orange contours whereas red contours indicate the opposite.

only on the carbonyl of the amide. The QSAR predictive
performance of models from this alignment was one of
the worst and therefore much weight cannot be given
to these suggestions unless they are in agreement with
contours from alignments | and I1.

Conclusion

In this study, both docking and 3D QSAR analyses
have been employed to explore the binding modes of
benzylidene malonitrile tyrphostins at ATP sites of
EGFR and HER-2 kinases and to gain insights into
possible factors contributing to the selectivity of ben-
zylidene malonitriles as inhibitors of EGFR or HER-2
kinase activity. In summary, multiple binding modes
have been suggested for the dihydroxy compounds,
which differ from the binding mode preference of the
methoxy compounds, which are suggested to prefer a
single binding mode C, as suggested by the best QSAR
models (from alignments I and I1). The results also
indicate that the ATP site of EGFR is more accom-
modating of the multiple binding modes of the dihydroxy
compounds than does that of HER-2. This difference in
binding mode preferences for the dihydroxy compounds
might contribute in part to the selectivity of these
compounds as better inhibitors of EGFR than HER-2.

This implies that even a conservative amino acid
change, i.e., from Cys751 in EGFR to Ser in HER-2 in
the ATP-binding site that would not be considered as a
dramatic change can have a marked effect on inhibitor
binding at this site. The selectivity of the methoxy
compounds toward HER-2 does not appear to be related
to binding mode differences, but rather may have to do
with steric, electrostatic, hydrophobicity, and hydrogen
bond donor effects. In binding mode C, the cyano moiety
is juxtaposed between Thr766 and Cys751 in EGFR or
Ser751 in HER-2 (Figure 1g). This creates the possibility
for hydrogen bonding between the cyano and Thr766
and/or Cys/Ser751 in the methoxy compounds. This
might be explained by the increase in hydrogen bonding
strength that could result from changing SH in Cys751
to OH in Ser751.

The selectivity of specific compounds in the dihydroxy
set, which bind in mode A or mode B, such as compound
13, and the methoxy set and compound 41, which bind
only in mode C, may be partly attributed to hydrogen
bond strength differences relating to the Cys751 SH and
Ser751 OH in EGFR and HER-2, respectively. In the
event that during binding, water molecules hydrogen
bonding to the side chain of residue 751 have to be
displaced, it will be easier in EGFR than HER-2. This
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Figure 7. PLS contours from 3D QSAR models for EGFR and HER-2 inhibition using alignment I1l. Steric and electrostatic
CoMFA contours from models for EGFR and HER-2 inhibition are shown in a and b, respectively while corresponding CoMSIA
contours from models for EGFR and HER-2 are shown in ¢ and d, respectively. The green contours indicate sterically favored
regions whereas the yellow contours denote regions that are sterically unfavorable. The blue-colored areas favor electropositive
groups and red-colored regions favor electronegative substituents. Hydrophobic and hydrogen bond donor/acceptor COMSIA contours
for EGFR and HER-2 are shown in e and f, respectively. The green contours indicate regions where hydrophobic groups are
favored whereas the yellow contours denote regions that disfavor hydrophobicity. The cyan and purple contours indicate favorable
and unfavorable regions for hydrogen bond donors, respectively, whereas the orange and red contours are indicative of favorable
and unfavorable positions for hydrogen bond acceptors, respectively.

displacement, we speculate, will involve the OH groups
of the dihydroxy compounds docked in the mode A. Since
our models suggest that the dihydroxy compounds
prefer to bind in mode A in HER-2, this may partly
explain the lower inhibitory activity of these compounds
against HER-2. For the methoxy compounds such as 27,
as well as compound 41, which adopt only mode C, the
situation involving the change of SH to OH in residue
751 is different. In this case, it is the strength of the
possible hydrogen bond between the cyano group and
the SH or OH that may confer selectivity (see Figure
1g). This would favor HER-2 selectivity since the

CN---H—0 hydrogen bond should be stronger than the
CN---H—S hydrogen bond.

It should be noted, however, that the dynamic effects
and other hydration pattern changes that occur at the
receptor site upon binding that would also influence
potency and selectivity, were not considered in our
present models. Further, some of the molecules may be
mixed competitive inhibitors as was hinted by Osherov
et al.,?! and this would cause differences that the
present model was not able to address as well. What is
clear from the present study is that docking in conjunc-
tion with 3D QSAR studies has provided some rationale
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for the selectivity in the inhibitory effects of this series
of benzylidene malonitrile tyrphostins against EGFR
and HER-2 kinase activities.

Another point that this study brings out is that
composite alignments in which different subalignments
are combined can be useful for 3D QSAR studies if they
are receptor-guided. The QSAR results also show, as
indicated by the spread in both the fitted predictions
and test set predictions, that a traditional atom by atom
alignment such as the MULTIFIT method of SYBYL
will not be appropriate for these molecules, which
reflects the fact that they may assume different binding
modes at the kinase active site as our docking results
suggest. Last, the docking has suggested that incorpo-
rating the cyano and carbonyl moieties into a ring
system might improve their binding affinity, which is
being explored in our laboratory.
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