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Modeling Aided Lead Design of FAK Inhibitors

Thirumurthy Madhavan'

Abstract

Focal adhesion kinase (FAK) is a potential target for the treatment of primary cancers as well as prevention of tumor
metastasis. To understand the structural and chemical features of FAK inhibitors, we report comparative molecular field
analysis (CoMFA) for the series of 7H-pyrrolo(2,3-d)pyrimidines. The CoMFA models showed good correlation between
the actual and predicted values for training set molecules. Our results indicated the ligand-based alignment has produced
better statistical results for COMFA (g = 0.505, r* = 0.950). Both models were validated using test set compounds, and
gave good predictive values of 0.537. The statistical parameters from the generated 3D-QSAR models were indicated
that the data are well fitted and have high predictive ability. The contour map from 3D-QSAR models explains nicely
the structure—activity relationships of FAK inhibitors and our results would give proper guidelines to further enhance the

activity of novel inhibitors.
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1. Introduction

Focal adhesion kinase (FAK) is a protein-tyrosine
kinase that is found at the sites of cellular contact and
is phosphorylated in response to cell attachment!],
FAK plays an important role in cellular movement and
survival pathways. It is a potential target for the treat-
ment of both primary cancers and the prevention of
tumor metastasis'*”. It is phosphorylated in response to
integrin engagement, growth factor stimulation, and the
action of mitogenic neuropeptides®®!. Integrin receptors
are heterodimeric transmembrane glycoproteins that
cluster upon ECM engagement leading to FAK phos-
phorylation and recruitment to focal adhesions!'®!,
FAK is involved in cellular adhesion and spreading
processes and it has been shown that when FAK was
blocked, breast cancer cells became less metastastic due
to decreased mobility'?. Thus, the inhibition of FAK
represents a promising approach for treatment of cancer.

Computational approaches like structure- and ligand-
based methodology have been found to be valuable in
further optimization and the development of novel
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inhibitors. Ligand-based three dimensional quantitative
structure-activity relationship (3D-QSAR) approaches,
including comparative molecular field analysis (COMFA)*?!
and comparative molecular similarity indices analysis
(CoMSIA)!™, were reported to be effective for under-
standing the structure-activity relationships!'>. The 3D-
QSAR modeling is useful to predict the activity of new
molecules to be synthesized. 3D-QSAR methods serve
as an important complement to the structure-based
methods. CoMFA is one the 3D-QSAR method that has
been successfully employed in drug design. This
method was useful in the lead optimization and also in
understanding the drug-target interaction'*'8], In COMFA,
the biological activity of molecules is correlated with
their steric and electrostatic interaction energies. The
steric and electrostatic interaction energies are calcu-
lated using Lennard- Jones and Coulombic potentials,
respectively. The 3D-QSAR method would give con-
tour maps as output that can be used to get some general
insights into the topological features of the binding site.

The main aim of our study is to optimize the reported
FAK inhibitors (7H-pyrrolo(2,3-d)pyrimidines)!'” by
Ha-Soon and coworkers using the 3D-QSAR method-
ology. We report 3D-QSAR model using CoMFA tech-
nique for FAK inhibitors to find the common structural
features among them. The present work deals ligand-
based technique using atom-by atom matching to gen-
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erate a reliable 3D-QSAR models. We expect that our
theoretical results give some useful reference for the
experimentalists in the design of novel and more potent
FAK inhibitors.

2. Computational methods

2.1. Inhibitor data set

The structures of the 7H-pyrrolo(2,3-d)pyrimidines
derivatives and their biological activities of sixty com-
pounds were taken from the literature!’®.. All original
ICsy value of each inhibitor was converted into pICs,
(-logICsp) in order to use the data as dependent variable
in CoMFA model. The test set molecule is truly repre-
sentative molecule for training set molecules. The test
set molecule should cover all the biological activity
which is similar to the training set molecule. The total
set of compounds was divided into a training set consist
of 46 compounds and test set consist of 14 compounds.
The selection of training and test sets were done man-
ually so that low, moderate, and high FAK inhibitory
activities were all represented. The structures and their
activity values are displayed in Table 1.

Table 1. Structures and biological activities (pICsp) of
FAK inhibitors

Compound R plICso

MeO OMe R
OMe
1 2'-N 6.674
16A* 2'-Me 5.551
16C* 2'-NO, 5.393
16E 2'-CH,OH 6.138
16G* 2'-CN 6.298
16H 2'-CO,Me 6.503
161 2'-CO,H 5.550
17A%* 3'-Me 6.656

267
Table 1. Continued
Compound R pICso
17B 3'-CF; 6.629
17C 3'-CN 6.900
17D* 3'-CH,CN 7.201
17E 3'-(CH,),CN 7.032
17F 3'-CO,Me 5.822
17G* 3'-CO,H 7.420
17H 3'-CH,CO,H 7.432
171 3'-(CH,), CO,H 7.456
17) 3'-SO,NHMe 5.567
18A 4'-Me 6.295
18B* 4'-Et 5.815
18C 4'-nBu 5.291
18D 4'-tBu 5.135
18E 4'-SMe 6.080
18F 4'-CF; 5.821
18G 4'-NO, 5.491
18H 4'-CO,Me 5.187
181 4'-CO,H 5.547
22B* 2'-CONHMe 6.466
23B 3'-CONHMe 6.582
23C 3'-CONHEt 6.438
23D* 3'-CONHcPr 6.492
23E 3'-CONHiBu 5.296
23F 3'-CONHcPent 5.386
23G* 3'-CONH(CH,),NH, 7.538
23H 3'-CONH(CH,),NMe, 7.420
23] 3'-CONH(CH,),NHAc 6.526
23K 3'-CONH(CH,);NMe, 7.268
23L* 3'-CONH(CH,),NMe, 6.007
23M 3'-CONH(CH,),0H 6.363
23N 3'-CONH(CH,);0H 6.055
24A 3'-CH,CONHMe 5.742
24B 3'-CH,CONHEt 6.376
24C 3'-CH,CONHCcPr 6.932
24D* 3'-CH,CONHCcPent 6.237
24E 3'-CH,CONH(CH,),NH, 6.138
24F 3'-CH,CONH(CH,);NH, 5.876
24H 3'-CH,CONHCH,CO,Me 6.197
241 3'-CH,CONH(CH,),CO,Me, 6.498
25A 3'-(CH,),CONHMe 6.480
25B 3'-(CH,),CONHEt 6.462
25C 3'-(CH,),CONHiBu 7.201
25D 3'-(CH,),CONH(CH,),NMe, 6.627
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Table 1. Continued

Compound R pICso
25E* 3'-(CH,),CONHCH,CO,Me 6.470
28A 2'-N, 3'-CONHMe 5.122
28C 2'-N, 3'-CONHiBu 6.740
28D 2'-N, 3'-CONH(CH,),NMe, 6.198
28E 2'-N, 3'-CONH(CH,);NH, 6.401
28F* 2'-N, 3'-CONHCH,CN 6.556
28G 2'-N, 3'-CONH(CH,),CN 6.616
28H 2'-N, 3'-CONHCH,CO,Me 6.264
32 2'-N, 3'-(CH,),CO,H 8.398

*Test set compounds

2.2. Ligand-based alignment method

In ligand based alignment, the most active molecule
was used as template. All rotatable bonds were searched
with incremental dihedral angle from 120° by using sys-
tematic search conformation method. Conformational
energies were computed with electrostatic term, and the
lowest energy conformer was selected as template mol-
ecule. Then the template was modified for other ligands
of the series. The common moiety was constraint for
each molecule and only the varying parts were energy
minimized by Tripos force field with Gasteiger-Huckel
charge by using conjugate gradient method, and con-
vergence criterion was 0.05 kcal/mol at 10,000 iteration.
The minimized structures were aligned over template
using atom fit option in Sybyl and subsequently this
alignment is used for CoMFA analysis. The aligned
molecules are represented in Fig. 1.

Fig. 1. Alignment of all molecules using atom-by-atom
matching.
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2.3. Generation of CoMFA Field

Sybyl8.1 molecular modeling package is used in this
study®. CoMFA calculations were carried out by
applying the default settings. The aligned molecules
were placed in 3D cubic lattice with grid spacing of
2.0A. The standard CoMFA field performing the Len-
nard-Jones potential and Coulombic potential for the
steric and electrostatic fields respectively. A cut off
value for both fields was set to 30 kcal/mol. Steric and
electrostatic energies were calculated using sp® carbon
atom with van der waals radius of 1.52A and +1 charge
at each lattice point.

2.4. Partial least square (PLS) analysis

The relationship between the structural parameters
and the biological activities has been quantified by the
PLS algorithm'#2, CoMFA and CoMSIA descriptors
used as independent variables and pICs, values used as
dependent variables in PLS analysis for the generation
of 3D-QSAR models. To select the best model, the
cross-validation procedure was performed using leave
one out (LOO) method, in this procedure one com-
pound was removed from the data set and its activity
was predicted using the model build from rest of the
data set. It gives cross-validation correlation coefficient
(¢®) and the optimum number of components. Final
analyses i.e. non-cross-validation was performed to cal-
culate conventional %, using optimum number of com-
ponents obtained from cross validation method. The
cross-validated coefficient, g* is calculated using below
Equation].

2
Z(Ypredictedf Yobserved)
2
Z(anserved_ Ymean)

Yoredicteas Yobservea» and Y,eq, are predicted, actual, and
mean values of the target property (pICs), respectively.
E(Y;Wedicted'x)bserved)z is the predictive sum of squares
(PRESS) and the lowest PRESS value is used to derive
the final PLS models.

¢=1- (1)

3. Results and Discussion

3.1. CoMFA analysis

The optimum CoMFA model was derived with the
combination of steric and electrostatic field contribution
and Gasteiger-Hiickel charge method with 2.0A grid
space. The Leave one out (LOO) analysis gave the
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cross-validated g* of 0.505 with six components and
noncross-validated PLS analysis resulted in a correla-
tion coefficient r* of 0.950, F= 124.248, and an esti-
mated standard error of 0.170. We further performed
bootstrapping analyses to evaluate the robustness and
statistical confidence of the final models (r%yo0= 0.962,
StdDev= 0.014). Statistical results obtained from the
constructed model verified the predictive ability of the
model (Table 2) and further implied that the steric and

Table 2. Statistical result of CoOMFA model

electrostatic factors contribute to the binding affinities.
The predictive ability of the developed CoMFA model
was assessed by the test set (fourten molecules) predic-
tions, which were excluded during CoOMFA model gen-
eration. The predictive ability of the test set was 0.537.
Predicted and experimental activities and their residual
values of all inhibitors are shown in Table 3, and the
corresponding scatter plot is depicted in Fig. 2.

Table 3. Predicted activity of CoOMFA models compared
with the experimental pICs, values

PLS statistics CoMFA
q 0.505
N 6

I 0.950
SEE 0.170
F-value 124.248
Ppred 0.537
Bootstrap

r2boot 0.962
StdDev 0.014
Field contribution (%)

Steric 0.858
Electrostatic 0.142

q°= cross-validated correlation coefficient; N= number of
statistical components; r’= non-cross validated correlation
coefficient; SEE= standard estimated error; F= Fisher value;
rzprediaive: predictive correlation coefficient for test set.;
Ppoo= correlation coefficient after 100 runs of bootstrapping

CoMFA

Predicted pIC50

4 5 6 7 8 9
Actual pIC50

* Training set compounds ““ Test set compounds

Fig. 2. Plot of actual versus predicted pICs, values of the
training set and test set compounds.

C d Actual pIC CoMFA
mpoun

ompod cual s Predicted Residual
1 6.674 6.730 -0.0563
16A* 5.551 6.221 -0.6704
16C* 5.393 5.722 -0.3286
16E 6.138 6.164 -0.0262
16G* 6.298 5.995 0.3031
16H 6.503 6.470 0.0327
161 5.550 5.385 0.1647
17A%* 6.656 6.536 0.1205
17B 6.629 6.470 0.1594
17C 6.900 6.953 -0.0533
17D* 7.201 6.735 0.4656
17E 7.032 7.134 -0.102
17F 5.822 5.851 -0.0289
17G* 7.420 6.564 0.8564
17H 7.432 7.543 -0.1105
171 7.456 7.596 -0.1396
17] 5.567 5.608 -0.041
18A 6.295 6.15 0.1447
18B* 5.815 5.926 -0.1112
18C 5.291 5.155 0.1359
18D 5.135 5.123 0.0124
18E 6.080 5.983 0.0971
18F 5.821 6.315 -0.4939
18G 5491 5.467 0.0238
18H 5.187 5.224 -0.0375
181 5.547 5.690 -0.1434
22B* 6.466 6.462 0.0038
23B 6.582 6.092 0.4899
23C 6.438 6.346 0.0923
23D* 6.492 6.921 -0.4295
23E 5.296 5.403 -0.1074
23F 5.386 5.331 0.0552
23G* 7.538 6.619 0.9187
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Table 1. Continued

CoMFA

Compound Actual pICsy - -

Predicted Residual
23H 7.420 7.396 0.0237
23] 6.526 6.653 -0.1267
23K 7.268 7.240 0.0278
23L* 6.007 6.530 -0.523
23M 6.363 6.215 0.1475
23N 6.055 6.218 -0.1634
24A 5.742 5.791 -0.0488
24B 6.376 6.290 0.0862
24C 6.932 7.001 -0.0693
24D* 6.237 6.072 0.1655
24E 6.138 6.094 0.0437
24F 5.876 5.726 0.15
24H 6.197 6.312 -0.1153
241 6.498 6.545 -0.0473
25A 6.480 6.387 0.0929
25B 6.462 6.507 -0.0445
25C 7.201 7.159 0.0421
25D 6.627 6.620 0.007
25E* 6.470 6.335 0.1352
28A 5.122 5.715 -0.5934
28C 6.740 6.638 0.1017
28D 6.198 6.354 -0.156
28E 6.401 6.482 -0.081
28F* 6.556 6.665 -0.1085
28G 6.616 6.700 -0.0839
28H 6.264 6.273 -0.0086
32 8.398 8.145 0.2534

*Test set

3.2. CoMFA contour map

The CoMFA contour map was generated based on the
ligand-based (atom-by atom matching) alignment method.
The CoMFA result is usually represented as 3D ‘coef-
ficient contour’ map. It shows regions where variations
of steric and electrostatic nature in the structural features
of the different molecules contained in the training set
lead to increase or decrease in the activity. The steric
interaction is represented by green and yellow contours,
in which green colored regions indicate areas where
increased steric bulk is associated with enhanced activ-
ity, and yellow regions suggest areas where increased
steric bulk is unfavorable to activity. The steric contour
map is displayed in Fig. 3. There is a big green steric

ZAAA =R A4 A43, 2011
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Fig. 3. CoOMFA contour maps for steric field with highly
active compound 32, where green contour indicates
regions where bulky groups increases activity and yellow
contours indicates bulky groups decreases activity.

*

Fig. 4. CoMFA contour maps for electrostatic field with
highly active compound 32, where blue contour indicates
regions where electropositive groups increases activity and

red contours indicates regions where electronegative
groups increases activity.

contour near the 3 R position of the phenyl ring indi-
cates that bulkier substituent is preferred at this position.
Thus, compounds 17 (D, E, F, H, I), and 23 (G-N) with
bulkier substituent at this position are more active. This
may be the reason that compounds having bulkier sub-
stitution shows higher activity. There was one yellow
contour region was observed near to the 4 R, position,
the contour map indicated that substitution of bulkier
groups would decrease the activity. This may be the rea-
son that compounds (18C and D) having bulkier substi-
tution shows lower activity. The electrostatic interaction
is represented by red and blue contours (Fig. 4), among
which blue colored regions show areas where more pos-
itively charged groups are favored, and red region high-
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light areas where groups with more negative charges are
favored. These contour maps give us some general
insight into the nature of the receptor-ligand binding
region. The electrostatic contour plot on the set of 60
compounds shows that there is a big red colored region
situated close to the 4’ R positions of phenyl ring. The
negative charges in these regions are very important for
ligand binding, and electro negative group linked to this
position will enhance the biological activity. For exam-
ple, compounds 32 having electro negative moiety
shows more biological activity than other compounds.
According to the contour maps, steric, and electro-
static requirements are playing major role in order to
enhance the biological activities of the compounds. The
contour map analyses found that bulky substitution with
more electronegative substitutions at the 3 R position of
the phenyl ring is highly desirable to enhance the activ-
ity. Modification in these positions seems remarkably
important to enhance the activity for FAK inhibitors.

4. Conclusion

We developed satisfactory 3D-QSAR model based on
CoMFA technique using atom-by-atom matching align-
ment. The 3D-QSAR results revealed some important
sites, such as steric, electrostatic modifications should
significantly affect the bioactivities of the compounds.
In this study, we found some implications could be
drawn to improve the activity of 7H-pyrrolo(2,3-d)pyri-
midines as FAK inhibitors, for example, modification of
bulky substitution with more electronegative substitu-
tions at the 3 R position of the phenyl ring is highly
desirable to produce higher activity. The information’s
have gathered from CoMFA studies demonstrated the
way to understand the structural and chemical features
of 7H-pyrrolo(2,3-d)pyrimidines derivatives in design-
ing potent and optimize new FAK inhibitors.
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