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Abstract

A three-dimensional quantitative structure—activity relationship (3D-QSAR) study was performed on three different chemical series reported
as selective farnesyltransferase (FTase) inhibitors employing comparative molecular field analysis (CoMFA) and comparative molecular simi-
larity indices (CoMSIA) techniques to investigate the structural requirements for substrates and derive a predictive model that may be used for
the design of novel FTase inhibitors. Removal of outliers improved the predictive power of models developed for all three structurally diverse
classes of compounds. 3D-QSAR models were derived for 3-aminopyrrolidinone derivatives (training set N = 38, test set N =7), 2-amino-nic-
otinonitriles (training set N =46, test set N = 13) and 1-aryl-1’-imidazolyl methyl ethers (training set N = 35, test set N =5). The CoMFA
models with steric and electrostatic fields exhibited r2, 0.479—0.803, r2., 0.945—0.993, rﬁmd 0.686—0.811. The CoMSIA models displayed
2, 0.411—0.814, 2., 0.923—0.984, rgred 0.399—0.787. 3D contour maps generated from these models were analyzed individually, which pro-
vide the regions in space where interactive fields may influence the activity. The superimposition of contour maps on the active site of farnesyl-
transferase additionally helps in understanding the structural requirements of these inhibitors. 3D-QSAR models developed may guide our
efforts in designing and predicting the FTase inhibitory activity of novel molecules.
© 2007 Elsevier Masson SAS. All rights reserved.

Keywords: CoMFA; CoMSIA; Farnesyltransferase inhibitors; Anticancer; 3-Aminopyrrolidinones; 2-Amino-nicotinonitriles; 1-Aryl-1’-imidazolyl methyl ethers

1. Introduction and uncontrolled proliferation [3]. The observation that mutant

Ras genes are often found in human tumors suggests that inhibi-

The need for new chemotherapeutics in cancer is evident
from the limited capacity of existing drugs to cure or signifi-
cantly prolong the survival of patients with disseminated tumors
or certain leukemias. The explosion of information on the bio-
logical complexities of cancer and the molecular genetic defects
underlying tumorigenesis has afforded new opportunities for an-
ticancer drug discovery and development [1,2]. Mutation of the
GTP-binding protein Ras, a central player in cell signaling path-
ways that govern cell growth, can lead to cellular transformation
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tion of Ras function might provide an effective anticancer ther-
apy [4,5]. Extensive studies on Ras have revealed that a series of
posttranslational modifications are required for its biological
function, the first step of which is alkylation of a cysteine residue
near its C-terminus with a farnesyl group [6,7]. Thus, the en-
zyme farnesyltransferase (FTase), which catalyses this step,
was identified as a potential target for chemotherapeutic agents.
FTase is a zinc heterodimeric metalloenzyme consisting of two
subunits: the first weighs 48 kDa (o) [8] and the latter 46 kDa ()
[9]. The zinc ion is placed at a junction between a hydrophilic
surface of the o subunit and a deep cleft in the B subunit lined
by aromatic residues. The zinc is coordinated by Asp297f,
Cys2998, His362f residues and a water molecule.
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The FTase substrates can be investigated as models for de-
signing selective FTase inhibitors [10] and thus all novel inhib-
itors can be classified as (a) molecules designed on the Ca;a,X
motif (peptidomimetics), which interact with the same FTase
residues involved in the Ras binding proteins [11], (b) mole-
cules designed on the farnesyl moiety (FPP mimetics), which
interact with the FPP binding site [12], and (c) bisubstrate
inhibitors, which incorporate structural motifs of both FPP
and Ca;a,X tetrapeptide [13—16].

Most inhibitors described in the literature are peptidomi-
metics resembling the CAAX-tetrapeptide recognition se-
quence of farnesylated proteins. Majority of these CAAX-
peptidomimetics exhibit a free thiol group [13—16,17] which
is believed to coordinate the enzyme-bound zinc ion as shown
for the native peptide substrate [18]. However, free thiols are
associated with several adverse drug effects [19] and thus
the development of farnesyltransferase inhibitors is clearly di-
rected towards the so-called non-thiol farnesyltransferase in-
hibitors. Most frequently used replacements for cysteine are
nitrogen-containing heterocycles. The ring nitrogen is sup-
posed to coordinate to the enzyme-bound zinc similar to the
cysteine thiol group [20]. However, it has been showed that ni-
trogen heterocycles can be replaced by aryl residues lacking
the ability to coordinate metal atoms without losing too
much of their farnesyltransferase inhibitory activity [21,22].
Therefore, the existence of at least one hitherto unknown
aryl-binding region in the farnesyltransferase active site has
been postulated [23,24]. Several farnesyltransferase inhibitors
(FTIs) have been developed by academic and industry re-
searchers and have been tested extensively in preclinical in vi-
tro and in vivo cancer models [25—36]. Some of these
inhibitors exhibiting binding constants in the nanomolar range
are still being developed as drug candidates. No significant
breakthrough has occurred in achieving the essential require-
ments for a therapeutic agent in the treatment of cancer based
on FTase inhibition.

The 3D-QSAR, CoMFA method was proposed by Crammer
et al. in 1988, which is extensively used in the present practice
of drug discovery [37]. One of the advantages of CoMFA is
the ability to predict the biological activity of the molecules
by deriving a relation between steric/electrostatic properties
and biological activities in the form of contour maps. CoMFA
calculates steric fields using Leonard—Jones potential and
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electrostatic fields using Coulombic potential. In particular,
both of the potential functions are very steep near the van
der Waals surface of the molecule, causing rapid changes in
the surface descriptions and requiring the use of cutoff values
so that calculations are not done within the molecular surface.
In addition, a scalar factor is applied to the steric field, so that
both fields can be used in the same PLS (partial least-squares)
analysis. Finally, changes in the orientation of the superim-
posed molecular set, relative to the calculation grid, can cause
significant change in the CoMFA results, again probably due
to strict cutoff values. The alignment rule is one of the most
sensitive input areas for CoMFA studies. Several improve-
ments have been made in the alignment methodology: addition
of macroscopic descriptor(s) in the study table and a reverse
method of CoMFA, called AFMoC (adaptation of fields for
molecular comparison) and topomer CoMFA have been intro-
duced [38—41]. The CoMSIA method of 3D-QSAR analysis
was introduced by Klebe et al. [42] in 1994, in which using
a common probe atom, similarity indices are calculated at reg-
ularly placed grid points for the prealigned molecules. CoM-
SIA is not sensitive to changes in the orientation of the
superimposed molecules in the lattice, and the correlation re-
sults obtained by CoMSIA can be graphically interpreted in
terms of the field contribution maps allowing physicochemical
properties relevant for binding to be easily mapped back on to
molecular structures [43,44].

Previously, we have reported 3D-QSAR models for a series
of benzonitrile and tricyclicpiperazinyl derivatives [45,46] as
farnesyltransferase inhibitors. The present study is aimed at
elucidating the structural features required for FTase inhibition
and to obtain predictive three-dimensional quantitative struc-
ture activity relationship (3D-QSAR) models, which may
guide the rational synthesis of novel compounds (Fig. 1). In
the present paper, we report the 3D-QSAR models derived
from the most widely used computational tools: comparative
molecular field analysis (CoMFA)/comparative molecular sim-
ilarity indices (CoMSIA) methods, for structurally diverse sets
of FTase inhibitors from the literature.

2. Results and discussion

The 3D-QSAR models derived using CoMFA and CoMSIA
methodologies were characterized by different chemical
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Fig. 1. Template structures and (hetero) atoms used in the rms alignment.
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classes published in the literature [11—13]. The structures and
biological activity data of the molecules are described in Ta-
bles S1—S3 (see Supporting information). The in vitro FTase
inhibitory activity values pICso (nM) was used as dependent
variable and CoMFA/CoMSIA fields as independent variables
in the study. The low energy conformer obtained from Multi-
Search option in Sybyl was used in the molecular alignment
method performed by atom-based rms fitting. As CoMFA is
alignment sensitive, different alignment rules were employed
but only the alignment yielding best results have been dis-
cussed. One of the major obstacles in the 3D-QSAR studies
lies with the ‘congeners’, which misfit the final equation and
were termed as outliers. The reasons for the poor prediction
may be their structural uniqueness or the insignificant mathe-
matical value in defining the biological activity. Exceptions
are also observed wherein experimentally observed parameters
might be better than the calculated or vice versa: however,
their inclusion in 3D-QSAR studies at the cost of lower 2
could be more confusing than being helpful.

The 3D-QSAR models were generated from training set mol-
ecules and validated by predicting activity of test set molecules.
All cross-validated results were analyzed by considering the
fact that the value of r2, above 0.3 indicates that the probability
of chance correlation is less than 5%. The results of PLS
analysis are summarized from CoMFA studies in Table 1 and
that from CoMSIA studies in Tables 2—4. Comparison of the
statistical results of the best models obtained by CoMFA and
CoMSIA are summarized in Table 5.

2.1. CoMFA models

2.1.1. 3-Aminopyrrolidinone derivatives

3D-QSAR models for 3-aminopyrrolidinones reported by
Bell et al. [47] as selective FTase inhibitors (Table S1) were
initially developed using 41 training set molecules and vali-
dated by predicting activity for nine test set molecules

Table 1
Summary of CoMFA results from atom-based rms alignment

& m° r

Analysis  Analysis Analysis Analysis Analysis  Analysis

A B A/ B/ A// B//
ey 0.526 0.596 0.403 0.803 0.346 0.479
N, 7 6 2 4 11 8
SEP 0.615 0.414 0.463 0.285 0.403 0.422
Faey 0.928 0.945 0.893 0.983 0.998 0.993
SEE 0.251 0.224 0.189 0.089 0.024 0.048
F-Value 44.587 62.660 180.441 261.653 111247 373.34
Pr’=0 00 0.0 0.0 0.0 0.0 0.0
Contribution (fraction)
S 0.468 0.485 0.455 0.542 0.374 0.389
E 0.532 0.515 0.545 0.458 0.626 0.611
rgred 0.475 0.790 0.357 0.811 0.289 0.686
I 0.967 0.971 0.913 0988 — 0.996
Std dev 0.014 0.013 0.089 0.004 — 0.003

# 3-Aminopyrrolidinone derivatives.
® 2-Amino-nicotinonitriles.
¢ 1-Aryl-1'-imidazolyl methyl ethers.

Table 2
Summary of CoMSIA results for 3-aminopyrrolidinone derivatives

HAD SEDAH SDAH SDH SDA SEA SEDA SEDH
ey 0313 0469 0256 0.330 0419 0290 0.300 0.451
N, 7 8 7 8 8 9 4 8
SEP 0.724 0.648  0.754 0.728 0.678 0.763 0.696 0.659
Faey 0.898 0.923 0914 0.922 0.846 0904 0.713 0.938
SEE 0.280 0.247 0261 0.248 0.249 0.280 0445 0.222
F-Value 36.331 41.883 37.188 41.343 19.218 28.268 19.913 52.750
Prr=0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Contribution (fraction)
S - 0.122  0.151 0559 0.270 0.233 0.161 0.154
E - 0211 — - - 0.376  0.301 0.294
H 0.461 0306 0381 0219 — - - 0.401
D 0.186 0.127  0.157 0.222 0.232 — 0.112  0.151
A 0353 0234 0311 — 0.498 0.390 0426 —
r%,ed 0.653 0.787  0.646 0.688 0.606 0.516 0.665 0.534
Tos 0925 0962 0952 0.967 0.897 0.955 0.843 0.960

Std dev  0.025 0.023  0.028 0.016 0.026 0.023 0.061 0.011

S = steric, E = electrostatic, D =H-bond donor, A =H-bond acceptor, and
H = hydrophobic.

(Analysis A). The CoMFA model developed from steric and
electrostatic fields yielded cross-validated r (rfv) 0.526 at sev-
enth component, non-cross-validated (i) 0.928, predictive
” (r;red) 0.475 and higher contribution of electrostatic field
(53.2%) than steric (46.8%) field. In order to improve the pre-
dictive power of the model, four compounds whose residual
values were on higher side were considered as outliers and
subsequent analysis (Analysis B) was carried out. The CoMFA
model developed yielded cross-validated % (r2y) 0.596 at sixth
component, non-cross-validated ” (r2.) 0.945 with lower
standard error of estimate (0.224), predictive r (rgred) in-
creased as high as 0.790. A high bootstrapped 1 of 0.971
adds a high confidence limit to this analysis. In this analysis
both steric and electrostatic fields contribute to the QSAR
equation by 45.5% and 54.5%, respectively, suggesting that
variation in biological activity of inhibitors is dominated by

Table 3
Summary of CoMSIA results for 2-amino-nicotinonitriles

HAD SEDAH SDAH SDH SDA SEA SEDA SEDH
2y 0.747 0.814 0.705 0.628 0.651 0.718 0.806 0.827
N, 10 5 5 4 4 4 4 5
SEP 0350 0280 0.353 0392 0380 0341 0.283  0.271
Taey 0958 0931 0.868 0.790 0.754 0.927 0.874 0.939
SEE 0.143  0.171 0.236 0.294 0318 0.174 0.228 0.102

F-Value 79.172 101.184 52.742 38.598 31.454 130.014 71.046 100.269
Prr=0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Contribution (fraction)

S - 0.085 0.133 0.269 0.220 0.102 0.112 0.122
E - 0.306 — - - 0.517 0371  0.439
H 0487 0214 0324 0.527 — - - 0.285
D 0.092 0.187 0.217 0.204 0.229 — 0.209  0.154
A 0422  0.207 0.326 — 0.551  0.320 0.308 —

rf,,ed 0.724  0.784 0.757 0.570 0.627 0.634 0.747  0.695
ros 0976 0939 0.896 0.822 0.764 0937 0.885 0.948
Std dev  0.010  0.019 0.032 0.031 0.037 0.016 0.027 0.014

S = steric, E = electrostatic, D = H-bond donor, A =H-bond acceptor, and
H = hydrophobic.
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Table 4
Summary of CoMSIA results for 1-aryl-1’-imidazolyl methyl ethers

HAD SEDAH SDAH SDH SDA SEA SEDA SEDH
e, 0.124 0382 0.382 0.284 0.392 0357 0411 0.338
N, 2 6 10 6 8 7 8 7
SEP 0477 0434 0478 0.467 0451 0454 0.444 0.460
Faey 0443 0988 0.995 0916 0.934 0973 0.984 0.968
SEE 0.380 0.065 0.042 0.160 0.149 0.092 0.074 0.101

F-Value 10.73 181.10 388.45 41.99 36.903 114.93 158.62 95.033
Prr=0 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Contribution (fraction)

S - 0.183  0.108 0.378 0.321 0.168 0.093 0.189
E - 0.513 — - - 0458 0.266 0.488
H 0.328 0.299 0.190 0.619 — - - 0.319
D 0.069 0.005 0.003 0.003 0.002 — 0.008 0.008
A 0.602 0.190 0.221 — 0.677 0375 0219 —

rﬁ,ed 0.113 0345 0384 0.281 0342 0343 0399 0.106
Tos 0.624 0997 0.996 0957 0968 0.991 0.989 0.986
Std dev  0.145 0.002 0.005 0.025 0.022 0.005 0.006 0.007

S = steric, E = electrostatic, D = H-bond donor, A =H-bond acceptor, and
H = hydrophobic.

differences in electrostatic interactions with the FTase active
site. Fig. 2 depicts CoMFA steric and electrostatic contour
plots and Fig. 3 shows the graph of actual versus fitted/pre-
dicted activities for training and test set molecules.

2.1.2. 2-Amino-nicotinonitriles

2-Aminonicotinonitriles developed by Wang et al. [48] as
farnesyltransferase inhibitors have been used to generate 3D-
QSAR models initially from 44 compounds in training set (Ta-
ble S2) and 15 in test set (Analysis A’). But this model dis-
played high standard error (0.463) and low rﬁred (0.357)
values. Hence, in order to improve the predictive power of
the model, compounds whose residual values were higher
were removed as outliers. A statistically significant model (us-
ing Analysis B’) was then obtained with cross-validated i~
(2,) 0.803 with four components, low standard error of predic-
tion (SEP) 0.285, non-cross-validated > (r2.,) 0.983 and pre-
dictive 7> (rgred) as high as 0.811. The respective steric and
electrostatic field contributions were 54.2% and 45.8%. The

Table 5
CoMFA versus CoMSIA

I ° e

CoMFA CoMSIA CoMFA CoMSIA CoMFA CoMSIA
2, 0.596 0.469 0.803 0.814 0.479 0.411
N, 6 8 4 5 8 8
SEP 0414 0.648 0.285 0.280 0.422 0.444
oy 0.945 0.923 0.983 0.931 0.993 0.984
SEE 0.224 0.247 0.089 0.171 0.048 0.074
F-Value 62.660  41.883 261.653 101.184  373.34 158.62
PrA=0 00 0.0 0.0 0.0 0.0 0.0
rf,,ed 0.790 0.787 0.811 0.784 0.686 0.399
2 0.971 0.962 0.988 0.939 0.996 0.989
Std dev 0.013 0.023 0.004 0.019 0.003 0.006

# 3-Aminopyrrolidinone derivatives.
® 2-Amino-nicotinonitriles.
¢ 1-Aryl-1'-imidazolyl methyl ethers.

3D contour maps generated from the above CoMFA model
are shown in Fig. 4 and a graph of actual versus fitted/pre-
dicted activities for training/test set molecules is depicted in
Fig. 5.

2.1.3. 1-Aryl-1'-imidazolyl methyl ethers

1-Aryl-1’-imidazolyl methyl ether derivatives [13] (Table
S3) with selective FTase inhibitory activity developed by can-
cer research group at Abbott laboratories were used in the gen-
eration of 3D-QSAR models. Similar to above two structurally
diverse classes of FTase inhibitors, initial CoMFA model (us-
ing Analysis A”) gave significantly poor statistical results with
low cross-validated (rfv) 0.346 at eleventh component, high
standard error of prediction (SEP) 0.403, F-value erratically
rose to 1112.47 and finally the predictive power of the model
(rl%red) was 0.374. After removing outliers a CoMFA model
was developed from a training set comprising of 30 molecules
and validated by 5 test set molecules. A combination of steric
and electrostatic fields yielded the COMFA model having r2,
0.479 with eight components, r2., 0.993, predictive 1> 0.686
and exhibited higher electrostatic field contribution (61.1%).
The 3D steric and electrostatic contour maps are depicted in
Fig. 6, and the graph of actual versus fitted/predicted activities
for training/test set molecules is shown in Fig. 7.

2.2. COMSIA models

To investigate the significance of hydrophobic and H-bond
fields on the FTase inhibitory activity, CoMSIA analysis using
steric, electrostatic, hydrophobic and H-bond fields were car-
ried out employing the same atom-based alignment used in
CoMFA studies for all the three sets of farnesyltransferase in-
hibitors. In the results summarized for COMSIA analysis, ste-
ric and electrostatic fields are not reported individually as the
statistical results and position of contour maps did not vary
significantly from that of CoMFA.

2.2.1. 3-Aminopyrrolidinone derivatives

The results of CoMSIA PLS analysis are summarized in
Table 2. The CoMSIA model generated from steric and elec-
trostatic fields did not vary both in terms of statistical values
and positions of contours as compared to its CoMFA model
and hence are not included in the table. Incorporation of the
H-bond donor/acceptor or both fields yielded models with an
improved external prediction, with predictive r* value of
0.665. These models showed comparable predictions, but the
standard error was on a higher side and also the cross-vali-
dated > was low (0.30). Hence they were considered to be
of less statistical significance. Further hydrophobic fields
were incorporated in order to study its influence on the model.
A statistically significant and robust model was obtained. The
combinations of steric, electrostatic, H-bond donor and accep-
tor fields and hydrophobic fields yielded CoMSIA models with
an improved 72, 0.469 with eight components, highest predic-
tive value of 17 0.787, raey 0.923, 15, 0.969 with steric (12.2%),
electrostatic (21.1%), hydrophobic (12.7%), H-bond donor
(23.4%) and acceptor (30.6%) field contributions. The 3D
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Fig. 2. STDDEV*COEFF contour plots for 3-aminopyrrolidinones. (A) CoMFA steric contours (green polyhedron: sterically favored; yellow polyhedron: sterically
disfavored) and their superimposition on FTase active site. (B) CoMFA electrostatic (red polyhedron: negatively charged favored; blue polyhedron: positively
charged favored) maps and their superimposition on FTase active site. (C) CoMSIA hydrophobic (yellow polyhedra: favored hydrophobic substituents; white poly-
hedra: disfavored hydrophobic substituents) contours and their superimposition on FTase active site. Compound 47 (orange) is the most active and compound 31
(least active) is shown in violet, purple and green in A, B, and C, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

contours analyzed using this model is shown in Fig. 2. The
graph of actual versus fitted/predicted activities for training/
test set molecules is depicted in Fig. 3. The CoMSIA studies
signify the contribution of H-bond donor, acceptor and hydro-
phobic fields in addition to steric and electrostatic fields to-
wards the FTase inhibitory activity of 3-aminopyrrolidinones.

2.2.2. 2-Amino-nicotinonitriles

The results of PLS analysis for COMSIA are summarized in
Table 3. The PLS of CoMSIA analysis generated from steric,
hydrophobic, H-bond donor and acceptor fields showed 72,

0.705 with five components, the corresponding 7., as 0.968
and predictive * 0.757. The model generated using steric,
electrostatic, hydrophobic and H-bond donor exhibited signif-
icant contribution of hydrophobic and electrostatic fields with
improved statistical correlation coefficients rgv 0.827, rﬁcv
0.939 and predictive 7> 0.695. Further model obtained with
the combination of steric, electrostatic, H-bond donor and hy-
drophobic fields showed r2, 0.806, ra., 0.974 and predictive >
of 0.747. The model generated using all five CoMSIA fields
yielded statistically significant model with r2, 0.814 for five
components, rﬁcv 0.931, rﬁs 0.949 and rﬁred 0.784 and
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Fig. 3. A graph of actual versus fitted/predicted activities for training and test set molecules of 3-aminopyrrolidinones: (a) CoMFA; (b) CoMSIA.

respective field contributions was steric 8.5%, electrostatic
30.6%, hydrophobic 21.4%, H-bond donor 18.7% and accep-
tor 20.7%. This model with good internal and external predic-
tions was used to analyze 3D contour plots (Fig. 4). The plot
depicting actual versus fitted/predicted activities of data set
molecules is shown in Fig. 5. The analysis of CoMSIA model
showed higher contributions of hydrophobic and electrostatic
fields to the FTase inhibitory activity of 2-amino-nicotinoni-
trile derivatives.

2.2.3. 1-Aryl-I'-imidazolyl methyl ethers

Table 4 summarizes the results of CoMSIA PLS analysis
for 1-aryl-1’-imidazolyl methyl ethers. The model generated
from the steric, electrostatic and H-bond donor fields exhibited
better predictions with rfv 0.451 at eight components, rﬁcv
0.934, predictive 7> 0.342 and higher H-bond acceptor field
(67.7%) contribution. The combination of steric, electrostatic
and hydrophobic fields yielded poor external predictions
with rgred 0.280. The combination of steric, electrostatic, H-
bond donor and acceptor fields yielded statistically significant
model as compared to all other combinations and exhibited rgv
0.444 with eight components, rae, 0.984, predictive 7 0.400
with field contribution of steric 9.3%, electrostatic 26.6%,
H-bond donor 0.8% and acceptor 21.9%. The 3D contours an-
alyzed for generated model are shown in Fig. 6. The graph of
actual versus fitted/predicted activities for training/test set
molecules is depicted in Fig. 7. The models derived from other
combinations like SDH, SEDH, HAD resulted in poor rgred
values and were considered to be of poor statistical signifi-
cance. FTase inhibitory activity of 1-aryl-1’-imidazolyl methyl
ethers was found to be contributed significantly by H-bond
acceptor and electrostatic fields.

2.3. Graphical interpretation of the CoMFA and
CoMSIA models

The steric contour maps indicate green and yellow contours
as sterically favorable and unfavorable areas. Blue and red
contours in the electrostatic maps indicate areas where positive
and negative charge substituents favor activity. Hydrophobic,
H-bond donor and acceptor contour maps indicate favorable
yellow, cyan, magenta contours and disfavorable by white,
violet/purple and red contours, respectively. Although the con-
tour maps cannot be used as receptor maps, useful interpreta-
tions can be derived. The generated contour maps were
mapped on the FTase active site, and fields were analyzed
with respect to the amino acid residues of FTase. To aid in vi-
sualization, the template molecule in each class of compounds
is displayed in the respective figures and the contour maps are
discussed with the reference compound.

2.3.1. 3-Aminopyrrolidinones

Figs. 2(A) and 3(B) correspond to the CoMFA steric and
electrostatic contour maps for 3-aminopyrrolidinones with
the active molecule (compound 47). The green contour ob-
served in the vicinity of chlorine suggests that steric substitu-
ents in these regions may favor activity (compounds 22, 24, 35
and 47), while the disfavored yellow contours in the vicinity of
nitrogen attached to oxopyrrolidinone and tert-butoxycarbony-
lamino propyl group restrict steric substitution indicating de-
creased biological activity (compounds 37—41 and 1-12).
In the CoMFA electrostatic map, the red contour surrounding
chlorine on ring ‘X’ indicates the significance of negatively
charged/electron rich group for biological activity (compounds
47—51). It was clearly observed that if ‘X’ ring is unsubsti-
tuted, the biological activity tends to decrease (compounds
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Fig. 4. STDDEV*COEFF contour plots for 2-aminonicotinonitriles. (A) CoMFA steric contours and their superimposition on FTase active site. (B) CoMFA elec-
trostatic maps and their superimposition on FTase active site. (C) CoMSIA hydrophobic contours and their superimposition on FTase active site. Compound 97
(orange) is the most active and compound 51 (least active) is shown in violet, purple and green in A, B, and C, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

38—40). The blue contour overlapping the cyano group of ring
‘Y’ indicates the significance of positively charged group for
biological activity.

CoMFA steric and electrostatic contour plots mapped on
FTase active site are depicted in Figs. 2(A) and 3(B) with
highest active compound 47 (orange) and lowest active com-
pound 31 (violet). The sterically favored green contour was
placed in between His 248 and Tyr251, while disfavored yel-
low contours were observed at the periphery of Tyr365,
Arg202 and overlapping phenyl ring of Phe253. The orienta-
tion of oxopyridinone ring towards zinc may be one of the ma-
jor reasons why compound 47 is more active as the possibility
of oxopyridinone ring oxygen forming bond with zinc is more,

which is not the case with the least active compound 31. The
positively charged favored blue contour near the cyano substit-
uent on ring ‘Y’ was placed close to Arg202 and Trp303,
while small negatively charged red contour was observed
near Val201, Asp297 and His248. 4-Cl may have van der
Waals contact with Try 251.

Fig. 2(C) displays the CoMSIA hydrophobic contour maps
and their overlapping on the FTase active site with compound
47. The hydrophobic contour plots connotate disfavored large
white regions in the vicinity of rings ‘X’ and ‘Y’, which are
found overlapping on Arg202. Also small disfavored white
contours are seen overlapping the fert-butoxycarbonylamino
substituent near to Thr252 and Phe253, which indicate that
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Fig. 5. A graph of actual versus fitted/predicted activities for training and test set molecules of 2-amino-nicotinonitriles: (a) CoMFA; (b) CoMSIA.

optimum lipophilic substituents may decrease or enhance the
biological activity. Favored yellow region in the vicinity of
benzyl group indicate the significance of lipophilic substitu-
ents for biological activity. The CoMSIA steric and electro-
static contour maps appear in the same region as that of
CoMFA and hence are not discussed here.

CoMSIA H-bond donor contour maps are displayed in
Fig. S4(A). H-bond donor favoring cyan contour was observed
near —NH of fert-butoxycarbonylamino substituent of com-
pound 47, indicating that H-bond donor groups in this region
may favor activity (compounds 48—50). Further, compounds
which lack H-bond donor substituents in these regions showed
decreased activity (compounds 1—12). Unfavorable purple
contours were observed close to benzyl attached to oxopyridi-
none and on the planar surface near the carbonyl amide link-
age of compound 47. H-bond acceptor contour maps (Fig. S5)
show favorable magenta contours in the vicinity of carbonyl
and cyano group of compound 47 indicating its significance
for biological activity.

2.3.2. 2-Amino-nicotinonitriles

The CoMFA steric and electrostatic contour plots with the
template molecule (compound 97) and its superimposition on
FTase active site are shown in Fig. 5(A) and 5(B). The CoMFA
steric plot portraying sterically favoring green polyhedra near
to napthyl ring suggests that optimum steric substituents in
this region favor activity (compounds 103—111). A small
green contour in the vicinity of ring ‘A’ indicates its signifi-
cance for biological activity, whereas sterically disfavored yel-
low contours were observed in the vicinity of —CN group
indicating restriction for incorporating steric substituents
which may decrease FTase inhibitory activity (compounds
51, 55, 56). CoMFA electrostatic contour plots displayed

a positively charged favored large blue contour surrounding
ring ‘A’ which signifies that an increase in activity may be
due to low electron density substituents, while small nega-
tively charged favored red contours near 4-CN (ring A) specify
that the electron rich substituents favor activity (compounds
61, 63, 98—102). Moderate activity was observed for com-
pounds 64 and 76.

Fig. 5(A) and 5(B) portrays mapping of CoMFA steric and
electrostatic contour maps on the active site of farnesyltrans-
ferase. The sterically favored green contour is seen placed at
the periphery of Arg202 and also close to Gly255 and
Tyr251, while disfavored yellow contours were seen close to
zinc and Thr252. The positively charged favored blue contour
surrounding ring ‘A’ was observed overlapping over Gly290.
The small negatively charged red contour on the upper part
of 4-CN on ring ‘A’ was observed near Thr252 where 4-CN
might have van der Waals contact.

The CoMSIA steric and electrostatic contour maps and its
mapping on FTase active site are displayed in Fig. S6(A)
and (B), respectively, with compound 97. In the steric contour
map a large favorable green contour was observed near ring
‘A’, suggesting that optimum steric substituents in this region
favor activity (compounds 61, 76, 103—111). These contours
are seen overlapping GIn304 and close to Trp303. Sterically
unfavorable yellow contour placed near to Tyr365 was ob-
served close to the methyl substituent on the five-membered
ring indicating restricted area for bulkier substituents. This
may be one of the reasons for poor biological activity of com-
pound 31 (shown in purple). CoMSIA electrostatic contour
maps are not discussed as they were placed in regions similar
to that observed in CoMFA.

Fig. 4(C) displays the CoMSIA hydrophobic contour map
and its superimposition on the FTase active site with highest



150 D.S. Puntambekar et al. | European Journal of Medicinal Chemistry 43 (2008) 142—154

£290
001

FRI6S
b
\/‘:s 8

-~

Kcad
>

Fig. 6. STDDEV*COEFF contour plots for 1-aryl-1’-imidazolyl methyl ethers. (A) CoMFA steric contours and their superimposition on FTase active site. (B)
CoMFA electrostatic maps and their superimposition on FTase active site. (C) CoMSIA H-bond acceptor contours and their superimposition on FTase active
site. Compound 152 (orange) is the most active and compound 145 (least active) is shown in red, green and green in A, B, and C, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

active compound 97. In the hydrophobic contour map, favorable
yellow contours were observed in the vicinity of cyano group of
rings ‘A’, ‘B’ and napthyl ring where increased lipophilic sub-
stituents may favor activity (compounds 98—102), while disfa-
vored white contours were seen in the vicinity of napthyl ring
and ring ‘A’ indicating regions where hydrophilic substituents
may enhance activity and lipophilic substituents may decrease
activity (compounds 85—87). The hydrophobic contour plots
which connotate disfavored white regions close to napthyl
ring and ring ‘A’ occupy space between Zinc—Cys299 and
GIn304—Thr302, respectively, while favored yellow contours
are seen in the periphery of Asp300 and surrounding Thr252.
Fig. S7 displays CoMSIA H-bond donor contour maps. The
CoMSIA H-bond donor contour map depicts large favorable

cyan contours adjacent to ring ‘A’ and parallel to ring ‘B’ in the
vicinity of napthyl ring signifying the presence of H-bond
donor groups in these regions for FTase inhibitory activity
(compounds 91, 95, 101, 102). This can be considered as
one of the reasons why Wang and his co-researchers [48] con-
sidered cyano group as an optimum para-substituent on both
rings ‘A’ and ‘B’ throughout the series of compounds synthe-
sized for FTase inhibitory activity.

2.3.3. 1-Aryl-1'-imidazolyl methyl ethers

Figs. 6(A) and 7(B) correspond to the CoMFA steric and
electrostatic contour maps and its mapping on FTase active
site for 1-aryl-1’-imidazolyl methyl ethers with the active mol-
ecule (compound 152). The large green contour observed in
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Fig. 7. A graph of actual versus fitted/predicted activities for training and test set molecules of 1-aryl-1’-imidazolyl methyl ethers: (a) CoMFA; (b) CoMSIA.

the vicinity of ring ‘C’ suggests that steric substituents in this
region may favor activity (compounds 141—143, 151). The
green contour was observed near to Arg202 and one more ste-
rically favorable small green contour occupied space between
Cys364 and Cys299 overlapping Try302. The disfavored yel-
low contour surrounding the imidazole ring restricts steric sub-
stitution indicating decreased biological activity. It was found
placed close to zinc and Trp303. In the CoMFA electrostatic
map, blue contour embedded in ring ‘C’ indicates the signifi-
cance of positively charged group for farnesyltransferase in-
hibitory activity (compounds 127, 130, 131) which was
observed in the periphery of Cys299, Tyr365 and zinc, while
small negatively charged favored red contour near imidazole
nucleus specify that electron rich substituents favor activity.

In this class of compounds, the COMSIA steric and electro-
static contour maps were not of much significance as they ap-
peared at almost the same positions as those observed in
CoMFA and hence not discussed. Not much significant differ-
ence in the position of CoMSIA steric and electrostatic con-
tour maps was observed as compared to CoMFA, but these
steric and electrostatic contour maps and their superimposition
on FTase active site is depicted in Fig. S8(A) and (B) (see Sup-
porting information).

CoMSIA H-bond acceptor contours and their overlapping
on FTase active site are displayed in Fig. 6(C) with compound
152. The H-bond acceptor contour maps show favorable
magenta contours in the vicinity of para-cyano group of ring
‘C’” near to Tyr200 signifying the presence of H-bond donor
groups for biological activity (compounds 117, 150), while
small disfavorable red contours embedded in imidazole ring
and in the vicinity of ortho-substitution on ring ‘D’ restricts
substitution of H-bond donor groups which may decrease the

biological activity. The disfavorable red contours occupied
space in the vicinity of Gly250, Trp303 and GIn304. It can
be observed that p-cyano group of ring ‘C’ orients towards fa-
vored magenta contour in case of compound 152 with potent
inhibitory activity, while this is not the case with 145 (shown
in green) as it has orientation which does not favor FTase
inhibitory activity.

3. Experimental
3.1. Biological data

The training and test sets used in the computational studies
comprise of molecules belonging to different chemical classes
as reported as FTase inhibitors. The FTase inhibitory data has
been collected from the literature [47—49]. The in vitro inhib-
itory activity ICso (nM) against FTase converted to pICso (nM,
pICso = log 1/ICsp) was used as dependent variable in deriving
3D-QSAR models. The structures and biological activity data
of training and test set molecules are described in Tables S1—
S3 (see Supporting information). The X-ray crystallographic
structures of FTase were taken from the Protein Data Bank
(pdb codes — INL1 and 1NL4).

3.2. Molecular modeling

All computational studies were performed using Sybyl 7.0
[50] software running on Silicon Graphics Fuel workstation.
The 3D structures of molecules were built using the ‘Sketch
Molecule’ function within Sybyl. Initial optimization of the
structures was carried out using TRIPOS force field with
MMFF94 charges and repeated minimization was performed
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using steepest descent and conjugated gradient methods till the
root-mean-square (rms) deviation of 0.001 kcal/mol was
achieved. Conformational energies were calculated with elec-
trostatic terms; the lowest energy structures finally minimized
were used in superimpositions. The partial atomic charges re-
quired for the electrostatic interaction were computed by
a semi empirical molecular orbital method using MOPAC
[51] with AM1 Hamiltonian [52]. Development of predictive
3D-QSAR CoMFA models is essentially alignment sensitive
that defines the putative pharmacophore for the series of li-
gands under investigation. Atom-based alignment approach
has been employed in order to calculate the CoMFA and CoM-
SIA interaction energies (Fig. 1).

3.3. CoMFA and CoMSIA analyses

3.3.1. CoMFA analysis

All of the CoMFA experiments were performed on Silicon
Graphics Fuel workstation with the molecular modeling soft-
ware Sybyl 7.0. The molecular atomic charges were calculated
using the Gasteiger—Huckel protocol. The steric and electro-
static field energies were calculated using field’s viz. standard
CoMFA field, H-bonding fields, indicator fields and parabolic
fields [53,54] for the CoMFA calculation. All the models were
investigated using the full cross-validated partial least-squares
(PLS) (leave-one-out) method with CoMFA standard options
for the scaling of variables. Column filtering was set to
2.0 kcal/mol to improve the signal-to-noise ratio by omitting
those lattice points whose energy variation is below this
threshold. The statistical significance and predictive ability
of the resulting models were assessed using leave-one-out
cross-validated r2, also called as qz. The conventional 7> was
considered as a measure of the predictive ability within the
training set, while the ¢* has been considered as a measure
of predictive ability outside the training set.

3.3.2. CoMSIA analysis

The CoMSIA technique exhibits greater robustness with re-
spect to both region shifts and small shifts within the align-
ments with no application of arbitrary cutoffs and more
intuitively interpretable contour maps. The standard setting
(probe with charge +1, radius 1 A and hydrophobicity +1, hy-
drogen bond donating +1, hydrogen bond accepting +1, atten-
uation factor a of 0.3 and grid spacing 2 A) was used in
CoMSIA to calculate seven different fields viz. steric, electro-
static, hydrophobic, hydrogen bond donor, hydrogen bond ac-
ceptor, steric and electrostatic, and hydrogen bond donor and
acceptor.

3.3.3. Partial Least Square (PLS) analysis

The CoMFA/CoMSIA descriptors served as independent
variables and pICs, (nM) values as dependent variables in
PLS regression analysis for deducing 3D-QSAR models [55].
Normally cross-validation is used to check the predictive power
of the derived model. The result of analysis corresponds to the
regression equation with thousands of coefficients. The predic-
tive values of models were evaluated using leave-one-out (LOO)

cross-validation method. The number of components leading to
the highest cross-validated 72 and lowest standard error of pre-
diction (SEP) was set as the optimum number of components
(N.) in PLS analysis. ¢ Minimum of 2.0 kcal/mol was used as
the threshold column filtering value in PLS analysis. To obtain
the statistical confidence limit in the analyses, PLS analysis us-
ing 100 bootstrap groups with an optimum number of compo-
nents was performed.

3.3.4. Predictive ability of CoMFA and CoMSIA models

The predictive ability of each analysis was determined from
test set molecules that were not included in the training set.
These molecules were aligned, and there activities were pre-
dicted by each PLS analysis. The predictive r (rgred) value de-
fined as

1o = (SD — PRESS)/SD

where, SD is the sum of squared deviations between the bio-
logical activities of the test set and mean activity of the training
set molecules, and PRESS is the sum of squared deviation be-
tween actual and predicted activities of the test set molecules.

4. Conclusion

3D-QSAR studies yielded stable and statistically significant
predictive models indicated by the moderate to high cross cor-
relation coefficients. A high bootstrapped 2 value and a small
standard deviation indicate that a similar relationship exists in
all the compounds of the series used in the study. All the
CoMFA models generated using the atom-based rms fitting
method exhibited statistically significant and predictive
models after the removal of outliers. The steric and electro-
static field contributions revealed relatively higher contribu-
tions of electrostatic fields except for 2-amino-nicotinonitrile
class that showed higher contributions of steric fields.

The comparison of CoOMFA and CoMSIA models obtained
using steric and electrostatic fields suggests that CoMFA
yielded relatively improved models for 3-aminopyrrolidinones
and I-aryl-1’-imidazolyl methyl ethers. CoMSIA yielded fairly
improved models for 2-amino-nicotinonitriles and statistically
insignificant models for I1-aryl-1’-imidazolyl methyl ethers.
Overall CoMFA yielded comparable models for 3-aminopyrro-
lidinones and 1-aryl-1’-imidazolyl methyl ethers highlighting
the significance of steric and electrostatic fields towards FTase
inhibitory activity. While CoMSIA models were statistically
significant for 2-amino-nicotinonitriles indicating the impor-
tance of hydrophobic, H-bond donor and acceptor fields to-
wards FTase inhibitory activity. The CoMSIA steric and
electrostatic field maps are in accordance with field distribu-
tion of CoMFA maps and consistent with structure—activity
relationships. The comparison of 3D-QSAR models with the
active site of FTase revealed the interactions of amino acid res-
idues with the substructures of molecules with steric, electro-
static, hydrophobic and H-bond donor and acceptor fields.

In the present study, we have identified the significance of
various structural elements binding to active site which may be
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combined to improve the overall activity. Overall, the present
3D-QSAR study investigates the indispensable structural fea-
tures of the different chemical classes of molecules which
can be exploited for the structural modifications of these
lead molecules in order to achieve improved selective FTase
inhibitory activity.
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