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Abstract

3D-QSAR studies of some tricyclicpiperazinyl derivatives as farnesyltransferase inhibitors were performed by comparative molecular field
analysis (CoMFA) and comparative molecular similarity indices (CoMSIA) methods to rationalize the structural requirements responsible for the
inhibitory activity of these compounds. The global minimum energy conformer of the template molecule 35, the most active and pharmacoki-
netically stable molecule of the series, was obtained by simulated annealing method and used to build structures of the molecules in the dataset.
The CoMFA model obtained after the removal of outliers produced statistically significant results with cross-validated and conventional correla-
tion coefficients of 0.550 and 0.969, respectively. The combination of steric, electrostatic, hydrogen bond acceptor and hydrophobic fields in
CoMSIA gave the best results with cross-validated and conventional correlation coefficients of 0.611 and 0.986, respectively. The predictive
ability of CoOMFA and CoMSIA were determined using a test set of 24 tricyclicpiperazinyl derivatives giving predictive correlation coefficients of
0.543 and 0.663, respectively, indicating good predictive power. Further the robustness of the model was verified by bootstrapping analysis.
Based on the COMFA and CoMSIA analysis we have identified some key features in the tricyclicpiperazinyl series that are responsible for
farnesyltransferase inhibitory activity that may be used to design more potent tricyclicpiperazinyl derivatives and predict their activity prior to

synthesis.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Mutations in the ras oncogene have been detected in a wide
variety of human tumors, with the highest incidence being
observed in the cancers of pancreas (90%), colon (50%), and
lung (30%) [1]. The important role layed by Ras protein in the
signal transduction process involved in cell division is well
recognized [1,2]. Inhibition of farnesylation of the Ras protein,
a key step in the posttranslational modification of this protein
[3,4] continues to be the subject of intense interest as a source
of potential antitumor agents. This has led to the synthesis of
several novel groups of farnesyl protein transferase (FPT) inhi-
bitors which have been reviewed [5], most of which are pepti-
dic or peptidomimetic in nature. Most of these are CaaX
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mimetics, while others are farnesyl diphosphate analogs, or
natural products derived from screening programs.

Random screening of chemical libraries also led to the identi-
fication of several nonpeptides, non-thiol compounds, which
were optimized into R-115777, SCH-66336 and BMS-214662
which are presently engaged in clinical trials [6]. Various
attempts have also been made to increase the membrane perme-
ability of farnesyltransferase inhibitors by preparing ester pro-
drugs [7]. Recently Li et al. [8] reported achiral analogs of 2-
quinolines and indoles as non-thiol farnesyltransferase inhibitors
and some benzimidazolones based on tipifarnib scaffold [9]. San-
tagada et al. [10] reported the synthesis, pharmacological evalua-
tion and molecular modeling studies of novel peptidic CAAX
analogs as potential farnesyltransferase inhibitors. Protein farne-
syltransferase inhibitors have also been recently reported to exhi-
bit potent antimalarial activity [11]. Recently Lane and Beese
[12] have explored the structural biology of protein farnesyltrans-
ferase and geranylgeranyltransfrase type I, while Eastman et al.
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[13] have discussed the importance of blocking protein farnesyl-
transferase in fighting against parasitic diseases.

The ligand based approaches like 3D-QSAR studies are quite
useful to rationalize the structural requirements required for
enzyme inhibitory activity. Similar approach was also used by
us in rationalizing the structural requirements for COX-2 inhi-
bitory activity [14] and also in identifying the structural require-
ments in the series of benzonitrile derivatives using comparative
molecular field analysis (CoMFA) [15]. We report herein the
results of COMFA and comparative molecular similarity indices
(CoMSIA) performed on a series of tricyclic piperazinyl deriva-
tives as farnesyltransferase inhibitors (Tables 1 and 2). The 3D-
QSAR analyses can provide more insight into the optimization
of this series of farnesyltransferase inhibitors. Since its introduc-
tion in 1988, CoMFA [16] has rapidly evolved to be one of the
most powerful tool for 3D-QSAR studies [17,18]. CoMFA
methodology is based on the assumption that the changes in
the biological activity correlate with the changes in the steric
and electrostatic fields of the molecules. The CoMSIA method
[19] differs by the way the molecular fields are calculated and
by including additional molecular fields such as lipophilic and
hydrogen bond potential. The additional fields in CoMSIA pro-
vide better visualization and interpretation of the obtained cor-
relation in terms of field contribution to the activity of the com-
pound. On the basis of COMFA and CoMSIA models developed
for tricyclic piperazinyl derivatives, we attempted to elucidate a
structure—activity relationship to provide useful information for
the designing of new farnesyltransferase inhibitors with
enhanced biological activity prior to synthesis.

2. Results and discussion
2.1. CoMFA and CoMSIA analyses

The results of COMFA and CoMSIA studies are summarized
in Tables 3 and 4, respectively. All the analyses reveal compar-
able cross-validated 7 values. Analysis-A (Table 3) yielded a
correlation with an 7, of 0.399 (eight principal components)
and a conventional ° of 0.823. This model displayed poor
external predictivity with rzpred 0.275. Thus, in order to increase
the predictive power of the derived model, further experiments
were performed. Based on the results of QSAR studies from
partial least square (PLS) analysis nine molecules (compounds
7, 15, 17, 23, 38, 44, 45, 60 and 111) of the training set with
high residual values were omitted. Analysis-B (Table 3) shows
the CoMFA results obtained using the training set of 93 com-
pounds showed better confidence level in statistical signifi-
cance. Analysis-B showed improved cross-validated »° of
0.550, conventional P of 0.969, F value of 121.990, boot-
strapped # of 0.947 and predictive ° of 0.543. The steric and
electrostatic contributions were found to be 46.2% and 53.8%,
respectively. The higher contribution of electrostatic fields indi-
cates that the electrostatic interactions of the molecule with the
receptor could be an important factor for antitumor activity.

CoMSIA analysis was performed using steric, electrostatic,
hydrophobic and hydrogen bond donor and hydrogen bond
acceptor fields. Presently CoMSIA offers five different fields;

3D-QSAR models can be generated using the above fields in
different combinations. The results of CoMSIA analysis are
summarized in Table 4. The CoMSIA models showed consid-
erable correlative and predictive properties. In most of the
models, hydrophobic field was a common factor indicating
the importance of lipophilicity for the present series of mole-
cules. The model generated using steric, electrostatic and
hydrophobic descriptors has higher 7°., and comparable rzpred
than rest of the models but has higher standard error of esti-
mate and standard error of prediction. Incorporation of all the
fields resulted in the reduction of +°., and rzpmd. To check
whether the addition of hydrogen bond donor or acceptor
descriptors affect the model, each descriptor was considered
along with steric, electrostatic and hydrophobic descriptors
for generating the model. It was observed that inclusion of
hydrogen bond donor descriptor caused reduction in 17,
(0.580). Where as the addition of hydrogen bond acceptor
caused increase in the ¢, (0.611) and also the predictive
power (rzpred) of the model. This indicates the importance of
hydrogen bond acceptor functional group for the biological
activity. Finally the combination of steric, electrostatic, hydro-
phobic and hydrogen bond acceptor was selected as the best
model on the basis of presence of proper (a) statistical terms
and (b) descriptors to explain observed biological activity.

The real test for the model predictiveness is to predict the
activity of compounds, which were not used in the model gen-
eration. To check the external predictivity of the model, we
used the test set, which comprised of 24 compounds. Both
the CoMFA and CoMSIA models exhibited a good predictive-
ness on these compounds. The observed and calculated activity
values for training and test set molecules are given in Tables 5
and 6, respectively. The plots of calculated vs. observed activ-
ity values for training set molecules and predicted vs. observed
activity values for the test set molecules are shown in Figs. 5
and 6, respectively. The actual, predicted and residual values of
training and test set for COMFA and CoMSIA are given in
Tables 5 and 6, respectively.

2.2. Graphical interpretation of the results

To visualize the information content of the derived 3D-
QSAR model, CoOMFA contour maps were generated by inter-
polating the products between the 3D-QSAR coefficients and
their associated standard deviations. Figs. 3 and 3a indicate the
CoMFA steric and electrostatic contour maps, respectively,
obtained from analysis-B using compound 35 as a reference
structure. In this figure, the green contours represent regions
of high steric tolerance (80% contribution), while the yellow
contours represent regions of low steric bulk tolerance (20%
contribution). The increase in positive charge is favored in
blue regions while increase in negative charge is favored in
red regions.

The steric contour of CoMFA (Fig. 3) shows a large green
contour enclosing the pyridyl acetyl N-oxide (R; substituent)
of the template structure. This indicates that bulky R; substitu-
ents on the piperazine will enhance the farnesyltransferase inhi-
bitory activity. The good inhibitory potency of 70 (ICsq 0.049),
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Structures and antitumor activity of compounds used in training set

R 0.0 o

(J

|

R3
structure A R1=H
structure F R1=Br

1281

Cl
Y \ Br. 7 \
-.N "‘*—N
o e
N R1 T
|L3 R3
Structure K R1=n-Bu,R3=H
StructureE  R1=H StructureJ R3=H Structure L R1=MeO(CH2)2, R3=H
Structure |  R1=Br
Rl | cl Vi Cl
Rt \ Cl — \
= N =NG
NT OE \
[Nj ENj O- N
; @
I, ks \
3
S(-) R(+)
StructureC  R1=H StructureB R1=H StructureD R3=H
StructureH R1=Br Structure G R1=Br
Compound number Structure R; 1Cso (UM) pIC50 (uM)
1 A -H 30.3 4.51
2 A 0.82 6.08
P
3 A —COCH,;NHBoc 4.8 5.31
4 A —COCH,NHCOCH(SH)CH; 2.78 5.55
5 A —COCH(C¢Hs), 2.5 5.60
7 A —COCH,C¢Hy4-4-Br 2.04 5.61
8 A —COCH,;C4¢H4-4-NMe, 2.44 4.69
9 A —COC4H,4-4-NMe, 20.2 6.79
10 A Z N 0.16 7.92
. |
11 F 0.012 6.85
12 C 0.14 6.27
13 A = | 0.53 6.76
N
14 F 0.17 6.04
15 C 0.19 6.05
16 D 0.91 6.44
17 E 2.1 5.75

(continued)
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Compound number Structure R; ICso (M) pIC50 (uM)
18 J 0.88 6.07
19 A = 0.36 5.30
|
N
21 A ZN 1.74 5.74
S |
22 A = | 0.85 5.93
=N
23 F 0.3 6.39
24 A 5 4.9 5.42
N
26 F 1.8 5.34
N
0 X
=
27 A = | 1.17 6.13
N
No-
28 F 0.4 7.32
30 D 3.8 6.30
31 E 45 6.48
32 A + - 0.74 5.90
= N/O
e |
33 F 0.047 5.65
34 C 0.49 6.40
36 J 0.33 5.90
38 L 0.034 4.87
39 A = | 1.26 5.36
~ UNF
N\O
41 A + 2.2 5.16
= N -0
- I
42 F 0.39 4.99
43 A /LO 1.24 5.85
Py
COCH,
44 C 1.8 6.19
45 A 113 5.86
NH
46 A 13.3 6.34
N—COOEt
47 A 43 6.06
N
|
COCH,

(continued)
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Compound number Structure R; ICso (M) pIC50 (uM)
48 A %(j 6.8 5.79
N
|
CH,
49 A 10.2 5.13
(0]
cH0c-N
50 A 1.4 5.90
(o]
cHocN
52 C 0.64 7.14
54 E 1.37 7.10
55 J 0.45 7.08
56 A N/COCHa 0.87 7.16
58 C 1.6 6.46
59 A 7.4 5.88
60 F w,boc 1.29 6.08
61 A wH 1.25 7.31
0
62 F 0.072 7.31
63 G 0.078 7.34
64 I 0.083 7.56
65 L 0.069 7.03
66 F J\/O/COOCEHS 0.34 5.97
0
67 A )\/ON/COOCHE 1.3 6.03
o}
69 A J\/QN/CONHZ 0.82 6.05
0
70 F 0.049 6.00
71 H 0.048 6.96
72 I 0.045 5.60
73 K 0.027 5.60
74 L 0.092 5.95
75 A J\Q/CONHCHS 1.05 6.98
0
77 A ;\/O\I/CONHCHZCW 0.92 6.63
o}
78 A J\/ON/CONH-n-F’r 0.88 5.92
0
80 A ;\/O\I/CONHC(CHEh 1.0 7.00
e}
81 F 0.108 6.22

(continued)
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Table 1 (continued)
Compound number Structure R; ICso (M) pIC50 (uM)

83 A J\/ON/CONHCHZNHZ 2.5 5.77
(0]

84 A 2.5 5.15
N/ﬁ\rNHz
85 A 1.1 5.15
O

OH
86 F 0.104 5.85
88 F 023 630
J\/'Cil\l /ﬁ\rNHz
fo) SH
89 A 1.19 6.08
N\CH3
90 F 0.1 5.50
91 C 0.6 6.50
92 E 1.66 5.67
96 A 7.0 6.05
N~coocH,
98 A 7.0 5.00
N~ CoNHCH,
99 F 14 5.75
o} N\CONHZ
101 A 2 05 5.96
2\ . N
102 C 0.82 6.04
103 A O/@ 3.1 5.87
+
N -
%\ \O
105 F _CH, 031 6.67
)@
52\0
106 A /O 2.1 633
PN
CH,
108 E ~COOC¢H; 0.88 533
109 A %\ 9.8 6.02
NN
=/
110 F ~CONHCH,CHs 1.77 6.67
111 A ~CONHCH; 41 5.65
112 A 1.09 6.61

(continued)
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Table 1 (continued)

1285

Compound number Structure R; ICso (M) pIC50 (uM)
113 A N 0.9 7.38
%\ ™ !
H
114 A /@ 1.34 6.18
N
}\N x
H
115 F 0.21 7.26
116 C 0.46 6.33
117 A = 4.6 5.33
I
(2\ N
b,
118 A = 0.95 6.02
|
(2\ N
H
120 F 0.21 6.67
121 A /@ 22 5.65
+
C}\ XN
"\ -
N 0
122 F 0.24 6.61
124 F 0.041 7.38
125 A )\ /O 0.66 6.18
g N CH,
126 F 0.054 7.26

71 (ICsq 0.048), 72 (ICsq 0.045), 73 (ICs0 0.027) and 74 (ICsq
0.092) are due to orientation of their 4-
carboxamidopiperidinylacetamido group towards sterically
favored green contour. Compound 1 lacking bulky group at
the fourth position of the piperazine was inactive. The steric
contours also show yellow contour in the vicinity of the aro-
matic ring of the R substituent attached to the piperazine. Here
bulky substituents are not tolerated and hence the molecules 4
(ICsg 2.78), 66 (ICs5o 0.34) and 110 (ICsq 1.77) exhibit low
inhibitory activity.

The electrostatic contours of CoMFA (Fig. 3a) shows red
contour enclosing the pyridine ring of the template molecule
where high electron density is expected to increase the activity.
Hence the N-oxide derivatives (33, 34, 36, 38, 124) exhibit
good activity where the electronegative oxygen is buried in
red contour. This is because N-oxide increases electron density
which is favorable for inhibitory activity. The electrostatic con-
tours also show blue polyhedra in the vicinity of piperazine
ring where low electron density is expected to increase activity.
Compound 7 (ICs, 2.04) exhibits low activity as the electrone-
gative bromide group is embedded in the blue contours.

The hydrophobic contours (Fig. 4) show presence of a large
purple contour surrounding the pyridine ring of the template
molecule indicating that hydrophobic substituents are well tol-
erated in that region. The hydrogen bond acceptor contours
(Fig. 4a) show presence of small magneta contours close to
the piperazine ring of the template molecule, where hydrogen

bond acceptor substituents will increase the activity. Two cyan
contours are seen; one close to the pyridyl nitrogen and one
enclosing the aromatic substituent attached to piperazine indi-
cate regions in space where hydrogen bond acceptor groups are
not tolerated. The developed CoMFA and CoMSIA models are
predictive enough to guide the design of new molecules.

2.3. CoMFA vs. CoMSIA

The comparison of the statistical results of two QSAR ana-
lyses is listed in Table 7. The cross-validated 7°, conventional
correlation coefficient /°, and predictive /° are normally
accepted as the statistical measures for the quality of QSAR
models. Both CoMFA and CoMSIA models exceeded
" > 0.5 which indicated stability of the model and reasonable
predictability [20]. COMSIA showed higher cross-validated
value of 0.611 than 0.550 for CoOMFA. The standard error of
estimate was also less (0.123) than CoMFA (0.215). Finally the
predictive power (/pred) value was also on a higher side for
CoMSIA than CoMFA.

3. Experimental
3.1. Dataset for analysis

One hundred and twenty-six molecules selected for the pre-
sent study were taken from the published work by Mallam et
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Table 2
Structures and antitumor activity of compounds used in test set
Compound number Structure R;3 ICso (UM) pICso (UM)
6 A —COCH,Cg¢Hs 2.73 5.56
20 A —COC(CH3),C¢Hs 33 5.48
25 A 2.6 5.58
= N
|
N
29 C w 2.3 5.63
N
~No-
35 H + 0.023 7.63
= N/O
e |
37 K 0.06 6.22
40 F = | 0.38 6.42
S UNF
N\O
51 F 0.12 6.92
o]
cHoc-N
53 H 0.05 7.30
57 F M,COCHS 0.102 7.00
68 A A\/ON/CHJ:HS 1.27 5.89
0
76 F wCONHCHS 0.05 7.30
0
79 F J\/ON/CONH-n-F’r 0.1 7.00
0
82 A J\/(\)N/CSNHCH3 0.88 6.05
(e}
87 A 1.89 5.72
N
J\/OI
o}
93 A 3.1 5.50
N\COCH3
94 A 12.2 4.91
N
“boc
95 A 1.1 5.95
NH
97 A 1.75 5.75
N~conm,
100 A -COOC4Hs 0.8 6.09
104 F 0.28 6.55

(continued)
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Table 2 (continued)

Compound number Structure R3 1Cso (M) pICso (UM)
107 F /O 0.3 6.52

I o
119 A o 1.8 5.74

+
= N/

C}\ S l

123 A 0.47 6.32

H
O
Ay
H

Table 3
Summary of CoOMFA analysis

Parameter CoMFA (analysis-A) CoMFA (analysis-B)
oy 0.399 0.550
SEP 0.350 0.480
N 8 6

~ 0.823 0.909
SEE 0.340 0.215
F value 83.045 121.990
Prob. of # =0 0.0 0.0

7 pred 0.375 0.543
s 0.880 0.947
S.D. 0.087 0.011
Contributions (%)

Steric 0.450 0.462
Electrostatic 0.550 0.538

al. [21]. It is imperative to evaluate the predictivity of the 3D-
QSAR models generated. Selection of the training set and test
set molecules was done by considering the fact that test set
molecules represent a range of biological activity similar to
that of the training set. Thus, the test set is the true representa-
tive of the training set. The structures of the training and test

set molecules are given in Tables 1 and 2, respectively. The
biological activity used in the present study was expressed as

plCsp = —log 1C5

where 1Csy is the concentration (uM) of the inhibitor producing
50% inhibition of protein farnesyltransferase.

3.2. Molecular modeling

All the molecular modeling studies, COMFA and CoMSIA
reported herein were performed on a Silicon Graphics O,
workstation using SYBYL 6.9 molecular modeling software
from Tripos, Inc., St. Louis, MO [22]. All the compounds
were built from fragments in the SYBYL database. Each struc-
ture was fully geometry-optimized using the standard Tripos
force field [23] with a distance-dependent dielectric function
until a root mean square (rms) deviation of
0.001 kcal mol”" A" was achieved.

The conformational search was performed using MULTI-
SEARCH option in SYBYL. The minimum energy conforma-
tion thus obtained was minimized using the Tripos force field

Table 4
Summary of CoMSIA analysis

e SEP N I SEE F Pbs SD 7 pred
H* 0.475 0.503 2 0.925 0.199 96.355 0.961 0.009 0.383
D° 0.140 0.653 4 0.619 0.447 14.395 0.676 0.057 0.108
A° -0.161 0.744 1 0.629 0.441 15.043 0.754 0.058 -0.202
D+A -0.039 0.717 4 0.798 0.323 40.457 0.868 0.023 0.123
H+D 0.574 0.459 4 0.900 0.227 92.315 0.936 0.016 0.282
H+A 0.454 0.520 4 0.934 0.185 145.364 0.962 0.010 0.667
H+D+A 0.508 0.493 4 0.939 0.177 158.138 0.965 0.008 0.541
H+S+E° 0.631 0.430 6 0.953 0.156 208.365 0.973 0.005 0.529
S+E+D 0.451 0.520 6 0.957 0.149 230.015 0.970 0.006 -0.007
S+E+A 0.355 0.577 7 0.944 0.169 174.930 0.960 0.012 0.544
S+E+D+A 0.399 0.557 7 0.958 0.148 233.327 0.965 0.005 0.554
S+E+D+A+H 0.535 0.493 8 0.980 0.101 445.103 0.987 0.001 0.634
S+E+A+H" 0.611 0.451 6 0.971 0.123 299.318 0.986 0.004 0.663
S+E+D+H 0.580 0.469 8 0.980 0.101 445.103 0.991 0.006 0.621
ALL 0.466 0.514 4 0.976 0.113 354.709 0.984 0.005 0.401

# Hydrophobic field.

b Hydrogen bond donor field.

¢ Hydrogen bond acceptor field.
4 Steric field.

¢ Electrostatic field.

f Best model for COMSIA.
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Table 5 Table 5 (continued)
Actlual,lpredictgd inhiblito'ry acti\;iti(e:s (pl(/iso) a(;ldbresidual(s1 (;fg]e tra(ijningssjei Compound _ Actual Predicted pICso Residuals
molecg es (using analysis-B of CoMFA and best model from CoMSI numbers PICso CoMFA CoMSIA  CoMFA CoMSIA
analysis) 83 5.60 5.66 5.67 ~0.06 ~0.07
Compound  Actual Predicted pICsq Residuals 84 5.60 5.64 5.63 -0.04 -0.03
numbers pICso CoMFA CoMSIA CoMFA CoMSIA 85 5.95 5.63 5.78 0.32 0.17
1 4.51 4.42 4.50 0.09 0.01 86 6.98 6.943 6.94 0.037 0.04
2 6.08 6.32 5.70 -0.24 0.38 88 6.63 6.82 6.55 -0.19 0.08
3 5.31 5.25 5.52 0.06 —-0.21 89 5.92 5.95 5.94 —-0.03 -0.02
4 5.55 5.603 5.605 -0.05 -0.07 90 7.00 6.99 6.78 0.01 0.22
5 5.60 5.52 5.44 0.08 0.16 91 6.22 6.20 6.09 0.02 0.13
8 5.61 5.66 5.64 —-0.05 -0.03 92 5.77 6.31 6.10 -0.54 -0.33
9 4.69 4.69 5.01 0.00 -0.32 96 5.15 5.32 5.47 -0.17 -0.32
10 6.79 6.80 6.94 -0.01 -0.14 98 5.15 5.12 4.98 0.03 0.17
11 7.92 7.36 7.33 0.56 0.53 99 5.85 6.01 5.77 —-0.16 0.08
12 6.85 6.91 6.55 —-0.06 0.30 101 6.30 6.08 5.95 0.22 0.35
13 6.27 6.08 6.00 0.19 0.27 102 6.08 6.16 6.13 -0.08 —-0.05
14 6.76 6.925 6.927 —0.16 —0.167 103 5.50 5.57 5.63 -0.07 -0.13
16 6.04 6.10 5.97 —0.06 0.07 105 6.50 6.47 6.46 0.13 0.04
18 6.05 6.10 6.09 -0.05 —-0.04 106 5.67 5.18 5.61 0.49 0.06
19 6.44 6.31 6.04 0.11 0.40 108 6.05 5.99 6.00 0.06 0.05
21 5.75 5.56 5.75 0.19 0.00 109 5.00 4.83 4.73 0.17 0.27
22 6.07 5.53 6.10 0.54 —-0.03 110 5.75 5.78 5.70 0.03 0.05
24 5.30 5.92 5.21 -0.62 0.09 112 5.96 6.06 5.99 -0.10 -0.03
26 5.74 5.93 5.96 -0.19 -0.22 113 6.04 6.16 6.05 -0.12 -0.01
27 5.93 5.84 5.64 0.09 0.31 114 5.87 5.99 6.02 —-0.12 -0.15
28 6.39 6.58 6.60 -0.19 -0.21 115 6.67 6.59 6.62 0.08 0.05
30 5.42 5.51 5.49 -0.09 —-0.07 116 6.33 6.34 6.39 -0.01 -0.06
31 5.34 5.38 5.40 —0.04 —0.06 117 5.33 5.45 5.49 -0.12 -0.16
32 6.13 6.46 6.28 -0.33 —0.15 118 6.02 5.68 5.82 0.34 0.20
33 7.32 7.08 7.20 0.24 0.12 120 6.67 6.53 6.75 0.14 —-0.08
34 6.30 6.21 6.46 0.09 —0.16 121 5.65 5.77 5.78 —-0.12 -0.13
36 6.48 6.39 6.42 0.09 0.06 122 6.61 6.58 6.68 0.03 -0.07
39 5.90 5.92 5.98 -0.02 -0.08 124 7.38 7.12 7.41 0.26 —-0.03
41 5.65 5.71 5.51 —-0.06 0.14 125 6.18 6.18 6.28 0.00 -0.10
42 6.40 6.67 6.47 -0.27 —-0.07 126 7.26 7.03 7.15 0.23 0.11
43 5.90 5.58 5.68 0.32 0.22
46 4.87 5.00 4.89 -0.13 —-0.02 Table 6
47 5.36 5.20 5.24 0.16 0.12 Actual, predicted inhibitory activities (pICsg) and residuals of the test set
48 5.16 5.26 5.38 -0.10 -0.22 molecules (using analysis — B of CoMFA and best model from CoMSIA
49 4.99 5.20 5.31 -0.21 -0.32 analysis)
:g 2?; 2?; Zgg 788? 78(1)3 Compound  Actual Predicted pICs, Residuals
: ’ ’ ’ ’ number pICsq CoMFA CoMSIA CoMFA CoMSIA

54 5.86 5.80 5.82 0.06 0.04

6 5.56 5.68 5.60 -0.12 -0.04
55 6.34 6.25 6.29 0.09 0.05

20 5.48 5.69 5.97 -0.21 -0.49
56 6.06 6.13 5.92 -0.07 —-0.86

25 5.58 5.30 5.81 0.28 -0.23
58 5.79 6.28 6.00 —-0.49 -0.21

29 5.63 6.64 6.66 -1.01 -1.03
59 5.13 5.12 5.35 0.01 -0.22

35 7.63 6.52 6.70 1.11 -0.93
61 5.90 6.00 5.97 -0.10 -0.07

37 6.22 6.54 7.05 -0.32 -0.83
62 7.14 7.11 7.23 0.03 -0.09

40 6.42 6.80 6.91 -0.38 -0.49
63 7.10 6.95 7.34 0.15 —-0.24

51 6.92 6.90 6.72 0.02 0.20
64 7.08 7.00 7.18 0.08 -0.10

53 7.30 6.44 6.36 0.86 0.94
65 7.16 7.38 6.45 -0.22 0.71

57 7.00 7.01 6.86 -0.01 -0.86
66 6.46 6.62 6.54 -0.16 -0.08

68 5.89 5.81 5.84 0.08 0.05
67 5.88 5.83 5.66 0.05 0.20

76 7.30 6.98 7.02 0.32 0.28
69 6.08 6.24 6.15 -0.16 -0.07

79 7.00 6.92 7.04 0.08 -0.04
70 7.31 7.21 7.42 0.10 —0.11

82 6.05 5.60 5.65 0.45 0.40
71 7.31 6.73 7.18 0.58 0.13

87 5.72 5.63 5.57 0.09 0.15
72 7.34 7.11 7.21 0.23 0.13

93 5.50 6.28 5.94 -0.78 -0.44
73 7.56 7.72 7.41 —-0.16 0.15

94 491 597 5.74 -1.06 —0.84
74 7.03 6.98 7.00 0.05 0.03

95 5.95 6.03 6.06 -0.08 -0.11
75 5.97 6.11 5.97 -0.14 0.00

97 5.75 5.67 5.80 0.08 -0.05
77 6.03 6.09 5.96 -0.06 0.07

100 6.09 5.73 5.97 0.36 -0.12
78 6.05 6.10 5.96 -0.05 0.09

104 6.55 6.22 6.75 0.30 -0.20
80 6.00 5.80 5.91 0.20 0.09
81 6.96 6.80 703 0.16 007 107 6.52 6.24 6.48 0.28 0.04

: : - : : 119 5.74 5.41 5.84 0.33 -0.10

(continued) 123 6.32 6.15 5.97 0.17 0.35
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Table 7
Comparison of statistical parameters for two QSAR based models

ey SEP N P SEE F Fbs SD 7 pred
CoMFA 0.550 0.480 6 0.969 0.215 121.990 0.947 0.011 0.543
CoMSIA 0.611 0.451 6 0.971 0.123 299.318 0.986 0.004 0.663

Br = Cl
\
N

Zil
X_#

- ot
] Sy

N o

Fig. 1. Common fragment used for alignment and template molecule
(compound 35).

Fig. 2. Alignment of training set of molecules.

Color Leg

Fig. 3. The CoMFA steric STDEV*COEFF contour plots of active compound
35 from analysis-B. Sterically favored areas (contribution level 80%) are
represented by green polyhedra. Sterically disfavored areas (contribution level
20%) are represented by yellow polyhedra.

Fig. 3a. The CoMFA electrostatic STDEV*COEFF contour plots of active
compound 35 from analysis-B. Positively charged favored areas (contribution
level 80%) are represented by blue polyhedra. Negatively charged favored areas
(contribution level 20%) are represented by red polyhedra.

Fig. 4. CoMSIA hydrophobic fields. Purple polyhedra indicate regions where
hydrophobic substituents are favored and white polyhedra indicate disfavored
regions.

and subsequently used in the analyses. Compound 35 the most
active compound was chosen as template molecule, on which
other molecules were aligned.

3.3. Alignment

One of the most important adjustable parameters in CoOMFA
is the relative alignment of all the molecules to one another so
that they have a comparable conformation and a similar orien-
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nd
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Fig. 4a. CoMSIA hydrogen bond acceptor contour plots. Magneta polyhedra
indicate regions where hydrogen bond acceptor substituents are favored and
cyan polyhedra indicates disfavored regions.

Calculated pIC50
o

4 5 6 7 8 9
Observed pIC50

ty

tation in space. The most active and pharmacokinetically stable
compound 35 was used as a template for superimposition,
assuming that its conformation represents the most bioactive
conformation of the tricyclicpiperazinyl derivatives at the
enzyme active site level. The common fragment shown in
Fig. 1 was selected for DATABASE ALIGNMENT method
in SYBYL. The aligned compounds are shown in Fig. 2.

3.4. CoMFA interaction energy calculation

The steric and electrostatic fields were calculated at each
lattice intersection of a regularly spaced grid of 2.0 A in all
three dimensions within defined region. The vander Waals
potential and coulombic term representing the steric and elec-
trostatic fields, respectively, were calculated using standard
Tripos force fields. A distance-dependent dielectric constant of
1.00 was used. An sp’ carbon atom with + 1.0 charge was used
as a probe atom. The steric and electrostatic fields were trun-
cated at + 30.0 kcal mol ',

Calculated pIC50
>

3 T . ,
3 5 7 9

Observed pIC50

(II)

Fig. 5. Calculated vs. observed activity from CoMFA (I) and CoMSIA (II) analyses of the training set.

Predicted pIC50

4 T T ‘ ‘

4 5 6 7 8

Observed plC50

(@)

Predicted pIC50

Observed plC50

(b)

Fig. 6. Predicted vs. observed activity from CoMFA (a) and CoMSIA (b) analyses of the test set.
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3.5. CoMSIA interaction energy calculation

The steric, electrostatic, hydrophobic, hydrogen bond donor
and hydrogen bond acceptor potential fields were calculated at
each lattice intersection of a regularly spaced grid of 2.0 A. A
probe atom with radius 1.0 A and + 1.0 charge with hydropho-
bicity of + 1.0 and hydrogen bond donor and hydrogen bond
acceptor properties of + 1.0 were used to calculate steric, elec-
trostatic, hydrophobic, donor and acceptor fields. The contribu-
tion from these descriptors was truncated at 0.3 kcal mol .

3.6. Partial least square (PLS) analysis

PLS method was used to linearly correlate the CoMFA and
CoMSIA fields to the inhibitory activity values. The cross-
validation [24,25] analysis was performed using the leave one
out (LOO) method in which one compound is removed from
the data set and its activity is predicted using the model derived
from the rest of the dataset. The cross-validated 7 that resulted
in optimum number of components and lowest standard error
of prediction were considered for further analysis. Equal
weights were assigned to steric and electrostatic fields using
COMFA_STD scaling option. To speed up the analysis and
reduce noise, a minimum filter value o of 2.0 kcal mol '
was used. Final analysis was performed to calculate conven-
tional 7 using the optimum number of components. To further
assess the robustness and statistical confidence of the derived
models, bootstrapping analysis for 100 runs was performed.
The entire cross-validated results were analyzed by considering
the fact that a value of ., above 0.3 indicates that probability
of chance correlation is less than 5% [26].

3.7. Predictive correlation coefficient

The predictive ability of each 3D-QSAR model was deter-
mined from a set of compounds that were not included in the
training set. These molecules were aligned to the template and
their activities were predicted. The predictive correlation coef-
ficient (rzpred), based on molecules of test set, is defined as,

roed = (SD — PRESS)/SD

where, SD is the sum of the squared deviations between the
biological activities of the test set and mean activities of the
training molecules and PRESS is the sum of squared deviation
between predicted and actual activity values for every molecule
in the test set.

4. Conclusions

We have derived a 3D-QSAR model using the CoMFA and
CoMSIA method to rationalize the farnesyltransferase inhibi-
tory activity of 126 compounds. The 3D-QSAR equation
obtained using the alignment rule showed a high correlative
and predictive ability after the removal of outliers. A high
bootstrapped 7 value and small standard deviations indicate

that a similar relationship exists between all compounds. The
combination of steric, electrostatic, hydrogen bond acceptor
and hydrophobic fields in CoMSIA gave best results. The
CoMFA contour maps show a good compatibility with the
receptor properties even though the conformations and align-
ments of ligands were not based on receptor structure. The
structural requirements of the inhibitors identified through the
CoMFA and CoMSIA contour plots will help in designing new
farnesyltransferase inhibitors with enhanced activity.
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