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Three-dimensional quantitative structure-activity relationship (3D-QSAR) studies on 59 cinna-
maldehyde analogues as Farnesyl Protein Transferase (FPTase) inhibitors were investigated
using comparative molecular field analysis (CoMFA) with the PLS region-focusing method.
Forty-nine training set inhibitors were used for CoOMFA with two different grid spacings, 2A and
1A. Ten compounds, which were not used in model generation, were used to validate the
CoMFA models. After the PLS analysis, the best predictive CoMFA model showed that the
cross-validated value (r%,) and the non-cross validated conventional value (%) are 0.557 and
0.950, respectively. From the CoMFA contour maps, the steric and electrostatic properties of
cinnamaldehyde analogues can be identified and verified.
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INTRODUCTION

A New inhibitor of farnesyl protein transferase (FPTase),
2-hydroxycinnamaldehyde, is isolated from the edible
herb of cinnammon bark (Cinnammoum Cassia Blume)
{(Kwon et al., 1996). it has been structurally modified in
various positions: o, -saturation on the olefinic moiety of the
2-hydroxycinnamaldehyde, functional group substitutions
on the ortho, meta and para moieties and change of the
carbonyl moiety to alcohol and acid functions. In the
beginning of structure-activity relationships (SAR) study,
ortho-substituted cinnamaldehydes were the main priority
in structure modification, but it was later found that other
substituents in the phenyl backbone show notable activity
(Cho et al., 2002).

Prenylation is a type of lipid modification involving the
covalent addition of either farnesyt (15-carbon) or more
commonly geranylgeranyl (20-carbon) isoprenoids via
thioether linkages to cysteine residues at or near the C
terminus of intracellular proteins. The attached lipid is
required for proper function of the modified protein either
as a mediator of membrane association or as a
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determinant for specific protein-protein interactions (signal
transduction). Prenylated proteins play crucial roles in
such vital cellular processes as signal transduction and
intracellular trafficking pathways. These isoprenoid addi-
tions to proteins have been identified not only in mammalian
systems but also in eukaryotes. Many inhibitors of protein
prenylation especially in farnesyl transferase have been
quite successful against human cancers with an under-
standing of the above mentioned mechanistic information
(Adari et al., 1988; Choo et al., 2003; Gibbs et al., 1994;
Knight et al., 1995; Lodish et al., 1995; Schweins et al.,
1995; Qian et al, 1994; Wu et al,, 1994).

Currently the inhibitors being designed or purified in
academia and industry to new anticancer molecules that
can specifically inhibit FPTase can be classified (Pedretti
et al, 2002) as (1) Non-specific (2) Zn** shielding (3)
peptidomimetic (4) and farnesy! pyrophosphate (FPP)
mimetic (Sung et al,, 2003). A cinnamaldehyde analogue
is a unique example of a novel non-peptide, nonsulfhydryl
containing FPTase inhibitor. Furthermore, these natural
and edible herb originated materials may have more
opportunities to be adapted to curative and/or substituted
drugs in long term treatments.

In the beginning trials of the syntheses, we reported
other biological information such as angiogenesis (Kwon
etal., 1997) in 1997 and in vitro cytotoxicity (Kwon et al.,
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1998) in 1998 from the 19 kinds of cinnamaldehyde
moieties.

In this work, a 3D QSAR study was performed using
CoMFA that can elucidate steric and electrostatic
properties with structural variations using 59 FPTase
inhibitors, which have been synthesized and measured
for their biological activity.

MATERIALS AND METHODS

Biological activity measurements

FPTase inhibitory activity was measured by Scintillation
Proximity Assay (SPA) method (Reiss et al, 1990) and
the FPTase used in the experiment was separated from a
rat. Enzyme activity was determined based on the degrees
of the [°H] faresyl group transfer from the [°H] farnesyl
pyrophosphate to the Biotin-KKKSKTKCVIM peptide using
liquid scintillation counter (LSC). To measure the inhibitory
activity, enzyme solution was diluted up to final concen-
tration of 10% DMSO after mixing an inhibitor solution
dissolved in DMSO solvent. The inhibition (%) was
calculated from eq. (1)
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. Sample(cpm)-Blank 2(cpm)
Inhibltlon(%)=(1 - }aoo
Control(cpm)-Blank 1(cpm)

M

where, Blank 1 is c¢cpm value with sample and the
enzyme, Blank 2 is cpm value of sample without
enzyme and Control is cpm value of enzyme without
sample. The molar concentration of 50% inhibition
activity (ICs,) was obtained by performing experiments
at different concentrations and pl;, was calculated from

eq. (2).
plso = —10g(ICs/M.W x 1000) 2)

MOLECULAR MODELING

Date set for analysis

To perform the ligand-based QSAR study, 49 FPTase
training set inhibitors were selected and their molecular
structures and pls, values are summarized in Table I. Two
important dihedral angles (6, ¢) were depicted in the
structure of the cinnamaldehyde.

Table 1. FPTase inhibitory activities of ortho, meta and para substituted cinnamaldehyde derivatives

H
R, S
6 p @
R3 R;
Ry

No. R(ortho) Ra(meta) Rs(para) R.(meta) pls®
1 H- H- H- H- 2.27
2 HO- H- H- H- 3.34
3 CH;0- H- H- H- 3.24
4 CH,CH,CH,0- H- H- H- 3.44
5 CH,CH,CH(CH5)0- H- H- H- 3.30
6 CH,0C(=0)CH,0- H- H- H- 3.51
7 (CH;)sCC(=0)CH.0- H- H- H- 3.49
8 4-F-C¢H,C(=0)CH,0- H- H- H- 3.27
9 CeH:CH,CH,0- H- H- H- 3.38
10 CeHsCH,0- H- H- H- 3.68
1 2-0CH;-CgH,CH,O- H- H- H- 5.56
12 3-OCH;-C¢H,CH,0- H- H- H- 395
13 4-OCH5-C¢H,CH,0O- H- H- H- 34
14 2-NO,-C¢H,CH,0- H- H- H- 3.57
15 4-NO,-C4H,CH,0- H- H- H- 3.03
16 4-CH;-CeH,CH,0- H- H- H- 3.37
17 4-Br-CsH,CH,0- H- H- H- 343
18 4-Cl-CgH,CH,0- H- H- H- 3.48
19 4-CF3-CgH,CH,O- H- H- H- 359
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Tablel I. Continued

No. Ri(ortho) R.{meta) Rs(para) Rq(meta) plso
20 2, 5-(CHy)o-CeH,CH,O- H- H- H- 3.58
2 4-Cl, 2-NO,-CcH,CH,0- H- H- H- 32
22 3, 4-(CH,),-CsH,CH,O- H- H H- 3.62
23 2, 4-(Ch)y-CgH,CH,0- H- H- H 348
4 6-F, 2-CI-C¢H,CH,0- H- H- H- 3.58
25 3, 5-(CH40),-C¢H:CH,0- H- H- H- 3.62
26 5-NO,, 2-0CH;-CgHs- CH.0 H- H- H 343
No. Ri(ortho) Ro{meta) Rs(para) R(mefa) plsy
2 CeHsC(=0)0- H- H- H- 3.19
28 2-C1-CeH,C(=0)0- H- H- H- 3.85
29 4-Cl-CH,C(=0)0- H- H- H- 355
30 2, 4-(Cl)-CsH:C(=0)O- H- H- H- 357
31 3, 5+(Cl),-C¢H3C(=0)O- H- H- H- 3.56
32 4-CN-C¢H,C(=0)0- H- H- H- 3.56
33 OCH,C(=0)0- H- H- H- 375
A4 CH,C(=0)- H- H- H- 326
3 H- HO- H- H- 277
36 H- H- HO- H- 247
37 CH,C(=0)0- H- H- H- 344
38 Cl- H- Cl- H- 379
39 H- CH,0-  CH;0- H- 320
40 H- NH,- Cl- H- 3.02
# H- CH,O-  2-CH;0-CH.CH,0- CH,O- 3.70
42 H- CH,0-  5-NO,, 2-CH,0-C¢H;CH,0- CH;0- 351
3 H- H Cl- 2-CI-C4H,C(=O)NH- 417
44 H- H- Ci- 4-Cl-CgH,C(=O)NH- 351
45 H- H- Cl- 2, 4-(Cl),-CeH;C(=0O)NH- 355
46 H- H- Ch 4-CN-C¢H,C(=O)NH- 3.31
47 H- H- Cl- OCH,C(=O)NH- 3.50
48 H- H- Cl- 2-CHy0-C4H,CH,NH- 3.59
49 H- H- Cl- CH4(CH,),NH- 3.37
Test Set
TI° {CH,),C=CH(CH,CH,C-(CH;)=CH),CH;0-H- H- H- 285
T2 3-NO»-C¢H,CH,O- H- H- H- 3.53
13 2, 6-(F)»-CsHsC(=0)0- H- H- H- 3.36
T4 Cl- H- H- H- 445
15 H- CH;0-  HO- H- 37
T6 H- CH;O0-  HO- CH;0- 4.62
17 H- NO,- Ci- H- 3.85
T8 H- H- Cl- CsHsC(=0)NH- 442
T9 H- H- Cl- 3, 5-(Cl)o-CsH3C(=O)NH- 3.41
T10 H- H- Cl- 2, 6-(F);-C¢HsC(=O)NH- 357

# Calculated from eq (2).° Furoly group. ©Famesyl group.
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Fig. 1. Superimposed complexes using ligand-based molecular
alignment. Atoms with capped sticks type were selected as the fitting
fragment.

Computational methods and ligand-based molec-
ular alignment

A grid search was used to find low energy conformers
of cinnamaldehyde analogues by systematically changing
the dihedral angles of flexible bonds by 30 degree and
energy was calculated at each step using a TRIPOS force
field with Gasteiger-Hickel charges until the energy
gradient converged to below 0.05 kcal/mol. The (6, ¢)
dihedral angles of global minimum of the template
structure, 1, had dihedral angles of (156.0°, 179.9°) and its
TRIPOS energy was 3.30 kcal/mol. Since no experimental
x-ray data were available, the three-dimensional structure
of each lowest energy conformer was adopted as an initial
structure. A total of 49 ligand structures were selected as
a training set and were superimposed to the template
structure, 1, to perform CoMFA analyses. A superimposed
image of the 49 ligand structures is shown in Fig. 1. All
calculations were done on a SGI octane 2 workstation
using SYBYL 6.9 software packages.

PLS analysis using CoMFA with the region
focusing method

CoMFA is one of the well-known 3D-QSAR descriptors
that has been useful to produce 3D models to indicate the
regions that affect biological activity with a change in the
chemical substitution (Cho et al., 1996; Huang et al.,
2002; Raichurkar et al., 2003; Zhu et al., 2001). CoMFA
quantifies the statistical relationship between the 3D pro-
perties of a set of small molecules and a global property,
such as their potency in a particular biological assay. The
steric and electrostatic field energies were calculated
using sp’ carbon probe atoms with a +1 charge. The
CoMFA grid spacing used in this work was 2.0A (Model 1)
or 1.0A (Model 2) in all X, Y, and Z directions. The COMFA
QSAR equations were calculated with the partial least
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square (PLS) algorithm. The optimal number of components
(ONC) in the final PLS model was determined by the
and standard error of estimate values, obtained from the
leave-one-out cross-validation technique. The van der
Waals potential and columbic terms, which represent the
steric and electrostatic terms, respectively, were calculated
using the standard TRIPOS force field. A distance
dependent dielectric constant of 1.00 was used. Values of
the steric and electrostatic energy were truncated at 30
kcal/mol.

In this work, however, COMFA with a normal setup gave
a cross-validated regression coefficient (%) of 0.26,
which is too low. This suggested that the statistical result
might not have any meaning. Region focusing is the
application of weights to the lattice points in a CoMFA
region to enhance or attenuate the contribution of those
points to subsequent analyses when the COMFA ¢, value
is below some limit (less than 0.5), which was true for in
this case (Forina et al., 1999; Lindgren et al., 1994). When
the weights are equal to the StDev*Coefficient values, the
process is exactly equivalent to the image enhancement
of the derived CoMFA maps. The sharpness of focusing is
controlled by a user-provided exponential factor. This factor
should generally be kept below 1 or too many descriptors
will be dropped and r%, will fall off. In this work, the
coefficient of 0.5 was used for the focusing step. As a
result of region focusing, PLS contributions from minor
descriptors have been suppressed and the r;, has risen.

The partial least-squares (PLS) analysis algorithm
was used in conjugation with the cross-validation
(leave-one-out) option to obtain an optimum number of
components (ONC) that were used to generate the final
CoMFA without cross validation. The result from the
cross validation analysis was expressed as r*, which is
defined as

P, = 1~ PRESS / £(Yoos — Y mean)
where

PRESS = (Yass ~ Yorea)*

PLS analysis using CoMSIA

In order to examine the effects of additional fields
except for steric (S) or electrostatic (E) - hydrophobic (H),
hydrogen bond donor (D) or acceptor (A), comparative
similarity indices analysis (COMSIA) study was also per-
formed using the same optimized training set molecules
as suggested by a referee. A total of five models were
tried to include various field effects: Mode! 3 - using all
five fields (SEDHA), Model 4 — using SE fields, Model 5 -
using SHE fields, Mode! 6 — using SEDA fields, Model 7 —
using DAH fields. Same grid spacings (1A or 2.0A) were
used in the COMSIA analysis.
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RESULTS AND DISCUSSION

Determination of the best predicted model and
application to the test set using CoMFA

The CoMFA approach was used to elucidate the QSAR
as descriptors for FPTase inhibitors with anticancer
biological activity. The results obtained from the PLS
analysis are summarized in Table il. From this table, we
find that r%,, is 0.557 and 0.474 for Model 1 and Mode! 2,
respectively, and %, is 0.950 and 0.962 for the respective
models. We selected Model 1 as the best predictive
CoMFA model because its %, is higher than that of Model
2, (Podlogar et al., 2001) which means that the decrease
in the grid spacing was unable to improve the analysis.

The activities of the 49 training set compounds were
predicted from the PLS analysis for Model 1 and the
resuits along with the actual pls, values are summarized
in Table Ill. Plots of actual pls, vs. predicted pls, are shown
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Table 1. The resuits of PLS analysis in the Training Set using
CoMFA.

Model 1

Model 2
Region Focusing Method StDev*05 StDev*05°
Grid Space 204 10A
Co 0557 0.474
PLS Components 7 7
Analysis Prev 0.950 0.962
SEE 0.107 0.093
F Value 112.01 150.27
Conttbuton Eleftt:)r:t:atic ggg; gi?g

#StDev+05 means that the region focusing method was applied with
the weighting function of StDev«Coefficients and with an exponential
factor of 0.5.

Table NI. Actual and predicted (Pred.) activities (pls,?) and their residuals (Resid.”) in the Training Set from CoMFA analysis.

Model 1 Model 2 Model 1 Model 2
Actual  Pred.  Resid.  Actual  Pred.  Resid. Actual  Pred. Resid.  Actual  Pred. Resid.
1 2.27 245 -0.18 2.27 244 0.17 26 343 3.44 -0.01 343 337 0.06
2 3.34 3.29 0.05 3.34 3.24 0.10 27 3.19 322 -0.03 3.19 3.21 -0.02
3 3.24 33 -0.07 3.24 3.35 -0.11 28 3.85 3.84 0.01 3.85 3.83 0.02
4 3.44 346 -0.02 3.44 3.38 0.06 29 3.55 3.63 -0.08 3.55 3.59 -0.04
5 3.30 3.4 -0.04 3.30 3.30 0.00 30 3.57 3.55 0.02 3.57 357 0.00
6 3.51 345 0.06 3.51 3.46 0.05 A 3.56 367 0.1 3.56 370 0.14
7 349 349 0.00 3.49 344 0.05 32 3.56 345 0.1 3.56 3.49 0.07
8 3.27 317 0.10 3.27 3.23 0.04 33 375 Kival 0.04 375 373 0.02
9 3.38 3.33 0.05 3.38 3.31 0.07 34 3.26 3.39 -0.13 3.26 3.33 -0.07
10 3.68 372 -0.04 3.68 374 -0.06 35 277 2.56 0.21 2.77 2.58 0.19
1 5.56 5.57 -0.01 5.56 557 0.01 36 247 2.57 -0.10 247 2.47 0.00
12 3.95 3.96 -0.01 3.95 3.92 0.03 37 3.44 3.45 -0.01 3.44 351 -0.07
13 341 3.40 0.01 341 3.36 0.05 38 379 3.86 -0.07 3.79 3.83 -0.04
14 3.57 3.54 0.03 3.57 353 0.04 39 320 3.10 0.10 3.20 315 0.05
15 3.03 3.27 -0.24 3.03 317 0.14 40 3.02 2.99 0.03 3.02 3.07 -0.05
16 3.37 3.49 -0.12 3.37 34 -0.03 4 3.70 3.59 0.1 3.70 3.59 0.11
17 343 3.41 0.02 3.43 344 -0.01 42 351 359 -0.08 3.51 3.58 0.07
18 348 343 0.05 348 345 0.03 43 417 3.92 0.25 417 391 0.26
19 359 3.53 0.06 3.59 3.57 0.02 44 3.51 3.55 0.04 3.51 355 -0.04
20 3.58 3.58 0.00 3.58 361 -0.03 45 355 377 0.22 3.55 375 -0.20
21 3.21 3.4 -0.13 321 333 -0.12 46 3.31 3.26 0.05 331 322 0.09
22 3.62 3.46 0.16 3.62 3.58 0.04 47 3.50 3.48 0.02 3.50 353 -0.03
23 348 3.42 0.06 348 348 0.00 48 359 3.69 -0.10 3.59 3.71 -0.12
24 3.58 3.48 0.10 3.58 351 0.07 49 337 332 0.05 337 3.37 0.00
25 3.62 356 0.06 3.62 358 0.04

“Calculated from eq (2). "Resid.=pls,(Actual)-plss(Pred.)



1006

in Fig. 2. Close examination of Table lli shows that the
average residual of the actual and predicted value is only
0.07.

The steric and electrostatic field contributions are 66:34
indicating a slightly superior influence of the formerly
mentioned contribution on ligand-receptor interactions.
Graphical representations of the steric and -electrostatic
maps are displayed in Figs. 3 and 4, respectively. For
reference, the most active compound 11, shown in atom
type color is displayed in the contour maps. Both maps
are quite simple and they concentrated on the R, region
mainly due to the diverse variations of the ortho position
compared to the meta or para position. The sterically
favored region (shown in green, contribution level 80%) is
shown between the benzyloxy oxygen and ortho substituent
of the benzyloxy group, whereas three sterically unfavorable
regions (shown in yellow, contribution level 20%) are
found near the phenyl group or immediately below the
sterically favored region. This suggests that most of the
R, region is not available for a large substituent except for
a smaller one: for example, the ortho-OCH; group in 11
showed the best activity. From the electrostatic contour

6.0+ ( a)

4
5.5+

1

5.04

ﬁ

4.5

404

Actual plso

3.5

3.0

Actual plso

204y S —
20 25 30 35 40 45 50 55 6.0
Predicted plsg

Fig. 2. Comparison of actual vs. predicted plsy using Model 1 (r =
0.975) and Model 2 (r = 0.981)
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map shown in Fig. 4, we found that positive charge
favored regions {shown in blue, contribution level 80%)
are displayed nearly at the same position as the sterically
favored region (largely in between the benzyloxy oxygen
and ortho substituent of the benzyloxy group) and between
the Ry and R; positions. However, negative charge favored
regions (shown in red, contribution level 20%) are not
clearly shown. Again, the electrostatic map is coincided with
the methyl group of the ortho substituent in the benzoyloxy
group.

To validate our calculated results, ten compounds with a
pls; range between 2.85 and 4.62 were assigned as a test
set and their biological activities were predicted from the
PLS resuits of Model 1 and the results are summarized in
Table IV. The average residual is 0.61. Predicted plg, values
agree well with the experimental ones, which indicates
that our CoMFA approach is valid in explaining differences
of biological activities in cinnamaldehyde analogues.

Fig. 3. Superposition of the CoMFA steric stdev*coeff contour plot.
Green regions represent sterically favored area. Yellow regions
represent sterically disfavored area.

Fig. 4. Superposition of the CoMFA electrostatic stdev*coeff contour
plot. Biue regions represent positive charge favored areas. Red regions
represent negative charge favored area.
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Table IV, Actual and predicted activities (pls?) and their residuals® in
the Test Set

Modet 1 Model 2
Predicted Residual Predicted Residual

T 2.85 3.31 -0.46 2.85 3.27 -0.42
T2 3.53 342 on 353 342 0.11
T3 3.36 372 -0.36 3.36 3.69 -0.33
T4 4.45 342 1.03 4.45 3.36 1.09
15 3.7 294 0.77 37 278 0.93
T6 4.62 3.04 1.58 4.62 3.03 1.59
17 3.85 3.00 0.85 3.85 3.12 0.73
T8 4.42 3.66 0.76 4.42 3.69 0.73
T9 341 3.61 -0.20 341 3.61 -0.20
T10 357 382 -0.25 3.57 3.87 0.30

ave. 0.61 ave. 0.61
“Calculated from eq (2). "Residual=pls{Actual)-plsy(Predicted)

No.

Actual Actual

Prediction based on CoMSIA approach

We have performed the CoMSIA study using five
different models by combining different field effects. The
r’., values were, however, quite low (0.006~0.226) like
normal CoMFA results. This suggested that the CoMSIA
approach might not reliable. It has been shown that the
r’, value should be greater than 0.5 to have any statistical
significance {Podlogar et al.,, 2001). Since any other ad-
vanced method, such as the region focusing was not
applicable to the COMSIA calculation, we could not improve
these results.

CONCLUSION

In order to perform ligand-based QSAR studies, 49
cinnamaldehyde analogues as FPTase inhibitors were
superimposed and aligned to investigate three-dimensional
steric and electrostatic maps using the CoMFA approach.
Two models were generated from the CoMFA approach
with the region focusing method. The most predictive
model was Model 1 with a grid spacing of 2A and this
mode! showed good statistical results (1%, =0.950). The
CoMFA maps are concentrated on the R, position favor-
ing a smaller ortho substituent on the benzyloxy group.
From above PLS correlations, the activities of the ten test
set molecules were predicted satisfactorily. CoMSIA
approach, which can consider effects of additional fields
did not give any satisfactory results.
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