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QSAR modelling was done on some 2-phenylindole-3-carbaldehyde derivatives to find out structural
requirements for more active antimitotic agents. Four statistical methods were used to develop models.
The results show the importance of ETSA indices, RTSA indices, IC1, SIC4, Jhetv and MSD on the activity.
Electrostatic potential charges of atoms, increased surface area, and presence of bulky group along Y-axis
and chlorine substitution were also found to be important.

� 2009 Elsevier Ltd. All rights reserved.
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Mitosis is a part of cell cycle where chromosomes are divided
into separate parts of cells.1,2 Microtubules are responsible for cap-
turing and aligning of chromosomes in metaphase and separating
to daughter cells in anaphase.3 Microtubules are targets for antimi-
totic agents. Antimitotic agents like vinca alkaloids, taxanes, etc.,
are used for the treatment of cancers. Untoward adverse effects,
difficulty in synthesis and high cost limited their uses.4 The search
for new antimitotic agents with better activity is still in progress.
To find out the structural requirements for more active antimitotic
agents, QSAR study was performed on some 2-phenylindole-3-
carbaldehyde derivatives. The general structure of these com-
pounds is shown in Figure 1.

50% inhibitory concentration [IC50] of 33 substituted 2-phenyl-
indole-3-carbaldehydes on MDA-MB231 breast cancer cells was
collected.5 IC50 values were converted to the negative logarithmic
scale [pIC50]. Anti-proloferative activity data (pIC50) are given in
Table 1. Electrotopological state atom (ETSA) index6,7 and refracto-
topological state atom (RTSA) index8 were calculated by using the
program ‘Mouse’.9 Hyperchem. Release 7.0 Pro Package10 was used
for the calculation of molar volume (V), approximate surface area
(SAA), surface area grid (SAG), hydrophobicity (logP), molecular
polarizability (MP), molecular mass (MASS) and molecular orbital
energies (HOMO and LUMO). The energy minimizations were done
by using molecular mechanical (MM+) force fields without cut-off
for non-bonded interactions, solvation and constrains. These were
geometrically optimized by AM1 (Austin model 1) method. Dra-
ll rights reserved.
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gon11 was utilized for the calculation of other descriptors. Descrip-
tors12–20 showing significant correlation with biological activity
were chosen for QSAR study. Electrostatic potential (EP) charges
of each atom and principal moment of inertia towards X-, Y- and Z
-axes were calculated using Chem. 3D Pro package.21 Electrostatic
potential charges22 were calculated by AM1 method whereas en-
ergy minimization of was done by RHF (Restricted Hartree–Fock:
closed shell) wave function.

Statistical qualities of equations were justified by correlation
coefficient R, adjusted R2 ðR2

aÞ, variance ratio (F), probability factor
related to F-ratio (p) and standard error of estimate (s). Leave-One-
Out (LOO) cross-validation method was used to validate the pre-
dictive powers of all QSAR equations. The predicted residual sum
of square (PRESS), cross validated R2 ðR2

cvÞ, standard deviation of
PRESS (SDEP) and standard deviation error of prediction (SPRESS)
were considered for the validation of QSAR models.

Principal component regression analysis (PCRA)23: Nine factor
scores were extracted and rotated by VARIMAX rotation. These fac-
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Figure 1. The general structure of 2-phenylindole-3-carbaldehyde compounds.
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Table 1
Anti-proliferative data for substituted 2-phenyl indole-3-carbaldehydes

Compound R1 R2 R3 R4 R5 IC50 pIC50

1 OMe H H OMe O 260 6.586
2 H OMe H OMe O 35 7.456
3 H F H OMe O 59 7.229
4 F H H OMe O 540 6.268
5 H F H OMe O 27 7.569
6 Me Cl H OMe O 26 7.585
7 Me H H OMe O 86 7.065
8 n-Pr H H OMe O 20 7.699
9 i-Pr H H OMe O 29 7.537

10 n-But H H OMe O 6.7 8.174
11 i-But H H OMe O 72 7.143
12 t-But H H OMe O 280 6.553
13 n-Pent H H OMe O 5.5 8.260
14 n-Hex H H OMe O 7.4 8.131
15 H OMe OMe H O 1030 5.987
16 H OMe OMe OMe O 270 6.569
17 H OMe OH OMe O 800 6.097
18 H OMe H Me O 31 7.509
19 H Cl H Me O 7.8 8.108
20 Me H H Me O 48 7.319
21 n-But H H Me O 34 7.468
22 n-But H H Et O 27 7.569
23 Et H H n-But O 300 6.523
24 n-But H H F O 350 6.456
25 n-But H H CF3 O 33 7.481
26 n-Pent H H CF3 O 42 7.377
27 n-Hex H H CF3 O 43 7.366
28 H OMe H OMe NCH3 34 7.468
29 n-But H H OMe NCH3 6 8.222
30 n-Pent H H OMe NCH3 6 8.222
31 n-But H H CF3 NCH3 32 7.495
32 n-But H H OMe N-OH 40 7.398
33 n-But H H CF3 N-OH 497 6.304
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tor scores were used as the independent parameters. The following
equation was developed:

pIC50 ¼ 7:278ð�0:062Þ þ 0:208ð�0:063Þf1 � 0:221ð�0:063Þf2

þ 0:370ð�0:063Þf6 � 0:168ð�0:063Þf7 � 0:274ð�0:063Þf8

ð1Þ

n = 33; R = 0.864; R2 = 0.746; R2
A ¼ 0:700; F(5,27) = 15.905;

p < 0.00001; S.E.E = 0.357; PRESS = 5.115; R2
cv ¼ 0:624; SDEP = 0.394;

SPRESS = 0.435.
Where n is the number of data points. Eq. (1) explains 74.0%

variance and predicts 67.5% variance. The 95% confidence intervals
of regression coefficients are shown in parentheses. Eq. (1) shows
the importance of factors 1, 2, 6, 7 and 8. Factor 1 is highly loaded
with SAA, SAG, Vol, logP, Refract, Polariz, PMY, PMZ, CIC1, IC4, IC5,
MW, nSK, nBT, nBO, SCBO, RBN, RBF, nH and nC. It shows importance
of these descriptors. Factor 2 shows importance of S2, S11, S12, EHOMO,
R11, R12, R15, R16, IC0, nF and nX. Factor 6 is highly loaded with R12,
EP11, EP13, EP15 and EP16 whereas factor 7 shows significance of IC2.
Factor 8 shows importance of I1 and nCl.

Partial least square (PLS)24: The number of latent variables was
two by cross-validation method. The predicted variables were se-
lected on the basis of regression coefficients. Variables with smal-
ler standardized coefficients were removed from PLS regression.
PLS models were developed using larger standardized coefficients.
The equation obtained was:

pIC50 ¼ 4:334þ 0:390S6 þ 0:467I1 � 1:277EP4 þ 1:455EP8

� 2:1204EP11 þ 2:727EP12 � 2:357EP15 þ 2:175EP16

þ 25:231MSD� 0:948IC1 ð2Þ

n = 33; R = 0.891; R2 = 0.794; R2
A ¼ 0:686; F = 57.94; p < 0.00001;

S.E.E = 0.357; PRESS = 4.402; R2
cv ¼ 0:600; SDEP = 0.365; SPRESS =

0.471.
Eq. (2) explains 68.6% variance and predicts 60% of variances of
biological activity. S6 is E-state index of the atom number 6. The
positive coefficient indicates that the higher value may be condu-
cive to the activity. Indicator parameter I1 stands for the presence
or absence of chlorine atom at R2 position. The positive coefficient
of I1 signifies chlorine atom at R2 position may be favorable for
antimitotic activity. EP4, EP8, EP11, EP12, EP15 and EP16 are electro-
static potential charges of atom numbers 4, 8, 11, 12, 15 and 16,
respectively. Positive coefficients of EP8, EP12 and EP16 indicate that
the higher negative electrostatic charges at atom numbers 8, 12
and 16 may be conducive to the biological activity. Negative coef-
ficients of EP4 and EP15 suggest that the higher electrostatic poten-
tial charges of these atom numbers 4 and 15 may be detrimental to
the affinity. The negative electrostatic potential of the atom num-
ber 11 indicates that this atom may be more susceptible to electro-
philic attack. IC1 stands for information content index
(neighborhood symmetry of order 1).15 The negative coefficient
suggests that the lower value may correspond to the higher activ-
ity. Eq. (2) also shows the importance of MSD19 (Balaban-type
mean square distance index). The positive coefficient indicates that
the higher value may be favorable for the affinity.

Stepwise regression24: Using stepping criteria on the basis of F
value (F = 3.0 for inclusion; F = 2.9 for exclusion), the following
equation was derived:

pIC50 ¼ 6:252ð�2:086Þ � 1:550ð�0:258ÞEHOMO

þ 0:002ð�0:001ÞSAA� 0:517ð�0:057ÞR7

þ 13:844ð�1:164ÞEP16 � 2:780ð�0:292ÞIC1

� 1:395ð�0:321ÞSlC4 ð3Þ

n = 33; R = 0.951; R2 = 0.904; R2
A ¼ 0:881; F(6,26) = 40.692;

p < 0.00001; S.E.E = 0.224; PRESS = 2.130, R2
cv ¼ 0:843; SDEP = 0.254;

SPRESS = 0.286.
R7 and SIC4 stand for R-state index of the atom number 7 and

structural information content index (neighborhood symmetry of
order 4),17 respectively. EHOMO and SAA are the energy of the high-
est occupied molecular orbital and approximate surface area of the
molecule, respectively. Eq. (3) predicts 84.3% variance and explains
88.1% of variance of the affinity. The negative coefficient of EHOMO

indicates that the affinity may increase with the decrease in the
electron donating property. The positive coefficient of SAA suggests
that the higher activity may be due to the higher molecular surface
area. The negative coefficient of R7 indicates that the lower value of
R-state index of the atom number 7 may improve the activity. The
negative coefficient of SIC4 suggests that the affinity may increase
with the decrease of SIC4.

Factor analysis-multiple linear regression (FA-MLR)23,24: Factor
analysis was performed as preprocessing step to select descriptors
for QSAR equations. Nine factors could explain the data matrix to
the extent of 93.20%. pIC50 was highly loaded with factor 6 (highly
loaded with EP13 and EP15), and factor 8 (highly loaded with I1 and
nCl), moderately loaded with factor 2 (highly loaded with S2, S11,
S12, S15, S16, R11, R15, R16, IC0, Ss, Me, Ms and nF), factor 1 (highly
loaded with SAA, SAG, Vol, logP, Refr, Polar, MASS, PCIY, PCIZ, CIC1,
IC4, IC5, Mw, Mv, Mp, nAT, nBT, RBN, RBF, nH and nC), factor 7 (con-
siderably loaded with IC2), factor 4 (highly loaded with S10, R10, EP2,
EP3 and nN) and poorly loaded with factor 3, factor 5 and factor 9.
Different combinations of parameters having factor loading of
more than 0.6 were subjected to multiple regression. Inter-corre-
lated parameters were not considered for the development of
equations. The best pentavariate FA-MLR equation is:

pIC50 ¼ 46:165ð�5:229Þ � 8:034ð�0:916ÞR4

þ 3:630ð�0:852ÞEP3 � 5:014ð�1:008ÞEP15

� 7:715ð�1:312ÞJhetv � 21:283ð�3:417ÞRBF ð4Þ
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Figure 2. Important atoms and substituents of 2-phenyl-indole-3-carbaldehyde for
antimitotic activity.
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n = 33; R = 0.914; R2 = 0.836; R2
A ¼ 0:806; F(5,27) = 27.556;

p < 0.00001; S.E.E = 0.287; R2
cv ¼ 0:757; PRESS = 3.307; SDEP = 0.316;

SPRESS = 0.349.
Eq. (4) predicts 75.7% variance and explains 80.6% of variances

of the activity. R4 is R-state index of the atom number 4. The neg-
ative coefficient of R4 indicates that the increase in the value may
be unfavorable to the activity. Eq. (4) shows the significance of
Jhetv, i.e., a Balaban-type index from van der Waals weighted dis-
tance matrix. The negative coefficient indicates that the increase in
van der Waals weighted distance may be detrimental to the affin-
ity. EP3 is the electrostatic potential charge at the atom number 3
and the positive coefficient suggests that the increase in the elec-
trostatic charge of this atom may improve the activity. RBF corre-
sponds to the rotatable bond fraction20 and the negative
coefficient indicates that fractional increase in the rotatable bonds
may be unfavorable for the activity.

FA-MLR approach gave rise to another model:

pIC50 ¼ 16:516ð�0:928Þ þ 1:509ð�0:205ÞI1

� 4:748ð�1:074ÞEP4 þ 11:500ð�1:190ÞEP16

� 2:560ð�0:316ÞIC1� 1:293ð�0:371ÞSIC4

þ 0:125ð�0:047ÞnF ð5Þ

n = 33; R = 0.931; R2 = 0.867; R2
A ¼ 0:837; F(6,26) = 28.385;

p < 0.00001; S.E.E = 0.263; PRESS = 2.860; R2
cv ¼ 0:790; SDEP = 0.294;

SPRESS = 0.332.
Eq. (5) explains 83.7% variance and predicts 79.0% of variances

of the activity. nF stands for the number of fluorine atom. The po-
sitive coefficient indicates that the increase in the number may im-
prove the activity.

However, the best equation obtained is:

pIC50 ¼ 14:795ð�0:891Þ � 0:441ð�0:052ÞR7

þ 0:450ð�0:115ÞR14 þ 0:0001ð�0:000ÞPMY

� 11:861ð�1:057ÞEP15 � 3:761ð�0:361ÞIC1

� 1:997ð�0:312ÞSIC4 ð6Þ

n = 33; R = 0.953; R2 = 0.908; R2
A ¼ 0:887; F(6,26) = 42.967;

p < 0.00001; S.E.E = 0.219; PRESS = 1.819; R2
cv ¼ 0:866; SDEP = 0.235;

SPRESS = 0.264.
Eq. (6) predicts 86.6% variance and explains 88.7% of variance of

the biological activity. Eq. (6) reveals the significance of R7, R14,
PMY and EP15. R14 is R-state index of the atom number 14 and
PMY signifies the principle moment of inertia along Y-axis. The po-
sitive coefficient of R14 indicates that the increase in the value of R-
state index of the atom number 14 may be conducive to the activ-
ity. The positive coefficient of PMY suggests that the presence of
more bulky group towards Y-axis may correspond to the higher
activity. All regression coefficients of Eqs. (1)–(6) are significant
at more than 95% confidence level as supported by their p- and t-
values.

In summary, this study explored the importance of topological,
constitutional, geometrical and electronic parameters towards
antimitotic activities of 2-phenylindole-3-carbaldehydes. Four
methods were used that showed comparable results with satisfac-
tory statistical quality. The study shows that the presence of chlo-
rine atom at R2 position and the presence of bulky group along Y-
axis may be favorable for the affinity. Increase in the surface area
and decrease in the rotatable bond fraction may be conducive to
activity. QSAR models as also shown the negative contribution of
R7 as also shown by the SAR of the original work5 as well as those
of IC1 and SIC4 towards the activity. The negative coefficient of EHO-

MO may indicate the higher activity. The study also revealed the
significance of electrostatic potentials of atom numbers 3, 4, 8,
11, 12, 15 and 16. Atoms and substituents important for antimi-
totic activity are shown in Figure 2.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2009.01.081.
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