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Abstract—A 3D-QSAR analysis of a new class of ring-substituted quinolines with anti-tuberculosis activity has been carried out by
three methods—Comparative Molecular Field Analysis (CoMFA), CoMFA with inclusion of a hydropathy field (HINT), and Com-
parative Molecular Similarity Indices Analysis (CoMSIA). The conformation of the molecules was generated using a simulated
annealing protocol and they were superimposed using features common to the set with database alignment (SYBYL) and field fit
methods. Several statistically significant CoMFA, CoMFA with HINT, and CoMSIA models were generated. Prediction of the
activity of a set of test molecules was the best for the CoOMFA model generated with database alignment. Based upon the information
contained in the COMFA model, we have identified some novel features that can be incorporated into the quinoline framework to

improve the activity.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Tuberculosis (TB) causes more than two million deaths
each year mainly in the impoverished parts of the
world.! The condition of patients suffering from tuber-
culosis has further complicated and worsened because
of the association of the disease with human immunode-
ficiency virus (HIV) and the emergence of drug-resistant
strains of the causative organism Mycobacterium tuber-
culosis.> TB and HIV infections complement each other
and approximately 10 million adults are infected with
both pathogens. New structural classes of drugs, which
are affordable and more effective than the presently used
drugs, are urgently required to target both, the resistant
strains of M. tuberculosis, and the emerging pathogens,
such as M. avium.? The past decade has seen significant
advances in understanding various molecular aspects of
the lifecycle of M. tuberculosis, culminating in publica-
tion of its complete genome.* The identification of new
specific targets using the genomic annotation of M.
tuberculosis is under development and potential target
based anti-TB drugs appear to be several years away.3

* Corresponding authors. Tel.: +91 172 2214682; fax: +91 172 2214692
(R.J.); tel.: 491 22 26670871; fax: +91 22 26670816 (E.C.); e-mail
addresses: rahuljain@niper.ac.in; evans@bcpindia.org
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More recently, our research efforts have focused on
developing an entirely new structural class of anti-TB
agents possibly acting on completely novel targets and
with a mechanism of action different from those of the
existing drugs. Our approach involves a broad struc-
ture-directed screening of new chemical entities against
various pathogens including M. tuberculosis. This ap-
proach has proven to be highly rewarding and has
resulted in the identification of a new class of ring-
substituted-4-methylquinolines with potent antimyco-
bacterial activity against both drug-sensitive and drug-
resistant strains of TB.®> Structural and biological opti-
mization of this class of compounds has led to the iden-
tification of several potent anti-tuberculosis compounds
exhibiting activity at 1.0 pg/mL against drug-sensitive
strain of M. tuberculosis H37Rv.%% A majority of these
compounds were readily synthesized in 3-5 steps; each
step being facile, high yielding, and involving only inex-
pensive reagents. The synthetic protocol also permited
us to make various substitutions on both rings of the
quinoline moiety to produce a large number of analogs.
In an attempt to understand the essential structural
requirements for anti-tuberculosis activity of ring-
substituted quinolines, we have performed a 3D quanti-
tative structure activity relationship study (QSAR) by
Comparative Molecular Field Analysis (CoMFA),’
Comparative Molecular Similarity Indices Analysis
(CoMSIA),! and CoMFA with inclusion of a
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hydrophobic interaction field (HINT);!! and the results
of this study are reported herein. In the absence of any
information regarding the drug target, the indirect li-
gand-based approaches like 3D-QSAR can assist in
understanding the SARs and also serve as a guide in
the design of more potent inhibitors.

2. Computational details
2.1. Dataset

A set of 112 molecules>® was used in this study (Table 1,
the molecules with prefixes 1_, 2_, 3_, and 4_ are from
references 5, 6, 7, and 8, respectively). Of these, 18 mol-
ecules (1_2I, 1_2J, 1_2K, 131, 1_3J, 1_3K, 2_13E,
2_13F, 2_13G, 2_13H, 2_14E, 2_14G, 2_14H, 4_7B,
4_7C, 4_7D, 4_7E, and 4_7F) with flexible alkyl side
chains (chain length greater than 3 carbon atoms) were
not included in the generation of the model. The remain-
ing 94 molecules were divided into a training set (70
molecules) and a test set (24 molecules) by means of
chemical as well as biological diversity. Daylight finger-
prints and pICs, data were used to select diverse mole-
cules with the Tanimoto similarity coefficient.'?

2.2. Biological data

The activity of all compounds used in the QSAR study
was measured by the same assay” ® and is reported as
% inhibition at 6.25 pg/mL. For the QSAR study, the
activity values were transformed as follows:'3

Activity = — log ¢ + logit,

where ¢ is the molar concentration = concentration (pg/
mL) * 0.001/(molecular weight)

logit = log[%inhibition/(100 — %inhibition)].

2.3. Molecular modeling

The CoMFA,? CoMSIA,'"° and CoOMFA with HINT!!
studies were carried out using SYBYL 7.0'* installed
on a Pentium 2.8 GHz PC with the Linux OS (Red
Hat Enterprise WS 3.0). The structures were built with
the Sketcher module and energy minimized by Powell’s
method using the MMFF94!> force field with a dis-
tance-dependent dielectric term. The minimization was
terminated at a maximum value of the gradient at
0.5 kcal/mol/A. Each structure was then subjected to
molecular dynamics (MD) simulation, where it was
heated to 700 K for 1 ps and annealed slowly to 200 K
in steps of 100 K for 1 ps at each temperature, with a
step size of 1 fs and snapshots captured every 5 fs. The
lowest energy structure from the MD trajectory was sent
through a final round of minimization, which was car-
ried out with the same criteria as mentioned above.
For the 18 molecules with flexible side chains (vide su-
pra), a set of local minimum energy conformations with-
in 5kcal/mol of the lowest energy structure was
generated using the MULTI SEARCH method in SYB-
YL. The activities of all these 18 molecules using each
one of their low energy conformations were later pre-

dicted using the best 3D-QSAR model to determine
the favored orientations of the flexible side chains.

2.4. Alignment

The most crucial input for the CoMFA is the alignment
of the molecules. The molecule 2_2H with the highest
activity and the least conformational flexibility was cho-
sen as the template and all other molecules were aligned
to it using the DATABASE ALIGNMENT method in
SYBYL (Fig. 1). The molecules were aligned with refer-
ence to the quinoline ring. A second alignment was also
carried out using the FIELD FIT method, wherein the
steric and electrostatic fields around the molecules were
superimposed over the same fields of the template mol-
ecule (Fig. 2).

2.5. CoMFA interaction energy calculation

The steric and electrostatic fields in CoMFA were calcu-
lated at each lattice intersection of a regularly spaced grid
of 2.0 A in all three dimensions within the defined region.
A sp® carbon atom with +1.0 charge was used as the
probe. The van der Waals potential and Coulombic ener-
gy between the probe and the molecule were calculated
using the standard Tripos force field. A distance-depen-
dent dielectric constant of 1.0r was used in the calcula-
tion of the electrostatics. The steric field was truncated
at points where the value exceeded +30.0 kcal/mol, and
the electrostatic fields were ignored at those lattice points
where the steric interactions were high.

2.6. HINT hydropathic field calculation

The hydropathic fields were calculated with the HINT
module in SYBYL. The region defined for calculation
of the CoMFA fields was also used to describe the space
in which the HINT fields were to be generated. HINT
calculates the hydrophobic interaction between all atom
pairs in a molecule using the following equation

B=D.> b

where, b; = a;a;S;S;R;T;, b; is the micro-interaction
constant representing the attraction/interaction between
atoms 7 and j, @; is the hydrophobic atom constant for
atom i, S; is the solvent accessible surface area for atom
i, R; is the functional distance behavior for the interac-
tion between atoms i and j, and T}; is a discriminant
function designed to keep the signs of interactions con-
sistent with the HINT convention that favorable interac-
tions are positive and unfavorable interactions are
negative.

2.7. CoMSIA interaction energy calculations

Five CoMSIA fields—steric, electrostatic, hydrophobic,
and hydrogen bond donor, and acceptor potentials were
calculated at each lattice intersection of a regularly
spaced grid of 2.0 A. A probe atom with radius
1.0 A, + 1.0 charge, hydrophobicity of + 1.0, and hydro-
gen bond donor and acceptor properties of + 1.0 was
used to calculate steric, electrostatic, hydrophobic, and
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Table 1. Dataset™® used for the COMFA study
%
A
e
N Ry
Series 1
Molecule Rl R2 R3 R4 R5 ACthlty
1.2A CH(CH3), — — — — 4.59
1_2C c-C4H, — — — — 4.81
1.2D ¢-CsHy — — — — 4.98
1_2E c-CgHy — — — — 3.84
1_2F ¢-C3H;5 — — — — 4.08
1.2G 1-Adamantyl — — — — 5.15
1_2H (CH,),CH; — — — — 4.10
121 (CH,);CH3 — — — — 4.09
1.2J (CH,)4CH3 — — — — 4.03
12K (CH,)sCH3 — — — — 3.96
e
Cr
l/\N//\Rl
R
Series 2
1_3A CH(CH3), CH(CHj), — — — 4.95
1_3C C-C4H7 C-C4H7 — — — 6.30
1_3D (DCMQ) C-C5H9 C-C5H9 — — — 6.65
1_3E C-C(,H“ C-C(,H” — — — 4.74
1_3H (CH»),CH3 (CH,),CHj; — _ o 431
1_31 (CH,);CH3 (CH,)3CH3 — — — 4.30
1.3J (CH,)4CH3; (CH,)4CH3 — — — 4.27
1_3K (CH,)sCH3 (CH,)sCH3 — — — 4.17
||?2
CO)
l/\N//\Rl
R3
Series 3
2 2A CH(CH3), H NO, — — 3.03
2 2B C(CHj3); H NO, — — 3.70
2.2C ¢-CsHy H NO, — — 3.99
Z_ZD C-C6H]1 H N02 — — 6.61
2 2E CH(CH3), CH(CH3), NO, — — 4.07
2 2F C(CHj3); C(CHs3); NO, — — 4.14
2.2G ¢-CsHy ¢-CsHy NO, — — 6.08
2_2H C-C6H11 C-C6H|1 NOZ — — 7.53
2_3B C-C6H11 H NHZ - — 3.55
2 4C c-CgHy H NHCOCH; — — 2.64
24D c-CeHpy H NHCOCF; — — 3.71
2_4E C-C6H11 C-C6H1 1 NHCOCF3 — — 6.19
'l?z
H3CO. | \l AN
|/ N R,
R3
Series 4
2_6B CH(CH3), CH(CH3), NO, — — 6.04
2_6D C(CH3); C(CHz); NO, — — 3.95
276H H C-C6H1 1 N02 — — 3.80
2. 7B H ¢-CsHy NH, — — 4.09

(continued on next page)
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Table 1 (continued)

A. Nayyar et al. | Bioorg. Med. Chem. 14 (2006) 847-856

Molecule Rl R2 R3 R4 R5 ACthlty
R1 02H5
H3CO XN
[ oW
R2
Series 5
2_13B OCH(CH3;), NO, — — — 6.18
2_13E OCsHy,; NO, — — — 4.67
2_13F OC¢H 3 NO, — — — 5.23
2_13G OC;H;; NO, — — — 7.54
2_13H OCgH NO, — — — 3.07
2_14D OCsHy NH, — — — 4.61
2_14E OCsHy, NH, — — — 6.66
2_14G OC,H;s NH, — — — 5.14
2_14H OCgH, NH, — — — 3.77
Rs3 Ry
| X N
-~
|/ SNTCO.R;
Ra
Series 6
31 H H H H — 349
3.2 CH3; H H H — 3.47
3_3B CH3 L‘-Cng C-C5H9 H — 7.51
3.3C CH; H ¢-CsHy ¢-CsHy — 6.72
3.3D CHj; c-CgHyy H H — 3.88
3_3E CH3 C-C6H11 C-CGH” H — 6.75
3_3F CH3 H C-C6H11 C-C6H11 — 4.63
3 3G CHj; 1-Adamantyl H H — 4.42
3_4A H c-CgHyy H H — 3.61
3 4B H 1-Adamantyl H H — 3.94
TS
N \/COZRI
PP
N R>
Series 7
3.5 H H H — — 4.90
3_7A CHj; ¢-CsHy H — — 4.20
3_7B CH3 C-C5H9 C-C5H9 — — 6.22
3_7C CH; ¢-CeHyy H — — 4.37
3_7D CH3 C‘-C(,Hll C-C(,H” — — 6.03
3_7E CHj; 1-Adamantyl H — — 3.80
(i“,Ole
| \l X
I/ //\R2
R3
Series 8
39 H H H — — 3.25
3_11A CH; ¢-CsHy H — — 2.92
3_11B CHj; ¢c-CsHy ¢-CsHy — — 4.50
3_11C CH3 C-C6H11 H — — 3.12
3711]) CH3 C-C6H11 C-C6H11 — — 4.65
3 11E CH; 1-Adamantyl H — — 4.69
3_11F CH; 1-Adamantyl 1-Adamantyl — — 2.87
3_12A H ¢-CsHy H — — 3.21
3_12B H c-CgHyy H — — 3.66
3 12C H 1-Adamantyl H — — 3.18
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Table 1 (continued)
Molecule Rl Rz R3 R4 R5 ACthlty
CH,CO2R;
X
=
N R,
R3
Series 9
3_13B C,Hs H H — — 2.85
3_14A CH3 ¢-CsHy H — — 3.12
3_14B CHj; ¢c-CsHy ¢-CsHy — — 3.22
3_14C CH3 C-C6H11 H — — 3.28
3_14]) CH3 C-C6H11 C-CGHH — — 3.39
3_14E CH; 1-Adamantyl H — — 3.78
3_14F C,Hs ¢c-CsHy H — — 4.89
3_14G C,H;s ¢-CsHo ¢-CsHo — — 6.94
3_14H C2H5 C-C6H11 H - - 4.63
3_141 C,H; c-CeHpy ¢c-CeHyy — — 6.78
3_14J C,Hs 1-Adamantyl H — — 4.70
3_15A CzHS H C-C5H9 — — 3.96
3_15B C2H5 H C-C6H11 — — 3.75
R4 R3
N
| N
|/ N//\ R1
Rs
Series 10
42D CONHNH, H 1-Adamantyl H H 6.71
4 2E CONHNH, H ¢-CsHy c-CsHy H 5.67
4_2F CONHNH, H ¢-CsHy H ¢c-CsHyg 5.77
4_2G CONHNH2 H C-C(,H] 1 C-C6H1 1 H 5.75
4_2H CONHNH2 H C-C6H11 H C-C6H11 4.23
4 3B 1-Adamantyl CONHNH, H H H 4.38
4 3C ¢-CsHg CONHNH, ¢-CsHo H H 4.82
4 3D c-CeHyy CONHNH, c-CeHyy H H 4.65
4_4B ¢-CsHo H CONHNH, H H 2.92
4.4C ¢c-CgHp, H CONHNH, H H 2.94
4_4D 1-Adamantyl H CONHNH, H H 4.02
4 5A H H CH,CONHNH, H H 3.50
4 5B ¢-CsHo H CH,CONHNH, H H 2.64
4 5C c-CeHyy H CH,CONHNH, H H 3.79
4 5D 1-Adamantyl H CH,CONHNH, H H 4.38
4 5E ¢-CsHy H CH,CONHNH, H c-CsHy 5.04
4_5F c-CeHpy H CH,CONHNH, H c-CeHpy 4.87
N X
L e
o
Series 11
4 7A NH, — — — — 6.38
4_7B NH(CH,),CH; — — — — 3.24
4 7C NH(CH,);CH3 — — — — 4.21
4_7D NH(CH,),CH; — — — — 3.99
4 7E NH(CH,)sCH3 — — — — 3.93
4_7F NH(CH,)sCH3 — — — — 2.82
4. 7G N(CH,CHs;), — — — — 3.07
4_7TH \NO — — — — 7.08
H

(continued on next page)
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Table 1 (continued)

Molecule Rl R2 R3 R4 R5 ACthlty
“/VOCH:g
4.7 N — — — — 455
H
| \l/OCHg,
4.7J — — - — 4.59
\N/\/\CI
H
N0
47K - l&) - - - — 471
N
H
N
| N
4L A — — — — 4.67
N
H
— — — 7.10

SIS c R
N

Figure 1. The training set molecules aligned over each other using
DATABASE ALIGNMENT.

Figure 2. The training set molecules aligned over each other using
FIELD_FIT ALIGNMENT.

hydrogen bond donor and acceptor fields. The contribu-
tion from each one of these descriptors was truncated
above 0.3 kcal/mol.

2.8. Partial least squares analysis

The partial least square (PLS) method was used to set up
a correlation between the molecular fields and the inhib-
itory activity of the molecules. The optimal number of
components was determined with SAMPLS'® (Sam-
ples-distance Partial Least Square) and cross-validation
was carried out by the leave-ten-out method. The model
with the optimum number of components (highest ¢°)
and with the lowest standard error of prediction (SDEP)
was considered for further analysis. Equal weights were
assigned to the steric and electrostatic fields by the
COMFA_STD scaling option. To speed up the analysis
and reduce noise, columns with a value (o) below
2.0 kcal/mol were filtered off. Final analysis was per-
formed to calculate the conventional 1 using the opti-
mum number of components. To further assess the
robustness and statistical confidence of the derived mod-
els, bootstrapping!” analysis for 100 runs was per-
formed. Bootstrapping involves the generation of
many new datasets from the original dataset and is ob-
tained by randomly choosing samples from the original
dataset. The statistical calculation is performed on each
of these bootstrapping samplings. The difference be-
tween the parameters calculated from the original data-
set and the average of the parameters calculated from
the many bootstrapping samplings is a measure of the
bias of the original calculations. Models with a cross-
validation (¢%) value above 0.3 were sought, since at this
Valule8 the probability of chance correlation is less than
5%.

2.9. Predictive correlation coeflicient

The predictive ability of each 3D-QSAR model was
determined from a set of 24 test molecules not included
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in the model generation. The predictive correlation coef-
ficient (1), based on the test set molecules, is defined
as

. = (SD — PRESS)/SD,

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

2.10. CoMFA contour maps

Contour maps were generated as a scalar product of coef-
ficients and standard deviation (StDev * Coeff) associat-
ed with each column. Favored and disfavored levels,
fixed at 80% and 20%, respectively, were used to display
the steric and the electrostatic fields. The contours for ste-
ric fields are shown in green (more bulk favored) and yel-
low (less bulk favored), while the electrostatic field
contours are shown in red (electronegative substituents
favored) and blue (electropositive substituents favored).

3. Results and discussion

A simulated annealing protocol was used to identify the
global minimum energy conformation, which was used
in the subsequent alignment and generation of the 3D-
QSAR model. The biological activity of the dataset is
within the range 2.64-7.54 log units (approximate five
log units). The CoMFA and CoMSIA models were gen-
erated for both the alignments, namely database and
field fit alignments. The hydrophobic field calculated
using HINT was used in conjunction with CoMFA
fields to derive additional models. The statistics of the
models generated are shown in Table 2.

The CoMFA model using field fit alignment has a ¢* of
just 0.22 with four components, hence it was not consid-

Table 2. A summary of statistics of the 3D-QSAR models

ered further. The remaining five models have statistically
significant results with regard to the training set mole-
cules, but only Model 1 has a significant predictive cor-
relation coefficient (r7.,) for the external test set.
Therefore, Model 1, that is, the CoOMFA model derived
using database alignment was taken up for further con-
sideration. This model exhibits a cross-validated correla-
tion coefﬁment (%) of 0.49, conventional correlation
coefficient (%) of 0.94, and predictive correlation coeffi-
cient (%) of 0.42. A plot of the predicted versus exper-
1mentalp activity for the training set molecules using
Model 1 is shown in Figure 3.

Table 3 provides a prediction of the activity of the test
set molecules using this model. The incorporation of

Training Set
8.00 -
*
o
* .
0"
> 6.00 - s @
X .
>
2 .
© *
B . “ ‘10:
g o
*»
g 4.00 - PENE
' 0“0
‘0 *
LR PN
« e
*
2.00 ‘ ‘ ‘
2.00 4.00 6.00 8.00

Experimental activity

Figure 3. Predicted versus experimental activity for molecules in the
training set using Model 1.

Parameter Database_Alignment Field_Fit Alignment
CoMFA Moldel I CoMFA + HINT Moldel 2 CoMSIA Moldel 3 CoMFA + HINT Moldel 4 CoMSIA Moldel 5
a2, 0.49 0.49 0.46 0.42 0.46
by2, 0.50 0.49 0.49 0.40 0.42
N 8 5 9 4 6
” 0.94 0.87 0.90 0.83 0.86
SEE 0.23 0.47 0.314 0.54 0.43
F value 123.64 88.75 63.87 80.5 62.86
2 0.42 —0.51 -0.37 —0.54 —0.41
rEb 0.97 0.92 0.95 0.89 0.89
SD 0.012 0.016 0.015 0.034 0.021
Contributions (%)
Steric 52 36 16 28 14
Electrostatic 48 37 22 40 26
Hydrophobic — 27 26 32 21
Donor — — 21 — 19
Acccptor — — 15 — 20

2
Tevs

components; >

conventlonal (non-cross-validated) correlation coefficient; SEE,
lation coeﬁiment 72, correlation coefficient after 100 runs of bootstrapping analysis; SD, standard deviation from 100 bootstrapping runs.

Cross- lelddted correlation coefficient using SA MPLS;

CV’

> " pred>

cross-validated correlation coefficient using ledve -ten-out; N, optimum number of
standard error of estimate; 72

predictive (test molecules) corre-
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Table 3. Experimental, predicted activity, and residuals for the test set
molecules using Model 1

Molecule Experimental activity Predicted activity Residual

1_2A 4.59 4.01 0.58
1_2H 4.10 4.49 —0.39
2_14D 4.61 5.64 —1.03
2_2E 4.07 5.23 —1.16
2 2F 3.95 5.10 —1.15
2_6D 3.95 5.16 —1.21
2_6H 3.80 4.69 —0.89
31 3.49 2.40 1.09
3_11F 2.87 4.19 —1.32
3_14A 3.12 3.70 —0.58
3_14F 4.89 3.92 0.97
3_15A 3.96 3.61 0.35
3.3C 6.72 7.63 —0.91
3_3F 4.63 4.35 0.28
3_4B 3.94 3.51 0.43
3.5 4.90 4.07 0.83
4 2E 5.67 5.01 0.66
4.2G 5.75 5.16 0.59
4 3D 4.65 5.20 —0.55
4. 4B 2.92 3.41 —0.49
4_5B 2.64 3.19 —0.55
4_5D 4.38 4.35 0.03

the hydropathic field to the CoOMFA model generated
using database alignment does not improve the statistical
quality of the model. However, the inclusion of the
hydropathic field to the CoOMFA model generated using
field fit alignment improves the ¢ significantly from 0.22
to 0.44, but decreases the 72, for the external test set.
The CoMSIA models are statistically comparable to
the CoMFA models and no CoMSIA model gives a
good predictive correlation coefficient. The statistical
data in Table 2 indicate that the steric and electrostatic
fields are sufficient to generate a 3D-QSAR model with
good correlation and predictive powers.

The CoMFA model, with its hundreds or thousands of
terms, is generally represented as a 3D ‘coefficient con-
tour.” Colored contours in the map represent those areas
in 3D space where changes in the steric and electrostatic
field values of a compound correlate strongly with con-
comitant change in its biological activity. The CoMFA
steric and electrostatic contour plots of Model 1 are
shown in Figures 4 and 5, respectively.

Analysis of the steric contours (Fig. 4) reveals one green
colored contour and few small yellow colored contours.
The favorable green contour is seen near the C4 and C5
substituents on the quinoline ring. There are three small
contours and one medium size yellow contour in prox-
imity of the C7 and C8 positions on the quinoline ring.
There is also one small and one medium size contour
near the N1 and C2 sites on the quinoline ring. Mole-
cules with bulky substituents at the C4 and/or C5 posi-
tions exhibit good activity. These include 2_2H with a
C4 cyclohexyl, 3_3B with C4 and C5 dicyclopentyl,
3_3E with C4 and C5 dicyclohexyl, and 4_7M, 4_2D,
and 4_7H each with an adamantyl group at the C2 posi-
tion. The sterically unfavorable yellow contour away
from the C8 position of the quinoline ring indicates that
too bulky substituents will not be favored at this posi-

Figure 4. CoMFA contour maps (Model 1) for steric fields drawn
around molecule 2_2H. The green colored contour favors steric bulk
while sites where steric bulk is disfavored are shown in yellow.

Figure 5. CoMFA contour maps (Model 1) for electrostatic fields
drawn around molecule 2_2H. The red contour shows regions where
electronegative substituents are favored, while the blue contour is
associated with positions where electropositive substituents improve
activity.

tion. Molecules with less bulky substituents at C8 like
cyclobutyl (1_3C), cyclopentyl (1_3D, 3_3B, 4_2F,
4_5FE), exhibit good activity, but more bulky substitu-
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ents at the C8 position like cyclohexyl (1_3E, 3_3F,
4_2H, 4_5F), t-butyl (2_2B, 2_2F, 2_6D), and adaman-
tyl in 3_11F are responsible for the low activity of these
molecules. For the latter group of molecules their low
activity stems from the fact that the bulky group is par-
tially buried within the yellow contour.

Analysis of the electrostatic contours (Fig. 5) shows one
big and one small red colored contour (electronegative
substituents favored) near the C2 and C3 positions of
the quinoline ring. There is a big red contour away from
the C4 and CS5 positions, and a small red contour near
the C4 point of the quinoline ring. There is a blue con-
tour (electropositive substituents favored) away from
the C2 position and one smaller contour near the C4
and C5 positions of the quinoline ring. The molecules
like 3_3B, 3_3E, 4_2d, 4_7H, and 4_7M, which possess
a substituted ester or amide function at the C2 position
of the quinoline ring, exhibit good activity. These mole-
cules have the amide and ester groups oriented toward
the red contour, and the substituted alkyl groups of
the amide and ester are directed toward the blue con-
tour, making favorable interactions. Molecules like
3_7A, 3_7B, 3_7C, and 3_7D with a polar group at the
C3 position and a non-polar group at the C2 position
like methyl carboxylate at the C3 position and cyclope-
nyl/cyclohexyl at the C2 position also exhibit good activ-
ity as the polar group at C3 is near the favorable red
contour, and the non-polar group at C2 points away
from this red contour. In the same series, the molecule
3_7E with a methyl carboxylate at the C3 position and
the bulky non-polar adamantyl group at the C2 position
exhibits low activity as the large adamantyl group is par-
tially buried within the unfavorable red contour. This
indicates that both polar groups as well as less bulky
non-polar groups can be accommodated at the C2 posi-
tion of the quinoline ring. Polar groups at the C4 posi-
tion of the quinoline ring are not favored. The
CoMFA analysis thus provides deep structural insights
into possible modifications of the quinoline ring that
can improve the anti-tuberculosis activity.

Prediction of the activities of the test set molecules based
on Model 1 is given in Table 3. Out of 24 molecules in
the test set, the activities of 22 are predicted well by
the model. The activities of two molecules 2_2D and
4_7G in the test set are poorly predicted (+2.0 U) by
all five models. Inclusion of these two molecules in Mod-
el 1 lowers the statistical quality of the model drastically.
Hence, these two molecules were considered as outliers
and not included in the calculation of the predictive cor-
relation coefficient (r7,).

For the 18 molecules with the flexible alkyl side chains,
an attempt was made to predict their activity based on
Model 1 using the whole set of conformations generated
by Systematic Search (MULTI SEARCH, vide supra).
The activity predicted for each of these eighteen mole-
cules is presented in Table 4.

Most of these conformationally flexible molecules exhib-
it low activity, with the exception of two molecules
2_13G and 2_14E, which show good activity. From

Table 4. Predictions of the set of conformers for 18 molecules with
flexible side chains using Model 1

Molecule Activity Total no. of conformers No. of conformers
within 5 kcal/mol predicted £ 0.5 of

activity

1.21 4.09 4 4

1.2J 4.03 9 9

1.2K 3.96 16 12

1.31 4.30 20 8

1.3) 4.27 52 28

13K 4.17 111 35

2_13E 4.67 31 13

2_13F 5.23 52 26

2_13G 7.54 87 1 (activity = 7.20)
2_13H 3.07 106 2

2_14E 6.66 22 1 (activity = 6.40)
214G 5.14 62 19

2_14H 3.77 85 5

4 7B 3.24 42 10

4_7C 4.21 54 12

47D 3.99 63 9

4_7E 3.93 71 6

4_7F 2.82 92 11

Figure 6. Conformations of molecules 2_13G (magenta) and 2_14E
(cyan) predicted well using Model 1.

the set of conformations generated for these two mole-
cules, there was only one conformation of each molecule
for which the activity could be predicted accurately, and
this particular conformation for the two molecules
2_13G and 2_14E is depicted in Figure 6.

4. Conclusions
A 3D-QSAR analysis of a novel class of anti-tuberculo-

sis agents was carried out using CoMFA alone, CoOMFA
in conjunction with a hydrophobic field evaluated using
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HINT and CoMSIA, to map the structural features con-
tributing to the inhibitory activity of these molecules.
Inclusion of the HINT hydropathic field to the CoOMFA
models does not improve the quality of the models. The
CoMSIA models are comparable to the CoMFA model
but lack good predictive power. The database alignment
of molecules produced models with better statistics than
those with field fit alignment. Out of the various models
evaluated, the CoMFA model based on database align-
ment produced a statistically sound model with a good
correlation and predictive power. Analysis of the CoM-
FA contours provides details on the fine relationship
linking structure and activity, and provides clues for
structural modifications that can improve the activity.
This study also discloses several new derivatives of quin-
olines (data not included) with activity higher than that
of the molecules in this study. Attempts are currently
underway in our laboratory to synthesize and evaluate
the anti-tuberculosis activities of the newly proposed
structures.
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