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In present search for better antifungal agents with high
degree of specificity towards funga enzymes, 3D-QSAR sudies
of some antifungal imidazoles was performed by comparative
molecular field analysis (CoMFA) and comparative molecular
similarity indicesanalysis(CoM SIA) methods. The compounds
weredivided into atraining set of 34 molecules and atest set
of 15 molecules. The global minimum energy conformer of
the template molecule miconazole, 1 was obtained by simul ated
annealing method and used to build the structures of the
moleculesinthe dataset. Triposs Sybyl 7.1 program was used
to develop the 3D CoMFA and CoM SIA models. The CoMFA
model produced statistically significant results with cross-
validated and conventional correlation coefficients of 0.697
and 0.925, respectively. The combination of steric, electro-
static, hydrophobic and hydrogen acceptor fieldsin CoM SIA
gave resultswith cross-vaidated and conventional correlation
coefficients of 0.656 and 0.912, respectively. The predictive
ability of COMFA and CoM SIA were determined using atest
set of 15 imidazole derivatives giving predictive correlation
coefficients of 0.66 and 0.57, respectively indicating good
predictive power of CoMFA over CoMSIA. Based upon the
information derived from CoMFA and CoMSIA, newer
imidazole derivatives can be designed as potent Candida
P450py inhibitors.

Key Words: 1-Substituted 2-methylimidazoles, COMFA,
CoMSIA.

INTRODUCTION

During the last 30 years, a number of antifungal agents“? containing
theimidazol e nucleus have been introduced. Differential inhibition of cyto-
chrome P-450 dependent lanosterol 14 a-demethylase (P-4500m) between
pathogenic fungi and man is the basis for clinically important activity of
azole antifungal agents and the specificity of the inhibitors is determined
by the differential complementarity between the structure of the agent and
the active sites of the fungal and the host enzymes®. One of the reasonsto
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continue the search for better antifungal agentsisto increase the specificity
toward fungal enzymes. This is particularly important under pathological
circumstances where the immune system is compromised to agreat extent
(AIDS pathology, major surgery interventions) and the side effects (inhibition
of host P-450py) due to over dosage of the azole compounds which may
eventually cause death of the patients®. Although P-450pu enzymes have
been purified from different sources*’, no experimental structural information
on the active site of the target enzyme Candida P450py is available. In such
circumstances, the indirect approach i.e. ligand based approaches like 3D-
QSAR studiesare quite useful for lead optimization and drug design. Since
itsintroduction in 1988, CoMFA® has rapidly become one of the most powerful
toolsfor 3D-QSAR studies”™. CoM FA methodology is based on the assum-
ption that the changes in the biological activity correlate with the changes
in the steric and electrostatic fields of the molecules™. The CoOMSIA*
method differs by the way the molecular fields are calculated and by
including additional molecular fields, such aslipophilic and hydrogen bond
potential. The additional fields in COMSIA provide better visualization
and interpre-tation of the obtained correlation in terms of field contribution
to the activity of the compound™.

Inthisstudy, acomparativemolecular field analysis(CoM FA) and compar-
ative molecular similarity indices analysis (CoOMSIA) using SYBYL 7.1
was carried out on aseries of 1-substituted imidazole analogs'** (Tables 1
and 2) to obtain arobust 3D QSAR model with significant cross validated
correlation coefficient and predictive r? value which would be well able to
explain and predict the activity of novel imidazole analogs active against
Candida albicans P-450pv and will be helpful in design of new and more
selective antifungals.

EXPERIMENTAL

A seriesof 1-substituted imidazole ethers (1-29) (Table-1) and 1-(2-akyl-
2-phenylethyl)-1H-imidazoles (30-49) (Table-2) were taken for the QSAR
study. Thebiological activity dataof variousimidazol eswas obtained from
Heeres et al."**. A series of 49 molecules were taken for the study. The
compounds were divided into atraining set of 34 molecules and test set of
15 molecules. All themolecular modeling techniquesviz., COMFA, COMSIA
studies were performed using the SYBYL (version 7.1) software installed
in a Dell system (3.4 GHz Processor, 512 MB RAM, 80 GB Hard Disk)
with Red Hat Linux Enterprise version 3.0 as the operating system. An
essential requirement for 3D-QSAR techniques using molecular field analysis
is knowledge of the active conformation of agonist or antagonist under
study. Sincethe crystal structure of cytochrome P-450pu of Candidaalbicans
is not available, the least energy conformer was used as the bioactive
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TABLE-1

DATASET OF 1-SUBSTITUTED IMIDAZOLE ETHERS
USED FOR 3D-QSAR ANALY SES

N
0
Ar)a
AP /(C H2 )n\o
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mpd. -
ConoPd n R Ar Ar’ MIC I\JI(I)g
1 1 H 24C,-CH, 24-Cl-CH, 10 1.00
2 1 H 5Cl-2-thienyl o-CI-CH, 100 200
3 1 H pFCH, p-Cl- CH, 100 2.00
4 1 H pFCH, o-Cl-CH, 100 2.00
5 1 H CH, p-Cl- CH, 100 2.00
6 1 H oCH,-CH, 24-Cl-CH, 100 200
7 1 CH, pCl-CH, p-Cl-CH, 100 200
8 1 H oCH-CH, 24-Cl-CH, 100 200
9 1 H 24C,-CH, m-CH,O- CH, 100 200
10 1 H pC-CH, 0-CH,-CH, 100 2.00
11 1 CH, CH, p-Cl- CH, 100 2.00
12 1 H pCH,-CH, p-Cl- CH, 100 2.00
13 1 H 1mC(CH),CHCH.OCH, CH,p-C 100 2.00
14 1 H 24C,-CH, 2,6-Cl-CH, 100 2.00
15 1 H 24C,-CH, p-F-CH, 100 2.00
16 1 H 24C,-CH, 0-CI-CH, 100 1.00
17 1 H 24C,CH, p-Cl- CH, 100 2.00
18 1 H pC-CH, 24-Cl-CH, 100 1.00
19 0 H pBr-CH, o-Cl-CH, 100 200
20 1 H 24C,-CH, 24-Cl-CH, 10 1.00
2" 0 H 24C,CH, p-NO,- CH, 100 2.00
2* 1 H pFCH, 24-Cl-CH, 100 2.00
23 1 H 24C,;CH, o-F CH, 100 2.00
24 1 H oC-CH, 24-Cl-CH, 100 2.00
25* 1 H oC-CH, o-Cl-CH, 100 2.00
26° 1 H oC-CH, p-Cl-CH, 100 200
27" 1 H pCH,-CH, 24-Cl-CH, 100 200
28° 1 H 24C,CH, 0-CH,-CH, 100 200
29° 1 H 24C,CH, p- CH,O- CH, 100 200
30° 0 H pCH,-CH, 0-Cl-CH, 100 2.00

*Test set compounds.
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TABLE-2
DATASET OF 1-(2-ALKYL-2-PHENYLETHYL)-
1H-IMIDAZOLES USED FOR 3D-QSAR ANALY SES

R
X
Compd. No. X R MIC -logMIC
31 4F nCH, 10.00 1.00
32 4F nCH,, 10.00 1.00
3 4-Cl n-CH,, 100.00 2.00
34 4-Cl nCH, 10.00 1.00
35 4-Br n-CH, 10.00 1.00
36 4-Br n-CH, 10.00 1.00
37 2,4-Cl i-CH,, 10.00 1.00
38 24-Cl n-CH,, 10.00 1.00
39 2,4-Cl n-CH, 10.00 1.00
40 24-Cl n-CH, 10.00 1.00
41 2,6-Cl nCH, 10.00 1.00
42 2,6-Cl nCH, 10.00 1.00
43 2-Cl nCH, 10.00 1.00
44 2-Br nCH, 10.00 1.00
45 2-Br n-CH, 100.00 2.00
46° 4F n-CH,, 100.00 2.00
47° 4-Cl nCH, 100.00 2.00
48° 4-Br n-CH, 100.00 2.00
49° 2,4-Cl, i-CH, 100.00 2.00
*Test set compounds.

conformation. The initid conformation of the reference sandard miconazole 1
was obtained from simulated annealing as it enables the rapid identification
of the global minimum energy conformer®®. The system was subjected to
simulated annealing by heating at 700 K for 1000 fs and then cooling at
200 K for 1000 fs. The exponential annealing function was used and 10
such cycleswererun. The least energy conformer obtained by this method
was subjected to further minimization. The minimized conformer, thus
obtained, was taken as the template and rest of the molecules were built
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from it. A constrained minimization followed by full minimization was
carried out on these moleculesin order to prevent the conformations moving
to a false region™. Tripos force field was used and partial charges were
calcu-lated using Gasteiger-Huckel method. Powell's conjugate gradient
method was used for minimization. The gradient of 0.01 kcal mol™ A was
set as a convergence criterion. In CoMFA studies alignment of moleculeis
one of the most sensitive input areas™. The reference standard miconazole 1
was taken and the rest of the molecules were aligned to it using the Data-
base Alignment method in the SYBY L. The molecules were aligned to the
template molecule by using common substructure labeled with* in 1 (Fig. 1).
The aligned molecules are shown in Fig. 2.

H

N*—*C/
Jo\

H— \N*/ ~y Cl Cl
Hy*C _0
~ T*H
/C* Cl
AN

Cl

Fig. 1. Structure of miconazole (1)

Fig. 2. Alignment of the training set molecules
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CoMFA interaction energy calculation™: The steric and electrostatic
CoMFA fields were calculated at each lattice intersection of a regularly
spaced grid of 2.0 A indll three dimensionswithin defined region. The van der
Waals potential and coulombic term representing the steric and electro-
static fields, respectively were cal culated using standard Triposforcefields.
A distance-dependent dielectric constant of 1.00 was used. An sp® carbon
atom with + 1.00 charge was used as a probe atom. The steric and electro-
static fieldswere truncated at + 30.00 kcal mol™ and the electrostatic fields
were ignored at the lattice points with maximal steric interactions.

CoMSIA interaction energy calculation': The steric, electrostatic,
hydrophobic, hydrogen bond donor and hydrogen bond acceptor potential
fields were calculated at each lattice intersection of aregularly spaced grid of
2.0A. A probeatomwith radius 1.0 A and + 1.0 charge with hydrophobicity
of + 1.0 and hydrogen bond donor and hydrogen bond acceptor properties
of + 1.0 was used to calculate steric, electrostatic, hydrophobic, donor and
acceptor fields. The contribution from these descriptors was truncated at
0.3 kcal mol™.

Partial least square analysis (PLS)™: PLSmethod was used to linearly
correlate the CoMFA fields to the minimum inhibitory concentrations of
the compounds. The cross-validation'"*® analysis was performed using the
leave one out (LOO) method in which one compound isremoved from the
dataset and its activity is predicted using the model derived from therest of
the dataset. The cross-validated r* that resulted i n optimum number of compo-
nents and lowest standard error of prediction were considered for further
anaysis. 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 values of 2 kcal mol™ was used. Fina analysis was perfo-
rmed to cal culate conventional r? using the optimum number of components.
The entire cross-validated results were considering the fact™ that a value
of r’,, above 0.3 indicates that probability of chance correlationislessthan
5 %.

Predictive correlation coefficient'™: The predictive ability of each
3D-QSAR model was determined from aset of seven compoundsthat were
not included in the training set. These molecules were aligned and their
activitieswere predicted. The predictive correlation coefficient (), based
on molecules of test set, is defined as,

%0 = (SD-PRESS)/SD

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

The CoMFA model obtained with 34 imidazole derivativesin training
set resulted in a five-component model with cross-validated correlation
coefficient of 0.697 and minimum standard error. This analysis was used
for final non-cross validated run, giving a correlation coefficient of 0.925
giving agood linear correlation between the observed and predicted activities
of the molecules in the training set. To test the predictive ability of the
resulting model, atest set of 15 molecules excluded from the model creation
work was used. The predictive correlation coefficient of 0.66 was obtained
for COMFA model. Table-3 shows the results of PLS analysis for COMFA
and CoMSIA. Thealignment of thetraining set moleculesisshowninFig. 2.
The relative contributions of steric and electrostatic fields for COMFA are
intheratio 7:3 (Table-3). Steric interactions of molecule with active site of
the enzyme could be an important factor for cytochrome P-450py inhibitory
activity. A plot of predicted (COMFA) versus actual activity for training set
moleculesis shown in Fig. 3, while Fig. 4 represents the plot of predicted
(CoMSIA) versus actual activity values. The test set residuals of CoMFA
and CoMSIA analyses are shown in Fig. 5. The actual, predicted and
residual valuesof training and test set of the imidazole analogs for CoM FA
and CoMSIA aregivenin Tables4 and 5, respectively. Contour maps were
generated as scalar product of coefficients and standard deviation associated
with each CoMFA column. The 3D-QSAR contour maps revealing the
contribution of CoMFA and CoM SIA fieldsare shownin Figs. 6-8, respec-
tively. The CoOMFA steric interactions are represented by green (G) and
yellow (Y) contours while el ectrostatic interactions are represented by red
(R) and blue (B) contours. The bulky substituents are favoured in green
(G) regionsand disfavoured in yellow (Y) regions. Theincreasein positive
chargeisfavoured in blue (B) regionswhile theincreasein negative charge
isfavoured in red (R) regions. One of the most active molecules 2 is displayed
in the background of contours. The steric contours (Fig. 6a) show a green
(G) contour near the p-position of the phenyl ring of the template molecule
where bulky substituents are expected to increase the activity. Introduction
of bulky group on the 2nd position of the imidazole ring is also sterically
favoured as shown by the green (G) contour. The steric contours al so show
ayellow (Y) contour near the 4th position of theimidazol e nucleus. Hence,
this position should always be sterically unhindered for good antifungal
activity. The electrostatic contours of CoMFA (Fig. 6b) show a blue (B)
contour around the thienyl group of the template molecule where low eectron
density is expected to increase the activity. The electrostatic contours also
show ared (R) contour near the ethereal linkage C-O-C where high eectron
density is expected to increase the activity.
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TABLE-3
SUMMARY OF CoMFA AND CoMSIA STATISTICS
Parameters CoMFA CoMSIIA
r, 0.697 0.656
n 5.000 5.000
r’ 0.925 0.912
SEE 0.150 0.165
F-test value 68.830 46.728
PRESS 0.385 0.492
rzpred 0.660 0.570
SD 1.150 1.150
Contributions (%)
Steric 0.695 0.173
Electrostatic 0.305 0.171
Hydrophobic - 0414
Acceptor - 0.242
2.5 -
%= 0.925 .
2 | *
2
=
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I
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Fig. 3. Plot of predicted versus actual -log MI1C values of training set molecules
for COMFA model.
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Fig. 4. Plot of predicted versus actual -log MIC values of training set molecules
for COMSIA model.
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Fig. 5. Histogram of test set molecules

TABLE-4
ACTUAL, PREDICTED INHIBITORY ACTIVITIES (-log MIC)
AND RESIDUALS OF THE TRAINING SET MOLECULES

Compd.  Actud Predicted -log MIC Residuals
no. -logMIC ~ CoMFA  CoMSIA  CoMFA  CoMSIA
1 1.00 0.95 0.95 0.05 0.05
2 2.00 2.01 2.10 -0.01 -0.10
3 2.00 1.96 1.96 0.04 0.04
4 2.00 2.19 2.09 -0.19 -0.09
5 2.00 2.01 1.87 -0.01 0.13
6 2.00 2.00 2.14 0.00 -0.14
7 2.00 1.97 1.99 0.03 0.01
8 2.00 2.01 2.03 -0.01 -0.03
9 2.00 1.92 1.01 0.08 0.09
10 2.00 1.97 2.00 0.03 0.00
11 2.00 2.05 2.01 -0.05 -0.01
12 2.00 2.00 2.03 0.00 -0.03
13 2.00 1.97 2.03 0.03 -0.03
14 2.00 1.88 1.94 0.12 0.06
15 2.00 1.97 191 0.03 0.09
16 2.00 1.98 2.07 0.02 -0.07
17 2.00 1.94 1.96 0.06 0.04
18 1.00 2.09 1.97 -1.09 -0.97
19 2.00 1.97 1.96 0.03 0.04
20 1.00 1.13 1.05 -0.13 -0.05
31 1.00 1.06 112 -0.06 -0.12

32 1.00 0.95 1.02 0.05 -0.02
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Compd Actual Predicted -log MIC Residuds
no. -logMIC ~ CoMFA  CoMSIA CoMFA  CoMSIA
33 2.00 1.43 1.28 057 0.72
34 1.00 1.04 1.02 -0.04 -0.02
35 1.00 1.42 1.27 -0.42 -0.27
36 1.00 114 111 -0.14 -0.11
37 1.00 1.04 1.07 -0.04 -0.07
38 1.00 0.96 1.00 0.04 0.00
39 1.00 0.96 0.97 0.04 0.03
40 1.00 1.06 1.06 -0.06 -0.06
41 1.00 1.00 1.05 0.00 -0.05
42 1.00 1.00 0.96 0.00 0.04
43 1.00 0.97 1.05 0.03 -0.05
44 1.00 0.95 1.04 0.05 -0.04

Fig. 6. The COMFA steric (a) and electrostatic (b) contour maps. One of the most active
molecules 2 is shown in the background. Red (R) is anegative charged region, blue
(B) a positively charged region, green (G) a positive sterically active region and
yellow (G) anegatively sterically active region
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TABLE-5
ACTUAL, PREDICTED INHIBITORY ACTIVITIES (-log MIC)
AND RESIDUALS OF THE TEST SET MOLECULES

Compd. Actual Predicted -log MIC Residuals
no. -logMIC ~ CoMFA  CoMSIA CoMFA  CoMSIA
21 2.00 1.97 1.68 0.03 0.32
2 2.00 212 2.00 -0.12 0.00
23 2.00 2.05 1.85 -0.05 0.15
24 2.00 2.02 1.98 -0.02 0.02
25 2.00 213 1.96 -0.13 0.04
26 2.00 2.00 1.99 0.01 0.00
27 2.00 215 1.97 -0.15 0.03
28 2.00 1.99 1.91 0.01 0.09
29 2.00 2.08 1.88 0.12 -0.08
30 2.00 2.25 2.09 -0.25 -0.09
45 2.00 1.73 1.68 0.26 0.32
46 2.00 1.80 1.80 0.20 0.20
47 2.00 1.81 1.81 0.19 0.19
48 2.00 1.80 1.80 0.20 0.20
49 2.00 1.86 1.66 0.34 0.14

The CoM SIA results were abtained using the same structural alignment
and same training and test set as defined in the CoMFA. The combination
of steric, electrostatic, hydrophobic and hydrogen acceptor fieldsin COMSIA
gaveacross-validation correl ation coefficient of 0.656, conventional corre-
lation coefficient of 0.912 and predictive correlation coefficient of 0.57.
The other combi-nationsin COM SIA gave statistically insignificant results
(data not shown). The contributions of steric, electrostatic, hydrophobic
and hydrogen acceptor fieldsareinratio 2:2:4:2 (Table-3). Comparing this
with the field contributions of COMFA analysis, it is revealed that steric
hydrophobic interactions could be an important factor for cytochrome
P450pm inhibitory activity. A compar-ison of the residuals of the models
from CoMFA and CoMSIA is made to evaluate their predictive ability
(Table-5).

Considering the steric contours of COMSIA (Fig.7a), green (G) contours
indicate favourableregionswhileyellow (Y) contoursindicate unfavourable
regions for bulkier substituents. In the electrostatic contours of CoMSIA
(Fig. 7b), the introduction of €lectronegative subgtituentsin red (R) regions
may increase the affinity while in blue (B) regions decrease the affinity.
The steric and electrostatic contours produced by CoMFA (Fig. 6) and
CoMSIA (Fig. 7) are similar. In hydrophobic contours, the yellow (Y) regions
favour hydrophobic groups while white (W) regions favour hydrophilic
groups. The hydrophobic contours (Fig. 8a) show presence of three
yellow(Y) contours at ortho and para position of the phenyl ring, in the
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(b)

Fig. 7. The CoMSIA steric (a) and electrostatic (b) contour maps. One of
the most active molecules 2 is shown in the background. Red (R) is a
negative charged region, blue (B) a positively charged region, green (G)
apositive sterically active region and yellow (G) a negatively sterically
active region
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(b)

Fig. 8. The CoMSIA hydrophobic (a) and hydrogen bond acceptor (b) contour
maps. One of the most active molecules 2 is shown in the background.
Yellow (Y) is the hydrophobic region, white (W) hydrophilic region,
magenta (M) a positively favoured hydrogen bond acceptor region and
red (R) a negatively favoured active hydrogen bond acceptor region

linker (CH,-CH) between the phenyl and the N1 of imidazole nucleus at
the 2nd position of imidazole group where the hydrophobic substituents
increase the activity. In hydrogen bond acceptor contours, the magenta
(M) regions favour hydrogen bond acceptor groups while red(R) regions
indicate unfavourable regions for acceptors. Two magenta (M) contours
(Fig. 8h) are seen, at the ethereal linkage between the N1 of the imidazole
and phenyl group and at the C4 and C5 of imidazole where the hydrogen
bond acceptors may increase the activity. The CoMFA and CoM SIA models
described are predictive enough to direct the design of new molecules.

Conclusion

The 3D-QSAR analyses, CoMFA and CoM SIA have been appliedto a
set of antifungal imidazoles active against Candida albicans. Statistically
significant model swith good correl ative and predictive power for Candida
albicans cytochrome P450p inhibitory activities of the imidazole deriva-
tives were obtained. However, it is evident from the predictive correlation
coefficient that the CoMFA model was found to be superior to COMSIA
model inspite of thefact that CoM SIA has acombination of steric, el ectro-
static, hydrophobic and hydrogen bond acceptor fields. The results of this
study may provide an important basis for future synthetic efforts in this
area in that they offer useful suggestions about how to design new and
more potent Candida albicans P450py inhibitors.
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