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Comparative molecular field analysis (CoMFA) of fungal squalene epoxidase inhibitors
exhibiting antifungal activity reported in terms of minimum inhibitory concentration (MIC)
was performed. Ninety-two molecules belonging to different chemical classes, namely terbinafine
analogues, benzylamines, homopropargylamines, and carbon analogues were divided into
training set and test set. The initial conformations of the inhibitors obtained from molecular
dynamics simulations for 50 ps in aqueous solution were used in the study. Out of three charges
used in the study, Gasteiger—Huckel charges result in models with good internal predictivity.
Initial analysis of 92 molecules (analysis A) resulted in models with low predictive r? values
for activity against three organisms. This data set was modified by exclusion of 13 molecules,
and analysis was performed again. This analysis of 79 molecules (analysis B) resulted in
improvement in predictivity of the COMFA models and cross-validated r? values of 0.583, 0.509,
and 0.502 for Candida albicans, Aspergillus fumigatus, and Trichophyton mentagrophytes,
respectively. These models were used to predict the activities of the molecules belonging to
the test set. The models from analysis B show better correlative and predictive properties than
analysis A. Comparison of COMFA contour maps for activity against three different fungi
revealed differentiating structural requirements.

Introduction

Squalene epoxidase (EC 1.14.99.7) (SE) enzyme present
in fungi and mammalian cell systems is involved in
ergosterol biosynthesis.! Squalene epoxidase is a mem-
brane bound enzyme and is involved in the conversion
of squalene into squalene 2,3-epoxide, which is subse-
quently converted into lanosterol and further into
ergosterol. Squalene epoxidase has been proven to be
the target for the allylamine class of antifungal agents.
This class of antifungal agents, mainly naftifine and
terbinafine, exhibit antimycotic activity with widespread
clinical applications.?2 Antifungal activity of allylamines
has been attributed exclusively to the inhibition of the
sterol biosynthetic pathway at the step of squalene
epoxidation in fungi.

Squalene epoxidase enzyme system requires molec-
ular oxygen, nicotinamide adenine dinucleotide phos-
phate (NADPH), and flavin adenine dinucleotide (FAD)
for its activity.® Terbinafine and its analogues are found
to be the potent inhibitors of fungal squalene epoxidase,
and the potency is well correlated with the antifungal
activity. Kinetic studies have shown that allylamines
do not act as substrate analogues (squalene) at the
enzyme interacting site and show noncompetitive Kinet-
ics.*5 It has been proposed that terbinafine and ana-
logues interact or inhibit lipid-binding site on squalene
epoxidase enzyme.

There are four different chemical classes of squalene
epoxidase inhibitors developed over the years.5~1° These
are terbinafine analogues, benzylbenzylamine ana-
logues, homopropargylamines, and terbinafine ana-
logues lacking a central amino functional group, which
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have been tested against a variety of fungal patho-
gens. Important structural features of this class of
inhibitors include fused aromatic or heteroaromatic
systems, such as naphthyl or benzothiophenyl ring
systems, and a typical “eneyne” system. In certain
class of inhibitors this double- and triple-bonded
system is replaced by benzyl or propargyl systems.
Design of new potent inhibitors as antifungal agents is
largely based upon structural information derived from
the existing inhibitors. To study and deduce the cor-
relation between structure and biological activity of
these inhibitors, we have carried out a three-dimen-
sional quantitative structure—activity relationship (3D-
QSAR) study using comparative molecular field analysis
(CoMFA).

CoMFA was proposed by Cramer et al. in 1988.11 This
methodology is applied to a set of molecules exhibiting
biological activity with a similar mechanism of action.
The molecules are superimposed based on a putative
pharmacophore and are placed in a box of predeter-
mined size. The steric and electrostatic interaction
energies were calculated between each part of the
molecule and a probe atom, usually an sp® carbon atom
with +1.0 charge at lattice intersection points. These
values are placed in a table containing values for
biological activity. Using partial least squares (PLS)
analysis, a number of components (latent variables) for
describing variance in biological activity are determined.
PLS is used to calculate cross-validated r? (r2,) and
conventional r2 values. One of the advantages of COMFA
is the ability to predict the biological activity of the
molecules and the representation of the relationship
between steric/electrostatic property and biological ac-
tivity in the form of contour maps.
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CoMFA has been applied in the study of enzyme
inhibitors such as inhibitors of thermolysin,2=14 renin,!2
angiotensin-converting enzyme,314 human immunode-
ficiency virus-1 protease (HIV-1 PR),’® HIV-1 inte-
grase,!® acetylcholinesterase,'”18 human phospholipase
A,,1° human DNA topoisomerase-1,2° and interleukin-
18 converting enzyme.?! CoMFA study has been ex-
tended to receptor agonists and antagonists such as
steroid receptor,?? benzodiazepine receptor,?® endothelin
receptor,?* melatonin receptor,?®> and adenosine recep-
tors.2® CoMFA study has also been applied to calcium
entry blockers,?” clodronic acid esters,?® anticoccidial
triazines,?® cell growth inhibiting pyrazoloacridines,3°
antibody haptens,3! anti-Picornavirus compounds,3?
and fused pyrazines with nematocide properties.33
One of the most important input parameters in COMFA
is the “active conformation” and/or alignment of the
molecules in three-dimensional space. Conformation
of the molecules can be obtained from X-ray crystal
structure and crystal structure in complex with the
target enzyme, conformation derived through dock-
ing and NMR experiments, or active conformation
derived from other 3D-QSAR techniques such as
DISCO.34

In the present study, we have applied COMFA method
to derive 3D-QSAR between squalene epoxidase inhibi-
tors and their antifungal activity against human fungal
pathogens such as Candida albicans, Aspergillus fumi-
gatus, and Trichophyton mentagrophytes. The initial
analysis of 92 molecules (referred to as analysis A)
resulted in CoMFA models with low correlative and
predictive properties. This data set of 92 molecules was
modified by exclusion of 13 molecules (carbon analogues)
and were reanalyzed (analysis B). Results of these two
analyses are presented here. Since no structural infor-
mation is available for these classes of compounds,
conformation of the molecules used in the present
CoMFA study is obtained from molecular dynamics
simulation of one molecule from each chemical class for
50 ps at 300 K in aqueous solution with water molecules
added explicitly. This conformation was compared with
the conformational data reported in the literature and
used in the CoMFA study.3®

We have analyzed the structural requirements of SE
inhibitors in terms of steric/electrostatic field properties
and compared the requirements for different fungal
organisms. Such information is essential to understand
the structure—activity relationship of squalene epoxi-
dase inhibitors and subsequently for the design of
potential antifungal agents.

Methods

Biological Activity. Ninety-two molecules belonging to
various chemical classes such as allylamines, benzylbenzy-
lamines, homopropargylamines, and carbon analogues have
been reported as antifungals by the same research group.6-1°
Minimum inhibitory concentration (MIC) was determined with
Sabouraud’s dextrose broth (pH 6.5) for dermatophytes, as-
pergilli, and S. schenckii and malt extract broth (pH 4.8) for
yeasts in glass tubes. The test compounds were dissolved in
DMSO and serially diluted with the growth media. The growth
control was read after 48 h (yeasts), 72 h (molds), and 7 days
(S. schenckii and dermatophytes) incubation at 30 °C. The MIC
was defined as the lowest concentration at which no signs of
fungal growth were detectable macroscopically.®
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Biological activity of these molecules in terms of minimum
inhibitory concentration as log(1/MIC) against fungal species
Candida albicans, Aspergillus fumigatus, and Trichophyton
mentagrophytes was used in COMFA study. In case of mol-
ecules where MIC values were not available as absolute values,
the highest concentration tested was used as MIC value. It is
necessary to evaluate the predictivity of the CoMFA models.
This was achieved by dividing the molecules into training set
and test set. Selection of training set and test set molecules
was made by considering the fact that test set molecules
represent range of biological activity and chemical classes
similar to that of the training set. Thus the test set is the true
representative of the training set.

Molecular Modeling. All molecular modeling and CoOMFA
studies were performed on a Silicon Graphics Indy R5000
computer. Structural manipulations were performed using
Sybyl 6.223%8 with standard Tripos force field.3”

The initial conformations of inhibitor molecules were ob-
tained from molecular dynamics (MD) simulations in aqueous
solution. The inhibitor molecules were solvated by a monolayer
of water molecules within a precomputed box. Molecular
dynamics simulation was carried out for 50 ps at 300 K.
Inhibitor molecules were extracted from the lowest potential
energy frame and were minimized till root-mean-square devia-
tion 0.01 kcal/mol A was achieved. Molecular dynamics
simulations were performed on model inhibitors 16, 35, 48,
and 60 (terbinafine) (Chart 1). All other molecules were
constructed using standard geometries and standard bond
lengths starting from the nearest structure used in MD
simulations (Chart 2). These molecules were minimized by
conjugate gradient minimization algorithm till root-mean-
square (rms) deviation 0.01 kcal/mol A was achieved. A
distance-dependent dielectric of 1.00 was used throughout the
calculation.

Three different partial atomic charges were considered in
CoMFA study. Empirical atomic charges were calculated using
the Gasteiger—Huckel method, and semiempirical charges
were calculated using AM1% and MNDO Hamiltonian®® within
MOPAC 6.00% (keywords 1scf, rhf).

Alignment Rules. Superimposition of the molecules was
carried out by the following three alignments.

Alignment 1: This was done by rms fitting of the atoms to
the template molecule, terbinafine (Chart 3) by considering
(a) a tertiary nitrogen atom (N12), (b) an atom at the point of
attachment of the aromatic ring with the side chain (C1), (c)
atoms at the points of fusion of aromatic rings (C9 and C10),
(d) atoms on the aromatic rings (C3 and C6), and (e) a methyl
group attached to a nitrogen atom (C13).

Alignment 2: In this case, alignment of the molecules was
carried out by flexible fitting (multifit) of atoms of the
molecules to the template molecule, terbinafine. This involved
energy calculations and fitting onto the template molecule by
applying force (force constant = 20 kcal/mol A) and subsequent
energy minimization.

Alignment 3: This was carried out by using the SYBYL
QSAR rigid body field fit command within SYBYL and using
terbinafine as template molecule. Field fit adjusts the geom-
etry of the molecules such that its steric and electrostatic fields
match the fields of the template molecule.

CoMFA Interaction Energies. CoOMFA steric and elec-
trostatic interaction fields were calculated at each lattice
intersection point of a regularly spaced grid of 2.0 A. The
CoMFA region was defined automatically which extended
beyond the van der Waals volume of all molecules in X, Y, and
Z directions. The van der Waals potential and Coulombic term,
which represent the steric and electrostatic term, were calcu-
lated using standard TRIPOS force field. A distance-dependent
dielectric constant of 1.00 was used. An sp® carbon atom
with a van der Waals radius of 1.52 A and +1.00 charge was
used as probe atom. The steric and electrostatic fields
were truncated at +30.0 kcal/mol, and the electrostatic fields
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Chart 1. Structures of the Molecules Belonging to the Training Set?
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Chart 2. Structures of the Molecules Belonging to Test Set?
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a Structures marked with an asterik (*) are excluded in analysis B.
were ignored at the lattice points with maximal steric inter- option to determine the optimum number of components which
actions. were then used in deriving the final COMFA model without
Partial Least Squares (PLS) Analysis. Partial least cross-validation. The results from cross-validation analysis

squares was used in conjunction with the cross-validation were expressed as the cross-validated r? value (r?). The cross-
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Chart 3. Terbinafine Molecule with Atoms Used for
Superimposition Are Marked
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where PRESS = S(Y — Ypred)2.

The number of components that result in highest cross-
validated r? and lowest standard error of predictions (s) were
taken as the optimum number of components. Cross-validation
was performed using 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 data
set. LOO cross-validation was carried out with the number of
components set equal to 10. Cross-validation was also per-
formed by using group technique in which the number of
groups equal to two (leave-half-out) was used. In this case
compounds of the data set are randomly divided into two
groups, and the activity of the compounds from one group are
predicted using the model derived from the other group. The
process of group cross-validation was performed 100 times. The
final r%, value was calculated by taking the mean of 100 runs.
Cross-validated r? values obtained from both leave-one-out and
leave-half-out were compared for each PLS 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 the
conventional r? value with a number of cross-validation groups
set to zero using the optimum number of components. To
further assess the robustness and statistical confidence of the
derived models, bootstrapping analysis (100 runs) was per-
formed. To check for chance correlation, PLS analysis was
performed by randomization of the biological activity. This was
done by randomly changing biological activity data and
performing PLS analysis to calculate the cross-validated r?
value. The process was repeated 100 times.

Predictive r? Value. To validate the derived CoMFA
models, biological activities of the test set molecules were
predicted using models derived from training set.

Predictive r? value was calculated using formula

2 _ SD — PRESS

r predictive SD

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

Calculation of Extrapolation Values. We have calcu-
lated the percent extrapolation values (% extrapolation) from
the QSAR>ANALYSIS>PREDICT command from SYBYL for

each test set predictions using both the analyses. These values
were calculated as follows

percent extrapolation =
number of terms extrapolated

number of terms considered for predictions 100

Calculation of Additional Descriptors. Different types
of physicochemical descriptors were calculated using Cerius2
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Figure 1. Graph of observed activity versus fitted/predicted
activity for C. albicans (analysis B), activity expressed as log-
(1/MIC) with MIC in terms of mg/L.

version 3.5% running on a Silicon Graphics 02 R5000 work-
station. The molecules under study were directly imported
from SYBYL. Charges were assigned to the molecules using
the Gasteiger method within Cerius2. Various types of de-
scriptors were calculated. These included electronic descrip-
tors, spatial descriptors, structural descriptors, thermodynamic
descriptors, and calculated logP (ClogP) values.*? These de-
scriptors were directly used in the PLS analysis.

Results and Discussion

Three different types of antifungal activity data
reported in terms of minimum inhibitory concentration
(MIC) values against human pathogenic, namely C.
albicans, A. fumigatus, T. mentagrophytes, were used
(Figures 1—-3).

All the cross-validated results were analyzed by
considering the fact that a value of r2, above 0.300
indicates that the probability of chance correlation is
less than 5%.43

Conformation of the molecules used in the study was
obtained by molecular dynamics simulations for 50 ps
at 300 K in aqueous solution with water molecules
added explicitly. Relative alignment of the molecules
was then carried out by using three techniques, namely
rms fitting, multifit (flexible fitting), and SYBYL QSAR
rigid body field fit.

Analysis of 92 molecules (analysis A) comprising
training set (60 molecules) and test set (32 molecules)
resulted in models with low cross-validated r? values
and poor predictivity. This data set of 92 molecules was
modified by exclusion of 13 molecules from the analysis,
and a data set of 79 molecules (training set 50 molecules
and test set 29 molecules) was obtained. The molecules
belonging to the class of carbon analogues were excluded
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Figure 2. Graph of observed activity versus fitted/predicted
activity for A. fumigatus (analysis B), activity expressed as
log(1/MIC) with MIC in terms of mg/L.

from the data set as most of these molecules have
different pK, values and, hence, can exhibit different
physicochemical properties than the rest of the data set.
This difference in the chemical nature of these molecules
forms the basis for their exclusion. This data set was
reanalyzed (analysis B). Analysis B showed improve-
ment in correlative and predictive properties. A pre-
liminary study was made to assess the effects of charges
(data not shown), and the results indicate that the
models with Gasteiger—Huckel charges show better
internal predictivity and better non-cross-validated r?
values. Superimposition of the molecules was carried
out using three different alignments. Alignment 1, i.e.,
rms fitting of atoms, shows better r2 values than the
other two alignments.

To make a comparison between CoMFA analysis and
contour maps for activity against three fungal organ-
isms, all the molecules were assigned Gasteiger—Huickel
charges. Results of COMFA analysis A and analysis B
are presented in Tables 1 and 3, respectively. Cross-
validation analysis was also performed by the leave-
half-out technique. In case of leave-half-out, molecules
are randomly divided into two groups, and a model
derived from one group is used to predict the activities
of the molecules belonging to other group. Final r2y,
value was calculated by taking the average of 100 runs.
Although this average cross-validated r? value was less
than the leave-one-out r?, value, in some cases the
values were higher, reflecting the inconsistency in the
data set. Results of leave-half-out cross-validation and
randomization are presented in Tables 2 and 4 for
analysis A and B, respectively.
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Figure 3. Graph of observed activity versus fitted/predicted
activity for T. mentagrophytes (analysis B), activity expressed
as log(1/MIC) with MIC in terms of mg/L.

CoMFA for Activity against C. albicans. Results
of analysis A using Gasteiger—Huckel charges and
alignment 1 are presented in Table 1. Results show that
the model for activity against C. albicans exhibits a
cross-validated r? value of 0.394 with seven components.
A conventional r? value of 0.953 and an F value 152.141
was obtained. The model yielded a high r2 value of 0.976
during bootstrapped analysis.

Analysis B (Table 3) of activity against C. albicans
exhibits a cross-validated r? value of 0.583, when ClogP
was added as an additional descriptor with an optimum
number of components of four. A high conventional r?
value of 0.893 and F value 93.58 was obtained. A high
r2 value of 0.919 during 100 runs of bootstrapped
analysis further supports the statistical validity of the
model. The cross-validated r? value of 0.455 during
leave-half-out analysis further supports the validity of
the model. Contributions of steric and electrostatic fields
were 39.4% and 53.2%. The results of analysis B models
show improvement in correlative properties over analy-
sis A.

CoMFA for Activity against A. fumigatus. Analy-
sis A resulted in a cross-validated r? value of 0.345 and
a conventional r2 value of 0.893 with an F value = 73.40.
A high r? value of 0.945 during 100 runs of bootstrapped
analysis was obtained. Analysis B shows that the model
derived from alignment 1 resulted in a cross-validated
r2 value of 0.509 with the optimum number of compo-
nents equal to five. This model exhibited a very high
conventional r? value of 0.918 and an F value = 98.39.
The high r2 value of 0.951 during 100 runs of bootstrap-
ping analysis further supports robustness and statistical
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Table 1. Summary of COMFA Results (Analysis A)

Gokhale and Kulkarni

C. albicans A. fumigatus T. mentagrophytes
alignments 1 2 3 1 2 3 1 2 3
ey 0.394 0.338 0.279 0.345 0.299 0.167 0.533 0.588 0.512
SEP 0.569 0.595 0.588 0.949 0.991 1.023 0.922 0.899 0.989
rconv 0.953 0.958 0.506 0.893 0.933 0.272 0.894 0.977 0.988
std error 0.158 0.151 0.487 0.384 0.306 0.956 0.440 0.213 0.155
no. of comp. 7 7 8 6 7 1 4 8 9
F value 152.14 167.38 59.32 73.40 103.82 27.62 115.43 270.59 439.94
Pro=0o 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
contribution
steric 42.3 45.3 335 44.9 45.8 34.6 40.9 45.0 42.8
electrostatic 57.7 54.7 66.5 55.1 54.2 65.4 59.1 55.0 57.2
pred 0.437 0.331 0.235 —0.148 —0.189 —0.06 -0.107 0.023 —0.062
[ 0.976 0.975 0.513 0.945 0.966 0.327 0.940 0.990 0.994
std dev? 0.010 0.011 0.132 0.023 0.013 0.147 0.022 0.005 0.003

a Results from 100 runs of bootstrapped analysis.

Table 2. Results of Analysis with Randomized Biological
Activities and Leave-Half-Out Cross-Validation (Analysis A)

Table 4. Results of Analysis with Randomized Biological
Activities and Leave-Half-Out Cross-Validation? (Analysis B)

r2cva rzcvb rzcvb rzcvc
c.ac Afe  T.m.c c.ac Afc T.m.c cad Afd T.md c.ad Afd T.md
mean 0.231 0.199 0.493 -0.105 -—0.082 -—-0.074 mean 0.455 0.250 0.388 —0.075 —-0.154 -0.170
std dev 0.133 0.100 0.051 0.166 0.109 0.151 stddev 0.118 0.129 0.093 0.096 0.143 0.156
high 0.491 0.388 0.562 0.309 0.271 0.294 high 0.662 0.589 0.538 0.143 0.337 0.147
low —0.051 0.016 0.388 —0.965 —-0.531 —-0.589 low 0.073 0.003 0.093 —-0417 -0.578 -—0.663

a Leave-half-out with optimum number of components average
of 25 runs.  Cross-validated r2 with randomized biological activity
average of 100 runs. ¢ C.a.: C. albicans model with alignment 1
and Gasteiger—Huckel charges. A.f.: A. fumigatus model with
alignment 1 and Gasteiger—Huckel charges. T.m.: T. mentagro-
phytes model with alignment 2 and Gasteiger—Huckel charges.

Table 3. Summary of COMFA Results? (Analysis B)

C. albicans A. fumigatus  T. mentagrophytes
CoMFA CoMFA CoMFA
CoMFA ClogP CoMFA ClogP CoMFA ClogP
2y, 0.522 0.583 0.509 0.464 0.502 0.517
SEP 0.532 0.496 0.849 0.897 0.700 0.697
oy 0.902 0.893 0.918 0.925 0.903 0.914
SE 0.241  0.252 0.347 0.336  0.308 0.294
no. ofcomp. 4 4 5 6 4 5
F value 103.69 93.58 98.39 88.23 105.02 93.38
Pro—o 0.00 0.00 0.00 0.00 0.00 0.00
contributions
steric 39.3 39.4 40.0 384 40.7 42.2
electrostatic  60.7 53.2 60.0 59.0 59.3 55.9
ClogP 7.5 2.6 1.9
pred 0.489 0542 0.331 0.335 0.452 0.436
[ 0.944 0919 0.951 0.962 0.940 0.947
std devP 0.019 0.024 0.020 0.014 0.021 0.018

a Gasteiger—Huckel charges and alignment 1 (rms fitting).
b Results from 100 runs of bootstrapped analysis.

validity of the model. Steric and electrostatic fields
contributed 40% and 60%, respectively.

CoMFA for Activity against T. mentagrophytes.
In the case of analysis A, superimposition of the
molecules with rms fitting resulted in an r2, value of
0.533, and flexible fitting yielded an r?, value of 0.588
with eight number of components. Thus better internal
predictivity was obtained with alignment 2. Analysis B
shows that superimposition of the molecules with rms
fitting resulted in a model with a cross-validated r?
value of 0.502 with number of components equal to four.
A conventional r? value of 0.903 and F value = 105.03
was obtained for this model. Relative contributions of
steric and electrostatic fields were 40.7% and 59.3%,
respectively. Leave-half-out r2, of 0.388 further sup-
ports the validity of the model.

a Gasteiger—Huckel charges and rms fitting. P Leave-half-out
with optimum number of components average of 100 runs. ¢ Cross-
validated r2 with randomized biological activity average of 100
runs. 4 C.a.: C. albicans model. A.f.: A. fumigatus model. T.m.: T.
mentagrophytes model.

Thus, in the case of all three organisms, analysis of
the modified data set (analysis B) shows improvement
in predictive and correlative properties over analysis A.

We have used additional descriptors in analysis of
79 molecules to account for the extrapolation required
better predictions.

Use of Additional Descriptors. Activity data used
in the present study is in vitro data (cell-based assays),
and such a type of activity data could have contributions
not only from steric and electrostatic fields but also
other physicochemical properties. These properties ac-
count for the transport phenomenon and pharmacoki-
netic profiles of the molecules.

To account for the lipophilic properties, which influ-
ence this type of activity, ClogP was included in the
analysis. In the case of analysis B, ClogP contributed
significantly to CoMFA models. In the case of C.
albicans, ClogP contribution is 7.5% and this inclusion
has improved the cross-validated r? from 0.522 to 0.583.

We have also calculated various descriptors using
Cerius2 software and used in analysis B. These descrip-
tors included electronic descriptors (such as superdelo-
calizability, dipole moment, atomic polarizabilities,
HOMO and LUMO energies), spatial descriptors (mo-
lecular surface area, molecular volume, molecular den-
sity), structural descriptors (molecular weight, number
of rotatable bonds), and thermodynamic descriptors
(desolvation free energies, molar refractivity). These
descriptors were calculated and directly used as ad-
ditional regressors in the PLS analysis. Inclusion of
these descriptors did not improve the predictivity of the
models.

In the case of C. albicans, inclusion of any of these
descriptors does not result in r2, better than 0.583.
Molar refractivity (MR) along with ClogP results in r2,
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Figure 4. CoMFA steric and electrostatic stddev * coeff contour plot from analysis B for activity against (a) C. albicans, (b) A.
fumigatus, and (c) T. mentagrophytes with terbinafine. Sterically favored areas (contribution level 80%) are shown as green
polyhedra; sterically disfavored areas (contribution level 20%) are shown as yellow polyhedra. Positive charge favored areas
(contribution level 80%) are shown as blue polyhedra; negative charge favored areas (contribution level 20%) are shown as red
polyhedra.

of 0.565, but resultant model shows lower F value of
76.8. Model with superdelocalizability (Sr) shows r2
of 0.509, and the contribution of Sr is insignificant
(about 0.5%). In the case of A. fumigatus, none of these
externally added descriptors result in better correlative
and internally predictive models. Similar results are
observed in the case of T. mentagrophytes models.

Analysis of Contour Maps. Contour maps were
generated for analysis B for activity against fungal
organisms. Contour maps were generated as scalar
products of coefficients and standard deviation associ-
ated with each CoMFA column. We have discussed
contour maps for activity against each organism with
respect to analysis B.

Analysis of Contour Maps for Activity against
C. albicans. CoMFA contour maps generated for activ-
ity against C. albicans are depicted in Figure 4a.
Analysis shows that steric fields are mainly concen-
trated around the side chain of the molecules (tert-butyl
group in terbinafine). A large sterically favorable green
region is observed around the terminal end of the
molecules. Molecules containing bulky groups such as
tert-butyl exhibit better activity against C. albicans.
This green region is accompanied by the sterically
forbidden yellow region above the triple-bonded func-
tionality. Thus the rigidity provided by the triple
bond seems to be important for activity. The orientation
of bulky side chain plays an important role in the
activity. Molecules 12, 13, and 14 exhibit less activity
since the bulky phenyl ring extends into the yellow
region.

Electrostatic fields are mainly observed around the
fused aromatic ring system of the molecule. A red region
is observed around the Cs/Cg substituent. Thus the
substitution of an electronegative atom or group imparts
enhanced activity as in the case of molecule 9 (fluoro
group). The presence of a blue region above the aromatic
ring signifies the importance of electron withdrawing
groups, and the sulfur atom in benzothiophene ring

results in better activity than the corresponding naph-
thyl analogue. Molecule 9 shows 4 times better activity
than the corresponding naphthyl analogue, molecule 26.
Another blue region is also seen around the Cs3/C4
substituent. The presence of an electropositive group
seems to favor the activity.

Analysis of Contour Maps for Activity against
A. fumigatus. Contour maps generated for activity
against A. fumigatus are shown in Figure 4b. Steric
fields are observed around the side chain of the mol-
ecules. A large sterically favorable green region is
observed around the tert-butyl group. This green region
is accompanied by a sterically forbidden yellow region,
indicating strict conformational requirements around
the side chain. Molecules having a bulky flexible side
chain due to the absence of structurally rigid elements
show reduced activity. Electrostatic fields are observed
around fused aromatic ring systems. A relatively small
red region is observed around Cs/Cg substituents, in-
dicating the presence of electronegative atoms at
these positions favorable for activity. A blue region is
observed around Cs/C, substituents on fused aromatic
ring systems. Thus the presence of groups such as
methyl (—CHg3) at Cs in the case of molecule 23 exhibits
better activity than molecule 22 (—CN at C3). A red
region is also seen around the terminal end of the
molecules.

Analysis of Contour Maps for Activity against
T. mentagrophytes. Figure 4c shows the contour maps
generated for T. mentagrophytes. As seen in the case of
C. albicans and A. fumigatus, a steric region is observed
around the terminal end of the molecule. Sterically
favorable green region is seen around the tert-butyl
group of the side chain. This green region is ac-
companied by sterically forbidden yellow region, but in
this model the yellow region is seen beyond the green
region and not above the triple-bonded functionality.
Thus there appears a strict structural requirement
around the side chain. Molecule 56 having extended side
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chain with acetylenic groups shows low activity since
tert-butyl groups protrude into the yellow region. Elec-
trostatic regions are observed around the fused aromatic
ring system. A red region is seen around the Cs/Cg
substituent as seen in the case of models for Candida
sp. and Aspergillus sp. The presence of electronegative
atoms at these positions (fluoro in molecule 9) results
in better activity. A blue region is observed beyond the
steric regions in the end part of the molecules.

Comparison of CoMFA Contour Maps. CoMFA
contour maps generated for activity against different
fungal organisms were compared so as to understand
common structural features required for activity.

One of the most important common features in all
three models is the presence of a large sterically
favorable green region around the tert-butyl group of
the molecules. This green region signifies the impor-
tance of a sterically bulky group in the side chain for
better activity. This green region is always accompanied
by a yellow region. Both these regions impose strict
structural requirements for the side chain in the
molecules. The sterically forbidden yellow region is
present above the triple-bonded functionality in the case
of models developed for C. albicans and A. fumigatus,
indicating rigid conformational requirements. But in the
case of the T. mentgrophytes model, this yellow region
is seen beyond the green region and any bulky substitu-
ent extending beyond the green region leads to reduced
activity. In the case of the T. mentagrphytes, structural
requirements are more rigid than the other two organ-
isms. An electronegative favorable red region is seen
around the Cs/Cs position on the fused aromatic ring
system. Thus the presence of an electronegative group
at these positions seems to impart better activity.

One of the distinguishing features in the case of the
C. albicans model is the presence of a blue region above
aromatic rings. The presence of an electron withdrawing
group and a sulfur atom in the benzothiophene ring
system result in better activity than naphthyl ring
analogues.

Predictivity of the Models. Predictivity of the
models was evaluated by predicting the activity of the
molecules belonging to the test set. Predictive power was
expressed as predictive r2 values. Results obtained from
analysis A and analysis B are summarized in Tables 1
and 3, respectively.

In the case of analysis A, the model for activity
against C. albicans was able to predict the activities of
the test set satisfactorily, and the predictive r2 value of
0.437 was obtained. But with the exclusion of 13
compounds from the data set, reanalysis (analysis B)
resulted in a better predictive r? value of 0.542. In the
case of analysis A for A. fumigatus, a low predictive r2
value of —0.148 was obtained, and analysis B shows a
predictive r2 value of 0.331. For T. mentagrophytes,
analysis A shows a low predictive r? value of 0.023,
while with analysis B predictions for test set molecules
were moderately good and a predictive r? value of 0.452
was obtained.

Additional descriptors were used to parametrize for
the transport phenomenon and other factors, which play
an important role in such type of activity data. Only in
the case of C. albicans with analysis B did ClogP
contribute significantly to the activity, and a better
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predictive r? value was obtained with ClogP. Inclusion
of other descriptors resulted either in a decrease in
predictivity or the contribution was not significant for
analysis B. For C. albicans, the model with inclusion of
molar refractivity (MR) resulted in a predictive r? value
of 0.481. In the case of A. fumigatus and T. mentagro-
phytes, inclusion of these descriptors resulted in models
with low cross-validated r2 and a decrease in overall
predictivity.

Results indicate that exclusion of some compounds
from the original data set of 92 molecules (analysis A)
resulted in a modified data set (analysis B) with better
correlative and predictive properties.

We have calculated the percent extrapolation values
(% extrapolation) required for test set predictions using
both analysis A and B (see Table 2 of Supporting
Information). The extrapolation required in both of the
analyses for all three models are similar, suggesting
that the information generated in analysis B is similar
to that in analysis A. In certain cases, such as molecules
61, 62, and 64, the extrapolation required in analysis
A is more than in analysis B. However, in most of the
cases the percent extrapolation value is below 3.0,
supporting the moderate predictivity of the models.

Conclusion

Comparative molecular field analysis study of squalene
epoxidase inhibitors as antifungals was aimed at deriv-
ing and comparing structural requirements for antifun-
gal activity. A data set containing 92 molecules was
divided into training set (60 molecules) and test set (32
molecules). Minimum inhibitory concentration (MIC) in
mg/L against three different fungi was used as biological
activity. Analysis of this data set containing 92 mol-
ecules (analysis A) resulted in CoMFA models with low
predictivity. Further analysis by excluding 13 molecules
(analysis B) resulted in CoMFA models with better
correlative and predictive properties than analysis A.
With inclusion of the lipophilicity descriptor, ClogP,
values seem to contribute significantly to the models
against C. albicans.

Predictive power of the derived models was assessed
by predicting the activities of the test set molecules.
Models obtained in analysis B show better predictivity
than in analysis A. COMFA models were able to predict
the activities to a better extent, and moderately good
predictions were obtained. Low predictions could be due
to the fact that activity data available are approximate,
and CoMFA fields alone were not sufficient to model
the activity. In most of the cases the percent extrapola-
tion value is below 3.0, supporting the moderate pre-
dictivity of the models.

The statistical results obtained from the present study
are moderately predictive, and the structural informa-
tion derived from this study can be utilized in the design
of broad-spectrum antifungal agents.
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