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Abstract—The purpose of this study is to probe the suitability of DFT based chemical reactivity parameter, electrophilicity index as
a possible biological activity descriptor in the development of QSAR. Testosterone derivatives with activity described in terms of
various biological activity parameters and the estrogen derivatives by relative binding affinity (RBA) values have been selected
as model systems. The implications for the ability of electrophilicity to describe the biological activities are discussed. From the

results it is possible to observe that electrophilicity index may be suitable to effectively describe the biological activity.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The quantitative structure activity relationship (QSAR)
is a mathematical representation of biological activity in
terms of structural descriptors of a series of homologue
molecules.!~® The main objective of QSAR is to look for
new molecules with required properties using chemical
intuition and experience transformed into a mathemati-
cally quantified and computerized form.® Once a corre-
lation is established, the structure of any number of
compounds with desired properties can be predicted.
Thus QSAR methodology saves resources and expedites
the process of development of new molecules and
drugs.” Success of QSAR in the development of new
drug molecules and prediction of toxicity of molecules
is highly appreciable.! ® In the development of QSAR,
topology, thermodynamics, quantum chemistry, shape
and electronic energy descriptors have been used.®
Quantum chemical descriptors have been extensively
used in QSAR studies in biochemistry. Numerous re-
views have been published on the applications of quan-
tum chemical descriptors in QSAR.® Recently the uses
of quantum chemical descriptors in the development
of QSAR have received attention due to reliability and
versatility of prediction by these descriptors. In particu-
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lar, net atomic charges, HOMO-LUMO energies, fron-
tier orbital electron densities and superdelocalizabilities
have been used to correlate with various biological
activities.® Density functional theory based descriptors
have found immense usefulness in the prediction of
reactivity of atoms and molecules as well as site selec-
tivity.> ' The resourcefulness of density functional
descriptors in the development of QSAR has been re-
cently reviewed by Chattaraj et al.!> Chemical hardness
(1), chemical potential (), polarizability () and softness
are known as global reactivity descriptors. Fukui func-
tion (FF) and local softness are called local reactivity
descriptors. Recently Parr et al.!> have defined a new
descriptor to quantify the global electrophilic power of
the molecule as electrophilicity index (), which defines
a quantitative classification of the global electrophilic
nature of a molecule within a relative scale. The earlier
works of Maynard et al.'* have formed the strong foun-
dation for the electrophilicity index, which provided the
direct relationship between the rates of reaction and the
ability to identify the function or capacity of an electro-
phile and the electrophilic power of the inhibitors. Using
the properties of FF, more powerful descriptors of reac-
tivity and site selectivity have been proposed by Chatta-
raj et al.!> Subsequently, attempts have been made to
probe the expediency of electrophilicity and other global
quantities in the QSAR parlance. The usefulness of elec-
trophilicity index in unraveling the toxicity of polychlo-
rinated biphenyls'®!” and benzidine!®* has been
analyzed. It was found that electrophilicity is sufficient
enough to describe the toxicity of those molecules. In
order to obtain in detail the ability of electrophilicity to
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predict the biological activity, it is necessary to expand its
areas of applications. In this regard several molecules
with different biological activities have been chosen to
probe the predictive ability of electrophilicity index.

The objective of the present study is to analyze the use-
fulness of electrophilicity in describing the biological
activity of testosterone and estrogen derivatives.

Structure of Estrogen

Structure of Testosterone

Various testosterone derivatives with biological activity
quantified in terms of relative binding affinity,'!® andro-
genic potency,? relative androgenic activity,?! therapeu-
tic index,?> TeBG affinity,?>?* relative competition
indices,?!"?> binding affinity for rat ventral prostate
receptor protein?> and myotrophic to androgenic po-
tency in temporal have been considered.’® Biological
activity of estrogen derivatives has been described in
terms of RBA values.? These molecules have been cho-
sen to establish the relationship between the biological
activity and the respective electrophilicity index.

2. Theoretical background
2.1. Global and local reactivity descriptors

Based on density functional theory several global chem-
ical reactivity descriptors of molecules such as hardness,
chemical potential, softness, electronegativity and elec-
trophilicity index as well as local reactivity descriptors
as the Fukui function and the philicity have been de-
fined.'>1527-2% It was found that stability of molecules
is related to hardness.? Pauling®® introduced the con-
cept of electronegativity as the power of an atom in a
molecule to attract electrons to itself. Hardness (r),
chemical potential (u) and electronegativity (y) are de-

fined as:’
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where E and V(¥) are electronic energy and external
potential of an N-electron system, respectively. Softness
is a property of molecules that measures the extent of
chemical reactivity. It is the reciprocal of hardness,
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Using Koopmans’ theorem for closed-shell molecules, 7,
u and y can be redefined as:
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where 7 and A4 are the ionization potential and electron
affinity of the molecules, respectively. Electron affinity
refers to the capability of a ligand to accept precisely
one electron from a donor. However in many kinds of
bonding viz. covalent, dative or hydrogen bonding, par-
tial charge transfer takes place.

2.2. Electrophilicity index

Parr et al.!* have proposed electrophilicity index as a
measure of energy lowering due to maximal electron
flow between donor and acceptor. They defined electro-
philicity index (w) as follows:
12
=5 o)
When two molecules react, which one will act as an
electrophile (nucleophile) will depend on, which has a
higher (lower) electrophilicity index. This new reactivity
index measures the stabilization in energy when the sys-
tem acquires an additional electronic charge AN from
the environment. The electrophilicity is a descriptor of
reactivity that allows a quantitative classification of
the global electrophilic nature of a molecule within a rel-
ative scale. The usefulness of this new reactivity quantity
has been recently demonstrated in understanding the
toxicity of various pollutants in terms of their reactivity
and site selectivity.!6-18

3. Computational details

Testosterone derivatives with biological activity charac-
terized in terms of various activity parameters'®2® and
estrogen derivatives with RBA values? are considered.
All the geometries of testosterone and estrogen deriva-
tives are minimized using the Gaussian 033! package
with semi-empirical AM1 Hamiltonian. Single point cal-
culation has also been made at the B3LYP/6-31G* level
with the AM1 geometry. Using the Koopmans’ theorem
for closed-shell system, the ionization potential (/) and
electron affinity (4) are calculated using Eq. 8. Employ-
ing Egs. 5, 6 and 9, all the global chemical reactivity
descriptors are obtained. Standard linear regression
analyses are performed to find the relationship between
the various biological activity indices with the electro-
philicity of testosterone and estrogen derivatives.
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4. Results and discussion

Biological activity is the result of chosen molecular spe-
cies interacting with a biological entity. In clinical stud-
ies, human organism represents biological entity and in
pre-clinical trials, it is the experimental animals (in vivo)
or experimental models (in vitro). Biological activity de-
pends on the nature of compound (structure and phys-
ico-chemical properties), biological entity (species, sex,
age, etc.) and mode of treatment (dose, route, etc.).>?
There exists the hierarchy in biological activities, which
corresponds to the natural biological sequence. The bio-
logical activities can be defined and determined in
organism, organ/tissue and cellular and molecular levels.
If the molecule is found to have several activities at dif-
ferent levels, the activities of additional levels can be
considered as the cause (mechanism).>?> Approaches to
evaluate the compounds with similar activity are con-
ceptually based on the idea that significant similarities
in molecular structure and properties are responsible
for the same biological activity. However, structure

and activity can be obtained in many different ways/
sources and it is difficult to generate general molecular
representations that capture structure—activity relation-
ships for diverse sets of molecules. Since there are sev-
eral descriptors employed to build structure—activity
relationship, the selection of appropriate descriptors
for such generalized QSAR model is a mammoth task
and in general a large number of descriptors are to be
used to get a satisfactory correlation. In order to obtain
a generalized model for QSAR, the structure-activity
relationship has been developed in the present work
for testosterone and estrogen derivatives with the help
of a conceptually simpler single descriptor; namely the
electrophilicity index.

In this study the linear relationship between eight differ-
ent types (sets 1-8) of biological activity!*2° and respec-
tive electrophilicity indices of various testosterone
derivatives has been considered. The experimental and
calculated (both AM1 and B3LYP) results for various
cases are presented in Tables 1-8. The calculated

Table 1. Electrophilicity index of testosterone derivatives with their observed and calculated biological activity in terms of relative binding affinity
(RBA)"

No Set-1 Electrophilicity (AM1) Electrophilicity (B3LYP) Expt. RBA Calculated RBA
AMI B3LYP

1 19-Nortestosterone 0.092 0.099 0.40 0.689 0.735

2 Fluoxymesterone 0.090 0.096 0.77 0.754 0.819

3 17a-Methyltestosterone 0.091 0.100 0.85 0.701 0.732

4 Oxymetholone 0.076 0.080 1.54 1.314 1.159

5 Ethylestrenol 0.055 0.037 2.00 2.102 2.114

Table 2. Electrophilicity index of testosterone derivatives with their observed and calculated biological activity in terms of androgenic potency (AP)*

No Set-2 Electrophilicity Electrophilicity Expt. AP Calculated AP
(AM1) (B3LYP) AMI B3LYP

1 17B-Hydroxy,17a-methyl-50-androst-1-en-3-one 0.094 0.109 25 7.747 9.234
2 17B-Hydroxy,17a-ethyl-Sa-androst-1-en-3-one 0.093 0.108 2 7.913 9.603
3 17B3-Hydroxy,2,17a-dimethyl-5a-androst-1-en-3-one 0.090 0.106 25 16.758 12.185
4 17B-Hydroxy,2-methyl, 1 7a-ethyl-Sa-androst-1-en-3-one 0.090 0.106 1 16.894 12.515
5 50-Androst-1-en-33,17p-diol 0.065 0.049 50 74.359 74.878
6 17a-Methyl-5a-androst-1-ene-3,173-diol 0.064 0.049 100 74.518 74.867
7 17B-Hydroxy,6B-methyl-50-androst-1-en-3-one 0.093 0.108 10 8.530 10.257
8 17B-Hydroxy,6,17a-dimethyl-5a-androst-1-en-3-one 0.093 0.108 10 8.815 10.297
9 17B3-Hydroxy,6B-methyl,17a-ethyl-5a-androst-1-en-3-one 0.093 0.107 L5 8.964 10.665

Table 3. Electrophilicity index of testosterone derivatives with their observed and calculated biological activity in terms of relative androgenic
activity (RAA)*!

No Set-3 Electrophilicity (AM1) Electrophilicity (B3LYP) Expt. RAA Calculated RAA

AM1 B3LYP
1 Testosterone 0.092 0.100 0.4 0.585 —0.601
2 To-Methyltestosterone 0.091 0.100 0.4 2.114 0.326
3 17a-Methyltestosterone 0.091 0.100 0.4 0.978 0.326
4 70,1 70-Dimethyltestosterone 0.091 0.100 0.6 2.525 0.844
5 19-Nortestosterone 0.092 0.099 0.2 0.218 2.154
6 To-Methyl-19-nor-testosterone 0.091 0.099 2.6 1.718 2.712
7 7a,170-Dimethyl-19-nor-testosterone 0.091 0.099 5.7 2.161 4.538
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Table 4. Electrophilicity index of testosterone derivatives with their observed and calculated biological activity in terms of therapeutic index (TI)*

No Set-4 Electrophilicity (AM1) Electrophilicity (B3LYP) Expt. TI Calculated TI
AMI1 B3LYP
1 Methylandrostenediol 0.060 0.040 0.28 0.274 0.277
2 19-Nor-17a-ethyltestosterone 0.092 0.099 0.55 0.561 0.530
3 4-Fluro testosterone acetate 0.100 0.118 0.58 0.641 0.613
4 4-Chloro testosterone acetate 0.099 0.124 0.68 0.630 0.636
5 4-Chloro testosterone propionate 0.096 0.118 0.56 0.600 0.613
6 4-Hydroxy testosterone acetate 0.093 0.113 0.52 0.570 0.590
7 4-Hydroxy-19-nor-testosterone acetate 0.093 0.112 0.55 0.571 0.586
8 4-Chloro-17a-methyl-19-nor-testosterone 0.096 0.116 0.73 0.603 0.604

Table 5. Electrophilicity index of testosterone derivatives with their observed and calculated biological activity in terms of TeBG affinity (TeBG)

23,24

No Set-5 Electrophilicity (AM1) Electrophilicity (B3LYP) Expt. TeBG Calculated TeBG
AMI1 B3LYP
1 Androstanediol 0.035 0.026 —9.11 —9.321 —9.240
2 Androstenediol 0.060 0.040 -9.17 —8.238 —8.782
3 Androsterone 0.068 0.070 —7.14 —7.891 —7.822
4 Corticosterone 0.091 0.098 —6.34 —6.874 —6.933
5 Cortisol 0.090 0.108 —6.20 —6.914 —6.596
6 Cortisone 0.096 0.110 —6.41 —6.621 —6.539
7 Dehydroepiandrosterone 0.064 0.072 —7.81 —8.053 —7.745
8 Deoxycorticosterone 0.093 0.103 —7.38 —6.774 —6.767
9 Deoxycortisol 0.085 0.106 —7.20 —7.141 —6.675
10 17p-Estradiol 0.070 0.050 —8.83 —7.782 —8.467
11 Estrone 0.074 0.068 —8.17 —7.625 —7.891
12 Pregnenolone 0.065 0.071 —7.14 —8.021 —7.803
13 Progesterone 0.092 0.101 —6.94 —6.816 —6.828
14 17-Hydroxy progesterone 0.093 0.103 —6.99 —6.758 —6.743

Table 6. Electrophilicity index of testosterone derivatives with their observed and calculated biological activity in terms
indices (RCI)*>?'

of relative competition

No Set-6 Electrophilicity (AM1) Electrophilicity (B3LYP) Expt. RCI Calculated RCI
AMI1 B3LYP

1 Testosterone 0.092 0.100 0.1 0.150 0.149

2 170-Methyltestosterone 0.091 0.100 0.2 0.153 0.150

3 7a-Methyl-5a-dihydrotestosterone 0.070 0.069 0.4 0.507 0.499

4 19-Nor dihydrotestosterone 0.071 0.069 0.5 0.492 0.499

5 7a-Methyl-19-nor-5«-dihydrotestosterone 0.071 0.069 0.6 0.498 0.502

Table 7. Electrophilicity index of testosterone derivatives with their observed and calculated biological activity in terms of binding affinity for rat
ventral prostate receptor protein (BARVPRP)*

No  Set-7 Electrophilicity (AM1)  Electrophilicity (B3LYP) Expt. BARVPRP Calculated
BARVPRP

AMI1 B3LYP
1 17a-Methyltestosterone 0.091 0.100 4.2 4.533 4927
2 Sa-Dihydrotestosterone 0.071 0.069 6.9 6.949  6.852
3 14-Dehydro-17o-methyl-19-nor-testosterone  0.088 0.101 44 4986 4.819
4 14-Dehydro-19-nor-testosterone 0.088 0.102 5.9 4.931 4.802

electrophilicity index of testosterone derivatives and
their relationship with various biological activities have
been presented in Figure 1. Respective correlation coef-
ficients and the regression equations are inserted in the

respective plots. In Figure 1, a-h represent the relation-
ship between the electrophilicity using AM1 and plots i—
p represent the electrophilicity index in B3LYP/6-31G*

method with relative binding affinity, androgenic
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Table 8. Electrophilicity index of testosterone derivatives with their observed and calculated biological activity in terms of myotrophic to androgenic

potency in temporal (MAPT)*

No Set-8 Electrophilicity Electrophilicity Expt. MAPT Calculated MAPT
(AM1) (B3LYP) AMI B3LYP
1 30,17B-Dihydroxy-5a-androstane 0.034 0.028 1.4 1.318 1.321
2 17B-Hydroxy-17a-methyl-5a-androst-3-one 0.071 0.069 0.9 0.815 0.877
3 Androst-4-ene-3,17-dione 0.095 0.107 0.6 0.486 0.465
4 170-Methyltestosterone 0.091 0.100 0.5 0.535 0.545
5 Dehydroepiandrosterone 0.064 0.072 0.8 0.907 0.841
6 Epiandrosterone 0.069 0.072 0.7 0.840 0.849
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Figure 1. Relationship between various biological activities of testosterone derivatives with electrophilicity index.
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Figure 1 (continued)

potency, relative androgenic activity, therapeutic index,
TeBG affinity, relative competition indices, binding
affinity for rat ventral prostate receptor protein and
myotrophic to androgenic potency in temporal, respec-
tively.!9-26 It is clear from Figure 1 that the electrophi-
licity exhibits linear correlation with all the biological
activities. For RBA, relative competition indices and
myotrophic to androgenic potency in temporal activity
have shown higher correlation with electrophilicity in-
dex as evident from the linear regression analysis. Gen-
erally toxins appear to act as electron acceptors in a
charge transfer complex with a receptor in biological
environment.?33* In this regard electron affinity is used
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as a descriptor to understand the toxicity. Although
electron affinity could be able to establish the toxicity
of several compounds, it is not possible to accurately de-
scribe the toxic potential of various chemical com-
pounds. This has been evident from the recent study
on the**3335  tetrachlorodibenzo-p-dioxin  using
DFT.?%37 The planarity and the electron affinity are
known to be two important factors governing the toxi-
city of polychlorinated biphenyls and benzidine and
their correlation with the electrophilicity has been ana-
lyzed in recent years.!®"'® Since the transfer of electrons
(or a nucleophile in a general sense) between a toxin and
a receptor is the crux of the toxicity, electron affinity,
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Table 9. Electrophilicity index of 16u-substituted estradiol derivatives with their observed and calculated biological activity”

No Set-1 Electrophilicity (AM1) Electrophilicity (B3LYP) Expt. RBA Calculated RBA
AMI B3LYP

1 H 0.07 0.05 2 1.696 1.989

2 CH,Br 0.07 0.05 1.97 1.539 1.829

3 OH 0.071 0.051 1.28 0.899 1.515

4 CH,CH=CHCH,OCHs 0.07 0.054 0.85 1.708 0.420

5 CH,CH,CH,CN 0.072 0.054 —0.05 0.206 0.294

Table 10. Electrophilicity index of 17a-substituted estradiol derivatives with their observed and calculated biological activity”

No Set-2 Electrophilicity (AM1) Electrophilicity (B3LYP) Experimental RBA Calculated RBA
AM1 B3LYP
1 C=CMe 0.069 0.049 1.51 1.381 1.398
2 CH,CH=CH, 0.070 0.050 1.26 1.285 1.316
3 CeH3s 0.072 0.054 1.08 0.984 0.977
4 —o 0.074 0.055 0.92 0.713 0.854
(o]
o]
5 {, 0.071 0.052 0.90 1.074 1.105
6 CH,C¢Hs 0.073 0.057 0.63 0.863 0.649
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Table 11. Electrophilicity index of 11p-, 16a-, 17a-substituted estradiol derivatives with their observed and calculated biological activity?

No Set-3 Electrophilicity (AM1) Electrophilicity (B3LYP) Experimental RBA Calculated RBA
11p 160 170 AM1 B3LYP
1 Et H C=CH 0.070 0.050 1.94 1.037 1.318
2 Et OH Me 0.071 0.051 1.93 1.478 1.744
3 Et OH C=CH 0.071 0.051 1.90 1.560 1.880
4 H OH H 0.071 0.051 1.32 1.717 1.718
5 H OH CeHss 0.071 0.050 0.90 1.520 1.298
6 OMe OH Cg¢Hs 0.069 0.049 0.70 0.635 0.415
7 OMe OH C=CH 0.069 0.049 0 0.742 0.317
Table 12. Electrophilicity index of 2, 4, 7a-, 11B-, 170-substituted estradiol derivatives with their observed and calculated biological activity®
No Set-4 Electrophilicity (AM1) Electrophilicity (B3LYP) Expt. RBA Calculated RBA
2 4 Tou 118 170 AMI B3LYP
1 H H H H H 0.070 0.050 2 1.961 1.987
2 H H H H C=CH 0.070 0.050 2 1.962 1.975
3 H H Et H 0.070 0.050 1.89 1.965 1.944
4 H F H H CH=CH, 0.079 0.052 1.87 1.835 1.843
5 H F Me H C=CH 0.079 0.052 1.8 1.837 1.810

Table 13. Electrophilicity index of 2, 4, 7a-, 11B-, 16a-, 17a-substituted estradiol derivatives with their observed and calculated biological activity?

No Set-5 Electrophilicity (AM1)  Electrophilicity (B3LYP)* Expt. RBA Calculated
RBA
2 4 TJo  1IB 160 170 AM1 B3LYP
1 H H H H I H 0.08 0.06 1.90 1.668 1.890
2 F H H H H CH=CHI(Z) 0.08 0.06 1.73 1.737 1.746
3 H H H H H CH=CHI(z) 0.07 0.06 1.70 1.619  1.651
4 H H Me H H CH=CHI(2) 0.07 0.06 1.65 1.616 1.658
5 H H H Et H CH=CHI(E) 0.07 0.06 1.63 1.608  1.569
6 H H H H H CH=CHI(E) 0.07 0.05 1.60 1.609 1.545
7 H H Me H H CH=CHI(E) 0.07 0.06 1.57 1.611 1.565
8 H F Me H H CH=CHI(E) 0.08 0.06 1.56 1.706  1.643
9 H H H OMe H CH=CHI(E) 0.07 0.05 1.44 1.606 1.513

#Molecules contains iodine atom are calculated at B3LYP/3-21G*.

planarity and electrophilicity have been turned out to be
natural descriptors of the toxic nature of these com-
pounds. For biological activities, electrophilicity exhib-
its a satisfactory linear relationship® with correlation
coefficient (R?) ranging from 0.61 to 0.90. Although
some variation exists in the relative androgenic activity
correlation using AMI1 level of calculation, B3LYP
method shows better performance in terms of prediction
of activities. Biological activities of many of these com-
pounds are correlated with electronegativity and hard-
ness.’® Although electronegativity fails to correlate
with the biological activity a meaningful correlation, al-
beit without any regression analysis, is obtained in terms
of the hardness, which has been rationalized in the
light of the maximum hardness principle.”® It has
been discussed in the previous QSAR studies that it is
difficult to obtain SAR with any single property descrip-
tor. However it is evident from the present study
that electrophilicity index provides reliable relation-
ship between various biological activities thereby ena-

bling us to develop SAR based on electrophilicity
index only.

In the case of estrogen derivatives (sets 1-5), SAR stud-
ies have been made between relative binding affinity
(RBA)? and electrophilicity indices and the results for
both AMI1/B3LYP are presented in Tables 9-13. The
linear regression analyses are shown in Figure 2. It is
understandable from the results that it is possible to ob-
tain meaningful SAR for estrogen derivatives by
describing the activity with the help of electrophilicity
index. It can be noted from the results (B3LYP) that
R°-values for various cases range between 0.73 and
0.87 thereby confirming the fact that the electrophilicity
properly quantifies the biological activity. Although
there is no one-to-one agreement between AMI1 and
B3LYP values, the B3LYP method in general provides
better estimates of biological activity when compared
to the corresponding AMI1 values. It is important to
note from all the tables and Figure 3 that the calculated
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Figure 2. Relationship between RBA values of estrogen derivatives with electrophilicity index.

biological activities are in good agreement with the
experimental biological activities. Results provide a rea-
sonably good correlation with a single parameter and
hence a compelling evidence that electrophilicity is a
suitable descriptor of biological activity.

5. Conclusion
It is evident from the present investigation that electro-

philicity index properly describes the biological activity
of testosterone and estrogen derivatives. It is known

from the earlier studies on QSAR that it is necessary
to use various possible combinations of structural
descriptors. In this context, the SAR based on electro-
philicity is shown to be promising. Since the electrophi-
licity index is a chemical reactivity descriptor and its
definition has strong foundation from the density func-
tional theory, it is appropriate to make use of this
descriptor in the QSAR parlance and the usefulness of
such application is evident from the present investiga-
tion. Results emanated from this study show that the
electrophilicity can be used as a descriptor of biological
activity.
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Figure 3. Relationship between calculated biological activity with experimental biological activity: (a) AM1 level and (b) B3LYP level.
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