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Abstract—The Electron Topological Method, called ETM, is a descriptor for predicting the biological activities of molecules based
on three-dimensional quantitative structure—activity relations (3D QSAR). ETM uses a modified electron topological state index to
substitute for electronic properties and a topological distance for the relative distance in the molecule. It is shown that the molecular
fragments responsible for this activity possess fixed electronic and geometric characteristics associated with a distinct arrangement
and the steric accessibility of an oxygen atom and a group of carbon atoms. After that, it is essential to employ a linear regression
analysis technique to derive a 3D QSAR model relating the biological activities to the ETM. The ETM is used to study the 3D
QSAR of the corticosteroid-binding globulin (CBG) binding affinity to 31 steroids, and resulting models have a comparable to
current 3D methods such as COMFA. Though the ETM is a descriptor based on 3D topological information obtained by quantum
chemical derived descriptors, give the best answer for both the similarity analysis and the statistical fitting.

© 2003 Elsevier Ltd. All rights reserved.

Introduction

Strategy involves the identification of the pharmaco-
phoric pattern, by means of a similarity analysis where
the structural and electronic characteristics are com-
pared, followed by a quantitative structure—activity
relationship (QSAR) study. For the relationship
between the chemical structure of a compound and its
biological or pharmacological activity, compounds are
often classed together because they have structural
characteristics in common including shape, size, ste-
reochemical arrangement, and distribution of func-
tional groups. Other factors contributing to structure—
activity relationship include steric effects, chemical
reactivity, electronic effects, resonance, and inductive
effects.

QSAR techniques have become very important in all
aspects of research into the molecular interpretation of
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biological properties.! There are many different meth-
ods aimed at this purpose but nearly all of them can be
interpreted as searching for similarity among chemical
structures. Almost all drugs, if not found by chance,
result from the optimization of lead structures. It has
become evident that the physical, chemical, or biologi-
cal properties of a compound depend on the 3D
arrangements of the atoms in the molecule. The ability
to produce quantitative correlation between 3D proper-
ties of the molecules and the biological activity of these
compounds is of inestimable value in deciding upon the
choice of future synthetic chemistry.> Among the several
widespread techniques used for this purpose are com-
parative molecular field analysis (CoMFA) introduced
by Cramer® and used by several other authors*® and
the electron topological method (ETM) introduced by
bersuker.®

The ETM offers a significant advance both in under-
standing a model of a molecule’s biological interaction
and in predicting the molecule’s activity.” A set of
molecules may be compared to a single reference mole-
cule to yield a predictive QSAR.®? Similarity between
pairs of molecules can be defined in terms of shape and
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of electronic properties of molecules, but instead of a
large number of values at comparisons of diagonal
matrix representing each molecule in ETM it has a sin-
gle numerical measure of the overall similarity, com-
prising the active fragment in only active compounds.
More information can be obtained from a matrix of the
similarity indices between all pairs of molecules in a
training set using the statistical analysis to derive a 3D
QSAR. Assuming that for the bioactivity under con-
sideration there is only one (unique) Pharmacophore
(Pha), it can be defined as a group of specific atoms in a
given geometric arrangement which represent the
bioactivity under consideration in a series of com-
pounds.!® To extract the relationship between one frag-
ment in nearly all active molecules and the biological
activity, statistical analysis is used by Baroni and Cru-
ciani.'’'? The resulting models in ETM have a com-
parable quality to the current 3D methods such as
CoMFA.

ETM Study Approach

The interactions between structure and activity can be
quickly identified. More precisely, m-dimensional n*n
electron-topological matrices of contiguity (ETMC) are
taken as a language for compound description (one
matrix =one compound), where n is the number of
atoms in the corresponding molecule (note that any m-
dimensional »*n matrix may be viewed as a set of m
ordinary n*n matrices).

ETMC formation proceeds in the following way;

1. Let 4; be an atom of a molecule being described,
then the corresponding diagonal matrix element

a;; 1s one of my local atomic characteristics (for
example, charge, polarizability, HOMO- and
LUMO-orbital coefficients, etc.)

2. If Aj and 4; are any two atoms of the molecule
then two cases may occur:

a. A;j and A; are not chemically bonded. In this
case the distance between these two atoms
represents the corresponding non-diagonal
matrix element a;;.

b. 4; and A4; are chemically bonded, and g;
describes this bond by means of electronic
parameters (bond length, bond energy, etc.).
Suppose that we have m, such characteristics.

As a result, the number of all ordinary n*n matrices which
can be formed on the basis of the data known is m = m;*m,
(m-dimensional ETMC). It has been assumed that a
single electronic matrix in ETMC represents a con-
figuration of each molecule. m is taken as one-dimen-
sional, containing charge on the diagonal, bond length
and distance on the non-diagonal as shown in Figure 1.

The computational part of the ETM may be considered
as consisting of the following steps:

Conformational analysis.

Quantum-chemical calculations.

ETMC formation.

ETMC processing (the search of the structural
features of activity/inactivity or weak activity).

bl e

In the first step, Spartan’s molecular mechanics force

field (MMFF) is used, because it presently provides for

the calculation of equilibrium geometries, strain ener-
gies and normal-mode vibrational frequencies, as well as
for searching of conformation space for both cyclic and
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Figure 1. The ETMC of the N30 compound consisting of 27-atoms without hydrogen in Table 1. The bold entries in the matrix are the significance
showing Pha. The electronic value of hydrogen bounding with carbon is not taken since in each molecule it has an equivalent effect and the H-

substituent value at each position is set equal to zero.'®
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Table 1. Structure and CBG affinity data for steroid series 1-31 of the SA-SF structure®
N Steroid S X] X2 X3 X4 X5 X6 X7 Xg X9 XIO
1 Aldosterone SA
2 Androstenediol SB OH H H H OH H
3 Androstenediol SE OH OH H*
4 Androstenedione SC =0 H =0 H H H H
5 Androsterone SB H OH H* H =0
6  Corticosterone SC = OH COCH,OH H H H H H
7  Cortisol SC =0 OH COCH,OH OH H H H H
8  Cortisone SC =0 =0 COCH,OH OH H H H
9  Dehydroepiandrosterone SE OH =0
10 Deoxycorticosterone SC =0 H COCH,OH H H H H H
11 Deoxycortisol SC =0 H COCH,OH OH H H H H
12 Dihydrotestosterone SB =0 H? H OH H
13 Estradiol SD OH OH H H
14 Estriol SD OH OH H OH
15 Estrone SD OH = H
16 Etiocholanolone SB H OH HP H =0
17 Pregnenolone SE OH COMe H
18 17-Hydroxypregnenolone SE OH COMe OH
19 Progesterone SC =0 H COMe H H H H H
20 17-Hydroxyprogesterone SC =0 H COMe HO H H H H
21 Testosterone SC =0 H OH H H H H H
22 Prednisolone SF =0 OH COCH,OH OH
23 Cortisol-21-acetate SC =0 OH COCH,OCOMe OH H H H H
24 4-Pregnene-3,11,20-trione SC =0 =0 COMe H H H H
25 Epicorticosterone SC =0 H COCH,OH H OH H H H
26 19-Nortestosterone SC¢ =0 H OH H H H H H
27 16a,17-Dihydroxy-4-pregnene-3,20-dione SC =0 H COMe OH H OH H H
28 16a-Methyl-4-pregnene-3,20-dione SC =0 H COMe H H Me H H
29 19-Norprogesterone SC¢ =0 H COMe H H H H H
30 118,17,21-Trihydroxy-2a-methyl-4-pregnene-3,20-dione SC =0 OH COCH,0OH OH H H Me H
31 118,17,21-Trihydroxy-2a-methyl-9a-fluoro-4-pregnene-3,20-dione SC =0 OH COCH,0OH OH H H Me F
a5-a1.
b5-B.

°H instead of Me at the Cy.

acyclic molecules.'!4 In the second step, AMI is selec-
ted in Spartan’s semi-empirical modul which provides
for the calculation of heats of formation, equilibrium
and transition-state geometries,the charge on each atom
and so on.!> The next two steps represent the essential
part of the ETM. Let C;, C,,....,Cy be a series of com-
pounds under investigation, their numbers of atoms
being ny,ny,....,n, correspondingly. For each com-
pound its activity is to be known and evaluated quanti-
tatively so that the compound could be classified as
belonging to a definite class of activity (there must be two
such classes, at least). Suppose that the first two kinds of
calculations were done and that for every compound C;,
a corresponding m-dimensional ETMC was formed.

Then, the procedure for searching the fragment of
activity (Pha) is:

a. To form ordinary n;*n; matrices after choosing
and fixing the type of characteristics both for the
diagonal and non-diagonal elements. We select
out charge as diagonal and bond length between
the bonded atoms and distance between the
unbounded as non-diagonal.

b. To set the ranges of variation of the diagonal (d1)
and non-diagonal (d2) elements.

c. To set the level of activity which classifies all
compounds into two classes (active and weakly
active compounds).

d. To chose one compound as the template com-
pound (as a rule, the most active and simple
common one) and to compare it with other
compounds from the series given. The result is a
set of ETM sub-matrices (ETMS) common to all
(or nearly all) active compounds.

e. To evaluate the probabilities (o, and P,—see
Fig. 2) of the features’ realization in the class of
active compounds. If they are not high enough,
to repeat the procedure described with other
parameters (and with other types of character-
istics, possibly) until the values of o, and P, for
the fragments newly found will be satisfactorily
high.

As an example, the ETMC of compound N30 is shown
in Figure 1. It is formed from effective charges on atoms
(Qii), the bond length (Bjj) and optimized distances
between atoms in the molecule (R;) (H-atoms are not
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(8] C3 C4 C5 Cco

-0.2944d; 1.236+d, 2.370+d, 3.590+d, 5.393+d,
0.262+d, 1.469+d, 2.478+d, 4.235%d,

-0.245+d; 1.343+d;, 3.631%d,

-0.0241d, 2.486+d,

-0.078+d,
di=0.05 (e), *P,=0,86,
d;=0.11 (A), 0,=0,85

C17
9.602+d,
8.518+d,
7.760+d,
6.563+d,
4.361+d,
0.032+d,

Figure 2. The active fragment (Pha=01, C3, C4, C5, C9 and C17) responsible for CBG affinity, contains one oxygen and five carbon, more precisely,
six reactivity points with limited values of charge, bond length and distance shown in the submatrix of affinity (ECSA). *P, and o, are the probabilities
of the feature realization: P, = (v, + 1)/(vi + V2 +2), oty = (Vi#V4—V2sV3) /(1L +Ho=13pg) /%, where v; and v, are the numbers of molecules possessing and
not possessing, respectively, the feature of activity (predicted by the ETM)in the class of compounds: v; and v, have analogous meaning in the weak
active compounds; p; and p, are the numbers of molecules in the class of active and weak active compounds; pi3 =V + Vv3; g =V, + V4.

given). The electronic characteristics are given in elec-
tron charge units (e), the bond lengths are given in A.

We can single out 3D QSARs in statistical calculations
related to the corticosteroid affinity and the properties
of electron configuration (Qji, B, Rjj, HOMO, LUMO,
etc.)

Results and Discussion of 3D QSAR Studies
on 31 Steroids

The Pha is usually defined as a group of specific atoms
in a given geometric arrangement that is deemed to
exert the activity under consideration in a series of
compounds. To locate the Pha means to be able to
identify the presence or absence of the bioactivity.

The main-skeleton of the series under investigation
comprises the four rings on which molecules are super-
imposed. The Pha consists of Ol1, C3, C4, CS5, C9, C17.
Although Ol is bonding on A-ring, C3, C4, C5, C9 and
C17 are respectively in the A-, B-, C- and D-rings (see
Fig. 2). Since the Pha is found in the lowest energy
conformation rather than in some other conformer for
all compounds, not all conformers of the molecule are
account for in the evaluation, but only lowest energy
conformer is. In applying this strategy, one must recog-
nize that one is assuming that it is the minimum energy
conformers that will bind most favorably in the receptor
site. In fact, there is no a priori reason to exclude higher
energy conformers as the source of activity.

Compounds can be divided into two groups as actives
(under pK= —6.0) and weak-actives (above pK=—6.0).
Although nearly all-active molecules have the Pha only
within given tolerance values (d; =0.05, d,=0.11), none
of the weak-actives do. Thus, the qualitatively obtained
result is exact. Electronic (charge and bond length) and
geometrical (distance) properties in the Pha and other
parameters (surface area, volume, electronical-, total-,
HOMO- and LUMO-energy, etc.) are quantitatively
investigated in statistical analysis.

For each weak-active or inactive compound, since there
is at least one reason to decrease the activity such as the
pharmacophore shielding, resonance effect and position

effect of each group or the substituent, none of them is
taken in the quantitative calculation. Let us discuss
these features on the substituent around the pharmaco-
phore in a few examples (Schemes 1-4).

This study indicates that for maximum CBG affinity,
the groups of (O1, C3, C4, C6), C9 and CI17 are a
requirement (see Fig. 1).

The system of prediction described (identifying the
active fragment and the properties of its constituents)
may be used for the preliminary selection of active
compounds with CBG affinity. To continue SAR inves-
tigations, we carried out 3D QSAR analyses on the
basis of quantum-chemical calculations and on the
results of the ETM. The data resulting from the elec-

Scheme 1. In comparing between N30 (+, active) and N31 (—, weak-
active) since fluorine increases the charge of C9 in N30, and has the
steric effect of being a shielding group in the lipophile region, it does
weak-active the N31.

N10
N4
© ®

Scheme 2. The effects of replacing the CO-group in molecules N1, N6-
8, N10, 11, N19, 20, N22-25, N27-30 with a more electronegative
oxygen in N4, 5, N9, N15, 16 will result in a change in the charge of
C17 in the Pha. As shown in the following discussion, since increasing
the charge of C17 decreases the activity of the molecules, this oxygen
destroys the Pha.
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2

Scheme 3. While a CO group is appended to C9 atom, included in the
Pha, in N8 and N24, a COH group in N6, 7, N22, 23, N25, N30-31
appears. In place of the COH group, the CO decreases the charge of
C9 from ~(—0.079) to ~(—0.136) and causes deviation from the
values of C9 in the reference molecule (N30).

N17 N29
8] *+)

Scheme 4. Since the group shape of (O1, C3, C4, C6) in N27 and N29
circled, is deformed in N17 and 18 it leads to decreasing activity.

tronic structure calculations made for the series of CBG
affinities were used for constructing the quantitative
SAR model. Such molecular characteristics as Vi,
charge of C17, AQO1 and Pha are defined as respon-
sible for activity from binding affinity. Numerical values
of the parameters mentioned are given in Table 2.

Multistep regression analyses (with no constant) are
used to provide empirical links among the observed values
of pK and parameters presently calculated. The best
results are obtained for Q17, AQOI1, Pha, Vy; and AE.

pK = —1.58(£0.63)Q17 — 6.132(£2.09)AQO1 + 1.65
x (+0.17)Pha — 1.67E-02(+E-04)V;, — 3.44E-04
x (£E-05)AE

Here, R>=0.96, SE=0.36 (R is the correlation coeffi-
cient; SE is the standard error of estimate). The corre-
lation among the experimental values of pK and the
values calculated is given in Figure 3. The Pha enters
with substantial weight into the equation of regression,
because it is related to the realization of the electron-
topological fragment of activity. The absence of the
fragment (Pha=0) causes the decrease of pK. When the
values of Q17, V;, AE increase, the activity grows. The
decrease in AQOI yields the growth of pK too. Results

Table 2. Experimental and calculated binding activities of chemical compounds under investigation

N? Q17 AQOI1 Pha 'm AE pK (exp)® pK (calcd ETM) ApK (ETM) pK CoMFA® ApK (CoMFA)
1 —0.128 0 0 403.000 654.450 —6.279 —6.224 —0.055

2 0.031 —0.032 1 360.010 1815.250 —5.000 —5.104 0.104

3 0.033 —0.323 1 355.570 1843.300 —5.000 —5.051 0.051

4 0.238 —0.295 1 344.410 1899.700 —5.763 —5.364 —0.399

5 0.236 —0.325 1 354.080 1843.460 —5.613 —5.314 —0.299

6 —0.152 —0.151 0 402.690 947.140 —7.881 —7.883 0.002

7 0.045 —0.297 0 411.740 626.760 —7.881 —7.802 —0.079

8 0.050 —0.294 0 406.820 654.790 —6.892 —7.257 0.365

9 0.238 —0.324 1 350.020 1871.650 —5.000 —5.267 0.267

10 —0.150 —0.295 0 393.890 1267.520 —7.653 —7.374 —0.279

11 0.048 —0.295 0 405.080 947.150 —7.881 —7.831 —0.05

12 0.031 —0.295 1 353.980 1843.450 —5.919 —5.994 0.075

13 0.032 —0.253 1 324940  2054.620 —5.000 —4.954 —0.046 —5.367 —0.367
14 —0.008 —0.252 1 335.790 1734.010 —5.000 —5.059 0.059 —5.342 —0.342
15 0.238 —0.253 1 319.800  2082.750 —5.000 —5.285 0.285 —5.307 —0.307
16 0.236 —0.325 1 354.080 1843.460 —5.255 —5.314 0.059 —5.354 —0.099
17 —0.154 —0.326 1 389.160 1560.120 —5.255 —5.203 —0.052 —5.661 —0.406
18 0.042 —0.324 1 397.760 1239.640 —5.000 —5.026 0.026 —5.620 —0.62
19 0.091 —0.296 0 383.200 1588.220 —7.380 —7.270 —0.11 —6.957 0.423
20 0.030 —0.297 0 392.580 1267.850 —7.740 —7.707 —0.033 —6.637 1.103
21 0.034 —0.296 0 349.750 1871.500 —6.724 —6.740 0.016 —6.144 0.58
22 0.046 —0.296 0 405.570 655.290 —7.512 —7.218 —0.294 —7.040 0.472
23 0.043 —0.298 0 456.880 22.740 —7.553 —7.810 0.257 —7.104 0.449
24 —0.151 —0.295 0 387.130 1295.840 —6.779 —6.871 0.092 —6.970 —0.191
25 —0.149 —0.296 0 403.520 946.980 —7.200 —7.007 —0.193 —7.865 —0.665
26 0.034 —0.296 0 349.750 1871.500 —6.144 —6.140 —0.004 —6.383 —0.239
27 0.042 —0.296 0 392.360 1267.820 —6.247 —6.227 —0.02 —6.848 —0.601
28 —0.151 —0.296 0 403.450 1432.470 —7.120 —7.188 0.068 —6.702 0.418
29 —0.153 —0.296 0 383.220 1588.220 —6.817 —6.909 0.092 —6.212 0.605
30 0.033 —0.295 0 430.020 471.010 —7.688 —7.540 —0.148 —7.634 0.054
31 0.035 —0.292 1 435.560 0.000 —5.797 —5.867 0.07 —7.574 —1.777

pK, CBG affinity; V', molecular volume; Pha, is defined as the identification module in a given geometric arrangement (Pha=1 when the activity
feature enters into a compound, otherwise Pha=0); Q, atomic charge, AQ and AE, the difference of atomic charge and total energy between the

reference molecule and other molecules.

4See Table 1 for name and structure of molecules.
bStructures and data according to refs 17 and 18.
°pK COMFA data according to ref 19.
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4.5

Experimertal (pk)

Riki] G0 Bl A0 -45
Calculated (pk)

Figure 3. Correlation between experimental and theoretical data sets
on pkK.

obtained enable us to apply the rules stated above to the
purposeful search of new compounds capable of
demonstrating CBG affinity.

The most important feature of the ETM models result-
ing from these investigations is their potential as pre-
dictive tools for estimating the corticosteroid binding
affinity and mitogenic potential of steroidal estrogens.
While reasonable predictions of mitogenic potential are
expected for steroids without corticosteroid binding
data, it will be seen that in predictions made from ETM
and CoMFA models, pK, values are more convenient in
the ETM model. So ETM should provide the most rea-
listic estimates. These 3D QSAR models derived from
ETM might also contribute to the elucidation of the
ligand-binding site of the estrogen receptor. Considering
the structural constraints inherent to the steroid estro-
gens of this study may provide a realistic steric and
electrostatic mirror of portions of the estrogen recep-
tors’ hormone interaction site.
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