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3d-QSAR procedures utilize descriptors that characterize molecular shape and charge distribu-
tions responsible for the steric and electrostatic nonbonding interactions intimately involved
in ligand—receptor binding. Comparative molecular moment analysis (CoMMA) utilizes
moments of the molecular mass and charge distributions up to and including second order in
the development of molecular similarity descriptors. As a consequence, two Cartesian reference
frames are then defined with respect to each molecular structure. One frame is the principal
inertial axes calculated with respect to the center-of-mass. For neutrally charged molecular
species, the other reference frame is the principal quadrupolar axes calculated with respect to
the molecular “center-of-dipole”. QSAR descriptors include quantities that characterize shape
and charge independently as well as quantities that characterize their relationship. 3D-QSAR
partial least squares (PLS) cross-validation procedures are utilized to predict the activity of
several training sets of molecules previously investigated. This is the first time that molecular
electrostatic quadrupolar moments have been utilized in a 3D-QSAR analysis, and it is shown
that descriptors involving the quadrupolar moments and related quantities are required for
the significant cross-validated predictive r?'s obtained. CoMMA requires no superposition step,
i.e., no step requiring a comparison between two molecules at any stage of the 3D-QSAR

calculation.

1. Introduction

Fundamental to the implementation of any three
dimensional quantitative structure—activity relation-
ship (3D-QSAR) study is an ability to characterize the
shape and charge distributions of a molecule in three-
dimensional space. This is a consequence of the pre-
dominance of steric and electrostatic interactions in the
binding of a drug to its targeted receptor site. One
expects that molecules with shape and charge distribu-
tions similar to a molecule or set of molecules exhibiting
a desired biological response will be optimal candidates
for further study in connection with such response.

Molecular shape and charge distributions with their
consequent steric and electrostatic profiles have been
characterized a number of different ways. Molecular
shape may be assigned by simply superimposing van
der Waals spheres about the respective atoms that
compose the molecule. Steric energies may be calcu-
lated from Lenard-Jones 6—12 or other phenomenologi-
cal potentials. Molecular shape may also be determined
from an examination of the electronic density distribu-
tion obtained from a molecular orbital or other such
quantum chemistry calculation. Electrostatic energies
have been assigned by calculating Coulomb sums utiliz-
ing point charges either at or in the vicinity of molecular
atomic sites or implicitly assigned by identifying mo-
lecular regions where significant electrostatic energies
are predominant, such as potential hydrogen bond donor
and acceptor locations. Such characterizations of mo-
lecular shape and charge involve a detailed description
of local spatial variation or position and consequently
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exhibit no succinct relationship to either the underlying
molecular structure or each other. As a consequence,
steric and electrostatic molecular similarity can only be
assigned after molecules are superimposed and regis-
tered in some manner which minimizes differences in
the distribution being examined. There are methods
utilizing atom-pair distances which do not require
molecular superposition, for example, GEOSIM.? Such
methods have, however, been predominantly utilized for
large-scale screening.

A simple and fundamental characterization of molec-
ular shape and charge is given by the moments of the
shape and charge distributions. At present we will
characterize the shape of a molecule by a characteriza-
tion of its mass. The lower order moments are clearly
understood. The zeroth-order moments of the mass and
charge distributions are nothing more than the total
molecular mass and net molecular charge. The first-
order moment of the mass distribution is a quantity not
usually mentioned, since if the origin of the coordinate
system is chosen at the center of mass, this quantity is
zero. In fact the center-of-mass is so defined to zero out
the first-order moment of the mass distribution. The
second-order moments of the mass distribution are the
moments of inertia. These moments together with the
principal inertial axes provide important information
to be utilized in developing molecular descriptors.
Section 2 will review some relevant material.

The first-order moment of the charge distribution is
the dipole moment. For neutral molecules, this is
unchanged or invariant with respect to the location of
the origin of the axes about which it is calculated. This
invariance is a consequence of the fact that the lowest
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order nonvanishing moment of the electrostatic multi-
polar expansion does not depend upon the origin about
which it is calculated. The values of all higher order
multipolar moments do depend upon the choice of origin
of the multipolar expansion. Therefore, if one was
inclined to utilize moments of the mass and charge
distributions for neutral molecules up to and including
second order, one would be faced with a problem. How
should the second-order moments of the charge distri-
bution be calculated, namely, the electrostatic quadru-
polar moments, since they are dependent upon the
choice of origin of the axes about which they are
calculated?

Prior to a recent investigation,2 no procedure had
identified an origin of electrostatic multipolar expansion
for molecules of arbitrary symmetry and structure that
could be utilized for the purpose of molecular similarity
comparison between the moments of order higher than
the lowest order nonvanishing moment. For lowest
order nonvanishing moment of order N, a “center-of-N-
pole” was identified and utilized for molecular similarity
comparison between molecules with identical order of
lowest nonvanishing multipolar moment. It was em-
phasized that, for molecules with zero net charge and
nonvanishing dipole moment, quadrupolar principal
values and axes can only be utilized for similarity
comparison if the multipolar expansion is performed
about the appropriate expansion center, namely, the
“center-of-dipole.” Section 3 will review material involv-
ing the center-of-dipole relevant for the present study
of neutrally charged molecules with nonvanishing dipole
moment. Generalization to center-of-N-pole appropriate
for ionic as well as neutral nonpolar molecules can be
found in the earlier reference.? This procedure enables
one to define molecular similarity unambiguously to
arbitrary order of the electrostatic multipolar expansion.

Section 4 will enumerate the set of molecular moment
descriptors utilized in the 3D-QSAR investigations to
be presented in the present paper, and Section 5 will
outline the computational procedures. Section 6 will
examine the results of applying this procedure to the
prediction of the biological and/or chemical reactivity
of several sets of molecules previously investigated.
Sections 7 and 8 will be devoted to discussion and
conclusions.

Sections 2 and 3 have been included for completeness.
They may be either skipped or read cursorily before
proceeding to Section 4.

2. Center of Mass/Gravity: Inertial Moments

The angular momenta of a rigid body about any point
in space can be written as a sum of two contributions,
one arising from the translational motion of the center
of mass and the other from the rotational motion about
this center.® The center-of-mass provides a unique
reference origin that enables one to simply separate the
translational motion of a rigid body or molecule from
its rotational motion. The angular momentum L about
the center of mass is linearly related to the components
of angular velocity @ by the three-dimensional second-
rank moment of inertia tensor 1

L=1lo

This tensor involves second-order spatial moments of
the mass distribution of the molecule. The components
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of the inertial tensor can be written
_ 2 _ ==
1= zmi(lri - T
1

where i is summed over the atomic centers, m; is the
atomic weight of the ith atom, T; is a vector from the
center of rotation to the ith atom.

There are three special directions, or principal axes,
for which the angular velocities about these directions
are parallel to their respective components of angular
momenta. If the moment of inertia tensor is repre-
sented in terms of these principal axes, the tensor will
be diagonal. The diagonal moments corresponding to
these principal axes are called the principal inertial
moments. Since these directions and principal inertial
moments involve a characterization of molecular orien-
tation and shape, we will use these quantities as
molecular shape descriptors. These moments depend,
however, on the center of expansion. Even for identical
molecules, the principal values of the moments, as well
as their principal axes, depend upon the center of
expansion. Since the origin is otherwise arbitrary, some
way of selecting a unique center that carries the same
information for all molecules must be defined. Once
such a center has been defined, the moments may then
be used for a similarity comparison of molecular features
measured by the moments. The moments of the mass
distribution are calculated about the unique center-of-
mass of each molecule.

It should be noted that the molecular second-order
spatial moments composing the inertial tensor are
weighted by the atomic mass at each of the atomic sites.
One might question whether this weighting would be
as representative of overall molecular shape as would
spatial moments weighted either equally at the atomic
centers or perhaps in some other manner to mirror
overall molecular shape. Using the inertial tensor does
provide 3D-QSAR descriptors which are directly related
to certain kinematical and dynamical aspects of molec-
ular binding. The ultimate test of how such moments
should be weighted will depend upon the effect that such
weighting has upon the calculated predictability of
molecular biological or chemical activity.

3. Center of Dipole: Quadrupolar Moments

The charge distribution of a molecule can be charac-
terized by its multipolar components. These compo-
nents provide a description of the far-field electrostatic
potential at position X of an arbitrary charge distribution
p(X) since they appear in an expansion of the electro-
static potential V(X) in powers of a small parameter. The
expansion follows from

p(X")
V(?) = dBX' ==
f Ix — X'
and
1 L
X 2 o Vi)
_ o

where Y|m(X) is the spherical harmonic indexed with
rotational symmetry indices | and m in the direction X
=X/X|. r<=min{|X[,[X'|}, and r> = max{[X],|X'|}. The



Comparative Molecular Moment Analysis

expansion parameter, r_/r., is essentially the ratio of
the distance of the charge distribution from the origin
of expansion (or extent of the charge distribution) to the
distance between the far field point and origin of
expansion. The far-field electrostatic potential written
in terms of the multipolar components is

o qlm n
V(X) = ;FYIm(X)

where

i = f A X p()F'Y(R)

goo refers to the total monopole charge. For neutral
molecules, this is zero. gim for m = —1, 0, 1 refers to
the dipole contribution. For nonpolar molecules, this
is zero. The Cartesian form of this is the vector

p = [dXp(X).

For | = 2, the qin refer to the quadrupolar contributions.
The increase in angular dependency with increasing
index, |, of each term in the potential energy expansion
is accompanied by a more rapid drop off with increasing
r in the far-field region. The spherical quadrupolar
components qm's may be expressed more effectively for
the purposes of extracting principal values and axes in
Cartesian form as

Q =", [d’ (3XX — [X[*1)p(X)

The quadrupolar moments/components compose a
three-dimensional second rank tensor which in diagonal
form provides a small set of numbers, namely, the
principal quadrupolar components plus the orientation
of the principal quadrupolar axes with respect to the
underlying molecular structure. One might, therefore,
expect these to be utilized as molecular charge descrip-
tors in a fashion analogous to the inertial moments
described in the previous section. The difficulty, how-
ever, is that the only translationally invariant multipole
moment of the multipolar expansion is the lowest order
nonvanishing moment. Consequently, for a neutral
molecule, the only translationally invariant moment is
the dipole moment. The components of the quadrupolar
tensor will then depend upon the origin of multipolar
expansion. A “magic-center” or “center-of-dipole” can,
however, be defined? for neutrally charged molecules
that will guarantee that two identical charge distribu-
tions, arbitrarily displaced and rotated in space with
respect to each other, will yield multipolar moments
that are identical up to and beyond quadrupolar order
if the the multipolar expansions are performed about
such center for each of the molecules. Such center
provides, therefore, a reference origin for the comparison
of multipolar moments of an arbitrary set of molecules
with vanishing net charge and nonvanishing dipole
moment. This center, called the center-of-dipole, is
obtained by finding the center of multipolar expansion
which minimizes the solid angle average of the squared
deviation of the total far-field potential from the dipolar
contribution to this potential
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It places the origin of multipolar expansion at a point
in space where the electrostatic dipolar field, in an
averaged sense, most closely approximates the far field
potential.

For a dipole moment vector, p, and a quadrupolar
tensor, Q, calculated about an arbitrary origin, the
displacement from this origin to the center-of-dipole is

given by
- 2 . TJ'Q'E’)Q]
d=— N —
3p? Q-p ( ap? p

At this center-of-dipole, one finds the dipole moment
vector to be an eigenvector with zero eigenvalue of the
quadrupolar operator.

Qp=0,

where Q' is the quadrupole moment tensor at the center
of dipole. This yields an interesting invariant relation-
ship between the dipolar direction in space and the
principal quadrupolar axes about the center-of-dipole.
This is illustrated in Figure 1. The dipole points along
the quadrupolar principal axis that is associated with
zero quadrupolar moment, and the two nonvanishing
guadrupolar moments of equal magnitude and opposite
sign are, therefore, along directions perpendicular to
this direction.

Multipolar expansion about the center-of-dipole and
rotation to principal axes orientation about this center,
therefore, provides a few numbers, namely, dipolar and
quadrupolar magnitudes as well as the quadrupolar
principal axes orientation with respect to the underlying
molecular structure that can be utilized as molecular
electrostatic moment descriptors.

A center-of-dipole had been alluded to previously® as
the center at which the quadrupolar components of a
linear molecule were zero. For arbitrary molecular
symmetry, it is not possible to zero out the five inde-
pendent quadrupolar components by translating the
origin of expansion. The present procedure minimizes
the quadrupolar contribution to the solid angle average
of the square of the potential.

4. Molecular Moment Descriptors for 3D-QSAR

Moments of the molecular mass and charge distribu-
tions can, therefore, be calculated up to and including
second order for the purpose of molecular similarity
comparison. How might such moments be used to
develop descriptors for a 3D-QSAR analysis? Thirteen
such descriptors will be defined and utilized in the
present paper. These descriptors may be classified in
three different categories: descriptors that relate solely
to molecular shape, descriptors that relate solely to
molecular charge, and finally descriptors that involve
the relationship between shape and charge.

Descriptors relating solely to molecular shape are the
three principal moments of inertia, Iy, 1y, I,. The two
descriptors that relate solely to molecular charge are
the magnitude of the dipole moment, p, and the mag-
nitude of the principal quadrupole moment, Q. Descrip-
tors that relate shape and charge can be developed in a
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principal quadrupolar values

d.-49 O,

Figure 1. Principal quadrupolar axes and values about the
center-of-dipole.

number of different ways. In the present work they
have been chosen simply as follows: the magnitudes of
the dipolar components as well as the magnitudes of
the components of displacement between the center-of-
mass and center-of-dipole are calculated with respect
to the principal inertial axes. This provides six ad-
ditional descriptors, namely px, py, p; and dy, dy, d..
Quadrupolar components are calculated with respect to
a translated inertial reference frame whose origin
coincides with the center-of-dipole. This provides two
additional descriptors, Qx and Qyy, that are invariant
with respect to the sense of the inertial axes to which
they are referenced. The tracelessness of the quadru-
polar tensor precludes use of one of the diagonal tensor
components as an independent variable.

This set of 13 numbers, therefore, provides a set of
three-dimensional internal molecular moment descrip-
tors that is invariant with respect to molecular rotation
and translation in space, i.e., it is independent of the
orientation and location of the molecules in three-
dimensional space. Molecular superposition is therefore
precluded from similarity comparisons between the
descriptors of different molecules.

To complete the set of descriptors up to and including
the second-order spatial moments of molecular mass,
one might include the zeroth-order moment, namely,
molecular mass. Molecular mass has not been utilized
in the calculations presented in the following section.
It might, however, be a useful descriptor in similarity
searches addressing sets of molecules that exhibit a
greater diversity of size than treated in the following
sections. One might also utilize the magnitude of the
displacement between the center-of-dipole and center-
of-mass as well as its components. The magnitude is
dependent on its components in a nonlinear manner,
and as such contains linearly independent and distinct
information. Finally, the two sets of principal axes, two
vectors, and several scalars provide the opportunity of
developing other descriptors involving the relationship
of molecular charge to shape. More extensive combina-
tions of descriptors have yet to be evaluated. In the
present paper we limit ourselves to investigating the
consequences of utilizing the minimal set of 13 descrip-
tors described previously.

Dipole moments and their relationship to molecular
structure as well as inertial components and axes have
been utilized previously in connection with QSAR stud-
ies.7 Asfar as we are aware, the present paper is the
first to propose simultaneous utilization of the zeroth
first-, and second-order spatial moments of the charge
as well as the mass distribution in connection with a
QSAR analysis.
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Table 1. Steroid Binding Affinity

entry no. molecule cbg (log(1/K)) tbg (log(1/K))

1 aldosterone 6.279 5.322
2 deoxycorticosterone 7.653 7.380
3 deoxycortisol 7.881 7.204
4 dihydrotestosterone 5.919 9.740
5 estradiol 5.000 8.833
6 estriol 5.000 6.633
7 estrone 5.000 8.176
8 etiocholanolone 5.255 6.146
9 pregnenolone 5.255 7.146

10 17-hydroxypregnenolone 5.000 6.362

11 progesterone 7.380 6.944

12 androstanediol 5.000 9.114

13 17-hydroxyprogesterone 7.740 6.996

14 testosterone 6.724 9.204

15 androstenediol 5.000 9.176

16 androstenedione 5.763 7.462

17 androsterone 5.613 7.146

18 corticosterone 7.881 6.342

19 cortisol 7.881 6.204

20 cortisone 6.892 6.431

21 dehydroepiandrosterone 5.000 7.819

22 1 7.512

23 2 7.553

24 3 6.779

25 4 7.200

26 5 6.144

27 6 6.247

28 7 7.120

29 8 6.817

30 9 7.688

31 10 5.797

5. Computational Methods

To test the ability of the set of the 13 internal COMMA
descriptors to predict molecular activity, the following
five series have been investigated, four of which have
been previously investigated by other 3D-QSAR proce-
dures: (a) Twenty-one steroids (Figure 2) with corti-
costeroid and testosterone binding data (Table 1).8-10
Furthermore, this set amplified by 10 additional steroids
(Figure 3) with corticosteroid binding data (Table 1).8-10
(b) Thirty-seven f-carboline, pyridodiindole, and CGS
compounds with affinity for the benzodiazepine receptor
inverse agonist site (Table 2).1112 (c) Fifteen substituted
imidazoles with dissociation constant (pK,) data (Table
3).1213 (d) Forty-nine substituted benzoic acids with
Hammett o constant data (Table 4).1214 (e) Thirty-three
non-nucleoside reverse transcriptase HIV-1 inhibitors
(NNRTYUI's) of the TIBO related series (Table 5), with
measured inhibition of cytopathic effects of HIV-1 in
MT-4 cells.1>

The objective will be to show, in as direct a manner
as possible, that the 13 descriptors delineated in the
previous section yield predictive molecular activity in
a 3D-QSAR analysis. Even though it is not necessary
to perform molecular superposition, one must still
address the issue of conformer choice. With respect to
the 21 steroids, such a choice had been determined in
the original CoMFA paper.8 Since all 21 structures are
available from SYBYL 6.01,16 they have been used
without modification in the present investigation. All
other structures have been determined in a standard
manner. The structures have first been generated with
standard chemical bond lengths and bond angles. They
were then optimized by a TRIPOS force-field!? calcula-
tion. All model building and 3D-QSAR statistical
calculations have been performed with SYBYL 6.01 on
an IBM Model 530H RS/6000. Rotatable bonds were
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Figure 2. Twenty-one steroid structures for which corticosteroid and testosterone binding were predicted.

assigned, and a high-resolution (10° increment) system-
atic search was performed to identify the conformer of
lowest force-field energy. This conformer was chosen
and subjected to a final force-field optimization. The
only set of molecules subjected to a subsequent MOPAC
AM118 geometry optimization were the 33 TIBO's,1®
Table 5. Separate programs have been written and
utilized for the calculation of the descriptors.

Dipole and quadrupole moments were calculated by
three different procedures. Three different procedures

were utilized since, in the absence of measured dipole
and quadrupole moments of the series under investiga-
tion, a measure of electrostatic moment reliability can
only be achieved by observing consistancy with respect
to the different methods utilized. One method utilized
the assignment of Gasteiger—Marsili charges?!® at the
atomic sites. The molecular dipole and quadrupolar
components were then obtained by performing the
appropriate sums over the atomic partial charges.
Another similar procedure utilized Mulliken partial
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Figure 3. Ten steroid structures that form a complement with the 21 structures shown in Figure 2, yielding 31 structures for

which corticosteroid binding was predicted.

charges from an AM1 MOPAC calculation.’® Finally,
Gaussian 922° ab initio calculations were performed
with either an STO-3G* or 6-31G* basis and the
moments from the extended electronic charge distribu-
tions utilized in the calculations. For sulfur compounds,
in particular, the 6-31G* split-valence polarization
function basis provides significantly reduced mean
absolute errors between the calculated and observed
dipole moments when compared with smaller basis set
approximations.?!

The procedure for performing the 3D-QSAR studies
is, therefore, straightforward. In summary, one gener-
ates the structures and chooses appropriate conformers.
One then calculates the center-of-mass and determines
the principal inertial components and axes for each of
the conformers about this center. Utilizing the calcu-
lated dipolar and quadrupolar components for an arbi-
trary Cartesian frame of reference the center-of-dipole

is calculated for each conformer, and the principal
guadrupolar moments and axes are obtained about this
center. Dipolar, quadrupolar, and displacement de-
scriptors are then calculated with reference to the
principal inertial axes translated such that its origin is
superposed on the center-of-dipole. This yields a set of
13 descriptors are enumerated in Section 4. These
descriptors are then utilized in a partial least squares
(PLS) analysis with the standard cross-validation “leave-
one-out” procedure.

It should be emphasized that for the examples dis-
cussed in the next section, no attempt has been made
to optimize the cross-validated r2, by manipulating the
input to the PLS calculation. There has been no
elimination of molecular “outliers”. There has been no
attempt to optimize r2 through conformer selection and
no optimization as a result of the selective choice of
independent variables. The initial objective of this
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Table 2. p-Carbolenes, Pyridodiindoles, and CGS Compounds
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NH

A N—N
4
CO,Et X
N NN | 2 o O O
| 2 //> N
Ry Ry NH
E
A
B
no structure R1 R2 R3 R4 Rs Rs log(1/1Csp)
1 A CO,CH3 H H —0.699
2 A CO,CH,CHj3 H H —0.699
3 B H H H H H H —0.602
4 A OCH,CHj3 H H —1.380
5 A OCH(CHs3), H H —2.699
6 A OCH,>CH,CH,CH3 H H —1.991
7 A OCH3 H H —2.093
8 A OCH,CH,CHj3 H H —1.042
9 A COCH,CH,CHs H H —0.447
10 A CHCH,CH,CH3 H H —2.389
11 B H H CH3 H H H —-1.919
12 B H H H CH3 H H —1.000
13 B H H H H CHjs H —2.350
14 B H H H H H CH3 —3.836
15 B CH3 H H H H H —3.066
16 B H CH3 H H H H —2.196
17 B CHs CHjs H H H H —3.283
18 E —3.295
19 A H H H —3.210
20 A CO,C(CHa)3 H H —1.000
21 c C(=0) —4.415
22 c C(=NOH) —3.699
23 c o —3.964
24 C CH; —2.833
25 D H 0.398
26 D cl 0.222
27 D OCH3 1.000
28 B H H H H H OCH3 —2.398
29 B H H H H H cl —2.854
30 A o] H H —1.653
31 A NO, H H —2.097
32 A CO,CH,C(CH3)s H H —2.875
33 A CO,CH3 H CH,CHjs —3.877
34 A H H CH,CHjs —5.398
35 A H H CH3 —4.093
36 c C(=O)N(H) —3.380
37 c S —3.230
investigation has been simple and straightforward, Table 3. Substituted Imidazoles with pKa Data
namely, to show that one can perform 3D-QSAR calcu- )Ri
lations utilizing the molecular moment information AL
described that yield predictive ability. \/
6. 3D-QSAR Examples no R R measured pKa
Figure 4 is a plot of the predicted versus the actual 1 CHj, Br 3.82
binding affinities for the corticosteroid binding (cbg) 2 CHa F 2.30
\aing 4 ; ! g (chbg 3 CH3 H 7.12
affinities of the 21 steroids examined in the original 4 CHs NH, 8.54
CoMFA study.®2 The standard leave-one-out cross- 5 CHjs NO, —0.48
validation PLS procedure has been utilized with the 13 ‘73 E Elr 222
internal molecular moment descriptors as independent 8 H CoHs 773
variables. The cross-validated r? found is 0.674 with 9 H E 2.40
two optimal PLS components chosen to yield the highest 10 H H 6.99
r2. Figure 5 is a plot of the corresponding quantities 1 H CH3 7.86
for the testosterone bonding (tbg) affinities of the 21 12 H NH, 8.46
. . 5 - . 13 H NO;, —-0.81
steroids. The cross-validated r“ found is 0.412 with the 14 H CeHs 6.48
optimal number of components equal to two. As previ- 15 H SCH;s 5.95

ously mentioned, these structures, taken from the
SYBYL 6.01 database, had Gasteiger-Marsilil® charges
assigned. The electrostatic moments were calculated
by performing sums over the partial charges at the

atomic sites. It is of interest that the scatter plot for
the thg binding data is less disperse than suggested by
the low r2 value. This is a consequence of the “outlier”
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Table 4. Hammett Constants of Substituted Benzoic Acids
COOH

Q

(m,p)
Hammett Hammett
no. substituent constant no. substituent constant
1 H 0.00 26 p-Br 0.23
2 m-Br 0.39 27 p-CF3 0.54
3 m-CF3 0.43 28 p-CHs -0.17
4 m-CH3 -0.07 29 p-Cl 0.23
5 m-Cl 0.37 30 p-CN 0.66
6 m-CN 0.56 31 p-F 0.06
7 m-F 0.34 32 p-1 0.18
8 m-1 0.35 33 p-NH; —0.66
9 m-NH, -0.16 34 p-NO, 0.78
10 m-NO; 0.71 35 p-OCF3 0.35
11 m-OCF3 0.38 36 p-OH -0.37
12 m-OH 0.12 37 p-OCHj3 -0.27
13 m-OCH3; 0.12 38 p-SH 0.15
14 m-SH 0.25 39 p-SCH3 0.00
15 m-SCH3 0.15 40 p-SCF3 0.50
16 m-SCF3 0.40 41 p-C(CH3)s —-0.20
17 m-C(CH3)s -0.10 42 p-C2Fs 0.52
18 m-C,Fs 0.47 43 p-CH2Br 0.14
19 m-CH,Br 0.12 44 p-CH.CI 0.12
20 m-CH,ClI 0.11 45 p-CHal 0.11
21 m-CH.l 0.10 46 p-CoHs -0.15
22 m-C;Hs -0.07 47 p-SO2CF3 0.93
23 m-SO,CF3 0.79 48 p-SO.F 0.91
24 m-SO,F 0.80 49 p-SO,CH3 0.72
25 m-SO,CH3 0.60

with an enhanced value of predicted activity. This
“outlier” is estriol, one of three of the 21 steroids with
an aromatic A ring, the other two being estradiol and
estrone. Examination of the in-plane orientation of the
hydroxyl group coupled to this ring shows the orienta-
tion of this group to be different from the in-plane
orientation of the corresponding hydroxyl groups of
estradiol and estrone. Reorienting the estriol hydroxyl
group so that its orientation is similar to that of
estradiol and estrone yields tbg and cbg cross-correlated
leave-one-out predictive r2 values of 0.574(4) snd 0.715-
(2), respectively. This illustrates the potential sensitiv-
ity of COMMA with respect to variations in the direc-
tionality of local moments associated with electronegative
substituents.

Whereas Gasteiger charges have been shown to
qualitatively reproduce trends observed with respect to
the several measured molecular dipole moments,?2 one
does not know how accurately such charges yield either
dipolar or molecular quadrupolar moments for the class
of structures we have investigated. A reasonable pro-
cedure to provide a further check on the reliability of
the moments utilized by CoMMA would involve the use
of molecular moments obtained independently from a
number of different procedures yielding molecular charge
distributions. For example, one may utilize the mo-
ments calculated directly from the spatially extended
molecular orbitals obtained with a quantum chemistry
program. Ab-initio calculations have been performed
at the 6-31G* Hartree—Fock level of approximation for
the 21 steroids and the predicted versus actual binding
affinities shown in Figures 6 and 7 for cbg and tbg data,
respectively. Of interest is not only that the calculations
yield results indicating predictability but also that the
difference between the calculated r?s for the cbg and
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Table 5. HIV-1 Inhibitory Activity of TIBO Derivatives

no. R X Y z 1Cs0 (M)
la H S 8-Cl DMA 0.046
1b H S 9-CIl DMA 0.16
1lu 4-Me (@) 2-MA 32.1
1v 4-Me(S) S 9-Cl 2-MA 0.67
1w 4-Me(R) S 9-ClI CHa—c-Pr 2.18
1z 4-i-Pr (0] 2-MA 12.6
lac  4-n-Pr O 2-MA 48.1
lai 7-Me (0] DMA 12.1
laj 7-Me O 8-Cl DMA 0.145
lak 7-Me O 9-CI DMA 0.16
lal 7-Me S n-Pr 2.43
lam 7-Me S DMA 0.078
lan 7-Me S 8-Cl DMA 0.012
lao 7-Me S 9-CIl DMA 0.023
las  4,5-di-Me(cis) (0] DMA 56.7
lat  4,5-di-Me(cis) S DMA 2.22
lau 4,5-di-Me(trans) S CHy-c-Pr 134
laz 5,7-di-Me(trans) S DMA 0.042
lba 5,7-di-Me(cis) S DMA 1.15
l1bb 5,7-di-Me(R,R; trans) O 9-CI DMA 0.23
lbc 5,7-di-Me(R,R;trans) S 9-CI DMA 0.48
lbg 4,7-di-Me(trans) S DMA 25.8
lbg 5-Me(S) S 8-Cl DMA 0.005
lbs 5-Me(S) O 9-CI DMA 0.18
1bt  5-Me(S) S 9-CIl DMA 0.043
lbu 5-Me(S) S 9-Cl CHa—c-Pr 0.034
lbv  5-Me(S) S CHa-c-Pr 0.060
lbx  5-Me (0] n-Pr 59.7
lby 5-Me S n-Pr 1.67
lbz 5-Me (0] 2-MA 34.7
lca 5-Me S DMA 0.097
1cb  5-Me(S) (0] DMA 3.32
lcc  5-Me(S) S 2-MA 0.026

10 T T T T
21 steroids
CBG binding affinity °
Gasteiger charges
B o
k] o ®o
® o
o o
r 8. 0
0 o7 2
= 0.674 (2)
o
4 ? ! i ! !
4 5 6 7 8 9 10

measured (log(1/K))

Figure 4. Predicted vs actual binding for the corticosteroid
binding (cbg) affinities of the 21 steroids shown in Figure 2.
Electrostatic moments calculated from Gasteiger charges.
Partial least squares (PLS) cross-validated leave-one-out r?'s
given along with the optimal number of components.

tbg binding data is qualitatively maintained, the more
significant predictability associated with the cbg data.
The ab-initio calculations also yield greater r? values
for the steroids than obtained with the calculations
utilizing Gasteiger charges.

Table 6 lists the results for the five different molecular
series investigated. Three separate calculations have
been performed for each molecule: one utilizing Gasteiger
charges,%22 one utilizing AM1 MOPAC Mulliken
charges,!® and one utilizing the dipolar and quadrupolar
moments obtained directly from the Gaussian 9220
extended molecular orbital ab-initio basis. The choice
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Table 62
Partial Least Squares (PLS) Cross-Validated r?'s
21 steroids 31 steroids
method cbg tbg cbg 15 imidazoles 49 benzoic acids 37 carbolines, etc. 33 TIBO’s
Gasteiger 0.674 (2) 0.412 (2) 0.559 (1) 0.788 (2) 0.398 (1) 0.493 (4) 0.468 (1)
—0.054 0.485 —0.041 —0.896 0.126 —-0.112 —0.232
AM1 Mulliken 0.822 (2) 0.442 (2) 0.675 (8) 0.722 (2) 0.567 (5) 0.378 (2) 0.374 (2)
0.100 0.162 0.000 —1.839 0.137 —0.115 —0.398
6-31G*/STO-3G* 0.828 (3) 0.693 (4) 0.689 (6) 0.698* (2) 0.690* (13) 0.394 (2) 0.358 (2)
—0.101 0.028 —0.086 —0.117 0.173 —0.188 —0.395
a8 An asterisk indicates that an STO-3G* basis has been utilized in the ab-initio calculation.
12 ; T 1 12 |
21 steroids 21 steroids
TBG binding affinity TBG binding affinity
10 |- Gasteiger charges - 10 |- g31G* N
3 T 3 ° o
§ 8 feled ooo T % 8 e o o 1
a ° 87, 5 oo ©
sl i oo o ] ol / O%o i
o ?=0412 2 9 2= 0.693 (4)
4 | | ! 4 | I |
4 6 8 10 12 4 6 8 10 12

measured (log(1/K))

Figure 5. Predicted vs actual binding for the testosterone
binding (tbg) affinities of the 21 steroids shown in Figure 2.
Electrostatic moments calculated from Gasteiger charges.
Partial least squares (PLS) cross-validated leave-one-out r?'s
given along with the optimal number of components.

10 T T T T T
21 steroids
CBG binding affinity
6-31G* o
8- ° B
=
-
[<d
a o o
6 o o T
o
2 _
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4 ? ! l ! 1

measured (log(1/K))

Figure 6. Predicted vs actual binding for the corticosteroid
binding (cbg) affinities of the 21 steroids shown in Figure 2.
Electrostatic moments obtained from 6-31G* ab-initio quan-
tum chemistry calculations. Partial least squares (PLS) cross-
validated leave-one-out r¥s given along with the optimal
number of components.

of either an STO-3G* or 6-31G* basis was dictated by
the ability to use the built-in Gaussian 92 basis set for
every element in the molecular series under investiga-
tion. Bromine substituents therefore precluded utiliza-
tion of the 6-31G* basis for the imidazole and benzoic
acid series. Results are also shown for 31 steroids,
namely the previous 21 with the additional 10 (Figure
3) treated in the original CoMFA study® as well in
subsequent studies.®% In contrast to the other studies
involving the 10 additional steroids, we have obtained
r2 for the leave-one-out cross-validated PLS procedure
for the entire set of 31 molecules. All other r?’s have
also been obtained with the leave-one-out cross-valida-
tion PLS procedure. The number of optimal PLS
components is listed in parentheses.

Below each entry we have also listed the r2 obtained
for a contrived “data-shift”. Since CoOMMA is a new
method for performing 3D-QSAR and there has been
concern for chance correlation using PLS,23 we have

measured (log(1/K))
Figure 7. Predicted vs actual binding for the testosterone
binding (tbg) affinities of the 21 steroids shown in Figure 2.
Electrostatic moments obtained from 6-31G* ab-initio quan-
tum chemistry calculations. Partial least squares (PLS) cross-
validated leave-one-out r¥s given along with the optimal
number of components.

performed the following check with respect to all of the
cross-validated r?'s reported in Table 6. After each 3D-
QSAR analysis is performed, another analysis has been
performed for a set of contrived experimental data in
which the first entry of the table is assigned to the last
molecular structure of the table and each of the other
data entries is shifted to the row above and hence
registers with a different molecular structure from
which the measured property corresponds. In other
words, the experimental entry or dependent variable of
the second row now appears as the data entry of the
first row, the third entry as the data entry of the second
row, and so forth until the entire molecular spreadsheet
is reassigned. Such data-shift is seen to significantly
diminish the correlation between predicted and mea-
sured activity in every case except one. Consequently,
the values of the cross-validated PLS r? entries listed
in Table 6 suggest that there is a significant correlation
between the measured chemical/biological activities of
the molecular series and the values of the CoOMMA
descriptors.

Fifteen imidazoles have been included in the training
set instead of the 16 treated previously'?13 since the
reported?425 2-(2-pyridyl)imidazole acid dissociation
constant is for the ionic protonated species. Further-
more, for this molecular series, only 11 descriptors have
been utilized, since all of the 15 molecular structures
are essentially planar, the only atoms above or below
the plane being hydrogen atoms associated with alkane
substituents. As a consequence, the number of mol-
ecules in all of the training sets is greater in number
than the number of descriptors. While standard mul-
tiple regression procedures could, therefore, have been
utilized, PLS, singular value decomposition (SVD),2¢ or
some other statistical procedure is essential due the
highly correlated nature of the moment descriptors. On
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the other hand, the small number of descriptors provide
computational turn around for the small sets of mol-
ecules examined that appears close to instantaneous.

The 49 substituted benzoic acids consist predomi-
nantly of planar species. On the other hand, there are
a number electronegative substituents located on either
side of the aromatic plane. Consequently, deleting
descriptors in a manner analogous to that performed
for the imidazoles, i.e., descriptors that signal only the
presence of these nonplanar substituents was not found
to change the calculated r? by any significant amount.
The results shown in Table 6 for the substituted benzoic
acids are, therefore, results obtained with the full set
of 13 descriptors.

The relatively low r? obtained for the g-carbolines,
dipyridiindoles, and CGS compounds is not surprising
since modulation of these structures is mainly a conse-
quence of moving methyl groups to different substituent
locations or by the attachment of different alkyl chain
lengths at a particular location. Such modifications hold
little consequence for modulation of the electrostatic
molecular properties. Within the S-carboline series
alone, the present method yields no predictive informa-
tion above that obtained by calculating the average
dosage. Since this molecular series is also essentially
planar, only 11 descriptors have been utilized as for the
imidazole series.

The 33 TIBO molecules selected for study have been
taken from Table 1 of ref 15. This table is composed of
81 molecules. The selection was determined by neglect-
ing all molecules observed to be relatively inactive as
characterized by a greater than (>) symbol in the 1Csg
dosage column. Also neglected were all molecules with
the dosage footnoted to indicate a significant spread in
certain of the I1Csg dosage results. Furthermore, since
molecular structures have not been determined for
almost all of the molecules of this series, a common
structural scaffold was assumed for all 33 molecules and
a single conformation was adopted for the seven-
membered ring. NMR studies in solution over a range
of temperatures including room temperature for a TIBO
precursor R7836227 and for R8291328 suggest confor-
mational flexibility of this seven-membered ring. Sub-
stituent chiral designations listed in Table 1 of ref 15
were incorporated during model building. All calcula-
tions were performed for the unprotonated neutral
species. With these approximations in mind for the
TIBO series, it is of interest that we are able to obtain
the predictive r2 values listed in Table 6. Note that the
data-shift imposed on this series destroys the predictive
ability of the calculation.

One should note that the comparison of cross vali-
dated r?'s for a particular molecular series calculated
with several different charge distributions is not suf-
ficient to guarantee consistency. It is also necessary to
compare the relative importance or selectivity of the
descriptors in determining the chemical/biological activ-
ity variances. We are currently investigating selectivity
and consistency with respect to several different ways
of obtaining electrostatic moments. Since there are no
lists of measured moments for the types of molecular
series we are investigating, a strategy to suggest valid-
ity of the moment calculations will be based upon
consistency, i.e., the ability of the different moment
calculations to yield similar sets of descriptors predomi-
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Table 7. Quadrupolar Descriptors?

molecule pKa Oxx Qyy
1 3.82 0.837 0.205
2 2.30 0.640 0.042
3 7.12 0.135 1.247
4 8.54 0.663 0.042
5 —0.48 —0.244 —0.576
6 3.79 0.898 0.153
7 3.55 0.772 0.161
8 7.73 1.228 0.038
9 2.40 0.681 0.044
10 6.99 1.338 0.114
11 7.86 1.344 0.017
12 8.46 1.922 0.377
13 -0.81 —0.408 —0.669
14 6.48 2.794 0.000
15 5.95 2.229 0.001

a Quadrupolar units are A2,
\ /

Figure 8. Amine- (a) and nitro-substituted (b) imidazoles.
Filled in circle represents the location of the center-of-dipole.

nantly responsible for the observed biological or chemi-
cal activity variances.

In connection with issues of selectivity and consis-
tency of descriptors, we will describe initial results
obtained for the 15 imidazoles. Utlizing only the five
descriptors gyx, dyy, Ix, ly, and I, obtained from the STO-
3G* calculations yields a predictive cross-validated r?
value of 0.772(2), an increase over the value of 0.698(2)
in Table 6 obtained with all of the 11 descriptors of the
imidazole series. This is the maximum that can be
achieved by variable selectivity among the 11 descrip-
tors. The AM1 MOPAC calculations similarly select
these variables as important. Utilizing only the two
descriptors gy and qyy yields a predictive cross-validated
r? of 0.690(2), which indicates that these two descriptors
are responsible for the major correlation with the
observed pK, of this molecular series. Table 7 lists the
observed pK, and the two descriptor values for this
molecular series. One notes a correspondence between
the pK, values and values of the descriptors, namely,
the larger the value of pKj,, the larger the values of the
descriptors. The amine- and nitro-substituted imida-
zoles, molecules 12 and 13, illustrate an interesting case
in contrast. Figure 8 shows a diagram of these molec-
ular structures along with the inertial axes translated
so that the origin is at the center-of-dipole. The center-
of-dipole is shown as a small filled-in black circle in the
figure. The center-of-dipole of each molecule is either
at or near the ring carbon to which the substituent is
bound. The z direction of the inertial axes is into the
paper. The x inertial axis with the amine substitutent
is along the bond between the ring carbon atom and
substituent nitrogen atom. The negative value of the
guadrupolar moments for the nitro substituent is a
result of the extensive delocalization of electronic charge
about this center and is directly a consequence of the
electron-withdrawing character of the nitro substituent
and the presence of the oxygen atoms at distal locations
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Table 8
CoMMA pre CoOMMA
21 steroids, chg 0.828 (3) 0.686 (3)
21 steroids, thg 0.693 (4) 0.399 (2)
31 steroids 0.689 (6) 0.333 (1)
imidazoles 0.698 (2) 0.258 (3)
benzoic acids 0.690 (13) 0.472 (1)
carbolines, etc. 0.394 (2) 0.448 (3)
TIBO'’s 0.358 (2) 0.314 (1)

from the center-of-dipole. The large positive values of
the moments arising with the amine substituent are
directly related to the proximity of donated electron
charge to the center-of-dipole.

Finally, since we have not only pointed out that
quadrupolar descriptors complete the set of mass and
charge descriptors up to and including all moments of
second order, but have tacitly suggested that sets of
descriptors based upon such moments require the
second order quadrupolar moments to yield significant
3D-QSAR predictability, we will show results obtained
with and without these descriptors. Table 8 lists
predictive r2 values for the seven different sets of results
already listed in Table 6. We have reproduced the
predicted cross-validated results obtained with moments
obtained only from the ab-initio calculations. Presum-
ably, these are the most reliable. Another column is
shown and labelled Pre COMMA, namely, results that
one might have obtained with information not requiring
the new identification? of center-of-dipole and related
quadrupolar values and axes. Prior to this identifica-
tion, six descriptors, namely, g, Qxx, Oyy, dx, dy, and d,
could not have been defined. So the Pre CoMMA
calculations utilize only the seven descriptors px, py, Pz,
p, I« ly, and I,. One notes the significant deterioration
in nearly every case. Again, it is of interest that the
carboline, dipyridodiindoles, and CGS compounds ap-
pear relatively unaffected for reasons previously alluded
to. On the other hand, selecting important variables
from the 11, inclusive of the quadrupolar descriptors,
yields a predictive cross-validated r? of 0.492(7) for this
series.

7. Discussion

One might ask: In what category, if any, might
CoMMA be placed with respect to other 3D-QSAR
procedures? Since procedures such as CoMFA, COM-
PASS, and molecular similarity matrices involve a
detailed local description of molecular steric as well as
electrostatic features, perhaps CoMMA might be as-
signed a category intermediate to a global scalar Hansch
type QSAR or other such procedure and the 3D-QSAR
procedures detailing the local features. Perhaps it
might be considered a global 3D-QSAR procedure.

Since previous 3D-QSAR procedures have focused on
detailed local molecular features and presumably yielded
specific spatial information concerning molecular re-
gions intimately involved in ligand—receptor binding,
one might asky why CoMMA works at all since all of
this very important and relevant information is not
dealt with explicitly. While we cannot, at present,
answer this question in the depth to which it deserves
to be answered, one might suggest the following. First,
utilizing inertial, dipolar, and quadrupolar moments
incorporates, at some very fundamental level, informa-
tion concerning how a molecule will respond to applied
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torques as well as to uniform and gradient electric fields
at the receptor site during the process of docking. For
example, it has been suggested that the flexible polar
side chains at the entrance to the non-nucleoside
inhibitor binding pocket of nevirapine, TIBO R86183,
and other nnrti's?® may help steer the inhibitor molecule
into the pocket. One might expect such incorporation
of the ligand into the receptor site to be dependent upon
the spatial relationship between the global molecular
shape and charge distribution of the ligand. CoMMA
descriptors incorporate the relationship between such
features concisely. Second, even though explicit detailed
local spatial information relating to ligand—receptor
binding is not explicitly present in the CoOMMA descrip-
tors, such information is implicitly present in an aver-
aged manner.

Finally, since COMMA provides two Cartesian refer-
ence frames, namely, the principal inertial and quadru-
polar axes, one might utilize either of these frames to
reference local molecular features and therefore elimi-
nate the necessity of molecular superposition in devel-
oping descriptors for a local 3D-QSAR analysis. In
particular, one might reference the CoMFA grids of
different molecules to their respective principal inertial
frames. This would be, in some sense, the analog of
structural superposition, whereas referencing local de-
scriptors to the principal quadrupolar axes would be,
in some sense, the analog of a field-fit superposition.

8. Conclusions

The primary objective of the present paper has been
to demonstrate that internal molecular 3D shape and
charge descriptors can be defined that enable rapid and
predictive 3D-QSAR analyses without the requirement
of molecular superposition, i.e., without requiring a
comparison between different molecules. Such descrip-
tors utilize spatial moments of the molecular mass and
charge distributions up to and including second order
as well as related quantities. The ability to calculate
the second-order moments of the charge distribution of
neutral molecules for the purpose of comparison de-
pends critically upon the ability to define an appropriate
center of electrostatic multipolar expansion. Finally, it
will be of interest to determine the utility of such small
concise set of descriptors in addressing issues of large-
scale screening as well as molecular diversity. Future
investigations should lead to a clearer understanding
of the utility, strengths, and weaknesses of the proposed
method.
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