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The 3-D quantitative structure—activity relationships/comparative molecular field analysis
(QSAR/CoMFA) paradigm, which considers the primary importance of the molecular fields in
biological recognition, is now widely used to analyze and predict receptor-binding properties
of various ligands. CoMFA was applied to build 3-D QSAR models of substituted estradiol—
receptor interactions, employing 3-D molecular databases of more than 40 molecules. Ligands
included the 17a-ethynyl- and isomeric 170(20E/Z)-(iodovinyl)estradiols and their 7a-, 115-,
and 128-methyl (-methoxy) and -ethyl (-ethoxy) derivatives as well as selected 2- and
4-halogenated analogs. The influence of different CoMFA descriptors was studied in order to
achieve the highest possible cross-validated 72, as derived from partial least-squares calculations.
Special emphasis was put on the analysis of the nature of H-bonding (donor/acceptor)
interactions. The model with the best predictive performance (»? = 0.895) was used to visualize
steric and electrostatic features of the QSAR (standard deviation*coefficient contour maps)
and to predict receptor-binding affinities (RBA) of substituted estradiols other than those
included in the original database. Twenty-seven test molecules were selected, including five
which had previously been reported by other investigators. For the latter, a very good
correlation with literature RBA values was obtained, which together with the high cross-
validated r? provides evidence for the high predictive capacity of the model. Among the
unknown structures, the model suggests several new substitutions to derive at reasonable

affinity ligands for the estrogen receptor.

Introduction

The biological action of steroid hormones and their
primary interactions with receptor proteins have been
topics of much interest over the years. Particularly
elucidation of the structural requirements which facili-
tate binding of the steroid molecules to their receptors
has actively been persued as a means to develop novel
therapeutic and diagnostic agents. However, the lack
of resolved crystallographic structures of most of the
cytoplasmic steroid receptors has hampered a complete
understanding of the underlying physicochemical mecha-
nisms of steroid hormone—receptor interactions. On the
basis of the general assumption that noncovalent forces
dominate receptor—drug interactions, and that these
forces can be described in terms of steric and electro-
static effects, new approaches have been developed to
compensate for the absence of detailed protein structure
information and to correlate drug structures to biological
activities. The method of Cramer et al.l2 provides 3-D
quantitative structure—activity relationships (QSAR)
using comparative molecular field analysis (CoMFA).
The procedure involves partial least-squares (PLS)
statistics to compute separately the contributions of
steric (shape) and electrostatic (electronic) molecular
field lattices, providing physical parameters which can
than be correlated to specific biological properties of the
molecules.1>¢ In their pioneering study, Cramer et al.l2
applied this methodology to examine and predict bio-
logical properties of steroid analogs toward testosterone-
and corticosteroid-binding globulins. A more recent
study uses the QSAR/CoMFA technique to elucidate
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progestin and androgen receptor-binding properties of
substituted steroids.!d This approach is now widely
used to predict binding affinities of modified ligands to
various receptor proteins and enzymes.2

Halogenated estrogens have been extensively studied
as radiopharmaceuticals for receptor imaging in the
management of endocrine cancers.® In addition to a
high receptor-binding affinity, design of such agents
requires a rapid labeling step to introduce a short-lived
radioisotope as the final structural modification. Among
the different procedures to functionalize the parent
estradiol molecule, radioiodination at the 160.-¢ or 17a-
vinyl-positions® was found particularly promising. The
resulting derivatives exhibit good receptor-binding prop-
erties and in vivo stability, and several analogs were
shown to exhibit target tissue selectivity. Since the
main metabolic pathways of estrogens involve modifica-
tions of the A- and D-rings of the steroid backbone,
appropriate substitutions at these sites can further
improve uptake by estrogen receptor-rich tissues.®
Thus, introduction of fluorine atoms at the 2- or 4-posi-
tions on the steroid A-ring was shown to alter target
tissue selectivity of the radiolabeled ligand.” On the
other hand, substitutions onto the 7a- and 113-positions
on the steroidal B- and C-rings are known to diminish
nonspecific binding and increase the stability of the
steroid—receptor complex, resulting in favorable biodis-
tribution of the ligand for imaging purposes.®®

In view of the large amount of structure—activity
information available for halogenated estrogens and
their receptor-binding properties, it is now possible to
build a molecular database and derive a QSAR/CoMFA
model for 3-D space mapping of the interactions of
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estradiol derivatives with the estrogen receptor (ER).
Furthermore, correlating receptor-binding properties of
modified steroids in terms of QSAR/CoMF analysis
allows us to predict the biological properties of unknown
analogs. The estradiol (Es) derivatives used in the
present study were selected to represent a basic set of
over 40 molecules covering characteristic steroid sub-
stitution patterns, including the effect of (i) stereose-
lectivity in the case of the 17a-ethynyl (EE2) and
isomeric 17a(20E/Z)-iodovinyl (IVE2) substituents, (ii)
electron-withdrawing groups and steric bulk (F, Cl, Br,
and I atoms) at 2-, 4-, and/or 17a(20E/Z)-positions, and
(iii) electron-donating groups (CH30 and CsHs;0) and
neutral groups (HsC and CoHs) at 113-, 123-, and 7o.-
positions of the steroid skeleton. To obtain 3-D struc-
tures and electronic charge distributions, semiempirical
molecular orbital computations were employed using
MOPAC software (MNDO parametrization). The re-
sultant steric and electronic properties of the computed
molecules were analyzed with the graphics, geometry,
and molecular mechanics tools of the SYBYL graphics
interface (Tripos Assoc.). The molecular parameters
were then combined with the known relative receptor-
binding affinities (RBA) of the steroid derivatives to
build the corresponding QSAR tables. CoMFA was
performed using the PLS method, as included in the
SYBYL/QSAR module.

Chemistry and Biological Data

The main set of estradiol derivatives which we used
to build the QSAR/CoMFA model consists of 40 mol-
ecules, previously synthesized in our laboratory (Figure
1). They include a series derived from 17a-ethy-
nylestradiol, A-ring-fluorinated estradiols,’® 115- and
7o-substituted analogs,52® and a group of molecules
featuring 17a-chloroethynyl or 17a-chlorovinyl substitu-
ents!® (1—-40). Their RBA for the ER were used as
explicit biological data (column) in the QSAR tables. All
RBA values were obtained under identical experimental
conditions, using a competitive binding assay with [?H]-
estradiol.l! Initial CoMFA training runs with these 40
estradiol derivatives indicated that the QSAR model
was sensitive to electrostatic but not steric interactions
about the A-ring. Therefore, four additional molecules
were added to the database, including 2-iodo(bromo)-
and 4-iodo(bromo)-substituted estradiols (41—44) (Fig-
ure 1). Only for these latter molecules RBA values were
taken from data reported by others.l? The resulting
database of 44 molecules was employed to derive at the
final QSAR/CoMFA model, which was used to analyze
ER-binding properties and predict RBA values of es-
tradiol derivatives not included in the database. The
structures of these selected “unknowns” are shown in
Figure 2. They include five test compounds (45—48 and
51) of which the RBA values are reported in the
literature,®1? allowing us to judge the predictive capa-
bility of the model. The remaining molecules are
estradiol derivatives which have not previously been
reported, providing an example of how the model can
be used for practical purposes.

Computational Methods

3-D Molecular Databases. All molecular modeling and
CoMFA analyses were performed using SYBYL (versions 5.5
and 6.01)!4? on IBM RISC 6000 UNIX workstations. Because
of the relative rigidity of the steroid nucleus, the molecular
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structures of the estradiol derivatives were build starting from
the unsubstituted estradiol (E;). The atomic coordinates of
E; were retrieved from the Cambridge Structural Database.!®
Low-energy conformations were determined by molecular
mechanics with systematic search in the torsional space
(MAXIMIN2 and SEARCH options of SYBYL) employing
unmodified TRIPOS molecular mechanics force field. The
resulting interatomic coordinates were used for computing the
final molecular structures by means of semiempirical molecu-
lar orbital computations by MOPAC (versions 5.5—6.0) apply-
ing MNDO (modified neglect of diatomic overlap) Hamil-
tonian.!® These were performed by full geometry optimization
(all bonds, all angles), and the output options included bond
order analysis, 7—o compositions, and Mulliken atomic charge
population.!” Partial molecular charges of one molecular
database were also computed using the empirical Gasteiger—
Hiickel method,!® and the results were compared with those
obtained by MOPAC.

3-D QSAR Studies by the COMFA Method. CoMFA was
performed with the QSAR module of SYBYL. Typically, steric
(Lennard—Jones) and electrostatic (columbic) potentials were
sampled for a grid of points in space around molecules and
evaluated at lattice intersections of the grid witha 1 or 2 A
step size, a sp® hybridized carbon atom probe, and hydrogen
or oxygen carrying formal charges of 1.0 and —1.0, respectively.
The CoMFA lattice dimensions were 20 x 20 x 20 A (x, y, 2=
—10—+10 A) with 9261 points for a grid step of 1 A. This grid
region overlapped all entered molecules (aligned in the data-
base) and extended beyond their van der Waals envelopes by
at least 3—4 A along all axes. A smaller region size and/or a
greater grid step, as a rule, resulted in lower predictive
capability of the model. The cutoff value for both steric and
electrostatic interactions was set by the SYBYL default (30
kcal/mol). Several molecular alignment rules were tested
during this study: field-fit minimization; restricted field-fit
minimization with imposed A-, B-, C-, and D-ring carbon atom
constraints; and root mean square (rms) fit of the backbone
carbon atoms from the A-, B-, and C-rings of the steroid. The
linear QSAR expressions from CoMFA computations were
derived by the PLS analysis algorithm of SYBYL, in conjunc-
tion with the cross-validation. These calculations provided the
optimal number of components required for a model with the
best predictive properties, as indicated by the highest correla-
tion (predictive r2) values.!* PLS analyses with the descriptors
obtained from cross-validated runs were used to afford con-
ventional r? values and verify “robustness” of the CoMFA
(bootstrapping). For most computations, the predictive RBA
values were cross-validated using 40 cross-validation groups.
Thus, each compound was predicted from a model that used
all other compounds. Minimum o values in field calculations
were set to 2 throughout this study. Under these conditions,
the computational index (UNIX 6000 RISC IBM computers)
for cross-validated runs was as high as (20—30) x 106,

Results

Molecular Structures. Figure 3 shows superim-
posed energy-minimized structures of EEy and 20E/Z-
IVE, (Figure 3a) and their 7a-Me-2(4)-F (Figure 3b) and
113-OMe(OCqH;) (Figure 3c) derivatives, together with
E, as template, obtained from MNDO computations.
Introduction of the different substituents onto the Ej
template results in subtle perturbations of the overall
conformation of the steroid skeleton. The most pro-
nounced structure deviations occur upon 17a-substitu-
tions about the D-ring and include a small displacement
of the 178-OH group, the 15- and 16-hydrogens, and the
spatial orientation of the methyl at C-13. Substitutions
at the 7a- and 11B3-positions influence slightly the
conformation of the B- and C-rings. Substituents at the
2(4)-positions did not result in any distortion of the
steroid backbone (Figure 3b).

In the case of the 17a-vinylestradiols (VEs), two local
energy minima were obtained such that the vinyl side-
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Figure 1. Forty-four substituted estradiol structures used to perform the QSAR/CoMFA,

chain orientation is determined by torsional angles (C-
16,17,20,21) close to either —145° or —100° (anticlinal
conformations). The energy of the molecules with a
torsional angle of —100° is about 2—4 keal/mol lower as
compared to those with a —145° angle. The two sets of
conformers (rotamers) were held in different databases
to build separate QSAR tables, and the CoMF analyses
were performed and compared (see below). The orienta-
tion of the 175-OH group of our derivatives was char-
acterized by a torsional angle of 72.1° (Es), 62.0° (EEy),
and 54—55° (VEg, 20E/Z-IVEs). The 3-D spatial orien-
tations of the bulky substituents on the 115-position
(OCHj;, OCoHs, and CoHs) of the various derivatives

were also studied using a molecular mechanics approach
(systematic search in the torsion angles space). No
minimum energy conformations were found which dif-
fered significantly from those computed by MNDO, and
therefore, the molecular structures were retained in the
database as obtained from the MOPAC optimization.

In contrast to the relatively small conformational
changes of the Es skeleton described above, the various
substituents induced significant changes in the electron-
charge distribution. This influenced the patterns of the
isopotential surfaces surrounding the molecules and
changed both the absolute value |D| and the orientation
of the molecular dipole (D,, Dy, and D). Figure 4 shows
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Figure 2. Structures of estradiol derivatives for which
estrogen receptor-binding affinities were predicted from the
QSAR/CoMFA model.

isopotential maps (£1.0 kcal/mol electrostatic potentials)
of several model structures. The molecules were se-
lected to exemplify the effect of electron-withdrawing
and steric bulk atoms, i.e., at the 21-position (CI and I)
of the 17a-ethynyl and -vinyl group, the 113-position
(methoxy and ethoxy), and the 2(4)-positions (F), and
of a neutral substituent (CH3) at the 7a-position. The
addition of a 17a-ethynyl group changes significantly
the positive isopotential contour around estradiol and
introduces a new electronegative region around the
D-ring (Figure 4a). Introduction of the (20E)-iodovinyl
group induces a similar effect, while in the case of the
20Z-isomer the positive isopotential surface shape
seems less perturbed as compared to the parent mol-
ecule (Figure 4a). It is interesting to note that the
presence of a 113-OMe group influences the electrone-
gative surface about the A-ring such that the resultant
electronegative cavity, which originates from the 3-OH
group, is extended toward and joined with the field of
the 115-OMe (Figure 4b). The field effect observed upon
A-ring fluorination of the isomeric IVE; was similar to
that observed for the analogous 16a-iodoestradiols.”™ A
substantial extension of the 3-OH electronegative cavity
is observed when the 4-hydrogen is substituted by
fluorine. A very different electronegative potential
pattern is induced when the 2-hydrogen is substituted
by fluorine. In the latter case, the enlarged electrone-
gative cavity is divided by a protruding electropositive
surface (Figure 4b). If partial atomic charges were
computed using the Gasteiger—Hiickel empirical
method,'® higher negative charges were assigned to the
iodine atoms on the isomeric 17a(20E/Z)-iodovinyl
derivatives and the 2(4)iodo-substituted estradiols (data
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not shown). In general however, as also observed by
others,!* QSAR/CoMFA results did not significantly
depend on the method used for charge computation (see
below).

QSAR and CoMF Analyses. Several QSAR tables
were built with rows representing individual estradiol
derivatives (from 1-40 to 1—44, Figure 1). The first
column of all QSAR tables incorporated experimental
RBA (“explicit data”, Tables 2 and 3), and all other
columns were derived from CoMFA, except for QSAR
run 3, which included four additional columns repre-
senting molecular dipoles (x-, -, and z-components and
absolute value of the total dipole, |D|). Because of the
dependence of the relative interaction energies from
molecular orientations in space, positioning molecular
structures within a fixed lattice (molecular alignment)
is the most important variable in CoMFA. Although in
the study of Cramer et al.!2 (see also SYBYL tutorial
program!®) the “field-fit” minimization procedure is
recommended as a molecular alignment rule, we found
that the latter in our case did not give optimal cross-
validation results (lower predictive r2). This likely
reflects the rigidity of the steroid skeleton, whose
conformation is little affected by the different substitu-
ents. Among our trials, the best results were obtained
using the rigid body rms fit of all skeleton carbon atoms
of the A-, B-, and C-rings but omitting those of the
D-ring (Figure 3). Attempts to keep steroid skeleton
carbon atoms as constrains using restricted “field fit”
in the presence of atomic aggregates were unsuccessful
due to difficulties in achieving conversion criteria.
Cramer and co-workers!? noted that changes in lattice
spacing impacted on the output CoMFA results. Their
cross-validated r2 values indicated that a spacing of 2
A between lattice points is a good choice for the steroid
derivatives employed. In contrast, our trials showed
that decreasing lattice spacing, e.g., from 2 to 1 A,
caused significant improvement of the CoOMFA results,
but this decrease required a 30—50-fold increase in the
total computational time.

Table 1 summarizes results obtained from several
CoMFA performed under different conditions (QSAR
runs): rigid body A-ring carbon rms mulitifit (run 1);
A-, B-, and C-ring carbon atom rms multifit (runs 2—7);
full field fit (run 8); or field fit with A-, B-, and C-, and
D-ring skeleton carbon atoms constrained as an ag-
gregate (run 9). QSAR runs 6—14 differ from runs 1-5
in that the molecular database was constructed from
17a(20E/Z)-iodovinyl derivatives in which the torsional
angle (C-16,17,20,21) was —100° (vs —145° in runs 1—5).
The QSAR table (run 3) includes four additional col-
umns consisting of molecular dipoles. CoMFA using
steric or electrostatic fields only were also performed
(runs 4 and 5, respectively). QSAR runs 10—14 were
evaluated using a molecular database containing four
additional molecules, e.g., 41—44 (Figure 1). Runs 11—
14 differ from the other 10 in that the explicit data were
introduced as In(RBA). In most cases when the C atom
was used as a probe, reasonably good CoMFA data vs
RBA values were obtained with a cross-validated r2
higher than ~0.6. In run 8, all molecules were aligned
using field fit with subsequent MAXIMIN2 force field
minimization. It is noteworthy, however, that the latter
procedure strongly reduced the number of components
required for optimal prediction, which obviously reflects
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Figure 3. Orthographic stereoviews of overlapped 3-D structures (A-, B-, and C-ring rms fit) of estradiol derivatives: (a) template
estrogen, Es (cyan), EE, (red), 20E-IVE; (green), and 20Z-IVE; (magenta); (b) E, (cyan), 2-F-Ta-Me-EE; (red), 4-F-Ta-Me-20Z-
IVE; (green), and 2-F-Tu-Me-20E-IVE, (magenta); and (c) E; (cyan), 113-OMe-20E-IVE; (red), 113-OMe-20Z-21-Cl-IVE; (green),
and 113-OEt-EE; (magenta).

the reduced complexity of the model. The introduction depend on their 3-D electronic structures. If CoMFA
of molecular dipoles as additional independent columns was performed using steric or electrostatic fields inde-
in CoMFA (QSAR run 3) did not significantly improve pendently, fields correlated somewhat better with ex-
the predictive power of the model. This is to be perimental RBA (runs 3—5). In a separate database of

expected, since the dipoles of individual molecules 40 estradiol molecules, the partial atomic charges were
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Figure 4. Orthographic stereoviews of electrostatic isopotential contours, 1.0 keal/mol (yellow) and —1.0 keal/mol (green): (a) E;
(top right), EE; (top left), 20E-IVE, (bottom left), and 20Z-IVE, (bottom right) (b) Ta-Me-17a-Cl-EE; (top right), 113-OMe-EE;
(top left), 2-F-20E-IVE; (bottom ]eﬁ' and 4-F-20E-IVE; (bottom right).

also computed using the Gasteiger—Hiickel method.
After performing QSAR/CoMFA, using the same align-
ment rule (A-, B-, and C-ring rms fit; run 7), no marked
improvement or distortion of the predictive/explanatory
power of the model was obtained. This is in line with
the known insensitivity of CoMFA to the method used
for computing partial molecular charges.!* The cross-
validated analyses in the case of QSAR run 11 gave the
highest r* = 0.895, and it was kept as the final output
to predict receptor-binding properties of molecules which
were not included in the database (see Figure 2).
Typical CoMFA results (RBA from cross-validated and
conventional PLS analyses) are presented in Table 2.
Figures 5 and 6 show plots of the predicted vs actual
binding affinities (RBA) and Qg-plots from the cor-
responding cross-validated and non-cross-validated CoM-
FA runs. A cross-validated r* = 0.9-1.0 indicates
excellent predictive ability of the model, and a conven-
tional r? close to 1.0 is associated with excellent repro-
duction of the data used in the model derivation (data

points in Figure 5 cluster around a line with a slope of

Although the plots shown in Figure 5 may mistak-
enly be interpreted as a two-point fit problem, our
studies with different molecular subpopulations (e.g.,
omitting the four molecules, 41—44, with In(RBA)
between —0.5 and 1.0) gave the same overall distribu-
tion pattmn for the remaining 40 molecules. This is
exemplified by the high observed r? (e.g., compare runs
6 and 10 in Table 1) with data points in the theoretical
vs measured RBA well clustered around a line with a
slope of 1. Molecules for which experimental binding
values deviated strongly from the predicted RBA (QSAR
run 11) are positioned at both ends of the Qg-plots, e.g.,
5, 6, 8, 22, and 25 (Figure 6). The structures and
alignments of these molecules were re-examined for
conformity. Since the omission of the latter molecules
from CoMF analyses did not improve substantially the
predictive capacity (r?), these molecules were retained
in the model used for predicting unknown RBA.



4170 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 24 Gantchev et al.

Table 1. Selected Results of QSAR/CoMFA Studies with Different Input Variables, Alignment Rules, and Field Components (For
structures of the estradiol derivatives 40—44, see Figure 1)

CoMFA
cross-validated conventional
fields optimal no. std. error
QSAR input (steric and std error of of of
run ne. compds alignment rule variables electrostatic)  groups predictions components r?2  estimate r?
1 1-40 A-ring rms fit RBA both 25 18.2 11 0.622 8.2 0.941
2 1-40 AB,C-rings rms fit RBA both 40 17.3 10 0.652 7.4 0.936
3 1-40 A,B,C-rings rms fit RBA D(x,y,2)® both 40 19.1 20 0.694 2.8 0.994
4 1-40 AB,C-rings rms fit RBA steric only 40 171 14 0.767 49 0.976
5 1-40 AB,C-rings rms fit RBA electrostatic only 40 16.2 12 0.713 7.6 0.938
6 1-40¢ A B,C-rings rms fit RBA both 40 15.6 15 0.766 5.4 0.968
7 1-40° A B,C-rings rms fit RBA bothe 20 15.4 14 0.759 2.4 0.984
8 1-40* field fit (full) RBA both 40 19.7 3 0.566 14.2 0.710
9 1-40+ field fit RBA both 40 17.2 11 0.667 5.5 0.965
(A,B,C,D-rings fixed)
10 1-44° AB,C-rings rms fit RBA both 44 214 16 0.693 4.3 0.982
11 1-44¢ A B,C-rings rms fit In(RBA) both 25 0.475 11 0.895 0.158 0.988
12 1-44° A B,C-rings rms fit In(RBA) both? 12 1.21 6 0.467 0.954 0.686
13 1-44* AB,C-rings rms fit In(RBA) bothe 25 1.20 3 0.462 0935 0.591
14 1-44¢ AB,C-rings rms fit In(RBA) both/ 25 0.998 11 0.551 0.334 0.950

2 Molecular database containing a different set of 170-vinyl anticlinal oriented rotamers with a torsional angle (C-16,17,20,21) equal
to —100°. & Total dipole and its x-, y-, and z-components. ¢ Atomic charges computed by the Gasteiger—Hiickel method. ¢ Probe atom C
(sp®) with switching the dielectric function on atomic edges. ¢ Probe atom 0.3 (charge = —1) without switching the dielectric function.
fProbe atom H (charge = 1) without switching the dielectric function. QSAR run 11 was preferred for prediction of unknown RBA.
QSAR runs 1-11 were performed using a sp? carbon atom as a probe and a grid step of 1 A without switching off the dielectric function.

The molecular fields in most of above CoMF analyses
(runs 1—11) were probed using a sp® carbon atom with
a formal charge of 1. The dielectric function was
distance dependent (electrostatic energy, E = 1/r?) with
an energy cutoff lacking a transition region. In a
parallel set of molecular field evaluations, we also
mapped steric and electrostatic interactions using dif-
ferent probe atoms. Additional variables were employed
as follows: hydrogen and oxygen (O.3) probe atoms with
formal charges of 1 and —1, respectively; change of
dielectric function with a smooth transition between
“the inside” and “the outside” of the atoms; and field
averaging. These variables were particularly selected
to probe the hydrogen-bonding (acceptor or donor)
properties of the estradiols. The output from several
additional analyses are listed in Table 1 (runs 12—14).
In general, it can be noted that the substitution of the
probe atom from a sp® carbon to hydrogen or oxygen
resulted in a lower predictive capacity of the model
(lower cross-validated r2) while retaining good explana-
tory properties as confirmed by the non-cross-validated
and “bootstrapping” computations. These evaluations
were not applied for prediction purposes; instead they
were used to visualize the regions where hydrogen-
bonding interactions may be of importance. A series of
computations were also performed using various subsets
of the total database of 44 molecules in order to
discriminate between different field regions of impor-
tance in the increase or decrease of the targeting
properties. Subsets included selective omission of either
the 17a(20E)- or 170(20Z)-iodovinyl isomers or the 17a-
ethynyl derivatives. The predictive power of these
models were lower (r2 = 0.4—0.5), and therefore they
were not retained for other analysis.

CoMFA Coefficient Contour Maps. The QSAR
produced by CoMFA is represented as a 3-D “coefficient
contour map”.l2 The standard deviation/coefficient
maps (STDEV*COEFF) derived from the final model
after employing QSAR run 11 (sp?; +1 carbon atom as
a probe) are shown in Figure 7 (a, steric, and b,
electrostatic fields). These contours display 3-D space

areas, where small changes in molecular fields are
strongly associated with changes of receptor-binding
affinities. The interaction magnitudes are color-coded,
and in the case of steric fields (Figure 7a), red and
yellow contours surround regions where higher steric
interference would increase binding affinity for ER and
cyan and green contours indicate areas associated with
undesirable steric interactions, i.e., where a decrease
in steric interference would improve ER binding. To aid
visualization, the van der Waals (vdW) radii of the
various substituents, i.e., 21-1 at 17a(20E/Z)-vinyl, H
atoms of the 17a-ethynyl, 113-OMe and 7a-Me, and H,
F, and Cl atoms at 2- and/or 4-positions, are shown as
colored dotted clouds (Figure 7). The model suggests a
strong influence of the 170(20E)-vinyl and 17a-ethynyl
substituents (75—90% of total steric contributions) on
receptor-binding properties. It can also be seen that the
ER tolerates an increase of the steric bulk in the 170-
(20Z)-vinyl orientation. The interactions in the area
occupied by substituents on the 17a-ethynyl or 17a-
(20E)-vinyl groups are more complicated since steric
bulk can contribute to increase the binding affinity, but
only if the vdW radii stay within the 21-I vdW radii of
the 17a(20E)-iodovinyl group. Two areas near C-15 and
in the direction of the 178-OH also are associated with
better biological properties and most likely reflect small
changes in the D-ring geometry and/or the orientation
of 173-OH group. The subtle displacement of the 18-
methyl group on C-13, in the various estradiol deriva-
tives, does not influence the steric interactions with the
receptor. On the other hand, steric bulk with a vdW
surface larger than that of 115-OMe (e.g., ethoxy but
not ethyl) diminishes the binding affinity (cyan and blue
polyhedra). Finally, A-ring substitutions with a vdW
surface larger than the vdW volume of chlorine also
result in lower receptor-binding affinity.

In contrast to the QSAR/CoMFA model derived for
testosterone and corticosteroids,l2 our estradiol model
bearing halogen substituents shows relatively high
electrostatic contributions (normally 35—40% of total
and for some molecules close to 70%) in the overall
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Table 2. RBA Values as Obtained from the Final Cross-Validated and Non-cross-validated CoMFA for a Series of Estradiol

Derivatives (QSAR/CoMFA run 11 in Table 1)

predictions
no. estradiol derivatives experimental RBA? (%) cross-validated non-cross-validated
1 estradiol (E;) 100.0 84.1 99.0
2 ethynyl-E; (EEo) 100.0 72.6 97.2
3 170(20E)-iodovinyl-E; (20E-IVEs) 39.7 30.2 35.1
4 170(202)-iodovinyl-E (20Z-IVE2) 46.7 421 435
5 2-F-EE; 64.3 215 42.7
6 2-F-20E-IVE; 6.2 13.3 9.7
7 2-F-20Z-1IVE; 53.7 55.2 55.7
8 4-F-EE, 119.0 177.0 161.3
9 4-F-20E-IVE; 55.9 34.6 46.2
10 4-F-20Z-IVE; 66.9 77.4 72.2
11 115-OMe-EE; 15.3 16.0 15.2
12 115-OMe-20E-IVE; 27.7 27.4 255
13 113-OMe-20Z-IVE; 32.0 29.6 29.5
14 2-F-115-OMe-EE; 15.9 19.4 15.5
15 2-F-115-OMe-20E-IVE; 13.5 13.4 14.8
16 2-F-118-OMe-20Z-IVE; 27.9 34.3 275
17 4-F-115-OMe-EE; 16.7 20.6 16.5
18 4-F-113-OMe-20E-IVE; 27.7 25.4 27.0
19 4-F-113-OMe-20Z-IVE; 37.9 34.2 39.5
20 115-OEt-EE; 21.0 16.9 221
21 115-OEt-20E-IVE; 17.1 19.9 18.2
22 7a-Me-EE; 73.1 149.8 935
23 7a-Me-20E-IVE; 43.2 41.7 40.8
24 7a-Me-20Z-IVE; 44.9 58.0 50.2
25 2-F-7a-Me-EE; 33.3 17.7 26.3
26 2-F-70-Me-20E-IVE; 12.1 13.6 13.5
27 2-F-70-Me-20Z-IVE; 28.6 21.8 274
28 4-F-7a-Me-EE; 62.4 51.9 66.4
29 4-F-7a-Me-20E-IVE; 36.4 23.6 28.9
30 4-F-70-Me-20Z-IVE; 36.8 36.3 34.8
31 170-Cl-EE, 53.4 33.2 51.4
32 170(20Z)-21-CI-IVE; 494 53.6 50.7
33 118-OMe-17a-Cl-EE; 294 28.7 274
34 113-OMe-170(20Z2)-21-Cl-IVE; 35.0 419 34.8
35 118-0Et-17a-Cl-EE, 331 40.0 33.9
36 115-0OEt-170(20Z)-21-Cl-IVE; 31.7 275 31.1
37 70-Me-170-Cl-EE; 37.6 43.7 40.3
38 70-Me-170(20Z)-21-Cl-IVE; 36.8 33.4 36.6
39 2-F-170-VE; 17.6 111 18.5
40 4-F-170-VE; 73.7 68.8 70.7
41 2-Br-E, 1.2 14 0.8
42 4-Br-E; 5.0 1.7 11
43 2-I-E; 0.4 1.0 0.6
44 4-I-Ey 0.1 0.7 0.6

@ Maximum experimental errors of £11.9% (7), £11.7% (8), £16.7% (9), and +12.3% (10) and less for all other derivatives.

receptor interactions. The areas associated with the
strongest electrostatic interactions are visualized on the
electrostatic field coefficient map (Figure 7b). In the
space delineated by the 17a-ethynyl (or -vinyl) group
there is a small area (red and yellow), where increase
of the negative charge should augment binding affinity,
and a more distant area (green and cyan), where
increase of the positive charge is recommended for
increased binding affinity. In the space surrounding the
A-ring, an increase in positive charge is advantageous
for small substituents on C-2 while C-4 will tolerate
larger positive groups for better binding affinity. On
the other hand, in the area at the outer vdW radius of
the 2-Cl (cyan), an increase of the negative charge is
associated with higher binding affinity. No electrostatic
influence from 113-OMe (-OEt) substituents is recog-
nized by this model. One important feature of both
steric and electrostatic interaction field contours is their
asymmetry in respect to the A-ring plane. Finally, it
should be noted that other QSAR/CoMFA analyses
performed with QSAR runs 1-10 (Table 1) gave rise to
very similar field coefficient maps, with the only differ-
ence that models derived from runs 1—9 were not

sensitive to steric bulks within the steroidal A-ring
sphere. Similar graphic presentations of the steric field
effects were obtained using a sp® carbon with a charge
of 1 as a probe atom, with switching of the distance
dependent dielectric function at the edges of the atomic
radii, allowing a smoother field transition between the
“inside” and “outside” of a given atom (QSAR run 12 in
Table 1; graphic not shown).

To analyze hydrogen-bonding properties of the estra-
diol derivatives, we performed CoMFA by changing the
probe atom from carbon to oxygen (0.3; formal charge
= —1) or hydrogen (H; formal charge = 1) for hydrogen-
bond donor or acceptor fields, respectively (QSAR runs
13 and 14). The steric field contributions (e.g., when
C.3 or 0.3 was used as the probe atom) did not differ
significantly, but several important differences could be
distinguished when electrostatic donor/acceptor fields
were compared (Figures 8 and 9). Increasing the
positive charge in the space surrounding the 173-OH
and 170(20Z)-vinyl groups (yellow and red polyhedra)
will favor H-bond donor interactions contributing to
improve ER-binding properties. Increasing negative
charges around the 17a-ethynyl and 17a(20E)-vinyl
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Figure 5. Relationships between predicted vs experimental
In(RBA) residuals for 44 estradiol derivatives as derived from
final QSAR/CoMFA (Table 1, run 11): (a) cross-validated
models and (b) non-cross-validated models (see also Table 2).
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Figure 6. Qq-plots from final QSAR/CoMFA for 44 estradiol
derivatives: (a) cross-validated models and (b) non-cross-
validated models. Molecules for which large differences are
obtained between experimental and predicted RBA are identi-
fied by number (Figure 1).

groups (white, cyan, and green area) also contribute to
better target properties. The model also identifies

Gantchev et al.

asymmetric areas around the A-ring where changes in
the partial charges influence H-bond donor interactions
(Figure 8a). The relative contributions of the different
regions to H-bonding and ER-binding properties are
represented in Figure 8b. The region about the 173-
OH provides the highest contributions (90—100% and
50—75%) followed by the region around the 3-OH (C-
4-substituents). 3-D space positions associated with the
H-bond acceptor field (Figure 9) are complementary to
the H-bond donor field, implying that an increase of
positive charges nearby 17a-ethynyl and 170(20E)-vinyl
substituents improves ER binding. However, around
the 17a(20Z)-vinyl group, an increase in positive charge
is favored, in both the H-bond donor and acceptor fields.
In the H-bond acceptor field, the influence of the 173-
OH group is diminished while the area about the 3-OH
has become more important. Also in the H-bond accep-
tor field, our model predicts that an increase of the
positive charge about 113-substituents will augment
ER-binding properties. Figure 9b shows the relative
contributions to the H-bond acceptor field. The cyan
area (0—25%), which covers almost the whole vdW
estradiol envelope, indicates that the subtle changes at
the estradiol periphery influence H-bond acceptor prop-
erties, with the strongest contributions (favorable or not)
originating from the 17a-ethynyl group and the space
surrounding the 3-OH followed by other areas occupied
by 113-, 2-, and 4-substituents.

Predictions. The resultant QSAR/CoMFA model
(run 11) was used to predict the estrogen receptor-
binding affinities of estradiol derivatives not included
in the database (structures shown in Figure 2). Four
113-substituted (Me, Et, OMe, and OEt) estradiols (45—
48) and 118-Et-17a(20E)-IVE; (51) represent a control
group of compounds with known RBA values. Their
predicted RBA are in very good agreement with experi-
mental values. The remaining estradiol derivatives
(Figure 2 and Table 3) were not previously reported, and
their RBA values are unknown. From the calculated
values, it follows that 115-Me(Et)-170(20Z)-IVE; (50
and 52) are the most promising iodinated derivatives
in the series. The model predicts that addition of a 124-
Me group to IVE; results in a 2-fold lower RBA, as
compared to 50 or 52. Although the predictions for the
A-ring (2- and 4-halogens)-substituted estradiols (55—
66) show that these derivatives are not of practical
importance (low RBA), the data illustrate to what extent
steric and/or electron-withdrawing properties of the
substituents interfere with receptor binding. While
atoms and groups with a large vdW surface (I, Br, or
CHs) reduce the binding affinity very strongly, the more
electronegative Cl atom (or F atom), particularly on C-4,
can preserve to some degree the receptor-binding prop-
erties of the molecule. This is most likely due to
favorable electrostatic interactions, contributing to the
electrostatic field originating from the 3-OH group, as
visualized by the electrostatic contours and coefficient
maps (Figures 4, 7b, and 8, respectively). It is impor-
tant to note, however, that substitution of OH for H at
the 2- or 4-position (independently from favorable
electrostatics at C-4) or substitution with large steric
bulk (I, Br, or CHj3) groups results in low RBA, due to
unfavorable steric interactions, as illustrated by field
coefficient contours (Figure 7). In contrast, the pre-
dicted RBA value of 24.8 for the 2-methoxyestradiol20
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Figure 7. Orthographic stereoview of CoMFA steric field contours. The green and cyan polyhedra (STDEV*COEFF = —0.011
and —0.009, respectively) indicate regions where lower steric interaction would increase the binding affinity. The red and vellow
contours (STDEV*COEFF = 0.020 and 0.009, respectively) surround regions where higher steric interactions would increase
binding affinity. Dotted clouds represent vdW surfaces of the 21-iodine atoms with 20E- (magenta) and 20Z- (purple) configurations;
H atom of 17a-ethynyl group (cyan); 7a-Me and 114-OMe (magenta); 2(4)-H atoms (cyan); 2(4)-Cl atoms (yellow); and 2(4)-F
atoms (orange). (b) Orthographic stereoview of CoMFA electrostatic field contours. The red and yellow contours (STDEV*COEFF
= —0.034 and —0.016, respectively) indicate regions where addition of negative charge (decrease of positive charge) would increase
binding affinity. Cyan and green contours (STDEV*COEFF = 0.002 and 0.020, respectively) indicate regions where addition of
positive charge would increase the binding affinity. Dotted clouds represent vdW surfaces as indicated in (a). Data are from

QSAR run 11.

(71) is notably higher than that of any other 2-substi-
tuted derivative of the series. This reflects most likely
favorable electrostatic interactions arising from the
negatively charged oxygen atom, in accordance with the
graphics presentation of the field contours (Figures 7
and 8).

Discussion

CoMFA is a molecular conformation/configuration
dependent 3-D QSAR technique, and therefore one of
the most important input parameters is the alignment
of the molecules within the region of the database where
steric and electrostatic fields are sampled.!? Variations
in both the molecular superimposition and the confor-

mational flexibility of molecules can influence the
outcome from CoMFA. The results obtained with
several different alignment rules for our training set of
40 estradiol derivatives are summarized in Table 1. It
appears that the rms multifit procedure is the most
appropriate alignment, in the case of the relatively rigid
estradiol structures. This is in part a consequence of
the fact that MNDO semiempirical computations rep-
resent a higher order geometry optimization technique
as compared to molecular mechanics (Tripos MAXI-
MIN2) force field minimization following “field-fit”
alignment. In fact, the latter alignment procedure
resulted in significant distortions of the steroid skeleton.
This is in line with the largely accepted preference of
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Figure 8. (a) Electrostatic field contours for hydrogen-bonding
(donor) interactions. Output of actual STDEV*COEFF, values
from QSAR/CoMFA run 13, Table 1; red- and yellow-colored
polyhedra indicate regions where increased positive charge
would provide for better target property; white, cyan, and
green colors indicate regions where increased negative charge
is recommended. (b} Same as in (a), but instead of actual
values of STDEV*COEFF, the relative contributions were
calculated; cyan (0—25%), green (25—50%), vellow (50—75%),
and red (75-90%).

semiempirical computations (especially MNDO and
AM1) to study the conformation of large organic type
molecules.”® However, “field-fit” alignment reduced
significantly the complexity of our model, as exemplified
by the reduced number of components required for its
best statistical determination (Table 1), which, on the
other hand, is the main advantage of CoMFA when
applied to a molecular database containing highly
flexible or conformationally diverse derivatives.
Regarding the conformational properties of the es-
tradiol derivatives used to perform QSAR/CoMFA, it
should be emphasized that the most useful parameter
to select a biologically active conformation is the cross-
validated r?, the latter being a measure of how well
predicted biological properties correspond to experimen-
tal values of the complete database. Due to the lack of
other structural data, the orientations of substituents
were kept as obtained from MNDO optimization. Our
assumption that the minimum energy conformation is
a good choice is confirmed by high r? values obtained
throughout this study. For instance, we found that
CoMFA using the anticlinal orientation of the 17a-vinyl
group with the lower energy conformation results in a
somewhat higher r* (Table 1). Other estradiol substitu-
ents for which minimum energy conformations were
selected are the OC;H;, OCH3, and CsHs groups at-

tached to the 11/-position.

Figure 9. (a) Same as in Figure 8a but, instead, a plot of the
hydrogen-bonding (acceptor) electrostatic field (output from
QSAR/CoMFA run 14, Table 1). For better target property,
increased positive charge is recommended in areas surrounded
by red, vellow, and cyan polyhedra. Favorable increase of
negative charge is indicated by green polyhedra. (b) Same as
in (a), but relative contributions are plotted. Color legend is
as in Figure 8b.

Several CoMF analyses were performed using differ-
ent probe atoms and dielectric functions. Q@SAR run 11
(Table 1), where molecular fields were probed with a
sp? carbon atom with a distance dependent dielectric
function, showed the highest r2 and was used for the
prediction of RBA of unknown analogs (Table 3). The
H-bonding interactions were studied separately using
oxygen and hydrogen as probe atoms. The results and
electrostatic field contour maps (Figures 8 and 9)
illustrate the hydrogen-bond donor/acceptor behavior of
our model. For example, substituents on the D-ring
influence more significantly hydrogen-bond donor (as
compared to acceptor) functions of the 17a-OH group.
In contrast, substituents on the C-2-position of the
A-ring strongly influence the H-bond acceptor properties
of the 3-OH group, while those at the 4-position perturb
stronger the H-bond donor properties of this group.

[t is well known that the 3-OH group in estradiol
plays an anchor role in the receptor-binding process, and
conformational changes within the region of the planar
phenolic A-ring are not tolerated.?* At the same time,
the receptor is also sensitive, albeit to a much lesser
degree, to conformational changes of the D-ring induced
by D-ring substituents. The rather accurate results
(predictive r?, Table 1) obtained when only the A-ring
carbon atoms of the introduced molecules were rms
fitted, as compared to A-, B-, and C-ring rms multifits,
are likely associated with these properties of the ER.
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Table 3. Predicted RBA Values for a Series of Estradiol
Derivatives, Originally Not Included in the Database (From
QSAR run 11 in Table 1)

RBA
no. molecules predicted experimental
45  115-Me-E, 49.7 65¢
46  115-Et-E; 58.3 780
47  118-OMe-E; 156 7.00
48 115-OEt-E; 13.5 10.0@
49 115-Me-170(20E)-IVE; 45.2 -
50 115-Me-170(20Z)-IVE; 55.7 -
51 118-Et-17a(20E)-IVE; 43.8 43.0¢
52 113-Et-17a(20Z)-IVE, 54.1 -
53 123-Me-170(20E)-IVE, 19.3 -
54 125-Me-170(20Z)-IVE; 26.1 —
55 2-C1-17a(20E)-IVE; 7.1 -
56 2-Cl-17a(20Z)-IVE; 10.7 -
57 4-Cl-170(20E)-IVE, 13.7 -
58 4-C1-17a(20Z)-IVE, 24.8 -
59 2-Br-17a(20E)-IVE; 5.1 -
60 2-Br-17a(202)-IVE; 8.3 -
61 4-Br-170{20E)-IVE; 6.4 -
62 4-Br-17a(202)-IVE; 8.4 -
63 2-1-170(20E)-IVE, 3.5 -
64 2-1-17a(202)-IVE; 54 -
65 4-1-17a(20E)-IVE, 4.1 -
66 4-1-17a(202)-IVE; 6.2 -
67 2-OH-170(202)-IVE, 145 —
68 4-OH-170(202)-IVE, 9.3 -
69 2-Me-17a(202)-IVE, 7.4 -
70 4-Me-170(20Z)-IVE; 8.0 -
71 2-OMe-E; 24.8 -

@ Data from ref 13.

Further conformational/configurational diversity of the
model, reflecting the complicated receptor interactions
about the D-ring, follows from the CoMFA of 17a(20E/
Z)-iodovinyl-substituted estradiols, implying that 20Z-
positional isomers are better tolerated by the receptor
than the 20E-positional isomers. Both steric and elec-
trostatic interactions in this area are significant (Figure
7). At the same time, the derived models show little
(or none) changes in estradiol—receptor steric interac-
tions that can be associated with displacements of the
173-OH group due to substituents at the 17a-position.
The CoMFA analyses also imply that the presence of a
7a-Me group does not exert significant interactions in
this region. Smaller bulk substituents onto the 113-
position (Me or OMe) did not influence sterically the
predicted receptor-binding affinity, but longer chain
groups (OEt) induced a decrease in binding affinity, as
graphically exemplified in Figure 7. Rather surpris-
ingly, alterations of the electrostatic field of estradiol
resulting from the presence of the 118-OMe (-OEt)
substituents (Figure 4) did not exert any additional
columbic interactions with the receptor (Figure 7b) but
can participate in H-bond acceptor interactions (Figure
9). CoMFA indicates that both steric and electrostatic
contributions (including H-bonding) arise from substitu-
ents on C-2 and C-4 of the A-ring. Bulky atoms (I and
Br) at these positions, as a rule, are not tolerated by
the receptor, but atoms with smaller vdW radii are
acceptable (Figure 7a). Increasing the positive charge
at C-4 is recommended, while contrasting electrostatic
contributions toward C-2 are recognized (Figure 7b).
Evidence for the good performance of the QSAR/
CoMFA derived model(s) is provided in Figures 5 and 6
which show plots of predicted vs experimental RBA
residuals and the corresponding Qgq-plots for cross-
validated and conventional PLS runs. The average
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absolute residue values did not exceed 20—30% of the
experimental RBA (see also Table 2), which is within
the experimental error of such in vitro assays. Mol-
ecules for which significantly different RBA values were
predicted include some of the ethynyl derivatives (e.g.,
5, 8, 22, and 25 in Table 2 and Figure 6).

To avoid fluctuations in RBA values due to different
experimental conditions, most experimental values were
taken from our own published data. In spite of differ-
ences in RBA measurements between laboratories (for
example, EE, in our procedure gave RBA = 100 vs 75—
220 as reported in the literaturel?»19) the RBA predic-
tions for five molecules which were not included in our
model (45—48 and 51, Table 3) compare well with
literature data. Thus, the predicted RBA for the test
molecules, as summarized in Table 3, should have
practical value. It is evident that RBA values alone are
not sufficient to predict the nuclear imaging potential
of the modified, radiolabeled steroids. Nonspecific bind-
ing, interaction with other steroid receptors, and meta-
bolic rates are of equal importance in defining their
capacity to accumulate in target organs. In this regard,
our model complements QSAR/CoMFA models build for
testosterone and corticosteroid,!? as well as those for
progestin and androgen!d receptors. Receptor-binding
affinity remains however the key event in predicting the
potential of the drug for the receptor-mediated tissue
localization process, and computer modeling appears to
be a valid approach to predict essential structural
features of candidate radiopharmaceuticals.
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