J. Med. Chem. 1994, 37, 3639—3654

3639

Three-Dimensional Molecular Shape Analysis—Quantitative Structure—Activity

Relationship of a Series of Cholecystokinin-A Receptor Antagonists

John 8. Tokarski and Anton J. Hopfinger”

Department of Medicinal Chemistry and Pharmacognosy (M/C 781), College of Pharmacy, University of Illinois at Chicago,

833 South Wood Street, Chicago, Illinois 60612-7231
Received May 11, 1994°

The three-dimensional molecular shape analysis—~quantitative structure—activity relationship
(3D-MSA—-QSAR) technique has been applied to develop correlations between the calculated
physicochemical properties and the in vitro activities of a series of 3-(acylamino)-5-phenyl-2H-
1,4-benzodiazepine cholecystokinin-A (CCK-A) antagonists. 3D-MSA—-QSARs were developed
for varying subsets of 53 analogs (J. Med. Chem. 1988, 31, 2235—2246). An active conformation
is hypothesized for these compounds using the loss in biological activity—loss in conformational
stability principle. After placing all compounds in the active conformation and performing
pairwise molecular shape analysis, it was determined that not any one analog serves as the
best shape reference compound. Nonidentical volumes of allowed receptor space are mapped
out by different antagonists. A shape reference compound that consists of selected overlapped
structures expands the definition of the accessible receptor space. This type of mutant improves
the predicted activity of analogs over the value predicted if only one compound is chosen as
the reference. Molecular shape, as represented by common overlap steric volume and
nonoverlap steric volume, is the major factor contributing to the affinity of this class of
compounds. Intramolecular conformational stability, as measured by the difference in energy
of the active conformation and the global minimum energy conformation, is also important. It
is further concluded from the 3D-MSA—QSAR models that part of the binding pocket for the
3-amido substituent has a preference for lipophilicity. The method used in this study of
fragmenting the antagonist into spheres of varying radii and measuring lipophilicity isolates
the substructure with highest probability of interacting with the receptor. Two indicator
variables marking the presence of an N-methyl group and an o-fluoro atom on the 5’-phenyl
substituent of the benzodiazepine ring structure also contribute significantly to the 3D-MSA—
QSAR models. The 3D-MSA—QSAR results have led to the proposal of a 3D pharmacophore
model for the benzodiazepine CCK-A antagonists.

Introduction

Cholecystokinin (CCK) is a family of peptides that
functions as a digestive hormone in the periphery and
as a neuromodulator in the central nervous system.!:2
Two receptor subtypes of CCK have been characterized.?
The CCK-A receptor subtype predominates in periph-
eral target organs such as the pancreas, gallbladder, and
ileum but is also found in discrete regions of the central
nervous system.3¢ CCK-B receptors exist in numerous
brain regions and show a structural and pharmacologi-
cal profile similar to that of gastrin receptors.5® Pe-
ripheral activities of CCK include stimulation of biliary
and pancreatic secretion, gallbladder contraction, and
inhibition of gastric emptying time.” Centrally, CCK
may modulate dopaminergic and opiate-mediated neu-
ral transmission.? There is evidence that CCK-A recep-
tors mediate CCK-facilitated dopaminergic efflux in rat
brain.? In addition, satiety, produced by exogenously
administered CCK, seems to be mediated by CCK-A
receptors.’® CCK-B agonists have been shown to cause
panic attack in human volunteers,!! and CCK-B an-
tagonists have been found to ameliorate anxiety in
animal studies.’? CCK-A receptor involvement in this
response has not been ruled out.

Potential therapeutic uses of CCK receptor antago-
nists have been proposed in the treatments of appetite
disorders, pancreatitis, pancreatic carcinoma, abnor-
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malities of gastric motility, biliary tract disease, irritable
bowel syndrome, pain management, and psychiatric
disorders.13

The geometry of the CCK-A receptor has not been
determined, and therefore, little is known about the
agonist-antagonist-binding pocket. Information about
this receptor, however, may be gleaned from an analysis
of a series of competitive inhibitors synthesized at
Merck.!¥ An inspection of the data set of the phenyl
analogs in Table 1 suggests that conformational behav-
ior might play a role in determining inhibition potency.
Ortho-substitution could be expected to alter conforma-
tional profiles with respect to the flexible torsion angles
of the compounds. Thus, we felt that molecular shape
analysis (MSA)!516 should be performed on these com-
pounds along with the other CCK antagonists of Tables
2 and 3. The results of these modeling studies are
developed into three-dimensional quantitative structure—
activity relationships (3D-QSARs) and are described
herein.

Methods

a. Biological Activity. Evans et al.* reported the recep-
tor binding, expressed as ICsy, to CCK receptors in rat
pancreatic and guinea pig brain tissues and guinea pig gastric
glands. This study focused on the pancreatic receptor values
so that only CCK-A receptor antagonism was considered. Also,
the receptor antagonism activities were expressed in the
common QSAR form:

activity = —log(ICgy, uM x 107°) 1)

where ICs; is the micromolar concentration required for half-

© 1994 American Chemical Society



8640 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 21

Table 1. Pancreas Receptor-Binding Affinities for
3-(Benzoylamino)benzodiazepines®
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Table 2. Pancreas Receptor-Binding Affinities for
3-[(2-Indolylcarbonyl)aminolbenzodiazepines®
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—log(ICs0) CCK, —log(ICs0) CCK,
compd X R Y stereo pancreas compd X R, R, Rs stereo pancreas
12 F H p-Cl RS 8.22 2 H CH; H S 10.10
61 F H p-NO; RS 6.96 9 H H H RS 8.34
62 F CH; p-Cl RS 8.64 43 F H H RS 8.68
64 H CH; p-Cl RS 8.08 44 F CH; H RS 8.85
65 H H p-Cl RS 7.39 4 F CH; CH; H RS 8.86
66 F H H RS 6.82 47 F H H 5-F RS 8.30
67 F H 0-Cl RS 5.25 48 F H H 5-Cl RS 7.00
69 H H o-Cl RS 5.12 50 H CH; H H RS 9.10
70 H CH; ol S 5.77 51 H CH; CH; H RS 8.85
72 F H p-CF3 RS 7.82 538 F H H 5-Br RS 6.92
73 F H p-CHs RS 7.68 54 F H H 5-0H RS 7.15
7 H CH; o<Cl RS 5.47 55 F H H 5-0CH; RS 6.70
76 H H m-Cl RS 7.09 56 F H CH; H RS 8.33
77 F H p-OCHj3 RS 7.02 58 F CH; H H S 9.22
;g g E 137,411\1(('.1?1330)21'13 gg gg; ¢ Binding affinities defined as in Table 1, footnote a.

g; g I(-JIHg 13’1‘;31'01 gs ggé Table 3. Pancreas Recepbor—Binding Affinities for
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99 H H  m-SCFs RS 5.82 O N—C—HR

92 H H p-CF3 RS 6.62 N I 2

93 F CH; p-Br S 9.10

94 F CH; p-tBu S 7.72 X o

95 F CH; pl S 9.10 O

96 F CH; o0-Br S 5.21

97 F CH; pCN RS 7.37

99 H H p-Ph RS 4.00 —log(ICs0) CCK,

101 H H p-t-Bu RS 5.85 compd X Ry R, stereo pancreas

le § § ssda RS 83 5 H H 3-indolyl RS 5.96

104 F OH fn 1 s 0.12 6 H H CHy-3-indolyl RS 6.00

06 H H_ »ON RS 614 7 H H (CHy)-3-indolyl RS 5.32

108 F CH PI s 6.10 8 H H (CHy)-3-indolyl RS 4.70

12 H CHS O'NH al RS 9.05 11 F H 2<(1-CHp)-l-indenyl RS 7.66

114 | CHS o CF 2, p- S 3.89 183 F H 2-quinazolinyl RS 6.52

17 H CH. P_BrS 2S 9.00 15 F H (E)2phenylethenyl RS 7.96

18 F CH3 PCF RS 770 16 F H (phenylamino)methyl RS 7.05

19 F CH3 P'CF3 S 796 17 F H 2benzofuranyl RS 8.05

122 F CH3 P'tBS 2S 7,00 23 F H 2-pyrrolyl RS 6.96

128 H OH P'I' u 3 596 24 H H 2-naphthyl RS 7.70
3 o : 26 H H 1-naphthyl RS 5.80

@ The receptor binding has been previously reported!! and is
expressed here as —log(ICso) calculated by eq 1.

maximal inhibition of binding of [12*I]CCK-33 or ['%I]CCK-8
to rat pancreas. The set of inhibition potencies, based upon
the ICs, measure, for the selected compounds studied is given
in Tables 1-3. In general, most of the isomers at the isomeric
carbon of the benzodiazepine (BZD) ring structure have not
been resolved with respect to inhibition potency. Therefore,
this study concentrated on the racemates. However, the
activity data of the S-isomers, the more active of the two
isomers, have also been analyzed. The range in inhibition
potency, ICso, for the racemates at the pancreatic receptor is
1-125 000 xM. This is a reasonably large range in inhibition
potency concentration from the point of view of constructing
statistically significant correlation relationships. Not every
analog that the Merck group studied was included in the
analysis. Fifty-three compounds were selected on the basis
of potency, optical isomerism, and ease of modeling. The
R-isomers were excluded. Also, the phenyl analogs containing
a para n-propyl and n-pentyl substituent were not considered

¢ Binding affinities defined as in Table 1, footnote a.

because of the high flexibility of these substituent chains. The
numbering scheme of the compounds for this entire article is
based on that chosen by Evans et al.1*

b. Building the Molecules. Two distinct crystal struc-
tures were observed in the X-ray structural analysis of 2.4
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These structures, A and B, are very similar and differ
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Figure 1. Stereoview comparison of the MNDOQO-optimized
BZD ring structure and the crystal structure. Only the BZD
ring structures with the 3-amido nitrogen and the 3-hydrogen
are shown. The three atoms, the 3-carbon of the BZD ring,
the 3-amido nitrogen, and the 3-hydrogen, of each structure
were overlapped for the shape comparison. Two different
perspectives are shown. The crystal structure is the one above
the overlapped MNDO-optimized structure in each view.

Table 4. Comparison of Selected Bond Lengths from Different
Sources for Compound 2

CHs,

T

N |
e O

=N 2 4 N

3
B
o
¢ ’
bond lengths (A)
source 1 2 3 4

crystal 1.359 1.448 1.346 1.476
Mopac 1.425 1.458 1.406 1.488
MMFF 1.352 1.431 1.347 1.363
experimental® 1.333 1472 1.333 1.470

¢ The values listed as experimental are an average based on
determinations of many related molecules (see ref 19).

primarily in the orientation of the 3+(2-indolecarboxamide)
substituent with respect to the benzodiazepine ring. The A
and B X-ray crystal coordinates of 2 produced by the Merck
group were obtained, and the structures were built with the
Chemlab-II molecular modeling package.l” Both crystal struc-
tures (A and B) were used as starting geometries in separate
structure optimizations using MNDO (Mopac version}!® and
the MMFF option in Chemlab-II, an extended version of
Allinger’s MM2 program.l® The purpose of these calculations
was to evaluate how sensitive the molecular geometry, par-
ticularly the BZD ring structure, is to the method of computa-
tion. The principal concern is the puckering of the seven-
membered ring which can have a significant influence on the
location of the 3-amido pharmacophore. Mopac optimized to
a BZD ring geometry similar to the crystal structure (Figure
1) as compared to MMFF. The only major difference between
the MNDO-optimized structure and the crystal structure was
that both the endocyclic and exocyclic amide bond lengths were
calculated to be almost 5% larger than in the crystal structure
(see Table 4). The lengthening of the endocyclic amide bond
does change the puckering of the BZD ring, but only slightly.
MMFF predicts a BZD ring structure with a different molecu-
lar shape than the crystal structure and also calculates the
bond lengths of the two major flexible torsion angles of the
3-amido substituent to be shorter than observed experimen-

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 21 3641

Molecular Shape Analysis
MSA
Basic O . . SAR

1. Conformational Analysis
Hypothesize an "Active” Conformation
Select a Candidate Shape Reference Compound

Perform Pair-Wise Molecular Superpositions

2
3
4
5. Measure Molecular Shape
6 Determine Other Molecular Features
7

Construct a Trial QSAR

Use the Optimized QSAR for Ligand Design

Figure 2. Basic operations of performing MSA and investi-
gating a SAR.

tally?® (see Table 4). Consequently, the MMFF-minimized
BZD ring structure was not used in the modeling studies.

The A and B crystal structures of 2 were both used to
construct the analogs to test whether these structural variants
would affect the conformational properties of the CCK antago-
nists. Since the crystal coordinates obtained for 2 were for
the S-isomer, all other compounds subsequently built were of
the same enantiomer. Fragments from the Chemlab-II library
were used along with the crystal BZD structure and amide
functionality to build the compounds that did not contain a
3-amido indole ring. The starting geometry of the crystal
structure of 2 was retained for the indole analogs. The crystal
structure of cinnamamide?! was used to build compound 15.
Also, any necessary substituents on the BZD ring structure
were added, or subtracted, to complete the analogs. The
geometry of the entire structure of each analog was optimized
using MNDO (Mopac version, keywords; MMOK). For all
structures, MNDO-calculated atomic charges were employed
in the modeling.

¢. Molecular Shape Analysis. There are seven opera-
tions involved in the current formulation of MSA.22 The
manner in which these operations, as listed in Figure 2, were
employed is summarized below.

(1) Conformational Analysis. In this study, the Chem-
lab-IT modeling package option SCAN was used to perform a
fixed valence conformational energy scan at 10° increments
of ¢ and ¢, (see Figure 3 for definition of ¢; and ¢;). The
reference conformation is that for which the torsion angles ¢
and ¢2 = 0°. The amide group was kept transplanar as
observed in the crystal structures of 2 for all scans. Flexible
side chains were also scanned at various resolutions, depend-
ing on the number and type of fragments and if their torsion
angles were coupled to ¢ and ¢».

For compounds 6—8, 15, and 16, see Figure 4, more than
two major torsion angles exist. In these cases, higher order
conformational scans are required. The reference conforma-
tions of these compounds are those in which all rotated torsion
angles are set at 0° (see Figure 4 for the definition of the
rotated torsion angles). For compounds 6 and 15, ¢1, ¢», and
¢3 were scanned at 10° increments. For compounds 7, 8, and
16, ¢1, which is common to all analogs, was scanned at 10°
increments and all other angles were scanned at 30° incre-
ments.

A fixed valence geometry molecular mechanics force field
composed of dispersion/steric, electrostatic, and hydrogen-
bonding contributions was used to estimate the conformational
energy. The nonbonded steric MMFF parameters from Chem-
lab-1II were used to compute the dispersion/steric interactions.
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Figure 3. Two rotatable bonds which were scanned for the
phenyl, indole, and other analogs (shown with thickened
bonds). Since the torsion angle ¢, is identical for all analogs,
only unique torsion angles ¢, are shown. The exact ring
system is shown for those compounds of Table 3. There are
two choices of the fourth atom of ¢ for the compounds of Table
3. Both choices of ¢ were examined in the conformational
analysis. The torsion angle, which when placed in the active
conformation and resulted in maximal common steric overlap
volume and minimal nonoverlap volume with the shape
reference compound, is shown with thickened bonds.

The electrostatic interactions were calculated using a Coloumb
potential with a molecular dielectric of 3.5 and MNDO-
calculated atomic charges. When hydrogen-bonding atoms
were present, the hydrogen-bonding potential developed by
Hopfinger was used.?

Another consideration in performing conformational analy-
sis is the sensitivity of the preferred conformer states to choice
in force field. A second set of nonbonded steric parameters,
the Z set,?® a “softer” potential set,2* was used to assess the
role of the force field on conformational behavior. The similar-
ity of the two conformational profiles from the two sets of
potentials was used to evalulate conformational sensitivity to
force field, i.e., could the relative conformational properties of
a series of compounds deferred from one potential force field
be compared favorably with the respective properties obtained
from employing a different force field? If so, this would support
conclusions derived from the conformational analysis. The
findings of this comparative force field analysis study appear
in the Results section.

The global conformational energy minimum was used to
define the relative stability of each conformational state
sampled, that is, the relative conformational stability of a
compound is defined as the difference in energy between a
particular conformation and the global free space intramo-
lecular conformational energy minimum,

(2) Selection of the Shape Reference Compound and
Active Conformation. Once conformational analysis is
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Figure 4. Structures of compounds with more than two
rotatable bonds, namely 6—8, 15, and 16. The torsion angles
which were rotated are shown with thickened bonds. The BZD
ring structure and ¢) are not shown since these features are
common to all the analogs.

performed, the active, or biologically relevant, conformation
is sought. One modeling strategy used in this MSA step is
termed the LBA-LCS (loss in biological activity—loss in
conformational stability) strategy.?’ This method attempts to
identify stable intramolecular conformer states for active
analogs that are not stable for inactive analogs. The premise
implicitly made is that the loss in activity for the inactive
analogs is a result of not being able to adopt the “active”
conformation energetically available to the active compounds.
An arbitrary cutoff energy difference of 8 kcal/mol was chosen
because this limit allows sampling an exhaustive amount of
torsion angle space in which an active conformation, if present,
should be found. In the study of the test set, conformations
within 8 kcal/mol of the global energy minimum for each
analog were considered as candidates for the active conforma-
tion. A search for an active conformation began with the
conformational analysis of a subset of compounds from the
entire data set, namely, 50, 51, 64, 75, and 112. These
compounds were selected to include very active, inactive, and
moderately active antagonists. Furthermore, these compounds
have the same substitution pattern on the BZD ring, ensuring
that a comparison of their conformational energy profiles is
meaningful and that differences in activity can be attributed
to the substituents on the 3-amido aromatic ring. In addition,
the analogs of the subset are all RS-racemates. Analysis of
the torsion angle space of the ortho- and equivalent non-ortho-
substituted phenyl analog was used to study the possible
relationship between conformational stability and activity.
Compound 51, an N-methylindole analog, was included be-
cause the N-methyl group occupies the same area in space as
does the o-phenyl substituent.

The active conformation was postulated by observing which
conformational energy minimum common to the active ana-
logs, compounds 50, 51, 64, and 112, was not available to the
inactive analog, compound 75. The postulated active confor-
mation was then assigned to all compounds. This conforma-
tion was easily examined for those compounds which have only
the torsion angles ¢; and ¢y, as in the analogs of the subset. If
an analog had substituents on the phenyl or indole ring, and
if there existed energetically equivalent multiple conformations
of these substituents for the identical values of ¢1 and ¢,, then
that overall conformation which maximized the shape similar-
ity between the analog and compound 2, the most active
antagonist of the series, was chosen. The assumption was
made at this step that compound 2, being most active, has the
preferred molecular shape for the dataset for the activity. For
compounds 6-8, 15, and 16, which have more than two
torsional angles, the postulated active conformation was that
conformation which statistically gave the best fit when its
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shape was compared to that of the selected shape reference
compound within the defined energy cutoff. In a trial 3D-
MSA-QSAR, the active conformations for the more flexible
analogs, with compound 2 as the reference compound, were
determined using partial least squares (PLS).%

Once all compounds were assigned an active conformation,
it was possible to test every analog as a candidate shape
reference compound. The criterium for selecting the shape
reference compound is, as usual, to optimize the statistical
significance of the corresponding QSAR.

(3) Molecular Superposition. MSA requires that each
compound in the data set be compared to the shape reference
compound. Such a comparison necessitates a pairwise mo-
lecular superposition. The geometric criterion for pairwise
analog molecular superposition was to place the N—C—C
atoms of the amide linkage consisting of the amide nitrogen,
the amide carbonyl, and the first carbon bonded to the amide
carbonyl of each pair of molecules upon one another. The
reason that these three atoms were chosen was not only
because they are common to all analogs but also because they
play a role in determining activity, i.e., they contribute to the
spatial pharmacophore. The analogs which have the amide
functionality replaced by a methylene linkage,?” or an N-
methyl amide group,! are much less active than their amide
counterparts. All compounds have the BZD ring structure
with a 3-amide fragment in common, and it was assumed that
the 3-amido substituents interact with the identical region of
receptor space. Thus, no other possible superpositions were
considered given these constraints.

(4) Quantitative Measures of Molecular Shape. Two
descriptors of relative shape similarity were considered. The
common overlap steric volume, V,,, between each analog, u,
in the data set and the reference compound, v, is defined as,

V,=V,nV, @)

where V, and V), are the volumes of the isolated molecules,
respectively. V,, is a measure of how much a molecule shares
a common spatial region with the reference compound, under
the chosen superposition, and is computed in Chemlab-II.17

The other shape similarity descriptor considered in this
investigation is the nonoverlap volume, Vy,,,17 defined as,

Vnon = Vuv - VU (3)
where molecule v is the reference compound and V,, is the
composite volume of the superimposed pair. The nonoverlap
volume measures the regions of space not shared by the
molecules.

Vov and Vyen do not contain information regarding the
intramolecular stability of each conformation of the pair of
compounds from which they are derived. Conformational
energetics has been built into the estimation of molecular
shape similarity by including the loss in conformational
stability of an analog (relative to the intramolecular global
minimum energy conformation) corresponding to the geometric
measure of molecular shape similarity. For compounds with
more than two torsion angles, a trial QSAR was established
by maximizing V,, and minimizing Vi, with the least loss in
conformational energy, AE. As mentioned earlier, PLS analy-
sis of the shape desciptors and AE with the dependent variable,
activity, was used to find which conformation of the more
flexible compounds 6—8, 15, and 16 would be best to use in
formulating a 3D-MSA—QSAR for the entire set of analogs.

An additional method, besides systematic conformational
searching, was used to explore conformations of compounds
6—8, 15, and 16 that were perhaps missed because of the
torsion angle increment chosen in the conformational scans.
The molecular similarity application in the Quanta molecular
modeling package?® was used to maximize the overlap of two
structures, one structure serving as the template, the other
as the working structure. The template structure is fixed. The
conformation of the working structure is modified by rigid-
body fit to the template and the rms difference of the fit
minimized with respect to the torsion angles of the working
structure. The intramolecular energies of the rigid-fit confor-
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mations were evalulated and, if within the specified AE,
included in the 3D-MSA—QSAR analysis.

(5) Determination of Other Molecular Features. The
molecular decomposition—recomposition, MDR, technique®
was used to determine which nonshape physicochemical
properties might be potential molecular descriptors in a 3D-
MSA-QSAR. The MDR technique assumes that a molecule
can be decomposed into a set of substructure molecules such
that each set of individual substructure molecules can be
analyzed, in terms of QSARs and/or molecular modeling, using
the structure—activity data of the corresponding parent (whole)
compounds. Clearly, the MDR assumption is predicated upon
selecting specific parent molecular structure—activity data in
which the only changes in chemical structure occur in the
substructure of interest. The remainder of the parent molecule
remains constant for the substructure congeners being ana-
lyzed. MDR analysis also implicitly assumes that physico-
chemical property changes in one substructure of the whole
molecule do not modify the properties of any other substruc-
ture, that is, the substructures are uncoupled from one another
with respect to computation of the molecular descriptors of
interest.

In this particular investigation, the QSAR analyses are
based upon a molecular substructure that is bonded to the
remainder of the parent compound by a saturated single
carbon bond. Thus, no resonance/electronic structure compli-
cations should occur in the estimation of electronic descriptors,
characteristic of the parent compound, by using its substruc-
ture representative in a 3D-MSA—-QSAR analysis. Also, the
size and flexibility of the substituents used in the studies are
sufficiently limited to minimize any long-range conformational
coupling between a substructure and the remainder of the
parent molecule. Hence, the MDR technique could be carried
out for this set of CCK antagonists. The 3-amido substituent
with the amide nitrogen possessing an N-methyl group was
used as the substructure to determine possible molecular
descriptors. All fragments were assigned the postulated active
conformation.

In addition to molecular shape, the descriptors used in trial
QSARs are described below.
(a) Lipophilicity Measures. (i) LOGP. The lipophilici-

ties of the substructures were determined using the program
CLOGP.®

(ii) z-Constants. n7-Constants® for the substituents in the
ortho, meta, and para positions of the phenyl analogs (Table
1) were determined. The 5’-substituent on the indole analogs
(Table 2) was treated alternatively as corresponding to the
meta or para position of the phenyl analogs, and the N-methyl
group of the indole ring was categorized as an ortho substitu-
ent. The 7-constants for these indole substituents were also
evalulated as descriptors.

(iii) Scheme for Estimating a Lipophilic Contribution
from a Part of the Molecule. A third type of lipophilicity
descriptor was constructed by measuring the hydrophobicity
of only part of a substructure.?? This strategy was adopted to
test for a receptor-specific lipophilic pocket with which only
part of a ligand interacts. The sum of the atomic and/or group
m-constants was used to assess the possibility of lipophilic
interactions in the CCK-A receptor.

The sum of the n-constants, Zx, was developed upon the
basis of two assumptions. The premises were that (1) the
location of a receptor lipophilic pocket can be identified by the
atoms in the pharmacophoric substructure of one of the most
active compounds and (2) the lipophilic character of the
substructure can be estimated by summing up atomic z-con-
stant contributions of atoms near the lipophilic pocket.

Using these two assumptions, the following procedure to
estimate the relative local lipophilic effect of a substructure
was devised.

1. The substructures of all compounds were aligned as
defined above.

2. A sphere was generated about the geometric center of
the p-I substituent of compound 95 (see Figure 5). The radius
was varied in increments of 0.5 A between 1.5 and 5.5 A. This
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Figure 5. Spherical model used to estimate the lipophilicity
term (E7 r A). The atomic contributions are summed when
the center of the atom lies within the sphere. The origin of
the sphere is the geometric center of the p-I substituent of
compound 95 (95 shown). The radius is varied between 1.5
and 5.5 A.

Figure 6. Distance between the carbonyl carbon and the
furthermost atom corresponding to the direction of the p-
phenyl substituent.

region in space was chosen because compound 95 is very active,
and its high activity must come, at least in part, from the p-I
atom.

3. Every atom, or group, which has at least its geometric
center within the sphere was assigned its 7-constant. The sum
of the m-constants, over the number of atoms in the sphere,
was computed for each analog. The notation for this descriptor
is (Zm r A), where r indicates the radius of the lipophilic sphere.

(b) Relative Energy, AE. The relative conformational
stability of a compound, AE, defined as the difference between
a particular conformation and the apparent global minimum
energy conformation was considered as a descriptor.

(c) C-to-Furthermost Atom Distance, dist. The distance
between the carbonyl carbon and the furthermost atom cor-
responding to the direction of the p-phenyl substituent was
considered as a descriptor. For analogs that do not have the
equivalent of a para substituent, the distance of the further-
most atom transposed to the axis corresponding to the position
of a p-phenyl substituent was calculated as shown in Figure
6. This descriptor may estimate how far a compound might
extend “into” a binding site.

(d) Molar Refractivity, MR. The molar refractivities of
the substructures were determined using the program CLOGP.*

(e) Hammett Constant, ox. The Hammett g-constant®®
was evalulated as a possible molecular descriptor. The
o-constants of the ortho, meta, and para substituent on the
phenyl analogs and the 5’-substituent and the N-methyl group
on the indole analogs were examined in the trial 3D-MSA—
QSARs.

(f) Ionization Potential, IP. The ionization potential, IP,
of the substructures, as calculated by MNDO, was considered
as a molecular descriptor.

(g) HOMO and LUMO Energies. The highest occupied,
HOMO, and lowest wnoccupied, LUMO, molecular orbital
energies, calculated by MNDO, were considered as molecular
descriptors.

Tokarski and Hopfinger

(h) Partial Atomic Charges, Q.. The partial atomic
charges were computed using MNDO. Individual charges on
the amide nitrogen, the amide proton, the carbonyl carbon,
and the ortho, meta, and para carbons of the phenyl ring were
used in trial 3D-MSA—QSARs of the phenyl analogs. Sums
of atomic charges from various atom combinations were also
considered.

(i) Dipole Moment, Ut, x, y, z, and 6. The total dipole
moment, Ut, and its x, ¥, and z components were calculated
by the MNDO method. In addition, the angle, 8, between the
total dipole and the z-axis (the aromatic ring of the pharma-
cophore, as it is oriented in this study, resides in the yz-plane)
was also calculated. Each of these dipole representations was
evalulated as a molecular descriptor.

(j) Indicator Variables, Ir and Iy. Indicator variables
were defined for the presence of a methyl group on the
endocyclic amide nitrogen and also for the fluorine atom of
the 5-phenyl ring of the BZD ring. The variable Iy was given
the value of 1 for the presence of methyl and 0 for hydrogen.
The variable Ir was given the value of 1 for the presence of
fluorine and 0 if there was a hydrogen in its place. The reason
these descriptors were defined was that different activities are
realized for compounds which had identical 3-amido substitu-
ents but which differ in the substitution pattern on the BZD
ring.

(6) Construction of Trial 3D-MSA—-QSARs. A useful
aspect to MSA in generating a QSAR is that not only are all
combinations of molecular descriptor sets considered in opti-
mizing the statistical significance of the QSAR but also that
the QSAR is optimized by cycling through steps 2—6 of the
MSA process (see Figure 2).

Multidimensional linear regression analysis? was mainly
used to optimize the 3D-MSA—QSARs. However, PLS regres-
sion was also used in the optimization procedures. PLS was
particularly useful in selecting the QSAR conformations of
highly flexible compounds. PLS also reinforced the choice of
shape reference compounds for use in building trial QSARs.

Trial 3D-MSA—QSARs were generated using the multidi-
mensional linear regression analysis facilities in the SAS
software package.?? All combinations of molecular descriptors
were analyzed one at time and then pairs, etc., up to a limit
where further significance of the regression equation was not
realized. The partial-F test* was applied to each regression
equation to determine whether the addition of any particular
descriptor to the model significantly contributed to the predic-
tion of the activity. In each case, the cross-correlation descrip-
tor matrix was examined to eliminate trial QSARs in which
pairs of descriptors had cross-correlation coefficients greater
than 0.50. Analogs were considered as outliers when the
difference in predicted and observed activities exceeded 25%
of the activity range as measured by —log(ICs¢). Regression
analyses were performed minus the outliers and examined to
see if significant improvements in the regression equations
resulted. 3D-MSA—QSARs were constructed for the entire set
of 53 analogs. However, subsets consisting of only the phenyl
compounds, only the p-phenyl-substituted analogs, only the
indole compounds, the phenyl and indole compounds combined,
and only the S-isomers were also examined. Cross-validation
(n = 1) was also performed to help assess whether the models,
based on the compounds included, could be applied to related
analog series.?

Results

a. Conformational Analysis and Selection of the
Active Conformation. A comparison of the confor-
mational profiles of the A and B crystal structures of
compound 2 without minimization with the profiles of
the completely optimized structures of the two crystals
reveals that with geometry optimization the conforma-
tional energy profiles of the A and B structures become
virtually identical. Hence, the structures derived from
the A crystal were arbitrarily used throughout the
balance of the analyses.
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Figure 7. (a) Conformational energy map of the completely
optimized crystal A structure of 2 with MNDO charges using
MM2 nonbonded potentials. (b) Conformational energy map
of the completely optimized crystal A structure of 2 with
MNDO charges using the Z set of nonbonded potentials.

The conformational profiles of the phenyl and indole
analogs of Tables 1 and 2 can be characterized by the
conformational energy (¢1, ¢2) maps of the test set,
compounds 50, 75, 64, 112, and 51, shown in Figures
Ta—11, respectively. Note that the conformational
energy maps of compound 50 are the same as its
S-isomer, compound 2, since all analyses were per-
formed with the structures of the S-isomer. Each figure
shows the map generated using MM2 nonbonded po-
tentials. At first inspection, the energy maps look very
similar. All maps have common conformational local
energy minima at ¢; = 130°, —130°, ¢ = 90°, —90°. A
comparison of the map of the 0-Cl analog, compound 75,
with those of other corresponding analogs of the test
set shows that the 0-Cl analog displays the greatest
reduction in conformational flexibility with respect to
¢o. This finding suggested the conformer state ¢; =
—130°, ¢ = 130° as being a possible active conformation
candidate. A map (Figure 12) showing the subtraction
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Figure 8, Conformational energy map of compound 75 using
MMZ2 nonbonded potentials.
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Figure 9, Conformational energy map of compound 64 using
MMZ2 nonbonded potentials.

of conformer states of compound 112 by the equivalent
conformer states of compound 75 is an example of one
of the subtraction maps created in an effort to elucidate
the active conformation. This comparison map exhibits
the conformer state ¢, = —130°, ¢p2 = 130° for compound
112 as being a conformation that is at least 2 kcal/mol
more stable than the corresponding conformer state of
compound 75. Similar findings were found for the other
active analogs of the subset. The conformational energy
map of the o-I-phenyl analog, compound 123, (Figure
13) displays another example of the effect of an o-halo
substituent on the conformational profile of the phenyl
analogs. The upper left quadrant of the energy map
shows that the instability of the ¢; = —130°, ¢ = 130°
conformer state is more pronounced than that of the 0-Cl
analog. AE, between the apparent global minimum and
the conformer state ¢; = —130°, ¢2 = 130°, for each
compound is given in Table 5, and it appears that this
conformation is unstable for the o-halo-substituted
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Figure 10. Conformational energy map of compound 112
using MM2 nonbonded potentials.
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Figure 11. Conformational energy map of compound 51 using
MMZ2 nonbonded potentials.

phenyl analogs but is near the respective apparent
global minimum for the other compounds of the data
set.

The sensitivity of conformational stability and, ulti-
mately, the fidelity of the corresponding 3D-MSA-—
QSAR, to force field representation, was also explored.
The nonbonded potential set Z2? which is a “soft” set of
potentials, relative to the MM2 potentials, was also used
in the conformational analysis. An example of the effect
of using the Z set of potentials is given in Figure 7b
which shows the energy map for compound 50. The
conformational energy maps obtained with the two
different force fields are quite similar. However, there
are two noticeable differences for all analogs of the
subset: (1) small shifts in the precise location of minima
and (2) greater allowed conformational flexibility for
maps generated using the Z set of potentials (compare
part a of Figure 7 with part b). AE values, using the Z
set of potentials between the conformer state ¢; =
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Figure 12. Subtraction energy map showing subtraction of
conformer states of compound 112 minus compound 75 using
a 2 kcal/mol energy tolerance.
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Figure 13. Conformational energy map of compound 108
using MM2 nonbonded potentials.

Table 5. Energy Difference, AE, between the Apparent Global
Minimum and the Conformer State (¢, ¢2) for both the
Nonbonded Steric Parameters of the MMFF Set and the Z Set

AE, MMFF AE, 7 set
¢1=—130°, ¢ = —130°, ¢ = —130°,
compd ¢ = 130° o = 130° ¢o = 140°
2 0.55 0.37 0.41
51 0.31 1.16 1.89
64 1.25 0.23 0.24
70 4.22 1.11 7.39
112 0.85 0.05 0.02
108 a 3.20 a

2 The energy at these conformations of compound 108 is greater
than the cutoff energy of 8 kcal/mol used to create the conforma-
tional energy maps.

—130°, ¢ = 130° and the apparent global minimum,
are given in Table 5. Also given in Table 5 are the AE
values for the neighboring conformer state ¢; = —130°,
¢2 = 140°, It is for this conformer state that larger
differences in AE between the active analogs and
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Figure 14. Conformational distance scan showing distances
between the o-chlorine atom and the amide hydrogen. Areas
marked 2—3 indicate areas where the distance between these
two atoms is in the range of 2-3 A, Areas marked 3—4
indicate areas where the distance between these two atoms is
in the range of 3—4 A. The Cl1—H distance as shown in figure
is 2.52 A when compound 75 is in the active conformation.

(inactive) compound 75 are seen. If one considers the
MM2 potential set as too “hard” and the Z set as too
“soft”, then the “true” force field may be between the
two. Correspondingly, the postulated active conforma-
tion may reside in the ¢; = —130°, ¢ = 130—140° region
of torsion angle space.

The postulated active conformation was further ex-
plored. An attempt to rationalize the difference in AE
for the analogs of the test set, especially compounds 75
and 112 which have in common an ortho substituent,
was undertaken by looking at intramolecular steric
interactions. The distance between the ortho substitu-
ent and selected atoms with which possible unfavorable
interactions might occur was calculated as a function
of conformation in the form of conformational distance
maps. The atoms which might interact with the ortho
substituent include the amide nitrogen and hydrogen
and the BZD endocyclic carbonyl oxygen. One of the
distance scans of the inactive 0-Cl analog, compound 75,
indicates that the conformer state (¢; = —130°, ¢ =
130°) is present in that area of space where unfavorable
interactions between the o-Cl atom and the amide
hydrogen may occur. Figure 14 is an example of one of
the distance scans and shows the distance of the o-Cl
atom and the amide hydrogen as a function of ¢, and
¢2. The distance between the Cl atom and the amide
hydrogen is 2.52 A when compound 75 is in the
postulated active conformation. This distance is steri-
cally unfavorable. The distance scans of the o-NHj, p-Cl
analog, compound 112, show that the conformer state
(¢1 = —130°, ¢po = 130°) is present in that area of space
where favorable interactions may occur. The distance
between the nearest amino hydrogen and the amide
nitrogen is 2.28 A and the distance between this
hydrogen and the BZD ring carbonyl oxygen is 2.39 A
when compound 112 is in the postulated active confor-
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Table 6. Torsion Angles for the Active Conformation of
Compounds with More than Two Rotatable Angles

compd  ¢;(deg) o (deg) ¢3(deg) ¢s(deg) @5 (deg)
6 =130 -110 —-130
7 -130 —150 -90 0
8 -130 -120 -30 -=60 -150
15 -130 —60 20
16 -130 0 180 =90

mation. Also, the distance between the amino nitrogen
and the amide proton is 2.66 A. Although these
distances are longer than a typical hydrogen bond, a
significant attractive electrostatic interaction occurs
between the atoms. The distance between the nearest
amino hydrogen and the amide proton is 2.21 A and
from energy calculations does not present a bad interac-
tion. This analysis explains why compound 112 can
adopt the postulated active conformation despite pos-
sessing an ortho substituent.

Intramolecular steric interactions were also examined
for compound 51 in the postulated active conformation.
The closest distances between the nearest hydrogen of
the N-methyl group, which occupies the area of space
equivalent to the o-phenyl substituent, and the amide
proton, the endocyclic oxygen, and the amide nitrogen
are 2.32, 2.60, and 2.72 A, respectively. These are
acceptable steric distances.

Application of the LBA—LCS principle led to postu-
lating that the active conformation of compounds, with
two torsional angles, ¢; and ¢s, is the comformer state
¢d1 = —130°, ¢ = 130°.

Conformational scans were performed for all the
remaining compounds in the data set and the AE values
calculated. For compounds 6—8, 15, and 16, which have
more than two torsion angles, the postulated active
conformation was determined using a PLS analysis of
the independent variables Vi, Vion, and AE versus
activity. For these compounds, the molecular shapes
of all the conformer states within AE were compared to
the most active analog, compound 2, which had its
torsion angles set at the values corresponding to the
proposed active conformation. All conformations within
a AFE of 8 kcal/mol were examined, except for compound
8. Because of the large number of conformations
available to this compound, only those conformers
within a AE of 5 kcal/mol were used. The conformations
produced by the molecular similarity application in
Quanta were also tested. The conformation for each of
the flexible analogs which proved most statistically
significant with respect to similarity to compound 2 was
chosen as the active conformation for the 3D-MSA—
QSAR of the entire dataset. The values of the torsion
angles of the proposed active conformations for these
five compounds are listed in Table 6.

b. Shape Reference Compound. All compounds
listed in Tables 1—3, in the proposed active conforma-
tion, were considered as candidates for the shape
reference compound. The results of directly regressing
common overlap volume, V,, and nonoverlap volume,
Vhon, against —log(ICsp) using different shape reference
candidates for the entire set of analogs of Tables 1-3
are reported in Table 7. Some compounds have identical
3-amido fragments, differing only in the substituents
on the BZD ring. Only one of these fragments was used
to calculate the statistical values. Wherever possible,
the compounds which had similar substituents on the
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Table 7. Importance of the Shape Reference Compound on the
Correlation of the Common Overlap Steric Volume, Vv, and
Nonoverlap Volume, Vyon, with —log(ICso) by R? Comparison®

R? R?

compd Vov Vaon compd Vov Vion
5 0.00 0.08 72 0.09 0.19
6 0.03 0.04 73 0.11 0.17
7 0.00 0.19 76 0.00 0.06
8 0.03 0.05 1 0.00 0.08
11 0.21 0.34 78 0.00 0.08
13 0.14 0.23 79 0.00 0.07
15 0.05 0.21 81 0.11 0.18
16 0.02 0.15 87 0.05 0.16
17 0.13 0.19 88 0.02 0.08
23 0.11 0.15 20 0.06 0.00
24 0.14 0.23 91 0.00 0.06
26 0.00 0.05 95 0.10 0.22
47 0.29 0.42 96 0.05 0.00
48 0.21 0.41 99 0.01 0.05
50 0.34 0.43 101 0.01 0.18
51 0.28 0.42 102 0.00 0.08
53 0.19 0.40 103 0.02 0.09
54 0.28 0.42 104 0.06 0.01
55 0.17 0.40 105 0.07 0.13
61 0.18 0.19 108 0.05 0.00
64 0.13 0.17 112 0.12 0.17
66 0.00 0.06 117 0.13 0.19
70 0.00 0.05 mutant 0.18 0.38

@ Terms are significant at the 0.05 level except for those which
have an R? < 0.06.

Figure 15. Shape reference compound “mutant” composed
of the overlapped structures of 24, 51, 81, and 112. Only the
3-amido substituent is shown. The amide nitrogen, the amide
carbonyl, and the attached aromatic carbon were used to
overlap these structures which are in the active conformation.

BZD ring were picked as the representative for that
particular fragment type. PLS was also applied to the
molecular shape measures and verified the ranking of
the compounds in terms of significance as the reference
compound. Itis clear from Table 7 that selection of the
shape reference compound can markedly alter the shape
descriptor—inhibition potency correlation. In trial 3D-
MSA—QSAR analyses of all the descriptors, a few
equally significant regression equations emerge which
depend on the shape parameters measured using a
select few reference compounds. In other words, no
single analog is the best shape reference compound. For
this reason, a shape reference “compound” which is
made up of the overlapped structures of these select few
analogs, namely, 24, 51, 81, and 112 (Figure 15), and
is termed a “mutant” was also included in the MSA.
c. 3D-MSA—-QSARs. The optimum 3D-MSA—QSAR,
in terms of the correlation coefficient and the F-statistic
measure, for all the phenyl analogs found in Table 1 is
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Table 8. SAR Table for All Phenyl Analogs Found in Table 1

—log(ICs0)
obs pred® residual

822 17.81 041
696 7.78 -0.82
864 877 -0.13
8.08 8.02 0.06
7.39 17.06 0.33
682 6.84 —0.02
525 546 —-021
512 4.72 0.40
7.82 17.33 0.49
7.68 7.44 0.24
547 567 —-0.20
7.09 7.06 0.03
7.02 6.42 0.60
6.57 6.01 0.56
577 6.08 -031
7.54 8.02 —0.48
6.66 6.26 0.40
6.32 6.32 0.00
582 597 -0.14
6.62 6.58 0.04
4.00 4.44 —0.44
585 5.53 0.32
6.30 6.74 -—-0.44
575 611 -0.36
6.14 6.74 —0.60
9.05 8.85 0.20
9.00 811 0.89

compd Veym Vaenm AE In

12 11172 2.08 0.78
61 11167 248 0.78
62 111.72 2.08 0.78
64 11172 2.08 0.78
65 11172 2.08 0.78
66 96.05 2.07 0.79
67 10773 5.36 4.12
69 10773 536 4.12
72 11343 12.84 0.78
73 10965 6.57 0.78
75 10773 5.36 4.12
76 11181 2.09 0.79
77 104.07 1892 0.78
78 11142 34.73 0.78
79 11254 3502 0.76
81 12722 2.09 0.78
87 11553 20.24 0.87
88 99.52 2.08 0.77
91 117.00 29.02 0.70
92 11343 12.84 0.78
99 11215 50.72 0.78
101 12413 43.56 0.85
102 116.27 13.23 0.77
103 99.07 5.71 0.74
105 106.68 2.53 0.76
112 12270 219 0.50
117 11533 449 0.79
118 11343 12.84 0.78 7.70 829 -059
122 124,13 43.56 0.85 7.00 7.23 -0.23

¢ Values of —log(ICso) predicted by eq 4.

~log(ICsy) = 0.062 (+0.014)V,, . —
0.054 (£0.007)V,,, .. — 0.575 (£0.087)AE +
0.958 (+£0.216)];; + 0.746 (+0.181)I; +

0.732 (£1.615) (4)
N=29,R=094,F=2333,8D=046

by
]
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where Vv is the common overlap steric volume with
the mutant as the shape reference compound, Vyonm is
the nonoverlap volume with the mutant as the shape
reference compound, and the other descriptors are as
defined above. N is the number of compounds, R is the
correlation coefficient, SD is the standard deviation of
fit, and the statistical ratio F' is used to determine the
probability of a linear relationship between the depend-
ent variable and the set of independent variables and
the constant. The values in parentheses define the 95%
confidence limits. Predicted and residual —log(ICsg)
values and the descriptor values are given in Table 8.

A large number of the phenyl analogs are para-
substituted. Thus, an individual 3D-MSA—QSAR was
generated for these compounds in order to explore the
interaction of the CCK-A receptor with this particular
substituent. The optimum regression equation for all
phenyl analogs with only a para substituent is
—log(IC;,) = —0.032 (£0.009)V, +

non,m

0.793 (£0.344)(Z7 1.5 A)? + 0.917 (£0.343)Iy +
0.714 (+0.265)I; + 6.469 (+0.296) (5)

N=20,R=089,F=14.1,SD = 0.59

where (27 1.5 A)? is the square term of the lipophilic
sphere descriptor for a radius of 1.5 A. The cross-
validated R2 is 0.18 less than the parent R2. Predicted
and residuals —log(ICsp) values and the descriptor
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Table 9. SAR Table for All Para-Substituted Phenyl Analogs
Found in Table 1

—log(ICs0)
compd Vaonm Et15A2 Iy Ir obs pred® residual
12 2.08 0.88 0 1 822 1782 0.40
61 2.48 0.00 0 1 698 7.10 -0.14
62 2.08 0.88 1 1 864 873 —0.09
64 2.08 0.88 1 0 8.08 8.02 0.06
65 2.08 0.88 0 0 739 7.10 0.29
66 2.07 0.05 0 1 682 716 —-0.34
72 12.84 1.21 0 1 782 1773 0.09
73 6.57 0.53 0 1 768 17.39 0.29
7 18.92 0.18 0 1 702 6.71 0.30
78 34.73 0.29 0 1 657 6.30 0.27
87 20.24 0.00 0 O 6.66 582 0.84
88 2.08 0.14 0 0 632 651 -0.19
92 12.84 1.21 0 0 662 7.02 —0.40
99 50.72 0.24 0 0 400 5.03 -1.03
101 43.56 0.18 0 0 585 521 0.64
103 5.71 0.19 0 0 575 644 -0.69
105 2.53 0.12 0 0 6.14 648 —-0.34
117 4.49 1.19 1 0 9.00 8.18 0.82
118 12.84 1.21 1 1 7.70 8865 -0.95
122 43.56 0.18 1 1 700 684 0.16

@ Values of —log(ICso) predicted by eq 5.

values are given in Table 9. As the lipophilicity of the
para substituent increases so does the binding affinity.
However, there is a trade-off between size and lipophi-
licity because an increase in Vy,, is detrimental to
activity.

The optimal 3D-MSA—QSAR for the indole analogs
of Table 2 is

~log(ICy,) = 3.825 (£0.253)(Z7 2.0 A) —

2.413 (£0.153)(Zx 2.0 A)? + 0.484 (£0.093)I, +
6.932 (+0.091) (6)

N=12,R=099, F =1604, SD = 0.13

Predicted and residual —log(ICs0) values and the de-
scriptor values are given in Table 10. Shape descriptors
are not found in this regression of highly congeneric
analogs. Activity can be predicted using only a lipo-
philic descriptor and an indicator variable. There is a
quadratic dependence with the (7 2.0 A) descriptor
indicating there may be an optimal lipophilicity for
these indole analogs. The optimal (£7 2.0 A) value is
calculated to be 0.79 which corresponds to having a
hydrogen at the 5’-position for the indole analogs.

The optimum 3D-MSA—QSAR for the combined set
of phenyl and indole analogs of Tables 1 and 2 is

~log(ICy,) = 0.044 (£0.008)V,

ov,m
0.049 (0.005)V,,, . — 0.544 (£0.080)A +

0.503 (£0.194)(Z% 1.5 A)? + 0.853 (£0.174)[ +
0.494 (+0.137)[; + 2.566 (+£0.911) (7)

N =41,R=0.95,F=505,SD = 0.43

Predicted and residual —log(ICso) values and the de-
scriptor values are given in Table 11. Molecular shape
plays an important role as the structural diversity of
the data set increases. An increase in lipophilicity also
contributes to an increase in binding affinity.

A statistically comparable equation is found by re-
placing the descriptor AE by the Hammett o-constant
for the ortho substituent of the phenyl analogs and for
the N-substituent of the indole analogs. The N-methyl/
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Table 10. SAR Table for All Indole Analogs Found in Table 2

—log(ICso)
compd (Z7r20A) (Z720A)2 Iy obs pred® residual

9 0.71 0.50 0 834 843 -0.10
43 0.71 0.50 0 868 843 0.25
44 0.71 0.50 1 885 892 -0.07
45 0.71 0.50 1 886 892 —0.06
47 0.97 0.94 0 830 837 -0.07
48 1.54 2.37 0 715 7.10 0.05
50 0.71 0.50 1 910 892 0.18
51 0.71 0.50 1 885 892 -0.07
53 1.58 2.50 0 692 695 0.03
54 0.05 0.00 0 715 7.12 0.03
55 0.05 0.00 0 6.70 6.73 —-0.03
56 0.71 0.50 0 833 843 -0.10

@ Values of —log(ICso) predicted by eq 6.

hydrogen of the indole analogs was considered as an
ortho substituent since the N-methyl substituent oc-
cupies the same space as the o-phenyl substituent. The
equation is

~log(ICs,) = 0.0398 (£0.009)V,,  —

ov,m
0.049 (£0.006)V,,,, ., — 1.431 (£0.247)a, +

0.496 (£0.213)(Zx 1.5 A)® + 0.814 (+0.189), +
0.533 (+0.149)I; + 2.514 (+1.001) (8)

N=41,R=094,F =414,8SD = 0.47

The descriptor values are included in Table 11. The
correlation coefficient between AE and o, is 0.99. The
0, values for the amino, methyl, and hydrogen substitu-
ents are small and negative, whereas this value is much
larger and positive for the halogens. Both AE and g,
are descriptors which correlate the negative influence
of an o-halo substituent. Size does not appear to be a
factor since the chlorine atom occupies the same volume
as a methyl group. Furthermore as halogen size
increases, activity does not decrease proportionately.
Lipophilicity of the ortho substituent also does not
correlate with activity. However, the variety of the
ortho substituent is quite limited.

The optimal 3D-MSA-QSAR for all the RS-com-
pounds of Tables 1-3 is

~log(ICy,) = 0.038 (£0.008)V,, . —

ov,m
0.035 (£0.006)V,,, ,, — 0.207 (+0.066)AE +

0.659 (£0.252)(Z7 1.5 A)% + 0.764 (:0.223)I; +
0.609 (£0.167)I + 2.671 (£0.937) (9)

N=53,R=0.89,F=312,SD =0.59

Predicted and residual —log(ICso) values and the de-
scriptor values are given in Table 12. The residual of
compound 8 falls outside the 25% activity range for this
set of analogs. The removal of this antagonist from the
analysis produces a small improvement in eq 9. Inter-
estingly, the coefficient of the descriptor AE shows a
marked decrease when the compounds of Table 3 are
added to the phenyl and indole analogs. The value of
this coefficient is basically consistent in the 3D-MSA—
QSARs of the subset containing the phenyl analogs and
the combined subset of phenyl and indole analogs. In
addition, the residuals of the o-chloro analogs increase
significantly in eq 9 when compared to the residuals for
these analogs from eqs 4 and 7. The analogs with more
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Table 11. SAR Table for All Phenyl and Indole Analogs Found
in Tables 1 and 2

( —log(ICs0)
compd Vyym Vienm AE 1.5ZZ)2 InIr o2 obs pred® residual

9 12085 2.17 037 0.24 —0.06 8.34 7.65 0.69
12 111.72 2.08 0.78 0.88 —0.06 822 7.85 0.37
43 120.85 2.17 0.37 0.24 —0.06 8.68 8.15 0.53
44 120.85 2.17 0.37 0.24 -0.06 8.85 9.00 -0.15
45 138.87 2.17 1.30 0.24 -0.12 8.86 9.28 —0.42
47 121.62 5.27 0.37 0.55 —0.06 8.30 8.19 0.11
48 122,03 17.13 0.37 0.14 -0.06 7.15 741 -0.26
50 120.85 2.17 0.37 0.24 —0.06 9.10 8.51 0.59
51 138.87 2.17 130 0.24 —0.12 8.85 8.79 0.06
63 108.57 23.20 0.37 0.07 —-0.06 6.92 7.06 -0.14
54 120.60 891 0.37 0.03 -0.06 7.15 7.70 —0.55
55 120.76 27.36 0.37 0.12 —0.06 6.70 685 —0.15
56 138.87 2.17 1.30 0.24 —0.12 8.33 843 —0.10
61 111.67 248 0.78 0.00 —0.06 6.96 7.39 —043
62 111.72 2.08 0.78 0.88 —0.06 864 871 -—0.07
64 111.72 2.08 0.78 0.88 —0.06 8.08 821 —0.13
65 111.72 2.08 0.78 0.88 —0.06 7.39 7.36 0.03
66 96.05 2.07 0.79 0.05 —0.06 6.82 6.74 0.07
67 107.73 5.36 4.12 0.05 1.20 5.25 5.28 —0.03
69 107.73 5.36 4.12 0.05 1.20 5.12 4.79 0.33
72 11343 12.84 0.78 1.21 —0.06 7.82 7.56 0.26
73 109.65 6.57 0.78 0.53 —0.06 7.68 7.37 0.31
76 107.73 5.36 4.12 0.05 1.20 547 564 -—0.03
76 11181 2.09 0.79 0.05 —0.06 7.09 6.94 0.15
77 104.07 18.92 0.78 0.18 —0.06 7.02 6.34 0.68
78 111.42 34.73 0.78 0.29 —0.06 6.57 5.94 0.63
79 11254 35.02 0.76 0.18 -0.06 5.77 592 -0.15
81 127.22 2.09 0.78 0.88 —0.06 7.54 8.04 —0.50
87 115.53 20.24 0.87 0.00 —0.06 6.66 6.14 0.52
88 99.52 2.08 0.77 0.14 —0.06 6.32 646 -0.14
91 117.00 29.02 0.70 0.05 -0.06 582 589 —0.07
92 113.43 12.84 0.78 1.21 —0.06 6.62 7.07 —045
99 112.15 50.72 0.78 0.24 —0.06 4.00 4.67 -—0.66

101 124.13 43.56 0.85 0.18 —0.06 5.85 547 0.38
102 116.27 13.23 0.77 0.05 —0.06 6.30 6.60 -0.30
103 99.07 5.71 0.74 0.19 -0.06 575 6.30 —0.56
105 106.68 2.53 0.76 0.12 -0.06 6.14 6.74 -0.60
112 122.70 2.19 0.50 0.88 —0.17 9.05 8.84 0.21
117 11533 449 0.79 1.19 —0.06 9.00 8.40 0.60
118 11343 12.84 0.78 1.21 -0.06 7.70 8.42 -0.72
122 124.13 43.56 0.85 0.18 —0.06 7.00 6.81 0.19

¢ Hammet o-constant used in derivation of eq 8. ® Values of
—log(ICsy) predicted by eq 7.

HFHHR OO0 HROOOOOCOHHOOOOOHKHOOHKHOOO
HFH OO0 OOOHRHHOORHOHHOOHRKHRRRHOOHKHKHKHKHREO

than two torsion angles, as a whole, must expend a
relatively larger amount of energy to adopt the proposed
active conformation than the other antagonists and,
therefore, are influencing the significance of AE.

A 3D-MSA—QSAR consisting of all the RS-compounds
minus compounds 8, 15, and 16 is found to be the
optimal regression equation that maintains the statisti-
cal measures of fit found in eq 7. The optimal equation
is

~log(ICs,) = 0.042 (£0.006)V,, . ~

ov,m
0.045 (£0.005)V,, ., — 0.364 (£0.061)AE +

0.560 (£0.201)(Zx 1.5 A)? + 0.788 (£0.177), +
0.487 (£0.138)I; + 2.483 (+£0.745) (10)

N=50,R=093,F=49.7, 8D = 0.47

The regression equation with Vo 50, the common overlap
steric volume descriptor with compound 50 as the shape
reference compound, in place of Vyym has the following
statistics of fit: N =50, R = 0.93, F = 44.0, SD = 0.49.
The correlation coefficient between Vi, and V50 is
0.75. A plot of predicted versus observed values of
activity from the data in eq 10 is given in Figure 16.
A closer look as to why the three compounds 8, 15,
and 16 are problematic was undertaken. When search-
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Table 12. SAR Table for All Analogs Found in Tables 1-3

—log(ICs0)
obs pred® residual

596 6.24 —028
6.00 552 048
532 519  0.13
470 328 142
834 7.32 101
7.66 7.89 —0.23
822 7.92  0.30
652 6.67 —0.15
7.96 697  0.99
7.05 6.08 097
805 7.82  0.23
6.96 6.36  0.60
7.70 7.74 —0.04
580 575  0.05
868 793  0.75
885 870  0.16
886 9.20 —0.34
830 8.06  0.24
7.15 7.38 —0.23
9.10 809 101
885 856  0.26
6.92 7.11 —0.19
715 7.55 —0.40
6.70 6.96 —0.26
8.33 843  0.10
6.96 7.33 —0.37
8.64 869 —0.05
8.08 808  0.00
7.39 7.32  0.08
6.82 6.77  0.05
525 642 —117
512 581 —0.69
7.82 7.83 —0.01
768 745  0.23
547 657 -110
7.09 6.77  0.32
702 6.57  0.45
657 6.37 020
5.77 6.33 —0.56
754 791 —0.37
6.66 622 044
6.32 6.36 —0.04
582 6.04 -021
6.62 7.22 —0.60
400 519 -1.19
585 585  0.00
6.30 655 —0.25
575 625 —0.50
6.14 6.60 —0.46
9.05 856  0.49
9.00 8.33  0.67
7.70 859 —0.89
7.00 722 —0.22

(0353
compd Voym Voonm AE 15A2 Iy

5 108.57 14.60 0.62 0.05
6 111.94 29.99 230 0.05
7 121.23 39.05 4.20 0.15
8 106.60 71.10 491 0.05
9 12085 217 037 0.24
11 13195 13.67 0.66 0.24
12 11172 2.08 0.78 0.88
13 105.27 21.14 0.3¢ 0.24
15 11420 9.70 2.50 0.24
16 109.40 17.63 4.20 0.13
17 117.00 213 021 0.24
23 8214 224 0.00 0.00
24 13449 222 0.8 0.24
26 121.60 14.27 546 0.05
43 12085 2.17 0.37 0.24
44 12085 217 0.37 0.24
45 138.87 2.17 130 0.24
47 12162 527 0.37 0.55
48 122.03 17.13 0.37 0.14
50 120.85 2.17 037 0.24
51 138.87 217 130 0.24
53 108.57 23.20 0.37 0.07
54 120.60 891 0.37 0.03
55 120.76 27.36 0.37 0.12
56 138.87 217 1.30 0.24
61 111.67 248 0.78 0.00
62 111.72 2.08 0.78 0.88
64 111,72 2.08 0.78 0.88
65 111.72 2.08 0.78 0.88
66 96.05 2.07 0.79 0.05
67 107.73 536 4.12 005
69 107.73 5.36 4.12 0.05
72 11343 12.84 0.78 1.21
73 109.65 6.57 0.78 0.53
75 107.73 5.36 4.12 0.05
76 11181 2.09 0.79 0.05
77 104.07 1892 0.78 0.18
78 111.42 34.73 0.78 0.29
79 11254 35.02 0.76 0.18
81 127.22 2.09 0.78 0.88
87 115.53 20.24 0.87 0.00
88 99.52 2.08 0.77 0.14
91 117.00 29.02 0.70 0.05
92 11343 12.84 0.78 1.21
99 11215 50.72 0.78 0.24
101 124.13 43.56 0.85 0.18
102 116.27 13.23 0.77 0.05
103  99.07 5.71 0.74 0.19
105 106.68 2.53 0.76 0.12
112 122,70 2.19 0.50 0.88
117 11533 4.49 079 119
118 113.43 12.84 0.78 1.21
122 124.13 43.56 0.85 0.18

@ Values of —log(ICso) predicted by eq 9.

Py
o
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ing for the active conformation of compound 8, only
those conformations within 5 kcal/mol of the apparent
global minimum were considered because of the large
number of conformations available to this compound.
This might be too low of an energy cutoff, and the active
conformation for this compound may reside more than
5 kecal/mol above the global minimum.

There is no obvious explanation why the removal of
compounds 15 and 16 increases the quality of the
regression equation. Perhaps the method of energy
calculation was not accurate. A smaller AE value would
certainly decrease the residuals for these analogs in eq
9.

An analysis of the compound subset consisting of all
the S-isomers found in Tables 1-3 minus compounds
70 and 96, which are outliers, yields the following 3D-
MSA—-QSAR
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Figure 16. Plot of the observed values of —log(ICs0) versus
the predicted values of —log(ICs) as predicted by eq 10.

—log(IC;,) = 0.135 (£0.029)V, .. —

ov,m
0.053 (£0.012)V ., o — 0.114 (£0.029)AE —

6.364 (+£3.286) (11)

N=14,R=0.96,F =36.3,SD = 0.39

The cross-validated R2 is 0.20 unit less than the
conventional R2. Predicted and residual —log(ICsp)
values and the descriptor values are given in Table 13.
There is no obvious explanation why compounds 70 and
96, the o-chloro- and o-bromophenyl analogs, respec-
tively, should be outliers. One observation is that these
compounds along with the o-iodophenyl analogs, com-
pounds 108 and 123, all basically have the same overall
steric shape in the active conformation. The activities
of these o-halophenyl analogs do not correlate to their
respective values of AE. The AE of the o-bromophenyl
analog, compound 96 is about 2 times and the AE of
the o-iodophenyl analogs, compounds 108 and 123, is
about 3 times the value for the o-chlorophenyl analog,
yet their activities are all about the same. One possible
reason that the AE of the o-bromo- and o-iodophenyl
analogs may be too large is that the bromine and iodine
atoms cannot be handled by the Mopac version of
MNDO. The optimized structure of the o-chlorophenyl
analog was used to build compounds 96, 108, and 123.
The chlorine atom was replaced by the other halogen
atoms, and the partial atomic charge of the chlorine
atom in compound 70 was also used for the bromine and
iodine atoms. The halogen—carbon bond length was
modified to the appropriate standard bond length. This
approach may have introduced error into the estimation
of the AE. Additional evidence that there is inconsis-
tency in the AFE values is that the regression coefficient
for this descriptor increases considerably to a value of
0.416 (£0.073), similar to that found in the other 3D-
MSA—-QSARs, when compounds 108 and 123, instead
of compounds 70 and 96, are deleted from the set of all
the S-isomer compounds. The statistics of fit for the
equation of all the S-isomer compounds, minus com-
pounds 108 and 123, are N = 14, R = 0.96, F = 38.2,
SD = 0.44, which are similar to those of eq 11.

The cross-validated R? values for each model are
within 0.1 unit of the conventional R? unless otherwise
noted. Thus, it may be assumed that these models
should be applicable to closely related compounds.3*

Discussion

In the postulated active conformation, o-halophenyl
analogs experience unfavorable nonbonded interactions.
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Table 13. SAR Table for All S-Isomer Analogs Found in
Tables 1 and 2

—log(ICs0)
compd Vom  Vienm AE obs  pred® residual

2 120.85 2.17 0.37 1010 9.73 0.37
58 120.85 2.17 0.37 922 9.73 -0.51
83 111.72 2.08 0.78 860 8.46 0.14
85 115.33 4.49 0.79 854 882 -0.28
90 114.71 5.17 0.78 8.46 8.70 -0.24
23 115.33 4.49 0.79 9.10 8.82 0.28
94 124.13 43.56 0.85 772 791 -0.19
95 120.05 10.02 0.78 9.10 9.186 —-0.06
97 106.68 2.53 0.76 737 7.78 -0.39
104 11840 11.73 0.78 912 885 0.27
108 110.72 17.54 13.63 6.10 6.03 0.07
114 11343 12.84 0.78 8.89 8.12 0.77
119 11343 12.84 0.78 796 8.12 -0.16
123 110.72 17.54 13.63 5.96 6.03 -0.07

@ Values of —1og(ICso) predicted by eq 11.

The N-methylated indole analogs can adopt energeti-
cally stable conformations in the region of torsion angle
space of the postulated active conformation because
rotation of the methyl group allows a minimization of
unfavorable steric contacts. The o-amino p-chloro ana-
log, compound 112, can also adopt this conformation as
this active conformer state is, in fact, near its global
minimum. Intramolecular conformational stability,
therefore, is critical for binding affinity and is repre-
sented by the AFE descriptor, the difference between the
fixed valence geometry intramolecular energy of the
active conformation and the global minimum energy
conformation. The orientation of the aromatic ring, with
respect to the amide hydrogen and carbonyl oxygen,
both potential intermolecular hydrogen-bonding sites,
determines the overall shape and position of the 3-amido
pharmacophore. Figure 17 shows a representative
analog of high activity from each of the Tables 1-3 in
the active conformation. Ideally if ¢; = —130°, then ¢s,
as depicted in the figure, should be 130—140°. Exclu-
sions from this torsion angle space result in a decrease
in activity.

A molecular shape descriptor appears in almost every
3D-MSA—-QSAR. Mutant, a molecular volume hybrid
consisting of the union of structures of compounds 24,
51, 81, and 112, is the most statistically significant
shape reference “compound”. This “compound” is es-
sentially carving out the allowed space of the binding
site. Volume not included by this space is detrimental
to binding affinity. Examples of analogs that demon-
strate unfavorable nonoverlap volume with reference to
the mutant structure are given in Figure 18. Areas of
receptor steric interaction are noted schematically in
Figure 19. Compounds with atoms/groups that extend
too far above and/or below this plane exhibit a marked
decrease in activity. A steric interaction between the
receptor and the antagonist may occur 1.3—-2.0 A above
and below the plane in the area indicated by Figure 19a.
This receptor mapping is derived from compounds 78,
79, 87, 91, and 99. The lower activity of these analogs
is largely attributed to the amount of nonoverlap volume
which occurs above/below the plane of the aromatic ring.
If it is accepted that the BZD ring structure acts as an
anchor in the binding site, then it can be postulated that
if ¢g is rotated to a value of 90° the aromatic ring of
even the most active compounds would interact with the
nonoverlap volume depicted in Figure 19a. This sup-
ports the idea that the binding site prefers the aromatic
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Figure 17. Compounds 112, 50, and 17 shown in the active
conformation. Ideally ¢; = —130°, ¢ = 130—140°.

ring at a particular orientation. Volume extendin
outward in the plane of the aromatic ring 4.5—5.0 i
away from the illustrated axis may also result in
decreased activity and is proposed from examining
compounds § and 26. Compound 5 can adopt the active
conformation without a significant loss of intramolecular
energy. The low activity of this analog is likely at-
tributable to the steric interaction of the nonoverlap
volume with the postulated receptor “wall” (Figure 19b).
The inactivity of compound 26 may be due to its high
AFE and also to the amount of nonoverlap volume in this
same region. The steric¢/lipophilic area of receptor space
1 A away from the accessible surface, as depicted in
Figure 19D, is carved out by compounds 48, 53—55. The
inactivity of these compounds is most likely due to an
unfavorable steric/lipophilic interaction of the 5-sub-
stituent with the receptor.

Although compound 99 is not an outlier in the 3D-
MSA—-QSARs, the residual for this analog is larger than
that for more other compounds. In basically all of the
optimal 3D-MSA—QSARs, shape alone is not able to
adequately explain the low activity of this analog. The
answer may lie in the descriptor dist. The distance
between the carbonyl carbon and the furthermost atom
corresponding to the direction of the phenyl para
substituent is 9.65 A for compound 99 which is the
largest among all analogs. The next closest distance is
8.94 A belonging to compound 55. Although dist does
not appear in any of the optimal 3D-MSA—QSARs, this
descriptor may still be a determinant of activity. All
other compounds in the data set may have acceptable
dist values, and only compound 99 extends beyond the
proposed binding site. Therefore it appears that there
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Figure 18. Structures of various analogs that demonstrate
nonoverlap volume which may interact with the CCK-A
receptor. The mutant is shown as a reference in two different
views. The first view is looking perpendicular to the plane of
the aromatic ring. The second view is looking above the plane.
Compounds 5, 26, 78, 79, 87, 91, and 99 are also shown.

is a limit to the length of the 3-amido substituent of
approximately 9.65 A, as depicted in Figure 19a.

The finding that common overlap steric volume is also
an important descriptor for activity suggests an analog
must occupy a critical minimum volume to exhibit
moderate activity. The most active analog contains an
indole ring, further suggesting that this is near the ideal
shape and volume. However, the mutant is predicted
to be the optimal shape reference compound for common
steric overlap volume when all other descriptors are
included in the regression equation. Compound 50,
which contains an indole ring and is present in the
structure of the mutant, is also a highly significant
shape reference compound for common overlap steric
volume. This behavior may indicate that in order for
an analog to show affinity it should optimally possess a
shape similar to an indole ring. However, moderate
activity can be realized if the structure extends outward
in certain positions of the plane of the aromatic group
as is the case for compounds 11, 17, 24, and 81. The
pharmacophoric receptor accessible volume is essen-
tially mapped out by the shape reference “compound”,
the mutant. This volume is depicted in Figure 19b.
Steric volume occuring within the volume of the mutant
is acceptable.



3D-MSA—QSAR of Cholecystokinin-A Receptor Antagonists

A

DA\

NN

9.65 A

b steric/lipophilic
interaction

steric
interaction

Figure 19. (a) 3-Amido substituent of compound 50 shown
in the proposed CCK-A receptor pharmacophoric binding site.
The distance to the nonallowed volume above and below the
plane of the aromatic ring may occur at 1.3—2.0 A. Also the
maximum distance of 9.65 A from the carbonyl carbon to the
receptor “wall” is depicted. A lipophilic interaction sphere of
radius 1.5 A is also shown. (b) Planar view of the 3-amido
substituent of mutant bound in the proposed CCK-A pharma-
cophoric binding site. The accessible volume is depicted within
the gray boundaries. Potential steric/lipophilic interaction
sites are indicated.

Lipophilicity is involved in the expression of binding
affinity. However, the descriptor LOGP does not appear
to be significant. Rather, the sum of the m-constants
within a sphere of radius ranging between 1.5 and 3.0
A appears in many of the trial 3D-MSA—QSARs. The
term (2 1.5 A), or its square, is a descriptor that is
found to add significance to the optimal regression
equation. This suggests that the location in space
corresponding to a sphere of 1.5 A about the phenyl
p-iodine of compound 95 may be near a hydrophobic
pocket of the receptor. This interpretation is strength-
ened with the comparison of the poorly active phenyl
p-OH analog, compound 103, and the moderately active
p-Cl analog, compound 65. These analogs have identical
substitution patterns on the BZD ring structure and
only differ in the para substituent. However, there is
a 2 orders of magnitude difference in their activities.
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The lipophilic interaction sphere is depicted in Figure
19a.

An N-methyl group on the BZD ring structure is
favorable for binding affinity. The indicator variable
Iy appears in the optimal 3D-MSA—QSARs containing
all the compounds. This may indicate that the methyl
group is making a favorable interaction with the recep-
tor. Also the N-methyl group has been found to affect
the conformation of the BZD ring structure in that it
influences the seven-membered ring flip3 which, in
essence, could influence the time-averaged position of
the 3-amido substituent.

The presence of a fluorine on the ortho position of the
5-phenyl ring of the BZD ring structure enhances
binding as it has a positive coefficient in the 3D-MSA—
QSAR. This suggests there is a favorable interaction
of the fluorine atom with the receptor. The addition of
a fluorine does not always increase binding affinity,
however, as there are a few cases contrary to this trend.
For example, compare the activities of compounds 114
and 119 which show a reverse trend. In more cases
than not, however, the presence of fluorine increases
binding affinity.

Overall, a 3D pharmacophore for the 3-amido sub-
stituent of the benzodiazepine CCK-A antagonists is
derived from the 3D-MSA—QSARs, and an active con-
formation is hypothesized for these compounds using
the loss in biological activity—loss in conformational
stability principle. A shape reference compound that
consists of selected overlapped structures expands the
definition of accessible receptor space. The elimination
of one structure from the mutant at a time could define
what area of ligand space each compound occupies by
examining which analogs become outliers in the result-
ant 3D-MSA—-QSARs.
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