J. Med. Chem. 1998, 41, 3609—3623 3609

Derivation of a Three-Dimensional Pharmacophore Model of Substance P
Antagonists Bound to the Neurokinin-1 Receptor
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Constrained systematic search was used in an exhaustive conformational analysis of a
structurally diverse set of substance P (SP) antagonists to identify a unique hypothesis for
their bound conformation at the neurokinin-1 receptor. In this conformation, two aromatic
groups essential for high affinity adopt a perpendicular or edge-on arrangement. This
pharmacophore hypothesis for the receptor-bound conformation was used in a comparative
molecular field analysis (CoMFA) of an expanded set of SP antagonists, and the predictive
ability of the resulting three-dimensional quantitative structure—activity relationship (3D-
QSAR) was evaluated against a test set of SP antagonists different from those in the training
set. This CoMFA model based on the Constrained Search alignment yielded significant cross-
validated, conventional, and predictive r? values equal to 0.70, 0.93, and 0.82, respectively.
For comparison, the SP antagonists were forced into an alternative poorer alignment in which
the two aromatic rings were parallel and then subjected to a CoMFA analysis. Both the parallel
and perpendicular arrangements of the aromatic rings are seen in X-ray structures of SP
antagonists and have been proposed as candidates for the receptor-bound conformation. The
parallel (or stacked) conformation yielded a poorer correlation with a cross-validated r?> = 0.57,
a conventional r2 = 0.90, and a predictive r> = 0.78. Our results indicate that although both
alignments could generate a reasonable CoMFA correlation, the stacked conformation is unlikely
to be the receptor-bound conformation, as the covalent structure of the antagonists precludes

a common geometry in which the aromatic rings are stacked.

Introduction

Substance P (SP), a peptide neurotransmitter first
discovered in 1931 and eventually characterized in
1970 as the undecapeptide Arg-Pro-Lys-Pro-GIn-GlIn-
Phe-Phe-Gly-Leu-Met-NH>,? is a member of the tachy-
kinin family of peptides. These peptides bind to a series
of three neurokinin receptors, NK;, NK;, and NKj,
which have selective affinity for SP, neurokinin A, and
neurokinin B, respectively.® A link between the trans-
mission of pain, the induction of inflammatory responses
as a result of noxious stimuli, and the release of SP has
been established.*~® These observations suggest that
SP receptor antagonists may be of significant therapeu-
tic use in the treatment of a wide range of clinical
conditions, ranging from arthritis,” migraine,® and
asthma?® to postoperative pain and nausea.!0-12

The discovery of the first selective nonpeptide SP
receptor antagonist CP963451314 has catalyzed research
in this area, and reports of several antagonists which
belong to other structural classes have rapidly followed,
e.g., CP99994,% RP73467,16 CGP47899,17 and FK888.18-21
Many of these compounds share structural elements,
such as two or more aromatic rings, a heteroatom which
links one of these rings to the central core of the
molecule, and aliphatic substituents on one of the
aromatic rings.22 A number of proposals for structural

* To whom correspondence should be addressed.

T Center for Molecular Design.

* Department of Computer Science.

8 Present address: MetaPhore Pharmaceuticals, Inc., 3655 Vista
Ave, St. Louis, MO 63110.

elements of the ligands essential for receptor interac-
tion132324 and key complementary residues at the
receptor binding site2® have evolved to rationalize their
activity. Recent advances in molecular biology and
biophysical methods which have fueled the field of
structure-based design have yet to yield structures for
seven-transmembrane proteins such as the NK; recep-
tor. Consequently, these proposals have been driven
largely from indirect methods, such as structure—
activity relationship (SAR) studies based on the syn-
thesis of analogues and mutagenesis of the SP receptor.

In the absence of detailed atomic information, one can
attempt to deduce an operational model of the receptor/
ligand complex that gives a consistent explanation of
the known data and, ideally, provides predictive value
when considering new compounds for synthesis and
biological testing. Constrained Search?6 is a form of
systematic search?’ in which the common three-dimen-
sional geometry required of a set of ligands for binding
to a receptor can be determined. This geometry pro-
vides an orientation rule for ligands that enables the
use of three-dimensional quantitative structure—activity
relationship (3D-QSAR) methods. Constrained Search
has been used to define a common bound geometry for
a series of angiotensin-converting enzyme inhibitors2®
which has subsequently been used in a comparative
molecular field analysis (CoMFA)?8 to rationalize their
inhibitory potencies.?® Similarly, a predictive model has
been developed for nonpeptide angiotensin-11 receptor
antagonists® based upon a pharmacophore geometry
identified by systematic search.
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In this paper, we use Constrained Search to derive a
hypothesis for the receptor-bound conformation of SP
antagonists bound to the NKj receptor. This hypothesis
is then used in CoMFA to develop a 3D-QSAR model
for the antagonist binding site and to predict success-
fully the activity of other SP antagonists.

Results and Discussion

Pharmacophore Detection and Alignment of SP
Antagonists. Constrained Search was used in an
exhaustive conformational analysis to determine a
common three-dimensional pattern for a set of phar-
macophoric elements held by 17 representative SP
antagonists (Table 1, data set = CS and ST). Starting
with one ligand, intramolecular distances between es-
sential functional groups over all sterically allowed
conformations were recorded and used to constrain the
search of the next ligand in the set and so on, until all
that remained was a set of intramolecular distances (the
IMap) that can be adopted by all of the ligands when
bound to the receptor.

The Constrained Search study focused on the aro-
matic rings present in all of the SP antagonists and the
alkyl substituents on one of these rings (Figure 1).
Although a heteroatom linking one of the aromatic rings
to the core of the molecule has been implicated as an
important element of the pharmacophore, mutagenesis
studies reveal divergent effects on affinity, depending
on whether the heteroatom is a N or an O.3! Conse-
quently, we opted for a conservative definition of the
pharmacophore that excluded the heteroatom site. SAR
studies have consistently identified alkyl substituents
on the aromatic ring as affinity enhancers, and we chose
to add that component to our model as well.32—34

Our initial Constrained Search analysis revealed that
the set of 17 antagonists could not simultaneously fit
all 7 elements of the pharmacophore shown in Figure
1. Positions of centroid G could not be found for
compounds containing an aromatic methyl/fluoromethyl
side chain that were compatible with the position of
centroid G in compounds containing an aromatic meth-
oxy side chain. This forced us to develop a strategy
(outlined in Figure 2) in which the antagonists were
separated into two classes (aromatic methyl/fluorom-
ethyl side chain versus aromatic methoxy side chain),
and the IMap was contracted to 6 elements or expanded
to 7 elements (see Methods) as needed in order to
incorporate valuable geometric information involving
the seventh pharmacophore element (centroid G) into
our model without requiring that all of the molecules
simultaneously fit all 7 pharmacophore elements.

A Constrained Search of the antagonists using a
6-element pharmacophore in which centroid G (Figure
1) was disabled led to 2087 common alignments (IMap
points) of the aromatic rings (Figure 2). MOLf was
found to be the most constrained of the series, based
on the number of rotatable bonds and the number of
conformations produced. When the geometries of aro-
matic rings in these points were examined (see Methods
and Figure 3), none were found consistent with a
“stacked” geometry, 53 were identified as “adjacent”, 37
were identified as “T”, and 1990 were identified as “L".
Only 7 IMap points could not be classified in one of the
four categories. Upon closer inspection, it was deter-
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mined that the “stacked” conformations were eliminated
by MOLi. No combination of isomers or conformations
of MOLf and MOL.i could simultaneously present a set
of pharmacophore distances consistent with a “stacked”
orientation of aromatic rings.

The inital 6-element pharmacophore IMap was ex-
panded to 7 elements by increasing the resolution on
distances involving the element G (the aromatic sub-
stituent centroid of Figure 1) to 0.25 A. This increased
the size of the IMap from 2087 points to 67 244. When
this expanded IMap was used to constrain the six
compounds in which element G was a methoxy group
(MOLf, MOLa, MOLo, MOLp, CP99994, and CP96345),
the resulting 7-element pharmacophore IMap retained
866 points: in 10, the aromatic rings had “T” orienta-
tions, 5 had “adjacent” orientations, and 851 had an “L”
orientation. The distances spanned by the 7-element
pharmacophore IMap for the aromatic methoxy com-
pounds are summarized in Table 2.

The 7-element pharmacophore IMap resulting from
analysis of the methoxy subset was contracted to 6
elements and then used to constrain a search of the
remaining methyl/fluoromethyl compounds. This con-
traction was actually done in two steps: In the first,
the resolution of distances involving centroid G was
increased to 8 A, dropping the number of IMap points
from 866 to 366. Next, the IMap resolution was
increased to 0.25 A, increasing the number of IMap
points to 4926. These two steps effectively removed
from the IMap any “memory” of constraining distances
to the seventh element. When the resulting IMap was
used in a Constrained Search analysis of the 11 methyl/
fluoromethyl compounds, a new IMap of 410 points was
produced: 6 of the IMap points were consistent with
the “T” arrangment of the aromatic rings, while the
remaining 404 represented a variety of “L” orientations.
The actual distances spanned by these points are
summarized in Table 2.

The final 7-element pharmacophore IMap was again
contracted into 6 elements, resulting in 188 IMap points.
When clustered in distance space, they partitioned into
two distinct groups: one corresponding to a “T” confor-
mation, the other to an “L” conformation. The same
results were obtained when the order of analysis was
reversed by using the original 6-element IMap first to
constrain the methyl/fluoromethyl subset and then
using the resulting IMap to constrain the methoxy
subset. Through this series of analyses, our original
2087-point, 6-element IMap dropped to 188 points.
Although the original map contained no stacked con-
formations, there were some adjacent conformations
that could have converged to the stacked orientation
upon minimization. Our analysis strategy removed
these conformations from consideration and established
conclusively that only conformations in which the
aromatic rings have an edge-on interaction can be held
in common by all of the SP antagonists.

For CoMFA analysis, points in the “T” cluster were
used to generate conformations. The average distance
in each IMap dimension of this cluster was determined,
and the IMap point closest to the average was used to
generate conformations. The difference between con-
formations within the clusters was less than the resolu-
tion of the CoMFA grid. The first sterically valid
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Table 1. Structures and Activities of SP Antagonists Used in Constrained Search and CoMFA Training Set

Rs

Ra4

molecule X Ry R, Rs Ry  plCso(M) data set assay ref
CP96345 NH OCHj4 H H H 9.17 sT? (m? 13,14
MOLd o} H CF3 H CF3 8.89 ST CH® 64
Merck_BMCL_p1261_95_ 8a O H CF, H CF3 6.71 cT? CH 24
Merck_BMCL_p1261_95 8b O H CHjy H CHg 6.53 CT CH 24
Merck_BMCL_p1361_93_15¢c O H CHj H H 7.68 CcT CH 34
Merck_BMCL_p1361_93_15d O H H CH3 H 6.54 CT CH 34
Pfizer_JMC_p2591_92_7¢ NH H OCH; H H 7.70 CcT M 13
Pfizer_JMC_p2591_92_7d NH H H OCH; H 6.46 CT IM 13
Pfizer_dJMC_p2591_92_7g NH H H cl H 5.72 CT M 13
Pfizer_JMC_p2591_92_7h NH CH,CH; H H H 7.78 CcT M 13
Pfizer_JMC_p2591_92_7j NH NHCH; H H H 717 CT IM 13
L-703605 NH H H H 7.54 CcT CH 42,46
L-705084 NCH; OCH; H H H 8.10 CT CH 42,46
L-703625 o H H H H 7.12 CT CH 31
L-709232 NH H CF3 H CF3 8.70 CcT CH 31
L-706125 (0] H CHs H CH4 9.00 CT CH 31
R4 Ry
@.\\NHJQ/
N ©/CI
molecule Ry R> plCsp(M) dataset assay ref
MOLa OCH; OCH; 8.04 ST IM 32
Pfizer_BMCL_p839_94_5g ci H 6.64 CcT M 32
Rz
Ry
X
e
N” "Rj
molecule X R, Ro Rs plCso(M) data set assay ref
MOLe 0— H CFq 915 ST CH 64
Merck_BMCL_p1261_95_6 10— H CH, /\Q 509 CT CH 24
Merck_BMCL_p1261_95_7 0 — H CHjy \/@ 6.89 CT CH 24
H
Merck_BMCL_p839_94_5f PUNS OCH; H """Q 5.85 cT CH 32
OCHj4
Merck_BMCL_p1703_93_11 -—=0O— H CF3 | 6.24 cT CH 64
H \Y
L-703766 N~ OCH; H \Q 663 CT CH 4246
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Table 1 (Continued)

Takeuchi et al.

R ©
molecule X R, R» Rs plCso(M) data set assay ref
CP99994 NH OCH3 H H 9.77 ST M 15
|
MOLh o H CF3 /\H/N\_Q 9.40 ST CH 65
o}
L-733060 0 H CF3 H 9.00 CT CH 65,66
L-736281 0 H CF3 /\n/NHg 8.89 CT CH 65
0]
Ry
el
R
X
Y
z
molecule X Y Z Ry Ry plCse(M) dataset assay ref
MoLl NH CH, CH, CF3 CFz 9.00 ST CH 23
MOLm CH, NH CH, CF3 CFs 7.70 ST CH 23
MOLn CH, CH, NH CF3 CF; 9.02 ST CH 23
Merck_JMC_p1264 95 16 CH, CH, NH CF3 H 7.24 CT CH 23
Merck_JMC_p1264_95_17 CH, CH, NH CH; CH; 8.05 CT CH 23
Merck_JMC_p1264_95_19 CH, CH, NH H H 5.96 CT CH 23
Be £
. : (n N !
data data
molecule n  plCso(M) set assay ref molecule n Ry plCgo(M) set assay ref
MOLo 1 921 ST BH 67 Pfizer_ JMC_p2831_94_10a 1 H 7.17 CT BH 47
MOLp 2 944 ST BH 67 Pfizer_ JMC_p2831_94_10b 2 H 6.77 CT BH 47
Pfizer_ JMC_p2831_94 11a 1 OCH; 9.04 CT BH 47




3D Pharmacophore Model of SP Antagonists Journal of Medicinal Chemistry, 1998, Vol. 41, No. 19 3613

Table 1 (Continued)

Ry

-
¥

R
molecule R4 Ro Rj R4 plCso(M) data set assay ref
CGP47899 CHy H A@ “\\NH/\Q 7.82 ST BRY 17
H
CIBA_45 cl H A@ N 7.59 Cs° BR 68
e
oN N
MOLI CHy H \LQ N\ 7.52 ST BR 69
H
CIBA_1 CHy H _@ N — 5.57 CT BR 70
' W
H —_—
CIBA_17a CHy H /\<:> N 651 CT  BR 70
N\
H —_—
CIBA_21 H H A@ N \ N 588 CT BR 68
/
H —_—
CIBA_24 H o o A@ NN 588 cr BR 68
RS\
Ry~ "Rj
Ro
molecule R, R» R4 Rs Re plCso(M) data set assay ref

MOLc CFy CFs

H /\H/NHZ 9.28 ST CH 33

(o)

Merck_BMCL_p1903_94_8a H H H H 6.44 CT CH 33

Merck_BMCL_p1903_ 94 _8b  Cl H H H 712 CT CH 33
797 CT CH 33

H —Q 709 CT CH 33

CH;  CH, 826 CT CH 33

Merck_BMCL_p1903 94 8e CF; CF3
Merck_BMCL_p1903_94_13 CH; CHj
Merck_BMCL_p1903_94_15 CHj

L-732106 CF; CFj CH; CH4 870 CT CH 337

bbb

I
I
I

Merck_BMCL_p2161_94_1f CHz CHs 563 CT CH 72

Merck_BMCL_p2161_94_1g CHz CHj H H H 563 CT CH 72

Feibodddl
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Table 1 (Continued)

Ry

X
szN R
molecule X R, Rs plCso(M)  data set assay ref

Merck_JMC_p1269_94_152 O CHjg H 7.66 CT CH 35

6.26 CT CH 35

Rs
o)
CH,
Merck_JMC_p934_95_9 NH CHy H Y@ 5.83 CT CH 43
o)
\[(])/\k
o)

Merck_JMC_p1269_94_10 O CHj CHj

Merck_JMC_p934_95_16a CH, CFg H 8.51 CT CH 43
Merck_JMC_p934_95_16e CH, CF3 H N/ 9.22 CT CH 43
AN
Merck_JMC_p934_95_16l CH, CF3 H \n/\/\N/\\ 9.77 CT CH 43
(0] \\/O
(@] Ry o R,
N O/\Q
o] ﬂ
o] NHAc
| \ Rz | \ R1
N X
data data
molecule R; Rz plCso(M) set assay ref | molecule X R; plCso(M) set assay ref
L-732244 CF; CF3 759 ST CH 37| L-732138 NH CF; 849 CT CH 37

Merck_JMC_p923_95_16 CF3 H 557 CT CH 37| L-708568 NH CH; 7.28 CT CH 41
Merck_JMC_p923 95_17 H H 522 CT CH 37| L-709400S CF; 7.82 CT CH 41

HsCO
“INH
N7
H

MOLf

OCHj

O\\
)
H
O RP73467

H N7
g L)

Pfizer_BMCL_p1865_94_2

Pfizer_JMC_p2831_94_36 Pfizer_JMC_p2831_94_22a
molecule pICso(M) data set assay ref
MOLf 8.70 ST BH 38
Pfizer_JMC_p4263_94_4 5.00 CT BH 38
Pfizer_JMC_p2831_94_22a 6.64 CT BH 47
Pfizer_JMC_p2831_94_36 8.72 CT BH 47
Pfizer_BMCL_p1865_94_2 8.62 CT IM 44
RP73467 7.64 CT M 16

a ST, used in constrained search and CoMFA training set. ® CT, used only in COMFA training set. ¢ CS, used only in constrained search.
d 1M, binding affinity for the NK; receptor in human IM-9 cells using [3H]SP as ligand. ¢ CH, binding affinity for the NK; receptor in
CHO-expressed hNK; using [*2°1]SP. f BH, binding affinity for the NK; receptor in human IM-9 cells using [*2°1]Bolton-Hunter SP. 9 BR,
binding affinity for the NK; receptor in bovine retina using [3H]SP.
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Figure 1. Pharmacophore elements used for monitoring intramolecular distances during Constrained Search analysis of SP
antagonists and for alignment of molecules prior to COMFA analyses.

Constrained Search of
all compounds
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2087 IMap points:
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7 Constrained Search of \
/ methoxy compounds \
7-element pharmacophore i
\ 866 IMap points:
\ 0 "stacked" Contract Imap to 6 elements, 366 points
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» Constrained Search of  \
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! All compounds
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‘ 188 IMap points:

0 "stacked”
0 "adjacent"
4 o

188 "L

Figure 2. Schematic showing the Constrained Search strat-
egy employed to develop an IMap that covered the entire set
of 17 SP antagonists but required that only 6 of 7 pharma-
cophore elements be simultaneously superimposable. The
results are not dependent on the order in which the analysis
was done, as swapping the position of the methyl/fluoromethyl
compounds and the methoxy compounds in the sequence
produces the same results.

conformation identified for each molecule was used in
the CoMFA analysis. The overlaid molecules are shown
in Figure 4.

The “T” or edge-on orientation of the aromatic rings
identified by Constrained Search in Figure 4 is quite
similar to a conformation seen in the X-ray structure
of an NK; antagonist.'® An alternative conformation
seen in X-ray crystal structures and solution conforma-
tions of some antagonists has the aromatic rings in the
parallel or stacked orientation!335=37 that was elimi-
nated in our Constrained Search analyses. This con-
formation has also been proposed as the bound confor-
mation of these ligands.'>3® Recently, Natsugari et al.
superimposed low-energy conformers of a pyrido[3,4-b]-
pyridine SP antagonist (ICsp = 7.0 nM) on those of
CP99994.%° The conformer having the largest intersec-
tion volume with CP99994 was similar to the T confor-
mation identified in this study by Constrained Search.

m
O~
a
T
=W
m

——9 —eo—

; i

] t

& i
——4— ——o¢—o
B A Cc B A (¢}

"Adjacent" conformations

1 ¥ i 1
E D F } H F D E
—d—o —9+
! B A C B A C !

"Stacked" conformations

"L" Conformations

Figure 3. Diagram of aromatic ring orientations used to
classify IMap points common to SP antagonists. The black
lines represent normals through each of the aromatic rings,
the gray dashed lines represent the plane of the aromatic rings,
and the labeled points correspond to the pharmacophore
elements shown in Figure 1.

The conformer having the next largest intersection
volume was similar to the stacked. Notably, several
molecules in our analysis (MOLo, MOLp, MOLi, and
CGP47899) were unable to adopt the parallel or stacked
conformation. For MOLIi and CGP47899, the amide
bond linking the 3,5-dimethylphenyl ring and the pip-
erazine ring is simply too restricting.

CoMFA Analyses. We developed two CoMFA mod-
els: one based on the alignment derived from Con-
strained Search with the two aromatic rings in an edge-
on interaction and the other based on an X-ray structure
of an NK; antagonist®® in which the rings are parallel
or stacked (Methods). The results of these CoMFA
analyses are summarized in Table 3. The initial
analysis based on the Constrained Search alignment
yielded a cross-validated r2 = 0.70 and a conventional
r’ = 0.93 using five principal components (see also
Supporting Information). The CoMFA analysis based
on the stacked conformation seen in the antagonist
X-ray crystal structure®® yielded a poorer correlation
with a cross-validated r? = 0.57 and a conventional r?
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Table 2. Summary of Commonly Held Distances between 7
Pharmacophore Elements in 17 High-Affinity SP Antagonists
Determined Using Constrained Search

internuclear distances in
methyl/fluoromethyl series

internuclear distances
in methoxy series

distance
paira min (A)° max (A) min (A)P max (A)
AD 4.75 6.75 4.75 6.75
BD 4.00 7.50 4.00 7.50
CD 4.00 7.75 4.00 7.50
AE 4.25 7.25 4.75 7.25
BE 4.00 8.00 4.00 7.75
CE 4.00 8.00 4.00 7.75
AF 4.75 6.75 4.75 6.75
BF 4.00 7.75 4.00 7.50
CF 4.00 7.75 4.00 7.50
AG 6.75 10.25 6.75 10.50
BG 6.50 11.00 6.00 11.25
CG 6.00 11.00 6.00 11.25

aSee Figure 1 for a definition of pharmacophore elements.
b IMap resolution = 0.25 A.

= 0.90 using five principal components (see also Sup-
porting Information). These values are surprisingly
good, given that the training set includes many struc-
tural classes: quinuclidine, piperidine, acyclic ether,
perhydroisoindol, piperazine, and tryptophan esters.

The penultimate test of a model is in its predictive
power, purported to be reflected by the cross-validated
r2. In fact, the potential strength of COMFA is that it
can be used to prioritize synthetic targets by activity,
or to identify and computationally screen novel scaffolds.
After developing the two CoMFA models, biological
activities for a set of new compounds (Table 4) were
obtained from A. Giolitti (A. Menarini) and a recent
publication.®® The former are all analogues of FK88818-2!
and do not have the bis-trifluoromethyl, bis-methyl, or
methoxy aromatic ring substitutions thought to be
important in the training set. When the CoMFA model
based on the “T” or edge-on conformation identified by
Constrained Search was used to predict the activities
of these 18 new SP antagonists, the predictive r? was
0.82. The CoMFA model based on the stacked aromatic
ring conformation seen in an X-ray crystal structure
produced a slightly poorer predictive r?2 of 0.78 for the
same test set (see Supporting Information). Our results,
based on an exhaustive conformational analysis and
CoMFA, are consistent with previous modeling studies
favoring the T conformation.®® A visual examination of
the two CoMFA models revealed that the one based on
the X-ray structure had contours which were more
diffuse than those observed in the T or edge-on model.
This is most likely a consequence of the poorer align-
ment of antagonists in the stacked model (see Methods
and Supporting Information).

Do the CoMFA models make chemical sense based
on what we know about SP antagonists? The CoMFA
electrostatic and steric fields from the Constrained
Search alignment (“T” or edge-on) are presented as
contour plots in Figure 5. The field values were
calculated as the scalar product of the g-coefficient and
the standard deviation associated with a particular
column in the QSAR table (STDEV*COEFF). The
values corresponding to electrostatic columns are plotted
as the percentage of contribution to the QSAR equation.
In Figure 5, the red contours represent regions of
decreased tolerance for positive charge (20% contribu-
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tion), while the blue contours represent regions of
increased tolerance for positive charge (80% contribu-
tion).

In Figure 5, the electrostatic contours on the methoxy
substituent oxygen and in its vicinity are consistent with
the enhanced activity seen with this substituent. The
electrostatic contours in the vicinity of the phenyl meta-
substituent suggest that trifluoromethyl is preferred
over methyl or hydrogen in this location. Site-directed
mutagenesis studies of the NK; receptor suggest that
the bis-trifluoromethyl-benzyl ester moieties in L-732138
interact with His 265 in the sixth putative transmem-
brane spanning region of the receptor.** In the upper
left part of Figure 5, the small electrostatic spot in the
vicinity of the C-3 nitrogen atom of CP96345 indicates
that a heteroatom, either nitrogen in CP96345 or oxygen
in the ethers such as MOLJd, is preferred at this site.
Site-directed mutagenesis data for the NK; receptor
reveals that GIn 165, on the fourth transmembrane
domain, is involved in the binding of quinuclidines
having an O or NH group at C-3 in CP96345, possibly
through a hydrogen bond between these groups and GIn
165.42 Replacing GIn 165 for alanine in the human
receptor caused a 40—44-fold reduction in affinity for
these compounds. In contrast, the binding of N-acetyl-
tryptophan esters to the GIn 165 Ala mutant was
measured and found to be little changed from affinities
for the wild-type receptor, indicating that this class of
antagonists does not rely on the side chain of residue
165 for binding.*® Similarly, the ketone analogue
(Merck_JMC_p934_95_16a, Table 1) of one of the
tryptophan esters had affinity at the mutant receptor
which was only 5-fold lower than at the wild-type
receptor. When higher-affinity ketone analogues of
tryptophan esters were tested at the mutant receptor,
all exhibited a reduction in affinity, but this varied from
only 2-fold to 25-fold.** These data suggest that the
ketone carbonyl in the N-acetyl-tryptophan ester series
does not bind to the same residue as the exocyclic
heteroatom in the quinuclidine antagonists and that GIn
165 may contribute either directly or indirectly to the
higher-affinity binding of some of these ligands but is
not essential to the activity of the N-acetyl-tryptophan
ester series as a whole.*® This suggestion is consistent
with the fact that electrostatic contours in the vicinity
of the C-3 nitrogen atom of CP96345 are small in Figure
5. The electrostatic contours in the vicinity of the
quinuclidine nitrogen in CP96345 indicate that the
nitrogen atom at this position is preferred. MOLm
shows a 20-fold loss in affinity compared to MOLN,
consistent with proposed models of antagonist binding
to the NK; receptor in which the position of the basic
nitrogen is an important feature.234445 In Figure 5, the
electrostatic contours, which indicate areas where high
electron density within the ligands enhances affinity,
overlap with the z-aromatic electron density of the most
active compounds. These contours in the vicinity of one
of the phenyl rings of the benzhydryl support the idea
that only one of the phenyl rings of the benzhydryl is
involved in receptor binding.2* Substitution of His 197
in the fifth transmembrane helix of the human NK;
receptor by different amino acids and analysis of
structural analogues of antagonists suggest that His 197
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Figure 4. Overlaid conformations of each of the 17 SP antagonists that fit the final IMap of Figure 2.

Table 3. Summary of Results from CoMFA of 73 SP
Antagonists Using Two Different Alignments: One Derived
from a Constrained Search Analysis in Which the Aromatic
Rings Are in a “T” or Edge-On Interaction and the Other Based
on an X-ray Structure of an SP Antagonist in Which the Rings
Are “Stacked” or in a Face-to-Face Interaction

no. of
QSAR alignment s 120 components F  SE
Constrained Search 0.70 0.93 5 174 0.36
(“T” or edge-onc)
X-ray structure 0.57 0.90 5 123 0.42

(“stacked” or face-to-face®)

a Cross-validated r2: r2 value for analysis using designated
number of cross-validation groups. ® Conventional r2: fitted r2
value for predictive model derived using no cross-validation and
the optimum number of principal components. ¢ Defined in Figure
3.
is involved in an amino—aromatic interaction with the
benzhydryl moiety of CP96345.46

The steric contribution contour plot from the analysis
based on the Constrained Search alignment is plotted
as the STDEV*COEFF field in Figure 6. In Figure 6,
the green contours represent regions of high steric
tolerance (80% contribution), while the yellow contours
represent regions of low steric bulk tolerance (20%
contribution). Areas of high steric bulk tolerance are
noted in the vicinity of the o-methoxy substituent or at
the meta-position of the phenyl. These substituent
positions are important for affinity, with methoxy
preferred as the single ortho-substituent or bis-methyl/
bis-trifluoromethyl preferred for ortho,meta-disubstitu-
tion.3* In Figure 6, areas of low steric bulk tolerance
predict a steric wall in which added bulk will decrease
potency. The observation that larger fused bridges in
the quinuclidine core (Pfizer_JMC_p2831_94_10a,
10b, 11a, 22a, 36 of Table 1) caused a greater loss of
receptor affinity supports the idea that the receptor
forms a particularly tight binding interaction with this
portion of the quinuclidine structure.*” Figure 6 con-
firms these results and depicts the unfavorable receptor
interactions for additional substitution projecting from
the nucleus away from the bridge bearing the diphe-
nylmethyl and benzylamine groups. Those studies
suggested that these antagonists bind to similar binding
sites on the NK; receptor and that, as proposed for

CP99994,15 its spirocyclic analogue,®® and the compound
by Natsugari et al.,? the relative spatial orientation of
the two phenyl groups may be an important factor for
binding.

Conclusions

We have used Constrained Search, a systematic
approach, to predict the receptor-bound conformation
of the most significant portions of SP antagonists at the
NK; receptor, by identifying a three-dimensional ar-
rangement of pharmacophore elements which is mutu-
ally consistent for all active analogues. This arrange-
ment, when used as an alignment rule to determine
correspondence between assorted classes of antagonists,
has been shown to yield a good predictive model of
activity as described by CoMFA.

Over the past 5 years, receptor mutagenesis has been
combined with modification of the ligand to identify
specific molecular interactions between ligands and the
G-protein-coupled receptors in an approach that may
be thought of as two-dimensional mutagenesis.*® By
examining the additive effects of modifying functional
groups on the ligand and substitution of amino acid side
chains on the receptor, this two-dimensional approach
allows the identification of specific interactions between
the receptor and the ligand. At its limit, this combina-
tion can provide a low-resolution sketch of the interac-
tions that dock the ligand in the receptor binding pocket.
However, mutational data are not always straightfor-
ward to interpret: it has been suggested that some
mutations alter the local or global conformation®:50 of
the receptor.5152 This should be kept in mind when
interpreting experimental results as well as building 3D
receptor models. Our results, which couple Constrained
Search and CoMFA, are consistent with the two-
dimensional mutagenesis results. In the absence of
high-resolution structural data for G-protein-coupled
receptors by X-ray crystallography or NMR, models
derived from the coupling of Constrained Search and
CoMFA provide information about ligand—receptor
interactions that can be useful in the drug discovery
process. In addition, these CoMFA results facilitate
efforts to construct a 3D model of the NK; receptor
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Table 4. Structures and Activities of the Molecules in the Test Set
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a Structures and activities provided by A. Giolitti of A. Menarini. ® Binding affinity for the NK; receptor in human IM-9 cells using
[BH]SP as ligand. ¢ Taken from ref 40. 9 Binding affinity for the NK; receptor in CHO-expressed hNK; using [*?°1]SP.
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Figure 5. Crossed stereoview of CoMFA electrostatic contours from the model based on a Constrained Search alignment.
Compound CP96345 is shown. The red contours (contribution level of 20%) indicate regions where the addition of negative charge
will increase activity. The blue contours (contribution level of 80%) indicate regions where the addition of positive charge will

increase activity.

Figure 6. Crossed stereoview of CoOMFA steric contours from the model based on a Constrained Search alignment. Compound
CP96345 is shown. The green contours (contribution level of 80%) indicate regions where the addition of steric bulk is allowed
and also define the steric boundary of the active site. The yellow contours (contribution level of 20%) indicate regions where the

addition of steric bulk is association with decreased activity.

which will further refine our understanding of receptor—
ligand interaction.

Methods

A. Constrained Search. 1. Molecules and Their
Geometries. The 17 SP antagonists employed in Constrained
Searches are shown in Table 1 (data set = ST and CS). Each
was chosen primarily for its combination of interesting con-
formational properties and high affinity for the NK; receptor.
In cases where biological data was available only for racemic
mixtures, both enantiomers were considered in separate
analyses.

Molecules were built using the fragment library and sketch
module within SYBYL.5 Because systematic search uses a
rigid geometry approximation,?” a good starting geometry is
necessary for high-quality results. Structures were minimized
(300 steps) and subjected to molecular dynamics (50.9 ps) using
the Tripos force field (no electrostatics). Conformations were
saved every 500 fs and minimized to a gradient convergence
of 0.05 kcal/(A-mol). The lowest-energy conformation of each
molecule was then minimized using the block diagonal New-

ton—Raphson method in MM35 to the default energy conver-
gence of 0.000 08 kcal/(A-mol) per atom.

2. Pharmacophore Definition. Centroids were defined
for all aromatic rings (A and D of Figure 1), and for each
aromatic ring, a normal to the plane of the ring was con-
structed through the centroid. The dummy atoms defining the
normal (B, C, E, and F of Figure 1) were 1 A away from the
centroid of the ring. The centroid for pharmacophore methyl/
fluoromethyl groups (G of Figure 1) was calculated using the
hydrogens or fluorines of the group. This was then linked to
the heavy atom penultimate to the group by a 3-A dummy
bond—e.g., for methoxy groups, the centroid of the methyl
hydrogens was determined, bonded to the oxygen, and the
O—Du bond was extended to a distance of 3 A along the O—C
axis.

When molecules contained more than two aromatic rings
(for example, CP96345), centroids and normals were con-
structed for all of the aromatic rings. In some cases the
correspondence between one pair of aromatic rings on different
molecules was clear from the connectivity but was not obvious
for the second pair (as in the benzhydryl portion of CP96345).
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In these cases, all possible pairings of the aromatic rings were
considered to determine which was likely to define the phar-
macophore. In every case, these pairings did not reduce the
number of IMap points, meaning that no single mapping was
preferred. Because there was no preferred mapping, we
arbitrarily selected the proS aromatic ring for the pharma-
cophore. For the aromatic ring bearing the fluoromethyl/
methoxy substituent, the normals were labeled such that
looking down the sp3—sp? bond from the core of the molecule
into the aromatic ring, the nearest methoxy substituent was
on the left and the top normal corresponded to element E. This
is consistent with the view shown in Figure 1.

3. Systematic Search Parameters. Conformational
analyses were performed using the Constrained Search option
in Receptor 3.2% and four of the eight processors on an SGI
4d/380S. Torsion ranges on all angles were 0—359° with the
exception of amides (+10° from cis and trans conformations)
and symmetric rotors (0—120° for methyl and fluoromethyl
groups). The results of the analyses were similar for IMap
resolutions of either 0.125 or 0.250 A, and consequently only
the results at 0.250 A are reported. Two different sets of
general van der Waals scaling factors were used: 0.92, 0.84,
and 0.65 (for general, 1—4, and H-bonding interactions,
respectively) with a hydrogen radius of 0.75 A and 0.90, 0.82,
and 0.65 with a hydrogen radius of 0.5 A. The results were
the same for the two sets of parameters.

Adaptive sampling,?” an option in which search grid points
are repositioned to ensure that all allowed ranges are ad-
equately sampled, was employed. Radial sampling, using a
search grid in distance space?’ rather than torsion space, was
also used to address the over- or undersampling of Cartesian
space which occurs when the same torsion angle increment is
used for groups having different rotating arm lengths. Tor-
sional and steric energies for each aggregate on either side of
every rotatable bond were determined at 2° increments and
the mean values computed. For each rotatable bond, angle
ranges in which the torsional or steric energy was more than
20% higher than the bond’s mean were not further considered
in the search.

Radial increments of 0.125 or 0.250 A were employed for
all nonring torsions. With the exception of the quinuclidine
cage structure, all ring torsion angles were allowed to rotate
(closure tolerances: +0.05 A for ring closure bond and 1,3
distances spanning the closure bond and +5° for bond angles
on either side of the closure bond). Molecules containing
flexible ring(s) were preprocessed by extracting the ring(s) and
solving for torsions that would produced closed, cyclic struc-
tures at an increment of 0.0625 A or less (equivalent on
average to a 2.3° angle increment). The resulting torsions (as
tuple files) were used to constrain the corresponding molecule
in the Constrained Search analysis.

In initial trial analyses, molecules were subjected to a coarse
unconstrained systematic search (radial scan factor = 1.5 A)
in order to determine their relative torsional freedom. Mol-
ecules were ordered based on their degree of conformational
freedom, and Constrained Searches were done on molecules
in that sequence, with the most constrained molecules being
searched first. All runs prior to the final production run used
only the “core” rotations, e.g., the torsions linking the phar-
macophoric groups.

4. IMAP Expansion and Contraction. In cases where
all molecules of a given set fail to adopt a common geometry
for all of the pharmacophore elements, the IMap will contain
zero points. In these cases, elements of the pharmacophore
can be deleted, or alternatively, the IMap can be contracted
by decreasing the resolution for distances involving one or
more elements (for example, to 8 A). By retaining the
definition of the element in the IMap, but decreasing its
resolution, the element can be still be invoked in later stages
of the analysis simply by increasing the resolution of distances
involving that element. For an existing IMap, contraction
results in a decrease in the number of points, while expansion
results in an increased number of points. The ability to
contract and expand IMaps allows the construction of 3D
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pharmacophore maps without requiring that all of the mol-
ecules simultaneously fit all of the pharmacophore elements.

5. Analysis of IMap Points. A C program was written
which analyzed IMap points to determine the relative orienta-
tion of the aromatic rings in their associated conformations
17, “L”, “stacked”, or “adjacent” as defined in Figure 3).
These classifications used all of the pairwise distances between
the rings (AE, AD, AF, BD, BE, BF, CD, CE, and CF of Figure
1) and simple geometric criteria: for example, in the case of
the “T"-type conformations, BE = CE, BD = CD, BF = CF,
and AF > AD > AE. Tolerances in these determinations were
the same as the resolution of the IMap, 0.25 A. The “T” and
“L” orientations were edge-on interactions, while the “stacked”
orientation had both rings parallel as shown in Figure 3. The
“adjacent” structures were those in which the planes of the
rings were parallel but not stacked on top of each other.
Binning of IMap points was done sequentially, with “stacked”
structures identified first, “adjacents” identified from the
remaining structures, and “T” and “L” structures identified
in subsequent steps.

B. CoMFA. 1. The Two CoMFA Models. All molecular
modeling and CoMFAZ?8 studies were performed on a Silicon
Graphics Iris Indigo R4000 computer running SYBYL 6.1a.5®
A training set of 72 molecules (Table 1) was selected from the
literature, spanning the diversity of antagonist structures and
activities. In the first study, the alignment identified by
Constrained Search was used to superpose molecules. Struc-
tures in the training set were matched to the template from
the Constrained Search which most closely resembled their
structure. For molecules whose biological activity was re-
ported for a mix of stereoisomers (L-703625, L-709232, and
L-706125), the isomer that best fit the template was used, and
its stereochemistry is shown in Table 1. The template
molecules were defined to be fixed aggregates, and within
SYBYL MULTIFIT, constraints were defined which forced
superimposition of the training set molecule’s pharmacophore
groups onto the template’s corresponding groups. The con-
straints had force constants of 20 kcal/mol-A2 and involved
carbons of the aromatic rings and methyl/fluoromethyl/meth-
oxy groups (if present). The TRIPOS force field®® was used
with no electrostatics, and the fit was done for 100 steps.
Following the fitting, the pharmacophore groups of each
training set molecule (two aromatic rings plus methyl/fluo-
romethyl/methoxy) were defined as a fixed aggregate and each
structure was minimized. Only the pharmacophoric groups
were used to constrain the orientation of molecules, and
portions of molecules which were not uniquely determined by
the pharmacophoric constraints were allowed to find their own
local minima without any attempt to optimize any other
feature such as volume overlap.

All molecules were assigned a formal charge of 0, and
point charges for atoms in the training set were calcul-
ated using MOPAC 6.0 and the AM1 model Hamiltonian%8
(keywords: 1SCF, MMOK). The molecules were then input
as rows of a QSAR table along with their respective affinities
(shown in Table 1). With the exception of MOLT,
Pfizer_IMC_p4263_94_4, and Pfizer_BMCL_p1865_94_2,
binding affinity is expressed as plCso. In these cases, the
affinity was reported as K;, and the values of S and K, (see
Appendix), needed for converting K; to 1Cso, were not available
in the primary references. If we assume K, = 0.5 nM and S
=0.07 nM, ICso = K x 1.14. Although biological data for the
antagonists used in the COMFA analyses comes from different
sources, in general there is good agreement in affinities across
laboratories when the same ligand is evaluated. Specifically,
I1Cso values for CP96345 have been reported as 0.77 mN in
IM-9 cells,*®* 0.5 nM in COS cells,*> and 0.4 nM in CHO cells.%®
Similarly, K; values for CP99994 have been reported as 1.5
nM in IM-9 cells** and 0.4 nM in COS cells.%®

CoMFA steric and electrostatic fields were calculated using
a distance-dependent dielectric and entered as columns in the
QSAR table. Regression analyses were done using the SYBYL
implementation of the PLS algorithm,® initially with cross-
validation (the leave-one-out technique) and five principal
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components. The optimal number of components to be used
in conventional analyses was chosen from the analysis with
the highest cross-validated r? value, and for component models
with identical r? values, the model with the smallest standard
error of prediction. To improve the signal-to-noise ratio, the
leave-one-out calculations were performed with a 2.0 kcal/mol
energy column filter.

In the second alignment evaluated by CoMFA, the strategy
outlined above was used to align training set structures to the
conformation of a CP96345 analogue observed by X-ray.3
Coordinates for this template (refcode=LEWCUL) were ob-
tained from the Cambridge Structural Database.®* In this
template, the two key aromatic rings adopt a stacked or
parallel interaction with each other. SYBYL MULTIFIT was
used to align structures, with the constraints involving ele-
ments used in the Constrained Search. In this model, the
alignment of structures was not as tight as for the Constrained
Search edge-on alignment of antagonists, simply because the
covalent structure of some antagonists prohibited a perfectly
stacked structure.

2. The Test Set. The predictive ability of the two COMFA
models was tested against a set of nine compounds supplied
by A. Giolitti (A. Menarini) as well as a set of nine antagonists
from a recent publication.®® Structures in the test set (Table
4) were matched to a template from each CoMFA alignment
which most closely resembled their structure. Using SYBYL
MULTIFIT, the phenyl ring and the naphthalene ring (for
example, in MEN10930) were superimposed on the methoxy
phenyl ring and the proS phenyl ring of the diphenyl (for
example, in CP96345), respectively.?? The constraints involved
carbons of the aromatic rings. Following the fitting, each
structure was minimized using the TRIPOS force field as
described earlier.

The predictive r? was used to evaluate the predictive power
of the two CoMFA models and was based only on molecules
from the test set. Predictive r? is calculated using the formula:

predictive r’ = 1 — (“press”/SD)

where SD is the sum of the squared deviations between the
actual activities of the compounds in the test set and the mean
activity of the training set compounds and “press” is the sum
of the squared deviations between predicted and actual activi-
ties for every compound in the test set. It should be obvious
from the equation that prediction of the mean value of the
training set for each member of the test set would yield a
predictive r2 = 0. This is analogous to the cross-validated r?
definition®? and can result in a negative value reflecting a
complete lack of predictive ability of the model for the
molecules included in the test set.
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Appendix

Biological activities used in the CoMFA analyses of training
and test sets are expressed as

pICs, = —log 1Cs 1)

where plCsy is the transformed activity and ICso is the
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concentration of unlabeled ligand that causes 50% inhibition
of specifically bound *?°I-labeled SP.

Biological activities for the compounds in the test set shown
in Table 4 were obtained from A. Giolitti (A. Menarini) as K;
values. To obtain plCsy values, the Cheng and Prusoff
equation® determined for the case involving one substrate and
one competitive inhibitor present was used

1C5, = Kj(1 + S/IK,;) 2)

where K; is the dissociation constant, S is the substrate
concentration, and K, is the Michaelis constant of the sub-
strate. This equation is valid when the velocity in the presence
of the inhibitor is one-half the velocity in the absence of the
inhibitor.

Based on eq 2, 1Cs values for all compounds in the test set
were determined using the Ky, value of 0.5 nM, S = 0.07 nM
(J. E. Krause, personal communication), and the corresponding
Ki values (A. Giolitti, personal communication).

Supporting Information Available: Plots of predicted
vs actual plCsy for COMFA analyses based on two different
SP antagonist alignments; a figure of 17 overlaid SP antago-
nists fit to a stacked alignment of aromatic rings; and CoOMFA
contours (9 pages). Ordering information is given on any
current masthead page.
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