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Stepwise Modulation of Neurokinin-3 and Neurokinin-2 Receptor Affinity and
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A stepwise chemical modification from human neurokinin-3 receptor (hNK-3R)-selective
antagonists to potent and combined hNK-3R and hNK-2R antagonists using the same
2-phenylquinoline template is described. Docking studies with 3-D models of the hNK-3 and
hNK-2 receptors were used to drive the chemical design and speed up the identification of
potent and combined antagonsits at both receptors. (S)-(+)-N-(1-Cyclohexylethyl)-3-[(4-
morpholin-4-yl)piperidin-1-ylJmethyl-2-phenylquinoline-4-carboxamide (compound 25, SB-
400238: hNK-3R binding affinity, K; = 0.8 nM; hNK-2R binding affinity, Ki = 0.8 nM) emerged
as the best example in this approach. Further studies led to the identification of (S)-(+)-N-
(1,2,2-trimethylpropyl)-3-[(4-piperidin-1-yl)piperidin-1-ylJmethyl-2-phenylquinoline-4-carboxa-
mide (compound 28, SB-414240: hNK-3R binding affinity, Ki = 193 nM; hNK-2R binding
affinity, Kj = 1.0 nM) as the first hNK-2R-selective antagonist belonging to the 2-phenylquino-
line chemical class. Since some members of this chemical series showed a significant binding
affinity for the human u-opioid receptor (hMOR), docking studies were also conducted on a
3-D model of the hMOR, resulting in the identification of a viable chemical strategy to avoid
any significant u-opioid component. Compounds 25 and 28 are therefore suitable pharmacologi-
cal tools in the tachykinin area to elucidate further the pathophysiological role of NK-3 and
NK-2 receptors and the therapeutic potential of selective NK-2 (28) or combined NK-3 and

NK-2 (25) receptor antagonists.

Introduction

The mammalian tachykinins—or neurokinins—in-
cluding substance P (SP), neurokinin A (NKA), and
neurokinin B (NKB), are a family of small peptides
widely distributed in the central and peripheral nervous
systems.! They produce an array of biological responses,
including smooth muscle contraction and relaxation,
vasodilation, activation of the immune system, regula-
tion of pain transmission and neurogenic inflammation,
and they have been proposed to play a pathophysiologi-
cal role in a range of CNS and peripheral disorders,
including migraine, depression, anxiety, emesis, asthma,
and irritable bowel disease (IBD). These effects are
mediated by specific 7 transmembrane G-protein coupled
receptors (7 TM-GPCRs). The three tachykinins are able
to activate all the receptors, although SP has the highest
affinity for the neurokinin-1 receptor (NK-1R), NKA for
the NK-2R, and NKB for the NK-3R. A broad back-
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ground on the main biological aspects, profiles of neu-
rokinin receptors and neurokinin receptor antagonists,
and an extensive description of the lead generation and
lead optimization processes in the discovery of the
neurokinin receptor antagonists are given in recently
published reviews.1~7

In recent years an outstanding number of publications
have appeared in the literature describing both diverse
chemical classes and specific compounds as selective
antagonists of the NK-1, NK-2, and NK-3 receptors.236
In contrast, there has been minimal information in the
primary literature with regard to combined tachykinin
receptor antagonists; however, in the patent literature,
many nonselective tachykinin antagonists are claimed.®
The rationale of synthesizing combined antagonists for
the neurokinin receptors is mainly based on the poten-
tial synergistic effect associated with a multiple receptor
interaction.*8 In particular, with regard to the NK-2 and
NK-3 receptors, the potential for synergistic pharma-
cological effects is supported by the different locations
of the two receptors. By its strategic location at the
ganglia of parasympathetic nerves,® the NK-3R has
the potential to influence the release, and thus the
effect, of several rather than one neurotransmitter.
Accordingly, an NK-3R antagonist would be expected
to have therapeutic activity in pathological conditions
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Chart 1. Chemical Structure of Compound 1

that have a significant neuronal component. NK-2R is
found on end-organs, such as airway, bladder, and
gastrointestinal (GI) tract smooth muscles.® Pulmonary,
bladder, and GI tract disorders may therefore be the
main potential therapeutic targets for combined NK-3
and NK-2 receptor antagonists.

In principle it should be possible to test the hypothesis
of pharmacological synergism by utilizing a combination
of two molecules, a selective NK-3R antagonist and a
selective NK-2R antagonist. The issue associated with
this approach lies primarily in the likely different
pharmacokinetic profiles of the two compounds. An
alternative, more attractive approach would be to test
a single compound possessing combined NK-2R/NK-3R
antagonist activity and to compare its effects with those
of selective receptor antagonists.

The aim of this publication is to describe how the
chemical structure of quinoline-based selective NK-3R
antagonists, exemplified by (S)-(—)-N-(1-phenylpropyl)-
3-hydroxy-2-phenylquinoline-4-carboxamide (1, SB-
223412, talnetant, Chart 1),1* was modified in a step-
wise manner to obtain combined NK-3 and NK-2
receptor antagonists or selective NK-2R antagonists
without major changes of the chemical template.

Chemical synthesis (Scheme 1), physicochemical prop-
erties (Table 1), and radioligand binding affinities (Table
2) of compounds 6—8, 10—19, 21, and 23—28 will be
detailed.

Moreover, novel 3D models of the human NK-3,
NK-2, and u-opioid receptors and docking hypotheses
for the selective and combined ligands will be described.
Inputs from these models were key drivers in the
stepwise optimization process mentioned above.

Chemistry

The synthesis of compounds 6—28 was straightfor-
ward because they were all derived from a common key
intermediate (3-bromomethylquinoline derivative 4,
Scheme 1), which could be easily produced in large
amounts by radical bromination of methyl 3-methyl-2-
phenylquinoline-4-carboxylate (3) with N-bromosuccin-
imide (NBS) in refluxing MeCN and in the presence of
a catalytic amount of dibenzoylperoxide. Compound 3
in Scheme 1 could in turn be prepared by simple
esterification of the corresponding, commercially avail-
able carboxylic acid (2, [CAS 43071-45-0]); this esteri-
fication was found to increase the yields of the bromi-
nation step with respect to the same reaction directly
performed on the carboxylic acid. Nucleophilic displace-
ment of the reactive benzyl bromide by a variety of
secondary amines (R—H in Scheme 1) in THF in the
presence of diisopropylethylamine (DIEA) at a temper-
ature ranging from 20 to 50 °C afforded compounds of
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formulas 5a—j. Acidic hydrolysis in refluxing 6 N HCI,
and a subsequent coupling reaction with the appropriate
primary amines (R;—H) in THF/DCM in the presence
of O-benzotriazol-1-yI-N,N,N’,N’'-tetramethyluronium-
hexafluorophosphate (HBTU) as a condensing agent and
TEA gave the desired amides 6—9, 11-20, 22, and
2428 of general formula | in Table 1.

Compounds 10, 21, and 23 were obtained by fmoc
deprotection of the corresponding compounds 9, 20, and
22, respectively, in MeCN at room temperature in the
presence of piperidine.

Pharmacology

Radioligand Binding Assays. Neurokinin receptors
binding assays were performed with crude membranes
from Chinese hamster ovary (CHO) cells expressing the
hNK-3, hNK-2, or hNK-1 receptors (hNK-3-CHO, hNK-
2-CHO, and hNK-1-CHO, respectively) as detailed
previously.12~14 For NK-3R competition binding studies,
[*251]-[MePhe’]-NKB binding to hNK-3-CHO mem-
branes was performed using the procedure of Sadowski
and co-workers'® as described previously.** For NK-2R
competition binding studies, [*2°1]-NKA binding to hNK-
2-CHO membranes was performed essentially as de-
scribed by Aharony et al.'6 Competition binding studies
for the NK-1R were performed on hNK-1-CHO mem-
branes essentially as described by Payan et al.l”

Stable expressions of human 6- (hDOR) and human
u-opioid receptors (hMOR) in CHO cell lines and of
k-opioid receptors (hKOR) in human embrionic kidney
(HEK-293) cell lines have been performed in house,
using pCDN vectors.'® Receptor binding assays were
performed in membranes prepared by lysis in hypotonic
phosphate buffer’® using the method described by
Kotzer et al.'® with minor modifications. Briefly, the
following radioligands were utilized: [°H]-[D-Ala?,Me-
Phe*,Gly-ol®]enkephalin ([3H]-DAMGO, New England
Nuclear, Belgium), [3H]-[D-Ala?,D-Leu®] enkephalin
([*H]-DADLE, New England Nuclear, Belgium), and
[H]-U-69593 (Amersham, Italia) to label u-, 6-, and
k-opioid receptors, respectively.

Concentration—response curves in the hNK-3-CHO,
hNK-2-CHO, and hMOR-CHO binding assays were run
using duplicate samples for compounds 1, 6—8, 10—19,
21, and 23—28; among them, compounds that gave an
ICso binding affinity lower than 2.5 uM in the first
experiment were run in three to five independent
experiments (n = 3-5).

The percent inhibition of specific binding in the NK-3
and NK-2 receptor binding assays was determined for
each concentration of the compounds and the ICs,
defined as the concentration required to inhibit 50% of
the specific binding, obtained from concentration—
response curves. Values reported in Table 2 are the
apparent inhibition constant (K;), which was calculated
from the ICso as described by Cheng and Prusoff.2°

Compounds 1, 6, and 24 were studied in the hNK-1-
CHO binding assay, while compounds 1, 25, and 28
were evaluated in the hKOR and hDOR binding assays.

Results and Discussion

1. Modeling the Neurokinin NK-2/NK-3 and the
u-Opioid Receptors. For some years now, we?! and
others??2 have described models of G protein-coupled
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Scheme 1. Synthesis of Compounds 6—282
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a Reagents: (a) (COCI),, DCM, room temperature, 1 h; MeOH, DCM, room temperature, 18 h; (b) NBS, dibenzoylperoxide, CH3CN,
reflux, 28 h; (c) RH (a secondary amine), DIEA, THF, room temperature to 50 °C, overnight; (d) HCI (6 N), reflux, 4 h; HBTU, R1H (a
primary amine), TEA, THF/DCM, 25 °C to reflux, 18 h; (e) (only for compounds 9, 20, and 22) piperidine, CH3CN, room temperature,

overnight.

receptors (GPCRs), which were initially based on the
transmembrane helix packing bundle of bacteriorho-
dopsin (BR). These were modified when the early 9 A
cryoelectron diffraction map of bovine rhodopsin?® sug-
gested that the relative tilt of the helices differed
from that of BR. A major breakthrough was reported
in 1997 by Unger et al,2%2 when a 6 A electron den-
sity map of rhodopsin was described as a series of slices

at 4 A intervals through the membrane. The implica-
tions of this, particularly the unexpected tilt angle of
transmembrane helix 3 (TM3), led us to conclude that
a totally new template structure was necessary be-
fore further ligand design work could reliably be per-
formed.

It was assumed in the description below that the same
helix packing arrangement is present in all GPCR
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Table 1. Physical Properties of Compounds 6—8, 10—19, 21, and 23—28 of General Formula |
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I
[a]DZG
Compd R Ry formula mp, °C anal. (c=0.5, MeOH)
6 NMe, o~ CusHpN;O 2HCI  168-170  CHN,CI -25.3°
NH
7 NMe; L CyHs N0 117-120 CHN 63.0
NH
8 N\/:> @\ CsHyN:O02HCI  140dec. CHNCI 25
NH
/TN
10 N\_/N—H ©\u\‘\ C30H3,N,O 95-98 C,H,N -47.3*
NH
/TN
i1 N\_/N ©\ﬂ“\ Cs3H3N,0 3 HCI 120 dec. C,I‘I,I\I,Clc -38.0
NH
/N
12 NN Q\ CysHuN,O3 HCl  262-264  CHN.CI -49.0
NH
) j\
13 NN ©\, C3aHaoN,O 125130  CHN 692
NH
/TN d
14 NN CxHpN,O3HCl  180-183 C,HN,CI 19.5
NH
/TN
15 NN CpH;sN;O3HCl  204-206 CHN,CI —
NH
/TN
16 N n \NC CyHuN,03HCI 198200 CHNLCI -
. .
17 NuN-< " CuHssN,O3 HCl  235-238  C,HN,CI -
/TN
18 N\_/N Q C3oH3sN,O 161-163 CHN -
NH
19 NC}ND @\ CsHoNO3HCl  182-185 CHN,CE 41
NH
/TN
21 N N-H O\ «««« C29H36N40 112-114 C,H,N 20.5°
S
NH
(H
23 NC>7N\H - C30H33N4O 140-145 C,H,N nd
NH
24 NQND O\ CisHieNO3HCl  180-184 CHN,CI 6.9
NH
/N
25 N N_ o O\' CaHuN,O, 136-138  CHN 11.9°
NH
VAR b
26 N\_/O - C29H35N302 180-181 C,H,N 14.3
N
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Table 1 (Continued)
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[ a]DZO
Compd R R, formula mp, °C anal. (c=0.5, MeOH)
27 N/_\N—2~ O\' \\\\\ Cs:HipN,O, 151-153  CHNf 10.4°
N/ o NH
28 ) CssHyNO 185-187 CHN 26.8"

NH

ac =1, MeOH. ? ¢ = 0.25, MeOH; nd = not determined. ¢ Cl: calcd, 17.26; found, 16.78. 9 C: calcd, 63.21; found, 63.88. H: calcd, 7.46;
found, 7.03. CI: calcd, 17.49; found,17.01. ¢ C: calcd, 65.90; found, 65.44. f C: calcd, 75.25; found, 75.67.

Table 2. Binding Affinities of Compounds 1, 6—8, 10—19, 21,
and 23—28 at Cloned hNK-3, hNK-2, and hMOR Receptors

binding affinities hNK-2/hNK-3
(Kj, mean £+ SEM (nM)) receptor
compd hNK-3 hNK-2 hMOR selectivity ratio

lab 14402 144 + 22 1860 + 560 103

62 22+03 172 + 18 1680 + 480 78

7 33+11 51.6 +£18.8 >2500 16

8 70+1.1 276 £ 99 >2500 39
10 47+10 222+36 203+12 4.7
11 1.8+04 57+05 98.6 + 10.3 31
12 12+0.1 16+0.1 158+ 0.6 1.3
13 12+0.1 15+0.2 120 + 13 1.2
14 19+04 0.7+0.1 195 + 59 0.4
15 454 £129 9.2+0.8 d 0.02
16 >12000 811+211 d <0.1
17 1210+ 180 185+93 d 0.015
18 1250 £ 30 4.2+0.3 226 + 15 0.003
19 15+04 46+04 919 + 89 31
21 3.4+06 24+04 172 £ 6.8 0.7
23 31.2+24 33.0+89 1780+ 450 11
24ac 17+0.1 0.6 +0.1 1320 + 170 0.3
250 0.8+0.1 0.8+0.1 >2500 1
26 46+0.8 6.1+0.5 >2500 1.3
27 1.4+03 12+01 >2500 0.9
28° 193 + 48 1.0+0.2 >2000 0.005

a Compounds 1, 6, and 24 were assessed for their ability to
displace [®H]-SP binding from hNK-1-CHO membranes with the
method described in ref 17; they were devoid of any significant
effects up to concentration of 100 xM. ® Compounds 1, 25, and 28
were assessed for their ability to displace [?H]-U69593 binding
from HEK membranes transfected with the hKOR and [*H]-
DADLE from CHO membranes transfected with the hDOR and
were devoid of any significant effects up to concentration of 2.5
uM. ¢ A representative member of this chemical series, compound
24, was assessed for its cellular functional antagonist activity in
the NKB-induced CA2* mobilization assay in HEK cells stably
expressing the hNK-3R (Kg = 2.6 nM, pA; = 8.7) following the
method described in ref 12, and in the NKA-induced Ca?"
mobilization assay in HEK cells stably expressing the hNK-2R
(Ks = 9.9 nM, pA; = 8.0); these data confirm the well-known
antagonist properties of quinoline-based NK-3 and NK-2 receptor
ligands.1114 d Not determined.

family 1 receptors. Therefore, ligand binding and site-
directed mutagenesis data were collated from a number
of different receptors. As a starting point for the
construction of the new template, a computer program
was written that would convert the electron density slice
images into accurate three-dimensional representations
(see Experimental Section for details of the algorithm
used). These density contours were then used to define
the axes of the helices in a manner similar to that
described by Baldwin.2*b The helix sequences derived
from hydropathy plots?® were then manually folded
around these axes, assuming the standard values of
—59° and —44° for ¢ and v in a hydrophobic helix,?® but

adjusting these where necessary to take account of
irregularities in the helical axes.

Use was made at this stage of the program Helanal?’
developed by us some years ago to define the interior
face and the hydrophobic exposure of a transmembrane
helix. This defines the conservation moment arising
from a multiple sequence alignment of closely related
proteins, as a Fourier power spectrum, using the
algorithm originally described by Donnelly et al.28 The
moment is then mapped onto a color-coded helical
wheel. A set of rules are used to define a hydrophobic
arc on the wheel, which gives an indication of the degree
to which the helix is exposed to the lipid bilayer. When
this is used together with site-directed mutagenesis
information from a variety of sources, the helical
domains were folded around the axes described above.
Density around TM6 suggests a strongly bent helical
structure that corresponds to a kink produced by the
highly conserved proline. This places two highly con-
served aromatic residues (phenylalanine F261 and
tryptophan W265 of bovine rhodopsin) on the inside of
the helix bundle. In the aminergic receptors, the con-
served TM6 proline is followed by two phenylalanine
residues. The orientation in the model suggests that the
latter of these is inward-facing, whereas the former is
interhelical. Mutation studies of these phenylalanines
in the 5HT2a receptor?® have shown that it is the latter
residue that is mainly involved in ligand binding, in
keeping with the model.

TM3 was placed with the cysteine at the extracellular
side oriented toward TM5, in anticipation of the forma-
tion of a disulfide bond with the second extracellular
loop between TM4 and TM5. The seventh residue below
this cysteine has been identified from mutagenesis
work3® as the key TM3 binding residue for many
receptors; e.g., it is an aspartate in the aminergic, opioid,
and several peptide receptors and binds to a protonated
amino group in the natural ligands. As a result of the
cysteine placement, this was also oriented toward the
TM5—TMBG6 region, which has again been identified from
mutagenesis studies?®3! to be crucial for the binding of
small molecule agonists such as the monoamines. This
orientation of TM3 is quite different from the model
described by Baldwin,2*® where the above residues in
TM3 are oriented more toward TM2 and TM7.

TM4 contains a highly conserved tryptophan found
in both family 1 and family 2 receptors, which was
predicted to be inward-facing by Helanal. The unusual
tilt of TM3 suggested that this trypyophan played a
structural role, acting as a “wedge” packing against TM3
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and forcing it through the middle of the bundle. TM4
was thus aligned with its axis in such a way that the
tryptophan was stacked against a tryptophan (W126)
of bovine rhodopsin in the intracellular half of TM3. The
structural rather than binding role of the TM4 tryp-
tophan has been confirmed in the muscarinic receptor
where mutation to phenylalanine had no effect on ligand
binding.32

As with TM6, a similar though less pronounced kink
was observed in the helix axis of TM5. This was again
aligned with the conserved proline in this region.
Mutation studies in the adrenergic and dopamine recep-
tors have suggested that two serine residues in TM5
are involved in agonist binding.3! The helix was rotated
to ensure that these residues were oriented toward the
interior of the bundle. The density slice information has
suggested that TM5 has relatively little interhelical
interaction with TM4 and TM6 at the extracellular side.
This is supported by SCAM mutations carried out on
the dopamine D2 receptor,33® which show that all
residues at the extracellular side of TM5 are relatively
accessible. The main implication of this is that the
assumed binding pocket between TM3, TM5, and TM6
is larger than in previous models.

The remaining three helices proved to be much harder
to align with their axes. The main guidance here was
that there is ample evidence suggesting that three
highly conserved residues, an asparagine in TM1, an
aspartate in TM2, and an asparagine in TM7, together
form a hydrogen-bonded network that is involved in the
functional response of family 1 GPCRs.3* The placement
of TM2 was carried out on the basis of an unusual
double bend in the helix axis, which was attributed to
the double glycine (G89/G90) in TM2 of rhodopsin. The
conserved aspartate (D83) was oriented toward TM7.
This then allowed placement of the TM7 asparagine
(N302) within hydrogen-bonding distance of the aspar-
tate. Much adjustment of the ¢—1 angles of TM7 was
necessary to allow the lysine (K296) of rhodopsin to
orient itself in a suitable rotamer into the bundle so that
it could form the Schiff base with retinal. Finally, TM1
was placed by aligning the kink in the axis with proline
(P53) in rhodopsin and rotating the helix so that the
TM1 asparagine (N55) was oriented toward asparagine
(N302) in TM7.

Models of the TM domains of numerous GPCRs have
been built on the basis of this template, using the auto-
mated program GPCR_Builder.®> The resulting struc-
tures were all subjected to several rounds of side chain
conformational refinement using the Karplus rotamer
library3® option in Quanta,” prior to their final mini-
mization with CHARMmM.38 Comparison of the models
with experimental data is generally very good. For ex-
ample the dopamine D2 model is in agreement with the
SCAM data published by Javitch33 and the 5SHT2 models
explain most of the published mutagenesis experi-
ments.2%3° What was particularly encouraging was that
the model of the double histidine mutant of the NK-1R,
constructed by Elling et al.*° in their work on GPCR
zinc binding sites, exhibited a near-perfect zinc—histi-
dine triad arrangement between TM5 and TM6.

The NK-2, NK-3, and u-opioid receptor models were
built from the template as described above and used in
initial docking studies of the quinoline antagonists. It
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quickly became clear that these ligands would have to
extend into the extracellular domains. The extracellular
loops were therefore added using a new semiautomated
procedure (see Experimental Section for details of this
method). Initially the long second loop between TM4 and
TM5 was built with its disulfide bond between the
cysteine at the top of TM3 and the cysteine in the loop.
The shorter TM2—TM3 and TM6—TM?7 loops were then
added afterward.

2. Structure—Activity Relationships (SARs, Table
2). Structure—activity considerations on a large set of
selective NK-3R antagonists reported in a previous
paper in this journal'l identified position 3 of the
guinoline nucleus as the best point for chemical varia-
tion. This observation prompted a broad investigation
of substitution at this position with the aim of improving
the affinity for the NK-2R. In addition, a particular focus
was given to tertiary amines with the objective of
improving water solubility and brain penetration (com-
pared to the same parameters obtained for compound
1)_12

A conformational analysis study on the rotatable
bonds of 2,3,4-trisubstituted quinolines revealed, not
suprisingly, that these compounds are very rigid. The
ortho substitution in the quinoline means that the
2-phenyl substituent of the series sits well out of plane
with the bicyclic ring. For the same reason, the 4-amido
group adopts one of two narrow ranges of conformations
that are essentially orthogonal to the quinoline ring and
180° apart from each other. This rigidity limited the
number of rotational conformers that needed to be
examined during docking studies in the receptor models.

Compound 1 was manually placed in the NK-3R
model in the cavity between TM3, TM4, TM5, TM6,
and TM7. A variety of different starting orientations
were used. Care was taken with this and other ligands
to ensure that only low-energy rotational conformers
were considered during the initial placements. Each
starting orientation was then minimized fully using the
CHARMmM program. Where likely hydrogen bonding or
charged interactions were identified, during the initial
placements, no distance constraints were applied to the
first stages of the minimization procedure. It became
clear that one particular binding orientation explained
much of the previously observed SAR of these com-
pounds.t14 In Figure 1, it can be seen that the essential
quinoline nitrogen forms a hydrogen bond with a
tyrosine in TM6 (Y315). The quinoline ring itself is
surrounded by a number of other aromatic residues,
including a tyrosine (Y256) in TM5 and a phenylalanine
(F319) and histidine (H316) in TM6. This histidine can
also form a hydrogen bond with the amide hydrogen on
the 4-substituent of the quinoline. The 2-phenyl sub-
stituent is forced to sit orthogonal to the quinoline ring,
in keeping with the conformational analysis results, and
fits into a very tight pocket bounded by an asparagine
(N162) and proline (P165) in TM3, a phenylalanine
(F234) in the second extracellular loop, and a tyrosine
(Y338) and phenylalanine (F342) in TM7. The tight
dimensions of this pocket explain previous observations
that only very limited substitution (a 2-fluoro group) is
tolerated on this ring.14

With the exception of phenylalanine (F234), all these
residues are conserved in the NK-2R. However, docking



Neurokinin-3 and Neurokinin-2

Journal of Medicinal Chemistry, 2001, Vol. 44, No. 11 1681

Figure 1. Compound 1 bound in the NK-3 receptor model. Most residues have been removed for clarity.
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Figure 2. Sequence alignment of the NK-3 and NK-2 receptors showing the various regions used in the modeling (TM =
transmembrane helix; EC = extracellular loop; IC = intracellular loop). The residues involved in binding are in bold below the
v symbol. Conserved residues are indicated by the x symbol below the alignment. The cysteines of the disulfide bond are below

the W symbol.

of 1 into the NK-2R model revealed some interesting
differences between the two receptors; these differences
are highlighted by the alignment of the two sequences
shown in Figure 2. In both models, the 3-hydroxy
substituent forms a hydrogen bond with the TM3
asparagine (N162). In the NK-3R, however, there is an
additional strong electrostatic interaction with a lysine
(K223) at the top (extracellular side) of TM4. Indeed it
is likely that the acidic nature of the phenolic group
would imply that it is ionized in the NK-3R, which
would increase the strength of the interaction. The
corresponding residue in the NK-2R, threonine (T171),
is too small to make any interactions with the ligand.

This would suggest that increasing the size of the
3-substituent, together with the introduction of suitable
functionality in this substituent, should increase the
affinity for the NK-2R. Thus, the selectivity of compound
1 for the NK-3R can be explained by the presence of
this salt bridge alone.

Further differences between the two models can be
seen in the binding pocket for the (S)-1-phenylpropyl
amide substituent. In the NK-3R, this binds in a
hydrophobic pocket bounded by isoleucine (1166), valine
(V169), and phenylalanine (F170) in TM3 and by the
valines (V251 and V255) and proline (P259) in TM5.
In the NK-2R, valine (V169) is replaced by a methionine
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and valine (V255) is replaced by an isoleucine. Again,
this would suggest that subtle changes in the bulk of
the amide substituent could affect the selectivity for the
two receptors.

The proposed introduction of tertiary amino substit-
uents at the 3-position was chemically facilitated by the
possibility of utilizing a common key intermediate (the
3-bromomethylquinoline derivative 4) that could be
easily produced in large amounts and coupled with a
set of diverse secondary amines in high yields.

Whereas the smallest tertiary amine (the dimethy-
lamine) produced the moderately NK-3R selective com-
pound 6 (hNK-2R/hNK-3R binding affinity ratio = 78),
introduction of the piperidino group (compound 8)
decreased the selectivity by a factor of 2, thus resulting
in a hNK-2R/hNK-3R receptor binding affinity ratio of
39. Docking of these compounds into the NK-2R model
suggested that the protonated nitrogen of the 3-sub-
stituent could now form a hydrogen bond with the amide
carbonyl in the side chain of asparagine (N110) in TMS3.
In the NK-3R, the same interaction can be seen, but in
addition, it is likely that proton exchange occurs with
the primary amino group of the TM4 lysine (K223). As
predicted earlier, the increased bulk of the piperidine
ring allows it to make favorable interactions with
cysteine (hNK-2R C167) in TM4 and valine (hNK-2
V201) in TM5, thus increasing the affinity for the
NK-2R.

One significant difference between the NK-2 and
NK-3 receptor sequences (Figure 2) was the presence
of a lysine (K180) located in the former receptor in the
second extracellular loop, adjacent to the disulfide bond.
In the NK-3R sequence, this amino acid is leucine. In
our model of the NK-2R, this side chain could extend
into the cavity toward the 3-substituent. In addition,
the different lengths of the second extracellular loop in
the two receptors resulted in a different orientation of
the conserved histidine (hNK-2R H198) at the C-
terminal end of this loop. In the NK-2R, this histidine
is also pointing into the binding cavity. These observa-
tions suggested that a second polar substituent in the
piperidine ring could improve the NK-2R affinity.
Significantly, a considerable increase in the combined
NK-2R/NK-3R receptor binding profile was obtained by
introducing an extra basic nitrogen in the piperidine
ring, producing the piperazine derivative 10. Docking
of this compound into the NK-2R model showed that
the loop lysine (K180) would now form an interaction
with the piperazine nitrogen. This compound showed a
marked combined profile (hnNK-3R binding affinity, K;
= 4.7 nM; hNK-2 binding affinity, K; = 22.2 nM) with
a hNK-2R/hNK-3R receptor binding affinity ratio of 4.7.
The introduction of the second amino group meant that
two possible protonated states would need to be con-
sidered in the modeling. Estimations of the relative
basicities were made on the basis of the relative heats
of formation of the isomers, as calculated by ab initio
Hartree—Fock methods.*! A second approach to this was
to calculate the maximum positive electrostatic potential
of the protonated isomer at the surface of this proton.*
This follows from the fact that the more basic the
nitrogen, the more polarized the NH bond of the cation
will be, and hence, it will develop a more positive charge
at the NH center. With compound 10, the tertiary
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benzylic position was predicted to be more favored for
protonation over the secondary piperazine nitrogen.
N-alkylation of the piperazine might be expected to shift
this equilibrium in favor of the nonbenzylic position.
However, calculations showed that the tertiary pipera-
zines still favored protonation at the benzylic position
(albeit with a smaller energy difference), thus maintain-
ing the interaction with the TM3 asparagine. While
N-alkylation of the piperazine would not change the
protonation site, examination of the models suggested
that extension of an alkyl substituent into the cavity
would pick up further hydrophobic interactions with the
TM4 threonine (T171) and the loop histidine (H198) in
the NK-2 receptor. N-alkylation at the piperazine ring
with the i-Pr group (compound 11) produced an ap-
proximate 3-fold increase in both hNK-3R (K; = 1.8 nM)
and hNK-2R (K; = 5.7 nM) binding affinities over the
unsubstituted piperazine 10, resulting in a slightly
increased combined profile (h(NK-2R/hNK-3R binding
affinity ratio of 3.1). As predicted, an even more
pronounced effect was observed with compound 12
featuring the more bulky cyclohexyl group (hNK-2R/
hNK-3R binding affinity ratio of 1.3).

Because compound 11 (and 12) showed potent binding
affinities at both receptors, further attention was fo-
cused on the role of the amidic portion while maintain-
ing the i-Pr-piperazine group in position 3 of the
quinoline nucleus. As has already been mentioned, there
are subtle differences between the receptor models in
this binding pocket. Accordingly, compounds 13—18 in
Table 2 feature several amide variations. The first
modification consisted of the simple replacement of the
Et at the benzylic position with an i-Pr group, giving
compound 13, which showed a 3-fold increase in hNK-
2R binding affinity. Thus, this compound had equivalent
affinity at both receptors (K; about 1 nM). Docking of
this compound into the two receptor models showed that
the increase in NK-2R affinity could readily be explained
by the increased hydrophobic interaction of the bulkier
isopropyl group with the unique TM3 methionine (M117).
In the NK-3R model, the phenyl group of the 4-amido
substituent is sandwiched between the two valines
(V169 and V255) that are specific to this sequence.
Replacement of these in the NK-2R by the larger
methionine and isoleucine residues, respectively, sug-
gested that increase in the hydrophobic bulk of the
phenyl substituent would give an increased affinity for
the NK-2R. Indeed a further increase in the hNK-2R
binding affinity was obtained by replacing the phenyl
ring with the cyclohexyl and, concomitantly, the Et with
the Me group to give compound 14 (hNK-3R binding
affinity, Kij = 1.9 nM; hNK-2R binding affinity, K; = 0.7
nM). The larger hydrophobic cavity in the NK-3R would
also suggest that reduction in size of the amide sub-
stituent would have a greater detrimental effect on
binding than in the NK-2R. Replacement of the cyclo-
hexyl group with i-Pr (15) produced a compound that,
although less potent at both receptors, was clearly much
more hNK-2R selective (hNK-2R/hNK-3R receptor bind-
ing affinity ratio of 0.02). Therefore, in agreement with
the prediction from the docking studies, the data
obtained for compounds 14 and 15 suggest that a
decrease in the steric hindrance of substituents at the
amidic nitrogen should be associated with a strong
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decrease in the hNK-3R binding affinity while poten-
tially maintaining an adequate hNK-2R component. To
further test this hypothesis, we decided to introduce
small alkyl symmetric groups, which led to the achiral
compounds 16—18. While replacement of the i-Pr group
in compound 15 with the simple Me afforded a poorly
active compound at both receptors (16), incorporation
of the isopentyl group on the amidic nitrogen was clearly
beneficial and provided compound 17 with a selectivity
ratio of 0.015. The most hNK-2R selective compound
was obtained by introducing a cyclohexyl group directly
attached to the amidic nitrogen (18). This had an
outstanding hNK-2R/hNK-3R receptor binding affinity
ratio of 0.003 with a hNK-3R binding affinity of 1245
nM and hNK-2R binding affinity of 4.2 nM. Docking
studies showed that the cyclohexyl group could interact
with the TM3 methionine in the NK-2R but could not
interact with the corresponding smaller valine in the
NK-3R.

It is worth noting that this achievement of such good
hNK-2R selectivity was made with a compound devoid
of stereogenic centers, whereas previous literature
evidence suggested that the presence of the stereogenic
center in the amidic portion of the molecule was
necessary for strong hNK-3R binding affinity in quino-
line-based hNK-3R selective antagonists.314

In view of the potential in vivo use of some of the
compounds described above, it was decided to profile
them in a battery of receptor, ion channel, and enzyme
assays, paying particular attention to the opioid receptor
family. The reason for a specific opioid profile came
from the observation that another NK-3R antagonist,
(R)-(+)-N-{{ 3-[1-benzoyl-3-(3,4-dichlorophenyl)piperidin-
3-yllprop-1-yl}-4-phenylpiperidin-4-yl}-N-methylaceta-
mide (SR 142,801, osanetant), albeit chemically unre-
lated, has been described as interacting with opioid
receptors with ICses in the 0.1—1 uM range (human
u-opioid receptor binding affinity, K; = 480 nM, in-house
data).*? As a result, compounds 10—14 and 18 showed
human u-opioid receptor binding affinities in the range
16—226 nM, whereas compounds 1 and 6—8 were devoid
of any significant human u-opioid receptor binding
affinity.

From these results, it could be speculated that the
u-opioid receptor binding component was related to the
presence of the second piperazine nitrogen (compare
compound 10, human u-opioid binding affinity, K; = 203
nM with compound 8, human g-opioid binding affinity,
Ki > 2.5 uM). To study this further, compound 12, which
showed the greatest affinity for the human u-opioid
receptor (human yu-opioid K; = 15.8 nM), was examined
in detail in all three receptor models. Ab initio quantum
calculations, carried out as described earlier, demon-
strated that the preferred site of protonation was at the
nonbenzylic nitrogen, although the difference between
the two sites was calculated to be only 4.3 kcal (in the
gas phase). An estimation of the difference in pKj
between the two protonated states using electrostatic
potential calculations showed that they were quite close
(ca. 0.4 kcal), which would suggest that they are in
equilibrium. Docking studies with compound 12 in both
the NK-2 and NK-3 receptors showed that with benzylic
protonation, the protonated site formed a strong hydro-
gen bond to the TM3 asparagine, as previously de-
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scribed. On the other hand, only weak, nonspecific polar
interactions were observed with the other protonated
isomer. As with other opioid receptors, the overriding
driving force for binding to human u opioid is the
interaction of the protonated nitrogen with a conserved
aspartate on TM3 (human u D149). The u receptor does
not have the TM3 asparagine or the TM6 tyrosine,
which are essential residues for NK receptor binding,
and it has a bulky tyrosine instead of the TM3 isoleucine
in the phenylpropyl pocket. Thus, the « receptor is
believed to bind the compounds in a totally different
manner. Docking studies of 12 in the human wu-opioid
receptor model (Figure 3) showed that the protonated
nitrogen at the nonbenzylic position could interact with
the aspartate on TM3. The NH of the 4-amido substitu-
ent could still hydrogen-bond to the histidine at the top
of TM6 (human u H299), which is conserved in the three
receptors. The molecule is essentially binding “upside
down” compared to the NK receptor binding mode, with
no major contributions other than a shape complemen-
tarity (see Figure 4). The opioid binding mode showed
that the position and directionality of the protonated
nitrogen were crucial. Further docking studies sug-
gested that if the nitrogen of 12 was shifted into the
cyclohexyl ring to give the 4-(piperidin-1-yl)piperidin-
1-yl derivative 19, then interaction with the TM3
aspartate in the u-opioid receptor would be abolished
without affecting its NK receptor binding.

To test this hypothesis compound 19 was synthesized.
In perfect agreement with the docking study prediction,
19 displayed a human u-opioid receptor binding affinity
(Kj) of 919 nM while maintaining low nM binding
affinities for both the hNK-3R (K; = 1.5 nM) and hNK-
2R (Ki = 4.6 nM).

This trend in SARs was also verified in another amide
series, featuring the (S)-1-cyclohexylethylamine. As with
10, compound 21 (incorporating the piperazinylmethyl
group at position 3 of the quinoline ring) showed a high
binding affinity for both the hNK-3R (K; = 3.4 nM) and
hNK-2R (Kij = 2.4 nM) and similar human u-opioid
receptor binding affinity (K;j = 172 nM).

Again, when the nitrogen position is shifted as in
compounds 23—25, the human u-opioid binding affinity
was significantly reduced or even essentially abolished
(it ranged from 1322 to >2500 nM).

In particular, compound 25, featuring the 4-(morpho-
lin-4-yl)piperidin-1-yl derivative, showed an impressive
binding profile and can be considered as a viable
pharmacological tool to assess the therapeutic potential
of combined NK-3 and NK-2 receptor antagonists. In
fact, in addition to the exquisite selectivity over the
u-opioid receptor (human u-opioid receptor binding
affinity, K; > 2.5 uM), 25 diplayed very high hNK-3R
(Ki = 0.8 nM) and hNK-2R (K; = 0.8 nM) binding
affinities. Docking studies (Figure 5) showed that the
oxygen of the morpholine ring was able to pick up a
hydrogen bond with a conserved serine at the top of
TM4 (S170 in NK-2R/S222 in NK-3R) and a conserved
histidine (H198 in NK-2R/H248 in NK-3R) at the top
of TM5. A lack of any significant binding affinity for the
«- and d-opioid receptors completed the in vitro biologi-
cal profile.

A further validation of the SAR hypothesis explaining
the u-opioid component on the basis of the nitrogen
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Figure 3. Docking of compound 12 in the human u-opioid receptor model. The protonated nitrogen is interacting with aspartate
(D149) in TM helix 3. Note that this orientation is essentially inverted with respect to the neurokinin docking mode.

Figure 4. Side view of compound 12 in the NK-2 (right) and human g-opioid (left) receptor models showing the different binding

orientations. The extracellular side is on the top of the picture.

position and its basic nature was given by the inactivity
at the human u-opioid receptor of compounds 26 (lack
of the second piperazine basic nitrogen) and 27 (lack of
the basic nature of the second piperazine nitrogen). Both
26 and 27 showed binding affinities for the hNK-3 and
hNK-2 receptors lower than 6.1 nM.

Finally, to obtain also a selective hNK-2R compound
with no opioid receptor binding affinity, we decided to

combine the 4-(piperidin-1-yl)piperidin-1-yl basic moiety
with a variety of amides possessing those features
believed to be crucial in minimizing the hNK-3R com-
ponent while maintaining a strong hNK-2R binding
affinity. Compound 28, featuring the (S)-3,3-dimethyl-
but-2-yl residue, was found to be the most selective
antagonist among all the compounds synthesized, show-
ing a hNK-2R binding affinity of 1.0 nM (Kj), a hNK-2/
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Figure 5. Compound 25 docked in the NK-2 receptor model.
Note the additional interactions of the morpholine oxygen with
serine (S170) and histidine (H198).

hNK-3 receptor binding affinity ratio of 0.005, and
human u-opioid receptor binding affinity greater than
2000 nM (Kj).

Conclusions

In this paper, optimization of the combined hNK-3
and hNK-2 receptor profile of compounds 1, 6—8, 10—
19, 21, and 23—28 by means of stepwise chemical
modifications was presented. This optimization was
carried out in conjunction with docking studies, using
novel receptor models that were based on de novo
folding of the TM helices around published electron
density information. Another key feature of the models
was the inclusion of the extracellular loops that were
built using a novel combined distance geometry—locally
enhanced sampling (LES) simulation method. The
optimization process was conducted by starting from
compounds 1 and 6, which displayed a hNK-3R-selective
profile. Two portions of the molecule, where modeling
has suggested that differences in the receptors could be
utilized (namely, the basic group at position 3 and the
amide at position 4 of the quinoline ring), were broadly
investigated.

The introduction of a basic, sterically hindered and
cyclized group at position 3 increased the hNK-2R
component. However, incorporation of the piperazine
group (compounds 10—18 and 21) resulted in a signifi-
cant u-opioid binding interaction that was attributed to
the nonbenzylic piperazine nitrogen. As suggested by
docking studies, this issue was overcome by a simple
shift of the position of this nitrogen (compounds 19, 23—
25, and 28) or by removal of its basic nature (compound
27).

Substituents on the amidic portion proved to be
crucial with regard to affinity for the hNK-3R, thus
allowing the modulation of the neurokinin selectivity
profile. In particular, compounds lacking the benzyl or
cyclohexylmethyl groups had significantly lower affinity
for the hNK-3R. Whereas (S)-(+)-N-(1-cyclohexylethyl)-
3-[(4-morpholin-4-yl)piperidin-1-ylimethyl-2-phenylquin-
oline-4-carboxamide (compound 25, SB-400238, hNK-
3R binding affinity, K; = 0.8 nM; hNK-2R binding
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affinity, Kj = 0.8 nM) emerged as the best example of
combined NK-3 and NK-2 receptor antagonist, (S)-(+)-
N-(1,2,2-trimethylpropyl)-3-[(4-piperidin-1-yl)piperidin-
1-ylJmethyl-2-phenylquinoline-4-carboxamide (compound
28, SB-414240, hNK-3R binding affinity, Ki = 193 nM;
hNK-2R binding affinity, K; = 1.0 nM) was found to be
the most NK-2R-selective. Both these compounds are
devoid of any significant affinity for the u, 6, and «-opioid
receptors.

On the basis of the above considerations we have
demonstrated the possibility of utilizing a common
chemical template to modulate the NK-2 and NK-3
receptor affinity and selectivity by subtle chemical
modifications.

Compounds 25 and 28 join compound 1 as viable
pharmacological tools that will be used to better eluci-
date the pathophysiological role of the NK-3 and NK-2
receptors and to clarify the therapeutic potential of
NK-3R-selective, NK-2R-selective, or the combined an-
tagonists at both these receptors.

Footnote

While the design work described above was carried
out on theoretical models of the receptors, during the
time of writing, the first X-ray crystal structure of a
GPCR, viz., bovine rhodopsin, was published.*® Com-
parison of our theoretical models with homology models
of the receptors showed that they were in fact very close
in structure. TM helices 3, 6, and most of 7 aligned
almost perfectly with the crystal-based models. Helices
1 and 2 were correctly oriented toward the inner face
of the bundle but were approximately displaced by one
helical turn in the transmembrane axis. Helices 4 and
5 were correct in their placement in the membrane axis,
but the inward faces were out by approximately 60°. The
overall result was that the binding pocket described
above was largely unchanged. For NK-3R, tyrosine
(Y315), phenylalanine (F319), and histidine (H316) still
form the main binding pocket for the quinoline ring. The
3-phenyl substituent remains in a pocket bounded by
asparagine (N162), proline (P165), tyrosine (Y338), and
phenylalanine (F342). The asparagine can still form a
hydrogen bond with the protonated nitrogen. The only
major difference between our theoretical model and the
crystal-based homology model is in the binding pocket
for the hydrophobic substituent on the 4-amido group.
On one side, the TM3 residues isoleucine (1166), valine
(V169), and phenylalanine (F170) remain in the same
orientation. However, the differing orientation of TM5
means that the role of valine (V255) in NK-3R is
replaced by tyrosine (Y256). However, the differing
selectivities in this pocket can still be explained by the
valine (V169 in NK3) to methionine (NK-2R) change as
described earlier. While the TM helices of GPCR models
can be placed with much greater confidence as a result
of the crystal structure, the extracellular loop regions
would be expected to have much greater flexibility. The
deeply buried second extracellular loop of rhodopsin is
unlikely to be mimicked by other antagonist bound
receptors because such ligands would have no access to
the binding pocket. Loop modeling, as described earlier,
is still therefore necessary in the consideration of GPCR
homology structures and their ligand docking.
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Experimental Section

1. Radioligand Binding Assay. Neurokinin Receptors.
The CHO cells expressing the hNK-1, hNK-2, and hNK-3
receptors were cultured at 37 °C in a humidifier incubator
under 5% CO,/95% air in 1017 SO; (in-house formulation)
media containing nucleosides plus Geneticin (400 mg/L). The
cells were harvested by centrifugation at 600 g for 10 min.
The cell pellet was resuspended in hypotonic buffer (10 mM
Tris, pH 7.4, 1.0 mM EDTA, 10 ug/mL soybean trypsin
inhibitor, 100 ug/mL bacitracin, 100 uM benzamidine, and 10
uM phenylmethylsulfonyl fluoride), and the mixture was then
rapidly frozen and thawed (3 times) followed by Dounce
homogenization for preparation of crude membranes. For NK-
3R competition binding studies,'®> membranes (~15 ug protein)
were incubated with 0.15 nM [*%°1]-[MePhe’]-NKB in a total
of 150 uL of 50 mM Tris, pH 7.4, 4 mM MnCl,, 1 uM
phosphoramidon, and 0.1% ovalbumin, with or without various
concentrations of antagonist, for 90 min at 25 °C. Incubations
were stopped by rapid filtration with a Brandell tissue
harvestor (Gaithersburg, MD) through Whatman GF/C filters
that were presoaked for 60 min in 0.5% bovine serum albumin
(BSA). Membranes were washed with 10 mL of ice cold 20 mM
Tris, pH 7.4 containing 0.1% BSA, then placed in vials with
10 mL of Beckman “Ready Safe” and counted in a Beckman
LS 6000 (Fullerton, CA) liquid scintillation counter. Specific
binding was determined by subtracting total binding from
nonspecific binding, which was assessed as the binding in the
presence of 0.5 uM cold [MePhe]-NKB.

For NK-2R competition binding studies,® cells were grown
and membranes were prepared as described above for the
hNK-3R binding assay. The assay buffer was the same as that
utilized for the hNK-3R binding assay with a total volume of
150 uL, ~10 ug of membrane protein and 0.15 nM [*?51]-NKA,
which was incubated for 90 min at 25 °C, with various
concentrations of antagonist. Filtration was through Whatman
GF/C filters soaked for 30 min in 0.1% polyethylenimine (PEI),
and membranes were washed as described above for the hNK-
3R binding assay. Nonspecific binding was determined in the
presence of 0.5 uM cold NKA. For NK-1R competition binding
studies,’” the assay volume was 300 uL and the assay buffer
(25 mM Tris, pH 7.4, 2.0 mM CaCl,, 2.0 mM MgCl;, 1 uM
phosphoramidon, and 0.1% ovalbumin) contained various
concentrations of antagonist and 1.0 nM [®H]-substance P.
Membranes were incubated for 45 min at 25 °C; Whatman
filters were presoaked with BSA and membranes washed as
described for the hNK-3R binding assay. Nonspecific binding
was determined in the presence of 1 uM cold substance P and
Ki determined as for the NK-3 and NK-2 receptor binding
assays.

2. Opioid Receptors. CHO cells expressing the hDOR and
hMOR were grown in suspension culture in serum-free media
(1017 SOs3) in the presence of 0.05% pluronic acid (F18) and
maintained at 37 °C and gassed with 5% CO,. Selection for
CHO transfectants was performed by growth in the absence
of nucleotides. The maximum cell density for these cell lines
was 4 x 10° cells/mL. From binding studies it was determined
that transfected CHO cell lines express hDOR and hMOR at
a density of 11.5 and 6.9 pmol/mg protein, respectively.

HEK-293 cells expressing hKOR were grown attached to
T-150 flasks in Earles’s minimum essential medium (E-MEM)
supplemented with 10% FBS and 2 mM L-glutamine; G418
was included for selection. The stable cell line expresses hKOR
at a density of 3.6 pmol/mg protein from binding studies.

Cells were harvested in phosphate-buffered saline (1 x 10°
cells/ mL) and collected by centrifugation (800 g for 5 min).
The pellets were resuspended in the same volume of ice-cold
10 mM potassium phosphate buffer pH 7.2 (buffer A) and
centrifuged at 40 000 g for 10 min. The cells were hypo-
osmotically lysed by resuspension in the same volume of buffer
A for 20 min in ice and centrifuged at 800 g (5 min), saving
the supernatant. The resulting pellets were resuspended in
buffer A, and the last step was repeated two more times,
saving supernatants each time. Supernatants derived from the
three low-speed centrifugations were pooled and centrifuged
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at the high speed. Pellets were resuspended in buffer A
containing 0.32 M sucrose and 5 mM EDTA (buffer B) to wash
and concentrate the membranes. The final pellets were
resuspended in buffer B at a final concentration of 1-2 mg
protein/mL (ca. 40 x 106 cells/mL) and stored at —80 °C.
Protein was determined with the protein assay kit from Sigma
Chemical Co. (Milan, Italy). MgCl, (3 mM) was added to buffer
A in the case of cells expressing hMOR and hKOR.

Binding experiments were performed in triplicate at a final
protein concentration of 10 ug/mL in buffer A and a radiola-
beled ligand concentration of 0.4—0.5 nM. The nonspecific
binding was determined in the presence of naloxone 10 uM
and under these assay conditions was less than 1% of the
radioligand added. Samples (final volume of 2 mL) were
incubated for 60 min at 37, 30, and 25 °C for ¢-, u-, and
k-receptor binding assays, respectively. The reaction was
terminated by rapid filtration through Whatman GF/B filters
and two washes with cold assay buffer A (4 mL) using a M48
Brandel cell harvester (Biomedical Research and Development
Laboratories, Inc., Gaithersburg, MD). Filters used for [*H]-
U69593 binding were presoaked in buffer A containing 0.05%
polyethylenimine. Radioactivity on the filters was measured
by liquid scintillation counting with a Camberra Packard
2500TR 3 counter (Milan, Italy).

3. Computational Chemistry. 3.1. General. Visualization
of the density maps, the various receptor models, and their
ligands, as well as the generation of the initial rhodopsin model
and the manual docking of the ligands, was carried out with
the program Quanta.®” Molecular mechanics energy refine-
ments, minimizations, and molecular dynamics simulations
were performed with the program CHARMM.® Ligand mol-
ecules were built using the builder option of the program
Spartan.*! They were further optimized at the semiempirical
level with the Vamp program,* using the AM1 Hamiltonian
and suitable symmetry constraints to maintain planar amide
bonds. The atom-centered charges for the ligands, used in the
docking studies, were natural atomic orbital charges calculated
at the Hartree—Fock level within Spartan, using a 3-21G*
basis set. The electrostatic potential calculations used in the
estimation of relative basicities were also carried out with
Spartan at the same level. Following manual docking of the
ligands into the receptor models, they were minimized with
CHARMmM using a distance-dependent dielectric and 1000
steps of steepest descent, followed by 5000 steps of ABNR.
Generation of the transmembrane helical bundles of the
NK-2, NK-3, and u-opioid receptor models from the rhodopsin
template was done with the GPCR_Builder program.®

3.2. Generation of the Extracellular Loops. A semiau-
tomated procedure for the generation of the extracellular loops
has been developed. Initial conformational sampling was
performed using the distance geometry program DGEOM95.4°
Distance constraints were automatically derived from the N-
and C-terminal helical five residues, together with the disulfide
bond information in the case of the second extracellular loop
and appropriate steric information from previously generated
loops. Typically 500 random conformations were generated.
A modification to the DGEOM95 program allowed the applica-
tion of the Karplus rotamer library3® prior to export of the files.
Each loop structure was minimized with CHARMmM using 1000
steps of steepest descent and 5000 steps of ABNR. A constant
dielectric of 7 was used in this case to decrease the influence
of electrostatic terms. The conformations were analyzed by
goodness of backbone ¢—1 angles using the criteria described
by Wilmot et al.*6 They were clustered by backbone dihedral
“families” and further ranked by energy.The best conforma-
tions were chosen for subsequent molecular dynamics analysis
using the locally enhanced sampling (LES) method of Elber,*”
as utilized in CHARMmM. Following heating and equilibration
at 400 K, the loops were run for 250 ps, and the trajectories
were again analyzed by backbone ¢—y angles. The best
resulting conformations were further minimized as described
above.

3.3. Derivation of the Three-Dimensional Density
Slices. The images from the paper of Unger et al.?*2 were
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scanned into the computer and were then converted to pure
black and white 24 bit (8 bit each of red, green, and blue)
formatted bitmap postscript files. These have the white
represented as “ffffff” in hexadecimal notation and the black
as “000000”. The computer program written to convert these
files into three-dimensional information searched each line of
the image, noting the coordinates of the midpoint of any
transition from white to black to white. These were interpreted
as points on the density contour lines. Adjacent points were
then connected using a simple distance search algorithm, and
the coordinates of the points were converted to angstroms
using the scale factor in the original paper. The density
information for each slice was then written as a formatted
“QM coordinate” file suitable for input into the Quanta
program.

4. Synthetic Chemistry. Melting points were determined
with a Buchi 530 hot stage apparatus and are uncorrected.
Proton NMR spectra were recorded on a Bruker ARX 300
spectrometer at 303 K unless otherwise indicated. Chemical
shifts were recorded in parts per million (6) downfield from
tetramethylsilane (TMS); NMR spectral data are reported as
a list. IR spectra were recorded in Nujol mull or neat on sodium
chloride disks or in KBr with a Perkin-Elmer 1420 spectro-
photometer; mass spectra were obtained on a Finnigan MAT
TSQ-700 (or TSQ 70) spectrometer. Optical rotations were
determined in MeOH solution at the indicated concentration
with a Perkin-Elmer 341 polarimeter at the sodium D-line.
Silica gel used for flash column chromatography was Kiesegel
60 (230—400 mesh) (E. Merck AG, Darmstadt, Germany).
Evaporations were performed at reduced pressure, and all oily
products were dried at 0.1 mbar for 16 h. Combustion
elemental analyses were performed by Redox s.n.c., Milan,
Italy, and values found were within 0.4% of the theoretical
values (unless otherwise indicated).

Tetrahydrofuran (THF) was dried by distillation over LiAIH,
and stored over 4 A molecular sieves under nitrogen atmo-
sphere; DCM was dried over CaCl,; MeCN and DMF were
stored over 4 A molecular sieves. Triethylamine (TEA) was
dried by distillation and stored over KOH. Amines RH, where
R has the meanings reported in Scheme 1 for compounds 5a—g
and 5i, are commercially available compounds; 4-piperidin-4-
ylmorpholine was prepared according to Freifelder et al.,*® and
2-methyl-1-piperazin-1-ylpropan-1-one was prepared according
to Meyer et al.*®* Amines R;H, where R; has the meanings
reported in Scheme 1 for compounds 6, 8—12, and 14—28, are
commercially available compounds; (S)-2-methyl-1-phenylpro-
pylamine was prepared according to Pallavicini et al.>® Com-
pound 2 is a commercially available compound or can be
prepared according to the synthetic procedure reported by
Giardina et al.**

5. Synthesis of Intermediates. 5.1. Methyl 3-Methyl-
2-phenylquinoline-4-carboxylate (3). 3-Methyl-2-phenylquin-
oline-4-carboxylic acid (2, 30 g, 114 mmol, CAS [43071-45-0])
were suspended in dry DCM (250 mL); oxalyl chloride (20 mL,
230 mmol) dissolved in DCM (120 mL) was added dropwise,
and the reaction mixture was stirred at room temperature for
30 min. Two drops of DMF were added, and the reaction was
stirred for an additional 30 min. The solvent was evaporated
to dryness, the residue was taken up with DCM (100 mL), and
MeOH (100 mL) dissolved in DCM (400 mL) was added
dropwise. After the mixture was stirred for 18 h, the solvent
was evaporated to dryness and the residue was taken up with
DCM and washed with 1% NaHCOg;. The organic layer was
dried over anhydrous Na,SO,, filtered, and evaporated to
dryness to yield 3 (31.4 g, 113 mmol, 99%) as a solid, which
was used in the following reaction without further purification;
mp 73-75 °C. IR (KBr): 3441, 3051, 2954, 1731, 1582, 1556
cm~L. 'H NMR (CDClg): ¢ 8.15 (d, J = 8.0 Hz, 1H), 7.73 (m,
2H), 7.62—7.40 (m, 7H), 4.10 (s, 3H), 2.40 (s, 3H). EI-MS
(source 180 °C, 70 eV, 200 mA): m/z 277 (M**), 276, 262, 246,
217, 166.

5.2. Methyl 3-Bromomethyl-2-phenylquinoline-4-car-
boxylate (4). Methyl 3-methyl-2-phenyl-quinoline-4-carboxy-
late (3, 10 g, 36 mmol) was dissolved in CH3;CN (500 mL);
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N-bromosuccinimide (13 g, 72 mmol) was added, and the
reaction mixture was heated to reflux. After the addition of
dibenzoylperoxide (1 g, 4.1 mmol), the reaction was refluxed
for 24 h, then additional N-bromosuccinimide (4 g, 22.5 mmol)
and dibenzoylperoxide (0.5 g, 2.0 mmol) were added, and the
reaction was refluxed for 4 h. The solvent was evaporated to
dryness, and the residue was taken up with EtOAc and washed
with H,0, 5% NaHCOs3, and H,O. The organic layer was dried
over anhydrous Na,SO,, filtered, evaporated to dryness, and
triturated with Et,0O to yield 4 (9.0 g, 25.3 mmol, 70%) as a
white solid; mp 118—120 °C. IR (KBr): 3453, 3062, 3037, 2952,
1735, 1575, 1556 cm~%. 'H NMR (DMSO): ¢ 8.09 (d, J = 8.0
Hz, 1H), 7.89 (d, J = 8.0 Hz, 2H), 7.88 (dd, J = 8.0, 8.0 Hz,
1H), 7.73 (dd, J = 8.0, 8.0 Hz, 1H), 7.67 (m, 2H), 7.55 (m, 3H),
4.69 (s, 2H), 4.11 (s, 3H). EI-MS (source 180 °C, 70 eV, 200
mA): m/z 355 (M**), 276, 232, 216.

5.3. General Procedure for the Synthesis of Com-
pounds 5a—j in Scheme 1. Methyl 3-bromomethyl-2-phen-
ylquinoline-4-carboxylate (4, 5 g, 14 mmol), amine RH (where
R has the meanings reported in Scheme 1 for compounds 5a—
j) (15.4 mmol), and ethyldiisopropylamine (2.7 mL, 15.4 mmol)
were dissolved in dry THF (100 mL), and the mixture was
stirred for 1 night at 50 °C. The solvent was concentrated, the
residue was dissolved in CH-Cl, and washed with water, and
the organic phase was dried over MgSO,. After concentration
of the solvent, the residue was purified by flash column
chromatography over silica gel, affording compounds 5a—j in
50—-80% yield.

As an example, spectroscopic data of compound 5f are
reported. Mp 118—120 °C. IR (KBr): 3572, 3054, 2968, 2935,
2784, 1715, 1573, 1556 cm~t. 1H NMR (DMSO): ¢ 8.06 (d, J
= 8.8 Hz, 1H), 7.86 (d, J = 8.8 Hz; 1H), 7.81 (dd, J = 8.8, 8.8
Hz, 1H), 7.68 (dd, J = 8.8, 8.8 Hz, 1H), 7.51 (m, 5H), 3.98 (s,
3H), 3.61 (s, 2H), 2.67—2.58 (m, 2H), 2.60—2.35 (m, 4H), 2.11
(m, 1H), 1.78 (m, 2H), 1.62—1.28 (m, 10H). ESI-MS (positive,
solvent methanol, spray 4.5 keV, skimmer 60 eV, capillary 220
°C): m/z 444 (MH™).

6.0. Synthesis of Final Compounds. 6.1. General Pro-
cedure for the Synthesis of Compounds 6—9, 11-20, 22,
and 24-28. Compounds 5a—j (7.9 mmol) and 6 N HCI (50
mL) were refluxed for 4 h and then concentrated to dryness.
The residue was triturated with diethyl ether to obtain the
corresponding carboxylic acids, which were used without
further purification in the coupling step. These carboxylic acids
(7.9 mmol), amines R;H (where R; has the meanings reported
in Scheme 1 for compounds 6—28) (12.6 mmol), HBTU (4.8 g,
12.6 mmol), and TEA (5.1 mL, 37 mmol) were dissolved in THF
(100 mL) and DCM (25 mL), and the mixture was refluxed
for 18 h. The solvent was evaporated, and the residue was
dissolved in DCM and washed with H,O, 0.5 N NaOH, and
H;0. The organic phase was dried over MgSQ,, filtered, and
evaporated to dryness. The residue was purified by flash
column chromatography, affording compounds 6—9, 11-20,
22, and 24—28 in 60—85% yield. In some cases the free base
was dissolved in acetone and acidified with Et,O saturated
with HCI to obtain the corresponding dihydrochloride or
trihydrochloride.

As an example, spectroscopic data of compound 24 are
reported. Mp 180-184 °C. [a]p?® +6.9° (c 0.5, MeOH). IR
(KBr): 3422, 2928, 2852, 2659, 1647, 1546 cm™. 'H NMR
(DMSO; free base): 6 8.27 (d br, 3 =8.5 Hz; 1H), 8.01 (d, J =
8.2 Hz, 1H), 7.86 (d, 3 = 8.2 Hz, 1H), 7.75 (dd, J = 8.2, 8.2 Hz,
1H), 7.62 (dd, J = 8.2, 8.2 Hz, 1H), 7.55 (m, 2H), 7.50—7.42
(m, 3H), 4.09—-3.98 (m, 1H), 3.56 (s, 2H), 2.52 (m, 2H), 2.34
(m, 4H), 2.03—-1.93 (m, 1H), 1.88—1.60 (m, 6H), 1.56—1.05 (m,
17H), 1.20 (d, 3 = 6.9 Hz, 3H). EI-MS (source 180 °C, 70 eV,
200 mA): m/z 538 (M**), 372, 261, 167. Anal. (C3sH4sN4O-3HCI)
C, H, N, CL

6.2. General Procedure for the Synthesis of Com-
pounds 10, 21, and 23. Fmoc deprotection of compounds 9,
20, and 22 was obtained by dissolving these compounds in
CH3CN, adding piperidine (1.5 equiv), and stirring them at
room temperature overnight. Evaporation to dryness and
purification by flash column chromatography afforded the
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corresponding deprotected compounds 10, 21, and 23 in nearly
guantitative yields.

As an example, spectroscopic data of compound 21 are
reported. Mp 112—114 °C. [a]p® +20.5 (¢ 1, MeOH). IR
(Nujol): 3250, 3100, 1650, 1550, 1470. *H NMR (DMSO): ¢
8.51 (d br, J = 8.5 Hz, 1H), 8.01 (d, J = 8.2 Hz, 1H), 7.84 (d,
J =8.2 Hz, 1H), 7.77 (dd, J = 8.2, 8.2 Hz, 1H), 7.64 (dd, J =
8.2, 8.2 Hz, 1H), 7.57 (m, 2H), 7.50—7.42 (m, 3H), 4.07—3.95
(m, 1H), 3.51 (s, 2H), 2.41 (m, 4H), 2.02 (m, 4H), 1.86—1.60
(m, 5H), 1.54—-1.42 (m, 1H), 1.32—-0.99 (m, 6H), 1.17 (d, J =
6.9 Hz, 3H). EI-MS (source 180 °C, 70 eV, 200 mA): m/z 456
(M*), 372, 302, 261, 218, 217. Anal. (Cx9H3sN,O) C, H, N.
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