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The three-dimensional structure, dynamics, and binding modes of representative «-opioid
agonists of the arylacetamide class (U50,488; U69,593; U62,066; CI-977; 1C1199,441; 1C1197,067,
BRL52,537; and BRL52,656) have been investigated using molecular modeling techniques.
Systematic exploration of the conformational space of the ligand combined with molecular
dynamics (MD) simulations in water revealed consistent conformational preferences for all
the «-agonists in this series. The results were further compared with available X-ray and 1D-
and 2D-NMR data to identify potential “lead” conformers for molecular docking. Ligand binding
modes were initially determined using automated docking of two of the ligands (U50,488 and
BRL52,537) to the «-opioid receptor. Extrapolation of the predicted binding mode to other
members in this ligand series revealed similar docking preferences, with each ligand docked
along the receptor helical axis. The binding modes were further refined using MD simulations
of the receptor—ligand complexes. The results show a that salt bridge is formed between the
amino proton of the ligands and the carboxylate group of Asp138 in TM3. This interaction
most likely serves as a key anchoring point for the agonist association. Additional ligand
contacts were noted with «-specific residues 11e294, Leu295, and Ala298, which may, in part,
explain the «-selectivity in this series. In comparing the arylacetamides with opiate-based
ligands, no evidence was found to link these classes through a common binding motif (except
for the ion pair). The binding site model was also applied to explain the enantiomeric preference
of U50,488 and to provide insight to the u/k-selectivity of representative ligands in this series.
Overall, the results provide a structure-based rationale for ligand recognition that is consistent
both with site-directed mutagenesis experiments and structure—function relationship data.

Introduction

The past decade has witnessed an upsurge in the
development of highly selective, non-peptide ligands for
the u-, 6-, and «-opioid receptors. While such com-
pounds were developed as potential analgesics, they
have applications as pharmacological tools as well.
Although a wide variety of opiate and opioid ligands
have been described,? evidence has emerged for a unique
class of highly selective «-agonists based on the U50,-
488 (1; Figure 1) structural prototype.® Representatives
of this series (1—10) have been characterized as having
several key features, including the arylacetamide moiety
and a basic amino group as part of a pyrrolidine ring.*
While some similarities can be drawn between 1-10
and opiate-based ligands, little evidence has surfaced
to support comparative modeling of these ligand fami-
lies. It is therefore not feasible to compare the binding
modes or conformational preferences of 1—10 with
opiates as molecular templates.>6

Fortunately, some insights on the formation of 1—10
can be obtained from the structure—activity relationship
(SAR) data for this ligand series. By varying the aryl
(1 vs 2)"8 and amide (1 vs 9, 10)°12 substituents,
altering the chain length (spacer) between the aryl and
amide group,*® modifying the cyclohexyl moiety (1 vs
3-8),14719 and changing the ring size that contains the
tertiary nitrogen, SAR studies have identified various
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means of optimizing the receptor—ligand interaction to
improve the «-opioid receptor binding and selectivity.2021
Although a simple spirotetrahydrofuranyl substituent
on the cyclohexane ring in U50,488 [Ki(1) = 0.9 nM]??
reveals an increased ligand binding [K;j(4) = 0.3 nM],15b
dramatic effects in the u/k-selectivity are observed when
the aryl group is modified in concert.” Thus, CI1-977 (5)
displays greater selectivity (1575-fold)” for the «-receptor
as compared to 1 and 4 (280-fold).150 Likewise, SAR
studies have demonstrated enantioselective binding for
5,8 with similar trends exhibited by other «-agonists as
well. Other interesting chemical modifications display-
ing selective k-agonist activity are exemplified further
by the ICI series (6—8)17~192% and the piperidine deriva-
tives (9, 10).910

Despite these key developments in designing potent
k-agonists, the factors influencing the ligand binding
and selectivity to the opioid receptors are not yet
understood. Elucidation of the three-dimensional struc-
ture of the free ligand (1—10) and the receptor—ligand
complex would afford a better understanding of the
molecular recognition process at the x-opioid receptor.
In earlier work, we docked naltrexone-based compounds
to a model-built «-opioid receptor and illustrated the
message—address concept of ligand recognition.® Our
proposed receptor—ligand binding mode rationalized the
observed point mutations and provided insights to the
selectivity of naltrexone-based derivatives.® This recep-
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Figure 1. Structures of representative x-agonists. All ligands carry a unit positive charge.

Table 1. Experimental Change in the «-Binding Affinity
(Ki(mut)/Ki(wild)) of 1, 3, 5, and 6 for Specific Point Mutations

mutation 1a 3a 5b 6>
D105N 28.0 no binding 0.4

T109A° 1.2

Y119A° 1.9

S123A° 0.6

D138A no bindingd no bindingd 110.0 45.0
H291A 6.6 2.4
1294A 9.8 1.5
1294K 160.0 18.0
E297A 0.7 0.3
A298H 0.2 0.1
G319V 6.3 28.0

a Reference 25. ? Reference 46. ¢ Reference 26. 9 D138N muta-
tion.
tor model has more recently been applied to explain the
structural basis for dynorphin A binding and selectiv-
ity.?4 Herein, we extend a similar, but much more
refined, computational approach in an effort to under-
stand the three-dimensional structure, dynamics, and
pharmacological features exhibited by the arylacetamide
class of compounds (1—10), for which experimental site-
directed mutagenesis results are rather limited (Table

1)'25,26
Computational Methods

The crystal structures of 1, 3, and 727 were used as starting
ligand geometries, while the three-dimensional structures of

2,4—6, and 8—10 (for which X-ray data are unavailable) were
model-built by appropriate modification of closely related X-ray
structures. The partial atomic charges for 1—10 were obtained
from the multimolecular restrained electrostatic potential
(RESP) charge fitting formalism? discussed in detail later. The
initial geometry and charges thus obtained were subsequently
used for in vacuo geometry optimization and energy minimiza-
tion employing the steepest descent and conjugate gradient
methods in the SANDER module of the AMBER 4.1 suite of
programs.?® All computations adopted the all-atom Cornell
et al. force field®® (parm94.dat of AMBER) which was modified
to include the additional parameters listed in Table 2. A
nonbonded cutoff of 8 A was applied throughout, and the
structures were considered energy-minimized when a conver-
gence tolerance of 0.001 kcal/mol was met.

The conformational space of 1—10 was then explored using
the SPASMS dihedral driver option with a distance-dependent
dielectric of 4r. In addition, molecular dynamics (MD) simula-
tions were employed to obtain detailed information on the most
prominent local conformations of the free ligand. Accordingly,
the in vacuo SANDER-optimized geometries (1—10) were
placed in a periodic box of TIP3P water molecules.3' After the
geometry of the ligand was frozen, the solvent molecules alone
were energy-minimized (20 000 cycles or 0.1 kcal/mol rms
deviation in energy) and equilibrated for 5 ps in a constant
temperature (300 K) bath. SANDER energy minimization
(<0.01 kcal/mol rms deviation) and 2-ns MD simulation of the
entire system followed this. SHAKE was used to constrain
bonds involving hydrogen. A 1-fs time step was used along
with a nonbonded cutoff of 8 A at 1 atm of constant pressure.
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Table 2. Additional AMBER Force-Field Parameters Used for
k-Agonists 1-102

bonds Kp Ro (A)
CA—CLP 244.6 1.719
CA-CW 546.0 1.352
CW-0A 427.0 1.351
CN—-OA 428.0 1.350
angles Ky (kcal/mol/rad?) 0o (deg)

HC—CT—N®P 30.2 109.0
CA—-CT-Cb 33.8 110.2
CA-CT—-F" 46.8 109.0
CA—CA—CLP 39.6 118.8
CW-CA—HA 35.0 120.0
H4—-CW-0A 35.0 120.0
H4-CW-CA 35.0 120.0
CA—-CA-CW 63.0 120.0
CA—-CA-CA 63.0 134.9
CB—-CA-CW 63.0 106.4
CA-CW-0A 70.0 108.7
CA—CN-OA 70.0 132.8
CB—CN-0OA 70.0 104.4
CN—-OA—-CW 70.0 111.6
CB—CA-CT 70.0 128.6
CA—-CT—N 80.0 112.0
Kg phase
dihedrals IDIVFC (kcal/mol/rad) (deg) periodicity
CL—CA—CA—HAP 4 15.0 180.0 2
X —CW—-0A—X 4 6.0 180.0 2
X —CW—-0A—X 4 6.0 180.0 2
X —CA-CW-X 4 26.1 180.0 2

a Refer to text and ref 30 for atom definitions. P Derived from
MM2-87 force fields. ¢ Factor by which Ky is divided.

The temperature was maintained at 300 K using Berendsen
algorithm? with a coupling constant of 0.2 ps.

The receptor—ligand complex with a probable ligand binding
orientation was built using various protocols and standard
input options (as described in the DOCK manual) in the
automated DOCK 3.5 suite of programs.®® The receptor
coordinates were taken from a model previously developed in
our group to rationalize the binding of naltrexone-based
derivatives® and dynorphin A(1—10).2* Additional details
regarding the receptor structure, site-directed mutagenesis
data, and methods applied in developing the x-model are
available at our internet site (http://www.opioid.umn.edu). The
model has also been compared with the recently published
rhodopsin template of Baldwin.?* Although slight differences
in the orientation of the helices in the transmembrane (TM)
domain are apparent, the juxtaposition of the residues within
the putative binding pocket is well-conserved between the two
models. The results reported here should therefore be trans-
ferable to other GPCR receptor structures with similar tem-
plates.

Since experimental mutagenesis (Table 1) and u/k-chimeric
data?535 strongly suggest this ligand series is bound within
the TM domain of the receptor, the extracellular loop struc-
tures were not considered here. The model-built TM helices®
(excluding the hydrogen atoms) were used to create the
solvent-accessible molecular surface (MS) employing the Con-
nolly algorithm.®¢ The program SPHGEN in DOCK 3.5
utilizes these points on the MS to generate spheres that fill
the “putative binding pocket” in the receptor. However, the
total number of spheres thus obtained was quite large (>225)
and branched out to areas away from the putative “binding
site”. By visualizing all the spheres in the receptor using
MIDAS 2.0 graphics utility program,?” spheres that were away
from the “binding pocket” were identified and removed manu-
ally from the sphere-cluster file. By this procedure, the
number of spheres that act as a negative image and shape
descriptor for the x-agonists in the “binding pocket” was
reduced to 84. Each sphere was assigned a close contact
limiting distance of 1.3 and 1.8 A for the polar and nonpolar
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Chart 1

atoms, respectively. In addition, a cutoff distance of 4.5 A for
“good contacts” with the receptor was used.®® The contact and
force-field grids generated using the DISTMAP and CHEM-
GRID modules in DOCK 3.5 were used to score the different
orientations of the ligand bound to the receptor. The force-
field scoring (ffscore) that evaluates both steric and electro-
static contributions for each ligand binding orientation in the
receptor was applied. The energy-minimized crystal structure
of 1272 was docked into the receptor “binding pocket” using the
SINGLE mode in DOCK 3.5, and all possible binding orienta-
tions were searched. After identifying the most feasible
receptor—ligand binding orientation (discussed later), the
hydrogens were included to generate the tertiary structure of
the complex.

Refinement of the receptor—ligand bound complex was
achieved by in vacuo energy minimization using a distance-
dependent dielectric function of ¢ = 4r and constraining the
position of the backbone atoms using a force constant of 5 kcal/
mol. The energy-minimized structure was then used as the
starting point for subsequent 1-ns MD simulations, with the
same backbone constraints as in the minimization step. A 1-fs
time step was used, and the nonbonded pair list was updated
every 25 fs. The temperature of the system was maintained
at 300 K using the Berendsen algorithm with a 0.2-ps coupling
constant.

Parametrization. RESP Charge Derivation: Computa-
tion of the electrostatic potential (ESP)-derived atomic charges
for 1—10 using quantum mechanical approaches with reason-
ably large basis sets is quite expensive. Consequently, the
r-agonists were divided into smaller fragments that are
suitable for ab initio calculations. The RESP charge-fitting
formalism which derives the partial atomic charges of large
molecules from the combined ESP of the fragments® was
employed for 1-10. For instance, U50,488 (1) was divided into
three smaller fragments (a—d, Chart 1) without partitioning
the amide bond. Since the pyrrolidine ring nitrogen is proto-
nated in 1 and the fragmentation pattern involves the (sp3)C—
N(sp®) bond cleavage, both the protonated (b; eq 1) and neutral
(d; eq 2) amino substituents on the cyclohexyl fragment were
considered. The HF/6-31G*-optimized geometries®® and ESPs
of the fragments obtained using the Gaussian94 program
package®® were utilized in the RESP charge-fitting procedure.
The terminal blocking groups (i—iii, shown in dashed boxes
in Chart 1) were then deleted to reassemble 1 from the
fragments. The net charges of the blocking groups were
distributed over all the fragments, while retaining the total
molecular charge. As both fragments (b and c) are positively
charged in eq 1, the dissociating group carries a unit positive
charge (gi + gi = 1.0), while the same is constrained to be
neutral (gi + gii = 0) ineq 2.
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To assess the quality of the partial charges obtained from
such fragmentation and recombination schemes, the RESP
charges were also computed for 1 (crystal structure
orientation)?’® as a whole from the HF/6-31G*-optimized
geometries and ESPs. A plot of the RESP atomic charges of
U50,488 obtained from eqgs 1 and 2 versus that for the whole
molecule gives an excellent straight line fit with a correlation
coefficient of 0.966 (eq 1) and 0.967 (eq 2). This clearly
suggests that the RESP charges derived here do not depend
on the choice of fragment (b or d) or on the fragmentation
scheme (eq 1 or 2). Hence, the partial charges obtained from
eq 2 were utilized for the MD and docking studies. In regard
to the charges on the individual atoms, significant charge
polarization is observed only for the carbonyl group (qc =
0.588; gqo = —0.549), the proton on the basic nitrogen (qu =
0.333), and the amide nitrogen (qn = —0.274). This suggests
the feasibility of direct electrostatic or ion-pair interaction of
the proton on the sp® nitrogen with the electronegative or
negatively charged substituents on the receptor. Notably, the
sp® nitrogen (gn = —0.078) and the chlorines (gci = —0.102)
do not bear appreciable charges. A similar fragmentation and
reassociation strategy was extended to obtain the partial
atomic charges of the other x-agonists in this series (see
Supporting Information). For example, gem-dimethyltetrahy-
drofuran and protonated N-ethylpyrrolidine fragments were
used to compute the RESP charges for U62,066 relatives (3—
5) and IClI derivatives (6—8). The pattern of the RESP atomic
charges in 2—10 did not show any appreciable deviations when
compared to 1. It should however be mentioned that the sp®
oxygen in the spiroether ring of 3—5 has a negative charge
(o ~ —0.465) much greater than the sp? oxygen in the
benzofuran ring (go ~ —0.270) of 2 and 5.

Having built the electrostatic environment around the
ligand, we incorporated the additional force-field parameters
specific for 1—10 into the AMBER parameter file (parm94.dat).?
Most of these parameters were either derived by analogy to
existing AMBER potentials or derived from the MM2 force
field*t and are listed in Table 2. The stretching, bending, and
torsional force constants along with the geometric parameters
for the benzofuran ring in 2 and 5 were taken from the indole
ring of tryptophan. However, the C—0O distances were short-
ened by 0.03 A from the corresponding C—N distances to
account for the different electronegativities of the heteroatoms
involved. The valence force constants for chlorine were
adapted from the MM2 force field since no analogous param-
eter exist in AMBER. The nonbonded parameter for the sp?
oxygen (OA; R* = 1.74 A and ¢ = 0.05 kcal/mol) in 2 and 5
was taken from MM2 (parametrized for furan). The non-
bonded chlorine parameters (CL; R* = 2.25 A and ¢ = 0.2 kcal/
mol) were reported by Veenstra et al.*> The extension of the
generalized AMBER torsional potentials in parm94.dat to such
nonstandard molecules (1—-10) was verified by comparing the
computed in vacuo SPASMS?® and ab initio relative energies
of closely related U50,488 substructures, and the results are
given in the Supporting Information.

Results

Conformational Space of k-Agonists. Although
the key structural features of U50,488 derivatives have
been identified by SAR (Figure 1),2! the conforma-
tional preferences of the free ligand or that involved in
the receptor—ligand complex have not been investigated
in detail.2343 In addition, the dynamic nature of the
structure is of additional interest since there are many
freely rotatable bonds in each molecule.

18CH3
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30 s O 2 &
% % N 72 Cl
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Table 3. Relative Energies (kcal/mol) and Torsional Angles? of
SPASMS Geometry-Optimized U50,488 Conformers la—q

no. [02,94,05] RE no. [(92,94,95] RE

la [174.2,-178.0,-50.5] 2.6 1j [157.3,-17.4,—49.4] 4.0
1b [-78.2,176.8,-51.0] 0.0 1k [-78.1,-11.4,-50.3] 3.5
ic [70.6,-177.7,-50.4] 1.8 1l [79.4,-10.2,-50.3] 0.5
1d [-179.1,-175.1,165.0] 4.0 1m [157.2,-10.4,163.0] 55
le [-89.4,-179.4,163.4] 1.1 1n [-74.3,-6.8,163.5] 5.0
1f [71.8,-177.9,164.9] 3.4 1o [84.7,-58,163.2] 28
1g [169.2,-172.7,39.i] 45 1p [152.0,-15.0,53.8] 5.3
1h [-84.8,177.6,50.5] 1.8 1q [-72.1,-9.8529] 5.0
1i  [68.9,~175.6,43.4] 3.7

a Cis (~0.0°); trans (~180.0°); gauche~ (~—60.0° or 300.0°);
gauche™ (~60.0°).

For instance, the three-dimensional structure of 1 is
a function of the free rotations around the C1-C2 (6,
= CZ_cl_ch_clS)’ cl2_c15 (02 = Cl—Clz—C15—Nl7),
CI15—_NY7 (03 = ClZ—Cls—N”—CZZ), N17—Cc22 (94 = C18—
N17—C22—H23), and C36—N38 (g5 = C22—C36—N38—H39)
bonds. The structural rigidity or flexibility depends on
the barrier to rotation around these single bonds. Since
pseudorotation of the five-membered ring may result
only in small differences in energy and spatial arrange-
ment, their contributions were not considered explicitly.
Similarly, based on available NMR#*3 and X-ray data,?’
the boat conformation of the cyclohexane moiety was
ruled out. The flipping of the aryl group (61) with two
minima in the vicinity of £90° is inconsequential as both
conformers are supposedly equienergetic. This was
demonstrated from HF/6-31G* calculations on the model
compound, N-dimethyl-3,4-dichlorophenylacetamide,
where the two stationary points corresponding to the
180° rotation of the aromatic ring possess an energy
difference of only 0.3 kcal/mol. Likewise, extrapolation
from known crystal structures (1, 3, and 7) indicates
the N—CH3; group aligns trans (63 ~ 180°) to the
carbonyl group.?” Hence the latter is considered as the
rational choice for the amide orientation throughout this
series (1—10).

Consequently, the conformational energy surface of
the 0,, 6.4, and s torsions alone were explored using the
SPASMS driver routine in AMBER 4.1. Permuting all
torsional combinations with 60° rotational increments
of 6,, 04, and 6Os generated a total of 216 structures.
Subsequent SPASMS energy minimization resulted in
17 structurally distinct conformers (Table 3). Inspection
of these conformers revealed two rotameric domains
(trans (t) = 1a—i and cis (c) = 1j—q) involving the amide
nitrogen—cyclohexane bond (6,), while three minima are
predicted for 6, (t, gauche™ (g* or ~60°), gauche (g~ or
~—60°) and 6s (t, g*, g7) for a given 6, torsion.
Consistent conformational trends are discerned by the
association of these different dihedrals and are referred
to as [62,04,05] in the discussion. The relative energies
of the —CH,—aryl orientation follow [g~,t,05] < [g",t,05]
< [t,t,05] for a given 65 angle (for example, 1b < 1c <
1a). However, the relative energy reorganizes as [g*,c,0s]
< [g7,c,05] < [t,c,0s5] when 64 is in the vicinity of 0° (i.e.,
1l < 1k < 1j; Table 3). The gauche™ and trans 6;
dihedrals for trans 6, torsion are favored over the
corresponding conformers for cis 64; the relative energies
are [g7,t,05] < [g7,c,05] or 1la,b < 1j,k as 6s is varied
from gauchet (1h < 1q) to trans (1e < 1n) to gauche~
(1b < 1k). Except for 1l, conformers with a cis 64
torsion (1j—q) are higher in energy than their corre-
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sponding trans 6, forms (la—i) and were therefore
excluded from further consideration. Moreover, the
X-ray structures of 1 and its relatives are illustrative
of the trans 6, torsion (~175°).272 Thus, among the
remaining nine conformers (la—i), the major difference
relates to the orientation of the pyrrolidine ring with
respect to cyclohexane (6s5). Among these, conformers
with a gauche™ arrangement for 6s are relatively lower
in energy than those with a trans 6s angle, for a similar
0, orientation (1a > 1d, 1b > 1e, 1c > 1f). The most
favorable conformer of U50,488 was indeed 1b with a
[07,t,g7] arrangement and is 2.6 kcal/mol lower in
energy compared to the X-ray structure orientation
([ttg], 1a).27

Although the relative energies of all nine isomers
(a—i) were within a few kcal/mol, the barrier to
rotation around the C36—N38 bond could lock the struc-
ture in one particular 0s torsion (preferably gauche™).
While crystal packing forces restrict the orientation of
the aryl moiety (1) in the solid state, all the three 6,
conformations (1a—c) could exist in dynamic equilibri-
um within the NMR time scale in solution.*®

A similar strategy was extended to explore the con-
formational potential energy surface of other x-agonists
(2—10) as well. Since 2—5 differ mainly in the aryl
modifications, the conformational profiles of [62,04,05]
torsion were similar to that of U50,488. However,
subtle differences in the relative energies are noted
especially for 4 and 5, where the [g*,c,g”] torsion is
predicted to be 0.3 and 0.7 kcal/mol more favored over
the [g~,t.g7]. In contrast to 1, the most favored ar-
rangement of 3 possesses the same conformation
([9~,t,97]) as that of the crystal structure.?2’® The con-
formational flexibility in 6—8 increases as a result of
breaking the cyclohexane ring in 1 and introducing an
ethyl linking group instead. This additional N(sp?)—
C(sp3)—C(sp®)—N(spq) torsion (0s) displays a significant
preference for orientations around 60°, in addition to
the [6,,t,07] dihedrals favored by the rotation of the
other single bonds in 6—8. Comparisons of the 6s
torsion to similar environments in 1—5 (X-ray and low-
energy SPASMS-generated conformers) also indicate
that this angle is near 60°. Likewise, the piperidine
derivatives 9 and 10 with a different type of cyclization
also favor a 60° angle between the amide and basic
nitrogens. Furthermore, all the SPASMS-optimized
conformers obtained by permuting the [6»,03,05] angles
in 9 and 10 revealed the amide nitrogen to be nearly
planar and the piperidine ring to adopt a chair form.
The conformational energy trends of 9 and 10 showed
general agreement with that of 1, with the low-energy
structures possessing a gauche™ (0s) arrangement.

Dynamic Properties of x-Agonists. MD simula-
tion techniques are used extensively to sample the
conformational space and obtain structural details that
cannot be elucidated from experiments. Apart from
rationalizing the SPASMS results, this approach can
provide a means of identifying the “static” versus
“dynamic” nature of the 6,—6¢ torsions in the «-ligands.
Figure 2 shows the torsional trajectories of 1, 3, 5, 7,
and 10 (refer to Supporting Information for other
ligands) from a 2-ns simulation starting from the [t,t,g7]
orientations of the [0,,04,05] torsions. In general, the
chair form of the cyclohexyl ring in 1—5 and that of the
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piperidine ring in 9 and 10 were the only ring puckers
observed throughout the MD run. Similarly, the 6,4
torsion was arrested in the trans rotamer in 1—8, while
the 65 angle was confined to a gauche™ arrangement in
1-3 and 10, with the gauche™ orientation (6s) sampled
in addition for the remaining ligands. The pharma-
cophore torsion (0¢) was locked in the gauche™ form in
1-5 and 8—10, but the flexible ethyl linker in 6 and 7
allowed for the population of trans (6s) dihedral ar-
rangements as well. In fact, the strong conformational
restriction of the 05 and 0g torsions in 1—10 resulted
from the appropriate orientation of the N—H~0O=C bond
that maximizes the electrostatic interaction between the
two moieties. The corresponding nonbonded distance
from the MD simulations was 3.5—4.0 A on average for
most of the ligands.

Although the crystal structures (1, 3, and 7)%” show
the 0, torsion locked to a particular spatial arrange-
ment, the MD simulations efficiently sampled all three
6, dihedralsin 1, 3, 4, 6, 7,9, and 10. However, bulkier
aryl substitutions restricted the 6, torsion as evidenced
from the simulation profile of 2 (vs 1) and 5 (vs 4). In
general, the [g*,t,g™] orientation of the [6,,04,05] torsion
is predicted to be the dominant solution conformation
in 2, 4, 6-8, and 10 and demonstrates that the most
favored SPASMS-generated conformer ([g~,t,g"]) may
not be the most populated in solution. This discrepancy
between the MD simulations and conformational sam-
pling (SPASMS) is likely due to the presence of explicit
solvent (water) as opposed to the dielectric medium (e
= 4r) used in SPASMS.

Apart from the presumed solvation effects, rotational
barriers around single bonds (trans to cis 6, torsion in
particular) also limit the population to only a few
distinct conformers. For instance, the second most
stable [g*,c,g”] conformer (11) was not sampled in the
2-ns MD simulation of 1. Similarly, the most favored
SPASMS-generated [g*,c,g”] conformer of CI-977 (5)
was not present in the 2-ns MD simulation but is
consistent with the conformational sampling exhibited
by the rest of molecules for the first 1-ns simulation.
During the second 1-ns simulation, the structure be-
came locked into the [g—,t,g*] orientation (Figure 2).
Inspite of the sampling of some low-energy conformers
(SPASMS) in the MD run, the simulations suggested
that a large portion of each molecule (64 in trans, 6s in
gauche™, and 6 in gauche™) was anchored in space.

The substituted benzyl group (0,) of the «x-agonists
adopted all three torsional degrees of freedom in solu-
tion. This was demonstrated by comparing the unique
MD conformers of 1 ([62,t,g7]) with the conformations
interpreted from experimental NMR data in DO (1b,c).*®
To accomplish this, the ITH NMR chemical shifts of all
three [62,t,g7] conformers, la—c (Figure 3), with 0,
torsional diversity were computed at the GIAO-
Becke3LYP/6-31G*//HF/6-31G* level. In general, the
protons of the cyclohexyl ring resonated upfield when
compared to the pyrrolidine ring hydrogens. Similarly,
the equatorial hydrogens (Heq) of the cyclohexyl ring
were downfield-shifted compared to the axial (Hax)
protons. In addition, these 1H 6 values were quite
insensitive to 6, torsions (refer to Supporting Informa-
tion for the computed chemical shifts). However, the
subtle yet significant differences in the aromatic, ben-
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Figure 2. 6, (left) and 65 (right) torsional profile of the solvated ligands as a function of MD simulation time (in ps). The ligand

numbers are given in each graph.

Figure 3. Superimposed in vacuo SPASMS geometry-
optimized structures la—c.

zylic methylene, and N-methyl 6 'H values are a
consequence of the different 6, torsions (Table 4).
Although, the experimental assignments suggested the
existence of 1b,c alone in solution,*? our interpretations
of the chemical shifts include the coexistence of the
crystal structure orientation (1a) as well. Thus, the
average 'H NMR shifts (d,) of 1la—c are in better
agreement with the experimental values*3 than any one
single conformer (1a—c), thereby supporting the highly
fluxional behavior of the 0, torsion within the NMR time
scale.

Automated Docking of Agonists in the «-Recep-
tor. Identification of the bioactive conformation from

Table 4. GIAO-Becke3LYP/6-31G*//HF/6-31G*-Computed *H
NMR Chemical Shifts (3, ppm) for U50,488 Conformers 1a—c2

atom no. o la 01b olc da la—c expt
H3 6.9 7.0 7.1 7.0 6.8
H9 7.3 7.3 7.3 7.3 7.2
H11 6.7 7.4 6.8 7.0 7.1
H13 3.3 3.2 3.8
H14 3.3 3.7 3.3 3.5 35
H19 2.5 3.3 2.5
H20 2.8 29 2.3 2.7 2.7
H21 2.9 3.0 2.7

2 The average chemical shifts (04, ppm) and the experimental
values (ppm) are given for comparison. The computed and
experimental *H ¢ values for the cyclohexyl and pyrrolidine rings
are given in the Supporting Information.

the pool of possible conformers (Table 3) is a critical
issue in predicting the appropriate ligand binding mode.
Even though the MD simulations simplified the number
of possible ligand conformers to just three [6,,t,g7]
structures, only one among them was anticipated to be
the dominant binding conformer. Experimental SAR
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studies on racemic U50,488 and its constrained lactam
analogues* (11, 12; note that the 6, torsion is re-
strained) revealed the binding (K;) to be similar for 1
(15.0 nM) and 11 (10.0 nM), but 6—9-fold lower for 12
(92.0 nM) indicating the effects of the 6, torsion on
binding. This tentatively justifies the [t,t,g~] orientation
as a reasonable starting structure that could be docked
to the k-receptor. Although there are various possibili-
ties of docking these flexible ligands to the receptor,
finding the favorable low-energy states in the receptor-
binding domain is often tedious. Consequently, we
employed the automated DOCK program to explore the
possible orientations of U50,488 (1a) within the receptor
binding pocket. Accordingly, the “best positions” for the
ligand atoms, and thereby the ligand recognition sites,
were identified by searching for regions of complemen-
tarity within the TM helices.*> Out of the 982 configu-
rations generated by DOCK, the top-ranking 107 ori-
entations that were within 5 kcal/mol from the best
force-field score (ffscore = —29.5 kcal/mol) were ex-
tracted. Interestingly, all the binding orientations of
la were along the receptor helical axis (positioned
vertically) and none perpendicular to it (horizontal). In
addition, the DOCK search suggested the aryl group in
U50,488 to be either toward the extracellular region or
deep in the binding pocket.

The tentative ligand binding domain predicted by the
automated docking procedure also suggested the puta-

tive ligand binding pocket to comprise TM3, -5, -6, and
-7.%5 Preliminary analysis of the docked structures
indicated that the best and many of the top-scoring
structures had the pyrrolidine ring aligned near E297
(TMB6) of the «-receptor (the aryl group is down in the
pocket; see Supporting Information), while few struc-
tures had this moiety close to H291. Nevertheless, the
complete loss of U50,488 binding?®> upon a D138N (TM3)
mutation suggests the ion pairing between the proto-
nated nitrogen of 1a and the D138 carboxylate group is
a key binding interaction. A closer examination of some
of the top-scoring orientations identified the 31st best-
docked configuration of 1a (ffscore = —24.8 kcal/mol)
as having the basic nitrogen close to D138 in TM3 and
the aryl group tethering toward the extracellular region.
Although this arrangement would have been expected
to be the top-scoring orientation, short-range steric
conflicts between the receptor side chains and the ligand
resulted in this binding arrangement having a lower
scoring. This was evident when the energy components
of the force-field score between the 31st and the best-
docked configurations were compared. The electrostatic
and the van der Waals (vdW) attraction energies (kcal/
mol) were better stabilizing for the 31st best-docked
structure (—3.9, —44.6) as compared to the top-scoring
orientation (—3.2, —39.5). However, the corresponding
contribution from the vdW repulsion (23.8, 13.1) re-
versed the numerical preference of the force-field scoring
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Table 5. Average Distances (dist, A) of the Free and Receptor-Bound Ligands 1—10 Obtained from MD Simulations

param 1 2 3 4 5 6 7 8 9 10
dist1? 4.169 3.961 3.936 3.944 4.196 5.900 4.319 4.366 5.029 3.274
dist2P 4.270 3.969 3.985 3.960 4.183 5.966 4.381 4.340 4.706 3.215
dist3¢ 7.362 7.408 10.590 10.080 8.885 4.913 5.042 6.336 6.855 9.490
dist4d 5.383 5.534 8.246 7.613 7.014 4.206 3.879 4.435 5.393 7.261
dist5e 5.933 6.991 5.848

dist6’ 4.097 5.159 3.939

dist79 6.106 7.117 10.234 8.370 6.950 6.737 7.589 7.303 11.250 10.481
distgh 6.021 7.119 10.263 8.748 7.149 6.671 7.643 7.085 11.622 10.455

a (D138-carboxyl oxygen)Ot---H—N(ligand) distance. P (D138-carboxyl oxygen)O?2---H—N(ligand) distance. ¢ (H291)0N—H---O=C(ligand)
distance. 9 (H291)eN---O=C(ligand) distance. ¢ (H291)6N—H---O(sp3)(ligand) distance. f (H291)eN---O(sp3)(ligand) distance. 9 (E297-carboxyl
oxygen)O?:--Crara(aromatic, ligand) distance. " (E297-carboxyl oxygen)O2---CPara(aromatic, ligand) distance.

for these two docked configurations. This clearly em-
phasizes the limitation of rigid docking methods and
cautions against blindly choosing the best force-field-
scoring configuration always as the ideal ligand binding
mode in the receptor. In fact, it is necessary to closely
examine some of the top-ranking distinct configurations
of the ligand in the receptor before concluding on the
most relevant bound complex.

Instead of extending the DOCK protocol to predict the
binding domain of 2—8, their structural and spatial
similarity were taken to our advantage. The direct
relationship of the preferred torsions of 2—8 with U50,-
488 suggested that they might also exhibit similar
binding characteristics in the «x-receptor. The compa-
rable «-affinity of 1—10810131517.2023 gnd the impair-
ment of U69,593, CI1-977, and 1C1199,441 binding upon
a D138 mutation (Table 1)2546 provided support for our
claim of binding complementarity. Consequently, the
[t,t,g7] SANDER energy-minimized structures of 2—8
were superimposed on the docked structure of 1a (31st
configuration)*’ to generate the tertiary structure of the
receptor—ligand complex. Since 9 and 10 possessed a
piperidine ring, the complete DOCK procedure was
followed to obtain their probable binding orientation
(the [t,t,g7] conformations of the ligands were consid-
ered). A strategy similar to that used for la was
employed to retrieve the binding mode of 9 where the
pyrrolidine ring was closer to the D138 residue of the
receptor. Overlapping 10 on the docked configuration
of 9 generated the receptor—ligand complex of 10.

Having established the most likely binding mode of
1-10, post-DOCK refinements (energy minimization
and MD simulations) were employed to relieve any
steric conflicts between the flexible amino acid side
chains of the receptor and the docked ligand. A com-
parison of the MD trajectories of the free ligand (Figure
2) and the bound complex (Figure 4) indicates that the
ligand conformer in the receptor is not the most favored
or highly populated solution structure in some cases.
As in the free ligand, the 65 torsion in 1—5 and 10 bound
to the receptor was locked in the gauche™ form with
occasional transitions to the trans and gauche™ rotam-
ers for 7—9 (Figure 4 and Supporting Information).
However, the gauche~ arrangement was the most
populated 0s torsion in all the docked ligands. Simi-
larly, the dominant 6, torsions were close to the trans
in a majority of ligands (1—3, 5—7) associated with the
receptor, while the gauche™ orientation seem to be
favored for 8 and 9. Interestingly, U62,066 (4) exhibited
0 torsional phase transition from trans to gauche™ after
300 ps. There is also evidence that the X-ray structure

is not necessarily the bound conformation. This is
demonstrated by considering the energy-minimized
crystal structure orientation of U69,593 (3, [g~,t,g7])2"®
as a starting ligand conformer. The initial receptor—
ligand complex was built by overlapping 3 on the U50,-
488 docked structure (31st configuration) and following
the minimization and MD protocols similar to that
employed for other bound ligand complexes. In less
than 100 ps of the 1-ns simulation, the 6, torsion (see
Supporting Information) of U69,593 converted back to
the preferred trans form (and 6s = gauche™), suggesting
that the MD run here was not dependent on the initial
6, ligand torsion. In general, the ensemble of conform-
ers for each ligand generated from the simulation of the
complex implicated the [t,t,g~] torsion as the dominant
binding orientation for 1—3, 5—7, and 10. However, the
[g97,t,07] is favored for 8 and 9, with U62,066 (4) alone
adopting the [g*,t,g] arrangement in the receptor. It
should however be emphasized that a single conforma-
tional element (frozen ligand orientation) does not exist
for the receptor—ligand complex (Figure 4), and any
insights gained from static energy minimization of the
complex need to be treated with caution.

Discussion

As mentioned earlier, the carboxylate group of the
aspartate (D138) in the «-receptor located in TM3 is
presumed to form a salt bridge with the pyrrolidine ring
amino proton of the ligands.264> The notion that D138
in the «-receptor is involved in direct ligand recognition
has also been suggested from site-directed mutagenesis
in which a D138N mutation abolishes U50,488 and
U69,593 binding.?> Likewise, the D138A receptor mu-
tation impaired CI-977 and 1CI1199,441 association
significantly.*® Owing to alike structural and spatial
relationships of 1—10, it is reasonable to speculate that
D138 serves as a common interaction point for other
k-agonists in this series. Accordingly, MD simulations
of all the bound ligand complexes resulted in the
protonated nitrogen forming a sustained salt bridge
with the carboxylate group of D138 (Table 5). The
carboxylate oxygen to the pyrrolidine proton distance
was 3.9—4.3 A on an average for most of the ligands
(Table 5) and is within the anticipated range for similar
salt bridges.#® In fact, such direct electrostatic anchor-
ing of the ligand moiety with the aspartate most likely
causes the remaining portion of the agonist to reorga-
nize by taking advantage of the surrounding receptor
environment (Figures 5 and 6).
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Figure 6. Molecular dynamics snapshot of 1C1199,441—receptor (left) and BRL52,656—receptor (right) complexes. Selected residues
that are within 5 A from the ligands are shown as follows: D138 in red, polar residues in cyan, hydrophobic residues in yellow,
and H291 in magenta.
Given the potential significance of this interaction in
anchoring 1—-10 to the «-receptor, the quaternary pyr-
rolidine methiodide analogue (14) of 1 was prepared and
evaluated for opioid agonist activity using the guinea Hao
pig ileum assay.*® In contrast to 1, which in the same
assay exhibited an 1Csp value of 7 nM, compound 14

showed little to no activity (20% response at 1 uM). 14
Although 14 possesses a unit charge in common with
that of 1, the N-methylated pyrrolidine group appar- docking of 14 to the «-receptor. The quaternary N-

ently blocks the formation of a tight ion pair or salt link methyl group consistently docked 9—11 A from D138,
to D138. This was further verified by automated sterically hindering salt-link formation.
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Among the other acidic residues in the TM helices
(D105, D223, and E297), E297 in TM6 has been impli-
cated in the binding of k-antagonists such as norBNI1.50
However, the rather long distance between the ligands
(1—10) and the carboxylate group of E297 (Table 5) rules
out any possible nonbonded interaction. This interpre-
tation is further supported by an experimental point
mutation (E297A) that revealed the binding affinity of
5 and 7 to be less affected in the mutant receptor (Table
1). Of the other possible stabilizing receptor—ligand
interactions, the carbonyl oxygen of U50,488 may form
a H-bond with the histidyl (H291) N—H bond in TM6.
Considering the J-tautomer of H291 in the present
study, automated docking of 1 disfavored such a non-
bonded interaction as the corresponding (0-H291)N—
H---O=C(U50,488) distance was 7.4 A on an average.
A similar trend in the (0-H291)N—H---O=C(ligand)
interaction was evident for the bound complexes of
2—10. Proximity of the e-nitrogen in 6-H291 to the
carbonyl oxygen (eN---O=C) in 6—8 indicated the likeli-
hood of a weak H-bond, if the e-tautomer (e-H291) were
considered. However, the influence of 6- or e-H291 on
ligand binding properties appears to be modest as
revealed by site-directed mutagenesis. As opposed to
the carbonyl group in 1—10, the sp? oxygen in 3 and 5
(Figure 5) could form an H-bond with the N—H moiety
in e-H291 and influence the binding properties upon
specific mutation. This explains the 7-fold decrease in
CI-977 binding upon H291A mutation and perhaps the
cause for the increased binding affinity of 5 over 2.711
Unlike the u-receptor which displays significant loss in
opiate agonist binding upon histidine mutation in
TM6,5! the present MD simulation results and available
site-directed mutagenesis studies suggest that H291 is
not involved directly in ligand binding or recognition
in this series. This is not due to the lack of a hydroxyl
substituent on the aryl group (to mimic the tyramine
moiety in most opiate ligands) but is a consequence of
the different binding orientations of the substituted
arylacetamides (1—10) and the benzomorphan deriva-
tives such as ethylketocyclazocine. The experimental
Ki values of racemic 9 (0.5 nM), 10 (0.8 nM), and 13
(194.0 nM)° which differ only in the aryl substitution
reveal that 13 with a hydroxyl substituent has a much
weaker binding affinity than 9 and 10 which is consis-
tent with our binding site model. Our proposed binding
orientation for x-agonists (1—10) is also supported by
experimental results that illustrate sulfhydryl alkylat-
ing agents inhibit U50,488 binding,% thereby indicating
the presence of a sulfhydryl group near the binding site.
Consistently, the MD simulations captured C315 of TM7
close to the aryl group of 1.

Apart from these specific point interactions, the
k-agonists are flanked by hydrophobic residues (Table
6) in the TM region. Consequently, mutation of any of
these residues will have only a marginal effect on the
ligand binding properties, since free rotation around the
single bonds of the ligand and receptor side chains
would allow torsional flexibility for the agonist to
readjust to the mutated environment. For instance, the
aryl group in 1—10 benefits from the hydrophobic
interactions of 1194, 1294, L295, A298, and 1316 resi-
dues. Even though a simple 1294A mutation does not
affect the «-affinity (as in 5 and 7), mutation to a
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Table 6. Key Residues Defining the «x-Opioid Receptor Pocket
Involved in Agonist (1—10) Binding as Obtained from the
Receptor—Ligand Snapshot (750-ps) Structure during the MD
Simulation (k-Receptor-Specific Residues are Underlined)

TM3: V134,2 1135, 1137,2 D138, Y139, M142
TM4: W183,P"A186,° G190,P 1194

TMS5: L224, F231, V232,2 A234ab F235
TM6: W287, H291, 1294, L295, E297,° A298
TMT: Y312, C315, 1316, A317, G319, Y320

a Involved additionally in 9 and 10.  Involved additionally in
6—8. ¢ Not within 5-A radii of 6—8.

charged residue (1294K) impairs CI-977 and 1CI1199,-
441 binding significantly (Table 1). Despite the mutated
residue (1294K) exerting similar effects on the binding
profile of 5 and 7, the subtle differences in the relative
orientation of the ligands in the receptor may be
responsible for the uneven deviation in the magnitude
of the binding affinity.

The cyclohexyl ring in 1-5, the phenyl/isopropyl
group in 6—8, and the piperidine ring in 9 and 10 are
also stabilized by nonpolar aromatic residues (F231,
F235, and W287) and M142 with additional contribu-
tions from W183, A186, G190, and A234 for 6—8 and
V232 and A234 for 9, respectively. Likewise, the
pyrrolidine ring in 1—10 benefits from the hydrophobic
cooperation of 1294, L295, 1316, and G319 of the
k-receptor. In fact, the importance of G319 (TM7) in
ligand binding has been demonstrated by site-directed
mutagenesis studies (G319V) which weaken (by 28-fold)
the binding affinity of 7. Therefore, mutation of G319
with sterically bulkier groups should decrease the
binding affinity of many other «x-agonists in this series.
In addition, the involvement of polar residues such as
Y139, Y312, and Y320 that are also part of the ligand
binding pocket can be probed by appropriate receptor
mutations.

Another test of the proposed docking mode can be
found in the enantioselectivity of the «-agonists for the
receptor. As the carboxylate group of D138 and the
N—H bond in 1—10 may be involved in direct receptor—
ligand interaction, any change in the ligand orientation
(0s) around this region should destabilize x-agonist
binding. Thus, the enantiomers of 1—10 possessing a
gauche™ form for the 6s torsion (by mirror symmetry of
the ligands) orient the proton on the basic nitrogen away
from D138 leading to a very weak binding. This was
demonstrated by docking the less active isomer (R,R)-1
(Ki = 299 nM)?2 following the DOCK protocol described
above. Out of the 144 best-docked configurations re-
trieved from a total of 1027 orientations, none had the
N—H bond of (R,R)-1 pointing toward the carboxylate
group of D138. The corresponding distance ranges from
7 to 11 A for most of the docked configurations and is
obviously too far away for any possible ion-pairing or
electrostatic interaction. The same reasoning can be
extended to explain the enantioselective binding of other
k-agonists in this series.

Conclusion

In conclusion, the present study has revealed striking
similarities in the three-dimensional structure, dynam-
ics, and binding modes of representative arylacetamide
k-agonists. The SPASMS relative energy trends of 1—10
display systematic conformational preferences and show
overall agreement throughout this ligand series. The
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MD conformational sampling of 1 was consistent with
the conformations derived from X-ray crystal data and
from NMR experiments, justifying the reliability of the
simulation results for other «-ligands in this series. In
addition, the simulations have also revealed that bicyclic
aromatics reduce the 6, torsional flexibility and indicate
possible leads for designing rigid «-agonists (for ex-
ample, bicyclic aromatics in 6—10).

As was evident from the automated docking procedure
and MD simulations of the receptor—agonist complex,
the binding orientations of 1—10 differed from that of
the opiates. Even though the protonated nitrogen of the
non-peptide agonists associated with the «-opioid recep-
tor through ion pairing with the aspartate in TM3, the
aryl ring in 1—10 does not mimic the binding environ-
ment of the phenolic component of the tyramine moiety
of the opiate ligands. Thus, the histidine in TM6 (H291)
which may form “hydrogen bonds” with the hydroxyl
substituent on the phenolic moiety in many benzomor-
phan derivatives is not involved in any similar interac-
tion with the ligand atoms in this series. Since the
cyclohexyl ring in 1—5 and the ethyl spacer in 6—10 are
close to H291 (Figures 5 and 6), incorporation of
functional groups containing electronegative atoms in
this region would provide insights into the role of H291
toward ligand binding. We should point out that an
alternative role for H291 has been proposed in U50,-
488 binding by Cappelli et al.>® While details of the
molecular conformation and docking mode were not
given in that paper, some differences in the receptor—
ligand complex are evident, mainly in the orientation
of H291 toward the carbonyl oxygen of U50,488. The
binding site analysis of CI-977 and related ligands
presented above, however, supports an alternative role
for this proton donor. Nevertheless, such an interaction
cannot be entirely ruled out given the proximity of H291
to the ligand binding site. The binding site model
presented here also reveals several residues specific to
the «-receptor that may be useful in ligand design.
Although D223 and E297 residues are apparently not
involved in ligand binding of arylacetamides, they are
viable sites that could reinforce the receptor—ligand
association. Appropriate substituents (like guanidine)
attached to the meta/para positions of the aromatic ring
presumably may reach the acidic residues to increase
the ligand binding affinity.

In addition to the key electrostatic interaction stabi-
lizing the receptor—agonist complex, the results indicate
a network of surrounding hydrophobic residues that
may strengthen ligand binding in this series. Nearly
one-third of the residues involved in ligand binding are
unique to the x-receptor, which may explain the dif-
ferential u/k-selectivity of the U50,488 derivatives. This
suggests a very different mechanism of recognition
when compared with the «-opioid antagonist norBNI.
Previous computational and experimental studies of
norBNI binding to the «-receptor have indicated E297
(near the top of TMB6) to be critical to selectivity.5® Our
structural analysis, however, shows this acidic residue
plays no part in U50,488 binding as noted above. While
our model is consistent with available site-directed
mutagenesis data, additional work is needed to fully
define this putative binding pocket and how it differs
from that of the u- and d-receptors.
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Finally, it is important to point out that the results
strongly support the existence of multiple binding
epitopes for opioid receptors. In comparing the analysis
presented here with previous docking studies involving
opiates and peptides, divergent models of recognition
and selectivity emerge.62* Although this further com-
plicates both receptor and ligand modeling efforts,
knowledge of additional recognition sites within the u-,
0-, or k-opioid receptors may lend new insight to the
development of even more potent and selective ligands.
Moreover, such sites may provide important clues as to
the structural basis of agonist versus antagonist recog-
nition that would have a far reaching impact on GPCR
research.
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