J. Med. Chem. 2000, 43, 381—391 381

Molecular Docking Reveals a Novel Binding Site Model for Fentanyl at the

u-Opioid Receptor

Govindan Subramanian, M. Germana Paterlini, Philip S. Portoghese, and David M. Ferguson*

Department of Medicinal Chemistry and Minnesota Supercomputer Institute, University of Minnesota,

Minneapolis, Minnesota 55455

Received July 19, 1999

The ligand binding modes of a series of fentanyl derivatives are examined using a combination
of conformational analysis and molecular docking to the u-opioid receptor. Condensed-phase
molecular dynamics simulations are applied to evaluate potential relationships between ligand
conformation and fentanyl substitution and to generate probable “bioactive” structures for the
ligand series. Automated docking of the largely populated solution conformers identified a
common binding site orientation that places the N-phenethyl group of fentanyl deep in a crevice
between transmembrane (TM) helices 11 and 111 while the N-phenylpropanamide group projected
toward a pocket formed by TM-I1II, -VI, and -VII domains. An analysis of the binding modes
indicates the most potent fentanyl derivatives adopt an extended conformation both in solution
and in the bound state, suggesting binding affinity may depend on the conformational
preferences of the ligands. The results are consistent with ligand binding data derived from
chimeric and mutant receptor studies as well as structure—activity relationship data reported
on a wide range of fentanyl analogues. The binding site model is also compared to that of
N-phenethylnormorphine. An overlay of the bound conformation of the opiate and cis-3-
methylfentanyl shows the N-phenethyl groups occupy equivalent binding domains in the
receptor. While the cationic amines of both ligand classes were found docked to an established
anchor site (D149 in TM-111), no overlap was observed between the N-phenylpropanamide group
and the remaining components of the opiate scaffold. The unique binding mode(s) proposed
for the fentanyl series may, in part, explain the difficulties encountered in defining models of
recognition at the u-receptor and suggest opioid receptors may display multiple binding epitopes.
Furthermore, the results provide new insight to the design of experiments aimed at
understanding the structural basis to the differential selectivities of ligands at the x-, 6-, and

r-opioid receptors.

Introduction

Ever since the discovery of fentanyl (1) in 1962 by
Janssen,! the 4-anilidopiperidines have been exploited
for developing highly selective u-opioid agonists? with
specific pharmacological properties.® Over the last four
decades, structure—activity relationship (SAR) studies
of fentanyl analogues have provided considerable insight
into the key structural features and pharmacophore
elements required for high-affinity binding to the u-re-
ceptor.2* In comparing fentanyl with the classic u-opiate
morphine, certain similarities are apparent. Both com-
pounds possess a protonatable nitrogen and an aromatic
group that are commonly thought to mimic the N-
terminal tyrosine moiety of opioid peptides.> However,
SAR studies of N-phenolic derivatives® of fentanyl have
shown that hydroxy substitutions do not influence the
morphinomimetic potency of these compounds. Con-
versely, a dramatic loss in ligand binding is observed
when the N-phenethyl group of 1 is replaced with the
N-methyl group of morphine.” This suggests that fen-
tanyls and u-opiates may display unique recognition
elements to the u-receptor but induce qualitatively
similar pharmacological profiles through different mech-
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anisms that cannot be rationalized by structural com-
parisons alone.

Some hints to the recognition elements that may
confer high-affinity binding to the u-receptor can be
found in the SAR data reported on fentanyl. Substitu-
tions to the piperidine ring have been shown to dra-
matically affect ligand binding (Table 1).8 A simple
methoxymethyl (as in R30490, 2)° or acetate (as in
carfentanil, 3)1° substituent on the piperidine 4-axial
position of 1 has been shown to increase the ligand
binding affinity by 45- and 160-fold, respectively. As
alluded to above, substitution of the N-phenethyl group
effectively abolishes ligand binding in some cases.” SAR
studies have further revealed that compounds which
retain the ethyl spacer display high affinity to the
u-receptor. Fentanyls have also shown to display great
variation in enantiospecific binding. With two chiral
centers and four possible enantiomers, the most active
cis-3R,4S stereoisomer of 3-methylfentanyl (4)1112 ex-
hibits 7000-fold increased in vivo potency compared to
morphine.’® Perhaps, the most significant results have
come from studies of 2'-OH-3-methylfentanyl (Figure 1).
Out of the eight optically active isomers, cis-(2'R,3R,4S)-
ohmefentanyl (5) belongs to the “super potent” class of
u-selective agonists.’ In contrast, the corresponding
antipode cis-(2'R,3S,4R)-ohmefentanyl (6) is the least
potent, weakly bound ligand in the ohmefentanyl series.
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Table 1. Experimental Binding Affinity (nM) of 1—7 for the u-,
0-, and «-Opioid Receptor

ligand Ki(u) Ki(d) Ki(k) ref
1 3.97 1035 196.5 12b
2 0.089 23 63 26b
3 0.024 3.28 43.1 26b
4 0.02 77.3 57.4 42
5 0.013 103.4 122.2 42
6 47.7 >1.5 uM >0.5 uM 42
7 0.06 200 14e
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Figure 1. Structures of fentanyl derivatives 1—8.

Among the four trans stereoisomers, the 2'S,3R,4R
enantiomer 7 possesses an enhanced affinity for the
u-receptor as compared to the 2'R,3R,4R counterpart.
Of the various N-phenethyl modifications that have
been reported,’> remifentanil (8) is one of the most
unique.®17 This highly selective compound contains a
hydrolytically labile ester group in place of the phenyl
ring and, while sterically smaller than 1-7, displays
similar potencies.

Although SAR data provide insights into the phar-
macophore features imparting specificity for the u-re-
ceptor binding, attempts to understand the structural
basis for ligand recognition have been hindered by the
difficulties in obtaining the crystal structure of the
receptor or the ligand-bound complex. Fortunately, some
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insights on the ligand binding domain have been gained
through binding studies of fentanyl and related com-
pounds using cloned opioid receptors. Chimeric con-
structs of opioid receptors have shown transmembrane
(TM) helices 1111, VI, and VII to be involved in
sufentanil (9) binding.'® More specifically, site-directed
mutagenesis data suggest that an aspartate residue in
TM-I11 may be a critical anchor point for the binding of
fentanyl derivatives.’® This aspartate is highly con-
served in opioid and related G-protein-coupled receptors
and is thought to form a salt bridge with the protonated
amino group of a variety of ligands. Although the
binding data is limited, available pharmacological
results?92.21 strongly suggest fentanyls bind in the TM
domain of the u-opioid receptor.

Despite the importance of fentanyl and related com-
pounds in pain management, a detailed investigation
of the receptor—ligand interactions responsible for high-
affinity binding and selectivity to the u-receptor has not
yet been reported. This is partly due to the inherent
difficulties in modeling opioid receptors at a molecular
level and also to the manifold conformations fentanyl
may adopt in the condensed phase. Mosberg et al.?2
recently proposed a docking arrangement for cis-meth-
ylfentanyl to the u-opioid receptor. However, the focus
of that study was on receptor model building, so the
ligand docking results are quite limited. The “manual
docking” performed places the ligand (4) toward the top
of the receptor cavity and consequently does not com-
pletely explain available site-directed mutagenesis and
chimeric data.’®2! In addition, the conformational
variability of 4 was not fully considered, potentially
biasing the results. Although a number of computational
studies on the conformational preferences of fentanyl
analogues have been reported,?3-27 no conclusive agree-
ment has emerged with respect to the bioactive con-
former for members of this ligand series.

In this study, we combine SAR and ligand binding
data with molecular docking experiments to understand
the molecular determinants governing the recognition
of fentanyls at the u-receptor. Using molecular dynamics
(MD) simulations in the condensed phase, the most
populated conformations of 1—8 are identified and
docked to the human u-receptor (Figure 2). A refined
w-opioid receptor model is also reported that takes
advantage of the 6 A projection map of bovine rhodop-
sin28 and other biophysical data obtained from rhodop-
sin-like receptors. Asinourearlierwork on arylacetamides,?
an automated docking protocol is applied to evaluate
the binding site orientations in this receptor model. The
results are compared with available site-directed mu-
tagenesis, chimeric, and SAR data to identify key
ligand—receptor interactions involved in the molecular
recognition process. Finally, the results are applied to
provide new insight to the design of experiments aimed
at understanding the structural basis to the differential
selectivities of ligands at the u-, -, and «-opioid recep-
tors.

Computational Methods

p-Receptor Model. The structural model of the human
u-opioid receptor has been derived from electron cryomicros-
copy data®® and the C, coordinate template provided by
Baldwin.?® That template was generated from rhodopsin
projection data in combination with a sequence analysis of 493
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Figure 2. Serpentine model of human u-opioid receptor sequence. Solid black lines represent the approximate membrane
boundaries. Filled black circles indicate the conserved residues in the aminergic receptor superfamily. Filled gray circles illustrate
the residues conserved among the u-, 6-, and «-opioid receptors. The TM helices are denoted by roman numerals. The arabic
numbers indicate the position of the residues inside the TM domain. The residue numbers in italics pertain to the overall sequence
numbering and also indicate the starting and ending residue used in the present receptor model. Glycosylation sites in the
N-terminus and palmitoylation site in the C-terminus are also shown. IL = intracellular loop and EL = extracellular loop.

GPCRs, including opioid receptors.?® Substitution of the opioid
receptor sequence (SWISS-PROT accession number, P35372;
entry name, OPRM_HUMAN) onto the template produced a
residue conservation profile similar to that previously obtained
by us using a smaller alignment of 201 GPCR sequences.?!
The length of the helices was determined by considering the
minimum length in the lipid bilayer, as defined by Baldwin,
with subsequent addition of residues at the extracellular and
intracellular limits based on sequence analysis of this regions.
Coordinates for the TM helices were obtained by model
building ideal o-helices with the appropriate kinks added to
helices V and VI at P246 and P297. Side-chain conformations
were determined using the backbone-dependent rotamer li-
brary of Dunbrack and Karplus.3? These structures were then
aligned to the C, template of Baldwin based on the orientation
and vertical position of highly conserved residues across the
rhodopsin family. After each addition to the TM bundle, the
system was energy-minimized and equilibrated with 100 ps
of restrained MD at 300 K to relieve steric contacts introduced
in model building.

The model was further refined using a series of MD
simulations in which positional constraints on the peptide
backbone atoms were gradually reduced from 5 to 0.05 kcal/
Az/mol. Hydrogen-bonding distance constraints (32 kcal/A%
mol) were also imposed between the carbonyl oxygen of residue
(i) and the amide proton of residue (i+4) to maintain an
o-helical conformation. Given the known problems of rhodop-
sin templates to capture all relevant structural data derived
from functional studies of GPCRs, additional hydrogen-bond-
ing constraints were applied to several residues to account for
potential interactions. In particular, the initial C, template

places D116 and N334 more than 10 A apart. Mutagenesis
studies, however, have suggested these highly conserved
residues may be part of a hydrogen-bonding network that ties
together helices 1 (N88), 11 (D116), and VII (N334).3373 To
account for this effect, distance constraints were added be-
tween N88, D116, and N334 during the refinement process.
The entire process required approximately 700 ps of MD at
300 K. The resulting model was qualitatively evaluated for
consistency with ligand binding data derived from site-directed
mutagenesis data®®3” and with our previous models used in
docking opiates, dynorphin A, and arylacetamides.?®3! All key
elements of the receptor, including the highly conserved
aspartate in TM-II1, the cluster of aromatic residues within
the receptor cavity, and the position of selectivity elements at
the top of TM domains VI and VII, aligned favorably. The
structural quality of the model was also verified using
PROCHECK?8 which showed 98% of the residues in the most
favored helical region and the remaining 2% in the additionally
allowed helical region. Side-chain y* and x? angles were
determined to be in their most favorable regions without
stereochemical conflicts. A final energy minimization was
performed on the model, which was subsequently used as the
starting structure for ligand docking studies.
Conformational Analysis. The crystal structures of 1,%°
2,0 44 5 and 7% were used as starting ligand geometries,
while those of 3, 6, and 8 were model-built from closely related
X-ray structures. On the basis of the reported pK, values of
several fentanyl derivatives,'®*23 the protonated form of 1—8
was considered to be the pharmacologically relevant species.
The geometries of 1—8 were optimized using molecular orbital
ab initio methods at the HF/6-31G* level using the Gaussian94
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program package.*® The partial atomic charges for the energy-
minimized structures (1—8) were obtained using the restrained
electrostatic potential (RESP) charge fitting formalism.**
Subsequent computations of 1—8 adopted the Cornell et al.
force field*> (parm94.dat file) incorporated in AMBER 4.1 suite
of programs* with appropriate additions (see Supporting
Information). The ester parameters for 3 and 8 were taken
from the recently published work of Kollman and co-workers.*’

The MD simulations on the in vacuo energy-minimized
geometries of 1—8 were performed to obtain the conformational
preferences of the fentanyls in solution. Accordingly, 1—8 were
placed in a periodic box of TIP3P water molecules.*® Freezing
the geometry of the ligand, the solvent molecules alone were
energy-minimized until a rms convergence of 0.1 kcal/mol in
energy was achieved. This was followed by a 5 ps equilibration
of the solvent and energy minimization of the entire system
(0.01 kcal/mol rms deviation in energy). A 2 ns MD simulation
of the solvated ligands was then carried out at 1 atm of
constant pressure. SHAKE was used to constrain bonds
involving hydrogen, and the temperature of the entire system
was maintained at 300 K using Berendsen algorithm*® with
0.2 ps coupling constant. A 1 fs time step with an 8 A
nonbonded cutoff was also used, and the simulations were
restarted every 250 ps.

Ligand Docking. Docking of the solution conformation of
1-8 to the model-built TM domain of the u-receptor was
performed using the automated docking procedure (DOCK 3.5
program package)® by following the protocols described in our
previous work?®® and the DOCK manual. The program SPH-
GEN was used to create spheres that fill the “putative ligand
binding pocket” on the solvent-accessible molecular surface®
of the u-receptor TM helices. After initial refinement of the
spheres thus generated, a cluster of 43 spheres that serve as
negative image descriptors was used for docking of 1-8. A
maximum of two to six bad (steric) contacts between the ligand
atoms and the receptor residues were allowed while itentifying
potential docking configurations (orientations) in the u-recep-
tor binding pocket. To find the most probable ligand alignment
in the binding pocket, all predicted ligand orientations in the
u-receptor TM domain were scored (Ex, force field) individually
based on the empirical evaluation of the van der Waals
repulsion (Erp) and attraction (Eaw) and electrostatic (Ees)
energy contributions (Ef = Ees + Erep + Eaw). Site-directed
mutagenesis studies on u-opiate ligands have shown that a
D147A/D147N/D147E point mutation in TM-I11 of rat u-opioid
receptor led to a diminished binding affinity,*% presumably
due to the loss of a salt bridge anchoring the receptor—ligand
complex. Since the basic nitrogen in fentanyl analogues (Figure
1) is protonated under physiological conditions, ligand orienta-
tions that had this proton proximal to the TM-I1l aspartate
(D149 in human p-opioid receptor) were given preference in
the selection process. Consequently, the force-field scores and
pharmacological results were used together to identify the
most probable docking orientation in the u-receptor.

Refinement of the initial receptor—ligand complex was
achieved by in vacuo energy minimization (0.001 kcal/mol rms
deviation). A 5.0 kcal/mol positional constraint was applied
to the receptor backbone atoms along with an 8 A cutoff for
nonbonded interaction. This energy-minimized complex was
then subjected to an initial 250 ps MD simulation (e = 4) with
the above constraints. The force constant was subsequently
reduced to 3.5 kcal/mol for the next 250 ps simulation and to
2.0 kcal/mol for the remaining 0.5 ns MD simulation. A 1 fs
time step was used and the nonbonded pair list 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. Since the simulations over the last 500 ps were quite
stable, the transient structure obtained from the last simula-
tion step (1 ns) was used in the final refinement of the
receptor—ligand (1—8) complex. With a 2 kcal/mol force
constant applied for the receptor backbone atoms, the geom-
etry optimization (¢ = 4r) was terminated when the projected
decrease of 0.001 kcal/mol in energy was met. Unless otherwise
specified, all the docking analyses discussed hereafter are
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Table 2. Population (%) of [61,6-,05] Torsion of Fentanyl
Analogues 1—8 Obtained from the 2 ns MD Simulation of the
Solvated Ligands?

g, =Cl-c'LCISN'S
8, = C'%.CINIEH!
9. = H2-.C26.c37. 38

[61,02] [97,9*1 [0%.t] [97.07 1 [t.g* ] [t.t] [t.o ] [0-.0"1 [0 t] [907] Os

1 1.4 28.7 234 325 10.5 35 g'/g”
2 20.8 116 215 46.2 0.1 g
3 16.6 27.6 33.8 220 0.1 g
4 48.4 6.4 95 349 0.9 g
5 0.1 96.3 3.7 g
6 40.6 7.7 350 16.8 0.1 gt
7 16.7 46.0 16.1 21.3 g'/g-
8 0.4 59.6 24.2 133 25 g

a Gauche™ (g* ~60.0°), trans (t ~180.0°), gauche™ (g~ ~300.0°)
for 6, torsion. Gauche™ (g* ~40.0°), trans (t ~180.0°), gauche™ (g~
~320.0°) for 6, torsion. Gauche® (g™ ~150.0°), cis (c ~30.0°),
gauche™ (g~ ~240.0°) for 65 torsion.

based on results of the last 0.5 ns MD simulation and the
subsequent minimization step.

Results and Discussion

The relative populations of the solution structures of
1-8 are reported in Table 2. Consistent with X-ray
structures,39~42 spectroscopic data,>® and prior compu-
tational investigations,?3~27 the piperidine ring favored
only a chair conformation throughout the MD simula-
tions. In addition, the methoxymethyl (2) and acetate
(3 and 8) substituents to the piperidine ring were
restricted mostly in the trans form. No preferences were
noted, however, in the rotation of the terminal methyl
group of the amide in 1—8. In evaluating the remaining
torsional degrees of freedom, ligand substitutions were
found to have a significant impact on conformational
sampling especially on 03 which defines the orientation
of the N-phenylpropanamide moiety (refer to Table 2
for the definition of ;—605 torsions). In particular, a 03
conformational rigidity is observed for 4- and 3-axial
piperidine substitutions (g~ in 2—5, 8; g™ in 6). On the
other hand, an equatorial methyl substitution in 7 and
the unsubstituted fentanyl (1) allow flexibility between
the gt and g~ forms of 63 and consequently are in
dynamic equilibrium throughout the simulation. This
equilibrium may contribute to the observed trans con-
figuration of this torsion in the X-ray crystallographic
structures of 1 (174.9°)3° and 7 (170.8°).42 Using a model
compound (N-phenyl-N-isopropylacetamide), the energy
difference between the trans and g/~ conformers was
determined to be quite low (0.08 kcal/mol) based on ab
initio Hartree—Fock (HF/6-31G*) calculations. The X-
ray structures reported may therefore represent an
average of these two forms or may simply be the result
of lattice packing forces in the crystal. While cis 63
conformers have been identified in a previous compu-
tational study,?® this arrangement is not populated in
solution due to steric crowding, especially in the pip-
eridine 4-substituted fentanyls.

A scatter plot of the remaining 6, and 6, angles for
the observed 63 torsions in 1—8 is given in Figure 3.
These angles essentially define the overall shape of the
ligand and are therefore critical to identifying the most
probable “bioactive” conformation of 1—-8. An analysis
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Figure 3. Scatter plot of the [01,6,] conformational population of the solvated ligands (1—8) observed during the 2 ns MD
simulation. Angles 6, (x-axis) and 6, (y-axis) within 0—120° ~ gauche™®, 120—240° ~ trans, and 240—360° ~ gauche™.

Table 3. Electrostatic (Ees) and van der Waals Repulsive (Erep) and Attractive (Eat) Contributions (kcal/mol) for the Best (Eg(b)) and
Selected (Es(s)) Docking Configuration of Various Fentanyl Analogues in the u-Receptor TM Domain2

starting conformer Ex(b) Ex(s) populated conformer

no. for docking [61,02,03] Ees Erep Eatt Ees Erep Eatt in complex [601,02,03] %
1 [t.g~.g*] -3.7 13.6 -33.9 0.3 31.8 -39.5 9797971 74.6b
2 [t,g~,07] —-3.8 15.6 —36.0 —-3.5 15.0 —34.9 [t,g~,07] 85.6
3 [to"g7] -3.2 12.3 -32.7 -1.7 47.9 —44.8 [to~g7] 80.6
4 [t.o=.g] -24 12.7 —-34.6 -10.2 61.8 —60.9 tag 97.2
5 [t.gt.g-] -4.8 15.1 -34.9 -3.0 36.3 -48.7 [t.g=.g7] 81.6
6 [t.ot.gt] -0.9 22.8 —47.4 -7.7 89.8 —69.5 [o-.9".9% 90.0
7 [t.g-.g*] -4.0 18.6 —-39.6 -8.4 92.6 -75.5 tg~g7] 99.4
8 [to*.g7] -3.2 10.2 —29.4 -10.5 214.0 —77.4 [tg*.g] 09.2

a The last two columns represent the dominant ligand conformation and its population (in %) in the u-receptor obtained from the last

0.5 ns MD simulation. ° [t,g~,g~] conformer is 22.8% populated.

of this plot indicates the trans or extended 0, torsion is
not populated in solution. Except for 1, 7, and 8, the
[97,97,03] orientation is not sampled in the MD run and
the [g~,g",03] arrangements are scarcely populated.
Discarding the conformers that are <5% populated in
solution for 1—8, a maximum of 4 conformers are
sampled in solution out of the 27 conformational pos-
sibilities (3-fold rotation around each ). However, their
relative populations vary across the series (Table 2) and
reveal different conformational preferences for each
ligand. For instance, the [t,g~,g~] X-ray structure® is
also the highly populated (46%) solution structure for
2, while the [t,g~,g7] crystal structure orientation of cis-
3-methylfentanyl*! is the second most populated (35%)
isomer observed for the solvated species. The most
potent ohmefentanyl derivative, 5, exists in the [t,g*,97]
X-ray structure*? orientation and is conformationally
rigid with 96% populated in solution. In contrast, the
inactive enantiomer (6) is flexible with the [g*,g*,g"]
and [t,g",g"] isomers sampled around 35% and the
[t,g7,g"] isomer populated by 17% (Table 2). Although
the chirality (3R,4S) is the same, the solution conformer
of 4 differs significantly in the preference for 6; and 6,
torsions as compared to 5. A striking observation of the
MD simulations, however, is the strong preference for
trans and gauche™ 6; and 63 torsions, respectively, for
most of the active ligands, while the gauche™ 03 torsion
dominates the weakly bound ligand 6.

Table 3 lists the initial conformations of 1—8 used in
automated docking as well as the resulting DOCK force-
field scores. Although priority was given to the most
highly populated solution structures in docking, incon-

sistencies were noted in the binding modes of 4 and 6
when compared with the remainder of the ligands in
the series.> This was addressed by selecting the second
most populated solution structure for these ligands.
Automated docking of this revised set of conformations
to the TM domain of the u-opioid receptor resulted in
several (~50 to ~215) plausible docking orientations for
each ligand. In the process of evaluating these docking
configurations using the force-field scores, we found the
best overall scored binding modes did not always
correlate with the results from site-directed mutagenesis
studies.>?2 Except for 2, none of the best scored docking
orientations had the protonated nitrogen of the piperi-
dine ring close to D149 in TM-III.

The origin of this disparity can be traced to the
components of the DOCK scores. In comparing the best
scored orientations with those that contain the key D149
ligand contact, significant differences are noted in the
repulsive component of the score (Table 3). For all
ligands (except 2), the repulsive energy dominates the
score of the D149-bound orientations. This problem is
most likely due to uncertainties in the side-chain
conformation of the model-built receptor but may also
stem from limitations in the use of rigid docking
protocols. Table 3 therefore lists the overall best scored
docking orientation as well as the selected orientations
that account for the key D149—ligand contact.

Finally, the sensitivity of the docking orientation and
the conformation of the initial receptor—ligand complex
were verified by performing additional MD simulations
for fentanyl starting from a different ligand docking
orientation (Ef(s) = [—0.7,33.8,—40.4]) and for carfen-
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Figure 4. Key residues surrounding cis-3-methylfentanyl (4) in the u-receptor binding pocket (left). A superposition of 1—8 in

the u-receptor binding pocket is shown on the right.

tanil starting with a different ligand conformation
([t,9=,g7]). Irrespective of the starting receptor—ligand
geometry, the MD simulations of both the complexes
resulted in final configurations that were similar to the
ones reported in Table 3.

The MD trajectories of the receptor—ligand complexes
indicate the fentanyl analogues align diagonally across
the receptor cavity, spanning TM-I1, -111, -VI, and -VII.
A depiction of the ligand binding mode and superposi-
tion of the bound conformations of 1—8 is given in
Figure 4. This binding site model is supported by ligand
binding studies to u/k and u/6 chimera that have shown
TM-I1-111, -VI, and -VII are essential to sufentanil
binding.'® The proposed docking orientation places the
N-phenylpropanamide group toward the extracellular
side of the cavity (between TM-I1I and -VI), while the
N-phenethyl group slides through TM-IIl and -VII
toward the intracellular end of the cavity. A detailed
examination of the binding modes for 1—8, however,
reveals some differences in the orientation of these
functional groups across the series. In the case of the
N-phenethyl group, differences are noted in the binding
of 1, 6, and 8 as compared to that of 2—5 and 7. More
specifically, the phenethyl group of 2—5 and 7 is
projected toward TM-IlI while the same moiety is
directed toward TM-IIl in 1, 6, and 8 (Figure 4). As a
result, the receptor—ligand complexes of 2—5 and 7 gain
additional stabilization from residues in TM-I1 and -VI1.
These subtle differences in the ligand conformations
may be a contributing factor in reducing the affinity of
5 (by 590-fold) to a «/u chimeric receptor in which TM-I
and -1l are taken from « and TM-111-VII are taken from
w.?! The binding affinity of 6, on the other hand, was
effected much less (40-fold), lending support to the
hypothesis. Similarly, the proximity of the phenethyl
group of 1 to TM-III, and especially to N150 (which
appears to sterically hinder binding), is corroborated by
the 20-fold increase observed in fentanyl binding upon

Table 4. Selected Residues within 5 A Surrounding the
Various Functional Moieties of 1—8 in the TM Domain of the
u-Receptor Binding Pocket (u-receptor-specific residues are
underlined)

helix no. residue no. in the u-receptor

TM-II (T120, L123)3, T122b

TM-111 (N152°, M153)2, (1146, D149°), Y1509, S1562
T™-V (F239, F243)d

TM-VI 1298¢, H2994, (V302, K305)¢

TM-VII (N330, S331P, N334, P335)3, (G327, Y328P)c,

(W320, C323, 1324, L326)°

a Residues close to the N-phenethyl moiety. P Residues close to
the 2'-OH substituent in 5—7. ¢ Residues close to the piperidine
ring. 9 Residues close to the N-phenyl ring. ¢ Residues close to
O=C_C2H5.

a N150A point mutation.2%2 A listing of residues proxi-
mal to the N-phenethyl group in 1—8 can be found in
Table 4.

The position of the N-phenylpropanamide group is of
particular interest. This group is directed toward the
top of TM-VI which contains key recognition elements
in the binding of several opioid ligands. In particular,
position VI:23 (K305; Figure 2) has been identified in
the binding and selectivity of the rigid u-opiates such
as norBNI%® and GNTI%¢ (E297 in «) and the d-selective
piperazine derivative SNC80%” (W284 in ¢). A compari-
son of the binding modes of 1—8 in this domain shows
the N-phenylpropanamide group of 1—7 adopts a similar
arrangement between TM-II1 and -VI. However, the
fentanyl skeleton is simply too small to span the
receptor cavity (i.e. D149—K305) and consequently
cannot extend up to the similarly placed u-specific
residue, K305. This tends to rule out this position in
conferring selectivity of 1-8 and suggests different
elements may drive the molecular recognition process
at the u-receptor.

An analysis of the residues flanking the remaining
functional groups also reveals some ligand-specific
differences. Perhaps the most provocative involves the
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key D149 salt link. This interaction has been shown to
be a key anchor to recognition and binding of a number
of opioid ligands, including peptides, rigid opiates, and
nontypical opioids such as U50,488.1%5¢ The MD simu-
lations of the receptor—ligand complexes, however,
indicate this salt link is lost in one case. Although each
ligand—receptor complex was started with this contact
intact, the orientation of 6 changed within the first 100
ps breaking this critical link. This appears to be due to
the g™ 03 torsion of 6 that orients the 3-methyl group
much closer to M153 in the initial complex (note that
the same torsion is g~ in 5 and 7; Table 3). Similarly,
the N-phenyl group encounters steric clashes with 1298
and 1324 as does the N-phenethyl group with A119 and
Y328. Hindered by repulsive interactions with the
receptor, the ligand realigns during the simulation
disrupting the salt bridge. As a result, the 2'-OH group
of 6 is close to hydrogen-bonding distance with the
carboxylate group of D149. This may, in part, explain
the reduced binding affinity of 6 compared to other
members in the ohmefentanyl series.

Ligand-specific differences are also noted in the
receptor interactions with substituents on the piperidine
ring (2, 3). Although docked close to H299 in TM-VI,
the polar substituents of this ring are not positioned
appropriately to take advantage of donor—acceptor
interactions with the imidazole side chain of this
residue, suggesting that H299 is not directly involved
in fentanyl binding. This general hypothesis is sup-
ported by ligand binding studies that indicate sufentanil
binding remains unaffected by H297N or H297Q point
mutations in the rat u-opioid receptor.®® The axial
3-methyl substitutions in 4 and 5 are ideally placed to
benefit from hydrophobic interactions with residues in
TM-I111 and -VII, while the equatorial methyl group of
7 points to a domain between TM-II1 and -V.

Although such differences in hydrophobic interactions
with the receptor may be an important factor contribut-
ing to the differential binding of 5 and 7, these ligands
also contain a 2'-hydroxyl group that may attenuate
affinity. In fact, the hydroxyl group of 5 and the
hydroxyl group of S331 come in close contact during
some stages of the MD simulation, providing an ad-
ditional anchor point to receptor—ligand association. A
similar interaction is possible for the hydroxyl group of
T122 and the 2'-OH of 5 and 7. It is important to point
out, however, that an alternative docking arrangement
has been proposed for ohmefentanyl. Tang et al. hy-
pothesized that this hydroxyl may form a hydrogen bond
with Y150.60 While Xu et al.®! have reported a reduction
in binding affinity of 5 and 6 to a Y150F mutant
u-receptor (Y148 in rat sequence), the effect is marginal
(4—7-fold) which casts some doubt over the interpreta-
tion. Similar reductions in affinity have been noted for
other residues in the cavity of opioid receptors that are
not directly involved in ligand binding. Nevertheless,
the alternative docking arrangement for the 2'-OH
cannot be ruled out at this point in time.

The docking mode(s) proposed here is also consistent
with SAR data reported for a number of fentanyl
derivatives. As seen in Figure 4, positions a to the basic
nitrogen in fentanyl dock between TM-111 and -VIl in a
fairly restricted binding domain. Substitutions to the o
position may therefore encounter steric repulsions with
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the receptor side chains, thereby disrupting the salt link
with D149. This may explain the dramatic loss in
activity observed for 2,3-, 2,5-, and 3,5-dimethylpiperi-
dine ring derivatives of fentanyl.6? Similarly, the prox-
imity of the 3-methyl substitution in 4 and 5 to G327
(TM-VII) is consistent with the diminished binding
affinities observed for 3-allyl- and 3-propylpiperidine
substitutions.®® In general, SAR studies suggest rela-
tively small, planar fragments as favored terminal
groups to the ethyl spacer. Thus, constrained deriva-
tives,® which include benzo-fuzed heteropentacycles
and other bicyclic derivatives, show a marked reduction
in binding affinity (ca. 300-fold) when compared to 1.%5
While cyclization increases steric bulk in this region of
the ligand, it also restricts the 6; and 6, angles that
define critical recognition elements. The results reported
here suggest the most strongly bound ligands prefer an
extended or trans 6;. Cyclization may, in effect, lock the
structure in a less than optimal conformation, leading
to an overall decrease in binding affinity. These same
arguments could be extended to explain the decreased
affinity of cyclized derivatives of the N-phenylpropana-
mide and piperidine rings.®® The N-phenyl ring of 1—-8
is close to a number of side-chain residues in TM-I1II.
Cyclization may therefore produce steric hindrance and
crowding of the ligand in this region. The position of
the phenyl ring in this local binding domain is further
supported by SAR data on ortho/para/meta substitu-
tions.® Whereas the ortho positions of the N-phenyl ring
lie close to residue side chains in TM-I11, the meta and
para positions project between TM-111 and -VI. This is
consistent with the reduction in binding affinity re-
ported for fentanyl derivatives that contain bulky
groups ortho to the N-phenyl bond.5

As a final test of the docking mode(s) proposed for
1-8, the bound conformation of 4 was compared with
that of a previous binding site model reported for
opiates.3 One opiate, in particular, has significant
relevance to the evaluation of fentanyl docking. The
addition of an N-phenethyl group to normorphine has
been shown to increase the potency at the u-receptor.%”
The resulting compound, N-phenethylnormorphine (10),
contains the key N-phenethyl group typically associated
with fentanyl activity. To evaluate potential connections
between these ligand classes, 10 was docked similar to
1-8 and subsequently overlayed with the bound con-
formation of fentanyl (1). A comparison of the positions
of these ligands is given in Figure 5. A detailed
examination of the docked structures indicates the
cationic amines of both ligand classes align and interact
similarly with D149 through salt bridge formation.
Moreover, the N-phenethyl groups show substantial
overlap and project into the same binding domain in the
u-receptor. Considering the overall differences in the
structures of these ligand classes, the result is highly
provocative and provides additional support for the
binding mode proposed here for fentanyl. In contrast,
no overlap is apparent between the aromatic groups of
4 and the phenolic moiety of the opiate. This is due to
the disposition of the aromatic substituents with respect
to the axial or equatorial positions of the piperidine ring
(Figure 5). Consequently, the phenolic ring in 10
projects deep into the receptor cavity toward a cluster
of aromatic residues flanked by TM-I111 and -V (see ref
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TM-VI: 1298, V302,
TM-VII: C323,1324

TM-HIL: Y150,
TM-V: F239, F243,
TM-VI: W295, H299

TM-II: D116, T122, L1123,
TM-III: N152, Si56,
TM-VII: 8331, N334, P335

Figure 5. Superposition of cis-3-methylfentanyl (4; dashed)
and N-phenethylnormorphine (10; solid), showing potential
residue contacts of both ligands.

31 for a detailed discussion of opiate docking). While
site-directed mutagenesis studies have implicated sev-
eral of these aromatic residues in binding opiates, it is
important to point out that similar results have not
surfaced to link fentanyl-based ligands to this binding
domain in the u-receptor. This lends some support to
the relative disposition of the aromatic rings shown in
Figure 5.

Conclusions

This study has presented a binding site model for a
series of fentanyl derivatives using a combination of
solution-phase conformational analysis and automated
docking techniques. One of the more interesting results
of the work regards the potential relationship observed
between ligand conformation and binding affinity. The
results of the solution-phase dynamics calculations
suggest that the most potent fentanyl derivatives pos-
sess an extended conformation for the phenethyl group
with 6; = trans and 6, = gauche. This suggests that
minor differences in the conformations of substituted
fentanyls may have a significant impact on ligand
binding. Given the close structural relationship of 1-7,
this outcome was unexpected at the outset of our study.
Support for this conclusion can be found in the reduced
affinity of 6 (which adopts a more compact form) and
the diminished activity of cyclized derivatives that lock
the torsions in less than optimal values.®*%% This may
also explain the differences in binding modes reported
by Pogozheva et al.?? with that reported here for 4 (cis-
3-methylfentanyl). The conformation selected for dock-
ing in that study possessed 0; and 0, torsion angles of
282° and 201°, respectively. This structure, however,
was not populated during our solution-phase simula-
tions. This is true of all fentanyl derivatives with a trans
6, which are predicted to be higher in energy when
compared with the corresponding gauche forms. In
fairness to Pogozheva et al.,?? it is important to point
out that the focus of their study was on receptor
structure, and not directed to a detailed analysis of
fentanyl and fentanyl derivatives. Nevertheless, it is
clear that conformer selection has a significant impact
on the predicted binding mode. Taken overall, this
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indicates great care must be taken in evaluating the
conformational properties of all ligand derivatives,
regardless of the close structural relationships displayed
across a given series.

The automated ligand docking results have also led
to the development of a unique binding site model for
fentanyl that explains available pharmacological data
as well as SAR data for a number of fentanyl deriva-
tives. To date, most models of opioid recognition place
the ligand in a main cavity of the receptor formed by
TM-I11-VII. This cavity is essentially bounded by the
conserved Asp in TM-IIl (D149) and a cluster of
aromatic residues in TM-V and -VI. The docking mode
proposed here, however, places the N-phenethyl group
of fentanyl deep in a crevice between TM-I1 and -111 with
the N-phenylpropanamide moiety projected diagonally
toward TM-VI and -VII. This also aligns the cationic
amine of fentanyl with D149 but leaves the aromatic
pocket of the receptor unoccupied. While the model is
generally supported by ligand binding data to wu/k
chimeras,'® the most convincing evidence can be found
in Figure 5. A comparison of the binding modes of cis-
3-methylfentanyl and N-phenethylnormorphine (10)
indicates the phenethyl groups project into the same
binding domain in the u-receptor, despite clear differ-
ences in the overall binding modes of the ligands. (Note
the phenolic moiety of the opiate is bound in the
aforementioned aromatic pocket of the cavity.) These
results suggests that the u-receptor may contain an
important recognition site relatively deep into the
receptor cavity between TM-I1 and -111. The significance
of such a conclusion is further heightened by the finding
that changes in TM-II may be linked with receptor
activation and high/low-affinity binding of agonists. A
single mutation of D116 (D114 in rat) has been shown
to constitutively deactivate opioid receptors, leading to
a decrease in agonist affinity.68 The interaction of the
N-phenethyl ring of fentanyl (and the opiate) with TM-
I1 may therefore play some role in receptor activation.
Although this is highly speculative, steric interactions
between the retinal chromophore and TM-I111 of rhodop-
sin have been shown to trigger signal transduction.5®

The results of this study have further provided insight
to potential targets for site-directed mutagenesis studies
and the design of novel fentanyl derivatives. Such
experiments not only are critical to evaluating the
binding site model proposed but also are of great
importance to understanding the structural basis to
selectivity for this ligand class. For example, mutation
of S331 may help define the orientation of the phenethyl
ring within the receptor cavity. This residue is a
potential hydrogen-bonding partner with the 2'-OH of
the ohmefentanyl derivatives. The comparison with the
opiate is especially enlightening and shows additional
steric bulk can be accommodated in the 4-axial position
of the piperidine ring. Although 4-phenyl/heteroaryl
substitutions have been shown to improve analgesic
potency at the u-receptor,’® the effect of incorporating
a phenolic group in this position has not been tested. It
may be of particular interest to examine the effect of
mutating H299 on the binding of such derivatives as
this residue has been linked with opiate binding® (but
not with fentanyl). The overlap noted in the N-phenethyl
groups of the opiate and 4 is also suggestive. Substitu-
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tion of this position in opiates is known to convert
agonists to antagonists and vice versa (e.g. oxymor-
phone/naloxone/naltrexone). Given the results of Figure
5, it may therefore be of value to examine the effect of
substituting the N-phenethyl group of (ohme)fentanyl
with an allyl (as in naloxone) or cyclopropylmethyl (as
in naltrexone).?® Such experiments may lead to the
characterization of a hitherto unknown fentanyl-based
antagonist that may be of extreme value as a pharma-
cological tool and for the development of analgesics with
modified properties.

Finally, it is important to emphasize that ligand
binding studies have not yet determined key selectivity
sites for nonpeptide ligands in the u-receptor. In sharp
contrast, site-directed mutagenesis studies have located
specific residues near the extracellular boundary of TM-
VI and -VII that are involved in ligand selectivity in
both the - and «-receptors.5557 Albeit indirectly, this
suggests the recognition process at the u-receptor may
be unique. In reviewing the results of this study and
those of others, it is clear that the selectivity of fentanyl
cannot be explained by close proximity of a single
residue (as in « or ¢) but appears to be more dependent
on a number of u-specific contacts within the receptor.
The structural basis to fentanyl binding may therefore
be related to subtle differences in the steric makeup or
conformation of the opioid receptors which may or may
not be related to the high/low-affinity binding states.
This may also cause fentanyl to adopt different binding
modes in the u-, 6-, and x-receptors. While this adds
another dimension to the design and interpretation of
structure-based experiments (including mutational stud-
ies, ligand design, and molecular modeling), it may
explain the difficulties encountered in developing mod-
els of recognition for the u-receptor. The results of this
study strongly suggest the binding domain surrounding
the N-phenethyl group may be an excellent starting
point to explore this phenomenon. Given the recent
success reported in modulating the selectivity of opiates
based on «- and 6-models of recognition, the resolution
of problems in determining u-receptor binding and
selectivity may ultimately lead to the rational design
of ligands for all three opioid subtypes.
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