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ABSTRACT: The Phe? residue of the N-terminal tetrapeptide of dermorphin (H-Dmt-p-Ala-Phe-Gly-
NH,) was conformationally constrained using 4- or S-methyl-substituted 4-amino-1,2,4,5-tetrahydro-2-
benzazepin-3-one (Aba) stereoisomeric scaffolds. Several of the synthesized peptides were determined to
be high affinity agonists for the 4 opioid receptor (OPRM) with selectivity over the O opioid receptor
(OPRD). Interesting effects of the Aba configuration on ligand binding affinity were observed. H-Dmt-p-
Ala-erythro-(4S,5S)-S-Me-Aba-Gly-NH, 9 and H-Dmt-threo-(4R,5S)-S-Me-Aba-Gly-NH, 12 exhibited
subnanomolar affinity for OPRM, while they possess an opposite absolute configuration at position 4 of
the Aba ring. However, in the 4-methyl substituted analogues, H-Dmt-D-Ala-(4R)-Me-Aba-Gly-NH, 14
was significantly more potent than the (4S)-derivative 13. These unexpected results were rationalized
using the binding poses predicted by molecular docking simulations. Interestingly, H-Dmt-p-Ala-(4R)-
Me-Aba-Gly-NH, 14 is proposed to bind in a different mode compared with the other analogues.
Moreover, in contrast to Ac-4-Me-Aba-NH-Me, which adopts a 5-turn in solution and in the crystal
structure, the binding mode of this analogue suggests an alternative receptor-bound conformation.

u opioid receptor:
K; =0.025 nM

K;=0.3 nM

B INTRODUCTION

Opioid receptors are involved in pain control, regulation of
mood, reward, motivation, and response to stress. Four different
types of opioid receptors have been identified: 4 (OPRM), 0
(OPRD), ¥ (OPRK), and the nociceptin (OPRX) receptor.’
These receptors can be activated by endogeneous opioid pep-
tides or exogenously administered opiates, which can act as
analgesic drugs for severe pain. On the other hand, the binding of
these ligands to the opioid receptors can result in other effects
such as respiratory depression, euphoria, effects on mood, and
inhibition of the gastrointestinal transit causing severe constipa-
tion and addiction. As a consequence, a straightforward goal of
opiate research is the development of a drug lacking these
undesirable side effects.”

Opioid receptors belong to the rhodopsin subclass within the
superfamily of G-protein-coupled receptors (GPCRs).” These
receptors are composed of a core domain of seven transmem-
brane a-helices (TM), connected by three intra- (IL) and three
extracellular (EL) loops, and contain glycosylated N-terminal
and palmitoylated C-terminal domains of variable 1en§ths.3_12

In the early 1990s, the human OPRM,"* OPRD,'*'® and
OPRK'®™"® were cloned. Subtype protein sequences demonstrate
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high sequence homology in their TM (73—76%) and intracellular
domains (63—66%). A large divergence exists in the N- and C-terminal
domains and in the extracellular loops (34—40% identity).'>*°

The use of X-ray diffraction analysis or NMR spectroscopy to
directly evaluate receptor—ligand interactions is complicated by
the fact that GPCRs are embedded in the cell membrane.*' So
far, crystal structures of rhodopsin (Rho)* and more recently
opsin (Ops),"' -1 (ADRB1) and 3-2 (ADRB2) adrenergic,7710
dopamine D3 (DRD3),”> A2A adenosine,'” and CXCR4
chemokine™® receptors have been reported. For all other GPCRs,
however, such crystallographic data are still absent and indirect
experimental methods have to be applied in combination with in
silico modeling techniques to locate key receptor—ligand interactions
and construct three-dimensional receptor—ligand models.****
In this way, site-directed mutagenesis studies, chimeric receptor
studies, incorporation of metal binding sites, and analysis of
ligand structure—affinity relationships have previous?r been used
to investigate opioid receptor—ligand interactions.'®** 3
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Such in silico studies can provide valuable insight into the binding
mode of opioid ligands, in particular of flexible peptide ligands.”® The
use of conformational constraints to limit peptide flexibility has been
proposed as a method to obtain information about the receptor-
bound conformation from the preferred conformation,® " based
on the assumption that a change from the preferred conformation
upon receptor binding has become energetically unfavorable. How-
ever, energetically unfavorable conformational rearrangements can
be tolerated in some cases without penalizing the tightness of
protein—ligand binding.*® In the current study we have introduced
conformationally constrained Phe analogues into opioid peptides
and studied the binding mode of these analogues to the OPRM by
molecular docking simulations. We show that opioid tetrapeptides
with different (locally constrained) geometries can have a high
affinity for OPRM by adopting different bound conformations in
the receptor binding pocket. Interestingly, our studies suggest that
the docked receptor bound ligand conformation can deviate from the
low energy conformation of the unbound ligand as determined by
solution NMR.*

Among the naturally occurring opioids, the heptapeptide
dermorphin (H-Tyr-p-Ala-Phe-Gly-Tyr-Pro-Ser-NH,), which
was isolated from the skin of the South American frog Phyllome-
dusa sauvagei,” is one of the most potent and selective u-opioid
receptor agonists.*” The minimal sequence required for opiate-
like activi?r in vivo was shown to be the N-terminal tetra-
peptide.*"*> The replacement of Tyr' in opioid peptides with
the unnatural amino acid 2/,6'-dimethyltyrosine (Dmt) increased
their - or d-opioid potency by 1 or 2 orders of magnitude.**
H-Dmt-p-Ala-NH-(CH,)3-Ph was the first reported analogue
of this type and was proven to be a potent but only moder-
ately selective u-agonist.”* Subsequently, Dmt substitution
yielded extraordinary potent and selective opioids such as
[Dmt']DALDA (H-Dmt-p-Arg-Phe-Lys-NH,),**® [Dmt']TAPP
(H-Dmt-p-Ala-Phe-Phe-NH,),*” and [Dmt' ] TIPP-NH, (H-Dmt-
Tic-Phe-Phe-NH,).* The opioid ligand DIPP-NH,[W] (H-
Dmt-Ticy(CH,NH)Phe-Phe-NH,) is an opioid u agonist/d
antagonist that produces a potent analgesic effect, no physical
dependence, and less tolerance than morphine in rats.*®

Conformational restrictions in the flexibility of the peptide
side chains have proven to cause shifts in selectivity and affinity.
The use of S-methylated amino acids to bias the population of
the y; torsion angle has been pioneered by Hruby. Important
effects on the receptor affinity, on selectivity, on the agonist or
antagonist character, and on the duration of action have been
observed in a variety of peptides,”*** including opioids.*”>°
Cyclization provides an alternative way to limit the flexibility of
the side chain. The 4-amino-1,2,4,5-tetrahydro-2-benzazepin-3-
one scaffold 1 (Aba, Figure 1) allows the side chain orientation of
the Phe® residue to be fixed into the trans (y; = 180°) or the
gauche(+) (y; = +60°) staggered conformations.**"

Dermorphin, a u-selective peptide (ICs," = 2.4 nM, ICSO‘3 =
295 nM),>" loses its selectivity on incorporation of the confor-
mationally constrained dipeptide [Aba-Gly] in positions 3 and 4,
mainly by an increase in d-affinity (ICs"* = 11.0 nM, ICs,’ =
17.4 nM).*" Introduction of the Hba 2 and Aba 1 scaffolds in
positions 1 and 3, respectively, of the N-terminal tetrapeptides
(H-Tyr-p-Ala-Phe-Gly-NH,) of dermorphin does not dramati-
cally change the u affinity.”> The ¢ affinity on the other hand is
increased approximately by a factor of 100. Hence, the confor-
mationally restricted tetrapeptides have a selectivity shifted
toward OPRD. In a functional assay, however, the double constrained
carboxamide tetrapeptide H-[Hba-p-Ala]-[ Aba-Gly]-NH, (ICs"* =

R1
1R1=H: Aba
N 2R;=0H: Hba
\N \R N-R3 = amino acid residue
Lo

Figure 1. 4-Amino-1,2,4,5-tetrahydro-2-benzazepin-3-one 1 (Aba) and
8-hydroxy-4-amino-1,2,4,5-tetrahydro-2-benzazepin-3-one 2 (Hba)
scaffolds.

20.8 nM) is the most potent agonist in the GPI (guinea pig ileum,
ICso = 3.64 nM) assay which contains mainly ¢-opioid receptors.
This peptide also shows potent in vivo antinociception after i.t. and
iv administration and in addition possesses a prolonged duration of
action.>>*?

We have recently reported that -methylation of the Aba
scaffold resulted in an unchanged ring and backbone conforma-
tion for both stereoisomers of (5S)- or (5R)-Me-Aba.*” In
contrast, a-methylation resulted in 4-Me-Aba which adopted a
different ring conformation and induced a 5-turn conformation
in tetrapeptide models.>” We have now investigated the effects of
a combined introduction of the conformationally constrained
Aba residue and of a methyl substituent in its 4- or S-position in
the opioid peptide H-Dmt-p-Ala-Phe-Gly-NH,. A rationalization
of the biological data by using the binding poses proposed by
molecular docking simulations in OPRM will be presented.

B RESULTS AND DISCUSSION

Synthesis. The synthesis of the Boc-protected erythro-(4S,5S)
3, erythro-(4R,5R) 4, threo-(4S,5R) 5, and threo-(4R,5S)-Me-
Aba-Gly-OH 6 building blocks (Figure 2) was performed as
described for the racemates®” using the corresponding enantio-
pure 3-methylphenylalanine starting materials. Racemic erythro-
B-MePhe and racemic threo-f3-MePhe were N-Cbz protected and
resolved by crystallization using quinine or quinidine according
to the procedure of Kataoka.> Optical purity was determined after
N-deprotection by chiral derivatization with Marfey’s reagent
N-(2,4-dinitro-5-fluorophenyl)-L-alaninamide (FDAA),** fol-
lowed by HPLC analysis, which also allowed the confirmation
of the absolute configuration of the samples.> After the forma-
tion of the benzazepinone ring,>” the S-methyl-Aba-Gly stereo-
isomers were N-Boc protected using Boc,O and the resulting
building blocks 3—6 were purified by crystallization as their
dicyclohexylamine salts. In contrast to the erythro isomers 3 and
4, the threo isomers S and 6 substantially epimerized during this
procedure, which led to a contamination of § with 4 and of 6 with
3. Fortunately, after peptide synthesis using these mixtures, the
resulting diastereomeric peptides could be separated by reversed-
phase preparative HPLC, and their configuration could be
assigned by comparison with the peptides containing the en-
antiopure erythro isomers 3 and 4.

In contrast to the 5-Me-substituted Aba-Gly stereoisomers,
racemic H-(4R,S)-Me-Aba-Gly-OH was prepared using an ear-
lier published strategy.®” Briefly, racemic 2-amino-3-(2-cyano-
phenyl)-2-methylpropanoic acid was methyloxycarbonyl (Moc)
protected, and the nitrile was reduced with H,/10% Pd on C to
provided the o-aminomethyl compound. Intramolecular cycliza-
tion using 1-ethyl-3-(3'-dimethylaminopropyl) carbodiimide (EDC)
provided (R,S)-4-methyloxycarbonylamino-4-methyl-1,2,4,5- tetra-
hydro-2-benzazepin-3-one which was N-alkylated with tert-butyl
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Figure 2. Boc-protected erythro-3 (4S,5S) and 4 (4R,SR) and threo-5-Me-Aba-Gly-OH § (45,5R) and 6 (4R,5S) and 4-Me-Aba-Gly-OH 7 (4S) and 8

(4R) building blocks.

Table 1. Constrained Tetrapeptide Analogues 9—16

H-Dmt-p-Ala-erythro-(4S,5S)-5-Me-Aba-Gly-NH, 9
H-Dmt-p-Ala-erythro-(4R,SR)-5-Me-Aba-Gly-NH, 10
H-Dmt-p-Ala-threo-(4S,5R)-5-Me-Aba-Gly-NH, 11
H-Dmt-p-Ala-threo-(4R,SS)-S-Me-Aba-Gly-NH, 12
H-Dmt-p-Ala-(4S)-Me-Aba-Gly-NH, 13
H-Dmt-p-Ala-(4R)-Me-Aba-Gly-NH, 14
H-Dmt-p-Ala-(45)-Aba-Gly-NH, 15
H-Dmt-p-Ala-(4R)-Aba-Gly-NH, 16

bromoacetate and NaH as a base to Moc-(4R,S)-Me-Aba-Gly-
O'Bu. After Moc deprotection and ester hydrolysis in a 33%
solution of HBr in AcOH, the compound was Boc-protected to
Boc-(4R,S)-Me-Aba-Gly-OH. After incorporation into the tetra-
peptide sequence the two epimeric peptides were separated by
HPLC. To discriminate the (4S)- from the (4R)-isomer, an
asymmetric synthesis of Boc-(4S)-Me-Aba-Gly-OH 7 (Figure 2)
was required, which, after incorporation into the tetrapeptide,
allowed the assignment of the (4S)-epimer by comparison of the
HPLC retention times. Therefore, a small scale synthesis of (S)-
o-methyl-o-cyanophenylalanine was performed by alkylation of
the Schollkopf chiral bislactim ether (2R,SSR)-2-isopropyl-
3,6- dlmethox;f S-methyl-2,5-dihydropyrazine with o-cyanoben-
zyl bromide®”* and further transformation as described above
for the racemate.””

Peptide Synthesis. Analogues 9—16 of the tetrapeptide
H-Dmt-p-Ala-Phe-Gly-NH,, containing the constrained build-
ing blocks 3—8 (Table 1), were prepared by solid-phase synth-
esis using Boc-chemistry and the 4-methylbenzhydrylamine resin
as the solid support. Analogues 15 and 16 were prepared as reference
ligands using Boc (4S)-Aba-Gly-OH and Boc-(4R)-Aba-Gly-
OH, respectively.** The target peptides were cleaved from the
resin by HFy;q and purified by preparative high-performance
liquid chromatography to a purity =95%.

Biological Evaluation: Receptor Binding Affinity and
Functional Bioactivity. Receptor binding affinities of com-
pounds 9—16 for OPRM and OPRD were determined by
displacement of [*H]DAMGO and [*H][Ile> 6] deltorphin-2
from rat brain membrane binding sites, respectively (Table 2).
The in vitro activity of the ligands was tested in [*>S]GTPyS-
binding experiments in rat brain membranes.*

The data in Table 2 indicate that all compounds have a higher
affinity for OPRM than for OPRD. The affinities are much higher
than those of the tyrosine-containing analogues,*”* which is

consistent with the role of Dmt in opioid peptide analogues.
Analogue 9 shows a very high y-affinity and also a good d-affinity,
both of which are comparable to that of the unsubstituted
reference compound 15. Interestingly, analogue 12, which has
the threo-(4R,5S) configuration, exhibits a similar high affinity for
OPRM, although it possesses an opposite absolute configuration
at position 4 of the Aba ring. This is unusual, since in opioid
peptides a D-configuration of residue 3 results in a decreased
potency,**%¢! a5 is also the case for the (4R)-Aba-containing
analogue 16, compared to its (4S)-epimer 15. A similar unchar-
acteristic observation was made for the a-methyl substituted
analogues, for which compound 14, having a (4R)-configuration
at the a-carbon, is more potent than its (45)-derivative 13. The
former of these has a similar affinity for the OPRM (K = 0.3 nM)
to the erythro-(4R,SR)-S-methyl isomer 10 (K = 0.4 nM).
Compound 10 is, however, more selective. All compounds show
agonist properties in the [**S]GTPyS-binding experiments with
good potencies except for compounds 11 and 13, which can be
considered as low potency agonists, in agreement with their
lower binding affinities.

Rationalization of the Biological Data by Molecular Dock-
ing Simulations to a OPRM Receptor Model. An attempt to
explain the unexpected effects of the configuration at C-4 of the
Aba residue in the tetrapeptide analogues was made by con-
structing a model for the OPRM and observing the binding poses
of the ligands after automated docking. The recently solved
ADRB? crystal structure (PDB code 2RH1.pdb)® was used as a
template to model the TM helices of the preliminary OPRM
model, with the exception of TM2, which was derived from a
previously reported CCRS model® (the OPRM model was
constructed before the release of the recently solved CXCR4
chemokine).”> Arguments for this modeling template selection
procedure are (i) the larger distance between TM3 and TM6 at
the bottom of the ligand binding pocket in ADRB2 compared to
the bovine rhodopsin crystal structure,® offering more space for
docking the Dmt scaffold of the peptide ligands and (ii) the
T2.56XP2.58 motif present in OPRM. This motif has been
suggested to induce an alternative kink in TM2°*** compared
to the rhodopsin and 3 adrenergic receptor crystal structures4 810
and has been carefully modeled in the CCRS template.®* An extra
turn of TM6 (6.56—6.58), derived from the ADRB2 crystal
structure, was added to the preliminary model, locating lysine at
position 6.58, which plays an important role in determining
opioid receptor specificity,” into the binding pocket. The
remainder of the procedure is described in the Experimental
Section.
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Table 2. Binding Affinities and Functional Activities of Tetrapeptides 9—16

[*H]DAMGO,

peptide K (nM)
H-Dmt-p-Ala-[erythro-(4S,5S)-5-Me-Aba-Gly]-NH, 9 0.025 £+ 0.012
H-Dmt-p-Ala-[erythro-(4R,5R)-S-Me-Aba-Gly]-NH, 10 0.4 + 0.08
H-Dmt--Ala-[threo-(4S,5R)-5-Me-Aba-Gly]-NH, 11 14+£15
H-Dmt-D-Ala-[threo-(4R,5S)-5-Me-Aba-Gly]-NH, 12 0.025 £ 0.002
H-Dmt-p-Ala-(45)-4-Me-Aba-Gly-NH, 13 46+ 17
H-Dmt-p-Ala-(4R)-4-Me-Aba-Gly-NH, 14 0.3 £ 0.08
H-Dmt-p-Ala-(4S)-Aba-Gly-NH, 15 0.047 £ 0.012
H-Dmt-p-Ala-(4R)-Aba-Gly-NH, 16 0.33 £ 0.06

[**S]GTPyS

[*H]1e>® selectivity

-deltorphin-2, K;° (nM) K2/K (nM) ECso(nM) Ernax (%)
17 £ 09 68 36+6 191 + 11
490 £ 71 1225 184 + 46 167+ 3
720 & 109 51 685+ 114 130+ 3
24+ 64 960 93413 149 £ 3
859 + 107 187 941 + 114 159 + 12
63+ 15 210 288 + 44 154 £ 10
24406 51 18+6 161 + 15
337 + 28 1021 642 + 2.1 1782 4 3.5

HO
H o} H o}

© \SNOS/I\

Figure 3. Tyr-c(S-Et-S)[p-Cys-Phe-p-Pen]NH, 17 (JOM-6).**

The starting point for the docking studies was the cyclic
tetrapeptide 17 (JOM-6, Tyr-c(S-Et-S)[p-Cys-Phe-p-Pen]NH,,
Figure 3), which is a highly potent and selective agonist for
OPRM (K =0.17 nM) and for which binding poses in an OPRM
model have been reported.”®

The binding mode of the highest ranked Surflex, version
2.301,%° docking pose of 17 in the OPRM receptor model
(docking procedure described in the Experimental Section) is
line with experimental data (Figure 4A).>**” The protonated
amine group of the ligand forms a complementary H-bond
interaction network with D3.32%%% and Y7.43,°>*! while the
Tyr' phenol ring binds in the hydrophobic pocket between
Y3.33°%*> and W6.48* and forms an H-bond with H6.52.>* The
Phe® group of 17 adopts a trans orientation>® and forms an
aromatic interaction with W7.35 in OPRM.®” The C-terminal
carboxamide group of 17 is in proximity of ES.35 in OPRM.'**¢

Compounds 9—14 were docked into the refined OPRM
receptor model with Surflex, version 2.301.°° The best pose of
17 was used to generate a reference interaction fingerprint (IFP)
as previously described,®® and a Tanimoto coefficient (Tc-IFP)
measuring IFP similarity with the reference 17 pose in the
OPRM receptor model was used to filter and rank the docking
poses of compounds 9—14.

Docking poses of 9, 11, 12, and 14 in the OPRM structure (see
Figure 4A—C) involved in the same receptor—ligand interac-
tions as 17°° (Figure 4A) were selected using a receptor—ligand
interaction fingerprint (IFP) scoring method®® as described
earlier.” For high affinity compounds 9 and 12 and medium
affinity compound 14 (but not for medium affinity compounds
10, 11, and 13), poses could be found showing an ionic
interaction with D3.32>** as well as an H-bond to H6.52.%>
Figure 4 shows the top-ranked docking poses of 9 (Figure 4B),
11 (Figure 4C), 12 (Figure 4A—C), and 14 (Figure 4D) as well
as a part of their receptor—ligand interaction fingerprint (IFP)
bit strings (Figure 4E), compared to the experimentally
supported'”***” binding mode and IFP of 17 (Figure 4A,E).
The N-terminal Dmt groups of high-affinity compounds 9 and

12 and medium affinity compound 14 form the same H-bond
interactions with D3.32 and H6.52 as the N-terminal tyramine
group of 17 and bind in the same hydrophobic pocket between
Y3.33, F5.43, F5.47, and W6.48. The protonated nitrogen of
medium affinity compound 11 is just out of H-bond distance
(but within ionic interaction distance) to D3.32 but forms an
H-bond with H6.52 as well (Figure 4C,E). The Aba group of high
affinity compounds 9 and 12 stacks with W7.35 and H7.36,
residues that play an important role in OPRM-specific agonist
binding67 (Figure 4A,B,D), and occupies the same binding
pocket as the Phe3 ring of 17 between the top of TM7 and the
second (G45.46 and F45.54) and third (T6.70) extracellular
loops.*® The S-methyl group of 9 and 12 binds close to 17.39, a
residue position critical for the selectivity of nociceptin receptor
(T7.39 in wild-type) against opioid ligands,” and this interaction
might be responsible for the increased affinity compared to the
nonmethylated reference compound 15. The C-terminal amide
oxygen atom of these compounds forms an H-bond with the
OPRM:-specific residue K6.58 (like 17). These data indicate that
despite a different configuration at C-4 of the Aba ring, analogues
9 and 12 can adopt very similar binding poses, explaining their
high affinity for the OPRM. For medium affinity compound 14 a
different binding mode than for compounds 9, 11, and 12 was
observed in which the Aba ring is stacking with the Dmt ring and
is occupying the same space as the S-CH,-CH,-S bridge of 17
(Figure 4D). Interestingly, compound 14 is assumed to adopt a
f-turn in solution by forming an intramolecular H-bond between
the C-terminal carboxamide oxygen and the Ala backbone amide
nitrogen atom.?” Although compound 14 can adopt a B-turn in
conformational searches (in line with previous ligand-based
modeling studies,®” results not shown), this 3-turn conformation
cannot be accommodated in the OPRM receptor model. In the
proposed binding mode the C-terminal carboxamide group of 14
forms an intermolecular H-bond with K6.58 instead (Figure 4D).
The predicted extended conformations of compounds 9, 11, and
12 are consistent with the NMR data on the preferred conforma-
tion of 5-Me-Aba tetrapeptide models.*”

For medium/low affinity compounds 10 and 13 no docking poses
were generated in which the Dmt group forms an ionic interaction
with D3.32*** and an H-bond with H6.52.>* Comparison of the
binding mode of 12 (Figure 4) and the ligand-based rapid overlay of
chemical structures (ROCS)”" of 10 and 13 with the docking pose of
12 (Figure S) suggests that the conformations of the erythro-
(4RSR)-5-Me-Aba (10) (Figure SA) and (4S)-Me-Aba (13)
(Figure SB) methyl groups do not properly match the shape of
the OPRM specific binding pocket between W7.35 and H7.36.%”
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Figure 4. Docking poses selected by IFP of compounds 12 (A—D, green carbon atoms), 9 (B, yellow), 11 (C, orange), and 14 (D, brown) in the OPRM
receptor model compared to the reference binding mode of 17 (A, magenta carbon atoms). Parts of the backbone of transmembrane (TM) helices 6 and
7 are represented by light yellow ribbons (TM3 and second (EL2) and third (EL3) extracellular loops are not shown for clarity). Important binding
residues are depicted as ball-and-sticks with gray carbon atoms. Oxygen, nitrogen, sulfur, and hydrogen atoms are colored red, blue, orange, and cyan,
respectively. H-bonds described in the text are depicted by black dots. The IFP bit strings of compounds 12 (A—D), 9 (B), 11 (C), and 14 (D) are
compared to the reference IFP of 17 (A) in part E. For reasons of clarity, the bit strings of only eight residues (out of 26) are shown as an example.

Figure 5. ROCS alignments of compound 10 (pink carbon atoms, A)
and 13 (magenta, B) to the docking pose of compound 12 (green). The
rendering and visual orientation are the same as in Figure 4. Misaligned
methyl groups are indicated by the corresponding compound number.

The structure—activity relationships and molecular docking
studies of our conformationally restricted tetrapeptides indicate
that in addition to recognition of an aromatic amine and aromatic
moiety between TM3 (D3.32, Y3.33), TM6 (W6.48, H6.52),
and TM7 (Y7.43), a tight steric fit of the ligand in the hydro-
phobic binding pocket between W7.35 and H7.36 (two residues
that play an important role in OPRM-specific agonist binding®”)
is essential for high OPRM affinity. We therefore propose
targeting this binding pocket with apolar moieties as a general
design strategy for OPRM ligands.

Bl CONCLUSIONS

Several of the tetrapeptides synthesized in this study are high
affinity OPRM agonist with selectivity over the OPRD. Interest-
ing effects of the Aba configuration on ligand binding affinity
were rationalized by molecular docking simulations of the opioid
tetrapeptides in a three-dimensional OPRM receptor model.
Compounds 9 and 12 have subnanomolar affinity for OPRM,
although they possess an opposite absolute configuration at position
4 of Aba, while compound 14 was significantly more potent than
its (4S)-stereoisomer 13. Our docking studies predict that high
affinity OPRM ligands can form similar interactions within the

receptor binding pocket by adopting different conformations and
support the idea that OPRM bound ligand conformations can
deviate from low energy unbound ligand conformations.

B EXPERIMENTAL SECTION

General Methods. RP-HPLC was performed using a RP C-18
column (Supelco Discovery BIO Wide Pore C18,1=25 cm, d = 0.45 cm,
PS = 5 um) with a mobile phase consisting of water/acetonitrile
containing 0.1% TFA. Products were eluted using the following para-
meters: gradient, t = 0 min, 3% CH3CN, t = 20 min, 97% CH;CN; flow
rate, 1.0 mL min~'; A =215 nm. Preparative HPLC was performed using
a RP C-18 column (Supelco Discovery BIO Wide Pore C18, [ =25 cm,
d =2.12 cm, PS = 10 m) with the above-mentioned gradient at a flow
rate of 20.0 mL min~'. TLC analysis was performed on plastic sheets
precoated with silica gel 60F,s, (Merck). Melting points were measured
with a Buchi B 540 melting point apparatus, with a temperature
increment of 1 °C min~". 'H and "*C NMR spectra were recorded at
250.13 and 62.90 MHz, respectively, with a Bruker Avance DRX250
spectrometer, using TMS or the residual solvent signal as internal
reference. For some advanced NMR analyses samples were measured
with the Bruker AMXS00 spectrometer, using pulse sequences of the
Bruker program library. Mass spectra were recorded on a VG Quattro II
spectrometer using electrospray ionization (positive ion mode). The
MBHA resin was purchased from Neosystem (Strasbourg, France). Boc-
Dmt-OH was obtained from RSP Amino Acids (Shirley, MA). 2-1H-
(Benzotriazol-1-y1)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU)
was purchased from Senn Chemicals (Dielsdorf, Switzerland).

Synthetic Procedures. For the synthesis of Boc-protected
erythro-(4S,5S)- (3), erythro-(4R,SR)- (4), threo-(4S,SR)- (§), and
threo-(4R,5S)-S-Me-Aba-Gly-OH (6), see Supporting Information.

Peptide Synthesis. The N-terminal tetrapeptides 9—16 were
prepared through solid-phase synthesis using Boc chemistry and the
MBHA resin (0.95 mmol/g) as solid support. A 3-fold excess of the
amino acids and coupling reagent (TBTU) was used together with a
9-fold excess of the base NMM and a 1:1 mixture of dry DMF/dry
CH,Cl, was used as a solvent system. Final cleavage of the peptide from
the resin was done by treatment with HF;;q for 1 h at 0 °C (2 mL of
anisole and 10 mL of HFy;; were applied for 1 g of peptide —resin). These
crude mixtures were purified by preparative HPLC, and the pure
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peptides were isolated as their TFA salt with purities of =95% as
determined by analytical HPLC and TLC using the conditions men-
tioned above (see General Methods).

H-Dmt-p-Ala-[erythro-(4S,55)-5-Me-Aba-Gly]-NH, - TFA 9.
Preparative HPLC yielded the desired compound (white powder,
31%). HPLC (standard gradient): tr = 10.8 min. TLC R{EBAW) =
0.69. HRMS (ESP+) MW C,,H;3sNsOs - TFA = 623.6 g/mol. Found m/z
5102701 [M + H], C,,H36N;O5 (without TFA) requires $10.2711.

H-Dmt-p-Ala-[erythro-(4R,5R)-5-Me-Aba-Glyl-NH, - TFA 10.
Preparative HPLC yielded the desired compound (white powder, 71%).
HPLC (standard gradient): f = 103 min. TLC R{EBAW): 0. S4. HRMS
(ESP+) MW C,;H33sNsOs-TFA = 623.6 g/mol. Found m/z 5102711
[M + H]", Cy;H34NOs (without TFA) requires 510.2711.

H-Dmt-p-Ala-[threo-(4S,5R)-5-Me-Aba-Gly]-NH, - TFA 11. Pre-
parative HPLC yielded the desired compound (white powder, 23% + 19%:
erythro-(4R,SR)-derivative 10). HPLC (standard gradient): tg = 10.4 min.
TLC R(EBAW) = 0.70. HRMS (ESP+) MW C,,H;sN5Os-TFA =
623.6 g/mol. Found m/z 510.2705 [M + H]", C,;H3¢NsOs (without
TFA) requires $10.2711.

H-Dmt-p-Ala-[threo-(4R,5S)-5-Me-Aba-Gly]-NH, - TFA 12. Pre-
parative HPLC yielded the desired compound (white powder, 22% + 28%
erythro-(48,5S)-derivative 9). HPLC (standard gradient): tz = 10.9 min.
TLC R{EBAW): 0. 69. HRMS (ESP+) MW C,;H3sNsOs-TFA =
623.6 g/mol. Found m/z §10.2711 [M + H]", C,,H34NsOs (without
TFA) requires 510.2711.

H-Dmt-p-Ala-[(45)-Me-Aba-Gly]-NH, - TFA 13. Preparative
HPLC yielded the desired compound (white powder, 25%). HPLC
(standard gradient): tg = 10.3 min. TLC R{EBAW) = 0.71. HRMS
(ESP+) MW C,;H3sN5O5- TFA = 623.6 g/mol. Found m/z 510.2695
[M + H]*, C,;H3¢N;O5 (without TFA) requires 510.2711.

H-Dmt-p-Ala-[(4R)-Me-Aba-Gly]-NH, - TFA 14. Preparative
HPLC yielded the desired compound (white powder, 21%). HPLC
(standard gradient): tg = 11.0 min. TLC RJ(EBAW) =0.71. HRMS (ESP
+) MW C,,H35N;Os- TFA = 623.6 g/mol. Found m/z 510.2720 [M +
H]", C,7H36NsO5 (without TFA) requires $10.2711.

H-Dmt-p-Ala-(4S)-Aba-Gly-NH, - TFA 15. Preparative HPLC
yielded the desired compound (white powder, 38%). HPLC (standard
gradient): tg = 10.1 min. TLC R{EBAW) = 0.65. HRMS (ESP+) MW
C6H33N5O05+ TFA = 609.3 g/mol. Found m/z 496.2545 [M + H]",
Cy6H34N5O5 (without TFA) requires 496.2554.

H-Dmt-p-Ala-(4R)-Aba-Gly-NH, - TFA 16. Preparative HPLC
yielded the desired compound (white powder, 41%). HPLC (standard
gradient): fg = 9.7 min. TLC R{EBAW) = 0.56. HRMS (ESP+) MW
Cy¢H33N5O5- TFA = 609.3 g/mol. Found m/z 496.2550 [M + HJ",
CyH34N5O5 (without TFA) requires 496.2554.

Radioligand Binding Assay. For competitive binding experi-
ments, rat brain membrane homogenates (Wistar, male, 250—300 g
body weight) were used, which were prepared as described by Bozii
et al.”* The protein content of the homogenates was determined by the
method of Bradford” using BSA as a standard. The protein concentra-
tion was varied between 0.2 and 0.4 mg/test tube. The following
conditions were set to assess inhibitory constants: [3H]DAMGO
(25 °C, 1 h, GF/C filter, glass tube), [*H]lle>deltorphin-2 (35 °C,
45 min, GF/B filter, plastic tube, 0.25 mg of BSA/tube). The incubation
mixtures were made up to a final volume of 1 mL with 50 mM Tris-HCI
buffer (pH 7.4), and samples were incubated in a shaking water bath at
the appropriate temperature. Competition binding experiments were
performed by incubating the membranes with 0.5 nM [*H]DAMGO, 2 nM
[®H]1le>*deltorphin-2, and increasing concentrations (10~ ' —10~° M)
of unlabeled dermorphin analogues. Nonspecific binding was deter-
mined with 10 #M naloxone and subtracted from the total binding to
yield the specific binding. Incubation was initiated by the addition of the
membrane suspension and stopped by rapid filtration over Whatman
GF/C or GF/B glass fiber filters, using a Brandel cell harvester. Filters

were washed with 3 X § mL of ice-cold Tris-HCl buffer (pH 7.4), and
then the filter-bound radioactivity was measured in an Optiphase
Supermix scintillation cocktail (Perkin-Elmer) by immersing the filters
in the cocktail, using a TRI-CARB 2100TR liquid scintillation counter.
Each experiment was performed in duplicate and analyzed by the one/
two-site binding competition fitting option of the GraphPad Prism
software.

Ligand-Stimulated [**S]GTPyS Functional Assay. Rat brain
membranes (1S ug of protein/tube) were incubated with 0.05 nM
[**SIGTPyS and 10 '°~10"° M opioids in the presence of 30 uM
GDP, 100 mM NaCl, 3 mM MgCl,, and 1 mM EGTA in S0 mM Tris-
HCI pH 7.4 buffer for 60 min at 30 °C. Basal binding was measured in
the absence of opioids and was corrected for the nonspecific binding to
yield the specific binding. Nonspecific binding was determined with
10 uM unlabeled GTPyS. The reaction was initiated by the addition of
the protein and terminated by the addition of S mL of ice-cold buffer
(50 mM Tris-HCl, pH 7.4) to the vials and filtering the samples through
a Whatman GF/B glass fiber filter with a Brandel cell harvester. Vials
were washed three times with 5 mL of ice-cold buffer and then directly
immersed in an Optiphase Supermix scintillation cocktail. The radio-
activity was measured using a TRI-CARB 2100TR liquid scintillation
counter. Ligand stimulations were expressed as percentage of the specific
[**S]GTPyS binding over the basal activity. Each measurement was
performed in triplicate and analyzed by the sigmoid dose—response
curve fitting option of the GraphPad Prism software.

Homology Modeling and Automated Docking. In order to
get agonist-bound models of the OPRM receptor, we mainly followed a
previously defined five-step protocol.*’

The recently solved ADRB2 crystal structure’ * (PDB code 2RH1.pdb)®
was used as template to model the TM helices of the preliminary OPRM
model, with the exception of TM2, which was derived from a previously
validated CCRS model.®> The Ballesteros—Weinstein residue numbering™*
scheme was used throughout this work for GPCR TM helices, while a
recently proposed numbering® scheme was used to number the
residues in the second extracellular loop (EL2). An extra turn of TM6
(6.56—6.58), derived from the ADRB2 crystal structure, was added to
the preliminary model because position 6.58 plays an important role in
determining opioid receptor specificity.**

This preliminary high-throughput receptor model was generated
using the GPCRgen program.”* The amino acid sequence alignments
used for constructing the receptor models are shown in Supporting
Information Figure 1.

In the second step, the known cyclic peptide agonist 17 was docked
into this preliminary model using Surflex, version 2.301.%° The trans ring
conformation of 17'*>%7% was chosen as input for the docking simula-
tions. Experimentally driven H-bond constraints were used to prelimi-
narily guide the docking process in the OPRM receptor (1) between the
protonated amine of Tyr' of 17 and both D3.32°%*" carboxylate oxygen
atoms, (2) between the hydroxyl group of Tyr' of 17 and the Ne2
hydrogen atom of H6.52,>* (3) between the C-terminal carboxamide
nitrogen of 17 and the carboxylate group of E5.35.'%*

In the third step, the agonist—receptor complex was minimized with
AMBER 87° using the AMBER 03 force field to relax the structure and
remove steric bumps. The minimizations were performed by 1000 steps
of steepest descent followed by conjugate gradient until the rms gradient
of the potential energy was lower than 0.05 kcal/(mol- A). A twin cutoff
(12.0 and 15.0 A) was used to calculate nonbonded electrostatic
interactions, and the nonbonded pair list was updated every 25 steps.

In the fourth step, a five-residue window around C45.50 was added to
the TM model by threading this part of EL2 onto the bRho crystal
structure and changing the residues in the respective residues of the
OPRM receptor. The rest of EL2 was constructed using two subsequent
Modeller 9v1”” runs with explicit disulfide bridge constraints (between
C3.25 in TM3 and C45.50 in EL2) and including the agonist binding
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pose in the TM template as “block” residue. In the first run, the bovine
rhodopsin crystal structure (PDB code 1U19.pdb)® was used to model
the part upstream of EL2. Out of the 15 generated models, the model
with the highest Modeller and DOPE scores and EL2 loop conforma-
tions properly accommodating the original agonist binding orientation
in the original TM model was selected as input for a second Modeller
run. In this second run, the EL2 segment downstream from the 3, sheet
was constructed. One out of 15 models was again selected based on the
criteria described before. For the modeling of the EL2 of OPRM,
additional upper-bound distance constraints, based on experimental
data,26 were defined between the OD1 atom of D45.49 and the ND1
atom of H7.35 (3.5 A) and the Phe3 of 17 and the CA atom of G45.46
(5.0 A).

After optimization of the EL2 conformation, extracellular loops 1 and
3, intracellular loops 1, 2, and 3, and helix 8 were modeled based on the
bovine rhodopsin crystal structure (PDB code 1U19.pdb)® using
Modeller 9v1.”” The N-terminus and C-terminus were not included in
any of the models. The final receptor model was energy minimized with
the initially minimized agonist docking pose as described before.

In the final step, the full agonist—receptor complex was embedded in
a pre-equilibrated lipid bilayer consisting of 77 (OPRM) molecules of
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and solvated with
9215 (OPRM) TIP3P water molecules (box dimensions of 82.8 A x
79.4 A x 81.5 A (OPRM)) as described by Urizar et al.”® A short
minimization was applied to the complex embedded in the hydrated
lipid bilayer using AMBER 8 and applying a positional harmonic
constraint of 50 kcal/(mol-A) on Ca carbon atoms. The entire system
was then subjected to a 500 ps constant pressure molecular dynamics
(MD) simulation. All bonds involving hydrogen atoms were frozen with
the SHAKE algorithm. During the first 250 ps, the Ca carbon atoms
were constrained as previously described and the temperature was
linearly increased from 0 to 300 K. During the last 250 ps, the
temperature was kept constant at 300 K and 1 bar, using a coupling
constant of 0.2 and the Berendsen approach. Interactions were calcu-
lated according to the AMBER 03 force field, using particle mesh Ewald
(MPE) summation to include the long-range electrostratic forces. van
der Waals interactions were calculated using a cutoff of 8.0 A. The same
upper-bound distance restraints defined for the EL2 Modeller runs were
also used during the MD simulations. Agonist force field parameters
were derived using the Antechamber program,”* and partial charges for
the substrates were derived using the AM1-BCC procedure in Antechamber.

Molecular dynamics snapshots were clustered with the GROMACS g
cluster tool with respect to TM Ca atoms and according to the
Jarvis—Patrick method, using a cutoff of 1.0 A for defining the nearest
neighbor. This yielded four (OPRM) clusters per simulation run. The
cluster representative snapshots were subjected to a short energy
minimization as described above, and the “best” snapshot was chosen
to conduct the subsequent docking studies on. The “best” snapshot was
chosen based on its ability to accommodate 17 in a binding mode in line
with experimental data®**’ by unconstrained docking with Surflex,
version 2.301% (Figure 4A).

Compounds 9—14 were docked using standard parameters of Sur-
flex, version 2.301.°° 17 was used to generate reference interaction
fingerprints (IFPs) as previously described.*® Seven different interaction
types (negatively charged, positively charged, H-bond acceptor, H-bond
donor, aromatic face-to-edge, aromatic face-to-face, and hydrophobic
interactions) were used to define the IFP. The cavity used for the IFP
analysis consisted of the 26 residues within 4 A distance from 17 in the
refined receptor—ligand complex: D3.32, Y3.33, F3.37, G45.46, $45.47,
D45.49, C45.50, T45.51, L45.52, T45.53, F45.54, H45.56, E5.35, K5.39,
F5.43, F5.47, W6.48, 16.51, H6.52, V6.55, K6.58, T6.70, W7.35, H7.36,
17.39, Y7.43. Standard IFP scoring parameters68 and a Tanimoto coeffi-
cient (Tc-IFP) measuring IFP similarity with the reference 17 pose in
the OPRM receptor model were used to filter (only poses forming an

ionic interaction with D3.32 and H-bond interaction with H6.52 are
considered) and rank the docking poses of compounds 9—14. For
compounds 10 and 13 no docking poses were generated in which the
Dmt group forms an ionic interaction with D3.32***" and an H-bond
with H6.52.%% These compounds were therefore aligned with the selected
docking pose of compound 12 using ROCS, version 2.3.1.”" The
conformer databases of compounds 10 and 13 were generated using
standard settings of OMEGA, version 2.2.1 ,”? and the best alignments of
10 and 13 with 12 were selected based on Comboscore (combination of
shape Tanimoto and the normalized color score in this optimized overlay).”*
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© Ssupporting Information. Synthesis protocol and char-
acterization of 3—6, amino acid alignments of transmembrane
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Internet at http://pubs.acs.org.
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