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Abstract: We report a high affinity, p opioid receptor selective enkephalin analogue in which the N-terminal
tyrosine residue thought to be required for such high affinity is replaced by phenylalanine. The high affinity
can be traced to a shift of the ligand’s N-terminal residue within the p receptor binding pocket, which
diminishes the importance of the usual hydrogen bond between the tyrosine phenolic moiety and the receptor.

© 1998 Elsevier Science Ltd. All rights reserved.

It has long been accepted that the key opioid pharmacophore elements of enkephalin-like peptides are an
amino terminal tyrosine residue, in which the free amine and phenolic side chain are both required, and a
second aromatic side chain, typically arising from residue 3 or 4 in the peptide seque:nce.1 Of these elements,
the tyrosine residue, which corresponds directly to the essential tyramine moiety of morphine and related
morphinans and epoxy-morphinans, is particularly well entrenched as a presumed requirement. Although these
tenets are based upon observations in many enkephalin analogues, it is clear that ligand receptor interactions of
structurally similar ligands interacting with the same binding site may vary. Thus, for example, a missing
pharmacophore element might be overcome by compensatory interactions available with a specific ligand,
and/or structural features of a particular ligand might necessitate a slight shift within the binding pocket that
reduces the importance of a usually key ligand-receptor interaction. The latter effects might especially be
expected for larger, relatively rigid ligands, which are less able to conformationally adapt to the binding pocket.

JOM-13 and JOM-6, two structurally related, conformationally constrained opioid peptides,” are shown

in Figure 1. Although these peptides differ only in the nature of the C-terminal moiety (carboxylic acid in

Figure 1: Structures of Cyclic Opioid Tetrapeptides
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JOM-13, carboxamide in JOM-6) and in the size and type of the tripeptide cycle (11-membered disulfide in
JOM-13, 13-membered ethylene dithioether in JOM-6), they differ significantly in their interactions with opioid
receptors: JOM-13 binds with high affinity and moderate selectivity to 8 (vs. p ) opioid receptors, while JOM-6
exhibits high affinity and moderate selectivity for p (vs. 8) receptors.> We have examined the conformational
preferences of these two peptides and related analogues with further conformational constraints and have
deduced the conformational features required for interaction of these compounds with the & and p opioid
receptors.”® A key difference in these pharmacophore models is the orientation of the Phe® side chain, which
requires a gauche orientation (x' ~ -60°) for optimal binding to the 3§ receptor, but assumes a trans
conformation (x] ~ 180°) for binding to the pu receptor.

We have recently described a novel approach for the calculation of high resolution structural models of
the transmembrane domain of G protein-coupled receptors® and have applied this approach to u and & opioid
receptors.'’ Docking of the pharmacophore conformations of JOM-13 and JOM-6 (and related peptides) to the
8 and p receptor models, respectively, revealed that the differing requirement for the side chain conformation
of Phe’ arises from a Trp for Leu substitution in transmembrane helix VII of the p (vs. 8) receptor.’® Steric
interaction between this Trp side chain and the tripeptide cycle of peptides in the JOM-6 and JOM-13 series
causes a slight shift of the peptide ligand within the binding pocket, which, in turn, results in the required
reorientation of the Phe® side chain. A secondary consequence of this shift is a slight difference in orientation
of the ligand N-terminal Tyr residue within the corresponding region of the binding site, which is common to
both receptors. As a result, the distance between the phenolic oxygen of Tyr1 of JOM-6 and the imidazole

7

nitrogen of its presumed hydrogen bonding partner, His®®’ of the p receptor, is ~0.7 A greater than the

corresponding distance for JOM-13 in the 8 binding site. This increased distance raises the possibility that this
hydrogen bond may be of lesser importance for ligand-receptor recognition in the former case and, by
extension, that the Tyr phenolic substituent may play a subordinate role in the binding of JOM-6 to the p
receptor.

To examine the possibility raised above, Phe! substituted analogues of JOM-13 and JOM-6 (KSK-58
and JH-54, respectively) were synthesized'' and their affinities for p, 8, and k opioid receptors were
examined.'> The results for 1 and & receptor binding are shown in Table 1 (x receptor binding affinities of all
compounds were much weaker than p or 8 affinities, ranging from 5 — 100-fold lower than the weaker of the p
and § affinities). As can be seen from Table 1, Phe' substitution in either cyclic series leads to considerable
reduction in & receptor binding affinity (~40-fold for JH-54 vs. JOM-6; ~55-fold for KSK-58 vs. JOM-13),
while binding affinity to the | receptor is less affected (~4.5-fold and 12-fold, respectively). As a result of the
disparate effect of the Phe' substitution on p and & binding affinity, JH-54 displays considerably improved p
binding selectivity: Ki(8)/Ki() = 750. This high selectivity is comparable to that displayed by DAMGO
(Ki(8)/Ki(u ) = 570), the prototypical pu receptor-selective opioid ligand]3 (Table 1). The relatively small effect
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Table 1: Receptor binding affinities of cyclic opioid tetrapeptides

Compound Sequence Cyclization | K; u (nM) K; 8 (nM)
JOM-13 Tyr-c¢[D-Cys-Phe-D-Pen]OH S-S 51.5 0.74
KSK-58 Phe-c[D-Cys-Phe-D-Pen]OH S-S 610 424
JOM-6 Tyr-c[D-Cys-Phe-D-Pen]NH, S-Et-S 0.29 248
JH-54 Phe-c[D-Cys-Phe-D-Pen]NH; S-Et-S 1.36 1020
DAMGO Tyr-D-Ala-Gly-NMePhe-Gly-ol | - 0.99 567

of Phe! substitution on p receptor binding affinity in the peptides described here is entirely consistent with the
suggestion that a hydrogen bond involving the phenolic Tyr hydroxyl of JOM-6 (and its related analogues) is
only a minor contributor to the overall binding energy of this peptide to the . receptor. This suggestion, itself,
follows from comparison of the ligand-receptor complex models derived for JOM-13 and JOM-6 with & and p
receptors;'! hence the results described here serve as further support for these models.

It is important to emphasize that the reduced importance of the phenolic hydroxyl for p receptor binding
in the the cyclic tetrapeptides described here results from the shift of the tyramine moiety in the complementary
region of the binding site of the p receptor. This shift, in turn, is due to a steric interaction of the bulky Leu*®
side chain of the p receptor with the tripeptide cycle of the peptide. The absence of a similar effect in other
native and synthetic opioid peptide reflects the absence of a corresponding ‘shift-inducing’, steric ligand-
receptor interaction. It should also be mentioned that another series of opioid peptides, derived from
somatostatin, lacking an N-terminal tyrosine has been reportc:d;""15 however these peptides are structurally
remote from endogenous opioid peptides and the nature of the pharmacophore in this series is unclear. Further,
the somatostatin-based analogues are all p selective opioid antagonists, suggesting that they may interact quite
differently with the p receptor than do the native agonists. By contrast, JH-54 is a potent (ICsp = 9.1 nM) full

agonist in the in vitro guinea pig ileum opioid bioassay (F. Porreca, personal communication).
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