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SUMMARY

A comparison of the inhibitory potency of rationally selected new analogues of enkeph-
alins on the evoked contractions of guinea pig ileum (u receptors) and mouse vas deferens
(8 receptors) allowed the definition of the structural components required for specific
recognition of u or § receptors. A high specificity for p binding sites is obtained (a) by
shortening the enkephalin sequence and removing the terminal carboxyl group; (b) by
replacing the aromatic Phe* residue with a lipophilic alkyl chain; and (c) by introducing
as a second residue a hydrophobic amino acid strictly of the D-configuration whose side-
chain probably interacts with a specific y-receptor subsite. Compared with methionine-
enkephalin, such modifications lead to a 100-times loss of potency on mouse vas deferens
but a 2-fold enhanced activity on guinea pig ileum. These short peptides display a high
folding tendency as shown by 'H-NMR experiments and conformational calculations.
The low-energy conformer of the highest u-specific peptide exhibits a T-shaped structure
similar to that of morphine, evidencing the close correspondence of several biologically
critical components in both compounds. All of the proposed p-specific requirements
account for the reported variations in the biological activity of various modified enkeph-
alins. The u-agonist potency of endogenous enkephalins could be related to a fitting of
the side-chain of their fifth amino acid in the p hydrophobic subsite. This feature is
precluded in Tyr-Gly-Gly-Phe and could explain its very low potency. The requirements
for & receptor specificity are even more strict and involve (a) an aromatic moiety in the
fourth position; (b) a conformational key role of the amino acid(s) following the Phe?*,
improving the fitting of the Phe* side-chain in a specific §-receptor subsite; and (c) a
lengthening of the enkephalin sequence and the introduction of a hydrophilic side-chain
in position 2 which decrease the p specificity. These modifications lead to peptides almost
three orders of magnitude more active on mouse vas deferens than on guinea pig ileum.
On the whole, p receptors bind preferentially highly hydrophobic compounds with
compact structures, whereas 6 receptors exhibit a stronger affinity for larger peptides with
hydrophilic components. These findings obtained at the periphery are corroborated at
the level of rat brain receptors by preliminary results from binding experiments. Thus
®H-labeled Tyr-D-Ser-Gly-Phe-Leu-Thr, the most selective & agonist, interacts exclusively
with §-binding sites at concentrations up to 20 nm. In contrast, Tyr-p-Ala-Gly-NH-
CH(CH;)-CH.-CH(CHs), exhibits a specificity almost 50 times greater for u receptors
than for & receptors as shown by competition experiments. This extensive structure-
activity study could permit an exploration of the pharmacological significance of 1 and 8
receptors through a rational design of highly specific ligands.
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INTRODUCTION established (1-3). The high-affinity site called 8, or en-
The presence in brain as well as in peripheral organs kephalin, receptor, exhibits a high preference for peptide
of at least two binding sites for enkephalins is now well structures. The low-affinity site designated p, or mor-
phine, receptor interacts preferentially with natural and
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synthetic opiates. The p and 8 receptor subtypes are
independent as shown by the binding kinetics of enkeph-
alins or opiates which are not significantly modified by
the simultaneous presence of the two kinds of substances
(2). These two binding sites are not regularly distributed
both in brain and at the periphery (2, 4). Thus, the MVD?
contains a larger population of § receptors, whereas the
GP1 is enriched with u receptors. Moreover, the presence
in both organs of a third binding site (x receptors) able to
interact preferentially with drugs such as ketocyclazocine
or with peptides such as Arg®-Phe’-Met-E has been sug-
gested (5, 6). However, the presence in brain of distinct
x receptors is still controversial (5). Despite the possible
cross-reactivity of a compound for the three kinds of
sites, the occurrence of a good correlation between the
binding properties of a compound and its activity on
MVD and GPI assays allowed use of the ratio of potency
of these two organs as a standard with which to charac-
terize its p or & specificity (7). The pharmacological
relevance of these two receptors is strongly supported (a)
by the lack of cross-tolerance between u and 6 ligands at
both MVD and brain levels (8); (b) by the specific actions
elicited by a pu agonist (analgesia or sedative effects) (4,
9, 10), or by a & agonist (behavioral effects) (11); (c) by
the good correlation between brain areas implicated in
these specific pharmacological responses and localiza-
tions of pu and & receptors (4); and (d) by the weak but
significant structural differences between u and 8 recep-
tors evidenced at the molecular level by selective protec-
tion experiments (12). The importance of these findings
in the study of the role of enkephalins in the central
nervous system and in therapeutic perspectives has in-
duced an intensive search for specific ligands of these
two receptors (9, 10).

Taking into account the rigid structures of opiates,
several authors have attempted to find conformational
similarities between enkephalins and opiates at the re-
ceptor site (see ref. 13 for a review). These analogies
involve the L-tyrosine moiety, which could mimic the
tyramine residue present in a large number of opiates,
and the aromatic ring of Phe*, which exists in some very
potent analgesics. Likewise the importance of the Gly®
residue and the configuration of the constituting amino
acids were also evidenced (9, 10). However, none of these
structural studies has taken into account the existence of
receptor heterogeneity. Starting from pharmacological
results obtained in both GPI and MVD assays and fol-
lowing a rational approach, we recently synthetized
opioid peptides highly specific for u (14) or & receptors
(15).

In the present work, an extensive structure-activity
study of these peptides and enkephalins, including some
NMR experiments and theoretical calculations, allowed
(a) the definition of the structural components required
for a specific interaction at the p or § receptor sites, (b)
an accounting for the dual interaction of the endogenous
enkephalins at the two binding sites, (c) an exploration
of roughly the main structural differences in the u and §

3 The abbreviations used are: MVD, mouse vas deferens; GPI, guinea
pig ileum; Met-E, methionine-enkephalin; Leu-E, leucine-enkephalin;
E, enkephalin; DMSOds, hexadeutero-dimethyl sulfoxide.

receptor subsites and the mechanism of the receptor
recognition process and (d) an explanation for the loss of
activity of the tetrapeptide Tyr-Gly-Gly-Phe as com-
pared with Met-E and Leu-E. All of these results could
permit rational synthesis of enzyme-resistant and highly
specific opioid peptides.

MATERIALS AND METHODS

Chemicals. Met-E, Leu-E, and p-Ala’-p-Leu®-E' were
obtained from Bachem (Bubendorf, Switzerland). All of
the other peptides were synthetized in our laboratory by
the liquid-phase method described for 16 (15).

'H-NMR studies. '"H-NMR spectra were recorded on
a Briker WH 270 spectrometer operating at 270 MHz in
the FT mode and equipped with a decoupler unit and
variable temperature accessories. Temperature was con-
trolled at +1°. Chemical shifts were measured from an
internal reference (TMS) and were accurate to +0.01
ppm. 'H-NMR spectra were obtained by dissolution of
the peptides in DMSOd; (100%) solutions (10~ M). The
lack of aggregation (through dimeric intermolecular
head-to-tail interactions) for the zwitterionic form of
Tyr-Gly-Gly-Phe in DMSOds at high concentration (2
X 1072 M) was controlled by sedimentation experiments
using an optical detection method. After ultracentrifu-
gation, weak bands corresponding to monomeric species
were obtained for Tyr-Gly-Gly-Phe as well as for its
methyl ester (hydrochloride form), which cannot form
electrically stabilized dimers.

Energy calculations. A Monte Carlo sampling proce-
dure including long-range interactions was used to obtain
statistical averages over chain conformations of the te-
trapeptide Tyr-X-Gly-Phe (X = Gly, L-Ala, and p-Ala).
Van der Waals, H-bonded terms, electrostatic interac-
tions, and torsional potentials were computed for energy
calculations. All molecules are represented by their com-
plete set of atoms with the exception of the alanine
residue, whose C-methyl group is considered as a single
composite atom. Generation of statistical samples of
molecular chains were carried out as described previously
(16). The constrained energy minimization was per-
formed using a constraint function from the distance, in
a least-squares sense, between selected atoms in the
tetrapeptide 11 and morphine (16).

Pharmacological assays. Opioid activity was deter-
mined on the GPI and on the MVD as described previ-
ously (7, 15). Six different concentrations of each com-
pound (6-10 assays for each) were tested for inhibition of
electrically induced contractions. ICs values were com-
puted by regression analysis. According to the method of
Kosterlitz et al. (7), Met-E was used in each assay as the
internal standard in order to avoid differences of sensi-
tivity of each preparation, and the results obtained for
the various derivatives were normalized using the rela-
tionship ICso (normalized) = ICs (computed value in the
individual assay) X ICs (mean value of Met-E in the
group of assays)/ICs (computed value of Met-E in the
individual assay). By this method, the results obtained
for Compounds 1-5, 8, and 17 are in good accord (+15%)
with those already reported (7). In the GPI, K. values
were determined for morphine and peptide 11 from dose-
response curves in the presence and absence of 20 nm
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naloxone, as described by Kosterlitz and Watt (17). The
reported values are the means + standard error of the
mean of three determinations in the presence and in the
absence of naloxone for each compound.

Binding and competition experiments. [*H]dihydro-
morphine and *H-labeled p-Ala®-p-Leu®-enkephalin were
obtained from New England Nuclear Corporation (Bos-
ton, Mass.). *H-Labeled Tyr-D-Ser-Gly-Phe-Leu-Thr was
synthesized at the Centre de I'Energie Atomique (Saclay)
from its dibromotyrosyl precursor prepared in our labo-
ratory. Binding studies on rats were performed as else-
where described (2). Details of these experiments will be
published elsewhere.*

RESULTS AND DISCUSSION

The u or 8 receptor specificity of the studied com-
pounds was evaluated by comparison of their potency to
inhibit the electrically evoked contractions of the GPI
(u receptors) and MVD (8 receptors). Starting from these
experiments, the determination of structural require-
ments for selective interaction with p or § receptors
necessitates that the following assumptions are satisfied:
(a) pharmacological responses must be related to inter-
actions with the same kind of receptors in both organs;
(b) specificity determined from pharmacological assays
must be well-correlated with the potency to inhibit the
binding of labeled x and 8 agonists in brain homogenates;
(c) k receptors must not be significantly involved in the
biological effects; and (d) susceptibility to degrading en-
zymes have to be similar. These assumptions were
checked in this work for the peptides exhibiting the
highest specificity: Tyr-p-Ser-Gly-Phe-Leu-Thr, 16 (8
binding sites), and Tyr-p-Ala-Gly-NH-CH(CHj;)-CH;-
CH(CHzs),, 11 (¢ binding sites).

Structural Requirements for Specific Interaction at the
u-Receptor Site

The results in Table 1 show the well-known opposite
effects of morphine, 1, Met-E, 2, and Leu-E, 3, on the
two isolated organs. Both endogenous peptides exhibit a
higher potency in the MVD assay, and, as often stressed,
Met-E is more potent than Leu-E on GPI; the reverse is
true on MVD. The replacement of glycine in position 2
by p-alanine protects analogues 4 and 5 from degradation
by aminopeptidases increasing their potency in the two
assays (7). However, although the activity is enhanced
only five or six times in both GPI and MVD for p-Ala’
Met-E and in MVD for p-Ala’-Leu-E, the latter is about
12 times more potent in the GPI assay than is Leu-E.
Consequently, the D-Ala’-substituted enkephalins 4 and
5 exhibit a similar potency on the GPI which contrasts
with the differential activity of their parent compounds
in the same test. This interesting feature, also reported
by Kosterlitz et al. (7), could indicate that the discrimi-
nating role of the fifth amino acid of Met-E for its relative
¢ receptor specificity was eliminated by introduction of
the p-Ala’® residue. This implies that the methyl group of
this p-amino acid could be specifically recognized by a u
receptor subsite. This assumption is strongly supported

* M. David, J. C. Meunier, G. Gacel, J. L. Morgat, and B. P. Roques,
submitted for publication.

by the comparative potencies of two series of tetrapep-
tides containing the sequences Tyr-Gly-Gly-Phe, 6, 7,
and Tyr-p-Ala-Gly-Phe, 8-10 (Table 1).

Evidence for a specific and hydrophobic binding sub-
site in p receptor. In Tyr-Gly-Gly-Phe, 6, the lack of a
fifth amino acid severely decreases the potency on both
receptors, although this compound remains a relatively
good ligand for the enkephalin-binding sites (8 receptors),
since its potency on MVD is only 2.5 times lower than
that of morphine. This result is in good agreement with
its better inhibition potency against '*I-labeled D-Ala-
D-Leu-E than against [°*H]dihydromorphine binding (2).
The N-methylation of the Phe* residue as well as the
esterification, amidification, or removal of the COOH-
terminal carboxyl group do not increase significantly the
potency of Tyr-Gly-Gly-Phe, as shown by the ICs, values
of these analogues, 7, which are at least 100 times higher
than those exhibited by Met-E (Table 1). The weak
activity of Tyr-Gly-Gly-Phe and its derivatives strongly
contrasts with the high potency of the corresponding
tetrapeptides with a D-Ala® residue in place of Gly®. In
this series, 8-10, the removal of the fifth amino acid
leads to a high specificity for the u receptors of GPI as
shown by the ratio of inhibitory potencies on the two
organs (18). The most efficient interaction of the p-Ala
residue with the p receptor is shown by the potency of 8,
which is a factor of 77 greater than that of 6 in the GPI
but only 15 times higher in the MVD. Likewise, the
activity of the pentapeptide Tyr-n-Ala-Gly-Phe-Leu is
almost 10 times higher than its Gly® analogue on the GPI
test (10). On the other hand, the gradual increase of
activity following the elimination (Compound 9) or the
amidification (Compound 10) of the charged COOH-ter-
minal group could indicate an adverse interaction of this
highly polar moiety within the p receptor. Thus, the
amidated tetrapeptide 10 is 8 times more potent than its
parent compound on the GPI test.

Nevertheless, the highly decreased potency of Tyr-
Gly-Gly-Phe and its derivatives could have been related
either to an enhanced susceptibility to degrading en-
zymes or to a conformational constraint inhibiting the
receptor recognition process. The first explanation can
be rejected since (a) the rates of cleavage of the Tyr-Gly
peptide bond by brain aminopeptidases are similar in
Tyr-Gly-Gly-Phe and in Met-E or Leu-E; and (b) the
lack of a fifth amino acid protects this peptide from the
action of enkephalinase (19), a more specific enkephalin-
degrading dipeptidyl carboxypeptidase.

On the other hand, Tyr-Gly-Gly-Phe exists in both
solid and solvated states (20) under a highly folded
conformation characterized by a head-to-tail interaction
and a hydrogen bond between the CO of Tyr' and the
NH of Phe*. The restricted flexibility of this structure,
easily evidenced in NMR by the shielding and the very
small temperature dependence of the hydrogen-bonded
NH of Phe* (Table 2), could inhibit the receptor inter-
action of Tyr-Gly-Gly-Phe. However, this assumption
can also be ruled out, since the N-methylation of Phe* as
well as the removal of the COOH group of 6 or its
amidification do not increase the activity, although such
modifications decrease the stability of the folded form as
shown by the normal temperature dependence of the
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TaBLE 1
Inhibitory potencies of morphine and enkephalin derivatives on GPI and MVD assays and relative potencies to Met-E = 1
Compound GPI" : MVD“* 1C.GPl/
IC:uMVD
ICso Relative IC:0(nM) Relative
potency potency
nM nM
1 Morphine 70+8 2.86 390 + 30 0.03 0.18
2 Tyr-Gly-Gly-Phe-Met 200 + 19* 1.00 13+ 15" 1.00 15.38
3 Tyr-Gly-Gly-Phe-Leu 393 + 35 0.51 8216 1.59 47.93
4 Tyr-p-Ala-Gly-Phe-Met 3B +3 5.70 26+ 05 5.00 13.46
5 Tyr-p-Ala-Gly-Phe-Leu 32+3 6.25 2105 6.19 15.24
6 Tyr-Gly-NH-CH-CH»-¢ 17,000 + 500 0012 1,000 + 120 0.013 —
|
C00~
7 Tyr-Gly-Gly-NR,-CH-CHz-¢* 215,000 <0015 =1,000 <0.01 —
I
R,
8 Tyr-p-Ala-Gly-NH-CH-CHz¢ 220 + 20 0.91 655 0.20 3.40
I
CO0-
9 Tyr-p-Ala-Gly-NH-CH:-CH:-¢ 155 + 35 1.30 325 + 30 0.04 048
10 Tyr-p-Ala-Gly-NH-CH-CH:-$ 25+ 2 8.00 180 + 20 0.07 0.14
|
CONH.
11 Tyr-p-Ala-Gly-NH-CH-CH,-CH(CH,), 182 + 21 1.10 1,220 + 210 0.01 0.15
|
CHs
12 Tyr-p-Met-Gly-NH-CH-CH,-CH(CHs). 100 + 12 2.00 1,100 + 135 0.012 0.09
I
CH,
13 Tyr-p-Ala-NHCH,CH>-NH-CH,-CH:-¢ 18,000 + 500 0.011 >1,000 <0.01 -
14 Tyr-pAla-NHCH;CO-NH, 7,700 + 500 0.026 >1,000 <0.01 —
15 Tyr-Gly-Gly-Phe-Met-Thr 380 + 30 0.53 6.10 + 2 2.13 62.3
16 Tyr-b-Ser-Gly-Phe-Leu-Thr 360 + 30 0.55 0.58 + 0.1 224 620
17 Tyr-p-Ala-Gly-Phe-D-Leu 4125 4.85 0.50 £+ 0.09 24.1 824
18 Tyr-p-Ser-Gly-Phe-b-Leu 140 + 20 1.43 0.85 £ 0.1 15.3 165
19 Tyr-p-Ser-Gly-Leu-Leu-Thr 2,000 + 120 0.10 3,060 + 400 0.004 —
20 Tyr-p-Ala-Gly-Phe-Leu-Thr — 0.68¢ 19.12
21 Tyr-p-Ala-Gly-Phe-p-Leu-Thr — 17.14 0.76

“ The values are the means + standard error of the mean of 8-10 assays normalized using Met-E as the internal standard as described under

Materials and Methods.

» Mean value corresponding to 182 assays in GPI and 207 assays in MVD.
“7a:R, = CHj, R = COOH; 7b: R, = R; = H; 7c: R, = H, R; = COOCH3; 7d: R, = H, R, = CONH..

4 Computed from results of ref. 12.

Phe* amide proton in these compounds. Moreover, it is
important to observe that Tyr-p-Ala-Gly-Phe exists in
solution under a folded conformation (1-4 8-turn) similar
to that found in the inactive Tyr-Gly-Gly-Phe (Table 2),
pointing out that the presence of such kinds of folded
forms in solution does not inhibit the u receptor recog-
nition process. Therefore, the decreased activity of Tyr-
Gly-Gly-Phe, especially on the p receptor, can be attrib-
uted to a loss of the required critical interactions at the
level of this binding site since this compound does not
exhibit antagonist properties. The preferential confor-
mations determined in dimethyl sulfoxide may not nec-
essarily be identical with those occurring in aqueous
medium. However, as often stressed, the medium sur-
rounding synaptic receptors buried in lipidic membranes
is probably best mimicked by dimethyl sulfoxide than by
water.

All of these results and those obtained in the penta-

peptide series strongly support a specific interaction of
the D-Ala’® residue with an assumed hydrophobic subsite
located in the u receptors. This improved interaction,
already proposed by Bajusz et al. (22), seems to involve
the lateral chains of any hydrophobic aminoacids (10)
and is highly stereospecific, since a change in the D-
configuration of these critical residues causes an almost
complete loss of activity in both the tetra- and pentapep-
tide series (9, 10).

8-Inducing role of the aromatic ring of Phe*. Although
the presence of a D-Ala’ residue and the shortening of
the sequence of Met-E or Leu-E induce a strong prefer-
ence for u receptors, the potency on MVD of these
tetrapeptides remains higher than or similar to that of
morphine. A decisive shift towards u receptor specificity
is obtained in Compound 11 by the replacement of the
phenyl ring of the decarboxy Tyr-p-Ala-Gly-Phe, 9, by a
hydrophobic alkyl chain. The single change between
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TABLE 2
'H-NMR parameters, computed coupling constants, and dihedral angles for Tyr-Gly-Gly-Phe, 6, and Tyr-p-Ala-Gly-Phe, 8
Residue 3J coupling constant Dihedral angle NH
Exp.” Calc.’ Calc.* @7 A dé/dT x 10° ppm/°

6 Gly? 4.8° 5.0 48 —65°; 80°; £180° +30°; +£150° -12.0
Gly* 5.8 5.8 6.3 +65°; £180° +30°; +£150° -74

Phe* 8.0 81 7.3 —80°; —160° —30°; +150° 0
8 p-Ala’ 7.0 6.1 7.2 +80°; +160° +30°; +150° -10.0
Gly® 5.7° 48 52 +65°; £180° +30°; +£150° -10.0
Phe! 7.0 9.0 7.3 -90°; —150° ~30°; +150° +4.0

“ In Me;SOds, 107° M, 20°.
* Averaged values from curves of Fig. 1.

¢ Obtained using the curves of Cung et al. (21) for the single conformation computed from Monte Carlo theoretical analysis (16), which gives
the best agreement with experimental values. This particular conformation corresponds to an energy minimum (not higher than 0.5 Kcal/mole

above the conformation of lowest energy).

4 ¢ values were determined from the curves of Cung et al. (21), and ¥ angles using conformational steric maps as described (20). The underlined

values correspond to classical dihedral angles for 8-turns.

¢ Mean value of two different coupling constants for non-equivalent glycine protons.

these two peptides (replacement of the phenethylamino
chain of 9 by a 2,4-dimethylbutylamino chain in 11) leads
to a large decrease in 8 receptor recognition. The ratio of
inhibitory potencies (and therefore the p specificity) is
still enhanced by the replacement of p-Ala’ by a p-Met?
residue in 12 according to a probable adjustment of the
lateral chain of methionine in the specific hydrophobic
subsite of u receptors. The high p specificity of these
short peptides strongly supports the proposed crucial
role of the phenyl ring of Phe* in the differential inter-
action of enkephalins with u and 8 binding sites (14).
Finally, the minimal requirements for specific binding to
1 receptors are nicely evidenced by the loss of potency
following the reduction of the CO of Gly® (Compound 13)
or the removal of the N-substituted hydrophobic chain
(Compound 14). This latter result could indicate that the
interaction of an additional hydrophobic side-chain in a
probably nonspecific subsite, which could correspond to
the binding site F in the opiate receptor model of Fein-
berg et al. (23), might be required for activity. Neverthe-
less, the loss of potency of 14 could also be related to its
decreased lipophilicity and therefore to unfavorable
pharmacokinetic properties.

Conformational similarity of morphine and p specific
opioid peptides. Compounds 11 and 12, obtained from
this rational approach, exhibit a p affinity similar to that
of morphine (Table 1). This feature seems to indicate
that, according to their small size and their high hydro-
phobic content, these short peptides are able to fit the
conformational space occupied by a rigid and compact
structure like morphine. This assumption was checked
by conformational energy calculations performed on Tyr-
X-Gly-Phe, with X = Gly, L-Ala (inactive compounds)
and X = p-Ala (active peptide). The distribution curves
of the distances between the C, of tyrosine and C, of
phenylalanine, which can vary from 5-6 A (highly folded
conformation) to 10-12 A (fully extended form) are re-
ported in Fig. 1. The curves present a maximum corre-
sponding to compact structures but with a higher folding
tendency for Tyr-p-Ala-Gly-Phe. These results are sup-
ported by the correlation between the experimental °J
coupling constants connected to the conformational
states of the peptide backbone and their averaged values

computed from the distribution curves of Fig. 1 (Table
2). Although the statistical sample is a good model for 6,
the behavior of 8 can be better explained by the existence
of a well-defined conformation as shown by the agree-
ment between its °J experimental values and those com-
puted for the lowest-energy conformer with a strong
head-to-tail interaction.

Starting from the folding tendency of p-specific pep-
tides and the absolute requirement for activity of both a
tyrosine moiety and an intact Gly* CO group, we have
recently proposed a constrained energy minimization
procedure (16) that enables demonstration of the spatial
correspondence of the main biologically required func-
tional groups in morphine and tetrapeptides. Figure 2
shows the great analogy between the classifical T-shape
of morphine and the computed conformation of 11. This
structure is characterized by (a) an energetically stabi-
lized folded form only 4-5 Kcal/mole higher than the
lowest nonconstrained conformer (such a small loss of

.

1

4000|

20004

dad)

o8 0 %

F1G6. 1. Distribution curves of the C,* . .. C," distance in H:N*-Tyr-
X-Gly-Phe-COQ™ tetrapeptides

~—— X = Gly; - X = L-Alg; - - X = p-Ala.
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COgly3

A

F16. 2. Molecular models of the proposed biologically active pep-
tide and of morphine

Right. Molecular model of the proposed biologically active confor-
mation of ’I‘yr-D-Ala-Gly-NH-(llH -CH-CH(CHs): at the p receptor

CH;

site. In this T-shaped conformer of low energy the computed backbone
angles (IUPAC) are as follows: y; = —173°, ¢, = 99°, y» = 41°, ¢3 =
142°, Y5 = —113°, ¢4 = 10°. The spatial disposition of the tyramine
moiety corresponds to that found in morphine, and the CO of Gly®
corresponds to the C¢0, group of the alkaloid. This conformation
reveals the lateral disposition of the side-chain (CH; in this case) of a
p?-amino acid.

Left. Molecular model of morphine.

energy is probably easily counterbalanced by the large
free energy changes through hydrophobic, hydrogen-
bonded, and electrostatic interactions within the receptor
site); (b) an external orientation of the lateral chain of
any D-amino acid in position 2, allowing its additional
binding to a hydrophobic area located in the u receptor
site; (c) a good correspondence between the tyrosine
moiety of 11 and the phenethylamine chain of morphine;
and (d) a similar spatial orientation of the Ce—OH group
of morphine and the CO of Gly’. The importance for
pharmacological activity of an oxygen atom located in
the Ce-Cs area of morphine has already been emphasized
(3).

These proposed pu-specific requirements and the con-
formational parameters of the computed conformation
reported in the legend to Fig. 2 agree (16) with (a) the
potency of highly constrained enkephalins containing an
a-amino isobutyric residue in position 2 or a double bond
at the level of the Phe* residue and with the retention of
activity following the reduction or replacement by an
ethylenic bond of the Tyr'-Gly> or Gly*-Gly’ amide
groups; (b) the correlation between the folding tendency
of a series of D-X2-Pro® enkephalins and their p specific-
ity; and (c) the low u potency of Tyr-Gly-Gly-Phe-Y (Y
= Gly, Ala, Pro, Thr, or Ser) (9, 10) in which the absence
of a D-amino acid in position 2 could not be counterbal-
anced by the interaction of too-short (Gly, Ala), sterically
hindered (Pro), or hydrophilic (Thr, Ser) side-chains of
the fifth amino acid with the assumed hydrophobic sub-
site. In contrast, this interaction probably occurs in the
case of Met-E, Leu-E, or Tyr-Gly-Gly-Phe-Y (Y = Ile,
Nile), since all of these peptides are good p agonists (10).

Structural Requirements for Specific Interaction at the
8 Receptor Site

In the first part of this work we have shown that a
peptide can mimic the rigid structure of opioid alkaloids.

Obviously, an even more interesting aim was to increase
strongly the & specificity of enkephalins. For such a
purpose the following features were taken into account:
(a) the phenyl ring of Phe seems to be required for &
receptors recognition (2, 14); (b) a Leu® amino acid in-
duces a higher 8 specificity than does a Met® residue
(Table I); and (c) addition of a hydrophilic moiety (Thr®)
to the enkephalin sequence strongly increases the 8 spec-
ificity (9) as shown by the ratio of the ICs, values of 15
on the two organs (Table 1).

Moreover, since hydrophobic D-amino acids instead of
Gly® enhance the pu specificity, a hydrophilic residue
introduced in position 2 was expected to decrease this
p-improving factor. As shown in Table 1, the lengthening
of the Leu-E sequence by a Thr® residue and the replace-
ment of Gly” by p-Ser? led to the hexapeptide Tyr-D-Ser-
Gly-Phe-Leu-Thr, 16, which exhibits a 620-times higher
potency on MVD than on GPI. This compound is thus
about 10 times more specific for peripheral 6 receptors
than is D-Ala®-p-Leu®-E, 17, a compound commonly used
to characterize the 8 receptors in binding or pharmaco-
logical experiments (2, 4, 7, 8, 11). The importance of the
hydrophobic subsite located in u receptors is again clearly
demonstrated by the significant increase towards 8 spec-
ificity following the replacement of the p-Ala’ residue by
a D-Ser” amino acid in 18.

Finally, as expected, the phenyl ring of Phe* seems to
play a crucial role in § receptor recognition since its
replacement by leucine, which is a large and hydrophobic
amino acid, leads to a complete loss of activity on MVD
but only a 6-times lower potency on GPI (Compound
19).

It can be observed that, in several enkephalin ana-
logues containing a D-aminoacid in position 2, the re-
placement of the Phe* residue by the hexahydropheny-
lalanine residue leads to a larger decreased activity on
the MVD than on the GPI assays (24). This result could
suggest that the aromatic character of the fourth residue
is important for § receptor interaction.

Another striking result concerns the relationship be-
tween the § specificity and the stereochemistry of the
fifth amino acid. Indeed, as shown in Table 1, the replace-
ment of Leu® by its stereoisomer leads to a high prefer-
ence for the & receptors in pentapeptides 5 and 17 .
However, as already stressed by Bedell et al. (9), this
stereospecific dependence of 8 specificity is entirely re-
versed by the addition of a Thr® residue, since hexapep-
tide 21 exhibits a 25-times lower activity than its ana-
logue 20 with an L-Leu in position 5.

These large differences probably reflect the ability of
the Phe* side-chain to fit into its 8-specific subsite, which
depends on the conformational constraint raised by the
following amino acids. This assumption is supported by
a recent conformational analysis (25) revealing the very
large difference in the Phe' side-chain orientation in
enkephalins bearing an L- or a D-Leu residue in the fifth
position. Thus a D-Leu® amino acid leads to a unique and
roughly extended conformation of the peptide with the
D-Leu® side-chain near the phenyl ring of Phe‘. In con-
trast, the enkephalins with an L-Leu® residue exist in
equilibrium between folded and extended forms with the
leucine side-chain directed toward the tyrosine ring in
the folded conformer. This result is in good accord with
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the folding requirement for p receptor interaction and
therefore with the dual interaction of Leu-E with the two
binding sites. Moreover, NMR experiments confirm this
theoretical conformational analysis, since in the 8-specific
peptides 17 and 18 the protons of the p-Leu side-chain
are upfield-shifted as compared with their position in 5
(not shown). This shielding is probably related to a
proximity between the p-Leu side-chain and the Phe*
aromatic ring. This assumption is supported by the sim-
ilar behavior of the L-Leu side-chain protons in the highly
& specific hexapeptide 16. Finally, the increased popula-
tion of extended forms in 16 is evidenced by the higher
temperature dependence of all of the peptide protons
(d8/dT > 3 x 1072 ppm/°).

Therefore, it appears that the preferential recognition
of § binding sites requires (a) a phenyl ring in position 4;
(b) a conformational orientation of the COOH-terminal
part of the peptide, allowing fitting of the Phe* side-chain
in a §-specific subsite; and (c) a more extended confor-
mation of the peptide. Furthermore, a high hydrophobic
content, especially at the level of the second amino acid,
decreases the 8-receptor recognition and then enhances
the u receptor specificity.

Synthetic opiates such as etorphine and several ana-
logues in the oripavine series which exhibit similar affin-
ities for p and § binding sites (2, 3) also satisfy such
requirements. Indeed, these derivatives have a larger size
than the classical opiates and contain an alkyl or aro-
matic chain which could interact with a hydrophobic
area of the receptor and a hydroxyl group which could
mimic that of the Thr® in 16. According to the presence
in its structure of all of the critical components required
to interact with both p and 8 receptors, the very potent
peptide Tyr-p-Ala-Gly-MePhe-Met(0)-ol FK 33824 ex-
hibits a high potency on GPI and MVD assays and
inhibits equally well opiate or peptide binding in brain
homogenates (7).

Extent of Structure-Activity Relationships Performed
on Isolated Organs to Central Nervous System: Use-
fulness and Limits

As described at the beginning of this work, the validity
of the proposed structural requirements for specific re-
ceptor recognition requires that several assumptions
must be satisfied. The first assumption concerns the
interaction of the most selective peptides to a single kind
of receptor. This can be established by a comparison of
the relative potencies of the u and §-specific peptides to
morphine in both GPI and MVD assays (26). Thus, the
respective ratios of activity (morphine = 1) on GPI and
MVD are 0.46 and 1.20 for 9; 2.8 and 2.0 for 10; 0.38 and
0.32 for 11; 0.10 and 0.35 for 12; 0.18 and 672 for 16; 1.70
and 780 for 17; and 0.50 and 458 for 18. These features
strongly suggest that the short peptides 9, 10, 11, 12,
and morphine interact in both organs with the same
kinds of receptors, u. (26). In contrast, the much higher
values of the ratios on MVD (rich in enkephalin recep-
tors) than on GPI assays agree with the pharmacological
activities of 16, 17, and 18, through & receptor stimula-
tion. Moreover, the lack of interaction of the u-specific
peptide 11 with x receptors which could be present in
GPI (27) is evidenced by the similar antagonist potency
of naloxone against morphine (K. = 2.1 + 0.18 nM) or

against 11 (K. = 3.6 + 0.4 nM) in the GPI assay. Taken
together, all of these results show that pu or §-specific
peptides interact chiefly with their own kinds of receptors
in the two isolated organs (26). The relevance of this
structural approach at the level of brain receptors was
checked with the specific peptides 11 and 16. This latter
compound was tritiated using its dibromotyrosyl ana-
logue. The binding experiments performed on rat brain
homogenates at 35° in Tris-HCI buffer (pH 7.4) show
that between 0.2 and 20 nm *H-labeled Tyr-p-Ser-Gly-
Phe-Leu-Thr interacts with one single class of bmdmg
sites (Kp = 2.7 nM; capacity = 0.11 pmole/mg) Under
the same conditions, the tritiated peptide 17, “H-labeled
Tyr-p-Ala-Gly-Phe-D-Leu, binds with two classes of sites
(Kp, = 2.0 nM; ¢ = 0.10 pmole/mg; Kp, = 20 nMm; ¢ = 0.20
pmole/mg) in accordance with the results of a previous
study performed with '*I-labeled Tyr-p-Ala-Gly-Phe-p-
Leu (2). Therefore, as expected, the pharmacological
profiles of 16 and 17 are in accord with their potencies
on isolated organs, but, in addition, 16 behaves as a pure
& agonist in a large concentration range. Likewise, the
selectivity of 11 for u receptors of rat brain was clearly
established, since this compound is almost 50 times more
potent in competing for the binding of [*H]dihydromor-
phine (u receptors) (ICs ~ 20 nM) than for *H-labeled
Tyr-p-Ala-Gly-Phe-D-Leu (8 receptors) (ICso ~ 1000 nM).
These experiments were performed in the absence of
added sodium or GTP in order to avoid a change in
binding affinities with the two kinds of receptors (2). It
can be noted that, in contrast, x agonists usually exhibit
comparable affinity with both p and 8 binding sites (5).
The possibility that the selectivity of these peptides is
related to their differential susceptibilities to degrading
enzymes could not be completely excluded. However,
this hypothesis is very unhkely since, as already shown
(15), hexapeptide 16 remains unchanged after 1 hr of
incubation with rat brain membranes. Moreover, the
presence of a D-amino acid in position 2 and the shorten-
ing (for pu peptides) or the lengthening (for § peptides) of
the sequences of natural enkephalins strongly inhibit
their degradation by both aminopeptidase and enke-
phalinase activities (19). Therefore, the large differences
in selectivity or potency between compounds such as 9
and 11 or 16 and 19 are more probably related to their
structural differences at the level of receptor interactions.

CONCLUSION

The results of this study suggest that, according to
selective protection experiments (12), subtle changes ex-
ist in the subsites of u and 8 receptors. Obviously, at this
time a precise mapping of both receptors or information
on their chemical constituents cannot be obtained. How-
ever, it appears that u receptors bind preferentially highly
hydrophobic compounds with compact structures, such
as the recently described morphiceptin (28), whereas &
receptors interact more strongly with longer peptides
which can be more hydrophilic. Taking into account the
good relationship between the lipophilicity of classic
opiates and their analgesic potencies (29), the presence
of lipids as critical components of the p binding site
cannot be rejected. These differences in the size of the
two receptors and the position of the assumed specific
binding subsites illustrated in Fig. 3 allow (a) synthesis
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of peptides which discriminate between the two receptors
and (b) an explanation of the dual activity of endogenous
enkephalins by adjustment of the side-chains of their
fourth and fifth amino acids in the appropriate subsites
of & or p receptors and therefore the decreased potency
of Tyr-Gly-Gly-Phe. The differences between the confor-
mation of a p-specific peptide in solution (deduced from
NMR) and at the receptor level (proposed from com-
puted similarity with morphine) suggest a stepwise mech-
anism for the receptor recognition process. The biological
relevance of these findings at the level of brain receptors
is strongly supported by binding experiments on rat brain
homogenates.

Therefore, compounds such as 11 and 16 could be used
to study the distribution and the physiological role of the
two kinds of receptors. Thus, we have recently shown
that 11 and 16, which have similar potencies in the GPI
assay (u receptors) but differ by approximately three
orders of magnitude in activity on the MVD (6 receptors)
exhibit similar analgesic properties in rats (30). These
features strongly support the proposed preferential in-
volvement of p receptors in antinociceptive responses (4,
7, 9, 10). The very interesting behavioral actions con-
veyed by brain § receptors (11) can be henceforth ex-
plored by using such §-specific ligands.
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