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Analogues of the potent and moderately u-opioid-receptor-selective cyclic 8-casomorphin-5 derivative
H-Tyr-c[-D-Orn-Phe-D-Pro-Gly-] (2) were prepared by conventional solution synthesis. Replace-
ment of the Phe® residue by 2-naphthylalanine (2-Nal) led to a peptide (4) with high affinity for
both 1 and & opioid receptors. This compound turned out to be an agonist in the u-receptor-
representative guinea pig ileum (GPI) assay but a moderately potent antagonist against various
4 agonists in the é-receptor-representative mouse vas deferens (MVD) assay. It thus represents
the first known cyclic opioid peptide analogue with mixed u agonist/é antagonist properties.
Interestingly, replacement of 2-Nal® in compound 4 with 1-naphthylalanine (1-Nal) resulted in an
analogue (5) showing high affinity for u receptors and a full agonist effect in the MVD assay that
was mediated by both u and 4 receptors. Substitution of Trp for Phe? in 2 (compound 8) was well
tolerated at both receptors and led to an analogue with agonist activity in both the GPIand MVD
assays. Variation of the peptide ring size in 4 was achieved by substitution of D-Orn? with D-Lys
(compound 6) or D-2,4-diaminobutyric acid (compound 7). Analogue 6 was also a mixed x agonist/d
antagonist with somewhat lower potency than 4, whereas compound 7 displayed u agonist and
partial & agonist properties. Further reduction of the peptide ring size, as achieved by deletion
of the Gly® residue, produced a compound (9) which was a full agonist in both bioassays.
Conformational analysis of analogues 2, 4,and 5 by !H NMR spectroscopy and molecular mechanics
studies suggested that the overall conformation of parent compound 2 and the 2-Nal-containing
peptide 4 was similar, while the side-chain orientation of 1-Nal in peptide 5 was different. These
results suggest that the § antagonist properties of analogue 4 may not be due to a difference in
its overall conformation as compared to the agonist 2 but may be a direct effect of the 2-naphthyl

moiety per se preventing proper alignment of the peptide for receptor activation.

The development of potent opioid agonists and an-
tagonists with high specificity for each of the three major
opioid receptor classes (u, 8, x) continues to be of major
concern in opioid pharmacology. Furthermore, special
attention is presently focused on the search for mixed
opioid agonist/antagonists that produce an agonist effect
at one receptor type and act as an antagonist at another
receptor class. Recently, it was demonstrated that pre-
treatment of mice with the nonpeptide & antagonist
naltrindole prevented the development of morphine
tolerance and dependence.? This interesting observation
suggested that the deyelopment of a single compound with
mixed u agonist/é antagonist properties may have con-
siderable therapeutic potential. The first known example
of a mixed u agonist/é antagonist is the recently reported
opioid tetrapeptide analogue H-Tyr-Tic-Phe-Phe-NH,
(TIPP-NH,).!3

The fact that u and § opioid receptors differ in their
conformational requirements was first established through
comparison of the receptor-binding profiles of the u-selec-
tive cyclic enkephalin analogue H-Tyr-c[-D-Asbu-Gly-Phe-
Leu-] and its nonselective linear correlate.* This obser-
vation led to the development of numerous cyclic analogues
of enkephalin and dermorphin with excellent opioid
activity in vitro and high selectivity for either z or &
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receptors (for reviews, see refs 5 and 6). In subsequent
studies, the Phe residue in the 3- or 4-position of these
cyclic opioid peptide analogues was replaced with amino
acid residues that contain more extended aromatic ring
systems in their side chains, such as 1- or 2-naphthylalanine
(1-Nal or 2-Nal) or Trp. In the case of the u-selective
cyclic enkephalin analogue H-Tyr-c[-D-Asbu-Gly-Phe-
Leu-], substitution of Phe* by 1-Nal resulted in a
compound with improved potency in both the u-receptor-
representative guinea pig ileum (GPI) assay and the
d-receptor-representative mouse vas deferens (MVD)
assay.” Replacement of Phe? by 1-Nal in the potent but

—
nonselective cyclic dermorphin analogue H-Tyr-D-Orn-

—

Phe-Glu-NHj; did not greatly affect u receptor affinity
but significantly reduced the affinity for & receptors.?
Interestingly, substitution of 2-Nal for 1-Nal in that same
compound produced a 2-fold increase in 4 receptor affinity
but a 40-fold potency decrease in the MVD assay,
suggesting that signal transduction in the 2-Nal analogue
was somewhat impaired (unpublished results). Finally,
replacement of Phe? with 1-Nal or 2-Nal in the é-selective

—
cyclic dermorphin analogue H-Tyr-D-Cys-Phe-D-Pen-OH
(JOM-13) resulted in only slightly diminished affinities
for both the u and é receptors.?

Recently, cyclic 8-casomorphin analogues structurally
related to the cyclic prototype enkephalin analogue H-Tyr-
¢[-D-Orn-Gly-Phe-Leu-1!° were prepared and pharmaco-
logically tested. In particular, the cyclic peptides H-Tyr-
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Table 1. Analytical Data of Cyclic 5-Casomorphin-5 Analogues®
amino acid analysis TLC? Ry values HPLC* (k)

no. compound Tyr Xaa? Yaa® Pro Gly D E F I II FAB-MS (MHY)

1 Tyr-c[-D-Orn-Phe-Pro-Gly-] 0.99 1.03 1.0 1.0 1.11 057 069 072 244 2.10 579

2 Tyr-¢[-D-Orn-Phe-D-Pro-Gly-] 0.97 1.0 1.0 1.0 1.08 062 073 0.73 3.583 2.40 579

3  Tyr-c[-D-Orn-2-Nal-Pro-Gly-] 1.0 096 nd 1.0 114 048 074 072 625 11.13 629

4 Tyr-c[-D-Orn-2-Nal-p-Pro-Gly-] 1.0 0.95 nd 1.0 113 053 079 0.73 6.38 11.32 629

5 Tyr-¢[-D-Orn-1-Nal-p-Pro-Gly-] 1.0 0.86 nd 088 102 053 080 073 592 1010 629

6 Tyr-c[-D-Lys-2-Nal-p-Pro-Gly-] 090 1.06 nd 091 1.0 050 076 072 5.96 9.51 643

7 Tyr-c[-D-Asbu-2-Nal-D-Pro-Gly-] 094 1.09 nd 095 1.0 052 081 075 6.54 1255 615

8  Tyr-c[-D-Orn-Trp-D-Pro-Gly-] 095 095 111 10 1.07 054 071 070 2.27 3.70 618

9 Tyr-¢[-D-Orn-2-Nal-p-Pro-] 1.02 1.0 nd 0.95 059 083 075 17.67 20.69 572

a Structures of all peptides were confirmed by one- and two-dimensional 1H NMR. ¢ See General Methods. ¢ LiChrospher 100 RP-18e, 250
X 4 mm; I, gradient 20-50% Bin 25 min (A—0.1% TFA in H:0,B—0.1% TFA in acetonitrile); II, isocratic 78% A/22% B; flow rate 1.5 mL/min;

detection 215 and 280 nm.

¢[-D-Orn-Phe-Pro-Gly-] (1) and H-Tyr-c[-D-Orn-Phe-D-
Pro-Gly-1 (2) displayed high potency in the u- and
d-receptor-representative-binding assays and in vitro
bioassays!! and, furthermore, were shown to have very
high antinociceptive activity in rats.!? Since the replace-
ment of the Phe?/Phe* residue in the cyclic dermorphin
and enkephalin analogues described above had interesting,
divergent effects on the opioid activity profile, it was of
interest to prepare correspondingly substituted cyclic
B-casomorphin analogues as well. In the present paper,
we describe the syntheses, opioid activity profiles, and
conformational aspects of a number of analogues of cyclic
peptides 1 and 2 that contain 1-Nal, 2-Nal, or Trp in place
of Phe3. Two of these compounds were shown to possess
mixed p agonist/é antagonist properties.

Synthesis

The cyclic tetra- and pentapeptides (Table 1) were
synthesized in solution by stepwise elongation, using N-
Boc, N¢-Z, and carboxy terminal ONb (or Bzl) protection
and mixed anhydrides for the couplings, as described in
detail elsewhere.!3!4 D-A,bu was prepared from D-Glu!b
and converted to the N2-Boc-, N*-Z-protected derivative
by usual procedures. The N¥-amino group of the diamino-
carboxylic acid and the C-terminal COOH function were
deprotected simultaneously by catalytic hydrogenation,
and cyclization was then carried out under optimized
conditions (high dilution, -25 °C) with diphenyl phos-
phorazidate as coupling agent.1%!4 Progress of the cy-
clization reaction was followed by HPLC, and the reaction
was generally carried out for 3-5 days until peptidic
starting material was no longer present. The cyclization
yield was, in general, higher than 80%, and the purity of
the crude cyclic peptides determined by RP-HPLC was
atleast 90%. Innearly all cyclizations, the cyclicmonomer
only was obtained, but cyclodimerization did occur to some
extent in the case of the cyclic peptides Boc-Tyr(tBu)-
¢[-D-Orn-2-Nal-Pro-Gly-1 (20) and Boc-Tyr(tBu)-c[-D-
Orn-2-Nal-D-Pro-] (46). The crude peptides were depro-
tected by TFA treatment and purified to homogeneity by
preparative reversed-phase liquid chromatography. The
purity of the cyclic peptides was assessed by TLC and
HPLC in different solvent systems, and the structural
identity was established by amino acid analysis, FAB mass
spectrometry, and one- and two-dimensional 'H NMR
spectroscopy (Table 1).

Receptor-Binding Assays and in Vitro Bioassays

Binding affinities for u and é opioid receptors were
determined by displacing respectively tritiated H-Tyr-

D-Ala-Gly-MePhe-Gly-ol ([*HIDAMGO) and tritiated
H-Tyr-p-Ser-Gly-Phe-Leu-Thr-OH ([*H]DSLET) from
rat-brain-membrane-binding sites, and « opioid receptor
affinities were measured by displacement of tritiated
(5,72,88)-(-)-N-methyl-N-(7-pyrrolidinyl-1-oxaspiro[4.5]-
dec-8-yl)benzeneacetamide ([?H]U69,593) from guinea-
pig-brain-membrane-binding sites. For the determination
of their in vitro opioid activities, the cyclic 8-casomorphin
analogues were tested in bioassays based on inhibition of
electrically evoked contractions of the guinea pig ileum
and the mouse vas deferens. The GPI assay is usually
considered as being representative for u receptor inter-
actions, even though the ileum also contains « receptors.
x receptor interactions in the GPI assay are indicated by
relatively high K, values for naloxone as antagonist (20~
30 nM),'8 in contrast to the low K, values (1-3 nM)
observed with u receptor ligands.!” In the MVD assay,
opioid effects are primarily mediated by é§ receptors;
however, u and « receptors also exist in this tissue. Both
6 and « interactions in the MVD are characterized by
relatively high K, values for naloxone as antagonist (~20
nM),!8 whereas low K, values (<3 nM) are observed with
u agonists in this preparation.! The K, values for the
compounds with § antagonist properties were determined
from the ratio of IC;q values obtained with the 6 agonists
[Leu®lenkephalin, [D-Ala%]ldeltorphin I, and DPDPE in
the presence and absence of a fixed antagonist concen-
tration.

Results and Discussion

Structure-Activity Relationships. As previously
reported,! the cyclic parent peptide H-Tyr-c[-D-Orn-Phe-
D-Pro-Gly-1 (2) displays high affinity for u opioid receptors
but also binds quite well to § receptors and, therefore, is
only moderately u selective. In comparison with 2, the
corresponding L-Pro* analogue (compound 1) shows 4-fold
decreased u affinity and 100-fold weaker & affinity, thus
exhibiting considerable preference for u over é opioid
receptors (Table 2). Substitution of the Phe® moiety with
1-Nal or 2-Nal obviously increases the steric bulk and the
hydrophobicity at the crucial 3-position residue, as re-
flected by the dramatically increased k’ values (RP-HPLC)
determined for compounds 3, 4, and 5 in comparison with
those for parent peptides 1 and 2 (Table 1).

Substitution of the Phe?® residue in compound 1 with
2-Nal (compound 3) produced a 20-fold decrease in u
receptor affinity and a somewhat less pronounced loss in
8 affinity (Table 2). In qualitative agreement with its
reduced u receptor affinity, compound 3 showed a 100-
fold potency drop in the GPI assay as compared to 1 (Table
3). In the MVD assay, analogue 3 was a weak partial
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Table 2. Receptor-Binding Assay of Cyclic 5-Casomorphin-5 Analogues

Schmidt et al.

[BHIDAMGO .BHIDSLET
no. compound K¢, nMs rel potency® K, nMo rel potency® i/ K# ratio
1 Tyr-c[-D-Orn-Phe-Pro-Gly-] 3.99 £+ 0.34 2.36 = 0.20 1280 + 170 0.00198 =+ 0.0003 321
2 Tyr-c[-D-Orn-Phe-D-Pro-Gly-] 0.881 £ 0.076 10.7+ 0.9 13.2+ 0.5 0.192 £ 0.0072 15.0
3 Tyr-¢[-D-Orn-2-Nal-Pro-Gly-] 813144 0.116 £ 0.021 2140 % 800 0.00118 = 0.00044 26.3
4 Tyr-c[-D-Orn-2-Nal-D-Pro-Gly-] 5.89 £ 0.11 1.60 £ 0.03 17.2+ 4.9 0.147 % 0.042 2.92
5 Tyr-¢[-D-Or-1-Nal-D-Pro-Gly-] 3.42 £ 0.03 2.76 £ 0.02 23.6 + 2.2 0.107 £ 0.010 6.90
6 Tyr-c[-D-Lys-2-Nal-D-Pro-Gly-] 17.1£ 2.6 0.561 % 0.084 62.6 £ 13.2 0.0404 % 0.00856 3.66
7 Tyr-c[-D-Azbu-2-Nal-D-Pro-Gly-] 6.41 £ 0.36 1.47 £0.08 70.8 £ 25.8 0.0357 = 0.0130 11.0
8 Tyr-c[-D-Orn-Trp-D-Pro-Gly-] 2.09 £ 0.08 4.1£0.17 103+ 0.5 0.246 = 0.012 4.93
9 Tyr-c[-D-Orn-2-Nal-D-Pro-] 2.74 £ 0.31 3.44£0.39 28.3 = 6.0 0.0894 % 0.0190 10.3
Tyr-Tic-Phe-Phe-NH; (TIPP-NHy)¢ 788%17.1 0.120 + 0.011 3.00+£015  0.843 % 0.043 0.0381
[Leu®]lenkephalin 943 £ 2.07 1 2,63 % 0.35 1 0.268
3 Mean of three to six determinations + SEM. ? Potencies relative to [Leu®]enkephalin. ¢ Reference 3.
Table 3. Guinea Pig Ileum (GPI) and Mouse Vas Deferens (MVD) Assays of Cyclic 5-Casomorphin-5 Analogues
GPI MVD
no. compound ICs0, nM® rel potency? ICs0, nM® rel potency*  MVD/GPI ICq ratio

1 Tyr-c[-D-Orn-Phe-Pro-Gly-J¢ 134+ 24 18.3+ 3.3 69.9 + 18.0 0.163 % 0.042 5.22
2 Tyr-c[-D-Orn-Phe-D-Pro-Gly-]¢ 214+ 033 115%18 489+1.28 2.33 + 0.61 2.29
3 Tyr-c[-D-Orn-2-Nal-Pro-Gly-] 1220 % 230 0.202 % 0.038 10000 (42%)¢
4  Tyr-c[-D-Orn-2-Nal-D-Pro-Gly-] 384 + 52 0.641 =% 0.087 antagonist
5 Tyr-¢[-D-Orn-1-Nal-D-Pro-Gly-] 149+ 0.3 16.5 = 0.3 299+ 3.6 0.381 = 0.046 2.01
6  Tyr-c[-D-Lys-2-Nal-D-Pro-Gly-] 609 = 194 0.404 £ 0.129 antagonist
7 Tyr-c[-D-Azbu-2-Nal-D-Pro-Gly-] 353 + 68 0.697 £0.134 1000 (21%)4
8 Tyr-¢[-D-Orn-Trp-D-Pro-Gly-] 275+ 29 8.95 = 0.94 16.1+1.1 0.708 % 0.048 0.5685
9 Tyr-c[-D-Orn-2-Nal-D-Pro-] 118+ 14 20.8 £ 2.5 32.2 £ 9.55 0.364 % 0.105 2.73

Tyr-Tic-Phe-Phe-NH; (TIPP-NHg)¢ 1700 % 220 0.145 £+ 0.019 ' antagonist

[Leu®]enkephalin 246 + 39 114+ 1.1 1 0.0463

¢ Mean of three to six determinations = SEM. ¢ Potencies relative to [Leuf]enkephalin. ¢ Reference 11. ¢ Partial agonist; value in parentheses
indicates maximal inhibition of the contraction (%) obtained at high concentrations. Agonist effect was TIPP reversible. ¢ Reference 3.

Table 4. K, Values Determined for 6 Antagonists against Various 4 Agonists in the MVD Bioassay

Ke [nM]e
no. compound [Leu’]enkephalin [D-Ala?]deltorphin I DPDPE
4 Tyr-c[-D-Orn-2-Nal-D-Pro-Gly-] 268 + 22 202+ 24 233+ 28
8 Tyr-¢[-D-Lys-2-Nal-D-Pro-Gly-] 603 £ 174 677 % 125 306 & 52
Tyr-Tic-Phe-Phe-NH; (TIPP-NH;)® 5.86 £ 0.33 2.96 £ 0.02 4.80 £ 0.20

¢ Data are the mean of 4-10 determinations = SEM. b Reference 8.

agonist and its effect was completely reversed by the highly
selective § antagonist H-Tyr-Tic-Phe-Phe-OH (TIPP)3 (50
nM), indicating that it was mediated via interaction with
0 receptors.

The corresponding D-Pro-containing peptide H-Tyr-
¢[-D-Orn-2-Nal-D-Pro-Gly-] (4) displayed over 6 times
lower u receptor affinity than its parent peptide (2) but,
interestingly, was 180 times less potent in the GPI bioassay.
This discrepancy may be due to impaired signal trans-
duction at the u receptor in the GPI or to a difference in
u receptor subtype populations between rat brain and
ileum. Compound 4 retained good § affinity (Ki¥ = 17
nM), similar to that of 2. Surprisingly, this compound
showed no agonist effect in the MVD assay at concen-
trations up to 50 uM. Analogue 4 turned out to be a
moderately potent antagonist against the é-selective
agonists [Leu®lenkephalin, [D-Ala%]deltorphin I, and
DPDPE in the MVD assay with K, values of 268, 202, and
233 nM, respectively (Table 4). Thus, like the recently
reported tetrapeptide analogue TIPP-NH,,? this cyclic
casomorphin analogue displays mixed u agonist/é antag-
onist properties. In comparison with the linear tetrapep-
tide 6 antagonist TIPP-NH,, cyclic peptide 4 displayed
about 1/20 of the § antagonist potency but was a 4 times
more potent u agonist in the GPI assay. The relatively
moderate 6 antagonist potency observed with4 inthe MVD
assay as compared toits high 6 receptor affinity determined

in the binding assay may be due tothe existence of different
8 receptor subtypes in vas deferens and rat brain.

Replacement of 2-Nal with 1-Nal in analogue 4 resulted
in a compound, H-Tyr-c[-D-Orn-1-Nal-D-Pro-Gly-] (5),
with about 2 times higher u receptor affinity and 25 times
higher potency in the GPI assay. The potency of 5 in the
latter assay was only 7 times lower than that of parent
peptide 2. Similar increases in u receptor affinity had
been observed upon substitution of 1-Nal for 2-Nal in

 pe— -
H-Tyr-p-Cys-2-Nal-D-Pen-OH?® and H-Tyr-D-Orn-2-Nal-

—
Glu-NH; (unpublished results). Analogue § showed §
receptor affinity comparable to that of compounds 2 and
4 and, most interestingly, turned out to be a full agonist
in the MVD assay with about !/ of the potency of parent
peptide 2. The agonist effect of 5 in the MVD assay was
fully naloxone reversible and was partially reversed by
TIPP (100 nM) to an extent of 28 %, indicating that it was
mediated by both u and d receptors. A u-receptor-mediated
agonist effect is not observed with compound 4 in the
MVD assay. Since 4 and 5 showed very similar u receptor
affinities in the receptor-binding assay, these results could
be interpreted to indicate that compound 4 has a lower
intrinsic activity (“efficacy”) than analogue 5 at the u
receptor. However, such an efficacy difference could not
be detected in the GPI assay because of the very large u
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receptor reserve known to exist in the ileum.22 Obviously,
it is not possible to determine in the MVD assay whether
analogue 5 is a full or partial § agonist because of its u
agonist component in this assay system. This compound
needs to be further examined in the assay system based
on inhibition of adenylate cyclase in NG108-15 neuro-
blastoma X glioma hybrid cells which contain é receptors
only.2! Peptide analogues 4 and 5 differ only in the position
of the attachment of the aromatic naphthyl moiety to the
B-carbon in the 3-position residue, resulting in a different
orientation of the aromatic function relative to the rest of
the peptide molecule. The recently proposed “broad” and
“deep” binding pocket of the 4 receptor? seems to tolerate
the binding of the bulky naphthyl moiety in either
orientation.

Three analogues of compound 4, characterized by
replacement of D-Orn? with D-Lys or D-Asbu or by deletion
of the Gly® residue, were synthesized in order to study the
effect of peptide ring size variation on the opioid activity
profile. Expansion of the 15-membered ring in 4 to a 16-
membered one (D-Lys? substitution) resulted in compound
6 which had 3 times lower u receptor affinity and about
half the potency in the GPI assay. Inthe MVD assay, 6
was a 1.5-3.5 times less potent § antagonist than 4 (Table
4), in good correlation with its 3.5 times lower 6 receptor
affinity as compared to that of the latter compound. Thus,
H-Tyr-c[-D-Lys-2-Nal-D-Pro-Gly-] is a weaker mixed u
agonist/é antagonist than 4 with regard to both u agonist
and 8 antagonist potency. Contraction to a 14-membered
peptide ring structure, as achieved through substitution
of D-Azbu in the 2-position, resulted in an analogue (7)
which showed about the same potency as 4 in the
u-receptor-binding assay and GPI assay. Compound 7
had about the same & receptor affinity as 6 but turned out
to be a partial agonist in the MVD assay (maximal
inhibition of the contractions = 21% at 1 uM). The latter
effect was again fully TIPP reversible. Deletion of the
Gly® residue in 4 resulted in the cyclic tetrapeptide
analogue 9 containing a 12-membered ring structure. In
comparison with parent peptide 2, the latter compound
showed 3 times lower u receptor affinity and 5 times lower
potency in the GPI assay. This compound retained &
receptor affinity comparable to that of analogue 4 and
displayed a full agonist effect in the MVD assay which,
as in the case of compound 5, was due to interaction with
both u and & receptors. These results suggest that the
relative spatial disposition of the Tyr! moiety and the
2-Nal®side chain plays a crucial role for signal transduction.

In comparison with parent peptide 2, the cyclic caso-
morphin analogue with Trp substituted in the 3-position
(compound 8) showed about half the affinity at the u
receptor and equal é affinity. Previously, it had beenshown

—
that substitution of Phe? in H-Tyr-D-Cys-Phe-D-Pen-OH
with Trp was also well tolerated at both the x and 6
receptors.? The u and § receptor affinities of analogue 8
are slightly higher than those of the 2-Nal3- and 1-Nal3-
containing peptides 4 and 5. In the GPI assay, 8 was a
potent u agonist, and its full agonist effect in the MVD
assay was again characterized by a u and 6 component.

None of the cyclic casomorphin analogues modified in
the 3-position showed increased u receptor selectivity in
comparison with the corresponding parent peptides 1 and
2. Furthermore, our results suggest that alteration of the
electronic, steric, and lipophilic properties in the 3-position,
as achieved by replacement of the Phe residue with 1-Nal,
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2-Nal, or Trp, is tolerated at both receptors with regard
torecognition and binding. However, substitution of 2-Nal
inthe 3-position of the cyclic pentapeptides affected signal
transduction, resulting in two mixed u agonist/é antago-
nists (4 and 6) and two compounds with partial § agonist
properties (3 and 7).

In the GPI assay, all analogues showed K, values for
naloxone as antagonist in the range 1-3 nM (data not
shown). Such low K, values are typical for u receptor
interactions and rule out an additional interaction with x
receptors, since x receptor interactions would be charac-
terized by much higher K, values.!® In agreement with
these results, none of the compounds displayed significant
affinity for x receptors in the guinea-pig-brain-membrane-
binding assay at concentrations up to 20 uM.

Conformational Analysis by 'H NMR Spectros-
copy and Molecular Modeling. The conformations of
analogues 2, 4, and 5 were studied in DMSO-dg by 1- and
2-dimensional NMR techniques and theoretical confor-
mational analysis (detailed manuscript in preparation).
Complete assignment of all proton resonances was achieved
using COSY, TOCSY, and ROESY experiments. None of
the three peptides showed NOEs between C*H protons as
evidence for the existence of a cis peptide bond, and no
chemical exchange cross peaks were observed in the
TOCSY and ROESY spectra. These resultsindicated that
the average preferred solution conformation of all three
peptides is characterized by all-trans peptide bonds. The
results of a molecular mechanics study revealed that in all
D-Pro* peptides, the trans Xaa-D-Pro peptide bond was
energetically favored.

Temperature-dependence studies of the amide proton
chemical shifts indicated the existence of solvent-inac-
cessible amide protons. In the case of small peptides, a
low temperature coefficient (-Ad/AT < 2.5 ppb/K) is
usually taken as evidence for participation in an intramo-
lecular hydrogen bond.?2 For analogue 2, NH temperature
gradients indicative of hydrogen bonds were obtained for
the D-Orn (N2H), D-Orn (N°H), Phe, and Gly residues,
whereas the Tyr amino protons showed a nonlinear
dependence. In the case of analogue 4, the NH; proton
signals of Tyr and the amide protons of D-Orn (N2H),
D-Orn (N°H), and 2-Nal showed low temperature coef-
ficients, whereas the Gly-NH exhibited an intermediate
value (2.9 ppb/K). With compound 5,low NH temperature
gradients were observed for the D-Orn (N°H) and Gly
residues, whereas Tyr, D-Orn (N*H), and 1-Nal showed
gradients in the medium range. Analysis of these results
by comparison with low-energy conformers obtained in a
molecular mechanics study (see below) suggested that
analogues 2 and 4 had similar backbone conformations,
both being stabilized by Tyr!-CO--NH-Phe? (or 2-Nal®)
and D-Orn2-CO--NH?-D-Orn? hydrogen bonds. The same
type of analysis indicated that peptide 5 was characterized
by Tyr!-CO.-NH-1-Nal® and D-Pro*CO--NH?-D-Orn?
hydrogen bonds. ROESY experiments revealed NOEs
between the Phe-2H and the pD-Pro-C*H/D-Pro-C*H in 2
and between the 1H, 3H, and 7H of 2-Nal and the C*H,
CPH, and C’H of Pro in 4. These NOEs were indicative
of a close proximity between the aromatic moiety of the
3-position residue and the pyrrolidine ring of the D-Pro*
residue in these two compounds. Interestingly, no NOEs
between the aromatic protons of 1-Nal® and the pyrrolidine
ring protons of D-Pro were observed with analogue 5. These
results indicate that the side-chain orientation of the 1-Nal?
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Figure 1. Stereoviews of the proposed solution conformations of cyclic casomorphin analogues 2 (top), 4 (middle), and 5 (bottom).

residue in 5 differs from that of the aromatic 3-position
residue in compounds 2 and 4.

About 500 stable conformations within an energy range
of 7 keal/mol were obtained for each peptide, based on
theoretical calculations using force field methods. The
comparison of all calculated low-energy conformations with
various 1H NMR parameters, such as NOE distance
constraints, hydrogen bonds, and torsion angles, led to
proposals for the solution conformation of analogues 2, 4,
and 5 (Figure 1). Although none of these structures was
the energetically most stable one, they were all found to
be within 5 kcal/mol above the energy minimum. In
correspondence with the experimental NMR conditions,
molecular dynamics simulations were performed at 300 K
for the structures consistent with the NMR data in a box
of 486 DMSO molecules using periodic boundary condi-
tions. During the simulation time of 40 ps, the overall
conformation of all compounds remained nearly constant
except for small periodic fluctuations of the flexible
tyrosine and phenylalanine or naphthylalanine side chains.

Conclusions

Structure—-activity studies based on replacement of Phe?
in the cyclic casomorphin analogue H-Tyr-c[-D-Orn-Phe-
D(or L)-Pro-Gly-] with amino acid residues containing more
extended aromatic ring systems in the side chain resulted

in the discovery of a new class of mixed u agonist/é
antagonists. The key compound turned out to be the
2-Nal3, D-Pro* analogue 4 which was a potent u agonist in
the GPI assay and a moderately potent § antagonist in the
MVD assay. The first reported and only other known
example of a mixed x agonist/é antagonist is the tetra-
peptide analogue TIPP-NH,? which, in comparison with
H-Tyr-c[-D-Orn-2-Nal-D-Pro-Gly-1, is a4 times less potent
wagonist and a 20 times more potent 6 antagonist. Onthe
basis of the results of a recent study,2 mixed u agonist/é
antagonists are thought to have considerable potential as
analgesics that do not produce tolerance and dependence.
Further efforts are required to improve the p agonist
component of TIPP-NH; and the § antagonist component
of H-Tyr-c[-D-Orn-2-Nal-D-Pro-Gly-] through structural
modifications.

Within the series of the 2-Nal3-containing cyclic ana-
logues, a 15-membered peptide ring structure was found
to be optimal for the manifestation of § antagonism.
Expansion of the peptide ring (compound 6) produced a
decrease in & antagonist potency, and ring size reduction
(compounds 7) led to a partial restoration of § agonism.
Conformational analysis by NMR spectroscopy in con-
junction with molecular mechanics studies indicated that
parent peptide 2 and the 2-Nal® analogue 4 had a similar
backbone conformation and the same side-chain orien-
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tation at the 3-position. These results suggest that the §
antagonist properties of 4 may not be due to a difference
in its overall conformation as compared to 2 but rather
may be the result of a direct interference of the 2-naphthyl
moiety per se at the receptor-binding site preventing
proper alignment of the peptide such as required for signal
transduction. The GPI and MVD data obtained with the
peptide H-Tyr-c[-D-Orn-1-Nal-D-Pro-Gly-1 (5) can be
interpreted to indicate that this compound may have a
higher intrinsic activity at the u receptor than analogue
4. In comparison with 4, the naphthyl moiety of 5 is
attached differently to the 8-carbon of the 3-position side
chain and was shown by 'H NMR spectroscopy to assume
a different orientation relative to the rest of the peptide
molecule. These results confirm the crucial importance
of aromatic moieties in receptor ligands for signal trans-
duction. '

Experimental Section

General Methods. Melting points were determined on a micro
hot plate according to BOETIUS and are uncorrected. Optical
rotations were measured with a JASCO DIP-370 digital pola-
rimeter. Boc-amino acids were purchased from Bachem Bio-
science. Solvents for the synthesis were of analytical grade and
used without further purification with the exception of DMF,
which was distilled from ninhydrin and stored under N,. TLC
was performed on precoated silica gel plates 60F-254 (E. Merck,
Darmstadt, FRG) in the following solvent systems (all v/v): (A)
chloroform/MeOH (9/1), (B) benzene/acetone/AcOH (25/10/0.5),
(C) ethyl acetate/pyridine/AcOH/H.0 (90/15/4.5/8.3), (D)
2-BuOH/HCOOH/H:0 (75/15/20), (E) 1-BuOH/AcOH/ethyl
acetate/Hz0 (1/1/1/1), and (F) 1-BuOH/pyridine/ AcOH/H:0 (15/
10/3/12). Peptides were visualized with UV, the ninhydrin spray
reagent, and KI/starch. The HPLC system GOLD (Beckman)
consisting of a programmable solvent module 126 and a diode
array detector module 168 was used for the purification and the
purity control of the peptides. Recording and quantification
were accomplished using the GOLD software. For all analytical
applications, a LiChrospher 100 RP-18e column (250 X 4 mm,
5-um particle size) from E. Merck, Darmstadt, FRG, was used.
The solvents were of HPLC grade and were filtered and degassed
prior to use. HPLC was carried out using a gradient made up
from two solvents: (A) 0.1% TFA in water and (B) 0.1% TFA
in acetonitrile. The analytical determinations were performed
with a linear gradient of 20-50% B over a period of 25 min as
well as under isocratic conditions with 22% B at a flow rate of
1.5 mL/min, absorptions being measured at both 216 and 280 nm
(Table 1, HPLC systems I and IT). Preparative reversed-phase
HPLC was carried out on a LiChrospher 100 RP-18¢ column
(250 X 25 mm, 10-um particle size) with a linear gradient of
20-60% B over 60 min at a flow rate of 12 mL/min. The
cyclization reaction was monitored by using the following HPLC
conditions (HPLC solvent system III): LiChrospher 100 RP-18e
column, linear gradient 30-80% B over 25 min, flow rate 1.5 mL/
min, detection at 216 nm. Peptides (0.2 mg) were hydrolyzed for
amino acid analysis in 6 N HCl] containing a small amount of
phenol for 24 h at 110 °C in deaerated tubes. The samples were
analyzed after precolumn derivatization as PITC amino acids on
a Supelco LC-18DB column (250 X 4 mm, 5 um) at 245 nm (M.
Boni, BioChem ImmunoSystems, Montreal, Quebec). Molecular
weights of the peptides were determined by FAB mass spec-
trometry on an MS-50 HMTCTA mass spectrometer interfaced
with a DS-90 data system (Drs. M. Evans and M. Bertrand,
Department of Chemistry, University of Montreal).

Peptide Synthesis. Mixed Anhydride Method. Method
A. NMM (1 equiv) was added to a stirred solution of 0.2-3 mmol
of Boc-protected amino acid in THF. The mixture was cooled
to -15 °C, treated with IBCF (1 equiv), and allowed to react for
3-4min. Subsequently, the amino component in the form of the
peptide hydrochloride (1 equiv) was added followed by NMM (1
equiv). Stirring proceeded for 30 min at -15 °C, and then the
mixture was allowed to reach room temperature. The solvent
was removed in vacuo, and the residual oil was dissolved in 150
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mL of EtOAc. Theresultingsolution was extracted consecutively
with brine, 5% KHSO,, brine, saturated NaHCO3, and brine.
The organic phase was dried (MgSO,), filtered, and evaporated
to dryness. The residue was crystallized from appropriate
solvents,

Cyclization Reaction. Method B. The Boc-protected cy-
clization precursor (0.1-0.3 mmol) was dissolved in 20 mL of
DMF and added to a cold solution (25 °C) of DMF (final peptide
concentration 1 mM) containing NMM (1 equiv) and DPPA (2
equiv). The solution was continuously stirred at -25 °C, and
progress of the reaction was monitored by HPLC (see General
Methods). Every 24 h, additional NMM and DPPA (1 equiv)
were added and the reaction was allowed to continue until peptidic
starting material could no longer be detected. The solvent was
then removed under reduced pressure (bath temperature 25 °C),
and the obtained residue was triturated 3 times with PE. The
precipitate was dissolved in EtOAc, and the resulting solution
was extracted with brine, dried over MgSOy, finally filtered, and
evaporated to dryness. The protected cyclic peptides were
crystallized from EtOAc/DIPE.

Deprotection Procedures. Method C. The Boc-protected
peptide (0.3—-3 mmol) was treated with 1.1 N HCl/AcOH (3 equiv)
for 30 min at room temperature. The solvent was evaporated in
vacuo at 20 °C, and the residue was precipitated with dry ethyl
ether. Crude products were crystallized from EtOH/ether or
EtOH/DIPE.

Method D. Hydrogenations were carried out in aqueous
MeOH under atmospheric pressure and at room temperature in
the presence of Pd black using a peptide to catalyst ratio of 3:1.
After complete removal of the benzyl-type protecting groups as
monitored by TLC, the solution was filtered, the filtrate was
concentrated in vacuo, and the residue was crystallized from
EtOH/ether.

Method E. The Boc-protected cyclic peptides were depro-
tected usingaqueous 95% TFA containing thioanisole (3% ) under
stirring and cooling with ice. After evaporation in vacuo, the
peptide TFA salts were obtained by crystallization from EtOH/
ether.

Boc-2-Nal-D-Pro-Gly-ONb (11). According to method A,
Boc-2-Nal-OH (3 mmol) was reacted with H-D-Pro-Gly-
ONb*HCI3 (3 mmol). Crude 11 was crystallized from EtOAc/
DIPE (76%): mp 93-95 °C; [«]?®p +36.8° (¢ 1.0, MeOH); TLC
R/A 0.65, RB 0.35, RC 0.84.

Boc-D-Orn(Z)-2-Nal-D-Pro-Gly-ONb (13). Asdescribed in
method A, Boc-D-Orn(Z)-OH (0.93 mmol) was reacted with H-2-
Nal-D-Pro-Gly-ONb*HCl (obtained from 11 by using deprotection
procedure C), yielding 13 after crystallization from DIPE (80%):
mp 74-76 °C; [a]®p +31.9° (¢ 1.0, MeOH); TLC R/A 0.50, RB
0.26, RC 0.91.

Boc-Tyr(tBu)-D-Orn(Z)-2-Nal-D-Pro-Gly-ONb (15). Boc-
Tyr(tBu)-OH (0.59 mmol) and H-D-Orn(Z)-2Nal-D-Pro-Gly-
ONb*HC], obtained from 13 by deprotection using method C,
were coupled (method A) to yield 15 after crystallization from
DIPE (85%): mp 96-99 °C; [«]%p +28.4° (¢ 1.0, MeOH); TLC
RA 0.72, RB 0.30, RC 0.93.

Boc-Tyr(tBu)-D-Orn-2-Nal-D-Pro-Gly-OH (17). Hydro-
genation of 18 (0.48 mmol) was carried out by using method D.
Compound 17 was obtained after precipitation from a methanolic
solution with dry ether (77%): mp 163-166 °C; [a]®®p +47.8° (¢
1,0,MeOH); TLC R/E 0.67, R/F 0.64; k' (HPLC system III) 12.05.

Boc-Tyr(tBu)-¢[-D-Orn-2-Nal-D-Pro-Gly-] (19). Com-
pound 17 (0.36 mmol) was treated for 96 h as described in method
B, yielding the cyclic peptide 19 after crystallization from EtOAc
(84%): k' (HPLC system III) 14.55 (98% purity); FAB-MH*
785.

Boc-2-Nal-Pro-Gly-ONb (12). According tomethod A, Boc-
2-Nal-OH (3 mmol) was coupled with H-Pro-Gly-ONb*HCI1'2 (3
mmol). Crude 12 wasobtained from EtOAc/DIPE/hexane (74%)
as an amorphous product: mp 58-65 °C; [a]®p -17.7° (¢ 1.0,
MeOH); TLC R/A 0.65, R/B 0.35, R.C 0.83.

Boc-D-Orn(Z)-2-Nal-Pro-Gly-ONDb (14). As described in
method A, Boc-D-Orn(Z)-OH (0.9 mmol) was reacted with H-2-
Nal-Pro-Gly-ONb*HCI (prepared from 12 using deprotection
method C), yielding 14 after crystallization from DIPE (78%):
mp 101-103 °C; [«]®p -16.4° (¢ 1.0, MeOH); TLC R/A 0.45, R;B
0.24, RC 0.89.
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Boe-Tyr(tBu)-D-Orn(Z)-2-Nal-Pro-Gly-ONb (16). Boc-
Tyr(tBu)-OH (0.58 mmol) and H-p-Orn(Z)-2-Nal-Pro-Gly-
ONb*HClI (from 14 by deprotection with method C) were coupled
using method A to yield 16 after crystallization from EtOH
(72%): mp 150-152 °C; [a]?p -8.2° (¢ 1.0, MeOH), TLC RA
0.72, RB 0.24, RC 0.92.

Boc-Tyr(tBu)-D-Orn-2-Nal-Pro-Gly-OH (18). Compound
16 (0.48 mmol) was deprotected (method D) to yield 18 after
precipitation from MeOH with dry ether (82%): mp 166-169
°C; [a]®p-5.4° (¢ 1.0, MeOH); TLC R/E 0.66, R/F 0.68; k' (HPLC
system IIT) 10.15.

Boe-Tyr(tBu)-c[-D-Orn-2-Nal-Pro-Gly-] (20). Compound
18 (0.27 mmol) was treated for 110 h according to method B,
yielding the cyclic peptide 20 and its cyclic dimer (monomer/
dimerratio 3:1) after crystallization from EtOAc (92%): k' (HPLC
system III) 12.72 (monomer), 21.2 (dimer).

Boc-1-Nal-D-Pro-Gly-ONb (21). According to method A,
Boc-1-Nal-OH (1.45 mmol) was reacted with H-D-Pro-Gly-
ONDb*HCI* (1.45 mmol). Crude 21 was crystallized from CHp-
Cly/ether/PE (70%): mp 56-60 °C; [a]20p +79.0° (¢ 1.0, MeOH);
TLC RA 0.68, BB 0.33.

Boe-D-Orn(Z)-1-Nal-p-Pro-Gly-ONb (23). Using method
A, Boc-D-Orn(Z)-OH (0.71 mmol) was coupled with H-1-Nal-D-
Pro-Gly-ONb*HCI (obtained from 21 according to deprotection
procedure C), yielding 23 after crystallization from EtOAc/DIPE
(82%): mp 76-79 °C; [a]®p +60.5° (c 1.0, MeOH); TLC RA
0.69, R/B 0.38.

Boe-Tyr(tBu)-D-Orn(Z)-1-Nal-pD-Pro-Gly-ONb (25). Boc-
TyrtBu)-OH (0.5 mmol) and H-p-Orn(Z)-1-Nal-D-Pro-Gly-
ONb*HCI, obtained from 23 by deprotection method C, were
coupled (method A) to yield 25 after crystallization from DIPE
(71%): mp 87-90 °C; [«]?p +60.0° (¢ 1.0, MeOH); TLC RA
0.70, BB 0.34.

Boc-Tyr(tBu)-D-Orn-1-Nal-D-Pro-Gly-OH (27). Hydro-
genation of 25 (0.36 mmol) (method D) and crystallization from
EtOH/ether afforded compound 27 (81%): mp 181-185°C; [a]®y
+92.2° (¢ 1.0, MeOH); TLC R/D 0.43, R/F 0.55; k' (HPLC system
III) 11.93.

Boc-Tyr(tB}l)-c[-D-Orn-l-Nal-D-Pro-Gly-] (28). Com-
pound 27 (0.28 mmol) was treated according to method B (reaction
time 100 h), yielding cyclic peptide 28 after crystallization from
EtOAc/DIPE (96%): k' (HPLC system III) 13.81 (94 % purity);
FAB-MH* 785.

Boc-D-Lys(Z)-2-Nal-D-Pro-Gly-ONb (29). Usingmethod A,
Boc-D-Lys(Z)-OH (0.71 mmol) was coupled with H-2-Nal-D-Pro-
Gly-ONb*HC] (obtained from 11 according to deprotection
procedure C), yielding 29 after crystallization from EtOAc/DIPE
(92%): mp 62-64 °C; [a]®p +67.4° (¢ 1.0, MeOH); TLC RA
0.66, R/B 0.35.

Boc-Tyr(tBu)-D-Lys(Z)-2-Nal-p-Pro-Gly-ONb (30). Boc-
TyrtBu)-OH (0.55 mmol) and H-D-Lys(Z)-2-Nal-D-Pro-Gly-
ONDb*HCI, obtained from 29 by using deprotection method C,
were coupled (method A). Compound 30 was secured by
crystallization from DIPE (74%): mp 98-100 °C; [«]®p +58.2°
(c 1.0, MeOH); TLC R/A 0.83, R/B 0.31.

Boc-Tyr(tBu)-D-Lys-2-Nal-D-Pro-Gly-OH (31). Hydroge-
nation of 30 (0.40 mmol) was carried out by using method D.
Compound 31 was obtained after crystallization from EtOH/
ether (81%): mp 172-174 °C; [a]?p +62.3° (¢ 1.0, MeOH); TLC
R/D 0.39, R/F 0.53; k' (HPLC system III) 11.88.

Boc-Tyr(tBu)-c[-D-Lys-2-Nal-p-Pro-Gly-1(32). Compound
31 (0.31 mmol) was treated for 96 h according to method B,
yielding cyclic peptide 31 after crystallization from EtOAc¢/DIPE
(90%): k’ (HPLC system IIT) 13.20 (97% purity); FAB-MH*
799.

Boc-D-Az;bu(Z)-2-Nal-p-Pre-Gly-ONb (33). Using method
A, Boc-Azbu(Z)-OH (0.58 rumol) ‘was veacted with H-2-Nal-D-
Pro-Gly-ONb*HCI (obtained from 11 according to deprotection
procedure C), yielding 33 after crystallization from EtOAc¢/DIPE/
PE (80%): mp 89-92°C; [a]?p +62.2° (¢ 1.0, MeOH); TLC RA
0.67, R/B 0.48.

Boc-Tyr(tBu)-D-Az;bu(Z)-2-Nal-D-Pro-Gly-ONb (34). Ap-
plying method A, Boc-Tyr(tBu)-OH (0.33 mmol) and H-p-A;-
bu(Z)-2-Nal-p-Pro-Gly-ONb*HC], obtained from 33 by depro-
tection method C, were coupled to yield 34 after crystallization
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from CH,Clo/DIPE/PE (82%): mp 113-115 °C; [a]?p +59.5 ©
(c 1.0, MeOH); TLC RA 0.67, BB 0.43.

Boc-Tyr(tBu)-D-Azbu-2-Nal-D-Pro-Gly-OH (35). Hydro-
genation of 34 (0.23 mmol) (method D) afforded compound 35
after crystallization from EtOH/ether/PE (88%): mp 182-185
9C; [a]®p +62.9° (c 1.0, MeOH); TLC R/E0.73, R/F 0.51; k' (HPLC
system III) 12.76.

Boc-Tyr(tBu)-c[-D-Asbu-2-Nal-D-Pro-Gly-] (86). Com-
pound 35 (0.19 mmol) was treated for 100 h according to method
B. Cycli¢ peptide 36 was isolated after crystallization from
EtOAc/DIPE/hexane (87%): k' (HPLC system III) 14.93 (92%
purity); FAB-MH* 771.

Boc-Trp-D-Pro-Gly-ONDb (37). Using method A, Boc-Trp-
OH (1.0 mmol) was reacted with H-D-Pro-Gly-ONb*HCI!2 (1.0
mmol). Crude 387 was crystallized from EtOAc (66%): mp 176-
177-°C; [a]%p +54.7° (c 1.0, MeOH); TLC R/A 0.44, R/B 0.29.

Boc-D-Orn(Z)-Trp-D-Pro-Gly-ONb(38). Accordingtometh-
od A, Boc-D-Orn(Z)-OH (0.55 mmol) was coupled with H-Trp-
D-Pro-Gly-ONb*HCl (obtained from 37 according to deprotection
procedure C), yielding 38 after crystallization from EtOAc/DIPE/
hexane (60%): mp 96-98 °C; [a]?p +42.7° (¢ 1.0, MeOH); TLC
RA 0.55, BB 0.21.

Boc-Tyr(tBu)-D-Orn(Z)-Trp-D-Pro-Gly-ONb (39). Using
method A, Boc-Tyr(tBu)-OH (0.27 mmol) and H-p-Orn(Z)-Trp-
D-Pro-Gly-ONb*HC], obtained from 38 applying method C, were
coupled to yield 39 after crystallization from DIPE (80%): mp
97-99 °C; [a]®p +25.7° (c 1.0, MeOH); TLC R/A 0.63, R/B 0.26.

Boc-Tyr(tBu)-D-Orn-Trp-D-Pro-Gly-OH (40). Hydroge-
nation of 39 (0.20 mmol) (method D) and crystallization from
EtOH/etherafforded compound 40 (80% ): mp 208~211°C; [«]?%p
+53.3° (¢ 1.0, DMF); TLC R/D 0.43, R/F 0.55; k' (HPLC system
I1I) 10.17.

Boc-Tyr(tBu)-¢[-D-Orn-Trp-D-Pro-Gly-] (41). Compound
40 (0.28 mmol) was treated according to method B (cyclization
time 48 h), yielding cyclic peptide 41 after crystallization from
EtOAc/DIPE (85%): k' (HPLC system III) 11.44 (93% purity);
FAB-MH* 774.

Boc-2-Nal-D-Pro-OBzl (42). According to method A, Boc-
2-Nal-OH (1.20 mmo]) was reacted with H-pD-Pro-OBzI*HCl
(Bachem) (1.20mmol). Crude 42was obtained after precipitation
from CH,Cl; with DIPE as an amorphous product (77%): [a]%p
+35.7° (¢ 1.0, MeOH); TLC R/A 0.71, R;B 0.68.

Boc-D-Orn(Z)-2-Nal-p-Pro-OBzl (43). Using method A,
Boc-D-Orn(Z)-OH (0.50 mmol) was coupled with H-2-Nal-D-Pro-
OBzI*HCl (obtained from 42 according to deprotection procedure
C), yielding 43 after crystallization from CHClyDIPE/PE
(80%): mp 65~68 °C; [a]®p +486.5° (¢ 1.0, MeOH); TLC RA
0.56, R/B 0.29.

Boc-Tyr(tBu)-p-Orn(Z)-2-Nal-pD-Pro-OBzl (44). Accord-
ing to method A, Boc-Tyr(tBu)-OH (0.34 mmol) and H-D-Orn-
(Z)-2-Nal-D-Pro-OBzI*HC], obtained from 43 by using method
C, were coupled to yield 44 after crystallization from CH,Cly/
DIPE/PE (82%): mp 126-129 °C; [a]®p +45.0° (¢ 1.0, MeOH);
TLC R/A 0.71, R/B 0.50.

Boc-Tyr(tBu)-D-Orn-2-Nal-D-Pro-OH (45). Hydrogenation
of 44 (0.27 mmol) (method D) and crystallization from EtOH/
ether yielded compound 45 (82% ): mp 188-190°C; [a]20p +40.4°
(c 1.0, MeOH); TLC R/D 0.52, R/F 0.61; k&’ (HPLC system III)
14.12.

Boc-Tyr(tBu)-c[-D-Orn-2-Nal-p-Pro-] (46). Compound 45
(0.20 mmol) was treated for 60 h according to method B. A
mixture of the cyclic monomer 46 and of the cyclodimer
(monomer/dimer ratio-85:15) was obtained after crystallization
from EtOAc¢/DIPE (87%): k’ (HPLC system III) 17.25 (mono-
mer), 26.15 (dimer).

Compounds 3-9. The final products 3-9 were obtained after
deprotection of the appropriate precursor molecules according
to method E.. Crude peptides were purified by preparative RP-
HPLC as described in General Methods. Analytical data are
summarized in Table 1.

Receptor-Binding Assays and Bioassays. The opioid-
receptor-binding assays were performed as reported in detail
elsewhere.?? Binding affinities for the x and & opioid receptors
were determined by displacing respectively [FHIDAMGO (Am-
ersham) and [SH]DSLET (New England Nuclear) from rat brain
membrane preparations, and « opioid receptor affinities were



Cyclic 8-Casomorphin Analogues

measured by displacement of [PH]U-69,593 (New England
Nuclear) from guinea pig brain membranes. Incubations were
performed for 2 h at 0 °C with [*(H]DAMGO, [*H]DSLET, and
[¥H]U-69,593 at respective concentrations of 0.72, 0.78, and 0.80
nM. ICs values were obtained from the dose-displacement
curves, and the K values were calculated from the ICy values
by means of the equation of Cheng and Prusoff,® using values
of 1.3, 2.6, and 2.9 nM for the dissociation constants of [3H]-
DAMGO, [*HIDSLET, and [*H]U-69,593, respectively.

In vitro opioid activities of the compounds were tested in the
GPI?* and MVD? bioassays as reported in detail elsewhere.1%2
Alog dose—response curve was determined with [Leu]Jenkephalin
as standard for each ileum and vas deferens preparation, and
ICs values of the compounds being tested were normalized
according to a published procedure.?” K, values for the antago-
nists were determined from the ratio of ICs values obtained in
the presence and absence of a fixed antagonist concentration, as
described in the literature.? Antagonist concentrations used
were as follows: naloxone,5nM; compound 4, 500 nM; compound
6, 1000 nM; and TIPP, 30 nM.

NMR Experiments. NMR samples were prepared by dis-
solving around 5 mg of the appropriate peptide (concentration
~10 mM) in H;0 and adjusting the pH of the solution to 4.0.
After lyophilization and drying, the samples were dissolved in
DMSO0-ds (>99.9% D, CIL, MSD), filtered into 5-mm tubes, and
degassed by four freeze-pump-thaw cycles. 'H NMR spectra
were measured on a Varian VXR-400S spectrometer operating
at 400 MHz and equipped with a Sun 3-160 computer. All
experiments were carried outat 308 K. Temperature coefficients
(-Ad/AT) weredetermined from spectra collected at temperatures
ranging from 20 to 70 °C. Resonance assignments were made by
analysis of the 2D H,H-COSY,? 2D TOCSY,¥* and 2D ROESY*
spectra. The TOCSY and ROESY spectra were recorded in the
phase-sensitive mode.3%33

The TOCSY experiments employed the MLEV-17 sequence®
for the spin—lock with a mixing time of 80 ms; 512 FID’s of 2K
data points, 32 scans each, were accumulated. In ws, the data
were processed using the =/2-shifted sine-bell squared window.
In w,, the resulting FID’s were zero filled to 1K and multiplied
with a 7/2-shifted squared sine bell.

The ROESY experiments were carried out using mixing times
of 300-400 ms. Typically, 512 FID’s of 4K data points, 32 scans
each, were accumulated. In wg, the data were processed using a
«/2-shifted squared sine-bell window. =/2-shifted squared sine-
bell multiplication and zero filling to 2K in w, were applied.

Molecular Modeling. Alltheoretical conformational analyses
were performed by using the molecular modeling program SYBYL
5.4 and 5.5 (Tripos Associates, St. Louis, MO) on an Evans and
Sutherland workstation 10 and a VAXstation 3500 connected to
an Evans and Sutherland PS330 computer graphics display
terminal. The Tripos force field was used for energy calcula-
tions.35 Partial charges were calculated according to Gasteiger
and Marsili,® and a distance-dependent dielectric constant of ¢
= 4D was employed. All molecules were studied in the N-
protonated form.

A stepwise procedure was used to determine low-energy
conformations of the peptides studied. Inthefirststep,the “bare”
ring structures, containing only the atoms directly attached to
thering, and their associated hydrogen atoms were constructed.?’
An extensive systematic search was performed on all rotatable
bonds, allowing for both trans and cis peptide bonds around the
proline residue. Ring closure was obtained by allowing a bond-
length variation of 0.3 A and a valence-angle variation of 15°
around the ring-closure bond. To eachlow-energyring structure
obtained, the Tyr! residue and the 3-position side chain were
added, and a systematic search was performed on all rotatable
exocyclic bonds using a 30° grid over all space. Conformations
that were within 7 keal/mol of the minimum-energy structure
were grouped into families based on similarity of their dihedral
angles, and the lowest energy member of each conformational
family was extensively minimized.

Acknowledgment. The authors thank Dr. Brian
Wilkes for many helpful discussions. The work was
supported by operating grants from the Medical Research

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 8 1143

Council of Canada (MT-5655 and MT-10131), the National
Institute on Drug Abuse (DA-04443), and the Deutsche
Forschungsgemeinschaft.

Supplementary Material Available: Complete tabulation
of chemical shifts, temperature dependencies of NH chemical
shifts, and proton—proton distances (calculated from ROESY
spectra) of compounds 2, 4, and § and tabulation of torsional
angles, intramolecular distances, and relative energies of the
proposed conformations of analogues 2, 4, and § (11 pages).
Ordering information is given on any current masthead page.

References

(1) Symbolsand abbreviations arein accordance with recommendations
of the IPUAC-IUB Joint Commission on Biochemical Nomencla-
ture: Nomenclature and Symbolism for Amino Acids and Peptides.
Biochem. J. 1984, 219, 345-373. The other abbreviations are as
follows: Agbu, 2,4-diaminobutyric acid; Boc, tert-butoxycarbonyl;
[D-Ala?}deltorphin, I, H-Tyr-p-Ala-Phe-Asp-Val-Val-Gly-NH;;
DAMGO, H-Tyr-D-Ala-Gly-MePhe-Gly-ol; DIPE, diisopropyl ether;

—

DPDPE, H-Tyr-D-Pen-Gly-Phe-D-Pen-OH; DPPA, diphenyl phos-

phorazidate; DSLET, H-Tyr-p-Ser-Gly-Phe-Leu-Thr-OH; GPI,

guinea pig ileum; IBCF, isobutyl chloroformate; MVD, mouse vas
deferens; Nal, naphthylalanine; NMM, N-methylmorpholine; OBzl,
benzyl ester; ONb, p-nitrobenzyl ester; Orn, ornithine; PE,
petroleum ether; Pen, penicillamine; PITC, phenyl-isothiocyanate;

TFA, trifluoroacetic acid; Tic, 1,2,3,4-tetrahydroisoquinoline-3-

carboxylic acid; TIPP, H-Tyr-Tic-Phe-Phe-OH; tBu, tert-butyl;

U69,593, (5¢,7a,88)-(-)-N-methyl-N-(7-pyrrolidinyl-1-oxaspiro-

[4.51dec-8-yl)benzeneacetamide; Z, benzyloxycarbonyl,

Abdelhamid, E. E.; Sultana, M.; Portoghese, P. S.; Takemori, A.

E. Selective Blockage of Delta Opioid Receptors Prevents the

Development of Morphine Tolerance and Dependence in Mice. J.

Pharmacol. Exp. Ther. 1991, 258, 299-303.

(3) Schiller, P. W.; Nguyen, T. M.-D.; Weltrowska, G.; Wilkes, B. C.;
Marsden, B. J.; Lemieux, C.; Chung, N. N. Differential Stereo-
chemical Requirements of u vs. 8 Opioid Receptors for Ligand
Binding and Signal Transduction: Development of a Class of Potent
and Highly 4-Selective Peptide Antagonists. Proc. Natl. Acad.
Sci. U.S.A. 1992, 89, 11871-11875.

(4) Schiller, P, W.; DiMaio, J. Opiate Receptor Subclasses Differ in
their Conformational Requirements. Nature (London) 1982, 279,
74-176.

(5) Schiller, P. W. Development of Receptor-Specific Opioid Peptide
Analogs. In Progress in Medicinal Chemistry; Ellis, G. P., West,
G. B, Eds.; Elsevier Science Publishers: Amsterdam, 1991; Vol.
28, pp 301-340.

(6) Hruby, V. J.; Gehring, C. A. Recent Developments in the Design
of Receptor Specific Opioid Peptides. Med. Res. Rev. 1989, 9, 343~
401.

(7) Mierke, D. F.; Said-Nejad, O. E.; Schiller, P, W.; Goodman, M.
Enkephalin Analogues Containing 8-Naphthylalanine in the Fourth
Position. Biopolymers 1990, 29, 179-196.

(8) Schiller, P. W.; Weltrowska, G.; Nguyen, T. M.-D.; Lemieux, C.;
Chung, N. N.; Marsden, B. J.; Wilkes, B. C. Conformational
Restriction of the Phenylalanine Residuein a CyclicOpioid Peptide
Analogue: Effect on Receptor Selectivity and Stereospecificity.
J. Med. Chem. 1991, 34, 3125-3132.

(9) Heyl, D. L.; Mosberg, H. Modification of the Phe? Moiety in Delta
Receptor-Selective Dermorphin/Deltorphin-Related Tetrapeptides.
Int. J. Pept. Protein Res. 1992, 39, 450-457.

(10) DiMaio, J.; Nguyen, T. M.-D.; Lemieux, C.; Schiller, P. W, Synthesis
and Pharmacological CharacterizationIn Vitro of Cyclic Enkephalin
Analogues: Effects of Conformational Constraints on Opiate
Receptor Selectivity. J. Med. Chem. 1982, 25, 1432-1438.

(11) Schmidt, R.; Neubert, K.; Barth, A.; Liebmann, C.; Schnittler, M.;
Chung, N. N.; Schiller, P. W. Structure-Activity Relationships of
Cyclic 8-Casomorphin-5 Analogues. Peptides 1991,12,1175-1180.

(12) Rithrich, H.-L.; Grecksch, G.; Schmidt, R.; Neubert, K. Linear
and Cyclic 8-Casomorphin-5 Analogs with High Analgesic Activity.
Peptides 1992, 13, 483-485.

(13) Hartrodt, B.; Neubert, K.; Matthies, H.; Rekowski, P.; Kuprysze-
wski, G.; Barth, A. Optimierung der Synthese von $-Casomorphin-
5. (Optimization of the 8-Casomorphin-5 Synthesis.) Pharmazie
1985, 40, 201.

(14) Schmidt, R.; Neubert, K. Cyclization Studies with Tetra- and
Pentapeptide Sequences Corresponding to 3-Casomorphins. Int.
J. Pept. Protein Res. 1991, 37, 502-507.

(15) Tesser, G. I; van Nispen, J. W. Note on the Preparation of L-c,y-
Diaminobutyric Acid. Synth. Commun. 1971, 1, 285-286.

(16) Chavkin, C.; James, I. F.; Goldstein, A. Dynorphin is a Specific
Endogenous Ligand of the x Opioid Receptor. Science (Wash-
ington, D. C.) 1982, 215, 413-415.

(17) Lord, J. A. H.; Waterfield, A. A.; Hughes, J.; Kosterlitz, H. W.
Endogenous Opioid Peptides: Multiple Agonists and Receptors.
Nature (London) 1977, 267, 495-499.

2

~



1144 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 8

(18) Cox,B.M.;Chavkin,C. Comparison of Dynorphin-selective Kappa-
receptors in Mouse Vas Deferens and Guinea Pig Ileum. Mol.
Pharmacol. 1983, 23, 36—43.

(19) Gillan, M. C. G.; Kosterlitz, H. W.; Magnan, J. Unexpected
Antagonism in the Rat Vas Deferens by Benzomorphans which
are Agonists in Other Pharmacological Tests. Br. J. Pharmacol.
1981, 72, 13-15.

(20) Chavkin, C.; Goldstein, A. Reduction in Opiate Receptor Reserve
in Morphine-tolerant Guinea Pig Ileum. Life Sci. 1982, 31, 1687~
1690.

(21) Sharma, S. K.; Klee, W. A.; Nirenberg, M. Opiate-dependent
Modulation of Adenylate Cyclase. Proc. Natl. Acad. Sci. U.S.A.
1977, 74, 3365-3369.

(22) Kessler, H. Conformation and Biological Activity of Cyclic Peptides.
Angew. Chem., Int. Ed. Engl. 1982, 21, 512-523,

(23) Schiller,P.W.; Lipton, A.; Horrobin, D. F.; Bodanszky, M. Unsulfated
C-terminal 7-Peptide of Cholecystokinin: A New Ligand of the
Opiate Receptor. Biochem.Biophys. Res.Commun.1978,85,1332~
1338.

(24) Cheng, Y. C.; Prusoff, W. H. Relationship Between the Inhibition
Constant (K;) and the Concentration of Inhibitor which Causes 50
Per Cent (I5) of an Enzymatic Reaction. Biochem. Pharmacol.
1973, 22, 3099-3102.

(25) Paton, W. D. M. The Action of Morphine and Related Substances
on Contraction and on Acetylcholine Output of Coaxially Stim-
ulated Guinea-Pig Ileum. Br. J. Pharmacol. 1957, 12, 119-127.

(26) Henderson, G.; Hughes, J.; Kosterlitz, H. W. A New Example of
a Morphine Sensitive Neuroeffector Junction. Br. J. Pharmacol.
1972, 46, 764-766.

(27) Waterfield, A. A.; Leslie, F. M,; Lord, J. A. H.; Ling, N.; Kosterlitz,
H. W. Opioid Activities of Fragments of $-Endorphin and of its
Leucine®®-Analogue. Comparison of the Binding Properties of
Methionine- and Leucine-Enkephalin. Eur. J. Pharmacol. 1979,
58, 11-18,

Schmidt et al.

(28) Kosterlitz, H. W.; Watt, A. J. Kinetic Parameters of Narcotic
Agonists and Antagonists with Particular Reference to N-Allyl-
noroxymorphone (Naloxone). Br. J. Pharmacol. 1968, 33, 266-
276.

(29) Aue, W. P.; Bartholdi, E.; Emst, R. R. Two-dimensional Spec-
troscopy. Application to Nuclear Magnetic Resonance. J. Chem.
Phys. 1976, 64, 2229-2246.

(30) Braunschweiler, L.; Ernst, R. R. Coherence Transfer by Isotropic
Mixing. Applicationto Proton Correlation Spectroscopy J. Magn.
Reson. 1983, 53, 521-528.

(31) Bothner-By, A. A,; Stephens, R. L.; Lee, J.; Warren, C. D.; Jeanloz,
R. W. Structure Determination of a Tetrasaccharide: Transient
Nuclear Overhauser Effects in the Rotating Frame. J. Am. Chem.
Soc. 1984, 106, 811-813,

(32) Miller, L.; Ernst, R. R. Coherence Transfer in the Rotating Frame.
Application to Heteronuclear Cross-Correlation Spectroscopy. Mol.
Phys. 1979, 38, 963~-992.

(33) States, D. J.; Haberkorn, R. A,; Ruben, D. J. A Two-dimensional
Nuclear Overhauser Experiment with Pure Absorption Phase in
Four Quadrants. J. Magn. Reson. 1982, 48, 286-292,

(34) Bax, A,; Davis, D. G. MLEV-17-based Two-dimensional Homo-
nuclear Magnetization Transfer Spectroscopy. J. Magn. Reson.
1985, 65, 3556-360. -

(35) Clark, M.; Cramer, R. D., III; Opdenbosh, N. V. Validation of the
General Purpose Tripos 5.2 Force Field. J. Comput. Chem. 1989,
10, 982-1012.

(36) Gasteiger, J.; Marsili, M. Iterative Partial Equalization of Orbital
Electronegativity —~ A Rapid Access to Atomic Charges. Tetra-
hedron 1980, 36, 3219-3228.

(37) Wilkes, B. C.; Schiller, P, W. Theoretical Conformational Analysis
of a u-Selective Cyclic Opioid Peptide Analog. Biopolymers 1987,
26, 14311444,



