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Conformationally restricted deltorphin analogues were synthesized either through incorporation 
of cyclic phenylalanine analogues in position 2 or 3 of the peptide sequence or through various side 
chain-to-side chain cyclizations. Compounds were tested in p, 6-, and K-receptor selective binding 
assays and in the guinea pig ileum (GPI) and mouse vas deferens (MVD) bioassays. Replacement 
of Phe3 in [D-Ala2]deltorphin I with 2-aminoindan-2-carboxylic acid (Aic) or L- or D-2-&Otetr&- 
2-carboxylic acid (Atc) resulted in agonist compounds which retained the high 6 receptor selectivity 
of the parent peptide. Substitution of a tetrahydroieoquinoline-3-carboxylic acid (Tic) residue in 
the 2-position of [~-Ala~ldeltorphin I and of [Phe4,Nle*ldeltorphin produced a partial 6 agonist, 
H-Tyr-Tic-Phe-Asp-Val-Val-Gly-NH2, and a pure 6 antagonist, H-Tyr-Tic-Phe-Phe-Leu-Nle-Asp- 
NHz, respectively. The latter antagonist displayed high 6 selectivity (KiF/K{ = 602) and was a 
potent antagonist against selective 6 agonists in the MVD assay (Ke 10 nM). Various [D-Alaz]- 
deltorphin I analogues cyclized between the side chains of Om (or Lys) and Asp (or Glu) residues 
substituted in positions 2 and 4,4 and 7, and 2 and 7 were essentially nonselective. Comparison 
with corresponding N-terminal tetrapeptide analogues revealed that the C-terminal tripeptide 
segment in the deltorphin heptapeptides made a crucial contribution to 6 affinity and 6 selectivity 
in the case of the agonist peptides but not in the case of the antagonist. 

The development of potent and stable agonists and 
antagonists with high specificity for each of the three major 
opioid receptor classes (p, 6, I) continues to be an important 
goal in opioid pharmacology, even though substantial 
progress has been made in recent years (for recent reviews, 
see refs 3 and 4). The development of highly selective 6 
ligands with agonist or antagonist properties represents 
a particular challenge. Linear analogues of [Leu% 
enkephalin with selectivity for 6 opioid receptors include 
the hexapeptides H-Tyr-D-Ser-Gly-Phe-Leu-Thr-OH 
(DSLET), H-Tyr-D-Thr-Gly-Phe-Leu-Thr-OH (DTLET), 
and H-Tyr-D-Ser(0tBu)-Gly-Phe-Leu-Thr(0tBu)-OH 
(BUBUI.6 Among various prepared cyclic opioid peptide 

'This paper is dedicated to Professor Ralph Hmchmann on the 
occasion of his 70th birthday. 

t Presented in part at the International NarcoticsResearch Conference, 
Noordwijkerhout, The Netherlands, July 8-13,1990 (see ref 2). 
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no)phoephonium hezafluorophoephata; BUBU, H-Tyr-D-Ser(OtBu)-Gly- 
Phe-Leu-Thr(0tBu)-OH, DAMGO, H-Tyr-D Ala-Gly-NaMePhe-Gly-ol; 
DCC, dicyclohexylcarbodiiide; DIEA, diieopropylethylamine; DPDPE, 
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Phe-Phe-OH, TFA, trifluoroacetic acid; U69.693, (~,7~,88)-(-)-N-methyl- 
N- [7-(l-p~olidinyl)-l-ourepuo[4.Sldec-&yllbenzeneacetamide. 
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van Ree, J. M., Mulder, A. H., Wiegant, V. M., van Wimersma Greidanus, 
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analogues, the pentapeptides H-Tyr-DPen-Gly-Phe-Pen- 
OH (DPLPE), H-Tyr-D-Pen-Gly-Phe-D-Pen-OH (DPDPE), 
and H-Tyr-~Pen-Gly-p-ClPhe-~-Pen-OH,L~ and the tet- 

- - 
rapeptide H-Tyr-D-Ch-Phe-DPen-OH8 showed markedly 
improved 6 selectivity. The most potent and most selective 
6 agonists reported to date are three heptapeptides, H-Tyr- 
DMet-Phe-Hie-Leu-MetAsp-NHz (deltorphin), H-Tyr- 
D-Ala-Phe-Asp-Val-Val-Gly-NHz ([~-Ala~ldeltorphin I), 
and H-Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NHz ( [ ~ A l a ~ l -  
deltorphin 111, which have been isolated from frog skin 
ex t ra~ts .~J~  The use of various design principles has led 
to the development of several compounds with 6 antagonist 
properties, including the enkephalin analogue NJV-diallyl- 
Tyr-Aib-Aib-Phe-Leu-OH (IC1 174864)," the potent non- 

(5)  Gacel, G.; Daug6, V.; B r e d ,  P.; Delay-Goyet, P.; Roques, B. P. 
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a High Affiiity and Pronounced Selectivity for b Opioid Receptors. J. 
Med. Chem. 1988,31,1891-1897. 
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peptide antagonist naltrindole,lZ and the recently dis- 
covered, highly 6-selective tetrapeptide H-Tyr-Tic-Phe- 
Phe-OH (TIPP).13 

Linear opioid peptides such as the deltorphins are 
structurally flexible molecules and need to be conforma- 
tionally restricted in order to obtain insight into their 
bioactive conformation or to try to establish structural 
(conformational) relationships with other opioid peptides. 
Conformational restriction of a peptide can be achieved 
either locally through incorporation of conformational 
constraints at a particular amino acid residue or more 
globally through peptide cyclizations. Various types of 
cyclizations of opioid peptides resulted in a number of 
compounds with high selectivity toward either p or 6 
receptors (for reviews, see refs 3 and 4). More recently, 
conformational restriction of phenylalanine residues in 
opioid peptides haa been shown to have drastic effects on 
receptor selectivity and signal transduction. Thus, sub- 
stitution of Phe3 in the relatively nonselective cyclic 
dermorphin analogue H-Tyr-D-Om-Phe-Glu-NH2 with 
2-aminoindan-2-carboxylic acid (Aic) or 2-aminotetralin- 
2-carboxylic acid (Atc) produced p-selective and 
opioid tri- and tetrapeptide analogues containing a tet- 
rahydroisoquinoline-3-carboxylic acid (Tic) residue in the 
2-position of the peptide sequence turned out to be potent 
and very selective 6 antagoni~ts.13 

In the present paper we describe novel deltorphin 
analogues that either resulted from substitution of an Aic, 
Atc, or Tic residue at the 2- or 3-position, or were obtained 
through peptide cyclization between the side chains of 
Om (or Lye) and Asp (or Glu) residues that had been 
substituted in various positions of the peptide sequence. 
We show that some of the Aic3 and A b 3  analogues 
displayed extraordinary 6 receptor affinity and 6 selectivity 
and that substitution of a Tic residue in position 2 of 
deltorphin-related peptides in one case produced a potent, 
highly selective 6 antagonist and in another case resulted 
in a partial 6 agonist. Finally, we report that none of the 
prepared cyclic deltorphin analogues showed high 6 
selectivity, primarily as a consequence of their decreased 
affiiity for 6 opioid receptors. 

Chemistry. The linear deltorphin analogues (1-7,12, 
13) were prepared by the usual solid-phase techniques 
with N*-Boc-protected amino acids and with dicyclohex- 
ylcarbodiiiide (DCC)/ hydroxybenzotriazole (HOBt) as 
coupling agents. Aic and Atc were prepared by a modified 
version of the Strecker synthesisl6JB through conversion 
of 2-indanone or 2-tetralone to the corresponding spiro- 
hydantoins and subsequent hydrolysis with 40% alkali, 

(12)Portogheee, P. S.; Sultana, M.; Nagase, H.; Takemori, A. E. 
Application of the Meaaage-Addrese Concept in the Design of Highly 
Potsnt and Selective Non-Peptide d Opioid Receptor Antagonists. J.  
Med. Chem. lSS8,31,281-282. 

(13) Schiller, P. W.; Nguyen, T. M.-D.; Weltrowska, G.; Wilkes, B. C.; 
Manden, B. J.; Lemieux, C.; Chung, N. N. Differential Stereochemical 
Requirements of p Vereus I Opioid Receptom for Lrand Binding and 
Signal Trorwluction: Development of a New C h  of Potent and Highly 
&Selective Peptide Antagonists. Roc.  Natl. Acad. Sci. U.S.A., in prese. 

(14) Schiller, P. W.; Weltroweka, G.; Nguyen, T. M.-D.; Lemieux, C.; 
N. N.; Manden, B. J.; Wilkes, B. C. Conformational Restriction 

f%%wnyla lau ineWue in a Cyclic Opioid Peptide Analogue: Effecb 
on Receptor Selectivity and Stereospecificity. J.  Med. Chem. 1991,34, 
3126-3132. 

(15) Cannon, J. G.; ODonnell, J. P.; Rosazza, J. P.; Hoppin, C. R. 
Rigid Amino Acids Related to a-Methyldopa. J. Med. Chem. 1974,17, 
566-668. 

(16)Pinder, R. M.; Buther, B. H.; Buston, D. A.; Howells, D. J. 
2-Aminoindan-2-carboxylic Acids. Potential Tyrosine Hydrolase Inhib 
itom. J.  Med. Chem. 1971,14,892-893. 
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as described.14 Atc was obtained in racemic form and 
incorporated as such into the peptide structure. The 
resulting diastereoisomeric peptides were isolated sepa- 
rately by semipreparative HPLC. Tic was obtained 
through condensation of phenylalanine with paraform- 
aldehyde as reported elsewhere.14 

The cyclic deltorphin analogues were prepared by the 
solid-phase method on a p-methylbenzhydrylamine resin 
according to a scheme described elsewhere." Linear 
peptide segments were put together as described above, 
and the peptide segments to be cyclized were assembled 
by using N*-Fmoc amino acids with Boc and tert-butyl 
protection, respectively, for the side chains of the Om 
(Lys) and Asp (Glu) residues engaged in the peptide ring 
formation. The latter protecting groups were removed by 
treatment with TFA, and side chain-to-side chain cy- 
clization of the still resin-bound peptide was then per- 
formed by reaction with DCC/HOBt or with the BOP 
[ (benzotriazol-l-yloxy)tris(dimethylamino)phosphonium 
hexafluorophosphate] reagent.'* The time required for 
amide bond formation to be complete varied from 12 to 
48 h. After the cyclization step, the N-terminal Fmoc 
protecting group was removed and the peptide chains were 
completed by adding the N-terminal exocyclic residue(s). 
In the case of analogue 11, the side chain of the endocyclic 
Asp4 residue had to be protected with the TFA-resistant 
benzyl group. 

Peptides were cleaved from the resin by HF/anisole 
treatment in the usual manner. Crude products were 
purified by gel filtration on Sephadex G-26 and by 
reversed-phase chromatography. In the case of the cyclic 
analogues cyclodimerization17 and cyclooligomerization 
did occur to some extent. Separation of the cyclic 
monomers from the cyclic dimers and oligomers was easily 
achieved by reversed-phase chromatography. The desired 
cyclic monomer was the predominant component (60- 
90%) in the crude reaction products of analogues 8-11, 
whereas cyclodimerization was extensive (-60%) in the 
case of analogue 7. 

Receptor Binding Assays and in Vitro Bioassays. 
Binding affinities for p and 6 opioid receptors were 
determined by displacing, respectively, PHIDAMGO and 
PHIDSLET from rat brain membrane binding sites, and 
K opioid receptor affmities were measured by displacement 
of [SH]U69,693 from guinea pig brain membrane binding 
sites. For the determination of their in vitro opioid 
activities, analogues were tested in bioassays based on 
inhibition of electrically evoked contractions of the guinea 
pig ileum (GPI) and of the mouse vas deferens (MVD). 
The GPI assay is usually considered as being representative 
for p receptor interactions, even though the ileum does 
also contain K receptors. K receptor interactions in the 
GPI assay are indicated by relatively high Ke values for 
naloxone as antagonist (20-30 nM),lg in contrast to the 
low Ke values (1-2 nM) observed with p ligands.20 In the 

(17) Schiller, P. W.; Nguyen, T. M.-D.; Miller, J. Synthesis of Side 
Chain to Side-Chnin Cyclized Peptide Analogs on Solid Supporta. Znt. 
J. Pept. Protein Rea. 1986, 25, 171-178. 

(18) Castro, B.; Dormoy, J. R.; Evin, 0.; Selve, C. Peptide Coupling 
Reagents. VI. 1-Benzotriazol-N-oxytriedi"inoph~phoni~ 
hexafluorophoephate (B.O.P.) Tetrahedron Lett. 1976,1219-1222. 

(19) Chavkin, C.; James, I. F.; Goldstein, A. Dynorphin is a Specific 
Endogenoua Ligand of the K Opioid Receptor. Science (Wwhington, 
D.C.) 1982,215,413-415. 

(20) Lord, J. A. H.; Waterfield, A. A.; Hughes, J.; Kosterlite, H. W. 
Endogenous Opioid Peptides: Multiple Agonists and Receptore. Nature 
(London) 1977,267, 496-499. 
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Table I. Receptor Binding Assays of Deltorphin Analogues 

[BHIDAMGO [BHIDSLET 
no. compd Klr, nMa re1 potent$ Kid, n M a  re1 potent$ KPIK! 
1 H-Tyr-D-Ala-Aic-AspVal-Val-Gly-NHz 
2 H-TYT-D-A~~~D or ~)-Atc-As~-Val-Val- 

3 

4 
5 
6 

7 

7a 
8 
9 

10 

11 
12 

13 
14 

14a 
15 

Giy-NHz (I) 

Gly-NHz (II) 
H - T ~ ~ - D A ~ ~ - ( D  or ~)-Atc-AspVal-Val- 

H-Tyr-Tic-Phe-AspVal-Val-Gl y-NHz 
H-Tyr-Tic-Phe-Phe-Leu-Nle-Asp-NHz 
H-Tyr-D-Om-Phe-Asp-Val-Val-Gly-NHz 
H-Tyr-DOm-Phe-Asp-NHz 

H-Tyr-D Ala-Tic- AspVal-Val-Gly-NHz - - - 
H-Tyr-D-Lys-Phe-Glu-Val-Val-Gly-NH2 - - 

I 

H-’Ilr-D-Ala-Phe-AspVal-Val-Orn-NHz 
H-Tyr-DAla-Phe-Glu-Val-Val-Lys-NHz 
H-Tyr-D-L&Phe-Asp-VaI-Val-Glu-NH~ 
H-Tyr-DMet-Phe-His-Leu-Met-Asp-NHZ 

H-Tyr-D-Nle-Phe-His-Leu-Nle- Asp-NHz 
H-Tyr-D Ala-Phe-Asp-Val-Val-Gly-NHz 

[Le~~lenkephaliin 

(deltorphin) 

( [~Ala~ldel torphin I) 
H-Tyr-D-Ala-DPhe-AspVal-Val-Gly-NHz 

207 * 32 
671 52 

1410 f 190 

15200 * 2100 
9230 f 650 
4150 f 840 
143 f 11 

10.4 * 3.7 
17.6 f 4.6 

338 f 79 

955 * 19 
891 f 26 
415 * 37 

117 * 6 
262 6 

8650 * 1420 
9.43 i 2.07 

0.0466 f 0.0070 
0.0141 0.0011 

0.00669 * 0.00090 

0.m20 f 0.000086 
0.00102 i O.ooOo7 
0.00227 0.ooOaS 

0.0669 f 0.0051 
0.907 f 0.032 

0.639 0.139 

0.0279 i 0.0085 

0.00987 f 0.00020 

0.0106 0.0003 
0.0227 f 0.0020 

0.0808 f 0.0041 
0.0360 i O.OOO8 

0.00109 f O.oO018 
1 

4.96 f 0.97 
5.36 & 0.71 

6.62 f 0.44 

4960 320 
6.49 i 1.00 
8.27 1.52 

290 * 17 
2220 & 58 

3.66 f 0.67 

562 30 

724 166 

248*29 
2.13 f 0.62 

0.665 * 0.208 
1.44 0.28 

67.2 6.0 
2.53 f 0.36 

0.510 f 0.100 
0.472 i 0.063 

0.388 f 0.026 

0.000610 f O.oooO33 
0.390 * 0.060 
0.306 f 0.056 

0.00872 * O.oO051 
0.00114 O.oooO3 

0.691 0.108 

0.00450 * 0.00024 

0.00349 f 0.00080 

0.0102 f 0.0012 
1.19 0.35 

3.80 * 1.19 
1.76 * 0.34 

0.0376 f 0.0034 
1 

41.7 
126 

216 

3.06 
1420 
502 

0.493 

0.00468 
4.78 

0.601 

1.32 

3.69 
195 

176 
182 

129 
3.73 - - _  

a Mean of three determinations * SEM. * Potency relative to [Leu6lenkephalin. 

Table 11. Guinea Pig Ileum (GPI) and Mouse Van Deferens (MVD) Assay of Deltophin Analogues 

no. compd 
GPI MVD GPUMVD 

IC50, nM4 re1 potencyb IC50, nm4 re1 potend IC60 ratio 

4 
5 
6 

7 

78 

8 
9 

10 

11 
12 

13 
14 

14a 
15 

H-Tyr-~-Ala-Ai~-Asp-Val-Val-Gly-NH~ 
H-Tyr-D-Ala-(D or ~)-Atc-AspVal-Val- 

H - T ~ ~ - D - A ~ ~ - ( D  or ~)-Atc-hp-Val-Val- 

H-Tyr-~-Ala-Ti~-AspVal-Val-Gly-NHz 

H-Tyr-Tic-Phe-Phe-Leu-Nle-Asp-NHz 

Gly-NHz (I) 

Gly-NHz (11) 

H-Tyr-Tic-Phe- AspVal-Val-Gly-NHz - - - H-Tyr-D-Om-Phe-AspValI-Val-Gly-NHz 
H-Tyr-D-Om-Phe- Asp-NHz 

H-Tyr-D-Lys-Phe-Glu-Val-Val-Gly-NHz 
H-Tyr-PAla-Phe- AspVal-Val-Orn-NHz 
H-Tyr-D- Ala-Phe-Glu-Val-Val-L ys-NHz 

H-Tyr-D-L~-Phe-Asp-Val-Val-Giu-NHz 
H-Tyr-DMet-PhsHb-Leu-Met.Asp-NH2 

H-Tyr-D-Nle-Phe-His-Leu-Nle- Asp-NHz 
H-Tyr-~Ala-Phe-Asp-Val-Val-Gly-NH2 

[Leu5lenkephalin 

- - 
(deltorphin) 

([~-Ala~]deltorphh I) 
H-Tyr-D-Ala-D-Phe-AspVal-Val-Gly-NHz 

290 & 52 
1820 f 90 

1380 f 160 

14500 f 2500 
>66000 
> loo00 
6120 f 940 

36.2 f 3.7 

102 f 19 
251 26 

3880 * 390 

380f60  
281 f 29 

241 f 24 
854 f 133 

11900 f 3160 
246 39 

0.848 f 0.152 
0.135 & 0.007 

0.178 * 0.021 

0.0170 f 0.0029 
<0.00378 
<0.0246 

0.0557 0.0118 

6.80 f 0.69 

2.41 0.46 
0.980 0.098 

0.0634 0.0061 

0.647 f 0.102 
0.876 * 0.091 

1.02 i 0.10 
0.288 * 0.045 

0.0207 0.0056 
1 

0.0803 i O.Oo90 
0.115 0.012 

0.163 0.012 

481 * 46 
22.8 f 2.9 
>loo00 (antagonist) 

98.3 * 9.3 

3880 f 840 

0.467 f 0.069 

90.5 * 8.6 

919 f 82 

17.3 f 1.6 
0.695 0.089 

0.712 f 0.067 
0.147 * 0.019 

42.7 * 6.7 
11.4 f 1.1 

142 * 16 
99.1 f 10.3 

69.9 f 5.1 

0.0237 0.0022 
0.500 * 0.064 

0.116 f 0.011 

0.00294 f O.ooo61 

24.4 * 3.1 
0.126 f 0.012 

0.0124 * 0.0011 

0.659 f 0.061 
16.4 & 2.1 

16.0 1.5 
77.6 * 10.0 

0.267 0.042 
1 

3610 
16800 

8470 

30.1 
> 2 m  

45.0 

0.00933 
218 
2.77 

4.22 

22.0 
404 

338 
6810 

279 
21.6 

a Mean of three determinations f SEM. Potency relative to [Leublenkephalin. Partial agonist (IC25; maximal inhibition of contractions 
WaE 50%). 

MVD assay opioid effects are primarily mediated by 6 
receptors, even though p and K receptors also exist in this 
tissue. 

Results and Discussion 
Substitution of the conformationally restricted Aic 

residue in the 3-position of [~-Ala~ldeltorphm I resulted 
in a compound (1) which in the opioid receptor binding 
asays showed about the same p receptor affmity as the 
parent peptide 14 but three times lower affmity for 6 
receptors (Table I). Interestingly, the Ai&’ analogue was 
nearly twice as potent as the native parent peptide in the 
6 receptor-representative MVD m a y  and about 3 times 

as potent in the p receptor-representative GPI m y  (Table 
11). These results indicate that analogue 1 retains high 6 
receptor affinity and ie only slightly lese 6-selective than 
[D-Ala21deltorphm I. Both diastereoisomers of H-Tyr- 
D-A~~-(D or ~)-Atc-Aap-Val-Val-Gly-NH2 (compounda 2 
and 3) had about the same 6 receptor affinity as the Ai&’ 
analogue (1) but 3-7 times lower affinity for p receptors. 
In comparison with [~-Ala~]deltorphin I, analogues 2 and 
3 showed about 4 times lower 6 receptor affmity in the 
receptor binding w a y  but about the same high 6 receptor 
selectivity. In the GPI assay each of the two Ah8- 
containing diastereoisomeric peptides was about half as 
potent as parent peptide 14, while showing nearly the same 
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high potency as 14 in the MVD assay. Consequently, the 
IC50(GPI)/IC50(MVD) ratios of analogues 2 and 3 were 
about 2-3 times higher than that of [~-Ala~ldeltorphin I, 
and therefore, these compounds rank among the most 
selective 6 agonists reported to date. The observation that 
the Aic3 and Ate3 analogues displayed somewhat higher 
potency in the MVD assay than was expected on the basis 
of their 6 receptor affinities determined in the binding 
assay can be explained with a relatively better receptor 
access of the more lipophilic compounds 1-3 as compared 
to native [~-Ala~ldeltorphin I. Alternatively, these dis- 
crepancies may also be due to the fact that central and 
peripheral 6 opioid receptors may have somewhat different 
structural requirements for ligand interactions. Enzymatic 
degradation can be excluded as a factor affecting the 
potency relationships of these compounds, since the 
natural deltorphms have been shown to be quite stable 
against enzymatic degradation in the assay systems used 
in the present study21122 and since the presence of the 
conformationally restricted Aic and Atc amino acid 
residues in the 3-position of the peptide sequence should 
make these analogues even more resistant to enzymolysis. 
It was interesting to note that both diastereoisomers of 
H - T ~ ~ - D - A ~ ~ - ( D  or ~)-Atc-Asp-Val-Val-Gly-NH2 had very 
similar potencies in all assay systems, in sharp contrast to 
the observation that the parent peptide [~Ala~ldeltorphin 
I (14) displayed 13-47 times higher potency in these assays 
than its ~-Phe~-analogue (14a). This loss of stereospec- 
ificity as a consequence of conformational restriction at 
the Phes residue may be due to a different process or mode 
of receptor binding of the D-AM analogue as compared 
to the ~ - P h e ~  analogue (see ref 14). The deltorphin 
analogue containing Tic in place of Phe3 (compound 4) 
showed poor affinity for both p and 6 receptors and had 
very weak agonist activity in the GPI and MVD bioassays. 

The replacement of the Phe residue in [ ~ - A l a ~ l -  
deltorphm I with an Aic, Atc, or Tic residue produces 
severe constraints on both side-chain rotational mobility 
and backbone flexibility at the 3-position residue. In the 
case of the Ai6 analogue side chain torsional angles are 
limited to values of XI = -80°, x2 = -20' and XI = -160°, 
x2 = +20°, whereas the backbone torsional angles pref- 
erentially assume values of 4 = -50°, $ = -50' and 4 = 
+50°, $ = +50°. The side-chain conformations possible 
for the L-A~c and the ~ - A t c  residue are t or g and t or g+, 
respectively, and the limitations on the $, 4 angles are the 
same as in the case of Aic. The 4 angle of the Tic residue 
is limited to values around -90°, and the two possible 
side-chain conformations for this residue are g+ and g. It 
is interesting to point out that substitution of these same 
conformationally restricted phenylalanine derivatives 
for Phe3 in the cyclic opioid peptide analogue H-TY-D- 
Om-Phe-Glu-NH2 produced parallel effects on potency 
at the p receptor, insofar as the Ai@, D-Atc3, and L-AM 
cyclopeptides were potent p agonists and the T i 6  analogue 
again showed poor activity.14 Furthermore, an almost 
complete loss of stereospecificity had also been observed 
with the cyclic D- versus ~ - A t c 3  analogues in comparison 
with the corresponding cyclic D- versus ~-Phe3 analogues. 

- 
(21) Sagan, 5.; Corbett, A. D.; Amiche, M.; Delfour, A.; Nicolas, P.; 

Koeterlitz, H. W. Opioid Activity of Dermenkephalin Analogues in the 
Guinea-pig Myenteric Plexue and the Hamster Vas Deferens. Br. J .  
Pharmacol. lW)1,104,428-432. 

(22) Dupin, S.; Tafani, J.-A. M.; Mazarguil, H.; Zajac, J.-M. 
[~~Il-[D-Ala*lDeltorphin-I A High Affinity, Delta-Selective Opioid 
Receptor Ligand. Peptides IW1,12,825-830. 
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This parallel behavior suggests that the p and 6 receptor 
subsites interacting with the Phe3 side chain of opioid 
peptides must have very similar structural (conforma- 
tional) requirements. 

Substitution of a Tic residue in the 2-position of 
deltorphins had most interesting effects on receptor 
selectivity and on the intrinsic activity ("efficacy") at the 
6 receptor. A first example is the [~-Ala~ldeltorphin I 
analogue H-Tyr-Tic-Phe-AspVal-Val-Gly-NH2 (S), which 
retained good 6 receptor affmity and showed extraordinary 
6 receptor selectivity (Ki'/Kt = 1420), being about 8 times 
more &selective than [~-Ala~ldeltorphin I (Table I). This 
compound was virtually inactive in the GPI assay and in 
the MVD assay was a partial agonist able to inhibit the 
electrically evoked vas contractions to a maximal extent 
of only 50% (Table 11). This partial agonist effect could 
be reversed with the 6 antagonists naltrindole and TIPP, 
indicating that it was mediated by 6 receptors. Since the 
tripeptides H-Tyr-Tic-Phe-OH (TIP) and H-Tyr-Tic-Phe- 
NH2 (TIP-NH2) are both pure 6 antag~nists,'~ this result 
indicates that the C-terminal extension with the tetrapep 
tide segment -Asp-Val-Val-Gly-NH2 partially restored 
agonist activity. The potent and highly selective 6 
antagonist H-Tyr-Tic-Phe-Phe-OH (TIPP)13 shows some 
structural resemblance to deltorphin (121, which contains 
a Phe and a His residue in the 3- and 4-position, 
respectively. Therefore, it was of interest to substitute 
the TIPP tetrapeptide segment for the N-terminal tet- 
rapeptide segment contained in deltorphin. This sub- 
stitution was carried out with the Nle6 analogue of 
deltorphin, since substitution of Nle for Met in both 
position 2 and position 6 has no appreciable effect on the 
activity profile (compound 13) and has the advantage of 
eliminating the problem of methionine oxidation. The 
resulting analogue, H-'Ilr-Tic-PhePhe-L-~e-Asp-NHz 
(6) retained good 6 affinity but bound very poorly to p 
receptors and, therefore, was very 6-selective (Ki'/Kt = 
502). In both the GPI and the MVD assay this compound 
showed no agonist activity at concentrations up to 10 pM. 
However, in the MVD assay analogue 6 was a potent 6 
antagonist against the 6 agonists DPDPE and [ ~ - A l a ~ l -  
deltorphin I with respective KB values of 10.8 f 3.1 and 
10.4 f 2.3 nM. No antagonist effect was observed with 
this compound in the GPI assay at a concentration as high 
as 10 pM. In comparison with the tetrapeptide antagonist 
TIPP, analogue 6 had about 6 times lower 6 affinity, was 
about 3 times less 6-selective, and was about 2.5 times less 
potent as antagonist in the MVD assay. Thus, C-terminal 
extension of the TIPP tetrapeptide with the C-terminal 
tripeptide segment of [Nle6ldeltorphin slightly decreased 
rather than increased 6 receptor affinity and 6 selectivity. 
This finding is in contrast to the observation that the 
C-terminal tripeptide segment plays a crucial role in 
determining the high 6 affinity and 6 selectivity of 
deltorphins, since the N-terminal tetrapeptide segment 
of deltorphin has been shown to have weak affmity for 6 
receptors and to be p- rather than S-sele~tive.~~ Analogue 
6 is about 15 times less potent as 6 antagonist than 
naltrindolel2 but, on the other hand, has better 6 selectivity 
and no p antagonist properties. 

Substitution of the  ala^ residue in [~-Ala~ldeltorphin 
I with a D-Om residue and amide bond formation between 

(23) Lazarue, L. H.; Salvadori, 5.; Tomatie, R.; Wilson, W. E. Opioid 
Receptor Selectivity Reversal in Deltorphin Tetrapeptide Analogues. 
Biochem. Biophys. Res. Commun. 1991,178,110-116. 
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the D-OrnZ and Asp4 side-chain groups resulted in a cyclic 
lactam analogue (compound 7), which in comparison with 
the linear parent peptide had comparable p receptor 
affinity but 200 times lower affinity for 6 receptors and, 
thus, was essentially nonselective (Table I). Previously, 
it had been observed that the corresponding cyclic 
tetrapeptide amide H-Tyr-D-Om-Phe-Asp-NH2 (7a) was 
hightly p-selective (Kt/Ki” = 213) (Table I).N Comparison 
of 7 and 7a revealed that C-terminal extension of the cyclic 
tetrapeptide with the -Val-Val-Gly-NHZ segment resulted 
in a 14-fold decrease in p affinity and an 8-fold increase 
in 6 affinity, indicating that, as in the case of the native 
linear deltorphin, the C-terminal tripeptide (“address” 
segment) is responsible for shifting the p/6 selectivity ratio 
in favor of the 6 receptor. Expansion of the 13-membered 
ring structure in 7 to a 1Bmembered one (compound 8) 
produced an 8-fold increase in p affinity and an 80-fold 
enhancement of 6 affinity. Analogue 8 had quite high 6 
affinity (Kid = 3.66 i 0.57 nM) but only slight preference 
for 6 receptors over p receptors. In the GPI and MVD 
bioassays, analogues 7 and 8 were both full agonists and 
showed potency relationships similar to those observed in 
the receptor binding assays. Two [~-Ala~ldeltorphin 
analogues containing a cyclic tetrapeptide segment at the 

C-terminus, H-Tyr-D-Ala-Phe-Asp-Val-Val-Orn-NHz (9) 

and H-Tyr-DAla-Phe-Glu-Val-Val-Lys-NHz (lo), showed 
weak affinity for p and 6 receptors, were only slightly 
6-selective, and displayed weak potency in the MVD assay. 
A similar lack of 6 affinity and 6 selectivity as well as 
relatively low potency in the MVD assay were also observed 

- 

- - 

Schiller et al. 

with the cyclic lactam analogue H-Tyr-D-Lis-Phe-Asp- 

In summary, none of the cyclic lactam analogues 7-1 1 
retained the high 6 affinity and 6 selectivity of [D-kb’l- 
deltorphin I. On the basis of a recently performed NMR 
study, it has been proposed that the conformation of 
[~-Ala~ldeltorphin I in DMSO features a type 11’ &turn 
stabilized by a Tyr1-CO+HN-Asp4 hydrogen bond and a 
type I @-turn stabilized by a Phe3-COcHN-Vals hydrogen 
bond.25 Inspection of the conformational possibilities of 
the cyclic peptides described here revealed that a type 11’ 
B-turn is not possible with cyclic analogues 7 and 8, whereas 
analogues 9 and 10 can accommodate the proposed 
C-terminal type I &turn. The formation of both turns is 
possible with analogue 11. However, because the opioid 
activity profiles of the cyclic analogues described here are 
different from that of [~-Ala~ldeltorphin I, this analysis 
does not permit an unambiguous assessment of the 
proposed conformational model in terms of ita relevance 
to the bioactive conformation. 

None of the deltorphin analogues displayed significant 
affinity for K opioid receptors (KiN > 1 pM). The lack of 
K receptor interactions was also indicated by the low K, 
values (1-2 nM) for naloxone as antagonist that were 
observed with all compounds in the GPI assay. 

I 
Val-Val-Glu-NHz (1 1). 

(24) Schiller, P. W.; Nguyen, T. M.-D.; Maziak, L. A.; Lemieux, C. A 
Novel Cyclic Opioid Peptide Analog Showing High Preference for 
p-Receptore. Biochem. Biophys. Res. Commun. 1986,127,558-561. 

(25) Balboni, G.; Maraetoni, M.; Picone, D.; Salvadori, S.; Tancredi, 
T.; Temusei, P. A.; Tomatie, R. New Features of the 6 Opioid Receptor: 
Conformational Propertiea of Deltorphi I Analogues. Biochem. Biophys. 
Res. Commun. 1990, 169,617-622. 

Conclusions 
In the present paper we describe the effect on the opioid 

activity profile of deltorphin-related peptides produced 
either by local conformational constraints introduced at 
the 2- and 3-position residues or by more global confor- 
mational restriction resulting from various peptide cy- 
clizations. Substitution of an Aic or of an L- or ~ - A t c  
residue for Phe3 in [~-Ala~ldeltorphin I resulted in agonist 
compounds that retained the high 6 receptor selectivity of 
the parent peptide. Analogues containing a Tic residue 
in the 2-position of the peptide sequence showed even 
higher 6 selectivity and either antagonist or partial agonist 
properties a t  the 6 receptor. In comparison with the 
tetrapeptide antagonist H-Tyr-Tic-Phe-Phe-OH (TIPP), 
the deltorphin related antagonist H-Tyr-Tic-Phe-Phe- 
Leu-Nle-Asp-NHz (6) showed about 6 times lower 6 
affinity, 3 times lower 6 selectivity, and 2.5 times lower 6 
antagonist potency in the MVD assay, indicating that the 
C-terminal tripeptide segment did not contribute to the 
6 characteristics of the peptide. None of the cyclic 
deltorphin analogues displayed the high 6 selectivity 
observed with the native, linear deltorphins. It was 
interesting to note, however, that C-terminal extension of 
the p-selective cyclic tetrapeptide analogue H-Tyr-D-Om- 
Phe-Asp-NHz with the C-terminal [~-Ala~ldeltorphin I 
tripeptide segment -Val-Val-Gly-NHz reduced p affiiity 
and increased 6 affhity quite drastically. The observation 
that the C-terminal tripeptide segment plays a differential 
role in contributing to the 6 affinity and 6 selectivity of 
deltorphin-related peptides with agonist properties versus 
those with antagonist properties suggests a difference in 
the mode of receptor binding between agonists and 
antagonists. 

Experimental Section 
General Methods. Precoated plates (silica gel G, 250 pm, 

Analtech, Newark, DE) were used for ascending TLC in the 
following solvent systems (all v/v): (I) n-BuOH/AcOH/H20 (4/ 
1/5, organic phase) and (11) n-BuOH/pyridine/AcOH/H20 (15/ 
10/3/12). Reversed-phase HPLC was performed on a Varian 
VISTA 5500 liquid chromatograph, utilizing a Vydac CIS RP 
column (25 cm X 10 mm). For amino acid analyses peptides (0.2 
mg) were hydrolyzed in 6 N HCl (0.5 mL) containing a small 
amount of phenol for 24 h at 110 OC in deaerated tubes. 
Hydrolysates were analyzed on a Beckman Model 121C amino 
acid analyzer equippedwith a Model 126 Data System integrator. 
Molecular weights of peptides were determined by FAB mass 
spedrometry on an MS-50 HMTCTA mass spectrometer inter- 
faced to a DS-90 data system (Drs. M. Evans and M. Bertrand, 
Department of Chemistry, University of Montreal). 

Solid-Phase Synthesis and Purification of Linear and 
Cyclic Peptide Analogues. Aic, (D,L)-A~c, and Tic were 
synthesized as elsewhere described in detail.“ Other Boc- and 
Fmoc-amino acids were purchased from BioChem Pharma Inc., 
Laval, Quebec, Canada, and from Bachem Bioscience, Phila- 
delphia, PA. 

Peptide synthesis was performed by the manual solid-phase 
technique using a p-methylbenzhydrylamine resin (1 % cross- 
linked, 100-200 mesh, 0.2 mmol/g of titratable amine) obtained 
from United States Biochemical Corp., Cleveland, OH. Linear 
peptides were assembled using Boc-protected amino acids and 
dicyclohexylcarbodiimide (DCC) and l-hydroxybenzotriazole 
(HOBt) as coupling agents. Side-chain protection was as 
follows: benzyl (Asp), toeyl (His), Boc (T~T). The following steps 
were performed in each cycle: (1) addition of Boc amino acid in 
CHzClz (2.5 equiv), (2) addition of HOBt (2.5 equiv), (3) addition 
of DCC (2.5 equiv) and mixing for 2-3 h, (4) washing with CHzClz 
(3 X 1 min), (5) washing with EtOH (1 min), (6) monitoring 

r 
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completion of the reaction with the ninhydrin test,as (7) Boc 
deprotectionwithBO% (v/v)TFAinCH&12(3Omin), (8) washing 
with CH&lz (6 X 1 min), (9) neutralization with DIEA in CHzClz 
(2 X 5 min), (10) washing with CHzClt (5 X 1 min). Double 
coupling waa neceamry to complete coupling of the Tyr residue 
to the Tic residue in the cam of analogues 5 and 6. 

In the caw of the analogues containing cyclic peptide structures 
the exocyclic C-terminal and N-terminal peptide segmenta were 
assembled using Boc amino acids according to the protocol 
described above, The cyclic peptide segmenta were synthesized 
according to a protection scheme baeed on the use of Fmoc amino 
acids17 by performing the following steps in each cycle: (1) 
addition of Fmoc amino acid (2.5 equiv) in CHZCldDMF (85/15, 
v/v), (2) addition of HOBt (2.5 equiv), (3) addition of DCC (2.5 
equiv) and mixing for 2-3 h, (4) washing with CHzClz (3 X 1 min), 
(5) waahing with EtOH (1 min), (6) monitoring completion of the 
reaction with the ninhydrin teat, (7) Fmoc deprotection with 
50% (v/v) piperidine in CH&lz (30 min), (8) washing with DMF 
(3 X 1 min), (9) washing with EtOH (3 X 1 min), (10) washing 
with CHzCl, (3 X 1 min). After coupling of the last Fmoc amino 
acid, Fmoc protection of the N-terminal amino group wae retained 
and the side chains of the Orn (Lye) and h p  (Glu) residues to 
be linked were deprotected by treatment with 50% (v/v) TFA 
in CH&12 (SO min). Following neutralization with 10% (v/v) 
DIEA in CHzClz (2 X 10 min) and washing with CHzClz (3 X 1 
min) and DMF (3 X 1 min), cyclization was carried out in DMF 
containing 1.6 76 (v/v) DIEA at room temperature by addition of 
HOBt/DCC (2.5 equiv) for 12-48 h. Completion of the ring- 
closure reaction was monitored with the ninhydrin test. If 
necessary, the reaction was continued and brought to completion 
by addition of the BOP coupling reagent (2 equiv) and DIEA (3 
equiv), again using DMF aa solvent. Cyclization wae usually 
complete after 12-48 h. After performance of the cyclization 
step, the N-terminal Fmoc group wae removed as usual and 
washing of the resin was carried out as deecribed above. 
Subsequently, the peptide chain was extended at the N-terminus 
as required. After final deprotection with 50% (v/v) TFA in 
CHzClZ (30 min), the resin was washed with CH&L (3 X 1 min) 
and EtOH (3 X 1 min) and wae dried in a desiccator. Peptides 
were cleaved from the resin by treatment with HF for 90 min at 
0 "C and for 15 min at room temperature (20 mL of HF plus 1 
mL of aniaole/g of resin). After evaporation of the HF, the resin 
was extracted three times with EtZO and, subsequently, three 
times with 7% AcOH. The crude peptide was then obtained in 
solid form through lyophilization of the acetic acid extract. 

Peptides were purified by gel fiitration on a Sephadex-G-25 
column in 0.5 N AcOH followed by reversed-phase chromatog- 
raphy on an octadecaeilyl silica column,n with a linear gradient 
of 0-8096 MeOH in 1 % TFA. If necessary, further purification 
to homogeneity waa performed by semipreparative HPLC 120- 
80% MeOH (linear gradient) in 0.1% TFAI. Semipreparative 
HPLC under the same conditions waa also ueed to separate the 
two diaatereoiaomers of the A t 8  analogue. Final producta were 
obtained as lyophilieates. Homogeneity of the peptides was 
establiahed by TLC and by HPLC under conditione identical 
with those described above. All peptides were at least 98% pure 

judged from the HPLC elution profiiee. Analytical data are 
prwnted in Table I11 (Supplementary Material). 

&@aptor Binding A88ay8 and Bi0818my8. Opioid receptor 
binding etudiea were performed as deadbed in detail elsewhere.% 
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Binding affinities for p and S receptors were determined by 
displacing, respectively, I3H1DAMGO (New England Nuclear) 
and [3H]DSLET (Amersham) from rat brain membrane prep- 
arations, and K opioid receptor affimities were measured by 
displacement of [*HIU69,593 (New England Nuclear) from guinea 
pig brain membranes. Incubations were performed for 2 h at 0 
OC with 13H]DAMG0, [3HlDSLET, and [3H]U69,593 at re- 
spective concentrations of 0.72,0.78, and 0.80 nM. IC50 values 
were determined from log dose-displacement curves, and Ki 
values were calculated from the ob@ined IC50 values by means 
of the equation of Cheng and Prusoff,29 using values of 1.3,2.6, 
and 2.9 nM for the dissociation constanta of [3HlDAMG0, [BHI- 
DSLET, and [3H]U69,593, respectively. 

The G P P  and MVDsl bioassays were carried out as reported 
in detail elsewhere.%D A log dose-response curve was determined 
with [Le~~lenkephalin as standard for each ileum and vae 
preparation and IC50 values of the compounds being tested were 
normalized according to a published procedure.= K, values for 
naloxone or for the antagonist H-Tyr-Tic-Phe-Phe-Leu-Nle-Asp 
NH2 (6) were determined from the ratio of IC50 values obtained 
in the presence and absence of a fixed antagonist concentration.% 
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