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Structure-Activity Relationships of Cyclic Opioid Peptide Analogues Containing a 
Phenylalanine Residue in the 3-Position 
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Ten analogues of the highly ^-receptor selective cyclic opioid peptide H-Tyr-D-Orn-Phe-Asp-NH2 (1) were synthesized 

by the solid-phase method and were characterized in vitro in p- and 5-receptor representative binding assays and 
bioassays. These cyclic analogues are structurally related to the linear opioid peptides dermorphin and /3-casomorphin 
(morphiceptin), which also contain a phenylalanine residue in the 3-position of the peptide sequence. The obtained 
results indicate that analogous structural modifications (configurational inversion at positions 2, 3, and 4 or Na-
methylation of Phe3) in cyclic peptide 1 and in dermorphin-related peptides had qualitatively the same effect on 
opioid activity, whereas the corresponding modifications in 0-casomorphins had the opposite effect. These findings 
can be interpreted to indicate that the mode of receptor binding of H-Tyr-D-Orn-Phe-Asp-NH2 is identical with 

that of dermorphin, but differs from that of /J-casomorphins. The side-chain length of the aromatic residue in position 
3 of cyclic analogue 1 was shown to be critical for receptor affinity and selectivity, suggesting that M- and 6-receptors 
differ from one another in the relative topographical disposition of the binding sites for the Tyr1 tyramine moiety 
and the Phe3 aromatic ring. Cyclic lactam analogue H-Tyr-D-Asp-Phe-A2bu-NH2, containing a reduced-size (12-

membered) ring structure, showed increased ^-receptor selectivity, whereas the more flexible, cystine-containing 
analogue H-Tyr-D-Cys-Phe-Cys-NH2 (11-membered ring) was less selective. The latter results indicate that both 

• 

ring size and ring flexibility affect receptor affinity and selectivity. 

Recently, we developed a potent cyclic opioid peptide 
analogue, H-Tyr-D-Orn-Phe-Asp-NH2 (1), which shows 

t . . — I 

high selectivity for ^t-opioid receptors.2 Whereas most 
naturally occurring opioid peptides contain a phenylalanine 
residue in the 4-position of the peptide sequence, the Phe 
residue in cyclic analogue 1 is located in position 3, as it 
is also the case with the dermorphins (H-Tyr-D-Ala-Phe-
Gly-Tyr-Pro(or Hyp)-Ser-NH2) and with the /3-caso-
morphins (H-Tyr-Pro-Phe-Pro-NH2 (morphiceptin), H-
Tyr-Pro-Phe-Pro-Gly-NH 2 (/?-casomorphin-5), etc.). 
Compound 1 contains a rather rigid 13-membered ring 
structure, and its /u-receptor preference is due to very weak 
affinity for the 5-receptor. Pharmacologic comparison with 
a corresponding open-chain analogue revealed that the 
high /u-receptor selectivity of this cyclic analogue is a direct 
consequence of the conformational restriction introduced 
into the peptide through ring formation.2 

In the present paper we describe the syntheses and the 
in vitro opioid activity profiles of several cyclic opioid 
peptide analogues that are structurally derived from the 
cyclic parent peptide 1. In particular, it was of interest 
to establish whether analogous structural modifications in 
cyclic peptide 1 and in linear opioid peptides with a Phe 
residue in the 3-position (dermorphins and /3-caso-
morphins) have the same effect on biological activity. 
Structure-activity data of this type might indicate whether 
or not the cyclic and linear peptides have the same mode 
of binding to the receptor. Thus , configurational re-

(1) Symbols and abbreviations are in accordance with recommen
dations of the IUPAC-IUB Joint Commission on Biochemical 
Nomenclature: Biochem. J. 1984, 219, 345. The following 
other abbreviations were used: A2bu, a,7-diaminobutyric acid; 
Boc, tert-butoxycarbonyl; DAGO, H-Tyr-D-Ala-Gly-Phe-
(NMe)-Gly-ol; DCC, dicyclohexylcarbodiimide; DIEA, diiso-
propylethylamine; DSLET, H-Tyr-D-Ser-Gly-Phe-Leu-Thr-
OH; FAB, fast-atom bombardment; Fmoc, (fluoren-9-ylmeth-
oxy)carbonyl; GPI, guinea pig ileum; Hfe, homophenylalanine; 
HOBt, 1-hydroxybenzotriazole; HPLC, high-performance liq
uid chromatography; Hyp, 4-hydroxyproline; MVD, mouse vas 
deferens; Phe(NMe), iV"-methylphenylalanine; Phe(pN02), 
p-nitrophenylalanine; Phg, phenylglycine; TFA, trifluoroacetic 
acid. 

(2) Schiller, P. W.; Nguyen, T. M.-D.; Maziak, L. A.; Lemieux, C. 
Biochem. Biophys. Res. Commun. 1985, 127, 558. 

quirements in positions 2, 3, and 4 of cyclic peptide 1 were 
investigated by synthesis and pharmacologic characteri
zation of analogues 2, 3, and 4 (Table I) and were compared 
with those of dermorphin and /?-casomorphin. Modifica
tion of the important Phe 3 residue was achieved through 
substitution of a nitro substituent in the para position of 
the aromatic ring (analogue 5) and through shortening 
(analogue 6) and lengthening (analogue 7) of the side chain. 
Previously, it had been observed that expansion of the 
13-membered ring structure in analogue 1 to the 15-mem-
bered ring contained in H-Tyr-D-Lys-Phe-Glu-NH2 pro-

• 

duced a drastic loss in receptor selectivity due to the more 
relaxed conformational constraint present in the latter 
peptide.2 In view of this observation it was of interest to 
investigate the effect of further conformational restriction 
of the ring portion in compound 1 on receptor affinity and 
selectivity. To this end an analogue with an N-methylated 
Phe 3 residue (compound 8) and analogues containing re
duced-size (12- and 11-membered) ring structures (com
pounds 10 and 11) were also synthesized and characterized. 

Chemistry. The cyclic lactam analogues (2-7, 9, 10) 
were prepared by the solid-phase method on a p -
methylbenzhydrylamine resin according to a scheme de
scribed in detail elsewhere.3 The C-terminal peptide 
segment to be cyclized was assembled by using W-Fmoc 
amino acids with Boc and tert-butyl protection for the side 
chains of Orn (A2bu) and Asp, respectively. The side chain 
protecting groups of the C-terminal tripeptide were re
moved by t reatment with TFA, and side chain to side 
chain cyclization of the still-resin-bound peptide was then 
performed in DMF with DCC/HOBt in fivefold excess as 
coupling agents. The time required for amide bond for
mation to be complete varied from 1 to 6 days. After the 
cyclization step, the N-terminal Fmoc protecting group was 
removed and the peptide chains were completed by cou
pling Boc-Tyr(Boc)-OH. Following the removal of the Boc 
groups, the cyclic peptides were cleaved from the resin by 
HF/anisole treatment in the usual manner. Crude prod
ucts were purified by gel filtration on Sephadex G-25 and 
by reversed-phase chromatography. In each case two 

(3) Schiller, P. W.; Nguyen, T. M.-D.; Miller, J. Int. J. Pept. 
Protein Res. 1985, 25, 171. 
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Table I. Binding Assays of Opioid Peptide Analogues" 

no. 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

compd 
H-Tyr-D-Orn-Phe-Asp-NH2 

H-Tyr-Orn-Phe-Asp-NH2 

H-Tyr-D-Orn-D-Phe-Asp-NH2 

H-Tyr-D-Orn-Phe-D-Asp-NH2 

H-Tyr-D-Om-Phe(pN02)-Asp-NH2 

H-Tyr-D-Orn-Phg-Asp-NH2 

H-Tyr-D-Orn-Hfe-Asp-NH2 

H-Tyr-D-Orn-Phe(NMe)-Asp-NH2 

H-Tyr-D-Asp-Phe-Orn-NH2 

H-Tyr-D-Asp-Phe-A2bu-NH2 

H-Tyr-D-Cys-Phe-Cys-NH2 

[Leu5]enkephalin 

[3H]DAGO 

K», nM 

10.4 ± 3.7 

4830 ± 610 

3040 ± 470 

21.7 ± 3.2 

273 ± 21 

445 ± 92 

11.9 ± 0.7 

3570 ± 500 

9.55 ± 2.52 

24.8 ± 1.1 

11.0 ± 0.3 

9.43 ± 2.07 

rel potency6 

0.907 ± 0.032 

0.00195 ±0.00025 

0.00310 ±0.00048 

0.435 ± 0.064 

0.0345 ± 0.0027 

0.0212 ± 0.0044 

0.792 ± 0.047 

0.00264 ±0.00037 

0.987 ± 0.261 

0.380 ± 0.017 

0.857 ± 0.023 

1 

K}, nM 
2220 ± 65 

>60000 

>380000 

422 ± 17 

5060 ± 540 

3570 ± 370 

849 ± 189 

28100 ±2530 

1320 ± 150 

4170 ± 430 

373 ± 63 

[3H]DSLET 

rel potency6 

0.00114 ±0.00003 

<0.0000421 

<0.0000067 

0.00600 ±0.00024 

0.000500 ±0.000053 

0.000709 ± 0.000073 

0.00298 ±0.00066 

0.0000900 ±0.0000081 

0.00192 ±0.00022 

0.000607 ± 0.000062 

0.00678 ±0.00115 

2.53 ± 0.35 1 

Kf/Kf 
213 

>12.4 

>125 

19.4 

18.5 

8.02 

71.3 

7.87 

138 

168 

33.9 

0.268 

"Mean of three determinations ± SEM. bPotency relative to [Leu5]enkephalin. 

major peptide components were obtained and easily sep
arated by reversed-phase chromatography. The structural 
characterization of the two components obtained in the 
synthesis of cyclic parent peptide 1 has been reported 
previously.4 Both products had been shown to have the 
correct amino acid composition; however, analysis by FAB 
mass spectrometry had revealed that, whereas the faster 
eluting component had the correct molecular weight ex
pected for the cyclic monomer (MH+ = 539), the molecular 
weight of the slower eluting component was exactly dou
bled (MH+ = 1078). It had thus become clear that the first 
component corresponded to the desired cyclic monomer, 
whereas the second component represented the side chain 
linked antiparallel cyclic dimer, which had been formed 
through intersite reaction on the resin. In the syntheses 
of cyclic peptides 2-10, the faster eluting components were 
in each case confirmed as the desired cyclic monomers by 
amino acid analysis and FAB mass spectrometry. In all 
cases the faster and the slower eluting components had the 
same amino acid composition. The dimeric nature of the 
slower eluting component was confirmed by FAB mass 
spectrometry in some cases (peptides 5, 7, 8, and 10). 

In all cases 30-50% of the peptide chains formed the 
cyclic monomer and 50-70% underwent cyclodimerization. 
As had already been pointed out previously,4 the level of 
resin substitution in the range of 0.4-1.0 mM/g of titrat-
able amine had little effect on the monomer/dimer ratio 
in the case of parent peptide 1. The extent of cyclo
dimerization is most likely governed by conformational 
factors. This assumption is supported by the observation 
that the number of amino acid residues in between the two 
residues to be cyclized is of major consequence with regard 
to the ease with which intramolecular cyclization occurs. 
Thus, it was generally found that with two residues in 
between the residues engaged in ring closure cyclic mo
nomer formation was always favored over cyclo
dimerization (e.g., H-Tyr-D-Orn-Gly-Phe-Asp-NH2: 86% 

* 
monomer, 14% dimer) (unpublished results). 

The cystine-containing cyclic analogue H-Tyr-D-Cys-
Phe-Cys-NH2 (11) was also prepared by the solid-phase 

method using iV"-Boc amino acids and the p-methylbenzyl 
group for side-chain protection of the Cys residues. After 
HF cleavage, oxidative disulfide bond formation was 

(4) Schiller, P. W.; Nguyen, T. M.-D.; Lemieux, C; Maziak, L. A. 
J. Med. Chem. 1985, 28, 1766. 

carried out at high dilution by reaction with K3Fe(CN)6. 
Three major products were isolated and characterized as 
the cyclic monomer (MH+ = 533, 25%), a cyclic dimer 
(antiparallel or parallel, MH+ = 1065, 43%), and a higher 
oligomer (32%). 

Bioassays and Binding Assays. Opioid receptor af
finities were determined by displacement of relatively 
selective radioligands from rat brain membrane binding 
sites. [3H]DAGO served as a very selective ^-receptor 
label, and the somewhat less selective radioligand [3H]-
DSLET was used for determining relative 5-receptor af
finities. For the determination of their in vitro opioid 
activities, analogues were tested in bioassays based on 
inhibition of electrically induced contractions of the guinea 
pig ileum (GPI) and of the mouse vas deferens (MVD). In 
the GPI preparation opioid effects are primarily mediated 
by /u-receptors; however, K-receptors are also present in this 
tissue. ^-Receptor interactions in the GPI are charac
terized by relatively low Ke values for naloxone as antag
onist (1-2 nM)5 in contrast to the considerably higher 
values (20-30 nM)6 observed with K-receptor ligands. The 
MVD assay is usually taken as being representative for 
5-receptor interactions, even though the vas also contains 
/it- and /c-receptors. Ke values for naloxone as antagonist 
were determined in the GPI assay but not in the MVD 
assay because of the very low activity displayed by all 
analogues on the vas. 

Results and Discussion 
As previously reported,2 the cyclic parent peptide 1 

displays high /u-receptor selectivity because it retains about 
the same affinity for /i-receptors as [Leu5] enkephalin but 
binds very poorly to 5-receptors. Inversion of the config
uration of the ornithine residue in position 2 of the peptide 
sequence of cyclic analogue 1 resulted in a compound (2) 
with drastically reduced affinity for both the n- and the 
5-receptor (Table I). In linear opioid peptides containing 
a phenylalanine residue in the 3-position and structurally 
related to dermorphin, substitution of an L-amino acid 
residue in position 2 of the peptide sequence had also 
resulted in a drastic potency loss. Thus, substitution of 
L-Ala for D-Ala in the active analogue H-Tyr-D-Ala-Phe-
NH2 had produced a compound showing no activity in the 

(5) Lord, J. A. H.; Waterfield, A. A.; Hughes, J.; Kosterlitz, H. W. 
Nature (London) 1977, 17, 1047. 

(6) Chavkin, C; James, I. F.; Goldstein, A. Science (Washington, 
D.C.) 1982, 215, 413. 
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GPI assay.7 Similarly, H-Tyr-D-Arg-Phe-Gly-OH dis
played high analgesic activity in the mouse tail pressure 
test, whereas H-Tyr-L-Arg-Phe-Gly-OH was found to be 
inactive.8 ,8-Casomorphin-4 (morphiceptin) also contains 
a Phe residue in position 3, but a Pro residue in position 
2 of the peptide sequence. In contrast to cyclic analogue 
1 and to the dermorphin-related analogues discussed 
above, morphiceptin requires L configuration at the Pro2 

residue, as indicated by the low activity observed with 
H-Tyr-D-Pro-Phe-Pro-NH2 in comparison with morphi
ceptin.9 Substitution of D-phenylalanine in position 3 of 
compound 1 (analogue 3) also reduced the affinity for both 
\i- and 5-receptors by more than 2 orders of magnitude. 
This observation is again in agreement with the drastic 
potency loss resulting from configurational inversion at the 
Phe3 residue in a dermorphin tetrapeptide.10 Again, the 
corresponding D-Phe3 substitution in /3-casomorphin has 
the opposite effect, as indicated by the increased potency 
of H-Tyr-Pro-D-Phe-Pro-Gly-OH in comparison with H-
Tyr-Pro-Phe-Pro-Gly-OH in the GPI and MVD assays.11 

Configurational inversion in the 4-position of cyclic peptide 
1 led to a compound (4) with only slightly reduced affinity 
for ^-receptors and with 5 times higher 5-receptor affinity. 
This relatively minor change in the activity profile is again 
in agreement with the observation that substitution of 
D-leucine in position 4 of the dermorphin-related peptide 
analogue H-Tyr-D-Arg-Phe-Leu-OH did not have a major 
effect on analgesic potency.8 On the other hand, the 
morphiceptin analogue [D-Pro4]morphiceptin has been 
reported to be nearly 20 times more potent in the GPI 
assay than its diastereomer, morphiceptin.11 Taken to
gether, the receptor binding assay data obtained with 
analogues 2-4 indicate that cyclic analogue 1 has the same 
configurational requirements in positions 2, 3, and 4 of the 
peptide sequence as dermorphin-related peptides, whereas 
i8-casomorphins (morphiceptin) show opposite configura
tional requirements in all three positions. 

Substitution of a nitro group in the para position of the 
Phe3 aromatic ring in cyclic peptide 1 (analogue 5) pro
duced a 30-fold drop in /u-receptor affinity (Table I). 
Drastically reduced potencies have also been reported for 
dermorphin and morphiceptin analogues with a p-nitro-
phenylalanine residue substituted in the 3-position.12 In 
contrast to these results, introduction of a p-nitro sub-
stituent in the Phe4 residue of enkephalin and of enke
phalin analogues had resulted in a drastic affinity en
hancement, particularly at the /i-receptor.12,13 These ob
servations had led to the conclusion that the aromatic ring 
of [Phe3] opioid peptides might bind to a receptor subsite 
different from that with which the aromatic ring of Phe4 

in enkephalin analogues interacts. Shortening of the Phe3 

side chain (analogue 6) produced a 40-fold drop in /u-re-
ceptor affinity without much effect on 5-receptor affinity, 

(7) Vavrek, R. J.; Hsi, L.-H.; York, E. J.; Hall, M. E.; Stewart, J. 
M. Peptides 1981, 2, 303. 

(8) Sasaki, Y.; Matsui, M.; Fujita, H.; Hosono, M ; Taguchi, M.; 
Suzuki, K.; Sakurada, S.; Sato, T.; Sakurada, T.; Kisara, K.; 
Chem. Pharm. Bull. 1985, 33, 1528. 

(9) Chang, K.-J.; Killian, A.; Hazum, E.; Cuatrecasas, P.; Chang, 
J.-K. Science (Washington, D.C.) 1981, 212, 75. 

(10) Salvadori, S.; Marastoni, M.; Balboni, G.; Tomatis, R. Farma-
co, Ed. Sci. 1985, 40, 454. 

(11) Matthies, H.; Stark, H.; Hartrodt, B.; Ruethrich, H.-L.; Spieler, 
H.-T.; Barth, A.; Neubert, K. Peptides 1984, 5, 463. 

(12) Schiller, P. W.; Nguyen, T. M.-D.; DiMaio, J.; Lemieux, C. Life 
Sci. 1983, 33, 319. 

(13) Schiller, P. W.; DiMaio, J. In Peptides: Structure and Func
tion; Hruby, V. J., Rich, D. H., Eds., Pierce Chemical Com
pany: Rockford, IL, 1983; p 269. 

and, consequently, the ^-receptor selectivity of 6 is con
siderably lower. These data indicate that the more re
stricted orientational freedom of the phenylglycine residue 
may no longer permit an optimal interaction of its aromatic 
ring with the complementary ^-receptor subsite. On the 
other hand, lengthening of the side chain in the 3-position 
of compound 1 resulted in a cyclic analogue (7) with un
changed /i-receptor affinity but nearly 3 times higher 5-
receptor affinity. Therefore, analogue 7 is about 3 times 
less ^-receptor selective than parent compound 1. This 
result suggests that due to chain lengthening the aromatic 
ring of homophenylalanine might have somewhat better 
access to a hydrophobic subsite of the 5-receptor. In 
agreement with the retained high potency of analogue 7, 
a homophenylalanine tripeptide analogue of dermorphin, 
H-Tyr-D-Ala-Hfe-NH2 had also been reported to be very 
potent in the GPI assay.14 

Further conformational restriction in cyclic analogue 1 
was achieved through N-methylation of the Phe3 residue, 
resulting in a compound (8) that has very low affinity for 
both the n- and the 5-receptor. The poor binding prop
erties of analogue 8 may be due either to the additional 
conformational constraint introduced by incorporation of 
the methyl group or simply to the bulkiness of the latter 
group, which may produce steric interference at the re
ceptor. Na-Methylation of the 3-position residue in a 
dermorphin-related peptide analogue, H-Tyr-D-Ala-Hfe-
NH2, had also produced a considerable potency loss in the 
GPI assay.14 Again, the opposite effect was obtained upon 
methylation of the Phe3 residue in morphiceptin, as in
dicated by the observation that H-Tyr-Pro-Phe(NMe)-
Pro-NH2 is about twice as potent as morphiceptin at the 
At-receptor.15'16 

Transposition of the Orn and Asp residues in parent 
peptide 1 had previously been shown to result in a com
pound (9) with almost identical /u- and 5-receptor affinities4 

(Table I). Like analogue 1, cyclic peptide 9 contains a 
rather rigid 13-membered ring structure. Shortening of 
the side chain in position 4 of 9 by one methylene group 
through substitution of a,7-diaminobutyric acid (A2bu) 
results in an analogue (10) containing an even more rigid, 
12-membered ring. As is evident from Table I, this further 
ring contraction produced a 2.5-fold decrease in ^-receptor 
affinity and a slightly larger decrease in 5-receptor affinity. 
Therefore, the ^-receptor selectivity {K?/Kf) of compound 
10 is higher than that of 9. The cystine-containing cyclic 
analogue 11 has an even smaller, 11-membered ring 
structure. Compound 11 has about the same affinity for 
the ^-receptor as parent peptide 1 but 6 times higher af
finity for the 5-receptor. Thus, despite its smaller ring size, 
cyclic analogue 11 is less ^-selective than cyclic peptides 
1,9, and 10. This may be due to the fact that the side 
chain connecting disulfide linkage in 10 is more flexible 
than the corresponding amide linkages in compounds 1, 
9, and 10. This enhanced flexibility may permit somewhat 
better adaptation to the 5 site despite the smaller ring size. 

The activities of the cyclic analogues determined with 
the GPI and MVD bioassay are listed in Table II. In 
general, the bioassay structure-activity data are in good 

(14) Casiano, F. M.; Cumiskey, W. R.; Gordon, T. D.; Hansen, P. 
E.; McKay, F. C ; Morgan, B. A.; Pierson, A. K.; Rosi, D.; 
Singh, J.; Terminiello, L.; Ward, S. J.; Wescoe, D. M. In Pep
tides: Structure and Function; Hruby, V. J., Rich, D. H., Eds.; 
Pierce Chemical Company: Rockford, IL, 1983; p 311. 

(15) Chang, K.-J.; Wei, E. T.; Killian, A.; Chang, J.-K. J. Pharma
col. Exp. Ther. 1983, 227, 403. 

(16) Loew, G.; Keys, C; Luke, B.; Polgar, W.; Toll, L. Mol. Phar
macol. 1986, 29, 546. 
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Table II. Guinea Pig Ileum (GPI) and Mouse Vas Deferens (MVD) Assay of Opioid Peptide Analogues" 

no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

compd 

H-Tyr-D-Orn-Phe-Asp-NH2 

H-Tyr-Orn-Phe-Asp-NH2 

H-Tyr-D-Orn-D-Phe-Asp-NH2 

H-Tyr-D-Orn-Phe-D-Asp-NH2 

H-Tyr-D-Orn-Phe(pN02)-Asp-NH2 

H-Tyr-D-Orn-Phg-Asp-NH2 

H-Tyr-D-Orn-Hfe-Asp-NH2 

H-Tyr-D-Orn-Phe(NMe)-Asp-NH2 

H-Tyr-D-Asp-Phe-Orn-NH2 

H-Tyr-D-Asp-Phe-A2bu-NH2 

H-Tyr-D-Cys-Phe-Cys-NH2 

[Leu6]enkephalin 

" Mean of three determinations ± SEM. 

i 

ICso, nM 
36.2 ± 3.7 

16800 ± 3600 

>21000 

632 ± 182 

2340 ± 510 

18400 ± 7100 

111 ± 6 

6460 ± 1630 

522 ± 102 

279 ± 16 

64.7 ± 11.9 

246 ± 39 

GPI 

rel potency6 

6.80 ± 0.69 

0.0146 ± 0.0031 

<0.0117 

0.389 ± 0.112 

0.105 ± 0.023 

0.0134 ± 0.0052 

2.22 ± 0.12 

0.0381 ± 0.0096 

0.471 ± 0.092 

0.882 ± 0.051 

3.80 ± 0.70 

1 

'Potency relative to [Leu5]enkephalin. 

IC60, «M 

3880 ± 840 

> 100 000 

>8640 

4810 ± 550 

> 100 000 

1660 ± 30 

1370 ± 520 

1380 ± 270 

8570 ± 3540 

2030 ± 690 

740 ± 187 

11.4 ± 1.1 

MVD 

rel potency6 

0.00294 ±0.00064 

O.000114 

<0.00132 

0.00237 ±0.00027 

<0.000114 

0.00687 ±0.00012 

0.00832 ±0.00316 

0.00826 ±0.00162 

0.00133 ±0.00055 

0.00562 ±0.00191 

0.0154 ± 0.0039 

1 

MVD/GPI 
IC50 ratio 

107 

>5.95 

7.61 

>43 

0.0902 

12.3 

0.214 

16.4 

7.28 

11.4 

0.0463 

agreement with the receptor binding data. However, some 
of the cyclic analogues (1, 2, 5, 7, 8, and 11) showed sev
eral-fold higher potency in the GPI assay than was ex
pected on the basis of their ju-receptor affinities determined 
in the binding assay ([3H]DAGO displacement). These 
discrepancies may be tentatively interpreted in terms of 
a higher "efficacy" or "intrinsic activity" of the cyclic 
analogues at the /u-receptor as compared to linear opioid 
peptides. However, the validity of this hypothesis needs 
to be demonstrated by the performance of further ex
periments. All analogues showed Ke values for naloxone 
as antagonist between 1 and 2 nM in the GPI assay. These 
values are typical for /u-receptor interactions and rule out 
the possibility that the unexpectedly high potencies of the 
cyclic analogues may be due to an additional interaction 
with K-receptors which would result in higher Ke values. 

In the case of peptide 1, the side chain linked antiparallel 
cyclic dimer, (H-Tyr-D-Orn-Phe-Asp-NH2)2, had previ
ously been shown to be less potent than the cyclic mono
mer at the /u-receptor and considerably more potent at the 
5-receptor.4 As a result, the cyclic dimer showed no re
ceptor selectivity, in contrast to the high /x- receptor 
preference observed with the cyclic monomer. The po
tencies of three selected cyclic dimers of the present series, 
corresponding to peptides 2, 10, and 11, were also deter
mined in the GPI and MVD assay (data not shown). As 
in the case of peptide 1, all three dimers showed reduced 
potency in the GPI assay and increased potency in the 
MVD assay when compared with their corresponding cyclic 
monomers. Consequently, the dimers corresponding to 
peptides 2, 10, and 11 also were relatively nonselective, 
showing IC5o(MVD)/IC50(GPI) ratios of 2.50, 0.829, and 
0.222, respectively. As had been previously suggested,4 the 
altered activity profile of the dimers in comparison with 
the cyclic monomers could be either due to the difference 
in conformational constraints or due to the fact that in the 
case of the dimers additional interactions with accessory 
binding sites might alter the activity profile. 

Conclusions 
The results of the present study indicate that analogous 

structural modifications in cyclic peptide 1 and in der-
morphin-related peptides produce qualitatively the same 
effect on biological activity, whereas corresponding mod
ifications in 0-casomorphins (morphiceptin) in general had 
the opposite effect. It has previously been proposed that 
different classes of opiates might have different modes of 
binding to the receptor.17 The fact that the configura-

tional requirements of compound 1 and of dermorphin-
related peptides in positions 2, 3, and 4 of the peptide 
sequence are identical is compatible with the assumption 
that the cyclic analogue and dermorphin interact with the 
same receptor subsites. The different configurational re
quirements in the corresponding positions of /3-caso-
morphin in conjunction with the observed opposite effects 
of Phe3 N-methylation suggest that the mode of binding 
of /3-casomorphins (morphiceptin) may be different from 
that of cyclic peptide 1 and of dermorphin. 

The length of the side chain of the aromatic residue in 
position 3 of cyclic analogue 1 was shown to be important 
for receptor affinity and selectivity. This observation 
suggests that jx- and 5-receptors differ from one another 
in the relative spatial disposition of the binding sites for 
the Tyr1 tyramine moiety and the Phe3 aromatic ring. 

It had previously been observed that reduction of the 
ring size in H-Tyr-D-Lys-Phe-Glu-NH2 (15-membered 

• 1 

ring), as achieved by preparation of cyclic analogue 1 
(13-membered ring), resulted in lower receptor affinity but 
increased /u-receptor selectivity.2 In continuation of this 
trend, further ring contraction, as obtained by synthesis 
of cyclic lactam analogue 10 (12-membered ring), produced 
an additional decrease in receptor affinity and a further 
increase in /tt-receptor selectivity. Cyclic analogue 11 
contains an even smaller, 11-membered ring structure and 
a relatively flexible disulfide bond instead of the side chain 
linking amide bond present in the cyclic lactam analogues. 
The lower receptor selectivity of the cystine-containing 
cyclic analogue relative to cyclic peptides 1,9, and 10 may 
be due to its more flexible ring structure. This result 
indicates that both ring size and ring flexibility affect 
receptor affinity and selectivity. 
Experimental Section 

General Methods. Precoated plates (silica gel G, 250 nm, 
Analtech, Newark, DE) were used for ascending TLC in the 
following solvent systems (all v/v): (1) n-BuOH/AcOH/H20 
(BAW) (4:1:5, organic phase) and (2) rc-BuOH/pyridine/ 
AcOH/H20 (BPAW) (15:10:3:12). Reversed-phase HPLC was 
performed on a Waters liquid chromatograph (Model 6000 solvent 
delivery system, Model 660 solvent programmer) equipped with 
a Model 450 variable-wavelength detector, utilizing a Waters 
column (30 X 0.78 cm) packed with C-18 Bondapak reversed-phase 
(10 /an) material. For amino acid analyses, peptides (0.2 mg) were 
hydrolyzed in 6 N HC1 (0.5 mL) containing a small amount of 
phenol for 24 h at 110 °C in deaerated tubes. The cystine-con-

(17) Portoghese, P. S. J. Med. Chem. 19G5, 8, 609. 
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Table III. 

no. 

Analytical Data of Opioid Peptide Analogues 

compd amino acid anal. 
TLC: R, 

BAW BPAW 
HPLC elut 
time, min 

FAB-MS 
(MH+) 

calcd found 
2 

3 

4 

5 

6 

7 

10 

11 

H-Tyr-Orn-Phe-Asp-NH2 Tyr, 1.00; 

H-Tyr-D-Orn-D-Phe-Asp-NH2 Tyr, 0.88; 

H-Tyr-D-Orn-Phe-D-Asp-NH2 Tyr, 1.00; 

H-Tyr-D-Orn-Phe(pN02)-Asp-NH2 Tyr, 1.00; 

dimer Tyr, 1.00; 
H-Tyr-D-Orn-Phg-Asp-NH2 Tyr, 1.00; 

H-Tyr-D-Orn-Hfe-Asp-NH2 Tyr, 1.00; 

dimer Tyr, 1.00; 
H-Tyr-D-Orn-Phe(NMe)-Asp-NH2 Tyr, 0.98; 

• 

dimer Tyr, 0.97; 
H-Tyr-D-Asp-Phe-A2bu-NH2 Tyr, 1.01; 

I i i - J 

dimer Tyr, 1.02; 
H-Tyr-D-Cys-Phe-Cys-NH2 Tyr, 0.88; 

dimer Tyr, 1.00; 

Orn, 0.88; Phe, 1.02; Asp, 1.01 

Orn, 1.00; Phe, 1.02; Asp, 1.00 

Orn, 1.06; Phe, 1.01; Asp, 0.93 

Orn, 1.10; Phe(pN02), 1.13; Asp, 0.94 

Orn, 0.97; Phe(pN02), 1.09; Asp, 0.98 
Orn, 0.96; Phg, 1.02; Asp, 1.06 

Orn + Hfe overlap; Asp, 0.96 

Orn + Hfe overlap; Asp, 0.89 
Orn, 1.01; Phe(NMe), 0.97; Asp, 1.00 

Orn, 1.00; Phe(NMe), 0.97; Asp, 1.12 
A2bu, 0.95; Phe, 1.10; Asp, 1.00 

A2bu, 0.95; Phe, 1.00; Asp, 1.00 
Cys," 1.87; Phe, 1.00 

Cys," 1.88; Phe, 1.08 

0.32 

0.46 

0.41 

0.46 

0.40 
0.45 

0.49 

0.36 
0.48 

0.41 
0.48 

0.36 
0.68 

0.38 

0.68 

0.70 

0.70 

0.74 

0.71 
0.69 

0.73 

0.66 
0.73 

0.66 
0.71 

0.71 
0.76 

0.76 

13.0 

13.5 

13.5 

11.0 

18.0 
11.0 

11.0 

16.5 
14.0 

22.5 
13.5 

19.0 
12.0 

23.5 

539 

539 

539 

584 

1168 
525 

553 

1106 
553 

1106 
525 

1050 
533 

539 

539 

539 

584 

1168 
525 

553 

1106 
553 

1106 
525 

1050 
533 

1065 1065 

" Determined as cysteic acid. 

taining cyclic analogue 11 was oxidized with H 2 0 2 / formic acid 
(9:1) prior to hydrolysis. Hydrolysates were analyzed on a 
Beckman Model 121C amino acid analyzer equipped with a system 
AA computing integrator. Molecular weights of the obtained 
products were determined by PAB mass spectrometry on a MS-50 
HMTCTA mass spectrometer interfaced to a DS-90 data system 
(Drs. M. Evans and M. Bertrand, Depar tment of Chemistry, 
University of Montreal). 

Fmoc and Boc amino acid derivatives were purchased from IAF 
Biochem International, Laval, Quebec, Canada. The Fmoc de
rivatives of D-phenylalanine, p-nitrophenylalanine, phenylglycine, 
homophenylalanine, and A^-methylphenylalanine were prepared 
by reaction with 9-fluoroenylmethyl chloroformate,18 and their 
structures were confirmed by NMR spectroscopy, using a Varian 
EM-390 spectrometer. All peptides were prepared by the manual 
solid-phase technique using a p-methylbenzhydrylamine resin (1 % 
cross-linked, 100-200 mesh, 0.4 m M / g of t i tratable amine) ob
tained from United States Biochemical Corp., Cleveland, OH. 

Solid-Phase Synthesis and Purification of Cyclic Peptide 
Analogues . The cyclic lactam analogues 2-8 and 10 were syn
thesized according to a protection scheme described in detail 
elsewhere.3 Subsequent to neutralization of the resin with 10% 
(v/v) DIEA in CH2C12 (2 X 10 min) and washing with CH2C12 (3 
X 1 min), the C-terminal tr ipeptide segment to be cyclized was 
assembled according to the following protocol: (1) addition of 
Fmoc amino acid in CH2C12 (2.5 equiv); (2) addition of DCC (2.5 
equiv) and mixing for 4-24 h (completeness of the reaction was 
monitored with the ninhydrin test19); (3) Fmoc deprotection with 
50% piperidine in CH2C12 (30 min); (4) washing with DMF (3 X 
1 min) and EtOH ( 3 X 1 min). After coupling of the third Fmoc 
amino acid, Fmoc protection of the N-terminal ainino group was 
retained and the side chains of the Orn (or A2bu) and Asp residues 
to be linked were deprotected by treatment with 50% (v/v) TFA 
in CH2C12 (30 min). Following neutralization with 10% (v/v) 
DIEA in CH2C12 (2 X 10 min) and washing with CH2C12 (3 X 1 
min) and DMF ( 3 X 1 min), cyclization was carried out in DMF 
at room temperature by addition of DCC (5 equiv) in the presence 
of HOBt (5 equiv). Monitoring of the ring-closure reaction with 
the ninhydrin test revealed that cyclization was usually complete 
after 1-6 days. In cases where the cyclization reaction took longer 
than 2 days, fresh DCC and HOBt were added every 48 h. After 
performance of the cyclization step, the N-terminal Fmoc group 
was removed as usual and washing of the resin was carried out 
as described above. Subsequently, Boc-Tyr(Boc)-OH (2.5 equiv) 
in CHZC12 and DCC (2.5 equiv) were added and the resin sus
pension was mixed for 24 h. After subsequent deprotection with 

(18) Carpino, L. A.; Han, G. Y. J. Am. Chem. Soc. 1970, 92, 5748. 
(19) Kaiser, E.; Colescott, R. L.; Bossinger, D. C; Cook, P. I. Anal. 

Biochem. 1970, 34, 595. 

50% (v/v) TFA in CH2C12 (30 min), the resin was washed with 
CH2C12 ( 3 X 1 min) and E t O H ( 3 X 1 min) and was dried in a 
desiccator. Peptides were cleaved from the resin and deprotected 
by treatment with HF for 90 min at 0 °C and for 15 min at room 
temperature (20 mL of H F plus 1 mL of anisole/g of resin). After 
evaporation of the HF, the resin was extracted three times with 
diethyl ether and, subsequently, three times with 7% acetic acid. 
The crude peptide was then obtained in solid form through 
lyophilization of the acetic acid extract. 

The linear precursor tetrapeptide of the cystine-containing 
cyclic analogue 11 was assembled on the same resin by using Boc 
amino acids according to a protocol described elsewhere.20 The 
Boc and p-methylbenzyl groups were used for the side-chain 
protection of tyrosine and cysteine, respectively. The peptide 
was cleaved from the resin and deprotected by t reatment with 
H F as described above. Following three washings with diethyl 
ether, the crude linear peptide was extracted from the resin with 
7 % acetic acid, and the resulting solution was diluted with H 2 0 
to a concentration of approximately 0.3 mM. After adjustment 
of the pH to 8.0, oxidative disulfide bond formation was achieved 
by reaction with K3Fe(CN)6 (2.5-fold excess) for 40 min. Following 
adjustment of the pH to 5.0 with 50% acetic acid, anion-exchange 
resin (Amberlite 400, OH" form) was added and the suspension 
was stirred for 20 min. After filtration, the absence of free 
sulfhydryl groups was established with the nitroprusside test. 
Subsequent volume reduction by evaporation and lyophilization 
yielded the crude product. 

Peptides were purified by gel filtration on a Sephadex-G-25 
column in 0.5 N AcOH, followed by reversed-phase chromatog
raphy on an octadecasilyl silica column,21 with a linear gradient 
of 0-80% MeOH in 1% TFA. If necessary, further purification 
to homogeneity was performed by semipreparative reversed-phase 
HPLC (20-50% MeOH (linear gradient) in 0 .1% TFA). In the 
case of the cyclic lactam analogues, a second major component 
corresponding to the side chain linked antiparallel cyclic dimer 
was identified in the crude peptide products. Since the H P L C 
elution times of the cyclic dimers on the reversed-phase column 
were longer than those of the corresponding cyclic monomers, 
separation was easily achieved. The elution profile of the crude 
product of H-Tyr-D-Cys-Phe-Cys-NH2 (11) showed three major 

' 
peaks. The first and second ones corresponded to the cyclic 
monomer and a cyclic dimer, respectively, and the third one 
represented a higher oligomer. Final products were obtained as 
lyophilisates. Homogeneity of the peptides was established by 
TLC and by HPLC under conditions identical with those de-

(20) Schiller, P. W.; Yam, C.-F.; Lis, M. Biochemistry 1977, 16, 
1831. 

(21) Bohlen, P.; Castillo, F.; Ling, N.; Guillemin, R. Int. J. Pept. 
Protein Res. 1980, 16, 306. 
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scribed above. All peptides were at least 95% pure, as judged 
from the HPLC elution profiles. Analytical data are presented 
in Table III. The syntheses of peptides 1 and 9 have been 
reported elsewhere.4 

Binding Assays and Bioassays. Receptor binding studies 
with rat brain membrane preparations were performed as reported 
in detail elsewhere.22 [3H]DAGO and [3H]DSLET at respective 
concentrations of 0.72 and 0.78 nM were used as radioligands, 
and incubations were performed at 0 °C for 2 h. The calculation 
of the binding inhibition constants (Jf,) was based on the equation 
by Cheng and Prusoff,23 with values of 1.3 and 2.6 nM for the 
dissociation constants of [3H]DAGO and [3H]DSLET, respec
tively.24'26 

The GPI26 and MVD27 bioassays were carried out as reported 
in detail elsewhere.22,28 A log dose-response curve was determined 

(22) Schiller, P. W.; Lipton, A.; Horrobin, D. F.; Bodanszky, M. 
Biochem. Biophys. Res. COmmun. 1978, 85, 1322. 

(23) Cheng, Y. C; Prusoff, W. H. Biochem. Pharmacol. 1973, 22, 
3099. 

(24) Handa, B. K.; Lane, A. C; Lord, J. A. H.; Morgan, B. A.; 
Ranee, M. J.; Smith, C. F. C. Eur. J. Pharmacol. 1981, 70, 531. 

(25) Gacel, G.; Fournie-Zaluski, M.-C; David, M.; Meunier, J. C; 
Morgat, J. L.; Roques, B. P. In Advances in Endogenous and 
Exogenous Opioids; Takagi, H., Simon, E., Eds.; Kodansha 
Ltd.: Tokyo, 1981; p 377. 

(26) Paton, W. D. M. Br. J. Pharmacol. 1957, 12, 119. 
(27) Henderson, G.; Hughes, J.; Kosterlitz, H. W. Br. J. Pharmacol. 

1972, 46, 764. 

The substituted benzamides have attracted considerable 
interest as potential antipsychotics with a lower propensity 
to induce extrapyramidal side effects (EPS) than the 
classical neuroleptics like haloperidol (I). The "atypical" 
neuroleptic profile is characterized by a large separation 
between the doses inhibiting apomorphine-induced be
havior patterns (index for antipsychotic activity) and the 
doses inducing catalepsy (index for acute extrapyramidal 
side effects).1 For sulpiride (Ha), the prototype of the 
substituted benzamides, the atypical neuroleptic profile 
could be confirmed in humans.2 Sulpiride, however, is a 
rather weak antipsychotic drug3 due to its low bioavaila-

* Department of Medicinal Chemistry. 
* Department of Pharmacology. 

with [Leu5]enkephalin as standard for each ileum or vas prepa
ration, and IC50 values of the compounds being tested were 
normalized according to a published procedure.29 Ke values for 
naloxone as antagonist were determined from the ratio of IC50 

values obtained in the presence and absence of a fixed naloxone 
concentration (5 nM).30 
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bility 3a and poor penetration into the brain.3b 
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pride, IIb)3d and highly potent [eticlopride (IIc)4a and ra
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2-Phenylpyrroles as Conformationally Restricted Benzamide Analogues. A New 
Class of Potential Antipsychotics. 1 
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2-Phenylpyrroles were synthesized as conformationally restricted analogues of the substituted benzamide sultopride 
and the butyrophenones haloperidol and fluanisone. Dopamine antagonistic activity is maintained if the 2-phenylpyrrole 
side chain is linked to the pharmacophoric 2V-ethylpyrrolidine moiety of sultopride or to the 4-substituted piperazine 
moiety of fluanisone but is lost if the 2-phenylpyrrole is combined with the 4-substituted piperidine moiety of 
haloperidol. The 2-phenylpyrrole analogue 1 of sultopride is in vitro 0.25 and in vivo 3 times as potent as the parent 
compound. Its binding to the dopamine D-2 receptors is, in analogy to the substituted benzamides, strongly 
sodium-dependent. The 2-(4-fluorophenyl)pyrrole analogue 5 of fluanisone is superior in vitro as well as in vivo 
to the corresponding benzamide 7 and the butyrophenone fluanisone. The increase in activity is not only due to 
a higher affinity for the D-2 receptors but also to an enhanced oral absorption (ratio po/ip = 4.5 vs 40 for the benzamide 
and 60 for fluanisone). Compound 5 is further characterized by a high selectivity for the D-2 receptors, in contrast 
to the benzamide and butyrophenone analogues (ratio D-2/ax = 60, 2.0, and 0.3, respectively). The binding to the 
D-2 receptors has little dependence on sodium. The 2-phenylpyrrole 5 shares with the benzamide 7 a low potential 
to induce catalepsy, which is in contrast to haloperidol. So, 5-(4-fluorophenyl)-2-[[4-(2-methoxyphenyl)-l-
piperazinyl]methyl]pyrrole (5) is the prototype of a new class of sodium-independent dopamine D-2 antagonists, 
which may be particularly useful as potential antipsychotics with a low propensity to induce acute extrapyramidal 
side effects. 
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