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ABSTRACT The conformationally restricted, cyclic, disul-
fide-containing, enkephalin analogs [2-D-penicillamine, 5-L-pen-
icdillamine]enkephalin ([D-Pen2,L-Pen']enkephalin) and [2-D-pen-
icillamine, 5-D-penicillamine]enkephalin ([D-Pen D-Pen len-
kephalin) were synthesized by solid-phase methods. Selectivi-
ties of these analogs for a single class of opioid receptor were in-
vestigated by examining relative potencies in the mouse vas def-
erens assay, in which the functional receptor is the 6 receptor,
versus the guinea pig ileum assay, in which the ,u receptor is the
functional receptor, and by determining their relative abilities to
displace the prototypical 6 receptor ligand [D-Ala2,D-Leu5]en-
kephalin and the prototypical IA receptor ligand naloxone from rat
brain membrane preparations. Based on these comparisons [D-
Pen L-Pen ]- and [D-P ,D-Pen5]enkephalin exhibited 6 re-
ceptor selectivities of 1,088 and 3,164, respectively, in the bioas-
says, and 371 and 175, respectively, in the binding assays. Com-
pared with the previously reported 6 receptor selective analogs,
[D-Ala2,D-Leu5]enkephalin, [D-Ser2,Leu5,Thr6]enkephalin, and
[D-Thr2,Leu5,Thr6]enkephalin, the bis-Pen-containing analogs
provide an order of magnitude increase in 6 receptor selectivity.

The endogenous opioid pentapeptides [Met5]enkephalin (H-Tyr-
Gly-Gly-Phe-Met-OH) and [Leu5]enkephalin (H-Tyr-Gly-Gly-
Phe-Leu-OH) have been shown to interact with several classes
of opioid receptors (1-3) that may mediate different physio-
logical responses. Elucidation of the roles of the individual re-
ceptor classes has been hampered by the general lack of en-
kephalin analogs with a high degree of selectivity for a single
receptor type. The vast majority of analogs crossreact exten-
sively with the different receptors, making it difficult to define
receptor roles. This situation has been in part ameliorated by
recent reports of an enkephalin analog highly selective for the
,At opioid receptor (4-6) and a nonpeptide opiate with high K
receptor selectivity (7). However, analogs with corresponding
selectivity for the 8 opioid receptor have not been demon-
strated.
One approach for the design of more selective analogs in-

volves the incorporation of conformational restrictions. The na-
tive enkephalins, like most small, linear peptides, possess con-
siderable conformational flexibility and by virtue of this flexibil-
ity can attain the presumably different conformational features
required for interaction with different classes of opioid recep-
tors. In principle, appropriate restriction of this flexibility can
lead to analogs able to assume the conformation required to in-
teract favorably with only one class of receptor. One method
for effecting conformational restrictions is via cyclization of
the peptide that constrains the resulting analog to assume a

compact topography. Several active, cyclic enkephalin analogs
have been reported, all of which are cyclized by either side
chain to carboxyl terminus (8, 9) or side chain to side chain
linkages (10-12). Of particular interest in the latter category
is the finding that [D-Cys L-Cys]- and [D-Cy D-Cvs5]enkeph-
alinamide, in which cyclization is achieved by means of a disul-
fide linkage connecting the two cysteine residues, display mod-
erate Au receptor selectivities (10), whereas the cyclic analogs
[D-P7n7, L-Cys]- and [D-Pen2, D-Cys']enkephalinamide (where
Pen is penicillamine), which differ from the two former com-
pounds only by virtue of the substitution of cysteine by Pen
(/3,f3-dimethyl-cysteine) at the second residue, exhibit substan-
tial 8 receptor selectivities (11). The corresponding carboxylic
acid terminal analogs [D-Pen ,L-CYs5]- and [D-PW,D-Cys ]en-
kephalin display even more pronounced 8 receptor selectivities
(12).

It has previously been shown that, in aqueous solution,
the tocin ring portion of Pen-containing oxytocin analogs is
conformationally restricted, whereas the tocin ring of oxyto-
cin itself is quite flexible (13-16). This difference arises
from the rigidifying effect of gem-dialkyl substituents in me-
dium-sized rings and suggests that the 8 opioid receptor se-
lectivities observed for the [D-PenL(or D)Cys5]enkephalins
and enkephalinamides are also due to increased conformation-
al rigidity. To investigate the effect of further rigidification,
the bis-Pen-containing cyclic enkephalin analogs H-Tyr-D-
Pen-Gly-Phe-L-Pen-OH ([D-Pen2L-PJen5]enkephalin) and H-
Tyr-D-Pen-Gly-Phe-D-Pen-OH ([D-Pen D-Pen ]enkephalin)
(Fig. 1) were synthesized. Opioid receptor selectivity was
evaluated in the mouse vas deferens (MVD) and guinea pig
ileum (GPI) assays and in rat brain membrane binding assays.
The bis-Pen-containing peptides were compared with the pre-
viously reported 8receptor selective analogs [D-Ser2, Leu5,Thr6]-
enkephalin (17), [D-Thr2, Leu5,Thr6]enkephalin (18), and [D-
Ala2, D-Leu5]enkephalin (19).

MATERIALS AND METHODS
[D-Ala2,D-Leu5]Enkephalin was purchased from Sigma. The
analogs [D-Pen L-Pe'ns]enkephalin, [D-Pen D-Pen]enkeph-
alin, [D-Ser2,Leu5,Thr6]enkephalin (17), and [D-Thr2, Leu5, -
Thr6]enkephalin (18) were synthesized by solid-phase methods
similar to those previously reported (11, 12). Chloromethylated
(1.16 mmol/g of resin) polystyrene resin 1% crosslinked with

Abbreviations: Standard abbreviations are used for the common amino
acids, which, unless otherwise noted, are of the L-configuration. Other
abbreviations are: Pen, penicillamine; MVD, mouse vas deferens; GPI,
guinea pig ileum.
f To whom reprint requests should be addressed.
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FIG. 1. bis-Pen cyclic enkephalin analogs [D-Pen',iPen'Ienkeph-
alin (A) and [D-PZ2,D-Pen5Ienkephalin (B).

divinylbenzene (Lab Systems, San Mateo, CA) was used as the
solid support. Na-tert-Butyloxycarbonyl-protected amino acids
were used throughout. Benzyl protection of the threonine and
serine side chains and p-methylbenzyl protection of the Pen
side chains were utilized. Cleavage from the resin and removal
of side chain protection were effected by treatment with an-

hydrous HF (10 ml/g of resin) in the presence of anisole (2 ml/
g of resin) for 60 min at 0C. For the sulfur-containing analogs,
dithioethane (0.2 ml/g of resin) was also present. The peptides
were extracted from the HF-treated resin with N2-purged gla-
cial acetic acid and the resin was then washed sequentially with
30% acetic acid, 0.2 M acetic acid, and water, all of which had
been purged with N2. The filtrates were combined and lyoph-
ilized. The product was dissolved in N2-purged 0.1% acetic acid
(ca. 0.25 mmol of peptide per liter of solution), the pH was

adjusted to 8.5 with 4 M NH40H, and the disulfide was formed
via oxidation by 0.01 M K3Fe(CN)6 (2-fold excess) for 2-4 hr.
After the oxidation, the pH was adjusted to 4 with acetic acid
and 10 ml of settled volume of AG-3X4A anion exchange resin
(chloride form, Bio-Rad) was added. The mixture was stirred
for 20 min and filtered, and the resin was washed three times
with 50 ml each of 30% acetic acid. The volume of the filtrate
was reduced by rotary evaporation and then lyophilized. The
peptides were purified by partition chromatography on Seph-
adex G-25 block polymerizate by using the solvent system 1-
butanol/acetic acid/water, 4:1:5 (vol/vol), followed by gel fil-
tration on Sephadex G-15 with 30% acetic acid as the eluant.
Purity of the enkephalin analogs was assessed by TLC, each
compound yielding a single uniform spot in the four solvent
systems: (i) 1-butanol/acetic acid/water, 4:1:5 (vol/vol), upper
phase only; (ii) 1-butanol/pyridine/acetic acid/water, 15:10:3:12
(vol/vol); (iii) 1-butanol/water (3.5% acetic acid/1.5% pyri-
dine), 1:1 (vol/vol), upper phase only; and (iv) 1-amyl alcohol/
pyridine/water, 7:7:6 (vol/vol), and by HPLC utilizing a Waters
RCM-100 Radical Compression Unit (C18 RP column, 8-mm
inside diameter, 10-,um particle size) with isochratic elution by
the solvent system: 1% trifluoroacetic acid (aqueous)/aceto-

nitrile, 76:24 (vol/vol), at a flow rate of 2 ml/min with optical
detection at 280 nm. The HPLC chromatograms indicated pu-
rities in excess of 98%. Amino acid analyses were performed on
a Beckman 120C amino acid analyzer.
[D-Pn2iL-Pen5]Enkepha1in. TLC Rf (solvent system in pa-

renthesis): 0.69 (i); 0.83 (ii); 0.32 (iii); 0.70 (it). HPLC k' (ca-
pacity factor): 2.54. Amino acid analysis: Tyr, 1.01; Gly, 0.97;
Phe, 1.04; Pen, not determined.

[D-Pen2,D-Pen5]Enkephalin. TLC Rf (solvent system in pa-
renthesis): 0.64 (i); 0.82 (ii); 0.32 (iii); 0.72 (is). HPLC k' (ca-
pacity factor ratio): 2.54. Amino acid analysis: Tyr, 1.05; Gly,
0.96; Phe, 1.00; Pen, not determined.
GPI and MVD Bioassays. Assays based on the inhibition of

electrically induced smooth muscle contractions were pat-
terned after the standard procedures for the GPI longitudinal
muscle-myenteric plexus preparation (20) and the isolated MVD
(21) system and were performed as reported (11). Reported IC50
values represent the mean (± SEM) of three or four deter-
minations. Ke (equilibrium constant) values of the antagonist
naloxone were calculated by using the formula Ke = Q/(DR-
1), in which Q is the antagonist (naloxone) concentration (nM)
and DR is the dose ratio in naloxone-treated versus control
preparations.

Receptor Binding Assays. Specific ligand binding studies us-
ing twice-washed rat brain (less cerebellum) membrane prep-
arations [100 A.l of 8% (wt/vol) homogenate] were performed
as described (11). Concentrations of radioligands were 1 nM.
Nonspecific binding was defined by 1 AM [Met]enkephalin or
by 1 AM naltrexone in [D-Ala2,D-Leu5]-[3H]enkephalin or
[3H]naloxone binding assays, respectively. Incubations were
performed in sodium-free buffer (50 mM Tris HCl, pH 7.4, at
25°C containing 100 ,g of bacitracin per ml) for 60 min for
[3H]naloxone (42.3 Ci/mmol, 1 Ci = 3.7 X 1010 Bq; New En-
gland Nuclear) and for 40 min for [D-Ala2,D-Leu5]-[3H]enkepha-
lin (39.5 Ci/mmol; New England Nuclear). Reported IC50 values
(± SEM) represent the concentration of inhibitor that caused
half-maximal inhibition of specific [3H]naloxone or [D-Ala2,D-
Leu5]-[3H]enkephalin binding. All assays were carried out in
triplicate on three to six membrane preparations.

RESULTS AND DISCUSSION
As summarized in Table 1, all the analogs tested inhibited the
electrically induced contractions of GPI and MVD prepara-
tions. These effects were naloxone reversible. All analogs were
more potent in the MVD system, in which the functional re-
ceptor is believed to be the 8 receptor (1, 19), than in the GPI
system, in which the ,u receptor is thought to mediate the effect
(1, 19). The large difference in KI values for naloxone (Table 1)
in the two preparations supports the conclusion that the tested
analogs act via different receptors in the MVD and in the GPI.
The ratios of the IC50 values in the GPI assay to those in the
MVD assay can then be taken as an index of the selectivity of
each analog for the 8 versus the ,u receptor. Based on this ratio,
[D-Ala2,D-Leu5]enkephalin, the heretofore prototypical 8 re-
ceptor ligand, was the least selective analog tested, whereas [D-
PenI2nL-Pen]- and [D-Pen2,D-Pen5]enkephalin were the most
selective, exhibiting IC50 ratios of 1,088 and 3,164, respec-
tively. In the case of [D-Pen2, D-Pen5]enkephalin, this repre-
sents 9.5 and 18 times the 8 receptor selectivity that we find
for the recently reported 8 receptor-selective analogs [D-
Ser2, Leu5,Thr6]enkephalin (17) and [D-Thr2,Leu5,Thr6]en-
kephalin (18), respectively.

Similar trends were observed in binding assays using rat brain
membrane preparations as shown in Table 2. All of the peptides
tested displaced the 3H-labeled compounds in a multiphasic
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Table 1. Inhibitory potencies (IC50) of enkephalin analogs in GPI and MVD assays

IC50, riM Ke(Naloxone), nM
Analog GPI MVD Ratio* GPI MVD

[D-Pen2,L-Pen5]Enkephalin 2,720 ± 50.1 2.50 ± 0.03 1,088 1.1 ± 0.2 49.4 ± 1.9
[D-PeFD~-Pen5]Enkephalin 6,930 ± 124 2.19 ± 0.30 3,164 2.7 ± 0.7 45.7 ± 9.1
[D-Ala2,D-Leu5]Enkephalin 24.3 ± 5.3 0.27 ± 0.06 90 2.1 ± 0.6 36.2 ± 11.1
[D-Ser2,Leu5,Thr6]Enkephalin 234.4 ± 85.6 0.70 ± 0.08 333 1.0 ± 0.1 28.8 ± 1.2
[D-Thr2,Leu5,Thr6]Enkephalin 100.2 ± 19.6 0.58 ± 0.06 173 1.8 ± 0.2 52.4 ± 10.4
Normorphine 91 ± 19 540 ± 113 0.17 2.5 ± 0.4 4.3 ± 0.5

Reported IC50 values represent the mean (± SEM) of three or four determinations. Ke was calculated by using the formula
Ke = Q/(DR - 1), in which Q = antagonist (naloxone) concentration andDR = dose ratio in naloxone-treated versus control
preparations.
* GPI ICrO/MVD IC0O

manner, with Hill slopes significantly less than 1. [D-Ala2, D-
Leu5]Enkephalin was the least selective analog, exhibiting
a 4-fold higher potency for displacement of [D-Ala2,D-Leu5]-
[3H]enkephalin (6 receptor agonist) than for displacement of
[3H]naloxone (/i receptor antagonist). [D-Thr2, Leu5, Thr6]-
Enkephalin was marginally more selective than [D-Ala2, D-
Leu5]-enkephalin, whereas [D-Ser2,Leu5,Thr6]enkephalin pro-
vided a 4-fold improvement over [D-Ala2, D-Leu5]enkephalin
(IC50 ratio of 15.4). By contrast, the bis-Pen-containing ana-
logs showed very high selectivities in these assays with IC50 (nal-
oxone)/IC50 ([D-Ala2,D-Leu5]enkephalin) ratios of 371 for [D-
Pe'_ L- n]enkephalin and 175 for [D-Pen2 D-Pen']enkepha-
lin. Compared with [D-Ser2,Leu5,Thr6]enkephalin, in our

hands the most selective of the previously reported putative
receptor ligands, [D-Pen L-Pen]- and [D-Pni D-Pen ]en-

kephalin provided an improvement in specificity of 24- and 11-
fold, respectively. The selectivities of the bis-Pen enkephalin
analogs are also substantially higher than those reported for
the dimeric enkephalin analog (H-Tyr-D-Ala-Gly-Phe-NH-)2-
(-CH2-)12, for which receptor selectivity was assessed by com-
paring binding to 8 receptors of neuroblastoma x glioma mem-
branes with binding to ,u sites in rat brain preparations (22). The
low selectivity of [D-Ala2,D-Leu5]enkephalin observed in our
results and reported by others (6) and the previously described
crossreactivity of naloxone with ,u and 8 sites (23) indicate that
the IC50 ratios given in Table 2 are not rigorous measures of
versus A receptor selectivities. Nonetheless, these ratios are
valid for assessing the relative selectivities of the tested ana-

logs.
The extraordinarily high receptor selectivities of the cyclic,

bis-Pen enkephalin analogs represent an order of magnitude
improvement over previously reported selective analogs, which
indicates that these compounds will prove valuable for deter-

mining the physiological role of this receptor. Further, the con-
formationally restricted nature of these analogs renders them
amenable to conformational analysis in solution because they
are less subject to dynamic averaging than are more flexible
compounds. More importantly, the conformational restrictions
imposed in a 14-membered ring system by the bis-Pen sub-
stitution require that the three-dimensional structures of these
analogs when bound to the receptor must closely approximate
those observed in solution. Thus, careful conformational anal-
ysis of the bis-Pen analogs in aqueous solution should provide
important insights into the conformational requirements for
receptor-ligand binding and transduction. Such extrapolations
from solution to receptor-bound conformation for more flexible
analogs generally are not valid. Investigations into the solution
conformation of the enkephalins and their linear analogs have
led to the proposal of several mutually incompatible models
(24-26). Conformational analysis of more rigid enkephalin an-
alogs such as the Pen-containing compounds of this and pre-
vious reports (11, 12) will allow these discrepancies to be re-

solved.
It recently has been proposed that favorable interaction with

,u receptors requires a compact comformation of the ligand,
whereas favorable interaction with the receptor requires a more
extended conformation of the ligand (27). The observed A re-

ceptor selectivities of cyclic enkephalin analogs prepared by
Schiller and co-workers (8-10) are in agreement with the for-
mer proposal. However, the very high 8 receptor selectivities
of the bis-Pen analogs presented here and of previously re-

ported Pen-containing enkephalin analogs (11, 12) cast serious
doubt on the latter suggestion. Rather, the results reported here
indicate that the conformational requirements for optimal in-
teraction with the ,u and receptors differ in a more subtle
manner. Biophysical studies using these conformationally re-

Table 2. Receptor binding affinities of enkephalin analogs for [3H]naloxone and
[D-Ala2,D-Leu5]-[3Hlenkephalin sites in rat brain homogenates

IC5o, nM
[D-Ala2,D-LeU5]-

Analog [3H]Naloxone [3H]Enkephalin Ratio*

[D-Pen2,L-Pen5]Enkephalin 3,710 ± 740 10.0 ± 0.2 371
[D-Pen2,D-Pen5]Enkephalin 2,840 ± 670 16.2 ± 0.9 175
[D-Ala2,D-Leu5]Enkephalin 16 ± 5.0 3.9 ± 0.7 4.1
[D-Ser2,Leu5Thr']Enkephalin 88 ± 6.0 5.7 ± 0.4 15.4
[D-Thr2,Leu5,Thr6]Enkephalin 36.3 ± 3.8 6.4 ± 0.6 5.7
Morphine 23.3 ± 2.4 27.2 ± 1.2 0.9

IC50 values represent the mean concentration (± SEM) of analog that caused half-maximal inhibition
of specific 3H-labeled ligand. All incubations were carried out at 250C in 50 mM Tris-HCI buffer (pH 7.4)
by using twice-washed membrane homogenates of whole rat brain minus cerebellum.
* Naloxone IC50/[D-Ala2,D-Leu5]enkephalin IC50.
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stricted analogs should provide important insights into these
requirements. In addition, the 8 selective analogs reported here
should provide an important tool for determining the physio-
logical role(s) of the 8 opioid receptor.

This research was supported by U.S. Public Health Service Grants
NS 17886 (H.I.M.), DA 02163 (T.F.B), NS 15420 (T.F.B.), MH 27257
(H.I.Y.), and MH 30626 (H.I.Y.), Research Scientist Development Award
MH 00095 (H.I.Y.), National Research Service Award NS 06923 (K.G.),
by the National Science Foundation (V.J. H.), by a Pharmaceutical Man-
ufacturers Association Foundation Predoctoral Fellowship (J.J.G), and
by a University of Arizona Biomedical Research Grant (V.J.H.).

1. Lord, J. A., Waterfield, A. A., Hughes, J. & Kosterlitz, H. W.
(1977) Nature (London) 267, 495-499.

2. Wolozin, B. L. & Pasternak, G. W. (1981) Proc. Nati. Acad. Sci.
USA 78, 6181-6185.

3. Chang, K. -J. & Cuatrecasas, P. (1979) J. Biol. Chem. 254, 2610-
2618.

4. Handa, B. K., Lane, A. C., Lord, J. A. H., Morgan, B. A., Rance,
M. J. & Smith, C. F. C. (1981) Eur. J. Pharmacol. 70, 531-540.

5. Kosterlitz, H. W. & Paterson, S. J. (1981) Br. J. Pharmacol. 73,
299P (abstr.).

6. Gillan, M. G. C. & Kosterlitz, H. W. (1982) Br. J. Pharmacol. 77,
461-468.

7. Piercey, M. F., Lahti, R. A., Schroeder, L. A., Einspahr, F. J. &
Barsuhn, C. (1982) Life Sci. 31, 1197-1200.

8. DiMaio, J. & Schiller, P. W. (1980) Proc. Nati. Acad. Sci. USA 77,
7162-7166.

9. DiMaio, J., Nguyen, T. M.-D., Lemieux, C. & Schiller, P. W.
(1982) J. Med. Chem. 25, 1432-1438.

10. Schiller, P. W., Eggimann, B., DiMaio, J., Lemieux, C. & Ngu-
yen, T. M.-D. (1981) Biochem. Biophys. Res. Commun. 101, 337-
343.

11. Mosberg, H. I., Hurst, R., Hruby, V. J., Galligan, J. J., Burks,
T. F., Gee, K. & Yamamura, H. I. (1982) Biochem. Biophys. Res.
Commun. 106, 506-512.

12. Mosberg, H. I., Hurst, R., Hruby, V. J., Galligan, J. J., Burks,
T. F., Gee, K. & Yamamura, H. I. (1983) Life Sci. 32, 2565-2569.

13. Meraldi, J. P., Yamamoto, D., Hruby, V. J. & Brewster, A. I. R.
(1975) in Peptides: Chemistry, Structure, and Biology, eds. Wal-
ter, R. & Meienhofer, J. (Ann Arbor Sci., Ann Arbor, MI), pp.
803-814.

14. Meraldi, J. P., Hruby, V. J. & Brewster, A. 1. R. (1977) Proc. Nati.
Acad. Sci. USA 74, 1373-1377.

15. Mosberg, H. I., Hruby, V. J. & Meraldi, J. P. (1981) Biochemistry
20, 2822-2828.

16. Mosberg, H. I. & Hruby, V. J. (1981) in Peptides: Synthesis,
Structure, Function, eds. Rich, D. H. & Gross, E. (Pierce, Rock-
ford, IL), pp. 375-378.

17. Gacel, G., Fournie-Zaluski, M. C. & Roques, B. P. (1980) FEBS
Lett. 118, 245-247.

18. Zajac, J. M., Gacel, G., Petit, F., Dodey, P., Rossignol, P. &
Roques, B. P. (1983) Biochem. Biophys. Res. Commun. 111, 390-
397.

19. Kosterlitz, H. W., Lord, J. A. H., Paterson, S. J. & Waterfield,
A. A. (1980) Br. J. Pharmacol. 68, 333-342.

20. Kosterlitz, H. W., Lydon, R. J. & Watt, A. J. (1970) Br. J. Phar-
macol. 39, 398-413.

21. Hughes, J., Kosterlitz, H. W. & Leslie, F. M. (1975) Br. J. Phar-
macol. 53, 371-381.

22. Shimohigashi, Y., Costa, T., Chen, H.-C. & Rodbard, D. (1982)
Nature (London) 297, 333-335.

23. Gillan, M. G. C., Kosterlitz, H. W. & Paterson, S. J. (1980) Br.
J. Pharmacol. 70, 481-490.

24. Roques, B. P., Garbay-Jaureguiberry, C., Oberlin, R., Anteunis,
M. & Lala, A. K. (1976) Nature (London) 262, 778-779.

25. Jones, C. R., Gibbons, W. A. & Garsky, V. (1976) Nature (Lon-
don) 262, 779-782.

26. Khaled, M. A., Long, M. M., Thompson, W. D., Bradley, R. J.,
Brown, G. B. & Urry, D. W. (1977) Biochem. Biophys. Res. Com-
mun. 76, 224-231.

27. Fournie-Zaluski, M.-C., Gacel, G., Maigret, B., Premilat, S. &
Roques, B. P. (1981) Mol. Pharmacol. 20, 484-491.

Proc. Natl. Acad. Sci. USA 80 (1983)


