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The &selective opioid peptide deltorphin C(H-Tyr-~-Ala-Phe-Asp-Val-Val-Gly-NH2) (DEL C) 
was modified by para-substitution of Phe3 with halogens (F, Cl, Br, I), amino, or nitro groups. The 
bioactive potencies in peripheral tissues and brain receptor selectivities of these analogues depended 
upon the particular substituent; peptides containing halogen substituents exhibited the least 
disruptive effect. In the mouse vas deferens (MVD) bioassay, [p-ClPhe31DEL C displayed equivalent 
bioactivities to DEL C; in combination with the guinea pig ileum (GPI) bioassay, [p-ClPhe31DEL 
C and [p-BrPhe31DEL C exhibited marked preference for 6 sites (ICWGPI/IC~OMVD = 11 250 and 
6 363, respectively), which are -4- and 2-fold greater than DEL C. In a receptor binding assay, 
none of the halogenated analogues had 6 affinities (Ki) exceeding that of DEL C; however, in terms 
of 6 selectivity (KiP/KiS), [p-BrPhe31DEL C was nearly twice as selective as DEL C, while [p-FPhe3]- 
DEL C was equivalent, and [p-IPhe3]DEL C only 25% less selective. The only correlation evident 
with the halogenated derivatives occurred between ICwGPI and K* (r = 0.814) rather than between 
6 receptor studies (MVD or Ki6); interestingly, ICWGPI also correlated with K' (r = 0.982). The 
p-amino or p-nitro substituents of Phe3 in DEL C and DEL B (= [Glu41DEL C) were deleterious 
for bioactivity (MVD) (losses ranged from 400- to -8 000-fold) and in receptor binding assays, 
where 6 affinities decreased 140- to 840-fold and 6 selectivities by 34- to 380-fold. p-Nitro-Phe3 
was the most detrimental substitution for all the parameters measured for both deltorphins: the 
loss in MVD activity, however, was less with DEL B than with DEL C, which was the opposite 
for 6 receptor affinity. 

Introduction' 
Halogenated derivatives (F, C1, Br, and I) of Phe4 in the 

conformationally restricted, cyclic [D-Pen2l5I enkephalin2y3 
and metkephamid4 enhanced 6 affiiityto brain membrane 
receptors and bioactive 6 selectivity in classical pharma- 
cological assays designed for measuring 6 and p opioid 
receptom2 Similarly, halogenation of Phe3 in the con- 
formationally constrained (cyclic) tetrapeptide analogues 
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of JOM-13 also led to higher 6 affinitie~.~ Interestingly, 
these observations led to the development of methods for 
the photoaffinity labeling of opioid receptors,6 the isotopic 

(1) Symbols and abbreviations are in accord with the recommendations 
of the IUPAC-IUB Commission on Nomenclature (J.  Biol. Chem. 1972, 
247, 977). Other abbreviations include: Boc, tert-butyloxycarbony1; 
DAGO, [~Ala~,NMePhe~,Gly-oP]enkephalin; DCC, dicyclohexylcarbo- 
diimide; DEL B, deltorphin B = [Glu'IDEL C, is known as [~Alaq- 
deltorphin IC15 DEL C, deltorphin C (H-Tyr-DAla-Phe-Asp-Val-Val- 
Gly-NH2) is also called [D-Ala21deltorphin I;" DMF NJ-dimethyl- 
formamide; DPDPE, cyclic[~-Pen~]enkephalia; EhO, diethyl ether; FAB- 
MS, f a t  atom bombardment masa spectrometry; GPI, guinea pig ileum; 
HOBt, 1-hydroxybenzotriazole; JOM-13, H-Tyr-D-Cys-Phe-DPen-OH 
MVD, mouse vas deferens; NMM, N-methylmorpholine; NMR, nuclear 
magnetic resonance; OtBu, tert-butyl ester; OSu, N-succinimidoyl; PITC, 
phenyl isothiocyanate; TFA, trifluoroacetic acid. 
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labeling of the cyclic opioid peptides with lZsI at the para 
position of the phenylalanine ring,' and the application, 
along with L3H1 [p-C1Phe41DPDPE,3 in the pharmaco- 
kinetics of tissue distribution after intravenous admin- 
istration of radiolabeled peptides;8 para iodination was 
also used as an intermediary step in the tritiation of DEL 
B.9 Other modifications on the electronic nature of the 
benzyl ring of phenylalanine in opioid peptides, such as 
the p-nitro derivatives of Phe4 in cyclicl0J1 or linearl2J8 
enkephalin derivatives and Phe3 in JOM-13,6 produced 
agonists with an enhancement in 6 selectivity apparently 
due to the "electrophilic aromatic character" of the 
modified phenylalanine.1° On the other hand, 8-methyl- 
p-NOzPhe4 derivatives of conformationally restricted 
enkephalin analogues yielded nonselective peptides.14 

Data over the past several years revealed that amphib- 
ian-derived deltorphins exhibit some of the highest 
biological potencies of opioid peptides in pharmacological 

(2) Toth, G.; Kramer, T. H.; Knapp, R.; Lui, G.; Davis, P.; Burke, T. 
F.; Yamamura, H. I.; Hruby, V. J. [~Pen~,~-Pen~]enkephalin analogues 
with increased affinity and selectivity for 6 opioid receptors. J. Med. 
Chem. 1990,33,24+263. 

(3) Vaughn, L. K.; Knapp, R. J.; Toth, G.; Wan, Y.-P.; Hruby, V. J.; 
Yamamura, H. I. A high affinity, hlghly selective ligand for the delta 

n 

, , 
opioid receptor: [~Hl-[~Pen~,pCl-Phe~,D-Ped]enkephalin. Life Sci. 

(4) Geaellchen, P. D.; Shuman, R. T.; Frederickson, R. C. A.; Hynes, 
M. D. ODioid receptor bindinn: affinity and efficacv of metkeDhamid 

1989,45,1001-1008. 

analogt~ modified ai  the phenyuanine iesidue. In Piptides: Siructure 
and Function: Proceedings of the Ph American Peptide Symposium; 
Deber, C. M., Hruby, V. J., Kopple, K. D., Eds.; Pierce Chemical Co.: 
Rockville, 1986; pp 496-498. 
(6) Heyl, D.; Mosberg, H. I. Substitution on the Phe3 aromatic ring in 

cyclic 6 opioid receptor-selective dermorphin/deltorphin tetrapeptide 
analogues: Electronic and lipophilic requirements for receptor affinity. 
J. Med. Chem. 1992,35,1636-1641. 

(6) Yeung, C. W. T. Photoaffnity labeling of opioid receptor of rat 
brain membranes with 1161(D-Alaz,p-Na-Phe4-Met6)enkephalin. Arch. 
Biochem. Biophys. 1987,254,81-91. 

(7) (a) Sharma, S. D.; Toth, G.; Hruby, V. J. A simple general method 
for (radio)iodination of a phenylalanine residue in peptides: preparation 
of [D-Pen2,4'-1"I-Phe',D-Pen6]enkephalin, a peptide with extraordinary 
selectivity for &opioid receptors. J. Org. Chem. 1991,66,4981-4983. (b) 
Knapp, R. J.; Sharma, S. D.; Toth, G.; Duong, M. T.; Fang, L.; Bogert, 
C. L.; Weber, S. J.; Hunt, M.; Davis, T. P.; Wamsley, J. K.; Hruby, V. J.; 
Y a " m , H .  I. [DPen2,4'-~IaPhe4,D-Pen~]enkephalin: aselective high 
affinity radioligand for delta opioid receptors with exceptional specific 
activity. J. Pharmacol. Exp. Ther. 1991,258,1077-1083. 

(8) Weber,S.J.;Greene,D.L.;Sharma,S.D.;Ya"ura,H.I.;Kramer, 
T. H.; Burke, T. F.; Hruby, H. J.; Hersh, L. B.; Davis, T. P. Distribution 
and analgesia of PHI [DPenz,D-Pen61enkephalin and two halogenated 
anal~aftar intravenous administration. J. Pharmacol.Exp. Ther. 1991, 
259,1109-1117. 

(9) Do, K. Q.; FauchBre, J.-L.; Schwyzer, R.; Schiller, P. W.; Lemieux, 
C. Electronic, steric, and hydrophobic factors influencing the action of 
enkephalin-like peptides on opiate receptors. Hoppe-Seyler's 2. Physiol. 
Chem. 1981,362,601-610. 

(10) Schiller, P. W.; Nguyen, T. M.-D.; DiMaio, J.; Lemieux, C. 
Comparison of p, 6- and r-receptor binding sites through pharmacologic 
evaluation of pnitrophenylalaniine analogs of opioid peptides. Life Sci. 
1983,33 (Suppl. I), 319-322. 

(11) Schiller, P. W.; Eggiman, B.; Nguyen, T. M.-D. Comparative 
structure-function studies with analogs of dynorphin-(l-13) and [Led]- 
enkephalin. Life Sci. 1982,31,1777-1780. 
(12)Caetsll,J.V.;Eberle,A.N.,Kriwaczek,V.M.;Tun-Kyi,A.;Schiller, 

P. W.; Do, K. Q.; Thanei, P.; Schwyzer, R. 64. [D-Ala2,Phe(p-NOz!4,- 
Le~~lenkephalin amide and Ne- [D-Alaa~u~] -enkep~y lkepha ly l - l~e  
amide: Synthesis and biological properties of prospective enkephalin 
cooperative-affiinity and photoaffinity labels. Hela Chim. Acta 1979,62, 
526629. 

(13)BxlzzBs, B.; T6th, G.; Cavagnero, S.; Hruby, V. J.; Borsodi, A. 
Synthesis and binding charaderistics of the high delta-specific new 
tritiatad opioid peptide, [sHldeltorphin 11. Life Sci. 1992, 50, PL-76- 

(14) Hruby, V. J.; Toth, G.; Gehrig, C. A.; Kao, L.-F.; Knapp, R.; Lui, 
G. K.; Yamamura, H. I.; Kramer, T. H.; Davis, P.; Burke, T. F. 
Topographically designed analogues of [D-Pen,D-Pen61enkephalin. J. 
Med. Chem. 1991,34, 1823-1830. 
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bioassays16Js and receptor selectivities with rat brain 
preparati~ns.~sJ~-~g Since the deltorphins exhibit excep- 
tional discriminatory properties between 6 and p receptor 
sites in thoee assay systems, these naturally occurring 
peptides seemed to be the logical source to launch 
structure-activity studies for the requirements on opioid 
peptide-receptor interactions. Analyses of deltorphin 
analogues were conducted to determine receptor selectivity 
and biological responsiveness at p and 6 binding sites in 
order to elucidate the molecular and potential topograph- 
ical requirements of opioid ligands; they are essentially 
inactive with respect to K receptor sites.16 Strategies in 
the search for additional highly selective deltorphin ligands 
involved investigations on the systematic replacement of 
amino derivatization of functional 
shifted sequen~es?~ and C-terminally abbreviated pep- 
tides.*zz~2d~28 Recently, we examined the effect of chang- 
ing the stereospecificity,ls altering the electronic and 
lipophilic nature of amino acid side  chain^,^^^^^^ and 
including various hydrophobic-conferring substituenta in 
d e l t o r p h i n ~ . ~ ~ * ~ ~  These data taken together reveal that 
the deltorphins require a precise spatial orientation of the 
side chains18 and a specific amino acid sequen~e.~O*~~*26J7 

(16) (a) Kreil, G.; Barra, D.; Simmaco, M.; Erspamer, V.; Falconieri 
Erspamer, G.; Negri, L.; Severini, C.; Corsi, R.; Melchiorri, P. Deltorphin, 
a novel amphibian skin peptide with high selectivity and affinity for 6 
opioid receptors. Eur. J. Pharmacol. 1989,162,123-128. (b) Erspamer, 
V.; Melchiorri, P.; Falconieri Erspamer, G.; Negri, L.; Corsi, R.; Severini, 
C.; Barra, D.; Simmaco, M.; Kreil, G. Deltorphins: a family of naturally 
occurring peptides with high a f fh ty  and selectivity for 6 opioid binding 
sites. h o c .  Natl. Acad. Sci. U.S.A. 1989,86,6188-5192. 

(16) Sagan, 5.; Corbett, A. D.; Amiche, M.; Delfour, A.; Nicolas, P.; 
Kwterlitz, H. W. Opioid activity of dermenkephalin analogues in the 
guinea-pig myenteric plexus and the hamster vas deferens. Br. J.  
Pharmacol. 1991,104,428-432. 

(17) Lazarue, L. H.; de Castiglione, R; Guglietta, A.; Wileon, W. E. 
Highly selective b-opioid receptor peptide from preprodermorphin gene 
sequence. J. Biol. Chem. 1989,264,17777-17783. 

(18) Lazarue,L.H.;Salvadori,S.;Balboni,G.;Tomatis,R.;Wileon, W. 
E. Stereonpecificity of amino acid side-chains in deltorphin defines binding 
to opioid receptors. J. Med. Chem. 1992,35,1222-1227. 

(19) Amiche, M.; Sagan, 5.; Mor, A.; Delfour, A.; Nicolas, P. Dermen- 
kephnlin (Tyr-D-Met-Phe-His-Leu-Met-AepNHI): A potent and fully 
sped% agonist for the 6 opioid receptor. Mol. Pharmacol. 1989,36,774- 
779. 

(20) Salvadori, 5.; Maraetoni, M.; Balboni, G.; Borea, P. A.; Morai, M.; 
Tomatis, R. Synthesis and structure-activity relationship of deltorphin 
analogues J. Med. Chem. 1991,34,1666-1661. 

(21) Melchiorri, P.; Negri, L.; Falconieri Erapamer, G.; Severini, C.; 
Corsi, R., Sa+, M.; Erspamer, V.; Barra, D. Structure-activity relation- 
ship of the b-opioid selective agonists, deltorphins. Eur. J. Phormacol. 

(22) Schiller, P. W.; Nguyen, T. M.-Do; Weltrowka, G.; Lemieux, C.; 
Chung, N. N. Development of [D-AWIdeltorphin I analogs with ex- 
traordinary delta receptor activity. In New Leads in Opioid Research; 
van Res, J. M., Mulder, A. H., Wiegant, V. M., van Wimersma Greidanus, 
T. B., E&.; Excerpta Medica: Amsterdam, 19Bo; pp 2887290. 

(23) Lazarus, L. H.; Salvadori, S.; Santagada, V.; Tomatle, R.; Wilson, 
W. E. Function of negative charge in the 'address domain" of deltorphins. 
J. Med. Chem. 1991,34, 1360-1359. 

(24) (a)Sagan,S.;Amiche,M.;Delfour,A.;Camus,A.;Mor,A.;Nicolae, 
P. Differential contribution of C-terminal regions of dermorphin and 
dermenkephalin to opioid-sites selection and binding potency. Biochem. 
Biophys. Res. Commun. 1989,163,726-732. (b) Sagan, S.; Amiche, M.; 
Delfour, A.; Mor, A.; Camus, A.; Nicolas, P. Molecular determinants of 
receptor affinity and selectivity of the natural &-opioid agonist, dermen- 
kephalin. J. Biol. Chem. 1989,264,17100-17106. 

(26) Lawuue, L. H.; Salvadori, S.; Grieco, P.; Wilson, W. E.; Tomatis, 
R. Unique sequence in deltorphin C confers structural requirements for 
6 opioid receptor selectivity. Eur. J. Med. Chem. 1992,27, in prees. 

(28) Leurrue, L. H.; Salvadori, S.; Tomatia, R.; Wilson, W. E. Opioid 
receptor selectivity reversal in deltorphin tetrapeptide analogues. Bio- 
chem. Biophys. Res. Commun. 1991,178, 110-116. 

(27) Lazarus, L. H.; Salvadori, S.; Attila, M.; Bundy, D. M.; Greico, P.; 
Wilson, W. E.; Tomatis, R. Interaction of deltorphin with opioid 
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BOC-D-Ala-OSu t H-p-XPha-OH 

1 

Yothod 1. Boc-D-Ala-p-XPhe-OH 

4 TFA 

Boc-Tyr-OSu + TFA*H-D-Ala-p-XPhe-OH 

4 

Nothod 2. Boc-Tyr-D-Ala-pXPhe-OH + H-Y(OtBu)-Val-Val-Gly-NH2 

4 DCC/HOEt 

Yothod 3. Boc-Tyr-D-Ala-p-XPhe-Y(0tBu)-Val-Val-Gly-NH2 

4 TFA 4 i .  H2/Pd 

& ii. TFA 

TFA-H-Tyr-D-Ala-p-XPhe-Y-Val-Val-Gly-NH2 TFA*Tyr-D-Ala-p-NH2Phe-Y-Val-Val-Gly-NH2 

Peptides I I - V ,  V I I ,  I Poptides V I ,  I1 

Figure 1. Scheme for the synthesis of para-substituted Phea deltorphin analogues. X = para-substituted F, C1, Br, I, NOI, or NHa 
groups and Y = Asp or Glu. 

Rationale 
One essential structural difference between the en- 

kephalins and the deltorphin family of peptides resides in 
the N-terminal sequence. Conformational analyses of 
DEL C,% as well as dermorphin,29 provided evidence for 
the existence of a type 11' &turn in solution, in which the 
critical residues are Tyr', D - h 2 ,  and Phe3.18r28*29 On the 
basis of NMR data, the D-COnfOrmatiOn of the Ala2 side 
chain apparently stabilizes the @-turn through intramo- 
lecular interaction between the methyl hydrogens and 
Phe3.28*29 Other investigations examined the effect of 
directly modifying the amino group of Tyrl in DEL C 
(Salvadori et al., unpublished results) and the spatial 
orientation of ita aromatic side chain on receptor binding 
activity in deltorphin AI8 or dermenkephalin;l6JgvZ4 the 
proper spatial alignment of the benzyl side chain Phe3 is 
likewise required.18 Therefore, in this study we turned 
our attention to the pivotal nature of Phe3 in deltor- 
phin13~~1~3~aand sought to probe the effect of substitutions 
at the para position of Phe3. We evaluated the activity 
of these DEL C analogues by pharmacological bioassays 
and radioligand binding assays for p and 6 receptors. 
However, due to the enhanced 6 selectivity and bioactive 
potency of DEL B,15J7 we further sought to determine if 
the single substitution of Gh4 for Asp4 in DEL B containing 
p-amino or p-nitro groups in Phe3 might overcome the 
deleterious effect on bioactivity observed with the inclusion 
of p-nitro-Phe3 in DEL C.22 Moreover, if we could correlate 
the biological activity, receptor assays, or chemical prop- 
erties of the para-modified Phe3 in a defied series, such 
as with the halogenated analogues, then we might be able 

(28) (a) Temussi, P. A.; Picone, D.; Tancredi, T.; Tomatin, R.; Salvadori, 
S.; Maraatoni, M.; Balboni, G. Conformational properties of deltorphin: 
New features of the &opioid receptom. FEBS Lett. 1989,247,282-288. 
(b) Balboni, G.; Maraetoni, M.; Picone, D.; Salvadori, S.; Tancredi, T.; 
Temussi, P. A.; Tomatis, R. New featurea of the ti opioid receptor: 
Conformational properties of deltorphin I analogues. Biochem. Biophys. 
Res. Commun. 1960,169,617-622. (c) Amodeo, P.; Motta, A.; Tancredi, 
T.; Salvadori, S.; Tomatis, R; Picone, D.; Saviano, G.; Temussi, P. A. 
Solution structure of deltorphin I at 265 K A quantitative NMR study. 
Peptide Res. 1992,5,48-55. 

(29) P a t t a b i r e ,  N.; Sorensen, K. R.; Langridge, R.; Bhatnagar, R. 
5.; RanugopalaLnahnan , V.; R a p  R. S. Molecular mechanica studiee 
of dermorphin. Biochem. Biop ys. Res. Commun. 1986,140,342-349. 

to reach conclusions and interpretations which might be 
relevant to the future design of opioid agonista or 
antagonists based on dermorphin-deltorphin structural 
principles.6 

General Methods Involved in Peptide Synthesis 
The p-Phe3 derivatized heptapeptides listed in Table 

I11 were synthesized by the fragment 3 + 4 condensation 
technique26 as illustrated in Figure 1. Active esters and 
DCC/HOBt were employed in the coupling reactions. 
Protection of amino acids used Boc for a-amino functione 
and tert-butyl groups for the aspartic acid side chain; 
tyroeinewasunprokted. BocandOtBuprotectinggroupa 
were removed by treating the peptide with aqueous 90% 
TFA for 0.5-1 h; TFA was removed under reduced pressure 
and the residue triturated with EtzO.= Purification was 
achieved by crystallization from MeOWEtzO and, in some 
cases, by open column chromatography (270 X 7 cm per 
0.7-1 g material) utilizing silica gel 60 (70-230 mesh; 
Merck) and a gradient from 10% to 60% MeOH in 
CHC4.l8a3 Crude material after deprotectionof peptidea 
I-X was dissolved in 10% aqueous AcOH and passed 
through Sephadex G26 (2 X 50 cm) equilibrated and eluted 
in AcOEt/pyridine/AcOH/H20 (62.20.61.1, v/v/v/v). The 
major absorbance peak was collected and lyophilized. The 
powders (-90 mg) were dissolved in 1 mL of an equal 
mixture of mobile phases A and B and then purified by 
HPLC. The main absorbance peak was lyophilized as a 
white powder, and the chemical characteristics of the 
purified peptides are given in Table I.18@ The homoge- 
neity of the purified products were aseessed by TLC, 
HPLC, amino acid analysis, and FAB-MS, and further 
characterized by NMR, melting point, and optical rotation 
(Table I). 

Results and Discussion 
The spectrum of bioactivity responses and the receptor 

binding analyses of the deltorphins and their analogues 
are presented in Tables I1 and 111, respectively. DEL C 
(I) and DEL B (VIII) exhibit high 6 affiiities and 
exceptionally high 6 selectivities, comparable to previous 
estimates using assays with rat brain synaptoeomes16*20*2s 
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Table I. Analytical Properties of Synthetic Deltorphin Analoguesa 

Salvadori 

M+ [(YlmD, TLC R f values HPLC 
no. peptide I 11 I11 T ~ , m i n  K' mp,OC deg calcd obsd 

I Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NHZ 0.45 0.38 0.12 8.0 2.98 162-166 -9.2 769 
I1 Tyr-D-Ala-p-FPhe-Asp-Val-Val-Gly-NHz 0.65 0.63 0.23 9.8 3.66 167-169 -3.8 787 
I11 Tyr-D-Ala-p-CIPhe-Aspsp-Val-Val-Gly-NHz 0.68 0.65 0.24 10.1 3.81 158-162 -2.7 803 
IV Tyr-D-Ala-p-BrPhe-Asp-Val-Val-Gly-NHz 0.69 0.69 0.20 11.0 4.24 17&174 -4.0 848 
V Tyr-D-Ala-p-IPhe-Asp-Val-Val-Gly-NHz 0.72 0.70 0.18 11.7 4.57 177-180 -3.2 895 
VI Tyr-D-Ala-p-NHzPhe-Asp-Val-Val-Gly-NHz 0.50 0.37 0.26 8.15 4.05 202-204 -6.3 784 
VI1 Tyr-D-Ala-p-NOShe-Asp-Val-Val-Gly-NHz 0.53 0.47 0.34 11.1 6.88 210-213 -2.1 814 
VI11 Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NHz 0.62 0.45 0.31 10.9 6.71 185-187 -14.7 783 
IX Tyr-D-Ala-p-NHzPhe-Glu-Val-Val-Gly-NHZ 0.48 0.60 0.69 7.9 4.59 193-197 -6.43 798 
X Tyr-D-Ala-p-NOzPhe-Glu-Val-Val-Gly-NHz 0.56 0.51 0.87 12.3 6.45 205-207 -1.1 828 

The TLC solvent system, HPLC conditions, and optical rotation determinations are given in Experimental Section. 

769 
787 
803 
847, 849 
895 
784 
814 
783 
798 
828 

Table 11. Bioactivity Profiles of Para-Substituted Phe3 Deltorphin Analoguesa 
ICs0 

no. peptide MVD GPI ICwGPUICaoMvD 
I Tyr-D- Ala-Phe-Asp-Val-Val-Gly-NHz 0.14 * 0.06 420 & 95 3000 
I1 Tyr-D- Ala-p-FPhe-Asp-Val-Val-Gly-NHz 3.5 0.4 1 100 f 150 314 
I11 Tyr-~-Ala-p-C1Phe-Asp-Val-Val-Gly-NHz 0.16 0.02 l000*200 11 250 
Iv T y r - ~  Ala-p-BrPhe-Asp-Val-Val-Gly-NHz 1.1 f 0.15 7OOO*800 6 363 
V Tyr-D-Ala-p-IPhe-Asp-val-Val-Gly-NHz 17f2 >10 OOO >590 
VI Tyr-D-Ala-p-NHzPhe- Asp-Val-Val-Gly-NHz ll00*250 >10 OOO >9 
VI1 Tyr-D-Ala-p-NOzPhe-Asp-Val-Val-Gly-NHz 1 200 f 270 >10 OOO >8 

IX Tyr-D-Ala-p-NHShe-Glu-Val-Val-Gly-NHz 300 f 67 >10 OOO >33 
VI11 T y r - ~  Ala-P heGlu-Val-Val-Gly-NHz 0.75 f 0.10 5 200 1 430 6 933 

X Tyr -D-Ala-p-NOShe-Gluu-Val-Val-Gl y-NHz 430 f 94 >10 OOO >23 
The assay conditions are detailed in Experimental Section. The ICs0 values are mean, nM SEM with n = 5. 

Table 111. Receptor Analyses of Para-Substituted Deltorphins" 
KurlKi6 no. peptide Ki6 KiLI 

~ _ _ _ _ _ _ _ _  

I T y r - ~  Ala-Phe- AspVal-Val-Gly-NHz 0.24 * 0.06 (6) 272 60 (11) 1135 
I1 Tyr-D- Ala-p-FPhe- Asp-Val-Val-Gly-NHz 0.51 f 0.07 (4) 554 f 65 (4) 1086 
I11 Tyr-D-Ala-p-C1Phe-Asp-Val-Val-Gly-NHz 1.58 * 0.11 (4) 287 50 (4) 181 
IV Tyr-D-Ala-p-BrPhe-Asp-Val-Val-Gly-NHz 2.39 f 0.39 (4) 4787 & 417 (4) 2003 
V Tyr-~-Ala-p-IPhe-Asp-Val-Val-Gly-NHz 1.62 f 0.33 (5) 1413 & 88 (3) 872 
VI Tyr-D-Ala-p-NHShe-Asp-Val-Val-Gly-NHz 33.9 5.10 (3) 506 f 50 (3) 15 

VI11 Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NHZ 0.12 * 0.03 (6) 638 & 55 (5) 5317 
Ix T y r - ~  Ala-p- she-Glu-Val-Val-Gly-NHz 48.1 f 6.8 (3) 2460 * 330 (3) 51 
X Tyr-~Ala-p-NO2Phe-Gl~-Val-Val-Gly-NH2 100.6 * 23.7 (3) 1429 f 175 (3) 14 

a The inhibition constant Ki (mean, nM f SEM, with n repetitions in parenthesis) was calculated according to Cheng and Prusoff? Ki = 
(ICm/(l+ L/Kd)), where L is the concentration of radioactive ligand and Kd represents the dissociation constants for either [3H]DPDPE or 

VI1 Tyr-D- Ala-p-NOzPhe- Asp-Val-Val-Gly-NHz 71.8 f 13.8 (4) 2391 * 401 (3) 33 

- 
r3H]DAG0. K#/Ki6 is defiied aa 6 selectivity. 

and biological potencies determined by their spectra of 
activities in isolated tissue a s s a y ~ . ~ ~ J ~  

The halogenated DEL C analogues involved a progres- 
sive decrease, in the series F < C1< Br < I, in p bioactivities 
(ICmGPI) relative to the parent peptide (I); p bioactivities 
apparently decreased with increased bulkiness of the 
substituted halogen and inverse to their electronegativity 
(I = 2.4, Br = 2.8, C1 = 3.0, F = 4.0). In terms of 6 
bioactivity, however, p-C1Phe3 had comparable activity 
to DEL C and the highest 6 biological potency (ICmGPI/ 
ICmMVD) (Table 11). In general, the 6 bioactivity (MVD) 
of the halogenated peptides varied independently with 
any apparent properties of the substituent. This obser- 
vation differs from that of the enkephalin analogues: the 
most &selective analogue was cyclic [p-IPhe41 DPDPE? 
while the linear [p-FPhe41metkephamid had high receptor 
binding and biological a~t ivi ty .~ The orientation of Phe4 
in the conformationally restrained enkephalin-derived 
peptides2 and metkephamid4 in comparison to that of Phe3 
in the deltorphins could indicate significant differences 
in the alignment of the aromatic ring of Phe3 in the receptor 
site.28 

In the receptor binding charactaristica of the halogenated 
peptides, 6 selectivity (KiplKi6) of the p-BrPhe3 derivative 

(IV) was nearly twice (= 2 003) that of DEL C (I) (= 1 135) 
due to a nearly 20-fold loss of p binding. On the basis of 
concomitant 2-fold loss in both 6 and p receptor binding, 
p-FPhe3 (11) was essentially equivalent to the 6 selectivity 
of DEL C (I). The 6 selectivity of p-IPhe3 (V) was 
marginally reduced due to 8- and 5-fold losses in 6 and p 
receptor affmities, respectively; however, the p-chloro 
derivative (111) exhibited an &fold decrease in selectivity 
solely due to a comparable loss in 6 affinity. In contrast, 
the p-chloro derivatives of the conformationally con- 
strained halogenated analogues p-C1phe4 (DPDPE)2 or 
p-CWhe3 (JOM-13I5 had the largest increase in 6 affmity 
and selectivity. 

Although a correlation exists between 6 binding and 
MVD bioactivity with halogenated DPDPE analogues,2 
the only relationship observed between receptor affinity 
and biological activity of the halogenated DEL C analogues 
was found between ICmGPI and Kip (r  = 0.814) (extending 
approximately 1.5 orders of magnitude in both assay 
systems) (Figure 2); no correlation was seen between 
measurements for 6 parameters. This is indeed a singularly 
uncommon observation since DEL C is a highly 6 selective 
a g o n i ~ t . ~ ~ t ~ ~  These results and the interesting correlation 
between GPI bioassays and K' (Figure 3) is open to 



Para-Substituted Phe3 Deltorphin Analogues 

I loooo F " ' I  3 

r=0.814 

IV 
e -  

t 2" 1000 

i 

100 
100 1000 10000 

Figure 2. Correlation between bioactive potency in the per- 
ipheralguineapigileum (GPI) assay (ICd and p receptor binding 
assay (K+) using rat brain synaptosomes. The correlation 
coefficient, r = 0.814. Error bars lie within the dimensions of the 
figure symbol when absent. 
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Figure 3. Correlation between the bioactivity observed with 
the guinea pig ileum (GPI) assay (ICd and the capacity factor 
(K') determined by analytical HPLC (Table I). The correlation 
coefficient, r = 0.982. 

interpretation, but not without a degree of caution as 
suggested by Toth et aL2 due to inherent differences 
between central and peripheral receptors. (a) Central and 
peripheral p receptors may be more similar than the 
comparable 6 receptors due a correlation observed between 
brain p receptors and peripheral activity (suppression of 
gastric acid secretion) with high p affinity analogues of 
dimeric dermorphin-related peptides.30 (b) Another plau- 
sible explanation is that only one p receptor subtype 
interacts with our deltorphin analogues, regardless of the 
tissue of origin, since these peptides are more selective for 
6 receptor ~ i t e s . ' ~ J ~ J ~  (c) 6 Receptor subtypes might 
explain the differential interaction exhibited by p-chloro- 
Phe3 (111) and p-bromo-Phe3-containing (IV) analogues 

(30) Lazaru, L. H.; Guglietta, A.; Wilson, W. E.; Irons, B. J.; de 
Castiglione, R. Novel dimeric dermorphin analogues as specific preceptor 
probes on rat brain membranes. Positive correlation between central 
preceptors and suppression of gastric acid secretion. J. Biol. Chem. 
1989,264,354-362. 
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in pharmacological bioassays of peripheral tissue (Table 
11) and receptor binding assays in brain membranes (Table 
111). 

The para-substituted amino and nitro groups of Phe3 
in either DEL C analogues (VI and VII) and DEL B 
analogues (IX and X) were detrimental for all bioassays 
(MVD and GPI) and 6 receptor affinities. The MVD 
responses precipitously dropped by -8 000-fold for both 
the p-amino (VI) and p-nitro derivatives (VII) of DEL C; 
the decreases for the corresponding analogues of DEL B 
(IX and X) were considerably less, only 400- to -500-fold 
(Table 11). Thus, the Glu4 residue, which differs from 
Asp4 in length of the side chain by a CHz group, modified 
the response of these DEL B analogues in the MVD 
bioassay. 6 Receptor binding fell - 100- to 800-fold relative 
to both parent peptides; in this assay system, however, 
the differences were not substantial between the analogues 
of DEL B and DEL C (Table 111). Interestingly, the p-nitro 
substituents of DEL C and DEL B analogues were 
consistently twice as deleterious as the p-amino derivatives 
on 6 receptor affinity. A similar loss of receptor affinities 
and bioassay potencies was also reported by Schiller et al. 
for a p-nitro derivative of Phe3 in dermorphin and 
morphiceptin,'O as well as with DEL C;22 earlier we also 
concluded that the introduction of polar group in the 
aromatic ring of Phe3 of a dermorphin analogue decreased 
bi~activity.~' A partial explanation for the detrimental 
effects of a p-nitro substituent on biological activity and 
receptor binding may involve the high electron-attracting 
dipole moment of NO2 (3.971, which is considerably greater 
than those of the halogens (I = 1.30, C1= 1.53, Br = 1.56) 
due to the positive charge carried by the nitrogen. 
However, this cannot explain the difference between the 
inhibitory properties exerted by the p-nitro and p-amino 
group, since-NHz is an electron donor with a dipole moment 
of 1.52. 

The p receptor binding of these p-amino and p-nitro 
analogues (VI, VII, IX, and X) also declined, but less than 
that observed for 6 binding; 6 selectivity of [p-NHzPhe31- 
(VI) and [p-N02Phe31DEL C (VII) fell 75- and 34-fold, 
respectively, relative to that of DEL C (I), while the 
equivalent substitutions in DEL B (IX and X) led to a 
drop in 6 selectivity of -100- to 400-fold, respectively, 
relative to that of the parent compound (VIII). The loss 
in selectivity was greater with DEL B than DEL C since 
the former peptide is the most &selective natural opioid 
peptide identified to date.153 This contrasta sharplywith 
the increase in 6 and p affinities of the comparable 
substitution of Phe4 in enkephalin Further, 
the incorporation of an azido group in an enkephalin, [p-N3- 
Phe4,Met51 enkephalin: also enhanced 6 binding affmity; 
this indicated that para substituents on Phe4 augment 
the electronic properties of the benzyl ring to an extent 
that enables enkephalins to be more selectivelyrecognized 
by the 6 receptor. Based on the losses in the bioassay 
potencies of [p-NO~Phe~Idermorphin~l and [p-N09he31- 
DEL C,22 as well as the bioactivities (Table 11) and receptor 
binding efficacies of our DEL C analogues (Table 111), it 
appears that the p-nitro group on the benzyl ring of Phe3 
[which also changes ita hydrophobicity and pi(, (= 3.42)l01 
might modify the electronic milieu of the aromatic ring of 

(31) Salvadori, S.; Marastoni, M.; Balboni, G.; Marzola, G.; Tomatie, 
R. Electronic, steric and hydrophobic factors influencing the action of 
dermorphin tetrapeptides on &-opiate receptor. In Second Forum on 
Peptides; Aubry, A,, Marraud, M., Vitoux, B., Eds.; Colloque INSERM/ 
John Libbey Eurotext, 1989; pp 509-512. 
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Phe3 which could effect the solution conformation of the 
peptide or prevent the appropriate alignment of the 
peptide in a receptor pocket or both. The positioning or 
orientation of the side chain of Phe3 in linear deltorphins 
may be more stringent for receptor recognition than that 
which occurs with Phe4 in the conformationally con- 
strained14 and linear enkephalins,'l or Phe3 in JOM-13 
cyclic 

Conclusions 
The electronegativity of the halogens and their increased 

molecular v0lumes,~7~ carbon-halogen bond lengths (F = 
1.40, C1 = 1.79, Br = 1.97, I = 2.16 A), dipole moments, 
and the elevated lipophilicities of para-halogenated DEL 
C derivatives (Table I) influence the nature of the aromatic 
ring of Phe3 and peptide conformation; however, individual 
differences exerted by or attributed to these parameters 
remain difficult to assess. Nonetheless, the potential 
involvement of the overall change in the lipophilicity of 
the halogenated DEL C peptides, rather than electroneg- 
ativity per se,2 was observed by the high degree of 
correlation (r = 0.982) which occurred between the p 
bioactivity and the increase in K' (Table I and Figure 3); 
no apparent trend or correlation appeared between MVD 
or 6 receptor binding and any chemical property attrib- 
utable to the halogens. The dramatic decrease in 6 receptor 
selectivity by p-amino and p-nitro groups, which primarily 
affected binding to the 6 sites, was more pronounced than 
the changes seen with the para-halogenated peptides. 

Thus, the selective changes in the electronic composition 
of the aromatic ring of Phe3 of DEL C through the 
introduction of halogens at the para position differs sharply 
from those modifications brought upon by addition of 
p-amino or p-nitro groups. Although we have not inves- 
tigated the effects of substitutions at the ortho or meta 
positions of Phe3 in the deltorphins, it would appear safe 
to postulate that p and 6 receptor sites are exquisitely 
sensitive to changes in the chemical nature of the benzyl 
ring of a para-substituted Phe3. The data further suggest 
that these substituents contribute sufficient changes in 
electronic parameters31 to modify binding to a 6 receptor 
or subtype distinct from that of the enkephalin-derived 
peptides and other cyclic peptides. 

Experimental Section 
Analytical Methods. Melting points were determined on a 

Kofler apparatus and are uncorrected. Optical rotations were 
conducted in a Perkin-Elmer 241 polarimeter with a 10-cm water- 
jacketed cell using MeOH for the di- and tripeptides and DMF 
for the heptapeptides. TLC was performed on precoated plates 
ofsilicagelFm (Merck,Darmatadt,Germany) usingthefollowing 
solvent system: (I) l-butanol/AcOH/H~0 (6:1:5, v/v/v); (11) 
AcOEt/pyridine/AcOH/H20 (62:0.61.1, v/v/v/v); and (III) CHp 
CldMeOHlbenzene (82:l). The detecting solutions included 
ninhydrin, fluorescambe, or chlorine reagent. Amino acid 
analyses were carried out using PITC methodology (Pico-Tag, 
WatemMillipore, Waltham, MA). Peptides (50-1 000pmol) were 
hydrolyzed in sealed borosilicate tubes (4 X 50 mm) in 200 pL 
of 6 N HCl containing 1 % phenol for 1 h at 150 O C ;  a Pico-Tag 
column (3.9 X 15mm) separated the PITC aminoacid derivatives. 
Elemental analyses were conducted after the products were dried 
for 12 h at 50 "C and 0.2 Torr. 

Preparative HPLC used Waters Delta Prep 3000 with a Delta 
Pak CIS column (30 X 300 mm, 15 pm, 300 A); mobile phases 
consisted of A, 10% acetonitrile-0.1% TFA (v/v), and B, 60% 
acetonitrile-O.l% TFA. Elution was conducted in a linear 
gradient to 80% B in 25 min at a flow rate of 30 mL/min with 
detection at  220 nm. Analytical HPLC was conducted with a 

Salvadori 

Bruker LC 21-C liquid chromatography system fitted with a 
Bruker LC 313 UV variable wavelength detector; recording and 
quantification was accomplished through an Epson QX-10 
computer system. The retention time (tR) and capacity factor 
(K') were determined as follows: peptides I-V on Spherisorb C I ~  
columna (250 X 4.6 mm, 5-pm diameter) and eluted by meam of 
a linear gradient in the above mobile phases run to 80% B in 16 
min at a flow rate of 2 mL/min; peptides VI-X on Vydac C18 
columns (250 X 4.6 mm, 5-pm diameter) in a linear gradient to 
60% solvent B in 25 min at  a flow rate of 2 mL/min. 

Specific Coupling Procedures. Method A. To a stirred 
solution of halogenated amino acid or halogenated dipeptide (1 
"01) in DMF (-10 mL/mmol) was added 1.1 equiv of NMM 
(2.2 equiv of NMM if the amino component is protonated); the 
mixture was cooled to 0 'C, treated with activated Boc-amino 
acid (OSu) (0.9 mmol), and the mixture was allowed to react at  
room temperature for 4 h. The solution was diluted with AcOEt 
(50 mL) and washed with brine, 0.5 N KHS04, and brine. The 
organic phase was dried (MgSOd, filtered, and evaporated to 
dryness. The residue was crystallized from appropriated solvents 
or purified by column chromatography. 

1. Boc-DAla-pX-Phe-OH. Boc-~Ala-oSu (10 "01) was 
reacted with H-p-X-Phe-OH (11 "011, and the crude dipeptide 
was crystallized from MeOH/EtaO. Analytical data is given for 
the following halogenated dipeptides. X = F 89% yield; mp 

Ad. C17HaaNz08. X = Ck 85% yield; mp 6 s 7 2  'c; [CYI2OD 

C1. X = Br: 78% yield; mp 94-96 'C; [CYlaoD +30.7'; TLC Rf (I) 
0.79, (II) 0.88, (111) 0.48. Anal. C1,HdaOsBr. X =: I: 89% 
yield; mp 90-92 'C; [aImD +33.2'; TLCRf (I) 0.81, (II) 0.91, (III) 
0.51. Anal. C17HaaN20t.I. X = NO2: 80% yield; mp 74-77 OC; 
[ ~ I % D  -10.22'; TLc Rf (I) 0.92, (11) 0.78, (III) 0.37. A d .  
Ci7HaaNsO7. 

2. Boc-Tyr-D-Ala-pX-Phe-OH. Boc-Tyr-OSu (4 "01) was 
reacted with H-D-Ala-p-X-Phe-OH as the TFA salt (4.5 mmoL) 
synthesized as in step 1 (Figure 1). The crude tripeptides were 
recryatallid from EhO. Analysis of the halogenated tripeptidea 
are as follows. X = F 91 % yield; mp 115-117 'C; [CYlaOD +26.1°; 
TLC Rf (I) 0.67, (11) 0.85, (111) 0.43. Ad. C&aNaO,F. X = 
ck 87% yield; mp 73-76 'c; [ a I m ~  + 16.1'; TLC Rf (I) 0.69, (II) 
0.86, (III) 0.47. Anal. C&a2NsO,Cl. X = Br: 84% yield; mp 
120-121 'c; [aI2O~ +27.5'; TLc Rf (I) 0.70, (11) 0.87, (In) 0.66. 
Anal. CdazNaO7Br. X = I: 90% yield; mp 98-100 OC; [CY]% 
+18.2'; "Lc Rf (I) 0.73, (11) 0.90, (111) 0.56. And. C&~NSO,I. 
X = NOZ: 77% yield; mp 112-115 OC; [a ImD -3.2'; TLC Rf (I) 
0.87, (11) 0.78, (IU) 0.41. Anal. C&s2N400. 

Method B. To a stirred solution (0.5 M) of Boc-protected 
tripeptide (1 "01) in DMF, the following were added at  0 OC: 
DCC (1.1 mmol), HOBt (1.1 mmol), and a precooled solution of 
the amino tetrapeptide component (1.1 "01) in DMF (0.6 M). 
The reaction mixture was stirred at room temperature overnight. 
DCC was filtered off and the solution diluted with AcOEt (100 
mL) and worked up as described for method A. 

3. Boc-Tyr-D-Ala-pX-Phe-Y (0tBu)-Val-Val-Gly-Nk. 
Boc-Tyr-D-Ala-p-X-Phe-OH (1 mmol) was reacted with H- 
Y(OtBu)-Val-Val-Gly-NHzls (1.1 "01) (Y = Aspor Glu). Crude 
heptapeptides were purified on silica gel columns (2 x 60 cm) by 
elution in CH2Cla/MeOH/benzene (121:2, v/v/v). The fractions 
containing the pure compound were evaporated to dryness, and 
the residue was crystallized from AcOEt/EbO. Analytical data 
for the halogenated compounds are as follows. X = F and Y = 
Asp: 62% yield; mp 221-223 'C; b l m D  -3.2'; TLC Rf (I) 0.78, 
(II) 0.90, (III) 0.33. Amiio acid analyeis: Tyr 0.91; Ala 0.99; 
p-FPhe 0.97; Asp 1.05; Val 1.87; Gly 1.0. X = C1: 66 % yield; mp 

Amino acid analysis: Tyr 0.91; Ala 0.97; p-ClPhe 0.9s; Asp 0.97; 
Val 1.85; Gly 1.0. x = Br: 58% yield; mp 202-206 'c; [UlaOD 
-3.9'; TLC Rf (I) 0.81, (11) 0.93, (III) 0.38. Amino acid analysis: 
Tyr 0.87; Ala 1.07; p-BrPhe 1.06; Asp 0.99; Val 1.9; Gly 1.0. X 
= 1 60% yield; mp 212-216 'c; [aIaO~ -9.6'; TLc Rf (I) 0.84, 
(11) 0.94, (III) 0.41. Amino acid analysis: Tyr 0.93; Ala 1.02; 
p-IPhe 0.89; Asp 1.03; Val 1.77; Gly 1.0. X = NO2 and Y = Asp: 
66% yield; mp 191-194 'c; [aI2O~-5.4'; TLc Rf (I) 0.91, (II) 0.8, 
(III) 0.54. Amino acid analysis: Tyr 0.95; Ala 0.98; Asp 1.01; Val 
1.87; Gly 1.0. X = NO2 and Y = Glu: 71% yield; mp 189-191 

76-78 'c; [a]% +41.1'; TLC Rf (I) 0.73, (II) 0.82, (m) 0.42. 

+40.4'; TLC Rf (I) 0.77, (II) 0.84, (111) 0.47. Anal. C17Hd2Op 

170-172 'c; [a]% -3.0'; TLc Rf (I) 0.8, (11) 0.93, (m) 0.34. 
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"c; [CY]% -5.0'; TLC & (I) 0.93, (11) 0.81, (111) 0.55. Amino acid 
analysis: Qr 0.89; Ala 1.02; Glu 0.98; Val 1.R Gly 1.0. 

Reduction of [pNOzPhe'I- to [pNHzPhe'IDEL C Hep- 
tapeptides. This reduction was carried out by hydrogenolysis 
in AcOH/MeOH (1:3, v/v) at atmospheric pressure and room 
temperature in the presence of 10% palladium on charcoal 
(catalyst to peptide ratio, 1:5, w/w), The reaction mixture was 
fiitered through a Celite bed and evaporated to dryness. The 
residue was treated without further characterization as described 
above in the deprotection procedures. 

Bioassays. A 2-3-cm segment of guinea pig ileum (GPI) was 
mounted in a 20-mL organ bath using the method of Kosterlitz 
and Wattaa2 The tissue was bathed in Kreb's solution containing 
70 pM hexamethonium bromide and 0.125 pM mepyramine 
maleate and aerated with 95% 02/5% C02 at 36 "C. The ileum 
was stimulated transmurally with square-wave electrical pulses 
of 0.5 ms duration at a frequency of 0.1 Hz. Unless otherwise 
stated, the strength of the stimulus was 1.5 times that which 
produced a maximal twitch (-30 V). The contractions were 
recorded isotonically at a magnification ratio of 1:15. The 
concentration of peptide (nM) required to inhibit the amplifi- 
cation of the electrically induced twitch by 50% is given as the 
ICW value. A single vas deferens (MVD) from a mature mouse 
(30-35 g) was dissected and suspended in 4 mL of modified Kreb's 
solutions aerated with 95% 02/5% C02 at 33 OC. The twitch, 
inducedbyfieldstimulation (0.1Hzfor lmsat40V),wasrecorded 
by means of an isometric transducer. 

Dose-response curves were constructed by addition of ap- 
propriate amounts of peptides in 10-100 pL of Kreb's solution 
to the aerated baths; three to four washings of the tissue were 
conducted at 10-min intervals between each dose. A log-dose 
curve was determined using dermorphin or morphine standards 
for each tissue preparation, and the ICW values of the compounds 
were normalized according to published procedures.M The K. 
values for the antagonists naloxone or N,N-diallyl-Qr-Aib-Aib- 
Phe-Leu-OH (IC1 174,864) were in the range of 1-2 nM obtained 
from the ratio of the ICw values obtained in the presence and 
absence of a fixed antagonist concentration;l9 e.g., in the GPI 
bioassay for compound V the K. for naloxone was 1.68 f 0.37 
nM, and in the MVD bioassay for compound IX, the K. for IC1 
174,864 was 1.92 f 0.75 nM. 

(32) Kosterlitz, H. W.; Watt, A. J. Kinetic parametera of narcotic 
agonists and antagonists, with particular reference to N-allylnoroxy- 
morphone (naloxone). Br. J. Pharmacol. Chemother. 1968,33,266-276. 

(33) Hughes, J.; Koeterlitz, H. W.; Leslie, F. M. Effect of morphine on 
adrenergic transmission in the mousevae deferens. Assessment of agonist 
and antagonist potencies of narcotic analgesics. Br. J. Pharmacol. 1975, 

(34) Waterfield,A.A.;Leslie,F.M.;Lord,J.A.H.;Ling,N.;Kosterlitz, 
H. W. Opioid activities of fragments of &endorphin and of ita leucinea- 
analogue. Comparison of the binding properties of methionine- and 
leucine-enkephalin. Eor. J. Pharmacol. 1979,58, 11-18. 

53,371-381. 
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Radioreceptor Assays. Synaptosomal preparations (Pd were 
prepared from Sprague-Dawley CD male rata according to Chang 
and Cuatrecasasm as d e ~ c r i b e d . ~ ~ J ~ ~ ~ ~ ~  The synaptosomes were 
preincubated to remove endogenous opioids and washed thrice 
by centrifugation before storage in buffer (50 mM HEPES, pH 
7.5, containing 20% glycerol, SOpg/mL soybean trypsin inhibitor, 
and 1 mM dithiothreitol) in 4-mL aliquots at -80 OCS8O Under 
these conditions, synaptosomes could be thawed and refrozen 
without deleterious effects on bindingam 

Receptor affiinities were measured by fitration through 
Whatman glass fiber fiiters (GF/C) and washed 3 X 2 mL with 
ice-cold buffered BSA within 5 s.l8 Steady-state binding were 
conduded at 22 OC for 120 min in duplicate assays containing 
1.6 mg of protein using 0.62 nM [aH]DPDPE (34.3 Ci/mmol, 
New England Nuclear-Wont, Boston, MA) to label d sites and 
0.68 nM [5H]DAG0 (SO Ci/mmol, Amersham, Arlington, IL) for 
p sites as detailed previously.m The difference in radioligand 
bound to that displaced by either 1-2 pM DPDPE or DAGO, 
respectively, is defiied as specific binding. Filters were dried at 
80 OC, and bound radioactivity was measured by liquid scintil- 
lation spectrometry using CytoScint (ICN, Irvine, CAI. The Ki 
values were calculated from the ICW values according to Cheng 
and Pr~eoff.~' Correlations between bioactivity profiles and 
receptor affinities were analyzedwith SigmaPlot (v. 4.04) (Jandel 
Scientific). 
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