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The previously described cyclic, delta opioid receptor-selective tetrapeptide H-Tyr-o-Cys-Phe-o-Pen-OH, 
where Pen, penicillamine. is fl.fl-dimethylcysteine. was modified at  residues 2 and 4 by varying combinations 
of D- and L - C ~ S  and D- and L-Pen. and effects on mu and delta opioid receptor binding affinities and on 
potency in the mouse vas deferens (MVD) smooth muscle assay were evaluated. A comparison was drawn 
between consequences of alterations in this series of analogs and those of analogous modifications in the 
related cyclic pentapeptide series which includes the highly delta rcceptor-selective [o-Pen’,~-Pen’]enkc- 
phalin, DPDPE. Unlike effects observed in the cyclic pentapeptide series, the mu receptor binding affinities 
of the cyclic tetrapeptides are not dramatically influenced by substitution of Pen for Cys at  residue 2. 
Conversely, while binding of the pentapeptides is only slightly affected by alteration of the chirality of the 
carboxy-terminal residue, modification of stereochemistry at the carboxy terminus in the tetrapeptides 
critically alters binding behavior at both mu and delta sites. In contrast with the pentapeptide series, the 
tetrapeptides appear to be highly dependent upon primary sequence for binding and activity, as only the 
lead compound binds with high affinity to the delta site. Results suggest that the less flexible cyclic 
tetrapeptides, lacking the Gly’ residue, display more stringent structural requirements for binding and 
activity than d o  the corresponding cyclic pentapeptides. 

Key words: conformational restriction; delta opioid receptor: disulfide bond; enkephalin analog; mu opioid receptor; 
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Enkephalins, one class of endogenous opioid peptides, 
lend themselves well to the design, synthesis, and 
study of analogs upon which conformational limit- 
ations have been imposed. Evidence supports a model 
of receptor heterogeneity that accounts for some of 
the differences in the various effects of enkephalin 
analogs; three well-documented opioid receptor 
subtypes, designated mu, delta, and kappa, may 
mediate different physiological events (1).  It is ap- 

Abbreviations recommended by IUPAC-IUB Commission of Bio- 
chemical Nomenclature have been used. Other abbreviations: Pen. 
penicillamine; DPDPE, [D-Pen2, ~-Pen’]-enkephalin: DPLPE. [D- 
Pen2, ~-Pen~]enkephalin; Boc, t-butyloxycarbonyl; RP-HPLC, 
reverse phase-high performance liquid chromatography: TFA. tri- 
Auoroacetic acid; MVD, mouse vas deferens; DADLE. [ D - A I ~ .  
~-Leu~]enkephal in .  

parent that these opioid receptor subtypes differ in 
their conformational requirements for peptide ligand 
binding and that mu and delta receptors may differ in 
the relative spatial orientation of sites interacting with 
various peptide residues (2). Peptide analogs designed 
with the appropriate conformational constraints may, 
therefore, display selectivity as a result of the ability to 
adopt the conformation required for interaction at 
one receptor subtype but not another. This, in turn, 
may help to define molecular binding mechanisms and 
elucidate actions mediated by the respective receptor 
subtypes. Conformationally restricted analogs also 
can be expected to assume a more well-defined solu- 
tion conformation than their flexible counterparts, 
and this can be more reliably extrapolated to the 
bioactive conformation at  the receptor. 

We have previously described (3-6) a series of 
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conformationally restricted enkephalin analogs which 
have the general structure: 

S-(CH,),- S 
I I 

H-Tyr-X-Gly-Phe-Y-OH 

X = D-CYS or D-Pen (Pen = penicillamine = 
p,b-dimethylcysteine); 

Y = D- or L-CYS or D- or L-Pen; 

n = 0,1,2,. . . 
This series is restricted not only by cyclization through 
the side chain sulfur atoms; rigidization is further 
effected by the Pen gem dimethyl groups (3). The 
disulfide analogs, most notably the bis-penicillamine 
compounds [D-Pen’ ,~-Pen’]enkephalin (DPDPE) and 
[D-Pen’ ,~-Pen’]enkephalin (DPLPE), display a high 
degree of selectivity for the delta opioid receptor (4). 
Those analogs containing a single Pen residue tend to 
be less selective but more potent (5 ) ,  and increasing 
the ring size via cyclization as the dithioether has been 
found to affect both delta receptor affinity and select- 
ivity deleteriously (6). 

To further explore structural requirements for the 
delta receptor selectivity displayed by the cyclic 
penicillamine-containing analogs, we investigated the 
binding affinity and selectivity and bioassay potency 
effects of ring contraction via a series of des-Gly3 
disulfide- and dithioether-containing tetrapeptides of 
the general structure: 

S-(CH,),-S 
I I 

H-Tyr-X-Phe- Y-OH(or -NH,) 

X = D-CYS or D-Pen; 
Y = D- or L-CYS or D- or L-Pen; 

11 = 0,1,2, 

Among the analogs within this series with interest- 
ing binding profiles is one which exhibits similar delta 
receptor selectivity and 3 S-fold higher affinity than 
does DPDPE, itself (7). This compound, 1, is H-Tyr- 
D-Cys-Phe-D-Pen-OH, in which cyclization is via a 
disulfide bond (i.e. n = 0). 

In order to further investigate this tetrapeptide 
series and to allow comparison with the cyclic disul- 
fide-containing pentapeptide enkephalin analogs, we 
have prepared several analogs of 1 in which the effects 
of altering the order of the Cys and Pen residues, the 
number of Pen residues, and the chirality of the 
carboxy terminal residue were determined. These alte- 
rations of the cyclic parent peptide at the second 
residue and carboxy terminal position reveal some 
significant differences between the pentapeptide and 
tetrapeptide series. 

METHODS 

Pep t ides 
Peptides were synthesized by standard solid phase 
methods similar to those previously described (3,4, 7 ,  
8), using chloromethylated polystyrene resin cross- 
linked with 1 YO divinylbenzene. Alpha-amino func- 
tions were t-butyloxycarbonyl (Boc) protected, and 
p-methylbenzyl protection was employed for the side 
chain sulfhydryl groups of Cys and Pen. Simultaneous 
deprotection and cleavage from the resin were accom- 
plished by treatment with anhydrous hydrogen fluo- 
ride in the presence of either 10% anisole and 2% 
dithioethane or 5% cresol and 5% p-thiocresol(9) for 
45min at 0”. Prior to cyclization, the linear peptides 
were purified by reverse phase-high performance 
liquid chromatography (RP-HPLC) on a Vydac 
218TP C-18 column (2.5 x 22cm) using the solvent 
system 0.1 YO trifluoroacetic acid (TFA) in water/O. 1 % 
TFA in acetonitrile, by a gradient of 10-50% organic 
component in 40 min. Cyclization to disulfide analogs 
was accomplished by treatment of an aqueous solu- 
tion (pH 8.5) of the free sulfhydryl-containing species 
with K, Fe(CN), (4). The oxidation reaction was 
allowed to continue until analytical HPLC indicated 
the disappearance of the free sulfhydryl containing 
species (ca. 2 h). Cyclized peptides were purified by 
RP-HPLC as described above and lyophilized. 

Tyr-PCys-Phe-DPen (1). The compound was syn- 
thesized as described previously (7).  A 1.Og sample of 
the precursor, resin bound peptide, Boc-Tyr-D-Cys(S- 
pMeBz1)-Phe-D-Pen(S-pMeBz1)-resin, was treated 
with 10 mL of anhydrous HF  in the presence of 1 mL 
anisole and 0.2mL dithioethane at 0” for 45 min. After 
removal of H F  under vacuum, the resin was extracted 
with 15 mL of a 9: I mixture of dimethyl formamide/ 
80% acetic acid. The filtrate was diluted with 135 mL 
of 0.1% aqueous TFA and subjected to semi- 
preparative RP-HPLC as described above, which 
yielded, after lyophilization, 67.9 mg of pure, linear, 
free sulfhydryl-containing peptide, Tyr-D-Cys(SH)- 
Phe-D-Pen(SH)OH. Approximately 30 mg of this free 
sulfhydryl-containing peptide was subjected to oxida- 
tion as described above, giving, after RP-HPLC, 
7.8 mg of title peptide, 1. 

Tyr-&s-Phe-L-Pe!nOH (2). The title compound 
was prepared by the same methods as described for 1. 
H F  treatment (12 mL HF, 0.24mL dithioethane, 
1.2 mL anisole) of 1.2 g of the precursor, resin-bound 
peptide, BocTyr-D-Cys(S-pMeBz1)-Phe-L-Pen(S- 
pMeBz1)-resin, yielded, after extraction, semi- 
preparative RP-HPLC, and lyophilization, 95.3 mg of 
free sulfhydryl-containing peptide, Tyr-D-Cys(SH)- 
Phe-L-Pen(SH)OH. A 30.5 mg sample of this peptide 
was oxidized to yield, after RP-HPLC purification, 
20.6mg of the title peptide, 2. 

- 
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Tyr-PPin-Phe-DPenOH (3). The title peptide was 
prepared by the same methods as described for 1. H F  
treatment (18mL HF, 0.37mL dithioethane, 1.8 mL 
anisole) of 1.84 g of the precursor, resin-bound 
peptide, BocTyr-D-Pen(S-pMeBz1)-Phe-D-Pen(% 
pMeBz1)-resin, yielded, after extraction, semi- 
preparative RP-HPLC, and lyophilization, 162 mg of 
free sulfhydryl-containing peptide, Tyr-D-Pen(SH)- 
Phe-D-Pen(SH)OH. A 31 mg sample of this peptide 
was oxidized to yield, after RP-HPLC purification, 
12mg of the title peptide, 3. 

Tyr-o-Ph-Phe-L-PehOH ( 4 ) .  The title peptide was 
prepared by the same methods as described for 1. H F  
treatment (15mL HF, 0.3 mL dithioethane, 1.5mL 
anisole) of 1.53 g of the precursor, resin-bound 
peptide, BocTyr-D-Pen(S-pMeBz1)-Phe-L-Pen(S- 
pMeBz1)-resin, yielded, after extraction, semi- 
preparative RP-HPLC, and lyophilization, 124 mg of 
free sulfhydryl-con taining peptide, Tyr-D-Pen(SH)- 
Phe-L-Pen(SH)OH. A 27.2 mg sample of this peptide 
was oxidized to yield, after RP-HPLC purification, 
7.7mg of the title peptide, 4. 

Tyr-o-P&-PhePCj,sOH ( 5 ) .  The precursor, resin 
bound peptide, BocTyr-D-Pen(S-pMeBz1)-Phe-D- 
Cys(S-pMeBz1)-resin, was prepared by the same 
methods as described for 1. A 2.0 g sample of peptide 
resin was treated with 18mL anhydrous H F  contain- 
ing 1 g p-cresol and 1 g p-thiocresol at 0" for 45 min. 
After removal of HF, extraction, and RP-HPLC, as 
described above, 202mg of pure, free sulfhydryl- 
containing peptide, Tyr-D-Pen(SH)-Phe-D-Cys 
SH)OH, was obtained. A 28 mg sample of this peptide 
was subjected to oxidation, as described above, yield- 
ing after RP-HPLC purification, 7.2mg of the title 
peptide, 5. 

Tyr-DP&-Phe-L-CisOH ( 6 ) .  The title peptide was 
prepared by the same methods described for 5. H F  
treatment (1 8 mL HF, 1 g p-cresol, 1 g p-thiocresol) of 
2.0 g of precursor peptide resin, BocTyr-D-Pen(S- 
pMeBz1)-Phe-L-Cys(S-pMeBz1)-resin, yielded after 
purification, 165 mg of free sulfhydryl-containing 
peptide Tyr-D-Pen(SH)-Phe-L-Cys(SH)OH. A 28 mg 
sample of this peptide was subjected to oxidation, as 
described above, yielding after RP-HPLC purifi- 
cation, 7.2mg of the title peptide 6. 

Peptide analysis 
Peptide purity and structure confirmation were estab- 
lished for all newly reported peptides using a combina- 
tion of methods. Purity was assessed by subjecting 
each peptide to thin-layer chromatography (TLC) on 
silica plates in four separate solvent systems (all 
solvent ratios are vo1ume:volume): A: n-butanol: 
acetic acid:water (4: 1 :5, organic component only); B: 

n-butanol:water (containing 3.5% acetic acid and 
1.5% pyridine)( 1 : 1,  organic component only); C :  n- 
butano1:pyridine:acetic acid:water (15: 10:3: 12); and 
D: n-amyl alcoho1:pyridine:water (7:7:6). For each 
newly reported peptide all methods of visualization 
(ninhydrin, ultraviolet absorption, and iodine vapor) 
detected a single spot after TLC in each solvent 
system. Final product purity was also assessed by 
analytical RP-HPLC on a Vydac C-18 column 
(catalog number 2 18TP54; 4.6 mm x 250 mm) mon- 
itored at 230nm and 280nm and analyzed with 
Waters Maxima 820 software. The solvents, which 
were prepared from HPLC grade chemicals were A: 
0.1 Yo TFA (w/v) in water and B: 0.1 % TFA (w/v) in 
acetonitrile. A linear gradient of 0% B to 70% B in 
70min at a flow rate of 1 mL/min was employed. 
Peaks which also appeared in chromatograms in 
which no peptide was injected were considered to be 
artifacts and were ignored. Peptide purity was then 
estimated by peak integration at each wavelength. The 
resulting purity estimates ranged from 94.3% to 

Evidence from complementary methods was util- 
ized to confirm the structures of the newly reported 
peptides. All peptides were subjected to fast atom 
bombardment-mass spectrometry, which in all cases 
yielded the appropriate molecular weights. Addition- 
ally, all peptides were examined in 1D and 2D 'H  
NMR experiments on an IBM WP27OSY spectromet- 
er and/or a GE GN500 spectrometer operating at  
270 MHz and 500 MHz, respectively. All peptides 
were minimally subjected to 2D COSY analysis to 
establish intraresidue connectivities. Diagnostic 
resonances arising from the methyl groups and cx 
proton of penicillamine and the aromatic resonances 
of phenylalanine and tyrosine confirmed the presence 
of these residues. Analogs 1,2,3, and 4, each of which 
contains a cysteine residue, display NH-aCH-bCH, 
connectivities consistent with the presence of this 
residue. No unaccounted for resonances were ob- 
served. Analogs 1, 2, and 3 were further subjected to 
2D NOESY experiments to obtain primary sequences 
from interresidue NOE interactions. In each case the 
anticipated sequence was confirmed. 

The presence or absence of free sulfhydryl groups 
was examined for each peptide before and after cy- 
clization by testing with 5,5-dithiobis(2-nitrobenzoic 
acid)( 10). In all cases the linear peptides purified prior 
to treatment with K, Fe(CN), were found to contain 
two sulfhydryl groups, while the purified, post- 
treatment peptides contained none. 

99.5%. 

Receptor binding assays. The binding assays, based on 
the displacement by the test compounds of radio- 
labeled sufentanil (mu ligand) or DPDPE (delta 
ligand) in cerebral membranes from rat brain, were 
performed as previously described (1 1, 12). Briefly, the 
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ally stimulated smooth muscle contractions in this 
preparation and complete concentration-effect 
relationships were determined. ICso values were deter- 
mined by probit analysis and values reported are the 
means of 3-9 determinations. 

assay mixture, containing membrane suspension in 
50 mM Tris buffer (pH 7.4), 150 mM NaCI, the radio- 
labeled ligand and the test compound, was incubated 
to reach binding equilibrium (40 min for assays using 
0.5 nM [3H]sufentanil; 60 min for 1.5 nM [3H]DPDPE) 
at 25". Subsequently, the samples were rapidly filtered 
and the radioactivity on the filter determined by liquid 
scintillation counting. Inhibition of radiolabeled 
ligand binding by the test compound was computed 
from maximal specific binding, determined with an 
appropriate excess of unlabeled sufentanil or DPDPE. 
IC,, values were obtained by linear regression from 
plots relating inhibition of the specific binding in 
probit units to the log of five different ligand con- 
centrations. In every case the correlation coefficient, 
r2, of the log-profit plot was higher than 0.96. 

Isolatedmouse vas deferens ( M V D )  assays. The MVD 
assays were performed as previously described (1 3). 
Briefly, 1.5cm vas deferens segments from male, 
albino ICR mice were suspended in organ baths which 
contained 30 mL of a modified Krebs' buffer (1 18 mM 
NaCI, 4.75 m~ KCI, 2.54 m~ CaCI,, 1.19 m~ MgSO,, 
1.19 mM KH,PO,, 1 1 mM glucose, 25 mM NaHCO,, 
0.3 mM pargyline HCI, 0.2 mM tyrosine, 0. I mM ascor- 
bic acid, and 0.03mM sodium EDTA) saturated with 
95% 02-5% C 0 2  and kept at 37". The segments were 
attached to strain gauge transducers and suspended 
between two platinum electrodes. After a 30 min equi- 
librium period, the segments were stimulated once 
every 10s with pairs of pulses of 2ms duration, 1 ms 
apart and at supramaximal voltage. Test compounds 
were evaluated for their ability to inhibit the electric- 

RESULTS AND DISCUSSION 

Pharmacological data for the peptides under study are 
presented in Table 1, while Table 2 summarizes the 
physicochemical properties of the newly reported te- 
trapeptides. Evaluation of the data reveals several 
interesting contrasts between the cyclic pentapeptide 
and the cyclic tetrapeptide series. Table 1 provides the 
mu and delta opioid receptor binding affinities and the 
MVD agonist potencies of six cyclic tetrapeptides. 
Also presented in Table 1 are previously reported (3, 
5) binding and MVD results for the corresponding 
pentapeptides. As indicated in Table 1, evaluation of 
tetrapeptide binding affinity employed [3H]sufentanil 
as the radiolabeled mu ligand and [3H]DPDPE as the 
radiolabeled delta ligand, while the earlier data for the 
pentapeptides relied on the less selective [3H]naloxone 
and [3H]DADLE ([D-Ma2, ~-Leu~]enkephalin) as the 
mu and delta radioligands, respectively. As a result, 
quantitative comparisons between the two series are 
unwarranted (although results observed for DPDPE 
using each pair of radiolabeled ligands are in reason- 
able agreement) and only relative effects of the same 
modification in the two series are considered. 

In the pentapeptide series, replacement of D- 
penicillamine with D-cysteine at the second residue 
(1' vs 3', 2' vs 4') leads to an increase in MVD 

TABLE 1 
Opioid receptor binding profiles and A4 VD potencies of cyclic terrapeptides and pentapeptides 

Compound Analog Binding IC,, (nM) IC~nb)/IC5n(@ MVD ICso 
No. ['HISuf ['HIDPDPE [3H]Nal ['HIDADLE AC Bd (nM) 

- 637 4.6 1 Tyr-D-Cys-Phe-o-PenOH 1210 1.9 - 

2 Tyr-o-Cys-Phe-L-PenOH 1500 56 - 

3 Tyr-o-Pen-Phe-o-PenOH 6020 26.9 - 

1' Tyr-o-Cys-Gly-Phe-o-PenOHa - - 22 3.5 6.3 0.13 

2 Tyr-o-Cys-Gly-Phe-L-PenOHa - 53 5.4 9.8 0.75 

3 Tyr-o-Pen-Gly-Phe-o-PenOHa(DPDPE) - 2840 16.2 175 2.19 

4 Tyr-o-Pen-Phe-L-PenOH 386 34.5 
4 Tyr-D-Pen-Gly-Phe-L-PenOHa - - 3710 10 371 2.50 

- 21 I56 

- 224 1 I4 
- 

- 

- I 200 5.5 
11.2 I54 

69 65 

61 287 

1720 6.4 - 
- - 

- 5 Tyr-D-Pen-Phe-D-CysOH 4180 61 - 
5' Tyr-o-Pen-Gly-Phe-o-CysOHb - - 157 26 6.0 6.21 
6 Tyr-o-Pen-Phe-L-CysOH 2160 35.5 - - 

- 6 Tyr-o-Pen-Gly-Phe-L-CysOHb - 178 11.7 15.2 0.32 

Suf = Sufentanil. Nal = Naloxone. DADLE = [D-Ala', ~-Leu']enkephaIin. 
"Values from ref. 5. 
bValues from ref. 3. 
cIC,o (sufentanil)/IC,,(DPDPE). 
IC,,(naloxone)/IC,,(DADLE). 
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TABLE 2 
PIiy.ricochemica1 properties of qcl ic  oproid tetrapeprides 

Compound Analog 
No. 

TLC RP H P L C ~  Mol. wt. 
A B C D k’ FAB-MS (calc) 

1 Tyr-D-Cys-Phe-D-PenOH 0.75 0.68 0.83 0.75 8.6 560 (560) 
2 Tyr-D-Cys-Phe-L-PenOH 0.73 0.56 0.83 0.70 8.4 560 (560) 
3 Tyr-D-Pen-Phe-D-PenOH 0.81 0.75 0.83 0.72 10.0 588 (588) 
4 Tyr-D-Pen-Phe-L-PenOH 0.81 0.65 0.83 0.71 9.7 588 (588) 
5 Tyr-D-Pen-Phe-D-CysOH 0.78 0.83 0.82 0.73 8.3 560 (560) 
6 Tyr-D-Pen-Phe-L-CysOH 0.72 0.52 0.80 0.68 8.1 560 (560) 

”Rf values for thin-layer chromatograms in solvent systems: A: n-butano1:acetic acid:water (4: 1.5. organic component only); B: n- 
butano1:water (containing 3.5% acetic acid and 1 .5% pyridine)( 1 : I .  organic component only): C: n-butano1:pyridine:acetic acid:water 
(15:10:3: 12): and D: n-amyl alcoho1:pyridine:water (7:7:6). 
bk’ values for HPLC in solvent system of 0.1% (w/v) TFA in water/O.I% T F A  (w/v) in acetonitrile. A linear gradient of 0% to 70% 
acetonitrile component in 70min at a flow rate of I mL/min was employed. 

potency as well as a slight improvement in delta re- 
ceptor binding affinity. More notably, this alteration 
causes a significant enhancement in mu receptor 
binding affinity. Since NMR studies of both DPDPE 
(3’) and [D-CYS’, D-Pen’lenkephalin (1’) indicate that 
their conformations are similar (14), the differences in 
binding affinity are believed to result from adverse 
steric interactions between the D-Pen‘ 8-methyl groups 
and the receptor binding site, especially the mu site 
(hence, the considerable delta-selectivity of DPDPE). 
Subsequent work with stereospecifically monomethy- 
lated D-CYS incorporated at the second residue of 
DPDPE has, in fact, revealed that it is the pro-R 
methyl of the D-Pen’ residue that plays the major role 
in the steric interference which is most pronounced at 
the mu receptor binding site, leading to the observed 
drastic decline in mu affinity (15). In the more 
compact tetrapeptide series, however, no consistent 
difference in binding affinity or MVD potency can be 
noted upon substitution of D-Pen for D-CYS at the 
second position. While it is obvious that 1, which 
contains a D-CYS’ residue, displays higher MVD 
potency and higher binding affinity for both mu and 
delta receptors than does the corresponding D-Pen’- 
containing analog, 3, compounds 2 and 4 are equipo- 
tent in the MVD assay, and it is 4, with a D-Pen’ 
residue, that displays somewhat higher affinity for the 
mu opioid receptor. 

Modification of the carboxy terminal residue chiral- 
ity in the cyclic pentapeptide series causes only minor 
variation in the binding affinity and selectivity of these 
compounds, as can be noted by comparison of binding 
data for [D-CYS’, ~-Pen’]enkephalin (1’) vs [D-CYS’, 
L-Pen’lenkephalin (2’), DPDPE (3’) vs DPLPE (4’). 
and [D-Pen’, ~-Cys’]enkephalin (5’)  vs [D-Pen’, L- 
Cys’lenkephalin (6’). Changes in binding behavior are 
more apparent in the tetrapeptide series, although no 
obvious correlation exists between mu or delta affinity 
and the chirality of the carboxy terminal residue. 

Compounds 1 and 2 display similar mu affinity but 
differ in delta binding, the D-amino acid terminal 
analog 1 exhibiting a higher delta receptor affinity. 
Conversely, 3 and 4 bind with comparable affinity at  
the delta receptor but not at  the mu receptor, the 
L-amino acid terminal analog 4 exhibiting higher affin- 
ity. A comparison of 5 and 6 reveals similar binding 
affinities of the two tetrapeptides to both mu and delta 
opioid receptors. Clearly, the binding behavior of 
these tetrapeptides is more sensitive than that of the 
pentapeptides to stereochemistry at the carboxy ter- 
minus. In contrast to the pentapeptide series, stereo- 
chemical variation of the carboxy terminal residue 
apparently alters the conformational relationship of 
this residue to the rest of the molecule in a manner 
which significantly influences receptor interactions. 

With regard to MVD potency, those tetrapeptides 
possessing a carboxy terminal L-amino acid generally 
are less potent in the MVD assay than are the corre- 
sponding carboxy terminal D-amino acid-containing 
analogs. In fact, with the exception of 1, the potencies 
of all these tetrapeptides are rather low, an obser- 
vation that does not hold for the analogous pentapep- 
tides. Although mu, delta, and kappa opioid receptors 
can all mediate the observed inhibition of smooth 
muscle contraction in the MVD preparation (16), an- 
tagonist shift data (not shown) for all the tetrapeptides 
presented here indicate that it is the delta receptor 
which is primarily responsible for the observed MVD 
activity. In the presence of l 0 O n ~  ICI-174864, a 
highly selective delta antagonist ( 1  7), or in the pre- 
sence of the somewhat mu-selective antagonist, nal- 
trexone (1 31, the concentration-effect curves of these 
analogs, like that of DPDPE, are shifted to the right 
to a similar extent. This is indicative of a delta receptor 
mediated action ( I  3) and has been observed for other 
members of this series (7). 

The presence of the p,,&gem dimethyl groups of Pen 
residues at the carboxy terminal amino acid position 
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is detrimental to mu binding but does not affect delta 
binding in the pentapeptide series ( 3  vs 5', 4 vs 6'). 
Examination of data for the tetrapeptides 3 vs 5 and 
4 vs 6, likewise, reveals no significant change in delta 
binding for this modification, while effects on mu 
affinity are observed in the latter pair, the carboxy 
terminal L-Pen-containing analog 4 exhibiting higher 
mu receptor affinity than the corresponding L-CYS 
terminal compound, 6. MVD potency effects are vari- 
able in both series. 

The compounds in the pentapeptide series manifest 
a range of binding affinities, but all bind reasonably 
well to delta receptors. In contrast, the binding be- 
havior of the tetrapeptides appears to be much more 
dependent upon primary sequence, and this 
phenomenon is most pronounced at the delta site. 
Compounds 2-6 display similarly moderate affinity at 
delta receptors; compound 1, however, binds much 
more tightly. This fact also is supported by the MVD 
assay, since only 1 exhibits high potency. 

The greater dependence upon primary sequence for 
activity in the tetrapeptides reflects the conform- 
ational consequence of eliminating the Gly3 residue, 
which is present in the pentapeptides. As we have 
suggested previously, the Gly3 residue may act as a 
flexible hinge in the cyclic pentapeptides, allowing all 
members of that series to adopt a favorable delta 
binding conformation (14). The exclusion of Gly3 in 
the tetrapeptides would be expected to cause greater 
molecular rigidity, and therefore, less ability for this 
conformational compensation. The result would be a 
more precise requirement for a particular primary 
sequence, as is indeed observed in this tetrapeptide 
series. This more restricted series thus offers a valuable 
opportunity for assessing the key structural and 
conformational features necessary for activity at both 
mu and delta opioid receptors. It should be noted that 
studies by Schiller and coworkers (18) on a related 
cyclic tetrapeptide series displaying mu receptor selec- 
tivity have led to a proposal that these tetrapeptides 
interact differently at  mu receptors than do the corre- 
sponding pentapeptides. In particular, it has been 
proposed that the aromatic side chain of the Phe3 
residue of these tetrapeptides binds to a different 
region of the mu receptor than does the corresponding 
aromatic ring of the Phe4 residue of the enkephalin- 
like pentapeptides. Our present tetrapeptide series will 
allow an examination of whether similar multiple 
binding modes might be indicated for delta receptor 
interactions. 

Opioid receptors 
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