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A series of analogues of the conformationally restricted 6 opioid receptor selective tetrapeptide 
Tyr-c[D-Cys-Phe-D-Pen]OH (JOM 13) was prepared in which the conformationally labile Tyr 
residue was replaced with several less flexible tyrosine analogues. Among these tyrosine 
analogues were the bicyclic structures l,2,3,4,-tetrahydro-7-hydroxyisoquinoline-3-carboxylic 
acid (HO-Tic), 2-amino-6-hydroxytetralin-2-carboxylic acid (Hat), and 2-amino-5-hydroxyindan-
2-carboxylic acid (Hai) in which rotations about the C a - C and C^-C bonds are restricted 
due to cyclization of the side chain to the backbone. Also examined were analogues in which 
tyrosine was replaced with either £rcms-3-(4'-hydroxyphenyl)proline (£-Hpp) or cis-3-(4'-
hydroxyphenyl)proline (c-Hpp), residues in which rotations about O-G 8 , but not C^-O, are 
restricted. Both the f-Hpp1 and c-Hpp1 analogues displayed 6 receptor binding affinity similar 
to the parent Tyr1-containing peptide, while the D-Hat1, L-Hat1, and L-Hai1 analogues exhibited 
somewhat lower affinity. The results observed for the ^-Hpp1 and c-Hpp1 analogues are 
particularly significant since these two residues have little accessible conformational space in 
common. Since the binding conformation of residue 1 must be included in this limited 
conformational intersection, its elucidation is facilitated. Bioassay results from guinea pig 
ileum and mouse vas deferens preparations are in general agreement with the binding results; 
however some potency discrepancies are observed. These discrepancies may reflect different 
selectivities among d receptor subtypes for the analogues or may represent differing efficacies 
among these conformationally restricted peptides. The conformational properties of the parent 
tetrapeptide and the residue 1-modified analogues were studied by molecular mechanics 
computations. All these peptides share a common rigid tripeptide cycle with a single 
energetically preferred backbone conformation and three different conformers of the D-Cys, 
D-Pen disulfide bridge, two of which are observed in the solid state and in aqueous solution, as 
previously determined from X-ray crystallography and 1H NMR spectroscopy data (Lomize, 
A.; et al. J. Am. Chem. Soc. 1994, 116, 429-436). All the peptides have similar sets of low-
energy conformations of their common flexible elements, the Phe3 side chain and the peptide 
group between the first residue and the rigid tripeptide cycle. However, possible conformations 
of the first residue differ and depend on the covalent constraints incorporated into the side 
chain. Analysis of conformation-activity relationships obtained for these peptides allows the 
determination of some of the conformational requirements for their interaction with the <5 opioid 
receptor. First, the side chain conformer of residue 1 in the <5 receptor-bound state is determined 
to be trans (x1 ~ 180°). Second, an extended conformation of the exocyclic peptide group (both 
V of residue 1 and cp of D-Cys2 torsion angles are ~160°) is identified as providing the mutual 
arrangement of the first residue and the tripeptide cycle required for 6 receptor binding. 

Introduction 
The incorporation of conformational constraints in 

analogues of biologically active peptides is a well-
established approach for enhancing receptor selectivity 
and modulating efficacy, since, in principle, the resulting 
more rigid analogues may possess low-energy conforma-

+ Abbreviations and definitions recommended by IUPAC-IUB Com
mission of Biochemical Nomenclature have been used. Other 
abbreviations: a-MeTyr, a-methyl-Tyr; HO-Tic, 1,2,3,4,-tetrahydro-
7-hydroxyisoquinoline-3-carboxylic acid; Hai, 6-hydroxy-2-aminoindan-
2-carboxylic acid; Hat, 6-hydroxy-2-aminotetralin-2-carboxylic acid; 
c-Hpp and t-Hpp, ess- and t>ans-3-(4'-hydroxyphenyl)proline, respec
tively. 

* To whom correspondence should be addressed. 
* Present address: Cortech Inc., Denver, CO. 
5 Present address: Department of Chemistry, Eastern Michigan 

University, Ypsilanti, MI 48197. 
11 University of Arizona. 
8 Abstract published in Advance ACS Abstracts, November 1,1994. 

tions suitable for interaction with one receptor type (or 
subtype) but not others or which may be appropriate 
for receptor recognition but not transduction.1,2 In the 
opioid peptide area, conformational restriction via side 
chain to side chain cyclization, in particular, has been 
very effective, yielding highly selective <53'4 and fi5 

receptor agonists as well as highly selective /u receptor 
antagonists.6 Employing this approach, we have de
veloped three key analogues which display highly selec
tive 6 receptor agonist behavior: Tyr-c[D-Pen-Gly-Phe-
D-Pen]OH (DPDPE, where Pen, penicillamine, is /3,^-
dimethylcysteine),3 its L-Pen5 diastereomer (DPLPE),3 

and the tetrapeptide Tyr-c[D-Cys-Phe-D-Pen]OH (JOM-
13, I),4 all of which are cyclized via a disulfide bond 
formed between side chain sulfhydryl groups. The 
incorporation of conformational constraints provides an 
added benefit since the resulting conformationally more 
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well-defined analogue serves as a better probe of the 
bioactive conformation at the specific receptor. This is 
because the more rigid analogue is less subject to the 
dynamic averaging that compromises attempts to elu
cidate the solution and bioactive conformations of the 
flexible, native peptide ligand. This can be seen in 
DPDPE, DPLPE, and 1 since in all cases the conforma
tional flexibility of the backbone is considerably reduced 
by virtue of the cyclization. This is especially true of 1, 
which was designed as a further contrained analogue 
of DPDPE, lacking the flexible central glycine residue 
of the pentapeptide. 

We recently have reported the results of the confor
mational analysis of 1 employing solution NMR and 
solid state X-ray crystallographic experimental tech
niques as well as molecular mechanics calculations.7 

The peptide contains a rigid 11-membered cycle formed 
by its disulfide-containing C-terminal fragment, D-Cys-
Phe-D-Pen. All low-energy conformers of 1, with relative 
energies AE < 3.0 kcal/mol (Figure 1, Table 1), have 
very similar main chain torsion angles within the 
disulfide-containing cycle (the angles ip of D-Cys2, cp and 
ip of Phe3, and cp of D-Pen4 in Table 1) but may be readily 
classified into three families, A, B, and C, which differ 
only in the geometry of the disulfide bridge (the x1, X2, 
and x3 angles of the D-Cys2 and D-Pen4 residues). The 
cyclic structures A and B are almost identical to 
independent conformers A0 and B0 of 1 in the unit cell 
revealed by X-ray crystallography and correspond to the 
two distinct 1H NMR signal sets observed in aqueous 
solution.7 

While the cyclic part of the molecule is conformation-
ally well-defined, all the key elements of the opioid 
pharmacophore (exocyclic Tyr1 residue and Phe3 side 
chain) are still very flexible in solution. All trans (x1 ~ 
180°), gauche+ (x1 60°), and gauche' (x1 ~ 60°) 
rotamers of the Tyr1 and Phe3 side chains are repre
sented in the set of low-energy conformations of 1 
(Figure 1). Further, the measured vicinal coupling 
constants of the Tyr1 and Phe3 side chain protons, 
H-OC^-H, are in the range of 6.5-9.0 Hz, consistent 
with dynamic averaging. In addition to the side chains, 
the exocyclic peptide group (between the Tyr1 and 
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Table 1. Torsion Angles (deg) of 20 Computed Low-Energy 
Conformations of 1 (Average values ± rms deviations for 
families A-C) 

structure 
A B C~ 

N" 13 5 2 
AEmin6 

Tyr 1 if> 

D-Cys2 cp 

V 
X1 

X2 

XHS-S) 
Phe3 <p 

V 
D-Pen4 cp 

X1 

X2 

0.1 
153 ± 13 
-77 ± 1 
157 ± 5 
75 ± 5 
36 ± 3 

-57 ± 2 
-148 ± 1 

93 ± 1 
-83 ± 3 
-38 ± 4 
138 ± 2 
-71 ± 1 

52 ± 1 

0.0 
141 ± 8 
-56c 

160 ± 5 
85 ± 9 
48 ± 2 

178 ± 2 
150 ± 4 

-103 ± 1 
-83 ± 4 
-24 ± 5 
138 ± 1 
-70 ± 1 

91 ± 5 

1.3 
143 ± 6 

166 ± 2 

46 ± 1 
178 ± 2 
71 ± 1 
87 ± 1 

-79 ± 5 
-49 ± 5 
131 ± 1 
48 ± 2 

-143 ± 1 
a N is the number of conformations, in each family, with relative 

energy AE < 3 kcal/mol. b A£min is the relative energy (kcal/mol) 
of the lowest energy conformer in the given family.c This angle 
was represented by a single conformation of 1 within the energy 
interval 0-3.0 kcal/mol. 

D-Cys2 residues) may also assume different orientations 
(possible values of the Tyr1 \p and D-Cys2 cp torsion 
angles are represented in Table 1). This leads to a 
variety of orientations of the entire Tyr1 residue relative 
to the rest of the molecule (Figure 1). 

One approach to identify the features of the bioactive 
conformation from among this multitude of possibilities 
is by the incorporation of a series of conformationally 
constrained analogues of Tyr and Phe in which different 
regions of conformational space are allowed for the 
pharmacophoric elements. Given at least some ex
amples of sufficiently active analogues with such re
placements, correlation of biological activity with ac
cessible conformations allows features of the bioactive 
conformation to be deduced. Several conformationally 
restricted replacements for Tyr and Phe have seen 
increasing use in such applications. Among these are 
tetrahydroisoquinoline-3-carboxylic acid (Tic),8 2-ami-
notetralin-2-carboxylic acid (Ate),9 and 2-aminoindan-
2-carboxylic acid (Aic),9 as phenylalanine replacements, 

Figure 1. Superposition (stereoview) of 20 conformers of 1 with relative energies AE < 3 kcal/mol (QUANTA 3.3/CHARMm 
force field). Conformers with the x1 angle of Cys2 ~ 180° are indicated by a dashed line. Ca atoms of the Tyr1, D-Cys2, and Phe3 

residues were used for superposition. 
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Table 2. Opioid Binding Affinities of Residue 1 Analogues of JOM-13 (IT 

no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

structure 

Tyr-c[D-Cys-Phe-D-Pen]OH (JOM-13) 
Hat-c[D-Cys-Phe-D-Pen]OH 
D-Hat-c[D-Cys-Phe-D-Pen]OH 
Hai*-c[D-Cys-Phe-D-Pen]OH 
D-Hai*-c[D-Cys-Phe-D-Pen]OH 
HO-Tic-c[D-Cys-Phe-D-Pen]OH 
i-Hpp*-c[D-Cys-Phe-D-Pen]OH 
D-i-Hpp*-c[D-Cys-Phe-D-Pen]OH 
c-Hpp*-c[D-Cys-Phe-D-Pen]OH 
D-c-Hpp*-c[D-Cys-Phe-D-Pen]OH 
D-Tyr-c[D-Cys-Phe-D-Pen]OH 
a-MeTyr-c[D-Cys-Phe-D-Pen]OH 
NMeTyr-c[D-Cys-Phe-D-Pen]OH 

Ki (nM) 

[3H]DAMGO 

52 ± 4.4 
230 ± 17 
310 ± 22 
840 ± 40 

>10000 
>10000 

110 ±19 
-10000 

720 ± 57 
4440 ± 1660 

>10000 
>10000 

180 ± 9.8 

[3H]DPDPE 

0.74 ± 0.08 
20 ± 4.4 
24 ± 5.1 
13 ± 1.2 

1700 ± 120 
2400 ± 440 

0.66 ± 0.06 
84 ± 6.2 

2.4 ± 0.18 
340 ± 65 

1200 ± 140 
2100 ± 240 

2.4 ± 0.24 

Ki(n)IKid) 

70 
12 
13 
65 
>6.0 
>4.2 

170 
-120 

300 
13 
>8.3 
>4.8 
75 

° An asterisk denotes the tentative stereochemical assignment of the a center (see text). 

and their appropriate aryl ring-hydroxylated counter
parts, 1,2,3,4-tetrahydro-7-hydroxyisoquinoline-3-car-
boxylic acid (HO-Tic),10 6-hydroxy-2-aminotetralin-2-
carboxylic acid (Hat),11'12 and 6-hydroxy-2-aminoindan-
2-carboxylic acid (Hai),11 respectively, as tyrosine 
replacements (Figure 2). All three types of modification 
are effective in limiting orientational freedom of x1, the 
angle about the C a-C^ bond, due to the inclusion of this 
bond in a 5- or 6-membered ring. Due to their bicyclic 
structures, these modifications also greatly limit the 
allowed values of x2, the dihedral angle about C - O . 
We have recently described the synthesis and use of an 
additional conformationally restricted Tyr analogue 
based upon proline, ^ra7is-3-(4'-hydroxyphenyl)proline 
a-Hpp).13 Like HO-Tic, Hat, and Hai, £-Hpp limits 
orientational freedom about x1, but unlike these bicyclic 
tyrosine analogues, rotation about x% is allowed. Sub
stitution of Tyr1 in 1 by i-Hpp does not impede 6 
receptor binding affinity,13 indicating that the more 
limited conformational space available to this residue 
compared with Tyr includes the orientation required for 
6 receptor recognition. In the present report we com
pare the results obtained with tf-Hpp1 substitution in 1 
with those observed with other conformationally con
strained residue 1 substitutions. Included among these 
is cis-3-(4'-hydroxyphenyl)proline (c-Hpp), the synthesis 
of which we report below. The results reveal that while 
substitution of Tyr1 by some conformationally con
strained analogues does not result in deleterious effects 
on 6 receptor binding, other substitutions lead to 
moderate or pronounced reductions in affinity. Detailed 
conformational search/molecular mechanics studies on 
these analogues are also described, from which the 
features of the bioactive conformation of residue 1 in 1 
and its analogues can be proposed. 

Results and Discussion 

Receptor Binding and Bioassay Results. Binding 
affinities of the residue 1-modified opioid tetrapeptides 
in competition with radiolabeled ligands selective for the 
<5 ([3H]DPDPE) or ft ([3H]DAMGO) opioid receptor are 
summarized in Table 2. Peptide affinities for the K 
opioid receptor also were assessed in competition bind
ing experiments employing the K receptor selective 
ligand [3H]U69,593; however none of the peptides tested 
showed significant affinity for this receptor CKi > 10 fiM 
in all cases). The effect on binding affinity of several 
conformationally restricted Tyr analogues, whose struc
tures are depicted in Figure 2, was examined. Tyr 

H" COOH 

L-HO-Tic 

HOOC HOOC N " 2 

Z,-Hai /.-Hat 

COOH . „ 
[J COOH 

L-(-Hpp L-c-Hpp 

Figure 2. Structures of conformationally restricted tyrosine 
analogues. 

analogues included examples in which bicyclic struc
tures were formed via cyclization of the phenolic aro
matic to the a carbon (Hat and Hai) or the amine 
nitrogen (HO-Tic) as well as examples of phenol-
substituted prolines (£-Hpp and c-Hpp). As suggested 
in Table 2, several of the peptides were prepared using 
a racemic mixture of the conformationally restricted Tyr 
analogue which leads to ambiguity in the stereochemical 
assignment of this residue in each member of the 
resulting diasteromeric pair of peptides. In each of 
these pairs, the Hai1 analogues (4 and 5), the £-Hppx 

analogues (7 and 8), and the c-Hpp1 analogues (9 and 
10), one member displays approximately 100-fold higher 
d binding affinity than does the other. Since, as for most 
opioid peptides, the L-Tyr1 parent peptide, 1, exhibits 
much higher d binding affinity than does the cor
responding D-Tyr1 diastereomer, 11, we tentatively 
conclude that the higher affinity analogue (4, 7, and 9) 
in each of these three pairs of residue 1-modified 
diastereomers is that with L-stereochemistry for this 
residue. The computational results, described below, 
are consistent with these assignments. 

Analogues 2 - 5 are examples in which conformational 
restriction of the side chain is effected through forma
tion of a bicyclic structure via cyclization to the a carbon 
(Figure 2). In each case, orientational freedom of xl> 
the angle about the Ca—Cfi bond, as well as orientational 
freedom of x2, the angle about the C^-O bond, is greatly 
reduced. As shown in Table 2, analogues 2—4 all 
display moderate d binding affinities which are ap
proximately 15—30-fold lower than that observed for the 
parent peptide, 1. Analogue 5, on the other hand, shows 
considerably lower affinity for the 6 receptor and 
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Table 3. Bioassay Data for Residue 1 Analogues of JOM-13 (1) 

no. 

1 
2 
3 
4 
7 
9 

13 

structure 

Tyr-c[D-Cys-Phe-D-Pen]OH (JOM-13) 
Hat-c[D-Cys-Phe-D-Pen]OH 
D-Hat-c[D-Cys-Phe-D-Pen]OH 
Hai-c[D-Cys-Phe-D-Pen]OH 
f-Hpp-c[D-Cys-Phe-D-Pen]OH 
c-Hpp-c[D-Cys-Phe-D-Pen]OH 
NMeTyr-c[D-Cys-Phe-D-Pen]OH 

IC60 CnM) 

GPI 

460 ± 190 
1800 ± 380 
4300 ± 1400 

>10000 
770 ± 26 

12000 ±1400 
480 ± 250 

MVD 

4.2 ± 1.0 
110 ± 45 
340 ± 76 
340 ± 160 

1.6 ± 0.26 
75 ±14 
5.7 ± 2.0 

IC5o(GPI)/IC5o(MVD) 

110 
16 
13 

>29 
480 
160 
84 

accordingly is tentatively assigned as the D-Hai1 ana
logue as discussed above. Unlike the Hai1 analogues, 
the Hat1 analogues 2 and 3 both display similar, 
moderate binding affinities. This finding indicates that 
for this conformationally restricted Tyr analogue, both 
D- and L-stereochemistries allow reasonable superim-
position of the key elements of the 6 pharmacophore 
contained within the Tyr residue, namely the a-amino 
group and the phenolic aromatic and hydroxyl elements. 

The reduced d receptor binding affinities displayed 
by 2 - 4 suggest that the ideal bioactive conformation is 
relatively unfavored in these analogues and/or that the 
additional structural features of the bicyclic system lead 
to unfavorable (presumably steric) interactions with the 
receptor. The poor 6 binding affinity for the cc-MeTyr1 

analogue, 12, which retains the conformational pertur
bation of a,a-disubstitution present in 2—4 without 
otherwise constraining the phenolic side chain, is in
dicative of an adverse interaction between the a-methyl 
and the receptor. (Computational studies, described 
below, do not indicate altered conformational prefer
ences for residue 1 in the a-MeTyr1 analogue.) In view 
of this observation, it can be proposed that the improved 
d affinity displayed by 2 - 4 is indicative of energetically 
favored bioactive conformations relative to the less 
constrained analogue 12. Alternatively or additionally, 
the presence of the second ct-substituent within a ring 
system in 2 - 4 may alter the geometry of this substitu-
ent in such a way as to mitigate the adverse steric effect 
observed in 12. These possibilities are discussed further 
below. 

The residue 1 substitution for analogue 6 is an 
example of a different type of bicyclic structure, one in 
which cyclization is effected through the a-amino group 
of the amino acid. In contrast to the moderate d affinity 
observed for 2 - 4 , analogue 6 binds poorly to all opioid 
receptors. The high d affinity seen for the NMeTyr1 

analogue, 13, clearly shows that the poor binding of 6 
does not result from the replacement of the primary 
amine of Tyr with a secondary amine. The most likely 
explanation for the low affinity of 6 is that the confor
mational constraint imposed by the tetrahydroisoquino-
line structure, which confines orientations of the side 
chain to regions of space different from those permitted 
in residue 1 of analogues 2—4, precludes low-energy 
access to the binding conformation for this residue. 

As we have discussed previously,13 the Tyr replace
ments incorporated into analogues 2—6 not only restrict 
orientation about •/} but also, because of their bicyclic 
structures, greatly limit conformational possibilities for 
X2. This simultaneous restraint of x1 and x2 n ° t o n ly 
hinders the straightforward interpretation of reduced 
affinity but also increases the likelihood of observing 
reduced affinity since the limited variability of both side 
chain angles must comply with the binding require

ments. The Tyr replacements incorporated into ana
logues 7—10 represent an alternative approach toward 
side chain restriction. In these analogues, ap-hydrox-
yphenyl-substituted proline (Figure 2) replaces the Tyr1 

residue; consequently, orientational freedom about x1 

is reduced while rotational freedom about x2 is main
tained. As we have previously reported,13 the confor
mational constraints imposed by replacing Tyr1 with 
t-Hpp1 are consistent with the conformational require
ments for d receptor binding since the affinity observed 
for the f-Hpp1 analogue, 7, is indistinguishable from that 
of the parent peptide, 1. In analogue 9 (which, like 7, 
is tentatively assigned to have L-stereochemistry for 
residue 1 on the basis of affinity comparisons with 10 
and 8, respectively), the Tyr1 residue is replaced with 
c-Hpp1 in which the orientation of the phenolic ring 
relative to the amine nitrogen now differs from that in 
the tf-Hpp1 analogue, 7. Nonetheless, 9 also displays 
high <5 receptor binding affinity similar to the parent 
peptide, 1. As discussed below, this result has impor
tant implications for the development of a d receptor 
binding model since it requires that the limited and 
different conformational space available to the c-Hpp1 

and tf-Hpp1 residues must in both cases include the 
conformational features required for d receptor binding. 

Analogues 1-4, 7, 9, and 13, all of which display 
moderate to high binding affinity to the <5 opioid 
receptor, were further examined in bioassays to assess 
their pharmacological selectivities and determine whether 
these analogues functioned as agonists or antagonists. 
The standard fi receptor sensitive guinea pig ileum 
(GPI)14 and d sensitive mouse vas deferens (MVD)15 

assays were employed, and the observed results are 
summarized in Table 3. All analogues tested were full 
agonists in both assays (with the possible exception of 
4 for which a full dose-response profile was not attained 
in the GPI) and, as expected from the binding results, 
were more potent in the MVD than in the GPI assay. 
While bioassay selectivities (Table 3) were in good 
agreement with binding selectivities (Table 2), some 
interesting differences were observed in comparisons of 
bioactivity potency with binding affinity. For analogues 
1, 2, 7, and 13, MVD potencies correlated well with <5 
binding affinity, exhibiting ratios of IC5o(MVD)/Ki(<5) in 
the range of 2.5-5.5. By contrast, MVD potencies for 
3,4, and 9 were comparatively lower with ratios of IC50-
(MVD)ZKKd) in the range of 14-30. Of particular 
interest is the comparison of results observed for 7 and 
9, the [Mippx]-and [c-Hpp^JOM-lS analogues, respec
tively. As indicated in Table 2, both analogues bind 
avidly to the <5 opioid receptor; however, as seen from 
Table 3, 7 displays almost 50-fold higher MVD potency 
than 9. One possible explanation for this discrepancy 
is that 9 (as well as 3 and 4) possesses lower efficacy 
than does 7 (as well as 1, 2, and 13) and must occupy a 



Model for the d Opioid Receptor Pharmacophore. 1 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 25 4375 

L-t-Hpp L-Hai 

L-c-Hpp L-Hat 

NV:< 

L-HO-Tic D-Hat 

Figure 3. Superposition of possible trans (solid line) and 
gauche (dashed line) side chain rotamers (relative to C°—Ĉ  
bond) of £-Hpp, c-Hpp, Hai, Hat, and HO-Tic Diethylamides. 
N°, O, and & atoms were used for superposition. 

Table 4. Torsion Angles x1 and x2 (deg), Relative Energies AE 
(kcal/mol), and Distances O(N-O between Na and O Atoms (A) 
for Modified Tyr Methylamides 

residue 

f-Hpp 

c-Hpp 

Hai 

Hat 

D-Hat 

HO-Tic 

rotamer 

trans 
gauche+ 

trans 
gauche' 
trans 
gauche+ 

trans 
gauche+ 

trans 
gauche' 
gauche+ 

gauche' 

X1 

- 1 5 1 
-91 
165 
88 

- 1 3 4 
-97 

- 1 6 8 
-71 
168 
71 

-36 
30 

X2 

64 
68 
99 

-66 
9 

-13 
20 

-20 
-20 

20 
41 

-39 

AE 

0.0 
2.0 
1.8 
0.0 
0.0 
0.2 
0.3 
0.0 
0.1 
0.0 
0.0 
0.3 

<2N-O 

7.7 
6.8 
7.8 
6.8 
7.2 
6.5 
7.9 
6.6 
7.9 
6.6 
5.9 
6.0 

greater proportion of d receptors in the MVD to elicit a 
comparable response. For analogues with varying con
formational constraints, such differences in efficacy are 
not unexpected since the effects of the differing con
straints on binding and transduction may diverge. 
Thus, two differing conformational constraints both may 
be consistent with high-affinity binding but not with 
optimal efficacy. Indeed, similar discrepancies between 
binding and bioassay results have been reported for 
other conformationally restricted opioid peptides.16'17 An 
alternate explanation for the bioassay discrepancies 
observed can be proposed on the basis of d opioid 
receptor subtypes. Considerable evidence for such <5 
subtypes has accrued recently from in vivo studies 
which have pointed to the existence of two <5 subtypes, 
(5i and 62, in the central nervous system.18-22 Recently, 
it has been shown that the functional receptor in the 
MVD bioassay is the 62 subtype;23 hence the potency 
differences observed for analogues 3, 4, and 9 compared 
with analogues 1, 2, 7, and 13 may reflect differing 5 
subtype selectivities which are not readily observable 
in the binding assays employing brain tissue. Further 
investigations will probe these possible explanations. 

Theoretical Conformational Analysis of Tet-
rapeptides. Figure 3 and Table 4 show the low-energy 
side chain conformations of the conformationally con
strained tyrosine analogue amino acid methylamides. 

Compared with tyrosine, incorporation of additional ring 
structures into the first residue strongly constrains the 
flexibility of its side chain. Each Tyr1 analogue has only 
two low-energy side chain orientations about the C a -
C^ bond which differ among the set of conformationally 
restricted amino acids. For each of the constrained Tyr1 

replacements except HO-Tic, one side chain conformer 
is gauche and the other trans about the C°—& bond. 
In the case of HO-Tic, both conformers are gauche. By 
contrast, for a-MeTyr, in which the side chain has no 
second tether to the backbone, all three standard 
conformers (%l = ±60° and 180°) are accessible. 

All the side chain conformers of the isolated amino 
acid shown in Figure 3 and Table 4 are also accessible 
when these amino acids are incorporated into tetrapep-
tide analogues of 1. Similar to the parent peptide, 
conformations of these analogues may be described 
simply as all possible combinations of the A, B, and C 
tripeptide cycle structures mentioned above, side chain 
conformers of the modified first residue and Phe3 

residue, and conformers of the first peptide group (i.e., 
torsion angles ip of Tyr1 and q> of D-Cys2) which define 
the orientation of the first residue relative to the cycle. 
As examples, the low-energy conformers of the i-Hpp1 

and Hai1 analogues of 1 are shown in Figures 4 and 5. 
The phenolic ring in the f-Hpp1 analogue, 7, occupies a 
limited "fan-shaped" sector of space (Figure 4) that is 
smaller than observed for 1 (Figure 1), but this confor
mationally accessible sector is still sizable due to 
flexibility of the exocyclic peptide group between the 
i-Hpp1 and D-Cys2 residues and the existence of two 
distinct side chain conformers of the i-Hpp1 residue. 
Similar observations hold for the c-Hpp1 analogue, 9 
(not shown). For the ^-Hpp1 and c-Hpp1 residues, the 
X1 and x2 torsion angles (Table 4) are close to standard 
values for rotamers of the Tyr side chain (±60° and 180° 
for xl and ±90° for x2)- Consequently, all conformers 
of the c-Hpp1 and J-Hpp1 analogues are almost identical 
geometrically to corresponding conformers of the parent 
peptide, 1. For these residues, the incorporation of the 
additional cycle, however, eliminates the gauche+ (for 
c-Hpp1) or gauche~ (for i-Hpp1) side chain conformers 
and changes the relative energies of the remaining 
gauche and trans side chain rotamers: the trans rota
mer is energetically preferred for ^-Hpp1 (by 2 kcal/mol, 
Table 4) and has greater representation in the set of 
low-energy conformations of the corresponding peptide 
(Figure 4), while the gauche rotamer is preferred for the 
c-Hpp1 analogue (by 1.8 kcal/mol, Table 4). It should 
be noted that low-energy conformations with a trans 
orientation of the residue 1 side chain are found for the 
parent peptide and both its high affinity Hpp1 ana
logues. 

Similar to the Hpp1 analogue, each of the HO-Tic1, 
Hai1, and Hat1 analogues of 1 has two different side 
chain conformers of residue 1 with x1 close to ±60° or 
180°; the maximum deviation (~46c) of x1 from the 
standard values was observed for the trans conformer 
of the Hai1 analogue (Table 4). However, the x2 angle 
of residue 1 in the HO-Tic1, Hai1, and Hat1 analogues 
is fixed near ±20° (Table 4, Figure 3) because of the 
participation of the aromatic rings in bicyclic structures. 
The residue 1 aromatic rings in these analogues can be 
described as occupying "funnel-like" regions of space 
(Figure 5), in which the tilt of the "funnel" relative to 



4376 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 25 Mosberg et al. 

Figure 4. Superposition (stereoview) of 15 [i-Hpp^JOM-lS conformers with relative energies AE 
with x1 of i-Hpp1 90° (gauche+) are indicated by dashed lines. 

4 kcal/mol. The conformers 

Figure 5. Low-energy (AE < 3 kcal/mol) conformers of [Hai1]-
JOM-13 which correspond to the lowest energy configuration 
of the disulfide bridge. Conformers with x1 of Hai1 90° 
(gauche+) are indicated by dashed lines. 

the rest of molecule depends on the particular modifica
tion (HO-Tk1, Hai1, and Hat1 or D-Hat1) of the side chain 
and on its (gauche or trans) conformer. 

The a-MeTyr1 analogue of 1 has almost the same set 
of low-energy conformations as the parent peptide since 
the additional a-methyl group does not constrain the 
flexibility of either the side chain of residue 1 or the 
peptide group between residue 1 and the rigid tripeptide 
cycle. The addition of the a-methyl group in the 
a-MeTyr1 analogue (as well as the similar a-methylene 
group in the Hai1 and Hat1 analogues) has little influ
ence on the conformation of the first peptide group 
because the energetically preferred values of the ip 
backbone torsion angle for Tyr1 in the parent peptide, 
1 ( 60° and 160°, see Table 1), are close to those in 
a-methylated residues (±60° and 18O0).24 

The general conformational features of the residue 
1-modified analogues of 1 can be described as follows. 
1. The nature of the Tyr1 modification has little 
influence on backbone and disulfide bridge conformers 
within the rigid cycle D-Cys-Phe-D-Pen. The changes 
in relative energies of the A and B conformers due to 
the residue 1 substitutions are less than 0.5 kcal/mol. 
This is in agreement with the fact that relative oc
cupancies and chemical shifts of the two slowly ex
changeable conformers, A and B, observed for 1 and its 
analogues in solution do not change significantly through
out a series encompassing numerous chemical modifica
tions to the side chains of the first residue of JOM-13 
(K. Sobczyk-Kojiro and H. I. Mosberg, unpublished 
observations). 2. Low-energy conformations of the first 

exocyclic peptide group (i.e., the energetically preferable 
torsion angles ip of Tyr1 and q> of D-Cys2) are very similar 
in all the residue 1-substituted analogues of 1 (the 
differences in these torsion angles are <30°). They are 
not substantially altered either by methylation of the 
Tyr O atom or by inclusion of additional 5- and 
6-membered rings via the Ca or Na atoms of Tyr1. 3. 
For the residue 1 replacements incorporating additional 
ring structures (c-Hpp, £-Hpp, Hat, D-Hat, Hai, and HO-
Tic), only two side chain conformers, which depend on 
the nature of the additional ring, are possible. As a 
result, the Tyr1 aromatic ring occupies different areas 
of space which are more limited than in the parent 
peptide. 

Conformational Requirements for S Binding. 
All the peptides with a modified first residue can be 
classified into three groups according to their binding 
affinities for the d opioid receptor (Table 2): high-
affinity analogues (residue 1 = Tyr, c-Hpp, and £-Hpp; 
K ~ 0.74, 2.4, and 0.66 nM, respectively), moderate 
affinity analogues (Hai, Hat, and D-Hat; K ~ 13, 20, 
and 24 nM, respectively), and inactive analogues (a-
MeTyr and HO-Tk; both with K ~ 2000 nM). The 
search for the d receptor-bound conformation of 1 was 
based on the assumption that all high- and moderate 
affinity analogues have similar arrangements of func
tionally important groups, the most important of which 
are the positively charged Na nitrogen of Tyr1 (or 
replacement) and the side chains of the Tyr1 (or replace
ment) and Phe3 residues. Within the first residue side 
chain, both aromaticity and the para phenolic functions 
are required for high binding affinity.25 The relative 
arrangement of the two functionally important groups 
(Na nitrogen and phenolic ring) of this residue depends 
only on the •/} and x2 torsion angles. Therefore, the 
initial search for a common d receptor-bound conforma
tion was performed for the first residue alone, indepen
dent of the rest of the molecule, to identify the x1 and 
X2 torsion angles which provide superposition of the Na 

nitrogen and the phenolic ring in the high- and moder
ate affinity analogues. In the next stage, superposition 
of the entire peptide molecules was done to provide 
additional overlap of the Phe3 aromatic rings. 

For the high-affinity peptides, the required common 
conformation of the first residue may be easily derived 
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Figure 6. Superposition of gauche conformers of £-Hpp 
methylamide (solid line, x1 = _91°) and c-Hpp Diethylamide 
(dashed line, x1 = +88°). 

a. b. 

Figure 7. Superposition of trans conformers of (a) £-Hpp 
methylamide (dashed line), Hat methylamide (bold solid line), 
and Hai methylamide (solid line) and (b) i-Hpp methylamide 
(dashed line), D-Hat methylamide (bold solid line), and D-Hai 
methylamide (solid line). 

from comparison of c-Hpp and t-Hpp methylamides. The 
Na group and the aromatic ring of these residues may 
be in gauche or trans orientations around the Ca—C^ 
bond (Figure 3, Table 4). These two different conform
ers cannot be well superimposed because the distances 
between the functionally important Na and O atoms 
differ by ~1 A (Table 4). Gauche rotamers of c-Hpp and 
i-Hpp differ in the sign of the x1 angle (~ +90 and -90°, 
respectively). Therefore their superposition (Figure 6) 
leads to different orientations of the Tyr1 aromatic rings, 
different directions of the peptide group between Tyr1 

and D-Cys2 residues, and, as a result, different arrange
ments of the first residue relative to the rest of the 
molecule. On the other hand, trans conformers of the 
first residue (^1 = 167° in c-Hpp and -145° in £-Hpp) 
provide complete superposition of Na atoms, aromatic 
ring, and peptide groups in these high-affinity analogues 
with individual deviations of all functionally important 
atoms in the tyramine part of the residue (Na, On, Cfl, 
O 2 , and C ) <0.3 A. The trans orientation is the 
energetically preferable one for the ^-Hpp1 analogue, 7, 
but is of higher energy (compared to the gauche' 
conformer) for the c-Hpp1 analogue, 9 (Table 4). This 
may explain the slightly lower affinity of the latter 
analogue in comparison with the former (2.4 vs 0.66 nM, 
Table 2). Thus, the trans conformer of the Tyr1 ana
logue side chain with x1 ~ 180° and x2 ~ 90° may be 
deduced to be that existing in the 6 receptor-bound 
conformation for the high-affinity peptides. 

For moderate affinity peptides, the 6 receptor-bound 
conformation of the tyramine fragment is also most 
probably trans since this provides a similar distance 
between the functionally important NH3+ and O H 
groups (7.2—7.9 A) as is observed in the high-affinity 
peptides (Table 4). With this side chain arrangement, 
the tyramine portions of the Hat1 and Hai1 analogues 

Figure 8. Superposition of candidate d receptor-bound con
formations for high-affinity (̂ -Hpp1 and c-Hpp1; solid line) and 
moderate affinity (Hai1, Hat1, and D-Hat1; dashed line) ana
logues of 1. All conformations represented (from Table 3) have 
torsion angles <p of D-Cys2 ~ 160° and x1 of Phe3 ~ -60°. The 
functionally important atoms Na, C , Cfl, Ce2, and C of residue 
1 and the Cy atom of Phe3 were used for the superposition. 

can be very well superimposed with those of the high-
affinity peptides (Figure 7a). The inactivity of the HO-
Tic1 analogue can be explained by the different structure 
observed for its tyramine component in which only 
gauche rotamers are possible (Figure 3) which causes 
the N a and O^ atoms to be located too close together 
(<6 A, Table 4). The tyramine N a and O* atoms of the 
D-Hat1 and D-Hai1 analogues of 1 can also be superim
posed with the corresponding atoms of the high-affinity 
peptides (Figure 7b). However, in this case, the aro
matic rings of the D-Hat1 and D-Hai1 residues are shifted 
relative to the ring of tf-Hpp1 by ~0.8 and 1.0 A, 
respectively (Figure 7b). Consequently, reduced 6 bind
ing affinity might be expected for both the D-Hat1 

analogue, 3, and, especially, the D-Hai1 analogue, 5, in 
which the tyramine ring shift is more pronounced. 
Indeed, the d receptor binding affinity of 5 is greatly 
reduced (Ki ~ 1600 nM). Interestingly, however, 3 
displays moderate binding affinity (24 nM) which is 
comparable to that of the L-Hat1 analogue, 2. This 
moderate affinity is likely due to the better superposi
tion of the tyrmaine portion of the D-Hat1 analogue 
(compared to the D-Hai1 analogue) with the correspond
ing region of the high-affinity analogues (Figure 7b). 
Similar observations of inferior superpositioning of 
analogues with D-amino acids in residue 1 (results not 
shown) support the tentative stereochemical assign
ments in Tables 2 and 3. 

The results above define the d receptor-bound con
formations of the tyramine fragments (^1 and x2 torsion 
angles) for 1 and its high- and medium affinity ana
logues. The xl torsion angle of Tyr1 (or Tyr1 replace
ment) is ~180° ± 30° for all the peptides (-134° for Hai1 

in 4, Table 4), while the x2 torsion angles depend on the 
type of additional cycle incorporated into the first 
residue (Table 4). In the next stage of computations, 
possible <5 receptor-bound conformations of the whole 
peptide molecule (i.e., the Tyr1 %p, D-Cys2 q>, and Phe3 xl 

torsion angles) were identified. To do this, all the 
previously obtained low-energy conformers of the dif
ferent peptides (Figures 4 and 5) with the x1 angle of 
the first residue ~180° were compared by superimposing 
their tyramine functions to define which conformers also 
provide overlap of the Phe3 aromatic rings. The result
ing low-energy conformers of the peptides which provide 
the best superposition of all phamacophoric elements 
are represented in Figure 8 and Table 5. The super
position depicted (Figure 8) provides coordinate root 
mean square deviations of functionally important groups 



4378 Journal of Medicinal Chemistry, 1994, Vol. 37, No. 25 

Table 5. Relative Energies AE (kcal/mol) and Torsion Angles 
(deg) of Possible <5 Receptor-Bound Conformations of 1 and Its 
Analogues with Constrained First Residue 

residue 1 Tyr1 i-Hpp1 c-Hpp1 L-Hai1 L-Hat1 D-Hat1 

AE" 
X1 v 

X1 

X2 

D-Cys2 cp 
V 
X1 

X2 

X3 

Phe3 <p 
V 
X1 

X2 

D-Pen4 <p 
X1 

X2 

0.1 
138 

-167 
80 

165 
41 

-58 
-148 

94 
-85 
-40 
-59 

93 
141 
-71 

52 

0.0 
155 

-158 
61 

158 
39 

-57 
-148 

94 
-85 
-40 
-65 

88 
140 
-70 

53 

0.6 
152 
167 
99 

164 
50 

177 
149 

-102 
-86 
-23 
-56 

99 
138 
-71 

93 

1.2 
162 

-142 
14 

147 
30 

-51 
-150 

93 
-84 
-35 
-70 

93 
141 
-72 

50 

2.6 
163 

-168 
45 

156 
39 

-58 
-149 

93 
-85 
-40 
-75 

79 
140 
-70 

53 

0. 
135 
162 
-14 
164 
38 

-53 
-151 

95 
-91 
-36 
-75 

76 
139 
-72 

51 

" AE represents the energy difference between represented 
conformer and lowest energy conformer identified for analogue 
specified. 

in the series of peptides (the set of atoms: Na, O , Cel, 
C*2, and C of residue 1 and O of Phe3) of 0.3-0.4 A 
between the high-affinity analogue 7 and the medium 
affinity analogues and 0.2 A between 1 and its MIpp1 

and c-Hpp1 analogues. The Phe3 aromatic rings of all 
the peptides are in the same plane, and the deviations 
of their centers from the reference Phe3 ring in the 
tf-Hpp1 analogue are <0.4 A. The cyclic tripeptide 
fragments of all the peptides are overlapped as well, 
including the C-terminal COO - group which is impor
tant for 6 selectivity.4,26 In general, the high-affinity 
analogues can be better superimposed with each other 
than with the moderate affinity analogues. 

The candidate <5 receptor-bound conformations rep
resented in Figure 8 and Table 5 share an extended 
structure of the exocyclic peptide group (both torsion 
angles tp of residue 1 and cp of D-Cys2 are close to 160°) 
and a Phe3 side chain rotamer with xl ~ —60°. This 
orientation of the Phe3 side chain, however, is for 
illustrative purposes only. Other values of the Phe3 x1 

angle (~+60° or 180°, for example) can provide equally 
good overlap of the Phe3 aromatic rings in all peptides 
considered because the Phe3 C a-C^ bonds coincide in 
the represented superposition (Figure 8). Further, all 
three conformers of the disulfide bridge (A-C in Table 
1) have an identical mutual arrangement of the Tyr and 
Phe residues. Consequently, the lowest energy con
former of the disulfide bridge for each peptide was 
chosen simply to represent its probable bound confor
mation in Table 5. The candidate backbone <5 receptor-
bound conformation is deduced to have a ip of residue 1 
and a cp of D-Cys2 ~ 160° since this provides much better 
superposition of the pharmacophore elements than all 
other low-energy conformers. As an example, the best 
superposition of conformations with the alternative low-
energy value of the cp angle for D-Cys2 (~70°) is 
represented in Figure 9 for the ^-Hpp1 and Hai1 ana
logues. In this case, the functionally important aro
matic rings of the Tyr equivalent residues have different 
orientations in the high- and moderate affinity com
pounds shown although distances between them are 
similar. As a result, the coordinate root mean square 
deviation of all 14 pharmacophore atoms (carbons of 
residue 1 and Phe3 aromatic rings and N a and O' atoms 
of residue 1) between the conformations of the tf-Hpp1 

Mosberg et al. 

Figure 9. Superposition of alternative conformations with 
torsion angle cp of D-Cys2 ~ 70° for [MIpp^JOM-lS (solid line; 
cp2 = 75°, AE = 1.0 kcal/mol) and [Hai^JOM-lS (dashed line; 
Cp2 = 66°, AE = 0.4 kcal/mol). The Na and O atoms of residue 
1 and the carbons of the residue 1 and Phe3 aromatic rings 
were used for the superposition. 

and Hai1 analogues is 0.6 A in comparison with 0.3 A 
for the same atom set in the conformations represented 
in Table 5 and Figure 8. It should also be noted that, 
in addition to producing generally poorer superpositions, 
alternative conformations with the \p of residue 1 ~-60° 
have relative energies >3.5 kcal/mol for the high-affinity 
c-Hpp1 analogue, making such values of ip unlikely in 
the 6 receptor-bound conformer. 

The a-MeTyr1 analogue displays very poor binding (Ki 
~ 2000 nM) despite its conformational identity with the 
high-affinity parent peptide, 1. The likely explanation 
is the existence of some steric hindrance between the 
additional a-methyl group and the corresponding region 
of the 6 receptor binding site. The Hat1 and Hai1 

analogues have similar (X-CH2 groups within their 
aliphatic 6- or 5-membered rings; however these 01-CH2 
groups are shifted 0.6 and 1.4 A, respectively, relative 
to the position of the CC-CH3 group in [a-MeTyr^JOM-
13 after superposition of corresponding conformations. 
This shift of position of the a-substituent may lessen 
the adverse steric interaction at the d receptor. Fur
thermore, the aliphatic rings in Hat and Hai fix the 
aromatic ring of the first residue in an appropriate 
binding orientation, providing improved binding due to 
an entropic contribution. As a result of these effects, 
the d binding constants of these bicyclic, a-substituted 
peptides are improved relative to Ea-MeTyT1IJOM-IS. 

Although the exact orientation of the Phe3 aromatic 
ring in the bound state of the cyclic tetrapeptides 
considered here still remains undefined, some general 
features of the d receptor-bound conformation can be 
inferred from our results. All three important phar-
macophoric elements of 1, i.e., the Tyr1 NH3+ group and 
the aromatic rings of the Tyr1 and Phe3 residues, are 
situated on the same side of the molecule (front side in 
Figure 10) that is presumably embedded into the 
binding cleft of the d opioid receptor. These groups form 
an almost continuous surface if the x1 angle of Phe3 is 
~—60° (Figure 9). The opposite surface of the molecule 
(back side in Figure 9) consists of hydrophilic main 
chain carbonyl groups which probably point toward the 
water solution or interact nonspecifically with the wall 
of the binding cleft. The charged N- and C-terminal 
NH3+ and COO - groups of JOM-13 and its analogues 
are oriented in opposite directions (Figure 10). The 
COO - group probably points out of the binding cleft into 
solution, while the NH34" group is buried deep within 
the binding cleft, most likely interacting with the 
aspartic acid residue 128 of the third transmembrane 
a-helix of 6 opioid receptors. This aspartic acid is a 
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Figure 10. Space-filling model of a candidate 6 receptor-
bound conformation of JOM-13. 

counterion of the positively charged nitrogen in cationic 
amine receptors27 and is highly conserved in families 
of opioid and somatostatin receptors but is usually 
replaced in other subfamilies of G-protein coupled 
receptors. 

Conclusions 

The results presented here represent an example of 
the use of a series of peptide analogues in which a 
varying range of conformational constraints within a 
single residue can be used to elucidate the conforma
tional requirements for bioactivity for that residue. In 
this example analogues with different conformationally 
restricted Tyr1 replacements with differing side chain 
conformational preferences fall into three categories 
based on 6 opioid receptor binding affinities: high, 
moderate, and low affinity. Although each analogue 
still retains many low-energy conformational possibili
ties, the bioactive conformation must exist in the 
smaller intersection of possible conformers of all high-
affinity analogues. Thus, a reasonable model of the 
bioactive conformation can be developed more reliably. 

The conformational requirements for <5 opioid receptor 
binding in the set of cyclic peptides described here may 
be summarized as follows. The side chain conformation 
of residue 1 is trans{%1 ~ 180°) around the C a-C^ bond. 
The x2 angle of this residue is ~90° in Tyr1, c-Hpp1, and 
tf-Hpp1 analogues and is ~0° in Hat1 and Hai1 ana
logues. The two flexible backbone exocyclic torsion 
angles (ip angle of residue 1 and cp angle of D-Cys2) are 
most probably ~160° in the d receptor-bound conforma
tion. These conclusions can be compared with a recent 
model28 of the <5 receptor-bound conformation for the 
parent peptide, 1, proposed from its superposition with 
the more flexible cyclic d selective opioid peptide DP-
DPE3 which differs, in part, from 1 by having an 
additional GIy residue within the disulfide-containing 
cycle. Our model differs from the previously proposed 
one by incorporating a definite Tyr1 side chain confor
mation (undefined in the previous study), in the con
formation of the disulfide bridge, and in the value of 
the torsion angle cp of the D-Cys2 residue. While the 
analysis of residue 1-modified analogues of 1 allows a 
model for the bioactive conformation of this residue to 
be proposed, it does not allow the determination of the 
6 receptor-bound conformation for the side chain of the 
Phe3 residue. To remove this remaining uncertainty, 

further analyses of analogues of 1 with conformationally 
restricted replacements for the Phe3 residue are neces
sary. These analyses are described in the following 
report. 

Experimental Section 

General Methods for Peptide Synthesis and Analysis. 
Protected and unprotected amino acids, except for those the 
syntheses of which are described below, as well as coupling 
agents, were purchased from the following commercial 
sources: Aldrich Chemical Co., Pierce, Bachem Bioscience, 
Chemical Dynamics Corp., Sigma Chemical Co., Peptides 
International, Vega Biotechnologies, and Advanced ChemTech. 
HO-Tic was a generous gift from Prof. Dirk Tourwe. Radio
ligands were purchased from New England Nuclear or ob
tained from The National Institute on Drug Abuse Drug 
Supply Program. Peptides were synthesized by standard solid 
phase procedures as previously described for the lead tet-
rapeptide, I,4 using chloromethylated poly(styrene) (Merrifield) 
resin cross-linked with 1% divinylbenzene. Trifluoroacetic acid 
(TFA) was employed for deprotection, and dicyclohexylcarbo-
diimide (DCC) and 1-hydroxybenzotriazole (HOBt) were used 
as coupling agents. a-Amino functions were protected with 
the tert-butyloxycarbonyl (Boc) group, and p-methylbenzyl 
protection was employed for the labile side chain sulfhydryl 
groups of Cys and Pen. Deprotection and cleavage from the 
resin were accomplished by treatment with anhydrous hydro
gen fluoride in the presence of 5% cresol and 5%p-thiocresol,29 

with stirring for 45 min at O 0C. HF was subsequently 
removed by vacuum. Following extraction with 9:1 DMF:80% 
HOAc and dilution with 0.1% TFA in water, the resulting 
linear, free sulfhydryl-containing peptides were purified by 
reverse phase high-performance liquid chromatography (RP-
HPLC) on a Vydac 218TP C-18 column (2.5 cm x 22 cm) using 
the solvent system 0.1% (w/v) TFA in water/0.1% (w/v) TFA 
in acetonitrile, by a gradient of 10-50% organic component 
in 40 min. Following lyophilization, treatment of an aqueous 
solution (pH 8.5) of the linear free sulfhydryl-containing 
compounds with KsFe(CN)6 for ca. 1 h effected cyclization to 
disulfide analogues. The product cyclic peptides were then 
purified by RP-HPLC as described above, and pure fractions 
were pooled and lyophilized. For peptides synthesized using 
racemic mixtures of conformationally restricted tyrosine ana
logues, the resulting diasteromeric peptide pairs were sepa
rated as the free sulfhydryls since this afforded the maximum 
resolution. For the Hat1 and D-Hat1 peptides, each synthesized 
from enantiomerically enriched amino acid obtained as de
scribed below, separation of the sulfhydryl peptides provided 
an estimate (based on HPLC peak integration) of the extent 
of enrichment (enriched D-Hat, 88% D-Hat, 12% L-Hat; en
riched L-Hat, 76% L-Hat, 24% D-Hat). 

Final peptide purity was determined by analytical RP-HPLC 
on a Vydac 218TP C-18 column (4.6 mm x 250 mm) by a 
gradient of 0-70% organic component over 70 min, with a flow 
rate of 1 mL/min. All analytical RP-HPLC gradients were run 
using the solvent system 0.1% (w/v) TFA in water/0.1% (w/v) 
TFA in acetonitrile. Peaks were monitored at 220, 230, 254, 
and 280 nm and analyzed with Waters Maxima 820 software. 
Peaks which also appeared in chromatograms in which no 
peptide was injected were considered to be artifacts and were 
ignored. Peptide purity was then evaluated by integration of 
peaks and was found to be >95% for each of the peptides 
reported here. All newly reported peptides were also subjected 
to thin layer chromatography (TLC) on precoated silica gel 
plates in three solvent systems (solvent ratios are v:v): (A) 
rc-butanol: acetic acid:water (4:1:5, organic phase only), (B) 
re-butanol:water (containing 3.5% acetic acid and 1.5% pyri
dine) (1:1, organic phase only), and (C) n-amyl alcohobpyridine: 
water (7:7:6). In all cases, a single spot was detected using 
three methods of visualization (ninhydrin, ultraviolet absorp
tion, iodine vapor) for each solvent system. 

The absence of free sulfhydryl groups in final product 
peptides was confirmed by testing with 5,5'-dithiobis(2-ni-
trobenzoic acid) (Ellman's reagent), which, when combined 
with free sulfhydryl-containing species, forms an adduct which 
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Table 6. Physicochemical Data for Cyclized Peptides 

TLCiJ/1 

peptide analogue HPLC elution time (min)" A 

0.76 
0.74 
0.55 
0.54 
0.83 
0.66 
0.59 
0.59 
0.55 
0.55 
0.56 
0.47 

B 

0.73 
0.69 
0.51 
0.47 
0.69 
0.49 
0.38 
0.41 
0.39 
0.54 
0.52 
0.39 

C 

0.76 
0.78 
0.59 
0.60 
0.80 
0.76 
0.69 
0.69 
0.67 
0.67 
0.63 
0.63 

FAB-MS MW 

586 
586 
572 
572 
572 
586 
586 
586 
586 
560 
574 
574 

Hat-D-Cys-Phe-D-PenOH 2 
D-Hat-D-Cys-Phe-D-PenOH 3 
Hai-D-Cys-Phe-D-PenOH 4 
D-Hai-D-Cys-Phe-D-PenOH 5 
HO-Tic-D-Cys-Phe-D-PenOH 6 
*-Hpp-D-Cys-Phe-D-PenOH 7 
D-i-Hpp-D-Cys-Phe-D-PenOH 8 
c-Hpp-D-Cys-Phe-D-PenOH 9 
D-c-Hpp-D-Cys-Phe-D-PenOH 10 
D-Tyr-D-Cys-Phe-D-PenOH 11 
ot-MeTyr-D-Cys-Phe-D-PenOH 12 
NMeTyr-D-Cys-Phe-D-PenOH 13 

30 
30 
30 
30 
31 
30 
30 
29 
29 
30 
30 
31 

" HPLC elution time using a linear gradient of 0-70% organic component in 70 min at a flow rate of 1 mL/min. Solvent system was 
0.1% (w/v) TFA in water/0.1% (w/v) TFA in acetonitrile. The solvent front eluted at 3.0 min.6 Rf values for thin layer chromatograms in 
solvent systems: (A) /i-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), and (C) n-amyl alcohol:pyridine:water (7:7:6). 

S c h e m e 1. Syntheses of Boc-f-Hpp, 23, and Boc-c-Hpp, 24 

OCH3 

EtOH, Na 

T T 
O CO2EI 

OCH3 

Et3SiH, TFA 

OCH3 

21 

I)NaOH, 4:1 dioxane^O 

2) H3O+ 

OCH3 I)AcOH, 8 M HCI, A 
2) Boc)20, TEAf dioxane, H2O 
3) RP HPLC 

22 

23 

24 

gives a characteristic yellow color and absorbance at 412 nm.30 

In all cases, absorbances of the final peptides at this wave
length were indistinguishable from sulfhydryl-free controls, 
confirming the absence of free sulfhydryl groups. 

1H NMR spectra were registered on General Electric GN-
500 and IBM WP 270 SY spectrometers, operating at 500 and 
270 MHz, respectively. Samples contained 1—2 mg of the 
compound in D2O, acidified (CD3COOD) D2O, or DMSO, with 
2,2,3,3-tetradeuterio-3-(trimethylsilyl)propionic acid sodium 
salt (TSP-cW added as the internal chemical shift standard. 
Diagnostic resonances originating from the methyl groups and 
the a proton of penicillamine and the aromatic resonances of 
tyrosine (or replacement) and phenylalanine confirmed the 
presence of these residues. All peptides also displayed N H -
aCH—/3CH2 connectivities consistent with the presence of 
cysteine. No resonances were observed that could not be 
accounted for, and all resonances pertaining to specifically 
modified residue 1 amino acids were present. Some analogues 
were subjected to 2D COSY analysis to establish intraresidue 
connectivities and/or to 2D NOESY experiments to obtain 
primary sequences from intraresidue NOE interactions. In 
each case, the anticipated sequence was confirmed. 

Final product confirmation was obtained by fast atom 
bombardment mass spectrometry (FAB-MS). In all cases, the 
anticipated molecular weights were confirmed by FAB-MS. 
The molecular weights determined from FAB-MS along with 
retention times from HPLC and Rf values from TLC analyses 
are summarized in Table 6. 

Amino Acid Syntheses. Syntheses of 2-amino-5-hydroxy-
indan-2-carboxylic acid, 2-amino-6-hydroxytetralin-2-carboxy-

lic acid, and their Na-Boc derivatives followed literature 
procedures.3132 The syntheses of Na-Boc-trans-3-(4'-hydroxy-
phenyDproline and Na-Boc-cis-3-(4'-hydroxyphenyl)proline, 
which are outlined in Scheme 1, were modeled after published 
syntheses of the corresponding 3-phenylprolines.3334 

2-Amino-5-hydroxyindan-2-carboxylic Acid (Hai, 14)31 

and2-[(ter*-Butyloxycarbonyl)amino)]-5-hydroxyindan-
2-carboxylic Acid (Boc-Hai, 15). 5-Hydroxy-2-spiro[hydan-
toinindan] (0.2 g, 0.92 mmol), prepared from 2-indanone 
following the procedure of Pinder et al.,31 was dissolved in 2 
mL of concentrated HCl and heated in a sealed tube at 120 
0C for 4 h followed by further heating at 160 0C for 2 h. The 
solution was then decolorized with activated charcoal, filtered, 
and rotary evaporated to an off-white solid which was recrys-
tallized from hot water to give 0.19 g (0.83 mmol, 90% yield) 
of product 14 as the hydrochloride. 1H NMR (D2O): 6 3.10 
(dd, 2H), 3.50 (dd, 2H), 6.64 (m, 2H), 7.02 (d IH). MS (EI): 
193 (M+). A small portion of this product was neutralized with 
NaOH to yield the free base, 14, as a white precipitate. Mp 
264-266 0C (lit.31 Mp 252-254 0C). The hydrochloride form 
of 14 (0.19 g, 0.83 mmol) was dissolved in 30 mL of dioxane/ 
water (2:1) with Na2CO3 (0.9 g, 8.6 mmol) and di-tert-butyl 
dicarbonate (1.02 g, 4.7 mmol), and the solution was stirred 
at room temperature for 3 h. The solvent was then removed 
under vacuum, the residual oil was dissolved in 15 mL of cold 
water, the pH was adjusted to 3 with cold 1 N HCl, and the 
solution was extracted five times with cold ethyl acetate. The 
organic extracts were combined, dried over MgSO.4, and 
filtered. Solvent was removed under vacuum to afford 0.15 g 
(0.51 mmol, 61% yield) of the racemiciVMert-butyloxycarbonyl-
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protected amino acid, Boc-Hai, 15. 1H NMR (CD3OD): «5 6.9 
(m, IH, aromatic), 6.4 (m, 2H, aromatic), 3.5 (m, 2H, /3CH2), 
3.3 (m, 2H, /3CH2), 1.4 (s, 9H, Boc). MS (CI): 294 (MH+). 

2-Amino-6-hydroxytetralin-2-carboxylic Acid Hydro-
bromide (Hat, 16).32 A mixture of 6-methoxy-2-spiro[hydan-
tointetralin] (3.6 g, 14.6 mmol), prepared from 6-methoxy-2-
tetralone,32 and aqueous 48% HBr (50 mL) was refluxed for 
48 h. The aqueous HBr was evaporated, and the residue was 
dissolved in 150 mL of water; 4 g of charcoal was added, and 
the mixture was warmed on a steam bath and then filtered. 
After evaporation of the water, the residue was crystallized 
from ethanol to give 3.8 g of white powder in 90% yield. Mp 
276-278 0C dec (lit.32 mp 275 0C dec). 1H NMR (DMSO-Ci6): 
6 9.21 (s, IH, OH), 8.27 (s, 2H, NH2), 6.91 (d, J = 7.97 Hz, 
IH, aromatic), 6.55 (m, 2H, aromatic), 3.15 (d, J = 16.6 Hz, 
IH, one of/3CH2), 2.74 (m, 3H, one of/3CH2 and ,8'CH2), 2.10 
(m, IH, one of yCH2), 1.93 (m, IH, one of /CH2). MS (CI): 
208 (MH+). 

(+)- and (-)-2-[(tertf-Butyloxycarbonyl)amino]-6-hy-
droxytetralin-2-carboxylic Acid [(+)-Na-Boc-Hat, 18, and 
(-)-Na-Boc-Hat, 19]. A stirred solution of 16 (2.5 g, 8.7 mmol) 
in 50 mL of methanol was cooled in an ice bath and then 
treated with thionyl chloride (3.4 g) added dropwise. After 
the addition was completed, the reaction mixture was stirred 
at room temperature for 14 h. The solvent was evaporated, 
and the residue was treated with 50 mL of 4 N ammonium 
hydroxide and extracted with 3 x 60 mL of ethyl acetate. The 
organic extracts were combined, dried over MgS04, filtered, 
and evaporated in vacuo to give 1.7 g of methyl 2-amino-6-
hydroxytetralin-2-carboxylate, 17, as an oil in 90% yield. 1H 
NMR (DMSO-Cf6): d 8.98 (s, IH, OH), 6.81 (d, J = 8.3 Hz, IH, 
aromatic), 6.47 (m, 2H, aromatic), 3.60 (s, 3H, OCH3), 2.97 (d, 
J = 16.3 Hz, IH, /3CH2), 2.78 (m, IH, ,9'CH2), 2.57 (m, 2H, ^CH2 
and /3'CH2), 1.92 (m, IH, /CH2), 1.75 (m, IH, /CH2). HRMS: 
calcd for Ci2Hi6NO3, 221.1052; found, 221.1050. 

The greater ability of the L-enantiomer of the methyl ester 
of Hat to serve as a substrate for chymotrypsin35 was used to 
partially resolve the racemic amino acid. A mixture of 17 (1.7 
g, 8.2 mmol), chymotrypsin (13.5 mg), ammonium bicarbonate 
(0.4 g), water (51 mL), and DMF (9 mL) was stirred at room 
temperature for 22 h and then concentrated. The resulting 
residue was dissolved in 50 mL of water and extracted with 3 
x 50 mL of ethyl acetate. The aqueous layer, containing free 
amino acid, was reserved, and the organic layers were com
bined, dried over MgS04, filtered, and concentrated. 

The residue from the organic layers was treated with 
chymotrypsin (14 mg), ammonium bicarbonate (0.2 g), water 
(20 mL), and DMF (6 mL), stirred at room temperature for 7 
h, and then concentrated. The residue was dissolved in 30 
mL of water, extracted with 3 x 30 mL of ethyl acetate, dried 
over MgS04, filtered, and evaporated in vacuo. The resulting 
residue was refluxed in 30 mL of aqueous 12 N HCl for 12 h 
and evaporated in vacuo. The resulting amino acid residue 
was checked by chiral TLC (silica gel RP modification coated 
with Cu2+ and chiral reagent; Art.-Nr. 811057, Mcherey-Nagel, 
Schweizerhall Inc.; elution solvent, acetonitrile/methanol/ 
water, 15:4:1; Rf 0.49). The mixture of the residue in 30 mL 
of a dioxane/water (1:1) solution, di-tert-butyl dicarbonate (0.91 
g, 4.2 mmol), and sodium carbonate (1.0 g) was stirred at room 
temperature for 24 h and then neutralized with citric acid (2 
g) and concentrated. The residue was dissolved in 30 mL of 
water, extracted with 3 x 40 mL of ethyl acetate, dried over 
MgS04, filtered, and evaporated in vacuo. The residue was 
crystallized from dichloromethane to give 0.51 g of enantio-
merically enriched (-)-Na-Boc-Hat (Boc-D-Hat), 18, as a white 
powder in 20% yield. Mp 142-144 0C. [a]D = - 4 . 2 ° (c = 1.1, 
DMF) (lit.36 [a]D = 9.5°). MS (CI): 308 (MH+). 1H NMR is 
consistent with the literature report for racemic Na-Boc-Hat.n 

The aqueous layer containing free amino acid from above 
was concentrated and checked by chiral TLC (under the 
conditions mentioned above; Rf 0.56). The mixture of the 
residue in 30 mL of a dioxane/water (1:1) solution, di-tert-butyl 
dicarbonate (0.91 g, 4.2 mmol), and sodium carbonate (1.0 g) 
was stirred at room temperature for 24 h and then neutralized 
with citric acid (2 g) and concentrated. The residue was 
dissolved in 30 mL of water, extracted with 3 x 40 mL of ethyl 

acetate, dried over MgS04, filtered, and evaporated in vacuo. 
The residue was crystallized from dichloromethane to give 0.61 
g of enantiomerically enriched (+)-Na-Boc-Hat (Boc-L-Hat), 19, 
as a white powder in 24% yield. Mp 143-145 °C. [a]D = +3.6° 
(c = 1.3, DMF) (lit.36 [a]D = +7.7°). MS (CI): 308 (MH+). 1H 
NMR is consistent with the literature report for racemic 
N<"-Boc-Hat.n 

Diethyl l-Acetyl-5-hydroxy-3-(4'-methoxyphenyl)pyr-
rolidine-2,2-dicarboxylate (20). In a manner similar to that 
of Cox et al.,33 sodium (0.13 g, 5.7 mmol) was added to a 
solution of diethyl acetamidomalonate (12.2 g, 56.1 mmol) in 
ethanol (USP dehydrated, 200 proof, 75 mL) and stirred under 
N2 until dissolved. The solution was chilled in an ice water 
bath; p-methoxycinnamaldehyde (10.0 g, 61.7 mmol) was 
added, and the solution was stirred for 2 h at room tempera
ture. TLC indicated an incomplete reaction, so sodium (0.10 
g, 4.3 mmol) was added, and the solution was stirred overnight. 
After 18 h, acetic acid was added to pH 4 and the solvents 
were removed in vacuo to leave a yellow viscous oil. The oil 
was dissolved in benzene (50 mL) and filtered, and petroleum 
ether (bp 30—65 0C, 50 mL) was slowly added. The oily residue 
was triturated to a solid and recrystallized from benzene/ 
petroleum ether to give 14.9 g (70% yield) of a white crystalline 
solid. Mp 88.7-89.0 0C. TLC: Rf 0.14 (EtOAc/hexane, 2:1, 
UV visualization). EI MS: mle 379 (M+). 

Diethyl l-Acetyl-3-(4-methoxyphenyDpyrrolidine-
2,2-)dicarboxylate (21). By the method of Chung et al.,34 

trifluoroacetic acid (9.5 mL) was added in a dropwise fashion 
to a stirred solution of 20 (4.70 g, 12.4 mmol) and triethylsilane 
(3.0 mL, 19 mmol) in CHCl3 (25 mL) at room temperature. 
The solution was stirred for 4.5 h at room temperature, and 
the solvents were removed in vacuo. Ethyl acetate (80 mL) 
was used to dissolve the resultant transparent oil, and the 
solution was carefully washed with saturated NaHCO3 (3 x 
40 mL), NaCl (40 mL), and H2O (40 mL). The ethyl acetate 
solution was dried over Na2S04 and filtered, and the solvents 
were removed in vacuo to leave 4.58 g of the title product as 
a biphasic, milky oil which was used without further purifica
tion. TLC: Rf 0.24 (EtOAc/hexanes, 2:1, UV visualization). 
EIMS: mle 363 (M+). 

2V-Acetyl-3-(4-methoxyphenyDproline (22). Following 
the procedure of Sarges and Tretter,36 the diester 21 (14.9 g, 
0.41 mmol) was dissolved in dioxane (distilled, 70 mL) and a 
solution of NaOH (4.92 g, 0.123 mol) in H2O (17 mL) was 
added. The mixture was refluxed for 22 h, cooled, filtered, 
and partially rotary evaporated to remove dioxane. The basic 
aqueous solution was washed with EtOAc (2 x 50 mL) and 
carefully acidified to pH 2 with cold 3 N HCl. The solution 
was extracted with EtOAc (3 x 100 mL), and the organic layers 
were combined, dried over MgS04, and filtered and the 
solvents removed in vacuo to give 4.21 g (39% yield) of the 
title product as a gold oil containing all four stereoisomers 
which could be analytically resolved into cis and trans enan
tiomeric pairs by HPLC (see below). TLC: Rf 0.34 (1.5% 
AcOH/EtOAc, UV visualization); Rf0.75 (EtOAc/AcOH/MeOH/ 
H2O, 70:10:20:5, UV and 2,6-dichlorophenol/indophenol visu
alization). HPLC (Vydac 218TP C-18 column, 0.46 cm x 25 
cm; 0.1% (w/v) TFA in H2O/0.1% TFA in CH3CN using a 
0-70% gradient of the organic component over 70 min at 1 
mL/min, monitored at 280 nm): iR 30.4 (33%), 31.5 min (52%). 
A small analytical sample of each peak was isolated by HPLC, 
and each gave EI MS mle 263 (M+), 218 (M - CO2)+. 

iV-(ferf-Butyloxycarbonyl)-*ran8-3-(4'-hydroxyphen-
yDproline (23) and iV-(ter*-Butyloxycarbonyl)-cis-3-(4'-
hydroxyphenyUproline (24). iV-Acetyl-3-(4'-methoxyphen-
yUproline (22; 3.39 g, 12.9 mmol), as a mixture of all four 
stereoisomers, was dissolved in glacial AcOH (25 mL) and 6 
N HCl (80 mL). The material was refluxed for 18 h, and the 
solvents were removed in vacuo. The residue was dissolved 
in H2O (100 mL) and washed with EtOAc (2 x 50 mL). The 
aqueous layer was evaporated to dryness to give 2.99 g of a 
gray, crystalline solid which was dissolved in dioxane (40 mL) 
and H2O (40 mL) and stirred at room temperature. Di-tert-
butyl dicarbonate (6.19 g, 28.4 mmol) was added to the 
solution, and triethylamine was added dropwise to give pH 9. 
The mixture was stirred overnight at room temperature. The 
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solvents were removed in vacuo, and the residue was parti
tioned between cold H2O (40 mL) and cold EtOAc (40 mL). 
Cold 1 M HCl was added dropwise with stirring to adjust the 
solution to pH 2. The layers were separated, and the aqueous 
layer was extracted with EtOAc (2 x 40 mL). The combined 
organic layers were washed with cold NaCl (2 x 25 mL) and 
cold H2O (25 mL) and dried over MgSO4. Filtration and 
removal of solvents in vacuo gave 2.61 g of a tan foam. TLC: 
Rf 0.52, 0.60 (0.5% AcOH/EtOAc, UV and 2,6-dichlorophenoV 
indophenol visualization). Analytical HPLC (Vydac 218TP 
C-18 column, 0.46 cm x 25 cm; 0.1% (w/v) TFA in H2O/0.1% 
(w/v) TFA in CH3CN using a 0-70% gradient of the organic 
component over 70 min at 1 mL/min, monitored at 280 nm) 
gave four major products with iR 39.2 (22%), 40.8 (10%), 48.1 
(14%), and 48.6 min (50%) with respective EI MS m/e 307 (M+), 
307 (M+), 321 (M+), and 321 (M+). The latter two peaks were 
apparently the result of incomplete phenolic methyl ether 
deprotection. Flash chromatography of 2.6 g of crude material 
on 220 g of silica gel with elution by 0.5% (w/v) AcOH/EtOAc 
failed to give good resolution. 2V-(£ert-butyloxycarbonyl)-£rans-
3-(4'-hydroxyphenyl)proline (23, Boc-i-Hpp) was cleanly sepa
rated from the cis isomer, Boc-c-Hpp (24), by semipreparative 
HPLC on a Vydac 218TP 2.2 cm x 25 cm C-18 column with 
the solvent system 0.1% (w/v) TFA in H2O/0.1% TFA in CH3-
CN using 28% of the organic component isocratically at 10 mL/ 
min to yield 0.57 g (1.9 mmol) of 23 and 0.21 g (0.7 mmol) of 
24, a combined yield of 21%. The two isomers were distin
guished on the basis of 1H NMR spectral analysis13 and 
assigned as trans isomer (peak 1, £R 39.2 min) and cis isomer 
(peak 2, iR 40.8 min). 

Receptor Binding Assays. Receptor binding assays on 
guinea pig brain membrane homogenates were performed at 
25 0C using a previously described protocol.37 Binding affini
ties of test ligands for fi, 5, and K opioid receptors were 
determined by competition with radiolabeled receptor selective 
ligands [3H]DAMGO, [3H]DPDPE, and [3H]U69,593, respec
tively. For JX and d receptor binding, ICso values were obtained 
by linear regression from plots relating inhibition of specific 
binding to the log of 11 different ligand concentrations, using 
the computer program LIGAND38 (Biosoft Software). K values 
were similarly calculated using values for Ko of each ligand, 
determined by analysis of saturation binding experiments. 
Values of KD were determined for each membrane preparation 
used and were in the following ranges: Ku = 1.18-1.72 nM 
for [3H]DPDPE; K0 = 1.06-2.68 nM for [3H]DAMGO. For each 
analogue, K values reported in Table 1 represent the mean of 
two to four independent determinations, each performed in 
triplicate. For binding to K receptors, expected to be weak for 
all analogues, the protocol was altered to include only five 
ligand concentrations (in duplicate). Analysis by LIGAND, 
using Kj) = 1.04-2.25 nM for [3H]U69,593, yielded estimates 
or lower limits for .Kj. 

GPI and MVD Bioassays. Electrically induced smooth 
muscle contractions of mouse vas deferens and strips of guinea 
pig ileum longitudinal muscle—myenteric plexus were used as 
bioassays.39 Tissues from male ICR mice weighing 25-40 g 
or male Hartley guinea pigs weighing 250-500 g were tied to 
gold chain with suture silk, suspended in 20 mL baths 
containing 37 0C oxygenated (95% O2, 5% CO2) Krebs bicar
bonate solution (magnesium free for MVD), and allowed to 
equilibrate for 15 min. The tissues were then stretched to 
optimal length, previously determined to be Ig tension (0.5g 
for MVD), and allowed to equilibrate for 15 min. The tissues 
were stimulated transmurally between platinum wire elec
trodes at 0.1 Hz, 0.4 ms pulses (2.0 ms pulses for MVD), and 
supramaximal voltage. The test peptides were added to the 
baths in 14—60 fiL volumes. The agonists remained in contact 
with the tissue for 3 min before the addition of the next 
cumulative doses, until maximum inhibition was reached. 
Percent inhibition was calculated by using the average con
traction height for 1 min preceding the addition of the agonist 
divided by the contraction height 3 min after exposure of the 
agonist. IC50 values represent the mean of two to four tissues. 
IC50 estimates and their associated standard errors were 
determined by fitting the mean data to the Hill equation using 

a computerized nonlinear least squares method (PCNOCIN 
and NONLIN84, Statistical Consultants Inc.). 

Computational Studies. Molecular mechanic calculations 
for 1 and its analogues were done in two stages as previously 
described.7 First, the set of low-energy conformers of the 
common cyclic fragment CH3CO-c[D-Cys-Ala-D-Pen]OH was 
calculated. Second, these conformers of the cyclic fragment 
were combined with conformers of the modified first residue 
and the Phe3 side chain and minimized again. 

In the first stage of the computations, all possible combina
tions of backbone torsion angles <p and rp within the cycle CH3-
CO-c[D-Cys-Ala-D-Pen]OH (with a step of 30° within sterically 
allowed regions of the Ramachandran plot) and the rotamers 
of D-Cys2 and D-Pen4 side chains (x1 = ±60° and 180°) were 
generated and minimized initially with the ECEPP/2 force 
field40 using the program CONFORNMR.41 "Soft" parabolic 
disulfide bond-closing functions U(r - r)2 were used with 
ECEPP/2 (U = 30 kcal/mol A2 for S-S bond and G»-S-S 
valence angles) since it was observed that the use of the usual 
closing functions (U = 100 kcal/mol A2) within the small 
conformationally strained cycle of 1 led to an apparent increase 
of relative energy for some conformers which was inconsistent 
with results obtained with the CHARMm force field. Low-
energy conformers identified in this fashion (AE < 10 kcal/ 
mol) in which at least one torsion angle differed by >30° were 
selected and minimized additionally with the QUANTA 3.3/ 
CHARMm force field.42 All possible side chain conformations 
of i-Hpp, c-Hpp, Hai, Hat, D-Hat, and HO-Tic methylamides 
(Table 4) were calculated with CHARMm. 

In the second stage of computations, the low-energy con
formers of the fragment CH3CO-c[D-Cys-Ala-D-Pen]OH (AE < 
4 kcal/mol with CHARMm) were combined with conformers 
of the Phe3 side chain and the first residue (including 
combinations of sterically allowed values for the first residue 
\p and D-Cys2 <p torsion angles with a 50° step) and minimized 
again with the CHARMm force field. For all calculations, a 
compromise value of dielectric constant, e = 10, was used and 
the adopted basis Newton-Raphson method of minimization 
was employed. This intermediate value of e has previously 
been found to be appropriate for the conformational analysis 
of peptides43 and for computations of electrostatic energy in 
proteins.44 The QUANTA 3.3 Molecular Similarity system was 
used for all superpositions. 
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