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Design of Cyclic Deltorphins and Dermenkephalins with a Disulfide Bridge Leads
to Analogues with High Selectivity for 6-Opioid Receptors!?
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We earlier suggested that the low receptor selectivity observed for previously synthesized constrained
analogues of deltorphin I (DT I) was the result of a reduction in the lipophilic surface of the
C-terminal of the peptide. To confirm this prediction and to further test a previously proposed
conformational model for bioactivity at delta opioid receptors, we have synthesized several new
cyclic analogues with the general structure [D-Xaa? Yaa®]deltorphin I and II in which Xaa? is
D-cysteine or D-penicillamine (D-Pen), and Yaa® is an L- or D-penicillamine residue. Additional
substitutions at positions 4, 6, and 7 also were examined. The analogues were tested for binding
to u- and é-opioid receptors and in mouse vas deferens and guinea pig ileum biological assays. The
introduction of a lipophilic L-Pen in position § and D-Cys or D-Pen in position 2 resulted in a highly
o-selective series of analogues, which fully confirmed our prediction. The cyclic analogues

— —
[D-Pen?,Pen]DT I and [D-Pen? Pen5 Nlef1DT I are among the most §-selective analogues described

thus far.

Introduction

The deltorphins are the linear heptapeptides isolated
from the skin of the Phyllomedusa bicolor frog.> These
peptides express high affinity for the 6 receptor* and
possess potent antinociceptive effects.”* The presence of
an aspartic acid residue in position 4 of the peptide chain
of deltorphin I (DT I) and of a glutamic acid residue in
the same position of deltorphin II (DT II) is the only
difference between these peptides. A third deltorphin,
called deltorphin A® or dermenkephalin,’ has similar
§-opioid receptor selectivity but a significantly different
sequence than deltorphins I and II. Nevertheless it has
been suggested that the deltorphins and dermenkephalin
possess common topographical features.® It has been
suggested previously”®13 that the C-terminal hydrophobic
tripeptide is necessary for the high é-opioid receptor
selectivity of deltorphin and dermenkephalin analogues.
NMR studies by Balboni et al.l4 suggested that the Asp
residue is important when it is placed in the fourth position,
since it can stabilize a 8-turn conformation of the putative
message domain by means of an electrostatic interaction
with the N-terminal a-amino group, a feature that is
beneficial to both 4 and § activities. Structure studies of
deltorphin analogues by Lazarus et al.® pointed out that
the location of the charged groups relative to the hydro-
phobic residues in the address domain of these peptides
might be critical determinants for both & affinity and
selectivity. Inaddition, ourrecent studies have suggested
that & selectivity of all three deltorphins requires a well
defined lipophilic surface, in the C-terminal region, and
a hydrophilic surface, which we referred to as “hot dog”-
like, in its three dimensional structure.?

The deltorphins are relatively small, conformationally
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flexible peptides, and the question arises as to which of
the conformations are biologically relevant.l5 Comple-
mentary methods such as the quantum and molecular
mechanics, spectroscopic and structural modeling analysis,
on the one hand, and biological analysis of synthetic
analogues on the other, are necessary tools to form a
working hypothesis of the structural and conformational
elements necessary for peptide biological activity and/or
selectivity at a particular receptor. One of the most
successful SAR approaches for peptide analogues has been
the creation of constrained cyclic analogues.!516 The
successful creation of constrained analogues and the
development of more receptor-selective analogues often
has involved introduction of S-S bridges between sulfur-
containing amino acids incorporated into the peptide
chain. In opioid peptides such modifications have pro-
vided analogues with high selectivity for u-,17-19 . 20-23
and «-opioid? receptor types.

Reducing the number of possible conformers of linear
peptides through cyclization was used in one of the first
reported SAR studies of deltorphin.1%!1 The two cyclic
analogues were less potent in the one § receptor assay
(MVD) used and showed dramatic decreases in receptor
selectivity but provided important information about §
receptor requirements. We have used energy-minimiza-
tion approaches, as well as independent intuitive ap-
proaches based on model building, to examine the possible
similarities between opioid peptides and benzomorphan
alkaloids.820:25-30 These approaches led to structurally
different models, but they have common short distances
between the side-chain residues in the 2- and 5-positions.
The results from these studies have stimulated us to
synthesize constrained analogues of the deltorphins and
dermenkephalins in which the side chains of amino acids
in positions 2 and 5 were connected through a disulfide

—
bridge. The first analogue of this series, [D-Cys?,Cys5])-
DTI, 4, was highly potent for 6 receptor types but was
nonselective as a result of significant increases of affinity
for u receptor types.?5 In our proposed model of “8 active”
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Table 1. Binding Affinities of Deltorphins and Dermenkephalin Analogues

Misicka et al.

ICs0 £ SEM (nM)
compound 58 ub selectivity ratios: u/é
1, Tyr-D-Ala-Phe-Asp-Val-Val-GlyNH; (DT I) 0.60 + 0.308 2140 + 6908 3570
2, Tyr-p-Ala-Phe-Glu-Val-Val-GlyNH; (DT II) 0.73 £ 0.33¢8 1680 £ 4308 2300
3, Tyr-D-Met-Phe-His-Leu-Met-AspNH; (DERM) 0.47 £ 0,108 1900 £ 1608 4000
——
4, Tyr-D-Cys-Phe-Asp-Cys-Val-GlyNH, 0.87 £ 0.04% 5.15 % 0.5525 59
—
8, Tyr-D-Cys-Phe-Asp-Pen-Val-GlyNH; 2.2+0.46 3760 £ 600 1700
—
6, Tyr-D-Pen-Phe-Asp-Pen-Val-GlyNH, 3.7+£09 26000 £ 250 7000
 me——
7, Tyr-D-Pen-Phe-Asp-D-Pen-Val-GlyNH, 210 £ 52 1200 £ 170 5.6
0
8, Tyr-D-Pen-Phe-Glu-Pen-Val-GlyNH; 57+0.7 4900 £ 900 860
—
9, Tyr-D-Pen-Phe-His-Pen-Nle-AspNH; 3.4 £0.53 10200 £ 1400 3000
——
10, Tyr-D-Pen-Phe-Ser-Pen-Val-GlyNH; 10£18 3300 £ 580 330
—
11, Tyr-D-Pen-Phe-Asp-Pen-Nle-GlyNH; 483 +13 54600 £ 3500 11400
—
12, Tyr-D-Pen-Phe-His-Pen-Nle-Asp-OH 511+ 1.2 1900 + 300 360
6 Versus [3H][p-Cl-Phef]DPDPE. ¢ Versus [SH]CTOP.
Table 2. Bioassays of the Deltorphins and Dermenkephalin Analogues
ICs (nM)
compound MVD GPI selectivity ratios; GPI/MVD
1, Tyr-p-Ala-Phe-Asp-Val-Val-GlyNH; (DT I) 0.36 £ 0.04° 2890 = 2508 8000.
2, Tyr-D-Ala-Phe-Glu-Val-Val-GlyNH; (DT II) 0.67 £ 0.178 3180 £ 2408 4700,
3, Tyr-D-Met-Phe-His-Leu-Met-AspNH; (DERM) 0.28 + 0,028 3400 % 6108 12000.
' e
4, Tyr-pD-Cys-Phe-Asp-Cys- Val-GlyNH; 0.23 £ 0,042 2.98 £ 0,372 13.
—
8, Tyr-D-Cys-Phe-Asp-Pen-Val-GlyNH, 0.25 £ 0.05 1100 £ 580 4400.
——
6, Tyr-D-Pen-Phe-Asp-Pen-Val-GlyNH, 6.30 £ 1.40 68000 = 8900 11000.
1
7, Tyr-D-Pen-Phe-Asp-D-Pen-Val-GlyNH, 920 £ 130 5500 £ 1600 6.0
—
8, Tyr-D-Pen-Phe-Glu-Pen-Val-GlyNH; 2.24 + 0.39 7100 £ 1900 3200.
—
9, Tyr-D-Pen-Phe-His-Pen-Nle-AspNH; 12.70 £ 1.16 22000 % 4100 1700.
(Emex = 75%)
——
10, Tyr-D-Pen-Phe-Ser-Pen-Val-GlyNH, 91.8£20 13500 £ 2800 150.
—
11, Tyr-D-Pen-Phe-Asp-Pen-Nle-GlyNH; 8.80 £ 1.30 137000 + 6900 16000.
0
12, Tyr-D-Pen-Phe-His-Pen-Nle-Asp-OH 43.5% at 6000 4500 £ 950 <15

conformation we stressed the importance of the lipophilic
surface at the C-terminus of deltorphin for é selectivity.
Theimportance of the lipophilicity of amino acid residues
in positions 5 and 6 also has been explicitly and implicitly
suggested by a number of other authors,”*13 and thus we
have hypothesized that increasing the lipophilicity of the
amino acid residue in position 5 to simulate valine or
leucine might increase receptor selectivity of the cyclic
deltorphin analogues. To further check this hypothesis,
to evaluate the effect cyclization on é-opioid receptor
potency and selectivity, and to analyze how increases in
the lipophilicity of an amino acid in position 5 might
influence the opioid receptor affinity and selectivity of
deltorphins and dermenkephalin, we have synthesized and
tested cyclic deltorphin analogues with a lipophilic pen-
icillamine residue in position 5, and various substitutions
in positions 2, 6, and 7 in the two deltorphins and in
dermenkephalin.

Results and Discussion

The peptides synthesized in this work were prepared
by the solid-phase method of peptide synthesis following
procedures similar to those previously used for other
deltorphin peptides.®2” Our unpublished results and
results reported by others® suggested that the Metéresidue
of dermenkephalin could be replaced with Nle. Therefore,

in some analogues we have introduced a norleucine-6 as
asubstitute for methionine-6. Thereceptor potencies and
selectivities of the deltorphins and their analogues were
evaluated in vitro by both receptor binding to rat brain
homogenates and by bioassays that measured the ability
of the peptides to inhibit electrically evoked contractions
of the myenteric plexus longitudinal muscle preparation
of the guinea pig ileum (GPI) (u receptor preferring) and
of the mouse vas deferens (MVD) (6 receptor preferring) 3!

The substitution of Cys®, in the previously reported

o

[D-Cys2,Cys5]DT 125, with L-Pen® (compound 5) resulted
in an analogue with somewhat reduced binding potency
compared to 4 but a dramatic 240-fold increase in
selectivity for the é receptor (Table 1). The binding affinity
for ¢ receptors was similar to the analogue containing
Cys5 2 (less than 3-fold difference; compare 4 and 5, Table
1). Thus the increased selectivity is primarily due to a
loss of affinity at the u opioid receptor. The substitution
of D-Cys? with D-Pen? (compare 5 and 6) resulted in
somewhat reduced 6 binding affinity as was generally the
case for the other cyclic analogues and a larger decrease
in potency in the MVD bioassay (compounds § and 6,
Table 2). Again, the decrease in affinity for u receptors
was much more dramatic. As a result, the deltorphin I
analogues 6 and 11 have among the highest § receptor
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selectivities known in binding assays. Similarselectivities
were observed in the MVD vs GPI bioassays for linear
Atc3-substituted deltorphin I analogues by Schiller et al.1!
Indeed compounds 6 and 11 interact very weakly with the
u receptor. The respective D-Pen? Pen’ cyclic deltorphin
11 analogue 8 and the dermenkephalin analogue 9 possess
reasonably high 6 receptor selectivities in both binding
and bioassays (Tables 1 and 2). This provides additional
support for a common “5 active” topographical model for
the two deltorphins and dermenkephalin as previously
suggested. The chirality of the amino acid in position 5
was previously shown to be important for & receptor
potency in linear dermenkephalins!? and clearly is very
important for § receptor selectivity in the cyclic com-
pounds. The substitution of L-Pen® with D-Pen’ to give
compound 7 resulted in a 600-fold decrease in é binding
selectivity and 1800-fold in the bioassays. This is a
consequence both of a decrease in affinity (activity) for
the 6 receptor (Table 1 and 2) and an increased affinity
(activity) for the u receptor in both assays. Interestingly,
the analogue of DERM with a free C-terminal carboxyl
group (compound 12) possessed almost equal affinity for
5 receptors as the analogue with a C-terminal amide
(compound 9) (Table 1), but a 5-fold increase in activity
in p binding activity and in the u receptor bioassay was
noticed (Table 2). This preservation of § binding affinity
along with an increased affinity for u receptors is contrary
to the previously reported significant decrease in both &
and p affinities of respective linear dermenkephalin
analogues with free carboxyl groups at the C-terminus.®
It is interesting to note, however, that 12 has very weak
activity in the MVD bioassay. It is very likely that the
disulfide bridge has stabilized the bioactive conformation
of the peptide chain. In linear analogues, the C-terminal
carboxyl group may mask the number of active confor-
mations by ionic interactions with basic groups of amino
acids in positions 1 and 4 of dermenkephalin.

Summary

A series of disulfide-containing analogues of dermen-
kephalin (DERM), deltorphin I (DT I), and deltorphin II
(DT II) has been designed and synthesized in an effort to
examine a previously proposed “bioactive conformation”
for these compounds and to stabilize the proposed bioactive
conformation of these linear peptides by construction of
a & receptor compatible cyclic system. On the basis of
preliminary modeling studies, these cyclic analogues can
form conformations compatible with those we previously
proposed for the deltorphins and dermenkephalins.25:29,30
Both D-Cys? and D-Pen? residues were used in the
2-position to replace D-Met2in dermenkephalin and D-Ala?
in DT I and DT II. In position 5, the Leu® of dermen-
kephalin and the Val® of deltorphin I and deltorphin II
were replaced by D-Pen® or L-Pen® and the disulfide bridge
was closed. Generally, L-Pen5-substituted analogues were
both much more potent in binding to é receptors and in
biological activity in the MVD () assay than D-Pen’
analogues, and they also were much more selective.
However their potencies were reduced relative to the native
ligands. These results suggest that both stereochemical
and topographical relationships are critical to é receptor
binding of these compounds and especially in distinguish-
ing those properties important to §- vs u-opioid receptor
recognition. More extensive biophysical work will be
needed to determine precisely what these differences might

be. The new, more stable cyclic dermenkephalin and
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deltorphin analogues reported should provide powerful
tools for further development of § receptor ligands of
increased specificity, stability, and potency.

Experimental Section

Molecular Models. The models used in this study for
examining the possible “bioactive conformation” are those
previously reported.2523 The conformation for the disulfide-
containing analogues were created by extending side chain of
D-alanine? and valine® with the respective sulfide-containing side
chain. Good overlaps with previously suggested models for the
“8 active conformation” could be obtained.

Peptide Synthesis. t-Boc-Tyr(0O-BzICl;)-D-Pen(S-pMe-
Bzl)-Phe-Asp(8-0-Chx)-Pen(S-pMeBzl)-Val-Gly-Resin. p-
Methylbenzhydrylamine ()MBHA) resin (0.7 mequiv/g of resin)
(Bachem, Torrance, CA) was used as the solid-phase support.
The synthesis was accomplished on a 9500 Peptide Synthesizer
(MilliGen/Biosearch, Novato, CA).

The above resin (1.0 g) was placed into a solid-phase synthesis
reaction vessel and Boc-Gly, Boc-Val, Boc-Pen(S-pMeBzl), Boc-
Asgp(8-0-Chx), Boc-Phe, Boc-D-Pen(S-pMeBzl), and Boc-Tyr-
(2,6-diC1-Bzl) were then incorporated into the peptide resin
sequentially according to the protocol for Ne-Boc amino acids
similar to those previously used in our laboratory for other
peptidesd2-2132to yield Ne-Boc-Tyr(0-BzlCly)-D-Pen(S-pMeBzl)-
Phe-Asp(8-0-Chx)-Pen(S-pMeBzl)-Val-Gly-Resin.

1

Tyr-D-Pen-Phe-Asp-Pen-Val-GlyNH»TFA (6). The pro-
tected peptide-resin 1 (2.0g) was reacted with 15 mL of anhydrous
HF, 2 mL of cresol/thiocresol (1:1, v/v) at 0 °C for 1 h in the
HF -reaction apparatus (Peninsula Lab. Inc., Belmont, CA). The
mixture was evaporated in vacuo, and the dried mixture of free
peptide and resin was washed three times with 30-mL portions
of ether which was then discarded. The resin was then extracted
three times with 50-mL portions of 30% acetic acid. The
combined extracts were then lyophilized to a powder. This
powder, containing the free sulfhydryl form of the peptide, was
dissolved in 20 mL of methanol. The methanol solution was
slowly added (using a syringe pump with the speed of 1 mL/h)
into 400 mL of distilled water (the pH was adjusted to 8.5 with
3 N ammonium hydroxide) containing 0.7 mmol of KsFe(CN)s.
After 26 h, the pH was decreased to 5 with a few drops of glacial
acetic acid, and the ferrocyanide and excess ferricyanide were
removed by stirring the solution with 30 mL (settled volume) of
anion-exchange resin Amberlite IRA-45 (Cl- form). After the
mixture was stirred for 30 min, the resin was filtered off and
washed withaqueousacetic acid. The completion of the oxidation
was evaluated by HPLC (Hewlett-Packard 1090 monitored at
230, 254, and 280 nm) of the filtrate using a Hewlett-Packard
Model 1090 HPLC system with simultaneous evaluation at 230,
254, and 280 nm. The aqueous acetic acid solution of the crude
product was lyophilized.

The solid powder of the crude product was dissolved in ca. 10
mL of methanol and was purified by preparative reverse-phase
high-pressure liquid chromatography (HPXL, Rainin, MA) ina
0.05% aqueous TFA, acetonitrile gradient system. After the
proper fractions were collected, the organic solvent was removed
by rotary evaporation and the aqueous solution lyophilized.
Yield: 191 mg (28%) of the homogeneous title compound.
FAB-MS: caled [M + H] 860, found 860. Amino acid analysis:
Asp 0.95 (1.0), Gly 1.00 (1.0), Phe 1.05 (1.0), Tyr 0.92 (1.0), Val
0.83(1.0). TLCs: R{A) = 0.68 (1-butanol/aceticacid/water, 4:1:
1); R{(B) = 0.80 (1-butanol/acetic acid/pyridine/water, 13:3:12:
10); R{C) = 0.85 (2-propanol/ammonia/water, 4:1:1); R{D) =
0.61 (1-butanol/acetic acid/ethyl acetate/water, 5:1:3:1). HPLC
capacity factor (k") = 8.33 (Vydac 218TP104C18 reverse phase
column, 25 X 0.46 cm, with 0.1% TFA/acetonitrile gradient from
85/15 to 55/45, v/v in 30 min at a flow rate of 1.5 mL/min.)

——

Tyr-D-Cys-Phe-Asp-Pen-Val-GlyNHyTFA (5). The com-
pound was prepared in the same manner as peptide 6. FAB-MS:
caled [M + H] 832, found 832. Amino acid analysis: Asp 1.00
(1.0), Cys 0.81 (1.0), Gly 1.00 (1.0), Phe 1.03 (1.0), Tyr 0.80 (1.0),
Val 0.88 (1.0). TLC’s: R{A) = 0.61; R{B) = 0.79; R{C) = 0.75;
R{D) = 0.51. HPLC ¥’ = 6.71.
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1
Tyr-D-Pen-Phe-Asp-D-Pen-Val-GlyNH>TFA (7). The com-
pound was prepared in the manner as peptide 6. FAB-MS: caled
[M + H] 860, found 860. Amino acid analysis: Asp 1.00 (1.0),
Gly 1.05 (1.0), Phe 1.06 (1.0), Tyr 0.94 (1.0), Val 0.94 (1.0).
TLC’s: R(A) = 0.68; R{B) = 0.80; R{(C) = 0.85; R(D) = 0.61.
HPLC &’ = 8.33.

—
Tyr-D-Pen-Phe-Glu-Pen-Val-GlyNH, TFA (8). The com-
pound was prepared by the same methods as peptide 6. FAB-
MS: caled [M + H) 874, found 874. Amino acid analysis: 0.98
(1.0), Gly 1.00 (1.0), Phe 1.05 (1.0), Tyr 0.82 (1.0), Val 0.77 (1.0).
TLC’s: R{A) = 0.68; R(B) = 0.80; R{C) = 0.78; R{D) = 0.61.
HPLC &k’ = 7.68.

Tyr-D-Pen-Phe-His-Pen-Nle-AspNH, TFA (9). The com-
pound was prepared by the same methods as peptide 6. FAB-
MS: caled [M + H] 954, found 954. Amino acid analysis: Asp
1.05 (1.0), His 0.93 (1.0), Phe 1.00 (1.0), Tyr 0.85 (1.0). TLC’s:
RAA) = 0.44; R(B) = 0.76; R{(C) = 0.76; R(D) = 0.19. HPLC
k' = 831

——
Tyr-D-Pen-Phe-Ser-Pen-Val-GlyNH»TFA (10). The com-
pound was prepared by the same methods as peptide 6. FAB-
MS: caled [M + H] 832, found 832. Amino acid analysis: Gly
1.00 (1.0), Phe 1.02 (1.0), Ser 0.91 (1.0), Tyr 0.79 (1.0), Val 0.71
(1.0). TLC’s: R«{A) = 0.66; Ry(B) = 0.82; R{(C) = 0.86; R{D) =
0.57. HPLC k' = 7.71.

 E——
Tyr-D-Pen-Phe-Asp-Pen-Nle-GlyNH:TFA (11). The com-
pound was prepared by the same methods as peptide 6. FAB-
MS: caled [M + H] 874, found 874. Amino acid analysis: Asp
1.04 (1.0), Gly 1.00 (1.0), Phe 1.09 (1.0), Tyr 0.89 (1.0). TLC’s:
f,(A) = 0.62; R(B) = 0.79; R{C) = 0.84; R{(D) = 0.70. HPLC
! = 8.94,

 Ee—

Tyr-D-Pen-Phe-His-Pen-Nle-Asp TFA (12). The com-
pound was prepared by the same methods as peptide 6. FAB-
MS: caled [M + H] 955, found 955. Amino acid analysis: Asp
1.09 (1.0), His 0.98 (1.0), Phe 1.00 (1.0), Tyr 0.79 (1.0). TLC’s:
RAA) = 0.44; R{B) = 0.80; R{C) = 0.70; RAD) = 0.22. HPLC
k' = 7.88.

Radioreceptor Binding Assay. Adult male Sprague-Dawley
rats (200-300 g) were sacrificed, their brains were immediately
removed and placed on ice, and the membranes were prepared
as previously reported.®® Whole brain was homogenized in 20
volumes of 50 mM Tris-HCl stock buffer (pH = 7.4) with a glass-
Teflon homogenizer. The homogenate was centrifuged (48000g
for 15 min), resuspended, and preincubated (25 °C for 30 min)
toremove endogenousopioids. The homogenate was centrifuged
and resuspended again (0.5% final concentration). Binding
affinities of all of the analogues were measured against [*H][p-
ClPhe*]DPDPE (42.7 Ci/mmol)® and [BH]CTOP (64.1 Ci/
mmol)1%3#¢ (New England Nuclear, Boston, MA) by a rapid
filtration technique. A 100-xL aliquot of the rat brain homogenate
was incubated at 25 °C for 180 min with either 0.75 nM [3H]
[p-CIPhe*] DPDPE or 0.5 nM [*H]CTOP in a total volume of 1
mL of 50 mM Tris-HCl pH (pH = 7.4) containing bovine serum
albumin (1 mg/mL), bacitracin (50 ug/mL), bestatin (30 xM),
captopril (10 xM), and 0.1 mM toluenesulfonyl fluoride and were
done in duplicate. Naltrexone hydrochloride (10 xM) was used
to define nonspecific tissue binding. The binding reaction was
terminated by rapid filtration through presoaked (0.5% poly-
ethylenimine solution) GF/B Whatman glass fiber strips with a
Brandel Cell Harvester followed immediately by three rapid
washes with 4-mL aliquots of ice-cold saline solution. The filters
were removed and soaked in 10 mL of scintillation fluid at 4 °C
for at least 6 h before bound radioactivity was measured. All
experiments were done in duplicate, and at least three experi-
ments were done for each ligand. Thus n = 6 or more for each
new compound assayed. The data was analyzed by a nonlinear
least-squares regression analysis computer program. The pro-
gram was generously written by Susan Yamamura.

GPI and MVD in Vitro Bioassays. The bioassays of all of
the analogues were based on electrically induced smooth muscle
contractions of mouse vas deferens and strips of guinea pig ileum
longitudinal muscle myenteric plexus.®! Tissues came from male
ICR mice weighing 25-30 g and from male Hartley guinea pigs

Misicka et al.

weighing 150-400 g. The tissues were first tied to gold chains
with suture silk, suspended in 20-mL baths containing 37 °C
oxygenated (95% O, 5% COj) Krebs bicarbonate solution
(magnesium-free for the MVD), and allowed to equilibrate for
15min. The tissues were then stretched and allowed toequilibrate
for 15 min. The tissues were stimulated transmurally between
platinum plate electrodes at 0.1 Hz, 0.4-ms pulses (2.0-ms pulses
for MVD) at supramaximal voltage. Drugs were added to the
baths in 14—60 xL volumes to produce cumulative dose-response
curves. The peptidase inhibitor cocktail contained 3.1 mg/mL
bestatin, 5 mg/mL bacitracin, and 2.2 mg/mL captopril. Twenty
microliters of each inhibitor was added to the bath 3 min prior
to the initial aliquot of the test drug. Percent inhibition was
calculated by using an average contraction height for 1 min
preceding the addition of the peptide divided by contraction
height 3 min after the exposure to the peptide. All experiments
were done in duplicate and repeated two or three times. ICy
values are the mean of not less than four tissues. ICs estimates
and their associated standard errors were determined by fitting
the mean data to the Hill equation using a computerized least-
squares method.® The standard errors of the ICs, values for
activity appear large in some cases, as the weak u agonist character
of these analogues did not permit completion of dose-response
curves in the GPL
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