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Summary: Using a variety of synthetic analogs of porcine endothelin
(pET), we have studied the effects of these analogs on receptor
binding activity and cytosolic free Cal+ concentrations ([Ca2+]i)
in cultured rat vascular smooth muscle cells (VSMC). Removal of
C-terminal Trp21 residue, truncated derivatives pET(1-15) and
(16-21), substitution of disulfide bond, Cys(3-11) or Cys(1-15), by
Cys (Acm), all resulted in a complete loss of receptor binding
activity and [Ca2+]i response, while N-terminal elongation of Lys-
Arg residues, but not oxidation of Met’/ residue, decreased receptor
binding activity and [Ca2+]; response, [Cys1“1é,Cys3”11]pET was
far more potent than [Cys1‘%1, Cys3-15]pET in receptor binding and
[Ca2+]i response. These data indicate that the C-terminal Trp2!

as well as the proper double cyclic structure formed by the
intramolecular disulfide bonds of the pET molecule are essential for
receptor binding and subsequent [Ca2+]i increase in rat VSMC.

© 1989 Academic Press, Inc.

Porcine endothelin (pET), a novel endothelium-derived
vasoconstrictor peptide, comprises 21 amino-acid residues with
two intramolecular disulfide linkages (1). pPET induces a potent
and sustained vasoconstriction of a variety of blood vessels from
many species, of which effect is dependent on extracellular Ca<+

(1). The ¢DNA cloning for human (h) and rat (r) ET has revealed

* All correspondence should be addressed to: Yukio Hirata, M.D.,
The Second Department of Internal Medicine, Tokyo Medical and
Dental University, Yushima 1-5-45, Bunkyo-ku, Tokyo 113, Japan.

0006-291X/89 $1.50
Copyright © 1989 by Academic Press, Inc.
All rights of reproduction in any form reserved. 228



Vol. 160, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

that hET is identical to pET (2), and <rET is similar, but
distinct from pET (3). Interestingly, the ET molecules among
these species share the two disulfide bonds and the C-terminal
hydrophobic region in common, suggesting the importance of these

domains in interaction with its receptor.

We have recently demonstrated the presence of specific
binding sites for pET in cultured rat vascular smooth muscle
cells (VSMC) through which pET induces a profound increase in
cytosolic free Ca2+ concentration ([Ca2+]i) (4). Therefore, the
present study was designed to characterize the structural
moieties of the pET molecule essential for receptor binding and
[Ca2+]i response in cultured rat VSMC using a variety of

synthetic pET analogs.

MATERIALS AND METHODS

Peptides
pET and related peptides were synthesized by solid-phase

method and purified by ion-exchange chromatography on DEAE-
cellulose and reverse-phase HPLC as described (5). The
homogeneity of the final products was confirmed by analytical
HPLC and amino-acid analysis.
Binding experiments

Rat aortic VSMCs were cultured and used in the experiments
as previously described (6). Binding study was performed
essentially in the same manner as recently reported (4). In
brief, confluent ( 5x105) cells were incubated at 37°C for 60 min
with 2.5x10-11 M 125I_-labeled-pET (Amersham Japan, specific

activity: 2000 Ci/mmol) in the absence and presence of pET and
related peptides. After completion, the cell-bound radioactivity
was determined; specific binding was defined as total binding

minus nonspecific binding in the presence of 4x10-7M wunlabeled
pET.
Measurement of [CaZ+];

Fluorescence of fura-2-loaded cell suspensions was
spectrofluorimetrically measured as described (4) and [Ca2+]i
values were calculated by the formulas described by Grykiewicz et
al. (7).

RESULTS
Competitive binding study by synthetic pET and related
peptides is shown in Fig. 1. Unlabeled pET(1-21) competitively
inhibited the binding of 125I-labeled-pET to rat VSMC with the

approximate concentration of half-maximal inhibition (ICgg) of
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Fig, 1. Competitive binding of 125I-pET to rat VSMC by pET and
related peptides.
Confluent cells were incubated at 37°C for 60 min with
2.5%x10-11 M 125I-pET in the absence and presence of pET and
related peptides in concentrations as indicated. Specific
binding was 80% of total binding; each point is the mean of
two experiments.
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Fig. 2. Competitive binding of 125I-pET to rat VSMC by pET

analogs in rat VSMC.

Confluent cells were incubated at 37°C for 60 min with
2.5%x10-11 M 1251_pET in the absence _and resence of
[Cys1-15,cys3-111pET (o) and [Cys!-11,Cys3-15jpET (o)
in concentrations as indicated. Specific binding was 82%
of total binding; each point is the mean of two experiments.
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3x10-11 M, while [Met(0)7]pET was less potent and [Lys-Arg]pET
was far less pontent than pET with ICgqg of 10-10 M and 2x10-8 M,
respectively. In contrast, pET(1-20), pET(1-15), pET(16-21),
[Cys(Acm)3r11]— and [Cys(Acm)'/15]-pET were ineffective in inhi-
biting the binding of 125I—pET in concentrations up to 10-7 M.
[Cys!'-15,cys3-11]pET was about 100-fold more potent than
[cys1-11,cys3-15]1pET in displacing 125I-pET from its binding
sites (Fig. 2).

The effects of pET and related peptides (10-7 M) on
increasing [Ca2+]i in fura-2-loaded VSMC are compared (Fig. 3).

[Lys-Arg]pET was less potent, but [Met(0)7]pET was almost as
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Fig. 3. Ca2+-fura-2 fluorescence by pET and related peptides in
rat VSMC.
Fura-2-loaded cell suspensions were challenged with 10-7 M
each of (a) pET, [Lys-ArglpET and [Met(0)7]pET, (b) pET(1-
21), PpET(1-20) following b% ?ET(1~21), ?ET(1—15) and
PET(16-21), (c) [Cys1-15,cys3-1 ]?ET, (Cys1-11,cys3-15]1pET
[Cys(Acm3:11)1pET and ([Cys(Acm'/15)]pET as indicated by
arrows, Each panel shows a typical trace from the same cell
preparations. Calculated values for [Ca2+]i are shown on
the ordinates. One-min interval is underlined.
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potent as pET in increasing [Ca2+*]; with both initial transient
and subsequent sustained phases (Fig. 3a). Neither pET(1-20),
PET(1-15), nor ©pET(16-21) affected [Ca2+]i response, although
PET(1-21) was still capable of increasing [Ca2+]i in these pre-
treated cells (Fig. 3b). [Cys!-15,Cys3-11]pET had greater effect
on stimulating [Ca2*]j increase than [Cys'-11,cys3-15]pET,
whereas [Cys(Acm)3,11]- and [Cys(Acm)1r15}~pET were ineffective

(Fig. 3c).

DISCUSSION

Using a variety of synthetic analogs, the present study
clearly demonstrates the structure/activity relationship of a
novel endothelium-derived vasoconstrictor pET. The activities of
pET and related peptides in receptor binding almost correlated
with those of [Ca2+]i response in rat VSMC, suggesting that
increase in [Ca2+]; induced by pET is receptor-mediated.

From the present results, truncated analogs, pET(1-15) and
pET(16-21}), failed to affect receptor binding and [Ca2+]i
response. Surprisingly, removal of even a single residue at the
C-terminus (Trp21) resulted in a complete loss of receptor
binding activity and subsequent [Ca2+]i response., These data are
compatible with those of Kimura et al. (8) and ours (5) in which
PET{(1-15) and pET(16-21) were inactive and pET(1-20) was three
orders of magnitude less active than pET(1-21) in constricting
porcine coronary artery and rat pulmonary artery. Taken
together, these data indicate that the C-terminal Trp2! residue
plays an essential role 1in interacting with ET receptor,
stimulating [Ca2+]i increase, and subsequent vasoconstriction.
While oxidation of Met7 residue, although slightly decreased
binding affinity, had stimulatory effect on [Ca2+]; similar to
that of intact pET, N-terminal extension of two basic amino-acid

residues (Lys-Arg) resulted in a marked decrease in receptor
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binding activity as well as [Ca2+]i response. Our results are
comparable to those of their vasoconstrictive activities (5).
One might speculate that N-terminal elongation may somehow confer
steric hindrance on the active sites and/or conformational

changes of the ET molecule to interact with its receptor.

Opening of any disulfate bonds at Cys(3,11) or Cys(1,15) by
Acm led to a complete loss of receptor binding activity and
[Ca2+]i response. These data are consistent with our recent
observation that each of monocyclic PpET analogs had no
vasoconstrictive activity (5). Therefore, two intramolecular
ring structures are 1important for receptor binding and

vasoconstriction.

The present study further shows that [Cys1‘15,Cys3‘11]pET
is far more potent than [Cys1”11,Cys3”15]pET in receptor binding
and [Ca2+]; response, which is consistent with their
vasoconstrictive activities (5). Two disulfide bonds in the
natural product of pET are situated at the positions of Cys(1-15)
and Cys(3-11) (1), of which location has recently been shown to
be identical to that of snake venom sarafotoxins with high
sequence homology to pET (9). In contrast, bee venom apamin,

although structurally homologous to pET, has two disulfide bonds

at the positions of Cys{(1-11) and Cys(3-15) (10). We have shown
that apamin has no effect on 125I—pET binding (4), [Ca2+]i
response nor vasoconstriction (unpublished observations).

Furthermore, it has recently been shown that sarafotoxin is a
potent vasoconstrictor (5,11). Taken collectively, it is
strongly suggested that the proper double cyclic structure formed
by two intramolecular disulfide linkages between Cys(1-15) and
Cys(3-11) is critical for receptor binding to induce

vasoconstriction.

233



Vol. 160, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

It is thus concluded that the C-terminal Trp21 residue and
the proper double <cyclic structure of the pET molecule are

essential for receptor binding and [Ca2+]i increase in rat VSMC.
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