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Abstract

The importance of residues 9 and 10 in endothelin-1 was assessed by studying the responses of the guinea-pig ileum to
[Ala’]endothelin-1 and [Ala'’lendothelin-1. Both analogues induced relaxation followed by contraction. [Ala’]Endothelin-1
showed similar EDs, values and maximum response to those of endothelin-1, whereas [Ala'®lendothelin-1 showed a larger EDy,
value and was a partial agonist. Endothelin-1 and [Ala'’lendothelin-1 induced similar degrees of tachyphylaxis, whereas
[Ala®lendothelin-1 induced very little tachyphylaxis, indicating that Lys® is important for inducing tachyphylaxis. Apamin
inhibited the relaxation induced by endothelin-1 and [Ala’lendothelin-1 but not that induced by [Ala'?Jendothelin-1. BQ-123
(cyclo[p-Trp-p-Asp-Pro-p-Val-Leu), a specific endothelin ET, receptor antagonist, inhibited [Ala’lendothelin-1-, but not
[Ala!®lendothelin-1-induced contraction. Cross-tachyphylaxis and additivity studies indicated that [Ala®lendothelin-1, like en-
dothelin-1, acts at the endothelin ET, receptor, whereas [Ala!®Jendothelin-1 behaved as an endothelin ETy receptor agonist,
like sarafotoxin S6c¢. Thus, the residue at position 10 plays a significant role in receptor activation and is a candidate for further

exploration of receptor antagonism.
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1. Introduction

The endothelin /sarafotoxin family of peptides com-
prises endothelin-l, endothelin-2 and endothelin-3
(Yanagisawa et al., 1988; Inoue et al., 1989) as well as
the sarafotoxins SRF6a, SRF6b, SRF6c and SRF6d
(Kloog et al., 1988; Bdolah et al., 1989) and the vasoac-
tive intestinal contractor polypeptide (Saida et al.,
1989), a mouse variant of endothelin-2, expressed only
in the intestine. These isopeptides produce pleiotropic
actions through multiple endothelin receptor subtypes
that are widely distributed in many tissues (Yanagisawa
and Masaki, 1989). A receptor subtype (ET,), selective
for endothelin-1, as well as a non-selective subtype
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(ETg), have been cloned from the ¢cDNA library, and
shown to belong to the superfamily of heptahelical
G-protein-coupled receptors (Arai et al., 1990; Sakurai
et al., 1990). There is some evidence for a third sub-
type, the ET. receptor (selective for endothelin-3),
located primarily in brain and in endothelial cells,
although its cDNA clone has not been isolated (Sam-
son et al., 1990). All endothelin /sarafotoxin peptides
consist of 21 amino acid residues with two intra-chain
disulfide bridges and a common hydrophobic tail (re-
sidues 16-21). The most important difference between
them resides at the N-terminal region, within the se-
quence of the Cys*-Cys'! inner loop. The sequence
Asp®-Lys”-Glu' is conserved, except for the substitu-
tion of Glu” for Lys® in sarafotoxin S6¢c, a highly
selective endothelin ET receptor agonist (Williams et
al., 1991). Sarafotoxin Sé6c is the most acidic peptide of
the family, and its low relative potency suggests that
Lys® is very important for the vasoconstrictor activities
of the sarafotoxin/endothelin peptides (Kitazumi et
al., 1990).
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We have previously found that endothelin-1 and
endothelin-3 induce a biphasic effect (relaxation fol-
lowed by contraction) on the isolated guinea-pig ileum,
an effect which is characterized by a homologous de-
sensitization and which is markedly dependent on the
Na®* gradient across the smooth muscle cell mem-
brane. Cross-tachyphylaxis and additivity experiments
indicated that there are at least two distinct receptor
subtypes in the guinea-pig ileum: one selective for
endothelin-1, possibly an endothelin ET, receptor, and
another one, non-selective, possibly an endothelin ETg
receptor, where endothelin-3 preferentially acts and
induces desensitization (Miasiro and Paiva, 1990, 1992).
In the present paper we have investigated the impor-
tance of positions 9 and 10 for the action of endothe-
lin-1, by substituting alanine for the original amino acid
in the endothelin-1 molecule, and comparing the ef-
fects of the new analogues with those previously de-
scribed for endothelin-1 and endothelin-3 (Miasiro and
Paiva, 1990, 1992).

2. Materials and methods

Guinea-pigs of either sex (200-250 g) were stunned
by a blow to the head and bled. A 20-cm portion of the
terminal ileum was removed and washed with Tyrode
solution at room temperature. Segments of the ileum
(3.5-4.0 cm) were mounted in a 5-ml organ chamber
which contained Tyrode solution maintained at 37°C
and was bubbled with a constant stream of O,. Record-
ings of isotonic contractions were made under 1-g load,
on smoked drums, using frontal levers with 6-fold
amplification. The isometric contractions were
recorded through a Narco BioSystems force trans-
ducer, model F-60, and an ECB model 102-B recorder.
Resting tension was adjusted to 1 g.

Unless otherwise noted, the agonists were left in
contact with the preparation for 3 min and the time
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interval between administrations was sufficient to avoid
interference by desensitization. Responses to high con-
centrations were obtained in separate fresh prepara-
tions. At the beginning of each experiment, 60 mM
KCI was always applied to elicit the maximum control
response, and the responses are expressed as percent-
ages of this maximal KCl response. In competition
experiments, the tissues were exposed to BQ-123 for 20
min prior to the application of the agonists.

2.1. Solutions and drugs

The Tyrode solution had the following composition
(in mM): NaCl 137; KCI 2.7; CaCl, 1.36; MgCl, 0.49;
NaHCO; 11.9; NaH,PO, 0.36 and glucose 5.1. The
sodium-deficient solution was obtained by isosmotic
replacement of the NaCl with p-glucose to give a
solution containing 80 mM Na™*. The solutions in the
organ bath were stirred with a stream of air and
frequently replaced. The measured pH during the ex-
periments was 8.0 + 0.1.

Synthetic endothelin-1 was from the Peptide Re-
search Institute (Osaka, Japan; batch No. 420621);
sarafotoxin S6¢ was from Peninsula Lab. (California,
USA, batch No. 031491) and BQ-123 (cyclo[p-Trp-p-
Asp-Pro-p-Val-Leu) was kindly donated by Drs. M.
Yano/M. lhara (Banyu Pharmaceutical Co.). An-
giotensin II (Paiva et al., 1974), [Ala®]endothelin-1 and
[Ala'’Jendothelin-1 (De Castiglione et al., 1992) were
synthesized by the solid phase method. Apamin was
from Sigma Chemical Co. (St. Louis, MO, USA), and
inorganic salts were from Merck (Darmstadt, Ger-
many).

2.2. Analysis of the results

The results are presented as means + S.E.M. Statis-
tical analysis of the data was done by means of Stu-
dent’s ¢-test. P values less than 0.05 were considered
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Fig. 1. Concentration dependence of the contractile (A) and of the relaxant (B) components of the responses of the guinea-pig ileum to
endothelin-1, [Ala’Jendothelin-1 and [Ala'®Jendothelin-1. Each point represents the mean + S.E.M. of 4-7 experiments. Response amplitudes of
both components are expressed as percentages of the phasic response induced by 60 mM KCI. The duration of the treatment was 3 min and the
time interval between administrations was sufficient to avoid interference by desensitization.
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significant. The concentration-response curves were in
most cases fitted using InPlot (GraphPad Software), a
non-linear regression computer program.

3. Results
3.1. Effect of [Ala®[endothelin-1 on the guinea-pig ileum

In the guinea-pig ileum, [Ala’lendothelin-1 elicited
a biphasic effect (relaxation followed by contraction)
that was concentration-dependent (Fig. 1). The con-
tractile component of the response attained about
100% of the maximal response induced by KCI and
had the same EDj, as endothelin-1 (Fig. 1A). The
relaxing component was pronounced and long lasting
at Jow concentrations, but at high concentrations it was
overwhelmed by the contraction, resulting in a brief
relaxation of rapid onset, as was observed with en-
dothelin-1 (see Figs. 3A and 5A, Miasiro and Paiva,
1990).

When the Na* gradient was reduced by exposing
the tissues to low-Na* medium, we observed that both
components of the response induced by 400 nM
[Ala®Jendothelin-1 were greatly reduced. The contrac-
tile component of the response was significantly re-
duced from 96.6 + 9.5% (n = 4) in normal medium to
333+ 6.7% (n=4) in low-Na® medium (P <0.01)
and the relaxant component was reduced from 5.2 +
27% (n=4)1t0 1.6 + 0.9% (n = 4).

Upon repeated administration, at regular intervals,
[Ala”lendothelin-1 induced less tachyphylaxis than en-
dothelin-1. Thus, the isotonic response to the fourth
consecutive dose in relation to the first dose was about
55% for [Ala’lendothelin-1 (Fig. 2A), and about 25%
for endothelin-1 (Fig. 2B). When the responses were
recorded isometrically, tachyphylaxis was manifested
by qualitative changes in the response to the following
doses, which consisted of a decrease of the relaxant
component, resulting in a faster onset of the contrac-
tile component of the response (Fig. 3A).
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Fig. 3. Isometric recording of the responses induced by: (A) four
successive administrations of 200 nM [Ala®Jendothelin-1 (Ala®) fol-
lowed by further addition of 100 nM endothelin-1 (ET-1); (B) three
successive administrations of 200 nM [Ala!lendothelin-1 (Ala!")
followed by two successive treatments with 100 nM {[Ala®Jendothelin-
1; (C) three successive administrations of 200 nM [Ala'®Jendothelin-1
followed by subsequent additions of 100 nM sarafotoxin Sé6c¢ (Sé6¢)
and 100 nM endothelin-1; (D) three successive administrations of
100 nM sarafotoxin Séc, followed by further consecutive additions of
200 nM [Ala'"lendothelin-1 and 100 nM endothelin-1. Time of
contact of the agonists with the tissue was 3 min, and the time
interval between treatments was 10 min. Upward arrows indicate
addition of the agonist to the organ bath.

In tissues rendered tachyphylactic to [Ala®lendo-
thelin-1 (Fig. 2A) or to endothelin-1 (Fig. 2B), applica-
tion of endothelin-1 or [Ala’]Jendothelin-1, respectively,
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Fig. 2. Isotonic recordings of the responses of the isolated guinea-pig ileum to: (A) four successive treatments with 200 nM [Ala”Jendothelin-1
followed by three successive treatments with 100 nM endothelin-1; (B) four successive treatments with 100 nM endothelin-1 followed by three
successive treatments with 200 nM [Ala’Jendothelin-1. In both cases, the first response to the agonist was taken as 100%. Contact time of the
agonist with the tissue was 2 min, and the time interval between treatments was 5 min.
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Fig. 4. Isometric recordings of the responses of the isolated guinea-pig
ileum to: (A) 400 nM [Ala®lendothelin-1 (Ala®) followed by addition
of 400 nM endothelin-1 (ET-1) and 100 nM angiotensin II (AIL); (B)
400 nM [Ala'"}endothelin-1 (Ala!®) followed by addition of 400 nM
[Ala®Jendothelin-1, 100 nM endothelin-1 and 100 nM angiotensin 11;
(C) 400 nM [Ala'Ylendothelin-1 followed by addition of 200 nM
sarafotoxin S6¢ (S6¢) and 100 nM endothelin-1. The response to 60
mM KCl was always recorded 15 min before the addition of the
peptides, as a control (not shown). Upward arrow indicates addition
of the agonists to the organ bath.

induced a smaller response, indicating cross-
tachyphylaxis. As endothelin-1 is more tachyphylactic
than [Ala’lendothelin-1, strong cross-tachyphylaxis was
observed in the case of endothelin-1 (Fig. 2B). How-
ever, in the case of [Ala’lendothelin-1 in isometric
recordings (Fig. 3A), we observed that further addition
of endothelin-1 induced almost the same response pat-
tern as that of [Ala’Jendothelin-1 at that tachyphylactic
level.

In additivity experiments, we observed that during
the responses to [Ala’]endothelin-1 (Fig. 4A) or to
endothelin-1 (not shown) addition of endothelin-1 or
[Ala’Jendothelin-1, respectively, could not induce any
effect, whereas further addition of angiotensin II could
elicit its normal response (Fig. 4A).

3.2. Effect of [Ala'’]endothelin-1 on the guinea-pig ileum

[Ala'’]Endothelin-1 also induced a concentration-
dependent biphasic response (Fig. 1). The relaxant

component of this response was more pronounced than
that to [Ala’Jendothelin-1 and endothelin-1 (Fig. 1B),
and was present even at high concentrations of the
peptide (Fig. 3B), as seen also with sarafotoxin Sé6c
(Fig. 3D). [Ala'"]Endothelin-1 was a partial agonist,
the contractile response attaining only about 40% of
the maximum KClI response (Fig. 1A).

When the Na* gradient was reduced by exposing
the tissues to low-Na* medium, the contractile compo-
nent of the response induced by 200 nM [Ala'®Jendo-
thelin-1 was completely inhibited, from 39.7 + 4.8%
(n=28) in normal medium to 0.0+ 0.0% (n=4) in
low-Na™ medium (P < 0.001), and the relaxant compo-
nent was reduced from 233+ 1.7% (n=18) to 6.3+
2.2% (n=4) (P <0.001).

Repeated administration of [Ala'’lendothelin-1 in-
duced strong tachyphylaxis, as it did with sarafotoxin
Sé6c (Fig. 3B and D), both components of the response
being affected. Cross-tachyphylaxis studies between
these two compounds showed that tissues rendered
tachyphylactic to [Ala'®lendothelin-1 or to sarafotoxin
S6c¢ did not respond normally to sarafotoxin Séc (Fig.
3C) or to [Ala'”Jendothelin-1 (Fig. 3D), respectively,
given subsequently. However, endothelin-1 could still
induce its biphasic effect in tissues rendered tachyphy-
lactic to [Ala'"Jendothelin-1 (Fig. 3C) or to sarafotoxin
Séc (Fig. 3D). Similarly, a normal response to [Ala®Jen-
dothelin-1 was observed in tissues rendered tachyphy-
lactic to [Ala'®lendothelin-1 (Fig. 3B).

In additivity experiments, we observed that, in the
presence of [Ala'"lendothelin-1, [Ala’lendothelin-1 in-
duced its biphasic effect, whereas further addition of
endothelin-1 could not induce any response, but an-
giotensin II given subsequently could induce its normal
characteristic response (Fig. 4B). However, when
sarafotoxin S6c was added after the biphasic effect
induced by [Ala'’Jendothelin-1, it did not elicit its
response, whereas endothelin-1 given thereafter could
induce its characteristic biphasic effect (Fig. 4C).

3.3. Effect of apamin and BQ-123 on responses induced
by [Ala®]endothelin-1 and [Ala'’Jendothelin-1

Apamin, a blocker of Ca®*-activated K* channels,
was used to investigate the mechanism underlying the
endothelin-induced relaxation. On its own, apamin at
100 nM transiently increased the tonus and sponta-
neous contractions of the guinea-pig ileum. Pretreat-
ment with 100 nM apamin for 20 min had markedly
different effects on the responses to endothelin-1 and
the alanine analogues (Fig. 5). In the case of [Ala’len-
dothelin-1, the relaxant component was completely
blocked by apamin, whereas the amplitude of the con-
tractile component of the response was not signifi-
cantly affected, but appeared faster (Fig. 5B). Similar
behaviour was observed with endothelin-1 (not shown).
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Fig. 5. Effect of 100 nM apamin (APA), preincubated for 20 min, on
the response induced by: (B) 50 nM [Ala®jendothelin-1 (Ala®); (D)
200 nM [Ala!lendothelin-1 (Ala'®). (A) and (C) show the respective
control responses. Upward arrows indicate addition of the agents,
and the broken lines indicate interruption of the recorder.

In contrast, the relaxation induced by [Ala'’lendo-
thelin-1 was potentiated by apamin. Indeed, its re-
sponse in the presence of apamin was complex, com-
pared to the control (Fig. 5C): a sharp phasic contrac-
tion preceded the relaxation that was followed by a
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decreased contraction (Fig. 5D). A similar complex
response was observed in the case of sarafotoxin S6c, a
preferential endothelin ETj receptor agonist (not
shown).

Preincubation with 1.7 uM BQ-123 for 20 min shifted
the concentration-response curve for the contractile
component induced by [Ala’lendothelin-1 to the right
and also decreased the maximum response (Fig. 6A).
The relaxing component was not inhibited but was
rather increased in the presence of BQ-123 (Fig. 6B).
In contrast, in the case of [Ala'’lendothelin-1, preincu-
bation with 3.4 uM BQ-123 for 20 min did not inhibit
either the contractile or the relaxant response (Fig. 6C
and D).

4. Discussion

Our studies with the guinea-pig ileum demonstrate
that, similarly to endothelin-1 (Miasiro and Paiva,
1990), [Ala’lendothelin-1 induces a biphasic effect (re-
laxation followed by a contraction) which is dependent
on the sodium gradient across the cell membrane. The
relaxant component of the response was inhibited by
apamin, indicating that Ca’*"-dependent K™ channels
are involved in the relaxation. BQ-123, a specific en-
dothelin ET, receptor antagonist, inhibited the con-
tractile component similarly to what was seen in the
case of endothelin-1 (Miasiro et al., 1993a), suggesting
that it might be mediated by an endothelin ET, recep-
tor. [Ala’]Endothelin-1 also resembled endothelin-1 in
that repeated administration induced tachyphylaxis,
which was characterized by a decrease in the amplitude
of the isotonically recorded contractions, or by a de-
crease in the relaxant component and an increase in
the rate of development of the contractile component
recorded isometrically. Repeated treatment with either
[Ala®Jendothelin-1 or endothelin-1 rendered the tissues
equally tachyphylactic to both peptides (cross-
tachyphylaxis), and additivity experiments showed that,
during the response to one of them, the response to
the other was impaired, indicating that [Ala®]endo-
thelin-1 and endothelin-1 interact with the same en-
dothelin ET, receptor subtype. Thus, our present re-
sults demonstrate that substitution of Lys” by Ala’ in
the endothelin-1 molecule did not affect the biological
activity and functional properties of the peptide. In-
deed, Hunt et al. (1991) have already suggested that
Lys? is a tolerant site, since endothelin-1’s activity on
rat pulmonary artery is unaffected by leucine replace-
ment at this position (Nakajima et al., 1989). Our
results also agree with the finding that a p-Lys® substi-
tution resulted in a more potent agonist than endothe-
lin-1 (Galantino et al., 1992). Interestingly, however,
[Ala’Jendothelin-1 induced less tachyphylaxis than en-
dothelin-1, indicating that position 9 in the endothelin-1
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molecule, although not important for biological activ-
ity, is important (though not essential) for inducing
that phenomenon, thus supporting our previous specu-
lation (Miasiro et al., 1993b) that the N-terminal por-
tion is the tachyphylactic domain of the endothelin-1
molecule.

Concerning [Ala'’lendothelin-1, it also induced a
biphasic effect, showed sodium dependency and tachy-
phylaxis, but its relaxing effect was not inhibited by
apamin, as was also observed in the case of sarafotoxin
S6c. [Ala'"]Endothelin-1 did not cross-react with
[Ala’]endothelin-1 in cross-tachyphylaxis experiments
(Fig. 3B) and could induce its biphasic effect in the
presence of [Ala'®Jendothelin-1 in additivity experi-
ments (Fig. 4B), suggesting that [Ala'’Jendothelin-1
acts on a site distinct from the endothelin ET, recep-
tor. This view is strengthened by the fact that BQ-123,
a specific endothelin ET, receptor antagonist (Thara et
al., 1991), at 3.4 uM did not affect significantly the
concentration-response curve for the contractile com-
ponent induced by [Ala'Jendothelin-1. Furthermore,
we observed cross-reactivity between sarafotoxin S6¢
and [Ala'’lendothelin-1 (Fig. 3C and D), but not to
endothelin-1 (Fig. 3D) and, in additivity experiments,
no response was observed to sarafotoxin S6c added
during the response induced by [Ala'®lendothelin-1,
whereas endothelin-1 given subsequently could elicit its
own biphasic effect, due to the endothelin ET, recep-
tor (Fig. 4C). These results confirm that [Ala!®Jendo-
thelin-1 is an endothelin ETy receptor agonist as it
acts on the same receptor as sarafotoxin Sé6¢, a known
endothelin ET; receptor agonist (Williams et al., 1991).
These results, therefore, indicate that there is also an
endothelin ETy receptor subtype mediating contrac-
tion in the guinea-pig ileum.

Our results show that substitution of Glu'® by Ala'’
resulted in large changes in the functional activity of
the endothelin-1 molecule, transforming a non-specific
agonist into a specific endothelin ET receptor ago-
nist. [Glu®]Sarafotoxin S6b, a chimeric peptide, is also
an endothelin ET receptor agonist (Takayanagi et al.,
1991), but this peptide contains the same Asp®-Glu’-
Glu'® sequence found in sarafotoxin S6c, suggesting
that not only position 9 is critical for functional activity.
Indeed, Mahé et al. (1993) have shown that [Lys’]sara-
fotoxin Sé6c retains its endothelin ETy receptor agonis-
tic activity. It is interesting to observe that the Ala'’
substitution also led to a loss of potency and efficacy of
the peptide. However, it should be noted that [Ala®]en-
dothelin-1’s concentration-response curve overlapped
that for endothelin-1 and that [AlaJendothelin-1’s
concentration-response curve almost also overlapped
that for IRL1620 (unpublished results), strengthening
the conclusion that [Ala'®lendothelin-1 is really an
endothelin ETy receptor agonist.

Concerning the relaxant component of the re-

sponses, apamin inhibited the relaxations induced by
[Ala®lendothelin-1 and by endothelin-1, but not those
induced by [Ala'lendothelin-1 and sarafotoxin Séc.
Interestingly, in the presence of apamin, the responses
to [Ala'’Jendothelin-1 and to sarafotoxin S6c consisted
of a rapid phasic contraction followed by increased
relaxation and a small contraction (Fig. 5B). The rea-
son for this complex response is unclear and needs to
be further investigated.

It has been reported that, in the guinea-pig ileum,
the relaxant response to endothelin-1 is due to activa-
tion of Ca’"-activated K* channels, as it is inhibited by
apamin (Lin and Lee, 1992), and inhibition of choliner-
gic neuronal activity (Wiklund et al., 1989). Our pres-
ent studies confirm the results for endothelin-1 and
extend them to [Ala’lendothelin-1, which shares the
same receptor subtype. However, [Ala'”Jendothelin-1,
like sarafotoxin S6c, behaves as an endothelin ETj
receptor agonist, and our results with apamin suggest
that they both induce relaxation by triggering a signal
transduction mechanism distinct from that of endothe-
lin-1. ATP-induced hyperpolarization in the guinea-pig
taenia caeci is via apamin-sensitive Ca®"-activated K+
channels (Maas and Den Hertog, 1979), and, interest-
ingly, we have observed that exogenously applied ATP
indeed induced relaxation of the guinea-pig ileum, and
that its effect became a phasic contraction in the
presence of apamin (unpublished observation).

In the presence of BQ-123 the relaxation induced by
[Ala"lendothelin-1 was not affected, whereas the re-
laxation induced by [Ala’lendothelin-1 was increased
rather than inhibited, maybe due to the decrease in the
contractile component, as was observed in the case of
endothelin-1 (Miasiro et al., 1993a). The lack of inhibi-
tion of the relaxation induced by the two analogues by
BQ-123 suggests that this component may be due to an
endothelin non-ET, receptor, possibly an endothelin
ETjy receptor.

Altogether, our studies demonstrate that: (a) con-
cerning receptor subtypes, both endothelin ET, and
ETy receptor subtypes may mediate contraction in the
guinea-pig ileum, whereas there are at least two en-
dothelin ETy receptors mediating relaxation, one in-
hibited by apamin and another one not inhibited by
apamin; (b) concerning structural requirements for activ-
ity, position 9 is important for tachyphylaxis and for
binding whereas position 10 plays a significant role in
receptor activation and is, therefore, a good candidate
for further exploration of possible receptor antagonists.
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