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A novel potent vasoconstrictor peptide produced by

vascular endothelial cells
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An endothelium-derived 21-residue vasoconstrictor peptide, endothelin, has been isolated, and shown to be one of the most
potent vasoconstrictors known. Cloning and sequencing of preproendothelin complementary DNA shows that mature
endothelin is generated through an unusual proteolytic processing, and regional homologies to a group of neurotoxins
suggest that endothelin is an endogenous modulator of voltage-dependent ion channels. Expression of the endothelin gene
is regulated by several vasoactive agents, indicating the existence of a novel cardiovascular control system.

FOLLOWING the discovery in 1980 of endothelium-dependent
vasodilation by Furchgott and Zawadzki®, vascular endothelium
has been recognized as an important functional unit involved
in the regulation of vascular smooth muscle tonus. It has been
hypothesized that, when stimulated by vasoactive agents such
as acetylcholine and bradykinin, endothelial cells (EC) secrete
short-lived endothelium-derived relaxing factor(s) (EDRF),
causing relaxation of underlying smooth muscle cells (see refs
2 and 3 for reviews). One EDRF has recently been identified
as nitric oxide or a closely related substance®. Vasoconstriction
dependent on or enhanced by intact endothelium has also been
observed in response to various chemical and physical stimuli
such as, noradrenaline’, thrombin®, hypoxia®’, increased trans-
mural pressure® and mechanical stretch’. Augmentation of
noradrenaline-induced vascoconstriction by anoxia'® and
neuropeptide Y'' has also been found to be endothelium-depen-
dent. Diftusible factor(s) which mediate these constrictive reac-
tions have yet to be identified. Recent reports have described a
protease-sensitive vasoconstrictor activity in supernatants of
cultured EC'*""*, This activity is dependent on the presence of
extracellular Ca®* and is not affected by blocking the action of
a-adrenergic, cholinergic, serotonergic or histaminergic
neurotransmitters. Production of this peptidergic substance by
EC is influenced by several of the chemical factors listed
above'*"?,

We have now isolated a potent vasoconstrictor peptide from
the culture supernatant of porcine aortic EC, determined its
amino-acid sequence, and molecularly cloned the peptide pre-
cursor. This peptide, endothelin, does not belong to any pre-
viously known peptide family. The endothelin sequence,

¥ Present address: Third Department of Internal Medicine, University
of Tokyo, Hongo, Tokyo 113, Japan.
§ To whom correspondence should be addressed.

however, shows local homologies to a certain group of peptide
neurotoxins that act on voltage-dependent Na* channels, sug-
gesting that endothelin also acts directly on membrane channels.
Studies with preproendothelin cDNA reveal that the precursor
peptide is proteolytically processed in an unusual way and that
its biosynthesis in cultured EC is regulated at the transcriptional
level in response to various chemical and mechanical stimuli.

Purification and structure

The supernatant from confluent monolayer cultures of porcine
aortic EC causes an endothelium-independent, slow-onset con-
traction when added to porcine coronary artery strips at a final
concentration of 10% v/v or more (data not shown). Uncondi-
tioned medium, or medium conditioned with human fibroblast
IMR-90 cells, has no effect. Pretreatment of the conditioned
medium with 1 ngmi™ trypsin at 37 °C for 2 h abolishes the
endothelin activity. The activity is also found in the serum-free
conditioned medium, and no significant decrease of the activity
was observed after a long-term (4-5 weeks) serum-free mainten-
ance of the EC culture. These observations indicate that
endothelin is not a derivative of a serum component.

That the confluent EC monolayer can be maintained for
several weeks even in protein-free culture medium greatly facili-
tated its purification. We purified the vasoconstrictor from con-
centrated serum-free conditioned medium, by collecting active
fractions after anion-exchange column chromatography and two
steps of reversed-phase HPLC (Fig. 1a-c). The final endothelin
fraction, corresponding to the absorbance peak at the arrow in
Fig. 1¢, was eluted as a single peak on analytical anion-exchange
and reversed-phase HPLCs. In one series of experiments,
2.9 nmol purified endothelin was obtained from 9.61 of the
medium conditioned for 5 days with approximately 4 x 10° cells.
The amino-acid composition, determined by acid hydrolysis,
was: Asx, 2.05; Ser, 2.70; Glx, 1.08; Cys, 1.37, (as cystine); Val,
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Fig. 1 Purification and sequence analysis
of porcine endothelin. a, Anion-exchange
chromatogram of concentrated serum-free
EC-conditioned medium. Concentrated
medium (20 ml) was directly loaded onto a
DEAE-Toyopearlpak 650 M column (2.2 x
20 cm; Tosoh) connected to a Beckman
model 342 HPLC system and equilibrated
with 20 mM Tris-HCI (pH 7.0), and a linear
gradient of NaCl (broken lines) was applied
at a flow rate of 4mlmin'. The eluate
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and the active fraction designated by a solid
bar was collected. b, Reverse-phase HPLC.
The active fraction from the anion-exchange

chromatography was directly applied on a
Unisil-Q C,3 column (7.6x250 mm;
Gasukuro-Kogyo) equilibrated with 0.1%
trifluoroacetic acid (TFA). A gradient of
acetonitrile was used at a flow rate of
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eluted with the absorbance peak designated
with an arrow. ¢, Second reverse-phase
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(4.6 x 250 mm; Chemco), with a gradient of 0 & 0
acetonitrile at a flow rate of 1 ml min™" in
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analysis. The yield of phenylthiohydantoin (PTH)-amino acids at each cycle of Edman degradation is shown with the one-letter amino acid

notation.

Methods Endothelial cells (EC) were isolated from adult porcine thoracic aortas®” and grown to a confluent monolayer in Eagle’s minimum
essential medium (MEM), containing 10% horse serum at 37 °C in 5% CO,/95% air. Cells were identified by typical ‘cobble-stone’ morphology
and by immunofluorescence to factor VIII antigen. Smooth-muscle cell contamination was less than 0.1%. After passing 10-15 times, cells
were grown to confluence in a multi-layered tissue culture flask on a surface area of 12,000 cm? (Cellfactory, Nunc). Cells were washed twice
with phosphate buffered saline and fed with 3.21 of serum-free MEM. Medium was changed every 5 days and the conditioned medium was
pooled and stored at —20 °C. Pooled conditioned medium was centrifuged at 1,000g for 20 min, the supernatant loaded on a 3x18 cm C;
reverse-phase column (SP-C-ODS, Chemco) equilibrated with 0.1% TFA, and adsorbed material eluted with 30 m1 0.1% TFA/70% acetonitrile.
Eluate was extracted twice with 200 ml diethylether and the aqueous phase adjusted to pH 7.0 with Tris base. For bioassay of endothelin
activity, dilutions of EC-conditioned medium or the HPLC fractions were added directly into the muscle chamber (see Fig. 2 legend). For
peptide sequencing ~100 pmol purified endothelin was reduced in a solution of 0.2 M N-methylmorpholine acetate (pH 8.0), 20 mM
2-mercaptoethanol at 22 °C for 30 min. The reaction was incubated at 22 °C for a further 90 min after adding 4-vinylpyridine to 40 mM. The
pyridylethylated endothelin was purified on a C,5 reverse-phase HPLC and applied to a gas-phase protein sequencer (Model 470A/120A,

Applied Biosystems).

0.91; Met, 0.90; Ile, 1.03; Leu, 1.97; Tyr, 0.64; Phe, 1.11; His,
0.99; Lys, 1.00; Trp, 0.98; Thr, Pro, Gly, Ala and Arg, undetected.
Furthermore, automated gas-phase peptide sequencing (Fig.
1d), and carboxyterminal analysis by hydrazinolysis (data not
shown) together showed that porcine endothelin is of relative
molecular mass (M, ) 2,492, comprised of 21 amino acid residues
with free amino- and carboxy-termini. The four cysteine residues
of endothelin were found to form two intrachain disulphide
bonds (Fig. 5). Synthetic endothelin was prepared by liquid-
phase chemistry, crosslinking the four cysteine residues accord-
ing to the analytically determined structure. The synthetic
endothelin showed complete biological activity, and retention
times identical to those of the natural peptide on a Ci3
reverse-phase HPLC and an anion-exchange HPLC (data
not shown). Technical details for the determination of the
primary structure and the disulphide-bond topology, together
with the liquid-phase synthesis of endothelin will be described
elsewhere.

Vasoconstrictor/pressor activities

A typical example and the dose-response relationship of the
vasoconstrictor effect of endothelin on porcine right coronary
artery strips is shown in Fig. 2. Similar results were obtained
with strips of rat aortas, cat basilar arteries, rabbit mesenteric
arteries, dog mesenteric, femoral and renal arteries, and human
mesenteric and pulmonary artery branches (data not shown).
The maximum tensions are comparable to those of KCl-induced
contraction. The estimated concentration at which endothelin

was 50% effective (ECs,) in this assay was 4.0£2.2x 107" M.
This figure is at least one order of magnitude lower than the
reported values for angiotensin 11', vasopressin'’ or neuropep-
tide Y*® indicating that endothelin is the most potent mam-
malian vasoconstrictor peptide known to date. In vivo,
intravenous bolus injection of endothelin causes a markedly
sustained rise in arterial pressure in anaesthetized, chemically
denervated rats (Fig. 2¢). The pressor effect is more prominent
in diastole. Typically, more than 40-60 min is required for return
of arterial pressure to the base-line levels.

The endothelin-induced contraction of porcine coronary
artery strips is long-lasting and characteristically difficult to wash
out, although completely reversed by the addition of 2x 107’ M
isoproterenol, or 107° M glyceryl trinitrate (Fig. 2a). The con-
strictive response is resistant to the following antagonists: a-
adrenergic (phentolamine, 107% M), H,-histaminergic (diphen-
hydramine, 107°M), serotonergic (methysergide, 107°M),
cyclooxygenase (indomethacin, 107° M), and lipoxygenase
(nordihydroguiaretic acid, 10™*M). This suggests that
endothelin acts directly on the smooth muscle cells. The
endothelin-induced contraction is completely inhibited when
bathing solution was substituted with Ca®*-free Krebs-Ringer
solution containing 1 mM EGTA immediately before the addi-
tion of 10™° M endothelin. Furthermore, the vasoconstriction
was markedly attenuated in the presence of the Ca**-channel
blocker, nicardipine (10° M). These findings agree with pre-
vious observations'*"> and suggest that influx of extracellular
Ca** is required for the action of endothelin.
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~74 CATTTTTCTGCCTTTTTCCCCCCGCTTTCGGTTTAGTTCGL

TTTGATCCTTTTTTTTTTCAGA -1
ATG GAT TAT TTC CCC ATG ATT ATC GCT CTG CTG TIT GTG GCT TTC CAA GGA GCT CCA GAA 64
Met Asp Tyr Phe Pro Met Ile Ile Ala Leu Leu Phe Val Ala Phe Gln Gly Ala ProAclu 28

ACA GCG GTC CTG GGC GCC GAG CTC AGC CCG GAA GCC GAG AGC CAA GGG GAG ACG CCC TCT 129
Thr Ala Val Leu Gly Ala Glu Leu Ser Pro Glu Ala Glu Ser Gln Gly Glu Thr Pro Ser 48

CCC CAT GCA TCC TGG AGG CCC CGT CGG TCC AAG CGC TGC TCC TGC TCT TCC CTG ATG GAT 182
Pro His Ala Ser Trp Arg Pro Arg Arg Ser Lys Arg Cys Ser Cys Ser Ser Leu Met Asp 60

AAA GAG TGT GTC TAC TTC TGC CAC CTG GAC ATC ATC TGG GTC AAC ACT CCA GAA CAC ATT 249
Lys Glu Cys Val Tyr Phe Cys Bis Leu Asp Ile Ile Trp|val Asn Thr Pro Glu His Ile 8e
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GTC CCA TAC GGA CTT GGA AGC CCT TCT AGG TCC AGG CGA TCC TTA AAG GAT TTG TTT CCT 360
Val Pro Tyr Gly Leu Gly Ser Pro Ser Arg Ser Arg Arg Ser Leu Lys Asp Leu Phe Pro 120

GCA AAG GCA GCA GAC CGC AGG GAT AGA TGC CAG_TGT GCC_AGC C?A AAR _GAC AAG AAG TGC_ 360
S

Ala Lys Ala Ala Asp Arg Arg Asp Argf_cys GIn~ C_'ys ala” Lys Cys 120

TGG AGT_TTC TGC CAA GCA GGA AAA GAA ATC GGC AGG GAC CAA GAC ACA ATG GAG AAA CGC 428

Trp Ser ﬂne Cys |Gln Ala Gly Lys Glu Ile Gly Arg Asp Gln Asp Thr Met Glu Lgs Arg 149

TGG GAT AAC CAA AAG AAA GGA ACA GAC TGT TCC AAG CTT GGA GAG AAG TGT ATT CAT CGG 489
Trp Asp Asn Gln Lys Lys Gly Thr Asp Cys Ser Lys Leu Gly Glu Lys Cys Ile His Arg 160

CAG CTG GTG ATG GGA AGA AAA ATA AGA AGG TTG GAG GCC ATC AGC AAC AGC ATC AAA ACA 540
Gln Leu Val Met Gly Arg Lys Ile Arg Arqg Leu Glu Ala Ile Ser Asn Ser Ile Lys Thr 188

TCT TTT CAC ATC GCC AAG CTG ARA GCC GAG CTC TAC AGA GAT AAG AARA GTG ACC CAT AAC 609
Ser Phe Bis Ile Ala Lys Leu Lys Ala Glu Leu Tyr Arg Asp Lys Lys Val Thr His Asn 260

CGA ACA CAC TGA TGACAGGTTGGCCGAGCCTGTCTGAAGCCATCTCGTCCCCAGGGAGCCCCGGGCCCGACTCTG 675
Arg Thr His *¥** 283

CGCTCGCTTGGCAGGGGC! 'AGAGCAGAAGCCTCCTCTGTTCAGACCGTTCCTTACTGCAGACTGGCACAGGAC 754
CAGCACCCTCGCCTGAACATTCCAGAAAAGGCTTAAGGAGTCCCCCCAGCCGGTCTTCATTGGCCTCCATCAGTGCTAA B33

°1

T
5 10 15 20 40 60 80
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Fig. 2 a, Typical constrictive response of porcine right coronary
artery strips to cumulatively applied porcine endothelin. Purified
endothelin (quantified by amino-acid analysis) was added to the
muscle chamber to give the final concentrations shown (designated
in terms of negative log molar). W, wash with Krebs-Ringer
solution; Iso, 2 x 1077 M isoproterenol. b, Dose-response relation-
ship of the vasoconstrictor effect (n=4). Similar results were
obtained with synthetic endothelin. ¢, In vivo pressor effect of
porcine endothelin in an anaesthetized, chemically denervated rat.
One nmol kg™! of synthetic endothelin (ET) was applied in bolus
intravenously at time 0. Note that the chart speed was changed at
20 min. The base-line diastolic pressure is shown by a broken line.
The biphasic response seen in this example was not always
observed.

Methods. Right proximal coronary arteries were isolated from fresh
adult porcine hearts, brought from a local slaughterhouse within
20 min after death in ice-cold Krebs-Ringer solution (113 mM
NaCl, 48mM KC|, 22mM CaCl,, 1.2mM MgCl,, 25mM
NaHCO;, 1.2 mM KH,PO,, 5.5 mM glucose). Arterial segments
were cut into 2 x 15 mm helical strips with the intima denuded by
rubbing with a small swab, and suspended in 3-ml siliconized glass
organ chambers filled with Krebs-Ringer solution maintained at
37°C and gassed with 95% 0O,/5% CO,. Arterial strips were
equilibrated at a passive tension of 1.5 g for two hours. The contrac-
tion was measured as an increase in isometric tension with force-
displacement transducers (model WT-611T, Nihon Koden). The
effectiveness of intimal denudation was assessed by demonstrating
that the vasodilatory response to 10~° M Substance P was abol-
ished®. For the in vivo experiment, a 10-week-old male Wistar rat
(350 g body weight) was anaesthetized with urethane (1 g kg™ ' i.p.),
and pretreated with atropine (0.25mgkg 'iv.), propranolol
(1 mg kg~ ' i.v.) and bunazosin (1 mg kg~ ' i.v.). The blood pressure
was directly recorded from the right carotid artery with a disposable

pressure transducer (model SCK-590, Gould).

Structure of preproendothelin

Screening of ~2x 10° clones from a Agt10 cDNA library con-
structed for porcine aortic EC mRNA with the synthetic DNA
probe, described in Fig. 3 legend, resulted in the identification
of 38 hybridization-positive clones. Four of these clones, ApET2,
ApET4, ApETS and ApET11 were subjected to further charac-
terization. Genomic Southern analysis probed with the 490
base-pair (bp) Sacl fragment of ApET4 insert showed that
porcine endothelin is encoded in a single-copy gene (data not
shown). The nucleotide sequence of the cDNA inserts is shown
in Fig. 3a. The 5'-proximal ATG triplet is followed by the only

GCGCGGCCGTCTGTCTCTCCTCCTTTGC TGATGGGCCACTCGAAGAAAGCAGAGAGAGACACGGATGCCACCTG 912
CAAACC '‘GGCCTCCTCCAGCCC. 'GAGCTTCCACGTGCGGGCGGAGACCTCCAAGAGCGTCCGE 991
AGGGCGTGTTTTGTTGTCCCACGCAGGCGCCTGGCGCATTTCAGGGAGRAAACACCCAAGTCCACACCAAGAGCTTTCCA 1874
AGGAAGGCGCAGACTGAAAAAACCCTCGAGGCACAAGCCCTCGAGTTAAAAATGAACAAGACTTTGCTTTCTTCCGTCT 1149
CGAGATGCAAAACCGAGAGAAACTGTTACTACTGGAAAATCAGGATGAGTTTCATGAATATGAGTCTACCTCACCTCTG 1228
CTGCACTCCGCCTAAAGTATTTCCTCACCTTTAATTATTTGCCTCCCCARACTCCCCCCCCACCCCTCCCCCCAAGCCC 1387
CCACACTAAAATCCTAGCCTCGTGGARATCTGTCTTACGTGTCAAGAGTAGATATAACACTTTCACGGTAATCTACTAG 1386
CTCTATTCCATAAGAAAARAAATATCACTGAACCAGGAGATTCCCATGTCTTGATTTTTAGAAACACAAGGGTATACGG 1465
TTGTTGATGAGAGCTATTGAAGGGAAAACATTGGTTATGCTTTARAGCAGTAARATTATTTTCCTTTATGTAACTGGCA 1544
AGTGGAAGAGGTTGGATTAAATTTGGATGTACTTATTTTTTTACAGATATTTATATTCAAACAATTTATTCCTTATATT 1623
TACCATGTGAAATATATGTCTGGGCAGGCCATATTGGTCTATGTATTTTTTTAAAAAATGTATTTCTGAATGAAATTGA 1762
GAAAATGCTTCGTTTTGCCTATCAAGGTAATGACTTTAGAAAATAAATATTTTTTTTCCCCT poly (A) 1764

Fig.3 a, Complete nucleo- b
tide sequence of porcine eip:

preproendothelin  ¢cDNA Endothelin: T

Be M1D: VRDGY1 Avgogggz...

ino-acid BoT !l VKDGY YCN

and deduced amino-acid Lqq V: LKDGY 1 FECGRNAYCNDECK . . .
sequence. Arrowhead, puta- Lqq 1v: GVRDAY | C shisYCNTECT
AaH 110: VRDGY | YHiglY PP~ - CDBL CK

tive signal sequence

cleavage site predicted by

the algorithm described by von Heijne®®. Paired basic amino-acid
residues, Lys-Arg and Arg-Arg, are doubly underlined. Solid lines
enclose endothelin sequence; broken lines enclose ‘endothelin-like pep-
tide’; solid bars, residues identical to those of endothelin; arrow, the
unusual proteolytic processing site at the carboxyl(?)-terminus of
endothelin; underline, poly(A) addition signal. b, Alignment of
endothelin sequence with ‘endothelin-like peptide’ (ELP) and the
amino-terminal regions of several a-scorpion toxins>°. One-letter amino
acid notation. Half-cysteine residues are shown in bold ; boxes, identities
or conserved amino-acid substitutions®. Be M10, Buthus epeus
neurotoxin M10; BoT IIl, Buthus occitanus tunetanus neurotoxin I11;
Lqq IV and V, Leiurus quinquestriatus quinquestriatus neurotoxin IV
and V; AaH IT1, Androctonus austrialis Hector neurotoxin 1I1.
Methods. RNA was extracted from porcine aortic EC and poly(A) RNA
was selected by oligo(dT) cellulose column chromatography®. A cDNA
library of 2x 10° independent clones was constructed*! in Agt10 from
2 pg of the poly(A) RNA. The unamplified library was screened*® with
a single ‘optimal’ synthetic probe encoding amino-acid residues 7-20
of endothelin. Oligonucleotides ATGGACAAGGAGTGTGTCTAC-
TTCTG and GATGATGTCCAGATGGCAGAAGTAGA were synthe-
sized according to the mammalian codon usage statistics** with Applied
Biosystems model 380A DNA synthesizer, annealed to each other, and
labelled® to a specific activity of 10° c.p.m. pg™! with Klenow fragment
of Escherichia coli DNA polymerase I in the presence of [a->2P]dCTP
(3,000 Ci mmol ™!, Amersham). Hybridization was carried out at 42 °C
in 20% formamide. Membranes were washed in 0.2 x SSC at 30 °C. The
restriction fragments of cDNA inserts of four of the hybridization-
positive phages, ApET2, ApET4, ApETS and ApETI11, were subcloned
into plasmid pUC118 or pUC119. The extent of the four cDNA inserts
were: ApET2, nucleotide —74 to 501; ApET4, —2 to poly(A); ApETS,
62 to poly(A); ApET11, —13 to poly(A). The recombinant plasmids
were rescued as single-stranded DNA and sequenced by the dideoxy-
chain-termination method**. The complete sequences of the four inserts
were independently determined, both strands being completely covered

in the translated regions.
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Fig. 4 Northern analysis of preproendothelin mRNA from
various porcine tissues (left) and cultured porcine aortic EC
exposed to thrombin or the Ca>* ionophore A23187 (right). Tissue
RNA (20 g per lane) was extracted by the LiCl-urea method*®
from adult porcine aortic intima (A), whole brain (B), lung (L),
right atrium (H), and kidney (K). As many macroscopic blood
vessels as possible were removed from the tissues.

Intimal tissue was scraped off from fresh porcine thoracic aortas
directly into the LiCl-Urea lysis solution. RNA was elec-
trophoresed through a 1.2% agarose/formaldehyde gels, transfer-
red to GeneScreen Plus membranes (NEN) and hybridized as
recommended by the manufacturer with the insert of ApET4 label-
led using [a-**P]1dCTP (3,000 Ci mmol~!, Amersham) to a specific
activity of 8x10%c.p.m.pg™' by the random-primed labelling
method®. The autoradiograph was exposed for 7 days. RNA from
confluent EC (5 pug per lane) was extracted immediately before
(—), and at the designated number of hours after, the addition of
2 NIH Uml™" bovine thrombin (T) or 107°M A23187 (A).
Autoradiographs were exposed for 10 h. After autoradiography,
the membranes were rehybridized with a myosin regulatory light-
chain cDNA pGMRL7E1 (our unpublished work) for an internal
standard of total mRNA content; all lanes in each series of experi-
ments showed similar signal intensities. Signal intensities cannot
be directly compared between the thrombin series and the A23187

series as different stocks of EC were used.

long open-reading frame, which includes the endothelin
sequence. The sequence around this ATG fits the consensus
sequence for eukaryotic translation initiation sites'® and the first
19 residues of the deduced amino-acid sequence are characteris-
tic of a secretory signal sequence, that is a hydrophobic core
followed by residues with small polar side-chains®®. The 203-
residue preproendothelin sequence deduced from this. long
open-reading frame is shown under the nucleotide sequence in
Fig. 3a. The existence in vascular endothelium of mRNA encod-
ing the prepro- form of endothelin indicates that endothelin is
produced by de novo synthesis and processing in a manner
similar to that of many peptide hormones and neuropeptides.

As anticipated, paired basic amino-acid residues Lys 51-Arg
52, which are recognized by processing endopeptidases®!,
directly precede the endothelin sequence (Fig. 3a). Surprisingly,
however, no dibasic-pair’is found thereafter until Arg 92-Arg
93. This indicates that the mature endothelin found in the
EC-conditioned medium is generated via previously unknown,
unusual proteolytic processing between Trp 73 and Val 74 pre-
sumably involving an endopeptidase with a chymotrypsin-like
specificity. Artefactual proteolysis during the peptide
purification is unlikely because the vasoconstrictor activity is
always exclusively associated with 21-residue endothelin (Fig.
1; 4 separate experiments). This putative ‘endothelin-converting
enzyme’, could be present in one of three forms: (1) a soluble
intracellular enzyme; (2) membrane-bound like the angiotensin
converting enzyme??; or (3), secreted and active outside the cell.
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Lys-Arg Arg-Arg
Y
1 20 53 74 92 203

dibasic- pair-specific

‘.' endopeptidase(s)

Trp-Val

Y

N .:l C ‘big endothelin’

putative ‘endothelin-
- converting enzyme’

Fig. 5 Possible pathway of endothelin biosynthesis. The putative
secretory signal sequence and the endothelin sequence are shown
by the shaded and closed boxes, respectively. The rest of the
proendothelin sequence is indicated by an open box. A 39-amino-
acid residue intermediate, or ‘big endothelin’, is considered to be
generated from proendothelin by the proteolytic cleavages at paired
basic residues. Mature endothelin is then produced through an
unusual, previously unknown processing by a putative ‘endothelin
converting enzyme’.

A presumptive pathway of the production of mature endothelin
is schematically presented in Fig. 5.

Interestingly, the sequence of preproendothelin from Cys 110
to Cys 124 shows a significant homology to the amino-terminal
15 residues of endothelin (Fig. 3b). Eight out of 15 residues
(53%) are identical and, more significantly, the relative positions
of the four cysteine residues are perfectly conserved. Further-
more, this sequence is flanked with the dibasic-pairs Arg 106-Arg
107 and Lys 139-Arg 140. It is possible that this ‘endothelin-like
peptide’ is actually secreted from the EC, and that it possesses
some biological activity that was undetectable in the vasocon-
striction bioassay used in the purification procedure. Just prior
to the stop codon is a potential glycosylation site (Asn-X-
Thr/Ser) at residue 200.

Expression of preproendothelin mRNA

Northern blots probed with ApET4 insert showed that a single
2.3 kilobase (kb) preproendothelin mRNA was expressed not
only in the cultured EC but also in porcine aortic intima in situ
(Fig. 4). Preproendothelin mRNA was not detected in porcine
brain, atrium, lung or kidney. This implies that little endothelin
is produced by the EC of the microvasculature within these
tissues and is consistent with the observation that medium
conditioned by microvascular EC from human omental fat does
not cause significant vasoconstriction'?.

To establish whether the production of endothelin is constitu-
tive or inducible, confluent monolayers of porcine aortic EC
were exposed for specified time periods to medium containing
various vasoactive agents. Total cellular RNA was extracted
from the EC and the amount of preproendothelin mRNA
monitored by Northern analysis (Fig. 4). The level of preproen-
dothelin mRNA increased significantly within 1 h of adding
thrombin (2 U ml™") or the Ca**ionophore A23187 (107° M).
Adrenaline (107° M) also caused a marked induction of prepro-
endothelin mRNA within 1 h (H.K., ef al., manuscript in prepar-
ation). These agents are known to cause endothelium-dependent
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vasodilation because of the production of EDRF® and, in some
cases, to cause endothelium-dependent constriction®'®. These
latter findings are here substantiated by the observed induction
of the endothelium-derived constrictor molecule. In addition,
preliminary experiments showed that when EC were cultured
in the presence of a medium flow and thus placed under a
chronic fluid-mechanical ‘shear stress’, expression of the prepro-
endothelin gene is significantly down-regulated (M. Yoshizumi,
personal communication). The flow-dependent inhibition of
endothelin production could contribute to endothelium-medi-
ated, flow-induced vasodilatory responses®~*,

Endothelial cells have few secretory granules when examined
under the electron microscope®>. O’Brien et al'* detected little
vasoconstrictor activity in freeze-thaw lysates of the EC that
had released the peptidergic constrictor activity into the medium.
Itis therefore unlikely that endothelin is accumulated in granules
and released in response to stimuli. The production of endothelin
seems to be regulated predominantly at the level of mRNA
transcription.

Physiological implications

The endothelin-type of structure with multiple disulphide bonds
within a single, relatively short peptide chain is previously
unknown among bioactive peptides of mammalian origin. This
type of configuration is often found in a certain group of peptide
toxins that act on membrane channels, such as apamin from
bee venoms®®, conotoxins from the venoms of fish-hunting sea
snails?’ and neurotoxins of scorpion venoms®®. An examination
of the National Biomedical Research Foundation database with
the algorithm of Lipman and Pearson® detected significant
regional homologies between endothelin and «a-scorpion
toxins>®*! (Fig. 3b). The a-scorpion toxins are ~7,500 M, pep-
tides with four intrachain disulphide bridges. They bind to
tetrodotoxin-sensitive Na* channels and inhibit the inactivation
of the activated channels, thereby blocking neuronal trans-
mission®”. These findings raise the possibility that endothelin,
like these neurotoxins, acts directly on membrane ion channels.
The absolute dependency of endothelin-induced vasoconstric-
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tion on the presence of extracellular Ca®*, in conjunction with
the inhibition of the endothelin-induced contraction by low
doses of nicardipine, suggests that the endothelin action is
closely associated with the Ca’ influx through the dihy-
dropyridine-sensitive Ca®’" channels. The dihydropyridine-
sensitive Ca’" channels and the tetrodotoxin-sensitive Na*
channels have recently been found to belong to the same super-
family of voltage-dependent membrane ion channels®.
Although further studies are required for the elucidation of the
vasoconstriction mechanism, it is tempting to hypothesize that
endothelin is an endogenous agonist of the dihydropyridine-
sensitive Ca®* channels.

The observations presented in this study suggest that a novel
endothelium-mediated regulation exists in the mammalian car-
diovascular system. The basal tonus of vascular beds in vivo can
be influenced by the level of endothelin production, because
endothelin mRNA is actively expressed in EC in situ (Fig. 4).
Our results support the previous findings that EC produces both
EDRF and endothelin in response to various chemical and
haemodynamical conditions®*”®. However, the time-course of
the induction and the decay of these mutually antagonizing
substances could differ considerably. EDRF may be involved
in the rapid local control of vascular tonus, whereas endothelin
may contribute to a long-term regulation. The nature of in vivo
endothelin production requires further study, as cultured EC
may approximate more closely to a state of ‘injury’ in vivo™.
Endothelin, having a potent, strong and characteristically long-
lasting vasoconstrictor activity, may be important in the control
of systemic blood pressure and/ or local blood flow: disturbances
in the control of endothelin production could contribute to the
pathogenesis of hypertension and that of pathological vascular
spasm.
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