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Abstract. Mammalian endothelins (ETs) and snake
venom sarafotoxins (SRTXs) comprise structurally and
functionally related potent vasoconstrictor isopeptides
that act on the vascular system via identical receptors.
This similarity is remarkable, since SRTXs are highly
toxic components isolated from the venoms of snakes
of the genus Atractaspis of the Atractaspididae family,
while ETs are endogenous hormones of the mammalian
vascular system. Since the first functional and structural
description of SRTXs in 1988, the full extent of their nat-

ural diversity has become increasingly apparent, and this
has led to the characterization of new families of endothe-
lin-like peptides. Based on a combination of conventional
biochemical approaches and the latest molecular biology
and mass spectrometry techniques, this review describes
the more recent panel of SRTX isopeptides isolated from
various snake species within the Atractaspididae family,
but also the similarities and differences that exist between
sarafotoxins and endothelins in terms of their metabolism,
genetic origin, structure and functional sites.
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Introduction

Mammalian endothelins (ETs) and snake venom sara-
fotoxins (SRTXs) form a structurally and functionally
related family of potent vasoconstrictor compounds.
Snake sarafotoxins are isopeptides solely found in the
venoms of the genus Atractaspis within the family
Atractaspididae. The name of sarafotoxins is derived
from the Hebrew spelling of the species Atractaspis
engaddensis — Saraf Ein Gedi — from which these pep-
tides were first isolated and characterized [1, 2]. These
oviparous burrowing snakes (fig. 1A) live underground
and are distributed throughout sub-Saharan Africa with
a limited penetration into Israel and the south-western
part of the Arabian peninsula. About 15 species of very
similar appearance of these burrowing asps are known
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[3]. They are relatively small, averaging 30-70 cm in
length, and mainly feed on small reptiles, amphibians
and small rodents, which curiously they catch with
their mouth closed, which is unique among reptiles (fig.
1B) [4]. Within the genus Atractaspis, venom toxicity
varies greatly from one species to another. The major
clinical manifestations of Atractaspis bites are nausea,
vomiting, abdominal pain, diarrhea, sweating, profuse
salivation, loss of oculomotor accommodation, loss of
consciousness and respiratory difficulties [5]. Among
the different venoms tested, that one of Atractaspis
engaddensis is the most potent [6]. The latter mainly
targets the cardiovascular system, and especially the
heart, and this without pre- or post-synaptic neurotoxic
effects [7]. SRTXs from Atractaspis engaddensis are
among the most lethal snake toxins ever described,
causing death within minutes in mice and in under one
hour in humans: the mean lethal dose 50 (LDs) is ap-
proximately 15 pg per kg [8].



Cell. Mol. Life Sci. ~ Vol. 62, 2005

A)

Figure 1. Views of an A. engaddensis specimen. (A) A. engaddensis
in a combined defensive/offensive position. Note the arched neck
and the beginning of the coiled body with exposed tip of the tail. (B)
Tllustration of the capacity of Atractaspididae snakes to strike with
one fang which protrudes during the bite from the closed mouth.

In contrast to SRTXs, which are overexpressed by the
venom gland cells (they may account for 30% of the
venom content), endothelins in mammals are produced in
very small amounts (plasma concentrations < picomole).
ETs are mainly synthezised by endothelial cells but also by
other cells in vertebrates, and function as autocrine or para-
crine hormonal factors [9-11]. The ET system consists of
four isoforms of 21-amino-acid ET peptides (fig. 2A): ET-
1, ET-2 and ET-3 in human, and vasoactive intestinal con-
tractor (VIC) in rodents [12, 13]. However, novel bioactive
31-amino-acid ETs (fig. 2A) have recently been described
[14, 15]. Based on their diverse pattern of expression in
mammals, the ET system components are associated with
a large variety of physiological and pathophysiological
roles [11, 16]. Owing to their basal vasoconstrictor activ-
ity, ET-peptides are mainly involved in regulation of the
vascular system (at the level of the vessels) but also in the
development of various cardiovascular diseases such as
hypertension and atherosclerosis. In the heart, the ET sys-
tem has cardiotropic action and also contributes to cardiac
hypertrophy and remodeling in the case of heart failure. In
the lungs it is involved in the development of pulmonary
hypertension. In the kidneys, ETs control homeostatic
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functions and are associated with acute and chronic renal
failure. Finally, in the brain the ET system modulates car-
diorespiratory centers and the release of hormones.
Consequently, the structural and pharmacological simi-
larities between SRTXs and ETs strongly suggest that
ETs are ‘endogenous toxins’ in vertebrates, and on the
other hand that SRTXs are ‘endothelin-like’ peptides in
snake venoms. However, in view of the pharmacological
complexity of the ET system, the study of SRTXs ap-
pears particularly attractive to further progress in its
functional and pharmacological knowledge [17]. Thus,
characterization of novel SRTX isopeptides from At-
ractaspis snakes studied de novo could be of particular
value in identifying and/or designing clinically useful
ET-receptor agonists or antagonists. Here we shall review
all the data gathered since the discovery of sarafotoxins
in 1982, up to the most recent findings on their structural
and functional diversity, original organization, precursor
maturation and the structure of their genes. These data
will be analyzed and compared with those on ETs so as to
establish the molecular and genetic bases of the similari-
ties and differences between SRTXs and ETs.

Discovery and structural characteristics of SRTXs

Six years after the first reference to the existence of
low-molecular-weight components in the venom of
Atractaspis engaddensis [1], the primary sequences of
three vasoconstrictor peptides named SRTX-a, b and ¢
(fig. 2B) were published [2]. The same year Yanagisawa’s
group discovered ET-1 [9, 10], then ET-2 and ET-3 in
1989 [18]. A fourth member of the ET family in mam-
mals named VIC, for vasoactive intestinal contractor,
was then described in mice [19], when a new SRTX
(bibrotoxin) which differs from SRTX-b solely by the
presence of an alanine at position +4 instead of lysine
was characterized (fig. 2B) from the venom of a speci-
men of A. bibroni [20]. SRTX-a, b and c, which display
marked primary structure homology with at least 85%
strict identity and an identical C-terminus, are acidic iso-
peptides characterized by respective isoelectric points of
5.8, 4.8 and about 3.5. SRTX-a and -b which differ by a
single substitution (fig. 2B), have the same toxicity, with
an LDy, in mice of about 0.01 pg-g”'. SRTX-c, which is
the most abundant isoform in this venom, is also 30 times
less toxic (LDs, = 0.3 pg-g™'). Comparison with mam-
malian 21-amino-acid ET isopeptides (fig. 2A) reveals
about 60% homology with SRTXs, the most significant
differences being at the N-terminus (region formed by
residues +4 to +7) with several nonconservative amino
acid substitutions, contrasting with the high homology
of the C-terminal hexapeptides [21]. All these isopep-
tides contain a common core of 21 amino acids and two
conserved disulfide bridges between cysteines +1/+15
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Figure 2. Sequence alignments of various ETs and SRTXs. The numbering is indicated in the first lane. A) Short- (21 aa) and "long-endothe-
lins” (31 aa) from mammals, VIC (vasoactive intestinal contractor) peptide, and ET from trout. B) SRTX isoforms previously isolated from
the venom of A. engaddensis (SRTX-a, -b, and —), and from A. bibroni (Btx). C) Deduced SRTX sequences from A. engaddensis precur-
sors. D) de novo characterized 24-amino-acid SRTX sequences from A. microlepidota microlepidota. Shorter SRTX-m and m2 isopeptides
ranging from 11 to 18 amino acid residues are respectively gathered between dotted-lines E) de novo characterized SRTX sequences from A.
irregularis. Shorter and longer SRTX-il, 12 and i3 isopeptides ranging from 15 to 30 amino acid residues are respectively gathered between
dotted-lines F) Amino acid variability. Invariant residues are in bold. The frequencies of the different amino acid residues within the twenty-

four more abundant SRTX sequences are indicated as upper signs.

and +3/+11, which constitute a typical and unique Cys;-
X-Cys;...Cys-X-X-X-Cys,;s ‘signature’ among mam-
malian bioactive peptides. Nuclear magnetic resonance
(NMR), circular dichroism (CD), fluorescence and X-ray
analyses have been used to determine the three-dimen-
sional (3D) conformation of the 21-amino-acid peptides.
NMR resolution and molecular modeling of the 3D
structures of ET-1 [22, 23] and SRTX-b [24] in solution
have identified several structural features common to the
whole family of these peptides. SRTXs and ETs adopt a
cysteine-stabilized o-helical motif characterized by: (i)

an extended structure of the first three or four residues,
(ii) a B-turn structure between positions +5 and +8, (iii)
an a-helical, or helical-like conformation of the segment
Lysy-Cys;s and (iv) the absence of conformation of the
C-terminal domain (fig. 3). Furthermore, comparison
between the NMR and X-ray structures of human ET-1
[25] revealed conformational differences in the C-termi-
nus (helical in the crystal structure, but not in any of the
NMR structures), but also in the central loop/turn region
(especially residues +5, +6 and +9), that are important for
defining the specificity of binding (see below).
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C-term.

N-term.

Figure 3. NMR structure of SRTX-b. Schematic representation
of the structure adopted by the best conformer. The two disulfide
bridges are indicated in yellow, extended structures are in green, the
turn is in blue and the a-helical segment is in red. The Protein Data
Base accession number is 1SRB.
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Biosynthesis of SRTXs: precursor organization and
identification of new SRTX isoforms

SRTXs are abundant in venoms, whereas ETs are present
at low concentration in mammals. To study the metabo-
lism of SRTXs by venom gland cells, their precursors
have been cloned in three different species of the genus
Atractaspis: A. engaddenis [26], A. microlepidota mi-
crolepidota [27] and A. irregularis [28]. Interestingly,
these studies led to the identification of two differently
organized precursors encoding several novel SRTX-like
peptides variable in length and amino acid composition,
which allowed definition of three distinct families of
ET-like peptides. The structure and organization of these
SRTX precursors were investigated and compared with
those of ET precursors [29, 30].

The precursor of SRTXs from A. engaddensis: an
original organization

The complete nucleotide sequence of one of the comple-
mentary DNAs (cDNAs) encoding SRTXSs in A. engad-

Figure 4. Complete structure
of the precursor of SRTXs of
A. engaddensis. The 5' and 3'
non-coding ends are shown in
italics. The polyadenylation
site ‘AATAAA’ is underlined.
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ATC TGG GAT GAA CCG GTC GTT GTC TCG GCG CGA GAC ACA GAG GAG GCC GCG AGA GTC CCC TCG CCA CAG Figure 5. Nucleotide and de-
I W D E P V V V S A R D T E E A A R V P S P Q .
AAG AGG TCG CAG CCG CTT TGC TCC TGT AAC GAC ATA AAT GAT AAA GAG TGC ATG TAT TTC TGC CAT CAG duced amino acid sequences
K R S o P L C S ¢ N D I N D K E C M Y F _C H QSRIX-m a laroe C-termi
GAC GTC ATC TGG GAT GAA CCG GIC GTT GTC TCG GTG CGA GAC ACG GAG GAG GCC GCG AGA GTC CCC TCG of a large C terrr_nnus cDNA
D V I W p E P V V V S VvV R D T E E A A R V P 8§ fragment encoding A. m.
CCA CAG AAG AGG CCG CAG CCG CGT TGC TCC TGT AAT GAC ATG AAT GAT AAA GAG TGC ATG TAT TTC TGC .~ .
P o X R P Q P R C S C N D M N D K E C M Y F C SRTX-ml microlepidota SRTXs. The se-
CAT CAG GAC GTC ATC TGG GAT GAA CCG GTC GTT GTC TCG GTIG CGA GAC ACG GAG GAG GCC GCG AGA GTC quence of each SRTX isoform
H _Q D Vv I W D E P V VvV V 8 V R D T E E A A R V . . .
CCC TCG CCA CAG AAG AGG TCG CAG CCG CGT TGC TCC TGT AAT GAC ATG AAT GAT AAA GAG TGC GTC TAT is underlined, and their names
P S P Q K R S Q P R C S8 C N D M N D K E _C__V Y SRTX-m3 are indicated on the right. The
TTC TGC CAT CTG GAC ATC ATC TGG GAT GAA CCG GTT GTT GTC TCG GTG CGA GAC ACG GAG GAG GCC ACG N L. - R
F ¢ ¥ L D 1 I W D E P V V V S8 V R D T E E A T poly (A") addition signal is
AGA GTC CCC TCG CCA CAG AAG AGG TCG CAG CCG CTT TGC TCC TGT AAC GAC ATA AAT GAT AAA GAG TGC : S )
R Vv P S P Q K R S8 Q P L C S C N D I N D K _E __C SRTX-m2 underllnedWthlnthe?ﬁ un-
ATG TAT TTC TGC CAT CAG GAC ATC ATC TGG GAT GAA CCG GTC GTT GTC TCG GTG CGA GAC ACG GAG GAG translated region. The three
M Y F C ®WH Q D I I W D E P V V V S V R D T E E dditional C-termi .
GCC GCG AGA GTC CCC TCG CCA CAG AAG AGG TCG CAG CCG CTT TGC TCC TGT AAC GAC ATA AAT GAT AAA additional C-terminus amino
A A R VvV P S P Q K R S Q P L C S C N D I N D K SRTX-m2 acid residues are in italics.
GAG TGC ATG TAT TTC TGC CAT CAG GAC ATC ATC TGG GAT GAA CCG GTT GTT GTC TCG GTIG CGA GAC ACG .
E ¢ M Y F ¢ H Q D I I W D E P V V V S V R D T GenBank accession number:
GAG GAG GCC GCG AGA GTC CCC TCG CCA CAG AAG AGG TCG CAG CCG CTT TGC TCC TGT AAC GAC ATA AAT AY485934.
E E A A R V P S P Q K R S8 Q P L C S C N D I N SRTX-m
GAT ARA GAG TGC ATG TAT TTC TGC CAT CAG GAC GTC ATC TGG GAT GAA CCG GTIC GTT GTC TCG GIG CAA
D K E C M Y F _C H Q D VvV I _ W D E P V V V S V Q
GAC ACG GAG GAG GCC GCG AGA GTC CCC TCG CCA CAG AAG AGG TCG CAG CCG CTT TGC TCC TGT AAC AAC
p T E E A A R V P S P O K R S P L C S C N N SRTX-mé
ATG TCG GAT ARA GAG TGC CTC AAT TTC TGC AAT CTG GAC ATC ATC TGG GAA AAT GTG GAC ACC AGC GCC

M S D
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D P E

K E C
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F L

L
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end

N F C N L D I I W

E

v D T S

CTTGGAAAGATATCCAGTCTTTGAAGGGACCCCCCACCCCCCATCCGCGGACATTACTGGACCTCCCC

TGCAATCATCCAGGGCCGCACCGGCGGGACCCCCAAGGGTCAACAACCCTTTTCAATATGTCCCTTCAAATAAACTCACTAGACTGGAAAARAARA 3

densis is presented in figure 4. It comprises 1948 base
pairs (bp) including one open reading frame (ORF) of
1629 bp coding for a long pre-pro-polypeptide of 543
amino acids which starts with a methionine that initiates
translation followed by a hydrophobic peptide charac-
teristic of a signal sequence. This sequence presents no
significant homology with the signal sequences of other
precursors of snake venoms [31], and its cleavage site
has not been identified with precision, despite predictive
methods [32]. Unexpectedly, the amino acid sequence
deduced for this precursor has an original repetitive
structure comprising one sequence of 39 amino acids
followed by 11 sequences of 40 residues (fig. 4). Each of
these contains a SRTX sequence preceded by an invari-
ant spacer peptide of 19 amino acids (18 upstream of the
first sequence of sarafotoxin). The last copy of SRTX is
followed by a peptide that differs from the previous one
both in terms of its sequence and length (13 amino acids).
In all, five different isoforms of sarafotoxin, SRTX-a, -
al, -b, -c and -e, are encoded by this precursor. SRTX-al
is the name we gave to an isoform of SRTX-a containing
a serine instead of a threonine at position +7 (fig. 2C). A
sixth isoform called SRTX-bl, differing from SRTX-b
in the same way as the -al isoform differs from -a, was
identified during sequencing of an incomplete cDNA
[26]. So there are at least six different isoforms of sara-
fotoxin in the venom of A. engaddensis that are produced
from two precursors. This so-called rosary-type organi-
zation is unique in terms of its regularity in precursors
of snake toxins with disulfide bridges. These ‘three-fin-
gered’ toxins, such as neuromuscular toxins, muscarinic
toxins, fasciculins and type A, phospholipases for which
numerous isoforms have been identified, are all produced
from mono-cistronic precursors [31]. Thus, this peculiar
organization seems to constitute a simple, economical

and effective way of amplifying the production of SRTXs
in the venom of A. engaddensis. The SRTX-c isoform,
which is the most abundant in the venom, is also the iso-
form with the greatest number of copies (five in all) in the
precursor. However, such a peculiar organization poses
the problem of the complete maturation of these precur-
sors, which must end with the release of SRTX isoforms
into the lumen of the venom gland (see below).

Identification of longer SRTX isoforms in the venom
of A. m. microlepidota

A second poly-cistronic precursor encoding SRTXs was
recently described in an exhaustive study of the venom of
a specimen of A. m. microlepidota, another species of the
genus Atractaspis [27]. Interestingly, combination of mass
spectrometry analysis of the venom composition [33], with
molecular cloning of the precursors encoding SRTXSs, al-
lowed identification of a new family of longer SRTXs con-
taining three additional residues at their C-terminus.

Figure 5 shows the nucleotide sequences and the de-
duced amino acid sequences for a 1100 bp fragment of
DNA, corresponding to the C-terminal end of a precur-
sor encoding SRTXs of A. m. microlepidota. This DNA
fragment contains seven 144-nucleotide repeats, each
coding for a peptide link followed by a sarafotoxin
sequence. Even if incomplete, this fragment displays a
poly-cistronic organization as in the case of the precur-
sor encoding SRTXs from A. engaddensis. However, it
is noteworthy that there are several differences between
these two rosary-type precursors (see below). Five differ-
ent isoforms, named SRTX-m, -m1, -m2, -m3 and -m4,
are encoded by this incomplete precursor, and all but
SRTX-m4 successively present downstream of the invari-
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ant tryptophan at position +21 an aspartate, a glutamate,
and a proline. The C-terminal extremity of the SRTX-
m4 isoform displays a different extension comprising a
glutamate, an asparagine and a valine. Comparison of the
primary structures of the five isoforms reveals between
54 and 96% homology (fig. 2D). Thus, SRTX-m1 and
-m2 differ from SRTX-m by only one substitution, when
SRTX-m4 is the most distant isoform with eight substitu-
tions in the +1/+21 sequence, as well as a different C-
terminal extension. Furthermore, a sixth isoform of long-
SRTX (SRTX-mS; fig. 2D) was also identified in another
incomplete precursor [unpublished data] that differs
from SRTX-m2 by a ponctual substitution at position +6.
SRTX-m was chemically synthesized, and its biological
properties were studied, showing that despite its longer
C-terminus SRTX-m (i) adopts a typical SRTX-like
three-dimensional structure, (ii) induces toxicity in mice,
mostly due to vasoconstriction, and (iii) has a lower tox-
icity and potency than the most potent SRTX described
to date: SRTX-b from A. engaddensis [27]. Moreover,
several fragments of these long SRTXs ranging from
1.24 to 2.16 kDa were also identified in the venom (fig.
2D), but their biological activity, if any, remains to be de-
termined [33]. Such molecular diversity in SRTX content
in this venom might be explained either by the existence
of other SRTX precursors not yet characterized and/or by
a process of RNA editing as previously described in the
case of a-bungarotoxin isoforms present in the venom of
the snake Bungarus multicinctus [34, 35]. However, only
an analysis of the genomic DNA of SRTX from A. m.
microlepidota would confirm or reject that hypothesis.

In conclusion, taken together these findings establish
that A. m. microlepidota venom contains a new family of
SRTXs isopeptides. The fact that the sequence extension
of these novel SRTXs occurs at the level of the C-terminal
end devoid of any particular structure strongly suggests
that these new SRTXs adopt a three-dimensional structure
that is globally unchanged compared with the 21-amino-
acid SRTXs. Also, and even if differences do exist between
the precursors encoding SRTXs from A. engaddensis and
A. m. microlepidota (see below), this is the second exam-
ple of a poly-cistronic organization of a precursor encod-
ing SRTXs in two different species of Atractaspididae.

Atractaspis irregularis: a different SRTX-precursor
organization encoding an even larger family of new
SRTX isoforms

A similar and first ever molecular study on the venom
of a third Atractaspididae species i.e. Atractaspis ir-
regularis was recently reported [28]. Direct analysis by
nanospray-Fourier-transform ion cyclotron resonance
(FT-ICR) of the crude venom revealed about 60 distinct
molecular masses in the range 0.6-15.0 kDa, half of
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a)

5’gcccacctgcetttgeteggececgggaa ATG GCC CTC CTC CCC CGA CTG GCG GCC
M A L L P R L A A
GGC GGG CTG CTG CTG CTG CTG GCC CTC GCC GCC CTC GAC GGG AAG CCG GCG
G G L L L L L A L A A L D G Vv K P A
CCG CCG AAG CTG CTG CAG AAG CTG ATG GAC GGG GGG CAG CGG CGC TCC GAG
P P K L L Q K L M D G G Q R R S E
GAC CAG GCA GCA GCA GGA CGC ATC ATC GAC TAC GAG GAC GGA GAT GAA CCG
D Q A A A G R I I D Y E D G D E P
GTC GCT GTC TCG GTG GGA GAC ACG AAA CAG GCC GCG AGA GCC CTC TCA CCG
v A v S v G D T K Q A A R A L S P
CTG CGC AAG CCG CAG CCA CTT TGC TCC TGT ACA GAC ATG TCG GAT CTA GAG
L R K P Q P L c, s c T D M S D L E
TGC ATG AAT TTC TGC CAT AAG GAC GTC ATC TGG ATA AAC CGG AAC CGG AAA
c M N F C H K D V I W, I, N, R, N, R_K
CCA TCG CCA ATC CAG AGT TCC tag gctagctaggaaagacatccatctc 3’
P S P I Q S S stop

B)
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777777777777777 Mommmm /e m e oo -~ SRTX-i2

PVAVSVGDTKQAARALSPLRKPQPLCSCTDMSDLECMNFCHKDVIWINRNRKPSPIQSS
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Figure 6. (A) Nucleotide and deduced amino acid sequences of the
cDNA encoding A. irregularis SRTX isoform 1. The amino acid
sequence is given in single letters. Positions of the PCR primers are
underlined. The arrow indicates the probable cleavage site of the
signal peptide. The mature 25-amino-acid SRTX isoform is in ital-
ics. Predicted dibasic processing sites are underlined. (B) Deduced
amino acid sequences of the two cloned precursors. The names of
isoforms are indicated on the right. ‘/* indicates the putative cleavage
site of the signal peptide. The classical signature of 21-amino-acid
sarafotoxins is indicated in italics. Identical amino acid residues are
represented by ‘-’.

which were between 2.0 and 3.5 kDa, which corresponds
to peptides of between 20 and 30 amino acids, a charac-
teristic length for SRTXs. To gain more insight into the
sequences of these compounds, the putative precursors
of A. irregularis SRTXs were cloned by homology, and a
de novo sequencing by mass spectrometry in the reduced
crude venom was carried out. Figure 6A shows the struc-
ture of one of the two mRNAs that have been cloned. The
presence of a SRTX sequence at the C-terminus of the
118-amino-acid residue precursor protein clearly estab-
lish that it corresponds to the first A. irregularis SRTX
precursor. Surprisingly, this precursor displays a differ-
ent organization compared with those encoding SRTXs
from A. engaddensis [26] or A. m. microlepidota [27]. In
the case of A. irregularis only one copy of mature SRTX
emerges from each precursor when several tandem cop-
ies of mature SRTXs are encoded per molecule of the
rosary-type precursors in the two previously studied
Atractaspididae snakes.

One particularly interesting point is that the two pro-
polypeptides that contain the SRTX isoforms -il and
-i2 (fig. 6B) are not processed in a single compound
but more likely in different length molecules that form
two families of compounds ranging from 15 for the
shorter to 30 amino acids for the longer (fig. 2E). Such
molecular diversity of SRTX-like peptides has already
been observed, albeit to a lesser extent, in the venom of
A. m. microlepidota [33], and can be explained either by
a different level of degradation in solution of an initial
30-amino-acid SRTX isoform or by a different state of
maturation of the SRTX pro-polypeptides. The complete
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sequences of the compounds of higher intensity were de-
termined from MS/MS (tandem MS) experiments on the
reduced molecular species [28]. Within these new fami-
lies of compounds, the most abundant molecular species
is 25 amino acids long with four additional C-terminus
residues: ‘V/I,,NRN,s” as compared with SRTXs from A.
engaddensis. It is noteworthy that the C-terminus exten-
sion of SRTX-i1,5 is unrelated to that of long SRTX from
A. m. microlepidota: V/1,,NRN,s vs. D/E,,Q/N,;P/V .
The MS/MS analysis of the venom led also to the iden-
tification of a new isoform named SRTX-i3, which has
been retrieved with at least two lengths: 23 and 25 amino
acids (fig. 2E). Again, the 25-amino-acid isoform is the
most abundant. The characterization of this third family
of compounds relies only on mass spectrometry (MS)
data since its amino acid sequence does not match any
cloning results. Finally, SRTX-i1 and SRTX-i3 have very
close structures that differ by only one amino acid: a
valine (SRTX-i3) or an isoleucine (SRTX-il) at position
+22 following the conserved Trp,, (fig. 2E). It is note-
worthy that none of the molecular masses corresponding
to the SRTX-i3 family are derived from the two precur-
sors that were cloned. This might be explained either by
a failure in cloning of the corresponding precursor or by
the possibility that SRTX-i3 isopeptides could derive
from an edited mRNA [28], as has been proposed in the
case of a-bungarotoxin isoforms [34, 35], and suggested
to explain the molecular diversity in SRTX isopeptides in
the venom of A. m. microlepidota [27].

In conclusion, during the last 12 years a combination of
cloning and MS approaches has led to the identification of
an increased number of ET-like peptides in three families
of SRTX isopeptides characterized by 21, 24 or 25 amino
acids (fig. 2). Within the 24- and 25-amino-acid families
of SRTXs, and around these major compounds, several
smaller or longer related peptides do exist in the venom,
but very little is known about the biological significance
of such molecular diversity. Pharmacologically it was
only shown that SRTX-m (one of the isopeptides of the
24-amino-acid SRTX family) and SRTX-b have similar
effects upon injection in mice. However, the potency of
SRTX-m is lower, and binding studies, using brain or
atrial membrane preparations, failed to reveal competition
between these two isopeptides [27]. Hence it is tempting
to hypothesize that an ET/SRTX receptor subtype that
does not bind SRTX-b [36, 37] could mediate the effects
of some of these new SRTX members, as is probably the
case for recently described ‘long-endothelins’ [38].

SRTX vs. ET precursors and gene organization
Comparison of the three cloned SRTX precursors re-

veals two structurally distinct organizations: mono vs.
poly-cistronic (rosary-type precursors), which is unique

Endothelin-like peptides

for isopeptides that belong to the same superfamily of
compounds within the same genus of venomous animals.
However, and despite their distinct overall organiza-
tion, these two types of SRTX precursors share several
common features, such as the predicted signal peptides
that display about 95% sequence identity. Also, the pro-
sequence located between the predicted signal peptides
and the first (in rosary-type precursors) or unique (in A.
irregularis precursors) SRTX sequence is similar both in
length, 61 vs. 69 amino acids, and its sequence since they
display 72% sequence identity and/or homology. How-
ever, and even though SRTXs from A. engaddensis and
A. m. microlepidota both emerge from long and repeated
precursors, the length and composition of the repeats
are significantly different. Repeats within the precur-
sors encoding 24-amino-acid (A. m. microlepidota) or
21-amino-acid (A. engaddensis) SRTXs are composed
of 48 or 40 amino acid residues, respectively. That dif-
ference in length results from the three additional C-ter-
minus amino acid residues of 1-SRTXs (24-amino-acid
SRTXs5s), but also from the presence of a new stretch of
amino acid residues: -Val-Val-Val-Ser-Val-, located at the
N-terminus of the spacer within the I-SRTX repeats (figs.
4, 5). Furthermore, comparison of the spacers found in
the precursors of SRTXs of A. engaddensis or of A. m.
microlepidota indicates only 50% amino acid identity.
Finally, the C-terminus peptides that follow the last (in
rosary-type precursors) or the unique (in A. irregularis
precursors) SRTX sequence are identical in length: 13
amino acids, but whereas those of the two poly-cistronic
precursors are conserved (85% sequence identity), those
of A. irregularis precursors contain only two identi-
cal amino acid residues. Together these observations
strongly suggest that the genes encoding these two types
of precursors have followed a different evolutionary
pathway: a plausible complete duplication of a common
ancestral gene in the case of A. irregularis, when the ro-
sary-type precursor organization most probably reflects a
combined duplication/mutation event of a SRTX-encod-
ing exon only. This hypothesis is further supported by
the structural characterization of an A. engaddensis exon
encoding SRTX-c [39]. The latter contains the sequence
of a mature 21-amino-acid SRTX preceded by a 16-
amino-acid pro-peptide that appears to be conserved in
both mono- and poly-cistronic types of SRTX precursors,
suggesting that such a SRTX-encoding exon might be
present in the corresponding genes. However, the differ-
ences observed between the two types of precursors also
suggest that the genes encoding SRTXs and 1-SRTXs
could have evolved independently.

Surprisingly, the structure and organization of the
precursors encoding ETs and VIC appear to be inter-
mediate between those of the poly- and mono-cistronic
pre-pro-polypeptides encoding SRTXs. The precursors
of ETs and VIC contain a single and complete ET or
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VIC sequence, followed by one ET- or VIC-like peptide
of 16 amino acid residues that displays a highly diver-
gent amino acid composition, except for the conserved
cysteine residues. However, comparison with the pre-
cursors encoding SRTXs reveals a higher variability in
length and sequence of the ET or VIC signal peptides,
and no similarities between the pro-peptides and the
linker sequences. Finally, cloning and characterization
of the ET genes show that the latter are cut into five dif-
ferent exons, and also that the ET and ET-like sequences,
which coexist in the same precursor, are encoded by two
different exons [12, 18, 40, 41]. However, apart from this
parallel between the existence of distinct exons coding
for the different isoforms of SRTXs and those of ET
and ET-like sequences, no other similarity in sequence
and structure is observed. In spite of strong homologies
in structure and biological activity between SRTXs and
ETs, and despite cloning of a complete SRTX gene, it is
likely that their genes have different organizations, sug-
gesting distinct evolutionary paths.

SRTX vs. ET precursor maturation

The precursors of mammalian ETs [9, 12, 19, 42, 43]
and those of SRTXs have different structures, suggest-
ing distinct maturation processes. ETs are produced in
the form of big-ET, an inactive proform of 39 amino
acids produced by the maturation of long precursors
of 178-224 amino acids, thanks to the presence of two
basic doublets on either side of the big-ET [9]. Such
dibasic sequences are known to be cleavage sites for
trypsin-like processing enzymes such as Kex2-like
serine protease, and they are often involved in the post-
translation maturation processes of numerous peptide
precursors [44, 45]. One biologically active molecule
of endothelin is generated per precursor molecule, af-
ter the action of ECE (endothelin-converting enzyme)
which is specific for the peptide bond -Trp,;-Val,,-
[46, 47]. Note that two other basic doublets surround
the ET-like sequence, but their role and origin are at
present unknown. On the other hand, the difference in
organization of SRTX precursors reflects the problem
of maturation processes necessary for the release of
SRTXs into the lumen of the venom glands, a process
that the yeast cell seems able to mimic in the case of the
poly-cistronic precursor of SRTXs from A. engaddensis
[48]. It is likely that maturation of the SRTX precursors
starts by the recognition via a trypsin-like endoprotease
of the dibasic pairs of residues that are present within
the pro-sequences of the precursors of SRTXs from A.
engaddensis and A. irregularis, respectively. At this
stage, several scenarios for the maturation of the inter-
mediate pro-polypeptides can be envisaged, that likely
require the action of uncharacterized and unlocalized
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endoproteases with particular specificity of cleavage,
combined or not with amino and/or carboxy peptidases.
It also remains to be established whether the invariant
peptide link plays a role, and if so whether this role in
the maturation processes is structural, or functional, or
both. The only pointer available at present is the MS
data on venom of a specimen of A. engaddensis, which
shows that this venom lacks protein fractions of masses
compatible with those of the peptide link, either alone or
combined with an SRTX sequence [33].

Cellular targets and biological activities of SRTXs

Owing to the presence of a tyrosine residue at position
+13 (fig. 2B), SRTX-b can be labeled with iodine 125
without loss of toxicity, thus enabling its use in binding
studies. Iodinated SRTX-b binds specifically with high
affinity to preparations of atrial membranes, in a satura-
ble, rapid and reversible manner [2]. Scatchard analyses
show that SRTX-b recognizes a homogeneous population
of sites, with a maximum binding capacity of 110 fmol
per mg of protein and a dissociation constant (Kp,) of 3-5
nM. This binding is effectively inhibited by SRTX-a, -b
and -c, at mean inhibitory concentrations (ICs,) of 30,
25 and 100 nM, respectively. In contrast, various ligands
of ion channels and of receptors, and different bioactive
peptides, are unable to block the binding of '*I-SRTX-b.
Other binding experiments have also shown that '*I-
SRTX-b recognizes sites in rat brain, particularly in the
cerebellum (K = 3.5 nM) and cerebral cortex (Kp = 0.3
nM) [49]. It has been shown that (i) the biological activ-
ity of SRTXs is associated with a mobilization of intra-
cellular Ca?* ions, (ii) the binding of iodinated SRTX-b
is unaffected by the action of blockers specific to Ca**
channels, such as verapamil or ninodipine, and (iii) the
binding of SRTXs induces the hydrolysis of phosphoi-
nositides (PIs), as shown by the accumulation of inositol
mono-, di- and triphosphate [2]. The concentrations of
the three isotoxins that induced 50% of maximal PI hy-
drolysis are 100, 60, and 300 nM for SRTX-a, -b, and
-c, respectively. Thus, SRTX-c is both the least toxic and
potent isotoxin of A. engaddensis, whereas SRTX-b is
also able to induce PI hydrolysis in other regions of the
brain. Taken together, these results strongly suggest that
SRTXs as well as ETs use the phosphoinositide signal
transduction pathway via specific rhodopsin-like G-
protein-coupled receptors, which seems to activate type
C and D phospholipases [16, 50, 51]. This assumption
was confirmed by use of iodinated ETs and the screen-
ing of cDNA libraries that revealed the existence of
several functionally distinct and ubiquitous subtypes of
receptors recognized by SRTXs and ETs [52-55]. These
glycosylated proteins [56, 57] range in size from 30
to 70 kDa and contain seven potential transmembrane
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domains likely to be regulated by phosphorylation, and
share numerous structural features with other receptors
coupled to G proteins. The recombinant forms of these
receptors for the different isoforms of ETs and SRTXs
are currently classified into two main subtypes, depend-
ing on their relative affinities: ET,-R and ETg-R. The
isoforms ET-1 and ET-2 have similar and high affinities
for ET,-R, whereas ET-3 recognizes ET,-R 1000 times
less well. The second family of receptors, ETp-R, ap-
pears less selective since the three isoforms of ETs and
SRTXs interact with the same affinity. A new subtype
of endothelin receptor called ETg,-R has recently been
identified [58]. It is characterized by high-affinity (pi-
comolar) sites that do not hydrolyze phosphoinositides,
and whose properties are affected differently depending
on the degree of glycosylation. To determine the tissular
distribution of the endothelin-binding sites, and the dif-
ferent biological effects demonstrated, it is probable that
other receptor subtypes exist. It has been suggested that
the capacity of the Egyptian mongoose to resist very high
concentrations of SRTX-b or ET-1 is due to a new family
of binding sites specific to SRTXs and ETs in the brain
and cardiovascular tissue [59]. This assumption is further
emphasized by the distinct binding specificity mentioned
in the case of long-ETs and long-SRTXs [14, 15, 27,
38]. All these findings and observations underscore the
incompleteness of our knowledge of the pharmacology
of endothelins and toxicology of sarafotoxins, in terms
of the variable, tissue-dependent concentrations of ETs
and/or SRTXs, and with regard to the equally broad het-
erogeneity among the receptors.

Endothelin-like peptides

Structure-function relationships of SRTXs

Numerous structure-function studies have been devoted
to identifying the functional site by which SRTXs and
ETs recognize their receptors and act as vasoconstrictors.
It has been established that the vasoconstrictor potencies
of the three SRTX isoforms on rabbit aorta preparations
vary according to primary structure: SRTX-b > SRTX-a
> SRTX-c [60]. STRX-b differs from SRTX-a by a sin-
gle substitution: tyrosine instead of asparagine at position
+13 (fig. 2B). The three ETs, and vasoactive intestinal
contractor peptide, also have a tyrosine at this position
(fig. 2A). SRTX-c, the least toxic isoform of A. engad-
densis SRTX, has respectively three and four substitu-
tions compared with the -a and -b isoforms, including a
replacement of serine by threonine at position +2, which
is also observed in the ET-3 isoform, the least active of
the ETs (fig. 2A—C). A study has sought to establish the
biological characteristics of [Thr*]SRTX-b, a synthetic
analogue of SRTX-b which, together with ET-1, is one
of the two most toxic isopeptides and whose contractile
activity is greater on the smooth muscles of organs such
as the uterus, intestine, aorta and blood vessels [61]. The
results of this study confirm that a serine at position +2 is
important for high vasoconstrictor activity as confirmed
by sequence alignments (fig. 2), but also show that its
replacement by threonine does not alter the overall toxic-
ity of this analogue. This suggests that other substitutions
are responsible for the low pharmacological activity of
SRTX-c and ET-3. Other structure-function studies have
completed the identification of the amino acids respon-

Figure 7. Surface representa-
tions of SRTX-b. (A) Faces A
and B of SRTX-b are shown.
The backbone is shown by
transparency. N- and C-ter-
mini are indicated. Invariant
and highly conserved amino
acid residues are indicated in
red and orange, respectively.
The four positions within the
turn that are the most degen-
erate in ETs and SRTXs in
terms of amino acid compo-
sition are indicated in yellow
and labeled from 4 to 7. The
remainder of the molecule is
shown in green. (B) Surface
representations of faces A and
B of SRTX-b. The residues
that are labeled and numbered
correspond to those found in
SRTX-b. The pairing of the
two disulfides is indicated as
follows: S-S, .
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sible for the vasoconstrictor potency of ETs and SRTXs.
Kimura et al. have shown that the C-terminus of ET-1,
and particularly the tryptophan 21 and the two disulfide
bridges, are crucial for its vasoconstrictor activity [62].
The functional importance of the amino and carboxy ter-
minal groups, and that of the carboxylic groups of aspar-
tic acid 8 and glutamic acid 10, has been established by
modification or chemical mutagenesis of ET-1 [63]. The
differences in biological activity and in toxicity which
characterize these isoforms depend on (i) the nature of
the amino acids constituting the loop formed between
the cysteines +3 and +11 where the principal sequence
variations are located, and (ii) recognized receptor sub-
types. Hence, various observations suggest that ET,-R
recognizes the tertiary structures of both the amino and
carboxy ends of the ETs, whereas ET-R is more specific
to the C-terminal segment between amino acids Glu,
and Trp,; [16]. Thus we can define a ‘common’ and
‘minimum’ vasoconstrictor site at the surface of ETs
and SRTXs that seems topographic and constituted by
the N- and C-terminal ends, and by the COOH groups of
the side chains at positions +8 and +10 (fig. 7). This is
confirmed by the fact that all amino acids: Cyst,, Cysts,
Asps, Gluyy, Cyst;;, Cyst;s and Trp,;, are invariant (fig.
2F) in ETs and SRTXSs.

Even though little is presently known about the vasocon-
strictor potencies of the newly identified SRTX isoforms,
especially from the venoms of the snakes Atractaspis
microlepidoda microlepidota and irregularis, and de-
spite their differences in primary structure, these new
isoforms display the overall structural and functional
characteristics of the SRTXs of A. engaddensis and of
ETs of mammals mentioned above. However, although
these isoforms share a common structural pattern with
other SRTXs, we can nevertheless notice a diversification
in the amino acid composition since six new amino acids
are found in positions where they were absent until now:
(i) a threonine residue at position +4, (ii) an isoleucine
residue at position +6, (iii) an asparagine residue at posi-
tion +7, (iv) a leucine residue at position +9, (v) a me-
thionine at position +12 and (vi) a lysine at position +17
(fig. 2). It is noteworthy that the higher sequence vari-
ability is located in the 3-turn structure between positions
+5 and +8 (fig. 7). Finally, the differences in length and
amino acid composition of the C-termini downstream of
the invariant tryptophan at position +21 seem to confer
on these long-SRTXSs or ETs a different receptor and tis-
sue specificity [14, 15, 27, 38].

Conclusions
Since their discovery in 1982, all research on SRTXSs,

and particularly recent molecular biology and mass spec-
trometry data, show that the venoms of Atractaspididae
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snakes, like other venomous animals, contain a great
range of isoforms of a given toxin. This diversity, which
is thought to reflect a predator’s need to adapt evolution-
arily to the ecological diversity of its prey, goes beyond
the scope of toxicology. Animal toxins are specific to
precise molecular targets (receptors, ion channels, en-
zymes) and are involved in vital physiological machinery
(central and/or peripheral nervous system, muscles, or
blood circulation). For this reason, animal toxins in gen-
eral and ET-like peptides from Atractaspididae snakes in
particular, constitute unique molecular probes in identi-
fying and studying the targets they recognize. However,
the studies carried out on ET-like peptides also raise
various academic questions. What are the enzymes re-
sponsible for the maturation of the precursors of SRTXs
and how do they function? Do these enzymes participate
in the maturation of other poly-cistronic precursors, and
do they have endogenous equivalents? Another series of
questions concerns the origin of and biological justifica-
tion for the diversity of SRTXs. Why so many different
isoforms? Does this reflect an equally great diversity
among receptors, and, if so, what are they from a mo-
lecular point of view, and where are they localized? What
is the biological activity and specificity of recognition of
these various peptides? From a molecular evolutionary
point of view, how is this diversity generated? What are
the genomic structures that raise these differently organ-
ized precursors? For all these reasons, toxins in general
and ET-like peptides in particular continue to fascinate
researchers, clinicians and industrialists alike.
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