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Sarafotoxin, a Novel Vasoconstrictor Peptide: 
Phosphoinositide Hydrolysis in Rat Heart and Brain 

Sarafotoxins, a group o f  21-residue cardiotoxic peptides from snake venom that induce 
coronary vasoconstriction, show high-affinity binding t o  rat atrial and brain mein- 
branes and activate the hydrolysis of  phosphoinositides. Neither their binding nor 
their activity is affected by blockers o r  activators of  known receptors and ion channels, 
suggesting that sarafotoxins act either directly o n  the phosphoinositide phosphodies- 
terase system o r  o n  a novel receptor. Their amino acid sequence shows a high degree of 
homology with that of  endothelin, a recently described 21-residue vasoconstrictor 
peptide found in porcine aortic endothelimn. This is remarkable, since endothelin is a 
natural compound o f  the mammalian vascular system while sarafotoxins are highly 
toxic components of snake venom. 

SARAFOTOXINS S6 (SRTS A, B, RND C) 

are a group of 21-residue isocardio- 
toxic peptides, isolated from the ven- 

om of the snake Atvacfasyis ptzgaddensb, which 
are rich in cysteine (four residues per mole- 
cule) and show a high secyuence homology 
( 1 ) .  Two of these, a and b, are highly lethal 
and cause cardiac arrest and death in Inice 
within ~rli~l~rtes of intravenous administra- 
tion. [The median lethal dose ( ID5")  is -15 
pg per kilogram of body weight ( 4 . 1  

Although the mechanism of action of the 
sarafotoxins is not fi~lly understood, it has 
been shown that they have three indepen- 
dent effects on the mouse and rat hearts: a 
rapid and marked vasoconstriction of the 
coronary vessels, a severe atrioventricular 
block, and a slower but very strong positive 
itlotropic effect that is not blocked by either 
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a-or p-adrencrgic blockcrs (2).Thc venom 
of Atvactarpis also causes a transient hyper- 
tensio~~,which is followed by fluctuation of 
arterial blood pressure (2) and reversible 
contraction of the ileum in rats. 'IPiese pow- 
erful effects of sarafotoxins could be ex-
plained by an i~lcrease in i~ltracellular Ca2+ 
(smooth muscle contraction and distur-
bances in the atrioventricular co~lducting 
system), suggesting that the mechanism of 
their action may involve binding to and 
activation of a specific protein associated 
with Ca2+ mobilization. In this report we 
show that sarafotoxins bind specifically and 
with high affinity to rat atrial and brain 
membranes and induce the hydrolysis of 
phosphoinositides in these tissues. 

Sarafotoxin S6b (SRT-b), which contains 
a tyrosyl residue ( I ) ,  was labeled with '"1 
and used for the binding studies. The toxici- 
ty of the 125~-labelcd SRT-b was similar to 
that of the ~loniodinated toxin. The toxin 

s~ec i f ica l l~  to ratand 
membranes (for example, 1600 cpm was 
recorded with 2.5 IIM ' 2 5 ~ - ~ ~ ~ - b ,  whereas 
only 200 cprn was recorded in the presence 

of 1 pM SRT-17, and the association half- 
time was 2.5 nlin with 4 nM toxin). Binding 
activitv was not detcctcd In the cytosolic 
fracticin of atrial homogcnates. Binding of 
1 2 s ~ - S ~ T - hthe wasto atrial memhrancs 
rcversible (dissociation half-time, 10 to 12.5 
min) and saturable (Fig. 1). Scatchard analp- 
sis (Fig. 1, inset) indicated that thc toxin 
binds to a homogeneous population of sites 
Inlaxima1 binding capacity, 110 fmol per 
nlilligram of protein; dissociation constant 
(Kd) ,3 to 5 nM]. Ligands of various recep- 
tors and ion channels as well as a varicty of 
biologically activc peptictes (see legend to 
Fig. 2) failed to inhibit thc binding of '"I-
SKT-b to the atrial mcn~hrancs. I Iowever, 
the native toxins SRT-a (Fig. 2), SKT-17, 
and SRT-c were potent binding inhibitors, 
with niedian inhibitory values (Iso) of 30, 
25, and 100 nM, rcspectivcly. Evidently, at 
Icast one disulfide bond in the sarafotoxins is 
important for their hu~ction and binding, 
since reduction and carbox~~mcthylatiot~ of 
SRT-b resulted in a loss of toxicity and a 
marked decreasc in affinity (I5,,> 5000 

s 1 0  

, 	 Bound (fmollmg prote~n) 

Fig. 1. Binding of '251-SKT-b to rat atrial mem- 
branes, as a fi~nction of its concentration. Rat 
atrial membranes were prepared in 25 mM tris- 
HCI huger (pH 7.4) containing antiprotenses 
[aprotinin (5 Ulrnl), pepstatin A (5 yg/1111), 0.1 
mM phenylnicthylsulfi)~~ylAuoride,3 m M  EDTA, 
and 1 mM EG'I'A) as detailed elsewhere (9). 
Aliquots (50 yl) of membrane preparations (200 
yg of protein) were incubated at 25°C for 60 min 
with various concentrations of lZ51-SRT-b (spe- 
cific activity, 4.7 x 10'" cpndmol) in a total 
volumc of 200 yl of tris-HC1 buffer. Reactions 
were terminated by the addition of 3 ml of ice- 
cold tris-HCI buffer and filtration through GFIC 
filters over vacuum. The filters were washed twice 
with 3 ml of the buffer, and their radioactivity was 
estimated by liquid spcctronlctry. Separate kinetic 
expcrimc~lts showed that the bound toxin did not 
dissociate during -10-s washings at 4°C (disso- 
ciation half-time at 25°C was -10 min). Assays 
were performed in triplicate (total binding) to 
gether with triplicate sanlplcs containing 1 yM 
unlabeled SKI'% (nonspecific binding). Data arc 
expressed as specific binding per rnilligram of 
protein (SEMs are less than 7% of the plotted 
values). Inset: Scatchard plot. 
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nM). Addit~onal experiments showed that mobilization and since blockers of receptors 
specific binding sltes for 1 2 5 ~ - ~ ~ ~ - b ,  and ion channels known to affect ~ntracellu- with 
properties similar to those of the atrial sites, lar Ca2 ' levels (see legend to Fig. 2 ) did not 
exist also in the rat brain. In the cerebellum, interfere with I 2 ' 1 - s ~ ~ - b  binding, we inves- 
for example, the density of such sites was tigated a possible association between sara- 
600 fmol per milligram of protein, and the fotoxins and phospholnositide hydrolysis. 
Kd of the toxin was 4 nM. The latter reaction, which is catalyzed by 

The above findings led us to conclude that phosphoinositide phosphodiesterase (PDE, 
membranes of mammalian heart and brain phospholipase C), leads to the formation of 
contain sites that bind sarafotoxins with inositol trisphosphate (IP3), which func-
high affinity; these sites might be associated tions as a second messenger for mobilization 
with the biological actions of the toxins. of intracellular Ca2+ ( 3 ) .  
Since these actions appear to involve Ca2+ Initial experiments indicated that the sara- 

Fi9. 2. Concentration-dependent inhibition of f_ -
I2 I-SRT-b binding and induction of phospho- 8 
inositide hydrolysis by SRT-a. Binding assays :g 
were as detailed in Fig. 1, with 2.5 nM lZ5I-SRT- E 
b aud various concentrations of SRT-a. Data are 3 
expressed as the amount of I Z S 1 - ~ ~ T - b  specifically 
bound as a function of SRT-a concentrations. In 
these conditions the following substances did not 8 
inhibit "'1-SRT-b binding: carbamylcholine (10 5pM), norepinephrine (100 pM), atropine (10 -, 

8 

pM), curare (10 pM), haloperidol (10 pM), 6 41" 
naloxone (10 pM), proprallolol(l0 pM), yohim- E 
bine (10 pM), prazosin (0.1 pM), allersau (10 
pM), tetrodotoxin (1  pM), verapamil (1 pM), 5? SRT-a ( fd)  

@nimodpine (1  pM), tetraethylammonium (1  
mM), 5'-guanylyl imidophosphate (GppNHp) (100 pM), IP, (10 pM), cholecystolunin-8 (1  pM), 
augiotensin I1 (1  pM), bradykinin (1 pM), arginine vasopressin (1 pM), P-endorphin (1  pM), 
atriopeptin I11 ( 1  pM), somatostatin (1  pM), substance P (10 pM), melanin-concentrating hormone (1  
pM), and ouabain (10 pM) The formation of [ 3 ~ ] ~ ~ 1  in rat atrial slices was measured by the method 
of Berridge et al. (10) essentially as detailed elsewhere (4). The slices were prelabeled (60 minutes) with 
100 pCiml of [3H]inositol (specific activity, 18.7 Cimmol) in Krebs medium, then washed three times 
with 5 mM inositol in the same medium. Packed slices (50 pl) were then incubated in the Krebs 
medium (total volume 250 p1) containing 10 mM LiCI, in the presence and absence of SRT-b, and the 
reaction was terminated after 30 min by the addition of 1rnl of a chloroform-methanol mixture (1 :2), 
which was followed by the addition of 0.35 ml of chloroform and 0.35 ml of H 2 0 .  Water-soluble 
products were separated chromatographically on 1)owex columns (10) and counted with corrections for 
quedching. A sample from the lipid extract was counted as well. Assays were performed in triplicate. 
Data are presented in terms of [3H]IPl formed as a percentage of total [,HI-labeled inositol lipids 
(SEMs are less than 10% of the presented values). Zero time blanks were subtracted. The maximal 
effects of SRT-b and SRT-c were similar to these induced by SRT-a. 

Toxin 

NE - - - - + + EGTA - - - - + + 
Fig. 3. Pharmacological characterization of phosphoinositide hydrolysis induced by SRT-b in rat atrial 
membranes. The formation of IP, was measured with aud without lO-'M SRT-b aud the indicated 
substance for 30 min, as detailed in Fig. 2. Assays were performed in triplicate. Vertical bars denote SD. 
Carb, carbamylcholine (10-3M); NE, norepinephrine (10-4M); TTX, tetrodotoxin (1 pM); and TEA, 
tetraethylammonium (10-3M). Concentrations of verapamil, nimodipine, and EGTA were, respective- 
ly, 1 pM, 1 p,M, and 1mM. Concetltration of Ca2+, where present, was 0.8 mM. Thc substances failed 
to inhibit induction of phosphoinositide hydrolysis by SRT-b (10-'M): atropine (10 pM), curare (10 
pM), haloperidol (10 pM), naloxone (10 pM), propranolol (10 pM), yohimbine (10 pM), praiosin 
(0.1 pM), and allersan (10 pM) 

I 4  OCTOBER 1988 

fotoxu~s are indeed potent activators of 
phosphoinositide hydrolysis. In a typical 
experiment w ~ t h  rat atrial slices prelabeled 
with [3H]i~~ositol( 4 ) ,  addition of SRT-b 
(lOP7M) (in the presence of 10 mn.I LiC1) 
resulted within 5 min in the accumulation of 
1P3, inositol bisphosphate (IP*), and inosi- 
tol- l-phosphate (lPI). When measured as 
percentages of total [3H]inositol-labeled lip- 
ids, these three [3~]inositol  phosphates 
amounted to 1.7%, 2.9%, and 3.6%, respec- 
tively, as compared to their corresponding 
basal values of 0.3%, 0.5%, and 0.84%. The 
accumulation of IP3 and IP2 leveled off 
within 15 min, whereas that of lPl  increased 
linearly (up to at least 30 min). In further 
examining the effects of the sarafotoxins on 
phosphoinositide hydrolysis, we therefore 
focused on the formation of IP1 and mea- 
sured its accumulation in 30 min. Like SRT- 
b (Fig. 2), SRT-a and SRT-c induced phos- 
phoinositide hydrolysis in rat atrial slices; 
for the three sarafotoxins, the respective 
concentrations resulting in 50% of the maxi- 
mal effect (ASO) were 60 f 20, 100 f 30, 
and 300 ? 60 nM (mean ? SD, n = 3). 
Although these values are about three times 
as high as the respective ISO values recorded 
in the binding experiments, it is clear that 
SRT-c is less potent than the other two with 
regard to both binding and phosphoinosi- 
tide hydrolysis, a finding that is in accord 
with its relatively lower toxic potency (1, 2). 
The loss of toxicity and decrease of affinity 
found in the reduced and carboxymethplat- 
ed SRT-b was accompanied by failure of this 
polypeptide to induce phosphoinositide hy- 
drolysis (no response at 10 pM). Results 
similar to those bbserved with the rat atrial 
slices were obtained with slices of rat cere- 
bellum as well as with primary cultures of rat 
heart myocytes [see (5) for preparation]. In 
both of the latter, for example, SRT-a or 
SRT-b ( ~ o - ~ M )  induced a four- to eight- 
fold increase in IPI over basal levels within 
30 min. 

In additional experiments with rat atrial 
slices, we examinedthe pharmacology of the 
SRT-b-induced phosphoinositide hydroly- 
sis. Antagonists of muscarinic, nicotinic, do- 
paminergic, opiate, P-adrenergic, a l -  and 
a2-adrenergic, and H I  -histaminergic recep- 
tors (see legend to Fig. 3) failed to inhibit 
phosphoinositide hydrolysis induced by 
SRT-b. These receptors are therefore not 
involved in the toxin's action. Furthermore, 
the effects of SRT-b and of either carbamvl- 
choline or norepinephrine were not additive 
(Fig. 3A). It thus seems that the sarafotoxins 
share a common pathway with muscaririic 
and ctl-adrenergic agonists, which are 
known to activate the PI>Esystem (6).This 
pathway does not involve voltage-depen- 
dent Nai,  K+, or Ca2+ channels, since 
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blockers of these chatlnels d ~ d  not block the 
act1011of  SRT-b (Fig. 3U) .  Other experi- 
rnents showed that phospho~nosittde hy- 
drolvsa could be ~nduced bv SRT-b in a 
calcium-frec niedium, with and without 1 
mM EGTA (Fig. 3C). IJnder the tcvo latter 
conditions the eficacv of the toxin was 
lower than that observed in the presence of 
ca2'; however, since the basal hjrdrolysis 
was also reduced. the rdtio of the inhuced to 
the basal hydrolysis remained unchanged. 
Similar ctfccts wcre obsen~ed with thc non- 
protcinaccom maitotox~n, a potcnt marinc 
ttwin found in troplcal dinoflagellates (7). 

Our rcsults suggcst that the sarafotoxlns 
are novel and specific ,ictivators of the PDE 
system. They may cxcrt thcir activity cithcr 
by direct activation or via an unidentified 
class of metnbrane-bound recet)tors. Whilc 
t h ~ swork was in progrcss, Yanag~sawa pt a1 

(8) isolated a \7asoconstrictor polypeptide 
from culnrred porcine aorttc eridothellal 
cell$ (endothelln), whlch w,as proposed as a 
modulator of voltage-dependent ion chan- 
nels. The following cornp,arison between the 
structures of SKI' b anci enciothelin shows 
that the two polypeptides have very sirnilar 
sequetices: 

bndothel~t~ CSCS S L MDKh<:\'YFC:FIT DI  ILV 

This sequence similarity, together with the 
similar vasoconst-rictor activities of the two 
polypeptides, suggests that they sharc a 
comtuon binding site. It is of coursc possi- 
ble (although less likely) that the small dif- 
ferences between endothelin and the sarafo- 
toxins are enougl~ t-o bring into play diEer- 
ent inechanisms of action for their respective 
vasoconstrictor activities. Whatever their 
mechanisms of action, it is quite unusual to 
find such rctriarkable rescmbla~~ces in sc-
quence and biological action henvccn an 
endogenous polypeptide, which exists as a 
natural component of rnanlrnalian cndothe- 
lium, atld one which constitutes a lethal 
cornponcnt of snake venom. 

TWO hypotheses are suggested: (i) that it 
is the small diff'ercncc it1 amino acid se-
quence between etldothelin and sarafotoxins 
that accounts for the high toxicity of sarafo- 
toxins; arid (ii) that endothclin might be as 
toxic as the sarafotoxins, but its tissue con- 
tent and activity are well regulated by syn- 
thetic and degradativc mechanisms. This 
might imply that the pathology of hyperten- 
sion and other vasocotlstrictor diseases 
could be associated with an anomalo~is in- 
crease in the concentration of cndotheli~i or 
related peptidcs. 
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Heterogeneity of Glycine Receptors and Their 
Messenger RNAs in Rat Brain and Spinal Cord 

Messenger RNAs isolated from adult or newborn rat spinal cord were fractionated in a 
sucrose gradient. The fractions were injected into Xvnopus oocytes to determine their 
potencies for expression of glycine receptors (GlyRs), which were then exanlined 
electrophysiologically. The sedimentation profiles disclosed two classes of GIyR 
mRNAs, one heavy and the other light. The adult spinal cord was rich in heavy GlyR 
mRNA, whereas the light GlyR mRNA was more abundant in neonatal spinal cord 
and in adult cerebral cortex. Glycine receptors encoded by heay  and light mRNAs of 
adult spinal cord showed some electrophysiological differences. Thus there are two 
types of GlyRs encoded by mRNAs of different sizes, and the expression of these 
tnRNAs is developmentally regulated. A tissue- and age-dependent distribution of 
heterogeneous GlyR mRNAs {nay irnply diverse roles of the GlyRs in neuronal 
function in the central nervous system. 

GI,YCINE AND Y-AMINOlIUTYRICACID 
Lalwraton, of C'eUul.lr c i r ~ ( l  Mokcular Neurob~ologv.

(GABA) are the lllalor ~ n l l l b l t o ~  I>epaltnletlt ot Ps\chob~olog. ~ l l l \ e r s l ~  of C,~l~fi,rnla, 
i~eurotrar~sfu~~ters 1~1tlc.C h  92717 m the central ner- 

vous system of wxtebrates; GARA operates -- - . 

nlainl~in brain, whereas glycine acts Fl'rcscnt adtiress: l)c ,.trtment of Ncurosc~ence, Mitsubi- 
shi Kasei Tmtittitc c,);,ife Sclc11ct.s. M,~chida-shi. Tokvo 

mainly in the spinal cord (1). 111 the 194,Jdl,an 

Table 1. Peak amplitudes of the currents elicitcd by amino acids ill oocytcs injected with fractionated 
niKNik fro111 the rat. The fractioll ili~mbcr of cach source corresponds to  that shown in Fig. 1. Each 
value represents the avcragc peak amplitude of the currcnts (with SEhI, in nanoanipcrcs) ill ooqltes 
(numbers in parentheses) obtained from o~icto four ditferellt dollars. 'The glyciiic1P-alanine ratios givcn 
are the averages (with SEM) of d ~ e  ratio obtained in inciividunl oocytcs. 

Glycl~~ei
Source, GAl3A Glycine p-Alanmc p-alaninefract~ol~ ( I  mRl) ( I  mM) ratlono. 	 ( 1 miZI) 

H Adult cord, <2 0 (8) 585 + 97 (16) 253 + 42 (16) 2.7 10.3 
Fr. 6 

H Neonatal cord, c 2  0 (6) 203 1 59 (6) 113 k 33 (6) 2.2 t 0.2 
Fr. 3 

H Adult cortex, <2,0 (3) 55 + 11 (3) 37 + 12 (3) 1.7 + 0.3 
Fr. 4 

L Adult cord, 7.3 L 1.7 ( 1  431 t 56 (19) 34 + 6 (19) 13.0 + 0 9 
Fr. 15* 

L Neol1'1ta1 cord, 16.0 i 2.7 (6) 2302 t 205 (6) 147 * 14 (6) 15.3+ 1.2 
Fr. 13 

I, Adult cortex, 114 t 18 (10) 595 ) 122 (10) 44 t 9 (10) 15 0 + 1 9 
Fr 14 

Y F o ~coi~centtdttu~~of thc mRNA, see I12) 
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