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I. Introduction

Neurotoxins and cardiotoxins isolated from snake
venom are parent proteins originaiing from a commornr
ancestral sene [1,2]. The cssential features of the
maoglecular mechanism of the association of snake
neurotoxins with the membrane-bound acetylcholine
receptor are now well understood (review {3] ).
Cardiotoxin inhibits the sodium—potassium activated
adenosine triphosphatase activity of hoth excitable
{4} and non-excitable cells 5] . Binding studies of
radioactivity-lahelled cardiotoxin to axonal mem-
branes led us to propose ihat cardiotoxin associates
to the lipid phase of membranes [4] . The present
work analyses the specificity and some of the physico-
chemical properties of the interaction between
cardiotoxin and phospholipids.

2. Materials ard methads

Cardiotoxins were purified from Najz rmossttiabica
maossanbica venom as described [4] . The present
work was carried out with cardiotoxin C which corre-
sponds to cardiotoxin VI in the nomenclaiure
adopied [6]. Neurotoxin I framn the same venom was
prepared as described [7].

Abbrevintions: PC, pirosphatidy] choline; SM, sphingomyvelin:
PS, phosphatidyl serine; PE, phosphatidyl efhanoiamine;

P’l, phosphatidyl inositol; PA, phosphatidic acid; EDTA,
ethylene diamine tetraacetic acid

ElzevieriNorth-EBolland Biomedical Press

Commercial phospholipids and gangliosides
(Serdary, Canada) were of the following origin: PC,
SM and gangliosides, beef brain; PS, bovine brain;
PE and P, pig liver; PA, egg lecithin. Fatiy acids
(oleaie and palmitale) were obiained from Fluka.

Axonal membranes from the crab Concer pagurus
were picpared in this laboratory as described [8].
Phospholipid vesicles were prepared as in [9).

Fluorescence measureinernits were performed in 2
Perzin Elmer fluorescence spectrophotometar Model
MPF-3 {(excitation wavelenpth: 280 nrn; exciiation
and emission slits: 7 nm; temp. 23°C).

3. Results

3.1, Inreraction of cavdioroxin wirth phospholipids

The flucrescence emission spectrum of cardiotoxin
is shown in fig.1 4. The emission maximurm is centered
around 343 nm indicating that the spectrum is
maialy due o the only trvptophane residue of cardio-
toxin (Trpy; [10}) and that the indole side-chain is
partially buried [11,12].

Addition of vesicles of negatively charged phaspho-
lipids to the cardiotoxin solution produces two main
changes: a shift of the wavelength at the maximun
irom: 343--333 nmn and an increase in the maximal
finorescence intensity. Both effects reflect the change
of environment of Tipy; to a less polar one and
indicate an assaciation between cardiotoxin and phos-
phelipids. Simultaneously, a large increase in turbidity
is obse1ved, showing that phospholipid vesicles are
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Fig.1. interaction of cardiotoxin with PS, PA and PL. Cardio-
toxin was dissclved at 25°C in a SO0 mM Tris—HCI buifer at
pH 8.0 containing I mM EDTA io inhibit any trace of phos-
pholinase activity. Aliguots of stock scluitons of negative
phospholipid vesicles were added and ihc flucrescence
cmission spectrum was recorded immediately after mixing.
1A: Spectrum of free cardioioxin (a) and of complexes
formed betwean cardiotoxin and PI (b}, PA (c) and PS (d)-
£B: titration of cardiotoxin with PI (2), PA (b) and PS (c¢).
The relative increase in fucrescence at 332 nm, (F—F MWF,,

is plotted asainst the moiar ratio batween negatwe phospho-
lipid and cardiotoxin. ¥ is the fluorescence iniznsity measured
at 323 nm for a given amount of negative plrospholipid added,
F, is the fluorescence intensity of cardiotoxin at 333 nm.
The titrations were carried out with two ditferent cardio-
toxin concentrations: 0.67 pM (@) and 6.7 £M (e}

destroyed by cardiotoxin. Aill these effects are instan-
taneous and can be observed immediateiy after
mixing (10 s) of the lipid—protein schution.

The amplitude of the blue shift does not depend
upon the type of negative phosphalipid used (PS, PA
or PI). Conversely, large differences are observed
hetween increases in fluorescence intensities with
different phospholipids (fig.1A). The PS—cardiotoxin
complex is characterized by a maximal fluorescence
intensity of 305 * { 5% as compared to cardiotoxin
alone (100%). Corresponwing values for PA— and
1T ..czrdiotoxin complexes are 180+ 5% and 135 + 5%,
respectively.

Figure IB shows that when increasing amounts of
negative phospholipid are added to cardiotoxin, the
maximal intensity increases linearly until a plateau
vaiue is reached. The same patiern is observed when
the candiotoxin concentration is varied from 0.67—6.7

104

FERS LETTERS

January 1278

M. One mol cardictoxin is able to bind 7 £ 1 mol

PS5, PA or PL _
Compiexation beiween cardictoxin and negatively-

charged phospholipids is reversible. €a*" ions are able

to displace PS8 from the PS—cardiotoxin compiex

(fig.2A). 50% PS is displaced from the complex at

12 mM Ca**, total displacement occurs at Ca?* con-

centrations higher than 30 mM. Figure 2B shows that

after formation of the PS—cardiotoxin complex, PA
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Fig-2. Reversibitity of ithe cardiotoxin—PS micraciion. 2A:
Displacement of PS from iis association to cardiotoxin by
Ca®™ ions. Cardiotoxin {¢.7 M) was {irsi assaciated with a
4-fold molar excess of BS. Ca® ions were then added and the
dissociation af the cardiotoxin—~PS complex was followed

by monitoring the decrease in relative fluorescence intensity,
{(F—F }F,. F represents the fluorescence intensity 2t 333 om
for a given Ca*™ concentration and 5 is the flucrescence
intensity of cardiotoxin aloae at 333 nm._ Ii has been checked
that Ca®™ ions do not pertusb the fluozescence spectram of
iree cardiotoxin. 2B : Displacement of PS from its association
to cardictoxin by PA. Cardiotoxin (6.7 M) was first saturated
by an §-fold molar excess of PS. PA was then added and
replacement of P'S by PA in the complex was followed by
montioring thz decrease in flzorescence intensity at 333 nm.
This decrease is due to the fact that the cardioioxin—PS§
complex is churacterized by an higher fluorescence intensity
(305%) than the cavdiotoxin—PA complex (180%). The %
PS—cardiotox'n complex, x, is calculaicd from the relatian-
ship:

¥-100 = 305-x + 180{1—x)

where y is the measured fluorescence intensity at 333 mn,
expressed in % fluerescence intensity of free cardiotoxin at
333 nm. The experimenial points (¢} measured as described
are compared tc the theorstical cuve of displacement which
can be calculated from the known [PS] and [PI] concentra-
tions, assuming that both phospholipids exhibit identical
affimiiies for cardiotoxin

(% PS—cardiotoxin complex = 100 X [PS}/[PSI+[PA})
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is able to replace PS in the complex. Similar experi-

menis were carried out to iest the reversibility of the
PA— and PI—cardiotoxin associations and gave similar

results. In zll cases, displacements are instantancous
(less than 10 s}).

When vesicles of PC, SM or PC(50%)—PE{(50%) are
added to cardiotoxin, no change of the fluorescence
spectrum is abserved. The cardiotoxin—meutral phos-
pholipid mixtures remain clear even after long periods
of incubation (& 1 h). Moreaver, nane of these
zwitterionic phospholipids are able to compete with
negatively-charged phospholipids for their association
to cardiotoxin. Therefore, neutral phospholipids do
not seem to associate with cardiotoxin.

Table 1 summnarizes the results of studies in which
mixed vesicles {(1.e., vesicles containing more than one
phospholipid) were allowed to associate with cardio-
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toxin. Vesicles made from 50% PS and 50% PC behave
like vesicles of pure P8. Cholesterol does not influence
the PS—cardiotoxin interaction. Mixed vesicles made
from 50% PA and 50% PI give the samie stoichiometry
of association to cardiotoxin as each cne of these
phospholipids alone. the increase in fli.orescence
being the arithmetic mean of irncreases observed

with vesicles made from pure PA and PIL. The same is
true for mixed PA-—-PS and PIBS vesicles. Vesicles
containing the same phospholipid proporticns as
Fraction il of axonal membranes [8] have also been

_prepared. In one case, cholesterol was added in the

proportion it has in axonal membranes, in the other
case, chulesierol was omitied. Both types of vesicles
shifi the wavelength of maximal fluorescence intensity
to the same extent that vesicles made from a single
negatively charged phospholipid (table 1). The

Table L
Association of cardiotoxin with phospholipids, ganglicsides, fatty acids and axonal

membranes: fluorescence characteristics and stoichiometric data

Lipids Amax® Lal” Stolchivmeiny
(nm} (%e) ¢(mol negative lipidf
mol cardiotexin)
PSS 333 3G - L5 7.5+1
PA 333 180z 35 6.5+ 1
Pi 333 135 = 5 70&1
PS{50)-PA(50) 333 240 10 7.5+ 1
PS{50})-PI(50} 333 320 = 10 721
PA(SO3-PI(50) 333 155« 3 7.0x1
PS{50}-PC(50) 333 307 = 15 77+ 1
PE{5()Cholesterol{50} 333 270 = 10 8§.0=x1
“A xonal membrance’ vesicles 333 156+ 5 A2z (L5
with cholesterol®d
‘Axonal membrane’ vesicles 333 150+ S8 8.8+1
without chalesterol®
Oleate 333 220+ 19 i08=1
Palmitata 333 2i0+ 10 it5+=1
Gangliosides 339 i75+ 5 122z 1
Axonal membiones, I 333 320z 15 43+ 0.5
Axonal membranes, I 333 320+ 15 38+05
2 Amax 15 the wavelengih of maximal Auorescence intensity of the cardiotoxin—lipid

complex

bimax is the maximal fiucrescence intensity of the complex at Ay, , ., expressed in %
fluorescence inmiensity of cardiotexin alone at the same wavelength
€ The phosphelipid composition of axomral membranes {Fraction ¥) is (w/w): PE, 36.39%;
_PS, 13.55%; PC, 30.53%; PI, 1.01%; SM, 18.20%; PA, 0.75% [8]
4 The cholestersl/phospholipid ratio (molfmol) is 0.6732 [8]
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maximal increase in intensity is 150 £ 5% in both
cases. However, the steichiometry of association is
4.2 £ 0.5 mol negatively-charged phospholipid bound/
mol cardiotoxin when cholesterol is present instead
of 6.8 + 1 in the absence of cholesterol.

3.2. Interaction of cardiotoxin with other lipid
constituents of natural membranes ‘
Lyso compounds do not perturb the fluorescence
spectrum of cardiotoxin in any way. Conversely,
oleate and palmitate which are the most abundant
fatty acids in natural phospholipids [13], provoke
the same blue shift as negative phospholipids on the
fluorescence spectrum of cardiotoxin (table 1). Both
fatty acids increase the maxima! fluorescence intensity
by 220 = 10% and give similar stoichiometries of
association: 10—11 mol fatty acid/mol cardiotoxin.
Gangliosides are also able to associate with cardio-
toxin (table 1). They provoke a small biue shift from
343—339 nm and an increase in fluorescence of
175 + 5%. Saturation occurs when 12—13 mol
gangliosides are bound/mol cardiotoxin.

3.3. Interaction of cardiotoxin with axonal membranes
Purification of axontal membranes from the crab
Cancer pagurus led to the isolation of two fractions,
I and II, which sedimented at 17.5% and 19.5%
sucrose, respectively [8]. The phospholipid, ganglic-
side, cholesterol and protein contents of both frac-
tions are available [8]. Fractions [ and II are able tc
induce the same changes on the fluorescence spectrum
of cardiotoxin as synthetic vesicles of PS: a wave-
length shift from 343—333 nm and an intensity
increase of 320 = 15% (table 1). The stoichiometry of
association, calculated on the basis of the negative
phospholipid content of axonal membranes, is 4 mol
negative phosoholinid of the membrane/mol cardio-
toxin_

3.4. Interaction of neurotexin I with phospholipids
The fluorescence spectrum of neurotoxin I is
mainly due to its only tryptophane residue, Trp,g
{14]. The spectrum is insensitive to the addition of
vesicles made from negative or zwitterionic phospho-
lipids. Moreover, netrotoxin I is unable to compete

with cardiotoxin for its association to negative phos-
pholipids. The competition experiment was carried
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out as follows: neurotoxin I was first mixed with a
solution of PS vesicles. The neurotoxin/P3 ratio was
chosen so that, if the neurotoxin were able to bind to
PS iust like cardiotoxin, all PS molecules would be
associated to neurotoxin. The neurotoxin—PS mixture
was then used to measure the association of PS to
cardiotoxin. Results of this experiment were found
to be identical with those in which no neurotoxin
was added to the solution of P8, Replacement of PS
by PA, PI or gangliosides in the competition experi-
ment described above gave identical results. Neuro-
toxin [ does not seem to possess any affinity for
lipids.

4. Discussion

This paper directly demonstrates that cardiotoxin
interacts with lipids in natural and synthstic mem-
branes. Only negatively-charged lipids {PS, PA, PE and
gangliosides) are able to associate with cardiotoxin. A
binding of fatiy acids with the toxin is also observed,
but is probably of less physiological interest since
natural membranes do not contain appreciable
amounts of free fatty acids [15].

The decrease in polarity of the Trp environment
observed upon formation of the cardiotoxin—negative
lipid complexes may be due either to a masking of
the indole side-chain by the apolar moiety of the
lipids or to a conformational change of the protein.
The former explanation is more probable because
the blue shift amplitude, i.e., the masking of Trp,,
in cardioioxin, depends upon the apolar character of
the lipid associated to the toxin. Binding of PS5, PA,
PI or fatty acids induces a blue shift of about 10 nm
on the fluorescence spectrum of cardiotoxin. Ganglio-
sides, which are less apolar because of their sugar
moiety, only induce a shift of 4 nm (table 1).

Neutral phospholipids do not produce any change
in the fluorescence spectrum of cardiotoxin and are
unable to compete with negative lipids for their associ-
ation to cardiotoxin. We therefore conclude that
there is no interaction between this class of lipids and
cardiotoxin.

The binding of cardiotoxin to negative kpids is
stoichiometric: as long as the toxin is not saturaied,
each new molecule of added lipid binds to cardiotoxin
(i.e., the am~ 1.z (° free lipid is negligible). This
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result means that the dissociation constants (Ky) of
complexes formed between cardiotoxin and negative
lipids are much lower than the toxin concentrations
used (1—-10 pM). Although no precise value can be
given, Ky values are certainly <107 M.

Ca?"ions are able to dissociate the cardiotoxin -
negative lipid complexes (fig.2A). Hali-dissociation
occurs-at 12 mM Ca?. This result is not surprising
since such Ca?" concentiations are known to anta-
gonize the effect of cardiotoxin on nerve conduction
[16] and to prevent the binding of a tritiated deriva-
tive of cardiotoxin to axonal membranes [4]. A com-
petition exists between Ca?* ions and cardiotoxin for
binding to lipids. Hauser recently reported an appar-
ent dissociation constant for the Ca** —phaospholipid
interaction of about 30 mM {17].

The selectivity of cardiotoxin towards negatively
charged constituents of membranes strongly suggests
that the positive charges borne by cardiotoxin are
implicated in the interaction. The association pro-
bably involves ion pairs between the positive charges
of lysine and arginine side-chains of cardiotoxin and
the negative charges of lipids. Cardiotoxin < contains
9 Lys, 2 Arg and 1 N-terminal a-amino group,ie., a
total of 12 positive charges [10] . This number is
higher or equal to the stoichiometries of association
observed in our experiments (table 1). Fach one of
the positive charges of cardiotoxin may be a site of
fixation for negative phospholipids, gangliosides or
fatty acid. Neurotoxin I from the same venom, which
shows some homology with cardiotoxin and which
also bears a great number of positive charges, does
not associate with negative lipids. However, although
neurotoxin I contains 4 Lys, 7 Arg and 1 N-terminal
a-amino group, i.e.. 12 positive charges like cardio-
toxin, it also contairs 5 Glu, 2 Asp and 1 C-terminal
carboxylate, i.e., 8 negative charges {14]. In the
cardiotoxin sequence, there exists ondy 1 Asp and
I C-terminal carboxvlate [10] . Moreover, comparison
of the sequences of both toxins [10,14] shows that
only 3 positive charges are placed in homologous
position, comprising the N-termina! amino group. A
Lys residue in cardiotoxin C is replaced by a Glu in
neurotoxin I in 4 positions of the sequences. Forma-
tion of ion pairs does not probably suffice to explain
the high affinity of cardiotoxin for negative lipids
(K4 <1077 M). It is probable that these initial inter-
actions are further stabilized by hydrophobic assacia-
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tions batween the apolar parts of both cardiotoxin
and lipids. In this regard, it is interesting to note that
cardiotoxin contains more apolar residues than the
nieurotoxin. There are 6 Pro, 2 Ala, 3 Val, 3 Ile, 5 Leu
2 Tvx, 1 Phe and 1 Trp in cardictoxin C [10] as
compared to 3 Pro, 0 Ala, t Val, 1 lle, 2 Leu, 2 Tyr,
0 Phe and 1 Trp in neurotoxin I [14]. Structural
differences noted above are probably responsible for
the very different modes of action of neuro and
cardiotoxins. Moreover, 'H NMR. studies have already
shown [18] that in spite of homologies in the

sequences of the two types of toxins, there are con-
formational differences. The molecular structure of
cardiotoxin is more flexible than that of neurotoxin.

Acknowledgements

This work was supported by the Centre National
de la Recherche Scientifique, the Délégation Géndrale
a la Recherche Scientifique et Technique and the
Fondation posnr 1a Recherche Médiczale.

References

[1] Lee, C. Y. (1972) Ann. Rev. Pharmacol. 12, 265-286.

{2} Yang, C. C.{1974) Toxicon 12, 1—43.

[31 Rang, H. P. (1973) Q. Rev. Biophys. 7, 283—399.

[4] Vincent, I. P., Schweitz, H., Chichieportiche, K., Fosset,
M., Balerna, M., Lenoir, M. C. and Lazdunski, M. (1978)
Biochemistry 15, 3171-3175.

[S]1 Zaheer, A., Noronha, S. H., HospattanKker, A. V. and
Braganca, B. M. (1975) Biochim. Biophvs. Acta 394,
293-303.

[6] Louw, A. 1. (1974} Bicchim. Biophys. Acta 336,
470-480.

{7} Rochat, H., Gregoire, J., Martin-Moutot, N., Menashe,.

M., Kopeyan, C. and Miranda, F. (1974) FEBS Lett.
42,335-339.

{81 Balerna, M., F-osset, M., Chicheportiche, R., Romey, G.
and Lazdunski, M. (1975) Biochemistry 14, 5500-5511.

[9] Papahadjopoulos, D. (1973) in: Form and Functiv:n ef
Phospholipids (Ansell, G. B., Hawthorne, J. N, and
Dawsor, R. M.C. eds) BBA Library Vol. 3, pp. 143-169, .
Elsevier, Amsterdam.

[10] Louw, A. L. (1974) Biochim. Biophys. Acta 336,
481 —495.

[11] Teale, F, W. J. (1961} Biochem. J. 76, 381-390.
[12] Cowgill, R. W, (1963) Riochim. Biophys. Acta 75,
272--283.

107



Volume 85, number 1

{13] White, D. A_¢1973) in: Form and Function of Phospho-
lipids (Ansell, G. B, Havwhome, J. N. and Dawsoan,
R. M. C. eds) BRA Library Vol 3, pp. 441482,
Elsevier, Amsterdam.

f14] Gregoire, J. and Rochat, H. (1977) Eur. J. Biochem.
in press.

157 Veerkamp, J_ H. (1972) in: Biomembranes (Kreuzer, F.
and Slegers, J. F. G. eds} Vol 3, pp. 159179, Plenum
Piess, New York and London.

108

FEBS LETTERS

Fanuary 1978

[16] Chang, C. C., Wei, I. W.,-Chuang, S. T. and Lee, C. ¥.
(1972} I. Formosan Med. Assoc. 71, 3323327,

{17} Hzuser, H., Phillips, M. C., Levire, B. &. and Williams,
R®. J. P. (1975} Evur. 1. Biochem. 38, 133—144.

118] Lauterwsin, J_, Wiitheich, K., Schweitz, H., Vincent,
J. P. and Lazdunski, M. (1977) Biochem. Biophys. Ros.
Commun. 76, 1371 -1078.



