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Phospholipase-like myotoxins induce rapid membrane leakage
of non-hydrolyzable ether-lipid liposomes
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Abstract

Two phospholipase-like myotoxins — ammodytin L from Vipera ammodytes and myotoxin II from Bothrops asper — are shown
to be able to induce leakage of liposomes made from non-hydrolyzable ether-linked phospholipids. This demonstrates that the
cytolytic activity of these toxins is completely independent of any remaining enzyme activity or contamination with active

phospholipases.
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The importance of phospholipase activity for the
cytotoxic reaction mechanism of toxic phospholipases
in general is currently a much debated topic. There is
now considerable evidence that phospholipid hydroly-
sis and cytotoxicity are at least partially independent
effects, but this aspect of PLA, biochemistry is still
highly controversial [1-11]. Phospholipase A, se-
quences from different sources show a highly con-
served aspartate in position 49, which is known to be
essential for Ca?* binding and hydrolytic activity [1).
Exceptions to this rule has been found for a few snake
venom toxins, that maintain up to 70% amino acid
homology with other PLA ,s but have position 49 occu-
pied by a different amino acid, such as lysine [12-14].
Although the Lys-49 protein was originally suggested
to be a new type of active PLA , [12], subsequent work
has questioned this assignment since only a very low
enzyme activity was detected, and this residual activity
has later been attributed to contamination with active
PLA, [15]. If these toxins are indeed devoid of enzyme
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Abbreviations: CF, carboxyfluorescein; O-PC, 1,2-0,0-dihexadecyl-
rac-glycero-3-phosphocholine; O-PA, 1,2-0,0-dihexadecyl-rac-
glycero-3-phosphatidic acid; PC, phosphatidylcholine; PA, phospha-
tidic acid; PLA,, phospholipase A,; DPH, 1,6-diphenyl-1,3,5-
hexatriene.
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activity they obviously provide the proof that PLA,
toxicity can be completely independent of catalytic
activity; however, so far it has not been possible to
exclude the presence of contaminating PLA, in the
purified myotoxins.

We have recently studied the lipid-perturbing effect
of the PLA ,-like proteins myotoxin II from Bothrops
asper, in which position 49 is occupied by a lysine
residue [14] and ammodytin L from Vipera ammodytes,
where the aspartate 49 is replaced by serine [16]. Both
myotoxin II and ammodytin L were found to provoke
rapid and extensive release of the aqueous content of
PC/PA liposomes [17]. The process was not depend-
ent on Ca’*, and took place without any detectable
phospholipid hydrolysis, but the possibility of a cat-
alytic or initiating role of PLA, activity was not ex-
cluded. To prove that cytolytic toxins with a PLA ,-like
structure can operate by a mechanism completely inde-
pendent of phospholipid hydrolysis, we have carried
out leakage experiments using liposomes made of 1,2-
0,0-dihexadecyl-rac-glycero-3-phosphocholine and
1,2-0,0-dihexadecyl-rac-glycero-3-phosphatidic acid,
non-hydrolyzable analogues respectively of PC and PA.
Finally, we have studied the lipid-perturbing properties
of ammodytin L above and below the phase transition
of ether-lipid liposomes.

Myotoxin II from Costa Rican Bothrops asper was
kindly provided by Prof. JM. Gutiérrez, Instituto
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Clodomiro Picado, San José, Costa Rica, and am-
modytin L from Vipera ammodytes by Prof. F.
Gubensek, Jozef Stefan Institute, Ljubljana, Slovenia
[18,19]). Carboxyfluorescein, tempocholine, and 1,6-di-
phenyl-1,3,5-hexatriene was from Molecular Probes
(Eugene, OR). Naja naja phospholipase and different
phospholipids were obtained from Sigma (St. Louis,
MO), 1,2-0,0-dihexadecyl-rac-glycero-3-phosphocho-
line and 1,2-0,0-dihexadecyl-rac-glycero-3-phos-
phatidic acid were from Calbiochem (San Diego, CA)
and used without further purification. Small unilamel-
lar sonicated ether-lipid liposomes (O-PC/O-PA, 9:1,
mol/ mol) with an average diameter of 30—40 nm were
made by the method of Huang [20], using a Branson
bath sonicator. The phospholipid concentration was
determined by the method of Ames [21]. Unless other-
wise indicated, experiments were carried out with lipo-
somes suspended in 50 mM Tris-HCI (pH 7.4), contain-
ing 1 mM EDTA to avoid effects caused by spurious
Ca’*.

Fluorescence experiments were made with an 4048
C SLM spectrofluorometer, as described previously
[17]. Liposomes were made as described above, except
that 50 mM of CF was included to monitor liposome
leakage [22]. The liposomes were separated from non-
encapsuled CF by gel filtration on a Sephadex G-75
column (20 X 1 cm). Leakage was induced by adding
aliquots of toxins (5-10 ul) to a vesicle suspension (2
ml containing 60 nmol of total phosphorus) directly in
the cuvette used for fluorescence determination. Exci-
tation was set at 480 nm and emission was detected at
540 nm. The results are expressed as:

% CF leakage = 100 X [F — F;] /[ F; - F;]

were F. is the initial fluorescence before adding pro-
teins, F is the fluorescence reading at different times
and F; is the final fluorescence determined after addi-
tion of Triton X-100, final concentration 0.1%.

Liposomes used in fluorescence polarization experi-
ments were made as described above, except that 0.01%
(molar ratio) of DPH in tetrahydrofuran was added to
the lipids before drying. The final lipid concentration
was 30 nmol/ml. Excitation was set at 360 nm and
emission was detected at 450 nm. Pppy; was calculated
by the equation:

Popu = [ =1.]/[1+1.]

I, and I, being the fluorescence intensities recorded
with the analyzing polarizer oriented parallel and per-
pendicular to the direction of the excitation beam,
respectively [23].

For EPR measurement of leakage, liposomes (final
lipid concentration 0.5 mM) were prepared as above
with the Tris buffer containing 15 mM of the spin label
tempocholine, followed by dialysis against the same
buffer without tempocholine. Samples were prepared

Table 1

Relative phospholipase activity of Naja PLA,, ammodytin L and
myotoxin II using liposomes made with dimyristoylphosphatidyl-
choline (DMPC) or with highly unsaturated phospholipids from rat
brain

Phospholipase Substrate
DMPC rat brain phospholipids
Naja PLA, 100 100
Ammodytin L 0.7 1.1
Myotoxin II 0.09 0.8

Phospholipase activity was determined as described under Materials
and methods.

by addition of toxins or other components to 50 ul
liposome suspension, and subsequent mixing with 1 ul
ascorbate, final concentration 20 mM, at pH 7.4. The
samples were measured in glass capillaries at room
temperature, using a Bruker ESP300 instrument
equipped with a high sensitivity TM ,, cavity, and with
the following instrument settings: 20 mW microwave
power at 9.83 GHz, 1 G modulation a scan time of 42 s
and a time constant of 20 ms. Leakage was determined
by the loss of the tempocholine signal due to reduction
by ascorbate. Passive diffusion of tempocholine and
ascorbate across the liposome membranes was found to
be negligible.

Phospholipase activity was determined with an assay
based on “C-labelled substrate as previously described
[24]. The purified toxins had very little phospholipase
activity compared to an active PLA,, but a residual
activity of 0.5-1% was always found (Table 1). The
toxins are known to copurify with active PLA ,s, and
the complete absence of activity has apparently never
been achieved [14-16].

Liposome leakage was measured by two different
methods: fluorescence dequenching of liposome-en-
trapped carboxyfluorescein and EPR measurement of
intravesicular tempocholine reduction by external
ascorbate. Fig. 1 shows time-courses of the leakage of
aqueous content from ether-liposomes, above and be-
low T, induced by ammodytin L and monitored by the
change in CF fluorescence. After the initial burst within
the first 15 s the degree of leakage remained constant,
even after prolonged incubation (not shown). Thus the
Iytic effect was practically instantaneous, and the toxins
were not able to redistribute after the initial binding to
one liposome, since this would have let to the gradual
lysis of all liposomes. The extend of leakage and the
kinetics were almost identical to the results obtained
previously for normal PA/PC liposomes [17]. Under
the same experimental conditions Naja phospholipase
was not able to provoke any significant liposome lysis
(Fig. 1). The temperature influenced the ability of
ammodytin L to provoke CF leakage. In preliminary
experiments we had determined the phase transition
temperature, 7, of the ether-lipid liposomes to be
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Fig. 1. Time-course of CF leakage induced by 1 uM () or 0.5 uM of
ammodytin L (m), 1 uM Naja PLA, (D) or in the absence of
proteins (O) from liposomes of O-PC/O-PA (9:1, mol/mol) in 20
mM Tris-HCI (pH 7.4). At time zero, proteins were added to the
liposome suspension; the fluorescence of samples was monitored at
two different temperatures: 50°C (left panel) and 20°C (right panel).

approximately 40°C, using Pppy as previously de-
scribed [17]. Leakage experiments were made at two
different temperatures: 20°C (right panel) and 50°C
(left panel), corresponding to below and above the gel
to liquid-crystalline phase transition. The capacity of
ammodytin L to induce liposome leakage appeared
diminished by 30% at a temperature below the phase
transition.

A parallel series of experiments were made using
the spin label assay to determine leakage. Fig. 2 shows
how the addition of ammodytin L to ether-liposomes
caused leakage, observed as a decrease in the EPR
signal of intravesicular tempocholine. Again the effect
was too rapid to be followed in details and no subse-
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Fig. 2. EPR spectra of ether-linked PC liposomes loaded with
tempocholine and suspended in ascorbate-containing buffer. The
central parts of the spectra have been deleted to avoid overlap of the
ascorbyl radical lines. (a) No additions; (b) after addition of 0.8
mg/ml ammodytin L; (c) after addition of 0.8 mg/ml Naja PLA,
plus 1 mM Ca?*.

Table 2

Effect of Naja PLA,, ammodytin L and myotoxin II on the fluores-
cence polarization of DPH in O-PA/O-PC (9:1, mol/mol) lipo-
somes at different temperatures

Temper- Polarization parameter, Pppy

aotu; ¢ control Naja, ammo- myo-
C PLA,  dytinnL  toxinII
31 0.400 0.392 0.380 0.377
37 0.383 0.381 0.364 0.369
44 0.307 0.305 0.313 0.311
51 0.165 0.169 0.197 0.201
58 0.100 0.102 0.129 0.123

quent changes were seen. Similar results were obtained
for myotoxin II (not shown), whereas addition of active
PLA, had no effect (Fig. 2). The absence or presence
of 1 mM Ca?* in the medium did not alter these
results.

To study the perturbative effects of the myotoxins
on the liposome membrane, measurements were made
at different temperatures using Pppy to determine
changes in membrane anisotropy (Table 2). Am-
modytin L was able to affect the Pppy compared to
the control experiments both below and above the
phase transition, but in different ways. Below T, lipo-
somes exposed to ammodytin L showed lower Pppy
values with respect to the control, indicating a more
rigid lipid organization; whereas at a temperature above
the phase transition ammodytin L increased the Pppy
values with respect to the control, corresponding to a
lower degree of freedom for the motion of lipid
molecules in the bilayer. No effects of Naja PLA, on
Pppy could be detected under the same experimental
conditions, indicating that this enzyme did not perturb
the organization of the ether phospholipids (Table 2).

The aim of this work was to demonstrate that the
phospholipid membrane-damaging effect of PLA ,-like
myotoxins does not involve any steps of phospholipase
activity but proceeds trough a completely different
mechanism. For this purpose we have chosen to test
ammodytin L and myotoxin II using liposomes made of
dialkyl-ether phospholipids, non-hydrolyzable substrate
analogues for PLA ,. Substitution of ether linkages for
ester linkages in these molecules does not affect lipid
structure and bilayer conformation [25]. The results
prove that the myotoxins have exactly the same effect
in these liposomes as in vesicles made of acyl-ester
phospholipids [17]. De Bose and Roberts have shown
by NMR experiments that the binding of Naja PLA,
to alkyl-ether PC vesicles accelerates phospholipid
flip-flop and causes leakage of encapsulated Pr3+* [26].
They suggested that the change in flip-flop rate pro-
vokes a packing defect in the bilayer that allows in-
creased permeability to small hydrophilic entities.
However, this process is much too slow to account for
the myotoxin-induced leakage seen here, and we do
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not observe any change in the release of either tem-
pocholine or CF when Naja PLA, is added to the
vesicles. In the same way, ionomycin, an antibiotic able
to translocate Ca?* ions across cell and artificial mem-
branes [27], failed to cause CF leakage in liposomes
(data not shown). Clearly the damage caused by these
myotoxins is more extensive than a simple change in
membrane permeability or the formation of an ion
channel.

Pppy in O-PC/O-PA liposomes is not affected by
Naja PLA ,, while ammodytin L induces intermolecular
disordering of the bilayer in the liquid-crystalline phase,
and increases the order above the lipid phase transi-
tion. This behaviour is the same as seen for acyl-ester
phospholipid liposomes [17], indicating that the my-
otoxin interact in a similar way with both ether-linked
and ester-linked phospholipids. In this respect the ef-
fect of the toxin on the membrane is similar to that of
an intrinsic membrane protein [28]. On the basis of
these data we suggest that ammodytin L and myotoxin
II bind to and penetrate the membrane, leading to
destabilization of the bilayer structure. The results
obtained using fluid and solid liposomes (i.e. above and
below the phase transition) suggest that an increase in
membrane fluidity promotes the ammodytin L. damag-
ing activity. Yasuda’s group report similar results using
the pore-forming a-toxin from Staphylococcus aureus,
and ascribes this phenomenon to the different topology
of the toxin in the membrane depending on the lipid
fluidity [29]. Irrespective of the reaction mechanism, it
can be concluded that the phospholipase-like myotox-
ins exert their toxic effects completely independent of
an eventual residual phospholipase activity.

This investigation was supported by the Special Pro-
ject ‘Biotechnologies and Bioinstrumentation’, Subpro-
ject ‘Biosensors, Carriers and Cellular Bioreactors’ un-
der a general cultural agreement between the Univer-
sity of Rome ‘Tor Vergata’ and the National University
of Tucuman.
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