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Summary. Equinatoxin Il is a 20-kDa basic protein isolated trom
the sea anemone Acitinia equina. The aim of our work was to
investigate the primary molecular basis for the cytotoxic effects
of equinatoxin Il in two model systems: single bovine lactotrophs
and planar lipid bilayers. Previous work has shown that equina-
toxin 1l produces rapid changes in cell morphology. which are
dependent on external calcium. It has also been reported that
addition of equinatoxin 1l increases membrane electrical conduc-
tance, which suggests that the cytotoxic action of equinatoxin 11
involves an increase in the permeability of membranes to Ca’*,
Extensive changes in cytosolic Ca’* activity are thought to invoke
irreversible changes in cell physiology and morphology. In this
paper, we show that morphological changes brought about by
equinatoxin Il in bovine lactotrophs are associated with a rapid
rise in cytosolic Ca’* activity, monitored with a fura-2 video
imaging apparatus. Moreover, incorporation of equinatoxin Il
into planar lipid bilayers produces Ca’* permeable ion channels.
This suggests that the mode of equinatoxin 1l cytotoxicity in-
volves the formation of cation (Ca”*) permeable channels in cell
membranes.
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Introduction

The cnidocytes of several species of sea anemones
(Actiniidae) contain short, neurotoxic peptides (2-6
kDa) acting on fast sodium channels and larger
(16-20 kDa) cytotoxic and cytolytic polypeptides
(Alsen, 1983; Kem, 1988). The latter group consists
of structurally related basic toxins which bind to
various membrane phospholipids, particularly with
sphingomyelin (Bernheimer & Avigad, 1976;
Linder, Bernheimer & Kim, 1977; Shin, Michaels &
Mayer, 1979; Varanda & Finkelstein, 1980; Turk &
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Macek, 1986; Kem, 1988; Doyle, Kem & Vilallonga,
1989). The common name ‘‘actinoporins’” has been
proposed for these toxins (Kem, 1988), apparently
based on studies of pore formation by Stichodactyla
(syn Stoichactis) heliunthus cytolysin in planar lipid
bilayers (Michaels, 1979; Varanda & Finkelstein,
1980).

Most pharmacological and cytotoxicity studies
with sea anemone cytolysins have been performed
with equinatoxin isolated from Actinia equina (Fer-
lan & Lebez, 1974). Three toxins, equinatoxins I, II
and III, were recently isolated (Macek & Lebez,
1988). It was shown that equinatoxin II, which is the
most abundant, corresponds to equinatoxin pre-
viously described by Ferlan and Lebez (1974). In
addition to equinatoxin (i.e. equinatoxin 1I) pharma-
cological activities (Sket et al., 1974; §uput, 1986;
Ho et al., 1987; Lee et al., 1988; Suput, Rubly &
Meves, 1988), cytotoxic and cytolytic effects have
been clearly demonstrated in various cells. The toxin
induces extensive Ca’*- and pH-dependent lysis of
erythrocytes (Macek & Lebez, 1981), induces lysis
and aggregation of platelets (Teng et al., 1988), tu-
mor cells (Giraldi, Ferlan & Romeo, 1976), and in-
duces cytotoxicity accompanied with morphological
alterations and lysis of fibroblasts (Batista, Macek
& Sedmak, 1986; Batista et al., 1987).

Pore formation in artificial lipid bilayers by
Stichodactyla helianthus cytolysins and, on the
other hand, cytolytic and cytotoxic effects of equina-
toxin 1l suggest that these effects of sea anemone
cytolysins may be, at least in part, ascribed to an
intracellular ion imbalance following ion channel for-
mation in cell membranes. An extensive alteration
of Ca>* homeostasis is of particular importance as
prolonged increases in cytosolic Ca’* activity are
thought to invoke irreversible changes in cell physi-
ology and morphology (Choi, 1988). The aim of our
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work was to investigate the primary molecular basis
for cytotoxic effects of equinatoxin 11; for this, single
bovine lactotrophs and planar lipid bilayers were
used as model systems.

We found that morphological changes induced
by equinatoxin I in bovine lactotrophs were associ-
ated with a rapid rise in cytosolic Ca®* activity.
Moreover, incorporation of equinatoxin Il into pla-
nar lipid bilayers produces Ca’>* permeable chan-
nels. This suggests that the effects of the sea anem-
one cytolysin, equinatoxin II, are mediated by the
formation of cation-permeable channels in cell mem-
branes, where the Ca** influx is playing an important
role.

Materials and Methods

EQUINATOXIN PURIFICATION

Equinatoxin I was purified from the sea anemone Actinia equina.
and its lethal and hemolytic activity was assayed as described
previously (Macek & Lebez, 1981, 1988).

CeLL CULTURE AND SOLUTIONS

Lactotrophs were prepared from pars distalis of pituitary glands
of steers obtained from a local abattoir, as previously described
(Ingram et al., 1988). Briefly, cells were enzymatically dispersed
and enriched ou a discontinuous Percoll (Pharmacia, Uppsala)
density gradient, allowing isolation of a cell fraction contzining
70% lactotrophs. Cells were plated on poly-L-lysine coated glass
coverslips. After 2 to 4 days in culture (5% CO,, 95% humidity),
cells were washed in normal recording medium (in mm): 127
NaCl, 5 KCI, 2 MgCl,, 0.5 NaH,POQ,, 5 CaCl,, S NaHCO;. t0 N-
2-hydroxyethylpiperazine-N'-2-ethane-suifonic acid (HEPES),
10 p-glucose, pH = 7.2 (NaOH) and incubated with 1 pm
fura-2 acetoxymethylester (Fura-2/AM, Novabiochem, UK all
other compounds from Sigma) at room temperature or at 37°C for
30 min. This resulted in an apparently uniform distribution of
fluorescence throughout the cell cytoplasm and is consistent with
previous reports (Malgaroli et al., 1987; S.N. Akerman et al.,
submitted).

Cell-coated coverslips were mounted in a 500-ul chamber
on the stage of an inverted Nikon-Diaphot microscope. All experi-
ments were carried out at room temperature with a x 100 or x40
objective.

Equinatoxin [l was prepared as a stock solution in the normal
bathing medium and applied directly into the chamber by bolus
application. Toxin concentration was determined with absorb-
ance measurements at 280 nm using an extinction coefficient of
4.29 x 10* m/cm (Macek & Lebez, 1988).

FURA-2 IMAGING

All experiments were performed with a Joyce Loebl Magical
imaging system at room temperature. Fura-2 was excited alter-
nately with 340 and 380 nm light by means of a xenon arc lamp
and a computer-controlled rotating filter wheel. Emitted light at
510 nm (10 nm bandpass) was collected by an intensified CCD
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camera (Photonic Science). digitized and stored in the imaging
system. Formation of a ratio image (512 x 512, or 256 x 256
pixels) was implemented in a look-up table using the calibration
approach described by Grynkiewicz, Poenie and Tsien (1985),
with an apparent dissociation constant. K, for fura-2 of 135 nm.
Recorded data were played back allowing capture of individual
ratio frames, production of averaged images and calculation of
[Ca>*]; from the ratio values. Fluorescence intensity ratio values
are displayed in figures as the estimated Ca’*-activity rise was
beyond the accurate calibration of fura-2. Data were recorded at
various acquisition rates (0.18 to 6.25 Hz) and averaged (4 1o 32
frames of ratioed images) in order to diminish the noise level
and to improve spatial resofution. Continuous traces of average
[Ca“],- or fluorescence intensity ratios were obtained by defining
a region around a cell image, thresholding at an intensity value
equivalent to approximately 10 nMm, to exclude background noise.
This value was chosen after inspection of the image pixel ampli-
tude histogram. The mean fluorescence intensity ratio was calcu-
lated over the whole of the defined cell using data of ratio intensity
on a pixel-by-pixel basis. Data files were displayed with the use
of a spreadsheet (Lotus 123).

SINGLE CHANNEL RECORDING IN PLANAR
PHospHOLIPID BILAYERS

Methods of single channel recording were similar 1o those de-
scribed by Knowles et al. (1989). Briefly, planar lipid bilayers
were painted across a 0.3-mm diameter hole in styrene copolymer
with a decane dispersion of 40 mm [-palmitoyl-2-oleoylphosphati-
dylethanolamine (POPE: Avanti Polar Lipids, Birmingham, AL)
to form a neutral bilayer separating 0.2 um Millipore filtered
solutions in the cup (‘cis’) and an outer chamber (‘frans’). Aque-
ous solutions were buffered with 5 mm HEPES/N-methyl-p-glu-
camine, pH 7.5, with salts added as stated. Equinatoxin Il was
added in aliquots to the cis side while stirring.

Experiments were done at room temperature (about 20°C).
Current was monitored under voltage-clamp conditions until sin-
gle-channel activity appeared. A low-noise operational amplifier
with frequency compensation was used (Miller, 1982}, and data
were stored on a video tape after PCM conversion (Sony). Poten-
tial differences were recorded cis with respect to trans, which
was held at ground. Current traces were analyzed with a PC-
based data acquisition system (CED 1401, UK).

Results

MORPHOLOGICAL EFFECTS OF EQUINATOXIN 11
APPLICATION

Equinatoxin Il has many clear morphological effects
on bovine lactotrophs (Fig. 1). Within 2 min after
application of at least 2.3 X 1077 M equinatoxin 11,
cells swelled and appeared more granulated with a
rougher surface. No changes in morphology were
seen after prolonged exposure to lower concentra-
tions of equinatoxin 1.

CytosoLic Ca’t AcTIvITY

Resting cytosolic Ca®* activity in bovine lactotrophs
was usually below 100 nm (Fig. 24), as reported
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Fig. 1. Morphological features of a bovine lactotroph before (4)
and 2 min after (B) addition of 2.3 x 107 M equinatoxin I1

previously (Mason et al., 1988). An increase in cyto-
solic Ca’* activity was only observed after addition
of at least 2.3 x 10~7 M equinatoxin II (the ‘thresh-
old’ concentration of Fig. 2). Longer exposures at
lower concentrations did not affect resting cytosolic
Ca’* activity. After reaching the threshold concen-
tration, the fluorescence ratio increased rapidly to a
level beyond the accurate calibration for fura-2
(n = 31).

There was no correlation between the resting
Ca®* activity and the amplitude and duration of the
response to equinatoxin Il (compare Fig. 2A and B).
This may be due to either (i) the intrinsic variability
between cells or (ii) differences in dye loading. The
limitation of the ratio method is that the intensity of
the signal from the 380 nm excitation drops with an
increase in Ca’" activity; to avoid division by zero
the intensity at 380 nm is set to an arbitrarily low
level. Therefore, at very high Ca®>* the fluorescence
intensity ratio (i.c., the maximal response to equina-
toxin II) is proportional to the amount of dye in the
cell.

After a variable length of time the signal de-
cayed, presumably due to loss of fura-2 from the
cell through the plasma membrane, which has been
changed by secondary responses to equinatoxin 1.
The time-course of fura-2 photobleaching in intact
cells had a time-constant of more than 600 sec and
would not account for the fluorescence intenstty ra-
tio signal decline. The decay in the fluorescence
signal was observed on the same time scale as mor-
phological changes.

To try to resolve the kinetics of the increase of
fluorescence ratio signal, recordings were made at a
higher acquisition rate (6.25 Hz). The resting fluo-
rescence ratio increased to the maximum value
within 2 to 3 sec (Fig. 3). The speed and magnitude
of this response suggests that this effect is not medi-
ated by a membrane carrier, such as transport
ATPases, but instead by an ion channel or pore.
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Fig. 2. Dose dependence of intracellular Ca’* activity in bovine
lactotrophs to equinatoxin 11. (A) An increase in resting cytosolic
Ca* was observed only after addition of at least 2.3 X 107" M
equinatoxin 1I. Arrows indicate increases in concentration of
equinatoxin 1 to: {a) 2.6 x 107%™, (b) 5.2 x 107%™, (¢) 3.1 X
1078 M, (d) 1.2 X 1077 M, () 2.3 X 107"M(f) 4.4 x 1077 M, (g)
6.5 x 1077 M, and (4) 8.5 X 1077 M. (B) After reaching the
threshold concentration. the fluorescence ratio increases rapidly.
Acquisition rate was (.18 Hz. Each curve represents a cell. All
cells were in the same objective field ( X 40). Symbols identify
measurements from the same cell

The increase in cytosolic Ca’" activity following
equinatoxin 11 application was due, at least initially,
to influx, of Ca®* from the extracellular space. This
contention is supported by the following observa-
tions: (i) No increase in cytosolic Ca’" activity was
seen when cells were bathed in a low Ca’*-contain-
ing medium (<100 um), and (ii) the fluorescence
ratio increase started at the periphery of the cell
image, with a transient ring of higher Ca®* activity
clearly seen near the plasma membrane. This ring
became less distinct as cytosolic Ca’* activity in-
creased through the rest of the cell over a few sec-
onds (Fig. 4).

EquinaTOXIN 11 Forms Ca’t-PERMEABLE
CHANNELS

An addition of 6.5 x 1077 M equinatoxin II adjacent
to a pure phospholipid bilayer resulted in the forma-
tion of Ca’*-permeable channels (n = 6). Single
channel current recordings in a toxin-treated POPE
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Fig. 3. The effect of equinatoxin 11 (3.3 x 107" m) recorded at a
higher acquisition rate (6.25 Hz). Responses of five different cells
recorded in the same field of the x40 objective were averaged.
Note different arbitrary units for the fluorescence intensity ratio
values, which are due to the use of a different filter wheel

bilayerare shown in Fig. 5A4. At all holding potentials
discrete membrane current fluctuations were ob-
served (Fig. 5B). Open channel noise is greater than
in the closed state, and this can be seen at a faster
time scale to be partly due to rapid closures of the
open channel to various subconductance state lev-
els. It seems that an apparently open state includes
at least one subconductance level (indicated by
arrows, Fig. 5).

The main open state of the channel had a unitary
conductance of 23 pS in symmetrical 50 mm CaCl,
(Fig. 6), which gives a permeability coefficient (P,
of 5.3 x 10" liter/sec, calculated from the Gold-
man-Hodgkin-Katz equation (Goldman, 1943;
Hodgkin & Katz, 1949) and Ca** activity of 28.5
mMm. In asymmetrical solution {136: 50 mm CaCl,},
the relationship showed rectification, with a reversal
potential of — 16 mV. This reversal potential is close
to the theoretical reversal potential for Ca** of — 11
mV, and suggests a high cation selectivity of equina-
toxin Il-induced channels. Channel conductance in
symmetrical 100 mm KCI was around 100 pS (noft
shown).

Discussion

We have found that the cytotoxic action of equina-
toxin II is correlated with a rise in intracellular Ca?*
activity, which is effected by formation of Ca’* per-
meable channels. Above a threshold concentration
of equinatoxin 11, the time course of morphological
changes and increase in cytosolic Ca’>" activity are
similar. Ca’* entry is very likely to be mediated by
ion channels formed de novo by the toxin. These

R. Zorec et al.: Equinatoxin Forms Ca Permeable Channels

Fig. 4. Fluorescence intensity ratio increase was seen with a
transient infilling of the cell volume. Time sequence of averaged
(4 frames) fluorescence intensity images from a cell in Fig. 2. («)
Spatial cytosolic Ca®* activity distribution at rest, (b) 0.9 sec, (¢)
3.6 sec, and () 10 sec after the application of equinatoxin 11 (3.3
% 107% M). White indicates higher fluorescence intensity ratio
values

results are consistent with previously described ef-
fects of Stoichactis helianthus cytolysin upon artifi-
cial lipid bilayers (Michaels, 1979; Varanda & Fin-
kelstein, 1980). However, our study has clearly
demonstrated that the sea anemone cytolytic toxin
increases the permeability of the membrane to Ca®*.
Given the central role of Ca®* in controlling celiular
metabolism (McBurney & Neering, 1987; Miller,
1988; Smith & Augustine, 1988), an irreversible
change by a toxin is not surprising. Because of the
large electrochemical gradient for Ca’>* across the
plasma membrane, and the low resting activities of
Ca’* in the cytosol, a rapid perturbation of cytosolic
Ca’* homeostasis can be mediated by formation of
Ca’*-permeable channels. Therefore, we expect
that other sea anemone cytolysins, as well as toxins
from other groups of organisms, will be found to act
by increasing cytosolic Ca’* activities.,

Our results are consistent with equinatoxin 11
effects upon sheep erythrocyte hemolysis (Macek &
Lebez, 1981) and rabbit platelet aggregation and ly-
sis(Teng et al., 1988), where an optimal extracellular
Ca’* concentration of | mM was required. However,
neither effect had an absolute requirement for extra-
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Fig. 5. (A) Equinatoxin I1 (6.5 X 1077 M) induced single channel
activity recorded in a planar lipid bilayer at = 40 mV (POPE)
(O—open state, C—closed state). Ciy compartment contained
136 mMm, and trans 50 mm CaCl,. Top trace shows single channel
currents displayed at a faster time scale. Note that flickering of
channels appears to be due to short closures to at least one
subconductance state (indicated by arrow). (B) Amplitude histo-
gram of the equinatoxin Il-induced single channel currents. Note
the hump (indicated by arrow) on the normal distribution of the
channel open state, indicating the possible contribution of the
putative subconductance state. The current signal (holding poten-
tial as in A) was filtered at 200 Hz (— 3 dB). and digitized at 2 kHz

cellular Ca’*. This suggests that channels formed by
equinatoxin I are permeable also for other physio-
logically important ions. This is supported by the
finding that channels formed by Stoichactis helian-
thus cytolysin are also permeable for monovalent
cations (Michaels, 1979), as are channels formed by
equinatoxin II shown in our study and by
G. Menestrina (personal communication). A gross
ion imbalance could contribute to swelling of the
lactotroph cell (Fig. 1), either due to the flux of
the monovalent cations through the equinatoxin 11I-
formed channels, or through secondary activation
of ion channels by the rise in cytosolic Ca’". In
either case, colloid-osmotic lysis of the cells would
lead to a loss of the fluorescent dye fura-2 (Fig. 2B).
Also, increased leakage currents in equinatoxin Il-
treated single muscle fiber (Suput, 1986) are consis-
tent with the conclusion that equinatoxin II in-
creases cell membrane permeability for monovalent
as well as divalent cations.

The nature of the ion channel formation by the
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Fig. 6. Current-voltage relations of the equinatoxin ll-induced
single channel currents in symmetrical (A, 50 mM cis: 50 mMm
trans) and asymmetrical (M, 136 mM cis: 50 mM trans) CaCl,. The
line i1s of the form v = 0.023 x + 0.03 (» = 0.99), and the curve
is a Goldman-Hodgkin-Katz relation fitted by eye with a Pg, of
3.3 x 107" liter/sec, using Ca>* activity of 68 mm for c¢is and
28.5 mM for trans compartments. The reversal potential of — 16
mV is close to the theoretical value of —11 mV (see arrow)
calculated from Nernst equation, using activity coefficients from
Robinson and Stokes (1959)

sea anemone cytolytic toxin was described for the
first time in detail by Michaels (1979) and Varanda
and Finkelstein (1980). They reported slightly differ-
ent properties of Stoichactis helianthus cytolysin
ion channels. Michaels (1979) suggested that three
toxin molecules aggregate in a lipid bilayer to form
a cation-selective channel, whereas an aggregation
of four molecules was proposed by Varanda and
Finkelstein (1980).

Particularly striking was the dissimilarity in
channel kinetics described in the two papers. Our
results concerning single channel kinetic character-
istics are more consistent with those of Michaels
(1979). Channel open times in our experiments are
frequently less than one and up to few seconds,
closer to the average lifetime of 2 sec reported by
Michaels (1979). In contrast, Varanda and Fin-
kelstein (1980) obtained channels which, once ob-
served, remained open. Either the purity of toxin
preparations or differences in lipids used might ac-
count for these discrepancies. Interestingly, we re-
solved at least one subconductance level in equina-
toxin I-induced ion channels, a feature described
for many cation-selective channels (e.g., Hamill &
Sakmann, 1981; Barrett, Magleby & Pallotta, 1982;
Hunter & Giebisch, 1987; Nagy, 1987), as well as
anion-selective channels (e.g., Miller, 1982; Gele-
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tyuk & Kazachenko, 1985; Krouse, Schneider &
Gage, 1986; Hughes et al., 1987; Smith, Zorec &
McBurney, 1989). The role of these subconductance
states in equinatoxin 1l channels is not known. Al-
though the mechanism of channel formation by equi-
natoxin II is as yet unknown, some sort of cooper-
ativity phenomenon could be envisaged from the
all-or-none effect displayed in Figs. 2 and 3. The
presence of subconductance states also suggests that
the structure of the equinatoxin Il channel is com-
plex. Further electrophysiological experiments in
combination with molecular genetics approaches
would be essential to understand these problems.

Although the formation of ion channels by sea
anemone cytolytic toxins is the likely mechanism of
their action (Shin et al., 1979; Bernheimer & Rudy,
1986; Kem, 1988) as also demonstrated in our study,
some recent results with equinatoxin II indicate that
pharmacological activities of sea anemone cytolytic
toxins might be more complex, depending on the
target membrane, and are distinct from the channel-
forming action. It has been shown that equinatoxins
[ and I block sodium channels in the muscle fiber
membrane at concentrations as low as 10-100 pm
(Suput, 1986), and to block potassium channels in
frog single myelinated nerve fibers at 10 nm (Suput
et al., 1988). Recently it was shown by means of
chemical modification of equinatoxin 11 that its lethal
activity could be discriminated from lipid binding
and cytolytic activity (Turk, Macek & Gubensek,
1989; T. Turk and P. Macek, submitted). It will be
interesting to discover if the equinatoxin II-induced
Ca’" influx shown in this paper is related to the
diversity of in vivo pharmacological actions of the
toxin reported elsewhere.
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