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Summary. The interaction of Actinia equina equinatoxin II (EqT-
II) with human red blood cells (HRBC) and with model lipid
membranes was studied. It was found that HRBC hemolysis by
EqT-1I is the result of a colloid-osmotic shock caused by the
opening of toxin-induced ionic pores. In fact, hemolysis can be
prevented by osmotic protectants of adequate size. The functionai
radins of the lesion was estimated to be about 1.1 nm. EqT-II
increased also the permeability of calcein-loaded lipid vesicles
comprised of different phospholipids. The rate of permeabiliza-
tion rised when sphingomyelin was introduced into the vesicles,
but it was also a function of the pH of the medium, optimum
activity being between pH 8 and 9; at pH 10 the toxin became
markedly less potent. From the dose-dependence of the permea-
bilization it was inferred that EqT-II increases membrane perme-
ability by forming oligomeric channels comprising several copies
of the cytolysin monomer. The existence of such oligomers was
directly demonstrated by chemical cross-linking. Addition of
EqT-1I to one side of a planar lipid membrane (PLM) increases
the conductivity of the film in discrete steps of defined amplitude
indicating the formation of cation-selective channels. The con-
ductance of the channel is consistent with the estimated size of
the lesion formed in HRBC. High pH and sphingomyelin pro-
moted the interaction even in this system. Chemical modification
of lysine residues or carboxyl groups of this protein changed the
conductance, the ion selectivity and the current-voltage charac-
teristic of the pore, suggesting that both these groups were present
in its lumen.
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Introduction

Sea anemones produce polypeptide and protein tox-
ins that are collected in specialized cells, the nemato-
cysts. According to their function, these toxins can
be separated into neurotoxins, acting on the excit-
able sodium channel [23, 42] and cytotoxins (or cyto-
lysins) with a broader spectrum of action [23]. Potent

cytolysins have been extracted from the venom of
at least sixteen species of sea anemones [4, 18, 23],
of which they constitute the most active part. They
have similar properties: they are highly basic protein
toxins, with pl between 8 and 12, and are made up
of a single polypeptide chain of molecular weight
between 10 and 20 kD. Many of them have been
isolated and a few have been sequenced [23]. They
cause erythrocyte and platelet lysis at very low con-
centrations (nanomoles) and are generally inhibited
by sphingomyelin. There is no definitive understand-
ing of the mechanism of action of these toxins. Some
of them cause an increase in the permeability of cells
and model lipid membranes [38, 55, 58] to small ions
and solutes, probably by the formation of discrete
pores, but whether this is the necessary and suffi-
cient cause of their many physiological activities is
still debated.

One such cytolysin, equinatoxin II from A.
equina was isolated recently and purified to homoge-
neity [33]. It is hemolytic [32], cytotoxic [1], cardio-
toxic [20,29] and causes platelet aggregation [50] and
lung damage [26]. It was proposed that at least part
of these effects can be ascribed to its ability to form
ion channels [58]. We have now studied the interac-
tion of this toxin with human red blood cells and
with artificial lipid membranes (unilamellar vesicles
and planar bilayers) to better characterize the prop-
erties of the pore it forms.

ABBREVIATIONS

EqT-1I: Actinia equina equinatoxin II; SM: sphingomyelin; PC:
phosphatidylcholine; PE: phosphatidylethanolamine; POPC: pal-
mitoyl-oleoyl-phosphatidylcholine; SUV: small unilamellar vesi-
cles; HRBC: human red blood cells; PLLM: planar lipid mem-
branes; TLC: thin layer chromatography; SDS: sodium dodecyl
sulfate; LDS: lithium dodecyl sulfate; Tween-20: polyoxyeth-
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Table 1. Solutions and compositions (in mmol/liter)
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Solution Na* K* Cl- H,PO; Citrate®~ EDTA Dextrose Buffer pH
ACD 225 e — — 156 e 111 — 4.6
PBS 250 — 150 100 — - — — 7.4
5P8 5 — — 5 — — - —_— 8.0
Saline 145 e 145 —_ — - f— — 6.7

A 140 e 140 — — { — 107 8.0

B e 100 100 — — - — 100 10 ~ 4
C 100 e 100 — — — — 100 10 +~ 4
2 Tris

b The following buffers were used for the pH range indicated in
(pH 5 + 4).

ylene sorbitan monolaurate; Brij-35: polyoxyethylene(23)lauryl
ether; Triton X-100: octylphenoxy polyethoxy ethanol; Lubrol-
PX: polyethylenglycol(9)dodecy! ether; PLP: pyridoxal-5'-phos-
phate; EDC: l-ethyl-3-(3'-dimethylaminopropyl)-carbodiimide;
DMS: dimethy! suberimidate; PEG: polyethyleneglycol.

Materials and Methods

CHEMICALS

Toxins

A. equinag equinatoxin 11, called EqT-I1, was purified and assayed
as described [33]. Chemical modification of the lysine residues by
PLP was performed according to [41] exactly as described earlier
[53]. The number of moles of lysine residues modified per mol of
toxin was determined spectrophotometrically [43]. The carboxyl
groups of aspartic or glutamic acid residues were modified by
carbodiimide (EDC) according to [11] as already described [53,
54]. Undesired modification of tyrosine residues was reversed by
exposure to hydroxylamine [53]. The extent of carboxyl groups
modification was determined by amino acid analysis as described
[53].

Others

Sphingomyelin from bovine brain, egg phosphatidylcholine and
bacterial phosphatidylethanolamine were purchased from Calbio-
chem; palmitoyl-oleoyl-phosphatidylcholine came from Avanti
Polar Lipids. All lipids were more than 99% pure by TLC. The
buffer solutions used are listed in Table 1. The following sugars
were used as osmotic protectants: sucrose, raffinose, maltohex-
aose and maltoheptaose by Sigma stachiose and maltopentaose
by Janssen, dextrose, dextran 1600 and 6000, PEG 1000, 1500,
2000, 3000 and 4000 all purchased from Fluka (the numbers repre-
sent their average molecular weight). Hydroxylamine was from
Janssen Chimica; calcein, dimethyl suberimidate and Sephadex-
(G50 were obtained through Sigma Chemical; SDS, Lubrol-PX,
Tween-20 and Brij-35 were from Pierce Chemical; LDS from
Fluka; Triton X-100 from Merck.

parentheses: Caps {pH 10 + 8), HEPES (pH 8 + 6), citrate

ASSAYS

Kinetics of Hemolysis

HRBC were prepared from freshly collected venous blood (sup-
plemented with 1% buffer ACD) and washed thrice in saline
buffer. The time course of red blood cell lysis induced by EqT-
II (typically 50 ng/mi), was followed spectrophotometrically at
700 nm with a Perkin-Elmer 551 spectrophotometer in a 1-cm
cuvette at 25°C as described previously [32]. HRBC were sus-
pended at a concentration of 0.05% in Buffer A (either pure or
supplemented with 30 mm of different sugars as specified in the
text) and continuously stirred. Initially Ay, was about 0.5.

Permeabilization of Lipid Vesicles

EqT-II permeabilization of small unilamellar vesicles was assayed
as described earlier {12, 34, 44]. Briefly, aliquots of vesicles soni-
cated in the presence of 80 mM calcein and washed with Sepha-
dex-G50 were introduced into a 1-cm semimicro quartz cuvette
containing 1 ml of Buffer C at 24 or 30°C. The final lipid concentra-
tion was typically 2-4 pg/ml and the solution was continuously
stirred. After mixing with toxin, the release of calcein from the
vesicles produced an increase in the fluorescence F emitted at
520 nm (excitation at 494 nm), due to the dequenching of the
dye into the external medium. Maximum release, yielding the
fluorescence F,,, was determined by addition of 0.4 mm Triton
X-100. The extent of permeabilization, P, was calculated as per-
centage of the maximum release obtained with Triton X100, as
follows:

P(%) = (Fy, — Fi)/(Fpay ~ Fi) - 100 (1)

where F; and Fj, represent the initial and final value of fluores-
cence before and after toxin addition, respectively.

The rate of permeabilization, &, was determined as the initial
slope of each curve divided by the maximum release, i.e.:

k = dFIdT |/ (Fpax — Fin) (2)

Spontaneous release of calcein was negligible under these condi-
tions.
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Channel Formation in Planar Lipid Bilayers

Planar lipid membranes (PLM) were prepared as described earlier
[2, 7] by apposing two lipid monolayers on a (.2 mm hole in a
thin Teflon septum separating two buffered salt solutions. The
monolayers were spread using the mixture POPC: PE 4: 1, dis-
solved at 10 mg/ml in n-hexane.

EqT-II was added to the cis compartment of a preformed
stable bilayer and the current flowing through the membrane,
under voltage-clamp conditions, was passed through an I-V con-
verter (a virtual grounded ADS515K operational amplifier). Cis
compartment was connected to the virtual ground and voltage
signs refer to it; current is defined positive when cations flow into
this compartment. Baseline conductance of the membranes did
not exceed 50 pS. Ag-AgCl electrodes were used. Bathing solu-
tions, 4 ml of Buffer A on each side, were kept at room temper-
ature.

Chemical Cross-Linking

Cross-linking with DMS (dimethylsuberimidate) was carried out
according to Davies and Stark {8]. DMS was dissolved in buffer
PBS, pH 8.5, just before use. The cross-linking reaction was
initiated by adding small aliquots of DMS to either free toxin or
toxin incubated with SUV. Incubation was performed as follows:
50 ul of sonicated vesicles comprised of SM : PC (4 : 1 molar ratio)
and suspended at a lipid concentration of 2 mg/ml in buffer PBS
at pH 9.0 were mixed with an equal amount of the same buffer
plus EqT-II (usually 4 mg/ml); the mixture was incubated at 37°C
for 30 min. The toxin to DMS ratio was varied but a value of 4: 1
(in weight) was found to be optimal. The reaction was allowed to
run at room temperature for different times (as specified in the
text). Finally it was stopped by addition of 10 mM hydroxylamine,
and the cross-linked samples were analyzed by polyacrylamide
gel electrophoresis.

Polyacrylamide Gel Electrophoresis

Denaturing gel electrophoresis was performed according to
Laemmli [25] except that the run was at 4°C in a buffer containing
0.3% LDS. We used precast gradient minigels (Pharmacia, Upp-
sala, Sweden) with densities ranging either 8-25% or 10-15% (as
specified in the text). A semi-automatic unit, Phast-System by
Pharmacia, was employed. Gels were stained with Coomassie
brilliant blue or with silver stain and the amount of protein was
quantitated by bidimensional densitometry using a PhastImage
densitometer (Pharmacia) with a band-pass filter at 613 nm, for
Coomassie-stained gels, or at 546 nm, for silver-stained gels. The
relative toxin concentration was obtained as the optical volume
of the corresponding band measured in mOD - mm’. All protein
samples were made 1.6% in L.DS before running on the gel; in the
case of toxin that had been incubated with SUV, small amounts
of different non-ionic detergents were also included to improve
lipid solubilization and avoid streaking of the lanes. We tried
Triton X-100, Tween-20, Brij-35 and Lubrol-PX and found that
the last gave the best results.

In native-PAGE proteins were separated in the absence of
dodecylsulfate at pH 8.8 and migrated according to their intrinsic
net charge [21]. Minigels with linear gradients of 8% to 25% were
used and the run was performed at 10°C.

13
Results

Hemolysis of red blood cells exposed to equinatoxin
II may result from a colloid-osmotic shock caused
by the opening of ionic pores formed by the toxin
itself [58]. To test this we decided to investigate
whether the addition of osmotic protectants into the
external solution could prevent hemolysis, as is the
case for Staphylococcus aureus o-toxin [5] and
Pseudomonas aeruginosa cytotoxin [56]. We mea-
sured spectrophotometrically the kinetics of hemo-
lysis of HRBC exposed to this cytolysin in the pres-
ence of sugars of increasing size (Fig. 1A). Indeed,
the addition of osmoticants can considerably pro-
long the lag time before the onset of hemolysis and
reduce its rate. The extent of both these effects de-
pends on the size of the molecule. In the colloid-
osmotic hypothesis this delay is due to the time
necessary for the osmoticant to diffuse inside the cell
through the toxin-induced lesions. As an estimate of
this time we used t,, — 7, (where #,, and £, are
the time to reach 50% of hemolysis with or without
osmotic protectants, respectively). Accordingly 1/
(t;;, — fip) gives an estimate of the rate of solute
diffusion through the pore, which we used to build
a so-called Renkin plot [16, 45] (Fig. 1B) reporting
the relative permeability of the molecule vs. its size.
Such a plot allows estimation of the functional radius
of the lesion in about 1.1-1.2 nm. Molecules of a
radius larger than 1.0 (i.e., Peg 1,000, 1,500, 2,000,
3,000, 4,000 and dextran 6,000) prevented hemoly-
sis, suggesting they were impermeant.

Having shown that toxin-induced RBC lysis re-
sults from the formation of toxin channels into the
cell membrane we were prompted to investigate
whether the toxin can form pores also in model lipid
bilayers, as shown for many other cytolytic toxins
[35, 36]. We observed that addition of EqT-II to a
solution containing small unilamellar vesicles loaded
with calcein (at a self-quenching concentration) in-
deed promoted the release of the dye, as indicated
by an increase of the fluorescence (Fig. 2). The time
course of the kinetics of interaction of the toxin
with the vesicles and its dependence on their lipid
composition (Fig. 24) and on the pH of the bath (Fig.
2B) could thus be determined. From such traces
the rate and the extent of permeabilization were
calculated as described in Materials and Methods
(Fig. 3A and B, respectively). We observed that both
these variables increased by introducing sphingomy-
elin into the vesicles. In fact, the percentage of re-
lease was at most 5% in vesicles comprised of pure
PC, and the rate constant was at least two orders of
magnitude smaller than with sphingomyelin-contain-
ing vesicles. Even small amounts of sphingomyelin
(11%) were sufficient to render the vesicles quite
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Fig. 1. EqT-II induced lysis of human erythrocytes in the pres-
ence of osmotic protectants. (4) HRBC suspended in Buffer A
(either pure or supplemented with 30 mum of the indicated sugars)
at a concentration of 0.05% and continuously stirred, were ex-
posed to 50 ng/ml of EqT-II (arrow). The decrease of Aqgny
indicates hemolysis. We obtained ¢, (i.e., the time necessary to
reach 50% of hemolysis) from these kinetics. As an indicative
parameter of the time necessary for the sugar molecules to enter
the cells through the toxin-induced lesions we used 7, — 19,
where #), is the time to 50% lysis without osmotic protectants.
Accordingly the rate of solute diffusion through the pore is pro-
portional to 1/(t,; — t§). Dextran 6,000 completely prevented
hemolysis for several hours. (B) Renkin plot [16] reporting the
relative diffusion rate of the osmoticant molecule (as compared
to dextrose) vs. its size. Hydrated radii used were taken from [24,
49]. Solid line is a best fit according to the Renkin equation [45],
yielding a functional radius of the lesion of 1.14 = 0.07 nm. PEG
1,000, 1,500, 2,000, 3,000, 4,000 and dextran 6,000 (with radius
1.0, 1.2, 1.4, 1.7, 2.0 and 1.9 nm, respectively) were all fully
protective. Dextran 1,500 (radius 1.05 nm) had a higher-than-
expected permeability, which might be due to an elongated shape,
and was not used to estimate the best-fit radius.

sensitive to the toxin; however, for maximum effect,
at least 50% was required.

As far as the pH is concerned, we noticed that
in general the activity of EqT-1I increased by in-
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Fig. 2. Permeabilizing activity of EqT-II on SUV measured by
the release of calcein. (A) Fluorescence, F(f) measured in arbi-
trary units, increases after the addition of 2 ug/ml EqT-1I, indi-
cated by an arrow, to a solution containing SUV loaded with
calcein (2 ug/ml of lipid). F(r) eventually reaches a steady value”
indicated as Fy,. The fluorescence increase indicates that the dye
is released from the vesicles in which it was entrapped at a self-
quenching concentration. Maximal release, F,,,, was obtained
by the addition of 0.4 mM Triton X-100, indicated by open arrow-
heads. SUV of different lipid compositions were used: pure SM,
pure PC and three SM/PC mixtures. For the sake of comparison
in this figure the traces were scaled so as to give the same F,, in
all cases. Other experimental conditions are: external solution
Buffer C, pH 7.7. Rate and extent of permeabilization were calcu-
lated from the initial slope and from the amplitude of these curves
as indicated in the text. (B) Same as in A, but the effects of pH
on EgT-II permeabilization of SUV comprised of an equimolar
SM: PC mixture, were investigated., Optimum activity is ob-
served around pH 8 to 9.

creasing the pH of the solution. Optimum pH was
between pH 8 and pH 9; at pH 10 the toxin became
less potent, which might be due to a decrease in its
electrical charge or to a conformational change. This
pH dependence was exactly the same observed for
the hemolysis of red blood cells [32], suggesting that
the events leading to vesicle and erythrocyte per-
meabilization were in fact the same.

The dependence of the permeabilizing effect on
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Fig. 3. Extent and rate of permeabilization of SUV of different
composition as a function of pH. (4) Percentage of release, ob-
tained as shown in Fig. 2, for vesicles comprised of different
lipids. Symbols used (here and in panel B) are: SM, squares; SM/
PC (1 : 1 mixture), circles; PC, triangles. (B) Rate of permeabiliza-
tion calculated from the initial slope of release curves as those in
Fig. 2. {C) Titration of the potentiating effect of sphingomyelin.
Different SM to PC ratios were used to prepare the vesicles and
the rate and extent of permeabilization by EqT-II at pH 7.7 were
measured (left and right ordinate, respectively). Other experimen-
tal conditions (common to all panels): external solution Buffer C,
toxin and lipid concentrations 2 ug/ml, 30°C; mean * sp of three
to four experiments are reported.

the toxin dose was studied using sensitive vesicles
(composed of an equimolar mixture of SM and PC)
at pH 8 (Fig. 4). As expected, both the rate and
the extent of calcein release increase with the toxin
concentration (Fig. 44). A plot of the percentage of
release vs. toxin dose indicates that saturation oc-
curs at a concentration of about 2.5 ug/ml (Fig. 4B),
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Fig. 4. Dose dependence of the EqT-II-induced SUV permeabili-
zation. (A) Time course of calcein release from SM/PC vesicles
(1:1 mixture) after addition (at the arrow) of different amounts
of EqT-1I (as indicated). Maximal release was obtained by the
addition of 0.4 mM Triton X-100, indicated by an open arrow-
head, and was the same for all SUV compositions. SUV were
suspended in Buffer A, pH 8.0, at a lipid concentration of 2.5 ug/
mi, 24°C. (B) Percentage of release vs. the concentration of added
toxin; mean % sb of three to four determinations are reported.
(C) Rate of permeabilization vs. the concentration of added toxin.
In the inset a double logarithmic plot of the dose-dependence
curve is reported. Dashed line is a least-squares fit to the first part
of the curve yielding a power dependence coefficient n = 3. Error
bars as in B.

which is considerably larger than that for HRBC.
However, a detectable effect was already present at
a concentration of 0.125 pg/ml, i.e., about 6 nm. A
double logarithmic plot (Fig. 4C) of the initial rate
of release vs. toxin dose showed again saturation
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(starting at a concentration of about 3ug/ml), but,
intriguingly, it indicated also that the slope of the
dose response has a:value much larger than one in
the early phase. This suggests that permeabilization
may be the result of the assembly of an oligomeric
toxin lesion on the vesicles, as observed with .
aureus o-toxin [12--14] and Aeromonas hydrophila
aerolysin {15, 17].
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Fig. 8. Chemical cross-linking of free and membrane-bound EqT-
IL. (A) EqT-II oligomer formation on SUV comprised of SM : PC
(4 : 1 molar ratio) evidentiated by polyacrylamide gel electropho-
resis. Cross-linking with DMS was carried out in buffer PBS at
pH 9.0, as described in Materials and Methods. Lane a: toxin
incubated with SUV but not treated with DMS. Lane b, ¢, d:
toxin incubated with SUV and treated with DMS for 1,2, and 3 hr,
respectively (the reaction was stopped by 8 mMm hydroxylamine).
Lane e: toxin treated with DMS for 3 hr but without previous
incubation with SUV. The position of standard proteins of known
molecular weight is shown on the left, full arrow-heads on the
right extrapolate the average molecular weight of toxin oligomers.
Experimental conditions: lipid concentration 0.77 mg/ml, toxin
concentration 1.5 mg/ml, DMS 0.38 mg/ml, polyacrylamide gradi-
ent 10-15%, Lubrol-PX 0.06 mg/ml, LDS 1.6%, silver staining.
(B) Densitometry of the LDS-PAGE (the example in the inset
shows a volumogram of lane ¢ of panel A) allows the position
and the relative protein content of each band to be calculated
independently. Bands are labeled with the index j, which gives
the number of cross-linked toxin monomers present in the band.
Density is given in absorption units. An asterisk marks the end
of the stacking gel. The relative probability of each oligomer,
called P;, after 1 br cross-linking, is represented by full squares
in a half logarithmic piot. The solid line is the prediction of a
random collisional model [9] that makes use of the index u (calcu-
lated as u = 3,(j — 1)P;) to estimate the overall degree of cross-
linking. The value of u was 0.85 for this experiment. Dotted line
is the theoretical prediction for a preexisting tetramer (derived
from [9]). (C) Relative probability of each oligomer as a function
of the overall degree of cross-linking u. u was varied by changing
the concentrations of EqT-1I and DMS, and the temperature and
duration of the cross-linking reaction. Each set of symbols on a
vertical line comes from the volumogram of a different lane. The
solid lines are the predictions of the random collisional model,
whereas the dotted lines are the predictions for a preexisting
tetramer [9] and fit better.

However, in contrast to a-toxin and aerolysin
(whose oligomers are stable in SDS [12, 17, 44],
EqT-1I failed to show stable aggregates when perme-
abilized vesicles were detergent-solubilized and
electrophoresed in the presence of either SDS or
LDS. Since this could be due to an instability of the
complex in the presence of detergents, we decided
to try to cross-link the aggregate formed on the mem-
brane surface. This was done using the homobifunc-
tional cross-linking agent DMS which has a chain
length of 11 A. Figure 5A shows that incubation of
toxin-treated vesicles with DMS leads to the stabili-
zation of oligomeric toxin structures containing vari-
ous numbers of monomers (up to seven). Although
pure toxin shows a certain amount of dimeric form
even in buffer solution, no aggregate of size larger
than two was observed (either with or without DMS)
in the absence of membranes. This indicates that
the formation of large oligomers was limited to the
membrane bound form of EqT-II. The percentage of
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large oligomers increased by prolonging the reaction
with DMS (Fig. 5), but did not change increasing
the toxin-SUV incubation time {(not shown). This
suggests that the SUV-toxin reaction goes to equilib-
rium very quickly as indicated also by the fast kinet-
ics of permeabilization (Fig. 44).

EqT-11 ForMms IoNic CHANNELS
IN PLANAR LIPID BILAYERS

Vesicle permeabilization most probably resuits from
the formation of toxin channels into the lipid bilayer.
In fact addition of EqT-II to one side of a voltage-
clamped planar lipid membrane (PL.M) increased the
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Fig. 6. (A) Addition of EqT-II to one side of a PLM resulted in
the opening of ionic channels which increased the conductivity
of the film in discrete steps of defined amplitude, indicated by
open arrowheads. Open channels fluctuate between at least two
different conductance levels (examples indicated by small
arrows). A current amplitude for the fully open channel can be
evaluated. Experimental conditions: toxin concentration 0.25 ug/
ml, applied voltage +40 mV, Buffer B, pH 8.0. (B) Histograms
showing the number of events with a given conductance observed
in different experiments run with either native toxin or PLP-
modified or EDC-modified samples. Experimental conditions as
in A. (C) Effect of PLP- or EDC-modification on the electrical
charge of EqT-11 as determined by native-PAGE at pH 8.8. Lanes
a and g: native toxin. Lanes b, ¢, - PLP-modified toxin (3.8, 3.4,
4.6 lys residues modified per monomer, respectively). Lanes c,
d: EDC-modified toxin. An arrowhead indicates the position’ at
which the samples were applied, whereas an asterisk marks the
end of the stacking gel, the polarity of the applied voltage is
indicated by + and —. At this pH, native toxin is slightly posi-
tively charged. EDC-modified toxin becomes more positive and
is further displaced toward the cathode, whereas PLP-modified
toxin becomes negatively charged and migrates towards the
anode.

conductivity of the film in discrete steps of large
amplitude (Fig. 64) implicating the formation of
pores. High pH and sphingomyelin promoted the
interaction even in this system (not shown). Opening
of one pore was usually followed by fluctuations of
smaller size. Together with the fact that the distribu-
tion of channel amplitude observed was rather broad
(Fig. 6B), this suggested that, also in the case of
PLM, ionic channels may result from the assembly
of heterogeneous toxin aggregates.

PLM are probably the best substrate to study a
number of channel features such as conductance,
selectivity and rectification [35, 36]. We took advan-
tage of this to investigate the electrical properties
of pores formed either by native toxin or by two
chemically-modified species. In one case 3.4 mol of
lysine residues per mol of toxin were modified by
PLP. This reagent covalently replaces the positive
charge of the lysyl amino group with a negative
charge. As a result the toxin became less positively
charged as confirmed by an electrophoresis per-
formed under native conditions (Fig. 6C). In the
other case, about 9 mol of carboxyl groups (aspartic
or glutamic acid residues) per mol of toxin were
modified by carbodiimide (EDC), which covalently
replaces the negatively charged oxygen with an un-
charged group. As a result, this time the toxin be-
came more positively charged, as confirmed by the
native gel electrophoresis (Fig. 6C). Both PLP- and
EDC-modified toxin were still fully hemolytic, al-
though the rate of hemolysis was slower for EDC-
modified toxin as reported previously [53].

A comparison of the histograms relating the
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number of events observed with their conductance,
for native and chemically-modified toxin (Fig. 6B),
shows that PLP modification increased the pore con-
ductance whereas EDC-modification strongly de-
creased it. This indicated a positive correlation be-
tween the pore conductance and the amount of
negative charge on the toxin.

The ion selectivity of the channel was then in-
vestigated by measuring the reversal voltage (i.e.,
the voltage at which the net flowing current is zero)
for membranes with a large number of pores, sepa-
rating a tenfold concentration gradient of NaCl (Fig.
7A). This voltage, called V., , was large and negative
in the case of native toxin indicating that the pore
was cation selective. PLP modification of lysine resi-
dues increased the cation selectivity of the pore even
more, whereas EDC modification of carboxyl groups
completely abrogated it. Again, this indicated a posi-
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Fig. 7. Selectivity and current-voltage characteristic of native
and chemically modified EqT-II pores. (A) Current-voltage
curves obtained applying a slowly changing triangular wave of
voltage to membranes containing a population of many channels
(as observed several minutes after the addition of the protein).
The membranes separated two asymmetrical solutions containing
50 mm NaCl on the cis side and 500 mm NaCl on the trans side
(pH 8.0). Two to four successive curves are superimposed for
each toxin sample; their slope becomes steeper with time because
the number of channels inserted into the bilayer increases. All
the curves of a family intercept the voltage axis at one point. Such
voltage, at which no net current flows through the channel is
called reversal voltage (Vi,,). A negative value of V,,, indicates
that the pore is cation selective; ideal cation selectivity under
these conditions would give V,,, = — 52 mV. PLM were exposed
either to 6.5 ug/ml native toxin (curve a), or to 3.9 ug/ml PLP-
modified toxin (curve b), or to 2.7 pg/ml EDC-modified toxin
(curve ¢). In curve b the number of lysine residues modified per
toxin monomer (estimated spectrophotometrically) was 3.4; in
curve ¢ the number of carboxyl groups modified per toxin mono-
mer (derived by amino acid analysis) was nine. (B) Current-
voltage curves obtained applying short square-shaped voltage
pulses [37] to membranes containing many toxin channels are
shown. The membrane was prepared in Buffer A (pH 8.0) and
exposed either t0 0.25 ug/ml native toxin (squares), or to 0.9 ug/
ml PLP-modified toxin (circles). Each curve is the mean of two
independent experiments scaled by dividing by the current flow-
ing at —40 mV. Other conditions as in A. (C) Cartoon illustrating
a distribution of the electrical charges inside the pore, before
and after chemical modification, which accounts for its observed
electrical properties. (a) native channel: carboxyl groups line the
lumen of the cis entrance whereas both lysines and carboxyl
groups line the rrans entrance. The overall excess of negative
charges accounts for the cation selectivity of the pore (attracting
cations and repelling anions from inside the channel). The uneven
distribution of the charges explains the nonlinearity of the I-V
curve. In fact, because of the accumulation of negative charges
near the cis entrance, the cation current flowing at negative volt-
ages (i.e., from the cis side, which is grounded, to the trans side)
is larger than that flowing in the opposite direction when positive
voltages of the same value are applied. (b) PLP-modified channel:
the positive charge of the lysines located at the trans entrance are
changed to negative. As a consequence, both the cation selectiv-
ity and the conductance of the pore increase {(more cations and
less anions are attracted inside the channel) but the nonlinearity
of the I-V curve disappears because the charges are now evenly
distributed. (¢) EDC-modified channel: the negative charge of
some carboxyl groups is neutralized so that the net charge be-
comes zero. As a consequence the cation selectivity is lost and
the conductance of the pore reduced to a minimum (no attractive
effect).

tive correlation between cation selectivity of the
pore and amount of negative charge on the toxin.
The prominent role of charged groups in deter-
mining the pore properties was confirmed by the
analysis of its current-voltage (/-V) characteristics
(Fig. 7B). The I-V curve of native EqT-II pores was
nonlinear, in fact the current flowing at negative
voltages was larger than that flowing at positive volt-
ages of the same value. In general, this implies that
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Table 2. Effects of chemical modification on the electrical properties of EqT-II pores

Toxin Conductance? Ve, P(Na)/P(Cl)® I(—=)/I(+ )
sample ®S (mV)

Native 225 10(52) —38 =2 9 =1 1.6
PLP-modified 316 = 33 (23) —495+ 1.5 44 =15 1.0
EDC-modified 30 527N 0.3 0.2 0.98 = 0.01 —

2 Single channel conductance * SEM, at +40 mV in a PLM. The number of events used is given in

parentheses.

b Reversal voltage derived as shown in Fig. 7 using a 10-fold NaCl gradient. Errors are standard
deviations of two to four independent experiments run on different PLM membranes.
¢ Sodium to chloride permeability ratio calculated from V., according to the Nernst-Planck equation

[19].

9 Ratio between the current flowing at — 120 mV and that at + 120 mV (in absolute value) derived as

shown in Fig. 7 for PLM membranes.

the potential profile of the pore (generated by its
own fixed charges) is asymmetrical along the ion
pathway [30, 48]. In this case PLP modification made
the I-V curve linear. This finding suggests the pres-
ence of some lysine residues at well-defined posi-
tions along the ion pathway which can affect the
potential profile of the pore.

The electrical properties of pores formed by na-
tive and modified toxins are summarized in Table 2.
There we report the pore conductance, the reversal
voltage V..., the ratio between sodium and chloride
permeability derived through the Nernst-Planck
equation [19], and, as a measure of the nonlinearity
of the I-V curve, the ratio between the current flow-
ing at + 120 mV and that at — 120 mV.

Discussion

All the evidence presented in this paper indicates
that sea anemone cytolysin EqT-11 increases the per-
meability of native, as well as model membranes, by
opening discrete ionic channels. An estimate of the
size of the pore which is formed on the erythrocyte
membrane was obtained by measuring the transit
time of sugars of different size and applying the
Renkin equation [45], a method already successful
with a number of porins [39, 40, 57] and of exoge-
nously induced ion pathways in red blood cells [16].
We received a radius of 1.1 = 0.1 nm. Since the
assumptions necessary for the application of the
Renkin equation, i.e., a perfectly cylindrical channel
and a spherical diffusing molecule, are probably far
from the real geometry of our system, this value has
to be regarded as merely indicative. However, it i8
in reasonable agreement with the unit conductance
of the pore measured in PLM (about 225 pS, see

Table 2), which provides a radius of 0.9 nm (assum-
ing a cylindrical cation-selective channel of 7-nm
fength).

Because the toxin was active against model
membranes comprised of pure lipids, we believe that
a receptor is not absolutely required for its action.
It appears that sphingomyelin may act as a low-
affinity receptor since it facilitates pore formation in
model membranes (Fig. 3C) and it competes against
hemolysis [52]. A similar sphingomyelin-dependent
binding and insertion was observed with a related
toxin from Stichodactyla heliantus [10] using lipid
monolayers. However, HRBC lysed at EqT-II con-
centrations at which even the most sensitive vesicles
remained unaffected, leaving open the hypothesis
that a receptor other than sphingomyelin may exist
on some cells.

The results indicate that toxin channels are
probably oligomeric. We did not observe a single
size for the oligomer but rather various coexisting
sizes up to the heptamer at least (Fig. 5). This might
still implicate that the size of the aggregate is fixed
and large, and that the reactivity to the cross-linker
is very low, as observed for example with the hexa-
meric channel formed by the membrane protein syn-
aptophysin [22, 51] and the pentameric postsynaptic
glycine-receptor channel [27]. Alternatively, it is
also possible that the pore does not have a fixed
structure but rather fluctuates in size by occasional
addition of single monomers which come into con-
tact by lateral diffusion into the plane of the mem-
brane (as for the alamethicin channel {6, 28, 46]).
This hypothesis is consistent with the observation
of more than one conductive state for each single
channel (Fig. 64).

However, if we compare the relative probability
of occurrence of each oligomeric state, derived by
the optical density of the corresponding band, with
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the theoretical predictions of a purely collisional
model (as described in ref. [9]), we find a poor fit
(Fig. 5). In fact, the model predicts more dimers
and less of all the other oligomers than we found
experimentally. Actually, a much better fit is found
when a model for a preexisting tetramer is used (also
derived from ref. [9]). In view of these resuits and
those shown in Fig. 4C, i.e., a power dependence of
about three in the dose response of the rate of SUV
permeabilization, we suggest that EqT-II increases
membrane permeability by forming oligomeric chan-
nels comprising an average of three to four copies
of the toxin monomer, although occasionally larger
aggregates may form. This is consistent with previ-
ous results obtained by others with the parent §.
heliantus cytolysin for which a power dependence
of four was observed in the dose dependence of
the rate of pore formation in BLM [55]. A similar
situation was also observed with cytolysin A III
from the nemertine Cerebratulus lacteus [31].
Based on the electrical properties of pores
formed by native EqT-II and modified toxins in PLM
we can propose a model of the distribution of the
electrical charges inside the channel lumen which
accounts for the observed features (shown in Fig.
7C). This model is based on the following simple
considerations: (i) being cation selective (Table 2)
the EqT-II pore is probably lined by a negative
charge which attracts cations and repels anions, thus
increasing the rate of cation transport; (ii) because
lysine-charge reversal (more negative charge) in-
creases the cation selectivity, whereas carboxyl-
groups neutralization (less negative charge) de-
creases the cation selectivity, both lysines and car-
boxyl groups conceivably line the lumen of the chan-
nel, leaving altogether an excess of negative
residues, (iii) since the conductance of the channel is
increased by lysine-charge reversal (more negative
charge) and decreased by carboxyl-groups neutral-
ization (less negative charge) the assumption of the
preceding point ii is reinforced; (iv) finally, because
the I-V curve of the native channel is nonlinear,
the potential profile of the pore (generated by its
charges) is asymmetrical along the ion pathway, i.e.,
the fixed charges are distributed unevenly. In partic-
ular, because the cation current flowing at negative
voltages (i.e., from the cis to the frans entrance
of the pore) is larger than that flowing at positive
voltages of the same value, the most general elec-
trodiffusional models [30, 48] suggest that more neg-
ative charges are located near the cis entrance of the
channel. Furthermore, because PLP-modified toxin
has a linear current-voltage curve, we conclude that
the modified lysine residues are located near the
trans entrance of the pore. A similar asymmetrical
distribution of charged residues of different signs
has been demonstrated previously for other aqueous
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channels, e.g., S. aureus a-toxin [7] and porins [3,
47].
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