BIOCHIMICA ET BIOPHYSICA ACTA

BB,

www.elsevier.com/locate/bba

W (s
ELSEVIER Biochimica et Biophysica Acta 1467 (2000) 431-443

Flammutoxin, a cytolysin from the edible mushroom
Flammulina velutipes, forms two different types of voltage-gated channels
in lipid bilayer membranes

Gulnora Tadjibaeva 2, Ravshan Sabirov °, Toshio Tomita #*

& Department of Molecular and Cellular Biology, Graduate School of Agricultural Science, Tohoku University, Aoba-ku,
Sendai 981-8555, Japan
5 Department of Cellular and Molecular Physiology, National Institute for Physiological Sciences, Myodaiji, Okazaki 444-8585, Japan

Received 8 February 2000; received in revised form 11 May 2000; accepted 16 May 2000

Abstract

Flammutoxin, a 31-kDa cardiotoxic and cytolytic protein from the edible mushroom Flammulina velutipes, has been
shown to assemble into a pore-forming annular oligomer with outer and inner diameters of 10 and 5 nm on the target cells
[Tomita et al., Biochem. J. 333 (1998) 129-137]. Here we studied electrophysiological properties of flammutoxin channels
using planar lipid bilayer technique, and found that flammutoxin formed two types of moderately cation-selective, voltage-
gated channels with smaller and larger current amplitudes (1-4.5 pA and 20-30 pA, respectively, at 20 mV) in the lipid
bilayers composed of phospholipid and cholesterol. The larger-conductance single channel showed the properties of a wide
water-filled pore such as a linear relationship between channel conductance and salt concentration of the bathing solution.
The functional diameter of the larger-conductance channel was estimated to be 4-5 nm by measuring the current
conductance in the presence of polyethylene glycols of various sizes. In contrast, the smaller-conductance single channels
showed a non-linear current to voltage curve and a saturating conductance to increasing salt concentration. These results
suggest that the larger-conductance channel of flammutoxin corresponds to the hemolytic pore complex, while the smaller-
conductance channel may reflect the intermediate state(s) of the assembling toxin. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction of mammalian erythrocytes, swelling of Ehrlich as-

cites tumor cells, and electrocardiographical changes

Several cytolytic proteins have been isolated from
both the toxic and the edible mushrooms [1]. Flam-
mutoxin has been isolated as a cardiotoxic and cyto-
lytic 31-kDa protein from the basiocarps of an edible
mushroom, Flammulina velutipes [2-4]. It causes lysis
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in parenterally administrated animals (although it is
not toxic by oral administration) [3]. Our previous
study showed that flammutoxin forms a hydrophilic
pore with a functional diameter of approximately 5
nm in the cell membrane of human erythrocyte [5]:
(i) flammutoxin induced potassium leakage from hu-
man erythrocytes and swelling of the cells before
lysis, and (ii)) flammutoxin-induced hemolysis was
entirely suppressed by the addition of polyethylene
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glycols = 6000 (with hydrodynamic diameters of =5
nm) to the extracellular space, while toxin-induced
leakage of intracellular potassium ions was not af-
fected under the same conditions. Biochemical and
electron microscopical analyses of the cell-bound
flammutoxin also demonstrated the formation of a
ring-shaped 180-kDa oligomer with outer and inner
diameters of 10 and 5 nm on the cell surface, and the
ring-shaped 180-kDa oligomer of flammutoxin was
isolated from the cell membrane of lysed human er-
ythrocyte [5]. The hemolytic pore-forming oligomer
may be a hexamer of the toxin on the basis of its
apparent molecular size. Furthermore, our prelimi-
nary experiments showed that flammutoxin permea-
bilized phospholipid—cholesterol liposomes by form-
ing the pore-forming oligomer of 180 kDa, and that
the liposomes consisting of negatively charged phos-
pholipids (i.e. cardiolipin and phosphatidylserine)
were more susceptible to the toxin than the liposome
consisting of phosphatidylcholine or sphingomyelin
(Tomita et al., unpublished results).

In this study, we characterized electrophysiological
properties of flammutoxin pore by using the planar
lipid bilayer technique, and found an unprecedented
ability of flammutoxin to form two types of ion-con-
ducting channels with different current amplitudes.
The results showed that both of two flammutoxin
channels are voltage-dependent and moderately cati-
on-selective, and that the flammutoxin channel with
a larger conductance has a functional diameter of the
same size (4-5 nm) as was estimated for the hemo-
lytic pore in the cell membrane of human erythro-
cyte. The channels with smaller amplitudes might
correspond to the intermediate state(s) of toxin as-
sembly on/in the lipid bilayers.

2. Materials and methods
2.1. Flammutoxin and chemicals

Flammutoxin was purified from the fruiting bodies
of F. velutipes as described previously [5], and stored
at —80°C until use. The purified flammutoxin used in
this study showed a single protein band on sodium
dodecyl sulfate (SDS)-—polyacrylamide gel electro-
phoresis [6]. Protein was determined as described
by Bradford [7], using bovine serum albumin as a

standard. Asolectin (type IIS, a phosphatidylcholine
fraction of soybean extract) was purchased from Sig-
ma Chemical (St. Louis, MO, USA). Cardiolipin
from bovine heart was from Avanti Polar Lipids
Inc. (Alabaster, AL, USA). Phosphatidylcholine
from porcine liver, phosphatidylserine from bovine
brain and phosphatidylethanolamine from hen egg
yolk were from Doosan Serdary Research Laborato-
ries (Englewood Cliffs, NJ, USA). Phosphatidylcho-
line from hen egg yolk was from Nippon Oil and Fat
Co. (Tokyo, Japan). Polyethylene glycols 300, 400,
1000, 2000, 1540, 4000 and 6000 were from Wako
Pure Chemical Industries (Osaka, Japan). Polyethyl-
ene glycols 8000 and 10000 were from Sigma Chem-
ical. Polyethylene glycol 3000 was from Fluka (Neu-
Ulm, Germany). Other chemicals used in this study
were of analytical grade.

2.2. Planar lipid bilayer experiment

The apparatus consisted of two Teflon chambers
(capacity 2.5 ml each) connected by an aperture
made by electric spark (diameter 0.15-0.20 um) in
a Teflon film (thickness 20 or 50 um). Planar lipid
bilayers were formed by the apposition of two lipid
monolayers in the aperture of the Teflon film, as
described by Montal and Mueller [8]. Unless other-
wise stated, asolectin (a phosphatidylcholine-rich
fraction of soybean lipids) was used for preparation
of lipid bilayers, because it formed stable lipid mem-
branes with low noise. The lipid membranes had an
electric capacitance of 200-400 pF. The two com-
partments were connected to the amplifier via a
pair of Ag-AgCl electrodes (In Vivo Metric, Heald-
burg, CA, USA). Flammutoxin was added to one
side (cis-side) of the lipid bilayer. The trans-compart-
ment was connected to the virtual ground, and volt-
age signs are referred to it. The membrane currents
were measured with either a CEZ-2300 amplifier (Ni-
hon Kohden, Tokyo, Japan) or Axopatch 200A
patch clamp amplifier (Axon Instruments, Foster
City, CA, USA). Capacitance compensation was
not used. Voltage protocols were controlled by an
i-486-based computer coupled to a DigiData 1200
interface (Axon Instruments). Currents were filtered
at 0.1-1 kHz, and sampled at 1-5 kHz. Data acqui-
sition and data analyses were done using pCLAMP
software (Axon Instruments) and ASCD software
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(Guy Droogmans, Katholic University of Leuven,
Louven, Belgium). Bathing solution was 5 mM
Tris—HCI buffer (pH 7.5) containing 100 mM KClI,
unless otherwise stated. All the experiments were
done at room temperature.

Time constants of inactivation of flammutoxin-in-
duced macroscopic current were calculated from the
fitting of the traces of the channel inactivation with a
single-exponential equation:

I =1+ Aexp(—t/T) (1)

where I is the current in the steady state, 4 is the
amplitude of the inactivating part of the current, and
T is time constant.

In the measurement of ion selectivity of the chan-
nels, the cis- and the trans-chambers contained 100
mM KCI and 10 mM KCI, respectively, buffered
with 5 mM Tris—-HCI to pH 7.5. Flammutoxin-in-
duced macroscopic and single-channel currents were
measured upon application of the step or the ramp
voltages of between —150 mV and +100 mV. The
cation transference number (¢z,) was calculated as
follows:

y = (Erev_Ean)/(Ecat_Eaﬂ) (2)

where E.., is the measured reversal potential in the
presence of the KCI gradient, and E., and E,, are
the theoretical Nernst potentials for cations and
anions, respectively.

Dose-response results for proton block of single-
channel amplitudes were fitted to the equation:

y=a+b/(1+ 10PKPHm) (3)

where y is the single-channel current or single-chan-
nel conductance at a given pH, pK= —log(K), where
K is the apparent dissociation constant for proton, a
is a limiting value of y in the completely protonated
state, b is a titratable part of y, and n is the Hill
coefficient.

To estimate the functional diameter of flammutox-
in channel, the single-channel conductance was meas-
ured in the presence of 20% (w/v) polyethylene gly-
cols of different molecular weights of between 300
and 20000, as described previously [9]. The bathing
solution was 5 mM Tris—HCI buffer (pH 7.5) con-
taining 100 mM KCI and one of the polyethylene
glycols (20%, w/v). Permeability of each polyethylene
glycol through the toxin channel was calculated as

the relative change of single-channel conductance
normalized to the relative change in the conductivity
of the bathing solution, and it is calculated as a
formal permeability parameter (v) as follows:

v = [(g0—g20)/20l/[(X0—X20)/ X0 (4)

where go and g»( are the single-channel conductances
in the absence and in the presence of 20% (w/v) poly-
ethylene glycol, respectively; yo and y»o are the con-
ductivities of the bathing solution in the absence and
in the presence of 20% (w/v) polyethylene glycols of
different sizes, respectively. Calculated values of the
permeability parameter (v) were plotted versus the
hydrodynamic diameters of polyethylene glycols
[9,10]. Conductivity of the bathing solutions was
measured with a conductivity meter Model CM-78
(TOA Electronics Ltd., Tokyo, Japan) at 25°C.

3. Results

3.1. Flammutoxin forms two types of ion-conducting
channels in the lipid bilayers

Flammutoxin-induced current increase across the
lipid bilayers of asolectin was measured under the
voltage-clamped conditions. When flammutoxin (fi-
nal concentration of 1 ug/ml) was added to one
side of the lipid bilayer, a stepwise increase in ionic
current across the asolectin membrane was observed
at a holding potential of 20 mV, and it routinely
reached a level of several nA within 20-30 min.
Fig. 1 illustrates the representative results of the
smaller and the larger current jumps across the flam-
mutoxin-treated membranes under the same condi-
tions. Application of flammutoxin to the lipid bi-
layers normally induced consecutive current steps
of the smaller amplitudes after a lag time of approx-
imately 1 min (Fig. 1A), and current jumps of the
larger amplitudes took place thereafter (Fig. 1B,C).
One or a few current jumps of the smaller amplitude
were often found in between two larger current
jumps (Fig. 1C). No significant fluctuation in the
ionic current was observed before addition of flam-
mutoxin, and the asolectin membrane showed a sta-
ble and low electrical background for at least 1 h
(results not shown). The larger-conductance channels
had a fairly uniform distribution of current ampli-
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Fig. 1. Flammutoxin-induced stepwise increase in current across asolectin membrane (A-C) and size distribution of the larger and the
smaller current amplitudes (D and E). (A—-C) After addition of flammutoxin (final concentration of 1 pug/ml), current through the lipid
bilayers was monitored at a holding potential of 20 mV, as described in Section 2. The traces are the representative ones illustrating a
consecutive appearance of smaller current jumps (A) and appearance of smaller and larger current jumps (B and C). Line /=0 repre-
sents a zero current level. (D) Toxin-induced smaller and larger current jumps (n =289) were randomly collected from 20 independent
experiments, and the numbers of the different amplitudes obtained were plotted versus current amplitudes. (E) Frequencies of the ap-
pearance of the smaller current jumps (z=114) with different magnitudes were re-plotted versus current amplitudes.

tudes with a mean value of 24.1 £ 3.3 pA at a holding
potential of 20 mV, while the smaller current jumps
varied in the range of 1-3 pA under the same con-
ditions (Fig. 1D). These results indicated that flam-
mutoxin formed two types of ion-conducting chan-
nels in the lipid bilayer of asolectin, possibly through
formation of channels with different molecular archi-
tectures and/or with different functional states. Con-
cerning current amplitudes of the smaller-conduc-
tance channels, two peaks of current amplitudes at
1.1£0.2 pA and 2.6 0.2 pA were found in the his-
togram of size distribution (Fig. 1E). It was also
noted that flammutoxin tended to form one of the

two smaller current jumps (i.e. 1.1 pA or 2.6 pA)
consecutively in between two current jumps of the
other magnitude. In this study, the channels with
the smaller and the larger amplitudes are tentatively
designated ‘mini-’> and ‘maxi-channels’, respectively.

‘Mini-" and ‘maxi-channels’ of flammutoxin were
also observed using the lipid bilayers consisting of
phosphatidylcholine/cholesterol and cardiolipin/cho-
lesterol in a molar ratio of 8:2, while only ‘maxi-
channels” were detected using the membranes com-
posed of phosphatidylserine/cholesterol and phos-
phatidylethanolamine/cholesterol in a molar ratio of
8:2 (Table 1). Thus, flammutoxin formed ‘maxi-
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Table 1
Current amplitudes of flammutoxin channels formed in the
membranes of different lipid compositions

Membrane composition Current amplitudes of

flammutoxin channels (pA)

‘maxi-channels’ ‘mini-channels’

PC/Chol 209+£2.8 3.8+0.6
PE/Chol 20.8+1.0 ND
CL/Chol 30.1£2.7 4507
PS/Chol 29.1+23 ND

Toxin-induced current jumps were randomly collected from 20—
30 independent experiments, and means*S.D. (n=50-100)
were calculated. PC, phosphatidylcholine; CL, cardiolipin; PS,
phosphatidylserine; PE, phosphatidylethanolamine; Chol, cho-
lesterol; ND, not detected.

nA

time constant (ms)

g
-8
-10

435

channels’ in the lipid bilayers of different composi-
tions, and the current amplitudes of ‘maxi-channels’
varied in between 20 and 30 pA, possibly due to the
surface charge of the membranes (i.e. negative charge
of the phospholipids might attract and accumulate
potassium ions on the membrane surface). It should
be noted that flammutoxin formed °‘mini-channels’
not only in the asolectin membrane but also in the
membranes of phosphatidylcholine (or a neutral
phospholipid) and cardiolipin (or a negatively
charged phospholipid), and that the ‘mini-channels’
have a wide distribution of current amplitudes in the
range of 1-4.5 pA under the same conditions (Fig. 1
and Table 1). We used asolectin membrane through-
out the following experiments, because of its high
stability and low noise in the membrane current.
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Fig. 2. Kinetics of voltage-dependent inactivation of the flammutoxin-induced macroscopic current upon application of 100-ms step
pulses of different voltages (A), instantaneous and steady-state /- relationships (B), and the time constant for the voltage-dependent
inactivation of the macroscopic current (C). The applied voltage was stepped from a holding potential of 0 mV to different levels
ranging from —150 to +100 mV with 10-mV increments. Macroscopic current was monitored upon elicitation of the toxin-treated lipid
bilayer with the 100-ms pulses of the different voltages. Current amplitudes were measured at the beginning and at the end of the
100-ms long voltage pulses (A), and were plotted versus the applied voltages (B). The time constants were calculated for the current
traces in the range of —100 to —150 mV as described in Section 2, and were plotted as a function of the test pulse amplitude (C).
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3.2. Flammutoxin-induced macroscopic current
displays voltage-dependent inactivation

Prolonged exposure of asolectin membranes to
flammutoxin (final concentration of 1 pg/ml) led to
formation of high-conductance membranes without
significant increase in current noise, and the macro-
scopic current across the membranes routinely
reached 1-4 nA. To characterize the macroscopic
current across the multi-channel asolectin membrane,
kinetic response of the membrane was monitored
upon application of the 100-ms step pulses from
holding 0 mV to high positive and negative poten-
tials (i.e. 0 to +100 mV and 0 to —150 mV). The
macroscopic currents across the membrane were sta-
ble at positive voltages, and the magnitude of the
current was proportional to the applied potential
(Fig. 2A). Such stable currents were also observed
when low negative potentials of >—50 mV were
applied to the membrane (Fig. 2A). However, a sig-
nificant time- and voltage-dependent inactivation of
the flammutoxin-induced current was observed upon
application of high negative potentials (< —80 mV),
and the rate and the extent of the inactivation in-
creased with increasing negative potentials (Fig.
2A). Current to voltage (I-V) curve of the flammu-
toxin-induced current was obtained from the results
of Fig. 2A. Instantaneous I~V relationship for the
macroscopic current, which was measured at the be-
ginning of the voltage pulses, was non-linear and
asymmetric (Fig. 2B). Steady-state I~} curve ob-
tained from the measurements at the end of the
100-ms pulses was indistinguishable from the instan-
taneous one at positive potentials, while it had a
portion with so-called ‘negative resistance’ (i.e. the
current decrease with increasing voltage) at high neg-
ative potentials of < —80 mV (Fig. 2B). The kinetics
of inactivation were fitted to a single-exponential
function, and increasing negative potential led to
more rapid inactivation of flammutoxin channels
with time constants of 45 ms at 100 mV and 12 ms
at 150 mV (Fig. 2C). These results suggested that
flammutoxin was incorporated into the lipid bilayer
of asolectin to form voltage-gated channels with
asymmetrical structure(s), and that the gating machi-
nery of the channels was active at high negative vol-
tages. Furthermore, when the multi-channel mem-
branes were exposed to longer (500 ms) step pulses

A
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Fig. 3. Time course of voltage-dependent current inactivation of
the lipid bilayer carrying a smaller number of flammutoxin
channels upon application of longer 500-ms step pulses of dif-
ferent voltages (A), and instantaneous and steady-state I~V re-
lationships of the toxin-induced macroscopic current (B). (A)
The current was monitored upon elicitation of the toxin-treated
membrane with the same step voltages as described in the
legend for Fig. 2, except for the pulse period (i.e. 500 ms in-
stead of 100 ms). Single-channel closing events can be detected
on the current traces. (B) Current amplitudes measured at the
beginning and at the end of the 500-ms long voltage pulses
were plotted versus the applied voltages.

of different voltages, voltage- and time-dependent
closing of single channels took place at positive vol-
tages of >+50 mV as well as at negative voltages of
< —50 mV (Fig. 3). Thus, flammutoxin channels are
inactivated at high positive voltages as well as at high
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Fig. 4. Kinetic response of flammutoxin-induced macroscopic current to different step voltages in the presence of a KCl gradient (A)
and I-V curves of the macroscopic current under the conditions (B). KCI concentration was 10-fold different in between cis- (100
mM) and trans- (10 mM) sides. Macroscopic current was monitored upon elicitation of the toxin-treated lipid bilayer with the 100-ms
long pulses of the different voltages, as described in the legend for Fig. 2. Current amplitudes were measured at the beginning and at

the end of the 100-ms long voltage pulses.

negative voltages, although positive voltage induced
channel closing more slowly than negative voltages.

3.3. Flammutoxin forms cation-selective channels

To analyze ionic selectivity of the flammutoxin
channels, macroscopic current across the toxin-
treated membrane was measured at different voltages
in the presence of a 10-fold KCl gradient (i.e. 100
mM KCl in the cis-side and 10 mM KCl in the trans-
side). As shown in Fig. 4, the current was asymmetric
and reversed at —44+ 1.2 mV (mean*S.D., n=15).
Since the cis-compartment contained a 10-fold higher
concentration of KCl, negative reversal potential in-
dicated the selective current of cations over anions.
The calculated cation transference number (¢,) was
0.88 £0.03, indicating that the flammutoxin-treated
membrane has a moderate, non-ideal selectivity for
cations over anions.

3.4. I-V characteristics and ionic selectivity of the
‘mini-" and ‘maxi-channel’ of flammutoxin

I-V relationships of the ‘mini-channels’ were
studied in the absence and in the presence of a 10-

fold KCI gradient (i.e. 100 mM KCI in the cis-side
and 10 mM KCl in the trans-side). The recordings of
the I-V characteristics were done by application of a
series of the ramp pulses from —100 mV to +100 mV
with a rate of 100 mV/s. The initial current back-
ground was monitored before addition of flammu-
toxin, and formation of only a single ‘mini-channel’
was confirmed by measuring the current levels before
and after the recording. The ‘mini-channels’ showed
asymmetric and non-linear I~V curves (Fig. 5A),
probably due to asymmetric distribution of charged
groups along the channel lumen. The presence of a
10-fold KCl gradient shifted the reversal potential
from 0 mV to —40 mV (Fig. 5B), indicating a non-
ideal cationic selectivity of the ‘mini-channels’ of
flammutoxin. The mean value of the reversal poten-
tial (—40%0.6 mV; n=108) gave a cation transfer-
ence number of 0.84 £0.01, which was close to the
value obtained for macroscopic current (Fig. 5).
I-V characteristics of the ‘maxi-channel’ were
studied in the absence or in the presence of a 10-
fold KCI gradient, and a representative set of super-
imposed I-V curves from a series of recordings are
illustrated in Fig. 6. In contrast to the ‘mini-chan-
nels’, the ‘maxi-channel’ gave a substantially sym-
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metric and linear I~V curve (Fig. 6A). The I-V
curves of the channels gave an averaged reversal po-
tential of —38.1+0.96 mV (n=144) when the 10-fold
KCI gradient was present across the lipid bilayer,
indicating that the ‘maxi-channel’ is also a moderate
cationic selective channels. The calculated cation
transference number (¢,) was 0.83+0.01. Thus, the
ionic selectivities of the ‘maxi-channel’ as well as the

pA 104

_10_
Fig. 5. I-V relationships for single ‘mini-channel’ in the absence
(A) or in the presence of a 10-fold KCI gradient (B). The cur-
rent through a single ‘mini-channel’ (2.6 pA at 20 mV) was re-
corded upon application of a series of ramp pulses from —100
mV to +100 mV with a rate of 100 mV/s. Representative ‘mini-
channel’ I-V curves are illustrated. Background level of the cur-
rent across the membrane without flammutoxin is also illus-
trated for the range of applied voltages.
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Fig. 6. I-V relationships for single ‘maxi-channel’ in the ab-
sence (A) or in the presence of a 10-fold KCl gradient (B). The
current through a single ‘maxi-channel’ (25 pA at 20 mV) was
measured as described in the legend for Fig. 5. (A) Three repre-
sentative I~V curves of the 10 consecutive measurements in the
absence of the KCl gradient were superimposed. (B) A repre-
sentative /-V curve from the 10 consecutive measurements in
the presence of the KCl gradient is illustrated.

‘mini-channels’ seem to contribute equally to the
moderate cationic selectivity of the multi-channel
membranes. It should be noted that both of the
‘mini-> and the ‘maxi-channel’ of flammutoxin
showed closing at high negative and positive poten-
tials in the ramp single-channel recordings (Figs. 5
and 6). Evidently, these single-channel events under-
lie the voltage-dependent inactivation of the macro-
scopic currents across the toxin-treated membranes.
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Fig. 7. Relationships between single-channel amplitudes of ‘mini-’ (A) or ‘maxi-channel’ (B) and KCI concentration. (A) Current am-
plitudes of ‘mini-channels’ were measured at 50 mV in the presence of 0.1, 0.3, 1.0, 2.0 and 3.0 M KCI. (B) Current amplitudes of
‘maxi-channels’ were measured at 20 mV in the presence of 0.01, 0.03, 0.1, 0.3, 1.0, 2.0 and 3.0 M KCI. Averaged values of current
amplitudes for single ‘mini-’ and ‘maxi-channel’ (n=150-100) were plotted versus KCl concentrations.

3.5. Effect of salt concentration and pH on the
amplitudes of flammutoxin channels

Current amplitudes of the ‘mini-’ and the ‘maxi-
channel’ of flammutoxin were measured in the bath-
ing solutions containing 0.01-3 M KCI, and aver-
aged values of the current amplitudes obtained
were plotted versus KCIl concentrations (Fig. 7).
The increase in current amplitude of the ‘mini-chan-
nels’ reached a plateau at a low concentration of KCI
(=0.1 M), and it did not increase with high concen-
trations of KCI (up to 3 M; Fig. 7A). In contrast,
current amplitude of the ‘maxi-channel’ increased
with increasing KCI concentrations of up to 3 M
(Fig. 7B), and its value reached approximately 300
pA under the conditions (20 mV), suggesting that the
‘maxi-channel’ may have a wide water-filled lumen

which allowed passage of potassium and chloride
ions.

Current amplitudes of flammutoxin channels were
measured at different pHs of between 3.5 and 8.0.
Current amplitudes corresponding to the ‘maxi-chan-
nels’ were consistently detected in the pH range,
and the frequency of channel formation was not af-
fected by the change in environmental pH (results
not shown). The ‘maxi-channels’ also showed fairly
uniform size distributions of the current amplitudes
in the pH range (Fig. 8A). However, current ampli-
tude of the ‘maxi-channel’ was affected by the pH of
the bathing solution (Fig. 8C): the channel conduc-
tance was pH-insensitive at pH 6-8, and the channel
currents gradually decreased in between pH 6 and
pH 5, and reached a lower plateau (i.e. mean values
of the amplitudes were 20-25 pA at pHs 5.5-8.0
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and 10-13 pA at pHs 3.5-5.0, respectively). The ti-
tration curve was well fitted to Eq. 2 with a Hill
coefficient of n =2, suggesting that binding of at least
two protons to the channel would modulate the
channel current. The pK value of 5.4%0.1 implies
involvement of histidine residue(s) and/or acidic
amino acid residue(s) in the regulation of the perme-
ation properties of the ‘maxi-channel’. In contrast
to the ‘maxi-channel’, the relatively large distribution
of ‘mini-channel’ amplitudes made it difficult to de-

T
6

o

pH

Fig. 8. pH-dependent change in the current amplitude of ‘maxi-channel’. Current amplitudes of ‘maxi-channels’ were measured at dif-
ferent pHs at a holding potential of 20 mV. Size distributions of the current amplitudes measured at pH 7.5 (A) and pH 4.0 (B) are
illustrated. The solid curves in the histograms represent Gaussian fits (A and B). The averaged values of current amplitudes obtained
(n=45-100) at different pHs were plotted versus pH (C). The solid curve is the best fit to Eq. 3 described in Section 2 (C).

tect the pH-sensitive change of their channel ampli-
tudes.

3.6. Estimation of the functional diameter for the
‘maxi-channel’

To estimate the functional size of the ‘maxi-chan-
nel’, current amplitudes of the channels were re-
corded in the absence or in the presence of 20%
(w/v) polyethylene glycols 300, 400, 1000, 1540,
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Fig. 9. Estimation of the functional diameter of ‘maxi-channel’.
Flammutoxin-induced current increase was recorded in the ab-
sence or in the presence of 20% (w/v) polyethylene glycols 300,
400, 1000, 1540, 2000, 3000, 4000, 6000, 8000, 10000 and
20000. The permeability parameter (v) for each polyethylene
glycol was calculated using Eq. 4 as described in Section 2, and
was plotted versus the hydrodynamic diameter of each polyeth-
ylene glycol.

2000, 3000, 4000, 6000, 8000, 10000, and 20000, as
described in Section 2 [9,10]. The method is based on
the observation that the single-channel amplitude of
wide water-filled pores is decreased by the presence
of small non-electrolytes, whereas the channel con-
ductance is not significantly affected by large imper-
meant non-electrolytes. The permeability parameter
(v) was calculated for each polyethylene glycol as
described in Section 2, and it was plotted versus
the hydrodynamic diameter of the non-electrolyte.
As shown in Fig. 9, when polyethylene glycols 300—
4000 were present in the bathing solution, the per-
meability parameter (v) for these non-electrolytes
showed a decline with increase in their molecular
sizes. In contrast, the magnitude of the permeability
parameter (v) was constant in the presence of poly-
ethylene glycols =6000 (Fig. 9). The declining part is
thought to reflect decreasing permeability of the test
molecules, while the plateau implies size exclusion of
the larger non-electrolytes by the channel. Thus, the
functional diameter of the ‘maxi-channel’ of flammu-
toxin was estimated to be 4-5 nm (Fig. 9). This value
coincides with the functional diameter (i.e. 3.8-
5.0 nm) of flammutoxin pore in human erythrocyte

membrane, which was estimated by using the os-
motic protection experiments using polyethylene gly-
cols of various sizes [5].

4. Discussion

In the present study, we showed that flammutoxin
forms two types of ion-conducting channels with
smaller and larger conductances, or ‘mini-> and
‘maxi-channel’, in the lipid bilayers of different phos-
pholipid compositions. The ‘mini-> and the ‘maxi-
channel’ of flammutoxin share some properties such
as voltage-sensitive gating and moderate selectivity
for cations over anions. However, they show differ-
ent /-V curves and different relationships between
current amplitudes and KCI concentrations.

‘Maxi-channel’ of flammutoxin exhibited a linear
increase in current amplitude with increasing concen-
tration of KCI (Fig. 7B), implying that the ‘maxi-
channel’ is a wide water-filled pore. The functional
diameter of ‘maxi-channel’ could be estimated to be
4-5 nm by measuring current amplitude of the chan-
nel in the presence of polyethylene glycols with var-
ious molecular sizes (Fig. 9). This method is based on
the ‘filling’ of the wide water-filled pore with non-
electrolytes, whose hydrated diameters are smaller
than that of the pore [9,11-13], and it has been suc-
cessfully used for determination of the functional di-
ameter of several pore-forming toxins including
staphylococcal o-hemolysin [9,11,12], colicin Ia [13]
and mitochondrial voltage-dependent anion channels
[14]. Polyethylene glycols of similar sizes (i.e. = 6000
Da) prevented osmotic lysis of human erythrocytes
[5] and failed to reduce the current conductance of
‘maxi-channel’ (Fig. 9), implying that the hemolytic
pore and the ‘maxi-channel’ of flammutoxin have
similar sizes in the two systems. Thus, the ‘maxi-
channel’ may correspond to the ring-shaped toxin
oligomer on the lysed erythrocytes. Rather uniform
distribution of the current amplitude of ‘maxi-chan-
nels’ in different lipid bilayer membranes may also
reflect an ultimate and stable membrane-bound state
of flammutoxin, or the ring-shaped oligomeric form
which is resistant to the treatment with 2% SDS at
room temperatures [5]. The pH-dependency of chan-
nel conductance (Fig. 8) implied another structural
feature of ‘maxi-channel’: the ‘maxi-channel’ has
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crucial amino acid residue(s) which can modulate the
current amplitude of the channel in a pH-dependent
manner. The inflection point for the change in cur-
rent amplitude (pK 5.4+ 0.1) implies the involvement
of histidine residue(s) in the pH-controlled modula-
tion of channel conductance. Sequencing of the
cDNA encoding flammutoxin indicates the presence
of four histidine residues (i.e. His!'%, His'¥’, His?®
and His*!) in flammutoxin, which consists of 251
amino acid residues (manuscript in preparation).
Construction of site-directed mutant proteins of
flammutoxin, in which histidine residue(s) are re-
placed with the other amino acid(s), is currently in
progress.

Flammutoxin-induced smaller current jumps were
collectively designated ‘mini-channels’, irrespective of
the different sizes of their current amplitudes. The
‘mini-channels’ of flammutoxin exhibited different
current amplitudes depending on the lipid composi-
tion of the membranes: two different amplitudes (i.e.
1.1 pA and 2.6 pA) were observed using asolectin
membrane, and one-sized amplitude (i.e. either 3.7
pA or 4.5 pA) was obtained using phosphatidylcho-
line/cholesterol or cardiolipin/cholesterol membrane,
respectively. The multiple amplitudes of ‘mini-chan-
nels’” might reflect the intermediate states of assem-
bling flammutoxin. When erythrocyte membrane-
bound flammutoxin was solubilized with 2% SDS
at 20°C and was separated on SDS-polyacrylamide
gel electrophoresis, it was recovered mainly as the
monomer (31 kDa) and the pore-forming oligomer
(180 kDa), and occasionally as a 60-kDa form [5].
The 60-kDa complex, probably dimeric toxin, may
not be able to form a hemolytic pore, because it was
also formed on the flammutoxin-insensitive horse er-
ythrocytes as well as on the toxin-sensitive human
cells [5]. Other toxin complexes of between 60 and
180 kDa may have been dissociated to toxin mono-
mers during solubilization of the cell membranes
with SDS, possibly because of their intrinsic lability
and/or their sensitivity to SDS. In contrast to the
biochemical technique, the electrophysiological tech-
nique used in this study contained no use of deter-
gent, and, moreover, it is a superior method for de-
tection of single- and/or oligo-molecular events.
Taken together, possible molecular identities of the
‘mini-channels’ would be transient and unstable in-
termediate form(s), or monomeric to pentameric

forms of flammutoxin. This interpretation may be
consistent with the observation: the initial stage of
the stepwise increase of toxin-induced macroscopic
currents often contained only the ‘mini-channels’ un-
less an extremely high concentration of the toxin was
used. Concerning different current amplitudes
formed by a pore-forming toxin, Belmonte et al.
have reported that staphylococcal o-toxin forms a
heterogenous population of channels (i.e. smaller
and larger current jumps) in planar lipid bilayers,
and that the smaller amplitudes were preferentially
observed at low temperature [15]. They suggested
that the heterogenous current amplitudes may be at-
tributable to aggregation of different numbers of tox-
in monomers [15]. Furthermore, concerning the
‘mini-channel’ as an ion-conducting channel, the
asymmetric /-V curve and the moderate cationic se-
lectivity of the channel would indicate the existence
of internal charged groups that can modulate ionic
transport through the pore, and the saturating rela-
tionship between channel conductance and salt con-
centration (Fig. 7A) suggests a stronger interaction
of permeating ions with channel wall, possibly be-
cause of small cross-sectional size of the pore. Inci-
dentally, no ‘mini-channel’ was detected using phos-
phatidylserine/cholesterol and phosphatidylethanol-
amine/cholesterol membranes, although ‘maxi-chan-
nels’ could be formed on/in the membranes. So,
‘mini-channels’ may be profoundly affected by the
lipid composition of the membranes, which may be
consistent with the interpretation that ‘mini-chan-
nels’ would reflect the intermediate form(s) of assem-
bling toxin.

Steady-state I~V curves for the flammutoxin-in-
duced macroscopic current, which were measured
at the end of the 100/500-ms step pulses, had a differ-
ent shape from that of instantaneous /- curves
(Figs. 2B and 3B). A portion of so-called ‘negative
resistance’ was clearly seen in the steady-state I-V
curves at high negative potentials (Figs. 2B and
3B). Such a phenomenon is generally attributable
to the voltage-dependent gating (opening and/or
closing) of channels [16]. Single ‘mini-> and ‘maxi-
channels’ also displayed closings at high positive po-
tentials, and more profoundly, at high negative po-
tentials (Figs. 5 and 6). So, ‘mini-” and ‘maxi-chan-
nels’ of flammutoxin share the voltage-dependent
gating characteristics with endogenous ion-selective
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channels of cellular plasma membrane. The voltage-
dependent gating properties have also been observed
for the channels formed by other pore-forming tox-
ins including colicin K [17], staphylococcal o-toxin
[18,19] and phallolysin, a cytolysin from the toxin
mushroom Amanita phalloides [20]. However, it is
yet unclear whether the voltage-dependent gating of
flammutoxin channels plays a role in the hemolytic
action of the channels, because human erythrocytes
have very low resting membrane potentials (approx-
imately —10 mV) [21].
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