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The interaction with erythrocytes of cholera eytolysin (CC) obtained from & non-01 Vibrio cholerae strain results in the osmotic
rupture of target cells upon formation by CC of the waterfilled pores in their memoranes. The aggregation of several toxin
monomers is required for the formation of one CC channel with a radius of 0.9-1.0 nm. The investigations using planar bilayer
lipid membranes suggest that the CC-induced pore is an interprotein anion selective channel carrying a fixed positive charge.
The role of the charge was supported by the influence of pH on the selectivity, single conductance and voltage gating of the CC
channcls. The ability of the CC to modify both model ard natural membranes has a maximum at pH 6.0-7.0. It was found that
CC channels insert into the membrane asymmetrically. The cffect of proteolytic treatment of the channel by papain also
indicates that the two catrances of the channel protrude from the planc of the membrane into the solution for different
distances. It is proposed that the biological effects of the non-01 V. cholera cytolysin are based on its channel-farming activity.

Introduciion

Historically, Vibrio cholerae strains that lack the (1
antigen (non-01 V. cholerae) were believed to be non-
pathogenic. It is now known, however, that these strains
are able to cause diarrhea. Some non-01 V. cholerae
strains have been found to produce a thermolabile
enterotoxin that is similar to cholera enterotoxin [1-3]
But non-01 V. cholerae strains that do not produce
cholera-like enterotoxin also cause iliness [4-7]. This
fact has led to a scarch for other pathogenic mecha-
nisms, Based on the fact that most of the non-0t V.
cholerae strains produce a large amount of hemolysin
[8,9] it was supposed that the hemolysin is an entero-
toxic factor that is responsiblc for the non-01 V. cholerae
gastroenteritis, Recently a non-01 V. cholerae hemolysin
was purificd and characterized by scveral rescarchers
from different strains as a thermolabile lethal cyto- and
entero-toxic protein which is related to ElI Tor
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nemolysin [10-12]. Thus the enteropathogenic action
of the cytolysin scems to be correlated with hemolysis,
but the primary mechanism of erythrocytes damage has
not been studied.

Our studies in this arca are directed at defining the
mechanism of action of non-01 V. cholerae cytolysin
(CC). We provide evidence that the toxin forms large
waterfilled pores with radii of approx. ¢(.9-1.0 nm in
both biological (erythrocyte) membranes and artificial
planar lipid bilayers. The defined pores are anion
sclective channels that are formed by more than onc
molecule of CC. The obtained data point out that the
CC-induced pores are surrounded by proteins and en-
trances of the channel are distant from the membrane
surfaces. Our results indicate that channel-forming ac-
tivity is the property of the CC which plays a key role
in the toxin mode of action.

Materials and Methods

Bacterial strain. The cholera cytolysin (CC) was ob-
tained by one of us (Zitzer, A) from the culture
supernatant of non-01 Vibrio cholerae strain which was
isolated from Kapchagai reservoir waters 8.07.81, and
was maintained by lyophilization since that time. The
CC was purified by complex liguid chromatography
methods (will be publishced scparately). Used prepara-
tion of the CC was homogencous by sodium dodecyl



Fig. 1. Sodium dodeeyl sultate-polyacrylamide gel (SDS-PAAG) slab

clectrophoresis of non-01 V. cholerae cytolysin Uane A). Marker

proteins Uane B) molccular mass: 1, phosphorylase & (94 kDa); 2,

bovine serum albumin (o8 kDa); 3, ovalbumin (43 kDa) 4, carbonic
ihydrase (30 kDa.

sulfate  polyacrylamide gel (SDS-PAAG) slab  clee-
trophoresis (Fig. 1).

Protein chemistry, The molecular weight of the puri-
fied toxin was determined by SDS-PAAG slab clee-
trophoresis. Protein concentrations in solution were
dgetermined by the Bradford technique [13), determina-
tion of the isoelectric point (pl) was done according to
Ret. 14, Amino acid analysis was done by Dr. Korneev
(Institute of Bivorganic Chemistry, Tashkent) and was
confirmed by Dr. Teleginskaiy (Institute of Bioorganic
Chemistry. Moskow).

Hemolytic activity assay. Rabbit erythrocytes were
washed with 150 mM NaCl, § mM Tris-HCI, pH 7.5
(NT buffer) tour to five times and were adjusted to give
a concentration of 4% (v/v). The toxin diluted in the
same buifer (0.5 ml) was added to 0.5 ml of the
crythrocyte suspension and vigourously mixed. This
mixture was incubated at 37°C for 60 min and then was
centrifuged at 3000 X ¢ for 3 min. The optical density
of the 4-fold-diluted supernatant was measured at 540
nm. The pereentage of hemolysis was calculated with
crythrocytes lysed by distiled water taken as 1009
One hemolytic unit (HU) was defined as the amount of
toxin causing 50% hemolysis of 1 ml of 2% erythro-
cytes suspension after 60 min at 37°C.

Potassium leakage measurement. To measure the ki-
netics of CC-induced leakage of K jons from human
erythrocytes at 37°C we picked out 100 ul of the 2%
suspension of red blood cells at 5, 10, 20, 40 and 60
min after addition of the toxin to a final concentration
0.25 pg/ml. Each sample was diluted to 1 mi with cold
NT-buffer and rapidly scdimented. Concentrations of
K' in the supernatants were measured by a flame
photometer.

Planar bilayer membranes. Formation and properties.
Planar bilayer lipid membranes (BLM) were formed at
room temperature by the union of two monolayers [15].
The following lipids were uscd: common fraction of
bovine brain phospholipids, phosphatidylcholine (PC)
and phosphatidylserine (PS). Monolayers from a 1
mg /ml solution of these lipids in n-hexane were spread
on the water surface of experimental chamber and
after evaporation of the solvent a membrane was
formed on a hole in a 20 um thick Teflon partition
scparating two buftered salt solutions (2 ml). The hole
{0.2-0.4 mm in diameter) was pretreated with a 1:20
(v/v) solution o hexadecane in n-hexane, Experiments
were done under voltage-cloamp conditions with a sin-
gle pair of Ag/AgCl clectrodes that made electrical
contact with soluiions in the compartments through 3
M KCI agar bridges. The memirane conductance, G
was defined as G =1/V, where T was the current
flowing through the membrane and V' was the poten-
tial of the cis compartment. The trans compartment
was connected to the virtual ground and voltage signs
arc referred to it. After the membrane was completely
formed and stabilized, a portion of the toxin was added
o one compartment (o concentrations ranging from
0125 pg/ml to 2.5 pg/ml In separate experiments
the CC was adued by application of stock solution on
the membrane. Cation transference number (1, ) was
saleulated from the slope of dependence of zero-cur-
rent potential versus KCl concentration which was
changed by consceutive addition of 3.5 M KCl into the
trans compartment of experimental chamber while the
cis one contained unchanged 100 mM KCl solution.

Channcl-sizing experiments. To measure the radius of
the water pores induced by the CC in crythrocytes
membranes we used some nonelectrolytes, which were
previously added into NT solution to a final concentra-
tion (mM): glucose, sucrose poly(ethylene glycol) (PEG)
400 (40, PEG 1000 (33), PEG 1500 (27.5), PEG 2000
(23), PEG 6000 (12). Increasing of NT solution osmo-
larity after such additions ware tie same and equal to
40 milliosmoles per litre as measured by freczing point
depression with osmometer OMKA 1C-01. This osmo-
larity value was close to that for hemoglobin in erythro-
cytes [16]. 0.5 ml of the CC diluted with the desired
nonclectrolyte solution was added to 0.5 ml of a 4%
suspension of rabbit erythrocytes and the mixture was
incubated at 37°C for 60 min. The cffective radius of



toxin-induced water pores into erythrocyte membrancs
was determined equal to the minimal hydrodynamic
radius of such nonelectrolyte molecules which com-
pletely protected red blood cells to cytotoxin action.

To estimate the radii of pores induced by the CC in
BLM we used aqueous solutions of different nonelec-
trolytes bathing bilayers. Llsually. solutions, 2 ml on
cach side, contained 100 mM KCi, 5 mM Tris-citrate,
one of the nonelectrolytes (20%, w/v), pH 7.0. The
values of both the single-channel conductance and the
solution conductivity in each medium were measured.

Chemicals. We used poly(ethylene glycol) (PEG) with
average molecular mass (Da); 400 (Schuchardt, Ger-
many); 300, 1000, 1500, 2000, 4000, 6000 (Loba Chemie,
Austria). All nonelectrolytes were additionally purified
by anion-exchange chromatography by using anionit
AV-21. Hydrodynamic radii of nonelectrolytes werc
measured in our laboratory using the viscosimetrical
method described cardier [17). The conductivity of each
buffer solution was measured with a Radelkis OK
102/1 conductometer at 25°C. Common fractions of
bovine brain phospholipids, PC and PS were prepared
according to Ref. 18, packed in ampuls and stored at
~20°C for two months without change in its proper-
tics. Cholesterol was purchased from Sigma (USA),
dithiothreitol from Koch-Light (UK), papain from Loba
Chemie (Austria),

Results

The mechanism of lysis of red blood cells treated by the
CC and the size of the CC-induced water pores in
erythrocyte miembranes

Cholera cytolysin (CC) intcracts with crythrocytes
and effectively lyses them [11,19]. However, the pri-
mary mechanism of erythrocyte damage by CC is not
known. The following simple experiments allowed us to
reach a conclusion about the mechanism. First, a
time-dependent lysis of erythrocytes trcated by CC
(Fig. 2) demonstrated a rapid K* efflux that was fol-
lowed by the release of hemoglobin, i.c., hemolysis. At
a higher concentration of the toxin, a shorter time
interval between the efflux of K* and the release of
hemoglobin was observed, but the sequence of the
events was not changed. This fact indicated that the
hydrodynamic diameters of hemoglobin molecules arc
larger than the sizes of CC lesions. So the hemoglobin
can not pass through the Icsions. Release of the
hemoglobin is, probably, a result of osmotic rupture of
the cells. This suggestion was supported by finding that
uncharged macromolecules, such as poly(ethylene gly-
col) (PEG) 4000, in the extracellular medium protected
cells from lysis. The protection of erythrocytes by PEG
4000 was complete even if the cytolysin concentration
was raised to 5 ug/ml (concentration of CC induced
50% lysis of rabbit erythrocytes was equal to 0.1
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Fig. 2. The time-dependent leakage of K (a) and hemolysis () of
human ervthrocytes treated by CC. The toxin was added 10 10 ml of
2% suspension of human erythrocytes in a final concentration 0.8
pg/mt (open symbol) or 0.25 ug/mi (Hilled symbol), After addition
of the toxin @ portion (100 uwl) of the erythroeyte suspension wits
taken in desired time period. Then cach of samples was diluted up to
1 ml with NT buffer and fast sedimented. The both optical density
(at 540 nm) and concentration of K (by flame photometer) were
measured. The percentage of hemolysis and K leakage was calcu-
lated with 100% lysed erythrocytes by distilled water. The presented
value are the means of 3- G experiments,

pe/mi). Therefore the size of pores formed by the CC
in the membrane actually are smaller than the hydro-
dynamic diameter of hemoglobin, Morcover, we can
conclude that the CC-induced lesions obviously are
homogencous, i.c., the size of water pores are negligi-
ble changed at various concentration of the toxin, The
cffect of PEG 4000 was not due to interference be-
tween nonelectrolyics and toxin molecules binding to
erythrocyte membranes. Substitution of the nonclec-
trolyte-containing media by fresh NT buffer without
nonelectrolytes led to irreversible hemolysis, The data
indicate that CC-induced hemolysis occurs by an os-
motic mechanism similar to the mechanism of action of
other bacterial toxins [20-23].

The inhibitory effect of nonelectrolytes depended
on hydrodynamic radius of their molecules (Fig. 3). We
found that macromolecules of nonclectrolytes, such as
PEG 1000, PEG 2000 and higher completely inhibit the
CC induced lysis of the red blood cells, but molecules
PEG 300, sucrose and other small hydrocarbons and
alcohols did not. The minimal hydrodyn.mic radius of
nonelectrolyte molecules which completely inhibited
the CC-induced cell lysis was closc to 0.95 nm. There-
fore we can conclude that in the membrancs of target
cells the CC formed pores with average radii of about
0.9-1.0 nm.
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Influence of the CC on planar bilayer lipid membrane
properties

Investigations which we carried out on planar bi-
layer lipid membranes (BLM) provided conclusive evi-
dence in support of the pore concept. The addition of
CC to voltage-clamped lipid bilayers led to stepwise
increase of the BLM conductance (Fig. 4). It indicated
the formation of ionic channels in the membrane. The
conductance value for the unitary event was calculated
and summarised in the cumulative histogram shown in
the inset of Fig. 4. To investigate the selectivity of the
channels we mecasured the transmembrane potential
when the membrane divided solutions with different
concentrations of the same clectrolyte, The results
indicated that the channels were about 5-times as
permeable to chloride as to monovalent cations (1, =
0.18 at 100 mM KCl pH 7.5), with practically no
sclectivity for Na* over K*, since in biionic experi-
ments (100 mM KCl/100 mM NaCl) the transmem-
brane potential was usual less than 3 mV. Thus the CC
actually changes the propertics of membranes by the
formation anion selective waterfilled channel struc-
tures.

To establish whether one molecule of the cytolysin
can form the ionic channel into thc membranes we
have studied various dose-response dependences. Fig.
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Fig. 3. The molecular size dependent effect of non-clectrolytes both
on hemolysis of erythrocytes and parameter ». Percent of CCein-
duced lysis of 2% rabbit erythrocyte suspension contined nonelee-
trolytes (o) left vertical scale. The toxin was added in a final
cancentration 0.5 ug/ml. The values represented here are means of
five sepurate experiments, The permeability parameter ¢ of cach
nopelectrolyte (a) was calcutated as described in Results: right
vertical scale. Composition of the solutions containing nonelee-
trolytes are described in Materials and Methods. The hydrodynami-
cal radii of non-electrolytes measured by viscosimetrical method
were the following (nm): ethylene glycul, 0.26 +0.01: glucose, 0.37 +
0.02; sucrose, 0.47+ 0.01: polylethylene glycol) (PEG) 300, 0.6 +0.02;
PEG 400, 0.7+003: PEG 1000, 0.94+0.06: PEG 1500, 1.05 +0.01;
PEG 2000, 1.22+0.01; PEG 4000, 1.92+0.03: PEG 600, 2.5+ 0.03.
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Fig. 4. Current-voltage characteristic of channels induced by V,
cholerae cytolysin in planar bilayers. BLM was formed as described
[15] from common fraction of bovine brain phospholipids. Planar
hilayers were bathed with 150 mM NaCl, 5 mM Tris-citrate, pH 7.5
solution. The trans compartment was connected to the virtual ground,
Triangular voltage pulses of 10 Hz frequency (line) or long-lasting
voltage pulses (20-30 s duration; ©) were applied to the cis compart-
ment. The toxin (5 1) was applied on the cis side of BLM from stack
solution (100 gg/mb. Inset: (a) current steps after addition of the
cytolysin to cis side of BLM clamped at =50 mV; cach one is due to
the opening of a new ionic channel into the membrane. The dashed
line indicates a current of zero while the arrow points at the moment
of addition of the toxin (0,25 up). Conductance and time scales are
given in the figure: (b) the histogram representing the prabability P
to observe steps of the CC-channels conductance like that in the
current trace: 123 steps, bin width 8 pS.

S shows that the slopes of the dependences of the
maximum pore formation rate. the steady-state number
of channel in BLM and the level of hemolysis of rabbit
red blood cells on protein concentration in double-
logarithmic plots reached to 2. These data doubtless
indicate that an aggregation mechanism does indeed
operate to produce the CC channels and that more
than one molecule of the toxin takes part in the forma-
tion of the waterfilled pore in artificial, 2s well as in
biological, membrancs.

The size of the CC channel water pores in BLM

To measure the cffective radius of the CC channel
in BLM we have used the method described in detail
carlier [17]. This method has been successfully applicd
to determine the sizes of channels induced by whole
a-staphylotoxin [24] and its tryptic fragment [25], latro-
toxin [26] and B-subunit of cholera toxin [27]. It had
been developed for waterfilled pores. For thesc pores
the direct correlation between the solution conductivity
and single-channel conductance has to be observed at



least for short time intervals. In our case, the hemolysis
experiments indicate that the CC channcls are, per-
haps, large enough waterfilled pores. To check this
possibility we studicd the behaviour of the channel at
various KCl concentration in bathing BLLM media. The
mean conductance of the CC channel increased when
the activity of KCI solution was increased (Fig. 6). The
same influcnce of KCI activity on the solution conduc-
tivity indicates a linear relationship between these two
variables (the coefficient of correlation is 0.993), Thus
the conditions noted above were almost realized and
we could use the noted above method.

To estimate the radius of water pores induced by
CC in BLM we studiced the changes of both the solu-
tion conductivity and the channel conductance result-
ing from the addition of diffcrent non-clectrolyies 10
the aqueous solution bathing the bilayer. For analysis
of the changes of these values and the following deter-
mination the pore size of the ionic channels we have to
use i permeability parameter, . which was calculated
HER
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Fig. 5. Double-logarithmic plot of the maximum pore formation rate,
steady-state number of channels and percent of hemolysis against the
toxin concentiation. The slopes of the maximum pore formation rate
() and steady-state number of channels (a) are 1.9 and 1.7,
respectively. BLM clamped at - 20 mV was bathed with 150 mM
NaCl. § mM Tris-citrate, pH 6.0 solution. Toxin in a different
concentration was added into the cis compartment. The maximum
pore formation rate, V. and the steady-state number of pores in
the membrane, N were calculated as

Vi = [T /740 /G L UL N = [ /Gy UL

where U is the constant applied voltage and G, the single-channel

conductance value, The dependence of rabbit red blood cells hemol-

ysis against toxin coacentration (0O) have a slope 1.5, All of the

straight lines are least-squares fit. Other conditions of experiment
are described in Materials and Methods.
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Fig. 6. Double-logarithmic plot of single-channel conductance and
solution conductivity against activity of KCL The values of single €C
chanuels conductance (a) were obtained from steps of current like
that in Fig. 4. The solutions used with different concemration of
KOl were buffered by S mM Tris-citrate (pH 6.0). The total number
of events (eurrent steps) is about 630, The slope of the least-squares
line is 1.1 The electrical conductivity of solutions () was mea-
sured using a conductometer at 25°C. The slope of the least-squares
line is 1.0,

where H and g are the electrical conductivity of 100
mM KCl and the channel conductance in the same
solution, respectively;

H' and g’ are the electrical conductivity of 100 mM
KCl solution containing 20% nonelectrolyte and chan-
nel conductance in the same solution, respectively.

Determining the permeability parameter for cach
nonclectrolyte we found that it depended on the cffec-
tive hydrodynamic radius of their molecules (Fig. 3). So
nonclectrolytes with small hydrodynamic radii (such as
glycerin, glucose and sucrose) changed the conduc-
tance of the ionic channel proportionally to the de-
crease of the solution conductivity and the numerical
vilues of the permeability parameter (¢) were about |1,
i.c., the CC channcls are well permcable for molecules
of such nonclectrolytes. When the size of used non-
clectrolyte molecules increased the values of the pa-
rameter v decreased from 1 to . Hence the concentra-
tion of nonelectrolyte molecules in the water pore of
the channel was less than that in the bulk solution. It
appeared, obviously, when the size of the nonclec-
trolyte molecules approached the cffective size of the
CC-induced water pore. Finally, the values of parame-
ter v for impermeant large non-¢lectrolytes formed the
lowest horizontal branch of the dependence v on the
hydrodynamic radius of nonclectrolyte molecules (Fig.
3). In this case, parameter v was constant and had a
slightly negative value.

It should be noted that after addition of the imper-
mecant nonclectrolytes into the bathing solution the
conductance of the CC channels was increased in com-
pare with conductance of the channels measured in the
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same buffer but without nonelectrolyte aithough the
conductivity of the solutions was decreased drastically.
In common, a noted increase of the CC-channels con-
ductance and, respectively, a negative value of parame-
ter » (for the used impermcant large molecules) result
because the activity of ions in nonelectrolyte-contain-
ing solutions was about 30% larger than that in the
solutions without PEG. The detailed analysis of that
and other effects of nonelectrolytes was done earlier
[17]. According to the method we supposed that the
effective radius of the CC-channel water pore is lo-
cated at the point of transition from the linear falling
part to the lower horizontal branch of the permeability
parameter dependence on the hydrodynamic radius of
nonelectrolytes (Fig. 3). In this way we established that
the effective radius of the ionic channel water pore
induced by CC in planar bilayer membranes was equal
to 0.9~1.0 nm.

These data point out a practical identity fo the
effective size of water pore induced by CC in both
BLM and erythrocyte membranes. Obviously, the
structure of these water pores in the two types of
membrane also should be close to each other.

The influence of lipid bilayer composition on the proper-
ties of CC channels

To comprehend the ion-conductive structure of any
ionic channel it is necessary to clarify the contribution
of both the protein and the lipid to the formation of
this structure. With this aim we have studied the pH
dependence of cation-anion selectivity of the CC-mod-
ified BLM. We have found that the intrinsic anion
selectivity of the CC channels was remained practically
complete even if the CC channels were incorporated in
the negative charged BLM at all used pH of water
solution (Fig. 7; Table 1I). This fact indicates that a
water pores of the channels are mainly surrounded by
protein molecules but not lipids.

This conclusion was supported by comparison of the
single CC chunnel conductance inserted in both pure
PC and mixed PC/PS bilayers. The negative surface
potential of the PC/PS bilayer should attract cations
and, accordingly, repeal anions. Now, if the pore en-
trance is located near the membrane surface, the con-
ductance of the CC-channel incorporated in the un-
charged (PC) or in negative charged (PC/PS) BLM
should be strongly different. Taking into account the
anion selectivity of the cytolysin channel we could
expect a considerable decrease in the single conduc-
tance of the channel inserted in PC/PS bilayers in
comparison with that in pure PC membranes. How-
ever, we have established that the mean channel con-
ductances were practically equal to each other (278 +
2.1 pS and 25.6 + 2.3 pS for PC and PC/PS bilayers,
respectively) under identical experimental conditions
(100 mM KCl, 10 mM Tris-HCl, pH 7.0). This, doubt-
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Fig. 7. Etfect of pH on the selectivity and conductance of channels
induced by cytolysin in BLM. Conductances of single channels ()
were measured in 150 mM NaCl, § mM Tris-citrate at desired value
of pH: left vertical scale. The number of events was 40 to 150 for
cach value of conductance which were obtained us described in the
tegend to fig. 2. Right: the cation-anion selectivity (7, ) of CC-chan-
nels (0) was coleulated from measurements of zero current potential
as deseribed in Materials and Methods.,

less, indicates that the pore entrances are located far
away from the surface of the membrane.

The location of CC-channel in BLM

The current-voltage characteristic (CVC) of the
multichannels membrane modificd by the CC at pH 7.5
was sharply asymmetric. Such result was obtained when
we applied as the triangular voltage pulses of 10 Hz
frequency as long-lasting voltage pulses (Fig. 4). The
CVC of a single CC-channel under identical conditions
had also the same shape. Hence this is indeed an
intrinsic property of the open CC-channel.

In addition the shape of CVC of the CC channcls
allow us to propose that the channels are asymmetri-
cally inserted into the bilaver. To check this idea we
used asymmetrical bilayers, where one monolayer was
made from pure PC and the other from PC/PS (1:1)
mixture. The toxin was applied to the cis-side of BLM
and then the instantaneous CVC has been measured.
To compare the various CVCs and to measure the
contribution of the lipid monolayers to the determina-
tion of the CC-channel properties we have calculated
some parameters of CVC. So the relationship between
the current through a single channel at + 100 mV and
its value at — 100 mV is taken as a quantitative param-
eter of CVC asymmetry (A), and the linearity parame-
ter corresponds to the relationship of the current value
measured at 100 mV and that obtained by linear ex-
trapolation of the current value at 20 mV (L). The
resuits of the set of experiments are presented in Table
L. It was found that the CVC shape of the CC channels
depended on the lipid composition of the trans-mono-



layer of BLM. When the CC was added to the PC
monolayer of BLM the influence of trans charge meno-
layer (PS/PC) on the parameters of CVC was more
ponderable. This means that the entrances of the chan-
nel protrude from the plane of the membrane into the
solution for different distances. If we call the CC-chan-
nel entrance which protrudes from the plane of the
membrane into the side of cytolysin addition the ‘Exe’
entrance and the entrance on the other side the ‘In’
entrance, than we can conclude that the ‘Exe’ entrance
of the channel, obviously, is placed farther from the
surface of the polar lipid heads than the 'In’ entrance.

The effect of proteolytic enzymes on the properties of the
CC channel

Further information about the location of the cy-
tolysin channel in the membrane was gained by the
limited proteolysis of the toxin upon formation of the
ion-conductive structure of the CC channel. It was
found that the proteolytic cnzyme papain influenced
the cation-anion sclectivity of the CC modified bilayer.
This sct of experiments was done as follows, First, the
cytolysin was added to the bathing BLM solution on
the cis side of the preformed BLM. When the mem-
brane conductance has reached the final steady state,
the papain (final concentration 1 mg/ml) was injected
in cither both sides or only one side of the experimen-
tal chamber. After exposition for 60 min at 25°C the
bathing solution was substituted with the initial buffer.
Finally, the selectivity and CVC of the multichannel
BLM treated with the enzyme was measured. The
resnlts are shown in Table I1. It was established that
the treatment of the definitive channel structure by
papain led to the decrease of its selectivity. Besides the
influecnce on the selectivity of the CC-channcl, the
treatment with papain also led to an 2-3-fold decrease

TABLE 1

The influence of lipid composition on the shape of current - voltage
characteristics (CVC) of the CC channels

The bilayers were formed by the union of two monolayers of which
the lipid composition is noted in the table. The CVCs were obtained
by applying long-lasting voltage pulses to the CC-modified mem-
brane. The toxin was added to the cis compartment, whiie the trans
compartment was connected to the virtual ground. The parameters
which quantitatively characterize asymmetry (A) and linearity (L) of
the CVC shape were calculaled as described in Results, Experimen-
tal conditions were: 100 mM KCl, 10 mM Tris-HCl (pH 7.0). 9-20
experiments were carried out to obtain each value of parameters.

Asymmetrical bilayer
PS/PC-trans

Parame-  Symmetrical bilayer
ters of PC-trans  PS/PC-trans PC-trans

CVCs  pecis  PS/PC-cis  PS/PC-cis PC-cis

L 162£006 1862009  1.68+0.08 1.85+0.06
+L 070005 063+006  0.72+004 0.62+005
A 295+0.16 4124056  325:0.13 38910.12
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TABLE 11

The influence of enzymatic treating of the CC channels on their
selectivity

The BLM were formed from a PS/PC mixture. The CC was added
by applying 5 u1 of stock toxin solution (0.1 mg/m}) on the cis side of
the BLM. Papain (1.6 mg) was injected into the bathing solution (1.6
mi): 100 mM KCL 10 mM Tris-HCI (pH 7.0). The sclectivity of the
CC channels under these conditions are presented here using the
cation transference number (¢, ), calculated from the slope of de-
pendence of zero-current potential versus KCl conceatration. The
values of the zero-current potential were measured after every
addition of 3.5 M KCl into the trans compartment of the experimen-
tal chamber while the cis one contained unchanged 100 mM KClI
solution. 3-5 successful experiments were carried out 1o calculate
the value of the channel selectivity. The course of the experiments
was described in Results.

Enzyme {papain): Absent Cis/trans  Cis Trans

0.18+0.02 0361015 0.29+0.04 0.184:0.03

Selectivity (¢, )

in steady-state membrane conductance. Surprisingly,
the shape of CVC changed slightly.

The decrease in selectivity, but to a smaller degree,
was observed if we added the enzyme to the cis (the
toxin addition compartment) side of the experimental
chamber only. The addition of the cnzyme to the
opposite compartment of the chammber did not change
the selectivity of the CC channels. Hence only the
*Exe’ entrance of the CC channel is available to prote-
olytic enzyme. Thesc findings allow us to conclude that
the ‘Exe’ entrance of the CC pore is placed farther
from the planc of the¢ membrane than the ‘In’ en-
trance.

Discussion

The place of the cytolysin among other hemolysin se-
creted by non-01 Vibrio cholerae

We presented the results of our study of the effects
of toxin which was secreted by non-01 V. cholerae
strains on membranes, It was found that the toxin
effectively iysed erythrocytes from various species. The
relative <ensitivity of erythrocytes to this toxin was in
the following order: rabbit > guinea pig > rat > sheep
> human = chicken > pigeon = turkey > frog. The
concentration of the CC causing 50% lysis of rabbit red
blood cells was 0.1 ug/ml. The most resistant to the
action of the toxin were erythrocytes of the frog (1.6
wug/ml). The sensitivities of the other tested cells to
CC differ not greatly (0.1-0.5 wg/ml). So the studied
toxin is a hemolysin. Moreover, as was shown by Zitzer
(personal communication), the purified toxin also was
able to damage different lines of mammalian cells and
possessed other bivlogical propertics. It had a lethal
activity to white mice at iv. injection; induced the
accumulation of mucous fluid in the small intestine and
darkly coloured fluid in the cecum of rabbits.



14

All of the biological activities of the CC completely
abolished after incubation of the toxin solution at
100°C for 1 min. The activities were not altered by
addition of cholesterol or dithiothreitol into toxin solu-
tion. The CC preparation didn’t show any phospho-
lipase activity.

All the properties noted above were not due to
some contaminates but due to a protein with a molecu-
lar weight of about 60000 and pl/ 6.2. SDS-PAAG
clectrophoresis showed that purified CC migrated as a
single band with that molccular weight (Fig. 1). Thus
like a hemolysin produced by V. cholerae biotype El
Tor this cytolysin was thermolabile, hemolytic and
lethal for mice. Generally, several toxins secreted by V.
cholerae may be gathered into one group of El Tor-like
hemolysins, Beside the general properties noted above
these toxins differ from each other by their molecular
weights and isoelectric points. So the cytolysin ob-
tained by McCardell and Madden [11] had a molecular
weight equal to 52711 and p/ 8.65; El Tor hemolysin
purifiecd by Honda and Finkelstein [28] was charac-
terized as a protein with M, 20000 and hemolysin
obtained by Yamamoto et al. [10] was a protein with
M, 60000 and pl 5.7. It should be noted that for the
latter toxin from non-01 V. cholerae an amino acid
analysis was done, which showed its identity with El
Tor hemolysin [19]. The amino acid composition of the
cytolysin purified by us was the following: Asp, 65; Thr,
25; Ser, 30; Glu, 61; Pro, 24; Gly, 40; Ala, 48; Val, 31;
Met, 2; Hg, 21; Leu, 42; Tvr, 1; Phe, 18; Lys, 17; His,
11; Arg, 18 The analysis indicated that the CC was
related, but not identical, to the hemolysin obtained
earlier from both El Tor and non-01 strains of V.
cholerae,

Thus the physicochemical and biological propertics
of CC allowed us to put the toxin in the group of the
thermolabile lethal hemolytic enterotoxins, which are
secreted by both classical (El Tor) and non-01 strains
of V. cholerae. The data presented in our paper al-
lowed us to suggest that a formation in target mem-
branes oligomeric waterfilled channels is the primary
mode of action of the studied non-01 V. cholerae cy-
tolysin at least.

Properties of the waterfilled channel induced by the CC

The appearance of the current steps after addition
of the CC into bathing BLM solution is a strong
indication for the formation by the toxin of ionic chan-
nels. The data presented above allowed us to affirm
that the same ion-conductive structures were formed
by the CC into erythrocytes membranes.

The possibility to form an asymmetric lipid bilayer
was shown by Montal nearly twenty vears ago [29]. The
investigations using asymmetric bilayers had been per-
formed, for example, on the channels induced by gram-

icidin [20], a-staphylotoxin [31]. The asymmetric bilay-
ers used to study the membrane effects of CC allowed
us not only to establish the channel-forming activity of
the toxin, but also to find the asymmetric location of
the CC channels in the membranes. The proteolysis of
the definitive CC-channel structure by papain had sup-
ported the assumption of the asymmetric location of
the CC-channel in BLM. It is obvious that the data
obtained do not provide direct evidence for the asym-
metric location of the CC channel, but electron mi-
croscopy studies have not been done yet.

The simple relation between solution conductivity
and conductance of the CC channels and the high
permeability of the channels for small non-electrolytes
arc a strong indication that the CC channel is filled
wit'?l water, i.e., general diffusion pore. However, the
instantancous CVC of the membrane modified by CC
was nonlincar and asymmetric (Fig. 4). CVCs were
found to be always hypolincar at positive and hyperlin-
car at negative potential at any used membrane com-
position (Table I). These findings imply that the CC
channel possesses some charge. The anion selectivity of
this channel indicates that these fixed charges are
positive. It was supported by the CC-channel pH de-
pendence of both the selectivity and single-channel
conductance (Fig. 7). The expected increase in the
clectrostatic attraction of the anions at low pH mani-
fested as a strong increase of the single-channel con-
ductance. And in concordance with the decrease the
positive charge of the toxic protein at alkaline pH
values of the medium the cation-anion selectivity of the
CC channels was slightly reduced in this pH region. A
similar influence of the pH of the media was also
shown for channels induced by, for example: hemo-
cyanin [32], a-staphylotoxin [33], latrotoxin [34).

pH-dependent voltage gating of CC-channels

The pH of the medium also influenced the appear-
ance of voltage gating of the CC channels. At small
values (< 30 mV) of transmembrane potential (V) the
CC channels were in the open state. The increase in V,,
raised the probability of closed state of the channels.
Moreover, the process of transition of these channels
from open to closed state sharply depends on bulk
solution pH. So the conductance of the multichannel
membrane modified by the CC after a stepwise in-
crease in the membrane potential (from -5 to — 100
mV) decreased about e times for 200-300 s at pH 7.5
and for 8-12 s at pH 5.0. Back transition of the CC
channels from closed to open state could be ap-
proached by membrane depolarization for a short time.
It is interesting that current amplitude after a series of
identical voltage pulses (from —100 to —5 mV) de-
pended on pulse number only but didn’t depend on a
time interval between the neighbouring depolarizating



pulses. These results allowed us to suggest that the
CC-modified bilayer possesses a so-called ‘memory’
like a-staphylotoxin-modified BLM [35). The results of
a detailed investigation of these properties of the CC
channels will be published scparately. In conclusion,
the CC-channel transitions between open and closed
states arc dependent on transmembrane potential and
arc regulated by pH of media.

PH influence on CC-channel formation

To study the pH dependence of the channel forma-
tion and function we observed an interesting effect:
both the maximum pore formation rate and the
steady-state number of channels had a maximum at pH
6.0-6.5 (Fig. 5).

The same pH effects were observed using some
other channel-forming proteins [36). In all cases the pH
changed the ion channel distribution between closed
and open states. A possible physicochemical explana-
tion of the phenomena has been discussed carlier [36).
It was bascd on the similai bell-shape pH-dependence
of both the Gibbs free energy of interaction of iono-
genic groups of a channel-forming protein with water
and the total energy of the electrostatic interactions
between neighbouring ionogenic groups of channel-for-
ming protein molecules in channel structures.

We have supposed that slight decreases in pH value
of the solution bathing the target cells should result in
increases in sensibility of the cells t¢ the CC action.
This proposition was supported by the results of simple
experiments. We have measured leakage of K* ions
from human crythrocytes trcated by the CC at various
pH values of the medium. The results are presented in
Fig. 8 as the rate of K* leakage in 5 min after addition
of the toxin to the suspension of human crythrocytes. It
can be seen that the rate of ion lcakage induced by the
CC had a maximum at pH 6.5-7.0. So these data
undoubtedly indicate that a slight decrease in pH read-
ily increased the sensibility of the cells to the CC
action. The presence of the pH-optimum for mem-
branc effects of the CC and localisation of the opti-
mum (6.0-7.0) on the pH scale allows us to suggest
that a combination of such CC preperties as both a
relative low-discrimination of cytoloxicity to various
mammalian cells and a suitable pH-dependence of its
poreforming activity will favour the use of this toxin as
a chemotherapeutical antitumour medicine. This hy-
pothesis should be tested in vivo, but now it is sup-
ported by these facts that the pH value of the extracel-
lular medium bathing the tumour cells could be 0.4-1.0
pH unit lower than that of the interstitial fluid of
normal tissues [37].

In conclusion, we should note that the primary
mode of, at least, erythrocyte damage by the CC sec-
creted by non-01 V. cholerae is the formation water-
filled pores in the target membranes.
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Fig. 8. pH-dependence of the maximum pore formation rate. the
steady-state number of CC channels and rate of leakage of K' from
CC-treated erythrocytes. Bathing solutions containing 150 mM NaCl,
S mM Tris-OH were adjusted to required pH by citrate. The toxin
(final concentration 1.25 pg/mb was added to cis side of BLM
clamped at - 20 mV. The values of the maximum pore formation
rate (0O) and the steady-state number of channels (a) were caleu-
lated as described in the legend to Fig. 5. Rate of leakage of K'
trom 2% suspension of human erythrocytes (00) in 5 min after
addition of CC to the a final concentration 0.25 g /ml was calculated
as described in Materials and Methads. There were carried out from
2 10 7 experiments to obtain each value of dependences. The lines
were drawn by hand.
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