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Abstract

Vibrio cholerae EL Tor cytolysin, a water-soluble protein with a molecular mass of 63 kDa, forms small pores in target cell
membranes. In this communication, planar lipid bilayers under voltage clamp conditions were used to investigate the
geometric properties of the pores. It was established that all cytolysin channels were inserted into membranes with the same
orientation. Sharp asymmetry in the I-V curve of fully open cytolysin channels persisting at high electrolyte concentrations
indicated asymmetry in the geometry of the channel lumen. Using the nonelectrolyte exclusion method, evidence was
obtained that the cis opening of the channel had a larger diameter (=1.9 nm) than the trans opening (=1.6 nm). The channel
lumen appeared constricted, with a diameter of =<1.2 nm. Cup-shaped lumen geometry was deduced for both channel
openings, which appeared to be connected to each other via a central narrow part. The latter contributed significantly to the
total electrical resistance and determined the discontinuous character of channel filling with nonelectrolytes. Comparisons of
the properties of pores formed by cytolysins of two V. cholerae biotypes (EL Tor and non-Ol) indicated that the two ion
channels possessed a similar geometry. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cytolysins produced by some Vibrio cholerae EL
Tor strains and by most non-Ol strains are possible
virulence factors [1,2]. These toxins are encoded by
the hlyA gene [3-5], an 82 kDa protein which is then
processed to an approx. 63 kDa mature cytolysin.
The resulting N-terminal amino acid of the mature
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cytolysin depends on the protease that hydrolyzed
the precursor [6]. The pathogenetic relevance of EL
Tor cytolysin is not entirely clear; however, non-O1
V. cholerae strains that do not produce cholera toxin
still cause illness [7-10] and a V. cholerae mutant
lacking the cytolysin exhibited a 100-fold increase
in LDsy (sucking mouse model) [11]. Thus the enter-
opathogenic action of those V. cholerae strains seems
to be correlated with cytolysin production. More-
over, non-O1 V. cholerae strains that produce an
EL Tor-related cytolysin also cause extraintestinal
infections, including cellulitis, meningitis, wound in-
fections and bacteremias [12-17].
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Our previous studies have examined the action of
EL Tor (VCC1) and non-O1 (VCC2) cytolysins on
erythrocytes and nucleated cells [18-21]. Pore forma-
tion was considered responsible for enterotoxic [22]
and lethal properties [1] of the cytotoxins. The chan-
nel-forming activity of cytolysins isolated from these
two biotypes has been demonstrated in planar lipid
bilayers [18,19,23]. Based on bilayer experiments, oli-
gomerization was concluded to be an essential step in
pore formation and a homooligomeric structure was
suggested for the pore formed by both toxins. Most
recently, the pentameric structure of VCCI1 channels
was established by SDS-PAGE analysis [24].

The geometry of the water-filled nanometer-scale
pore largely defines the conductance, permeability
for small molecules and in some degree the ion se-
lectivity [25]. The geometry of the cytolysin trans-
membrane channel remains largely unknown. The
diameter of the larger opening of the VCC2 channel
in planar lipid bilayers and in erythrocyte mem-
branes was estimated to be 1.8-2.0 nm using the
nonelectrolyte polymer exclusion technique and os-
motic balance method [18]. For VCCI channels, the
effective channel diameter (approx. 1.4-2.0 nm) was
deduced from the channel conductance [23]. Channel
geometry is likely to be closely linked with functional
channel features and, consequently, with biological
effects of the toxin. To obtain such information for
the VCCI channel, we employed a variation of the
polymer-exclusion approach [26], which yielded data
in excellent agreement with crystallographic data for
Staphylococcus aureus o-toxin channel [27]. By this
method, the influence of asymmetrically applied non-
electrolytes on channel conductance is analyzed in
terms of channel pore geometry. Using this method
we provide evidence that V. cholerae EL Tor cytoly-
sin channels have asymmetric lumen geometry with
channel openings of different diameters and a con-
striction inside the lumen.

2. Materials and methods
2.1. Bacterial strain
V. cholerae 01 EL Tor (KM 169 type strain) was

used for cytolysin purification. This strain was neg-
ative in tests for cholera toxin and heat-stable entero-

toxin. Cytolysin was prepared as previously de-
scribed [19].

2.2. Chemicals

Phosphatidylcholine (type V-E) and cholesterol
were purchased from Sigma and used as received.
Ethylene glycol and glycerol were from Merck. Ex-
periments employed polyethylene glycol (PEG) with
average molecular masses of (Da): 300, 400, 1000,
1450 (Sigma); 600 (Riedel de Hahn); and 2000 (Al-
drich). Hydrodynamic radii of nonelectrolytes closely
related with early published data [28,29] were taken
from [30,31] and were the following: 0.26 = 0.02 eth-
ylene glycol, 0.31+0.02 glycerol, 0.60+0.04 nm
PEG300, 0.70+0.04 nm PEG400, 0.78£0.04 nm
PEG600, 0.94+0.04 nm PEGI1000, 1.05%£0.04 nm
PEG1450, 1.22 £0.04 nm PEG2000. Other chemicals
were analytical grade.

2.3. Methods

Planar lipid bilayer membranes were formed by
the method of Montal [32]. Electrical characteristics
of planar lipid bilayer membranes (PLM) were mea-
sured under voltage clamp conditions as described
elsewhere [33]. The trans compartment of the exper-
imental chamber was connected to the virtual
ground, and voltage pulses were applied to the cis
compartment of the chamber, where cytolysin was
also added. Double-distilled water was used to pre-
pare all buffer solutions. Unless stated otherwise,
standard solution used in the bilayer experiments
contained 0.15 M NaCl and 0.005 M HEPES at
pH 6.5, adjusted with NaOH.

To record the I-V curve of single VCCI channels,
long-lasting voltage pulses (20-30 s duration) were
applied. To record the instant I-V curve, the trans-
membrane potential was initially increased stepwise
from zero to —110 mV and then gradually increased
to 110 mV (during a voltage ramp with duration of
200-250 ms). Finally, the transmembrane potential
was returned stepwise to zero mV.

Cation-anion selectivity of VCC1 channels was
evaluated by measuring the zero current potential
with different concentrations of KCl on the two sides
of the PLMs. A 3-fold gradient (150/50 mM; cis/
trans) was usually used.
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Geometric features of the channel were determined
as recently described [26], using 20% (w/v) solutions
of nonelectrolytes. In this method, different small
nonelectrolytes are placed in contact with one of
the openings of the channel, while impermeant large
nonelectrolytes are in contact with the other side of
the channel. The method is based on changes in ion
channel conductance induced by the addition of spe-
cific nonelectrolytes to the bathing solutions, which
decrease the conductivity of the solutions. To keep
the ion/water molar ratio constant, polymers were
added to the standard solution to 20% (w/v) concen-
tration. The conductivity of each solution was mea-
sured with an HI 9033 multi-range conductivity me-
ter (HANNA Instruments) at 25°C. It should be
stressed here that for a given nonelectrolyte concen-
tration, bulk conductivities of solutions were the
same for all nonelectrolytes used, the difference for
nonelectrolytes of different masses being within 3%.
Ion activities in 20% nonelectrolyte solutions were
measured with selective electrodes and were found
to have increased by a factor of approx. 1.3 for
PEG solutions. Increased ion activity in the presence
of PEG is well documented [30,31,34-36] and con-
sists with the binding of two or three water molecules
per PEG repeat unit [37-40]. The influence of ethyl-
ene glycol and glycerol on ion activity was almost
negligible.

A simple approach to polymer partitioning into a
channel pore consists of regarding random polymer
coils as flexible spheres of corresponding average hy-
drodynamic radius. However, at least in experiments
with the o-toxin channel [27], highly flexible PEG
molecules (with Kuhn’s length of about several ang-
stroms only) phenomenologically behave as hard
spheres. The reason for this PEG behavior is un-
known. The qualitative picture of polymer partition-
ing into the channel pore is intuitively clear: water-
soluble polymers whose characteristic sizes are much
smaller than pore diameter partition into the pore
easily, while large polymers are excluded from the
pore because of entropic and steric reasons. A quan-
titative description is hampered by the fact that a
number of factors governing polymer partitioning
into ion channel pores are poorly understood.
Thus, the scaling theory failed to rationalize the
sharp dependence of the PEG partition coefficient
for a channel on polymer molecular mass even in

the case of symmetric equilibrium conditions [41].
The hard sphere approach (in its original form) is
also not able to describe well the PEG partition
[41]; however, it becomes able to do so assuming a
reasonable repulsion force between polymers in the
case of symmetric equilibrium conditions and low
ionic strength [27]. The latter condition is very im-
portant. It prevents a significant interaction between
a polymer and a channel wall [27], and for this rea-
son was used by us throughout our study. The rea-
son for the appearance of the repulsion force be-
tween polymers is still poorly understood.

Because several theoretical issues concerning poly-
mer partitioning into a channel pore are still unre-
solved even in the case of symmetric equilibrium
conditions, we employed here an empirical approach
to analyze the partitioning at the asymmetrical con-
ditions. We assumed that, if the nonelectrolyte hy-
drodynamic radius is smaller than any opening of the
channel, the nonelectrolyte partitions freely, occupy-
ing (with a concentration equal to its bulk concen-
tration) all space available before the constriction of
a smaller radius. If the nonelectrolyte hydrodynamic
radius is larger than the pore opening radius, it does
not partition into the pore at all. Hence, if nonelec-
trolytes enter the channel lumen of a given channel,
the conductance of that channel decreases. On the
other hand, molecules that do not enter the lumen
should not significantly alter single channel conduc-
tance [30,31,34-36,42].

Different nonelectrolytes are used as molecular
probes. The chosen condition does not allow inter-
action of the nonelectrolyte with the channel lumen
wall. Mean values of single channel conductances
and solution conductivities are used to establish the
filling (F) of the channel with a nonelectrolyte
through one of its openings. The filling (with correc-
tion on access resistance) was calculated as described
elsewhere [26]:

(252 (52

where g, is the single channel conductance in the
basic solution, in which the NaCl concentration
was increased by a factor of 1.3; g; is the single
channel conductance in the presence of a solution
containing 20% (w/v) of an nonelectrolyte with ac-
cess to the channel interior on one side only (g5 or
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gi"™"S); %o is the conductivity of the nonelectrolyte-
free space in a nonelectrolyte solution. It was as-
sumed to be equal to % for a standard solution in
case of ethylene glycol or glycerol and was increased
by a factor 1.3 in the presence of PEG in solution
[30,31,33,35,36,41]; x; is the conductivity of the so-
lution containing 20% (w/v) of a given polymer; C is
a coeflicient determined as follows:

gacc gi
C=—_22—X{1-—5
go gO g]

acc

where g% is the conductance of access zones, which
in accordance with Hall [43] is determined to be
g%°=4ry, the subscripts ‘0’ and ‘i’ indicate values
obtained in the absence and in the presence of a
nonelectrolyte; r is the radius of the cis and the trans
openings separately.

The dependence of F on the hydrodynamic radii of
different nonelectrolyte molecules can be used to de-
termine the diameter of the openings of an ion chan-
nel, the geometry of the channel lumen and a possi-
ble constriction in it. The methodology allows
establishing the maximal size of both channel open-
ings and constriction (if it exists) with £0.1 nm ac-
curacy. Localization of a constriction can be deter-
mined with less precision. Relatively small
concentrations of NaCl were used in the channel-siz-
ing experiment. Under these conditions, non-specific
hydrophobic interactions between nonelectrolytes
and the channel wall (that can be clearly seen at
high salt concentrations [27,41,42]) are minimal
[27].

3. Results

In accord with published data [18,19,23], addition
of VCC1 to voltage-clamped PLM led to stepwise
increases in bilayer conductance (Fig. 1, inset A).
Each step reflected the formation of a single anion-
selective channel (P¢i/Px =3). Usually current steps
were quite uniform in size although channels with a
conductance that was considerably less than the
main value of the channel were occasionally ob-
served. We excluded these low conductance events
in our further analysis. The line (drawn by Microcal
Origin, version 5.0 software) indicates the theoretical
normal distribution of the main pool of channel
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Fig. 1. The typical I-V curve of the single VCC1 channel in
fully open state, a typical single-channel recording (inset A) and
the histogram of single-channel conductance of VCC1 channels
(inset B). Bilayer lipid membranes were formed from a phos-
phatidylcholine:cholesterol mixture 1:1 (by mass). Bathing solu-
tion contained 0.15 M NaCl, 0.005 M HEPES-NaOH buffer
pH 6.5. VCC1 was always added to the cis compartment to a
final concentration of approx. 0.4 ug/ml. The I-V curve of a
single VCCI channel like that shown in the current traces in in-
set A is represented. To build the I-V curve long-lasting voltage
pulses (20-30 s duration) were applied. (Inset A) A typical sin-
gle-channel recording of VCCI1 channels. The bilayer was
clamped at —50 mV. The dashed line indicates the zero current
level, while the arrow indicates the addition of toxin. (Inset B)
Histogram of the single-channel conductance of VCC1 chan-
nels. The probability, P, of observing conductance steps like
those shown in the current traces in inset A is represented. Rec-
ords were discarded if any of the open channels temporarily
closed. The bilayer was clamped at —50 mV. More than 140
ion channels were registered (5-15 channels per membrane)
under experimental conditions. Bin width was 4 pS. Line
(drawn by Microcal Origin, version 5.0 software) indicates the
theoretical normal distribution of the main pool of the channel
events. All other conditions for the experiment are described in
Section 2.

events (Fig. 1, inset B). The mean value of this dis-
tribution (peak) was taken as the single channel con-
ductance for subsequent analysis. Under the chosen
conditions, the mean single channel conductance was
found to be 48.2+ 5.9 pS. The apparently larger con-
ductance found by Menzl et al. for VCCI1 channels
[23] may reflect the different pH and voltage used.
pH is a significant factor for modifying all channel
properties, particularly the shape of the I-V curve
[18,44]. Of note, Menzl et al. used unbuffered salt
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solutions [23]. The second, and perhaps main reason
for the larger conductance in our study was the dif-
ferent value of voltage used. VCCI channels [23], like
VCC2 channels [18], exhibit sharp non-linearity and
asymmetry of the I-V curve (Fig. 1). The shape of the
I-V curve of the single VCC1 channel in the fully
open state and that of the instant I-V curve of bi-
layers containing hundreds of channels were the
same. Hence, the shape of the I-V curve reflected
the intrinsic properties of the channel. The finding
also indicated that all VCCI channels are inserted
in the same membrane orientation, and that individ-
ual VCCI1 channels had identical asymmetry geome-
tries and/or asymmetry charge distributions along
their water lumen. Because I-V curve asymmetry
could not be completely abolished by an increase in
electrolyte concentration, the VCCI channel could
not be modeled as a simple cylinder. Rather, there
evidently was some sort of structural heterogeneity
inside the lumen of the channels. To examine this,
the nonelectrolyte exclusion technique was employed.

To determine the size of each opening of the
VCCI1 channel and to obtain additional information
about the geometry of the channel lumen, we mea-
sured channel conductances using specific nonelec-
trolytes in contact with either the cis or the trans
channel openings. g% was almost always found to
be larger than g"®", which underscored a physical
asymmetry in channel structure.

Starting with the smallest nonelectrolyte, increas-
ing the hydrodynamic radius of a nonelectrolyte led
to a progressive increase in g as well as g™, The
minimal size of the nonelectrolyte at which the max-
imal values g and g™ were reached corresponded
to PEG600 and PEG1000 for trans- and cis-filling
experiments, respectively. This result suggested that
the two openings of the VCCI1 channel were of differ-
ent size.

To obtain a precise measurement of the radii of
both channel openings and to acquire additional in-
formation on channel lumen geometry, it was neces-
sary to analyze the dependence of channel filling on
the nonelectrolyte hydrodynamic radius. As ex-
pected, F was dependent on the hydrodynamic radius
of nonelectrolyte molecules (Fig. 2). In both cases,
the maximal values of F (Fy.x) observed in the pres-
ence of the smallest nonelectrolyte (such as ethylene
glycol and glycerol), were close to 0.9, indicating that
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Hydrodynamic radius of nonelectrolytes, nm
Fig. 2. The dependence of F** (O) and F'™ () on the hydro-
dynamic radii of nonelectrolytes. For cis-filling experiments,
nonelectrolytes (20% w/v) were added at the cis opening of the
channel, while impermeant nonelectrolyte (PEG2000, 20% w/v)
was added to the trans side. For trans-filling experiments, non-
electrolytes (20% w/v) were added to the frans opening of the
channel, while impermeant nonelectrolyte (PEG2000, 20% w/v)
was added to the cis side. In both cases impermeant nonelectro-
lyte (PEG2000, 20% w/v) was used to decrease the osmotic
pressure gradient across bilayers and, consequently, the direc-
tional water flux through VCCI1 channels that can interfere
with nonelectrolyte partitioning. More than 120 ion channels
were registered (5-15 channels per membrane) under each ex-
perimental condition. These two maneuvers gave us two groups
of cumulative histograms, which were analyzed in the same way
as the control one (see Fig. 1). Mean values of VCC1 channel
conductance in the presence of nonelectrolytes on the cis (g°%)
or trans (g"*) side of the membrane were used to calculate
F and F'™s as described in Section 2. The error bars are
equal or smaller than the symbols used. Vertical arrows indicate
the radii values at critical points of the VCC1 channel. Division
of F and F™" dependences into segments was made ‘by eye’.
The lowest horizontal segment was then fitted by first-order re-
gression. Other segments were fitted by zero-order regressions.
Horizontal arrows indicate filling values for the cis (=0.3) and
the trans (=0.1) vestibules of the VCCI1 channel, which ratios
to the maximal observed filling (0.9) give apparent electrical dis-
tances from the openings to the constriction (for details see
text). All other experimental conditions are as described in the
legend to Fig. 1 and in Section 2.

the channels were readily permeated by these non-
electrolytes.

When a small nonelectrolyte (with a hydrodynamic
radius considerably smaller than the radius of the
pore) is applied to just one side of a cylindrical
pore that is devoid of any constriction, it will be
linearly diluted between both sides and its average
concentration in the pore should be half of that in
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the bulk, so that Fy.x would give 0.5. The larger
experimentally obtained value of F (approx. 0.9) in-
dicated that in both cases the apparent average con-
centration of these small nonelectrolytes in the pore
was actually considerably larger than half and close
to that in the bulk. At least two reasons could have
been responsible for this: (1) interaction between
nonelectrolyte and the channel lumen, or (2) diver-
gence in the geometry of the VCCI1 channel lumen
from that of a cylinder [26,27,41,42]. Interaction be-
tween the nonelectrolyte and the channel wall could
be excluded here because when nonelectrolytes were
added simultaneously at both sides, we did not ob-
serve an F value above 1.0, as predictable for such an
interaction [26,27]. Hence, we interpreted the finding
to also indicate an essentially non-cylindrical geom-
etry of the VCCI1 channel lumen.

The above data would thus be consistent with the
presence of an extensive constriction within the
VCCI channel, which would make a pivotal contri-
bution to the channel conductance. In that confined
space, nonelectrolyte diffusion can be limited [36]
and the effective concentration of the smallest non-
electrolyte into the channel lumen will be close to
that in the nonelectrolyte-containing bulk solution
applied to just one side.

When nonelectrolytes with larger hydrodynamic
radii were used, we observed different values for
Fs and F@s experiments. This indicated asymmetry
in VCC1 channel geometry. In both cases (in the
trans- as well as in the cis-filling experiments), poly-
mer partitioning showed biphasic behavior (Fig. 2).
Molecules with radii =0.94 nm did not enter the
channel (F=0) from the cis opening and molecules
with radii =0.8 nm did not enter the channel from
the trans opening, i.e. complete polymer exclusion
from the pore was observed. A decrease in polymer
size led to an increase in polymer partitioning in a
stepwise fashion until an intermediate value
(Fs=~0.3; F'™s=(.]1) was reached. These inter-
mediate values were kept constant for polymers sized
from 0.6 nm to 0.8 nm (F*) and from 0.6 to 0.7 nm
(F'"5) When the polymer size was further decreased
(hydrodynamic radius < 0.6 nm), filling stepwise in-
creased to maximal values (Fig. 2). Thus, complete
filling of the channel occurred in two steps, which
was interpreted to indicate the presence of vestibules
(with cylindrical or cup-shaped geometry at both

channel sides) separated by a lengthy constriction.
It reflects that the hydrodynamic radii of these poly-
mers are larger than the radius of the constriction,
which inhibits polymers from further filling the pore.
Such behavior is evidence of a spacious vestibule.
The radius of these vestibules (that are assumed to
be at each side of the VCC channel) could be equal
to the size of the largest PEG on the plateau or
larger. The present methodology is unable to resolve
this feature in detail.

The independence of the filling on the hydrody-
namic radius of polymers has to be observed until
the size of the polymers gets smaller than the aper-
ture of the constriction. Since complete filling of the
channel occurred when polymers of »<0.6 nm were
employed, we conclude that the maximal radius of
the constriction approximates this value. The actual
radius of the constriction may be smaller (somewhere
between 0.3 and 0.6 nm).

The larger entry vestibules have radii which are
larger than the largest PEG on the plateau (r=0.8
nm for the cis vestibule, and »=0.7 nm for the trans
vestibule). Their maximal value can be determined
from the F-r dependences presented in Fig. 2 as the
r-axis projection of the interception point between
the line connecting the filling value for the largest
PEG on the intermediate plateau with that for the
smallest PEG on the lowest (F=0) invariant value of
the dependence. Therefore, we assume that the radius
of the trans opening of the channel should be close to
0.8 nm. The radius of the cis opening appears larger
and close to 0.94 nm.

To determine the length of the channel vestibules,
the location of the central constriction relative to the
openings was analyzed in terms of electrical distance.
As developed elsewhere [24], the electrical distance
from an opening to the constriction is the ratio of
filling seen at the intermediate plateau to the maxi-
mal observed filling (Fiax), i.e. the size of the cis
vestibule (in electrical distance units, as seen from
the cis opening) is= F(peG300 PEG600)/ Fmax, and for
the trans vestibule(as seen from the trans opening)
1S F(PEG300 PEG4OO)/Fmax- If Fmax is close to 10, as in
our case, the absolute value of F numerically is close
to the value of the electrical distance. For VCCI1, the
electrical distance was =~0.3 and =0.1 from the cis
and trans opening, respectively. This means that the
cis and the trans vestibules of the channel (from the
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Fig. 3. An inside view on the VCCI channel lumen and possi-
ble channel localization in membrane. / is the channel length
starting from the cis entrance (0 nm) and ending at the trans
entrance (13 nm). The stretched constriction (diameter =1.2
nm) is appeared from =6.5 nm to =11 nm of the channel
length. Channel localization in membrane was deduced based
on the similarity between ion channels formed by VCCI and
VCC2 ([18,21], and this study), functional localization of the
VCC2 channel cis opening in the distance and the trans opening
in the proximity of the lipid bilayer surface [18] and electron
microscopy study demonstrated that the pentameric structure
formed with VCC1 is seen as a slightly funnel-shaped structure
considerably protruding from the bilayer from the side of the
VCCI1 addition [43].

opening to the constriction) define =~30% and
= 10% of the total channel resistance, respectively.
The physical length of these different parts of the
channel can be calculated: (i) assuming that the inner
geometry of all three parts of the channel is roughly
cylindrical with radii (r1, r» and r3) equal to the max-
imal established (Fig. 2) radii of the cis opening, the
central constricted part and the frans opening, re-
spectively and (ii) accepting that the conductivity of
the solutions inside the channel is close to conduc-
tivity of the proper bathing solutions. In this case,
the transmembrane potential drops through the
channel discontinuously although linear at each of
its three parts. The total channel resistance (Rioal)
is the sum of three components:

Rcis + Rconstriction + Rtrans =

(/m)[(1 /1) + (L/r3) + (I3/13)]

where r;, r, and r3 are the maximal radius of the cis
opening, the central constricted part and the trans
opening established at filling experiments (Fig. 2),

and /;, /, and & are the physical length of the cis
vestibule, the central constriction and the trans ves-
tibule, respectively; /+5L+/; is the total length of the
channel and equal to 13 nm as determined by elec-
tron microscopy [20]; % is the conductivity of the
solution. Under these assumptions, three other equa-
tions can be written: Ris/Riotal =0.3, Rirans/
Riota1 = 0.1, Riis/Riyans =3, which finally permit the
calculation of the length of all three parts of the
channel. The length of the cis vestibule (/;), the cen-
tral constriction (/;) and the trans vestibule (/3) of the
channel was estimated to be =6.5 nm, =4.5 nm and
~2.0 nm, respectively. From these data the model
depicted in Fig. 3 emerges. The cis and the trans
vestibules of the VCCI1 channel are depicted here
with both cylindrical and cup-shaped geometry be-
cause the methodology is not able to distinguish be-
tween these two possibilities. The suggested model
may be an oversimplification, but it is in basic agree-
ment with electron microscopy data [20], which in-
dicated a funnel-shaped structure of the channel. A
cartoon showing the VCCI1 channel in the presence
of a polymer just at one side is presented in Fig. 4.

4. Discussion

The measurement of nonelectrolyte partitioning
into VCCI channels in bilayer membranes suggests
that the pores have an asymmetric geometry. The
largest opening of the channel is the cis opening
with a radius of 0.95 nm. This is in the range (0.7-
1.0 nm) deduced from values of VCCI channel con-
ductance [23] and is similar to the maximal radius of
the oligomeric channel created by non-O1 V. cho-
lerae cytolysin [18]. The channels formed by both
cytolysins have many other features in common.
They have moderate selectivity for anions and their
I-V curves are sharply asymmetrical. The channels
also behave similarly. They both are voltage-gated
channels [18,23]. Moreover the potential-induced
transition from high to low conductance states in-
creases with decreasing pH. This means that the
channels spend much more time in the high conduc-
tance state at neutral and weakly alkaline pH, while
at acid pH, a fast transition between the states was
observed (data not shown). These similarities are
consistent with the fact that VCCI1 is immunologi-
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Fig. 4. A cartoon showing the VCC1 channel in the presence of a large (A), medium (B) and small (C) polymer just at one, cis (1) or
trans (2), side. White circles present polymer coils. Large polymer coils do not fill the channel and thus do not change its conductance
significantly. Filling is equal to zero. Medium polymer coils are able to fill the appropriate vestibules only. Filling is close to 0.3 and
0.1 in the presence of a polymer from the cis and the trans opening, respectively. Small polymer coils fill appropriate vestibules and
the narrow part of the channel almost completely, meaning that the time-averaged effective polymer concentration inside these two
parts of the channel is close to that in a bulk solution. In this case, the opposite (to the side of a polymer addition) channel vestibule
is filled particularly. Filling is close to 0.9.
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cally related to VCC2 [19] and has nearly identical
pH optima for hemolytic activity of the cytolysins
[18,21]. The similarities of the properties of VCCl1
and VCC2 channels in lipid bilayers and in cell lysis
tests suggest that the VCC2 channels could have sim-
ilar geometry to the channel formed by V. cholerae
EL Tor cytolysin.

The asymmetry in the I-V curve of VCCI1 channels
in the fully open state can be particularly explained
by asymmetry in lumen geometry. Knowledge of the
geometry of VCCI1 channels also helps explain the
results obtained in hemolytic assays employing the
osmotic protection method. It was found [21] that
PEG400 (r=0.7 nm) was unable to completely pre-
vent erythrocyte lysis, while PEG600 (r=0.8 nm)
did. From these experiments the value for the max-
imal functional radius of the V. cholerae cytolysin
channel was determined to be 0.75 nm. This value
is almost identical to that established for the size of
the smaller trans opening of the VCC1 channel in
PLMs (see Fig. 2) and not to the size of the constric-
tion zone of the channel (r=0.6 nm) established in
this study. Perhaps, a reasonable explanation for this
discrepancy is the difference in time scale used in
bilayer single channel experiments (seconds) and
the erythrocyte osmotic balance method (dozens of
minutes or hours). As shown recently in experiments
with o-toxin channels [27], highly flexible PEG mol-
ecules (with Kuhn’s length of only several angstroms)
behave phenomenologically as hard spheres, enabling
their use in channel sizing experiments. Given more
time, plasticity of the channel lumen, and more im-
portantly, plasticity of the polymer molecules, make
these constrictions ‘invisible’ and allows all nonelec-
trolytes that enter the channel to pass through. As
recently reported [45], the short-lived, high-amplitude
channel blockage could be seen when a single PEG
molecule is tethered within the lumen of the o-toxin
channel. The blockage could be a result of partial
uncoiling of the polymer with consequent chain tran-
sition through the constricted part of the channel. In
this case, the rate of polymer transport should
strongly depend on polymer size, and experiments
with tethered PEG3000 and PEGS5000 [45] are indeed
consistent with the assumption. The rate of polymer
transport should also determine the rate of toxin-in-
duced cell lysis: with longer observation times, larger
nonelectrolytes will be required to prevent cell lysis.

This was experimentally demonstrated for S. aureus
a-toxin-induced erythrocyte lysis, where only non-
electrolytes that could not enter the channel opening
at all protected cells from lysis (O.V. Krasilnikov,
unpublished data).
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