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The hinge portion of the S. aureus a-toxin crosses the lipid bilayer and
is part of the trans-mouth of the channel
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Abstract

This paper compares the functional properties of ion channels formed in planar lipid membranes by the wild and mutant
Staphylococcus aureus a-toxin. It was shown that replacement of the amino acid Gly at position 130 by Cys in the primary
structure of the toxin decreases the single-channel conductance with a concomitant decrease in the pH at which the channel
becomes unable to discriminate between Cly and Kq ions. The mutation also induced an increase in the asymmetry in the
current–voltage relationship of the channel. The results of our experiments suggest that the trans-mouth of the channel is
responsible for all the observed changes in channel properties. It was assumed that this entrance is built by the glycine-rich
hinge portion of the toxin and is situated close to the surface of monolayer facing the trans-compartment. q 1997 Elsevier
Science B.V.
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1. Introduction

Ž .a-Hemolysin ST is one of the most important
toxins produced by Staphylococcus aureus. The toxin

Žis a single-chain polypeptide of 33,200 Da 293
.amino acids and is secreted as a water-soluble

monomer, which assembles into cylindrical pores in
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membranes. The secondary structure of both the
monomer and oligomer is predominantly a b-sheet. It
has been proposed that the toxin undergoes a confor-
mational change during assembly, involving the sepa-
ration of two rigid domains connected by a glycine-
rich loop near the midpoint of the polypeptide chain,
converting the molecule into an amphipathic rod,

w xseven 1 of which form a trans-membrane pore. A
Ž .glycine-rich sequence residues 119–143 , thought to

be the loop, is susceptible to proteases in the
monomer, but not in the oligomer form. It has been
demonstrated that almost all biological effects of the
toxin are based on its ability to form water-filled
pores in target membranes. This toxin is also active
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in planar lipid bilayers as can be deduced from first
w xreports made more than 15 years ago 2,3 . The toxin

structure and the structure and properties of the ion
channel formed by it have been intensively studied
during the last 20 years. However, we are far from
understanding the role of individual amino acids on
the structure and functions of the ion channel formed
by the toxin. To tackle this issue, two groups of

w xinvestigators started to produce mutant toxins 4–11 .
From these studies an assumption was made that a

Žcentral glycine-rich loop the so-called ‘hinge’ re-
.gion of the toxin is of little significance for

oligomerization in the membrane, but that it can be
responsible for the ‘correct’ structure of the conduc-
tive channel. However, the properties of the trans-
membrane ion channels induced by these mutant
toxins in membranes have not yet been investigated.

w xRecently it was shown 12 that using mutant a-toxin
having Cys at position 130 of the primary structure of
the toxin can be of help in the effort to localize the
hinge part of the protein in the channel structure. The

Žauthors used liposomes as a model system and N- 7-
. Žnitrobenz-2-oxa-13-diazol-4-yl -1,2-bis hexadecano-

.yl -sn-glycero-3-phosphoethanolamine as an energy
acceptor. They found that the distance between acryl-

Ž 130.odan an energy donor, that labeled Cys and the
Ž .inner leaflet of the liposome is short 0.5"0.02 nm .

In this study we incorporated wild and mutant
channels into planar lipid bilayers and found that the
trans-entrance of the a-toxin-formed channel is situ-
ated close to the surface of the second leaflet of a
bilayer lipid membrane. All differences observed be-
tween channels induced by the native and the mutant
toxins can be ascribed to changes taking place only at
the trans-mouth of the channel which comprises the
hinge part of the toxin molecule.

2. Materials and methods

2.1. Membranes and electrophysiology

Planar bilayer lipid membranes were formed at
Ž .room temperature 25"28C by the technique of

w xMontal and Mueller 13 . Monolayers were made
from a 10-mgrml solution of lipids in n-hexane on

Ž .the surface of two buffered salt solutions 4 ml
separated by a 25-mm-thick Teflon partition in a
Teflon experimental cell. After evaporation of the

solvent, the membrane was formed by raising the
Žmonolayers above the level of the hole ;0.1 mm in

.diameter which had been pretreated with a 2% solu-
tion of Vaseline in n-hexane. Bilayer formation was
followed by continuously monitoring the capacitive
current in response to a square-wave voltage pulse
Ž .amplitude, "5–10 mV; frequency, ;500 Hz .

Experiments were done under voltage-clamp con-
ditions. The current flowing through the bilayer was
measured with AgrAgCl electrodes connected

Ž .through salt bridges 3% agar with 3 M KCl to a
voltage source and a current-to-voltage converter.
Junction potentials were always around 1 mV and
were electronically compensated. The trans-compart-
ment of the experimental chamber was connected to
the virtual ground while voltage pulses were applied
to the cis-compartment, defined as the side to which
proteins are added. The amplifier signal was moni-
tored with a storage oscilloscope and recorded on a
strip chart recorder. The basal conductance of the
non-modified PLM was in the range of 4–8 pS. The
solutions in both compartments were magnetically
stirred. In order to stop channel incorporation, the
solution containing the toxin was replaced by fresh
buffer.

The selectivity of the ion channels was measured
in the presence of a three-fold KCl concentration

Ž .gradient 300 mMr100 mM KCl, cisrtrans . Zero
Ž ).current potential was defined as the potential V

that must be applied to the experimental cell in order
to reach virtual zero current.

Ž .Instantaneous current–voltage relationships CVR ,
were measured by applying a voltage ramp from
y150 to q150 mV at a frequency of 5 Hz. Revers-
ing the direction of the ramp did not change the I–V.
The relationship between the current flowing through
the channels at y100 mV and at q100 mV
Ž .I rI was taken as a quantitative measure ofy100 q100

Ž .the asymmetry A in the CVR. To evaluate non-lin-
Ž . Ž .earity in the positive L and in the negative Lq y

branches of the CVR we used a relation between
values of the membrane conductance at 100 mV and

Ž .at 20 mV L sG rG ; L sG rG .q 100 20 y y100 y20

2.2. Channel-sizing experiments

The maximal radius of the channel was determined
w xaccording to a method described in 14–16 . Briefly,
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non-electrolyte molecules of different hydrodynamic
sizes were used to probe the channel structure. Mean
single-channel conductances were determined in the

Ž .presence of 20% wrv of one of the test non-electro-
lytes and used in conjunction with the solution con-
ductivities to calculate a permeability parameter, n ,
as follows:

ns G yG rG r H yH rH 1Ž . Ž . Ž .o o o o

Where H and G are the electrical conductivity ofo o

0.1 M KCl solution and the single-channel conduc-
tance in that same solution, respectively and H and
G are the electrical conductivity of 0.1 M KCl solu-
tion containing 20% of the test non-electrolyte and
the channel conductance in that same solution, re-
spectively.

The maximal radius of the channel was taken to be
equal to the minimal hydrodynamic radius of an
impermeable non-electrolyte molecule, i.e., a
molecule that does not decrease the ion channel
conductance at all. In practice, it was determined
from the relationship between n and the hydrody-
namic radii of the non-electrolytes. The intercept
between the linear portion of that relation and the
quasi horizontal portion, where n does not vary with
radii, is taken as the pore size.

2.3. Chemicals

Pure phosphatidylcholine was prepared from fresh
w xegg yolk according to Bergelson et al. 17 . When it

was especially noted phosphatidylcholine purchased
Ž .from Sigma Type V-E was used as received.

Ž .Azolectin Type II, Sigma was purified by acetone
w x Ž .extraction 18 . Cholesterol and dithiothreitol DTT

were purchased from Sigma and used as received.
Ž .The non-electrolytes glycerol Sigma ; glucose

Ž . Ž . Ž .Merck , polyethylene glycol PEG 400 Sigma ,
Ž .PEG 1000 and PEG 1450 Sigma , PEG 2000, PEG

Ž .3000 and PEG 4000 Loba Chema , PEG 6000
Ž .Sigma were used as received or additionally puri-
fied by anion-exchange chromatography using strong

Ž .alkaline anion exchangers III or IV, Merck when
needed. The hydrodynamic radii of the non-electro-

w xlytes were taken from 14–16 .
Doubly distilled water was used in the preparation

of all buffer solutions. For the bilayer experiments, a
standard bathing solution contained: 0.1 M KCl, 0.005

M Tris-OH, and the pH was adjusted to the appropri-
ate value with citric acid. Where noted, this buffer
also contained DTT at a final concentration of 1–10
mM. The conductivity of each buffer solution was
measured with a multi-range conductivity meter
Ž .HANNA Instruments-model HI 9033 at 258C.

Other chemicals were of analytical grade and were
used without additional purification.

Protein concentration was determined with a Brad-
Ž .ford reagent Bio-Rad using bovine serum albumin

as standard.

2.4. Toxins

Ž . Ž .Both wild ST and mutant MST a-toxin were
donated to us by Prof. S. Bhakdi and Dr. M. Palmer
ŽInstitute of Medical Microbiology, University of

.Mainz, Germany . The mutated toxin contains a cys-
teine in position 130 instead of the original glycine.

2.5. Statistics

Where pertinent, the data are presented as mean"
S.D. The Student t-test was used to evaluate the
significance of the difference between mean values.

3. Results and discussion

3.1. MST forms ion channels in lipid bilayers

The addition of MST to a voltage-clamped lipid
Žbilayer results in stepwise increases in current Fig.

.1 with unitary conductance around 20 pS and only a
few events exceeding 50 pS. This single-channel
conductance is much smaller than that shown by
channels formed by the wild toxin, normally in the
range of 80–120 pS, as can be seen in Fig. 1. DTT
Ž .in 1–10 mM concentration did not change the
distribution of single-channel conductances, suggest-
ing that under our experimental conditions, disulfide
bridges are not formed, and MST should exist as
monomers in solution.

3.2. The cation–anion selectiÕity of MST channels

The cation–anion selectivity and the current–volt-
Ž .age relationship CVR of the a-toxin channel seem
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to be associated with charged residues distributed
w xaround the ion channel mouths 14,19 . The native

and the mutant toxins differ from each other only by
the type of amino acid present at position 130. The
substitution of Gly for Cys should induce changes in
the local structure of the protein due to the different
sizes of the side chains, leading to modifications in
the charge distribution around the channel mouths
and, therefore, in ion selectivity andror in the cur-
rent–voltage relationship of the mutant channel in
relation to the wild toxin channel. Since both the
selectivity and the current–voltage relationship are
determined by charged residues in the protein
molecule, it is expected that changes in the pH of the
bathing solutions should induce changes on those
parameters reflecting the actual charge distribution
around the mouth of the channel.

Fig. 2 shows results of this kind of experiment.
Ž ).For pH -5.7 the reversal potentials V of chan-

nels formed by MST in neutral phosphatidylcholine
Ž .PC bilayers, are positive indicating a higher perme-

Fig. 1. Amplitude histogram of conductance fluctuations induced
Ž . Ž .by MST 1 and by the wild-type toxin 2 . Membranes were

Žmade from a mixture of phosphatidylcholinercholesterol 1:1,
.wrw and voltage-clamped at y50 mV. P is the probability to

observe steps in channel conductance in a current vs. time record;
bin width is 8 pS. More than 800 and 200 events were measured
Ž .5–7 channels in each membrane for MST and for wild-type
toxin, respectively. The record was stopped if any of the open
channels temporarily closed. Inserts show the original single-
channel recordings. The dashed line indicates zero current, while

Ž .arrows indicate additions of the toxin 1–2 nM . Bathing solu-
tions contained 100 mM KCl, 5 mM Tris-citrate, pH 7.5. In
separate experiments, DTT was added to the bathing solution
Ž .1–10 mM final concentrations before the addition of MST and
this changes neither the conductance nor other properties of the
MST channels.

Fig. 2. Effects of pH on the zero current potential. Membranes
were formed from a mixture of phosphatidylcholinercholesterol
Ž .3:1; wrw . The toxin was added to the cis-compartment at a
final concentration equal to 0.5–2.5 mgrml. A 300 mMr100

Ž .mM cisr trans KCl concentration gradient was used. All KCl
solutions were buffered with 5 mM citrate-Tris. Values are
presented as mean"S.D. of 3–7 separate experiments. Where
not drawn, the deviation bar was smaller than the symbols used.
Lines were fitted by eye. The presence of 1–10 mM DTT in
bathing solutions did not change the data. Other experimental
conditions are given in Section 2: Materials and methods and in
the text. B, mutant-ST; I, wild toxin.

ability to chloride than to potassium ions. At pHf5.7
the channels were not able to discriminate between

y q Ž ) .Cl and K ions V f0 and for pH)5.7 the
reversal potentials are in the negative region, indicat-
ing a higher selective to cations than to anions. Fig. 2
also shows that the pH required for abolishing the
selectivity in channels formed by the mutant toxin
Ž .;5.7 is completely different from the one required

Ž .by the wild-type toxin pHf10 .
The above results can be interpreted by assuming

that the cation–anion selectivity of large water-filled
channels can be described by the sum of the effective
electrical potentials contributed by the ionogenic
Ž .titratable groups present in the proximity of both

w xchannel entrances 14,19 . The individual contribu-
tion of each group is dependent on the distance
between this group and the central region of the
channel entrance. This same type of phenomenon
should be responsible for the asymmetry observed in
the current–voltage relationship: it could be de-
scribed through the ratio of the effective electrical
potentials at the channel entrances.

Taking the above argument into account and the
measured values of the cation–anion selectivity of
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Fig. 3. Current–voltage characteristics of channels formed by the
mutant ST. Membranes were formed from a mixture of phos-

Ž .phatidylcholinercholesterol 3:1; wrw . If not mentioned, buffer
Ž1 was used with the appropriate pH. MST in the concentration

.range of 0.01–2.5 mgrml was added on the cis-side. After the
conductance reached a quasi steady-state value, CVR was mea-
sured according to the voltage protocol described in Section 2:
Materials and methods. The results are from separate experi-
ments. Symbols at 100 mM KCl: B, pH 9.0; ^, pH 8.0; v, pH
7.0; `, pH 5.0; ', pH 4.0; and q, 3.0 M KCl, pH 8.0. Insert:
Current–voltage relationships of: 1, wild ST formed channel in
PC-bilayers; 2, mutant-ST-formed channel in PC-bilayers; and 3,

Ž .wild ST-formed channel in PCrAz cisr trans bilayers. Solu-
tion containing 100 mM KCl and pH 7.5 was used in all these
cases. Current scale is in arbitrary units.

MST and ST channels, we can conclude that the
distribution of titratable charges around the ion chan-
nel mouths is altered when Gly is substituted for Cys
at position 130. Moreover, we can assume that titrat-
able groups which are able to generate negative
potentials are more important in determining the se-
lectivity of MST channels than of the wild-type ST
channels.

3.3. The current–Õoltage relationships

To further look for the presence of titratable groups
in the toxin channel, we have measured the I–V
characteristics as a function of pH and lipid charge.
The results are shown in Fig. 3. As can be seen, the
CVR of the MST channels was drastically different
from that of wild ST channels in the sense that it
exhibits a more pronounced non-linearity and asym-
metry. Increasing the electrolyte concentration in the
bathing solutions transformed this CVR to a more

Ž .symmetrical and linear shape q symbol in Fig. 3 .
This result is indicative that the main energetic bar-

Ž .rier s for passing ions through the MST channel
water lumen is actually determined by the titratable
charged residues. Another point of interest is that the
asymmetry in the I–V curves, evaluated through the
parameter A, is dependent on the pH of the solutions,
but this dependence is completely distinct for MST
and wild ST channels, as shown in Fig. 4. The

Žparameter A was relatively small at pH 4.0 2.4"0.1;
.ns5 , increasing with pH to a maximum of 4.9"0.5

Ž .ns7 at pH 7.0, and then slightly decreasing with
further increases in pH, not following a simple titra-
tion curve. This fact can be taken as an indication
that the effects of the mutation are not directly asso-
ciated with ionization of the thiol group of the Cys130

residue. In comparison with these results, the values
Ž .of A for the wild type toxin are 1.0"0.2 ns4 at

Ž .Fig. 4. pH-dependencies of the asymmetry A and non-linearity
Ž .B parameters. ' and ^, asymmetry for membranes modified
by the mutant and wild ST, respectively; v and `, non-lineari-
ties at positive potentials; B and I, non-linearities at negative
potentials; open symbols refer to wild-type toxin and closed
symbols to the mutant. Values are presented as mean"S.D. of
4–10 separate experiments. Where not drawn, the deviation bar
was smaller than the symbols used. The lines were drawn by eye.
Buffer 1 was used with the appropriate pH. Other experimental
conditions are given in Section 2: Materials and methods and in
the text.
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Fig. 5. Dependence of the parameter n on the hydrodynamic radii
of non-electrolytes. Symbols: B, MST-channels; I, wild ST

Ž w x. Ž .channels data taken from 19 . Buffer 1 with pH 7.5 and
buffer 1 containing 20% of the appropriate non-electrolyte were
used. The hydrodynamic radii of non-electrolytes which were

w xtaken from 14–16 and were the following: 0.31"0.02 nm for
glycerin, 0.37"0.02 nm for glucose, 0.47"0.02 nm for sucrose,
0.7"0.03 nm for PEG 400, 0.94"0.04 nm for PEG 1000,
1.05"0.04 nm for PEG 1450, 1.22"0.04 nm for PEG 2000,
1.44"0.04 nm for PEG 3000, 1.92"0.03 nm for PEG 4000, and
2.5"0.03 nm for PEG 6000. More than 200 current transition

Ž .were registered 5–9 channels per membrane for each experi-
mental condition. Arrow indicates the maximal values of the radii
of the water pores. All other experimental conditions are as
described in the legend to Fig. 1 and in the text and in Section 2:
Materials and methods.

Ž .pH 4.0 and 1.8"0.2 ns5 at pH 7.0 indicating
that the ionogenic groups are much more asymmetri-
cally distributed between the two entrances of the
channel formed by the mutant toxin than by the wild
type.

3.4. The size of MST-induced water pore in planar
lipid bilayer membranes

Since we are assuming that the mutation has in-
duced a rearrangement in the local structure of the
protein, leading to a redistribution of charges at the
channel mouths, we also decided to investigate
whether such changes have modified the diameter of
the ion channel. The experiments were made as
describe in methods to evaluate the permeability pa-
rameter, n , as a function of the non-electrolyte radii.
The results are shown in Fig. 5 and indicate that the
maximal radius of the water pore formed by MST has
the same value as that of the pore formed by the
wild-type toxin, and equal to 1.2–1.3 nm.

The data so far described allow us to conclude that
the smaller single-channel conductance observed for
MST, in comparison with that of wild ST, does not
result from a decrease in the channel diameter. In-
stead, this last result reinforces the hypothesis that the
smaller conductance of the MT channel is determined
by a new distribution of titratable negative groups
around the channel entrances.

3.5. Orientation of the MST in the membrane

ŽAssuming that the selectivity of MST channels as
w x.that of wild ST channels 14,19 is determined by

charged groups and sensitive to the surface potential

Table 1
Ž .Effect of the lipid composition on the zero current potential mV of mutant and wild ST induced ion channels in bilayer lipid membranes

Ž .KCl Lipid composition cisrtrans

Ž .cisrtrans; mM PCrPC AzrAz PCrAz AzrPC

Mutant ST
a aŽ . Ž . Ž . Ž .300r100 y5.6"1.6 5 y14.0"0.5 5 y12.8"1.3 7 y6.4"0.6 7
a aŽ . Ž .100r300 0.4"1.0 5 1.1"0.7 7

Wild ST
a aŽ . Ž . Ž . Ž .300r100 11.8"1.4 7 5.9"0.5 6 6.2"1.0 6 9.5"0.6 6

a aŽ . Ž .100r300 y8.0"0.8 7 y7.3"0.4 5

The bilayers were formed by the apposition of two monolayers with the lipid composition noted in the table. Zero current potential was
measured in the presence of a three-fold trans-membrane KCl gradient as indicated. Values of zero current potential are reported as
mean"S.D. The number of experiments is given in parentheses; each measurement was obtained from a different membrane. For
300r100 mM KCl gradient, negative values denote a preference for potassium ion and positive values denote a preference for chloride.
For 100r300 mM KCl gradient, negative values denote a preference for chloride ion and positive values denote a preference for
potassium. All solutions contained 5 mM citric acid and were adjusted to pH 6.5 by Tris-OH. The addition of 1–10 mM DTT to the
bathing solutions did not change the data. Other conditions of the experiment are the same as described in the text.
a P)0.03.
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we designed experiments to test for the orientation of
the protein in the membrane. To this end, membranes
were formed by the apposition of two different mono-
layers, one made with a neutral lipid such as PC and

Ž .the other with azolectin Az , known to contain nega-
tively charged lipids. The toxin was applied to the
cis-side of the PLM and then the zero current poten-
tial was measured in the presence of an 3:1 ion
gradient. The results of this set of experiments are
presented in Table 1.

When the toxin was added to the solution facing
the PC monolayer, of a PCrAz PLM, the reversal
potential was not different from that observed in a

Ž .pure azolectin AzrAz PLM. On other hand, addi-
tion of the toxin to the azolectin side of an AzrPC
membrane results in a zero current potential not

Ž .different from that observed for a pure PC PCrPC
PLM. This implies that the entrances of the channel
are at different distances from the polar head groups
of the membrane lipids. If we call the channel en-
trance which protrudes from the plane of the mem-
brane into the side to which the toxin was added the
‘cis’-entrance and the other side the ‘trans’-entrance
of the channel, then we can conclude that the ‘cis’-
entrance is placed farther from the surface of the
polar lipid head groups than the ‘trans’-entrance. It is
worth noting that ion channels formed by the wild ST
w x11,14,19 have the same orientation in the membrane
plane as the MT channels. It is suggesting that the
point mutation does not change the protein insertion

and orientation in the PLM. Increasing the KCl con-
Ž .centration from 100 mM Debye length ;0.97 nm

Ž .to 300 mM Debye length ;0.56 nm , on the trans-
side of PLM, induced an almost complete screening
of the negatively charged lipids. This fact is sug-
gested because the reversal potentials measured both
in a PC and an Az bilayer became practically the

Ž .same Table 1 . These results indicate that the dis-
tance between the trans-entrance of MST and the
polar heads of the lipid is actually short.

3.6. The structural differences between the wild and
mutated channels

As shown in the insert to Fig. 3, the CVR of
wild-ST channels can be transformed to a sharply
asymmetrical and non-linear relation, as long as, a
negative surface potential exists at the trans-surface
of the bilayer. This observation confirms the impor-
tant role of the negative charges generated by titrat-
able groups in determining MST channel properties.
In addition it also shows that these changes have to
be localized mainly at the trans-entrance of the chan-
nel.

Ž .From a theoretical point of view see Appendix A
the system can be described by assuming that the
addition of about 11 negative charges to the trans-en-
trance of the wild ST channel is sufficient to ade-
quately transform its properties into that typical of
the MST channel, at pH 7.0. This kind of reasoning

Table 2
Parameters of the current–voltage characteristics in symmetrical and asymmetrical pH conditions

a Ž .CVR parameters pH cisrtrans
8.0r8.0 5.0r5.0 8.0r5.0 5.0r8.0

Mutant ST
Ž . Ž . Ž . Ž .A 4.4"0.5 7 2.1"0.2 3 1.9"0.1 5 5.3"0.4 5
Ž . Ž . Ž . Ž .L 1.9"0.1 7 1.3"0.2 3 1.3"0.1 5 2.2"0.2 5y
Ž . Ž . Ž . Ž .L 0.6"0.1 7 0.7"0.1 3 0.8"0.1 5 0.6"0.1 5q

Wild ST
Ž . Ž . Ž . Ž .A 2.0"0.2 3 1.0"0.1 3 0.6"0.1 4 2.3"0.1 4
Ž . Ž . Ž . Ž .L 1.4"0.1 3 1.1"0.1 3 0.8"0.1 4 1.5"0.1 4y
Ž . Ž . Ž . Ž .L 0.8"0.1 3 1.1"0.1 3 1.2"0.1 4 0.8"0.1 4q

The bathing solutions were 100 mM KCl plus 5 mM K-phosphate buffer. pH was adjusted to the appropriate value by additions of small
Ž . Žaliquots of 1 M KOH and 1 M citric acid. The membrane was formed from a mixture of phosphatidylcholine Sigma rcholesterol 3:1,

.wrw . Values are reported as mean"S.D. The number of experiments is given in parentheses; each measurement was obtained from a
different membrane.
a pH refers to the value at the beginning of the experiment.
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also shows that the presence of seven thiol groups in
w xa heptamer ST channel 1 are not a sufficient condi-

tion to determine the observed increment in negative
charges at the trans-entrance. Therefore we have to
assume that other amino acid residues which can
contribute a net negative charge should be situated
closer to the trans-entrance in the structure of the
mutated- than in that of the wild-type channels. These
charges could be ascribed to Asp127 and Asp128

residues, for example.

3.7. The pH-sensitiÕe mouth of the channel

The pH dependence of the CVR non-linearity,
shown in Fig. 4B, can be viewed as another possibil-
ity to clarify the structural features of the channels. In
this way, the parameter L was weakly pH-dependq
whereas L was strongly pH-dependent. Like thaty
the differences in CVR between the ST and MST
channels are mainly determined by differences in L .y

For the localization of the ‘pH-sensitive mouth’ of
the channel the experiments in which the pH was
changed in only one side of the bilayer were de-
signed. It was found that a decrease in the pH, from
8.0 to 5.0, on the cis-side of the PLM changed
neither the asymmetry nor the non-linearity of CVR,

Ž .significantly Table 2 . On the contrary, both parame-
ters were slightly increased. However, analogous
changes in the pH of the trans-side of the bilayer
sharply modified the CVR shape. It became practi-
cally equal to that of a membrane in which the pH
was simultaneously decreased to 5.0 on both of its
sides. Very similar results were obtained for a PLM
modified by the wild type toxin. The differences
between the CVR parameters obtained at 5.0r5.0 and
8.0r5.0 or between those obtained at 8.0r8.0 and
5.0r8.0 were not large. Hence, the trans-entrance of
MST and wild ST channels are much more pH-sensi-
tive than the cis-one and structural differences in the
trans-entrances of these channels should be the main
cause of the differences in their CVRs.

The above assumption is also supported by data
w xderived from the electrostatic model 14,19 outlined

in the appendix. It was found that the pH-dependen-
cies of calculated effective charges at the cis-entrance

Ž .of the channels are quite the same Fig. 6A while the
pH dependent of the trans-entrance effective charge
is much larger for the MST channel than for the

Fig. 6. pH-dependencies of the effective charge at the cis-en-
Ž . Ž .trance A and trans-entrance B of the channel formed by

Ž . Ž .wild-type open symbols and mutant ST closed symbols . The
values of the effective charge were established by computer
simulation of the mathematical model of the channel as described
in Appendix A.

Ž .wild-type Fig. 6B . These dependencies are basic
for, and can explain the observed pH effects on, the
cation–anion selectivity and CVR parameters of the
wild and the mutated channels. Since the number of
effective charges on the trans-side of the mutated and
the wild-type ST heptamerical channels is consider-

Žably larger than 7 11–12 in the pH range 6.0–9.0;
.Fig. 6 we are forced to assume that some other

carboxyl-containing side chain, neighboring Cys130,
must be part of the total trans-entrance charge. This
assumption is valid even if the SH group of Cys130

takes part in the process. We do not have an exact
idea about the amino acid residues responsible for
this effect but Asp127 and Asp128 are close to position
130 and could contribute to this end.

The contribution of Cys130 to the total charge can
be ruled out based on our direct experiments with

Ž .SH-specific reagents like NMM, DTNB and IAA .
Using planar lipid bilayers, we found that the reagents
did not change the cation–anion selectivity and CVR
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Žasymmetry of preformed MST channels data not
. 130shown . Hence SH group of Cys is not available to

the reagents in the heptameric channel structure and
not contacted with water solution. Latter conclusion
is reinforced by the experiments with the toxin site-
specifically labeled with acrylodan, a polar sensitive

w xprobe 20 , which suggest that the 130th amino acid
Žresidue as many other residues at 126–140 zone of

.ST is at hydrophobic environment in the channel
structure.

As noted above, it is most likely that the differ-
ences in structures between the ST and MST
molecules are localized around Cys130 both in
monomers and in all subunits of the channel inserted
into the membrane. Then, localizing the sites respon-
sible for the changes observed in the channel func-
tioning and structure should be equivalent to the
determination of Cys130 localization. If this assump-
tion holds and since the main differences between ST
and MST channels were found to be at the trans-en-
trance of the channels, we have to conclude that the
Cys130 glycine-rich region of the toxin takes part in
the formation of the trans-entrance of the oligomeric
channel. This portion is known as the hinge.

Our data are in a good agreement with recently
w xpublished molecular architecture of ST pores 21 .

The authors have demonstrated that the glycine-rich
part of ST forms two b-strands which contribute to
the formation of the trans-entrance in the heptameric
ion channel structure. Moreover, they predicted that
the ends of these b-strands pass through the hy-
drophobic zone of the membranes and are located
close to the second leaflet of the lipid bilayer. The
size of the both entrances of the channel calculated

Ž Žby these authors ;2.8 nm at cis-entrance side of
.protein addition and ;2.4–2.6 nm at trans-entrance

.in diameter is quite equal to the maximal size of the
channel determined by us in planar lipid bilayer

Ž .experiments 2.4–2.6 nm, Fig. 5 in this article .

4. Conclusion

The data shown in this paper point out that the
Žhinge portion of the toxin where Cys was intro-

.duced goes through the lipid bilayer and takes part
in the formation of the trans-mouth of the channel.
This entrance of the ST-induced channel is the site

sensitive to the charges of the polar head groups of
the membrane lipids and might be situated closer to
the lipid polar heads than the cis-entrance.
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Appendix A

In describing the properties of ST channels we
used an electrostatic model published elsewhere
w x14,19 . In short, the ion transport through the ST
channels was assumed to be the effect of the ion’s
interaction with fixed charges at the channel en-
trances and following diffusion and migration ions
through an asymmetrically charged water pore. For
an arbitrary profile of potential energy in a membrane
and equilibrium at the channel entrances, the partial

w xcurrent density should be given by 22 :

1 2I sZ l RTrF C exp Z c yCŽ .i i i i i i

d

r exp Z c 1yXrd qW dx A1Ž . Ž .H i i
o

where Z is the charge of ion i; l is the equivalenti i

electrical conductance; d is the channel length; X is
the channel length coordinate taken as zero at the
trans-entrance of the channel and d at the cis one;
W is the potential energy of the ion in the pore, ini

kT ; CsC qw yw is the membrane potentialo 1 2

difference, in terms of kTre; C1 and C 2 are thei i

equilibrium ion activities at the cis- and trans-en-
trances, respectively and connected to the ion activity
in bulk solution, C , by a Boltzman relationship:o

C sC exp yZ w A2Ž . Ž .i o i i
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where

w se Q exp yrrL A3Ž . Ž .i i D

is the equivalent potential generated by the titratable
charges at the channel entrances; Q is the totali

charge at the respective entrance; r is the channel
radius; L is Debye length equal toD

L s1r F6 e e RTr2C A4Ž . Ž .Ž .D o o

e, p , e , e , T , R, F and k have their usual mean-o

ings.
Considering the interactions of ions with charges

at the channel entrances, the potential energy profile
may be expressed as:

W sZ w exp Xyd rLŽ .i i 1 D

qZ w exp yXrL qE. A5Ž . Ž .i 2 D

The term E has to be included due to several rea-
sons. First, ions in the channel are subject to the

w xaction of image forces 22,23 . Moreover, hindrance
to the ion movement due to friction forces should

w xalso be considered 24 . The principal peculiarity of
the latter forces is their independence on the charge
sign of the penetrating ions. For simplicity X-inde-
pendent E was taken as a first approximation. The
total current is the product of the sum of the partial
currents and the square of the radius and given by:

Isp r 2 Ý I . A6Ž .i

In comparing different channels, the values of 1.3
and 10 nm were taken for the radius and length,
respectively. Q , Q and E were unknown parame-1 2

ters and were obtained from the experimental values
of CVR and zero current potentials. Parametrization
was carried out by the least square method using a

w xminimum random search algorithm 25 . Confidence
intervals for the parameters were found using the

Ž .Monte-Carlo method. The integral in Eq. A5 was
obtained numerically by the trapezium formula.
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