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Abstract. The conductance of pores induced by Staph- 
ylococcus aureus c~-toxin in Lettre cells has been com- 
pared to that in bilayers composed of synthetic lipids or 
Lettre cell membrane constituents. Previously described 
characteristics of toxin-induced conductance changes in 
lipid bilayers, namely rectification, voltage-dependent 
closure, and closure at low pH or in the presence of 
divalent cations (Menestrina, 1986) are displayed also in 
bilayers prepared from Lettre cell membranes and in 
patch clamped Lettre cells. It is concluded that endoge- 
nous proteins do not affect the properties of (x-toxin- 
induced channels significantly and that the relative lack 
of ion channels in Lettre cells makes them ideal for stud- 
ies of pore-forming toxins by the patch clamp technique. 
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Introduction 

The pathogenic determinants in many microbial diseases 
are pore-forming toxins secreted by the relevant organ- 
ism (Jeljaszeiwicz & Wadstrom, 1978; Bhakdi & Tra- 
num-Jensen, 1987). The properties of toxin-induced 
pores have been studied by investigating both the leak- 
age of low molecular weight metabolites from intact 
cells (Impraim et al., 1980; Thelestam, 1983) and the 
movement of ions across defined membranes as vesicles 
(liposomes) or planar bilayers (e.g., Schein, Kagan & 
Finkelstein, 1978; Tosteson & Tosteson, 1978; Tokuda 
& Konisky, 1979; Stein & Lieb, 1986; Menestrina, Bash- 
ford & Pasternak, 1990). Measurement of conductivity 
changes induced by pore-forming toxins across planar 
lipid bilayers has been particularly instructive in defining 
some of the properties of the pores (e.g., Menestrina, 
1986). However, there are some discrepancies. In the 
case of Staphylococcus aureus (x-toxin-induced pores, 
for example, sensitivity to divalent cations in whole cells 
is independent of membrane potential (Pasternak, Bash- 
ford & Menestrina, 1989), whereas in bilayers k is volt- 
age dependent (Menestrina, 1986). In view of this, a 
study of toxin-induced changes in the conductivity of 
intact cells is desirable. 

The presence of endogenous ion channels in the 
plasma membrane of most cells complicates interpreta- 
tion of toxin-induced conductivity changes. It is not sur- 
prising, therefore, that only a few patch clamp studies of 
toxin-treated cells have been made (e.g., Yoshii et al., 
1987; Bussey, 1991). Lettre cells, which are an ascites 
form of murine tumor cells (Lettre et aI., I972)~, are ex- 
ceptional in that they have few endogenous channels, yet 
maintain a resting transmembrane potential of around 
-50 mV (Bashford & Pasternak, 1984, 1990). Since 
these cells respond to a number of bacterial and other 
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pore-forming proteins (Bashford et al., 1986; Bashford et 
al., 1988a; Menestrina et al., 1990), they should prove a 
useful experimental system. Here we report on studies 
with S. a u r e u s  a-toxin, a well-characterized protein 
(Thelestam & Blomqvist, 1988; Bhakdi & Tranum- 
Jensen, 1991) that is a common determinant of infectious 
disease in man and cattle (Easmon & Adlam, 1983); part 
of its pathogenicity may be related to the induction of 
pores across the plasma membrane of susceptible cells 
that results in an inflow of Ca 2§ (Pasternak, 1986) with 
consequential triggering of cellular events (Suttorp et al., 
1985; Bhakdi & Tranum-Jensen, 1991). S. a u r e u s  

a-toxin induces pores in bilayers prepared from synthetic 
phospholipids, which show several characteristic fea- 
tures (Bashford et al., 1986, 1988b; Menestrina, 1986; 
Menestrina et al., 1990). These include: slight anion se- 
lectivity; voltage-dependent closure that is influenced by 
divalent cations or by protons; a single channel conduc- 
tance at low voltages (in 0.1 M KC1 at pH 7.4) of ap- 
proximately 50 pS; and rectification at higher voltages 
that is abolished by divalent cations or protons. Our 
present results show that these features are also displayed 
by toxin-induced pores in bilayers prepared from Lettre 
cell membranes and in Lettre cells in the whole-cell- 
clamp recording mode. They indicate the usefulness of 
Lettre cells for such studies and show that, at least for S. 
a u r e u s  a-toxin, the nature of the membrane lesion is 
independent of the surrounding molecules. 

Materials and Methods 

CHEMICALS 

S. aureus  a-toxin was a highly purified sample donated by Dr. J.P. 
Arbuthnott (University of Strathclyde, Glasgow) or a purified sample 
donated by Dr. K.D. Hungerer (Behringwerke, Marburg, Germany): the 
two samples gave a similar pattern of metaholite leakage from Lettre 
cells, measured as described by Bashford et al. (1986). Dioleoyl phos- 
phatidylcholine (DOPC) and glycerol monolein (GMO) were obtained 
from Sigma; diphytanoyl phosphatidylcholine (DPhPC) was obtained 
from Avanti Polar Lipids. 

LETTRE CELLS 

Lettre cells were grown intraperitoneally in mice as an ascitic suspen- 
sion (Bashford et al., 1986). Cells were removed after seven days and 
washed in HEPES-buffered saline (HBS: 150 mM NaC1, 5 mM KC1, 1 
mM MgSO4, 5 mM HEPES, pH 7.4). For the preparation of cell mem- 
branes, the cells were suspended in 1 mM NaHCO 3 containing 0.2 mM 
MgC12. For patch clamp studies ceils were suspended in HBS (5 x 106 
cells/ml) and 0.1 ml of the suspension pipetted into 35 mm plastic petri 
dishes or on to glass coverslips coated with concanavalin A (Bashford 
& Pasternak, 1990). The dishes or coverslips were left for at least 10 
min at room temperature before removing any cells still left in suspen- 
sion. HBS (1 ml) was then added to each dish prior to patch clamping. 

LETrRE CELL MEMBRANES 

Lettre cell membranes, enriched in plasma membrane constituents, 
were obtained as described by Graham and Coffey (1979). Cells (ap- 
prox. 3 x 109) from three mice were allowed to swell in 45 ml of I mM 
NaHCO 3 containing 0.2 mM MgC12 and disrupted by hand using a 
tight-fitting Dounce homogenizer until >95% were broken (20-30 pas- 
sages). Nuclei were removed by centrifngafion at 1,000 x g for 5 min 
and the supernatant was diluted in 2 M sucrose to give a final concen- 
tration of 0.25 M sucrose. This suspension was layered on to a gradient 
of sucrose and centrifuged in a BXIV zonal rotor exactly as described 
by Graham and Coffey (1979). Successive fractions were assayed for 
Na+/K+-dependent ATPase, NADPH/cytochrome c reductase and suc- 
cinate/cytochrome c reductase to identify fractions enriched in plasma 
membrane, endoplasmic reticulum and mitochondria, respectively 
(Graham & Coffey, 1979). Fractious enriched in Na+/K+-dependent 
ATPase (two- to ninefold enrichment over activity in whole Lettre cell 
homogenate) were pooled, spun to remove sucrose and resuspended in 
buffered saline; aliqnots were used directly or after freezing at -70~ 
for up to one month. 

BILAYER EXPERIMENTS 

The apparatus consisted of two Teflon chambers (capacity 0.12 ml 
each) connected by an aperture (10-20 gm diameter) across a 10 g m  
thick Teflon film. Ag/AgC1 electrodes were used; the electrode con- 
nected to virtual ground was in the chamber to which c~ toxin was 
added (cis). Voltage signs refer to the t rans  compartment; at positive 
potential cations flow from t rans  to cis. KC1 buffered to pH 7.4 with 
5 mM HEPES was used throughout; the concentration of KC1 was 100 
mM in both chambers, unless selectivity was being measured, in which 
case the solution in the t rans  chamber contained 10 mM KC1. All the 
experiments were performed at room temperature (20-25~ 

Planar bilayers were formed from synthetic lipids as described by 
Montal and Mialler (1972). Lipid monolayers were first prepared either 
by spreading 2-3 gl of lipid solution in hexane (0.5 mg/ml) on the 
air-water interface or by addition of 5 gl of liposome suspension (5 
mg/ml) to each chamber with 100 gl buffer. A bilayer was then formed 
by lowering and raising the monolayers past the aperture. 

Planar bilayers were prepared from Lettre cell membranes using 
the procedure of Schindler (1980). We added 5-10 gl of Lettre cell 
membranes (5 mg protein/ml) to each chamber with 100 gl of buffered 
KC1 solution; after waiting 20-40 min for the monolayers to form on 
the surface, a bilayer was then formed by lowering and raising the 
monolayers past the aperture. 

A solution of a-toxin (1-2 gl containing 1 mg protein/ml in 0.16 
M NaC1) was used in both cases. 

PRELIMINARY PATCH CLAMPING EXPERIMENTS 

(IN NOTTINGHAM) 

Patch pipettes were pulled from hematocrit glass on a horizontal puller 
to give tip resistances of ca. 7 M~.  The pipettes were not fire-polished 
before use, but they were coated with Sylgard resin to improve their 
capacitance properties. Cell-attached patches and inside-out patches 
were studied. In both cases the patch pipettes contained HBS (mM: 
150 NaC1, 5 KC1, 1 MgSO 4 and 5 HEPES; pH 7.4) _+ a-toxin. For 
whole-cell recordings the patch pipettes were filled with (mM) 80 KC1, 
50 NaC1, 6.2 MgSO 4, 0.77 EGTA, 11 glucose, 5 NaOH, 1 KH2PO 4 and 
10 HEPES; pH 7.4 (5 mM ATP was sometimes added to this saline). 
For such recordings, toxin was applied either in the pipette or in the 
bath or in both environments. In all experiments the bath saline was 
HBS. 
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Fig. 1. S. aureus m-toxin-induced channels in 
Lettre cells (whole-cell mode). (Cell 1: A) 10 
gg/ml a-toxin in the patch pipette; pipette 
potential -130 mV. No channel openings are seen 
12 rain (trace i) after establishing whole-cell 
recording mode; at 12.5 rain (trace ii) openings 
(downwards) appear (arrow; the dashed line 
indicates the initial, low conductance condition); 
by 13 rain (trace iii) long-duration openings with 
some brief closures to lower conductance levels 
are evident. (Cell 2: B) 100 gg/ml o~-toxin in the 
patch pipette. Channel activity was measured 30 
rain after establishment of the recording mode. 
Channel currents are seen to reverse at ca. -10 
mV; channel openings are upwards at positive 
potentials and downwards at negative potentials. 

"Single-channel" and "whole-cell" recordings were made using 
a List EPC 7 patch clamp amplifier. The latter was coupled to a Sony 
VCR using a pulse code modulation unit modified to give a uniform 
frequency response from dC to 20 kHz. Data analyses were undertaken 
off-line using a Masscomp MC 550 computer (Kerry et al., 1987), with 
recordings of channel data being filtered at 10 kHz (8-pole Bessel 
filter) on playback. All recordings were made at 22~ unless other- 
wise stated. 

BAPTA, 9.2 CaCI 2 (final free Ca  2+ concentration 0.1 ~IM), 6 creatine 
phosphate, 2 MgC12, 10 HEPES (final pH 7.0). The bathing sotution 
contained (mM) 125 CsC1, 10 HEPES, 1.2 MgC12, 12 glucose at pH 7.4 
and during experiments was replaced by perfusion with the required 
solution. A solution of c~-toxin (1-2 gl containing 10 mg protein/ml) 
was applied to the 100 gl chamber and removed as soon as additional 
(i.e., toxin-induced) current appeared. All experiments were performed 
at room temperature (20-25~ 

FURTHER PATCH CLAMPING EXPERIMENTS (IN LONDON) 

The technique was in general similar to that used in Nottingham. Bo- 
rosilicate glass pipettes (Clark Electromedical Instruments) with a re- 
sistance of 2-4 mf~ were filled with pipette solution. Whole-cell cur- 
rents were amplified (List, EPC-7) and analyzed by pCLAMP software 
(Axon Instruments). The pipette potential was stepped from a holding 
potential of 0 mV to different levels ranging from -140 to +120 mV 
with 20 mV increments each of 1 sec duration. The interpulse interval 
was 3 sec. 

Fresh cells attached to concanavalin A-coated coverslips were 
placed into a 100 p.1 chamber and a continuous flow of solution through 
the chamber (at about 3 ml min -1) was started 2 min before recordings. 
Test solutions were applied by switching manually to another reservoir 
connected to the inflow. Solution exchange was completed 20 sec after 
switching. The pipette solution contained (raM) 45 CsC1, 80 CsOH, 20 

Results 

PATCH CLAMP RECORDINGS OF UNTREATED LETTRE CELLS 

Preliminary studies (in Nottingham) were carried out in 
Ca2+-free medium. These showed that single channel 
openings were absent in five recordings from cell- 
attached patches and two recordings from inside-out 
patches, each of which lasted for more than one hour. 
Many other recordings made in these modes, but of 
shorter duration than the above, were also notable for the 
absence of channel activity even when large potential 
differences (+199 mV) are imposed across a membrane 
patch. It is thus confirmed that the surface membrane of 
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Fig. 2. Whole-cell currents from Lettre cells, a-Toxin was applied at 
100-200 gg/ml in the medium and removed when additional current 
was detected. The applied potential was stepped from a holding poten- 
tial of 0 mV to different levels ranging from -140 to 120 mV with 20 
mV increments for 1 sec. The interpulse interval was 3 sec. (Cell i) 
Trace A: control, before a-toxin, at pH 7.4; Traces B-F: after a-toxin 
without (B) or with successive additions of final concentrations of 0.4 
mM Zn 2+ (C), 1 mM Zn 2+ (D), 3 mM Zn 2+ (E) followed by Zn2+-free 
control (F), (Cell 2) Traces G and H: before (G) or after a-toxin (H) at 
pH 7.4; Traces I and J: before (/) or after a-toxin (J) at pH 5.0. 

a Lettre cell contains few active endogenous ion chan- 
nels under these conditions (Bashford & Pasternak, 
1984, 1990). This conclusion is supported by the results 
of studies made in the whole-cell recording mode where 
the input resistance for Lettre cells is up to 60 Gf2. In 
most (19 out of 21) whole-cell recordings, single channel 
currents were not seen over long (>1 hr) recording peri- 
ods and during imposition of a wide range of membrane 
potentials, although in two cells a channel of low con- 
ductance (ca. 0.5 pS) and low open probability was ob- 
served. The resting potential was zero in the whole-cell 
recording mode with patch pipettes without ATP, 
whereas when 5 rnM ATP was present, resting potentials 
of ca. -30 mV were observed. 

Further studies of Lettre cells were carried out (in 
London) with Ca2+-containing media, as well as with 

bilayers prepared from Lettre cell membranes (see be- 
low). In this case the input resistance at negative poten- 
tials is 0.5 to 50 G~2; nevertheless some current is ob- 
served at positive potentials, which appears to be due to 
Ca2+-activated K § channel activity (Pershadsingh, 
Johnstone & Laris, 1978): in the presence of Cs + in place 
of K + in the patch pipette and bath solutions (Benham et 
al., 1986) it is largely suppressed (e.g., Fig. 2A), and all 
subsequent recordings were made with 125 rnM Cs § 
present in bath and pipette. Under these conditions the 
resting potential is -68 _+ 15 mV (n = 5) and the input 
resistance exceeds 6 Gf2. In other media, with less Ca 2+- 
buffering and with or without cation gradients (i.e., Cs§ 
Cs +, Na+/Cs +, Na§247 the mean membrane potential is 
-36 + 12 mV (n = 15). 

PATCH CLAMP RECORDINGS OF Q-ToxIN-TREATED 

LETTRE CELLS 

The preliminary studies in the whole-cell recording 
mode showed openings that occur within minutes of the 
addition of toxin (Fig. 1A). Therefore, the membrane 
current rapidly increases to the point where it is not easy 
to observe single channel openings. From some such 
records (Fig. 1B), open channel conductances of around 
80 pS (at +30 or -60  mV) were calculated. 

By treating cells with the dye erythrosin prior to 
patch clamping, it is possible to distinguish two classes 
of cell: those that exclude the dye (as did 98% of cells not 
treated with c~-toxin) and those that take up dye (30, 52 
and 100% after 30 min at 37~ in the presence of 10, 50 
and 100 gg ~x-toxin/ml, respectively). Interestingly, 
even cells that had not taken up dye show high currents. 
This confirms results on leakage of phosphoryl  
[3H]choline from ~x-toxin-treated Lettre cells, which 
show that cells require 30-100 times more a-toxin to 
elicit uptake of dye than to elicit leakage of phosphoryl 
[3H]choline. In other words, as with pore-forming 
agents such as complement (Micklem et al., 1988) or 
hemolytic Sendai virus (Bashford, Micklem & Paster- 
nak, 1985), the apparent size or stability of membrane 
lesions increases with the amount of pore-forming agent 
added. 

Further experiments confirmed the induction of ion 
current by c~-toxin, as illustrated in Fig. 2B, H,J; in these 
instances single channel events could not be resolved. 
At voltages in excess of +_100 mV the instantaneous cur- 
rent decreases towards a steady-state value, particularly 
at low pH (Fig. 2J); instantaneous current is restored by 
switching to a new potential via zero, as it is in lipid 
bilayers (Menestrina, 1986). The ~x-toxin-induced cur- 
rent is higher at positive potentials (rectification), con- 
firming the preliminary results (Fig. 1B) and shown in 
greater detail in Fig. 7 (below). 

Zn 2§ reversibly decreases the (z-toxin-induced cur- 
rent (Fig. 2C-E). Higher resolution records of the 
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Fig. 3. Effect of Zn 2+ on a-toxin-induced 
whole-cell currents in Lettre cells. The applied 
potential was stepped from a holding potential 
of 0 to -20 mV (A), -80 mV (B) or -140 mV 
(C) for 1 sec in the absence or presence of the 
following final concentrations of Zn2+: 1, 0 
mM; 2, 0.4 raM; 3, 1 mM; 4, 3 rnM. a-Toxin 
was applied at 150 gg/ml in the medium and 
removed when additional current was detected. 
Currents observed in control ceils without 
a-toxin have been subtracted in each case. 

a-toxin-induced current (i.e., with toxin-free current sub- 
tracted) at negative potentials are shown in Fig. 3. These 
traces also show voltage-dependent closure of a-toxin- 
induced channels (Fig. 3C vs. B vs. A). The effects of 
Zn 2+ at positive potentials (e.g., Fig. 2E) are complex 
because such potentials drive the Zn 2+, supplied only in 
the bath, out of the channels. The reduction of the 
c~-toxin-induced current by Zn 2+ is accompanied by a 
change of resting membrane potential (Fig. 4). In the 
absence of Zn 2+, the membrane potential falls from about 
-55 to about -8  mV on the addition of c~-toxin. As 
increasing levels of Zn a+ are applied, the resting potential 
recovers; removal of Zn 2+ returns the potential to its low 
level. However, restoration of the initial membrane po- 
tential is not complete, as Zn 2§ alone induces some leak- 
iness in Lettre cells (current traces not shown; see also 
Bashford et al., 1988b). 

Reducing the pH of the medium in which the Lettre 
cells are bathed has three effects. First, the membrane 
current in the absence of a-toxin increases (Fig. 2/vs.  
G); we do not know whether this is due to activation of 
endogenous K + channels. Second, the instantaneous cur- 
rent induced by a-toxin increases (Fig. 2J vs. H), espe- 
cially at negative voltages, which results in a loss of 
rectification (an effect previously observed with lipid 
bilayers (Kasianowicz et al., 1991; G.M. Alder, Y.E. 
Korchev and G. Menestrina, unpublished observations). 
Third, the voltage-dependent decay of toxin-induced cur-- 
rent is more marked at pH 5.0 than at pH 7.4 (Fig. 2./ 
VS. 1-1). 

RECONSTITUTED LETTRE CELL MEMBRANE BILAYERS 

A preparation of Lettre cell membranes, enriched in 
plasma membrane constituents, was used. Apart from 
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Fig. 4. Effect of Zn 2+ on Lettre cell potentials in the presence of 
a-toxin. Membrane potential (resting potential, VM) was measured ev- 
ery 2 min; error bars represent the SEM of at least three determinations. 
(1) Potential before a-toxin (100--200 gg/ml) was applied and removed 
as soon as additional current appeared. After 10 rain, current reached a 
plateau and potential was measured (2). Then 0.4 mM Zn 2+ was applied 
and after 4 rain the membrane potential was measured (3); removal of 
Zn 2+ restored the toxin-induced potential (2). Subsequent additions of 
1 mM Zn 2+ (4) and 3 mM Zn 2+ (5) are seen to reversibly restore po- 
tential. Removal of Zn 2+ (6) returns potential to that seen immediately 
after treatment with a-toxin (2). 



148 Y.E. Korchev et al.: Toxin Channels in Cells and Membranes 

40 

< 
o. 20 

0 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

A 

_r 20 mV 1- 

-200 -100 100 2 0 -200 

V / m V  

B 
100 s 

-J 1 -  20 mV 

, %  

i 

-100 0 100 200 

YK 59b 

Fig. 5. Voltage dependence of a-toxin-induced 
currents in bilayers. Bilayers were formed from 
DPhPC (A, C) or from Lettre cell membranes 
(B,D). Current (/) 1 min after applying the voltage 
indicated is expressed relative to the instantaneous 
current (Imp,) observed after switching from zero 
potential. Current record of an ct-toxin-treated 
DPhPC (A) or Lettre cell membrane (B) bilayer at 
pH 4.5. Voltage dependence of I/Ima x for 
a-toxin-treated DPhPC (C: ([]) pH 7.4; (11) pH 
7.4 + 5 mM Zna+; (O) pH 4.5) or Lettre cell 
membrane (D: (R) pH 7.4; (11) pH 7.4 + 5 mM 
Zn2+; ( 0 )  pH 4.5) bilayers, o~-Toxin present at 15 
gg/ml throughout each experiment. 

occasional channel activity that may represent the en- 
dogenous K § channels referred to earlier, very little cur- 
rent in the absence of c~-toxin was recorded. In the pres- 
ence of c~-toxin, channels appear with properties similar 
to those documented for o~-toxin channels induced in 
pure lipid bilayers. These include single channel-like 
events that are rectified at pH 7.4. At pH 4.5 rectifica- 
tion is abolished and time-dependent closure is clearly 
evident (Fig. 5, upper traces). Single channel conduc- 
tances under various conditions, as well as selectivity for 
anions over cations, are presented in the Table. Current 
measured 1 min after changing the voltage (/) is less than 
the instantaneous current (Imp), an effect which is in- 
creasingly evident at progressively higher voltages; this 
effect is more marked at negative voltages (Fig. 5C). 
Bilayers prepared from Lettre cell membranes (Fig. 5D) 
are more voltage sensitive in this regard than DPhPC 
bilayers, although their general behavior is similar. Low 
pH potentiates the effect further, as with patch clamped 
ceils (Fig. 2J, H). Zn 2§ has little effect on Lettre cell 
membranes (Fig. 5D)--compatible with its predomi- 
nantly voltage-independent action on Lettre cells (Figs. 
2C-E, 3)--in contrast to its effect in pure lipid bilayers 
(Figs. 5A, C). 

COMPARISON BETWEEN LETTRE CELLS, RECONSTITUTED 

LETTRE CELL MEMBRANE BILAYERS AND D P h P C  BILAYERS 

As indicated in the preceding sections, the effects of 
adding a-toxin are broadly similar in all three systems. 
For example, in each system negative voltages are more 
effective than positive voltages at decreasing I/Ima x (Fig. 
6). The greater sensitivity of Lettre cells compared with 
DPhPC bilayers is not due to the difference in medium 
used for whole-cell experiments, since that medium gave 

Table. Conductances and selectivity of single c~-toxin channels 

Lettre cell DPhPC bilayers 
membranes 

Conductance a t - 5 0  mV 45.3 + 4.2pS 57.7 _+ 4.0pS 
and pH 7.4 
a t +50mV 83.3 + 7.0pS 81.7 + 7.6pS 
and pH 7.4 
at +50 mV 233.0 + 10.2 pS 235.7 + 16.2 pS 
and pH 4.5 

Selectivity (t-) 0.64 + 0.02 0.62 + 0.03 

Single channel conductance (in 0.1 M KC1) was calculated from traces 
such as those shown in the upper panels of Figs. 5 and 7. Selectivity for 
anions over cations, expressed as the transference number (t-), was 
calculated from the reversal potential (W), where t- is defined as: 1/211 
+ qJ/((RT ln)/(F)) ([C1-] trans)])/([C1-] cis) 
Number of observations is >20 in every case. c~-Toxin (10-20 gg/ml) 
was applied to the cis compartment and removed by perfusion as soon 
as channel activity was detected. 

the same result as 0.1 M KC1 when applied to DPhPC 
bilayers (open vs. closed squares in Fig. 6). 

At pH 7.4 single o~-toxin-induced channel-like ac- 
tivity is rectified in bilayers prepared from Lettre cell 
membranes (Fig. 7A) or DPhPC (Fig. 7B); note that for 
Lettre cell membrane bilayers closure at voltages more 
negative than -40 mV is evident. Figure 7C shows the 
relationship between rectification and applied voltage for 
Lettre cells, Lettre cell membrane bilayers and DPhPC 
bilayers, each containing many toxin-induced channels. 
Such channels in Lettre cells and reconstituted Lettre cell 
membrane bilayers show greater rectification than in 
DPhPC bilayers; likewise they show greater voltage sen- 
sitivity (Figs. 5 and 6). 
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Fig. 6. Voltage dependence of c~-toxin-indnced currents. Current (/) 
after 1 see (Lettre cells, I )  or after 1 min (bilayers prepared from 
DPhPC ([], l )  or from Lettre cell membranes (Q))) of applying the 
voltage indicated is expressed relative to the instantaneous current 
(/max) observed after switching from zero potential. The medium com- 
prised (mM) 100 KC1, 5 HEPES, pH 7.4 (C), []) or 125 Cs +, 45 Cl-, 20 
BAPTA, 10 HEPES, 6 creatine phosphate, 2 Mg 2+, and 0.1 gM Ca 2+ 
(trans) and 125 mM Cs +, 12 n~'a glucose, 10 mM HEPES, 1.2 mM 
MgC12 (cis) at pH 7.4 ( 0 ,  1). m-Toxin present at 15 gg/ml throughout 
each experiment. 

Discussion 

Three conclusions may be drawn from these results in 
which the induction of channel activity by a pore- 
forming toxin has been compared in three different sys- 
tems, namely, DPhPC bilayers, reconstituted Lettre cell 
membrane bilayers and patch clamped Lettre cells. First, 
the low level of ion channel activity in Lettre cells when 
Ca2+-activated K + channels are suppressed makes them 
ideal for studying pores induced by toxins or other pore- 
forming agents. The observation that a resting potential 
o f - 6 8  mV in untreated Lettre cells is maintained in the 
absence of any cation gradient is consistent with a 
"pumped" rather than a diffusional origin--at least un- 
der the in vitro conditions of our experiments--as sug- 
gested by Bashford and Pasternak (1984, 1990). 

Second, the properties of S. aureus  a-toxin channels 
are broadly similar in all three systems. Single channels, 
which are slightly anion selective, have conductances of 
ca. 50-80 pS (in 0.1 M salt), with rectification (Table, 
Fig. 7). The ratio of steady-state to instantaneous con- 
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Fig. 7. Rectification of c~-toxin-induced currents in bilayers. (A) 
a-Toxin-treated bilayers prepared from Lettre cell membranes. (B) 
c~-Toxin-treated bilayers prepared from DPhPC. (C) Rectification ex- 
pressed as the ratio, r, of instantaneous currents at positive (l+v) to 
negative (/-v) voltages observed after switching from zero to positive 
and negative potential (i.e., l+J/-v) in c~-toxin-treated DPhPC bilayers 
(11), Lettre cell plasma membrane bilayers (A) and patch clamped 
Lettre cells (0 ) .  

ductance (Figs. 5, 6) is voltage dependent and ap- 
proaches a maximum at zero voltage; it is decreased by 
lowering pH (decreased current due to channel closure, 
even though the single channel current is increased by 
low pH). The greater sensitivity of Lettre cells and Let- 
tre cell membranes in this regard may reflect changes in 
the conformation of the toxin-induced pore. For exam- 
ple, highly voltage-sensitive (x-toxin channels can be in- 
duced in pure lipid bilayers at neutral pH in the presence 
of polyethyleneglycol (Y.E. Korchev, C.L. Bashford and 
C.A. Pasternak, unpubl ished results). In short, many of 
the properties of o~-toxin-induced channels previously 
documented with other lipid bilayers (BashfordL et al., 
1986; Menestrina, 1986; Bashford et al., 1988b; Krasil- 
nikov et al., 1988; Krasilnikov & Sabirov, 1989; Menes- 
trina et al., 1990; Krasilnikov et al., 1992; Pasternak et 
al., 1992) are shown also by reconstituted cell mem- 
branes and intact cells. Properties such as inhibition by 
divalent cations or protons are also seen when leakage of 
ions and metabolites out of cells (Thelestam & Mollby, 
1980; Bashford et al., 1984, 1986, 1988b) or leakage of 
dyes into cells (Pasternak et al., 1992) is assessed. This 
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indicates that for S. aureus a-toxin--in contrast to a 
pore-forming toxin such as that from Entamoeba his- 
tolytica (Gitler, Calef & Rosenberg, 1984)--metabolic 
events do not play a role in the induction of pores in 
cells. 

Third, our results confirm the apparent discrepancy 
between the membrane potential-independent effect of 
divalent cations on a-toxin-induced pores in cells and the 
voltage-dependent effect in purely lipid bilayers by ex- 
tending observations of metabolite leakage (Pastemak et 
al., 1989) to ion currents and membrane potential. Thus 
in cells, inhibition of toxin-induced ion currents by Zn z+ 
(Figs. 2, 3) is not reversed by switching voltage to zero 
as it is in bilayers (Menestrina, 1986) (or as is inhibition 
by protons (Fig. 2)). In addition, Zn 2§ restores the mem- 
brane potential of a-toxin-treated Lettre cells (Fig. 4); 
such divalent cation-dependent recovery of membrane 
integrity has been demonstrated for cells treated with 
hemolytic Sendai virus (Micklem, Nyaruwe & Paster- 
nak, 1985) and lymphocyte perforin (Bashford et al., 
1988a). The reversibility of Zn 2§ in abrogating toxin- 
induced depolarization (Fig. 4) suggests that Zn 2§ acts 
directly on the toxin pores rather than by promoting 
shedding or internalization of damaged pieces of plasma 
membrane (Ramm et al., 1983; Morgan, Dankert & Es- 
ser, 1987). Some of the effect may arise from the ability 
of Zn 2+ to perturb the oligomerization of membrane- 
associated a-toxin in favor of the monomer (C.L. Bash- 
ford and A. MacKinnon, unpublished observations), 
which is presumed to be inactive as a pore (e.g., Reich- 
wein et al., 1987; Forti & Menestrina, 1989). 

An important aspect of S. aureus toxin-induced 
channels--as of other membrane pores--that is now be- 
ing addressed is the mechanism by which single channel 
conductance fluctuates between a high conductance and 
a low conductance state. 
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