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Summary. The induction of channels across planar lipid bilayers 
by purified, recombinant pneumolysin (a hemolytic protein from 
Streptococcus  pneumoniae)  has been studied by measuring in- 
creases in electrical conductivity. Pneumolysin-induced channels 
exhibit a wide range of single channel conductances (<50 pS to 
> 1 nS at 0.1 M KCI). Channels can be categorized on the basis 
of their K + : CI selectivity: the smallest channels are strongly 
cation selective, with t+ (the cation transference number) ap- 
proaching 1.0; the largest channels are unselective (t+ ~ 0.5). 
Channels tend to remain open at all voltages ( -  150 to 150 mV); 
only the smallest channels exhibit any rectification. 

In the presence of divalent cations (1-5 mM Zn2+; 10-20 mM 
Ca2+), small (<50 pS) and medium-sized (50 pS to 1 nS) channels 
are closed in a voltage-dependent manner (more closure at higher 
voltages); at 0 voltage channels reopen. Overall selectivity is 
reduced by divalent cations, compatible with small, selective 
channels being closed preferentially to large, nonselective ones. 

It is concluded that a single molecular species (pneumolysin) 
induces multiple-sized channels that can be categorized by cat- 
ion : anion selectivity and by their sensitivity to closure by diva- 
lent cations. 

Key Words pneumolysin . ion channels �9 lipid bilayers �9 gat- 
ing �9 divalent cations �9 toxin 

Introduction 

Streptococcus pneumoniae is a common cause 
of pneumonia, meningitis and otitis media [1]. A 
putative pathogenic determinant synthesized by 
this organism is a 53,000 mol wt hemolytic protein 
called pneumolysin, that shares several properties 
with hemolytic proteins produced by Streptococcus 
pyogenes (streptolysin O), Clostridium petfringens 
(perfringolysin or theta toxin) and other Gram 
positive bacteria [20]. These include oxygen lability 
and a requirement for cholesterol, in addition to 
their capacity to damage membranes by the cre- 
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ation of relatively large pores [5]. The leakage of 
metabolites through such pores [21], as well as 
through smaller pores induced by Staphylococcus 
aureus c~ toxin [3, 6, 9] and other agents [2], is 
prevented by divalent cations like C a  2+ o r  Z n  2+. 

Prevention of leakage is not due to the displace- 
ment or pore-forming agent from the cell membrane 
[2, 6], but to the maintenance of potential pores 
in a nonleaky state [13, 17]. In the case of S. 
aureus c~ toxin [2, 12, 13] and C. perfringens 0 toxin 
[13], conductivity measurements across planar lipid 
bilayers show that toxin-induced channels are 
closed by Ca 2+ or Zn 2+ and can be re-opened by 
reducing the applied voltage to zero. 

Because the gene for pneumolysin has been 
cloned, sequenced [23] and expressed in E. coli 
[15], it is possible to generate site-directed mutants 
[18]. The similarity between pneumolysin and C. 
perfringens toxin (perfringolysin) [22] makes an 
investigation of the divalent cation sensitivity of 
pneumolysin and its mutants an obvious approach 
for trying to elucidate the mechanism(s) by which 
divalent cations affect toxin-induced channels. 
Here we show that highly purified recombinant 
pneumolysin isolated from E. coli which is to all 
intent identical with native pneumolysin isolated 
from S. pneumoniae [15], induces a wide spectrum 
of different-sized channels across planar lipid bi- 
layers that can be distinguished on the basis of their 
cation/anion selectivity and that have a differential 
sensitivity to closure by divalent cations. [The 
word channel is used in an operational sense only, 
to indicate particular conductance states that flicker 
between an open and a closed configuration; the 
word is not meant to imply the existence necessar- 
ily of discrete protein assemblies analogous to 
those that constitute endogenous ion channels (e.g. 
[11]).] Some of these results have been presented 
in brief at a recent meeting [17a]. 
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Materials and Methods 

TOXIN 

Recombinant pneumolysin (C428), prepared and purified as de- 
scribed [15], was used throughout; SDS-PAGE indicates this 
preparation to consist of a single major band as assessed by 
Coomassie blue (Fig. 2B of ref. 15) and by N-terminal analysis 
(15). It was kindly donated by Dr. G.J. Boulnois. 

LIPIDS 

Dioleoyl phosphatidylcholine (DOPC), asolectin, cholesterol and 
ergosterol were obtained from Sigma. 

METHODOLOGY 

Planar bilayers were formed according to the technique described 
by Montal and Muller [16] or that of Schindler [19]. The apparatus 
consisted of two Teflon chambers (capacity 0.1 ml each) con- 
nected by an aperture (10-20/xm diameter) across a 10/xm thick 
Teflon film. Ag/AgCI electrodes were used; the electrode con- 
nected to virtual ground was in the chamber to which pneumolysin 
was added (cis). Voltage signs refer to the cis compartment; at 
positive potential cations flow from cis to trans. KCI buffered to 
pH 7.4 with 5 mM HEPES was used throughout; the concentration 
of KCI was 0.1 M in both chambers, unless selectivity was being 
measured, in which case the solution in trans chamber contained 
0.0[ M KCI. All experiments were performed at room tempera- 
ture. The cation selectivity or transference number (t + ) was calcu- 
lated from the corrected, applied potential (tO n , the null potential) 
which gave zero transmembrane current 

6 ~ ~'2,- 6~! (1) 

where t~,~,, is the null potential of the membrane containing pneu- 
molysin and ~? is the null potential of the chamber with no mem- 
brane separating the aqueous compartments, r+ and 80 are related 
according to the expression: 

R T  [K' ]  trans 
th ~  - l ) ~ - l n  [K+]ci s (2) 

where R, T and F have their usual meanings. This analysis cor- 
rects for contributions of half-cell potential at the Ag/AgC1 elec- 
trodes [uia Eq. (1)] and assumes that, in the KC1 solutions em- 
ployed here, the diffusion potential across the open aperture is 
zero. 

After several pilot studies, a mixture of DOPC: ergosterol 
( I : 2 molar ratio) was found to give stable channels with pneumo- 
lysin and was used for most of the experiments reported herein; 
EDTA (0.1 mM) was generally added as this appeared to facilitate 
formation of pneumolysin-induced channels. 

Results 

CHARACTERIZATION OF CHANNELS 

Pneumolysin added to bilayers induces channels of 
widely varying size. Typical recordings from three 
different membrane preparations are illustrated in 
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Fig. 1. Pneumolysin-induced channels in DOPC : ergosterol pla- 
nar lipid bilayers. Pneumolysin (50 ~g/ml final concentration) was 
applied to DOPC : ergosterol (1 : 2 mol/mol) bilayers bathed in 0.1 
M KCI, 0.005 M HEPES, pH 7.4 (with KOH) at 25~ Records 
from three separate membranes with applied potential held at the 
value indicated are presented. Small channels (conductance <50 
pS), medium channels (conductance 50-1000 pS) and large chan- 
nels (conductance >1000 pS) are shown in traces a, b and c, 
respectively. 

Fig. I. In trace a, channels with an approximate 
conductance of 35 pS, as well as smaller fluctuations, 
are seen. Such channels (<50 pS) will be designated 
"smal l . "  Trace b shows channels of approximate 
conductance of 300 pS, designated as " m e d i u m "  
(>50 pS to < l  nS). Channels of approximate con- 
ductance of 12 nS are seen in trace c; such channels 
(> 1 nS) are designated " l a rge . "  A common feature 
of all three types of channel is that they tend to be 
in the open state much of  the time. There is no 
obvious relationship between amount  of  pneumo- 
lysin added and the number of channels or their 
particular conductance.  The frequency of finding 
small, medium or large channels in any given mem- 
brane is indicated in Table 1. 

The current-voltage characteristics of  mem- 
branes containing the various types of channel were 
investigated by following current  when the voltage is 
being continuously varied between - 150 and + 150 
mV (with a triangular wave form) (Fig 2); in this 
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Table 1. Frequency of small, medium or large channels in mem- 
branes 

Channel size Frequency (%) 

Small 48 
Medium (+ S) 37 
Large ( + M + S )  15 

The frequency of finding small (S), medium (M) or large channels 
[as defined in the text] in >100 membranes analyzed is given. 
For technical reasons the simultaneous presence of smaller-sized 
channels in membranes containing medium or large channels is 
difficult to assess. 

instance asymmetric  solutions of KC1 were used, so 
that a measure of the cation/anion selectivity can 
also be deduced (from the voltage at which the cur- 
rent is zero). As is evident from the traces depicted 
in Fig. 2, membranes containing different categories 
of small channels can be distinguished by whether 
there is rectification or not. Small channels having 
high selectivity (t+ ~ I) are rectified (less current at 
negative voltage; more current at positive voltage), 
whereas small channels having somewhat less selec- 
tivity (t+ ~ 0.9) are not. There is also some evidence 
of more current at voltages > + 100 mV or < - 100 
mV in the case of membranes containing several 
medium-sized channels, compatible with voltage- 
dependent  opening of  additional channels. Mem- 
branes with large channels show little selectivity, 
rectification, or voltage-dependent opening. 

EFFECT OF DIVALENT CATIONS 

When Ca -,+ is present in the same chamber (cis) as 
pneumolysin,  the effect is to cause voltage-depen- 
dent closure by steps that correspond to small and 
medium-sized channels; closure occurs at positive 
voltage only. This is illustrated in Fig. 3A, which 
also shows that closure is reversible, in the sense 
that switching polarity reopens the channels. If Ca 2+ 
is added to both chambers (cis and trans), closure 
occurs at negative as well as positive voltages (com- 
patible with Ca 2+ being required to be drawn into 
the channel in order  to effect closure); this is illus- 
trated in Fig. 3B, which again shows reversibility 
(merely reducing voltage to zero reopens channels). 
In general, Ca 2+ concentrations of 10 mM or more 
are necessary to observe clear-cut effects. 

With Zn 2+ the effects are similar to those with 
Ca 2", except  that concentrat ions in the range of 1-5 
mM are sufficient to elicit a response. In addition, 
Zn 2+ typically tends to open (or insert) additional 
channels before causing closure. Figure 4A shows a 
representat ive trace, with Zn 2§ present on the cis 
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b) 

c) 

t. =0.~/  t 50  pA 
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Fig. 2. Current-voltage characteristic of membranes containing 
pneumolysin-induced channels. Pneumolysin (5-50 /xg/ml final 
concentration) was applied to DOPC : ergosterol bilayers bathed 
in 0.1 M KCI, 0.005 M HEPES, pH 7.4 (with KOH) on the side to 
which pneumolysin was added (cis side) and 0.01 M KC1, 0.005 
M HEPES, pH 7.4 (with KOH) on the opposite (trans) side. The 
records of current with respect to applied voltage were measured 
using triangular changes in applied potential between _+ 150 mV 
at a speed of 2 mV/sec. Potentials are expressed relative to the 
potential required for zero current (null potential, ~0~) between 
the chambers in the absence of the membrane (i.e., through the 
Teflon orifice). Cation transference numbers (t ,)  were calculated 
from the null potential in the presence of a pneumolysin-con- 
taining membrane (0 ~ according to the relationship 

59 + +0 
118 

(see Eq. (2) in Materials and Methods). The two traces labeled a 
were from two membranes, each of which appeared to contain a 
single small pneumolysin channel (26 and 21 pS, respectively); 
trace b was from a membrane containing 4-6 medium (200-500 
pS) channels; trace c was from a membrane containing about 10 
large (10-20 nS) channels. 

side only; if Zn 2. is present on both sides, closure 
occurs at negative voltage also (not shown). The 
rapidity of closure by Zn 2+ is to be noted (>90% 
within 2 min); since channels reopen almost com- 
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Fig. 3. Closure of pneumolysin-induced channels by Ca > .  Pneumolysin (50/xg/ml (A); 0.25 mg/ml, (B)) in DOPC : ergosterol (1 : 2) 
membranes bathed in 0.1 M KC1, 0.005 M HEPES, pH 7.4 (with KOH) at 28~ and 20 mM CaC12 (cis side only, A) or 10 mM CaC12 (cis 
and trans, B). The inset in A is an expanded view of the trace as indicated; traces are records of current obtained at the applied voltages 
indicated. (B) The upper trace shows membrane conductance (indicated as positive irrespective of the sign of the applied potential) 
obtained at the voltages indicated by the lower trace. 

pletely after switching to negative voltage (Fig. 4B), 
it is possible that much of the initial closure at posi- 
tive voltage is missed by the relatively slow response 
time of the apparatus, though other explanations for 
such apparent rectification are possible. Removal of 

Zn 2+ by EDTA (right part of trace in Fig. 4B) re- 
stores the open configuration of channels, with 
equivalent conductivity at positive and negative 
voltages. The "ragged" appearance of the mem- 
brane conductance shown in Fig. 4B is due to open- 
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Fig. 4. Closure of pneumolysin-induced channels by Zn 2+ . Pneumolysin (25 tzg/ml) was applied to DOPC :ergosterol (1 : 2) membranes 
bathed in 0.1 M KC1, 0.005 M HEPES, 0.I mM EDTA, pH 7.4 (with KOH) at 28~ 1 mM ZnSO4 (cis side), and 2 mM EDTA were 
subsequently added as indicated. (A) Membrane current (upper trace) is shown at + 50 mV, applied as indicated (lower trace). (B) The 
conductance of the membrane (upper trace) is shown at a series of applied potentials (indicated in the lower trace); the dotted line 
indicates zero conductance (obtained at zero applied potential). 

ing and  closing of p n e u m o l y s i n  channe l s  ra ther  than 
genera l ized  m e m b r a n e  " l e a k i n e s s " ;  when  the Zn  2+ 
was r emoved  by  che la t ion  stable c o n d u c t a n c e  was 
res tored.  

The  effect of  d iva len t  ca t ions  on rect if icat ion 

and closing of p n e u m o l y s i n - i n d u c e d  channe l s  is fur- 
ther  i l lustrated in Figs.  5 and  6. F igure  5 shows the 
effect of  Ca 2+ (cis) on the var ious-s ized  channe l s ,  
identified on  the basis  of their  se lect ivi ty .  Compar i -  
son with Fig. 2 shows that highly se lect ive  (t+ --~ 
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Fig. 5. Current-voltage characterist ic of  pneumolysin- induced 
channels  in the presence of  C a  2~  . Pneumolys in  (5-50/*g/ml) was 
applied to DOPC : ergosterol (1 : 2) bilayers as described in the 
legend to Fig. 2, except  that in this case the solution bathing the 
cis side of the membrane  also contained 10 mM CaCI 2. Potentials 
between -+ 150 mV were applied as a triangular wave (2 mV/sec) 
and t_ calculated as described in the legend to Fig. 2. The two 
traces labeled a were from two membranes ,  each of which ap- 
peared to contain a single, small channel  (13 pS and 20 pS, respec- 
tively); trace b was from a membrane  containing 4 -6  medium 
(200-300 pS) channels ;  trace c was from a membrane  containing 
about 10 large (10-20 nS) channels .  

l) small channels have a different current-voltage 
characteristic in the presence of Ca 2+ due to closure 
at positive voltage. The same is true of the less 
selective small channels (t+ ~ 0.9) and medium- 
sized channels (t+ ~ 0.85), but not of the large chan- 
nels (t+ ~ 0.53) which are unaffected. 

Figure 6 illustrates the result of an experiment in 
which the current response to rapid switching be- 
tween positive and negative voltages of increasing 
magnitude is followed. Figure 6A shows that in the 
absence of divalent cations, there is no rectification; 
in this instance small, highly selective channels ( s e e  

Fig. 2, left-hand trace) are either absent or overshad- 
owed by nonrectifying channels. On addition of C a  2 + 

(Fig. 6B), a clear-cut rectification at voltages in ex- 

cess of 40 mV is apparent. This is due to an increase 
at negative voltages as well as a decrease at positive 
voltages. In Fig. 6 C the current records of Fig. 6B are 
shown as the conductances at the relevant voltages. 
The distribution of conductances is compatible with 
the presence of three medium sized (~500 pS) chan- 
nels at -+ 100 mV in this experiment.  

An experiment that confirms that it is small and 
medium-sized, - -  i.e., selective - -  channels, and 
not large - -  i.e., non-selective - -  channels that are 
predominantly closed by divalent cations is shown 
in Fig. 7. In this instance, the mean selectivity of  
channels was t+ 0.73 at the start of the experiment.  
On the addition of 1 m M  Z n  2+,  selectivity falls to 
t+ ~- 0.58, with a concomitant  decrease in current.  
Further addition of Zn 2+ (5 mM) causes a further fall 
in selectivity, with little decrease in current;  this 
effect is compatible with closure of a significant num- 
ber of small or medium-sized, selective channels, 
that contribute relatively little current in comparison 
with the residual current carried by predominantly 
large, nonselective channels. 

Discussion 

The main conclusions to be drawn from the present 
experiments are two-fold. First, pneumolysin in- 
duces a spectrum of different-sized channels across 
planar lipid bilayers, as summarized in Table 2. This 
finding is in good agreement with that reported pre- 
viously for tetanolysin, another  hemolytic oxygen- 
labile, cholesterol-requiring toxin that forms large 
pores in cell membranes [7]. Thus tetanolysin forms 
channels with conductance ranging from ~ 10-400 pS 
(at 0.145 M NaC1), with a conductance of  28 pS show- 
ing the highest frequency.  Channels are cation selec- 
tive with transference number (t+) of 0.83; in the light 
of the present results, this is likely to be a mean value. 
The formation of channels is not voltage or concentra- 
tion dependent  but does require the presence of ste- 
rol, as found for pneumolysin also. A similar depen- 
dence of pore formation on sterol presence is also 
shown by nystatin [24]. The conclusion [7] that " te ta-  
nolysin acts by causing lipid p e r t u r b a t i o n s . . ,  rather 
than formation of structural channels"  is not incon- 
sistent with our own views on pore formation by 
agents as diverse as triton or polylysine [2]. Neverthe-  
less, the fact that pore-forming proteins such as S. 
a u r e u s  e~ toxin [2, 12], perfringolysin [13], lympho- 
cyte cytolysin [4] and pneumolysin (this paper) all 
form channels that are closed in a voltage-dependent  
and voltage-reversible manner by divalent cations in 
a way similar to that by which divalent cations affect 
voltage-gated channels such as the Na + channel [8, 
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Fig. 6. Rectification/closure of pneumolysin- 
induced channels in the presence of Ca 2+ . 
Pneumolysin (50/.~g/ml) was applied to a 
DOPC : ergosterol (1 : 2) membrane bathed in 
0.1 M KCI, 0.005 M HEPES, 0.1 tool EDTA 
pH at 7.4 (with KOH) without (A) or with (B) 
10 mM CaC12. Voltage was switched between 
positive and negative poles from 20 to 100 
inV. (C) Conductance values are plotted of 
the experiment illustrated in B (O, 
conductance at positive potentials; ~ ,  
conductance at negative potentials). The 
conductance levels indicate that the 
membrane contained three medium channels 
(~500 pS) and some smaller channels. The 
preparation of pneumolysin used for this 
experiment was not the native form, but a 
mutant in which a W at position 433 is 
replaced by F (F433); the properties of this 
mutant are the same as those of the native 
toxin, in-so-far as the behavior of individual 
channels is concerned. 
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legend to Fig 6l, 5/xg/ml) was applied to a DOPC : ergosterol (1 : 2) 
membrane  bathed in 0.1 M KCI, 0.005 m HEPES,  pH 7.4 (with 
KOH) on the cis side and 0.01 M KCt, 0.005 M HEPES,  pH 7.4 
(with KOH) on the trans side. Voltage between _+ 150 mV was 
applied as a triangular wave (2 mV/sec) and t ransference number  
[t+, �9 (A)] and slope conductance  (�9 (B)] were calculated at 
success ive  null potentials,  l and 5 mM ZnSO4 (final concentration) 
were added to the cis compar tment  as shown.  

10], argues for the participation of some defined poly- 
peptide sequences in t r a n s - m e m b r a n e  events. 

The second conclusion that emerges from the 
present results is that different-sized channels are 
differentially sensitive to closure by divalent cations 
(Table 2). The fact that small channels are closed 
preferentially to larger ones is not surprising and 
might suggest some kind of blocking mechanism sim- 
ilar to that by which Ba 2+, for example, blocks the 
Ca2+-activated K § channel [14]. Although the volt- 
age characteristics of closure by divalent cations 
are compatible with the cation being drawn into a 
pneumolysin-induced channel to block it, there is no 
evidence to support this. In the case of S.  a u r e u s  c~ 

toxin there is evidence to show that closure is not 
by such blockage [l 2], and it is therefore more likely 
that closure in the case of pneumolysin also involves 
some sort of gating process. 

The relationship between the different-sized 
channels induced by pneumolysin is not clear. It is 
possible that an equilibrium exists between differ- 
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Table 2. Properties of  pneumolys in- induced channels  in DOPC: 
ergosterol planar lipid bilayers 

Channel  Conductance  Cation Rectification Closure by 
size (pS) selectivity divalent 

(t+) cat ions 

Small <50 1.00 + + + + 
<50 0.93 _+ 0.06 - + + 

Medium 50-1000 0.80 -+ 0.06 - + + 
Large >1000 0.56 _+ 0.06 _+ 

Channels  induced by pneumolys in  (5-50/xg/ml) in DOPC: ergos- 
terol (1 : 2) bilayers bathed with 0.1 m KCI, 0.005 m HEPES,  pH 
7.4 (with KOH) at room temperature  (23-28~ Single channel  
conductances  were es t imated from records similar to those  shown 
in Fig. 1. Cation selectivity ( tD  was a s sessed  with 0.01 M KCI, 
0.005 M HEPES,  pH 7.4 (with KOH) replacing the 0.1 M KC1 
medium on the trans side: selectivity data from 100 membran es  
were pooled to give the mean  values +- SEM with n of 70, 55 and 25 
for small, medium and large channels ,  respectively.  Rectification 
(less current  at positive voltages) and closure by divalent cat ions 
were assessed  from records similar to those  shown in Figs. 2-5:  
- indicates no effect; -+ indicates some,  variable effect; + + 
indicates strong, consis tent  effect. 

small channel 
( ape n ) 

jr 
medium channel 

(open)  JI 
large channel 

( open ) 

M 2§ 

M 2+ 

" small channel 
( closed ) 

" medium channel 
( closed ) 

Fig, 8. Model for divalent cation closing of pneumolys in  
channels .  

ent-sized channels and their sensitivity to closure by 
divalent cations, as shown schematically in Fig. 8. 
Such a scheme would certainly account for closure 
by apparently large conductance jumps in certain 
instances (e.g., Fig. 4) if the transition from large to 
medium channels were fast. 

The participation of sterol is worth mentioning 
in this regard. We used ergosterol, in a 2 : 1 mixture 
with DOPC, since it gave more reproducible results 
than cholesterol; the studies with tetanolysin used 
oxidized cholesterol without any phospholipid [7]. 
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it is, however, possible to obtain pneumolysin-in- 
duced channels - -  albeit unstable - -  without any 
sterol present. Our impression to date, for the role 
that sterols may play, is that they favor the stability 
of the large type of channel. This is compatible with 
the accumulated evidence (e.g. 5, 13, 20, 21) that 
in cells, pneumolysin and related toxins form large 
pores that are dependent on the presence of choles- 
terol in the membrane. 
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