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Fusion of Bacillus subtllis plasma membrane vesicles with planar lipid bilayers ind uced the appearance of discrete current fluctuations characteristic 
oi" ion channels. These channels showed a wide range ofconductances and kinetic behaviors. In 300 mM KCI, their condueumces ranged from 
a Few hundreds of pS to more than l aS, and most of them exhibited several sub.states. The channels poorly discriminated between small univalent 
onions and cations. Some of them showed voltage dependence and most of them presented a complex gating kinetics. "File results are consiste~tt 

with the hypothesis of the presence in the B. st~brilis plasma membrane of pores composed of subunits that l'unction cooperatively. 
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I .  INTRODUCTION 

Several studies have demonstrated the presence in 
the outer membrane of Gram-negative bacteria of very 
high conductance channels, called per!as [1,2]. Their 
functional properties have been extensively investigated 
by biochemical and electrophysiological techniques 
[1,3]. Less is known about the presence of ion channels 
in the bacterial cytoplasmic membrane. Although they 
have been postulated to exist, it has also been argued 
that their presence would be incompatible with the 
maintenance of proton and ion gradients. However, 
these gradients could be maintained if channel activity 
were under strict regulation. There are reasons to postu- 
late the presence of channels in the plasma membrqne 
of these prokaryotes. Since they are free-living cells that 
exchange ions and molecules with the environment, 
some physiological processes might be mediated by 
channels. For example, the involvement of channels has 
been postulated in processes such as the transport of 
vitamins [4], protein excretion [5] and the response to 
osmotic stress [6,7]. 

The development of the patch-clamp technique has 
allowed the recording of single channel currents directly 
in the plasma membrane of a variety of cells. Using this 
method, large conductance and stretch-activated chan- 
nels have been identified in Escherichia eel! spheroplasts 
[8-10] and in proteoliposomes from E. coil membrane 
fractions [11]. Since Gram-negative bacteria have two 
membrane envelopes, there is still controversy about the 
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location of  these channels. Recently, Simon and Blobel 
[i2] reported the fusion of E. col! plasma membrane 
vesicles to planar lipid bilayers. Large aqueous channels 
opened when signal peptides were added to the cyto- 
plasmic side of the membrane. 

Gram-positive bacteria are more appropriate for in- 
vestigating cytoplasmic membrane channels in prokar- 
yotic organisms since they only possess one lipid bi- 
layer. The only communications in the literature so far 
reporting ion channels in these bacteria are those of 
Zoratti and collaborators [13,14]. Using the patch- 
clamp technique they have reported the presence of high 
conductance, stretch-activated, multiple substate ion 
channels in giant protoplasts of Streptococcus faeealis 
[ 13] and Bacilhts subtilis [ 14,15]. 

In this work, we report the detection of B. subtilis 
plasma rnembrane ion channels, reconstituted into pla- 
nar lipid bilayers. These studies are relevant since they 
cottld help to elucidate bacterial physiology and might 
shed light into the knowledge of the evolutionary origin 
of  these membrane proteins. Preliminary results have 
previously been reported in an abstract [16]. 

2, MATERIALS AND METHODS 

2.1. Prepetratiort of pktsma membrane ve~'icles 
Plasma membrane vesicles were prepared according to a protocol 

based on the methods described by Osborn ¢t al. [17] and Cull and 
McHeury [18J. 

Cells of B. subtilis ORB 161 were grown with aeration at 30°C in 
Pennasay broth (Difco) to an absorbance of 0.6~.7 at 600 nm. Cells 
were first de-flagelated by vigorous agitation for 30 s in a Waring 
blender and then harvested by centrifugation at 13,000 ×g for 30 rain, 
at 4.0°C, The pellet was washed and resuspended in 10 rnM Tris.Cl 
buffer, pH 8.0 and spun down again at 16,000 × g for 20 rain. The new 
pellet was washed a~d resaspend~ in a hyperosmotie buffer contain- 
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ing 30 mM Tris-Cl, 20% sucrose, pH 8.0. Lysoz~ne was immediately 
added to a final concentration of 500/Jg/ml, to digest the cell wall, 
Ceils were then incubated under gentle agitation at 30°C. Protoplast 
formation was monitored by phase contrast microscopy and was gen. 
¢rally greater than 90% after 45 rain. Protoplasts were collected by 
centrifu~ation at 75,000 × g for 30 min, then resuspended and lysed 
in ,400 ml of hypo-osmotic medium containing 10 mM EDTA-K, 15 
mM MeSOn, 5 mM KaPOk, pH 6.8. After 45 rain of continuous 
agitation the lysate was spun down for 30 rain at 13,000 xg  to remove 
intact cells, The supernatant containing the plasma membrane vesi- 
cles, was then centrifuged at 105,000 × g for 1 It. 

The pellet was resuspended in a small volume of a buffer containing 
300 mM sucrose, 5 mM EDTA-K, pH 7.5 and centrifuged in a discon- 
tinuous sucrose gradient (layers of 20, 30 and 50%, containing 5.0 mM 
EDTA, pH 7.5) for 12 h at 100,000 × g. Plasma membrane vesicles 
were collected from the 30-50% band interface and resuspended (1,5- 
2,5 mg protein/ml) in 300 mM sucrose, 10 mM Tris-CI, pH ft.0 buffer 
and characterized by transmission electron microscopy and suceinat¢ 
dehydrogenase activity. From the protoplast resaspension step all 
buffers contained also 1 mM PMSF in order to inhibit pretense activ- 
ity. The concentrated supernatant from the protoplast centrifugation 
did not show channel activity when tested in planar bilayers. 

Sonieation of protoplasts for 3 rain (6 periods of 30 s) in an iso- 
osmotic medium, instead of the osmotic shock, was sometimes used 
as an alternative method for preparing membrane vesicles. 

2.2. Planar bi/ayers and channel incorl;oratfon 
Bilayers were formed according to the method of Mueller et al. [19] 

in a 300/~m diameter hole, made in a 25 ttm thick Teflon partition, 
separating two aqueous compartments. The phospholipid solution 
used was brain phosphatidylethanolamina in decane (12.5 mg/ml). 
Bilayer resistances were always >50 Gf/and their capacitances were 
in the range of 150-300 pF. Planar bilayers were formed at different 
saline concentrations between 100-300 mM KCI. All solutions were 
buffered at pH 7.0 with MOPS NaOH or KOH. To favor fusion of 
plasma membrane vesicles to planar lipid bilayers, a concentration 
gradient was made by increasing the saline concentration in the com- 
partment (cls) where the vesicles were added. 

Channel insertion occurred spontaneously after addition of the 
plasma membrane vesicles to a final concentration of about 5/zg/ml. 
Appearance of .channels was detected as rapid current fluctuations 
when a constant voltage was applied across the membrane. 

Currant through the ehmmels was measured with a two.electrode 
voltage clamp, as described by Alvaraz et al. [20]. One chamber com- 
partment (cis) was connected to a voltage pulse generator and the 
opposite side (trans) to a low-noise current-voltage converter through 
Ag/AgCI electrodes. Electrodes were eonnected to the solution via 
agar bridges made in 1 M KCI. The trans side was connected to vh'tual 
8round. The current was filtered with an eight-pole Bessel low-pass 
filter (Frequency Devices 900), amplified and recorded either on FM 
or on video tape after digital encoding by an lnstrutec VR-10 PCM. 
Data analysis was done by using a LabMaster data acquisition inter- 
face and the pClamp 5,5 analysis program. All experiments were 
carried out at 22 :I: 2°C. 

3. R E S U L T S  

T h e  fus ion  o f  B. subti/is p l a s m a  m e m b r a n e  vesicles 
wi th  p l a n a r  b i l aye r s  p r o m o t e d  the i n c o r p o r a t i o n  o f c o n -  
duc t ive  un i t s  t h a t  d i s p l a y e d  d iscre te  c u r r e n t  f l uc tua t i ons  
typica l  o f  ion cha tmels .  T h e s e  c o n d u c t i v e  un i t s  p r e -  
sented  a g r e a t  va r i ab i l i t y  in c o n d u c t a n c e  a n d  k ine t ic  
behav io r .  

In  s o m e  cases  the  fus ion  o f  B. subtiiis p l a s m a  m e m -  
b r a n e  vesic les  w i th  the b i l aye r  p r o m o t e d  t h e  a p p e a r a n c e  
o f  high c o n d u c t a n c e  c h a n n e l s  t ha t  d e c a y e d  revers ib ly  to  

~ 6  

8 O r e s  

Fig. 1. Continuous current traces e ra  1.4 nS conductance channel with 
sub-states and fast kinetics. The current was recorded at a constant 
voltage of 60 mV in a symmetric 300 raM KCl, 10 mM MOPS-K 

buffer, pH 7.0. Filter at 2 kHz. 

i n t e r m e d i a t e  c o n d u c t a n c e  sub- s t a t e s .  A n  e x a m p l e  o f  
th is  b e h a v i o r  is s h o w n  in Fig .  1. T h e  i n c o r p o r a t i o n  o f  
a h igh  c o n d u c t a n c e  c h a n n e l  is shown .  T h e  c h a n n e l  is in 
t he  o p e n  s t a t e  m o s t  o f  the  t ime  wi th  ve ry  b r i e f  t r ans i -  
t i ons  to  t he  c lo sed  s ta te .  A f t e r  s o m e  t ime  (59 s), t he  
c h a n n e l  c u r r e n t  d e c a y s  to  a lower  va lue .  P rog res s ive ly  
t he  c o n d u c t a n c e  dec rea se s  to  f u r t he r  s u b - s t a t e s  and  the  
c u r r e n t  b e c o m e s  no is ie r .  A f t e r  a few s e c o n d s ,  the  c h a n -  
nel  r e t u r n s  p r o g r e s s i v e l y  to  the  h ighes t  c o n d u c t a n c e  
s ta te .  T h e s e  c o n d u c t a n c e s  a r e  di f f icul t  to  c h a r a c t e r i z e  
d u e  to  t he  d ive r s i t y  o f  sub- s t a t e s  a n d  the  c o m p l e x i t y  o f  
the i r  k ine t ics .  

A n o t h e r  e x a m p l e  o f  a high c o n d u c t a n c e  c h a n n e l  w i th  
m u l t i p l e  s u b - s t a t e s  is shown in F ig .  2. T h i s  channe l  
f luc tua tes  b e t w e e n  i n t e r m e d i a t e  a n d  h igh  c o n d u c t a n c e  
s t a tes  w i th  s l o w e r  k ine t i c s  t h a n  the  o n e  s h o w n  in F ig .  
1. S o m e  c o m p l e t e  c losures ,  as  o b s e r v e d  in t he  th i rd  t r a c e  
o f  Fig .  2A ,  ind ica te  t h a t  the  d i f ferent  c o n d u c t a n c e  levels  
c o r r e s p o n d  to  s u b - s t a t e s  a n d  n o t  to  d i f f e r en t  channe l s .  
T h e  c h a n n e l  t ends  to  dwel l  in the  o p e n  s t a t e  a t  nega t ive  
p o t e n t i a l s  (F ig .  2B), i nd i ca t i ng  v o l t a g e  d e p e n d e n c e .  
C 0 i i d B c ~ , n ~  . ~ - I : ~ . . A , .  k;e~,'~a,-,ar, a,~ fo r  )hi~ eha.nme! r-It I l I t , IJ l  1 Ip ~ l . l w  Im, A O * ~ , ~ L  a A A  A~ * ~ . . ~  

(F ig .  3) a r e  c o m p l e x  a n d  s h o w  the  p r e s e n c e  o f  seve ra l  
c o n d u c t a n c e  levels.  
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Fig. 2. Current records of a 1.5 nS conductance channel with sub- 
states and slow kinetics. The traces show continuous records obtained 
at 40 mV (A) and -40 mV (B), in symmetric 300 mM KCI, 10 mM 

MOPS-K buffer, pH 7.0, b'ilter at 2 kHz. 

The channels illustrated in Figs. 1 and 2 presented 
close similarities with some B. subtilis high conductance 
channels showing spontaneous activity, in giant proto- 
plasts (Fig. 4, [14]) and stretch-activated channels in 
proteoliposomes (Fig. 2B,C,D, [15]) recorded with the 
patch-clamp technique. 

The incorporation of channels with lower conduct- 
ante values was often seen. These lower conductance 
channels spontaneously incorporated to the bilayer 
after addition of  the vesicles. The;/also appeared as a 
result o f  the irreversible temporal decay of some of the 
high conductance channels. They showed different gat- 
ing kinetics and in some eases the open-closed transi- 
tions were very fast. They also presented substates of  
even smaller conductances that were in the range of  
50-100 pS, 

Fig. 4A illustrates a continuous recording of  a 650 pS 
channel. At the beginning, the channel is in an open 
state and fluctuates very fast to a sub-state 50 pS lower 
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Fig. 3, Amplitude histogram of conductance values or the high con- 
ductanee channel shown in Fig. 2, obtained at 40 mV (A) and -40  mV 

(B). 

in conductance. Occasionally the channel dwells in its 
closed state. After some time the channel decays to a 
430 pS sub.state where it fluctuates between open and 
closed states. This channel was inhibited by lanthanides 
(Fig. 4B). The addition of Eu 3+ when the channel was 
in 430 pS steady-state conductance, produced long 
closed states. Only occasionally fluctuations of short 
duration and a very low conductance (about 50 pS) 
were observed. This effect was partially reversible and 
might be due to either blockade or to an interaction of 
the ion with the channel gating mechanism. 

We have examined the ionic selectivity in a few of  the 
different channels we have recorded. In all cases the ion 
selectivity was also very low and channels did not dis- 
criminate between monovalent cations and anions. Fig. 
5 shows a current-voltage relationship at" the 650 pS 
channel in a KCI gradient. Using the Goldman- 
Hodgkin-Katz [21] equation a permeability ratio, PrJ 
Pc~ of" 1.8 was calculated. 

Fig. 6 illustrates records e r a  fast gating kinetics chan- 
nel. This channel also present different sub-states and 
is not voltage dependent. Both records at -40  and 40 
mV, have similar open probability. 
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Fig, 4. (A) Time-course of  the current decay e ra  ehannd with a main 
conductance of 650 pS. The recording was obtained at 40 mV in 
symmetric 300 mM KCI, 10 mM MOPS-t( buffer, pH 7.0. (B) Channel 

activity was inhibited b), 1 mM Eu ~+. 

4. DISCUSSION 

The results presented above show that the fusion of 
vesicles of B. subtilis plasma membrane fractions with 
planar lipid bilayers promoted the incorporation of ion 
channels. These channels exhibited a wide range ofcon- 
ductances and kinetic characteristics. Most of the re- 
corded channels presented conductances between 300 
and 700 pS and some of them, greater than 1 nS. Re- 
gardless of their conductance, these disparate channels 

2 0 , 0  I 
16.0 

12.0 

8,0 

I-- 4`.0 

0,0 

-4,.0 

re - f t .0  

-12 .0  

-16 .0  I 
-20 .0  . . . . . . . .  

- 5 0  -~,0 - 3 0  - 2 0  - 1 0  0 10 20 50 4`0 50 

VOLTAGE (mV) 
Fig. 5. Current-voltage relationship of the channel described in Fi~. 
4. in a 300/50 mM I<CI, ~radient. Under this condition the reversal 

potential obtained from the plot was -12 rnV. 

were rich in sub-states, they did not discriminate be- 
tween small anions and cations and in general they 
presented heterogeneous and complex kinetics. These 
observations support the hypothesis of the existence of 
ionic pores in the plasma membrane of Eubacteria. 

Our results, obtained with the bilayer method, have 
important similarities with those obtained with the 
patch-clamp technique in Gram-positive and -negative 
bacteria. Using this method Zoratti et al. [13-15] have 
detected the presence of very high conductance channels 
in the membranes of S. faecalis and B. subtilis giant 
protoplasts that were activated by stretch and voltage. 
These large pores presented sub-states, different gating 
kinetics and temporal decay similar to that observed by 
us in some high conductance channels. Similarly, they 
showed lack of ionic selectivity and were inhibited by 
lanthanides [22]. 

The main difference between our results and those 
obtained with the patch-clamp method is that the chan- 
nels observed most frequently in bilayers usually pre- 
sented smaUer conductances. The method we used did 
not allow us to test the stretch sensitivity of the large 
conductance channels. However, the similarities in 
other properties, such as the presence of sub-states, lack 
of ionic selectivity and inhibition by lanthanides, sug- 
gest that we are detecting the same molecular entities. 

The patch-clamp technique has been extensively used 
to investigate ion channels in the Gram-negative bacte- 
rium, E. coll. The presence of channels which exhibit 
voltage and stretch activation and sub-state structure 
has been reported in spheroplasts [8-10] and prote- 
oliposomes obtained from E. coil fractions [11,22]. The 
location of these channels is still under debate. While 
Martinac et al. [8] have provided evidence that they are 
located in the outer membrane, the results obtained by 
Berrier et al. [11] suggest that they are in the plasma 
membrane. 

Our observations and those of some other groups 
showing high conductance channels which present sub- 
states, suggest that these pores in the bacterial plasma 
membrane are constituted of subunits gating with a high 
degree of cooperativity. In the intact bacterial cell, co- 
operative behavior is presumably regulated by some still 
unknown mechanism. A disruption ofthe control mech- 
anism could induce the disaggregation of the subunits, 
allowing the association into ensembles with lower stoi- 
chiometries. 

The method for bacterial membrane vesicle prepara- 
tion is an exhaustive process and includes lysozym¢ wall 
digestion, hypo-osmotie lysis or the sonication of proto- 
plasts. Any of these manipulations might disrupt the 
spatial configuration that allows the channel regulation 
mechanisms. Lysozyme digestion, for example, could 
alter some connections between the cell wall and the 
plasma membrane. This disruption could promote sub- 
unit separation which might explain the lower conduct- 
once values of B. subtilis channels reconstituted in bilay- 
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Fig. 6. Single channel records of a 320 pS main conductance channel 
showing sub-states and fast kinetics, at 6 different voltages. The expr- 
iment was done in symmetric 300 mM KCI, IO mM MOPS-K buffer, 

pH 7.0. Filtered at 2 kHz. 

ers compared with those obtained with the patch-clamp 
technique. Disruption of the native structure could also 
explain the wide diversity of channels we observed. 

At present the function of these channels in the bacte- 
rial physiology is not known, Their physiological role 
has been questioned since it has been considered that 
their activity would be incompatible with the mainte- 
nance of the electrochemical proton gradient across the 
plasma membrane. However, this gradient could be 
maintained if, in the living bacterial cell, channel activ- 
ity is under strict regulation. As mentioned in the intro- 
duction, one possibility is that these channels partici- 
pate in volume regulation during osmotic stress. In iso- 
tonic conditions, the channels might be closed. If the cell 
is exposed to a hypo-osmotic medium they could be 
activated by membrane stretching, allowing the loss of 
K* ions or other osmolites [22]. 

It has also been suggested that high conductance 
channels could be involved in protein transport [S]. 
,During polypeptide transfer through these channels 
\here will be no ion conduction and the proton gradient 
tiill not collapse. The results of Simon and Blobel [123, 

showing that signal peptides promoted the opening of 
E. coli inner membrane ion channels incorporated into 
planar lipid bilayers, strongly support this hypothesis. 
Another possibility is that these channels are an abnor- 
mal expression of the proton channels which are part of 
the bacterial motility apparatus [24]. Studies to test 
some of these hypotheses are now being carried out. 
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