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In the absence of Na + in the medium, the membrane potential of obligately alkalophilic Bacillus cells was 
found to be decreased by the addition of K + to the medium, whereas K + addition in the presence of Na  + had 
no effect.  Rb + showed essentially the same effect  as K +. The decreased membrane  potential was quickly 
restored by lowering the K + concentration in the medium or by adding Na + or Li + to the medium. Thus, in 
the absence of N a  +, the membrane potential of alkalophilic Bacillus seems  to be affected by the 
concentration difference of K + between inside and outside of the ceil, and Na + or Li + in the medium 
suppresses the K + effect.  An exchange between extracellular Rb + and intracellular K + was observed in the 
absence of Na  +. However ,  the exchange was greatly suppressed by the addition of Na + or Li + to the 
medium, indicating that Na  + in the medium modulates the K + permeability of the alkalophilic Bacillus cell 
membrane.  The K +-induced decrease in the membrane potential of aikalophilic Bacillus in the absence of 
Na + is accounted for by the increased K+-permeability of the cell membrane.  

Introduction 

Many of neutrophilic bacteria utilize the elec- 
trochemical potential gradient of protons across 
the membrane,  A/IH÷, as the energy source for 
their functions located on the membrane such as 
ATP synthesis, active transport and flagellar rota- 
tion [1-3]. The A/2n+ is composed of the mem- 
brane potential and the pH gradient across the 
membrane.  Since the intracellular pH of these 
bacteria is measured to be near neutral [4,5], the 
membrane potential is the pnncipal constituent of 
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the A~H+ in the cell at neutral pH. In the case of 
aerobic bacteria such as Eschertchta cob and 
Bactllus subtlhs, H + is pumped out through the 
respiratory chain, and this is the major source of 
generation of the membrane potential. When res- 
piration is blocked, the membrane potential is 
supported by the reverse reaction of ATP synthase 
[6,7]. Thus, the maintenance of the membrane 
potential seems to be the primary demand on the 
cell physiology of these bacteria. 

Obhgately alkalophilIc Bacdlus species show 
optimal growth at pH 10-11. Since the lntracellu- 
lar pH of these bacteria is lower than 9, the A/2H+ 
is calculated to be quite small under the growth 
condition [8,9]. To overcome such low A/2H+ con- 
dltlOnS, these bacteria have developed a novel 
system for energy coupling to the electrochemical 
potential gradient of Na +, A/2Na+. Actually, amino 
acid transport systems and flagellar motors of 
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these bacteria are driven by the At2N~, [10-12]. 
The presence of 25 mM Na + in the medium is 
enough for the growth of these bacteria and the 
mtracellular Na + concentration is estimated to be 
about 30 mM under the condition [12,13] This 
means that the membrane potential of the cell is 
the principal constituent of the A/2N~-. Therefore, 
as in the case of neutrophlllc bacteria, the mainte- 
nance of the membrane potential must be quite 
important for the cell physiology of these al- 
kalophlhc bacteria. 

It has been shown that the membrane potenual 
of the respiring neutrophihc bacteria around neu- 
tral pH is not affected by the ionic composition of 
the medium [5,14]. In the previous paper [12], we 
reported that the membrane potential of the re- 
spiring cells of alkalophdlc Bacillus was not af- 
fected by the presence or absence of Na + in the 
medium. Since the respiratory chain of these 
bacteria pumps out H + and produces the mem- 
brane potential [10], that result was considered to 
be quite reasonable. During experiments to clarify 
the role of membrane potential of these al- 
kalophlhc Bacdlus, however, we found that the 
membrane potential in the presence of K + was 
affected by the presence or absence of Na + in the 
medium. 

In this report, we describe the evidence that the 
K + permeability of alkalophillc Bacllh~s mem- 
brane is modulated by Na + m the medium and 
that the Na +-dependence of the membrane poten- 
tial of these bacteria is attributed to the secondary 
effect of this K + permeability. 

Materials and Methods 

Bacterial strams and growth condition. Ob- 
hgately alkalophlhc Bacdlus strains used were 
202-1 [15], YN-1 [16] and Bacdlus firmus RAB 
[17] Cells were grown at 35°C with shaking m 
AB-4 medium consisting of 10 g polypeptone, 1.5 
g yeast extract, 10 g glucose, 1.5 g KHzPO 4, 0.1 g 
MgClz and 10 g Na2CO 3 in a liter of water [18] 

At a late-logarithmic phase of growth, cells 
were harvested by centrlfugation at 6000 × g for 
5 rain at room temperature, and washed twice 
with TG medium consisting of 25 mM Tns-HC1 
buffer (pH 9 5) and 5 mM glucose. In some ex- 
periments, KG medium consisting of 80 mM 

K2CO 3 buffer (pH 10) and 5 mM glucose was 
used instead of TG medium. Glucose was used as 
the energy source in all the experiments, since its 
transport is independent of the presence or ab- 
sence of Na + in the medium [19,20]. When neces- 
sary, various concentrations of NaC1 or KCI were 
added to the medium. 

Measurement of the membrane potential The 
membrane potential was quantltated by the use of 
a membrane permeable radioactive cation, [3H]m_ 
phenylmethylphosphonlum ion ([3H]TPMP +) as 
described previously [12,21,22]. Briefly, the cells 
((1-2).  10 s cells per ml) were incubated with 10 
/~M of [3H]TPMP+ (02 mCi/mmol,  New En- 
gland Nuclear, Boston, MA), and aerated with 
shaking at 35°C. A sample (50 /~1) was filtered 
through a membrane filter (cellulose acetate, SM 
111, Sartorius-Membrane Filter GmbH, G~Sttln- 
gen, F.R.G,). After washing the filter with 5 ml of 
0 1 M L1CI, the radioactivity trapped on the filter 
was measured by a scintillation spectrophotome- 
ter As a control for zero membrane potential, the 
cells treated with 10/~M gramlcldin D were used 
[)H]TPMP + was a generous gift of Dr R.M 
Macnab of Yale University. Except otherwise 
noted, [3H]TPMP + was added to the cells at the 
beginning of the experiment. 

To follow the detailed time course of the 
changes in the membrane potential of the cells, 
tetraphenylphosphonlum ion (TPP +)-selecnve 
electrode [23] was used. In this case, the cell 
concentration was ( 5 - 1 0 ) - l 0  s cells per ml, and 
the cells at 35 °C were aerated by bubbling the air 
through a thin needle. TPP + was added to 10/xM. 
The electrode potentml was hnear from 1 to 100 
/~M of TPP +, and the slope was 59 mV per decade 
concentration at 35 ° C. To estimate the zero mem- 
brane potential, the cells were treated with 4 mM 
of a detergent, N-gluco-N-meth~lcaprylamlde [18] 

Measurement of mtracellular K + and Rh + con- 
centratlon Intracellular K + and Rb + concentra- 
tions were measured by the atormc absorption 
method as described previously [12] Briefly, a 
sample (about 1 l0 s cells) was filtered through a 
membrane filter, and the cells trapped on the filter 
were treated with concentrated nitric acid. The 
K + or Rb + content in the sample was measured 
by a Hitachi atomic absorption spectrometer 
model 180-50 



Measurement of A TP content. ATP content of 
the cells was measured by using firefly lantern 
extract as described previously [12]. 

Measurement of 02 consumption. The rate of O 2 
consumption by the cells was measured by using 
an O2-electrode (Rank Brothers, Co., U.K.). The 
cells m T G  medium (pH 9.5) supplemented with 
or without 100 mM NaC1 was put m the appara- 
tus, and the rate of 02 consumption was measured 
at 30°C.  Zero O 2 point was estimated by the 
addmon of a small crystal of sodium hydrosulfite 
to the cell suspension. 

Results 

Effect of Na + and K + on the membrane potentml 
of the cells 

It has been shown that the membrane potential 
of alkalophlhc Bacdlus was not affected by the 
presence or absence of Na  + in the medmm [12]. 
We found, however, that this was the case only 
when the K + concentration m the medium was 
low. 

As shown in Fig. 1A, the membrane potential 
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Fig 1. Effect of KCI and NaCI on the membrane potential of 
alkalophlhc Bacdlus (A) 202-1 cells m TG medmm (pH 9.5) 

contmmng [3H]TPMP+ were incubated at 35 o C with aeration 

At the first arrow, 200 mM KC1 was added (©), and at the 

second arrow, 20 mM NaC1 was added (e) The membrane 

potentzal of the cells was measured as described m the Materi- 
als and Methods. (B) RAB cells in TG medium (pH 9 5) were 
incubated with 10 pM TPP ÷, and the changes m the TPP +- 

electrode potential were measured at 3 5 ° C  KCI and NaC1 
added were 200 mM and 20 mM, respectively Dotted line 
shows the change observed m the cells prelncubated with 20 

mM NaC1 
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of 202-1 cells in the absence of NaC1, namely in 
T G  medium (25 mM Tris-HC1 buffer (pH 9.5) 
supplemented with 5 mM glucose), was about 
- 1 7 0  mV. When KC1 was added to the medium 
to a final concentration of 200 mM, the membrane 
potenttal of the cells was gradually decreased and 
reached about - 60 mV after 30 min. The addition 
of 20 mM NaC1 resulted in a quick and almost 
complete restoration of the membrane potential of 
the cells. Sirmlar results were obtained at pH 7.5 
(Table I) and by the cells of RAB and YN-1 (data 
not shown). Thus, only in the absence of Na  ÷ in 
the medtum, the membrane potential of al- 
kalophihc Bacdlus was decreased by K + in the 
medium. 

The time course of the change m the membrane 
potential of the cells was analyzed in detail by 
using the TPP+-electrode method. As shown in 
Fig. 1B, the addition of 200 mM KC1 to RAB cells 
m T G  medmm (pH 9.5) caused a gradual decrease 
in the electrode potential, corresponding to a 
gradual decrease in the membrane potential of the 
cells. The decreased membrane potential was 
quickly restored by the addition of 20 mM NaC1. 
Consistent with this, the addition of 200 mM KC1 
in the presence of 20 mM NaC1 caused only a 
slight decrease in the membrane potential. A 20 
mV drop m the electrode potential observed just 
after the addition of 200 mM KC1 was considered 
to be an arUfact caused by the large increase in 
the salt concentration of the medium, since the 
drop was observed even in the presence of 20 mM 
NaC1. 

TABLE I 

EFFECT OF MEDIUM pH ON THE DECREASE OR THE 
RESTORATION OF THE MEMBRANE POTENTIAL OF 
202-1 CELLS 

Cells In KG medium contaxmng 25 mM Tns (pH 9.5 or 7 5) 

were incubated at 35 ° C  for 10 roan To an ahquot, 50 mM 

NaC1 was added The membrane potential of the cells was 
measured after incubation for ~ man 

Medium pH Addmon Membrane 
potentzal (mV) 

9 5 none - 80 

NaC1 - 175 
7 5 none - 60 

NaCI - 121 
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It ~s noteworthy that the addlUon of NaC1 for 
the restoraUon of the decreased membrane poten- 
tial actually induced a transient but further de- 
crease in the membrane potential prior to the 
restoration (Fig. 1B). Th~s transient decrease was 
not caused by the addition of 20 mM KC1 instead 
of NaC1 (data not shown), indicating that the 
increase in the salt concentrauon was not the 
cause of ttus transient decrease. 

Condmons to decrease the membrane potential 
To mvesUgate the ~on specificity for the de- 

crease m the membrane potentml m the absence 
of Na ÷, RAB cells m TG medium (pH 9.5) were 
treated w~th 200 mM of various salts In addiUon 
to KC1, RbC1 was found to cause a sinular de- 
crease in the membrane potentml of the cells, 
whereas LiC1, as well as NaC1, did not (Fig. 2) 

The membrane potential of the cells was gradu- 
ally decreased with increasing concentrations of 
KC1 in the medmm (Fig. 2), indicating that the 
concentraUon of K ÷ m the medium ts an im- 
portant factor for the decrease m the membrane 
potentml. 

Condmons to restore the membrane potenttal 
The decreased membrane potential of K +- 

treated 202-1 cells was restored by the addition of 
Na + or h +. With increasing concentrations of 
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i n c u b a t e d  wi th  va r ious  salts  for  20 mln  at  3 5 ° C  K C 1  (@), 

RbC1 (A), NaCI  (©) ,  L,CI  (A) 

NaC1 or LiC1, the final value of the membrane 
potential was incerased, and about 5 mM of e~ther 
NaC1 or LiC1 was enough to restore the membrane 
potential almost completely (Fig. 3). Compared to 
Na ÷, L~ + showed a similar but slightly weaker 
effect on the restoration. The decreased membrane 
potential caused by the addmon of Rb + was also 
restored by Na ÷ or Ll + (data not shown). 

The decreased membrane potential of the K ÷- 
treated cells was also restored qmckly by decreas- 
ing K ÷ concentrations m the medium. Fig 4 shows 
that wxth decreasing the final KC1 concentrations, 
the membrane potentml of RAB cells was gradu- 
ally increased and reached about - 1 6 0  mV at 4 
mM KC1. This indicates that the membrane 
potential ~s almost completely restored by the 
diluuon of KCl concentration from 200 mM to 4 
mM. Essentially the same results were obtained m 
202-1 and YN-1. Thus, these results strongly sup- 
port the ~dea that the K + concentrauon in the 
medmm is the only effectwe factor for altering the 
membrane potential of the alkaloptulic Bactllus m 
the absence of Na +. 

Effect of  Na  + on the K + permeablhty of  cell 
membrane 

The K+-mduced decrease in the membrane 
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(A) were  a d d e d .  The  m e m b r a n e  po ten t i a l  of  the  cells was  

m e a s u r e d  a f t e r  m c u b a u o n  for  5 n u n  
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Fig 4 Restoration of the membrane potentml of the K+-treated 
RAB cells by the ddutlon of KCI concentraUon The cells 

(about 4 109 cells per ml) m TG medmm (pH 9 5) were 

prelncubated with 200 mM KC1 for 20 mm. The cells were 

then dduted 50-fold m TG medmm (pH 9 5) containing 

[3H]TPMP ÷ and various concentrations of KC1 The mem- 

brane potentml of the cells was measured after mcubatmn for 
10 mln 

potential in the absence of Na + might be ex- 
plained if the K + permeablhty of the cell mem- 
brane would be considerably high m the absence 
of Na +. To test this possibihty, the K + permeabil- 
ity of the cells in the presence or absence of Na + 
in the medium was measured as the rate of ex- 
change between intracellular K + and extracellular 
Rb +" 

Fig. 5 shows that the addition of 25 mM RbC1 
to RAB cells in the absence of Na + caused a quick 
and large decrease in the mtracellular K + con- 
centration. The decrease in the intracellular K + 
was found to be accompanied w~th a compensa- 
tory increase in the intracellular Rb + concentra- 
tion. In contrast, in the presence of 200 mM NaC1 
in the medium, the addition of 25 mM RbC1 
caused only a small and slow decrease m the 
mtracellular K + and also a small increase m the 
mtracellular Rb +. Similar results were obtained in 
202-1 and YN-1. These results clearly indicate 
that in the absence of Na + m the medium, a 
K + - R b  + exchange system appears in the al- 
kalophllic Bactllus membrane. Since K + ex- 
changed almost eqmvalently with Rb +, the ex- 
change seems to be electroneutral. 

With increasing Na + concentrations in the 
medium, the rate of K + - R b  + exchange was grad- 
ually decreased (Fig. 6). Thus the K + - R b  + ex- 
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F=g 5 Exchange between mtracellular K + and extracellular 

Rb ÷ m RAB cells. The cells m TG medmm (pH 9 5) with or 

wnhout  200 mM NaC1 were incubated at 35 ° C, and 25 mM 

RbCI was added at the time zero K ÷ ( l )  and Rb ÷ (A) 

contents m the cells were measured by the atormc absorpuon 

method (A) no NaC1, (B) 200 mM NaC1 

change, namely the K + permeability of al- 
kalophilic Bactllus membrane, is affected by the 
Na + concentration in the medium. These results 
strongly support the idea that the high K+-per - 
meability in the absence of Na + ts responsible for 
the K+-mduced decrease m the membrane poten- 
tial of the cells. 
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Fig 6 Effect of various concentraUons of NaCI on the 
K + - R b  + exchange in RAB cells. After premcubatmg the cells 

in TG medmm (pH 9.5) with the indicated concentraUons of 
NaCI, 25 mM RbC1 was added at the time zero 
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Relationship between the K + permeablhty and the 
membrane potential 

From the results shown in the previous sec- 
tions, it is evident that the concentration of Na + 
required for the restoration of the membrane 
potentml was considerably lower than that re- 
quired for the suppression of K+-permeability. To 
mvestigate the quantitatwe relationship between 
the rate of the K ÷ permeation and the size of the 
membrane potential of RAB cells, a well-known 
K ÷ lonophore, vahnomycin, was used to make the 
cell membrane quantitatively permeable to K ÷. At 
first, the cells were incubated with 200 mM NaC1 
to nunlmize the K ÷ permeability, and then, van- 
ous concentrations of vallnomycin were added to 
induce the different rates of K + permeation into 
the cells. As shown in Fig. 7, the vahnomycin-m- 
duced K ÷ permeation, which was measured as the 
K + - R b  + exchange rate, was detected clearly at 
vahnomycln concentrations higher than 2 nM, 
whereas the K+-lnduced decrease in the mem- 
brane potential was detected at valinomycln con- 
centratlons higher than 20 nM. Thus, compared to 
the K + permeabdity, a concentration greater of 
about 10-fold valinomycm was required to alter 
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Fig 7 Relationship between vahnomycm concentration and 
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the membrane potential. This indicates that the 
alkalophillc Bacillus cells have the ability to main- 
tam the high membrane potential even when there 
is a considerable leakage of K + through the mem- 
brane. 

Based on these results, we can conclude that 
the K+-induced decrease m the membrane poten- 
tial of the cells in the absence of Na + is caused by 
the considerable increase in the K + permeability 
of the cell membrane induced by the absence of 
Na +. 

A TP content and 02 consumption rate m the ab- 
sence of  Na + 

The ATP content of alkalophilic Bacillus was 
not affected by the presence or absence of Na + in 
the medium [12,19]. However, the addition of KC1 
to the cells in the absence of Na + was found to 
cause a gradual decrease in the ATP content. By 
the incubation for 30 mln with 200 mM KC1, the 
ATP content of RAB cells was decreased from 3.5 
mM to 0.2 mM. Time course of the decrease in the 
ATP level looked parallel with that of the decrease 
in the membrane potential shown in Fig. 1. The 
addition of Na + to the medium caused a quick 
restoration of ATP level coupled with a quick 
restoration of the membrane potential. Thus, the 
decrease in the membrane potential seems to cause 
the decrease in the ATP content of the cell. 

The rate of respiration of RAB cells m TG 
medium (pH 9.5), which was measured as the rate 
of 02 consumption using an oxygen electrode, was 
not affected by the presence or absence of Na + in 
the medium or by the addition of 200 mM KCI in 
the absence of Na + These results are consitent 
with those reported by Kitada et al. [19], although 
our experimental condition is slightly different 
from theirs. Hence, the decrease in the membrane 
potential and the ATP content in the K+-treated 
cells in the absence of Na + was not attributed to 
the decrease in the activity of the energy produc- 
ing system, namely the respiratory chain. 

Discussion 

The cell membrane of obhgately alkalophihc 
Bacdlus was found to have a unique property for 
K + permeability; the K ÷ permeablhty is high in 
the absence of Na + in the medium but is sharply 



decreased with increasing concentrations of Na + 
an the medium. In the absence of Na +, as an 
expected consequence of the high K t-permeabil- 
ity, the membrane potential of the cells decreased 
with increasing K + concentrations in the medium, 
just as in the presence of a small amount of a K + 
xonophore, vahnomycin. The decreased membrane 
potential was restored by lowering the K t con- 
centration in the medium or by adding Na + to the 
medium. Thus, as a secondary effect of the Na t- 
dependent modulation of K+-permeabillty of the 
cell membrane, the membrane potential of al- 
kalophihc Bacillus is affected by Na + and K +. 
Ll t was almost equivalent to Na- ,  and Rb + was 
almost equivalent to K +. Three strains isolated by 
different laboratories showed essentially the same 
properties, suggesting that this peculiar property 
of the cell membrane is widely distributed in 
obllgately alkalophihc Bacillus species. 

The addition of 5 mM Na + was enough for the 
complete restoration of the decreased membrane 
potential, although a significant rate of K + per- 
meation was detected at 10 mM Na +. Thus, the 
cells seem to have the ability to maintain the 
membrane potential even when there IS some 
leakage of K +. By the use of valinomycin, we 
showed that this was the case. Namely, in the 
presence of Na +, the valinomycln concentration 
required for the mduction of K+-leakage was about 
10-times lower than that required for the K+-m- 
duced decrease in the membrane potentml of the 
cells. In the case of alkalophilic Bacillus, the re- 
spiratory chain pumps out H ~ and this is consid- 
ered to be the main source for the generation of 
the membrane potential of the cells [10]. Then, the 
H +-pumping activity of alkalophilic Bactllus seems 
to have enough power to overcome the K t per- 
meability detected at 10 mM Na +. 

Although the K + permeability was high in the 
absence of Na +, the addition of K t to the medium 
caused not an intantaneous but a gradual decrease 
in the membrane potential of the cell. This may 
indicate that the observed K + permeabihty is not 
sufficiently high to cause the instantaneous effect 
of the K + addition. Furthermore, the lntracellular 
ATP content was found to be decreased with a 
time course similar to the decrease in the mem- 
brane potential. Therefore, the gradual decrease in 
the membrane potential may also have some rela- 
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tion to the ATP-coupled maintenance system of 
the membrane potential such as the reverse reac- 
tion of ATP synthase. 

In the absence of Na + in the medium, it has 
been shown that the lntracellular pH of these 
bacteria is increased to the medium pH, since the 
pH homeostasis is maintained by the N a + / H  + 
antiporter [9,10,24]. Therefore, the high intracellu- 
lar pH in the absence of Na + might be the cause 
for the increased K + permeability. However, we 
showed that the Na+-modulated K t permeability 
was also observed at pH 7.5. Also, at 10 mM Na +, 
the cells showed significant leakage of K t, but the 
pH homeostasis was well maintained [9]. These 
results clearly excluded the possibility of the m- 
volvement of the high intracellular pH in the high 
K+-permeability. 

As shown in Fig. 1B, the addition of Na + to the 
Kt-treated cells caused a further but transient 
decrease in the membrane potential. Since the 
addition of Na t would cause a quick decreaes in 
the lntracellular pH by the function of N a + / H  + 
antiporter, the antiporter might be considered to 
have some role in the phenomenon. However, this 
possibility is unlikely, because the N a + - H  + ex- 
change of the antlporter is electrogenic, with H + 
> Na t [24,25]. Rather, the influx of Na + itself 
may cause the phenomenon. In that case, it is 
likely that the lntracellular Na + plays a modula- 
tory role for the K t permeability. 

Kashket [14] reported that the membrane 
potential of respiring E colt cells was significantly 
affected by K + or Na + in the medium, when the 
pH of the medium was higher than 8.1 In this 
case, however, the addition of both K + and Na + 
caused an increase in the membrane potential, and 
also the effects of K + or Na t were attributed to 
the K t / H  +- and N a + / H  + antlporters. Thus, the 
phenomenon observed in E. coh at alkaline pH is 
completely different from that reported here. 

So far, we have no evidence to explain the 
mechanism on the Na+-dependent modulation of 
K + permeability in the alkalophilhc Bacdlus. It 
may be worthwhile to search for Na+-regulated 
K+-channel proteins in the membrane. Whatever 
the mechanism would be, xt is necessary to pay 
attention on the cation composition of the medium 
for the energetic analysis of alkalophihc Bacillus. 
When the role of Na t in the Na+-coupled system 
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ts investigated, it is especially important whether 
or not the observed phenomenon is related to the 
alteration of the K + permeability or the mem- 
brane potential of the cell. 
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