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In the presence of an iso-osmotic concentration (0.4 M) of LiCI, the exit of cellular K + and concomitant 
entry of Li ÷ in the marine bacterium, Vibrio alginolyticus, were enhanced by an increase in the medium pH, 
with an optimum at about pH 9.6. In addition to alkaline pH, the K t exit in the NaCI medium required the 
presence of a weak base such as diethanolamine, ethanolamine or methylamine, which is permeable to the 
membrane in its unprotonated form. No net entry of Na ÷ was detected in this case and the amine 
accumulated in exchange for K +. The K + exit observed at alkaline pH could be explained by the function of 
a K + / H  + antiporter. Once the cells were loaded with the amine, their exposure to the NaCI medium in the 
absence of loaded amine induced the entry of Na ÷ . In RbC! or CsCI medium, fast entry of Rb + or Cs ÷ and 
exit of K + were observed at neutral pH (7.5), and the rate of K ÷ exit increased with the medium pH. From 
these results, we established a simple method for the replcement of cellular cations with a desired cation 
(Li +, Na + , K +, Rb + or Cs + ). The present method was found to be applicable also to Escherichia coll. 

Introduction 

Growing cells of bacteria accumulate a high 
concentration of K t and extrude Na t [1] and 
these cations have been shown to play an im- 
portant  role in the regulation of intracellular pH 
[2-6] and in the active transport of nutrients [7- 
11]. Intact cells of marine bacteria, like extremely 
halophilic bacteria [12], require both Na t and K t 
for the active transport of amino acids [8,13]. To 
characterize the transport systems of K t and Na t 
and their relationship to the active transport of 
amino acids, it is necessary to deplete cellular K t 
or to control the internal cation concentration of 
cells without damaging the transport systems. Al- 

Abbreviations: Tricine, N-tris(hydroxymethyl)methylglycine; 
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though the use of membrane vesicles enables the 
manipulation of intravesicular cation contents 
[9,14], membrane vesicles lack K + uptake [ 15-18] 
and are not pertinent to the elucidation of K t 
uptake system and its roles in the active transport 
of amino acids. 

There are several ways to deplete intact cells of 
internal K t . Exposure of the cells to hypotonic 
conditions [19,20] and the treatment of the cells 
with inhibitors such as 2,4-dinitrophenol [21] and 
ionophores [22] have been employed. The former 
causes plasmolysis of the cells and K t is required 
for the deplasmolysis [23]. Since the latter uses 
inhibitors, complete removal of inhibitors from 
the cells is a prerequisite and ionophores are usu- 
ally ineffective in the case of Gram-negative 
bacteria. We found that the exposure of the cells 
of a Gram-negative marine bacterium, Vibrio al- 
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ginolyticus, to alkaline pH in the presence of iso- 
osmotic concentrations of monovalent cation in- 
duces the exit of cellular K + . In this case, the K + 
exit was greatly influenced by the species of mono- 
valent cation and buffer. Therefore, we studied the 
conditions which control the entry of monovalent 
cations such as Li + , Na  + , Rb + and Cs + in ex- 
change for K ÷ . Based on these results, we estab- 
lished a novel and simple method for the replace- 
ment of cellular cations with a desired cation. 
Recently, we have utilized this method for the 
manipulation of internal cation contents of V. 
alginolyticus and we have succeeded in demonstrat-  
ing that K + is required for the generation of a pH 
gradient [6] and an Na  ÷ electrochemical gradient 
[13,24]. The present method was also found to be 
applicable to Escherichia coli. This paper deals 
with monovalent cation movements in V. algin- 
olyticus, which constitute the basis for the manipu- 
lation of cellular cation contents. 

Materials and Methods 

Media and growth conditions 
V. alginolyticus 138-2 was grown aerobically 

with glycerol as a sole carbon source in the pres- 
ence of 50 mM Tris-HC1 (pH 7.5) as previously 
described [6]. E. coli ML 308-225 ( i -  Z -  Y + a +), 
kindly supplied by Dr. H.R. Kaback, was grown 
with the medium of Davis and Mingiolli [25] ex- 
cept that glucose was replaced by 37 m M  sodium 
succinate. Cells were harvested by centrifugation 
at the late exponential phase of growth. 

Preparation of buffers 
Diethanolamine, ethanolamine, methylamine 

and Tris buffers were prepared by titrating with 
HC1, and Tricine and Hepes buffers were prepared 
by titrating with N a O H  or LiOH. The p H  value of 
each buffer was adjusted so as to give a desired pH 
in the reaction mixture and the buffer concentra- 
tion was expressed as the total concentration of 
amine used. 

Measurement of K + exit and monovalent cation 
entry by a filtration method 

Harvested cells of V. alginolyticus were washed 
twice with 0.4 M NaC1 using a volume equal to 
half that of the growth medium and suspended in 

0.4 M NaC1 at the final concentration of 40-60 
mg cell protein per ml, unless otherwise noted. 
Protein was determined by the method of Lowry 
et al. [26] with bovine serum albumin as a stan- 
dard. The concentrated cell suspension was stored 
on ice until use. The reaction was started at 25°C 
by the addition of 2 rtl of the cell suspension to 
100 ~tl of the reaction mixture described in the 
figure legends. At time intervals, the reaction was 
terminated by the addition of 1.5 ml 0.4 M choline 
chloride/10 mM Tris-HC1 (pH 7.2) and by the 
immediate filtration on Schleicher and Schull 
membrane filter OE67 (0.45 ~m pore size). The 
filter was washed three times with 1.5 ml each of 
the above buffered choline chloride solution within 
15 s. The filter was immersed in 2.5 ml 5% trichlo- 
roacetic acid and then K + , Na  + , Li ÷ , Rb + and 
Cs + contents were determined by flame photome- 
try using a Perkin-Elmer 403 atomic absorption 
spectrophotometer. 

The intracellular cation concentrations were 
calculated using the values 3.3 ~1 internal water 
space /mg  cell protein for V. alginolyticus [27] and 
5.4 ~ l / m g  cell protein for E. coli [28]. 

Measurement of internal pH 
The methylamine uptake was followed by the 

filtration method as described above in the pres- 
ence of 20 ~tM of [14C]methylamine (61.9 C i /mol )  
and the internal pH was calculated as described by 
Rottenberg [29]. 

Measurement of K ÷ exit by K + electrode 
The concentrated cell suspension was added to 

3.0 ml of an appropriate salt solution at 25°C. The 
reaction mixture was adjusted to desired pH by 
adding 0.15 ml 1.0 M buffer solution and then the 
release of cellular K + was monitored by use of a 
K ÷ electrode (F2312K, Radiometer,  Copenhagen, 
Denmark)  with a reference calomel electrode 
(K701, Radiometer). The concentrations of K + in 
the reaction mixture were calculated based on the 
calibration curve prepared under the identical con- 
ditions with standard KCI solution. 

Standard procedure for the replacement" of cellular 
cations with a desired cation 

Harvested cells of V. alginolyticus were sus- 
pended in 0.4 M chloride salt of a desired cation 



containing 50 m M  diethanolamine hydrochloride 
(pH 8.5) using a volume equal to half that of the 
growth medium. After incubation for 10 min at 
25°C, it was centrifuged and the cells were again 
treated as above. Finally, the ceils were washed 
twice with and suspended in 0.4 M of the above 
salt with 50 mM Hepes buffer at pH 7.0. 

In the case of E. coli, 0.14 M chloride salt of a 
desired cation along with 50 mM diethanolamine 
hydrochloride (pH 9.3) was used as the incubation 
medium and the cells were finally washed twice 
with, and suspended in, 0.14 M sal t /50 mM Hepes 
(pH 7.0). 

Chemicals 

Tris, Tricine, Hepes and other amines were 
obtained from Nakarai  Chemicals. [14C]Methyl- 
amine hydrochloride was from New England 
Nuclear. Other reagents used were of analytical 
grade. 

Results 

E x i t  o f  cellular K + and entry o f  L i  ÷ or Na  ÷ 

When the cells of the marine bacterium, V. 
alginolyticus, were suspended in an iso-osmotic 
concentration (0.4 M) of LiCI or NaC1 at neutral 
pH,  a slow exit of cellular K ÷ was detected at 
25°C. Fig. 1A shows the K ÷ exit and Li ÷ entry 
with the cells suspended in 0.4 M LiCI containing 
50 mM buffer. The initial rates of K ÷ exit and 
Li ÷ entry were calculated to be about 0.03/~mol • 
min - ] -  m g - I  at p H  7.5. In the presence of di- 
ethanolamine hydrochloride or Tricine-LiOH at 
p H  8.9, the rates of K ÷ and Li ÷ flows increased 
about 13-fold (0.40/~mol • m i n - i ,  mg-n )  and the 
cellular K ÷ was completely replaced with Li ÷ 
after 20 min incubation. The sum total concentra- 
tion of cellular K ÷ and Li + was kept constant 
(470-500 mM) throughout the cation movements.  
Since the re-uptake of released K ÷ is negligible, 
especially where the initial velocity of cation flows 
are concerned, the K ÷ exit apparently proceeded 
in proportion to the Li + entry. 

Fig. 1B shows the K + and Na  ÷ flows in 0.4 M 
NaC1 containing 50 mM buffer. The rate of K ÷ 
exit was very slow at pH 7.5, which increased 
about  18-fold (0.18 ~ m o l . m i n  - 1 - m g  -1) in the 
presence of diethanolamine hydrochloride at p H  
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Fig. 1. Time courses of K ÷ exit and Li ÷ or Na ÷ entry with the 
marine bacterium, V. alginolyticus, suspended in 0.4 M LiCI (A) 
or NaCI (B) containing 50 m M  buffer at pH 7.5 and 8.9. The 
reaction mixture contained 0.4 M LiC1 or NaC1, 0.8-1.2 mg cell 
p ro te in /ml ,  and 50 m M  each of Tris-HC1 (pH 7.5) (In, D), 
diethanolamine hydrochloride (pH 8.9) (O, O), or Tricine-LiOH 
(in A) or Tricine-NaOH (in B), pH 8.9 (*, zx). The cellular K ÷ 
(closed symbols) and Li ÷ or Na ÷ (open symbols) were de- 
termined by the filtration method. In A, the cells were washed 
twice with and suspended in 0.4 M LiCI before use. The results 
are presented as intracellular concentration in mM. 

8.9. K ÷ exit, however, was not induced by 
Tricine-NaOH even at pH 8.9. In contrast to the 
case of Li ÷ , no net entry of Na  + was detected in 
any of the cases, and cellular Na  ÷ was maintained 
at 60-80 mM. 

Fig. 2 shows the effects of p H  and the species 
of buffer on the K ÷ exit in LiC1 or NaC1 medium. 
The initial rate of K + exit increased by the in- 
crease in medium pH with the opt imum at about 
9.6. In the LiC1 medium, Tris-HC1 gave nearly the 
same results as diethanolamine hydrochloride when 
compared at the same pH. Thus, the rate of K ÷ 
exit in the LiC1 medium was primarily dependent 
on the medium pH and was unaffected by the 
species of buffer. 

On the other hand, the K ÷ exit in the NaC1 
medium was very slow with Tris-HC1 even at pH 
9.4, and diethanolamine hydrochloride was re- 
quired for the effective exit of K ÷ . Therefore, the 
effects of several amine buffers on the K ÷ exit in 
the-NaCI medium were examined. In the presence 
of 50 mM each of diethanolamine, ethanolamine, 
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Fig. 2. Effects of pH and the species of buffer on the K ÷ exit 
from V. alginolyticus. The reaction mixture contained 0.4 M 
LiCI (open symbols) or 0.4 M NaCI (closed symbols), 1.3-1.6 
mg cell protein/ml, and 50 mM each of Tris-HCl (squares) or 
diethanolamine hydrochloride (circles) at the indicated pH. The 
rate of K ÷ efflux was monitored by a K + electrode. In the 
experiments with LiC1 medium, the cells were washed twice 
with 0.4 M LiC1 before use. The results are presented as 
wmol. min- t. mg- i. 

methylamine, triethanolamine, Tris and Tricine 
buffers at pH 9.3, the initial rates of K ÷ exit were 
0.23, 0.15, 0.15, 0.06, 0.04 and 0.04 ~mol -min  - !  
mg- i ,  respectively, as measured by the K ÷ elec- 
trode. Thus, in addition to alkaline pH, the pres- 
ence of diethanolamine, ethanolamine or methyl- 
amine was required for the effective exit of K + in 
the NaC1 medium. 

When the cells were incubated at 4°C in the 
presence of 50 mM diethanolamine hydrochloride 
at pH 8.9, the rate of K ÷ exit in the LiC1 or NaCI 
medium decreased to less than 0.01 ~mol min-  
mg - l  and more than 85% of cellular K ÷ was 
retained after 30 rain. Thus, the K ÷ exit observed 
at alkaline pH was dependent on the incubation 
temperature. 

Exit  of K ÷ and entry of membrane-permeable amine 
in the NaCI medium 

We previously demonstrated that methylamine 
can be used for the determination of pH gradient, 
inside acidic, in V. alginolyticus and that such a pH 
gradient is collapsed by the addition of a high 
concentration (50 mM) of diethanolamine or 
ethanolamine [24]. Thus, these amines can be 
transported across the cell membrane in their un- 

protonated forms by passive diffusion and accu- 
mulated in the protonated forms due to the rela- 
tive acidity of the cell interior. Since no apprecia- 
ble change in the turbidity of cell suspension was 
detected during the K + exit in the NaC1 medium, 
entry of these membrane-permeable amines was 
expected. To determine the amine entry under the 
present experimental conditions, ]4C-labeled 
methylamine was employed. As shown in Fig. 3, 
methylamine was accumulated in accordance with 
the K ÷ exit, whereas internal Na ÷ was slightly 
extruded at first and then maintained at about 
50-60 mM. The sum total concentration of cellu- 
lar K ÷ , Na + and methylamine was maintained 
between 470 and 500 mM. Judging from the pK a 
value of methylamine (10.6 at 25°C), most of the 
methylamine was protonated within the cells. Thus 
the protonated methylamine apparently acted as a 
counter cation and exchanged for K ÷ in the ratio 
1 : 1. As will be discussed later, these results could 
be understood by considering that the K ÷ exit was 
mediated by a K ÷ / H  ÷ antiporter functioning at 
alkaline pH. 
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Fig. 3. Time courses of K + exit and methylamine entry in 
NaCI medium. The reaction mixture contained 0.4 M NaCI, 0.8 
mg cell protein/ml,  25 mM Tricine-NaOH, 50 mM methyl- 
amine hydrochloride and 0.5 ~tCi [14C]methyl~mine (61.9 
Ci /mol)  at pH 8.9. The cellular K + (O),  Na + (zx) and methyl- 
amine (O) were determined by the filtration method. Closed 
circles represent the sum total concentration of K + , Na + and 
methylamine. 



Effect of diethanolamine concentrati'on on the K + 
exit in the NaCI medium 

As shown in Fig. 4, the rate and extent of K ÷ 
exit increased by the increase in the concentration 
of diethanolamine and the cellular K ÷ reached a 
steady-state level after 20 rain. Assuming that the 
exchange ratio of K ÷ to the protonated di- 
ethanolamine is the same as in the case of methyl- 
amine, the internal pH at the steady-state level 
may be estimated from the equilibrium distribu- 
tion of diethanolamine between the inside and 
outside of the cells. The internal pH in the pres- 
ence of 5, 10, 20 and 50 mM diethanolamine was 
calculated to be pH 7.8, 7.6, 7.7 and 7.8, respec- 
tively. At the steady-state level, the internal p H  in 
the absence of diethanolamine as measured from 
the equilibrium distribution of a trace amount  of 
[]4C]methylamine was about 7.8. These results 
suggested that the K + / H  + antiporter ceased to 
function at the internal pH of about 7.8. Since 
diethanolamine distributes according to the pH 
gradient, this might be the reason why relatively 
high concentration of diethanolamine (50 mM) 
was required to replace most of cellular K ÷ . 
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Fig. 4. Effect of  diethanolamine concentration on the K + exit 
in the NaCI medium. The reaction mixture contained 0.4 M 
NaCI, 1.0 nag cell p ro fe in /ml  and various concentrations of 
diethanolamine hydrochloride (pH 8.9) as indicated in the 
figure (shown in mM). The total buffer concentration was 
adjusted to 50 m M  by the addition of Tricine-NaOH (pH 8.9). 
The K + exit was monitored by a K + electrode. 
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Entry of Na + to the amine-loaded cells 
Once the cells were loaded with the permeable 

amine, the exposure of these cells to the NaC1 
medium in the absence of loaded amine resulted in 
the entry of Na  + . Fig. 5 shows the effect of di- 
ethanolamine concentration on the Na  ÷ entry with 
the diethanolamine-loaded cells. The initial rate 
and extent of Na  ÷ entry were dependent on the 
concentration of diethanolamine in the external 
medium. In the absence of diethanolamine, a fast 
entry of Na  + was observed and the internal Na  ÷ 
concentration reached to about 460 mM. As was 
expected, the Na  ÷ entry was not detected in the 
presence of 50 mM diethanolamine hydrochloride. 
The diethanolamine-loaded cells initially con- 
tained about 150 mM Na ÷ , and Na ÷ was rather 
slightly extruded from the cells to keep a steady- 
state level of Na  ÷ (60-80 mM). Although not 
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Fig. 5. Effect of diethanolarnine concentration on the Na + 
entry to the diethanolamine-loaded cells. The diethanolamine- 
loaded cells were prepared by the standard procedure for the 
replacement of cellular cations, except that the cells were 
finally suspended in the incubation medium (0.4 M NaC1 con- 
taining 50 m M  diethanolamine hydrochloride, pH 8.5). The 
reaction mixture contained 0.4 M NaCI, 0.8 nag cell p ro te in /ml ,  
and  various concentrations of diethanolamine hydrochloride 
(pH 8.5) as indicated in the figure (shown in mM). The total 
buffer concentration was adjusted to 50 m M  by the addition of 
Tricine-NaOH (pH 8.5). The cellular Na  + was determined by 
the filtration method. In separate experiments, 20 ~M 
[14C]methylamine was added to the reaction mixture and its 
accumulation was followed in the presence of 50 m M  Tricine- 
N a O H  ( I )  or 50 mM diethanolamine hydrochloride (O) and the 
results are presented as intracellular concentration in mM. 
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shown here, essent ial ly  the same results  were ob-  
ta ined  with the me thy l amine - loaded  cells. These  
results  ind ica ted  that,  af ter  the t r ea tment  of  cells 
at  a lkal ine  p H  in the presence of  pe rmeab le  amine,  
a s imple  incuba t ion  of  the cells with 0.4 M NaC1 
in the absence  of  the amine  could  effect ively re- 
p lace  cel lular  ca t ions  with N a  + . 

As  shown by the do t t ed  lines in Fig. 5, a t race 
a m o u t  of [ l aC]methy lamine  was t rans ient ly  accu- 
mu la t ed  and  then re leased dur ing  N a  ÷ en t ry  in 
the absence  of  d ie thano lamine .  At  the peak  of the 
accumula t ion  (1 min),  the in terna l  p H  was calcu- 
la ted  to be abou t  6.3, giving a p H  grad ien t  of  2.2 
units,  ins ide acidic.  Such a large p H  grad ien t  m a y  
be crea ted  by  the bulk  release of  u n p r o t o n a t e d  
d i e thano lamine  f rom the cells by  passive diffusion.  
I n d e e d ,  a large  t r ans i en t  a c c u m u l a t i o n  of  
[14C]methylamine was not  observed in the pres- 
ence of 50 m M  d ie thano lamine  (Fig.  5). Thus,  the 
en t ry  of N a  ÷ seems to be  dr iven  by  the large p H  
gradient ,  inside acidic,  poss ib ly  via a N a ÷ / H  + 
an t ipor t e r  work ing  in reverse. 

E x i t  o f  K + and entry o f  R b  + or Cs + 

Al though  not  shown here, a fast  exit of K + was 
observed  at  neut ra l  p H  in RbC1 or  CsC1 medium.  
A t  p H  7.5, the ini t ial  ra te  of K + exit in RbC1 
m e d i u m  was 0.21 ~ m o l .  min -1 • mg -~, whereas  

tha t  of Rb  + en t ry  was faster  than  the K + exit, 
amoun t ing  to 0.49. As  a result ,  a t rans ient  increase  
in the cel lular  Cation contents  was observed  in the 
ini t ia l  phase  of ca t ion  flows. A t  p H  8.9, the rate  of 
K + exit increased  to 0.49 and  the Rb  + ent ry  to 

0.53. In  the CsC1 medium,  the K + exit  and  Cs + 
en t ry  p roceeded  at  near ly  the same rate  and  the 
ini t ia l  rates of flows at p H  7.5 and 8.9 were 0.20 
and  0.49, respectively.  The  cel lular  K ÷ was com- 
p le te ly  rep laced  with R b  ÷ or  Cs + af ter  20 min 
incuba t ion  at p H  7.5. Thus,  a l though the K + exit 
was enhanced  by  the increase in med ium pH,  the 
fast  en t ry  of  R b  + or  Cs ÷ and K ÷ exit occurred 
even at  neut ra l  pH,  which was in marked  cont ras t  
to the case of Li ÷ or  N a  ÷ . 

Since R b  ÷ is taken up  by  the K ÷ t r anspor t  
sys tem of V. alginolyticus [6], the ini t ial  fast en t ry  
of  R b  ÷ over  K ÷ exit may  be due  to the up take  of 
R b  ÷ via the K ÷ t r anspor t  system. Al though  Cs ÷ 
could  not  replace K ÷ in the K ÷ t ranspor t  system 
when assayed at  low concen t ra t ion  (10 mM),  we 
observed  that  the K ÷ up take  was inhib i ted  in the 
presence of  0.4 M CsC1 and Cs ÷ entered  into  the 
cells ins tead  of  K ÷ (da ta  not  shown). Thus,  Cs ÷ 
seems to be able  to subst i tu te  for K ÷ at high 
concent ra t ions .  

Rep lacemen t  o f  cellular cations with a desired cation 

F r o m  the descr ibed  results  above,  it is appa ren t  
that  the cel lular  ca t ions  can be replaced with a 
des i red  ca t ion  such as Li ÷ , N a  ÷ , Rb  ÷ or  Cs ÷ by  
s imply  incuba t ing  the cells under  app rop r i a t e  con- 
di t ions.  A s t anda rd  p rocedure  for the man ipu-  
la t ion  of cel lular  ca t ion  contents  was p repa red  as 
descr ibed  in Mater ia l s  and  Methods .  As  shown in 
our  previous  pape r  [13], when the K ÷ dep le t ion  
and  cat ion load ing  were pe r fo rmed  at p H  9.3, the 
cel lular  act ivi ty  of ~ -amino i sobu tyr ic  acid  up take  

TABLE I 

INTRACELLULAR CATION CONCENTRATIONS OF V. ALGINOLYTICUS and E. COL1 AFTER REPLACEMENT WITH A 
DESIRED CATION 

V. alginolyticus and E. coli were treated by the standard procedure for the replacement of cellular cations and intracellular cation 
concentrations were determined. [X ÷ ] represents the species of replacing cation and results are expressed in mM. 

Salt used V. alginolyticus E. coli 

[X + ] [Na + ] [K + ] [X + ] [Na + ] [K + ] 

NaCI 480 < 1 260 < 1 
KC1 570 < 1 220 < 1 
LiCI 520 < 1 3 260 < 1 8 
RbC1 460 3 8 260 1 5 
CsCI 360 3 I 270 4 1 



was significantly reduced except .for the case of 
Na + . Thus, the standard procedure for V. algin- 
olyticus was performed at pH 8.5. This method was 
also found to be applicable to E. coli. In this case, 
0.14 M chloride salt containing 50 mM di- 
ethanolamine hydrochloride (pH 9.3) was em- 
ployed as the incubation medium. Table I shows 
the intracellular cation concentrations of V. algin- 
olyticus and E. coli treated by the standard proce- 
dure. The washed cells of V. alginolyticus normally 
contain about 480 mM K ÷ and 80 mM Na ÷. 
These cellular cations were effectively replaced 
with the monovalent cation used for the treatment. 
When 0.4 M KC1 was used, cellular cations were 
replaced with K ÷ and Na ÷ was completely re- 
moved from the cells. 

As shown in Table I, essentially the same re- 
suits were obtained with E. coli. Although not 
shown here, the K ÷ exit from E. coli was enhanced 
by the increase in medium pH and the presence of 
membrane-permeable amine was required for the 
K ÷ exit in the NaC1 medium, especially up to the 
medium pH of 8.9. These results were essentially 
similar to those observed in the case of I~: algin- 
olyticus, except that the entry of Na ÷ into the E. 
coli cells was observed at an external pH above 
8.9. 

Discussion 

As shown in this paper, K ÷ exit is greatly 
influenced by the species of monovalent cation in 
the external medium, suggesting the participation 
of specific cation transport systems in the cation 
movements. In the NaC1 medium, the presence of 
membrane-permeable amine is required for the 
K ÷ exit, where no net entry of Na ÷ is detected 
(Fig. 1B) and the amine is accumulated in ex- 
change for K ÷ (Fig. 3). Thus, the K ÷ exit ob- 
served at alkaline pH can be explained by the 
function of a K ÷ / H  ÷ antiporter that has been 
demonstrated in E. coli by Brey et al. [4]. The 
entry of unprotonated amine into the cells by 
passive diffusion and its protonation inside the 
cells actually allows the K ÷ exit via the K + / H  + 
antiporter even in the absence of Na + entry. In 
this case, since the internal pH is decreased by the 
K + exit and the antiporter ceases to function at an 
internal pH of about 7.8, a relatively high con- 
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centration of permeable amine is required for the 
bulk release of cellular K + (Fig. 4). In the absence 
of permeable amine, the internal pH is effectively 
lowered with only a slight release of K ÷ in the 
NaC1 medium. Therefore, as has been suggested in 
the case of E. coli [4,30], it is possible for the 
K ÷ / H  + antiporter to function as a regulator of 
cytoplasmic pH at alkaline external pH in V. 
alginolyticus under normal conditions. 

As described in our previous paper [24], V. 
alginolyticus possesses a respiration-dependent 
primary Na ÷ pump functioning at alkaline pH 
(8.5). Although not shown here, the cells of 1,1. 
alginolyticus washed with 0.4 M NaC1 or LiC1 can 
generate the membrane potential of about - 1 5 0  
mV at pH 8.9 even in the absence of exogenous 
substrates, and Na ÷ flow is always in the direction 
of extrusion. Thus, the steady-state level of inter- 
nal Na ÷ is maintained at about 60-80 mM in the 
medium of 0.4 M NaC1 (Figs. 1B, 3 and 5). The 
results of Fig. 5 suggest that a large pH gradient, 
inside acidic, seems to be required for the induc- 
tion of Na + entry. 

In contrast to Na + , Li + enters into the cells in 
proportion to the K ÷ exit and the presence of 
permeable amine is not required (Fig. 1A). The 
reason for the apparent difference observed be- 
tween Li + and Na + is not clear at present. 

It is worthy of note that the K ÷-depleted and 
cation-loaded cells prepared by the present method 
are not plasmolysed. The K ÷ -depleted cells pre- 
pared by hypotonic treatment [ 19] are plasmolysed 
and require K ÷ for deplasmolysis [23]. In V. algin- 
olyticus, the K÷-depleted and Na÷-loaded cells 
have 5-fold higher activity of K ÷ uptake than the 
plasmolysed cells (unpublished results). Thus, the 
manipulation of cellular cations by the present 
method is of great advantage over the hypotonic 
treatment. We utilized the present method for the 
manipulation of internal cation contents of V. 
alginolyticus and we could clearly demonstrate the 
role of K + in the generation of a pH gradient 
(inside alkaline) [6] and an Na ÷ electrochemical 
gradient [ 13,24]. 

The present method is essentially applicable to 
E. coli also (see Table I). Thus, a type of mecha- 
nism similar to that discussed above seems to be 
operative on the monovalent cation movements in 
E. coli. One remarkable exception is that the 
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primary Na ÷ pump functioning at alkaline pH as 
demonstrated in V. alginolyticus [24] has not been 
documented in E. coli. 

The present method for the manipulation of 
cellular cation contents may be widely applicable 
to the investigation of cation transport systems 
employing intact cells of Gram-negative bacteria. 
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