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Summary 

Ca 2÷ transport  was studied in membrane vesicles of  alkalophilic Bacillus. 
When Na÷-loaded membrane vesicles were suspended in KHCO3/KOH buffer  
(pH 10) containing Ca 2÷, rapid uptake of  Ca 2÷ was observed. The apparent Km 
value for Ca 2÷ measured at pH 10 was about  7 ~M, and the Km value shifted to 
24 pM when measured at pH 7.4. The efflux of  Ca 2÷ was studied with Ca 2+- 
loaded vesicles. Ca 2÷ was released when Ca2+-loaded vesicles were suspended in 
medium containing 0.4 M Na ÷. 

Ca 2÷ was also transported in membrane vesicles driven by an artificial pH 
gradient and by  a membrane potential generated by K'-valinomycin in the pres- 
ence of  Na ÷. 

These results indicate the presence of  Ca2÷/Na ÷ and H÷/Na ÷ antiporters in the 
alkalophilic Bacillus A-007. 

Introduct ion 

An alkalophilic Bacillus sp. (A-007), which was isolated from soft, requires 
an extreme alkaline environment for optimal growth. Transport activities of  
organic nutrients in the organism were found to be greatest in alkaline pH and 
the systems were found to be Na÷~lependent [1],  although the intracellular pH 
in this organism has been shown to be neutral. 

Ca 2÷ is one of  the physiologically important  cations for Bacillus, therefore, 
we studied the Ca2÷-transport system in alkalophilic Bacillus A-007. 

Abbreviations: Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; FCCP, caxbonyl cyanide 
p-trifluoromethoxyphenylhydrazone. 
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Materials and Methods 

Cells and cultivation. Alkalophilic Bacillus A-007 was grown in GPY * medi- 
um aerobically at 42°C and cells were obtained in a manner similar to that  
described earlier [ 1]. 

Preparation o f  membrane vesicles. Membrane vesicles were prepared by using 
the lysozyme-protoplasts  method [1].  Cells were suspended in 0.1 M sodium 
phosphate buffer  (pH 6.8) containing 10 mM MgC12 and lysozyme (0.2 mg/ml), 
and incubated at 37°C. After about  10 min of  incubation, almost all the cells 
were converted to protoplasts.  Protoplasts were precipitated by centrifugation 
(30 000 × g, 10 min) and the precipitates were suspended in 25 mM Hepes/ 
KOH buffer  (pH 7.4) containing 10 mM MgC12 and deoxyribonuclease (1 pg/ 
ml), and homogenized by using Teflon homogenizer. Unbroken cells were pre- 
cipitated by low-speed centrifugation (800 × g, 10 min), the supernatant centri- 
fuged (30 000 × g, 10 min) and the precipitate (membrane) washed three times 
with 25 mM buffer  (Hepes/KOH for pH 7.4 and KHCO3/KOH for pH 10.0) 
containing 10 mM MgC12 and 0.4 M NaC1 (for Na÷-loaded vesicles). For prepara- 
tion of  acid-loaded vesicles, the membranes were washed with 25 mM Hepes/ 
KOH buffer  (pH 6.8) containing 10 mM MgC12, 5 mM NaC1 and 0.4 M 
sucrose. 

Measurement o f  Ca 2+ transport 
Transport o f  Ca 2+ into membrane vesicles. Membrane vesicles were sus- 

pended in a medium (total 1 ml) containing 25 mM buffer  (Hepes/KOH for pH 
7.4 and KHCO3/KOH for pH 10.0), 10 mM MgC12, 0.4 M sucrose, 0.1 or 0.2 
mM 4SCaC12 (50 Ci/mol) (at 37°C). At intervals, 100 ~1 of  the mixture were 
filtered through a membrane filter (pore size 0.45 #m, Toyo  Roshi Co. Ltd., 
Japan), washed four times with the medium without  substrate (total 15 ml) 
and dried. The radioactivity on the filter was measured by a gas-flow counter.  
The initial rate of  transport  was estimated from the linear port ion of  uptake 
curves (usually within 40 s), and the activity was expressed as nmol/mg protein 
per min. 

Efflux o f  Ca 2÷ from membrane vesicles. Ca~+-loaded vesicles were obtained 
from a Ca2+-transport experiment in Na÷-loaded vesicles and the vesicles were 
washed once with 25 mM KHCO3/KOH buffer  (pH 10) containing 0.4 M 
sucrose and 10 mM MgC12. Ca2+-loaded vesicles were suspended in 1 ml of  me- 
dium containing 25 mM KHCO3/KOH (pH 10), 10 mM MgC12 and 0.4 M 
sucrose or NaC1. In some cases, an ionophore or 2 mM CaC12 was added to the 
medium. Efflux was started by the addition of  Ca2+-loaded vesicles. At inter- 
vals, 100 gl of  the mixture were filtered through a membrane filter and the 
radioactivity on the filter was measured by a gas-flow counter.  

Estimation o f  protein concentration. Protein was determined by using the 
method of  Lowry et al. [2] using bovine serum albumin as a standard. 

Radioisotope, ionophores and other chemicals. Carrier-free 4SCaC12 (20 Ci/ 
mg) was purchased from New England Nuclear (U.S.A.). FCCP was obtained 
from Boeringer Mannheim (F.R.G.) and valinomycin from Sigma Chemical Co. 

* G P Y ,  10  g g lucose ,  5 g p o l y p e p t o n e ,  5 g yeas t  e x t r a c t ,  1 g K 2 H P O  4, 2 g MgSO 4 • 7 H 2 0  and 2 0  g 

N a 2 C O  3 in  1 I. 
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(U.S.A.). Monensin was a generous gift from Dr. N. Ootake of  our institute and 
A-23187 was also presented by Eli Lilly Co. (U.S.A.). Other chemicals used 
were the best grade commercially obtainable. 

Results 

Transport o f  Ca 2÷ into membrane vesicles driven by an Na ÷ gradient at alkaline 
pH  

Previous studies with membrane vesicles of  alkalophilic Bacillus A-007 have 
shown that the uptak of  organic nutrients in this organism is driven primarly by 
an Na ÷ gradient. Therefore, we assumed the presence of an Na÷-coupled Ca 2÷- 
transport  system in A-007 cells. For measurement  of  Ca 2÷ uptake, gradients of  
Na ÷ opposite  to normal ([Na÷]in > [Na÷]out) were arranged by  loading Na ÷. 
Vesicles loaded with 0.5 M NaC1 were suspended in 25 mM KHCO3/KOH (pH 
10.0) containing varying concentrations of  NaC1. In this manner, various magni- 
tudes of  the Na ÷ gradient were established. 

Fig. 1 shows Ca2÷-uptake activity at varying magnitudes of  the Na÷-gradient. 
The initial rates of  transport  were proportional to the magnitudes of  the Na ÷ 
gradient imposed. Fig. 1 also shows that about  7 nmol of  Ca 2÷ were bound per 
mg protein of  membrane vesicles. Uptake activities, from which bound Ca 2÷ 
was subtracted,  are shown in the following figures. 

The effect of  various ionophores on Na*-driven Ca 2÷ transport  is shown in 
Figs. 2 and 3. Neither FCCP (proton conductor)  nor valinomycin (K ÷ iono- 
phore) inhibited the reaction. Monensin (Na ÷ ionophore)  and A-23187 (Ca 2÷ 
ionophore) inhibited the activity. 
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Fig.  1.  E f f e c t  o f  NaC1 o n  t r a n s p o z t  o f  Ca 2+. M e m b r a n e  ves ic les  w e r e  prepared  in  2 5  rnM K H C O 3 / K O H  
(pH 1 0 . 0 )  con taLrdng  1 0  m M  MgC12 a n d  0 . 5  M NaCI.  T r a n s p o r t  was  a s s a y e d  in  2 5  rnM K H C O 3 / K O H  
(pH 1 0 . 0 )  c o n t a i n i n g  1 0  m M  MgC12, m e m b r a n e  ves ic les  (0 .5  m g  p r o t e i n ) ,  0 . 2  m M  45CAC12, a n d  NaCI a n d  
sucrose  ( t o t a l  0 .5  M). 



182 

4 0  

c 

30 
L 

~ 2 0  

E 
c 

D 

0 
0 30 60  

T i m e ( S )  

"5 
h 30  
E~ 

E 

2 0  
E 
c 

~ 10 

0 
0 

. . 

I I I 
3 0  6 0  9 0  

T ime ( S ) 

Fig.  2.  E f f e c t  o f  i o n o p h o r e s  o n  Ca 2+ transport  dr iven b y  an Na ÷ gradient .  M e m b r a n e  ves ic les  w e r e  pre- 
pared  in  2 5  m M  H e p e s / K O H  ( p H  7 .4) ,  1 0  m M  MgCl2 a n d  0 .4  M NaC1. Transpor t  w a s  a s s a y e d  in 2 5  m M  
H e P e s / K O H  (pH 7 .4 ) ,  1 0  mM MgC12, 0 .4  M sucrose ,  m e m b r a n e  ves ic les  (0 .5  m g  p r o t e i n ) ,  0 .2  m M  
4SCaCl2  a n d  i o n o p h o r e ,  e ,  w i t h o u t  i o n o p h o z e ;  A F C C P  (4 /~g /ml ) ;  i ,  v a l i n o m y c i n  (4 /~g /ml ) ;  z~ gramici -  
d in  (4 # g / m l ) ;  o,  0 .4  M NaCl w a s  a d d e d  o u t s i d e  ves ic les  to  abo l i sh  the  Na + gradient .  

Fig.  3.  E f f e c t  o f  A - 2 3 1 8 7  a n d  m o n e n s i n  on  Ca 2+ t ranspor t  dr iven  b y  an Na ÷ gradient .  M e m b r a n e  ves ic les  

w e r e  p r e p a r e d  in  2 5  m M  K H C O 3 / K O H  (pH 1 0 . 0 ) ,  1 0  m M  MgC12 a n d  0 . 4  M NaCI. Transpor t  was  a s sayed  
in  25  m M  K H C O 3 / K O H  (pH 1 0 . 0 ) ,  1 0  m M  M g C I 2 , 0 . 4  M sucrose ,  m e m b r a n e  ves ic les  (0 ,5  m g  p r o t e i n )  and  
0.2  m M  4SCaC12 .  A t  the  t i m e  i n d i c a t e d  b y  the  arrow,  A - 2 3 1 8 7  ( D  1 0  /~g/ml) or  m o n e n s i n  (~, 4 p g / m l )  
was  a d d e d ,  i ,  w i t h o u t  i o n o p h o r e .  

Effect o f  pH on the kinetics o f  Ca 2÷ transport 
Since Ca2÷-uptake activity is dependent on the pH values in the vesicles and 

of  the medium, we tried to determine the effect of  pH on the kinetics of  trans- 
port. Lineweaver-Burk plots of  the transport activity at pH 7.4 and 10.0 (both 
sides of  the vesicles) are shown in Fig. 4. The Km value of  the transport system 
for Ca 2÷ decreased about 4-fold at pH 10.0 compared with at pH 7.4 (6.7 • 
10 -6 M at pH 10.0, 2.4 • 10 -s M at pH 7.4), although the maximum velocity 
changed slightly (7.7 • 10 -9 mol/mgprotein per min at pH 10.0, 12.5 • 10-9 mol/ 
mg protein per min at pH 7.4). 

Ca 2+ transport driven by z ~  or Z~pH 
A~ or ApH alone could not drive Ca 2+ transport (data not shown), and the 

Ca2+-transport process was obligatorily coupled to the antiport of  Na +. If, how- 
ever, Na+/H + antiport is present in the vesicles of  this organism, Ca 2+ must be 
accumulated by A~ or ApH in the presence of  Na + by circulation of  Na ÷ via 
Na+/H ÷ antiport. For this purpose, we prepared acid-loaded (for pH gradient) 
and K+-loaded (for A~)  vesicles. These vesicles were used for the transport 
experiment. As shown in Figs. 5 and 6, Ca 2÷ was accumulated in the vesicles in 
the presence of  Na ÷ (in = out). 

Efflux of  Ca 2÷ from Ca2+-loaded vesicles 
Membrane vesicles were isolated by centrifugation after the maximum level 

of  4SCa 2÷ accumulation was reached in Na÷<triven Ca 2÷ transport. The vesicles 
were washed once with 25 mM KHCO3/KOH (pH 10.0) containing 0.4 M 
sucrose and 10 mM MgC12. The efflux of  Ca 2÷ from the 4SCa2+-loaded vesicles 
was examined. One example of  the efflux experiments is shown in Fig. 7. 
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Fig. 4. E f f ec t  of  Ca 2+ c o n c e n t r a t i o n  on  Ca2+-transpor t  ac t iv i ty  dr iven  by  an Na + gzadient .  E x p e r i m e n t a l  
cond i t ions  were  s imilar  to those  of  Fig. 3, e x c e p t  t h a t  the  Ca 2+ c o n c e n t r a t i o n  was  var ied,  o, at  p H  7.4;  e ,  
at  pH 10.0 .  

Fig. 5. Ca 2+ t r a n s p o r t  d r iven  b y  a p r o t o n  gxadient in the  presence  of  Na +. M e m b r a n e  vesicles were  pre- 
pa r ed  in 25 m M  H e p e s / K O H  (pH 6.8)  con ta in ing  10 m M  MgC12, 5 m M  NaC1 an d  0.4 M sucrose.  T r a n s p o r t  
was assayed  in 25 m M  K H C O s / K O H  (pH 10.0) ,  10  m M  MgC12, 5 m M  NaC1, 0.1 m M  45CAC12 and  m e m -  
brane  vesicles (0 .25  m g  p ro t e in ) .  A t  the  t ime  ind ica ted  by  the  a r row,  A-2 3 1 8 7  (o,  10 ~g /ml )  was  added .  A, 
con t ro l .  

Release of 45Ca 2+ was limited when the vesicles were suspended in 25 mM 
KHCOa/KOH (pH 10.0) containing 0.4 M sucrose and 10 mM MgC12. However, 
when 0.4 M sucrose was replaced by 0.4 M NaC1, rapid release of  4SCa2+ was 
observed. The accumulated 4SCa 2+ was also released when a large excess of  
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Fig. 6. T r a n s p o r t  o f  Ca 2+ in to  m e m b r a n e  vesicles d r iven  b y  a m e m b r a n e  po ten t i a l  in the  presence  of  Na ÷. 
M e m b r a n e  vesicles were  p r e p a r e d  in 25  m M  H e p e s / K O H  (pH 7.4) ,  10 rnM MgC12, 10 m M  NaC1, and  0.4 M 
KC1. T r a n s p o r t  was assayed  in 25  m M  H e p e s / K O H  (pH 7 .4)  con ta in ing  10  m M  MgCI 10 m M  NaCI, 0 .4 M 
sucrose  and  0.2 m M  45CAC12. The  r e a c t i o n  was  s t a r t ed  b y  the  add i t ion  of  v a l i n o m y c i n  (4 ~g /ml ,  e).  o, 
con t ro l .  

Fig. 7. E f f ec t  of  Na + and  Ca 2+ on the  Ca 2+ e f f lux  f r o m  Ca2+4oaded  vesicles at  alkal ine pH.  Ca 2÷ was t rans-  
p o r t e d  in to  m e m b r a n e  vesicles d r iven  b y  an  Na%gradien t  for  50 s a t  pH 10.0.  Ca2+-loaded vesicles were  
w a s h e d  and  r e s u s p e n d e d  in a smal l  a m o u n t  of  a m e d i u m  of  the  fo l lowing  c o m p o s i t i o n ;  K H C O  2 / K O H  (25 
raM, pH 10.0) ,  MgC12 (10 raM)  a nd  sucrose  (0.4 M). m, con t ro l ;  ~, sucrose  was  r ep laced  b y  NaCL o, CaC12 
(2 raM) was a d d e d  to  the  m e d i u m ,  F o r  fuLrther detai ls ,  see Materials  and  Methods .  
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CaC12 (2 mM) was added. Monensin and gramicidin inhibited the Na÷-depen - 
dent  release of  Ca 2÷, and FCCP had no effect  on the release (data not  shown). 

Discussion 

The results of  the present s tudy indicated that  Ca 2÷ was transported in mem- 
brane vesicles of  alkalophilic Bacillus A-007. The transport  was driven by an 
Na*-gradient (in > out),  and the system was active at alkaline pH. Ca ~÷ uptake 
followed Michaelis-Menten kinetics, and the Km value for Ca 2÷ at pH 7.4 was 
2.4 • 10 -s M and 6.7 • 10 -6 M at pH 10.0, although had the same magnitude at 
both  these pH values. These results indicate that the Ca2÷/Na ÷ antiport  system, 
which requires alkaline pH for its activity, is present in the alkalophilic Bacillus 
A-007. 

Ca 2÷ transport  was also demonstrated in membrane vesicles by  an artificial 
pH gradient and by a membrane potential  generated by K*-valinomycin in the 
presence of  Na ÷. In these studies, Na ÷ circulation via an Na+/H ÷ antiporter may 
play a key role in Ca 2÷ accumulation. Ca 2÷ accumulated in the vesicles is largely 
in the free form, since accumulated Ca 2÷ exists easily when Na ÷ is added to the 
external medium. 

An Na÷-dependent Ca2÷-transport system in bacteria has been reported only 
in Halobacterium halobium [3].  Other systems are H~-dependent [4,5] or 
dependent  on the energy of  ATP hydrolysis [6,7].  However,  in eukaryotic  cells, 
several examples of  Na*-dependent Ca2÷-transport systems have been reported 
[8].  The similarity of  the system for Ca 2÷ transport  in alkalophilic Bacillus to 
the systems in eukaryotic cells may be an example of  convergent evolution 
between these different membranes.  The Ca2÷-transport system in the alkalo- 
philic Bacillus may provide a excellent tool  for the s tudy of  the Na÷/Ca 2÷ anti- 
porter. 
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