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SUMMARY 

Cat ions  were generally inefl'ective in s t imulat ing succinate t ranspor t  in a 
succinate dehydrogenase  mutant  of  B a c i l l u s  s u h l i l i s  unless accompanied  by polyvalent  
anions:  phosphate  and sulfate being par t icular ly  active. The K,,, wilues l\~r the phos- 
Fhate or sulfate requirement  were approx.  3 raM. 

giphasic  kinetics were character is t ic  of both the succinate (h,,, values 0.1 and 
I m M ) ,  and inorganic  phosphate  (K,, values 0.1 and 3 raM) t ranspor t  system(s).  The 

phosphate  t ranspor t  system(s)  was repressed by. high inorganic phosphate  and a 
coord ina te  increase in the t ranspor t  of  phosphate ,  arsenate,  and phosphate-s t i  mulatcd 
succinate t ranspor t  accompanied  growth in low phosphate  media. 

A class o1" arsenate  resistant mutants  were s imultaneousl~ defective in the 
t ranspor t  of  arsenate,  phosphate  and succinate when cells were repressed for phos- 
phate t ranspor t ,  however,  the t ranspor t  of  these ions was regained in these mutant~, 
when grown in low phosphaite media.  Organic  phosphate  esters did not s t imulate 
succinate t ranspor t  in arsenate  resistant mutants  but were effective after growth in low 
phosphate  media.  Growth  under phosphate  l imitat ion permit ted the s imul taneous  
regain of  both phosphate  and sulfate dependent  succinate t ranspor t  activities wherea~ 
sulfate l imitat ion alone was ineffective. 

Succ]nzite was not t ranspor ted  by an anion exchange diffusion mechanism 
since phosphate  eJtlux was low or  absent during succinate t ranspor t .  

The t ranspor t  of  C¢-dicarboxylates  in B. suhlil i .v is strongly s t imulated b\ 
in t r acd lu la r  polyvalent  anions.  The ab.,ence of  an anion permeabi l i ty  mechanism 
precludes succinate t ranspor t  but part ial  escape from this restr ict ion i~ mediated b \  
the derepression of  a phosphate  t ranspor t  system. 

INTROI)U('TION 

Many  bacteria  utilize Krebs  cycle carboxyl ic  acids as sole sources of  ca rbon  and 
energy. However,  the mechanism by which these metabol i tes  are t ranspor ted  and 

Abbreviation : H EPES. N-2-hydroxyethyl piperazine-N '-2-ethanesulphonic acid. 



441 

subsequently accumulated has not been extensively investigated. Theoretically, these 
substrates could enter the cell either as the uncharged protonated form at an unphysio- 
logically low pH, or more likely as an ionized species at a higher pH. In order to 
transport anionic organic metabolites the cells must exercise compensating mecha- 
nisms to prevent unnecessary energy expenditure in forming both electrogenic and 
osmolar gradients. Such mechanisms presumably consist of either the cotransport of 
neutralizing equivalents of cations or the countertransport of excess anions from the 
cell. The well established mitochondrial di- and tricarboxylic acid transport systems 
appear to operate basically on at least three anion exchange systems [I, 2], two of 
which would be unlikely to function in bacteria due to inevitable carbon loss. Alterna- 
tively, there is the possibility that the counter-flow ion could in liict be an inorganic 
anion as in the mitochondrial L-malate-phosphate exchange system. 

In Bacillus subtilis the tricarboxylic acid cycle intermediates have been shown 
to be transported by three kinetically and genetically distinct systems which are 
specilic for the Ca-, C s- and C~,-tricarboxylic acids [3 5]. Competitive inhibition data 
has indicated that citrate [6] and the Ca-dicarboxylic acids [5] are most likely trans- 
ported as anions. Recently it was demonstrated that citrate transport in an aconitase 
mutant of B. subtilis is markedly dependent on the presence of divalent cations and 
Ihat these cations are cotransported as a complex to preserve electroneutrality [7 ]. 

Succin,ate transport in B. subtilis has very unusual ion requirements relative to 
other metabolite transport systems in bacteria: that is that polywilent anions are 
predominantly required for effective transport, but the anion requirement is not 
specific. We decided to investigate further the nature of this requirement since it has 
important implications regarding the mechanism of succinate transport and the 
interaction of this transport system with other anion and cation transport systems. We 
suggest that succinate transport is largely dependent upon a general inorganic anion 
equilibrating mechanism in the absence of which the tricarboxylic acid cycle ex-dicar- 
boxylic acids cannot be transported. 

E X P E R I M E N T A L  

Or.qa/li.s'##ls 
Tile microorganisms used in this study were derivatives of the transformable 

strain B. subtilis 168, an indole auxotroph. B. subtilis I Aa22, is a succinate dehydro- 
genase-deficient ( s d h )  mutant [8], and strains 4-2B and 4-5B are mutants derived 
from I Aa22 which are resistant to 40 mM sodium arsenate. The succinate dehydro- 
genase mutants were routinely checked for purity by streaking on bromo-cresol purple 
indicator media [8]. The arsenate-resistant cells were also routinely checked for purity 
by streaking on low phosphate minimal agar and were routinely kept on nutrient agar 
containing 40 mM sodium arsenate. The isolation and characterization of strains 4-2B 
and 4-5B are described below. Stock cultures were kept either lyophilized or frozen in a 
medium containing 10 ?~i glycerol. 0.1 '~'o peptone and 20 mM L-malate. 

Media and culture methods 
Cultures were routinely grown on a New Brunswick gyratory shaker at 37 C in 

a minimal salts medium [9], to which sterile 0.1 ,~> peptone and 20 mM L-malate were 
added separately. The above medium was modified by the replacement of inorganic 
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phosphate by 0.1 M Tris. HCI (pH 7.0) and either 5 mM :~-glycerophosphate or 
5 mM inorganic phosphate to obtain phosphate-limited cells. Sulfate-starved cells 
were obtained by growing cells in minimal medium in which MgSO, was replaced with 
MgCI 2, (NH,)2SO 4, with NH~NO 3 and 0.2 mM l-cysteine. Cells were routinely 
harvested from mid-exponential phase, washed three times with large volumes of 
either cold minimal rnedium or the appropriate phosphate- or sulfate-delicient 
medium, or 10raM Tris- HCI (pH 7.0) depending on the particular experiment. 
These cells were resuspended to I.I mgml  (dry wt), and kept on ice for a short time 
prior to the transport experiments. 

I.s'o]alion r~[arse#tale-resislaHl #Httlanl.s 
Cells of B. suhlilis I Aa22, the succinate dehydrogenase mutants, were grown on 

0.5",, peptone, harvested and spread on nutrient agar plates containing 40 mM 
sodium arsenate. Spontaneous mutants which arose at an approximate frequency of 
10 '-7 were isolated after incubation at 37 C l\~r 48, h, and were subsequently purified 
several times on the same media and checked for the parental genetic markers. This 
isolation procedure is essentially similar to that described for Escherichia coli b \  
Medveczky and Rosenberg [10] and Bennett and Malamy [I I]. These strains were 
also routinely maintained on the same selection medium since they were found to 
undergo slow phenotypic reversion. 

]~ra#ls/?orl assays 
Measurements of the transport of radioactive 2,3 -~ 4C-labeled succimite. "~sS- 

labeled sulfate, V'tAs-labeled arsenate, or 32p-labeled phosphate were perl\~rmed 
using the rapid filtration technique previously described [5]. Briefly, reactions were 
carried out in 5 or 10 ml reaction mixtures containing 10 5M radioactive substrates 
and I.I mg dry wt of cells per ml at 37 C. Cells were intermittently filtered through 
membrane filters (0.45 pin pore size: Sartorius), washed with 4 ml of the same incuba- 
tion medium, dissolved in 5 ml of scintillation fluid (PCS, Nuclear Chicago) and 
assayed l\)r cellular radioactivity using a scintillation spectrometer (Nuclear Chicago. 
Mark II). Neither succinate, POt 3 nor AsO43 were chemically altered during 
transport as determined by autoradiography [10]. 

For the determination of transport kinetic data initial rates of transport were 
calculated from the linear uptake measurements at 15-s intervals l\~r 2 rain. Routinely 
boiled cell controls were done in all succinate transport experiments to avoid anoma- 
lous nonspecific binding or complex formation. In no instance was significant back- 
ground binding found to occur. 

Chemicals 
2,3-~ "~C-labeled succinate, 3 2 P-labeled orthophosphate, "~ 5S-labeled sulfate and 

>~As-labeled arsenate were obtained from Amersham Searle Corp. 

RESULTS 

Ion requirement ]br succinate trans7~ort 
Fig. IA illustrates the general ion requirements for succinate transport in 

B. subtilis I Aa22. Ceils resuspended in distilled water were unable to transport 



- -  2 

o 

E 

E ¢- 

tw 
0 L s  

O0 
Z 

,nr 
I-- I.C 

I, Ll 
I-- 

Z 

0 0..~ 

gO 

443 

¢./ _ _ _ _ _ _ o  

B 

o 

j 'y~ 

0 2 4 6 8 10 

M I N U T E S  

Fig. I. Succinate transport into B. subtilis 1Aa22 in response to various cations and anions. Cells 
of the succinate dehydrogenase mutant  previously induced for succinate by growth in the presence 
of  20 mM L-malate were washed (10 mM Tris - HCL pH 7) and incubated in various ion combina- 
tions at pH 7.0 for 10 min at 37 'C  prior to the addition of  2,3-~4C-labeled succinale (10 -s  M, 
O.051tCi/ml). The cells were then quickly filtered and washed with the same buffer. The symbols 
in the graphs indicate the ion source present in the incubation and wash solutions. (A) Distilled 
water (11 I ) :  10ram T r i s - H C I  (O O) ;  10mM K2SO4 (A A); 50raM KzHPO,~ ! KHzPO4 
(O O )  and 5 0 m M  K2SO4 (A ~ ) .  (B) 10raM Fez(SO4)s ( ~  U);  10ram ZnSO4 (O O) ;  
10raM FeSO4 (A A); 10raM NazMoO4 (O O )  and 10mM MnSO4 ( ~  ,~-). Tris control 
(10 mM Tris-  HCI) was the same as in Fig. [A. 

succinate and very low transport  velocities were observed in 10 mM Tris • HCI buffer 
(pH 7.0). Al though low, this concentrat ion of  Tris - HCI buffer was used as a control 
suspension media because it effectively prevented autolysis and provided a low enough 
background of  succinate transport  to compare  the effects of  added ions. Higher 
concentrat ions of  Tris • HC1 (20 100 raM) were inhibitory to dicarboxylate transport .  
Potassium phosphate or potassium sulfate stimulated both succinate transport  and 
accumulat ion in a manner which was concentrat ion dependent. At 50 mM both phos- 
phate and sulfate salts were highly effective (Table 1). Therefore, this system was not 
as ion-specific as has been frequently observed in various microorganisms for the 
transport  of  amino acids [12-17], carboxylic acids [18, [9] or sugars [20, 21 ]. 
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I A  BI.E I 

S U ( ' ( ' I N A T E  T R A N S P ( ) R ' I  I N  T f t E  P R E S E N C E  O F  V A R I O U S  C A T I O N S  A N D  A N I O N S  

B. suhti/i.s I A a 2 2 .  a s u c c i n 4 t c  d c h y d r o g e n a s c  Illkll:411[ \\{l>, i n d u c e d  for  s u c c i n a l c  t r a n s p o r t  by gro~xth 
on mii l in la l  n l ed iun l  at ld 20 filM I - m a l a t c .  Cel ls  were  \ \ a s h e d  in 10 m M  I r i s  HCI buf fe r  (pH vai l  

a n d  r c s t l s p c n d c d  (1. I m g  d ry  \\1 ml)  in the  s a m e  bul'l'er a n d  p r e i n c u b a t e d  \ \ i th  x a r i o u s  s:llt s o l u t i o n s  
tit 50 m M  final c o n c e n t r a l i o n  ul p H  7.0 for  10 rain.  2.3- ~ "~('-Iabelcd s u c c i n a l e  ( 10 " M. 0 .05 ,,~('i ml)  
t r a n s p o r t  ~\as Ihen i n c a s u r c d  {tl v a r i o u s  l ime  ln tc r~a l s  for  l0  rain.  D a t a  {ire exp res sed  as rc la t ixc  
i n i t i a l  ra te  o1" s u c c i n a l c  t r a n s p o r l  { l i l t [  tiN, r c l a l i v e  l i na l  a C c t l n l u l a t i o n  {ll IO l l l i l l .  

Salt  : l ddcd  .% lice ill4[e [ G.II1% pOl-[ 

Rc la t  i', e i n i t i a l  Rch. t t i \  e 

I'UIC {ICCLI nltl]tlt iOI1 

N o n e  1.0 1.0 

K( ' I  1.3 1.0 
NaCI  1.0 0.4 
N H a C I  0.1 0.01 
K N ( ) s  4 .0  1.3 
K 2 H P ( ) a  K t I 2 P ( ) ¢  11).7 12.6 

Na 2 H PO.~ , Na H 2 PO¢ 6.S 2.9 
Na  2 H As() . ,  6.<<4 2.4 

K _, SO,, 5. I 3.2 
Nt l2g()  4 S.2 1. z; 

( N [ [4 }2N()4 4./{ (). 7 
1-i2S()4 ~.0 t.N 
M g S ( ) ¢  11.3 2.S 

( ' t iN()4 O. O I (L0 I 
K eC'r z()v ~. 7 1.9 

I%tas s ium a c e t a t e  2.0 2.2 
P o l a s s i t l m  { iscor  ba le  2 0  2.2 
P o t a s s i u n l  g l u c o n a t e  2.5 2. [ 

The results of a comprehensive investigation of tile ion requirements for 
succinate t ransport  in B. suhlilis I Aa22 are shown in Fig. I B and Tables I and 11. Fig. 
I B demonstrates  that the initial rate of succinate transport  and the final accumulat ion 
varied considerably with the ion source. The initial rate of succinate transport  and the 
linal level of accumulat ion were not always positively correlated. When present with 
di- or irivalent anions the monovalent  cations, K ~, Na ~ and Li ~, stimulated both the 
rate ol" succinate transport  and acctiml, llatioll several-l'old at 10 and 50 m M concentra- 
tions whereas little s t imulat ion was observed when the chloride form of these ions, 
including Rb + and Cs +. were used. The divalent cations were 2 3-fold more effective 
in st imuhiting the initial rate of succinate transport .  However, the resulting linal level 
of accumulat ion was inwtriably found to be lower than that c, bserved with the mono- 
valent cations. Again polyvalent anions were required since neither MgCI2 nor 
CaC12 significantly stimulated succinate transport .  A m m o n i u m  ion when present as 
the chloride was surprisingly markedly inhibitory, as was the heavy metal salt CuSO 4, 
which did not apparently complex with Tris ~ cation since it was equally inhibitory in 
10-2M Tris and 0.1 M N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid 
(HEPES) buffer. T r ime thy lammonium chloride was without effect. The lack of a 
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F A B L E  II 

S U ( ' C I N A T E  T R A N S P O R T  IN TH E P R E S E N C E  OF VARIOUS CA-FIONS A N I )  A N I O N S  

Experiments  ,.','ere carried out as described in Tablc  l, except that cells ~ere  incubated with 10raM 
concentrat ion  of the var ious  ions. 

Salt added 

K('I 
CsCI 
RbCI 
KN(),~ 
NH+NO3 
K('IO ~ 
(7a('12 
Mg(' lz  
Ca(N()  ~)2 
K2SO+ 
Na:SO+ 
I N Ha)2S04 
CoSO.~ 
I"Fi';- S ()a 

Tris-PO+ 
TMA-SO+* 
TMA-CI* 
T M A- F'O+* 

S Lice ]ll~ll.e transporl  

Rclat ive  initial 

rate 

2.3 
2.8 
2.5 
1.0 
0.8 
1.6 
1.2 
1.6 
7.9 
3.6 
3.4 
1.2 

13.6 
0.9 
0.7 
0.10 
0.8 
1.1 

* F M A .  t r imethy lammorf ium.  

Relative 
accunlu la l ion  

2.7 
1.7 
1.6 
1.6 
0.2 
1.0 
0.8 
1.1 
1.8 
3.4 
4.7 
0.9 
2.1 
1.1 
0.7 
l . l  
0.9 
0.9 

specific cation requirement has also been observed For succinate transport in mem-  
brane vesicles of  E. coli [22]. 

Monovalent  anions such as N O 3 -  and C1 were not conducive to succinate 
accumuhttion.  Nitrate (50 m M )  stimulated the transport rate 3~--fold but had little 
effect on the final accumulat ion.  Chloride in the presence of  Na +, K +, Tris + or 
tr imethy lammonium ions was ineffective. Chlorate was only slightly stimulatory. The 
presence of  di- or trivalent anions (SO42 , AsO,, 3 - ,  PO,  ~ , C r 2 0 7 2 -  and MoO+ 2 ). 
however,  were conducive to high transport rates and substrate accumulation,  but not 
when present its the Tris + or t r imethy lammonium salts (Fig. I, Tables I and II). 
Cr20-:" stimulated succinate transport even at low levels ( I mM).  

It is unlikely that osmolar  effects would largely account for the very marked 
changes in succinate transport since both the chloride salts of  various mono-  and 
divalent cations and the Tris or t r imethy lammonium salts o f  various anions have no 
appreciable effect over a wide concentration range (Table I I  and unpublished results). 

Dcj )c l ldc I l¢ . ' c  O, t l  (1111Oll COl lCCI l l ra lJOt l  

When suceinate transport wits studied its a function of phosphate or sulfate 
concentration (Fig. 2), it wits  observed that approx. 20 mM potassium phosphate or 
40 mM sodium sulfitte were maximal for succinate uptake and that the half maximal 
concentration for these ions was each approx. 3 raM. These results indicate that a 
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Fig. 2. Effect of phosphate  or sulfitte ion concentrat ions o11 succinatc Iransport  in B. subtilis I Aa22. 
Cells were induced lkw succinate t ranspor t  and subsequent ly  washed twice with 10 mM Tris • H('I 
(pH 7.0) and resuspended in the same buffer. NazSO., or K2HPOa-KHaPO4 was added with 
2.3-t4C-labeled succinate (10 s M, 0.05 i~Ci!ml) at 0 rain. Samples were liltered at 15-s interwfls for 
2 rain, ~ashed as described in Fig. I and the initial rates of suceinate t ransport  calculated. Sail 

addil ioi ls :  K2HPO4-KH2PO-~ ( { ) :  NaeSO., (O)- 

large dill'erence exists between the kinetic parameters f\~r succinate uptake (Km wtlues 
1.0' 10-4M and 10-3M) [4, 5] and the dependence on ion concentration and also 
demonstrate a lack of stoichiometry between succinate transport and the anion or 
cation requirement. It is therefore unlikely that the inorganic ion stimulation of 
succinate transport is simply due to the formation of a substrate-inorganic cation 
complex on the same transport carrier. The opposite effect has been demonstrated for 
magnesium ion and citrate transport in an aconitase mutant of this microorganism [7}. 

Coordinate derepressio, o f  phosphate attd succinate transport 
The phosphate transport system of Bacilhts cereus has previously been shown 

to be derepressed 2-3-fold by inorganic phosphate starvation [24]. A similar situation 
was found in B. subtilis. Because of the instability of phosphate transport under these 
conditions, cells were grown in low phosphate medium (5 mM phosphate or 5 mM 
DL-:c-glycerophosphate) similar to that previously devised lk)r E. co/i [I I }. Fig. 3A 
demonstrates the increase in 32p-labeled phosphate transport into cells of B. suhli/is 
I Aa22 grown under various conditions of phosphate limitation. Under these condi- 
tions, cells were able to transport phosphate at a 2-3-fold greater rate than cells grown 
in medium with excess phosphate. Similar results have been obtained for B. cereus 
[24]. A nearly identical coordinate increase was also observed for succinate transport 
(Fig. 3B). Phosphate stimulation of succinate transport appears to be related to the 
ability of  these cells to take up and concentrate phosphate from the medium which 
likely excludes any non-specific external cell-surface phenomenon. 

Kinetics o f  succinctte transport in B. subtilis IAa22 
Two different K.,, values have been reported for dicarboxylic acid transport in 
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Fig.  3. D e p e n d e n c e  o f  s u c c i n a t e  t r a n s p o r t  o n  p h o s p h a t e  t r a n s p o r t  in B. subtilis I A a 2 2 .  Ce l l s  w e r e  

gro~n in phosphatc sufficient or limiting phosphate medium, washed in 10 mM Tris • HCI (pH 7.0) 
medium and resuspended in 10raM Tr i s -HCI  (pH 7.0) for the measurement of 3Zp-labeled 
phosphate transport and 2,3-~'*C-labeled succinate transport. For the nieasurement of succinate 
transport 10mM pota_ssium phosphate was added with 2,3-~'*C-labeled succinate at 0rain.  Cells 
in the presence of I0 -5 M 32p-labeled phosphate (0.1yCi/ml) (A) or 10 -5 M 2,3J'*C-labeled 
succinate (0.05/~Ci/ml) (B), were filtered at the indicated time intervals and washed with the same 
incubation media. (A) 32p-labeled phosphate transport by cells growrt on media containing 100 mM 
PO., 2 ( •  A), 5 ram PO42- (/~ /~,l, or 5 ram DL-~-glycerol-phosphate (O O). (B)2.3-~'*C - 
labeled succinate transport by cells grown on some media coded as above. 

B. subtil is [4, 5]. W e  r e d e t e r m i n e d  these  c o n s t a n t s  o v e r  a w ide r  s u b s t r a t e  c o n c e n t r a -  

t i on  range .  T h e  k ine t ics  fo r  th is  sys t em are  in fac t  b i p h a s i c  g iv ing  b o t h  Km va lues  

p r e v i o u s l y  r e p o r t e d  (Fig .  4A) .  At  h i g h e r  c o n c e n t r a t i o n s  (Fig .  4B)  m o n o p h a s i c  

k ine t ics  were  o b s e r v e d  w h i c h  a re  nea r ly  iden t i ca l  to  t h a t  p r e v i o u s l y  r e p o r t e d  [4]. 

I so la t io ,  and characterization o f  arsenate resistant mutan ts  

T w e n t y  s p o n t a n e o u s  a r s e n a t e  r e s i s t an t  m u t a n t s  o f  B. subtilis I A a 2 2  were  

i so l a t ed  as d e s c r i b e d  in E x p e r i m e n t a l .  T w o  m u t a n t s  (4-2B a n d  4 -5B)  se lec ted  l\~r 

f u r t h e r  s t u d y  were  r e s i s t a n t  to  40 m M  c o n c e n t r a t i o n s  o f  a r s e n a t e  a n d  were  no t  
d e p e n d e n t  on  a r s e n a t e  fo r  g r o w t h .  T h e s e  s t r a i n s  r e q u i r e d  h igh  levels o f  p h o s p h a t e  

( )  5 m M )  For g r o w t h  bu t  g rew well on  low c o n c e n t r a t i o n s  o f  I ) L - 7 - g l y c e r o p h o s p h a t e  
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indicating no apparent defect in organic phosphate transport. Figs 5A  (7 demon- 
strate that such mutants were not only defective in phosphate (Fig. 5A) and arsenate 
transport (Fig. 5C), but also were unable to effectively transport and accumulate 
succinate in the presence of phosphate as the stimuhiting anion (Fig. 5B). Strain 
I Aa22 is unable to take up 7aAs-labeled arsenate when grown on high phosphate 
medium (unpublished results), and can. only be shown to do so when grown on 
limiting phosphate {Fig. 5C). Strain 4-5B is unable to incorporate arsenate under 
either of these growth conditions. These mutants showed no apparent defect in the 
uptake of aspartate, glutamate, proline, leucine or i)-glucose when grown under 
phosphate, repressed or derepressed conditions (unpublished data), ernphasizing the 
specificity of this effect. 

E{]~,ct oJ medium composition arm low temperature o17 phosphate-stimulated succinate 

transport in strains IAa22 and 4-5B 
Incubation of strain IAa22 cells with 10raM phosphate for 10rain prior to 

succinate transport resulted in the stimulation of succinate transport after growth on 
either high or limiting phosphate (Figs 6A and B). Little or no effect was observed on 
strain 4-5B grown on high phosphate (Fig. 6A), however, but a marked enhancement 
of succinate transport was observed with 4-5B cells grown on limiting phosphate 
{Fig. 6C). When IAa22 cells were chilled on ice with IO mM phosphate no signiticant 
change in phosphate-stimulated succinate transport was observed (Fig. 6B), but 
chilling of mutant 4-5B under identical conditions restored succinate transport to 
levels approaching that exhibited by lAa22 cells (Fig. 6C). Nonspecific permeabilit3 
at low temperatures due to "cold shock" has been reported [25, 26], and it is likel,x 
that 4-5B cells are made permeable to phosphate ions in this manner. These data 
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Fig. 5. T r a n s p o r t  o f  p h o s p h a t e  (A),  succ ina t c  (B), and  a r sena t e  (C)  by B. subtilis I A a 2 2  and  its 
a r s ena t e  res i s tan t  de r iva t ive  4-5B. Cel ls  `,','ere g rown  in h igh  p h o s p h a t e  m i n i m a l  m e d i u m  l\)r .~2p_ 
labeled p h o s p h a t e  and  2 ,3 - t4C- l abe led  succ ina te  u p t a k e  and  on 5 r a M  DL- 'z -g lycerophosphate  for 
" 4 A S - l a b e l e d a r s e n a t e  u p t a k e  (since cel ls  g rown  on high p h o s p h a t e  did not  shov, any  de tec tab le  
level o f  a r sena t e  t r a n s p o r t  ). Cel ls  were washed  three  t imes  wi th  10 m M  T r i s .  HCI (pH 7) (A. ( ' )  
o r  10 mM Tris  • HCI (pH 7.0) c o n t a i n i n g  10 m M  p o t a s s i u m  p h o s p h a t e  (B) and  r e suspended  in the 
s a m e  buffer used for the wash.  These  cel ls  were used for the t r a n s p o r t  assay o f l 0  s M ~ZP-labeled 
p h o s p h a t e  10.1 /~C/ml) 2 ,3 - 'ZC- labe led  suec ina te  ( 0 . 0 5 y C i / m l )  and  10 s M 7"~As-labeled a r sena te  
(0.1 y C i : m l l ,  for 10 rain. S t ra in  IAa22  ( O ) :  s t ra in  4-5B lc?~). 

Fig. 6. Effect o f  p h o s p h a t e  p r e i n c u b a t i o n  on succ ina te  t r a n s p o r t  in B. suhtilis s t r a ins  IAa22  and  
4-5B. In A, cel ls  were p rev ious ly  gro',vn in h igh  p h o s p h a t e  c o n t a i n i n g  media  but  were washed  three 
t imes  in 10 mM Tris  - HCI tpH 7.01. 2 ,3 -"*C- labe led  succ ina t e  t r a n s p o r t  :','as m e a s u r e d  by the tlsual 
f ih ra t ion  m e t h o d  at I0 s M. The  i so tope  was  a d d e d  10 min a f te r  p r e i n c u b a t i o n  v.'ith 10 m M  PO.,t 2 
in s t ra ins  I A a 2 2  ( O  O ) a n d  4-5B ( ~  ~,) or  s i m u l t a n e o u s l y  in I Aa22  (C' <?). Ident ica l  va lues  
were o b t a i n e d  wi th  or w i t h o u t  p r e i n c u b a t i o n  in 4-5B. In B and  C. cel ls  ,.,,ere first g rown  in Io~', phos-  
p h a t e  m e d i u m  1 5 r a m  PO42 L 1Aa22 (B) or  4-5B (C). Ce l l s  `,'~.ere then  i ncuba t ed  wi th  1 0 r a m  
PO.,, z lbr  10 min  p r io r  to  the a d d i t i o n  o f  2,3-~'*C-labeled suec ina t e  ( O  O )  or  bo th  PO,,,.-' and  
label  were  added  toge the r  I:?-', (%). or  the cel ls  were p r e i n c u b a t e d  wi th  1 0 r a M  P()a. 2- at 0 C for 
6 0 r a i n  ( / ' ,  / ~1 .  
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suggest that the primary effect of these inorganic anions on succinate transport is 
manifested intracellularly by a mechanism that is only indirectly related to phosphate 
ion uptake. 

Acetylphosphate, glucose 6-phosphate and ~.-glycerophosphate were all 
stimulatory to succinate uptake in strain 1Aa22, but not appreciably in 4-5B, when 
these cells were grown on a high phosphate medium (Table Ill). However, these same 
organic phosphate esters, as well as inorganic phosphate, were more stimulatory when 
the cells of 4-5B were previously grown under phosphate limiting conditions. These 
results and those described earlier (Fig. 6C) suggest that on phosphate limitation the 
system(s) capable of transporting both phosphate esters and inorganic phosphate 
derived from these esters can supply the required phosphate for succinate transport. 
These strains were capable of hydrolyzing organic phosphate esters since they were 
able to use each of the above organic phosphates as a sole phosphate source for 
growth. Extracts were also shown to contain a non-specific phosphomonesterase, and 
were able to release phosphate from DL-~-glycerophosphate (unpublished results). 

E[]i, ct of  sulfate and phosphate starvation on succinate transport in s/rains 1Aa22 and 
4-5B 

Succinate transport was not stimulated by various other polyvalent anions in 
mutant 4-5B when grown on high phosphate (Fig. 7), demonstrating a lack of 
specificity of the system responsible for the stimulation of dicarboxylate transport. 

Figs 8 A - F  describe the comparative effects of anions on succinate transport in 
strain IAa22 and the arsenate resistant derivative 4-5B under conditions of sulfate 

_~ 1.2 

E 1.C 

c O.8 
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l ie 

w 0.4 
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0 0 . 2  

6') 
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. / "  

4 8 10 
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Fig.  7. D e p e n d e n c e  o f s u c c i n a t e t r a n s p o r t  by B. subtilis I A a 2 2 a n d  4 -5B cel ls  o n  p h o s p h a t e ,  su l f iue  
a n d  a r s e n a t e .  Cel ls  were  g r o w n  ol3 h igh  p h o s p h a t e  m i n i m a l  m e d i u m  c o n t a i n i n g  20  m M  l . -ma la t e ,  
w a s h e d  a n d  r e s u s p e n d e d  in 1 0 m M  T r i s .  HCI  ( p H  7.0) .  F o r  m e a s u r e m e n t  o f  2 , 3 - 1 4 C - l a b e l e d  
s u c c i n a t e  t r a n s p o r t  (O.05/tCi/ml in 10 - 5  M)  I A a 2 2  cel ls  were  p r e i n c u b a t e d  fo r  10 ra in  w i t h o u t  a n y  
s a h  a d d e d .  T r i s  c o n t r o l  ( @ )  o r  wi th  10 m M  N a 2 H  PO4  ~ N a H z P O 4  ( O ) ,  4 -5B cells  were  p r e i n c u b a t -  
e d  w i t h o u t  a n y  sa l t  a d d e d .  Tr i s  c o n t r o l ,  w i th  10 m M  a n d  50 m M  N a 2 H A S O , ,  ( ~ ) ,  10 m M  a n d  50 
m M  N a 2 H P O 4  - N a H z P O , ~  ( A ) ,  o r  l0  m M  a n d  50 m M  N a z S O . ,  (C)) 
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Fig. 8. S t i m u l a t i o n  o f  s u c c J n a t c  t r u n s p o r t  in still 'ale a n d , o r  p l l o s p h u t e  star~cd cells o1" B..vuhli lM 

I Aa22  a n d  4-5B.  Cells  x~cl-c gro~xn e i t h e r  on  l i m i t i n g  stil l 'ale ( 0 . 2 r a m  c y s t e i n e t  (A a n d  B), o r  on  
l i m i t i n g  p h o s p h a t e  {5 m M  n l - - / _ -g lyce rophospha t e}  (C u n d  D),  o r  on l i m i t i n g  sul | ' i l lc a n d  l i m i t i n g  
p h o s p h a t c  m e d i u m  (E a n d  F). 2 , 3 - J a C - l u b e l c d  s u c c i n a t c  t r a n s p o r t  ~ a s  m e a s u r e d  by f i l t r a t ion  :it 

10 • M in the  p re sence  o l '~a l - ious  ions :  A ( 1 A a 2 2 ) a n d  B I 4 - 5 B ) , T r i s  c o n t r o l  I ), 10 m M  K2S().~ 
i O  O I ,  u n d  5 0 r a M  K2S( )4  I . . ) :  ( ' ( I A a Z 2 )  a n d  D(4 -5B)  Tr i s  c o n t r o l  ( ); 1 0 m M  
N u e H A S ( ) a  (@ @ I; 50 m M  N a e l t A S O . ~  { , ) :  F. i l A n 2 2 )  a n d  F t4 -5B)  Tr i s  ( ' o n t r o l  (, t: 

10 m M  KeN()a  (@ • ) ~ i n d  50 m M  K a S O a  ( , I .  

and/or phosphate starvation. Sull'ate starvation did not permit this ion to stimulate 
succinate transport in 4-5B (B), however, starvation for both sulfate and phosphate 
(Fig. 8F) peri-nitted the regain of sulfate stimulated transport. Phosphate starvation 
only permitted the regain of phosphate or arsenate stimulated transport (Fig. SD). 
These results suggest that the arsenate resistant strains grown on high phosphate 
media are defective in an inorganic anion transport system which profoundly a|]'ccls 
dicarboxylate transport and that the concomitant defect with respect to succinate 
transport can be overcome through the regain of a specific phosphate transport 
system or another anion transport system. Repealed attempts to demonstrate 
-~sSO.~2 transport in any of these cells were unsuccessful because of a technical 
difficulty due to poor sullitte retention, a situation previously reported for Salmottella 
typhimurium [27]. 
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T A B L E  IV 

K I N E T I C  P A R A M E T E R S  F O R  I N O R G A N I C  P H O S P H A T E  T R A N S P O R T  IN B. S U B T I L I S  

S T R A I N S  I A a 2 2  A N D  4-5B 

Cei ls  were  g r o w n  in e i t h e r  i n o r g a n i c  p h o s p h a t e  o r  m , - : z - g l y c e r o p h o s p h a t e  c o n t a i n i n g  m e d i a  a n d  were  
w a s h e d  severa l  t imes  a n d  r e s u s p e n d e d  in t 0 m M  T r i s - H C I  ( p H  7.0)  fo r  t r a n s p o r t  e x p e r i m e n t s  

as  d e s c r i b e d  in E x p e r i m e n t a l  P r o c e d u r e s .  

S t r a i n  Gro\~  th m e d i u n l  K,, V 
( m M )  ( n m o l / m i n . m g  cells)  

I A a 2 2  100 c a m  PO.~ 2 0.1 1.3 
3.9 40 .0  

4 -5B 100 m M  PO.~ z 
4 -5B  5 m M  I ) I - ~ - G P  0.1 2.5 

3.0 33.0 

Kinetics of  phosphate transport in strains IAa22 am/4-5B 
Table IV lists the kinetic parameters obtained from a study of  phosphate 

transport as a function of  concentration in both phosphate sufficient and deficient 
cells by strains 1Aa22 and 4-5B. Strain 1Aa22 possesses two kinetically distinct 
systems for phosphate transport of  high and low affinity. Under similar phosphate 
sufficient conditions no meaningful data could be obtained from strain 4-5B due 
primarily to the low uptake rates exhibited by this strain. Under phosphate limiting 
culture conditions, strain 4-5B regained the ability to transport phosphate by system(s) 
similar to that kinetically described for IAa22 grown in excess phosphate. Apparently 
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Fig. 9. A. Ftlte o f  ~q~-labcled o r t h o p h o s p h a t c  ill I A a 2 2  cells g r o , a n  on h igh  p h o s p h a l e  min in l a l  
m e d i u n l  c o n t a i n i n g  20 m M i -n la l a t e .  Cel ls  ,.,,ere v, a s h c d ,  r e s u s p e n d e d  a n d  preincul '~ated l'or 10 rain in 
10 t a M I r i s  H C I ( p H  7.0) p r i o r  t o  i n c u b a t i o n  w i t h ' ~ 2 p - l a b e l e d o r t h o l ~ h o s p h a t e a t  10 s M. At 5 rain 
10 2 M s u c c i n a t c  \ ' ,as a d d e d  a n d  "~2P-labeled o r t h o p h o s p h a l e  u p t a k e  me~lsuremenls  c o n t i n u e d  i .  cells 
~vilhoul ( , )  a n d  \ \ i lh  s u c c i n a t e  ( O ) .  Inser t  f igure  shox\s  the  fa te  o f  3 2 p - h b c l c d  o r t h o p h o s p h a t e  
in cells  l abe l l ed  at  10 s M l\~r 5 rain as a b o v e  oil a d d i t i o n  o f  10 4 M succ ina t e .  3 - ' P - l u b e l e d o r t h o -  
l~hospha le  was  m e a s u r e d  in cells ~ i t h o u t  ( )  a n d  ;vilh StlCcinale ( O ) .  B. Fa te  o f  a - 'P - labe led  o r t h o -  
p h o s p h a t e  in cells  l abe l led  for  l0  rain at  I m M  linal  c o n c c n t r a t i o i i .  -~ZP-lubeled o r l h o p h o s p h a t c  
~ a s  m e a s u r e d  in cells ~ i t h o u l  ( , ) )  ~md ~ i t h  20 m M  s u c c i n a t e  ( Q ) .  
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strains 4-5B and 4-2B are profoundly repressed l\)r phosphate transport under growth 
conditions in excess phosphate. Strain I Aa22 was unable to transport arsenate when 
grown in media containing high inorganic phosphate, but was active after phosphate 
limitation (Fig. 5C). Thus the phosphate-arsenate transport system appearing after 
phosphate limitation differs from systems operating after growth in the presence of 
excess inorganic phosphate by virtue of substrate specificity. Multiple phosphate 
transport systems have been reported also for E. colt [11] where an arsenate, and a 
phosphate-arsenate system have been lost through arsenate resistance. 

T/le fale q/iHlrac~'//ular iHo#'guHic pDO.sT~hale iH the l~#'e,~z'#lce oJ,sm'ci##ul{" 
When cells of the succinate dehydrogenase mutant I Aa22 were preloaded with 

inorganic phosphate at widely varying concentrations the addition of unlabelled 
succinatc caused no apparent eittux of phosphate from the cells, rteither during the 
uptake of phosphate (Fig. 9A), nor from phosphate loaded cells (Fig. 9B). Simihir 
results were obtained with cells preloaded with succinale and washed or exposed to 
excess phosphate (unpublished data). These data demonstrate that the phosphate 
anion requirement is not due to the avaihtbility of counterflow anions and rule out the 
existence of an exchange-diffusion transport mechanism 

I)ISCUSSI()N 

The maintenance of ionic equilibrium during the transport of charged melab- 
oliles, in. particular Krebs cycle intermediates, in living cells could occur by several 
possible nlechanisms. First, a cation or proton may be transported with an anionic 
form of metabolite stoichiometrieally. This could occur either by the transport of the 
salt l\~rm of the metabolite by a specific transporter, by the cotransport of the cation 
by another site on the metabolite transporter in an anionic form or by the simulta- 
neous operation of a specific cation transport system coordinated to preserve electro- 
neutrality. Alternatively, ionic equilibrium could be maintained by an exchange- 
difl'usion process in which excess anions are pumped out of the cell in response 1o 
transported dicarboxylate or tricarboxylate anions; a mechanism which could 
possibly supply the energetic requirements for active transport. As with cations this 
process could presumably occur either via the same carrier or b\ a separate site 
operating in response to the energy charge in the cell. 

Several recent reports have indicated that Krebs cycle carboxylic acids are 
transported as artions in wtrious bacterial cells [4, 5, 28, 29]. In B. sHblilis citrate was 
shown to be stoichiometrically transported with magnesium !on by a system specific 
for divalent cations [7]. In Aerobacler aeroge#w,v citrate transport was shown to have ;l 
specific requirement for either sodium or potassium in two separate conflicting 
reports [18, 19]. These cation specificities are apparently not adhered to during 
dicarboxyhtte transport in B. sM~lilis since all cations tested were stimulatory onl 3 
when present with polyvalent anions, with the exception of ammonium, Tris, tri- 
methylammonium and heavy metal ions. E. colt membrane vesicles do not appear to be 
particularly cation specific for succinate transport either [22], and succinate uptake in 
4zolobacter ~'iHelwTUii as measured by succinate oxidation appears to be similar [29]. 
Although divalent cations (Mg e+. Mn -'+, Ca e+, Co -'+ ) were consistently good 
~,timuhitors of succinate transport in B..vt~Dlili,v, there is always the possibility that 
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these ions may tend more to stabilize the microbial membrane rather than specifically 
participate in a transport process [31]. Furthermore, dicarboxylate competition data 
demonstrated that at least one ionized carboxyl was required for succinate transport 
[5]. if magnesium ions and succinate were transported as a complex then two sub- 
strate molecules would be required. Our data, however do not exclude the possibility 
that the cations are transported by separate specific cation transport systems to 
achieve electroneutrality [31, 32]. These studies are now in progress. 

The requirement for polyvalent anions, for dicarboxylate transport is appar- 
ently unique and raises the fundamental question as to whether such anions are used 
in a counter-transport mechanism to maintain electroneutrality as demonstrated for 
the k-malate-phosphate exchange system in mitochondria [I, 2]. The coordinate 
increase in phosphate-stimulated succinate transport and phosphate transport by 
growth in low phosphate media and the isolation of mutants simultaneously defective 
in both phosphate and phosphate-stimulated succinate transport argue in favor of the 
requirement for inorganic anions to facilitate succinate transport. The regain of  
phosphate-stimulated succinate transport in mutant 4-5B by pre-incubation with 
excess phosphate at 0 C and the stimulation of succinate transport by organic 
phosphates suggests that the anion requirement occurs intracellularly. 

If anions are required intracellularly then their effect would not seem to be as 
specific as found for the mitochondrial system. That is either PO4 3 o r  SO,~ 2 etc. 
will suffice as the required ion. This indicates an unusual lack of specificity with 
regards to most microbial ion transporting systems. It is apparent from our data 
(Figs 9A and B) that these anions neither counter-transport dicarboxylate anions by 
the same transporter nor exit from the cell either by various specific ion transporters or 
by some general ion equilibrating system in response to dicarboxylate anions. However 
other anions such as HCO3- ,  a logical candidate as an end product of respiration, or 
perhaps even OH could possibly suffice in this regard. 

Intracellular inorganic anions are perhaps required for stabilization of the 
succinate transport system but are not required as counter-transport ions. In this 
,'egard it would seem unlikely that anions would stabilize only dicarboxylate transport 
and not various amino acid or hexose transport systems. There is clearly a third 
alternative to explain the requirement for inorganic anions: that is that polyvalent 
inorganic anion transport is coordinated by cation transport, either cotransported by 
lhe same carrier or by specific carriers. This possibility is currently being investigated 
in various cation transport mutants. In this context it should be noted that intra- 
cellular phosphate greatly stimulated the accumulation of the cation dibenzyl- 
dimethylammonium chloride and also circumvented the inhibition o1" proline uptake 
by Na + in E. coil membrane vesicles [36]. 

Membrane vesicles of B. subtilis have been shown to accumulate carboxylic 
acids in a respiration-dependent manner [34], similar to that described for the 
transport of various metabolites by membrane vesicles of E. coli [35]. Recently it was 
demonstrated that E. coli vesicles formed a respiration-dependent membrane poten- 
tial [36], which apparently could be directed toward active transport. If a common 
system (exterior positive and interior negative) were operating in B. subrilis during 
respiration it would underline the necessity for some charge compensating mechanism 
for dicarboxylate transport since transport as an ion would be against the respiration 
established electrogenic gradient. In this regard it is also of interest to speculate on the 
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n a t u r e  o r  t h e  m o b i l i z a t i o n  o f  e n e r g y  to  e f fec t  a c t i v e  t r a n s p o r t  o r  d i c a r b o x y l a t e ~ , .  

S i n c e  a l m o s t  all  o f  t h e  s u c c i n a t e  e x i s t s  a s  t h e  d i a n i o n  a t  p H  7.0,  it is p o s s i b l e  t h a t  if 

r e s p i r a t i o n  s e t s  u p  a n  e l e c t r o c h e m i c a l  g r a d i e n t  by p r o t o n  e x t r u s i o n  in B. ,s'uhlilis t h e n  

a p r o t o n  m a y  p o s s i b l y  a c c o m p a n y  d i c a r b o x y l a t e  t r a n s p o r t  a t  a c a r b o x y l  g r o u p  

e f f e c t i v e l y  n e u t r a l i z i n g  it w h i l e  s i m u l t a n e o u s l y  a c t i n g  as  t h e  d r i v i n g  f o r c e  fo r  a c t i \ c  

t r a n s p o r t .  O n e  c a r b o x y l  o f  t h e  c i t r a t e  m o l e c u l e  s i m i l a r l y  is a v a i l a b l e  l\~r a s i m i l a r  

a c t i v i t y  [7]. 
T h e  t r a n s p o r t  o r  i n o r g a n i c  p h o s p h a t e  in B. subl i / i s  is a l s o  o f  b a s i c  i n t e r e s t .  

C l e a r l y  a t  l ea s t  t w o  t r a n s p o r t  s y s t e m s  o p e r a t e  w i th  d i s t i n c t  k i n e t i c  p a r a m e t e r s ,  w h i c h  

a r e  d e r e p r e s s e d  by  g r o w t h  in l o w  p h o s p h a t e  m e d i a .  A r s e n a t e - r e s i s t a n t  m u t a n t s  a p p e a r  

to  be  s i m i l a r  to  t h e i r  p a r e n t  h o w e v e r ,  t h e y  a r e  m o r e  s t r o n g l y  r e p r e s s e d  by  p h o s p h a t e  

i ons .  A t h i r d  t r a n s p o r t  s y s t e m  m u s t  a l s o  be o p e r a t i n g  s i n c e  a r s e n a t e  t r a n s p o r t  is o n h  

m e a s u r a b l e  in  p h o s p h a t e  s t a r v e d  ce l l s ,  in e i t h e r  p a r e n t a l  o r  a r s e n a t e  r e s i s t a n t  ce l l s .  

A l s o  p h o s p h a t e  c o m p e t i t i v e l y  i n h i b i t s  a r s e n a t e  u p t a k e  in b o t h  o f  t h e s e  s t r a i n s  as  h a s  

a l s o  b e e n  s h o w n  in  B. c e r e u s  [24]  a n d  K. coil  [11].  

A ( ' K N O W L k A ) ( i E M  ENTS 

T h i s  w o r k  w a s  s u p p o r t e d  by t h e  N a t i o n a l  a n d  M e d i c a l  R e s e a r c h  C o u n c i l s  o f  

C a n a d a .  W e  a r e  g r a t e f u l  to  M.  C a m e r o n  a n d  V. F i s h e r  f o r  t e c h n i c a l  a s s i s t a n c e .  
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