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SUMMARY 

1. The oxidation of Krebs-cycle intermediates in ,4zotobacter vinelandii is in- 
hibited by the uncouplers carbonyl cyanide p-trifluoromethoxyphenylhydrazone and 
carbonyl cyanide m-chlorophenylhydrazone, and energy-transfer inhibitors such as 
oligomycin, N,N'-dicyclohexylcarbodiimide or Dio-9. 

2. Uncouplers and energy-transfer inhibitors have a synergistic inhibitory effect. 
3. Under aerobic conditions no rapid exchange diffusion of C4-dicarboxylates 

is observed. 
4. Cells retain their accumulated metabolites under anaerobic conditions. Under 

these conditions uncouplers or energy-transfer inhibitors induce an efflux of metabo- 
lites. 

5. Under anaerobic conditions exchange of intracellular for extracellular di- 
carboxylates is observed. 

6. It  is concluded from these results that in .4. vinelandii Krebs-cycle inter- 
mediates are transported at the expense of energy. There are strong indications for 
a direct involvement of ATP in this energy-requiring process. 

INTRODUCTION 

Accumulation of Krebs-cycle intermediates by bacteria against an electro- 
chemical gradient requires, by definition, the input of energy. However, the coupling 
between transport  and energy supply is still a matter  of debate (for a review see ref. 1). 
According to Kedem 2 we may speak about active transport when there is an inter- 
action between the flow of  a substrate across the membrane and a metabolic reaction. 
In this case there is no chemical change of the substrate during the transport  process 
and the connection between the two processes can be very remote. Another type of 
transport  is designated group translocation 3, in which the solute is converted during 
the transport  process. An example is the transport of  several sugars in bacteria, 
yielding intracellular sugar phosphates 4. 

Abbreviations: FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; CCCP, car- 
bonyl cyanide m-chlorophenylhydrazone; DCCD, N,N'-dicyclohexylcarbodiimide; HQNO, 2- 
heptyl-4-hydroxyquinoline-N-oxide. 
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Little is known about the energetics of the transport of Krebs-cycle intermedi- 
ates in bacteria, although it has been demonstrated that these anions can be accumu- 
lated against a concentration gradient both in intact cells 5'6 and bacterial vesicles v'8. 
The study of this process is complicated, at least in Azotobacter vinelandii, by the 
fact that substrates, once accumulated, are oxidized rapidly via the Krebs cycle. We 
have shown, however, in an earlier paper 9 that the accumulation of di- and tri- 
carboxylates in A. vinelandii is inhibited by uncouplers of oxidative phosphorylation. 
A similar dependence on energy supply has been reported for anion transport  in 
Bacillus subtilis 5' J o Pseudomonasl~, Escherichia coli 6 and Aerobacter aerogenes 12. 

We have investigated the effect of  uncouplers and inhibitors of oxidative phos- 
phorylation on the accumulation of Krebs-cycle intermediates in somewhat more 
detail, in order to be able to compare it with results obtained with sugar and amino 
acid uptake in bacteria (c f  ref. 13). In particular we have investigated the possible 
role of exchange diffusion in A. vinelandii, since it has been reported that in other 
bacteria exchange of endogenous for exogenous anions can be observed s' ll. ~4 under 
certain conditions, comparable perhaps to the process in mitochondria 15'16. This 
may teach us something about the coupling between transport and energy supply 
and mutual coupling between fluxes. 

METHODS 

A. vinelandii (strain ATCC 478) was grown, harvested and washed as described 
in ref. 9. 

The rate of oxygen uptake was measured polarographically at 25 °C with a 
Clark electrode in a medium containing 25 mM Tris-HCl,  10 mM KCI, 0.5 mM 
EDTA and protein (about 0.3 mg/ml), final pH 7.6. The reaction was started by 
addition of the substrate. 

Oxidative phosphorylation in intact cells was measured at 25 °C essentially as 
described in ref. 17. I f  inhibitors were present, cells were preincubated for 1 min with 
the compound before addition of oxygen. 

Fumarate and L-malate were determined according to Schoner is. Pyruvate, 
oxaloacetate and citrate were determined according to Williamson and Corkey 19. 

Exchange (diffusion) under anaerobic conditions 
Cells were incubated in a vessel, containing a Clark electrode and an inlet to 

blow nitrogen over the solution, in a medium containing 25 mM Tris-HC1, 10 mM 
KCI, l~C-labelled substrate and 1 mM EDTA if required, final pH 7.6. The concen- 
tration of oxygen was monitored with the Clark electrode. Upon anaerobiosis, 
nitrogen (oxygen content 3 ppm) was blown over the solution to keep it anaerobic. 
Samples were taken with a syringe and centrifuged quickly in a Coleman micro- 
centrifuge as described in ref. 9. Additions were made anaerobically by flushing the 
solution with nitrogen before addition. 

Chemicals 
[1,4-14C2 ]Succinate, [2,3-14C2 ]succinate, [1,4-14C2 ]fumarate, [2,3-t4C2 ]fuma- 

rate and 3H20 were obtained from the Radiochemical Centre, Amersham. 
All purified enzymes were obtained from Boehringer und Soehne. N,N'-dicyclo- 
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hexylcarbodiimide (DCCD) and 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO) were 
obtained from Koch-Light  Laboratories and Sigma, respectively. 

The following compounds were gifts: Dio-9, Gist-Brocades N.V.; oligomycin, 
Upjohn Chem. Co. ; valinomycin and nigericin, Eli Lilly and Comp. ; carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone (FCCP) and carbonyl cyanide m-chlorophenyl- 
hydrazone (CCCP), Dr P. Heytler. 

RESULTS 

Effect of  uncouplers and inhibitors on oxidation in intact cells 
Fig. 1 shows that preincubation of succinate-grown ceils with 1.0 #M FCCP 

leads to complete inhibition of the succinate oxidation. The same concentration of 
FCCP added after the oxidation has reached its steady-state value has much less 
effect. Addition of FCCP at intermediate rates of oxidation leads to different per- 
centages of inhibition (Fig. 1). 

s u c c i n a t e  
II 
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Fig. 1. Effect of FCCP on the oxidation of succinate by succinate-grown cells. Succinate-grown 
cells were incubated in a medium containing 25 mM Tris-HCl, 0.5 mM EDTA and 6 mM KC1, 
final pH 7.6. The reaction was started by the addition of 6 mM potassium succinate. The oxygen 
consumption was measured as described in Methods. Curve 1, no further addition; Curve 2, 
cells were preincubated for 1 rain with 1.0#M FCCP; Curve 3, 4 and 5, 1.0#M FCCP was 
added 0 s, 10 s and 30 s, respectively, after the substrate. 

Fig. 2 shows the oxidation rate as a function of the FCCP concentration (1 min 
preincubation). In the absence of EDTA little inhibition is observed, presumably 
because the cell wall is impermeable to FCCP z°. Similar results have been obtained 
with other Krebs-cycle intermediates, such as fumarate, L-malate, citrate and 2-oxo- 
glutarate, suggesting that the transport of these anions across the cytoplasmic mem- 
brane requires energy. 

The oxidation of succinate can also be inhibited by inhibitors of oxidative 
phosphorylation, such as oligomycin, Dio-9 (Fig. 3) or DCCD (not shown). 1 min 
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Fig. 2. Succinate oxidation as a function of the FCCP concentration. Succinate-grown cells 
(0.16 mg protein/ml) were incubated in a medium containing 25 mM Tris-HCl and 10 mM KCI, 
final pH 7.6. Oxidation was started by the addition of 6 mM succinate. If required, 1 mM EDTA 
was added. Cells were preincubated for 1 rain with the concentration FCCP indicated. - , 
succinate plus EDTA; O--O, succinate. 

Fig. 3. Effect of Dio-9 and oligomycin on the succinate oxidation. Succinate-grown cells (0.3 mg 
protein/ml) were preincubated for 2 min with the inhibitor in a medium containing 25 mM 
Tris-HCl, 10 mM KC1 and 0.5 mM EDTA, final pH 7.6. Oxidation was started by the addition 
of 6 mM succinate. 

preincubation with 66 # M  D C C D  leads to 86% inhibition of  succinate oxidation. 
This is in contrast,  for instance, to the aerobic proline uptake in E. coli, which is 
almost completely insensitive to D C C D  even after several hours preincubation, as 
reported by Klein and Boyer 13. Al though the precise mechanism by which these 
compounds  inhibit bacterial oxidative phosphorylat ion is not known (for a review 
see refs I and 21), several results suggest that  they act directly on the ATP synthesis. 
Table I shows that  in A. vinelandii D C C D ,  Dio-9 and F C C P  indeed inhibit ATP  
synthesis in intact cells (higher concentrat ions o f  the various inhibitors are required 
in these experiments, because the protein concentra t ion was higher). From these 
results it can be concluded that  AT P  itself is involved in the t ransport  of  Krebs-cycle 
intermediates in A. vinelandii. Uncouplers  cannot  release the inhibition of  the suc- 
cinate oxidation by inhibitors like oligomycin or Dio-9. 

An  interesting result is obtained when inhibitors like oligomycin and uncouplers 
like F C C P  or C C C P  are added together. Fig. 4A shows that  succinate oxidation is 
nearly maximal in the presence of  a sub-optimal concentrat ion of  Dio-9 (Curve l). 
C C C P  added during the steady-state oxidation has very little effect. However, cells 
preincubated with the same sub-optimal concentrat ion of  Dio-9 as before now become 
inhibited almost  completely after addit ion o f  CCCP.  The same synergistic effect can 
be observed with D C C D  (Fig. 4B) or oligomycin (not shown) instead of  Dio-9. This 
behaviour is observed only with energy-transfer inhibitors. Neither fluoroacetate, an 
inhibitor o f  the Krebs cycle, nor  H Q N O ,  an inhibitor o f  the respiratory chain, behave 
like Dio-9 or oligomycin. 

Al though it could be argued that  these inhibitors have indirect effects on the 
oxidation via the Krebs cycle, two observations make this unlikely. First, glucose 
oxidation is not  inhibited by these compounds ,  a result also found in E. coli (Postma, 
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TABLE I 

EFFECT OF UNCOUPLERS AND INHIBITORS ON THE ATP SYNTHESIS IN INTACT 
A Z O T O B A C T E R  V I N E L A N D H  

Sucrose-grown cells were incubated anaerobically in the absence or presence of different inhibitors 
or uncouplers, in a medium containing 25 mM Tris-HCl, 10 mM KCI and 2 mM EDTA, final 
pH 7.6. ATP synthesis upon addition of a small amount of oxygen was measured as described 
in ref. 17. Temp., 25 °C. 

Inhibitor or A A T P  
uncoupler (nmoles/mg protein) 

Expt 1 

Expt 2 

Expt 3 

- -  3.3 
3 FM FCCP 0.8 

10 FM FCCP 0.2 

- -  2.6 
50/~g/ml Dio-9 2.4 

150 #g/ml Dio-9 0.9 

- -  3.1 
200 #M DCCD 3.1 
230/~M DCCD 1.4 
260 pM DCCD 0.6 
300/zM DCCD 0.3 

® 
t ( ~  It " 

t 
0 

Fig 4. Effect of uncouplers and inhibitors on the succinate oxidation by intact cells. Succinate- 
grown cells were incubated in a medium containing 25 mM Tris-HCl, 10 mM KCI, 0.5 mM 
EDTA and 6 mM succinate. The reaction was started by the addition of the substrate. (A) Curve 1, 
cells preincubated for 1 min with 13/~g/ml Dio-9; Curve 2, CCCP (1.3/tM) added 30 s after 
succinate; Curve 3, cells preincubated for 1 min with 13/~g/ml Dio-9, after 30 s 1.3/zM CCCP 
was added. (B) Curve 1, no addition; Curve 2, CCCP (1.3/~M) was added 10 s after succinate; 
Curve 3, cells preincubated for 1 min with 30/~M DCCD; Curve 4, cells preincubated for 1 min 
with 30 IzM DCCD, 1.3 #M CCCP added 10 s after succinate. 



96 P.w. POSTMA et al. 

P. W., unpublished results). Furthermore, inhibitors, such as DCCD or Dio-9, as 
well as uncouplers, such as FCCP, inhibit ATP synthesis as measured in intact cells 
but do not inhibit oxidation of the endogenous NADH. 

Exchange diffusion under aerobic conditions 
Fig. 5 shows the inhibition of succinate oxidation by fluoroacetate. In the 

presence of 0.6 mM fluoroacetate, succinate cannot be oxidized, even partly, to 
malate or pyruvate, followed by an efflux of these anions in exchange for succinate, 
as occurs, for instance, in mitochondria oxidizing succinate in the presence of 
rotenone 22. In our case, one should expect a maximum inhibition of 86%, 71°"o and 
71% with e-malate, oxaloacetate and pyruvate, respectively (depending on the number 
of remaining oxidation steps), as endproducts of the succinate oxidation, since for 
the complete oxidation of succinate to CO2 and water 9'26 7 oxygen atoms are required. 

Because even at high fluoroacetate concentrations some oxygen consumption 
remains (see Fig. 5), we have collected in Table II data on the excretion of C4- 
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Fig. 5. Inhibition of the succinate oxidation by fluoroacetate. Succinate-grown cells were pre- 
incubated for 1 min in a medium containing 25 mM Tris-HC1, 10 mM KC1 and fluoroacetate, 
final pH 7.6. The reaction was started by the addition of 6 mM succinate. Oxygen consumption 
was measured as described in Methods. 

dicarboxylates, pyruvate and citrate in the medium during consumption of a certain 
amount of oxygen by succinate-grown cells or by cells adapted both to succinate 
and citrate. It is clear that the remaining oxygen consumption can not be due to 
oxidation of succinate, followed by exchange for its oxidation products, but is 
probably caused by a slow functioning of the Krebs cycle, since fluorocitrate, the 
product of fluoroacetate, is a competitive inhibitor of aconitate hydratase 23. Earlier 
we have reported evidence 2° which suggests that fluoroacetate is neither an inhibitor 
of the dicarboxylate translocator nor prevents the movement of pyruvate in A. vine- 
landii. These results suggest that, at least under aerobic, high-energy conditions, 
exchange of  intracellular and extracellular anions does not occur, even when these 
anions can, in principle, move on two different translocators. The fact that fluoro- 
acetate also inhibits when it is added after the oxidation has reached its steady-state 
rate, shows furthermore that the inhibition of the oxidation is not due to lack of 
energy required for transport. 
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TABLE II 

EFFLUX OF KREBS-CYCLE INTERMEDIATES DURING OXIDATION OF SUCCINATE 
BY FLUOROACETATE-INHIBITED CELLS 

Cells (succinate-grown or citrate-succinate-adapted cellsg), equivalent to approximately 0.5 mg 
protein, were preincubated for 2 min with fluoroacetate at the indicated concentration in a medium 
containing 25 mM Tris-HCl and 10 mM KC1, final pH 7.6. The reaction was started by the 
addition of 6 mM succinate. Oxygen uptake was monitored with a Clark electrode. After a certain 
time interval, allowing the oxidation of about 400 natoms oxygen, 1-ml samples were withdrawn 
and quickly centrifuged for l min in an Eppendorf microcentrifuge. In the supernatant Krebs- 
cycle intermediates were determined as described in Methods. 

Cells Fluoro- 02 uptake Krebs-cycle intermediates in medium (nmoles) 
acetate (natoms O) 
(l~M) Fumarate L-Malate Oxalo- Pyruvate Citrate 

acetate 

Succinate 6 390 0 1.5 9.5 0 6.4 
Succinate 12 365 0 6.3 8.0 0 4.8 

Succinate-citrate - -  308 4.5 3.0 3.0 5.1 1.0 
Succinate-citrate 6 470 0 0 0 6.8 8.8 

Exchange diffusion under anaerobic conditions 
Direc t  measurement  of  exchange diffusion under  aerobic  condi t ions  is difficult, 

since mutan t s  b locked  in the Krebs  cycle are not  avai lable  in the case of  A. vinelandii. 
Also,  no inhibi tors  are  known which inhibi t  completely.  The results repor ted  above  
with f luoroaceta te  suggest, a l though indirect ly,  tha t  exchange diffusion does not  occur  
dur ing  metabol i sm.  This is in cont ras t  with results ob ta ined  by Lawford  and Wil-  
l iams 14 and Wil lecke and Pardee  5, who presented da ta  showing tha t  in Pseudomonas 
and Bacillus subtilis, respectively,  external ly  added  t r icarboxyla tes  could  replace 
in t racel lu lar  t r icarboxylates .  We  have tried to measure  the same phenomenon  under  
anaerob ic  condi t ions .  A. vinelandii is unable  to convert  glucose anaerobica l ly  into 
lactate,  excluding genera t ion  o f  energy under  these condi t ions.  Fur the rmore ,  we have 
shown in an earl ier  pub l ica t ion  17 that ,  due to the high ATPase  activity, a few seconds 
af ter  anaerobios i s  only a low level of  A T P  remains.  

Fig. 6 shows tha t  metabol i tes  are accumula ted  in the cell dur ing the aerobic  
per iod  when fumara te  is the subs t ra te  (cf. ref. 9). Af ter  anaerobiosis  no further  accu- 
mula t ion  occurs  but,  on the o the r  hand,  also no efflux of  me tabo l i t e s  is observed 
for  at  least  10 min.  N o  oxida t ion  occurs due to, for instance, diffusion of  oxygen;  
this is shown by the fol lowing facts. Firs t ,  no label d isappears  f rom the medium 
under  these condi t ions  for  a t  least 10 min (Fig. 6). One can calculate that ,  in that  
case, less than  1% of  the oxida t ion  rate,  de te rmined  under  aerobic  condi t ions ,  is left. 
Secondly,  exper iments  carr ied out  in closed centrifuge tubes (i.e. without  t ransferr ing 
samples  f rom the oxygraph  vessel to the tubes) give the same results. 

Fig. 6 shows tha t  add i t ion  o f  an excess o f  unlabel led d icarboxyl ic  acid anions,  
such as fumara te ,  induces an efflux of  label led mater ia l  f rom the succinate-grown 
cells, loaded  with label led fumarate .  The same results can be ob ta ined  with di- 
carboxyla tes ,  like L-malate or  succinate,  but  not  with o ther  Krebs-cycle intermediates ,  



98 P.W. POSTMA et al. 

20 x / X - - X - - X .  - x  020 
7- 

10 ~ 010 

5 

02]= o 
o ~ ;, ~ ~ ;o l'z o 

Time(min) 

Fig 6. Exchange of dicarboxylates under anaerobic conditions. Succinate-grown cells were incu- 
bated in a medium containing 25 mM Tris-HC1, 10 mM KCI and 0.5 mM [U-14C]fumarate, 
final pH 7.6. Accumulation after anaerobiosis was measured as described in Methods. At the 
arrow 5 mM KC1 (o--o) ,  or 5 mM fumarate (O----O) was added anaerobically, x -  x, concen- 
tration of labelled fumarate in the supernatant, in the experiment where KCI was added. 

TABLE IIl 

EXCHANGE OF INTRACELLULAR METABOLITES AGAINST KREBS-CYCLE INTER- 
MEDIATES 

Succinate-grown cells were loaded in a medium containing 25 mM Tris-HCl, 10 mM KCI and 
0.5 mM [U-14C]fumarate, final pH 7.6. 100 s after anaerobiosis, 5 mM of an anaerobic solution 
of different Krebs-cycle intermediates was added. Samples were taken before and after addition 
of the intermediates. The intracellular accumulation is expressed as the concentration factor, 
defined in ref. 9. 

Addition Concentration factor 

Before After 
addition addition 

- -  27 29 
Fumarate 29 9 
Succinate 26 10 
L-Malate 32 5 
Pyruvate 22 23 
Citrate 21 22 
2-Oxoglutarate 23 26 

such as citrate or 2-oxoglutarate, or with pyruvate (Table III). Dicarboxylic acid 
anions,  such as mesotartrate,  L-(--)- tartrate or citramalate, that  do not  interact  with 
the C4-dicarboxylate t ranslocator  (as judged by the fact that  they do not  inhibi t  
succinate oxidation) are unable  to induce this efflux. The non-metabol izable  analogue 
dihydroxyfumarate,  which is t ransported by the dicarboxylate t ranslocator  z¢, behaves 
like succinate or fumarate.  

We were unable  to measure the rate of this process since it was completed 
within 10 s, the shortest reaction period possible in our  experiments. This result 
means that  the rate of exchange is greater than 45 nmoles /min  per mg protein (calcu- 
lated from Fig. 6). In the experiments described in Table II, maximally 9 nmoles 
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Krebs-cycle intermediates/min per mg protein appear in the external medium, which 
gives a quantitative foundation for the statement that under aerobic conditions the 
exchange diffusion is relatively slow. Since in the experiments reported above the 
extracellular concentration is changed upon addition of the unlabelled anion, we have 
performed also the experiment shown in Fig. 7. Cells were loaded aerobically with 
unlabelled succinate. After anaerobiosis, labelled fumarate (less than 5#M) was 
added. We observe that dicarboxylic acid anions can be taken up, presumably in 
exchange for intracellular dicarboxylates. The uptake is much less in succinate-grown 
cells preincubated without a substrate. Fig. 7 shows, in addition, that in sucrose- 
grown cells almost no dicarboxylic acid anions are accumulated under the same con- 
ditions, excluding nonspecific binding to, for instance, cationic binding sites in the 
membrane. 

The experiment of Fig. 7 is complementary to the one shown in Fig. 6, because 
both figures together show that under exchange conditions compounds indeed move 
both inwards and outwards. 

Finally, in Fig. 8 it is shown that fluoroacetate, in a concentration which in- 
hibits the oxidation completely, does not inhibit the exchange of dicarboxylates. 

The results presented in this section suggest that under anaerobic conditions 
a steady state exists in which influx and efflux of anions can take place. This exchange 
must be strictly coupled since there is a constant level of metabolites in the cell 
(Fig. 6). To determine whether energy is involved in this process, we have tested the 
effect of uncouplers on this exchange. 
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Fig 7. Exchange of dicarboxylates in cells loaded with unlabelled succinate. Succinate-growncells 
were loaded in a medium containing 25 mM Tris-HC1, 10 mM KCI, 0.5 mM EDTA and 0.1 mM 
succinate, final pH 7.6. Final volume, 3 ml. After anaerobiosis, 0.25/~Ci [U-14C]succinate was 
added at the first arrow. At t=2 .5  min, 10/~M FCCP was added. In the case of sucrose-grown 
cells no substrate was added in the medium which was made anaerobic by flushing with nitrogen. 
o - - 0 ,  succinate-grown cells; x -  x ,  sucrose-grown cells. 

Fig. 8. Exchange in the absence and presence of fluoroacetate. Succinate-grown cells were loaded 
in a medium containing 25 mM Tris-HCI, l0 mM KCI, 0.5 mM [U-14C] fumarate, final pH 7.6. 
3 mM fluoroacetate was added after anaerobiosis, where indicated. Exchange was induced by 
the anaerobic addition of 5 mM fumarate. 
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Effect o f  uncouplers and inhibitors o f  oxidative phosphorylation 
Fig. 9 shows that an uncoupler like FCCP induces an efflux of label when added 

during the anaerobic phase, in cells loaded aerobically with succinate. This efflux 
represents a net loss from the cell, since there was no change in the specific activity 
of the various metabolites under these conditions. The concentration of FCCP needed 
for maximal efflux is about 0.5-1.0 #M, the same concentration as that needed for 
the inhibition of succinate oxidation (Fig. 2). Since it could be argued that loss of 
intracellular compounds which are negatively charged is due to leak of potassium 
from the cell (as observed in mitochondriaZS), we repeated the experiment reported 
in Fig. 9 with valinomycin or nigericin instead of FCCP. Neither antibiotic could 
induce an efflux from anaerobic cells, although we know that valinomycin induces 
a rapid efflux of potassium while nigericin releases potassium from the cell coupled 
to a proton influx 26. We have reported earlier z6 that neither valinomycin nor nigericin 
is able to inhibit succinate oxidation, in contrast to results obtained with uncouplers. 
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Fig. 9. Effect of uncoupler or ionophores on the accumulated dicarboxylates. Succinate-grown 
cells were loaded in a medium containing 25 mM Tris-HCl, 10 mM KCI, 1 mM EDTA and 
0.5 mM [U-14C]succinate, final pH 7.6. After anaerobiosis uncoupler or the antibiotic was added 
at the arrow. ©--G, 5 t+M FCCP; 11--O, 3/~g/ml nigericin; + - - + ,  3 #g/ml valinomycin. 

It can be seen from Figs 6 and 9 that only part  of the accumulated metabolites 
can be exchanged or is able to leave the cell in the presence of excess substrate or 
uncoupler, respectively. Fig. 7 shows that under conditions in which cells are pre- 
loaded with an unlabelled dicarboxylate and subsequently brought in contact with 
a labelled dicarboxylate, uncouplers induce an efflux of almost all label accumulated 
previously. We found that a considerable part  of  the metabolites accumulated during 
oxidation of Krebs-cycle intermediates in A. vinelandii is citrate and glutamate, as 
reported previously for E. c o l i  27 and B. subtilis 5. We have reported elsewhere 24 that 
glutamate is not permeant in A. vinelandii, as judged by oxidation studies, while in 
succinate-grown cells the tricarboxylate translocator is absent 9. In cases where we 
load cells first with unlabelled metabolites and then introduce label by an exchange 
diffusion process, it is understandable that upon addition of an uncoupler almost 
all label leaks out again, since then only permeant anions are labelled. 

Since inhibitors, such as Dio-9, oligomycin or DCCD, inhibit the succinate 
oxidation, suggesting an involvement of ATP in transport, we tested also these com- 
pounds on the exchange under anaerobic conditions. All inhibitors induced a net 
efflux from the cell, similar to FCCP (not shown). 
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DISCUSSION 

The results presented in this paper suggest that the transport of  Krebs-cycle 
intermediates in A. vinelandii and their subsequent metabolism are connected in such 
a way that the transport  process fits the definition by Kedem 2 of active transport. 
The data can be discussed only in a qualitative manner, however, since the measure- 
ment of rate constants or velocities has been impossible. 

In recent years the transport  of sugars and amino acids has been investigated 
extensively in bacteria to establish the qualitative relation between transport and 
energy supply. Several proposals have been advanced concerning the nature of  the 
primary energy donor: A T P  28'29, a certain conformation of the membrane 13, a mem- 
brane potential or a pH gradient 3°-33 or direct coupling of the translocation with 
the electron transport chain 34. It has been shown, furthermore, that some sugars are 
transported at the expense of phosphoenolpyruvate (cf. ref. 3). In the presence of 
uncouplers or metabolic inhibitors only equilibration of the internal and external 
metabolites can occur, a process called facilitated diffusion (of. ref. 35). Recently, 
however, Koch 36 published an article on the transport of galactosides in E. coli, in 
which he suggested that even transport  down the electrochemical gradient may require 
energy, since in completely starved cells uncouplers inhibit hydrolysis of nitrophenyl 
galactoside (earlier results 37'38 indicating the opposite may be attributed to incom- 
plete starvation36). 

Superficially, the results obtained by us with Krebs-cycle intermediates look 
similar to those obtained with galactosides, for instance. Two distinct differences 
should be emphasized. 

(i) Even in the absence of energy-generating metabolism (during anaerobiosis), 
a steady-state level of intracellular metabolites is maintained against a concentration 
gradient in A. vinelandii ( c f  Fig. 6). Only after the addition of an uncoupler (Fig. 9) 
or an inhibitor of oxidative phosphorylation does net efflux occur. 

(ii) Uncouplers or inhibitors of  oxidative phosphorylation are able to inhibit 
the oxidation of Krebs-cycle intermediates (Fig. 1, Curve 2). This suggests that rapid 
facilitated diffusion is not possible under these conditions, otherwise oxidation of 
succinate should proceed at an extracellular concentration of 6 mM. 

Under anaerobic conditions Krebs-cycle intermediates can be taken up in ex- 
change for intracellular anions (Figs 6 and 7). Since the flux leads to accumulation 
of the ions and thus requires energy, this flux must be coupled to the outwardly 
directed flux in such a way that one flux drives the other. Uncouplers are apparently 
able to dissociate both fluxes from each other, possibly by discharging a high-energy 
state generated by the efflux of an intracellular compound. Coupling of fluxes has 
been proposed also by Tanner and co-workers 39'4° for hexose transport in Chlorella. 
They also observed that cells did not lose their contents whenever there was a lack 
of energy, but in these experiments even uncouplers did not induce an efftux of the 
accumulated sugars. 

A second interesting observation is the inhibition of the oxidation by inhibitors 
of  ATP synthesis, like oligomycin, Dio-9 or DCCD. This suggests that ATP is in 
some way involved in transport, an observation also made by Scarborough et al. 2s 
for galactoside transport  in E. coli and by Knape et al. 29 for arginine transport in 
E. coli. Although we do not know whether these inhibitors act specifically on the 
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ATP synthesizing complex in intact A. vinelandii ,  Table I shows that these inhibitors 
at least inhibit ATP synthesis. Furthermore, in E. coli  succinate oxidation is also 
inhibited by FCCP and DCCD (Postma, P. W., unpublished observations), while in 
that case it is known that DCCD inhibits the ATPase in intact cells and extracts ~1,42 
and FCCP uncouples oxidative phosphorylation 41. 

Although ATP could act either by direct interaction with the translocator or 
by generating a membrane potential or pH difference which can drive the transport, 
the results obtained with inhibitors like oligomycin suggest that the second possibility 
is rather unlikely since exchange diffusion is inhibited both by uncouplers and inhi- 
bitors. 

To illustrate our interpretation of the data we may use the scheme outlined in 
Fig. 10. In this scheme it is assumed that the translocator can return empty, after 
having transported substrates into the cell at the expense of ATP (Fig. 10A). In 
Fig. 10B is shown the case of exchange diffusion when the internal concentration is 
higher than the concentration in the medium for substrate 1 (S~ ~ >Sol) ,  while the 
reverse is true for the other substrate. Although it is suggested here that only one 
type of translocator is involved in this process, it could equally well be that energy 
generated by the outward movement of  a dicarboxylic acid anion on its translocator 
can provide the energy for the inward movement of, for instance, a tricarboxylic acid 
anion on another translocator. 
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Fig 10. Model for the transport of Krebs-cycle intermediates in Azotobaeter vinelandii. 

A consequence of the model is that one has to assume that the ATP, involved 
in transport, is not in rapid connection with the ATP pool measured during the 
ATPase in intact cells, since we know that intact cells contain a high ATPase ac- 
tivity 17, while on the other hand the steady-state level of intracellular metabolites 
can be maintained for at least 10 min. Although it makes sense physiologically that 
cells do not lose their intracellular components as soon as they reach a low-energy 
state, as suggested already by Komor  et  al. 39, it is difficult to combine these findings 
in a satisfactory model. 

Results obtained with transport  of Krebs-cycle intermediates in other bacteria 
show that accumulation is sensitive to uncouplers 5'6' 11, ~2, but in these cases accumu- 
lation against a gradient under aerobic conditions was measured. 

Rayman et  al. 7 showed that membrane vesicles of a mutant  of E. coli, deficient 
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in succinate dehydrogenase  and  fumara t e  hydra tase ,  could  accumula te  Krebs-cycle  
in te rmedia tes  in the presence o f  an oxidizable  substrate ,  as shown earl ier  by K a b a c k  
and co-workers  for  sugars  and  amino  acids (cf. ref. 43). R a y m a n  et al. 7 concluded  
tha t  oxidat ive  p h o s p h o r y l a t i o n  is not  involved in t r anspor t  in vesicles (as s tated 
ear l ier  also by K a b a c k  43 and recently by Klein and Boyer  13) because o l igomycin  
does not  inhibi t  and  A T P  can no t  s t imulate  the t ranspor t .  This conclusion,  however,  
is not  well founded,  since (i) o l igomycin  does not  inhibi t  the ATPase  in E. coli (cf. 

refs 21 and 42) and (ii) up until  now it has not  been shown conclusively tha t  A T P  
can reach its na tu ra l  site o f  ac t ion in bacter ia l  vesicles which are or iented in such 
a way tha t  they are capable  of  accumula t ing  metabol i tes .  A l though  studies by Kle in  
and  Boyer  13 suggest tha t  ei ther  ox ida t ion  or  A T P  may  serve as energy source for  
t r anspo r t  of  amino  acids in in tac t  E. coli cells by generat ing some high-energy state 
in the membrane ,  the results  ob ta ined  by us with A.  vinelandii favour  the inter- 
p re ta t ion  tha t  A T P  is direct ly involved in the t r anspor t  of  Krebs-cycle  in termediates .  
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