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Abstract. The characteristics of malate transport into 
aerobically grown cells of the purple photosynthetic bac- 
terium Rhodobacter capsulatus were determined. A single 
transport system was distinguished kinetically which dis- 
played a Kt value of 2.9+ 1.2 gM and Vmax of 43 
+ 6 nmol • rain-1, mg- 1 protein. Competition exper- 
iments indicated that the metabolically related C4- 
dicarboxylates succinate and fumarate are also trans- 
ported by this system. Malate uptake was sensitive to 
osmotic shock and evidence from the binding of 
radiolabelled malate and succinate to periplasmic protein 
fractions indicated that transport is mediated by a 
dicarboxylate binding protein. The activity of the trans- 
port system was studied as a function of external and 
internal pH and it was found that a marked activation of 
uptake occurred at intracellular pH values greater than 
7. The use of a high affinity binding protein dependent 
system to transport a major carbon and energy source 
suggests that Rhodobacter capsulatus would be capable 
of obtaining growth sustaining quantities of C4- 
dicarboxylates even if these were present at very low 
concentrations in the environment. 
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The C4-dicarboxylates malate and succinate support fast 
and extensive growth of many species of purple non- 
sulphur bacteria under both aerobic conditions in the 
dark and anaerobic conditions in the light. In addition 
to providing cell carbon, succinate can also act as a direct 
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Abbreviations. Kt, concentration of substrate giving half-maximal 
rate of transport in intact cells; Dct, protein complex encoded by 
det genes which mediates C4-dicarboxylate transport; pmf, proton- 
motive force 

electron donor to the quinone pool (Zannoni and In- 
gledew 1983) and, under anaerobic conditions, the re- 
duction of fumarate to succinate may act as a redox 
poising mechanism for the removal of excess reducing 
equivalents (McEwan et al. 1985). 

Despite these important roles, the transport of C4- 
dicarboxylates has not been studied in detail in any 
photosynthetic bacteria. The work of Gibson (1975) did 
establish, however, that Rb. sphaeroides possessed an in- 
ducible transport system for malate, succinate and 
fumarate and there is evidence for a sodium driven 
dicarboxylate symport in Ectothiorhodospira shaposh- 
nikovii (Karzanov and Ivanovsky 1980). Studies on C4- 
dicarboxylate transport in enterobacteria and rhizobia 
have shown that uptake also occurs via a common system 
that acts on malate, succinate and fumarate (Kay and 
Kornberg 1969; Finan et al. 1981). However, the molec- 
ular mechanism of transport appears to differ in the two 
bacterial groups. In Rhizobium leguminosarum, only one 
protein is involved in the actual transport mechanism 
(Ronson et al. /984), suggesting an ion-gradient driven 
mechanism of energy coupling, while in Escherichia coli 
the products of at least three genes have been implicated 
(Lo and Sanwal 1975a). A combination of biochemical 
and genetic evidence strongly suggests that a periplasmic 
binding protein is involved in the E. coli system (Lo and 
Sanwal 1975b) but the observation that transport can be 
mediated efficiently by membrane vesicles alone and that 
the energy source for uptake may be the proton-motive 
force (Gutowski and Rosenberg 1975) is not in accord 
with this conclusion. 

Periplasmic binding protein dependent transport sys- 
tems consist of two hydrophobic integral membrane pro- 
teins, one or two types of membrane associated proteins 
and a hydrophilic protein located in the periplasm which 
is responsible for the initial binding of the substrate 
(Higgins et al. 1990). Such systems are osmotic shock 
sensitive and are driven by direct ATP hydrolysis (Ames 
and Joshi 1990). Several binding proteins have been crys- 
tallised in recent years and their structures solved 
(Quiocho/990). 
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Recently,  it has been recognised that  the activities of 
bo th  ion-grad ien t  dr iven and  b ind ing  pro te in  dependen t  
t ranspor t  systems may  be subject to regula t ion  by the 
intracel lular  p H  (Poo lman  et al. 1987). Fo r  several sub- 
strates, an increase in in ternal  pH above neutra l i ty  leads 
to a marked  enhancemen t  of  the up take  rate. These effects 
mus t  be allosteric in the case of b ind ing  pro te in  dependent  
systems bu t  may  be catalytic or allosteric or bo th  in the 
case of p ro ton  l inked sympor t  systems (Poo lman  et al. 
1987). 

In  order  to s tudy the characteristics and  regula t ion  of 
C4-dicarboxylate  t r anspor t  in photosynthe t ic  bacteria,  
we have used Rhodobacter capsulatus as a model  system. 
M u t a n t s  deficient in t ranspor t  have previously been iso- 
lated and  the wild-type t r anspor t  genes have been cloned 
by complemen ta t i on  (Kelly et al. 1990; H a m b l i n  et al. 
1990). In  this paper, we present  evidence that  malate  
t ranspor t  ocurrs  via a high affinity b ind ing  pro te in  depen-  
dent  system and  that  the in terna l  pH exerts a marked  
regulatory effect on the rate of  mala te  uptake.  

Materials and methods 

Bacterial strains and growth conditions 

Osmotic shock and isolation of periplasmic protein 

Ceils from a total of 1 1 of culture were harvested by centrifugation 
at 20°C, resuspended in 40 ml of 20 mM Tris-HCl buffer pH 8.0 
containing 0.5 M sucrose and 1.3 mM disodium EDTA (STE buffer) 
and shaken gently at room temperature for 15 rain. After centrifuga- 
tion (6,000 g, 15 rain, 20 ° C), the supernatant was retained (super- 
natant A). The plasmolysed cell pellet was then resuspended in 
20 mM Tris-HC1 buffer pH 8.0 and again shaken gently at room 
temperature for 15 rain. After centrifugation (15,000 g, 20 rain, 4 ° C), 
the supernatant was removed (supernatant B) and concentrated by 
ultrafiltration at 4 ° C to a protein concentration of 3 - 8 mg• ml- 
using a Filtron stirred-cell with a 5,000 Mr cutoff. Where required, 
the cell pellet resulting from this step was resuspended in a minimal 
volume of Tris buffer and sonicated. After removal of unbroken 
cells by centrifugation (15,000 g, 20 min, 4 ° C) the supernatant (cell- 
free extract) was removed and stored on ice. 

Dicarboxylate binding assay 

Concentrated shock fluid (100 gl; 0.3-0.8 mg protein) was placed 
in an Eppendorf tube and incubated on ice for 10 min. [~4C] L- 
malate (7.4 KBq, final concentration 39 gM) or [14C] succinate 
(3.7 KBq, final concentration 17 laM) was then added and incu- 
bation continued for a further 10 min. Protein was precipitated 
by the addition of 1 ml of ice-cold saturated ammonium sulphate 
solution dissolved in 10 mM acetic acid, pH 4.3, followed by im- 
mediate vacuum filtration through nitrocellulose filters (0.45 gm 
pore size). The filters were washed with 4 ml of cold ammonium 
sulphate solution, dried and scintillation counted. 

Rhodobacter capsulatus strain 37b4 was used throughout this work 
and was obtained from Prof. G. Drews, University of Freiburg, 
FRG. For transport assays, intracellular pH determinations and the 
preparation ofperiplasmic extracts, cultures were grown aerobically 
at 30°C in 2.5-1 shake flasks containing 250-ml volumes of minimal 
RCV medium (Weaver et at. 1975; Hillmer and Gest 1977) with 
malate as sole carbon source. For the determination of light-induced 
membrane potentials after osmotic shock, the cells were grown 
phototrophically at 30°C in 500 ml RCV medium contained in 
completely filled medical flat bottles at a distance of 30 cm from a 
100 W tungsten lamp. Viable counts were done after plating serial 
dilutions on RCVYE-agar (RCV + 0.05% yeast extract + 1.5% 
agar). 

Transport assays 

After harvesting by centrifugation, late exponential phase cells were 
washed once in RCV medium lacking any carbon source (RCV-C) 
and resuspended in the same medium at a concentration of 30 -  
40 mg cell protein ml 1. The cells were stored in the dark on ice and 
used within 6 h. A Clarke-type oxygen electrode maintained at 
30°C was filled with 2 ml RCV-C and sparged continuously with 
compressed air in the dark. Cells were added to a final concentration 
of about 0.2 mg cell protein ml -a and allowed to equilibrate 5 rain. 
Where required, various competing substrates or inhibitors were 
added at this stage; the ionophore nigericin was used routinely at a 
concentration of 1 gM at this cell density (equivalent to 
10 nmol - mg cell protein 1). The assay was started by the addition 
of 6 gM (22.2 KBq) [14C] t,-malate or [~4C] succinate (both uni- 
formly Iabelled; specific activity 1,85- 2,2 MBq/amol- 1). This con- 
centration was found to give near maximal uptake rates and was 
used routinely. Samples (100/al) were taken at intervals, added to 
5 ml stop buffer (10 mM Na o,L-malate or succinate, 0.2 mM Na 
fluoracetate in 10 mM phosphate buffer, pH 7.0) and rapidly filtered 
onto nitrocellulose filter discs (0.45 gm pore size) which were then 
washed with 10 ml stop buffer, dried and scintillation counted in 
3 ml Cocktail T fluid (Beckman). 

Determination of internal cell volume 

Cells were grown, harvested and equilibrated in RCV-C in the 
oxygen electrode exactly as described for transport assays, except 
that 4 mg of cell protein was used. In two separate experiments, 
either 74 KBq 3H20 or 14.8 KBq [14C] dextran was added to the 
cell suspension and incubated 10 min. Duplicate 0.3-ml samples 
were taken, added to 0.3 ml of a silicone oil mixture (Dow Corning 
200/1 grade: Dow Corning 550 grade, 1:4 v/v) and microfuged at 
13,800 g for 2 rain to pellet the cells. Samples (50/al) were taken 
fi'om the aqueous supernatant, added to 5 ml scintillation fluid and 
counted. The bottoms of the Eppendorf tubes containing the cell 
pellets were cut off, vortexed vigorously in 5 ml scintillation fluid 
and counted. The pellet and extracellular volumes were calculated 
from the ratio of 3H and 14C respectively in the cell pellet and 
supernatant. The intracellular volume was taken as the difference 
between the pellet and extracellular volume. 

Determination of  internal p H  

This was done using the same batch of cells at the same protein 
concentration as used for the internal volume determination. As 
above, the experiments were performed in the oxygen electrode 
under conditions as similar as possible to those used for the transport 
assays. Cells were added to RCV-C solutions of pH values 6 .0-  8.0 
and the same ratio of nigericin: cell protein (10 nmol. mg- 1 protein) 
as used routinely for malate transport assays was also added when 
required. [14C] U-benzoic acid (18.5 KBq) was then mixed with 
the cell suspension and incubated 10 rain. Samples were taken, 
microfuged on silicone oil and counted as above. Internal pH (and 
hence A pH) was calculated using the Nernst equation and the 
internal cell volume. 

Other methods 

Malate dehydrogenase activity was assayed as described previously 
(Kelly 1988)~ Light induced membrane potentials in intact cells were 
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Fig. 1. Determination of Kt and Vmax values for aerobic malate 
transport in intact cells of Rhodobacter capsulatus. Initial rates of 
uptake (v; nmol - min- 1 • mg- ~ protein) were determined at malate 
concentrations of 2 -10  gM using four separate batches of cells. 
The figure shows a representative set of data which gave the kinetic 
parameters indicated with an asterisk in the inset. The data obtained 
with the other batches of cells is also given in the inset for compari- 
son; Kt values a are in pM and V .... values b are in nmol 
• min- 1. rag- ~ protein 
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Fig. 2. Specificity of the dicarboxylate transport system as measured 
by substrata competition with [14C] L-malate. All substrates were 
added to uptake assays to a final concentration of 50 pM before 
addition of radiolabelled malate. The initial rates of malate uptake 
were determined and compared to a control with no additions. The 
control rate was 15 nmol - min- ~ • mg- l protein 

monitored under anaerobic conditions using the electrochromic re- 
sponse of the endogeneous carotenoids (McEwan et al. 1983) with 
an Aminco DW2000 dual wavelength spectrophotometer. The 
wavelength pair used was 528-511 nm. Bacteriochlorophyll was de- 
termined after extraction of whole cells into acetone:methanol 
(7:2 v/v) using an extinction coefficient of 75 mM-1.  cm-i  at 
772 nm (Clayton 1963). Protein was determined by the Lowry 
method• 

Chemicals 

All chemicals were of analytical grade. Radioisotopes were obtained 
from Amersham International plc, England. 

Results 

Determination of  kinetic parameters 
of  [l~C] L-malate transport and substrate specificity 
of the dicarboxylate transport system 

We have previously shown that  mutants  of  Rhodobacter 
capsulatus which have a single Tn5 insertion in a locus 
designated dct are unable to t ransport  malate  aerobically 
and fail to grow on malate,  succinate or fumarate  under 
aerobic conditions in the dark  (Hamblin  et al. 1990). This 
indicates that  only one dicarboxylate t ransport  system is 
normally present in wild-type cells under these con- 
ditions. All the experiments described below were there- 
fore performed with aerobically grown cells incubated 
under oxygen replete conditions in the dark in order to 
fully characterize the dct system. 

The kinetic parameters  of  aerobic dicarboxylate trans- 
por t  were determined under zero-trans entry conditions. 
Figure 1 shows a representative double reciprocal plot  of  
the dependence of  the initial rate of  L-malate t ransport  
on the concentrat ion of  radiolabelled substrate at an 
external p H  of  7. Kt and Vmax values were determined 

by linear regression analysis of  such data using a 
microcomputer  program. Four  separate determinations 
using different batches of  cells resulted in the range of  K, 
and Vmax values shown in the inset to Fig. 1. The mean 
values calculated f rom these data were 2.9 _+ 1.2 pM and 
43 + 6 nmol • m i n -  1. m g -  1 protein respectively. In all 
subsequent assays, the concentration of  [14C] L-malate 
used was 6 pM (2 x Kt). 

The substrata specificity of  the dct system was investi- 
gated by measuring the degree of  competi t ion for L-mal- 
ate uptake upon inclusion of  unlabelled substrate ana- 
logues in the assay mixture at a concentrat ion of 50 pM, 
approximately twenty times the Kt value (Fig. 2). Of  the 
C4-dicarboxylates, both fumarate  and succinate almost 
completely prevented L-malate uptake but D-malate was 
much less effective, inhibiting the rate by about  62%. 
However, monoethyl  fumarate  was a much more  potent  
inhibitor than diethyl succinate, emphasising the impor-  
tance of  the carboxyl groups in substrate recognition. 
Interestingly, L-tartrate (a C4-dicarboxylate with a close 
structural similarity to L-malate) was the most  effective 
competitive inhibitor after fumarate  and succinate but 
D-tartrate did not compete and actually stimulated 
malate  uptake slightly. A stimulation of  L-malate trans- 
por t  was also observed with aspartate and DL-lactate. 
Maleate, malonate  and phthalate inhibited uptake by 
about  50% and a well characterised inhibitor o f  
eukaryotic pyruvate transport,  e-cyano-4-hydroxycin- 
namic acid (Halestrap and Denton 1974) also acted as an 
inhibitor o fma la t e  t ransport  in this system. Importantly,  
however, pyruvate itself did not compete with malate 
uptake. 

When 6 gM [14C] succinate uptake was studied under 
identical conditions, it was found that  50 pM unlabelled 
malate, fumarate  or succinate inhibited the rate of  trans- 
por t  by 87%, 85% or 92% respectively. 
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Fig, 3. Effect of osmotic shock and EDTA treatment on malate 
transport. Cells were subjected to osmotic shock in either sucrose- 
Tris-EDTA (STE) buffer (A ~ )  or sucrose-Tris buffer 
( i  Ik) and the initial rates of malate uptake were compared 
with unshocked cells assayed in RCV-C in the presence of 1 mM 
EDTA (© ©) and with unshocked control cells assayed in 
RCV-C with no additions ( 0 - - 0 )  

Effect of osmotic shock on transport and demonstration 
of dicarboxylate binding to periplasmic protein fractions 

The sensitivity of malate transport to osmotic shock is 
illustrated in Fig. 3. In this experiment, wild-type cells 
were treated with a low concentration of EDTA in a 
hypertonic Tris buffered sucrose solution (STE) to induce 
plasmolysis and partially release the contents of the 
periplasm. This represents the first stage of the procedure 
described by Neu and Heppel (1965) for the isolation of 
periplasmic proteins. Such treatment (at an external pH 
of 7 or 8) led reproducibly to the total abolition of trans- 
port activity. Below, it is shown that the maintenance of 
a high internal pH is essential for transport activity. In a 
control experiment at an external pH of 8.0, we found 
that osmotic shock reduced the internal pH from 8.0 to 
7.86. This decrease is insufficient (Fig. 7) to account for 
the effect observed. That the effect of osmotic shock was 
not due to cell lysis or gross metabolic disturbance was 
shown in several other ways. Firstly, plate counts showed 
that no significant loss of cell viability resulted from the 
STE treatment. Secondly, in separate experiments, we 
determined the effects of osmotic shock on the ability of 
photosynthetically grown cells to generate a light induced 
membrane potential. In one set of experiments, untreated 
wild-type cells generated a light induced electrochromic 
absorbance change at 528-511nm of 0.009 AA 
l, tmol. Bchl -~, while osmotically shocked ceils gave a 
value of 0.07 AA gmol - Bchl- ~. This result indicates that 
shocked cells are still able to carry out photosynthesis 
and maintain an intact cytoplasmic membrane. It was 
found, however, that the addition of EDTA alone to 
transport assays with unshocked intact cells reduced the 
rate of uptake considerably (Fig. 3) but that washing the 
treated cells several times in fresh growth medium (minus 
malate) containing excess divalent cations to eliminate 
residual EDTA did not result in restoration of malate 
transport activity. Nevertheless, osmotic shock with su- 
crose in the absence of EDTA also markedly decreased 
the rate ofmalate transport (Fig. 3). Taken together, these 

Table 1. Distribution ofmalate binding activity and malate dehydro- 
genase (a cytoplasmic marker enzyme) in the supernatants obtained 
after osmotic shock of intact cells and in a cell-fi'ee extract resulting 
from sonication of the plasmolysed cell pellet. Supernatant A rep- 
resents the fraction obtained after STE treatment of intact cells. 
Supernatant B represents the fraction resulting from dilution of STE 
plasmolysed cells in Tris buffer (see 'Materials and methods') 

Cellular fraction Malate dehydrogenase Malate 
activity binding 

nmol .  mg-  1 
(nmol • min-  1 (% of total protein) 
• m g -  ~ activity) 
protein) 

Experiment 1 
Cell-free extract 3417 88.3 < 0.05 
Supernatant A 100 2.6 0.11 
Supernatant B 353 9.1 0.81 

Experiment 2 
Cell-free extract 1406 85.3 < 0.05 
Supernatant A 50 3.0 0.08 
Supernatant B 192 11.6 1.25 

data suggest a specific effect of osmotic shock in removing 
a periplasmic component involved in dicarboxylate trans- 
port. 

In order to investigate further the possibility that a 
periplasmic binding protein may be involved in 
dicarboxylate transport, the degree of binding of 
radiolabelled malate to concentrated periplasmic protein 
preparations was measured using a filter binding assay 
(Table 1). The supernatant from STE treated cells was 
kept (supernatant A) and the plasmolysed cells then re- 
suspended in a low ionic strength Tris buffer followed by 
removal of the cells and concentration of the supernatant 
fluid (supernatant B). This fraction contained most of the 
periplasmic protein, as evidenced by the characteristic 
brown colour due to the presence of c-type cytochromes. 
Malate dehydrogenase activity was assayed in both 
supernatants as a cytoplasmic marker enzyme to monitor 
cell lysis and was found to be low in supernatant A and 
only moderately increased in supernatant B. On a unit 
protein basis, the binding of radiolabelled malate was 
found to be greatest in supernatant B while much less 
malate bound to supernatant A protein (Table 1). That 
the observed binding was specific was demonstrated by 
the lack of binding to an equivalent concentration of 
bovine serum albumen and by competition experiments 
(Fig. 4a). Addition of an excess of unlabelled malate, 
succinate or fumarate to supernatant B before adding 
radiolabelled malate led to a decrease in counts to the 
same level as the BSA control but this did not occur when 
pyruvate was added. Similar results were obtained using 
radiolabelled succinate (Fig. 4b). 

Regulation of dicarboxylate transport 
by external and internal pH 

Figure 5 illustrates a series of experiments in which the 
dependence of the initial rate of malate transport on 
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Fig. 4A, B. Binding of C4-dicarboxylates to the periplasmic protein 
fraction (supernatant B) of shocked cells. In A, the amount of [14C] 
1,-malate bound to the periplasmic protein fraction was measured 
either alone (control) or in the presence of an excess (4 raM) of 
unlabelled malate, succinate, fumarate or pyruvate, added prior to 
the addition of radiolabel. The amount of malate which bound to 
an equivalent concentration of bovine serum albumen (BSA) was 
also determined. In B, [t4C] labelled succinate was used in place of 
malate 
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( O - - O )  and 8.0 (0  0). B Effect of external pH on transport 
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external p H  was determined in the presence and absence 
of  the ionophore  nigericin. The uninhibited t ransport  
rate was found to increase markedly with an increase in 
external p H  from 6.0 to 8.0 (Fig. 5a and b). Figure 5b 
compares  the p H  dependence of  t ransport  in the presence 
of  1 gM nigericin with the uninhibited rate. Nigericin 
abolished t ransport  activity at external p H  values of  less 
than 7.0 but not at more  alkaline p H  values. Titrat ion of  
the rate with increasing concentrations of  nigericin using 
a separate batch of  cells (Fig. 5 a) showed that at p H  6.0, 
0.1 gM was sufficient to abolish t ransport  activity and 
confirmed that  at higher pH,  malate t ransport  was much 
less sensitive to this ionophore.  

Nigericin catalyses an electroneutral exchange of  K ÷ 
and H ÷ and this can lead to the selective dissipation of  
the ApH component  of  the pro tonmot ive  force with a 
corresponding enhancement  of  the membrane  potential. 
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Fig. 6. A Determination of ApH at different external pH values in 
the presence ( • - - • )  and absence ( O - - O )  of nigericin. B 
Variation of intracellular pH as a function of external pH in the 
presence ( •  • )  and absence (Q O) of nigericin 
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Fig. 7. Dependence of the initial rate of [1~C] L-malate transport on 
the intracellular pH value in the absence (O O) and presence 
( • - -  • )  of nigericin 

In Fig. 6a the magnitude of  ApH across the cytoplasmic 
membrane  of  Rb. capsulatus was measured by the distri- 
bution of  radiolabelled benzoic acid in the presence and 
absence of nigericin and at different external pH values 
under conditions similar to those used in Fig. 5a and b. 
ApH was found to be maximal  at the lowest external p H  
value tested (6.0) and decreased linearly with increasing 
external pH until it was almost  zero at pH 8.0. Nigericin 
dissipated ApH at all external pH values tested. The 
relationship between the external and internal p H  in the 
presence and absence of nigericin is illustrated in Fig. 6b. 
With a change in external pH of 2 units, the internal p H  
changed by about  1 unit in the absence of  nigericin but 
the relationship became directly proport ional  in the pres- 
ence of  the ionophore.  

The dependency of  the rate o fma la t e  t ransport  on the 
internal p H  value is shown in Fig. 7. The results clearly 
demonstrate  that  above an internal pH of 7, the rate of  
malate uptake increases steeply but is almost  zero at 
internal pH values less than neutrality. 

D i s c u s s i o n  

The data reported in this paper  show that the uptake 
of  malate  by aerobically grown cells of  Rb. capsulatus 
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proceeds by a single high-affinity transport system which 
also acts on succinate and fumarate. The high affinity of 
the Dct system is coupled with a marked specificity for 
dicarboxylic acid substrates. Aspartate, for example, 
which is structurally very similar to succinate, did not 
compete with malate uptake in Rb. capsulatus yet is a 
substrate for the dicarboxylate transport systems in both 
Rhizobium (Watson et al. 1988) and E. coli (Kay 1971). 
Evidence was also obtained in this study of a significant 
degree of stereospecificity in substrate binding, based on 
the results of competition experiments with D- and L- 
tartrate and, to a lesser extent, with D- and L-malate. 
These two pairs of substrates are very similar structurally 
and the data suggest that L-tartrate (but not the D- 
stereoisomer) might be transported via the dct system. 
However, Rb. capsulatus, unlike Rb. sphaeroides, is un- 
able to utilise tartrate as a sole carbon source for growth 
(Weaver et al. 1975; Pellerin and Gest 1983). It is unlikely 
that a separate transport system exists for D-malate, as 
dct mutants with single Tn5 insertions were isolated on 
the basis of their lack of growth on a racemic mixture of 
D- and L-malate (Kelly et al. 1990). 

Two lines of evidence strongly indicated that the Dct 
system in Rb. capsulatus is dependent on a periplasmic 
binding protein for activity. Firstly, malate transport was 
extremely sensitive to osmotic shock. This characteristic 
is shared by all binding protein dependent systems 
characterised to date but not by those driven by either an 
ion-gradient or exchange mechanism (Furlong 1987). We 
established that the effect of osmotic shock was not due 
to gross alteration of intracellular pH or to cell lysis and 
that the presence of EDTA, which does inhibit transport 
in unshocked cells to some degree, is not necessary to 
produce a significant reduction in transport activity upon 
plasmolysis of the cells with sucrose alone. The second 
line of evidence came from the demonstration of malate 
binding activity in the periplasmic protein fraction of 
shocked cells. As binding was outcompeted by succinate 
and fumarate but not pyruvate, we conclude that the 
interaction observed is specific and due to the presence 
of a protein which is an essential component of the dct 
system. However, despite the fact that STE treatment 
alone was sufficient to abolish malate transport, the pro- 
tein released by this step did not bind a significant amount 
of radiolabel when compared with a cell-free extract con- 
trol. Only when the bulk of the periplasmic protein was 
released by dilution of the plasmolysed cells in Tris buffer 
was significant malate binding activity detectable in the 
supernatant. These observations explain previous nega- 
tive results concerning the presence of a dicarboxylate 
binding protein in Rb. capsulatus (Kelly et al. 1990). 
One possible explanation for this behaviour is that STE 
treatment disrupts the structure of the periplasm to such 
an extent that it destroys the normal interaction between 
binding protein and the intrinsic membrane protein(s) 
necessary for substrate translocation across the cytoplas- 
mic membrane, but not to the point which results in 
large-scale protein release. The net inflow of water and 
expansion of the cells resulting from the subsequent resus- 
pension in a low ionic strength buffer may then result in 
a release of most of the periplasmic protein (Neu and 

Heppel 1965; Willis et al. 1974), including the dicar- 
boxylate binding protein. 

There is now good evidence to conclude that energy 
coupling to binding protein dependent transport systems 
is achieved by the direct hydrolysis of ATP and does not 
require the presence of a proton-motive force (Ames and 
Joshi 1990). Nevertheless, perturbation of the pmf has 
been reported to affect binding protein dependent trans- 
port without necessarily altering the intracellular ATP 
concentration (Plate 1979; Ames and Joshi 1990). It has 
recently been recognised that this effect is due to the 
influence of the intracellular pH value on the activity of 
the transport system and not to an effect of the pmf itself 
(Poolman et al. 1987; Higgins et al. 1990). In this study, 
we used the ionophore nigericin to examine the interac- 
tion between dicarboxylate transport, the proton-motive 
force and internal pH. No easily interpretable relation- 
ship was apparent between transport and the ApH 
component of the pmf; nigericin dissipated ApH at all 
external pH values tested but did not abolish transport 
at alkaline pH values. In principle, it could be argued 
that this pattern reflects uptake driven solely by ApH at 
external pH values of less than neutrality (which would 
be nigericin sensitive) but that the driving force is the 
membrane potential at more alkaline external pH values 
where the contribution of ApH to the total pmf is mini- 
mal. This explanation is clearly hard to reconcile with 
a binding protein dependent mechanism of transport. 
However, when the rate of uptake is plotted against the 
internal pH value, either in the presence or absence of 
nigericin, a unique relationship is observed which appears 
to reflect the activation of the transport system at high 
internal pH. The form of this relationship is such that a 
relatively small increase in intracellular pH above neu- 
trality leads to a large increase in the rate of uptake. This 
might have important physiological consequences during 
growth on dicarboxylate substrates in batch culture, as a 
large rise in the external pH occurs concomitantly with 
substrate utilisation. Regulation of transport by internal 
pH has been found in several other transport systems, 
including binding protein dependent alanine transport 
in a related photosynthetic bacterium, Rb. sphaeroides 
(Abee et al. 1989). 

The uptake of C4-dicarboxylates has been studied 
most extensively in the genus Rhizobium, where these 
substrates are used as the major carbon and energy source 
for nitrogen fixation in the Rhizobium-legume symbiosis. 
Transport appears to be mediated by a single polypeptide, 
the product of the dctA gene, and there is no evidence for 
the involvement of a periplasmic binding protein. The 
mechanism of energy coupling has not been studied ex- 
tensively but it seems likely that the proton-motive force 
drives uptake (Finan et al. 1981). It has also been 
suggested that, at least in the bacteroid, an anion ex- 
change mechanism might operate (Maloney et al. 1990). 
Clearly, this is a very different mode of transport to that 
found in Rb. capsulatus, yet Rhizobium and Rhodobacter 
are very closely related in phylogenetic terms (Woese 
1987). This distinction may be related to the fact that 
symbiotic rhizobia have access to a far more constant and 
plentiful supply of dicarboxylates than photosynthetic 
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bac te r ia ,  which  a lways  to a ccumula t e  such subs t ra tes  
f rom the r a the r  low ex te rna l  concen t r a t ions  l ikely to  oc- 
cur  in n a t u r a l  aqua t i c  env i ronments .  A b ind ing  p ro t e in  
d e p e n d e n t  t r a n s p o r t  sys tem w o u l d  thus seem ideal  in the 
la t te r  case as it  combines  a high subs t r a t e  af f in i ty  wi th  
the  ab i l i ty  to far  exceed the a c c u m u l a t i o n  ra t io  tha t  wou ld  
o therwise  be i m p o s e d  by  the t h e r m o d y n a m i c  l imits  set by  
the  p r o t o n - m o t i v e  force.  
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