JOURNAL OF BACTERIOLOGY, Dec. 1987, p. 53735378
0021-9193/87/125373-06$02.00/0
Copyright © 1987, American Society for Microbiology

Vol. 169, No. 12

Dependence of Streptococcus lactis Phosphate Transport on Internal
Phosphate Concentration and Internal pH

BERT POOLMAN, RICK M. J. NIJSSEN, anD W. N. KONINGS*
Department of Microbiology, University of Groningen, 9751 NN Haren, The Netherlands

Received 26 May 1987/Accepted 19 August 1987

Uptake of phosphate by Streptococcus lactis ML3 proceeds in the absence of a proton motive force, but
requires the synthesis of ATP by either arginine or lactose metabolism. The appearance of free P; internally in
arginine-metabolizing cells corresponded quantitatively with the disappearance of extracellular phosphate.
Phosphate transport was essentially unidirectional, and phosphate concentration gradients of up to 10° could
be established. Substrate specificity studies of the transport system indicated no preference for either mono- or
divalent phosphate anion. The activity of the phosphate transport system was affected by the intracellular P;
concentration by a feedback inhibition mechanism. Uncouplers and ionophores which dissipate the pH gradient
across the cytoplasmic membrane inhibited phosphate transport at acidic but not at alkaline pH values,
indicating that transport activity is regulated by the internal proton concentration. Phosphate uptake driven by
arginine metabolism increased with the intracellular pH with a pK, of 7.3. Differences in transport activity with

arginine and lactose as energy sources are discussed

.

The mechanisms of energy coupling and regulation of
phosphate transport have been studied extensively in Esch-
erichia coli (10, 23, 24). Phosphate transport in this organism
is mediated predominantly by two systems, (i) Pit, a consti-
tutive phosphate transport system which is driven by the
proton motive force (10, 23, 24), and (ii) Pst, an inducible
binding-protein-dependent transport system which is driven
by phosphate-bond energy (23, 25). Recently, the transport
systems for sn-glycerol 3-phosphate and hexose phosphate,
encoded by the glpT and uhpT genes, respectively, have also
been implicated in phosphate transport in E. coli (1, 7).
Transport of these anions has been shown to occur in
symport with protons as well as by exchange with P; (1, 7).
Moreover, these transport systems catalyze a reversible
32p,_P; exchange. A similar anion antiport system has been
described for Streptococcus lactis 7962 (14). This system,
studied both in intact cells and in membrane vesicles,
catalyzes the homologous exchange of phosphate and the
heterologous exchange of phosphate and sugar 6-phosphates
(2, 3). With the exception of Streptococcus cremoris ES8, the
anion exchange activity has not been found in several other
related streptococci, including Streptococcus faecalis (13,
14). In Streptococcus pyogenes, however, a transport sys-
tem has been described which catalyzes homologous phos-
phate exchange but not heterologous exchange between
phosphate and organic phosphate esters (21). Some evidence
was presented indicating that phosphate exchange in S.
pyogenes is regulated by the intracellular concentrations of
ATP and phosphate. Experiments performed with S. lactis
7962 cells suggested the presence of a phosphate transport
system, in addition to the phosphate/sugar 6-phosphate
antiporter, which facilitates phosphate uptake with a rate
similar to that of the exchange reaction (14). This system has
not yet been studied. P; transport has been analyzed in S.
faecalis (8). In this organism, phosphate translocation is an
electroneutral process which is coupled not directly to the
proton motive force but rather to ATP or another energy-
rich phosphorylated intermediate. In the present investiga-
tion, phosphate transport was studied in the ‘‘starter’’ organ-
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ism S. lactis ML3, a well-characterized strain with several
properties different from those of S. lactis 7962 (26). The
studies were prompted by the lack of data about phosphate
transport and the regulation of the cytoplasmic concentra-
tion of P; in the starter streptococci used in milk fermenta-
tions. Information about these processes is important in
view of the role of P; in regulating (at various levels)
carbohydrate metabolism in these organisms (20, 27). The
diversity of phosphate transport mechanisms in the strepto-
cocci investigated thus far does not, at first glance, allow a
prediction about the corresponding transport mechanism(s)
in the starter streptococci. The results indicate that uptake of
phosphate by S. lactis ML3 is driven directly by phosphate-
bond energy, as has been proposed for S. faecalis (10) and
also for transport of glutamate-glutamine by S. lactis and S.
cremoris (17, 18). The activity of the phosphate transport
system appears to be under the control of the internal
phosphate and proton concentration.

MATERIALS AND METHODS

Growth conditions. S. lactis ML3 was grown to stationary
phase in a complex medium (MRS; pH 6.4) (5), containing
1.0% (wt/vol) galactose and 10 mM arginine (18). S. cremoris
Wg2 was grown on MRS medium (pH 6.4) containing 1.0%
(wt/vol) lactose. Cells were harvested by centrifugation,
washed, and incubated for 30 min at room temperature with
1 mM methyl-1-thio-B-D-galactopyranoside (TMG). Organ-
isms were treated with TMG to deplete the cells completely
of endogenous energy sources (18). Subsequently, the cells
were washed twice and resuspended in a buffer as described
in the Figure legends or text. All experiments were per-
formed at 30°C.

Transport assays. Washed cells were diluted to 0.5 to 1.0
mg of protein per ml in buffer containing either 10 mM
lactose or 5 mM arginine. After S min of preenergization, 32P;
was added to the desired concentration, after which the cells
were separated from the medium by filtration using 0.45-pm-
pore-size cellulose nitrate filters (Millipore) (18). Initial rates
of phosphate uptake were determined in duplicate samples
after 10 s of incubation. To remove contaminating P;, the
glassware used for 32P; transport assays and P; determination
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(see below) was kept in chromic acid and rinsed several
times with distilled water before use.

Silicone oil centrifugation. The silicone oil centrifugation
method was used to measure the intracellular pH, volume,
and phosphate concentrations (19). For silicon oil centrifu-
gation, 0.8 to 1.0 ml of a cell suspension was placed on top
of 200 pl of 14% (wt/wt) perchloric acid plus 9 mM EDTA
and 800 ul of silicon oil (1.03 g/ml). The mixture was
centrifuged for 5 min, after which samples were taken from
the cell-free fluid and the perchloric acid extract for further
determinations.

Determination of P;. The intracellular P; concentration was
determined in cell extracts which were obtained after silicon
oil centrifugation. The assay mixture consisted of 50 ul of a
neutralized extract and 400 .l of an ammoniumheptamolybd-
ate, Malachite green color reagént (16). The reaction was
carried out in borosilicate test tubes (6 by 50 mm), in which
the absorbance at 660 nm could be measured directly.

Other analytical procedures. The intracellular pH was
determined from the distribution of [U-C]benzoic¢ acid (50
mCi/mmol) and [U-“Clmethylamihe (56 mCi/mmol), using
the silicon oil centrifugation method (17). ATP concentra-
tions were determined with the firefly luciferase assay as
described (16). A specific interiial volume of 2.9 pl/mg of
protein (18) was used for the calculation of intracellular
concentrations, i.e., phosphate, protons, or ATP. Protein
was measured by the method of Lowry et al. (11), using
bovine serum albumin as a standard.

Materials. NaH,*?PO, (9,090 mCi/mmol), 3H,0 (1 mCi/
ml), [U-"C]benzoate (50 mCi/mmol), and [U-*Clmeth-
ylamine {56 mCi/mmol) were obtained from the Radiochem-
ical Centre, Amersham; U.K. All other chemicals were
reagent grade, obtained from commercial sources.

RESULTS

Fate of intracelhilar phosphate. Starved (TMG-treated)
cells of S. lactis maintained a large, outwardly directed P;
gradient for several hours. Upon addition of a glycolytic
substrate, the internal phosphate concentration décreased
from about 80 mM to 10 to 20 mM due to the formation of
phosphorylated (glycolytic) intermediates. In contrast, the P;
pool was reduced by less than S mM when arginine was used
as the source of energy for ATP synthesis. To minimize
possible interference of phosphate metabolism with the
transport process, S. lactis céils were energized by arginine
in most experiments. Moreovet, phosphate was used instead
of the nonmetabolizable phosphate andlog arsenate since
this latter compound may interfere with energy coupling to
the phosphate transport system (see below) by aﬂ'ectmg ATP
production in the cell (18), Upon the addition of arginine, the
external ph0sphate concentration decreased concomitantly
with an increase in internal phosphate concentration (Fig. 1).
External phosphate consisted of the phosphate added to the
cell suspension plus a small fraction (abouit 20 wM) that had
leaked from the cells prior to energization. A small but
significant decrease in intracellular phosphate conceritration
at zero time in the presence of arginine most probably
reflects the synthesis of organic phosphate compounds (e.g.,
carbamoyl phosphate, ATP) by the arginine deiminase path-
way. {(With lactose as the source of energy, more than 80%
of the accumulated phosphate was incorporated into organic
phosphate compounds [data not shown].) At a protein con-
centration of 0.64 mg/mi arid at steady state, the extracellular
phosphate was comipletely taken up at external phosphate
concentrations of 120 pM or below. A residual external
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phosphate concentration of about 150 uM was observed
when the initial phosphate concentration was brought to 270
uM. At all concentrations tested, the decrease in external
pliosphate concentration corresponded quantitatively with
the increase of the internal phosphate concentration. The
intracéllular phosphate pool saturated at approximately 130
mM.

Regulation of phosphate uptake by intracellular phosphate.
Time courses of P; uptake driven by arginine at various
external phosphate concentrations are shown in Fig. 2.
Almost all the medium phosphate was taken tp by the cells.
(at a protein concentration of 0.68 mg/ml) up to a phosphate
concentration of 100 pM, and concentration gradients were
achieved that exceeded 10°. At higher initial phosphate
concentrations, the internal phosphaté pool saturated at
about 130 mM. This concentration was calculated from the
amount of P; taken up and an endogenous phosphate pool of
68 mM. The rate of P; uptake decreased as the internal
phosphate pool reached its maximum, even when the exter-
nal phosphate concentration remained above the K; for
uptake (sée below). The decrease in the net uptake rate
appeared not to be due to an increased rate of efflux (passive,
carrier mediated, or both) at high intracellular phosphate
concentrations. The rate of phosphate exit (calculated on the
basis of 32P; exit and the total free intracellular phosphate
concentration) from ceils accumulating P; varied between 0.3
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FIG. 1. Changes in intracellular and extracellular phosphate
upon the addition of argininé to S. lactis ML3 cells. Cells were
suspended to 0.64 mg of protein per ml in 100 mM K-HEPES
(potassium N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid)
(pH 7.5)-5 mM MgSO, with (B, OJ) or without (@) 10 mM arginine.
After 1 min of preenergizatjon (zero time), phosphate was added to
a final concentration of 0 (@), 100 (W), or 250 (CI) pM. At the times
indicated, 800—p.l portions of cells were centnfuged through silicon
oil as described in the text. P; was determinéd in the cell-free fluid
and the neutralized extract.
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and 1.0 nmol/min X mg of protein when a 100-fold excess of
unlabeled phosphate (exchange) was added (Fig. 2, inset).
Similar rates of phosphate exit were observed at higher
internal phosphate concentrations and under conditions of
phosphate efflux (data not shown), indicating that the phos-
phate transport system operates essentially unidirectionally.
The decrease of the rate of P; uptake with increasing internal
phosphate concentrations can be explained by a negative
feedback control on phosphate uptake by the intracellular
phosphate pool.

To analyze the dependence of the initial rate of phosphate
uptake on the intracellular phosphate concentration, cells
were allowed to accumulate (unlabeled) phosphate to dif-
ferent levels, after which 3?P; was added to monitor the
unidirectional rate of influx (Fig. 3). The final intracellular
phosphate concentrations consisted of the endogenous phos-
phate pool and the various amounts of 32P; accumulated as
determined in parallel samples (see legend to Fig. 3). The
unidirectional rate of P; uptake decreased with increasing
intracellular phosphate concentration (Fig. 3). A threefold
decrease in the rate of P; transport was observed upon an
increase of the internal phosphate pool of about 100 nmol/mg
of protein, i.e., approximately 35 mM. For technical reasons
(retention of the phosphate pool in starved cells [see above]),
it was not possible to vary the intracellular phosphate
concentration over a wider range. The decrease in the rate of
P; uptake with increasing intracellular P; concentration (and
consequently decreasing external P; concentration) is un-
likely to be caused by the increase in concentration gradient,
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FIG. 2. Time courses of phosphate uptake (nanomoles per milli-
gram of protein) at various initial phosphate concentrations in S.
lactis ML3. Cells were suspended to a final protein concentration of
0.68 mg/ml in 100 mM K-HEPES (pH 7.5)-5 mM MgSO, containing
various concentrations of 32P;. Arginine was added to a final
concentration of 10 mM at zero time. Samples (100 pl) were
withdrawn at various time intervals, after which the cells were
separated from the medium by filtration. The initial 3P; concentra-
tions were 20 (H), 50 (O), 100 (@), 200 (O), and 500 (A) pM. Inset,
Effect of the addition of S mM unlabeled phosphate (at # = 9 min) (A)
on transport of 32P; (50 uM, initial concentration).
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FIG. 3. Effect of the intracellular phosphate concentration on the
unidirectional rate of phosphate uptake in S. lactis ML3 cells. Cells
were suspended to a final protein concentration of 0.89 mg/ml in 100
mM K-HEPES (pH 7.5)-5 mM MgSO, containing 10 mM arginine.
Subsequently, cells were allowed to accumulate P; to various levels
after the addition of 0 (@), 50 (O), 80 (M), or 100 (O0) wM phosphate
at zero time. After 25 min of uptake, 32P; was added to a final
concentration of 100 uM and the unidirectional rate of uptake was
measured. The numbers in the figure represent the unidirectional
rates of phosphate uptake in nanomoles per minute times milligrams
of protein. The amount of P; accumulated after 20 to 30 min of
incubation was determined in parallel samples by adding the appro-
priate concentration of 32P; at time zero. These measurements
indicated that up to an (initial) external concentration of 80 pM,
phosphate was completely taken up by the cells within 25 min of
incubation. At an initial phosphate concentration of 100 pM, ap-
proximately 8 uM was left after 25 min of incubation. Inset, Kinetics
of 32P; uptake as a function of external phosphate concentration in
the presence of arginine (A) or lactose (A) as an energy source. S.
lactis ML3 cells were suspended to final protein concentrations of
0.53 and 0.22 mg/ml in 50 mM K-HEPES (pH 7.0)-5 mM MgSO, in
the presence of 5 mM arginine or 10 mM lactose, respectively. Initial
rates were determined in duplicate after 10 s of uptake. The data are
reported as Eadie-Hofstee plots.

since the initial rates of P; uptake (at saturating substrate
concentrations) were constant over a wide range of external
concentrations and at a fixed internal concentration (data not
shown). The dependence of the initial rate of phosphate
uptake on the intracellular phosphate concentration may
offer an explanation for the difference in the maximal rate of
uptake (Vyax) With arginine and lactose as sources of energy
(Fig. 3, inset). The V.. values for phosphate uptake were 15
and 33 nmol/min X mg of protein with arginine and lactose,
respectively. Under the conditions employed (i.e., at an
external pH of 7.5), other parameters, like the internal ATP
concentration (data not shown) and the internal pH (Fig. 4),
which could affect P; transport (see below) were very similar
with both sources of metabolic energy. A major difference,
however, was found in the size of the phosphate pool in cells
metabolizing arginine as compared to lactose, e.g., 80 to 90
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FIG. 4. Relationship between the intracellular and the extracel-
lular pH in S. lactis ML3 cells metabolizing arginine (M, (J) and
lactose (@, O) in the presence (open symbols) and absence (closed
symbols) of nigericin. Cells were suspended to a final protein
concentration of 1.25 mg/ml in 30 mM K-MES (potassium
morpholineethanesulfonic acid), 30 mM K-PIPES [potassium
piperazine-N,N’-bis(2-ethanesulfonic acid)], 30 mM HEPES, 30
mM K-Tricine, and 5 mM MgSO, buffers, at the pH values indi-
cated, containing either [U-1“C]benzoic acid (20 pM) or [U-
14Clmethylamine (17.8 uM). Arginine and lactose were added to
final concentrations of 5 and 10 mM, respectively. After 5 min of
energization in the presence or absence of nigericin (1.0 pM), 1.0-ml
portions of cells were separated from the medium by silicone oil
centrifugation as described in the text.

mM versus 10 to 20 mM. The affinity constants (K7) for
phosphate uptake were 6.4 and 8.4 .M with arginine and
lactose, respectively.

Dependence of phosphate transport on the external pH. The
(maximal) rates of phosphate uptake, determined at a final
32p, concentration of 100 wM, appeared to be largely inde-
pendent of the extracellular pH between pH 5.5 and 8.0 with
both arginine and lactose as energy sources (data not
shown). In agreement (see below), the intracellular pH was
relatively constant at external pH values between pH 5.5 and
8.0, but was 0.3 to 0.4 pH units lower in cells metabolizing
arginine than in lactose-fermenting cells (Fig. 4).

The kinetics of phosphate uptake in the presence of
arginine was analyzed further at pH 6.2, 7.2, and 8.2, i.e., 1
pH unit below, at, and 1 pH unit above the pK, of P;,
respectively. The K7 values were 6.2 + 0.5 pM irrespective
of the extracellular pH (data not shown), indicating that the
phosphate transport system has no preference for either the
mono- or the divalent phosphate anion.

Driving force for phosphate transport. The ability of S.
lactis cells to accumulate phosphate to concentration gradi-
ents (in/out) exceeding 10? and the unidirectional nature of
the transport process suggested that phosphate uptake is not
catalyzed by a secondary transport system (9). To examine
the energy requirements of the transport system, the com-
ponents of the proton motive force (Ap) were selectively
dissipated by using classical uncouplers and ionophores. The
potassium ionophore valinomycin, which collapses the
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membrane potential (Ays), had no effect on phosphate trans-
port between pH 5.0 and 8.0 and at external potassium
concentrations of at least 50 mM, suggesting an electro-
neutral translocation process. The ionophore nigericin,
which collapses the pH gradient (ApH) by exchanging po-
tassium ions for protons, inhibited phosphate uptake to
various extents depending on the pH of the medium (see
below). Similar results were obtained with protonophores
such as carbonyl cyanide m-chlorophenylhydrazone and the
combination of valinomycin plus nigericin, which dissipate
the Ay and ApH, except that some (up to 40%) inhibition of
the initial rate of 3?P; uptake could be observed (also) at
alkaline pH values. When the total Ap was dissipated by
valinomycin plus nigericin, the intracellular ATP concentra-
tions were reduced (approximately 60%) to about 0.6 mM.
The FOF1 ATPase inhibitor dicyclohexylcarbodiimide,
which prevents the formation of a Ap without having a
significant effect on intracellular ATP levels, also inhibited
transport at acidic but not at alkaline pH values (data not
shown). These results suggested that the components of the
Ap were not involved in the energization of the phosphate
transport system, but that Ap formation was required under
certain conditions to maintain an alkaline cytoplasm.

Since transport of phosphate is not driven by a Ap, but
requires the synthesis of ATP derived from the catabolism of
either arginine or lactose (glycolysis), it is likely that ATP or
a related metabolite provides the energy for the transport
process directly.

Dependence of phosphate transport on the internal pH.
Regulation of phosphate uptake by the intracellular pH was
examined further by studying the initial rate of uptake at
various external pH values in the presence of nigericin.
Under those conditions, a saturating amount of nigericin (0.8
nmol/mg of protein) resulted in a reversed ApH, with the
cytoplasm 0.7 to 0.8 pH units more acidic than the outside
medium with both arginine and lactose as energy sources
(Fig. 4). Using these data together with the transport mea-
surements, the initial rates of phosphate uptake were plotted
as a function of the intracellular pH (Fig. 5). The apparent
pK value for the dependency of phosphate uptake on the
internal pH was 7.3 with arginine as the energy source. Cells
metabolizing lactose exhibited a similar dependence of phos-
phate transport on the internal pH, with a pK, of about 7
(data not shown).

Since ATP could be involved directly in the energization
of phosphate transport, it was necessary to check whether
the internal pH dependence of phosphate transport was
affected by changes in the intracellular ATP levels. The
internal ATP concentrations were relatively constant be-
tween internal pH values of 5.8 and 8.2 (Fig. 5, inset) and
similar for the two energy sources. Below pH 5.8, the ATP
levels increased almost twofold with arginine, whereas they
dropped to zero with lactose. These results indicate that the
dependence of phosphate transport activity on the intracel-
lular pH is not due to varying ATP levels.

DISCUSSION

The properties of the phosphate transport system of S.
lactis ML3 are probably best described by the experiments
in which arginine has been used as energy source. Under
those conditions the phosphate translocated enters quantita-
tively, i.e., without significant metabolism, into a free P; pool
(Fig. 1). The properties of the transport system are: (i)
uptake proceeds in the absence of a proton motive force but
requires the synthesis of ATP derived from either arginine or
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lactose catabolism; (ii) transport is essentially unidirectional;
(iii) the rate of uptake is feedback regulated by the internal
phosphate concentration; (iv) transport activity exhibits a
strong internal pH dependence; and (v) the transport system
has no preference for either the mono- or the divalent
phosphate anion. These properties are clearly distinct from
those of the anion antiporter of S. lactis 7962 (14) and S.
pyogenes (21), but resemble those of the phosphate transport
system of S. faecalis. Preliminary experiments have indi-
cated that a similar phosphate transport system is operative
in S. cremoris Wg2. The requirement for phosphate-bond
energy as driving force, the unidirectional nature, and the
regulation by intracellular pH of the phosphate transport
system are reminiscent of the glutamate-glutamine transport
system in S. lactis ML3 and S. cremoris Wg2 (17, 18).
Regulation of solute transport in streptococci by the
external and internal pH has recently been reviewed (B.
Poolman, A. J. M. Driessen, and W. N. Konings, Micro-
biol. Rev., in press). At least two different external pH
effects can be recognized, (i) a change in transport activity
due to an affinity or activity change of the carrier protein and
(ii) a change in the available substrate concentration as a
result of changes in the relative concentration of the proton-
ated species. Kinetic analysis of phosphate transport in S.
lactis at various external pH values has revealed no signifi-
cant external pH effects. Since both the mono- and divalent
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FIG. 5. Dependence of the initial rate of phosphate uptake on the
intracellular pH in S. lactis ML3. Cells were suspended to a final
protein concentration of 0.63 mg/ml in the buffers described in the
legend to Fig. 4. Initial rates of 32P; (100 pM, final concentration)
uptake (nanomoles of P; per minute times milligrams of protein)
were determined in the presence of 0.5 uM nigericin after 5 min of
preenergization with 5 mM arginine. The intracellular pH was
determined in parallel samples in experiments similar to that of Fig.
4. Data for two independent experiments are shown. Inset, Depen-
dence of the intracellular ATP pool on the intracellular pH in S.
lactis ML3 cells metabolizing arginine (O) or lactose (@). The
experimental conditions were identical to those described above,
except that cell metabolism was quenched after S min of energiza-
tion by the addition of perchloric acid (5%, wt/wt, final concentra-
tion). ATP was measured in neutralized cell extracts as described in
the text.
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phosphate anions are accepted by the transport system, the
overall electroneutrality of the transport process (as could be
inferred from the failure of valinomycin to affect transport)
suggests a variable number of (most probably) protons
cotransported, depending on the valence of the P;.

Most of the streptococcal transport systems studied thus
far are regulated by the intracellular pH, with an apparent
pK of approximately 7 (Poolman et al., submitted). With the
exception of the alanine-glycine carrier of S. cremoris (6),
most transport systems require an alkaline pH for maximal
activity. The same holds true for the phosphate transport
systems of S. faecalis (8) and S. lactis (this study). The
relationship between the rate of transport and the internal
pH depends on the source of energy for ATP synthesis.
Differences in the fate of phosphate under the two conditions
could affect the internal pH dependence of the transport
system (assuming that further metabolism of phosphate in
glycolyzing cells is pH sensitive). During lactose fermenta-
tion a considerable fraction (more than 80%) of the accumu-
lated phosphate is incorporated into organic phosphate com-
pounds, whereas with arginine, phosphate enters into a free
P; pool. Furthermore, as a consequence of phosphate me-
tabolism the free intracellular phosphate pool, and thus the
transport activity, changes (Fig. 3; see below). The energy
status of the cells, as judged from the intracellular ATP
levels, is the same with arginine and lactose in the pH range
of interest. Therefore, it seems unlikely that the energy
supply to the transport system differs significantly with the
two energy sources. The differences in ATP concentrations
below pH 5.8 can be attributed to the relative insensitivity of
the arginine deiminase pathway to acid pH values, whereas
the glycolytic pathway is rapidly inactivated below pH 6 (12,
15, 16a). The rise in ATP concentration in arginine-
metabolizing cells below an internal pH of 5.8 is most likely
explained by the stronger inhibition of ATP-consuming
processes relative to the production of ATP by the arginine
deiminase pathway.

An important parameter in resolving the internal pH
dependency of the phosphate transport system has been the
measurement of the cytoplasmic pH. It is noteworthy that
the cytoplasmic pH becomes acid with respect to the pH of
the outside medium when the internal pH is varied by the
external pH in the presence of nigericin (Fig. 4). This
reversed pH gradient is observed irrespective of the nature
of the energy source and also in energy-starved (TMG-
treated) cells in the absence of the ionophore at alkaline pH
values or when the intracellular potassium concentration is
low (unpublished results), suggesting the presence of a
compensatory (Donnan) potential of opposite polarity. Since
nigericin depletes the intracellular potassium pool to a large
extent (B. Poolman, unpublished results) by exchange of
potassium ions for protons, the reversed pH gradient can
also be generated in energized cells.

Kinetic analysis of phosphate transport in S. lactis has
revealed a marked difference in V,, with arginine and
lactose as energy sources (Fig. 3; inset). This difference may
be attributed entirely to trans-inhibition of the transport
system. This type of regulation of transport activity, usually
not found for secondary transport systems, has been de-
scribed for the major potassium transport system of S.
faecalis (4) and the trkA and trkD systems of E. coli (22). For
Ap-driven transport systems, the steady-state levels of ac-
cumulation are determined by the magnitude of the Ap, by
the stoichiometry of solute to coupling ion, and by the
charges of solutes translocated and the passive leak pro-
cesses (A. J. M. Driessen, K. J. Hellingwerf, and W. N.
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Konings, J. Biol. Chem., in press). In contrast, phosphate-
bond-driven transport systems operate essentially unidirec-
tionally and can catalyze the uptake of solutes to very high
accumulation levels as compared with Ap-driven transport
systems. trans-Inhibition acts as a regulatory device in these
transport systems, including the phosphate uptake system
described here, to prevent accumulation to unacceptably
high internal levels. The phosphate transport system of S.
lactis does not exhibit significant exchange (and efflux)
activity in the absence or presence of metabolic energy. In
contrast, the potassium transport system of S. faecalis
catalyzes energy-dependent potassium exchange (and ef-
flux). Despite the use of the protocols described for the assay
of anion antiport in S. lactis 7962 (2, 14), no evidence has
been obtained for the presence of a similar phosphate
transport system in S. lactis ML3 or S. cremoris Wg2
(unpublished data).

ACKNOWLEDGMENTS

The investigations were supported by the Foundation for Funda-
mental Biological Research (BION), which is subsidized by the
Netherlands Organization for the Advancement of Pure Research
(ZWO).

LITERATURE CITED

1. Ambudkar, S. V., T. J. Larson, and P. C. Maloney. 1986.
Reconstitution of sugar phosphate transport systems of Esche-
richia coli. J. Biol. Chem. 261:9083-9086.

2. AmbudkKar, S. V., and P. C. Maloney. 1984. Characterization of
phosphate:hexose 6-phosphate antiport in membrane vesicles of
Streptococcus lactis. J. Biol. Chem. 259:12576-12585.

3. Ambudkar, S. V., L. A. Sonna, and P. C. Maloney. 1986.
Variable stoichiometry of phosphate-linked anion exchange in
Streptococcus lactis: implications for the mechanism of sugar
phosphate transport by bacteria. Proc. Natl. Acad. Sci. USA
83:280-284.

4. Bakker, E. P., and F. M. Harold. 1980. Energy coupling to
potassium transport in Streptococcus faecalis. J. Biol. Chem.
255:433-440.

5. De Man, J. C., M. Rogosa, and M. E. Sharpe. 1960. A medium
for the cultivation of lactobacilli. J. Appl. Bacteriol. 23:130-135.

6. Driessen, A. J. M., J. Kodde, S. de Jong, and W. N. Konings.
1987. Neutral amino acid transport by membrane vesicles of
Streptococcus cremoris is subject to regulation by internal pH.
J. Bacteriol. 169:2748-2754.

7. Elvin, C. M., C. M. Hardy, and H. Rosenberg. 1985. P; exchange
mediated by the GipT-dependent sn-glycerol-3-phosphate trans-
port system in Escherichia coli. J. Bacteriol. 161:1054-1058.

8. Harold, F. M., and E. Spitz. 1975. Accumulation of arsenate,
phosphate, and aspartate by Streptococcus faecalis. J. Bacte-
riol. 122:266-277.

9. Konings, W. N., W. de Vrij, A. J. M. Driessen, and B. Poolman.
1987. Primary and secondary transport systems in Gram-
positive bacteria, p. 270-294. In J. Reizer and A. Peterkofsky
(ed.), Sugar transport and metabolism in Gram-positive bacte-
ria. Ellis Horwood Ltd., Chichester, England.

10. Konings, W. N., and H. Rosenberg. 1978. Phosphate transport in
membrane vesicles from Escherichia coli. Biochim. Biophys.
Acta 211:158-168.

11. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.

J. BACTERIOL.

Biol. Chem. 193:265-275.

12. Maloney, P. C. 1983. Relationship between phosphorylation
potential and electrochemical H* gradient during glycolysis in
Streptococcus lactis. J. Bacteriol. 153:1461-1470.

13. Maloney, P. C., S. V. Ambudkar, and L. A. Sonna. 1987. Anion
exchange in prokaryotes, p. 134-139. In J. Reizer and A.
Peterkofsky (ed.), Sugar transport and metabolism in Gram-
positive bacteria. Ellis Horwood Ltd., Chichester, England.

14. Maloney, P. C., S. V. Ambudkar, J. Thomas, and L. Schiller.
1984. Phosphate/hexose 6-phosphate antiport in Streptococcus
lactis. J. Bacteriol. 158:238-245.

15. Marquis, R. E., G. R. Bender, D. R. Murray, and A. Wong.
1987. Arginine deiminase system and bacterial adaptation to
acid environments. Appl. Environ. Microbiol. 53:198-200.

16. Otto, R., B. Klont, B. ten Brink, and W. N. Konings. 1984. The
phosphate potential, adenylate energy charge and proton motive
force in growing cells of Streptococcus cremoris. Arch. Micro-
biol. 139:338-343.

16a.Poolman, B., A. J. M. Driessen, and W. N. Konings. 1987.
Regulation of arginine-ornithine exchange and the arginine
deaminase pathway in Streptococcus lactis. J. Bacteriol. 169:
5597-5604.

17. Poolman, B., K. J. Hellingwerf, and W. N. Konings. 1987.
Regulation of the glutamate-glutamine transport system by
intracellular pH in Streptococcus lactis. J. Bacteriol. 169:
2272-2276.

18. Poolman, B., E. J. Smid, and W. N. Konings. 1987. Kinetic
properties of a phosphate-bond-driven glutamate-glutamine
transport system in Streptococcus lactis and Streptococcus
cremoris. J. Bacteriol. 169:2755-2761.

19. Poolman, B., E. J. Smid, H. Veldkamp, and W. N. Konings.
1987. Bioenergetic consequences of lactose starvation for con-
tinuously cultured Streptococcus cremoris. J. Bacteriol. 169:
1460-1468.

20. Reizer, J., and A. Peterkofsky. 1987. Regulatory mechanisms for
sugar transport in Gram-positive bacteria, p. 333-364. In J.
Reizer and A. Peterkofsky (ed.), Sugar transport and metabo-
lism in Gram-positive bacteria. Ellis Horwood Ltd., Chichester,
England.

21. Reizer, J., and M. H. Saier. 1987. Mechanism and regulation of
phosphate transport in Streptococcus pyogenes. J. Bacteriol.
169:297-302.

22. Rhoads, D. B., and W. Epstein. 1978. Cation transport in
Escherichia coli. IX. Regulation of K+ transport. J. Gen.
Physiol. 72:283-295.

23. Rosenberg, H., R. Gerdes, and F. M. Harold. 1979. Energy
coupling to the transport of inorganic phosphate in Escherichia
coli. Biochem. J. 178:133-137.

24. Rosenberg, H., R. G. Gerdes, and K. Chegwidden. 1977. Two
systems for the uptake of phosphate in Escherichia coli. J.
Bacteriol. 131:505-511.

25. Surin, B. P., D. A. Jans, A. L. Fimmel, D. C. Shaw, G. B. Cox,
and H. Rosenberg. 1984. Structural gene for the phosphate-
repressible phosphate-binding protein of Escherichia coli has its
own promoter: complete nucleotide sequence of the phoS gene.
J. Bacteriol. 157:772-778.

26. Thompson, J., and T. D. Thomas. 1977. Phosphoenolpyruvate
and 2-phosphoglycerate: endogenous energy source(s) for sugar
accumulation by starved cells of Streptococcus lactis. J. Bac-
teriol. 130:583-595.

27. Thompson, J., and D. A. Torchia. 1984. Use of 3'P nuclear
magnetic resonance spectroscopy and C fluorography in stud-
ies of glycolysis and regulation of pyruvate kinase in Strepto-
coccus lactis. J. Bacteriol. 158:791-800.



