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In Streptococcus lactis ML3 and Streptococcus cremoris Wg2 the uptake of glutamate and glutamine is
mediated by the same transport system, which has a 30-fold higher affinity for glutamine than for glutamate
at pH 6.0. The apparent affinity constant for transport (KT) of glutamine is 2.5 0.3 ,uM, independent of the
extracellular pH. The KTs for glutamate uptake are 3.5, 11.2, 77, and 1200 ,IM at pH 4.0, 5.1, 6.0, and 7.0,
respectively. Recalculation of the affinity constants based on the concentration of glutamic acid in the solution
yield KTs of 1.8 + 0.5 ,uM independent of the external pH, indicating that the protonated form of glutamate,
i.e., glutamic acid, and glutamine are the transported species. The maximal rates of glutamate and glutamine
uptake are independent of the extracellular pH as long as the intracellular pH is kept constant, despite large
differences in the magnitude and composition of the components of the proton motive force. Uptake of
glutamate and glutamine requires the synthesis of ATP either from glycolysis or from arginine metabolism and
appears to be essentially unidirectional. Cells are able to maintain glutamate concentration gradients exceeding
4 x 103 for several hours even in the absence of metabolic energy. The t1/2s of glutamate efflux are 2, 12, and
>30 h at pH 5.0, 6.0, and 7.0, respectively. After the addition of lactose as energy source, the rate of glutamine
uptake and the level of ATP are both very sensitive to arsenate. When the intracellular pH is kept constant,
both parameters decrease approximately in parallel (between 0.2 and 1.0 mM ATP) with increasing
concentrations of the inhibitor. These results suggest that the accumulation of glutamate and glutamine is
energized by ATP or an equivalent energy-rich phosphorylated intermediate and not by the proton motive
force.

With a few exceptions, streptococci are nutritionally fas-
tidious, which means that many solutes have to be
translocated from the medium into the cytoplasm. Detailed
information is available about the regulation and energy
coupling of sugar transport systems in streptococci (Strep-
tococcus cremoris, S. lactis, and S. diacetylactis) (21).
Studies on amino acid transport (1, 11, 20, 27) and ion
movements (3, 10, 13) have been performed in S. faecalis
and more recently in S. cremoris (8, 18). In S. faecalis the
operation of two kinetically distinct dicarboxylic acid trans-
port systems has been shown with affinities for glutamate
and aspartate (20). Transport of aspartate and glutamate by
the high-affinity system appears to be essentially unidirec-
tional and requires ATP but not the proton motive force (11).
The transport system for a-aminoisobutyric acid, a
nonmetabolizable analog of alanine, and a number of struc-
turally similar neutral amino acids such as serine, alanine,
and glycine has been studied in S. lactis ML3; this system is
most likely driven by the proton motive force (26). The
proton motive force has also been shown to be the driving
force for the accumulation of (neutral) amino acids in S.
faecalis (1).

The development of a method to incorporate proton
pumps functionally into membrane vesicles of S. cremoris
and other strictly fermentative bacteria by membrane fusion
has facilitated the study of secondary transport systems in
these organisms (7, 8). In fused membranes of S. cremoris
the kinetics, energetics, and regulation of transport of ali-
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phatic amino acids have recently been characterized
(18a).
Recent studies with lactose-starved S. cremoris Wg2 have

shown that upon exhaustion of the energy source the efflux
rates for different amino acids vary considerably (19). Most
amino acids equilibrate with the external medium at a rate
determined by the dissipation of the proton motive force. In
contrast, glutamate and aspartate leaked out from the cell
very slowly. Clearly, the organism is able to prevent rapid
loss of these quantitatively important amino acids under
conditions of energy starvation. In growing S. cremoris and
other streptococci, glutamate and aspartate constitute more
than 70% of the total free amino acid pool (9; unpublished
data).
These observations together with the evidence for ATP-

driven transport systems for glutamate and aspartate in S.
faecalis prompted us to investigate the transport of these
amino acids in S. lactis ML3 and S. cremoris Wg2 in more
detail. In this paper we report that glutamate and glutamine
are taken up by a single, kinetically distinguishable transport
system with a very low affinity for aspartate. The affinity of
the transport system for glutamate depends on the proton-
ated state of this amino acid. The data indicate that glutamic
acid but not glutamate anion is taken up with an apparent
affinity constant similar to that of glutamine. The maximal
rates of glutamate and glutamine transport are independent
of the magnitude and composition of the proton motive force
but require the presence of ATP intracellularly.

Glutamate is defined herein as the sum of glutamic acid
and glutamate anion present in the solution. Although
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glutamic acid appears to be the transported species in S.
lactis and S. cremoris, transport of this amino acid wiUl be
referred to as transport of glutamate.

MATERIALS AND METHODS

Culture conditions. S. cremoris Wg2 and S. lactis ML3
were maintained in 10% (wt/vol) skimmed milk containing
0.1% (wt/vol) Trypton (Difco Laboratories) and stored at
-20°C. Precultures, made by transferring the organisms
from the milk cultures to a complex medium (MRS) (5) at pH
6.4 containing 1.0% (wt/vol) lactose or galactose as the
energy source, were grown overnight at 30°C. To induce
arginine metabolism in S. lactis ML3, the cells were grown
on galactose and 10 mM arginine (4).

Transport assays. Cells were harvested by centrifugation,
washed two times, and suspended in buffer at 1 to 2 mg of
protein per ml. To de-energize the cells, suspensions were
incubated for 30 min at room temperature with 1 mM
methyl-l-thio-p-D-galactopyranoside. The cells were then
washed twice and suspended as described in the figure
legends or below. Transport was routinely assayed at 30°C in
200 ,ul of incubation mixture, unless indicated otherwise.
Initial uptake rates were determined by adding the appropri-
ate concentration of '4C-labeled amino acid to the cell
suspension after 3 to 5 min of preenergization with either 10
mM lactose or 5 mM arginine. After 5 to 30 s, the uptake
reaction was stopped by the addition of 2 ml of ice-cold 100
mM LiCl, filtered on a 0.45-pum cellulose nitrate filter (Mil-
lipore Corp.), and washed once more with 2 ml of ice-cold
LiCl. For simultaneous measurements of transport activity,
membrane potential, and pH gradient (see below), samples
of 100 pIl were rapidly taken from the incubation mixture (2.0
ml) and diluted with LiCl as described above. Efflux and
exchange activity were measured after preloading the cells (2
to 3 mg of protein per ml) with '4C-labeled glutamate (42 ,uM;
11.9 mCi/mmol) in the presence of 10 mM lactose for 15 min
at 30°C. After treatment with methyl-l-thio-P-D-galacto-
pyranoside and two additional washing steps the cells were
concentrated to 60 to 80 mg of protein per ml. Efflux and
exchange were initiated after an 80-fold dilution of the cells
as described below and in the figure legends. Filters were
dried, and radioactivity was measured by liquid scintillation
spectrometry.

Extraction and identification of radioactive material. Intra-
cellular amino acids were identified by thin-layer chromatog-
raphy. Uptake of amino acids was performed as described
above, except that the cells were separated from the medium
by silicone oil centrifugation (25). After neutralization of the
perchloric acid extract, a portion of this solution was applied
to silica gel plates. The amino acids were chromatographed
with an n-butanol-acetic acid-water (4:1:1; vol/vol/vol) mix-
ture (24). Amino acids were identified with ninhydrin rea-
gent. Radioactivity was visualized by autoradiography. The
radioactivity in the spots was quantitated by liquid scintilla-
tion spectrometry.
Measurements of AI'and ZApH. For simultaneous mea-

surements of transport activity, ATP concentration, mem-
brane potential (At), and transmembrane proton gradient
(ZApH), cells were added to a polyvinylchloride vessel with
a thermostat (300C) in which an ion-selective tetraphenyl-
phosphonium ion (TPP+) electrode and an ion-selective
salicylate electrode (12) were inserted. The incubation mix-
ture (2.0 ml) usually contained a cell suspension of 1 to 2 mg
of protein per ml; TPP+ and potassium salicylate were added
to 4 and 100 puM, respectively. To measure the ZApH

accurately, the distribution of salicylate was calculated from
the change in electrode voltage upon the addition of 0.5 puM
nigericin. For uptake measurements and determination of
the intracellular ATP concentration, samples (100 p.l) were
taken from the incubation mixture at the indicated time
intervals and further handled as described in the figure
legends. Alternatively, to measure pH gradients inside alka-
line or inside acidic with respect to the external medium, the
distribution of [U-14C]benzoic acid (50 mCi/mmol) or [U-
14C]methylamine (56 mCi/mmol), respectively, was mea-
sured by the silicone oil centrifugation method (25).

Calculations. The At was calculated by using the Nernst
equation from the distribution of TPP+ between the bulk
phase of the medium and the cytoplasm after correction for
concentration-dependent binding ofTPP+ to the cytoplasmic
membrane (15). Binding of TPP+ was measured in cells
deenergized by incubation with 1% (vol/vol) toluene for 1 h
at 37°C. The observed binding constant (K) for TPP+ varied
between 8 and 15 in different experiments and was indepen-
dent of the extracellular pH. For the calculation of the At
and ZApH a specific internal volume of 2.9 and 3.6 ,ul/mg of
protein was used for S. lactis and S. cremoris, respectively
(19).

Miscellaneous. Extraction procedures for ATP analysis
and measurement of the free intracellular amino acid pool
have been described previously (19). ATP concentrations
were determined with the firefly luciferase assay as de-
scribed previously (17). Amino acids were analyzed after
derivation with dansylchloride and separated by reverse-
phase high-performance liquid chromatography (19). Protein
was measured by the method of Lowry et al. (16) with
bovine serum albumin as a standard.

Materials. 3H20 (1 mCi/Iml), [U-_4C]benzoate (50 mCi/
mmol), [U-14C]methylamine (56 mCi/mmol), [U-14C]gluta-
mate (280 mCi/mmol), [U-14C]glutamine (280 mCi/mmol),
and [U-_4C]leucine (333 mCi/mmol) were obtained from the
Radiochemical Centre, Amersham, United Kingdom. All
other chemicals were reagent grade and were obtained from
commercial sources.

RESULTS

Substrate specificity of the transport system. Examination
of the initial rates of glutamate uptake by S. lactis ML3 and
S. cremoris Wg2 over a wide range of concentrations (1.8
p.M to 1.0 mM) showed saturation kinetics. Transformation
of the experimental data into Eadie-Hofstee plots yielded
single straight lines (Fig. 1A), indicating the presence of only
one kinetically distinguishable glutamate transport system.
The KTs of glutamate uptake at pH 6.0 were 77 and 36 p.M
for S. lactis and S. cremoris, respectively. Surprisingly,
glutamate uptake was competitively inhibited by glutamine.
The K, for glutamine inhibition was 2.0 + 0.5 p.M in both
organisms, whereas aspartate inhibited with a Ki larger than
1 mM. a-Ketoglutarate and oxaloacetate up to 1.0 mM had
no inhibitory effect on glutamate transport in S. cremoris
Wg2.
The KTs for glutamine uptake in S. lactis and S. cremoris

at pH 6.0 were 2.6 and 1.9 p.M, respectively. Glutamine
transport in S. lactis cells was competitively inhibited by
glutamate with a Ki of 68 p.M at pH 6.0, showing that the
affinity constants for transport of these amino acids are
comparable to the affinity constants for the inhibition.

Since arginine can be used as a source of energy for ATP
synthesis in S. lactis but not in S. cremoris (4), the effect of
arginine on the initial rate of glutamine uptake in S. cremoris
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FIG. 1. Effect of external pH on the kinetic parameters of glutamate (A) and glutamine (B) transport in S. lactis ML3. A concentrated cell
suspension in 10mM K-PIPES [piperazine-N,N'-bis(2-ethonesulfonic acid)]-80 mM KCl-5 mM MgCl2 at pH 6.0 was diluted to a final protein
concentration of 0.4 mg/ml in a 30 mM K-MES (morpholine ethanesulfonic acid)-30 mM K-PIPES-30 mM K-HEPES (N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid-5 mM MgCl2 buffer containing 10 mM lactose at pH 4.0 (M), 5.1 (0), 6.0 (0), and 7.0 (E). After 3 min
of pre-energization, various concentrations (1.8 ,uM to 1.03 mM) of ['4C]glutamate (A) or [14C]glutamine (B) were added. Uptake was
measured between 5 and 30 s, after which transport was terminated as described in Materials and Methods. Initial rates of uptake were
measured in duplicate; the data are plotted in the form of Eadie-Hofstee plots (6). The data for the initial rates of glutamate uptake at pH 7.0
are shown on a different scale in the inset of panel A.

was measured. At pH 6.0 glutamine transport in glycolyzing
cells of S. cremoris appeared to be competitively inhibited
by arginine with a Ki of 257 puM.

Effect of the extracellular pH on the kinetic properties of
glutamate and glutamine transport. Kinetic analysis of glu-
tamate transport in S. lactis ML3 revealed that the maximal
rate of glutamate uptake (V,) is independent of the exter-
nal pH between pH 5 and 7, whereas the apparent affinity
(KT) of the transport system increases dramatically with
increasing pH (Fig. 1A). The KTs for glutamate uptake were
11.2, 77, and 1,200 ,uM at pH 5.1, 6.0, and 7.0, respectively.
A further increase in the affinity for glutamate was observed
upon lowering the pH to 4.0 (Fig. 1A). Glutamate has pKa
values of 2.19, 4.25, and 9.67 and the relative concentrations
of the different species of glutamate between pH 4.0 and 7.0
are mainly determined by the protonation state of the
y-carboxyl group. According to the Henderson-Hasselbach
equation the ratios of glutamic acid to the glutamate anion
are 1.778, 0.141, 0.018, and 0.002 at pH 4.0, 5.1, 6.0, and 7.0,
respectively. From these data the concentrations of glutamic
acid and the glutamate anion can be calculated at a given pH.
Replotting of the initial rates of uptake at various external
pHs, on the assumption that only glutamic acid can be
transported, shows very similar KTs (1.8 ± 0.5 p,M) between
pH 4.0 and 7.0 (Fig. 2). Under identical conditions the
affinity for glutamate was independent of the extracellular
pH with KTs of 2.5 ± 0.3 ,uM (Fig. 1B). This indicates that
the affinity of the transport system does not change signifi-
cantly in the pH range investigated.

Effect of the extracellular pH on the magnitude and compo-
sition of the proton motive force and the intracellular ATP
concentration. To elucidate the mechanism of energy cou-
pling to glutamate and glutamine transport, the magnitude of
the components of the proton motive force and the ATP
levels were measured between pH 5.1 and 7.8 (Fig. 3).
Steady-state values of the At and the ZApH were deter-

mined 5 min after the addition of lactose to the cell suspen-
sion. At pH 5.1 the proton motive force of S. lactis cells was
largely composed of a pH gradient. With increasing external
pH, the ZApH decreased as the intracellular pH remained
fairly constant, i.e., between 7.2 and 7.4. The decrease in
ZApH was only partially compensated by an increase in the
AtI. Consequently the proton motive force decreased from
-135 mV at pH 5.1 to -60 mV at pH 7.4. The intracellular
ATP concentration was maximal at pH 5.8 (i.e., 2.5 mM) and
decreased to 1.5 mM as the extracellular pH was raised to
pH 7.4. In the presence of nigericin, the ATP content of the
cells was maximal above pH 7.0 and decreased with decreas-
ing pH. The addition of nigericin made the interior of the cell
about 0.7 pH units more acidic than the external medium
between pH 5 to 8 (data not shown).
The independence of the V,, of glutamate and glutamine

uptake of the external pH (between pH 5.1 and 7.0) (Fig. 1A
and B, Fig. 2), despite dramatic changes in the magnitude of
the A'T and the ZApH (Fig. 3), indicates that the transport
system is not simply driven by the proton motive force. In
accordance with this are the observations that imposition of
an artificial membrane potential (potassium diffusion poten-
tial, inside negative) or a pH gradient (acetate diffusion
potential or pH jump, inside alkaline) or both (W. N.
Konings, W. De Vrij, A. J. M. Driessen, and B. Poolman, in
Sugar Transport and Metabolism in Gram-Positive Bacte-
ria, in press) failed to induce glutamate uptake in starved
cells of S. lactis ML3 and S. cremoris Wg2. Control exper-
iments in which leucine uptake was monitored indicated that
the methods employed resulted in the transient generation of
a At or ZApH (or both) of about -100 mV (data not shown).

Identification of accumulated radioactive material. Cells of
S. lactis ML3 were permitted to accumulate '4C-labeled
glutamate and glutamine for 5 min. Extraction, chromatog-
raphy, and autoradiography of the accumulated material
showed that a small fraction (9%) of glutamate was con-
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FIG. 2. Effect of external pH on the kinetic parameters of the
glutamate transport system in S. lactis ML3 on the assumption that
glutamic acid is the transported substrate. Experimental data were
taken from the experiment shown in Fig. 1A. The concentrations of
glutamic acid were calculated with the Henderson-Hasselbach equa-
tion, assuming that the charge of the dicarboxylic acid is determined
by the protonation state of the -y-carboxyl group (pK. of 4.25) in the
pH range investigated. Symbols are as shown in the legend to Fig.
1A.

verted into glutamine. Glutamine, on the other hand, was
largely (94%) converted into glutamate after 5 min of incu-
bation. No unidentified products were observed, even after
longer periods of incubation. To establish whether the con-
version of glutamine into glutamate affected the transport
rate of glutamine, cells were preincubated for 5 min with the
inhibitors of glutamine metabolism: azaserine or 6-diazo-5-
oxo-L-norleucine. In the presence of azaserine a smaller but
still significant amount of glutamine was converted into
glutamate, but in the presence of 6-diazo-5-oxo-L-norleucine
glutamine remained essentially unchanged. These inhibitors
of glutamine metabolism had no effect on the initial rate of
glutamine transport (data not shown).

Unidirectional nature of the glutamate-glutamine transport
system. The intracellular free glutamine pool of methyl-1-
thio-,-D-galactopyranoside-treated S. lactis ML3 cells was
19.0 mM. These cells accumulated [14C]glutamate to various
levels, depending on the extracellular glutamate concentra-
tion (Table 1). Cells metabolizing lactose took up nearly
100% of the glutamate when the initial concentration was
below 15 ,uM and at a protein concentration of 0.22 mg/ml.
The established concentration gradients for glutamic acid
(the transported species), taking into account the pH differ-
ence across the cytoplasmic membrane, exceeded 4 x 103
and could largely be maintained for several hours even in the
absence of metabolic energy. When the extracellular gluta-
mate concentration was increased the intracellular concen-
tration appeared to be restricted to a maximum of about 80
mM, corresponding with a glutamic acid concentration of 90
,uM (Table 1).
Transport of glutamate and glutamine in S. lactis could

also be driven by arginine metabolism (data not shown). The
initial rates of uptake in the presence of arginine were always
lower than with lactose as energy source for ATP synthesis,

due to the (competitive) inhibition of glutamate and
glutamine transport by high concentrations of arginine (see
above).

Exit of glutamate from methyl-l-thio-p-D-galacto-
pyranoside-treated cells was studied after preloading with
"4C-labeled glutamate. The pH dependence of glutamate
efflux from energy-starved S. lactis cells in the presence of
valinomycin and nigericin is shown in Fig. 4. The rate of
glutamate efflux increases with decreasing pH, but the t1/2s
for efflux are 2 to 3 orders of magnitude larger than for amino
acids which are facilitated by secondary transport mecha-
nisms (i.e., alanine, glycine, serine, leucine, and others) (8a).
The t1/2S of glutamate efflux were 125 min, 12 h, and >30 h at
pH 5.0, 6.0, and 7.0, respectively. The intracellular glutamic
acid concentrations are 2,946, 341 and 35 ,uM at pH 5.0, 6.0,
and 7.0, respectively. The glutamic and concentration gra-
dients are equal at these pH values because internal and
external glutamic acid concentrations are influenced in the
same manner by a change in medium pH. It is also unlikely
that the efflux rates at various pHs have been affected by
kinetic limitation of the transport system, since exit of
[14C]glutamate in the presence of 10mM unlabeled glutamate
(exchange) was nearly independent of the pH (data not
shown). The t1/2s of exchange varied between 65 to 85 min,
corresponding to a glutamate exit rate of about 0.2 nmol/min
per mg of protein on the basis of a total intracellular
glutamate concentration of 19.5 mM.
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FIG. 3. Effect of external pH on the components of the proton

motive force, the internal pH, and the intracellular ATP concentra-
tion in S. lactis ML3. Cells were suspended in 30 mM K-MES-30
mM K-PIPES-30 mM K-HEPES-5 mM MgC12 at the indicated pH
at 30°C to a final protein concentration of 2.1 mg/ml. The AAP (H) and
the ZApH (O) were determined from the distribution of TPP+ and
salicylate, respectively, by using ion-selective electrodes. Samples
(100 ,ul) were withdrawn for the determination of the intracellular
ATP concentration 5 min after the addition of 10 mM lactose. Other
symbols: internal ATP concentrations in the absence (0) and
presence (0) of 0.5 ,uM nigericin, internal pH (A).
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Glutamine uptake as a function of the intracellular ATP
levels. Since glutamate and glutamine transport in S. lactis
appears to rely upon ATP either from glycolysis or arginine
catabolism, the effect of the intracellular ATP concentration
on transport was studied. Cells were allowed to glycolyze at
pH 7.5 in the presence of various concentrations of arsenate.
Under these conditions the intra- and extracellular pHs are
approximately the same (Fig. 3; see below). ATP synthesis
in glycolyzing cells of S. lactis ML3 is effectively inhibited
by arsenate (Fig. 5). Arsenate at a concentration of 10 ,uM
was sufficient to lower the ATP levels by more than 60%. A
further increase in arsenate concentrations (up to 2 mM)
resulted in a maximal decrease in ATP by 80 to 85%. The
initial rate of glutamine transport was not significantly inhib-
ited by a decrease in ATP level from 1.27 to 0.9 mM, but fell
to 1 to 2% of the maximal activity upon a further decrease to
0.2 to 0.3 mM. The intracellular pHs were 7.46, 7.46, 7.35,
and 7.27 in glycolyzing cells in the presence of 0, 2, 8, and 40
FM arsenate, respectively. The relationship between the
rate of glutamine uptake and the intracellular ATP concen-
tration is plotted in the inset of Fig. 5. Strikingly, S. lactis
cells which derived their ATP from arginine metabolism via
the arginine dihydrolase pathway (4) were insensitive toward
arsenate. Transport of glutamine was also not markedly
affected by arsenate in these cells (data not shown).

DISCUSSION
The glutamate-glutamine transport system described in

this paper differs from most amino acid carriers described
thus far in several aspects. First, the substrate specificity is
unusual, since the transport system catalyzes the transloca-
tion of a neutral amino acid and one that is predominantly
negatively charged at physiological pH values. The pH
dependence of the KT for glutamate transport and the pH
independence of the KT when it is assumed that glutamic
acid is the translocated substrate indicates that only the
neutral species is transported with a KT of about 2 p.M. The
independence of the KT of glutamine transport on the exter-
nal pH shows that the uptake has not been affected by a
protonation of an essential ionizable group of the transport

TABLE 1. Effect of external glutamic acid on the glutamic acid
concentration gradients of S. lactis ML3a

Initial Glutamic acid concn (tLM)
external Concn
glutamate Initial Final Final gradientf

concnb (,uM) externalc external' internal'

10 0.175 0.012 53.1 4,422
30 0.526 0.184 88.1 479
100 1.754 1.402 90.0 64

a Cells were washed and suspended in buffer containing 50 mM potassium-
morpholineethanesulfonic acid and 5 mM MgSO4 (pH 6.0). Uptake was
initiated by diluting the cells to a final protein concentration of 0.22 mg/ml into
the same buffer (2.0 ml, final volume) containing 10 mM lactose and various
initial [14CJ glutamate concentrations. Samples (0.1 ml) were withdrawn
periodically, and the cells were filtered and washed as described in Materials
and Methods. The steady-state internal and external glutamate concentrations
were determined from the amount of [14C] glutamate taken up by the cells and
the preexisting free glutamate pool (19.0 mM) in the starved cells.

b Initial concentration of glutamate in the transport assay.
c Calculated initial glutamic acid concentration at pH 6.0.
d Final glutamic acid concentration, calculated from the external concentra-

tion of glutamate in the steady state.
e Internal glutamic acid concentration in the steady state, calculated from

the total amount of intracellular glutamate on the basis of an internal pH of 7.2
(Fig. 3).
f Concentration gradients were calculated from the total intracellular glu-

tamic acid concentration divided by the final external glutamic acid concentra-
tion in the transport assay.
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FIG. 4. pH dependence of glutamate efflux from S. lactis ML3
cells. [14C]glutamate-loaded cells (57.6 mg of protein per ml) were
diluted 80-fold into 50 mM potassium phosphate-5 mM MgSO4
buffer (2.0 ml, final volume) of the appropriate pH containing 1.0 tLM
nigericin and 2.0 ,uM valinomycin. Samples (0.1 ml) were taken at
the times indicated and further treated as described above. The pHs
were 5.0 (0), 6.0 (0), and 7.0 (O). The total intracellular glutamate
pool at zero time was 19.5 mM.

system. Evidence that transport proteins can only bind the
neutral species of a carboxylic substrate is scarce in the
literature. In some cases, such as succinate uptake by
membrane vesicles of Escherichia coli (22), the KT for
transport increases with increasing external pH. A distinc-
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ARSENATE [pM]
FIG. 5. Effect of arsenate on the initial rate of glutamate uptake

and the ATP levels of S. lactis ML3. Cells were suspended to a final
protein concentration of 0.75 mg/ml in 50 mM K-PIPES-5 mM
MgSO4 buffer (pH 7.5) containing 10 mM lactose and various
concentrations of arsenate (sodium salt). After 5 min of glycolysis,
cell metabolism was quenched by the addition of perchloric acid (5%
[wt/wt], final concentration) and the extracts were further handled
for the analysis of ATP as described previously (19). The initial rate
of glutamine uptake was measured in parallel samples upon the
addition of 10.9 F.M [14C]glutamine after 5 min of energization. The
initial rate of glutamine uptake (0) and the intracellular ATP
concentrations (0) are plotted. The dependence of the glutamine
uptake rate on the internal ATP levels is shown in the inset.

2759VOL. 169, 1987



2760 POOLMAN ET AL.

tion between the acidic or the (di)anionic species as
translocated substrate is difficult to make since protons are
symported with succinate in E. coli. Furthermore, an or-
dered transport mechanism in which protons bind first may
facilitate the binding (i.e., increase the affinity) of the sec-
ondary solute. Glutamate uptake in S. faecalis is mediated
by a high-affinity system (KT of 30 puM) and a low-affinity
transport system (KT of 12 mM) (20). Although glutamate
transport by the low-affinity system is inhibited by
glutamine, this transport system does not resemble the one
described in this paper since the initial rate of glutamate
uptake was independent of the presence of an energy source
(27). This activity most likely represents exchange of labeled
extracellular amino acid with a preexisting intracellular
glutamate pool. The high-affinity glutamate transport system
is competitively inhibited by aspartate (Ki of 7 jxM) (20). A
similar substrate specificity is observed for the glutamate
transport systems of E. coli (23) and Bacillus subtilis (14).
The lack of inhibition of glutamate transport in S. cremoris
by a-ketoglutarate shows that the amino group of the a-
carbon is essential for binding to the carrier.
The proton motive force is not involved as a driving force

for glutamate-glutamine transport, as is shown directly by
the independence of the initial rate of glutamate and
glutamine uptake of the external pH, despite large variations
in the magnitude of the ZApH and the At (Fig. 3). S. lactis
and S. cremoris can accumulate glutamic acid to a concen-
tration gradient of 4 x 103 (Table 1), which exceeds the
thermodynamic limits set by the proton motive force (assum-
ing that one H+ ion accompanies the translocation of one
glutamic acid molecule). Moreover, artifical ion gradients
failed to induce the concentrative uptake of glutamate or
glutamine. Finally, the essential irreversibility of glutamate
transport is not in accordance with the reversible secondary
transport processes (Konings et al., in press).
The inability of S. lactis cells to maintain the intracellular

pH constant below an external pH of 5.0 is most likely the
major cause for the decreased rate of glutamate uptake at pH
4.0. The aspect of regulation by the intracellular pH and the
effects of uncouplers and ionophores on glutamate and
glutamine uptake is described elsewhere (18a).
Uptake of glutamate and glutamine is supported by both

glycolysis and arginine catabolism and therefore probably
requires ATP or an other energy-rich phosphate bond inter-
mediate. This conclusion is supported by the observed
correlation between the rate of glutamine transport and the
intracellular ATP pool. The data suggest that the transport
activity is maximal at ATP concentrations above 0.9 mM
(Fig. 5, inset). The low rate of glutamate and glutamine
uptake in the presence of arginine as the energy source for
ATP synthesis has several causes. The effect is partly
explained by the lower ATP content of the cell in the
presence of arginine (about 0.8 mM, unpublished results) in
comparison to that in cells metabolizing lactose (Fig. 5). The
lower intracellular pH in the presence of arginine will also
affect transport (18a). Most pronounced, however, is the
(competitive) inhibition of glutamate and glutamine transport
by millimolar concentrations of arginine. In S. cremoris,
which cannot utilize arginine as an energy source, glutamine
transport is inhibited by arginine with a Ki of 257 ,uM.
The relative insensitivity of ATP synthesis in arginine

catabolism to arsenate may be caused by the failure of the
cells to accumulate arsenate in the presence of arginine, as
has been shown for S. faecalis (11). On the other hand,
ornithine transcarbamylase, which catalyzes the conversion
of L-citrulline and phosphate into L-ornithine and carbamoyl

phosphate, may be less sensitive to metabolic uncoupling by
arsenate than glyceraldehyde 3-phosphate dehydrogenase.
The energetics of glutamate and glutamine transport in S.

lactis ML3 and S. cremoris Wg2 is consistent with the
observations made for arsenate (phosphate) and aspartate
transport in S. faecalis (11). Transport of these solutes has
also been proposed to be energized by ATP or an energy-rich
phosphorylated intermediate. The glutamate-glutamine
transport system of S. lactis differs from the aspartate-
glutamate transport system of S. faecalis with respect to its
kinetics and regulation by the intracellular pH (11, 18a, 20,
27).
The scanty information on ATP-dependent transport sys-

tems in gram-positive organisms has recently been summa-
rized (Konings et al., in press). With a few exceptions, all of
these systems translocate inorganic cations by mechanisms
in which ATP may provide directly the energy for solute
translocation or fulfills a role in regulating transport. The
same applies for the binding protein-dependent transport
systems in gram-negative bacteria. A role for the membrane
potential is sometimes implicated in either the energization
or the regulation of ATP-dependent transport (2). The ex-
periments presented in this paper suggest that phosphate
bond energy drives the accumulation of glutamate and
glutamine in S. lactis and S. cremoris without the involve-
ment of the proton motive force.
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