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Active transport of glutamate by Escherichia coli K-12 requires both Na+ and
K+ ions. Increasing the concentration of Na+ in the medium results in a

decrease in the Km of the uptake system for glutamate; the capacity is not
affected. Glutamate uptake by untreated cells is not stimulated by K+.
K+-depleted cells show a greatly reduced capacity for glutamate uptake.
Preincubation of such cells in the presence of K + fully restores their capacity for
glutamate uptake when Na+ ions are also present in the uptake medium.
Addition of either K+ or Na+ alone restores glutamate uptake to only about 20%
of its maximum capacity in the presence of both cations. Changes in K-+
concentration affect the capacity for glutamate uptake but have no effect on the
Km of the glutamate transport system. Ouabain does not inhibit the (Na+-
K+)-stimulated glutamate uptake by intact cells or spheroplasts of E. coli K-12.

The involvement of sodium ions in the active
transport of amino acids and sugars by animal
cells has been established quite generally (17).
Although active transport in bacteria eamed
considerable attention in the last two decades,
the requirements for cations and their role in
bacterial transport systems had been largely
neglected until quite recently.

In earlier studies on glutamate transport in
Escherichia coli K-12 (9) we observed a pecu-
liar effect of the energy source used on the
saturation kinetics of the system. Straight-line
reciprocal plots of uptake versus glutamate
concentration were obtained when sodium suc-
cinate served as the energy source. However, in
the presence of glucose or glycerol, peculiar
nonlinear kinetics was observed. That this
effect might have been due to the concentra-
tion of sodium ions in the medium was very
strongly suggested by a later study of Frank
and Hopkins (6), who demonstrated a sodium
requirement for glutamate uptake by E. coli B.
We therefore investigated the cation require-
ments of the glutamate active transport system
of E. coli K-12, the various other aspects of
which are now under active study in our
laboratory (1, 15).

MATERIALS AND METHODS
Bacterial strain. E. coli K-12 CS7, a methionine

auxotroph capable of utilizing L-glutamate as the

sole source of carbon (14), was used.
Growth media. The basal medium of Davis and

Mingioli (3) from which citrate was omitted and the
basal salts media of Frank and Hopkins (B7) (6) and
of Tatum and Lederberg (20) were used as indicated.
The media were supplemented with 50 tig of DL-
methionine per ml, and 1% sodium succinate or 0.5%
glycerol, as indicated, served as the carbon source.

Cultivation. The cultures were grown with aera-
tion at 37 C. The bacteria were harvested from
culture in the exponential phase (turbidity of 120 to
150 Klett units, filter no. 42).
Preparation of spheroplasts. Spheroplasts were

prepared according to Repaske (16), as previously
described (1).

4C-L-glutamate uptake. Uptake experiments
with intact cells were carried out according to Kessel
and Lubin (13), as described by Halpem and Lupo
(10), with some modifications in the composition of
the uptake medium, where indicated. Glutamate
uptake by spheroplasts was carried out according to
Barash and Halpern (1).

RESULTS
As shown in Fig. 1, cells grown in a medium

to which no sodium salts were added exhibited
low capacity for glutamate uptake, when so-
dium ions were not added to the uptake mix-
ture. Addition of NaCl up to a concentration of
500 mM greatly increased glutamate uptake.
The fact that saturation was not achieved at
the high salt concentrations used suggested an
osmotic, rather than, or in addition to, a
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specific sodium ion effect on glutamate trans-
port. Figure 2 indeed shows that increasing the
osmotic activity of the uptake medium by the
addition of sucrose up to 20%, in the presence of
a constant amount of Na+ (37 mM), resulted in
a threefold increase in glutamate uptake. The
specific effect of Na+ on glutamate uptake was
therefore tested in a medium containing 25%
sucrose in the presence of 104 mM of K+. One
can see in Fig. 3 that Na+ specifically enhances
(up to sixfold) glutamate uptake, with max-
imum stimulation at 15 mM Nat.
Kinetic analysis of Na+-stimulated glu-

tamate uptake. The kinetics of the effect of
Na+ on glutamate uptake was examined in
experiments in which glutamate concentration
was varied in the presence and in the absence
of 15 mM NaCl in mixtures containing 104 and
119 mM of K+, respectively. A double recipro-
cal plot of the data (Fig. 4) shows that Na+
increases the affinity of the transport system
for glutamate 11-fold, but does not affect its
capacity.
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FIG. 1. Effect of Na+ on glutamate uptake by E.
coli K-12 CS7. The bacteria were grown in B7 salts
medium with 0.5% glycerol, as the carbon source.
The uptake mixtures in fresh B7-glycerol medium
with 200 ,g of chloramphenicol per ml and bacteria
at a turbidity of 60 Klett units were supplemented
with NaCI as follows: no additions (-), 5mM (x), 15
mM (0), 50 mM (0), 500 mM (A). The mixtures
were incubated at 30 C for 10 min, 4C-L-glutamate
(1 /2Ci/Mmol) was added to a concentration of 5 x
10-1 M, and incubation was continued. Samples of
0.5 ml were taken at indicated time intervals, washed
with 5 ml of the respective uptake medium without
glutamate, and further treated as previously de-
scribed (10).
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FIG. 2. Effect of osmotic activity of the medium
on glutamate uptake. The bacteria were grown in
Davis medium (3) without citrate, with 0.5% sodium
succinate, as the carbon source. The uptake mixtures
in Davis-succinate medium with chloramphenicol
and bacteria (73 Klett units) were supplemented as
follows: no additions (0), 10% sucrose (x), 20%
sucrose (0). Other details were as in Fig. 1 and
reference 10, except that the samples were filtered on
2.5-cm Whatman GF/A glass-fiber paper filters.
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FIG. 3. Effect of NaCI on glutamate uptake in
media with high osmotic activity. The bacteria were
grown in B7-glycerol medium. The uptake mixtures
in B7-glycerol medium with chloramphenicol and
bacteria (80 Klett units) were supplemented with
25% sucrose and NaCI as follows: without NaCI (0)>
5 mM(x), 15 mM(0),50mM(A), 500mM(O).For
further details see Fig. 2.

Effect of K+ on glutamate uptake by E.
coli K-12 CS7. As mentioned above, K+ could
not replace Na+, nor did K+ exert any inhibi-
tory effect on Na+-stimulated glutamate trans-
port. However, since E. coli has a high capacity
for accumulating potassium (18), the effect of
K+ had to be reexamined using K+-depleted
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FIG. 4. Effect of Na+ on the substrate saturation curve of glutamate uptake-Lineweaver-Burk plot. The
bacteria were grown in B7-potassium succinate medium; the uptake experiments were carried out in
B7-glucose (0.5%) medium at a bacterial density of 37 Klett units, in a total volume of 2 ml, in the presence
(x), or in the absence (0) of 15 mM NaCI. In the latter case the ionic strength was balanced by the addition of
15 mM KCI. The intracellular radioactivity was determined on the entire volume of the reaction mixture after
incubation for 6 min at 30 C.

cells. The K+-depletion procedure of Thomp-
son and MacLeod (21) consisting of three
washings with cold 0.05 M MgSO, was em-
ployed. One can see from Fig. 5 that K+-de-
pleted cells showed very little glutamate uptake
in a medium to which neither K+ nor Na+ ions
were added. Addition of KCl and NaCl to a
concentration of 10 mM each resulted in a
24-fold increase in the rate of uptake of the
amino acid. In the presence of either K+ or Na+
alone, the rate of glutamate uptake was ap-
proximately 20% of that observed when both
cations were present. The stimulation of gluta-
mate uptake by K+-depleted cells in the pres-
ence of K+ and the failure of K+ to stimulate
glutamate uptake by nondepleted cells suggest
that it is the intracellular potassium which is
involved in the transport process. This is sup-
ported further by the data presented in Fig. 6.
K+-depleted cells were preincubated for vari-
ous time periods (from 0 to 60 min) in the
presence of 7 x 10-5 M KCl. Radioactive 5 x
10' M glutamate was then added, and uptake
was followed for 16 min. One can see that the
longer the cells were preincubated with potas-
sium, the higher was the rate at which they
took up glutamate from the medium.
Kinetics of K+-stimulated glutamate

uptake. The effect of K+ was analyzed in

experiments in which both K+ and L-glutamate
concentrations were varied simultaneously in
reaction mixtures containing 15 mM Na+ and
25% sucrose. The double reciprocal plot pre-
sented in Fig. 7 shows that increasing the
concentration of K+ causes an increase in
capacity for glutamate but does not affect the
Km of the glutamate transport system.

Effect of ouabain on glutamate uptake
by E. coli K-12. Hafkenscheid and Bonting (8)
detected (Na+-K+)-dependent, ouabain-sensi-
tive adenosine triphosphatase (ATPase) activ-
ity in E. coli, which accounted for about 10% of
the total ATPase activity of the cells. In view of
our finding that the simultaneous presence of
Na+ and K+ was essential for maximum activ-
ity of the glutamate transport system in E. coli
K-12, we tested the possibility that this trans-
port is coupled to the activity of (Na+-K+)-
dependent ATPase. As shown in Fig. 8, oua-
bain at a concentration as high as 10- 3M did
not affect glutamate uptake by E. coli K-12
CS7 in the presence of Na+ and K+ ions. To
minimize any possible interference of the cell
wall with free access of ouabain to the ATPase
site in the cytoplasmic membrane, experiments
similar to that described in Fig. 8 were also
performed with spheroplasts. Here too, oua-
bain had no effect on the (Na+-K+)-stimulated
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FIG. 5. Effect of K+ on glutamate uptake. Bacte-
ria were grown in B7-glycerol medium and subjected
to the K+-depletion procedure of Thompson and
MacLeod (21). The K+-depleted cells were tested for
glutamate uptake in 0.05 M tris(hydroxy-
methyl)aminomethane-hydrochloride buffer, pH 7.2,
containing 0.05 M MgS0,, 0.5% glycerol, and 200,gg
of chloramphenicol per ml and the following addi-
tions: no additions (x), 10 mM KCI (Av), 10 mM
NaCI (0), KCI and NaCI, 10 mM each (O). The
reaction mixtures were preincubated for 10 min at 30
C before the addition of radioactive glutamate. The
basic uptake solution (with no KCI or NaCI added)
contained 15 ;teq of Na+ and 1.5 lAeq of K+ as
measured by flame photometry, by using the Eppen-
dorf 700 flamephotometer.

glutamate uptake (Table 1).

DISCUSSION
The experiments described in this paper

demonstrate the dependence of the active
transport of glutamate in E. coli K-12 on Na+
and K+ ions. The two cations are required
simultaneously; neither replacement of one
cation by the other nor competition between
them was observed. Furthermore, the effects of
the two cations on the kinetics of glutamate
uptake are remarkably different. Na+ greatly
increases the affinity of the uptake system for
glutamate, without affecting the capacity of
the cells for accumulating glutamate. K+, to

M nutes
FIG. 6. Effect of preincubation with KCI on gluta-

mate uptake by K+-depleted cells. The bacteria were
grown in the medium of Tatum and Lederberg (20)
with 0.5% glycerol, depleted ofpotassium as in Fig. 5,
and suspended in 0.05 M tris(hydroxymethyl)am-
inomethane-hydrochloride buffer, pH 7.2, containing
0.05 M MgS04, 0.015 M NaCI, 7 x 10-5 M KCI,
25% sucrose, 0.5% glycerol, and 200 ug of chloram-
phenicol per ml, to a density of 113 Klett units. The
mixture was incubated for the indicated time pe-
riods, and glutamate uptake was measured as in
Fig. 1.

the contrary, greatly increases the cell's capac-
ity for accumulating glutamate, but does not
affect its affinity for external glutamate. More-
over, although the effect of Na+ is readily
observed with untreated cells, K+ requirement
can only be demonstrated with cells depleted of
internally accumulated K+. The rate of uptake
and the capacity for glutamate accumulation
by K+-depleted cells increase with time of
preincubation in the presence of K+ ions.

Interactions among K+ or Na+ and different
bacterial transport systems have been observed
in other laboratories. Thus, the uptake of
glutamate and aspartate by Staphylococcus
aureus is coupled to K+ translocation, when
there is a K+ gradient from outside to inside
the cell (2, 7). The inhibition of glutamate,
aspartate, and alanine uptake in Streptococcus
faecalis by valinomycin and its reversal by high
concentrations of K+ (7, 11, 12) indicate that
the transport of these substances may depend
on the dissipation of a K+ concentration gradi-
ent from inside to outside the cell. A potas-
sium-dependent citric acid transport system in
Aerobacter aerogenes has been recently de-
scribed by Eagon and Wilkerson (5). The
authors believe that the transport of citric acid
in this system depends on a K+ concentration
gradient from inside to outside the cell. In a
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FIG. 7. Effect of K+ on the kinetic parameters of glutamate uptake-Lineweaver-Burk plots. The bacteria

were grown and treated to deplete them of potassium as in Fig. 6. The K+-depleted cells (0.1 mg dry weight)
were suspended in 1 ml of uptake medium as in Fig. 6, in the presence of various concentrations of KCl as
indicated, and incubated for 40 min at 30 C. "4C- L-glutamate was then added, and uptake was measured after
15 min on the entire volume of the reaction mixture.
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FIG. 8. Effect of ouabain on L-glutamate uptake
by intact cells of E. coli K-12 CS7. The bacteria were
grown in B7-glycerol medium. The uptake mixtures
in B7-glycerol medium with chloramphenicol were
supplemented as follows: no additions (0), 15 mM
NaCI (A), 15 mM NaCI plus 10-4 M ouabain (x), 15
mM NaCI plus 10-' M ouabain (0). Further de-
tails were as in Fig. 1.

recent report from Roseman's laboratory the
melibiose permease (TMG permease II) of
Salmonella typhimurium has been identified
as a sodium-dependent co-transport system

TABLE 1. Effect of ouabain on glutamate uptake by
E. coli K-12 CS7spheroplasts in the presence ofNa+

and K+ ionSa

"4C-Glutamate uptake (counts/min)

Expt No ouabain In the presence
no. added of ouabain

(control) 10-3M

1 900 1,031
1,032 926

2 1,532 1,302
1,289 1,551

a Cells were grown in Davis-glycerol medium.
Spheroplasts were prepared as earlier described (1)
and suspended to a density corresponding to 53 Klett
units of whole-cell turbidity, in an uptake medium
containing: 25% sucrose, 15 mM KCl, 2.5 mM
KH,P04, 15 mM NaCl, 20 mM MgSO4, 0.5% glyc-
erol, and 200 Ag of chloramphenicol/ml. Ouabain, 1
mM, was added where indicated, and glutamate
uptake was measured as in Fig. 1 after incubation at
25 C for 10 min.

(19).
A double requirement for both Na+ and K-+

in amino acid transport has been described for
a-aminoisobutyric acid (AIB) uptake by a
marine pseudomonad (4). In an elegant study
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by Thompson and MacLeod (21) the authors
demonstrated that Na+ is required for entry
and equilibration of AIB into the cells, whereas
K+, acting at the intracellular level, brings
about the accumulation of AIB against a con-
centration gradient. Kinetic analysis indicated
that an increase in Na+ concentration was
followed by a decrease in the Km of the carrier
system (22), whereas changes in the concentra-
tion of K+ affected the capacity but had no
effect on the Km (21). The authors proposed a
tentative model to account for their data.
According to their scheme, Na+ combines with
the carrier, putting it into a conformation
having affinity for the substrate. The ternary
complex crosses the membrane. In the presence
of energy and intracellular K+, the affinity of
the Na+-carrier complex for the substrate is
reduced somehow, and the substrate is released
and accumulates within the cell. Our data on
the (Na+, K+)-dependent glutamate transport
system in E. coli presented in this report are in
agreement with this model. An altemative
explanation for the simultaneous requirement
for Na+ and K+, based on the assumption that
the energy required for the accumulation of
glutamate is provided by the (Na++K+)-
activated ATPase complex, is not supported by
our findings that the E. coli glutamate trans-
port system was not affected by ouabain.

Finally, recent experiments showed that the
increased capacity of glutamate uptake in
media of high osmotic activity (Fig. 1 and 2)
was due to a three- to fourfold decrease in the
rate of glutamate exit from the cells.
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