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The exit of glutamate from Escherichia coli K-12 cells preloaded with the
radioactive amino acid and its relation to the reaction of entry were studied.
Experiments with cells preloaded to different intracellular concentrations of
radioactive glutamate confirmed our earlier conclusion that glutamate exit was
a first-order reaction. L-Glutamate, competitive inhibitors of glutamate uptake
(D-glutamate and L-glutamate-y-methyl ester), noncompetitive inhibitors of
glutamate uptake (L-serine and L-alanine), and the energy poison NaN3 all ac-
celerated glutamate exit 2.8-fold. No additive effect was observed in the
presence of NaN3 together with L-glutamate. Preloading with cold L-glutamate
did not increase the rate of uptake of radioactive glutamate. It is concluded
that the acceleration of glutamate exit in the presence of L-glutamate in the
medium is not due to exchange diffusion and that L-glutamate and azide affect
exit indirectly by preventing recapture. Sucrose, 25%, slowed down glutamate
exit by a factor of about 4.7 and increased the steady-state level of glutamate
accumulation to about the same extent. Increasing the intracellular K+ con-
centration enhanced glutamate uptake but did not affect the half-time of exit.
It is concluded that separate carriers are most probably involved in mediating
the entry and exit reactions.

Experiments presented in an earlier commu-
nication from this laboratory described the
rapid exit of glutamate from Escherichia coli
K-12 cells which accumulated the radioactive
amino acid (6). Glutamate exit behaved as a
first-order reaction with a high temperature
coefficient, suggesting a mechanism of facili-
tated diffusion, as postulated for the efflux of
sugar molecules from bacterial cells (9, 12, 13,
16). Glutamate-utilizing mutants which exhib-
ited several-fold higher rates of glutamate up-
take than the parent strain showed half-times
of exit similar to wild type. Furthermore,
growth in the presence of glutamate enhanced
the cells' capacity for glutamate uptake, but
did not affect the rate constant of the exit re-
action. These findings were taken as an indica-
tion that the exit and entry reactions are me-
diated by separate carriers (or by different
components of a common carrier system). The
present paper provides further support for this
contention. The data reported here also sug-
gest that the energy-requiring step in the ac-
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tive transport of glutamate in E. coli K-12 is a
component of the entry process.

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

auxotroph capable of utilizing glutamate as the
major carbon source, was used (19).
Growth media. Except where otherwise indi-

cated, the bacteria were grown in the medium of
Davis and Mingioli (3), from which citrate was
omitted and to which 50 gg of DL-methionine/ml was
added. Glycerol or sodium succinate, as indicated,
served as the major source of carbon.

Cultivation. The bacteria were grown overnight
in the appropriate medium, diluted in fresh medium
of the same composition to a density of about 30
Klett units (filter no. 42), and further incubated
until a turbidity of 150 to 160 Klett units (late loga-
rithmic phase) was reached. The cultures were incu-
bated with aeration at 37 C.

"4C-L-glutamate uptake. Glutamate uptake was
determined according to Kessel and Lubin (14) as
described earlier (8).
Measurement of glutamate exit. Cells were pre-

loaded with radioactive glutamate and diluted
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2,000-fold in fresh medium without the radioactive
amino acid. Samples were taken at frequent time
intervals, and the residual radioactivity in the cells
was determined. The details of procedure were as
described earlier (6).

RESULTS
Effect of intracellular glutamate concen-

tration on exit rate. Earlier studies on the
rate of loss of radioactive glutamate by pre-
loaded cells of E. coli K-12 indicated that the
exit process was a strongly temperature-de-
pendent first-order reaction, most probably
facilitated diffusion (6). To demonstrate une-
quivocally that the rate constant of the exit
reaction is not concentration dependent, the
experiment shown in Fig. 1 was performed.
Cells were exposed to different concentrations
of 'IC-labeled glutamate for 10 min, at which
time a steady-state level of accumulated intra-
cellular radioactivity was well established.
Within the concentration range of glutamate
used (10-I to 5 x 10-5 M), the intracellular
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FIG. 1. Effect of intracellular glutamate concen-

tration on the rate of exit. Escherichia coli CS7 was
grown in Davis-glycerol (0.5%) medium at 37 C. 14C-
L-glutamate accumulation at external concentra-
tions of radioactive glutamate (15 ACi/Amole) of: 10- 5

M (x), 2 x 10-5 M (0), and 5 x 10-5 M (0), at a
bacterial density of 160 Klett units (filter no. 42),
was carried out in Davis medium with glycerol and
sodium succinate, 0.5% each, as the energy source, in
a shaking water bath at 30 C for 10 min. Exit was
started by diluting 0.1 ml of the uptake mixture in
200 ml of fresh medium without glutamate, con-
taining NaN3, 0.01 M, prewarmed to 30 C. Samples
(20 ml) taken at 2-min intervals were filtered,
washed, and further treated as described (6).

radioactivity increased upon increasing the
concentration of substrate in the medium. The
preloaded cells were diluted in fresh medium
without glutamate to which NaNs, 0.01 M, was
added, and residual radioactivity in the cells
was determined at frequent time intervals.
One can see that the reaction indeed showed a
first-order dependence on the concentration of
intracellular glutamate until about 80% of the
initial radioactivity disappeared from the cells.
It is quite evident that the half-time of the exit
reaction did not depend on the initial intracel-
lular concentration of glutamate, giving a
value of 3 min at each of the three concentra-
tions used. The rate constant of the exit
process can be readily calculated: k = ln 2/T,r
(where T½ is the half-time of the reaction). For
the temperature employed (30 C), k was 0.23
min- l.

Effect of glutamate and inhibitors of glu-
tamate uptake on the rate of exit. We pre-
viously reported that the rate of glutamate exit
from the cells is greatly accelerated in the
presence of L-glutamate or compounds which
inhibit glutamate uptake (6, 7). The kinetics of
the exit reaction in the presence of L-gluta-
mate, in the presence of the competitive inhib-
itors of glutamate uptake D-glutamate and L-
glutamate--y-methyl ester, and in the presence
of the noncompetitive inhibitors of glutamate
uptake L-serine and L-alanine are shown in
detail in Fig. 2. L-Glutamate as well as com-
petitive and noncompetitive inhibitors of glu-
tamate uptake all increased the rate of exit
almost threefold. The finding that noncompe-
titive inhibitors of glutamate uptake were as
effective as glutamate itself in accelerating
exit of glutamate from the cells supports our
contention that the effect of exogenous gluta-
mate is due to prevention of recapture of radi-
oactive glutamate by the cells rather than to
exchange diffusion (6, 11, 18). That exchange
diffusion is not the only factor involved is also
indicated by the finding presented in Fig. 3
that preloading with cold glutamate does not
increase the rate of uptake of "4C-glutamate by
cells subjected to such pretreatment (see also
20).

Effect of NaN3 on the rate of '4C-gluta-
mate exit in the presence of exogenous glu-
tamate. Blocking the energy supply by the
addition of NaN3, 0.01 M, greatly enhances the
rate of glutamate exit (6). Energy supply may
be required to slow down exit by reducing the
affinity of the carrier for intracellular gluta-
mate (11, 16). Alternatively, the energy re-
quirement may be connected with the recap-
ture process, and prevention of the latter will,
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FIG. 2. Effect of L-glutamate and inhibitors of glutamate uptake on the exit reaction. The culture was
grown in Davis-succinate (0.5%) medium at 37 C. The cells were loaded with '4C-L-glutamate (15 lCi/,umole)
at an external concentration of 5 x 10-5 M and bacterial density of 150 Klett units. After 10 min of uptake at
30 C, 0.1 ml of the mixture was diluted in 200 ml of fresh medium with the following additions. (a) No addi-
tions, 0; L-alanine, 2.5 x 10- 2 M, 0; L-glutamate-y-methylester, 5 x 10- 3 M, 0; L-glutamate, 5 x 10- 3 M, X.
(b) No additions, 0; L-serine, 2.5 x 10-2 M, X; D-glutamate, 5 x 10- 3 M, 0.
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FIG. 3. Effect of preloading with nonradioactive
glutamate on the rate of uptake. The bacteria were

grown in the basal medium (B7) of Frank and Hop-
kins (5) with potassium succinate, 0.04 M, and NaCl,
0.015 M, with shaking at 37 C. When the culture
reached a density of 130 Klett units, chloramphen-
icol, 200 ,g/ml, was added, and incubation was con-

tinued for 30 min. The cells were centrifuged, sus-

pended in fresh medium without methionine and
with chloramphenicol to a density of 85 Klett units,
and divided in two 5-ml portions. Nonradioactive
glutamate, 5 x 10- 5 M, was added to one portion (x),
and both were incubated for 10 min at 30 C. 14C-L-
glutamate was then added to each mixture to a final
concentration of 5 x 10- 5 M and a specific activity of
1 uCi/Mgmole, and incubation was continued. Sam-
ples (0.5 ml) were taken at frequent intervals, fil-
tered, washed, and counted as described (8).

of course, increase the apparent rate of exit (6).
The experiment described in Fig. 4 supports
the latter alternative. One can see that al-
though glutamate or NaN3 each results in an

almost threefold enhancement of 14C-gluta-
mate exit, when present simultaneously they
show no additive effect whatsoever. This would
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FIG. 4. Effect of glutamate and NaN3 on the rate

of exit. The bacteria were grown and loaded as in
Fig. 1. Exit of glutamate was measured in the pres-

ence of the following additions: no additions, 0;
NaN3, 10- 2 M, X; L-glutamate, 5 x 10-3 M, 0;
NaN3, 10-2 M, plus L-glutamate, 5 x 10-3 M, A.

seem to indicate that the two compounds act
in the same process, that is, by preventing re-

capture.
Effect of sucrose on the rate of glutamate

exit. In the course of these studies, we have
observed that increasing the osmotic activity
of the uptake medium with NaCl or sucrose

greatly increases the steady-state level of glu-
tamate accumulation by the cells. Similar
findings have been reported concerning the
accumulation of K+ ions by E. coli after hyper-
tonic shock (4) and concerning proline uptake
by Salmonella oranienburg when the a, of the
medium was reduced to 0.97 (2). In both cases,

M in u t es
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the authors concluded that the increased accu-
mulation was due to acceleration of influx
rather than to reduced efflux. In Fig. 5, data
are presented on the effect of sucrose, 25%, on
the rate of glutamate exit in the presence of
NaN3, 0.01 M, from cells preloaded to different
levels with the radioactive amino acid. One
can see that, as in Fig. 1 (exit in the absence of
sucrose), the rate constant does not depend on
the intracellular concentration of glutamate;
that is, sucrose does not alter the order of the
exit reaction. However, in the presence of su-
crose, exit is much slower than in its absence,
with a k value of 0.049 min-I as compared
with that of 0.23 min- I calculated from Fig. 1.
Furthermore, the results of kinetic studies on
glutamate uptake in the presence and in the
absence of sucrose shown in Fig. 6 and 7
strongly indicate that the entry reaction is not
affected by sucrose. Figure 6 represents Line-
weaver-Burk plots of glutamate uptake upon
incubation for 6 min at 30 C. The data show
that the affinity for glutamate did not change
in the presence of sucrose. Time curves of
glutamate uptake at 30 C in the presence and
in the absence of sucrose are given in Fig. 7.
Two points are immediately apparent: (i) the
steady-state level of intracellular radioactivity
in the presence of sucrose was 3.63 times as
high as that in the control, and (ii) the time re-
quired to reach the steady state was approxi-
mately five times longer in the presence of
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FIG. 5. Effect of sucrose on glutamate exit. Con-
ditions were the same as in Fig. 1 except that accu-

mulation and exit were performed in the presence of
sucrose, 25%, and the concentrations of glutamate in
the accumulation phase were: 5 x 10-' M, 0; 2 x
10-5 M, O; 5 x 10-6 M, A.

sucrose than in its absence. Since cell turbidity
increased by ca. 30% upon addition of 25%
sucrose, most probably indicating a decrease
in cell or protoplast volume (see also 15), the
actual difference in glutamate accumulation by
the experimental and control suspensions was
4.72-fold. In the steady state, influx equals ef-
flux (9). Therefore, if we assume that glutamate
influx does not change in the presence of
sucrose, and since efflux is a first-order reac-
tion, it follows that the steady-state intracellu-
lar glutamate concentration in the presence
and in the absence of sucrose should be in-
versely proportional to the respective rate con-
stants of exit. From the exit data in Fig. 1 and
5, one finds a ratio of 4.69, which is not signifi-
cantly different from the accumulation ratio of
4.72 calculated from Fig. 7. It seems, therefore,
reasonable to conclude that the enhancement
of glutamate uptake by sucrose is due only to
reduced exit.
Maximal rate of entry. Knowing the rate
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FIG. 6. Reciprocal plots of glutamate uptake in
the presence and in the absence of sucrose. The bac-
teria were grown in Davis-glycerol (1%) medium at
37 C. Uptake was performed in 2 ml of medium as
above supplemented with sodium succinate. 0.5%,
chloramphenicol, 200 Ag/ml, and sucrose, 2.5%, where
indicated, at a bacterial density of 40 Klett units (64
,ug [dry weight]/ml). The mixtures were incubated for
10 min at 30 C, radioactive glutamate (1 guCi/lgmole)
was added to the concentration indicated, and in-
cubation was continued for 6 min. The entire re-
action mixture was filtered, washed three times
with 3 ml of the appropriate medium without
glutamate, and counted. Accumulation in the ab-
sence of sucrose reached equilibrium in less than 4
min, so that the 6-min samples represent true
steady-state conditions. In the presence of sucrose,
equilibrium was reached only after about 16 min;
therefore, the lower curve does not represent steady-
state conditions. However, since one gets the same
Km values from initial-rate and steady-state data
(13), comparison between the two curves as to Km is
valid.
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FIG. 7. Effect of sucrose on steady-state gluta-

mate accumulation. The bacteria were grown in
Davis-succinate (0.5%) medium at 37 C. Uptake was
carried out at 30 C in the presence of 5 x 10-i M
'4C- L-glutamate (I /lCi/lmole), at a bacterial den-
sity of 75 Klett units. Samples (0.5 ml) were taken
at frequent intervals, filtered, washed, and counted
as in Fig. 6.

constant of exit, one can calculate the value of
the maximal initial rate of entry Vmaxen from
steady-state accumulation data like those in
the upper curve of Fig. 6 (9). The change in
internal substrate concentration is represented
as:

d [Si] Vmaxen [Se ]
- -~~~k[Si]

dt [Se] + Kmen
where Si is internal substrate, Se is external
substrate, Kmen is the Michaelis constant for
entry, and k is the rate constant for exit. At
the steady-state level of accumulation,

d[Si] 0
dt

or

Vmaxen [Se]
_________k[Si]
[Se] + Kmen

or

1 k Kmen 1 k

[Si] Vmax [Se] Vmax

A plot of l/Si versus 1/Se (Fig. 6, upper curve)
gives a straight line with an intercept of
k/Vmaxen and a slope of k Km n/Vmaxen Substi-
tuting the value of 0.23 min ' calculated from
Fig. 1 for k, we obtain Vmax" = 13.4 nmoles
per mg (dry weight) per min or 2.75 x 106

molecules per cell per min.
Effect of NaN, and sucrose on leucine

transport. To see whether our findings on glu-
tamate transport reflect some common fea-
tures of amino acid transport in this organism,
we examined the effects of NaN3 and sucrose
on L-leucine exit. One can see from Fig. 8 that
the half-time of leucine exit in the absence of
either NaN3 or sucrose is comparable to that of
glutamate (7.1 and 8.5 min, respectively). How-
ever, whereas azide accelerates the apparent
rate of glutamate exit, it has the opposite ef-
fect on the exit of leucine, slowing it down by
a factor of 3. On the other hand, addition of
sucrose, which markedly reduces the rate of
glutamate exit, increases the initial rate of leu-
cine exit, both in the presence and in the ab-
sence of azide. It is noteworthy that leucine
exit, which behaves as a first-order reaction in
the absence of sucrose, shows a higher order
dependence on intemal leucine concentration
when sucrose, 25%, is added. Reciprocal plots
of leucine uptake under steady-state condi-
tions, in the absence and in the presence of
sucrose, are shown in Fig. 9. One can see that
sucrose reduces the maximal steady-state con-
centration of intracellular radioactivity to
about one-half, but does not seem to affect the
affinity of the uptake system for extemal leu-
cine.
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FIG. 8. Loss of L-leucine by preloaded cells. Bac-
teria were grown in Davis-succinate (0.5%) medium
at 37 C. Leucine uptake was carried out according to
the protocol of glutamate uptake except that L-leu-
cine, 344 gCi/Mlmole, 1.5 x 10-6 M, was used instead
of glutamate. Incubation was at 30 C for 8 min.
Where the effect of sucrose on exit was examined,
sucrose, 25%, was added already to the uptake mix-
ture. Exit was measured in the presence of the fol-
lowing additions: no additions, 0; NaN,, 0.01 M, x;
sucrose, 25%, A; NaN3, 0.01 M, plus sucrose, 25%, 0.
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FIG. 9. Reciprocal plots of L-leucine uptake in the
presence and in the absence of sucrose. The bacteria
were grown in Davis-glycerol (1%) medium at 37 C.
Uptake was performed as with glutamate except that
14C-L-leucine, 2 #Ci/umole, was used instead of glu-
tamate. Bacterial density was 64 ,gg (dry weight)/ml
in a total volume of 2 ml. The mixtures were incu-
bated at 30 C for 6 min. Under these conditions,
steady state of accumulation was reached both in the
presence and in the absence of sucrose.

DISCUSSION
Experiments presented in Fig. 2 and 4 dem-

onstrate an almost threefold enhancement of
the apparent rate of glutamate exit in the
presence of 5 x 10-3 M nonradioactive gluta-
mate in the exit medium. The occurrence of
trans effects of substrate and related solutes on

rates of efflux has been described in other sys-

tems (11, 18, 20). The generally accepted inter-
pretation of these phenomena is based on the
assumption that the influx and efflux reactions
are mediated by the same carrier. It is as-

sumed that the rates of movement of empty
and loaded carrier molecules across the mem-

brane are different. Therefore, binding of a

solute molecule to the carrier on the trans side
of the membrane may accelerate (or retard)
the return of the carrier molecule to the cis
side and thus affect the amount of carrier
available for the exit reaction. The data pre-
sented in Fig. 3 argue against the validity of
such an interpretation in the case of glutamate
transport in E. coli K-12. If only an exchange
flux were involved, one would expect the phe-
nomenon to be symmetrical; that is, one would
expect preloading of cells with cold glutamate
to speed up subsequent uptake of radioactive
glutamate by such cells. Figure 3 shows that
this is not so; preloaded and control cells ex-

hibited very similar rates of glutamate uptake.
We therefore explain the apparent increase in
the rate of exit in the presence of glutamate by
the prevention of recapture of radioactive glu-

tamate molecules at the outer membrane sur-
face by the unrelated entry mechanism. This is
supported by our earlier finding that gluta-
mate-utilizing mutants, exhibiting several-f'old
higher rates of glutamate uptake than wild-
type strains, showed rates of exit only 20%R
lower than that of the parent strain. Sodium
azide, which inhibited glutamate uptake, in-
creased the rate of exit in the mutant 20%
more effectively than in the parent, which had
a lesser capacity for uptake. In the presence of
azide, the rates of glutamate exit were the
same in mutant and wild-type strains (6). As
shown in Fig. 4, there is no additive eff'ect of'
NaN3 and glutamate on exit, indicating that
the two compounds affect the same reaction.
All of these data are best interpreted on the
assumption that both azide and glutamate in-
crease the apparent rate of exit by inhibiting
entry. The notion that exit itself is not directly
affected is also in accord with the data in Fig.
2, which show that noncompetitive inhibitors
of glutamate uptake were equally ef'f'ective in
accelerating glutamate exit as were glutamate
itself and some of its structural analogues
which inhibit glutamate uptake in a strictly
competitive fashion (7). Furthermore, we have
recently shown that competitive and noncom-
petitive inhibitors of glutamate uptake inhibit
the binding of glutamate to a specific gluta-
mate-binding protein releasable from the peri-
plasmic space, in a competitive and noncom-
petitive fashion, respectively. It has been sug-
gested by us that this glutamate-binding pro-
tein is a component of the glutamate uptake
system (1).
An exit process independent of' entry (at

least to some extent) has been described pre-
viously for the transport of galactose in E. coli
(10). The various models for galactoside trans-
port proposed in the literature (12, 16) also in-
clude separate routes for exit, not dependent
on the permease, as being responsible for some
of the outward fluxes. In the early model, en-
ergy was considered to "push" the entry of
galactosides by maintaining an excess of acti-
vated transporter at the outer boundary ot' the
membrane. Later experiments showed that
energy substrates and poisons, although
greatly affecting efflux and accumulation, had
little effect on o-nitrophenyl-fl-D-galactopyra-
noside (ONPG) hydrolysis in vivo. In vivo
ONPG hydrolysis does not require active
transport, owing to an excess of 3-galactosi-
dase "pulling" the reaction. On the basis of
these results, Koch placed the energy coupling
inside the permeability membrane, "pulling"
entry by facilitating dissociation of' the sugar-
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transporter complex inside the cell (16). How-
ever, recently Koch reexamined the problem
using more sensitive means of energy deple-
tion and found strong inhibition of ONPG
hydrolysis after these procedures (17). He con-

cluded that energy expenditure was obligatory
even for downhill transport.

Studying the mechanism of the Na+ and K+
requirement of amino acid transport in a ma-

rine pseudomonad, Thompson and MacLeod
have recently shown that K+ is required for an

energy-coupled step resulting in accumulation
of the amino acid (a-amino-isobutyric acid,
AIB) against a concentration gradient, whereas
Na+ facilitated the entry and equilibration of
AIB into the cell by increasing the affinity of
the carrier for it (21). Similar Na+ and K+
requirements for glutamate uptake by E. coli
have recently been found in this laboratory
(unpublished data). In this case too, intracel-
lular potassium increases the cell's capacity for
accumulating glutamate but does not affect
the affinity of the carrier, whereas Na+, to the
contrary, reduces the Km without affecting the
maximal capacity for glutamate uptake. Re-
cent experiments (unpublished data) showed
that increasing the internal concentration of K +
ions, although it enhanced the accumulation
of glutamate, did not affect the rate constant
of exit. These findings and the results pre-

sented in Fig. 5 to 7, showing that sucrose re-

duces the exit rate constant but has no effect
on the affinity and rate of the entrance reac-

tion, lend further support for our contention
that the processes of entry and exit of gluta-
mate in this organism are mediated by sepa-

rate carriers.
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