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The effects of growth conditions on the glutamate transport activity of intact
cells and membrane vesicles and on the levels of glutamate-binding protein in
wild-type Escherichia coli K-12 CS101 and in two glutamate-utilizing mutants,
CS7 and CS2TC, were studied. Growth of CS101 on aspartate as the sole source of
carbon or nitrogen resulted in a severalfold increase in glutamate transport
activity of intact cells and membrane preparations to levels characteristic of the
operator-constitutive mutant CS7. The high glutamate transport activity of
mutant CS7 was not derepressed further by growth on aspartate. Synthesis of
glutamate-binding protein was not enhanced by aspartate in either strain.
Mutant CS2TC produces a heat-labile repressor of glutamate permease synthesis
and is therefore able to grow on glutamate at 42 C but not at 30 C. CS2TC cells
grown in a glycerol-minimal medium at the restrictive temperature (30 C)
exhibit low glutamate transport activity. Growth on aspartate at 30 C results in
derepressed synthesis of glutamate permease. Cells grown on glycerol at 42 C
have high glutamate transport activity. No further derepression is obtained
upon growth on aspartate. Growth of CS101 and CS7 in "rich broth" greatly
reduces the levels of glutamate-binding protein but does not appreciably affect
glutamate transport by whole cells or membrane preparations. The identity of
the carrier and the role of the binding protein in glutamate transport are
discussed in the light of these findings.

A specific glutamate transport system of
Escherichia coli K-12 has been studied in our
laboratories (9, 10, 17). Mutants that acquired
the ability to grow on glutamate as the major
carbon source were shown to accumulate gluta-
mate at faster rates and to higher concentra-
tions than those observed with the wild-type
parent strain (9, 17). Genetic and physiological
analysis of the different mutants led us to the
conclusion that the formation of the glutamate
transport system in E. coli K-12 is controlled by
repression (17, 18). However, the identity of the
metabolite(s) that serves as the physiological
regulatory signal in this system (as inducer or
co-repressor [11]) remains unknown.
A glutamate-binding protein (GltBP) is re-

leased from the periplasmic space of E. coli K-
12 by cold osmotic shock treatment according to
Neu and Heppel (20) and during preparation of
spheroplasts by the Repaske procedure (3, 24).
The release of GltBP is accompanied by a de-
crease in glutamate transport activity. Gluta-
mate transport in cold osmotic shock-treated
cells and in spheroplasts is considerably stimu-

lated and often fully restored by the addition of
crude or purified GltBP (3, 4). However, the
reproducibility of these restoration experi-
ments is not very satisfactory. Kinetic studies
of glutamate binding by partially purified
GltBP supported the idea that GltBP is a com-
ponent of the glutamate transport system ofE.
coli K-12 (3, 4). The involvement of specific
binding proteins in the transport of solutes in
gram-negative bacteria has been suggested by
several authors (6, 23; D. L. Oxender and S. C.
Quay, Ann. N.Y. Acad. Sci., in press) and has
been rather convincingly documented for galac-
tose (5), maltose (14), and histidine (2) trans-
port. The participation of GltBP in glutamate
transport by E. coli B has been considered in a
recent paper by Miner and Frank (19). These
authors conclude that GltBP is not an essential
component of this transport system. Lombardi
and Kaback described specific transport sys-
tems in membrane vesicles of E. coli ML 308-
225, capable of rapid uptake and accumulation
of a number of amino acids, including gluta-
mate. Although these preparations did not con-
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tain detectable amounts of binding proteins,
they retained considerable fractions of the var-
ious transport activities of intact cells (16).
However, recent results of Willis and Furlong
(26) on glutamate uptake by E. coli D2W sug-
gest that, under certain conditions, the binding
protein may function in transport.

In the present study we examine the effects of
changes in the composition of the growth me-
dium on the appearance of glutamate transport
activity and on the synthesis of the membrane-
bound glutamate carrier and the periplasmic
GltBP. Our results indicate that the inducer of
"glutamate permease" synthesis is metaboli-
cally derived from aspartate. Induction of glu-
tamate transport is not accompanied by in-
creased synthesis of GltBP. Furthermore, con-
ditions that strongly repress GltBP synthesis
do not reduce the glutamate transport capacity
of the cell. These findings indicate that under
certain conditions GltBP may not be essential
for glutamate transport.

MATERIALS AND METHODS

Bacterial strains. The following E. coli K-12
strains were used: CS101, a methionine auxotroph
unable to grow on glutamate as the source of carbon
(supplemented with L-methionine, 25 ,ug/ml); CS7, a
glutamate-utilizing mutant of CS101, constitutive
for glutamate transport (17); CS2TC, a mutant of
CS101 capable of utilizing glutamate as a carbon
source at 42 C but not at 30 C, producing a thermo-
labile repressor of "glutamate permease" synthesis
(18).

Chemicals. L-[U-14C]glutamic acid (237 mCi/
mmol) was purchased from New England Nuclear
Corp., Boston, Mass.; L-[U-'4C]proline (290 mCi/
mmol) was purchased from The Radiochemical
Centre, Amersham, England. All other chemicals
were of reagent grade, obtained from commercial
sources.
Growth media. The basal medium of Davis and

Mingioli (7), from which citrate was omitted, was
supplemented with L-methionine (25 j.g/ml) and
with glucose (0.5%), glycerol (0.5%), sodium succi-
nate (1%), sodium L-glutamate (0.5%), or sodium L-
aspartate (0.5%) as indicated (minimal medium
[MM]). "Rich broth" contained peptone (2%), yeast
extract (1%), NaCl (0.5%), and glucose (2%) (all
from Difco).

Transport assays with intact cells. The cultures
were grown with aeration and harvested in the ex-
ponential phase (turbidity of 80 Klett units, filter
no. 54). The bacteria were washed twice, suspended
in uptake buffer (basal medium plus glucose [0.5%],
NaCl [15 mM], and chloramphenicol [200 gg/ml]) to
a concentration of 88 i±g of protein per ml, and
incubated at 30 C for 30 min. The uptake reaction
was started by the addition of 0.5 ml of the cell
suspension to 1.5 ml of prewarmed uptake buffer
containing the desired concentration of the "4C-la-
beled amino acid (L-[14C]glutamate, 1 mCi/mmol; L-
[14Clproline, 26.3 mCi/mmol). After incubation at

30 C with aeration for 6 min, the entire reaction
mixture was filtered and the filter was washed twice
with 5 ml of uptake buffer. Other experimental de-
tails were as described previously (10).

Transport assays with membrane vesicles. Mem-
brane vesicles were prepared by the method of Ka-
back (12), except that lysozyme was used at a con-
centration of 100 ,ug/ml during spheroplast forma-
tion. L-[14C]glutamate (237 mCi/mmol) uptake was
determined by the method of Lombardi and Kaback
(16), with 1-lactate (20 mM) or with sodium ascor-
bate (20 mM) plus phenazine methosulfate (0.1 mM)
as the electron donor, as indicated.

Preparation of sonic extracts. Sonic extracts
were prepared by the method of Barash and Halpern
(4).

Double-diffusion immunoassay of GltBP. The
double-diffusion immunoassay used was a modifica-
tion of the Ouchterlony method (22). The antiserum
was prepared by injecting into a rabbit intrader-
mally 1 ml of purified homogeneous GltBP (4) (356
,ug/ml) diluted with an equal volume of Freund ad-
juvant. A second injection (0.5 ml) of the protein-
adjuvant mixture was administered after 2 weeks. A
booster dose of 100 ,ug of GltBP was given a week
later. One week after the third injection the rabbit
was bled, and the serum was partially purified by
precipitation with a 50% saturated solution of am-
monium sulfate and by dialysis against veronal
buffer (2.5 x 10-2 M, pH 8.2). The serum was stored
at -20 C. Double-diffusion assays were carried out
on glass slides covered with a layer (2 mm thick) of
2% Noble agar in veronal buffer. Holes were cut in
the agar with a guide block drilled with three sets of
six holes 5mm apart. The center hole was filled with
20 IAI of antiserum. Aliquots (20 ,ul each) from five
different dilutions of the bacterial sonic extracts
tested were placed in the outer wells. The slides
were incubated in a moist chamber at 25 C for 24 h.
The antiserum was calibrated against purified ho-
mogeneous GltBP. The minimum amount of GltBP
giving a detectable reaction was 0.24 to 0.32 ,ug.

Chemotaxis assays. Chemotaxis assays were car-
ried out by the method of Adler (1), except that 10-jul
Vitrex microcapillary pipettes (4.0 cm long, internal
diameter of 0.56 mm; manufactured by Modulohm I/
s, DK-2730, Denmark) were used. A capillary was
filled with attractant to about 2 cm and inserted into
a well of a tissue culture flat-bottom microtiter plate
(A/S Nunc, Denmark) covered with Parafilm, which
contained the bacterial suspension. The experi-
ments were carried out at 30 C for 1 h.

RESULTS
Effect of growth medium on glutamate

transport activity. E. coli CS7 was grown in
MM with glycerol, glucose, glutamate, or as-
partate as the major carbon source and in rich
broth. Accumulation of ['4C]glutamate by in-
tact washed cells from each of these cultures
was measured at different concentrations of
substrate under equilibrium conditions. The
values of Km and Y (capacity [151) given in
Table 1 have been obtained from Lineweaver-
Burk plots. The glutamate-utilizing mutant
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TABLE 1. Effect ofgrowth medium on glutamate
transport by intact cells of E. coli K-12 CS7a

Capacity (L-

Medium K. (AM) [ o4C]glutamate,nmol/mg of pro-
tein)

MM + glycerol 10.0 121.4
MM + glucose 10.0 121.4
MM + glutamate 13.3 145.7
MM + aspartate 10.0 144.1
Rich broth 10.0 121.4

a The cultures were grown at 37 C.

CS7 exhibited a high capacity for glutamate
uptake when grown on any one of the above-
mentioned carbon sources. Growth in the pres-
ence of glutamate or aspartate as the source of
carbon resulted in a small increase in the ca-
pacity for glutamate uptake (<20%). In con-
trast to the glutamate transport-constitutive
strain CS7, its wild-type CS101 parent ex-
hibited low glutamate uptake capacity after
growth in glycerol-MM or in rich broth. How-
ever, growth ofCS101 on aspartate as the major
carbon source resulted in derepressed synthesis
of "glutamate permease." Similarly, strain
CS2TC, which produces a thermolabile repressor
(18), is derepressed for "glutamate permease"
when grown on aspartate as the carbon source
at the restrictive temperature (30 C). Interest-
ingly, strain CS2TC, but not the wild-type
CS101 parent, is also derepressed when grown
in rich broth at 30 C (Table 2). Proline uptake
was not affected, in any of the three strains
tested, by growth on different carbon sources
(data not shown). Further information on the
effect of aspartate on the formation of the gluta-
mate transport system in strain CS101 is given
in Fig. 1. Two following points should be em-
phasized. (i) Growth on aspartate, although
greatly enhancing the cells' capacity for gluta-
mate uptake, does not affect at all the affinity
of the transport system for glutamate. (ii) Addi-
tion of aspartate to a glycerol-ammonia me-
dium (or to succinate-ammonia, data not
shown), i.e., under conditions in which aspar-
tate does not serve as a major carbon or nitro-
gen source, does not result in any derepression
of "glutamate permease" synthesis in E. coli
CS101. Although not shown here, derepression
is obtained when aspartate serves as the major
nitrogen source (in the presence of glycerol).

Effect of growth medium on the synthesis
of GItBP. Table 3 summarizes a series of exper-
iments in which we compared the amounts of
GltBP present in wild-type and mutant cul-
tures grown under various conditions. The
amount of GltBP was estimated by the double-

diffusion technique on agar slides, with a con-
stant amount of specific antiserum to pure ho-
mogeneous GltBP (4) and various dilutions of
sonic extracts from the different cultures. Pure
homogeneous GltBP served as a standard for
comparison. No significant differences in the
amounts of GltBP in cultures of strains CS101,
CS7, and CS2TC grown in MM with glycerol or
glutamate as the major carbon source were
found. Furthermore, no derepression of GltBP
synthesis was observed in strain CS101 or in
strain CS2TC grown at the restrictive tempera-
ture in a medium in which aspartate was the
carbon source. Moreover, aspartate even
seemed to reduce the amnounts of GltBP in all
three strains to 33 to 67% of that formed in a
glycerol-ammonia medium. A dramatic de-
crease in GltBP synthesis (to less than 5 to 7%)
was obtained upon growth of either strain in
rich broth. It should be pointed out that the
formation of the glutamate transport system
was not repressed by growth in rich broth (Ta-
bles 1 and 3). A double-diffusion immunoassay
of GltBP in strain CS7 grown on different me-
dia is presented in Fig. 2.
Glutamate chemotaxis in E. coli CS7 grown

on different carbon sources. Ordal and Adler
(21) have recently shown that the galactose-
binding protein, which is an essential compo-
nent of the galactose transport system in E. coli
(5), is also essential for galactose chemotaxis.
It was of interest, therefore, to see whether
growth conditions that resulted in repression of
GltBP synthesis would affect chemotaxis of E.
coli K-12 towards glutamate. A concentration
response curve (1) of E. coli CS7 grown in glyc-
erol-MM is shown in Fig. 3. Similar curves
were obtained with cells grown in media with
glutamate or aspartate as the major carbon
source and with rich broth cultures. The nature
of the carbon source for growth did not affect
the concentration of glutamate required for
maximum chemotaxis. Table 4 shows that the

TABLE 2. Glutamate transport in cells of wild-type
and mutant E. coli K-12 strains grown on different

carbon sources

Capacity (iA'4C]glutamate,
nmol/mg of protein) of cells

Growth grown on:
Strain temp (C) MM

MM + Rich
glycerol aspar- broth

CS101 37 28.0 149.3 28.0
CS7 37 121.4 144.1 121.4
CS2Tl' 30 19.7 153.4 121.4
CS2T' 42 121.4 153.4 121.4

J. BACTERIOL.
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FIG. 1. Effect of aspartate on the synthesis of "glutamate permease" in wild-type and mutant E. coli K-12

strains. The cultures were grown at 37 C. (A) Strain CS101 grown on glycerol-ammonia (0); strain CS101
grown on glycerol-ammonia supplemented with L-aspartate (0.5%o) (+); strain CS7 grown on glycerol-am-
monia (0). (B) Strain CS101 grown on aspartate-ammonia (A); strain CS7 grown on aspartate-ammonia
(0).

TABLE 3. Effect ofgrowth medium on the synthesis
of GltBP by E. coli K-12a

Concn GltBP (pg/mg of total cell protein)
Strain MM + MM + glu- MM + as- Rich

glycerolb tamate partate broth

CS1O1 3.0-4.0 No growth 2.0-2.7 <0.3
CS7 3.0-4.0 3.0-4.0 2.0-2.7 <0.3
CS2TC, 30C 3.0-4.0 No growth 1.5-2.0 <0.3
CS2T( 42C 3.0-4.0 3.0-4.0 1.5-2.0 <0.3
a GltBP concentration was estimated by a double-

diffusion immunoassay.
b Growth medium.

magnitude of the chemotactic response to gluta-
mate at optimum concentration was practically
the same with glycerol-, glutamate-, aspartate-,
and rich broth-grown cultures, although the
amount of GltBP formed in rich broth was less
than 7% of that found in glycerol-grown cells.
Similar results were obtained in regard to
aspartate taxis.
Glutamate transport in membrane vesicles

of glycerol-grown and aspartate-grown E. coli
CS101. In the accompanying paper (13), it is
shown that membrane vesicles of the wild-type
strain CS101 exhibit low 1-lactate- and ascor-
bate-phenazine methosulfate-stimulated trans-

port (16) of glutamate. However, vesicles pre-
pared from cultures of the glutamate-utilizing
mutant CS7 transport glutamate at very fast
rates in the presence of D-lactate or the artifi-
cial electron donor system. As shown in Fig. 4,
CS101 vesicles prepared from cells grown on

aspartate as the major carbon source take up
glutamate in the presence of ascorbate-phena-
zine methosulfate at a rate 17 times as high as
that observed with vesicles from glycerol-grown
cells and very similar to the rate of glutamate
transport in vesicles of strain CS7 (see Fig. 2 in
reference 13).
Comparison of glutamate transport in

membrane vesicles of strain CS7 grown in
glycerol-MM and in rich broth. Reciprocal
plots of glutamate uptake by membrane prepa-
ratiens from CS7 cultures grown on glycerol-
ammonia medium and in rich broth are pre-
sented in Fig. 5. The two preparations gave
identical Km values for glutamate. The rates of
uptake were slightly lower with the prepara-
tion from rich broth; the difference found was

within the range of fluctuations observed with
different preparations from cultures grown in
the same medium. These results are similar to
those obtained for glutamate transport by
whole cells (Table 1).
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FIG. 2. Double-diffusion immunoassay of GltBP in E. coli K-12 CS7 grown in different media. The

cultures were grown at 37 C. (A) Culture grown in MM plus glycerol. Protein concentrations (milligrams per
milliliter): 1, 8.0; 2, 6.0; 3, 4.0; 4, 3.0; 5, 2.0. (B) Culture grown in MM plus aspartate. Protein concentrations
(milligrams per milliliter): 1, 40.0; 2, 20.0; 3, 12.0; 4, 6.0; 5, 4.0. (C) Culture grown in rich broth. Protein
concentrations (milligrams per milliliter): 1, 100.0; 2, 80.0; 3, 70.0; 4, 60.0; 5, 50.0.
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FIG. 3. Concentration response curve in L-gluta-
mate taxis by E. coli K-12 CS7. The cells were grown
inMM plus glycerol with aeration at 3 7 C. The initial
concentration of bacteria outside the capillary was
8.5 x 107 cellslml.

DISCUSSION
In an earlier communication (18) we sug-

gested that the specific glutamate transport
system ofE. coli K-12 (9, 10, 17) is controlled by
a genetically determined mechanism of repres-
sion. This was based on genetic and physiologi-
cal analysis of mutants selected for the acquisi-
tion or loss of the ability to grow on glutamate
as the sole carbon source. Three genetic loci
were defined and mapped. The first, gltS, is
located at min 73 on the Taylor map of the E.
coli K-12 chromosome (25). Mutants with le-
sions at this locus exhibited a 3-fold decrease in
the rate of glutamate transport and a 10- to 20-
fold reduction in the affinity of the uptake sys-
tem for glutamate. gltS was thus defined as a
structural gene of "glutamate permease." The
second, gltC, is very closely linked to gltS. Mu-
tations at the gltC locus resulted in a four- to
sixfold increase in glutamate transport activ-
ity, but the Km for glutamate remained the

TABLE 4. Effect ofgrowth medium on chemotaxis of
E. coli K-12 strain CS7 to glutamatea

Growth medium No. of bacteria in
capillary (x 10-5)

MM + glycerol ... ........ 5.46
MM + glutamate .... ....... 5.88
MM + aspartate .... ....... 5.20
Rich broth ........... 5.86

a The initial concentration of bacteria outside the capil-
lary was 10, cells per ml. The cultures were grown at 37 C.

same as in the parent strain. The third, gltR,
not linked to the gltS-gltC cluster, mapped at
min 81. This gene was mapped in mutants able
to grow on glutamate at 42 C but not at 30 C.
These mutants, when grown at 42 C, exhibited
four to five times higher rates of glutamate
uptake than did cultures grown at 30 C. How-
ever, the Km for glutamate was not affected by
growth temperature. The kinetics of "gluta-
mate permease" synthesis after temperature
shifts and after brief heat treatment in the
absence of growth suggested that gltR specifies
the formation of a repressor protein. The re-
pressor probably acts at the gltC locus, which
was tentatively defined as the operator gene
(18). From the behavior of known repressible
systems (11), one would expect the glutamate
transport regulatory system to respond to a
metabolic effector(s) signalling a need for gluta-
mate uptake (or a lack of it). The data pre-
sented in Tables 1 and 2 indeed show that the
presence of aspartate in the growth medium as
a source of carbon or nitrogen enhances "gluta-
mate permease" synthesis in the repressible
CS101 strain more than fivefold. The fact that a
similar induction by aspartate is also obtained
with the temperature-conditional gltR mutant
CS2TC grown at the restrictive temperature
(30 C) but that no significant effect is seen with

J. BACTERIOL.
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FIG. 5. Comparison of glutamate transport by membrane vesicles of E. coli K-12 strain CS7 grown in
glycerol-MM and in rich broth. D-Lactate served as the electron donor for transport. The bacteria were grown

with aeration at 37 C. Culture grown in MM plus glycerol (0); culture grown in rich broth (+).

the "operator-constitutive" gltC mutant CS7 or

with strain CS2TC grown at 42 C provides fur-
ther support for our model. We think that as-

partate does not participate directly in the in-
duction process. It seems more likely that some
metabolic derivative of aspartate is the actual
inducer. This is based on the obseivation that
CS101 grown in media containing other readily
available carbon and nitrogen sources, together

with aspartate (MM-glycerol-aspartate, rich
broth), has low repressed levels of "glutamate
permease." It is perhaps significant that, un-
like CS101, strain CS2TC grown in rich broth at
the restrictive temperature shows derepressed
levels of glutamate transport activity. The mu-
tant repressor of CS2TC may have a higher af-
finity for the inducer than the wild-type repres-
sor of CS101 and can, therefore, be induced in
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media in which the concentration of inducer
molecules does not suffice to induce the wild-
type strain.
We have recently shown that glutamate

transport in membrane vesicles of E. coli K-12
strain CS7 is dependent upon Na+ ions (S. Ka-
hane, M. Marcus, H. Barash, Y. S. Halpern, H.
R. Kaback, FEBS Lett., in press), as is trans-
port of glutamate by intact cells (10). Further-
more, the accompanying paper (13) clearly
demonstrates that the phenotypes of the wild-
type CS101 and mutant CS7 strains in respect
to glutamate utilization and transport, as ob-
served with intact cells, are faithfully reflected
in the glutamate transport behavior of the cor-
responding preparations of membrane vesicles.
These data indicate that the glutamate carrier
resides in the cytoplasmic membrane, as Miner
and Frank recently suggested for E. coli B (19).
Our present finding- that one can induce
ascorbate-phenazine methosulfate-driven glu-
tamate transport in membrane vesicles of
CS101 at rates as high as those obtained with
CS7 vesicles by growing the cells on aspartate
(Fig. 4)-furnishes strong evidence for the
membrane location of the glutamate carrier in
E. coli K-12 and for its control by the glt regula-
tory system.
The role of the periplasmic GltBP in trans-

port of glutamate in E. coli K-12, as emerges
from the present study, is less clear and proba-
bly more complicated. On the one hand, the
kinetic data and inhibitor studies on in vitro
glutamate binding (3, 4) and on transport in
intact cells (9) and membrane vesicles (13), as
well as the data on glutamate transport in
"shocked cells" and spheroplasts and its resto-
ration by preparations with GltBP activity,
seem to suggest that GltBP does participate in
physiological transport of glutamate in E. coli
K-12. On the other hand, we have reported here
that the synthesis of GltBP in strain CS101,
unlike transport of glutamate in intact cells
and in membrane vesicles, is not induced by
growth on aspartate. This indicates that GltBP
synthesis is not under the control of the glt
regulatory system. Moreover, GltBP synthesis
is strongly repressed upon growth in rich broth
(Table 3), a condition not affecting glutamate
transport in whole cells and in vesicles, or gluta-
mate chemotaxis (Tables 1 and 4, Fig. 5). In a
recent study with E. coli D2W, Willis and Fur-
long (26) noted changes in the apparent de-
pendency of glutamate uptake on binding pro-
tein levels with changes in culture conditions
(4% glucose-grown versus 0.4% succinate-grown
cultures). They suggest that the observed dif-
ferences "may be related to a modulation in the

expression and organization of components of
the same transport system which in turn are de-
pendent on the physiological state of the cell."
Isolation and analysis of GltBP mutants should
be instrumental in elucidating the role of this
binding protein.
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