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Previous studies have demonstraied the involvement of a carrier system in glutamate sceretion by Corynebacterium glutamicum
under biotin limitation (Hoischen, C. and Kriimer, R. (1989) Arch. Microbiol. 151, 342-347). In a detailed analysis of the export
process we found secretion to be independent of sccondary forces: (i) glutamate was secreted at high rate even when external
glutamate excecded the internal concentration, (i) movement of neither protons nor potassium or chloride ions was found to be
coupled to glutamate secretion, and (i) secretion continued unaffected after breakdown of the membrane potential. Instcad,
under conditions leading to variation of glutamate secretion activity, a correlation of secretion rate and the intracellular
ATP-pool was observed. Thus, ATP or a rclated high-cnergy metabolite is thought to be involved in the activity of the glutamate

sceretion system,

Introduction

In recent years an increasing body of evidence for
carrier mediated solute efflux in bacteria has accumu-
lated. The compounds transported comprise organic
acids [1,2], carbohydrates [3,4], heavy metal ions [5,6],
antibiotics [7), and toxic compounds [8]. A number of
different export mechanisms have been identified: The
chemical gradient of lactic acid drives lactic acid excre-
tion in symport with protons in Escherichia coli and
Lactococcus lactis [9-11]. Proton motive force driven
secondary transport has been identified for export of
cationic dyes in Escherichia coli [8] and efflux mediated
multidrug resistance in Bacillus subtilis [12). ATP serves
as source of energy for plasmid-encoded heavy metal
exporters [13]. The physiological role of the export
carricrs mentioned can easily be rationalized. They are
involved in osmotic homecostasis, detoxification and
disposal of metabolic endproducts in fermentative bac-
teria. The function of amino acid efflux in bacteria
evades such rapid comprehension, as amino acids arc
valuable nutrients that are taken up by specific carriers
in numerous organisms.

Correspondence to: R. Kriimer, Institut fiir Biotechnologie I,
Forschungszentrum Jiilich, Postfach 1913, Jiilich, Germany.
Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone;
TPP, tetraphenylphosphonium bromide; dw, dry weight; Mops, 3-
( N-morpholino)propanesulfonic acid.

Corynebacterium glutamicum is best known for its
ability to secrete large amounts of amino acids [14] and
is thus used for amino acid production on industrial
scale. We study the secretion of isoleucine [15], lysine
[16,17] and glutamate [18] by this organism, and we
were able to show export carrier systems to be active in
all three cases. This is in contradiction to the efflux
models generally discussed in literature, proposing ef-
flux to be caused by either passive diffusion across a
ieaky cell membrane [19,20] or by the respective amino
acid uptake system working in inverted direction [21].

Isoleucine and lysine are secreted in C. glutamicuni
by secondary transport, under conditions when a high
intracellular pool of the respective amino acid is accu-
mulated [15-17). Glutamate secretion, on the other
hand, is observed in the wild type only after special
treatment of the cells: growth under biotin limitation
[22], application of penicillin [14] or of certain surfac-
tants [23] all lead to efflux of glutamate from the cells.
A recent effort to analyze the mechanism of glutamate
secretion has focused on secretion triggered by amine
suifactants [24]. The authors conlude that glutamate is
secreted under these conditions by a passive process
which is triggered by a change of the membrane status
of the cells. For biotin-starved cells we have shown
previously that glutamate secretion does not occur by
passive diffusion but that it is characterized by proper-
ties attributable only to a carrier mediated process:
secretion in fact is energy dependent and regulated by
the metabolic status of the cells [18]. The reduced
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phospholipid conteni of the cytoplasmic membrane
due to lack of biotir, although necessary for induction
of secretion, does not lead to permeabilization ot the
cells [25]. The present study deals with mechanism and
energetic coupling of carrier-mediated glutamate ex-
port in biotin-limited cells of C. glutamicum.

Materials and Methods

Organisms and culture conditions

C. glutamicum ATCC 13032 was grown aerobically
on a rotary shaker (150 rpm) at 30°C. With glucose as
carbon source (50 g/I) the following mineral salt
medium was used: (NH,),SO, 5 g/I, urea 5 g/I,
KH,PO, 2 g/l, K,HPO, 2 g/I, MgSO,-7H,0 250
mg/l, FeSO,* 7TH,0 10 mg/1, CaCl, - 2H,0 10 mg/I,
MnSO, ‘- 1H,0 10 mg/I plus trace amounts of ZnSO,,
H,BO,, CoCl,, CuSO,, NiCl, and NaMoO,, pH 7.
Growth on sodium acetate (20 g/1) as sole carbon
source required stronger buffering of the medium by
¢ither 150 mM potassium phosphate butter or 180 mM
Mops. Glutamate secreting cells (producer cells) were
grown in the presence of 0.5-1.0 ug/l biotin. After
14-16 h of incubation, growth arrest and onset of
glutamate secretion due to limited biotin supply was
reached. Non-producer cclls were grown at 200 ng/I1
biotin. Cell mass was determined by mecasuring the
optical density at 600 nm (OD,y,), OD,, =1 corre-
sponded to 0.34 mg dw/ml for producer cells and 0.36
mg dw/ml for non-producer cells.

Short-term fermentation

Analysis of the secrction process was carried out in
short-term fermentations, i.e., with producer cells har-
vested in early production phase and resuspended in
fresh mineral salt medium (for details see Ref. 18). In
short term fermentation the pH of the medium quickly
rosc to 8.0-8.5 due to hydrolysis of urea. If not stated
otherwise, glucose was used as carbon source. To en-
sure optimal oxygen supply, cell suspensions at a cell
density of OD,,, = 4-6 were stirred rapidly by a mag-
netic stirrer at 650 rpm. In this system, producer cells
secreted glutamate at a rate of 20-30 nmol/min per
mg dw.

Chemicals

[U-"C]Benzoate, ["*Clmethylamine hydrochloride,
inulin[*Clcarboxylic acid, [U-"Clglucose, *H,0 and
%Rb were purchased from Amersham International
(Buckinghamshire, UK). [U-'"“C]Tetraphenylphospho-
nium bromide (TPP) was obtained from NEN / DuPont
de Nemours (Belgium). Biochemicals were from
Bochringer (Mannheim, Germany), all other chemicals
were of analytical grade and obtained from Merck
g)an)nstadt, Germany) and Sigma (St. Louis, MO,

SA).

Determination of metabolite concentrations

For the analysis of intra- and extracellular concen-
trations of metabolites (glutamate, glucose), cells and
external medium were separated by silicone oil centrif-
ugation [26]. The supernatant, representing the cell-free
external medium, was directly used for metabolite de-
termination. Enzymatic determination of glutamate [27]
and glucose [28] was carried out as described else-
where. Sodium and potassium were measuied by atomic
absorption spectroscopy.

Preparations of cell extracts for determination of intra-
cellular metabolites

Cells sedimented into perchloric acid by silicone oil
centrifugation were resuspended and extracted by soni-
cation. After ncutralizing the cxtract and removing cell
debris, denatured protein and precipitated KCIO, by
centrifugation, the extract was used for metabolite
analysis.

Measurement of the cytoplasmic volume and the compo-
nents of the protonmotive force

All measurements were carried out as described
[29.30]). Separation of the cells from the surrounding
medium was achicved by silicone oil centrifugation.
For determination of the cytoplasmic volume,
inulin["*Clcarboxylic acid as membrane impermeable
and *H,O as permeable probe were used. For biotin-
supplemented, non-producer cells this method consis-
tently yielded values of 2.0 + 0.2 ul/mg dw. Determi-
nation of the cytoplasmic volume of biotin-limited pro-
ducer cells was more difficult, probably due to differ-
ent probe binding to the cell surface. In a large number
of measurements an average cytoplasmic volume of 1.6
wl/mg dw was found for these cells. This value was
generaily used for the calculation of intracellular
metabolitc concentrations. When absolute values for
intracellular pools rather than relative changes in the
course of an experiment were crucial for interpretation
(c.g., experiment of Fig. 1) the cytoplasmic volume was
determined repeatedly for the respective cell suspen-
sion. In cell sediments of silicone oil centrifugation a
ratio of extracellular to intracellular volume of 2:1 was
found. Intracellular glutamate was corrected for gluta-
mate originating from the external medium.

The membrane potential was determined from the
distribution of ['“Cltetraphenylphosphonium cation.
Values were corrected for binding of the probe to cell
structures using a ['*CITPP-*Rb calibration curve: at
different external potassium concentrations (30 xM-300
mM) potassium diffusion potentials in the presence of
valinomycin were measured with both probes. **Rb
does not bind to cellular structures. For very low
membrane potentials an exact numerical value can not
be given due to the large error of the determination in



this range. In these cases the membrane potential will
be characterized by indicating a value of < —50 mV.

The pH-gradient was measured by determining the
distribution of ["*Clbenzoic acid (pH,, =; pH,,) or
['*Clmethylamine (pH,, < pH,,). Correction for probe
binding was done by substracting probe bound to cells
deenergized by the addition of 20 uM CCCP and 20
uM nigericin.

Internal ATP and ADP concentrations

For the determination of adenine nucleotides, cells
were extracted by direct injection of the cell suspension
(20 pD) into dimethylsulfoxide (180 ul) [24]. Samples
were further diluted (1 :5) with cold distilled water and
kept at —20°C until determination. ATP and ADP
were determined using the firefly luciferase assay [31].
For calibration an internal ATP-standard was used.

Glutamate secretion recorded by tracing of radioactive
label

At 300 mM external glutamate, glutamate secretion
was recorded by tracing radioactive label after addition
of [U-"Clglucose. Labelled glucose and labelled gluta-
mate in the external medium were determined in course
of the fermentation by the following procedure.
Aliquots of cell free medium were subjected to thin-
layer chromatography (silica gel 60 plates, Merck,
Darmstadt, Germany) using propanol/H,0 (7:3, v/v)
as solvent [32]. The plates were successively treated
with ninhydrin reagent (0.2 g ninhydrin/100 ml bu-
tanol, H,O saturated) and aniline /phthalic acid (100
mM aniline, 100 mM phthalic acid in butanol, H,0
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saturated) for staining glutamate and glucose, respec-
tively. Spots were decolorized by H,0,, and glucose
and glutamate were determined by scintillation count-
ing after removal from the plates.

Determination of potassium efflux

%Rb was used as probe for potassium efflux. Cells
were loaded with ®Rb at a low external potassium
concentration (0.5 mM KCI). Glutamate secretion dur-
ing the loading prodedure was drastically reduced by
supplying only 0.5 mM of glucose. External **Rb was
equilibrated with the intracellular potassium pooi after
40 min of incubation. Glutamate secretion was then
started by the addition of glucose. Simultaneously, 30
mM KCI was added to the external medium. Efflux of
% Rb from the cells then represented potassium efflux.

Results

Dependence of secretion on the glutamate concentration
gradient

In view of an intracellular glutamate pool of 100-150
mM in producer cells, a substantial gradient is avail-
able for giutamate secretion at least at the beginning of
fermentation. To test the influence of the chemical
gradient as a possible driving force, we mecasured se-
cretion activity at different initial concentrations of
external glutamate (0 mM, 80 mM, 160 mM) (Fig. 1).
The applied high external gluiamate concentration re-
quired the experiment to be carried out at relatively
high cell density (OD,,, = 9.4) and for 8 h, to allow
secretion of a significant amount of gluiamate. Internal
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Fig. 1. Glutamate secretion by C. glutamicum at different external glutamate concentrations. Producer cells of C. glutamicum ‘werc transferred to

fresh medium (3.2 mg dw/ml) in three separate vessels supplemented with 0 mM (o). 80 mM (), and 160 mM (4 ) potassium glutamate. KCI

was added to adjust identical ionic strength. Secretion of glutamate into the extraceliular medium (A) as well as the intracellular glutamate pool
(B) were determined.
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glutamate concentrations (Fig. 1B) are shown for cells
at 0 mM and 80 mM initial external glutamate concen-
tration. At an initial concentration of 160 mM the
experimental error of the determination of internal
glutamate was too high to give accurate values. Never-
theless the result of the experiment reported in Fig. 1
is clear: glutamate secretion occurred at identical rate
(approx. 40 nmol/min per mg dw), irrespective of the
external glutamate concentration. The rate of secretion
remained unchanged even when the external glutamate
concentration exceeded the internal concentration, a
situation at least attained in vessel two (80 mM initiai
glutamate concentration) after 5 h of fermentation.
Glutamate secretion thus is an accumulative process,
i.e., it can occur against a concentration gradient.

Infiuence of the membrane potential on the activity of
glutamate secretion

In principle secretion of the glutamate anion could
also be driven by the membrane potential (outside
positive). Abolishment of the membrane potential by
addition of ionophores enabled us to assess its role in
the secretion process. As shown in Fig. 2, addition of
the protonophore CCCP (50 uM) led to a drastic
reduction of the membrane potential from —172 to
< —50 mV, without changing the rate of glutamate
secretion. An identical result was obtained when vali-
nomycin at high extracellular potassium (300 mM) was
used to destroy the electrical potential (data not
shown).

In the experiments shown so far (Figs. 1 and 2)
either the chemical or the clectrical component of the
glutamate gradient had been varied. In order to rule
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Fig. 2. Effect of the protonophore CCCP on glutamate secretion by
C. glutamicum. S0 uM CCCP (arrow) was added to producer cells of
C. glutamicum 60 min after the start of the experiment. The effect on
the membrane potential A¢. glutamate secretion (e external gluta-
mate), the cytoplarmic glutamate concentratior (O) and the intra-
cellular pools of ATP (a ) and ADP ( & ) was recorded.
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Fig. 3. Influence of simultancous variation of glutamate concentra-
tion gradient and membrane potential on glutamate secretion. 2.5
mM [U-"Clglucose was added (arrow) to producer cells of C.
glutamicum that had been incubated in two independent culture
vessels for 40 min without carbon source. At the same time 300 mM
KCl was added w0 culture | (triangles) and 300 mM potassium
glutamate plus 50 u M valinomycin to culture 2 (squares). Glutamate
secretion was monitored by radioactive and enzymatic determination
of both glucose and glutamate in the external medium. Solid sym-
bols: glucose, radioactive; open symbols: glutamate radioactive; dot-
ted line: glucose, enzymatic determination, culture 1 and 2; broken
line: glutamate, enzymatic determination, culture 1.

out the possibility that secretion could be driven by
either component independently, we used a combina-
tion of valinomycin plus 300 mM potassium glutamate
to break down both components of the electrochemical
glutamate gradient. Glutamate secretion, as deter-
mined by tracing the external appearance of glutamate
formed from added radioactively labelled glucose (Fig.
3), was identical, irrespective whether the electrochem-
ical glutamate gradient was abolished or not. This
demonstrates that glutamate secretion can occur at
unchanged rate uphill, against the chemical gradient of
glutamate cven in the absence of an electrical poten-
tial.

Role of monovalent ions (H*, K *, Cl ) in glutamate
secretion

The studies described so far assumed glutamate to
be transported in anionic form, thc predominant gluta-
mate species at the alkaline pH (8-9) in short-term
fermentation. Symport of the glutamate anion with a
monovalent cation as well as antiport against a mono-
valent anion would render the transport process elec-
troneutral and thus independent of the membrane
potential, as has been observed in the experiments.
The most likely candidates for cation symport, protons
and potassium ions, and for anion antiport, chloride
ions, were investigated.

An involvement of protons in glutamate secretion
was tested in the experiment presented in Fig. 4. In
medium lacking urea, the external pH decreased con-
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Fig. 4. Dependence of glutamate secretion on variation of the external pH. Fermentation was carried out in mineral salt medium from which

urea had been omitted. Ammonium sulfate served as nitrogen source. The continuous drop of medium pH was caused by the metabolic activity

of the cells. Internal (O) and external (®) glutamate concentrations (A) as well as the intracellular pH (@) and the ApH (*) (B) were determined
beside the external pH (0).

tinuously from 8.5 to 5.7 during fermentation due to
the metabolic activity of the cells. Thereby the proton
gradient changed from +8 mV to —53 mV without
affecting glutamate secretion activity. The high intra-
cellular pH (pH;, = 8.3) at the beginning of the experi-
ment aiso had no irfluence on export velocity. Secre-
tion, however, stopped when the medium was acidified
below pH 5.7 causing the intracellular pH to fall below
6.8.

In order to test potassium as a possible symport ion,
we directly measured the efflux of potassium ions from
cells secreting glutamate (Table I). **Rb was employed
as a probe for potassium fluxes. We confirmed that
%Rb is accepted as substrate by a low-affinity potas-
sium uptake system in C. glutamicum (data not shown).
In *Rb-loaded cells, efflux of both glutamate and
potassium was determined under different conditions
after addition of a carbon scurce together with an
excess of unlabelled potassium to quench the extracel-
lular radioactivity. As the data in Table 1 show, pro-

TABLE |

Potassium efflux from Corynebacterium glutamicum secreting gluta-
mate at different rates

Loading of the cells with *Rb and recording of **Rb efflux was
carried out as described in Methods and Materiais. The reduced rate
of glutamate secretion (5 nmol/min per mg dw) was attained by
addition of 200 pg /1 biotin [25].

Cell Biotin Glutamate Potassium
type concn. secretion rate efflux
(ug/ (nmol/min (nmol/min
per mg dw) per mg dw)
Producers 1 34 5.1
23 29
5 34
Non-producers 200 0.1 0.5

ducer cells lose intracellular **Rb /potassium far more
rapidly than non-producer cells. Potassium efflux, how-
ever, is by a factor of 5 slower than the concomittant
glutamate efflux in efficiently secreting cells. Reducing
the rate of glutamate secretion did not result in an
equivalent decrease in potassium efflux.

A possible antiport of glutamate and chloride anions
was investigated by measuring glutamate secretion at
different extracellular sodium chloride concentrations
(data not shown). As in case of protons, only minor
changes in secretion activity were observed under these
conditions.

Acetate as carbon source for glutamate secretion: the
role of ATP

It has been described earlier [33,34] that C. glutam-
icum can also use acetate as carbon source for gluta-
mate secretion. We characterized growth and gluta-
mate secretion of C. glutamicum with acetate as car-
bon source (data not shown). As in glucose grown ceils,
glutamate secretion was induced only in biotin- starved
cells, i.e., when growth had stopped due to lack of
biotin. The measured secretion rate was comparable to
secretion in glucose grown, biotin-limited cells. The
cell density reached with a given limiting biotin con-
centration was by a factor of two higher in producer
cells using acetate as carbon source when compared to
producer celis using glucose. This corresponds to ob-
servations previously described, that less biotin is
needed for optimal glutamate production when acetate
instead of glucose is supplied as carbon source [35].

On the basis of the experiments described so far, all
possible secondary driving forces were excluded. Since
glutamate secretion also functions against a chemical
gradient, we had to conclude that chemical energy,
€.g., in the form of ATP, rmust be involved in glutamate
secretion. In producer cells metabolizing glucose, the
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Fig. 5. Influence of the protonophore CCCP on glutamate secretion
by Corynebacterium glaamicum using acetate as carbon source.
After growth on sodium acetate, acetate was supplied as C-source in
short-term fermentation, The influence of CCCP addition on mem-
brane potential d¢. the internal (O) and external (@) glutamate
concentration and the cytoplasmic pools of ATP (&) and ADP (a)
wiis monitored.

intracellular ATP pool could be reduced neither by
destruction of the membrane potential nor by inhibi-
tion of the F,F,-ATPase (data not shown). For manip-
ulation of the ATP pool we therefore used cclis metab-
olizing acetate instcad of glucose. In these cells ATP is
synthesized solely via elcctron transport phosphoryla-
tion, and thus collapsing thc membrane potential nec-
essarily must reduce ATP synthesis. The experiment in
Fig. 5 demonstrates, that this assumption was correct.
Addition of CCCP to acctate grown cells in fact led to

3 mM glucose

|

20 - X - 200
i
— | I e
: 't‘ ° \ e Y—
gy =

E 15 o< 150 E
® T, ° s
[ 0/0“0“ \0 E
- \ ° 2 -
g 104 i - 100 6
E &b E 4
] e
g Shte &
a a \ 2" 4 |-

054 L 50 © <
- R \‘\q c\“‘_ A—aea = =
€ '/ elh2 2
[ - =
: r"'.'."' b >
® 00 r— T - —*0 ELo E

0 30 60 90 120
time [min]

Fig. 6. Dependence of glutamate secretion activity on the supply of

C-source. Producer cells of Corynebacterium  glutamicum were

washed twice and were resuspended in mineral salt medium devoid

of glucose. After 40 min of incubation, 3 mM glucose was added

(arrow). Internal (O) and external (®) glutamate concentrations and
the cytoplasmic pool of ATP ( a) were determinded.
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Fig. 7. Dependence of glutamate secretion on the supply of oxygen.
Aerobic and anacrobic conditions in the culture were achieved by
rapid stirring in contact with air or slow stirring under a N, atmo-
sphere, respectively. Internal (O) and external (@) glutamate and the
intracellular ATP-pool ( &) were recorded.

a drastic reduction of the cytoplasmic ATP-pool of the
cells, thereby inverting the ATP/ADP ratio. At the
same time glutamate secrction stopped, whereas the
intracellular glutamate concentration decreased only
slowly after CCCP addition.

Regulation of secrction activity by the availability of
oxygen and carbon source

In a previous paper cvidence has been presented
that glutamate secretion is effectively regulated in C.
elutamicum [18). Secrction is turned off when cither
the carbon source or oxygen is lacking. We reinvesti-
gated this phenomenon with respect to the role of
ATP. As demonstrated in Fig. 6, the onset of secretion
following the addition of glucose to starved producer
cells was accompanied by a sudden increase of intra-
cellular ATP from 2 mM to more than 4 mM. The
ATP pool dropped again to its initial value when
glucose was consumed and secretion had stopped. A
similar behavior was observed when producer cells
were shifted from acrobic to anaerobic conditions (Fig.
7. A high ATP pool was found for efficiently secreting
cells under aerobic conditions, while anaerobiosis led
to a stop of secrction and concomittantly to a 40-50%
decrease of the cytoplasmic ATP concentration. In
both experiments a high chemical glutamatc gradient
existed cven when no carbon source or oxygen was
available.

Discussion

Evidence for a carrier system involved in glutamate
export by biotin-limited cells of Corynebacterium glu-
tamicum was already provided by our previously pub-
lished data [18]. We observed that secretion was
strongly regulated, since glutamate efflux could be



stopped in producer cells despite the presence of a
high electrochemical gradicnt of glutamate. Moreover,
secretion was specific for glutamate, other amino acids
were not excreted. Owing to detailed elucidation of the
energetic parameters during glutamate sccretion, as
reported here, additional strong arguments can now be
put forward in favour of a specific glutamatc export
carrier active in biotin-limited cells. (i) The rate of
glutamate secretion was found to be completely unaf-
fected by variation of the extracellular glutamate con-
centration, secrction proceeded even when the gluta-
mate concentration gradient was inverted (Figs. 1 and
3). (ii) The activity of the secretion system was closely
correlated to the energy state of the cells (Figs. 5, 6
and 7). Extracellular acccumulation of glutamate
against a concentration gradient can be accomplished
neither by diffusion of glutamate through a leaky mem-
brane or a pore nor by carrier mediated facilitated
diffusion, mechanisms that could only equilibrate intra-
and extraccllular glutamate concentrations. The char-
acteristics of glutamate sceretion described can be ex-
plained solely by a carrier system directly consuming
metabolic energy. The source of energy conceivable to
drive the export depends on whether the glutamate
anion is transported in symport with other ions or on
its own. In the former case export of an uncharged
complex could use the chemical gradient of a sym-
ported ion as driving force, while in the latter casc the
membrane potential could function as energy source
for glutamate export.

Experiments designed to determine the actual trans-
port form of glutamate did not indicatc a participation
of protons, chloride or potassium ions in the export
process and thus point to transport of the glutamate
anion. Although clevated efflux of potassium ions was
measured from producer cells as compared to non-pro-
ducer cells (Table 1), this flux can not be mechanisti-
cally coupled to glutamate secretion, since it was scver-
alfold slower than glutamate efflux and its rate did not
change in parallel to variations of glutamate secretion
activity. Independence of sccretion from the proton
gradient within a wide range (Fig. 4) clearly arguecs
against a symport of the glutamate anion and a proton
by a secondary transport system, for which an interde-
pendence of the two parameters has to be expected.
The observed stop of glutamate secretion at low extra-
cellular pH can be due to inhibition of the export
carrier by simultaneous acidification of the cytoplasm,
a phenomencn that has been described for several
other transport proteins [36,37]. The fact that an intra-
cellular pH as high as 8.3 (Fig. 4) did not affect the
rate of glutamate export is another strong indication
that it is in fact the glutamate anion that is trans-
ported. The concentration of the undissociated acid at
pH 8.3 is reduced to less than 20 uM, which should be
well below the K, of the export system. An affinity for
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the (internal) substrate in the millimolar rage has been
found for the lysine [16] and the isoleucine (unpub-
lished data) export system of C. glutamicum. The exact
K, value for glutamate export could not be deter-
mined due to the invariably high intracellular gluta-
mate concentration under all conditions tested. Inde-
pendence of secretion from the membrane potential
(Figs. 2 and 3) can only now be interpreted properly:
although the membrane potential necessarily exerts a
force on the charged substrate, secretion continued
unaffected when it was destroyed. Taken together,
Figs. 1-3 demonstrate that an energy source apart
from the electrochemical glutamate gradient and possi-
bly of significantly higher free energy must be involved
in glutamate secretion.

Thus, having secondary forces disqualified, a pri-
mary transport mechanism had to be taken into ac-
count, for which the most likely energy source would
be ATP. Evidence in agrcement with a role of ATP
was provided by experiments showing a positive corre-
lation of changes in secretion activity and changes in
the intracellular ATP-content (Figs. 5, 6 and 7). In
glucosc-growr: cells the intracellular ATP-pool could
not be significantly alicred by destruction of the mem-
brane potential or by inhibition of the F,F,-ATPase,
indicating that glycolytic ATP-synthesis prevails under
these metabolic conditions. Manipulation of the ATP-
pool therefore appcarcd feasible by Ay-reduct’on only
in cells which are dependent on a non-glycoiytic sub-
strate (e.g., acetate) and thus should rely heavily on
electron transport phosphorylation for ATP synthesis.
Using acetate grown cells it had to be taken into
account that the experimental strategy chosen would
also reduce carbon flow towards glutamate by reducing
Ay-driven acetate uptake [38].

C. glutamicum cells grown on acetate as carbon
source showed similar properties with respect to gluta-
mate production as compared to glucose grown cells
(data not shown). Stop of secretion following the de-
struction of the membrane potential in acetate cells
(Fig. 5) could be correlated only to the drastic reduc-
tion of internal ATP or the ATP/ADP ratio since the
intracellular glutamate concentration decreased only
slowly. An identical correlation between secretion ac-
tivity and the intracellular ATP-pool was observed also
under conditions leading to metabolic regulation of
secretion. The complete and instant stop of sccretion
when the carbon source or oxygen became limiting also
was accompanied by a reduced ATP pool of the cells
(Figs. 6 and 7).

A direct role of ATP in the secretion process as
energy source for glutamate export can not be proven
conclusively in studies using whole cells. It nevertheless
represents an obvious possibility after rejection of a
secondary mechanism. Correlation between transport
activity and the intracellular ATP pool as described
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here for giutamate secretion has been observed also for
the efflux of a flucrescent probe in Lactococcus lactis
[39), for which an ATP-driven export system has been
proposed. Furthermore, coupliirg of ATP hydrolysis to
export processes could be demonstrated for bacterial
heavy metal extrusion [13]. A number of other bacterial
exporters most likely employing ATP as source of
energy for transport bciong to the ABC transporter
superfamily [40), e.g., the carriers for a-hemolysin [41]
and colicin V [42] in Escherichia coli. At present we
tend to interprete the correlation between glutamate
secretion activity and the intracellular ATP pool in
biotin-limited cells of C. glutamicum simply as an indi-
cation for the strict dependency of secretion on the
central energy metabolism of the cells. ATP serves as
an indicator for the cellular energy state, it may be
either the energy source or a regulator of the export
system.

ATP has been demonstrated to be the energy source
for glutamatc uptake by C. glutamicum, which is pre-
sumably catalyzed by a binding protein dependent sys-
tem [43). A role of the uptake system also in glutamate
secretion, as has been proposed in literature [21], can
nevertheless be excluded, since the uptake system is
repressed in the presence of glucose [36] and thus is
present only at a low level in those cells that efficiently
secrete glutamate [18]).

Recent studies on the mechanism of glutamate se-
cretion in C. glutamicum using another condition of
inducing secretion, i.e., addition of amine surfactants
[24], showed a pattern differing from that described
here. For surfactant treated cells the authors could not
definitely distinguish whether glutamate production oc-
curred through leakage of glutamate across a perme-
abilized cell membrane or mediated by a membrane
protein. The cells, although not generally leaky, re-
leased also aspartate and potassium, the latter at a rate
several-fold higher than that of glutamate. The ener-
getic parameters of the cells significantly decreased
after surfactant addition. Furthermore, surfactant in-
duced secretion was only a shortlived phenomenon,
since secretion ceased after a few minutes due to rapid
depletion of the internal glutamate pool. It is therefore
not clear whether the detailed analysis given also holds
true for the continuous production of glutamate. Be-
sides the obvious difference in the experimental system
used, it is thus uncertain, whether direct comparison to
our analysis of the secretion process in biotin-limited
cells is justified. In this context we would like to
cmphasize that our studies on mechanism and energy
dependence of glutamate secretion in biotin-limited
cells have been done under steady-state conditions of
production, i.e., with cells that continue to secrete
glutamate for substantial periods of time provided that
a carbor source is supplied and medium pH is con-
trolled. During production induced by biotin limitation,

the energetic integrity of the cells remained intact and
secretion was specific for glutamate (see also Ref. 18).
The glutamate pool of biotin-limited producer cells,
though somewhat lower than in non-producer cells,
was constant for prolonged periods of time and the
enhanced loss of potassium did not result in depletion
of the cellular potassium pool but rather was compen-
sated for by increased potassium uptake. Any pertur-
bation of the energy metabolism inevitably led to stop
of secretion in biotin-limited cells.

A full understanding of the physiological meaning of
glutamate secretion is still not within reach, but some
insight has emerged by comparison with other amino
acid export systems in C. glutamicum [15-17). Lysine
and isoleucine seem to be excreted whenever these
amino acids are present in excess, e.g., when lysine or
isoleucine containing peptides a2 used as carbon
source or when these amino acids accumulate intra-
cellularly due to mutations affecting their biosynthetic
pathways. Both amino acids, apart from incorporation
into protein, can not be converted to other metabolites
by either catabolic or anabolic reactions and thus,
when present in excess, are useless for the cell. A
completely different situation exists in the case of
glutamate, as this amino acid has a central role in
nitrogen metabolism and as a precursor for other
metabolites. Glutamate secretion therefore rather re-
sembles the so-called overflow-metabolism [44]. Gluta-
mate is secreted by the cells under conditions of suffi-
cient carbon and nitrogen supply when concomittantly
growth is inhibited due to lack of an essential com-
pound or an impaired integrity of the cell wall /cell
membrane complex. The glutamate secretion carrier is
activated by exactly those conditions and would thus
function in the controlled wasting of energy and car-
bon.
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