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Corynebacterium glutamicum can be triggered to excrete glutamate by the addition of local anesthetics,
particularly tetracaine. Glutamate efflux is a carrier-mediated process and not due to unspecific membrane
permeabilization. The concentration of local anesthetics triggering optimum excretion depended on the type of
anesthetic and varied, ranging from 0.1 (chlorpromazine), 1.3 (tetracaine), and 2.6 mM (butacaine) to 15 mM
(benzocaine), in close resemblance to the order of efficiency in anesthetic effect. The onset of glutamate
excretion was not correlated to a change in the viscosity or fluidity of the membrane, as measured by electron
spin resonance spectroscopy, nor was it related to an action of the anesthetic as an uncoupler. Tetracaine-
triggered glutamate excretion was sensitive to changes in the transmembrane osmotic gradient, although an
osmotic gradient alone could not trigger glutamate excretion. Tetracaine-triggered glutamate efflux was
inhibited by an external rise in osmolality and stimulated by a corresponding decrease. The effects of osmotic
gradients and the addition of local anesthetics on glutamate excretion were mutually exchangeable, indicating
similar modes of action. We suggest that this common principle is a change in the membrane strain. C.
glutamicum cells which excrete glutamate without manipulation of the membrane, e.g., biotin-limited cells or

glutamate production mutants, were not stimulated by the addition of tetracaine.

Corynebacterium glutamicum is widely used for its ability to
produce large amounts of glutamate under particular condi-
tions, e.g., biotin limitation. We and others have studied glu-
tamate excretion (8-10, 22, 25, 26, 43), and different hypothe-
ses have been put forward to explain this capacity (9, 12, 35,
36). We were able to attribute glutamate efflux under biotin
limitation to the activity of a specific excretion carrier system
(22, 25). We found that this activity is correlated to two dif-
ferent events, a metabolic overflow situation combined with
growth arrest and a change in the physical state of the mem-
brane (22, 26). The main focus of this paper is to elucidate the
kind of alteration in the membrane which leads to increased
activity of glutamate excretion in C. glutamicum.

Different explanations have been put forward for the
changes responsible for triggering glutamate efflux, e.g., in-
creased leakiness (8, 12), changed membrane fluidity (viscosi-
ty) and permeability, and other kinds of physical alterations
(13). In general, glutamate excretion triggered by biotin star-
vation is explained by the inhibition of fatty acid synthesis. This
leads to decreased availability of phospholipids and conse-
quently to membrane alterations. Since there are many differ-
ent ways to trigger glutamate excretion in coryneform bacteria
(2, 35), the situation is obviously not that simple. Biotin limi-
tation and inhibition of fatty acid synthesis, respectively, are
complex ways to change membrane properties. Thus, we used
a more straightforward approach to study the consequences of
changes in membrane properties, i.e., addition of local anes-
thetics.

Local anesthetics are well-known for altering the physical
state of a membrane. They have been applied in numerous
studies in which mainly biophysical techniques were used, e.g.,
nuclear magnetic resonance, electron spin resonance (ESR),
and fluorescence. There is general agreement that local anes-
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thetics change the order of the lipid bilayer; it is, however, not
clear whether the main effect is in the direction of disordering
or ordering the membrane (7, 27, 32, 50). Most probably, the
disordering (fluidizing) effect is due to the insertion of the
uncharged form of a local anesthetic in the membrane,
whereas the stabilizing effect (increasing the bilayer order) can
be attributed to the charged form (4, 31).

In the present communication, we report that the addition of
local anesthetics to C. glutamicum cells leads to effective glu-
tamate excretion which is not due, however, to a change in the
viscosity of the membrane. We present a general explanation
as to why these unphysiological agents may induce a more or
less physiological response in bacteria by relating the observed
excretion to a situation more common for bacteria, namely,
membrane strain by the application of osmotic stress.

MATERIALS AND METHODS

Organisms and culture conditions. C. glutamicum ATCC 13032 was grown
aerobically on a rotary shaker (150 rpm) at 30°C. A minimal medium (MM1)
with glucose (25 g/liter) or glutamate (100 mM) as the carbon source, with the
following contents was used: (NH,),SO,, 5 g/liter; urea, 5 g/liter; KH,PO,, 2
glliter; K,HPO,, 2 g/liter; MgSO, - 7TH,0, 250 mg/liter; FeSO, - 7H,0, 10 mg/
liter; CaCl, - 2H,0, 10 mg/liter; MnSO, - 1H,O, 10 mg/liter; biotin, 200 wg/liter;
plus trace amounts of ZnSO,, H;BO;, CoCl,, CuSO,, NiCl, and NaMoO, (pH
7.0) (14, 15). Alternatively, as indicated, cells were grown on MMYE medium
containing (NH,),SO, (10 g/liter), urea (3 g/liter), KH,PO, (2 g/liter), K,HPO,
(2 gfliter), NaCl (0.05 g/liter), MgSO, - 7TH,O (0.4 g/liter), FeSO, - TH,O (2
mg/liter), MnSO, - SH,O (2 mg/liter), yeast extract (1 g/liter), and biotin (200
wg/liter) (pH 7.0). Biotin-limited wild-type cells were grown as described previ-
ously (22). A glutamate production mutant (strain 9087) was obtained from
Kyowa-Hakko Kogyo Co., Tokyo, Japan. This strain was grown on a complex
medium containing peptone (15.6 g/liter), yeast extract (2.8 g/liter), NaCl (5.6
g/liter), and biotin (200 wg/liter) (pH 7.0), with glucose (50 g/liter) as the carbon
source. Cell mass was determined by measuring the optical density at 600 nm
(ODggp); an ODg of 1 corresponds to 0.32 mg (dry mass)/ml.

Measurement of the cytopl ic volume, brane potential, and pH gra-
dient. All measurements were carried out as described previously (14, 15). Cells
were separated from the medium by silicone oil centrifugation (34). For deter-
minations of cytoplasmic volume, [*C]taurine was used as the membrane-im-
permeable probe and *H,O was used as the permeable probe. An average
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cytoplasmic volume of 1.6 wl - mg (dry mass)~! was found for C. glutamicum
cells. Membrane potential was determined from the distribution of the ['*C]Jtet-
raphenylphosphonium cation. Values were corrected for the binding of the probe
by using a ['*C]tetraphenylphosphonium bromide-**Rb calibration curve (22).
The pH gradient was determined from the distribution of the lipophilic probe
[**C]benzoic acid or [**C]methylamine, depending on the external pH (38).

Determinations of external and cytosolic solute concentrations. For analyses
of intra- and extracellular glutamate concentrations, cells from the incubation
medium were centrifuged for 30 s in an Eppendorf centrifuge. The supernatant
was carefully removed, and the pellet was vortexed with 500 wl of 0.1% (wt/wt)
cetyltrimethylammonium bromide for 2 min. After addition centrifugation, the
supernatant was removed and used to determine the concentration of internal
glutamate. Both supernatants were then incubated for 15 min at 95°C to inacti-
vate enzymes. Due to the high internal glutamate concentrations, a correction for
the concentration of external glutamate (as well as separation by silicone oil
centrifugation) was not necessary. Glutamate concentrations were determined
enzymatically (6). The concentrations of other amino acids were determined by
reversed-phase high-pressure liquid chromatography using o-phthalaldehyde
precolumn derivatization (38). Nucleotides were extracted by injecting an aliquot
of the bacterial suspension directly into dimethyl sulfoxide (13, 37). ATP con-
centrations were determined by firefly luciferase assay (39). Internal and external
K™ concentrations were determined by atomic absorption spectroscopy.

Determination of amino acid excretion. C. glutamicum strains were grown to
exponential phase (ODgg, 2 to 3), and cells were harvested by centrifugation,
washed twice with 50 mM MES (morpholine ethanesulfonic acid)-Tris (pH
8.0)-1 mM KCI, and stored on ice at about 40 mg (dry weight) - ml~'. Imme-
diately prior to the experiment, cells were suspended at about 1 mg (dry
weight) - mI™! in 100 mM MES-Tris-5 mM KCI-10 mM NaCl-5 mM urea-10
mM ammonium sulfate-30 mM glucose (pH 8.0) at 30°C, if not otherwise
indicated. Cell suspensions not exceeding an ODy, of 5.0 were vigorously stirred
in small glass vessels at volumes not exceeding 5 ml to ensure sufficient aeration.
At different times, samples were taken and analyzed as described above.

Determination of glutamate uptake. The uptake of glutamate was measured
with a '4C-labeled substrate. Termination of the reaction and the separation of
cells after different time intervals were performed by rapid filtration on glass
fiber filters (Whatman GF/F) or silicone oil centrifugation (38). It should be
noted that the uptake of labeled glutamate can be measured during net gluta-
mate excretion, which is determined enzymatically, by a measurement of the
external glutamate concentration and corresponding correction of the actual
specific activity. The uptake rates reported are initial values and were calculated
from a linear kinetic range including at least four experimental points.

Preparation of membranes for ESR measurements. After growth in the indi-
cated media to an ODyy, of about 5, cells were harvested and washed twice by
centrifugation in a sterile buffer containing 50 mM triethanolamine hydrochlo-
ride, 250 mM sucrose, and 1 mM EDTA (pH 7.5; NaOH). One gram of cells was
suspended in 1 ml of the same buffer and passed six times through a French
pressure cell at 16,000 1b/in?. This resulted in vesicles with diameters of about 200
nm, as estimated by microscopy. Four milliliters of suspension was purified by
centrifugation (16 h, 10°C, 25,000 rpm; Beckman SW28 rotor) on a continuous
sucrose gradient (36 ml consisting of the buffer described above and a 70%
[wt/vol] sucrose solution). The band containing the vesicles was diluted twofold
in buffer containing 50 mM MOPS (morpholinepropanesulfonic acid), 60 mM
KCl, 60 mM NaCl, and 5 mM MgSO, (pH 7.5). After centrifugation (10 min,
4°C, 12,000 X g), the sediment was suspended in 1 ml of MOPS buffer. To obtain
highly purified vesicles, the suspension was centrifuged three times at 750 X g (10
min, 4°C) in MOPS buffer, with the sediment which contained whole cells always
being discarded. Finally, vesicles were spun down at 12,000 X g. This sediment
was resuspended in 100 pl of MOPS buffer, frozen at —30°C, and kept for further
use.

ESR measurements. The fatty acid spin label was 2-(3-carboxypropyl)-2-do-
decyl-4,4-dimethyl-3-oxazolidinyloxyl. A thin film of the label was prepared in a
glass vessel by dissolving 25 ul of 1.1 mM label in CCl, and evaporating the
solvent with nitrogen. Vesicles (50 to 100 pl) were added to limit the label to a
maximum of 2% with respect to phospolipids. The suspension was shaken at
room temperature for 10 min. When the influence of reagents on membrane
fluidity was studied, they were present during incorporation of the label. ESR
spectra were recorded by using an ESR spectrometer (ESC 106 Bruker) with a
flat quartz cell for aqueous solutions. All measurements were carried out with the
following settings: microwave power, 20 mW; modulation amplitude, 4 G; scan
time, 168 s; time constant, 0.041 s (seven scans were accumulated). The temper-
ature was kept constant with an accuracy of = 0.1 K measured by a thermistor
in the sample cell. The larger hyperfine splitting was derived from spectra with an
enlarged y axis. The small portion of free label did not interfere with these
measurements.

Chemicals. *H,0, [U-'“CJtaurine, and [U-'*Clisoleucine were purchased from
Amersham International (Amersham, Buckinghamshire, United Kingdom).
[U-1*C]tetraphenylphosphonium bromide was obtained from NEN/DuPont de
Nemours (Brussels, Belgium). Biochemicals were supplied by Boehringer
(Mannheim, Germany). All other chemicals were of analytical grade and were
obtained from Merck (Darmstadt, Germany) and Sigma (St. Louis, Mo.).
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FIG. 1. Induction of glutamate excretion by tetracaine addition. Different
concentrations of tetracaine were added to C. glutamicum cells grown on gluta-
mate in MMYE medium at the beginning of short-term fermentation at pH 8.0
(see Methods) as indicated by an arrow in each panel. Time course of external
(A) and internal (B) glutamate concentrations after the addition of 0.5 (@), 1.2
(A), or 2.0 (¥) mM tetracaine.

RESULTS

Wild-type C. glutamicum cells grown on glutamate as the
sole source of carbon and energy excrete glutamate when
treated with local anesthetics. In the experiment shown in Fig.
1, 0.5, 1.2, or 2.0 mM tetracaine was added. Whereas the
growth rate was only slightly decreased by 0.5 mM tetracaine,
it was strongly reduced by 1.2 mM the local anesthetic and
completely stopped when 2.0 mM was added (results not
shown). The interpretation of these three concentrations as
suboptimal (0.5 mM) and optimal (1.2 mM) with respect to
glutamate excretion as well as lethal (2.0 mM) for the cell is
reflected by the reactions of the external and internal gluta-
mate concentrations. The addition of a suboptimal tetracaine
concentration (0.5 mM) led to delayed glutamate excretion at
low rates (2 to 4 nmol - min~! - mg [dry weight] '), whereas
the addition of an optimal concentration induced excretion at
a high rate (up to 25 nmol - min~' - mg [dry weight]™"). The
internal glutamate concentration was not changed (1.2 mM
tetracaine) or was only slightly (0.5 mM tetracaine) changed.
The addition of 2.0 mM tetracaine led to an immediate efflux
of internal glutamate. During glutamate excretion under opti-
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FIG. 2. Effects of tetracaine on glutamate excretion in different cells. Increas-
ing concentrations of tetracaine were added to C. glutamicum cells under the
conditions described in the legend to Fig. 1. Glutamate excretion rates were
determined 1.5 to 2 h after the addition of the local anesthetic. The different cells
used were wild-type C. glutamicum cells grown on MMYE medium under biotin
supplementation with glutamate (m) or glucose as the carbon source (®) or
under biotin limitation and with glucose (A). In addition, a glutamate production
mutant of C. glutamicum (Kyowa-Hakko strain 9087) grown under biotin sup-
plementation and in the presence of glucose (<) was used. dw, dry weight.

mal conditions, the internal glutamate concentration was con-
stant in spite of a massive efflux of glutamate for at least 2 h.
At a concentration of 1.2 mM tetracaine, the effects both on
growth and on glutamate excretion could be completely re-
versed by a washing step. After removal of the local anesthetic
by washing, cells showed normal growth behavior and the ad-
dition of tetracaine was again needed to trigger glutamate
excretion (experiments not shown).

Tetracaine-triggered glutamate excretion is a specific trans-
port process. There are several mechanisms by which tetra-
caine may induce glutamate excretion in C. glutamicum cells.
The most important one for it to be discriminated from is
unspecific leakage caused by damage to the membrane. A large
body of evidence argues against this possibility. (i) Although at
a significantly reduced level, growth was still observed. (ii) The
effects of local anesthetics could be completely reversed by the
washing of cells. (iii) Glutamate excretion persisted for several
hours at a constant rate, and no initial burst was observed (Fig.
1). (iv) The membrane potential retained values of 140 to 150
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mV after the addition of tetracaine. (v) The internal glutamate
concentration remained at a high level (Fig. 1). (vi) Immediate
losses of only 3% of internal ATP (4.4 mM [total internal
concentration]) and of less than 10% of K™ (600 to 700 mM
[internal concentration]) were observed after the addition of
1.2 mM tetracaine, presumably because of damage to a small
portion of cells. Substantial leakage occurred only after the
addition of tetracaine concentrations greater than 1.5 mM.
Under these damaging conditions, the membrane potential
was greatly decreased and the efflux of ATP as well as that of
K" paralleled those observed for cytosolic glutamate (Fig. 2).

Besides these arguments which exclude the possibility of an
unspecific efflux of glutamate caused by a damaged membrane,
there is positive evidence that the excretion observed is a
specific process. (i) During glutamate excretion, we never ob-
served the efflux of another amino acid. This, however, is not a
strong argument, since the internal concentration of glutamate
is much higher than that of any other amino acid. (ii) Gluta-
mate excretion was subject to regulation phenomena corre-
lated to the energy state of the cell (Table 1). Excretion im-
mediately stopped when either the carbon source or the energy
source was lacking. The same behavior was observed after the
inhibition of glucose uptake by bromophenacyl bromide. This
result is not trivial since the internal glutamate concentration
remained high under these conditions, providing a high driving
force for glutamate excretion if it were a passive, unspecific
process. (iii) As observed for glutamate excretion triggered by
biotin starvation, the addition of the uncoupler carbonyl cya-
nide m-chlorophenylhydrazone (CCCP) did not lead to a
change in excretion activity (22, 25). This means that tetra-
caine-triggered glutamate excretion did not depend on the
electrochemical potential across the membrane. (iv) Further-
more, glutamate excretion depended on the kind of carbon
source on which the cells were grown.

Tetracaine-triggered glutamate excretion is different in cells
of different metabolic states. The argument that the optimum
concentration of tetracaine to be added (Table 1) is different in
differently grown C. glutamicum cells may be raised. Figure 2
shows that this is not the case. Regardless of the growth sub-
strate, the same concentration of tetracaine, namely, 1.0 to 1.4
mM, was needed for optimal glutamate excretion. The abso-
lute rate of excretion, however, was significantly lower in the
case of glucose-grown cells. The data in Table 1 show that this
is not due to a lower internal glutamate concentration. The
concentration dependence of tetracaine action is further elab-
orated in Fig. 2. For both glutamate- and glucose-grown wild-
type C. glutamicum cells, a low concentration range at which

TABLE 1. Dependence of tetracaine-triggered glutamate excretion on cell type and metabolic state”

Presence in excretion assay”

C source Internal glutamate Glutamate excretion rate
during growth Glucose Oxygen BPAB ccep concn (mM) (nmol * min~! - mg [dw]™")
Glutamate + + - - 220 14
Glutamate + - - — 185 <1
Glutamate - + - - 170 <1
Glutamate + + + - 290 —
Glutamate + + - + 205 15.5
Glucose + + - - 190 1.5

@ Tetracaine (1.2 mM) was added to all samples under the conditions described in the legend to Fig. 1. The internal glutamate concentration and glutamate excretion
rate are given for 1.5 to 2 h after the addition of tetracaine.

® The conditions and additions were as follows (as indicated): 30 mM glucose as a source of carbon and energy; aeration by vigorous stirring (+ oxygen) or flushing
with nitrogen (— oxygen); 50 pM SH reagent bromophenacyl bromide (BPAB), which blocks glucose uptake by the phosphotransferase system; 50 wM uncoupler
CCCP. +, presence; —, absence.

¢ —, glutamate excretion is inhibited under these conditions because of the action of bromophenacyl bromide, whereas the glutamate uptake system still functions.
Therefore, only glutamate uptake is observed.
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tetracaine did not trigger glutamate efflux was observed. At
above 1.5 mM, the optimum range was followed by a sharp
decrease in efflux activity, indicating membrane damage in-
duced by tetracaine.

The assay described in Fig. 2 offers the possibility of com-
paring tetracaine-triggered glutamate excretion with that
brought about by other treatments, e.g., biotin limitation. The
cells used for the experiments described so far were supple-
mented with biotin. Growth under limiting biotin concentra-
tions leads to glutamate excretion, the properties of which have
been studied previously (22, 25, 26). As shown in Fig. 2, glu-
tamate excretion due to biotin limitation could not be en-
hanced by tetracaine. At concentrations above 1 mM, tetra-
caine led to inactivation of glutamate transport, as observed
for biotin-supplemented cells. Interestingly, the maximum ex-
cretion rates were similar, regardless of whether glutamate
efflux was triggered by biotin starvation or by the addition of
tetracaine. Furthermore, a glutamate production strain
(Kyowa-Hakko strain 9087) was tested. This strain excretes
glutamate at elevated temperatures even in the presence of
biotin. The results in Fig. 2 indicate that the production mutant
closely resembled biotin-limited wild-type cells with respect to
the action of tetracaine and clearly differed from the biotin-
supplemented wild-type strain. The somewhat higher absolute
excretion values and the membrane damage already observed
at slightly lower tetracaine concentrations are due to the fact
that the experiment with this mutant had to be carried out at
38°C in order to obtain optimum conditions.

These results strongly depended on the temperatures at
which the experiments were performed. We routinely take
measurements at 30°C, which is the optimum temperature for
the metabolism and growth of C. glutamicum. Glutamate pro-
duction, however, is usually carried out at higher temperatures
(35 to 37°C). When these experiments (Fig. 2) were performed
at higher temperatures, several aspects were changed (results
not shown). (i) Glutamate excretion became faster, and the
stability of cells decreased, i.e., constant excretion rates were
observed only for shorter periods. (ii) The differences between
cells became less prominent. At temperatures above 35°C,
even wild-type cells without biotin limitation or tetracaine ad-
dition started to excrete glutamate. This was also true to a
significant extent for glucose-grown cells. By investigating the
temperature range from 20°C (no excretion activity) to 43°C
(complete growth inhibition), 30°C proved to be the optimum
temperature for both the handling of cells and studying the
effects described in Fig. 1 and 2.

Tetracaine-triggered glutamate excretion and membrane
fluidity. The data presented above suggest that tetracaine-
triggered glutamate excretion is very similar to excretion in-
duced by biotin limitation in terms of kinetics and energetics
(22, 26). The question of the common parameter(s) which may
be changed by these completely different methods to trigger
glutamate excretion then arose. In other words, are the two
different methods in fact not so different with respect to their
influence on the membrane?

As for most local anesthetics, tetracaine can be uncharged or
positively charged, depending on the pH. It was thus of pri-
mary interest to determine which species was the active form.
The pK of tetracaine in aqueous solution is 8.5; however, when
tetracaine is inserted into phospholipid bilayers, this value
shifts to 7.5 (47). In Fig. 3 are shown the results of a series of
experiments similar to that depicted in Fig. 2; they were carried
out at various external pH values. In every experiment, the
concentration of tetracaine leading to optimum glutamate ex-
cretion was determined. Obviously, this value depended
strongly on the external pH. On the basis of a pK of 7.5, if only
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FIG. 3. Tetracaine concentrations necessary to trigger optimum glutamate
excretion at different external pH values. Experiments were performed as de-
scribed in the legend to Fig. 2 except that different pH values were used and
controlled throughout the experiment. For example, the optimum tetracaine
concentration under the conditions used in Fig. 2 is 1.3 mM. The dependence of
the optimum tetracaine concentration on the external pH value is related to the
total concentration (O) and the concentrations of the uncharged (@) and charged
species (A). The pK of tetracaine inserted into membranes is 7.5 (49).

the concentration of the uncharged species was considered, the
optimum concentration became virtually independent of pH.
Just the opposite was true for the charged species. This result
is a strong argument for the uncharged species of tetracaine
being the form responsible for altering the activity of the glu-
tamate excretion system. This is elaborated by the data listed in
Table 2. The results of experiments on the effects of tetracaine
at different external pH values are combined both with respect
to the optimum concentration for triggering glutamate excre-
tion and that for damaging effect. Despite a significant depen-
dence on pH, the pattern with respect to the difference in the

TABLE 2. Effects of various local anesthetics and other membrane-
active agents on glutamate excretion as a function of pH”

Reagent concn (mM)

Maximum to induce:
Reagent External  excretion _rafe
pH (nmol - min™! Maximum Half-
cmg [dw] ™) retiont |, Maximum
inactivation®
Tetracaine 6.7 7.5 45 5.8
7.25 14.5 2.4 ND“
7.55 18.8 2.0 2.5
7.75 16.5 1.7 ND
8.0 17.9 1.3 1.7
8.4 16.0 0.85 1.1
9.4 13.9 0.55 1.0
Butacaine 8.0 21.0 2.6 3.3
Benzocaine 8.0 13.4 15 >30
Chlorpromazine 8.0 8.5 0.1 0.1
CCCP 8.0 <1.0 —° ND

“ Data are based on a series of experiments similar to that shown in Fig. 2.

b Concentration necessary to achieve maximum glutamate excretion activity
(cf. Fig. 2).

¢ Concentration necessary to reduce the internal level of glutamate to 50% of
the original value.

4 ND, not determined.

¢ —, not detectable since the reagent does not induce the corresponding effect.



4338 LAMBERT ET AL.

effect inducing excretion and that causing cell damage was
more or less constant.

In the experiments whose results are reported in Table 2,
furthermore, different local anesthetics were compared. This
provided another argument in favor of the uncharged species
being the active form, since benzocaine, which is not charged,
was able to trigger glutamate excretion, although at relatively
high concentrations. In comparison to tetracaine, butacaine
was somewhat less effective, whereas chlorpromazine exceeded
tetracaine in its potency. Nevertheless, chlorpromazine was not
used, since the safety distance between the concentration
which induces glutamate excretion and that which damages the
cell was unfavorably small. This is indicated by the fact that the
concentration leading to optimum induction of excretion
caused a 50% loss of internal glutamate.

In order to test the specificities of the actions of local anes-
thetics, other membrane-active reagents were tested. Neither
ethanol nor benzyl alcohol, which are known to increase the
fluidity of lipid bilayers (28) and to affect the activities of
membrane proteins (19), was able to trigger glutamate excre-
tion when applied in concentrations not leading to substantial
cell damage, as measured by the leakage of ATP (data not
shown). Furthermore, the uncoupler CCCP was used as a
control since uncoupling (and decoupling) by local anesthetics
has previously been reported (18, 53). It has already been
shown above (Table 1) that CCCP did not interfere with tet-
racaine-triggered glutamate excretion. As expected, CCCP led
to a breakdown of membrane potential, but the addition of this
uncoupler did not stimulate excretion activity, even at very
high concentrations.

In view of the hypotheses which have been put forward to
explain the actions of local anesthetics, the question of what is
the common parameter influenced by these agents that leads to
the observed effects on membrane function arises. The data in
Table 2 prove that the order of efficiency of different local
anesthetics in triggering glutamate excretion is exactly the
same as that observed for anesthetic effect (27). Since the
actions of these drugs are generally discussed as being medi-
ated by changing the fluidity (or viscosity) of a lipid bilayer and
since their effects were positively related to the temperature
applied, we investigated the influence of anesthetics on the
viscosity of the C. glutamicum plasma membrane by using
spin-labeled fatty acids. They were inserted into isolated
plasma membranes from C. glutamicum cells grown or treated
under conditions found to be relevant for the activity of glu-
tamate excretion. It is customary to derive an order parameter
from the axial hyperfine splittings, A|| — AL, in the ESR
spectrum of the membrane-bound fatty acid spin label (21).
For the qualitative comparison intended here, it suffices to use
the larger hyperfine splitting, A ||, which can be easily obtained
from the spectrum. This parameter alone is sensitive to the
angular amplitude of the segmental motion. Therefore, it is
related to the viscosity of the membrane, i.e., increased larger
hyperfine splitting means increased viscosity or decreased flu-
idity. In Fig. 4A, an original spectrum of isolated C. glutami-
cum membranes at 30°C, illustrating the derivation of the
larger hyperfine splitting used in the present study, is shown.
Figure 4B demonstrates that the addition of local anesthetics
in concentrations which led to effective glutamate excretion did
not change the viscosity of the phospholipid bilayer to any
significant extent. This became even clearer when the depen-
dence of viscosity on temperature was studied (Fig. 5). A
temperature change of a few degrees had a much stronger
influence on excretion than did the addition of local anesthet-
ics (Fig. 4). The data in Fig. 5 are interesting in another aspect.
The two types of cells found to exhibit higher membrane flu-
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FIG. 4. Effects of local anesthetics on the viscosity of C. glutamicum plasma
membranes as measured by larger hyperfine splitting in ESR spectroscopy with
spin-labeled fatty acids. (A) Representative ESR spectrum of the fatty acid spin
label incorporated in isolated C. glutamicum membranes at 30°C. The derivation
of the larger hyperfine splitting, A||, is shown. (B) Influence of the addition of
tetracaine and chlorpromazine in different concentrations on isolated plasma
membranes (see Methods). These experiments were carried out at 30°C.

idity (wild-type cells grown with glucose in different media) are
those cells which are not able to excrete glutamate effectively.
On the other hand, the cell types showing reduced fluidity are
those that excrete glutamate well after tetracaine addition (bi-
otin-supplemented wild-type cells grown on glutamate) or even
without tetracaine addition (production mutant and biotin-
limited wild-type cells). Obviously, a correlation between mem-
brane fluidity and the ability to excrete can be found. However,
cells excreting glutamate show decreased membrane fluidity,
and the difference is relatively small compared with the influ-
ence of a moderate change in temperature.

Correlation of glutamate excretion to membrane strain.
Other authors investigating the actions of local anesthetics on
membranes have interpreted the effect in terms of imposing a
mechanical stress on the membrane, which may also be called
membrane strain or tension (28, 41, 49). In order to use a
different way of changing the membrane strain, we tested a
shift in the osmotic gradient across the plasma membrane (Fig.
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FIG. 5. Effects of temperature on the viscosity of C. glutamicum plasma
membranes as measured by larger hyperfine splitting in ESR spectroscopy with
spin-labeled fatty acids. Isolated plasma membranes of the following cells were
used in these experiments: wild-type cells grown on MM1-glucose under biotin
supplementation (A) or biotin limitation (m) or grown on MMYE medium under
biotin supplementation with glucose (<) or glutamate (®) as the carbon source
or a production mutant grown on MM1-glucose with biotin supplementation (A).
Data are the averages of at least three experiments; in some cases, standard
deviations are indicated.

6A). A hyperosmotic shift immediately stopped tetracaine-
triggered glutamate excretion, whereas a hypo-osmotic shift
had a stimulating effect. These changes in the excretion rate
cannot be attributed to changes in the glutamate gradient
across the membrane. On the contrary, the inhibition of ex-
cretion by increased external osmolality led to an increase in
the internal glutamate pool and vice versa (Fig. 6B). The in-
hibition of amino acid excretion could be overcome by the
addition of glycine betaine (data not shown). This osmopro-
tective substance is effectively taken up by C. glutamicum and
is accumulated in the cytosol as a compatible solute (17).
Furthermore, the observed inhibition of glutamate excretion
could not be attributed to changes in the ion concentration,
since hyperosmotic shifts with mannitol led to very similar
effects.

If the hypothesis that a change in membrane strain is the
basic trigger of glutamate excretion is true, the two procedures,
i.e., the addition of tetracaine and a change in the osmotic
gradient, should be mutually compensative. The data in Table
3 show that this is in fact the case. Under conditions of con-
stant external osmolality, 1.1 mM tetracaine is the optimum
concentration to trigger glutamate excretion at pH 8.0. A con-
centration of 0.5 mM tetracaine, which is suboptimal under
these conditions, was found to trigger excretion optimally when
a moderate hypo-osmotic shift was applied. After a hyperos-
motic shift, however, 1.5 mM tetracaine was necessary to ob-
tain optimum excretion. The same held true for the toxic ef-
fects of local anesthetics. The amount of tetracaine (1.1 mM)
which after a hyperosmotic shift did not induce glutamate
excretion at all was optimal under iso-osmotic conditions and
led to cell damage when a hypo-osmotic gradient was applied.
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FIG. 6. Influence of a shift in external osmolality on glutamate excretion
activity (A) and internal glutamate concentration (B). C. glutamicum cells were
incubated in short-term fermentation buffer at 170 mosmol/kg (pH 8.0). After 30
min (first arrow), 0.7 mM tetracaine was added. After 1 h of incubation (second
arrow), an aliquot of cells was diluted in water (A), incubation buffer (@), or
incubation buffer with NaCl (m), thereby reaching external osmolalities of 85,
170, and 340 mosmol/kg, respectively. External glutamate concentrations were
measured, and the first two values (at 45 min and 1 h) were corrected for the
higher cell density before the dilution after 1 h of incubation.

DISCUSSION

Many different models to explain the ability of C. glutami-
cum and related species to excrete glutamic acid under partic-
ular metabolic conditions still exist (35, 36). In recent studies
we have provided an explanation for the excretion of amino
acids, such as lysine, isoleucine, and threonine, in physiological
terms (35, 36). The metabolic significance of glutamic acid
excretion, however, remains obscure. We showed that at least
two factors are needed to induce persisting glutamate excre-
tion in C. glutamicum (22, 25, 26). First, a situation character-
ized as metabolic overflow is essential (22). This is character-
ized by growth inhibition due to the lack of an essential
compound in the presence of unlimited availability of carbon
and energy (52). Second, unspecific alterations of the mem-
brane have to occur, e.g., by a block of phospholipid synthesis
(biotin limitation) or by the addition of membrane-active re-
agents (13) or antibiotics (2). The only hypothesis so far which
relates these effects to glutamate excretion assumes that the
membrane becomes unspecifically leaky (12), which is not the
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TABLE 3. Effects of different osmotic gradients and tetracaine
concentrations on glutamate excretion®

External T . h Internal Glutamate
osmolality etracaine Gr’owt glutamate excretion rate
after shift conen rd,t? concn (nmol + min™!

(mosmol/kg) (mM) () (mM) -mg [dw] ")
85 0.7 0.05 140 21
L1 0 40 107
1.5 0 <10° 0
170 0.7 0.12 175 4.5
1.1 0.06 140 20.5
1.5 0 25 3.0
340 0.7 0.15 210 <0.5
1.1 0.15 205 <0.5
1.5 0 140 11.0

¢ C. glutamicum cells were incubated in the buffer for amino acid excretion
described in Materials and Methods, and the temperature was kept constant at
30°C during the experiment. At 30 min, tetracaine in the indicated concentration
was added. After a further 30 min, the osmotic shift was introduced by dilution
with either water, medium, or medium containing additional NaCl. Prior to the
osmotic shift, the osmolality of the medium was 170 = 5 mosmol/kg, as deter-
mined in an osmometer. The internal glutamate concentration as well as the
glutamate excretion rate was determined at 1.5 h after the osmotic shift. The
growth rate was measured by the change in ODg, between 0.5 and 2.5 h after the
osmotic shift.

® Under these conditions, cells become leaky to a significant extent.

¢ Cells are completely leaky, and the internal glutamate concentration is below
the detection limit.

case according to our data (22, 25). In order to avoid a meta-
bolically complex mixture of events triggering glutamate excre-
tion, in this work we used a more direct method to change the
membrane state, i.e., the addition of local anesthetics.

We found that the addition of local anesthetics to glutamate-
grown C. glutamicum cells triggers effective glutamate excre-
tion. Excretion was shown to be a specific, carrier-mediated
process since (i) no other metabolites were excreted in signif-
icant amounts; (ii) the gradients across the plasma membrane,
e.g., AY or the K" gradient, remained more or less unchanged;
(iii) in spite of fast glutamate efflux, the internal glutamate
concentration remained constant; (iv) excretion could be
stopped by the removal of tetracaine; and (v) cells were able to
regulate glutamate excretion. In summary, tetracaine-triggered
glutamate excretion closely resembles glutamate efflux caused
by biotin limitation (22).

In numerous reports, local anesthetics were shown to influ-
ence the membrane in the direction of either higher or lower
fluidity, depending on the state of protonation (see Results).
We investigated the fluidity of C. glutamicum membranes by
ESR spectroscopy with spin-labeled fatty acid probes. We in
fact found a difference in membrane viscosity between cells
which are able to excrete glutamate and those which are not.
However, the difference was in the wrong direction, i.e., the
membranes of excreting cells had a higher viscosity. It is gen-
erally accepted that the permeability of a membrane increases
as the bilayer becomes more fluid (40). Furthermore, the dif-
ferences were small in comparison to the changes in viscosity
brought about by a temperature change in the physiological
range. The positive effect of temperature on excretion also
contradicts the interpretation that the difference in fluidity is
the reason for the difference in excretion. Most importantly,
tetracaine did not significantly change the viscosity of isolated
membranes from C. glutamicum cells. Thus, we conclude that
a change in viscosity is not a major reason for the triggering of
glutamate excretion by local anesthetics. The same holds true
for excretion triggered by biotin limitation. Although mem-
brane changes do occur, it is not the change in membrane
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fluidity which causes glutamate excretion. Recently, Neubeck
et al. came to a similar conclusion with respect to biotin-limited
cells (43). In contrast to our measurements, they did not find a
difference in membrane fluidity between biotin-supplemented
cells and biotin-limited cells of a Brevibacterium sp. In those
studies, however, a fluorescence probe was used; because of
the problem of the location of this probe in whole cells, it is not
as accurate as ESR with purified membranes.

Another effect of certain local anesthetics is the ability to act
as uncouplers (33, 44, 53), which was correlated to the charged
form of anesthetic. We showed that the effectivity in triggering
glutamate excretion was related to the uncharged form of
tetracaine. Furthermore, benzocaine, which does not occur in
a charged form, was also able to trigger glutamate excretion.
The effects of local anesthetics have also been explained by
direct action on membrane proteins (1, 3, 28, 51). Although
direct interaction with the glutamate excretion system cannot
be ruled out, this possibility seems to be unlikely since agents
with different structures (chlorpromazine, tetracaine, and ben-
zocaine) exert the same influence and since exactly the same
result can be obtained by treatments such as biotin limitation,
which cannot be explained by a direct effect on a protein.

The actions of local anesthetics have also been attributed to
influences on the membrane curvature, thus inducing mem-
brane strain (28, 41, 49). A concept of dynamic lateral tension
of a bilayer membrane was first developed by Helfrich (24).
The correlation between lipid bilayer elasticity and bilayer
shape was extended to the bending energy concept (45). These
properties are difficult to measure, particularly in intact cells.
However, membrane strain can be influenced by a change in
the transmembrane osmotic gradient, which is also considered
in the concept of bilayer elasticity (30, 45). Recently, mem-
brane strain in artificial phospholipid bilayers was directly cor-
related to the osmotic gradient (16, 23). We tested this possi-
bility by applying different osmotic gradients. Combined with
the addition of tetracaine, osmotic stress influenced glutamate
excretion. A rise in the external osmolality inhibited efflux,
whereas a hypo-osmotic shift enhanced the action of tetra-
caine. The effects of local anesthetics and changes in the os-
motic gradient were mutually exchangeable. The efficiency of
tetracaine was enhanced by hypo-osmotic conditions and vice
versa. This held true not only for the specific effect in triggering
glutamate excretion but also for the unspecific (toxic) effect of
tetracaine in permeabilizing the cell. Interestingly enough, the
toxic effects of high concentrations of tetracaine could be
avoided by increasing the external osmolality. It should be
noted that in contrast to Escherichia coli (46), hypo-osmotic
shock alone did not lead to fast efflux of glutamate in C.
glutamicum (unpublished observations). Glutamate efflux in C.
glutamicum is not, as in E. coli, an immediate and direct answer
to an osmotic downshift. A well-studied example of carrier
activity which is in fact modulated by membrane stress is the
proline betaine carrier ProP in E. coli (42). Obviously, this
carrier senses the osmotic gradient and consequently changes
its activity (11, 42). In principle, this type of regulation also
occurs in C. glutamicum, since we found that the activity of the
glycine betaine transport is even more effectively modulated in
C. glutamicum by variations in the osmotic gradient than it is in
E. coli (17). Although tetracaine-triggered glutamate efflux
seems to be a fairly simple model for glutamate excretion in C.
glutamicum, a general model correlating metabolic overflow
and the membrane trigger is still lacking. However, it is im-
portant, to realize that cells which do not need an additional
change in membrane state to excrete glutamate, i.e., biotin-
limited cells or glutamate production mutants, cannot be stim-
ulated by tetracaine. In such cases, tetracaine did not cause a
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specific effect (excretion) and the unspecific effect (permeabi-
lization) was unchanged. Obviously, these cells have already
accomplished the membrane state which is appropriate for
glutamate excretion.

The results obtained may also shed new light on the general
actions of local anesthetics. The finding that the order of effi-
ciency of different local anesthetics in triggering glutamate
excretion was the same as that found for anesthetic action (48)
may have two explanations. There may in fact be a common
functional principle, or the reason may simply be different
tendencies to insert into the membrane, leading to identically
effective concentrations. Regardless of this question, the argu-
ments discussed above indicate that the action of a local an-
esthetic is not a direct interaction with a certain protein but a
general action on the membrane, which triggers the carrier’s
activity. In contrast to the common model in which a change in
membrane fluidity is responsible for the action of a local an-
esthetic, the effect on the plasma membrane of C. glutamicum
is not a change in its viscosity. Taking into account that the
concepts of the viscosity of a membrane with high-level protein
contents and of membrane strain are still relatively ill-defined
phenomena, we tentatively interpret our results as showing
that a change in membrane strain may be correlated to a
change in the activity of the glutamate excretion system.

Besides the fact that osmotic gradients can change the ac-
tivities of carrier proteins (29), this explanation is in line with
the observation that local anesthetics can mimic the effects of
a change in the osmotic gradient, as has been shown for the
EnvZ-OmpR system. Sublethal concentrations of local anes-
thetics influence the transcription of certain outer membrane
channel proteins (OmpF and OmpC) in E. coli (20). This is
triggered by the two-components EnvZ-OmpR system. In a
manner similar to that of modulation by osmotic stress, the
membrane sensor EnvZ can be triggered by the addition of
local anesthetics (54). In our case, by mimicking a change in
membrane strain, tetracaine would not trigger a signal cascade
but would change the activity of a membrane protein, i.e., the
glutamate excretion carrier. Effects of this kind, i.e., changing
the activity of a transport protein by a change in the osmotic
gradient or membrane stress, are also well-known for the
mechanosensitive ion channels of E. coli, which are responsible
for the fast solute efflux after osmotic downshock (5). These
channels have been shown not only to respond to osmotic
effects but also to be triggered by the addition of local anes-
thetics (41).
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