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Abstract 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-
hexatriene (TMA-DPH) was used to assess the cell envelope
fluidity of Corynebacterium glutamicum 2262 during a
temperature-triggered glutamate producing process. Because
the fluorescence lifetime of TMA-DPH was shown to be
constant all over the process, fluorescence anisotropy can be
considered as a good index of cell envelope fluidity. When
the temperature of the fed-batch culture was increased from
33 to 39°C to induce glutamate excretion, the fluorescence
anisotropy values decreased from 0.212+0.002 to 0.186+
0.002 (corresponding to an increase in the cell fluidity),
while the specific glutamate production rate reached its
maximal value. The increase in fluidity of the C. glutamicum
cell envelope was not due to a physical effect related to the
temperature elevation, but rather to an alteration of the
composition of the cell envelope. Using a mutant devoid of
corynomycolates, significant differences in fluorescence an-
isotropy values were obtained compared to the wild-type
strain, suggesting that TMA-DPH is mainly anchored into the
corynomycomembrane. Differences in fluorescence anisotropy
were also observed when the bacteria were cultivated at 33,
36, 38, and 39°C in batch cultures, and a linear relationship
was obtained between the maximum specific glutamate
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production rate and the measured fluidity. When using the
glutamate non-producing variant of C. glutamicum 2262, the
fluorescence anisotropy remained constant at 0.207+0.003
whatever the applied temperature shift. This suggests that the
fluidity of the Corynebacteria mycomembrane plays an
important role in glutamate excretion during the temperature-
triggered process.
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Mycolic acid - TMA-DPH

Introduction

Since 1957 and the selection of the glutamate producing
bacterium, Corynebacterium glutamicum, by Kinoshita et al.
(1957), production of this amino acid have increased from
100,000 to approximately 1,500,000 t (Hermann 2003).
Strains of C. glutamicum produce naturally few amounts of
glutamate while under specific conditions; maximal produc-
tion rate can reach up to 100 g I"' (Miescher 1975). Several
conditions can induce glutamate overproduction: biotin
limitation, addition of antibiotics (penicillin, ethambutol),
detergents, or cerulenin (an inhibitor of the condensing
enzyme of the fatty acid synthase complex), and temperature
upshift (Momose and Takagi 1978; Delaunay et al. 1999;
Kimura 2005; Hashimoto et al. 2006). In particular, when
the temperature is used, the process is divided in two phases:
(1) a first phase with an optimal temperature for the cell
growth and (2) a second phase, where a temperature upshift is
applied to induce glutamate overproduction. Using such a
process, Delaunay et al. (1999) obtained a final glutamate
titer of 85 g 1! after 24 h of culture in fed-batch process.
To improve the production of the bulk product gluta-
mate, the identification of the limiting steps and under-
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standing of the controlling factors involved in the glutamate
excretion are of crucial importance. Recent data suggest that a
major kinetic bottleneck is likely located at the level of
glutamate excretion. Indeed, a sixfold increase in glutamate
excretion flux is measured when the glutamate export system
is activated by a temperature shift during the temperature-
triggered process (Delaunay et al. 1999; Lapujade et al.
1999); besides, the amplification of the enzyme activity of
the last synthesis step, i.e., glutamate dehydrogenase, yielded a
higher intracellular glutamate titer, but an identical excretion
rate in Corynebacteria (Bormann-El Kholy et al 1993;
Lapujade 2000). To identify the parameters modulating the
glutamate efflux in C. glutamicum, modifications of the
composition of the membrane, of the cellular energy and of
the membrane potential of producing and non-producing
cells have been carried out. Recent findings have shown that
the cellular energy is needed for an active glutamate
excretion (Gutmann et al. 1992; Sekine et al. 2001), whereas
the alteration of the membrane potential does not affect the
glutamate production (Lapujade 2000; Gutmann et al. 1992).

Many studies were performed to give clues regarding the
mechanisms responsible for glutamate excretion in Coryne-
bacteria. In biotin limitation or surfactant processes, it was
proposed that a modification of plasma membrane phospho-
lipids (increase in the saturated to unsaturated fatty acids ratio
(Demain and Birnbaum 1968; Shibukawa and Ohsawa 1966;
Marquet et al. 1986), a decrease in phospholipids content
(Clément et al. 1984; Clément and Lanéelle 1986; Huchenq
et al. 1984) or of the total lipids (Hoischen and Kridmer
1990) were necessary for glutamate excretion. Besides,
during the glutamate production phase of the temperature
triggered process, if no reduction of the total lipids content
was observed, an increase in the fatty acids unsaturation ratio
was measured (Gourdon 1999).

On the other hand, the induction of glutamate excretion
by penicillin addition is not related to a modification of the
composition of cytoplasmic membrane (Shibukawa et al.
1968). In fact, the modification of the arabinogalactan—
peptidoglycan structure upon penicillin addition might
explain the glutamate excretion as swelling of the gluta-
mate-producing cells occurred (Shibukawa et al. 1968) as a
result of the arabinogalactan—peptidoglycan network weak-
ening (Wijayarathna et al. 2001). In addition, an alr-
disrupted mutant (gene encoding for D-alanine racemase,
which generates D-alanine necessary for the formation of
the peptidoglycan network) was able to excrete glutamate
in a D-alanine-deficient medium (Eggeling et al. 2001).

Another hypothesis is the glutamate excretion as a result of
a modification of the glutamate biosynthesis pathway. Kimura
(2002) suggested that the glutamate efflux might be due to a
change in cell metabolism at the 2-oxoglutarate branch point;
in fact, a mutant deficient in 2-oxoglutarate dehydrogenase
(ODHC) activity was capable of excreting high amounts of
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glutamate without external triggering mean, and presented a
comparable fatty acid composition compared to its parental
strain. Recently, Niebisch et al. (2006) have shown that
ODHC activity was regulated through the phosphorylation
status of a protein belonging to this enzymatic complex,
Odhl. This protein is phosphorylated via PknG, a serine/
threonine protein kinase, that is partially located in cytoplas-
mic membrane in Mycobacterium tuberculosis (Koul et al.
2001; Cowley et al. 2004) and that can act as a sensor of
environmental changes (Narayan et al. 2007).

At last, cell envelope fluidity has recently been identified as
a key factor of the glutamate excretion process. A temperature
sensitive mutant of C. glutamicum KY9714, which was
generated by a mutation on /ts4, a putative gene involved in
cell envelope fluidity regulation (Hirasawa et al. 2000), was
able to produce high amounts of glutamate at a temperature of
37°C, higher than its optimal growth temperature. However,
only a few data on the fluidity of the membrane lipids of
glutamate producing C. glutamicum have been reported. It
was demonstrated that the fluidity of extracted lipids of C.
glutamicum membrane was not modified during the glutamate
excretion induced by local anesthetic addition (Lambert et al.
1995). In addition, modifications of the cell envelope fluidity
of Brevibacterium sp. ATCC 13869 measured during growth
and glutamate production induced by biotin limitation could
not be evidenced because of irregular values of fluorescence
anisotropy (Neubeck et al. 1993). Nevertheless, recent studies
revealed that mycolic acid content of Mycobacteria decreased
under biotin limitation, addition of ethambutol, Tween 40,
penicillin, or cerulenin addition, whereas short corynomycolic
acids increased under biotin limitation and cerulenin supple-
mentation (Radmacher et al. 2005; Hashimoto et al. 2006).

The aim of the present paper was to investigate the
fluidity of cell envelope during growth and glutamate
overproduction of C. glutamicum 2262 triggered by an
increase in culture temperature from 33 to 39°C. Both the
anisotropy and the fluorescence lifetime of the TMA-DPH
probe, a molecule widely used to assess the fluidity of
biological membranes (Cranney et al. 1983; Neubeck et al.
1993; Denich et al. 2003), were measured to evaluate the
fluidity of cell envelope. The effects of culture temperature
(33, 36, 38, and 39°C) on the fluidity of cell envelope and
on the specific glutamate production rate were assessed.
Finally, using a mutant of C. glutamicum 2262 defective in
corynomycolic acid production, binding site of the fluores-
cent probe into the cell envelope is discussed.

Materials and methods
Bacterial strain and medium composition

Strains used throughout this study were Corynebacterium
glutamicum 2262 (provided by Orsan-Amylum S.A.) and
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2262NP. This last strain, a non-glutamate-producing variant
of C. glutamicum 2262, has been isolated upon prolonged
continuous fermentation (Uy et al. 2003). The composition
of the glutamate production medium used was based on
MCGC medium (Von der Osten et al. 1989) in which the
citrate was replaced by deferoxamine. This medium con-
sisted of: glucose (60 g I'"), Na,HPO, (3 g I'"), KH,PO,
(6 g 1), NaCl (2 g I'"), (NH4),804 (8 g I'"), MgSO,-
7H,0 (0.4 g 1I'"), FeSO,- 7H,0 (40 mg 1), FeCl; (4 mg
I, ZnSO,- 7H,0 (1 mg I'") CuCl,-2H,0 (0.4 mg 1Y),
MnSO, - H,0 (4 mg I'"), (NH,)sMo0,0,4 - 4H,0 (0.2 mg I'),
Na,B,0,- 10H,0 (0.4 mg I'"), CaCl, (84 mg I""), biotin
(2 mg I'"), thiamine (20 mg I'"), deferoxamine (3 mg 1),
glycine betaine (2 g I'").

Polypropylene glycol (1.3 g 1"') was used as anti-
foaming agent. The additional amounts of glucose were
added, as required, during the production phase. Because
C. glutamicum 2262 pksl13::km failed to grow in MCGC
without reversion, C. glutamicum 2262 and the derivative
mutant strain C. glutamicum 2262 pksl3::km were culti-
vated in brain heart infusion (BHI) medium (Biokar
Diagnostics, France) and in BHI containing kanamycin at
50 pg ml ', respectively, for anisotropy experiments
without temperature shift.

Fermentation conditions

The C. glutamicum inoculum was prepared in shake flasks
at 33°C containing the modified MCGC medium, supple-
mented with Na,HPO,, 3.8 g 1" and 1.9 g "' urea. The
glucose concentration was diminished to 34 g 1" and pH
was initially set at 7.6 with NaOH. For fed-batch cultures,
40 ml of this overnight culture were used to inoculate a
2-1 bioreactor (Biolafitte, France) containing 0.75 1 of
modified MCGC. The culture was grown at 33°C with
an air rate of 60 1 h™'. The pH set point was 7.6,
regulated with NH3 12 N. When the biomass concentra-
tion reached 5.6 g 1", corresponding to the exponential
growth phase, the culture temperature was increased to
39°C to induce glutamate production (it took approxi-
mately 15 min to increase the temperature of the fermenter
from 33 to 39°C). During the production phase, the culture
was fed with a concentrated glucose solution (500 g 17") to
avoid periods of glucose limitation. To prevent oxygen
limitation, the dissolved oxygen was kept at least 20% of
saturated level by increasing air flow rate and agitation all
over the culture.

To study the effect of temperature on fluidity of cell
envelope and specific glutamate production rates, batch
instead of fed-batch processes were performed with similar
medium and inoculum conditions. Nevertheless, to avoid
the effect of product (i.e. glutamate) inhibition, a smaller
amount of inoculum was used to inoculate the bioreactor

(diluted culture), resulting in an initial ODs;o of 0.4
(Lapujade 2000). The culture temperature was set at 33°C
for 4 h to reach the exponential growth phase and was then
changed to 33, 36, 38, or 39°C to induce the glutamate
excretion.

To verify the binding site of the fluorescent probe,
fluorescence anisotropy of a mutant devoid of corynomycolic
acids (C. glutamicum 2262 pksl3::km) and the wild type
strain (C. glutamicum 2262) were compared. Those bacteria
were cultivated in bioreactor (Applikon, NL) batch fermen-
tations (0.3-1 working volume) at a constant temperature of
30°C, in BHI medium either without antibiotic or with
kanamycin (50 pg ml™") for the wild-type and the mutant
strain, respectively. The pH was set at 7.6 with NH; (9N) and
the dissolved oxygen was maintained over 20% of air
saturation. The bioreactor medium was inoculated with
colonies from BHI agar plates to reach an initial ODs of 0.2.

Construction of a pks13::km mutant of Corynebacterium
glutamicum 2262

The mutant of C. glutamicum 2262 defective in mycolic
acids synthesis was constructed by inserting a kanamycin
resistance cassette into the pks/3 gene encoding for a
polyketide synthase responsible for the final condensation
step of two fatty acids (Portevin et al. 2004). Design of the
forward primer pksl (ATG GAA CAG AGC CAA TCG
TCG GAT C) and reverse pks2 primer (GGC TTG CCC
ACG GTG AAC GCG GTG T) was based on the genome
sequence of C. glutamicum ATCC13032 (GenBank Acces-
sion Number BX927147). They were used to amplify a
2.8-kb fragment of the pks/3 gene from the DNA of the
unsequenced C. glutamicum 2262 genome using a Pfx
DNA polymerase (Invitrogen). The expected polymerase
chain reaction (PCR) product was then inserted into the
Zero-Blunt pCR cloning vector (Invitrogen) containing a
kanamycin resistance cassette. The resulting plasmid was
then transferred into C. glutamicum 2262 by electroporation
and transformants, in which a site specific crossover event
has occurred, were selected on BHI agar plates containing
kanamycin at 50 pg ml™', and incubated at room temper-
ature. The partial nucleotide sequence of the gene encoding
the polyketide synthase in C. glutamicum 2262 was
submitted to GenBank under the accession number
DQ813498.

Analytical methods

During the fermentations, samples were collected to
determine biomass, glucose, and glutamate concentrations.
The cell concentration was determined by absorbance at
570 nm (Spectrophotometer DU7500, Beckman) and by a
direct gravimetric method. After centrifugation of the

@ Springer



776

Appl Microbiol Biotechnol (2007) 76:773-781

sample (13,000 rpm, 5 min at room temperature, Microfuge
Lite, Beckman), the titers of glutamate and glucose were
determined enzymatically on the culture supernatant (r-
Biopharm, Germany).

Fluorescence measurements of bacterial cell envelope

Fluorescence intensity (arbitrary units) and anisotropy
measurements of cells labeled with a cationic derivative
of 1,6-diphenyl-1,3,5-hexatriene (DPH), TMA-DPH were
carried out with a T-format continuous excitation device
(Fluofluidimeter, Regulest, Florange, France). As recom-
mended by Kuhry et al. (1983 and 1985), the intensities
were also measured on blank samples (unlabeled cells) for
correction (see below). Samples collected from the culture
were diluted in a buffer (pH 7.6) containing Na,HPO,
(B gl™"), KHPO, (6 g 17", NaCl (2 g17"), and (NH4),SO,
(8 g 17, to obtain a turbidity corresponding to an optical
density of 1 at 570 nm. For cultures in BHI, samples were
centrifuged at 5,000xg, 10 min, 4°C, and the pellets were
resuspended in buffer to reach an initial ODsyo of
1. Diluted cell suspension (3 ml) was labeled with 3 pl
of TMA-DPH solution (prepared in N,N dimethylform-
amide, 2 mM) for 5 min.

Excitation and emission wavelengths were 365 and
425 nm, respectively. The temperature of labeled and blank
samples was rigorously controlled during the measurement
and the anisotropy was measured at the culture temperature.
Five measurements were performed for each sample. The
fluorescence anisotropy <r> was calculated from the
definition Eq. 1:

[(If// - Ib//) _g(lfj_ - ij_)]

<> = ,
T o)) + 26(1F — b))

(1)

where g is an instrumental correction factor accounting for
the unequal transmission in the optical system, If;, and If, are
the emission intensities of the labeled sample, Ib;, and If, the
signals from unlabeled samples (blanks) with polarizers
parallel and perpendicular, respectively, to the direction of
the vertically polarized excitation light. The reproducibility
of the anisotropy values within a given fivefold determina-
tion of five independent samples was +0.002.

The steady state fluorescence anisotropy <>, which can
be considered as a reciprocal measure of fluorophore
rotational mobility in the cell membrane, is linked both to
microviscosity () of the medium (defined as the reciprocal
of fluidity, a higher anisotropy reflecting a lower fluidity of
the labeled environment) and to fluorescence lifetime 7¢
through Perrin’s Eq. 2:

(&)
<r>
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_RT‘L’f
= Vn’

(2)

where R is the gas constant, 7 the temperature in Kelvin, V
the volume of the rotating probe, and r, the fundamental
anisotropy measured in a rigid medium. Thus, the fluidity
can be approached from fluorescence anisotropy only by
taking into account fluorescence lifetime, which needs to
also measure this parameter. TMA-DPH fluorescence life-
times () were determined on similarly prepared samples
by using a SLM-48000 multi-frequency phase and modu-
lation spectrofluorometer (SLM-Aminco, Urbana, Cham-
paign, IL, USA) equipped with a 450-W xenon lamp as a
light source. A solution of 2,2'-p-phenylene-bis-(5-phenyl)
oxazole (POPOP) in ethanol, with a lifetime of 1.35 ns, was
used as reference (Ho et al. 1992). The fluorescence was
observed through 435 nm interference filters (Schott,
Mainz, Germany) with a 10-nm band path. The phase and
modulation values were determined at 12 different modu-
lation frequencies between 5 and 90 MHz. The data were
accumulated until standard deviations of phase and modu-
lation were below 0.3° and 0.006, respectively. Average
fluorescence lifetimes were directly calculated from the
SLM software.

Results

TMA-DPH staining and fluorescence anisotropy
measurement

TMA-DPH is an amphipathic probe that was used to show
rates of flip-flop of lipids from inner to outer layer
(Cranney et al. 1983). TMA-DPH at a final concentration
of 2 uM was used to assess the fluidity of the envelope of
C. glutamicum 2262 samples with an optical density
(turbidity) of 1 at 570 nm. The measured fluorescence
intensities of the samples during incorporation of TMA-
DPH are reported in Fig. 1. Whatever the temperature
tested, for staining durations below 5 min, the fluorescence
varied with time, whereas at higher incubation time it
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Fig. 1 Incorporation kinetics of TMA-DPH into the cell envelope of

C. glutamicum 2262 at 33 (open circles) and 39°C (filled circles)
followed by fluorescence intensity
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remained constant for more than 25 min. These results are
in agreement with data presented by Kuhry et al. (1983).
Thus, staining of the cells was thereafter performed during
5 min in presence of TMA-DPH. Fluorescence intensity of
TMA-DPH in stained Corynebacteria was shown to vary
with the temperature of the assay: 1,150 and 1,000 AU at
33 and 39°C, respectively. The lower fluorescence intensity
at 39°C, compared to 33°C, should be due to the known
increase in the constant rate of non-radiative decay with
temperature.

To test the effect of the incubation temperature, an-
isotropy of stained cells was determined at 33 and 39°C.
It appeared that a 6°C increase in incubation temperature
led to a 0.01 decrease in anisotropy value. Besides, we
observed that an increase in culture temperature signifi-
cantly decreased the fluorescence anisotropy, although the
measurements were carried out at 33 or 39°C (Table 1).
Therefore, staining of the cells and fluorescence anisotropy
measurements were performed at a temperature identical to
the culture temperature.

Corynebacterium glutamicum 2262 kinetics and envelope
anisotropy in glutamate-producing fed-batch process

When C. glutamicum was cultivated at 33°C, the specific
growth rate increased rapidly and reached a maximum
value of 0.58 h™! after 4 h of culture (Fig. 2). During this
period, glutamate was not produced and fluidity remained
at a low level, corresponding to the highest anisotropy
measured value (r # 0.21). The specific rate of glucose
consumption increased in a first step with the specific
growth rate, and remained constant at its maximal value
(e, 1.35 g g' h') until 5 h after temperature shift as a
consequence of the increase in glutamate specific production
rate. When the temperature of the fed-batch was kept at 33°C
all over the process, the biomass increased rapidly till the
oxygen was limiting in the culture vessel. For these culture
conditions, glutamate production was not observed and the
fluorescence anisotropy remained constant at about 0.21
during the whole culture duration (data not shown).

On the other hand, after a 4-h period, the temperature was
increased from 33 to 39°C to induce the glutamate production.

Table 1 Effect of temperature on fluorescence anisotropy of TMA-
DPH-stained Corynebacterium glutamicum 2262 cultured at 33 and
39°C

Anisotropy determined at

33°C 39°C
Cells cultured at 33°C 0.213+0.002 0.200+0.002
(growth exponential phase)
Cells cultured at 39°C for 4 h 0.195+0.002 0.187+0.002
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Fig. 2 Effect of a temperature shift on the growth, glucose consump-
tion, glutamate and lactate productions, and cell envelope anisotropy of
C. glutamicum 2262 in fed-batch culture: biomass (a, open circles),
glucose (b, open squares) and glutamate (b, filled squares) produc-
tions, anisotropy (¢, filled diamonds), specific growth rate (a, solid
line), specific consumption rate of glucose (b, solid line), specific
production rate of glutamate (¢, solid line) and lactate (¢, dashed line).
Biomass, glutamate, and sugar are given as mass values to compensate
for the expansion of reactor volume due to feed additions. The vertical
dashed line indicates the time when the temperature was increased
from 33 to 39°C

As a consequence, growth was rapidly reduced and practically
abolished between 15 and 24 h of culture and glutamate was
excreted to obtain a final amount of 90 g, corresponding to
180 g of glucose consumed after 24 h of culture. At the same
time, the specific production rate of lactate slightly increased
until the end of culture. The specific rate of glutamate
production that increased sharply to its maximum level
(055 g ¢ ' h'') after 4 h of culture at 39°C afterward
decreased gradually to reach 0.1 g g' h™' at the end of the
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culture. It is important to note that the decrease in the
specific rate of glutamate production for the period between
8 and 24 h of culture, during which fluorescence anisotropy
remained constant, was mainly due to an inhibition by
extracellular glutamate (Lapujade 2000; Nunheimer et al.
1970) as cells collected from the fed-batch culture after 6, 9,
and 18 h exhibited the same rate of glutamate excretion
when incubated for an additional 4-h period in fresh and
diluted culture (i.e., about 0.8 g g ' h™ ).

Although the culture temperature was increased from 33
to 39°C, no decrease in fluorescence anisotropy was
measured during the first hour after the temperature change.
Then, after 5 h of culture, the fluorescence anisotropy
decreased from the maximum value of 0.217 to 0.186, and
then remained unchanged at this low level until the end of
the culture. To check that the fluorescence anisotropy
measurement was not affected by the probe lifetime
(according to Perrin’s equation described in the “Materials
and methods” section), the average fluorescence lifetime of
TMA-DPH was measured all over the fermentation process.
In fact, the fluorescence lifetime remained practically
constant (2.95 ns) all over the process, indicating that the
fluorescence anisotropy can be directly used as an index of
cell envelope fluidity.

Anisotropy of the Corynebacterium glutamicum 2262
envelope during glutamate-producing batch cultures
performed at different temperatures

According to Fig. 2, the specific glutamate production rate
is the only parameter that varies concomitantly to the cell
envelope fluidity. Indeed, the specific rate of lactate pro-
duction remained negligible, and the specific rate of glucose
consumption remained constant at its maximal value, while
anisotropy strongly decreased to its minimal level. To assess
the relationship existing between fluorescence anisotropy,
the maximal specific rate of glutamate production and the
temperature of the process, C. glutamicum 2262 was cul-
tivated in batch process at 33, 36, 38, or 39°C. The cultures
were initiated at 33°C by inoculating small amounts of cells
to avoid the different effects due to glutamate accumula-
tion in the culture medium and especially the inhibitory
effect of extracellular glutamate on glutamate excretion
(see “Materials and methods™ section).

When the maximum specific growth rate was reached,
i.e., 4 h after the bacteria inoculation, the temperature was
set at 33, 36, 38, or 39°C. Cell growth and glutamate
production were monitored during 10 h. For all cultures,
the maximum specific glutamate production rate was
reached approximately 4 h upon temperature shift and
remained stable for several hours (data not shown). In
fact, the highest specific rate of glutamate production
correlated with the highest temperature tested and the
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highest cell envelope fluidity (the lowest anisotropy
value). When the maximum specific glutamate production
rate of these cultures was plotted against the fluorescence
anisotropy (determined at the time of the maximum
excretion), a linear relationship was observed (Fig. 3).

On the contrary, when the glutamate non-producing
C. glutamicum 2262 NP was used, fluorescence anisotropy
remained constant at 0.20724+0.0035 and did neither vary
over a fermentation performed at 33°C, nor when a
temperature upshift was applied from 33 to 36, from 33 to
38 and from 33 to 39°C.

Corynebactrium glutamicum 2262 pksl3::km anisotropy
in batch cultures

Corynebacteria belong to the CMN group, which have
mycolic acids on their outer cell layer. Mycolic acids are
synthesized from two fatty acid chains using the condensase, a
polyketide synthase enzyme (encoded by pksi3) responsible
for the last condensation step in mycolic acid biosynthesis in
mycobacteria and related organisms (Portevin et al. 2004).
To know whether the measured anisotropy using TMA-DPH
(fluidity) is affected or not by the corynomycomembrane, a
mutant devoid of corynomycolates was constructed by
interruption of the pksi3 gene in C. glutamicum 2262
(pks13::km). Absence of mycolic acids in the cell envelope
of the mutant strain was confirmed by thin layer chroma-
tography (data not shown). It can be assumed that the TMA-
DPH probe would target the plasma membrane in these
mutant cells.

The wild type as well as the mutant bacteria were grown
at 30°C, in BHI, for the determination of the fluorescence
anisotropy (Fig. 4). As previously reported for other strains
of Corynebacterianae, the growth of the pksl3::km cells
became more difficult as both a lag phase and a reduction
of the growth rate appeared (Portevin et al. 2004; Liu and
Nikaido 1999). Fluorescence anisotropy increased in both
cultures during the growth phase. However, it appeared that
the anisotropy was strongly affected by the lack of

0.8
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0.6
0.4

0.2

0 Ll | i L1 i T i T R B \[ | >l 1
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Fig. 3 Relationship between fluorescence anisotropy of the cell envelope

and the maximum specific glutamate production rate of C. glutamicum
2262 determined at 33, 36, 38, and 39°C
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Fig. 4 Kinetics of growth (filled symbols) and anisotropy (open
symbols) of C. glutamicum 2262 (filled diamonds; open squares) and
C. glutamicum 2262 pks13::km (filled triangles; open circles) in batch
process at 30°C

corynomycolates: whereas the increase in fluorescence
anisotropy ranged between 0.208 and 0.220 for the parental
strain, a much stronger increase (from 0.215 to 0.254) was
measured for the plasma membrane when the strain was
devoid of corynomycolates. In addition, the initial anisot-
ropy value was slightly higher when the probe targeted the
plasma membrane of the mutant strain.

Discussion

To evaluate the variation in cell envelope fluidity of
Corynebacteria cells during the temperature triggered glutam-
ic acid fermentation, TMA-DPH was used as a probe to
measure the fluorescence anisotropy of the cell envelope.

A linear relationship appeared between the measured
fluidity and the maximum glutamate excretion rate calculated
during processes performed at temperatures ranging from 33
to 39°C. In fact, the temperature per se was probably not
responsible for the increase in fluidity as no decrease in
fluorescence anisotropy occurred during the first 2 h upon
temperature upshift from 33 to 39°C. Then, the fluorescence
anisotropy of the cell envelope decreased from the maximum
value of 0.217 to 0.186; this parameter remained thereafter
unchanged at this minimum level until the end of the culture.
Similar results were obtained for Escherichia coli and
Oenococcus oeni cells subjected to high temperature shift
from 30 to 45°C and 30 to 42°C, respectively; nevertheless,
the initial fluidity was restored after a few hours of heat
exposure as a consequence of the modification of the
membrane composition (Mejia et al. 1999; Liu and Nikaido
1999; Tourdot-Maréchal et al. 2000).

Therefore, during the glutamic acid fermentation,
C. glutamicum 2262 cell envelope fluidity did not increase
as a consequence of the temperature per se, but probably
because of a modification of the envelope composition.
Interestingly, when experiments were carried out with
C. glutamicum 2262NP, no difference in fluorescence
anisotropy was detected during the culture and the temper-

ature upshift from 33 to 36, 33 to 38 and 33 to 39°C, that is in
agreement with a correlation between the envelope fluidity
modification and the glutamate excretion rate.

A modification of the composition of the cytoplasmic
membrane (Marquet et al. 1986; Clément et al. 1984;
Clément and Lanéelle 1986; Huchengq et al. 1984; Hoischen
and Kriamer 1990) might be involved in the glutamate
excretion by C. glutamicum 2262. In fact, an increase in the
saturated/unsaturated fatty acids ratio was previously
observed after the temperature upshock during the glutamic
acid fermentation using C. glutamicum 2262 (Gourdon
1999). Fatty acids are essentially found as acyl chains of
phospholipids in the plasma membrane and such a change
in the satured/unsaturated ratio might decrease the fluidity
of this membrane. In addition, it was reported for
Pseudomonas putida and E. coli that the saturation degree
of fatty acids of growing bacteria increased over the
fermentation process (Casadei et al. 2002; Hértig et al.
2005; Denich et al. 2003). We can therefore consider that
those biochemical modifications occurred when the Cory-
nebacteria (both wild type and mutant) were grown at a
constant temperature of 30°C, as the fluidity decreased over
the batch processes (Fig. 4): whereas the increase in
anisotropy of the envelope of the parental strain remained
quite low over the batch culture (from 0.208 to 0.220), this
parameter dramatically increased when TMA-DPH targeted
the plasma membrane of the pksl3::km Corynebacteria
(from 0.210 to 0.250).

Therefore, the fluidity of the envelope of C. glutamicum
2262 measured during this work, using TMA-DPH, is
definitively not the fluidity of the cytoplasmic membrane.
Although corynomycolates do not uniformly cover the cell
surface leading to the anchorage of a part of TMA-DPH in
the plasma membrane (Kumagai et al. 2005), it can be
concluded that TMA-DPH targets mainly the corynomyco-
membrane of the Corynebacteria.

During the glutamate production phase, anisotropy of the
cell envelope decreased as the rate of glutamate production
increased. Besides, a strong relationship between the
specific glutamate production rate and the envelope fluidity
was observed when the temperature of the fermentation was
ranging from 36 to 39°C. In fact, Hashimoto et al. (2006)
reported an increase in the proportion of short mycolic
acids in glutamate-producing conditions. As short mycolic
acids possess a lower temperature transition leading to
higher fluidity (Liu et al. 1996), our results suggest that a
modification of the mycolic acid layer occurred in the
temperature-triggered glutamate producing conditions to-
ward a more fluid structure. These observations are
consistent with the fact that the corynomycomembrane is
the main target of the TMA-DPH molecule.

Therefore, a relationship appears between the fluidity of the
corynomycolate membrane, the temperature of the process, and
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the specific glutamate production rate by C. glutamicum 2262.
We can assume that such changes in fluidity of the
corynomycomembrane could be required to activate a
glutamate carrier; this is consistent with the results of
Nampoothiri et al. (2002), which altered the glutamate
production of C. glutamicum, through modifications of the
phospholipids synthesis pathway. Changes in membrane
fluidity can be regarded as a mechanism by which bacteria
can sense environmental changes, allowing cells to activate
different adaptative pathways (Beney and Gervais 2001).

During glutamate production, several authors have also
observed a decrease in ODHC activity (Kawahara et al.
1997; Uy et al. 2003 and 2005; Kimura 2005) and deletion
for odhA encoding the Elo subunit of ODHC led to
glutamate overproduction (Kimura 2005; Asakura et al.
2007). Recently, Niebisch et al. (2006) have shown that
ODHC activity of C. glutamicum is controlled through the
phosphorylation status of the protein Odhl. This last protein
is phosphorylated by the serine/threonine protein kinase
G (pknG) partially located in the cytoplasmic membrane
in Mycobacterium tuberculosis (Koul et al. 2001; Cowley
et al. 2004) and acting as a sensor of environmental signals
(Narayan et al. 2007). Therefore, a second hypothesis, that
does not exclude the first one, can be: (1) induction of
glutamate production (with temperature upshift, biotin limi-
tation, penicillin addition...) leads to changes in cytoplasmic
membrane and corynomycomembrane fluidity; (2) these
changes could modify activity of some membrane proteins
such as DesK, a membrane-associated kinase of Bacillus
subtilis that senses change in membrane fluidity (Albanesi
et al. 2004) leading finally to regulation of enzymatic com-
plexes involved in glutamate synthesis pathway.

A deeper insight into the corynomycomembrane com-
position of C. glutamicum 2262 and its role in signal
transduction when glutamate is excreted, as well as the
fluidity assessment of the Corynebacteria envelope under
different glutamate-triggering stresses (biotin limitation,
surfactants addition...), might give clues regarding the
relationship between the outer corynomycolate layer and
the glutamate excretion mechanism.
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