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Intra- and extracellular concentrations of glutamate, lactate and
acetate during growth of  Corynebacterium glutamicum  on
different media

C Péquignot, C-G Dussap, A Pons and J-B Gros

Laboratoire de Génie Chimique Biologique, Université Blaise Pascal, 63177 Aubiere cedex, France

Corynebacterium glutamicum  ATCC 17965 was cultivated in a 4-L batch aerated fermentor with glucose, fructose
and mixtures of these two sugars in various proportions as carbon sources and with different concentrations of
minerals and vitamins. A multilayer centrifugation technique was devised to obtain cell extracts in order to assess
intracellular production of glutamate and partitioning between intracellular and extracellular spaces for lactate and
acetate, the main by-products produced during the growth phase. Glutamate production increased with the pro-
portion of glucose in the carbon source. The average value for the intracellular concentration of glutamate obtained

with basic glucose medium was increased three-fold when initial concentrations of vitamins and minerals were
increased four-fold. In this case, overall production of glutamate (16.3 mM) reached the highest value obtained.
Production of acetate was weak on all media types (< 1.6 mM). It was the same for lactate synthesis in media where
glucose remained the major carbon source (< 2.3 mM). Production of lactate was significantly higher on media
where fructose was the main carbon source (> 10 mM to 60 mM). The increase in lactate production and the decrease
in glutamate production were correlated to a modification of carbon flux distribution between the metabolic path-
ways as the fructose proportion was increased. An increase in the concentration of minerals favoured production

of glutamate during growth. This was correlated with an increase in the NADPH,H * production rate.
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Introduction with other sugars [11]. Since glutamate is not normally

Members of the group of ‘glutamic acid bacteria’, such asexcreted during the growth phase, knowledge of how gluta-

Connebacterm gliamiciphave been used for the fast {1415, TG, Coneeruaione v, aebears ) o
30 years to produce amino acids industrially. During the 9 yp

. producing organism.
growth phase of batch cultureS, glutamicuni3] overpro- ) : . .
duces glutamic acid, which accumulates in the cell. Its The objective of this work was to determine the influence

excretion is promoted by biotin limitation [6] or by adding ?r:emsgtlju-?r chggsosét;onm gtr;gzhr;cr:]eIIl',\l/llzzrt'acboor;iccer;ltlrj?(tl%?;rgf
penicillin [9] or surfactant to make the membrane per-_ . ‘ )
meable. The industrial production process has been opti butions were also calculated by a mass balance technique

; o R . OPUME M the measurement of conversion yields [15,17]. For
ized empirically and is directly linked to the characteristics his strain, glutamic acid is the main metabolite accumu-

0‘; :;Séﬁgﬁl rgerol\j\iI:g aT Egtstefrul:tr?; él‘lgt?irl’? ;ies c;?tﬂlgt;?r'; cae(fll lated in the cell. Lactic acid and acetic acid were also selec-
P q 9 ed for study as they are the main catabolic by-products.

of this bacterium. Extracelular data hae been obtained £1UC0Se, fUctose and mixtures of these two sugars were

kinetic studies of the growth phase 6f glutamicumon tested %S carbon Isources 5;13_ trf:ey a_Fedmal_n IComponent_s Iof
different carbon substrates alone or in mixtures [2,16]. Th eeetselljn arcacg?nmé)sﬁisosrfsc’)fwwlhcicharii Iﬂi lﬂwsltr'%a:?ﬁlgqa?gf s
amino acid efflux mechanism has also been investigate ffectsgof differgnt concentrations of mi?ler)(/alls and vit.amins

[11], but there is little information available on intracellular were also studied

concentrations of metabolites during the growth phase. '
Shiio et al [18] measured intracellular concentrations of

phosphate sugars (fructose 6-phosphate and fructose 1,Blaterials and methods
biphosphate) during the growth phase Brfevibacterium

: : Microorganism and media
flavumon glucose, fructose and on equimolar mixtures of ; ; N
these two sugars. Hoischen and'Ker [7] showed that the Cornybacterium glutamicurATCC 17965 was used in this

; ; : study. The growth medium was adapted from the BMCG
intracellular concentration of glutamate during the growth h . .
phase ofCorynebacterium glutamicuis in the range 150 (Basal Medium forCorynebacteriunGrowth) of Liebl et

200 mM with glucose as carbon source and 100—400 ml\)@ér[i?é]htlr;ggggagexhsig gi]rr]otli]%sfg nfgrrﬂgfgfgﬁs’ the initial

. - I P BMCG-Trace elements (medium T) in mgi
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CusQ - 5H,0 (0.5), MnC} - 4H,0 (15), FeC}- 6H,0O 0138-KO). Glutamic acid concentration was measured 313

(0.2) using an enzymatic assay method (Boehringer Mannheim,
e BMCG-Vitamins (medium V) in mg *: deferoxamine Mannheim, Germany: kit No. 139092).

(3), biotin (30), thiamine (2), nicotinic acid (3), panto-

thenic acid (3), choline chloride (3), myoinositol (3) Extraction of intracellular metabolites
e BMCG-Salts (medium S) in mgt MgSQO,- 7H,O  Cell extracts were prepared from samples taken during the

(400), FeSQ- 7TH,O (20) growth phase for biomass concentrations in the range 2—
e BMCG-Base (medium B) in gt (NH,),SO, (7), 11 gdw L% Samples were taken when sugar concentrations
NaHPO, (6), KH,PQO, (3), NaCl (0.5), NHCI (1) were greater than 2 gL in order to avoid the effect of
e CaCl, (medium C): (5.5 mg %) carbon limitation on the intracellular concentrations.
e Carbon source (glucose and/or fructose): (10Y L Cells were separated from the culture broth by a multi-

layer centrifugation technique [5,8], based on the technique
The carbon sources used were glucose or fructose in vardf centrifugal filtration developed by Palmieri and Klingen-
ous proportions, but the initial concentration of the carbon berg [14]. The following solutions were layered (from bot-
source was always 10 gL The different media tested tom to top) in 10-ml Nalgene tubes: 2 ml of HCJ@L8%
were referred to as media G: glucose (10¢1L3GF: glu- wiw, d=1.116), 2.5 ml of silicone oil (Fluka [Buchs,
cose (7.5gtY and fructose (2.5g1); GF: glucose Switzerland] 85419, & 1.049) and 1-5 ml of culture broth.
(5g LY and fructose (5gt); G3F: glucose (2.5g1) Tubes were centrifuged for 10 min at 1000@ in a Sigma
and fructose (7.5 g1); F: fructose (10 g Y). For all these  3K30 centrifuge (Sigma, St Louis, MO, USA) equipped
media the concentrations of salts, minerals and vitamins are  with a swinging bucket rotor and the supernatant was stored
those of media T, V, S, B and C. Additional media involved at —20°C for subsequent analysis. The silicone layer was
multiplying the concentrations of the groups of trace then removed from the tube. After homogenization, the
elements, vitamins, salts and Mg$0y four with glucose  HCIO, layer which contained the cells, was centrifuged for
or fructose alone as the carbon source. These culture media 10 min at 2@a@00emove cell walls and membranes.
were referred to as GAT when medium T was multipliedThe HCIQ, was neutralized with 6 M BKCO; and centri-
by four with glucose as carbon source and so on for media  fuged again for 5 min ak §a@0eliminate the KCIQ
G4V, G4S, GATAVAS, F4S and FAMg. precipitate. Silicone oil traces were removed by extraction
Finally, one experiment (medium+Ee) was performed with diethyl ether. The remaining supernatant was kept
with glucose as carbon source with additions of 2 ml of afrozen (20°C) for subsequent analysis. The metabolism
30-mM solution of FeSQto the culture broth at 4, 5 and guenching time (the time needed to transfer the cells from
6 h of running time in order to compensate the formationthe bulk culture broth to the HClGsolution) was estimated
of a precipitate which occurred between Fe and dissolved  to be lower than 1 min. The ratio of the extracellular vol-
CO.. ume over the intracellular volume in the cell extract was
Concentrated solutions of sugars were added during the in the range of 2 to 3.
course of the cultures to prevent carbon limitation and to
keep the sugar concentration within the range 1-10'g L Determination of intracellular metabolite
Those two or three additions were taken into account in theoncentrations
calculation of a dilution factor estimated on line and cor- Intracellular concentrations were calculated by difference
rected for each variation of the liquid volume in the fer- between the total quantities in the extracts and the extra-
mentor. The dilution factor lay within the range 1-1.2 for cellular concentrations in the supernatants [12]. In order to
all cultures. validate the multilayer centrifugation technique, the gluta-
Taurine was added to the medium at a concentration of  mate concentration, which is an exclusively intracellular
1 gL?as an internal standard to evaluate the extracellulaproduct, was also measured by a direct technique for which

medium content in the cell extracts. the broth sample was put directly in the HBEB (w/w)
solution. The results obtained by both methods were in
Culture conditions excellent agreement. The multilayer technique was chosen

C. glutamicumwas grown in batch cultures at 33Gina  because the proportion of extracellular medium in the
6-L Biostat ED fermentor (B Braun, Melsungen, Germany)extract was 20-30 times lower than with the other tech-
with a 4-L working volume. The pH was kept at 7.3 by  nique.

adding 4 M NaOH. The aeration rate was maintained at

0.37 vwm. To prevent oxygen limitation, the dissolved oxy- Results

gen concentration was maintained above 20% of the satu-

ration value by adjusting the stirrer speed. The growth phas€.oflutamicumwas studied during

batch culture on 12 different culture media with glucose,
Analyses fructose or mixtures of these two sugars as carbon source
Biomass concentration was determined by both dry cell and with different concentrations of trace elements, salts

weight analysis and measurement of optical density aand vitamins. Experiments were duplicated up to six times

570 nm. Lactate, acetate and taurine concentrations were on medium G. Extracellular data were analyzed to check
determined by high performance liquid chromatographythat conversion yields remained constant during the growth
(Waters, Milford, MA, USA), using two identical cation phase for all media. The redundant experimental infor-
exchange columns in series (PHENOMENEX ROA-OOH-mation was used to test the consistency of experimental
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31 data by checking the elemental balances (ie the carbon, On media in which fructose was the main component of
nitrogen, available electron and proton balances). The bathe carbon source (G3F, F, F4S and F4Mg), the extracellu-
ances closed withire6% [15,16]. lar concentration of lactate increased during the growth

Intracellular concentrations are reported in Table 1 anghase. The lactate extracellular concentration was almost
extracellular concentrations and/or the specific pro- proportional to the biomass concentration (Figure 2),
ductivities are reported in Table 2; the total final volumetric allowing calculation of the average ratio of lactate excretion
guantities produced in the reactor at the end of the growth  to biomass synthesized (Table 2). The intracellular/ extra-
phase are reported in Table 3. cellular ratio remained constant showing that the synthesis

For all media, the intracellular glutamate per unit volume and excretion rates of lactate were proportional. The per-
of culture medium appeared to be proportional to thecentage of intracellular lactate was less than 10% on
biomass concentration (Figure 1). Intracellular concen- these media.
trations of glutamate did not vary significantly during the  On media where fructose was a minor carbon source (G,
growth phase for biomass concentrations ranging from2to  3GF, GF, G4V, G4S, G4T and G4T4V4S), the overall pro-
11 gdw L. It was thus possible to calculate an averageduction of lactate (Table 3) was low (between 0.9 and
value of glutamate intracellular concentration for each 2.3 mM). Lactate production increased with the proportion
medium from samples taken during the growth phaseof fructose in the medium up to 28.3 mM on medium F.
(Table 1). The extracellular concentrations of acetate were of the same

Extracellular concentrations of glutamate remainedorder of magnitude as for lactate (Table 2), except that for
almost constant during the growth phase (Figure 1). Aver-  fructose media no significant changes were observed. As
age values of extracellular concentrations of glutamate foacetate can be exchanged between intracellular and extra-
each medium are presented in Table 2. Most of the gluta-  cellular compartments, the same comments are valid as for
mate synthesized during the growth phase remained withitactate concerning the partition of acetate.
the cells (between 82 and 98% of the total glutamate) with
only a weak excretion to the medium. Influence of mineral and vitamin concentrations

The variability of the intracellular concentration of lac- On media G4V, G4S and+Fke, the average values of intra-
tate was greater than for that observed with glutamate. The  cellular concentrations of glutamate (0.33-
results can however be interpreted in terms of a normallyp.44 mmol gdw!) were in the range of those found with
distributed variable, which gives an average value of lactate medium G (Table 1). On media G4T and G4T4V4S, the
concentration for each medium (Table 1). As the calculatedhtracellular glutamate concentrations were 0.56 and
means were in the range 0.04 to 0.08 mmol gdexcept  1.12 mmol gdw respectively, showing a significant influ-
on medium F4S (0.14 mmol gd# with relative deviations ence of trace elements on the intracellular pools and the
up to 50%, it was justified to consider an overall intracellu-  synergy effect between the three groups of components
lar lactate concentration for all media equal totested (medium G4T4V4S).
0.06+ 0.01 mmol gdw?. However, the overall production of glutamate (Table 3)

The range of variation of acetate concentration was ofvas significantly higher on medium G4S (6.3 mM) than
the same order of magnitude as that of lactate concen- on media G and G4V (4.9 and 3.9 mM respectively). This
tration, giving an overall average acetate concentration ofesulted from the significantly higher biomass concentration

0.04+ 0.01 mmol gdw* for all media types. obtained at the end of the culture G4S (21 gdw Dn
medium GA4T the overall production of glutamate (7.2 mM)

Influence of the proportion of fructose was about the same as on mediumF8 (7.1 mM) for an

When the proportion of fructose was increased, the intra-  identical maximal biomass concentration (16)gdiinel

cellular concentration of glutamate decreased fromhighest overall production of glutamate was obtained on
0.37 mmol gdw* (medium G) to 0.24 mmolgd#  medium G4T4V4S (16.3 mM).

(medium F) (Table 1). Assuming an intracellular water con- Lactate production was increased when the concentration
tent of 1.86 ml gdw* [12], these concentrations were in the of MgS@nedium F4Mg) or salts (medium F4S) were
range 130-200 mM and agreed with the values found bynultiplied by four. The overall production of acetate (Table
Kramer [11] during the growth phase @f. glutamicumon  3) was about the same on all media types, ranging between
various sugars (100-400 mM). The overall production of0.6 and 1.6 mM.

glutamate decreased with the proportion of glucose in the

medium from 4.9 mM on medium G to 2.2 mM on medium Discussion

F (Table 3).

On media in which the carbon source was at least 50%  Two different effects on the general regulation of metab-
glucose (G, 3GF, GF, G4V, G4S, G4T, G4T4V4S andolism during growth were noted in this study: the influence
G+Fe), the extracellular concentration of lactate fluctuated of the proportion of fructose and the influence of the min-
during the growth phase. Average values were calculatedral and vitamin composition of the culture medium. In
to allow comparison between the different media types  order to improve our understanding of the observed vari-
(Table 2). It must be noted that the extracellular lactateations of the intracellular and extacellular concentrations of
concentration remained low on these media (between 0.3  glutamate, lactate and acetate, the corresponding metabolic
and 1.5 mM). This can be explained by the fact that lactatélux distribution during the growth phase on each medium
can be exchanged continuously between intracellular and  was calculated by a mass balance method [15,17,19]. The
extracellular compartments. main inputs of this computation method were the
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Table 2 Effects of growth medium on average extracellular concentrations (mmpbE glutamate, lactate and acetate in batch culture€ .oflu-
tamicum

Growth medium

G GAT G4v G4s GAT4V4S &Fe 3GF GF G3F F F4S F4Mg
Glutamate 0.12 0.22 0.24 0.06 0.39 0.14 0.14 0.26 0.36 0.09 0.13 0.13
Lactate 0.59 0.79 0.32 0.51 0.51 0.92 0.91 1.55 0.95 3.40 4.54 2.87
Acetate 0.38 0.31 0.27 0.80 0.31 0.16 0.27 0.74 1.17 1.01 0.73 1.01

aThe extracellular concentrations did not remain constant during the cultures and were proportional to the biomass concentration; these values are
expressed as yields (mmol extracellular lactate gilw

Table 3 Effects of growth medium on final total concentrations (mmdiLof glutamate, lactate and acetate in batch culture€.ajlutamicum

Growth medium

G G4AT G4v G4S GA4T4V4S &Fe 3GF GF G3F F F4S F4Mg
Glutamate 4.9 7.2 3.9 6.3 16.3 7.1 4.6 3.9 3.0 2.2 4.3 3.9
Lactate 14 14 0.9 1.2 15 15 15 2.3 9.2 28.3 59.0 40.2
Acetate 0.9 0.7 0.6 15 0.6 0.5 11 1.0 1.6 13 1.1 1.2

w

Glutamate (mM)
[ 8]

Lactate (mM)

12

Biomass (g/l) . 8 10 12
Biomass (g/l)
Figure 1 Relationship between biomass and extracelluigy g§nd intra- ) ) ) ) )
cellular (X) glutamate concentrations during the growth phas€.oflu-  Figure 2 Relationship between biomass and extracelluiey €nd intra-
tamicumon medium G. cellular (X) lactate concentrations during the growth phaseCofglu-

tamicumon medium F.

oxygen/biomass yields which were experimentally measof the cell's metabolism, the former being calculated from

ured by a gas balance technique [17]. The metabolic net-  the conversion yields determined by linear regression over

work considered 86 reactions from the assimilation of thethe entire growth phase [16], the latter being obtained by

carbon source to the synthesis of biomass. It was assumed  direct measurements.

that no transhydrogenase was operative [10] and that all Growth rates and intracellular concentrations of gluta-

the anaplerotic reactions could be represented by the PEP mate appear to be dependent on the same control para-

carboxylase [19]. In order to compute the metabolic fluxesmeters. As previously shown, biomass production yields

the slight production of glycerol, glyoxylate and pyrogluta-  decrease when the glucose proportion in the carbon source

mate during growth was taken into account. The most sigis decreased [16]. When the fructose proportion is

nificant results are reported in Table 4, either in terms of  increased, flux through the pentose pathway decreases

normalised fluxes for a 100 moles total uptake of sugars(Table 4) in accordance with the results of Steioal [18].

or in terms of specific rates obtained by multiplying the Since the transhydrogenase system has not been detected

normalised fluxes by the specific growth rate and the correin C. glutamicum10], the only sources of NADPH,Hare

sponding yields. the pentose-P pathway (2 NADPHprbduced at the glu-
Metabolic flux distribution and intracellular concen- cose 6-phosphate dehydrogenase and the phosphogluconate

trations provide two independent pictures of the functioning  dehydrogenase levels) and the Krebs cycle (1 NADPH,H
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tamicumon different media

Growth medium

G GAT G4av G4S  G4T4v4S &e  3GF GF G3F F FAS  F4Mg

Yxo, (gdw g* O 1.75 1.87 1.74 1.97 1.90 1.68 1.71 1.57 1.56 1.36 0.83 1.05
Hmax (N2 0.59 0.60 0.58 0.61 0.61 0.64 0.56 0.59 0.43 0.43 0.39 0.40
Anaplerotic reactiorts 37 38 36 38 41 37 36 35 34 27 22 26
(mol per 100 mol sugar)

Entrance of Pentose pathway 51 54 51 57 50 48 50 46 44 35 9 23
(mol per 100 mol sugar)

Glutamate synthesis 77 79 7 79 79 76 76 74 71 58 48 55
(mol per 100 mol sugar)

Lactate synthesis 1.0 0.9 0.6 0.5 0.9 0.9 1.2 1.9 8.8 27 28 21
(mmol gdw?* h™?)

Total reduced cofactors production 34 30 29 30 26 35 36 35 26 32 34 29
(mmol gdw?* h™?)

qo, (mmol gdw? h-2) 105 10 10.4 9.7 10 119 102 117 8.6 9.9 147 119

*Experimentally determined.

bAll the anaplerotic reactions are expressed as the PEP carboxylase reaction: P-enolpy0@ateé H,O — Oxaloacetater Pi.

°Glucose 6-P+ 2 NADP* + H,0 — Ribose 5-P+ 2 NADPH,H" + CQ..

42-Oxoglutarater NH,; + NADPH,H* — Glutamate+ NADP* + H,O.

*Pyruvate+ NADH,H* — Lactate+ NAD™.

The total reduced cofactor production rate (NADPH,INADH,H*, FADH,) is equal to the total cofactor consumption rate as specified by the quasi
steady-state assumption.

produced at the isocitrate dehydrogenase level). A decrease Therefore, the respiratory chain appears to be saturated dur-
in carbon flux through the pentose pathway leads to ang growth on fructose, the excess of NADH,being oxi-
decrease of the specific synthesis rate of NADPHwhich  dised at the lactate dehydrogenase level. In the same way,
is the main reduced cofactor used for anabolic reactionadditional experimental results showed that on fructose the
and also the obligate cofactor in the synthesis of glutamate high flux through the glycolysis pathway leads to an
by glutamate dehydrogenase. Therefore, there is lesaccumulation of fructose 1,6-biphosphate [1] which is
NADPH,H* to be directed to glutamate synthesis and to known to activate the lactate dehydroger@sglin
biomass synthesis in fructose media than in glucose medigamicum[4].
This results in lower intracellular glutamate concentrations When glucose was the sole carbon source (G4S, GA4T,
(Table 1), although the glutamate accumulation inside th&4T4V4S and GFe), changes in the concentrations of
cells represents only a small part (10%) of the overall gluta- minerals and vitamins acted only on glutamate production,
mate production, the main part being directed to proteirwith the production of lactate and acetate remaining at a
synthesis. This is confirmed by calculated values of normal- constant value (Tables 1 and 3). When fructose was the
ised glutamate synthesis rates which decrease from 7@arbon source (F, F4S, and F4Mg), an increase in the con-
moles per 100 moles sugar on media containing glucose to  centration of minerals also restored intracellular glutamate
58 moles per 100 moles sugar for the medium containingoncentration and the overall production of glutamate to
only fructose. It can be concluded that there is a positive  the values obtained on glucose alone. An increase in the
correlation between intracellular glutamate concentratiorconcentration of vitamins (medium G4V) did not affect glu-
during growth, the glutamate production rate, the percent- tamate production and metabolic flux distribution when
age of carbon directed to the pentose pathway, and the pr@empared to the reference medium G.
duction of NADPH,H which appears to be a key variable Comparisons between calculated metabolic fluxes and
for understanding the regulation of metabolism. glutamate concentrations for media G4T, G4S and

A significant production of lactate occurred on media  G4T4V4S indicate that the increase of glutamate pro-
where fructose was the major carbon source (Table 3) eveduction may be correlated with an increase in the metabolic
though metabolism was not under oxygen limitation [16]. flux through glutamate dehydrogenase though the specific
This is in agreement with the calculated specific productiorrespiration rates remain approximately the same
rates of lactate at the lactate dehydrogenase level which (10 mmoles lydyv This suggests that under these con-
were 25 times greater on fructose media than on glucosditions metabolism is more directed to the synthesis of
media (Table 4). Also, it should be noted that the specific reduced NADP¢dtdctors which are used for glutamate
respiration rates were slightly greater on fructose media (18ynthesis, than to the synthesis of NADH,ldofactors
mmoles gdw! h™Y) than on media containing glucose  which are oxidised via the respiratory chain. Thus, the
(10 mmoles gdwt h). As the specific growth rate is lower increase of glutamate production appears to be linked either
on fructose than on glucose media, the metabolism uses to an increase of the pentose pathway (media G4T and
NADH,H* to produce cellular components at a lower rate.G4S), leading to an increase of NADPH,droduction at
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glucose 6-phosphate dehydrogenase and phosphogluconateCorynebacterium glutamicurduring growth on various carbon sub-

dehydrogenase levels, or to an increase of anaplerotic reac-

tions, which may be activated by the increase offMand
Mg?* concentrations. This could explain the increase of
NADPH,H* production at the isocitrate dehydrogenase

level. In any case, the increase of glutamate production is?

correlated to the increase of the specific rate of NADPH,H

synthesis which indicates that there is a satisfactory agree-
ment between metabolic flux estimations and the measures

ment of intracellular concentrations.
When additions of FeSQOare made during the growth
phase (medium @&-e), the increase in overall glutamate

strates: use of substrate mixtures to localise metabolic bottlenecks.
Appl Microbiol Biotechnol 40: 526-530.

3 Collins MD and CS Cummings. 1986. In: Bergey’s Manual of System-

atic Bacteriology (Sneath PHA, NS Mair, ME Sharpe and JG Holt,
eds), pp 1266-1276, Williams & Wilkins, Baltimore.
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151: 238-244.

6 Gutmann M, C Hoischen and R Kreer. 1992. Carrier-mediated gluta-
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