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Unlike other lactic acid bacteria, Lactococcus lactis subsp. lactis NCDO 2118 was able to grow in a medium
lacking glutamate and the amino acids of the glutamate family. Growth in such a medium proceeded after a
lag phase of about 2 days and with a reduced growth rate (0.11 h21) compared to that in the reference medium
containing glutamate (0.16 h21). The enzymatic studies showed that a phosphoenolpyruvate carboxylase ac-
tivity was present, while the malic enzyme and the enzymes of the glyoxylic shunt were not detected. As in most
anaerobic bacteria, no a-ketoglutarate dehydrogenase activity could be detected, and the citric acid cycle was
restricted to a reductive pathway leading to succinate formation and an oxidative branch enabling the synthesis
of a-ketoglutarate. The metabolic bottleneck responsible for the limited growth rate was located in this latter
pathway. As regards the synthesis of glutamate from a-ketoglutarate, no glutamate dehydrogenase was detect-
ed. While the glutamate synthase-glutamine synthetase system was detected at a low level, high transaminase
activity was measured. The conversion of a-ketoglutarate to glutamate by the transaminase, the reverse of the
normal physiological direction, operated with different amino acids as nitrogen donor. All of the enzymes as-
sayed were shown to be constitutive.

Lactic acid bacteria (LAB) are characterized by their nu-
merous nutritional requirements, and in particular their inca-
pacity to grow at the expense of mineral nitrogen in the ab-
sence of exogenous amino acids. Because of this requirement
for organic nitrogen substrates, LAB are frequently grown on
complex (MRS or M17) media. Despite the importance of
LAB in the food industry, relatively few studies have been
devoted to the complete determination of the nutritional re-
quirements of LAB. The single-omission technique has been
used to identify the amino acid requirements of Lactococcus
(5, 20), Lactobacillus (14, 16, 17), and Enterococcus and Pedio-
coccus strains (7). Certain nutritional requirements appear to
be strain dependent, while the requirements for certain amino
acids are more widespread, e.g., those for glutamic acid, histi-
dine, and branched-chain amino acids. Ledesma et al. (14) pro-
posed the requirement for glutamic acid, valine, and leucine as
a taxonomic criterion for the Lactobacillus genus. The most
complete studies on amino acid requirements in LAB were
presented by Morishita and colleagues, who reported the sys-
tematic isolation and characterization of mutants that had lost
their requirements for specific amino acids, with four Lacto-
bacillus strains (16, 17) and later with one Enterococcus fae-
cium strain, one Pediococcus acidilactici strain, and Lactococ-
cus lactis ATCC 19435 (7). Such mutants were obtained for
each of the species and for the majority of amino acids tested,
indicating that the capacity to synthesize these amino acids was
acquired by reversion of simple point mutations. However, for
glutamate, such mutants were not obtained for any of the spe-
cies studied, suggesting that the glutamate biosynthetic path-
way is extensively impaired and that the citric acid cycle is
probably inactive in all species of LAB.

More recently, Morishita and Yajima (18) demonstrated
that certain enzymes of the oxidative branch of the tricarboxy-

lic acid (TCA) cycle leading to a-ketoglutarate are present in
lactobacilli. These authors demonstrated that citrate synthase
and aconitase activities were present in all strains investigated,
while both isocitrate dehydrogenase and a-ketoglutarate dehy-
drogenase could not be detected in any of the strains. The lack
of isocitrate dehydrogenase activity was used to explain the re-
quirement for glutamate in lactobacilli. However, growth could
be restored by addition of a-ketoglutarate, and glutamate de-
hydrogenase activity was detected in some of the strains tested.
No attempts were made to detect other enzymes potentially
involved in glutamate synthesis from a-ketoglutarate, despite
the frequent reports that both glutamate synthase (GOGAT)
(3, 6, 12, 23) and transaminases (10, 22) are known to catalyze
this reaction in other microorganisms (Fig. 1).

Since L. lactis NCDO 2118 grows in synthetic media lacking
glutamic acid and amino acids of the glutamate family (5),
some capacity to synthesize glutamate from metabolites of
central metabolism must exist. In light of these preliminary
indications of TCA cycle activity leading to glutamate synthe-
sis, a more comprehensive study of the enzymes and carbon
flux enabling growth of L. lactis in the absence of glutamate
was undertaken.

MATERIALS AND METHODS

Organism and culture media. Lactococcus lactis subsp. lactis NCDO 2118,
obtained from the collection held at the Institut National de la Recherche Agro-
nomique (Jouy-en-Josas, France), was used throughout this study. The medium
used for the growth of the inoculum was the synthetic MS10 medium described
by Cocaign-Bousquet et al. (5). The medium used for growth in tube cultures was
the MS14 medium (19), with the following composition: glucose, 10 g/liter; KH2PO4,
9 g/liter; K2HPO4, 7.5 g/liter; MgCl2z6H2O, 0.2 g/liter; biotin, 10 mg/liter;nico-
tinic acid, 1 mg/liter; Ca-pantothenate, 1 mg/liter; riboflavin, 1 mg/liter; pyridox-
amine, 5 mg/liter; glutamic acid, 0.3 g/liter; isoleucine, 0.16 g/liter; leucine, 0.33
g/liter; methionine, 0.06 g/liter; serine, 1.04 g/liter; and valine, 0.16 g/liter. The
MS14 medium used for growth of cultures in a fermentor contained glucose
(20 g/liter), KH2PO4 (3 g/liter), K2HPO4 (2.5 g/liter), (NH4)2SO4 (0.6 g/liter),
and twofold-higher concentrations of each amino acid, while other components
were not modified. Addition of other components or removal of glutamate from
MS14 medium was performed as stated elsewhere in the text. These media were
prepared from concentrated stock solutions stored at 4°C after filtration through
cellulose nitrate membranes (0.22-mm pore size). The media (pH 6.6) were
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sterilized by filtration through cellulose nitrate membranes (0.22-mm pore size;
Sartorius) directly into the sterilized (20 min at 121°C) culture vessel.

Culture conditions. Cultures were grown in butyl-rubber-stoppered tubes or in
a 2-liter fermentor (Sétric Génie Industriel, Toulouse, France), at a temperature
of 30°C and an agitation speed of 250 rpm. The bacteria were grown under a
controlled gas environment by flushing both the tubes and the medium with
nitrogen. The medium used in the fermentor was aseptically gassed immediately
before inoculation and maintained throughout under an N2 atmosphere at a
positive pressure of 1 kPa. Cultures in the fermentor were maintained at pH 6.6
by automatic addition of 5 N KOH.

Inoculation (2% [vol/vol]) was with late-exponential-phase cells from cultures
grown on MS10 medium, which were washed twice with sterile phosphate buffer
(100 mM, pH 6.6) and resuspended in this same buffer to avoid carryover of
amino acids. Tubes were directly inoculated with these cells. All growth exper-
iments in tubes were performed in triplicate. For cultures grown in the fermentor
with various modified MS14 media, prolonged lag phases were avoided by serial
transfer of exponentially growing cells through two transfers in a butyl-stoppered
shaken flask containing the modified MS14 medium.

Analytical methods. Bacterial growth was monitored by spectrophotometric
measurements at 580 nm and calibrated against cell dry weight measurements.
Cells were harvested by filtration on 0.45-mm-pore-size nylon membranes,
washed with 2 volumes of deionized water, and dried to a constant weight at 60°C
under partial vacuum (200 mm Hg [26.7 kPa]). A change of 1 U of optical density
was shown to be equivalent to 0.31 g of dry matter per liter. The biomass formula
used to convert cell dry weights into molar cell carbon concentrations was de-
termined to be C5.05H9.20O2.77N1.0 by elemental analysis at Ecole Nationale
Supérieure de Chimie (Toulouse, France), with a molar mass of 140 g mol21.

Concentrations of glucose and products (lactate, acetate, formate, ethanol,
and succinate) in the fermentation broth were measured with high-pressure
liquid chromatography with a Bio-Rad HPX87H1 column and the following con-
ditions: a temperature of 48°C, solvent H2SO4 (5 mM), a flow rate of 0.5 ml
min21, and double detection in series (refractometer and UV).

Concentrations of amino acids in the medium or in the transaminase assays
were determined with an AminoQuant 1090 high-pressure liquid chromatogra-
phy (Hewlett-Packard) after derivatization by orthophthalaldehyde in the pres-
ence of 3-mercaptopropionic acid, separation with a C18 column, and spectro-
photometric detection at 338 nm. Ammonia concentrations were determined in
filtered culture samples with an ammonia-selective electrode (Orion).

The a-ketoglutaric acid concentration in the supernatant was determined by
enzymatic analysis with glutamate dehydrogenase, as described by Bergmeyer
and Bernt (2).

Crude cell extract preparation. A volume of culture corresponding to 90 mg
(dry weight) of cells was centrifuged (4°C, 10 min at 10,000 3 g) and washed
twice with KCl (0.2%). For the determination of transaminase activity, the cell
pellet was resuspended in 5 ml of buffer of the following composition: phosphate
buffer (400 mM, pH 7.2), 30 ml; glycerol, 10 ml; MgCl2 (50 mM), 4 ml; and
dithiothreitol (300 mM), 150 ml. For the other enzymes, the phosphate buffer was
replaced by a Tris (45 mM)-carballylate (15 mM) buffer (pH 7.2). The cell
suspension was rapidly frozen and stored at 220°C until extraction. No detri-
mental effect on enzyme activity was observed for frozen cells over a period of at
least 15 days compared with freshly harvested cells.

Cell extracts were prepared by disrupting the bacteria by sonication. The
resulting crude extract was centrifuged (4°C, 15 min at 10,000 3 g) to remove cell
debris, and the supernatant was used for enzyme assays. The protein content of
the extracts was determined by the method of Lowry et al. (15) with bovine serum
albumin as the protein standard.

Determination of enzyme activities. All assays were carried out at 30°C in 2-ml
cuvettes containing 1 ml of the appropriate enzyme mixture at pH 7.2. The
volume of extract was chosen to ensure linearity between activity and protein
concentration and varied from 20 to 200 ml. Enzymes were assayed by cou-
pling appropriate enzyme reactions to the spectrophotometric determination
of NAD(P)(H) at 340 nm, except for citrate synthase, aconitase, and transami-
nase.

Phosphoenolpyruvate (PEP) carboxylase was assayed with Tris-HCl buffer (pH
7.2, 100 mM), MnSO4 (5 mM), PEP (5 mM), NADH (0.6 mM), malate dehy-
drogenase (5 U/ml), and extract, and the reaction was started with KHCO3 (10
mM).

Malic enzyme catalyzing the carboxylation of pyruvate in malate was measured
with phosphate buffer (pH 7.2, 100 mM), MgCl2 (5 mM), NaHCO3 (10 mM),
NADPH (0.3 mM), pyruvate (20 mM), and extract to initiate the reaction.

Isocitrate lyase was assayed at 324 nm with Tris-HCl buffer (pH 7.2, 100 mM),
EDTA (0.45 mM), MgCl2 (5 mM), phenylhydrazine (0.58 g/liter), and extract,
and the reaction was started with isocitrate (1 mM).

Malate synthase was assayed at 232 nm with Tris-HCl buffer (pH 7.2, 100
mM), glyoxylate (1 mM), and extract, and the reaction was started with acetyl
coenzyme A (acetyl-CoA) (0.1 mM).

Citrate synthase was measured with Tris buffer (100 mM), acetyl-CoA (0.1
mM), MgCl2 (5 mM), dithionitrobenzoate (0.5 mM), and extract, and the reac-
tion was started with oxaloacetate (0.15 mM). The CoA liberated by the citrate
synthase reacted with dithionitrobenzoate to form a product measured spectro-
photometrically at 412 nm.

Aconitase was assayed at 240 nm with Tris buffer (100 mM), NaCl (100 mM),
cis-aconitate (2 mM), and extract to initiate the reaction.

Isocitrate dehydrogenase was measured with Tris (100 mM), NAD or NADP
(0.6 mM), MnSO4 (5 mM), and extract, and the reaction was started with iso-
citrate (10 mM).

a-Ketoglutarate dehydrogenase was measured with Tris (100 mM), MgCl2 or
MnSO4 (5 mM), CoA (0.2 mM), thiamine pyrophosphate (0.3 mM), dithiothre-
itol (5 mM), NADP (0.6 mM), extract, and a-ketoglutarate (5 mM) to initiate the
reaction.

Glutamate dehydrogenase was measured with Tris (100 mM), NH4Cl (20 mM),
NAD(P)H (0.6 mM), extract, and a-ketoglutarate (10 mM) to initiate the reac-
tion.

GOGAT was assayed with Tris (100 mM), a-ketoglutarate (10 mM), NAD(P)H
(0.6 mM), MgCl2 or MnSO4 (5 mM), and extract, and the reaction was started
with glutamine (10 mM).

Transaminase catalyzing the transfer of an ammonium group from an amino
acid to a ketoacid was assayed in the direction of glutamate synthesis, by mea-
suring glutamate production and donor amino acid consumption with an Ami-
noQuant analysis. The reaction mixture containing phosphate buffer (pH 7.2, 20
mM), pyridoxalphosphate (0.05 mM), amino acid (3 mM), and the extract was
incubated for 15 min at 30°C. The reaction was started by addition of a-keto-
glutarate (pH 7, 10 mM). Samples collected just before the a-ketoglutarate
addition (time zero) and after 2, 5, and 10 min of incubation were immediately
supplemented with sulfosalicylic acid (3%) to stop the reaction and chilled in ice.
The samples were then centrifuged (4°C, 10 min at 10,000 3 g) to remove
precipitation and stored at 220°C. Concentrations of amino acids were deter-
mined by AminoQuant analysis after dilution in methanol and centrifugation of
the samples. The donor amino acids tested for the transaminase reaction were
isoleucine, leucine, valine, serine, and methionine (all included in the MS14 me-
dium); alanine; and aspartate.

All the biochemical reagents were obtained from Sigma-Aldrich (San Quentin
Fallavier, France).

RESULTS

Lag phase and growth rate. The growth response of L. lactis
NCDO 2118 was examined in culture tubes containing the
minimal medium (MS14) in which glutamic acid was replaced
by other amino acids, inorganic nitrogen, or citric acid cycle
intermediates and compared with growth in minimal medium.

FIG. 1. Metabolic pathways potentially involved in the synthesis of glutamic
acid from the glycolytic intermediates. Thin arrows, enzymes not assayed in this
study; thick arrows, enzymes detected in L. lactis NCDO 2118; dashed arrows,
enzymes not detected in L. lactis NCDO 2118; 1, enzyme not detected but con-
sidered to be present. Abbreviations: OAA, oxaloacetic acid; aKG, a-ketoglu-
taric acid; Glu, glutamic acid; Gln, glutamine; PEPC, PEP carboxylase; PC,
pyruvate carboxylase; ME, malic enzyme; CS, citrate synthase; AK, aconitase;
IDH, isocitrate dehydrogenase; KGDH, a-ketoglutarate dehydrogenase; IL, iso-
citrate lyase; MS, malate synthase; GDH, glutamate dehydrogenase; T, transam-
inase (or aminotransferase); GS, glutamine synthetase; Gase, glutaminase.
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The growth in MS14 medium proceeded without lag phase at
a maximal growth rate of 0.16 h21 (Table 1). When glutamic
acid was replaced by glutamine, the growth behavior was iden-
tical to that in the reference medium. The removal of glutamic
acid from the MS14 medium led to a reduced growth rate and
a prolonged lag phase. This very long lag phase was observed
only during the first transfer from the MS14 medium to the
medium lacking glutamate. The growth in the second transfer
in the same medium began immediately after inoculation.
When the strain was cultivated again in MS14 medium and
transferred to the medium lacking glutamate, a similar lag
phase was observed before growth began, indicating that this
long lag phase was not attributable to the selection of a variant
population.

Addition of a-ketoglutarate to the MS14 medium lacking
glutamate restored the growth rate to the reference value (Ta-
ble 1). Moreover, the duration of the lag phase was a function
of the concentration of a-ketoglutarate added to the medium
(Fig. 2). No lag phase was observed in the presence of 20 mM
a-ketoglutarate. Inorganic nitrogen had no effect on either
growth rate or lag phase when added to MS14 medium lacking
glutamate, with or without addition of a-ketoglutarate. Finally,
addition of carbonate, or intermediates of the citric acid cycle,
citric or isocitric acids, or alanine or aspartic acid, to the MS14

medium lacking glutamate had no effect on growth of the
strain.

Growth and metabolic behavior. The growth of L. lactis
NCDO 2118 in the MS14 medium proceeded with the follow-
ing stoichiometry (in millimolar concentrations): 100 glucose 1
2.5 Glu 1 1.5 Val 1 3.3 Leu 1 1.8 Ile 1 0.6 Met 1 18.7 Ser3
9.4 biomass 1 14.3 NH3 1 178 lactate 1 20.3 formate 1 13.7
acetate 1 3.2 succinate 1 0.4 a-ketoglutarate. Though the
fermentation was homolactic whichever the medium used, for-
mate and acetate were formed as classical minor products
while ethanol was never produced, due to reducing equivalent
equilibrium associated with the high conversion of serine to
lactate, as previously shown (19). The stoichiometry was simi-
lar on the various media tested, except for the following points:
(i) glutamate, a-ketoglutarate, or glutamine was consumed when
present in the medium; (ii) glutamate was produced when a-
ketoglutarate or glutamine was present; (iii) succinate was pro-
duced in a twofold-higher concentration when a-ketoglutarate
was present in the medium; (iv) ammonia was produced in a
higher amount when glutamine was consumed; and (v) a-ke-
toglutarate was produced even in the MS14 medium lacking
glutamate.

Activities of anaplerotic enzymes and of enzymes catalyzing
oxidative reactions of the citric acid cycle. To examine the bio-
synthetic pathway leading from glycolytic intermediates to a-
ketoglutarate, the activities of anaplerotic enzymes, of enzymes
of the glyoxylic shunt, and of the oxidative sequence of the citric
acid cycle were measured with cell extracts prepared from cells
of L. lactis NCDO 2118 grown in the media used in the fer-
mentor, i.e., MS14, MS14 without glutamate, and the latter
medium supplemented with either glutamine or a-ketogluta-
rate.

Medium composition had no effect on the measured activity
of any of the enzymes tested (shown in Fig. 1), and average
values obtained from measurements performed with cells
growing in these four media are presented in Table 2. A small
PEP carboxylase activity, which catalyzes the carboxylation of
PEP to oxaloacetate, was demonstrated. On the other hand, nei-
ther malic enzyme, catalyzing the carboxylation of pyruvate in
malate, nor the glyoxylate shunt enzymes isocitrate lyase and
malate synthase, mediating the synthesis of one succinate and
one malate from isocitrate and acetyl-CoA (Fig. 1), were de-

FIG. 2. Effect of the a-ketoglutaric acid concentration on the lag phase ob-
served during culture of L. lactis NCDO 2118 in MS14 medium lacking glutamic
acid after a transfer from MS14 medium.

TABLE 1. Lag phase and maximal specific growth rate (mmax)
observed during growth of L. lactis subsp. lactis NCDO 2118

in MS14 medium of modified compositiona

Medium Lag phase (h) mmax (h21)

MS14 0 0.16 6 0.01
MS14 2 Glu 1 Gln 0 0.16 6 0.01
MS14 2 Glu 40–48b 0.11 6 0.01
MS14 2 Glu 1 NH3 40–48b 0.11 6 0.01
MS14 2 Glu 1 a-KGd —c 0.15 6 0.01
MS14 2 Glu 1 a-KGd 1 NH3 —c 0.15 6 0.01
MS14 2 Glu 1 K2CO3 40–48b 0.10 6 0.01
MS14 2 Glu 1 citrate 40–48b 0.10 6 0.01
MS14 2 Glu 1 isocitrate 40–48b 0.11 6 0.01
MS14 2 Glu 1 Ala 40–48b 0.10 6 0.01
MS14 2 Glu 1 Asp 40–48b 0.11 6 0.01

a The values represent the means of about 10 measurements for each condi-
tion.

b Lag phase comprised between 40 and 48 h.
c Variable with the a-ketoglutarate concentration (see Fig. 2).
d a-KG, a-ketoglutaric acid.

TABLE 2. Activities of anaplerotic enzymes, enzymes of the
glyoxylic shunt, and enzymes mediating oxidative

reactions of the citric acid cycle in extracts
of L. lactis subsp. lactis NCDO 2118

Enzyme Sp acta

Anaplerotic and glyoxylic shunt enzymes
PEP carboxylaseb............................................................................ 3
Malic enzymec ................................................................................ ND
Isocitrate lyaseb .............................................................................. ND
Malate synthaseb ............................................................................ ND

Citric acid cycle enzymes
Citrate synthaseb ............................................................................ 22
Aconitasec ....................................................................................... ND
NAD-dependent isocitrate dehydrogenaseb ............................... 23
NADP-dependent isocitrate dehydrogenaseb ............................. 3
a-Ketoglutarate dehydrogenaseb.................................................. ND

a Specific activity was expressed as nanomoles per minute per milligram of
protein. The values were average values obtained during measurements with cell
extracts from the four synthetic media used in fermentor cultures. ND, not de-
tected.

b Activity was assayed in the physiological direction.
c Activity was assayed in both directions.
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tected. Citrate synthase activity was demonstrated, as was iso-
citrate dehydrogenase activity when NAD was used as cofac-
tor, while the latter enzyme had an eightfold-lower activity with
NADP as cofactor. Surprisingly, aconitase activity was not de-
tected whatever the direction used for the measurement. No
a-ketoglutarate dehydrogenase activity was detected.

Activities of enzymes mediating the synthesis of glutamate
from a-ketoglutarate. To gain further understanding of the
metabolic pathway mediating glutamate synthesis, the activi-
ties of putative enzymes converting a-ketoglutarate to gluta-
mate were studied (Table 3). As previously noted for the other
enzymes assayed (see above), no differences were observed in
specific activity on the four media tested. No glutamate dehy-
drogenase activity was found in any of the nutritional condi-
tions. A low activity of GOGAT was demonstrated irrespective
of the NH3 concentration present in the medium. Amino acid-
ketoglutarate transaminase activity was demonstrated in each
medium. This activity was particularly high when isoleucine or
leucine was the amino group donor, while activity was also
found with valine, methionine, aspartate, and, to a lower ex-
tent, alanine. No transaminase activity was detected for serine.

DISCUSSION

Removing the glutamate and related amino acids, i.e., glu-
tamine, arginine, and proline, from the MS14 medium resulted
in a very long lag phase before growth began and subsequently
a decreased growth rate, as was the case in other synthetic
media (5). Nevertheless, it was clearly established that the
strain of lactic acid bacteria used in this study was able to syn-
thesize glutamic acid, indicating that the pathway leading from
the glycolytic intermediates to glutamic acid was operative.

The enzymatic study showed the presence of a PEP carbox-
ylase activity, providing the necessary link between glycolysis
and the amphibolic TCA cycle, though this activity was very
low. This study is the first demonstration of an anaplerotic
activity in a lactic acid bacterium. Among the three enzymes
mediating the oxidative conversion of oxaloacetate and acetyl-
CoA into a-ketoglutarate, activities were measured for citrate
synthase and isocitrate dehydrogenase. This latter enzyme was
not detected in any strain of Lactobacillus tested by Morishita
and Yajima (18), and they concluded that its absence was re-
sponsible for the glutamate auxotrophy in LAB. This is clearly

not true for L. lactis NCDO 2118, the strain used in our study.
Moreover, the activity was observed with both NAD and NADP
as cosubstrates, though it was eightfold higher with NAD than
with NADP. On the other hand, aconitase activity was not
detected by us, while it was observed, though at low levels, in
four Lactobacillus strains tested by Morishita and Yajima (18).
Since the pathway leading from oxaloacetate and acetyl-CoA
to a-ketoglutarate was shown to be operative, the apparent
lack of activity of this enzyme in our strain probably indicates
a value too low to be determined rather than a true absence of
activity. A similar observation was reported by Ruklish et al.
(21) for Brevibacterium flavum, in which the aconitase activity
was difficult to measure, with a value 10 to 20 times lower than
the activities of the other citric acid cycle enzymes, leading the
authors to conclude that this enzyme was probably exerting a
controlling influence on TCA cycle activity.

As expected for an anaerobic bacterium, no a-ketoglutarate
dehydrogenase activity was observed, in agreement with the
results reported by Amarasingham and Davis (1) with Esche-
richia coli or by Morishita and Yajima (18) with lactobacilli.
Moreover, none of the enzymes of the glyoxylate shunt was
detected, indicating that succinate could not be produced from
isocitrate. These observations, together with the observed ac-
cumulation of both a-ketoglutarate and succinate as overflow
metabolites, indicate that both the oxidative and the reductive
branches of the citric acid cycle were operative. The operation
of the reductive pathway leading to synthesis of succinate from
citrate, fumarate, or malate was previously proposed for lac-
tobacilli (11), though this compound is not normally associated
with the metabolism of sugars by L. lactis.

As regards the synthesis of glutamic acid from a-ketoglutaric
acid, no glutamate dehydrogenase activity was demonstrated
despite the presence of ammonia in the medium, though this
enzyme was shown to be the main glutamate-forming enzyme
in a majority of microorganisms (4, 8, 9, 13) and even in
lactobacilli despite the incapacity to synthesize glutamic acid
(18). On the other hand, glutamine synthetase-GOGAT activ-
ity, converting a-ketoglutarate and glutamine into 2 mol of
glutamate, was shown to be present in our strain, but only at a
very low level compared with the transaminase activity. The
activity of the transaminase varied greatly with the nitrogen
donor amino acid, isoleucine and leucine being the preferred
substrates for the amination of a-ketoglutarate. Among the
five amino acids present in every medium tested, only serine
was unable to mediate a transamination reaction with a-keto-
glutarate. The stoichiometric coefficients for amino acid con-
sumption were not significantly different in media with or with-
out glutamate, indicating that the synthesis of glutamate from
a-ketoglutarate in a medium lacking glutamate was not depen-
dent on the consumption of one particular amino acid as the
nitrogen donor but was most probably related to the consump-
tion of several amino acids. While aminotransferases have
been studied for a variety of microorganisms, Yvon et al. (24)
recently purified an aminotransferase from an L. lactis strain.
This enzyme exhibited activity with the aromatic amino acids,
leucine and methionine, but not with isoleucine or valine.
These results suggested that the transaminase activity mea-
sured in our strain was probably due not to a single enzyme,
but rather to at least two different enzymes with different
affinities for the amino acids.

In view of our kinetic and enzymatic results, the crucial
problem of reduced growth rate and very long lag phases in
media lacking glutamate can be better explained. As regards
the decreased growth rate, one of the metabolic steps involved
in glutamic acid synthesis from the central metabolism, i.e., the
glycolytic intermediates, was responsible for a metabolic bot-

TABLE 3. Activities of enzymes mediating the synthesis
of glutamate from a-ketoglutarate in extracts

of L. lactis subsp. lactis NCDO 2118

Enzyme Sp acta

Glutamate dehydrogenasec.............................................................. ND
GOGATb ........................................................................................... 4
Amino acid-ketoglutarate transaminase

Nitrogen donor amino acids tested
Isoleucine................................................................................... 142
Leucine ...................................................................................... 137
Valine......................................................................................... 69
Methionine ................................................................................ 32
Aspartate ................................................................................... 22
Alanine....................................................................................... 6
Serine ......................................................................................... ND

a Specific activity was expressed as nanomoles per minute per milligram of
protein. The values were average values obtained during measurements with cell
extracts from the four synthetic media used in fermentor cultures. ND, not
detected.

b Activity was assayed in the physiological direction.
c Activity was assayed in both directions.
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tleneck. The addition of a-ketoglutarate to the culture medium
created culture conditions in which the synthesis of a-ketoglu-
tarate was no longer necessary. Since this addition restored the
growth rate to the value obtained in the MS14 medium con-
taining glutamate, the limiting step was located in the part of
the pathway leading to a-ketoglutarate. Further attempts to
identify more precisely the location of the metabolic bottle-
neck were unsuccessful, because the addition of citrate or
isocitrate was without effect on growth, probably because the
strain was unable to use these compounds as substrates due to
the lack of plasmid-encoded uptake systems. Moreover, sup-
plementing the culture medium lacking glutamate with other
compounds, including those directly involved in the conversion
of a-ketoglutarate into glutamate, i.e., ammonia, alanine, and
aspartate, which are considered to be nitrogen donors in the
transamination reaction leading to glutamate (10, 22), was
without effect on the growth characteristics. Taking into ac-
count the enzymatic results, the metabolic bottleneck could be
at the level of the aconitase.

It is interesting to note that all of the enzymes assayed in our
study were constitutive because they exhibited similar levels of
activity whatever the medium used. This is somewhat surpris-
ing because some of them should not be necessary for growth
in certain media. Growth in MS14 medium should not neces-
sitate the enzymes of the oxidative part of the citric acid cycle
mediating the synthesis of a-ketoglutarate from oxaloacetate
and acetyl-CoA, and it seems obvious that, in this medium, the
excretion of a-ketoglutarate was the result of the deamination
of glutamate in transamination reactions. Therefore, the ques-
tion remains as to why a lag phase was observed when the
synthesis of glutamate became necessary. While the lag phase
is frequently attributed to the time necessary for the synthesis
of enzymes required for the growth in new medium, this in-
duction process is not usually so long. Moreover, in our case,
all of the required enzymes were present in all media, indicat-
ing that the lag phase was not related to this phenomenon.
Since a high a-ketoglutarate concentration enabled the lag
phase to be shortened, the lag phase was clearly related to the
metabolic step between a-ketoglutarate and glutamate cata-
lyzed by the transaminase. Because the substrate profile of
transaminase activity was identical in all media, the possibility
of the synthesis of isoenzymes specific to this particular reac-
tion can be excluded. It must be remembered that the physi-
ological function of the transaminases is to form amino acids
from ketoacids, by transferring the amino group of glutamate,
mainly, which is then deaminated to a-ketoglutarate. In the
particular case where glutamate was lacking, the reverse direc-
tion might operate at the expense of other amino acids present
in the medium. It can be postulated that, since the a-ketoglu-
tarate synthesis is rate limiting, the long lag phase corresponds
to the time necessary for the metabolism to accumulate an
a-ketoglutarate concentration high enough to enable gluta-
mate synthesis and subsequently to allow growth to proceed.
Hence, the apparently curious excretion of a-ketoglutarate
despite its rate-limited synthesis was certainly related to its
necessary accumulation in the cell. Unfortunately, little is
known about the transaminases in lactic acid bacteria, the
number of enzymes present, their specificities, and their affin-
ities, and this is an important task in better understanding the
nitrogen metabolism of LAB.
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