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Acetate was shown to improve glucose fermentation in Lactococcus lactis deficient in lactate dehydrogenase.
13C and "H nuclear magnetic resonance studies using [2-">C]glucose and [2-'*C]acetate as substrates dem-
onstrated that acetate was exclusively converted to ethanol. This novel pathway provides an alternative route
for NAD* regeneration in the absence of lactate dehydrogenase.

Lactococcus lactis is a lactic acid bacterium of major impor-
tance in the manufacture of dairy products. This bacterium
displays an exclusive fermentative metabolism under dairy fer-
mentation conditions: sugars are first converted by the Emb-
den-Meyerhof-Parnas pathway to pyruvate, which is further
reduced into L-lactate by an L-lactate dehydrogenase (L-LDH)
(homolactic fermentation). The ATP is mainly produced (2
mol of ATP per mol of glucose) through glycolysis by sub-
strate-level phosphorylation. A strict balance in the NADH/
NAD " ratio is maintained: the NAD ™" cofactor reduced during
glycolysis is regenerated during pyruvate reduction by the L-
LDH (5).

A shift from the homolactic fermentation to a mixed-acid
fermentation has been observed under certain conditions, such
as carbohydrate limitation (21), galactose utilization (7, 22) or
aerobic conditions (3). Besides L-LDH, three enzymes are able
to dissipate pyruvate under different physiological conditions
(reviewed in reference 10) (Fig. 1). The first is a-acetolactate
synthase (ALS), which is active at a high pyruvate concentra-
tion and a low pH. Dissipation of pyruvate through this path-
way can produce acetoin, diacetyl, and 2,3-butanediol. The
second is the pyruvate dehydrogenase complex, which is active
in aerobic conditions and at low pH and is inhibited at high
NADH concentrations. The end products from this pathway
are acetate and/or ethanol. The third is pyruvate formate-lyase,
which is active under anaerobic conditions and at high pH. The
end products are in this case a mixture of formate, acetate,
and/or ethanol.

Under aerobic conditions, mixed-acid fermentation was
shown to mainly result from the activation of an H,O-forming
NADH oxidase (13) which strongly lowered the pool of
NADH available for L.-LDH, leading to a rerouting of pyruvate
through the other aerobic catabolic pathways. The importance
of NADH oxidase in controlling the NADH/NAD™ balance
was recently exploited as a novel metabolic engineering strat-
egy (cofactor engineering) in L. lactis (14). Overproduction of
NADH oxidase resulted in the complete replacement of lac-
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tate by a mixture of acetate and acetoin (14). In this situation,
all NADH-dependent enzymes were inhibited and the pyru-
vate pool was rerouted toward oxidative or NADH-indepen-
dent pathways.

Platteeuw et al. (16) reported the various end products of
sugar fermentation obtained with growing cells of an L-LDH-
deficient strain. Under anaerobic conditions (initial pH 6.0),
these are mainly a mixture of formate (34% of lactose utiliza-
tion), ethanol (28%), acetoin (11%), and 2,3-butanediol
(22%). Under aerobic conditions (initial pH 6.0), a mixture of
acetoin (52%), 2,3-butanediol (31.5%), and ethanol (17%) was
observed. Surprisingly, the production of acetate in both con-
ditions was less than 2%. Therefore, the L-LDH-deficient
strain was suspected to use acetate as an exogenous electron
acceptor, as was reported for the metabolism of sorbitol and
mannitol by lactobacilli (15, 20).

This paper reports the cometabolism of acetate and glucose
in an L-LDH-deficient strain of L. lactis in which acetate is
exclusively converted to ethanol, providing an alternative path-
way for NAD™ regeneration.

End product formation from glucose-acetate cometabolism
by an L-LDH-deficient strain. Metabolic studies were per-
formed with buffered cell suspensions, which greatly facilitate
end product analysis. The L. lactis cells grown in GM17 (M17
medium [Merck]| supplemented with 0.5% [wt/vol] glucose)
were collected at an optical density at 600 nm of 2.0, washed,
and resuspended at a concentration of approximately 3.3 g (dry
weight) per liter in 100 mM KH,PO,-100 mM Na,HPO, (pH
7.0) buffer supplemented with glucose (50 mM) and/or ammo-
nium acetate (100 mM). The cell suspensions were incubated
under low- or high-aeration conditions by shaking the cells
either in 10-ml tubes at 50 rpm (Table 1, low aeration) or in
30-ml tubes at 200 rpm (Table 1, high aeration) in an upright
position in a G76 waterbath (New Brunswick Scientific, Edi-
son, N.J.). The supernatant (4 ml) was recovered after 1 h of
incubation at 30°C, and end products were analyzed by high-
pressure liquid chromatography (HPLC) (19) except a-aceto-
lactate and acetoin, which were determined by using chemical
assays (24).

Glucose catabolism by resting cells of the L-LDH-deficient
strain (NZ3950 [AlacF ldh pepN::nisRK]; MG1363 derivative
[9]) resulted in a mixed-acid fermentation (Table 1) as ob-
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FIG. 1. Schematic pathways of glucose and acetate cometabolism in L-LDH-deficient L. lactis. The proposed pathway of acetate conversion to ethanol and its
coupling to glycolysis for cofactor regeneration is highlighted (grey area). Reactions or pathways producing NADH are denoted by large black arrows, those that are
NADH independent are denoted by thin black arrows, and those producing NAD™* are denoted by large white arrows. The fate of the label derived from [2-'*C]glucose
and [2-*Clacetate (shaded region) is shown. ACK, acetate kinase; ADC, a-acetolactate decarboxylase; ADH, acetaldehyde/alcohol dehydrogenase; A/DR, a-aceto-
lactate/diacetyl reductase; NOX, NADH oxidase; ODC, oxidative decarboxylation (chemical reaction); PDHC, pyruvate dehydrogenase complex; PFL, pyruvate/
formate lyase; PTA, phosphotransacetylase; ?, unknown enzyme(s) involved in residual lactate production.
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FIG. 2. NMR spectra of end products formed from the cometabolism of [2-'*C]glucose and [2-!*CJacetate (40 mM each) by cell suspensions of L-LDH-deficient
L. lactis at pH 5.5. (A) >C NMR spectrum, acquired on a Bruker DRX500 spectrometer at 125.77 MHz with a quadruple nucleus probe head (spectral width, 30 kHz;
pulse width, 13 ps; data points, 32K; repetition delay, 61.5 s; number of transients, 1,000). (B) 'H NMR spectrum of the same sample analyzed after a 30-fold dilution
in 2H,0. Isotopomers of acetate and ethanol are indicated. The spectrum was acquired at 500.13 MHz with a 5-mm inverse detection probe head (spectral width, 8
kHz; pulse width, 6 ps; data points, 32K; repetition delay, 45 s). 2,3-BD, 2,3-butanediol.
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vidual carbon atoms in a noninvasive way (12, 23). Further-
more, when a mixture of selectively enriched substrates is used
(mixotrophic conditions), the origin of the carbon atoms in the
end products formed can be determined by analysis of their
labeling patterns (17, 18). In our experiments, a mixture of
glucose labeled on C-2 and acetate labeled on the methyl
group was supplied to the cells. The fate of each substrate can
be determined easily from analysis of the isotopic enrichment
in the two carbon atoms of ethanol. In fact, the label would end
on the methylene group if ethanol were derived from glucose
and on the methyl group if it were derived from acetate. This
approach provided a definite proof for the operation of the
pathway converting acetate to ethanol.

As for the previous studies, fermentation was performed
with resting cells. L. lactis cells were harvested in the mid-
exponential growth phase, washed, and resuspended at a con-
centration of approximately 20 g (dry weight) per liter in po-
tassium phosphate buffer (50 mM, pH 5.5) supplemented with
[2-"*C]glucose (40 mM) and [2-"*CJacetate (sodium salt, 40
mM). The supernatant was recovered for end product analysis
by NMR following 1 h of incubation at 30°C. Figure 2A shows
the *C NMR spectrum of the supernatant containing the end
products of [2-**CJacetate and [2-"*C]glucose cometabolism by
the L-LDH-deficient strain at pH 5.5. Catabolism of [2-"*C]glu-
cose produced acetoin labeled on the CO and CHOH groups,
2,3-butanediol labeled on both CHOH groups, acetate labeled
on the COOH group, ethanol labeled on the CH,OH group,
and a small amount of lactate enriched on the CHOH group
(Fig. 1 and 2A). These end products were as expected from a
fermentation performed in the presence of oxygen at low pH.
The production of 2,3-butanediol in these conditions was re-
ported previously by Platteeuw et al. (16). On the other hand,
no pyruvate was detected, which suggested a better efficiency
of pyruvate-dissipating enzymes at low pH, as previously re-
ported for the ALS enzyme (10, 16).

Catabolism of [2-'*CJacetate produced ethanol labeled on
the methyl group (strong resonance at 17.3 ppm). The other
intense resonance signal at a high field in this spectrum (8 =
23.6 ppm) was due to the methyl group of residual [2-"*C]ac-
etate. Ethanol was the only metabolite produced from the
supplied acetate, since no other resonances with a labeling
pattern consistent with derivation from '*CH; acetate were
observed in the spectrum. This observation was confirmed by
analysis of the proton spectrum (Fig. 2B). The resonance pat-
terns due to the methyl groups of acetate and ethanol are
highlighted in Fig. 2B. The central resonance at 1.9 ppm in the
acetate pattern is assigned to unlabeled acetate, the low-inten-
sity inner doublet is due to CH;"*COO~ (derived from glu-
cose), and the high-intensity lateral resonance split by a cou-
pling constant of 127 Hz is due to the added "*CH;COO~ that
remained in the supernatant. The ethanol derived from
[2-"*C]acetate, labeled on the CH; group, originates the dou-
blet of triplets clearly observed at a higher field in the ethanol
pattern, while ethanol derived from glucose metabolism was
not clearly detected on this spectrum. Integration of the areas
of these resonances allowed us to determine that 12.5 mM
ethanol was produced from [2-'?CJacetate metabolism. The
resonances due to other products of glucose metabolism (ace-
toin and 2,3-butanediol) are also identified in Fig. 2B.

13C and "H NMR analysis of the supernatant resulting from
the metabolism of [2-'*C]glucose and [2-'*Clacetate by the
wild-type strain at pH 5.5 showed that acetate was not metab-
olized and that glucose was completely converted to lactate
(data not shown).

Concluding remarks. Acetate is cometabolized with glucose
under various conditions of aeration and initial pH only when
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the L-LDH is inactivated in L. lactis. Acetate is exclusively
converted into ethanol, as demonstrated by NMR analysis. A
hypothetical acetate-ethanol pathway is presented in Fig. 1.
This pathway suggests acetyl-CoA, not pyruvate, as an inter-
mediate, since no product other than ethanol was detected
from acetate metabolism. Acetate is proposed to be converted
to acetyl-CoA by the acetate kinase-phosphotransacetylase
pathway via acetyl-P, since both enzymatic activities have been
found in L. lactis (10). However, we cannot exclude the possi-
bility that acetate can be partially or totally converted to acetyl-
CoA by an acetyl-CoA synthase enzyme (acetate + ATP +
CoA — acetyl-CoA + AMP + PP)) as reported for other
bacteria (2, 6, 8), although this activity has not been reported
for L. lactis. The conversion of acetyl-CoA to ethanol is known
to take place in L. lactis via a bifunctional alcohol dehydroge-
nase enzyme whose genetic inactivation is responsible for a
strong reduction in ethanol production (1). This last reaction is
responsible for NAD " regeneration, thus allowing glucose me-
tabolism through glycolysis in an L-LDH-negative strain in the
absence of efficient reductive pathways. The role of the NADH
oxidase in improving and/or modifying the redox balance is
well known (13, 14). This newly described pathway performs a
similar function and reinforces the predominant role of the
NADH/NAD™" ratio in governing the glycolytic flux and the
distribution of fermentation end products in L. lactis. Further-
more, one of the consequences of glucose-acetate cometabo-
lism is the unexpected excretion of a large quantity of pyruvate
(up to 34%), which is a key intermediate metabolite, now
available to be rerouted by metabolic engineering toward new
pathways unable to regenerate NAD™.
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