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ABSTRACT

Lactococcus lactis can undergo respiration when hemin is added to an aerobic culture. The most distinc-
tive feature of lactococcal respiration is that lactate could be consumed in the stationary phase concomi-
tantly with the rapid accumulation of diacetyl and acetoin. However, the enzyme responsible for lactate
utilization in this process has not yet been identified. As genes for fermentative NAD-dependent L-lactate
dehydrogenase (L.-nLDH) and potential electron transport chain (ETC)-related NAD-independent L-LDH
(L-iLDH) exist in L. lactis, the activities of these enzymes were measured in this study using crude cell
extracts prepared from respiratory and fermentation cultures. Further studies were conducted with pu-
rified preparations of recombinant LDH homologous proteins. The results showed that L-iLDH activity
was hardly detected in both crude cell extracts and purified L-iLDH homologous protein while L-nLDH
activity was very significant. This suggested that L-iLDHs were inactive in lactate utilization. The results
of kinetic analyses and the effects of activator, inhibitor, substrate and product concentrations on the
reaction equilibrium showed that L-nLDH was much more prone to catalyze the pyruvate reduction re-
action but could reverse its role provided that the concentrations of NADH and pyruvate were extremely
low while NAD and lactate were abundant. Metabolite analysis in respiratory culture revealed that the
cellular status in the stationary phase was beneficial for L.-nLDH to catalyze lactate oxidation. The fac-
tors accounting for the respiration- and stationary phase-dependent lactate utilization in L. lactis are

discussed here.

© 2013 The Authors. Published by Elsevier B.V. on behalf of Federation of European Biochemical

Societies. All rights reserved.

1. Introduction

As an important industrial microorganism and model lactic acid
bacteria, Lactococcus lactis has long been studied with respect to the
control of lactate production. Under fermentation conditions, L. lac-
tis produces ATP by substrate-level phosphorylation with L-lactate
as the main final product. However, research has shown that L. lac-
tis could form a functional ETC and perform respiration when hemin
is added to the aerobic culture [1-3]. Respiratory metabolism yields
a number of benefits, such as increased biomass, reduced acid and
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oxidative stress, and improved long-term survival [1,4,5]. A unique
phenomenon frequently observed in L. lactis respiration is that the
accumulated lactate can be consumed when glucose becomes limited
[1,6,7] concomitantly with the accumulation of the alternative prod-
ucts of pyruvate metabolism (acetate, diacetyl, and acetoin) and an
increase in pH. This suggests that lactate is oxidized to pyruvate by
an enzyme during such a process.

Based on coenzyme dependence, L-lactate dehydrogenases (L-
LDHs) have traditionally been classified as either NAD-dependent
L-LDHs (L-nLDHs) or NAD-independent L-LDHs (L-iLDHs) [8,9]. L-
nLDHs play an important role in fermentation by producing lac-
tate from pyruvate while regenerating NAD. L-nLDHs can be fur-
ther divided into fructose 1,6-bisphosphate (FBP)-activated L-nLDHs
and FBP-independent L-nLDHs [8]. On the other hand, L-iLDHs in-
clude two members of FMN-dependent «-hydroxyacid dehydro-
genase [i.e. lactate oxidase (EC1.1.3.15) and flavocytochrome b2
(EC1.1.2.3)], a non-flavin iron-sulfur enzyme complex (encoded by
[utABC operon), and a flavin and iron-sulfur cluster containing ox-
idoreductase [10-12]. Generally, L-lactate is oxidized by L-iLDHs
whose activity can be measured using artificial electron acceptors,
such as 2,6-dichlorophenolindophenol (DCPIP). In some cases, more
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than one L-iLDH can be found in L-lactate-utilizing organisms, al-
though some may be inactive in lactate utilization [10-12]. Occasion-
ally, L-lactate is found to be oxidized to pyruvate by FBP-independent
L-nLDH [9]; however, FBP-activated L-nLDHs have long been regarded
as irreversible in vivo [8,13,14].

Two L-iLDH homologous genes exist in the L. lactis MG1363
genome. In addition to the potential [utABC cluster (expected val-
ues <2e—40), the fni gene is the other candidate. FNI, the product
of fni gene, is a type Il isopentenyl diphosphate (IPP) isomerase and
shares a weak but significant homology with lactate oxidase and flav-
ocytochrome b2 (expected values of 1e—8 and 7e—5, respectively).
In NCBI, the function of FNI is noted as “L-lactate dehydrogenase
(FMN-dependent) and related alpha-hydroxy acid dehydrogenases”.
IPP isomerase is essential in organisms that synthesize isoprenoid
exclusively via the mevalonate pathway, such as Lactobacillales [15].
The fni gene is constitutively expressed in L. lactis, as evidenced by the
fact that menaquinones are produced throughout the growth phase
[16].

Four L-nLDH genes existin the genome of L. lactis MG1363 [17],and
L-nLDH activity is FBP dependent [18,19]. Reverse transcription PCR
has revealed that besides Idh, IdhB and IdhX are transcribed to some
extentin L. lactisMG1363[19]. However, research has also shown that
the product of the IdhX gene has little nLDH activity as well as that
IdhB exhibits only leaky transcription and plays a minor role in lactate
yield. LDHA encoded by Idh has been found to perform major L-nLDH
activity in L. lactis MG1363, with the contribution of other alterna-
tive L-nLDHs being small. Whole-genome microarrays and proteome
analysis have revealed that L-nLDH genes are not included among
the genes differentially expressed in respiratory conditions [20,21],
indicating that it is LDHA that plays the major role in respiration.

In this study, L-iLDH and L-nLDH activities were determined using
crude cell extracts from L. lactis MG1363 aerobic fermentation and
respiratory cultures. fni and Idh genes were separately cloned from
the L. lactis MG1363 genome and expressed in Escherichia coli as His-
tagged proteins to evaluate their lactate oxidation capacity and the
relationship between lactate oxidation activity and their native activ-
ity. Enzyme activities, kinetics, and the effects of various factors on
equilibrium were closely studied with purified recombinant proteins.
Finally, targeted cellular metabolites were determined to test if they
were beneficial for the oxidation of lactate.

2. Materials and methods
2.1. Strains, growth conditions, and crude enzyme preparation

L. lactis MG1363 fermentation and respiratory cultures were per-
formed as described by Duwat [1] but with the modifications that,
where indicated, hemin was added to a final concentration of 2.5 mg/
L and the shaking speed was kept at 220 rpm.

E. coli M15 was grown at 37 °C in M9 minimal medium supplied
with 0.5% glucose or 0.5% L-sodium lactate under aerobic conditions.

Cells from 50 ml cultures were collected by centrifugation and
washed twice with 0.85% NaCl to prepare crude cell extracts. The pel-
lets were resuspended in a 5 ml buffer containing 20 mM potassium
phosphate (pH 7.0) and 10% glycerol, and the cells were disrupted by
sonication on ice (12 cycles of 10 s sonication with intervals of 10 s).
Intact cells were removed by centrifugation.

2.2. Preparation of recombinant proteins

Based on the entire nucleotide sequence of fni from
L. lactis MG1363 (GenBank Accession No. AM406671.1), two
oligonucleotides, 5'-GGATCCATGATG-AAAAGTGAAAAAG-3’ and 5'-
CTGCAGTTATTTTTTTCTTTGTTGG-3’, as primers were synthesized,
and L. lactis MG1363 chromosomal DNA was used as a template to am-
plify fni. The PCR product was purified using an AxyPrep PCR Clean-up

Kit (Axygen), cloned into the pMD19-T vector and sequenced.

Plasmid DNA with the correct fni gene sequence was digested with
BamHI and Pstl and ligated into the N-terminal His tag expression
vector pQE30Xa (Qiagen), which had been treated with the same
enzymes. The resulting plasmid pQEFNI5 was transformed into E. coli
strain M15 (pREP4).

The recombinant E. coli M15 (pREP4, pQEFNI5) was cultured at
37°Cin 2 x YT broth containing 25 pg/ml kanamycin (Amresco) and
100 pg/ml ampicillin (Sigma) with shaking. When the optical density
at 600 nm reached 0.5-0.7, IPTG was added to a final concentration
of 0.5 mM, and the culture was incubated at 30 °C for an additional
4 h. Cells were harvested by centrifugation and stored at —20 °C.

After thawing, the frozen cells were resuspended with buffer A
composed of 300 mM NaCl, 10% glycerol, and 50 mM NaH,PO,4 (pH
7.0),lysed by incubation with lysozyme (1.5 mg/ml for 20 min at room
temperature), and then subjected to sonication. After centrifugation,
the supernatant was applied on a Ni-nitrilotriacetic acid agarose resin
(Qiagen, China) previously equilibrated with 20 mM imidazole in
buffer A. The resin was washed with 20 mM imidazole in buffer A,
after which the protein was eluted with 1 M imidazole in the same
buffer.

The oligonucleotides 5-ATGGCTGATAAACAACGTAAGAAAG-3’
and 5 -GTTTTTAACTGCAGAAGCAAATTCT-3’ were used as the for-
ward and reverse primers, respectively, to amplify Idh gene. The
PCR product was inserted into the C-terminal His tag expression
vector pEASY-E2 (Transgen, Beijing, China) and transformed into E.
coli JM109. Colony PCR was used to screen the insert with the cor-
rect orientation using the vector-specific T7 promoter primer (5'-
TAATACGACTCACTATA-3’) and Idh-specific reverse primer. The re-
combinant plasmid pEASYLDH4 with the correct orientation was ver-
ified by sequencing and then transformed into E. coli Transetta (DE3)
(Transgen).

The recombinant E. coli Transetta (DE3) (pRARE, pEASYLDH4) was
cultured in 2 x YT broth containing 34 ng/ml chloramphenicol (Am-
resco) and 100 pwg/ml ampicillin with shaking. Other procedures for
the expression and purification of recombinant LDHA were done in
the same way as those of FNI.

2.3. FNI product analysis by 'H NMR

The FNI protein used for type II IPP isomerase assay was previ-
ously desalted by gel filtration through a PD-10 column (Amersham
Pharmacia) previously equilibrated with 25 mM K;HPO4 (pH 7.0).

A 500 ul reaction mixture containing 0.1 M KyHPO,4 (pH 7.0),
5 mM MgCl,, 2 mM DTT, 10 uM FMN, 5 mM NADH, 6.73 mM IPP
(Isoprenoids, LC), and 0.2 mg of FNI protein was incubated at 30 °C
for 15 h. After the addition of D,0O to a final concentration of 10%
(v/v), the samples were analyzed by 'H NMR spectroscopy (Bruker)
at 500 MHz. A reaction mixture without the FNI protein was analyzed
as a control.

2.4. Enzyme analysis

All enzymes were assayed spectrophotometrically by measuring
the decrease (or increase) in the absorbance of NADH at 340 or 380 nm
[18] or the reduction of DCPIP at 600 nm at 30 °C in 100 mM Tris-
maleate (pH 7.0). One unit of enzyme activity was defined as the
amount of enzyme that catalyzed the formation of 1 pmol product
per minute or the consumption of 1 pmol substrate per minute. Ap-
proximately 40-200 ng/ml of protein was used to assay LDHA, and
66 pg/ml of protein was used to assay FNI.

NADH dehydrogenase activity was assayed in a volume of 1.2 ml
containing 0.15 mM NADH.

iLDH activity was assayed using a slightly modified form of the
procedure described by Hao [22]. The 1.2 ml reaction mixture con-
tained 40 uM DCPIP, 30 uM phenazine methosulfate, and 10 mM L-
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or DL-sodium lactate.

nLDH activities were assayed by measuring pyruvate reduction
and lactate oxidation reactions. Unless indicated in the text, pyruvate
reduction activity was assayed by the method described by Koebmann
[23]. FBP was omitted from the reaction mixture used for FNI. The
lactate oxidation activity of LDHA was assayed in a 1.2 ml reaction
mixture containing 5 mM NAD, 1 mM FBP, and 200 mM L-sodium
lactate. The lactate oxidation activity of FNI was assayed under similar
conditions but with 3.2 mM NAD and 10 mM L-sodium lactate.

Km and Vi, values were estimated using Origin (Microcal Soft-
ware).

2.5. Metabolite determinations

In total, 1.5 ml cultures were taken at indicated time points and
cells were removed by centrifugation at 12,000g for 10 min to measure
the end products of L. lactis MG1363 cultures. The supernatant was
frozen at —20 °C until further analysis. Metabolites were separated
using a 300 mm Aminex HPX-87H column (Bio-Rad) equipped with
a refractive index detector at 65 °C with 5 mM H,SO4 as the mobile
phase at the flow rate of 0.5 ml/min.

The L. lactis MG1363 respiratory cultures were harvested at the
mid-log (6.5 h after cultivation) and stationary (10 h after cultivation)
phases, quenched in liquid nitrogen, and thawed on ice to measure
the intracellular metabolites. Cells from 9 ml culture were collected
by centrifugation and washed once with 20 mM HEPES (pH 7.5) con-
taining 10% glycerol. Intracellular metabolites were extracted with
5 or 7 ml of boiling buffered ethanol solution according to the pro-
tocol described by Villas-Bdas [24]. After centrifugation, the ethanol
extracts were evaporated to dryness under vacuum at 45 °C, resus-
pended in 1 ml of double-distilled water, and stored at —80 °C until
analysis. A C-18 reversed-phase column was used to analyze NADH,
NAD, and ADP with 0.1 M KH,PO4 (pH 6.5), 5 mM tetrabutylammo-
nium hydroxide, and 10% methanol as the mobile phase at the flow
rate of 0.7 ml/min. Cellular pyruvate and lactate were analyzed using
an Aminex HPX-87H column equipped with a UV detector at 40 °C.
Cellular volume was estimated according to Poolman [25].

Supernatants from thawed cultures and the wash solutions were
also collected and analyzed for leaked metabolites; however, these
materials were completely obscured by the complex medium com-
ponents. Although leakage was likely to happen, it was non-specific
and the trend of metabolite concentrations was not severely affected.

3. Results

3.1. Metabolite profiling and LDH activities in respiratory and
fermentation cultures

The levels of glucose and its metabolites in respiratory and fer-
mentation cultures were determined by HPLC (Fig. 1). Lactate was
similarly accumulated in both cultures when glucose was available.
However, significant metabolic alterations could be observed when
glucose became limited. Lactate production in respiratory cultures
was frequently found to decrease at the onset of glucose exhaustion,
whereas it increased slightly in fermentation cultures. Concomitant
with the reduction in lactate accumulation, the alternative products
of pyruvate metabolism (acetate, diacetyl, and acetoin) greatly accu-
mulated in the respiratory culture. Changes were not observed in the
levels of the above-described products in the fermentation culture.

Crude enzyme extracts were prepared from L. lactis MG1363 respi-
ratory and fermentation cultures at the mid-log and stationary phases,
and their L-nLDH and L-iLDH activities were measured (Table 1).2 mM
sodium azide was used in the L-iLDH reaction mixture to partly inhibit
cytochrome oxidase activity. The L-iLDH activity was always hardly
detected, regardless of the growth phase and culture conditions. As a
positive control, the L-iLDH activity of E. coli M15 (a derivative of E. coli

Concentration (g/l)
wn

Time (h)

Fig. 1. Time course of glucose consumption and end-product accumulation under
respiratory and anaerobic fermentation conditions. Solid lines, respiration; dotted lines,
anaerobic fermentation; diamond, glucose; circle, lactate; square, acetoin and diacetyl;
triangle, acetate. Error bars represent SD of two independent experiments.

Table 1

L-LDH activities of L. lactis MG1363 and E. coli M15. The L-iLDH and L-nLDH activities
of L. lactis MG1363 were determined using the cell extracts from respiratory and fer-
mentation cultures at the logarithmic and stationary phases. The L-iLDH activity of E.
coli M15 was used as a positive control. Data are the mean + SD of three independent
measurements. ND indicates not detected.

Strain and
growth L-iLDH (nmol L-nLDH (pmol
conditions Phase min~! mg1) min~! mg1)

L. lactis MG1363

Fermentation Mid log ND 122 +£ 1.2
Stationary 02 + 0.1 11.7 + 0.6

Respiration Mid log ND 100 £ 1.0
Stationary 04 + 0.0 93 +£03

E. coli M15

In M9-glucose Stationary 55+ 1.1

medium

In M9-L-lactate Stationary 451 + 1.8

medium

K12) was much higher. When grown on L-lactate, the L-iLDH activity
of E. coli M15 was hundreds-fold higher than that of L. lactis MG1363.
The faint L-iLDH activity suggested that the potential L-iLDHs may not
be involved in the lactate utilization in L. lactis.

By contrast, FBP-activated L-nLDH activity was constantly very sig-
nificant throughout the growth period, even when lactate was con-
sumed in the stationary phase of respiration. Apparently, during the
lactate utilization period, L-nLDH activity was regulated by some fac-
tors and the pyruvate reduction activity was completely inhibited or
masked.

3.2. LDH activities of type II IPP isomerase

3.2.1. Typell IPPisomerase activity of recombinant FNI validation by 'H
NMR

The fni gene of L. lactis MG1363 was cloned into the N-terminal
His-tagged expression vector and overexpressed in E. coli. The purified
recombinant protein was golden yellow and showed an absorption
peak at approximately 450 nm, which indicated that it was a flavo-
protein. SDS-PAGE analysis showed that its purity was higher than
95% and that it had a subunit molecular mass of 41 kDa, which was
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Fig.2. 'H NMR assay of the type Il IPP isomerase activity of NI The upper panel shows
part of the '"H NMR spectrum of the reaction mixture, whereas the lower panel shows
the control without enzyme addition.

Table 2

LDH activities of FNI. The iLDH and nLDH activities were determined using the recom-
binant FNI. M?*, divalent metal ions (Ca?*, Mg?*, Mn?*, or Zn?>* ) were added to the
L-iLDH reaction mixture to a final concentration of 2 mM; nLDH (pyruvate reduction)
activity was measured as pyruvate-dependent NADH oxidation activity, with its intrin-
sic NADH dehydrogenase activity eliminated; ND, not detected. Data are the mean +
SD of five independent measurements.

Activity (nmol min—! mg~1)

L-iLDH 29 + 0.1
L-iLDH (M2+) ND
DL-iLDH 22.1 £ 09
nLDH (pyruvate reduction) 7.0 £ 1.2
L-nLDH (L-lactate oxidation) 22 +£05

consistent with the estimated value. The native type II IPP isomerase
activity of FNI was analyzed by 'H NMR. After overnight incubation,
conversion of IPP to dimethylallyl diphosphate was observed as ev-
idenced by the appearance of signals for dimethylallyl diphosphate
at § 1.53 (C-4 methyl protons), 1.57 (C-5 methyl protons), 4.27 (C-1
methylene protons)and 5.25 (C-2 methine proton) ppm (Fig. 2). These
findings confirm that the purified recombinant FNI was biologically
active.

3.2.2. LDH activities of FNI

The nLDH and iLDH activities of FNI are listed in Table 2. The
oxidoreductase activities of FNI were extremely low, which was in
good agreement with the faint L-iLDH activity of L. lactis MG1363 cell
extracts. Divalent metal ions (Mg2+, Mn2*, Ca2*, and Zn?* ), which
are essential for type II IPP isomerase activity [26], were separately
added to the reaction system, but they did not increase activity. In
fact, L-iLDH activity was further reduced such that it could no longer
be detected. pL-Lactate sodium was found to be a better substrate
because its DL-ILDH activity was approximately seven-fold higher
than the L-iLDH activity. The nLDH activities of FNI were validated
in this study, but they were determined to be extremely low, only
approximately 2-7 nmol min~! (mg protein)~!, similar to reported
results [15].

3.3. Analysis of fermentative nLDH activities and its regulatory
mechanism

3.3.1. Purification and biological activity of recombinant LDHA
Recombinant LDHA was expressed as a His-tagged protein and pu-
rified as a soluble protein under native conditions. SDS-PAGE showed
a single band with an apparent molecular weight of 37 kDa, which was
in good agreement with the calculated value. The NAD(H)-dependent

Table 3

Kinetic constants for pyruvate reduction and lactate oxidation reactions of LDHA. Ki-
netic constants were determined in 0.1 M Tris-maleate (pH 7.0) with 1 mM FBP at 30
°C.

Vi value (umol min~!

Substrate K value (mM) mg1)
NADH 0.066 + 0.008 1534 + 45
Pyruvate 195 + 0.12
NAD 0.38 + 0.01 313 £ 3
L-Lactate 158 + 4

Table 4

Effects of FBP and phosphate on the rates of reactions catalyzed by LDHA. Values are
presented as percentage rate relative to assays carried out under standard conditions
described in Section 2. The standard pyruvate reduction and lactate oxidation rates
were 1086.1 + 53.2 and 174.4 + 6.2 umol min~! (mg protein)~!, respectively. The
values are expressed as the mean + SD of at least three independent measurements.

Concentration (mM) Pyruvate reduction (%) Lactate oxidation (%)

FBP

1 100 + 4.1 100 + 1.9
0.5 84 + 0.6 89 + 2.7
0.2 66 + 4.7 62 + 4.5
0.01 1.7 £ 02 1.9 £ 02
Phosphate

10 96 + 0.5 97 £ 0.1
20 94 + 0.7 96 + 0.5
30 78 £ 0.8 77 £ 1.0

pyruvate reduction (forward reaction) and lactate oxidation (reverse
reaction) activities of LDHA were measured in the absence of FBP
under the same conditions as those for FNI. The forward reaction ac-
tivity was only 0.14 + 0.01 pmol min—! (mg protein)~!, whereas the
reverse reaction activity was not detected. However, when FBP was
added to a final concentration of 1 mM, the forward reaction activity
sharply increased to 1008 + 25.2 pmol min~! (mg protein)~! and
the reverse reaction rate increased to 15.5 + 0.5 umol min~! (mg
protein)~!. Both values were tens of thousands higher than those of
FNI. These results validated that recombinant LDHA was successfully
expressed and that it catalyzed reactions in a manner strongly depen-
dent on FBP.

3.3.2. Catalytic capacity of LDHA for the forward and reverse reactions

Km (Michaelis constant) values for different substrates and Vi,
(maximum enzymatic activity) values for the forward and reverse re-
actions were determined to objectively evaluate the catalytic capacity
of LDHA for the forward and reverse reactions.

As shown in Table 3, the Vi, value for the reverse reaction was
nearly 20% of that for the forward reaction, and the apparent Ky,
values for the reverse substrates were much higher than those for the
forward substrates. In particular, the apparent Ky, value for lactate
was nearly eighty-fold higher than that for pyruvate. Obviously, LDHA
is prone to catalyzing pyruvate reduction. Its lactate oxidation activity
will not be observed unless the forward reaction activity is severely
decreased.

3.3.3. Influence of effectors on LDHA

FBP and inorganic phosphate are known as the activator and in-
hibitor of LDHA, respectively [18,27]. Their effects on both reaction
rates were investigated in this study (Table 4).

FBP and inorganic phosphate were observed to have modulating
effects on LDHA activities, although the changes observed differ from
previously reported results [18], as their effects were dependent on
the buffer species [13]. More importantly, the extent of activation or
inhibition on both reaction directions were nearly equal such that
they would not affect the reaction equilibrium. This can be attributed
to the fact that FBP and phosphate are allosteric effectors of LDHA
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Fig. 3. Inhibitory effects of ATP and ADP on LDHA activities. ATP and ADP were sep-
arately added to pyruvate reduction and lactate oxidation mixtures. Dotted line, ATP;
solid line, ADP; square, forward reaction activity; triangle, reverse reaction activity. Error
bars represent SD of at least three independent measurements.
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Fig.4. Effects of NADH/NAD ratios on LDHA activities. Solid square, pyruvate reduction
activity (NADH at 0.15 mM); circle, lactate oxidation activity (NAD at 5 mM). Error bars
represent SD of three independent measurements.

and affect the activity by acting upon the regulatory site but not the
substrate binding site of LDHA.

3.3.4. Effects of adenine nucleotides on LDHA activities

ADP and ATP have been reported as competitive inhibitors of nLDH
[27,28], and their effects on both reaction directions were determined
(Fig. 3). The inhibitory effects of ATP on both directions were weak
and similar as both rates remained above 80% in the presence of 8 mM
ATP. ADP was shown to be a more severe inhibitor and to have a more
severe inhibitory effect on the reverse reaction. However, its relative
inhibition on reverse reactions was weak at low ADP concentrations.
On the other hand, the competitive inhibitory effect would be greatly
affected by the ratio of NADH (or NAD) to ADP. At a fixed ADP con-
centration, the increase in NAD or decrease in NADH concentration
would also help reduce the relative inhibitory effect on the reverse
reaction and may even reverse it.

3.3.5. Effects of substrate and product concentrations on LDHA activities
As a primary factor regulating nLDH activity, the effects of NADH/

NAD ratios on both reaction rates were measured at a constant sub-

strate concentration and varying product concentrations (Fig. 4).

Pyruvate reduction activity was slightly influenced over a wide
range of NADH/NAD ratios. It was mildly reduced when the NADH/
NAD ratio was above 0.05. When the ratio reached 0.03, it was still
approximately 50% of the control. On the other hand, the reverse re-
action (i.e. lactate oxidation) was significant only in a narrow range of
NADH/NAD ratios. When the ratio reached 0.05, the rate was reduced
by nearly 50%.

In addition, the affinity of LDHA for pyruvate was found to be
NADH concentration dependent. The apparent Ky, value for pyru-
vate was 1.95 + 0.12 mM at 0.6 mM NADH and increased to
2.50 + 0.20 mM at 0.1 mM NADH. At 0.05 mM NADH, the Ky, value
reached 2.64 4+ 0.19 mM. These observations suggested that the affin-
ity of LDHA for pyruvate decreased with decreasing NADH concen-
tration, which may be related to the ordered bi-bi kinetic mechanism
of nLDH with the coenzyme binding first [29].

As lactate can be intracellularly accumulated at high levels [18,30]
and its severe inhibitory effect has been reported for LDHB [18], its
inhibitory effect on the forward reaction of LDHA was investigated.
Its inhibition was weak as the activity was 95 + 1.6% of the control
in the presence of 50 mM lactate. When the lactate concentration
increased to 150 and 200 mM, the activity remained at 83 + 2.2%
and 78 + 2.8%, respectively. A high concentration of lactate thus
has a weak inhibitory effect on the forward reaction activity but is
meaningful for a significant lactate oxidation rate as the K, value of
LDHA for L-lactate is very high.

By contrast, the inhibitory effect of pyruvate on the reverse reac-
tion (lactate oxidation) was much stronger. Even 0.5 mM pyruvate
could reduce the reverse reaction activity to 82 + 4.3% of the control.
It was further reduced to 50 + 2.9% and 25 + 0.8% of the control
when pyruvate was added at 2 and 5 mM, respectively. These ob-
servations suggested that lactate oxidation would not be observed
unless pyruvate and especially NADH dropped to low levels.

3.4. Intracellular metabolites in respiratory culture

A L. lactis MG1363 respiratory culture was collected at the mid-
log and stationary phases and the concentrations of cellular NADH,
NAD, ADP, pyruvate and lactate were determined (Table 5). Cellu-
lar ADP concentration was always kept at low levels and would not
have a significant impact on the reaction equilibrium. When the res-
piratory culture entered stationary phase, cellular NAD concentration
remained almost the same while the NADH content decreased several
fold. Thus the NADH/NAD ratio decreased sharply from 0.10 to 0.02,
which would be greatly beneficial for lactate oxidation. The concen-
tration of lactate was found to decrease, which could be attributed
to the inactivation of glycolysis after glucose exhaustion. However,
it was high enough for a significant lactate oxidation rate. Pyruvate
concentration decreased significantly when the culture entered sta-
tionary phase. In the mid-log phase, the concentration of pyruvate
was very significant. However, it decreased to an undetectable level
in stationary phase, because an obvious peak for pyruvate could not
be detected. Although diacetyl and acetoin rapidly accumulated dur-
ing this period, the concentration of pyruvate was not as high as ex-
pected. This may be attributed to the extremely low available NADH
which would reduce the affinity of LDHA for pyruvate and make «-
acetolactate synthase for diacetyl and acetoin synthesis become more
competitive for pyruvate.

Overall, the cellular status at the stationary phase under respi-
ratory conditions is beneficial for LDHA to catalyze the oxidation of
lactate.

4. Discussion
Lactate oxidation is usually catalyzed by iLDHs [10,12]. As a paralog

of L-iLDH, FNI is likely for several reasons to catalyze lactate oxida-
tion in the stationary phase of respiration. First, it shares significant
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Table 5

Cellular metabolites in L. lactis MG1363 respiratory culture. The L. lactis MG1363 respiratory culture was collected at the mid-log and stationary phases. After quenching and
extraction, targeted metabolites were measured by HPLC. Two extracts were made from the same batch culture. ND, not detected.

Growth phase ADP (mM) NAD (mM) Lactate (mM) NADH (uM) Pyruvate (mM)
Mid-log 0.82 + 0.05 3.60 + 0.12 80.62 + 9.1 358 + 25 719 + 117
Stationary 0.74 + 0.01 3.49 + 0.01 62.08 + 7.56 77 £3 ND
glucose the reaction but independent of enzyme properties per se [33]. The-
NAD oretically, FBP-dependent nLDHs can also catalyze the oxidation of
GLYCOLYSIS RESPIRATION lactate. , o
It was reported that L. lactis IL1403 was one of the few strains in
NADH NAD which the benefits of respiration were not significant [34]. However,
TR Arioli et al. [35] have found that the benefits of L. lactis [L1403 respi-

acetoin/diacetyl +———— pyruvate L-lactate

l

acetyl-CoA
NAD(P)H
Co,
ADP NAD MEVALONATE
g NADH
acetate isoprene

Fig. 5. Pyruvate metabolic pathway in Lactococcus lactis under aerobic conditions.
Underlined words in uppercase, metabolic pathways. Open arrows, reactions that occur
under respiratory conditions.

homology with known L-iLDHs and thus may catalyze the same reac-
tion. Second, as an essential enzyme in L. lactis, it exists throughout
the growth period, which is in accordance with the fact that no gene
related to lactate metabolism is distinctively expressed under respi-
ratory conditions [20,21]. Third, the mevalonate pathway, to which
FNI belongs, has a close relationship with carbohydrate catabolism
(Fig. 5). Acetyl-CoA, the first substrate of mevalonate pathway, is de-
rived from the glycolysis product pyruvate [26]. Furthermore, IPP iso-
merization catalyzed by type Il IPP isomerase is strictly dependent on
reductive conditions [26,31]. In respiration, NADH can be oxidized via
the electron transport chain; in addition, it becomes more unfavor-
able for FNI to catalyze IPP isomerization when glucose is exhausted
and FNI may then be spared to catalyze the oxidation of lactate to
pyruvate. However, the extremely low L-iLDH activity of FNI pre-
cludes such a possibility. This can be attributed to the fact that the
conserved active site residues of the a-hydroxyacid dehydrogenase
family are absent in FNI [15].

Similarly, lutABC cluster was proved to be inactive in lactate oxi-
dation, as the cell extracts from L. lactis MG1363 respiratory culture
do not exhibit significant L-iLDH activity. In fact, the [utABC operon
is widely present in a variety of species, but its physiological role re-
mains unclear [10,12]. In Bacillus subtilis, this operon is required for
growth on L-lactate and has an influence on the architectural com-
plexity of biofilm formation on L-lactate [ 10]. In Neisseria meningitidis,
this operon is involved in protecting against oxidative stress [32]. E.
coli K12 AlldD mutant with [utABC operon cannot grow on L-lactate;
however, plasmid-driven expression of the E. coli lutABC operon could
successfully restore the ability of Shewanella oneidensis MR-1 Adld-
IIAIldF double mutant to grow on L-lactate [12]. Further research is
needed to determine the physical role of the lutABC operon in L. lactis.

In some cases, fermentative FBP-independent L-nLDHs are in-
volved in lactate utilization [9] but the activity of FBP-dependent
L-nLDHs has long been regarded as irreversible under physiological
conditions [8,13,14], although FBP-dependent and -independent L-
nLDHs share great homology with each other. The thermodynamic
equilibrium constant is related to the standard Gibb’s free energy of

ration will be enhanced if its fermentative nLDH is inhibited, for more
NADH and pyruvate fluxes can be redirected to other pathways. It can
be seen that fermentative nLDH is a strong competitor for NADH and
pyruvate. Their results [35] were in good accordance with our find-
ings. When glucose was sufficient, most pyruvate and NADH were
efficiently transformed into lactate and NAD by nLDH (Fig. 1). When
glucose was exhausted, the supply of NADH and pyruvate ran short
and the pyruvate reduction activity of nLDH was severely restricted.
Meanwhile, the respiratory chain continued to actively oxidize NADH
to establish the proton motive force (PMF). Consequently, the affinity
of nLDH for pyruvate decreased with decreasing NADH concentration,
and the o-acetolactate synthase and pyruvate dehydrogenase com-
plex became more competitive for pyruvate (Fig. 5). The continuous
removal of NADH and pyruvate revealed the lactate oxidation activ-
ity of nLDH, and the significant concentrations of NAD and lactate
allowed for it to proceed at a significant rate.

In L. lactis, lactate utilization has only been observed under respi-
ratory conditions [1]. This may be attributed to the lactate transport
mechanism. In lactate-utilizing species, the lactate permease gene is
always found in the genome and expressed by the induction of lactate
[11,12,36]. However, no homologs can be found in Lactococcus. In L.
lactis, lactate is transported in symport with one or more protons, and
the transport direction is determined by the difference between the
inward and outward driving forces [37]. The outward force is pro-
vided by the transmembrane lactate gradient, and the PMF exerts an
inward force on the protons [38]. As shown in Fig. 6, under fermenta-
tion conditions, F1 Fo-ATPase is mainly responsible for PMF generation
by pumping protons at the expense of ATP [39]. However, under res-
piratory conditions, a functional respiratory chain is formed and PMF
is generated in the process of NADH oxidation via the ETC [6,39,40].
The PMF established by respiration is large enough to promote pro-
ton influx through F; Fy-ATPase, and ATP is concomitantly synthesized
from ADP. Koebmann [6] confirmed that increased biomass yield in
L. lactis respiration can be partly attributed to the benefit of a reverse
function of F; F,-ATPase toward oxidative phosphorylation. Similar to
F1Fo-ATPase, lactate translocation is reversible [37]. When the PMF
generated by the ETC exceeds the transmembrane lactate gradient,
lactate uptake in symport with protons can occur, which enables lac-
tate oxidation to proceed continually. Additional energy may benefit
from acetate production and NADH oxidation via the ETC and further
growth could be observed [1]. Moreover, lactate oxidation during
starvation can further reduce acid stress, which is beneficial for the
survival of the cells. Extracellular lactate utilization could not be ob-
served under fermentation conditions, which can be attributed to its
inability to drive lactate influx, and then lactate oxidation reaction
would not proceed continually. The lactate permease gene is also
absent in some respiratory species with the [utABC cluster [10,12].
If they could grow on L-lactate, then lactate may be imported in a
similar way as in L. lactis.

Our conclusions would have been strengthened if we had been
able to support our conclusions through studying a knockout mutant
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Fig. 6. Comparison of proton and lactate transport pathways under fermentation and
respiratory conditions.

in the Idh gene. Unfortunately, our attempts using standard proce-
dures using antibiotic insertion methodology have been unsuccess-
ful.

In conclusion, the results presented in this paper show that L-
iLDHs (FNI and the products of the [utABC cluster) are not involved in
lactate utilization in L. lactis. Fermentative FBP-activated L-nLDH can
catalyze lactate oxidation in vivo, provided that NADH and pyruvate
are kept at low levels and lactate can be imported into the cell.
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