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Abstract The Idh gene of Corynebacterium glutamicum
ATCC 13032 (gene symbol cg3219, encoding a 314 resi-
due NAD"-dependent L-(+)-lactate dehydrogenase, EC
1.1.1.27) was cloned into the expression vector pKK388-1
and over-expressed in an IdhA-null E. coli TG1 strain upon
isopropyl--D-thiogalactopyranoside (IPTG) induction.
The recombinant protein (referred to here as CgLDH) was
purified by a combination of dye-ligand and ion-exchange
chromatography. Though active in its absence, CgLDH
activity is enhanced 17- to 20-fold in the presence of the
allosteric activator D-fructose-1,6-bisphosphate (Fru-1,6-
P,). Contrary to a previous report, CgLDH has readily
measurable reaction rates in both directions, with V., for
the reduction of pyruvate being approximately tenfold that
of the value for L-lactate oxidation at pH 7.5. No deviation
from Michaelis—Menten kinetics was observed in the
presence of Fru-1,6-P,, while a sigmoidal response (indic-
ative of positive cooperativity) was seen towards L-lactate
without Fru-1,6-P,. Strikingly, when introduced into an
lldD™ strain of C. glutamicum, constitutively expressed
CgLDH enables the organism to grow on L-lactate as the
sole carbon source.
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Introduction

Corynebacterium glutamicum is an industrially important
Gram positive rod-shaped bacterium used in the produc-
tion of amino acids including L-glutamate and L-lysine
(Krdmer 2004). It has furthermore been proposed as
a source for the organic acids L-lactate and succinate
(Okino et al. 2005). The former has long been used in the
food and pharmaceutical industries as a preservative and
base chemical building block and has more recently
become important in the production of the biodegradable
plastic poly-lactic acid, or PLA, where optically pure
monomers of D- and L-lactate are essential (for a review,
see Okano et al. 2010).

The Idh gene in C. glutamicum ATCC 13032 is solely
responsible for L-lactate production in that organism, as
demonstrated by gene knockout (Inui et al. 2004; Dietrich
et al. 2009). Although some work has been carried out on
the regulation of Idh expression under certain conditions
(Inui et al. 2007; Engels et al. 2008; Dietrich et al. 2009;
Toyoda et al. 2009a, b), the encoded enzyme has not been
extensively kinetically characterised.

Bacterial lactate dehydrogenases fall into two broad
classes—NAD™-linked and NAD*-independent. The first
class are cytoplasmic proteins that may be activated by
fructose-1,6-bisphosphate (Fru-1,6-P,), are p- or L-lactate-
specific and catalyse the conversion of pyruvate to lactate
in a reversible or non-reversible manner (Garvie 1980).
The second class are all believed to be flavin-dependent,
are physiologically required for the oxidation of lactate and

@ Springer



732

Arch Microbiol (2011) 193:731-740

are often membrane-bound LDHs that participate in the
respiratory chain. C. glutamicum has two such NAD™-
independent LDHs (Bott and Niebisch 2003). The protein
encoded by /ldD (gene symbol cg3227, EC 1.1.2.3) utilises
L-lactate, and the second is a D-lactate-specific enzyme
encoded by dld (gene symbol cgl027, EC 1.1.2.4). Each
has been shown to be necessary for growth of C. glutam-
icum on L-lactate and D-lactate, respectively, as the sole
carbon source (Stansen et al. 2005; Kato et al. 2010). Both
are believed to be flavin-dependent and have been kineti-
cally characterised to some extent, the authors reporting
sub-millimolar K, values for lactate (LLD: K, 0.51 mM
for L-lactate Stansen et al. 2005; DLD: K,, 0.61 mM for
p-lactate Kato et al. 2010).

The physiological role of the NAD"-dependent LDHs
in bacteria is to provide a means for the regeneration of
NAD™ during fermentation, when NADH would other-
wise accumulate owing to the absence of oxygen. It has
recently been reported that the Idh-encoded NAD™-
dependent LDH from C. glutamicum ATCC 13032
operates solely in the direction of r-lactate formation
(Dietrich et al. 2009). There have been recurrent reports
of such irreversible behaviour by bacterial lactate dehy-
drogenases over many years (Garvie 1980; Freier and
Gottschalk 1987; Contag et al. 1990; Wyckoff et al.
1997). Superficially, this implies a thermodynamic para-
dox that is not usually discussed. Enzymes can only
affect the speed of attainment of equilibrium, not the
position of equilibrium. How then can they behave
irreversibly? However, it is only at equilibrium that the
rate of reaction in one direction must unequivocally be
balanced by an equal rate of reaction in the opposite
direction, and this carries no implication with regard to
the relative rates in either direction under initial-rate
conditions—i.e. with no products present. Jencks (1975)
and Cornish-Bowden (1995) have discussed the feasibil-
ity of enzymes acting irreversibly in this sense, and it
was this apparent feature of C. glutamicum LDH that
directed us to a closer study of the enzyme. In this
report, however, we find that there are measurable rates
in both directions in the absence of products—rates that
are augmented to similar extents by the presence of Fru-
1,6-P,. In the absence of this allosteric activator, the
reaction with lactate shows strong positive cooperativity
(h =2.2) and Sps of 533 mM, 7 times higher than the
K., in its presence.

Furthermore, we demonstrate that, despite the high K,
for lactate, constitutive expression of this NAD'-depen-
dent enzyme in a C. glutamicum host deficient in NAD™-
independent lactate dehydrogenase enables this (//dD™)
strain to grow on L-lactate as the sole carbon source. To our
knowledge, this is the first time that complementation of
this kind has been seen.
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Materials and methods

Bacterial strains, growth conditions, plasmids,
oligonucleotides, chemicals and reagents

The bacterial strains, plasmids and oligonucleotides used in
this study are listed in Table 1. C. glutamicum strains were
grown aerobically (250 r.p.m.) at 34°C in Brain Heart
Infusion (BHI) rich medium (Difco) or in CGXII chemi-
cally defined medium (Keilhauer et al. 1993) containing
0.2 mg biotin L™" and either 1% (w/v) glucose, or 1%
(w/v) L-lactate. Growth was followed by measuring the
ODggo with a Beckman DU 7400 spectrophotometer.
Time-course experiments were performed as follows:
C. glutamicum strains were grown overnight in BHI
medium. Cells were concentrated by centrifugation and
re-suspended in CGXII medium at an initial ODgyy of 1.
Samples were taken every hour, and experiments were
done in triplicate. Escherichia coli strains (TG1 and TG1
AldhA) were grown aerobically at 37°C in Luria—Bertani
medium (1% tryptone, 1% NaCl, 0.5% yeast extract).
Antibiotics used were kanamycin (25 pg mL™"), chlor-
amphenicol (10 pg mL™") and ampicillin (100 pg mL™").
IPTG was used at a 0.1-mM final concentration. Tryptone
and yeast extract were purchased from Formedium, sodium
phosphate mono-basic from Aldrich and di-basic from
Lancaster Chemicals, with Trizma base being obtained
from Sigma, and glycine from Fisher. Riedel-de Haén was
the source of ammonium sulphate. Oxidised and reduced
dinucleotide coenzymes were sourced from Apollo Scien-
tific and were of at least 98% purity, while sodium L-lactate
and p-fructose- 1,6-bisphosphate were obtained from Fluka,
with pyruvate (sodium salt) coming from Sigma.

DNA isolation, manipulation and transfer

All the molecular biology procedures used in this study
were described by Sambrook et al. (1989) and Merkamm
and Guyonvarch (2001). C. glutamicum and E. coli cells
were transformed by electroporation as described by
Bonamy et al. (1990). PCR experiments were carried out
with either Tag DNA Polymerase (Promega) or High
Fidelity PCR enzyme mix (Fermentas) and a GeneAmp
PCR System 2700 thermocycler (Applied Biosystems).
Restriction endonucleases were from New England
Biolabs, T4 DNA ligase was purchased from Promega, and
oligonucleotide primers were synthesised by MWG-
Biotech.

Overexpression of the C. glutamicum Idh gene

The open reading frame of Idh was amplified from genomic
DNA using oligonucleotides 1dh-34 and 1dh-36 (Table 1)
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Table 1 Strains, plasmids and oligonucleotides used in this study

Strain or plasmid Relevant characteristics References
E. coli
TG1 F'[traD36, proAB, lacl%, lacZAM15] supE, thi-1, Lucigen
A(lac-proAB), A(mcrB-hsdSM)S, (rgmg)
TG1 AldhA F'[traD36, proAB, lacl4, lacZAM15] supE, thi-1, This study

C. glutamicum
RES167
RES167::pMM29
RES167::pAG1001

Plasmids

A(lac-proAB), A(mcrB-hsdSM)5, (rgmg), AldhA

Wild type, restriction deficient mutant of ATCC13032
Idh~ insertion mutant, Km"

lldD™ insertion mutant, Km"

Dusch et al. (1999)
Dietrich et al. (2009)
This study

pCR2.1-TOPO Cloning vector for PCR products, Ap’, Km" Invitrogen
pKK388-1 Expression vector carrying the frc¢ promoter Brosius (1988)
pCGL482 E. colilC. glutamicum shuttle vector, Cm" control Salim et al. (1997)
pKOV Vector for making deletion mutants in E. coli, Km" Link et al. (1997)
pMM29 pCR2.1-TOPO with a 355-bp Idh fragment, Km" Dietrich et al. (2009)
pAG1001 pCR2.1-TOPO with a 370-bp lldD fragment, Km" This study
pAG1036 pKK388-1 with the open reading frame of /dh, Amp" This study
pAG1037 pCGL482 with the Ptrc-ldh fragment from pAG1036, Cm', This study
ldh over-expression
Oligonucleotides Sequence (5" — 3') Purpose
1dh-34 tttttcatgaaagaaaccgteggt C. glutamicum Idh cloning
1dh-36 ttttcccgggttagaagaactgettctg C. glutamicum ldh cloning
1dhA-No aaggaaaaaagcggccgegeagaatcaagttctaccgtge E. coli ldhA knockout
1dhA-Ni cacgcaataaccttcacactccaaatttataaccataagactttctccagtgatgttgaatcac E. coli ldhA knockout
1dhA-Co cgcacgcatgtcgactgtctgttttgeggtege E. coli ldhA knockout
1dhA-Ci gttataaatttggagtgtgaaggttattgcgtgtaatcttgeecgetecect E. coli IdhA knockout
11d-1 ccgcgaaatctectacggee C. glutamicum [lldD disruption
11d-2 ccgtcgacgecttggtcgag C. glutamicum [lldD disruption

and digested with BspHI and Xmal. The digestion product
was cloned into the Ncol and Xmal sites of the E. coli
expression vector pKK388-1 to create pAG1036. The
identity of the cloned gene was confirmed by DNA
sequencing (MWG-Biotech, Germany). To overexpress the
ldh gene in C. glutamicum, pAG1036 was digested with
BamHI. The resulting Ptrc-ldh fragment was cloned into
the BamHI site of the E. coli-C. glutamicum shuttle vector
pCGLA482 to create pAG1037. This plasmid was used to
express the Idh gene constitutively in C. glutamicum as no
regulation by Lacl occurs in this background.

Creation of a knockout E. coli expression strain

E. coli genomic DNA was used as the template in two
separate  PCR reactions to amplify ~500-bp regions
flanking the IdhA ORF using the primer combinations 1dh-
No/ldh-Ni and 1dh-Co/ldh-Ci (listed in Table 1). The
products were gel purified, combined and used as the

template for a crossover PCR reaction using the primer
combination 1dh-No/lIdh-Co. The resultant 1,069-bp con-
struct corresponds to the E. coli genome at the IdhA locus
except that the /dhA ORF is replaced by an in-frame 36-bp
synthetic ORF encoding a 12-residue peptide (MVINLE-
CEGYCYV). This construct was cloned into the Notl and
Sall sites of the deletion vector pKOV and was used for the
in-frame deletion of the entire IdhA ORF from E. coli TG1
according to the method of Link et al. (Link et al. 1997).

Construction of a C. glutamicum lldD mutant

Disruption of the C. glutamicum Idh gene was previously
described by Dietrich et al. (2009). To disrupt the chro-
mosomal [ldD gene (cg3227), an internal /ldD fragment
was amplified by PCR using primers Lld-1 and Lld-2.
Chromosomal C. glutamicum DNA was used as template.
PCR products were purified using the High Pure PCR
Product Purification Kit (Roche Diagnostics). The purified
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356-bp PCR fragment was cloned into the pCR2.1-TOPO
cloning vector to create pAG1001. Plasmid pAG1001 was
introduced into C. glutamicum by electroporation. Kana-
mycin-resistant transformants were the result of chromo-
somal integration by single crossover events, as verified by
Southern blotting. Inactivation of the lldD gene was con-
firmed by the absence of LLD activity (Kato et al. 2010) in
the membrane fraction of the RES::pAG1001 strain.

Overexpression of CgLDH

PAG1036 was introduced into the E. coli strain TG1AldhA
and cultured on LB agar containing 100 pg mL~" ampi-
cillin. A single colony was used to inoculate 5 mL sterile
LB medium (1% tryptone, 1% NaCl, 0.5% yeast extract)
containing 100 pug mL~" ampicillin, which was grown
overnight at 37°C. One millilitre of this pre-culture was
used to inoculate 500 mL fresh growth medium, and this
was grown at 30°C to an ODgg of ~0.6-0.8 before being
induced with 1 mM isopropyl-f-D-thio-galactopyranoside
(IPTG; Melford Laboratories, UK). Cells were harvested
following growth overnight at 30°C.

Purification of CgLDH

Cells overexpressing CgLDH were harvested by centrifu-
gation and broken in 10 mM sodium phosphate buffer, pH
7.5 using a Sonicator® Ultrasonic Processor XL (Misonix,
Farmingdale NY). The lysed suspension was then centri-
fuged at 23,500x g for 20 min at 4°C and the supernatant
precipitated with 70% ammonium sulphate. The resultant
pellet was resuspended in 10 mM sodium phosphate buf-
fer, pH 7.0 (Buffer A) and dialysed overnight against three
changes of 500 mL of the same buffer before being applied
to a Blue Sepharose dye-affinity chromatography column.
The flow-through (having CgLDH activity) was loaded
onto a Q-Sepharose™ Fast Flow anion-exchange column
equilibrated with Buffer A. Non-binding proteins were
removed from the column using Buffer A, and CgLDH was
eluted with a 0-0.5 M NaCl gradient in the same buffer.
After precipitation in 70% saturated ammonium sulphate
followed by dialysis into Buffer A, protein was applied to a
second dye-affinity chromatography column (Procion Red
HE-3B immobilised on Sepharose CL-6B). Purified
CgLDH (from the flow-through of the Procion Red col-
umn) was stored at 4°C in 70% ammonium sulphate.

Determination of the pH profile of CgLDH
Assays were carried out at 25°C in a mixed buffer con-
sisting of sodium phosphate, Trizma and glycine, each at a

final concentration of 50 mM. The pH was adjusted to the
desired value with NaOH or HCI following the addition of
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pyruvate or L-lactate. For reactions in the direction of
pyruvate formation, L-lactate concentration was fixed at
200 mM and NAD™ at 1.0 mM, while reactions in the
opposite direction were carried out in the presence of fixed
amounts of 2.5 mM pyruvate and 0.3 mM NADH.

Determination of kinetic parameters

Assays were carried out at 25°C in 0.1 M sodium phos-
phate buffer (pH 7.5), and changes in NADH concentration
were monitored via the change in absorbance at 340 nm in
a 1-cm cuvette using a Cary 50 UV-Vis spectrophotometer
(Varian Inc., Palo Alto CA). The absorbance change
was converted into units of enzyme activity (umol
min~' mg~") taking the extinction coefficient of NADH to
be 6.22 mM ' cm™'. Assays performed at high NADH
concentrations were monitored at 370 or 380 nm, and the
rates adjusted by factors of 2.27 or 4.75, respectively, to
take account of the lower extinction coefficient of NADH
at these wavelengths. Reactions were usually started by the
addition of 10 pL of coenzyme, bringing the total reaction
volume to 1 mL. The concentration of purified enzyme was
determined spectrophotometrically at 280 nm using a
calculated extinction coefficient of 32,890 cm ' M!
(ProtParam tool Gasteiger et al. 2003).

The kinetic parameters were determined from initial-
rate measurements by varying the concentration of one
substrate over a wide range while maintaining the other at
near-saturating levels. For reactions using lactate as a
substrate, L-lactate concentration was varied from 1 to
250 mM at a fixed concentration of 1 mM NAD™', and
NAD™ concentration was varied from 0.007 to 3.0 mM
with 200 mM L-lactate. In reactions where pyruvate was a
substrate, pyruvate was varied from 0.15 to 13.5 mM at a
fixed concentration of 0.6 mM NADH, and NADH was
varied from 0.006 to 0.6 mM in 2.5 mM pyruvate. In all
cases, the concentration of Fru-1,6-P, in the reaction cuv-
ette was 2.0 mM. Unless otherwise stated, 10 pL enzyme
(in 0.01 M sodium phosphate buffer, pH 7.0) and 10 pL of
200 mM Fru-1,6-P, (in water) were combined in the cuv-
ette before the addition of buffer/substrate solution, prior to
the addition of the coenzyme to start the reaction.

Assays without the activator Fru-1,6-P, were usually
carried out over an extended substrate range in order to
obtain reliable initial-rate measurements that could be used
to extract the kinetic parameters. Fixed substrate concen-
trations were the same as for reactions containing Fru-1,6-P,.

Time course of enzyme activation
by p-fructose-1,6-bisphosphate

CgLDH was added to a reaction mixture consisting of
0.1 M sodium phosphate, pH 7.5, and 2 mM Fru-1,6-P,
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containing either 200 mM L-lactate or 2.5 mM pyruvate,
thermo-equilibrated at 25°C. Aliquots of 990 pL were
withdrawn immediately following enzyme addition and
mixing, and at time intervals thereafter, and transferred to
cuvettes containing 10 pL of the appropriate coenzyme for
assay (final concentrations of 1 and 0.6 mM for NAD™" and
NADH, respectively). Enzyme activity was also measured
prior to the addition of Fru-1,6-P, to the assay buffer in
order to determine non-activated rates.

Results

Cloning of the C. glutamicum Idh ORF and E. coli TG1
AldhA preparation

Automated DNA sequencing (carried out by MWG-Bio-
tech) confirmed that the cloned open reading frame was
100% identical to the reported sequence of the Idh gene
from Corynebacterium glutamicum ATCC 13032 (gene
locus ¢g3219). It has been inserted into the bacterial
expression vector pKK388-1 under the control of a lac-
inducible trc promoter (to give the plasmid pAG1036), so
that translation begins from the native start codon of the
C. glutamicum Idh gene.

The in-frame deletion of the p-lactate-specific IdhA gene
from E. coli TG1 has been confirmed by colony PCR using
the 1dhA-No and 1dhA-Co primers, where a PCR product of
1,069 bp is indicative of gene deletion. Using the same
PCR conditions, a product of 2,020 bp is expected if the
gene has not been replaced. Of 36 colonies chosen at
random following the knockout experiment, 11 gave the
shorter PCR product (result not shown). A AldhA clone and
a wild-type E. coli TGl clone were chosen for further
analysis, in which cell-free extracts from overnight cultures
of each in LB medium were assayed spectrophotometri-
cally for LDH activity. Both clones showed an LDH-
independent decrease in NADH absorption in the absence
of pyruvate. This background was identical in the AldhA
strain in the presence of 2.5 mM pyruvate (indicating a
successful gene deletion), while the activity of the wild-
type strain with pyruvate was more than double its back-
ground rate. The assays were carried out at 25°C in 0.1 M
sodium phosphate buffer, pH 7.5, in the presence of
0.3 mM NADH and 2 mM Fru-1,6-P5.

Overexpression and purification of CgLDH

The aforementioned purification procedure yielded
approximately 3 mg of pure CgLDH as judged by SDS-
PAGE (result not shown) from 500 mL of bacterial culture.
This represented a yield of about 10% of the total LDH
activity in the crude extract.

Kinetic parameters of CgLDH

The kinetic parameters of CgLDH at pH 7.5 are summa-
rised in Table 2. Over the broad ranges of substrate con-
centration tested (90- to 430-fold, depending on the
substrate), CgLDH gave straightforward Michaelis—Men-
ten kinetics in the presence of Fru-1,6-P, (see Fig. 1).
Some substrate inhibition was seen at higher concentra-
tions for NADH, pyruvate and lactate, and so the data
points for calculating the kinetic parameters were chosen to
avoid this inhibition. The effect of Fru-1,6-P, is pro-
nounced, resulting in an increase in activity of 17-fold at
2.5 mM pyruvate, and 20-fold at 200 mM L-lactate. Aside
from generating a rate increase, the activation of CgLDH
by Fru-1,6-P, brings about a dramatic change in behaviour
towards L-lactate—from apparent positive cooperativity in
its absence (h = 2.2), with a very high Sys, to classical
Michaelis—Menten behaviour when it is present. This
cooperative behaviour may account for the failure of
Dietrich et al. (2009) to detect activity towards L-lactate,
as no mention is made in their publication of adding
Fru-1,6-P, to reactions in this direction.

pH activity profiles of CgLDH

CgLDH activity has been determined in both directions in
the presence of Fru-1,6-P,; over the pH range 6.0-9.5 for
the oxidation of L-lactate and from pH 5.5-9.0 for the
reduction of pyruvate, both at half-unit intervals (Fig. 2).
For the reduction of pyruvate under our assay conditions,
the smooth curves indicate a pH optimum between pH 6.5
and 7.0, in agreement with the previous report (Dietrich
et al. 2009). The pH optimum for L-lactate oxidation is
higher—between 8.0 and 8.5. Fixed substrate concentra-
tions were near-saturating, and a mixed buffer was used to
avoid buffer-specific effects.

Time course of activation
by p-fructose-1,6-bisphosphate

When CgLDH is introduced to buffer containing L-lactate
or pyruvate and Fru-1,6-P, at the final reaction concen-
trations (enzyme never encounters more than 2 mM Fru-
1,6-P,), full activation of the enzyme takes 10—15 min (at
25°C) depending on the direction of the reaction. For the
reduction of pyruvate under the conditions tested, the
activated rate is approximately 424 pmol min~' mg~'
(compared to a non-activated rate of 93 pumol min~' mg~")
and T, for the activation is ~2.7 min. For lactate oxida-
tion, the rate of the activated enzyme is approximately
40 pmol min~' mg™', and the T, for activation
is ~0.3 min (the rate is 2.6 pmol min~' mg™' without
Fru-1 ,6-P2).
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Table 2 Kinetic constants for purified recombinant CgLDH obtained in the current study

0 mM Fru-1,6-P,

2 mM Fru-1,6-P,

K., (mM) Vinax (mol min~! mgfl) K., (mM) Vinax (umol min~! mgfl)
L-lactate *533 £ 27 253+ 1.2 73.9 £ 39 827+ 24
h=22
NAD* 0.82 + 0.09 4.68 + 0.21 0.202 £ 0.003 64.6 + 0.3
Pyruvate 7.35 + 0.42 118 £ 2 0.85 + 0.07 777 £ 34
NADH 0.674 £ 0.097 133 £ 10 0.158 £ 0.003 641 £5

Parameters were measured at 25°C at pH 7.5 in 0.1 M sodium phosphate buffer; Apparent K, and V., values were determined using the
Wilkinson method (Wilkinson 1961), and Hill coefficient (%) and apparent Sy s (indicated with an asterisk) by nonlinear curve fit to the Hill

equation
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Fig. 1 Graphs of CgLDH activity with increasing substrate concen-
tration for all four substrates, demonstrating a good fit in all cases to
the Michaelis—Menten equation with 2 mM fructose-1,6-bisphosphate
in the reaction mixture (open circles). The quality of the fit for lactate
(R* = 0.998) and pyruvate (R* = 0.993) is not so apparent owing
to the abscissa scale needed to visualise data generated without
the effector for these substrates. In the absence of fructose-1,6-

Effect of ldh over-expression on C. glutamicum growth

In order to test the effect of /dh over-expression on L-(+)-
lactate consumption, strains RES167 (wild type), RES167::
pPMM?29 (Idh minus strain) and RES167::pAG1001 (lldD
minus strain) were transformed either with pCGL482 (con-
trol) or pAG1037 (ldh over-expression). The transformed
strains were cultivated on minimal medium with either 1%
glucose or 1% L-(+4)-lactate as carbon sources. The LDH and
LLD activities were measured for all strains in both
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[NADH] (mM)

bisphosphate (closed circles), lower reaction rates are observed with
all substrates, and sigmoidal behaviour towards L-lactate is seen.
Reactions were carried out in 0.1 M sodium phosphate buffer, pH 7.5,
at 25°C as described in the “Methods” section. Nonlinear regression
fit to rectangular hyperbolae and to the Hill equation was performed
using SigmaPlot 8.0

conditions (Table 3). Overexpression of /dh from pAG1037
and the absence of /ldD expression in the [[dD™ strain were
confirmed. As seen in Fig. 3, all the strains exhibited quite
similar growth behaviour on glucose as expected. On L-(+)-
lactate, strains WT (control), WT (Idh over-expr.), ldh™
(control), Idh™ (Idh over-expr.) grew and lldD™ (control) did
not, as expected (Fig. 3). Surprisingly, lldD~ (Idh over-
expr.) grew perfectly. To ensure that this phenotypic com-
plementation was not due to an unexpected additional
mutation, ten I[IdD~ (Idh over-expr.) clones obtained from
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Fig. 2 Graphs of CgLDH activity at different pH values. With lactate
as the substrate, initial concentrations were 200 mM L-lactate and
1 mM NAD™. Substrate concentrations for the reverse reaction were
2.5 mM pyruvate and 0.3 mM NADH. Both sets of reactions were
carried out in a mixed buffer at 25°C in the presence of 2 mM
fructose-1,6-bisphosphate as described in the “Methods” section

two independent transformation experiments were tested.
All exhibited the same growth behaviour on L-lactate. This
clearly indicates that constitutive overexpression of Idh
complements an /ldD deficiency. This also indicates that the
CgLDH enzyme can function in vivo to convert lactate to
pyruvate. In addition, this experiment revealed that a yet
unidentified L-lactate transporter should exist in C. glutam-
icum, as L-lactate should be in the protonated form at pH 7
and is unlikely to enter cells freely in that form, and as no
protein with consistent similarity to the well-characterised
L-lactate transporters LIdP and GIcA from E. coli (Nuiiiez
et al. 2001) was found in the C. glutamicum genome.

Discussion

Fructose-1,6-bisphosphate-activated L-(4)-LDHs are usu-
ally reported to be unidirectional, often requiring a high

concentration of L-lactate in highly alkaline conditions, or
use of an NAD™ analogue to detect even low levels of
activity in this direction (Garvie 1980; Bryant 1991). Many
such LDHs also show no activity, even with pyruvate, in
the absence of Fru-1,6-P, (Garvie 1980; Sommer et al.
1985; Williams and Andrews 1986; Wyckoff et al. 1997).
CgLDH, on the other hand, is active in both directions in
the absence of Fru-1,6-P,, and each direction of reaction
shows a similar increase in rate when 2 mM Fru-1,6-P; is
present. This holds not only for recombinant CgLDH
purified from E. coli, but also for CgLDH extracted from C.
glutamicum when the protocol for activity determination
that has been developed in this study is applied. A lag in
Fru-1,6-P, activation is avoided if the enzyme is pre-
incubated with this ligand—a scenario observed previously
for the LDHs from Staphylococcus epidermidis and
Streptococcus lactis (Gotz and Schleifer 1978; Hardman
et al. 1985).

We have found four other instances in the literature
where Fru-1,6-P,-activated L-(+)-LDHs have been shown
to be reversible (Crow and Pritchard 1977; Taguchi et al.
1985; Wrba et al. 1990; Ozkan et al. 2004). The first is
LDH from Streptococcus lactis where the authors mention
K, values but no rates of reaction. The other three enzymes
are from thermophilic organisms—Thermus caldophilus,
Thermotoga maritima and Clostridium thermocellum,
respectively, the first two of which are reported to have
measurable rates in each direction that are augmented by
the presence of Fru-1,6-P,. The third group reported ‘no
marked catalytic activity’ with lactate as substrate when
assaying their enzyme in the absence of Fru-1,6-P;,
although it is not clear at what temperature or pH they
carried out their kinetic analysis to determine K, and V.«
values that are broadly similar to those found here for
CgLDH at 25°C. Another difference is that C. thermocel-
lum LDH shows positive cooperativity with L-lactate (in
the presence of Fru-1,6-P,), whereas we show here that
while C. glutamicum LDH is cooperative with this sub-
strate in the absence of Fru-1,6-P, (Hill coefficient of 2.2),
it displays straightforward Michaelis—-Menten Kkinetics
when the ligand is present. Interestingly, the 7. caldophilus
and C. thermocellum LDHs displayed a severe substrate
inhibition by pyruvate at concentrations above 1 mM in the
presence of Fru-1,6-P,—a phenomenon not seen for
CgLDH (where only moderate inhibition is seen at higher
concentrations).

The K, of CgLDH for pyruvate of 0.85 mM in
comparison to a K, for rL-lactate of 73.9 mM suggests
that the enzyme functions in vivo to convert pyruvate to
lactate. Nevertheless, we have clearly demonstrated in
this study that CgLDH can also function in vivo in the
reverse direction when constitutively overexpressed. We
conducted a pH survey for the activity of CgLDH which
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Table 3 LDH- and LLD-specific activities from C. glutamicum cultures grown on glucose or L-lactate

Strain Glucose L-lactate

LDH activity LLD activity LDH activity LLD activity
WT (control) 31401 0.72 + 0.02 0.30 &+ 0.02 436 + 0.26
WT (Idh over-expr.) 123 £ 0.3 0.74 £+ 0.02 8.95 £ 0.17 4.56 + 0.31
Idh™ (control) 0.01 £ 0.005 0.7 £ 0.02 0.01 % 0.005 4.19 £ 0.19
Idh™ (ldh over-expr.) 8.54 £0.12 0.71 £ 0.01 7.12 £ 05 431 +£0.24
lldD™ (control) 321 £0.25 0.01 £ 0.001 ND ND
lldD™ (ldh over-expr.) 11.6 £ 0.6 0.01 £ 0.002 9.02 £+ 0.38 0.02 £+ 0.002

Cells were harvested in mid-exponential phase. LDH activities are expressed as (umol NADH oxidised) min~! (mg protein)’1 and LLD
activities as (umol DCPIP reduced) min~! (mg protein)fl, Activities were not measurable (ND) for /ldD~ (control) cultures on lactate because of

the absence of growth

Fig. 3 Growth of C.
glutamicum on glucose or
L-lactate. Wild-type (open
squares), ldh™ (open triangles)
and [lldD™ (closed circles)
strains of C. glutamicum
transformed with a plasmid for
the constitutive expression of
CgLDH or an empty-vector
control were grown in
Erlenmeyer flasks from 0Dgg
1.0 on minimal medium
containing either glucose or
L-lactate as the sole carbon
source. Comparison of panels
¢ and d (L-lactate cultures)
clearly shows that plasmid-
borne constitutive expression of
NAD"-dependent CgLDH is a
functional replacement for
NAD*-independent LLD
(encoded by [/ldD), enabling the
lldD™ strain to grow on
L-lactate. Graphs shown are the
result of three independent
experiments

shows that the pH optimum for lactate formation is
between 6.5 and 7.0. The pH optimum for the conversion
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activity.

of L-lactate to pyruvate is higher (between 8.0 and 8.5),

but there is still considerable activity at neutral pH
owing to a shoulder in the profile. The intracellular pH
of C. glutamicum has been measured to vary between pH
7.7-8.3 during batch- and fed-batch culture (Leyval et al.
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