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Abstract
NAD-dependent D-lactate dehydrogenases (D-LDHs) reduce pyruvate into D-lactate with oxidation of NADH into
NAD+. Although non-allosteric D-LDHs from Lactobacilli have been extensively studied, the catalytic properties of
allosteric D-LDHs from Gram-negative bacteria except for Escherichia coli remain unknown. We characterized the
catalytic properties of D-LDHs from three Gram-negative bacteria, Fusobacterium nucleatum (FNLDH), Pseudomonas
aeruginosa (PALDH), and E. coli (ECLDH) to gain an insight into allosteric mechanism of D-LDHs. While PALDH and
ECLDH exhibited narrow substrate specificities toward pyruvate like usual D-LDHs, FNLDH exhibited a broad substrate
specificity toward hydrophobic 2-ketoacids such as 2-ketobutyrate and 2-ketovalerate, the former of which gave a
2-fold higher kcat/S0.5 value than pyruvate. Whereas the three enzymes consistently showed hyperbolic shaped
pyruvate saturation curves below pH 6.5, FNLDH and ECLDH, and PALDH showed marked positive and negative
cooperativity, respectively, in the pyruvate saturation curves above pH 7.5. Oxamate inhibited the catalytic reactions of
FNLDH competitively with pyruvate, and the PALDH reaction in a mixed manner at pH 7.0, but markedly enhanced the
reactions of the two enzymes at low concentration through canceling of the apparent homotropic cooperativity at
pH 8.0, although it constantly inhibited the ECLDH reaction. Fructose 1,6-bisphosphate and certain divalent metal ions
such as Mg2+ also markedly enhanced the reactions of FNLDH and PALDH, but none of them enhanced the reaction
of ECLDH. Thus, our study demonstrates that bacterial D-LDHs have highly divergent allosteric and catalytic properties.
Keywords: Allosteric regulation; NAD-dependent D-lactate dehydrogenase; Gram-negative bacteria; Escherichia coli;
Fusobacterium nucleatum; Pseudomonas aeruginosa

Introduction
NAD-dependent D- and L-lactate dehydrogenases (D-LDH,
EC 1.1.1.28; and L-LDH, EC 1.1.1.27) reduce pyruvate to
D- and L-lactate, respectively, with oxidization of NADH
into NAD+, and act at the last step of the glycolytic pathway
under anaerobic conditions (Holbrook et al. 1975). Although both types of enzymes catalyze identical reactions
except for the distinct chirality of the lactate product, they
are evolutionarily distinct from each other (Taguchi and
Ohta 1991; Bernard et al. 1991; Kochhar et al. 1992). DLDHs belong to a large D-2-hydroxyacid dehydrogenase
(D-HydDH) superfamily, which comprises various kinds of
D-isomer dehydrogenases such as the D-glycerate (Greenler
et al. 1989; Goldberg et al. 1994), D-3-phosphoglycerate
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(Tobey and Grant 1986; Grant 1989), D-2-hydroxyglutarate
(Buckel and Barker 1974; Martins et al. 2005), and D-2hydroxyisocaproate (Lerch et al. 1989; Dengler et al. 1997)
dehydrogenases, and even non- D-HydDHs such as the
formate (Vinals et al. 1993; Lamzin et al. 1994; Popov and
Lamzin 1994), phosphite (Costas et al. 2001; Woodyer
et al. 2005), and L-alanine (Baker et al. 1998; Tripathi and
Ramachandran 2008) dehydrogenases. Although these enzymes possess highly divergent primary sequences, their
tertiary structures are very similar to one another.
In the case of L-LDHs, it is known that allosteric types
of the enzyme are widely distributed in bacteria including
Lactobacilli (Garvie 1980). These enzymes commonly
require fructose 1,6-bisphosphate (FBP) to exhibit high
catalytic activity, and usually exhibit sigmoidal shaped
substrate saturation curves unless FBP is present.
L-LDHs generally have tetrameric structures comprising
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four identical subunits, and allosteric L-LDHs undergo
cooperative structural changes in the substrate and FBP
binding sites through quaternary structural changes
(Iwata et al. 1994; Arai et al. 2010). On the other hand,
no allosteric property has been reported for Lactobacillus D-LDHs. The Lactobacillus D-LDHs consistently
have a dimeric structure comprising identical subunits,
and exhibit hyperbolic shaped saturation curves for
substrate pyruvate. Interestingly, it was reported that
D-LDH from E. coli exhibits a sigmoidal pyruvate saturation curve, which is changed to the hyperbolic one by
2-ketobutyrate (Tarmy and Kaplan 1968). The reported
results of size-exclusion chromatography suggested that
this enzyme has a homotetrameric structure, although
the detailed catalytic properties and 3D structure of the
enzyme remain unknown. Beside the D-LDH from E. coli,
the D-3-phosphoglycerate dehydrogenases (D-PgDHs)
from some bacteria, such as E. coli (Tobey and Grant
1986; Grant 1989; Schuller et al. 1995) and Mycobacterium tuberculosis (Dey et al. 2005), are only known as allosteric and homotetrameric enzymes in the D-HydDH
superfamily.
In this paper, we describe the detailed biochemical
analysis of allosteric D-LDHs from three Gram-negative
bacteria; Fusobacterium nucleatum subsp. nucleatum, an
obligate anaerobe; Pseudomonas aeruginosa, an obligate
aerobe; and E. coli, a facultative anaerobe, demonstrating
that bacterial D-LDHs have highly divergent catalytic
properties.
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into pCold I (TaKaRa Bio). E. coli Rosetta2 (DE3)
(Merck Millipore, Darmstadt, Germany) was transformed using the constructed plasmids and cultured at
37°C in 2 × YT medium (1.6% tryptone, 1.0% yeast extract and 0.5% NaCl) containing 100 μg/ml ampicillin.
After the optical density of the culture at 600 nm (OD600)
had reached 0.6, protein expression was induced using
0.5 mM isopropyl-β-1-D-thiogalactopyranoside at 15°C
overnight. The harvested cells were lysed by sonication in
50 mM HEPES-NaOH buffer (pH 8.0) containing
150 mM NaCl and 10 mM imidazole on ice. After each
sample had been centrifuged at 27,000 × g, the supernatant was applied to HisTrap FF crude column (5 ml)
(GE Healthcare, Buckinghamshire, UK), and was then
eluted with a linear gradient of 10–250 mM imidazole.
After dialysis against 50 mM HEPES-NaOH buffer
(pH 8.0), the protein solution was further purified using a
UnoQ column (Bio-Rad Laboratories, California, USA).
The target protein was eluted with a linear gradient of
0–300 mM NaCl. The buffer for FNLDH and ECLDH was
changed to 5 mM HEPES-NaOH buffer (pH 8.0), and the
buffer for PALDH to 5 mM sodium acetate buffer
(pH 5.0) using Amicon Ultra 30,000 molecular weight
cut-off (Merck Millipore). The concentrations of FNLDH,
PALDH, and ECLDH were determined spectrophotometrically at 280 nm using theoretical extinction coefficients
of 24,215, 19,285, and 17,140 M−1 cm−1, respectively (Pace
et al. 1995).
SDS-PAGE

Materials and methods
Cloning, expression, and purification

Genomic DNA of F. nucleatum subsp. nucleatum JCM14847
(=ATCC25586) and P. aeruginosa JCM8532 (=PAO1)
was purchased from the Riken BioResource Center
(Japan). Genomic DNA of E. coli BL21(DE3) was isolated by ISOGEN (NIPPON GENE, Tokyo, Japan). The
genes encoding the FN0511 (FNLDH), PA0927 (PALDH),
and ECD_01352 (ECLDH) proteins (Genbank accession
numbers: AAL94707.1, AAG04316.1, and ACT43236.1,
respectively) were amplified via PCR using genomic
DNA as templates. The primer pairs used were, 5′CGCTCGAGATGCAAAAAACTAAGATAATATTTTT
TG-3′ and 5′-GGGATCCATTTATTGATTTTGTGGA
ACTTC-3′ for the fn0511 gene, 5′-CGCATATGCGCA
TCCTGTTCTTCAGCAG-3′ and 5′- CGGGATCCTC
AGGCCCGGACCCGATTG-3′ for the pa0927 gene,
and 5′-CGCATATGAAACTCGCCGTTTATAGC-3′ and
5′-CGGGATCCTTAAACCAGTTCGTTCGGGC-3′ for
the ecd_01352 gene. The amplified fn0511, pa0927, and
ecd_01352 genes were inserted into T-vector pMD20
(TaKaRa Bio, Shiga, Japan). After purification of the plasmids carrying these genes, the plasmids were digested
with restriction enzymes and the genes were inserted

The pufiried enzymes were separated on a 11% (w/v) SDSpolyacrylamide gel (Laemmli 1970). Approximately 5 μg of
the enzymes were loaded as 5% (v/v) glycerol solutions
containing 1% (w/v) SDS, 2.5% (v/v) β-mercaptoethanol
and 0.05% bromophenol blue. Precision Plus Protein
Unstained Standards (Bio-Rad Laboratories) was used
as molecular weight markers. Proteins were stained
with Coomassie Brilliant Blue.
Enzyme assay

Enzyme activity was determined by measuring the reduction of the absorbance at 340 nm derived from NADH for
1 minute. The reactions were performed at 30°C in various 50 mM buffers containing 0.1 mM NADH and a substrate. The data that showed significant cooperative effects
of the substrate were interpreted using the Hill equation
(Equation 1) (Dixon and Webb 1979).


ð1Þ
ðv−vmin Þ=k cat ¼ ½SnH = ½SnH þ S0:5 nH
where v is the reaction velocity, [S] the ligand concentration, such as pyruvate, FBP, or Mg2+, kcat the turnover
rate of catalysis, vmin the reaction velocity with no ligand,
S0.5 the half-saturation concentration of a ligand, and nH
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the Hill coefficient. Kinetic parameters were obtained by
curve fitting of the data with KaleidaGraph ver 3.51. The
data that indicated significant substrate inhibition were
interpreted using the equation for substrate inhibition
(Equation 2) (Eszes et al. 1996).

v=k cat ¼ ½S= ½S þ S0:5 þ ½S2 =K I
ð2Þ
where Ki is the inhibition constant. The kinetic parameters
for oxamate at pH 7.0 were calculated by curve fitting of
the data with GraFit version 7.0.3. The data that indicated
significant competitive-type and mix-type inhibition
were interpreted using the equation for competitivetype (Equation 3) and mix-type inhibition (Equation 4),
respectively.
v=k cat ¼ ½S=ðK m ð1 þ ½I=K I Þ þ ½SÞ

ð3Þ

v=k cat ¼ ½S=ðK m ð1 þ ½I=K I Þ þ ½Sð1 þ ½I=K I ’Þ

ð4Þ

where Km is the Michaelis constant, and Ki’ the inhibition constant. The data of oxamate inhibition for
FNLDH, PALDH, and ECLDH at pH 8.0 were interpreted using the equation for competitive-type (Equation 5),
mix-type (Equation 6), and non-competitive-type
(Equation 7) inhibition of allosteric enzyme, respectively.


v ¼ ½SnH = K m nH ð1 þ ½I=K I Þ þ ½SnH



ð5Þ
 k cat þ k cat ’½InH’ = ½InH’ þ K act nH’


v ¼ ½SnH = K m nH ð1 þ ½I=K I Þ þ ½SnH ð1 þ ½I=K I ’Þ



 k cat þ k cat ’½InH’ = ½InH’ þ K act nH’

v ¼ k cat ½SnH =





K m nH þ ½SnH ð1 þ ½I=K I Þ



ð6Þ
ð7Þ

where kcat’ is the turnover rate of catalysis in the presence
of oxamate, Kact the half-saturation concentration of oxamate for activation, and nH’ the hill coefficient for oxamate.

NaCl. HEPES-NaOH (pH 8.0) was used for FNLDH
and ECLDH, and sodium acetate buffer (pH 5.0) for
PALDH. Ovalbumin (44 kDa), conalbumin (75 kDa), aldolase (158 kDa), ferritin (440 kDa), and thyroglobulin
(669 kDa) (GE Healthcare) were used as standard proteins. Blue dextran 2000 (2,000 kDa; GE Healthcare)
was used to determine the void volume of the column.

Results
Basic properties

The recombinant FNLDH, PALDH and ECLDH consistently exhibited marked catalytic activity toward pyruvate,
and were successively purified to homogeneous protein
samples (Figure 1a). FNLDH, PALDH, and ECLDH were
stable in the pH ranges of 5.0–8.5, 4.0–8.0, and 5.0–10.0,
respectively, during treatment at 30°C for 1 h (Figure 2
a, b, c). FNLDH, PALDH, and ECLDH were stable up to
39, 57, and 49°C, respectively, under favorable pH conditions, i.e., pH 8.0 for FNLDH and ECLDH, and pH 5.0
for PALDH (Figure 2d).
The purified FNLDH and PALDH samples each gave a
single protein peak on size-exclusion chromatography
analysis, and exhibited apparent molecular weights of
160 and 120 kDa, respectively (Figure 1b). On the other
hand, the ECLDH sample gave two peaks corresponding
to molecular weights of 330 and 150 kDa. The theoretical molecular weights of FNLDH, PALDH, and ECLDH
are 40.0, 37.8, and 38.5 kDa, suggesting that FNLDH
and PALDH at that of homotetrameric and homotrimeric structures, respectively, and ECLDH was eluted at
the position of homooctameric and homotetrameric
structures. Since it has been reported that native D-LDH
from E. coli cells gives only a peak that corresponds to
the molecular weight of 130 kDa (Tarmy and Kaplan
1968), the apparently octameric form of ECLDH is likely
an artificial product due to the overexpression, and exhibited slightly but significantly lower specific activity
than the tetrameric form (data not shown). Therefore,
only homotetrameric ECLDH was used for the detailed
analysis below.

Temperature and pH stability

The pH-stability was determined by measuring the
remaining activity after incubation of the enzymes (1 μM)
in various 50 mM buffers at 30°C for 1 h. The thermostability was determined by measuring the remaining activity
after incubation of FNLDH (1 μM) or ECLDH (1 μM) in
50 mM HEPES-NaOH buffer (pH 8.0), or of PALDH
(1 μM) in 50 mM sodium acetate buffer (pH 5.0) at various temperatures for 30 min.
Size-exclusion chromatography

Each protein solution diluted to 1 mg/ml (1 ml) was applied to Superdex 200 (Hiload 16/60; GE Healthcare)
equilibrated with 50 mM buffer containing 150 mM

pH-Dependency of kinetic parameters

The kinetic parameters, kcat, S0.5, kcat/S0.5, and nH values,
were determined by pyruvate reduction assaying in the
pH range of 4.5-9.0 (Figure 3). The three enzymes consistently showed virtually constant kcat values independently of pH, and PALDH and ECLDH exhibited about
5-fold larger kcat values than FNLDH. The three enzymes also consistently showed constant pyruvate S0.5
values below pH 7.0, and PALDH and FNLDH exhibited approximately one order of magnitude smaller S0.5
values than ECLDH. Above pH 8.0, the three enzymes
exhibited increased S0.5 values, depending on the pH,
and their kcat/S0.5 values changed mostly according to
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Figure 1 SDS-PAGE and size-exclusion chromatography of the purified enzymes. a) Lane 1, molecular mass standards (kDa); lane 2, FNLDH;
lane 3, PALDH; lane 4, ECLDH. b) Elution of the enzymes from Superdex 200 with the buffers described in ‘Materials and methods’. Solid, dashed,
and dotted lines indicate FNLDH, PALDH, and ECLDH, respectively.

the changes in the S0.5 values. ECLDH apparently showed
lower pH-dependence of the S0.5 value than the other two
enzymes, of which PALDH showed slightly higher pHdependence than FNLDH. Under acidic conditions below
pH 6.0, the three enzymes consistently showed hyperbolic
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shaped pyruvate saturation curves, and no marked cooperativity in pyruvate binding. Under higher pH conditions,
however, FNLDH and ECLDH showed markedly sigmoidal saturation curves for pyruvate, i.e., positive homotropic cooperativity, giving maximal nH values of about
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Figure 2 pH-stability of FNLDH (a), PALDH (b), and ECLDH (c), and heat-stability of the enzymes (d). a-c) Each enzyme was treated at 30°C
for 1 h in sodium citrate (open circles), sodium acetate (closed circles), MES-NaOH (open triangles), MOPS-NaOH (closed triangles), HEPESNaOH (open squares), Bicine-NaOH (N,N-Bis(2-hydroxyethyl)glycine) (closed squares), CHES-NaOH (N-cyclohexyl-2-aminoethanesulfonic acid)
(open diamonds), and CAPS-NaOH (N-cyclohexyl-3-aminopropanesulfonic acid) (closed diamonds) buffers. d) FNLDH (white circles and solid
lines), PALDH (grey circles and dashed lines), and ECLDH (black circles and dotted lines) were treated at various temperatures for 30 min in
the buffers described in ‘Materials and methods’.
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Figure 3 pH dependence of kinetic parameters on pyruvate reduction. White, grey, and black circles indicate FNLDH, PALDH, and ECLDH,
respectively. The kcat (a), S0.5 (b), and kcat/S0.5 data (c) are plotted logarithmically, and the Hill coefficient (d) is plotted linearly. The buffers used
for the assay were sodium acetate buffer (pH 4.5, 5.0, and 5.5; circles), MES-NaOH buffer (pH 5.5, 6.0, and 6.5; triangles), MOPS-NaOH buffer
(pH 6.5, 7.0, and 7.5; squares), HEPES-NaOH buffer (pH 7.0, 7.5 and 8.0; diamonds), and Bicine-NaOH buffer (pH 8.0, 8.5, and 9.0; hexagons). We
adjusted the pH of each buffer solution prior to the addition of substrate and cofactor, and confirmed that the pH value is not affected even in
the presence of high concentrations of substrate.

2.0. In contrast, PALDH showed negative homotropic cooperativitiy above pH 8.0, giving a minimal nH value of 0.5.

relatively high activity to oxaloacetate and hydroxypyruvate, but poor activity toward glyoxylate.

Substrate specificity

Inhibition and activation by oxamate

The kinetic parameters of the D-LDHs for various 2ketoacids are summarized in Table 1. For pyruvate, PALDH
exhibited the highest catalytic efficiency among the three
enzymes, since it exhibited a small S0.5 like FNLDH and a
large kcat like ECLDH. ECLDH showed a narrow substrate
specificity toward pyruvate among hydrophobic 2-ketoacid
substrates, although ECLDH consistently exhibited relatively high catalytic activity toward oxaloacetate, glyoxylate
and hydroxypyruvate. PALDH showed a similar substrate
specificity to that of ECLDH, exhibiting relatively high catalytic activity toward oxaloacetate, glyoxylate and hydroxypyruvate, although it generally exhibited higher catalytic
efficiencies for these substrates than ECLDH. In contrast,
FNLDH showed a broad substrate specificity toward
relatively bulky hydrophobic 2-ketoacids, and exhibited
particularly high catalytic activity toward 2-ketobutyrate
and 2-ketovalerate, for which the catalytic efficiencies were
comparable to that for pyruvate. FNLDH also showed

Oxamate, an inert pyruvate analogue, inhibited the reactions of the three enzymes at pH 7.0, where the enzymes
showed no marked homotropic cooperativity, in different manners, i.e. an apparently competitive manner with
pyruvate for FNLDH, and a mixed manner for PALDH
and ECLDH (Figure 4). This suggests that oxamate is
bound not only to the catalytic site, but also to unknown
allosteric sites in PALDH and ECLDH, whereas it is
bound mostly to the catalytic site in FNLDH. Oxamate apparently enhanced the reactions of FNLDH and PALDH,
and exhibited the highest activating effects at 20 mM and
2.5 mM, respectively (Figure 5a, b), whereas oxamate
inhibited the ECLDH reaction (Figure 5c), at pH 8.0,
where the three enzymes exhibited marked homotropic
cooperativity. FNLDH and PALDH showed no significant
homotropic (positive or negative) cooperativity in the
presence of 20 mM and 2.5 mM oxamate, respectively
(Figure 5d, e). In ECLDH, the inhibition occurred in a
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Table 1 Kinetic parameters for various 2-ketoacids at pH 7.0a
kcat (s−1)

S0.5 (mM)

kcat/S0.5 (s−1 mM−1)

FNLDH

11 (0.1)

18 (0.4)

0.70 (0.007)

PALDH

880 (60)

6.8 (0.6)

130 (5)

ECLDH

100 (5)

20 (2)

5.3 (0.2)

Ki (mM)b

nHc

Glyoxylate

44 (8)
1.5 (0.09)

Pyruvate
FNLDH

80 (0.4)

0.34 (0.007)

230 (4)

PALDH

400 (10)

0.10 (0.009)

4,000 (300)

ECLDH

410 (8)

2.6 (0.09)

160 (2)

FNLDH

140 (0.7)

0.31 (0.006)

440 (7)

PALDH

100 (0.6)

0.64 (0.01)

150 (3)

ECLDH

31 (2)

30 (4)

1.0 (0.05)

FNLDH

140 (0.5)

0.68 (0.01)

200 (3)

PALDH

69 (0.5)

4.0 (0.07)

18 (3)

N.D.

<0.01

1.8 (0.1)
1.4 (0.05)

2-Ketobutyrate

1.4 (0.08)

2-Ketovalerate

ECLDH

N.D.

d

2-Ketoisovalerate
FNLDH

120 (0.7)

3.5 (0.07)

35 (0.5)

PALDH

N.D.

N.D.

<0.4

ECLDH

N.D.

N.D.

<0.01

FNLDH

230 (1)

2.6 (0.06)

87 (1)

PALDH

160 (1)

5.8 (0.1)

27 (0.4)

ECLDH

N.D.

N.D.

<0.01

FNLDH

200 (2)

3.8 (0.1)

53 (1)

PALDH

39 (0.3)

12 (0.2)

3.2 (0.03)

ECLDH

N.D.

N.D.

<0.01

2-Ketocaproate

2-Ketoisocaproate

Oxaloacetate
FNLDH

80 (1)

2.5 (0.09)

31 (0.7)

PALDH

410 (4)

1.7 (0.06)

230 (6)

ECLDH

1,100 (200)

54 (10)

21 (0.6)

FNLDH

160 (2)

18 (0.4)

8.7 (0.07)

PALDH

420 (10)

3.0 (0.2)

140 (3)

ECLDH

50 (0.5)

12 (0.3)

4.2 (0.06)

FNLDH

120 (7)

11 (0.9)

11 (0.3)

PALDH

18 (0.2)

7.1 (0.2)

2.6 (0.04)

ECLDH

N.D.

N.D.

<0.01

FNLDH

N.D.

N.D.

<0.02

PALDH

N.D.

N.D.

<0.4

ECLDH

N.D.

N.D.

<0.01

140 (20)

5.0 (1)

Hydroxypyruvate

19 (1)

Phenylpyruvate
23 (3)

Hydroxyphenylpyruvate

Parameters were determined as described in the ‘Materials and methods’ section, and standard deviations are shown in parentheses. bThe inhibition constants
(Ki) and cHill coefficients (nH) are shown only for the cases in which significant substrate inhibition and cooperativity were observed, respectively. dN.D., not
determined. The activities were too weak for determination of exact values.
a

Furukawa et al. AMB Express 2014, 4:76
http://www.amb-express.com/content/4/1/76

Page 7 of 12

b

c

0.020

0.008

0.12

0.015

0.006

0.09
0.06

1/v (s)

0.15

1/v (s)

1/v (s)

a

0.010

0.005

0.03
0

0.004
0.002

0
-15-10 -5 0 5 10 15 20 25
1 / [Pyruvate] (mM -1 )

-3 -2 -1 0 1 2 3 4 5
1 / [Pyruvate] (mM -1 )

0
-0.2 -0.1 0 0.1 0.2
1 / [Pyruvate] (mM -1 )

Figure 4 Effects of oxamate on the catalytic reactions at pH 7.0. The reaction velocities for FNLDH (a), PALDH (b), and ECLDH (c) were
measured in 50 mM MOPS-NaOH buffer (pH 7.0) containing 0.1 mM NADH, the indicated concentrations of pyruvate and several concentrations
of oxamate. The concentrations of oxamate for FNLDH were 0 mM (open circles), 10 mM (closed circles), 20 mM (open triangles), 30 mM (closed
triangles), and 40 mM (open squares). The concentrations of oxamate for PALDH were 0 mM (open circles), 0.1 mM (closed circles), 0.2 mM (open
triangles), 0.3 mM (closed triangles), and 0.4 mM (open squares). The concentrations of oxamate for ECLDH were 0 mM (open circles), 5 mM
(closed circles), 10 mM (open triangles), 15 mM (closed triangles), and 20 mM (open squares). The reaction velocity and the concentration of
pyruvate were plotted reciprocally. The data for PALDH and ECLDH were interpreted using the equation for mixed type inhibition, whereas the
data for FNLDH were interpreted using the equation for competitive type inhibition. The kinetic parameters were as follows; FNLDH: kcat = 79 ± 1
(s−1), Km = 0.39 ± 0.01 (mM), and Ki = 9.4 ± 0.2 (mM). PALDH: kcat = 410 ± 10 (s−1), Km = 0.074 ± 0.006 (mM), Ki = 0.29 ± 0.04 (mM), and Ki’ = 0.33 ± 0.04
(mM). ECLDH: kcat = 670 ± 10 (s−1), Km = 5.6 ± 0.3 (mM), Ki = 20 ± 2 (mM), and Ki’ = 47 ± 6 (mM). GraFit ver 7.0.3 was used for non-linear regression
and calculation of values. The lines were calculated with kinetic parameters.
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Figure 5 Effects of oxamate on the catalytic reactions at pH 8.0. a-c) The saturation curves for oxamate. The reaction velocities for FNLDH
(a), PALDH (b), and ECLDH (c) were measured in 50 mM Bicine-NaOH buffer (pH 8.0) containing 0.1 mM NADH, 2.5 mM (for FNLDH), 1.2 mM (for
PALDH), or 7.5 mM (for ECLDH) pyruvate, and the indicated concentration of oxamate. The data for FNLDH, PALDH, and ECLDH were interpreted
using the equation for competitive-type, mix-type, and noncompetitive-type inhibition of allosteric enzyme. The kinetic parameters were as follows;
FNLDH: Ki = 51 ± 10 (mM), kcat’ = 80 ± 20 (s−1), nH’ = 1.1 ± 0.1, and Kact = 9.9 ± 3 (mM). PALDH: Ki Ki’ / (Ki + Ki’) = 2.0 ± 0.6 (mM), kcat’ = 470 ± 100 (s−1),
nH’ = 1.7 ± 0.2, and Kact = 1.7 ± 0.4 (mM). ECLDH: Ki = 80 ± 3 (mM). The lines indicate the calculated saturation curves obtained with kinetic parameters.
d-f) the saturation curves for pyruvate with or without oxamate. The reaction velocities for FNLDH (d), PALDH (e), and ECLDH (f) were measured in
50 mM Bicine-NaOH buffer (pH 8.0) in the presence of 0.1 mM NADH and the indicated concentrations of pyruvate with no effector (open circles), or
20 mM (for FNLDH), 2.5 mM (for PALDH), or 30 mM (for ECLDH) oxamate (closed circles). The lines indicate the calculated saturation curves obtained
with kinetic parameters.
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noncompetitive manner toward pyruvate (Figure 5f), suggesting that it is mostly bound to the allosteric site of
ECLDH at pH 8.0.
Heterotropic activation of allosteric D-LDHs

Bacterial allosteric L-LDHs are commonly activated by
FBP, which usually induces drastic improvement of the
substrate S0.5 values of the enzymes (Garvie 1980). In
addition, Lactobacillus casei L-LDH requires some divalent metal ions (e.g., Mn2+) (Arai et al. 2011), and the
Thermus caldophilus enzyme is activated also by citrate
under slightly acidic conditions (Taguchi et al. 1984).
We therefore evaluated the effects of FBP, citrate and
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divalent metal ions at pH 8.0 in the presence of the S0.5
pyruvate. FBP and citrate (1.0 mM) slightly enhanced
the catalytic reactions of the three D-LDHs, and divalent
metal ions such as Mg2+ and Mn2+ more markedly enhanced the reactions of FNLDH and PALDH (Figure 6a).
In the case of FNLDH, Mg2+ and FBP showed significant
activation effects, and Mg2+ gave a 2.8-fold smaller S0.5
value (1.5 mM) than FBP (4.2 mM) for the enzyme activation (Figure 6 and Table 2). In the presence of 10 mM
FBP or 5 mM Mg2+, FNLDH exhibited hyperbolic pyruvate saturation curves, the pyruvate S0.5 (Km) value being
reduced by approximately 1.4-fold or twice, respectively
(Figure 6, and Table 3). For PALDH, Mg2+ and FBP also
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Figure 6 Effects of intermediary metabolites and ions at pH 8.0. a) Effects of intermediary metabolites and ions on FNLDH (white boxes),
PALDH (grey boxes), and ECLDH (black boxes). The activities were measured in 50 mM Bicine-NaOH buffer (pH 8.0) containing 0.1 mM NADH,
2.5 mM (for FNLDH), 1.2 mM (for PALDH), or 7.5 mM (for ECLDH) pyruvate, and 1 mM indicated effectors. b-d) the saturation curves for FBP or
MgCl2. The reaction velocities for FNLDH (b), PALDH (c), and ECLDH (d) were measured in 50 mM Bicine-NaOH buffer (pH 8.0) containing 0.1 mM
NADH, 2.5 mM (for FNLDH), 1.2 mM (for PALDH), or 7.5 mM (for ECLDH) pyruvate, and the indicated concentrations of FBP (open circles) or MgCl2
(closed circles). The lines indicate the calculated saturation curves obtained with apparent kinetic parameters (Table 2). The data of MgCl2
saturation curve of ECLDH was not fitted with any equations used in this study. e-g) the saturation curves for pyruvate with or without FBP or
MgCl2. The reaction velocities for FNLDH (e), PALDH (f), and ECLDH (g) were measured in 50 mM Bicine-NaOH buffer (pH 8.0) containing 0.1 mM
NADH, the indicated concentrations of pyruvate with no effector (white circles), 10 mM (for FNLDH and PALDH) or 5 mM (for ECLDH) FBP
(grey circles), and 5 mM (for FNLDH and PALDH) or 2.4 mM (for ECLDH) MgCl2 (black circles). The lines indicate the calculated saturation curves
obtained with kinetic parameters (Table 3).
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Table 2 Apparent kinetic parameters for FBP and MgCl2
at pH 8.0a
−1

kcat (s )

v

min

−1 b

(s )

S0.5 (mM)

Table 3 Kinetic parameters for pyruvate and NADHa
kcat (s−1) S0.5 (mM)

kcat/S0.5
(s−1 mM−1)

80 (0.4)

230 (4)

nHc

Ki (mM)b nHc

Pyruvate

FBP
FNLDH

45 (1)

35 (0.6)

4.2 (0.2)

1.7 (0.05)

pH 7.0

PALDH

150 (30)

100 (2)

12 (3)

1.3 (0.07)

FNLDH

ECLDH

25 (1)

180 (2)

1.3 (0.01)

1.5 (0.2)

PALDH

400 (10)

0.10 (0.009)

4,000 (300)

ECLDH

410 (8)

2.6 (0.09)

160 (2)

1.4 (0.05)

87 (1)

2.5 (0.06)

35 (0.6)

2.0 (0.1)

Mg

2+

FNLDH

22 (0.7)

37 (0.2)

1.5 (0.1)

1.3 (0.09)

pH 8.0

PALDH

140 (2)

100 (1)

0.16 (0.008)

1.1 (0.08)

FNLDH

ECLDH

N.D.d

N.D.

N.D.

0.34 (0.007)

1.8 (0.1)

PALDH

240 (6)

1.2 (0.1)

200 (10)

0.77 (0.03)

ECLDH

380 (5)

7.6 (0.1)

50 (0.4)

2.2 (0.06)

FNLDH

100 (1)

1.7 (0.06)

60 (1)

1.3 (0.04)

showed activation effects, and Mg2+ gave a 75-fold
smaller S0.5 value (0.16 mM) than FBP (12 mM) for the
enzyme activation (Figure 6 and Table 2). In this case,
FBP and Mg2+ also consistently reduced the pyruvate
S0.5 value significantly, and the negative cooperativity in
pyruvate binding (Figure 6, and Table 3). In the case of
ECLDH, FBP and Mg2+ exhibited only slight activation
effects on the enzyme reaction, and the latter even
markedly inhibited the reaction at high concentrations
(Figure 6, and Tables 2 and 3).

PALDH

240 (4)

0.85 (0.04)

280 (6)

0.9 (0.02)

ECLDH

400 (5)

6.5 (0.1)

61 (1)

2.1 (0.09)

FNLDH

80 (1)

1.2 (0.04)

65 (1)

PALDH

290 (3)

0.36 (0.01)

820 (20)

ECLDH

370 (6)

7.2 (0.2)

51 (1)

98 (0.7)

0.022 (0.0005) 4,400 (80)

Kinetic profiles for NADH

PALDH

310 (2)

0.019 (0.0005) 17,000 (400)

The apparent kinetic parameters for NADH were determined at the saturation concentration of pyruvate at
pH 7.0 and 8.0 (Table 3). FNLDH and PALDH exhibited
virtually the same apparent NADH S0.5 value (about
0.035 mM), which was approximately twice smaller than
that of ECLDH. Since the pyruvate S0.5 values were determined at 0.1 mM NADH (Figure 3 and Table 3), these
values might be larger than the real values because of an
insufficient concentration of NADH, particularly in the
case of ECLDH. PALDH and ECLDH exhibited hyperbolic NADH saturation curves independently of pH,
FBP or Mg2+. On the other hand, FNLDH exhibited a
sigmoidal one at pH 8.0, and exhibited an nH value of
1.6, which was slightly reduced by FBP or Mg2+.

ECLDH

640 (20)

0.055 (0.004)

12,000 (500)

90 (1)

0.036 (0.001)

2,500 (30)

Parameters were determined as described in the ‘Materials and methods’
section, and standard deviations are shown in parentheses. bvmin is reaction
velocity in the absence of FBP or Mg2+. cHill coefficients (nH) are shown only
for the cases that exhibited significant cooperativity. dN.D., not determined.
a

Discussion
The characteristics of FNLDH, PALDH and ECLDH
demonstrate the high variety of the functions of bacterial
D-LDHs. Of the three enzymes, PALDH exhibits a markedly smaller pyruvate S0.5 value than ECLDH, and a larger kcat value than FNLDH at pH 7.0 (Table 3).
Although the crucial role of PALDH in the metabolism
of P. aeruginosa remains uncertain, the enzyme is likely
involved in regulation of the NAD+/NADH ratio within
the cells like the heart-type L-LDH isozymes of aerobic

pH 8.0 +
FBPd

pH 8.0 +
Mg+2e
1.4 (0.05)
20 (0.8)
1.5 (0.07)

NADH
pH 7.0
FNLDH

pH 8.0
FNLDH
PALDH

270 (2)

0.035 (0.0007) 7,700 (100)

ECLDH

710 (8)

0.088 (0.002)

8,100 (100)

FNLDH

80 (1)

0.028 (0.001)

2,800 (70)

PALDH

270 (2)

0.035 (0.001)

7,800 (100)

ECLDH

730 (10)

0.092 (0.003)

8,000 (100)

FNLDH

110 (2)

0.031 (0.001)

3,700 (70)

PALDH

270 (2)

0.035 (0.0009) 7,700 (100)

ECLDH

690 (9)

0.090 (0.002)

1.6 (0.07)

pH 8.0 +
FBPd
1.5 (0.07)

pH 8.0 +
Mg+2e
1.3 (0.05)

7,700 (100)

Parameters were determined as described in the ‘Materials and methods’
section, and standard deviations are shown in parentheses. bThe inhibition
constants (Ki) are shown only for the cases that exhibited significant substrate
inhibition. cHill coefficients (nH) are shown only for the cases that exhibited
significant cooperativity. dThe concentrations of FBP for ECLDH, FNLDH, and
PALDH were 5 mM, 10 mM, and 10 mM, respectively. eThe concentrations of Mg2+
for ECLDH, FNLDH, and PALDH were 2.4 mM, 5 mM, and 5 mM, respectively.
a
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tissues (Holbrook et al. 1975). On the other hand,
ECLDH with the large S0.5 is likely favorable for facultative anaerobes such as E. coli, in which the pyruvate level
within the cells dynamically changes between anaerobic
and aerobic conditions like the muscle-type L-LDH isozymes (Holbrook et al. 1975). FNLDH exhibits a small
pyruvate S0.5 value although F. nucleatum is obligate anaerobe. In F. nucleatum cells, pyruvate is likely consumed mostly through pathways other than lactate
fermentation, such as butyrate fermentation (Kapatral
et al. 2002), and therefore pyruvate within the cells may
be maintained at low concentrations. It is particularly
notable that FNLDH prefers relatively bulky hydrophobic
2-ketoacids, such as 2-ketobutyrate and 2-ketovalerate,
which give apparently equivalent or even higher kcat/Km
value than pyruvate, unlike in the cases of the other two
enzymes (Table 1). This substrate preference suggests
that FNLDH might be used for not only pyruvate reduction but also the reduction or oxidation of other
bulky 2-ketoacid or 2-hydroxy acids, respectively, although the actual physiological substrates of the enzyme remains uncertain.
FNLDH apparently has a size-preference for 2-ketoacid
substrates intermediate between those of conventional
D-LDH and D-2-hydroxyisocaproate dehydrogenase
(Hummel et al. 1985). Like usual D-LDHs, nevertheless,
FNLDH has aromatic residues, Phe52 and Tyr299 (residue numbers are according to D-LDH from Lactobacillus pentosus), which are proposed to play key roles in
the substrate recognition in the binding pocket for the
substrate C3 side chains (Tokuda et al. 2003; Ishikura
et al. 2005). It is also noteworthy that FNLDH exhibits
relatively high activity toward 2-ketoisovalerate since
little is known as to an enzyme that exhibits high catalytic activity toward C3-branched 2-ketoacid substrates
in the D-LDH-related D-HydDH family. It is known that
D-mandelate dehydrogenase from Enterococcus faecalis
exhibits high catalytic activity toward hydrophobic C3branched ketoacids such as 2-ketoisovalerate and benzoyl
formate (Tamura et al. 2002). Nevertheless, this enzyme
belongs to another D-HydDH family, the 2-ketopantate
reductase-related family, which is evolutionally separate
from the D-LDH-related family (Wada et al. 2008;
Miyanaga et al. 2013). Hence, FNLDH is the first case
of a D-LDH-related D-HydDH that exhibits relatively
high catalytic activity toward C3-branched 2-ketoacid
substrates and may be useful for enzymatic production
of C3-branched D-2-hydroxyacids.
For FNLDH, oxamate inhibits the reaction competitively with pyruvate at pH 7.0, and substitutes for the
role of pyruvate in the homotropic enzyme activation at
pH 8.0, converting the sigmoidal saturation curve for
pyruvate to a hyperbolic one (Figure 5d). These effects
indicate that oxamate simply competes with pyruvate for
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a common binding site, i.e., the catalytic site in FNLDH.
It is likely that PALDH binds oxamate at both the catalytic and allosteric sites, since oxamate inhibits the reaction in a mixed manner at pH 7.0 (Figure 4), as in the
case of ECLDH, but stimulates the reaction at low concentration at pH 8.0, where oxamate likely exhibits an
activation effect mostly through binding to the catalytic
site and inhibitory effects mostly through binding to the
unknown allosteric site (Figure 5b,e). In the case of
ECLDH, it was suggested previously that oxamate is
likely bound mostly to a binding site other than the catalytic site (Tarmy and Kaplan 1968), this being consistent
with the results of this study (Figure 4c). These results
indicate that the three enzymes differ in their allosteric
behaviors, and specificities to allosteric effectors, although the actual allosteric binding sites or physiological
effectors of these enzymes remain uncertain.
FNLDH and PALDH are the first cases of D-LDHs that
are activated by FBP, which is a common activator for
bacterial allosteric L-LDHs (Garvie 1980). It is nevertheless unlikely that FBP is really the specific activator of
the two D-LDHs, since the two enzymes require apparently higher concentrations of FBP than the physiological one for their activation (Figure 6b,c and Table 2).
On the other hand, the Mg2+ ion is more effective than
FBP as to activation of the two D-LDHs, particularly
PALDH (Figure 6, and Tables 2 and 3). It is, however,
also unlikely that the Mg2+ ion is the specific activator
of these enzymes, since some other divalent metal ions
such as Sr2+ and Mn2+ also improve their reactions
(Figure 6a). These two enzymes thus appear to be activated through the comprehensive effects of several activators with low specificities, physiologically, although it
is possible that they have unknown activators with
higher specificities. In the case of ECLDH, FBP and Mg2+
only slightly enhance the catalytic reaction, and the latter
even markedly reduces the reaction at higher concentrations (Figure 6d,g and Table 3). We have evaluated other
possible effectors, such as L-alanine, L-glutamate and
L-aspartate, for this enzyme, but have not found out any
potential activator for ECLDH (data not shown). This implies that ECLDH is only negatively controlled under alkaline conditions.
The allosteric and tetrameric D-PgDHs from E. coli
and M. tuberculosis were extensively studied as to their
structure-function relationship (Tobey and Grant 1986;
Grant 1989; Schuller et al. 1995; Dey et al. 2005; Grant
2012). The D-PgDHs have V-type regulatory mechanisms, in which L-serine inhibits the enzyme reaction in
a non-competitive manner, whereas the three D-LDHs
apparently exhibit K-type rather than V-type regulation.
These D-PgDHs have additional functional domain(s),
ACT domain and ASB domain, which undergo not only
interactions with allosteric effector, L-serine, but also
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inter-subunit interactions with each other for the construction of tetrameric structure. In contrast, D-LDHs
have no additional protein domain. The three D-LDHs
from Gram-negative bacteria thus greatly differ from
these D-PgDHs in both regulatory mechanism and protein structure.
It is reported that bacterial allosteric L-LDHs consistently
undergo the Monod-Wyman-Changeux-type (MWC-type:
pre-existing type) (Monod et al. 1965; Iwata et al. 1994;
Arai et al. 2010) allosteric transition, where the active (R)
state with high affinity to pyruvate and FBP, and the inactive
(T) state with low affinity. However, such drastic structural
changes appear to be unnecessary for the three D-LDHs,
which exhibit apparently much smaller changes in catalytic
activity due to the allosteric transition than the L-LDHs. In
fact, the MWC model is not available for the case of
PALDH, which shows negative homotropic cooperativity.
In addition, FNLDH shows significant positive homotropic
cooperativity also for NADH binding, which is less affected
by FBP or Mg2+ than pyruvate binding (Table 3), suggesting
that FNLDH changes in its structure through two steps, the
NADH binding and following pyruvate binding steps, in
the allosteric transition. The Lactobacillus D-LDHs consistently have dimeric structure, whereas the three D-LDHs
from Gram-negative bacteria have tetrameric structure.
Thus, tetramerization might be correlated with the allostery
of D-LDHs. It is highly desirable to determine the 3Dstructures of these D-LDHs.
Abbreviations
D-LDH: NAD-dependent D-lactate dehydrogenase; L-LDH: L-lactate
dehydrogenase; D-HydDH: D-2-hydroxyacid dehydrogenase; D-PgDH: D-3phosphoglycerate dehydrogenase; ECLDH: D-LDH from Escherichia coli;
FNLDH: D-LDH from Fusobacterium nucleatum; PALDH: D-LDH from Pseudomonas
aeruginosa; FBP: Fructose 1,6-bisphosphate; MWC: Monod-Wyman-Changeux.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
NF designed the study, carried out most of the biochemical studies and
drafted the manuscript. AM designed the study and helped to draft the
manuscript. MT participated in the kinetics analysis of PALDH. MN
participated in the design of the study and the kinetics analysis, and helped
to draft the manuscript. HT conceived and designed the study, and helped
to draft the manuscript. All authors read and approved the final manuscript.

Acknowledgements
This work was partially supported by a Grant-in-Aid (No. 23580120 to H.T.)
from the Ministry of Education, Culture, Sports, Science, and Technology of
Japan (MEXT).
Author details
1
Tokyo University of Science, 2641 Yamazaki, Noda, Chiba 278-8510, Japan.
2
Tokyo Institute of Technology, 2-12-1 O-okayama, Meguro-ku, Tokyo
152-8551, Japan.
Received: 3 September 2014 Accepted: 29 September 2014

Page 11 of 12

References
Arai K, Ishimitsu T, Fushinobu S, Uchikoba H, Matsuzawa H, Taguchi H (2010)
Active and inactive state structures of unliganded Lactobacillus casei allosteric
L-lactate dehydrogenase. Proteins 78:681–694, doi: 10.1002/prot.22597
Arai K, Ichikawa J, Nonaka S, Miyanaga A, Uchikoba H, Fushinobu S, Taguchi H
(2011) A molecular design that stabilizes active state in bacterial allosteric
L-lactate dehydrogenases. J Biochem 150:579–591, doi: 10.1093/jb/mvr100
Baker PJ, Sawa Y, Shibata H, Sedelnikova SE, Rice DW (1998) Analysis of the
structure and substrate binding of Phormidium lapideum alanine
dehydrogenase. Nat Struct Biol 5:561–567, doi: 10.1038/817
Bernard N, Ferain T, Garmyn D, Hols P, Delcour J (1991) Cloning of the D-lactate
dehydrogenase gene from Lactobacillus delbrueckii subsp. bulgaricus by
complementation in Escherichia coli. FEBS Lett 290:61–64,
doi: 10.1016/0014-5793(91)81226-X
Buckel W, Barker HA (1974) Two pathways of glutamate fermentation by
anaerobic bacteria. J Bacteriol 117:1248–1260
Costas AM, White AK, Metcalf WW (2001) Purification and characterization of a
novel phosphorus-oxidizing enzyme from Pseudomonas stutzeri WM88. J Biol
Chem 276:17429–17436, doi: 10.1074/jbc.M011764200
Dengler U, Niefind K, Kiess M, Schomburg D (1997) Crystal structure of a ternary
complex of D-2-hydroxyisocaproate dehydrogenase from Lactobacillus casei,
NAD+ and 2-oxoisocaproate at 1.9 Å resolution. J Mol Biol 267:640–660,
doi: 10.1006/jmbi.1996.0864
Dey S, Grant GA, Sacchettini JC (2005) Crystal structure of Mycobacterium
tuberculosis D-3-phosphoglycerate dehydrogenase: extreme asymmetry in a
tetramer of identical subunits. J Biol Chem 280:14892–14899,
doi: 10.1074/jbc.M414489200
Dixon M, Webb EC (1979) Enzymes. Longman, London, pp 400–402
Eszes CM, Sessions RB, Clarke AR, Moreton KM, Holbrook JJ (1996) Removal of
substrate inhibition in a lactate dehydrogenase from human muscle by a single
residue change. FEBS Lett 399:193–197, doi: 10.1016/S0014-5793(96)01317-8
Garvie EI (1980) Bacterial lactate dehydrogenases. Microbiol Rev 44:106–139,
doi: 10.1016/S0014-5793(96)01317-8
Goldberg JD, Yoshida T, Brick P (1994) Crystal structure of a NAD-dependent
D-glycerate dehydrogenase at 2.4 Å resolution. J Mol Biol 236:1123–1140,
doi: 10.1016/0022-2836(94)90016-7
Grant GA (1989) A new family of 2-hydroxyacid dehydrogenases. Biochem
Biophys Res Commun 165:1371–1374, doi: 10.1016/0006-291X(89)92755-1
Grant GA (2012) Contrasting catalytic and allosteric for phosphoglycerate
dehydrogenases. Arch Biochem Biophys 519:175–185, doi: 10.1016/j.
abb.2011.10.005
Greenler JM, Sloan JS, Schwartz BW, Becker WM (1989) Isolation, characterization
and sequence analysis of a full-length cDNA clone encoding NADHdependent hydroxypyruvate reductase from cucumber. Plant Mol Biol
13:139–150, doi: 10.1007/BF00016133
Holbrook JJ, Liljas A, Steindel SJ, Rossmann MG (1975) Lactate dehydrogenase. The
Enzymes 3rd ed (Boyer, PD, ed), Vol. 11. Academic Press, New York, pp 191–292
Hummel W, Schutte H, Kula M-R (1985) D-2-hydroxyisocaproate dehydrogenase
from Lactobacillus casei. Appl Microbiol Biotechnol, doi: 10.1007/BF00252354
Ishikura Y, Tsuzuki S, Takahashi O, Tokuda C, Nakanishi R, Shinoda T, Taguchi H
(2005) Recognition site for the side chain of 2-ketoacid substrate in D-lactate
dehydrogenase. J Biochem 138:741–749, doi: 10.1093/jb/mvi170
Iwata S, Kamata K, Yoshida S, Minowa T, Ohta T (1994) T and R states in the
crystals of bacterial L-lactate dehydrogenase reveal the mechanism for
allosteric control. Nat Struct Biol 1:176–185, doi: 10.1038/nsb0394-176
Kapatral V, Anderson I, Ivanova N, Reznik G, Los T, Lykidis A, Bhattacharyya A,
Bartman A, Gardner W, Grechkin G, Zhu L, Vasieva O, Chu L, Kogan Y, Chaga
O, Goltsman E, Bernal A, Larsen N, D’Souza M, Walunas T, Pusch G, Haselkorn
R, Fonstein M, Kyrpides N, Overbeek R (2002) Genome sequence and analysis
of the oral bacterium Fusobacterium nucleatum strain ATCC 25586. J Bacteriol
184:2005–2018, doi: 10.1128/JB.184.7.2005-2018.2002
Kochhar S, Hunziker PE, Leong-Morgenthaler P, Hottinger H (1992) Primary
structure, physicochemical properties, and chemical modification of NAD
(+)-dependent D-lactate dehydrogenase: evidence for the presence of
Arg-235, His-303, Tyr-101, and Trp-19 at or near the active site. J Biol Chem
267:8499–8513
Laemmli UK (1970) Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227:680–685, doi: 10.1038/227680a0
Lamzin VS, Dauter Z, Popov VO, Harutyunyan EH, Wilson KS (1994) High
resolution structures of holo and apo formate dehydrogenase. J Mol Biol
236:759–785, doi: 10.1006/jmbi.1994.1188

Furukawa et al. AMB Express 2014, 4:76
http://www.amb-express.com/content/4/1/76

Lerch HP, Blöcker H, Kallwass H, Hoppe J, Tsai H, Collins J (1989) Cloning,
sequencing and expression in Escherichia coli of the D-2-hydroxyisocaproate
dehydrogenase gene of Lactobacillus casei. Gene 78:47–57, doi: 10.1016/
0378-1119(89)90313-2
Martins BM, Macedo-Ribeiro S, Bresser J, Buckel W, Messerchmidt A (2005)
Structural basis for stereo-specific catalysis in NAD(+)-dependent (R)-2hydroxyglutarate dehydrogenase from Acidaminococcus fermentans. FEBS J
272:269–281, doi: 10.1111/j.1432-1033.2004.04417.x
Miyanaga A, Fujisawa S, Furukawa N, Arai K, Nakajima M, Taguchi H (2013) The
crystal structure of D-mandelate dehydrogenase reveals its distinct substrate
and coenzyme recognition mechanisms from those of 2-ketopantoate
reductase. Biochem Biophys Res Commun 439:109–114, doi: 10.1016/j.
bbrc.2013.08.019
Monod J, Wyman J, Changeux JP (1965) On the nature of allosteric transitions: a
plausible model. J Mol Biol 12:88–118, doi: 10.1016/S0022-2836(65)80285-6
Pace CN, Vajdos F, Fee L, Grimsley G, Gray T (1995) How to measure and predict
the molar absorption coefficient of a protein. Protein Sci 4:2411–2423,
doi: 10.1002/pro.5560041120
Popov VO, Lamzin VS (1994) NAD(+)-dependent formate dehydrogenase.
Biochem J 301:625–643
Schuller DJ, Grant GA, Banaszak LJ (1995) The allosteric ligand site in the Vmaxtype cooperative enzyme phosphoglycerate dehydrogenase. Nat Struct Biol
2:69–76, doi: 10.1038/nsb0195-69
Taguchi H, Ohta T (1991) D-lactate dehydrogenase is a member of the D-isomerspecific 2-hydroxyacid dehydrogenase family: cloning, sequencing, and
expression in Escherichia coli of the D-lactate dehydrogenase gene of
Lactobacillus plantarum. J Biol Chem 266:12588–12594
Taguchi H, Matsuzawa H, Ohta T (1984) L-Lactate dehydrogenase from Thermus
caldophilus GK24, an extremely thermophilic bacterium: desensitization to
fructose 1,6-bisphosphate in the activated state by arginine-specific chemical
modification and the N-terminal amino acid sequence. Eur J Biochem
145:283–290, doi: 10.1111/j.1432-1033.1984.tb08550.x
Tamura Y, Ohkubo A, Iwai S, Wada Y, Shinoda T, Arai K, Mineki S, Iida M, Taguchi
H (2002) Two forms of NAD-dependent D-mandelate dehydrogenase in
Enterococcus faecalis IAM 10071. Appl Environ Microbiol 68:947–951,
doi: 10.1128/AEM.68.2.947-951.2002
Tarmy EM, Kaplan NO (1968) Kinetics of Escherichia coli B D-lactate
dehydrogenase and evidence for pyruvate-controlled change in
conformation. J Biol Chem 243:2587–2596
Tobey KL, Grant GA (1986) The nucleotide sequence of the serA gene of
Escherichia coli and the amino acid sequence of the encoded protein,
D-3-phosphoglycerate dehydrogenase. J Biol Chem 261:12179–12183
Tokuda C, Ishikura Y, Shigematsu M, Mutoh H, Tsuzuki S, Nakahira Y, Tamura Y,
Shinoda T, Arai K, Takahashi O, Taguchi H (2003) Conversion of Lactobacillus
pentosus D-lactate dehydrogenase to a D-hydroxyisocaproate dehydrogenase
through a single amino acid replacement. J Bacteriol 185:5023–5026,
doi: 10.1128/JB.185.16.5023-5026.2003
Tripathi SM, Ramachandran R (2008) Crystal structures of the Mycobacterium
tuberculosis secretory antigen alanine dehydrogenase (Rv2780) in apo and
ternary complex forms captures “open” and “closed” enzyme conformations.
Proteins 72:1089–1095, doi: 10.1002/prot.22101
Vinals C, Depiereux E, Feytmans E (1993) Prediction of structurally conserved
regions of D-specific hydroxy acid dehydrogenases by multiple alignment
with formate dehydrogenase. Biochem Biophys Res Commun 192:182–188,
doi: 10.1006/bbrc.1993.1398
Wada Y, Iwai S, Tamura Y, Ando T, Shinoda T, Arai K, Taguchi H (2008) A new
family of D-2-hydroxyacid dehydrogenases that comprises D-mandelate
dehydrogenases and 2-ketopantoate reductases. Biosci Biotechnol Biochem
72:1087–1094, doi: 10.1271/bbb.70827
Woodyer R, Wheatley JL, Relyea HA, Rimkus S, van der Donk WA (2005) Sitedirected mutagenesis of active site residues of phosphite dehydrogenase.
Biochemistry 44:4765–4774, doi: 10.1021/bi047868c
doi:10.1186/s13568-014-0076-1
Cite this article as: Furukawa et al.: Diverse allosteric and catalytic
functions of tetrameric D-lactate dehydrogenases from three Gram-negative
bacteria. AMB Express 2014 4:76.

Page 12 of 12

Submit your manuscript to a
journal and beneﬁt from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁeld
7 Retaining the copyright to your article

Submit your next manuscript at 7 springeropen.com

