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Hydroxy acid dehydrogenases, including L- and p-lactate dehydrogenases (L-LDH and D-LDH), are responsible for the ste-
reospecific conversion of 2-keto acids to 2-hydroxyacids and extensively used in a wide range of biotechnological applications. A
common feature of LDHs is their high specificity for NAD™ as a cofactor. An LDH that could effectively use NADPH as a coen-
zyme could be an alternative enzymatic system for regeneration of the oxidized, phosphorylated cofactor. In this study, a pD-lac-
tate dehydrogenase from a Sporolactobacillus inulinus strain was found to use both NADH and NADPH with high efficiencies
and with a preference for NADPH as its coenzyme, which is different from the coenzyme utilization of all previously reported
LDHs. The biochemical properties of the D-LDH enzyme were determined by X-ray crystal structural characterization and in

vivo and in vitro enzymatic activity analyses. The residue Asn

174

was demonstrated to be critical for NADPH utilization. Charac-

terization of the biochemical properties of this enzyme will contribute to understanding of the catalytic mechanism and provide
referential information for shifting the coenzyme utilization specificity of 2-hydroxyacid dehydrogenases.

Lactic acid, existing as - and L-isomers, is an important organic
acid that can be widely used in food, cosmetic, chemical, and
many other industries (1, 2). The most important application of
lactic acid is the production of biodegradable polymer poly(lactic
acid) (3). Since the thermoresistance of pure poly(r-lactic acid) is
rather low, development of a stereocomplex of poly(L-lactic acid)
and poly(p-lactic acid) with a melting point as high as that of
petroleum-based polymers is considered an advance in poly(lactic
acid) modification (4, 5).

L-Lactate dehydrogenase (L-LDH) and D-lactate dehydroge-
nase (D-LDH) are responsible for the synthesis of L- and p-lactic
acids, respectively (2, 6). Given the potential use of chiral hydroxyl
acids as valuable synthons and precursors for chiral products in
the biotechnological industry (7), it is of significant interest to
gain in-depth insights into the substrate specificities, catalytic ki-
netics, and molecular mechanisms of 2-hydroxyacid dehydroge-
nase enzymes. The L-isomer-specific 2-hydroxyacid dehydroge-
nase is a cytoplasmic enzyme present in essentially all major organ
systems. This enzyme has been extensively characterized and used
as an indicator of pathological conditions (8). However, the D-iso-
mer-specific 2-hydroxyacid dehydrogenase has gained much less
attention. Sequence alignments have shown that D-LDH and
L-LDH display significant differences in their amino acid se-
quences and belong to two distinct families: the p- and L-2-hy-
droxyacid dehydrogenases, respectively (9).

Hydroxy acid dehydrogenases are responsible for the ste-
reospecific conversion of 2-keto acids to 2-hydroxyacids, having
wide biotechnological applications, like synthesis of antibiotics,
flavor development in dairy products, and production of valuable
synthons (10). Due to their highly specific activity in the reduction
of pyruvate and the high stability of the enzyme and substrate,
LDHs serve as an efficient system for cofactor regeneration (11). A
unifying feature of all previously reported lactate dehydrogenases
is their strict specificity for NAD™ as a cofactor (6). However,
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suitable systems for the regeneration of NADP™* are rare. Richter
et al. (12) described a structure-guided alteration in the cofactor
specificity of the L-LDH from Bacillus subtilis for regeneration of
NADP™. To date, NADP*-dependent LDHs have not yet been
found in nature (6). Therefore, a D-LDH that can effectively use
NADPH as coenzyme would expand the alternative enzymatic
systems for the regeneration of NADPH.

Here, we biochemically characterized a D-LDH from Sporo-
lactobacillus inulinus CASD, which has been found to be a p-lac-
tic acid producer with an optical purity above 99.3% (13).
Based on the annotated genome sequence (14), the gene product
was designated D-lactate dehydrogenase 744 (DLDH744). Inter-
estingly, we found that DLDH744 preferentially uses NADPH as a
coenzyme, by contrasting the apparent K, values for NADH and
NADPH.

MATERIALS AND METHODS

Bacterial strains and plasmids. S. inulinus CASD was cultivated in 40
g/liter glucose and 10 g/liter yeast extract. Calcium carbonate (30 g/liter)
was added to neutralize p-lactic acid during cultivation. The seed culture
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was prepared as follows: a loop of cells from a slant culture was inoculated
into 20 ml of the above sterile medium in 50-ml conical flasks and incu-
bated for 48 h at 42°C without shaking.

Escherichia coli strains were grown aerobically in Luria-Bertani (LB) me-
dium and set on a rotary shaker. E. coli DH5« (Tiangen, Beijing, China) was
used for general cloning, while E. coli BL21(DE3) (Tiangen) was used for
protein expression. Plasmids pMD 19-T (TaKaRa, Dalian, China) and
pET-28a(+) (Novagen, Lausanne, Switzerland) were used as vectors.

Gene cloning and construction of protein-overexpressing recombi-
nant strains. The draft genome sequence of S. inulinus CASD has been
deposited in GenBank under accession number AFVQ00000000 (14).
According to the nucleotide sequence of the annotated gene
(NODE_744_orf00003, 1,008 bp including the stop codon), a forward
primer (5'-GGTCATGAAAATCATTATGTTCAG-3") and a reverse
primer (5'-GCAAGCTTGTTTTCATCAGCTACTTTGTT-3") were
designed to introduce BspHI and HindIII restriction sites on either
side of the gene. The amplified DNA fragments were ligated into the
pMD 19-T vector for sequencing. After validating the insert by se-
quencing, the recombinant plasmid was digested with BspHI and
HindIII endonucleases (TaKaRa, Dalian, China). The digested DNA
fragments were then inserted into the pET-28a(+) plasmid that had
been digested with Ncol and HindIII endonucleases (TaKaRa). The
reconstructed pET-28a-D-LDH plasmid was transformed into E. coli
BL21(DE3) for protein expression.

Expression and purification of p-lactic acid dehydrogenase
DLDH744. For protein expression, E. coli BL21(DE3) harboring the re-
combinant plasmid was incubated in LB medium containing 30 pg/ml
kanamycin at 37°C with shaking. When the culture reached an optical
density at 600 nm of 0.6 to 0.8, 1 mM isopropyl-B-p-thiogalactopyrano-
side (IPTG) was added to induce gene expression. After induction at 25°C
for an additional 8 h, cells were harvested by centrifugation. The harvested
cells were resuspended in binding buffer (20 mM Tris-HCI [pH 7.8], 500
mM sodium chloride, and 10 mM imidazole) and disrupted by sonica-
tion. The suspension was centrifuged at 12,000 X g for 20 min to remove
cell debris. DLDH744 was purified by nickel affinity chromatography ac-
cording to the manufacturer’s protocol (Tiandz, Beijing, China). The en-
zyme was eluted with elution buffer (20 mM Tris-HCI [pH 7.8], 500 mM
sodium chloride, and 300 mM imidazole) (15).

The resultant effluent was filtered and loaded onto a HisTrap HP 5-ml
column for desalination (GE Healthcare, Shanghai, China). The enzyme
was eluted with phosphate-buffered saline (PBS; pH 7.0) at a flow rate of
5 ml/min. The fractions containing the enzyme were detected by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The na-
tive molecular mass of DLDH744 was estimated by native PAGE using
bovine serum albumin (68.0 kDa) as a reference. The protein concentra-
tion was determined by the Bradford method using bovine serum albu-
min as a standard.

Enzymatic activity assay. After purification, DLDH744 activity was
determined with pyruvate as a substrate. The initial rate of oxidation of
NAD(P)H was calculated by measuring the absorbance at 340 nm in 400
wl of the following mixture: 100 mM PBS (pH 5.5), 20 mM sodium py-
ruvate, 0.2 mM NAD(P)H, and 10 pl of enzyme (16). The reaction was
initiated by the addition of enzyme. One unit was defined as the amount of
enzyme converting 1 uM NAD(P)H per min. Specific activity was ex-
pressed as units per milligram of protein.

Measurement of the kinetic parameters of DLDH744. The kinetic
constants of purified enzyme were calculated using 10 ug DLDH744 en-
zyme in 100 mM PBS (pH 5.5) at 30°C. The K,, values for NADH and
NADPH were measured using 20 mM pyruvate as the substrate, with
cofactor concentrations between 0.01 mM and 0.3 mM. The data were
extracted using ChemSW software. The resulting kinetic parameters were
calculated from multiple measurements.

Crystallization, X-ray data collection, processing, and structure de-
termination. The initial crystallization screening was performed in 96-
well plates at 289 K using the hanging-drop vapor-diffusion method with
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TABLE 1 Primers used for site-directed mutagenesis of DLDH744"

Primer Sequence (5'-3")

N174Y+ GACGGTGATCGCATATGATATTGTCGAACGTG
N174Y— CACGTTCGACAATATCATATGCGATCACCGTC
D175S+ GACGGTGATCGCAAATAGCATTGTCGAACGTG
D1755— CACGTTCGACAATGCTATTTGCGATCACCGTC
1176V + GATCGCAAATGATGTTGTCGAACGTGTAGAG
1176V — CTCTACACGTTCGACAACATCATTTGCGATC
V177Y + GATCGCAAATGATATTTATGAACGTGTAGAGCTG
V177Y— CAGCTCTACACGTTCATAAATATCATTTGCGATC

“ +, sense sequence; —, antisense sequence. Underlined codons indicate the mutation
site.

Hampton Research commercial crystallization kits (Crystal Screen, Crys-
tal Screen 2, Index, and PEG/Ion kits). The protein concentrations for
crystallization screening were 5 and 10 mg/ml in 20 mM Tris-HCI (pH
7.5) and 5% glycerol. For X-ray diffraction experiments, the crystals were
quick-soaked in reservoir solution containing 20% (vol/vol) glycol as a
cryoprotectant for 15 to 20 s. The soaked crystals were mounted in nylon
loops and flash-cooled in liquid nitrogen at 100 K for data collection (17,
18). An X-ray diffraction data set was collected at 100 K using an in-house
X-ray source (Rigaku MicroMax-007HF desktop rotating-anode X-ray
generator with a Cu target operated at 40 kV and 30 mA) and Saturn 944 +
detector with a 70-mm crystal-to-detector distance at a wavelength of
1.5418 A. The 360 diffraction frames were collected with 0.5° oscillation
per image at 100 K. The crystal diffracted to 3.15 A resolution. The set of
diffraction data were indexed, integrated, and subsequently scaled using
HKL-2000 (19). The initial structure solution of DLDH744 was obtained
by molecular replacement using the program PHASER (20) with the crys-
tal structure of D-isomer-specific 2-hydroxyacid dehydrogenase from Lac-
tobacillus delbrueckii subsp. bulgaricus (previously known as Lactobacillus
bulgaricus) (PDB ID 2YQ4) as a search model. Manual model building
and refinement were performed with COOT (21) following rigid body
refinement, energy minimization, and individual B-factor refinement.
The quality of the final refined model was verified using the program
Procheck (22). Final refinement statistics are summarized in Table S1 in
the supplemental material (23).

Site-directed mutagenesis. The plasmid pET-28a-D-LDH was ex-
tracted from the recombinant strain using the Plasmid minikit (Omega
Bio-Tek, Norcross, GA, USA). The mutant strains used in this study
were constructed by site-directed PCR mutagenesis using Pyrobest
DNA polymerase (TaKaRa, Dalian, China) (24). The primers used for
the introduction of the mutations are shown in Table 1. The PCR was
performed according to standard procedures using plasmid pET-28a-
D-LDH as the template. After the PCR, the remaining template was
digested with the restriction enzyme Dpnl (TaKaRa, Dalian, China) at
37°C for 2 h. The Dpnl-digested PCR product was then purified and
transformed into E. coli BL21(DE3). The cells were spread onto LB agar
plates containing 30 pg/ml kanamycin. Single clones were selected for
identification using gene sequencing.

Determination of in vivo cofactor concentration in strains harbor-
ing the wild-type (WT) or mutant enzyme. As genetic manipulation of
the parent strain S. inulinus CASD is currently not feasible, E. coli
BW25113 was chosen as the alternative host strain to investigate the co-
enzyme preference in vivo. To eliminate the influence of the native lactate
dehydrogenases in E. coli, the genes of L-lactate dehydrogenase (/ldD) and
D-lactate dehydrogenase (IdhA) of BW25113 were first knocked out. The
gene fragment of DLDH744 or mutant N174Y was inserted into
pGEX-KG vector (GE Healthcare), which drives expression by the P, .
promoter between the HindIII and EcoRI restriction sites. The resultant
recombinant plasmids PGEX-DLDH744 and PGEX-N174Y were then
transformed into E. coli BW25113AlldD AldhA. The engineered strains
harboring the recombinant plasmid (E. coli 744WT and E. coli N174Y)
were incubated in LB medium overnight and then transferred into fer-
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mentation medium (20 g/liter glucose, 10 g/liter yeast extract, 15 g/liter
tryptone, 15 g/liter NaCl, 3 g/liter calcium carbonate). The cells were
collected after 12 h of cultivation without shaking, and the in vivo concen-
trations of lactic acid, NAD™, NADH, NADP™, and NADPH were deter-
mined.

Analytical methods. The concentrations of NADP™ were measured
using the EnzyFluo NADP"/NADPH assay kit (BioAssay Systems,
Hayward, CA, USA), and the concentrations of NADH were measured
using the EnzyChrom NAD */NADH assay kit (BioAssay Systems) as
described in the manufacturers’ protocols. Briefly, the cells were
washed with cold PBS and pelleted for each sample. Then, the samples
(~10’ cells) were homogenized with either 100 pl NAD(P) ™ extrac-
tion buffer for NAD(P)™" determination or 100 wl NAD(P)H extrac-
tion buffer for NAD(P)H determination. Each solution was first heated
at 60°C for 5 min, and then 20 pl assay buffer and 100 pl of the opposite
extraction buffer were added to neutralize the extracts. The supernatants
were used for cofactor concentration assay.

Nicotinamide nucleotide transhydrogenase catalyzes the reversible
transfer of hydrogen between NAD and NADP according to the reaction
NADH + NADP™ <> NAD + NADPH (25). The transhydrogenase ac-
tivity of DLDH744 was determined by measuring the concentration of
NADH in 800 p.l of the following mixture: 100 mM PBS (pH 5.5), 0.2 mM
NAD*, 0.2 mM NADPH, and 10 ul of enzyme. NADH kinases were
reported to directly phosphorylate NADH to produce NADPH (26). The
possible reverse NADH kinase activity of DLDH744 was determined by
measuring the concentration of phosphate in 800 pl of the following
mixture: 20 mM sodium pyruvate, 0.2 mM NADPH, and 10 pl of enzyme
in Milli-Q water (Millipore, Bedford, MA, USA). The phosphate released
from NADP™" was measured using the malachite green phosphate assay
kit (BioAssay Systems) according to the manufacturer’s protocol.

D-Lactic acid was measured using a high-performance liquid chroma-
tography (HPLC) system (Agilent 1260 series) equipped with a chiral
column (MCI Gel CRS10 W; Japan) and detection at 254 nm. The mobile
phase was 2 mM CuSO, at a flow rate of 0.5 ml/min (25°C).

Protein structure accession number. The complete tertiary structure
of DLDH744 in complex with NAD™ determined in this study has been
submitted to PDB under PDB ID 4XK]J.

RESULTS

Enzymatic properties of DLDH744. DLDH744 is a 335-amino-
acid enzyme with a calculated molecular mass of 36.7 kDa. The
molecular mass of the expressed protein was approximately 37.0
kDa as determined by SDS-PAGE analysis, indicating that the re-
combinant protein had been expressed successfully in E. coli. Na-
tive PAGE analysis showed a molecular mass of approximately
70.0 kDa, suggesting that DLDH744 exists as a homodimer. The
purified enzyme, here referred as DLDH744, had clear activities
on pyruvate and D-lactic acid but not on L-lactic acid with
NAD(H) as coenzyme. The optimal reaction pH for DLDH744
was 5.5 (see Fig. S1 in the supplemental material). Additionally,
Cu** and Zn*>" strongly inhibited DLDH744 enzyme activities
(see Fig. S2 in the supplemental material). The enzyme was stable
at temperatures below 32°C and inactivated rapidly above 38°C
(see Fig. S3 in the supplemental material).

NADH and NADPH as coenzymes for DLDH744. As men-
tioned above, all lactate dehydrogenases reported to date have
high specificity for NAD™ as a cofactor (6). The K,,, value for the
NADH of DLDH744, when catalyzing the reduction of pyruvate
to lactate, was 0.114 * 0.0056 mM. Interestingly, NADPH was
also found to be an effective cofactor for pyruvate reduction to
lactate. Notably, the K,,, value for NADPH in the same reaction
was 0.036 = 0.0004 mM, which was much lower than that of
NADH. These results indicated that the enzyme is NAD(P)™ de-
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FIG 1 HPLC analyses of products of pyruvate reduction by purified
DLDH744 with NADPH or NADH as cofactors. (a) Reaction with NADPH as
coenzyme; (b) reaction with NADH as coenzyme; (c) control without a coen-
zyme added; (d) L-lactic acid standard; (e) D-lactic acid standard.

pendent, with a preference for NADPH. To confirm these results,
products from the reaction using NADH or NADPH as a coen-
zyme were measured by HPLC equipped with a chiral column. As
shown in Fig. 1, pyruvate was reduced exclusively to p-lactic acid
by DLDH744 using either NADH or NADPH as the sole coen-
zyme. The reaction mixtures with NADH and NADPH produced
the same concentrations of D-lactate during the same reaction
times. Additionally, the absence of L-lactic acid in the reaction
system indicated that DLDH744 is a strict D-lactate dehydroge-
nase. No product was detected in the absence of either coenzyme
or substrate.

Overall crystal structure of DLDH744. For further investiga-
tion of this enzyme, the complete tertiary structure of DLDH744
in complex with NAD " was determined by X-ray crystallography.
The structure of DLDH744 was determined by molecular replace-
ment method and refined as shown in Table S1 in the supplemen-
tal material. Like typical NAD*-dependent dehydrogenases, a ho-
modimer of DLDH744 was found in one asymmetric unit. Two
identical monomers (with Ca atoms’ root mean square [RMS]
difference of 1.339 A) associate at the cofactor-binding domain
to form the homodimer. Each monomer covers full-length
DLDH?744 (Met'-Ala*?), which is composed of two separate do-
mains, the substrate-binding domain (Met'-Tyr'®") and the co-
factor-binding domain (Ser'®>-Ala**?). These two domains are
separated by a deep cleft (Fig. 2). Each monomer contains one
cofactor NAD™ in the cofactor binding domain. The cofactor-
binding domain has a central B-sheet containing six parallel
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FIG 2 Overall crystal structure of DLDH744. (a) Crystal structure of one
subunit in complex with cofactor NAD™". The secondary structures are colored
in blue for « helix and green for  strand; NAD™ is colored in magenta and
shown in sticks. (b) Dimeric structure of DLDH744. The other subunit in the
dimer is represented by surface and colored in orange.

strands that are flanked on both sides by a-helices. This topology
is a variant of the conventional dinucleotide-binding Rossmann
fold that is widely conserved among various members of the
NAD " -dependent dehydrogenase family. The smaller substrate-
binding domain is also characterized by a modified Rossmann
fold topology composed of a five-stranded parallel B-sheet
flanked by five a-helices (Fig. 2).

Exploration of the key sites critical for NADPH utilization.
As DLDH744 was found to have D-2-hydroxyacid dehydrogenase
activity with the unusual ability to use both NADH and NADPH
as coenzymes, it was of interest to investigate the sites that dis-
criminate between NADH and NADPH. Structural studies of
DLDH744 have identified some critical residues that contact the
coenzyme (Fig. 3). The ribose ring (adjacent to the adenine) forms
two hydrogen bonds with the carboxyl side chain of Asp'”® (2.4 A
and 2.9 A). The pyrophosphate atoms form weak hydrogen bonds
with the main-chain nitrogen atoms of Arg'> (3.3 A) and Ile'*®
(3.0 A). Residues in this region are part of the NAD*-binding
signature motif GXGXXGX, which is present from Gly'>* to
Gly'® in DLDH744. The nicotinamide ribose ring is stabilized by
interactions with the main-chain oxygen atom of Val**® (2.6 A)
and the amine group of Arg?** (3.2 A). The amine group of the
nicotinamide ring is stabilized by Ala*** (3.2 A), and the carbonyl
group forms a hydrogen bond with main-chain nitrogen atom of
Gly*” (3.0 A).

Amino acid sequence alignment between DLDH744 and other
functionally verified NAD " -dependent D-LDHs was performed
using ClustalX2 and rendered using ESPript (27). The alignment
indicated that most of the cofactor-binding sites are highly con-
served among the NAD"-dependent D-LDHs (Fig. 4). Only
Gly*” is different from the other D-LDHs, but the mutation
G297A did not change the cofactor usage (data not shown). Ala**>
is not a conserved residue in D-LDHs, and the corresponding
residue in some other NAD"-dependent D-LDHs is also Ala.
Therefore, the cofactor-binding residues are not the sites that af-
fect NADPH utilization of DLDH744.
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FIG 3 Structural analysis for identification of cofactor NAD *-binding site of
DLDH?744. Key amino acids necessary for cofactor NAD™" binding are shown
in sticks, and the hydrogen bonds are shown as dashed lines.

NADPH differs from NADH only by the presence of an addi-
tional phosphate group on the adenine ribose of the coenzyme.
Therefore, we modeled NADP in the active site to predict which
residues were involved in cofactor specificity. The residues be-
neath the adenine ribose of the coenzyme should play a role in
using NADPH as a coenzyme (Fig. 5a). In the structure, the ribose
ring forms two hydrogen bonds with the carboxyl side chain of
Asp'”>. Asp'”® was reported to be responsible for the NADH pref-
erence in some D-LDHs by hindering binding of the negatively
charged and bulky phosphate group (28, 29). The D-LDH activity
of the D175S mutant was decreased when using either NADH or
NADPH as the coenzyme (Fig. 6), indicating that Asp'”” was a key
binding site for cofactor but not the residue responsible for dis-
criminating between NADH and NADPH in DLDH744. Interest-
ingly, the residues surrounding Asp'”® are rich in diversity, as
shown in the amino acid sequence alignment result (Fig. 4).
Therefore, the adjacent amino acid residues beneath the adenine
ribose of the coenzyme (position 174 to 177) were mutated to the
corresponding amino acids of other NAD *-dependent LDHs to
explore the cofactor specificity. The D-lactate dehydrogenase ac-
tivity of these mutants was measured using NADH or NADPH as
coenzyme. Among these mutants, N174Y exhibited sharply de-
creased D-LDH activity with NADPH, while its activity with
NADH was not significantly affected compared with wild-type
DLDH744 (Fig. 6).

To further investigate the role of Asn'’* in the utilization of
NADPH as a coenzyme, the corresponding amino acid (Tyr) of a
D-lactate dehydrogenase from Lactobacillus delbrueckii subsp. bul-
garicus DSM 20081, which has already been experimentally veri-
fied as an NAD-dependent D-LDH (30), was mutated to Asn.
Although a very low activity with NADPH as coenzyme was de-
tected by the wild-type enzyme (0.96 = 0.01 U/mg) in our exper-
iments, it might be due to the impurity of the reagent NAPDH
since the purity of NADPH purchased from Sigma-Aldrich (lot
no. SLBJ6612V) is about 97%. The specific enzyme activity with
the mutant using NADPH as the coenzyme was determined to be
7.35 * 0.40 U/mg, whereas the specific activity using NADH did
not change drastically (from 81.8 = 3.2 U/mg to 88.8 = 2.6
U/mg). In addition, the amino acid sequences of 26 uncharacter-
ized lactate dehydrogenases from Lactobacillus genomes were also
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FIG 4 Sequence alignment of DLDH744 with homologous enzymes. The secondary structure of D-LDH from L. bulgaricus (PDB ID 1J4A) is presented (top).
The indicated numbers of the residues refer to the D-LDH from L. bulgaricus. Helices are marked with spirals, beta strands with arrows, and turns with the letter
T. Identical residues and conserved substitutions are shaded in red and boxed in by blue rectangles, respectively. The cofactor-binding sites are identified by a
black square. The nucleotide-binding signature domain GXGXXG(17X)D is identified by black triangles. Asn'’* is a unique residue in DLDH744 that differs

from residues in the same position in the other D-2-hydroxyacid dehydrogenases. L. pentosus, Lactobacillus pentosus; S. aureus, Staphylococcus aureus.

aligned with DLDH744, and all contained a Tyr at the correspond-
ing amino acid residue, consistent with D-LDH from Lactobacillus
delbrueckii subsp. bulgaricus DSM 20081 (see Fig. S4 in the sup-
plemental material). These results demonstrated again the impor-
tance of Asn'”* in the utilization of NADPH as a coenzyme in
DLDH744.

The kinetic parameters of the N174Y mutant in reactions using
NADH and NADPH were determined using pyruvate as a sub-
strate. The kinetic parameters using NADH by the N174Y mutant
were not significantly different from those of the wild-type en-
zyme. After mutation, the K,,, value for NADH as a coenzyme was
reduced, whereas that for NADPH was increased. The V., of the
N174Y mutant using NADPH as a coenzyme was remarkably re-
duced to 0.91 U/mg. As a result, the turnover number (k) and
overall catalytic efficiency (k. /K,,) of the mutant were signifi-
cantly decreased (Table 2). Therefore, Asn'”* was functionally ver-
ified as the key residue that is critical for NADPH utilization.

Determination of in vivo cofactor concentration. To deter-

mine the coenzyme preference in vivo, the strain that has only
DLDH744 (or the N174Y mutant enzyme) for lactic acid produc-
tion was engineered. No L-lactate was detected in either strain,
indicating that only the introduced exogenous D-lactate dehydro-
genases (DLDH744 or its mutant) contributed to lactate forma-
tion. The concentrations of lactic acid, NAD ", NADH, NADP ™,
and NADPH were determined after fermentation. The lactic acid
production by the E. coli strain with the wild-type enzyme (E. coli
744WT, 2.33 % 0.11 g/liter) was consistent with that of the E. coli
strain with the mutant enzyme (E. coliN174Y, 2.77 = 0.20 g/liter).
However, the concentration of NADPH in E. coli with the wild-
type enzyme was one-half of that in E. coli with the mutant en-
zyme. Furthermore, the NADH concentration was lower and the
NAD™ concentration was higher in the E. coli strain with the mu-
tant enzyme than in that with the wild-type enzyme (Table 3).
These results were also consistent with the finding that the mutant
exhibited decreased D-LDH activity using NADPH, while its ac-
tivity using NADH was not significantly different (Fig. 6). Thus, it

FIG 5 Comparison between the structures of DLDH744 modeled with NADP* and D-LDH from Aquifex aeolicus in complex with NAD ™. (a) Crystal structure
of DLDH744 modeled with NADP™ in the cofactor binding site. The secondary structures are colored in blue for a-helix and green for -strand; NAD " is colored
in magenta and shown in sticks. Asn'”* and other amino acids near the adenine ribose are shown in sticks. (b) The crystal structure of D-LDH from A. aeolicus
bound with NAD™ was shown in same color scheme as DLDH744. Tyr'”° and corresponding amino acids in D-LDH from A. aeolicus are shown in sticks.
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FIG 6 p-Lactate dehydrogenase activity with the cofactors NADH and NADPH after site-directed mutagenesis. Lactate dehydrogenase activity of DLDH744
mutant enzymes with NADH (a) or with NADPH (b) as coenzyme. The error bars in the figure indicate the standard deviations from three parallel replicates.

is clear that DLDH744 has preferential specificity for NADPH in
vivo.

Transhydrogenase and reverse NADH kinase activities of
DLDH744. The energy-independent, soluble transhydrogenase
UdhA of E. coli has been reported to convert NADPH and NAD™
to NADP " and NADH, respectively, under high concentrations of
NADPH (31).Itis of interest to determine whether DLDH744 had
asimilar transhydrogenase activity and therefore used regenerated
NADH as a coenzyme. No NADH was detected when purified
DLDH744 was incubated with NADPH, even upon addition of
NAD™ (data not shown). After the enzymatic reaction with pyru-
vate as a substrate and NADPH as a coenzyme, only NADP " was
identified as a product. The amount of NADP™* produced (0.199
mM) was consistent with the quantity of NADPH added (0.200
mM). Therefore, no hydrogen was transferred from NADPH to
NAD™ to produce NADH. Additionally, NADH kinases were re-
ported to directly phosphorylate NADH to produce NADPH,
which subsequently enhanced the productivity of the NADPH-
dependent biotransformation processes (31). To exclude the pos-
sibility that NADH was being produced from NADPH by reverse
NADH kinase activity, the quantity of released phosphate was
measured using Milli-Q water in the enzymatic reaction mixture.
As expected, there was no liberation of phosphate from NADPH
when DLDH744 and NAPDH were incubated with pyruvate.
These results provided clear evidence that DLDH744 was capable
of utilizing NADPH as a coenzyme.

DISCUSSION

Hydroxy acid dehydrogenases, which are key players in carbohy-
drate metabolism, catalyze the reversible conversion of keto acids
into chiral hydroxyl acids concomitant with the oxidation of
NAD(P)H to NAD(P) ™ (7). Besides the NAD(P) " -dependent hy-
droxy acid dehydrogenases, the NAD(P) " -independent lactate
dehydrogenases have also been found in some bacteria (6). We
found no activity of DLDH744 toward pyruvate without the co-
factors NAD™ or NADP™, indicating that it is an NAD(P)*-de-
pendent lactate dehydrogenase.

D-LDH and glutamate dehydrogenase (GDH) belong to two
distinct families: D-2-hydroxyacid dehydrogenases and Glu/Leu/
Phe/Val dehydrogenases, respectively. Unlike D-LDHs, which are
all reported to be NAD™ dependent to date, three types of GDHs
have been identified: NAD " dependent, NADP* dependent, and
dual-nucleotide specific (32). As DLDH744 could use both
NADH and NADPH with high efficiencies and even with a pref-
erence for NADPH as the coenzyme both in vitro and in vivo,
protein structures were first compared for DLDH744 and GDHs.
However, the similarities between DLDH744 and GDH were quite
low at the amino acid sequence level, making the direct compari-
sons of DLDH744 to GDH unreliable. Consequentially, the focus
of the study was shifted to investigating the difference between
DLDH744 and other reported NAD-linked LDHs with experi-
mentally verified functionalities.

TABLE 2 Kinetic constants of the wild-type (WT) and mutant (N174Y) p-lactate dehydrogenase DLDH744 for NADH and NADPH

Means = SD of kinetic constants for cofactor:

NADH NADPH
kol K, kel K,
Enzyme K, (mM) Vinax (U/Mg)  kye (min™") (mM~'s™) K, (mM) Vinax (U/mg) ke, (min™") (mM~'s™")
WT 0.114 = 0.0056 7.50 = 0.168 525.20 = 11.80 77.02 £ 1.73 0.036 = 0.0004 4.66 = 0.014 326.53 £ 0.98 149.31 = 0.45
N174Y 0.080 * 0.0003 6.93 £ 0.001 485.28 = 0.14 100.72 = 0.03 0.056 £ 0.0002 0.91 = 0.001 63.56 * 0.04 18.77 £ 0.01
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TABLE 3 In vivo concentrations of coenzymes in the recombinant E.
coli hosts harboring wild-type or mutant DLDH744

Means *+ SD of in vivo concn of coenzyme:

NADPH NADP*
NAD" (M) (uM) (M)

0.616 = 0.008 1.997 * 0.097 0.117 = 0.002 0.089 * 0.001
0.544 * 0.009 3.074 £ 0.059 0.224 *= 0.008 0.078 * 0.003

E. coli strain  NADH (uM)

744WT
N174Y

It was reported that primary sequence alone is not a reliable
guide for predicting coenzyme specificity (32). Cofactor specific-
ity appears to be a function of the arrangement of secondary struc-
tural elements. Therefore, protein structural analysis was also per-
formed while investigating the specific NADP " -binding site of
DLDH744. Bernard et al. (29) reported that Asp'’® is responsible
for the NADH preference of D-LDHs. This is not true for
DLDH?744, since the residue in this position is also aspartate but
DLDH744 was able to use both NADH and NADPH. We found
that the N174Y mutation of DLDH744 specifically affected the use
of NADPH as a coenzyme. In the structure, Asp'”” forms hydro-
gen bonds with the phosphate groups of the adenosine ribose, and
the side chain of Asn'’* is directed toward the surface of the co-
factor-binding domain. The corresponding amino acid residue in
other functionally verified NAD"-dependent D-LDHs was ty-
rosine, which contains a large and hydrophobic side chain, in
contrast to the functional Asn'’* in DLDH744. The contrast be-
tween the crystal structure for DLDH744 and the NAD " -depen-
dent D-LDH from Aquifex aeolicus validates the prediction, as
shown in Fig. 5b (33). The neutral, small side chain of asparagine
adjacent to the crucial residue Asp'”” has an advantage in reducing
steric hindrance for binding of the negatively charged and bulky
phosphate group of NADPH. Thus, mutation of Asn'”* to Tyr
increased steric hindrance and the mutant reduced the LDH ac-
tivity with NADPH. Additionally, the K, value for NADH was
reduced whereas the K, value for NADPH was increased after
mutation, indicating that Asn'”* plays an important role in cofac-
tor specificity. It should be noticed that the K, value for NADPH
was still lower than that for NADH by the mutation N174Y (Table
2). There might be other features of the enzyme that participate in
giving it a higher affinity for NADPH.

To further investigate the importance of Asn'”* in the utiliza-
tion of NADPH as a coenzyme, the corresponding amino acid
(Tyr) of the NAD-dependent pD-lactate dehydrogenase from Lac-
tobacillus delbrueckii subsp. bulgaricus DSM 20081 was mutated to
Asn. Although the activity of D-lactate dehydrogenase from L. bul-
garicus with NADPH after site mutation was not as high as the
activity using NADH, the gain-of-function of this specific enzyme
activity using NADPH as a coenzyme still demonstrated the im-
portance of Asn'”* in the utilization of NADPH as a coenzyme.
Furthermore, structural analysis has shown that NADPH cannot
enter the interdomain active-site cleft of the D-LDH from L. bul-
garicus (28). DLDH744 and the D-LDH from L. bulgaricus share
only 41% identities at the amino acid level. Unlike the NAD™-
dependent D-LDH from L. bulgaricus, DLDH744 might interact
with NADPH as a cofactor directly, perhaps in a different confor-
mation from that in which it uses NADH as a cofactor. This sce-
nario would be in accordance with a recent report describing the
NADP*-dependent glutamate dehydrogenase from E. coli, in
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which the conformation was changed when using NADPH as a
coenzyme from its NADH utilization pattern (32).

The 1-lactate dehydrogenase from Bacillus subtilis (BsLDH)
was reported to be engineered for regeneration of NADPH. The
maximal specific activity of engineered BsLDH with NADPH was
90.8 U/mg with a K,, value of 0.06 mM (12). Until now, no
NADP*-dependent p-lactate dehydrogenase was found in nature
(6). The affinity for NADPH of wild-type DLDH744 (K,, value of
0.036 mM) is higher than that of the engineered BsLDH, although
the activity of wild-type DLDH744 with NADPH was lower.
Therefore, the NADP-preferring p-lactate dehydrogenase found
in this study would expand the enzymatic systems for the regen-
eration of NADPH, especially for some stereospecific conversion
reactions in which L-lactate dehydrogenase should not be applied.

In summary, to our knowledge, this study is the first to report
a wild-type lactate dehydrogenase that uses both NADH and
NADPH with high efficiency and shows preference for NADPH as
a coenzyme. The characterization of the active residues of this
enzyme contributes to the mechanistic understanding of its activ-
ities.
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