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Abstract
Malate is an important material to various industrials and clinical applications. Bacillus subtilis is a widely used biocatalyst 
tool for chemical production. However, the specific enzymatic properties of malate dehydrogenase from Bacillus subtilis 
(BsMDH) remain largely unknown. In the present study, BsMDH was cloned, recombinantly expressed and purified to test 
its enzymatic properties. The molecular weight of single unit of BsMDH was 34,869.7 Da. Matrix-Assisted Laser-Desorption 
Ionization-Time-of-Flight Mass Spectrometry and gel filtration analysis indicated that the recombinant BsMDH could form 
dimers. The kcat/Km values of oxaloacetate and NADH were higher than those of malate and  NAD+, respectively, indicating 
a better catalysis in the direction of malate synthesis than the reverse. Furthermore, six BsMDH mutants were constructed 
with the substitution of amino acids at the coenzyme binding site. Among them, BsMDH-T7 showed a greatly higher affinity 
and catalysis efficiency to NADPH than NADH with the degree of alteration of 2039, suggesting the shift of the coenzyme 
dependence from NADH to NADPH. In addition, BsMDH-T7 showed a relatively lower Km value, but a higher kcat and kcat/Km 
than NADPH-dependent MDHs from Thermus flavus and Corynebacterium glutamicum. Overall, these results indicated that 
BsMDH and BsMDH-T7 mutant might be promising enzymes for malate production.
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1 Introduction

Malate dehydrogenase (MDH, EC 1.1.1.37) is an important 
enzyme in organisms, mainly catalyzing the interconversion 
of malate and oxaloacetate (OAA) [1], which is a rate-lim-
iting step in the tricarboxylic acid cycle (TCA). In addition, 
MDH plays essential roles in diverse metabolic pathways, 
including gluconeogenesis, lipogenesis, protection against 
oxidative stress, and substrate channeling [2–5]. Moreover, 
MDH was developed as a biomarker for molecular breeding 
[6], and a potential diagnosed antigen for vaccine develop-
ment [7].

In various species, MDHs with different amino acid 
sequences and secondary structures have been reported, 
displaying diverse enzymatic efficiency and affinity to 
substrates. Generally, MDH shows a highly conserved 
3-dimensional structure, existing in the forms of dimer or 

tetramer. MDHs from most Gram-negative bacteria and all 
eukaryotes are dimeric with the molecular weights rang-
ing from 30 to 38 kDa for each subunit. In most Gram-
positive bacteria and archaea, MDHs form tetramers 
(130–172 kDa) [5]. According to coenzyme specificity, 
MDHs are divided into  NAD+-dependent (EC 1.1.1.37) and 
 NADP+-dependent types (EC 1.1.1.82). Almost all MDHs 
from bacteria, eukaryotic cytoplasm and mitochondria are 
 NAD+-dependent, while those from eukaryotic chloroplast 
are  NADP+-dependent [5].

Malate is a widely used chemical in cosmetic, textile and 
food industries, rapid clinical diagnostic assays (aspartate 
aminotransferase activity and serum bicarbonate level), and 
the bioremediation of heavy metal pollution [8, 9]. One 
efficient way to produce malate is microbial fermentation, 
during which MDH is the key factor determining the pro-
duction efficacy and cost. For example, Aspergillus flavus 
is a well-known malate producer. It can ferment glucose to 
malate with a relatively high yield, but the by-product afla-
toxin needs additional costs to remove [10]. The transgenic 
Escherichia coli strain with restructured malic enzymes 
could produce 1.41 mol of malate based on 1 mol of glucose, 
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and accumulate 34 g/L malate in the culture media [11]. The 
transgenic Bacillus subtilis strain with phosphoenolpyruvate 
carboxylase and malate dehydrogenase from Saccharomy-
ces cerevisiae further increased malate production [12]. 
Although industrial production of malate using MDH activ-
ity-enhanced bacteria have been realized, further exploration 
of MDH from other species may provide more choices for 
industrial production of malate.

Bacillus subtilis is a promising biocatalyst platform, 
due to its well-characterized genetic background, mature 
fermentative technology, and high tolerance to solvent and 
environmental stresses owing to its thicker cell wall com-
pared with other microorganisms [13–17]. In addition, B. 
subtilis expresses various enzymes including proteases, cel-
lulases, xylanases and amylases. Thus, it can utilize a wide 
range of carbon and energy sources. Thus, based on some 
cheaper substrates, B. subtilis may be used to produce malate 
[18–20]. However, up to date, the specific enzyme proper-
ties of B. subtilis MDH (BsMDH) has not yet been reported, 
which are important basic information for further develop-
ment of B. subtilis as a malate production tool. In addition, 
all bacterial MDHs require  NAD+ as the coenzyme. Thus, 
the yield of malate partially relies on the speed of  NAD+ 
regeneration. To resolve this question, one strategy is the 
enhancement of coenzyme regeneration mechanism. For 
example, Lu and Mei [21] enhanced coenzyme formation 
mechanisms in E. coli, which effectively elevated the over-
all efficacy of  NADP+-dependent enzymes. Alternatively, 
switch of the coenzyme specificity from insufficient coen-
zyme to abundant coenzyme by mutation of the coenzyme 
binding sites might also increase the final efficacy of coen-
zyme-dependent enzymes. Following this thought, mutation 
of the  NAD+-binding site in BsMDH to NADP+-binding 
sequence might create novel NADP+-dependent bacterial 
MDHs, which might contribute more selections for indus-
trial applications.

In this study, we cloned, recombinantly expressed and 
purified BsMDH. Next, its enzymatic properties were char-
acterized. Moreover, to create more MDHs with different 
properties, the coenzyme binding sites of BsMDH were 
mutated and their specificity to coenzymes were tested. 
Overall, these results would contribute more MDH protein 
sequences for industrial applications and also promote our 
understanding of MDH functions in B. subtilis.

2  Materials and Methods

2.1  Gene Cloning

Bacillus subtilis ATCC 6051 was purchased from the 
China General Microbiological Culture Collection Center 
(CGMCC). Genomic DNA was extracted using a bacterial 

genomic DNA rapid extraction kit (Protein Biotech, Bei-
jing, China). The BsMDH gene (GenBank accession num-
ber NC020507.1) was amplified using 2×Pfu PCR Master 
Mix (Protein Biotech, Beijing, China) with primers, 5′-AAA 
ATG TGC ATA TGA TGG GAA ATA CTCGT-3′ and 5′-AGC 
CGC TCG AGT TAG GAT AAT ACT TTCA-3′. Next, the PCR 
product was ligated to the pET- 28b(+) plasmid using the 
restriction enzymes Nde I and Xho I (New England BioLabs 
Inc., UK). The vector was transformed into E. coli DH5α. 
After DNA sequencing, the correct recombinant plasmid 
was extracted.

MEGA 7.0 was used to construct the phylogenetic tree 
of BsMDH and other MDHs with 1000 bootstraps [22]. 
Sequence alignment was conducted using Clustal W [23]. 
Prediction of secondary structure was conducted using the 
PSIPRED 4.0 tool online (http:// bioinf. cs. ucl. ac. uk/ psipr 
ed/).

2.2  Protein Expression and Purification

The recombinant plasmid was transformed into E. coli 
Rosetta BL21(DE3) pLysS and a positive clone was cul-
tured overnight at 37 °C in LB medium containing 30 mg/L 
kanamycin (Macklin, Shanghai, China) and 30 mg/L chlo-
ramphenicol (Macklin, Shanghai, China). Next, E. coli 
was inoculated into fresh LB medium. When the  OD600nm 
reached 0.4–0.6, 0.5 mM IPTG (Macklin, Shanghai, China) 
was added and then further cultured at 20 °C for 20 h. E. coli 
cells were harvested by centrifugation at 5000 rpm for 20 
min, and then suspended in 20 mL of LEW buffer (50 mM 
 NaH2PO4, 300 mM NaCl, pH 8.0). Cells were homogenized 
by ultrasonication for 40 min on ice (20 s for sonication and 
40 s for cooling, 40 cycles). After centrifugation at 10,000 
rpm and 4 °C for 20 min,  his6-tagged target proteins in the 
supernatant were purified using the  Co2+-affinity chroma-
tography (Genscript, Nanjing, China) at 4 °C. The obtained 
protein was visualized by the sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS–PAGE).

2.3  Molecular Mass Determination

Protein concentration was determined using a Quick Start 
Bradford protein assay kit (Bio-Rad, Irvine, USA) with 
bovine serum albumin (BSA) as the standard, and approxi-
mately 2.5 mg of BsMDH in total was analyzed using 
gel filtration for preliminary molecular calculation. After 
treatment with thrombin (Macklin, Shanghai, China), the 
BsMDH without  his6-tag was visualized on native PAGE, 
and its molecular weight was determined using a Matrix-
Assisted Laser-Desorption Ionization-Time-of-Flight Mass 
Spectrometry (MALDI-TOF MS) 5800 Analyzer (AB 
SCIEX, USA) as previously described [24]. Briefly, 0.6 µl 
of sample was mixed directly onto the target plate with the 
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matrix solution (1:3 vol/vol), air-dried and then measured 
usign the machine. The mass spectrometry data have been 
deposited to the figshare (https:// doi. org/ 10. 6084/ m9. figsh 
are. 13525 388). Moreover, a Gel Permeation Chromatogra-
phy coupled to Multi-Angle Light Scattering (GPC-MALS, 
Wyatt Technology Co., USA) system was also employed to 
detect the molecular weight of BsMDH.

2.4  Determination of Enzyme Activity and Kinetic 
Properties

The enzymatic properties of the recombinantly expressed 
protein were determined as follows. MDH catalyzes the 
reversible transformation from oxaloacetate (OAA) and 
NAD(P)H to malate and NAD(P)+. Since NAD(P)H has a 
characteristic absorption at 340 nm, the enzyme activity can 
be calculated by monitoring the change of  OD340 nm. The 
reaction system contained 100 mM Tris–HCl (pH 8.0), 2.25 
mM OAA and 0.25 mM NAD(P)H. The standard reaction 
solution was thoroughly mixed with the appropriate amount 
of enzyme solution and then maintained at 25 °C for 60 s. 
The reduction of NAD(P)H per unit time was measured by 
monitoring the absorbance at 340 nm using a Cary 300 Bio 
UV–Visible spectrophotometer (Varian, CA, USA). Enzyme 
activity was expressed as micromoles of NADH oxidized/
NAD+ reduced per minute of reaction time per milliliter 
of enzyme solution [25]. Substrate kinetics and coenzyme 
kinetics, including Km values for oxaloacetate, l-malate, 
NADH, and NADPH were determined. Km, kcat and kcat/Km 
were estimated based on the Michaelis–Menten plots. All 
experiments were conducted in triplicates independently.

2.5  Effects of pH and Temperature on Enzyme 
Activity

To determine the effects of pH and temperature on the enzy-
matic activity of BsMDH, the pH of the reaction solution 
was adjusted from 7.0 to 9.0 at the interval of 0.5, and the 
temperature was adjusted from 20 to 55 °C at the interval of 
5 °C. The BsMDH activity was assessed as described above. 
To investigate the thermal stability of BsMDH, enzyme 
solution was incubated at different temperatures (from 30 
to 55 °C at the interval of 5 °C) for 20 min, placed in an ice 
bath for 5 min and then the enzyme activities were deter-
mined at 25 °C.

2.6  Effects of Metal Ions and Compounds 
on Enzyme Activity

The monovalent metal ions  (K+,  Na+,  Rb+ and  Li+) and diva-
lent ions  (Mn2+,  Mg2+,  Co2+,  Ca2+,  Zn2+,  Cu2+ and  Ni2+) 
at a final concentration of 2 mM were added into the reac-
tion system according to methods described previously [26], 

and then BsMDH activity was measured as described above. 
Similarly, the effects of three kinds of purine nucleotides 
(adenosine triphosphate, adenosine diphosphate and Adeno-
sine monophosphate, abbreviated as ATP, ADP and AMP) 
and three kinds of metabolic compounds (α-ketoglutarate, 
dithiothreitol, and ethylene diamine tetraacetic acid, abbre-
viated as α-KG, DTT and EDTA) on BsMDH activity were 
also analyzed. Considering as the wide application in buffer 
systems, the effects of DTT and EDTA were tested at two 
concentrations.

2.7  Construction and Expression of BsMDH Mutants

According to the known coenzyme binding site of 
 NADP+-dependent chMDH, the  NAD+ coenzyme binding 
site  (D36IPQLEN42) in BsMDH was replaced with the amino 
acid sequence of  NADP+ coenzyme binding site (GSERSFQ) 
from chMDH [27], including the following six BsMDH 
mutants: BsMDH-T1a  (S37), BsMDH-T1b  (R39), BsMDH-
T3(G36S37S40), pBsMDH-T4(G36S37R39S40), pBsMDH-T5 
 (G36S37R39S40Q42), pBsMDH-T7  (G36S37E38R39S40F41Q42). 
The primers, plasmids and strains used for these mutations 
are listed in Supplementary Table S1. The mutants were con-
structed using overlap PCR, and then ligated to pET-28b(+) 
plasmid by double restriction endonuclease digestion, which 
were further transformed in the E. coli Rosetta BL21(DE3) 
pLysS. After validation by Sanger sequencing, a positive 
clone was subjected for protein expression and purifica-
tion as described above. In order to further verify whether 
the mutations on the coenzyme binding sites changed the 
secondary structure of MDH proteins, Circular Dichroism 
assays of wild-type and mutated MDHs were performed 
using a Circular Dichroism spectrometer (Tokyo, Japan). 
Finally, the kinetic parameters of mutated enzymes were 
determined using the methods described above.

3  Results

3.1  BsMDH Gene Sequence and Protein Expression

The full length BsMDH was 939 bp, encoding 312 amino 
acid residues. SDS–PAGE revealed a clear band at approx-
imately 35 kDa (Fig. 1A). The result of gel filtration chro-
matography showed that the molecular weight of the target 
protein was approximately 74 kDa (Fig. 1B). After remov-
ing the  his6-tag, the native PAGE image showed two bands 
(Supplementary Fig. S1). The MALDI-TOF MS results 
showed two peaks with molecular masses of 68,988.36 
and 34,532.4 Da (Fig. 1C), suggesting that BsMDH in 
the solution might form homodimers (69.0 kDa) with the 
molecular weight of each subunit of 34.5 kDa. The GPC-
MALS analysis showed the molecular weight of the main 
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Fig. 1  Enzymatic properties of the recombinantly expressed BsMDH. 
A  SDS–PAGE analysis. M: protein molecular weight marker. Lane 
1: crude extracts of pET-28b(+) cells. Lane 2: crude extracts of cells 
transformed with BsMDH. Lane 3: purified BsMDH. B  Gel filtra-
tion chromatography analysis. The standard curve shows the loga-
rithmic molecular weight against elution volume. BsMDH was rep-
resented by the red circle. C  MALDI-TOF-MS analysis of BsMDH 
without  his6-tag. Two single-charged molecular ions were observed 
at 34532.2789, and 68988.2656 Da. BSA was used as the external 

standard. R means resolution, and the S means the signal to noise 
ratio. D  Gel Permeation Chromatography coupled to Multi-Angle 
Light Scattering (GPC-MALS) analysis of the oligomerization state 
of BsMDH without  his6-tag. LS (red): light scattering detector. UV 
(green): ultraviolet detector. dRI (blue): differential refractive index 
detector. Peak 2 at retention time from 20.105 min to 23.497 min was 
the major peak (93%), displaying Mw of 123.1 (± 1.653%) kDa, and 
Mz of 133.0 (± 4.023%) kDa (Color figure online)
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peak (peak 2, 93.0%) was 123.1 ± 1.653% kDa (Fig. 1D), 
suggesting that the forms of BsMDH in the solution of 
GPC-MALS might be a mixture of homodimers and homo-
tetramers. Overall, these data suggested that BsMDH 
might form dimers or tetramers in different buffer systems.

The secondary structure of BsMDH was predicted to 
contain 13 strands, 11 helixes and 23 coils (Fig. 2A). The 
phylogenetic analysis revealed that BsMDH was clustered 
with MDHs from Gram-positive and Gram-negative bac-
teria but isolated from eukaryotes (Fig. 2B). Alignment 
of protein sequences revealed that the  NAD+ coenzyme 
binding site  (D36IPQLEN42, Fig. 2C with black underline) 
was localized to a relatively less conservative area.

3.2  Effects of pH and Temperature on Enzyme 
Activity

Along with increasing temperature and pH, BsMDH activity 
increased from 20 to 38 °C and from pH 7.0 to 8.0, but then 
decreased. The optimal pH and temperature for BsMDH 
activity were 8.0 and 38 °C, respectively (Fig. 3A, B).

As shown in Fig. 3C, the residual activity of BsMDH 
maintained above 75% after treated at 30–40 °C for 20 min. 
When the temperature was above 40 °C, the residual enzyme 
activity of BsMDH decreased sharply with the gradually 
increased temperature. The residual activity was less than 
20% of the initial enzyme activity after treatment at 55 °C 
for 20 min.

Fig. 2  Sequence features of the BsMDH. A Secondary structure pre-
diction of BsMDH. B  Neighbor-joining phylogenetic tree of MDH 
amino acid sequences. Percentage bootstrap values above 50 are 
shown at the branch nodes. C Alignment of MDH protein sequences. 
The red color represents the conservation degree at each site. The 
accession numbers for the sequences in uniport database are as fol-
lows: EcMDH, Escherichia coli strain K12, P61889; PmMDH, pig 

mitochondria, P00346; RpMDH, Rickettsia prowazekii strain Madrid 
E, Q9ZDF3; SaMDH, Streptomyces aureofaciens, A0A1E7MZ09; 
ScMDH, Saccharomyces cerevisiae strain S288c, P22133; StMDH, 
Salmonella typhimurium strain LT2, P25077; TfMDH, Thermus fla-
vus AT-62/Thermus thermophilus ATCC 33923, P10584 (Color fig-
ure online)
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3.3  Effects of Metal Ions and Metabolic Reagents 
on BsMDH Activity

Treatments with 2 mM  Rb+,  Na+ and  Li+ almost completely 
inhibited BsMDH enzyme activity. The activity of BsMDH 
decreased over 80% in the presence of 2 mM  Co2+,  Zn2+, 
 Cu2+ and  K+. Other metal ions at the concentration of 2 
mM such as  Mn2+,  Mg2+,  Ca2+, and  Ni2+ also exhibited 
inhibitory activities on BsMDH activity, with the inhibi-
tory rates ranging from 10 to 88%. These results indicated 
that BsMDH might be a metallic-ion-independent dehydro-
genase, and its activity was inhibited by various metal ions 
(Table 1).

Regarding the effects of small molecular compounds, 
addition of 2 mM ATP, ADP and AMP inhibited BsMDH 
activity. Especially the addition of AMP inhibited almost 
46% of BsMDH activity. Other small metabolic compounds, 
including α-KG, DTT and EDTA, slightly inhibited BsMDH 
activity, and the residual activity still maintained above 80% 
(Table 2).

3.4  Kinetic Parameters of BsMDH

As shown in Table  3, and Supplementary Fig. S2, Km 
and kcat of NADH were 54.97 µM and 86.10  s−1, respec-
tively, and those of NADPH were 573.3 µM and 3.85  s−1, 

respectively. The catalytic efficiency (kcat/Km) values of 
BsMDH for NADH and NADPH were 1.57 µM−1  s− 1 and 
0.007 µM−1  s−1, respectively. The Km value for OAA was 
970.8 µM, and its catalytic efficiency (kcat/Km) was 0.32 
µM−1  s−1 (Table 4, Supplementary Fig. S2).

3.5  Kinetic Analysis of Mutated Enzymes

Totally, six mutants on the key coenzyme binding site of 
BsMDH were constructed. The Circular Dichroism analysis 
showed that the curves of mutated proteins were basically 
consistent with that of the wild-type BsMDH (Supplemen-
tary Fig. S3), indicating that mutations at these sites did not 
significantly affect their secondary structure.

The Km values for NADH (Km
NADH) and NADPH 

(Km
NADPH) of the six mutants are listed in Table 5. Among 

them, the preference of BsMDH-T5 to NADPH was five 
times higher than to NADH, and coenzyme specificity to 
NADH of this mutant reduced from 224.3 to 0.2 (1122 
folds). The coenzyme specificity of BsMDH-T7 to NADPH 
was 2039 folds higher than that of BsMDH, indicating the 

Fig. 3  Effects of temperature and pH on the activity of recombinant BsMDH (mean ± SD).A  Effects of pH on the activity of recombinant 
BsMDH. B Effects of temperature on the activity of recombinant BsMDH. C Effects of temperature on the stability of recombinant BsMDH

Table 1  Effects of metal ions on the recombinant BsMDH activity

Values are expressed as mean ± standard deviation

Metal ions Relative activity 
(%)

Metal ions Relative activity (%)

None 100.00 2 mM  Co2+ 17.90 ± 1.01
2 mM  Mg2+ 90.20 ± 3.83 2 mM  Cu2+ 17.44 ± 0.32
2 mM  Ca2+ 69.39 ± 1.43 2 mM  K+ 12.09 ± 1.55
2 mM  Mn2+ 62.04 ± 0.25 2 mM  Na+ 3.28 ± 0.70
2 mM  Ni2+ 52.16 ± 4.07 2 mM  Rb+ 0.00 ± 0.00
2 mM  Zn2+ 18.62 ± 0.44 2 mM  Li+ 0.00 ± 0.00

Table 2  Effects of small organic compounds on the activity of the 
recombinantly expressed BsMDH

Values are expressed as mean ± standard deviation 
α-KG α-ketoglutaric acid, DTT dithiothreitol, EDTA ethylene diamine 
tetraacetic acid, ATP adenosine triphosphate, ADP adenosine diphos-
phate, AMP adenosine monophosphate

Compounds Relative activity (%)

None 100.00
2 mM α-KG 83.37 ± 2.1
2 mM DTT 93.12 ± 0.55
5 mM DTT 84.88 ± 0.82
2 mM EDTA 91.62 ± 1.48
5 mM EDTA 98.41 ± 2.05
2 mM ATP 98.04 ± 1.18
2 mM ADP 75.46 ± 1.64
2 mM AMP 54.29 ± 1.17
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complete conversion of coenzyme specificity after mutation 
of certain amino acids. Notably, the other mutants, including 
BsMDH-T3, and BsMDH-T4, also showed great changes 
of kcat/Km, when the coenzyme changed from NADH to 
NADPH, with the degree of alteration of 329, and 575 folds, 
respectively.

4  Discussion

As previously reported, MDHs from Bacillus were predicted 
to be homotetramer based on the molecular mass analy-
ses, including B. caldotenax [28], B. subtilis [29], and B. 
stearothermophilus [30]. Monomer state of MDH was also 
reported from another B. subtilis strain [29]. In addition, 
Wynne et al. [30] reported that the MDH from B. stearother-
mophilus could form dimers when the pH decreased below 
3.5 but tetramer at pH higher than 3.5. Inconsistent with 
these results, in this study, both gel filtration and MALDI-
TOF MS analyses indicated that BsMDH with  his6-tag 
could form homodimer at pH 8.0. In addition, native-PAGE 
revealed two bands of BsMDH without  his6-tag. MALDI-
TOF MS analyses also revealed that BsMDH without 
 his6-tag formed dimers. The GPC-MALS analysis revealed 
that the molecular weight of BsMDH was 123.1 kDa, which 
might be a mixture of dimer and tetramer. These results sug-
gested that, in addition to tetramer, BsMDH might also form 
dimer, which is a novel finding and extends our knowledge 
on the oligomerization diversity of this enzyme. The incon-
sistent results between MALDI-TOF MS and GPC-MALS 

might be due to the different buffer systems, which required 
further investigations.

For the recombinantly expressed BsMDH, the kcat/Km 
value of OAA (0.32 µM−1  s−1) was higher than that of 
malate (0.095 µM−1  s−1), and the kcat/Km value of NADH 
(1.57 µM−1  s−1) was higher than that of  NAD+ (0.20 µM−1 
 s−1). These results indicated that BsMDH might be more 
efficient to catalyze the reaction from OAA to malate than 
the reverse direction, which would benefit to the industrial 
synthesis of malate.

For enzymatic properties, the optimum pH for BsMDH 
activity was approximately 8.0, which was similar to MDH 
from Streptomyces aureofaciens (SaMDH) and MDH from 
Saccharomyces cerevisiae (ScMDH) [31, 32]. The ther-
mal stability of MDHs was generally low, which could be 
improved by the increased number of hydrogen or disulfide 
bonds. Compared with MDHs of other species, thermophilic 
MDHs had more hydrogen bonds between the protein sub-
units of polar amino acid residues [33, 34]. MDHs from 
thermophilic microorganisms, i.e. ScMDH and NeMDH 
could retain most activity after treatment at 50 °C, but were 
completely inactivated after treatment at 60 °C [31, 35]. In 
the present study, BsMDH could retain approximately 75% 
of activity after treatment at 40 °C, but less than 20% of 
activity at 55 °C, indicating a moderate thermal stability of 
BsMDH. Comparison between different MDHs revealed that 
the affinity of thermophilic tetramer BaMDH (MDH from 
Bacillus sp.) to NADH and NADPH was higher than that of 
BsMDH (Km value), but the specificity of BsMDH to NADH 
was 2.87 times higher than those of BaMDH, ScMDH and 
TfMDH (MDH from Thermus flavus) [27, 30, 31] (Table 3).

Generally, the normal function of MDHs does not 
require metal ions. However, its activity may be affected 
by metal ions. The reductive activity of MDHs was inhib-
ited by TCA cycle metabolites, such as excess oxaloacetate 
and divalent metal ions [5, 36]. In general,  Ca2+,  Mg2+ and 
most small molecular compounds did not greatly affect, but 
 Zn2+ exhibited significant inhibitory effects on Phaseo-
lus mungo MDH activity [37]. In the present study, simi-
lar results were observed. In contrast,  K+,  Co2+ and  Ni2+ 

Table 3  Kinetic parameters of BsMDH and MDHs from other organisms

BsMDH Bacillus subtilis MDH in this study, BaMDH MDH from Bacillus sp., ScMDH MDH from Saccharomyces cerevisiae, TfMDH MDH 
from Thermus flavus

Enzyme NADH NADPH Specificity References

Km                     
(µM)

kcat                     
 (s−1)

kcat/Km (A) 
(µM−1  s−1)

Km                     
(µM)

kcat                     
 (s−1)

kcat/Km (B) 
(µM−1  s−1)

A/B

BsMDH 54.97 86.10 1.57 573.3 3.85 0.007 224.3 This study
BaMDH 14.0 78.7 5.62 130 9.4 0.072 78.06 [29]
ScMDH 82.58 542 6.56 1106.5 36.07 0.033 198.89 [30]
TfMDH 3.05 259.2 84.98 42.13 164.4 3.88 21.90 [35]

Table 4  Kinetic parameters of BsMDH for different substrates

OAA oxaloacetate

Substrate Km (µM) kcat  (s−1) kcat/Km 
(µM−1  s−1)

OAA 970.8 307.21 0.32
malate 285.7 27.23 0.095
NAD+ 176.8 35.17 0.20
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significantly promoted the activity of most MDH enzymes 
[36], but inhibited the activity of BsMDH in the present 
study. The underlying reasons were unknown and required 
further investigations.

α-KG, ATP, ADP and AMP are general metabolites in 
cells. DTT, and EDTA are commonly used components 
in buffer systems. Effects of these chemicals on BsMDH 
activity should be important for industrial application of 
BsMDH. As reported, rat MDH was inhibited by α-KG [38]. 
Activity of mitochondrial MDH from Arabidopsis thaliana 
was inhibited by AMP, ADP, and ATP, among which ATP 
showed the strongest inhibition [39]. Similar results were 
also observed in mitochondrial MDH from Solanum tubero-
sum [40]. Moreover, MDH activity from bacterium Nitroso-
monas europaea was not strongly activated or inhibited by 
adenine nucleotides [26]. In the present study, α-KG, ADP 
and AMP showed remarkable inhibition to BsMDH. These 
results were consistent with the above publications, suggest-
ing that application of BsMDH should avoid contamination 
of these molecules. In addition, DTT revealed moderate 
inhibition to BsMDH, probably due to the effects of DTT 
on disulfide bonds between BsMDH monomers, which are 
important to form dimers or tetramers.

As the kcat/Km values showed, in the presence of NADH, 
the catalytic efficiency of wide-type BsMDH was much 
higher than that using NADPH as the coenzyme, suggest-
ing BsMDH relied on NADH as the coenzyme. This result 
was consistent with the most published bacterial MDHs [5]. 
As reported, only chloroplast MDHs were NADPH-depend-
ent, while other MDHs, including LDH-like MDH, were 
NADH-dependent. Further tests of six mutated BsMDHs 
showed clear switch of coenzyme preference from NADH to 
NADPH, especially BsMDH-T5 and BsMDH-T7, displaying 
the degrees of alteration (the ratio of kcat/Km

NADH of mutated 
enzyme to the kcat/Km

NADPH of wide type) of 1121 and 2039 
times, respectively. NADPH-dependent MDHs have been 
identified in nature. However, BsMDH-T7 generated in the 

present study revealed a lower Km value than wide-type 
NADPH-dependent MDHs from Thermus flavus (TfMDH), 
Corynebacterium glutamicum (CgMDH), Sorghum vulgare 
leaf chloroplasts (chMDH(SV)) and Zea mays chloroplasts 
(chMDH(ZM)). In addition, BsMDH-T7 showed higher kcat 
and kcat/Km values to NADPH than those of TfMDH and 
CgMDH, but lower than chMDH(SV) [27, 41–44] (Table 6). 
These results indicate that the created BsMDH-T7 mutant 
is a novel NADPH-dependent enzyme, which displayed bet-
ter catalytic parameters than the reported NADPH-depend-
ent MDHs, and might be potentially applied in industrial 
production.

As reported on dehydrogenase, cofactor binding sites are 
associated with arginine mutations [45, 46]. Similarly, in 
the present study, mutation on  R39 (BsMDH-T1b) showed 
a degree of alteration of 4.47 in comparison to the wide 
type, and mutations on  G36S37R39S40 (pBsMDH-T4) showed 
a higher degree of alteration than BsMDH-T3(G36S37S40), 
both indicating that  R39 might be an important site for coen-
zyme preference. Arginine could interact with the 2′-phos-
phate group of adenine ribose of NADPH. In addition, 
replacement of  Asp36 by Gly revealed promotive effects on 
preference switch from NADH to NADPH, probably due to 
the disappearance of electrostatic repulsion to NADPH and 
steric hindrance reported in several dehydrogenase [43, 47].

In summary, BsMDH may form both dimer and tetramer 
in vitro, depending on the buffer system. The optimum 
temperature and pH of BsMDH were 38 °C and pH 8.0, 
respectively. BsMDH shows a moderate thermal stability, 
and a higher efficacy in the catalysis direction of malate 
synthesis than the reverse. Mutations of certain amino acids 
at the coenzyme specific binding site change the coenzyme 
preference of BsMDH from NADH to NADPH. Among the 
mutants, BsMDH-T7 revealed a relatively lower Km value, 
but relatively higher kcat and kcat/Km than TfMDH and 
CgMDH. Overall, these results suggest that BsMDH and 

Table 5  Kinetic parameters of the recombinant BsMDH and its mutants

A represents kcat/Km of NADH, B represents kcat/Km of NADPH

Enzyme NADH NADPH A/B B/A Degree of alteration

Km                     
(µM)

kcat                     
 (s−1)

kcat/Km (A) 
(µM−1  s−1)

Km                     
(µM)

kcat                     
 (s−1)

kcat/Km (B) 
(µM−1  s−1)

BsMDH 54.97 86.10 1.57 573.3 3.92 0.007 224.3 0.004 1.00
BsMDH-T1a 51.98 130.47 2.51 398.1 21.33 0.05 50.2 0.02 4.47
BsMDH-T1b 76.12 63.05 0.83 205.8 14.16 0.07 11.9 0.08 18.85
BsMDH-T3 98.44 177.32 1.80 124.2 326.96 2.63 0.68 1.46 329.85
BsMDH-T4 196.3 120.84 0.62 84.64 133.93 1.58 0.39 2.55 575.13
BsMDH-T5 232.4 116.42 0.50 49.37 37.22 2.48 0.2 4.96 1121.50
BsMDH-T7 255.9 140.60 0.55 23.8 122.41 5.14 0.11 9.35 2039.09
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its mutant BsMDH-T7 are promising enzymes for malate 
production.
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