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1. Introduction

	 Lactate dehydrogenase (LDH, EC 1.1.1.27) and 

malate dehydrogenase (MDH, EC 1.1.1.37) are used 

to analyze biological samples1-3. LDH is used to 

measure alanine aminotransferase, lactate, and ADP 

(with pyruvate kinase). By contrast, MDH is used to 

measure aspartate aminotransferase, malate, bicar-

bonate (with phosphoenolpyruvate carboxylase), and 

citrate (with citrate lyase). Despite their functional 

and structural similarities, LDH and MDH differ in 

their substrate specificity3,4. We succeeded in eluci-

dating the detailed mechanism of the structural 

changes leading to both enzyme reactions and 

explaining the high substrate specificity of MDH4-7. 

Furthermore, structural and molecular dynamics 

analyses provided an understanding of the differ-

ences in substrate specificity between LDH and 

MDH4.

	 The results highlight the importance of three 

elements: (1) the charge of the active site in the 

apoenzyme, (2) movement of the catalytic histidine 

residue, and (3) flexibility of the mobile loop in the 
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active site during structural changes. The combined 

effect of these three elements provides a strategy for 

MDH to achieve high substrate specificity. However, 

the simple reaction mechanism of LDH is unaffected 

by these elements, resulting in reduced substrate 

selectivity8,9. Thus, LDH is a desirable basis for 

functional alteration of substrate specificity because 

of its relatively simple dynamic response1,2,10-12. A 

structural understanding of substrate specificity 

provides a theoretical basis for structure-based 

computational design for the development of diag-

nostic enzymes13.

	 Using structure-based enzyme design, we have 

already succeeded in altering the substrate specificity 

of LDH and developing a phenylpyruvate (PPY)-

specific dehydrogenase14. In the present study, a 

2-oxobutyrate (2OBA)-specific dehydrogenase was 

developed using a structure-based design. LDH from 

Geobacillus stearothermophilus (gs-LDH)1,2 was 

used as the basis for site-directed mutagenesis, as 

described in a previous study on PPY dehydroge-

nase. Similar to PPY, 2OBA is a minor substrate of 

LDH and is structurally similar to the major and 

native substrate, pyruvate (PYR) (Fig. 1). Since the 

high similarity of 2OBA to PYR reduces the likeli-

hood of identifying effective mutations, the 

construction of a 2OBA-specific enzyme based on 

rational design is more difficult than that of a 

PPY-specific enzyme.

	 2OBA is an intermediate in methionine metabo-

lism and is synthesized from cystathionine, along 

with cysteine. Disorders in methionine metabolism 

cause the accumulation of homocysteine and its 

dimers (homocystine), resulting in homocystinuria, 

which is associated with disorders of the nervous, 

skeletal, and vascular systems15,16. We believe that 

the simple and rapid enzymatic measurement of 

2OBA is of clinical significance. Thus, a 2OBA 

endpoint assay reagent containing the developed 

enzyme was prepared, and its practicality was 

preliminarily confirmed.

2. Materials and Methods

Computational analysis

	 Based on the gs-LDH tertiary structure (PDB 

ID: 1LDN)1, in silico analysis and rational mutation 

design were performed using the Molecular 

Operating Environment software (MOE, Chemical 

Computing Group Inc., Montreal, Canada)17,18. 

Before energy minimization, the force field 

Amber10:EHT was used to add hydrogen atoms and 

partial charges according to the manufacturer’s 

instructions. Relaxation of the added hydrogen 

atoms via energy minimization was performed using 

a conjugated gradient/truncated Newton optimiza-

tion algorithm with a convergence criterion of 0.05 

kcal/mol. Complex structural models of the wild-

type (WT) and mutant enzymes containing 2OBA or 

PYR were constructed using docking simulations 

according to the manufacturer’s instructions. The 

molecular structures of the compounds used in the 

docking simulations were obtained from PubChem 

(https://pubchem.ncbi.nlm.nih.gov/). The enzyme 

structure and 2D-depict models were visualized 

using the MOE software.

Reagents and chemicals

	 All reagents and chemicals were purchased 

from Nacalai Tesque, Inc. (Kyoto, Japan) and Wako 

Pure Chemical Industries, Ltd. (Osaka, Japan).

Site-directed mutagenesis

	 The expression plasmid for gs-LDH was used 

to prepare the WT and served as a template for site-

directed mutagenesis, as previously described14. The 

plasmid encodes gs-LDH (317 amino acid residues) 

and 20 additional amino-terminal residues containing 

a six-histidine tag. Expression plasmids for the 

mutants were prepared by inverse polymerase chain 

reaction using KOD-plus polymerase (Toyobo Co., 

Ltd., Osaka, Japan) according to the manufacturer's 

CV CV
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Fig. 1
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Fig. 1.	� Substrate structure of Geobacillus stearother-

mophilus lactate dehydrogenase (gs-LDH).
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instructions. The sequences of the polymerase chain 

reaction primers used are listed in Table 1.

Enzyme expression and purification

	 WT and mutant enzymes were expressed and 

purified as described previously14. Each expression 

plasmid was transformed into Escherichia coli 

BL21(DE3). Recombinant cells were cultured in 

Luria–Bertani medium with 30 μg/mL kanamycin at 

37°C and shaken at 200 r/min for 1 h. Expression of 

the recombinant protein was induced by adding 100 

μmol/L isopropyl β-D-thiogalactopyranoside to the 

Luria–Bertani medium at 37°C for 19 h. The cells 

were collected by centrifugation and resuspended in 

buffer A (20 mmol/L potassium phosphate, pH 7.5). 

After sonication on ice, the cell extracts were centri-

fuged and the supernatants were collected. The 

protein solution was applied to a His GraviTrapTM 

Ni-chelating affinity chromatography column 

(Cytiva, Uppsala, Sweden) equilibrated with buffer 

A containing 500 mmol/L NaCl and 20 mmol/L 

imidazole. The bound protein was eluted stepwise 

using buffer A containing 500 mmol/L NaCl and 

100–500 mmol/L imidazole. The protein solution 

was dialyzed against buffer A to remove NaCl and 

imidazole.

	 Finally, the homogeneity of each purified 

enzyme was verified by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS−PAGE). 

The molecular weight was determined by SDS−

PAGE, and the protein concentration was quantified 

using the Bradford assay (Takara Bio Inc., Shiga, 

Japan).

Dehydrogenase activity assay

	 The LDH reaction is reversible, and substrate 

reduction proceeds simultaneously with oxidation of 

the coenzyme NADH. The PYR, 2OBA, and PPY 

dehydrogenase activities of the WT and mutant 

enzymes were monitored based on the decrease in 

NADH concentration as described previously14. The 

time-dependent spectral change at 340 nm was 

measured against a blank to quantify NADH 

consumption using the molar extinction coefficient 

(6300 L·mol−1·cm−1). The enzyme solution (0.05 mL) 

was added to the assay solution (1.0 mL) containing 

0.1 mol/L potassium phosphate buffer (pH 6.0), 10 

mmol/L substrate [either sodium PYR (Nacalai 

Tesque, Inc.), sodium 2OBA (Tokyo Chemical 

Industry Co., Ltd., Tokyo, Japan), or sodium PPY 

(Sigma-Aldrich, St. Louis, USA)], 10 mmol/L 

D-fructose-1,6-bisphosphate, and 0.2 mmol/L 

NADH. One unit of activity was defined as the 

amount of enzyme that reduces 1 µmol of NADH 

per minute at 30°C. All data were averaged over 

three independent experiments.

2OBA assay

	 The decrease in NADH absorbance was 

measured at 340 nm using a spectrophotometer 

(U-3900; Hitachi, Tokyo, Japan). The working solu-

tion contained 0.1 mol/L potassium phosphate buffer 

(pH 6.0), 12 U/mL mutant enzyme, 10 mmol/L 

D-fructose-1,6-bisphosphate, and 0.2 mmol/L 

NADH. Subsequently, 900 µL of working solution 

was preheated at 30°C for 2 min, and 30 µL of 

2OBA (0–2.0 mmol/L) was added. The changes in 

absorbance at 340 nm were measured in real time at 

30°C for 5 min. The dilution linearity was calculated 

from the absorbance at 5 min. All data were aver-

aged over three independent experiments.

Underlines indicate mutation sites.

Q102A
Forward 5’-GTGAAACCGGGTGAAACCCGTCTGGACCT-3’ 

Reverse 5’-GTTCGCACCCGCGCAAATCACAACCAGAT-3’

A248L
Forward 5’-CTGACCTACTATGGTATTGCGATGGGTCTGGC-3’

Reverse 5’-ACCTTTCTTCTCAATGATTTGATACGCCGC-3

Table 1	 Specific PCR primers used for site-directed mutagenesis

Underlines indicate mutation sites.
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3. Results and discussion

Mutation design of gs-LDH for high 2OBA affinity 

and 2OBA dehydrogenase activity

	 The dehydrogenase activity of gs-LDH toward 

2OBA was approximately 57% that of PYR (Table 

2). Because 2OBA is lightly bulkier than PYR 

owing to its methyl group (Fig. 1), an in silico muta-

tion design for slightly expanding the substrate-

binding site of gs-LDH was used to develop a 

2OBA-specific dehydrogenase.

	 The structure of gs-LDH–2OBA complex was 

constructed by docking simulation (Fig. 2), resulting 

in the identification of the Q-to-V mutation at 

position 102, which considered the substrate-binding 

site in accordance with the 2OBA structure and its 

interactions with the methyl group. This mutation 

expanded the substrate-binding pocket on the methyl 

side of 2OBA and enhanced its hydrophobicity 

around the methyl group (Fig. 2). The Q102V 

mutant was predicted to be more energetically stable 

in binding with 2OBA than the WT and was selected 

as a candidate for improving 2OBA specificity.

	 The expression plasmid for the Q102V mutant 

was generated using site-directed mutagenesis. 

Subsequently, the WT and mutant gs-LDHs were 

purified to homogeneity from the recombinant E. 

coli strains, as described in Materials and Methods. 

The molecular weight of all the enzymes was 

Fig. 2
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Fig. 2.	� Predicted complex structures of the wild-type (WT) and mutant with 2-oxobutyrate 

(2OBA). The main chain is represented by a ribbon model. The side chains, coenzyme 

NADH, and substrate 2OBA are represented using a stick model. The mutated residue 

(V102), NADH, 2OBA, oxygen, and nitrogen atoms are shown in yellow, green, gray, 

red, and blue, respectively. Substrate-binding pockets are indicated by transparent 

areas. Hydrophobic and hydrophilic regions of the substrate-binding surface are inidi-

cated in green and purple, respectively. H195 is a catalytic residue.

Enzyme
Specific Activity (U/mg) 2OBA/PYR

(%)
2OBA/PPY

(%)PYR 2OBA PPY
WT 561 319 236 56.9 135

Q102V 366 270 116 73.8 233
Q102V+A248L 43.3 268 118 619 226

2OBA/PYR and 2OBA/PPY represent 2OBA/PYR-specific activity ratio and 2OBA/PPY-specific
activity ratio, respectively. Coefficient of variation for activity was less than 1.5%.

Table 2	 Specific activities of WT and mutants

2OBA/PYR and 2OBA/PPY represent 2OBA/PYR-specific activity ratio and 2OBA/PPY-specific activity ratio, respectively. 
Coefficient of variation for activity was less than 1.5%.
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estimated to be approximately 37 kDa by SDS−

PAGE, corresponding to the amino acid sequences 

(data not shown).

	 The enzymatic activities of the mutant were 

measured and compared with those of the WT 

(Table 2). The specific activity of Q102V against 

2OBA was approximately 85% of that of the WT. 

The 2OBA/PYR-specific activity ratio for Q102V 

was 1.3-fold higher than that of the WT. Thus, the 

2OBA specificity of the mutant improved although 

its specific activity decreased. Moreover, the 2OBA/

PPY-specific activity ratio for Q102V was also 

1.7-fold higher than that of the WT (Table 2).

	 However, the improvement in 2OBA specificity 

of Q102V was insufficient. The PYR dehydrogenase 

activity of Q102V remained high (approximately 

65% of that of the WT) and was approximately 

1.4-fold higher than its 2OBA dehydrogenase 

activity (Table 2). Further improvement in 2OBA 

specificity is desirable for its use as an analytical 

enzyme.

Additional mutation design to achieve high 2OBA 

affinity

	 Additional mutations combined with the 

Q102V mutation were investigated to improve 

2OBA specificity. The enzyme–PYR complex struc-

tures were constructed by docking simulation, and 

double mutants with lower docking scores (S values) 

against PYR than those of Q102V were identified. 

Consequently, the additional A-to-L mutation at 

position 248 destabilized PYR binding. The S value 

represents the energetic stability of enzyme–

substrate interactions; therefore, smaller values 

indicate more stable interactions, that is, high affini-

ties. The S value for the Q102V–PYR complex was 

−5.6, whereas that for the Q102V+A248L–PYR 

complex was −5.0 (Fig.  3) .  Therefore,  the 

Q102V+A248L double mutant was predicted to bind 

PYR less stably than Q102V.

	 Furthermore, the 2D-depict close-up model of 

Q102V+A248L clearly showed spatial expansion of 

the substrate pocket (approximately 1.4-fold) and 

reduced interaction with PYR compared with that of 

Fig. 3
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Fig. 3.	� Predicted complex structures of Q102V and Q102V+A248L with pyruvate (PYR). (A) The main chain is 

represented by a ribbon model. The side chains, coenzyme NADH, and substrate PYR are represented 

using a stick model. Mutated residues (V102 and L248), NADH, PYR, oxygen, and nitrogen atoms are 

shown in yellow, green, gray, red, and blue, respectively. The S value in each lower-right corner is the 

docking score, which indicates the energetic stability of the complex structure. (B) The 2D-depict close-up 

models around the substrate-binding sites. The substrate-binding area is indicated by the gray dotted curve. 

Hydrogen and ionic bonds are indicated by green dotted arrows and purple dotted line, respectively.
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Q102V (Fig. 3). Specifically, the number of 

hydrogen and ionic bonds decreased from seven to 

four and their total energies increased from −40.6 

kcal/mol to −30.3 kcal/mol. Thus, this mutation was 

identified as a candidate for further improvement in 

2OBA specificity.

Properties of the double mutant

	 The  gene  encoding the  double  mutant 

Q102V+A248L was generated, and the enzyme was 

purified to homogeneity, as described in Materials 

and Methods. Enzymatic activities were compared 

between the WT, Q102V, and Q102V+A248L 

gs-LDHs (Table 2). Q102V+A248L exhibited high 

2OBA specificity. Its PYR dehydrogenase activity 

was approximately 7.72% of that of the WT, and its 

2OBA/PYR specific activity ratio was approximately 

619% (11-fold higher) relative to that of the WT. 

Therefore ,  we developed a  2OBA-specif ic 

dehydrogenase.

2OBA assay using a double mutant

	 An endpoint assay reagent containing the 

2OBA-specific double mutant was prepared and 

used in the 2OBA assay as described in the Materials 

and Methods section. The time courses of 2OBA 

measurement showed that endpoints were not 

comple te ly  a t ta ined  wi th in  5  min  a t  mos t 

concentrations tested (0.20–2.0 mmol/L) (Fig. 4A). 

In addition, high linearity of 5 min endpoint 

measurements was observed, with a correlation 

coefficient of 0.9976 in the range of 0 to 1.4 mmol/L 

2OBA (Fig. 4B). These results suggest that the 

Q102V+A248L double mutant can be used for 

endpoint assays of 2OBA within the range measured 

in this study. Application to actual samples will be 

important for future practical use.

4. Conclusion

	 As a  new subject  of  rat ional  design,  a 

2OBA-specific dehydrogenase was developed 

through structure-based enzyme design of gs-LDH. 

The only structural difference between 2OBA and 

the native substrate PYR is the presence of a methyl 

group (Fig. 1). Because the 2OBA specificity of 

Q102V, which was identified in terms of spatial 

expansion and enhanced hydrophobicity by in silico 

analysis (Fig. 2), was insufficient, the additional 

mutation A248L, for which energetic destabilization 

of PYR binding was revealed by docking analysis 

(Fig. 3), was introduced. The 2OBA/PYR activity 

ratio of the double mutant was significantly 

improved; thus, a 2OBA-specific dehydrogenase 

was successfully developed (Table 2). An endpoint 

assay using a reagent containing the double mutant 

Fig. 4
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Fig. 4.	�  2-oxobutyrate (2OBA) assay using Q102V+A248L. (A) Reaction time course. The 2OBA concentra-

tions are shown in the graph. (B) Linearity. Error bars represent standard deviation (n = 3). R values 

represent the correlation coefficients.
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preliminarily confirmed the practicality of 2OBA 

quantification (Fig. 4).

	 This is the first study to report the development 

of a 2OBA-specific enzyme based on rational muta-

tion design of LDH. Although it is difficult to alter 

the specificity of highly similar substrates, this study 

serves as a successful model case, suggesting in the 

importance of rational mutation design for the devel-

opment of analytical enzymes. Furthermore, LDH 

can be used to develop other analytical enzymes. 

Because LDH does not require a follow-up enzyme, 

the developed enzymes are expected to simplify 

measurements.
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