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Abstract
A novel gene encoding aspartate dehydrogenase (ASPDH) has been discovered in Achro-
mobacter denitrificans. The product of this gene has a strict dependence on NADH and 
demonstrated significant reductive activity towards not only oxaloacetate (OAA) but also 
2-ketobutyric acid. Further enzymatic characterization revealed the kinetic parameters 
of ASPDH for OAA and 2-ketobutyric acid were as follows:  Km values of 4.25 mM and 
0.89 mM,  Vmax values of 10.67 U  mg−1 and 2.10 U  mg−1, and  Kcat values of 3.70  s−1 and 
0.72  s−1, respectively. The enzyme also showed a dependency on metal ions, with EDTA 
and  Cu2+ exerting strong inhibitory effects, while  Ca2+ and  Fe2+ exhibited pronounced 
enhancing effects. By utilizing a whole-cell biocatalyst system comprising glucose dehy-
drogenase (GDH) and ASPDH as a coupled system to replenish cofactors by oxidizing 
glucose, enabling the effective conversion of 2-ketobutyric acid to L-2-aminobutyric acid 
(L-2-ABA) with 97.2% yield.

Keywords Aspartate dehydrogenase · 2-ketobutyric acid · L-2-aminobutyric acid · Whole-
cell biocatalyst

Introduction

L-amino acid dehydrogenase catalyzes the reversible oxidative deamination of L-amino 
acids, utilizing either nicotinamide adenine dinucleotide (NAD) or nicotinamide adenine 
dinucleotide phosphate (NADP) as cofactors, producing the corresponding α-keto acids 
[1]. The enzymes are involved in the regulation of amino acid metabolism and glucose 
metabolism. In comparison to previously reported amino acid dehydrogenases (such as ala-
nine dehydrogenase, leucine dehydrogenase, glutamate dehydrogenase, isoleucine dehydro-
genase, and phenylalanine dehydrogenase) [1], the research on L-aspartate dehydrogenase 
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(L-ASPDH) is relatively limited [1–9]. L-ASPDH has the capability to directly catalyze 
the reversible oxidative deaminating reaction of L-aspartate, generating oxaloacetate [2–4, 
8], which can be applied in the production of aspartate.

Yang Z. et  al. initially discovered an original L-aspartate dehydrogenase (L-ASPDH) 
from the thermophilic bacterium Thermotoga maritima [9]. Subsequently, Kazunari 
Yoneda et al. identified a gene (AF1838) with 38% similarity to the discovered L-ASPDH 
in the thermophilic archaeon Archaeoglobus fulgidus, and this L-ASPDH exhibited high 
tolerance to temperatures up to 80 ℃ [6]. Li Y. et  al. identified the first bacterial NAD-
dependent L-ASPDH from the mesophilic bacterium Pseudomonas aeruginosa PAO1 [4]. 
Later, T. M. Kuvaeva et al. made the first discovery of NADP-dependent L-ASPDH from 
the Rhodopseudomonas palustris and Bradyrhizobium japonicum [8]. These studies indi-
cate that L-ASPDH can be widely present in various microorganisms.

In our research on Achromobacter denitrificans, a denitrifying bacterium, we identi-
fied a gene in its genome that potentially encodes L-ASPDH. This discovery marks the 
first identification of this enzyme from the Alcaligenaceae family within the Burkholde-
riales order. We performed heterologous expression of the gene and investigated its enzy-
matic properties. The results revealed that the enzyme exhibited activity in both reducing 
oxaloacetate (OAA) and 2-ketobutyric acid, and this is also the first natural occurrence 
of L-ASPDH capable of catalyzing the production of L-2-aminobutyrate (L-2-ABA) from 
2-ketobutyric acid.

Materials and Methods

Plasmids, Strains, and Media

Yi Xin Biotechnology (Shanghai) Co. synthesized the aspartate dehydrogenase (ASPDH, 
accession numbers: WP_088148634) gene from Achromobacter Denitrificans. The 
ASPDH gene was successfully inserted into plasmid pET-28a at the Hind III and EcoR 
I restriction sites (primers shown in Table  S1). E. coli DH5α served as an intermediate 
host for both amplifying and preserving recombinant plasmids. Subsequently, the ASPDH 
gene-carrying plasmid was introduced into E. coli BL21 (DE3) for transformation. LB 
medium was utilized for culturing E. coli bacteria.

Enzymes and Chemical Reagents

The following enzymes were used: QuickCut EcoR I, QuickCut Hind III (TaKaRa), Clon-
Express II One Step Clone Kit (Vazyme), 2 × FastPfu SuperMix (Miozyme). All chemical 
reagents, except for the 3, 4-dihydroxyphenylpyruvic acid synthesized in our laboratory, 
were purchased from Sigma–Aldrich (Shanghai, China). These chemical reagents were 
domestically sourced and were of analytical purity.

Expression and Purification for ASPDH

Inoculate 3 μL of E. coli BL21 (DE3) cells carrying the aspartate dehydrogenase 
(ASPDH) gene into fresh LB liquid medium added to 50 μg  ml−1 kanamycin and incu-
bated the culture at 200  rpm and 37  °C for 12  h. An overnight culture of 1  mL was 
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transferred to 50  mL of fresh LB liquid medium added to kanamycin at a concentra-
tion of 50 μg  mL−1. The culture was cultured at 37 °C and 200 rpm until it attained an 
approximate  OD600 of 0.6. Afterward, an ultimate concentration of 0.3 mM IPTG was 
supplemented with the medium to induce protein. The medium was further incubated 
at 20 °C, 200 rpm for an additional duration of 24 h; centrifuged the expressed medium 
at high speed (8000 rpm) and 4 °C for 10 min; collected the bacteria from the sediment 
and resuspended them in 0.1  M Tris–HCl buffer (pH 7.0); then, sonicated the resus-
pended cells in a cold environment (0  °C); and centrifuged the disrupted solution at 
8000 rpm and 4 °C for 10 min: the crude enzyme extract is obtained by harvesting the 
liquid supernatant.

The crude enzyme extract underwent filtration through a membrane and subsequent 
purification via a 1 mL His TrapHP affinity chromatography column. The column was bal-
anced with a binding buffer (500 mM NaCl, 20 mM imidazole, 20 mM phosphate buffer, 
pH 7.4) at twice the column volume during purification. The sample was loaded onto 
the column and then subjected to linear elution using an elution buffer (500  mM NaCl, 
500 mM imidazole, 20 mM phosphate buffer, pH 7.4) at five times the column volume. 
The enzyme sample corresponding to the target elution peak was collected. The collected 
enzyme sample was additionally desalted using a 5 mL HisTrap desalting column to reduce 
excessive imidazole and sodium chloride concentrations. Then crude ASPDH extract as 
well as ASPDH with purification were examined on 12% SDS-PAGE protein electropho-
resis [10–12]. We used the original strain of E. coli BL21 (DE3) as a blank control. The 
concentration of protein was assessed by the Bradford method [13].

Assays of Enzyme Activity

We utilized a spectrophotometer to measure the changes in NADH absorption at 340 nm, 
which is its maximum absorbance wavelength, to assess the enzyme activity [14]. The reac-
tion mixture (3 mL) comprised 10 mM substrate, 0.13 mM NADH, 0.1 M Tris–HCl buffer 
(pH 7.0), and a right quantity of purified aspartate dehydrogenase (ASPDH). Firstly, the 
substrate and 0.1 M Tris–HCl buffer (pH 7.0) were mixed. Subsequently, the reaction solu-
tion was incubated at 37 °C for 5 min. Next, NADH was added, followed by the addition of 
the right quantity of purified ASPDH. The decline in NADH absorbance was assessed at 
340 nm within a 60-s interval. We designated one ASPDH unit of activity as the quantity 
of ASPDH capable of utilizing 1 μmol of NADH per minute under optimum environments.

Analysis of ASPDH Substrate Specificity

Assessing the reduction substrate specificity of aspartate dehydrogenase (ASPDH) was a 
part of our investigation. The relative activities were defined based on the maximal activity 
[15]. The substrates used in the assay include oxaloacetate, glyoxylic acid, α-ketoglutarate, 
pyruvate, 2-ketobutyric acid, phenylpyruvate, 4-methyl-2-oxopentanoic acid, sodium 
3-methyl-2-oxobutanoate, 4-hydroxyphenylpyruvate, benzoylformic acid, and 3,4-dihy-
droxyphenylpyruvate. The reaction system (3 mL) consists of 10 mM substrate, 0.13 mM 
NADH, 0.1 M Tris–HCl buffer (pH 7.0), and a right quantity of purified ASPDH. Please 
refer to the “Assays of Enzyme Activity” section for detailed experimental procedures. 
Triplicate assays were conducted for all experiments.
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Impact of Temperature on ASPDH Activity

A UV spectrophotometer was employed to identify the optimal temperature of aspartate 
dehydrogenase (ASPDH) within a range of 20 to 70 °C under pH 7.0 conditions. The nec-
essary quantity of purified ASPDH, along with 10 mM substrate, 0.13 mM NADH, and 
0.1  M Tris–HCl buffer (pH 7.0), constituted the reaction mixture (3  mL). To determine 
the enzyme’s optimal temperature, we measured the decline in absorbance of NADH at 
340 nm. Triplicate assays were conducted for all experiments.

Impact of pH on ASPDH Activity

We determined the optimal pH of aspartate dehydrogenase (ASPDH) using a UV spec-
trophotometer at the enzyme’s optimal temperature within the pH range of 3 to 10. The 
necessary quantity of purified ASPDH, along with 10  mM substrate, 0.13  mM NADH, 
and 0.1 M buffer (pH 7.0), constituted the reaction mixture (3 mL). Buffer compositions 
corresponding to different pH ranges were utilized: citric acid-sodium citrate buffer for pH 
3–6, sodium dihydrogen phosphate-disodium hydrogen phosphate buffer for pH 6–8, and 
Tris–HCl buffer for pH 8–10 [2, 4, 16]. After incubating the enzyme with the correspond-
ing buffer at the optimal temperature for a specified duration, we added the substrate and 
NADH. The decrease in NADH absorbance at 340 nm was then measured during a defined 
time period. The optimal pH of the enzyme was determined by identifying the pH value at 
which the highest enzyme activity was exhibited. Triplicate assays were conducted for all 
experiments.

Impact of ASPDH Thermal and pH Stability

The thermal stability and pH stability of aspartate dehydrogenase (ASPDH) were assessed 
by subjecting the enzyme to incubation at temperatures ranging from 20 to 70 °C and at 
pH values ranging from 3 to 9 for a duration of 1 h. The untreated group (100%) served 
as the control in the experiment. The remaining enzyme activity was assessed using the 
aforementioned method to assess the enzyme’s stability under varied temperature and pH 
conditions. Triplicate assays were conducted for all experiments.

Impact of Metal Ions on ASPDH

The impact of metal ions on the aspartate dehydrogenase (ASPDH) activity was investi-
gated by performing measurements in the previously mentioned reaction mixture. Metal 
ions  (Zn2+,  Mg2+,  Ca2+,  Cu2+,  Ni+,  Fe2+,  Co2+,  Mn2+) and EDTA were supplemented at 
final concentrations of 0.1 mM and 1 mM. Optimal reaction conditions were employed for 
conducting the determination. Triplicate assays were conducted for all experiments.

Kinetic Study of ASPDH

The determination of the kinetic parameters was performed using a standard assay, wherein 
the concentration of one substrate was adjusted while maintaining the concentrations of 
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the other substrates constant [17]. Nonlinear fitting of the kinetic data was performed 
using GraphPad Prism 8.0 software [18, 19]. Triplicate assays were conducted for all 
experiments.

Construction of Coexpression Plasmid

The construction of the plasmid pET-28a-aspdh-T7-gdh [20, 21] involved several steps. 
First, the glucose dehydrogenase gene from Bacillus subtilis, along with a RBS and T7 
promoter, was synthesized by Synbio Technologies (Suzhou, China). Subsequently, this 
gene was amplified using primers (Table S2) that included EcoR I and Hind III restriction 
sites at the forward and reverse ends, respectively. After the amplification of the gene, it 
was ligated to the pET-28a-aspdh vector that had already undergone digestion with the 
same restriction enzymes. Following this step, the resulting recombinant plasmids (pET-
28a-aspdh-T7-gdh) were transformed into E. coli BL21 (DE3) to facilitate protein expres-
sion and then harvested for biocatalyst.

Whole‑Cell Biocatalyst and Transformation of L‑2‑ABA

The procedure for inducing and expressing the coexpression strain followed the previously 
mentioned protocol. In succession, following a 24-h induction at 15 °C, cells were gathered 
from a 50-ml fermentation culture, rinsed with a 0.1 M Tris–HCl buffer (pH 7.0), and then 
centrifuged at 8000 rpm and 4 °C for 10 min. The whole-cell was resuspended in 20 ml 
Tris–HCl buffer and stored at 4 °C for further studies.

To facilitate further analysis, a bioconversion reaction was prepared by combining 50 ml 
of 0.1 M Tris–HCl buffer solution with 10 g  L−1 wet cells, along with 70 mM 2-ketobu-
tyric acid, 70  mM glucose, and 0.3  g  L−1  NAD+. The reaction solution was cultured at 
30 °C, 150 rpm. Quantitative determination of the L-2-ABA concentration was performed 
at 2-h intervals by employing HPLC [22–24].

L‑2‑ABA were Determined by HPLC

The supernatant required for quantifying L-2-ABA levels was obtained by centrifuging an 
800 µL culture for 20 min at a speed of 13,800 g. Subsequently, the supernatant was appro-
priately diluted to the desired concentration to facilitate L-2-ABA quantification via the 
utilization of the 1260 High-Performance Liquid Chromatography (HPLC) system from 
Agilent Technology (USA). For separation and quantification of L-2-ABA, the OPA pre-
column derivatization method [25] was applied using a Thermo ODS-2HYPERSIL C18 
column (250 mm × 4.0 mm, USA). Solvent A, composed of 3.01 g sodium acetate, 200 µL 
triethylamine, and 5 mL tetrahydrofuran per liter, was used. Solvent B was prepared by dis-
solving 3.01 g sodium acetate in a mixture of 400 mL acetonitrile, 400 mL methanol, and 
200 mL deionized water. The flow rate of both solvents was set at 1.0 mL  min−1. The gra-
dient started at 8% of solvent B and reached 100% within a duration of 35.5 min (Table 1). 
A sample of 1 µL was subjected to derivatization, injection, and subsequent monitoring at 
338 nm [26].
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Sequence Analysis

Nine protein sequences of the reported ASPDH family were selected from the NCBI 
database. The secondary structure alignment of ASPDH was carried out using ESPript 
3.0. The phylogenetic tree was constructed using MEGA7.0 software [16, 18, 19]. We 
utilized the Neighbor-Joining algorithm and conducted the bootstrap analysis with 1000 
iterations. Subsequently, we selected the consensus tree with the utmost reliability, 
determined by its bootstrap values, for further analysis.

Results

Expression and Purification of ASPDH

The recombinant plasmid with the ASPDH gene was favorably integrated into E. coli 
BL21 (DE3) bacteria. The crude ASPDH solution was purified using the AKTA (GE 
Healthcare) system to obtain the pure ASPDH solutions. Analysis of the SDS-PAGE gel 
revealed the expected bands of ASPDH at around 31 kDa (Fig. 1), consistent with the 
theoretical value.

ASPDH Optimal Temperature

ASPDH exhibits optimal activity at a temperature of 30 °C (Fig. 2). Its reducing activ-
ity noteworthily ascending from 20 °C towards its optimum temperature. Nevertheless, 
surpassing the optimum temperature resulted in a gradual decline in enzyme activity, 
ultimately leading to full inactivation at 60 °C.

ASPDH Optimal pH

The optimal pH for ASPDH is 7.0. ASPDH displayed minimal activity that was nearly 
undetectable at a pH level of 3.0. At pH 8.0, ASPDH retained 65.42% of its reducing 
activity. However, at pH 8.5, ASPDH became completely inactive (Fig. 3).

Table 1  The gradient elution 
procedures of amino acid 
analysis

Time (min) A (%) B (%) Flow rate 
(mL  min−1)

0.0 92 8 1.0
27.0 40 60 1.0
31.5 0 100 1.0
32.0 0 100 1.0
34.0 0 100 1.0
35.5 92 8 1.0
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Fig. 1  SDS-PAGE analysis 
of aspartate dehydrogenase 
(ASPDH). Lane M, molecular 
weight markers; Lane 1, crude 
enzyme from E. coli BL21 
(DE3) strains transformed with 
the pET-28a plasmids. Lane 2, 
crude ASPDH; Lane 3, purified 
ASPDH

Fig. 2  The impact of tempera-
ture on aspartate dehydrogenase 
(ASPDH) activity. All reac-
tions were performed at pH = 7, 
and the activity of ASPDH at 
the optimum temperature was 
specified as 100%. The standard 
deviation is represented by error 
bars
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Thermal and pH Stability of ASPDH

ASPDH displayed excellent thermal stability at low temperatures (Fig. 4A). The stabil-
ity of the enzyme gradually decreased with increasing temperature. When ASPDH is 
maintained above 25 °C, its enzymatic activity decreased gradually, with a noteworthy 
decline observed when stored above 45 °C.

In terms of pH stability, ASPDH demonstrated optimal stability at pH 7.0 (Fig. 4B). 
It maintained over 65% of its enzymatic activity in the pH range of 4.5 to 6.5 and 
retained 80% activity in the pH range of 7.5 to 8.5. At pH 3.5, it retained 40% activity, 
indicating that ASPDH had good stability in environments with varying pH, and it was 
suitable for storage in neutral to weak alkaline conditions.

Impact of Metal Ions

This study investigated the impact of metal ions on ASPDH activity. The results 
revealed a noteworthily inhibitory effect of EDTA and  Cu2+ on the enzyme; this may be 
because  Cu2+ can bind to the cysteine residue sulfhydryl group in the center of enzyme 
activity, inhibiting the activity of the enzyme [27], while all other tested ions (exclud-
ing  Co2+) demonstrated diverse degrees of enhancement. These findings indicate that 
ASPDH is dependent on metal ions (Table 2).

Substrate Specificity

To determine the substrate specificity of ASPDH, the substrate spectra were meas-
ured using different α-keto acids. NADH was used as the cofactor, and no activity 
with NADPH was observed. Except for the optimal substrate, oxaloacetate (OAA), 
ASPDH exhibited significant reducing activity towards other tested α-keto acids such 
as pyruvate and 2-ketobutyric acid, with reduction activity of 13.9% and 9.6%, respec-
tively. However, it showed only low reducing activity towards sodium 3-methyl-2-ox-
obutanoate, benzoylformic acid, 4-methyl-2-oxopentanoic acid, α-ketoglutarate, and 

Fig. 3  The impact of pH 
on aspartate dehydrogenase 
(ASPDH) activity. All reac-
tions were performed at 30 °C, 
and the activity of ASPDH at 
the optimum pH was defined as 
100%. The standard deviation is 
represented by error bars
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4-hydroxyphenylpyruvate. No reducing activity was detected for phenylpyruvate and 
3,4-dihydroxyphenylpyruvate (Table 3).

Kinetic Parameters

Using OAA and 2-ketobutyric acid as substrates, along with NADH, the kinetic parameters 
of ASPDH were calculated under the specified optimal conditions of reaction temperature 
and pH. The  Km value of ASPDH for OAA was 4.25 mM,  Vmax was 10.67 U  mg−1 and  kcat 
was 3.70  s−1. For 2-ketobutyric acid, ASPDH exhibited a  Km value of 0.89 mM, a  Vmax of 
2.10 U  mg−1, and a  kcat of 0.72  s−1.

Fig. 4  A pH stability of aspartate dehydrogenase (ASPDH). B Thermal stability of ASPDH. All reactions 
were performed under optimal conditions, specifying each enzyme 100% activity was measured in the unin-
cubated condition. The standard deviation is represented by error bars
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Utilizing the Coupling System Enables the Synthesis of L‑2‑ABA

Coexpression of ASPDH and GDH in E. coli BL21 (DE3) resulted in the formation of an effi-
cient coupling system. Following 12 h of whole-cell biocatalysis, a nearly complete reduction 
of 2-ketobutyric acid to L-2-ABA was achieved, resulting in a high conversion rate of 97.2% 
(Fig. 5).

Sequence Analysis

Based on the phylogenetic tree (Fig. 6), ASPDH from A. Denitrificans shows a high homol-
ogy with other ASPDHs. The alignment of the amino acid sequence (Fig. 7) revealed that A. 
denitrificans ASPDH shares similarities with other ASPDHs.

Table 2  Effect of metal ions 
on aspartate dehydrogenase 
(ASPDH) activity

Metal ion 0.1 mM 1 mM

Control 100.0 ± 1.9 100.0 ± 2.3
EDTA 94.5 ± 1.6 95.7 ± 0.2
Co2 + 76.4 ± 0.6 87.0 ± 1.5
Zn2 + 83.7 ± 3.8 97.1 ± 3.5
Cu2 + 91.4 ± 0.4 89.4 ± 3.5
Mg2 + 84.9 ± 1.5 88.8 ± 2.1
Ca2 + 101.1 ± 1.8 96.2 ± 1.0
Ni + 92.7 ± 3.1 96.6 ± 1.1
Mn2 + 78.7 ± 2.3 79.8 ± 0.9
Fe2 + 104.3 ± 1.2 82.0 ± 2.3

Table 3  Substrate specificity 
of aspartate dehydrogenase 
(ASPDH)

ND stands for not detected

Substrate Relative activity (%)

Oxaloacetate 100.0 ± 1.0
Glyoxylic acid 6.2 ± 0.9
Pyruvate 13.9 ± 1.7
2-Ketobutyric acid 9.6 ± 0.8
Sodium 3-methyl-2-oxobutanoate 2.1 ± 0.7
α-Ketoglutarate 4.3 ± 1.3
4-Methyl-2-oxopentanoic acid 4.4 ± 1.0
Benzoylformic acid 0.9 ± 0.3
Phenylpyruvate ND
4-Hydroxyphenylpyruvate 0.9 ± 0.4
3,4-Dihydroxyphenylpyruvate ND
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Discussion

Aspartic acid, a natural amino acid, participates in energy production by undergoing 
transformation into various intermediate metabolites through the tricarboxylic acid 
cycle [1], Aspartic acid also serves as a central hub for the synthesis of other amino 
acids [2]. It serves as a neurotransmitter and plays a crucial role in the central nervous 
system of humans and animals, participating in learning and memory processes. Aspar-
tic acid also contributes to maintaining nitrogen balance within cells and participates in 
transamination reactions along with other amino acids. 2-ketobutyric acid, a metabolic 

Fig. 5  Time course of the 
production of L-2-aminobutyric 
acid (L-2-ABA) by coupled 
system. The biocatalyst by the 
whole-cell E. coli BL21 (DE3) 
harboring pET-28a-aspdh-T7-
gdh was carried out at 30 °C with 
shaking. The conversion rate of 
2-ketobutyric acid to L-2-ABA 
over time

Fig. 6  Phylogenetic analysis of aspartate dehydrogenase (ASPDH) from A. Denitrificans with other nine 
ASPDHs that were reported: Achnromobacter denitrificaris (WP 088148634.1), Achromobacter spanius 
(WP 050448281.1), Achromobacter sp. MY14(WP 230693706.1), Delftia sp. Cs1-4(WP 013804514.1), 
Pseudomonas aeruginosa PAO1 (NP 252195.1), Klebsiella pneumoniae (ODM39893.1), Rhodopseu-
domonas palustris (RJF77029.1), Bradyrhizobium japonicum (KGTS81542.1), Thermotoga maritima 
(AKE31272.1), Archaeoglobus fulgidus (WP 010879332.1)
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regulator, is involved in the metabolism of carbohydrates, fats, and amino acids. Moreo-
ver, during energy deficiency, it serves as an alternative energy source for other tis-
sues through ketone body metabolism. Additionally, 2-ketobutyric acid is a compound 
with a strong aroma and flavor, making it widely used in the food and beverage indus-
try as a flavoring or flavor additive. Moreover, 2-ketobutyric acid holds potential value 

Fig. 7  Alignment of the amino acid sequence of A. Denitrificans aspartate dehydrogenase (ASPDH) with 
those of other ASPDHs
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in pharmaceutical research due to its ability to synthesize certain antiepileptic drugs 
through amide formation [28–30].

In this study, we comprehensively analyzed the enzymatic properties and substrate 
specificity of ASPDH from Achromobacter Denitrificans. Regarding temperature, 
ASPDH exhibited optimal activity at 30  °C, with a significant decrease in enzyme 
activity above 55 °C and complete inactivation at 60 °C. This indicates that ASPDH is 
sensitive to temperature, and both excessively high and low temperatures can affect its 
enzymatic activity. In terms of pH stability, ASPDH showed the highest stability at pH 
7.0. It maintained over 65% enzyme activity between pH 4.5 and 6.5 and 80% activity 
between pH 7.5 and 8.5. These findings suggest that ASPDH maintains good stability in 
pH-changing environments and is suitable for storage in neutral to weak alkaline condi-
tions. This is similar to the enzymes KpnAspDH (ASPDH from Klebsiella pneumoniae) 
and DelAspDH (ASPDH from Delftia sp. Cs1–4) reported by Li et al. [2].

Kinetic parameters showed that the ASPDH showed strict dependence on NADH, 
unlike some NADP-dependent ASPDH enzymes reported, such as ASPDH from Ther-
motoga maritima [9], Archaeoglobus fulgidus [6], and Rhodopseudomonas palustris and 
Bradyrhizobium japonicum [8]. Additionally, the impact of metal ions on ASPDH activ-
ity was researched. The results demonstrated that EDTA and  Cu2+ had inhibitory effects 
on the enzyme, while  Zn2+,  Mg2+,  Ca2+,  Ni+,  Mn2+, and  Fe2+ showed varying degrees 
of enhancement. These findings indicated that ASPDH was dependent on metal ions.

The substrate specificity of ASPDH was analyzed by testing different α-keto acids. 
The results showed that ASPDH not only utilized oxaloacetate as a substrate but also 
exhibited significant reduction activity with pyruvate and 2-ketobutyric acid, reaching 
13.9% and 9.6% of the activity compared to oxaloacetate, respectively. Since there are 
no known enzymes in nature that can directly reduce 2-ketobutyric acid, typically, mod-
ification of leucine dehydrogenase is required for the reduction of 2-ketobutyric acid 
to L-2-aminobutyric acid (L-2-ABA) [23, 24, 31, 32]. However, this study reveals that 
Achromobacter denitrificans ASPDH possesses an inherent ability to catalyze the syn-
thesis of L-2-ABA through the conversion of 2-ketobutyric acid. The utilization of a 
whole-cell biocatalyst system incorporating GDH and ASPDH [20–23] allows for the 
full utilization of the cofactor  NAD+ within the cells, resulting in a more robust cata-
lytic environment conducive to the industrial-scale production of L-2-ABA. These find-
ings indicate the potential for pursuing rational molecular engineering of ASPDH as it 
lays a crucial groundwork and provides valuable insights for future research and appli-
cation of ASPDH.
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