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Abstract
L-Aspartate β-decarboxylase from Acinetobacter radioresistens (ArASD) has been modified to convert 3-methylaspartic acid 
into 2-aminobutyric acid, which activated a novel process for biosynthesis of 2-aminobutyric acid. However, the process is 
limited by the low activity of the ArASD. Here, the activity of ArASD was significantly improved by modification based on 
sequence alignment and structural analysis. The 38th residue of ArASD is speculated to be the key residue for regulating 
the conformation of the internal aldimine, and site-directed mutagenesis on R38 residue was carried out. A variant, K18A/
R38K/V287I, with 2.2 times higher specific activity was isolated. Molecular dynamics simulation indicated that the tor-
sion angle of the imine bond of the variant decreased, which was beneficial to the protonation of the internal aldimine and 
the increase in the initial energy of the enzyme. Therefore, the energy barrier of the transition state was reduced, resulting 
in improved catalytic activity toward 3-methylaspartic acid. These results provide a reference and a new point of view for 
enzyme modification by increasing the energy of the initial state.

Keywords L-Aspartate β-decarboxylase · 3-Methylasparic acid · The internal aldimine · Enzyme engineering · Molecular 
dynamics simulation

Introduction

L-Aspartate-β-decarboxylase (ASD) is the only enzyme 
in nature that catalyzes the reaction of β-decarboxylation 
and belongs to the family of aspartate aminotransferases. 
ASD is composed of 12 subunits, each of which combines a 
coenzyme molecule of pyridoxal 5’-phosphate (PLP) in the 
active center [1]. The family of PLP-dependent enzymes is 
divided into five groups (I-IV), and ASD belongs to group 
I, similar to aspartate aminotransferase, whose structure and 
catalytic mechanism have been well studied. Furthermore, 
the structure of the active center of ASD was similar to that 
of aspartate aminotransferase [2, 3].

The coenzyme PLP covalently formed a Schiff base (the 
internal aldimine) with lysine (Lys315) in the active site of 
ASD from Pseudomonas dacunhae (PdASD) [4]. A hydro-
gen-bond network was formed between a series of key amino 
acids in the active center and PLP, which was responsible for 

stabilization and fixation of the phosphate oxygen group of 
PLP [5]. When the substrate entered the active site, the α and 
β carboxyl groups of the substrate L-aspartic acid formed 
ion pairs with Arg497 and Arg375, followed by the internal 
aldimine undergoing a transaldimine reaction and another 
Schiff base (the external aldimine) being formed between 
PLP and the α-amino group of the substrate [4, 5]. The 
conformation of ASD underwent changes during the trans-
formation of the internal aldimine to the external aldimine, 
and Lys315 in the active center was involved in controlling 
the protonation state of the Cα of the substrate L-aspartic 
acid and the C4’ of PLP [6, 7]. In the catalytic process, 
the β-carboxyl group of L-aspartic acid was perpendicular 
to the reface of PLP, polarized the β–γ bond and provided 
electron traps, which was beneficial to the β-decarboxylation 
of L-aspartic acid [8]. Many PLP-dependent enzymes pos-
sess a similar mechanism to break the β–γ bond of the sub-
strate, such as selenocysteine lyase, cysteine desulfurase and 
kynureninase [9–12].

Ground state destabilization has been found in many 
enzymes and generally refers to the unstable interaction (also 
called force) between the enzyme and the substrate [13]. The 
force of the internal aldimine of aspartate aminotransferase 
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was maintained by Lys258 and Asn194 in the active center 
[14, 15]. This force could increase the energy of the ini-
tial state (enzyme + substrate), thereby reducing the energy 
barrier between the initial state and the transition state and 
increasing the catalytic ability of the enzyme. During the 
reaction catalyzed by aspartate aminotransferase, the change 
in the force of the internal aldimine was accompanied by 
the change in the pKa of the aldimine, which was the pro-
ton state of the internal aldimine. The pKa of the internal 
aldimine of aspartate aminotransferase was 6.8, and the 
pKa of the internal aldimine increased to 8.8 when the sub-
strate entered the active center. Then the pKa of the exter-
nal aldimine increased to more than 10 when the internal 
aldimine was further converted to the external aldimine [14, 
15]. Similar forces of the internal aldimines were found in 
aromatic amino acid transaminase and histidine phosphate 
transaminase [16, 17].

The Arg37 of PdASD is conserved in the active center 
of ASD and plays an important role in the protonation 
regulation of the internal aldimine, which does not exist in 
aspartate aminotransferase [1, 8]. There was an absorption 
peak at a wavelength of 425 nm in PdASD, which corre-
sponded to the protonated internal aldimine. However, such 
an absorption peak at a wavelength of 425 nm was not seen 
in the mutant R37A, indicating that the internal aldimine 
was in a nonprotonated state [8]. The proton state of the 
internal aldimine was determined by the force of the inter-
nal aldimine, which has been confirmed in aspartate ami-
notransferase [15]. Therefore, Arg37 played an important 
role in controlling the proton state of the internal aldimine 
and essentially regulated the forces of the internal aldimines. 
Furthermore, Arg37 could be an important residue for the 
activation energy between the initial state and the transition 
state of ASD.

In this study, Arg37 of ArASD was modified using semi-
rational modification to regulate the force of the internal 
aldimine. A previously engineered variant of ArASD, K18A/
V287I, was used as a starting enzyme, because the wild 
type cannot catalyze the conversion of 3-methylaspartate 
into 2-aminobutyric acid. A variant with higher activity for 
3-methylaspartic acid was obtained. The mechanism of the 
catalytic efficiency improvement, related to the force of the 
internal aldimine of ArASD variant, was assayed by molecu-
lar dynamic simulation.

Materials and methods

Bacterial strains and plasmids

Escherichia coli JM109 and BL21 (DE3) were used for 
plasmid construction and enzyme expression, respectively. 
Luria–Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast 

extract and 10 g/L NaCl) was used for cell growth, and 2YT 
medium (16 g/L tryptone, 10 g/L yeast extract and 5 g/L 
NaCl) was used for enzyme expression. All chemicals used 
in this study were of reagent grade.

Genetic manipulation

The plasmids containing the ArASD K18A/V287I gene 
were used as the template for variant construction, which 
was constructed in our previous study [18]. Site-directed 
mutagenesis was carried out using whole plasmid PCR, and 
the primers are listed in Table S1. The PCR product was 
transformed into E. coli JM109 competent cells. The vari-
ants were further verified by DNA sequencing.

Expression and purification of ArASD variants

A single colony of E. coli BL21(DE3) harboring the plasmid 
was inoculated into 2YT medium with 50 μg/mL kanamy-
cin and cultivated at 37 °C and 200 rpm. The inducer of 
0.2 mM IPTG was added to induce expression of the enzyme 
when  OD600 reached 0.8, and cells were cultivated at 25 °C 
for 16 h. Cells were harvested and lysed by sonication in 
potassium phosphate buffer (10 mM, pH 7.0), followed by 
centrifugation at 10 krpm for 10 min at 4 °C.

Cell lysates were passed through a HisTrap HP column 
(GE Heathcare), and enzymes were purified using a linear 
gradient of imidazole (0–500 mM). Purified enzymes were 
dialyzed against potassium phosphate buffer (10 mM, pH 
7.0) at 4 °C overnight to remove imidazole. The concen-
tration of purified enzyme was measured by the Bradford 
method.

Characterization of ArASD variants

The activity of the ArASD variant was detected in a mix-
ture of the corresponding buffer (10  mM) with 1  mM 
α-ketoglutaric acid and 0.5 mM PLP. After preincubation 
at the corresponding temperature for 5 min, substrate was 
added to start the reaction for 10 min, which was subse-
quently inactivated at 100  °C for 10  min. The specific 
activities and kinetic parameters of ArASD variants toward 
L-aspartic acid were determined at 50 °C and pH 5.4, and 
those toward 3-methylasparic acid were determined at 
50 °C and pH 3.8. Statistical analyses were performed using 
GraphPad Prism 7 software.

One unit of decarboxylation activity of the ArASD vari-
ant toward L-aspartic acid (or 3-methylasparic acid) was 
defined as the amount of enzyme that catalyzed the forma-
tion of 1 μmol of L-alanine (or 2-aminobutyric acid) per 
min. The concentrations of L-alanine and 2-aminobutyric 
acid were measured by high performance liquid chromatog-
raphy using a Diamonsil C18 column (5 μm, 250 × 4.6 mm, 
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Dikma, China) after derivatization by phenyl isosulfate 
(PITC). The derivative conditions were as follows: the vol-
ume of the reaction was made up to 500 μL by adding 250 μl 
PITC–acetonitrile solution (0.1 mM) and 250 μl triethyl-
amine–acetonitrile solution (1 mM). The detection condi-
tions were as follows: mobile phase A was 80% acetonitrile, 
mobile phase B was a mixture of 97% 0.1 M sodium acetate 
and 3% acetonitrile, the detection wavelength was 254 nm, 
the flow rate was 0.6 mL/min, the injection volume was 
10 μL, and the column temperature was 40 °C.

The optimal pH of the ArASD variant was detected at 
50 °C in various buffers (pH 2.0–8.0), and the optimal tem-
perature was detected at various temperatures (30–60 °C) 
in acetate buffer (pH 3.8). The same amount of the ArASD 
variant was incubated in a water bath at 40, 45, 50 °C for 
120 min, and the residual activity was detected to deter-
mine the thermal stability of the ArASD variant. The same 
amount of the ArASD variant in different pH buffers (pH 
3.0–8.0) was kept on ice for more than 12 h, and the residual 
activity was detected to determine the pH stability of the 
ArASD variant.

Molecular dynamic simulations assay

The structures of ArASD and its variant were built by 
SWISS-MODEL software using Alcaligenes faecali ASD 
(PDB ID: 2yz4) as the template. Molecular dynamics (MD) 
simulations were performed using NAMD 2.13 with the 
force field Charmm27. The protonation state of residues was 
determined with the PDB2PQR server (http:// apbs- rest- test. 
westu s2. cloud app. azure. com/). The topology and parameters 
of PLP for simulation were generated by the swissparam 
server (http:// www. swiss param. ch/). The MD simulations 
included 1 ns of water equilibration, 60 ps of heating protein 
from 0 K up to 300 K, and 50 ns classical MD simulations.

Results and discussion

The key residue of ArASD for regulating the internal 
aldimine

As described above, the residue Arg37 essentially regulated 
the internal aldimine conformation of PdASD, which could 
enhance the catalytic efficiency of PdASD. Based on the 
amino acid sequence alignment of PdASD and ArASD, 
Arg38 of ArASD corresponded to Arg37 of PdASD (Fig. 
S1). Therefore, Arg38 was selected as a modification can-
didate that was expected to improve the catalytic ability of 
ArASD toward 3-methylasparic acid. The starting enzyme 
was K18A/V287I that catalyzed the conversion of 3-methy-
laspartate into 2-aminobutyric acid [18].

Arg38 of K18A/V287I was modified as seven representa-
tive amino acids: alanine (Ala), leucine (Leu), glutamic acid 
(Glu), glutamine (Gln), lysine (Lys), histidine (His) and phe-
nylalanine (Phe). The activities of crude enzymes showed 
that the variant K18A/R38K/V287I significantly increased 
the activity toward 3-methylaspartic acid, whereas the other 
variants exhibited decreased activities toward 3-methylas-
partic acid (Fig. 1). No activity toward 3-methylaspartic 
acid was detected when the positively charged Arg38 was 
mutated into the negatively charged Glu, which might be 
caused by the hydrogen bonds between the phosphate group 
of the coenzyme PLP and ArASD being broken and the 
force of the internal aldimine being destroyed. Similarly, 
the activities of variants decreased sharply as Arg38 was 
mutated into uncharged Ala, Leu, Gln and Phe. Compared 
with Arg, both Lys and His are positively charged residues 
and have one amino group on the side chain, which might 
weaken the interactions between the enzyme and PLP and 
affect the conformation of the internal aldimine. The amino 
acid at position 38 has an important influence on the activ-
ity of ArASD.

Enzymatic properties of K18A/R38K/V287I

As the variant K18A/R38K/V287I exhibited the highest 
activity toward 3-methylaspartic acid, it was purified for 
further study. The optimal catalytic temperature and pH 
for K18A/R38K/V287I toward 3-methylaspartic acid were 
50 °C (Fig. 2a) and pH 3.4–3.8 (Fig. 2b), which was similar 
to that of K18A/V287I [18]. K18A/R38K/V287I retained 
63% of its activity after treatment at 50 °C for 120 min 
(Fig. 2c). Compared with K18A/V287I, which only retained 
less than 20% of its activity after treatment at 50 °C for 
120 min, the thermostability of K18A/R38K/V287I was 
much better than that of K18A/V287I. K18A/R38K/V287I 
was stable at pH 3.4–7.8 (Fig. 2d), which was also similar 
to that of K18A/V287I.

The β-decarboxylation activities of K18A/V287I and 
K18A/R38K/V287I toward 3-methylaspartic acid and 
L-aspartic acid were compared (Table 1). The specific activ-
ity of K18A/R38K/V287I toward 3-methylaspartic acid was 
41.5 ± 0.51 U/mg, which was 2.24-fold higher than that of 
K18A/V287I. The results of enzyme kinetic parameters 
showed that the turnover number (kcat) of K18A/R38K/
V287I for both substrates was significantly increased, but 
the affinities for both substrates were decreased. The variant 
K18A/V287I had a similar affinity toward 3-methylaspar-
tic acid and L-aspartic acid; however, K18A/R38K/V287I 
had a higher affinity (Km) toward 3-methylaspartic acid than 
L-aspartic acid. We considered that K18A/R38K/V287I 
was switched to 3-methylaspartate β-decarboxylase from 
L-aspartate β-decarboxylase, on the basis of the increased 
discrimination between 3-methylaspartic acid and the 

http://apbs-rest-test.westus2.cloudapp.azure.com/
http://apbs-rest-test.westus2.cloudapp.azure.com/
http://www.swissparam.ch/
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natural substrate L-aspartic acid. The catalytic efficiency of 
K18A/R38K/V287I (kcat/Km) toward 3-methylaspartic acid 
was higher than that of K18A/V287I. However, kcat/Km of 
K18A/R38K/V287I toward L-aspartic acid was much lower 
than that of K18A/V287I, which might be due to the lower 
affinity.

Structural basis of K18A/R38K/V287I for improved 
catalytic efficiency

Hayashi et  al. speculated that the torsion angle of the 
aldimine bond (C3–C4–C4’–Nε, θ’) in aspartate ami-
notransferase played an important role in force formation 
by analyzing the structures of the protonated and deproto-
nated internal aldimine [14]. The active center of ArASD 
is similar to that of aspartate aminotransferase, while C4’ 
of PLP (C4’PLP) is linked by the imine bond with ε-N of 
Lys314 (Nε314). Meanwhile, hydrogen bonds were formed 
between the oxygen atom of the hydroxyl group on C3’ of 
PLP (O3’PLP) and Nδ2 of Asn256 (Nδ2256) (Fig. 3).

Two hydrogen bonds were formed between the side chain 
of Arg38 and O3’PLP in K18A/V287I (Fig. 3a). However, 
only one hydrogen bond was formed between Lys38 and 
O3’PLP in K18A/R38K/V287I (Fig. 3b), and the interaction 
between Lys38 and PLP was weakened. The conformation 
of the internal aldimine in K18A/R38K/V287I was changed, 
leading to a change in the catalytic efficiency.

MD simulation analysis of K18A/V287I and K18A/
R38K/V287I showed that the distance between the Cα 
of Lys314 (Cα314) and C4’PLP in K18A/R38K/V287I was 
shorter (Fig.  4a). As shown in Fig.  4b, the distance of 
Cα314–C4’PLP in K18A/V287I was mainly distributed at 
approximately 7.0 Å, while that in K18A/R38K/V287I was 
mainly distributed at approximately 6.0 Å. The shorter dis-
tance would cause the imine bond of the internal aldimine 
in K18A/R38K/V287I to be close to the pyridine ring of 
PLP, and it resulted in an easily protonated internal aldimine 
and increased the free energy of the enzyme and substrate. 
The distance between Nδ2256 and O3’PLP in K18A/R38K/
V287I was longer (Fig. 4c) and was mainly distributed at 
approximately 5–6 Å, which was 1.5–2 times that of K18A/
V287I (Fig. 4d). The longer distance between Nδ2256 and 
O3’PLP meant that the interaction between PLP and Asn256 
in K18A/R38K/V287I was weakened, thereby promoting 
protonation of the internal aldimine.

The torsion angle of the imine bond (θ) was calculated 
and it was mainly distributed at approximately 40° in 
K18A/V287I; however, it was distributed at approximately 
30° in K18A/R38K/V287I (Fig. 5). The bond of the inter-
nal aldimine in K18A/R38K/V287I more easily formed a 
coplanar structure, which was beneficial to the protona-
tion of the internal aldimine. All three factors (the longer 
distance between Nδ2256 and O3’PLP, Cα314 and C4’PLP, θ) 
resulted in hydrogen bonds between Nε314 and O3’PLP in 

Fig. 1  The β-decarboxylation 
activity of variants toward 
3-methylaspartic acid. The 
activity was determined at 
45 °C for 10 min using crude 
enzymes. Reaction solution: 
10 mM potassium phosphate 
buffer (pH 7.0), 0.5 mM PLP, 
0.5 mM α-ketoglutarate, and 
50 mM DL-threo-3-methyl-
asparic acid. The activity of 
K18A/V287I was defined as 
100%
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K18A/R38K/V287I being more easily formed to stabilize 
the coplanar structure and the protonation of the internal 
aldimine state [14]. The weakened hydrogen bonds between 
Lys38 and O3’PLP in K18A/R38K/V287I led to a greater 

force generated by the internal aldimine and an increasing 
catalytic efficiency.

In addition, the hydrogen-bond network between the α- 
and β-carboxyl groups of the substrate and Arg386, Arg292 

Fig. 2  Enzymatic properties of K18A/R38K/V287I using 3-methylas-
partic acid as the substrate. The optimal temperature (a) and pH (b) 
of K18A/R38K/V287I toward 3-methylaspartic acid were measured, 
and the highest activity was plotted as 100%. c The thermostability 
of K18A/R38K/V287I. Purified K18A/R38K/V287I was treated at 
different temperatures, and the activity of the untreated enzyme was 

plotted as 100%. d The pH stability of K18A/R38/V287I. The puri-
fied K18A/R38K/V287I was treated in the corresponding buffers at 
4 °C overnight, and the highest enzyme activity was plotted as 100%. 
Error bars indicate the standard deviation of three independent exper-
iments

Table 1  Specific activities and 
kinetic parameters of ArASD 
variants

The specific activities and kinetic parameters toward L-aspartic acid were measured at 50 °C and pH 5.4; 
the specific activities and kinetic parameters toward 3-methylaspartic acid were measured at 50 °C and pH 
3.8

Variants Substrates Specific activity
(U/mg)

kcat
(s−1)

Km
(mM)

kcat/Km
(s−1·mM−1)

K18A/V287I L-Aspartate 45.1 ± 0.51 258.6 ± 5.4 1.38 ± 0.30 187.4
3-Methylaspartate 18.5 ± 0.12 21.8 ± 0.8 1.14 ± 0.05 19.1

K18A/R38K/V287I L-Aspartate 35.0 ± 0.25 401.2 ± 8.8 8.84 ± 0.53 45.4
3-Methylaspartate 41.5 ± 0.51 63.4 ± 1.1 2.84 ± 0.07 22.3
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and Asn194 of the active center of aspartate aminotrans-
ferase played an important role in maintaining the affinity 
of the substrate [15, 19, 20]. Based on the similarity of the 
active centers of ASD and aspartate aminotransferase, it was 

speculated that a similar hydrogen-bond network existed 
between ASD and the substrate. Based on sequence align-
ment, hydrogen bonds between the substrate and Arg496 
and Arg374 of the active center and the α-carboxyl group 
of the substrate and Nδ2256 are formed [4, 5]. Compared 
with K18A/V287I, the longer distance of Nδ2256-O3’PLP 
in K18A/R38K/V287I (Fig. 4D) may destroy the hydrogen 
bonds between Nδ2256 and the α-carboxyl oxygen atom 
of the substrate. The hydrogen-bond network between the 
substrate and the active center of ArASD could be further 
destroyed, resulting in a decrease in the affinity for the sub-
strate, especially for the natural substrate L-aspartic acid.

Conclusion

In this study, a key residue of ArASD for maintaining the 
conformation of the internal aldimine was modified, and 
a variant K18A/R38K/V287I that had higher catalytic 

Fig. 3  Structural analysis of K18A/V287I and K18A/R38K/V287I. a 
The active sites of K18A/V287I. b The active sites of K18A/R38K/
V287I. The yellow dotted lines represent hydrogen bonds. The dis-
tances of Nδ2256–O3’PLP and Nε314–O3’PLP are displayed and desig-
nated by red dotted lines

Fig. 4  MD simulation analysis of K18A/V287I and K18A/R38K/V287I. a The distance between Cα314 and C4’PLP. b The distribution of the dis-
tance between Cα314 and C4’PLP. c The distance between Nδ2256 and O3’PLP. d The distribution of the distance between Nδ2256 and O3’PLP
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efficiency for 3-methylaspartic acid was obtained. Compared 
with K18A/V287I, which was constructed in our previous 
study, the hydrogen bonds between the 38th residue and 
PLP were weakened and the conformation of the internal 
aldimine was changed in K18A/R38K/V287I, leading to the 
increased energy of the initial state and the reduced energy 
barrier for the transition state, further significantly improv-
ing the catalytic ability of ArASD toward 3-methylaspartic 
acid.
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