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Abstract

Aspartate 4-decarboxylase (ASD) has been modified to obtain the catalytic ability of the unnatural substrate L-3-methyl-
aspartate. However, the mechanism remains to be clarified. In the present study, the semi-rational modification was used
to identify key residues of importance for the activity towards L-3-methylasparte. The ASD from Pseudomonas dacunhae
21192 (PdASD) was used as a template, which showed better activity than the other two ASDs. Four residues proved to be
critical for the activity towards L-3-methylasparte, with three located in the active site and one on the surface. Combinato-
rial variants were constructed to analyze the role of each mutation. The enzymatic properties of the combined variants were
determined and compared. The residue at the 17th position was a member of the substrate entrance gate and contributed to
the activity by reducing the steric hindrance. The residue at the 37th position was necessary for activity. Two mutations, 1288
and V382, exhibited strong epistatic interactions on the activity of ASD. Structural changes in the active site were analyzed
by molecular dynamics simulations, and it is proposed that the increased activity of PdASD variants is related to a suitable
binding pocket for the substrate. These results provide new evidence for the mechanism of f-decarboxylation, which lays
the foundation for enhancing the activity of ASD.
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Introduction

For decades, Pseudomonas dacunhae containing aspar-
tate 4-decarboxylase (ASD) has been employed to produce
L-alanine in the industry because of the stability and high
catalytic efficiency of this enzyme [1-3]. Recently, more
and more ASD genes have been cloned and character-
ized [4-7]. The crystal structures of ASD derived from P.
dacunhae and Alcaligenes faecalis were resolved decades
ago [8, 9]. Based on the crystal structure and characteri-
zation of enzymatic properties, molecular modifications
were applied to ASDs to investigate the catalytic mecha-
nism [8, 10, 11], leading to the development of new cata-
lytic reactions [12—14].

The substrate channel and active site of an enzyme have
always been the focus of catalytic mechanism research.
The active site of an enzyme is the region where the
enzyme binds to the substrate and catalyzes the reaction.
Although the active site of an enzyme prefers the natural
substrate, modification of the active site can effectively
change the substrate specificity of the enzyme. For exam-
ple, a chitosanase variant from Bacillus sp. MN accepted
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N-acetyl-p-glucosamine units as the substrate by modify-
ing the enzyme activity site [15]. An ASD dual-point vari-
ant from P. dacunhae with remarkably improved activity
towards 3(R)-benzyl-L-aspartate was constructed based on
structure-guided engineering [14].

Moreover, tunnels and channels connecting the environ-
ment to the active site affect enzyme activity, specificity,
stability and enantioselectivity [16]. A key tunneling residue
in nitrile hydratase from Rhodococcus rhodochrous J1 to
rac-mandelonitrile was identified and a variant with shifted
stereoselectivity was obtained [17]. After changing the
size and shape of the substrate tunnel, the regioselectivity
of nitrile hydratases from Pseudomonas putida and Coma-
monas testosteroni switched between the selective hydration
of two cyano groups of a,m-dinitriles [18].

It has been reported that ASD from Acinetobacter radi-
oresistens (ArASD) obtained catalytic activity towards
L-3-methylasparte through molecular modifications of the
active site and the substrate entrance gate [13]. In this study,
the activity of ASD from P. dacunhae 21192 (PdASD)
towards L-3-methylasparte was significantly enhanced by
the semi-rational modification, and then the key residues of
PdASD were identified. Molecular dynamics simulations
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and characterization of enzymatic properties were performed
to analyze the effect of each residue on the activity and the
structural changes.

Materials and methods
Construction of variants

The pET28a vector was used to express ASD genes. ASD
genes originating from Acinetobacter radioresistens, Acine-
tobacter tandoii and Pseudomonas dacunhae 21192, respec-
tively, were synthesized by AZENTA (Suzhou, China). Two
hosts were employed: Escherichia coli JM109 was used to
construct the plasmid (pET28a-ASD) and Escherichia coli
BL21 (DE3) was used to express enzymes (ASDs).

The pET28a-pd21192-ASD was used as a template for
site-directed mutagenesis, and the primers are listed in
Table S1. DNA polymerase (Primer STAR Max, Takara
Bio Inc., China) was used throughout the PCR procedure.

Strain culture and protein purification

LB medium was used for bacterial growth and 2YT medium
was used to express enzymes. The plasmid, which was cor-
rectly sequenced, was transformed into BL21. BL21 was
then cultured overnight at 37 °C in LB solid medium (con-
taining 50 pg/ml kanamycin). The colony was picked into
5 ml of LB liquid medium and cultured at 37 °C for 8 h.
Then, 1 ml of bacterial broth was inoculated into 100 ml of
2YT medium. When ODy, reached the range of 0.6-0.8,
IPTG (isopropyl-p-D-thiogalactoside) was added at a final
concentration of 0.2 mM and the bacteria were induced at
25 °C for 20 h. Bacterial cells were collected and the enzyme
was purified. The purification method was the same as in the
previous article [7]. The His Trap HP column (GE Health-
care, USA) was used to purify enzymes. Binding buffer
(including 20 mM imidazole) and washing buffer (including
500 mM imidazole) were used to balance the column and
elute the enzyme, respectively. The Bradford method was
used for determining the protein concentration.

Enzymatic activity assay and dual enzyme system
catalytic assay

The appropriate amount of enzyme was dissolved in 10 mM
sodium acetate—acetate buffer (pH 5.4) containing 0.5 mM
PLP (Pyridoxal-5'-phosphate monohydrate) and 0.5 mM
pyruvate and then incubated at 45 °C for 5 min. 0.1 M of
L-3-Methylasparte was added to the reaction system. After
30 min, inactivation was performed at 100 °C for 10 min.
Reactions catalyzed by the dual enzyme system (1 mg/
ml glutamate mutase and 1 mg/ml ASD) were carried out

in potassium phosphate buffer (10 mM, pH 6.6, containing
5 mM PLP, 2 mM pyruvate, 1 mM DTT, 0.25 mM adeno-
sylcobalamin and 100 mM L-glutamate) at 37 °C for 4 h.
The inactivation was then performed at 100 °C for 10 min.

The inactivated mixture was centrifuged at 12 krpm for
10 min and the supernatant was used to detect the concentra-
tion of L-L-2-aminobutyrate. The detection of amino acids
was performed as in the previous article [7]. Samples were
derivatized by phenylisothiocyanate (PITC). A C18 column
(250%x 4.6 mM, Dikma, China) was used to detect the con-
centration of L-L-2-aminobutyrate.

Molecular dynamics simulation

The structures of PLP and L-3-methylasparte were down-
loaded from the PubChem database (https://pubchem.ncbi.
nlm.nih.gov), and L-3-methylasparte was configured as (2S,
3S)-3-methylaspartate. L-3-methylasparte was covalently
linked to PLP as a ligand that was docked to the wild-type
ASD (PDB: 3fdd). Molecular docking was completed by the
glide module of Schrodinger software, and molecular dock-
ing models were optimized by Schrodinger software. Molec-
ular dynamics simulations were run using NAMD 2.14 soft-
ware with the CHARmM?36 force field. The topology and
G3P parameters with the CHARmM force field were made
using the web server SwissParam32 (https://www.swiss
param.ch/). Kinetic simulations include 1 ns of water equi-
libration, 60 ps from O to 300 k and 50 ns of classical MD.
TTcluster was used to analyze molecular dynamics simula-
tion trajectories. DCCM was analyzed using Bio3D.

The FEP/HREMD method was used to calculate the bind-
ing free energy. CHARmMM-GUI was used to generate FEP/
HREMD input files. The size of the ligand binding pocket
was calculated by POVME 3.0. The grid spacing was set to
1.0, and the distance cutoff was set to 1.09. Pockets were
defined in all grid points within 3 A of the ligand. The trajec-
tory files of the 50-ns molecular dynamics simulations were
extracted from 250 frames of PBD files at 0.2 ns intervals
and used as input files for POVME 3.0.

Results and discussion

Activity comparison of ASDs from different
organisms

The molecular modification was applied to ArASD to
improve its ability to convert L-3-methylasparte to L-2-am-
inobutyrate, and L-glutamate was catalyzed to L-2-amin-
obutyrate by coupling a variant of ArASD to a glutamate
mutase [13]. Subsequently, a variant, Ar-K18A/R38K/
V2871, with significantly high activity towards L-3-methyl-
asparte was obtained [19]. Sequence alignment was carried
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out between ArASD, PdASD and ASD from Acinetobacter
tandoii (AtASD), and the corresponding variants of PAASD
and AtASD, A-K18A/R38K/V2871 and Pd-K17A/R37K/
V2881, were constructed. The catalytic abilities of three
variants, Ar-K18A/R38K/V2871, A--K18A/R38K/V2871
and Pd-K17A/R37K/V288I, were compared (Fig. 1). The
highest concentration of L-2-aminobutyrate was synthesized
by coupling PAASD with glutamate mutase. Obviously, the
catalytic ability of PdASD was superior to that of AtASD
and ArASD, a result that is consistent with our previous
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Fig.1 The p-decarboxylation activity of variants from different
organisms towards L-3-methylasparte. The activity was assessed by
the concentration of L-2-aminobutyrate synthesized from L-glutamate
using purified ASD and purified glutamate mutase. The reactions
were performed at pH 6.6 for 4 h. Ar: Acinetobacter radioresistens;
At: Acinetobacter tandoii; Pd: Pseudomonas dacunhae 21192
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Fig.2 Screening of variants. a Alanine scanning of residues located
at the substrate of the assumed channels. b Site saturation mutation
of the 382nd residue. Activity towards L-3-methylasparte was deter-

@ Springer

study [7]. Additionally, p-decarboxylation activities of
L-3-methylasparte were detected for ArASD, PdASD and
AtrASD (data not shown), which is consistent with the results
of the dual enzyme system.

Screening of key residues for the activity of ASD
towards L-3-methylasparte

The substrate channel of PdASD was predicted to identify
key residues for the activity of PdASD towards the larger
substrate L-3-methylasparte. Three substrate channels were
predicted by the software Caver (Fig S1). The shortest
assumed channel has a bottleneck, the longest assumed chan-
nel has a few bottlenecks, and the middle assumed channel
has two bottlenecks. The shortest assumed channel and the
middle assumed channel were selected for alanine scanning
of the constituent residues of the three bottlenecks. After
excluding nine highly conserved residues and small residues
(alanine, glycine), six of the fifteen residues were mutated
into alanine to optimize the room for the narrowest part of
the channel. Since wild-type activity towards L-3-methylas-
parte was not detected and valine at the 288th position was
located at the active site, variant K17A/R37K was used as a
template instead of variant K17A/R37K/V288I.

One candidate, threonine at the 382nd position, was
screened out. The variant K17A/R37K/T382A showed
higher activity than K17A/R37K and K17A/R37K/V288I
(Fig. 2a). Since the threonine at the 382nd position played
an important role in the activity towards L-3-methylasparte,
the residue was subjected to site-saturation mutagenesis. The
three variants, T382A, T382V and T382L, exhibited better
catalytic ability, with variant K17A/R37K/T382V showing
the highest activity towards L-3-methylasparte (Fig. 2b).
The polar residues at this position have been found to be
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mined at pH 5.4 using purified enzymes with the activity of K17A/
R37K/V288I and K17A/R37K/T382A defined as 100%, respectively
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unfavorable for the activity towards L-3-methylasparte, while
the aliphatic residues at this position are beneficial for its
activity. The T382 residue was also considered important for
the activity of 3(R)-benzyl-L-aspartate; however, the vari-
ant T382G was the best [14]. This suggests that the 382nd
residue of PdASD is essential for substrate specificity, but
the effect of residues depends on the substrate.

Key residues for the B-decarboxylation activity

So far, four residues of PdASD have been shown to be
important for the activity of L-3-methylasparte. Three (R37,
V288 and T382) are located in the active site and one (K17)
on the surface, which has been resolved by crystal structure
analysis [9]. Combinatorial variants were constructed and
their catalytic abilities were compared via two examina-
tions: specific activity towards L-3-methylasparte (Fig. 3a)
and synthesis of L-2-aminobutyrate from L-glutamate using
a dual enzyme system containing a variant of PdASD and
glutamate mutase (Fig. 3b). The results of the two experi-
ments are consistent and include variants K17A/R37K and
K17A/T382V with very little specific activity, but synthesize
some L-2-aminobutyrate. We attribute this to their extremely
low activity and excellent stability. Two variants, K17A/
R37K/V2881/T382V and K17A/V2881/T382V, exhibited
significantly higher catalytic abilities than the other vari-
ants (Fig. 3a and b).

Only one variant, K17A/T382V/AR37, was deprived
of the activity, in which the 37" residue was deleted. No
activity was detected for K17A/T382V/AR37 compared to
the slightly more active variant K17A/T382V, indicating
that the residue at the 37th position is an essential residue
for the activity of L-3-methylasparte. In addition, no activ-
ity of K17A/T382V/AR37 towards the natural substrate,
L-aspartate, was detected (Fig S2). Our results support
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0.0 0.5 1.0 1.5 2.0 25 3.0 35
Specific activity (U/mg)

Fig.3 Comparison of catalytic abilities of the combinatorial vari-
ants. a The specific activities of the combinatorial variants towards
L-3-methylasparte. Reactions were performed at pH 5.4 for 30 min.

that the residue at the 37" position is critical for regu-
lating the conformation of the internal aldimine of PLP-
dependent enzymes [19]. However, our results contradict a
report suggesting that R37 only plays a role in optimizing
catalytic efficiency, but is not essential for the activity of
ASD towards L-aspartate [8].

Variant K17A/V288I exhibited better catalytic ability
than variant K17A/T382V, indicating a greater effect of
mutation 1288 than V382 on the activity of L-3-methy-
lasparte. Variant K17A/V288I/T382V presented better
catalytic ability than both K17A/V288I and K17A/T382V,
indicating that the best activity is achieved through collab-
orative cooperation of 1288 and V382. The results suggest
that mutations in V288I and T382V exhibit an epistatic
effect, which has been shown to exist in proteins [20]. The
same phenomenon was also observed in variants K17A/
R37K/T382V, K17A/R37K/V2881 and K17A/R37K/
V2881/T382V. However, the activity of K17A/V288I and
K17A/T382V towards L-aspartate showed opposite results
(Fig S2), implying that a mutation may be beneficial for
an enzyme-catalyzed reaction but detrimental for the other
one. This conclusion was also reached by comparing the
activities of two variants with only one different residue
towards L-aspartate and L-3-methylasparte, such as K17A/
R37K and K17A/R37K/T382V, K17A/R37K and K17A/
R37K/V2881, K17A/R37K/V288I and K17A/R37K/
T382V and K17A/R37K/V2881/T382V and K17A/R37K/
V288I.

The residue K17 has been predicted to be a member of
the gate of the substrate entrance [9]. Comparing the catal-
ysis of K17A/V2881/T382V and V2881/T382V (Fig. 3a
and b), our results also agree that K17A improves the
activity toward L-3-methylasparte by reducing the steric
hindrance of the 17th residue.
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b Concentration of L-2-aminobutyrate catalyzed by purified combi-
natorial variants and purified glutamate mutase. Reactions were per-
formed at pH 6.6 for4 h
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Structural changes in the active site of V2881/T382V

Variant V2881/T382V was targeted to analyze the confor-
mational differences in the active site, as only a slight differ-
ence was observed between the activities of K17A/V2881/
T382V and K17A/R37K/V2881/T382V, and the residue
at the 17th position was located on the surface. Molecular
dynamics simulations were performed to gain insight into
the conformational changes resulting from the V288I and
T382V mutations. The 50-ns molecular dynamics simula-
tion was run for the wild type, two single point variants
V2881 and T382V, and the dual-point variant V2881/T382V,
respectively. The results of the RMSD showed that the dual-
point variant V288I/T382V was more stable than the other
three ASDs (Fig S3). This conclusion was also drawn from
the results of the trajectory analysis (Fig. 4). The dynamics
cross-correlation map shows that the region is dynamically
correlated with flexibility [21]. The correlation of the variant
V2881/T382V was better than the other three ASDs, sup-
porting the V2881/T382V variant as the most stable one.
The size of the substrate-binding pocket was calculated
and compared. The pocket of the wild type was observed
to be much larger than that of the three variants, while
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Residue number

the pocket of V288I/T382V was the smallest (Fig. 5a).
The ligand covalently bound by L-3-methylasparte and
PLP was docked at the active site of the wild type and
variants. The free energy of the enzyme-ligand complex
was then calculated. As shown in Fig. 5b, the complex of
V2881/T382V with the ligand had the lowest free energy,
indicating that V288I/T382V has the strongest binding
affinity to L-3-methylasparte [22, 23]. The free energy
of V2881 was lower than that of T382V, suggesting that
V2881 has a stronger binding affinity to L-3-methylasparte.
These results support the activity assay with activity in the
order K17A/V2881/T382V > K17A/V2881>K17A/T382V
(Fig. 3). Focusing on the active site, the substrate-binding
pocket of the wild type was remarkably smaller than that
of V2881/T382V (Fig. 6). Recent studies have shown that
the enzyme will obtain a significant rate enhancement if
the reactivity region is populated [24]. The side chains of
1288 and V382 are larger than those of V288 and T382.
Presumably, the side chains of 1288 and V382 only fill
a portion of the substrate-binding pocket, so L-3-meth-
ylasparte can fit comfortably into the pocket. A suitable
combination of L-3-methylasparte and V2881/T382V could
produce better catalysis.
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Fig.4 Trajectory analysis of molecular dynamics simulation. DCCM was computed at pH 7.0 for wild-type dimer of PdASD (a), V288I (b),
T382V (c) and V288I/T382V (d). Positive correlations are indicated in red and negative correlations in blue
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Conclusion

In this study, four key residues for the activity of ASD
towards L-3-methylaspartate were identified by semi-rational
modifications. Molecular dynamics simulations and charac-
terization of enzymatic properties were performed to analyze
the effect of each residue on activity and structural changes.
Two variants with higher catalytic efficiency towards
L-3-methylaspartate were obtained, and their increased
activities were attributed to a suitable binding pocket for
the substrate. A trade-off relationship between the activity
towards L-3-methylaspartate and towards the natural sub-
strate (L-aspartate) was also supported. These results provide
new ideas for the mechanism of B-decarboxylation.
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