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Abstract
l-threonine aldolases catalyze the conversion of glycine and aldehydes to synthesize β-hydroxy-α-amino acids with unsat-
isfactory enzyme activity. Here, we expressed the l-threonine aldolase from Pseudomonas putida KT2440 (l-PpTA) in 
Escherichia coli BL21 (DE3) and improved the activity and thermostability by protein engineering. Five amino acid residues 
(Ser10, His89, Asp93, Arg177, and Arg321) located in the substrate-binding pocket were selected and for mutation. Eight 
mutants (D93A, D93G, D93M, D93F, D93S, D93Q, D93Y and D93H) with increased enzyme activity were identified and 
their kcat/KM values showed about 1–7-fold higher than wild-type. Among all the variants, D93H showed the highest catalytic 
efficiency with 2925 and 4515  s−1  mM−1 of kcat/KM values toward l-threonine and l-allo-threonine, respectively. In addi-
tion, circular dichroism spectrum exhibited that the melting temperature of D93H (54.2 °C) was 5 °C higher than wild-type 
(49.2 °C). Molecular dynamics simulations illustrated that the D93H variant shortens the distance between the imidazole 
group of H93 and the hydroxyl group of substrate, which facilitated the proton extraction and promote the enzymatic reac-
tion. This work affords a candidate for the synthesis of β-hydroxy-α-amino acids with improved catalytic efficiency and 
thermostability and provides structural insights into the l-TA family by protein engineering.

Keywords Threonine aldolases · Pseudomonas putida · Catalytic efficiency · Thermostability · Molecular dynamics 
simulations

Introduction

β-Hydroxy-α-amino acids have two chiral carbon atoms and 
are significant precursor of effective components of many 
drugs, which are widely used in pharmaceutical and fine 
chemical industries [1–3]. For example, 4-hydroxy-l-threo-
nine is an important precursor of the PLP-dependent enzyme 
inhibitor rhizobitoxine as well as involved in the synthesis 
of vitamin B6 [4], l-threo-4-methylsulfonylphenylserine is 
a key intermediate in the synthesis of florfenicol and thia-
mphenicol [5], and l-threo-3,4-dihydroxyphenylserine is a 
special remedy for the treatment of Parkinsonism [6].

Numerous efforts have been made for the production of 
β-hydroxy-α-amino acids using chemical methods such as 
Sharpless epoxidation [7] that can be used to prepare 2,3-
epoxy alcohols from primary or secondary allyl alcohols, 
Sharpless aminohydroxylation [8] that can convert alkenes 
to corresponding o-amino alcohols under the action of alky-
limino osmium compounds, and dynamic kinetic resolution 
[9] that can use chiral reagents to interact with racemates 
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to generate diastereomers. Although each of these methods 
are elegant, limitations still remain, especially insufficient 
stereoselectivity, harsh reaction conditions or the overuse 
of organic solvents. Therefore, it is advisable to develop 
an effective enzymatic process, which can complement the 
shortage of chemical methods.

Threonine aldolases (TAs) (EC 4.1.2.5) can catalyze aldol 
reaction with glycine and various aldehydes to synthesize 
β-hydroxy-α-amino acids as well as its reversible reaction 
[10, 11]. TAs have been widely found in plants [12], bacteria 
[13] and fungi [4]. Based on the α-carbon stereoselectivity 
of natural substrate threonine, TAs can be classified into l-
TAs and d-TAs [7]. In addition, according to the β-carbon 
stereoselectivity of natural substrate l-threonine, l-TAs were 
further divided into three groups: (I) l-TAs only catalyze 
l-threonine; (II) l-allo-TAs simply act on l-allo-threonine; 
(III) low-specificity l-TAs can catalyze both l-threonine 
and l-allo-threonine [1, 14]. These three l-TAs have highly 
similar primary structure, while display obvious differences 
in stereospecificity. Currently, only a few d-TAs have been 
characterized [15, 16].l-TAs can synthesize β-hydroxy-α-
amino acids in single step under mild conditions. Zhao et al. 
[6] expressed l-TA from gut microbiota of black bear and 
improve the diastereoselectivity of l-threo-3,4-dihydroxy-
phenylserine by rational design. Wang et al. [1] synthesized 
l-threo-4-methylsulfonylphenylserine using recombinant l-
TA from Actinocorallia herbida. Blesl et al. [17] produced 
alpha-quaternary alpha-amino acids by expressing l-TA 
from Aeromonas jandaei and d-TA from Pseudomonas 
sp. Therefore, l-TAs as a promising biocatalyst have been 
attracted extensive attention. Recently, substantial attempts 
have been devoted for engineering TAs to enhance its fea-
tures and functions. For example, Chen et al. [18] developed 
a substrate-binding-guided mutagenesis and stepwise visual 
screening method to improve or invert  Cβ-stereoselectivity 
of TA from Pseudomonas sp. Zheng et al. [10] explored a 
combinatorial active-site saturation test/iterative saturation 
mutagenesis (CAST/ISM) strategy to enhance the diaste-
reoselective of l-TA from Bacillus nealsonii. Liu et al. [2] 
performed an error-prone PCR and combinatorial mutation 
approach to increase the yield and stereoselectivity of l-TA 
from Pseudomonas sp. in the synthesis of 4-(methylsulfonyl)
phenylserine. All reported methods represent the methodol-
ogy to modify the properties of l-TA, while fundamentally 
improve its characteristics requires more efforts.

Previously, we have characterized a low-specificity l-
TA from Pseudomonas putida for catalyzing β-hydroxy-
α-amino acids [19]. To further improve the catalytic activ-
ity and thermostability, several key amino acid residues 
located to the binding pocket were selected to conduct 
NNK saturation mutation, kinetic parameters determina-
tion, and circular dichroism (CD) spectrum assay. More-
over, the molecular insights into the structural changes 

caused by mutations were provided by molecular docking 
and dynamic simulation. This work affords a candidate 
with improved catalytic efficiency and thermostability to 
the l-TA family and provides insights for the β-hydroxy-α-
amino acids synthesis by engineering threonine aldolases.

Materials and methods

Chemical and materials

The Escherichia coli BL21 (DE3) and pET-28a were 
stored in our laboratory as host and expression vector, 
respectively. The cofactor pyridoxal 5′-phosphate (PLP), 
NADH and yeast alcohol dehydrogenase (ADH) were 
bought from the Sigma-Aldrich (Shanghai, China). The 
ClonExpress MultiS One Step Cloning Kit and Plasmid 
Isolation Kit was purchased from Vazyme (Nanjing, 
China). The PrimeSTAR and BamHI, XhoI restriction 
enzymes were bought from Takara (Dalian, China). All 
other chemicals were of the analytical grade and commer-
cially available.

Construction of recombinant strains

The gene latE (GenBank: AE015451.2) coding l-TA from 
Pseudomonas putida KT2440 (l-PpTA) was synthesized 
by Sangon Biotech Co., Ltd. (Shanghai, China) on pET-
28a plasmid to construct the recombinant plasmids pET-
KT2440, which was subsequently transformed into E. coli 
BL21 (DE3). The recombinant strain E. coli BL21/pET28a-
l-PpTA was obtained after DNA sequencing.

The saturation mutagenesis strains of five amino acid 
residues (Ser10, His89, Asp93, Arg177 and Arg321) were 
constructed using homologous recombination technique 
[19] with pET-KT2440 as template. The SM libraries of 
l-PpTA were constructed to encode 20 canonical amino 
acids using the degenerate codons NNK. The short frag-
ments contain the target mutation sites were amplified using 
the primers S-F and S-R. And the long fragments include 
the plasmid pET28a were amplified using the primers L-F 
and L-R. Then, the short fragments and long fragments were 
connected using the ClonExpress MultiS One Step Clon-
ing Kit. After that, the recombinant products were trans-
formed into the E. coli BL21 (DE3). Eight recombinant 
strains E. coli BL21/pET-D93A, E. coli BL21/pET-D93G, 
E. coli BL21/pET-D93M, E. coli BL21/pET-D93F, E. coli 
BL21/pET-D93S, E. coli BL21/pET-D93Q, E. coli BL21/
pET-D93Y, and E. coli BL21/pET-D93H were identified by 
DNA sequencing. The primers used in this study are listed 
in Table 1.
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Protein expression and purification

The recombinant strains were cultured at 37 °C in LB 
medium added with 50 μg  mL−1 kanamycin. When  OD600 
value of the recombinant strains reached 0.6–0.8, 0.1 mM 
IPTG was added to induce protein expression at 25 °C 
for 12–14 h. The cells were harvested by centrifugation 
and suspended in buffer (20 mM Tris–HCl and 150 mM 
NaCl, pH 8.0) and lysed by an ultrasonic oscillator (Sonic 
Materials Co., Piscataway, USA). The supernatant was 
collected by centrifugation at 12,000 × g, 4 °C for 30 min.

The gathered supernatant was loaded on a HisTrap HP 
affinity column equilibrated with buffer (20 mM Tris–HCl 
and 150 mM NaCl, pH 8.0), and then it was eluted with 
buffer (20  mM Tris–HCl, 150  mM NaCl, 1  M imida-
zole, pH 8.0). Subsequently the fractions were applied 
to a Resource Q column equilibrated with buffer (20 mM 
Tris–HCl, pH 8.0). Finally, the fractions were loaded on a 
Superdex 200 (10/300 GL) gel column for chromatogra-
phy. The homogeneity of purified proteins was judged by 
sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE) gels.

Enzyme activity and kinetic determination

The enzyme activities of wild-type (WT) l-PpTA and its 
mutants were measured by monitoring the reduction rate 
of absorbance at 340 nm using an NADH coupled alcohol 
dehydrogenase (ADH) method [7]. The reaction system (250 
μL) HEPES–NaOH (100 mM, pH 8.0) contained 50 mM 
l-threonine/l-allo-threonine, 0.5 mM NADH, 50 μM PLP, 
30 U ADH, and appropriate amount of purified enzyme. 
Under measurement conditions, one unit of enzyme activity 
is defined as the amount of enzyme catalyzing the oxidation 
of 1 μmol NADH per minute.

The kinetic parameters were determined at varied con-
centrations of l-threonine/l-allo-threonine (0.1–100 mM) 
in HEPES–NaOH (100 mM, pH 8.0) buffer. The KM and 
kcat values were calculated by fitting the data to the Michae-
lis–Menten equation using nonlinear regression with Graph-
Pad Prism. All experiments were performed in triplicate and 
the data are from the mean of three replicates with standard 
deviations.

The thermostability analysis by circular dichroism 
spectrum

The thermostability of l-PpTA and its mutants were ana-
lysed by circular dichroism (CD) spectrum using Jasco 
J720 spectropolarimeter (Jasco, Inc., Easton, USA). The 
purified protein concentration was diluted to 0.1 mg  mL−1 
with 10 mM phosphate buffer (pH 6.0). Scans were done 
every 1 °C between 20 and 80 °C at 209 nm to monitor the 
change of protein structure with temperature and determine 
the melting temperature (Tm).

Molecular docking and molecular dynamic 
simulations

P. putida l-TA (PDB ID: 5VYE) shared the similarity of 
98.26% with WT l-PpTA in amino acid sequence. Homol-
ogy structures of WT l-PpTA and its variants were con-
structed with Discovery Studio using the crystal structure of 
P. putida l-TA (PDB ID: 5VYE) as a template. The substrate 
molecules l-threonine/l-allo-threonine were prepared and 
docked into WT l-PpTA and its variants using flexible dock-
ing. The docking structure was analyzed by Pymol software 
(https:// www. pymol. org). In addition, molecular dynamic 
(MD) simulations of protein–ligand complexes were carried 
out as follows: firstly, the CHARMm force field was applied 
to the protein, and the system was constructed in a cube 
box composed of TIP3P water molecules, which extended 
from the surface of the protein for 10 Å to form a buffer 
zone between them; Secondly, sodium ions were added to 
the system as counterions to build a neutral system; Thirdly, 
the step of energy minimization was carried out using the 

Table 1  Primers used in this study

Libraries Primers (5′–3′)

S10
 S10-F AAA AGC CAG CAG TTC GCG NNKGAT AAC 
 S10-R TGC AGG TTC AGA CCC AGT TCT TTG 
 L10-F AAC TGG GTC TGA ACC TGC ACA TGG 
 L10-R GCG AAC TGC TGG CTT TTA T

H89
 S89-F TTA TCT GCA GCG AAA CCG CGNNKGTT GAA ACCG 
 S89-R TAA CAG CTG TGC ACA GTG GTT CGC 
 L89-F ACT GTG CAC AGC TGT TAG CTT CTC TGG 
 L89-R CGG TTT CGC TGC AGA TAA CAG AGT GGTA 

D93
 S93-F AAA CCG CGC ACG TTG AAA CCNNKGAATG 
 S93-R CAC CGT TCG CTT CAA CCG GAA ACA TCA GTT 
 L93-F TTC CGG TTG AAG CGA ACG GTG TTT TCC TGC 
 L93-R GTT TCA ACG TGC GCG GTT TCG CTG CAGAT 

R177
 S177-F AAC CTG CAC ATG GAC GGC GCGNNKTTC ACC AA
 S177-R GCA CCA CCA GAA CCG ATG AAG GTA TAGA 
 L177-F ATC GGT TCT GGT GGT GCT CGT TTC 
 L177-R CCG TCC ATG TGC AGG TTC AGA 

R321
 S321-F ACC GTC CGG ATG AAC TGA AAG 
 S321-R TAT CCC AGC TAC ACA TGA AAC GAG CACC 
 L321-F GTG GTG CTNNKTTC ATG TGT AGC T
 L321-R TCA GTT CAT CCG GAC GGT AAAC 

https://www.pymol.org
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conjugate gradient algorithms; Finally, the protein–ligand 
complex simulations with 50 ns were carried out, gradually 
heat the system from 0 to 300 K.

Results

Possible mutation determination by sequence 
and structural analysis of l‑PpTA

The homologous structure of l-PpTA was build using crystal 
structure of PLP-dependent P. putida l-TA (PDB ID: 5VYE) 
as a template. Molecular-docking models of l-PpTA with 
the substrates l-threonine/l-allo-threonine were obtained 
using the Discovery Studio. The structure model of l-PpTA 
is a tetrameric with the same four subunits, which is con-
sistent with the known structural characteristics of l-TAs 
[13, 20]. In the modelled l-PpTA structure, a histidine H89, 
π-stacks the re face of the cofactor PLP was in the range 
of hydrogen bond with the hydroxyl group of substrates 
l-threonine/l-allo-threonine, which could initiate the C–C 
bond cleavage as the catalytic base [21]. In addition, three 
amino acid residues S10, R177 and R321 formed salt bridges 
with the carboxylate group of l-threonine/l-allo-threonine, 
which probably stabilized the produced transition state dur-
ing the reaction [19]. Moreover, D93 is located at the sub-
strate entry tunnel and could form hydrogen bonds with the 
amino group of substrates l-threonine/l-allo-threonine [21] 
(Fig. 1).

To gain detailed insight into the characteristics of l-TAs, 
sequence alignment, structure classification and conserva-
tion analysis were performed. The results indicated that 
l-TAs exhibited high sequence and structural homology 

(Fig. 2a), and the structure alignment superposition dis-
played that S10, H89, R177 and R321 had similar functions 
(Fig. 2b). except that D93 was a variable residue that could 
be substituted by tyrosine and phenylalanine in other l-TAs. 
Moreover, sequence conservation analysis showed that S10, 
H89, R177 and R321 were highly conserved and D93 was 
moderately conservative (Fig. 2c), which might provide high 
evolutionary selective pressure and have significant impact 
on protein function [18]. Therefore, the five amino acids 
were selected for possible mutations to improve catalytic 
activity and thermostability.

Identification of core variants from the saturated 
mutation library of five potential sites

To obtain mutants with improved enzyme activity, a satura-
tion mutation library of the five amino acid residues was 
constructed. The beneficial mutants were selected by meas-
uring the enzyme activity of cleavage l-threonine to glycine 
and aldehyde. The relative activity of the mutant was cal-
culated by taking the activity of the WT l-PpTA to cleave 
l-threonine as 100%. In the saturation mutation at S10, H89, 
R177, and R321 sites, most mutants completely losing activ-
ity, except that two variants of S10 and R177 retained about 
5–15% activity (Fig. 3). On the contrary, most mutants of 
D93 showed similar enzyme activities to WT, and eight vari-
ants resulted in about 3–8-fold higher enzyme activities than 
that of the WT (Fig. 3c). After DNA sequencing, the muta-
tions D93A, D93G, D93M, D93F, D93S, D93Q, D93Y and 
D93H were obtained. All these mutants were expressed as 
soluble forms in E. coli. The recombinant proteins of WT 
and its mutants were purified through HisTrap HP affinity, 
Resource Q, and Superdex 200 chromatography. The protein 
homogeneity was judged by SDS-PAGE, which revealed that 
all the enzymes were produced more than 35 mg per liter 
of culture.

D93H presents the highest catalytic efficiency 
among all the mutants

The enzyme activities of splitting l-threonine and l-allo-
threonine to glycine and aldehyde were further measured. 
The variants showed about 2–10-fold and 1–5-fold improve-
ment of enzyme activities toward l-threonine/l-allo-threo-
nine, respectively (Fig. 4a). Among all mutations, D93H 
resulted in the highest enzyme activity with 52,214 U  mg–1 
and 68,898 U  mg–1 toward l-threonine/l-allo-threonine, 
while the WT provided the specific activity with 5577 U 
 mg–1 and 14,311 U  mg–1, representing 9.4-fold and 4.8-fold 
higher than the WT, respectively.

The kinetic parameters of WT and its mutants were also 
evaluated using l-threonine/l-allo-threonine as substrates at 
various concentrations ranging from 0.1 to 100 mM. The KM 

Fig. 1  View of the active sites of l-PpTA. The enzyme backbone is 
represented as surface in gray, the active sites are showed in cyan 
sticks, and the cofactor PLP and l-threonine are exhibited in pink 
sticks
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Fig. 2  A The sequence and sec-
ondary structure alignment of 
l-TAs with Pseudomonas putida 
KT2440 (PDB ID: 5VYE), 
Thermotoga maritima (PDB ID: 
1LW4), Pseudomonas. putida 
PSALD (PDB ID: 1V72), 
Aeromonas jandaei (PDB ID: 
3WGC) and Escherichia coli 
(PDB ID: 4LNL). This image 
was obtained using the program 
Espript (http:// espri pt. ibcp. fr/ 
ESPri pt/ cgi- bin/ ESPri pt. cgi/). 
B Superposition of active sites 
in the structurally characterized 
l-TAs from different sources. 
C Conservation analysis of 
l-PpTA by ConSurf (https:// 
consu rf. tau. ac. il/), the structure 
of the monomer presented as 
cartoon, and the amino acid 
residues are colored by their 
conservation grades

Fig. 3  Screening results of five active sites (S10, H89, D93, R177 and R321) saturation mutagenesis. The beneficial mutants are represented as 
red dots

http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi/
http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi/
https://consurf.tau.ac.il/
https://consurf.tau.ac.il/
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and kcat/KM values of WT for l-threonine were 24 mM and 
802  s−1·mM−1, respectively. The eight variants all presented 
about 1–3-fold increase in the kcat values, leading to about 
1–4-fold increase in the kcat/KM values toward l-threonine 
(Fig. 4b). In addition, The KM and kcat/KM values of WT for 
l-allo-threonine were 19 mM and 685  s−1·mM−1, respec-
tively. Compared with WT, the eight mutants gave 1–6 times 
increase in the kcat values, resulted in 1–7-fold increase in 
the kcat/KM values (Fig. 4c). Among all the mutants, D93H 
showed the highest catalytic efficiency for l-threonine/l-allo-
threonine with 2925  s−1·mM−1 and 4515  s−1·mM−1 in the 
kcat/KM values, which were 3.6-fold and 6.6-fold higher than 
WT, respectively. These results showed that the obtained 
variants played an important role in the substrate affinity 
and catalytic efficiency.

D93H obviously improves the thermostability

The apparent thermal denaturation temperatures of WT 
and its variants were measured by CD assay. In the thermal 
denaturation experiments, the recombinant protein of WT 
had a melting temperature (Tm) of 49.2 °C. Among all the 
mutations, the variant D93H had a highest Tm of 54.2 °C, 
which was 5 °C higher than that of the WT. However, the 
variant D93G had a lowest Tm of 48.6 °C, which was 0.6 °C 
lower than that of the WT. In addition, D93A, D93S and 
D93F showed slightly improvement of denaturation tem-
peratures, affording the Tm of 50.7 °C, 50.8 °C and 51.4 °C, 
respectively. Furthermore, D93M, D93Q and D93Y exhib-
ited a certain degree of increased denaturation temperatures, 
achieving the Tm of 52.5 °C, 52.3 °C and 53.6 °C, respec-
tively (Fig. 5). These results indicated that the amino acid 
residue D93 affected the thermostability of the protein.

Molecular insight into the improved catalytic 
efficiency and thermostability by D93H mutation

To understand the molecular mechanism for improved 
catalytic efficiency and increased enzyme thermostability 
by D93H mutation, the structures of the WT l-PpTA and 

the D93H mutant were modeled to investigate the struc-
tural changes on the complexes of WT and D93H with 
l-threonine/l-allo-threonine. In these docked structures, 
H89 π-stacks the re face of the PLP ring, leading to form 
a π–π interaction between them. The distances between 
the imidazole group of H89 and the hydroxyl groups of 
l-threonine/l-allo-threonine are 3.1 Å and 3.1 Å, respec-
tively, indicating that H89 acted as the catalytic base to 
extract the proton of the substrate hydroxyl group. Moreover, 
the amino acid residues of R177, R321 and S10 that could 
form salt bridges with the carboxylate group of the sub-
strates l-threonine/l-allo-threonine to stabilize the transient 
state produced during the enzymatic reaction (Fig. 6). The 
D93H mutant shortens the distance between the imidazole 
group of H93 and the hydroxyl group of l-threonine from 
3.2 to 2.9 Å (Fig. 6b). For l-allo-threonine, the distance 
between the imidazole group of H93 and the amino group 
of l-allo-threonine changed from 3.1 to 3.0 Å (Fig. 6c, d). 
Meanwhile, the imidazole group of H93 could interact with 
the imidazole group of H133 to form a π–π conjugation, 
which enhanced their attractive interactions and promoted 

Fig. 4  A Relative enzymatic activity of WT and D93 mutants. B Ratios of kcat and kcat/KM of D93 mutants to those of WT toward l-threonine. C 
Ratios of kcat and kcat/KM of D93 mutants to those of WT toward l-allo-threonine. All the experiments were measured in triplicates

Fig. 5  The thermal denaturation curve of WT and its variants. The 
CD spectra were recorded by measuring the ellipticity as a func-
tion of wavelength and the thermal denaturation was determined by 
measuring the ellipticity at 209  nm as a function of temperature at 
increasements of 1 °C between 20 and 80 °C
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the conformation stability (Fig.  6d). Therefore, mutant 
D93H exhibited the highest catalytic efficiency and obvi-
ously improved the thermostability.

Discussion

β-Hydroxy-α-amino acids, a class of key precursors for the 
synthesis of fine chemicals and drugs, can be synthesized by 
TAs to catalyze the aldol condensation reaction with glycine 
and various aliphatic or aromatic aldehydes as substrates 
[22, 23]. In the synthesis of β-Hydroxy-α-amino acid, the 
production of highly efficient and stable l-TA is an essen-
tial work of protein engineering, which is promoted by the 
significance of catalytic efficiency and stability to industrial 
production and application [24, 25]. Therefore, it is advis-
able that obtain l-TA with improved characteristics by pro-
tein engineering to meet the needs of asymmetric catalytic 
β-hydroxy-α-amino acids in relevant industries. In this study, 
the key residues inside or adjacent to the substrate-binding 
pocket were selected for saturation mutation. The effect 

of variants that improved specific activity on the catalytic 
efficiency and thermostability was investigated by kinetic 
parameters assay, CD spectrum and MD simulation.

To obtain the variants with improved catalytic efficiency, 
based on the sequences alignment and structural analysis, 
five amino acid sites of S10, H89, D93, R177 and R321 
were selected and mutated. As suggested previously, deter-
mination of traditional enzyme activity and functional 
verification were performed according to cleavage natural 
substrate l-threonine [26]. The saturation mutation of S10, 
H89, R177 and R312 lost their most of enzyme activity. 
Based on structural classification and conservative analysis, 
these amino acid residues are highly conserved and play an 
important role in catalytic function. Eight mutations of D93 
presented higher activity, indicating that these mutants pos-
sible changed the interaction between enzyme and ligand.

Enzymatic reaction kinetics is an effective technology to 
reflect the enzymatic reaction rate and its influencing factors 
[27]. These results of kinetic parameters revealed that all 
the mutants displayed increased catalytic efficiency toward 
l-threonine and l-allo-threonine. As reported before, the side 

Fig. 6  The flexible docking 
results of l-threonine in WT 
(A) and D93H mutant (B). 
The flexible docking results 
of l-allo-threonine in WT 
(C) and D93H mutant (D). 
The 3D-structure of protein is 
represented as white cartoon; 
cofactor PLP, l-threonine, and 
l-allo-threonine are displayed 
in cyan sticks; active sites are 
indicated in grey and green 
sticks, and the interactions are 
expressed in red dashes
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chain of Y87 in Thermotoga maritima l-TA (corresponding 
to D93 in P. putida l-TA) might affect the degree of stere-
oselectivity of l-TAs for l-threonine and l-allo-threonine 
[13]. And this position was a variable residue in the active 
sites of l-TAs and appeared that the side chain bulk at this 
site seems to be related to the stereospecificity [20]. These 
differences partly explain the reason why D93 mutants have 
higher selectivity toward l-threonine and l-allo-threonine 
than that of WT. In addition, this site also arouses the change 
of thermal denaturation temperature that the Tm value of 
D93H mutation was 5 °C higher than that of WT, suggesting 
that D93 site was closely related to the temperature stability 
of the enzyme.

The molecular mechanism of D93H mutant was further 
explored by studying the structural characteristics of the 
enzyme complexes with l-threonine and l-allo-threonine. 
Structural analysis in the substrate-binding pocket exhib-
ited that these amino acid sites of S10, R177 and R321 
were responsible to anchor the carboxylate group of sub-
strate and the residue H89 was conducive to extract proton. 
Compared with WT, D93H mutation was more adjacent to 
substrate-binding pocket and could form a π–π conjugation 
with H133, indicating that the conformational differences 
have an important effect on substrate binding and protein 
thermostability.
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