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Abstract
ω-Transaminase (ω-TA) is an attractive biocatalyst for stereospecific preparation of amino 
acids and derivatives, but low catalytic efficiency and unfavorable substrate specificity 
hamper their industrial application. In this work, to obtain applicable (R)-ω-TA responsible 
for amination of α-keto acids substrates, the reactivities of eight previously synthesized 
ω-TAs toward pyruvate using (R)-α-methylbenzylamine ((R)-α-MBA) as amine donor were 
investigated, and Gibberella zeae TA (GzTA) with the highest (R)-TA activity and stereose-
lectivity was selected as starting scaffold for engineering. Site-directed mutagenesis around 
enzymatic active pocket and access tunnel identified three positive mutation sites, S214A, 
F113L, and V60A. Kinetic analysis synchronously with molecular docking revealed that 
these mutations afforded desirable alleviation of steric hindrance for pyruvate and α-MBA. 
Furthermore, the constructed single-, double-, and triple-mutant exhibited varying degrees 
of improved specificities toward bulkier α-keto acids. Using 2-oxo-2-phenylacetic acid (1d) 
as substrate, the conversion rate of triple-mutant F113L/V60A/S214A increased by 3.8-
fold relative to that of wide-type GzTA. This study provided a practical engineering strat-
egy for improving catalytic efficiency and substrate specificity of (R)-ω-TA. The obtained 
experience shed light on creating more industrial ω-TAs mutants that can accommodate 
structurally diverse substrates.
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Introduction

Amino acids and derivatives are important compounds for synthesis of pharmaceuticals, 
chemicals, and agricultural products. Amino acids and derivatives can be usually synthe-
sized via chemical and enzymatic approaches, including asymmetric synthesis, deracemi-
zation, fractional crystallization, and kinetic resolution [1]. Among them, asymmetric syn-
thesis approach employing transaminase (TA) is considered as an attractive choice, due to 
efficient one-step transformation, stringent stereoselectivity, and no requirement for cofac-
tor regeneration [2].

TA (EC 2.6.1.X) is pyridoxal-5’-phosphate (PLP)-dependent enzyme that catalyzes the 
transfer of amine groups between amine donors and acceptors. TAs are grouped into α-TAs 
and ω-TAs. Compared with α-TAs, ω-TAs enable to transfer amine groups that are located 
away from carboxylic moiety; thus, they are more applicable to aminate structurally diverse 
substrates (e.g., keto acids, aldehydes, and ketones) [3]. ω-TAs have either (R)- or (S)-enan-
tiopreference. There has been a series of literature reported regarding screening, identifica-
tion, and application of (S)-ω-TAs, such as enzymes from Klebsiella pneumonia JS2F [4], 
Vibrio fluvialis JS17 [5], Alcaligenes denitrificans Y2k-2 [6], Bacillus megaterium SC6394 
[7], Moraxella lacunata WZ34 [8], Rhodobacter sphaeroides [9], and Mesorhizobium sp. 
LUK [10]. The commercial ω-TAs are usually (S)-enantiopreference [3]. In contrast, the 
search for (R)-ω-TAs has been a major objective. Arthrobacter sp. KNK168 was the first 
reported (R)-TA with ability to aminate 3,4-dimethoxyphenylacetone to yield 3,4-dimeth-
oxyamphetamine with 99% e.e [11]. In order to enrich (R)-TAs library, Höhne et al. [12] 
revealed the structural characteristics and key residues of (R)-ω-TAs and developed an in 
silico strategy to identify twenty-one potential (R)-ω-TAs from NCBI database. Jiang et al. 
[13] and Iglesias et al. [14] exploited a simplified procedure, using a short motif sequence 
blast method, to identify other different (R)-ω-TAs. Nonetheless, the requirement for appli-
cable (R)-ω-TAs remains urgent with aim to expand the application for asymmetric synthe-
sis of valuable amino acids and derivatives.

For natural ω-TAs, low catalytic efficiency and unfavorable substrate specificity ham-
per their practical application [15]. Taking α-keto acids as substrate, (R)-ω-TAs are usually 
more accessible to accept a range of small α-keto acids, such as pyruvate, glyoxylate and 
2-oxobutyric acid [15], whereas showed little or no reactivities toward α-keto acids bearing 
larger substituents. For example, Aspergillus terreus and Aspergillus fumigatus TAs showed 
inert activities toward 4-methyl-2-oxopentanoate, phenylglyoxylate and α-ketoglutarate 
[16]. Arthrobacter sp. KNK168 TA showed no detectable activity toward 3-phenylpyruvic 
acid [17]. Protein engineering has been successfully applied to overcome enzymatic bio-
chemical limitations. As compared to abundant literature regarding engineering (S)-ω-TAs 
via reconstructing either pocket or tunnel [18–20], the instances regarding molecular modi-
fication of (R)-ω-TA are very few, the famous model relates to Arthrobacter sp. KNK168 
that was successfully engineered to create a twenty-seven amino acids substitutions mutant 
by Codexis®, designating (R)-ATA117, with good ability to convert 200 g/L prositagliptin 
ketone to sitagliptin with 92% yield and > 99.9% ee value [21]. To date, the improvement 
of (R)-ω-TA for converting bulkier α-keto acids still need to be lucubrated.

In this work, the reactivities of eight previously synthesized ω-TAs toward pyruvate 
were firstly investigated using (R)-α-methylbenzylamine ((R)-α-MBA) as amine donor. 
Then, the candidate enzyme was subjected to molecular modification to improve the catal-
ysis performance. Finally, the enzymatic properties including original enzyme and mutants 
were systematically investigated, and the obtained mutants exhibited better specificity 
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toward different α-keto acids particularly those bearing bulkier substituents. The discov-
ered engineering regularity provided reference for creating more industrially important 
(R)-ω-TAs that can accommodate structurally diverse substrates.

Material and Methods

Materials and Strains

The ω-TAs used in this study were previously synthesized and preserved in our lab 
(Table S1); their GenBank accession numbers were shown in the “Results” section. Pyru-
vate, PLP, (L)- and (D)-Ala were purchased from J&K Scientific Ltd. (Beijing, China). 
O-phthalaldehyde (OPA) and N-acetyl-L-cysteine (NAC) were purchased from Sangon 
Biotech (Shanghai, China). α-MBA, acetophenone, and different α-keto acids were pur-
chased from Aladdin Reagent Inc. (Shanghai, China). All other reagents were of analytical 
grade unless otherwise stated.

Expression of Recombinant ω‑TAs

Eight ω-TAs fused with 6 × His-tag at C-terminus have been previously ligated into 
pET28b( +) vector and transformed into E. coli BL21 (DE3) for expression. The fermenta-
tion was performed in Luria–Bertani (LB) medium containing 50 μg/mL kanamycin [22]. 
The recombinant strain was cultivated at 37 °C for 12 h and transferred to 100 mL fresh 
LB medium supplemented with 50 μg/mL kanamycin. The cultivation continued to be per-
formed at 37 °C until  OD600 reaching 0.6, the fermentation temperature decreased to 28 °C 
and 1 mM β-D-1-thiogalactopyranoside (IPTG) was added into the medium, the induction 
process lasted for 12 h, and the cells were harvested at 8000 × g for 10 min and stored at 
4 °C.

Enzymatic Activity Assay

The enzymatic reaction system was composed of 10 mM pyruvate, 20 mM (R)-α-MBA, 
0.5 mM PLP, an appropriate amount of biocatalyst and 100 mM  Na2HPO4-NaH2PO4 buffer 
(pH 7.5) in a total volume of 10 mL. The reaction was performed at 30 °C for 30 min and 
stopped by addition of 800 μL of 50% (v/v) acetonitrile in water. Acetophenone formed in 
the reaction mixture was subjected to high-performance liquid chromatography (HPLC) 
analysis. One unit (U) of ω-TA activity was defined as the amount of biocatalyst required to 
produce 1 μmol acetophenone per min under the assay condition described above.

Analytical Methods

The amount of acetophenone was performed with an Agilent HPLC system (Agilent, US) 
and an Agilent 2414 ultraviolet detector (Agilent, US). The analytical column was Eclipse 
XDB-C18 column (250 × 4.6 mm, 5 μm) (Agilent, US). The mobile phase was 50% (v/v) 
acetonitrile in water. The column temperature was set at 30 °C, the flow rate was main-
tained at 1.0 mL/min, and UV detection was carried out at 205 nm. The retention time of 
acetophenone was 5.9 min.
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For quantitative chiral analysis of (L)- and (D)-Ala using HPLC, the derivatization rea-
gent was firstly prepared as follow: 10  mL absolute ethanol solution containing 15  mM 
OPA and NAC, was diluted to 50 mL using 0.1 M borate buffer (pH 9.8). The samples 
and derivatization reagent were blended according to volume ratio of 1:2 and reacted at 
30  °C for 15 min. Then, the derivatization products were detected by an Agilent HPLC 
system (Agilent, US) equipped with an Agilent 2414 fluorescence detector (Agilent, US). 
The analytical column was a C18 column (250 × 4.6 mm, 5 μm) (Agilent, US). The mobile 
phase was comprised of 50 mM sodium acetate and methanol in a volume ratio of 9:1. The 
column temperature was set at 35 °C, and the flow rate was 1 mL/min. The excitation and 
emission wavelengths were 360 and 405 nm, respectively. The retention times of derivati-
zation products of (L)- and (D)-Ala were 14.6 and 13.1 min, respectively.

Enantiomeric excess (ee) was calculated using equation: ee(%) = P
D
−P

L

P
D
+P

L

× 100 , where PL 
and PD were the mole fractions of generated (L)- and (D)-alanine during the enzymatic 
reaction.

Homology Modeling and Docking Simulation

The homology model of Gibberella zeae TA (GzTA) was built using SWISS-MODEL 
based on the crystal structure of Nectria haematococca TA (PDB ID: 4CMD) [23], which 
possessed higher identity (76.6%), Global Model Quality Estimation (GMQE, 0.94) and 
Quaternary Structure Quality Estimation (QSQE, 0.96). Model geometry and quality were 
checked with web servers molprobity (http:// molpr obity. bioch em. duke. edu/). The molecule 
pyruvate-quinonoid intermediate was optimized by applying the force field CHARMm. 
Molecular docking was performed using AutoDock 4.2. The molecular docking poses were 
ranked according to score functions which were used to predict their binding affinities and 
conformations of the molecules at the active site of enzymes [24]. Putative substrate access 
tunnels and binding sites were analyzed using CAVER 3.0 [25]. Structure analysis of the 
generated model was done by PyMOL software.

Site‑Directed Mutagenesis

The pET28b/GzTA plasmid was isolated using the AxyPrep Plasmid Miniprep Kit. 
Each substituted mutant was constructed using QuickChange site-directed mutagenesis 
kit (Jiangsu, China) with pET28b/GzTA as template. For the construction of combined 
mutants, the product of the first mutagenesis PCR was applied as the template for the next 
round of PCR. The primers in this experiment were listed in Table 1. The PCR products 
were treated with Dpn I (Thermo Fisher Scientific, US) followed by transformed to E. coli 
BL21 (DE3). The mutations were confirmed by DNA sequencing.

Purification of Enzymes

According to Jia et  al. [26], the aforementioned cells were resuspended in 10  mL of 
100 mM phosphate buffer (pH 7.5) and sonicated on ice for 10 min (70 W, 1 s working, 1 s 
resting), the soluble supernatant via centrifugation, the obtained supernatants were loaded 
onto a 10 mL Nickel-NTA superflow column pre-equilibrated with binding buffer (20 mM 
 NaH2PO4, 300  mM NaCl, pH 8.0). After removing non-specifically bound protein, the 
column was linearly eluted with a 10–500 mM imidazole gradient by combining binding 
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buffer and elution buffer (20 mM  NaH2PO4, 300 mM NaCl, 500 mM imidazole, pH 8.0). 
All the operations were conducted at 4  °C. After dialysis against 20  mM  Na2HPO4/
NaH2PO4 buffer (pH 7.5), purified enzymes were applied for biological characteristics 
analysis.

Enzymatic Kinetics Analysis

The kinetic constants of purified enzymes toward pyruvate and α-MBA were determined 
using the enzymatic activity assay but a varied substrate or donor concentration. Specifi-
cally, the measurement of the constants toward pyruvate was performed with its concentra-
tion ranging from 1 to 20 mM and α-MBA at a fixed concentration of 20 mM. On the con-
trary, the constants measurement for α-MBA was conducted with its concentration ranging 
from 1 to 20 mM and pyruvate at a fixed concentration of 20 mM. The Km and Vmax values 
were calculated through a nonlinear curve fit by fitting with Michaelis–Menten plot using 
OriginPro 9.0.

Enzymatic Biological Characteristics

The effect of reaction temperature on enzymatic activity was studied using the standard 
activity assay expect for using temperatures ranging from 33 to 57 °C. The effect of pH 
on enzymatic activity was investigated using the standard activity assay in 100 mM HAc-
NaAc buffer (pH 5.0–6.0), 100 mM  Na2HPO4-NaH2PO4 buffer (pH 6.0–8.0) or 100 mM 
Tris–HCl buffer (pH 8.0–9.0). The thermostability of the purified enzyme was investigated 
by incubation at 35 °C and pH 8.0 for 160 min. Samples were withdrew at a certain time 
intervals and their activities were measured using the standard activity assay method.

Table 1  Primers used for mutation

Mutation Primer sequence

V60A 5’-GAC CTG ACC TAC GAC GCT CCA GCT GTG TGG GAC-3’
F113A 5’-GGT ATC AAA GAC GCT GCC GTT GAA CTG ATC GTT-3’
F186A 5’-CTG CAG TGG TCT GAC GCC ACC CGT GGT ATG TTC-3’
S214A 5’-ATC ACC GAA GGT GCT GGT TTC AAC GTT GTT-3’
T273A 5’-GAA ATC TTC ATG TGC GCC ACC GCT GGT GGT ATC-3’
F113C 5’-GGT ATC AAA GAC GCT TGC GTT GAA CTG ATC GTT-3’
F113N 5’-GGT ATC AAA GAC GCT AAC GTT GAA CTG ATC GTT-3’
F113D 5’-GGT ATC AAA GAC GCT GAC GTT GAA CTG ATC GTT-3’
F113R 5’-GGT ATC AAA GAC GCT CGT GTT GAA CTG ATC GTT-3’
F113G 5’-GGT ATC AAA GAC GCT GGC GTT GAA CTG ATC GTT-3’
F113Y 5’-GGT ATC AAA GAC GCT TAC GTT GAA CTG ATC GTT-3’
F113V 5’-GGT ATC AAA GAC GCT GTC GTT GAA CTG ATC GTT-3’
F113L 5’-GGT ATC AAA GAC GCT CTC GTT GAA CTG ATC GTT-3’
F113I 5’-GGT ATC AAA GAC GCT ATC GTT GAA CTG ATC GTT-3’
F113S 5’-GGT ATC AAA GAC GCT TCC GTT GAA CTG ATC GTT-3’
F113H 5’-GGT ATC AAA GAC GCT CAC GTT GAA CTG ATC GTT-3’
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Substrate Specificity

To investigate the substrate spectrum, the activities of GzTA and its mutants against 
selected substrates 1a-1f were determined using the standard activity assay method. The 
substrate concentration was controlled at 10 mM. The activity of substrate 1a was taken as 
100%.

Converting Utility of Recombinant Enzymes

The catalysis efficiency of wide-type GzTA and mutant F113L/V60A/S214A was per-
formed by the measurement of conversion rate. The reaction system was composed of 
50 mM 1d, 200 mM α-MBA, 2 mM PLP, 25 g/L wet cells containing recombinant enzyme, 
and appropriate amount of 100 mM sodium phosphate buffer (pH 7.0) in a total volume 
of 10 mL. The reaction was conducted at 35 °C for 3 h, and the conversion of substrate 1d 
was determined by HPLC.

Statistical Analysis

Unless specifically noted, all experiments in this study were performed in triplicate. Analy-
sis of variance was performed using the SAS program 8.1. Least significant difference was 
computed at p < 0.05. All of the figures in this study were drawn using the OriginPro 9.0 
software.

Results

Screening the Optimum (R)‑ω‑TA for Research

α-Ketonic acids are the important sources for synthesis of amino acids and derivatives. To 
obtain the optimum (R)-ω-TA acting on α-ketonic acids, the performance of eight previ-
ously synthesized ω-TAs was investigated in terms of amination of pyruvate using (R)-α-
MBA as amine donor. As shown in Table 2, six recombinant strains respectively containing 
HhTA, AoTA, FfTA, MvTA, GzTA, and HnTA showed certain degrees of (R)-selective 
activities. Among them, GzTA possessed the highest activity of 894.8 U/g and e.e. value 
of > 99%. Therefore, GzTA was selected for the subsequent study.

(L)‑Ala Scanning Mutagenesis

The homology model of GzTA was simulated using Swiss-Model server based on the 
crystal structure of Nectria haematococca TA (PDB ID: 4CMD) [27], due to its rela-
tively high identity (76.6%), GMQE (0.94) and QSQE (0.96) to GzTA. The built model 
was deemed reliable providing an accurate evaluation of the target structures. In addition, 
the model structure of GzTA docking with pyruvate-quinonoid intermediate was exhib-
ited in Fig. 1. The active site residues of all ω-TAs derive from two adjacent subunits, and 
the minimal actively catalysis unit is a homodimer [28]. The docking model identified 18 
active site residues that participated in the formation of the active-site surface and entry 
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tunnel. Furthermore, sequences alignment analysis between GzTA and aforementioned (R)-
ATA117 (PDB ID 5FR9, 39.6% amino acid homology with GzTA) revealed that active-site 
residues including H74, R77, W147, N180, Q182, G213, F216, N217, L234, G236, I237, 
C272, and G276 were conserved (Fig. S1) and excluded from analysis. The remainder five 
residues including V60, F113, F186, S214, and T273 were selected, with three residues 
(F186, S214, T273) laying in the active pocket and two neighboring residues (F113, V60) 
locating at the entrance of access tunnel. To get a better understanding about their function, 
these five residues were individually substituted with (L)-Ala which has no functional side 
chain using site-directed mutagenesis. The activities of the resultant mutants toward pyru-
vate were shown in Fig. 2. Probably ascribed to contribution of relieved steric hindrance in 
the active pocket and tunnel, mutants V60A and S214A showed 186% and 231% of activity 
relative to that of wild-type GzTA. Besides, mutants F113A, F186A and T273A exhibited 
decreased activities, in particular, mutant F113A showed merely 24% that of the wild-type 
GzTA.

Table 2  Activities and enantioselectivity assay for different TAs

a  ‘‘n.d.’’ represented ‘‘not detected’’
b  ‘‘e.e. value’’ was specified for alanine product

TA source GenBank accession no Activity
(U/g)

e.e.  valueb

(%)
1 Gibberella zeae (GzTA) XP_011317603.1 894.8 ± 2.3 R, 99

2 Hyphomonas hirschiana (HhTA) WP_148205885.1 503.7 ± 3.6 R, 79
3 Aspergillus oryzae (AoTA) XP_023089462.1 148.8 ± 2.7 R, 99
4 Fusarium fujikuroi (FfTA) KLO86408.1 138.4 ± 4.5 R, 72
5 Mycobacterium vanbaalenii (MvTA) WP_011781668.1 367.7 ± 3.8 R, 99
6 Hyphomonas neptunium (HnTA) WP_011647499.1 252.4 ± 2.5 R, 60
7 Aminobutyrate aminotransferase (AaTA) AKK18527.2 n.d.a n.d
8 Aminobutyrate oxoglutarate (AoxTA) WP_001095559.1 n.d n.d

Fig. 1  The modeled structure of GzTA docking with pyruvate-quinonoid intermediate. (A) enlarged view, 
(B) close view. Monomer A and B were shown in orange and cyan, respectively. Pyruvate-quinonoid inter-
mediate was exhibited in violet, K179 and R126 were presented in yelloworange, and the selected amino 
acids were highlighted in greencyan color
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Site‑Directed Mutagenesis and Combinatorial Mutagenesis

Compared to V60, F113 locating at the border of the access tunnel might have more impor-
tant function than V60. In this point of view, F113 was site-directed mutated to eleven 
amino acids carrying diverse side chains according to Midelfort et al. [29], their activities 
were measured following the standard activity assay. As shown in Fig.  2, when Phe113 
was mutated to Cys, Asn, Asp, Leu, Ile, and His, the activities of mutants were obviously 
increased. In particular, the activity of F113L exhibited 259% that of wild-type GzTA. It 
indicated that substitution of the phenyl group of F113 with correspondingly smaller side 
chains was suitable for improving activity, but the selected residue was not verified to be 
the smaller the better [19].

Combinatorial mutagenesis was further conducted based on stacking the positive 
single-mutants V60A, F113L and S214A. As shown in Fig.  2, double-mutants F113L/
V60A, F113L/S214A and V60A/S214A showed about 214%, 151%, and 30% of activ-
ity of wild-type GzTA, respectively. The triple-mutant F113L/V60A/S214A showed an 
activity of 116% that of wild-type GzTA. It was observed that on one hand the stacking 
effect was negatively influenced once deletion of F113L in the combinatorial mutagenesis, 
and on the other hand the activities of all combinatorial mutants were lower than that of 
mutant F113L. This result was not analogous to the viewpoint that overlaying the positive 

Fig. 2  Single-point and combinatorial mutagenesis
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single-mutant sites could synergistically improve activity [30]. One reasonable explana-
tion was that introduction of redundant neutral (L)-Ala residues into F113L mutant seemed 
to have severely impact on enzymatic hydrophobicity and further affected the enzymatic 
activity, since extra space might be occupied by water molecules and thus the diffusion of 
hydrophobic substrates was disfavored [31].

Kinetics Analysis of Wide‑Type GzTA and Mutants

For the reaction catalyzed by ω-TA, both the effect of substrate and donor on the cataly-
sis performance should be considered together resulting from structural changes induced 
by mutation. Wild-type GzTA and mutants were purified to electrophoretic homogeneity 
(Fig. S2), their kinetic parameters were determined at 30 °C (Table 3). For pyruvate sub-
strate and α-MBA donor, the Km values of F113L, F113L/V60A and F113L/V60A/S214A 
mutants were increased respectively as compared to those of wide-type GzTA, indicating 
that the affinities of all the mutants toward both pyruvate and α-MBA were decreased. Cru-
cially, all the mutants displayed obviously improvement of turnover numbers (kcat) toward 
pyruvate and α-MBA as compared to those of wide-type GzTA. Finally, due to kcat values 
of double- and triple-mutant exhibited larger increase than their corresponding Km val-
ues, thereby higher catalytic efficiency (kcat/Km) values toward pyruvate and α-MBA were 
observed for all the mutants, as compared to those of wide-type GzTA.

Enzymatic Properties of Wide‑Type Enzyme and Mutants

The effect of temperature on the activity of these enzymes was analyzed over a tempera-
ture range between 33 and 57  °C (Fig.  3A). Wild-type enzyme exhibited a maximum 
activity at 37  °C. No changes in optimum temperature of mutants F113L and F113L/
V60A were observed. However, mutant F113L/V60A/S214A showed a downward shift 
in temperature optimal to be around 35℃. Interestingly, modeling analysis of the intra-
molecular interactions revealed that mutant F113L/V60A/S214A lacked a hydrogen 
bond between residue 214 and 186 (Fig. S3). It was generally accepted that the formed 
hydrogen bonds in the active pocket are highly associated with enzyme stability [32], 
and fewer hydrogen bonds might cause the reduction in optimum reaction temperature 
of triple-mutant. The effect of pH on the activity of these enzymes was explored in 
the pH range between 5.0 and 9.0 (Fig. 3B). The optimum pH of GzTA was confirmed 
at around pH 8.0, and no substantial changes in optimum pH were observed in the 
mutants. This optimum pH was similar to most of reported TAs, such as optimum pH 

Table 3  Kinetic constants for purified GzTA and mutants

Enzyme pyruvate α-MBA

Km
(mM)

kcat
(1/s)

kcat/Km
(1/(mM·s))

Km
(mM)

kcat
(1/s)

kcat/Km
(1/(mM·s))

GzTA 5.5 ± 0.3 9.9 ± 0.2 1.8 ± 0.1 4.8 ± 0.1 6.1 ± 0.3 1.3 ± 0.1
F113L 6.6 ± 0.4 20.4 ± 0.3 3.1 ± 0.1 6.6 ± 0.3 14.7 ± 0.2 2.2 ± 0.2
F113L/V60A 7.9 ± 0.5 19.1 ± 0.3 2.4 ± 0.2 8.1 ± 0.4 14.3 ± 0.4 1.8 ± 0.3
F113L/V60A/S214A 8.8 ± 0.3 18.5 ± 0.4 2.1 ± 0.1 8.5 ± 0.1 13.7 ± 0.2 1.6 ± 0.1
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Fig. 3  Enzymatic characteris-
tics of purified enzymes. (A) 
Effect of temperature on activity, 
(B) effect of pH on activity, 
(C) effect of temperature on 
thermostability. In the first two 
experiments, the maximum 
activities of each enzyme were 
defined as 100%, respectively. In 
the thermostability experiment, 
original activity of each enzyme 
was taken as 100%, respectively
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8.5 for ATA-117 [21], pH 8.0 for Ruegeria sp. TA [20] and Aspergillus terreus TA [32]. 
To evaluate the effect in thermostability, the remaining activities of GzTA and mutants 
were measured after incubation at 35 °C and pH 8.0 for different times (Fig. 3C), wild-
type enzyme and mutants showed similar remaining activities after temperature expo-
sure, retained more than 53.8% of the initial activity after incubation for 20 min, and 
reserved 19.2% of the initial activity with the incubation time extending to 160 min.

Substrate Specificity

To determine whether wild-type GzTA and mutants could act on bulky α-keto acids sub-
strates, the activities of these enzymes toward six different α-keto acids (1a-f) were ana-
lyzed using α-MBA as amine donor. As shown in Table 4, wild-type GzTA showed the 
highest activity using pyruvate 1a as substrate, and the activity was obviously decreased 
toward α-keto acid substrates (1b-f) carrying larger side chain. Since the steric hin-
drance in the tunnel has been released, mutants F113L and F113L/V60A exhibited 
approximate 1.2- to 5.8-fold activity improvement toward substrates 1b-f in comparison 
with usage of wild-type GzTA. Further expansion of the pocket, triple-mutant F113L/
V60A/S214A afforded about 1.1- to 1.9-fold activity increase toward substrate 1b-f, in 
comparison with that using double-mutant F113L/V60A.

Table 4  Substrate specificities of purified GzTA and mutants toward α-keto acids

substrate relative activity (%)b

Entry -keto acid Wild-type F113L F113L/V60A F113L/V60A/S214A

1a 100a 258.9±0.7 213.9±0.4 115.9±0.5

1b 4.9±0.3 6.1±0.2 7.7±0.4 8.3±0.4

1c 4.1±0.2 8.2±0.4 7.4±0.3 13.8±0.6

1d 3.5±0.4 7.8±0.2 8.5±0.4 11.7±0.3

1e 1.4±0.1 8.1±0.2 8.2±0.7 11.9±0.2

1f 1.3±0.2 7.3±0.4 7.6±0.5 12.3±0.6

a The activity of wide-type GzTA toward substrate 1a was taken as 100%
b Relative activity was the normalization of actual activity by the activity for substrate 1a
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Amination Utility Toward Bulkier α‑Keto Acids

To exploit the effectiveness of relaxed steric constraint of the mutant, the triple-mutant 
F113L/V60A/S214A was applied for asymmetric amination of substrate 1d, with wide-
type GzTA as control. After converting 50  mM 1d for 2  h, as shown in Fig.  4, mutant 
F113L/V60A/S214A with higher activity for bulkier substrate afforded a high conversion 
of 25%, in contrast, low activity of wide-type GzTA toward substrate 1d led to only 6.5% 
conversion after the same reaction time. The obtained effect provided an outset for in-depth 
research for enzymatic application for amination of bulky α-keto acids substrates.

Discussion

ω-TAs have been increasingly considered as efficient biocatalysts ascribing to their ability 
to synthesize a wide range of enantiomerically pure amino acids and derivatives. As com-
pared to (S)-TAs, scarce (R)-ω-TAs have attracted more attention [33]. In this work, six of 
in-house ω-TAs exhibited certain degrees of (R)-selective activities, and GzTA possessed 
the highest activity.

For natural ω-TAs, severe steric constraint in the tunnel or pockets restricts their appli-
cation [15]. Herein, protein engineering policy was applied to improve enzymatic catalysis 
performance. When V60 at the entrance tunnel was replaced by A60, the activity toward 
pyruvate increased by 1.9-fold as compared to that of wild-type GzTA. Figure 5A and B 
depicted that although residue 60 (either V or A) would generate two hydrogen bonds with 
D59 and T274 respectively, the mutant V60A could provide a more accessible tunnel to 
diffuse reactants, since the diameter of the tunnel was increased from 8.7 Å of the original 
enzyme to 9.4 Å of the mutant V60A. For residue 113, there is literature reporting that the 
residues at the rim of tunnel are usually hydrophobic [34, 35], such that mutation of F113 
to A113 decreased the activity to a very low level. Substitution F113 with L113 not only 
maintained hydrophobicity at the entrance of tunnel but also created an increasement of 
1.4 Å in the tunnel diameter (Fig. 5C, D); thus, the mutant with a 2.6-fold improvement in 

Fig. 4  Time course of asymmet-
ric amination of substrate 1d 
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activity was obtained. For residue 214, the reduction in the size of S214 to A214 increased 
the activity by 2.3-fold. Molecular modeling suggested that the side chain of S214 located 
at the dorsal part of substrate, substitution with A214 resulted in the distance between 
K179 and residue 214 increasing from 8.4 Å of wide-type GzTA to 8.9 Å of the mutant 
(Fig. 5E, F).

The ω-TA reaction mechanism mainly includes two steps, oxidative deamination from 
amine donors to PLP generating PMP, and reductive amination of amine acceptors to form 
products and thereby regenerate PLP [36]. Previous researchers described that the elimi-
nating enzymatic steric hindrance in the active pocket contributed to better activity and 

Fig. 5  Molecular docking models of GzTA and mutants. (A, C, E) wild-type GzTA. (B) V60A, (D) F113L, 
(F) S214A. Pyruvate-quinonoid intermediate presented in violet, the selected amino acid residues were all 
highlighted in chromatic color. The distance between two residues denoted red dotted line, and the hydro-
gen bond between two residues were presented as black dotted line. The residue with asterisk belonged to 
the other monomer of dimer
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turnover numbers (kcat) [37]. Herein, GzTA as well as its mutants were allowed to deter-
mine the kinetic parameters in order to confirm which reaction step was benefited from the 
alleviation of enzymatic steric hindrance. As shown in Table 3, both the kcat and kcat/Km 
values of mutant F113L were increased as compared to those of wide-type GzTA, suggest-
ing that both the efficiencies of oxidative deamination and reductive amination processes 
were enhanced. However, for specific substrate and donor, excessive expanding the space 
might result in partial water molecules entering into the pocket, which might negatively 
affect kcat values of single and double mutants toward pyruvate and α-MBA, in comparison 
with that of mutant F113L [38].

The application capability of GzTA and its mutants for the acceptance of bulkier 
α-ketonic acids was further investigated. As compared to the reported (R)-ω-TAs, such as 
Aspergillus terreus [32] and Aspergillus fumigatus [16], GzTA showed broader activities 
toward different α-ketonic acids. Although the double- and triple-mutants ameliorate activ-
ities toward substrates 1b to 1f, the activities were still less than 12.3% of that using pyru-
vate as substrate. During the following converting experiment, the triple-mutant F113L/
V60A/S214 showed a 3.9-fold improvement in amination ability toward substrate 1d, 
compared with usage of wide-type GzTA. Dourado et al. [39] employed a rational design 
strategy to obtain a mutant W57F/R88H/V153S/K163F/I259M/R415A/V422A, increased 
the reaction rate by 1,716-fold toward bulky ketone for producing (S)-amine. Oue et  al. 
[40] redesigned a mutant enzyme with seventeen amino acid substitutions and showed over 
2,100,000-fold increase in the catalytic efficiency for non-native substrate (L)-Val. There-
fore, this research paved an upstanding way to further improve the practical application of 
GzTA for asymmetric amination of specific bulky α-ketonic acids.

Conclusion

The present research described identification and characterization of a high activity (R)-
ω-TA from G. zeae, and succeeded in creating single-, double- and triple-mutant that 
showed better specificity and higher efficiency toward bulkier α-keto acids. The obtained 
original enzymes and mutants were a valuable supplement to the scarce (R)-TAs library, 
and the gained knowledge regarding the effect of mutations on the catalytic efficiency and 
substrate specificity were useful for further improvement of more industrially important 
(R)-ω-TAs for synthesis of more valuable amine products.
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