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A B S T R A C T   

Phenylalanine dehydrogenases (PDHs) play an important role in pharmaceutical and fine chemical industries due 
to their ability to produce primary amines via asymmetrically reductive amination. However, the industrial 
application of PDHs are often limited by their undesirable stability, narrow substrate specificity, especially for 
unnatural substrates. Here, a novel PDH from Quasibacillus thermotolerans (QtPDH) was identified by gene mining 
using BbPDH from Bacillus badius as a probe. QtPDH exhibits prominent thermal stability, specifically a half-life 
of 23 days at 30 ◦C and pH 8.5, about 300 times longer than that of BbPDH. QtPDH could catalyze various 
phenylpyruvate analogues, including ethyl 2-oxo-4-phenylbutyrate and l-phenylglycinol, as well as bulky 3- 
(naphthalen-1-yl)-2-oxopropanoic acid with a reductive amination specific activity of 1.90 U⋅mg–1. Catalyzed by 
QtPDH in couple with BmGDH, efficient production of 2‑chloro-L-phenylalanine was achieved at 1.0 M 3-(2- 
chlorophenyl)-2-oxopropionic acid with > 99 % conversion, 99 % ee, and space-time yield of 30.46 g⋅L–1⋅h–1. Our 
results suggest that this newly identified QtPDH features high catalytic efficiency and thermostability, and is a 
promising biocatalyst for the industrial productions of bulky aromatic primary amines.   

1. Introduction 

Aromatic chiral amino acids and their derivatives possess a wide 
range of structural and functional diversity, and have multiple appli-
cations in pharmaceutical, agrochemical, and food industries [1,2]. As 
shown in Scheme 1, (S)-indolein-2-carboxylic acid (3) is a key chiral 
building block for the synthesis of angiotensin-converting enzyme in-
hibitors (ACEI) Perindopril and Indolapril. And the use of inexpensive 
copper catalysis for intramolecular cyclization of 
ortho-halophenylalanines has become a primary method for the syn-
thesis of (3), with exceeding 99 % ee. Among all 
ortho-halophenylalanines, 2-Cl-Phe is a desirable choice in terms of cost 
and waste disposal [3–5]. In addition, 2-Cl-Phe is also commonly used 
for the synthesis of functional oligopeptides [6]. With the growing de-
mand for aromatic amino acid derivatives, there is an urgent need for 
the development of efficient production approaches [7]. As an alterna-
tive to chemical synthesis, biocatalysis has emerged as a sustainable and 
efficient approach for the synthesis of aromatic amino acid derivatives 
[8]. 

Among biocatalytic methods used for this purpose, transaminases, 
phenylalanine ammonia lyases (PALs), and phenylalanine 

dehydrogenases (PDHs) are the most commonly employed enzymes. 
Transaminases are versatile enzymes utilizing pyridoxal 5′-phosphate 
(PLP) as co-factor to transfer amino groups from amine donors to ac-
ceptors. However, transaminases catalyzed reactions often require 
excessive amine donors, leading to complicated product extraction. 
Besides, the by-product generated after deamination of amine donor is 
not favorable in perspective of atomic economy [9–11]. PALs catalyze 
the deamination of L-phenylalanine to cinnamic acid, and their reverse 
addition reaction can be used to synthesize l-phenylalanine derivatives. 
PAL from Rhodotorula glutinis has been reported to produce 2-Cl-Phe 
with a space-time yield (STY) of 234.59 g⋅L–1⋅d–1 using substrate 
feeding strategy [3,12,13]. However, excessive ammonia is required to 
drive the reverse addition reaction, and achieving strict stereoselectivity 
for various products is also challenging [14,15]. 

PDHs utilize NADH/NAD(P)H as cofactor to catalyze the asymmetric 
reductive amination of aromatic keto acids. Compared with trans-
aminases and PALs, PDHs exhibit high reductive amination activity 
while maintain strict S-selectivity in product configuration. In previous 
works, PDHs from different sources have been applied in combination 
with glucose dehydrogenase (GDH) for producing L-homophenylalanine 
[16,17], p-fluorophenylalanine [18] and other derivatives [19], while 
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the production of 2-Cl-Phe has not been reported. PDHs generally have 
low activity toward unnatural substrates [20], and have poor stability 
under alkaline pHs. For instance, BbPDH from Bacillus badius lost 25 % of 
its activity after incubation at 30 ◦C and pH 8.0 for 1 h [21], which is not 
conducive to industrial production. Therefore, exploring novel PDHs 
with broad substrate spectrum and high stability is critical for the pro-
duction of aromatic chiral amino acids and their derivatives. 

Here, we attempted to identify potential PDHs for the efficient syn-
thesis of chiral amino acids derivatives. Based on gene mining, QtPDH 
from Quasibacillus thermotolerans was discovered and characterized with 
excellent activity and stability. Under optimized conditions, efficient 
production of 2-Cl-Phe catalyzed by QtPDH was achieved, demon-
strating its potential for industrial application. 

2. Material and methods 

2.1. Chemicals, plasmids and strains 

N-acetylglycine, hydantoin, ethanolamine, and 2-chlorobenzalde-
hyde for the synthesis of 3-(2-chlorophenyl)-2-oxopropanoic acid were 
purchased from Shanghai Merck Biochemical Co., Ltd (Shanghai, 
China). NADH and NAD+ were purchased from Bontac Bioengineering 
company (Shenzhen, China). Other chemicals and reagents were pur-
chased from various commercial sources. 

Escherichia coli BL21(DE3) and pET-28a preserved in our laboratory 
were used for recombinant expression of the enzymes. Genes encoding 
for the mined enzymes were synthesized by Tianlin Biotechnology Co., 
Ltd (Wuxi, China). Glucose dehydrogenase (GDH) gene from Bacillus 
megaterium was cloned into pET-28a for expression in E. coli BL 21(DE3) 
[22]. 

2.2. Recombinant expression of amino acid dehydrogenase genes 

Recombinant plasmid pET-28a-QtPDH was constructed and trans-
formed into competent E. coli BL21(DE3), followed by spread on LB plate 
supplemented with 50 μg⋅mL–1 kanamycin and incubated at 37 ◦C for 12 
h. Positive colony identified by colony PCR and sequencing was trans-
ferred to LB liquid medium supplemented with 50 μg⋅mL–1 kanamycin 
and cultivated at 37 ◦C and 180 rpm overnight. Then, 1 mL culture was 
inoculated into 100 mL fresh LB medium containing 50 μg⋅mL–1 kana-
mycin for further growth. When the optical density (OD600) reached 
0.6–0.8, 0.2 mM IPTG (final concentration) was added to induce 

expression at 16 ◦C and 180 rpm for further 18 h. After centrifugation 
(4 ◦C, 8000 rpm, 10 min), the collected cells were freeze-dried, and the 
dry cell powder was stored at 4 ◦C for further use. 

2.3. General method for activity assay 

For most substrates, the activity of amination and deamination was 
measured by monitoring the absorbance change at 340 nm (corre-
sponding to the coenzyme NADH (ε = 6220 M− 1cm− 1)) during the initial 
reaction. The typical 200 μL reaction system for activity measurement 
consisted of buffer, 2 mM substrate, 1 mM NADH/NAD+, a certain 
amount of target enzyme and was measured at 30 ◦C. NH4Cl/NH4OH 
buffer (1 M, pH 9.0) and Glycine/NaOH buffer (0.5 M, pH 10.5) were 
used for amination and deamination reactions respectively. One unit of 
enzyme activity (1 U) was defined as the amount of enzyme required to 
consume (for amination) or produce (for deamination) 1 μmol NADH 
per minute. For several substrates exhibiting strong absorption at 340 
nm, HPLC was used to determine the activity. The enzyme concentration 
was calculated by Bradford Assay. 

2.4. Determination of enantioselectivity in amination reactions 

A 1 mL reaction system containing QtPDH enzymes (lyophilized cell- 
free extract 1.5 mg), NAD+ (1 mM), substrate (2 mM), ethanol (5 % v/v), 
glucose, GDH (lyophilized cell-free extract 2.5 mg), and buffer (NH4Cl/ 
NH4OH, 1 M, pH 9.0) was incubated at 30 ◦C and 180 rpm for 2 h. The 
reaction was then quenched by boiling water bath for 10 min. After 
centrifugation (12,000 rpm, 5 min), the supernatant was collected. 
Samples were diluted and filtered (0.22 μm), and then analyzed by HPLC 
equipped with Astec CHIROBIOTIC™ T column (150 × 4.6 mm, 5 μm). 
The analytical condition for 2-Cl-Phe was methanol: H2O (70:30), col-
umn temperature 35 ◦C, flow rate 0.8 mL⋅min–1, and detection wave-
length of 222 nm. The retention times of (R)- and (S)- 2-Cl-Phe were 
4.42 min and 4.00 min, respectively (Figure S1). 

2.5. Enzyme purification 

Freeze-dried cells were resuspended in affinity buffer (20 mM 
imidazole, 500 mM NaCl, 20 mM Tris-HCl buffer and pH 8.0), and dis-
rupted using an ultrasonic crusher (350 W, working 2 s and resting 3 s 
for 10 min) in an ice-water bath. The cell lysate was centrifuged at 8000 
rpm for 30 min, and the resulting supernatant was filtered through a 

Scheme 1. Asymmetric amination of 3-(2-chlorophenyl)-2-oxopropionic acid (1, CPOA) to produce 2-chloro-l-phenylalanine (2, 2-Cl-Phe) catalyzed by amino acid 
dehydrogenase, and several ACE inhibitors with 3 as intermediate. 
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0.22 μm filter. Subsequently, the sample was loaded onto a Ni-NTA af-
finity column (Sangon Biotech Co., Ltd.). The eluates were then 
collected simultaneously using varying concentrations of imidazole 
buffer ranging from 20 to 500 mM. The elution fractions containing the 
target protein was confirmed by SDS-PAGE analysis (Figure S2), and 
were concentrated by ultrafiltration. Finally, the affinity buffer was 
replaced by Tris-HCl buffer (100 mM, pH 8.5) using desalting column. 
The protein concentration of the pure enzyme was measured using 
Nanodrop 2000c (Thermo Electron Co., Ltd.), and the data utilized in the 
measurements were provided by ExPASy ProtParam Tool [23]. The 
purified enzyme was stored at − 80 ◦C for further use. 

2.6. Enzyme characterization of purified QtPDH 

2.6.1. Effect of pH and temperature 
Enzymatic activity was measured in buffers with different pHs ac-

cording to the method 2.3, using 3-(2-chlorophenyl)-2-oxopropionic 
acid (CPOA)/2-Cl-Phe as the substrate. The buffers with different pHs 
included NH4Cl/NH4OH buffer (pH 8.0–10.0, 1 M), Glycine/NaOH 
buffer (pH 9.5–11.5, 0.1 M). 

To determine the effect of temperature on the enzyme activity, the 
enzyme activity was determined at 25 to 60 ◦C. Following the general 
activity assay 2.3, the reaction system was first kept at different tem-
peratures (25, 30, 40, 50, 60 ◦C) for 20 min, and then the enzyme was 
added to start the reaction, while the absorbance change of OD340 was 
recorded. 

The highest activity measured for each enzyme was defined as 100 
%, and then the relative activity of the enzyme at different pHs/tem-
peratures was calculated sequentially. At least three replicate experi-
ments were performed for each data set. 

2.6.2. Metal ion dependence 
Effect of different metal ions on the enzyme activity was evaluated 

with EDTA, Al3+, Fe3+, Mn2+, Ba2+, Mg2+, Ca2+, Co2+, Ni2+, Fe2+, Cu2+, 
Zn2+, Ag1+ metal ions. Purified QtPDH was diluted appropriately, and 
EDTA or the metal ions were added to a final concentration of 1 mM. 
After incubation for 2 h at 30 ◦C, the residual activity was measured. The 
reaction without metal ions served as the control group, with its specific 
activity considered 100 %. 

2.6.3. Salt tolerance 
The activity of QtPDH was determined according to the method 2.3, 

except that NaCl was added into NH4Cl/NH4OH buffer to final salt 
concentrations of 0.1, 0.5, 1.5, 2.0, 2.5 M. The reaction system con-
taining 0.1 M NaCl were defined as 100 %. 

2.6.4. Thermostability 
Thermostability experiments were conducted in two sets. The first 

set was examined at pH 8.5 (Tris-HCl, 100 mM) and pH 9.5 (Tris-HCl, 
100 mM), respectively, under constant temperature of 30 ◦C; while the 
second set was investigated at 30 ◦C, 40 ◦C and 50 ◦C. During the ex-
periments, the purified QtPDH was diluted to 1 mg⋅mL–1, and then 
incubated in water bath at 30, 40 and 50 ◦C in 100 mM pH 8.5 Tris-HCl 
buffer. During the incubation, samples were taken and bathed in ice for 
5 min and then diluted to the appropriate concentration for activity 
determination. The first sampling time was 5 min after the start of in-
cubation. The relative activity of the subsequent samples was calculated 
from the first set of data which was considered as 100 %. 

2.6.5. Substrate specificity 
Specific activity of QtPDH for amination or deamination of different 

substrates was determined by monitoring OD340 as described in method 

Fig. 1. Specific activities of various AADHs toward CPOA. The activity assay 
was performed by measuring OD340 in 2 M NH4Cl/NH3⋅H2O buffer (pH 9.0) 
containing 1 mM CPOA, 1 mM NADH and appropriate amount of puri-
fied enzymes. 

Fig. 2. Effect of pH and temperature on activity and thermostability of QtPDH. 
A: pH profile, B: temperature profile, C: thermostability. 
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2.3. For substrates 3-(naphthalen-1-yl)-2-oxopropanoic acid and indole- 
3-pyruvic acid, HPLC analysis was used. One mL reaction containing 1 
mM NADH, 1 mM substrate, and NH4Cl/NH4OH buffer (1 M, pH 9.0) 
was conducted for 10 to 30 min at 30 ◦C, and analyzed by HPLC. Based 
on standard curve of the product (Figure S3), specific activity was 
calculated. ZORBAX SB-18 column (15 cm × 4.6 mm × 5.0 µm) was used 
at following parameters: mobile phase KH2PO4 solution (20 mM, pH 
2.25) with acetonitrile (20 %), flow rate 0.9 mL⋅min–1 for 25 min at 
35 ◦C, UV detection at 210 nm. 

2.6.6. Kinetic parameters 
Kinetic parameters of purified QtPDH were calculated according to 

the double-substrate enzyme reaction model. The activity assay was 
performed as described above. To determine the kinetic parameters of 
NADH, the reaction was carried out in NH4Cl/NH4OH buffer (1 M, pH 

9.0) containing 1 mM 2-oxo-keto acid and varying concentration of 
NADH at 30 ◦C. In the same way, the kinetic parameters of substrates 
were measured with varied concentration of 2-oxo-keto acid. The kinetic 
parameters (KM and kcat) were obtained by non-linear fitting of initial 
velocity versus substrate concentration data to the Michaelis-Menten 
equation using Graphpad prism 8.0. 

2.7. Chemical synthesis of CPOA 

Hydantoin (15 g) was added to a 500 mL three-neck flask containing 
distilled water (75 mL), and heated to 60 ◦C to dissolve hydantoin 
completely. Ethanolamine (7.32 g) was added dropwise within 5 min. 
Then, the mixture was heated to 90 ◦C, 2-chlorobenzaldehyde (21 g) was 
added at a rate of 2.5 mL⋅min–1, the reaction was carried out at 100 ◦C 
for 7 h. The progress of the reaction was monitored by TLC (hexane: 

Fig. 3. Substrate specificity in reductive amination of purified QtPDH toward α-keto acids/esters.  

Fig. 4. Substrate specificity in oxidative deamination of purified QtPDH toward various amino acids and amino alcohols.  
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ethyl acetate 1:1 and 1:9). After cooled to room temperature, the reac-
tion was filtered and dried to obtain intermediate products. The inter-
mediate was re-dissolved with sodium hydroxide solution (2.5 M), and 
the substrate concentration was maintained at 0.5 M for hydrolysis. The 
reaction was stopped after 3.5 h at 80 ◦C. After cooling, the pH of the 
reaction was adjusted to about 5.4 with concentrated HCl solution. After 
standing crystallization, the product was obtained after filtration [24, 
25]. 

1H NMR (600 MHz, Methanol-d4) δ 8.23 (dd, J = 8.0, 1.8 Hz, 1H), 
7.28 (d, J = 8.1 Hz, 1H), 7.16 (t, J = 7.6 Hz, 1H), 7.07 (td, J = 7.6, 1.7 
Hz, 1H), 6.80 (s, 1H). 

2.8. Asymmetric synthesis of 2-Cl-Phe catalyzed by QtPDH 

One mL reaction system contained QtPDH (lyophilized cell lysate, 
1.5 mg), GDH (lyophilized cell lysate, 4 mg), 2 mM substrate, NAD+ (1 
mM), and NH4Cl/NH4OH buffer (1 M, pH 8.5). The reaction was con-
ducted at 30 ◦C and 180 rpm for 1− 12 h. Optimization of the reaction 
system with a total volume of 65 mL was performed based on QtPDH 
loading of 1 kU which corresponds to 65 mg lyophilized cell lysate (65 
mg × 15 U/mg ≈ 1 kU). The reaction system consisted of 10 mL of re-
action mixture, 50 mL of CPOA feeding solution, and 5 mL ammonia. 
The 10 mL reaction mixture contained QtPDH (lyophilized cell lysate, 
65 mg), GDH (lyophilized cell lysate, 200 mg), NAD+ (1 mM), and 
NH4Cl/NH4OH buffer (1 M, pH 8.5). The substrate feeding solution was 
prepared by dissolving CPOA in NH4Cl/NH4OH buffer and adjusting the 
pH to 8.5 with a concentration range from 0.25− 1.5 M. The total moles 
of glucose is 1.2 times that of substrate, where 20 % glucose is dissolved 
in a 10 mL reaction mixture and 80 % is dissolved in substrate feeding 

solution. The reaction was conducted in a 250-mL three-neck flask with 
mechanical stirring at 30 ◦C and the substrate solution was added with a 
dripping funnel. The pH of the reaction system was maintained at 8.5 
with ammonia. 

During the reaction, 500 μL reaction solution was sampled every 20 
min, and the samples were subjected to HPLC analysis as described in 
method 2.6.5 for determining the residual substrate. The conversion 
ratio was calculated using the following formula. 

Conv (%)= 1 −
(V1 + V2 + V3) ×c1

V3 × c2
× 100% 

The volume of the reaction system is comprised of three components 
during the reaction: V1 represents the initial volume, V2 denotes the 
supplemented ammonia volume determined by visual inspection of 
titrator scale degree, and V3 signifies the feeding substrate volume 
calculated as a product of sampling time and flow rate. c1 refers to real- 
time substrate concentration obtained from HPLC results while c2 in-
dicates feeding substrate concentration. 

2.9. Scaled-up reaction and recovery of 2-Cl-Phe 

The scale-up preparation of 2-Cl-Phe was carried out based on 
optimized reaction conditions (Entry 3, Table 2) with 10-time scaled-up 
in equal proportions. An initial reaction system (100 mL) included 
QtPDH (lyophilized cell lysate, 0.65 g), GDH (lyophilized cell lysate, 2 
g), NAD+ (1 mM), and NH4Cl/NH4OH buffer (1 M, pH 8.5) as well as 
glucose (22 g). The substrate was prepared by chemical hydrolysis, and 
the pH was adjusted to 8.0 using concentrated hydrochloric acid. A total 
volume of 500 mL substrate solution (1 M) containing glucose (86 g) was 

Table 1 
Kinetic parameters of amination reactions catalyzed by purified QtPDH toward various substrates.  

[S] KM 

(mM) 
kcat 

(s− 1) 
kcat/KM 

(s− 1mM− 1) 
Ki 

(mM) 

NADH 0.088 ± 0.02 146.30 ± 9.40 1662.50 n. d. 
5.16 ± 1.20 0.048 ± 0.0071 0.0093 n. d. 

0.51 ± 0.30 58.91 ± 2.11 115.51 0.26 

0.19 ± 0.080 0.53 ± 0.046 2.84 n. d. 

n. d.: no inhibition was determined. 

Table 2 
Asymmetric reductive amination of CPOA catalyzed by QtPDH coupled with GDH.  

Entry Substrate 
(mol⋅L–1) 

Total activity (kU) S/C c 

(g⋅g–1) 
Reaction 
time (h) 

Conv 
(%) 

Product d 

(g⋅L–1) 
STY 

(g⋅L–1⋅h–1) 
QtPDH a BmGDH b 

1 0.25 1 2 9.23 2 >99 38.08 19.04 
2 0.5 1 2 18.47 3.5 >99 76.15 21.76 
3 1.0 1 2 36.94 5 >99 152.31 30.46 
4 1.5 1 2 55.41 12 73.5 171.35 14.27 
5 1.0 10 20 36.94 11.5 >99 152.31 13.24  

a Specific activity was about 15 U⋅mg–1 lyophilized cell lysate of QtPDH. 
b Specific activity was about 10 U⋅mg–1 lyophilized cell lysate of BmGDH. 
c S/C: substrate to catalyst ratio. 
d Different concentrations of ammonia were used to maintain the pH of the reaction system and to give a total volume of about 65 mL for entry1− 4, and about 650 

mL for 5. 
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added by feeding. Concentrated ammonia water (≈13 M) was used to 
maintain pH 8.5 and provide ammonium ions. 

Here, Fe3+ chromogenic method was used to monitor the reaction 
process (Figure S4). Briefly. 0.125 g ferric chloride was dissolved in 100 
mL dimethyl sulfoxide, and 5 mL glacial acetic acid was added to a final 
volume of 250 mL to prepare the chromogenic reagent. First, 100 µL of 
the chromogenic agent was added into 100 µL appropriately diluted 
reaction solution, and followed by standing for 15 min, then absorbance 
at 640 nm was measured using a microplate reader. At the beginning of 
the reaction, a peristaltic pump was used for substrate feeding at a flow 
rate of 2 mL/min. The conversion ratio was monitored using Fe3+

chromogenesis method to ensure that the OD640 value was below 0.3 (<
0.5 mM CPOA). 

At the end of the reaction, the pH of the reaction solution was 
adjusted to 1.0 with concentrated HCl solution. After standing for 30 
min, the filtrate was filtered and collected for subsequent product 
extraction steps. Product 2-Cl-Phe was purified using a JK006 gel-type 
cationic resin column. The resin was first soaked in NaOH solution, 
water and HCl solution for 12 h each, and then filled to prepare the resin 
affinity chromatographic column (100 mm × 50 mm) (Figure S13 (A)). 
The affinity column was washed with deionized water until the effluent 
was neutral. The reaction solution was diluted to a product concentra-
tion of 10–15 g⋅L–1, and then loaded into the resin affinity column at a 
rate of 1 Bv⋅h–1. After loading, the resin column was washed with 
deionized water until the effluent was neutral, and then eluted with 
ammonia water (1 M). A 0.3 % ninhydrin chromogen reagent (1.5 g of 
ninhydrin dissolved in 103 mL of n-butanol solution containing 3 mL of 
acetic acid) was used to assist in determining the start and end points of 
the collection. The collected solution was concentrated by rotary evap-
oration to remove ammonia and most of the water, then subjected to 
freeze-drying treatment. After identification by NMR, the purity of the 
product was calculated based on standard curve as determined by HPLC. 

3. Results and discussion 

3.1. Mining of amino acid dehydrogenases for amination of 3-(2′- 
chlorophenyl)-2-oxopropanoic acid 

BspPDH from Bacillus sphaericus and BbPDH from B. badius have been 
reported with high activity toward aromatic substrates [20,21,26]. 
Particularly, remarkable specific activities of 15.2 U⋅mg–1 and 21.8 
U⋅mg–1 toward 3-(2′-chlorophenyl)− 2-oxopropionic acid (CPOA) were 
determined for BspPDH and BbPDH, respectively. To explore novel 
amino acid dehydrogenases (AADHs) with high catalytic activity toward 
CPOA, BbPDH was used as the probe to mine new enzymes from Uniprot 
database. Four enzymes sharing 53.3− 87.6 % identities in amino acid 
sequence with BbPDH were selected (Table S1), and expressed in E. coli. 
Reductive amination activity of purified proteins was determined at 
different pH values (Figure S2). All four enzymes showed activities to-
ward CPOA. Among them, QtPDH from Quasibacillus thermotolerans 
exhibited the highest activity in the amination of CPOA with specific 
activity of 58.35 U⋅mg–1 (Fig. 1). Further analysis of enantioselectivity 
demonstrated that QtPDH catalyzed the formation of amino acids in 
absolute S-configuration, consistent with the strict selectivity rule of 
AADHs. (Figure S1(B)). Considering the highest activity and enantio-
selectivity, QtPDH was selected for subsequent studies. 

We conducted a sequence alignment of QtPDH with diverse classes of 
amino acid dehydrogenases. Our findings revealed that the sequence 
identity between QtPDH and extensively studied phenylalanine de-
hydrogenases BbPDH was 83.7 %, while between QtPDH and RsPDH 
[27] was determined to be 32.9 %. Besides, QtPDH shares 49.5 % and 
50.2 % sequence identity with BcLeuDH [22] and EsLeuDH [28], 
respectively. Similar to BbPDH, QtPDH has a biased function towards the 
Glu/Leu/Phe/Val/Trp dehydrogenase family. Furthermore, despite the 
large differences in sequence identity between QtPDH and its isoenzyme, 
it has the strict conserved catalytic sites K78, K90, D124 common to all 

phenylalanine dehydrogenases [29]. We postulated that QtPDH should 
also be structurally divided into two domains, domain I and domain II, 
whose intersection forms a catalytic pocket with a cleft shape [30,31]. 

3.2. Characterization on enzyme properties of QtPDH 

Recombinant QtPDH with N-terminal His-tag was purified. SDS- 
PAGE analysis revealed that QtPDH displayed a single band at about 
44.8 kDa (Figure S2). As illustrated in Fig. 2A, the optimum pH values 
for amination and deamination were 9.2 and 10.8, respectively. No 
deamination activity was detected at pH below 9.0. The effect of tem-
perature was measured over the range of 25 ◦C to 60 ◦C (Fig. 2B). The 
amination activity increased with the temperature, and the highest ac-
tivity was reached at 52 ◦C. The relative activity decreased to about 80 % 
as the temperature further increased to 60 ◦C. 

The specific activity of QtPDH was not affected by EDTA, indicating 
it is not a metal-dependent enzyme. Addition of 1 mM Mg2+ resulted in 
15 % increase in activity, while the enzyme was strongly inhibited by 1 
mM Fe3+, Fe2+, Cu2+, Zn2+, and Ag1+. The effect of ammonium con-
centration on specific activity was also investigated. The results showed 
that with the increase of ammonium concentration from 0 to 2 M, the 
relative activity rapidly increased to 75 %. Further increase in ammo-
nium to 4 M resulted in a slight increase in activity. Additionally, QtPDH 
demonstrated good tolerance to NaCl, and no obvious effect was 
observed in the presence of 0.1–1.5 M NaCl. Whereas, the activity of 
QtPDH was sharply decreased at 2 M NaCl. (Figure S5) 

To evaluate its stability, thermostability of QtPDH was determined at 
pH 8.5 and pH 9.5 at 30 ◦C (Figure S6). The half-lives of QtPDH were 16 
days at pH 9.5, and 20 days at pH 8.5. Remarkably, QtPDH was able to 
maintain significantly high relative activity at pH 8.5 in the initial 10 
days, retaining 85 % activity after 10 days at pH 8.5 while only 52 % 
activity was remained at pH 9.5. This result indicates that pH 8.5 was 
more suitable for prolonged production. Furthermore, the half-life of 
QtPDH was determined at 30 ◦C, 40 ◦C, and 50 ◦C at pH 8.5 (Fig. 2C). 
QtPDH was more stable at 30 ◦C and 40 ◦C compared with that of 50 ◦C. 
QtPDH exhibited similar half-lives of 23 days at 30 ◦C and 20.5 days at 
40 ◦C, whereas retained only 50 % activity after 12 days at 50 ◦C. 
Interestingly, despite a high sequence identity of 83.7 % with BbPDH, 
QtPDH displayed significantly better thermostability [20,21,26]. Based 
on sequence alignment between QtPDH and BbPDH, 13 of the 35 resi-
dues differ in polarity/non-polarity, and 22 residues have varied charge 
(Figure S7). It suggests that changes in the polarity and charge prop-
erties of surficial residues may severely affect the thermostability of 
AADHs. 

3.3. Substrate spectrum in reductive amination and oxidative 
deamination of QtPDH 

QtPDH showed strict substrate specificity toward phenylpyruvic acid 
in the reductive amination (Fig. 3). Among benzene homologues 
including benzoylformic acid, phenylpyruvic acid, and 2-oxo-4-phenyl-
butyric acid, QtPDH exhibited a noticeably higher amination activity for 
phenylpyruvic acid of 210 U⋅mg–1, while only 0.034 U⋅mg–1 and 4.64 
U⋅mg–1 for other keto acids. Furthermore, QtPDH displayed a specific 
activity of 58.35 U⋅mg–1 for CPOA. QtPDH also demonstrated the ability 
to catalyze the amination of bulky substrates such as indole-3-pyruvic 
acid and 3-(naphthalen-1-yl)-2-oxopropanoic acid, with specific activ-
ities of 1.51 U⋅mg–1 and 1.90 U⋅mg–1 respectively. Moreover, QtPDH was 
able to aminate α-keto ester substrates, such as methyl benzoylformate 
and ethyl 2-oxo-4-phenylbutyrate, with specific activity of 0.0044 
U⋅mg–1 and 1.30 U⋅mg–1, although lower than that of its keto-acid form. 

As shown in Fig. 4, QtPDH could catalyze the oxidative deamination 
of 10 out of 20 natural amino acids (Fig. 4, Group 1) with the highest 
deamination activity of 13.6 U⋅mg–1 toward l-phenylalanine under the 
optimal deamination conditions. Notably, QtPDH demonstrated a pref-
erence for amination over deamination, as evidenced by its much higher 
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activity in amination reactions. For example, QtPDH showed activities of 
58.35 U⋅mg–1 and 0.34 U⋅mg–1 for the amination and deamination of 
CPOA, respectively. In addition to the unnatural amino acids, the 
deamination activity of (S)-amino alcohols was also determined (Fig. 4, 
Group 3). Interestingly, a 3.5-fold greater deamination activity was 
detected for l-phenylglycinol than l-phenylglycine, suggesting that 
strong electrostatic interaction between the carboxyl group and the 
residues in the active pocket is obstructive for rigid substrates. In 
contrast, a better catalytic conformation could be achieved for l-phe-
nylglycinol due to its flexibility. Other substrates were also evaluated; 
however, no deamination activity was detected (Table S2). 

Kinetic parameters of amination reaction toward unnatural amino 
acids (Fig. 4, Group 2) were determined (Table 1). Among three sub-
strates, 2-oxo-4-phenylbutyric acid has the lowest KM value of 0.19 mM. 
For benzoylformic acid, an extremely low kcat value of 0.048 s− 1 was 
determined, along with a high KM value of 5.16 mM, indicating QtPDH 
prefers keto acid substrates with more flexible residues. Different from 
benzoylformic acid and 2-oxo-4-phenylbutyric acid, severe substrate 
inhibition was observed for phenylpyruvate and CPOA. (Figure S8) 

3.4. Asymmetric synthesis of 2-Cl-Phe catalyzed by QtPDH 

Following commonly used methods [24,25,32], synthesis of sub-
strate CPOA was investigated (Figure S11). Intermediate 5-[(2-chloro-
phenyl) methylene]-2,4-imidazolidinedione synthesized from 
2-chlorobenzaldehyde and hydantoin could be hydrolyzed under alka-
line conditions [24,25], giving a higher separation yield of 72 %. 
Additionally, the product could be directly added to the enzymatic re-
action system after adjusting the pH to 8.0, without the need for 
extraction. 

In the beginning, a 5 ml volume of the reaction was carried out under 
optimal amination conditions. As shown in Figure S12, 200 mM and 
300 mm CPOA achieved conversions >90 % at 45 min and 3 h. However, 
with increasing substrate concentration, the reaction gradually stalled 
and severe substrate inhibition occurred. At a CPOA loading of 400 mM, 
the substrate conversion remained at 50 %; at 500 mM, the conversion 
was 25 %, a result that also corresponds to the consistent substrate in-
hibition observed during kinetic parameter determination. Similar 
substrate inhibition has been reported for TiPheDH from T. intermedius 
[33], where high concentrations of substrate may lead to irreversible 
inactivation of amino acid dehydrogenase. 

As mentioned above, with high enzyme loadings (S/C of 1.3 and 1.9), 
good conversion ratios (> 90 %) were achieved at 200 mM and 300 mM 
CPOA, inevitably leading to viscous reaction system and low mass 
transfer efficiency. Therefore, substrate feeding strategy was adopted to 
alleviate the inhibitory effect of CPOA. The reaction conditions were 
optimized based on a total QtPDH loading of 1 kU (i.e. 65 mg lyophilized 
cell lysate). To optimize the reaction, various influential factors, 
including substrate feeding rate, QtPDH and BmGDH ratio, substrate to 
catalyst ratio (S/C) etc., were evaluated. Appropriate substrate feeding 
rate can ensure a complete conversion. As demonstrated in Table S3, a 
conversion ratio of >99 % was achieved at CPOA feeding rate of 1.1 
mL⋅min–1 and 1 kU BmGDH loading. Half of BmGDH loading (0.5 kU) 
resulted in substrate accumulation and a final conversion ratio of merely 
52.6 %. To achieve complete conversion of 250 mM CPOA, optimal 
QtPDH:BmGDH ratio was found to be either 1:1 or 1:2. It should be noted 
that the reaction time for ratio of 1:1 was approximately twice as long as 
that for 1:2. Therefore, subsequent reactions were performed at a ratio of 
1:2. 

Based on above optimized substrate feeding rate and enzyme load-
ings, reactions at enhanced CPOA concentration of 0.25− 1.5 mol⋅L–1 

were performed. As shown in Table 2, a complete and efficient amina-
tion reaction could be achieved at 0.25− 1.0 mol⋅L–1 CPOA within 2–5 h. 
However, at 1.5 mol⋅L–1, merely 73.5 % conversion was obtained at 12 
h. At substrate concentration of 1.0 mol⋅L–1, QtPDH and BmGDH load-
ings of 1 kU and 2 kU, a remarkable productivity of 30.46 g⋅L–1⋅h–1 was 

achieved with a S/C of 36.94 g⋅g− 1. Furthermore, a scaled-up reaction 
system of 0.65 L was carried out, and a complete conversion of 1.0 
mol⋅L–1 CPOA (99 g) in 11.5 h was observed. After dilution and acidi-
fication, the reaction solution was purified using JK006 cationic resin, as 
shown in Figure S13. The collection solution was subjected to rotary 
evaporation and lyophilization to obtain 92 g product as white powder 
with a purity of 98 %. Finally, the product 2-Cl-Phe was recovered with 
an overall yield of 91 %. 

4. Conclusion 

In this study, a novel AADH from Quasibacillus thermotolerans was 
explored by gene mining. QtPDH shares 83.7 % identity with its probe 
protein sequence BbPDH, whereas has excellent thermostability with a 
half-life of 23 days at pH 8.5. QtPDH could catalyze bulky aromatic 
substrates, such as indole-3-pyruvic acid and 3-(naphthalen-1-yl)-2- 
oxopropanoic acid, in addition to natural amino acid substrates. QtPDH 
also exhibited activity towards α-keto esters and (S)-amine alcohols. 
QtPDH catalyzed a complete asymmetric amination of CPOA to 2-Cl-Phe 
with an S/C of 36.94 g⋅g–1 and a STY of 30.46 g⋅L–1⋅h–1. This study 
provides an efficient approach for synthesizing 2-Cl-Phe using newly 
identified QtPDH with excellent catalytic properties. 
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