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Amine transaminases offer an environmentally benign chiral amine asymmetric synthesis route. However,

their catalytic efficiency towards bulky chiral amine asymmetric synthesis is limited by the natural

geometric structure of the small pocket, representing a great challenge for industrial applications. Here, we

rationally engineered the large binding pocket of an (S)-selective ω-transaminase BPTA from

Paraburkholderia phymatum to relieve the inherent restriction caused by the small pocket and efficiently

transform the prochiral aryl alkyl ketone 1-propiophenone with a small substituent larger than the methyl

group. Based on combined molecular docking and dynamic simulation analyses, we identified a non-

classical substrate conformation, located in the active site with steric hindrance and undesired interactions,

to be responsible for the low catalytic efficiency. By relieving the steric barrier with W82A, we improved

the specific activity by 14-times compared to WT. A π–π stacking interaction was then introduced by M78F

and I284F to strengthen the binding affinity with a large binding pocket to balance the undesired

interactions generated by F44. T440Q further enhanced the substrate affinity by providing a more

hydrophobic and flexible environment close to the active site entry. Finally, we constructed a quadruple

variant M78F/W82A/I284F/T440Q to generate the most productive substrate conformation. The

1-propiophenone catalytic efficiency of the mutant was enhanced by more than 470-times in terms of

kcat/KM, and the conversion increased from 1.3 to 94.4% compared with that of WT, without any

stereoselectivity loss (ee > 99.9%). Meanwhile, the obtained mutant also showed significant activity

improvements towards various aryl alkyl ketones with a small substituent larger than the methyl group

ranging between 104- and 230-fold, demonstrating great potential for the efficient synthesis of

enantiopure aryl alkyl amines with steric hindrance in the small binding pocket.

Introduction

Approximately 95% of drugs are predicted to be chiral by
2020 and share a market of almost $5b in chiral ligands and
agrochemicals.1,2 Chiral amines play a fundamental role in a
series of pharmaceutical drugs, and approximately 40% of
them are estimated to contain a chiral amine functionality.3

The asymmetric synthesis of chiral amine drug intermediates
by enzymatic catalysis strategies has attracted growing
attention due to the social and environmental demand for
green processes in the chemical industry.4–6 Transaminases

present stringent stereoselectivity, no requirement of external
cofactor supplementation, a broad substrate spectrum, and
high stability, which makes them attractive for industrial
process development.7–9

Transaminases require pyridoxal 5′-phosphate (PLP) as a
coenzyme that mediates the transamination of prochiral keto
acids or ketones by transferring an amine group from an
amino donor.10 The active site of (S)-selective transaminases
is composed of a small and a large binding pocket (SBP and
LBP, respectively) in the dimerization of monomers.11 In
most cases, the large pocket can accommodate substituents
with a rather broad size distribution,12 while the small pocket
is restricted to accept only a methyl group.13 The steric
constraint in the active site, especially that in the SBP, has
been the crucial limiting factor for the production of various
bulky chiral amines, representing a great challenge for
industrial synthetic applications.

To boost the synthesis utility of ω-TAs toward bulky
prochiral ketones, protein engineering has been widely
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carried out to overcome the limitation of the binding pocket
geometry by using directed evolution and semi-rational/
rational design approaches for different amine
transaminases.14,15 An impressive example was highlighted
by Merck and Co. and Codex, applying the direct evolution of
an (R)-selective ω-transaminase ATA-117 for enlarging the
LBP and SBP to the highly efficient asymmetric synthesis of
bulky chiral sitagliptin.14 Regarding rational (S)-TA
engineering, most studies focused on engineering the LBP
and SBP to modify the acceptance of bulky substrates.
Dourado et al.16 engineered the LBP and SBP of the
transaminase Vibrio fluvialis TAm and achieved a high
catalytic activity for the chiral synthesis of (1S)-1-(1,1′-
biphenyl-2-yl)ethanolamine. Midelfort et al.17 engineered the
LBP and SBP of Vibrio fluvialis TAm and improved the
catalytic conversion of (R)-ethyl-5-methyl-3-oxooctanoate by
60-times. Han et al.18 expanded the bulky substrate specificity
for aryl alkylamines and alkylamines of ω-transaminase OATA
by rational LBP remodeling. However, successful examples of
SBP engineering to accommodate bulky substrates are still
needed to be developed.15,18–24 Most residues in the SBP were
adjacent to PLP and stayed at the interface of the
homodimer, which played an important role in the
stabilization and stereoselectivity of the ω-transaminase. In
most cases, modifying the residues in the SBP would result
in catalytic activity loss toward prochiral ketones.25 Therefore,
it is rather difficult to improve the catalytic efficiency for aryl
alkyl substrates with alkyl chains larger than a methyl group
by engineering the SBP.

In this study, we rationally engineered the LBP of an (S)-ω-
transaminase BPTA from Paraburkholderia phymatum to
address the challenge of aryl alkyl substrates being generally
hardly accommodated in the SBP by relieving steric
hindrance and strengthening the interaction upon substrate
binding in the LBP.

Results and discussion
Initial screening of ω-transaminases

Although transaminases have a broad substrate range, most
of them accept only substituents no larger than a methyl
group at the position adjacent to the carbonyl moiety of the
ketone substrate.14 To identify a potential candidate for the
asymmetric synthesis of bulky chiral pharmaceutical
intermediates, we selected (S)-1-amino-1-phenylpropane (1b)
(precursor of corticotropin-releasing factor type I antagonist)
as the model substrate for initial screening, which is
generally difficult to accommodate by the SBP of most
ω-transaminases due to the small ethyl group substituent of
the prochiral ketone. A total of 72 in-house natural ω-TAs
(not supplied) were screened in the thermodynamically
favored kinetic mode using an (S)-amine as a donor and
pyruvate as an acceptor. The results showed that only one
constructed ω-transaminase BPTA from Paraburkholderia
phymatum STM815 (accession number: WP_012402885.1)
could be determined with poor detectable activity, and the

conversion of the target ketone 2b (10 mM) was only 1.3% at
48 h, indicating that the ethyl group of the model substrate
was indeed not easily accommodated by the ω-transaminase
SBP due to the limitation of the natural SBP geometry.

Molecular modeling of the BPTA active site

Molecular docking and MD simulations were performed to
analyze the interaction between the ketone and the residues
in the active site. We used the ω-transaminase crystal
structure with the PMP cofactor from Chromobacterium
violaceum (PDB ID: 6s4g)26 with 58.84% identity as a template
for comparative modeling. The substrate 2b was docked into
the BPTA active site with the PMP cofactor, and the top-
ranked structure with the lowest binding energy was chosen
as the initial conformation for the MD simulation (Fig. 1A).
During 50 ns of MD simulation, the result showed that the
substrate could not form a stable attack conformation in the
active site and would move out of the BPTA active site after
8.3 ns. The distance between the PMP's exocyclic nitrogen
and the ketone's carbonyl carbon atom (d1) showed two
major increases from 0 to 8.3 ns and 8.3 to 47.4 ns. The first
increase occurred at 8.3 ns, where d1 increased to 7.5 Å, and
the second increase at 47.4 ns with d1 sharply increasing to
>10.0 Å (Fig. 1A). This phenomenon was similar to that
described by Voss et al.13 and indicated that the pocket in the
active site of BPTA failed to generate sufficient affinity to
stabilize the Michaelis complex between the ketone and
PMP,27 which was necessary to activate the transamination
catalysis. The conformation before 8.3 ns in the MD
simulation represents a plausible attack conformation that
could initiate external aldimine formation. Therefore, we
extracted the average structure before 8.3 ns in the MD
simulation for subsequent analysis.

Rational design of the large pocket of the active site

Based on the modeling results, the small BPTA binding
pocket consisted of F44, L81, F110, Y175, and G341, while
the large one was constructed by M78, W82, A253, I284,
R438, and T440 (Fig. S2†). As Scheme 1 shows, the classical
nucleophilic attack conformation indicated that a small
substituent of the ketone is located in the SBP and the large
substituent adjacent to the carbonyl group stayed in the LBP.
However, the docking results showed a non-classical
substrate conformation in the active site, with the phenyl
moiety pointing out of the LBP, while the small substituent
pointed towards the LBP (Fig. 1A). This non-classical
conformation seemed to be the main reason for the low
catalytic activity towards the model substrate.13,28

The interactions between the substrate and residues in
the active site were analyzed to further explore the reason for
the abnormal conformation mentioned above. As shown in
Fig. 1B, the indole moiety of W82 showed a huge steric
hindrance with ketones, which hampered their efficient
binding to the SBP and LBP in the active site. Meanwhile, the
side chain of F44 generated an undesired π–π stacking
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interaction with the ketone, and the stacking interaction
prevented the phenyl group from being properly
accommodated in the LBP. We speculated that the steric
hindrance of W82 and undesired interaction of F44 with the
substrate might result in poor catalytic efficiency (Fig. 1A).

To alleviate the steric hindrance and maintain the
hydrophobic environment at the same time, hydrophobic
and smaller substituents (FLIVAG) were selected to replace
the W82 residue with the phenyl group. The results showed
that there are two positive mutations W82L and W82A with

better catalytic activity, improving by 3.89 and 14.00-times in
kcat/KM compared to WT (Table 1), respectively. Both variants
showed a sharply decreased KM. Among them, the KM value
of W82A decreased from 92.86 to 11.00 mM, demonstrating
significant improvement in affinity with the substrate by the
W82A mutation. Considering that F44 in the SBP was at the
interface of the dimer, there was no particular rule to modify
this position, and the saturated mutation of F44 was carried
out. Unfortunately, the saturation mutations at F44 showed
no positive results compared to WT towards 2b, and most of
the variants showed no detectable catalytic activity (Fig. S3†).
This result indicated that it would be critical to engineer the
position at the interface, which is correlated to enzyme
stability and enantioselectivity.13 To eliminate the
unfavorable interaction produced by F44 in the SBP, the
residues in the LBP (M78, W82, A253, I284, R438, and T440)
in the opposite direction (LBP) were investigated for their
potential in improving the binding interaction with the
phenyl group of the ketone in the LBP. Among them, residue
R438 plays an important role in dual substrate recognition,
and is responsible for forming a salt bridge with the
carboxylate group of the donor and acceptor substrate,29

while A253 participates in the binding of PLP.30,31 Therefore,
these two conserved sites were excluded from our
consideration for modification.

Fig. 1 Docking model of 1-propiophenone in the BPTA active site. (A) The residues of the active site in the docking model. The green and orange
sticks represent the substrate ketone and PMP, respectively. The yellow dotted line between the exocyclic nitrogen of PMP and the carbonyl
carbon atom of the ketone represents the distance. The brown dotted line between the phenyl group of F44 and the phenyl moiety of the
substrate represents the π–π stacking interaction between them. (B) Side view of the ketone substrate phenyl group interaction visualization with
the W82 indolyl group, shown as a blue CPK representation. The yellow dotted line represents the distance between the exocyclic nitrogen of
PMP and the carbonyl carbon atom of the ketone. Orange sticks indicate the internal aldimine. (C) White, orange, and green sticks indicate the key
mutation residues in the docking conformation of variant W82A/M78F/I284F/T440Q, the internal aldimine, and the ketone, respectively.

Scheme 1 The classical substrate binding conformation in the active
site using L-Ala as an amine donor and 1-propiophenone as a bulky
ketone acceptor, as a model. (A) Binding of the amine donor L-Ala to
the PLP form of the ω-TAs (E-PLP). (B) Binding of the substrate ketone
acceptor 1-propiophenone to the pyridoxamine 5′-phosphate form of
the ω-TAs (E-PMP).
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The residues M78 and I284 were located directly opposite
to F44 (Fig. 1A). We speculated that introducing an opposite
π–π stacking interaction would be helpful for the phenyl
substituent of the substrate binding in the LBP. Thus, we
replaced M78 and I284 with hydrophobic and aromatic
substituents (WF) using W82A as a template to construct
double variants. The mutation results showed that the
catalytic efficiency of W82A/M78F and W82A/I284F increased
by 93.07 and 39.67-times (Table 1) in terms of kcat/KM

compared to that of WT, respectively. The KM values of W82A/
M78F and W82A/I284F decreased by 19.10-times and 15.47-
times relative to that of WT, respectively. The lower KM and
significant improvement in the kcat values of W82A/M78F and
W82A/I284F demonstrated that the introduced π–π stacking
interaction was important to enhance the affinity with the
phenyl group of the substrate and to improve the catalytic
efficiency.

The residue T440 was located in a flexible loop, close to
the entrance of the active site (Fig. 2). Considering the polar
property of T440, which may prevent the diffusion of the
hydrophobic substrate into the active site, a relatively more
flexible and (or) less sterically hindered residue than T440

may be advantageous for improving affinity and maintaining
the flexible property of the loop for efficient diffusion of the
bulky substrate. According to the hydropathy index of 20 amino
acids,32 arginine, lysine, and histidine are basic amino acids,
while glutamic acid and aspartic acid are acidic amino acids,
all of which should be excluded for its strongest hydropathy
index of the side chains. Then, a smart library (MILVACNQ)
was constructed based on W82A and the mutation results
showed that only one mutant W82A/T440Q exhibited positive
catalytic activity with a 23.74-fold improvement (Table 1) in
kcat/KM compared to WT. Compared with other residues
included in the smart library (MILVACN) constructed, residue
Q may occupy more space; however, it was the most flexible
residue among them. We speculated that the flexible property
of Q440 was more helpful for substrate diffusion than for
relieving steric hindrance. The results indicated that the
diffusion of the substrate in the active site played a key role in
the catalytic activity of theω-TA enzymes.

Based on the above results, four sites were identified to be
responsible for the catalytic activity of BPTA, and the mutant
obtained demonstrated improved catalytic activity towards
the substrate ketone. Considering the potential positive
additive effects between these positive mutations, triple and
quadruple iterative combinatorial mutageneses were carried
out to further improve the enzyme activity of BPTA. The
results of the mutation are summarized in Table 1. The
results showed that all the variants presented positive
synergistic effects among the selected residues. Among them,
the best triplemutant wasM78F/W82A/I284F with a 215.56-fold
increase in kcat/KM relative to that of WT, while the most
effective variant obtained was quadruple mutant M78F/W82A/
I284F/T440Q, which sharply increased enzyme activity by
470.38-times in terms of kcat/KM compared to WT, exhibiting
commendably positive additive effects. The KM value of W82A/
M78F/I284F/T440Q significantly decreased from 92.86 to 1.67
mM, which indicated that W82A/M78F/I284F/T440Q sharply
promoted the affinity with the substrate ketone.

Molecular dynamics (MD) simulation was applied to
interpret the interaction between the variants and the
substrate (Fig. S4†). The complex of variant W82A and the
substrate ketone was investigated during a 50 ns MD
simulation. Despite the distance fluctuation between the
ketone and PMP during MD simulation, the ketone remained

Table 1 Kinetic parameters towards 1-propiophenone in kinetic resolution mode

Variant KM [mM] kcat [s
−1] kcat/KM [M−1 s−1] Fold increase in kcat/KM

BPTA-WT 92.86 ± 2.16 0.68 ± 0.03 7.27 ± 0.17 1.00
W82A 11.00 ± 0.24 1.12 ± 0.07 101.82 ± 5.59 14.01
W82L 30.10 ± 1.17 0.85 ± 0.01 28.29 ± 2.36 3.89
W82A/M78F 4.90 ± 0.44 3.31 ± 0.04 681.07 ± 16.99 93.70
W82A/I284F 6.00 ± 0.59 1.73 ± 0.15 288.33 ± 5.63 39.67
W82A/T440Q 7.94 ± 0.26 1.37 ± 0.05 172.54 ± 4.38 23.74
M78F/W82A/I284F 3.14 ± 0.19 4.92 ± 0.78 1566.88 ± 48.69 215.56
W82A/I284F/T440Q 5.32 ± 0.93 1.96 ± 0.14 368.42 ± 14.43 50.68
M78F/W82A/T440Q 3.48 ± 0.48 4.42 ± 0.33 1270.11 ± 12.21 174.73
M78F/W82A/I284F/T440Q 1.67 ± 0.11 5.71 ± 0.54 3419.16 ± 45.63 470.38

Fig. 2 A perspective of T440 in the active site. The structure of the
enzyme is represented by a rainbow-colored cartoon, the substrate
binding pocket is represented by a white-colored surface, and the
cofactor PMP and the substrate are represented by orange and green
sticks, respectively. The residues in position T440 are represented by
blue sticks.
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stable in the active site, and the average distance d1 was 5.7
Å compared to 6.4 Å of WT during the MD simulation (Fig.
S5A and B†). This indicated that by relieving the steric
hindrance by the smaller hydrophobic substituent, the
capacity to accommodate the phenyl group increased. In
addition, the MMPBSA-based binding free energy (ΔΔGW82A)

33

was calculated to be −3.42 kcal mol−1 compared to 1.24 kcal
mol−1 for WT, demonstrating an increased affinity for the
substrate ketone. These results were in line with the kinetic
analysis. The complex conformation of variant M78F/W82A/
I284F/T440Q during MD simulation showed that the
substrate ketone was stable in the active site and the average
distance between the PMP's exocyclic nitrogen and the
ketone's carbonyl carbon atom was 4.86 Å, which was closer
to the PMP's exocyclic nitrogen. Significantly, the phenyl and
alkyl groups of the substrate were beneficially accommodated
in the large pocket and small pocket (Fig. S5C†) in the right
form of the classical Michaelis complex as described by
Cassimjee et al.,27 which was helpful for a nucleophilic attack
between PMP's exocyclic nitrogen and the ketone's carbonyl
carbon atom in the transaminase. As shown in Fig. 1C, the
side chains of M78F and I284F pointed towards the phenyl
group of the substrate and formed a tractive π–π stacking
interaction with the phenyl group, which further
strengthened the interaction with the phenyl group to pull it
appropriately back to the LBP. In addition, the
ΔΔGW82A/M78F/I284F/T440Q value was −36.33 kcal mol−1, which
indicates that W82A/M78F/I284F/T440Q indeed improved the
affinity with the substrate and finally remodeled the
conformation into a productive conformation with the ethyl
group normally accommodated in the SBP and the phenyl
group positioned in the LBP.

By combining molecular docking and MD simulation
analysis, the key mutations (M78F, W82A, I284F and T440Q)
of BPTA were identified to be responsible for accommodating
aryl alkyl substrates, and they were all located in the LBP of
the active site. At present, many significant advances have
been achieved by engineering (S)-selective TAs for bulky
substrates.12,13,15,16,20,34,35 For example, Pavlidis et al.15 have
successfully obtained an (S)-selective TA mutant Y59W/Y87F/
Y152F/P423H from Ruegeria sp. TM1040, which showed an
8900-fold improvement towards the bulky substrate (S)-1,3-
diphenylpropan-1-amine. Nobili et al.12 identified two
mutants (F85L/V153A and Y150F/V153A) from Vibrio fluvialis
showing a 30-fold increased activity in the conversion of (S)-
phenylbutylamine and (R)-phenylglycinol, respectively. Voss
et al.13 obtained two double mutants (F88L/C418(G/L)) from
Chromobacterium violaceum which showed >200-fold
improved activities in the conversion of 1-phenylbutylamine.
Most of the engineering studies on TAs were focused on
modifying the LBP and SBP. The modification studies
mentioned above modified either both the LBP and SBP or
only the SBP to achieve the enhancement of the catalytic
efficiency towards bulky substrates. In contrast, we reshaped
the LBP to improve the conversion efficiency towards the SBP
accommodating aryl alkyl substrates. In order to explore the

differences of the amino acid locations in the LBP between
those in the engineering studies and BPTA in our study,
multiple amino acid sequence alignment was performed
(Table S2 and Fig. S6†).36 The result showed that BPTA
shared relatively small similarities with the TAs with 37.1%
(Ruegeria sp.TM1040), 33.9% (Vibrio fluvialis) and 62.2%
similarity (Chromobacterium violaceum), respectively. Three of
the four mutations identified in our study shared similar
locations with the TAs mentioned above, such as W82 in
3FCR (corresponding to Y59), W82 and I284 in 4E3Q
(corresponding to W57 and I259, respectively), and T440 in
4A6R (corresponding to C418) (Fig. S6†), demonstrating that
these locations are hotspots in engineering (S)-TAs for
accommodating bulky substrates. However, the mutated
residues obtained in our study were basically different from
those of the TAs referred above. Due to the diverse substrates
employed, it was hard to exactly predict the positive residues
to be mutated in a given situation. Except for the three
similar locations, M78 was a new hotspot identified in our
study which was not reported before. Among the three
double mutants constructed on the base of W82A (Table 1),
the mutant W82A/M78F showed the highest activity with up
to 6.7 fold improvement compared to W82A. Meanwhile,
W82A/I284F and W82A/T440Q gave a 2.9 and 1.7-fold
improvement, respectively. This newly identified residue M78
may be a potential hotspot in engineering TAs for
accommodating aryl alkyl substrates.

Activity improvements towards bulky substrate analysis

To explore the synthetic and deracemization utility of
BPTAM78F/W82A/I284F/T440Q for bulky substrates, the catalytic
activities toward aryl alkyl amines (compounds 1, using ‘1’ as
a prefix, such as ‘1a, 1b, 1c…) (Scheme 2) and corresponding
ketones (compounds 2, using ‘2’ as a prefix, such as ‘2a, 2b,
2c…) were investigated using pyruvic acid as the acceptor
and L-Ala as the amine donor, respectively.

The kinetic resolution results showed that WT exhibited
modest catalytic activity toward the majority of the bulky
amines, with which the aryl moiety was generally

Scheme 2 Chiral amine donors used in this study.
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accommodated in the LBP (Table 2). However, when the
length of the alkyl chain of the substrates was longer than
that of the methyl group (1b, c, and d), WT showed poor
catalytic performance with a minimum relative activity as low
as 2.13% compared to 1a. In contrast, the variant M78F/
W82A/I284F/T440Q showed a substantial improvement in
activity toward most of the substrates except 1j (0.97-fold).
Intriguingly, the mutant presented sharp catalytic
improvements towards bulky amines with longer alkyl
chains: 1b (10.46-fold), 1c (8.97-fold), and 1d (7.34-fold),
which indicated that engineering the LBP of the enzyme
improved the catalytic activity toward bulky amines,
especially aryl alkyl amines with long alkyl chains.

The specific activities toward aryl alkyl ketones were
investigated and showed a similar trend compared to the
catalytic activity improvements in resolution mode (Table 2).
WT showed relatively higher activity for 2e, 2f, 2i, and 2j;
these substrates were all aryl alkyl ketones with a methyl

group as the small substituent, which indicated that the
volume of the LBP of BPTA was large enough to synthetically
accommodate the substrate ketones with an aryl group.
However, when it comes to bulky substrates with two bulky
substituents, such as aryl alkyl ketones (2b–d), indanone (2g),
and tetralone (2h), which were aryl substrates with a small
substituent bulkier than the methyl group, WT showed
decreasing activities ranging from 0.01 to 0.15-fold. It was
demonstrated that it is difficult for WT to accommodate aryl
alkyl ketones with longer alkyl side chains in the SBP.
Fortunately, the variant BPTAM78F/W82A/I284F/T440Q showed
significant activity improvements towards the majority of
bulky ketones compared to WT (Table 3). Among these aryl
alkyl ketones, the variant W82A/M78F/I284F/T440Q showed a
sharp improvement in activity for the bulky substrate ketones
with two bulky substituents (i.e., 104.0, 230.0, and 224.8-fold
reaction increases for 2b, c, and d, respectively). This
indicated that the mutant W82A/M78F/I284F/T440Q
improved the catalytic activity towards aryl alkyl substrates,
especially the substrate ketones with longer alkyl side chains
that are accommodated in the SBP.

Cascade strategies for chiral amine asymmetric synthesis

As a commonly used amino donor for most transaminases,
alanine has been widely used in the asymmetric synthesis of
chiral amines.37 However, due to the low equilibrium constant
of alanine (Keq < 10−3),38 the equilibration problem of the
transaminases is the main challenge for industrial process
requirements. In addition, the co-product pyruvate generated in
the amination process inhibits amine production. Multiple
cascade strategies have already been established to efficiently
replace the transaminase equilibrium shift.39,40 To evaluate the
practical utility of variant BPTAM78F/W82A/I284F/T440Q towards the
asymmetric synthesis of chiral amine 1b with L-alanine as an
amine donor, we investigated different cascade reaction systems
to displace the unfavorable equilibration in the asymmetric
synthesis of (S)-1-amino-1-phenylpropane. As shown in Fig. 3D,
the synthetic efficiency of chiral amine 1b in all the cascade

Table 2 Activity improvements of BPTAM78F/W82A/I284F/T440Q
towards various amines in kinetic resolution mode

Amines

Relative reactivitya [%]

Fold-increaseBPTA BPTAM78F/W82A/I284F/T440Q

1a 100.00b 118.42 ± 4.44 1.18
1b 8.89 ± 0.34 92.98 ± 2.11 10.46
1c 2.13 ± 0.18 19.10 ± 1.12 8.97
1d 2.25 ± 0.06 16.52 ± 3.21 7.34
1e 76.53 ± 1.56 95.03 ± 1.66 1.24
1f 114.48 ± 2.35 116.69 ± 5.55 1.02
1g 84.38 ± 1.36 112.28 ± 3.38 1.33
1h 74.12 ± 3.54 104.05 ± 8.74 1.40
1i 98.42 ± 2.37 127.51 ± 1.11 1.30
1j 117.13 ± 5.56 114.05 ± 6.18 0.97

a The relative activity was determined from the initial reaction rate
(i.e., conversion <10%) compared with that of the WT enzyme. The
reaction conditions were as follows: 15% DMSO, 50 mM amine
donor, 50 mM pyruvic acid, and 0.2 μM purified enzyme in 100 mM
Tris-HCl buffer (pH = 8.0) containing 0.1 mM PLP at 30 °C for 10
min; analyzed using HPLC. b The initial reaction rate was 386.9 μM
min−1.

Table 3 Activity improvements of BPTAM78F/W82A/I284F/T440Q towards various acceptors

Ketones

Relative reactivitya [%]

Fold-increaseBPTA BPTAM78F/W82A/I284F/T440Q

2a 100.00b 408.25 ± 12.28 4.08
2b 5.79 ± 0.35 602.14 ± 24.65 104.00
2c 1.36 ± 0.63 311.70 ± 13.83 230.00
2d 0.94 ± 0.12 211.64 ± 14.55 224.75
2e 237.33 ± 11.21 616.25 ± 34.41 2.60
2f 350.84 ± 15.66 360.14 ± 9.32 1.03
2g 15.01 ± 2.31 65.48 ± 3.43 4.36
2h 10.91 ± 0.57 41.77 ± 1.83 3.83
2i 366.08 ± 13.21 520.05 ± 26.10 1.42
2j 689.14 ±19.87 677.30 ± 35.52 0.98

a The relative activity was determined from the initial reaction rate (i.e., conversion <10%) relative to that of the WT enzyme. The reaction
conditions were as follows: 15% DMSO, 50 mM acceptor, 250 mM L-Ala, and 2 μM purified enzyme in 100 mM Tris-HCl buffer (pH = 8.0)
containing 0.1 mM PLP at 30 °C for 6 h; analyzed using HPLC. b The initial reaction rate was 0.9736 μM min−1.
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systems with WT was inferior and showed no further obvious
increase during the whole reaction after 4 h, and the highest
conversion was only 1.3% at 48 h in the PDC cascade system.
The conversion and reaction rates of the prochiral ketone
catalyzed by the final variant BPTAM78F/W82A/I284F/T440Q

significantly improved. The conversion rates of the LDH and
LAADH cascade reaction systems were 88.1% and 63.4%,
respectively. The variant BPTAM78F/W82A/I284F/T440Q combined
with the PDC reaction system showed a comparatively higher
conversion of 94.4% at 48 h. This result showed that the
quadruple mutant BPTAM78F/W82A/I284F/T440Q indeed
conspicuously improved the catalytic efficiency for the
asymmetric synthesis of a chiral amine compared with WT.

The reduction of substrate ketone 2b was conducted using
the mutant W82A/M78F/I284F/T440Q and PDC coupling
cascade system at a substrate concentration of 10 mM on a
100 mL scale for 48 h at 30 °C. The reaction mixture was
extracted and evaporated achieving 88.6% yield. The
compound was characterized by 1H NMR ((400 MHz,
chloroform-d) δ 7.29–7.22 (m, 4H), 7.19–7.15 (m, 1H), 3.73 (t,
J = 6.9 Hz, 1H), 1.63 (m, 2H), 1.54 (br, 2H), 0.80 (t, J = 7.4 Hz,
3H)) (Fig. S7†), and 13C NMR spectroscopy ((100 MHz,
chloroform-d) δ 146.5, 128.5 (2C), 127.0, 126.5 (2C), 57.9,
32.5, 11.1) (Fig. S8†). The enantioselective analysis was
carried out by HPLC, and the result is shown in Fig. S9.† We
could observe only one peak at 37.20 min in the chiral HPLC,
demonstrating the high stereoselectivity (up to >99.9%
enantiomeric excess).

Conclusions

In this study, we rationally engineered an (S)-selective
ω-transaminase BPTA to effectively synthesize the bulky aryl
alkyl chiral amine (S)-1-amino-1-phenylpropane, which is not
accommodated by selected natural transaminases. The

results of our mutation experiment showed that W82A plays
a key role in relieving the steric barrier to accept and catalyze
the target aryl alkyl ketone, 1-propiophenone, and M78F,
I284F, and T440Q play an important role in improving the
binding affinity and generation of the classical productive
conformation in the active site. The rational engineering of
the LBP successfully accommodated aryl alkyl substrates with
bulkier small substituents, which are generally located in the
SBP, and the utility of the asymmetric synthesis of chiral
bulky amines was significantly improved relative to WT
without any stereoselectivity loss. The rational engineering
approach adopted in this study could potentially facilitate
active site engineering to create an ω-transaminase variant
that can accommodate structurally diverse substrates.

Experimental
Chemicals

(S)-α-Methylbenzylamine, (S)-phenylpropylamine, (S)-2-methyl-1-
phenyl-1-propanamine, (S)-1-phenylbutan-1-amine, (S)-1-(4-
methylphenyl)ethylamine, (S)-(−)-1-(4-methoxyphenyl)ethylamine,
(S)-(+)-1-aminoindane, (S)-1,2,3,4-tetrahydro-1-naphthalenamine,
(S)-(−)-1-methyl-3-phenylpropylamine, (S)-1-phenoxypropan-2-
amine, phenoxyacetone, 4-phenylbutanone, acetophenone,
propiophenone, isobutyrophenone, butyrophenone, 4′-
methylacetophenone, 4′-methoxyacetophenone, 1-indanone,
1-tetralone, and pyridoxal 5-phosphate hydrate (PLP) were
purchased from Sigma-Aldrich (St. Louis, USA). Other reagents
used in this study were commercially available.

Mutagenesis, overexpression, and purification

An ω-transaminase BPTA (Gene ID: CP001044.1, https://www.
ncbi.nlm.nih.gov/nucleotide) cloned from Burkholderia
phymatum STM815 was ligated into the pET28a (+) expression
vector by double digestion with the Ned I and Hind III restriction

Fig. 3 Comparison of the asymmetric synthesis of (S)-1-amino-1-phenylpropane using the BPTAM78F/W82A/I284F/T440Q mutation and WT. (A)–
(C) present the asymmetric synthesis of a chiral amine by ω-TA BPTA combined with the PDC, LDH and LAADH cascade reaction system,
respectively. (D) Comparison of the conversion rates under various cascade reaction conditions by WT and the mutation M78F/W82A/I284F/T440Q.
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enzymes (Thermo Fisher Scientific, USA) and transformed into
Escherichia coli BL21 (DE3) cells (Thermo Fisher Scientific, USA).
The single point mutation of BPTA was carried out using a
QuickChange Lightning site-directed mutagenesis kit (Agilent
Technologies Co.), according to the manufacturer's
instructions.17 The primers for the mutation (Table S1†) were
designed using the primer design program of Agilent (http://
www.agilent.com). The amplicons were generated by PCR under
the following thermal cycling conditions: 3 min at 95 °C,
followed by 35 cycles at 95 °C for 15 s, annealing at 55 °C for 20
s, extension at 72 °C for 6 min, and a final extension step at 72
°C for 10 min. The amplicons were pooled and extracted using
a FavorPrep™ GEL/PCR purification kit (Favorgen Biotech
Corp., Taiwan). The mutagenesis was confirmed by DNA
sequencing by Sangon Biotech.

We used lysogeny broth (LB) containing 50 μg mL−1

kanamycin for the BPTA overexpression culture, incubating
overnight for 12 h at 37 °C with shaking at 200 rpm. When
the OD600 reached 0.6, isopropyl-β-D-thiogalactoside (IPTG)
was added to the culture at a final concentration of 0.1 mM,
followed by further incubation for 20 h at 20 °C with shaking
at 200 rpm. The culture broth was centrifuged at 10 000g for
20 min at 4 °C to pellet the cells, which were then
resuspended in Tris-HCl buffer (pH = 8.0, 20 mM, containing
0.1 mM PLP). The pellets were disrupted by ultrasonication
at 4 °C, and then centrifuged at 13 000g for 30 min at 4 °C to
harvest crude enzymes in the supernatant.

The His-tagged BPTA enzyme purification was carried out
using an AKTA Explore 100 system (GE Healthcare, USA) using a
His-trap column (GE Healthcare) eluted with a linear gradient
of imidazole (ranging between 10 mM and 0.5 M). The purified
enzymes were concentrated and desalted using ultrafiltration
(Millipore Co., Billerica, USA). The resulting samples were
stored at −80 °C in 30% glycerol stock. The protein
concentration was determined by the Bradford assay.41

Enzyme activity analysis

Unless otherwise specified, the BPTA enzyme assays towards
(S)-1-amino-1-phenylpropane were all performed using an
acetophenone photometric assay42 with slight modifications.
The best determination wavelength for (S)-1-amino-1-
phenylpropane and the corresponding ketone was
ascertained by full wavelength scanning (Fig. S1†). The assay
was performed at 30 °C for 10 min in a total of 200 μL (UV-
Str 96-well plate, 655 801, Greiner Bio-one) containing 2.5
mM (S)-1-amino-1-phenylpropane (amino donor), 2.5 mM
pyruvic acid (amino acceptor), and 15% DMSO. The
production of 1-propiophenone was determined at 242 nm.
One unit of BPTA enzyme activity was defined as the amount
of enzyme that converted 1 μmol of (S)-1-amino-1-
phenylpropane into acetophenone per minute.

Bioinformatic analysis

The models of WT and the variants were constructed by the
searching algorithm of the Swiss modeling website (http://

swissmodel.expasy.org/).43 Molecular docking was carried out
using the Autodock 4.2.6 suite software with the standard
free-energy scoring function and the Lamarckian algorithm
(LGA).16 The center of the grid box was defined in the N atom
of the amino group in the PMP cofactor. The number of runs
of LGA for the substrate ketone (1-propiophenone) and
enzyme (BPTA) was 200. The population was set to 150, the
maximum number of energy evaluations was 2 500 000, and
the maximum number of generations was 27 000. The
molecular dynamics simulation was carried out using Amber
16 with GAFF and the ff99SB force field, and the docking
complex was placed in a solvated box using the TIP3PBOX
model with a spacing distance of 10 Å. Counter ions were
added to neutralize the charge in the solvated complex
system. Two energy minimizations were performed first,
followed by the NVT and NPT ensemble using Langevin
dynamics.44

Kinetic analysis

The kinetic parameters of WT and the variants towards (S)-1-
amino-1-phenylpropane were obtained according to a pseudo
kinetic model built with a fixed concentration of the co-
substrate using the method of Lineweaver and Burk45 with
slight modifications. The KM and kcat values were calculated
from the slopes and y-intercepts of the double reciprocal
plots with various amine concentrations ranging between 0.1
and 2.5 mM. The purified enzymes were saturated with 0.1
mM PLP during purification.

Substrate specificity

The effects of various amino donors were investigated
(Scheme 2). The reaction conditions were as follows: 15%
DMSO, 50 mM (S)-amine, and 50 mM pyruvic acid in 100
mM Tris-HCl buffer (pH = 8.0) containing 0.1 mM PLP at 30
°C for 10 min; analyzed using HPLC. Similarly, to assess the
spectrum of the acceptor, the following reaction conditions
were used to determine the activities: 15% DMSO, 50 mM
ketone, and 250 mM L-Ala (L-alanine) in 100 mM Tris-HCl
buffer (pH = 8.0) containing 0.1 mM PLP at 30 °C for 6 h;
analyzed using HPLC. All assays were performed in triplicate.

Asymmetric synthesis of (S)-1-amino-1-phenylpropane

To improve the reaction efficiency for the asymmetric
synthesis of (S)-1-amino-1-phenylpropane, different cascade
reaction systems were investigated. Reaction conditions 1: 10
mM 1-propiophenone, 250 mM L-Ala, 0.25 g BPTA dry cell
power, 0.125 g pyruvate decarboxylase (PDC) dry cell power,
and 15% DMSO. Reaction conditions 2: 10 mM
1-propiophenone, 250 mM L-Ala, 0.25 g BPTA dry cell power,
0.125 g lactate dehydrogenase (LDH) dry cell power, 0.125 g
glucose dehydrogenase (GDH), 0.25 mM NAD+, 0.25 g
glucose, and 15% DMSO. Reaction conditions 3: 10 mM
1-propiophenone, 250 mM L-Ala, 0.25 g BPTA dry cell power,
0.125 g L-amino acid dehydrogenase (LAADH) dry cell power,
0.125 g glucose dehydrogenase (GDH), 0.25 mM NAD+, 0.25 g
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glucose, 25 mM ammonium formate, and 15% DMSO. Three
reactions were performed in 100 mM Tris-HCl buffer (pH =
8.0) containing 1 mM PLP in a total volume of 10 mL at 30
°C for 48 h at 250 rpm. The 100 mL preparation scale
conditions were as follows: 10 mM 1-propiophenone, 250
mM L-Ala, 2.5 g BPTA dry cell power, 1.25 g pyruvate
decarboxylase (PDC) dry cell power, and 15% DMSO, and the
reaction time was 48 h at 30 °C. After the reaction was
completed, the pH of the mixture was adjusted to 3 to
dissolve (S)-1-amino-1-phenylpropane as much as possible,
and then the mixture was extracted with ethyl acetate three
times. After the extraction, the pH of the mixture was
adjusted to 13 to dissolve the ketones, and amine (S)-1-
amino-1-phenylpropane was extracted three times with ethyl
acetate. Finally, the extractions were collected and evaporated
under vacuum at 40 °C to obtain the purified amine. The
compound was analyzed using enantioselective analysis, as
well as 1H NMR and 13C NMR spectroscopy.

HPLC analysis

HPLC analyses were carried out on an Agilent 1290 U-HPLC
system equipped with a ZORBAX SB-AQ C18 column (4.6 ×
250 mm × 5 μm) (Agilent Technologies Co., USA), heated to
37 °C using various ratios of methanol and water containing
0.1% trifluoroacetic acid (TFA) at 1 mL min−1. The UV
detection was performed at 210 nm. The details of the
elution conditions are described in Table S2.† The
quantitative chiral analyses of the amine products were
performed using a CROWNPAK CR (+) column (4.6 × 150 mm
× 5 μm) (Daicel Co., Japan), heated to 25 °C with 90% HClO4

(pH = 1.5) and 10% methanol at a flow rate of 1 mL min−1.
The peak signal was detected by UV spectrophotometry at
220 nm.
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