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Reductive aminases (RedAms) for the stereoselective amination of ketones represent an
environmentally benign and economically viable alternative to transition metal–catalyzed
asymmetric chemical synthesis. Here, we report two RedAms from Aspergillus calidoustus
(AcRedAm) and bacteria (BaRedAm) with NADPH-dependent features. The enzymes can
synthesize a set of secondary amines using a broad range of ketone and amine substrates
with up to 97% conversion. To synthesize the pharmaceutical ingredient (R)-rasagiline, we
engineered AcRedAm through rational design to obtain highly stereoselective mutants.
The best mutant Q237A from AcRedAm could synthesize (R)-rasagiline with >99%
enantiomeric excess with moderate conversion. The features of AcRedAm and
BaRedAm highlight their potential for further study and expand the biocatalytic toolbox
for industrial applications.
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INTRODUCTION

Chiral amines are valuable building blocks of numerous natural products, active
pharmaceuticals, and other high-value chemicals (Afanasyev et al., 2019; Newman and
Cragg, 2020; Guo et al., 2021; Li et al., 2021; Nguyen and Kou, 2021). Constituting
approximately 40% of new drugs approved by the FDA in recent years, chiral amines
constituted a market value of USD 14 billion in 2020 (de Gonzalo and Lavandera, 2021).
Numerous chemical strategies have been established for the preparation of chiral amines, which
suffer limitations such as low efficiency, low selectivity, and adverse environmental impact. In
contrast, enzymes from renewable resources can afford excellent stereo- and regioselectivity and
catalyze reactions under mild aqueous conditions (Bornscheuer et al., 2012; Matzel et al., 2017;
Wu et al., 2021). Because biochemical reactions can take place without using toxic reagents and
extensive protection and deprotection steps, enzymes are always employed as catalysts for
developing green chemistry; consequently, biosynthesis has received considerable attention
(Ran et al., 2008; Wohlgemuth, 2010; Choi et al., 2015).

Over the last 20 years, a significant number of enzymatic routes have been developed for the
synthesis of chiral amines, among which are enzymes that catalyze the reductive amination of
prochiral ketones into amines: transaminases (TAs), amine dehydrogenases (AmDHs), and imine
reductases (IREDs) have attracted considerable interest (Schrittwieser et al., 2015; Sharma et al.,
2017; D Patil et al., 2018; Grogan, 2018; Liu et al., 2020; Montgomery et al., 2020). Both TAs and
AmDHs are currently limited to the synthesis of primary amines, necessitating subsequent alkylation
chemistry for the synthesis of chiral secondary and tertiary amines (Dold et al., 2016; Knaus et al.,
2017). In particular, IREDs can catalyze the NAD(P)H-dependent reduction of prochiral imines to

Edited by:
Jennifer Ann Littlechild,

University of Exeter, United Kingdom

Reviewed by:
Aitao Li,

Hubei University, China
Dirk Tischler,

Ruhr University Bochum, Germany

*Correspondence:
Li Cui

cuili@sjtu.edu.cn
Yan Feng

yfeng2009@sjtu.edu.cn

Specialty section:
This article was submitted to

Bioprocess Engineering,
a section of the journal

Frontiers in Bioengineering and
Biotechnology

Received: 19 October 2021
Accepted: 24 November 2021
Published: 22 December 2021

Citation:
Zhang K, He Y, Zhu J, Zhang Q,
Tang L, Cui L and Feng Y (2021)

Engineering of Reductive Aminases for
Asymmetric Synthesis of
Enantiopure Rasagiline.

Front. Bioeng. Biotechnol. 9:798147.
doi: 10.3389/fbioe.2021.798147

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org December 2021 | Volume 9 | Article 7981471

ORIGINAL RESEARCH
published: 22 December 2021

doi: 10.3389/fbioe.2021.798147

http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2021.798147&domain=pdf&date_stamp=2021-12-22
https://www.frontiersin.org/articles/10.3389/fbioe.2021.798147/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.798147/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.798147/full
http://creativecommons.org/licenses/by/4.0/
mailto:cuili@sjtu.edu.cn
mailto:yfeng2009@sjtu.edu.cn
https://doi.org/10.3389/fbioe.2021.798147
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2021.798147


chiral amines (Mitsukura et al., 2010) and prefer the reduction of
cyclic imine substrates but lead to poor conversion with the
amination of prochiral ketones (Huber et al., 2014; Wetzl et al.,
2016).

Notably, Turner et al. reported an NADPH-dependent
reductive aminase (AspRedAm) from Aspergillus oryzae in
2017, which was identified as a subclass of IREDs and could
catalyze intermolecular reductive amination of a wider range of
ketones and amines with high activity in aqueous media (Aleku
et al., 2017). Compared to the multistep chemical routes and
other biocatalysts, including TAs and AmDHs, the RedAm
approaches show considerable efficiency in producing all types
of chiral amines from ketones and amines in a single
condensation step with new C-N single bond formation. In
particular, AspRedAm enabled the formation of the anti-
Parkinson’s agent (R)-rasagiline directly from indanone and
propargylamine. In some cases, AspRedAm also displayed high
reactivity by catalyzing reductive amination with ketone: amine
ratios as low as 1:1 (Aleku et al., 2017).

Subsequently, Turner’s group also disclosed new
thermotolerant fungal RedAms that could utilize cheap
ammonium salts as amine donors to produce primary amines
and perform continuous flow biotransformation under mild
conditions (Mangas-Sanchez et al., 2020). Taking advantage of
anNADPHcofactor regeneration system and a variety of amines as
amino donors, the RedAm-catalyzing process of reductive
amination maximizes the atom economy, thereby contributing
to environmentally sustainable development. These study results
showed that RedAms possess prominent industrial advantages,
such as broad substrate scope and excellent stereoselectivity for the
synthesis of chiral amines. The remarkable features of known
RedAms highlight their great potential for application and have
already been successfully applied in industry (Schober et al., 2019).

Currently, the development of RedAms is still limited. Herein,
we aimed to apply a sequence structure mining strategy to explore
new RedAms for enabling the synthesis of some active
pharmaceutical ingredients and scaffolds and engineer them
for the synthesis of desired enantiopure products combined
with directed evolution. The asymmetric synthesis of rasagiline
was chosen as the model reaction because (R)-rasagiline is an
effective anti-Parkinson’s agent, and (S)-rasagiline has also been
proven to provide prominent cardioprotective activity (Chen
et al., 2007; Berdichevski et al., 2010; Leegwater-Kim and
Bortan, 2010; Weinreb et al., 2010; Ertracht et al., 2011).

In this study, the enzymatic properties of the candidate
RedAms were investigated, they were successfully engineered
to produce enantiopure rasagiline, and their synthetic potential
as catalysts for accessing rasagiline in one step was explored.

MATERIAL AND METHODS

Strains, Plasmids, and Chemicals
Commercially available chemicals and reagents were purchased
from Bidepharm (Shanghai, China), Macklin (Shanghai, China),
Energy Chemical (Anhui, China), TCI (Shanghai, China), Kai
Wei Chemical (Shanghai, China), Aladdin (Shanghai, China),

J&K (Beijing, China), Amethyst (Beijing, China), Collins
(Shanghai, China), Adamas (Shanghai, China), Sigma-Aldrich
(St. Louis, MO, United States), or Acros Organics (Geel, Belgium)
unless stated otherwise. Glucose dehydrogenase (GDH) was
purchased from Aladdin (Shanghai, China). Restriction
enzymes, T4 DNA ligase, and DNA polymerases were
purchased from New England Biolabs or Takara Bio.
Chemically competent E. coli Trans5α and BL21(DE3) were
purchased from TransGen Biotech (Beijing, China). pET28a
was obtained from our laboratory. The codon-optimized genes
for the candidate RedAms were synthesized and cloned into
pUC18 using GenScript (Nanjing, China). All kits for mini-
preparation of DNA, PCR purification, and gel extraction were
purchased from Axygen (Hangzhou, China).

Phylogenetic Tree Building and Protein
Sequence Structure Analysis
Homologous protein sequences were searched using the BLASTP
algorithm (Altschul et al., 2005). The previously reported protein
sequences of AspRedAm (accession no. XP_001827659) and
AtRedAm (accession no. XP_001217087) were used as search
queries in the GenBank non-redundant protein sequence
database. Multiple sequence alignments were performed using
ClustalW (Thompson et al., 1994). The phylogenetic tree was
constructed using MEGA7 with maximum likelihood algorithms
(Kumar et al., 2016). The protein sequences in the phylogenetic
tree were submitted to SWISS-MODEL for modeling
(Waterhouse et al., 2018). The predicted protein structures
were aligned using PyMOL to analyze and compare the
structural similarities and active pockets with AspRedAm.

Gene Cloning, Expression, and Protein
Purification
The codon-optimized genes encoding the candidate RedAms were
incorporated into the vector pET28a between Ndel and Xhol
restriction sites. The constructed plasmids were confirmed by
sequencing and then transformed into Escherichia coli
BL21(DE3) chemically competent cells by heat shock. The
transformed E. coli cells were cultivated in 500ml LB medium
with 50 μg/ml kanamycin at 37°C with shaking at 220 rpm. At
OD600 between 0.6 and 0.8, isopropyl-β-D-thiogalactopyranoside
(IPTG) was added to a final concentration of 0.5 mM to induce
protein expression. Incubation was continued at 18°C and 220 rpm
for 12 h. The cells were then harvested by centrifugation and
disrupted by ultrasonication in 100 mM Tris–HCl buffer (pH
8.0). Recombinant proteins were purified from the supernatant
by Ni-affinity chromatography. Purified proteins were examined by
SDS-PAGE. The concentration of proteins was measured based on
the absorbance at 280 nm by using a NanoDrop spectrophotometer
(ThermoFisher), and the extinction coefficients were determined by
the selected sample type and baseline correction.

RedAm-Catalyzing Biotransformation
The reductive amination reaction was performed in 100 mM
Tris–HCl buffer (pH 9.0) containing 1 mg/ml purified RedAm,
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0.7 mg/ml GDH (Aladdin), 30 mM D-glucose, 1 mM NADP+,
5 mM ketone, an appropriate ratio of amine (in buffer adjusted to
pH 9.0), and 2% (v/v) DMSO. The final reaction volume was
made up to 500 µL using Tris–HCl buffer. The reaction mixture
was incubated at 25°C with shaking at 220 rpm for 24 h. Then
30 µL of 10 M NaOH was added to quench the reaction. The
reaction mixture was extracted twice with 500 µL of tert-butyl
methyl ether. The organic fractions were combined, dried over
anhydrous MgSO4, and analyzed using HPLC or GC-FID (Aleku
et al., 2017).

Large-scale reactions for synthesizing rasagiline were carried
out using 1 mg/ml purified wild-type RedAms or variant,
0.7 mg/ml GDH, 100 mM D-glucose, 1 mM NADP+, 5 mM
indanone, 250 mM propargylamine, and 2% (v/v) DMSO in
100 mM pH 9.0 Tris buffer. The final reaction volume was made
up to 50 ml using Tris–HCl buffer. The reaction mixture was
incubated at 25°C with shaking at 220 rpm for 180 h. Then
200 μL of the sample was taken at different time points from 2 to
180 h. The sample was quenched by adding 10 µL of 10 M
NaOH and extracted twice with 200 µL of tert-butyl methyl
ether. The organic layers were combined, dried over anhydrous

MgSO4, and analyzed using HPLC or GC-FID (Mangas-
Sanchez et al., 2020).

Kinetic Assays
To determine the kinetic parameters of AcRedAm and variants for
indanone 9, a typical reaction mixture contained 0.002–10mM of
ketone 9, 20 mM propargylamine e from buffer stock adjusted to
pH 9.0, 0.2 mM NADPH, 1% DMSO, and purified enzymes at
appropriate concentrations in a total volume of 200 µL (100mM
Tris-HCl, pH 9.0). Activity measurements were performed in
triplicate at 340 nm (ε � 6.22 mM−1 cm−1) using a UV-2550
spectrophotometer (Shimadzu, Japan). The kinetic constants
were obtained through nonlinear regression based on the
Michaelis–Menten equation (GraphPad Prism 8.0).

Homology Modeling and Docking Analysis
The homology model of AcRedAm was constructed based on the
X-ray structure of AspRedAm (PDB code: 5G6S), using SWISS-
MODEL. The docking of the NADPH cofactor, substrates, or
product rasagiline into the simulation structure of AcRedAm was
performed using the Glide SP program in the Schrödinger

FIGURE 1 | Phylogenetic tree of AspRedAm, AtRedAm, and potential RedAms. Four major clades were observed, in which four sequences from distinct clades
were selected as candidates. The start sequences and candidate sequences are highlighted in green and red, respectively.
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package. The residues were evaluated and analyzed using
Molecular Operating Environment (MOE) software.

Library Construction and Expression
Site saturation mutagenesis libraries were constructed by overlap
extension PCR with primers containing NNK degenerate codons
(Horton et al., 2013), which are listed in Supplementary Section
S6. All transformed libraries were plated to single colony density
on LB agar plates containing 50 μg/ml kanamycin and grown
overnight at 37°C. To obtain the other 19 amino acid exchange
mutants from each library, single colonies were picked and
confirmed by sequencing. Expression and purification of the
confirmed mutants were performed as previously described.

RESULTS AND DISCUSSION

Computational Exploration of the Novel
RedAms Basing on the Sequence and
Structure
Protein exploration based on inquiring sequences and structures
is an effective strategy to discover novel enzymes from gene or
protein databases. As representative reductive aminases,
AspRedAm and AtRedAm have been well studied for their
structure and catalytic mechanism (Aleku et al., 2017; Sharma
et al., 2018). To inform the survey, the sequences of AspRedAm
(accession no. XP_001827659) and AtRedAm (accession no.

XP_001217087) were used as query sequences for a BLAST
search of the databases. Bioinformatics filters (identity >45%
and <90%; align length >90%; containing key motifs of RedAms;
host of different microorganisms) were used to recruit potential
protein sequences. The results of the homologous sequences were
then processed by phylogenetic analysis (Figure 1). The
phylogenetic tree consisted of four major clades, in which the
starting sequences AspRedAm and AtRedAm belonged to clades
A and B, respectively.

Subsequently, a systematic computational analysis of the
sequence and structural characteristics of proteins in each
major clade was conducted to predict the activity and
structure-related enzymatic properties of these proteins. The
protein of each major clade was submitted to SWISS-MODEL
to model their three-dimensional structures, and then each
simulated structure was aligned to the crystal structure of
AspRedAm (PDB code: 5G6S). Three reductive aminases from
eukaryotic sources and one from bacteria were finally identified
based on their similar folding and conservative active pockets to
AspRedAm through structural alignment. AsRedAm (from
Aspergillus steynii, accession no. XP_024702748), AcRedAm
(from Aspergillus calidoustus, accession no. CEL10946),
AthRedAm (from Aspergillus thermomutatus, accession no.
XP_026611125) and BaRedAm (from bacterium, accession no.
PZN88780) displayed 63, 62, 54, and 46% overall sequence
homology with AspRedAm, respectively. As potential RedAm
targets, they all possessed conserved residues such as N93, D169,
Y177, and Q240 in AspRedAm, which were suggested to be

FIGURE 2 | Selected ketones (A) and amines (B) for the substrate screening of RedAms. (C) RedAm-catalyzing reductive amination using selected substrates to
access different amines. Reaction conditions: ketone/aldehyde (5 mM), amine (1–50 eq.), RedAm (1 mg ml−1), NADP+ (1 mM), GDH (0.7 mg ml−1), D-glucose (30 mM),
and Tris–HCl buffer (100 mM, pH 9.0), 25°C, 220 rpm, 24 h. Conversion determined by HPLC or GC-FID analysis.
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important in catalysis in the template model (Supplementary
Figure S1) (Aleku et al., 2017; Sharma et al., 2018). Furthermore,
the phylogenetic relationships of four candidates with known
IREDs and RedAms revealed that they belonged to the subclass of
IREDs, which might possess the capability for reductive
amination reactions (Supplementary Figure S2). In the
following experiments, the genes of the target RedAms were
cloned and expressed in E. coli BL21 (DE3); AcRedAm from
Aspergillus calidoustus, and BaRedAm from bacteria displayed
high levels of soluble expression, but the other two were expressed
in an insoluble form in inclusion bodies (Supplementary Figure
S4). Therefore, soluble AcRedAm and BaRedAmwere purified by
Ni-NAT affinity chromatography for in vitro enzymatic assays.

Combinatorial Biosynthesis for Chiral
Amines Conducted by the New Explored
AcRedAm and BaRedAm
A panel of structurally diverse ketones 1-9 and amines a-j was
selected to study the reductive amination activity of the novel
enzymes (Figures 2A,B). The ketones and amines were arranged
according to the properties of their chains. The substrate scope of
AcRedAm and BaRedAm was initially assessed by combining a
set of ketones (1–9) with different amines. A clear preference for
amines e and f was observed (Supplementary Table S2).
Subsequently, enzyme-catalyzed reductive amination reactions
were conducted with the substrates in an appropriate ratio
(Figure 2C). Reductive amination reactions with both aliphatic

ketones and aromatic ketones catalyzed by these two RedAms
afforded amine products with moderate to excellent conversion
(Figure 2C).

In several cases, even equimolar concentrations of ketone and
amine resulted in high conversion of 81–95% (Figure 2C,
products 4e, 4f); hexan-2-one 1 and cyclopentanone 3 were
aminated with one equivalent of e, f, or i by each enzyme with
a conversion between 20 and 64%; one equivalent of benzylamine
i aminated with ketone 4 or 5 yielded 3–69% conversion to the
secondary amine, which was indicative of the genuine reductive
amination capacity of these enzymes (Sharma et al., 2018). Ester 2
was aminated with 20 equivalents of e or f by each enzyme with a
conversion between 34 and 88%.

In the case of 2e, enantiomeric excess (ee) values between 13
and 78% were observed. Ammonia a was also directly accepted as
a donor, giving 96% and 73% conversion by AcRedAm and
BaRedAm when coupled with carbonyl acceptor 4,
respectively. Benzaldehyde 6 gave secondary amines with 4
equivalents of b, e, f, h, or i, with a conversion of 12–72%. In
the presence of some carbonyl acceptors (e.g., 2, 7, and 8),
amination with various amines, including ethylamine b,
propargylamine e, and cyclopropylamine f, proceeded with
higher conversion of up to 97% when using BaRedAm
compared to AcRedAm. Products 4a, 4b, 4f, 4i, 6e, 6h, 7b, and
8f could also be used as relevant scaffolds for the manufacture of
some pharmaceuticals (Figure 2C). Furthermore, AcRedAm and
BaRedAm were both able to directly produce rasagiline 9e
starting from 1-indanone 9 and propargylamine e in 44%

FIGURE 3 | (A) Homology model of the AcRedAm dimeric structure in complex with NADPH (gray) and the iminium intermediate of 9e (green) incorporated by
docking. (B) The binding pocket of AcRedAm is shown, which is at the dimer interface (red, polar; white, hydrophobic; magenta, exposed). (C) The residues located
within 8 Å of the iminium intermediate are shown as sticks. Carbon atoms of subunits A and B are shown in cyan and orange, respectively.
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conversion (44% ee (S)-rasagiline) and 14% conversion (22% ee
(R)-rasagiline), respectively.

Rational Engineering of RedAms for
Enantiospecific Improvement of the
Rasagiline Synthesis
The initial results not only suggested that AcRedAm and
BaRedAm displayed activity for producing rasagiline 9e
starting from 1-indanone 9 and propargylamine e but also

prompted in-depth engineering of these enzymes for the
synthesis of enantiopure rasagiline as the pharmaceutical
ingredient (R)-rasagiline is an anti-Parkinson’s agent, and (S)-
rasagiline provides prominent cardioprotective activity.
AcRedAm was first selected for engineering because it afforded
higher conversion to rasagiline 9e than BaRedAm.

The homology model of AcRedAm was generated by SWISS-
MODEL using the crystal structure of AspRedAm (PDB code:
5G6S) as the template, and the iminium intermediate of 9e and
cofactor NADPH were docked to determine residues near or in
the binding pocket (Figures 3A,B). The residues located within
8 Å of the iminium intermediate were obtained (Figure 3C). By
limiting the analysis of this subset of residues, two amino acids
(L90 and I117) and five amino acids (L172, W207, Y214, M236,
and Q237) might potentially affect amine e and 1-indanone 9
binding and are involved in product recognition, respectively
(Figure 3C; Supplementary Figure S8). Therefore, these 7
amino acids were targeted for single-site saturation
mutagenesis. The remaining positions were discounted
because they (N92, D168, and Y176) might have important
roles in catalysis according to the structure alignment of
AcRedAm and AspRedAm. M118 forms a hydrogen bond
with the carbon atom of amine e, and others are far from the
substrates compared to the target amino acids (Supplementary
Figure S8).

Mutant Characterization of RedAms for the
Synthesis of Enantiopure Rasagiline
After identification of the saturation mutagenesis at position 90, a
total of 10 variants were purified with soluble expression,
indicating that position 90 is a key residue influencing the
correct folding of AcRedAm and has a slight effect on the
enantioselectivity of the product rasagiline (Supplementary
Figure S9). Other positive mutations were identified at
positions 207 and 214, with several variants showing slightly
improved activity and most of the variants with a high degree of
enantioselectivity toward the enantiomer (S)-9e (up to >99% ee)
(Figures 4A,B). W207C showed the highest activity, which was
1.2-fold that of the wild-type enzyme. In case of single-site
saturation mutations at positions 117, 172, 236, and 237, most
of the mutants exhibited decreased activity, but several variants
such as L172V, Q237N, Q237S, Q237G, and Q237A had
moderate to excellent enantioselectivity toward the desired
enantiomer (R)-9e, with values of 40% ee up to >99% ee
(Figure 4C; Supplementary Figure S9).

The best-performing mutant was Q237A, which retained
70% activity and had excellent activity toward (R)-9e with
values > 99% ee (Figure 4C). To investigate the molecular
mechanisms of these beneficial mutations, the product (S)-
or (R)-rasagiline and cofactor NADPH were docked into the
binding pocket of mutant W207C and Q237A, respectively. The
small side chain of C207 was likely to avoid steric hindrance at
the bulky indane ring of (S)-9e and accommodate the
enantiomer (S)-9e, leading to the distance between the
reactive carbon atom of (S)-9e and the hydride donating
carbon (C4) of the nicotinamide of NADPH being reduced,

FIGURE 4 |Relative activity and ee values of saturation variants from site
207 (A), 214 (B) and 237 (C) of AcRedAm for the synthesis of rasagiline.
MutantW207D formed insoluble inclusion bodies. NA indicates no activity; ND
indicates not determined for ee value. The activity of the wild-type
enzyme was set as 100%. Error bars represent the standard deviations of
three replicates.
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which is conducive to the reduction of the iminium ion
intermediate, thereby improving the activity (Figures 5A,C)
(Sharma et al., 2018; Wang et al., 2021).

However, the small side chain (from alanine, glycine, or
serine) at site 237 could also avoid steric hindrance at the
bulky indane ring of (R)-9e and could accommodate the

FIGURE 5 | Binding pockets (red, polar; white, hydrophobic; magenta, exposed) and distance between the reactive carbon atom of 9e and the hydride donating
carbon (C4) of the nicotinamide of NADPH. (A) AcRedAm; (B) AcQ237A; (C) AcW207C; (D) AcW207S/Y214C. NADPH, (R)-rasagiline, and (S)-rasagiline are shown in
gray, blue, and yellow, respectively.

FIGURE 6 | Relative activity and ee values of the double-point mutants for rasagiline synthesis. The activity of wild-type enzyme was set as 100%. Error bars
represent the standard deviations of three replicates.
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enantiomer (R)-9e; however, the distance between the reactive
carbon atom of (R)-9e and the hydride donating carbon (C4) of
the nicotinamide of NADPH increased, resulting in decreased
reaction efficiency (Figures 5A,B) (Sharma et al., 2018; Wang
et al., 2021). Moreover, the corresponding residue Q257 from
BaRedAm was selected for single-site saturation mutagenesis to
investigate its role. Interestingly, the mutants of Q257 could also
confer a complete inversion of enantioselectivity toward
rasagiline (Supplementary Figure S11), further proving that
the residue plays a key role in RedAms.

To obtain the optimal mutant with better activity, the mutants
showing slightly improved activity were recombined. Although
there was no significant increase in activity, all double-point
mutants displayed excellent enantioselectivity toward the
enantiomer (S)-9e (>99% ee) (Figure 6). W207S/Y214C was
the best-performing mutant, with a 1.3-fold increase in the
activity of the wild-type enzyme. For mutant W207S/Y214C,
substitution of these two residues with less polar residues could
also avoid steric hindrance at the bulky indane ring of (S)-9e and
alter the microenvironment of the binding pocket to
accommodate the enantiomer (S)-9e; the distance between the
reactive carbon atom of (S)-9e and the hydride donating carbon

(C4) of the nicotinamide of NADPH was reduced, thereby
improving the activity (Figures 5A,D).

Determination of the kinetic parameters showed that bothQ237A
and Q237G displayed a decrease in Km and kcat for indanone 9
compared to the wild type, which indicated that they had increased
affinity but decreased activity for substrate 9 (Table 1). In contrast to
the results for both Q237A and Q237G mutants, W207C and
W207S/Y214C showed a slight increase in Km and kcat for ketone
9 compared to the wild type, suggesting that they exhibited increased
activity but decreased affinity for substrate 9 (Table 1).

Synthetic Potential Evaluation of RedAms
for Producing Rasagiline in Large Scale
Rasagiline has been reported to be synthesized in high conversion (up to
91%)using IREDson apreparative scale but failed to obtain enantiopure
products (Matzel et al., 2017). Although the known AspRedAm and its
variants were reported to have high enantioselectivity for rasagiline (ee
value up to 98%), their potential for the preparative scale has not been
explored (Aleku et al., 2017). The approach of enantiopure rasagiline
bioproduction has become more attractive.

To test the synthetic potential of the candidate RedAms and
mutants in this study, a series of large-scale reactions were performed.
By applying 9 and e as substrates, the reaction conditions were
investigated on an analytical scale prior to conducting the large-
scale reaction. The concentrations of ketone, amine, and enzyme
loading were investigated as described in detail in Supplementary
Section S7 and Supplementary Figure S12. Under optimal
conditions, rasagiline 9e was obtained with 70% conversion (yield:
60%) employing AcRedAm after 60 h, and enantiopure (R)-rasagiline
(ee > 99%) was also successfully synthesized with the Q237A variant
on a large scale to afford a product with a conversion of 51% (yield:
42%) after 120 h (Figure 7). Interestingly, 83% conversion (yield:
72%) was achieved using BaRedAm for 180 h, which was consistent
with the previous result that BaRedAm possessed greater thermal
stability than AcRedAm (Figure 7 and Supplementary Figure S7).

CONCLUSION

In summary, the exploration and characterization of two new reductive
aminases, AcRedAm, from A. calidoustus, and BaRedAm, from
bacteria are reported. Both showed a broad substrate scope and
could directly produce primary and secondary amines, including
some pharmaceutically relevant scaffolds and valuable amine
enantiomer rasagiline in a one-pot reaction. Moreover, BaRedAm
displayed greater thermostability than the previously reported
RedAms, which highlights its potential as a biocatalyst in industrial
processes. AcRedAm was successfully engineered for the synthesis of
the pharmaceutically enantiopure rasagiline through rational design.
Some key residues were identified, which could confer a significant
improvement or a complete inversion of enantioselectivity toward
rasagiline by a single-site mutant of AcRedAm, such as W207, Y214,
and Q237. Finally, the synthetic potential of rasagiline synthesis was
explored through a large-scale reaction usingAcRedAm, BaRedAm, or
AcRedAm Q237A mutants. Taken together, our work paved the way
for further engineering other RedAms and developed a biocatalytic

TABLE 1 | Kinetic constants of AcRedAm and its variants toward 1-indanone 9.

Enzyme Km (mM) kcat (s
−1) kcat/Km (s−1mM−1)

Wild type 0.016 ± 0.004 0.017 ± 0.001 1.063 ± 0.041
Q237A 0.009 ± 0.001 0.007 ± 0.001 0.778 ± 0.021
Q237G 0.004 ± 0.001 0.002 ± 0.001 0.500 ± 0.030
W207C 0.018 ± 0.002 0.022 ± 0.001 1.222 ± 0.044
Y214M 0.012 ± 0.004 0.014 ± 0.002 1.167 ± 0.021
W207S/Y214C 0.021 ± 0.004 0.026 ± 0.002 1.238 ± 0.026

Conditions: 0.002-10 mM 1-indanone 9 concentration, 20 mM propargylamine e,
RedAm (5-250 ug), NADPH (0.2 mM), 1%(v/v) DMSO, and Tris buffer (100 mM, pH 9.0).

FIGURE 7 | Time course of the reactions. Conversion over time to
rasagiline was measured with HPLC and GC (AcRedAm green, Q237A red,
BaRedAm blue). Conditions: 5 mM 1-indanone 9, 250 mM propargylamine e,
RedAm 1 mg/ml, 100 mM glucose, 1 mM NADP+, and 0.7 mg/ml
glucose dehydrogenase. Reactions were incubated at 25°C, 220 rpm.
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toolbox for eco-friendly enzymatic asymmetric synthesis of
pharmaceuticals containing chiral amines.

DATA AVAILABILITY STATEMENT

The datasets presented in the study are included in the article/
Supplementary Material, further inquiries can be directed to the
corresponding author/s. Additionally, sequence data have been
deposited in Genbank with the accession number OL468622 and
OL468617.

AUTHOR CONTRIBUTIONS

YF and KZ designed the experiments. KZ, YH, JZ, and QZ
conducted the experiments. YF, LC, and LT helped with the

data analysis. KZ, LC, and YF wrote the manuscript. All authors
read and approved the final manuscript.

FUNDING

This work was financially supported by the National Key
Research and Development Program of China
2020YFA0907700, National Natural Science Foundation of
China 31620103901, 31770098, and 21977067.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2021.798147/
full#supplementary-material

REFERENCES

Afanasyev, O. I., Kuchuk, E., Usanov, D. L., and Chusov, D. (2019). Reductive
Amination in the Synthesis of Pharmaceuticals. Chem. Rev. 119 (23),
11857–11911. doi:10.1021/acs.chemrev.9b00383

Aleku, G. A., France, S. P., Man, H., Mangas-Sanchez, J., Montgomery, S. L.,
Sharma, M., et al. (2017). A Reductive Aminase from Aspergillus oryzae. Nat.
Chem. 9 (10), 961–969. doi:10.1038/nchem.2782

Altschul, S. F., Wootton, J. C., Gertz, E. M., Agarwala, R., Morgulis, A., Schäffer, A. A.,
et al. (2005). Protein Database Searches Using Compositionally Adjusted Substitution
Matrices. FEBS J. 272 (20), 5101–5109. doi:10.1111/j.1742-4658.2005.04945.x

Berdichevski, A., Meiry, G., Milman, F., Reiter, I., Sedan, O., Eliyahu, S., et al.
(2010). TVP1022 Protects Neonatal Rat Ventricular Myocytes against
Doxorubicin-Induced Functional Derangements. J. Pharmacol. Exp. Ther.
332 (2), 413–420. doi:10.1124/jpet.109.161158.10

Bornscheuer, U. T., Huisman, G., Kazlauskas, R., Lutz, S., Moore, J., and Robins, K.
(2012). Engineering the Third Wave of Biocatalysis. Nature 485 (7397),
185–194. doi:10.1038/nature11117

Chen, J. J., Swope, D. M., and Dashtipour, K. (2007). Comprehensive Review of
Rasagiline, a Second-Generation Monoamine Oxidase Inhibitor, for the
Treatment of Parkinson’s Disease. Clin. Ther. 29 (9), 1825–1849.
doi:10.1016/j.clinthera.2007.09.021

Choi, J. M., Han, S. S., and Kim, H. S. (2015). Industrial Applications of Enzyme
Biocatalysis: Current Status and Future Aspects. Biotechnol. Adv. 33 (7),
1443–1454. doi:10.1016/j.biotechadv.2015.02.014

D Patil, M., Grogan, G., Bommarius, A., and Yun, H. (2018). Recent
Advances in ω-transaminase-mediated Biocatalysis for the
Enantioselective Synthesis of Chiral Amines. Catalysts 8 (7), 254.
doi:10.3390/catal8070254

de Gonzalo, G., and Lavandera, I. (2021). Biocatalysis for Practitioners: Techniques,
Reactions and Applications. Hoboken, New Jersey, US: John Wiley & Sons.

Dold, S. M., Syldatk, C., and Rudat, J. (2016). Transaminases and Their
Applications. Green. Biocatalysis 24, 715–746. doi:10.1002/
9781118828083.ch29

Ertracht, O., Liani, E., Bachner-Hinenzon, N., Bar-Am, O., Frolov, L., Ovcharenko,
E., et al. (2011). The Cardioprotective Efficacy of TVP1022 in a Rat Model of
Ischaemia/reperfusion. Br. J. Pharmacol. 163 (4), 755–769. doi:10.1111/j.1476-
5381.2011.01274.x

Grogan, G. (2018). Synthesis of Chiral Amines Using Redox Biocatalysis. Curr.
Opin. Chem. Biol. 43, 15–22. doi:10.1016/j.cbpa.2017.09.008

Guo, Z., Xie, J., Hu, T., Chen, Y., Tao, H., and Yang, X. (2021). Kinetic Resolution of
N-Aryl β-amino Alcohols via Asymmetric Aminations of Anilines. Chem.
Commun. 57 (74), 9394–9397. doi:10.1039/D1CC03117A

Horton, R. M., Cai, Z., Ho, S. N., and Pease, L. R. (2013). Gene Splicing by Overlap
Extension: Tailor-Made Genes Using the Polymerase Chain Reaction.
Biotechniques 54 (3), 129–133. doi:10.2144/000114017

Huber, T., Schneider, L., Präg, A., Gerhardt, S., Einsle, O., and Müller, M. (2014).
Direct Reductive Amination of Ketones: Structure and Activity of S-selective
Imine Reductases from Streptomyces. ChemCatChem 6 (8), 2248–2252.
doi:10.1002/cctc.201402218

Knaus, T., Böhmer, W., and Mutti, F. G. (2017). Amine Dehydrogenases: Efficient
Biocatalysts for the Reductive Amination of Carbonyl Compounds. Green.
Chem. 19 (2), 453–463. doi:10.1039/c6gc01987k

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular Evolutionary
Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol. Evol. 33 (7),
1870–1874. doi:10.1093/molbev/msw054

Leegwater-Kim, J., and Bortan, E. (2010). The Role of Rasagiline in the Treatment
of Parkinson’s Disease. Clin. interventions Aging 5, 149. doi:10.2147/cia.s4145

Li, F., Liang, Y., Wei, Y., Zheng, Y., Du, Y., and Yu, H. (2021). Biochemical and
Structural Characterization of an (R)-Selective Transaminase in the
Asymmetric Synthesis of Chiral Hydroxy Amines. Adv. Synth. Catal. 363
(19), 4582–4589. doi:10.1002/adsc.202100636

Liu, L., Wang, D. H., Chen, F. F., Zhang, Z. J., Chen, Q., Xu, J. H., et al. (2020).
Development of an Engineered Thermostable Amine Dehydrogenase for the
Synthesis of Structurally Diverse Chiral Amines. Catal. Sci. Tech. 10 (8),
2353–2358. doi:10.1039/D0CY00071J

Mangas-Sanchez, J., Sharma, M., Cosgrove, S. C., Ramsden, J. I., Marshall, J. R.,
Thorpe, T. W., et al. (2020). Asymmetric Synthesis of Primary Amines
Catalyzed by Thermotolerant Fungal Reductive Aminases. Chem. Sci. 11
(19), 5052–5057. doi:10.1039/D0SC02253E

Matzel, P., Gand, M., and Höhne, M. (2017). One-step Asymmetric Synthesis of
(R)-and (S)-rasagiline by Reductive Amination Applying Imine Reductases.
Green. Chem. 19 (2), 385–389. doi:10.1039/C6GC03023H

Mitsukura, K., Suzuki, M., Tada, K., Yoshida, T., and Nagasawa, T. (2010).
Asymmetric Synthesis of Chiral Cyclic Amine from Cyclic Imine by
Bacterial Wshole-Cell Catalyst of Enantioselective Imine Reductase. Org.
Biomol. Chem. 8 (20), 4533–4535. doi:10.1039/C0OB00353K

Montgomery, S. L., Pushpanath, A., Heath, R. S., Marshall, J. R., Klemstein, U.,
Galman, J. L., et al. (2020). Characterization of Imine Reductases in Reductive
Amination for the Exploration of Structure-Activity Relationships. Sci. Adv. 6
(21), eaay9320doi:10.1126/sciadv.aay9320

Newman, D. J., and Cragg, G.M. (2020). Natural Products as Sources of NewDrugs
over the Nearly Four Decades from 01/1981 to 09/2019. J. Nat. Prod. 83 (3),
770–803. doi:10.1021/acs.jnatprod.9b01285

Nguyen, V. K., and Kou, K. G. (2021). The Biology and Total Syntheses of
Bisbenzylisoquinoline Alkaloids. Org. Biomol. Chem. 19 (35), 7535–7543.
doi:10.1039/D1OB00812A

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org December 2021 | Volume 9 | Article 7981479

Zhang et al. Novel RedAms for (R)-Rasagiline Synthesis

https://www.frontiersin.org/articles/10.3389/fbioe.2021.798147/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2021.798147/full#supplementary-material
https://doi.org/10.1021/acs.chemrev.9b00383
https://doi.org/10.1038/nchem.2782
https://doi.org/10.1111/j.1742-4658.2005.04945.x
https://doi.org/10.1124/jpet.109.161158.10
https://doi.org/10.1038/nature11117
https://doi.org/10.1016/j.clinthera.2007.09.021
https://doi.org/10.1016/j.biotechadv.2015.02.014
https://doi.org/10.3390/catal8070254
https://doi.org/10.1002/9781118828083.ch29
https://doi.org/10.1002/9781118828083.ch29
https://doi.org/10.1111/j.1476-5381.2011.01274.x
https://doi.org/10.1111/j.1476-5381.2011.01274.x
https://doi.org/10.1016/j.cbpa.2017.09.008
https://doi.org/10.1039/D1CC03117A
https://doi.org/10.2144/000114017
https://doi.org/10.1002/cctc.201402218
https://doi.org/10.1039/c6gc01987k
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.2147/cia.s4145
https://doi.org/10.1002/adsc.202100636
https://doi.org/10.1039/D0CY00071J
https://doi.org/10.1039/D0SC02253E
https://doi.org/10.1039/C6GC03023H
https://doi.org/10.1039/C0OB00353K
https://doi.org/10.1126/sciadv.aay9320
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.1039/D1OB00812A
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Ran, N., Zhao, L., Chen, Z., and Tao, J. (2008). Recent Applications of Biocatalysis
in Developing green Chemistry for Chemical Synthesis at the Industrial Scale.
Green. Chem. 10 (4), 361–372. doi:10.1039/B716045C

Schober, M., MacDermaid, C., Ollis, A. A., Chang, S., Khan, D., Hosford, J., et al.
(2019). Chiral Synthesis of LSD1 Inhibitor GSK2879552 Enabled by Directed
Evolution of an Imine Reductase. Nat. Catal. 2 (10), 909–915. doi:10.1038/
s41929-019-0341-4

Schrittwieser, J. H., Velikogne, S., and Kroutil, W. (2015). Biocatalytic Imine
Reduction and Reductive Amination of Ketones. Adv. Synth. Catal. 357 (8),
1655–1685. doi:10.1002/adsc.201500213

Sharma, M., Mangas-Sanchez, J., France, S. P., Aleku, G. A., Montgomery, S. L.,
Ramsden, J. I., et al. (2018). A Mechanism for Reductive Amination Catalyzed
by Fungal Reductive Aminases. ACS Catal. 8 (12), 11534–11541. doi:10.1021/
acscatal.8b03491

Sharma, M., Mangas-Sanchez, J., Turner, N. J., and Grogan, G. (2017). NAD(P)H-
Dependent Dehydrogenases for the Asymmetric Reductive Amination of
Ketones: Structure, Mechanism, Evolution and Application. Adv. Synth.
Catal. 359 (12), 2011–2025. doi:10.1002/adsc.201700356

Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994). CLUSTALW: Improving
the Sensitivity of Progressive Multiple Sequence Alignment through Sequence
Weighting, Position-specific gap Penalties and Weight Matrix Choice. Nucleic
Acids Res. 22 (22), 4673–4680. doi:10.1093/nar/22.22.4673

Wang, L., Diao, S., Sun, Y., Jiang, S., Liu, Y., Wang, H., et al. (2021). Rational
Engineering of Acinetobacter Tandoii Glutamate Dehydrogenase for
Asymmetric Synthesis of L-Homoalanine through Biocatalytic Cascades.
Catal. Sci. Tech. 11 (12), 4208–4215. doi:10.1039/D1CY00376C

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R.,
et al. (2018). SWISS-MODEL: Homology Modelling of Protein Structures and
Complexes. Nucleic Acids Res. 46 (W1), W296–W303. doi:10.1093/nar/gky427

Weinreb, O., Amit, T., Bar-Am, O., and Youdim, M. B. (2010). Rasagiline: a Novel
Anti-parkinsonian Monoamine Oxidase-B Inhibitor with Neuroprotective
Activity. Prog. Neurobiol. 92 (3), 330–344. doi:10.1016/j.pneurobio.2010.06.008

Wetzl, D., Gand, M., Ross, A., Müller, H., Matzel, P., Hanlon, S. P., et al. (2016).
Asymmetric Reductive Amination of Ketones Catalyzed by Imine Reductases.
ChemCatChem 8 (12), 2023–2026. doi:10.1002/cctc.201600384

Wohlgemuth, R. (2010). Biocatalysis-key to Sustainable Industrial Chemistry.
Curr. Opin. Biotechnol. 21 (6), 713–724. doi:10.1016/j.copbio.2010.09.016

Wu, S., Snajdrova, R., Moore, J. C., Baldenius, K., and Bornscheuer, U. T. (2021).
Biocatalysis: Enzymatic Synthesis for Industrial Applications. Angew. Chem.
Int. Edition 60 (1), 88–119. doi:10.1002/anie.202006648

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhang, He, Zhu, Zhang, Tang, Cui and Feng. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org December 2021 | Volume 9 | Article 79814710

Zhang et al. Novel RedAms for (R)-Rasagiline Synthesis

https://doi.org/10.1039/B716045C
https://doi.org/10.1038/s41929-019-0341-4
https://doi.org/10.1038/s41929-019-0341-4
https://doi.org/10.1002/adsc.201500213
https://doi.org/10.1021/acscatal.8b03491
https://doi.org/10.1021/acscatal.8b03491
https://doi.org/10.1002/adsc.201700356
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.1039/D1CY00376C
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1016/j.pneurobio.2010.06.008
https://doi.org/10.1002/cctc.201600384
https://doi.org/10.1016/j.copbio.2010.09.016
https://doi.org/10.1002/anie.202006648
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Engineering of Reductive Aminases for Asymmetric Synthesis of Enantiopure Rasagiline
	Introduction
	Material and Methods
	Strains, Plasmids, and Chemicals
	Phylogenetic Tree Building and Protein Sequence Structure Analysis
	Gene Cloning, Expression, and Protein Purification
	RedAm-Catalyzing Biotransformation
	Kinetic Assays
	Homology Modeling and Docking Analysis
	Library Construction and Expression

	Results and Discussion
	Computational Exploration of the Novel RedAms Basing on the Sequence and Structure
	Combinatorial Biosynthesis for Chiral Amines Conducted by the New Explored AcRedAm and BaRedAm
	Rational Engineering of RedAms for Enantiospecific Improvement of the Rasagiline Synthesis
	Mutant Characterization of RedAms for the Synthesis of Enantiopure Rasagiline
	Synthetic Potential Evaluation of RedAms for Producing Rasagiline in Large Scale

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


