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In this study, a novel enzymatic approach to transform levulinic acid (LA), which can be
obtained from biomass, into value-added (R)-4-aminopentanoic acid using an engineered
glutamate dehydrogenase from Escherichia coli (EcGDH) was developed. Through crystal
structure comparison, two residues (K116 and N348), especially residue 116, were
identified to affect the substrate specificity of EcGDH. After targeted saturation
mutagenesis, the mutant EcGDHK116C, which was active toward LA, was identified.
Screening of the two-site combinatorial saturation mutagenesis library with
EcGDHK116C as positive control, the kcat/Km of the obtained EcGDHK116Q/N348M for LA
and NADPH were 42.0- and 7.9-fold higher, respectively, than that of EcGDHK116C. A
molecular docking investigation was conducted to explain the catalytic activity of the
mutants and stereoconfiguration of the product. Coupled with formate dehydrogenase,
EcGDHK116Q/N348M was found to be able to convert 0.4 M LA by more than 97% in 11 h,
generating (R)-4-aminopentanoic acid with >99% enantiomeric excess (ee). This dual-
enzyme system used sustainable raw materials to synthesize (R)-4-aminopentanoic acid
with high atom utilization as it utilizes cheap ammonia as the amino donor, and the
inorganic carbonate is the sole by-product.

Keywords: levulinic acid, reductive amination, glutamate dehydrogenase, structureguided protein engineering, (R)-
4-aminopentanoic acid

INTRODUCTION

Chiral γ-amino acids have attracted increasing attention for their usefulness as building blocks in the
pharmaceutical industry and peptide chemistry (Vasudev et al., 2011; Gómez et al., 2017). γ-amino
acid scaffolds involved in the synthesis of the peptidomimetics increase the in vivo stability and the
diversity of peptide molecules (Comegna et al., 2015). Moreover, many peptides containing γ-amino
acids have biological activity (Kato et al., 1986; Pettit et al., 1987; Stratmann et al., 1994; Chen et al.,
2014). (R)-4-aminopentanoic acid is a γ-amino acid with high added-value, which is an important
intermediate for the synthesis of Gly-Pro-Glu-OH (GPE*) analogue—a novel class of pharmaceutical
agents for the treatment of central nervous system injuries and neurodegenerative diseases including
Alzheimer’s, Parkinson’s, and Huntington’s diseases (Trotter et al., 2005)—and muscarinic M4

receptor agonist (Brown et al., 2018) (Figure 1), and it can also participate in the formation of
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physiologically active artificial peptides (Grison et al., 2016).
Therefore, the efficient synthesis of (R)-4-aminopentanoic acid
has become a research hotspot.

Levulinic acid (LA) is a promising platform chemical that can be
obtained from biomass (Weingarten et al., 2012; Pileidis and
Titirici, 2016; Girisuta and Heeres, 2017; Habe et al., 2020;
Wang et al., 2020). The synthesis of (R)-4-aminopentanoic acid
by reductive amination of LA is an attractive reaction route for its
sustainable characteristics. The chemical synthesis from LA to (R)-
4-aminopentanoic acid suffers from poor stereoselectivity (Du
et al., 2011; Wu et al., 2019; Xie et al., 2019). Compared with
the chemical synthesis of (R)-4-aminopentanoic acid, enzymatic
methods are environmentally friendly and highly enantioselective.
(R)-selective amine transaminases can catalyze the synthesis of (R)-
4-aminopentanoic acid with high optical purity (>99% ee) (Jiang
et al., 2015); but the reductive amination of carbonyl compounds
by transaminases requires organic amine as an amino donor and
strategies for shifting the unfavorable thermodynamic equilibrium
(Knaus et al., 2017). The reductive amination of LA directly by
dehydrogenase to obtain the product is an ideal enzymatic reaction
route for its environmentally friendly and high atom economy.
Mayol et al. (2016) identified a wild-type amine dehydrogenase
from Petrotoga mobilis (PmAmDH), which is capable of reductive
amination of LA to (S)-4-aminopentanoic acid. Subsequently, Cai
et al. (2020) engineered PmAmDH through directed evolution and

obtained mutants with increased activity, thereby achieving
efficient synthesis of (S)-4-aminopentanoic acid. However, there
are still no relevant reports on the dehydrogenase that converts LA
into (R)-4-aminopentanoic acid. Engineered amine
dehydrogenases modified based on leucine and phenylalanine
dehydrogenases are promising enzymes for asymmetric
synthesis of (R)-chiral amines, as they can use cheap ammonia
as amino donor and generate only water as byproduct
(Abrahamson et al., 2012; Ye et al., 2015; Patil et al., 2018); but
their substrate scopes are restricted to carbonyl compounds
without a carboxyl group. Nevertheless, these findings provide
motivation for engineering of glutamate dehydrogenase (GDH) for
the synthesis of γ-amino acids from LA (Figure 2).

In this study, a combinatorial saturation mutagenesis library
on the key sites, which were determined by crystal structure
analysis, of GDH from Escherichia coli (EcGDH) was constructed
and screened, and the best engineered EcGDHK116Q/N348M was
obtained. This engineered enzyme can use LA as substrate to
efficiently synthesize (R)-4-aminopentanoic acid. Hence, this
study expands the synthetic scope of amine dehydrogenases
and the toolbox of enzymes involved in the synthesis of
γ-amino acids.

MATERIALS AND METHODS

Strains, Vectors, and Chemicals
Glutamate dehydrogenase from E. coli-K12 (EcGDH, GenBank
no. CP047127.1) and formate dehydrogenase of Burkholderia
stabilis (BsFDH, GenBank no. ACF35003.1) were synthesized by
Sangon Biotech (Shanghai, China). The ClonExpress II One Step
Cloning Kit were purchased from Vazyme Biotech Company,
Ltd. (Nanjing, China). The primers were synthesized by Sangon
Biotech (Shanghai, China). Luria-Bertani (LB) media was used

FIGURE 1 | Biologically active molecules containing (R)-4-
aminopentanoic acid moiety.

FIGURE 2 | Expected changes in substrate specificity of GDH. (A)Wild-type GDH reaction. (B) engineeredGDH reductive amination of LA to (R)-4-aminopentanoic
acid.
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for the growth of E. coli. PCR reagents were purchased from
TaKaRa. The Plasmid Mini Kit I (100), BioSpin PCR Purification
Kit, and DNA Gel Extraction Kit (100) were purchased from
Omega. LA was supplied by Shanghai Macklin Biochemical Co.,
Ltd. (Shanghai, China). Racemic 4-aminopentanoic acid was
purchased from Taizhou Runsun Chemical Co., Ltd.
(Zhejiang, China). All other chemicals were analytical grade
and commercially available.

Construction of Mutagenesis Library
In order to obtain better mutants, combinatorial saturation
mutagenesis is selected to combine the sites confirmed by
structural analysis. The primers used in this study are shown
in Supplementary Table S1. The plasmid pET28a-EcGDH was
used as the template. The screening volume of the clones reached
95% library coverage (Reetz et al., 2008).

High-Throughput Screening
Single colonies created by combinatorial saturation mutagenesis
were picked into 96-well microtiter plates containing 1 ml of LB
media with 50 μg/ml kanamycin using a QPix420 colony picker.
In each plate, four wells were reserved as the controls, two of
which are positive controls and the other two are negative
controls. The plates were shaken at 37°C for 10 h, then shifted
50 μL of culture to 48-well microtiter plates containing 2 ml of LB
media with 50 μg/ml kanamycin for an additional 2.5 h at 37°C,
and finally induced with 0.15 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG). After 12 h of induction at 17°C,
cells were harvested by centrifugation (12857 × g, 5 min, 4°C),
resuspended in 200 μL lysis buffer (100 mM Tris-HCl buffer,
4 mg/ml lysozyme, pH 7.5), and disrupted by freezing at −80°C
for 30 min and by heat shocking at 45°C for 3 min, and then
incubated for 10 min at 37°C. After centrifugation (3,724 × g,
20 min, 4°C), the crude enzyme extracts were used for
downstream enzymatic reactions.

Combinatorial saturation mutagenesis library was screened
using an NADPH auto fluorescence assay (Abrahamson et al.,
2012). The assay involved reading the well’s absorbance at two
wavelengths, 340 and 600 nm. The decreased absorbance at
340 nm corresponds to the consumption of NADPH, while the
600 nm reading estimates the biomass present in the well.
Differences over background in absorbance at 340 nm are
normalized by the 600 nm absorbance readings. The change in
absorbance at 340 nm for 1 minute was divided by absorbance at
600 nm. The mutants with higher absorbance than wild-type
enzyme were selected. The reaction mixture (200 μL) contained
20 μL of crude enzyme extracts, 0.3 mM NADPH, 40 mM LA,
0.8 M NH4Cl and 0.1 M Tris-HCl buffer (pH 8.5).

Expression and Purification of Enzymes
The wild-type and mutants were chosen for purification. Cells
were grown in LB medium at 37°C until the OD600 reached about
0.6, and then they were induced by 0.1 mM IPTG. The culture
was collected by centrifugation and washed three times using
normal saline. Then, cell breaking was performed with an
ultrasonic cell disruption system (SCIENTZ-IID). After
centrifugation at 12857 × g for 30 min at 4°C, the clarified

supernatant was purified by Ni2+-NTA chromatography. The
molecular mass of the purified GDH was examined by SDS-
PAGE (Schägger, 2006).

Enzyme Activity Assay
The activity of EcGDH and its mutants was determined at 30°C by
monitoring the absorbance change at 340 nm which was
corresponding to the concentration variation of NADPH (Li
et al., 2014). For reductive amination, the reaction mixture
(200 μL) contained 80 mM LA, 0.2 mM NADPH, 0.8 M
NH4Cl, Tris-HCl buffer (100 mM, pH 8.5), and 20 μL purified
enzyme. One unit of enzyme activity was defined as the amount of
enzyme catalyzing the reduction of 1 μmol substrate or oxidation
of 1 μmol production per minute.

Kinetic Parameters Determination
Kinetic parameters of the mutants were determined in Tris-HCl
buffer (100 mM, pH 8.5) at 30°C with varied concentration of
substrate (with concentration range from 80 to 1,600 mM) or
NADPH (with concentration range from 0.05 to 0.8 mM). The
Michaelis-Menten constants (Km and kcat) were calculated using
the nonlinear curve in Origin 8.5.3.

Synthesis of (R)-4-Aminopentanoic Acid by
EcGDHK116Q/N348M

To compare the reaction performances of EcGDHK116Q/N348M

under different conditions (NADP+ concentration, pH and
temperature), a series of experiments are carried out. In the
experiment of the effect of NADP+ (with concentration range
from 0.25 to 1 mM) on the reaction, 2 ml of reaction mixture
contains 0.8 M NH4COOH, 100 mM Tris-HCl buffer (pH 8),
80 mM LA, 0.5 mg/ml purified mutant EcGDHK116Q/N348M, and
0.03 mg/ml purified BsFDH at 30°C. In the experiment of the
effect of pH (pH 7, 8, and 9) on the reaction, 2 ml of reaction
mixture contains 0.8 M NH4COOH, 100 mM Tris-HCl buffer,
80 mM LA, 0.5 mM NADP+, 0.5 mg/ml purified mutant
EcGDHK116Q/N348M, and 0.03 mg/ml purified BsFDH at 30°C.
In the experiment of the effect of temperature (30, 35, 40, and
45°C) on the reaction, 2 ml of reaction mixture contains 0.8 M
NH4COOH, 100 mM Tris-HCl buffer, 80 mM LA, 1 mM
NADP+, 0.5 mg/ml purified mutant EcGDHK116Q/N348M, and
0.03 mg/ml purified BsFDH. Under the optimal conditions
(1 mM NADP+, pH 8 and 45°C), the mutant
EcGDHK116Q/N348M was tested in 10 ml of reaction mixture,
containing 3.2 M NH4COOH, 200 mM Tris-HCl buffer,
400 mM LA, 1.51 mg/ml purified mutant EcGDHK116Q/N348M,
and 0.20 mg/ml purified BsFDH.

Modeling and Docking
The structures EcGDHK116C and EcGDHK116Q/N348M were
modeled using SWISS-MODEL (Schwede et al., 2003). The
X-ray structure of EcGDH (PDB: 4BHT) was used as the
structural template. The 3D structures of 2-ketoglutarate and
LA were obtained by using ChemDraw Ultra. The docking study
was processed in AutoDockTool. The wild-type GDH protein was
defined as the receptor and 2-ketoglutarate or LA as the ligand,

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org January 2022 | Volume 9 | Article 7703023

Zhou et al. Enzymatic Synthesis of γ-amino Acid

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Lys126 was selected as the Flexible Residue, and a box containing
Lys92, Ser380, Lys126, Lys116 and Asn348 was set. (The active
sites were confirmed by multiple sequence alignments with 5IJZ,
4XGI and 1BGV) And EcGDHK116C or EcGDHK116Q/N348M

protein was defined as the receptor and LA as the ligand,
Lys126 was selected as the Flexible Residue, and a box
containing Lys92, Ser380 and Lys126 was set. Afterward, the
docking was automatically processed by running Autogrid and
AutoDock in AutoDockTool. After AutoDock running, 10 ligand
conformations were generated and their corresponding binding
energies were calculated. The best docking model was screened
among the 10 docking poses according to the ranks of the models
and hydrogen bond formation determined by structure
alignment. Both the structures and docking were visualized
with PyMOL.

Analytical Methods
The conversion of LA was determined using HPLC with an
Aminex HPX-87H column (300 × 7.8 mm). With the column
temperature maintained at 30°C, mobile phase H2SO4 (5 mM)
ran at a flow rate of 0.6 ml/min. (Cai et al., 2020). (R)-4-
aminopentanoic acid in the reaction mixtures were labeled
using 1-fluoro-2,4-dinitrophenyl-5-L-alanineamide (FDAA)
and then analyzed on a Develosil ODS-UG-5 column (150 ×
4.6 mm). A 10 μL sample of the amino acid, 8 μL of 1 MNaHCO3,
and 40 μL of 1% (w/v) FDAA in acetone were mixed and heated
for 1 h at 40°C. When the sample was cooled to room
temperature, 8 μL of 1 N HCl and 934 ml of 40% (v/v)
aqueous acetonitrile were added to the mixture, after which it
was vortexed and filtered (0.22 mm) for HPLC (Hanson et al.,
2008). The HPLC conditions were: mobile phase A 5%
acetonitrile (0.05% trifluoroacetic acid, 1% methanol), mobile
phase B 60% acetonitrile (0.05% trifluoroacetic acid, 1%
methanol), linear gradient from 0% B to 100% B over 45 min
at a flow rate 1 ml/min and detected at 340 nm, injection volume
20 μL (Bhushan and Bruckner, 2004; Zhang et al., 2019).

RESULTS AND DISCUSSION

Structural-Guided Identification of Key
Residues at GDH Binding Pocket
By querying the Protein Data Bank database, a large number
of crystal structures of GDH were found, including 1BGV
(Stillman et al., 1993), 4XGI, 5IJZ, 5GUD (Son et al., 2015)
and 4BHT (this study). Unfortunately, there was no ligand in
4BHT. Therefore, the structure of 4BHT was compared with
the other four crystal structures (enzyme–ligand complex) to
identify the key residues that bind to the ligand. These
structures were highly similar to 4BHT, and the root-
mean-square deviation (RMSD) was between 0.904 and
2.442. As shown in Figure 3, lysine residues formed
hydrogen bonds with the main chain carboxyl group of the
ligand in four crystal structures, and additional asparagine
residues of 5GUD and 4XGI formed hydrogen bonds with the
main chain carboxyl group of the ligand. Therefore, two sites
(lysine and asparagine residues), especially lysine residue,

were found to play an important role in the binding of the
carboxyl group of the ligand backbone. Subsequently, these
protein sequences were aligned (Sievers et al., 2011) (Robert
and Gouet, 2014), further revealing that these two sites
interacted with the main chain carboxyl group are
conserved within these enzymes (Figure 4). Therefore,
K116 and N348 residues of EcGDH were selected as
important sites for targeted mutation.

Construction and Screening of Mutants
With Catalytic Activity for LA
To investigate the effect ofK116 on substrate specificity, this residuewas
mutated into the other 19 amino acids to determine the specific activity
toward LA. As shown in Supplementary Table S2, seven mutants (A,
C, M, Q, R, S, and T) were found to be active to LA, of which
EcGDHK116C had the highest activity (10.1mU/mg). To obtainmutants
with higher activity toward LA, a combinatorial saturation mutagenesis
library of residues K116 and N348 was constructed, and mutant
EcGDHK116C was used as positive control for screening. To shorten
the screening process, NNKdegenerate codonswere not selected for the
saturation mutagenesis. Instead, based on 20 plasmids with different
codons at site 116, residue 348 was mutated by four degenerate codons
of AHN, TKB, CAT, and CCA encoding all 20 amino acids without
introducing redundancy; in each case, 60 transformants were screened
for 95% library coverage (Patrick and Firth, 2005; Tang et al., 2012).
Thus, the screening amount of transformants could be downscaled
from 3,066 to 1,200. (Supplementary Figure S1) Finally, the best
mutant EcGDHK116Q/N348M was obtained, and its specific activity
(108.6mU/mg) was determined to be 10.8-times higher than that of
EcGDHK116C.

To further explore the role of theEcGDHmutants in the acceptance
of LA, the wild-type and mutants (K116C, K116Q/N348M) structure
models were used for docking analysis with LA. Figure 5A shows the
docking results for wild-type EcGDH and 2-ketoglutarate. The main
chain carboxyl group of the ligandwas found to interact withK116 and
N348, and the carbonyl group of the ligand formed a hydrogen bond
with the key catalytic residueK126 (with a distance of 2.7 Å). As shown
inFigure 5B, when the ligandwas changed from2-ketoglutarate to LA,
the carboxyl group of LA interactedwithK116, K126, andN348,which
caused catalytically unfavorable poses. With K126 occupied by the
carboxyl group, the carbonyl group of LA cannot interact with K126, a
residue that is responsible for the formation of an imine intermediate
based on the reported mechanism of GDH from the natural substrate
(Stillman et al., 1993; Son et al., 2015). This may explain why wild-type
EcGDH has no catalytic activity for LA. As shown in Figures 5C,D,
after the K116 was modified, the LA showed similar pose to that of 2-
ketoglutarate in EcGDH, with a distance of 2.8 Å between the substrate
carbonyl-O atom and K126 owing to a hydrogen bond. Therefore,
EcGDHK116C and EcGDHK116Q/N348M have catalytic activity
toward LA.

Stereoconfiguration of the Products
Catalyzed by EcGDHK116Q/N348M

As shown in Figure 6, the HPLC analysis of the reaction
solution catalyzed by EcGDHK116Q/N348M revealed that the
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reaction product was (R)-4-aminopentanoic acid, which is
different from the product configuration catalyzed by the
natural amine dehydrogenase (Mayol et al., 2016). To
clarify the reasons for the configuration of this specific
product, the docking results and catalytic mechanism of
GDH were analyzed. As shown in Figure 7A, two residues
(K92 and S380 of the wild-type or EcGDHK116Q/N348M) formed
hydrogen bones with the γ-carboxyl group of 2-ketoglutarate
or the carboxyl group of LA, and the substrate carbonyl group
was stabilized by the side chain of K126 before a hydride was
supplied by the NADPH to the carbonyl carbon atom (Tomita
et al., 2017). Moreover, the coenzyme NADPH attacked the 2-
ketoglutarate from the re face (Figure 7B). However, when the
substrate changed from 2-ketoglutarate to LA, the NADPH
attacked the LA from the si face, which determines the
stereochemistry of the product (R)-4-aminopentanoic acid
(Figure 7C). These observations are consistent with the

HPLC analysis of the reaction solution. The natural amine
dehydrogenase was obtained from the NCBI database using the
protein sequence of (2R,4S)-2,4-diaminopentanoate
dehydrogenase from Clostridium sticklandii (2,4-DAPDH,
EC 1.4.1.12), which can catalyze (2R)-2-amino-4-
oxopentanoate to (2R,4S)-2,4-diaminopentanoate, as a
template (Fukuyama et al., 2014; Mayol et al., 2016). From
the perspective of the catalytic mechanism, 2,4-DAPDH and
EcGDH (EC 1.4.1.4) have opposite coenzyme offensive
surfaces, which results in different product
stereoselectivities (Xue et al., 2018).

Kinetic Parameters and Substrate Scope
To compare the catalytic efficiency of the EcGDHK116C and the
best mutant EcGDHK116Q/N348M, kinetic parameters for LA and
NADPH were determined (Table 1). The kcat/Km of
EcGDHK116Q/N348M for LA and NADPH were 42.0- and 7.9-

FIGURE 3 | GDH active sites with bound ligand. (A) GDH from Corynebacterium glutamicum (CgGDH, PDB: 5IJZ), (B) GDH from Corynebacterium glutamicum
(CgGDH, PDB: 5GUD), (C) GDH from Burkholderia thailandensis (BtGDH, PDB: 4XGI), and (D) GDH from Clostridium symbiosum (CsGDH, PDB: 1BGV). (the boldface
indicates the residues that interact with the main chain carboxyl group of the ligand).

FIGURE 4 | Multiple-sequence alignment of the four selected GDHs as the template. (The sequences were aligned using ClustalO and were presented using
ESPript3.0. The two conserved amino acid sites K116 and N348 (numbering according to EcGDH) were indicated by black box.).
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fold higher, respectively, than that of EcGDHK116C. And
EcGDHK116Q/N348M had a higher affinity and kcat for LA than
EcGDHK116C. This may be because N348 has a negative effect on
the binding of the enzyme and LA, thereby reducing the probability of

LA to form the correct pose in the pocket. However, EcGDHK116C had
higher coenzyme affinity than the EcGDHK116Q/N348M. According to
the crystal structure of 5ijz, N347 (corresponding to N348 in EcGDH)
can form hydrogen bonds with the coenzyme and stabilize it (Son
et al., 2015). Therefore, themutation of EcGDHK116Q/N348M at site 348
makes its affinity for NADPH weaker than that of EcGDHK116C. The
Km and kcat of EcGDH

K116Q/N348M to LA were very different from
those of the wild-type GDH for 2-ketoglutarate (Sharkey and Engel,
2009), which indicates that the two-point mutations at residues 116
and 348 weaken the enzyme-substrate interaction, leading to a
decrease in kcat and affinity.

The substrate specificity of the wild-type andmutants (K116C, and
K116Q/N348M) were profiled by activity assays over a group of
structurally diverse carbonyl compounds. The mutants displayed no
activity toward fatty ketones (2-butanone, 2-pentanone, and 4-methyl-
2-pentanone), aromatic ketones (acetophenone, phenylacetone, and
phenylbutanone) and alcohol ketones (4-hydroxy-2-butanone, and 5-
hydroxy-2-pentanone). Therefore, γ-carbonyl acid and its derivatives,
which are more similar to the natural substrate 2-ketoglutarate, were
used as substrates in this analysis. As shown in Table 2, the activity of
EcGDHK116Q/N348M on natural substrates was lower than that of the
wild-type, but the substrate spectrum of EcGDHK116Q/N348M was
expanded compared with that of the wild-type and EcGDHK116C.

FIGURE 5 | Enzyme-substrate binding pose analysis. (A) Enzyme-substrate binding pose for wild type EcGDHwith 2-ketoglutarate. (B) Enzyme-substrate binding
pose for wild type EcGDHwith LA. (C) Enzyme-substrate binding pose for EcGDHK116Cwith LA. (D) Enzyme-substrate binding pose for EcGDHK116Q/N348Mwith LA. The
distances (in angstrom) are represented by the red dashed lines.

FIGURE 6 | The HPLC spectrum from FDAA derivatization of the
product synthesized by EcGDHK116Q/N348M and commercial racemic 4-
aminopentanoic acid.
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FIGURE 7 | Comparison of the docking results. (A) Structural alignment analysis of docking pose for 2-ketoglutarate in the catalytic pocket of wild-type and LA in
the catalytic pocket of EcGDHK116Q/N348M. (B) schematic representation of NADPH attacking 2-ketoglutarate. (C) schematic representation of NADPH attacking LA.

TABLE 1 | Kinetic data for the asymmetric amination of LA with EcGDHK116C and EcGDHK116Q/N348M.

Substrate Enzyme Vmax (U/mg) Km (mM) kcat (s
−1) kcat/Km (mM−1

s−1)

LAa EcGDHK116C 0.109 1,340 ± 24.3 0.088 ± 0.0013 6.6 × 10–5

EcGDHK116Q/N348M 2.82 824.0 ± 13.6 2.28 ± 0.19 2.77 × 10–3

NADPHb EcGDHK116C 0.0834 0.0988 ± 0.003 0.067 ± 0.0037 0.68
EcGDHK116Q/N348M 1.87 0.28 ± 0.07 1.51 ± 0.23 5.39

aThemixture composed of Tris-HCl (100 mM, pH 8.5), NH4Cl-NH4OH (0.8 M, pH 8.5), 0.2 mMNADPH, and different concentrations of LA (0–1,600 mM) was incubated at 30°C for 1 min
before adding purified enzyme.
bThemixture containing Tris-HCl (100 mM, pH 8.5), NH4Cl-NH4OH (0.8 M, pH 8.5) different concentrations of NADPH (0–0.8 mM), and 80 mMLAwas incubated at 30°C for 1 min before
adding purified enzyme.

TABLE 2 | Activity of wild type, EcGDHK116C and EcGDHK116Q/N348M towards various γ-carbonyl acid and its derivativesa.

Substrate Structural formula EcGDH (U/mg) EcGDHK116C (mU/mg) EcGDHK116Q/N348M (mU/mg)

S1 156.4 ± 11.4 21.8 ± 2.6 294.2 ± 51.0

S2 N.A.b 10.1 ± 0.2 108.6 ± 1.5

S3 N.A. N.A. 10.3 ± 0.7

S4 N.A. N.A. 19.5 ± 3.7

aEach value was calculated from three independent experiments. The mixture composed of Tris-HCl (100 mM, pH 8.5), NH4Cl-NH4OH (0.8 M, pH 8.5), 0.2 mM NADPH, and 80 mM
substrate was incubated at 30°C for 1 min before adding purified enzyme. Optimization of conditions for specific activity determination see Supplementary Figure S2.
bN.A. � No measurable activity.
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Since the activity of EcGDHK116Q/N348M onnon-natural substrates was
generally low, further evolution of this engineered enzyme is required
to improve its activity.

Conversion With the Cofactor Recycle
System
Subsequently, the reductive amination reactions of LA by
EcGDHK116Q/N348M coupled with BsFDH for regeneration of
NADPH were performed under different conditions (different
NADP+ concentration, pH and temperature). As shown in
Figures 8A,C, as the concentration of the coenzyme and the
temperature increased, the conversion efficiency also
increased, and the reaction showed the best conversion
efficiency at pH 8 (Figure 8B). Under optimal conditions
(1 mM NADP+, pH 8 and 45°C), EcGDHK116Q/N348M

converted 0.4 M LA to (R)-4-aminopentanoic acid (>99%
ee) by more than 97% in 11 h with the addition of 1.51 mg/
ml EcGDH and 0.20 mg/ml BsFDH (Figure 8D). Comparisons
with other studies (Table 3) revealed that the approach for (R)-
4-aminopentanoic acid production in this study had
significant advantages in reaction conditions, conversion
efficiency and product optical purity.

CONCLUSION

The previous research in engineered amine dehydrogenases
gained from leucine dehydrogenase or phenylalanine
dehydrogenase (Abrahamson et al., 2012; Abrahamson et al.,
2013; Ye et al., 2015; Chen et al., 2018) greatly solves the
problem of the lack of natural amine dehydrogenase (Mayol

FIGURE 8 |Optimization of reaction conditions. (A) The effect of NADP+ concentration on reductive amination reaction by EcGDHK116Q/N348M. (B) The effect of pH
on reductive amination reaction by EcGDHK116Q/N348M. (C) The effect of temperature on reductive amination reaction by EcGDHK116Q/N348M. (D) Time courses of
reductive amination of LA by EcGDHK116Q/N348M under the optimal conditions. Conversions determined by HPLC analysis.

TABLE 3 | Comparison of (R)-4-aminopentanoic acid synthesis results reported in the literaturea.

Entry Reaction substrate Reaction conditions Time Conversion rates
(%)

Optical purity Ref

1 α,β-unsaturated γ-amino ester
(4.5 mmol)

HCONH4/Pd (H2; MeOH, heating) — 81 72% ee Palacios et al. (2001)

2 LA (8 mmol) + FA + ammonia Au/ZrO2-VS (N2, 5 atm; 130°C) 16 h 90 Racemic Du et al. (2011)
3 LA (2 mmol) + FAM FA (160°C) 1.5 h >93 Racemic Wu et al. (2019)
4 LA (1 mmol) + NH3 (gas, 0.5 Mpa) Pt/P-TiO2 (H2, 1.5 Mpa; MeOH) 72 h >89 Racemic Xie et al. (2019)
5 LA (0.01–0.05 mmol) + (R)-α-MBA (R)-AT (30°C; 160 rpm) 12–16 h — >99% ee Jiang et al. (2015)
6 LA (4 mmol) + AF + NADP+ EcGDHK116Q/N348M, BsFDH (45°C;

200 rpm)
11 h >97 >99% ee This study

aAbbreviations used: FA, Formic acid; FAM, formamide; MeOH, Methyl alcohol; (R)-AT, (R)-selective amine transaminase; (R)-α-MBA, (R)-1-methylbenzylamine; AF, Ammonium formate.
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et al., 2016; Bommarius, 2019). However, the substrate specificity of
the engineered amine dehydrogenase is limited to the synthesis of
aliphatic and aromatic chiral amines. (R)-selective amine
transaminases can catalyze the synthesis of (R)-4-
aminopentanoic acid with high optical purity; however, the
amination catalysed by (R)-selective amine transaminases, using
(R)-1-methylbenzylamine as an amine donor, requires removal of
the co-product acetophenone to shift the unfavorable
thermodynamic equilibrium. In this study, the engineered GDH
provides a new way for the synthesis of γ-amino acids and enriches
the toolbox of amine dehydrogenases. Coupled with BsFDH,
EcGDHK116Q/N348M converted 0.4 M LA to (R)-4-
aminopentanoic acid by more than 97% in 11 h with excellent
stereoselectivity (>99% ee). Moreover, the reaction system can use
cheap ammonia as amino donor and generate only inorganic
carbonate as byproduct, and the substrate LA in the reaction is
one of the top 12 carbohydrate-derived compounds listed by
Department of Energy United States that can be obtained from
the lignocellulosic biomass (Weingarten et al., 2012; Pileidis and
Titirici, 2016; Girisuta and Heeres, 2017; Habe et al., 2020; Wang
et al., 2020); the product (R)-4-aminopentanoic acid is an
important intermediate for the synthesis of psychotropic drugs
(Trotter et al., 2005) and muscarinic M4 receptor agonist (Brown
et al., 2018), and it can also participate in the formation of
physiologically active artificial peptides (Grison et al., 2016).
Taken together, these results indicated that this pathway can
sustainably synthesize high value-added (R)-4-
aminopentanoic acid.
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