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Abstract: Amino acid dehydrogenases (AADHSs) are a group of enzymes that catalyze the reversible
reductive amination of keto acids with ammonia to produce chiral amino acids using either nicoti-
namide adenine dinucleotide (NAD™) or nicotinamide adenine dinucleotide phosphate (NADP™) as
cofactors. Among them, glutamate dehydrogenase, valine dehydrogenase, leucine dehydrogenase,
phenylalanine dehydrogenase, and tryptophan dehydrogenase have been classified as a superfamily
of amino acid dehydrogenases (s~AADHs) by previous researchers because of their conserved struc-
tures and catalytic mechanisms. Owing to their excellent stereoselectivity, high atom economy, and
low environmental impact of the reaction pathway, these enzymes have been extensively engineered
to break strict substrate specificities for the synthesis of high value-added chiral compounds (chiral
amino acids, chiral amines, and chiral amino alcohols). Substrate specificity engineering of s-AADHSs
mainly focuses on recognition engineering of the substrate side chain R group and substrate backbone
carboxyl group. This review summarizes the reported studies on substrate specificity engineering
of s-AADHs and reports that this superfamily of enzymes shares substrate specificity engineering
hotspots (the inside of the pocket, substrate backbone carboxyl anchor sites, substrate entrance tunnel,
and hinge region), which sheds light on the substrate-specific tailoring of these enzymes.

Keywords: superfamily of amino acid dehydrogenases; substrate specific engineering; engineering
hotspots; chiral amines; amino acids

1. Introduction

Amino acid dehydrogenases (AADHs, EC 1.4.1.X) catalyze the reversible nicotinamide
adenine dinucleotide phosphate (NAD(P)*)-dependent oxidative deamination of L-amino
acids to their corresponding x-keto acids and ammonia (Scheme 1), which have important
physiological functions in organisms [1-4].
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Scheme 1. Schematic diagram of the reaction catalyzed by s~AADHs.

Among AADHs is a superfamily of amino acid dehydrogenases (s-AADHs) related
by divergent evolution [5,6], which, to date, contains glutamate dehydrogenase (GluDH),
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valine dehydrogenase (ValDH) [7], leucine dehydrogenase (LeuDH), phenylalanine de-
hydrogenase (PheDH), and tryptophan dehydrogenase (TryDH) [8]. The equilibrium of
reactions catalyzed by s-AADHs is preferred for reductive amination, with Keq values
ranging from 10'4 to 10'8 [9]. Additionally, the reaction has high optical purity, high atom
utilization, and environmentally friendly characteristics, which is very attractive for the
synthesis of chiral amino acids [10,11]. s-vAADHs usually exhibit distinct substrate speci-
ficity. GluDHs prefer glutamate as a substrate over all other amino acids [12,13], whereas
ValDHs and LeuDHs only catalyze the oxidative deamination of short, aliphatic amino
acids [14], and PheDH and especially TryDH have a marked preference for aromatic amino
acids [8,15] (Table 1).

Table 1. The superfamily of amino acid dehydrogenases.

EC Number (1.4.1.X) 2 Enzyme Main Amino Acid Substrate Refs.

NH,
2-4 GluDH HOOC)\/\’("” [12,13]
o
NH,
8,23 ValDH Hooc/'ﬁ/ [14]

NH,
9 LeuDH M [14]
HOOC
NH, NH

|
19 TrpDH HOOC/'\/E@ 8]
NH,
20 PheDH [15]
HOOC

2 This column of numbers represents the X in 1.4.1.X.

The strict substrate spectrum limits the application scope of s-AADHs. Accordingly,
many studies have been conducted to expand the substrate specificity of s-~AADHs [16-18].
The substrate-specific engineering of s-AADHSs can be mainly divided into two aspects,
substrate side chain R group recognition engineering and substrate backbone carboxyl
recognition engineering. The former mainly enhances the ability of s~AADHSs to synthe-
size optically pure non-canonical L-a-amino acids, including homoalanine [18,19], L-tert-
leucine [20], para-bromo-L-phenylalanine [21], and L-homophenylalanine [22]. Mutations
associated with this type of substrate-specific engineering are mainly concentrated inside
the substrate pocket. In 2012, Abrahamson et al. [23-26] successfully converted LeuDH into
an engineered amine dehydrogenase (LAmDH). In contrast to wild-type LeuDH, LAmDH
catalyzes the asymmetric reductive amination of ketones, mainly owing to mutations in
two residues anchored to the carboxyl group of the substrate (K68S/N261L) (Scheme 2).
The anchor sites of the substrate carboxyl group of s~AADHs have become a new muta-
tion hotspot [26-28]. The subsequently constructed engineered amine dehydrogenase can
asymmetrically synthesize a series of chiral amines that play an important role in the phar-
maceutical industry, such as (R)-amphetamine, (R)-1-methyl-3-phenylpropylamine [28],
and (S)-2-amino-1-butanol [24]. In addition, other potential mutation hotspots (the sub-
strate entrance tunnel and hinge) were found in the substrate-specific engineering of
s-AADHs, and the mutation in these regions can effectively improve the catalytic activity
of the engineered enzyme for non-natural substrates [29,30]. Owing to the similarity in
structure and catalytic mechanism of s-AADHs, these mutational hotspots have certain
universality for the substrate-specific engineering of these enzymes. This review summa-
rizes the substrate-specific modification and important engineering hotspots of s-AADHs
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based on reported studies, which will shed light on the substrate-specific tailoring of this
superfamily of enzymes.

(a) NH;/NH4*

NADH+H* NAD*
NH;/NH,*+ H,0
Hp
/“\)\ KLAmDH J M
NADH-+H* NAD*

Scheme 2. The reaction of LeuDH and its corresponding engineered amine dehydrogenase.
(a) Wild-type LeuDH reaction; (b) LAmDH reaction.

2. Enzyme Structure and Catalytic Mechanism of s~-AADHs

Although the five types of amino acid dehydrogenases in this superfamily have
different optimal reaction substrates, they have high similarity in their crystal structures
(no studies have reported the crystal structure of ValDH, but it has a high sequence identity
with LeuDH) [6,8,14]. A single subunit of these enzymes primarily consists of two domains
(domains I and II) that are separated by a deep cleft containing the active site. Domain I
includes the substrate-binding site, whereas domain II contains a typical Rossmann fold
for the binding of NAD(P)*/NAD(P)H. Additionally, there is “hinge” between the two
domains, which plays an important role in catalysis [31] (Figure 1).
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Figure 1. Representative crystallography structures of s-AADHSs subunit. (a) GluDH (PDB ID: 5IJZ).
(b) Overview of active site of GluDH (PDB ID: 5IJZ). (c) ValDH (predicted by AlphaFold, https:
/ /alphafold.ebi.ac.uk/entry/Q06539 (accessed on 9 December 2021)). (d) LeuDH (PDB ID: 6ACH).
(e) TrpDH (PDB: 5B37). (f) PheDH (PDB ID: 1C1D).

This review considers GluDH from Corynebacterium glutamicum (CgGluDH) as an
example to describe the catalytic mechanism [32]. In the catalytic process, the “hinge”
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Hinge

plays a key role [31]. As shown in Figure 2, the hinge region (in gray) is composed of two
connecting loops («15-x16 and «x16-x17) and «16 helix. Domain I (bound to substrate)
and Domain II (bound to coenzyme) of GluDH are linked together by the hinge. Before
the hinge undergoes a conformational change, the distance between the Domain I and the
Domain I is far away (Figure 2a), and the catalysis cannot take place. However, when the
flexible loop on the hinge region undergoes a conformational change, Domain I and Domain
II come close to each other, allowing the substrate and coenzyme to interact (Figure 2b).
When 2-oxoglutarate (2-OG) enters the red substrate pocket through the green substrate
entrance tunnel (calculated by CAVER plugin of PyMOL) [33] and binds to the enzyme,
the protein in an open state undergoes a conformational change to a closed state, with «16
helix playing a role as an axis in the domain movement (Figures 2c and 3a). The 1-carboxyl
group and 5-carboxyl group of 2-OG are fixed by four residues (Lys116, Asn347, Lys92,
and Ser379), in which Lys116 and Asn347, interacting with the 1-carboxyl group, occur
outside the pocket, whereas Lys92 and Ser379, interacting with the 5-carboxyl group, are
inside the pocket (Figure 3a). The 2-oxo group of 2-OG is recognized by the e-amino group
of Lys128 through an electrostatic interaction and by Gly94 through a hydrogen bond
(Figure 3b). The space between 2-OG and NADPH appears to accept an ammonia molecule
through hydrogen bonds with Gly167 and Asp168. Through an ammonia attack on the
carbonyl-C atom of the ligand and deprotonation of Lys128, a carbinolamine intermediate
is formed. Subsequently, the deprotonated Lys128 obtains the proton of Asp168 and is
protonated again. The intermediate uses protonated Lys128 to eliminate water molecules
(stabilized by a strong charge-assisted hydrogen bond interaction with Lys128 and by two
additional weaker hydrogen bonds with Gly94 and GIn113 before elimination) and forms
2-iminoglutarate (2-IG), which is stabilized through hydrogen bonds with Asp168 and
Gly167 (Figure 3c). During the process, the 1-carboxyl and 5-carboxyl groups of the ligand
are fixed at similar positions, whereas the 2-imino group of 2-1G is twisted approximately
90° from the 2-oxo group of 2-OG. The newly formed 2-imino group of 2-1G stacks with
the plane of the nicotinamide ring in NADPH, and their relative positions determine the
configuration of the product. The pro-S hydrogen at the C-4 position of the nicotinamide
moiety of NADPH is transferred to the 2-imino group of 2-IG and finally forms L-glutamic
acid (Figure 3d).

Open (b) Closed (C) Open

y Closed

Figure 2. Domain conformational change of C¢GDH. (a) The open conformations of C¢GDH binding
NADP" (the D chain of 5GUD with orange). (b) The closed conformations of C¢GDH binding 2-OG
and NADP* (the A chain of 5IJZ in yellow). (c) Superposition of an open form of C¢GluDH and a
closed form of CgGluDH. The hinge («15-x16 loop, «16-x17 loop, and 16 helix) is marked in gray.
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Figure 3. The reaction mechanism of GluDH. (a) The closed conformations of C¢GDH binding 2-OG
and NADP™ (the A chain of 5IJZ in yellow), in which the inside of the binding pocket is marked in
red, the substrate backbone carboxyl anchor sites (K116 and N347) outside the pocket are marked
in blue, the substrate entrance tunnel is marked in green, and the hinge is marked in gray. (b) The
CgGluDH-2-OG-NADP* complex (the A chain of 5IJZ). (c) The C¢GluDH-2-IG-NADP* complex (the
F chain of 5GUD). (d) A schematic model of the reaction for the production of glutamate from 2-OG.

The residues that play key roles in the catalytic process are Gly94 and Lys128, which
recognize the 2-oxo group; Asp168 and Gly167, which stabilize the 2-imino group; Lys116
and Asn347, which fix the 1-carboxyl group; and Lys92 and Ser379, which fix the 5-carboxyl
group. The amino acid sequences of s-AADHSs with different substrate specificities were
compared, and Lys116, Asn347, Lys128, and Asp168 were found to be completely conserved,
indicating that these residues might play the same role in the catalytic process (Figure 4).
The catalytic mechanism of PheDH proposed by Norbert et al. [34] is the same as that of
CgGluDH. The Gly167 residue in GluDH is replaced by Ala in PheDH, but both residues
form a hydrogen bond with the amino group of the ligand through the main chain carbonyl-
O atom. As shown in Figure 4, Lys92 and Ser379, which fix the 5-carboxyl group of the
ligand during the catalysis of C¢GluDH, are replaced with hydrophobic amino acids
(A, V, L, and M) in other s~AADHs. These residues could be related to the recognition
of substrates (such as Val, Leu, Phe, and Trp) [12,35]. Next, this review will separately
describe the alterations to the substrate specificity of s-AADHs.
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Figure 4. Amino acid sequence alignment of s-AADHSs and comparison of the active site. The black
box indicates the key residues in the catalytic process of GluDH, of which the shared functional
residues of s~AADHs are annotated in red.

3. Substrate-Specific Engineering of s-AADHs

To broaden the application scope of s~AADHs, many researchers have focused on the
directed evolution of s-AADHSs based on their activity on substrates. The modification of
substrate specificity has mainly focused on adapting engineered enzymes to substrates
with different R groups (charged, polar, aliphatic, aromatic, etc.) [18,22,36]. With the
transformation of LeuDH into engineered amine dehydrogenase (AmDH) by researchers in
2012, the substrate scope of s-AADHSs was expanded from keto acids to ketones without the
carboxy group. Subsequently, engineered AmDHs with different substrate specificities were
constructed [23-26]. In general, the substrate-specific engineering of s-AADHSs can enable
them to catalyze the synthesis of more diverse amino acids and chiral amines. In this section,
substrate-specific engineering of s-AADHs is described in three parts (Sections 3.1-3.3),
with a focus on the modification of mutation hotspot regions.

3.1. GluDH

GluDH is widely distributed among living organisms owing to its important role
in the interconversion of nitrogen and carbon metabolism [32]. Based on their cofactor
specificity, GluDH enzymes can be categorized into three sub-families, specifically NAD(H)-
dependent (EC 1.4.1.2), NADP(H)-dependent (EC 1.4.1.4), and NAD(H)/NADP(H) dual-
specific GluDHs (EC 1.4.1.3) [37]. GluDHs have strict substrate specificity for glutamate
and 2-OG. The NAD"-dependent GluDH of Clostridium symbiosum (CsGluDH) is almost
exclusively specific for glutamate in the detection of the catalytic activity of 21 amino
acids [12]. Meanwhile, the NADP*-dependent GluDH from Pseudomonas putida (PpGluDH)
and the dual cofactor-dependent GluDH from Acinetobacter tandoii (AtGluDH) have catalytic
activity for aliphatic keto acid and aromatic keto acid, but their specific activity is less than
8% of the specific activity of 2-OG [18,36]. Only a few studies have reported the use of
wild-type GluDH for the synthesis of other substances, such as L-6-hydroxynorleucine and
L-phosphinothricin [38,39].

The strict substrate specificity of the wild-type GluDH limits its application. As shown
in Table 2, researchers have engineered GluDHs to alter their substrate specificity for
various amino acid synthesis.
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Table 2. Altered substrate specificity of engineered GluDHs and their synthesis of amino acids.
Product Specific
. —_— .
Entry Enzyme  Variants ? Substrate Comierswn C.Zonﬁgura Activity Keat (5” 1), Ref.
No. (%) tion and ee Ky (mM)
o (U/mg)
(%)
1 M101S! T N.D.b N.D. 9.405 5.68,2.27
2 BsGluDH G82K! M N.D. N.D. 7.28 3.45,4.16 (13
3 1n7omT” 0 99 (S), >99 0.62181 12.33, 290 [40]
4 poGlupH | A167G! )KA< 99 (S), >99 0.5582 715.20,290 1o
5 P V378A! l 99 (S), >99 0.5313 735.98, 320
6 T121IN/L123Y 99 (S), >99 0.4961 598.56,290  [30]
NH,
7 K92V! N.D. N.D. 1.3 x 1073 N.D. [41]
HOOC OH
EcGluDH o}
8 K92v!/T195S! )k/ N.D. N.D. N.D. 90.2, 8.4 [19]
HOOC
[¢]
9 AtGluDH  K76L!/T180C! )k/ 99.9 (5),99.9 985.7 3.24,2.52 [18]
HOOC
K89L!/S380A! c
10 AL o N.D. N.D. 2.1 17.6
CsGluDH 0 [12]
11 K89L'/A163G! )v P N.D. N.D. N.D. 9.6, 6.6
12 N.D. N.D. N.D. 19,11
K89L!/A163G! J\A/
HsGluDH I 0 [42]
/S367A
13 A N.D. N.D. N.D. 19,12
K92A!/A166G! o
/T195A!
14 EcGIuDH 5 1 N.D. N.D. N.D. 6.79,0.24 [43]
/S380A!
[e]
Ec- K116Q°/ on
15 GAmDH  N348MO )k/\( 97 (R), >99 2.82 2.28, 824 [26]
o

2 In this column, the mutated residues with a superscript 7" are inside the substrate pocket of GluDH, the mutated
residues with a superscript “©” are the substrate backbone carboxyl anchor sites of GluDH, the mutated residues
with a superscript “T” are at the substrate tunnel of GluDH, and the mutated residues at the hinge are in bold.

The positions of all residues were determined by sequence alignment and structural comparison. ® N.D. = not
determined. € These data represent kcat /K.

L-ax-Amino acids with hydrophilic side chains. Some researchers have modified
the substrate specificity of GluDH to make it more suitable for catalyzing other sub-
strates with hydrophilic side chains (Entry 1-7 in Table 2). Khan et al. [13] changed the
substrate specificity of GluDH from Bacillus subtilis (BsGluDH) from 2-OG to oxaloac-
etate (OAA). They found that the specificity of G82K and M101S for OAA was signifi-
cantly increased, with kcat values of 3.45 and 5.68 s respectively, which were 265 times
and 473 times higher than that of 2-OG, respectively. Analysis of the docking results
revealed that the replaced residues of the two variants fixed the side chain carboxyl group
of OAA, which could play an important role in catalysis of the substrate, OAA. In the
subsequent determination of the substrate spectrum, it was found that the two variants
have increased activity for some aliphatic and aromatic 2-keto acids (such as pyruvate
and p-hydroxyphenylpyruvate). Yin et al. [36] studied GluDH as a substrate for 2-oxo-4-
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[(hydroxy)(methyl)phosphinoyl]butyric acid (PPO), which is a structural analog of 2-OG.
Through screening, Yin et al. found that eight NADP*-dependent GluDHs have activity on
PPO. Among them, GluDH from P. putida (PpGluDH), with favorable soluble expression
and high enzymatic activity (the specific activity for PPO is 0.002% of the specific activity of
2-0OG), was used for further directed evolution. When residue 1170 at the substrate entrance
tunnel of PpGluDH was mutated, the obtained variant I1170M had a 2.1-fold increase in PPO
activity compared to that of the wild-type, but this still needs to be improved. Directed by
modeling and docking simulations, Yin et al. [40] used site-directed mutagenesis to enlarge
the pocket of PpGluDH so that it could accommodate the larger substrate, PPO. In this study,
the researchers performed the same modification (A167G or V378 A numbering according to
PpGluDH) of GluDH from other sources and found that the activity of each variant on PPO
and other macromolecular substrates was also improved. Even NAD"-dependent GluDH,
which has no enzymatic activity for PPO, can have PPO activity after a mutation. This
indicates that these two points have a certain universality in expanding the substrate pocket
of GluDH to accommodate macromolecular substrates [36]. In further studies, Yin et al. [30]
performed saturation mutagenesis on specific residues (Thr121, Leul23, Ala379, Leu383,
Lys402, 1le406, and Ile410) in or near the hinge region of PpGluDH. A dozen positive
variants with significantly improved PPO catalytic activities were obtained. The kcat/Km of
T121IN/L123Y was 97.9 times higher than that of the wild-type, which was mainly due to
the improvement in the kc,¢. Molecular dynamics simulations revealed that the enhanced
catalytic activity could be due to an increase in the conversion efficiency of the open/closed
conformation of the protein. In addition, these advantageous variants, obtained by screen-
ing based on PPO as a substrate, also showed a universal increase in the catalytic activity for
other non-polar keto acids (such as 2-ketobutyric acid and 2-oxo-phenylbutyric acid) [30].
Owing to the structural similarity of s~AADHs, the activity engineering of GluDHs in
the hinge region might have implications for the substrate-specific modification of other
s-AADHs. Geng et al. [41] modified the substrate specificity of GluDH from Escherichia
coli (EcGluDH) using homoserine as the target substrate. The key site, K92, was identified
by energy decomposition and structural analysis of the docking results of EcGluDH with
homoserine or glutamate. Experimental validation showed that the variant K92V had the
highest catalytic activity towards homoserine, which showed a 722% increase in specific
activity (1328 4 71 pU mg ') compared to that of wild-type GluDH.

Aliphatic L-ax-amino acids. Many studies have reported that GluDH can be engi-
neered to catalyze the synthesis of aliphatic amino acids (Entry 8-13 in Table 2).
Zhang et al. [19] used valine auxotrophic E. coli for the directed evolution of EcGluDH and
obtained the variant K92V /T195S. Compared with that of wild-type EcGluDH, K92V /T195S
had significantly enhanced catalytic activity with 2-ketobutyrate, with a 4-fold decrease
in the Ky, and a 2-fold increase in the kc,t. This might be caused by the mutation of lysine
92 to valine, which increases the hydrophobic properties of the pocket. Wang et al. [18]
used site-directed mutagenesis to construct a hydrophobic network between the GluDH
from A. tandoii (AtGluDH) and the terminal methyl group of the substrate 2-ketobutyric
acid. The catalytic activity of the obtained double variant K76L/T180C for 2-ketobutyric
acid was 17.2 times that of the wild-type. The kcat/ Km of K76L/T180C was nearly 10 times
compared with that of the wild-type. Through determination of the substrate spectrum, it
was found that the variant has universal improvement in the aliphatic keto acid catalytic
activity. Wang et al. [12] obtained the triple variant K89L/S380A /A163G of CsGluDH,
which represents effective conversion of substrate specificity from glutamate to aliphatic
amino acids (norvaline, methionine, norleucine). The triple variant showed no detectable
GluDH activity. This team further relocated these three residues to GluDH from Halobac-
terium salinarum (HsGluDH) and obtained a variant (K89L/A163G/S367A), which was
also active for aliphatic amino acids (norvaline = 1.75 U/mg, methionine = 3.1 U/myg,
norleucine = 3.7 U/mg) [42].

Aromatic L-a-amino acids. There are also reports on the substrate specificity trans-
formation of GluDH to aromatic substrates (Entry 14 in Table 2). Li et al. [43] devel-
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oped a stepwise substrate walking strategy through two rounds of protein engineering,
changing the substrate specificity of EcGluDH from 2-OG to 2-oxo-4-phenylbutyric acid
(2-OPBA). Compared with that of wild-type GluDH, the kcat/Km of the obtained variant
K92A /A166G/T195A /V377A/S380A was approximately 100 times higher for 2-OPBA.

Y-Amino acids. The substrate specific engineering for GluDH is not limited to the
recognition of substrate side chain R groups, and the substrate specific engineering of
GluDH can also occur in the recognition of substrate main chain carboxyl groups. Inspired
by the work of Abrahamson et al. [23,27], Zhou et al. [26] developed an engineered amine
dehydrogenase (K116Q/N348M) base on E. coli GluDH (Ec-GAmDH), which can transform
levulinic acid into value-added (R)-4-aminopentanoic acid (Entry 15 in Table 2).

The GluDH substrate specific modifications reviewed in the first three items focused
on the side chain R-group of the substrate. By introducing new hydrophilic residues or by
adjusting the existing hydrophilic residues inside the substrate pocket, GluDH showed
better catalytic activity towards other substrates with hydrophilic R-groups. By replacing
the hydrophilic residues inside the substrate pocket with hydrophobic residues, GluDH ex-
hibited significant catalytic activity towards aliphatic 2-keto acids. With the replacement of
residues inside the pocket with smaller amino acids (Gly, Ala), GluDH became catalytically
active against long-chain aliphatic 2-keto acids and even bulky aromatic 2-keto acids. This
allows the engineered GluDH to catalyze the synthesis of more x-amino acids. However,
the substrate-specific engineering in the last item occurs at the substrate backbone carboxyl
anchor site. In previous studies, engineered amine dehydrogenases were developed using
LeuDH or PheDH as scaffolds (a detailed summary will be provided in Sections 3.2.2
and 3.3.2). Ec-GAmDH is the first reported engineered amine dehydrogenase constructed
with GluDH as a scaffold.

3.2. ValDH and LeuDH

Compared to those of GluDH, the substrate specificities of ValDH and LeuDH are
more promiscuous. They catalyze the reversible deamination of branched- and straight-
chain amino acids (L-valine, L-leucine, L-isoleucine, L-norvaline, L-2-amino-butyrate, etc.)
into the corresponding keto acids. ValDH catalyzes L-valine/2-oxoisovalerate conversion,
whereas LeuDH preferentially catalyzes L-leucine/2-oxoisohexanoate reactions [14]. In
a comparison of amino acid sequence of s-AADHs, it is found that ValDH and LeuDH
have the highest similarity (approximately 50-55%), which explains the similar substrate
spectrum of the two enzymes [44]. At present, most ValDH is found in Streptomyces species,
and this enzyme has a higher activity with NAD" compared to that with NADP™* [44].
This enzyme was first found in Streptomyces aureofaciens and is involved in the synthesis
of the oligoketide antibiotic tylosin [45]. There are few reports on the substrate-specific
modification of valine dehydrogenase. To the best of our knowledge, only Hyun et al. [16]
have altered the substrate specificity of ValDH from Streptomyces albus (SaValDH). The
variant A124G shows decreased activities toward most aliphatic amino acid substrates
and dramatically increased catalytic activities toward L-phenylalanine, L-tyrosine, and
L-methionine (Entry 1 in Table 3). Research on LeuDHs, thus far having only used NAD*
as a cofactor, has been relatively extensive. LeuDHs are found in a limited number of
bacterial species, mainly in endospore-forming bacteria (such as Bacillus species) [46], and
they can play a role in spore germination [1].

3.2.1. The Substrate-Specific Engineering of LeuDHs and Their Synthesis of
L-o-Amino Acids

Many studies have been reported on the use of engineered LeuDH to catalyze the
synthesis of unnatural aliphatic L-a-amino acids (Entry 2-6 in Table 3). Zhou et al. [29]
carried out the rational engineering of LeuDH from Bacillus cereus (BcLeuDH) and found
that the replacement of residue E116 in the substrate entrance tunnel with valine can
universally improve the catalytic efficiency of the enzyme for branched- and straight-
chain amino acids and phenylglycine. The same mutation was also obtained in the high-
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throughput screening by Zhou et al. [20] to improve the catalytic efficiency of BcLeuDH
for L-tert-leucine synthesis. Integrating protein structure information and amino acid
sequence (LeuDH, PheDH, and GluDH) alignment, Kataoka and Tanizawa [17] pointed
out important residues (A113, L40, and V294) that are assumed to be the determinants of
substrate side-chain binding. The variant A113G has broader substrate specificities than
the wild-type LeuDH from Bacillus stearothermophilus (BsLeuDH). The catalytic efficiency
of A113G for L-norleucine was significantly improved, and the kcat/Km was 14.7 times
that of the wild-type. At the same time, A113G is active toward phenylpyruvate. This
indicates that A113 plays a critical role in discriminating the bulkiness of the side chain.
In this study, L40 and V294 of LeuDH, corresponding to two sites in GluDH that interact
with the y-carboxyl group of the substrate L-glutamate, were mutated to L40K/V294S
and L40D/V294S, respectively. Through determination of the substrate spectrum, it was
found that L40K/V294S and L40D/V294S have catalytic activities for L-glutamate and
L-lysine, respectively (Entry 7-8 in Table 3). These results suggest that substrate specific
transformation of LeuDHs and GluDHs can be achieved by mutation of key residues within
the pocket.

Table 3. Selected examples of altered substrate specificity of engineered ValDH and LeuDH and their
synthesis of L-x-amino acids.

Product

. . Specific _1
Entry Enzyme  Variants ? Substrate Comiersmn qonﬁgura- Activity Kea (s ), Ref.
No. (%) tion and ee Ky (mM)
(U/mg)
(%)
NH,
1 SaValDH  A124G! /k/\ N.D.b N.D. 1.587 N.D. [16]
HOOC S/
2 wild type o 90.9 (S), >99 N.D. 0.149, 1.890
[29]
3 E116VT Hooc)J\/ 95.7 (S), >99 N.D. 0.168, 0.705
g BeleubH g type a >99 (S), 99 N.D. 94.14, 60.82
HOOC [20]
5 E24V/E116VT >99 (S), >99 N.D. 66.21,7.92
6 A113G! /k/\/ N.D. N.D. N.D. 18,4.1
HOOC
[e]
7 BsLeuDH  L40KI/V294S' oo - N.D. N.D. N.D. 0.57, ND [17]
o
8 L40DI/V294S! )\M N.D. N.D. N.D. 045,72

2 In this column, the mutated residues with a superscript 1" are inside the pocket of ValDH or LeuDH and the
mutated residues with a superscript “T” are at the substrate tunnel of LeuDH. The positions of all residues were
determined by sequence alignment and structural comparison. ® N.D. = not determined.

3.2.2. The Substrate-Specific Engineering of LeuDHs and Their Synthesis of Chiral Amines

By mutating the substrate carboxyl anchor site of LeuDH, the specificity of LeuDH can
be expanded from the original 2-keto acid to ketones without carboxyl groups.
Abrahamson et al. [23] first engineered LeuDH from Geobacillus stearothermophilus (GsLeuDH)
into an amine dehydrogenase (Gs-LAmDH, K68S/N261L/E114V /V291C), providing a
new dimension in the substrate-specific engineering of LeuDH and other s-AADHs. In-
stead of the natural substrate 2-oxoisohexanoate, the engineered amine dehydrogenase
(AmDH) now accepts the analogous ketone (methyl isobutyl ketone), which is mainly due
to the mutation of two residues (K685/N261L) that interact with the carboxyl group of the
substrate [23,27] (Entry 1 in Table 4). Since 2012, multiple groups have produced similarly
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engineered AmDHs based on LeuDH scaffolds and have conducted detailed studies on the
substrate spectrum of these enzymes.

Aliphatic chiral amines. Chen et al. [47] constructed an engineered LeuDH (K775/N270L)
from Exiguobacterium sibiricum (Es-LAmDH), which exhibits broad catalytic activity towards
acetophenone, short-chain secondary aliphatic ketones, and alkyl cyclic ketones (Entry
2—4 in Table 4). Inspired by Chen et al.’s [47] work, Lowe et al. [48] provided detailed
insight into substrate scope of Es-LAmDH. They found that Es-LAmDH also has catalytic
activity for a series of aromatic ketones, among which the activity for acetophenone was
the most significant. To enable the engineered amine dehydrogenase to have catalytic
activity for bulky aliphatic ketones, an engineered LeuDH (K68S/N261L) from Lysinibacillus
fusiformis (Lf-LAmDH) with good thermal stability was tailored by Chen et al. [49] based
on structural information. They found that A113 and T134 of Lf-LAmDH prevented the
binding of bulky aliphatic ketones. When these two residues were mutated to smaller
amino acids (G or A), the variants (A113G/T134A, A113G/T134G) exhibited higher activity
toward 2-hexanone than Lf-LAmDH and exhibited activity against longer aliphatic ketones,
the longest of which being 2-decanone (Entry 5-6 in Table 4). The effect of these two-
site mutations was sufficiently adaptable to other engineered AmDHs (Es-LAmDH and
Bs-LAmDH). Based on the studies by Abrahamson et al. [23,27] and Chen et al. [49],
Franklin et al. [50] generated a series of mutations (D32A, L39A, F101S, A112G, C290V)
in Gs-LAmDH, which were mentioned in previous studies. The specific activity of the
obtained variant (K68S/N261L/E114V /V291C/D32A /L39A /F101S/A112G/C290V) for
long-chain aliphatic ketones was further improved, and the catalytic activity of 2-decanone
reached 140.5 mU/mg (Entry 7 in Table 4).

Chiral vicinal amino alcohols. Subsequent studies revealed that the substrate spec-
trum of LAmDHs is not limited to aliphatic ketones, but is also catalytically active for
substrates with a hydroxymethyl backbone (Entry 8-11 in Table 4). Chen et al. [24] found
that two-site combinatorial variants (sites K68 and N261 of Lf LeuDH) can catalyze new
reactions that convert «-hydroxy-2-ketones to the corresponding chiral vicinal amino alco-
hols. Among these, K68T/N261L shows the highest activity toward 1-hydroxyl-2-butanone.
Further mutations (A113G, A113G/T134A, and A113G/T134G) were introduced into the
substrate-binding pocket of the variant (K68T/N261L) and were found to exhibit activity
toward the bulkier 1-hydroxy-2-heptanone. Wang et al. [51] introduced two-site mutations
(K685/D261L, K70S/N263L) into LeuDH from other sources and also created engineered
amine dehydrogenases capable of synthesizing chiral vicinal amino alcohols.

Aromatic chiral amines. The volume of the substrate-binding pocket of LAmDH is
too small to accommodate the bulky aromatic ketones. However, by replacing sterically
hindered residues inside the substrate pocket with smaller residues (Gly, Ala), LAmDH de-
veloped catalytic activity for bulky aromatic ketones (Entry 12-14 in Table 4). Using iterative
alanine scanning mutagenesis, the volume of the substrate pocket of the engineered amine
dehydrogenase (variant K70S/N263L of LeuDH from B. cereus, Bc-LAmDH) was gradually
enlarged to accommodate aromatic ketones with longer chains. The eventual variant Bc-
LAmMmDH-MS5 was constructed by mutation of five residues (A115G/T136A /L42A /V296A/
V293A), which successfully exhibited specificity toward the substrate 6-phenyl-2-hexanone [52]
(Figure 5).

3.3. TrpDH and PheDH

TrpDH and PheDH recognize substrates with bulky aromatic rings, and their optimal
catalytic substrates are L-tryptophan/3-indolepyruvate and phenylalanine/phenylpyruvate,
respectively. TrpDH was first identified in several higher plants and was partially charac-
terized in the 1980s [53,54]. There was then no further investigation of the enzyme until
the first NAD"-dependent TrpDH was identified in Nostoc punctiforme ATCC 29133 in
2008, which was suggested to be involved in the biosynthesis of cyanobacterial sunscreen
scytonemin [3]. TrpDH from N. punctiforme has strict substrate specificity, and they are
catalytically active almost exclusively for L-tryptophan and 3-indolepyruvate [55,56]. To
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our knowledge, no studies have been reported in which the substrate specificity of TrpDH
is altered, most likely owing to the fact that the cluster of hydrophobic residues around
the active site of TrpDH is extremely sensitive to mutations [8]. Compared to TrpDH,
PheDH has been much more extensively studied. PheDH is found in a limited number
of Gram-positive aerobic bacteria [57]. In addition to reacting with aromatic amino acids,
PheDHs show only slight activity towards aliphatic amino acids [58].

Table 4. Selected examples of altered substrate specificity of engineered LeuDH and their synthesis
of chiral amines.

Product Specific
. — 4
Entry Enzyme Variants 2 Substrate Comiersmn qonﬁgura Activity Keat (s ), Ref.
No. (%) tion and ee Ky (mM)
o (U/mg)
(%)
K680 o
- O
1 L AfnSDH //1}\;1216;\% )J\)\ 925 (R), 99.8 0.690 0.46, 15.1 [23]
/V291Ct
[e]
2 )k/\ 9% (R), >99 0.796 0.84,9.2
(o]
3 Es- 97 N.D.P 0.868 N.D.
LAmMDE K775° [47,49]
/N270L°
(o]
4 b 21 (R), >99 0.0985 N.D.
(o)
K685°
5 IN261LO >99 (R), >99 0.930 1.7,30.6
Lf- K68S© " [49]
LAmDH  /N261L° )J\@/\ 98, >99, .
6 /A113G! : >99, 80, 22 (R), >99 i N-D.
/T134G! (n=1,2,3,4,5)
K68SC©
/N261L°
/E114VT 0
s /v291C! )Lﬁ/\
7 /D32A N.D. N.D. 0.1405 N.D. [50]
/F101S (n=6)
/A112G!
/C290V!
K68TO i
8 /N261LO o 91 (S), >99 0.233 0.227,7.2
Lf- K68TO 9 [24]
LAmDH 0
9 m //ﬁ%él HOQJ\ﬁ/ 99 (S), 599 >2 N.D.

/T134G! (n=4)
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Table 4. Cont.
Product Specific
. . _ -1
Entry Enzyme  Variants ? Substrate Con\;erswn ?onﬁgura Activity Kat (s ), Ref.
No. (%) tion and ee Ky (mM)
o (U/mg)
(%)
0
10 HO\)k/ >99 (S),>99 N.D. 1.79, 2.53
LAmDH | 2
m HO.
11 /D261L° 73 (S), >99 N.D. N.D.
o
12 >99 (R), >99 0.0948 0.15,10.5
(n=2)
/N263LIO 0
- /L42A
R NI, N.D. N.D. 0.137 020,67 DA
/T136A! .
=3
/V293A! (n=3)
/V296A! i
14 93 (R), >99 0.0803 0.143,11.6
(n=4)
2 In this column, the mutated residues with a superscript “!” are inside the pocket of LeuDH, the mutated residues
with a superscript “©” are the substrate backbone carboxyl anchor sites of LeuDH, and the mutated residues with
a superscript “T” are at the substrate tunnel of LeuDH. The positions of all residues were determined by sequence
alignment and structural comparison. ® N.D. = not determined. € Specific activity is not shown here.
(a) Be-LAmDH (K70S/N263L) (b) Bc-LAmDH-MS5

Figure 5. Illustration of the substrate-binding cavities of Bc-LAmDH (K70S/N263L) (a) and Bc-
LAmDH-M5 (K70S/N263L/A115G/T136A /L42A /V296A /V293A) (b) with docked substrate 6-
phenyl-2-hexanone. Residues surrounding the substrate-binding pocket are shown in surface repre-
sentation, and 6-phenyl-2-hexanone is shown as a ball and stick model. Residues 42, 115, 136, 293, and
296 responsible for steric hindrance are shown as magentas sticks in the Bc-LAmDH (K70S/N263L)
and green sticks in Bc-LAmDH-M5 (K70S/N263L/A115G/T136A /L42A /V296A /V293A), respec-
tively. The main two residues initially mutated to generate AmDH activity (570 and L263) are shown
as blue sticks.

3.3.1. The Substrate-Specific Engineering of PheDHs and Their Synthesis of
L-o-Amino Acids

L-ax-Amino acids with bulky side chains. To date, many wild-type PheDHs have
been studied for aromatic L-amino acid synthesis [10]. In terms of substrate specificity,
PheDH from Bacillus sphaericus (BsPheDH) is unusual because its activities toward L-
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phenylalanine and L-tyrosine are similar [15]. However, the catalytic activity of PheDHs
from other sources (BbPheDH from Bacillus badius, SuPheDH from Sporosarcina ureae, and
RsPheDH from Rhodococcus sp. M4) for L-phenylalanine is 11-34 times higher than that
of L-tyrosine. To find out the reason for the difference in the activity of PheDHs towards
the substrates L-phenylalanine and L-tyrosine, Seah et al. [15] analyzed the amino acid
sequences of PheDHs from different sources based on the existing amino acid dehydro-
genase structures. They found that residue N145 of BsPheDH (the corresponding residue
in BbPheDH and SuPheDH is valine) close to the terminus of the substrate side chain
might provide relatively favorable possibilities for interactions with the hydroxyl group
of the substrate tyrosine. Substitution of N145 in BsPheDH with aliphatic amino acids
(A, V, 1, and L) results in enzymes with greatly increased discrimination between the sub-
strates L-phenylalanine and L-tyrosine, which is mainly due to the improved affinity for
L-phenylalanine and the decreased affinity for L-tyrosine. The affinity of these variants
for long chain aliphatic keto acids was improved compared with that of the wild-type
(Entry 1-6 in Table 5). Yousefi et al. [59] mutated V144 of BbPheDH, which corresponds
to position N145 in BsPheDH, and obtained variants that produced the same substrate-
specific shift. They found that the variant V144N is more inclined to catalyze L-tyrosine
than L-phenylalanine, whereas the variant V144L prefers to catalyze L-phenylalanine,
which is due to the long chain of leucine residues enhancing the hydrophobicity of the
enzyme pocket. In further studies, Engel’s group found that the variants (N145A, N145L,
and N145V) of BsPheDH were more active than the wild-type enzyme for substrates with
substituents (-CHjs, -OCHs, and -CF3) at the 4-position on the phenyl ring, and the cat-
alytic activity of a variant (N145A) based on Lysinibacillus sphaericus PheDH (LsPheDH) for
para-bromo-L-phenylalanine was improved compared with that of the wild-type [21,60]
(Entry 7-10 in Table 5). These results indicated that this residue (position 145 in BsPheDH)
from different sources plays an important role in the recognition of the para-substituent
of phenylpyruvate. In addition, the substitution of position 145 with a smaller amino
acid allows PheDH to accommodate substrates with long side chains. Wu et al. [22]
employed a modified steric hindrance engineering approach to create an enhanced bio-
catalyst toward L-homophenylalanine. The kcat and keat/ Kim values of the optimal variant
(V309G/L306V /V144G, V144 corresponding to position N145 of BsPheDH) were 12.7- and
12.9-fold higher than those of the wild-type, respectively (Entry 11 in Table 5).

L-x-Amino acids with small aliphatic side chains. The glycine residue at position
124 of BsPheDH, which is conserved in PheDHs, plays an important role in distinguishing
between substrates with different steric hindrances. When this site was replaced by a
residue with a larger side chain, the catalytic activity of PheDH towards smaller aliphatic
amino acids was significantly improved (Entry 12-15 in Table 5). Seah et al. [57] found
that glycine-124 and leucine-307 of BsPheDH are replaced by alanine and valine, respec-
tively, both in LeuDH and ValDH, which leads to their differences in substrate specificity.
The specific activity of the variant (G124A /L307V) of BsPheDH for L-phenylalanine and
L-tyrosine is significantly reduced (5.7% and 0.56% of the wild-type specific activity, re-
spectively). Furthermore, the specific activity of this variant for aliphatic amino acids
(L-methionine, L-norleucine, L-norvaline, L-leucine, L-valine, and L-isoleucine) was found
to be 1.3-22.6 times higher than that of the wild type, which is mainly caused by the greatly
improved affinity of the variants for the substrates [58]. Replacement of glycine with serine
at positions 123 and 124 of BbPheDH and BsPheDH, respectively, strikingly decrease the
enzyme activity toward aromatic amino acids and result in an elevation in the relative ac-
tivity toward aliphatic amino acids. The variant G1235 of BbPheDH preferentially oxidizes
aliphatic branched-chain amino acids (such as L-leucine and L-isoleucine), whereas the
variant (G124S) of BsPheDH preferentially oxidizes straight-chain aliphatic amino acids
(such as L-norvaline, L-methionine, and L-norleucine) [61]. Engel’s group engineered
BsPheDH through directed evolution and obtained the optimal variant G124A/E313G,
which shows improved activity and specificity towards L-propargylglycine [62].
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3.3.2. The Substrate-Specific Engineering of PheDHs and Their Synthesis of Chiral Amines

Inspired by the work of Abrahamson et al. [23,27], many studies on the transformation
of PheDH from different sources into engineered amine dehydrogenases (PAmDHs) and
the substrate specificity of PAmDH have been intensively performed.

Table 5. Altered substrate specificity of engineered PheDHs and their synthesis of L-ax-amino acids.

Product

. . Specific 1
Entry Enzyme  Variants ? Substrate Con\;erswn (.Zonﬁgura- Activity Keat (s~ 7), Ref.
No. (%) tion and ee A Ky (mM)
o (U/mg)
(%)
1 wild type J\/@ N.D.P N.D. N.D. 113,0.37
2 N1451 HoOC N.D. N.D. N.D. 43,0.012
3 wild type . o ND. N.D. N.D. 90, 0.19
[15]
N1451 HOOC N.D. N.D. N.D. 80, 0.55
5 wild type o N.D. N.D. N.D. 51,13
Hooc)kﬁ../\
6 N145A (n=2) N.D. N.D. N.D. 66,0.25
BsPheDH o R
7 N145L o N.D. N.D. 114.8 (3.85) N.D.
H
(R = -OCHs3)
o]
8 NL45A )]\Q/ N.D. N.D. 130.5 (4.47) N.D. [60]
HOOC
R
[}
9 J\/Q/ N.D. N.D. 29.4 (16.33) N.D.
HOOC
(R =-CF3)
R
o]
10 LsPheDH  NI145A )‘\/O/ 599 (S),>99 50 (~1.67) N.D. [21]
HOOC
(R =-Br)
V309G i
11 BbPheDH /L306V Ho0c > 99 (S5), >99 N.D. 83,74 [22]
/V144G (n=2)
NH,
12 N.D. N.D. 2.16 (0.03) 1.55, 227
HOOC
NH,
13 pbheDH  G123S HOOOJ\)\ N.D. N.D. 12 (5.59) 1.54,3.3 (61]
NH,
14 HOOC)\K\ N.D. N.D. 10.68 (74.6) 148,38
G124A "
=
15 BsPheDH JE313G )\// N.D. N.D. N.D. 0.92,23.2 [62]

HOOC

2 In this column, all mutation sites are inside the pocket of PheDH. The positions of all residues were determined
by sequence alignment and structural comparison. ? N.D. = not determined. © In this column, the data in
parentheses are the folds of the specific activity of the variant compared to the wild type.
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Construction of PAmDH and their substrate spectrum. Previous research on the
evolution of an amine dehydrogenase from LeuDH allowed Abrahamson et al. [27] to
rapidly improve an AmDH based on BbPheDH (Bb-PAmDH), which shares a reasonable
sequence similarity with BsLeuDH (48% identity). The optimal variant (K77S/N276L)
screened based on the model substrate p-fluorophenylacetone (PFPA) exhibits an im-
pressive substrate scope, with considerable catalytic activity for aromatic ketones (PFPA,
phenoxy-2-propanone), aliphatic ketones (2-hexanone, methyl isobutyl ketone), and cyclic
ketones (3-methyl-2-butanone), among which the catalytic activity on PFPA is the most
significant (Entry 1 in Table 6). The ket value for PFPA was nearly 15-fold greater than
the maximum observed kc,t of 0.46 s~! for the previously developed engineered AmDH
based on LeuDH scaffolds. Ye et al. [28] conducted a similar directed evolution study
based on RsPheDH using phenylacetone and benzylacetone as substrates and successfully
obtained several engineered amine dehydrogenases (Rs-PAmDHs). The optimal variant,
K66Q/N262C/S149G, had a keat of 0.70 and 0.72 s~ for the conversion of phenylacetone
to (R)-amphetamine and for the conversion of 4-phenyl-2-butanone to (R)-1-methyl-3-
phenylpropylamine, respectively (Entry 3—4 in Table 6).

In addition to obtaining PAmDH based on PheDH evolution, a new AmDH can also
be constructed by domain shuffling. As mentioned in the introduction to the structure of s-
AADHs, their subunits are constructed from the N-terminal substrate binding domains and
the C-terminal coenzyme binding domains, which behave as an independently folding unit
with different functions [63,64]. Based on the feature of these AADHs, Bommarius et al. [65]
employed domain shuffling to generate a new chimeric amine dehydrogenase (cFL1-
AmDH) consisting of an N-terminal substrate-binding domain of Bb-PAmDH and a C-
terminal coenzyme-binding domain of Bs-LAmDH. Unlike previously reported chimeric
AADHs [63,66], the substrate scope of cFL1-AmDH not only is an admixture of those
of that of the two parent enzymes (such as p-fluorophenylacetone and acetophenone),
but it also has substrates (such as 1-tetralone, adamantylmethylketone, and 3-methyl-
1-phenylbutanone) not shared by the two parent enzymes in terms of catalytic activity
(Entry 16-20 in Table 6). These differences are likely associated with conformational
transitions involving domains I and II during the catalytic cycle [67]. The lower conversion
of acetophenone by cFLIAmDH may be due to its substrate-binding domain derived from
Bb-PAmDH, which has a larger substrate-binding pocket and is more suitable for catalyzing
acetophenone and its derivatives (Entries 1, 3, 5, 6 in Table 6). However, the large substrate
pocket makes it difficult for simple acetophenone to bind to the enzyme in the correct
catalytic posture, resulting in low conversion rates.

Knaus et al. [68] detailed the substrate scope of three existing engineered amine de-
hydrogenases derived from PheDHs (cFL1-AmDH, Rs-PAmDH, Bb-PAmDH) through
transformation experiments. The assayed substrates could be roughly divided into four
categories, i.e., phenylacetone derivatives, alkyl methylketones, acetophenone derivatives,
and bulky ketones. The results showed that cFL1-AmDH and Rs-PAmDH have broader
substrate profiles than Bb-PAmDH. cFL1-AmDH is very active toward aliphatic ketones
and acetophenone derivatives (Entry 16-26 in Table 6), whereas Rs-PAmDH preferen-
tially catalyzes the reductive amination of phenylacetone derivatives and more sterically
demanding ketones (Entry 5-15 in Table 6). Bb-PAmDH is more prone to the reductive
amination of phenylacetone derivatives (Entry 1-2 in Table 6), which have similar substrate
specificities for C+-PAmDH (K685/N266L) developed by the Ursula Schell group, based on
Caldalkalibacillus thermarum PheDH [69].

Catalytic activity improvement and substrate spectrum expansion of PAmDH. The
substrate specificity and catalytic activity of these engineered amine dehydrogenases still
limit their application scope. Liu et al. [25] developed a Gk-PAmDH (K785/N276L) that
displays a broad substrate scope and good activity via the directed evolution of a Geobacil-
lus kaustophilus PheDH. Gk-PAmDH exhibits considerable activity towards phenylacetone
derivatives, alkyl methylketones, and benzylacetone and can even reduce aminate hy-
droxy ketones (such as 1-hydroxy-3-phenyl-2-propanone and 1-hydroxy-2-butanone) to the
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corresponding chiral vicinal amino alcohols (Entry 1-3 in Table 7). To develop a spectrum-
extended AmDH that tolerates bulky ketones, Wang et al. [70] enlarged the binding pocket
of Gk-PAmDH (K785/N276L) with benzylacetone as the model substrate and obtained
a triple variant V144A /V309A /A310G (Gk-PAmDH-M3) that displays a specific activity
of 0.65 U mg~! toward benzylacetone, 32-fold higher than that of Gk-PAmDH (Entry 4
in Table 7). Through error-prone PCR using the Gk-PAmDH-M3 gene as the template,
Wang et al. [70] obtained a better variant (V144A/V309A/A310G/S156T/Q308A /C79N/
F86M, Gk-PhAmDH-M8), which displayed a specific activity of 2.2 U mg~! toward benzy-
lacetone, an up to 110-fold increase compared with that of Gk-PAmDH (Entry 10 in Table 7).
Experiments on the transformation of a series of benzylacetone derivatives showed that
space-generating mutations (Gk-PAmDH-M3 and Gk-PAmDH-MS8) are beneficial for ex-
panding the substrate scope of Gk-PAmDH (Entry 4-9 in Table 7). To study the catalytic
potential of these variants, a broader range of bulky substrates (aliphatic 2(or 3, 4)-ketones,
methyl ketones with a remote functional group, and methyl ketones with a heterocycle) was
examined. Variants M3 and M8 exhibited significantly improved reactivity toward all these
challenging substrates (Entry 10-18 in Table 7). Interestingly, through a comparison with
the structure of RsPheDH (PDB: 1C1D), the additional mutation sites on Gk-PAmDH-MS8
were all found to be inside the pocket, with V144 and V309 coinciding with the previously
selected sites of BbPheDH substrate-specific modification [22]. These sites can serve as
important references in the subsequent substrate-specific engineering of PheDH.

Table 6. Selected examples of the substrate spectrum of PAmDH.

Product Specific
. . : 1
Entry Enzyme  Variants ? Substrate Com{)erswn ?onﬁgura Activity Keat (5" 1), Ref.
No. (%) tion and ee Ky (mM)
o (U/mg)
(%)
.
Bb- K775° o b
1 PAmMDH /N276L0 )‘\/Q/ >90 (R), >99.8 N.D. 6.85,7.75 [27]
2 Bb- K775° I 34 na.c N.D N.D [68]
PAmDH  /N276L° ) - o -
o
3 w N.D. (R), >98 0.042 0.70,4.0
I [28]
4 95 (R), >98 0.043 0.72,1.4
n=2)
o
5 . 98, 98 (R), >99 N.D. N.D.
K66Q°
Rs- /N26§Co (R =-OCHg, 'CF3F2
PAmDH /5149GI o
6 >99, 98 (R), >99 N.D. N.D.
(R =-OCHjs, -CH3) [68]
[e]
10 R >99, 71 (R), >99 N.D. N.D.
(R = -CHg;, -CH,CH3)
(o]
11 . 96 n.a N.D. N.D.

(n

)
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Table 6. Cont.
Product Specific
. . } 1
Entry Enzyme  Variants ? Substrate Comiersmn C.Zonﬁgura Activity Keat (5" 1), Ref.
No. (%) tion and ee Ky (mM)
o (U/mg)
(%)
)(]\/O
12 R . 99, 87 (R), >99 N.D. N.D.
(n=2; R=-CHs;,
-CH,CH3)
o)
13 M 99 n.a. N.D. N.D.
H
[¢]
14 M 91 (R), >99 N.D. N.D.
o]
15 )Lﬁ/\ 99,93 (R), >99 N.D. N.D.
(n=3,4)
R
(e}
16 /u\/©/ 93 (R), >99 1.725 1.24,1.1
(R=-F)
i [68]
17 )‘\O 34 (R), >99 0.301 0.24,5.2
[¢]
18 ® N.D. N.D. 0.107 N.D.
[¢]
19 N.D. N.D. 0.069 N.D. [65]
N-terminal
domain of 0
Bb-
20 PAmDH N.D. N.D. 0.133 N.D.
cFL1- C—tearnn?inal
AmDH .
domain of o
Bs-
21 LAmDH >99 (R), >99 N.D. N.D.
/O
o)
R
22 39, 43 (R), >99 N.D. N.D.
[68]
(R =-CHjz, -F)
o
23 )b\ 9,22 (R), >99 N.D. N.D.
R
(R = _CH?)/ _F)
o)
24 M >99 n.a. N.D. N.D.
H
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Table 6. Cont.

Product Specific
. . _ _1
Entry Enzyme  Variants ? Substrate Comiersmn C.Zonﬁgura Activity Keat (5" 1), Ref.
No. (%) tion and ee Ky (mM)
o (U/mg)
(%)
o]
25 M 96 (R), >99 N.D. N.D.
o
26 )J\M/\ 75,92, 98, (R), >99 N.D. N.D.
n 50
n=12234)
2 In this column, the mutated residues with a superscript " are inside the pocket of PheDH, and the mutated
residues with a superscript “©” are the substrate backbone carboxyl anchor sites of PheDH. The positions of
all residues were determined by sequence alignment and structural comparison. ® N.D. = not determined.
¢ n.a. = Not applicable.
Table 7. Altered substrate specificity of Gk-PAmDHSs and their synthesis of chiral amines.
Product Specific
. X _ 1
Entry Enzyme  Variants ? Substrate Comzersmn (.Zonﬁgura Activity Keat (s 1), Ref.
No. (%) tion and ee Ky (mM)
o (U/mg)
(%)
R
(o}
1 k7850 /L/Q/ 99 (R), >99 0.30 N.D.P
/N276L° ' ' e
(R =-OCH3)
o
Gk- K785°
2 PAMDH  /N276CO N.D. N.D. 9.35 N.D. [25]
OH
o A
K78S
3 /N276TO . N.D. N.D. 4.59 N.D.
(R =-CH,0OH)
o
4 99 (R), >99 N.D. 0.62,4.8
(n=2)
m
99, 99,
5 K780 g R 99,99 (R), >99 N.D. N.D.
Ck- /N276LO (1’1 =2, R=-F, -CH3,
PAMDH-  /VI144A! R [70]
M3 /V309A! 0
/A310G!
6 1 99, 97 (R), >99 N.D. N.D.
(n=2; R=-0OCHjs,
-NOy)
o °>
7 d 99 (R), >99 N.D. N.D.

(n=2)
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Table 7. Cont.
Product Specific
. . ) _1
Entry Enzyme Variants 2 Substrate Comierswn C.Zonﬁgura Activity Keat (s” %), Ref.
No. (%) tion and ee Ky (mM)
o (U/mg)
(%)
R
o)
8 21,72 (R), >99 N.D. N.D.
(n=2;R=-0OCHj3;,
-NO,)
o / NH
9 )‘\/E@ 99 (R), >99 N.D. N.D.
(o]
10 >99 (R), >99 N.D. 3.10,11.8
(n=2)
(o]
11 )k/ﬁ/ >99 (R), >99 N.D. N.D.
o]
M >99, >99,
12 - %, 75 (R), >99 N.D. N.D.
n=1,23,4)
o
13 K7850 )J\/v/ 80 (R), 99 N.D. N.D.
/N276L° f
/V144A! /U\/\)\
14 o TV300A1 P 88 (R), >99 N.D. N.D.
- 1
PAmDH-  /A310G o I
M8 /S156T |
15 /Q308A! N, 88 (R), >99 N.D. N.D.
/C79N! !
/F86M! (n=2)
o) s/>
16 MM 52 (R), >99 N.D. N.D.
(n=2)
o]
17 RM 74,77,21 (R), >99 N.D. N.D.
n=1,23;
R=-CH,CHj3)
18 R g 31,7 (R), >99 N.D. N.D.
(n=2,3R=
-CH,CH,CHs)

2 In this column, the mutated residues with a superscript " are inside the pocket of PheDH, and the mutated

residues with a superscript

ey

are the substrate backbone carboxyl anchor sites of PheDH. The positions of all

residues were determined by sequence alignment and structural comparison. ® N.D. = not determined.

4. Conclusions and Perspectives

This review summarizes research on the substrate-specific engineering of s-AADHs by
combining the structure and catalytic mechanism. From the substrate-specific engineering
studies summarized in Tables 2-7, it can be seen that the mutation sites for substrate
specificity engineering are mainly concentrated in four regions as follows: 1. inside the
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substrate pocket, 2. the carboxyl anchor site outside the substrate pocket, 3. the substrate
entrance tunnel, and 4. the hinge region (the position in the structure is shown in Figure 3a).

Many mutation sites are inside the pocket, which allows s-AADHs to accommodate
substrates with different R groups. Combinatorial mutation of the two carboxyl anchor sites
outside the pocket can expand the substrate specificity of s-AADHSs from o-keto acid to «-
hydroxy-2-ketones, methyl ketones, ethyl ketone, and propyl ketone. Moreover, mutations
at these two hotspots have additive effects, which further expands the substrate spectrum
of engineered s-AADHSs. Currently, the engineering of substrate carboxyl anchor sites is
mainly focused on LeuDH, PheDH, and GluDH, of which there is only one report based
on GluDH. The sequence alignment in Figure 4 shows that two residues at the carboxyl-
anchoring site are conserved in s-AADHs, suggesting that similar substrate specificity
modifications apply to ValDH and TrpDH. Given the wide distribution of GluDH in
organisms, the construction of engineered amine dehydrogenases based on GluDH has
great potential.

The other two hotspots (the substrate entrance tunnel and hinge region of s-~AADHs)
are the subject of relatively few reports. However, the catalytic activity of the engineered
enzymes obtained by site mutations at the substrate entrance tunnel of GluDH and LeuDH
has been improved for multiple substrates, which indicates that engineering at the tunnel
site has great potential for the modification of the substrate spectrum of s-AADHs. An
interesting case, domain shuffling, has been reported in substrate-specific engineering. The
chimeric enzymes obtained by domain shuffling have the substrate specificity of the two
parent enzymes and can even catalyze inactive substrates of the parent enzymes. In a study
on the crystal structure of a chimeric GluDH, Oliveira et al. [67] found that the change in
the angle between the two domains of the chimeric enzyme, caused by an interdomain
flexibility change at a hinge region, promotes improvements in its catalytic efficiency. This
study coincides with Xinjian Yin et al.’s [30] hinge engineering to improve the catalytic
efficiency of enzymes, suggesting that domain shuffling might be a special form of hinge
engineering. Domain shuffling and hinge engineering result in significant changes in the
substrate specificity of s-AADHs, in which the variant (T121N/L123Y) obtained by hinge
engineering shows a nearly 100-fold improvement in catalytic efficiency for unnatural
substrates compared with that of the wild-type. As shown in Figure 1, s-AADHs all contain
hinge structures, which means that domain shuffling and hinge engineering can be applied
to the substrate-specific engineering of other s-AADHs.

s-AADHs catalyze the asymmetric reductive amination of keto acids or ketones using
inexpensive ammonia as the reagent, with only water as a by-product, which is a highly
desired catalyst in green and sustainable pharmaceutical manufacturing [71]. The rational
combination of these mutation hotspots is expected to lead to the construction of more
excellent engineered enzymes, thereby paving the way for the green industrial synthesis of
chiral amino acids and chiral amines.
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Abbreviations

AADHSs, amino acid dehydrogenases; s-AADHs, superfamily of amino acid dehy-
drogenases; NAD™, nicotinamide adenine dinucleotide; NADP™, nicotinamide adenine
dinucleotide phosphate; GluDH, glutamate dehydrogenase; ValDH, valine dehydrogenase;
LeuDH, leucine dehydrogenase; PheDH, phenylalanine dehydrogenase; TryDH, trypto-
phan dehydrogenase; LAmDH, engineered amine dehydrogenase based on LeuDH; 2-OG,
2-oxoglutarate; 2-IG, 2-iminoglutarate; OAA, oxaloacetate; PPO, 2-oxo-4-[(hydroxy)(methyl)
phosphinoyl]butyric acid; PpGluDH, GluDH from Pseudomonas putida; EcGluDH, GluDH
from E. coli; CsGluDH, GluDH from Clostridium symbiosum; 2-OPBA, 2-oxo-4-phenylbutyric
acid; Ec-GAmDH, engineered amine dehydrogenase based on EcGluDH; BcLeuDH, LeuDH
from Bacillus cereus; BsLeuDH, LeuDH from Bacillus stearothermophilus; Es-LAmDH, en-
gineered amine dehydrogenase based on Exiguobacterium sibiricum LeuDH; Lf-LAmDH,
engineered amine dehydrogenase based on Lysinibacillus fusiformis LeuDH; Gs-LAmDH, en-
gineered amine dehydrogenase based on Geobacillus stearothermophilus LeuDH; Bc-LAmDH,
engineered amine dehydrogenase BcLeuDH; BsPheDH, PheDH from Bacillus sphaericus;
SuPheDH, PheDH from Sporosarcina ureae; RsPheDH, PheDH from Rhodococcus sp. M4;
BbPheDH, PheDH from Bacillus badius; PFPA, phenoxy-2-propanone; Bb-PAmDH, engi-
neered amine dehydrogenase based on BbPheDH; Rs-PAmDH, engineered amine dehydro-
genase based on RsPheDH; cFL1-AmDH, a chimeric amine dehydrogenase with domain I
of Bb-PAmDH and domain II of Bs-LAmDH; Gk-PAmDH, engineered amine dehydroge-
nase based on Geobacillus kaustophilus PheDH.
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