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ABSTRACT: The biocatalytic oxidative deamination of -amino alcohols holds
significant practical potential in kinetic resolution and/or deracemization
process to access (R)-f-amino alcohols. This study exemplifies a notable
instance of acquisition and utilization of this valuable oxidative deamination
activity. Initially, the mutation N261M (MO) was identified to endow a native
valine dehydrogenase with oxidative deamination activity toward a few (S)-f-
amino alcohols. Subsequently, a phylogenetic analysis-guided, double-code
saturation mutagenesis strategy was proposed to engineer MO's side-chain
binding site. This strategy facilitated the substrate-specific evolution of MO,
resulting in the creation of a panel of mutants (M1—M4) with noteworthy
oxidative deamination activity toward structurally diverse (S)-f-amino alcohols.
Using these engineered amine dehydrogenases, termed as S-amino alcohol
dehydrogenases (f-AADHs), the complete kinetic resolution and even
deracemization of a range of f-amino alcohols have been achieved. This work
reports distinct biocatalysts and a synthetic strategy for the synthesis of enantiopure (R)-f-amino alcohols and offers an innovative
approach for substrate-specificity engineering of enzymes.

KEYWORDS: biocatalysis, amine dehydrogenases, oxidative deamination, enantiopure f-amino alcohols, protein engineering

B INTRODUCTION amino alcohols are mutants of natural L-amino acid dehydro-
genases, exhibiting a strict (S)-stereoselectivity. Hence, (R)-
enantiomers are so far inaccessible via stereoselective reductive

and crucial intermediates in pharmaceutical synthesis (Scheme amination of a-hydroxy ketone starting materials. Evolving some

$1).'"° For example, (R)-2-amino-3-methyl-1-butanol is a natural an.line dehydrogenases is a potential optif)n to obtain
7,8 (R)-selective amine dehydrogenases toward $-amino alcohols,

pivotal chiral intermediate in producing (R)-Roscovitine,”” a )
such as MsmeAmDH, MvacAmDH, CfusAmDH, MicroAmDH,

second-generation orally available CDK inhibitor; (R)-2-amino- } ) -
3-phenylpropanol represents a central chir)al moiety in and ApauAmDH (possessing opposite stereoselectivity prefeg
ence compared to engineered amine dehydrogenases).

producing Solriamfetol,” a wakefulness-promoting medication; : i .
. . However, these enzymes are practically inactive on a-hydroxy
(R)-2-amino-4-methylpentan-1-ol serves as a foundational .
ketones, and they suffer from poor stereoselectivity. Hence,

precursor for synthesizing a potent and selective antagonist of . ) .
the Fractalkine receptor (CX3CR1).10 The extensive applica- engineering these enzymes did not appear to be an attractive
tions of chiral f-amino alcohols underscore the significant rOIIlrtle tonl:rs' ¢ the kinetic resolution and/or deracemization of
importance of developing efficient synthetic methodologies for  COMUash, The MNEHe resoiution and/or ceracemization o
readily available racemic f-amino alcohols (obtainable, e.g.,

their production. . . . RVt
. . . 11-15 1. . through a simple one-step reduction of amino acids)” """ using
Besides some chemical synthetic routes, biocatalytic ) o .
16-23 amine dehydrogenases presents a promising alternative for the

strategies have also been receiving considerable attention . ) . .
mostly due to their high stereoselectivity and the mild reaction syrithet.m? Otf (}i()—,lﬁ(ia{)n e tal(ciotl; 1: (Schemﬁeﬂ 1) ) ll)esplt: tt,hls
conditions. Particularly, amine dehydrogenase-catalyzed asym- potential, 1t should be noted that successiul implementation

. . L 2432 Lo . 33-36
metric reductive amination and kinetic resolution are
two attractive processes to access chiral amines. Among them, Received: ~ October 18, 2023
the asymmetric reductive amination of a-hydroxy ketones by Revised:  December 16, 2023

engineered amine dehydrogenase to yield f-amino alcohols has Accepted:  December 20, 2023
Published: January 3, 2024

Chiral f-amino alcohols are important building blocks for the
synthesis of chiral auxiliaries, ligands in asymmetric synthesis,

1—

been extensively explored, achieving remarkable conversion
rates and enantiomeric excess values of >99%.%” > Almost all
known amine dehydrogenases exhibiting activity toward -
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Scheme 1. Kinetic Resolution and Deracemization Process
for the Synthesis of (R)-f-Amino Alcohols
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faces considerable challenges. To the best of our knowledge, no
successful case has been reported yet, primarily due to two
significant hurdles encountered in the utilization of amine
dehydrogenase-catalyzed oxidative deamination.*>** First,
currently available (wild-type and engineered ones) amine
dehydrogenases have been primarily developed for their
reductive amination activity, resulting in relatively low catalytic
efficiency for the oxidative deamination reaction,”"*”*%#%%
especially concerning f-amino alcohols (<10 U/g).*® Addition-
ally, the strict substrate specificity inherited from amino acid
dehydrogenases also extends to the derived amine dehydro-
genases, creating a constraint on the range of substrates that can
be converted.””*® Despite extensive research to expand the
substrate spectra of amine dehydrogenases, in most cases, this
remains a rather intricate issue.”*”>"?>***% This is because
almost all mutants are screened based on one or a limited set of
substrates, and their enhanced activity often lacks generality.
Consequently, when faced with novel substrates, the screening
process for suitable mutants remains time-consuming and labor-
intensive, even for enzymes that have been extensively studied.

In this work, we report an efficacious solution to develop
engineered amine dehydrogenases exhibiting remarkable
oxidative deamination activity toward structurally diverse f-
amino alcohols. These engineered amine dehydrogenases,
termed as f-amino alcohol dehydrogenases (f-AADHs), have
demonstrated their utility in kinetic resolution or deracemiza-
tion processes, yielding diverse enantiopure (R)-f-amino
alcohols with good ee values and conversion.

B RESULTS AND DISCUSSION

Access to the Oxidative Deamination Activity of f-
AADHEs. As starting point for our investigation, we chose a valine
dehydrogenase previously identified from a hot spring
metagenomic library (HsValDH3).>' Due to its considerable
stability, HsValDH3 is an attractive starting point for evolution
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and future application. wt-HsValDH3 does not exhibit sizable
activity toward f-amino alcohols, which is why we first aimed at
addressing this issue. Since a crystal structure of HsValDH3 is
not available yet, we employed AlfaFold2*” to construct a three-
dimensional model of HsValDH3. Subsequently, molecular
docking with its native substrate, L-valine, was conducted to
scrutinize the binding interactions (Figure 1A). According to the
model, L-valine occupies a specific binding site nestled within the
crevice formed between the substrate-binding domain and the
coenzyme-binding domain of HsValDH3 (Figure 1A).

Utilizing insights from the resolved crystal structure and
catalytic mechanism of amino acid dehydrogenases,”** we
partitioned the substrate-binding pocket of HsValDH3 into
three discrete regions (Figure 1B): the catalytic site, the
carboxyl-binding site, and the side-chain binding site. The
catalytic site encompasses residues Lys80 and Asp115, both of
which are pivotal for the cata_lzrtic function of amino acid
dehydrogenases (Figure 1C).>>>" The carboxyl-binding site is
constituted by residues Asn261 and Lys68, governing the
specificity for a-keto acids by forming hydrogen bonds and
electrostatic interactions with the carboxyl group of L-valine
(Figure 1C). Therefore, we targeted these two amino acid
residues using a combinatorial saturation mutagenesis strategy,
K68X/N261X (NNK degenerate codons). It is worth emphasiz-
ing here that, in contrast to previous studies,*83 137394546 e
aimed at oxidative deamination, for which so far no efficient
high-throughput screening method was available. Fortunately,
the deamination product (i.e., the f-keto alcohol) proved to be
susceptible to spontaneous oxidation by tetrazolium red (TTC,
Figure 1D), which enabled us to establish a semiquantitative
colorimetric activity assay based on the formation of the
intensely red-colored triphenylformazan (TPF) (Figure S1).
This way, we identified three mutants (N261M, N261L, and
N261F), exhibiting oxidative deamination activity toward 2-
aminobutanol. Interestingly, N261M (MO) proved to be a better
mutant for oxidative reaction than the extensively documented
K68S/N261L (2M), while 2M shows superiority in the
reductive direction (Figure 1E). This observation reinforces
the necessity of our dedicated effort in conducting oxidative
deamination-specific screening.

To gain further insight into the molecular basis of these
differences, we performed a molecular docking analysis of (S)-2-
aminobutanol and 1-hydroxy-2-butanone for MO and 2M,
respectively (Figure 1F). In the case of MO, hydrogen-bonding
interactions between the a-hydroxyl group of the amino alcohol
and Lys68 were observed, which positioned the starting material
in a near-attack conformation to the cofactor (NAD*). No such
interaction was observed in 2M. Rather, a new hydrogen bond
network between the amino group of (S)-2-aminobutanol and
K80 and D115 was observed, which may impede their
involvement in the catalytic cycle and therefore may account
for the drastically reduced catalytic activity in the oxidation of
(S)-2-aminobutanol. Indeed, the kinetic parameters revealed
that 2M exhibited a significantly lower k., value for (S)-2-
aminobutanol compared to MO (1.18 vs 5.23 s7*) (Table 1).
However, when 2M interacted with 1-hydroxy-2-butanone, the
ketone group maintained a favorable catalytic distance with the
catalytic residues, measuring 2.6 A to K80 and 3.6 A to D115.
Furthermore, this binding arrangement resulted in a higher
binding energy compared to MO (—23.43 vs —21.36 kcal mol™")
in line with the increased substrate affinity (lower K, value) and
catalytic efficiency (higher k., K,,™") for the a-hydroxy ketone
(Table 1).

https://doi.org/10.1021/acscatal.3c04995
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Figure 1. Access to the oxidative deamination activity of f~AADHs. (A) Overview of the three-dimensional model of HsValDH3 docked with L-valine.
L-Valine is shown as a stick model. (B) Close-up view of the active pocket of HsValDH3. The substrate-binding pocket is shown as a surface model,
with the catalytic site, carboxyl-binding site, and side-chain binding site structure represented in red, yellow, and cyan, respectively. (C) Residues were
within the active pocket of HsValDH3. These residues constitute the catalytic site, carboxyl-binding site, and side-chain binding site, represented in
red, yellow, and cyan, respectively. Hydrogen bonds that contribute to the binding of L-valine are represented as green-colored dotted lines. (D)
Principle of the colorimetric high-throughput screening method for f-AADH. In the enzymatic system, -amino alcohols undergo conversion into the
corresponding a-hydroxy ketones catalyzed by f-AADH, with NAD* regeneration powered by the NADH oxidase (NOX). (E) Specific activities of
the identified mutants toward (S)-2-aminobutanol and 1-hydroxy-2-butanone. The specific activity was determined using purified proteins. All
enzymatic assays were performed in triplicate, at least, and the averaged values are reported. (F) Docking poses of (S)-2-aminobutanol and 1-hydroxy-
2-butanone with N261M (MO0) and K68S/N261L (2M). Hydrogen-bonding interactions are shown and highlighted as green dotted lines, and distance
between substrates’ active group and catalytic residues is shown and highlighted as blue dotted lines.

Substrate-Specific Evolution of MO To Expand the rather narrow range of short-chain (S)-f-amino alcohols (Figure
Substrate Scope. The N261M mutation successfully con-
ferred oxidative deamination activity to HsValDH3, resulting in

the “first-generation” f-AADH (MO). But MO converted only a acid dehydrogenases exhibit stringent substrate specificity, and

S2). This outcome aligns with our expectations as natural amino

839 https://doi.org/10.1021/acscatal.3c04995
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Table 1. Kinetic Parameters of the Mutants toward (S)-2-
Aminobutanol and 1-Hydroxy-2-butanone®

Substrate Enzyme Vimax K keat keat/ Km
(U/mg) ™) [C) (s'M™)
l;le N261M 1.01£0.15 0.447 £0.032 523+£0.78 11.70
S OH K68S/N261L  0.23+0.01  1.126 £ 0.021 1.18 £ 0.04 1.05
o N261M 0.39+£0.03 0.084 £ 0.003 2.02£0.1 24.05

OH
\)K/ K68S/N261L 026 £0.01  0.044 +0.002 1.38 £0.05 31.36

“Kinetic data were obtained using purified proteins. All enzymatic
assays were performed at least in triplicate.

the resultant amine dehydrogenases typically retain similar
specificity.

Introducing the N261M (HsValDH3 numbering) mutation
to other amino acid dehydrogenases with larger binding pockets,
such as phenylalanine dehydrogenases, offers a viable way to
diversify the substrate spectrum (Figure S3). However, this
approach suffers some limitations: it proves ineffective in

generating active mutants for specific substrates, such as (S)-2-
amino-2-phenylethan-1-ol, and is hardly capable of yielding
mutants with enhanced catalytic activity for short-chain aliphatic
substrates. Hence, we propose a phylogeny-guided, double-code
saturation mutagenesis to reconfigure the side-chain binding site
within MO's substrate-binding pocket. The active site pocket
accommodating the alkyl substituent consists of nine residues:
L40, G41, G42, Al113, E114, P146, G290, V291, and 1294
(Figure 1C). A multiple sequence alignment with some well-
characterized amino acid dehydrogenases, particularly leucine
dehydrogenase and phenylalanine dehydrogenase (Figure
$4),°*7% revealed that residues 40, 41, 42, and 290 are
conserved, while residues 113, 114, 146, 291, and 294 showed
notable variations (Figure 2A). To accommodate sterically more
demanding alkyl substituents, targeting smaller amino acid
residues appeared reasonable. Therefore, we devised a five-site,
double-coded saturation mutagenesis library (Figure 2B)
randomly introducing two small amino acids (alanine and
glycine) to residues 113, 114, 146, 291, and 294 of M0. Notably,
this strategy reduced the screening efforts significantly, as with

BdPheDH
GkPheDH
BsPheDH

TiPheDH j7

A HsValDH3
LaLeuDH
BeLeuDH
BsLeuDH
EsLeuDH

42 113 114 146 290 291 294
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& g &
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5 oH e
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Specific activity (U/g
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]
L
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M2 273.02A3 . M3 316.22A°% ) M4 400.89A%

Figure 2. Evolution of the substrate scope of #-AADHs. (A) Phylogenetic analysis of the residues in the side-chain binding site. LaLeuDH from
Labrenzia aggregate (WP_006932274.1); BcLeuDH from Bacillus cereus (WP_000171355.1); BsLeuDH from Bacillus sphaericus (GEC82162.1);
EsLeuDH from Exiguobacterium sibiricum (WP_012369820.1); BbPheDH from Bacillus badius (BAA08816.1); GkPheDHe from Geobacillus
kaustophilus (KJE28589.1); TiPheDH from Thermoactinomyces intermedius (BAA00524.1); and BsPheDH from Bacillus sphaericus (AAA22646.1).
(B) Representation of the five-site double-code saturation mutagenesis library. (C) Screening results. The specific activity of the three most active
mutants for each substrate was determined using purified proteins. All enzymatic assays were performed in triplicate, at least, and the averaged values
are reported. (D) Active pocket structure analysis of the f-AADHs. The pocket volumes of the f-AADHs were measured using POVME 3.0.

https://doi.org/10.1021/acscatal.3c04995
ACS Catal. 2024, 14, 837—-845


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04995/suppl_file/cs3c04995_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04995/suppl_file/cs3c04995_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04995/suppl_file/cs3c04995_si_003.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04995?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04995?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04995?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04995?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04995?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04995?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

NH,
2 NH,

S1 S2

S7 S8 S9

I
2
S3 sS4

s
~ oH OH OH Q
\/\NC\ @\l/\OH m NH, NH,
2 I cl
2

Y\I/\OH /\/Y\OH
NH; NH,

S5

S10 S11

Specific activity (U/mg)

Mutants

S1 S2 S3 S4 S5

Figure 3. Substrate spectrum evaluation of the developed f-AADHs.

S6

S7 S8 S9 S10 S11 S12

Substrates

only 485 transformants, a 95% coverage was obtained.’!
Compared to conventional substrate-specificity engineering
strategies used for amino acid dehydrogenases or amine
dehydrogenases, such as rational site-directed mutagene-
sis”” %% and iterative saturation mutagenesis (ISM),””*"*
our approach exhibits several significant benefits: first, the lower
screening effort enables screening for more substrates in shorter
times. Second, it allows the capture of potential synergistic
effects arising from the combination of mutations at the five
selected sites, an outcome that is nearly impossible to achieve by
using traditional engineering strategies.

As shown in Figure 2C, for all 7 model substrates screened,
several mutants with significantly increased catalytic activity
were observed. The best-performing mutants for L-valinol, (S)-
2-amino-4-methylpentane-1-ol, and (§)-2-aminohexane-1-ol
exhibited a specific activity improvement of 1.5- to 27.6-fold
compared to that of MO. Furthermore, for the four substrates
initially showing no activity with MO, the generated mutants
acquired substantial catalytic activity (0.15—1.22 U/mg).

Particularly mutants M1—-M4 (M1: E114G/N261M; M2:
Al113G/E114A/N261M; M3: Al113G/E114A/P146A/
N261M; M4: A113G/E114A/P146A/N261M/1294G) ex-
celled in their catalytic performance.

Next, we examined the substrate-binding pocket structure of
the best mutants using POVME 3.0.°° A compelling correlation
between the active pocket size and substrate specificity (Figure
2D) was observed. As the side chains of the substrates used for
screening increased, the pocket size of the best mutants obtained
also gradually increased, indicating a notable positive
correlation. It serves to validate the effectiveness and efficacy
of our phylogenetic analysis-guided double-code saturation
mutagenesis strategy in obtaining individual optimal mutants for
each substrate.

Applications of Developed p-AADHs. To assess the
applicability of the developed S-AADHs, we conducted a
systematic evaluation of their substrate spectra. As illustrated in

841

Figure 3, the “second-generation” fS-AADHs (M1—M4)
exhibited a remarkably expanded substrate scope compared to
MO. Catalytic activity was observed for essentially all substrates
tested.

Next, we explored the synthetic usefulness of newly generated
P-AADHs. Six representative, racemic f-amino alcohol sub-
strates (S1, S2, S3, S4, S9, and S12) were tested first in a kinetic
resolution-type reaction using the previously identified optimal
J-AADH mutant (Figure 3). For cofactor regeneration, the
recombinant NADH oxidase (NOX) from Streptococcus equi was
used.”® As shown in Figure 4A, the majority of these model
compounds were smoothly oxidized in high enantioselectivity,
resulting in S0% conversion (i.e., full theoretical) and essentially
optically pure (R)-f-amino alcohols. In two cases, even after
prolonged reaction times, the conversions did not exceed 49%,
and consequently, the optical purities of the remaining amino
alcohols were disappointingly low (92—96% ee). The origin of
this slower reaction rate is not fully understood and will be
investigated in future studies. Possibly, low affinity toward the
starting material (high K, values), product inhibition, and/or
enzyme inactivation may account for this.

Inspired by previous work regarding deracemization of
racemic amines without a-functionalization,®* we also evaluated
the deracemization of the racemic A-amino alcohols by
extending the reaction shown in Figure 4A with an
enantioselective transamination of the undesired keto alcohol
byproduct (Figure 4B). For this, we chose the (R)-selective w-
transaminase from Bacillus megaterium (BmTA) (Table S1).”
The stereoselectivi?f of available (R)-selective @-transaminases
is generally low.'”**® This implies that the amino alcohols
produced by these transaminases will not be enantiomerically
pure. However, the proposed three-enzyme cascade deracem-
ization system effectively addresses this issue as undesired (S)-f3-
amino alcohols are transferred back to a-hydroxy ketones by the
engineered S-AADHs. Consequently, only the (R)-product is
preserved in the system, theoretically giving excellent optical
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Figure 4. Kinetic resolution and deracemization process for the synthesis of (R)-f-amino alcohols. (A) Kinetic resolution of racemic f-amino alcohols.
Reaction conditions: f-AADHs (2 mg/mL purified protein), NOX (2 mg/mL purified protein), NAD* (0.5 mM), racemic -amino alcohols (10 mM),
pH 9.0 Tris—HCI (0.1 M), 2 mL of total volume. The reaction was performed at 37 °C and 200 rpm for 24 or 48 h. Conversion for kinetic resolution
process was defined as the percentage ratio of consumed (S)-f-amino alcohols to the initial racemic f-amino alcohol substrate. (B) Deracemization of
racemic f-amino alcohols (10 mM). Reaction conditions: f-AADHs (2 mg/mL purified protein), NOX (2 mg/mL purified protein), BmTA (2 mg/
mL for S1, S2, S3, S4; 10 mg/mL for S9 and S12, purified protein), NAD* (0.5 mM), PLP (0.5 mM), racemic f-amino alcohols (10 mM), (S)-
phenethylamine (50 mM), pH 9.0 Tris—HCl (0.1 M), 2 mL of total volume. The reaction was performed at 37 °C, 200 rpm for 24 or 48 h. Conversion
for the deracemization process was defined as the percentage ratio of the (R)-f-amino alcohol product to the initial racemic #-amino alcohol substrate.
(C—E) Deracemization of racemic S2, S4, and S9 (25 or S0 mM). Reaction conditions: NAD"* (0.5 mM), PLP (0.5 mM), racemic f-amino alcohols
(25 or S0 mM), and (S)-phenethylamine (100 mM), pH 9.0 Tris—HCI (0.1 M), 2 mL of total volume. The enzymes [1 mg/mL -AADHs (M1 for S2,
M2 for S4, and M3 for S9), 2 mg/mL NOX, and 2 mg/mL BmTA] were added into the reaction system at specific time points: 0, 6, 12, 24, and 36 h.
The reaction was performed at 37 °C, 200 rpm.

purity for various #-amino alcohol products. Gratifyingly, all six
racemic f-amino alcohols were efficiently deracemized, resulting
in the production of (R)-f-amino alcohols with ee values >99%
and conversions ranging from 90 to 99%. Even for substrates S3
and S4, which exhibited imperfect ee values in the kinetic
resolution process, the deracemization process yielded sat-
isfactory results.

Motivated by these results, we proceeded to explore the
deracemization process with higher substrate loadings (25—50
mM) (Figure 4C—E). To surmount enzyme deactivation issues
observed in prior batch reactions (Figure SS), particularly
concerning NOX and BmTA, we added these enzymes at
intervals (0, 6, 12, 24, and 36 h). Applying this strategy,
complete deracemization of 25 mM racemic S2, S4, and S9
substrates was achieved within 10, 30, and 36 h, respectively,
with optical purities surpassing 99% ee. Upon further increasing
the substrate concentration to 50 mM, S2 and S4 achieved
complete deracemization within 30 and 48 h (ee > 99%),
respectively, while the final ee value for S9 stood at 76%.

Preparative-scale deracemization reactions were performed
on a 50 mL scale with 50 mM racemic S2 and S4. These

reactions mirror the process observed in the 2 mlL-scale
reactions (Figure S6). The deracemization of racemic S2 and
S4 reached completion (>99% conversion) within 34 and 48 h
(ee > 99%), respectively, yielding a final concentration of (R)-R2
and (R)-R4.

Compared with extensively explored and optimized amine
dehydrogenase-catalyzed reductive amination processes for (S)-
B-amino alcohol production, ™’ the productivity observed
here (2.1 mM h™') somewhat falls back (up to 100 mM h™')
albeit also using approximately 20—100 times less of the
biocatalyst. Hence, we are convinced that further reaction
engineering will yield reaction schemes at least comparable to
those of the above-mentioned (S)-amino alcohol syntheses.

B CONCLUSIONS

In this contribution, we have expanded the biocatalytic toolbox
for chiral #-amino alcohol synthesis with a newly designed amine
dehydrogenase from a wild-type valine dehydrogenase. A
mutation N261M in the carboxyl-binding site was identified to
endow HsValDH3 with oxidative deamination activity, creating
the “first-generation” f-AADH (MO). Guided by phylogenetic
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analysis, double-code saturation mutagenesis in MO's substrate-
binding pocket led to the “second-generation” f-AADHs (M1—
M4) with broadened substrate spectra.

Also, the newly developed f-AADHs themselves exhibit a
significant potential for the preparative kinetic resolution and
deracemization of readily available racemic f-amino alcohols.

Further work in our laboratory will focus on the further
optimization of the methodology, generating even more active
and selective f-AADHs and embedding the deracemization in
more complex cascades to convert simple starting materials into
diverse value-added products.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.3c0499S.

Detailed description of experimental procedures; analytic
conditions; primer sequences; enzyme sequences; GC
conditions; HPLC conditions; colorimetric high-
throughput screening results; specific activities of amino
acid dehydrogenases; Michaelis—Menten diagrams; pre-
column derivatization HPLC analysis; GC analysis;
sequence information; and supporting HPLC, NMR,
and MS spectra (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Frank Hollmann — Department of Biotechnology, Delft

University of Technology, Delft 2629HZ, The Netherlands;
orcid.org/0000-0003-4821-756X; Email: fhollmann@

tudelft.nl

Bishuang Chen — School of Marine Sciences, Sun Yat-Sen
University, Zhuhai 519080, China; Southern Marine Science
and Engineering Guangdong Laboratory (Zhuhai), Zhuhai
519080, China; ©® orcid.org/0000-0002-7221-1208;
Email: chenbsh23@mail.sysu.edu.cn

Authors

Xinjian Yin — School of Marine Sciences, Sun Yat-Sen
University, Zhuhai 519080, China; Southern Marine Science
and Engineering Guangdong Laboratory (Zhuhai), Zhuhai
519080, China

Wenzhong Gong — School of Marine Sciences, Sun Yat-Sen
University, Zhuhai 519080, China

Yujing Zeng — School of Marine Sciences, Sun Yat-Sen
University, Zhuhai 519080, China

Hulin Qiu — School of Marine Sciences, Sun Yat-Sen University,
Zhuhai 519080, China

Lan Liu — School of Marine Sciences, Sun Yat-Sen University,
Zhuhai 519080, China; Southern Marine Science and
Engineering Guangdong Laboratory (Zhuhai), Zhuhai
519080, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.3c04995

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes

The authors declare no competing financial interest.

843

B ACKNOWLEDGMENTS

This work was financially supported by the National Natural
Science Foundation of China (Nos. 22108317 and 42376097);
Guangdong Basic and Applied Basic Research Foundation
(2019A1515111051, 2021A1515010829, and
2023A1515030226); and China Postdoctoral Science Founda-
tion (2020M680134).

B REFERENCES

(1) Zhou, Z. J.; Tan, Y. Q.; Shen, X; Ivlev, S.; Meggers, E. Catalytic
enantioselective synthesis of #-amino alcohols by nitrene insertion. Sci.
China Chem. 2021, 64, 452—458.

(2) Nakafuku, K. M.; Zhang, Z.; Wappes, E. A.; Stateman, L. M,;
Chen, A. D.; Nagib, D. A. Enantioselective radical C—H amination for
the synthesis of #-amino alcohols. Nat. Chem. 2020, 12, 697—704.

(3) Reddy, U. V. S.; Chennapuram, M.; Seki, C.; Kwon, E.; Okuyama,
Y.; Nakano, H. Catalytic Efficiency of Primary -Amino Alcohols and
Their Derivatives in Organocatalysis. Eur. J. Org. Chem. 2016, 2016,
4124—4143.

(4) Vicario, J. L.; Badia, D.; Carrillo, L.; Reyes, E.; Etxebarria, J. a-
Amino acids, f-amino alcohols and related compounds as chiral
auxiliaries, ligands and catalysts in the asymmetric aldol reaction. Curr.
org. Chem. 2008, 9, 219—-235.

(5) Bergmeier, S. C. The synthesis of vicinal amino alcohols.
Tetrahedron 2000, 56, 2561—2576.

(6) Ager, D. J.; Prakash, L; Schaad, D. R. 1,2-Amino alcohols and their
heterocyclic derivatives as chiral auxiliaries in asymmetric synthesis.
Chem. Rev. 1996, 96, 835—875.

(7) Demange, L.; Lozach, O.; Ferandin, Y.; Hoang, N. T.; Mejjer, L.;
Galons, H. Synthesis and evaluation of new potent inhibitors of CK1
and CDKS, two kinases involved in Alzheimer’s disease. Med. Chem.
Res. 2013, 22, 3247—-3258.

(8) Oumata, N.; Bettayeb, K.; Ferandin, Y.; Demange, L.; Lopez-Giral,
A.; Goddard, M.-L.; Myrianthopoulos, V.; Mikros, E.; Flajolet, M.;
Greengard, P.; Meijer, L; Galons, H. Roscovitine-derived, dual-
specificity inhibitors of cyclin-dependent kinases and casein kinases 1. .
Med. Chem. 2008, 51 (17), 5229—5242.

(9) Yuan, S; Yu, B; Liu, H-M. New drug approvals for 2019:
Synthesis and clinical applications. Eur. J. Med. Chem. 2020, 205,
No. 112667.

(10) Karlstrém, S.; Nordvall, G.; Sohn, D.; Hettman, A.; Turek, D.;
Ahlin, K; Kers, A; Claesson, M,; Slivo, C.; Lo-Alfredsson, Y,;
Petersson, C.; Bessidskaia, G.; Svensson, P. H.; Rein, T.; Jerning, E.;
Malmberg, A.; Ahlgen, C.; Ray, C.; Vares, R.; Ivanov, V.; Johansson, R.
Substituted 7-amino-S-thio-thiazolo [4, S-d] pyrimidines as potent and
selective antagonists of the fractalkine receptor (CX3CR1). J. Med.
Chem. 2013, 56 (8), 3177—3190.

(11) Hu, H.; Wang, Z. B. Cr-Catalyzed Asymmetric Cross Aza-Pinacol
Couplings for #-Amino Alcohol Synthesis. J. Am. Chem. Soc. 2023, 145,
20775—20781.

(12) Azizi, N.; Saidi, M. R. Highly Chemoselective Addition of
Amines to Epoxides in Water. Org. Lett. 2005, 7, 3649—3651.

(13) Azoulay, S.; Manabe, K.; Kobayashi, S. Catalytic Asymmetric
Ring Opening of meso-Epoxides with Aromatic Amines in Water. Org.
Lett. 2005, 7, 4593—4595.

(14) Liu, B. X; Xie, P. F.; Zhao, J ; Wang, J. J.; Wang, M. M,; Jiang, Y.
Q; Chang, J. B; Li, X. W. Rhodium-Catalyzed Enantioselective
Synthesis of f-Amino Alcohols via Desymmetrization of gem-Dimethyl
Groups. Angew. Chem., Int. Ed. 2021, 60, 8396—8400.

(15) Shivani; Pujala, B.; Chakraborti, A. K. Zinc(II) Perchlorate
Hexahydrate Catalyzed Opening of Epoxide Ring by Amines:
Applications to Synthesis of (RS)/(R)-Propranolols and (RS)/(R)/
(S)-Naftopidils. J. Org. Chem. 2007, 72, 3713—3722.

(16) Gupta, P.; Mahajan, N. Biocatalytic approaches towards the
stereoselective synthesis of vicinal amino alcohols. New J. Chem. 2018,
42, 12296—12327.

(17) Pavlidis, L. V.; Weil, M. S.; Genz, M.; Spurr, P.; Hanlon, S. P,;
Wirz, B.; Iding, H.; Bornscheuer, U. T. Identification of (S)-selective

https://doi.org/10.1021/acscatal.3c04995
ACS Catal. 2024, 14, 837—-845


https://pubs.acs.org/doi/10.1021/acscatal.3c04995?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c04995/suppl_file/cs3c04995_si_003.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+Hollmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4821-756X
https://orcid.org/0000-0003-4821-756X
mailto:f.hollmann@tudelft.nl
mailto:f.hollmann@tudelft.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bishuang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7221-1208
mailto:chenbsh23@mail.sysu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinjian+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenzhong+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yujing+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hulin+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c04995?ref=pdf
https://doi.org/10.1007/s11426-020-9906-x
https://doi.org/10.1007/s11426-020-9906-x
https://doi.org/10.1038/s41557-020-0482-8
https://doi.org/10.1038/s41557-020-0482-8
https://doi.org/10.1002/ejoc.201600164
https://doi.org/10.1002/ejoc.201600164
https://doi.org/10.2174/1385272053369105
https://doi.org/10.2174/1385272053369105
https://doi.org/10.2174/1385272053369105
https://doi.org/10.1016/S0040-4020(00)00149-6
https://doi.org/10.1021/cr9500038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9500038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00044-012-0334-1
https://doi.org/10.1007/s00044-012-0334-1
https://doi.org/10.1021/jm800109e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm800109e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejmech.2020.112667
https://doi.org/10.1016/j.ejmech.2020.112667
https://doi.org/10.1021/jm3012273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm3012273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c08493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c08493?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol051220q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol051220q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol051546z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol051546z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202014080
https://doi.org/10.1002/anie.202014080
https://doi.org/10.1002/anie.202014080
https://doi.org/10.1021/jo062674j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo062674j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo062674j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo062674j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8NJ00485D
https://doi.org/10.1039/C8NJ00485D
https://doi.org/10.1038/nchem.2578
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

transaminases for the asymmetric synthesis of bulky chiral amines. Nat.
Chem. 2016, 8, 1076—1082.

(18) Sekar, B. S.; Mao, J.; Lukito, B. R.; Wang, Z.; Li, Z. Bioproduction
of Enantiopure (R)- and (S)-2-Phenylglycinols from Styrenes and
Renewable Feedstocks. Adv. Synth. Catal. 2021, 363, 1892—1903.

(19) Zhang, J. D.; Yang, X. X,; Dong, R;; Gao, L. L;; Li, J,; Li, X;;
Huang, S. P.; Zhang, C. F.; Chang, H. H. Cascade Biocatalysis for
Regio- and Stereoselective Aminohydroxylation of Styrenyl Olefins to
Enantiopure Arylglycinols. ACS Sus. Chem. Eng. 2020, 8, 18277—
1828S.

(20) Zhang, J. D.; Yang, X. X; Jia, Q.; Zhao, J. W.; Gao, L. L.; Gao, W.
C.; Chang, H. H,; Wei, W. L,; Xu, J. H. Asymmetric ring opening of
racemic epoxides for enantioselective synthesis of (S)-f-amino alcohols
by a cofactor self-sufficient cascade biocatalysis system. Catal. Sci.
Technol. 2019, 9, 70—74.

(21) Corrado, M. L.; Knaus, T.; Mutti, F. G. Regio- and stereoselective
multi-enzymatic aminohydroxylation of f-methylstyrene using dioxy-
gen, ammonia and formate. Green Chem. 2019, 21, 6246—6251.

(22) Corrado, M. L.; Knaus, T.; Schwaneberg, U.; Mutti, F. G. High-
Yield Synthesis of Enantiopure 1,2-Amino Alcohols from 1-Phenyl-
alanine via Linear and Divergent Enzymatic Cascades. Org. Process Res.
Dev. 2022, 26, 2085—2095.

(23) Gonzilez-Granda, S.; Steinkellner, G.; Gruber, K.; Lavandera, L;
Gotor-Fernandez, V. Gold and Biocatalysis for the Stereodivergent
Synthesis of Nor(pseudo)ephedrine Derivatives: Cascade Design
Toward Amino Alcohols, Diols, and Diamines. Adv. Synth. Catal.
2023, 365, 1036—1047.

(24) Pushpanath, A; Siirola, E.; Bornadel, A,; Woodlock, D.; Schell,
U. Understanding and Overcoming the Limitations of Bacillus badius
and Caldalkalibacillus thermarum Amine Dehydrogenases for Bio-
catalytic Reductive Amination. ACS Catal. 2017, 7, 3204—3209.

(25) Chen, F.F,; Zheng, G. W,; Liu, L.; Li, H.; Chen, Q; Li, F. L.; Li,
C.X,; Xu, J. H. Reshaping the Active Pocket of Amine Dehydrogenases
for Asymmetric Synthesis of Bulky Aliphatic Amines. ACS Catal. 2018,
8,2622—-2628.

(26) Franklin, R. D.; Mount, C.J.; Bommarius, B. R.; Bommarius, A. S.
Separate Sets of Mutations Enhance Activity and Substrate Scope of
Amine Dehydrogenase. ChemCatChem. 2020, 12, 2436—2439.

(27) Kong, W. X,; Liu, Y. T.; Huang, C.; Zhou, L. Y.; Gao, J.; Turner,
N. J; Jiang, Y. J. Direct Asymmetric Reductive Amination of Alkyl
(Hetero)Aryl Ketones by an Engineered Amine Dehydrogenase.
Angew. Chem., Int. Ed. 2022, 61, No. e202202264.

(28) Liu, L.; Wang, D. H; Chen, F. F,; Zhang, Z. J.; Chen, Q; Xu, J.
H,; Wang, Z. L; Zheng, G. W. Development of an engineered
thermostable amine dehydrogenase for the synthesis of structurally
diverse chiral amines. Catal. Sci. Technol. 2020, 10, 2353—2358.

(29) Ming, H.; Yuan, B.; Qu, G.; Sun, Z. T. Engineering the activity of
amine dehydrogenase in the asymmetric reductive amination of
hydroxyl ketones. Catal. Sci. Technol. 2022, 12, 5952—5960.

(30) Mu, X. Q.; Wu, T.; Mao, Y.; Zhao, Y. L,; Xu, Y.; Nie, Y. Iterative
Alanine Scanning Mutagenesis Confers Aromatic Ketone Specificity
and Activity of L-Amine Dehydrogenases. ChemCatChem. 2021, 13,
5243—-5253.

(31) Qian, Y. Y; Chy, L. L; Zhang, X. Y,; Lu, Z. W,; Bai, Y. P.
Stereoselective Synthesis of Structurally Diverse (S)-Lactams via an
Engineered Amine Dehydrogenase. Adv. Synth. Catal. 2022, 364,
4289—-4299.

(32) Ye, L.J,; Toh, H. H,; Yang, Y.; Adams, J. P.; Snajdrova, R; Li, Z.
Engineering of amine dehydrogenase for asymmetric reductive
amination of ketone by evolving Rhodococcus phenylalanine dehydro-
genase. ACS Catal. 20185, 5, 1119—-1122.

(33) Yoon, S.; Patil, M. D.; Sarak, S.; Jeon, H; Kim, G. H,;
Khobragade, T. P.; Sung, S.; Yun, H. Deracemization of Racemic
Amines to Enantiopure (R)- and (S)-amines by Biocatalytic Cascade
Employing @-Transaminase and Amine Dehydrogenase. ChemCatCh-
em. 2019, 11, 1898—1902.

(34) Tseliou, V.; Knaus, T.; Vilim, J.; Masman, M. F.; Mutti, F. G.
Kinetic Resolution of Racemic Primary Amines Using Geobacillus

844

stearothermophilus Amine Dehydrogenase Variant. ChemCatChem.
2020, 12, 2184—2188.

(35) Patil, M. D.; Yoon, S.; Jeon, H.; Khobragade, T. P.; Sarak, S.;
Pagar, A. D.; Won, Y.; Yun, H. Kinetic resolution of racemic amines to
enantiopure (S)-amines by a biocatalytic cascade employing amine
dehydrogenase and alanine dehydrogenase. Catalysts 2019, 9, 600.

(36) Jeon, H.; Yoon, S; Ahsan, M. M,; Sung, S; Kim, G. H;
Sundaramoorthy, U.; Rhee, S. K.; Yun, H. The kinetic resolution of
racemic amines using a whole-cell biocatalyst co-expressing amine
dehydrogenase and NADH oxidase. Catalysts 2017, 7, 251.

(37) Chen, F. F.; Cosgrove, S. C.; Birmingham, W. R.; Mangas-
Sanchez, J.; Citoler, J.; Thompson, M. P.; Zheng, G. W.; Xu, J. H,;
Turner, N. J. Enantioselective Synthesis of Chiral Vicinal Amino
Alcohols Using Amine Dehydrogenases. ACS Catal. 2019, 9, 11813—
11818.

(38) Tong, F. F.; Qin, Z. M.; Wang, H. Y,; Jiang, Y. Y,; Li, J. K.; Ming,
H; Qu, G; Xiao, Y. Z; Sun, Z. T. Biosynthesis of Chiral Amino
Alcohols via an Engineered Amine Dehydrogenase in E. coli. Front.
Bioeng. Biotechnol. 2022, 9, No. 778584.

(39) Wang, H,; Qu, G,; Lj, J. K;; Ma, J. A;; Guo, J.; Miao, Y.; Sun, Z.
Data mining of amine dehydrogenases for the synthesis of enantiopure
amino alcohols. Catal. Sci. Technol. 2020, 10, 5945—5952.

(40) Mayol, O.; Bastard, K.; Beloti, L.; Frese, A.; Turkenburg, J. P.;
Petit, J.-L.; Mariage, A.; Debard, A.; Pellouin, V.; Perret, A.; de
Berardinis, V.; Zaparucha, A.; Grogan, G.; Vergne-Vaxelaire, C. A
family of native amine dehydrogenases for the asymmetric reductive
amination of ketones. Nat. Catal. 2019, 2 (4), 324—333.

(41) Abiko, A.; Masamune, S. An improved, convenient procedure for
reduction of amino acids to aminoalcohols: Use of NaBH,-H,SO,.
Tetrahedron Lett. 1992, 33, 5517—5518.

(42) Zhang, J. D.; Zhao, J. W.; Gao, L. L.; Zhao, J.; Chang, H. H.; Wei,
W. L. One-Pot Three-Step Consecutive Transformation of L-a-Amino
Acids to (R)- and (S)-Vicinal 1,2-Diols via Combined Chemical and
Biocatalytic Process. ChemCatChem. 2019, 11, 5032—5037.

(43) Knaus, T.; Bshmer, W.; Mutti, F. G. Amine dehydrogenases:
Efficient biocatalysts for the reductive amination of carbonyl
compounds. Green Chem. 2017, 19, 453—463.

(44) Liu, J. Q;; Kong, W. X,; Baj, J.; Li, Y. X,; Dong, L. L.; Zhou, L. Y.;
Liu, Y. T.; Gao, J,; Bradshaw Allen, R. T.; Turner, N. J.; Jiang, Y. J.
Amine dehydrogenases: Current status and potential value for chiral
amine synthesis. Chem. Catal. 2022, 2, 1288—1314.

(4S) Abrahamson, M. J.; Vazquez-Figueroa, E; Woodall, N. B;
Moore, J. C.; Bommarius, A. S. Development of an amine dehydrogen-
ase for synthesis of chiral amines. Angew. Chem., Int. Ed. 2012, 51,
3969—-3972.

(46) Abrahamson, M. J.; Wong, J. W.; Bommarius, A. S. The evolution
of an amine dehydrogenase biocatalyst for the asymmetric production
of chiral amines. Adv. Synth. Catal. 2013, 355, 1780—1786.

(47) Ohshima, T.; Soda, K. Biochemistry and biotechnology of amino
acid dehydrogenases. Adv. Biochem. Eng. Biotechnol. 1990, 42, 187—209.

(48) Zhou, F; Xu, Y,; Nie, Y; Mu, X. Q. Substrate-Specific
Engineering of Amino Acid Dehydrogenase Superfamily for Synthesis
of a Variety of Chiral Amines and Amino Acids. Catalysts 2022, 12, 380.

(49) Bommarius, B. R.; Schiirmann, M.; Bommarius, A. S. A novel
chimeric amine dehydrogenase shows altered substrate specificity
compared to its parent enzymes. Chem. Commun. 2014, 50, 14953—
1495S.

(50) Wang, D. H; Chen, Q; Yin, S. N.; Ding, X. W.; Zheng, Y. C;
Zhang, Z.; Zhang, Y. H; Chen, F. F; Xu, J. H; Zheng, G. W.
Asymmetric Reductive Amination of Structurally Diverse Ketones with
Ammonia Using a Spectrum-Extended Amine Dehydrogenase. ACS
Catal. 2021, 11, 14274—14283.

(51)Yin, X.J.; Gong, W.Z,; Zhan, Z. G.; Wei, W.; Li, M. M,; Jiao, J. Y.;
Chen, B. S;; Liy, L; Li, W. J,; Gao, Z. A. Mining and engineering of
valine dehydrogenases from a hot spring sediment metagenome for the
synthesis of chiral non-natural L-amino acids. Mol. Catal. 2022, 533,
No. 112767.

(52) Jumper, J.; Evans, R; Pritzel, A,; Green, T.; Figurnov, M,;
Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A,;

https://doi.org/10.1021/acscatal.3c04995
ACS Catal. 2024, 14, 837—-845


https://doi.org/10.1038/nchem.2578
https://doi.org/10.1002/adsc.202001322
https://doi.org/10.1002/adsc.202001322
https://doi.org/10.1002/adsc.202001322
https://doi.org/10.1021/acssuschemeng.0c06819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c06819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.0c06819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CY02377H
https://doi.org/10.1039/C8CY02377H
https://doi.org/10.1039/C8CY02377H
https://doi.org/10.1039/C9GC03161H
https://doi.org/10.1039/C9GC03161H
https://doi.org/10.1039/C9GC03161H
https://doi.org/10.1021/acs.oprd.1c00490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.1c00490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.1c00490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.202300140
https://doi.org/10.1002/adsc.202300140
https://doi.org/10.1002/adsc.202300140
https://doi.org/10.1021/acscatal.7b00516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b04135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b04135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201902364
https://doi.org/10.1002/cctc.201902364
https://doi.org/10.1002/anie.202202264
https://doi.org/10.1002/anie.202202264
https://doi.org/10.1039/D0CY00071J
https://doi.org/10.1039/D0CY00071J
https://doi.org/10.1039/D0CY00071J
https://doi.org/10.1039/D2CY00391K
https://doi.org/10.1039/D2CY00391K
https://doi.org/10.1039/D2CY00391K
https://doi.org/10.1002/cctc.202101558
https://doi.org/10.1002/cctc.202101558
https://doi.org/10.1002/cctc.202101558
https://doi.org/10.1002/adsc.202200891
https://doi.org/10.1002/adsc.202200891
https://doi.org/10.1021/cs501906r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501906r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501906r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201900080
https://doi.org/10.1002/cctc.201900080
https://doi.org/10.1002/cctc.201900080
https://doi.org/10.1002/cctc.201902085
https://doi.org/10.1002/cctc.201902085
https://doi.org/10.3390/catal9070600
https://doi.org/10.3390/catal9070600
https://doi.org/10.3390/catal9070600
https://doi.org/10.3390/catal7090251
https://doi.org/10.3390/catal7090251
https://doi.org/10.3390/catal7090251
https://doi.org/10.1021/acscatal.9b03889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b03889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fbioe.2021.778584
https://doi.org/10.3389/fbioe.2021.778584
https://doi.org/10.1039/D0CY01373K
https://doi.org/10.1039/D0CY01373K
https://doi.org/10.1038/s41929-019-0249-z
https://doi.org/10.1038/s41929-019-0249-z
https://doi.org/10.1038/s41929-019-0249-z
https://doi.org/10.1016/S0040-4039(00)61133-4
https://doi.org/10.1016/S0040-4039(00)61133-4
https://doi.org/10.1002/cctc.201901189
https://doi.org/10.1002/cctc.201901189
https://doi.org/10.1002/cctc.201901189
https://doi.org/10.1039/C6GC01987K
https://doi.org/10.1039/C6GC01987K
https://doi.org/10.1039/C6GC01987K
https://doi.org/10.1016/j.checat.2022.03.018
https://doi.org/10.1016/j.checat.2022.03.018
https://doi.org/10.1002/anie.201107813
https://doi.org/10.1002/anie.201107813
https://doi.org/10.1002/adsc.201201030
https://doi.org/10.1002/adsc.201201030
https://doi.org/10.1002/adsc.201201030
https://doi.org/10.1007/BFb0000734
https://doi.org/10.1007/BFb0000734
https://doi.org/10.3390/catal12040380
https://doi.org/10.3390/catal12040380
https://doi.org/10.3390/catal12040380
https://doi.org/10.1039/C4CC06527A
https://doi.org/10.1039/C4CC06527A
https://doi.org/10.1039/C4CC06527A
https://doi.org/10.1021/acscatal.1c04324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c04324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mcat.2022.112767
https://doi.org/10.1016/j.mcat.2022.112767
https://doi.org/10.1016/j.mcat.2022.112767
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis pubs.acs.org/acscatalysis Research Article

Potapenko, A.; Bridgland, A.; Meyer, C.; Kohl, S. A. A,; Ballard, A. J;
Cowie, A.; Romera-Paredes, B.; Nikolov, S.; Jain, R.; Adler, J.; Back, T;
Petersen, S.; Reiman, D.; Clancy, E.; Zielinski, M.; Steinegger, M.;
Pacholska, M.; Berghammer, T.; Bodenstein, S.; Silver, D.; Vinyals, O.;
Senior, A. W.; Kavukcuoglu, K.; Kohli, P.; Hassabis, D. Highly accurate
protein structure prediction with AlphaFold. Nature 2021, 596, 583—
589.

(53) Turnbull, A. P.; Baker, P. J.; Rice, D. W. Analysis of the
quaternary structure, substrate specificity, and catalytic mechanism of
valine dehydrogenase. J. Biol. Chem. 1997, 272, 25105—25111.

(54) Brunhuber, N. M. W.; Thoden, J. B,; Blanchard, J. S.; Vanhooke,
J. L. Rhodococcus L-phenylalanine dehydrogenase: Kinetics, mecha-
nism, and structural basis for catalytic specifity. Biochem. 2000, 39,
9174-9187.

(55) Wu, T.; My, X. Q; Xue, Y. Y.; Xu, Y.; Nie, Y. Structure-guided
steric hindrance engineering of Bacillus badius phenylalanine
dehydrogenase for efficient L-homophenylalanine synthesis. Biotechnol.
Biofuels 2021, 14, 207.

(56) Meng, X. Q.; Yang, L.; Liu, Y.; Wang, H. L.; Shen, Y. L.; Wei, D.
Z.1dentification and Rational Engineering of a High Substrate-Tolerant
Leucine Dehydrogenase Effective for the Synthesis of L-tert-Leucine.
ChemCatChem. 2021, 13, 3340—3349.

(57) Li, J.; Pan, J.; Zhang, J.; Xu, J. H. Stereoselective synthesis of L-
tert-leucine by a newly cloned leucine dehydrogenase from
Exiguobacterium sibiricum. J. Mol. Catal. B. Enzym. 2014, 105, 11—17.

(58) Asano, Y.; Yamada, A.; Kato, Y.; Yamaguchi, K.; Hibino, Y.; Hirai,
K; Kondo, K. Enantioselective Synthesis of (S)-Amino Acids by
Phenylalanine Dehydrogenase from Bacillus sphaericus: Use of Natural
and Recombinant Enzymes. J. Org. Chem. 1990, SS, 5567—5571.

(59) Schiitte, H.; Hummel, W.; Tsai, H.; Kula, M. R. L-leucine
dehydrogenase from Bacillus cereus - Production, large-scale purification
and protein characterization. Appl. Microbiol. Biotechnol. 1985, 22,
306—317.

(60) Ohshima, T.; Misono, H.; Soda, K. Properties of crystalline
leucine dehydrogenase from Bacillus sphaericus. ]. Biol. Chem. 1978,
253, 5719—5725.

(61) Reetz, M. T.; Kahakeaw, D.; Lohmer, R. Addressing the Numbers
Problem in Directed Evolution. ChemBioChem. 2008, 9, 1797—1804.

(62) Wang, Z.Y.; Zhou, H. S.; Yu, H. R;; Pu, Z. J.; Xu, J. L.; Zhang, H.
Y,; Wy, J. P,; Yang, L. R. Computational Redesign of the Substrate
Binding Pocket of Glutamate Dehydrogenase for Efficient Synthesis of
Noncanonical L-Amino Acids. ACS Catal. 2022, 12, 13619—13629.

(63) Wy, T; Wang, Y. M.; Zhang, N. X,; Yin, D. J.; Xu, Y.; Nie, Y.; Mu,
X. Q. Reshaping Substrate-Binding Pocket of Leucine Dehydrogenase
for Bidirectionally Accessing Structurally Diverse Substrates. ACS
Catal. 2023, 13, 158—168.

(64) Lv, T.; Feng, J. H.; Chen, X,; Luo, Y. Y.; Wu, Q. Q;; Zhu, D. M,;
Ma, Y. H. Desymmetric Reductive Amination of 1,3-Cyclopentadiones
to Single Stereoisomer of S-Amino Ketones with an All-Carbon
Quaternary Stereocenter by Engineered Amine Dehydrogenases. ACS
Catal. 2023, 13, 5053—5061.

(65) Wagner, J. R; Serensen, J.; Hensley, N.; Wong, C.; Zhu, C;
Perison, T.; Amaro, R. E. POVME 3.0: Software for Mapping Binding
Pocket Flexibility. J. Chem. Theory Comput. 2017, 13, 4584—4592.

(66) Rehn, G.; Pedersen, A. T.; Woodley, J. M. Application of
NAD(P)H oxidase for cofactor regeneration in dehydrogenase
catalyzed oxidations. J. Mol. Catal. B. Enzym. 2016, 134, 331—339.

(67) Hanson, R. L.; Davis, B. L.; Chen, Y. J.; Goldberg, S. L.; Parker,
W. L;; Tully, T. P.; Montana, M. A;; Patel, R. N. Preparation of (R)-
amines from racemic amines with an (S)-amine transaminase from
Bacillus megaterium. Adv. Synth. Catal. 2008, 350, 1367—1375.

(68) Koszelewski, D.; Géritzer, M.; Clay, D.; Seisser, B.; Kroutil, W.
Synthesis of optically active amines employing recombinant -
transaminases in E. coli cells. ChemCatChem. 2010, 2, 73—7.

(69) Wu, H. L,; Zhang, J. D.; Zhang, C. F.; Fan, X. J.; Chang, H. H.;
Wei, W. L. Characterization of Four New Distinct @-Transaminases
from Pseudomonas putida NBRC 14164 for Kinetic Resolution of
Racemic Amines and Amino Alcohols. Appl. Biochem. Biotechnol. 2017,
181, 972—985.

845 https://doi.org/10.1021/acscatal.3c04995
ACS Catal. 2024, 14, 837—-845


https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1074/jbc.272.40.25105
https://doi.org/10.1074/jbc.272.40.25105
https://doi.org/10.1074/jbc.272.40.25105
https://doi.org/10.1021/bi000494c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi000494c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/s13068-021-02055-0
https://doi.org/10.1186/s13068-021-02055-0
https://doi.org/10.1186/s13068-021-02055-0
https://doi.org/10.1002/cctc.202100414
https://doi.org/10.1002/cctc.202100414
https://doi.org/10.1016/j.molcatb.2014.03.010
https://doi.org/10.1016/j.molcatb.2014.03.010
https://doi.org/10.1016/j.molcatb.2014.03.010
https://doi.org/10.1021/jo00308a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00308a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00308a012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF00582413
https://doi.org/10.1007/BF00582413
https://doi.org/10.1007/BF00582413
https://doi.org/10.1016/S0021-9258(17)30327-7
https://doi.org/10.1016/S0021-9258(17)30327-7
https://doi.org/10.1002/cbic.200800298
https://doi.org/10.1002/cbic.200800298
https://doi.org/10.1021/acscatal.2c04636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c04636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c04636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c04735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.2c04735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.3c00226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcatb.2016.09.016
https://doi.org/10.1016/j.molcatb.2016.09.016
https://doi.org/10.1016/j.molcatb.2016.09.016
https://doi.org/10.1002/adsc.200800084
https://doi.org/10.1002/adsc.200800084
https://doi.org/10.1002/adsc.200800084
https://doi.org/10.1002/cctc.200900220
https://doi.org/10.1002/cctc.200900220
https://doi.org/10.1007/s12010-016-2263-9
https://doi.org/10.1007/s12010-016-2263-9
https://doi.org/10.1007/s12010-016-2263-9
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c04995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

