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ABSTRACT: Florfenicol is the 3'-fluoro derivative of thiamphenicol and has been widely used in veterinary medicine for its high
antibacterial activity and safety. However, the development of simplified and environmentally friendly catalytic methods for the
stereoselective production of florfenicol is a key challenge. Herein, we established a highly stereoselective enzymatic one-pot reaction
for the synthesis of an aminodiol intermediate of florfenicol bearing two stereocenters from industrial raw material 4-
(methylsulfonyl) benzaldehyde by coupling transketolase (TK) and w-transaminase (TA). The enantioselectivity of TK from E. coli
was converted from (S) (93% ee) to (R) (95% ee), and we also inverted the enantiopreference (E(S) = 9 to E(R) = 12) and ketone/
aldehyde substrate selectivity of TA ATA117 via structure-guided enzyme engineering. Docking calculations and molecular dynamics
simulations of the wild-type and mutant enzymes unveiled the molecular basis for enzymatic stereocontrol. Using the engineered TK
and TA, (1R,2R)-p-methylsulfonyl phenylserinol was biosynthesized with good yield (76%) and high stereoselectivity (96% de and
>99% ee). Our work established an enzymatic synthetic route to (1R,2R)-p-methylsulfonyl phenylserinol, facilitating the
development of a chemoenzymatic method for producing florfenicol.

KEYWORDS: florfenicol, biocatalysis, TK, TA, stereoselectivity, one-pot reaction

B INTRODUCTION

Florfenicol [p-threo-3-fluoro-2-dichloroacetamido-1-(4-meth-
ylsulfonylphenyl)-1-propanol] is a synthetic, broad-spectrum
fluorinated analogue of thiamphenicol (Figure 1A). Like
chloramphenicol and thiamphenicol, it shows potent activity
against many Gram-positive and Gram-negative bacteria.'

respiratory tract infections in cattle in 1995 and in swine in
2000."

Because of the large demand for florfenicol (4000 tons per
year), there has been considerable attention on the develop-
ment of different strategies for the synthesis of florfenicol®™"*
and the installation of the two adjacent stereocenters of cis-1,2-
amino alcohols.'""* However, chemical approaches required

Since adverse side effects, in particular dose-independent
irreversible aplastic anemia, have been observed in animals, the
EU legislation banned chloramphenicol from use in food-
producing animals.” Meanwhile, the nitro group (—NO,) in
chloramphenicol is replaced by a methylsulfonyl group
(—=SO,CH;) in florfenicol; therefore, florfenicol would not
cause dose-unrelated aplastic anemia. In addition, due to the
replacement of the hydroxyl group at the C-3’ position with a
fluorine in florfenicol, chloramphenicol-resistant strains, in
which resistance is solely based on acetyltransferase activity,
are susceptible to florfenicol. Multiple studies indicated that
virtually all target bacteria isolated from respiratory tract
infections of cattle and pigs are susceptible to florfenicol.”>
With its outstanding effectiveness and safety, florfenicol has
been licensed exclusively for use in veterinary medicine. In the
European Union, it has been approved for the treatment of
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multistep protection—deprotection, making the overall process
cumbersome.”””'>"> In addition, high toxicity of some
chemical reagents and wastewater pollution raise other
drawbacks in chemical synthesis. Moreover, some routes
suffered from the use of transition-metal (e.g., Ru) complexes
with chiral ligands that are toxic and difficult to obtain and
remove."

In view of the advantages of enzymatic catalysis, such as high
regio-, chemo-, and stereoselectivity and without the require-

Received: March 17, 2021
Revised:  May 28, 2021
Published: June 9, 2021

https://doi.org/10.1021/acscatal.1c01229
ACS Catal. 2021, 11, 7477-7488


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyue+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mancheng+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wentao+Tao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanzhen+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tingting+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yilei+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yilei+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zixin+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuangjun+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.1c01229&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01229?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01229?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01229?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01229?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01229?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01229?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01229?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01229?fig=abs1&ref=pdf
https://pubs.acs.org/toc/accacs/11/12?ref=pdf
https://pubs.acs.org/toc/accacs/11/12?ref=pdf
https://pubs.acs.org/toc/accacs/11/12?ref=pdf
https://pubs.acs.org/toc/accacs/11/12?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.1c01229?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

A. Examples of chiral intermediates of florfenicol and thiamphenicol
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Figure 1. Synthesis of chiral intermediates of florfenicol and
thiamphenicol. (A) Examples of chiral intermediates of florfenicol
and thiamphenicol. (B) Previous synthetic methods using enzymes.
(C) Our enzymatic route based on transketolase and transaminase.
The aminodiol intermediate could be converted to the final florfenicol
with fewer chemical steps than the reported intermediate.'®
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ment of protection and deprotection steps,'’ ' enzymatic
catalysis could be a valuable alternative route for the chemical
synthesis of the chiral florfenicol intermediate. A ketoreductase
was reported to catalyze a stereoselective (2S,3R)-a-amino-f-
hydroxyl ester formation from the corresponding a-amino-f-
keto ester mediated by dynamic reductive kinetic resolution. In
this approach, the majority of the product must be assembled
in advance, with the enzyme mostly servmg to set the
stereochemistry at the end (Figure 1B, entry 1).'® Besides, -
threonine aldolase (LTA) from Pseudomonas putida was
reported to catalyze chiral L-threo-p-methylsulfonyl phenyl-
serine (L-threo-MSPS) formation, whereas the diastereoselec-
tivity of the reaction was relatively low, with 53%
diastereomeric excess (de) (Figure 1B, entry 2).>* The Zhu
group performed enzyme engineering of an LTA from
Pseudomonas sp. and obtained a mutant that catalyzed the
formation of L-threo-MSPS with 71% de (Figure 1B, entry 2).*
The Wu group also carried out enzyme engineering of an LTA
from Bacillus nealsonii and obtained a mutant that catalyzed the
formation of L-threo-MSPS with >99% de”* (Figure 1B, entry
2). Recently, the Lin group reported an L-threonine trans-
aldolase (LTTA) from Pseudomonas sp. Through conditional
optimization, L-threo-MSPS was obtained with 94.6% de
catalyzed by PSLTTA (Figure 1B, entry 3).”*° In general, 1-
threo-MSPS could be biosynthesized with good stereo-
selectivity using LTA or LTTA. To eventually be converted
to florfenicol, L-threo-MSPS needs to be converted first to
(1R,2R)-p-methylsulfonyl phenylserinol (3a), which requests
two chemical steps comprising esterification and reduction.”’
In order to establish a simplified synthetic route of florfenicol,
we attempted to achieve the biobased production of 3a.
Recently, transketolases (TKs) have emerged as attractive
biocatalysts for biotransformation of aliphatic and aromatic
aldehydes to various chemicals.”* " TK is a thiamine
pyrophosphate (ThDP)-dependent enzyme that catalyzes a-
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hydroxyketone formation by stereoselectively transferring a
ketol unit from polyhydroxylated ketose phosphates as a
“natural” donor to an aldehyde acceptor.’” Several successful
applications of TK have already been demonstrated for the
production of a-hydroxyketones.”* >® a-Hydroxyketones are
of particular value as fine chemicals because of their utility as
building blocks for the production of larger molecules,
particularly for construction of heterocycles required in
pharmaceuticals.32 Akin to TKs, transaminases (TAs) have
also attracted considerable interest in biocatalysis, both as an
individual biocatalyst and as a part of multienzyme cascades for
the synthesis of various amines.”®~** TA catalyzes the transfer
of an amino group between an amine donor (different amino
acids and amines) and an amine acceptor (a ketone or
aldehyde). Of particular interest are @-TAs that do not require
the presence of a carboxylic group in substrates, thereby
accepting a large variety of carbonyl substrates.”>”

Here, we present an enzymatic one-pot two-step reaction for
the synthesis of a stereoselective aminodiol intermediate,
(1R,2R)-p-methylsulfonyl phenylserinol (3a), from readily
available achiral 4-(methylsulfonyl)benzaldehyde (1) using a
TK and a @-TA (Figure 1C and Scheme 1). 1 is the raw

Scheme 1. One-Pot Two-Step Cascade Reaction to (1R,2R)-
p-Methylsulfonyl Phenylserinol 3a, from the Industrial Raw
Material 4-(Methylsulfonyl)-benzaldehyde 1
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material for the industrial production of florfenicol,” suggesting
that our biocatalytic route has potential for industrial
applications. However, there existed three challenges in this
biocatalytic cascade reaction. First, TK family members are
predominantly S-selective.”* For aromatic aldehyde substrates,
only one work reported an (R)-selective TK mutant that
catalyzed the hydroxyketone formation toward benzaldehyde
with 82% ee, but with a low conversion (10%).*® Second, the
hydroxyketone intermediate 2 formed by TK undergoes rapid
racemization,”* resulting in a decrease of optical purity. Third,
1 probably serves as a substrate for TK as well as for o-TA,
and w-TA may display a higher chemical reactivity toward
aldehyde 1 relative to ketone 2.*** As a consequence, most of
1 would be converted to the benzylamine side-product in the
one-pot reaction. For addressing the first challenge, we
reversed the enantioselectivity of TK from (S) (93% ee) to
(R) (95% ee) via structure-guided enzyme engineering. For
solving the second problem, we inverted the stereopreference
of @-TA toward chiral hydroxyketone intermediate 2 (E(S) =
9 to E(R) = 12). For addressing the third challenge, we
reversed the aldehyde/ketone substrate selectivity of w-TA.
Combining the engineered TK and TA, the aminodiol
intermediate (3a) of florfenicol was accessible with good
yield (76%) and excellent stereoselectivity (96% de and >99%
ee).
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B RESULTS AND DISCUSSION

Choosing Suitable TKs and TAs for the Cascade
Reaction. In the first step, f-hydroxypyruvate is decarboxy-
lated and subsequently ligated to 1 yielding 1,3-dihydroxy-1-
(4-(methylsulfonyl)phenyl)propan-2-one (2). The reaction is
catalyzed by the ThDP-dependent TK. Initially, TKs for
arylated aldehyde substrates were searched from the literature.
Previous studies reported that the TK/D469T/R520Q/S385Y
mutant from E. coli (EcTK1) and TK/L382F/D470S mutant
from Geobacillus stearothermophilus (GsTK1) presented appeal-
ing biocatalytic activities for biotransformations involving
nonpolar aromatic aldehyde.”**>*> On the other hand, the
configuration of the hydroxyketone products indicated that
GsTK1 was (S)-stereoselective.”* Therefore, ECTK1 was tested
using 1 as the substrate. As shown in Figure 2B, EcTK1
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Figure 2. Enzyme engineering of EcTK1 for enantioselective
transketolase reaction. (A) Model reaction converting 1 to 2. With
combining ATA117_AC mutant enzyme, enantiomers 2a and 2b
were converted to diastereomers 3a and 3b, respectively. The ee of 2
was thus determined by investigating the concentrations of 3a and 3b.
(B) Enantioselectivities (green bar) and enzyme activities (orange
bar) of the evolved variants of EcTK1. Mutations in bold were added
in the corresponding round of mutagenesis and screening. Dotted
arrows denote a new round of site-specific mutagenesis.

catalyzed the conversion of 1 and f-hydroxypyruvate into 2
with acceptable activity (turnover frequency (TOF) >10/
min). Using AutoDock 4.2, 1 was docked into the substrate
binding site of the EcTK1 crystal structure (PDB ID: 5hht).*®
ThDP was converted to the enamine-ThDP intermediate
before docking according to the reaction mechanism of
transketolase.” The docking analysis (Figure 3C) indicated
that the RS520Q mutation created a space for the
methylsulfonyl moiety of 1. T469 formed a hydrogen bond
to the sulfonyl group, and H26 and H261 formed hydrogen
bonds to the carbonyl group of 1. We also observed that Y385
formed 77— stacking with the benzene ring of 1. As a result of
these% Smutations, 1 was properly oriented for catalysis (Figure
3C).%
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A

Figure 3. Molecular docking modes of aldehyde substrate 1 in EcTK1
variants. Cartoon representation of 1 bound in (A) EcTKI1 (cyan) and
(B) EcTK1_YYH (green). (C) The enlarged binding mode of 1 in
the EcTKI1 variant. 1 is shown in wheat. The key active pocket
residues are shown in cyan. (D) The enlarged binding mode of 1 in
the EcTK1 YYH variant. 1 is shown in wheat. The key active pocket
residues are shown in green. TPP is omitted for clarity. (E) The
surface of the binding pocket of 1 bound to the EcTK1 variant. (F)
The surface of the binding pocket of 1 bound to the EcTK1_YYH
variant. 1 is shown in wheat. The key residues are represented by the
yellow surface.

In the second step, 2 was transformed to final aminodiol
product 3 catalyzed by the pyridoxal phosphate (PLP)-
dependent @-TA. Six different (R)-selective -TAs" " were
screened using 2 as the substrate, and ATA117 (a homolog of
TA from Arthrobacter sp.) gave the most promising result
(Figure S2). ATA117 is one of the most extensively used
biocatalysts in both industrial and academic laboratories. It
catalyzes the transamination of ketones with alanine or amines
to produce chiral amines with the (R)-conﬁguration.48’5I756
The first and most prominent example was published by Merck
& Co. and Codexis for the chiral synthesis of (R)-sitagliptin
employing a protein-engineered variant of ATA117."*

Determining the Enantioselectivity of EcTK1. After
identifying potential catalyst candidates for the synthesis of 3a,
we attempted to determine the enantioselectivity of ECTKI. In
order to use achiral high-performance liquid chromatography
(HPLC) to screen EcTK1 mutants for their stereoselectivity,
TK products (2a and 2b) were converted into diastereomers
3a and 3b using a @-TA without (or with very low)
enantiopreference toward the chiral hydroxyketone 2. There-

https://doi.org/10.1021/acscatal.1c01229
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fore, the enantiopreference of ATA117 was investigated using
racemic 2 as the substrate. However, ATA117 was determined
to display an obvious kinetic preference to the (S)-enantiomer
with an E value of 8.5 (Figure 4, Figure S3, and Table S3).
Therefore, we attempted to obtain ATA117 mutants that
showed low kinetic selectivity toward 2 through enzyme
engineering.
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OH OH OH
o m NN m + o T
/S\\ variant /s“ 2 /s\‘ 2
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Figure 4. Enzyme engineering of the kinetic enantioselectivity of
ATA117. (A) Model reaction converting racemic ketodiol 2 to
aminodiol diastereomers 3a and 3b. (B) Cumulative improvement in
the kinetic enantioselectivity of ATAI117 resulting from the various
iterative evolution steps of the present study. Mutations in bold were
added in the corresponding round of mutagenesis and screening.
Dotted arrows denote a new round of site-specific mutagenesis. E =
In[1 — Cx (1 +de)]/In[1 — C x (1 — de)].>*¥

A homology model of ATA117 was constructed using the
structure of @-TA from Arthrobacter sp. (PDB ID: 3wwh) as a
guide. 2 was docked into its active site with the pyridoxamine-
S'-phosphate (PMP) cofactor present using AutoDock 4.2.
V69 and F122 located adjacent to the ligand 2 (Figure S4) in
the small pocket were preferentially targeted for iterative site-
saturation mutagenesis and screening since they were reported
to be key sites for binding the substrate.”® The variant
ATA117/V69A/F122C (ATA117_AC) was obtained, which
showed low kinetic enantioselectivity with an E value of 1.4
(Figure 4, Figure S3, and Table S3). Therefore, the ATA117/
V69A/F122C (ATA117_AC) mutant enzyme was selected for
determining the enantioselectivity of TK. In order to test the
accuracy of the method for ee measurement using the
ATA117_AC mutant, we designed and performed a pretest.
The purified rac-2 ([a]f = 0) was totally converted to almost
equal amounts of 3a and 3b (3a/3b = 1:1.01) in 30 min at 25
°C using high loading (200 yM) of purified ATA117 AC
(Figure SSB), which manifested that the ratio of 3a and 3b
could accurately reflect the ratio of 2a and 2b using
ATA117_AC under these conditions. To determine the
enantioselectivity of TK, we performed transketolase reaction
in a short time (20 min) at 25 °C owing to the tautomerization
between 2a and 2b (Figure SSA,C,D)** while using high
loading (100 M) of purified EcTK variant enzyme to ensure a
high value of conversion (>80%). Subsequently, EDTA and
purified ATA117_AC enzyme were added to the reaction
mixture to quench the transketolase reaction by chelating Mg**
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and start the transamination in the same reaction conditions as
the pretest. As shown in Figure 2 and Table S2, EcTKI1
displayed S-selectivity with 93.3% ee, which was in agreement
with a previous study.”*

Reversing the Enantioselectivity of EcTK1 via Enzyme
Engineering. Since EcTK1 showed acceptable activity toward
1, and its crystal structure (PDB ID: Shht) has been
reported,” we selected it as the starting template to reverse
the enantioselectivity through structure-guided enzyme en-
gineering. Using AutoDock 4.2, 1 was docked into the
substrate binding site of EcTK1. The most striking enzyme—
substrate interactions in this model seemed to be the hydrogen
bonds from H26 and H261 to the carbonyl group of 1 (Figure
3C). Residue F434 lined on the opposite side. We supposed
that the orientation of the carbonyl group of 1 in the binding
pocket would directly affect the stereoconfiguration of the
hydroxyketone product. In order to reverse the stereo-
selectivity of TK, we devised a strategy dubbed “Break and
Build”, which is to break the existing hydrogen bonds from
H26 and H261 to the carbonyl group of 1 first and then build a
new one between the aldehyde carbonyl group and F434 on
the opposite side via enzyme engineering. Therefore, H26 and
H261 were first targeted for single site-saturation mutagenesis
and screening. The enzyme libraries were expressed and
screened as cell lysate catalysts in 24-well plates. To eliminate
the influence of the tautomerization between (R)- and (S)-2,
excess purified ATA117_AC enzyme was added to the reaction
mixture to ensure the instantaneous conversion of hydrox-
yketone products, (R)- and (S)-2, into the corresponding
(1R2R)- and (1S,2R)-aminodiol diastereomers 3a and 3b,
respectively. The site-saturation mutagenesis libraries of H26
and H261 were screened by HPLC. Among the mutants of the
first generation, EcTK1/H26Y (EcTK1_Y) led to a reversion
of enantioselectivity to (R)-2a (4.8% ee) (Figure 2 and Table
S2). The switch in enantioselectivity may be attributed to the
breakage of the existing hydrogen bonds from H26 to the
carbonyl group of 1 because the introduction of a tyrosine with
large steric hindrance at this position might alter the
orientation of the carbonyl group of 1 in the active site. In
order to build a new hydrogen bond between aldehyde
carbonyl and F434, rational mutation of F434Y was introduced
into EcTK1_Y to yield the EcTK1/H26Y/F434Y (EcTK1_YY)
mutant. As anticipated, EcTK1 YY led to pronouncedly
inverted stereoselectivity in favor of (R)-2 with 90.8% ee
(Figure 2 and Table S2). In order to further increase the
enantioselectivity of TK, we attempted to find more targeted
sites to be mutated. The docking results indicated that residues
L466, H461, Y385, T469, and Q520 also lined in the binding
pocket (Figure 3C). Among them, Y385, T469, and Q520
could not be mutated owing to their contribution in enzymatic
activity toward 1. Therefore, L466 and H461 were targeted for
iterative site-saturation mutagenesis based on the EcTK1_YY
variant. Gratifyingly, the introduction of L466H (EcT-
K1 _YYH) and L466F (EcTK1_YYF) exhibited increased
(R)-enantioselectivity, with 95.2% ee and 91.6% ee,
respectively (Figure 2 and Table S2). Based on mutant
EcTK1_YYH, H461 was subjected to site-saturation muta-
genesis. However, no mutant was identified with enhanced
(R)-selectivity. A homology model of EcTKI YYH was
constructed, and 1 was docked into the substrate binding
pocket. The docking analysis indicated that aldehyde carbonyl
turned to the opposite side and formed a new hydrogen bond
with the side chain of Y434.
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Additionally, the benzene ring of 1 formed 7#—n stacking
interactions with Y26 and Y38S, and the sulfonyl group of 1
formed hydrogen bonds with T469 and R91. H466 might also
form z—x stacking interactions with Y434 since the aromatic
rings of these two residues are coplanar (Figure 3D). These
interactions together with the steric effect exerted by Y26
prompted the carbonyl group of 1 to adopt the inverted
orientation (Figure 3D,F), which demonstrated the molecular
basis of the switch in enantioselectivity from (S) to (R) of TK.

Since the poor solubility of 1 frustrated our ability to carry
out Michaelis—Menten kinetics analysis, we could approximate
the initial rate of hydroxyketone production under the reaction
condltlons by measuring the conversion at a short reaction
time.”” Figure 2B shows that the TOF of EcTKI_YYH was
lower than that of the parent EcTK1 by 0.7-fold. The loss of
enzyme activity might rise from the H26Y mutation. The
introduction of tyrosine with large steric hindrance at this
position might narrow down the binding pocket of the enzyme
(Figure 3F), thus weakening the binding of the 1 substrate.
Gratifyingly, the TOF of the ECTK1_YYF variant was higher
than that of EcTK1 by 1.7-fold (Figure 2B).

Enhancing the (R)-Enantiopreference and Ketone/
Aldehyde Substrate Selectivity of ATA117 via Enzyme
Engineering. As the biocatalyst for the production of 2a was
achieved, we then turned to engineer w-TA for the production
of 3a with high stereoselectivity. Therefore, we attempted to
raise the (R)-enantiopreference of ATA117_AC via enzyme
engineering. We constructed a homology model of
ATA117_AC based on the crystal structure of »-TA (PDB
ID: 3wwh). The 2a enantiomer was placed into the binding
pocket to achieve a plausible nucleophilic attack for identifying
steric clashes that could be alleviated by mutations. The
docking model suggested that the side chain of I157 is
positioned in proximity to the chiral hydroxyl of 2a (2.5 A),
which is likely clashing with the chiral hydroxyl bound in the
active site (Figure S6). So, 1157 was chosen for saturation
mutation based on the ATAI117 AC variant. Except for
enhancing the (R)-enantiopreference of TA, we attempted to
concurrently promote the ketone/aldehyde substrate selectiv-
ity in order to reduce benzylamine side-product formation in
the one-pot reaction. A challenge in this one-pot reaction is the
fact that the starting material aldehyde serves as a substrate for
TK as well as for the @-TAs, and @-TAs in principle possess
higher chemical reactivity toward aldehydes than ketones.">**
Therefore, the site-saturation mutagenesis library of 1157 was
screened using 1 mM 1 and 2 mM rac-2 (equal to the mix of 1
mM S-2 and 1 mM R-2) as the substrates. ATA117_AC/
I157H (ATA117_ACH) was identified, and its selectivity was
re-examined using the purified enzyme. It is worth noting that
the ATA117_ACH variant displayed dramatically increased
(R)-enantiopreference with an E value of 8.8 (Figure 4, Figure
S3, and Table S3), which outperformed the ATA117_AC by 6-
fold. The enhancement in (R)-stereopreference induced by the
I157H mutation could possibly be rationalized by the reduced
steric hindrance and the formation of a new hydrogen bond
between the histidine imidazolyl group and the hydroxyketone
moiety of 2a (Figure S7). Moreover, the ATA117_ACH
variant showed reversed ketone/aldehyde substrate selectivity
giving a 1.5:1 ratio of 3a/(4-(methylsulfonyl)phenyl)-
methanamine (MPMA, the amination product derived from
1) compared to the 0.15:1 ratio observed for wild-type
ATA117 (Figure S8). Thereafter, ATA117 ACH was used as
the template for the next round of mutagenesis. Amino acid
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residues F225, W192, G224, A284, and T282 were targeted for
iterative saturation mutation considering that these residues
were close to the chiral hydroxyl group of 2a in the docking
complex (Figure S6). The introduction of F225H based on the
ATA117_ACH variant (ATA117_ACHH) vyielded increased
(R)-enantiopreference with an E value of 11.7 (Figure 4,
Figure S3, and Table S3) and improved ketone/aldehyde
substrate selectivity (3a/MPMA = 1.9:1) (Figure S8). Using
ATA117_ACHH as the template, the site-saturation mutation
of W192, G224, A284, and T282 gave no promising result. In
order to further investigate the kinetic enantiopreference of
ATA117_ACHH, we performed kinetic resolution using S mM
rac-2 as the substrate. As shown in Figure S9, 3a was yielded
with good diastereoselectivity (81/19 diastereomer ratio)
when the conversion reached 57% in 4 h.

To unveil the molecular basis leading to the (R)-
enantiopreference of ATA117_ACHH, 2a and 2b were docked
into the active site of the enzyme with the PMP cofactor
present, respectively. The docked conformations of 2a and 2b
in the active site were picked, where the keto group of the
substrates faces the amino group of PMP allowing a
nucleophilic attack to form to external aldimine. The resulting
complexes (E:PMP + 2a and E:PMP + 2b) were energy-
minimized and equilibrated to serve as starting conformations
for MD simulations (Figure S$10). coel According to the
mechanism of the transaminase-catalyzed reaction, the second
half reaction was initiated by the nucleophilic attack on the
bound substrate by the amino group of PMP.*>°" Therefore,
the distances between the cofactor PMP and the substrate
ketone 2a (d,,) and 2b (d,,) were measured between the
PMP’s exocyclic nitrogen atom (PMP-NH,) and the carbonyl
carbon atom of the ketone (Figure SB,C). Figure SD and
Figure S10D show that 2a stayed in the active site throughout
the 70 ns of simulation at a distance of 3.5 A to PMP. This
stood in stark contrast to the d,,, which fluctuated markedly
and ranged between 10 and 40 A (Figure SD and Figure
S10D). These findings suggested that the marginal activity for
2b seems to be relevant to the inability of the enzyme to
initiate the catalytic cycle due to an unfavorable nucleophilic
approach to the bound substrate. Furthermore, the elaborate
analysis of the angular orientation of the bound substrate was
performed, and the dihedral angle (Opy) between the plane
harboring Oy, C,, and Npyp and the plane harboring Oy, C,,
and Cj; was defined for the nucleophilic approach (Figure
SE).%° The ideal Opy value for the nucleophilic attack on the
carbonyl bond is known to be 90°.°> The 0y in the complex
of E:PMP + 2a was concentratedly distributed and approached
75°, which allowed the unhindered and proximal nucleophilic
attack. In contrast, fpyy in the complex of E:PMP + 2b was
dispersed (Figure SF). Therefore, both the distances of Ca-
Npyp and Opyy endow the ATA117 ACHH variant with the
(R)-enantiopreference.

One-Pot Cascade Reaction for 3a Synthesis. After
obtaining the desired enzymes through engineering, the one-
pot simultaneous cascade reaction for the synthesis of 3a was
first set up and optimized. Combining EcTK_YYH and
ATA117_ACHH, 3a was biosynthesized with 40% yield,
93% de, and >99% ee (Table 1, entry 2). The loss in the yield
mainly arose from the generation of the benzylamine by-
product. Considering that the starting substrate aldehyde 1 is
the substrate of TK and TA, TK with the high activity may
increase the yield of the final product 3a. Therefore,
EcTK_YYH was replaced by ECTK _YYF that has much higher
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Figure S. Statistics of molecular dynamics data. (A) Cartoon
representation comparison of the 2a enantiomer bound in
ATA117_ACHH (orange) and 2b enantiomer in ATA117 ACHH
(blue). PMP is represented by the white stick. (B) Schematic diagram
of the distance between the cofactor PMP and the substrate 2. (C)
Modeled complex for E:PMP + 2a/2b after molecular dynamics
(MD) simulation. The distances d,, between the carbonyl carbon
atoms of 2a and the cofactor’s amino group are marked as a yellow
dotted line. The distances d,, between the carbonyl carbon atoms of
2b and the cofactor’s amino group are marked as a blue dotted line.
(D) Distribution of d,, (yellow) and d,, (blue) of all conformations
in MD simulations. (E) Modeled complex for E:PMP + 2a/2b after
molecular dynamics (MD) simulation. The dihedral angle (Opy.,,)
between the plane harboring Oy C, and Npyp and the plane
harboring Oy, C,, and Cj of 2a is marked as a yellow dotted line. The
dihedral angle (fpy4,) between the plane harboring Op C,, and
Npyp and the plane harboring Oy, C,, and Cj of 2b is marked as a
blue dotted line. (F) Distribution of Opy.,, (yellow) and Oy, (blue)
of all conformations in MD simulations.

activity (Figure 2B) in the reaction. Indeed, the yield and de
have been improved (Table 1, entry 3).

To further reduce the formation of the benzylamine by-
product and increase the yield and optical purity of 3a, we
performed one-pot cascade reaction in sequential mode
without isolation and purification of the intermediate. First,
10 mM 1 was incubated with 60 uM purified EcTK1_YYH for
1 h. Subsequently, 50 uM purified ATA117_ACHH was added
to the reaction mixture and incubated for an extra 3 h.
Additionally, NADH and LDH were used to drive the
reversible equilibrium of transamination through removing
the co-product pyruvic acid (Scheme 1). NADH can be
regenerated using a well-established NADH-regenerating
system, glucose/glucose dehydrogenase (Scheme 1).*’ An
overall yield of 71% and a de value of 96% (Table 1, entry 7
and Figures S12, S13) were achieved at the optimized
conditions. As a comparison, we also applied the ECTK1_YYH
and other ATA117 mutants to biosynthesize 3a. The results
showed that the ATA117 variant with higher (R)-enantiopre-
ference would produce 3a with a higher value of de (Table 1,
entries 4—7). As expected, all products had a high
enantiomeric purity of >99% (Table 1 and Figure S14).

We further developed a preparative scale (50 mL) of 3a
synthesis in one-pot two-step sequential cascade reaction. The
pretest displayed better results (higher yield and optical purity
of 3a) using EcTK_YYF with much higher activity instead of
EcTK YYH, so EcTK YYF was chosen for the preparative
scale. Applying 5 umol of EcTK1 YYF and S pmol of
ATA117_ACHH, 92 mg (0.5 mmol) of 1 was converted to 93
mg of 3a (0.38 mmol, 76% conversion) with a de value of 96%
at 25 °C in 110 min, which corresponds to a space—time
conversion of 24 g/L/day. After the reaction, the protein in the
reaction mixture was precipitated using methanol. The
resulting supernatant was concentrated and purified by
reversed-phase chromatography with a PRC-ODS column
(20 X 250 mm, pore size 15 ym) from SHIMADZU, and an
80 mg isolated product was obtained as a colorless oil, which
corresponds to an isolated yield of 65% compared to the
starting material. The product was confirmed by NMR (Figure
$30).

One-Pot Cascade Reaction for (1R,2R)-Phenylserinol
Derivative Synthesis. Encouraged by these results, we
further investigated the substrate scope of the cascade reaction
using various substituted benzaldehydes. The enzyme cascade
combining EcTK1_YYH and ATA117_ACHH in sequential
mode for the synthesis of (1R,2R)-2-amino-1-(4-

Table 1. (1R,2R)-p-Methylsulfonyl Phenylserinol Produced by a Panel of Catalysts in One-Pot Cascade Reaction

OH OH
° o o OH
Y HoN % HN
Y Y
s} o

EcTK1
variant

ATAﬂ1 7
variant

o
jog
0
3
- s\

° 3a:(1R,2R) 3b:(1S,2R)
entry one-pot reaction mode catalyst time (h) yield” (%) de (%) ee (%)
1 simultaneous mode EcTK1_YYH + ATAI117 4 24 43.1 >99
2 EcTK1_YYH + ATA117_ACHH 4 40 93.0 >99
3 EcTK1_YYF + ATA117_ACHH 4 S1 94.4 >99
4 sequential mode EcTK1_YYH + ATAI117 1+3 S8 68.8 >99
N EcTK1_YYH + ATA117_AC 1+3 61 75.4 >99
6 EcTK1_YYH + ATA117_ACH 1+3 73 92.1 >99
7 EcTK1_YYH + ATA117_ACHH 1+3 71 96.0 >99

“Nonisolated yield [%] = ([product,]/[substrateo]) X 100; [product,] was determined using the constructed calibration curves (Figure S11).
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Table 2. (1R,2R)-Phenylserinol Derivatives Produced by a Panel of Catalysts in Sequential One-Pot Cascade Reaction

©/§o ™ e
—_— —_—
R

OH OH
OH
R HoN R H,N

R=F, Cl, Br, CH3, H, NO, (1R.2R) 1S,2R)
entry R group catalyst yield (%)“ de (%) ee (%)
1 F ECTK1_YYH + ATA117_ACHH 33 97.0 >99
2 EF EcTK1_YYF + ATA117_ACHH 80 96.3 >99
3 Cl EcTK1_YYF + ATA117_ACHH 62 95.3 >99
4 Br EcTK1_YYF + ATA117_ACHH 72 94.7 >99
5 CH, ECTK1_YYF + ATA117 ACHH ss 963 >99
6 H EcTK1_YYF + ATA117_ACHH 60 96.6 >99
7 NO, EcTK1_YYF + ATA117_ACHH S1 94.5 >99

“Nonisolated yield [%] = ([product,]/[substrate.o]) X 100; [product,] were determined using the constructed calibration curves (Figure SI11).

fluorophenyl)propane-1,3-diol ((1R,2R)-AFPPD) was first set
up and optimized. The reaction gave moderate yield (33%) but
very high stereoselectivity with 97% de and >99% ee (Table 2,
entry 1). A potential bottleneck in the transformation of 4-
(fluoro)benzaldehyde to AFPPD might be associated with the
low activity of EcTK1_YYH toward 4-(fluoro)benzaldehyde.
Considering that EcTK1_YYF showed 2—3-fold higher
enzyme activity than EcTK1 YYH, EcTK1 YYF was thus
combined to synthesize (1R,2R)-AFPPD. As expected, the
cascade using EcTK1_YYF gave a significantly increased yield
(80%) and an equivalent stereoselectivity (96% de and >99%
ee) (Table 2, entry 2 and Figures S15, S16, S22, S28).
Moreover, other para-substituted benzaldehydes with both
electron-donating and electron-withdrawing groups were well
tolerated by the cascade reaction combining EcTK1_YYF and
ATA117_ACHH, enabling the highly diastereo- and enantio-
selective (95—97% de and >99% ee) synthesis of the
corresponding aminodiol products with moderate to good
yields (51—72%) within 6 h (Table 2, entries 3—7 and Figures
S1S and S17—S28). Notably, the para-substituted phenyl-
serinols with fluorine, chlorine, and bromine groups furnished
in our cascade reaction possessed higher conversion and higher
de values than the reported corresponding para-substituted
intermediates of florfenicol,>***** which suggested that our
cascade route exhibited a broad substrate scope.

Although benzaldehyde derivatives bear different para-
substitutions, they gave all products with absolute enantiose-
lectivity (>99% ee) (Tables 1 and 2), which suggested that the
evolved mutations (V69A/F122C/1157H/F225H) of ATA117
responsible for manipulating the enantiopreference toward the
chiral hydroxyketone do not impair the innate (R)-stereo-
specificity of the enzyme. For the p-amino acid amino-
transferase (Fold Type IV) to which ATA117 belongs, the
active site lysine (e.g., lys188 in ATA117) is positioned on the
re face of the quinonoid intermediate and the si face is solvent-
exposed, and therefore, the nucleophilic attack by amino donor
PMP occurs at the re face of the substrate to exclusively give
the (R)—conﬁguration.64

B CONCLUSIONS

In summary, in order to achieve the biosynthesis of the chiral
aminodiol intermediate of florfenicol, (1R,2R)-p-methylsulfon-
yl phenylserinol 3a, multiple rounds of structure-guided
iterative site-saturation mutagenesis of TK and TA were
conducted to reverse the enzymatic stereoselectivity. This
study firstly obtained a highly (R)-selective TK enzyme toward
aromatic aldehyde through three rounds of site-saturation
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mutagenesis and rational mutation. Moreover, the kinetic
enantiopreference of TA was also successfully inverted via four
rounds of site-saturation mutagenesis. The evolved
ATA117_ACHH mutant showed higher activity toward
ketone relative to the aldehyde substrate, which is a rare
event for w-TA. Combining the engineered EcTK1_YYH or
EcTK1_YYF and ATA117_ACHH, 3a was accessible with
71=76% vyield and 96% de in sequential one-pot cascade
reaction. Overall, our study established an efficient biocatalytic
route to 3a, a chiral intermediate of florfenicol, which required
fewer subsequent steps to produce florfenicol than the
reported intermediates.

B EXPERIMENTAL SECTION

General Methods and Materials. The (1R,2R)-p-
methylsulfonyl phenylserinol (3a) standard was bought from
Huangshi Yongxin Biotechnology Co. (Huangshi, Hubei,
China). (1S,25)-2-Amino-1-phenylpropane-1,3-diol and
(18,2S)-2-amino-1-(4-nitrophenyl)propane-1,3-diol were
bought from Sigma-Aldrich Co. (Shanghai, China). (1R,2R)-
2-Amino-1-phenylpropane-1,3-diol was bought from Jiangsu
Aikang Biomedicine Co. (Nanjing, Jiangsu, China). (1R,2R)-2-
Amino-1-(4-nitrophenyl)propane-1,3-diol was bought from
TCI Co. (Shanghai, China). (1R,2R)-2-Amino-1-(4-
bromophenyl)propane-1,3-diol was bought from Nanjing
Zhicui Biotechnology Co. (Nanjing, Jiangsu, China). (Eryth-
ro)- and (threo)-2-amino-1-(4-fluorophenyl)propane-1,3-diol,
(erythro)- and (threo)-2-amino-1-(4-chlorophenyl)propane-
1,3-diol, and (erythro)- and (threo)-2-amino-1-(p-tolyl)-
propane-1,3-diol were bought from Shanghai Kaishu Chemical
Technology Co. (Shanghai, China). Lithium hydroxypyruvate
(LiHPA) was purchased from Sigma-Aldrich Co. (Shanghai,
China). Thiamine diphosphate (ThDP), pyridoxal-5’-phos-
phate hydrate (PLP), glucose, and glucose dehydrogenase
(GDH) were purchased from Aladdin Co. (Shanghai, China).
The reduced form of nicotinamide-adenine dinucleotide
(NADH) and p-Ala were purchased from TCI Co. (Shanghai,
China). Lactate dehydrogenase (LDH) was purchased from
Sinopharm (Shanghai, China). The materials used for culture
media, including peptone, yeast extract, and agar, were
purchased from OXOID (Shanghai, China). The Phanta
Max Super-Fidelity DNA Polymerase was obtained from
Vazyme Co. (Shanghai, China). The restriction enzyme Dpn I
was bought from Thermo Scientific (Shanghai, China). The
oligonucleotides were synthesized, and DNA sequencing was
conducted by Shanghai BioSune (Shanghai, China). The PCR
extraction kit and the plasmid mini kit used for extracting

https://doi.org/10.1021/acscatal.1c01229
ACS Catal. 2021, 11, 7477-7488


https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01229/suppl_file/cs1c01229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01229/suppl_file/cs1c01229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01229/suppl_file/cs1c01229_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01229?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c01229/suppl_file/cs1c01229_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c01229?fig=tbl2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c01229?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

plasmids were bought from Vazyme Co. (Shanghai, China).
The lysogeny broth (LB) medium contained 10 g/L tryptone,
S g/L yeast extract, and 10 g/L NaCl. The racemic 1,3-
dihydroxy-1-(4-(methylsulfonyl)-phenyl)-propan-2-one was
prepared by the transketolase reaction of 4-(methylsulfonyl)-
benzaldehyde with hydroxypyruvate catalyzed by EcTK1. The
NMR spectra were measured on a Bruker Avance 600 using
MeOD as the solvent.

Molecular Docking. The substrates 2 and 2a were docked
into the binding pocket of ATA117 and the homology model
of ATA117 mutants (ATA117 AC and ATA117_ACH),
respectively, using the position of PLP in the bound ligand
of 3wwh as a guide with AutoDock 4.2. The catalytic lysine
(K188) was deprotonated, and the PLP was converted to PMP
before docking. Postdocking, the conformations obtained were
filtered to derive a plausible attack conformation.®!

The substrate 1 was docked into the binding pocket of the
EcTK1 structure (PDB ID: Shht) and the homology model of
EcTK1 YYH. The EcTK1 structure was stripped of all
crystallographic waters. ThDP was converted to the enamine-
ThDP intermediate before docking. The explorable space for
docking was defined as a cube 15 A in length centered at
23.489, 15.398, and 5.953 including the entire active-site and
omitting the surface hydrophobic pockets.” Resulting poses
were analyzed and checked for hydrogen bonding in the
PyMOL Molecular Graphics System. Only the most energeti-
cally favorable pose-clusters were retained. Among them, poses
that were observed to be potentially “catalytically productive”
were selected. Catalytically productive was taken to mean
orientations of the benzene ring that point the reactive
aldehyde group close to the enamine-ThDP intermediate.*

MD Simulations. The ligands 2a and 2b were docked into
the homology model of the ATA117_ACHH mutant using
AutoDock 4.2. First, optimization was accomplished using the
Gaussian09 program at the level of b3lyp/6-31 g(d) followed
by calculation of the electrostatic surface potential (ESP)
charge. Subsequently, restrained electrostatic potential (RESP)
charge fitting was applied using the Multiwfn program. The
parameter preparation for PMP and the substrate molecules 2a
and 2b was performed by using the Antechamber package.
Finally, the GPU version of the PMEMD®® engine integrated
with the Amber 16 package and FF14SB force field*® was used
for the MD simulations. The enzyme—ligand complex was
placed in a solvent box of the TIP3P water model with a shell
of 10 A thick.

The entire systems were first subjected to energy
minimization using the 5000-step steepest descent followed
by the conjugate gradient algorithm for 5000 steps. The system
was then subjected to 1400 ps controlled heating using a
Langevin thermostat with a collision frequency of 10 ps™,
which requires the temperature to be increased from 0 to 300
K during the first 1000 ps. The protein and the ligand
molecules were heated with a harmonic potential restraint of 5
kcal'mol™"-A% The system was then equilibrated at 300 K
using the NPT ensemble for 200 ps to facilitate adjustment of
the system to the appropriate density and dimension. Finally,
the molecular dynamics simulations were performed without
any restraint under NPT conditions at 300 K for 100 ns with a
step time of 2 fs. The Berendsen barostat”” was used to
maintain the pressure at 1 bar during the equilibration and
production MD phase. The SHAKE algorithm was used to
constrain the lengths of all the bonds involving hydrogen
atoms during the whole procedure. The long-range electro-
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static interactions were calculated using the Particle Mesh
Ewald (PME) method.”® The CPPTRAJ* tool implemented
in AMBER was used to conduct the structural analyses of the
molecular dynamics trajectory, such as the distance and
dihedral of atoms in the ligand molecule, root-mean-square
deviation (RMSD), and cluster analysis. The structure figures
were prepared using PyMOL.

Construction of TK and TA Mutant Libraries. Plasmid
pET28a (Novagen) was used as a cloning and expression
vector for TK variants, and plasmid pRSFduet (Novagen) was
used as a cloning and expression vector for TA variants
described in this paper. The saturation mutagenesis libraries of
H26, 1466, V69, F122, 1157, F225, and etc. were generated
utilizing degenerate oligos (i.e, NNK) to incorporate
mutations at the targeted position. On the basis of the
EcTK1 and ATAI117 or related mutant sequence, appropriate
primers were designed. The mutant genes were then
constructed by using PCR amplification methods with a
Phanta Max Super-Fidelity DNA Polymerase. The PCR
products were analyzed on agarose gel by electrophoresis.
The PCR products were digested with the Dpn I restriction
enzyme at 37 °C for more than 4 h to remove the template
DNA. After digestion, the products were directly transformed
to commercial E. coli BL21 (DE3) by heat shock. Diluted
transformation mixtures (about 1/7) were spread on agar
plates containing 50 yg/mL kanamycin and grown overnight at
37 °C. The individual clones with the expected mutation
evaluated by DNA sequencing were picked.

Screening of TK and AT Mutant Libraries. E. coli BL21
(DE3) cells carrying the recombinant plasmid were cultivated
in 1 mL of LB medium containing kanamycin (50 pg/mL)
using a 24 shallow-well plate at 37 °C and 220 rpm for 12 h. 40
uL of the overnight culture was transferred to a 24 deep-well
plate with a fresh lysogeny broth medium (4 mL/well) and was
cultivated under the same conditions. When the ODy,
reached 0.6—0.8, isopropyl p-p-thiogalactoside (IPTG) was
added to a final concentration of 0.15 mM. After continuing
cultivation at 20 °C for 18 h, the cell pellets were harvested
and washed with 1 mL of Tris—HCI Buffer (50 mM, 150 mM
NaCl, pH 7.5) and centrifuged for 20 min with 4000 rpm at 4
°C. The precipitate was frozen at —80 °C and thawed once.
The cells were resuspended in 250 uL of the same buffer and
lysed by ultrasonication (2 s on and 4 s off; 30 cycles). Cell
debris was removed by centrifugation at 4 °C.

For screening of TK mutant libraries, purified ATA117_AC
enzyme, which showed low kinetic selectivity toward the chiral
hydroxyketone, was combined to ensure the instantaneous
conversion of hydroxyketone intermediate, which was apt to
undergo racemization.”* By combining ATA117_AC, (S)- and
(R)-hydroxyketone were converted to the corresponding
(1R2R)- and (1S,2R)-aminodiol diastereomers 3a and 3b,
respectively. The 100 uL screening system contained 40 yL of
supernatant, SO mM Tris—HCI buffer, S mM 1 substrate, S
equiv of LiHPA, 2.4 mM ThDP, 9 mM MgCl,, 1 mM PLP,
200 mM p-Ala, S equiv of NADH, 45 U/mL LDH, and 20 uM
purified ATA117_AC variant enzyme. Aminodiol diastereomer
products were measured by HPLC using a Super-C18 column.

For screening of TA mutant libraries, equivalent 2a, 2b, and
1 were used as the substrates in order to concurrently promote
the (R)-enantiopreference and ketone/aldehyde substrate
selectivity of TA. Therefore, the 100 uL screening system
contained 40 uL of supernatant, 50 mM Tris—HCI buffer, 2
mM rac-2, 1 mM 1, 200 mM p-Ala, and 1 mM PLP. Aminodiol

https://doi.org/10.1021/acscatal.1c01229
ACS Catal. 2021, 11, 7477-7488


pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c01229?rel=cite-as&ref=PDF&jav=VoR

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

and benzylamine products were measured by HPLC using a
Super-C18 column.

Measurement of Enantioselectivity for EcTK1 Mutant
Enzymes. The 100 pL reaction system contained S0 mM
Tris—HCI buffer (pH 7), S mM 1, 25 mM LiHPA, 9 mM
MgCl,, and 4.8 mM ThDP. The reaction was initiated by
addition of 100 uM TK enzyme. After reacting 20 min at 25
°C, the reaction was quenched by addition of 18 mM EDTA
for chelating Mg®" that was indispensable for TK activity.
Subsequently, 20 uL of reaction mixture was added to a new
100 L reaction system that contained 200 mM p-Ala, 2 mM
PLP, 20 mM NADH, 90 U/mL LDH, and 200 uM purified
ATAI117_AC enzyme. Thus, chiral hydroxyketone enan-
tiomers yielded at the first step were fully converted to
aminodiol diastereomers 3a and 3b in 30 min at 25 °C. The
aminodiol products 3a and 3b were measured by HPLC using
a Super-C18 column.

Measurement of E for the ATA117 Mutant Enzyme.
The E values of the purified ATA117 variants toward the
transamination of rac-2 were determined referring to previous
research.”®*” E was measured in a 100 uL reaction system that
contained SO mM Tris—HCI buffer ( pH 7.5), 2 mM rac-2,
200 mM p-Ala, 2 mM PLP, and 5—40 uM ATAI117 variants
depending on the activity. The concentrations of purified
enzymes ATA117, ATA117_A, ATA117_AC, ATA117_ACH,
and ATA117 ACHH were set to be S, 20, 20, 40, and 40 uM,
respectively. After reacting for 1 h at 30 °C, the reaction was
quenched by addition of 200 uL of methanol. Samples were
measured by HPLC using a Super-C18 column.

Simultaneous One-Pot Cascade Reaction to (1R,2R)-
p-Methylsulfonyl Phenylserinol 3a. The 100 yL reaction
system employing EcTK1 YYH and ATA117_ACHH (or
ATA117) contained 50 mM HEPES buffer (pH 8), S mM 1,
25 mM LiHPA, 18 mM MgCl,, 4.8 mM ThDP, 60 uM purified
enzyme EcTK1_YYH, 50 mM p-Ala, 2 mM PLP, 3 equiv of
NADH, 90 U/mL LDH, and 30 uM purified enzyme
ATA117_ACHH (or ATA117). The reaction mixture was
incubated at 25 °C for 4 h.

The 100 uL reaction system employing EcTK1 YYF and
ATA117_ACHH contained 50 mM HEPES buffer (pH 8), S
mM 1, 25 mM LiHPA, 18 mM MgCl,, 4.8 mM ThDP, 60 uM
purified enzyme EcTK1 YYF, 50 mM p-Ala, 2 mM PLP, 3
equiv of NADH, 45 U/mL LDH, and 40 yM purified enzyme
ATA117_ACHH. The reaction mixture was incubated at 25
°C for 4 h.

Sequential One-Pot Cascade Reaction to (1R,2R)-p-
Methylsulfonyl Phenylserinol 3a. The 100 yL reaction
system contained 100 mM Tris—HCI buffer (pH 7.5), S mM
1, 15 mM LiHPA, 18 mM MgCl,, 48 mM ThDP, 30 uM
purified enzyme EcTK1 YYH, 200 mM p-Ala, 2 mM PLP, 200
mM glucose, 2 equiv of NADH, 90 U/mL LDH, 30 U/mL
GDH, and 50 uM purified enzyme ATA117 variants. For the
first transketolase reaction step, 1, LiHPA, Tris—HCI, MgCl,,
ThDP, and EcTK1_YYH were added into the reaction vessel
and incubated at 25 °C for 1 h. For the second transamination
step, D-Ala, PLP, glucose, NADH, LDH, GDH, and ATA117
variants were added to the reaction mixture and incubated at
25 °C for an additional 1—4 h.

Preparative Scale of (1R,2R)-p-Methylsulfonyl Phe-
nylserinol 3a Synthesis. A preparative scale (50 mL) of the
one-pot two-step cascade to 3a has been developed. In the first
step, 16.7 mM 1 was converted with 3 equiv of LiHPA and 167
uM purified EcTK1_YYF in a 30 mL reaction system for 35
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min at 25 °C. 1 was added in 5.6 mM batches every 10 min
considering the insolubility of the aldehyde substrate. The
second step was initiated by adding 20 mL of transamination
reaction mixture. The total 50 mL reaction system contained
100 M purified ATA117 ACHH enzyme, 200 mM p-Ala, 2
equiv of NADH, 90 U/mL LDH, 200 mM glucose, and 30 U/
mL GDH. The reaction mixture was incubated at 25 °C for an
additional 75 min.

Sequential One-Pot Cascade Reaction to (1R,2R)-
Phenylserinol Derivatives. For (1R,2R)-p-fluorine phenyl-
serinol, p-chlorine phenylserinol, p-methyl phenylserinol, and
phenylserinol biosynthesis, the 100 uL reaction system
contained 100 mM Tris—HCl buffer (pH 7.5), S mM
benzaldehyde derivatives, 15 mM LiHPA, 18 mM MgCl,, 4.8
mM ThDP, 50 uM purified enzyme EcTK1_YYF, 200 mM bp-
Ala, 2 mM PLP, 200 mM glucose, 2 equiv of NADH, 90 U/mL
LDH, 30 U/mL GDH, and 50 uM purified enzyme
ATA117_ACHH. For the first transketolase reaction step, 1,
LiHPA, MgCl,, ThDP, and EcTK1_YYF were added into the
reaction vessel and incubated at 25 °C for 1.0, 1.5, 2.0, 2.5, and
3.0 h. For the second transamination step, p-Ala, PLP, glucose,
NADH, LDH, GDH, and ATA117 ACHH were added to the
reaction mixture and incubated at 25 °C for an additional 3 h.

For (1R,2R)-p-bromine phenylserinol biosynthesis, the 100
UL reaction system contained 100 mM Tris—HCI buffer (pH
7.5), 6% DMSO, S mM 4-bromobenzaldehyde, 15 mM
LiHPA, 18 mM MgCl,, 48 mM ThDP, 50 uM purified
enzyme EcTK1 YYF, 200 mM p-Ala, 2 mM PLP, 200 mM
glucose, 2 equiv of NADH, 90 U/mL LDH, 30 U/mL GDH,
and 50 uM purified enzyme ATA117 ACHH. For the first
transketolase reaction step, 4-bromobenzaldehyde, LiHPA,
MgCl,, ThDP, and EcTK1_YYF were added into the reaction
vessel and incubated at 25 °C. Among them, the 4-
bromobenzaldehyde substrate was added in two batches. The
second half of the 4-bromobenzaldehyde substrate was added
after 1 h. The reaction mixture was then incubated for 1.0, 1.5,
and 2.0 h. For the second transamination step, p-Ala, PLP,
glucose, NADH, LDH, GDH, and ATA117_ACHH were
added to the reaction mixture and incubated at 25 °C for an
additional 3 h.

For (1R,2R)-p-nitro phenylserinol biosynthesis, the 100 uL
reaction system contained 100 mM Tris—HCl buffer (pH 7.5),
5% DMSO, 5 mM 4-nitrobenzaldehyde, 20 mM LiHPA, 18
mM MgCl,, 48 mM ThDP, 60 uM purified enzyme
EcTK1_YYF, 200 mM p-Ala, 2 mM PLP, 200 mM glucose,
2 equiv of NADH, 90 U/mL LDH, 30 U/mL GDH, and 60
UM purified enzyme ATA117 ACHH. For the first trans-
ketolase reaction step, 4-nitrobenzaldehyde, LiHPA, MgCl,,
ThDP, and EcTK1 YYF were added into the reaction vessel
and incubated at 25 °C for 2.7 h. For the second
transamination step, p-Ala, PLP, glucose, NADH, LDH,
GDH, and ATAI117 ACHH were added to the reaction
mixture and incubated at 25 °C for an extra 2, 3, 4, and S h.
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