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Chapter 1

Introduction and Background Information

1.1 Introduction

Chiral amines are constituents of physiologically active substances such as alkaloids and antibiotics,
as well as biomolecules like amino acids and carbohydrates. Amines exhibit basicity and
electrostatically interact with anions by having a positive charge after binding to a proton. When chiral
amines with a certain structure interact specifically with proteins such as receptors and enzymes in
vivo, they transmit specific signals within cells or regulate enzyme activities, resulting in giving a
variety of effects on living organisms. Therefore, chiral amines are important raw materials for
synthesizing pharmaceuticals and agricultural chemicals. In recent years, from the background that
many pharmaceuticals have been developed and that the process with low environment load have been
required, more efficient synthetic process has been demanded. There are many synthetic methods for
amine compounds such as nucleophilic substitution-reduction with cyanide or azide ions, reduction of
amides, Gabriel synthesis with phthalimide, reductive amination with hydride reagents including
sodium cyanoborohydride and sodium triacetoxyborohydride, Hofmann rearrangement, Mannich
reaction, etc. However, these chemical syntheses generally yield racemic amines, and require optical
resolutions to obtain single enantiomer which is structurally important for interaction with the binding
site of specific protein. Therefore, chemical amine synthesis is generally used for reactions that do not
form asymmetric centers (Figure 1). In the synthesis of the anticoagulant drug edoxaban, an amino
group is introduced into the reaction substrate by azidation and reduction.!?> Hofmann rearrangement
is applied in the synthesis of (1R, 25)-Methyl 1-Boc-amino-2-vinylcyclopropanecarboxylate, which is
used as the building block of antiviral drug such as Asunaprevir and Grazoprevir.>= It could be a useful
method for synthesis of unnatural amino acids from diester derivatives since rearrangement reactions
retains the stereochemistry of the molecule. Reductive amination and Mannich reaction have been
applied in the synthesis of pharmaceuticals including Ambroxol and Tramadol.®” Since the synthesis
of amine compounds generates an asymmetric center, stereoselective synthesis of amines with various

chiral catalysis have recently been developed.
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Figure 1. Examples of synthesis of amine compounds

1.2. Chemical synthesis of chiral amines

Chemical syntheses of chiral amines are performed by using chiral catalysts for reductive amination,
nitroaldol reaction, Mannich reaction, and Strecker reaction. In reductive amination, iridium or
rhodium complexes are commonly used, but nickel or palladium complexes may also be used.® !> By
using hydrosilane as a hydrogen source, base metals such as copper and zinc can also be used as
catalysts.!*!* Enantioselective reductive amination was first reported in the production process of
metolachlor by Solvias (Figure 2).'>1¢ It has been found that this reaction proceeds with a very small
amount of an asymmetric iridium complex (0.01 mol%), and the addition of acetic acid, trifluoroacetic
acid or methanesulfonic acid improves its catalytic activity and stereoselectivity. In 2003, reductive
amination of acetophenone derivatives was investigated.!” All the reactions presented in the study
showed complete transformations with high stereoselectivities up to 96% ee, but required iodine and
isopropyl titanate. Reactions using frustrated Lewis pairs (FLP), Hantzsch esters or optically active
phosphoric acid catalysts (Akiyama-Terada Catalyst) have also been reported as reactions that do not

use transition metals. !9
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Figure 2. Examples of chemical synthesis of chiral amines by enantioselective reduction.

Asymmetric nitroaldol reactions produce B-nitroalcohols to synthesis 1,2-aminoalcohols found in
many bioactive natural products and pharmaceuticals. Reactions of nitroalkanes with carbonyl
compounds is performed under basic conditions in the presence of a chiral catalyst and provides the
target product with excellent selectivity. Asymmetric phosphonium catalysts synthesized from valine
have been reported to exhibit excellent stereoselectivity (anti:syn>19:1, 96-99% ee) for aromatic
aldehydes.?° There are also reports of synthesis to give efinaconazole and albaconazole using metal
catalysts prepared by mixing NdCls, diamide ligand, and +-BuONa in a 1:1:6 ratio (Figure 3).2':>
Asymmetric Mannich reactions using chiral catalysts including thioureas, phosphate diesters, or
proline derivatives can give optically active B-aminocarbonyl compounds.>*2¢ Many asymmetric
catalysts have been developed based on the chiral structures of natural product molecules such as
proline, quinine, and camphor, which can reduce the environmental burden associated with the
synthesis of asymmetric catalysts.?’° Asymmetric Strecker reactions can give various o-amino acids
by using cyanide ions with chiral Lewis acid catalysts or organocatalysts.?'3> a-Amino acids can also
be synthesized from glycine derivatives with an organocatalyst (Maruoka catalyst), which was

commercialized by Nagase & Co., Ltd.*}



Nd/Na heterobimetallic //—N

F 0 catalyst (6 mol%) F HO, CO,Me N\N»
CO,Me + I\g = /©/<‘/
. 2 2-Me-THF - NO, .
—60°C :
82% yield, 91% ee
anti:syn>86:14 Efinaconazole
n-BoC Thiourea catalyst (1 mol% BOC\N

| OTBS ) HQ
+ =
i OiPr
©) )\O’Pr toluene, —40°C ©)\)J\

96% yield, >99% ee

Chiral BINOL catalyst (1 mol%
KCN (1.05 eq.)

)
B
HN,Boc HN oc
O = O
- SO,Ph - CN
toluene, 0°C

94% yield, 98% ee

diamide ligand \_/

Chiral BINOL catalyst

Thiourea catalyst

Figure 3. Examples of chemical synthesis of chiral amines by intermolecular addition.

1.3. Biocatalytic synthesis of chiral amines

In recent years, it has been shown that chiral amines can be efficiently synthesized with hydrolases,
transaminase, and dehydrogenases. Hydrolases including lipase and acylase are mainly used for
optical resolution of racemic amines, which have the advantage that racemic amines are inexpensive
or can be easily synthesized. The disadvantage, however, is that even if one enantiomer can be isolated,
the other undesired enantiomer remains. Therefore, for practical use, it is desirable to racemate a
substrate in the reaction system, and this reaction process is called dynamic kinetic resolution (DKR).
Transaminase can catalyze amination of carbonyl groups with an amino donor such as alanine and
isopropylamine. Its reaction generally reaches equilibrium, not achieving full conversion of a carbonyl
compound, but it can stereoselectively aminate carbonyl compounds with a high conversion rate by
using an excess amount of amino donor. Amine dehydrogenase and imine reductase catalyze the
asymmetric reduction of imine using NADPH. These enzymatic reactions yield a by-product NADP*

and require a NADPH-regenerating enzyme for efficient reactions. However, unlike transaminase



catalyzing the equilibrium reaction, reductive aminations using the reductase and a NADPH-
regenerating enzyme proceed irreversibly, thus avoiding excessive substrate use and achieving high
atomic efficiency.

Enzymes in living organisms are known as biocatalysts that catalyze extremely regio- or stereo-
selective reactions, and thus their practical use has been desired. Initially, due to the delicate nature of
enzymes, it was thought to be difficult to make practical use of enzymes because it is often unstable
under the reaction conditions required on an industrial scale. However, recent developments in genetic
engineering have led to the discovery of various enzymes with higher durability. Furthermore, a high-
throughput screening has identified useful mutations that contribute to the enhancement of enzyme
activity or stability, leading to the creation of an extremely stable enzyme variants that can efficiently
catalyze reactions under conditions that generally inactivate and denature wild-type enzymes in the
presence of high substrate concentrations of 100 g/L or more. These biocatalysts can reduce the
environmental burden and the cost in the manufacturing process, and are currently in practical use in
several pharmaceutical manufacturing processes.>* Examples of drugs that consist of chiral amines
synthesized enzymatically include pregabalin, sitagliptin, GSK2879552, and abrocitinib (Figure 4).
Pregabalin is synthesized using nitrilases or lipases in the presence of extremely high concentrations
of substrates.?>3¢ The kinetic resolution by the lipase from Thermomyces lanuginosus yields the S-
enantiomer of Pregabalin precursor, while the remaining R-enantiomer is racemized and can be used
in the reaction again. The production of Sitagliptin at Merck uses transaminases mutated over 11
rounds.’” The original enzyme used in the mutations is a homolog of the enzyme from Arthrobacter
sp. KNK 168, which was discovered by Kaneka Corporation and exhibits excellent (R)-selectivity. The
transaminase differs from the enzyme from Arthrobacter sp. KNK168 in having a substitution of
isoleucine (I) at residue position 306 with valine (V).3¥3° The substrate binding site of this enzyme
was extended stepwise while improving stability, resulting in an efficient reaction process in the
presence of 200 g/L of substrate. Imine reductases has also been used in practical processes. The
enzymes was only discovered about 15 years ago, and it remains unclear which substrate imine
reductases originally act on in the living organisms.*>*! Nevertheless, GSK and Pfizer have succeeded
in dramatically improving enzyme activity or stability through a high-throughput screening.*>*3
Currently, several research groups, especially in the pharmaceutical industry, are now developing
efficient enzymatic syntheses of drugs. In addition to chiral amines, artificial nucleotides that are
difficult to synthesize chemically, e.g. Islatravir, Molnupiravir, Ulevostinag (MK-1454), have also
been developed in efficient and short step processes with improved biocatalysts.*# It is expected that
even more various enzymes will be engineered and used as efficient synthetic tools in drug synthesis

in the future.
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Figure 4. Examples of biocatalytic synthesis of chiral amines

1.4. Purpose of this study

For many years, our laboratory has been searching for microbial enzymes that can be used to
synthesize chiral compounds, and has discovered nitrilases, hydrolases, reductases, and other enzymes
that are highly useful. Although enzymatic syntheses of chiral amines have been developed, these have
often been limited to chain amines, and there are interestingly few reported examples of enzymatic
syntheses of cyclic amines such as pyrrolidine and piperidine. On the other hand, our laboratory has
discovered hydrolases that act on cyclic amines and imine reductases that act on cyclic imines,

respectively, and is pioneering an efficient approach to the synthesis of chiral cyclic amines. Among



them, (S)-selective hydrolase K5 (SHA K5) and (S)-selective imine reductase GF3546 (SIR46) can be
used for the synthesis of (S)-chiral cyclic amines. SHA K5 is a novel enzyme that catalyzes (S)-
stereoselective hydrolysis of racemic N-acyl piperidines. There are few enzymes that directly
hydrolyze such N-acyl cyclic amine. In several hydrolase for kinetic resolution, it has been reported
that some hydrolases catalyze enantioselective acylation or carbamoylation of racemic cyclic amines
or hydrolyze an intramolecular ester of them stereoselectively. In addition, an enantioselective Cbz-
deprotecting enzyme reported in 2003 can deprotect various N-Cbz-amino acids including pipecolic
acid to afford corresponding chiral products.*’” On the other hand, only SIR46 exhibits (S)-selectivity
among the five imine reductases found by screening in our laboratory. The reduction activity of the
enzyme is about 1/100 of that of imine reductase GF3587 that exhibits (R)-selectivity. Since its
discovery, several groups have found (S)-selective IREDs with higher activity, but most of them still
have challenges in stability and stereoselectivity.

Based on these backgrounds, I aimed to develop an enzymatic synthesis of (S)-chiral cyclic amines.
In Chapter 1, I report the screening, characterization and enzymatic purification of SHA, then
construction of a heterologous expression system for SHA K5. In Chapter 2, I investigated practical
application of SIR46 showing low reductive activity. SIR46 is the first (S)-selective imine reductases,
and still shows higher stereoselectivity for many cyclic imines compared to other enzymes. Therefore,
I refocused on SIR46 to investigate the effects of improved stabilization of the enzyme by mutations
on the enzymatic reaction. These processes may provide a series of chiral cyclic amines for the

building blocks of biologically active compounds (Figure 5).48-5!
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In both studies, I finally designed a heterologous expression system using Rhodococcus as a host.
One reason for using this host is that both of enzymes dealt with in this study are all derived from
actinomycetes, so there is no need to perform codon optimization of the enzyme genes. The second
reason is that Rhodococcus sp. has a more robust cell wall than E. coli and contributes to stabilizing
enzymes, expecting to be more resistant to organic solvents and high-concentration substrates. In the
case of E. coli cell, it tends to lysis during the whole-cell reaction, resulting in inactivation or
denaturation of enzymes. Therefore, it is desirable to use Rhodococcus cell for a long reaction time or
in the presence of high-concentration substrate. Furthermore, it has been reported that Rhodococcus
could prepare some proteins that become insoluble when expressed in E. coli. Despite these
advantages, there are still few examples of heterologous expression constructions using Rhodococcus
as a host cell. Therefore, I constructed recombinant Rhodococcus cells expressing SHA K5 or SIR46
gene to enhance their performances. In addition, stabilization of enzyme itself by introducing amino
acid mutations is also important for efficient enzymatic synthesis. Since SIR46 exhibits high (S)-
selectivity but low stability, I evaluated the performances of recombinant E. coli or Rhodococcus
expressing SIR46 gene, and furthermore improved the enzyme stability by mutagenesis for practical

synthesis of chiral cyclic amines.
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Chapter 2

Enzymatic Kinetic resolution of cyclic amines

2.1. Introduction

Chiral cyclic amines, which comprise piperidine, piperazine, or pyrrolidine skeleton, are widely used
as building blocks of pharmaceuticals and pesticides.'” Among them, 2-methylpiperidine (2-MPI) is
used for the synthesis of piperocaine, piperalin, menabitan, SS220 (Figure 1),°° and promising
candidates for developing pharmaceuticals.>™ In the synthesis of SS220, (S)-2-MPI moiety makes it
effective or more effective than the most widely used insect repellent, N,N-diethyl-m-toluamide
(DEET).!*!2 The enzymatic synthesis of optically active cyclic amines has been successfully done via
asymmetric reduction using imine reductases;'*>~'® however, the method requires the synthesis of cyclic
imines as substrates. Kinetic resolution is another approach for preparing chiral compounds, in which
the racemates are used as substrates. Since racemic cyclic amines can be commercially available as

inexpensive raw materials, in this study, I focused on stereoselective hydrolases for 2-MPI production.

O
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N N
Piperocaine OJ\(\/ "l‘\ ’

g e
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D)\o/\/\N $S220
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Piperalin

Figure 1. Biologically active compounds containing 2-MPI moiety.

Optically active amines can be prepared from racemic amine by diastereomeric salt formation
using chiral carboxylic acids'” or by stereoselective bioconversion of racemic N-acyl amine using
enzymes.'®20 Several studies on chiral cyclic amines’ preparation via chemical or enzymatic
resolution have been reported.?'=33 In the enzymatic method, racemic piperidines are stereoselectively
acylated or hydrolyzed by a lipase or protease to obtain the desired enantiomer.?'2* Conversely, the
racemates are chemically resolved by chiral acylating reagents to provide enantioenriched amines
(Scheme 1).2>27 Other chemical resolutions have been reported;?®>° however, these chemical

processes require chiral reagents for kinetic resolution. Considering the need of chiral compounds that
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are also synthesized from chiral precursors, the discovery of highly stereoselective hydrolase is desired
for chiral cyclic amines’ preparation. Until now, the existing hydrolases described above have been
used to synthesize chiral secondary amines; however, their variation was limited. Other enzymatic
processes need cyclic amines with functional groups, such as 2-hydroxymethylpiperidine, to yield
products with low enantioselectivity in many cases due to the low chirality-recognition ability of
enzyme.’' 33 Interestingly, there is no kinetic resolution to directly obtain chiral 2-substituted
piperidines from N-acyl derivatives of them by enzymatic hydrolysis. Given these backgrounds, it is

necessary to improve the enantioselectivity of existing hydrolases or find a novel hydrolase.
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Scheme 1. Examples of reported processes for preparation of chiral cyclic amine.

In this study, a stereoselective hydrolase acting on rac-N-acyl-2-MPI was screened from soil

microorganisms for one-step preparation of chiral 2-MPI (Scheme 2). Then the hydrolase was purified
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for characterization. To ensure efficient chiral piperidine preparation, I constructed recombinant cells

expressing the hydrolase gene and investigated the optically pure 2-MPI production via whole-cell

Q Hydrolase from O\
N N™ "CHj

CH3

., +
Arthrobacter sp. K5 N™ “CHs
%O robacter sp N o

N-Pivaloyl-2-MPI (S)-2-MPI (R)-N-Pivaloyl-2-MPI

reaction.

Scheme 2. Stereoselective hydrolysis of N-pivaloyl-2-MPI by Arthrobacter sp. K5 hydrolase.

2.2 Results and Discussion

2.2.1. Screening of microorganisms

To obtain microorganisms exhibiting hydrolase activity toward N-acyl-2-MPI, 294 strains were
isolated from soil samples using a medium containing N-acetyl-2-MPI as the sole carbon source.
Among 60 bacteria that hydrolyzed N-acetyl-2-MPI, the majority of them did not display high
stereoselectivity. Only the strain K5 revealed moderate (S)-selectivity kinetically, yielding racemic 2-
MPI (Figure 2a). It was predicted that the acyl group affected the enantiomeric recognition of the
hydrolase in strain K5. To improve the enantioselectivity of the hydrolysis, the acetyl group of N-
acetyl-2-MPI was substituted with a bulky pivaloyl group for appropriate chiral recognition. The
reaction using whole cells of strain K5 exhibited good (S)-stereoselectivity toward N-pivaloyl-2-MPI
to yield (S)-2-MPI with 88% ee in 72 h (Figure 2b). The strain K5 was identified as Arthrobacter sp.
based on 16S rDNA sequence analysis.

4 4
s 3 S 3¢t
£ E
oa 2 T 2t
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(@) (b)

Figure 2. Hydrolysis of N-acetyl-2-MPI (a) and N-pivaloyl-2-MPI (b) using Arthrobacter sp. K5 cells. Closed squares;
(5)-2-MPI, open squares; (R)-2-MPI. The reactions were performed at 30°C in 2 mL of 100 mM potassium phosphate
buffer (pH 7.0) containing 10 mM N-acyl-2-MPI and whole cells derived from 4 mL culture broth.
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2.2.2. Optimization of culture conditions and Kinetic resolution using optimized whole cells

To enhance the hydrolase activity in Arthrobacter sp. K5 cells, cyclic amine derivatives were added
to the culture medium, and the hydrolase activity was examined. The addition of N-acetyl-2-MPI, N-
acetylpiperidine, or N-acetyl-2-methylpyrrolidine resulted in a high induction of the hydrolase activity,
with the best compound being N-acetylpiperidine, which also enhanced Arthrobacter sp. K5 growth
(Table S1). The highest activity was found in the cells cultivated for 1 day with 0.4% (v/v) N-
acetylpiperidine (Table S2, S3). Prolonged cultivation (>2 days) decreased enzyme activity. The
culture conditions were optimized as follows: time, 24 h; culture medium, 0.4% (v/v) N-
acetylpiperidine, 5 g L™! polypeptone, 5 g L™ meat extract, 2 g L™! NaCl, and 0.5 g L™! yeast extract
in tap water (pH 7). Using the cells cultivated under optimal conditions, the kinetic resolution of N-
pivaloyl-2-MPI was performed. In the reaction with 100 mM concentration of N-pivaloyl-2-MPI, 38.2
mM (S)-2-MPI was formed at 80.2% ee after 115 h. However, the whole cells reaction stopped after

75 h, not achieving 50% conversion of the substrate.

2.2.3. Properties of the hydrolase

To obtain a homogeneous enzyme, the hydrolase was purified from the cell-free extract of
Arthrobacter sp. K5 through 5 steps, including ammonium sulfate fractionation, ion-exchange
chromatography on DEAE-Sephacel, and hydrophobic interaction chromatography on phenyl-
Sepharose and butyl-Toyopearl (Table S4). The purified enzyme was obtained with a specific activity
of 35.5 umol min~! mg™'. The overall purification was 10.8-fold (yield = 22%). The molecular mass
of the hydrolase was estimated to be 50 kDa by SDS-PAGE and 238 kDa by gel permeation high
performance liquid chromatography (HPLC), which suggests it to be a homo-tetrameric hydrolase.
The optimum reaction temperature and pH of the hydrolase were 45°C and pH 8.0 (Tris-HCI),
respectively (Figure S3, S4). The enzyme retained 75% of its maximum activity <40°C; however, its
activity decreased at a temperature >45°C (Figure S5). Conversely, it retained 80% of its maximum
activity at pH 6.0-7.5 and more than 80% inhibition of the hydrolase activity was observed at other
pH values (Figure S6). According to amino acid sequence analysis, the N-terminal and internal amino
acid sequences of the hydrolase were obtained as ATQTVITNGTLIDGTGNQPQ and
GGVTTVFDTWNA, respectively. Based on the amino acid sequence and genome DNA sequence of
Arthrobacter sp. K5, 1 identified (S)-selective hydrolase (SHA). The enzyme gene was composed of
1,384 bp, and coded for a protein of 481 amino acids with a molecular mass of 49,725 Da. This value
is in agreement with molecular mass determined on SDS-PAGE. A BLAST search with full-length
amino acid sequence of SHA revealed moderate sequence identity with the amidohydrolase protein
family, including phenylurea hydrolases (<66%), and the highest sequence identity (67%) with the

molinate hydrolase from Gulosibacter molinativorax. These results suggest SHA as a novel enzyme.
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2.2.4. Substrate specificity

The substrate specificity of purified SHA was examined using various N-acyl cyclic amines and
comparing the activity toward them with the activity toward N-benzoyl-2-MPI (Table 1). The
hydrolase exhibited almost the same activity toward N-benzoyl-2-MPI and N-pivaloyl-2-MPI;
however, the latter was more hydrolyzed with higher (S)-selectivity. N-Acetyl-2-MPI was hydrolyzed
with 24.8-fold higher activity than N-benzoyl-2-MPI. SHA displayed high activity on N-acyl 2-
unsubstituted cyclic amines, such as N-benzoylpiperidine, N-benzoyl-3-MPI, N-pivaloyl-3-MPI, N-
benzoyl-4-MPI, and N-benzoylpyrrolidine but showed no stereoselectivity toward N-acyl-3-MPI. N-
benzoyl-2-methylpyrrolidine displayed 4-fold higher reactivity than N-benzoyl-2-MPI, whereas
enantioselectivity was low in slight favor of the (R)-enantiomer (11% ee). N-benzoyl-2-methylindoline
was also a preferable substrate, reacting with medium enantioselectively (S- or R-enantiomers not
determined); however, N-pivaloyl-2-methylindoline and N-benzoyl-1,2,3,4-tetrahydroquinaldine
were not hydrolyzed. The reactivity and stereoselectivity of SHA for tested compounds depended on
the acyl groups and the distance between the acyl group and chiral center. SHA exhibited no activity

toward N-acetyl D- or L-amino acid (data not shown).

Table 1. Substrate specificity of SHA.

Substrate Relative activity (%) Conv. (%) and ee values (%)
N-Benzoyl-2-MPI 100 (0.123 Umg ™) 21 (48h) 4 63 (S)
N-Pivaloyl-2-MPI 102 31 (48h)* 88 ()
N-Acetyl-2-MPI 2480 46 (2h) 4 43 (S)
N-Crotonoyl-2-MPI 1210 56 (4h)4 55(S)
N-Benzoylpiperidine 81200 n.d.3 n.d.
N-Benzoyl-3-MPI 7640 50 2h)4 0
N-Pivaloyl-3-MPI 3120 42 (24 h) 4 0
N-Benzoyl-4-MPI 9320 n.d. n.d.
N-Benzoylpyrrolidine 1280 n.d. n.d.
N-Benzoyl-2-methylpyrrolidine 409 49 (24 h) 4 11 (R)
N-Benzoyl-2-methylindoline 2 40 53 (48h) 4 50 (n.d.?)
N-Acetyl-2-methylindoline 2 101 56 (3h)* 45 (n.d.)
N-Pivaloyl-2-methylindoline 2 0 n.d. n.d.
N-Acetyl-1,2,3,4-tetrahydroquinaldine 2 trace n.d. n.d.
N-Benzoyl-1,2,3,4-tetrahydroquinaldine 2 0 n.d. n.d.

! The reaction was performed at 30°C in 100 mM potassium phosphate buffer (pH 7.0) containing 10 mM substrate

and 0.0158 mg mL ! purified enzyme.

2 1 mM Substrate instead of 10 mM was added to the reaction with 5% (v/v) acetonitrile.

3 n.d. = not determined.
4 Reaction time in bracket.
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2.2.5. (5)-2-MPI synthesis using recombinant cells

Since SHA gene sequence has GC-content, I overexpressed the gene in Rhodococcus erythropolis L88,
which are high GC-content bacteria that can express high GC-content genes.>* Rhodococcus sp. has
robust cells which show resistance to various stress conditions, expecting tolerance to organic solvent,
high concentration of substrates, and long-time reaction.>> The reaction with 100 mM N-pivaloyl-2-
MPI using the recombinant cells produced 48.4 mM (S)-2-MPI with 83.5% ee in 74 h (Figure 3, closed
circles). Compared with the reaction using Arthrobacter sp. K5 cells that almost stopped after 60 h
with the conversion level of <40% (Figure 3, closed triangles), R. erythropolis transformant retained
the hydrolase activity and the reaction proceeded to 50% conversion after 72 h. The 2-MPI
productivity is comparable with that of the enzymatic process using oxalamic ester. Moreover, the
kinetic resolution by SHA achieved one-step preparation of (5)-2-MPI requiring only inexpensive
reagents. However, optical purity of 2-MPI was decreased due to gradual hydrolysis of the (R)-
enantiomer. For the kinetic resolution of chiral 2-MPI production, it is essential to improve the

stereoselectivity of SHA toward N-pivaloyl-2-MPI using protein engineering.
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Figure 3. Synthesis of (S)-2-MPI from N-pivaloyl-2-MPI by Arthrobacter sp. KS cells (closed triangles) or recombinant
cells (closed circles). The reactions were performed at 30°C in 100 mM potassium phosphate buffer (pH 7.0) containing
100 mM N-pivaloyl-2-MPI and whole cells derived from the culture broth equivalent to 5-fold amount of reaction
volume.

2.3. Conclusions

SHA exhibited high (S)-selectivity toward N-pivaloyl-2-MPI to produce (S)-2-MPI with 80.2% ee. 1
successfully overexpressed SHA gene in R. erythropolis 1L88 and improved the hydrolase activity. The
biocatalytic process achieved a kinetic resolution of 100 mM N-pivaloyl-2-MPI to 48.4 mM (S)-2-
MPI with 83.5% ee in one step using only inexpensive materials. As a potential enzyme for practical
applications, SHA may allow highly enantioenriched (S)-MPI production by improving its

stereoselectivity in the future.

19



2.4. Materials and Methods

2.4.1 General information

Commercially available reagents were used without purification and purchased from Tokyo Chemical
Industry Co. Ltd. (Tokyo, Japan), FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan) and
Sigma-Aldrich (Darmstadt, Germany) unless stated otherwise. The following products from each
supplier were used: polypeptone (Nippon Seiyaku, Tokyo, Japan), meat extract (Kyokuto Seiyaku,
Tokyo, Japan), and yeast extract (Oriental Yeast, Tokyo, Japan). Thin-layer chromatography (TLC)
was performed on TLC silica gel 60F»s4 (Merck KGaA, Darmstadt, Germany). Column
chromatography was performed on Wakosil® 60 (FUJIFILMWako Pure Chemical Corporation,
spherical, 64-210 um). HPLC analyses were performed using LC-10AT pump, SPD-10A detector
(Shimadzu, Kyoto, Japan), Atlantis dC18 5um 4.6 x 150 mm column (Waters, Massachusetts, USA),
CHIRALPAK AD-H 4.6 x 250 mm column (Daicel, Osaka, Japan), and TSK-GEL G-3000SW column
(7.5 x 600 mm; Tosoh, Tokyo, Japan). The conversion rate and optical purity were determined by
HPLC after derivatization of amines with 2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl isothiocyanate
(GITC) at 40°C for 1 h. The E value was calculated using Chen’s equation.>® 'H and '3C NMR spectra
were recorded on a JEOL ECA600 spectrometer (600 MHz for 'H and 150 MHz for *C) in CDCl; or
CD30D using tetramethylsilane as an internal standard (6 = 0 ppm). Polymerase chain reaction (PCR),
restriction enzyme digestion, and DNA ligation were performed using TaKaRa PCR Thermal Cycler

Dice® mini (Takara Bio, Shiga, Japan).

2.4.2 Synthesis of N-pivaloyl-2-MPI

A solution of pivaloyl chloride (13 mL, 107 mmol) in acetonitrile (10 mL) was added to a solution of
2-methylpiperidine (12 mL, 102 mmol) and triethylamine (14.2 mL, 102 mmol) in acetonitrile (60
mL) at 0°C with stirring. The reaction mixture was warmed to room temperature and stirred overnight.
The reaction mixture was filtered to remove triethylamine hydrochloride and the resulting supernatant
was concentrated under reduced pressure with a rotary evaporator (EYELA, Tokyo, Japan). The
residue was purified by column chromatography (silica gel, n-hexane:ethyl acetate = 6:1) to yield N-
pivaloyl-2-methylpiperidine (17.06 g, 91%) as a colorless oil. 'H NMR configurations are as follows:
CDCIs3 (600 MHz), 8 (ppm) 1.19, (3H, brs), 1.27 (9H, s), 1.36—1.43 (1H, m), 1.51-1.53 (1H, m), 1.59-
1.71 (4H, m), 2.93 (1H, brs), 4.18 (1H, brs), and 4.73 (1H, brs). 3C NMR configurations are as
follows: CDCls (150 MHz), & (ppm) 15.84, 18.88,26.06,27.11,27.89,28.43,30.11, 38.83, and 176.12.

2.4.3 Synthesis of NV-acyl cyclic amines
Acyl chloride (50 mmol) was added to a solution of cyclic amine (50 mmol) and pyridine (50 mmol)
in dichloromethane (200 mL) at 0°C. The reaction was performed overnight at room temperature with

stirring. The reaction mixture was concentrated under reduced pressure. Ethyl acetate was added to
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the residue, and pyridine hydrochloride was removed by filtration. The supernatant was concentrated
under reduced pressure and purified by column chromatography (silica gel, n-hexane:ethyl acetate =

6:1) to obtain N-acyl cyclic amines in moderate to good yield.

2.4.4 Screening of microorganisms degrading NV-acetyl-2-MPI

Soil samples were collected from various area of Japan. A few grams of the soil sample was put in 5
mL of medium containing 1.88 g L™ N-acetyl-2-MPI, 1 g L' NH4Cl, 5 g L™! Na,HPO4, 2 g L™!
KH2PO4, 0.5 g L7 MgSO4 * 7TH,0, 1% (v/v) metal solution and 1% (v/v) vitamin mixture in tap water,
pH 7. Metal solution consists of 0.3 g L™! H3BOs3, 0.4 g L™! CaCl»*2H,0, 0.2 g L™! FeSO4* 7H,0, 0.1
g L7'KI, 0.4 g L"! MnCl,*4H,0, 0.04 g L' CuSO4*5H0, 0.22 g L™! NaxM0O4*2H,0 and 1% (v/v)
HCI (6 M) in distilled water. Vitamin mixture consists of 100 mg L™! biotin, 20 mg L™! pantothenate*
Ca, 100 mg L! inositol, 20 mg L' nicotinic acid, 20 mg L' pyridoxine * HCI, 10 mg L' 4-
aminobenzoic acid, 10 mg L' riboflavin and 0.5 mg L™! folic acid in distilled water. Cultivation was
aerobically carried out at 28°C with shaking (120 rpm). After 7-10 days, 0.1 mL of culture broth was
inoculated into new medium and cultivated at the same conditions. This process was repeated once
more. The final culture broth was spread onto 2% (w/v) agar plates of the above medium. The colonies
isolated on the agar plates were cultivated in 5 mL medium with 0.2% (w/v) yeast extract at 28°C for
2-6 days. Cells were harvested by centrifugation and washed with 0.85% (w/v) NaCl. The reaction
mixture (2 mL) was consisted of 10 mM N-acetyl-2-MPI, 100 mM potassium phosphate buffer (pH
7.0), and cells derived from 5 mL culture broth. The mixture was incubated at 30°C for 24 h with
shaking (120 rpm). The reaction was quenched by centrifugation for removal of cells and the resulting
supernatants were analyzed by TLC and HPLC. Microorganisms exhibiting hydrolase activity for rac-
N-acetyl-2-methylpiperidine were evaluated and the strains with high stereoselectivity for other N-
acyl-2-MPI was selected. Among the microorganisms, strain K5 with the highest stereoselectivity was

identified by Techno-Suruga Laboratory Co. Ltd. based on 16S rDNA gene analysis.

2.4.5 Optimization of culture conditions for Arthrobacter sp. KS

To optimize the culture medium, the following compounds were added to nutrient medium containing
5 g L' polypepton, 5 g L™! meat extract, 2 g L™! NaCl, 0.5 g L™' yeast extract in tap water (pH 7,
adjusted by 6M NaOH): N-acetyl-2-MPI, N-acetyl-2-methylpyrrolidine, N-acetylpiperidine, N-
acetylpyrrolidine, N,N’-diacetyl-2-methylpiperazine, acetanilide, N-acetylaspartic acid, 2-MPI,

benzamide and nicotinamide.
2.4.6 Cultivation of Arthrobacter sp. KS

Arthrobacter sp. K5 was cultivated at 28°C for 24 h in 5 mL nutrient medium containing 5 g L™

polypepton, 5 g L™! meat extract, 2 g L' NaCl, 0.5 g L™ yeast extract in tap water (pH 7). Cultivation
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was performed at 28°C and 120 rpm for 24 h in 40 mL scale containing nutrient medium with 0.4%
(v/v) N-acetylpiperidine for the induction of hydrolase activity. Cells were harvested by centrifugation,
washed twice with 0.85% (w/v) NaCl, and suspended in the same solution. The cell growth of

Arthrobacter sp. K5 was estimated turbidimetrically at 610 nm.

2.4.7 Hydrolysis of N-pivaloyl-2-MPI using whole cells of Arthrobacter sp. K5

The reaction was performed at 30°C with shaking (120 rpm) in 25 mL of 100 mM potassium phosphate
buffer (pH 7.0) containing 100 mM N-pivaloyl-2-MPI and whole cells derived from 125 mL culture
broth. Samples were collected multiple times and analyzed by HPLC after derivatization of samples

with GITC.

2.4.8 Preparation of cell-free extract

Cells of Arthrobacter sp. K5 were suspended in 100 mM potassium phosphate buffer (pH 7.0)
containing 1 mM dithiothreitol and disrupted by ultrasonication at 100 W for 20 min at 4°C using a
cell disrupter (19 kHz, Insonator 201 M; Kubota, Japan). The cell debris was removed by
centrifugation at 4°C and 8,000 rpm for 30 min and the supernatant solution was used as cell-free

extract.

2.4.9 Enzyme assay

Enzymatic reaction was assayed in the reaction mixture containing 10 mM N-benzoylpiperidine and
1 pL enzyme solution in 100 mM potassium phosphate buffer (pH 7.0). One unit (U) of hydrolase
activity was defined as the amount of enzyme that catalyzed the formation of 1 umol benzoate at 30°C
per min. Enzyme activity was determined with HPLC using N-benzoylpiperidine by detecting
benzoate released by hydrolysis. HPLC analysis was performed at 254 nm at a flow rate of 1.0
mlmin~! using an Atlantis dC18 5um 4.6x150 mm column (Waters) and 10 mM sodium phosphate
buffer (pH 2.8) /acetonitrile (3:2, v/v). Retention time of benzoate was 4 min under the above

conditions.

2.4.10 Enzyme purification from Arthrobacter sp. KS
All purification steps were conducted at 4°C in 100 mM potassium phosphate buffer (pH 7.0)
containing 0.1 mM dithiothreitol.

2.4.10a Ammonium sulfate fractionation
Solid ammonium sulfate was added to the cell-free extract to reach 30% saturation. Proteins
precipitated was removed by centrifugation at 4°C and 8,000 rpm for 30 min. To the supernatant, solid

ammonium sulfate was added to 60% saturation and resulting precipitate was collected by
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centrifugation at 4°C and 8,000 rpm for 30 min. The precipitate was dissolved in 100 mM potassium

phosphate buffer (pH 7.0) containing 1 mM dithiothreitol and dialyzed in the same dissolving solution.

2.4.10b DEAE-Sephacel column chromatography

Protein solution obtained by ammonium sulfate fractionation was applied to DEAE-Sephacel resin
(GE-healthcare, Tokyo, Japan) equilibrated with 100 mM potassium phosphate buffer (pH 7.0)
containing 100 mM potassium chloride. Proteins bound to the resin were eluted with stepwise
concentration of 100, 150 and 200 mM potassium chloride in 100 mM potassium phosphate buffer
(pH 7.0).

2.4.10c Phenyl-Sepharose column chromatography

Solid ammonium sulfate was added to the protein solution obtained by DEAE-Sephacel column
chromatography to reach 20% saturation. This solution was applied to phenyl-Sepharose (GE-
healthcare) column chromatography equilibrated with 100 mM potassium phosphate buffer (pH 7.0)
containing 20% ammonium sulfate. Proteins bound to the resin were eluted with stepwise

concentration of 20 and 15% ammonium sulfate in 100 mM potassium phosphate buffer (pH 7.0).

2.4.10d Butyl-Toyopearl column chromatography

Solid ammonium sulfate was added to the protein solution obtained by phenyl-Toyopearl (Tosoh,
Tokyo, Japan) column chromatography to reach 20% saturation. This solution was applied to butyl-
Sepharose column chromatography equilibrated with 100 mM potassium phosphate buffer (pH 7.0)
containing 20% ammonium sulfate. Proteins bound to the resin were eluted with stepwise
concentration of 20, 10, 2.5 and 0% ammonium sulfate in 100 mM potassium phosphate buffer (pH
7.0).

2.4.11 Protein analysis

Protein concentration was determined by the Bradford method, using a protein assay kit (Bio-Rad
Laboratories, Inc., California, USA) and bovine serum albumin as a standard.’’” In column
chromatography, absorbance at 280 nm was measured to detect eluted protein. SDS-PAGE was
performed on 10% polyacrylamide gel with Tris-glycine buffer system according to Laemmli.’®
Protein were stained with Coomassie Brilliant Blue R250 and gels destained in ethanol/acetate/H,O
(3:1:6, v/v/v). Native molecular mass of the enzyme was estimated by gel permeation HPLC on a TSK
G-3000SW column (7.5 x 600 mm; Tosoh, Tokyo, Japan) with 100 mM sodium phosphate buffer (pH
7.0) containing 200 mM NaCl as a mobile phase at a flow rate of 0.7 mL min~'. The N-terminal and

internal amino acid sequences of purified enzyme were determined by APRO Science Inc.
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2.4.12 Effect of temperature and pH on purified enzyme

Optimal temperature of the hydrolase was examined in a 100 mM potassium phosphate buffer (pH
7.0) containing an appropriate amount of the purified enzyme and 10 mM N-benzoylpiperidine at
temperatures from 15 to 60°C. Optimal pH was examined at 30°C using various 100 mM buffers with
different pH values, including sodium citrate (pH 3.0—6.0), potassium phosphate buffer (pH 6.0-8.0),
Tris-HCI (pH 7.5-9.0) and glycine-NaOH (pH 9.0-11.0). In all cases, incubation was carried out for
10 min. To determine the thermal stability of the hydrolase, the enzyme solution was pre-incubated at
temperatures from 0 to 55°C for 30 min and cooled on ice. For evaluation of pH stability, the enzyme
solution was pre-incubated at 30°C for 30 min using the various buffers with different pH values (3.0—
11.0). The enzyme solutions incubated at various temperature or pH were used for reaction mixture

containing 100 mM potassium phosphate buffer (pH 7.0) and 10 mM N-benzoylpiperidine at 30°C.

2.4.13 Substrate specificity of purified enzyme

Substrate specificity was investigated using the following 1 or 10 mM N-acyl cyclic amines: N-
benzoyl-2-MPI, N-pivaloyl-2-MPI, N-acetyl-2-MPI, N-acryloyl-2-MPI, N-crotonoyl-2-MPI, N-
benzoylpiperidine, N-benzoyl-3-MPI, N-pivaloyl-3-MPI, N-benzoyl-4-MPI, N-benzoylpyrrolidine, N-
benzoyl-2-methylpyrrolidine, N-benzoyl-2-methylindoline, N-acetyl-2-methylindoline, N-pivaloyl-2-
methylindoline, N-acetyl-1,2,3,4-tetrahydroquinaldine, N-benzoyl-1,2,3,4-tetrahydroquinaldine, and

N-acetyl amino acids.

2.4.14 Genome sequence of Arthrobacter sp. KS

Arthrobacter sp. K5 cells were lysed at room temperature overnight with 0.5 mg mL™!
achromopeptidase (crude) in 10 mM Tris-HCI (pH 8.0). To this solution, 0.02 mg mL ™! proteinase K,
10 mM CacCl,, and 0.5% (w/v) SDS were added, and the mixture was incubated overnight at 37°C. To
an equal volume of the lysed cells, 2XCTAB solutions was added and incubated at 60°C for 1 h. The
2xCTAB solution contained 20 g L™! cetyltrimethylammonium bromide, 50 mM Tris-HCI, 20 mM
EDTA, 111 g L' NaCl, and 10 g L™! polyvinylpyrrolidone in distilled H>O. To an equal volume of the
treatment solution, a mixture of phenol, chloroform, and isoamyl alcohol (25:24:1, v/v/v) was added,
mixed gently, and centrifuged at 4°C and 8,000 rpm for 30 min. The supernatant was washed with
chloroform and one-tenth volume of 3 M sodium acetate (pH 5.2) was added and mixed with
isopropanol until genome DNA was thoroughly precipitated. The genome DNA obtained was washed
twice with 70% (v/v) ethanol and diluted with distilled H,O. Genome analysis was commissioned to

Gifu University NGS service.
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2.4.15 Hydrolase overexpression in Rhodococcus erythropolis 1.88

The SHA gene was identified based on the partial amino acid sequence of SHA and genome sequence
analysis of Arthrobacter sp. K5. The gene sequence was deposited in the DDBJ database under the
accession number LC633519. The gene amplification was performed via PCR using the primers 5°-
CTATCCATGGCAACGCAGACAGTG-3’ and 5’-TAATCTCGAGTCAGACGTTGTCGTCGAGG-
3> with PrimeSTAR® Max DNA Polymerase (Takara Bio). The amplified DNA fragments and
pTipQCI1 vector (Hokkaido System Science, Hokkaido, Japan) were digested with Nco 1 and Xho 1
and ligated using DNA Ligation Kit (Takara Bio). The resulting plasmid was transformed into
Rhodococcus erythropolis 1.88 cells (Hokkaido System Science) by electroporation with Eporator®
(Eppendorf, Hamburg, Germany). The transformed cells were cultivated with 30 pg mL™!
chloramphenicol at 120 rpm and 28°C in 5 mL of the nutrient medium containing 10 g L™! tryptone,
5 g L7! yeast extract, 4 g L™! Na;HPO4, 1 g L' KHoPO4, 1 g L7 NaCl, 0.2 g L' MgSO4° 7H,0, and
0.01 g L' CaCl,* 2H,0 in tap water. The preculture was inoculated into 90 mL of the nutrient medium
and 0.2 pg ml™! thiostrepton was added and incubated at 20°C and 120 rpm for 24 h. The cells were
harvested by centrifugation, washed twice with 0.85% (w/v) NaCl, and suspended in the same solution.

This solution was used as whole cells.

2.4.16 (S)-2-MPI synthesis using recombinant cells

The reaction was performed at 30°C with shaking (120 rpm) in 2 mL of 100 mM potassium phosphate
buffer (pH 7.0) containing 37 mg (100 mM) N-pivaloyl-2-MPI and whole cells obtained from 10 mL
culture broth. Samples were collected multiple times and analyzed by HPLC after derivatization with

GITC.
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2.5 Supplementary information

Table S1. Effect of amine compound on Arthrobacter sp. KS growth and hydrolase activity

Growth ! (S5)-2-MPI 3
Compound

(OD¢10) 2 (mM)
None 4.30 0.12
N-Acetyl-2-MPI 4.51 1.51
N-Acetyl-2-methylpyrrolidine 4.23 1.25
N-Acetylpiperidine 6.02 1.67
N-Acetylpyrrolidine 5.53 0.71
N,N’-Diacetyl-2-methylpiperazine 3.67 0.26
2-MPI 4.48 0.10
Acetanilide 5.47 0.09
Benzamide 0.56 0.18

U Arthrobacter sp. K5 was cultivated at 28°C and 120 rpm for 2 days with 0.2% (w/v) amine compound.

2 ODs10 = optical density at 610 nm.

3 The reactions were performed at 30°C for 27 h in 2 mL of 100 mM potassium phosphate buffer (pH 7.0) containing
10 mM N-pivaloyl-2-MPI and whole cells derived from 4 mL culture broth.

Table S2. Effect of N-acetylpiperidine concentration on Arthrobacter sp. KS growth and hydrolase activity

N-Acetylpiperidine Growth ! (S)-2-MPI 2
(%, W/v) (ODsé10) (mM)

0 4.30 0.12

0.05 4.69 1.10

0.1 4.48 1.21

0.2 5.90 1.98

0.3 5.91 1.99

0.4 6.91 2.65

0.5 6.02 1.44

! Arthrobacter sp. K5 was cultivated at 28°C and 120 rpm for 2 days.

2 The reactions were performed at the same condition as described in table S1.
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Table S3. Effect of culture time on Arthrobacter sp. K5 growth and hydrolase activity

Preculture Culture Growth ! (S)-2-MPI 2
(day) (day) (ODs10) (mM)

1 1 8.24 3.27

1 2 6.16 2.28

2 1 9.91 3.91

2 2 6.65 2.19

2 3 4.13 1.38

3 1 9.95 3.80

3 2 7.01 2.84

3 3 424 1.45

U Arthrobacter sp. K5 was cultivated at 28°C and 120 rpm in 5 mL nutrient medium containing 5 g L' polypepton,
5 g L ! meat extract, 2 g L™! NaCl, 0.5 g L™! yeast extract in tap water (pH 7), then 5 mL preculture was inoculated
into 40 mL the nutrient medium and further cultivated at 28°C.

2 The reactions were performed at the same condition as described in table S1.

Table S4. Purification of Arthrobacter sp. K5 hydrolase.

Total protein Total activity  Specific activity  Yield Purification
Purification step

(mg) (%)) (Umg™) (%) (-fold)
Cell-free extract ! 3340 11000 3.30 100 1
(NH4)2S04 (30-60%) 1440 5170 3.60 47 1.09
DEAE-Sephacel 364 4980 13.7 45 4.14
Phenyl-Sepharose 133 4110 30.9 37 9.36
Butyl-Toyopearl 68 2420 355 22 10.8

! The cell-free extract was prepared by disruption of cells obtained from 4.84 L of culture broth.
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Figure S1. SDS-PAGE analysis of Arthrobacter sp. K5 hydrolase. Lanes 1, 3: molecular weight markers, 2: purified
hydrolase from Arthrobacter sp. K5, 4: cell-free extract of recombinant R. erythropolis overexpressing (S)-selective

hydrolase (SHA) gene.
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Figure S2. Optimum temperature of the purified hydrolase. 100% = 141 U mg ™.

100

80

60

40

Relative activity (%)

20

0

2 3 45 6 7 8 9 10 1112

pH

—e&— Citrate (pH 3.0-6.0)
—»— Acetate-Na (pH 4.5-5.5)
—4&— KPB (pH 6.0-8.0)

—@— Tris-HCI (pH 7.5-9.0)

—%— Glycine-NaOH (pH 9.0-11.0)

Figure S3. Optimum pH of the purified hydrolase. 100% = 114 U mg ™.
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Figure S4. Thermal stability of the purified hydrolase. 100% = 89.1 U mg™".
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Table S5. HPLC analysis conditions for detection of benzoate and cyclic amines.

Retention time

Compound ! Column Solvent
(min)

Atlantis dC18 sodium phosphate buffer (10 mM, pH
Benzoate 4.0

Spum 4.6x150 mm 2.8):MeCN = 3:2

Atlantis dC18 sodium phosphate buffer (10 mM, pH  36.8 (R)
2-MPI

Sum 4.6x150 mm 2.5):MeOH = 55:45 38.5(5)

CHIRALPAK AD-H 9.1
N-Benzoyl-3-MPI2 n-hexane:i-PrOH = 95:5

4.6x250 mm 10.4

Atlantis dC18 sodium phosphate buffer (10 mM, pH  20.8 (S) 3
2-Methylpyrrolidine

Sum 4.6x150 mm 2.5):MeOH = 55:45 219 (R)

Atlantis dC18 17.3
2-Methylindoline 60% (v/v) MeOH

Sum 4.6x150 mm 194
1,2,3,4- Atlantis dC18 21.0

60% (v/v) MeOH

tetrahydroquinaldine Spum 4.6x150 mm 223

I Cyclic amines except for 3-MPI were derivatized with GITC to determine the yield and optical purity.
2 3-MPI obtained by enzymatic hydrolysis was analyzed by chiral HPLC after acylation with benzoyl chloride.
3 Absolute configurations of chiral cyclic amines were assigned using commercially available chiral reagents.

30



References

(1) Weglarz, 1.; Michalak, K.; Mlynarski, J. Zinc-Catalyzed Asymmetric Hydrosilylation of Cyclic
Imines: Synthesis of Chiral 2-Aryl-Substituted Pyrrolidines as Pharmaceutical Building Blocks. Adv.
Synth. Catal., 2021, 363, 1317-1321.

(2) Jain, P.; Verma, P.; Xia, G.; Yu, J. Enantioselective amine o-functionalization via palladium-
catalysed C—H arylation of thioamides. Nat. Chem., 2017, 9, 140—-144.

(3) Chen, C.; Clark, R.B.; Deng, Y.; He, M.; Plamondon, L.; Sun, C.; Xiao, X.; Ronn, M. Tetracycline
Compounds. US Patent 20120135968A1, 31 May 2012.

(4) Eis, Knut.; Ackerstaft, J.; Wagner, S.; Basting, D.; Golz, S.; Bender, E.; Li, V.M.; Lienau, P.; Liu,
N.; Siegel, F.; Bauser, M.; et al. Amido-Substituted Azole Compounds. WO Patent 2015150449A2, 8
October 2015.

(5) Fischer, J.P; Fell, J.B.; Blake, J.F.; Hinklin, R.J.; Mejia, M.J.; Hicken, E.J.; Chicarelli, M.J.;
Gaudino, J.J.; Vigers, G.P.A.; Burgess, L.E.; et al. KRas G12C Inhibitors. WO Patent 2017201161A1,
23 November 2017.

(6) Gayda, R.C.; Henderson, G.W.; Markovitz, A. Neuroactive drugs inhibit trypsin and outer
membrane protein processing in Escherichia coli K-12. Proc. Natl. Acad. Sci., USA 1979, 76, 2138—
2142.

(7) Schneegurt, M.A.; Henry, M.J. Effects of piperalin and fenpropimorph on sterol biosynthesis in
Ustilago maydis. Pestic. Biochem. Physiol., 1992, 43, 45-52.

(8) Green, K.; Kim, K. Acute dose response of intraocular pressure to topical and oral cannabinoids.
Proc. Soc. Exp. Biol. Med., 1977, 154, 228-231.

(9) Klun, J.A.; Schmidt, W.F.; Debboun, M. Stereochemical Effects in an Insect Repellent. J. Med.
Entomol., 2001, 38, 809-812.

(10) Klun, J.A.; Khrimian, A.; Margaryan, A.; Kramer, M.; Debboun, M.; Synthesis and Repellent
Efficacy of a New Chiral Piperidine Analog: Comparison with Deet and Bayrepel Activity in Human-
Volunteer Laboratory Assays Against Aedes aegypti and Anopheles stephensi. J. Med. Entomol., 2003,
40, 293-299.

(11) Klun, J.A.; Khrimian, A.; Debboun, M. Repellent and Deterrent Effects of SS220, Picaridin, and
Deet Suppress Human Blood Feeding by Aedes aegypti, Anopheles stephensi, and Phlebotomus
papatasi. J. Med. Entomol., 2006, 43, 34-39.

(12) Frances, S.P.; Mackenzie, D.O.; Klun, J.A.; Debboun, M. Laboratory and Field Evaluation of
SS220 and Deet Against Mosquitoes in Queensland, Australia. J. Am. Mosq. Control Assoc., 2009, 25,
174-178.

(13) Mitsukura, K.; Suzuki, M.; Shinoda, S.; Kuramoto, T.; Yoshida, T.; Nagasawa, T. Purification and

characterization of a novel (R)-imine reductase from Streptomyces sp. GF3587. Biosci. Biotechnol.

31



Biochem., 2011, 75, 1778-1782.

(14) Mitsukura, K.; Kuramoto, T.; Yoshida, T.; Kimoto, N.; Yamamoto, H.; Nagasawa, T. A NADPH-
dependent (S)-imine reductase (SIR) from Streptomyces sp. GF3546 for asymmetric synthesis of
optically active amines: Purification, characterization, gene cloning, and expression. Appl. Microbiol.
Biotechnol., 2013, 97, 8079-8086.

(15) Leipold, F.; Hussain, S.; Ghislieri, D.; Turner, N.J. Asymmetric Reduction of Cyclic Imines
Catalyzed by a Whole-Cell Biocatalyst Containing an (S)-Imine Reductase. ChemCatChem., 2013, 5,
3505-3508.

(16) Hussain, S.; Leipold, F.; Man, H.; Wells, E.; France, S.P.; Mulholland, K.R.; Grogan, G.; Turner,
N.J. An (R)-Imine Reductase Biocatalyst for the Asymmetric Reduction of Cyclic Imines.
ChemCatChem., 2015, 7, 579-583.

(17) Siedlecka, R. Recent developments in optical resolution. Tetrahedron, 2013, 69, 6331-6363.
(18) Dominguez de Maria, P.; de Gonzalo, G.; Alcantara, A.R. Biocatalysis as Useful Tool in
Asymmetric Synthesis: An Assessment of Recently Granted Patents (2014-2019). Catalysts, 2019, 9,
802.

(19) Musa, M.M. Enzymatic racemization of alcohols and amines: An approach for bi-enzymatic
dynamic kinetic resolution. Chirality, 2020, 32, 147-157.

(20) Wu, S.; Snajdrova, R.; Moore, J.C.; Baldenius, K.; Bornscheuer, U.T. Biocatalysis: Enzymatic
Synthesis for Industrial Applications. Angew. Chem. Int. Ed., 2020, 59, 2-34.

(21) Gotor-Fernandez, V.; Fernandez-Torres, P.; Gotor, V. Chemoenzymatic preparation of optically
active secondary amines: A new efficient route to enantiomerically pure indolines. Tetrahedron
Asymmetry, 2006, 17, 2558-2564.

(22) Stirling, M.; Blacker, J.; Page, M.I. Chemoenzymatic dynamic kinetic resolution of secondary
amines. Tetrahedron Lett., 2007, 48, 1247-1250.

(23) Hu, S.; Tat, D.; Martinez, C.A.; Yazbeck, D.R.; Tao, J. An efficient and practical chemoenzymatic
preparation of optically active secondary amines. Org. Lett., 2005, 7, 4329-4331.

(24) Liljeblad, A.; Lindborg, J.; Kanerva, A.: Katajisto, J.; Kanerva, L.T. Enantioselective lipase-
catalyzed reactions of methyl pipecolinate: Transesterification and N-acylation. Tetrahedron Lett.,
2002, 43, 2471-2474.

(25) Binanzer, M.; Hsieh, S.; Bode, J.W. Catalytic Kinetic Resolution of Cyclic Secondary Amines. J.
Am. Chem. Soc., 2011, 133, 19698-19701.

(26) Wanner, B.; Kreituss, I.; Gutierrez, O.; Kozlowski, M.C.; Bode, J.W Catalytic Kinetic Resolution
of Disubstituted Piperidines by Enantioselective Acylation: Synthetic Utility and Mechanistic Insights.
J. Am. Chem. Soc., 2015, 137, 11491-11497.

(27) Al-Sehemi, A.G.; Atkinson, R.S.; Fawcett, J.; Russell, D.R. 3-(N,N-Diacylamino)quinazolin-
4(3H)-ones as enantioselective acylating agents for amines. Tetrahedron Lett., 2000, 41, 2239-2242.

32



(28) Saito, K.; Miyashita, H.; Akiyama, T. Chiral phosphoric acid catalyzed oxidative kinetic
resolution of cyclic secondary amine derivatives including tetrahydroquinolines by hydrogen transfer
to imines. Chem. Commun., 2015, 51, 16648—16651.

(29) Lackner, A.D.; Samant, A.V.; Toste, F.D. Single-Operation Deracemization of 3H-Indolines and
Tetrahydroquinolines Enabled by Phase Separation. J. Am. Chem. Soc., 2013, 135, 14090-14093.
(30) Sakamoto, M.; Fujita, K.; Yagishita, F.; Unosawa, A.; Mino, T.; Fujita, T. Kinetic resolution of
racemic amines using provisional molecular chirality generated by spontaneous crystallization. Chem.
Commun., 2011, 47, 4267-4269.

(31) Perdicchia, D.; Christodoulou, M.S.; Fumagalli, G.; Calogero, F.; Marucci, C.; Passarella, D.
Enzymatic Kinetic Resolution of 2-Piperidineethanol for the Enantioselective Targeted and Diversity
Oriented Synthesis. Int. J. Mol. Sci., 2016, 17, 17.

(32) Saxon, R.E.; Leisch, H.; Hudlicky, T. Preliminary investigation of the yeast-mediated reduction
of B-keto amides derived from cyclic amines as potential resolution methodology. Tetrahedron
Asymmetry, 2008, 19, 672—681.

(33) Solis, A.; Nava, A.; Pérez, H.1.; Manjarrez, N.; Luna, H.; Cassani, J. Enzymatic Hydrolysis of N—
protected 2-Hydroxymethylpiperidine Acetates. J. Mex. Chem. Soc., 2008, 52, 181-184.

(34) Nakashima, N.; Tamura, T. A Novel System for ExpressingRecombinant Proteins Over a
WideTemperature Range From 4 to 35 °C. Biotechnol. Bioeng., 2004, 86, 136—148.

(35) Cappelletti, M.; Presentato, A.; Piacenza, E.; Firrincieli, A.; Turner, R.J.; Zannoni, D.
Biotechnology of Rhodococcus for the production of valuable compounds. Appl. Microbiol.
Biotechnol., 2020, 104, 8567-8594

(36) Chen, C.S.; Fujimoto, Y.; Girdaukas, G.; Sih, C.J. Quantitative analyses of biochemical kinetic
resolutions of enantiomers. J. Am. Chem. Soc., 1982, 104, 7294-7299.

(37) Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254.

(38) Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage
T4. Nature 1970, 227, 680—685.

33



Chapter 3
Enzymatic asymmetric reduction of cyclic imines

3.1 Introduction

Since imine reductases (IREDs) that asymmetrically reduce 2-methyl-1-pyrroline (2-MPN) were first
discovered in soil actinomycetes, many types of IREDs have been identified based on the DNA
sequences of (R)-selective IRED from Streptomyces sp. GF3587 (RIR87) and (S)-selective IRED from
Streptomyces sp. GF3546 (SIR46).'* Furthermore, some IREDs have been found to catalyze
intermolecular reductive amination as well as the reduction of cyclic imines.>”” However, most IREDs
exhibit low durability against high-concentration imines, and organic solvents are required to improve
the efficiency of the reaction; thus, using IREDs for synthesizing chiral building blocks in
pharmaceuticals has not been practical.® The specific activity and stability of various enzymes has
been improved via mutations to provide resistance against heat or high-concentration substrates, which
helps realize a high conversion rate.”!> In some cases, the efficient biocatalytic processes of chiral
drugs, such as an LSD1 inhibitor (GSK2879552) and an abrocitinib JAK1 inhibitor, have been
achieved on a practical scale by improving the activity and stability of IREDs via protein
engineering.'*!> However, among the known wild type IREDs or reductive aminases, the enzymes
that exhibit a high conversion rate from imine to amine display highly specific activity or relatively
high thermal stability.®!¢ T hypothesized that a lack of stability is one of the factors that limit the
potential performance of IREDs. Because most reductive aminations require slightly water-soluble
ketones, only enzymes tolerant of these ketones with the properties of organic solvents can catalyze
the reaction efficiently. Of the two Streptomyces-derived IREDs found previously, the activity of
SIR46 is lower than that of RIR87. Although many IREDs have been identified, SIR46 remains one
of the most promising and versatile biocatalysts owing to its high (S)-selectivity toward various cyclic
imines, despite its low durability against heat and high-concentration substrates. The imine reductase
AoIRED from Amycolatopsis orientalis exhibits higher specific activity than SIR46 as well as high
(8)-selectivity (85% ee); however, when purified 40IRED was stored at 4°C for 24 h and used for the
biotransformation of 1-methyl-3,4-dihydroisoquinoline (1-MDIQ), its enantioselectivity was inverted
from (S)- to (R)-preference with 98% ee.!” SnIR from Stackebrandtia nassauensi also exhibited high
(S)-selectivity and performed full conversion of 100 mM 1-MDIQ into (S)-1-methyl-1,2,3,4-
tetrahydroisoquinoline with >99% ee.!® In both cases, however, the IREDs required high enzyme

loading.
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In a previous study, recombinant Escherichia coli overexpressing the SIR46 gene exhibited
reductive activity 2-fold higher than that of a cell-free extract of Streptomyces sp. GF3546, but the
further research did not go.? I expected its potential utility, and therefore tested the reductive activity
in several conditions using three types of coexpression systems with a glucose dehydrogenase gene
from Bacillus subtilis (BsGDH) (Figures 1, S2 and S3, Table S1). It was shown that the productivity
of (5)-2-methylpyrrolidine (S-2-MP) was improved, yielding around 30 mM S-2-MP in the presence
of 30 or 40 mM 2-MPN (Table S1 and Figure S2). This result might be attributable to the low stability
of the enzyme. Herein, I report an improved biocatalyst based on SIR46 for the practical synthesis of

chiral cyclic amines.

SIR46
{ {3
N N
m N
2-MPN S-2-MP
NADPH NADP*

p-Gluconolactone \ J p-Glucose

GDH

Figure 1. Asymmetric reduction of 2-MPN by SIR46 with NADPH regeneration system.

3.2 Results and discussion

To reduce the stress elicited by a high-concentration substrate on SIR46, I used Rhodococcus
erythropolis cells as robust host cells for the construction of the expression system.!” Recombinant R.
erythropolis expressing the SIR46 gene successfully led an efficient reaction, achieving full conversion
of 100 mM 2-MPN (Figure S11). Moreover, the addition of only glucose drove the reaction without
the expression of the GDH gene. To investigate this phenomenon, | evaluated NADPH-regenerating
activity using cell-free extracts of the recombinant cells. The addition of glucose alone drove a low
level of NADPH regeneration from NADP* in the cell-free extract. Given that NADPH regeneration
occurred in the recombinant cells, membrane proteins related to oxidative phosphorylation were likely
required. I hypothesized that NADPH regeneration requires ATP to yield glucose 6-phosphate, which
is oxidized by glucose 6-phosphate dehydrogenase to obtain NADPH. This hypothesis was not
supported by measuring the specific activity of the cell-free extract in the presence of glucose/ATP or
glucose 6-dehydrogenase, but glucose 6-phosphate was found to drive NADPH regeneration (Table
S2). Recombinant cells expressing the SIR46 gene also achieved reduction with 2-MPN at >200 mM.
This biocatalyst exhibited high productivity with a slow reaction time, i.e., the bioconversion was
completed in about one week, which was due to the low catalytic efficiency of SIR46. Additionally,
in the cell-free extract, thermal stability is initially low (<35°C), and the activity gradually decreases
even during storage at 4°C. These properties are major disadvantages in terms of practical usage (Table
S6).
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To address these problematic SIR46 characteristics, | attempted to improve thermostability via
site-directed mutagenesis. Modifying enzymes by substituting amino acid residues is generally time-
consuming and labor-intensive because it requires a huge number of mutants. In the present study, I
used a structure- and sequence-based design strategy to efficiently improve the stability of SIR46.
Several mutation candidates were found using a method based on the comparison of amino acid
sequences among several IREDs obtained via BLAST searches with the protein sequences of SIR46
and RIR87 (Figure S4) as well as the thermodynamic stability of protein secondary structure and the
X-ray crystal structure of SIR46 (PDB 4oqy; Table S3). Mutations around the active site were
prohibited to maintain the original enantioselectivity. The thermal stability of SIR46 variants was
evaluated by measuring the specific activity of the cell-free extract after heat treatment at 40°C—60°C
for 30 min (Tables 1 and S4). When I examined 10 single-site mutations selected based on the three
concepts mentioned above, the R158L variant showed higher activity than the wild type as well as a
slight improvement in thermal stability. Position 158 is generally occupied by leucine in D-type IREDs,
including RIR87, AspRedAm’, IR-46 M3'4, and SpRedAm-R3-V6!°, whereas arginine occupies this
position in Y-type IREDs including the enzymes derived from Streptomyces sp. GF3546, Streptomyces
aurantiacus®, and Bacillus cereus®. Other mutations, including V48T, A103M, and S209R, also
improved thermal stability or enzyme activity. Based on these results, several combinations of amino
acid mutations could be examined, but I combined the beneficial mutations while retaining the enzyme
activity. The obtained variants increased rather than decreased reductive activity while improving
thermal stability. Although the single variant A90V exhibited one-third of the activity of the wild type,
the variant M5 containing A90V maintained the activity and enhance the stability. The final variant
M9 showed twice the activity of the wild type and thermal resistance at 50°C for 30 min, whereas the
wild type lost its activity after incubation at 45°C.

In the SIR46 mutations, V48T and S209R were introduced considering secondary structural
stability and hydrophilicity. In addition, A41P and A162P may contribute to the fixation of the helix
kink and loop. Instead of V73M, the mutation A103M was designed for the preservation of internal
hydrophobicity and the enhancement of hydrophobic interactions, although the alignment of SIR46
and similar enzymes according to a BLAST search showed that the major residue at position 73 is
methionine. A90V and A103M probably play similar roles. V88T was introduced anticipating an effect
similar to that of V48T. R158L and M207T presumably reduce steric hindrance around the residues
(Table S3).
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Table 1. Specific activity and thermostability of SIR46 variants.

SIRAG variant Specific flC‘[iVityl Residual activity? (%)
(mU mg™) 40°C 45°C 50°C 55°C 60°C

WT 12.6 66 0 n.d. n.d. n.d.
R158L (M1) 23.4 91 6 n.d. n.d. n.d.
M2 (M1 + V48T) 24.2 93 7 n.d. n.d. n.d.
M3 (M2 + S209R) 29.8 102 52 0 n.d. n.d.
M4 (M3 + A103M)  31.0 n.d.3 84 9 n.d. n.d.
MS5 (M4 + A90V) 34.7 n.d. 95 74 n.d. n.d.
M6 (M5 + A41P) 36.3 n.d. 92 87 n.d. n.d.
M7 (M6 +A162P) 35.7 n.d. n.d. 100 48 0
M8 (M7 + M207T) 36.6 n.d. n.d. 94 63 0
M9 (M8 +V88T) 32.9 n.d. n.d. 102 70 0

! Specific activity of SIR46 variant in the cell-free extract of the recombinant cell.
2 Residual activity after incubation at 40°C—60°C for 30 min.
3 n.d. = not determined.

The performance of SIR46 M9 was evaluated in the cell-free extract. Owing to the improved
stability, the maximum specific activity was observed at 55°C (101 mU mg '), which was 3-fold higher
than the activity at 30°C (Figure S6). Compared with wild type, the effect of pH on the activity was
alleviated; thus, the activity was stable around pH 7.5 (Figure S7). When the cell-free extracts of wild
type SIR46 and the variant M9 were stored at 4°C for one month, the activity of the wild type SIR46
decreased to 34% of the activity of the fresh cell-free extract, whereas the variant M9 did not exhibit
a decrease in activity. Furthermore, the variant M9 retained its specific activity after incubation at
35°C for 24 h, which almost inactivated wild type SIR46 (Table S6). I also evaluated the effects of
organic solvents on the activity because such solvents are often required in the reaction when imines
or ketones with low water solubility are used for enzymatic reduction. Compared with several organic
solvents, methanol resulted in low inhibition and elicited similar effects on the specific activities of
the wild type SIR46 and variant M9. In addition, SIR46 M9 showed higher tolerance to DMSO than
the wild type, with reductive activity maintained even in 20% DMSO, which inactivated wild type
SIR46 (Figure S8). M9 showed higher tolerance to a high concentration of 2-MPN than the wild type,
and M9 also showed a 90% or 70% conversion rate at 100 or 200 mM 2-MPN, respectively, whereas
the wild type showed a 40% conversion rate (Figure S9). The K, and V. values for 2-MPN of SIR46
M9 in cell-free extract were 5.5 mM and 52 mU mg™!, respectively, whereas the K, and Vi values
for wild type SIR46 were 14.0 mM and 42 mU mg !, respectively (Figure S10). These results suggest
that structural changes in the enzyme, other than in the active site, affect specific activity and stability.

I hypothesized that SIR46 M9 exhibiting high durability would perform efficient conversion of

high-concentration imines, which could not be performed by wild type SIR46. However, the
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productivity of SIR46 in terms of converting 2-MPN into S-2-MP was improved only slightly, with
variant M9 exhibiting relatively high activity (Figure S11). Given that both the wild type and variant
SIR46 showed similar activity at more than 400 mM 2-MPN (Figure S11), it was predicted that the
NADPH-regenerating activity in Rhodococcus cells was inhibited. To maximize the performance of
MO, I coexpressed the BsGDH gene with the SIR46 gene in the recombinant cells to keep NADPH
regeneration enough for SIR46 to proceed the reaction efficiently. The DNA sequence of BsGDH was
codon-optimized for expression in R. erythropolis. The constructed recombinant cells coexpressing
BsGDH and SIR46 M9 genes showed improved activity at >200 mM 2-MPN compared with the
reaction involving wild type SIR46 (Figure 2). The reaction proceeded even with 500 mM substrate
loading, but it took more than one week to complete the conversion. To further improve the conversion
rate, the reaction was performed at 35°C to ensure that the variant retained its activity, but this resulted
in a lower conversion than that achieved at 30°C (Figure S13). I used the biocatalyst to synthesize S-
2-MP at 300 mM 2-MPN. After a one week reaction, the amine product was extracted following N-
Boc protection and purified using column chromatography to give (S)-N-Boc-2-methylpyrrolidine at
a 60% yield with 92.4% ee. The S-product can be used as a building block of SGC-IMLLT, a potent

and selective inhibitor of MLLT1/3—histone interactions.2!
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Figure 2. Biocatalytic reduction of 200—500 mM 2-MPN by SIR46 WT or M9. Reactions were performed at 30°C in
potassium phosphate buffer (pH 7.5) containing approx. 200-500 mM 2-MPN, glucose (1.2 eq.), and whole cells
expressing SIR46 WT or M9 and BsGDH genes (ODs10 = 25).

Next, I examined the activity of SIR46 M9 toward other imine substrates, including 2-phenyl-1-
pyrroline (2-PPN), 2-(4-methoxyphenyl)-1-pyrroline (2-MeOPPN), and 1-MDIQ using the cell-free
extract (Table 2). Although I initially used whole cells to perform the bioconversions of imines, the
conversion rates were low compared with the reactions with the cell-free extract (data not shown).
SIR46 M9 exhibited 3- or 5-fold higher activity toward 2-PPN than the wild type with enhanced
enantioselectivity (95.5% ee). Similarly, SIR46 M9 exhibited a high conversion rate and slightly

improved enantioselectivity (98.7% ee) toward 1-MDIQ even at a substrate concentration of 50 mM.
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However, the activity toward 2-MeOPPN was decreased, which may have been caused by the small
conformational alterations resulting from the mutations in the enzyme structure. I also examined the
activity toward cyclohexanone with methylamine because SIR46 was reported to catalyze reductive
amination in previous studies®®. The improvement in reductive amination activity was higher in SIR46
M9 than in wild type SIR46 (Table 2 and Figure S14). The variant M9 exhibited a 5.5-fold
improvement over the wild type in terms of the maximum conversion, despite showing only a 2-fold
increase in specific activity through mutations; hence, the stability of the enzyme also contributes to
enhancing the conversion. All reactions with the tested substrates proceeded almost within 24 h and

ended after 48 h.

Table 2. Bioconversion of imines by a cell-free extract (CFE) of R. erythropolis expressing the SIR46 and
BsGDH genes.!

P SIR46 . SIR46
' e () PN P L "
R H R

R =H, MeO

o} N HN

CH3NH; [ SIR46
—_—

Conv. (%) and ee values (%)

Substrate Conc. (mM)  CFE (mg mL™")
Wild type M9

2-PPN2 10 15 10 90 (R) 52 95(R)
10 3.0 27 91(R) 81 96 (R)

2-MeOPPN2 10 1.5 11 >99(R) 6  >99(R)
10 3.0 26 >99(R) 10 >99 (R)

1-MDIQ? 10 1.5 92 98(S) 99 99 (5)
20 15 58 98(S) 99 99(S)
50 1.5 31 98(S) 7799 (S)

Cyclohexanone/CH3NH> 20/200 1.5 17 - 69 -
50/200 1.5 6 - 33 -
20/400 1.5 54 - 91 -
50/400 1.5 21 - 51 -

I Reactions were performed at 30°C for 48 h in potassium phosphate buffer (pH 7.5) containing substrate(s),
50 or 100 mM glucose, 0.2 mM NADP", and CFE. Reductive amination of cyclohexanone with methylamine
was performed at pH 8.0.

2 Methanol was added to the reaction mixture to a final concentration of 2.5% (v/v) per 10 mM substrate.
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3.3 Conclusions

In conclusion I successfully developed a whole-cell biocatalyst with high productivity in combination
with BsGDH by improving the stability of SIR46, which is difficult to use practically. This biocatalyst
will enable the efficient synthesis of S-2-MP. The cell-free extract of SIR46 M9 retained its activity
even during storage at 4°C for more than one month. This level of stability will be a major advantage
in terms of practical use and experimentation. Further improvement of the activity and stability of
SIR46 will enable more efficient reactions at high concentrations of various imine substrates while

reducing the amount of biocatalyst required.

3.4 Materials and methods

3.4.1 General information

Commercially available reagents were used without purification and purchased from Tokyo Chemical
Industry Co. Ltd., FUJIFILM Wako Pure Chemical Corporation and Sigma-Aldrich unless stated
otherwise. The following products from each supplier were used: polypeptone (Nippon Seiyaku,
Tokyo, Japan), meat extract (Kyokuto Seiyaku, Tokyo, Japan), and yeast extract (Oriental Yeast, Tokyo,
Japan). Thin-layer chromatography (TLC) was performed on TLC silica gel 60F2ss (Merck KGaA,
Darmstadt, Germany). Column chromatography was performed on Wakosil® 60 (FUJIFILM Wako
Pure Chemical Corporation, spherical, 64-210 um). HPLC analyses were performed using LC-20AD
pump, SPD-10A detector (Shimadzu, Kyoto, Japan), Atlantis dC18 Spum 4.6 x 150 mm column (Waters,
Massachusetts, USA), and CHIRALPAK AD-RH 5pm 4.6 x 250 mm column (Daicel, Osaka, Japan).
Conversion rate and optical purity of amines were determined by HPLC after derivatization with
2,3,4,6-tetra-O-acetyl-p-D-glucopyranosyl isothiocyanate (GITC) or methyl isothiocyanate (MITC) at
40°C for 1 h. 'H and '*C NMR spectra were recorded on a JEOL ECA600 spectrometer (600 MHz for
'H and 150 MHz for '3C) in CDCIl; or CD3OD using tetramethylsilane as an internal standard (8 = 0
ppm). Polymerase chain reaction (PCR), restriction enzyme digestion, and DNA ligation were

performed using TaKaRa PCR Thermal Cycler Dice® mini (Takara Bio, Shiga, Japan).

3.4.2 Synthesis of cyclic nitrogen-containing compounds

N-Boc-2-pyrrolidone

A solution of 2-pyrrolidone (5.43 g, 63.82 mmol) and N,N-(dimethylamino)pyridine (17.3 mg) in
CPME (10 mL) was added to di-tert-butyl dicarbonate (13.91 g, 63.75 mmol) at room temperature,
and the mixture was stirred at 25—30°C overnight. The reaction mixture was diluted with 200 mL ethyl
acetate, washed with 5% (w/v) NaH,POs, dried over anhydrous Na>SOs, and concentrated under
reduced pressure. The crude product was purified by column chromatography (silica gel, n-
hexane:ethyl acetate = 3:2 and 1:1) to yield N-Boc-2-pyrrolidone (11.07 g, 94% yield) as a colorless
oil. '"H NMR (600 MHz, CDCls): & (ppm) 1.53 (s, 9H), 2.00 (quin, J = 7.7 Hz, 2H), 2.52 (t, /= 8.1 Hz,
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2H), 3.75 (t,J = 14.4 Hz, 2H); 13C NMR (150 MHz, CDCL): § (ppm) 17.35, 28.0, 32.91, 46.43, 82.72,
150.18, 174.30.

2-Phenyl-1-pyrroline

Phenyl magnesium bromide (1 M solution in THF, 43.6 mL) was added dropwise to a solution of N-
Boc-2-pyrrolidone (6.05 g, 32.69 mmol) in CPME at —78°C under nitrogen atmosphere, and the
mixture was stirred overnight. The reaction was quenched by adding 2 M HCI (22 mL) and 10% (w/v)
NaH>PO4 (20 mL). The mixture was extracted with ethyl acetate (3 x 100 mL). The combined organic
phases were dried over anhydrous Na»SOs, and concentrated under reduced pressure to give white
solid (8.47 g). This crude product was dissolved in THF (5 mL) and CPME (30 mL). 4 M HCl in
CPME (40 mL) was added to the solution and stirred at room temperature overnight. The resulting
precipitate was filtered and washed with ethyl acetate. The white solid was dissolved in H2O (20 mL)
and MTBE (20 mL), and 20% (w/v) NaOH (40 mL) was then added dropwise. The mixture was
extracted with MTBE (3 x 70 mL). The combined organic phases were dried over anhydrous Na;SOs,
and concentrated under reduced pressure to give 2-phenyl-1-pyrroline (4.55 g, 97% yield) as a red-
brown oil. 'H NMR (600 MHz, CDCls): & (ppm) 2.02 (quin, J = 7.8 Hz, 2H), 2.91 (tt, J= 1.8, 8.4 Hz,
2H), 3.84 (s, 3H), 4.03 (tt, /= 1.8, 7.2 Hz, 2H), 6.92 (dt, /= 3.0, 8.4 Hz, 2H), 7.79 (dt, /= 2.4, 9.0 Hz,
2H). BCNMR (150 MHz, CDCl;3): & (ppm) 22.69, 34.80, 55.27, 61.29, 113.66, 127.45,129.12, 161.23,
172.55.

2-(4-Methoxyphenyl)-1-pyrroline

To a stirred suspension of Mg (0.51 g, 20.95 mmol) and small piece of iodine in dry THF (10 mL)
under nitrogen atmosphere, 4-bromoanisole (3.74 g, 20.00 mmol) in dry THF (7 mL) was added
dropwise at room temperature and stirred for 1 h. After the mixture was cooled to —78°C, N-Boc-2-
pyrrolidone (3.50 g, 18.90 mmol) in CPME (15 mL) was added dropwise and stirred overnight. The
reaction was quenched by adding 2 M HCI (10 mL) and 10% (w/v) NaH,PO4 (20 mL). The mixture
was extracted with ethyl acetate (3 x 70 mL). The combined organic phases were dried over anhydrous
Na,S0y4, and concentrated under reduced pressure to give off-white solid (5.11 g). This crude product
was dissolved in THF (5 mL) and CPME (5 mL). 4 M HCI in CPME (20 mL) was added to the solution
and stirred at room temperature overnight. The resulting precipitate was filtered and washed with ethyl
acetate. The white solid was dissolved in H,O (20 mL) and MTBE (20 mL), and 20% (w/v) NaOH
(40 mL) was then added dropwise. The mixture was extracted with MTBE (3 x 70 mL). The combined
organic phases were dried over anhydrous Na,SOs, and concentrated under reduced pressure to give
2-(4-methoxyphenyl)-1-pyrroline (1.51 g, 46% yield) as a pale-orange solid. 'H NMR (600 MHz,
CDCl): 6 (ppm) 2.02 (quin, J = 7.8 Hz, 2H), 2.91 (tt, J= 1.8, 8.4 Hz, 2H), 3.84 (s, 3H), 4.03 (tt, J=
1.8, 7.2 Hz, 2H), 6.92 (dt, J = 3.0, 8.4 Hz, 2H), 7.79 (dt, J = 2.4, 9.0 Hz, 2H). '*C NMR (150 MHz,
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CDCl): é (ppm) 22.69, 34.80, 55.27, 61.29, 113.66, 127.45, 129.12, 161.23, 172.55.

rac-2-(4-Methoxyphenyl)pyrrolidine

2-(4-methoxyphenyl)-1-pyrroline (179 mg, 1.02 mmol) and NaBHy4 (38.8 mg, 1.03 mmol) were
dissolved in iPrOH (5 mL). Methanol (2 mL) was added and the mixture was stirred at room
temperature overnight. The reaction was quenched by adding 2 M HCI (2 mL) and the mixture was
stirred for 30 min. 2 M NaOH (5 mL) was then added and the mixture was extracted with MTBE (3 x
20 mL). The combined organic phases were dried over anhydrous Na;SO4, and concentrated under
reduced pressure. The crude product was purified by column chromatography (methanol-washed silica
gel, methanol) to yield rac-2-(4-methoxyphenyl)pyrrolidine (135 mg, 74% yield) as a pale-yellow oil.
"H NMR (600 MHz, CDCl3): & (ppm) 1.66 (dq, J= 8.6, 12.6 Hz, 1H), 1.80-1.95 (m, 2H), 2.14 (dddd,
J=4.2,72,7.8,12.6 Hz, 1H), 2.73 (bs, 1H), 2.98 (ddd, /=7.2, 8.4, 10.2 Hz, 1H), 3.18 (ddd, /= 5.4,
7.8,10.2 Hz, 1H), 3.79 (s, 3H), 4.05 (t,J=17.8, 1H), 6.85 (dt, /= 3.0, 8.4 Hz, 2H), 7.28 (d, /= 8.4 Hz,
2H). 3C NMR (150 MHz, CDCls): & (ppm) 25.40, 34.03, 46.68, 55.22, 62.04, 113.70, 127.65, 136.13,
158.51.

1-Methyl-3,4-dihydroisoquinoline

Acetyl chloride (7.8 mL, 109 mmol) was added to a solution of 2-phenylethylamine (12.16 g, 99.55
mmol) and triethylamine (10.24 g, 101.2 mmol) in acetonitrile (100 mL) at 0°C with stirring. The
reaction mixture was stirred at room temperature overnight. CPME (20 mL) was added and the mixture
was filtered. The supernatant was concentrated under reduced pressure. The residue was diluted with
200 mL ethyl acetate, washed with 0.2 M HCI and 5% (w/v) NaHCO3, dried over anhydrous NaxSOs,
and concentrated under reduced pressure. The resulting yellow solid (15.71 g, 97% yield) was used
without further purification. The afforded N-acetyl-2-phenylethylamine (1.42 g, 8.716 mmol) was
added to polyphosphoric acid (21.4 g) and P>Os (2.2 g). The mixture was heated to 110°C for 15 min
then 180°C for 4 h. 11% (w/v) NaOH (200 mL) was added to the reaction mixture cooled with ice
water. The mixture was extracted with ethyl acetate (3 x 100 mL), dried over anhydrous Na>SOs, and
concentrated under reduced pressure. The crude product was purified by column chromatography
(silica gel, ethyl acetate) to yield 1-methyl-3,4-dihydroisoquinoline (0.837 g, 66% yield) as a yellow
oil. "H NMR (600 MHz, CDCls): & (ppm) 2.39 (t,J = 1.5 Hz, 3H), 2.71 (t,J = 7.5 Hz, 2H), 3.66 (tq, J
= 1.6, 7.4 Hz, 2H), 7.18 (dd, /= 0.9, 7.5 Hz, 1H), 7.30 (tt, /= 0.7, 7.6 Hz, 1H), 7.35 (td, J= 1.2, 14.4
Hz, 1H), 7.48 (dd, J= 0.9, 7.5 Hz, 1H); '3C NMR (150 MHz, CDCls): & (ppm) 23.23, 25.99, 46.86,
125.26, 126.83, 127.37, 129.52, 130.52, 137.36, 164.28.
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3.4.3 Cloning and overexpression

Plasmid construction

pET-21a(+)/SIR46

The SIR46 gene on pT7Blue vector was amplified by PCR with TuKaRa Ex Tag® (Takara Bio) using
two primers containing Nde I or EcoR 1 restriction site. The amplified DNA fragment and pET-21a(+)
vector (Merck KGaA) were digested with Nde 1 and EcoR 1, and ligated using DNA Ligation Kit
(Takara Bio). The resulting plasmid was transformed into E. coli JM109 and isolated from the

recombinant cells.

pACYDuet-1/BsGDH and pACYCDUet-1/BsGDH-SIR46

The genome DNA of Bacillus subtilis NBRC3026 was prepared using ISOPLANT II (NIPPON GENE,
Tokyo, Japan). The BsGDH gene on the genome DNA was amplified by PCR with TaKaRa Ex Tagq®
(Takara Bio) using two primers containing Nde I or Xho I restriction site. The amplified DNA fragment
and pT7Blue T-vector (Merck KGaA) were ligated using DNA Ligation Kit (Takara Bio). The
resulting plasmid was transformed into E. coli JIM109. The obtained plasmid was digested with Nde 1
and Xho 1, and subcloned into MCS2 of pACYCDuet-1 vector (Merck KGaA) using DNA Ligation
Kit (Takara Bio). The resulting plasmid was transformed into E. coli JM109 and isolated from the
recombinant cells. The SIR46 gene was further subcloned into MCS1 of the obtained pACY CDuet-
1/BsGDH(MCS2). pACY CDuet-1/BsGDH(MCS1) and pACYCDuet-1/BsGDH(MCS1)-
SIR46(MCS2) were also prepared in the same way as shown above, using Nco I and EcoR 1 restriction

site for subcloning into MCS1 of pACYCDuet-1 vector.

pTipRT2/SIR46 and pTipQC1/BsGDH

The SIR46 or BsGDH gene on pT7Blue vector were amplified by PCR with PrimeSTAR® Max DNA
Polymerase (Takara Bio) using two primers containing Nde I or Xho I restriction site. Additionally, a
BsGDH gene was commercially synthesized with codon optimization for efficient expression in
Rhodococcus (Eurofins Genomics, Tokyo, Japan) and used in the same way as shown here. The
amplified DNA fragment and pTip vectors (Hokkaido System Science, Hokkaido, Japan) were
digested with Nde I and X#%o I, and ligated using DNA Ligation Kit (Takara Bio). The resulting plasmid

was transformed into E. coli JIM109 and isolated from the recombinant cells.

Expression

Co-expression of SIR46 and BsGDH genes in E. coli BL21 (DE3)

E. coli BL21 (DE3) was transformed with pET-21a(+)/SIR46 according to SEM transformation.?? The
resulting transformant was further used for transformation with pACY Duet-1/BsGDH. The obtained

recombinant cells were cultivated at 120 rpm and 28°C in LB medium supplemented with 50 pg mL™!
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ampicillin and 20 pg mL™' chloramphenicol. When the optical density at 610 nm (ODs¢10) reached to
0.6-1.0, 0.5 mM isopropyl-p-D-thiogalactopyranoside (IPTG) was added for induction of protein
expression and the culture was incubated at 28°C and 120 rpm for 5 h. The cells were harvested by
centrifugation, washed with 0.85 (w/v) NaCl, and resuspended in 50 mM potassium phosphate buffer
(pH 7.0). To prepare cell-free extract, 0.1 mM dithiothreitol was added and disrupted by
ultrasonication at 100 W for 5 min at 0°C using a cell disrupter (19 kHz, Insonator 201 M; Kubota,
Japan). The cell debris was removed by centrifugation at 4°C and 12,000 rpm for 30 min and the
supernatant solution was used as cell-free extract. The amount of the protein extracted from the cells

was approximately 0.5 g per liter of culture medium.

Expression of SIR46 gene in R. erythropolis 1L.88

R. erythropolis L88 (Hokkaido System Science) was transformed with pTipRT2/SIR46 by
electroporation using Eporator® (Eppendorf, Hamburg, Germany). The transformant was cultivated
with 10 ug mL™! tetracycline at 120 rpm and 28°C in 5 mL of nutrient medium A containing 10 g L™!
tryptone, 5 g L™! yeast extract, 4 g L' Na,HPO4, 1 g L' KHPO4, 1 g L' NaCl, 0.2 g L™! MgSO4-*
7H20, and 10 mg L' CaCl,*2H,0 in tap water. The preculture was inoculated in 90 mL of the nutrient
medium with 0.2 ug mL™" thiostrepton and incubated at 20°C and 120 rpm for 24 h. The cells were
harvested by centrifugation and washed twice with 50 mM potassium phosphate bufter (pH 7.0). To
prepare cell-free extract, the cells were resuspended in 50 mM potassium phosphate buffer (pH 7.0)
with 1.0 mg mL™" lysozyme and 0.1 mM dithiothreitol, and incubated at 4°C overnight. The treated
cells were disrupted by ultrasonication at 100 W for 20 min at 0°C using a cell disrupter (19 kHz,
Insonator 201 M; Kubota, Japan). The cell debris was removed by centrifugation at 4°C and 12,000
rpm for 30 min and the supernatant solution was used as cell-free extract. The amount of the protein

extracted from the cells was 0.5-0.6 g per liter of culture medium.

Co-expression of SIR46 and BsGDH genes in R. erythropolis L88

The recombinant R. erythropolis L88 pTipRT2/SIR46 was cultivated at 120 rpm and 28°C in 5 mL of
nutrient medium A supplemented with 10 pg mL™! tetracycline until ODg;o reached to 1.0. The cells
were harvested by centrifugation, washed with water, and resuspended in 10% (v/v) glycerol
supplemented with 1% (v/v) trehalose. The cell suspension was used for transformation of R.
erythropolis L88 pTipRT2/SIR46 with pTipQC1/BsGDH. The resulting transformant was cultivated
with 10 pg mL™! tetracycline at 120 rpm and 28°C in 5 mL of nutrient medium A supplemented with
10 pg mL™! tetracycline and 30 pg mL™' chloramphenicol. Induction of protein expression in the
recombinant cells was performed in the same way as single expression of SIR46 in R. erythropolis
L88. The amount of the protein extracted from the cells was approximately 0.5 g per liter of culture

medium.
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3.4.4 Variant construction

SIR46 variants were generated by amplifying full-length plasmid pTipRT2-SIR46 by PCR according
to the instructions of PrimeSTAR® Mutagenesis Basal Kit (Takara-Bio). The PCR products were
digested with Dpn I and purified by gel electrophoresis. The resulting DNAs were used to transform
E coli JM109 for plasmid preparation. Introduced mutations were verified by dye-terminator

sequencing.

3.4.5 Biotransformation
Biotransformations were performed at 30°C with shaking (120 rpm) in potassium phosphate buffer
(pH 7.0) containing imine substrate, glucose and whole cells or cell-free extract. Samples were

collected multiple times and analyzed by HPLC after amine derivatization with GITC.

3.4.6 Enzyme assay

Imine reductase activity was determined by monitoring the decrease of NADPH with UV1600PC
(Shimadzu, Tokyo, Japan) at 340 nm (¢ = 6.22 mM ™! cm™!) at 30°C. The reaction mixture (1 mL)
generally contained 100 mM potassium phosphate buffer (pH 7.0), 10 mM 2-methyl-1-pyrroline, 0.15
mM NADPH and 20-100 pL cell-free extract. The reaction was started by adding cell-free extract to
the mixture. One unit (U) of imine reductase activity was defined as the amount of protein that oxidized
1 umol of NADPH at 30°C per minute. Glucose dehydrogenase activity was determined by monitoring
the increase of NADPH. The reaction mixture (I mL) generally contained 100 mM potassium
phosphate buffer (pH 7.0), 10 mM glucose, 0.15 mM NADP* and 0.4 pL cell-free extract. One unit
(U) of glucose dehydrogenase activity was defined as the amount of protein that reduced 1 pmol of
NADP" at 30°C per minute. To examine the activity of NADPH regeneration in the cell-free extract
of Rhodococcus expressing wild-type SIR46 gene, 0.5 mM ATP and 1 mM MgCl, were further added
if necessary. The NADPH-regenerating activity with glucose 6-phosphate instead of glucose was also

examined.

3.4.7 Effect of temperature, pH and organic solvent on SIR46 activity

To determine the thermal stability of SIR46, the cell-free extract containing SIR46 variant was pre-
incubated at temperatures from 40 to 60°C for 30 min and cooled on ice before imine reductase activity
was determined. Effect of temperature was examined in a 100 mM potassium phosphate buffer (pH
7.0) containing 10 mM 2-methyl-1-pyrroline, 0.15 mM NADPH and 20 or 50 pL cell-free extract at
temperatures from 35 to 60°C. Effect of pH was examined at 30°C using various 100 mM buffers with
different pH values including potassium phosphate buffer (KPB) (pH 6.0-8.0), Tris-HCI (pH 7.5-9.5)
and HEPES (pH 7.0-8.0), containing 10 mM 2-methyl-1-pyrroline, 0.15 mM NADPH and 50 pL cell-

free extract. Effect of organic solvent was examined at 30°C in 100 mM potassium phosphate buffer
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containing 10 mM 2-methyl-1-pyrroline, 0-20% (v/v) organic solvent, 0.15 mM NADPH and 50 pL

cell-free extract.

3.4.8 Protein analysis

Protein concentration was determined by the Bradford method, using a protein assay kit (Bio-Rad
Laboratories, Inc., California, USA) and bovine serum albumin as a standard.”® In column
chromatography, absorbance at 280 nm was measured to detect eluted protein. SDS-PAGE was
performed on 12% (w/v) polyacrylamide gel with Tris-glycine buffer system according to Laemmli.?*
Proteins were stained with Coomassie Brilliant Blue R250 and gels destained in ethanol/acetate/H,O

(3:1:6, v/v/v).

3.4.9 DNA and amino acid sequences

(S)-Selective imine reductase from Streptomyces sp. GF3546 (SIR46)

Wild-type SIR46 DNA sequence
ATGAGCAAGCAGTCGGTAACGGTCATCGGTCTGGGCCCGATGGGCCAGGCGATGGTGAA
CACCTTCCTGGACAACGGCCACGAGGTGACCGTGTGGAACCGGACCGCCAGCAAGGCC
GAGGCGCTCGTGGCCCGGGGTGCCGTACTGGCTCCCACCGTCGAGGACGCGCTCAGCGC
CAATGAGCTGATCGTGCTCAGCCTGACGGACTACGACGCGGTGTACGCCATTCTTGAGCC
GGTGACGGGTTCCCTGTCCGGCAAGGTCATCGCCAACCTCAGCTCCGACACCCCGGACA
AGGCCCGCGAGGCGGCCAAGTGGGCGGCCAAGCACGGTGCGAAGCACCTCACCGGTGG
TGTGCAGGTGCCGCCGCCGCTGATCGGCAAGCCCGAGTCCTCCACCTACTACAGCGGTC
CCAAGGATGTCTTCGACGCCCATGAGGACACCCTGAAGGTCCTCACCAACGCGGACTAC
CGCGGCGAGGACGCCGGCCTCGCGGCCATGTACTACCAGGCCCAGATGACCATCTTCTG
GACCACGATGCTGAGCTACTACCAGACCCTCGCGCTGGGCCAGGCCAACGGTGTCTCGG
CGAAGGAACTGCTGCCCTACGCCACGATGATGACGTCGATGATGCCGCACTTCCTGGAG
CTGTACGCCCAGCACGTGGACTCCGCGGACTACCCGGGCGACGTGGACCGGCTCGCGAT
GGGGGCGGCCAGTGTCGACCACGTCCTGCACACGCACCAGGACGCGGGCGTCAGCACC
GTGCTGCCGGCCGCCGTCGCCGAGATCTTCAAGGCGGGCATGGAGAAGGGCTTCGCCGA
GAACAGCTTCTCCAGCCTCATCGAGGTGCTCAAGAAGCCGGCGGTCTGA

Wild-type SIR46 amino acid sequence
MSKQSVTVIGLGPMGQAMVNTFLDNGHEVTVWNRTASKAEALVARGAVLAPTVEDALSAN
ELIVLSLTDYDAVYAILEPVTGSLSGKVIANLSSDTPDKAREAAKWAAKHGAKHLTGGVQVP
PPLIGKPESSTYYSGPKDVFDAHEDTLKVLTNADYRGEDAGLAAMYYQAQMTIFWTTMLS
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YYQTLALGQANGVSAKELLPYATMMTSMMPHFLELYAQHVDSADYPGDVDRLAMGAASV
DHVLHTHQDAGVSTVLPAAVAEIFKAGMEKGFAENSFSSLIEVLKKPAV*

SIR46 M9 variant DNA sequence
ATGAGCAAGCAGTCGGTAACGGTCATCGGTCTGGGCCCGATGGGCCAGGCGATGGTGAA
CACCTTCCTGGACAACGGCCACGAGGTGACCGTGTGGAACCGGACCGCCAGCAAGGCC
GAGCCGCTCGTGGCCCGGGGTGCCACGCTGGCTCCCACCGTCGAGGACGCGCTCAGCG
CCAATGAGCTGATCGTGCTCAGCCTGACGGACTACGACGCGGTGTACGCCATTCTTGAGC
CGGTGACGGGTTCCCTGTCCGGCAAGACCATCGTCAACCTCAGCTCCGACACCCCGGAC
AAGGCCCGCGAGATGGCCAAGTGGGCGGCCAAGCACGGTGCGAAGCACCTCACCGGTG
GTGTGCAGGTGCCGCCGCCGCTGATCGGCAAGCCCGAGTCCTCCACCTACTACAGCGGT
CCCAAGGATGTCTTCGACGCCCATGAGGACACCCTGAAGGTCCTCACCAACGCGGACTA
CCTCGGCGAGGACCCCGGCCTCGCGGCCATGTACTACCAGGCCCAGATGACCATCTTCTG
GACCACGATGCTGAGCTACTACCAGACCCTCGCGCTGGGCCAGGCCAACGGTGTCTCGG
CGAAGGAACTGCTGCCCTACGCCACGATGACCACGCGCATGATGCCGCACTTCCTGGAG
CTGTACGCCCAGCACGTGGACTCCGCGGACTACCCGGGCGACGTGGACCGGCTCGCGAT
GGGGGCGGCCAGTGTCGACCACGTCCTGCACACGCACCAGGACGCGGGCGTCAGCACC
GTGCTGCCGGCCGCCGTCGCCGAGATCTTCAAGGCGGGCATGGAGAAGGGCTTCGCCGA
GAACAGCTTCTCCAGCCTCATCGAGGTGCTCAAGAAGCCGGCGGTCTGA

SIR46 M9 variant amino acid sequence
MSKQSVTVIGLGPMGQAMVNTFLDNGHEVTVWNRTASKAEPLVARGATLAPTVEDALSAN
ELIVLSLTDYDAVYAILEPVTGSLSGKTIVNLSSDTPDKAREMAKWAAKHGAKHLTGGVQVP
PPLIGKPESSTYYSGPKDVFDAHEDTLKVLTNADYLGEDPGLAAMYYQAQMTIFWTTMLSY
YQTLALGQANGVSAKELLPYATMTTRMMPHFLELYAQHVDSADYPGDVDRLAMGAASVD
HVLHTHQDAGVSTVLPAAVAEIFKAGMEKGFAENSFSSLIEVLKKPAV *

Glucose dehydrogenase from Bacillus subtilis NBRC3026 (BsGDH)

BsGDH DNA sequence
ATGGGCCACCATCACCATCACCATATGTATCCGGATTTAAAAGGAAAAGTCGTCGCTATTA
CAGGAGCTGCTTCAGGGCTCGGAAAGGCGATGGCCATTCGCTTCGGCAAGGAGCAGGC
AAAAGTGGTTATCAACTATTATAGTAATAAACAAGATCCGAACGAGGTAAAAGAAGAGGT
CATCAAGGCGGGCGGTGAAGCTGTTGTCGTCCAAGGAGATGTCACGAAAGAGGAAGAT
GTAAAAAATATCGTGCAAACGGCAATTAAAGAGTTCGGCACACTCGATATTATGATTAATA
ATGCCGGTCTTGAAAATCCTGTACCATCTCACGAAATGCCGCTCAAGGATTGGGATAAAG
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TCATCGGCACGAACTTAACGGGTGCCTTTTTAGGAAGCCGTGAAGCGATTAAATATTTCG
TAGAAAACGATATCAAGGGAAATGTCATTAACATGTCCAGTGTGCACGAAGTGATTCCTT
GGCCGTTATTTGTCCACTATGCGGCAAGTAAAGGCGGGATAAAGCTGATGACAGAAACAT
TAGCGTTGGAATACGCGCCGAAGGGCATTCGCGTCAATAATATTGGGCCAGGTGCGATCA
ACACGCCAATCAATGCTGAAAAATTCGCTGACCCTAAACAGAAAGCTGATGTAGAAAGC
ATGATTCCAATGGGATATATCGGCGAACCGGAGGAGATCGCCGCAGTAGCAGCCTGGCTT
GCTTCGAAGGAAGCCAGCTACGTCACAGGCATCACGTTATTCGCGGACGGCGGTATGAC
ACAATATCCTTCATTCCAGGCAGGCCGCGGTTGA

Codon-optimized BsGDH DNA sequence
ATGGGCCACCATCACCATCACCATATGTACCCCGACCTCAAGGGGAAGGTGGTCGCCATC
ACCGGCGCGGCCTCCGGCCTGGGTAAGGCCATGGCGATCCGCTTCGGCAAGGAGCAGGC
GAAGGTCGTCATCAACTACTACAGCAACAAGCAGGACCCGAACGAGGTCAAGGAGGAA
GTCATCAAGGCCGGCGGCGAAGCCGTCGTCGTGCAGGGCGACGTCACGAAGGAGGAGG
ACGTCAAGAACATCGTCCAGACCGCCATCAAGGAGTTCGGCACGCTCGACATCATGATC
AACAACGCCGGCCTGGAGAACCCCGTCCCGTCGCACGAGATGCCGCTGAAGGACTGGG
ACAAGGTGATCGGCACCAACCTGACCGGCGCCTTCCTCGGCAGCCGGGAGGCCATCAAG
TACTTCGTGGAGAACGACATCAAGGGCAACGTGATCAACATGTCCTCCGTGCACGAGGT
CATCCCGTGGCCGCTGTTCGTCCACTACGCCGCCTCCAAGGGCGGGATCAAGCTGATGAC
CGAAACCCTGGCGCTGGAGTACGCCCCGAAGGGCATCCGCGTGAACAACATCGGTCCCG
GCGCCATCAACACGCCCATCAACGCCGAGAAGTTCGCGGACCCGAAGCAGAAGGCCGA
CGTCGAGTCGATGATCCCCATGGGCTACATCGGGGAACCGGAGGAGATCGCCGCGGTGG
CGGCGTGGCTGGCCTCGAAGGAGGCGTCGTACGTCACCGGCATCACGCTCTTCGCCGAC
GGCGGCATGACCCAGTACCCGTCCTTCCAGGCGGGTCGCGGGTGA

BsGDH amino acid sequence
MGHHHHHHMYPDLKGKVVAITGAASGLGKAMAIRFGKEQAKVVINYYSNKQDPNEVKEE
VIKAGGEAVVVQGDVTKEEDVKNIVQTAIKEFGTLDIMINNAGLENPVPSHEMPLKDWDKV
IGTNLTGAFLGSREAIKYFVENDIKGNVINMSSVHEVIPWPLFVHYAASKGGIKLMTETLALE
YAPKGIRVNNIGPGAINTPINAEKFADPKQKADVESMIPMGYIGEPEEIAAVAAWLASKEASY
VTGITLFADGGMTQYPSFQAGRG*
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3.4.10 Preparative-scale biotransformation of 2-MPN

O\ Whole cells Boc,0 L \ S"’CH3
N CH3

_— " —_—
Glucose N~ "CHs
H 0" o
2-MPN S-2-MP

(S)-N-Boc-2-methylpyrrolidine

Cell suspension of R. erythropolis L88 expressing SIR46 M9 and BsGDH genes in 50 mM potassium
phosphate buffer (5.0 mL, ODs10 = 50, pH 7.0) was added to a solution of 2-MPN (0.25 g, 3.00 mmol)
and glucose (0.54 g, 3.60 mmol) in potassium phosphate buffer (5.0 mL, 200 mM, pH 7.75). The
mixture (10 mL) was incubated at 30°C and 70 rpm for 7 days in 50 mL falcon tube. The reaction
mixture was centrifugated to remove the cells. NaOH (0.51 g, 12.6 mmol) in 10 mL H»O and di-fert-
butyl dicarbonate (1.07 g, 4.92 mmol) in 10 mL MTBE was added to the supernatant, and the mixture
was stirred at room temperature overnight. After MTBE (40 mL) was added to the reaction mixture,
organic phase was washed with H,O (20 mL) and 5% (w/v) NaH,PO4 (2 x 25mL), dried over
anhydrous Na,SO4, and concentrated under reduced pressure. The crude product was purified by
column chromatography (silica gel, n-hexane:ethyl acetate = 20:1) to yield (S)-N-Boc-2-
methylpyrrolidine (0.33 g, 1.79 mmol, 60% yield, 92.4% ee) as a colorless oil. 'H NMR (600 MHz,
CDClL): 6 (ppm) 1.15 (bs, 3H), 1.46 (s, 9H), 1.51-1.56 (m, 1H), 1.75-1.81 (m, 1H), 1.85-1.90 (m,
1H), 1.98 (bs, 1H), 3.36 (bs, 2H), 3.87 (bd, J = 50.4 Hz, 1H); '3C NMR (150 MHz, CDCl5): 8 (ppm)
20.11, 20.75, 22.93, 23.60, 28.54, 32.52, 33.28, 46.09, 46.41, 52.74, 78.76, 154.58.
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3.5 Supplementary information

<« BsGDH

<« SIR46

Figure S1. SDS-PAGE analysis of wild-type SIR46 and BsGDH expressed in E. coli BL21. Lane 1: molecular weight
markers 97 kDa, 66 kDa, 45 kDa, 30 kDa. Lane 2: cell-free extract of E. coli BL21 (pET-21a(+)/SIR46) expressing
wild-type SIR46 (CFE pET/SIR46). Lane 3: CFE pACYCDuet/BsGDH(MCS2). Lane 4: CFE pACYCDuet/BsGDH
(MCS1). Lane 5: CFE pACYCDuet/SIR46(MCS1)-BsGDH(MCS2). Lane 6: CFE pET-2la(+)/SIR46 and
pACYCDuet/BsGDH(MCS2). Lane 7: CFE pACYCDuet/BsGDH(MCS1)-SIR46(MCS2).

Table S1. Bioconversion of 2-MPN by whole cells of E. coli BL21 (DE3) expressing wild-type SIR46 and BsGDH

genes.!

Plasmid vector Whole cells? 2-MPN (mM)  Glucose (mM)  Product (mM)
pACYCDuet/SIR46(MCS1)- 10-fold 10 50 2.8 (with NADPH)
BsGDH(MCS2) 1.9 (no coenzyme)
pACYCDuet/BsGDH(MCS1)- 10-fold 10 50 4.8 (with NADPH)
SIR46(MCS2) 1.7 (no coenzyme)
5-fold 10 50 9.4 (with NADPH)
pET-21a(+)/SIR46 and 9.9 (with NADP")
pACYCDuet/BsGDH(MCS2) 3.3 (no coenzyme)
10-fold 30 100 27.1 (with NADP")

! Reactions were performed at 30°C for 24 h in 100 mM potassium phosphate buffer (pH 7.0) containing 2-MPN,
glucose, 0 or 0.2 mM NADP(H), and whole cells expressing wild-type SIR46 and BsGDH genes.
2 One-fold whole cell is the turbidity of culture broth when harvested.
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Figure S2. Effect of 2-MPN concentration on conversion of 2-MPN by wild-type SIR46. Reactions were performed at
30°C for 24 h in 100 mM potassium phosphate buffer (pH 7.0) containing 10-50 mM 2-MPN, 100 mM glucose, 0.2
mM NADP?, and 10-fold whole cells of E. coli BL21 (pET-21a(+)/SIR46WT and pACYCDuet/BsGDH (MCS2)).
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Figure S3. Effect of S-2-MP concentration on wild-type SIR46 and BsGDH activities.

Table S2. NADPH-generating activity in the cell-free extract of Rhodococcus expressing wild-type SIR46 gene

Coenzyme Substrate Specific activity (mU mg ™)
NAD* Glucose 33
NAD" Glucose 6-phosphate 1.3
NADP* Glucose 5.6
NADP* Glucose 6-phosphate 31.9
NADP*, ATP Glucose 5.6
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VARGAVLAPTVEDALSANELIVLSLTDYDAVYRAILEPVTGSLSGEVIANLSSDTPDEARE
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VAEGAVLASTVSEALAANELIVLSLTDY DAVYAVLEQAPDALSGEVIANLSSDTPERARE
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VAKGATRASTVNEALAANELVILSLTDYDVMYAT LEPASMNLS GEVLVNLSSDTPEEKVRE
ALRKGATIKASSVDEATAANDLITLSLTDY DAMYAT LEKALARDLSGEVFVNLSSDTPEKLARE
VARGAVILAGSVEREALAANELVILSLTDY DAMYTVLEPRLAHATLSGRVLVNLSSDTPEKTRA
VTRGAVLAPNVEFALAAHELVILSLTDY DAMYAVLEPAERARTTGRTLVNLSSDTPEKARD
VARGAVRAATVDEALAANELVILSLTDY DAMYALLGPATGATLAGRVLVNLSSDTPEKRAHE
VARGAVLADSVEAATRANDLVVLSLTDY DATYGVLGPRQDATAGRVVVNLSSDTPDRARE
VVAGAHRAATVRDALTASELVILSLTDHHAMYRAVLESATDALSGRTLVNLGSDTPESARR
VSQGAVORATPADRAVARSELVVVCLSTY DNMHDVIGSLGESLRGEVIVNLTSGSSDOGRE
VSQGAVORATPADRAVARSELVVVCLSTY DNMHDVIGSLGESLRGEVIVNLTSGSSDOGRE
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ALFWALKHGRKHLTGGVOVPPPLIGKPESSTYY SGPEDVFDAHEDTLEVLTN-ADYRGED
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AMMWIAFRRGATHLTGGVRVPPSGIGOPGTSTEY SGPREVFERHKETLETLTG-ADYLGED
AMARWASEHGARYLTGGVQASPPGIGOPGESTEY SGPOEVFDAHQRALEALTG-ADYRGED
TARWARKQGVEYLDGAIMITPPGIGTETAVLEY AGTQSVEFERYEPALKLLGGGTTYLGTD
TARWARKQGVEYLDGAIMITPPGIGTETAVLEY AGTQSVEFERYEPALKLLGGGTTYLGTD
TAQRAAPLGGTYLDGAIMATPQATGTADAVILY SGPQAAFDSYESTLRSLG-AGTYLGAD
MAEWAAGHGATYLDGAILSDPDGVGTADAVILY SGPRAAFDAHEPVLELLGGATTHLGED
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SIRde AGLALRMYYQROMTIFWTTMLSYYQTLALGOANGVSAKELLPYATMMT SMMPHFLELYRAQH 221
WP _0936017258.1 AGLAMRMYYQROMTIFWTTMLSYYQTLALGRANGVTAKELLPYATMMT SMMPHFLELYRAQH 221
WP _206300583.1 AGLAAMYYQROMTIFWTTMLSY YQMLALGKANGVSAKELLPYATMMT SMMPHFLELYRAQH 221
WP _185220594.1 AGLALRMYYQROMTIFWTSMLSFYQALALAQANGVALKDMVPYAEMQFAMMPHFLGLYRAQH 221
WP _037679270.1 PGLAAMYYQROMTIFWTTMLSYYQTLALCGKANGVSAKELLPYASMMTTMMPHFLELYRAQH 221
WP _086884371.1 PGLAAMYYQROMTIFWTTMLSFYOMVALGOANGVSAKELLPYATMMTOQMMPHFLELYAGH 221
WP _220819825.1 PGLAAMYYQROMITFWTSMLSFYQALALCGKANGVSAKELLPYASNMMTMMPHFLELYTQH 221
WP _220356653.1 PGLAAMYYQROMITFWT SMLSYYQALALAKANGVSAGELLPYASCMMTMMPHFLELYARH 228
WP _127439187.1 PGLAMLYYQIQMDIFWTSMLSY LHALAVATANGITAEQFLPYASATLSSLPKEVEFYTPR 238
WP _144878318.1 PGLAALYYQIQMDMEWT SMLSYLHALSLAGANGLTAEQIRPYAIETMESLPMFIEFYTPR 238
WP _043615602.1 PGLAALFYQIGMVMEWT SMLSYWQAVALADANGLTAADILPHATETMATMPNFLSEFYARR 222
WP _030554141.1 PGLAALMYQIGMVMEWT SMLSYWQATALADANGLTAADILPHAVETANSLPGFFSEFYAER 224
Wp_1206772310.1 PAILAPLYYQLOMDIFWTAMTSSLHALAVARAHGISAGDFLPYAVETLASLPDFLAFYAPR 233
WP _073762319.1 PGRAALFYQLOMTVEWT TMLSWLOAVALAGAHGVTAEELVPYVEKDTVDIG-QFLDEYSAR 220
WP _0634534289.1 PGLAALYYQVGMDLEWTTVLGWLHALALADAHGVPAEEILPSASSVLSGMPEFMAFYTQR 221
RIRET HGMPALYDVSLLGLMWGTLNSFLHGVAVVETAGVGAQQOFLPWAHMWLEATEKMEFTADYARD 224
WP_164356008.1 HGMPALYDVSLLGLMWGTLNSFLHGVAVVETAGVGAQQOFLPWAHMWLEATEKMEFTADYARD 224
WP _192770552.1 HGLSSLYDVALLGVMWSVLNGFLOGRAALAGTAGVDATTFAPIANTVIRTVTDWVPGYARD 228
Wp_185106074.1 HGLASLHDVAVLGLMWGVLNSFLOGRAVLGARGVTASAFAPLATTS IKMVADWVNGYAED 223
WP _132386371.1 VGLASVYDVALLGIMWSTFNGFMHAAALVGSENVPATAFLPLARQWLTGVASFLTPYAEQ 224
. . ek . .. . -k -k . . .
SIRde VDSAD——YPGDVDRLAMGAZASVDHVLHTHQDAGVSTVLPAAVAEIFKAGMEKGEFAENSFES 278
WP _093601725.1 VDSAD——YPGDVDRLAMGALSVDHVLHTHRDAGVSTVLPAAVAEIFKAGMEKGEFAENSFES 278
WP _206300583.1 VDSAT——-YPGDVDRLAMGALSTDHVLHTHKDAGVSTVLPAAVAEIFHAGMDEKGEFAENSFES 278
WP 18062205094.1 VD3AS——YPGDVDRLAMGAZLSTDHVTHTHADAGVNTTLMEAVSKIFHAGMDEKGEFAENSFES 278
WP 037679270.1 VD3GE-—-YPGAVDRLAMGAASADHVLHTHKDAGVDTTLPAAVAEIFHKGMERGEFAENSES 279
WP 086884371.1 VD3GE-—-YPGDVDRLAMGAASVDHILHTHKDAGISTALPAVVAEIFHKGMDAGEADNSES 279
WP 220819828.1 VDNAE--YPGDVDRLAMGAASVDHILHTSEDAGVDTTLLKAVQDIFQRGMGKGEEGNSES 279
WP 220356653.1 VDDAE--YPGDVDRLAMGAASVDHILHTSEDAGVDTTLLKAVQDVFRRGMDRGEFEDNSES 284
WP 127489187.1 LDEGK--HPGDVDRLAMGLASVEHVVHTTKDAGIDIAFPARVLEIFKRGMENGHSGDSFET 297
WP 144878316.1 IDAGE--HPGDVIRLGMGVASVDHIVHT SKDAGIDASLPRAAVLEVFKRGVANGQAGNSFET 296
WP 043615602.1 IDAGE--HGGDVDRLAMGMASVEHVLHTNADAGVDTALPAAVADLFRRGMEAGHATDSFES 280
WP 030554141.1 IDAGR--HIGDVDRLAMGMASIEHVLHTNADAGVDTTLPAAVVELARRGMDAGHAADSFES 282
WP_129772310.1 IDRGE--YPGDVDRLAMGAASVDHVVHTTGDAGVDTTLPAAVLGLFRRGVTAGHAADSFT 291
WP_073792319.1 VDRGE--HPGDVERLTMGVASIEHVVHTARDSGVDSTLPSAVHDIFRRGVAAGRGADSFET 278
WP_063484289.1 IDAGE--YPGDIDRLAMGVASVDHVLRTARDAGVDT SLEFTAVREIFRRGTAAGHADDSVT 279
RIRE7 IDAGDGKFPANDATLETHLAALKHLVHESEALGIDAELPKY SEALMERVISQGHAKNSYR 254
WP_164356008.1 IDAGDGKFPANDATLETHLAALKHLVHESEALGIDAELPKY SEALMERVINQGHAKNSYR 254
WP_192770552.1 IDEGA--YPADDSTIDTHLGAMAHLVHESEFLGVNADLPRHIKALTDQAVTDGHGGSGYR 254
WP_189106074.1 VDEGE--YPAPDATLNTHLASMNHLVHESESLGVNAEFPRFVKALAERSVADGEGADGYA 281
WP_132386371.1 IDTGD--YPASDATLETHLSPVEHLIEESRARGIDATAARYTKRLVEEAVADGHALDSYR 282
- % - * - * - - * -

SIRd6 SLIEVLEKPAV-————————————— 290

WP_093601729.1 SLIEVLEEPTA-—————————————— 290

WP_206300583.1 SLIEVLEEPSA-—————————————— 290

WP_189220594.1 SLIEILKEQAG-——————————————— 290

WP_037679270.1 SLIEVLEEQG 289

WP_086884371.1 SLIEVLEEPSA-—————————————— 290

WP_229819828.1 SLIEVLEEPSA-—————————————— 290

WP_229356653.1 SLIEVLEEPSA-—————————————— 295

WP_127489187.1 SLIEIFENSIRP————————————— 309

WP_144878318.1 SLIEVFEKKPRAPSA————-————————— 309

WP_043615602.1 SLVELLKEPEN-—————————————— 291

WP_030554141.1 SLVELMKEAGA-—————————————— 293

WP_129772310.1 SLIEVLGDGPATTGV-——————————— 306

WP_073792319.1 SLLEVLREPRA-—————————————— 289

WP_063484289.1 SLIEVLEKPRARSLPLSGGHADPGSR 305

RIRBT AVIKARFREPSE-————————m————— 295

WP_164356008.1 AVLKAFREKPSE-—————————————— 295

WP_192770552.1 AMTIEQFRRPSEARG———————————— 298

WP_189106074.1 AMIETFREPSATRE———————————— 295

WP_132386371.1

RIVEHFAPARRA-————————————— 294

Figure S4. Multiple sequence alignments with SIR46. Alignments performed with clustal W using protein sequences
obtained by BLAST searches with protein sequences of SIR46 and RIR87. The mutation candidates for improvement
of SIR46 were shown in blue.
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Table S3. Target residues in SIR46 (pdb 4oqy) (browsed by RCSB PDB web site)

Residue Structual position Residue Structual position
S5 A4l
V48 S58
V88 A90
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A103 L115

Al44 R158
Al62 Ll64
G190 M206
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M207 S209
R233 F273
V73

and

A103
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Table S4. Specific activity and thermostability of SIR46 variants

Specific activity Residual activity! (%)

Variant
(mUmg™) 40°C 45°C 50°C 55°C

Wild type (WT) 12.6 66 0 n.d. n.d.
WT + His6 8.8 58 0 n.d. n.d.
R158L 234 91 6 n.d. n.d.
V48T 16.2 57 0 n.d. n.d.
A0V 4.6 78 0 n.d. n.d.
A103M 21.2 85 15 n.d. n.d.
S209R 20.4 88 27 n.d. n.d.
S5P 13.8 60 0 n.d. n.d.
A41P 134 67 0 n.d. n.d.
L164R 13.1 0 n.d. n.d. n.d.
M206E 2.4 0 n.d. n.d. n.d.
R233T 9.0 93 34 n.d. n.d.
S58R/R158L 19.7 96 16 n.d. n.d.
R158L/G190A 7.4 69 0 n.d. n.d.
R158L/F273H 9.5 10 0 n.d. n.d.
M7 35.7 n.d. n.d. 100 48
M7 + His6 334 n.d. n.d. 97 33
M7+ V88T 31.6 n.d. n.d. 104 58
M7+ L115V 35.1 n.d. n.d. 87 0
M7+ Al144R 31.8 n.d. n.d. 105 55
M7 + M207T (M8) 36.6 n.d. n.d. 94 63
M8 + V88T (M9) 329 n.d. n.d. 102 70
M9 + A144R (M10) 32.6 n.d. n.d. 98 71
M10 + L115V 30.6 n.d. n.d. 97 54

! Residual activity after incubation at 40°C—55°C for 30 min.
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Table S5. Effect of various organic solvents on SIR46 M9 or M 10 activity for selection of the best variant.

Organic solvent SIR46 M9 SIR46 M10
None 100% (35.0 mU mg ') 100% (35.0 mU mg ™)
5% MeOH 89 85
10% MeOH 76 70
15% MeOH 65 59
20% MeOH 50 45
5% DMSO 77 75
10% DMSO 59 54
15% DMSO 43 41
20% DMSO 30 26
5% EtOH 60 51
10% EtOH 35 32
5% MeCN 41 40
5% AcOEt 4 6

< SIR46

Figure S5. SDS-PAGE analysis of SIR46 variants expressed in R. erythropolis L88. Lanes 1-5, 7-11: cell-free extract
of R. erythropolis L88 expressing SIR46 variants gene. Lane 6: molecular weight markers 97 kDa, 66 kDa, 45 kDa, 30
kDa, 20.1 kDa, 14.4 kDa.

58



120

—8— SIR46-WT 101 101

S 100 F —m—SIR46-M9 91
S
3 76
S

80
E 63
2>
= 60 f
= 46
o 34
(8]
= 40
5 0 26
Q 18
w 20

0 1 1 1

25 35 45 55 65

Temperature (°C)

Figure S6. Effect of temperature on SIR46 activity.
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Figure S7. Effect of pH on SIR46 activity. 100% = 18.0 mU mg™! (WT), 33.7 mU mg™! (M9) in 100 mM KPB (pH

7.0).

Table S6. Residual activity of wild-type SIR46 and the variant M9 in cell-free extract on several conditions.

Residual activity (%)
Condition
Wild type M9
None 100 (17.6 mU mg™") 100 (32.7 mU mg™")
Storage at 4°C for 15 days 65 107
Storage at 4°C for 35 days 34 110
Storage at 4°C for 53 days 15 106
Incubation at 35°C for 24 h 4 102

59



120

u SIR46-WT
B SIR46-M9

100 -

80

60

40

Relative activity (%)

20

DR

5% 10% 15% 20% 5% 10% 15% 20% 5% 10% 5% 10%
MeOH MeOH MeOH MeOH DMSO DMSO DMSO DMSO EtOH EtOH MeCN MeCN

Organic solvent

Figure S8. Effect of various organic solvents on SIR46 activity. None = 100% = 17.6 mU mg~' (WT), 33.6 mU mg™!
M9)

120 200
100 mM 2-MPN 200 mM 2-MPN

100

80

60

2-MP (mM)

40

20

Time (h) Time (h)

Figure S9. Evaluation of imine reductase activity of SIR46 WT or M9 in the presence of high concentration of 2-MPN.
Reactions were performed at 30°C in potassium phosphate buffer (pH 7.5) containing 100 or 200 mM 2-MPN, glucose
(1.25 eq.), 0.2 mM NADP", and 3.0 mg mL™!" cell-free extract of the recombinant cells overexpressing SIR46 and
BsGDH genes.
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Figure S10. Determination of kinetic constants for 2-MPN reduction by SIR46. Kinetic constants were calculated using
the values of specific activity at 5-30 mM 2-MPN.
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Figure S11. Bioconversion of high concentration of 2-MPN by SIR46 WT or M9. The reactions were performed at
30°C in potassium phosphate buffer (pH 7.5) containing 100-500 mM 2-MPN, glucose (1.2 eq.), and whole cells
expressing SIR46 WT or M9 gene (ODs10 = 25).
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Figure S12. SDS-PAGE analysis of SIR46 M9 and BsGDH expressed in R. erythropolis L88. Lane 1, 6: molecular
weight markers 97 kDa, 66 kDa, 45 kDa, 30 kDa, 20.1 kDa, 14.4 kDa. Lanes 2: cell-free extract of R. erythropolis L88
/ wild-type SIR46 (CFE SIR46WT). Lanes 3: CFE SIR46WT. Lanes 4: CFE SIR46 WT and BsGDH. Lanes 5: CFE
SIR46 M9 and BsGDH. Lane 7: CFE SIR46 WT and BsGDH (codon-optimized gene). Lane 8: CFE SIR46 M9 and

BsGDH (codon-optimized gene).
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Figure S13. Bioconversion of high concentration of 2-MPN by SIR46 WT at 35°C. Reactions were performed at 35°C
in potassium phosphate buffer (pH 7.5) containing 200 or 500 mM 2-MPN, glucose (1.2 eq.), and whole cells expressing
SIR46 WT and codon-optimized BsGDH gene (OD¢10 = 25).

62



CH3NH,

25

20 mM Cyclohexanone
20 } 200 mM CHsNH2

N-Methylcyclohexylamine (mM)

0 24 48 72
Time (h)

25

% 20 mM Cyclohexanone

5 20 400 mM CHsNH:

£

% 15

%

o

S

S 10

>

o

Z 5

o}

=

Z 0 1 1 1
0 24 48 72

Time (h)

\

N-Methylcyclohexylamine (mM)

N-Methylcyclohexylamine (mM)

25

20

40

30

20

10

-
SIR46 HIN
B
NADPH ©

50 mM Cyclohexanone
200 mM CH3sNH2

24 48 72
Time (h)

50 mM Cyclohexanone
400 mM CH3NH:2

24 48 72
Time (h)

Figure S14. Reductive amination activity of SIR46 WT or M9. Reactions were performed at 30°C in potassium
phosphate buffer (pH 8.0) containing 200 or 400 mM methylamine hydrochloride, 100 mM glucose, 0.2 mM NADP™,
20 or 50 mM cyclohexanone, and 1.5 mg mL! cell-free extract of the recombinant cells overexpressing SIR46 and

BsGDH genes.
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Table S7. Specific activities of SIR46 and BsGDH in the cell-free extract of the recombinant cell.

Coexpression system Substrate Coenzyme Specific activity (mU mg™!)
E. coli BL21 (DE3) 2-MPN NADPH 2.3
pPACYCDuet/SIR46(MCS1)-

Glucose NADP* 628.3
BsGDH(MCS2)
E. coli BL21 (DE3) 2-MPN NADPH 10.0
pACYCDuet/BsGDH(MCS1)-

Glucose NADP* 1.4
SIR46(MCS2)
E. coli BL21 (DE3) 2-MPN NADPH 22.7
pET-21a(+)/SIR46 and

Glucose NADP* 133.1
pACYCDuet/BsGDH(MCS2)
R. erythropolis 188 2-MPN NADPH 14.4
pTipRT2/SIR46 WT and

Glucose NADP* 52
pTipQC1/BsGDH
R. erythropolis 1.88 2-MPN NADPH 332
pTipRT2/SIR46 M9 and

Glucose NADP* 4.5
pTipQC1/BsGDH
R. erythropolis 188 2-MPN NADPH 11.1
pTipRT2/SIR46 WT and Glucose NADP* 6841
pTipQC1/opt. BsGDH ! Glucose NAD* 7314
R. erythropolis 188 2-MPN NADPH 25.1
pTipRT2/SIR46 M9 and Glucose NADP* 6110
pTipQC1/opt. BsGDH ! Glucose NAD* 6083

! Codon-optimized BsGDH gene was expressed in the recombinant cell.
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Table S8. HPLC analysis conditions for detection of cyclic amines.

Retention
Cyclic amine! Column Solvent
time? (min)

Atlantis dC18 5pum 4.6x150 mm

2-Methylpyrrolidine Sodium phosphate buffer (10 mM,  32.8 (S)
and
(2-MP)? pH 3.0) : MeOH =11 : 10 34.6 (R)
YMC-Triart C18 S5um 4.6x150 mm
2-Phenylpyrrolidine Sodium phosphate buffer (10 mM,  14.9 (S)
Atlantis dC18 5pm 4.6x150 mm
(2-PP) pH 3.0): MeOH =4 :5 15.7 (R)
2-(4-Methoxyphenyl) Sodium phosphate buffer (10 mM, 16.4 (S)
Atlantis dC18 S5pm 4.6x150 mm
pyrrolidine (2-MeOPP) pH3.0): MeOH=4:5 16.9 (R)
1-Methyl-1,2,3,4-
CHIRALPAK AD-RH sodium phosphate buffer (10 mM, 12.8 (R)
tetrahydroisoquinoline
Sum 4.6x150 mm pH3.0): MeCN=3:2 13.7 (S)
(1-MTIQ)
N-Methyl- sodium phosphate buffer (10 mM,
Atlantis dC18 S5um 4.6x150 mm 18.0
cyclohexylamine pH3.0): MeOH=4:5

! Cyclic amines except for 1-MTIQ were derivatized with GITC to determine the yield and optical purity. 1-MTIQ was
derivatized with MITC.

2 Absolute configurations of chiral cyclic amines were determined by using commercially available chiral reagents or
the reference.

3 HPLC analysis of 2-MP was performed with two columns connected in series (Atlantis column in front, YMC column
in back).

65



References

(1) K. Mitsukura, M. Suzuki, S. Shinoda, T. Kuramoto, T. Yoshida, T. Nagasawa, Purification and
Characterization of a Novel (R)-Imine Reductase from Streptomyces sp. GF3587, Biosci. Biotechnol.
Biochem., 2011, 75, 1778-1782.

(2) K. Mitsukura, T. Kuramoto, T. Yoshida, N. Kimoto, H. Yamamoto, T. Nagasawa, A NADPH-
dependent (S)-imine reductase (SIR) from Streptomyces sp. GF3546 for asymmetric synthesis of
optically active amines: purification, characterization, gene cloning, and expression, App! Microbiol
Biotechnol, 2013, 97, 8079-8086.

(3) M. Rodriguez-Mata, A. Frank, E. Wells, F. Leipold, N. J. Turner, S. Hart, J. P. Turkenburg, G.
Grogan, Structure and Activity of NADPH-Dependent Reductase QIEQEO from Streptomyces
kanamyceticus, which Catalyses the R-Selective Reduction of an Imine Substrate, ChemBioChem,
2013, 14, 1372-1379.

(4) P. N. Scheller, S. Fademrecht, S. Hofelzer, J. Pleiss, F. Leipold, N. J. Turner, B. M. Nestl, B. Hauer,
Enzyme Toolbox: Novel Enantiocomplementary Imine Reductases, ChemBioChem, 2014, 15, 2201—
2204.

(5) T. Huber, L. Schneider, A. Prig, S. Gerhardt, O. Einsle, M. Miiller, Direct Reductive Amination of
Ketones: Structure and Activity of S-Selective Imine Reductases from Streptomyces, ChemCatChem,
2014, 6, 2248-2252.

(6) D. Wetzl, M. Gand, A. Ross, H. Miiller, P. Matzel, S. P. Hanlon, M. Miiller, B. Wirz, M. Hohne, H.
Iding, Asymmetric Reductive Amination of Ketones Catalyzed by Imine Reductases, ChemCatChem,
2016, 8, 2023-2026.

(7) G. A. Aleku, S. P. Francel, H. Man, J. Mangas-Sanchez, S. L. Montgomery, M. Sharma, F. Leipold,
S. Hussain, G. Grogan, N. J. Turner, A reductive aminase from Aspergillus oryzae, Nat. Chem., 2017,
9, 961-969.

(8) S. Velikogne, V. Resch, C. Dertnig, J. H. Schrittwieser, W. Kroutil, Sequence-Based In-silico
Discovery, Characterisation, and Biocatalytic Application of a Set of Imine Reductases,
ChemCatChem, 2018, 10, 3236-3246.

(9) E. Vazquez-Figueroa, J. Chaparro-Riggers,A. S. Bommarius, Development of a Thermostable
Glucose Dehydrogenase by a Structure-Guided Consensus Concept, ChemBioChem, 2007, 8, 2295—
2301.

(10) C. K. Savile, J. M. Janey, E. C. Mundorff, J. C. Moore, S. Tam, W. R. Jarvis, J. C. Colbeck, A.
Krebber, F. J. Fleitz, J. Brands, P. N. Devine, G. W. Huisman, G. J. Hughes, Biocatalytic Asymmetric
Synthesis of Chiral Amines from Ketones Applied to Sitagliptin Manufacture, Science, 2010, 329,
305-309.

(11) M. A. Huffman, A. Fryszkowska, O. Alvizo, M. Borra-Garske, K. R. Campos, K. A. Canada, P.

66



N. Devine, D. Duan, J. H. Forstater, S. T. Grosser, H. M. Halsey, G. J. Hughes, J. Jo, L. A. Joyce, J. N.
Kolev, J. Liang, K. M. Maloney, B. F. Mann, N. M. Marshall, M. McLaughlin, J. C. Moore, G. S.
Murphy, C. C. Nawrat, J. Nazor, S. Novick, N. R. Patel, A. Rodriguez-Granillo, S. A. Robaire, E. C.
Sherer, M. D. Truppo, A. M. Whittaker, D. Verma, L. Xiao, Y. Xu, H. Yang, Design of an in vitro
biocatalytic cascade for the manufacture of islatravir, Science, 2019, 366, 1255—1259.

(12) W. Qian, L. Ou, C. Li, J. Pan, J. Xu, Q. Chen, G. Zheng, Evolution of Glucose Dehydrogenase
for Cofactor Regeneration in Bioredox Processes with Denaturing Agents, ChemBioChem, 2020, 21,
2680-2688.

(13) H. Lu, D. J. Diaz, N. J. Czarnecki, C. Zhu, W. Kim, R. Shroff, D. J. Acosta, B. R. Alexander, H.
O. Cole, Y. Zhang, N. A. Lynd, A. D. Ellington, H. S. Alper, Machine learning-aided engineering of
hydrolases for PET depolymerization, Nature, 2022, 604, 662—667.

(14) M. Schober, C. MacDermaid, A. A. Ollis, S. Chang, D. Khan, J. Hosford, J. Latham, L. A. F.
Ihnken, M. J. B. Brown, D. Fuerst, M. J. Sanganee, G.-D. Roiban, Chiral synthesis of LSD1 inhibitor
GSK2879552 enabled by directed evolution of an imine reductase, Nat. Catal., 2019, 2, 909-915.
(15) R. Kumar, M. J. Karmilowicz, D. Burke, M. P. Burns, L. A. Clark, C. G. Connor, E. Cordi, N. M.
Do, K. M. Doyle, S. Hoagland, C. A. Lewis, D. Mangan, C. A. Martinez, E. L. McInturff, K. Meldrum,
R. Pearson, J. Steflik, A. Rane, J. Weaver, Biocatalytic reductive amination from discovery to
commercial manufacturing applied to abrocitinib JAK1 inhibitor, Nat. Catal., 2021, 4, 775-782.

(16) J. R. Marshall, P. Yao, S. L. Montgomery, J. D. Finnigan, T. W. Thorpe, R. B. Palmer, J. Mangas-
Sanchez, R. A. M. Duncan, R. S. Heath, K. M. Graham, D. J. Cook, S. J. Charnock, N. J. Turner,
Screening and characterization of a diverse panel of metagenomic imine reductases for biocatalytic
reductive amination, Nat. Chem., 2021, 13, 140-148.

(17) G. A. Aleku, H. Man, S. P. France, F. Leipold, S. Hussain, L. Toca-Gonzalez, R. Marchington, S.
Hart, J. P. Turkenburg, G. Grogan, N J. Turner, Stereoselectivity and Structural Characterization of an
Imine Reductase (IRED) from Amycolatopsis orientalis, ACS Catal., 2016, 6, 3880-3889.

(18) H. Li, P. Tian, J. Xu, G. Zheng, Identification of an Imine Reductase for Asymmetric Reduction
of Bulky Dihydroisoquinolines, Org. Lett., 2017, 19, 3151-3154.

(19) Y. Fukawa, Y. Mizuno, K. Kawade, K. Mitsukura, T. Yoshida, Novel (S)-Selective Hydrolase from
Arthrobacter sp. K5 for Kinetic Resolution of Cyclic Amines, Catalysts, 2021, 11, 809.

(20) H. Man, E. Wells, S. Hussain, F. Leipold, S. Hart, J. P. Turkenburg, N. J. Turner, G. Grogan,
Structure, Activity and Stereoselectivity of NADPH-Dependent Oxidoreductases Catalysing the S-
Selective Reduction of the Imine Substrate 2-Methylpyrroline, ChemBioChem, 2015, 16, 1052—1059.
(21) M. Moustakim, T. Christott, O. P. Monteiro, J. Bennett, C. Giroud, J. Ward, C. M. Rogers, P.
Smith, I. Panagakou, L. Diaz-Séez, S. L. Felce, V. Gamble, C. Gileadi, N. Halidi, D. Heidenreich, A.
Chaikuad, S. Knapp, K. V. M. Huber, G. Farnie, J. Heer, N. Manevski, G. Poda, R. Al-awar, D. J.
Dixon, P. E. Brennan, O. Fedorov, Discovery of an MLLT1/3 YEATS Domain Chemical Probe, Angew.

67



Chem. Int. Ed., 2018, 57, 16302—-16307.

(22) Inoue, H., Nojima, H., and Okayama, H. High efficiency transformation of Escherichia coli with
plasmids. Gene 1990, 96, 23-28.

(23) Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254.

(24) Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage
T4. Nature 1970, 227, 680—685.

68



Acknowledgement

I deeply appreciate Professor Toyokazu Yoshida for his kind and appropriate guidance in this
study. I also wish to express my thanks to Associate Professor Koichi Mitsukura for his kind
support and warmest encouragement in the accomplishment of this work. They have always given
me freedom to have my own ideas and experiment anything I want to do, which developed my
ability to think. I will never forget the precious opportunity.
I would like to thank the support of the Life Science Research Center, Gifu University, for NMR
analysis and whole-genome sequencing.
I greatly appreciate the kind support by the members who belonged to our laboratories at
Department of the Chemistry and Biomolecular Science, Faculty of Engineering, Gifu University.
Finally, I would like to express my gratitude to my family and friends for their clear guidance and
unconditional support.
March 2023
Yuta Fukawa

69



List of publications

Chapter 2
1. Y. Fukawa, Y. Mizuno, K. Kawade, K. Mitsukura, T. Yoshida

Novel (S)-selective hydrolase from Arthrobacter sp. K5 for kinetic resolution of cyclic amines
Catalysts, 2021, 11, 809.

Chapter 3

2. Y. Fukawa, K. Yoshida, S. Degura, K. Mitsukura, T. Yoshida
Improvement of (S)-selective imine reductase GF3546 for the synthesis of chiral cyclic amines
ChemComm, 2022, 58, 13222-13225.

70



