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ARTICLE INFO ABSTRACT

Keywords: Baeyer-Villiger monooxygenases are recognized as valuable tools for biooxidative synthesis of chiral sulfoxides.
HAPMO N In this work, a novel HAPMO ortholog from Pseudomonas fluorescens (HAPMOps) was identified by genome
Substrate specificity mining. Evolutionary relationship and sequence analysis revealed that HAPMOp belongs to the family of typical
Enantioselectivity

type I BVMOs. HAPMOps has a low Ky value (0.025 mM) toward 4-hydroxyacetophenone, and a half-life of 24 h
at 30 °C and pH 9.0. HAPMOps exhibited distinct activity toward aromatic ketones as well as various thioethers,
such as methyl phenyl sulfide and bromo-methyl phenyl sulfide. The highest activities of HAPMOp; was 1.47
U-mg ! toward 4-hydroxyacetophenone among tested ketone and thioether substrates. Furthermore, over 95%
enantioselectivity was determined toward methyl phenyl sulfides with ortho, meta, and para-substituents (Cl, Br,
CHO, NHy). Therefore, HAPMOps is a promising biocatalyst for the synthesis of aromatic esters and chiral

Asymmetric sulfoxidation

sulfoxides.

Introduction

Some bacteria degrade aromatic compounds such as acetophenone
[1-3] and 4-ethylphenol [4] via enzyme-mediated Baeyer-Villiger re-
actions, in which an oxygen atom is inserted between the aromatic ring
and the ketone side chain [5]. For example, Pseudomonas fluorescens ACB
utilizes 4-hydroxyacetophenone as the sole carbon and energy source
[1]. Baeyer-Villiger monooxygenases (BVMOs) are flavoenzymes
capable of catalyzing Baeyer-Villiger reaction using oxygen and NAD(P)
H [5]. Flavoprotein monooxygenasesn (FPMOs) are divided into six
groups (Group A, B, C, D, E and F) according to their distinct structural
and functional properties. Among them, group B FPMOs represent
mainly Baeyer-Villiger monooxygenases (Type I BVMOs) and heteroat-
om oxygenases [6-8]. HAPMOys acs (4-hydroxyacetophenone mono-
oxygenase), a type I Baeyer-Villiger monooxygenase (BVMO) that
catalyzes NADPH-dependent oxidation of 4-hydroxyacetophenone to
4-hydroxyphenylacetate was identified from Pseudomonas fluorescens
AGCB and characterized [9]. HAPMO,s acp is @ homodimer of 145 kDa
with each subunit containing a tightly and non-covalently bound FAD as
cofactor [9], and represents the first reported BVMO exhibiting primary
activity toward aromatic compounds. Rehdorf and coworkers reported
the second HAPMO from Pseudomonas putida JD1(HAPMO,,,), which is
involved in the metabolism of 4-ethylphenol [10]. Thermostable BVMO
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from Thermobifida fusca (PAMO) identified by genome mining, is active
toward a wide range of aromatic ketones, however with poor enantio-
selectivity for sulfoxidation reaction. So far, only three BVMOs, HAP-
MOys acs [9], HAPMO,, [10] and phenylacetone monooxygenase
(PAMO) [11], capable of converting aliphatic and aromatic ketones,
were described. However, most reported BVMOs are dedicated to
convert cyclohexanone and related cyclic aliphatic ketones. There is an
increasing demand to discover novel BVMOs with diverse biocatalytic
properties.

Chiral sulfoxides have gained great attention as synthons and pre-
cursors for the synthesis of APIs (Active Pharmaceutical Ingredient) [12,
13] flavors and fragrances [14] as well as chiral auxiliaries in chemical
synthesis [15]. Chiral sulfoxides can be prepared by resolution of race-
mates, direct asymmetric oxidation of prochiral sulfides [16,17] by
chemical [18] and biological catalysts with enantioselective advantages
[19]. The biooxidation of prazole sulfides has been explored by several
groups. For example, the oxidation of methyl phenyl sulfide by Rhodo-
coccus sp. ECU0066 whole cells [20], AbIMO [21] and pmMsrA [22],
where (S) and (R)-phenyl methyl sulfoxides were produced with high
enantiomeric excesses (> 94% ee). Remarkably, HAPMO from
P. fluorescens ACB has been reported to produce optically pure (S)-en-
antiomers (> 99% ee) toward phenyl methyl sulfide substituted with
para-electron donating groups [23,24], which is regarded as an
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appropriate template for genome mining.

Although two HAPMOs from P. fluorescens ACB and P. putida JD1
have been identified, HAPMOs toolbox with versatile substrate speci-
ficity is far from sufficient. This study aims to explore novel 4-hydroxya-
cetophenone monooxygenases and their catalytic properties. Here, we
identified a HAPMO (HAPMOpy) from P. fluorescens FW300-N2E2 and
investigated its activity in enantioselective sulfoxidation reactions. This
newly discovered HAPMOps enriches BVMOs library, and provides a
potential biocatalyst for the synthesis of chiral sulfoxides.

Material and methods
Materials

All chemicals and reagents were from commercial sources and pur-
chased from Sigma-Aldrich (Stockholm, Sweden), Aladdin (Beijing,
China) and Macklin (Shanghai, China). All PCR reagents and enzymes
were purchased from Takara (Dalian, China).

Genome data mining for HAPMOs

A library of putative Baeyer-Villiger monooxygenases was con-
structed by genome mining. A total of ten monooxygenases, varying
between 30% and 90% sequence identity of HAPMOpy acp, were selected
from the UniProt/Swiss-Prot database.

Sequence analysis of HAPMO,s

Multiple sequence alignment was performed by MAFFT V.7 [25].
The phylogenetic tree was generated with MEGA-X using the
Neighbor-joining method [26].

Plasmid construction, microbial strains and culture media

The optimized DNA fragment containing the selected HAPMOp; gene
from Pseudomonas fluorescens FW300-N2E2 (genomic DNA accessione:
AMZ71204; protein accession: WP_063321766.1) was directly cloned
into pET28a (+) between Ndel and BamHI recognition sites, respec-
tively. The sequence of the synthesized gene was confirmed by
sequencing using T7 and T7term primers. E. coli strain BL21 (DE3) was
chemically transformed with the plasmid by standard procedures [27],
and monoclonal cells were grown at 37 °C in LB-agar medium (50 pg/mL
kanamycin).

Enzyme overexpression and purification

HAPMOps encoding gene was expressed in E. coli BL21(DE3) using
fresh LB medium containing 50 pg-mL~! kanamycin. Cells were grown
until optical density reached 0.6-0.8 when IPTG was added at a final
concentration of 0.2 mM for induction at 16 °C for 20 h. The cells were
then harvested by centrifugation at 4 °C and 10,000 x g for 10 min,
washed twice with sterile Tris-HCl buffer (pH 9.0, 100 mM), and dis-
rupted by ultra sonication (2 s working and 3 s resting for 10 min, 250
W). The lysate was centrifuged for 30 min at 10,000 x g and 4 °C. The
supernatant was taken as crude extract, and was purified by Ni-NTA
affinity chromatography at 4 °C using His-Trap Ni-nitrilotriacetic acid
FF column (5 mL, GE Healthcare Bioscience). After 50—250 mM imid-
azole gradient elution from the column, fractions containing HAPMO,y
activity were pooled and concentrated. The soluble expression and pu-
rity of HAPMOpy was evaluated by SDS-PAGE.

Effects of temperature and pH
Influence of pH on activity of HAPMOps was evaluated at pH values

ranging from 6.0 to 11.0, using sodium phosphate buffer (pH 6.0-9.0,
100 mM), Tris-HCI buffer (pH 8.5-9.5, 100 mM) and glycine-NaOH
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buffer (pH 9.5-11.0, 100 mM). Effect of temperature on activity of
HAPMOpy was measured by determining the relative activity toward 4-
hydroxyacetophenone (S1) at temperature ranges of 20-50 °C in Tris-
HCI buffer (pH 9.0, 100 mM). The thermal stability of purified HAP-
MOpywas determined by examining the residual activity of preincubated
enzyme solution at 30 and 40 °C for indicated periods of time. All ac-
tivity assays were carried out in triplicate.

Effect of organic solvents on activity

Organic solvents (methanol, ethanol, isopropanol, acetone, aceto-
nitrile, DMSO) on the solvent stability of HAPMO was explored in Tris-
HCI buffer (pH 9.0, 100 mM) at 30 °C. Appropriate amount of purified
HAPMOpy was incubated with organic solvents (5%, v/v) for 2 h, and
aliquots were taken to measure the residual activity using the standard
assay. Control experiment with addition of equal volume of Tris-HCl
buffer at same incubation time was regarded as 100%. All activity as-
says were carried out in triplicate.

Substrate specificity

Acetophenones with hydroxy group at ortho, meta, para-positions of
the phenyl ring and six different para-substituted-acetophenones sub-
strates (F-, Cl-, NH,-, CH3- CH30-, NO,-) were tested for determining the
substrate specificity. Additionally, conversion and enantioselectivity of
HAPMO, toward methyl phenyl sulfide (S17) and methyl phenyl sulfide
derivatives bearing electron-donating groups (¢ < 0; OCHs, NHj) or
electron-withdrawing groups (¢ > 0; Cl, Br) at ortho, meta, para-positions
of the phenyl ring were determined. Finally, some aliphatic ketones
were measured, including cyclic ketones and open-chain ketones. The
assays were carried out in standard conditions (100 mM Tris-HCI, pH
9.0, 30 °C). At different time intervals, samples were withdrawn and
processed as above mentioned for chiral GC and HPLC analysis. All the
measurements were performed in triplicate.

Kinetic measurements

Kinetic parameters were determined using the general activity assay
protocol, S1, S6 (0.01-0.25 mM), S2, S3 (0.25-2.5 mM) and S4, S5, S7,
S8 and S18 (0.1-10 mM) concentrations were used. All kinetic mea-
surements were performed at 30 °C. The kinetic parameters were
calculated according to non-linear curve fitting with Michaelis-Menten
equation. All concentrations were measured in triplicate.

Homologous modeling and molecular docking analysis of HAPMOps¢

We have used Rosetta (https://robetta.bakerlab.org/submit.php)
structure prediction to predict the three-dimensional structure of HAP-
MOpy. The modeling method is RoseTTAFold. The structural model of
HAPMOpy was evaluated by SAVES v6.0 (https://saves.mbi.ucla.edu).
Molecular docking analysis was performed by Discovery studio 4.5.

Sulfoxidation catalyzed by HAPMO,y in whole-cell biocatalysis

10 mL reaction mixtures contained 25 mM substrate (S17-S26) dis-
solved in Tris-HCI buffer with methanol (5% v/v), 1.5 equivalent of
glucose, 10 mg GDH, 0.2 mM NADP", and the reactions were performed
at 30 °C and 180 rpm. Reactions were started by addition of 10 g-L ™! dry
cells of HAPMO,y. Samples were withdrawn from the reaction mixture at
different time intervals, and then extracted with equal volume of ethyl
acetate supplemented with 1 mM dodecane as an external standard. The
organic phase was isolated and dried over anhydrous NaySO4, and the
conversion ratio and enantioselectivity were determined by HPLC/GC as
described in the supplementary information.


https://robetta.bakerlab.org/submit.php
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Results and discussion
Genome mining of HAPMOs

P. fluorescens ACB utilizes 4-hydroxyacetophenone as the sole carbon
and energy source [1], from which HAPMOys acg, a classic HAPMO was
cloned and characterized [9]. HAPMO,s acg produces optically pure
enantiomers using sulfides as substrates [23,24], and therefore is
regarded as an appropriate probe for genome date mining. Herein,
UniProt/Swiss-Prot database was searched using HAPMO,s acs
(AAK54073.1) as a search query. Interestingly, two BVMOs were iden-
tified from P. fluorescens with 72% and 57% amino acid sequence
identities. Both BVMO encoding genes were successfully expressed in a
partially soluble form and displayed measurable activity (>1% con-
version) toward 4-hydroxyacetophenone and phenyl methyl sulfoxide
(Table 1), and were designated as HAPMO,s (AOA159ZVV3) and HAP-
MO, (AOA379IFA4), respectively. HAPMO,; (AOA159ZVV3), display-
ing better soluble expression and conversion ratio than HAPMOps
(AOA379IFA4), was chosen for further investigation.

Sequence analysis of HAPMOys

A phylogenetic analysis of HAPMOp; and known BVMOs with
different catalytic functions was performed. As shown in Fig. 1, HAP-
MOps is positioned in the same branch as the classical 4-hydroxyaceto-
phenone monooxygenase from P. fluorescens ACB (HAPMO,s acp) [23],
sharing an overall sequence identity of 72% (Fig. 1). Other known en-
zymes in the branch include HAPMO from P. putida JD1(HAPMO,)
[10]. Among reported BVMOs, HAPMOps displays merely 20% identity
with CHMO from Acinetobacter sp. NCIMB 9871 [28], an enzyme
exhibiting broad substrate spectrum in the biooxidation of (cyclic) ke-
tones. The sequence identity between HAPMOps; and PAMO from Ther-
mobifida fusca [11] with aromatic ketones oxidation activity is only
22%. Multiple sequence alignment between HAPMOp; and seven
well-studied type I BVMOs revealed that HAPMOps contains a short
BVMO fingerprint (FxGxxxHTxxW[P/D]) and two Rossmann fold do-
mains (GxGxx[G/A]) [29] responsible for cofactor binding [8] (Fig. 2).
Above results indicate that HAPMOpy is a new HAPMO ortholog.

Characterization of HAPMOpy

Based on SDS-PAGE analysis, recombinant HAPMOps existed in both
supernatant and precipitate, yielding a prominent band at 70 kDa
(Fig. 3A). The specific activity of crude enzyme toward S17 was 0.87
U-mg~!. Through nickel affinity chromatography, purified HAPMOpy
was obtained with recovery ratio of 90.5% and specific activity of 1.91
U-mg ! toward S17. Purified HAPMOpy displayed activity with NADPH
as cofactor and no activity with NADH, indicating HAPMOps is an
NADPH-dependent BVMO.

In previous reports, the optimum pH of most BVMOs falls in alkaline
range [11,13,30]. As illustrated in Fig. 3B, the optimum pH of HAPMOps
was observed in pH 9.0 Tris-HCI buffer. The alkaline pH preference of
HAPMOpy is similar to other HAPMOs, such as HAPMO,, (pH 8.0) [10]
and HAPMOyy acg (pH 9.0) [23]. It should be noted that the activity of

Table 1
Gene mining of HAPMOs for enantioselective sulfoxidation®.
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HAPMOypy reduced dramatically under acidic conditions, and less than
30% relative activity was remained at pH 6.5. Influence of temperature
on the activity of HAPMOpy was also explored. The activity of HAPMOp¢
gradually increased from 20 to 30 °C and reached the highest activity at
30 °C (Fig. 3C). At 35 °C, 95% relative activity was measured, whereas
only 50% of relative activity was remained at 40 °C. The thermostability
of HAPMOpys was also monitored by measuring the residual activity after
incubation at different temperatures. After approximately 24 h at 30 °C
(pH 9.0), the residual activity was about 55%, indicating that the ther-
mostability of HAPMOpy is moderate at 30 °C (pH 9.0) (Fig. 3D). HAP-
MOps was unstable at 40 °C, and less than 5% of residual activity was
detected after incubation at 40 °C for 30 min. The half-life of HAPMOp¢
was calculated to be 24 h at 30 °C according to the Arrhenius deacti-
vation equation. In contrast, the half-life of HAPMOp, at 30 °C is less
than 5 h [10], indicating HAPMOp; has better thermostability than
HAPMO,,,. Moreover, appropriate amount of purified HAPMOp; was
incubated with different organic solvents (5%, v/v) for 2 h, and the ef-
fect of different organic solvents were also investigated (Fig. S1),
Methanol had little effect on the activity of HAPMOp;, and over 85%
relative activity was retained, whereas ethanol, DMSO and acetonitrile
significantly affected its activity, resulting in about 50% relative activ-
ity. Acetone and i-PrOH had the most destructive effects on HAPMOpy,
leading to the loss of about 70% activity.

Substrate specificity of HAPMOp¢

In order to explore the substrate specificity of HAPMOpy, a variety of
ketone and thioether substrates, including (i) aromatic ketones, (ii)
thioethers, and (iii) aliphatic ketones, were investigated (Fig. 4 and
Table 2). Substrate spectra of HAPMOps acp [23,24] and HAPMOy, [10]
have been reported, showing that these enzymes preferentially oxidize
acetophenone derivatives.

Oxidation of aromatic ketones

So far, only a few BVMOs, such as HAPMOy acg, have been tested for
conversion of aromatic compounds [9]. Here, acetophenone (S10),
phenylacetone (S11), 4-phenyl-2-butanone (S12) and acetophenone
derivatives including three hydroxyacetophenone substrates (para, meta
and ortho) (S1-S3) and six para-substituted-acetophenones substrates
(F-, Cl-, NHy-, CH3-, CH30-, NO»-) (§4-S9) were investigated. As illus-
trated in Fig. 4, a decrease in activity of HAPMOpy was observed along
with the elongation of side chain of aromatic ring, such as S10-S12. The
para, meta and ortho-hydroxyacetophenones (S1-S3) could also be
oxidized by HAPMOpy, which displayed the highest specific activity to-
ward S1 (1.47 U~mg’l). Similar to HAPMO,s ac, HAPMOjps preferred
para-hydroxyacetophenones (S1) to meta- and ortho-hydrox-
yacetophenone substrates (S1-S3) [9], confirming it belongs to the
typical 4-hydroxyacetophenone monooxygenase subfamily. HAPMOps
exhibited moderate activities of 1.04 U-mg~! and 0.90 U-mg~! toward
4-aminoacetophenone (S6) and 4-methylacetophenone (S7), respec-
tively. The activity for other para-substituted acetophenones (S4, S5, S8)
were 0.35-0.39 U-mg~'. Among six para-substituted-acetophenones
substrates (F-, Cl-, NH-, CH3- CH30-, NO2-) (S4-S9), like HAPMOpy ac,
HAPMOps showed no activity toward 4-nitroacetophenone (S9). These

Name AccessionNumber Microorganism Sequenceidentity (%) Conv. (%)" &%ee (conﬁg.)“
HAPMOps acs AAK54073.1 Pseudomonas fluorescens ACB 100 NA® (99 S)

HAPMO,¢ AOA159ZVV3 Pseudomonas fluorescens 72 99(99 S)

HAPMO,p AOA379IFA4 Pseudomonas fluorescens 57 <1

@ The 500 pL reaction mixture contained diluted crude enzyme extracts, 1 mM NADPH, 1 mM methyl phenyl sulfide, 2% (vol/vol) methanol, and Tris-HCI (100 mM,

pH 9.0) at 30 °C.
b Conversion and enantiomeric excess were determined by chiral HPLC.
¢ NA: not available.
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https://www.uniprot.org/uniprot/A0A379IFA4
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BVMO 4 Rhodococcus jostii RHAL
Afl456 Aspergillus flavus NRRL3357
*fLE AfI838 Aspergillus flavus NRRL3357

e ~ Afl210 Aspergillus flavus NRRL3357
Afl619 Aspergillus flavus NRRL3357
MEKMO Pseudomonas veronii MEK700 .

190_ ACMO Gordonia sp.TY-5 small linear ketones

’BVMO 21 Rhodococcus jostii RHA1

BVMO ro05323 Rhodococcus jostii RHAL

BVMO 14 Rhodococcus jostii RHA1

PAMO Thermobifida fusca

SAPMO Comamonas te.sto§terone aromatic ketones

BVMO 9 Rhodococcus jostii RHAL 2

BVMO 15 Rhodococcus jostii RHA1 or steroids

STMO Rhodococcus rhodochrous

CAMO llyonectria radicicola

CHMO Acinetobacter sp.NCIMB9871

CHMO Xanthobacter flavus

CHMO Thermocrispum municipale

CHMO Brachymonas petroleovorans

CHMO Arthrobacter sp. BP2 small CVCIe ketones'

CHMO Arthrobacter sp. L661 often versatile

CHMO Rhodococcus sp.Phil

CHMO Rhodococcus sp. Phi2
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CHMO Rhodococcus sp.HI-31
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PockeMO Thermothelomyces thermophila
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CDMO Rhodococcus ruber SC1 :

— CPDMO Pseudomonas sp.HI-70 large CYClI(j.,

o PtIE Streptomyces avermitilis MA-4680 often versatile
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100HAPMO Pseudomonas fluorescens ACB
100— HAPMO Pseudomonas putida

10 HAPMO Pseudomonas fluorescens

—{90 IFNQ Streptomyces sp. RI-77

BVMO 18 Rhodococcus jostii RHA1

BVMO 10 Rhodococcus jostii RHA1

BVMO 17 Rhodococcus jostii RHA1 .

BVMO 12 Rhodococcus jostii RHA1 aromatlc el

BVMO 6 Rhodococcus jostii RHAL specific substrates

BVMO 19 Rhodococcus jostii RHA1

BVMO 2 Rhodococcus jostii RHA1

BVMO 7 Rhodococcus jostii RHAL

BVMO 5 Rhodococcus jostii RHA1

BVMO 2 Streptomyces coelicolor A3-2

48 T AKMO Pseudomonas fluorescens
BVMO Pseudomonas aeruginosa PAO1

Fig. 1. Phylogenetic analysis of HAPMOps and other known BVMOs. Amino acid sequences were retrieved from NCBI database (The bootstrap values were based on
1000 replicates).
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Fig. 2. Multiple sequence alignment of HAPMO, and seven typical BVMOs from different clades. Two Rossmann-fold motifs (GxGxxG/A) and BVMO fingerprint of
Type I BVMOs (FxGxxxHxxxWP/D) were annotated.

results indicate that substitutions on the phenyl ring is crucial for sub-

strate recognition.

Sulfoxidation of sulfide compounds

In addition to oxidation of ketones, some BVMOs such as HAPMO,y

acs [23], and enantiocomplementary RaBVMO and AmBVMO [32], can
catalyze the sulfoxidation of various sulfide compounds including aro-
matic sulfides, which are important chiral building blocks in pharma-
ceutical chemistry [5,15,31,32]. Here, various thioethers S17-S29 were
interrogated as possible substrates by determining activity and
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Fig. 3. (A) SDS-PAGE analysis of recombinant expression of HAPMOpy in E. coli
BL21 (DE3). M: protein marker; 1: HAPMOps cell extract supernatant; 2: HAP-
MOps cell extract sediment; 3: purified enzyme. (B) Effect of pH on HAPMOpy:
(@): sodium phosphate buffer (pH 6.0-9.0), (l): Tris—HCI buffer (pH 8.0-9.5),
(a): Glycine-NaOH buffer (pH 9.0-11.0); (C) Effect of temperature on HAP-
MOpy; (D) Thermostability of HAPMOp: (@): 30 °C, (a): 40 °C.
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Fig. 4. Specific activity of HAPMOpy toward ketone substrates. Specific activity
was determined with 5 mM substrate using purified enzymes at pH 9.0 and
30 °C. % n.d, no activity was detected.
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enantiomeric excess (ee) of the products. As illustrated in Table 2,
HAPMOpy catalyzed the oxidation of prochiral S17 with an activity of
1.91 U-mg’1 and excellent enantioselectivity of > 99% (S) ee. For all the
tested methyl phenyl sulfide derivatives, HAPMOpy exhibited increased
activities following the order of ortho- < meta- and para-positions, except
for substrates with amino substituent (S27-S29). In all cases, (S)-sulf-
oxides were produced from thioether derivatives (S18-S29). Except for
para-chloromethyl phenyl sulfide (S20) with 97% ee (S) and para--
methoxymethyl phenyl sulfide (S26) with 95% ee (S), perfect enantio-
meric excesses (ee > 99%) were achieved for other sulfides tested,
indicating strict stereo-preference for S17 and derivatives. HAPMO,s ac
has been reported to oxidize S18 with low enantioselectivity of 44% (S),
while S19 and S20 in 96% (S) and 93% (S), respectively [23]. In addi-
tion, HAPMO, ocs showed higher selectivity for phenyl methyl sulfides
carrying para-electron donating than electron-withdrawing ones [9].
Whereas HAPMOpy displayed high selectivity and moderate activity for
all tested substrates. These results suggested that the activity of HAP-
MOypy is barely affected by the substituents and their positions on phenyl
ring, and is a promising biocatalyst with broad application prospects.

Oxidation of aliphatic ketones

Linear and cyclic alkyl ketones are potential substrates for BVMOs
[8,33]. HAPMOps showed no activity toward cyclic ketones (S13 and
S14) and aliphatic ketones (S15 and S16) (Fig. 4), suggesting HAPMOp¢
has strict substrate preference for aromatic compounds.

Kinetic parameter analysis

The effect of hydroxy group on Ky and kca¢ values of HAPMOpy to-
ward hydroxyacetophenone compounds was explored, including 2-
hydroxyacetophenone (S3), 3-hydroxyacetophenone (S2), 4-hydroxya-
cetophenone (S1) (Table 3 and Fig. S2). These three acetophenone de-
rivatives could be oxidized by HAPMOp;. Among them, the highest Ky
values of 1.43 mM was determined for S2 with meta-substituted hy-
droxy, followed by Ky of 0.457 mM toward ortho-substrate (S3). The
lowest K); value of 0.025 mM was obtained with S1, indicating HAP-
MOps has the highest binding affinity toward 4-hydroxyacetophenone.
This result is consistent with HAPMO,s acg and HAPMO,, [10,24]. The
keat values of three hydroxyacetophenone compounds follow the order
of para > meta > ortho, which is different from HAPMO,s acg and
HAPMOy, [10,24], indicating the substituting position on aromatic ring
(para, meta, or ortho) is important for substrate conversion (Table 3). The
substrate binding affinity of HAPMOps acg toward para-substituted
acetophenones depends on the electronic properties of substituents,
demonstrating better binding of ketones with electron-donating groups
than those with electron-withdrawing groups [23]. HAPMOps catalyzed
the oxidation of different para-substituted acetophenones were as sum-
marized in Table 3. Compared with HAPMO, acs and HAPMOy, [10,
24], HAPMOpy has higher Ky values and lower k., values for para--
substituted acetophenones (Table 3). Interestingly, for 4-chloroaceto-
phenone (S5), HAPMOp; exhibited a high Ky value of 4.74 mM,
HAPMO acg showed no activity, while HAPMO,,, has a low Ky of 0.14
mM. 4-Nitroacetophenone (S9) could not be converted by HAPMOp;,
which is similar to HAPMO,s acs, Wwhereas HAPMOy, could oxidizes S9
with a Ky value of 0.31 mM, indicating that three enzymes have distinct
catalytic characteristics. The lowest Ky value was observed with 4-ami-
noacetophenone (S6), with a Ky value of 0.016 mM. For 4-fluoro-(S4)
and 4-chloroacetophenone (S5), the highest Ky values of 4.08 and
4.74 mM were determined followed by substrates with hydrophobic
substituents (4-methyl-(S7) and 4-methoxy-(S8)), indicating that
methyl, methoxy, fluoro and chloro groups possess a positive inductive
or mesomeric effect [34]. In summary, HAPMOp; showed lower Ky
values for acetophenones with electron-donating substituents (NHoy,
CHs, CH30) (S6-S8) compared with those with electron-withdrawing
substituents (F, Cl) (S4, S5). The k¢, values of different para--
substitution were also analyzed. Except for 4-methylacetophenone (S7)
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Table 2
HAPMOpy catalyzed oxidation of methyl phenyl sulfide derivatives X-Ph-S-CHjz (S17-S29) to corresponding sulfoxides.
=z N APMOg M0 2 =
X=— | X— | X— |
N e NS - X s~
5" NADPH NADP+ 0" S -5
X: H; CI; Br; CH3;0;NH,
Substrate entry X ¢ Sp. act.(U/mg)" % ee Config.”

S17 H 0 1.91 99 S
S18 0-Cl - 0.37 99 S
S19 m-Cl 0.37 0.85 99 S
S20 p-Cl 0.23 0.81 97 N
S21 0-Br - 0.87 99 S
S22 m-Br 0.39 0.83 99 S
S23 p-Br 0.23 0.74 929 S
S24 0-CH30 - 0.43 929 S
S25 m-CH30 0.12 0.91 99 S
S26 p-CH30 -0.27 0.89 95 S
S27 0-NH; - 0.13 99 S
S28 m-NHy —0.16 0.11 99 S
S29 p-NHy —0.66 0.10 99 S

2 ¢ values taken from Ref. [34].

b Specific activity was determined at pH 9.0 and 30 °C with 2 mM substrate using the purified enzyme. One unit U corresponds to 1 pmol product formed per min.

¢ Enantiomeric excess determined by HPLC.

Table 3

Kinetic parameters of HAPMOpy toward acetophenone derivatives (S1-S9) and methyl phenyl sulfide (S17).

HAPMOpy HAPMO,, [10] HAPMOpy acg [24]
Entry  Substrate Km(mM)  keals™)  kea/Kmi(s ™ Km(mM) kel kea/Km(s ™ Ky(mM) keat™)  kea/Kw(s ™
mM’l) mM’l) mM’l)
s1 4-Hydroxyacetophenone  0.025 0.6 24.00 0.038 9.8 257.89 9.2x 1073 12.6 1.36 x 10°
S2 3-Hydroxyacetophenone  1.430 3.0 2.09 0.246 8.1 32.92 1.400 4.8 3.42
S3 2'- 0.457 3.1 6.78 0.121 21.2 175.20 0.610 6.7 10.98
Hydroxyacetophenone
sS4 4-Fluoroacetophenone 4.082 1.6 0.39 0.208 1.3 6.25 1.000 0.6 0.60
S5 4-Chloroacetophenone 4.746 1.4 0.29 0.140 1.6 11.42 NA* NA NA
S6 4-Aminoacetophenone 0.016 0.5 31.25 5.6 x 8.2 1.46 x 10° 0.82 x 12.7 15.48 x 10°
1073 1073
S7 4-Methylacetophenone 1.487 3.2 2.15 0.241 4.4 18.25 0.160 6.3 39.37
S8 4-Methoxyacetophenone  0.768 0.2 0.26 0.199 1.2 6.03 0.540 1.7 3.14
S9 4-Nitroacetophenone NA NA NA 0.313 2.6 8.30 NA NA NA
S17 Methyl phenyl sulfide 2.733 3.7 1.35 Na Na Na 1.400 4.7 3.35

# NA: no activity.

(keat = 3.2 sV, the key values for para-substituted-acetophenones
(S4-S6, and S8) fall in the range of 0.19-1.6 s‘l, indicating that sub-
stitutions on the phenyl ring have a moderate effect. Interestingly,
4-nitroacetophenone (S9) could not be oxidized by HAPMOp; and
HAPMOys acp, whereas HAPMOy, has a kea: value of 2.6 s~! toward S9.
Therefore, all three HAPMOs show the highest activities toward aceto-
phenones bearing para-electron donating substituents. These data led us
to understand the catalytic properties of HAPMO,stoward acetophenone
substrates. Among them, lower Ky values and similar k.,¢ values were
observed with 4-hydroxyacetophenone (S1) (0.025 mM and 0.6 s’l) and
4-aminoacetophenone (S6) (0.016 mM and 0.5 s’l), which are the
preferable substrates of HAPMOpy.

For S17 (Table 3), HAPMOp showed a k¢ of 3.7 s! and Ky of 2.73
mM, HAPMOyy acp exhibited a Ky value of 1.40 mM and k¢ values of
477! [24], whereas HAPMO,,, could not catalyze S17 [10]. For S17,
HAPMOys acp has an approximately 2-fold lower Ky value compared
with HAPMOpy, while similar k., values, leading to lower kcae/Ky of
HAPMOpy. The above results show that HAPMOpy is a potential biocat-
alyst for the synthesis of chiral sulfoxides and esters, due to its broad
substrate spectrum and high enantioselectivity toward ortho-, meta- and
para-substituted methyl phenyl sulfides.

Homologous modeling and molecular docking analysis of HAPMOp¢

The structure model of HAPMOps was constructed by Robetta [35]
with a confidence coefficient of 0.85. The predicted structure was
evaluated by SAVES v6.0 [36], and the ramachandran plot analysis
shows that 90% residues are located in the reasonable region (Fig. S3).
Molecular docking analysis was performed by Discovery studio 4.5. To
understand the binding orientation of S17 in the active site of HAPMOpy.
Substrate S17 was docked into the binding pocket of HAPMOp;, and a
range of binding poses were obtained. According to the scoring and
binding mode, the best docking conformation was selected and depicted
in Fig. 5. The volume of substrate binding pocket of HAPMOp; was
calculated to be about 75.8 A3. The small binding pocket of HAPMOps s
favorable for its excellent enantioselectivity. Key residues interactions
between enzyme and S17 were also analyzed as illustrated in Fig. 5. S17
was well-accommodated into the active center by a amide—n stacked
interaction of V544, strong hydrophobic interactions with surrounding
residues (R440 and 1549), and multiple van der waal interactions with
several residues (Q275 and V545) in HAPMOps (Fig. 5). The distance
between the sulfur atom of S17 and the distal oxygen of the flavin
peroxy-anion intermediate was determined to be 3.2 A in HAPMOpy,
which allows S17 to get close to the hydroperoxo group. In the binding
pose shown in Fig. 5, the sulfur atom of S17 is close to the FAD cofactor,
while the phenyl ring is away from the hydroperoxo group, thus leaving
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FADOOH

Fig. 5. Poses of methyl phenyl sulfide docked in modeled structure of HAP-
MOpy. The substrate methyl phenyl sulfide is shown in green color, the FAD
prosthetic group in yellow, NADP*coenzyme in red, and amino acid residues in
blue. Hot pink dashed line: amide—n stacked interaction between amino acid
V544 and benzene ring of methyl phenyl sulfide in 4.6 A; pink dashed lines:
alkyl interactions between amino acids R440/1549 and methyl of methyl phenyl
sulfide in 4.73 A and 5.0 A, respectivly; green dashed lines: van der waal in-
teractions between amino acids Q275,/V545 and methyl phenyl sulfide in 4.8 A
and 5.1 A, respectivly; yellow dashed line: distance between distal oxygen of
the ﬂa\iin peroxy-anion intermediate and sulfur atom of methyl phenyl sulfide
in 3.2 A.

the pro-(S) lone pair available for reaction with the FAD moiety to result
in excellent (S)-enantioselectivity. Molecular docking and interactions
analysis provide substantial evidence for the excellent enantioselectivity
of HAPMOpy.

Sulfoxidation catalyzed by HAPMO,y in whole-cell biocatalysis

The oxidation of aromatic sulfides by HAPMO,s (Table 4), was
coupled with glucose dehydrogenase (GDH) for NADPH regeneration
utilizing glucose. All reactions were carried out in a Tris-HCl buffer at
pH 9.0. As shown in Table 4, for S17, moderate conversion (79.3%) was
obtained after 24 h, resulting in (S)-methyl phenyl sulfoxide with 99%
ee. For methyl phenyl sulfides with electron-withdrawing groups (Cl and
Br, S18-S23), (S)-sulfoxides were mainly produced with strict enantio-
selectivity of 99%, except for para-chloromethyl phenyl sulfide (S20)
with 97% ee (S). Conversion ratios toward substrates with meta-, ortho-
and para-chloro substituents (S18-S20), followed the order of par-
a-chloro (S20) > ortho-chloro (S19) > meta-chloro (S18). Specifically,
low conversion (34.4%) was obtained with S18, while high conversion
ratios of 83.5% and 88.9% were achieved with S19 and S20, respec-
tively. The conversion ratios of substrates with bromo- at meta- and
ortho- positions (521, S22) were higher (85.8%, 89.8%) than that of
para-bromo substrate (S23) (72.6%). For methyl phenyl sulfides with
electron-donating groups (OCHs, S24-S26), both meta- and para-me-
thoxy substrates (S25, S26) were oxidized with high conversion ratios
(93.4%, 89.9%), with a low conversion ratio (41.8%) was observed for
ortho-methoxy methyl phenyl sulfide (S24). No further oxidation of
sulfoxides to sulfones was determined in all the reactions.

Conclusions

In summary, a novel HAPMOps from Pseudomonas fluorescens FW300-
N2E2 was identified by genome mining. After HAPMOs from
P. fluorescens ACB and P. putida JD1 and PAMO from T. fusca, this
HAPMOps represents the fourth described BVMO capable of preferen-
tially oxidizing aromatic ketones. Interestingly, HAPMOp; has a broad
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Table 4
Biotransformation of sulfides S17-S26 to the corresponding (S)-sulfoxides cata-
lyzed by HAPMO, -based whole-cell biocatalysts.

Sulfides” Conv. (%) ee (%)°
S17 79.3 99
S18 34.4 99
S19 83.5 99
S20 88.9 97
S21 85.8 99
S22 89.8 99
S23 72.6 99
S24 41.8 99
S25 93.4 99
S26 89.9 95

# A 10 mL reaction system containing enzyme and sulfides (25 mM) in Tris-
HCI buffer (100 mM, pH 9.0) was performed at 30 °C for 24 h.
® Conversion and enantiomeric excess were determined by HPLC.

substrate spectrum toward para-substituted aromatic ketones. Further-
more, HAPMOp; catalyzes the oxidation of various methyl phenyl sulfide
substrates to produce (S)-enantiomers, demonstrating its potential
application in a wide variety of enantioselective biooxidation reactions.
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