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sulfoxidation using Streptomyces
glaucescens GLA.0†

Sara Salama, a Tarek Dishisha, b Mohamed H. Habib, c

Ahmed Z. Abdelazem, a Walid Bakeer, b Mahmoud Abdel-Latif d

and Yasser Gaber *be

Asymmetric oxidation of prochiral sulfides is a direct means for production of enantiopure sulfoxides which

are important in organic synthesis and the pharmaceutical industry. In the present study, Streptomyces

glaucescens GLA.0 was employed for stereoselective oxidation of prochiral sulfides. Growing cells

selectively catalyzed the oxidation of phenyl methyl sulfide to the corresponding sulfoxide. Only very

little overoxidation was observed, resulting in minor amounts of the unwanted sulfone. Addition of

isopropyl alcohol as a co-solvent, time of substrate addition and composition of the reaction media

resulted in enhanced phenyl methyl sulfide biotransformation. The concentration of the undesired by-

product (sulfone) was as low as 4% through the reaction course under optimal reaction conditions. The

results show that S. glaucescens GLA.0 is a promising whole-cell biocatalyst for preparing highly

enantiopure (R)-phenyl methyl sulfoxide in high yield (90%) with an enantiomeric excess (ee) exceeding

99%.
1. Introduction

Chiral sulfoxides possess several applications in chemical and
pharmaceutical industries. They are useful synthons, valuable
reagents and precursors for bioactive compounds. However, it
is necessary to obtain them in an enantiomeric pure form, since
usually only one enantiomer exerts the desired biological
activity.1,2 Esomeprazole is one of the most important examples
of the biocatalyzed sulfoxidation using whole cells in the
pharmaceutical industry. In this case, only the S-enantiomer
acts as a proton pump inhibitor and is used to treat gastric
ulcers and gastroesophageal disorders.3 Therefore, the stereo-
selective oxidation of organic suldes, the precursors for chiral
sulfoxides, is receiving a growing interest nowadays.4,5

Optically pure sulfoxides can be prepared via chemical or
biological catalysis. Chemical catalysis uses transition metals or
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organic catalysts and is limited by high cost of isolation and
poor enantioselectivity. Likewise, biological catalysis using
puried enzymes is costly (enzyme purication and co-factor
dependency) and oen suffers from poor protein stability. On
the other hand, the use of whole cells, lysed cells, or cellular
extracts as catalysts for asymmetric sulfoxidation reactions is
a more attractive and a cheaper alternative since it avoids the
need for adding expensive cofactors.3 Fungi are widely used for
catalyzing oxidation reactions compared to bacteria.6–8

However, it was indicated that bacteria belonging to the genus
Gordonia, Rhodococcus and Pseudomonas possess fairly high
activity and enantioselectivity for a large number of
suldes.3,9–11 Actinobacteria have been exploited successfully in
the search for novel biocatalysts.12,13 However, as reported
earlier, the ability of enantioselective oxidation of organic
suldes was only studied in a limited number of
Actinobacteria.9,14–17

Enantioenriched phenyl methyl sulfoxide (PMS) could be
produced by various biotechnological approaches. These
approaches include the use of isolated enzymes or biotrans-
formation in microbial cultures using whole cells either of
native hosts or recombinant systems. These methods depend
on either asymmetric oxidation of PMS or kinetic resolution of
the racemic sulfoxide.18 The formation of R-phenyl methyl
sulfoxide was favored through biotransformation of the
respective substrate (PMS) by the growing cells of Aspergillus
japonicus ICFC 744/11.6 Two examples of microbial trans-
formations of PMS were recorded using resting cells of Pseu-
domonas monteilii CCTCC M2013683 and using immobilized
RSC Adv., 2020, 10, 32335–32344 | 32335
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cells of Gordonia terrae IEGM 136. The rst could catalyze the
formation of R-PMSO in a yield of 99.0% with an ee >99.0%. The
latter, however, produced a yield of 100% with an ee >95.0%.11,19

S-PMSO formation was effectively catalyzed by using whole-cells
of Rhodococcus sp. CCZU10-1 in biphasic systems of n-octane/
water using fed-batch fermentation. This conversion produced
high yield of the S-sulfoxide (91%) with an ee >99.0%.20 The
isooctane-aqueous system was applied using the resting cells of
Rhodococcus sp. ECU0066 to successfully catalyze S-PMSO
production in high yield (82%) and ee >99.0%.21 In addition,
resting cells of Rhodococcus sp. ECU0066 catalyzed the bio-
resolution of the racemic PMSO to produce S-PMSO in
a concentration of 37.8 mM and ee of 93.7% in fed-batch
reactions.22 Concerning recombinant whole-cell catalysis,
recently, AbIMO, a avoprotein monooxygenase from Acineto-
bacter baylyi ADP1 was heterologously expressed and puried in
E. coli and then examined for its sulfoxidation activity.23 The
system produced S-PMSO at 73% yield and high ee (>99.0%) via
continuous substrate feeding strategy.

Regarding biotransformation using isolated enzymes,
various types of oxidoreductase enzymes such as mono-
oxygenases, dioxygenases and Baeyer–Villiger monooxygenases
(BVMOs) have been exploited in the synthesis of enantioen-
riched PMSO.24 The R isomer was prepared in high yield (90.0%)
and high ee (>98.0%) by toluene dioxygenase (TDO EC
1.4.12.11) puried from Pseudomonas putida F1.18 It was also
prepared in high yield (97.0%) and high ee (>91.0%) from
polycyclic ketone monooxygenase (PockeMO) isolated from
Thermothelomyces thermophila.25 One of the BVMOs expressed
from Rhodococcus jostii RHA1 converted PMS to R-PMSO in ee of
82.0% while four other BVMOs catalyzed the formation of the S-
isomer in ee of 90.0%.26 The BVMO 4-hydroxyacetophenone
monooxygenase puried from Pseudomonas uorescens ACG is
one of the enzymes that catalyzed the formation of S-isomer in
ee exceeding 99.0%.27

In this work, S. glaucescens GLA.0, a soil actinobacterium
that is not fully characterized in terms of its biocatalytic prop-
erties, was shown to be a valuable whole-cell biocatalyst with the
ability to enantioselectively oxidize aromatic prochiral suldes.
Phenyl methyl sulde was used during the experiments as
a model substrate. Moreover, we studied some of the inu-
encing factors on the reaction yield and selectivity. This
included the use of isopropyl alcohol as a co-solvent, the time of
substrate addition to the biotransformation media, and the
composition of the biotransformation media.

2. Materials and methods
2.1 Chemicals

Phenyl methyl sulde (99%) was purchased from Alfa Aesar
(Kandel, Germany), cyclohexanol and malt extract were
purchased from Loba-Chemie (Mumbai, India), while yeast
extract (YE) was from Difco (Detroit, MI, USA). Ammonium
sulfate, magnesium sulfate heptahydrate, ferrous sulfate hep-
tahydrate, disodium hydrogen phosphate dihydrate, dipotas-
sium hydrogen phosphate, potassium dihydrogen phosphate
and calcium chloride dihydrate were obtained from El Nasr
32336 | RSC Adv., 2020, 10, 32335–32344
Pharmaceutical Chemicals Company (Cairo, Egypt). Isopropyl
alcohol (IPA), ethyl alcohol, ethyl acetate, glycerol and glucose
were procured from Sigma-Aldrich (St. Louis, MO, USA). The
enzymes phosphite dehydrogenase, cyclohexanone mono-
oxygenase and phenylacetone monooxygenase were obtained
from GECCO-biotech (Groningen, The Netherlands).

Phenyl methyl sulfoxide (PMS) and phenyl methyl sulfone
(PMSO) were synthesized by chemical oxidation of phenyl
methyl sulde as described elsewhere28 and puried by silica
column chromatography. A mixture of n-hexane and ethyl
acetate at a ratio (1.5 : 1) and (2 : 3) were used for the elution of
PMS and PMSO, respectively. Both puried compounds were
used as reference standards to identify the products by reten-
tion times and characteristic fragmentation patterns. Also, FTIR
analysis (VERTEX 70v, Bruker, Ettlingen, Germany) was per-
formed on the synthesized standards to conrm their identity.
2.2 Culture media

ISP2 medium was prepared as follows (per liter): 4 g YE, 4 g
glucose, 10 g malt extract, 2 g CaCO3 and 20 g agar, pH 7.2. The
mediumwas used for initial culturing andmaintenance. In case
of the preparation of liquid medium, agar and CaCO3 were
excluded. Medium 2 was prepared as follows (per liter): 2 g
(NH4)2SO4, 2 g K2HPO4, 4 g YE, 50 mL of 10% glycerol, 0.01 g
CaCl2$2H2O, 0.01 g FeSO4$7H2O and 0.1 g MgSO4$7H2O, pH
7.5. Medium 3 contained per liter: 3 g (NH4)2SO4, 5 g Na2-
HPO4$2H2O, 2 g KH2PO4, 0.2 g YE, 50 mL of 10% glycerol, 0.1 g
CaCl2$2H2O, 5 g MgSO4$7H2O and 1 g FeSO4$7H2O, pH 7.1.
These media were used for biotransformation experiments.
Salts were sterilized separately through 0.22 mm syringe lters
and added later to the autoclaved culture media.
2.3 Microorganism, storage and culture conditions

Streptomyces glaucescens GLA.0 (DSM 14766) was purchased, in
a lyophilized form, from DSMZ (Deutsche Sammlung von
Mikroorganismen und Zellkulturen), Germany. The lyophilized
powder was resuspended in 1 mL of sterile distilled water and
then 200 mL of the bacterial suspension was spread over ISP2
agar plate. The cultures were incubated at 30 �C for 4 days.
Subsequently, two colonies on the agar plates were aseptically
transferred to 10 mL of ISP2medium in 50mL Falcon tubes and
then incubated at 30 �C for 4 days. The resulting culture was
used to prepare glycerol stocks (50% v/v) that were stored at
�20 �C.

For refreshment of the microorganism prior to biotransfor-
mation process, 50 mL of the glycerol stock was aseptically
transferred to 5 mL of ISP2 liquid medium and incubated at
30 �C and 150 rpm on a shaker incubator (SCILOGEX, SK-O330-
PRO, USA) for 48 h. 50 mL of the resulting culture were spread on
ISP2 agar plates, supplemented with 2.5 mL L�1 of Nystatin (2.5
� 105 IU L�1) as a selection agent, and incubated at 30 �C for 3
days. Subsequently, 2 colonies were transferred to 5 mL of
sterile ISP2 liquid medium supplemented with Nystatin and
incubated at 30 �C for 24 hours. 50 mL were again transferred to
ISP2 agar plate supplemented with Nystatin and incubated at
This journal is © The Royal Society of Chemistry 2020
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Table 1 Biotransformation experiments of PMS biooxidation using S. glaucescens GLA.0 showing the highest product yield obtained per each
reaction condition indicated

Reaction
Substrate
conc. (mM)

IPA conc.
(% v/v)

Reaction
medium RPM

Time of
sub. additiona (day)

Sampling
time (h)

PMSOb

(%)
PMSO/
sulfone

ee (%),
congurationc

A 1 0.2 Medium 3 150 3rd 168 78 4 ND
B 1 0 Medium 3 150 3rd 168 75 3 ND
C 1 0 Medium 3 180 3rd 120 83 5 >99 (R)
D 1 0 Medium 3 180 Zero 120 83 6 >99 (R)
E 1 0.2 Medium 2 150 Zero 72 79 7 ND
F 1 0.2 Medium 3 150 Zero 144 71 3 ND
G 5 1 Medium 3 150 Zero 72 76 5 ND
H 5 1 Medium 2 150 Zero 120 83 7 ND
I 1 0.2 Medium 3 180 Zero 120 81 4 >99 (R)
J 1 0.2 Medium 2 180 Zero 96 90 23 >99 (R)
K 5 1 Medium 2 180 Zero 120 89 9 >99 (R)

a Addition of the substrate at zero time of inoculation or on the 3rd day of inoculation. b Calculated as the relative peak area of PMSO to the sum of
the peak areas of PMS, PMSO and sulfone as calculated by GC-MS. c Congurations and (ee%) enantiomeric excess values were analyzed by chiral
GC-FID; ND – not determined.
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View Article Online
30 �C for 3 days. The fresh ISP2 agar plates were used directly for
subsequent biotransformation processes.
2.4 Biotransformation of phenyl methyl sulde

2.4.1 Preculture preparation. The preculture was prepared
in 50 mL Falcon tubes containing 5 mL of Medium 2 supple-
mented with 0.1 mM PMS pre-dissolved in IPA (1 : 10). The
medium was inoculated with 2 colonies from a freshly prepared
ISP2 agar plate and incubated at 30 �C and 150 rpm in a shaker
incubator (Lab TECH LSI-30 16R, Korea) for 48 h. The OD600 nm

aer 48 h was 0.6. Cells were harvested by centrifugation at
10 000g for 10 min at room temperature and washed twice with
50 mM sodium phosphate buffer, pH 7.4. Cells were then
resuspended in the same buffer to a nal optical density of 3.8
at 600 nm (equivalent to 0.14 gww mL�1).

2.4.2 Design of the biotransformation reaction compo-
nents. The prepared suspension was used to inoculate the
biotransformation medium to a nal concentration of 2% v/v
(equivalent to 2.65 � 0.212 gww cells per L or 5 � 104 CFU
mL�1). The volume of medium used was 20 mL or 50 mL in each
of a 100 mL or 250 mL Erlenmeyer asks, respectively. The
substrate (PMS) was added at time of inoculation (zero time) or
at the third day of inoculation. The asks were placed in
a shaker incubator adjusted to 30 �C and 150 rpm. Reactions
were followed for 96 h (Table 1, reactions A and B). To test the
effect of mixing speed, reactions C and D were performed at
Product yieldð%Þ ¼ corrected a

sum of corrected areas of s

Conversionð%Þ ¼ sum of corrected areas

sum of corrected areas of su

This journal is © The Royal Society of Chemistry 2020
180 rpm and followed for up to 120 h. 1 mL samples were
aseptically collected at different time intervals and used for GC
analysis. Three parameters were further varied, and their effects
were evaluated on the reaction yield and the ee values obtained.
The parameters were as follows: (1) the mixing speed (150 and
180 rpm), (2) the biotransformation media (Medium 2 and
Medium 3 containing per liter: 4 g and 0.2 g YE, respectively)
and (3) the substrate concentration (1 mM and 5 mM).

The different optimization experiments were performed
under the following conditions: (1) bacterial cells at a relatively
low starting inoculum concentration (2.65 � 0.2 gww L�1), (2)
PMS pre-dissolved in IPA (1 : 10 v/v) and (3) PMS added at
inoculation time. These conditions were selected based on the
results of the preliminary experiments. The preculture was used
to inoculate the biotransformation medium, as described
above, and PMS pre-dissolved in IPA (1 : 10) was subsequently
added. The concentration of the co-solvent differed (0.2–1%)
according to the initial concentrations of PMS (1–5 mM),
respectively. For reactions E–H, the asks were incubated at
30 �C and 150 rpm in a shaker incubator for 168 h. However,
reactions I–K were incubated at 180 rpm for 120 h. Samples
were collected at different intervals and analyzed for product
yield and percentage conversion by GC-MS.

In all cases, the product yield and substrate conversion were
calculated using the corrected peak areas obtained from the GC/
MS Selective Ion Monitoring (SIM) mode analysis using the
following equations:
rea of the product peak

ubstrate; product andðby-productÞpeaks� 100 (1)

of product and by-product peaks

bstrate; product andðby-productÞpeaks� 100 (2)

RSC Adv., 2020, 10, 32335–32344 | 32337
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Enantioselectivity (conguration and enantiomeric excess)
was analyzed by using a chiral GC column. The enantiomeric

excess (ee) was calculated using the peak areas according to the
following equation:

Enantiomeric excessðeeÞ ¼ ðRÞ � ðSÞ
ðRÞ þ ðSÞ � 100 (3)
2.5 GC-MS analyses

The products resulted from the biotransformation reaction
were extracted twice with ethyl acetate (2 � 0.5 mL), dried over
anhydrous Na2SO4, ltered and used directly for GC analysis. A
gas chromatography-mass spectrometry analysis of the prod-
ucts was performed using an Agilent 7890A GC equipped with
a 5975 Inert MS with Triple Axis Detector using a (0.25 mm� 30
m) HP-5MS capillary column with 0.25 mm lm thickness (Agi-
lent, Germany). The MS was xed at 70 eV ionization energy
with mass electron (m/z) range of 50–550. The split-less mode
was used in the injection of 1 mL sample solution and helium
was used as a carrier gas with a ow rate of 1 mLmin�1. The GC
oven temperature was programmed to hold at 70 �C for 2 min,
then heated to 140 �C with a rate of 25 �C min�1. Finally, the
column was heated to 180 �C with a rate of 5 �C min�1.
Retention times of phenyl methyl sulde, phenyl methyl sulf-
oxide and phenyl methyl sulfone were 5.1 min, 7.5 min and
8.3 min, respectively. For conrmation of GC-MS analysis,
a copy of samples from experiments performed once (reactions
C, D, I, J and K) were analyzed with HP-1 column (Agilent, 30 m
� 0.25 mm � 0.25 mm). The GC oven was programmed to hold
at 40 �C for 2min with an injection temperature of 300 �C. It was
then heated to 100 �C with a rate of 5 �C min�1. Finally, the
temperature was ramped at 10 �C min�1 until it reached 250 �C
and held for 10 min. The split ratio was 5 : 1. Retention times of
phenyl methyl sulde, phenyl methyl sulfoxide and phenyl
methyl sulfone were 13.1 min, 19 min and 20.2 min,
respectively.
2.6 Chiral GC analyses

Chiral GC analyses were performed using a Chiraldex G-TA
(Grace Alltech number 4139, 30 m � 0.25 mm � 0.125 mm)
column equipped with FID-Detector (Max temp: 180 �C). The
initial temperature was adjusted at 50 �C. The column was then
heated to 170 �C with a rate of 10 �Cmin�1 and the temperature
was held for 17 min. The temperature was nally ramped at
10 �C min�1 until it reached 50 �C at a nal working time of
40 min. The split ratio was 3 : 1 with a ow rate of 3 mL min�1.
The retention time of R-enantiomer, S-enantiomer and phenyl
methyl sulfone were 15.7 min, 18.5 min and 18.9 min, respec-
tively. To conrm the identity of the enantiomers obtained in
the whole-cell biotransformation reactions with PMS as
a substrate, the latter was oxidized to the corresponding sulf-
oxide by enzymatic reaction using phenylacetone mono-
oxygenase (PAMO) and cyclohexanone monooxygenase
(CHMO). The peaks corresponding to the products formed were
32338 | RSC Adv., 2020, 10, 32335–32344
used as positive controls to identify different enantiomers
produced by this reaction.29,30

2.7 Standard enzymatic synthesis of R-phenyl methyl
sulfoxide

Synthesis of standard PMSO was done according to Dudek
et al.30 Briey, phenyl acetone monooxygenase (PAMO) or
cyclohexanone monooxygenase (CHMO) (2 mM), phenyl methyl
sulde (3.4 mM), NADPH (150 mM), phosphite (20 mM) and
phosphite dehydrogenase (PTDH) (2 mM) in 50 mM Tris–HCl at
pH 7.0 were added to a 20 mL glass vial. The vial was placed in
a 24 �C/135 rpm shaker for 18 h. The reaction volume was
extracted twice using 500 mL ethyl acetate and the organic layer
separated. The ethyl acetate fraction was collected and dried
over anhydrous MgSO4. The samples were then injected into
a GC using a chiral column for separation as detailed above.

2.8 Statistical analysis

All the experiments were performed as analytical replicates. The
presented data are the mean of two measurements. Control
reactions and analyses were performed (Fig. S4–S6†).

3. Results and discussion
3.1 Parameters affecting the biotransformation reaction

3.1.1 Effect of the carbon source present in the preculture
media. S. glaucescens GLA.0 was grown on cyclohexanol as a sole
carbon source and an inducer of oxidative enzymes expression.
The obtained cells were tested during their growing state for
their ability to oxidize PMS. However, no substantial conversion
was observed. Trials for PMS bio-oxidation using resting cells
grown on cyclohexanol were also not successful. Therefore,
glycerol and PMS were evaluated as sole carbon sources and
inducers of oxidative enzymes expression in the preculture
medium, respectively. S. glaucescens GLA.0 cells were grown in
Medium 2 containing glycerol and PMS (0.1 mM pre-dissolved
in IPA; 1 : 10 v/v).31 The cells were then transferred to
biotransformation medium (Medium 3) where the main
product was detected aer 15 h (Fig. S9†) and 6 h (Fig. S10†) in
experiments using 3 mM and 5 mM of PMS, respectively.
Subsequently, a set of experiments (Table 1: reactions A, B, C
and D) were run and followed for up to 120 h.

3.1.2 Effect of addition of a co-solvent. To study the effect
of adding a co-solvent on the biotransformation reaction, the
preliminary reactions A and B were run under similar condi-
tions. The only difference between reaction A and B was that
reaction A included IPA as a co-solvent. As a result, slight
differences in the PMSO and sulfone yields were observed.
Nevertheless, the sparingly soluble PMS might have a negative
effect on product yield as indicated in reactions B, C and D
(Table S1†). However, it was reported that Streptomyces hir-
oshimensis exhibited lower conversion of cyclohexyl methyl
sulde and its enantioselectivity dropped upon using IPA 2% (v/
v) as a co-solvent.17 Moreover, some Baeyer–Villiger mono-
oxygenases may exhibit lower yields and enantioselectivity when
IPA is added.32 In another study, it was indicated that among
This journal is © The Royal Society of Chemistry 2020
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different co-solvents tested with the fungus Aspergillus japoni-
cus, IPA had the ability to enhance the chemo- and enantio-
selective sulfoxidation reaction.6 As a result, IPA concentra-
tions of as low as 0.2–1% (v/v) determined based on starting
PMS concentrations, were used in the optimized reactions. This
was done in order to increase PMS solubility to be more
accessible and tolerated by the cells without inuencing the
enantioselectivity.

3.1.3 Effect of the substrate addition time. The time of
addition of the sulde to the biotransformation medium
regarding the time of inoculation was found to inuence the
overall yield. We tested two different times for substrate addi-
tion: either at zero time or at the third day of inoculation.
Reaction D was run under the same conditions of reaction C
except that PMS was added at zero time instead of on the third
day of inoculation. This resulted in higher PMSO (80–83%) and
lower sulfone (13–15%) compared to the results obtained in
reaction C. However, the enantioselectivity did not follow the
same pattern. In addition, it was preferred to add PMS at zero
time of inoculation in selected reactions to increase microbial
tolerance to higher concentrations as well as to improve the
yield as was reported earlier.33,34

3.1.4 Effect of changing the speed of agitation. The bio-
catalytic oxidation of PMS conducted in the current study is an
oxygen-dependent reaction, consequently the agitation speed of
the biotransformationmedium affects the yield and the amount
of the by-product formed. We investigated two shaking speeds
as indicated in reactions B and C. Reaction C was run under the
same conditions of reaction B yet at a higher mixing speed
180 rpm instead of 150 rpm, respectively. The higher mixing
speed of reaction C yielded higher amounts of the by-product
sulfone compared to reaction B at equivalent sampling times
despite the high enantio-purity of the produced sulfoxide (R
isomer, ee > 99%). It was observed that a highmixing speed (180
rpm) enhanced the productivity of the sulfoxide through
reduction of the bioconversion time. This was measured by
running reactions E, F and H at 150 rpm and reactions J, I and K
at 180 rpm. For reactions J, I and K all the conditions of the
reaction were similar to reactions E, F and H, respectively except
for the agitation speed. PMS was mostly oxidized to highly
enantioenriched (R)-phenyl methyl sulfoxide with good yields of
up to 90% within 120 h (Fig. 1). S. glaucescens GLA.0 displayed
constant R enantio-preference with excellent enantiomeric
excess in most of these reactions. However, reaction I showed
the formation of S enantiomer (ee 11.0%) aer 72 h (Table S2†).
This suggests that due to a change inmedium composition (vide
infra), expression of different oxidative enzymes is triggered. As
the reaction proceeded, the ee value changed to give 82% of the
R enantiomer. Eventually, the bacterial cells favored the R
isomer formation when the biomass density increased. This is
conrmed in reactions J and K, as they started originally when
cell biomass could reach the required extent for promoting
enantiopurity. Inversion of the enantio-preference throughout
the reaction has been described by Mascotti et al. (2013).17

Generally, using higher mixing speeds increases the supply of
oxygen, and hence the oxidation rate improves.35
This journal is © The Royal Society of Chemistry 2020
3.1.5 Effect of changing the composition of the biotrans-
formation medium. The composition of the biotransformation
medium is an important factor that affects the reaction yield
and the by-product formation. The composition of the medium
inuences the expression of the oxidative enzymes from the
biocatalytic cells both qualitatively and quantitatively. To study
this effect, we tested two different media compositions to
identify which one could produce high yield, lower by-product
and good enantioselectivity. Reaction J was run using Medium
2 that contained higher concentration of YE compared to
Medium 3 (reaction I). This led to a high yield of sulfoxide (90%)
and a low amount of sulfone as a by-product (4%, 96 h) (Fig. 2).
The ee values of the R enantiomer were kept constant (Fig. 1).
Interestingly, reaction J produced only 11% sulfone in the rst
72 hours compared to reaction I that produced 55% sulfone. It
is noteworthy that YE is rich in amino acids, vitamins and co-
factors which are needed for bacterial growth and expression
of the oxidative enzymes and hence enhanced biooxidation was
expected.36

The relation of bacterial cell density to PMSO/sulfone ratio
was analyzed based on the data recorded for some reactions
(Fig. 3). The wet weights of bacterial biomass were determined
for each sampling time for the different reactions. Several
factors are expected to contribute to the PMSO/sulfone ratio
including the initial concentration of substrate used, the
composition of medium used and hence the bacterial cell
density obtained. Reactions G and H differed in the biotrans-
formation medium used. Reaction H was run using yeast-
containing medium (Medium 2) and as a result, high bacte-
rial cell concentration and better PMSO/sulfone ratio was ob-
tained compared to reaction G (Fig. 3). The yield of sulfoxide
produced in reaction H was 83%. When Medium 3 was used in
reaction G, the cell concentration dropped signicantly. This
led to a lower PMSO yield (54% at 168 h). This drop in sulfoxide
level coincides with the reduction of cell concentration over
time. Due to the possible toxic effect of using a high initial
substrate concentration, reactions starting with 5 mM substrate
resulted in cell concentrations not exceeding 0.059 g mL�1. The
highest cell density recorded was for reactions that started with
1 mM substrate concentration; reactions B, E and F (Fig. 3). Cell
density around 0.07 g mL�1 seems to be the optimum value for
getting high PMSO/sulfone ratio as was noticed in reactions B
and F.

In literature, the use of high cell concentration of Rhodo-
coccus sp. ECU0066 favored the overoxidation of sulfoxide to
sulfone.21 No sulfone reduction activity was recorded in control
reactions.22 It was reported that PMSO shows lower biotoxicity
compared to PMS which may be due to the hydrophobic nature
of the latter as stated before.22,37,38 Also, phenyl methyl sulfone
was reported to be one of the pesticide metabolites that
contribute to potential toxicity to soil bacteria.39 As a result, it is
thought to induce the reductase system and undergo deoxy-
genation once congured. Notably, such a bio-reduction reac-
tion has been reported in literature for some sulfone
compounds.40 S. glaucescens GLA.0 bacterial cells maintained
their viability and growth by triggering high level of PMSO
RSC Adv., 2020, 10, 32335–32344 | 32339
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Fig. 1 Time courses of phenyl methyl sulfide biotransformation with the growing cells of Streptomyces glaucescens GLA.0 under different
conditions; reactions D, E, F, G, H, I, J and K were performed as described in materials and methods and differences in conditions among
reactions are stated in Table 1. The ee values are shown only if it is in favor of R-isomer formation. Values >99% are shown as 99% in the plot. The
detailed reaction conversion values are provided in the ESI.†
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Fig. 2 Chiral GC chromatograms showing, (A) standard phenyl methyl sulfide (Rt¼ 9.4 min), (B) standard R-phenyl methyl sulfoxide (Rt¼ 15.69),
(C) R-phenyl methyl sulfoxide (Rt ¼ 15.7 min) produced after 96 hours of the substrate addition to the reaction media. PMS (1 mM) was added at
zero time of inoculation to Medium 2 and mixing speed was kept at 180 rpm throughout the whole process (reaction J, Table 1). The analysis
details are found in the material and methods under Section (2.6).

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 32335–32344 | 32341
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Fig. 3 Effect of final concentrations of S. glaucescens GLA.0 growing
cells on PMSO/sulfone ratio. Reactions A, B, E, F, G and H were per-
formed in duplicates as stated in materials and methods and differ-
ences in conditions among reactions are stated in Table 1. Wet weights
of cells were determined in 1 mL samples taken at each interval.
Relative amount of phenyl methyl sulfoxide and phenyl methyl sulfone
in reaction samples was calculated using GC-MS.
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production at the expense of both the substrate and the by-
product. This can be explained by the fact that PMSO is not as
toxic compared to the substrate (PMS) and the by-product
(phenyl methyl sulfone). In addition, (S)-PMSO could prefer-
entially be oxidized to sulfone and that enabled the R enan-
tiomer to be accumulated predominantly, hence retained in
high ee (Scheme 1).

3.1.6 Effect of substrate concentration. The effect of using
two different substrate concentrations on the yield of PMSO
Scheme 1 The putative pathway for the enantioselective bio-oxidation
phenyl methyl sulfoxide with formation of phenyl methyl sulfone as a b
fication.19 PMS was predominantly oxidized to R-phenyl methyl sulfoxi
standard conditions. Dashed arrows indicate slow reaction rate.

32342 | RSC Adv., 2020, 10, 32335–32344
produced were tested. PMSO was produced in high yield (82–
89%) upon using 5 mM initial concentration of PMS. In addi-
tion, the amount of the by-product sulfone produced did not
exceed 10–14% and the enantiopurity was kept constant at all
sampling times. As a result, reactions J and K were considered
the most optimal. The synchronized conditions applied in the
two reactions accomplished the highest yield and the lowest
amount of the undesired by-product. The two reactions also
retained enantioselectivity over time as compared to standard
samples of PMSO and phenyl methyl sulfone. The applied
conditions modulated the activity of the dominant oxidative
enzyme system exerting high catalytic selectivity towards
oxidation of PMS. The low concentrations of co-solvent used
(<1% IPA) showed a negligible effect on the selectivity of the
biotransformation reaction.
3.2 In silico analysis of putative BVMOs in S. glaucescens
GLA.0

To identify the putative BVMO in the genome of S. glaucescens
GLA.0, we used the sequence of Streptomyces coelicolor BVMO
Q9RKB5 to do a BLAST search. The BLAST search retrieved one
putative BVMO in the genome of S. glaucescens.41–43 The putative
sequence Uniprot Accession number is A0A089YZ45 (Fig. S1†).
The sequence is composed of 514 amino acids, which lies in the
typical known BVMOs length range (500–550 amino acids).44

The alignment revealed the presence of Rossmann fold
domains (GXGXXG, GG, ATG) required for binding of FAD and
NADPH.41,45 The two BVMO-specic ngerprints could be
identied: FXGXXXHXXXWD and GGXWXXXXYPGXXXD. The
of phenyl methyl sulfide (PMS) to R-phenyl methyl sulfoxide and S-
y-product as described in Zambianchi et al. 2007 (ref. 50) with modi-
de utilizing growing cells of Streptomyces glaucescens GLA.0 under

This journal is © The Royal Society of Chemistry 2020
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Table 2 Comparison of enantioselective oxidation of PMS using free growing cells of different Actinobacteria

Actinobacterium Yield Conguration ee% Reference

Gordonia terrae IEGM 95.3% R 93.2% 9
Corynebacterium equi IFO 3730 100% R 92% 15
Rhodococcus rhodochrous IEGM 100% S 86.1% 9
Streptomyces glaucescens GLA.0 90% R >99% This study (Rxn J)
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conserved regions are anked by the two Rossmann fold
sequence motifs (GXGXX[G/A]).37 This strongly suggests that
this protein is a typical Type I BVMO. The alignment showed
that it possesses 86% sequence identity with a BVMO from
Streptomyces coelicolor A3(2) (UniProt Accession No. Q9RKB5).
From BVMOs with known structures, it displays the highest
sequence identity with steroid monooxygenase from Rhodo-
coccus rhodochrous, another actinobacterium. Notably, BVMOs
are well recognized as one of the enzymes catalyzing asym-
metric sulfoxidation.18
3.3 Overview on S. glaucescens GLA.0

3.3.1 Oxygenases and their importance. The high selec-
tivity of R-PMSO produced by S. glaucescens GLA.0 may attract
attention to such species and their associated oxidative
enzymes, like the stated putative BVMO. This can be utilized to
study the metabolism of sulfur-containing xenobiotics of
interest. Oxygenases including BVMOs from many microor-
ganisms share sequence and function similarity to human
avin-containing monooxygenases (FMOs) which play a crucial
role in degrading various xenobiotics. As revealed by a previous
study, such monooxygenases represent good alternatives to
FMOs which are difficult to study due to the difficulty in
recombinant overexpression and the inherent instability of
such class of enzymes.46 A number of BVMOs were able to
selectively oxidize mammalian FMO sulde substrates, hence
display similar effects on enantioselective preparation of FMO-
related drug metabolites.18,23,46 Consequently, we believe that S.
glaucescens GLA.0 can contribute to studies related to drug
metabolism and novel drug development as described before
regarding many oxidative enzymes expressed by various Strep-
tomyces species.47,48

3.3.2 Comparison of sulfoxidation abilities with other
Actinobacteria. Enantioselective oxidation of aromatic suldes
was reported earlier using whole-cells of some Actinobacteria
including Rhodococcus species and Gordonia terrae IEGM.9,15

Although the free growing cells of these bacteria achieved high
yields, they did not exhibit satisfactory enantioselectivities
(<95%) as shown in Table 2. Remarkably, one of the Rhodococcus
strains produced the (S)-sulfoxide with >99% ee aer reaction
conditions were optimized. Particularly, when applying resting
cultures with or without biphasic systems, high enantioselectivity
was achieved.10,18,20,21 Up to date, only one study reported asym-
metric sulfoxidation with cells of the genus Streptomyces. This
was shown where the resting cells of three strains were used for
the conversion of an aliphatic prochiral sulde as a model
compound.17 S. glaucescens GLA.0 was reported to be an oxidative
This journal is © The Royal Society of Chemistry 2020
biocatalyst with the ability to perform monooxygenase-mediated
oxidation of the naphthacenone Tcm F1 to 5,12-naph-
thacenequinone TcmD3 during the biosynthesis of tetraceno-
mycin C, a bioactive secondary metabolite.49

4. Conclusion

The current study provides a green method for the enantiose-
lective sulde oxidation using Streptomyces glaucescens GLA.0 as
a whole-cell biocatalyst. The R enantiomeric sulfoxide was ob-
tained almost as a single enantiomer using Streptomyces glau-
cescens GLA.0. The developed process involved the use of whole
cells which eliminated the need for cofactor recycling. The
process provided almost pure R-enantiomer of the corre-
sponding sulfoxide (ee > 99%) with a very good yield (up to
90%). Moreover, the by-product (sulfone) was produced in small
amounts. The optimal conditions involved the use of a tuned
medium for cell growth and conversion, the addition of iso-
propyl alcohol as a co-solvent and a tuned timing of substrate
addition. However, further optimization processes are required
for biotransformation of high concentrations of PMS and for
detection of substrate specicity. This also includes organic
suldes which possess importance as substrates in industrial
and pharmaceutical applications. Other ideas such as bacterial
cell immobilization, employment of resting cultures grown on
carbon sources such as glycerol or hexadecane, application of
batch fermentation and/or using biphasic systems are recom-
mended for further research. The performance of Streptomyces
glaucescens GLA.0 towards stereoselective sulfoxidation can
rank this species among potential biocatalysts for the synthesis
of optically pure sulfoxides on large scale application. This is
due to S. glaucescens being one of the characteristic Actino-
bacteria allowing for targeted enantiomerically enriched (R)-
phenyl methyl sulfoxide formation which will direct the focus of
research to exploit bio-oxidative characteristics of Streptomyces
strains that have not been fully investigated yet. This will result
in a potentially wide spectra of biocatalysts conducting such
bio-oxidative transformations under mild conditions.
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