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Abstract Rhodococcus opacus B-4 cells are adhesive to and
even dispersible in water-immiscible hydrocarbons owing to
their highly lipophilic nature. In this study, we focused on the
high operational stability of thermophilic enzymes and ap-
plied them to a biocatalytic conversion in an organic reaction
medium using R. opacus B-4 as a lipophilic capsule of en-
zymes to deliver them into the organic medium. A novel
thermo- and organic-solvent-tolerant ene reductase, which
can catalyze the enantioselective reduction of ketoisophorone
to (6R)-levodione, was isolated from Geobacillus sp. 30, and
the gene encoding the enzyme was heterologously expressed
in R. opacus B-4. Another thermophilic enzyme which cata-
lyzes NAD"-dependent dehydrogenation of cyclohexanol was
identified from the gene-expression library of Thermus
thermophilus and the gene was coexpressed in R. opacus
B-4 for cofactor regeneration. While the recombinant cells
were not viable in the mixture due to high reaction tempera-
ture, 634 mM of (6R)-levodione could be produced with an
enantiopurity of 89.2 % ee by directly mixing the wet cells of
the recombinant R. opacus with a mixture of ketoisophorone
and cyclohexanol at 50 °C. The conversion rate observed with
the heat-killed recombinant cells was considerably higher than
that obtained with a cell-free enzyme solution, demonstrating
that the accessibility between the substrates and enzymes
could be improved by employing R. opacus cells as a lipo-
philic enzyme capsule. These results imply that a combination
of thermophilic enzymes and lipophilic cells can be a
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promising approach for the biocatalytic production of water-
insoluble chemicals.
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Introduction

The integration of biocatalysts to chemical conversion pro-
cesses is a key technology necessary to promote sustainability
in chemical industries (Bornscheuer et al. 2012). Although a
certain number of water-soluble chemicals have already been
enzymatically produced on a commercial scale, the biocata-
lytic conversion of water-insoluble compounds has applied
with limited success mainly because of the incompatibility of
enzymes with organic solvents. Biocatalytic conversions in
anhydrous organic media have been intensively studied using
lyophilized lipases, esterases, and proteases; however, most of
these enzymes are relatively simple, single-step hydrolytic
enzymes (Akkara et al. 1999; Carrea and Riva 2000;
Klibanov 2001; Hudson et al. 2005). Aqueous/organic (A/O)
two phase bioconversion systems with whole-cell catalysts, in
which a series of enzymes involved in target reactions are
packaged, have often been employed for more complex bio-
catalytic reactions, such as those catalyzed by multi-
component enzymes, cofactor-dependent enzymes, and mul-
tiple enzymes (Schmid et al. 1998; Yamashita et al. 2007a;
Verhoef et al. 2008; Wangrangsimagul et al. 2012). However,
in A/O two phase systems, the mass transfer rate of water-
insoluble substrates from the organic to aqueous phase tends
to be rate limiting, and thus the whole-cell catalysts, which are
resident only in the aqueous phase, often fail to fully exert
their catalytic performance (Hamada et al. 2009).
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The cell envelope of the genus Rhodococcus is dominated
by long-chain 2-alkyl 3-hydroxy fatty acids, the mycolic acids
(Sutcliffe 1998; Paul and Beveridge 1992). Owing to the
lipophilic feature of the mycolate layer, rhodococcal cells
exhibit a high affinity for water-immiscible hydrocarbons
and are even dispersible in anhydrous organic solvents
(Yamashita et al. 2007b; Sameshima et al. 2008; Iwabuchi
etal. 2009) (Online Resource 1). We previously demonstrated
that Rhodococcus opacus B-4 cells can easily access and take
up water-insoluble substrates dissolved in the organic phase of
an A/O two phase bioconversion system (Hamada et al. 2009).
Furthermore, the wet cells of recombinant R. rhodochrous
producing thermophilic alcohol dehydrogenases can be direct-
ly used as a whole-cell catalyst in anhydrous reaction media
(Hibino and Ohtake 2013). Thus, lipophilic bacterial cells can
serve as a ‘capsule’ to deliver enzymes into an organic
medium.

However, although the high accessibility of the lipophilic
cells to an organic solvent can improve the mass transfer rate
of an oil-soluble substrate into the intracellular aqueous phase,
enzymes contained in the lipophilic cells are exposed to higher
levels of denaturing effects of the solvents than those in
hydrophilic ones. Accordingly, for stable operation of a bio-
conversion system in the presence of a bulk amount of organic
solvents, enzymes to be contained in the lipophilic cell capsule
need to have a sufficient tolerance towards the solvents.
Although the detailed mechanisms remain to be clarified,
many thermophilic enzymes have been reported to display
higher tolerance towards denaturants such as detergents and
organic solvents than their mesophilic counterparts (Atomi
2005). On the basis of this premise, we isolated and charac-
terized a novel thermophilic ene reductase from Geobacillus
sp. The enzyme was heterologously produced in R. opacus
B-4 and applied to the enantioselective reduction of
ketoisophorone (3,5,5-trimethyl-2-cyclohexan-1,4-dione) to
(6R)-levodione, which serves as a chiral building block for
the synthesis of enantiomerically pure carotinoids (Kataoka
et al. 2003).

Materials and methods
Microorganisms and cultivation conditions

Microorganisms and plasmids used in this study were listed in
Online Resource 2. Geobacillus sp. 30, which was isolated
from a soil sample collected from the campus of Osaka
University, was aerobically cultivated at 50 °C in a nutrient
medium comprised of 1 % (w/v) polypeptone (BD
Bioscience, San Jose, CA), 0.2 % (w/v) yeast extract (BD
Bioscience), and 0.1 % MgSO,4-7H,0. When necessary, the
medium was solidified with 1.6 % (w/v) gellan gum (Kanto
Kagaku, Tokyo, Japan). Escherichia coli Rosetta2 (DE3) was
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cultivated in LB medium supplemented with 20 pg/ml chlor-
amphenicol. For the cultivation of the recombinant E. coli,
100 pg/ml ampicillin was added to the culture medium.
Isopropyl (3-D-1-thiogalactopyranoside (IPTG) was added to
the late log phase culture at a final concentration of 0.4 mM to
induce gene expression. Cultivation of R. opacus B-4 was
performed in tryptic soy broth (TSB; BD Bioscience).
Tetracycline (20 pg/ml) and chloramphenicol (20 pg/ml) were
used for the cultivation of the recombinant strain. Gene ex-
pression was induced by adding thiostrepton (20 pg/ml) at late
log phase.

Geobacillus sp. 30 and R. opacus B-4 were deposited in the
NBRC culture collection (http://www.nbrc.nite.go.jp/e/index.
html) under the accession numbers of 109974 and 108011,
respectively.

Enzyme assay

The standard assay mixture for the ene reductase comprised
2 mM ketoisophorone (Tokyo Chemical Industry, Tokyo,
Japan), 0.2 mM NADPH, 20 mM bicine-NaOH (pH 8.0),
and an appropriate amount of the enzyme. The mixture with-
out ketoisophorone was preincubated at 50 °C for 2 min. The
reaction was started by the addition of the substrate and the
decrease of NADPH level was determined at 50 °C by mea-
suring the decrease in the absorbance at 340 nm. Similarly, the
activity of the Thermus thermophilus alcohol dehydrogenase
was spectrophotometrically determined at 340 nm. The reac-
tion mixture comprised 2 mM cyclohexanol, 0.2 mM NAD",
20 mM bicine-NaOH (pH 8.0), and an appropriate amount of
the enzyme. The reaction was initiated by the addition of the
substrate and monitored at 50 °C. A molar adsorption coeffi-
cient of 6.2 mM ' cm ™' for NADPH and NADH was used to
estimate the enzyme activity. One unit of enzyme was defined
as the amount catalyzing the oxidation or reduction of 1 pmol
of the redox cofactor per minute. Protein concentration was
measured with the Bio-Rad assay system (Bio-Rad, Hercules,
CA, USA) using bovine serum albumin as the standard.

Enzyme purification from Geobacillus sp. 30

All purification procedures were done at 4 °C in 20 mM
potassium phosphate buffer (pH 7.0).

Step 1. Preparation of cell-free extract

Cells collected from 3 1 culture broth (12.3 g in wet weight)
were suspended in 44 ml of the buffer and disrupted with an
ultrasonicator. After the centrifugation at 12,000xg for
15 min, the supernatant was dialyzed against the same buffer.
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Step 2. Ammonium sulfate fractionation

Solid ammonium sulfate was added to the cell-free extract to
20-60 % saturation. The precipitate was recovered by centri-
fugation at 12,000xg for 15 min, dissolved in the buffer, and
dialyzed against the same buffer.

Step 3. HiTrap Q FF column chromatography

The dialyzed solution was put on a HiTrap Q FF column (GE
Healthcare Japan, Tokyo, Japan) equilibrated with the buffer.
After washing the column with the buffer, the enzyme was
eluted with a linear gradient of NaCl (from 0 to 0.6 M). The
combined active fractions were concentrated by ultrafiltration
using an Amicon Ultra-15 (average cut off, 10,000; Merck
Millipore, Darmstadt, Germany).

Step 4. Superdex-200 HiLoad 16/60 column chromatography

The concentrated enzyme solution was put on a Superdex-200
HilLoad 16/60 column (GE Healthcare Japan), equilibrated
with the buffer containing 0.2 M NaCl. The enzyme was
eluted with 1.2x column volumes (144 ml) of the buffer
containing 0.2 M NaCl. The combined active fractions were
dialyzed against NaCl-free buffer.

Step 5. Mono Q column chromatography

The dialyzed solution was put on a Mono Q 10/100 GL
column (GE Healthcare Japan) and eluted in the same manner
as described in Step 3.

Protein identification

Mass spectrometric identification of the protein was per-
formed as described by Uchiyama et al. (2005). Briefly, pro-
teins were separated by SDS-PAGE and gels containing the
proteins of interests were cut out. Gel pieces were destained
with 50 mM ammonium bicarbonate in 50 % methanol. After
dehydration with acetonitrile, gel pieces were then incubated
in 100 mM dithiothreitol in 100 mM ammonium bicarbonate,
followed by replacement of the dithiothreitol solution with
100 mM iodoacetamide in 100 mM ammonium bicarbonate.
Gel pieces were dehydrated with acetonitrile and dried in a
vacuum dryer. Dried gels were rehydrated with 50 mM am-
monium bicarbonate containing 0.1 pmol ul™" trypsin (Wako
Pure Chemical, Osaka, Japan) and incubated at 37 °C for 16 h.
Digested peptides were eluted with 0.1 % trifluoroacetic acid
in 50 % acetonitrile. The digested peptide solution was ana-
lyzed using an Esquire electrospray ionization MS/MS system
(Bruker Daltonik GmbH, Germany) equipped with a liquid
chromatography system (Agilent Technology, Palo Alto, CA,
USA). Mass data extracted by Hystar Ver 2.3 (Bruker

Daltonik GmbH) were analyzed using Biotools Ver 2.2
(Bruker Daltonik GmbH) employing the MASCOT search
engine.

Genome analysis

The genomic DNA of Geobacillus sp. 30 was isolated using
the Illustra bacteria genomic prep mini spin kit (GE
Healthcare Japan). Whole genome sequencing was done at
Hokkaido System Science Co. (Sapporo, Japan) using illu-
mine MiSeq (Illumina Inc., San Diego, CA, USA) with a pair
end method. A standalone BLAST analysis was performed
using G-InforBio version 1.9 (Tanaka et al. 2006).

Expression and purification of recombinant enzyme

The gene encoding the ene reductase of Geobacillus sp. 30
was PCR-amplified from the bacterial genomic DNA using
the following oligonucleotide primers: 5'-CATATGGAAACG
ATGCTTTTTTCACCG-3" (the Ndel restriction site is
underlined) and 5-GAATTCTTAAAAACGCCATCCTCG
TTC-3' (the EcoRlI restriction site is underlined). The ampli-
fied DNA was digested with Ndel and EcoRI and inserted into
the corresponding restriction sites of pET21a (Merck,
Darmstadt, Germany).

E. coli Rosetta2 (DE3) was used as a host for gene expres-
sion. For protein purification, the recombinant cells were
suspended in 20 mM potassium phosphate buffer (pH 7.0)
and disrupted by ultrasonication. After the removal of cell
debris by centrifugation (4 °C, 12,000xg, 15 min), the super-
natant was heated at 70 °C for 30 min and then centrifuged
again to remove the denatured proteins. The heat-treated
protein solution was applied to a Mono Q 10/100 GL column
and eluted in the same manner as described above.

Screening for cofactor regenerating enzyme

Among the gene-expression library of 7 thermophilus HBS
(Yokoyama et al. 2000), 48 plasmids encoding putative
NAD(P) -dependent dehydrogenases were selected and trans-
formed in E. coli Rosetta 2 (Online Resource 3). Cultivation
of the recombinant cells was performed in a 96-well plate
containing 500 pl of an autoinduction medium (Zhou et al.
2010) in each well. Cells were harvested by centrifugation and
resuspended in 500 pl of 100 mM Tris—HCI (pH 8.0). The cell
suspension was incubated at 50 °C for 30 min and an aliquot
(100 pl) was mixed with an equal volume of assay mixture
comprised of 12 uM 1-methoxy-5-methylphenazinium
methylsulfate (1-methoxy PMS; Dojindo, Kumamoto,
Japan), 300 uM 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltet-
razolium bromide (MTT, Nacalai Tesque, Kyoto, Japan),
2 mM NAD", and 4 mM cyclohexanol. The mixture was kept
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at 50 °C for 30 min, and accumulation of formazan dye was
visually evaluated.

Gene expression in R. opacus

The gene coding for the ene reductase from Geobacillus sp. 30
was amplified by PCR with the oligonucleotide primers,
which were used for the construction of the E. coli expression
vector (see above). After the digestion with Ndel and EcoRI,
the DNA fragment was introduced into the corresponding site
of pTip-QT2 (Nakashima and Tamura 2004). Similarly, the
gene encoding the T thermophilus alcohol dehydrogenase
was PCR-amplified with following primers: 5'-CATA
TGAGGGCCGTGGTCTACAAGGG-3' (the Ndel restriction
site is underlined) and 5'-AGATCTTCAGGGCACGAGGG
CGACCT-3' (the Bg/II restriction site is underlined). The
amplicon was digested with Ndel and Bg/Il and then intro-
duced into pTip-RC2 (Nakashima and Tamura 2004).
Transformation of R. opacus was performed by electropora-
tion as described elsewhere (Yamashita et al. 2007b).

Bioconversion

Wet cells (700 mg) of the recombinant R. opacus were mixed
with 12 pl of 250 mM NADH solution, and suspended in a
mixture of 0.572 g (5.71 mmol, 0.595 ml at 25 °C)
cyclohexanol and 0.108 g (0.71 mmol, 0.105 ml at 25 °C)
ketoisophorone. Alternatively, cell-free extract of the recom-
binant R. opacus was used instead of the cells. Cells (700 mg)
were suspended in 20 mM potassium phosphate (pH 7.0) and
disrupted by ultrasonication. After removing the cell debris by
centrifugation, the supernatant was condensed to 700 pl by
ultrafiltration using Amicon Ultra-15 (average cut off,
10,000). The reaction was performed at 50 °C at a shaking
speed of 1,400 rpm on a thermomixer (Eppendorf, Hamburg,
Germany). Aliquot (40 ul) of samples were intermittently
taken and centrifuged to remove the cells. The organic phase
was diluted with ethyl acetate and subjected to gas chroma-
tography (GC) analysis.

Analytic methods

The enantiomeric excess (ee) of the product and the level of
conversion were determined by GC (Model 14B; Shimadzu,
Kyoto, Japan) equipped with a flame ionization detector and a
[3-cyclodextrin MEGA column (0.25 mmX25 m; Legnano,
Italy). Nitrogen was supplied as the carrier gas at a constant
pressure of 75 kPa. The oven temperature was kept at 50 °C
for 3 min, and then increased from 50 °C to 100 °C at
10 °C/min, from 100 °C to 120 °C at 1 °C/min, and 120 °C
to 200 °C at 20 °C/min. Configuration of levodione produced
by the enzyme reaction was confirmed by comparing its
retention time on the chiral GC analysis with that of (6R)-
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levodione, which was prepared using the old yellow enzyme
from Candida macedoniensis (Kataoka et al. 2002).
Configuration of enzymatically produced 2-methyl cyclohex-
anone was assessed by measuring the CD spectrum using a
J-820 CD spectrometer (Jasco, Tokyo, Japan) and comparing
the polarity of the spectrum with that reported by Cirilli et al.
(2007).

Gene accession number

The nucleotide sequence of the gene encoding the ene reduc-
tase of Geobacillus sp. 30 was deposited in the
DDBJ/GenBank/EMBL database under the accession number
AB900619.

Results
Purification of the ene reductase from Geobacillus sp. 30

Geobacillus sp. 30 was isolated from a soil sample and select-
ed on the basis ofits ability to grow at high temperatures (up to
at least 70 °C) and activity for reducing crotonaldehyde to
butylaldehyde (data not shown). Through the ammonium
sulfate fractionation followed by three-step chromatographic
separations, the ene reductase was 39-fold purified with an
overall yield of 3.0 % (Table 1). SDS-PAGE analysis of the
partially purified enzyme gave two major protein bands with
molecular weights of 101,000 and 37,900 Da (data not
shown). Mass spectrometric analysis and a Mascot database
search of these protein bands revealed that the trypsin-
digested peptide mass values of the upper and lower bands
gave hits with the phosphoenolpyruvate carboxykinase
(g1|312109854; Mascot score, 637) and NADH:flavin oxido-
reductase (gi|312110330; Mascot score, 446) of Geobacillus
sp. Y4.IMC1. NADH:flavin oxidoreductases belong to the
‘old yellow enzyme’ family and many are known to catalyze
the saturation of the C=C double bonds of «,-unsaturated
carbonyl and nitro compounds (Stuermer et al. 2007; Williams
and Bruce 2002). These results strongly implied that the
protein with a subunit molecular weight of 37,900 Da was
the enzyme of interest. The elution profile of the crude en-
zyme solution from the Superdex 200 gel filtration column
indicated that the protein with the ene reductase activity has an
apparent molecular weight of approximately 114,000 Da, sug-
gesting that the enzyme has a homotrimer or homotetramer
organization (Fig. 1).

Gene identification and expression in E. coli
Whole genome analysis of Geobacillus sp. 30 gave draft

sequences comprising 53 contigs with a total contig length
0f 3,913,363 bp. A TBLASTN search of the draft sequences
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Table 1 Purification of the ene reductase from Geobacillus sp. 30

Step Total protein ~ Total activity ~ Specific activity
(mg) )] (Umg ")

Cell-free extract 227 10.0 0.0442

Ammonium sulfate  50.1 1.85 0.0369
fractionation

HiTrap Q 6.42 225 0.351

Superdex 200 0.305 0.376 1.23

Mono Q 0.175 0.303 1.73

using the amino acid sequence of the NADH:flavin oxidore-
ductase of Geobacillus sp. Y4.IMCI1 as query led to the
identification of the gene encoding a 340-amino acid protein
with 93 % overall identity to the query sequence. The calcu-
lated molecular weight of the encoded protein was 37,881 Da.
The deduced amino acid sequence of the gene exhibited high
similarities to those of enzymologically characterized thermo-
philic old yellow enzymes from Geobacillus kaustophilus
DSM7263 (87 % in overall identity) (Schittmayer et al.
2011) and Thermoanerobacter pseudethanolicus E39 (52 %)
(Adalbjornsson et al. 2010). The gene coding for the protein
was cloned and expressed in E. coli, which yielded an active
enzyme accounting for 1.15 % of the total protein in the cell
extract. The recombinant protein was purified by heat treat-
ment at 70 °C for 30 min followed by anion exchange and gel
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Fig. 1 Elution profile of the ene reductase from the Superdex 200 gel
filtration column. A partially purified enzyme solution (9 ml with a total
protein concentration of 14 pg ml ") was put on Superdex-200 HiLoad
16/60 and eluted with a potassium phosphate buffer containing 0.2 M
NaCl. The elution profile monitored at 280 nm is shown with a black line.
The enzyme activities in the fractionated eluents (3 ml each) are shown as
gray bars. The dotted line indicates the elution profile of the standard
molecular weight marker (Oriental Yeast, Osaka, Japan), which consists
of horse heart cytochrome ¢ (molecular weight 12,400 Da), yeast
myokinase (32,000 Da), yeast enolase (67,000 Da), pig heart lactate
dehydrogenase (140,000 Da), and yeast glutamate dehydrogenase
(290,000 Da). Inset: the semilogarithmic plot of the elution volume and
the molecular weight of each protein

filtration column chromatography. The enzyme was enriched
56.7-fold with a 65.2 % yield and gave a single homogenous
band on SDS-PAGE (data not shown). The purified recombi-
nant enzyme was used for the characterization.

Effects of pH and temperature

Figure 2a shows the effects of pH on the activity of the
Geobacillus ene reductase. The pH profile of the enzyme gave
a broad peak in the range of pH 6.0-10.0. However, the
enzyme showed no detectable activity at pH 5.0 or lower.
The maximum enzyme activity was observed in bicine-
NaOH buffer at pH 8.0. The effect of the reaction temperature
is shown in Fig. 2b. The enzyme activity increased up to a
temperature of 70 °C and then steeply decreased, most prob-
ably due to the thermal inactivation of the enzyme. This result
was consistent with the thermal profile of the cyclohexanone
desaturating activity of the old yellow enzyme from
G. kaustophilus DSM7263 (Schittmayer et al. 2011).

Enzyme stability

The thermal stability of the enzyme was assessed by incubat-
ing the enzyme at temperatures of 50 °C, 60 °C, and 70 °C
(Fig. 3). Although the maximum activity was observed at
70 °C (Fig. 2b), the enzyme was almost completely
inactivated by incubation for 2 h at this temperature. At
50 °C, the enzyme could retain more than 75 % of its initial
activity for at least 8 h. Effects of organic solvents on the
enzyme stability were investigated using water-miscible
(methanol and dimethyl sulfoxide) and water-immiscible
(cyclohexanol and cyclohexane) solvents (Fig. 4a). Overall,
enzyme activity decreased in a dose-dependent fashion when
the volumetric ratio of the organic solvents was increased,
however more than 60 % of the initial activity could be
retained for at least 12 h in the presence of 20 % (v/v) of the
organic solvents. No significant relationship could be ob-
served between the water miscibility of the solvents and their
denaturation effects on the enzyme. We also assessed the
synergistic effects of high temperature and the presence of
an organic solvent. When the enzyme was incubated for 24 h
at 50 °C with 50 % (vol/vol) cyclohexanol, the enzyme
activity decreased to about 50 % of the initial activity
(Fig. 4b). Furthermore, we investigated the ethanol tolerance
of the enzyme under the experimental conditions described by
Adalbjornsson et al. (2010) for the comparative analysis of the
solvent tolerance of the Geobacillus enzyme with that of a
mesophilic counterpart. The enzyme could retain more than
85 % of the activity after the incubation in 80 % ethanol at
25 °C for 5 min. This value was comparable to the residual
activity of the thermotolerant ene reductase from
T pseudethanolicus (approximately 80 %) and markedly
higher than that of the mesophilic one from Enterobacter
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Fig. 2 Effects of pH (a) and temperature (b) on the activity of the
Geobacillus ene reductase. Enzyme assays were performed under the
standard assay conditions at the indicated pH and temperature. Sodium
citrate (circle), potassium phosphate (diamond), bicine-NaOH (square),
and borate-NaOH (triangle) buffers were used to adjust pH.

cloacae (under the detectable level) (Adalbjornsson et al.
2010).

Substrate and cofactor specificity

Members of the old yellow enzyme family typically catalyze
the saturation of C=C double bonds of «,[3-unsaturated ke-
tones, aldehydes, nitroalkenes, carboxylic acids, and their
derivatives (Stuermer et al. 2007; Williams and Bruce 2002).
As expected, the ene reductase from Geobacillus sp. 30 also
catalyzes the reduction of cyclic and linear alkenes having
carbonyl and nitro groups (Table 2). The 2-position methylat-
ed «,B-unsaturated cyclic ketones served as good substrates
of the enzyme. On the other hand, neither 3-methyl 2-
cyclohenxene-1-one nor isophorone were substrates, implying

100
S
>
s 75
(o]
©
E
[2]
o
2 25
©
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o
0

0 2 4 6 8

Incubation time (h)

Fig. 3 Thermal stability of the Geobacillus ene reductase. The enzyme
was incubated in bicine-NaOH buffer (pH 8.0) at 50 (diamond), 60
(square), and 70 °C (triangle), and then subjected to the standard assay
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that the enzyme could not accept 3-methylated ketones. The
Geobacillus ene reductase preferably used NADPH as a re-
ducing cofactor. However, similar to other old yellow en-
zymes (Williams et al. 2004), the cofactor specificity of the
Geobacillus enzyme was not very strict and the enzyme
showed comparable levels of activities with both NADH
and NADPH. This feature is important for applications of
thermophilic enzymes since the thermal stability of NADH
is significantly higher than that of NADPH (Morimoto et al.
2014). As well as the saturation of ene compounds, the en-
zyme catalyzed NAD(P)H-dependent reduction of O, (oxida-
tion of NAD(P)H) under aerobic conditions to produce H,O,.
The specific NADH and NADPH oxidase activities of the
enzyme were estimated to be 2.13 and 2.91 U mg ™' protein
under the standard assay conditions.

The enantioselectivity of the enzyme was assessed with the
reduction products of 2-methyl 2-cyclohenxene-1-one and
ketoisophorone. The enantiomeric excess of the enzymatically
prepared 2-methyl cyclohexanone and levodione were esti-
mated to be 96.0 % ce (for R-isomer) and 88.1 % ece (for
R-isomer), respectively.

Screening for cofactor regenerating enzyme

Coupling with a second dehydrogenase, which can regenerate
NAD(P)H through a NAD(P) -dependent dehydrogenation of
inexpensive substances, is crucial for bioreductive production of
chiral compounds from prochiral substrates (Kataoka et al.
2003). Although several thermophilic NAD(P) -dependent de-
hydrogenases involving 6-phosphogluconate dehydrogenase
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Fig.4 Effects of organic solvents on the enzyme stability. a The enzyme
was incubated at 30 °C for 12 h with shaking at 1,400 rpm in the presence
of 5 % (black bars), 10 % (gray bars), and 20 % (v/v) (White bars) of
organic solvents. Relative activities were shown as percentages of the
activity without the solvent treatment. b The enzyme was incubated with
(square) and without (diamond) 50 % (v/v) cyclohexanol at 50 °C and a
shaking speed of 1,400 rpm
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Table 2 Substrate and cofactor specificity of the enzyme

Substrate K., (mM) ? ke s H® kel Kin (s ' mM ) ® Enantiopurity (% ee) °
2-Cyclopenten-1-one 0.608 2.72 4.46 -
2-Cyclohexen-1-one 0.922 11.0 11.9 -
2-Methyl-2-cyclopenten-1-one 0.365 0.721 1.98 not determined
2-Methyl-2-cyclohexen-1-one 1.48 5.22 3.53 96.0
1-Nitro-1-cyclohexene 0.125 4.55 36.4 -
Crotonaldehyde 2.01 4.80 2.39 -
3-Butene-2-one 0.201 11.4 56.8 -
Ketoisophorone 2.38 6.42 2.70 88.1
(R)-(—)-Carvone 0.359 6.86 19.1 not determined
Citraconic acid 6.48 84.3 13.0 not determined
NADPH ¢ 0.0259 6.02 233 -

NADH ° 0.0273 3.85 141 -

The following compounds did not serve as substrates: 3-methyl-2-cyclopenten-1-one, 3-methyl-2-cyclohexen-1-one, isophorone, crotonic acid, citral

#Kinetic parameters were determined using the Lineweaver-Burk plot

® Enantiopurities were determined for the reaction products obtained by incubating approx. 75 U of the enzyme with 20 mM of each substrates and

NADPH at 50 °C for 60 min

¢ Kinetic parameters for the cofactors were determined by the enzyme assays with 2 mM ketoisophorone and varied concentrations of each cofactor

(Wang and Zhang 2009), glycerol dehydrogenase (Yao and
Mikkelsen 2010), and lactate dehydrogenase (Wichmann and
Vasic-Racki 2005), have been reported, their substrates are
soluble only in water and not in organic reaction media. This
limitation led us to search for another enzyme which is
capable of catalyzing the NAD(P) -dependent oxidation of
an inexpensive, non-volatile, and oil-miscible substrate,
cyclohexanol. The colorimetric screening of 48 putative
NAD(P)H-dependent dehydrogenases involved in the
T thermophilus gene-expression library (Yokoyama et al.
2000) resulted in the identification of two NAD"-dependent
dehydrogenases, the putative zinc-binding dehydrogenase
(g1/55980369), and the Type II 3-hydroxyacyl-CoA dehydro-
genase (gi|55772073), as possible candidates for cofactor re-
generation with cyclohexanol (Online Resource 3). The genes
encoding these dehydrogenases were cloned and expressed in
R. opacus B-4. Although the recombinant E. coli having the
zinc-binding dehydrogenase showed higher specific activity
than that having the 3-hydroxyacyl-CoA dehydrogenase, the
use of R. opacus as the expression host gave opposite results
probably as a result of the difference in the codon usage
biases between E. coli and R. opacus. On the basis of this
observation, the hydroxyacyl-CoA dehydrogenase, designated
as TtADH, was used for further study. The deduced amino
acid sequence of TtADH showed 52 % identity with that of
the alcohol dehydrogenase from Thermus sp. ATN1, of which
cyclohexanol can serve as a good substrate (Hollrigl et al.
2008). The reductive activities of TtADH toward
ketoisophorone and levodione were under the detectable level
(data not shown).

Expression in R. opacus and the bioconversion assay

The Geobacillus ene reductase and 7tADH were coexpressed
in R. opacus B-4 using a pair of compatible expression plas-
mid vectors (Nakashima and Tamura 2004). The specific
activities of the Geobacillus ene reductase and 7tADH in the
crude extract of the recombinant R. opacus B-4 were 113 and
16.7 mU mg ' protein, respectively. Whole-cell bioconver-
sion was performed by directly suspending the recombinant
cells (700 mg in wet weight) in a 1.0 M ketoisophorone
solution (approx. 700 pl) dissolved in cyclohexanol.
R. opacus B-4 cells can retain metabolic activity and survive
in non-aqueous solvents for at least 1 day at 30 °C (Yamashita
et al. 2007a). However, no colony formation was observed
when the cells suspended in cyclohexanol (approximately 2 x
10° colony-forming unit ml™") were plated on a TSB agar after
the incubation at 50 °C for 30 min, indicating that cells were
not viable under the reaction conditions described herein
because of the high temperature (data not shown). NADH
was employed as the redox cofactor as it is more thermally
stable than NADPH. When the reaction was performed with
varied amounts of exogenous NADH, the conversion rate
improved in a dose-dependent manner (Online Resource 4).
This implies that the exogenous NADH could access the
enzymes through the cell envelope. Owing to the high tem-
perature and the organic-solvent stress, the cell membrane
structure of R. opacus may be partly disrupted, resulting in
diffusion of the cofactor through the cell envelope. The bio-
conversion was also conducted with an aqueous enzyme
solution. An equal amount of the recombinant cells
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(700 mg) was disrupted by ultrasonication. The resulting
crude extract was condensed to 700 pl by ultrafiltration and
then used as the catalyst. Obviously, the conversion rate
obtained with the cell-free enzyme solution (0.228 pmol
min ' for the initial 3 h) was lower than that observed in the
whole-cell-mediated reaction (1.06 pmol min™") (Fig. 5). The
lower conversion rate observed with the enzyme solution
seemed to have resulted from the loss of enzyme activity in
the cell disruption and enzyme condensation steps. In fact, we
found that approximately 5 % of the enzyme was lost by the
ultracentrifugation. However, when the whole cells and en-
zyme solution were subjected to an ‘aqueous’-single-phase
reaction with water-soluble concentrations of the substrates
(100 mM each of ketoisophorone and cyclohexanol), the cell-
free enzyme solution gave 3.3 times higher conversion rate
(35.0 pmol min ™' for the initial 10 min) than the whole cells
(10.6 pmol min ") (Fig. 6). These observations indicated that
the higher conversion rate obtained with the whole cells in the
anhydrous substrate mixture was most likely attributed to
better accessibility between the substrates and enzyme mole-
cules but not to the difference in the enzyme titer. On the other
hand, in the aqueous reaction mixture, penetration of the
substrates and/or the cofactor through the cell membrane
might be a limiting factor of the whole-cell catalyst, therefore
yielding a lower conversion rate than the cell-free enzyme
solution. In the whole-cell bioconversion, 634 mM of
levodione could be produced by 24 h. The NADH turnover
number was calculated to be 53. Although the enantiopurity of
the product gradually decreased, it was maintained at 89.2 %
ee after a 24-h reaction.

Discussion

Use of organic solvents as reaction media for biocatalysis has
the potential to greatly expand the repertoire of enzymatic and
microbial production of value-added chemicals. Organic-
solvent-tolerant microorganisms have attracted considerable

Fig. 5 Bioconversion of a
ketoisophorone to (6R)-levodione
with the wet cells (a) and the cell- 10

free extract (b) of recombinant
R. opacus. Concentrations of

ketoisophorone (diamond) and s 08
(6R)-levodione (square) are _§ 06
shown as those in the organic [
phase. The enantiopurity of the &
product (triangle) was determined § 0.4

by gas chromatography 02

attention as a promising tool to develop a biocatalytic conver-
sion system in the presence of a large volume of organic
solvents (Verhoef et al. 2008; Yamashita et al. 2007a;
Wangrangsimagul et al. 2012; Blank et al. 2008). However,
the tolerance of these microorganisms to organic solvents is
largely attributed to their abilities to prevent the influx of
cytotoxic solvents into the cells using their molecular machin-
eries, including the active efflux of solvents from cell mem-
branes, and the cis—trans isomerization of membrane fatty
acids (Neumann et al. 2005; Ramos et al. 1998). Therefore,
there seems to be a fundamental contradiction in the
application of organic-solvent-tolerant microorganisms to
the bioconversion of oil-soluble substrates. Whereas they
exhibit excellent metabolic stability under organic-solvent-
stress conditions, the conversion rate is only modest be-
cause of the poor accessibility between their intracellular
enzymes and the substrates (Hamada et al. 2009). Several
attempts have been made to promote the interaction be-
tween microbial cells and oil-soluble substrates, such as
the immobilization of metabolically active cells in
surfactant-mediated water-in-oil reverse micelles (Haring
et al. 1985; Pfammatter et al. 1989; Stefan et al. 2003),
and the development of a continuous bioreactor with
engineered catalytic biofilms (Gross et al. 2013).

The solvent dispersibility of lipophilic bacterial cells would
provide an alternative method to increase the accessibilities of
microbial cells to organic solvents. The wet cells of R. opacus
B-4 and related strains are dispersible in water-immiscible
hydrocarbons in the form of small cell aggregates without
any special pretreatment (Yamashita et al. 2007a; Iwabuchi
et al. 2009; Hibino and Ohtake 2013). This feature provides a
large specific interfacial area between the organic phase and
the catalytic cells, and thus enables a high mass transfer rate of
the oil-soluble substrates into the cells. In this study, we
demonstrated that a considerably higher conversion rate can
be achieved with a lipophilic whole-cell catalyst than that
observed in the A/O two-phase reaction with the aqueous
enzyme solution (Fig. 5).

Reaction time (h)
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Fig. 6 Conversion rates in the aqueous reaction mixture with whole cells
and the cell-free extract of the recombinant R. opacus. Either 5 mg of the
wet cells (diamond) or 50 pl of the cell-free extract (square), which was
prepared from 5 mg of the wet cells, was incubated in a reaction mixture
(1 ml) comprised of 1 mM NADH, 100 mM ketoisophorone, 100 mM
cyclohexanol, and 20 mM bicine-NaOH (pH 8.0). The reaction was
performed at 50 °C with shaking (1,400 rpm) and the concentrations of
levodione were determined by GC analysis

Employment of an enzyme with sufficient organic-solvent
tolerance is a key issue for developing a stable bioconversion
system in organic-reaction media. Several organic-solvent-
tolerant microorganisms are known to produce extracellular
lipolytic enzymes with a high tolerance to organic solvents
(Doukyu and Ogino 2010). However, as described above, the
microbial solvent tolerance is often attributed to the ability of
their molecular apparatus to prevent the solvent influx.
Therefore, unlike the relationship between the growth temper-
ature of microorganisms and the thermal stabilities of their
enzymes, it is not reasonable to expect a positive correlation
between the solvent tolerances of microorganisms and their
intrinsic enzymes. In this study, we focused on the excellent
operational stabilities of thermophilic enzymes and screened
for thermophiles with an ene reductase activity. Many ther-
mophilic enzymes are known to be tolerant to organic-solvent
stresses (Owusu and Cowan 1989), and activities of some
thermophilic enzymes are even improved with organic sol-
vents (Pennacchio et al. 2008). In fact, Adalbjérnsson et al.
(2010) reported that the thermostable ene reductase of
T pseudethanolicus showed significantly higher tolerance to
ethanol than a mesophilic counterpart derived from
Enterobacter cloacae. As expected, the Geobacillus ene re-
ductase identified in the present study also exhibited a good
tolerance to water-miscible and -immiscible organic solvents
at moderate and high temperatures. Moreover, another ther-
mophilic enzyme, which catalyzes the NAD"-dependent de-
hydrogenation of cyclohexanol, was identified from the gene-
expression library of T thermophilus. The employment of
TtADH as a cofactor regenerator enabled us to develop a
remarkably simple bioconversion system; except for the

catalytic amount of NADH, the reaction mixture of this sys-
tem was only comprised of the substrates and catalytic cells.

Since the identification of the first flavin-dependent en-
zyme, numerous studies have been carried out on the struc-
tural and functional characterization of the old yellow enzyme
family proteins. Although their physiological role still remains
to be elucidated, the members of the old yellow enzyme
family are known to catalyze the enantioselective reduction
of a wide range of activated «,(-unsaturated alkenes
(Stuermer et al. 2007; Williams and Bruce 2002; Kataoka
et al. 2002). In particular, reduction of ketoisophorone has
been well studied owing to the industrial importance of the
product, (6R)-levodione, as a chiral building block for the
synthesis of stereochemically pure carotinoids (Wada et al.
2003; Kataoka et al. 2004). However, the enzymatic reduction
of ketoisophorone often suffers from the low enantiopurity of
the product because of the spontaneous racemization of
levodione in aqueous reaction media particularly at high tem-
perature (Adalbjornsson et al. 2010; Fryszkowska et al. 2009).
Although the enantiopurity of the product can be markedly
improved by reducing the reaction time (thereby reducing
substrate/water exposure time), this limitation often leads to
an insufficient product titer. By contrast, in this study, both
high concentration and high enantiopurity of the product
could be achieved because of the elimination of aqueous
reaction media.

Elimination of aqueous reaction media can offer practical
advantages over conventional A/O two-phase bioconversion
systems, such as less reaction volume, higher substrate loads,
higher transfer rates of the substrate from the organic media to
catalytic cells, simplified downstream processes for product
recovery, and mitigation of water-mediated side reactions.
Combination of thermophilic enzymes and lipophilic micro-
organisms is a promising approach for applications of a vari-
ety of enzymes to the bioconversion of water-insoluble
chemicals.
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