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Abstract Enzyme fusion was investigated as a strategy to
improve productivity of a two-step whole-cell biocatalysis.
The biotransformation of long-chain sec-alcohols into esters
by an alcohol dehydrogenase (ADH) and Baeyer—Villiger
monooxygenases (BVMOs) was used as the model reaction.
The recombinant Escherichia coli, expressing the fusion en-
zymes between the ADH of Micrococcus luteus NCTC2665
and the BVMO of Pseudomonas putida KT2440 or
Rhodococcus jostii RHA1, showed significantly greater bio-
conversion activity with long-chain sec-alcohols (e.g., 12-
hydroxyoctadec-9-enoic acid (1a), 13-hydroxyoctadec-9-
enoic acid (2a), 14-hydroxyicos-11-enoic acid (4a)) when
compared to the recombinant E. coli expressing the ADH
and BVMOs independently. For instance, activity of the re-
combinant E. coli expressing the ADH-Gly-BVMO, in which
glycine-rich peptide was used as the linker, with 1a was in-
creased up to 22 pmol g dry cells ' min'. This value is over
40 % greater than the recombinant E. coli expressing the ADH
and BVMO independently. The substantial improvement ap-
peared to be driven by an increase in the functional expression
of the BVMOs and/or an increase in mass transport efficiency
by localizing two active sites in close proximity.
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Baeyer—Villiger monooxygenase - Alcohol dehydrogenase
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Introduction

Biocatalysis is widely used to synthesize a variety of mole-
cules covering natural and unnatural compounds (Balke et al.
2012; Bornscheuer et al. 2012; Holtmann et al. 2014; Ladkau
etal. 2014; Lee et al. 2012; Lin et al. 2014; Zhao et al. 2013).
In particular, multistep enzyme biotransformations allow not
only synthesis of structurally complex molecules but also sim-
plification and intensification of the biocatalytic processes
avoiding the expensive isolation of intermediates (Ladkau
etal. 2014; Lopez-Gallego and Schmidt-Dannert 2010). How-
ever, performance of multistep biocatalysis, especially multi-
step whole-cell biocatalysis, may suffer from difficulty in
functional expression and/or low stability of some of the en-
zymes involved resulting in undesired accumulation of reac-
tion intermediates and thereby reduced productivity and yield
of the final products.

Herein, we investigated an approach to attenuate or over-
come the imbalance problems in activity of the catalytic en-
zymes via a two-step biocatalysis. We used molecular fusion
of the enzymes via covalent linkage, which are present in
serial order for the two-step biocatalysis. Fusion with the sol-
uble peptides and/or proteins may enhance functional expres-
sion of the counterpart enzymes (Chen et al. 2013; Zhang et al.
2009). Furthermore, enzyme fusion is expected to improve
protein—protein interactions, which may increase cascade bio-
transformation rates of the rather large and insoluble sub-
strates either by channeling intermediates between enzymes
or by localizing two active sites in close proximity.

Baeyer—Villiger monooxygenases (BVMOs) are oxidative
enzymes that catalyze the Baeyer—Villiger oxidations and
sulfoxidations with high chemoselectivity, regioselectivity,
and enantioselectivity (Balke et al. 2012; de Gonzalo et al.
2010; Orru et al. 2011). Since a variety of aldehydes and
(a)cyclic ketones could be converted into their corresponding
esters and lactones, BVMOs are interesting candidates for
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various synthetic applications (de Gonzalo et al. 2010;
Holtmann et al. 2014; Pazmino et al. 2009). However, a num-
ber of BVMO-encoding genes cloned were difficult to be
overexpressed in a functional form in conventional microbial
biocatalysts (e.g., Escherichia coli, Saccharomyces
cerevisiae) (Cheesman et al. 2001; Kirschner et al. 2007,
Lee et al. 2004; Rehdorf et al. 2007; van Beek et al. 2014).

Alcohol dehydrogenases (ADHs) are a group of dehydro-
genase enzymes that catalyze the interconversion between al-
cohols and aldehydes or ketones. Since the enzymes are able
to catalyze formation of a variety of ketones, which are the
substrates of the BVMOs, the ADH reactions can be coupled
with the BVMO to generate the industrially relevant carboxyl
synthons (Bisogno et al. 2010; Mallin et al. 2013; Oberleitner
etal. 2013; Rioz-Martinez et al. 2010; Song et al. 2013; Staudt
etal. 2013). For instance, serial reaction of hydroxy fatty acids
(e.g., ricinoleic acid, lesquerolic acid) with the ADH from
Micrococcus luteus NCTC2665 and the BVMO from Pseu-
domonas putida KT2440 led to formation of esters, which can
be converted into w-hydroxycarboxylic acids and n-alkanoic
acids (Song et al. 2013). e-Caprolactone could be produced
from cyclohexanol through the coupled reaction of an ADH
and a BVMO with efficient internal cofactor recycling (Mallin
et al. 2013; Staudt et al. 2013).

The ADHs are usually easier to be overexpressed in a func-
tional form in microbial cells when compared to the BVMOs.
For example, a secondary ADH from M. luteus NCTC2665
was overproduced in functional form in E. coli cells and stable
under reaction conditions (Figs. S1 and S2 in the Supporting
Information). Thereby, a protein fusion between the BVMOs
from P, putida KT2440 (Rehdorf et al. 2007) or Rhodococcus
Jjostii RHA1 (Szolkowy et al. 2009) and the ADH of M. luteus
was investigated with an aim to increase functional expression
and activity of the BVMOs under reaction conditions. The
model reaction was the biotransformation of sec-alcohols
(1a—7a) into the esters (1c—7¢), which can be hydrolyzed to
w-hydroxycarboxylic acids and n-alkanoic acids (Song et al.
2013) (Fig. 1).

Materials and methods
Microbial strains and culture media

Recombinant E. coli BL21(DE3), expressing the ADH and
BVMO independently or the ADH-BVMO fusion enzymes,
was cultivated in Riesenberg medium, which was supplement-
ed with 10 g L™" glucose and the appropriate antibiotics for
plasmid maintenance (Table S1). The Riesenberg medium
consisted of 4 g L' (NH,),HPO,, 13.5 g L' KH,PO,,
1.7 g L™! citric acid, 1.4 g L' MgSO,, and 10 mL L' trace
metal solution (10 g L™ FeSO,, 2.25 gL' ZnSO,4, 1.0 g L™!
CuSO,, 0.5 g L' MnSO,, 023 g L' Na,B,0,, 20 gL'

@ Springer

CaCl,, and 0.1 g L! (NH4)sMo0,0,4. Recombinant E. coli
BL21(DE3) pACYC-ADH, expressing the ADH only, was
cultivated in lysogeny broth (LB) medium. Expression of
the ADH was induced by adding 0.1 mM isopropyl 3-D-1-
thiogalactopyranoside (IPTG) into the culture broth at the ear-
ly exponential phase.

Reagents

Ricinoleic acid, linoleic acid, 5-hydroxydecanoic acid, n-
heptanoic acid, and palmitic acid were purchased from Sig-
ma-Aldrich. Lesquerolic acid methyl ester was purchased
from Santa Cruz Biotechnology. 12-Hydroxystearic acid, 10-
hydroxystearic acid, and other carboxyl products were puri-
fied in our lab as described previously (Song et al. 2013).

Gene cloning

The pACYC-ADH/BVMO used for the independent expres-
sion of ADH and BVMO was constructed via PCR of the
BVMO gene of P. putida KT2440 from pJOE-KT2440
(Rehdorf et al. 2007). The BVMO ndel F and
BVMO pvul R (Table S2 in the Supporting Information)
were used as the forward and reverse primers, respectively.
The resulting fragments were inserted into the Ndel-Pvul site
of pACYC-ADH (Song et al. 2013). The fusion gene
encoding the ADH-BVMO fusion enzyme (Table 1) was syn-
thesized via PCR of the ADH part with ADH 001 F and
ADH_001 R as the forward and reverse primers, respectively
(Table S2 in the Supporting Information). The BVMO part
was amplified with BVMO_001 F and BVMO 001 R as
the forward and reverse primers. Afterward, the two fragments
were fused via isothermal assembly PCR (Gibson et al. 2009)
and inserted into the EcoRI-Hind1l site of pACYC-duet vec-
tor. The fusion genes encoding the ADH-FOM-BVMO and
ADH-Gly-BVMO (Table 1) were synthesized via two-step
PCR. The first-step PCR for construction of the ADH-FOM-
BVMO was carried out with ADH 001 Fand ADH 101 R1
as the forward and reverse primers using pACYC-ADH as
template. The resulting fragment was used as the template of
the second-step PCR with the primers ADH 001 F and
ADH 101 _R2. The BVMO part was also synthesized via
two-step PCR, but using the different primers (i.e.,
BVMO 101 _F1 and BVMO 001 R for the first step and
BVMO 101 _F2 and BVMO 001 R for the second step). Af-
terward, the two fragments were fused via isothermal assem-
bly PCR and inserted into the EcoRI-Hindlll site of pACYC-
duet vector. The first-step PCR for construction of the ADH-
Gly-BVMO was carried out with the primers ADH 001 F
and ADH 201 R1 using pACYC-ADH as template. The
resulting fragment was used as the template of the second-
step PCR with the primers ADH_001 F and ADH_ 201 R2.
The BVMO part was also synthesized via two-step PCR, but
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using the different primers (i.e., BVMO 201 F1 and
BVMO 001 R for the first step and BVMO 201 F2 and
BVMO 001 R for the second step). Afterward, the two frag-
ments were fused via isothermal assembly PCR and inserted
into the EcoRI-HindIll site of pACY C-duet vector.

The pACYC-ADH/MO16 used for the independent expres-
sion of ADH and MO16 was synthesized via PCR of the
MOI16 gene of R. jostii RHA1 from pET-MO16 (Szolkowy
et al. 2009). The MO16 ndel F and MO16 ndel R

Table1 Effect of linkers on the bioconversion activity toward 1a using

ADH-BVMOp, usiaq fusion enzymes

Enzymes Linker Ketone  Ester
1b (%) 1c (%)

ADH/BVMO* - 26+2 44+3

ADH-BVMO® 83+0.8 55+3

ADH-FOM-BVMO FOM (fatty acid [3-oxidation 7.3+0.6 53+3

multienzyme) linker (30)°
ADH-Gly-BVMO  Glycine-rich 1.5+0.1 78+6

linker (12)°

The recombinant E. coli expressing the ADH of M. luteus NCTC2665
and the BVMO of P. putida KT2440 independently or the ADH-
BVMOg usida fusion enzymes was used as the biocatalyst. The biotrans-
formations were carried out for 9 h at the stationary growth phase of the
E. coli in the Riesenberg medium (E. coli concentration, 3 g dry cells
L"). Substrate 1a was added to a concentration of 10 mM to the medium
(pH 8, 35 °C, 200 rpm). Composition of products was measured by GC-
MS analysis. The experiments were performed in triplicate

# ADH and BVMO were expressed independently without protein fusion
® ADH and BVMO were linked directly without any linker peptide

“Numbers of amino acids in the linker peptides. The FOM linker
consisted of SASNCLIGLFLNDQELKKKAKVYDKIAKDV. The
glycine-rich linker was composed of SGGSGGSGGSAG

(Table S2) were used as the forward and reverse primers, re-
spectively. The resulting fragments were inserted into the Ndel
site of pACYC-ADH. The fusion gene encoding the ADH-
MO16 fusion enzyme was constructed via PCR of the ADH
part with ADH 300 F and ADH 300 R as the forward and
reverse primers, respectively (Table S2). The MO16 part was
amplified with the forward and reverse primers MO16 001 F
and MO16 001 R. Afterward, the two fragments were fused
via isothermal assembly PCR and inserted into the HindIll site
of pACYC-duet vector. The fusion gene encoding ADH-
FOM-MO16 was constructed via PCR of the ADH part with
the forward and reverse primers ADH 300 F and
ADH 301 R using the pACYC-ADH-FOM-BVMO as tem-
plate (Table S2). The MO16 part was amplified with the for-
ward and reverse primers MO16 101 _F and MO16 001 R
using pET-MO16 as template. Afterward, the two fragments
were fused via isothermal assembly PCR and inserted into the
Hindl1l site of pACY C-duet vector. The fusion gene encoding
ADH-Gly-MO16 was synthesized via PCR of the ADH part
with the forward and reverse primers ADH 300 F and
ADH 302 R using the pACYC-ADH-Gly-BVMO as tem-
plate (Table S2). The MO16 part was amplified with the for-
ward and reverse primers MO16 201 F and MO16 001 R
using pET-MO16 as template. Afterward, the two fragments
were fused via isothermal assembly PCR and inserted into the
Hindll site of pACYC-duet vector.

Purification of ADH

The enzymes were purified via affinity chromatography on a
Ni-NTA gel matrix (Qiagen, Crawley, UK), after cultivation of
the recombinant E. coli BL21(DE3) pACYC-ADH in the LB
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medium and cell lysis by sonication. A column filled with
3 mL of Ni-NTA resin was equilibrated with 15 volumes of
buffer containing 20 mM Tris, 500 mM NaCl, and 5 mM im-
idazole, and the supernatant was loaded onto the column. The
column was washed with 10 volumes of wash buffer contain-
ing 20 mM Tris, pH 8.0, 500 mM NacCl, and 20 mM imidazole.
The proteins were then eluted by increasing the imidazole con-
centration to 0.3 M. Fractions containing the recombinant pro-
teins were pooled and dialyzed to remove imidazole.

Activity assay of ADH

The ADH activity was evaluated as described previously
(Niehaus et al. 1978). In brief, the activity of the ADH was
measured on a basis of reduction rate of NAD", thereby in-
crease of observance at 340 nm at 30 °C in the presence of 10-
hydroxystearic acid as the substrate. The reaction was initiated
by adding 0.4 uM ADH into 50 mM sodium pyrophosphate
buffer (pH 9.0) containing 0.2 mM 10-hydroxystearic acid
and 0.25 mM NAD™.

Protein electrophoresis

Cell lysates were prepared using a bacteria cell lysis buffer
supplemented with protease inhibitor cocktail (Roche, Zurich,
Switzerland). Whole-cell lysates prepared from cell broth (OD
5) were run on 9 % sodium dodecyl sulfate-polyacrylamide
gels (SDS-PAGE), and the proteins were stained with
Coomassie Brilliant Blue R-250.

Whole-cell biotransformation

Biotransformation with recombinant E. coli cells was con-
ducted on the basis of our previous work (Jang et al. 2014).
In brief, the recombinant E. coli cells were cultivated in
Riesenberg medium at 30 °C. Expression of the recombinant
genes was induced at 16 °C by adding 0.1 mM isopropyl-3-D-
thiogalactopyranoside (IPTG). After cell growth reached at
the stationary growth phase (ca. 3 g dry cells L"), the culture
pH was adjusted to 8.0 with 1 N NaOH and the reaction
substrate was added to 5 or 10 mM in the medium. Tween
80 was also added to 0.5 g L' The reaction was incubated at
35 °C and 200 rpm in shaking incubator.

Product analysis by GC/MS

Concentrations of remaining hydroxy fatty acids and accumu-
lating fatty acid products in the medium (i.e., ketone b and
ester ¢ or d) were determined as described previously (Song
et al. 2013). The reaction medium was mixed with an equal
volume of ethyl acetate containing methyl palmitate as an
internal standard. The organic phase was harvested after vig-
orous vortexing and then subjected to derivatization with N-
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methyl-N-(trimethylsilyl)trifluoroacetamide (TMS). The TMS
derivatives were analyzed using a Thermo Ultra Trace GC
system connected to an ion trap mass detector (Thermo
ITQ1100 GC-ion Trap MS, Thermo Scientific). The deriva-
tives were separated on a nonpolar capillary column (30-m
length, 0.25-um film thickness, HP-5MS, Agilent). A linear
temperature gradient was programmed as follows:
90 °C, 5 °C min ' to 280 °C. The injection port tem-
perature was 230 °C. Mass spectra were obtained by
electron impact ionization at 70 eV. Scan spectra were
obtained within the range of 100—600m/z. Selected ion
monitoring (SIM) was used for the detection and frag-
mentation analysis of the reaction products. Composi-
tion of the esters ¢ and d was confirmed by analyzing
ester hydrolysis products (e.g., alkanoic acids, w-
hydroxycarboxylic acids, alkanols, and «,w-dicarboxylic
acids), which were prepared with esterase of Pseudomo-
nas fluorescens WI SIK as described in an earlier study
(Song et al. 2013). Concentration of the reaction sub-
strates and products was determined on a basis of cali-
bration curves, which were determined using commer-
cially available products or products isolated in our lab.

Results
Design and construction of the fusion enzymes

Molecular fusion of the ADH and the BVMOs was initiated
by mimicking the fatty acid (3-oxidation multienzyme (FOM)
complex of Pseudomonas fragi, which is involved in the (3-
oxidation pathway of fatty acids (Ishikawa et al. 2004). There,
the ADH component is connected to a hydratase through a
rather rigid o-helix linker, which consists of 30 amino acids
(Table 1). Thereby, the first fusion enzymes were constructed
by connecting the C-terminal of ADH to the «-helix linker of
the FOM and then to the N-terminal of BVMOs (Table 1).
Other fusion enzymes were constructed by using a glycine-
rich peptide linker, consisting of 12 amino acids, which was
reported to be flexible in structure and would hardly inhibit
natural movement of the enzymes (Pazmino et al. 2009).

When the ADH and the BVMO from P, putida KT2440
were expressed independently, the ADH showed a thick band
in the soluble fraction of the extracts, but the BVMO band in
the soluble fraction was very weak (Fig. S3). On the other
hand, the fusion enzymes exhibited significantly denser bands
in the soluble fractions compared to the BVMO expressed
alone. In particular, the ADH-BVMO fusion enzyme, which
was connected by the glycine-rich linker (i.e., ADH-Gly-
BVMO), showed the highest expression level in soluble form.
This result indicated that expression of the BVMO gene was
facilitated by fusion with the ADH gene.
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Catalytic activity of the fusion enzymes

The ADH-BVMO fusion enzymes were isolated under vari-
ous conditions based on a previous study (Rehdorf et al.
2007). The fusion enzymes showed significantly higher
NADPH oxidation activity in the presence of 12-ketooleic
acid (1b) compared to the BVMO expressed independently
(Fig. S4). However, the fusion enzymes were also unstable;
they lost their activity rather fast after isolation in the reaction
buffer, as shown for the cyclohexanone monooxygenase from
Acinetobacter sp. NCIMB9871 (van Beek et al. 2014). There-
by, we have examined the catalytic activity of the enzymes via
whole-cell reaction with ricinoleic acid (1a) as the substrate
(Fig. 2). The recombinant E. coli BL21(DE3) pACYC-ADH/
BVMO, expressing the ADH and BVMO independently, con-
verted ricinoleic acid into the ester (1¢) at a rate 0of 9.3 umol g
dry cells ' min ! at #<3 h (see the “Materials and methods”
section for details). However, the product formation was soon
ceased and the intermediate (1b) remained accumulated in the

A

10 9

Concentration (mM)

0 2 4 6 8 10
Reaction time (hr)

Concentration (mM)

0 . . . :
0 2 4 6 8 10
Reaction time (hr)

Fig. 2 Biotransformation of ricinoleic acid (1a) into ester (1¢) by
recombinant E. coli BL21(DE3) pACYC-ADH/BVMO expressing the
ADH and BVMO independently (a), E. coli BL21(DE3) pACYC-
ADH-BVMO expressing the ADH-BVMO fusion enzyme (b), E. coli
BL21(DE3) pACYC-ADH-FOM-BVMO expressing the ADH-FOM-
BVMO fusion enzyme (c¢), and E. coli BL21(DE3) pACYC-ADH-Gly-
BVMO expressing the ADH-Gly-BVMO fusion enzyme (d). The

reaction medium (Fig. 2a). This indicated that the BVMO lost
its catalytic activity during biotransformation and the oxygen-
ation reaction would be a rate-limiting step. On the other hand,
the recombinant E. coli BL21(DE3) cells, expressing the
ADH and BVMO fusion enzymes, led to higher ester forma-
tion rate while the reaction intermediate accumulated less in
the medium. Especially, the ADH-Gly-BVMO construct ap-
peared to be the most active. The recombinant cells expressing
the ADH-Gly-BVMO construct showed the greatest biotrans-
formation performance, which was estimated from the final
concentration of the ester product (Fig. 2d). Notably, the ADH
reaction rates, which were estimated based on the concentra-
tions of the intermediate (1b) and ester (1¢) in the medium,
were not markedly dependent upon the enzymes used. This
indicated that the BVMO activity was mainly improved by
protein fusion (Table 1). The low concentration of the inter-
mediate (1b) with the recombinant E. coli expressing the
ADH-Gly-BVMO construct also indicated that the substrate
was transported efficiently from the active site of the ADH to

10 ¢

Concentration (mM)

0 T T T :
0 2 4 6 8 10
Reaction time (hr)

Concentration (mM)

0 . . : :
0 2 4 6 8 10
Reaction time (hr)

biotransformation was initiated at the stationary growth phase (cell den-
sity, 3 g dry cells L") in Riesenberg medium by adding 10 mM ricinoleic
acidand 0.5 g L' Tween 80 to the culture broth at 8 h after inducing gene
expression with 0.1 mM IPTG at 16 °C. Symbols indicate concentrations
of ricinoleic acid (1a) (solid circle), 10-ketooleic acid (1b) (solid
triangle), and ester 1c¢ (solid square)
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Table 2  Effect of induction temperature on the bioconversion activity
for 1a using the ADH-Gly-BVMOp ,,,,4i4, fusion protein

Induction temperature® (°C) Ketone 1b (%) Ester 1¢ (%)

16 1.5 78
25 2.6 76
30 2.1 72

The reaction condition was the same as in the experiments shown in
Table 1

@ Temperature maintained during expression of the ADH-Gly-BVMO
fusion enzyme in recombinant E. coli cells

the BVMO active site in the fusion system. Based on the
whole-cell biotransformation data, we assumed that molecular
fusion of the enzymes and type of the linkers are important to
performance of the cascade biotransformation of the rather
large and hydrophobic substrates. The flexible linker

(i.e., glycine-rich linker) led to greater performance of
the fusion enzymes compared to the rigid linker (i.e., o-
helix FOM linker).

Effect of induction temperature on biocatalytic activity

Activity of the BVMO of P. putida KT2440 expressed in
E. coli was dependent on the culture temperature. The optimal
temperature was around 16 °C (Rehdorfet al. 2007). At higher
temperatures, the enzymes did not appear to fold in an active
form. Here, we examined folding efficiency of the fusion en-
zymes by investigating the effect of gene expression temper-
ature on their soluble expression level and whole-cell bio-
transformation activity with ricinoleic acid (1a). Increase in
induction temperature from 16 to 30 °C led to increased ex-
pression of the fusion enzyme in an insoluble form (Fig. S5).
However, soluble expression level of the fusion enzyme

Table 3  Effect of linkers on the biotransformation activity of the ADH-BVMOg, i, fusion enzymes toward alcohols 1a-7a

Substrate Enzyme Alcohol a* (mM) Ketone b (%) Ester ¢ (%) Ester d (%)
la ADH/BVMO 10 26 44 <1
ADH-BVMO 10 55 <1
ADH-FOM-BVMO 10 53 <1
ADH-Gly-BVMO 10 78 <1
2a ADH/BVMO 10 36 18 12
ADH-BVMO 10 10 22 16
ADH-FOM-BVMO 10 18 7 5
ADH-Gly-BVMO 10 8 40 20
3a ADH/BVMO 10 39 22 11
ADH-BVMO 10 34 24 10
ADH-FOM-BVMO 10 36 15 9
ADH-Gly-BVMO 10 29 34 11
4a ADH/BVMO 5 <1 48 <1
ADH-BVMO 5 <1 52 <1
ADH-FOM-BVMO 5 <1 48 <1
ADH-Gly-BVMO 5 <1 91 <1
5a ADH/BVMO 5 29 60 <1
ADH-BVMO 5 8 70 <1
ADH-FOM-BVMO 5 32 56 <1
ADH-Gly-BVMO 5 14 68 <1
6a ADH/BVMO 5 10 51 <1
ADH-BVMO 5 12 56 <1
ADH-FOM-BVMO 5 26 34 <1
ADH-Gly-BVMO 5 14 48 <1
7a ADH/BVMO 5 19 61 <1
ADH-BVMO 5 17 68 <1
ADH-FOM-BVMO 5 21 71 <1
ADH-Gly-BVMO 5 9 89 <1

The reaction condition was the same as in the experiments shown in Table 1, except for the substrate concentration added

 Substrate concentration
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A
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Reaction time (hr)

Concentration (mM)

0 T T T
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Reaction time (hr)
Fig. 3 Biotransformation of ricinoleic acid (1a) into ester (1¢) by
recombinant E. coli BL21(DE3) pACYC-ADH/MO16 expressing the
ADH and MOI16 independently (a), E. coli BL21(DE3) pACYC-ADH-
MO16 expressing the ADH-MO16 fusion enzyme (b), E. coli
BL21(DE3) pACYC-ADH-FOM-MO16 expressing the ADH-FOM-
MO16 fusion enzyme (c¢), and E. coli BL21(DE3) pACYC-ADH-Gly-
MO16 expressing the ADH-Gly-MO16 fusion enzyme (d). The

remained rather unchanged even at 30 °C, and thereby, the
whole-cell biotransformation activity indicating the in vivo
enzyme activity was not markedly reduced at the temperature
(Table 2). This result suggests that the fusion enzyme is rela-
tively better expressed in a soluble form at higher tempera-
tures as compared to the wild-type BVMO.

Biotransformation activity of the fusion enzymes

Biotransformation of 13-hydroxyoctadec-9-enoic acid (2a),
10-hydroxyoctadec-12-enoic acid (3a), 14-hydroxyicos-11-
enoic acid (4a), 12-hydroxyoctadecanoic acid (5a), 10-
hydroxyoctadecanoic acid (6a), and 5-hydroxydecanoic acid
(7a) (Fig. 1) was also carried out with the recombinant E. coli
BL21(DE3) cells, expressing the ADH and BVMO indepen-
dently or the ADH-BVMO fusion enzymes (Table 3). As
compared to the recombinant E. coli expressing ADH and
BVMO independently, the recombinant E. coli expressing
ADH-Gly-BVMO fusion enzyme showed significantly higher

Concentration (mM)

0 2 4 6 8

Reaction time (hr)

10 4

Concentration (mM)

0 T T T
0 2 4 6 8

Reaction time (hr)

biotransformation was initiated at the stationary growth phase (cell den-
sity, 3 g dry cells L") in Riesenberg medium by adding 10 mM ricinoleic
acid and 0.5 g L' Tween 80 to the culture broth at 8 h after inducing gene
expression with 0.1 mM IPTG at 16 °C. Symbols indicate concentrations
of ricinoleic acid (1a) (solid circle), 10-ketooleic acid (1b) (solid
triangle), and ester 1c¢ (solid square)

bioconversion with 2a, 3a, 4a, and 7a as substrates, which
have the three-dimensional conformation similar to 1a. The
alcohols 2a, 3a, and 4a possess a double bond in the carbon
skeleton. 7a is a medium-chain sec-alcohol (i.e., 5-
hydroxydecanoic acid). In contrast, the whole-cell
biocatalysts did not show significant difference in

Table4  Effect of linkers on biotransformation activity of ADH-MO16
fusion enzymes

Substrate  Enzymes
ADH/MO16 ADH-MO16 ADH-FOM- ADH-Gly-
MO16 MOL16
la 32(18) 48 (24) 45 (42) 60 (20)
2a 19 (6) 16 (18) 26 (12) 38 (21)

The numbers indicate the percentage of esters. The numbers in parenthe-
sis indicate the percentage of ketones. The reaction condition was the
same as in the experiments shown in Table 1
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bioconversion with long-chain aliphatic ester fatty acids with-
out double bonds (i.e., 5a, 6a). Overall, the relative catalytic
activity of the fusion enzymes was dependent upon the struc-
ture of the substrates (e.g., position of a double bond, carbon
chain length). Another interesting point was the formation of
the “abnormal” regioisomeric esters 2d or 3d in the biotrans-
formation of 2a and 3a. The ratio of ester d to ester ¢ appeared
to be influenced by the enzymes used. The ADH-Gly-BVMO
fusion enzyme resulted in smaller ratio of ester d to ¢ than the
other enzymes (Table 3). The reason for the difference in
regioselectivity remains to be investigated.

Fusion of R. jostii BVMO and M. luteus ADH

The BVMO from R. jostii RHA1 (i.e., MO16) (Szolkowy
et al. 2009) is much more vulnerable to inclusion body forma-
tion compared to the P. putida BVMO, when expressed in
E. coli (see Fig. S6). Therefore, we have examined fusion of
the R. jostii BVMO with the ADH from M. [uteus. Fusion
between the both enzymes also led to a significant increase
of soluble expression of the BVMO, MO16 (Fig. S6). The
greater expression level in the soluble form allowed the re-
combinant E. coli expressing the ADH-MO16 fusion enzymes
to reach higher biotransformation rates for 1a and 2a when
compared to the enzymes expressed independently (Fig. 3)
(Table 4). Activity of the recombinant E. coli expressing the
ADH-Gly-MO16 with 1a was about twofold greater than that
of the recombinant E. coli expressing the ADH and MO16
independently. This result indicates that fusion of insoluble
enzymes with soluble enzymes could be useful to enhance
functional expression of the insoluble enzymes and improve
the overall performance of whole-cell biocatalysis.

Discussion

During the last decade, protein fusion technologies were wide-
ly used to enhance soluble expression of the proteins (e.g., the
use of soluble tags) as well as to facilitate enzyme purification
(e.g., the use of glutathione S-transferase (GST) tags) (Chen
et al. 2013; Zhang et al. 2009). This concept was hardly used
in the context of synthetic applications. Only a few studies
have reported on enzyme fusion to achieve self-sufficient co-
factor regeneration (e.g., fusion of BVMOs to NADPH-
regenerating phosphite dehydrogenase) (de Gonzalo et al.
2011; Pazmino et al. 2008, 2009).

We demonstrated here that enzyme fusion is a promising
technology to improve performance of two-step whole-cell
biocatalysis. Oxygenation activity of the recombinant E. coli
cells with respect to long-chain unsaturated sec-alcohols (e.g.,
12-hydroxyoctadec-9-enoic acid (1a), 13-hydroxyoctadec-9-
enoic acid (2a), 14-hydroxyicos-11-enoic acid (4a)) and

@ Springer

medium-chain saturated sec-alcohols (e.g., 5-
hydroxydecanoic acid) into the corresponding esters was sig-
nificantly improved by using the ADH-BVMO fusion en-
zymes (Tables 3 and 4). The protein fusion appeared to con-
tribute to functional expression of the catalytic enzymes (i.e.,
BVMOs) in recombinant E. coli cells. In addition, the sub-
stantial improvement in biotransformation activity of the re-
combinant E. coli cells might be also ascribed to an increase in
mass transport efficiency of the reaction substrate. Enzyme
fusion was reported to improve protein—protein interactions,
which may lead to channeling intermediates between enzymes
or localizing two active sites in close proximity (Chen et al.
2013). However, why the relative catalytic activity of the fu-
sion enzymes was dependent upon the structure of the reaction
substrates (e.g., position of a double bond, carbon chain
length) remains to be investigated.

The biotransformation activity of the recombinant cells
was markedly influenced by type of the fusion linkers
(Tables 3 and 4). The flexible linker (i.e., glycine-rich link-
er)-based fusion enzymes such as ADH-Gly-BVMO and
ADH-Gly-MO16 allowed the whole cells to reach higher pro-
ductivity than the cells expressing the rather rigid «-helix
linker-based fusion enzymes (i.e., ADH-FOM-BVMO,
ADH-FOM-MO16). Thereby, optimization of the fusion
linkers may allow further increase in functional expression
and activity of the biotransformation enzymes.

All the results suggest that fusion of the catalytic enzymes
could be used to improve productivity and product yields in
the cascade reactions of substrates with low water solubility
(e.g., amination of primary alcohols (Sattler et al. 2012; Song
et al. 2014), conversion of flavanones into dihydrochalcones
(Gall et al. 2013), and halogenation of substituted tryptophan
derivatives (Frese et al. 2014)). Therefore, we assumed that
protein fusion technologies are promising tools to improve
performance of multistep biocatalysis.
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