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Synthesis and characterization of Ogataea thermomethanolica alcohol oxidase
immobilized on barium ferrite magnetic microparticles

Natthaya Mangkorn,' Pattanop Kanokratana,” Niran Roongsawang,” Apirat Laobuthee,”
Navadol Laosiripojana,> and Verawat Champreda®”*

Joint Graduate School for Energy and Environment (JGSEE), King Mongkut’s University of Technology Thonburi, Bangmod, Bangkok 10140, Thailand,' Enzyme Technology Laboratory,
National Center for Genetic Engineering and Biotechnology, Phahonyothin Road, Khlong Luang, Pathum Thani 12120, Thailand,? Microbial Cell Factory Laboratory, National Center for
Genetic Engineering and Biotechnology, Phahonyothin Road, Khlong Luang, Pathum Thani 12120, Thailand,® Department of Material Engineering, Faculty of Engineering, Kaetsart
University, Chatuchak, Bangkok 10900, Thailand,* and JGSEE-BIOTEC Integrative Biorefinery Laboratory, National Center for Genetic Engineering and Biotechnology, Innovative
Cluster 2 Building, Phahonyothin Road, Khlong Luang, Pathum Thani 12120, Thailand®

Received 21 May 2018; accepted 16 August 2018
Available online 20 September 2018

Alcohol oxidase catalyzes the oxidation of primary alcohols into the corresponding aldehydes, making it a potential
biocatalyst in the chemical industry. However, the high production cost and poor operational stability of this enzyme are
limitations for industrial application. Immobilization of enzyme onto solid supports is a useful strategy for improving
enzyme stability. In this work, alcohol oxidase from the thermotolerant methylotrophic yeast Ogataea thermometha-
nolica (OthAOX) was covalently immobilized onto barium ferrite (BaFe;2019) magnetic microparticles. Among different
conditions tested, the highest immobilization efficiency of 71.0 % and catalytic activity of 34.6 U/g was obtained.
Immobilization of OthAOX onto magnetic support was shown by Fourier-Transformed infrared microscopy, scanning
electron microscopy and X-ray diffraction. The immobilized OthAOX worked optimally at 55 °C and pH 8.0. Immobili-
zation also improved thermostability, in which >65% of the initial immobilized enzyme activity was retained after 24 h
pre-incubation at 45 °C. The immobilized enzyme showed a greater catalytic efficiency for oxidation of methanol and
ethanol than free enzyme. The immobilized enzyme could be recovered by magnetization and recycled for at least three
consecutive batches, after which 70% activity remained. The properties of the immobilized enzyme suggest its potential

industrial application for synthesis of aldehyde.
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Aldehydes are used to produce a variety of food additives, fra-
grances and intermediates in the organic chemical industry (1).
Currently, aldehydes and other carbonyl compounds are synthe-
sized by energy-intensive chemical oxidation processes, which
utilize harmful organic solvents and toxic metal catalysts. These
processes generate large amounts of chemical by-products and
waste streams (2). In recent years, oxidation of alcohols to carbonyl
compounds by biocatalytic routes using alcohol dehydrogenases
(ADH, EC 1.1.1.1) and oxidases (alcohol:oxygen oxidoreductase or
AOX, EC 1.1.3.13) is recognized as a more environmentally friendly
alternative that also has the advantages of regioselectivity and high
reaction specificity (2,3). Furthermore, enzymatic processes are
also operated under mild conditions which allow for facile sepa-
ration of products. The biocatalytic conversion of alcohols to
carbonyl compounds using ADH has been extensively studied (4);
however, the reaction with ADH requires a complex regeneration of
NAD-based cofactors (5). In contrast to ADH, AOX does not require
an external cofactor. AOXs from methylothrophic yeasts are homo-
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octameric flavoproteins consisting of eight identical subunits, each
containing a non-covalently bound flavin adenine dinucleotide
(FAD) as a cofactor (6). AOX catalyzes the oxidation of low molec-
ular weight alcohols by inserting molecular oxygen (O3) into the
corresponding aldehydes with the concomitant production of
hydrogen peroxide (H,0;), while the FAD is re-oxidized to its native
form during the reaction (7).

Bioconversion of alcohols to corresponding aldehydes by AOX
has been reported using whole-cells from methylotrophic yeasts
and purified enzyme (8—12). However, the use of free soluble AOX
in industrial processes is not economically attractive owing to the
high cost of enzyme production and its poor operational stability
(13,14). Immobilization of enzymes is a promising strategy for
enhancing their operational stability. Immobilization of AOX on
solid supports by physical adsorption, covalent bonding, and
entrapment has been demonstrated for biosensor applications
(15—17). However, only a few reports have described immobilized
AOX designs and characterized the immobilized biocatalytic
properties for aldehyde synthesis (18), e.g., cross-linked enzyme
aggregate (CLEA) and adsorption onto PEIl-coated supports and
polyurethane foam (19,20).

Recently, several types of micro- and nano-structure magnetic
supports have been employed as solid matrices for enzyme
immobilization (21). These magnetic supports present several
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advantages, including high surface-to-volume ratio, easy separa-
tion of enzymes from the reaction mixture, and enzyme separation
and recycling by applying an external magnetic field (22). Various
forms of magnetic particles and covalent crosslinking methods
have been extensively studied for preparation of different immo-
bilized enzymes with improved catalytic performance (23). Func-
tional silane (3-aminopropyltriethoxysilane (APTES)) with a
crosslinking agent (glutaraldehyde), and activating agents, e.g., 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC), and N-
hydroxysuccinimide (NHS) have been widely used in the modifi-
cation of magnetic carriers and the enzyme surface for catalyzing
various reactions (24,25). To our knowledge, there is no report on
immobilization of AOX onto magnetic carriers. In this study, an AOX
from Ogataea thermomethanolica BCC16875 (OthAOX) (26) was
immobilized onto magnetic microparticles of barium ferrite. Oth-
AOX is more thermostable than the corresponding enzymes from
other methylotrophic yeasts, including Pichia pastoris (27), Hanse-
nula polymorpha (27) and Candida methanosorbosa (28). Barium
ferrite is a useful magnetic support for enzyme immobilization
owing to its high chemical stability and dispersibility over the
conventional Fe304 magnetic support (29,30). In addition, these
physico-chemical characteristics of barium ferrite could mitigate
particle agglomeration and protein aggregation problems reported
for other magnetic particle forms (25,31). The physico-chemical
properties of immobilized OthAOX enzyme were analyzed and
the catalytic performance on bioconversion of alcohols to corre-
sponding aldehydes was evaluated. Immobilization improved the
enzyme's operational stability, thus demonstrating the potential of
immobilized OthAOX on magnetic microparticles as a promising
biocatalyst for aldehyde synthesis in the chemical industry.

MATERIALS AND METHODS

Materials 0. thermomethanolica BCC16875 was obtained from the BIOTEC
Culture Collection (www.biotec.or.th/bcc). 2,2’-Azino-bis(3-ethylbenzthiazoline-6-
sulfonicacid (ABTS), horseradish peroxidase, catalase-agarose,
methylbenzothiazolone hydrazone hydrochloride (MBTH) reagent and reagents for
immobilized OthAOX preparation [(3-aminopropyl) triethoxysilane (APTES), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), and
glutaraldehyde (GA)] were purchased from Sigma—Aldrich (St. Louis, MO, USA). All
reagents were analytical-grade and purchased from major chemical suppliers (e.g.,
Merck, Kenilworth, NJ, USA and Fluka, Seelze, Germany).

Production and purification of OthAOX  The purified OthAOX was prepared
from O. thermomethanolica BCC16875 as described in Mangkorn et al. (26). In brief,
the cell free extract of yeast cells grown in YP-methanol medium was loaded onto a
DEAE-sepharose column pre-equilibrated with 0.1 M potassium phosphate buffer,
pH 7.5 on an AKTA Explorer Chromatographic system (GE Biosciences, Uppsala,
Sweden). The column was washed with the same buffer, and the enzyme was
eluted with an NaCl gradient. Fractions that exhibited enzyme activity were
determined by the ABTS-POD method (32) and combined. The purified enzyme
was dialyzed using a 30 kDa MWCO ultrafiltration column (Merck Millipore,
Darmstadt, Germany). Protein concentration was determined by Bradford’s
method using BioRad Protein Assay Reagent (BioRad, Hercules, CA, USA) using
bovine serum albumin as a protein standard.

Synthesis of BaFe;2019 magnetic supports Barium ferrite (BaFe;2019) was
prepared with a modified Pechini method according to Wattanathana et al. (33).
Barium nitrate Ba (NO3), (2.61 g), ferric nitrate Fe (NO3)3-9H,0 (44.53 g) in a 1:11
Ba:Fe molar ratio were first dissolved in 10 mL distilled water to obtain a clear
aqueous solution. Glycerol (10 mL) was added to the solution to chelate Ba®>* and
Fe* and form the complex precursors. The solution was heated to 120°C on a hot
plate with stirring to evaporate the water until it formed very viscous brown
dried gels. The dried gels were transferred to an oven and heated at 80°C for 24 h
to obtain the barium hexaferrite precursor. The precursor was then calcined under
the ambient atmosphere at 1000°C to obtain the powder products.

Preparation of amino-silane modified BaFe;2019 magnetic microparticles
(BaFe;2019-NH3) BaFe12019-NH; microparticles were prepared using a method
modified from Raita et al. (25). BaFe12019 magnetic microparticles (0.25 g) were
mixed with 0.15 mL of APTES in 4.85 mL of ethanol. This mixture was sonicated at
a frequency of 35 kHz for 18 h at room temperature. Afterwards, the product was
removed by magnetic separation and washed three times with 5% (v/v) ethanol
solution before drying in an oven at 50°C to obtain BaFe;,019-NH,.
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Immobilization of AOX onto modified barium ferrite magnetic
microparticles A 2 mL sample of purified OthAOX (1 mg/mL) was mixed with
0.5 mL of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide solution (EDC) at
2.5 mg/mL and shaken in a water bath at 100 rpm for 2 h at room temperature.
N-hydroxysuccinimide (NHS) (3 mg) was added to the mixture and further
incubated under the same condition for 2 h. The solution was then mixed with
1 g of BaFe3019-NH, microparticles and further incubated for 2 h. The
immobilized OthAOX was separated magnetically and then washed thrice with
distilled water. Finally, the obtained immobilized enzyme, BaFei2019- NH-EN-
OthAOX was air-dried and stored at 4°C. BaFe;2019-NH-EN-OthAOX (0.25 g) was
further crosslinked with 0.2 mL of 0.5% (v/v) glutaraldehyde (GA) solution in
25 mM potassium phosphate buffer, pH 7. The suspension was incubated at room
temperature for 2 h with shaking at 100 rpm. The microparticle AOX was
separated by magnetically and washed thrice with distilled water for removal of
excess GA. The biocatalyst with protein crosslinking (BaFe{2019-NH2-EN-OthAOX/
GA) was air-dried and stored at 4°C.

The immobilization efficiency of OthAOX was determined according to Eq. 1.

Immobilization efficiency (%) = % x 100 (1)
f

where g; is the total activity of the immobilized enzyme and o is the total activity of
the free enzyme.

Characterization of immobilized OthAOX The functionalized magnetic
microparticles and immobilized OthAOX were characterized by scanning elec-
tron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR) and X-
ray diffraction (XRD). The freeze dried activated magnetic carrier and
immobilized enzymes were mounted on carbon tape on an aluminum stub
and air dried, followed by 60 nm of gold deposition using a sputter coater.
The samples were examined under SEM (XL30 series, Phillips) operating at an
acceleration voltage of 13—15 kV and magnification value of x5000. FTIR
analysis of the functionalized magnetic microparticle, free OthAOX, and
OthAOX bound barium ferrite microparticles was performed in order to
confirm binding of OthAOX on the microparticles. The functional groups on
samples were analyzed by FTIR (Perkin—Elmer System 2000, Waltman, MA)
with infrared spectra collected in the 400—4000 cm~! wavenumber range.
XRD data of the magnetic microparticle support and the immobilized OtAOX
were collected at room temperature on a Rigaku TTRAX III X-ray
diffractometer using Cu Ka. radiation (A = 1.5418 A). Samples were scanned in
the 26 value of 10—100° at a rate of 3°/min.

Alcohol oxidase activity assay  The activities of free and immobilized Oth-
AOX were determined based on the increase in absorbance at 405 nm resulting from
the oxidation of ABTS by a coupled peroxidase-catalyzed reaction (ABTS-POD)
according to Tani et al. (34) with some modifications. The stock mixture contained
2.8 mL of 2 mM ABTS solution (in a 100 mM potassium phosphate buffer, pH 7.5),
0.01 mL of 250 units/mL peroxidase enzyme solution, and 0.1 mL of 1% (v/v)
methanol solution. The assay reaction was started by the addition of 190 pL of the
stock solution with appropriate amount of free or immobilized OthAOX in a
microcentrifuge tube and incubated at 25°C for 1 min. The reaction was stopped
by adding 13.3 uL of 4 N HCl. The immobilized enzyme was removed by
centrifugation at 8000 xg for 10 min. The color produced was measured
spectrophotometically at 405 nm. The reading was background-corrected by
subtracting the value of the blank reaction containing no enzyme. One unit of
AOX was defined as the amount of enzyme that oxidized 1 umole of methanol to
formaldehyde per min at pH 7.5, 25°C.

Biochemical characterization of immobilized OthAOX  The effect of tem-
perature on immobilized OthAOX activity was determined based on the formation of
formaldehyde at different temperatures. The reactions (1.2 mL) contained 10 mM
methanol in 100 mM phosphate buffer, pH 7.5 with 0.5% (w/v) of immobilized
OthAOX and incubated for 10 min at different temperatures (30—70°C). The reaction
was terminated by the addition of 0.04 mL of 4 N HCl, and the formaldehyde formed
was determined using the Nash method. Freshly prepared Nash reagent (0.02 M
acetylacetone, 0.1 M acetic acid and 3.89 M ammonium acetate) was added (0.6 mL)
(35) and the reaction further incubated at 60°C for 10 min. Product was monitored
spectrophotometically at 412 nm, and the product formed was determined by
interpolation from the formaldehyde standard curve.

The activity of immobilized OthAOX at pH 4.0 to 11.0 was determined using
10 mM methanol as a substrate under the standard assay condition (55°C). The
buffers used were: 100 mM of sodium acetate (pH 4.0—6.0), potassium phosphate
(pH 6.0—8.0), Tris—HCI (pH 8.0—10.0), glycine-base (pH 8.0—11.0). The formaldehyde
formed was quantified using the Nash method as described above. One unit of AOX
was defined as the amount of enzyme forming 1 pmole of formaldehyde per min
under experimental conditions. Relative activity was calculated by comparing the
activity for each treatment with that of the treatment showing maximal activity,
which was designated 100%.

Thermal stability of the immobilized OthAOX was determined in terms of the
loss in enzyme activity when pre-incubated at 45°C in the absence of substrates.
Equal amounts based on activity of free and immobilized OthAOX were incubated for
3, 6,12, and 24 h. AOX activity was determined in comparison with initial activity.
The relative activity of the free and immobilized OtAOX without pre-incubation was
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FIG. 1. Effect of immobilization parameters on immobilization efficiency of OthAOX. (A) amount of barium ferrite magnetic, (B) initial enzyme amount, (C) immobilization time, (D)

immobilization temperature. The data represent averages from triplicate experiments.

defined as the control and designated as 100% relative activity for each of their
respective reactions.

The substrate specificities of immobilized OthAOX were determined by ABTS-
POD assay using 1% (v/v) alcohol substrate. The alcohols (methanol, ethanol, 1-
propanol, 1-butanol, 1-pentanol, 1-hexanol, 1-octanol, 2-propanol, tert-butanol, 3-
pentanol, 3-methyl-1-butanol, and glycerol) were incubated with 0.5% (w/v)
immobilized enzyme in phosphate buffer pH 7.5 at 30°C for 10 min. Relative activity
was calculated by comparing the activity for each substrate with that of the reaction
showing maximal activity, which was designated 100%.

The kinetic parameters (K, and Viax) of immobilized AOX were determined
using the ABTS-POD method at various concentrations of the substrates by fitting
the initial velocity data to the Michaelis—Menten equation using Kaleida Graph data
analysis software (Synergy Software, Reading, PA, USA).

Bioconversion of ethanol to acetaldehyde The oxidation reaction was
conducted in screw-capped serum vials in order to prevent the loss of volatile
substances. The reaction (10 mL) was initiated by adding 0.5% (w/v) of ethanol
solution in 0.1 M Tris buffer (pH 8), 1% (w/v) of immobilized OthAOX, and 0.01%
(w/v) catalase-agarose. The reaction was incubated at 30°C with shaking at
180 rpm for 8 h. The oxidation efficiency was followed at different time points by
the MBTH assay.

Aldehyde determination by MBTH assay  Aldehyde products were quanti-
fied by the MBTH assay as described previously (35) with some modifications. The
assay contained 100 pL of 100 mM Tris—HCI buffer, pH 6, 50 pL of 3 mg/mL MBTH,
and 50 pL of sample or H,O. The reaction was incubated for 15 min at 30°C, and
then 200 pL of a solution containing 5 mg/mL each of ferric ammonium sulfate
and sulfamic acid was added. After 20 min at room temperature, 0.6 mL of H,0
was added to obtain a final volume of 1.0 mL, and absorbance at 620 nm was
measured.

t Magn
5000x

RESULTS AND DISCUSSION

Preparation of immobilized OthAOX OthAOX was immobi-
lized on BaFe;2019 magnetic microparticles as the solid carrier
through covalent linkages. The pre-concentrated OthAOX solution
had a specific activity of 14.5 unit/mg protein using methanol as a
substrate. The surface of barium ferrite magnetic microparticles
was functionalized with APTES by silanization to obtain amino
functionalized magnetic microparticles. APTES was covalently
bound to the surface of magnetic microparticles through a
condensation reaction to obtain BaFe;2019-NH;. Immobilization of
OthAOX was done by linking the carboxyl groups of OthAOX
activated by EDC and NHS to the amino group of BaFe1,019-NH,
to obtain BaFe;2019-NH,-EN-OthAOX. The proteins on the surface
were optionally further crosslinked by GA to obtain BaFe{3019-
NH>-EN/GA-OthAOX. The schematic diagram on the enzyme
immobilization is shown in Fig. S1.

To evaluate the optimal conditions of OthAOX immobilization,
several interdependent parameters that could influence the
immobilization efficiency were investigated (Fig. 1). Enzyme
immobilization was performed using different amounts of barium
ferrite magnetic support (0.25—1 g) at a fixed enzyme loading
(2 mg/mL) and immobilization time as shown in Fig. 1A. The

FIG. 2. SEM analysis of protein-free microparticle supports (A) and immobilized OthAOX BaFe;,019-NH,-EN-OthAOX (B).
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immobilization efficiency was enhanced by increasing the amount
of barium ferrite, reaching a maximum at 1 g of magnetic support.
Immobilization efficiency was also enhanced by increasing the
initial amount of enzyme up to a maximum with 2 mg of enzyme
(Fig. 1B). Initial amounts of enzyme greater than 2 mg did not
produce more active biocatalyst, probably because the protein
binding sites were saturated on the surface of the magnetic carriers.
Excessive loading of enzyme can lead to over-accumulation of

enzyme on the magnetic carrier, resulting in steric hindrance, loss
of structural flexibility required for catalysis and decrease in
immobilization efficiency (36). The immobilization time also
influenced the activity of immobilized OthAOX (Fig. 1C). The
immobilization efficiency increased with immobilization time,
reaching a maximum within 2 h and declining thereafter. The
immobilization efficiency was assessed at different immobilization
temperatures (Fig. 1D). The immobilization efficiency increased



VoL. 127, 2019

with increasing temperatures in the range of 15—30°C, and
decreased rapidly at higher temperatures. The lower efficiency at
temperatures greater than 30°C is suggestive of enzyme inactiva-
tion under these conditions. The maximum immobilization effi-
ciency of 71.0 % BaFe12019-NH,-EN-OthAOX or 73.6% based on total
protein recovery was obtained from the condition using 1 g of
barium ferrite magnetic support, 2 mg of OthAOX, at 30°C for 2 h.
Enzyme activity was lower for immobilizations conducted with GA
cross-linking (Fig. 1A—D), suggesting that cross-linking causes
excess intramolecular and intermolecular interactions within and
between the enzyme molecules bound on the biocatalyst’s surface,
which increase enzyme rigidity and cause loss of structural flexi-
bility required for catalysis (37). In addition, the partial distortion of
the enzyme’s overall structure caused by cross-linking could affect
the active site conformation and thus reduce catalytic efficiency of
the immobilized enzymes (38). The immobilized OthAOX
(BaFe12019-NH;,-EN-OthAOX) showed a catalytic activity of 34.6 U/
g, equivalent to a specific activity of 10.3 U/mg protein immobilized
on the solid support. The decrease in specific activity upon
immobilization could be due to partial enzyme inactivation and
alteration in the enzyme’s molecular structure caused by chemical
reactions during the immobilization process (39).

Physical characterization of immobilized OthAOX Magnetic
microparticle morphology was investigated by SEM (Fig. 2). The
protein-free barium ferrite microparticle support (BaFei;019)
showed well-defined ultrafine powder structures with plate-like
shaped, smooth-surface particles of 0.39 pm average diameter. The
SEM images of magnetic microparticle linked with OthAOX clearly
showed a typical agglomeration of magnetic microparticles with a
rough protein surface. FT-IR analysis revealed covalent binding of
OthAOX on the barium ferrite microparticles (Fig. 3A). The FT-IR
spectra of free OthAOX showed a signature peak at 1639.40 cm™!
for the amide I band due to C=O stretching vibrations of the
peptide bonds and a peak at 1548.49 cm™' for amide Il from N—H
bending vibration (40,41). The strong absorption peaks at
59211 cm~ !, 54611 cm™!, and 436.34 cm™! (31,42) are assigned to
Fe—O stretching vibrations of hexaferrite in BaFe;2019 and
BaFe2019-NH;. These spectra are similar to those reported for
barium ferrite microparticle support by Meng et al. (43). The
hydroxyl absorption peak (O—H stretching vibration) of BaFe2019
microparticle support was observed near 3393.40 cm~ . The broad
band at 3406.59 cm~! was attributed to the free NH, groups (N—H
stretching vibration) which overlapped the O—H stretching
vibration. These results suggest that NH, groups were successfully
attached to the surface of BaFe;2019 microparticles (24). The
spectrum of BaFe,019-NH,-EN-OthAOX showed the combination
of signature peaks of both OthAOX and the magnetic microparticle
matrix. The characteristic peaks of protein for amide I and II were
present in the pure OthAOX and OthAOX bound microparticle
support. This indicated that OthAOX was successfully bound to the
carrier (44,45). The immobilized OthAOX showed the same XRD
pattern as the protein-free BaFe;;019 matrix (Fig. 3B); hence,
immobilization of OthAOX did not induce any structural change in
the barium iron oxide particles.

Biochemical characterization of immobilized OthAOX The
effect of varying temperature and pH on the activity of immobilized
OthAOX were investigated. The optimal temperature of the
immobilized enzyme was 55°C. The immobilized enzyme also
retained approximately 60 % of its maximal activity at 60°C, which
was markedly higher than that of the free OthAOX (Fig. 4A).
Thermostability of the immobilized OthAOX pre-incubated at
45°C was assessed by measuring the remaining enzyme activity
(Fig. 4B). The immobilized enzyme retained more than 65% of its
initial activity after 24 h pre-incubation. In contrast, the free
OthAOX retained only 15% activity under the same condition. The

IMMOBILIZED OthAOX ON MAGNETIC SUPPORT 269

increased thermostability of the immobilized enzyme could be
attributed to formation of multiple covalent bridges between the
protein molecules and magnetic support which could reduce
conformational mobility in the enzyme's structure and
denaturation at higher temperatures (46,47). These covalent
attachments led to more resistant on unfolding of the enzyme
molecules when exposed to higher temperature and thus higher
thermodynamic stability of the immobilized enzyme (48,49). The
immobilized OthAOX showed optimal activity at pH 8.0, with
>75% activity in the pH range of 6—9, which was not markedly
different from the free enzyme (Fig. 4C).

The catalytic activities of immobilized OthAOX against different
aliphatic alcohols are shown in Table 2. Among the tested sub-
strates, the immobilized AOX showed the highest activity on
methanol. Activity on primary alcohols decreased with increasing
alkyl chain length. Secondary (2-propanol and 3-pentanol) alcohols
were oxidized at much lower rates than the primary alcohols. The
substrate specificity of immobilized OthAOX is the same as that
reported for free AOX enzymes, which show the highest specificity
towards short-chain aliphatic alcohols (6). Kinetic studies of
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FIG. 4. Effects of temperature, thermostability and pH on activity of free and immo-
bilized OthAOX. (A) Temperature: The reactions contained 10 mM methanol in 100 mM
phosphate buffer, pH 7.5 with 0.5% (w/v) immobilized enzyme and incubated at
varying temperature for 10 min. (B) Thermostability: the residual activity was
measured after pre-incubation at 45°C for 3, 6, 12, and 24 h at different temperatures.
(C) pH: The reactions contained 10 mM methanol in different buffers with 0.5% (w/v)
immobilized enzyme and incubated at 55°C for 10 min. The data represent averages
from triplicate experiments. Data for free OthAOX are referred from Mangkorn et al.
(26).
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TABLE 1. Comparison of biochemical characteristics of different immobilized AOX.

Source of AOX Immobilization support Optimal temperature Thermostability (% of initial Reference
(°C) and pH activity at different temperature (°C)
0. thermomethanolica Barium ferrite magnetic microparticles 55, pH 8 >65 (45 °C, 24 h) This study
P. pastoris Electrospun polystyrene-co-maleic anhydride 50, pH 6.5 >40(45°C, 24 h) 47
fibers with poly(ethylene glycol) diamine
P. pastoris Polypyrrole (PPy) 40, pH 8 n.d. 7
P. pastoris CP-copolypyrrole matrices 50, pH 9 n.d. 7
P. pastoris Polypyrrole (PPy), 40, pH 7 n.d. 50
poly(3,4-ethylenedioxythiophene) (PEDOT),
and poly(3,4-ethylenedioxypyrrole) (PEDOP)
P. pastoris Agarose coated with polyethyleneimine n.d. >40(45°C, 24 h) 15
Hansenula sp. MANAE agarose n.d. >40 (45 °C, 24 h) 15
P. pastoris Cross-linked enzyme aggregates (CLEA) 40, pH 6 >60 (45 °C, 30 min) 19

immobilized AOX were performed on methanol and ethanol sub-
strates at 30°C (Fig. S2). The immobilized OthAOX showed a Ky, of
0.21 mM with maximal velocity (Vmax) of 3.09 nmol/min against
methanol, whereas the maximal velocity of 2.20 nmol/min and K,
of 0.81 mM were observed on ethanol (Table S1). Compared with
free OthAOX, the immobilized OthAOX showed slightly change in
Km against methanol but markedly lower K, against ethanol (p <
0.05 according to t-test), suggesting higher affinity towards the
longer alcohol. The significantly higher Vp,ax of the immobilized
enzyme compared with free enzyme (12.8 and 5.4 fold on methanol
and ethanol, respectively) was thus primarily responsible for the
marked enhancement on the catalytic efficiency (kcat/Km) to 27,812
and 6166 min~! mM~! against methanol and ethanol, respectively
(2.0 and 5.3 folds, respectively, compared to free enzyme). The re-
sults thus suggest that the immobilized enzyme has superior cat-
alytic performance to the free enzyme under the experimental
conditions.

According to Table 1, the immobilized OthAOX showed higher
optimal temperature and thermostability to previously reported
immobilized AOX enzymes from different microbial origins using
different immobilization techniques (7,15,19,47,50). This reflected
the higher intrinsic stability of OthAOX and advantages of the co-
valent immobilization methods on magnetic support in this study
and thus suggested higher operational stability of the immobilized
OthAOX in the aldehyde synthesis process.

Bioconversion of ethanol to acetaldehyde The conversion
of ethanol to acetaldehyde was tested using immobilized OthAOX in
small-scale batch vials at 30°C. Ethanol was efficiently converted to
acetaldehyde with a yield of 75.3% after 6 h of oxidation reaction in
Tris buffer system (Fig. 5A). An alkaline Tris buffer was used in the
reaction to prevent end-product inhibition of immobilized OthAOX
(51). The pH of the reaction was reduced in order to release the
acetaldehyde that was produced during the reaction from the
Tris-aldehyde complex formed at pH 8. The formation of
acetaldehyde was slow, requiring 6 h incubation to reach
maximum yield. This could be due to the limited binding capacity
of Tris (equilibrium constant = 0.2) (52), such that enzyme

TABLE 2. Substrate specificity of immobilized OthAOX.

Substrate Relative activity (%)
Methanol 100.00 + 0.20
Ethanol 8232 +£0.21
1-Propanol 50.34 + 0.55
1-Butanol 2345 +0.79
1-Pentanol 1.74 £+ 1.21
1-Hexanol 0.27 + 0.45
1-Octanol 0.19 + 0.89
2-Propanol 0.95 + 0.75
3-Pentanol 0.43 + 0.45
3-Methyl-1-butanol 0.12 + 0.67
Glycerol 0.15 + 0.14

The data represent averages from triplicate experiments.

inhibition by free acetaldehyde becomes significant after
prolonged incubation. The slow formation of aldehyde could also
be due to the limited capacity of catalase to remove inhibitory
H,0, from the reaction (53). The amount of acetaldehyde
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FIG. 5. Conversion of acetaldehyde to ethanol. (A) Reaction profile for oxidation of
ethanol to acetaldehyde. The reactions were done in glass vials with the following
conditions: 0.5% (w/v) of ethanol solution in 0.1 M Tris buffer (pH 8), 1% (w/v) of
immobilized OthAOX, and 0.01% (w/v) catalase-agarose and incubated at 30°C, 180 rpm
for 8 h. (B) Reusability of the magnetic microparticle OthAOX in consecutive batch
process. The biocatalyst was separated by magnetization after each incubation cycle
and washed with 0.1 M Tris—HCl buffer (pH 8) before reuse. The remaining activity was
calculated based on the acetaldehyde yield divided by the initial acetaldehyde yield
from the first batch. The data represent averages from triplicate experiments.
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produced in the reaction catalyzed by the immobilized OthAOX was
more than twice that reported previously using cross-linked
enzyme aggregates AOX from P. pastoris for oxidization of
100 mM 1-propanol, in which only 20% of product yield was
obtained after 3 h (19). A maximum yield of n-heptanal of 20.7 +
1.2 % (w/w) was obtained using 10 mM n-heptanol and decreased
to 1.2 £ 0.1 % (w/w) with the increasing n-heptanol concentration
of 40 mM using AOX from Aspergillus terreus immobilized on
polyurethane foam matrix (20). However, it should be noted that
the poorer substrates were used which might cause lower
product yields according to these previous studies.

Reusability of the immobilized OthAOX The reusability of
BaFe1,019-NH,-EN-OthAOX was studied by analyzing the conver-
sion efficiency after consecutive batch cycles (Fig. 5B). The
biocatalyst was recovered and washed with 0.1 M Tris—HCI (pH
8) buffer before reusing in the next batch without further re-
activation. The biocatalyst retained high operational stability after
repeated use, with approximately 70% of the original
activity remaining after three consecutive batch cycles under
experimental conditions. This result thus demonstrates the
potential of the biocatalyst in the consecutive batch process.

In conclusion, OthAOX was successfully immobilized on barium
ferrite magnetic microparticles. The immobilized enzyme showed
high potential for use as a biocatalyst for conversion of alcohols to
corresponding aldehydes. The immobilized OthAOX showed higher
optimal temperature and improved thermal stability compared
with the free enzyme. Furthermore, the immobilized enzyme could
be recovered by simple magnetic separation, and was demon-
strated to retain activity after consecutive batch cycles. The supe-
rior properties of the immobilized enzyme could lead to cost
reductions in the production of aldehydes with improved economic
feasibility.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jbiosc.2018.08.007.
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