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Alcohol dehydrogenase from Bacillus (Geobacillus) stearothermophilus (BsADH) is a NADH-
dependent enzyme catalyzing the oxidation of alcohols, however its thermal and operational
stabilities are too low for its long-term use under non-physiological conditions. Enzyme
immobilizations emerges as an attractive tool to enhance the stability of this enzyme. In this
work, we have screened a battery of porous carriers and immobilization chemistries to enhance
the robustness of a His-tagged variant of BsADH. The selected carriers recovered close to 50%
of the immobilized activity and increased enzyme stability from 3 to 9 times compared to the free
enzyme. We found a trade-off between the half-life time and the specific activity as a function of
the relative anisotropy values of the immobilized enzymes, suggesting that both properties are
oppositely related to the enzyme mobility (rotational tumbling). The most thermally stable
heterogeneous biocatalysts were coupled with a NADH oxidase/catalase pair co-immobilized
on porous agarose beads to perform the batch oxidation of five different 1,w-diols with in situ
recycling of NAD". Only when His-tagged BsADH was immobilized on porous glass
functionalized with Fe®*, the heterogeneous biocatalyst oxidized 1, 5-pentanediol with a
conversion higher than 50% after five batch cycles. This immobilized multi-enzyme system
presented promising enzymatic productivities towards the oxidation of three different diols.
Hence, this strategical study accompanied by a functional and structural characterization of the
resulting immobilized enzymes, allowed us selecting an optimal heterogeneous biocatalyst and
their integration into a fully heterogeneous multi-enzyme system.

Keywords: protein immobilization, biocatalysis, biooxidation, porous materials catalysis, his-tag

INTRODUCTION

Oxidation reactions have been employed as one of the most useful reactions in chemical
manufacturing to produce aldehydes as building blocks for the synthesis of more complex
molecules such as carboxylic acids and aminoalcohols (Velasco-Lozano et al.,, 2020; Wu et al,
2021). However, the most of the chemical procedures present disadvantages such as poor selectivity
and low sustainability (Wu et al., 2021). Selectivity is mandatory when the regioselective oxidation of
only one primary hydroxyl group of the 1,w-diols needs to be oxidized to its corresponding
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w-hydroxy aldehydes. These hydroxy aldehydes are excellent
building blocks for the manufacturing of more valuable
substrates, for instance, w-hydroxy acids (w-HA), which are
used in the industrial production of polyesters, resins,
plasticizers, and lubricants (Kornhauser et al., 2010; Kockritz
and Martin, 2011; Chung et al.,, 2015). Several different chemical
approaches (i.e., organometallics) are well known to carry out the
oxidation of primary alcohols, but they lack the demanded
selectivity and generate undesired overoxidized products. (Tojo
and Fernandez, 2006).

As alternative, biocatalysis can provide the suitable selectivity
to these chemical transformations. The biocatalyst driven
oxidations allow performing the reactions under mild
conditions and more importantly avoid the use of tedious
protection groups due to the exquisite enzyme selectivity
(Puetz et al, 2020). In particular, alcohol dehydrogenases
(ADHs; EC 1.1.1.1) are widely used for the oxidation of
alcohols in combination with redox nicotinamide cofactors
(NAD(P)") as hydride acceptors (Kara et al., 2013). Within
this enzyme family, ADH from Bacillus (Geobacillus)
stearothermophilus (BsADH) have been successfully exploited
for the selective and versatile oxidation of 1,w-diols (Kirmair
et al, 2015). In fact, this enzyme has been coupled to
transaminases to sequentially transform l,w-diols into
aminoalcohols (Schrittwieser et al, 2011; Velasco-Lozano
et al., 2020). BsADH catalyzes the hydride transfer from one
hydroxyl group of the substrate to NAD" through a compulsory
ordered mechanism similar to other alcohol dehydrogenases
(Dickinson and Monger, 1973). For this reason, BsADH
requires an in situ recycling of NAD" when exploited in
applied biocatalysis. Several enzymatic and chemoenzymatic
recycling systems have been proposed for this type of
biotransformations using laccases (Pham et al, 2015) and
NADH oxidases (Nowak et al., 2015) among others.

One of the major limitations of using isolated ADHs at the
industrial level is their low stability under process operation
conditions. Therefore, the industrial application of free
dehydrogenases faces several drawbacks in terms of
operational stability and long-term use (Basso and Serban,
2019). To solve these problems, enzyme immobilization
allows the generation of robust heterogeneous biocatalysts
that are easily separated from the reaction products, can
increase the enzyme volumetric activity (high protein loads),
can be readily recycled for several consecutive batch cycles and
are easily integrated in flow reactors for continuous production
of the target product (Sheldon et al, 2021). When the
immobilization protocol is well designed both catalytic
efficiency and stability can be enhanced (Garcia-Galan et al,
2011). The selection of the carrier material is crucial to achieve
highly robust and efficient heterogeneous biocatalysts (Cantone
etal., 2013). Currently new immobilization trends based on self-
assembled inorganic chassis have also proven their usefulness as
protein carriers (Liu et al., 2021; Zhang et al., 2021). Besides the
carrier properties, the enzyme orientation upon binding must
also be considered when designing an immobilization protocol
that pursues maximizing the performance of the resulting
heterogenous biocatalysts (Mateo et al., 2007a). Enzymes can

Immobilization of Alcohol Dehydrogenase for Diol Oxidation

be immobilized on carriers through several strategies such as
physical absorption, hydrophobic interaction and electrostatic
forces (Liu et al., 2017). However, these strategies fail to control
the orientation of the enzyme in the carrier. Hence, oriented
immobilization is gaining momentum in applied biocatalysis as
endorses the most recent process developments, involving
dehydrogenases. Immobilization of His-tagged enzymes is
one of the most preferred strategies to control the enzyme
orientation due to its versatility to purify and immobilize
recombinantly expressed enzymes on a great variety of
carries and in one-pot (Mateo et al., 2006; Patel et al., 2017).
Paradisi’s and Flitch’s groups (Contente et al., 2019; Marchesi
et al., 2020) are exploiting His-tagged enzymes to control their
orientation upon immobilization on porous carriers
functionalized with metal-complexes. These immobilized
systems enable to carry out telescoped synthetic schemes in
flow. One of the limitations of His-tag driven immobilization is
the reversibility of the attachment between the enzyme and the
carriers. Such issue may be overcome by using heterofunctional
carriers that, besides the metal-complex, are also functionalized
with either aldehydes or epoxides that ultimately establish
irreversible bonds with the site-directed immobilized
enzymes (Bolivar et al., 2006; Mateo et al, 2007a). In
particular, cobalt-chelates and epoxides have been exploited
to fabricate highly robust biocatalysts that have been applied for
large-scale biotransformations and flow-biocatalysis (Contente
et al., 2019; Padrosa et al., 2020). As alternative to carriers
functionalized with cobalt-chelates, a new generation of
commercially available carriers based on porous glass
functionalized with Fe’*-catechol are gaining momentum in
applied biocatalysis (Thompson et al., 2019). Although a wide
range of enzymes have been successfully immobilized on solid
carriers to enhance their functional properties, structural
characterizations of the immobilized enzymes are also
demanded to understand the structural changes occurred
upon the immobilization and further optimize the fabrication
of heterogeneous biocatalysts.

In this work, we present an immobilization screening for His-
tagged BsADH (His-BsADH) aiming at maximizing the activity
and the stability of the resulting heterogeneous biocatalysts for
their further integration in one-pot multi-enzyme systems to
selectively oxidize 1,w-diols to yield w-hydroxy aldehydes. In
previous attempts, the immobilization of BsADH resulted in an
active heterogeneous biocatalyst that could be reused (Velasco-
Lozano et al, 2020), nevertheless, the clues underlying the
enzymatic stabilization still remain to be elucidated. We have
performed an extensive characterization of the immobilized
enzymes on the different porous carriers, analyzing their
immobilization = parameters, thermal stability, spatial
distribution, and the structural changes that enzymes
undergo on the surface of each carrier. The optimal
heterogeneous biocatalyst selected among the different
porous carriers tested herein, was then applied for the
selective oxidation of five different diols in combination with
the best enzyme partner for the in situ recycling of NAD"
(Rocha-Martin et al., 2015) selected from two different
NADH oxidases.
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MATERIALS AND METHODS

Materials

Substrates as 1,4-butanediol (1s), 1,5-propanediol (2s), 1,6-
hexanediol (3s), diethylene glycol (4s), 3-methyl-1,5-
pentanediol (5s), 5-hydroxypentanal 2p), 2-
Hydroxytetrahydropyran (lactol), §-valerolactone, the enzyme
catalase from bovine liver, kanamycin sulfate from
Streptomyces  kanamyceticus, — ampicillin,  flavin-adenine-
dinucleotide sodium salt (FAD"), fluorescein isothiocyanate
(FITC), rhodamine B isothiocyanate, acetic anhydride and
n-methylimidazole were purchased from Sigma-Aldrich (St.
Lous, IL, United States). Isopropyl B-D-thiogalactopyranoside
(IPTG), nicotinamide adenine dinucleotide sodium salt (NAD")
and P-nicotinamide adenine dinucleotide reduced (NADH) were
purchased from GERBU Biotechnik GmbH (Wieblingen,
Germany). Low density (LdAAG-Co®"; 15pumol of Co** x g
carrier ') and high density (HdAG-Co®*; 30 umol of Co*" x g
carrier ') cobalt-activated agarose microbeads 4BCL (particle
size; 50-150 um) were purchased from ABT technologies
(Madrid, Spain). TALON metal affinity resin (tAG-Co*")
(particle size 45-165 um; 20 umol of Co®" x g carrier ') was
purchased from Takara Bio Group (G&teborg,Sweden). Metal-ion
affinity enzyme immobilization EziG (1, 2 and 3; particle size
75-150 um; 10 umol Fe’™ x g' were kindly donated by
EnginZyme (Solna, Sweden). 6BCL glyoxyl-agarose beads were
prepared as described elsewhere (Guisan, 1988). Precision plus
protein TM standards, micro Bio-spinTM chromatographic
columns and Bradford reagent were acquired from BIORAD.
All other reagents and solvents were of analytical grade or
superior.

Bacterial Strains and Growth Conditions
His-BsADH (Lopez-Gallego and Yate, 2015), LpNOX (Nowak
etal., 2015) and TtNOX (Rocha-Martin et al., 2011) were cloned
and overexpressed in competent Escherichia coli BL21 cells
transformed with the respective plasmids. Briefly, 1 mL of an
overnight culture of E. coli BL21 (DE3) harboring each plasmid
was used to inoculate 50 mL of Luria-Bertain (LB) medium
containing kanamycin for His-BsADH and LpNOX (final
concentration 30 ug x mL™") and ampicillin for TtNOX (final
concentration 60ug x mL™'). The resulting culture was
aerobically incubated at 37°C with orbital shaking at 250 rpm
until the OD 600 nm reached 0.6. Afterwards, the culture was
induced with 1 mM IPTG. His-BsADH and TtNOX were
induced for 3h at 37°C, while LpNOX was induced for 16 h
at 21°C. After the induction time, cells were harvested by
centrifugation at 1,157¢ for 30 min at 4°C. Supernatants were
discarded and the pellet was resuspended in 5 mL of a solution
of 50 mM NacCl, 10 mM imidazole in 25 mM sodium phosphate
buffer solution at pH 7. Cells were lysed by sonication using an
Ultrasonic sonicator LABSONIC P, at 50% amplitude (0.5 s ON/
0.5 s OFF) for 15 min in an ice-water bath. The suspension was
then centrifuged at 12,298¢ for 30min at 4°C and the
supernatant containing the cell extract with the His-tagged
protein was collected and employed for further purification
and/or immobilization.

Immobilization of Alcohol Dehydrogenase for Diol Oxidation

Purification and Immobilization of
His-BsADH on the Different Carriers

10 volumes of crude cell extract containing the His-BsADH were
mixed with 1 volume of carrier and incubated under orbital
shaking for 1 h at 4°C. Later, the suspension was filtered and the
microbeads containing the enzyme were washed with 5 volumes
of 25 mM phosphate buffer at pH 7. Resulting resins were stored
at 4°C until their usage. Additionally, 10 volumes of crude cell
extract containing the His-BsADH were mixed with 1 volume of
LdAG-Co** microbeads and incubated under orbital shaking for
1 h at 4°C. Later, the suspension was filtered and the microbeads
containing the enzyme were washed with 5 volumes of 25 mM
phosphate buffer at pH 7. Sequentially, His-BsADH was eluted by
the addition of 10 volumes of 300 mM imidazole in 25 mM
phosphate buffer at pH 7 for 1 h at 4°C under orbital shaking.
Lastly, SDS-PAGE and Bradford protein assay (Bradford, 1976)
were carried out after each production batch to determine the
purity, the concentration, the bound enzyme to the carriers and
the specific activity of the enzyme.

Immobilization of the Co-Factor
Regeneration System TtNOX/BICAT on

Glyoxyl and LpNOX in LdAG-Co?*

One volume of glyoxyl-6BCL carrier equilibrated with 100 mM
sodium bicarbonate buffer at pH 10 was incubated with 10
volumes of enzymatic solution containing 026 mg x mL™' of
purified TENOX and 10 mg x mL™'of BICAT in 100 mM sodium
bicarbonate buffer at pH 10 and incubated for 3-4h at 4°C.
Afterwards, the supernatant was discarded, and the carrier was
incubated with 10 volumes of a solution containing 1 mg x mL™"
of sodium borohydride in 100 mM sodium bicarbonate buffer at pH
10 for 30 min. Finally, the suspension was filtered and washed with 5
volumes of 25 mM sodium phosphate buffer at pH 7. 10 volumes of
crude cell extract containing the His-tagged LpNOX were mixed with
1 volume of LdAG-Co™" microbeads and incubated under orbital
shaking for 1h at 4°C. Later, the suspension was filtered and the
microbeads containing the enzyme were washed with 5 volumes of
25 mM phosphate buffer at pH 7.

Calculation of Immobilization Parameters
For any immobilization protocol herein performed, we calculated
the following immobilization parameters:

Load is defined as the mass of immobilized protein per gram of
carrier. It is calculated as follows:

Load (mgxg™' = (Offered protein (mgxmL™")

- o immobilization volume (mL)
— protein in supernantant (mgxmL™) x -
carrier mass (g)

Immobilization yield (y) is defined as the percentage of the
offered enzyme that is immobilized on the carrier. It is calculated
as follows:

Offered activity — supernantant activity
= — x 100
Offered activity
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Immobilized activity (iA) is defined as the theoretical activity
bound to the carrier. It is calculated as follows:

iA (Uxg™") = (Offered acivity) x (%())
Recovered activity (RA/U x g') is defined as the real enzyme
activity per mass of carrier measured through the corresponding
colorimetric assay upon the immobilization.
Relative recovered activity is defined as the percentage of the
theoretically immobilized activity (iA) exhibited by the enzyme
upon the immobilization protocol. It is calculated as follows:

RA
1

Immobilized specific activity (iSA) is defined as the activity per
mass of the immobilized enzyme. It is calculated as follows:
i)
Load

iSA (Uxmg™) = (

Enzymatic Activity Measurement of Both

Free and Immobilized Enzymes

Enzyme  activity of the  different systems  was
spectrophotometrically measured in UV flat bottom and
transparent 96-well microplates, employing a Microplate
Reader Epoch 2, BioTek®. Data processing was done with
Genb5 software.

ADH Activity Assay

200 uL of a reaction mixture containing 10 mM 1,5-pentanediol,
1 mM NAD", in 50 mM Tris-HCl buffer at pH 8 were incubated
with either 5 L of free enzyme or 10 pL suspension 1:10 of the
different immobilized biocatalysts at 30°C. The increase in
absorbance was monitored at 340 nm. One unit of activity was
defined as the amount of enzyme that was required to reduce
1 umol of NAD" per minute at the assayed conditions.

NOX Activity Assay

200 uL of a reaction mixture containing 0.2 mM NADH,
0.15mM FAD" in 50 mM Tris-HCl buffer at pH 8 were
incubated with either 5 pL of free enzyme or 10 uL suspension
1:10 of the different immobilized biocatalysts at 30°C. The
decrease in absorbance was monitored at 340 nm. One unit of
activity was defined as the amount of enzyme that was required to
oxidize 1 umol of NADH per minute at the assayed conditions.

Catalase Activity Assay

200 uL of a reaction mixture containing 35 mM H,0,, in 50 mM
Tris-HCI buffer at pH 8 were incubated with either 5 uL of free
enzyme or 10pL suspension 1:10 of different immobilized
biocatalysts at 30°C. The decrease in the absorbance at 240 nm
was monitored. One unit of activity was defined as the amount of
enzyme that was required to disproportionate 1 pmol of H,O, per
minute at the assayed conditions.

Immobilization of Alcohol Dehydrogenase for Diol Oxidation

Protein Labeling with Fluorescent Probes
Fluorescent labeling of the enzyme was done using a

methodology reported elsewhere (Holmes and Lantz, 2001).
Briefly, an enzyme solution of 0.25mg x mL™" in 100 mM of
sodium bicarbonate buffer at pH 8.5 was mixed with FITC or
rhodamine B solution at 1:10 molar ratio (FITC and rhodamine B
stocks were prepared in DMSO at 10 mg x mL™"). The labelling
reaction was then incubated for 1 h under gentle shaking at 25°C.
Later, unreacted FITC or rhodamine B was eliminated by either
filtering the enzyme solution through a tangential ultrafiltration
unit (10 kDa) or dialyzing the enzyme solution with a 25 mM
sodium phosphate buffered solution at pH 7 until no coloration
was observed in the filtered solution.

Confocal Laser Scanning Microscopy
(CLSM) Imaging

The localization and distribution of fluorophore-labelled His-
BsADH immobilized along the different carriers were visualized
with a confocal microscope Spectral ZEISS LSM 880 microscope
equipped with an excitation laser, Aoy = 561 nm for Rhodamine B
and emission filter.

Confocal imaging was done using a x20 and x40 water
objectives and a 1:200 (w:v) buffered suspension in 25 mM
phosphate buffer at pH 7, of each biocatalyst with the
fluorescently labeled immobilized enzymes. The resulting
micrographs were analyzed with FIJI (Schindelin et al., 2012).
From confocal images, we obtained an average and normalized
fluorescence radius profile, using FIJI software and its plugin
module for radial profile generation (developed by Paul
Baggethun). Subsequently, a Gaussian fit was applied to the
obtained profiles of 10 single beads of similar size. Then, we
searched for the fitted data point that corresponds to the 50% of
the maximum normalized fluorescence fitted peak (ypwim), and
the corresponding radius coordinate (xpwmn) to that data point
was then subtracted from the radius (R) of the analyzed bead to
finally obtain the FWHM (full width half maximum) that means
the infiltration distance of the enzyme into the bead surface.

Thermal Inactivation

Inactivation of both soluble and immobilized biocatalysts were
carried out by incubating them in 25 mM sodium phosphate at
pH 7 at 25-90°C for 1 h. The residual activity upon the thermal
incubation was quantified and the Ts, was calculated as the
temperature where the enzyme exhibits the 50% of its initial
activity (prior to the thermal incubation). For the kinetic thermal
inactivation, both free and immobilized enzymes were incubated
in a suspension 1:10 (w:v) with 25 mM sodium phosphate at pH 7
at 70°C. Samples were withdrawn at different times and their
residual activities were measured by the ADH activity assay. The
activity of the different time points was normalized with the
enzyme activity at time zero as reference. In order to calculate the
half-life times, the obtained experimental measurements were
adjusted to a 3-parameters biexponential kinetic inactivation
model (Aymard and Belarbi, 2000).
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Analysis of Intrinsic Tryptophan

Fluorescence

Immobilized biocatalysts loading 0.5 mg of protein x g carrier ~*
were used for this experiment. The intrinsic fluorescence of free
and immobilized His-BsADH was measured before and after the
samples were incubated at 80°C for 1h. To that aim, 70 pg of
either free or immobilized enzymes were placed in a 96-well dark
plate and the fluorescence emission spectra was recorded between
300 and 500 nm upon the sample excitation at 280 nm, using
emission band widths of 5 nm. All spectroscopic measurements
were performed in 25 mM phosphate buffer at pH 7.

Anisotropy Measurements

The polarized fluorescence of immobilized samples loaded with
0.5 mg of FTIC-labelled His-BsADH was measured to determine
the fluorescence anisotropy of FTIC conjugated to the free and
immobilized proteins. In order to calculate the anisotropy values,
3 ng of either free or immobilized enzyme were placed into a 96-
well dark plate and measured in a Microplate Reader Synergy H1,
BioTek®. Anisotropy values were obtained according to Eq. 1.

_ I - Iy

r= I (1)

where I, represents the parallel fluorescence intensity, I,
represents the perpendicular fluorescence intensity and Iy
represents the total fluorescence intensity that is calculated by:
It = I + I, (Fixler et al, 2006). The anisotropy values of all
immobilized samples were normalized to the anisotropy of the
free enzyme. Values higher than one mean enzymes with higher
rotational tumbling than the free enzyme, while values lower than
one mean enzyme with lower rotational tumbling than the free
enzyme.

Operational Stability of the Immobilized

Biocatalysts

50 mg of His-BsADH immobilized on LdAG-Co**, AG-Co**/E
and EziG1 plus 125 mg of TtNOX/BICAT on glyoxyl were placed
inside a 1.5mL Bio-spinTM chromatographic column with
600 pL of reaction mixture composed by 20 mM of 2s, 1 mM
of NAD", 0.15mM of FAD" in 50 mM Tris-HCI at pH 8. All
reactions were performed at atmospheric pressure facilitating the
oxygen diffusion to the reaction pot through an open syringe
needle. After each reaction cycle (24 h), the reaction crudes were
removed and collected for analysis, and the immobilized
biocatalysts kept for the discontinuous use in the next batch
cycle. Additionally, prior to continue with the next batch cycle,
biocatalysts were washed with one volume of 25mM of
phosphate buffer at pH 7.

Regioselective Reduction of Diols

25 mg of His-BsADH immobilized on EziGl plus 62.5 mg of
TtNOX/BICAT on glyoxyl were placed inside a 1.5mL Bio-
spinTM chromatographic column with 800 uL of reaction
mixture composed by 20 mM of substrate (1, 2, 3, 4 or 5s)
1 mM of NADY, 0.15 mM of FAD" in Tris-HCl 50 mM at pH 8.

Immobilization of Alcohol Dehydrogenase for Diol Oxidation

All samples were erated through orbital shaking (250 r.p.m) at
atmospheric pressure, facilitating the oxygen diffusion to the
reaction pot through an open syringe needle. After 24 h, all
mixture reactions were removed and collected for analysis.

Kinetic Analysis of the Cofactor

Regeneration System

125 mg of His-BsADH immobilized on EziG1 plus 312.5 mg of
TtNOX/BICAT in glyoxyl and LpNOX-LdAG-Co*" were placed
inside a 5 mL Tube with 1.5 mL of reaction mixture consisted of
20 mM of 1,5-Pentanediol 1 mM of NAD", 0.15 mM of FAD" in
Tris-HCl 50 mM at pH 8. All samples were erated through orbital
shaking (250 r.p.m) at atmospheric pressure, facilitating the
oxygen diffusion to the reaction pot through an open syringe
needle. To analyze the reaction course of each system, 200 pL of
the suspension were collected at different time points: 0.30, 1, 2, 4,
8, and 24 h. Suspensions were filtered through 1.5mL Bio-
spinTM  chromatographic column to collect the reaction
crudes collected for further chromatographic analysis.

Gas Chromatography (GC)

All reaction samples were derivatized as described elsewhere
(Huang et al., 2020). Additionally, 50 pL of aqueous reaction
sample were placed in a 1.5 mL Eppendorf tube. Later, 150 pL of
ethyl acetate were added and vortexed for 20s 20-50 mg of
anhydrous MgSO, were added to dry samples before GC
analysis using eicosane 2mM as external standard. Gas
chromatography analyses were carried out in an Agilent 8,890
System gas chromatograph using a column of (5%-phenyl)-
methylpolysiloxane (Agilent, J&W HP-5 30m x 0.32mm x
25 um), helium as a carrier gas, and equipped with a flame
ionization detector (FID). The temperature of the injector and
FID detector were 280°C and 300°C, respectively. Separation of
compounds were done by the following temperature ramp: initial
temperature 60°C, maintained 2 min, two ramps, first to 160°C at
a rate of 10°C x min~' and finally to 240°C at a rate of 20°C x
min~'. Retention times for substrates are: 1s: 4.17 min, 2s:
578 min, 3s: 7.46min, 4s: 4.49min, 5s: 6.95min, 2-
Hydroxytetrahydropyran (lactol): 3.38 min, &-valerolactone:
6.01 min, and eicosane (external standard): 16.60 min.

HPLC Analysis

Before HPLC analysis samples were derivatized as described
elsewhere (Hernandez et al, 2017). Briefly, 10 uL of aqueous
sample  (0.6-20 mM) mixed with 50puL  of
O-benzylhydroxylamine hydrochloride (130 mM in pyridine/
methanol/water 33:15:2) and incubated for 5min at 25°C.
Afterwards, 500 pL of methanol were added and then
centrifuged 5min at 13,450 g. HPLC analysis was conducted
in an Agilent 1,260 Infinity II chromatograph equipped with a
Poroshell EC-C18 column (4.6 x 100 mm, 2.7 pm). Samples were
detected at 215nm and were eluted at 1 mL/min flow rate
employing two mobile phases, phase A composed by
trifluoroacetic acid 0.1% in water, and phase B composed by
trifluoroacetic acid 0.095% in 4:1 acetonitrile/water. Elution

were
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TABLE 1 | Immobilization parameters of His-BsADH on different porous carriers.

Immobilization of Alcohol Dehydrogenase for Diol Oxidation

Material Name Functional group Group density Particle Load b 4 iA (Ulg) RA (U/g) rRA (%) iSA (U/mg)
(umol/g) size (um) (mg/g) (%)

Agarose  LdAG-Co**  IDA-Co** 15 50-150 0.11 94+ 3 0.94 0.44 47 4
HJAG-Co®**  IDA-Co** 30 50-150 0.11 98 + 1 0.97 0.45 47 4.1
AG-Co**/E IDA-Co?*/Epoxide 20 50-150 0.11 99 + 4 0.98 0.22 22 2
tAG-Co®* NTA-Co®* 20 45-165 0.11 96 + 4 0.95 0.46 49 4.2

Glass EziG1 Catechol-Fe®* 10 75-125 0.14 99 + 2 0.99 0.48 48 34
EziG2 Catechol-Fe** 10 75-125 0.14 98 + 2 0.98 0.23 23 1.6
EziG3 Catechol-Fe®* 10 75-125 0.13 99 +1 0.99 0.23 23 1.7

For details of the immobilization parameters see Materials and Methods. y: Immobilization yield. iA: theoretical immobilized activity. RA: recovered activity upon the immobilization. rRA:
relative recovered activity. iSA: immobilized specific activity. The activity of BsADH was measured using 2s as substrate under the assay conditions described in methods. IDA:

Imidodiacetic acid.

conditions: 10-100% of B over 30 min. Retention time of
derivatized 5-hydroxypentanal was 14.39 min.

RESULTS AND DISCUSSION

Enzyme Immobilization and Kinetic

Characterization

Initially, we studied the effect of different porous carriers and
activation chemistries on the immobilization of a His-
BsADH. For these studies we selected two types of
commercially available materials with different types of
functionalization; porous agarose microbeads (AG)
functionalized =~ with  different  types of ligands
(imidodiacetates (IDA) and nitrotriacetates (NTA)) and
densities of cobalt-chelates and porous glass particles
(EziG) functionalized with Fe**catechol complexes
(Table 1). According to previously reported protocols
(Mateo et al., 2007a), we functionalized agarose porous
microbeads with two different reactive groups; IDA-Co**
and epoxides, giving rise to the carrier abbreviated as AG-
Co”"/E (Supplementary Figure 1). Among the different glass-
based carriers, we tested three different ones presenting low
(EziG1), medium (EziG3) and high (EziG2) hydrophobicity.
When cell-free extracts of overexpressed His-BsADH in E. coli
were incubated with the different carriers, we achieved
immobilization yields higher than 95% with protein loads
of at least 0.1 mg x g ' (Table 1). In contrast, the recovered
enzymatic activity (RA) significantly varied depending on the
hydrophobicity of the carrier but negligibly changed with
metal type and density of the carrier. While His-BsADH
recovered roughly 50% of its initial activity upon the
immobilization on hydrophilic surfaces of all agarose-based
carriers (LdAG-Co**, HdAG-Co®*, tAG-Co®"), similar
activity recoveries were only achieved when using the most
hydrophilic glass-based carrier (EziG1). However, the more
hydrophobic EziG2-3 resulted in lower recovered activities
upon the immobilization process. When agarose-based
carriers were functionalized with both cobalt and epoxide

groups (AG-Co"/E), the enzyme recovered lower activity
(22%) than the carriers functionalized only with cobalt-
chelates. Hence, we suggest that AG-Co’*/E promotes
irreversible covalent bonds between the enzyme and the
carrier that may distort the structure of the immobilized
enzyme, negatively affecting its activity. To confirm the
irreversibility =~ of  the  immobilization on  these
heterofunctional carriers, we incubated all immobilized
enzymes under denaturing conditions (10% SDS and 100°C
for 5 min), and the supernatants were analyzed by SDS-PAGE
(Supplementary Figure 2). As expected, His-BsADH was
released from all carriers but AG-Co>*/E confirming that
only those carriers functionalized with epoxide groups can
irreversibly attach the enzyme. Similar results have been
reported for other enzymes immobilized on other types of
carriers functionalized with epoxide groups (Mateo et al,
2007a). Surprisingly, neither was the enzyme released from
EziGl although it was immobilized through reversible
interactions between the His-tag and the Fe’*-catechol
complexes (Supplementary Figure 2). Other strong
interactions (i.e, electrostatic bonds) between the surface
carrier and the enzymes may explain this unexpected
behavior of His-BsADH bound to EziG1.

Furthermore, when we measured the specific activity of the
immobilized enzymes, we observed higher values in the
agarose-based carriers functionalized only with cobalt-
chelates. This finding points out that the combination of
agarose matrix and cobalt-chelates enables a more selective
and effective immobilization of His-tagged proteins as only
His-BsADH was bound to the resins, recovering a higher
specific activity. On the contrary, EziGl may unspecifically
bind other proteins besides His-BsADH, thus reducing the
specific activity of the immobilized His-BsADH but
recovering similar volumetric activities (U x g”') as with the
AG carriers. As expected, the agarose matrix turns out to be the
best system for the one-pot purification and immobilization of
this His-tagged enzymes. In fact, this material is widely used to
pack the chromatographic columns for protein purification
(Cuatrecasas, 1970).
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FIGURE 1 | Confocal fluorescence microscopic Z-stack images of immobilized His-BsADH labelled with Rhodamine (red channel) on LdAG-Co?* (A), tAG-Co®*
(B), AG-Co?*/E (C), EZIG1 (D), EziG2 (E), EziG3 (F). Top right insets are lower magnification confocal fluorescence micrographs where red and bright field channels are

AG-Co?*/E

Spatial Distribution of His-BsADH Across

the Porous Surface of Different Carriers

Once the immobilization was characterized, we investigated
the spatial organization of His-BsADH across the surface of
the different porous carriers through confocal laser scanning
microscopy (CLSM) imaging and through 3D image
reconstruction (Figure 1). His-BsADH immobilized on
agarose-based materials was similarly located at the most
outer regions of the beads regardless the metal-complex
ligands and the presence of epoxide groups (Figures
1A-C). A similar distribution pattern was found when
EziG1 and EziG2 were used as carriers (Figures 1D,E). In
all these carriers the enzyme was infiltrated only 2-3 pm
inside the particles (see Materials and Methods and
supplementary information, Supplementary Figures 3
and 4). However, the more hydrophobic iron-complexed
glass particles (EziG2) immobilized His-BsADH through a
more uniform distribution, which meant that the proteins
were infiltrated up to 35-42 pm towards the inner surface of
the particles. Interestingly, the 3D image reconstruction of
the different immobilized biocatalysts revealed some
different surface patterns for those samples with similar
spatial distribution. While the enzymes immobilized on
glass carriers regardless their spatial organization showed
minor protein aggregates at their surface (inset

FigurelD-F), the agarose-based carriers promoted the
protein aggregation at the surface of the particles.
However, these different spatial organizations negligibly
affected the functional parameters of the immobilized
enzymes according to the Table 1.

Thermal Inactivation

All biocatalysts (including free enzyme) were incubated in a range
of temperatures (from 20°C to 90°C) to calculate their Ts,
temperature to which enzyme activity is reduced after 1h of
incubation (Supplementary Figure 5). Figure 2A shows that all
agarose carriers raised up 5-10°C the Ts, of His-BsADH compared
to the free counterpart. Among glass carriers, only EziG1 was able
to stabilize the enzyme, while its immobilization on EziG2 and
EziG3 led to heterogeneous biocatalysts with lower T, than the free
enzyme. To further investigate the inactivation kinetics of the
immobilized His-BsADH, we evaluated the thermal inactivation
at 70°C for three selected carriers: LAAG-Co®*, AG-Co**/E and
EziGl. The inactivation courses (Figure 2B) show that the
immobilization of His-BsADH on LdAG-Co**, EziGl and AG-
Co”"/E led to the enzyme stabilization, resulting in half-lives 3, 6,
and 9 times higher than the free enzyme, respectively. Remarkably,
EziG1 promotes a 2 times higher stabilization than LAAG-Co®* but
such carrier yielded a lower enzyme thermal stability than the AG-
Co”"/E carrier where His-BsADH is immobilized through a similar
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FIGURE 2 | Thermal inactivation of soluble and immobilized His-BsADH

on different carriers. (A). Tso means the temperature to which either the
soluble or the immobilized enzyme lost 50% of its initial activity after 1 h
incubation. (B) Thermal kinetic inactivation of different soluble and
immobilized biocatalysts incubated at 70°C in sodium phosphate buffer
25 mM pH 7. The activity was measured with 2s as substrate under the assay
conditions described in methods. Symbols represent the obtained
experimental values, while the solid lines correspond to their fitting to 3-
parameters biexponential kinetic inactivation model (Aymard and Belarbi,
2000). Half-life time of the different samples: Free His-BsADH: 0.58 h; His-
BsADH immobilized on LAAG-Co2*: 1.51 h, EziG1: 2.93 h, AG-Co2*/E:
4.62 h.

orientation but attached through irreversible bonds. These results
are aligned with previous data reported for enzymes immobilized
on heterofunctional carriers involving irreversible immobilization
(Mateo et al., 2007b).

Structural Analysis of Immobilized
His-BsADH

To understand the effect of the immobilization on the
structure of His-BsADH, we performed a set of biophysical
techniques to elucidate whether structural rearrangements
occur during the immobilization and inactivation processes.

Immobilization of Alcohol Dehydrogenase for Diol Oxidation

The emission fluorescence of aromatic residues reveals their
microenvironment within the protein structure (Royer, 2006),
thus structural changes upon immobilization and further
thermal shock can be monitored through measuring the
intrinsic ~ fluorescence  of proteins  (Supplementary
Figure 6). All immobilized enzymes shifted their Ay
towards lower wavelengths compared to the free enzyme,
indicating that the aromatic residues of His-BsADH are less
solvent exposed upon the immobilization process, most likely
due to the interactions with the carrier surfaces (Figure 3A).
When the biocatalysts were incubated at 80°C for 1 h, the free
enzyme exhibited a 15 nm red-shifted A, due to thermally
induced unfolding, whereas that A, shift was minimized with
all immobilized enzymes (Supplementary Table 1).
Remarkably, there was no shift when the enzyme was
immobilized on LdAG-Co**. Additionally, we analyzed the
maximum fluorescence intensity at the A, of each sample
before and after thermal incubation. As shown in Figure 3B
the immobilized enzyme reduced its maximum fluorescence
intensity upon thermal shock. However, after the thermal
incubation, all immobilized samples experienced a lower
fluorescence decay than the free enzyme in agreement with
the results obtained for the A, shift. These results point out a
structural  stabilization of His-BsADH upon the
immobilization process, which is manifested in longer half-
life times under high temperatures in comparison to the free
enzyme.

Besides the structural rearrangements promoted by the
immobilization, we also study the local motion of the
immobilized enzymes when immobilized on this set of
porous carriers. To that aim, we chemically labelled His-
BsADH with FITC and then immobilized those fluorophores
conjugated enzymes to perform anisotropy studies with both
soluble and immobilized samples. Figure 3C reveals that the
relative anisotropy of the immobilized enzymes is higher than
the free one, indicating that all the herein tested immobilization
protocols reduce the enzyme mobility. When comparing the
normalized anisotropy values among the different
immobilizates, we observe that the irreversible covalent
immobilization on AG-Co®*'/E dramatically reduces the
rotational tumbling of the anchored enzymes. Remarkably,
there is a strong positive linear correlation (R* = 0.999)
between the anisotropy values and the half-life time of the
immobilized enzyme incubated at 80°C. Therefore, the less
mobile the immobilized enzyme is, the higher the stability.
A similar trend was also found for the superfolded green
fluorescent protein immobilized on agarose porous
microbeads through different chemistries (Orrego et al,
2016). On the contrary, Figure 3D shows a negative
correlation (R® = 0.932) between the specific activity of the
immobilized enzymes and their normalized anisotropy values.
Hence, our findings support that inverse correlations between
activity and stability often found when comparing different
immobilization protocols, is related with rotational mobility
(anisotropy) of the immobilized enzyme. Single-molecule
studies provided direct evidence that come to the same
conclusion; the activity and the stability of immobilized
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FIGURE 3 | Intrinsic fluorescence of free and immobilized His-BsADH. (A) Amax of each biocatalyst before (solid orange bars) and after (red stripped bars) 1 h
incubation at 80 °C. (B) Normalized RFU values for each biocatalyst before (orange bars) and after (red stripped bars) 1 h incubation at 80°C. The RFUs of each sample
before the thermal incubation were set as reference value of 1. (C) Normalized anisotropy as a function of the half-life time at 70°C (from Figure 4) of different His-BsADH
immobilized on the different carriers. Fitting linear regression: y = 2.62x—0.52; R? = 0.999. (D) Normalized anisotropy as a function of the specific activity (from
Table 1) of different His-BsADH immobilized on the different carriers. Fitting linear regression: y = —2.21 + 14.74; R? = 0.932. Anisotropy values of each sample were
normalized with the value of anisotropy of the free enzyme (Anisotropy of sample/Anisotropy of free enzyme).
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enzymes must be balanced by controlling the extent of the
enzyme attachment (Weltz et al., 2020).

Operational Performance of the Different

Immobilized Biocatalysts in Batch

In order to select the optimal carrier to immobilize His-BsADH
for its application in the regio-selective oxidation of 1,w-diols, the
three immobilized preparations previously characterized were
incubated with a NAD" enzymatic recycling partner for the
oxidation of 1,5-pentanediol to 5-hydroxy pentanal using
catalytic amounts of the cofactor. First, we tested two putative
recycling cofactor systems: one involving a His-tagged NADH
oxidase from Lactobacillus pentosus (LpNOX) immobilized on
LdAG-Co™*, and another one composed by NOX from Thermus
thermophilus (TtNOX) and catalase from bovine liver (BICAT)
co-immobilized on agarose porous microbeads functionalized
with aldehyde groups (AG-G). Using a dio:NAD" molar ratio 1:
10, we incubated His-BsADH and the immobilized cofactor
recycling systems in the same vessel to favor the in situ cofactor
recycling. After 24 h, the TINOX/BICAT system consumed close to
90% of the diol, nevertheless the recycling system based on
immobilized LpNOX only reached a conversion of 50%
(Supplementary Figure 7). The superior performance of TtNOX/

BICAT system might be explained by the 40% higher catalytic
efficiency of immobilized TtNOX compared to the immobilized
LpNOX (Supplementary Table 2). Hence, we selected the co-
immobilized TtNOX/BICAT system to be coupled with the three
immobilized preparations of His-BsADH to further test their
operational stability. Figure 4A shows that all immobilized
biocatalysts achieved 90% conversion of 1,5-pentanediol in the
first cycle, majorly converting such diol into the 5-hydroxy
pentanal (50-75% yield) and its corresponding lactol (33-14%
yield) detected through HPLC and GC-FID (Supplementary
Figures 8 and 9), respectively. It is described that these two
molecules are in equilibrium under reaction conditions (Kara
et al, 2013). Remarkably, the oxidation was practically
regioselective towards only one of the hydroxy groups, as low
yields (<1.5%) of O-valerolactone and none of the other
overoxidized products (dialdehyde, 5-hydroxy pentanoic) were
detected upon the enzymatic reaction (Supplementary Figure 8
and Supplementary Table 3). However, His-BsADH immobilized
on both AG-Co”*/E and LAAG-Co”" experienced a steady decrease
in their productivity after the second batch cycle. In contrast, the
enzyme immobilized on EziG1 kept a productivity close to 50% after
5 reaction cycles. This higher operational stability was manifested in
a 2 and 1.2 higher accumulated enzyme TTN (defined as the moles
of 1,5-pentanediol oxidized per mol of tetramer His-BsADH) after 5
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FIGURE 4 | Chromatographic conversion (A) and enzyme total turnover
number (TTN) (B) during the oxidation of 2s catalyzed by His-BsADH
immobilized on different carriers: LdAG-Co?* (blue), AG-Co?*/E (orange) and
EziG1 (green) in consecutive batch reactors. Reactions were carried out
at 20 mM of 2s and 1 mM of soluble NAD* in 50 mM Tris-HCI buffered
solution pH 8 at 30°C. TTN was calculated as the sum of moles of 2s oxidized
after each cycle by one mole of immobilized enzyme.

reaction cycles and in comparison, with the enzyme immobilized
on AG-Co**/E and LdAAG-Co®" respectively (Figure 4B). When we
studied the leaching of His-BsADH from the carriers, we observed
that the enzyme remains in the resins AG-Co”*/E and EziG1 upon
their incubation under denaturing conditions for SDS-PAGE
analysis (Supplementary Figure 2), entailing that 100% of the
protein remained bound to AG-Co”*/E and EziGl after 5 batch
operational cycles. On the contrary, the operational conditions
were sufficient to cause the quantitative lixiviation of the enzyme
from the resin LAAG-Co®" (Supplementary Figure 10). In the
light of these data, we suggest that the operational inactivation of
His-BsADH immobilized on LAAG-Co®" is caused by the enzyme
lixiviation. In contrast the enzymes immobilized on AG-Co®*/E on
EziGl seems to be operationally inactivated through structural
distortion, rather than through enzyme leaching after each reaction

Immobilization of Alcohol Dehydrogenase for Diol Oxidation

cycle. Similar negligible enzyme leaching was observed for other
His-tagged enzymes immobilized as protein-inorganic hybrids
(Das et al., 2021).

Remarkably, the accumulated TTN after re-using the
immobilized enzyme in EziGl reached values as high as 4 x
10° one of the highest values ever reported for an immobilized
alcohol dehydrogenase (Bolivar and Lopez-Gallego, 2020). In
comparison to the TTN estimated for upscaled selective
oxidation of lactols using a soluble ADH/NOX system (Aalbers
etal., 2020), the herein reported heterogeneous biocatalyst presents
one order of magnitude higher TTN for the oxidation of 1,w-diols
to their corresponding lactols. It is worth mentioning that the most
robust and efficient heterogeneous biocatalysts under
operational conditions (His-BsADH immobilized on EziG1)
was not the most thermostable one. On the contrary the most
thermostable  heterogenous  biocatalyst  (His-BsADH
immobilized on AG-Co”*'/E) was the least productive and
stable operationally. This divergence between thermal and
operational stability might rely on the different inactivation
mechanisms triggered during either the thermal shock (in
absence of substrates) or the batch oxidation process (in
presence of substrate and cofactor). A similar divergence
has been reported for a pyruvate aldolase thermostabilized
through directed evolution (Bosch et al., 2021).

The excellent immobilization parameters, the structural integrity,
the high thermal and operational stability and the high accumulated
TTN of His-BsADH immobilized on EziG1 led us to select this
heterogeneous biocatalyst for its application in the oxidation of a
battery of different diols, employing the co-immobilized TtNOX/
BICAT NAD" recycling system. To that aim, we evaluated the
substrate conversion, the enzyme productivity, and the volumetric
productivity of this heterogeneous multi-enzyme system towards the
oxidation of five different 1,w-diols (Table 2, Supplementary
Table 2). As expected, the system achieved the oxidation of
linear aliphatic 1,w-diols, but failed to convert branched and
etherified 1,w-diols. The immobilized His-BsADH oxidizes the 5
and 6 carbon 1,w-diols more rapidly than the shorter ones.

CONCLUSION

In this study, we have screened a battery of porous carriers and
immobilization chemistries to enhance the robustness of a His-tagged
variant of BsADH. Through characterizing the activity and structural
changes undergone by the enzyme upon the immobilization, we
reveled the impact of the different immobilization protocols on the
enzyme properties. While the irreversible attachment of His-BsADH
to agarose microbeads functionalized with cobalt-complexes and
epoxides (AG-Co>*/E) enhances the enzyme thermal stability,
such immobilization protocol yields a less operationally stable
biocatalyst. On the contrary when the enzyme was immobilized
on glass-based carriers functionalized with iron-complexes (EziG1),
its thermal stability was lower, but the heterogeneous biocatalyst was
surprisingly more stable under operation conditions. This latter
heterogeneous biocatalyst was successfully mixed with a NADH
oxidase and a catalase co-immobilized on a different porous
carrier to selectively oxidize 1,w-diols, integrating an in situ NAD"
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TABLE 2 | Biocatalytic oxidation of diols catalyzed by immobilized His-BsADH on EziG1 coupled with an immobilized enzymatic cofactor regeneration system (TtNOX and
BICAT co-immobilized on AG-G).

R, o OH
R2
HO /\ e
_}‘,o{g'.“_’ HO -
R; OH Alarslé R/\O . o
1-5s R1\/
g _ NAD* NADH 1s: Ry:-CHy-, Ry; H
@:.ﬁ.HlsBsADH-EZ|G1 ‘S, 2/ 2s: Ry:-(CH,),-, Ry; H
‘ Hzp\_ T 3s: Ry:-(CHy)s- Ry; H
» TtINOX/BICAT-Glyoxyl 4s: R4:-CH2-O-, Ry  H
5s: Ry:-C(CH3)H-CH,-, Ry H
Substrate (s) Enzymatic productivity® (umol Productivity®
substrate x pmol enzyme™! (mg x L™ x d7)
x hour )
1s 5,687 + 833 743 + 52
2s 6,758 + 1,426 1,021 + 230
3s 5,992 + 356 1,027 + 187
4s 0 0
5s 0 0

AProductivities were determined after 24 h at 30°C.
250 r.p.m. shaking.
All reaction mixtures consisted in substrate 20 mM, NAD* 1 mM in Tris-HCI 50 mM at pH 8.

recycling system in batch. This immobilized multi-enzyme systems  the characterization studies. FL-G and AC supervised the
could be recycled up to 5 cycles, retaining more than 50% of its initial ~ experiments. All authors discussed the results and reviewed
conversion. Finally, we tested the substrate scope of His-BsADH  the manuscript.

immobilized on EziG1, proving the versatility of this enzyme towards

the oxidation of linear aliphatic 1,w-diols. This work illustrates how

the optimization of a heterogeneous biocatalyst must be accompanied FUNDING

by its functional and structural characterization. Remarkably, the

determination of the anisotropy exhibited by the fluorophore-labelled ~ This work has been funded by Era-CoBiotech (Project ID: 61
and immobilized enzymes is revealed as a very informative parameter =~ HOMBIOCAT) and Spanish State Research Agency (AIE)
that unveils an activity/stability trade-off that depends on the (RTI 2018-094398-B-100, PCI 2018-092984, PID 2019-
structural dynamics of the immobilized enzyme. The optimization =~ 111649RB-100). This work was performed under the Maria
and characterization pathway herein reported will surely help to  de Maeztu Units of Excellence Program from the Spanish State
rationalize new immobilization protocols to fabricate more activeand ~ Research ~ Agency—Grant no. MDM-2017-0720 (CIC
robust immobilized biocatalysts. biomaGUNE).
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