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FTIR microscopy for direct observation of conformational
changes on immobilized m-transaminase: effect of water
activity and organic solvent on biocatalyst performance

The study reports the first example of rational development
of immobilization protocols relying on the direct observation
of the enzyme conformation upon immobilization as a result
of mutual interaction between process parameters and
carrier properties. Confocal microscopy, FTIR microscopy
and imaging were employed for describing the distribution
and conformation of an w-transaminase as the result of

its immobilization on a solid carrier (EziG™). When placed

in toluene, the secondary structure of the immobilized
o-transaminase undergoes a B-sheet rich folding, which
corresponds to an observed increase in the

biocatalyst activity.
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Enzyme immobilization is a key strategy to expand the scope of enzyme applications and to enable the
recycling of biocatalysts, resulting in greener and more cost-efficient processes. The full exploitation of the
technology advantages is strictly connected to the optimal selection of the carriers and the rational
development of the immobilization protocol. The present study achieved such objectives by investigating
the activity of a w-transaminase in organic solvent (toluene) upon immobilization on commercially
controlled porosity glass carriers (EziG™) with diverse porosity and surface functionalization. In addition to
more conventional wet-chemistry approaches and confocal microscopy, infrared microspectroscopy and
imaging were exploited to highlight the enzyme distribution in a label-free manner and provide details on
the immobilized enzyme's conformation with respect to the native form. Contrary to what could be
expected, the highest activity of the enzyme in organic solvent was achieved for the immobilization
protocol on the most hydrophilic support that more severely affects the enzyme secondary structure,
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promoting a beta-sheet rich folding. Experimental data show that values of water activity above 0.90 in the
reaction system had a positive effect on the efficiency of the transaminase reaction. The present study
DOI: 10.1039/d2cy01949¢ represents the first example of rational development of immobilization protocols relying on direct
observation of the enzyme conformation upon immobilization, shedding light on the mutual interaction

rsc.li/catalysis between the diverse process parameters and the carrier properties.

Transaminases (TAs), also known as aminotransferases
(EC 2.6.1), are enzymes that catalyze the transamination

Introduction

Enzymes are increasingly used to perform a range of chemical
reactions. These catalysts from nature are in general
sustainable, selective, and efficient and may offer a variety of
benefits such as environmentally friendly manufacturing
processes, reduced use of solvents, lower energy requirement,
high atom efficiency, and reduced cost." Enzyme
immobilization enables continuous processing, lowering
production costs and waste stream generation. Moreover, the
prevention of protein contamination is one further motivation
that induces industry to employ immobilized biocatalysts.>™

“ Department of Chemical and Pharmaceutical Sciences, University of Trieste, Via
L. Giorgieri 1, 34127 Trieste TS, Italy. E-mail: gardossi@units.it

b Elettra-Sincrotrone Trieste S. C.p.A, Area Science Park, 34149 Basovizza TS, Italy
“AREA Science Park, Padriciano 99, IT-34149 Trieste, Italy

 EnginZyme AB, Tomtebodavigen 6, 171 65 Solna, Sweden

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2cy01949c¢

This journal is © The Royal Society of Chemistry 2023

reaction between an amino acid and an o-keto acid, by using
the coenzyme pyridoxal-5-phosphate (PLP). PLP, the active
form of vitamin B6, forms a Schiff base with the g-amino
residue of lysine in the active site. The amino group is
transferred from an amino donor to PLP, yielding
pyridoxamine-5-phosphate (PMP), while the amino donor is
released as the corresponding ketone. The amino acceptor
compound reacts with PMP to form the corresponding
amine, thereby automatically regenerating PLP.>” The
position of the amino group in the substrates accepted by the
transaminases determines their classification as o-TAs and
o-TAs. o-TA allows the formation of only oa-amino acids,
while ®-TA can perform the transfer of an amino group from
a substrate that has several carbon atoms between the
carboxyl and the amino groups. ®-TAs are of higher interest
since they can aminate a wider range of substrates, such as
keto acids, aldehydes, and ketones, and they accept ketones
and amines without carboxyl groups.”® Transaminases have
enormous potential as sustainable biocatalysts in the
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production of chiral amines,’ representing a key priority for
the pharmaceutical industry since approximately 40% of
current pharmaceutical products contain an amine
functional group.'® Decades of investigations of enzymes in
non-aqueous media have demonstrated that the use of
biocatalysts in monophasic organic solvents can lead to
significant advantages when hydrophobic substrates are
required, and/or the thermodynamic equilibria of reactions
should be shifted. The easier recovery of both the products
and the biocatalysts represents an additional advantage that
motivates  the adoption of organic media in
biotransformation."” Despite the enormous potential of
o-TAs, fundamental challenges associated with severe by-
product inhibition and with displacing unfavorable
equilibrium towards product formation have prevented the
widespread application of transaminases.*” In the present
study, we have investigated an o-transaminase variant Hise-
ATA-117," which was expressed in E. coli. Some of the
features of this variant are its tolerance to high
concentrations of cosolvent and its acceptance of low-cost
amine donors such as isopropyl amine.'*"?

The nature of the materials used as carriers for enzyme
immobilization is crucial for achieving process efficiency and
biocatalyst reusability. Besides chemical and mechanical
stability, the hydrophobic-hydrophilic balance of the carrier
and its porosity play an important role in determining the
ability of the material not only to interact with specific
surface regions of the enzyme'* but also to adsorb water,
thus creating a microenvironment beneficial for the enzyme
activity. Moreover, it is known that the partition of water
between the carrier and the bulk medium affects the
thermodynamic  equilibrium of chemical reactions."
Therefore, a careful control of water partition and the
distribution of the enzyme molecules over and across the
carriers would be of major help for the optimization of
biocatalysts' performances. To the best of our knowledge, the
scientific literature reports a very limited number of studies
describing the direct visualization of these phenomena.®

As a support material for this study, we focused the
attention on EziG™ carriers, a class of hybrid controlled
porosity glass (CPG) immobilization carriers developed by
EnginZyme AB (Sweden) which can bind protein through
affinity tags. More details on the properties of the carriers
such as size, pore diameter, and coating polymer are reported
in Table S1 in the ESL{ CPG provides a favorable
environment for enzymes and the porous structure enhances
the mass transfer of reactants and products throughout the
material.'”"® CPG materials are generally stable in most
organic solvents and aqueous media at pH below 10. In the
case of EziG™ carriers, the CPG surface is coated with
functional organic polymer bearing chelating groups suitable
for the selective binding of metal ions."™'” As the binding
metal ion, Fe*" was selected due to its high binding capacity,
low environmental impact and virtually non-toxicity. Notably,
the selective binding allows the immobilization to be
performed directly from the cell lysate, without pre-
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purification steps,'” with protein loadings up to 20% w/w.
The diverse polymeric coating'” provides a different degree of
hydrophobicity to the carriers: EziG'-Opal - hydrophilic (trace
organics and Fe’"), EziG>-Coral - hydrophobic (derivatized
polystyrene and Fe’") and EziG*-Amber - semi-hydrophobic
(derivatized polystyrene and Fe®"). These carriers have been
previously tested with different enzyme classes, obtaining
significant improvements in stability for arylmalonate
decarboxylase,'® lipase B from Candida antarctica,*
norcoclaurine synthase,*’ co-immobilized dehydrogenases®
and hydroxynitrile lyase.”?

In the current study, we made a more detailed
characterization of an immobilized o-transaminase by
exploiting, in addition to confocal microscopy, the advantage
brought by Fourier Transform Infrared (FTIR) microscopy
and imaging (Fig. 1). Both FTIR and Raman vibrational
spectroscopy are sensitive to chemical vibrations, in a label-
free way, and they are good methods to track the
conformational state of a protein. FTIR spectroscopy has
some advantages over Raman microscopy for this purpose:
higher sensitivity, non-radiation damage, and no
fluorescence interference. Specifically, FTIR spectroscopy can
provide information about the secondary structure of
proteins, such as o-helices, B-sheets, and random coils,**
while Raman microscopy is less sensitive to changes in
protein secondary and may require more
sophisticated analysis to extract meaningful information
about protein conformational changes.>>*® With FTIR,
samples can be analyzed repeatedly without changing their
structure, due to the non-ionizing nature of IR radiation. On
the other hand, Raman microscopy can cause
photodegradation of the sample due to the high intensity of
the laser used for excitation®” and may impose a demanding
data pre-processing in order to minimize background
fluorescence.?® Due to these advantages, several papers have
been published on the use of vibrational spectroscopy to
characterize the immobilization of enzymes."®***' Confocal
microscopy has been used as well, and in one recent study,
Santiago-Arcos et al.’® reported the distribution of an alcohol
dehydrogenase from Bacillus (Geobacillus) stearothermophilus
(BsADH) on the surface of EziG™ carriers exploiting
fluorescently labeled enzymes.

structure
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Fig. 1 Schematic overview of the ATA-117 transaminase
immobilization on EziG carriers and the microscopic characterization
of the resulting biocatalysts.
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Here, we complemented the information on the enzyme
distribution along the carrier depth by confocal microscopy
with the enzyme distribution highlighted by FTIR imaging
and with the enzyme conformational changes resulting from
the immobilization process by exploiting FTIR microscopy.
To the best of our knowledge, this is the first time that
spatially-resolved IR vibrational analysis is used to study the
immobilized enzyme on a glass-based carrier and to
investigate the enzyme's conformational changes due to
different immobilization protocols. The retrieved details have
been correlated with the results on the partition of water
between the reaction phases and the carriers, which allowed
us to characterize the effect of the water activity (a,,) of the
reaction system on the enzyme efficiency in toluene and to
control the equilibria taking place during the biocatalyzed
transamination (which involves the formation of imines).

Overall, the integration of the experimental studies
provided detailed information to identify suitable conditions
for the employment of the immobilized enzyme in organic
media and on the hydration necessary to preserve the enzyme
activity.

Results and discussion
Immobilization and dehydration of the transaminase

The o-transaminase variant Hiss-ATA-117°% was immobilized
on three different EziG™ carriers: EziG'-Opal hydrophilic,
EziG*-Coral hydrophobic and EziG*-Amber semi-hydrophilic*?
(see Table S1 and Fig. S1 in the ESIf for more details on the
carriers and their spectroscopic profile). The organic polymer
bears Fe*', the binding metal ion that allows for the selective
binding of the histidine-tagged enzyme. Consequently, the
immobilization was performed directly from the cell free
extract, without the need to pre-purify the enzyme."” Fig. 2A
illustrates the secondary and tertiary structure of the
enzyme.’> From the literature, it is known that the use of
polyhistidine affinity tags (Hiss) allows for an efficient
purification process (in this case immobilization, since the

hydrophilic

hydrophobic

Fig. 2 A: Visualization of the secondary structure of N-terminal His-
tagged (R)-selective w-transaminase from Arthrobacter sp. (Hisg-ATA-
117). In purple the histidine tag and in cyan the PLP cofactor, enzyme
diameter: 7.17 nm. B: Surface hydrophobicity: in red the hydrophobic
areas and in light-grey the hydrophilic areas. The enzyme structure
was predicted using AlphaFold software, figures and the enzyme
diameter was obtained using PyMOL software.
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EziG technology serves both as and
immobilization technique) but can also negatively affect the
activity and/or the structure of the enzyme.** Notably, Fig. 2B
indicates the presence of several hydrophobic regions on the
surface of the o-transaminase, which are expected to interact
differently with the carriers depending on their hydrophobic
or hydrophilic nature. It should be underlined that the
enzyme was expressed in E. coli and, conversely, does not
bear glycans that might shield such hydrophobic regions on
the surface®® in aqueous media.

However, the solvation of the enzyme surface or even its
conformational features might change when the protein is
exposed to different media or interacts with carriers of
different chemical nature, as in the case of the three different
EziG™ CPG matrixes.***®

To date, no study has been reported to describe the
distribution of transaminases upon immobilization on
EziG™ and, more importantly, no method has been used so
far for describing the structural changes imposed on the
enzyme upon the immobilization process nor upon exposure
to organic solvent. The present study aims to fill this gap,
investigating the effects of hydration, dehydration, and
solvation on the dynamic and catalytic properties of the
immobilized protein.®” For this purpose, various samples of
immobilized Hiss-ATA-117 were prepared following a number
of protocols. In order to prepare the enzymatic formulations
for their application in organic solvent, the biocatalysts were
rinsed with different aqueous solutions and then dried under
vacuum to remove the water in excess. The purpose was to
evaluate these protocols aiming to preserve the activity of the
enzyme when exposed to the dehydration step. As a matter of
fact, removing the water in excess is mandatory to prevent
the agglomeration of the wet particles of the biocatalyst when
placed in hydrophobic organic media. As described in detail
in the Experimental section, the immobilized Hiss-ATA-117
samples were treated with four different buffer solutions (see
Table 1, “Pretreatment” column) supplemented with the co-
enzyme or sucrose. In the latter case, polyol was used to
promote the binding of extra water able to protect the protein
from denaturation.*®?° As a matter of fact, it is known that a
harsh dehydration procedure (drying at 100 °C) can strip
essential water molecules from the enzyme structure, thus
jeopardizing its activity. The immobilized Hiss-ATA-117
samples were also rinsed with iPrOH to remove the water in
excess and then with toluene for removing the residual water-
miscible alcohol, which has a detrimental effect on protein
stability” and might also interfere with the reaction
chemistry. After these pretreatments, the different
formulations of immobilized His,-ATA-117 were also
dehydrated in a desiccator at 25 °C at 100 mbar for 24 h, to
verify the effect of an extensive dehydration treatment on the
biocatalyst.

Table 1 reports a schematic overview of the water retained
by the enzyme-free carriers (first column for each type of
carrier) and by the carriers containing the immobilized
enzyme (second column for each type of carrier). The values

a purification
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were determined by the difference in weight before and after
extensive drying at 100 °C (until constant weight) for the
enzyme-free carriers and drying under vacuum at 25 °C (100
mbar, 24 h) for the immobilized enzyme.

Data in Table 1 indicate that EziG carriers have a modest
water adsorption capacity, ranging from 2.7 to 4.7 (% w/w).
This is most probably a consequence of the organic
polymeric coating, since previous studies on the absorption
of water on porous siliceous materials showed that it heavily
depends on the polarity of the material and on the size of the
pores.*>** For instance, calcined porous celite,*® a silica-
based matrix consisting of diatomaceous earth broken up
and subsequently recalcined to create porous particles with
controlled pores, has the ability to retain water as much as
90% of its weight. When the carriers were washed with
aqueous buffer, the dehydration procedure at 25 °C and 100
mbar for 24 h was able to remove most of the residual water.
However, the hygroscopic nature of polyol makes the drying
process in the desiccator at 25 °C under vacuum ineffective,
but rather the samples adsorb extra water from the
environment, up to more than 20% w/w. It is worth
mentioning that all the samples were placed in the same
desiccator, and it was opened only once, namely at the end
of the 24 hour drying process. The samples rinsed with
iPrOH and toluene display the lowest differences in weight
after the drying treatment (entry 5, Table 1), which can be
ascribed to the evaporation of the residual water and also
traces of organic solvents.

In conclusion, all different formulations of immobilized
Hisg-ATA-117 retain <5% of water when rinsed with all
different aqueous buffers and the dehydration of the
immobilized enzymes at 25 °C under vacuum removes most
of this residual water, except in samples containing the
hygroscopic polyol. Finally, the polar iPrOH is effective in
stripping most of the water bound on the carrier.

The activity of all immobilized Hiss-ATA-117 formulations
pretreated according to the protocols of Table 1 was finally
assessed in aqueous media in order to verify the effect of all
pre-treatments on the activity of the biocatalyst using a
standard activity assay. The formation of acetophenone,
starting from o-methylbenzylamine and wusing sodium
pyruvate as an amine acceptor (see Scheme S1 in the ESI}),
was followed for 15 minutes (the results are presented in
Fig. 3). Compared to the activity of the native enzyme, the
activity after the immobilization was 2.9 times lower.

Results in Fig. 3 indicate that EziG'-Opal performs better
(~50% higher activity) than EziG*-Coral and EziG*-Amber for
the reported model reaction in aqueous media. Notably, the
surface of EziG'-Opal has the highest hydrophilicity, and the
matrix has the widest pores (~500 A compared to 300 A of
EziG>-Coral and EziG*-Amber): the combination of these
properties appears to be beneficial for this specific reaction.
Independent from the carrier, there is no remarkable effect
of the pretreatment protocols except for the case of
pretreatment 5 (iPrOH + toluene rinsing) of the EziG'-Opal
formulation, which demonstrates by far the highest activity.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Enzymatic activity (expressed in enzymatic unit per g of
immobilized enzyme) of the immobilized Hisg-ATA-117 formulations
on EziG!-Opal, EziG?-Coral, and EziG*-Amber pre-treated according
to the protocols of Table 1. Reaction conditions: 100 mM HEPES pH
9.0, 10 mM sodium pyruvate, 20 mM a-MBA, 25 °C, 15 rpm, 15 min.
The formation of acetophenone was monitored by measuring the
increase in absorbance at 245 nm (see the scheme in the inset of the
figure). Immobilization yields: 92.4% EziG'-Opal, 92.5% EziG?-Coral
and 92.2% EziG*-Amber.

Therefore, starting from these experimental observations,
detailed spectroscopic analyses were planned in order to
gather direct observations of the behavior of the Hisg-ATA-
117 enzyme once immobilized on the three EziG carriers and
exposed to the different washing and dehydration
procedures.

Spectroscopic characterization of immobilized Hiss-ATA-117
enzyme
Infrared vibrational microspectroscopy and imaging** were
used for the localization and structural characterization of
the immobilized biocatalysts. As a matter of fact, FTIR
spectroscopy is sensitive to the secondary structure of
proteins. In an FTIR spectrum of a protein, two prominent
features can be identified, the Amide I band (~1650 cm™)
which comes mainly from the C=O stretching vibration of
the peptide backbone, and the Amide II band (~1540 cm™)
attributed to the N-H bending and C-N stretching vibration
of the peptide backbone.**® Based on the different
hydrogen-bonding environments (o-helix, B-sheet, turn,
unordered conformations) the spectral shape of Amide I
band changes, and this can be related to the protein
secondary structure.”” Indeed, most proteins have a mixture
of secondary structural elements, with the Amide I band
being a combination of these components. In general,
o-helices and B-sheets have Amide I vibrational frequencies
around 1655 and 1630 cm ™", respectively.*®*°

FTIR measurements were performed after the five
different pretreatments (Table 1) as described in the Material
and methods section. For all the prepared samples, both
single-point spectroscopy and infrared hyperspectral images
were collected. Even if the analyzed carriers are made of glass
(a very strong IR absorber) and they are thick in the
millimeter range, due to their high porosity it was possible to
analyze the samples in transmission without any other

This journal is © The Royal Society of Chemistry 2023
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treatment, except for the saturation of the Si-O stretching
region (see Fig. S1 in the ESIT). At this stage, it is relevant to
highlight that the spectral region characteristic of proteins is
substantially free of carrier spectral features that may hinder
the vibrational analysis.

FTIR hyperspectral images are particularly useful for
correlating chemical information with the sample's
morphology. Fig. 4 reports the analysis of representative
chemical images of the transaminase immobilized on EziG'-
Opal and washed with organic solvent as described in
Table 1, entry 5 (a complete overview of all carriers and pre-
treatments can be found in ESI;} Fig. S2). The hyperspectral
images, obtained by plotting the intensity of Amide I and II
bands normalized to the glass carrier thickness at each point,
prove that the enzyme is accumulated at the border regions
of the carriers. Nevertheless, the analysis pointed out a
significant penetration of the protein also in the inner areas.

Analysis of the spatial distribution of Hiss-ATA-117 across the
EziG carriers by fluorescence confocal microscopy

FTIR imaging, being a non-confocal microscopy technique,
does not allow to distinguish between surface and core
penetration of the enzyme. So, to have a second confirmation
on the distribution of the enzyme on the surface of the
carriers, and also to get information about its infiltration
along the carrier depth, we used confocal laser scanning
microscopy (CLSM) imaging. To this aim, we chemically
labelled Hisg-ATA-117 with FITC (more details in the
“Material and methods™ section) and then immobilized it to
perform the studies (the immobilized enzyme was treated
according to entry 1 of Table 1). Fig. 5 shows different
“virtual” layers of each of the carriers and, on the lower row,

y (micron)

26400

X (micron)

Fig. 4 The optical image of the carriers with the overlap of the
chemical infrared image generated by the ratio of the integration in
the specific region of amide | and amide Il bands (~1710-1480 cm™)
and the band identifying the glass carrier (~1500-1300 cm™). The
colour scale bar ranges from higher biocatalyst concentrations (yellow
areas) to not-detectable concentrations (blue areas).

Catal. Sci. Technol., 2023, 13, 4955-4967 | 4959
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Fig. 5 2D images (40x) of different layers of EziG!, EziG? and EziG®
carriers obtained by acquiring 3D image stacks with scanning confocal
microscopy showing the FITC labelled Hisg-ATA-117 distribution
(samples were pretreated with NaP buffer before drying -
pretreatment 1). Row below: 3D reconstruction of the shown carriers.

the 3D reconstruction of all these layers (the distance between
the layers is 2 pm). We found that Hiss-ATA-117 was mainly
located in the outer regions, with all three carriers following a
similar distribution pattern to what it was observed with FTIR
imaging. The distribution and accumulation of the enzyme
differs from one bead to another, as well as from one carrier
type (EziG'-Opal, EziG*-Coral or EziG*-Amber) to another,
because they do not have a regular shape or size. In all three
carriers the enzyme infiltrated towards the core of the carriers
at different average depths: EziG'-Opal 45.8 + 0.1 um, EziG>
Coral 43.7 + 0.1 um and EziG’-Amber 38.7 + 0.1 pm
respectively, as described in the Experimental section. The
radial cross-section fluorescence profile of these EziG carriers
is presented in Fig. S3.}

FTIR investigation of the secondary structure of immobilized
and pure Hiss-ATA-117

To characterize the conformation of the immobilized enzyme,
we measured the infrared absorption for the pure enzyme
and used it as a reference. For this analysis, the second
derivatives of the spectra in the Amide I-Amide II spectral
range, for all types of pretreatments used before the drying
step, were compared (see Fig. S4 in the ESIf). Spectra were
acquired averaging 2048 scans on a border region of the
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Fig. 6 Comparison of the second derivative spectra of NaP (blue),
iPrOH (red) and iPrOH + dry toluene (green) washings for all EziG
carriers (A. EziG', B. EziG?, C. EziG®) containing the immobilized Hise-
ATA-117. For each group, the comparison was made between the
immobilized enzyme (washed and dried under vacuum at 100 mbar, 25
°C for 24h) and the native enzyme (resuspended in NaP buffer;
orange).

carrier, setting the lateral resolution at 50 x 50 um?, in order
to enhance the spectral quality while sacrifying the spatial
resolution.

In Fig. 6, an informative comparison is shown between
samples pretreated with simple buffer (in blue) or with
organic solvents (in green) as described in Table 1 entry 1
and 5, respectively.

The second derivative spectrum of the immobilized
enzyme displayed a main peak at ~1654 cm ™, along with the
peak at ~1635 cm ', which is assigned to the a-helix and
B-sheet structures of the protein, respectively. The minor
component at ~1601 ecm " occurred in the spectral region of
intermolecular B-sheet absorption. As can be appreciated
from the figure, the second derivative spectra for all the
preparations washed with buffer solutions (blue) are similar
to that of the pure free enzyme (in orange). Upon analysis of

This journal is © The Royal Society of Chemistry 2023
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the samples pretreated with the organic solvents (iPrOH
followed by toluene, entry 5 Table 1), an increase in the
intensity of the band at about 1630 cm™ was observed for all
three carriers. When the enzyme was exposed to the organic
solvent a conformational rearrangement occurred, probably
because the protein tends to rearrange to reach a stable
conformation between a hydrophilic and a hydrophobic
portion. To verify whether the rearrangement was caused by
the treatment with the polar and hygroscopic isopropyl
alcohol, a new sample of immobilized Hiss-ATA-117-EziG'-
Opal was prepared, which was pre-treated only with iPrOH
before drying. The comparison of the new spectrum (red line
in spectra of Fig. 6) with those registered using pre-treatment
1 and 5 confirms that protein misfolding is observable only
when the enzyme is exposed to non-polar solvents such as
toluene. Most probably, the hydrophobic organic solvent
promotes the orientation of a hydrophobic part of the protein
to the hydrophobic reaction medium, in this case to toluene.

In addition, when looking at random spots in FTIR images
at the border and at the center of the carrier for all
preparations (see Fig. S4 in the ESIt), it was found that for
pretreatment 5 with toluene the conformational change
seems to happen everywhere in the carrier, while it is not the
same for pretreatment 1, where some variability on the
conformation of the protein is observed on the external parts
of the carrier (see Fig. S51).

In conclusion, the spectroscopic studies highlighted a
conformational rearrangement favoring p-sheet conformation
for all immobilized Hisg-ATA-117 formulations washed with
iPrOH followed by toluene and verified that the modification
is promoted by the exposure to toluene. The conformational
change was observed for the enzyme immobilized on all three
EziG carriers. The experimental data on enzymatic activity
collected in aqueous solution in Fig. 3 indicate that this
conformational modification is not detrimental for the
activity of the immobilized Hiss-ATA-117 on EziG carriers,
but rather an hyperactivation might occur as observed for
Hisg-ATA-117-EziG'-Opal where the activity is almost doubled
as compared to the formulation treated with a simple buffer
solution. For this reason, the study continued with the
investigation of the performance of Hise-ATA-117-EziG'-Opal
in a transamination reaction in organic solvent. Toluene was
selected as the reaction medium in order to reduce the
variables that might affect the conformation and activity of
the immobilized enzyme.

EziG'-Opal-immobilized ATA 117: activity in organic solvent
at different a,, values

The activity of EziG'-Opal-Hisg-ATA-117 pretreated with iPrOH
and toluene was assessed in a transamination reaction between
1-phenoxypropan-2-one and isopropyl amine as an amine donor
using toluene as the reaction medium (Scheme S2 in the ESIY).
Because the hydration of the enzyme and the partition of the
water are key parameters for enzymatically catalyzed
reactions,”®”" and our experimental design comprises a drying
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Fig. 7 GC-MS results of the transamination of 1-phenoxypropan-2-
one in the presence of isopropyl amine as an amine donor, catalyzed
by Hisg-ATA-117 immobilized on EziG'-Opal at different a,, values.
Reaction conditions: 1 mL toluene, 250 mM isopropyl amine, 100 mM
1-phenoxypropan-2-one, 35 °C, 150 rpm, overnight. The a,, values
were obtained and measured as described in the Experimental section.

step after immobilization, we evaluated the efficiency of the
enzymatic formulation in similar reaction systems characterized
by different water activity (ay) values. The direct measurement
of a,, allows one to compare the performance of enzymes in
different media, with the hydration state of an enzyme being
always fixed by the a,, value regardless of the chosen solvent.>®
For instance, the reaction system employing the biocatalyst
washed with iPrOH and toluene and then dried under vacuum
led to a,, = 0.50.

As expected, the ketone disappears also in the absence of
the enzyme since, as already known, it reacts spontaneously
with the amine donor®® (isopropyl amine) establishing an
equilibrium with the corresponding imine (N-isopropyl-1-
phenoxypropan-2-imine), which was confirmed by means of
GC-MS. Therefore, a clearer view of the behavior of the
biocatalyzed transamination is shown in Fig. 7, which
compares the amount of N-isopropyl-1-phenoxypropan-2-
imine and the desired 1-phenoxypropan-2-amine product.
The GC-MS data is expressed as the ratio between the area of
the peaks of the molecules and an internal standard
(dodecane).

The formation of N-isopropyl-1-phenoxypropan-2-imine
was observed in all reaction mixtures as the main component
(Fig. 7). At a,, as low as 0.50 the formation of the amine
product is negligible and an increase of a,, at values >0.95
leads to a significant increase in the formation of the desired
amine, accompanied by a decrease in the concentration of
the imine. Most probably, at a,, > 0.95 there are two positive
effects which are synergic. Firstly, the highly hydrated
biocatalyst is more efficient and secondly the equilibrium
between the imine and the free amine donor is shifted
towards the second chemical species, which can be converted
by a more active enzyme.

In order to increase the a, values, the dehydration step
was omitted, thus achieving a,, = 0.96. The employment of
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Table 2 Values of water activity measured after 24 h of incubation of 1-phenoxypropan-2-one with isopropyl amine as an amine donor and the
corresponding conversions of the ketone with and without the biocatalyst. All the samples were incubated in a 4 mL vial at 25 °C for 24 h

Pretreatment of EziG'-Opal-Hiss-ATA-117

Conversion

Reaction solvent Rinse with Drying Ay of ketone [%]
Control reactions
Dry toluene — — 0.63 + 0.01 46 £ 0.5
Water-saturated toluene — — 0.73 £ 0.01 39+0.2
After 24 h of biocatalyzed transamination
Dry toluene iPrOH followed by dry toluene Under vacuum 100 mbar, 0.50 + 0.01 65+ 2.1

25°C, 24 h
Dry toluene iPrOH followed by dry toluene No drying 0.96 + 0.01 44 +2.7
Water-saturated toluene iPrOH followed by water-saturated toluene No drying 0.97 + 0.01 52 + 6.2

water saturated toluene both in the rinsing step and as the
reaction medium led to a measured a, = 0.97. All
measurements were carried out after 24 h of incubation and
it must be noted that differences in a, values close to a,, =
1.0 are not informative and they simply indicate that the
system is close to water saturation. In all experiments only
one single liquid phase was observed.

Table 2 reports the calculated conversions based on GC-
MS analysis collected for the samples obtained after 24 h of
incubation of 1-phenoxypropan-2-one with isopropyl amine
as an amine donor with and without the biocatalyst at the
corresponding measured a,, values. Notably, the a,, values of
the reactions performed in the absence of the biocatalyst are
different since the contribution of the carrier, either in terms
of subtracting or adding water to the system, is missing. The
a,, values of the reference reaction mixtures (i.e. dry toluene
and water saturated toluene) are available in Table S2 of the
ESL¥

Enzyme reactivity in organic solvents can be affected
positively by an increase of a, as also reported previously for
other enzymes, such as amidases®® and proteases."> The
causes can include the increase in conformational flexibility
and also the importance of water molecules for the reaction
mechanism itself. For sure the a,, affects the thermodynamic
equilibrium of the reversible reaction between the ketone
and the amine donor, leading to the imine. This is evident
from the percentage of conversion of the ketone towards the
imine in the absence of the biocatalyst (Table 2), which
increases from 39% to 46% when the a,, decreases from 0.73
to 0.63. At a,, close to 1.0 the system is saturated with water,
even when a second liquid phase is not visible, and further
addition of water would not affect the equilibrium of the
reaction. Therefore, the observed differences between the
reactions conducted at a, > 0.90 are most probably
ascribable to effects at the level of the enzymatic activity
since the use of water saturated toluene in the washing
procedure appears to be beneficial.

Overall, the data here reported shed light on the effect of
a, on the biocatalyzed transamination in toluene and the
importance of the protocols for the formulation of
immobilized transaminases to maintain the activity of
transaminases.” The reported protocols do not make use of
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hydrated salts for adjusting the hydration of the reaction
system'" and more importantly, provide a direct confirmation
of reaching the equilibrium in the distribution of water
between the different phases.

Experimental
Materials

Kanamycin monosulfate, Auto Induction Media Terrific Broth
Base, 3-(morpholin-4-yl)propane-1-sulfonic acid (MOPS), sodium
chloride, pyridoxal-5-phosphate, sodium phosphate, toluene,
isopropyl alcohol, sodium pyruvate, a-methylbenzylamine, 2-[4-
(2-hydroxyethyl)piperazin-1-yljethane-1-sulfonic acid (HEPES),
Bradford reagent, fluorescein isothiocyanate isomer I (FITC),
acetophenone, sucrose and dimethylformamide were purchased
from Sigma-Aldrich. The EziG™ carriers (EziG'-Opal, EziG>-
Coral, EziG’-Amber) and the Hisg-ATA-117 o-transaminase
(round 11 variant originating from Arthrobacter sp. expressed
using Escherichia coli BL21 (DE3) as a host organism) were
provided by EnginZyme AB (Stockholm, Sweden). Relative
humidity and water activity were measured using a humidity
sensor resistant to the detrimental effects of organic solvent
vapors (DARAI Instruments, Trieste, Italy).

Expression and of o-transaminases

N-Terminal His-tagged (R)-selective o-transaminase from
Arthrobacter sp. (Hise-ATA-117, pET-28a) was previously
developed by Savile et al. by performing 11 rounds of
mutagenesis.”> The ®-TA variant Hiss-ATA-117 was expressed
using Escherichia coli BL21 (DE3) as a host organism: 500 mL
of TB AIM medium supplemented with kanamycin (final
concentration of 50 ug mL™) was inoculated with 50 uL cell
stock. Protein expression was conducted overnight at 30 °C,
220 rpm and thereafter terminated by centrifugation of the
culture (4 °C, 4000 rpm, 20 min). The cell pellet was
resuspended in buffer solution (50 mM MOPS, 150 mM Nacl,
pH 7) and disrupted by sonication. Lysed cells were
centrifuged at 18000 rpm at 4 °C for 1 hour. The clarified
cell-free extract solution was lyophilized in the freeze dryer
for 48 hours. The activity of the obtained protein was
evaluated by using the standard assay described in the
activity assay section and the protein concentration was

This journal is © The Royal Society of Chemistry 2023
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determined by using the Protein A280 assay (protein content
6.362 mg mL™", specific activity 0.031 U mg ™).

Enzyme immobilization onto EziG carriers and dehydration
protocols

The immobilization of Hiss-ATA-117 onto EziG carriers was
performed using the cell free extract (CFE) obtained after cell
disruption and clarification procedures. The CFE solution
used for the immobilization was prepared by resuspending
1.5 g of freeze-dried CFE in 150 mL buffer (25 mM sodium
phosphate and 0.1 mM pyridoxal-5-phosfhate, pH 9.0) and
incubated for two hours. 50 mL of the obtained solution was
further incubated for two more hours in the presence of 50
mg of carriers at 25 °C covered by aluminum foil (the
procedure was done for each of the carriers). In order to
determine the total protein loading, the Bradford assay was
performed before (Asos initial) and after the immobilization
process (Asos final) for calculating the amount of total protein
bound to the beads.

(A595 final _A595 initial)

Immobilized ezyme [%] = %X 100% (1)

As95 initial

The immobilized enzyme was left to sediment before
removing the liquid phase by pipetting. In order to prepare
the enzymatic formulations for their application in organic
solvent, the biocatalysts were rinsed with different aqueous
solutions and then dried under vacuum to remove the water
in excess. Different samples (50 mg) of immobilized Hise-
ATA-117 were washed 3 times with 5 mL of each of the
following solutions: a) 25 mM sodium phosphate buffer (pH
= 9); b) 25 mM sodium phosphate buffer (pH = 9) + 0.3 mM
pyridoxal-5-phosphate; c¢) 25 mM sodium phosphate buffer
(pH = 9) + 20% w/v sucrose; d) 25 mM sodium phosphate
buffer (pH = 9) + 0.3 mM pyridoxal-5"-phosphate + 20% w/v
sucrose; e) isopropyl alcohol followed by dry toluene. The
first washing solution (25 mM NaP, also used as a buffer for
immobilization) is usually used after immobilization to
remove the non-immobilized enzyme from the -carrier
surface. This step is mandatory especially when the cell free
extract (CFE) is used. Pyridoxal-5-phosphate acts as a
coenzyme for all transamination reactions and it was
demonstrated that it improves the stability of the enzyme.®

Finally, samples of immobilized Hise-ATA-117 were also
washed (3 times with 5 mL) with a polar solvent, namely
iPrOH (log P —0.16) followed by rinsing (3 times with 5 mL)
with toluene (logP 2.7). While iPrOH is used for removing
the water in excess, the chemically inert and hydrophobic
toluene is necessary for removing the water-miscible alcohol,
which has a detrimental effect on protein potential inhibition
and might also interfere with the reaction chemistry.

After the washing protocols described above, the
immobilized formulations were also dried in a desiccator
under vacuum at 25 °C, 100 mbar for 24 h. The temperature
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was carefully controlled in order to prevent the inactivation
of the enzyme during the drying process.

Determination of the water adsorption capacity of the
carriers

The washing procedures described above were also
performed for the enzyme-free carriers, which were finally
dried in an oven at 100 °C for 24 hours. In order to
determine the water retained by the carrier after each
washing treatment, each sample (washed enzyme-free EziG
carrier) was dried until constant weight and then the
difference in weight between the wet and the dried sample
was determined. The drying process was monitored for 24 h,
with the samples being weighed five times during this time.
It was experimentally verified that the presence of the enzyme
does not affect the water adsorption capacity of each of the
three EziG carriers.

Determination of the enzymatic activity of the immobilized
enzyme using microplates

To determine the activity of the immobilized enzyme, 10 mg
of EziG formulations were mixed with 1 mL reaction mixture
(10 mM sodium pyruvate and 20 mM a-methylbenzylamine
were dissolved in 100 mM HEPES pH 9.0). The reaction was
run for 15 minutes (25 °C, 15 rpm) and the formation of
acetophenone was followed in a microplate reader (Infinite
M1000 pro reader) by measuring the increase in absorbance
at 245 nm (¢ =12 mM " cm™1).>%%7

_ p'm()lproduct [2]

Activity [Ug ™! = —
ty [ & ] Mpjiocatalyst Xt
where:

Mpiocatalyst = amount of dry biocatalyst [g]

t = time of the enzymatic assay [min]

Measurement of the water activity (a,,) of the reaction
systems

The water activity, ay, of the sealed and equilibrated reaction
systems was determined according to eqn (3), by measuring the
relative humidity (ERH) of the headspace of the sealed reaction
vessel, assuming that the reaction system had reached the
equilibrium and that the a,, is the same in all phases after the
partition of the water molecules between the different
components of the system (solid, liquid and gas).”"*®

ERH

Ay = ———
Y 100%

(3)

In a 4 mL vial, 10 mg of the sample containing the
immobilized enzyme (EziG carrier + Hise-ATA-117) were
stored in the presence of 1 mL of dry toluene and kept for 24
h in the closed vial at 25 °C to ensure the equilibrium of the
system. Measurements were conducted by carefully sealing
the sensor inside the vial until constant reading to verify the
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achievement of the equilibrium. The sensor did not get in
contact with the sample.

The calibration of the sensor was made at 25 °C using
standard salt solutions at four different a,, values (0.12, 0.43,
0.75, 0.84). The saturated solutions were prepared at 25 °C
using the following salts (analytical grade): NaOH (a, = 0.12),
K,CO; (ay = 0.43), NaCl (a,, = 0.75), and KCl (a,, = 0.84). Notably,
the humidity-temperature sensor can measure differences in
ERH values in the range of 10-90%. Values above 90% indicate
that the system is close to water-saturation (i.e. ERH 100%) but
differences are not informative.

Biocatalyzed transamination in toluene

To perform the reaction 10 mg of immobilized Hiss-ATA-117
on the EziG'-Opal carrier were used with 1 mL reaction
mixture in an orbital shaker at 35 °C, 150 rpm. The a,, of the
reaction systems was tuned by using the toluene either water
saturated or dry. Moreover, the hydration of the biocatalyst
EziG'-Opal-Hise-ATA-117 was tuned by modifying slightly the
rinsing step: i) in one case the biocatalyst was used after the
pretreatment as described in Table 1 entry 5 (washing with
iPrOH and dry toluene and then dried); ii) in the second case
the drying step was omitted; iii) a third biocatalyst sample
was rinsed with iPrOH and water-saturated toluene, without
any drying step, in order to maintain a higher hydration
level.

The reaction mixtures were prepared by dissolving isopropyl
amine (250 mM) and 1-phenoxypropan-2-one (100 mM) in the
selected medium (either water-saturated toluene or dry toluene).
The reaction was carried out for 24 hours and monitored by GC
chromatography by analyzing 40 pL withdrawals of the reaction
mixture diluted with 460 pL of ethyl acetate containing 40 mM
dodecane as an internal standard. The progress of the
transamination was followed by evaluating the formation of the
amine product (1-phenoxypropan-2-amine), the disappearance
of the ketone substrates and also the presence of N-isopropyl-1-
phenoxypropan-2-imine derived from the spontaneous reaction
between isopropyl amine and the ketone. The product
1-phenoxypropan-2-amine was detected as a racemate since the
priority of the current work was the control of the activity of the
enzyme under different experimental conditions, whereas the
enantioselectivity was out of the scope of the investigation. The
quantitative analysis of the chemical species was carried out on
a SHIMADZU GC Chromatograph GC-2010 Plus with an AOC-
20i autosampler equipped with a Supelco SLB™-5 ms 30 m X
0.25 mm x 0.5 um fused silica capillary column, using the
following conditions: oven temperature: 120-200 °C (5 °C
min™") and 200-295 °C (10 °C min™"), injector temperature 295
°C, carrier gas (helium) flow 1.0 mL min™". Retention time:
1-phenoxypropan-2-one 8.17 min, 1-phenoxypropan-2-amine
9.09 min, N-isopropyl-1-phenoxypropan-2-imine 12.17 min.
Mass spectra were obtained from a SHIMADZU GCMS-QP2010
SE Gas Chromatograph Mass Spectrometer (mass range 33-700
Daltons). The method will be referred to as GC-MS. No other
product was observed in the reaction mixtures.
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FITC labelling

The coupling reaction of »-TA with FITC was started by the
dropwise addition of FITC solution (10 mggrc
MLgimethylformamide ) iNto the o-TA solution (10 mg mL™ in
sodium phosphate buffer 0.1 M, pH 8). The mixture was
incubated for 1 h at 25 °C. The protocol previously used by
Todea et al®® is based on the PIERCE EZ-Label TM FITC
labeling kit. The amount of FITC required for the reaction
depends on the amount of protein to be labeled.

mg protein » mmol protein

mmol FITC = mL protein x

mL protein mg protein
« 24 mmol FITC
mmol protein (4)
100 yL

ML FTIC = mmol FITC X Mprotein X Tmg (5)
where:
24 = recommended molar ratio of FITC to protein
100 = pL of solvent in which 1 mg FITC is dissolved

The labeled »-TA was separated from unreacted FITC by
several washes with sodium phosphate buffer (0.1 M, pH 8)
using a centrifugal filter (50 KDa cutoff). UV-vis spectra were
collected after each washing step, until the absorbance at 490
nm (characteristic value for FITC) reached 0.1 absorbance
unit. To determine the protein concentration a Bradford

assay (Asos) was performed.

Confocal laser scanning microscopy (CLSM) imaging

The localization and distribution of the FITC-labelled ©-TA
immobilized on the EziG carriers were visualized by means of
a Nikon Eclipse TE2000-E Inverted Fluorescence Microscope.
Confocal imaging was performed using 20x and 40x
objectives and the resulting micrographs were analyzed by
means of FIJI software.®® From the collected confocal images,
it was possible to obtain an average and normalized
fluorescence radius using the FIJI plugin for the generation
of the radial profile. A Gaussian fit was applied, after which
the fitted data point corresponding to 50% of the maximum
normalized fluorescence fitted peak (ypwum) Was searched.
FWHM (full width half maximum), the infiltration distance
of the enzyme in the inner surface of the analyzed beads, was
calculated by subtracting the coordinates corresponding to
the FWHM radius (Xpwiy) from the particle radius (R).

FTIR microspectroscopy and imaging

FTIR analysis was carried out at the Chemical and Life
Sciences branch of the SISSI beamline at Elettra Sincrotrone
Trieste.’®> Measurements were performed with a Bruker
Hyperion 3000 microscope (Bruker Optics, Ettlingen,
Germany) coupled to a Bruker Vertex 70v interferometer
equipped with both a single-point liquid-nitrogen-cooled
MCT (Mercury Cadmium Telluride) detector for FTIR
microspectroscopy and a bidimensional nitrogen cooled
Focal Plane Array detector (FPA) for FTIR imaging. Samples

This journal is © The Royal Society of Chemistry 2023
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were placed on a CaF, window (13 mm diameter x 1 mm
thickness) transparent to both visible and infrared light. The
carrier surface was brought into focus prior to the collection
of the sample spectrum. A reference spectrum was collected
in a clean spot near the sample. For microspectroscopy
analysis, 2048 scans were averaged with a spectral resolution
of 4 cm™ in the 3800-750 cm™" spectral range with a lateral
resolution of 50 um x 50 um aperture to define the precise
area of analysis. The samples analyzed with this technique
were the EziG carriers with and without immobilized protein
(washed with different solutions as described in the
immobilization section) and the pure Hiss-ATA-117 enzyme
suspended in sodium phosphate buffer (50 mM, pH = 7.0
supplemented with 5 mM pyridoxal-5'-phosphate) was left to
dry to acquire the spectrum. On these same types of samples,
FTIR imaging was performed with the FPA detector by
acquiring 512 scans with a spectral resolution of 4 cm™" in
the spectral range from 4000-900 cm .

FTIR data analysis

All the collected spectra were pre-processed with Bruker
software OPUS 7.5 and Quasar 1.6.0 Miniconda software.®***
Pre-processing consisted of atmospheric compensation,
rubber band baseline correction in the 3800-800 cm™
spectral range and cut in the regions of interest (ROIs), such
as: C-H stretching region, 3080-2800 cm™" characteristic for
symmetric and asymmetric stretching of methyl and
methylene groups (diagnostic for carrier functionalization)
and 1700-1500 cm™" characteristic for Amide I and Amide II
peaks (diagnostic for the enzyme). Second derivatives of the
spectra were computed by applying the Savitzky-Golay
algorithm using the third order polynomial and 13 points of
smoothing. The integral from baseline of Amide I and Amide
I at 1710-1485 cm ™" and for the glass carrier at 1500-1300
em™ was calculated and rationed. In Fig. 4 just for clarity
reasons, the empty space was removed by using a basic
Hierarchical Cluster Analysis (HCA) that identified the empty
space from the carrier.

Conclusions

The integration of different experimental studies provided
information necessary to develop rational protocols for
preserving the activity of an o-transaminase immobilized on
EziG™ carriers when applied in hydrophobic organic
solvent (toluene). Infrared microspectroscopy and imaging,
coupled with confocal microscopy, not only allowed the
direct observation of the distribution of the immobilized
transaminase on the carriers but also disclosed a specific
conformational change in the p-sheet domain of the
immobilized transaminase as a consequence of the exposure
to toluene. Unexpectedly, the conformational change
resulted in activity increase for the enzyme immobilized on
the most hydrophilic EziG™ carrier. When such formulation
was applied in toluene at different a, values the best
reaction conditions were characterized with a,, values close

This journal is © The Royal Society of Chemistry 2023
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to water saturation, which ensured the shift of the
thermodynamic equilibrium between the amine donor and
its imine in favor of the first species. Overall, careful
preservation of the hydration of the biocatalyst during the
whole post-immobilization procedures appears crucial for
the enzymatic activity and simple preparation protocols are
reported herein.

The behavior of EziG'-Opal-Hisg-ATA-117 when exposed to
toluene provides new hints for future investigations of the
conformational behavior of transaminases in non-aqueous
media by means of spectroscopic analysis and molecular
dynamics simulations. As a matter of fact, the structural
analysis of the enzyme highlighted various hydrophobic
regions on its surface. Conformational rearrangements
cannot be excluded when the protein is exposed to more
hydrophobic environments, as a consequence the differences
in solvation of the enzyme surface and the chemical nature
of the carrier might play an active role in such phenomena.
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