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Introduction

Impact of deep eutectic solvents (DESs) and
individual DES components on alcohol
dehydrogenase catalysis: connecting experimental
data and molecular dynamics simulationsf

Jan Philipp Bittner, € 12 Ningning Zhang,1® Lei Huang,”

Pablo Dominguez de Maria,® Sven Jakobtorweihen & *d ) xP

and Selin Kara

For a knowledge-based design of enzyme catalysis in deep eutectic solvents (DESs), the influence of the
DES properties (e.g., water activity and viscosity) and the impact of DESs and their individual components
must be assessed. This paper investigates three different DESs: choline chloride—glycerol (ChCl-Gly),
choline chloride—ethylene glycol (ChCI-EG), and ethyl ammonium chloride—glycerol (EACI-Gly). The
specific activity and half-life time of horse liver alcohol dehydrogenase (HLADH) were experimentally
determined in these DESs with water contents ranging from 0%-100%. HLADH showed limited activity in
neat DESs, which was enhanced by adding water. Experiments with individual DES components of ChCl-
Gly were carried out to clarify their individual influence. Glycerol acts as a strong stabilizer for the
enzyme, whereas choline chloride’s results are deleterious. To understand the experimental findings,
molecular dynamics (MD) simulations were carried out to quantify the solvation layer and calculate the
spatial distribution of the solvent molecules around HLADH. The experimental and the in silico approach
suggests that designing novel DESs with higher glycerol loadings would result in improved media for bio-
catalysis. This is demonstrated by performing the reduction of cinnamaldehyde to cinnamyl alcohol—a
relevant compound for the food industry and cosmetics—in ChCl-Gly (1:9 molar ratio), with 20 vol%
water to decrease the viscosity. HLADH is highly active and stable under these new conditions, giving
promising productivity (15.3 g L™ d™%). This paper demonstrates that DESs can be designed to be both
substrate-solubilizers and enzyme-compatible, opening new research lines for green chemistry and
biocatalysis.

the number of environmentally acceptable solvents has been
limited, and alternatives are of high interest.>> In recent years,

The application of nature’s catalysts ‘enzymes’ for the syn-
thesis of chemicals is a key emerging field to meet the current
and future needs for sustainable manufacturing of chemicals.
Solvents play a key role in catalysis, with relevant impact on
the development of efficient and green(er) syntheses. To date,
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deep eutectic solvents (DESs) have gained great attention as
promising solvents for biocatalysis.* ® In fact, DESs have even
been coined as ‘the solvents of the 21° century’.” In a nutshell,
DESs’ assets are based on their often biogenic origin and their
properties such as melting points below room temperature,
low volatility, high thermal stability, tunability analogous to
ionic liquids (ILs), biodegradability, large availability at accep-
table costs, and straightforward preparation.® In particular, the
high degree of freedom in designing DESs from a variety of
(biogenic) substances enables the creation of a ‘sustainable’
solvent platform.’

DESs, as first described by Abbott et al.,'® are binary eutec-
tic mixtures usually formed by combining a quaternary
ammonium salt (e.g., choline chloride (ChCl)) acting as a
hydrogen bond acceptor (HBA) with a hydrogen bond donor
(HBD, e.g., urea and glycerol). Importantly, the presence of
hydrogen bond donor-acceptor partners in the solution may

This journal is © The Royal Society of Chemistry 2022
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not be enough to characterize a ‘deep’ eutectic. In fact, the
melting point of the deep eutectic has to be lower than that of
the eutectic of an ideal solution, indicating strong attractive inter-
actions between the DES constituents."" This non-ideal behavior
is a key property of DESs as reaction media for biocatalysis as it
lowers the reactivity of the DES components and stabilizes the
enzyme structure. For instance, Gorke et al. documented the first
DES application in lipase-catalysis and revealed that the individ-
ual components within the DESs are 20 to >600-fold less reactive
as substrates than expected based on their concentrations.'? This
lowered reactivity was found to be 2-4 kcal mol™, analogous to
the energy of hydrogen bond formation between the DES con-
stituents. Likewise, in a molecular dynamics (MD) study of
Candida antarctica lipase B (CALB), Monhemi et al. showed that
the structure of CALB remains stable in urea-containing DES
(choline chloride-urea, a molar ratio of 1:2)."* The formation of
complexes between choline, chloride, and urea on the surface of
CALB prevented the diffusion of urea into the enzyme structure
and therefore enzyme denaturation.

Over the last decade, many biotransformations have been
established involving DESs as solvents, co-solvents, additives,
or even substrates in a wide variety of reaction types and
enzymes.'>"> As robust biocatalysts, lipase-catalyzed reactions
in DESs have been extensively explored, e.g., several (trans-)
esterifications catalyzed by immobilized CALB in ChCl-based
DES-water mixtures.'®™® Moreover, Durand et al. and Kim
et al. investigated the effects of different DES components on
free lipases, reflecting the significance of understanding the
interactions between DESs and enzymes.'*° Inspired by these
pioneering studies, the use of DESs in redox biocatalysis has
seen a rapid rise.>" For example, Dominguez de Maria et al.
reported the use of Baker’s yeast in DES-water mixtures for the
selective reduction of ethyl acetoacetate, showing complete
stereo inversion depending on the DES proportion (related to
buffer).”> In addition, the use of whole cells overexpressing
alcohol dehydrogenases (ADHs) in DES-aqueous media was
analyzed revealing the maintenance of enzyme activity at high
DES contents.*® Very recently, Fraaije and coworkers disclosed
the beneficial effects of sugar-based DESs as co-solvents on
5-hydroxymethylfurfural oxidase.>* In addition, to optimize the
biocatalytic processes in DESs, the physicochemical para-
meters like viscosity, water activity,>® and oxygen transfer rates
(OTRs)*® have been explored experimentally and computation-
ally. Despite these advances, further investigations are needed
to understand the structural changes of enzymes in DESs and
their interactions at the molecular level. Ultimately, the knowl-
edge would enable the proper selection of a tailored solvent
for biotransformation.

Viscosity is an important physicochemical property for sol-
vents, as it affects mass transfer in catalytic transformations.
Most DESs exhibit relatively high viscosity (>100 mPa s at room
temperature, compared to water, 0.89 mPa s).>”*® To overcome
this, water can be added to DESs as a co-solvent to lower the
viscosity.>* ! This enables the set-up of continuous processes
using DES-water mixtures with relatively low viscosities,
leading to potential synergies for green chemistry.*>** The
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addition of up to 20 vol% water leads to a remarkable decrease
of viscosity without disrupting the inherent properties of many
ChCl-based DESs****3> and it may even have a structure stabi-
lizing effect.*®

Another property often linked to the activity of enzymes in
non-conventional reaction media is the water activity (aw) in
the solvent mixture.'® The water activity is a corrected concen-
tration (aw = Xw X yw) that includes the interaction between
water and the solvent. The activity coefficient (y) describes
therefore the deviation from ideality. For a model system con-
taining an enzyme, water, and a non-aqueous solvent
(Scheme 1), the water molecules in the mixture will be distrib-
uted between the protein surface and the bulk phase. The
above described two regions are in constant exchange,
meaning that water molecules will constantly “adsorb” onto
and “desorb” from the enzyme surface. The equilibrium of
this constant exchange from the surface of the enzyme—the
resulting enzyme hydration—will be significantly determined
by the interaction of water with the solvent, and hence by ay.
While it is difficult to measure the hydration of an enzyme
experimentally, its determination from MD simulations is
straightforward. Using this concept, Wedberg et al.’’ could
relate the hydration of CALB in organic solvents to the aw
values of the solvents. In general, this methodology allows the
estimation of the enzyme-bound water that is necessary to
maintain the enzymatic activity in non-conventional media,
and hence to relate the enzyme hydration to aw in the bulk
phase and to serve for future solvent screening.

In general, MD simulations lead to detailed atomistic
insights into the enzyme behavior in a specific reaction
medium and can unravel structural changes and the inter-
actions between the enzyme and solvents, which can then be
correlated experimentally. MD simulations have mainly been
utilized to study lipases in organic solvents and DESs,"*?*"°
but recently other enzymes have also gained attention for
studying their behavior in different solvents with molecular

(1) Protein vicinity region

(2) Bulk phase

Scheme 1 |Illustration of the distribution of water around an enzyme in
a non-aqueous solvent. The space around the enzyme can be distribu-
ted into two different regions: (1) a protein vicinity region, where the
interaction of water with the protein (here shown horse-liver alcohol
dehydrogenase, HLADH) dominates, and (2) a bulk phase, where the
interaction of water with the solvent mixture is dominant.
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methods.*>*! Importantly, the underlying models of MD simu-
lations are interaction models (the so-called force field).
Existing biomolecular force fields have recently been tuned
towards DESs**™** and have already been validated for their
performance in enzyme simulations and as such the applica-
bility of MD for enzymes in DESs has been proven.*

The enzymatic activity of ADHs could be maintained in
DES-water mixtures (>10 vol% water) and outperformed pure
DESs, illustrating the benefits of adding water.*>*” The effects
of individual DES components on enzyme catalysis, together
with the determination of the optimal water concentration,
have to be addressed for a practical application of DESs.
Previously, we reported an analysis of the bioreduction cata-
lyzed by horse-liver alcohol dehydrogenase (HLADH) in a
choline chloride and glycerol DES (ChCl-Gly, molar ratio 1:2)
using up to 20 vol% of water.*® The activity and stability of the
model ADH underlined a detrimental effect of ChCI-Gly
(1:2)-water mixtures at low water concentrations. MD simu-
lations attributed this to the reduced hydration and confor-
mational flexibility of HLADH in DES-water mixtures. Two key
properties of DES-water mixtures that influence the enzymatic
performance were pinpointed: (1) reduced water activity (aw)
and (2) high viscosity (). It remained unclear which of these
two properties had the largest impact on HLADH’s
performance.

This paper aims at shedding light on the effect of DES-
water mixtures on HLADH through different research objec-
tives: (i) to determine the optimal water amount by gradually
adding water to the ChCI-Gly (1 : 2)-water mixture up to 1 (mol
mol™"); (ii) to gain a deeper understanding of the effect of the
individual DES components, by changing the HBD and HBA
(Scheme 2). To this end, apart from ChCl-Gly (1:2), two other
eutectic mixtures, namely choline chloride-ethylene glycol
(ChCI-EG, 1:2) and ethyl ammonium chloride-glycerol (EACI-
Gly, 1:1.5), are introduced; (iii) to evaluate different molar
ratios of ChCl-Gly far from the eutectic point at 1:2.
Experimental findings and MD simulations are brought
together to obtain a comprehensive picture of the effects of
these solvents on ADH’s catalytic performance; and (iv) to
generate knowledge to enable the design of a suitable DES for

R COH HBA HBD
2 ij @ 14 BODH N Dl
CHO = ' HOT EI‘ HO\/K/OH
| NAD*
\ w ChCl Gly
- 1.0 (mol/m¢
OH o)
ChCI:Gly = 1:2
2 ChCI:EG = 1:2 d ASNHE o HO A~
@ EACI:Gly = 1:1.5 2 HH: ¥ OH
CHL GBL EACI EG

Scheme 2 Reduction of cyclohexanone (CHO) catalyzed by HLADH to
cyclohexanol (CHL) promoted by 1,4-butanediol (1,4-BD) in DES—water
mixtures as reaction media. HBA: hydrogen bond acceptor, HBD: hydro-
gen bond donor, ChCL: choline chloride, EACL: ethyl ammonium chlor-
ide, Gly: glycerol, EG: ethylene glycol.
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ADH-catalyzed reductions. The designed DES will possess ade-
quate viscosity and enzyme-compatibility for sustainable pro-
cesses in non-conventional media. Creating new environment-
friendly DESs with higher compatibility for enzymes would
create a new path to align green solvents and (bio)catalysis.

Experimental
Materials

Chemicals, cultivation media components, and reagents were
purchased from Sigma-Aldrich (St Louis, USA), Carl Roth
(Karlsruhe, Germany), and VWR (Radnor, US) and used as
received. The Ni-NTA affinity resin was ordered from Expedeon
(Cambridgeshire, UK) and a BCA protein quantification kit
(Pierce™) was purchased from Thermo Scientific (Rockford,
USA). The recombinant pET-28b plasmid containing the
HLADH gene was from Assoc. Prof. Dr Diederik Johannes
Opperman (University of Free State, South Africa).

Preparation of DESs and DES-water mixtures

Commercial names have been given to many choline chloride
based DESs according to their HBD, glyceline (glycerol), etha-
line (ethylene glycol) or reline (urea). To avoid the misleading
impression of DESs being a new substance rather than a
binary mixture, this paper follows the widely used convention
of naming the DESs by their ingredients followed by their
molar ratio (e.g., ChCl-Gly (1:2) and ChCI-EG (1:2)). Fig. S7+
shows the phase diagram of eutectics at different glycerol mole
fractions for ChCl-Gly.

For ChCI-Gly (1:2), choline chloride and glycerol were
directly weighed in a flask in a molar ratio of 1:2 [0.25 mol
(34.9 g): 0.5 mol (46.0 g)]. The mixture was heated and stirred
at 80 °C and 300 rpm until a colorless liquid was formed (ca.
1 hour). The same procedure was used to prepare ChCIl-Gly
(1:9).

For ChCI-EG (1:2), choline chloride and ethylene glycol
(EG) were directly weighed in a flask in a molar ratio of 1:2
[0.25 mol (34.9 g): 0.5 mol (31.0 g)]. The mixture was heated
and stirred at 80 °C and 300 rpm until a colorless liquid was
formed (ca. 2 hours).

For EACI-Gly (1:1.5), ethyl ammonium chloride (EACI) and
glycerol were directly weighed in a flask in a molar ratio of
1:1.5 [0.30 mol (24.5 g): 0.45 mol (41.5 g)]. The mixture was
heated and stirred at 95 °C and 300 rpm until a colorless
liquid was formed (ca. 2 hours).

DESs’ properties are listed in Table S17 and the details of
DES-water mixture preparation are provided in the ESL.{ The
conversion between volume fractions (vol%) and mole frac-
tions of water (xyw, mol mol™") used in this work can be deter-
mined based on eqn (S1)} and found in Table S2 (ESI}).

Preparation of lyophilized purified HLADH

Fermentation and expression. The heterologous expression
of HLADH was performed in E. coli BL21 (DE3) containing the
plasmid pET28b(+)-HLADH-His. The pre-culture was grown in

This journal is © The Royal Society of Chemistry 2022
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a 20 mL LB medium containing 50 pg mL ™" kanamycin at 37 °C
and 120 rpm overnight (~16 hours). Afterwards, 10 mL (2.5
vol%) of the pre-culture was used to inoculate a 400 mL LB
medium containing 50 pg mL™" kanamycin, which was incu-
bated at 37 °C and 120 rpm. When the ODg, reached 0.6-0.8,
IPTG was added to a final concentration of 0.5 mM and the
incubation was continued at 24 °C for 24 hours. The cells were
harvested by centrifugation at 8000 rpm at 4 °C for 10 min. The
obtained cell pellets were re-suspended in a lysis buffer (50 mM
NaH,PO,, 300 mM NaCl, 10 mM imidazole, pH 8.0) in a ratio of
40 mL lysis buffer to 20 g wet cells. The re-suspended cells were
disrupted by ultrasonication (Sartorius Labsonic M with MS 73
probe) on ice at 60% amplitude (2 s. on, 8 s. off, 2 min x 5
cycles). The water-soluble protein was separated from the cell
debris by centrifugation at 13 000 rpm for 45 min at 4 °C.

Enzyme purification

The obtained clear cell-free extract (CFE) was filtered with a
0.45 pm membrane and applied to the Ni-NTA column, which
was previously equilibrated with 5 column volumes (CV) of
wash buffer (50 mM NaH,PO,, 300 mM NaCl, 20 mM imid-
azole, pH 8.0). The column was then washed with 10 CV of
wash buffer followed by 3 CV of elution buffer (50 mM
NaH,PO,, 300 mM NaCl, 250 mM imidazole, pH 8.0) to elute
the bound target enzyme. All fractions were collected for sub-
sequent SDS-PAGE analysis. For the removal of imidazole and
storage, the column was washed with the following buffers in
order: (1) 5 CV of wash buffer, (2) 3 CV of MES bulffer, (3) 5 CV
of deionized water, and (4) 3 CV of 30 vol% ethanol. All frac-
tions containing purified HLADH based on the SDS-PAGE ana-
lysis (Fig. S1, ESIT) were collected and dialyzed (Dialysis tubing
with MWCO 14 kDa) against a desalting buffer (10 mM Tris—
HCI, pH 7.5) at 4 °C. The obtained purified HLADH was fast-
frozen with liquid nitrogen and subsequently freeze-dried to
obtain the lyophilized powder ready to use.

Determination of the thermodynamic water activity (aw)

5 mL of freshly prepared DESs and DES-water mixtures were
incubated at 25 °C in 30 mL sealed glass bottles for 3 days.
The thermodynamic water activity (aw) of the DES-water mix-
tures was determined at room temperature (25 °C) using an
HMT337 Humidity Sensor (Vaisala, Finland). Here, the aw
values were measured based on the ratio of the water vapor
pressure (p) in the DES-water mixtures to the vapor pressure

of pure water (po) (aw = p/po).

Determination of the dynamic viscosity (7)

The dynamic viscosity (i) of the DES-water mixtures was measured
with a 2 mL sample using a Brookfield Digital Rheometer (Model
DV-III Ultra, Brookfield Engineering Laboratories Inc., MA, USA)
equipped with a spindle CPE41 at different shear rates between
0.2 5" and 500 s at room temperature (25 °C).

Determination of the specific activity of HLADH

10.4 pL of cyclohexanone and 4.4 uL of 1,4-butanediol were
dissolved in the corresponding reaction media in 1.5 mL GC

This journal is © The Royal Society of Chemistry 2022
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vials and kept at room temperature overnight for equilibration
(Tables S3 and S4, ESIf). The stock of NAD" (20 mM) and
freshly lyophilized purified HLADH (20 mg mL ') were pre-
pared in Tris-HCI (50 mM, pH 7.5) and incubated at 25 °C for
30 min. The reactions were started by the addition of 50 uL of
HLADH and NAD' stock solutions into the above-equilibrated
reaction media. All reaction components (cyclohexanone, 1,4-
butanediol, DESs, water (in the form of Tris-HCI buffer), NAD"
and HLADH) of each reaction system were applied in 1.5 mL
GC vials based on the corresponding water contents (DESs
with various water contents of 0-100 vol%, ChCl with 40 vol%
water, glycerol with 40 vol% water) and incubated at 25 °C and
1200 rpm. Each final system had a total volume of 1.0 mL and
contained 100 mM cyclohexanone, 50 mM 1,4-butanediol,
1 mg mL~' HLADH, 1 mM NAD" and various water contents.
Each reaction was performed in duplicate. Samples were taken
at definite time intervals (2-6 min) when product yields were
less than 10% and analyzed with GC (Table S5t). More specific
details can be found in section 4 of the ESL{ Besides, the
experimental details for the reduction of cinnamaldehyde are
in section 5 of the ESL.{

Determination of the half-life time of HLADH

The half-life times of HLADH were determined by incubating
500 pL of 1.0 mg mL™" purified HLADH solution at 60 °C in
three DESs with water contents of 0-100 vol%, ChCl with 40
vol% water, and glycerol with 40 vol% water. The corres-
ponding incubation media was placed in 1.5 mL microcentri-
fuge tubes and kept at room temperature overnight for equili-
bration (Tables S7 and S8, ESIf). 25 pL of HLADH stock solu-
tion (20 mg mL~") was mixed with the above-equilibrated solu-
tion and was incubated at 60 °C. Aliquot samples (>5) were
taken at specific time intervals and diluted with Tris-HCI
(50 mM, pH 7.5). The residual activities were measured using
1 mL reaction system (Tris-HCI [50 mM, pH 7.5], 50 mM cyclo-
hexanone, 0.2 mg mL™" heated HLADH samples, and 0.1 mM
NADH) with a photometer for 1 min at 25 °C. The half-life
times were determined from the plots of the natural logs of
residual activities versus the incubation time and calculated
based on eqn (S2) (ESIf). Each reaction was performed in
duplicates. More details can be found in section 7 of the ESL{

Computational methods
Force fields

Previously, we presented a comprehensive evaluation of exist-
ing biomolecular force fields for DESs and identified a modifi-
cation of the General Amber Force Field (GAFF-DES) developed
by Perkins et al.** as a suitable model for the simulation of
HLADH in ChCl-Gly (1:2)- and ChCI-EG (1:2)-water mix-
tures.*® In particular, the viscosity at low water contents was
better described by GAFF-DES compared to the other tested
force fields. Thus, to represent ChCl in the MD simulations of
ChCl-Gly (1:2) and ChCI-EG (1:2), this modification of
GAFF*® for DESs was used. To represent the interaction of the
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protein in these mixtures, the Amber03* force field*® has been
used. Electrostatic interactions have been implemented using
a cut-off radius of 0.9 nm and the Lennard-Jones (LJ) potential
has been shifted to zero at 0.9 nm.

To simulate HLADH in the ChCl-water mixtures, the topol-
ogies and parameters were taken from the CHARMM General
Force Field (CGenFF) version 4.1.°>>! To represent the protein
in the simulations of ChCl-water mixtures, the CHARMM36m
force field®* was used. In a previous publication,® we showed
that the behavior of HLADH is similarly described by different
force fields as long as the interaction model gave a satisfying
representation of the DES interactions. In the case of CGenFF,
the cut-off radius for electrostatics and LJ interactions was
1.2 nm, whereby the forces were smoothly switched between
1.0 and 1.2 nm.

The GAFF-DES force field does not include parameters for
EACI-Gly. Therefore, the topologies and force field parameters
for representing EACI-Gly (1:1.5) in the MD simulations have
been taken from the Optimized Potential for Liquid
Simulations-All Atom (OPLS-AA) force field.*>** To improve
the dynamic behavior of glycerol in the simulations, the
CCCO, OCCO, and HCOH dihedrals of glycerol have been
adjusted.*®**°® To represent the protein in the simulations of
EACI-Gly (1:1.5)-water mixtures, the OPLS-AA/M force
field*””® was used. In the case of the OPLS-AA, the L] and
electrostatic values were calculated with a cut-off radius of
1.1 nm, whereas the forces were smoothly switched between
0.9 and 1.1 nm.

Water is modeled with TIP3P*® in all simulations with the
exception of the simulations using CGenFF, where the
CHARMM-TIP3P variant®”®" was used.

Long-ranging electrostatics are calculated using the smooth
particle-mesh Ewald®* (PME) method with a PME order of 4 in
all simulations.

Simulation of protein systems

All MD simulations were performed with the software
GROMACS version 2019.4.%°% The simulation procedure for
the systems including HLADH was based on prior
publications.*™*® First, cubic boxes with a box length of
13.6 nm including the enzyme structure (HLADH, PDB entry
6091)°® and solvent mixtures were constructed using the
packmol software.®” Energy minimization using the steepest
decent algorithm is performed for 5000 steps while constrain-
ing all heavy protein atoms. The bonds to hydrogen atoms
were restrained using SETTLE®® for water and LINCS®® for all
other molecules. The temperature of the system was adjusted
to 298.15 K by the velocity rescale thermostat’® with a time
constant of zr = 1ps in a 2 ns NVT simulation using the leap-
frog integrator’" and a time step of 1 fs, whereby in the next
steps it was increased to 2 fs. The temperature was then
increased to 500 K during 1 ns and kept at 500 K for 20 ns to
allow better equilibration of the highly viscous DES-water mix-
tures. After cooling the system back to 298.15 K, the protein
structure was stepwise released in two consecutive NVT simu-
lations for 0.5 ns each by first constraining the backbone and
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then the C,-atoms of HLADH. This release of the protein struc-
ture allows for a proper equilibration of the surrounding
solvent without artificially distorting the protein structure. In a
2 ns NPT equilibration, the pressure is adjusted to 1 bar using
the Berendsen barostat.”> The equilibration is followed by a
sampling run for 100 ns in the NPT ensemble, whereby the
last 40 ns are used for computing the structural properties of
HLADH as well as its interactions with the solvents. Here the
pressure was controlled by the Parrinello-Rahman barostat”?
with a time constant of 7p = 5 ps and an isothermal compressi-
bility of xp = 5 x 107> bar~". To enhance statistical significance,
duplicate simulations starting from independent initial posi-
tions and initial velocities were performed for each system.

Analysis of the MD simulations

The molecular dynamics simulations were used to calculate
the root mean square fluctuations (RMSF), intra-protein hydro-
gen bonds (rgg = 0.35 nm, ¢y = 30°) and the hydration and
solvation layers of the DES-components. Water and chloride
were considered to be in the hydration/solvation layer when
the oxygen atom or chloride ion, respectively, was within 3.5 A
of any non-hydrogen protein atom. An analogous definition
was applied for the DES molecules with the central carbon of
choline being within 6 A, the central carbon of EAC ion within
4 A, the central carbon of glycerol within 5 A and a carbon of
ethylene glycol within 4 A of any non-hydrogen protein atom.

To get uncorrelated samples from the MD simulations, the
block averaging technique” was used for the estimation of
time-dependent errors. Unless stated otherwise, the error bars
indicate thereby a 95% confidence interval of block averages
over the last 40 ns of the trajectory with a block size of 5 ns.

To visualize the spatial distribution of the solvent mole-
cules around HLADH, density maps of the solvent molecules
with a maximum distance of 5 A from the protein surface were
calculated using the GROmaps’> software for the last 40 ns of
the trajectory and a spacing of 0.05 nm.

Results and discussion

For the study, three DESs with various water contents were
assessed (Scheme 2). HLADH’s catalytic performance in these
mixtures is experimentally determined followed up by a
detailed investigation of the protein behavior and interaction
with the solvents by molecular methods.

Experimental analysis

In the first set of experiments, an increasing amount of water
was added and the half-life time and enzymatic activity of
HLADH were determined (Fig. 1). The half-life time values
were dependent on the water content. Interestingly, a high
half-life time peak was observed for ChCI-Gly (1:2) at a water
mole fraction of 0.72 mol mol™" (equivalent to 40 vol%), which
decreased at higher water contents (Fig. 1a). Remarkably, the
positive effect at xy = 0.72 mol mol™" on the stability of
HLADH was even higher than the half-life time observed in the

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Half-life time of HLADH in mixtures of ChCl-Gly (1: 2) (white

squares), ChCI-EG (1:2) (grey triangles), and EACI-Gly (1:1.5) (black
squares) with water in dependency of the water mole fraction xy at
60 °C. The error bars are 95% confidence intervals based on the fit of
the half-life time to an exponential decrease function. (b) Specific
activity (product yields <10%) of HLADH in the three DES—water mix-
tures in dependency of the water mole fraction xy at 25 °C and normal-
ized by the specific activity in the aqueous buffer. The error bars are cal-
culated from duplicated experiments.

aqueous buffer. It has been reported that at 0.72 mol mol ™, the
typical DES hydrogen bond network starts to get disrupted*®
and the DESs molecules are either present in small clusters or
individually hydrated.”® Strikingly, EACI-Gly (1:1.5) showed
again a high half-life time peak, yet shifted towards larger water
contents (0.96 mol mol™"). Conversely, in ChCI-EG (1:2), a
smooth increase in half-life time preceded along with the water
contents and no peaks were observed. Taken together, these
results suggest that the presence of glycerol in the DESs may
play a role in the high stability peak observed for HLADH.

Subsequently, the specific activity of HLADH in the
different DES-water mixtures was investigated by performing
the HLADH-catalyzed reduction of cyclohexanone in the DES-
water mixtures with the water mole fraction xy (mol mol™)
ranging from 0 to 1 (Scheme 2). An aqueous buffer solution
(50 mM Tris-HCl, pH 7.5) was used for comparison. The
specific activity of HLADH was calculated based on product
yields per time (product yields <10%) and normalized by the
activity in the aqueous buffer. In contrast to the half-life time
of HLADH, the specific activity of HLADH increased gradually
with increasing water content up to a maximum in the
aqueous buffer (Fig. 1b). This illustrates the general detrimen-
tal effect of the three studied DESs on the activity of HLADH,
which can be alleviated by the addition of water, consistent
with our previous study.*’

In general, DESs are binary mixtures, and thus the discre-
pancy between the stability and the specific activity of HLADH
was studied by analyzing the individual contributions of ChCl
and glycerol, whereby the volume fraction of water remained
constant at 40 vol% (Fig. 2) (Table S31). The half-life time of
HLADH in ChCI with 40 vol% water was 277 min, while in gly-
cerol with 40 vol% water it was 3466 min (Fig. 2a). This
demonstrates the beneficial effect of glycerol on enzyme stabi-
lity, which exceeds the stability of the aqueous buffer by a
factor of 4.5 (Fig. 2a). The use of ChCI-Gly (1:2) suggested a
more detrimental influence of ChCl than a stabilizing effect of
glycerol. Analogous results for glycerol and ChCl have been
reported for other enzymes (e.g., glycosidases).”” Overall, the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Half-life time of HLADH in water, ChCIl-Gly (1:2)-, ChCl-
and glycerol-water mixtures with 40 vol% water at 60 °C. (b) Specific
activity (product yields <10%) of HLADH-catalyzed reduction in the
different systems with 40 vol% water at 25 °C. The error bars are calcu-
lated from duplicated experiments.

reduced stability observed in the ChCI-Gly (1 : 2) mixtures may
be mostly caused by ChCl. Besides, we also analyzed the equili-
bration of the highly viscous DES-water mixtures by following
different preparation routes (A and B) of ChCI-Gly (1 : 2)-water
mixtures. The details on the preparation of the reaction mix-
tures and assays for specific activity and half-life time analyses
can be found in the ESI (sections 4.2 and 7.2, ESIf). The
different equilibration methods resulted in the same solution
conditions and catalytic outputs proving that the highly
viscous DES solutions can be well equilibrated not only by
heating and stirring for short time but also by simply mixing
for longer times (Fig. S2 and S3, ESI¥).

In addition to the half-life time, the specific activity of
HLADH was assessed based on the initial rates (product yields
<10%). Compared with ChCI-Gly (1:2)-water (40 vol%), the
specific activity of HLADH in the ChCl-water mixture was
lower, while the corresponding glycerol-water mixture resulted
in a higher enzyme activity that is comparable to the aqueous
buffer (Fig. 2b). This further emphasizes that the deleterious
effect of ChCl-Gly (1:2) on HLADH is caused by ChCl.

Overall, the results suggest that pure glycerol would be the
preferred media for enzymatic reactions. However, the high vis-
cosity of glycerol, together with the need for dissolving sub-
strates that often display unpaired solubilities hampers that
approach from a practical standpoint. Importantly, our results
also imply that designing a DES with increasing content of gly-
cerol—but remaining as a DES—would provide the basis to
develop a more enzyme-compatible solvent with less viscosity
than pure glycerol and with better handling than glycerol-
water mixtures. From a green chemistry perspective, develop-
ing tailored solvents for enzymatic processes would constitute
an asset to deliver improved synthetic strategies, in which sub-
strates with unpaired solubilities can be fully dissolved and
the media turns out enzyme-compatible at the same time. To
validate this, the molar ratio of glycerol in ChCl-Gly was
increased from 1:2 to 1:9. In line with the DES definition dis-
cussed in the introduction, the melting point of this
1:9 mixture is lower than that of the eutectic of an ideal 1:9
solution. Expectedly, the new DESs (ChCI-Gly (1 : 9)) possessed
high viscosity (554 mPa s), which could be reduced to a man-
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Fig. 3 (a) Comparison of specific activity (product yields <10%) of
HLADH-catalyzed cyclohexanone reduction in ChCl-Gly (1:2) and
ChCl-Gly (1:9) with 20 vol% water at 25 °C. (b) The specific activity
(product yields <10%) of HLADH-catalyzed reduction in ChCl-Gly (1:9)
with 20 vol% water at different shaking speeds. The error bars are calcu-
lated from duplicated experiments. The differences of activity at 1200
rpm in a and b are attributed to the use of different batches of enzyme
produced.

ageable range of 50 mPa s by the addition of 20% water
(Fig. S4, ESIf). Remarkably, ChCI-Gly (1:9) led to a two-fold
higher specific activity of HLADH compared to that obtained
in ChCl-Gly (1:2) (Fig. 3a). Thus, the generation of a DES
medium with a higher content of glycerol enhances the stabi-
lity and activity of HLADH. The viscosity can be ameliorated
with the addition of water, and by enhancing the stirring
speed, even higher enzymatic rates are achieved (Fig. 3b).

Triggered by the promising results, the new ChCI-Gly (1:9)
was assessed for an industrially-sound reaction, namely the
reduction of cinnamaldehyde to cinnamyl alcohol, which is an
important compound for the synthesis of valuable chemicals
(e.g., cinnamyl esters and flunarizine) for the food and cos-
metic industry.”®”® The results are shown in Fig. 4, where reac-
tions in ChCl:Gly DESs 1:2 and 1:9 with 20 vol% water are
compared.
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Fig. 4 (a) The HLADH-catalyzed reduction of cinnamaldehyde to cin-

namyl alcohol. (b) Formation of cinnamyl alcohol over time and (c) com-
parison of specific activity (product yields <10%) of HLADH-catalyzed
cinnamaldehyde reduction in ChCl-Gly (1:2) and ChCI-Gly (1:9) with
20 vol% water at 25 °C. The error bars are calculated from duplicated
experiments.
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In line with the conversion of cyclohexanone, the enzymatic
performance in the new DESs significantly improved when
compared with the reaction in the classic DES ChCI-Gly (1 :2),
leading to a 2.5-fold higher specific activity. In the new DESs, a
40% yield of cinnamyl alcohol was achieved in ChCl-Gly (1:9)
with 20 vol% water in 8 h (under non-optimized conditions),
while less than 7% of cinnamyl alcohol was obtained in ChCl-
Gly (1:2). Furthermore, the new DESs seem to display a stabi-
lizing effect for HLADH. Thus, the reaction stops after two
hours in the 1:2 DESs, while high activity remains in the gly-
cerol-loaded solvent. Overall, these findings prove that ChCl-
Gly (1:9) imposed beneficial effects on HLADH and thus can
be applied in various organic synthesis applications. Moreover,
it suggests that new DESs with enhanced enzyme-compatibility
can be designed by replacing the deleterious choline chloride
with other hydrogen-bond acceptors. Combining tailored
green solvents and biocatalysts can make a significant step
forward for green chemistry strategies.

MD simulations

Experimental results have shown the effects of the individual
DES components and addition of water on HLADH’s stability
and activity. However, the structural behavior of HLADH and
its interactions with the DES-water mixtures are difficult to
access in experiments. To fully understand the interactions of
the DES components and water with the protein structure, MD
simulations of HLADH at atomistic resolutions with respect to
DES-water environments were performed.

One specific goal was to shed light on how the hydration
layer around HLADH was built, and its dependency on the
water concentration. Functioning as an indication of enzyme-
bound water (Scheme 1),%° the ayy values of the DES-water mix-
tures were experimentally determined. Overall, the water
activity of the DES-water mixtures showed a negative deviation
from the ideal mixture (Fig. S5a, ESI{), which is in line with
previous reports.*>*>#82 This negative deviation implies
strong attractive forces between the DES components and
water, which resulted in reduced enzyme hydration. As shown
in Fig. 5a, the hydration layers of HLADH in all DES-water mix-
tures display similar trends. These results also indicate the
strong attractive interactions between ChCl-Gly (1:2), ChCl-
EG (1:2) or EACI-Gly (1:1.5) molecules and water that lead to
preferential solvation of water in the bulk phase rather than
populating the enzyme surface. In other words, the polar DES
components compete with water for polar interaction sites on
HLADH’s surface and therefore effectively strip water from the
enzyme surface. In addition, the measured water activities of
the aqueous mixtures of ChCl and glycerol reveal the strong
affinity of ChCl towards interacting with water as indicated by
a low water activity (aw = 0.55) (Table S9, ESIt). The glycerol-
water mixture also shows the attractive interaction between
these molecules (aw = 0.66), however, to a much lesser extent
compared to ChCl. This indicates that ChCl is mainly causing
the stripping of water from the enzyme surface, which can
further underline the detrimental impact of ChCl on ADH cat-
alysis (Fig. 2) Although the DES molecules can mimic the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Time averages of the hydration layer around HLADH in mix-

tures of ChCl-Gly (1: 2) (white squares), ChCI-EG (1:2) (grey triangles)
and EACI-Gly (1:1.5) (black squares) with water in dependency of the
water mole fraction xy, from the MD simulations. (b) Root mean square
fluctuations (RMSF) of the C,-atoms of HLADH from the MD simulations
(averaged over both protein chains) in dependency of the water mole
fraction xy. The MD simulations of HLADH in the ChCl-Gly (1: 2)- and
ChCI-EG (1:2)-water mixtures are based on Bittner et al,*® but with
more water concentrations.

interactions of water and replace water on HLADH’s surface,
our results emphasize that the effect of water on the structure
and catalytic performance of HLADH is essential. Besides its
structural effect, the presence of water at the active center of
HLADH is required for the reaction itself.*®

The increase in enzyme hydration accompanied by the
increasing root mean square fluctuations (RMSF), implies
enhanced enzyme flexibility (Fig. 5b) that is necessary for the
formation of the enzyme-substrate complex. The effect of DES
viscosity on the enzyme structure can be seen in Fig. 4b, as
HLADH is more flexible in ChCI-EG (1 :2) with lower viscosity
compared to ChCl-Gly (1:2) or EACI-Gly (1:1.5). Still, the
flexibility of HLADH in both DES solutions is significantly
lower compared to that in the aqueous buffer. The difference
between the viscosities of the three DES-water mixtures is
drastically reduced for larger water concentrations (Fig. S5b,
ESIT), where the enzyme activity improves.

The specific activity measurements in combination with the
molecular modelling of HLADH suggest that the limited
hydration of HLADH in the DES-water mixtures significantly
affects the enzyme performance, while the larger viscosity of
the glycerol-based DESs did not result in a lower catalytic
activity compared to ChCI-EG (1:2).
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As stated above, our experimental results showed that in
contrast to the specific activity of HLADH, its stability displays
significant differences in the three DESs-water mixtures, with
peaks of high stability when glycerol was used as DES com-
ponent (Fig. 1a). To visualize the impact of solvent molecules
in direct contact with HLADH, MD simulations provided a
detailed picture of solvation layers of the different DES com-
ponents surrounding the enzyme. Analogous to the hydration
of the enzymes, the solvation layer of the DES consists of the
DES molecules in direct contact with the enzyme surface. As
pointed out by Bittner et al,*® the solvation layer of the HBDs
differs significantly from the trend of the HBA. While the
number of choline, ethyl ammonium and chloride molecules
in direct contact with the enzyme decrease nearly linearly with
increasing water concentrations (Fig. 6b and c), the solvation
of glycerol or ethylene glycol remains almost constant at low
water concentrations (Fig. 6a). This means that the addition of
water at low concentrations will trigger a replacement of the
HBA ions on the surface of HLADH by water molecules, while
the interaction with the HBD initially remains unchanged. As
a result, the composition of the DES molecules on the enzyme
surface shifts when water is added to the system. This shift of
DES compositions combined with the positive impact of gly-
cerol on HLADH’s stability may explain the peak in the stabi-
lity of HLADH in ChCI-Gly (1 : 2) (Fig. 1a). Up to xw = 0.72 mol
mol ™, the amount of glycerol on HLADH’s surface stays con-
stant and the amount of choline and chloride decreases stea-
dily. At xw = 0.72 mol mol™', a large portion of ChCl was
replaced by water on the surface of HLADH which in combi-
nation with a predominant presence of glycerol on its surface
resulted in the experimentally observed stable enzyme.

To further underline this effect, the spatial distribution func-
tions (SDF) of the DES components were calculated from the
MD trajectories using GROmaps.”> The resulting three-dimen-
sional density distribution of the HBA cation (blue), chloride
(yellow), HBD (green) and water (red) are exemplarily shown for
selected DES-water concentrations in Fig. 7. This spatial
arrangement of the DES molecules around HLADH can further
highlight the positive impact of glycerol on HLADH. For ChCl-
Gly (1:2), while choline and chloride are present on the surface
at a water mol fraction of 0.01 mol mol™* (HLADH not active)
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Fig. 6 Time averages of the solvation layer around HLADH in mixtures of ChCl-Gly (1: 2) (white squares), ChCI-EG (1: 2) (grey triangles) and EACI—
Gly (1:1.5) (black squares) with water in dependency of the water mole fraction xy from the MD simulations. (a) Number of molecules of HBD (gly-
cerol or ethylene glycol) molecules in the solvation layer, (b) molecules of DES cations (choline or ethyl ammonium) in the solvation layer and (c)
number of chloride ions in the solvation layer. The MD simulations of the ChCl-Gly (1: 2)- and ChCI-EG (1: 2)-water mixtures are based on Bittner

et al.,*® but with more water concentrations.
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Fig. 7 Spatial distribution functions of (a—d) ChCl-Gly (1: 2), (e—h) ChCI-EG (1: 2) and (i—1) EACI-Gly (1:1.5)-water mixtures around HLADH in the
MD simulations for different water concentrations created with GROmaps.63 The shown iso-surfaces correspond to a relative spatial electron density
of 0.1 e nm~2. Please note that places, where no map is shown (protein visible), indicate that no specific component is located here, rather different
components can be observed at these locations over time. Cyan blue: HLADH structure represented as cartoon, green: spatial density distribution of
glycerol (Gly) or ethylene glycol (EG), blue: spatial density distribution of choline (Ch) or ethyl ammonium (EA), yellow: spatial density distribution of
chloride (Cl) and red: spatial density distribution of water around the HLADH structure. The software VMD®* was used for this visualization.

and of 0.3 mol mol™ (HLADH activity first detected), the
enzyme surface is nearly completely solvated with glycerol at xw,
= 0.62 mol mol™" (Fig. 7c). At larger concentrations (Xy >
0.72 mol mol™"), glycerol starts to be rapidly replaced by water.
This change in the solvation of HLADH is indicated by less gly-
cerol on the protein surface (Fig. 7d) that coincides with a
decrease in the enzyme stability (Fig. 1a).

The solvation layer of ethylene glycol in ChCI-EG (1:2)-
water mixtures showed a similar trend to glycerol in ChCI-Gly
(1:2) (Fig. 6). Instead of gradually decreasing as the solvation
layers of choline and chloride, the number of HBD molecules
in direct contact with HLADH remained almost constant up to
an xy of 0.5 mol mol™". This effect can additionally be seen in
the SDFs (Fig. 7e-h), whereby the space occupied by ethylene
glycol is reduced compared to glycerol in ChCl-Gly (1:2) and
choline is more present on the surface of HLADH while sol-
vated in pure DES. At higher water contents (0.93 mol mol ™),

128 | Green Chem., 2022, 24, 1120-1131

the predominant interaction sites of ethylene glycol disappear
(Fig. 7h). Combined with the HLADH’s half-life time (Fig. 1a),
this suggests that the accumulation of ethylene glycol on the
enzyme surface does not have a favorable effect on enzyme
stability. This means that the maximum observed half-life
time in ChCIl-Gly (1:2) can be completely attributed to the
presence of glycerol and the decreasing numbers of ChCl on
HLADH’s surface. This aspect is experimentally corroborated
by working with DES with a higher glycerol content (e.g.,
ChCIl-Gly with molar ration 1:9 instead of 1:2), where the
improved activity of the enzyme is observed (Fig. 3a).
Interestingly, the second glycerol containing DES (EACI-Gly
(1:1.5)), showed a peak of half-life time at xw = 0.96 mol
mol ™" (Fig. 1a). However, upon comparing the solvation layers
of HLADH in EACI-Gly (1:2) and ChCI-Gly (1:2) some differ-
ences occur. The solvation of glycerol that has been previously
linked to improved enzyme stability is largely reduced by

This journal is © The Royal Society of Chemistry 2022
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~100 molecules over the entire concentration range (Fig. 6a).
This may be caused by a different HBA to HBD composition in
EACI-Gly (1:1.5) and can explain the reduced stability of
EACI-Gly (1:1.5) with lower water contents. Secondly, the sol-
vation of chloride becomes more pronounced compared to the
other DESs (Fig. 6¢) while the amount of ethyl ammonium
ions on the surface is lower compared to choline. The concen-
tration of chloride on HLADH’s surface in the MD simulations
is two times higher in EACI-Gly (1:1.5) at an xw of 0.66 mol
mol™" which coincides with its limited stability compared to
the choline counterpart (ChCl-Gly (1:2)) with the same water
concentration. The three-dimensional density distribution of
the DES components and water can be seen in Fig. 7i-l. In
addition, water has a stabilizing effect on HLADH as observed
from the results of ChCI-EG (1 : 2). Therefore, the shifted stabi-
lity peak of HLADH in EACI-Gly (1 : 1.5) with an xy of 0.96 mol
mol ™! may be a combination of the aforementioned effects: (1)
with increasing water contents the enzyme stability tends to
increase due to a beneficial effect of water, (2) the stability in
the glycerol-based DESs showed a significant improvement of
the stability compared to ChCI-EG (1:2), which (3) may be
reduced by the higher solvation of chloride and therefore
lower solvation of glycerol in the case of EACI-Gly (1:1.5).

In general, our results emphasize that the experimentally
determined stability of HLADH in the different DES-water mix-
tures cannot be explained by a linear combination of the sol-
vation layers from the MD simulations. This strongly suggests
that not only the amount of DES molecules, in particular gly-
cerol, but also their position on HLADH’s surface plays a
major role in stabilizing the enzyme structure.

Conclusions

Three DESs with different components have been used: ChCl-
Gly (1:2), ChCI-EG (1:2), and EACI-Gly (1:1.5). Moreover,
ChCl-Gly-water mixtures with different molar ratios of ChCl
and glycerol ranging from 1:1.5 to 1:9 have been explored as
well. Combining experimental and computational analyses,
the behavior of a representative oxidoreductase, HLADH, in
these DES-water mixtures and in the individual components
was investigated.

HLADH needs significant amounts of water to display enzy-
matic activity in the three DESs. Although the activity depen-
dency on the water content is similar for the three DESs, the
enzyme stability shows huge discrepancies. By experimentally
investigating the effects of the individual components of the
DESs and by varying the content of the components in a DES,
the different impacts of DES components were unraveled,
which were explained by molecular dynamics simulations.
Altogether, the different trends in the water dependency on
the half-life time could be explained by the effects of the DES
components and by the amount of these components in the
solvation layer around the enzyme. Most importantly, glycerol
is found to be beneficial for stability, especially when the sol-
vation layer around the enzyme mainly consists of glycerol.

This journal is © The Royal Society of Chemistry 2022
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Taking advantage of the generated knowledge, we have demon-
strated that industrially-sound reactions, such as the enzy-
matic reduction of cinnamaldehyde to cinnamyl alcohol, can
be efficiently conducted in newly designed DESs with a higher
glycerol content (ChCl-Gly, 1:9). For green chemistry appli-
cations, the possibility of tailoring solvents to make them
more enzyme-compatible represents a promising finding that
may deliver novel applications in the future.

Overall, our investigations showed that only the joint forces
of experimental and computational techniques may lead to a
comprehensive understanding of enzyme catalysis in DESs
and as such are necessary to help make these green solvents
applicable for biotechnology. We believe that the enormous
potential of DESs for their use in biocatalytic applications can
be fully explored when an in-depth analysis of the solvent’s
effects is performed. It can be anticipated that not only ADHs
but also other oxidoreductases (e.g., oxygenases and oxidases)
and other enzyme classes may benefit from the combined
assessment of experimental and theoretical research.
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