
Citation: Gajardo-Parra, N.;

Rodríguez, G.; Arroyo-Avirama, A.;

Canales, R.; Sadowski, G.; Held, C.

Impact of Deep Eutectic Solvents on

Kinetics and Folding Stability of

Formate Dehydrogenase. Processes

2023, 11, 2815. https://doi.org/

10.3390/pr11102815

Academic Editors: Thomas Waluga

and Daniel Ohde

Received: 6 September 2023

Revised: 19 September 2023

Accepted: 20 September 2023

Published: 22 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Impact of Deep Eutectic Solvents on Kinetics and Folding
Stability of Formate Dehydrogenase
Nicolás F. Gajardo-Parra 1 , Gabriel Rodríguez 1, Andrés F. Arroyo-Avirama 2 , Astrit Veliju 3, Thomas Happe 3 ,
Roberto I. Canales 2 , Gabriele Sadowski 1 and Christoph Held 1,*

1 Laboratory of Thermodynamics, Department of Biochemical and Chemical Engineering,
TU Dortmund University, 44227 Dortmund, Germany; nicolas.gajardo@tu-dortmund.de (N.F.G.-P.);
gabriel.rodriguez@tu-dortmund.de (G.R.); gabriele.sadowski@tu-dortmund.de (G.S.)

2 Departamento de Ingeniería Química y Bioprocesos, Pontificia Universidad Católica de Chile, Macul,
Santiago 7820436, Chile; afarroyo@uc.cl (A.F.A.-A.); rocanalesm@ing.puc.cl (R.I.C.)

3 Lehrstuhl für Biochemie der Pflanzen, Ruhr Universität Bochum, AG Photobiotechnologie, ND2/170,
44780 Bochum, Germany; astrit.veliju@ruhr-uni-bochum.de (A.V.); thomas.happe@rub.de (T.H.)

* Correspondence: christoph.held@tu-dortmund.de

Abstract: Specifically designed co-solvent mixtures are an efficient way to enhance the kinetics of
enzyme-catalyzed reactions without compromising enzyme stability; among them, several deep
eutectic solvents have emerged as exciting co-solvent mixtures for biocatalytic reactions. DESs
nature allows one to tailor the enzyme-co-solvent interactions by using DESs constituents of diverse
functional groups. In this work, the influence of co-solvents (betaine, glycerol, and sorbitol) and two
DESs (betaine:glycerol and betaine:sorbitol) on the kinetics of candida boidinii Formate dehydrogenase
was evaluated. The results showed a 30% increase in catalytic efficiency by adding 15 wt.-% of
betaine to the buffered aqueous reaction media. Further, cbFDH folded-state stability was evaluated
using differential scanning fluorimetry to finally obtain the binding affinity, unfolding curves, and
thermodynamic unfolding parameters. The addition of glycerol, sorbitol, and DESs increased
cbFDH protection against thermal stress, and this effect could be improved by increasing co-solvent
concentrations. Moreover, DESs showed the ability to reduce the irreversibility of the unfolding
process. Betaine was the only co-solvent that had a negative stability effect, which was offset by using
betaine-based DESs. The latter was a result of the additivity of certain individual co-solvent effects
on thermal stability. Non-monotonous stability effects were obtained by adding sorbitol to the buffer
solutions, probably because hydrogen bond dynamics between cbFDH/co-solvent/water change
dramatically with the amount of water present. Finally, DESs improved NAD+ binding affinity with
cbFDH interestingly without direct correlation with the results obtained for kinetics.

Keywords: catalytic efficiency; deep eutectic solvents; thermal stability; unfolding reversibility

1. Introduction

Liquid systems are pivotal in various industrial processes across fields such as chem-
istry, biotechnology, food, and pharmaceuticals, just like they are in crowded biological
systems such as cells. These fluid systems notably influence the effectiveness of reactions,
separations, and purification stages within biological and industrial processes [1]. It is
acknowledged that the solvent itself plays a critical role in establishing the yield, speed, and
even the viability of chemical and biochemical reactions [2]. While research into enhancing
biocatalytic reactions has primarily revolved around identifying mutations that enhance
enzymatic performance, it is equally imperative to identify a suitable liquid environment
for conducting biochemical reactions [3]. Therefore, a methodical exploration of how differ-
ent liquid systems impact enzyme stability becomes imperative when constructing tailored
settings that optimize biochemical reactions, and this can be achieved without resorting to
extensive trial-and-error methodologies.
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The interest in biocatalysis as an alternative to classical chemical processes has ex-
perienced notable growth during the past decades. There is a global tendency towards
optimizing production routes to make them more sustainable without compromising
productivity [4,5]. Enzyme-catalyzed reactions have proven effective in bringing biochemi-
cal reactions to an industrial scale and have already been applied in multiple fields such as
the food [6], pharmaceutical [7], cosmetic [8], textile [9], and paper industries [10]. Enzymes
stand out due to their several advantages, in contrast to chemical catalysts such as high
selectivity toward their respective bioreaction [4], which allows for the targeted conversion
of a specific product [11]. In addition, they tolerate small substrate spectra, reducing the
probability of undesired side reactions. For this reason, biocatalyzed reactions tend to
exhibit considerably high selectivity towards specific products. Non-biological catalysts
lead to produce racemic mixtures of two enantiomers, negatively affecting the yield of
a desired product and making the separation process more difficult [12]. Because of the
high stereospecificity that enzymes offer, it is possible to avoid this problem by applying a
biocatalytic route within a specific industrial process [13].

The enzyme studied within this work is an NAD+-dependent dehydrogenase, an
essential enzyme class in the industry [14,15]. These enzymes facilitate key metabolic
processes and belong to one of the most extensively studied protein families [16]. Among
these, Candida boidinii formate dehydrogenase (cbFDH) stands out as a particularly suit-
able and straightforward model enzyme for investigating the fundamental mechanisms of
catalysis involving hydride ion transfer [17]. cbFDH, which typically forms homodimers
and lacks metal ions or prosthetic groups [18], plays a catalytic role in converting formate
anions into carbon dioxide while concurrently reducing NAD+ to NADH, as depicted in
Figure 1. Noteworthy industrial applications of cbFDH encompass CO2 fixation [19] and
nicotinamide recycling systems [20]. The substantial usage of cofactors like NADH or
NADPH in other industrially relevant enzyme systems incurs elevated expenses [21]. To
mitigate these costs or even transform them into economic gains, extensive research has
been dedicated to comprehending the cbFDH reaction in recent years [18,22,23]. Neverthe-
less, cbFDH encounters certain limitations in terms of its chemical, thermal, and long-term
stability, along with the costly production of native cbFDHs and their limited enzymatic
efficiency [24]. These challenges restrict their practical use in commercial production. Con-
sequently, diverse strategies, with a strong emphasis on protein engineering, have been
employed to ameliorate one or more of these drawbacks [25].

Figure 1. Candida boidinii Formate dehydrogenase complexed with NAD+ (PDB: 5DN9). Oxidation
of formate to CO2 using the NAD+/NADH cofactor.
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Nonetheless, the complete realization of the potential inherent in biochemical re-
actions, including those catalyzed by cbFDH, remains an ongoing pursuit. In nature,
enzymes function remarkably well under mild conditions (such as ambient temperature,
neutral pH, and normal pressure), which often results in their limited thermal and chem-
ical stability [18]. cbFDH follows this pattern and further displays a relatively modest
specific activity, suggesting room for enhancement. However, large-scale industrial pro-
cesses typically necessitate more rigorous conditions to ensure commercial viability and
profitability [26]. Consequently, numerous investigations in biocatalysis are dedicated to
gaining a profound comprehension of enzymatic mechanisms and interactions, with the
overarching aim of ameliorating these constraints [5].

Incorporating co-solvents and co-solvent mixtures into the classical aqueous reaction
media for biocatalysis has emerged as a successful strategy for augmenting enzymatic
attributes [27]. Remarkably, deep eutectic solvents (DESs) have garnered noteworthy
attention in recent times as promising reaction environments for biocatalysis [28,29]. DESs
are complex mixtures composed of two or more Lewis acids and bases, each serving distinct
roles as hydrogen-bond acceptors (HBA) or hydrogen-bond donors (HBD). On one hand,
the HBA typically comprises a halogenated quaternary salt with a notably high melting
point, while HBD consists of compounds characterized by hydroxyl or carboxyl groups,
often sourced from natural compounds or primary metabolites [30,31]. The DESs formation
process involves the blending of these HBA and HBD components, with the aim of creating
uniform liquid DESs with properties comparable to conventional industrial solvents slated
for replacement. Consequently, an expansive array of DESs exists, resulting from different
combinations of HBA and HBD. The large number of HBA and HBs available allows for
the tailoring of the thermophysical properties of the DESs, with different molar proportions
or the addition of water, to generate specific solvents for certain industrial applications [32].
These solvents possess distinctive attributes compared to traditional organic solvents,
rendering them more suitable for industrial use and aligning them with the prevailing trend
towards sustainable large-scale processes [33]. The appeal of these co-solvent mixtures
lies in their unique qualities such as easy preparation, tailored composition, enhanced
solubility, and environmentally friendly biodegradability [34,35].

Numerous investigations have already considered their efficiency in enhancing en-
zyme performance, especially using choline chloride and betaine as hydrogen bond ac-
ceptors. Their effects on numerous enzymes have been thoroughly explored, including
their effects on alcohol dehydrogenase [28,36], α-chymotrypsin [37,38], horseradish per-
oxidase [39,40], laccase [41,42], and lysozyme [43,44], yielding promising outcomes and
indications of substantial efficiency and stability improvements. Importantly, these solvents’
bespoke attributes and compositional flexibility offer the potential for an extensive range of
component combinations encompassing diverse functional groups. This versatility entails
the prospect of optimizing catalytic performance across various enzyme types [45].

The main focus of this work is to study the co-solvent effects on the kinetics, thermal
stability, and unfolding reversibility of cbFDH, as well as the impact on the binding affinity
of cbFDH with NAD+ and unfolding thermodynamics parameters. The co-solvents under
consideration were betaine, sorbitol, and glycerol, as well as two DESs (betaine:glycerol and
betaine:sorbitol) that have been extensively characterized in the literature [46,47], including
their use in the enzymatic reaction [48,49], at three different co-solvent concentrations
in water (5, 10, and 15 wt.%). All of the investigations were carried out at 25 °C and
1 bar in a pH 8.5 Tris buffer. These results will unlock opportunities for expanding the
operational parameters, enhancing the operational stability and catalytic efficiency of the
cbFDH-catalyzed reaction.

2. Materials and Methods
2.1. Chemicals and Reagents

The necessary chemicals for the characterization of cbFDH stability and kinetics ex-
periments were purchased as follows: sodium formate (>99.0) and glycerol(>99.5) were
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purchased from VWR Chemicals (Westchester, USA). NAD+(>96.5), betaine(>99.0), D-
sorbitol(>99.0), Trisma HCl(>99.0), and Base(>99.9) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). The chemicals used in this work are listed in Table S1. All of the
materials were used as received without any further purification.

2.2. Expression, Purification, and Storage of cbFDH

The enzyme used in this work is a codon-optimized version of the formate dehy-
drogenase (GeneArt Gene Synthesis, ThermoFisher Scientific, Waltham, MA, USA) from
Candida bodinii (cbFDH) (UniProt: O13437 (FDH-CANBO)) obtained from recombinant pro-
tein expression in Escherichia coli. Electrocompetent E. coli strain BL21 (DE3) Rosetta (CmR)
cells were transformed with pET21b-cbFDH (AmpR) plasmid containing cbFDH that is
linked through a serine-alanine linker to a N-terminal strepII-tag. An overnight preculture
with the transformant was grown in lysogeny broth (LB, Sigma Aldrich, St. Louis, MO,
USA) medium containing ampicillin (100 mg·L−1) and chloramphenicol (15 mg·L−1) at
37 °C and 130 rpm. A LB-MOPS (0.1 M 3 (N morpholino) propanesulfonic acid), a pH 7.4
main culture supplemented with ampicillin (100 mg·L−1), chloramphenicol (15 mg·L−1),
and glucose (5 g·L−1), was inoculated with the preculture to an OD600 of 0.05. Cultures
were grown at 37 °C, 130 rpm until an OD600 of 0.35–0.5 was reached. Protein expression
was induced by the addition of 0.1 mM IPTG (Isopropyl β-d-1-thiogalactopyranoside), and
the temperature was decreased to 23 °C. After 16 h, cells were harvested by centrifugation
(6000 rpm, 20 min, 4 °C (Avanti JXN 26, Beckman Coulter, Brea, CA, USA)). The resulting
cell pellet was dissolved in 0.1 M Tris HCl pH 8.5 buffer, and cell disruption was carried out
using ultrasonication (Sonifier 250, Branson, Brookfield, CT, USA) with four cycles of 45 s
treatment with an output of 40 % and 45 s of resting time between each cycle. The cell lysate
was centrifuged again (42,000 rpm, 1 h, 4 °C, L8 80M Ultracentrifuge, Beckman Coulter),
and the supernatant, containing the recombinant protein, was filtrated using sterile syringe
filters (0.2 mm pore size, Sarstedt, Numbrecht, Germany). The filtrate was purified with
affinity chromatography using Strep-Tactin Superflow high-capacity gravity flow columns
(IBA Lifesciences, Gottingen, Germany), according to the manufacturer’s recommendations.
Washing and elution steps were performed with 0.1 M Tris HCl pH 8.5 buffer. The protein
was concentrated using Amicon Ultracel filters (Merck Millipore, Burlington, MA, USA)
with a 30 kDa cut off, and the final protein concentration was determined by Bradford
assay. The purified proteins were stored at −80 °C. The SDS-PAGE of purified cbFDH is
shown in Figure S1.

2.3. DES Preparation

The DESs were prepared gravimetrically. DES1 is composed of BET and GLY in the
molar ratio of 1:2, while DES2 is made of BET and SOR in the molar ratio of 1:1. After the
respective osmolytes were weighed, they were put together in 50 mL Falconr tubes and
constantly agitated at 60 °C for around 6 hours until a homogeneous solution formed. When
a homogeneous liquid was ensured, the stock solution was diluted in a buffer solution.

2.4. Preparation of Stock Solutions

All of the experiments within this work were carried out in aqueous buffer solutions
to guarantee constant pH conditions for cbFDH. For this, an 0.1 M Trizma-Buffer was used.
Solutions for three osmolytes (BET, GLY, and SOR) and two mixtures of these osmolytes
(DES1 and DES2) were prepared at three different concentrations (mass fractions): 20 wt.-%,
40 wt.-%, and 60 wt.-%. The stock solutions were prepared with a higher concentration
than the ones considered in this work (5 wt.-%, 10 wt.-%, and 15 wt.-%) since a four-factor
dilution occurred when combining the reactants for the measurement on kinetics. For the
substrate solution, a formate stock solution of 200 mmol·kg−1 was prepared, dissolving
the corresponding amount of formate in Trizma buffer. This solution was then diluted to
molalities varying between 2 and 160 mmol·kg−1. Several stock solutions of 10 mmol·kg−1

NAD+ were prepared and stored under refrigeration to avoid degradation. The enzyme
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stock was diluted in Trizma-Buffer to a molality of 25.5 µmol·kg−1 for the measurements
on kinetics, and it was stored in several aliquotes at −20 °C to avoid decomposition. For
thermal stability measurements, the enzyme was diluted to a molality of 100 µmol·kg−1 to
increase the equipment readability.

2.5. Reaction Kinetics Measurements

For the analysis of the kinetic behavior of the enzyme cbFDH under the influence of
co-solvents and co-solvent mixtures, an Eppendorf BioSpectrometer® (Eppendorf, Ger-
many) was utilized. The equipment was used to measure the absorbance of the reaction’s
by-product NADH at a 340 nm wavelength plotted against the specified measurement
time. The resulting plots describing a linear increase in the NADH absorbance over time
(due to the reduction in NAD+) were used to derive the Michaelis–Menten curves. This
method is based on the direct correlation between the measured absorbance and the con-
centration of the light-absorbing compound, namely, NADH for this case, which follows
the Beer–Lambert law (Equation (1)). The change in the NADH concentration is expressed
in Equation (2)

∆A = A− A0 = ε · l · m̃NADH (1)

dm̃NADH
dt

=
d∆A

dt
· 1

ελ · l
(2)

where ∆A is the absorbance difference measured between the absorbance A of the reaction
media and the absorbance A0 of the blank media. ελ stands for the molar absorption
coefficient, l for the optical path length, and m̃NADH for the molality of the absorbing
compound. The slope of the linear plot of the absorbance describes the reaction rate at a
specific substrate concentration.

v =
dm̃NADH

dt
=

d∆A
dt
· 1

ε · l (3)

For the absorbance measurements, 10 mm cuvettes were used. First, the reactants
(except the enzyme) were placed together in an Eppendorf® 1.5 mL tube: 250 µL co-solute
solution, 250 µL formate solution, and 500 µL NAD+ solution. The content of the tube
was then mixed with a vortex mixer to obtain a homogenized reaction medium. After that,
20 µL of enzyme solution was added to the cuvette, and the measurement was started.
The reaction’s conditions were 25 °C and 1 atm, and the measurement time was 3 min.
Reactions were measured in triplicate.

2.6. Thermal Stability Assay

The unfolding analysis of cbFDH was performed using a nanoDSF device Prometheus
NT.48 (NanoTemper, Munich, Germany). The method is based on the difference in flu-
orescence between Trp and Tyr residues. During denaturation, the enzymes suffer con-
formational changes that affect the orientation of these amino acids. Hence, the fluo-
rescence intensity is affected. The fluorescence intensity was measured at two different
wavelengths—330 nm and 350 nm—and reported as the F350/F330 ratio. For this, 200 µL
of the studied co-solvents, each with 5 wt.-%, 10 wt.-%, and 15 wt.-%, were placed in 1.5 mL
Eppendorf tubes. Next, 20 µL of the enzyme solution was added. The samples were placed
using thin 10 µL capillaries in the device. For data collection, the software PR.ThermControl
V2.1 was used. The measurement was performed between 20 and 90 °C with a temperature
ramp of 0.2 °C/min. To access relevant thermodynamic properties, the open-source soft-
ware package MoltenProt was used [50] (https://spc.embl-hamburg.de/app/moltenprot
(accessed on 3 April 2023)).

https://spc.embl-hamburg.de/app/moltenprot
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2.7. Modulated Scanning Fluorometry

For this, the software PR.TimeControl, available in the Prometheus NT.48, was used.
This method applies incremental temperature cycling and temperature stepping to derive
non-reversibility curves that offer access to Tnr. The sample preparation was carried out
analogously to the one exposed in Section 2.6, and MSFAnalyzer [51] was used to perform
the curve fitting (Accessed: https://github.com/CoriolisPharmaResearch/MSFAnalyser
(accessed on 1 May 2023)). The measurement was performed between 20 and 80 °C with a
temperature ramp of 1 °C/min, i.e., for each cycle, the maximal temperature reached was
always one degree higher than the previous one; the temperature then remained constant
for 1 min until it decreased back to the starting temperature of 20 °C.

2.8. Binding Affinity

The procedure for estimating the dissociation constant KD of cbFDH for NAD+ fol-
lowed a similar guideline to the one for obtaining the other thermodynamic parameters.
However, for this measurement it was necessary to charge the equipment with samples
containing different NAD+ molalities between 0.1 and 100 mmol·kg−1. The data obtained
via nanoDSF were then processed using FoldAffinity [52] (https://spc.embl-hamburg.de/
app/foldAffinity (accessed on 3 April 2023)). This software fits the fraction of unfolded
molecules versus the initial ligand concentration using an isothermal analysis (near the
value for Tu) to obtain KD. This parameter can be defined as per Equation (4)

KD =
m̃F · m̃L

m̃FL
(4)

where m̃F stands for the molality of the folded protein, m̃L for the molality of the ligand
(here NAD+), and m̃FL for the molality of the enzyme–ligand complex.

3. Results
3.1. Kinetics Parameters

The cbFDH reaction follows a bi–bi ordered reaction mechanism consisting of four
steps [53], presented in Equation (5) with E = enzyme:

r1 : E + NAD+
k1
�
k−1

[E− NAD+]

r2 : [E− NAD+] + Formate
k2
�
k−2

[E− CO2 − NADH]

r3 : [E− CO2 − NADH]
k3
�
k−3

[E− NADH] + CO2 ↑

r4 : [E− NADH]
k4
�
k−4

E + NADH

(5)

The difficulty of this reaction mechanism, which encompasses a series of intricate steps,
is somehow constrained by the irreversible hydride transfer event from the formate ion to
the C4 position of NAD+, as previously stated [23,54]. This process yields NADH and CO2,
as documented in the literature through pre-steady state kinetics investigations [55–57].
In the context of practical applications, a greater focus is placed on comprehending how
diverse reaction conditions influence the overall kinetic characteristics. Through the data
gathered from NADH absorbance, we investigated the kinetic behavior of cbFDH under
the influence of various co-solvents, including the aqueous solutions of three osmolytes
(betaine (BET), glycerol (GLY), and sorbitol (SOR)) and two DESs (betaine:glycerol(1:2)
(DES1) and betaine:sorbitol(1:1) (DES2)) at three different co-solvent concentration in
water (5, 10, and 15 wt.%), 25 °C, and atmospheric pressure, as detailed in Section 2. The
dynamics of its kinetics, involving the increase in product concentration over time within

https://github.com/CoriolisPharmaResearch/MSFAnalyser
https://spc.embl-hamburg.de/app/foldAffinity
https://spc.embl-hamburg.de/app/foldAffinity
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the specified conditions (characterized by a high concentration of one substrate) [58], could
be effectively analyzed using the Michaelis–Menten equation designed for a pseudo-one
substrate reaction. Figure S2 illustrates the primary Michaelis–Menten plot curves obtained
from this approach as Equation (6) for each system of this work as follows:

v′ =
kcatm̃S

KM,formate + m̃S
(6)

where kcat is the catalytic constant, KM, f ormate is the Michaelis constant, and m̃S is the
molality of formate. From the observations, it is clear that using a higher concentration of co-
solvent leads to an increase in the reaction rate, with the sole exception of the 15 wt. % BET
co-solvent. This provides an early indication of the positive stabilization effects of adding
co-solvents in the reaction medium. The values for the kinetic parameters (KM, f ormate,
kcat, and Ke f f ) were obtained using a non-linear fitting with the Levenberg–Marquardt
algorithm and are illustrated graphically in Figure 2. A summary of the obtained kinetic
parameters is presented in Table S2.

From Figure 2 and Table S1, it is possible to distinguish a decrease in the values for
KM, f ormate with increasing co-solvent concentration, compared to the neat buffer environ-
ment. This decrease could be interpreted as an improvement in the affinity of cbFDH
towards the formate when the co-solvent is present in the cbFDH environment. It is known
that osmolytes could interact favorably with water, enriching the hydrogen bond network
in the cbFDH vicinity. Nevertheless, SOR represents an exception to this trend since adding
it had practically no significant effect on KM, f ormate, regardless of SOR concentration, proba-
bly due to solvent structure limitations. Further, the values for kcat, in contrast to KM, f ormate,
show slight negative changes for BET and GLY and a small improvement in the presence of
SOR and DES systems. Interestingly, non-monotonic behavior is observed for DES2. Finally,
with the help of the relation between kcat and KM, f ormate, it was possible to determine the
catalytic efficiency (Ke f f ); this measure provides an insight into the overall performance
of a cbFDH for a specific reaction and substrate. The effect of the co-solvents used in this
work on the catalytic efficiency is shown graphically in Figure 3.

A clear trend can be observed for Ke f f : the catalytic efficiency of cbFDH for the reaction
considered in this work increases with an increment of the co-solvent concentration. It is
also possible to recognize an improvement in Ke f f for the 10 wt.% and 15 wt.% compared to
the neat buffer. The system containing 15 wt.% BET yielded the lowest value for KM, f ormate

(3.933 mmol·kg−1), followed by 15 wt.% GLY and 15 wt.% DES2 with 4.090 mmol·kg−1

and 4.392 mmol·kg−1, respectively. Thus, adding BET at 15 wt.% to the reaction medium
was responsible for the highest increase in the formate affinity compared to the remaining
co-solutes. A possible explanation for this effect may be the preferential exclusion effect of
BET from the protein backbone hydration layers [59]. BET molecules can be located mainly
in a second solvation layer around 2.7 Å, due to a hydrophobic effect endorsed by the
methyl groups. Therefore, a water enhancement occurs on the protein surface [60], while
the density of the co-solvent in the second solvation layer increases, promoting favorable
non-covalent and hydrogen bond interactions in the system. Concerning the catalytic
constant, the highest value for kcat was achieved in the system containing 15 wt.% SOR
(0.980 s−1), followed closely by 15 wt.% DES1 (0.965 s−1) and 10 wt.% DES2 (0.933 s−1).
This positive effect of SOR on kcat can be attributed to its direct interaction with the peptide
backbone of the cbFDH, which results in cbFDH structural and hydration changes [61],
promoting possible open cbFDH conformations that accelerate the reaction kinetics.
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Figure 2. Values for (A) KM, f ormate in presence of co-solvents, (B) KM, f ormate in presence of DESs,
(C) kcat in presence of co-solvents, and (D) kcat in presence of DES at (T = 25 °C, p = 1 atm, pH = 8.5),
at different concentrations (grey: 5 wt.-%, green: 10 wt.-%, orange: 15 wt.-%, and blue line: neat
buffer).
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Figure 3. Values for Ke f f obtained from the ratio between kcat and KM, f ormate in the presence of
(A) various co-solvents and (B) in presence of DES on the reaction medium (T = 25 °C, p = 1 atm,
pH = 8.5) at different concentrations (grey: 5 wt.-%, green: 10 wt.-%, orange: 15 wt.-%, and blue line:
neat buffer).

3.2. Thermal Stability

To evaluate cbFDH stability in its native folded state under the studied conditions,
we measured the unfolding temperature (Tu). In the presence of co-solvent, a higher Tu
indicates higher cbFDH thermal stability. Our investigation has revealed a slight elevation
in the Tu upon adding some co-solvents. In Figure S3, the unfolding curves obtained,
experimentally expressed as unfolded fractions (f u) over the temperature, are shown.
These plots provide an insight into the Tu of the cbFDH (i.e., the inflection point of the
sigmoid curve) and how it changes depending on the co-solvent present in the solution.
Therefore, it is possible to distinguish a trend for a shift to higher Tu with the addition of
co-solvents (right side), compared to neat buffer, and a further shift as their concentration
increases. Figure 4 shows the results for the system studied in this work, allowing for a
better comparison of the co-solvent influence on the cbFDH unfolding temperature. From
Figure 4, it can be interpreted that the inclusion of co-solvents enhances the enzyme’s
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stability against thermal stress since, for most of the systems, an improvement in Tu
and hence the thermal stability is observed when compared to the neat buffer condition.
BET appears to be the only exception to this behavior as the addition of BET yielded Tu
lower than that of the pure buffer, regardless of its concentration. This is not the case for
GLY, DES1, and DES2, where the Tu values increased with an increment in the co-solvent
concentration.
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B

Figure 4. Graphical representation of the results obtained for the Tu of cbFDH after thermal assay
via nanoDSF in the presence of various co-solvents ((A): BET, GLY, and SOR/(B): DES1, DES2) at
different concentrations (grey: 5 wt.-%, green: 10 wt.-%, orange: 15 wt.-%, and blue line: neat buffer)
at p = 1 atm and pH= 8.5.

At first sight, this behavior indicates an apparent cbFDH stability improvement against
thermal denaturation (except BET). However, ranking the co-solvent effect based exclu-
sively on Tu may produce misleading results [50]. Therefore, additional thermodynamic
parameters were determined to make a supported statement. Further analysis of the data
obtained from the fluorescence screening allowed for an evaluation of these properties. A
fair comparison of the cbFDH stability could be obtained using the apparent unfolding
energy ∆Gu

′
. To calculate this parameter, the Gibbs–Helmholtz equation was applied;

however, to ensure a practical comparison between systems, the Tu of cbFDH in neat buffer
(Tre f = 54.7 °C) was used as a reference, as shown in Equation (7), allowing one to obtain
the difference in ∆Gu

′
between the co-solvent system and the neat buffer. The values for

the unfolding enthalpy (∆Hu) and apparent heat capacity change in the co-solvent presence
(∆Cp

∗) were estimated from the unfolding curves. The results are shown in Figure 5.

∆∆G
′
u(Tre f ) = ∆Hu ·

(
1−

Tre f

Tu

)
+ ∆C∗p ·

(
Tre f − Tu − Tre f · ln

Tre f

Tu

)
(7)
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Figure 5. Graphical representation of the results obtained for the ∆∆Gu
′

of cbFDH in the presence
of various co-solvents ((A): BET, GLY, and SOR/(B): DES1, DES2) using Tre f = 54.7 °C, at different
concentrations (grey: 5 wt.-%, green: 10 wt.-%, orange: 15 wt.-%, and value 0: neat buffer) at pH = 8.5
and p = 1 atm.
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Knowledge of this ∆∆Gu
′

is essential since it describes how thermally stable the
enzyme’s folded state is in the respective co-solvent compared to the buffer. This value
could be related with other thermodynamic properties such as ∆B23 (cf. Figure S4). As
shown in Figure 5, the results for ∆∆Gu

′
correlates with the Tu results. This confirms

the conclusions drawn after the interpretation of Figure 4, i.e., adding the considered
co-solvents seems to provide the cbFDH with greater thermal protection compared to neat
buffer, and it can be improved with increased concentration. BET was the only co-solvent
that resulted in negative values for ∆∆Gu

′
, regardless of its concentration in the solution.

The non-monotonous effect of SOR concentration on thermal stability is worth mentioning
as hydrogen bond dynamics between cbFDH/co-solvent/water change dramatically with
the amount of water. In contrast, DESs cause linear increases in thermal stability, which
are mainly caused by the additive effects of the DESs constituents, i.e., GLY and SOR
compensate for the destabilization effect of BET.

The classical thermodynamic model for protein unfolding assumes that the process is
completely reversible and that equilibrium is achieved at each stage of a thermal unfolding
study. However, in reality, proteins seldom behave this way, and a kinetic explanation
for protein unfolding has been put forward using the apparent unfolding constant rate
(ku

′◦
) [62]. Values for pku

′◦
were determined using Equation (8) as follows:

pk
′◦
u = − log exp

(
−Ea

R
·
(

1
Tre f
− 1

Tf

))
(8)

where pk
′◦
u is the negative logarithm of the apparent rate constant of unfolding extrapolated

to a reference temperature of 298.15 K, Ea is the activation energy of unfolding, and T f is
the temperature where ku

′◦
is equal to one, as stated in the two-state theory from native

state to unfolded state (N → D) [62]. T f and Ea are sigmoidal unfolding curve explicit
characteristics obtained directly from the nanoDSF measurements. Figure 6 shows the
results for the systems used in this work. Values higher than the neat buffer denote a
decrease in the denaturation rate of cbFDH. This appears to be the case for the systems
GLY and SOR, which show an improvement in the values of pku

′◦
, regardless of their

concentration. DES1 and DES2 slightly increased the unfolding rate, while BET induced
the same effect. Interestingly, the individual effects of the co-solvents (BET, GLY, and SOR)
seem to be additive across all the concentrations when evaluated as DES, where GLY (in
DES1) and SOR (in DES2) manage to partially reduce the negative effects of BET in ku

′◦
.
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Figure 6. Graphical representation of the results obtained for pku
′◦ of cbFDH in the presence of

various co-solvents ((A): BET, GLY, and SOR/(B): DES1, DES2) at different concentrations (grey:
5 wt.-%, green: 10 wt.-%, orange: 15 wt.-%, and blue line: neat buffer) at pH = 8.5 and p = 1 atm.
Unfolding curves obtained between 30 and 70 °C.

3.3. Modulated Scanning Fluorometry

The potential for unfolding to be reversible is influenced by protein environment
factors such as pH, salt, or co-solvent concentration. Thus, it is necessary to evaluate the
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reversibility of thermal unfolding under the influence of the co-solvents used in this work.
In this work, the ability of cbFDH to refold after exposure to thermal stress was assessed
using modulated scanning fluorometry (MSF) to allow a swift evaluation of conditions
promoting reversible thermal unfolding in proteins [63]. MSF utilizes rapid cycles of
heating and cooling across multiple samples concurrently. Each successive heating cycle
achieves a slightly elevated temperature [64]. Additionally, MSF assists in identifying the
temperature threshold at which irreversible protein unfolding initiates, thereby enabling
the measurement, ordering, and contrasting of stability profiles obtained from nanoDSF.
Figure 7 shows an example of the unfolding and non-reversibility curves obtained from
MSF for the 10 wt.-% concentration of each co-solvent. The remaining co-solvent results
are presented in Figures S5 and S6 and summarized in Table S3.
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Figure 7. Unfolding (blue) and non-reversibility (red) curves of cbFDH obtained from the MSF
measurements in (A) buffer and under the influence of various co−solvents at 10 wt.-% concentration
((B): BET, (C): GLY, (D): SOR, (E): DES1, and (F): DES2) at pH = 8.5 and p = 1 atm. Here, the
fluorescence ratio of 350 nm to 330 nm is plotted against the time. x-axis correlates to the temperature
during the measurement (between 20−80 °C).

Figure 7 shows that regardless of the co-solvent present in the solution, the inflection
point of the non-reversible curve (Tnr) is always higher than the unfolding curve (Tu). As
expected, in a neat buffer solution, the MSF results for Tnr and Tu are almost equivalent.
For the 10 wt.-% co-solvent concentrations, GLY and DES2 cause a greater area between the
non-reversibility and unfolding curves than the neat buffer. This indicates the ability of the
cbFDH in a crowded environment to recover its native state after being subjected to thermal
stress and structural perturbations in a crowded environment. Thus, the exposure of cbFDH
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to temperatures below Tnr does not lead to substantial secondary and tertiary structural
changes. These small reversible structural changes can lead to open cbFDH conformations
that could be one of the factors contributing to the increase in kinetic efficiency. It is impor-
tant to note that Tnr does not correlate with other biophysical variables of the unfolding
mechanism, as previously demonstrated [51]. To varying degrees, the co-solvents in this
work increase the resistance of cbFDH to temperature-induced degradation concerning the
neat buffer. In addition, some co-solvents apparently caused protein aggregation at high
temperatures (i.e., 10 wt.-% SOR), which was expected due to the crowded hydrogen bond
network in the DES systems.

3.4. Binding Affinity

The influence of substrate binding (NAD+) on the thermal stability of cbFDH was also
studied within the framework of this work, including the effect of the co-solvents. For each
of the systems, the unfolding curves were obtained in different environments for several
NAD+ concentrations (cf. Figure S7) for the neat buffer. It is possible to recognize a shift
of the unfolding curves to the right side of the graph, i.e., higher unfolding temperature,
with increasing NAD+ concentration. This result suggests that substrate also contributes
to cbFDH stability, probably through conformational changes in the binding site. An
isothermal fit of the unfolded fraction of cbFDH was performed at several temperatures in
the range of Tu ± 10 °C, as a function of the NAD+ concentration (cf. Figure S8). Regardless
of the temperatures chosen for the isothermal analysis, a decrease in the unfolded fraction
was observed with increased substrate molality. From the isothermal fit, obtaining the
fractions of the bound and free substrate and, therefore, the dissociation constant is possible.
The values for KD for the considered systems of this work are presented in Figure 8.
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Figure 8. Graphical representation of the results obtained for the KD of cbFDH in the presence of
various co-solvents ((A): BET, GLY, and SOR/(B): DES1, DES2) at different concentrations (grey:
5 wt.-%, green: 10 wt.-%, orange: 15 wt.-%, and blue line: neat buffer) at pH = 8.5 and p = 1 atm. After
thermal assay via nanoDSF, the obtained data were analyzed with FoldAffinity to estimate KD.

Figure 8 shows a particular positive effect of DES2 on KD, the co-solvent which
causes the highest negative deviation from buffer KD value. The lower the values for
KD, the higher the cbFDH affinity for the substrate. Moderate improvements can be
observed for the remaining co-solvents, but their different concentrations do not follow any
particular trend. BET is again the only exception, in this case for its 15 wt.-% concentration,
since it appears to be the only system unable to improve the value for KD compared
to a system with an absence of co-solvents. Interestingly, these changes in the binding
affinity with NAD+ do not correlate with the results obtained in the kinetic parameters
(cf. Figure 2), i.e., the improvement in the affinity substrate/cbFDH on DES systems is not
translated into improvements on KM, f ormate or kcat above the contribution of the individual
co-solvents especially BET and GLY. This validates using a pseudo-one substrate approach
for the kinetic curves since the NAD+ binding is a favored fast process and the cbFDH
reaction rate is limited by the hydride transfer event from the formate ion on the active
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site, and therefore Ke f f is rather affected by the formate affinity improvement due to
co-solvent/formate interactions.

4. Conclusions

The influence of single co-solvents and co-solvent mixtures on the oxidation reaction of
formate to carbon dioxide catalyzed by cbFDH was studied and evaluated experimentally.
To efficiently characterize these effects, a complete description of the cbFDH reaction kinetics
and the thermal stress stability was performed. The main goal was to evaluate the overall
performance of the co-solvent mixtures as boosters of the mentioned enzymatic properties,
compared to the effectiveness of the considered single co-solvents effects. The study of
cbFDH’s kinetics revealed that adding co-solvents and co-solvent mixtures to the aqueous
reaction medium effectively increased the catalytic efficiency cbFDH. All of the considered
co-solvents outperformed the neat buffer at their highest concentration (15 wt.-%). Ke f f
values were remarkably improved in the presence of BET, GLY, and DES2 (BET:SOR 1:1),
due mainly to the improvement of the formate affinity on the co-solvent environment. BET
tends to promote water enhancement on the protein surface through preferential exclusion
from the cbFDH hydration layer, which allows effectively non-covalent interactions such
as hydrogen bonds, thus showing the most significant decrease in KM, f ormate. However,
a substantial improvement to kcat was not observed for any co-solvent, suggesting that
the cbFDH secondary structure remains stable. BET was shown to negatively affect the
stability of cbFDH’s through ∆Gu

′
. At the same time, GLY, SOR, and DESs promote overall

higher protection against thermal stress, improving Tu. These co-solvents influence the
enzyme surface through molecular crowding, excluding water molecules and locating
themselves near cbFDH surface. Combined in a mixture as DESs, the formed network of
hydrogen bonds acts as a biochemical chaperone, increasing the unfolding reversibility in
temperatures above Tu and improving the affinity towards NAD+. Overall, the studied
DESs appear to be an efficient alternative for enhancing the biocatalytic process from
conventional aqueous systems as it is possible to tailor the constituents and take advantage
of the individual contributions to the cbFDH stability. Further, a settlement between the
enhancement of the kinetic properties (i.e., BET systems) and the stability of the enzyme
(e.g., through GLY or SOR) can be achieved in mixtures without hindering one or the other.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pr11102815/s1, Figure S1: SDS-Page of purified cbFDH, Figure S2:
Michaelis-Menten primary plots, Figure S3: Sigmoidal unfolding curves, Figure S4: ∆B2,3, Figure S5:
MSF at 5 wt.-%, Figure S6: MSF at 15 wt.-%, Figure S7: Unfolding sigmoidal curves in binding
experiments, Figure S8: Isothermal binding fit; Table S1: Chemicals used in this Work, Table S2:
Kinetic parameters, Table S3: Thermal unfolding parameters.
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