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ARTICLE INFO ABSTRACT

Keywords: Yarrowia lipolytica has gained recognition as a microorganism with biological relevance and extensive biotech-
Microorganism inhibition nological applications. Some of its features include a high enzyme secretion capacity and a high cell-density
Hexokinase

fermentation mode. Hexokinase (YIHxk) is a vital enzyme in Y. lipolytica growth since it catalyzes glucose
metabolism through phosphorylation in the glycolytic pathway. Given the potential application of deep eutectic
solvents (DES) as novel solvents in biotechnological processes, this study evaluated the influence of eighteen DES
on the growth of Y. lipolytica. Furthermore, this work examined the effects of individual ions on the YIHxk
enzyme by analyzing its enzymatic tunnel structure, molecule transport, and molecular docking. The results
revealed a significant reduction in yeast growth in the presence of most DES compared to the control (medium
without DES), with the exception of the [Nggg;]Cl: hexanoic acid (1:1) DES. The growth varied between 11.95 +
0.60 and 0.68 + 0.17 g dry cell weight L™!. According to the enzymatic tunnel analysis, DES components
associated with the lowest microbial growth values were transported through tunnel 1. On the other hand, DES
components had their pathway facilitated through tunnel 2 ([Nggg1]™ and hexanoic acid) and showed growth
values close to the control. Molecular docking analysis identified a similarity between all the ligands in this
tunnel (including substrate and product), presenting binding interactions with the ASN273 amino acid of the
YIHxk active site. Combining experimental results with computational tools provided promising insights at the
molecular level, while also potentially reducing analysis costs and time, paving the way for similar approaches in
broad biocatalytic reactions.

Alternative solvents
Enzymatic tunnels
Molecular docking

1. Introduction

Yarrowia lipolytica is classified as an unconventional yeast, being
regarded by the FDA (Food and Drug Administration) as GRAS
(Generally Regarded as Safe), which has been widely studied due to its
high capacity to produce different biocatalysts of industrial interest,
such as lipases, proteases, esterases, among others (Barth and Gaillardin,
1997; Nicaud, 2012; Buarque et al., 2023a). This yeast can degrade
several hexoses, such as glucose, fructose, and mannose. These hexoses
are transported inside the cell via hexose transporters and incorporated
into the central carbon metabolism after their phosphorylation by hex-
ose kinases (Hapeta et al., 2021a, 2021b). Hexokinase (YIHxKk) is the first
glycolytic pathway enzyme responsible for catalyzing the transfer of a
phosphoryl group from ATP to glucose to form glucose 6-phosphate and
ADP (Kuser et al., 2000).

Biotechnological processes can be performed by both whole cells and
isolated enzymes. The use of whole-cell catalysts has some advantages,
such as allowing cofactor regeneration, providing a natural environment
and avoiding enzyme denaturation and inactivation that can occur
under adverse conditions, including unconventional (i.e., nonaqueous)
conditions. The combination of whole-cell catalysts and unconventional
reaction media containing organic solvents is highly attractive, espe-
cially for hydrophobic substrates (Yang et al., 2017; Maugeri and
Dominguez De Maria, 2014; Panic et al., 2021; Patzold et al., 2019).
Within this context, a potentially greener alternative to conventional
organic solvents are deep eutectic solvents (DESs), which have received
special attention due to their promising physicochemical properties if
properly designed, such as low volatility, low vapor pressure, high
thermal stability, biocompatibility, biodegradability, and nonflamma-
bility (Yang et al., 2017; Patzold et al., 2019).
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DES can be defined as the association of two or more compounds by
strong hydrogen-bonding, involving at least one hydrogen bond
acceptor (HBA) and one hydrogen bond donor (HBD). The term designer
solvents has been used to describe one of the DES’s main advantages:
their physicochemical properties can be tailored by selecting different
chemical structures of the DES components at different proportions. This
tuning could be applied to biocatalysis to modulate/design specific
solvents to direct the route of a reaction to obtain a target product, in-
crease enzyme activity or stability, and/or increase reaction yield (Panic
et al., 2021; Buarque et al., 2023b).

An important requirement for successfully applying DES in a whole-
cell process is low toxicity towards the microorganism. The biological
effects exerted by these green solvents on microbial cells will typically
depend on the organism’s nature, synergistic interactions in the chem-
ical structure, hydrophobicity, polarity, viscosity, and hydrogen bond
basicity/acidity, molar ratio, among other properties (Gao et al., 2015;
Zhao, 2016; Toledo et al., 2019; Santos et al., 2014). For example, Yang
etal (Yang et al., 2017). reported the impact of 45 DES based on choline
chloride (ChCl) and organic acids, alcohols or sugars on the biocon-
version of isoeugenol to vanillin catalyzed by Lysinibacillus fusiformis
CGMCC1347 cells. It was demonstrated that aqueous media containing
DES improved conversion yields up to 142 % when compared to those
obtained in DES-free aqueous systems. Qian et al (Qian et al., 2023).
described a 63 % increase in the yield of chiral aryl alcohol biosynthesis
by enhancing cell permeability, overcoming mass transfer limitations
during the reduction of prochiral ketones. This was achieved using
whole cells of Geotrichum candidum ZJPH1907 and a medium containing
DES composed of ChCl and amino acids. Chlipata et al (Chlipata et al.,
2024). applied Y. lipolytica KCh 71 yeast as a biocatalyst in an aqueous
DES solution (ChCl combined with a sugar or polyol) for the bio-
reduction of 4-hydroxychalcone (trans-1). It was achieved a biocon-
version rate of 70 % after 24 h, representing a five-fold increase
compared to the results obtained in the media without DES. However, to
our knowledge, the impact of DES-based solvents on microbial growth
has not been investigated. Furthermore, the many possible combinations
of DES-forming components and interactions with the enzyme sites
make the molecular-level understanding challenging to address
experimentally.

In silico approaches can provide relevant data for understanding the
pathways and possible interactions of inhibitors and/or activators with
the amino acids in enzyme tunnels. The ability to predict molecular
interactions and the routes for substrates and/or specific molecules into
these tunnels toward the active site could promisingly facilitate exper-
imental methodologies, optimizing time and costs (Barbosa et al.,
2019a; Bisht et al., 2017). The online server CaverWeb 1.0 is a virtual
screening tool widely used to identify and analyze transport tunnels in
macromolecular structures (Kim et al.,, 2024). Furthermore, this
computational method provides users with intuitive, simple, and fast
tunnel analysis (Filipovic et al., 2020). Tunnels control the passage of
ligands, such as substrates, products, water molecules, and solvents to-
wards the enzyme’s active sites (Chong et al., 2023). Although tunnels
have varied structures and functions, the knowledge of their properties
is crucial to understanding better the transport specificity of substrates
and ligands (Kaushik et al., 2018; Azevedo et al., 2022). Stourac et al
(Stourac et al., 2019). demonstrated that tunnels and their properties
can define many important protein characteristics, like substrate spec-
ificity, enantioselectivity, stability, and enzyme activity.

Another computational method is molecular docking, a tool used to
predict the binding affinity of the receptor-ligand complex due to its
ability to accurately predict the ligand conformation with amino acids
from the active sites of protein structures. The main goal of molecular
docking is to computationally simulate the receptor-ligand complex and
accomplish an optimized conformation so that the free energy of the
overall system is minimized (Rodrigues et al., 2021, 2024; Ferreira et al.,
2015). Toledo et al (Toledo et al., 2019)., through molecular docking,
evaluated the influence of HBAs (choline chloride, choline dihydrogen
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phosphate, choline dihydrogen citrate, and betaine) and HBDs (ethylene
glycol, glycerol, erythritol, and xylitol) combined in DES on reactions
catalyzed by isolated laccase. The study demonstrated that most DES
constituents form hydrogen bonds between receptors and amino acids.
However, ligands with higher affinity energy values lead to improved
laccase activity.

In this study, we evaluated the DES effect on Yarrowia lipolytica
growth. To this purpose, a series of DES formed by combining six
hydrogen bond acceptors (HBA) and three hydrogen bond donors (HBD)
was evaluated. The HBAs selected include: tetraoctylammonium chlo-
ride - [Ngggg]Cl, methyltrioctylammonium chloride - [Nggg;]1Cl, meth-
yltrioctylammonium bromide - [Ngggi]Br, tetrabutylammonium
chloride - [N4444]Cl, tetrabutylammonium bromide - [N4444]Br, and
choline chloride - ChCl. HBDs used were: hexanoic, octanoic, and dec-
anoic acids. Understanding the molecular-level mechanisms of these
alternative solvents’ impact on cell growth or inhibition is essential in
biocatalysis. Thus, computational tools to analyze the interactions be-
tween DES components and the yeast enzyme hexokinase (YIHxk) were
additionally applied.

2. Materials and methods
2.1. Materials

The DES constituents, viz. [Ngggg]Br, [Nggg11Cl, [Nggg11Br, [N4444]
Cl, [N4444]Br and ChCl, as well as the hexanoic, octanoic and decanoic
acids, were supplied by Sigma-Aldrich with a purity >98 wt%. The
culture medium components used were bacterial peptone, purchased
from Oxoid; yeast extract, purchased from Sigma-Aldrich; and glucose
(purity >98 %), supplied by Vetec. The chemical structures of the
investigated DES are given in Fig. 1.

2.2. Preparation of DES

The eighteen DES investigated in this work were prepared by the
heating method by mixing the respective HBA ([Ngggg]Br, [Nggs11Cl,
[Nggg1]1Br, [N4444]Cl, [N4444]Br, ChCl) and HBD (hexanoic acid, octa-
noic acid, and decanoic acid) in sealed glass vials at 1:1 molar ratio. The
mixtures were placed under constant heating (80 °C) and stirred for 1 h
(Buarque et al., 2023b; Shishov et al., 2022). Aqueous solutions at 20 wt
% were then prepared for each DES.

2.3. Yarrowia lipolytica growth on the DES presence

A wild strain of Y. lipolytica (IMUFRJ 50682), isolated from an es-
tuary of Guanabara Bay in Rio de Janeiro and stocked at 4 °C in YPD-
agar medium (1 % yeast extract, 2 % peptone, 2 % glucose, and 3 %
agar) (Hagler and Mendonga-Hagler, 1981), was used in this work.

To obtain an inoculum, yeast cells were grown in Erlenmeyer flasks
(0.5 L) containing YPD (1 % yeast extract, 2 % peptone, 2 % glucose)
medium (0.2 L) at 28°C on a rotary shaker (160 rpm) for about 72 h.
Then, cell concentration in g dry cell weight L™! was determined at
570 nm (Santos et al., 2022). 1 g p.s. L1 of yeast was resuspended and
inoculated into a new YPD culture medium (0.02 L) containing 20 wt%
of DES in Erlenmeyer flasks (0.05 L) for cell growth at 28 °C, 250 rpm,
and for 48 h. All materials needed for the experiments were autoclaved
at 1 atm for 25 min. It is important to mention that the addition of DES
to microbial growth did not increase the culture’s turbidity or decrease
the medium’s pH.

2.4. Computational analysis

2.4.1. Structural analysis of Hexokinase from Yarrowia lipolytica (Y1Hxk)

To precisely identify the active site of Yarrowia lipolytica hexokinase
(YIHxk), we based ourselves on the study by Zeng et al (Zeng and
Fromm, 1995). that provides a detailed analysis of the amino acids
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Fig. 1.

constituting the catalytic site of human hexokinase. Human and
Y. lipolytica hexokinase share high structural and functional homology,
allowing the conclusions learned from the human structure to be applied
to our study. Using the amino acid sequence and three-dimensional
structure of human hexokinase as a reference, a homology comparison
with the structure of YIHxk was carried out, revealing that residues
Asn246, Asp247, Thr270, Asn273, Thr298, and Glu338 are the amino
acids involved in the yeast catalytic site.

The allosteric sites were identified using the PASSer model, which
performs a detailed analysis of the dynamic and structural characteris-
tics of the enzyme to identify potential allosteric sites. PASSer offers
three models based on machine learning: an ensemble model consisting
of extreme gradient boosting (XGBoost) and a graph convolutional
neural network (GCNN), an automated machine learning model pow-
ered by AutoGluon from Amazon Web Services (AWS), and a learning
model for classification (LTR). The LTR algorithm, predetermined with
LightGBM, is able to classify the pockets in order of their probability of
becoming the main allosteric sites (Huang et al., 2011; Xiao et al., 2023;
Lu et al., 2019a).

2.4.2. Tunnels calculation

The computational analysis was performed using the online server
CaverWeb V1.0 (https://loschmidt.chemi.muni.cz/caverweb). The
YIHxk tunnels were identified using the default configuration, and then
filtered based on their bottleneck radius (f\) and length (A). Then, the
binding energies: bound state (Epoyng), maximum energy barrier (Epay),
unbound state (Egyface), binding energy barrier (E,) and difference in
energy of the bound and unbound states (AEgg) were calculated for each
ligand (substrate, product and solvents). The results obtained were
visualized and analyzed using Discovery Studio v21 (Accelrys, San
Diego, CA, USA) (Vavra et al., 2019; Buarque et al., 2023c).

\/\/’\/\

Br

\/\/\/\/\H/OH
. . O
Decanoic acid

: Chemical structures of the DES-forming hydrogen bond acceptors (HBAs) and donors (HBDs).

2.4.3. Molecular docking

The interactions of Hexokinase from Yarrowia lipolytica (YIHxk) with
all HBAs and HBDs were calculated using the AutoDock Vina 1.1.2
program (Trott and Olson, 2010). The molecular docking analysis used
the crystal structure of YIHxk (UniProt: F2Z672) as a receptor. Auto
DockTools (ADT) was used to prepare the enzyme input file. Ligands 3D
structures (HBA, HBD, substrate and product) were created using Dis-
covery Studio v21 (Accelrys, San Diego, CA, USA) and applied to the
Chem3D-MM2 protocol for energy minimization to create the ligand
files (Buarque et al., 2023c). Then, AutoDockTools (ADT) (Morris et al.,
2009) was used to convert all ligand into input files (pdbqt), setting all
possible rotatable bonds defined as active by torsions, and convert the
YIHxk PDB file into.pdbqt input files. The coordinates at the center of the
grid box (x-, y-, and z-axes) were 1.484 x 0.507 x 1.649. The grid
dimension was 80 A x 80 A x 90 A to cover the whole YIHxk structure.
The model with the lowest docking score was obtained using the
following configuration: exhaustiveness = 100, num modes = 10 and seed
=100.

2.5. Statistical analysis

All experiments were carried out in triplicate, and results were pre-
sented as the mean =+ standard deviation. The experimental data were
analysed using the Statistica 8.0 software. A Tukey’s honestly significant
difference (HSD) test compared treatment means, and ANOVA estab-
lished their significance. Differences of P > 0.05 were considered sta-
tistically significant.
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3. Results and discussion
3.1. Cell growth in DES-containing media

In the literature (Santos et al., 2014; Mohedano et al., 2022; Pernak
et al., 2003), it has been shown that microorganisms can tolerate specific
amounts of solvents in their culture media. Nevertheless, to our
knowledge, DES behavior in the Yarrowia lipolytica yeast growth has not
yet been explored. Fig. 2 shows the microbial growth kinetics in the DES
presence at a 20 wt% concentration and the control, formed by YPD
medium only (yeast extract, peptone, and dextrose). For a better over-
view and understanding analysis, the DES were divided into two sets
based on the type of halide ion in the HBA: chloride-based (Fig. 2a) and
bromide-based (Fig. 2b). Table S1 in Supporting Information offers a
detailed breakdown of the cell growth values for each DES components
alongside their corresponding pH levels. In general, there was a signif-
icant reduction in yeast growth in the DES-based solvents’ presence
compared to the control (medium without DES), with the exception of
DES consisting of [Nggg1]Cl + hexanoic acid.

The kinetic growth profile showed similar behaviour, and the
exponential phase lasted until 20 h, followed by a deceleration phase
until 24 h. Subsequently, another phase of accentuated growth was
observed, reaching the peak of microbial growth at 32 h, and finally a
phase of decay in growth rates was observed. The growth rates for the
medium containing DES-[Nggg1]Cl + hexanoic acid ranged from 0.37 +

15
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0.11-11.95 =+ 0.96 g dry weight of cells L™}, while the control varied
from 0.37 + 0.11-13.12 + 1.09 g dry weight of cells L1, This indicates
a broad range of inhibitory effects depending on the specific DES com-
bination. The inhibitory effect on cell growth varied according to the
type of HBA used in the DES. The order of decreasing cell growth was
observed as follows: [Nggg1]Cl > [Ng444]Cl > ChCl > [Ngggg]Br >
[Nggg11Br > [N4444]Br. This sequence shows that chloride-based HBAs
([Nggg1]1Cl, [N4444]Cl, and ChCl) were less inhibitory compared to
bromide-based ones. Among the bromide-based HBAs, an interesting
observation was noted with the DES composed of [Nggg]Br + hexanoic
acid. This specific combination resulted in intermediate cell growth
values due to the influence less detrimental of the cation.

Regarding the HBD component, cell growth decreased as the length
of the fatty acid alkyl chain increased: hexanoic > octanoic > decanoic
acids. This trend suggests that shorter-chain fatty acids like hexanoic
acid are less inhibitory to Y. lipolytica growth compared to longer-chain
fatty acids. The results emphasize that bromide-based DESs generally
exert a stronger inhibitory effect on cell growth compared to chloride-
based DESs. This is likely due to the lower hydrogen bond basicity (f)
of bromide ions in comparison to chloride ions. The hydrogen bond
basicity of anions influences how they interact with cellular compo-
nents. Some authors (Li and Sen, 1998; Van Lam Van et al., 2021;
Matoba et al., 2021) have shown that increasing the basicity of culture
medium components can enhance catalytic activity within cells. High
basicity molecules tend to diffuse into the enzyme core, potentially

(@)

12

Cell concentration(g dry cell weight L)

15

30 40 50

(b)
12 -

Cell concentration(g dry cell weight L)

30 40 50

Time (h)

Fig. 2. : Yarrowia lipolytica kinetic growth profile in the presence of deep eutectic solvents (DES) formed by ammonium salts (colors) + fatty acids (hexanoic acid — Cg
(@), octanoic acid — Cg (lD, and decanoic acid — Cy¢ (a)) at 20 wt%: (a) [Nggg1]1Cl - light blue, [N4444]Cl - yellow, and ChCl - light pink; (b) [Nggg11Br - purple, [N4444]

Br - light green, and [Ngggg]Br - orange. Control - black, dotted lines.
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disrupting intramolecular hydrogen bonds, leading to enzyme dena-
turation and reduced cell viability. This phenomenon corroborates the
results found for DES comprising bromide ions, having lower p values,
and thus a more profound negative impact on cell growth compared to
their chloride DES counterparts.

Santos et al (Santos et al., 2014). evaluated choline-based ionic liq-
uids (ILs) toxicity on Saccharomyces cerevisiae, Yarrowia lipolytica, and
Kluyveromyces marxianus yeast. According to the results, choline acetate
and chloride choline showed inhibitions at concentrations of 3.2 and
6.25 %, respectively, compared to the YPD control medium. These
findings support the complex interplay between DES components and
microbial cell growth, emphasizing the need for careful selection of DES
components in biotechnological applications to avoid inhibitory effects
on microbial processes.

To obtain insights into the molecular behavior of these solvents and
their interactions, a detailed molecular dynamics (MD) analysis was
conducted. This analysis focused on identifying enzymatic tunnels and
elucidating the chemical interactions between the DES and hexokinase,
a critical enzyme in yeast metabolism.

3.2. Computational analysis

3.2.1. YlHxk structure

YIHxk is a globular enzyme of around 50 kDa, composed of 534
amino acids. It is codified by the YIHXK1 gene (YALIOB22308g), which
has 2041 base pairs and a Ky of 0.38 mM with glucose. The YIHxk
structure reveals a central catalytic site, formed by six amino acids:
Asn246, Asp247, Thr270, Asn273, Thr298, and Glu338, as shown in
Fig. 3.

In addition to the catalytic site, YIHxk has three allosteric sites
(Fig. 3), as predicted by the PASSer server (Protein Allosteric Sites
Server, https://passer.smu.edu) (Xiao et al., 2022; Tian et al., 2023).
PASSer is a robust web tool designed to predict allosteric sites on pro-
teins, ranking them based on the probability of being functional allo-
steric sites. The probabilities of sites 1, 2, and 3 being the main site are
45.19 %, 40.57 %, and 31.88 %, respectively. Allosteric site 1 (blue,
Fig. 3) includes the amino acids: SER79, Gly80, Aspl00, Argl57,
Pro169, Argl65, Thr98, Serl68, GInl61, Alal60, Lys167, Thrl64,
Prol70, Asp166, Phe163, Leu99, and Asp156. The amino acids in allo-
steric site 2 (green, Fig. 3) are: Tyrl95, Asp460, Asp247, Lys212,
Arg209, GIn208, Thr270, Glu338, Ile267, Asp62, Glu305, Gly213,
Arg331, Val272, Asn273, Asn246, and Tyr345. While the amino acids

Allosteric
site 1

Allosteric
site 2
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that constitute allosteric site 3 (orange, Fig. 3) are: His172, Aspl154,
Argl57, Ilel84, Prol71, Hisl85, Asnl73, Prol70, GInl74, Ilel76,
Lys519, and Asp156.

3.2.2. Dynamics of ligand transport through YlHxk tunnels

Understanding the behavior of ligands within the enzymatic tunnel’s
structures through the in-silico analysis is crucial for advancing bio-
catalysis. Enzymatic tunnels are pathways within the enzyme structure
that guide substrates to the active site and products away from it
(Azevedo et al., 2022; Stourac et al., 2019; Planas-Iglesias et al., 2021)
Through molecular dynamics simulations, eight potential tunnels within
the hexokinase enzyme structure were identified, as shown in Fig. 4.
However, four tunnels presented unfavorable substrate, product, and
ligand transportation characteristics. This is due to the dimensions of the
enzymatic channel not being suitable or for some other not known
reasons. These tunnels have been classified by CaverWeb 1.0 as having
low throughput, meaning they are less important than others for
transport. Therefore, it is unlikely to be functionally relevant for trans-
porting the respective ligands (Stourac et al., 2019; Pravda et al., 2014).

According to Fig. 4, the lengths of the tunnels ranged between 4.8
and 15.2 A, and throughput values varied from 0.81 to 0.91. Moreover,
tunnels 1 and 2 have also been demonstrated to have a larger bottleneck
radius (tunnel 1: 2.7 10\, tunnel 2: 2.6 10\, tunnel 3: 1.8 10\, and tunnel 4:
1.8 A). Given the above, it is suggested that tunnels 1 and 2 allow for a
lower energy barrier and facilitate the transport of substrate and product
to the hexokinase active site. Throughputs near 1.0 indicate a higher
likelihood that the tunnel is effectively used as a route for the transport
of substances, which is a crucial factor for efficient enzymatic reactions
(Kaushik et al., 2018). The larger bottleneck radius and shorter length of
tunnels 1 and 2 suggest that these tunnels may offer a lower energy
barrier for the transport of substrates and products of the hexokinase
active site. This is supported by findings from Chovancova et al
(Chovancova et al., 2012). and Marques et al (Marques et al., 2017).,
who demonstrated that channels with larger neck radii and shorter
lengths facilitate better ligand transport and enhance biocatalytic effi-
ciency. This is because these structural features promote faster ingress
and egress of molecules, thereby improving the enzyme’s overall cata-
lytic throughput. Lu et al (Lu et al., 2019b). observed that shorter tun-
nels in S7-xyl xylanase (PDB: 2UWF) led to better product release and
enhanced relative activity of the enzyme. This aligns with our findings,
where the shorter and wider tunnels (tunnels 1 and 2) in hexokinase are
likely contributing to more efficient catalytic processes.

Fig. 3. : Three-dimensional structure of Yarrowia lipolytica hexokinase (YIHxk) (UniProt: F2Z672) with catalytic and allosteric sites identified: catalytic site (orange),

allosteric site 1 (blue), allosteric site 2 (green) and allosteric site 3 (pink).
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Fig. 4. : Hexokinase from Yarrowia lipolytica (YIHxk) (UniProt: F2Z672): (a) YIHxk structure and tunnels enzymatic identify: tunnel 1 (blue), tunnel 2 (green), tunnel
3 (red), and tunnel 4 (purple); (b) comparative analysis of length and throughput along tunnels with the highest transport probability.

The energy values (Epounds Emax> Esurfaces Ea, and AEBS, in keal-mol™1)
through tunnels 1-4 at the input and output were calculated (Table S2
and S3 in Supporting Information) aiming to analyze in which channel
these substances are most likely to pass through to better understand the
DES impact on the inhibition of the enzyme responsible for microbial
growth. In summary, Epoung is the minimum energy associated with the
binding of the ligand to the active site. Epax is the maximum binding
energy of the ligand within the tunnel. Egyface is the minimum energy of
the ligand bound at the enzymatic surface, whereas E, is the minimum
energy for converting substrate into product. AEB, given by the differ-
ence between Egyrface and Epoynd, corresponds to the energy difference
between the ligand bound at the surface and active sites (Vavra et al.,
2019; Prokop et al., 2012; Chaudhary and Mishra, 2016). The ligand
transport potential in tunnels can be analyzed using Enax and E,. The
lowest E, values (close to 0) associated with negative Ep,,x values indi-
cate a higher probability of the ligand passing through the tunnel to the
active site (Singh et al., 2021; Pinto et al., 2021).

The results indicate that most of the HBA-forming cations, i.e.
[Ngggs]™, [Nasasl™, and [Ch]T, with some HBDs (octanoic acid and
decanoic acid) are more likely to be transported (input and output) to
tunnel 1, as seen in Figure S1, and Table S2 and S3 (in Supporting In-
formation). These constituents exhibited the highest inhibitory effects
on YlHxk. The exception was [Nggg;]t and hexanoic acid, which
demonstrated a greater synergy with tunnel 2. The substrate (D-glucose,
input) and product (glucose-6-phosphate, output) also showed higher
possibilities via tunnel 2. Conversely, the molecule transport via tunnel
2 displayed only a slight inhibition in hexokinase. The experimental
observations align closely with the in-silico analysis of the enzymatic
tunnels. Specifically, the differential transport preferences of the DES
constituents and other ligands through the hexokinase tunnels correlate
with their observed inhibitory effects on yeast growth.

Tunnel 1, as depicted in Fig. 4 and S1 (in Supporting Information), is
characterized by its shorter length and higher throughput compared to
tunnel 2. These features facilitate the more efficient transport of mole-
cules to the YIHxk active site. Consequently, ligands moving through
tunnel 1 can access the catalytic site more readily, potentially impeding
the substrate’s access. This preferential transport of inhibitory ligands
via tunnel 1 can explain the observed inhibition of hexokinase. The DES
constituents occupying tunnel 1 likely obstruct the active site’s access,
thereby inhibiting the enzyme’s ability to phosphorylate glucose into
glucose-6-phosphate.

Understanding how ligands interact with and move through enzyme
structures is important for analyzing the pathways these molecules
follow during biocatalysis. The transport tunnels within enzymes play a
role in facilitating these interactions and ensuring the structural and
kinetic stability of the enzyme (Vonasek et al., 2019). Molecular docking
tools can be employed to predict how ligands will interact with the
enzyme’s active site. These tools calculate the binding affinity energy,

which helps in identifying potential interaction sites between the ligand
and the enzyme’s active regions. Docking simulations provide valuable
insights into the positions and orientations that ligands are likely to
adopt when bound to the enzyme.

3.2.3. Molecular docking

Molecular docking was used to understand better the interactions at
the molecular level occurring between the HBD/HBA and hexokinase on
the Yarrowia lipolytica growth, addressing the binding energies, types of
interactions, and specific amino acids residues involved (Almeida et al.,
2021; Quental et al., 2015), as depicted in Figs. 5 and 6. Generally, the
interactions between ligands and amino acids can be hydrogen bonding,
and hydrophobic, electrostatic, and van der Waals interactions. The
absolute value of affinity (kcal-mol™1) of each ligand to YIHxk, best
binding pose and docking affinities, and type of interaction and geom-
etry distance (10\), are reported in Table S4. In contrast, the molecular
interaction diagrams are exhibited in Figures S2 to S4 (in Supporting
Information).

The affinity energy values obtained from molecular docking provide
valuable insights into how ligands interact with enzyme structures.
Higher absolute affinity energy values typically indicate stronger in-
teractions between the ligand and the enzyme, which can promote
conformational changes within the protein structure and potentially
inhibit microbial growth (Barbosa et al., 2019b). It was observed that
the docking affinity energies for the HBA-forming cations transported
through tunnel 1 in the YIHxk enzyme decreased in the same order as
yeast growth inhibition. Specifically, the affinity energy values for these
cations were as follows (Table $4): [Ngggs]™ (-5.3 kcal~mol’1), [N44sqq]™
(-4.5 kcal~mol_1), and [Ch] ™" (-3.5 kcal-mol ™). This trend suggests that
cations with higher affinity energies interact more strongly with the
enzyme, leading to greater conformational changes that can hinder the
enzyme’s function, thereby reducing microbial growth. Furthermore, as
reported by Rios (De Los Rios et al., 2011) and Tsunashima (Tsunashima
and Sugiya, 2007), an increase in the cation’s alkyl chain length and
hydrophobicity generally leads to a reduction in the substrate’s acces-
sibility to the enzyme’s active site. This is because longer and more
hydrophobic alkyl chains create a more substantial barrier, making it
difficult for the substrate to reach and interact with the active site of the
enzyme.

The hydrophobicity of the HBA-forming cations was evaluated by the
logarithm of the octanol-water distribution coefficient, log Kow. In our
study, the log K, values for the cations that were preferentially trans-
ported through tunnel 1 in the YIHxk enzyme followed the order:
[Ngggsl™ (9.57) > [N4qa4]™ (1.71) > [Ch]™ (-5.16). This trend aligns
with our experimental data, suggesting that more hydrophobic cations
are more effective at blocking access to the YIHxk active site, thereby
inhibiting enzyme function and reducing microbial growth. The
[Ngggs]l © cation, with the highest log Ko, exhibited the higher number



F.S. Buarque et al.

[Nggss]

[Nggg1]*

LYS212

Journal of Biotechnology 398 (2025) 1-10

Fig. 5. : Docking pose with the lowest absolute value of affinity (kcal/mol) between HBA-forming cation, HBD, and subtracts/product with the enzyme active site
amino acids (pink): ligands transported through tunnel 1 (blue) and tunnel 2 (green).
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Fig. 6. : Interactions (hydrogen bond, hydrophobic, electrostatic, and van der
Waals) between receptor (Hexokinase from Y. lipolytica) and ligands (HBA
(cations and anions), HBD (hexanoic acid — Hex. Ac.; octanoic acid — Oct. Ac.;
decanoic acid — Dec. Ac.), substrate (Glucose), and product (glucose 6-phos-
phate — G6P) from molecular docking. The usage incidence (amount of in-
teractions) is represented by the size of the circles, which proportionally
increases as follows: [1-2] < [3—4] < [5—-6] < [7-8] < [9-10] < [11-12]
< [<13].

of interactions with the amino acids at the YIHxk active site, namely
Glu338 (electrostatic), Asp247 (van der Waals), Asn246 (van der
Waals), and Thr270 (van der Waals). For the [N4444]" cation, in-
teractions were observed with two amino acids related to the enzyme’s
catalytic site, specifically Glu338 (electrostatic and hydrogen bond) and
Thr270 (van der Waals). The [Ch]" cation, despite its lower hydro-
phobicity, formed interactions with Glu338 and Asp247, both by elec-
trostatic interactions and hydrogen bonds. Our findings are consistent
with the results of Barbosa et al (Barbosa et al., 2019b)., who examined

the impact of phosphonium-based ionic liquids on the activity of lipase
from Burkholderia cepacia. Their study found that cations with higher
hydrophobicity and absolute values of affinity energy caused increased
inactivation of the enzyme. This suggests a common mechanism where
hydrophobic cations with strong interactions at the active site disrupt
the enzyme’s function, thereby impeding microbial growth.

Regarding the interactions between HBDs and the amino acids
located in the active site of YIHxKk, interestingly, it was not observed a
direct relationship between the chain length of fatty acids and their
interactions with the active site amino acids. Specifically, decanoic acid
did not interact with the active site, whereas hexanoic acid and octanoic
acid demonstrated one and four interactions, respectively. Despite these
interaction differences, the yeast growth reduction followed a clear
pattern, with the smallest fatty acid, hexanoic acid, leading to the least
growth inhibition, followed by octanoic acid, and the longest, decanoic
acid, causing the most significant inhibition. This trend aligns with the
increasing hydrophobicity and absolute values of affinity energies (in
kcal-mol’l) of the HBDs as the chain length increases, as follows: hex-
anoic acid (-3.4, log Koy = 2.05) < octanoic acid (-3.8, log Koy = 3.03) <
decanoic acid (-4.4, log Koy = 4.02). These properties correlate with the
higher inhibition of the YIHxk enzyme and, consequently, lower yeast
growth. These findings suggest that the increased hydrophobicity and
affinity energy of longer-chain fatty acids contribute to more significant
enzyme inhibition.

Further computational analysis revealed that HBA and HBD trans-
ported through tunnel 2 exhibited specific binding to the enzyme’s
active site. Notably, the [Nggg;]" cation displayed interactions with
three key amino acids: Glu338, Thr270, and Asn273. In contrast, hex-
anoic acid, along with the glucose and glucose-6-phosphate substrates,
only interacted with Asn273 (via van der Waals forces). This distinct
binding pattern to Asn273 might explain their lower inhibitory effect on
the cell growth. Conversely, ligands using tunnel 1 did not show any
affinity for Asn273, which could suggest different inhibitory mecha-
nisms or less direct inhibition of the enzyme’s active site. These results
corroborate with previous molecular docking studies, such as those by
Toledo et al (Toledo et al., 2019)., where the effectiveness of DES on
laccase activation was linked to specific amino acid interactions. Simi-
larly, the interactions between DES components and amino acids within
tunnel 1 could lead to conformational changes in the enzyme structure,
potentially mitigating competitive inhibition by altering the enzyme’s
form or accessibility to the substrate.

The interactions between the chloride (Cl") and bromide (Br-) anions
and the YIHxk enzyme were also evaluated, focusing on their potential
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allosteric effects. As presented in Table S4, the affinity energies between
YlHxk and the Cl- and Br~ anions were relatively low, —1.2 and
—1.1 keal-mol !, respectively. These values suggest weaker interactions
compared to the cations studied. Additionally, the log Ko, values were
0.54 for Cl- and 0.63 for Br~. These anions exhibit a trend where
increasing hydrophobicity is associated with higher enzyme inhibition,
aligning with the previously observed effects of other hydrophobic ions.
Cl" and Br~ anions possess high charge densities and were found to be
located significantly further from the YIHxk active site compared to the
cations and fatty acids. This spatial separation implies a more favorable
environment for allosteric inhibition rather than direct competitive in-
hibition at the active site. The Cl- and Br~ anions were located near
allosteric site 1 (Figure S5 in support information), which was identified
as having the highest probability of being the principal allosteric site of
the hexokinase enzyme. Supporting this hypothesis, Zhao et al (Zhao,
2016). highlighted that these anions, categorized as chaotropic, can
disrupt and inactivate various enzymes through mechanisms that often
involve destabilization of protein structure and function. Our findings
are consistent with this view, underscoring the inhibitory potential of
these anions on YIHxk.

4. Conclusion

DES offer a promising avenue for enhancing the efficiency and sus-
tainability of biocatalytic processes. The results obtained reveal that the
presence of DES in the culture medium generally inhibited Y. lipolytica
growth. However, an exception was noted with the DES composed of
[Nggs11Cl and hexanoic acid, which showed growth values comparable
to the control. To understand these inhibitory effects at a molecular
level, we employed computational tools to analyze the interactions be-
tween DES components and the enzyme hexokinase (YIHxk) from
Y. lipolytica. Structural analysis of YIHxk identified four favorable tun-
nels that facilitate ligand transport from the enzyme surface to the active
site. Tunnel 1 was the most favorable pathway for transporting several
HBA cations ([Nggss]™ [Nasas]™, and [Ch]™) and the HBDs (octanoic
and decanoic acids). Ligands using Tunnel 1 were associated with the
lowest yeast growth values, suggesting potential for competitive inhi-
bition at the enzyme’s active site. Ligands transported by tunnel 2, such
as [Nggs1]™ and hexanoic acid, did not significantly inhibit growth,
along with glucose and glucose 6-phosphate. The longer length of
Tunnel 2 likely reduces competition between ligands and substrates,
facilitating efficient transport without significant inhibition. Molecular
docking analyses provided further insights into the interactions between
DES components and YIHxk. Ligands utilizing Tunnel 2 were the only
ones forming van der Waals interactions with the ASN273 amino acid in
the YIHxk active site. This unique interaction pattern may contribute to
their lower inhibitory effects, aligning with the observed growth data.

The combined experimental and computational approach offered a
comprehensive understanding of how DES components influence Y.
lipolytica growth and YIHxk enzyme activity. The identification of
specific transport pathways and interactions within the enzyme high-
lights the complex dynamics between DES and biological systems. This
knowledge enhances the potential for designing DES that optimize
biocatalytic processes, leading to more efficient and sustainable
biotechnological applications.
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