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Abstract

This study investigates the regulation of lipase inhibition in binary mixtures of 1-ethyl-3-methylimidazolium ethylsulfate
([C,mim]C,HsSO,) and propanol-1, systematically examining solvent-composition-dependent effects on catalytic activity
and kinetics. The hydrolysis of p-nitrophenyl butyrate (p-NPB) was monitored using UV-visible spectroscopy by following
the formation of p-nitrophenolate (p-NP) at 410 nm, enabling quantitative determination of initial reaction rates and
inhibition trends in aqueous, ionic liquid, and binary solvent systems. Results revealed that [C,mim]C,HsSO, stabilized
lipase structure and minimized enzyme denaturation, likely by attenuating unfavorable solvent—protein interactions at the
active site, while propanol-1 acted as an inhibitor by disrupting the catalytic serine residue and hydrophobic substrate-
binding regions. Maximum catalytic efficiency was observed at low propanol-1 mole fractions, whereas increasing alcohol
content led to pronounced reductions in reaction rate, consistent with mixed-type inhibition and restricted substrate
accessibility. These findings demonstrate, for the first time, how controlled binary ionic liquid—alcohol mixtures can be
used to fine-tune lipase activity, highlighting the critical role of solvent composition in balancing enzyme stability and
inhibition and providing practical design guidelines for optimizing biocatalysis in non-aqueous and mixed-solvent media.
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|. Introduction

Enzymes, the vital components of many industrial and
biochemical processes, are composed mainly of proteins
and are highly efficient and selective biocatalysts. Since,
enzymes are designed naturally to operate in cellular
environments that are enriched with water, enzyme-
mediated processes have traditionally taken place in
aqueous medium. However, there are a number of
drawbacks of using aqueous systems, such as limited
product recovery, restricted ability to regulate reaction
selectivity, and the poor solubility of hydrophobic
substrates.! The application of non-aqueous solvents like
organic solvents, ionic liquids (ILs), and their
combinations, to enhance enzyme performance has grown
in popularity as a result of these concerns. Non-aqueous
media, in particular, have the ability to regulate catalytic
activity, enhance heat stability, and transform enzyme
structure, extending the potential of biocatalysis beyond
usual scenarios.?

ILs, a family of salts that are liquid below 100 °C, have
attracted significant attraction in biocatalysis due to their
substantially low melting temperature, non-flammability,
minimal volatility, superior electrical conductivity,
extended electrochemical stability range, exceptional
thermal stability, expanded liquidous range, high
solubilizing ability for diverse inorganic and organic
compounds, and the capacity of tuning the structure of ions
to get optimal physicochemical properties.®* By providing a
more appropriate environment than conventional solvents,
ILs can increase enzyme activity and stability, hence

increasing reaction efficiency. They can also affect the
overall reaction route, substrate solubility, and enzyme
selectivity.” Nevertheless, the toxicity of many ILs and the
difficulty of enzyme compatibility continue to be barriers to
their broad use, requiring additional studies for developing
ILs that are less harmful and more enzyme-friendly.®

Co-solvents are frequently used in biocatalytic systems
involving ILs in order to modify the physicochemical
characteristics of the solvent and enhance enzyme activity.
To improve mass transfer, fine-tune solvent polarity, and
decrease the viscosity of ILs, common co-solvents like
water, short-chain alcohols (like methanol and ethanol), and
organic solvents (like acetonitrile and DMSO) are
employed.” If the co-solvent is compatible with the
biocatalyst, these changes may result in increased substrate
solubility and enhanced enzyme stability.* Although water
is the most commonly utilized co-solvent because it is
crucial for preserving the structure and activity of enzymes,
trace amounts of alcohols can also help stabilize the
conformation of enzymes or improve their solubility.” On
the other hand, high co-solvent concentrations may be
harmful, changing reaction pathways or inactivating
enzymes.* Thus, in order to achieve efficient and long-
lasting biocatalysis in IL-based systems, the kind and
concentration of co-solvents must be chosen and
optimized.®®

The combination of ILs with alcohols in binary mixtures is
a potential but underexplored method for regulating solvent
characteristics in biocatalysis. While no significant efforts
have been devoted to biocatalytic applications of these
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binary systems, the ability to tailor key solvent properties
like polarity, viscosity, and lipophilicity via the selective
mixing of ILs and alcohols is significant.’>** ILs are known
for their capacity to alter physicochemical properties, and
the addition of alcohols may improve enzyme stability,
activity, and selectivity.’

ILs are environmentally friendly media for chemical and
biological transformations since early research showed
that they increase catalytic activity while also lowering
the production of hazardous byproducts.*? The synthesis
of the dipeptide Z-aspartame catalyzed by thermolysin
represented the earliest documented enzyme-catalyzed
reaction in IL medium, demonstrating the suitability of
enzymes for IL-based systems.'* The most studied type
of enzymes in ILs, according to later research, are
lipases. ILs can enhance Michael addition reactions
catalyzed by lipase for the production of warfarin, with
hydroxyl-functionalized ILs improving both catalytic
efficiency and enzyme reusability.’® Reactions in
hydrophilic ILs, including 1-methoxyethyl-3-methylimi-
dazolium tetrafluoroborate, exhibit higher catalytic
efficiency than those in conventional organic solvents.*®

Further developments highlighted the application of IL-
based microemulsions for lipase-mediated hydrolysis of p-
nitrophenyl butyrate (p-NPB), demonstrating enhanced
dispersion and activity of the enzyme.'* Modifying the
nature of the interfacial membrane has also been employed
to regulate the activity of enzymes, demonstrating the
significant impact of solvent microenvironments on
biocatalysis.'® Further research with double-salt ILs showed
that catalytic stability and efficiency are controlled by
physicochemical properties of the solvent medium as well
as conformational changes in the enzyme.*’

Early studies on binary IL-alcohol systems in different
chemical reactions suggest that these mixtures may have
synergistic effects on enzyme structure and catalytic
performance.’® However, these interactions have been
scarcely explored in biocatalysis, highlighting a crucial
knowledge gap that requires additional exploration to fully
exploit the potential of binary IL-alcohol systems for
enzyme optimization.

The regulatory mechanisms that control enzyme activity in
binary mixtures of ILs and alcohols are complex and not well
understood. However, various alternative mechanisms have
been proposed based on the unique effects of ILs and
alcohols on enzymes. ILs interact with enzyme structures via
hydrogen bonding, electrostatic interactions, and solvation
effects, influencing enzyme conformation and active-site
accessibility.*® The addition of alcohols may further alter the
solvent environment, perhaps stabilizing the enzyme by
increasing its solubility or, conversely, promoting
denaturation at greater concentrations due to protein-solvent
interactions.® Furthermore, the viscosity and polarity of the
binary mixture might affect kinetic properties of the enzyme,
such as substrate diffusion and catalytic effectiveness. The
solvent microstructure, dielectric characteristics, and
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hydrogen-bonding network may all play important roles in
determining enzyme stability and activity in mixed solvent
systems.” ILs interact with enzymes through hydrogen
bonding, electrostatic interactions, and solvation of charged
and polar amino acid residues, which can either stabilize the
native conformation or induce partial unfolding at higher
concentrations.”*® Also ions capable of forming hydrogen
bonds with peptide backbones, potentially disrupting
intramolecular interactions essential for maintaining lipase
tertiary structure.’

Propanol affects enzyme conformation by penetrating the
protein hydration shell and weakening hydrophobic
interactions. At low concentrations, alcohols may enhance
enzyme flexibility and activity; however, at higher
concentrations, propanol can promote lipase denaturation
through unfavorable protein—solvent interactions and
destabilization of the hydrophobic core.” This study aims
to investigate how varying proportions of propanol-1 in
binary mixtures with [C,mim]C,HsSO, influence catalytic
activity, lipase conformational stability, and Kkinetic
properties. Significant findings are expected to provide
insights into optimizing enzyme performance and
understanding the complex regulatory mechanisms of
enzymatic activity in IL-alcohol systems. Understanding
these interactions at the molecular level is critical for
maximizing enzyme performance in biocatalytic processes,
but more study remains to be carried out to determine the
precise regulatory mechanisms at work in IL-alcohol
systems.

I1. Materials and Methods

The IL, [C,mim]C,HsSO,4 (295% purity), Type II porcine
pancreas lipase, and the substrate p-NPB were purchased
from Merck (formerly Sigma-Aldrich). Propanol-1 (>99.5%
purity) was supplied by Lab Scan. Tris (hydroxymethyl)
aminomethane (Tris) was obtained from Carl Roth. Double-
distilled, deionized HPLC-grade water (¢ = 0.055 pS cm™
at 298.15 K) from a water purification system (Model BOE
8082060, Germany) was used for cleaning and buffer
preparation.

Hydrolysis of p-NPB was monitored using a UV-visible
spectrophotometer (UVD-3500, Labomed Inc., USA)
integrated with a Peltier temperature controller (Model
PTC-2). A 1 cm path length quartz cuvette was used for all
measurements. Reactions were carried out in 50 mM Tris-
HCI buffer at pH 7.4 to maintain a consistent pH
environment. Reactions were initiated by adding the
substrate to the enzyme-containing mixture and incubating
at 37°C. Hydrolysis of p-NPB was followed by measuring
the formation of p-nitrophenol (p-NP) against a blank
containing denatured enzyme. All assays were carried out
in duplicate and repeated independently.

I11. Results

The composition of reaction medium significantly
influences enzyme-catalyzed reactions, and the lipase-
catalyzed hydrolysis of p-NPB has been investigated in
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aqueous, [C,mim]C,HsSO,4 and mixed media. The product
p-NP in aqueous solution is the p-nitrophenolate ion, that
shows absorbance at 410 nm.*® To prevent interference with
the small 400 nm peak, (Figure 1) all kinetic studies were
performed by monitoring absorbance at this wavelength.
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Fig. 1. UV-vis spectra of p-NP (0.01mM) in agueous medium at

constant pH of 7.4 maintained by 50 mM Tris-HCI buffer)
at 310.15 K.

The absorbance-time profiles for the hydrolysis of p-NPB
in aqueous medium by lipase at different substrate
concentrations are shown in Figure 2. The initial slopes of
the curves, when the reaction exhibits linear behavior, were
used to find the initial reaction rates. Table 1 summarizes
these initial rates, which correlate to various substrate
concentrations and serve as an initial basis for further
Kinetic research.
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Fig. 2. Absorbance versus time profile for lipase catalyzed
hydrolysis of p-NPB at varying concentrations of p-NPB
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(Al the Kinetic runs are taken at temperature 310.15 K,
pH 7.4 (50mM tris-HCI buffer), and wavelength at 410

nm).

Table 1. The initial rate, v as a function of [p-NPB] for
lipase-catalyzed hydrolysis of p-NPB in
aqueous medium.

[p-NPB] (mM) v (mg.mL " .min™?)

0.027 0.02594
0.05 0.0344
0.07 0.0428
0.1 0.1044
0.3 0.36029
0.5 0.30949
0.7 0.45326
0.8 0.36223
0.9 0.3564
1.0 0.32211

The initial rate increases with increasing p-NPB
concentration at lower substrate levels, indicating substrate-
dependent enhancement of enzymatic activity. A gradual
rise in reaction rate is observed from 0.027 to 0.07 mM p-
NPB, followed by a sharp increase at 0.1 mM and 0.3 mM,
suggesting a strong acceleration of enzyme-substrate
complex formation in this range. The maximum reaction
rate is observed at 0.7 mM p-NPB. Beyond this
concentration, the reaction rate decreases despite further
increases in substrate concentration, indicating possible
substrate inhibition or reduced catalytic efficiency at higher
p-NPB levels. The decrease in enzymatic activity at higher
substrate concentrations may be attributed to changes in the
solvent  microenvironment  arising  from  strong
heteromolecular interactions in the IL-alcohol binary
mixture. the presence of strong hydrogen-bonding
interactions and effective molecular packing between unlike
species, which can alter local polarity, viscosity, and
solvation dynamics around the enzyme, thereby influencing
substrate diffusion, enzyme conformation, and catalytic
efficiency.”

The rate marginally drops at very high concentrations of p-
NPB, which indicates a mechanistic distinction from the
typical Michaelis-Menten mechanism. Higher substrate
concentrations can lead to the substrate binding to non-
active site regions of the enzyme which prevents the
substrate molecules from forming products.??

The initial rate was plotted against the concentration of p-
NPB in Figure 3. The data points are fitted with Michaelis-
Menten and Lineweaver-Burk equations. From the fitted
parameters, the values of K, V., and K are calculated
(Table 2).
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Fig. 3. (a) Initial rate versus p-NPB concentration (Michaelis—-Menten fit) and (b) Lineweaver—Burk plot (1/v vs 1/[p-NPB]). Conditions:

lipase =2 mg-mol ™', pH 7.4, T=310.15 K.

Table 2. Kinetic parameters of lipase-catalyzed hydrolysis
of p-NPB in aqueous medium.

Plots Kn (MM) Vo (mgmL'mol’)  R*
Michaelis- 6 574941509  0.2253+0.0410 08574
Menten plot
LINEWeAVEr- 675000601 0.27500.2393  0.9330
Burk plot
IV. Discussion

The mechanism of interaction of lipase with the substrate
has been systematically investigated.”** By exposing
hydrophobic areas of the lipase molecule, which causes
irreversible conformational changes, the hydrophobic
interaction between the lipase and the substrate is now well
established. Although there are 446 amino acids in
pancreatic lipase, serine, glycine, and aspartic acid make up
the predominant region of the active site of enzyme. Serine
plays the primary role in enzymatic activity involved in the
binding of substrates to the lipase enzyme.® Two distinct
isoforms of the enzyme, porcine pancreatic lipase, have
been proposed. Lipase activity is associated with the
shielding of the active site from the reaction environment
by a polypeptide lid in its closed conformation. The enzyme
is in its active state (open-form) when the lid is displaced
(interfacial activation) and the active site is accessible to the
reaction medium.? Lipase is in equilibrium between these
two forms in an aqueous or homogeneous media, with the
equilibrium shifting in direction of the closed form. Due to
the interaction of substrate and enzyme during the reaction,
the open form ends up being the most stable. As the
substrate binds with the open form of the enzyme, the
modification of serine happens as a result of the creation of
the enzyme-substrate complex, which results in an apparent
irreversible inactivation and may indicate the enzyme
denaturation.”

Enzymatic reactions proceed at a reduced rate in the IL
medium. This may be due to the steric hindrance created by
larger cations and anions of [C,mim]C,HsSO,4. The -OH
group in serine at the active site may become affected by
the supramolecular interaction with cation and anion. Hence
denaturation of enzyme is less probable in the system.
Despite steric hindrance the kinetics is thus not affected
much.*®

Figure 4 shows the initial rate at different medium. It is
evident that initial rate is maximum in aqueous medium.
The initial rate decreases in binary mixture medium.
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Fig. 4. Initial rates in aqueous medium and binary mixture media
at different mole fraction of [C,mim]C,HsSO,,

However, in the presence of propanol-1 in the medium, the
reaction kinetics slow down, and at higher concentrations of
propanol-1, the reaction becomes more difficult. The role of
propanol-1 in this reaction is as an inhibitor. The -OH
group of propanol-1 interacts with -OH of serine and the
hydrophobic chain of it masks the hydrophobic interaction
sites which hampers the approach of p-NPB towards active
sites of lipase. The schematic diagram of the mechanisms of
all these processes is depicted in Figure 5.
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Fig. 5. Proposed mechanism of lipase activity in different media: (a,b) substrate binding and catalysis in aqueous medium; (c—€)
competitive interactions and denaturation effects of [C,mim]C,HsSO,; and (f) inhibition of lid opening and substrate access by

propanol-1 in binary mixtures.

Although the [C,mim]C,HsSO, in the binary mixture
minimizes the denaturation of lipase, the propanol-1 acts as
inhibitor hence binary mixture of [C,mim]C,HsSO, and
propanol-1 works better at low content of propanol-1 but at
higher content of propanol-1, the medium is not suitable for
the catalysis.

V. Conclusions

This study demonstrates that the catalytic efficiency of
lipase in binary mixtures of [C,mim]C,HsSO, and
propanol-1 is highly dependent on the alcohol content.
While [C,mim]C,HsSO, maintains the structural integrity of
the enzyme, higher concentrations of propanol-1
significantly reduce enzymatic activity. Optimal catalytic
performance is achieved at low propanol-1 levels, where
enzyme denaturation and inhibition are minimal. In
contrast, increasing alcohol concentrations enhance
inhibitory effects, rendering the medium unsuitable for
efficient catalysis. These results underscore the importance
of carefully controlling alcohol content in IL-based solvent
systems to preserve enzyme stability and maximize activity.
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