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Abstract
Objective: This article discusses approaches to the in vitro spectrophotometric determination of various

mycotoxins and their in silico assessment using the molecular docking method based on cholinesterase
inhibition effects.

Methods: The following tools were used in this study: the Ellman spectrophotometric method for assessing
the formation of thiocholine, a product of enzymatic hydrolysis of acetylthiocholine and butyrylthiocholine
in the presence of enzymes, respectively; the ChemBio3D Ultra software package; the AutoDock Vina 1.1.2
docking softvare; and the PyMol visualization tool.

Results: The type and degree of enzyme inhibition for mycotoxin zearalenone (ZEN), depending on incubation
time and Acetylcholinesterase (AchE) enzyme concentration, was determined, showing the competitive
type of inhibition. The inhibition constant is 15+4pumol/l. K, V,.../E, and V,.../(E,- Km) were established for
the enzymatic hydrolysis of acetylthiocholine and butyrylthiocholine by AchE and Butyrylcholinesterase
(BchE) enzymes, respectively. For AchE: K, =98+23umol/l, V,,,/E,=316+:26min", V,, /(E, K)=3.221.02 I/
pmolsmin. For B¢hE: K, =319+35umol/l, V,/E~8.3+0.2 min", V,/(E,X,)=0.027-£0.003 I/umolemin. For
ZEN, the concentration range is 0.5-50 mg/l, sterigmatocystin (STC) - 0.25-0.8 mg/l, deoxynivalenol (DON)
- 1.25-25 mg/l, ochratoxin A (OTA) - 2.5-10 mg/l. Molecular docking analysis of four mycotoxins, specific
substrates, and co-crystallized ligand inhibitors was performed, affinities (binding energies, kcal/mol) for those
compounds were found.

Conclusion:. A method for determining mycotoxins using biosensors based on AchE and BchE was
developed. The corresponding calibration graphs and meaningful inhibitory effects of four mycotoxins on
AchE and BchE enzyme activity were constructed.
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1 INTRODUCTION

Cholinesterase-based biosensors have been widely used
for the analysis of various toxic compounds, including
mycotoxins. First of all, enzyme inhibition-based biosensors
are useful analytical tools for rapid screening of inhibitors.
Cholinesterases (ChE) are a family of enzymes that catalyze
the hydrolysis of choline esters, some of which serve as
neurotransmitters. Reversible ligands, such as tacrine and
donepezil, which interact with the enzyme near its catalytic
center, do not form a covalent complex but rather interact
with the enzyme via weak bonds similar to those used for
substrate binding. These bonds have been shown to be
easily broken and instantly re-formed. As a result, reversible
inhibitors are effective immediately but do not block the
enzyme permanently. The durations of action of these
agents are very short (only about minutes)"’. Biosensors
cannot be compared with analytical methods such as
mass spectrometry or chromatography for the neurotoxic
compounds being studied, although they offer advantages
such as ease of use and low cost. On the other hand, it
should be noted that many scientists view ChE as a model
for the development of new biosensors, nanotechnologies,
and immobilization methods.

Feed typically contains several types of mycotoxins,
which poses an additional risk, as their interactions can
lead to a two-way toxicity boost. A particular danger lies
in the fact that mycotoxins tend to accumulate in body
tissues, so even low concentrations of these substances in
food and feed should be avoided. According to generally
accepted standards, the content of deoxynivalenol (DON)
in feed should not exceed 0.75-1mg/kg, ochratoxin A
(OTA) - 0.01mg/kg, zearalenone (ZEN)- 1.0mg/kg,
and sterigmatocystin (STC)- 0.05-0.1mg/kg. To further
characterize the risk of low contamination levels, a literature
search was performed to identify published studies on the
effects of DON, ZEN at concentrations at or below the
European Union guidance values applicable for aquaculture
feed - DON: 5Smg/kg; ZEN: 2mg/kg"’.

Emerging mycotoxins, including nivalenol, enniatins,
beauvericin, diacetoxyscirpenol, fusaric acid, patulin,
moniliformin, and STC, were found to be the most common
contaminants of grains and other feed products worldwide;
the mean total concentration in this case of STC was 136ug/
kg

The recent study clarifies that the detection rate of
contaminated feed samples was higher (26%) than for feed
materials (6%). AFB, was detected at concentrations up
to 0.1045mg/kg in cattle feed and 0.1234mg/kg in corn;
ZEN was detected at concentrations up to 6.420mg/kg in
sheep feed, while OTA was rarely recorded and at lower
concentrations (up to 0.085mg/kg)”.

The scientific novelty of the current work lies in

@’ Innovation Forever Publishing Group Limited

2/28

https://doi.org/10.53964/jmab.2026001

the development of a highly flexible analytical system
capable of determining these mycotoxins across various
concentration ranges and in silico evaluation and
presentation of their interactions.

1.1 Differences Between ChE

The main distinguishing feature of ChEs is their change
in substrate specificity: acetylcholine is hydrolyzed by
acetylcholinesterase (AchE) much faster than other choline
esters, but this enzyme is less active against butyrylcholine.
Conversely, both butyrylcholine and acetylcholine are very
well hydrolyzed by Butyrylcholinesterase (BchE). Although
its catalytic properties vary from species to species,
it is generally more active on the synthetic substrates
propionylcholine or butyrylcholine than on acetylcholine™.
Butyrylthiocholine is not a physiological substrate in the
human brain and is used as a substrate to differentiate the
two types of ChEs!”. Their tissue-specific distribution also
differs from each other: AchE is known to be abundant in
the brain, muscle, and red blood cell membrane, whereas
BchE has a higher activity in the liver, intestine, heart,
kidney, and lung”. It should be noted that the AchE and
BchE enzymes are known markers for determining the
degree of poisoning by certain neurotoxic compounds.
The inhibition of these cholinesterase enzymes by various
compounds is primarily used in in vitro studies. To clarify,
inhibitors are a group of compounds used in pharmacology
as drugs, in agriculture as pesticides, and in military
applications as nerve agents. Some secondary metabolites
have also been shown to inhibit ChEs.

Reversible inhibitors can spontaneously dissociate from
ChEs. On the other hand, ChEs have limited applicability in
the diagnosis of poisoning with reversible inhibitors™. It's
important to note that biosensors can be considered a high
replacement for traditional analytical methods due to their
high selectivity and sensitivity. Heavy metals and pesticides
are typically the most potent enzyme inhibitors, and it
is precisely these types of biosensors, based on enzyme
inhibition, that are widely used in environmental safety,
food safety, and clinical analysis.

Selective mycotoxin detection requires the synthesis
of specific antibodies. However, mycotoxins are non-
immunogenic and therefore must be bound to suitable
carrier proteins to elicit an immune response. Bovine serum
albumin is typically used as the carrier protein”’. Due to
the high specificity of the antibody-antigen complex, it is
possible to analyze both a single mycotoxin and a group of
toxins from the same family. This method is very sensitive:
for example, OTA was detected using Enzyme Linked
Immunosorbent Assay (ELISA) with chemiluminescence
detection, and the detection limit was 0.01pg/l. Despite
the reliability of the ELISA method, it is more suitable
for portable rather than laboratory analysis, as laboratory
analysis is quite labor-intensive and requires specialized
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readers. Furthermore, the disadvantages of using antibodies
include their high immunogenicity, instability, and high
cost",

A biosensor is an analytical device that includes
three components: (1) a biological recognition element
(e.g. enzymes, antibodies, nucleic acids, cells, etc.) that
mediates a biochemical response; (2) a physicochemical
transducer that converts the biological response into a
measurable signal (e.g. current, heat, fluorescence); and (3)
a detector that identifies the signal'’. A biosensor is a device
containing a closely related biologically derived molecule
and a physicochemical transducer"". It has long been
known that AchE and BchE are enzymes that are expressed
in the human body under physiological conditions.

The AchE enzyme plays an important role in cholinergic
nerves, where it hydrolyzes the neurotransmitter
acetylcholine. Both enzymes are sensitive to inhibitors that
act as toxic compounds, and, as noted, they can be inhibited
by various compounds. Some of these are used as drugs to
treat Alzheimer's disease, myasthenia gravis, or glaucoma.
Mycotoxins such as ZEN, STC, OTA and DON also belong
to the group of cholinesterase inhibitors.

In my co-authored work, the main problems and
existing potential of biocatalytic transformation of various
mycotoxins are highlighted"”. ChEs can be used to create
biosensors or other devices in which the enzyme is a
recognition element"”,

1.1.2 Active Site of AchE and BchE

It's worth noting that three regions in the enzyme's
structure play a key role in substrate conversion or
interactions with various inhibitors: the active site, the
aromatic cleft, and the peripheral (f) anion center. The
latter two, the peripheral anion center and the aromatic
cleft, represent a barrier to unwanted substrates, and each
substrate must pass through them on its way to the enzyme's
active site. The peripheral anion center is located on the
enzyme's surface.

It is more developed in AchE than in BchE™*"”. Amino
acid residues Tyr 70, Asp 72, Tyr 121, Trp 279, and Tyr
334 (numbered for the Pacific electric eel) are responsible
for cation-m and m-m interactions with substrates and
inhibitors, resulting in conformational changes in the entire
enzyme molecule!"®. The works'”'"® can serve as examples
of binding of inhibitors to the peripheral anionic site of
AchE. Another compound, huperzine A, can bind to both
peripheral and o-anionic sites'"”. As the name suggests,
the aromatic gorge of AchE is composed of aromatic
amino acids and contains fourteen amino acid residues,
while BchE has only eight™”. The aromatic gorge acts as
a selective network that selects which substrate enters the

active site"".
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It's important to note that the active sites of the enzymes
AchE and BchE are virtually identical. Three amino acid
residues - Ser 200, Glu 327, and His 440 (numbered
according to the Pacific electric eel) - are located in the ester
region of the active site.

The esteric subsite is responsible for the hydrolysis of
the ester bound in acetylcholine and other substrates'.
Adjacent to the ester subsite in the active site is an a-anionic
subsite. The o-anionic subsite is responsible for the correct
orientation of the substrate to the esthetic subsite™™”. The
routine assay for cholinesterase activity uses the Ellman
method™, which has been used for both ChEs. This
method has proven sufficiently robust for use in routine
biochemical assays. The Ellman method is inexpensive and
provides fairly good results without the need for special
sample handling or a specific apparatus. This method
works with acetylthiocholine as a substrate for AchE or
butyrylthiocholine as a substrate for BchE, however, other
thioesters are also suitable for the reaction”,

1.1.3 Reversibility of AchE and BchE Inhibition by
Mycotoxins

Some aspects of the inhibition mechanism were
important to establish the suitability or unsuitability of an
enzyme for a screening assay. In the first case, whether
the inhibition is reversible or irreversible is of decisive
importance, since for irreversible inhibition it becomes
important to use a low enzyme concentration to obtain a
low detection limit, as in the case of pesticide detection***”.

On the other hand, in the case of reversible inhibition,
there should be no change in the degree of inhibition when
using different enzyme concentrations. This reversibility of
the inhibition process allows for instantaneous mycotoxin
analysis, which takes only 2 minutes. To develop the
spectrophotometric assay, parameters such as pH,
reaction time, temperature, and substrate concentration
were evaluated. It has been confirmed that reversible
inhibitors can bind to enzymes through weak non-
covalent interactions, such as ionic, hydrophobic, and
hydrogen bonds. Because reversible inhibitors do not form
chemical bonds with the enzyme, they are quickly formed
and easily disposed of. Similarly, the enzyme-inhibitor
complex decomposes rapidly, unlike irreversible inhibition.
Irreversible inhibitors covalently bind to the enzyme,
causing chemical changes in the enzyme's active sites and
cannot be reversed.

The primary role of irreversible inhibitors is to alter the
shape of key amino acid residues required for enzymatic
activity. They are known to contain reactive functional
groups such as aldehydes, alkenes, or phenylsulfonates.
Reversible inhibitors can spontaneously dissociate from
ChEs. Dissociation occurs when blood or plasma samples
are introduced into a cuvette and the sample is diluted with
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other reagents during cholinesterase activity testing.

Notably, most irreversible inhibitors inhibit both AchE
and BchE, while the amount of reversible AchE inhibitors
does not affect B¢hE activity™. Selective BehE inhibitors
such as tetraisopropylpyrophoramide are also known™*"’,

2 MATERIALS AND METHODS

Apparatus and Reagents. All chemicals from
commercial sources were of analytical grade. AchE (EC
3.1.1.7) (PDB 1EEA (Electrophorus Electricus), BchE
(Bovine serum) (EC 3.1.1.8) (PDB 1P0I (Homo Sapiens),
S-acetylthiocholine iodide, S-butyrylthiocholine iodide,
and 5,5-dithiobis-(2-nitrobenzoic acid (DTNB)) were
obtained from Sigma Chemical Co. (St. Louis, MO).
Mycotoxin stock solutions were prepared in methanol.
Different concentrations of four mycotoxins were obtained
by diluting the stock solution with methanol. Agilent 8453
UV/spectrophotometer was used for spectrophotometric
measurements.

AchE activity was assessed by measuring the product of the
enzymatic reaction. In the Ellman method, thiocholine, formed
by the conversion of the enzyme from its thioester form, is
reacted with 5,5-dithiobis-2-nitrobenzoic acid to form 5-thio-
2-nitrobenzoic acid. Mycotoxins: ZEN (C18H2205), STC
(C18H1206), DON (C15H2006) and OTA (C20H18CINO®).
Specific enzyme substrates: athetylthiocholine (C7HI6NOS+),
butyrylthiochoiline (COH20NOSH).

2.1 Work Methodology

Before proceeding with molecular docking"", all
structures of mycotoxins and specific enzyme substrates
were optimized, minimized using Chem Bio 3D Ultra 12.0

software™.

2.2 Procedure for Preparing Structures of Specific
Substrates and Mycotoxins

All mycotoxin compounds and structures of specific
substrates and co-crystal ligands were generated using
ChemBioDraw (version 12.0, CambridgeSoft) and then
energy minimization was sequentially applied to these
compounds using the ChemBio3D software package using
the MM2 force field.

The structures of the 1EEA and 1P0I enzymes in
PDB format were converted to PDBQT format using
AutoDockTools (as part of MGL Tools version 1.5.6.,
available at http://mgltools.scripps.edu/)™>* with atomic
charges calculated by the built-in Gasteiger-Marsili.
Two enzyme structures in PQR format were converted
to PDBQT format using program AutoDockTools.
Mycotoxins and specific substrate structures were attached
to certain enzymes using the AutoDock Vina program
(version 1.1.2. available at http://vina.scripps.edw/)”*”. The
surface charge distribution of the IEEA and 1POI enzymes
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at their optimal pH 8 was calculated using the adaptive
Poisson-Boltzmann solver (APBS. version 1.4.2.1) and
the PDB2PQR servers (version 2.1.1) (available at http://
www.poissonboltzmann.org/)**** with force field PARSE
and default settings. The grid, whose cell size was chosen
based on the surface area of the enzyme molecule, was
approximately centered on the active sites of each of the
two enzymes used in this study. For the calculations, the
program parameters were set to default values. It should
also be noted that 10 model poses of mycotoxin structures
were elected.

Affinities (kcal/mol) were obtained as the end result of
molecular docking. All results of the analyses performed
were interpreted and visualized using Molecular
visualzation and graphics system (MVGS) PyMol (version
1.7.6. Schrodinger. LLC)™***",

Recently I wrote a manuscript reporting on the feasibility
of enzymatic hydrolysis of three different mycotoxin
molecules in the active sites of two different enzymes using

molecular docking and comparing the results*”.

Overall, it can be said that in the field of drug
development using computer systems, the molecular
docking method plays an important and necessary role in
the design and development of drug molecules, saving time,
money, energy, and the environment.

With its origins firmly rooted in the developments in
computational chemistry and structural biology, molecular
docking has evolved from a theoretical concept into an
intricate and vital tool in contemporary drug discovery**".
Molecular docking studies showing strong binding
affinities to significant proteins connected to inflammation
and oxidative stress confirmed the observed biological
activity™. The molecular docking simulation provided
insights into bond interactions, revealing that hydrogen
bond formation plays a crucial role in stabilizing the
protein-ligand complexes!*"*,

2.3 Molecular Docking Procedure

The procedure for performing molecular docking and
obtaining enzyme-specific substrate and enzyme-mycotoxin
complexes is as follows: before starting molecular docking,
it is necessary to load the PDB files of the 1EEA and 1POI
enzymes and the structures of all mycotoxins and specific
substrates into the AutoDock Vina 1.1.2. Remove excess
heteroatoms from the enzyme structure, after which it is
necessary to set the grid parameters. For example, for the
PDB 1P0I and enzyme, these parameters were as follows:
center x=137.901;center y=122.764;center z=38.655;
size x=30; size y=34; size z=38; for the PDB 1EEA
enzyme these parameters were as follows: x=11.244; center
y=28.0606; center z=37.217 size x=30; size_y=34; size
7z=38.In each case, the exhaustiveness parameter was equal
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Figure 1. Reaction of the Ellman Spectrophotometric Method using the Example of AchE Enzyme.

Table 1. Molecular Structures of Chemical Compounds Used in this Study
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to 8 and the number of binding modes was chosen as equal
to 10. The substrate binding position and conformation were
determined by molecular docking using the Autodock Vina
1.1.2 docking software.

A simplified diagram of cholinesterase-based biosensors
is shown in Figure 1. Biosensors are suitable for the analysis
of cholinesterase inhibitors, i.e., neurotoxic compounds that
pose a serious risk to human health or life". It's important
to note that for the majority of ChE inhibitors, they act as

@»* Innovation Forever Publishing Group Limited

5/28

biorecognition elements. This means that the presence of
the analyte is manifested by an irreversible decrease in the
signal provided by the enzyme activity. On the other hand,
some reversible inhibitors are easily cleaved, restoring
enzyme activity. The good commercial availability of ChE
enzymes and reliable methods for assessing enzyme activity
are the main advantages of this type of biosensor.

The Table 1 below includes the structures of all the main
molecules used in the current study.
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2.4 Preparation of Solutions
2.4.1 Preparation of 0.2M Phosphate Buffer

The phosphate buffer was prepared from two salts
K,HPO,-3H,0 and KH,PO,. For 400ml of solution, a
sample of K,HPO,-3H,0m=9.12¢g and KH,PO,m=5.44¢g
were taken. The pH was tailored to 8 using 1M NaOH
solution.

2.4.1.1 Preparation of 0.1M Phosphate Buffer
A 0.1M phosphate buffer of KH,PO, salt m=5.44g was
prepared in the same way.

2.4.1.2 Preparation of DTNB dye

To prepare a DTNB solution with a concentration of
20mmol/l, a sample of m=0.0119g was taken and dissolved
in 1.5ml of phosphate buffer with pH=7, containing 1.5g/1
Na,CO;.

2.4.1.3 Preparation of AchE Solution (0.01mg/ml)

A stock solution of the enzyme was prepared by
dissolving 1mg of lyophilized enzyme in 1ml of distilled
water. To prepare a 0.01mg/l AchE solution, 10ul were
taken from the 1mg/ml stock solution and 990ul of
phosphate buffered saline PBS (pH=7.4) were added.
0.05mg/l AchE was prepared in a similar way.

2.4.1.4 Preparation of BchE Solution (0.1mg/ml)
A 0.Img/ml BchE solution was prepared in a similar
way.

2.4.1.5 Preparation of Acetylthiocholine Iodide
Substrate Solution

To prepare a 50mM substrate solution, a weighed
portion of acetylthiocholine iodide m=0.0145g was taken
and dissolved in 1 ml of distilled water. To prepare 25, 10,
2 mM substrate solutions, S0mM acetylthiocholine iodide
solution was consecutively diluted with distilled water.

2.4.1.6 Preparation of Butyrylthiocholine Iodide
Substrate Solution

Similarly, a 50mM butyrylcholine iodide substrate
solution m=0.0159g was prepared. A 10mM substrate
solution was netted by diluting a 50mM solution with
distilled water.

2.4.2 Preparation of Mycotoxin Solutions

To prepare a stock solution of mycotoxins, 10mg ZEN,
Img STC, 10mg OTA, 1mg DON were dissolved in 1 ml
of methanol. Various other concentrations of mycotoxins
used in the study were obtained by diluting the stock
solution with methanol solvent.

2.4.2.1 Analysis Procedure

The rate of formation of thiocholine, a product
of enzymatic hydrolysis of acetylthiocholine and
butyrylthiocholine in the presence of AchE and
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BchE, respectively, was measured using the Ellman
spectrophotometric method. The activity of AchE and
BchE was estimated by measuring the rate of formation
of the enzymatic reaction product and calculated using
the Bouguer-Lambert-Beer law and the known molar
extinction coefficient e=13.600M"'cm™', at a wavelength
of 412nm. The spectrophotometric reaction was carried
out in the presence of inhibitors - mycotoxins. Different
amounts of the inhibitor were added to the reaction medium
and calibration dependences of the residual activity on
the inhibitor concentration were constructed based on the
experimental results. Residual activity is the ratio of the
enzymatic reaction rate in the subsistence of mycotoxin to
the enzymatic reaction rate without inhibitor.

2.4.2.2 Determining the Standard Deviation of the
Signal

For the purpose of establishing of the standard deviation
of the signal, multiple measurements of the enzymatic
reaction rate without inhibitor were performed. Several
series of measurements of the enzymatic reaction
rate without inhibitor were made, with two or three
measurements in each series. The first measurement was
taken as 100%, and consequentt values were expressed as
a percentage in regard to the first. Origin 8 program was
used to plot all the dependency graphs, and the standard
deviation was found using the Sigma Plot 12.5 program for
all measurements.

2.4.2.3 Enzymatic Hydrolysis of Acetylthiocholine
Iodide by AchE

To determine the catalytic constants, a S0mM
acetylthiocholine iodide solution was diluted sequentially
1-20 times and a reaction was carried out with each
substrate concentration: 1950ul of 0.2M phosphate
buffer (pH 8), 20ul of DTNB solution, 10ul of 0.05mg/
ml AchE and 20ul of 50mM substrate were placed in a
2ml spectrophotometric cuvette. The measurement was
carried out for 1 minute. The data were nearly accurate by a
hyperbolic dependence in the OriginPro 8.1 program.

2.4.2.4 Enzymatic Hydrolysis of Acetylthiocholine
Iodide by AchE in the Existence of Mycotoxins

In order to determine the type of inhibition in the presence
of ZEN, 1940ul of 0.2M phosphate buffer, 20ul of DTNB,
10ul of 0.05mg/ml AchE, 10ul of 10mg/ml ZEN and 20ul
of 50mM acetylthiocholine iodide were fixed in a 2ml
spectrophotometric cuvette. The reaction was carried out
correspondingly at initial inhibitor concentrations of 1 and
0.5mg/l and at initial substrate concentrations of 25 and
10mM. For the control measurement, 20ul of methanol
were added instead of the inhibitor. The measurement was
carried out for 1min. To construct a calibration dependence
of the residual enzyme activity on the inhibitor concentration,
the mycotoxin was diluted sequentially from an initial
concentration of 10mg/ml ZEN with 1mg/ml STC, 10mg/
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ml OTA and 1mg/ml DON by 1-20 times. 1840pl of 0.1M
phosphate buffer, 20ul of DTNB, 20pl of 0.01mg/ml AchE,
20ul of mycotoxin and 100ul of 2mM acetylcholine iodide
were placed in a 2ml spectrophotometric cuvette. For the
control measurement, 20pl of methanol were added instead
of the inhibitor. In the case of the DON mycotoxin, 100pl
and 1760pl of buffer were added to the spectrophotometric
cuvette. The measurements were carried out for 2min.

2.4.3 Enzymatic Hydrolysis of Butyrylthiocholine Iodide
by BchE

To determine the catalytic constants, 10mM
butyrylthiocholine iodide solution was diluted 1-20
times and a reaction was carried out with each
concentration: 1820ul of 0.1M phosphate buffer, 20ul
of DTNB, 20ul of 0.1mg/ml BchE, 20ul of ZEN and
100ul of butyrylthiocholine iodide were placed in a 2ml
spectrophotometric cuvette. The measurements were carried
out for 2min. The data were approximated by a hyperbolic
dependence in the OriginPro 8.1 program.

2.4.3.1 Enzymatic Hydrolysis of Butyrylthiocholine
Iodide by BchE in the Presence of Mycotoxins

To construct a calibration dependence of the residual
enzyme activity on the inhibitor concentration, the
mycotoxin was thinned consecutively from an initial
concentration of 10mg/ml ZEN with 1 mg/ml STC, 10mg/
ml OTA and 1mg/ml DON by 1-20 times. A reaction
was carried out with each concentration: 1820ul of 0.1M
phosphate buffer, 20pl of DTNB, 40l of 0.2mg/ml BchE,
20ul of ZEN and 100ul of SmM butyrylthiocholine iodide
were placed in a 2ml spectrophotometric cuvette. In the
case of the mycotoxin DON, 100ul of buffer was added to
the spectrophotometric cuvette, 1740ul. The dimension was
carried out for 2min.

2.4.3.2 AchE Activity Measurement Reaction Method
AchE activity was determined using Ellman's method.
Briefly, 100ul of 2mM acetylthiocholine iodide (Sigma,
USA) and 20ul of 20mM 5,5'-dithiobis (2-nitrobenzoic
acid) (Sigma, USA) in 0.1M phosphate buffer (pH 7.0)
containing 1.5g/1 Na,CO, were added to 1.84ml of 0.1M
phosphate buffer (pH 8.0) in a spectrophotometric cell.
After that, 20ul (40l in the case of BchE) of AchE were
added and the formation rate of 2-nitro-5-thiobenzoic acid
was determined at A=412nm. One unit of AchE or BchE
activity was determined as the quantity of enzyme that
hydrolyzed 1 pmol of substrate per minute at 25 °C.

2.4.3.3 Reaction Procedure for Measuring BchE Activity

Briefly, 100ul of 5SmM acetylthiocholine iodide (Sigma,
USA) and 20ul of 20mM 5,5'-dithiobis (2-nitrobenzoic
acid) (Sigma, USA) in 0.1M phosphate buffer (pH 7.0)
containing 1.5g/1 Na,CO, were added to 1.82ml of 0.1M
phosphate buffer (pH 8.0) in a spectrophotometric cell.
Afterwards, 40ul of BchE were added and the rate of

@’ Innovation Forever Publishing Group Limited
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formation of 2-nitro-5-thiobenzoic acid was determined at
2=412nm.

2.4.3.4 Gauging the Effect of Methanol on AchE and
BchE Inhibitions

The aftermath of methanol on AchE and BchE inhibition
was also assessed. A 1.84pul aliquot of phosphate buffer
solution (0.1M, pHS.0) including a known amount of AchE
and methanol (20pl) was added in the absence or presence
of various mycotoxin concentrations.

The substrate was then added, and residual enzyme
activity was assessed using the procedure described above.
Residual enzyme activity (1%) was calculated using formula
1, where A, is the optical density obtained in an aqueous
solution containing methanol, and A; is the optical density
obtained in an aqueous solution containing methanol as the
solvent and the mycotoxin:

1% = A;/Ay * 100(1)

3 RESULTS

Since the goal of the current study firstly included
developing an in vitro assay that can measure the lowest
possible concentrations of mycotoxins, it studied the
inhibition possibility of mycotoxins using AchE, and BchE
enzymes. This was also demonstrated using the molecular
docking method applied, which will be discussed in detail
later.

Figures 2 and 3 show the resulting graphical
dependences of the residual activities of both enzymes after
the inhibitory effects of four mycotoxin molecules on them.

For quantitative data analysis, graphs of residual activity
(%) of both ChEs versus CH;OH concentration as a solvent
are plotted.

As Figure 4 shows, in the control experiment, as the
CH,OH concentration in the medium increased, the residual
activity of both enzymes gradually decreased.

As also shown in Figure 4, solvent CH;OH tested
decreased AchE, BchE activities having the smallest effect.
Overall, while the effect of the solvent on BchE activity
was less than AchE, solvent CH,OH tested affected both

enzymes activity slightly negligible.

In general, evaluating a range of structurally similar
compounds, such as a series of alcohols, can help better
determine the contribution of polarity to the inhibition of
a particular enzyme. If the cosolvent acts as a competitive
inhibitor with the substrate, as in this case, then in the
simplest case the cosolvent is expected to increase the K,
value for the substrate without affecting V,,,,,.

Scholars conducted a similar study for human

J Mod Agric Biotechnol 2026; 5: 1
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Figure 2. Inhibition Effects of Mycotoxins ZEN (A), STC (B), DON (C) and OTA (D) on AchE Enzyme Activity.
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recombinant AchE and reported estimated K, values of
4200, 360, 177, and 81mM for methanol, acetonitrile,
acetone, and DMSO. It is stated that comparison to BchE
shows that the BchE KX, values are approximately 10-fold
higher for acetonitrile and acetone and approximately 20-
fold higher for DMSO as the cosolvent™.

As also noted” in a recent study, methanol
demonstrated little effect on enzyme inhibition and kinetics,
demonstrating its suitability for AchE analysis.

For a competitive inhibitor (Figure 5B) the lines
converge above the x-axis and the [I] value where they
intersect is -K.. A competitive inhibitor is a compound that
has a structural similarity with the substrate. With this type
of inhibition, K, increases. The reaction rate is reduced
because the enzyme-inhibitor complex is inactive (does not
break down to form products).

The Michaelis constant of AchE with acetithiocholine
iodide as a substrate is 98.12uM (Figure 6A). From
Figures 5 and 6B it can be concluded that at a given ionic
strength of the solution, a competitive type of inhibition
of the AchE enzyme is observed. The inhibitor constant
K, is an indicator of how strong the inhibitor is; it is
the concentration required to obtain half the maximum
inhibition. In virtually every case, competitive inhibitors

(
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bind in the same binding site as the substrate, but same-site
binding is not a requirement. A competitive inhibitor could
bind to an allosteric site of the free enzyme and prevent
substrate binding, as long as it does not bind to the allosteric
site when the substrate is bound.

A 2-fold decrease in the ionic strength of the
buffer solution leads, as can be seen, to an increase
in the Michaelis constant. Figure 7 shows a graphical
determination of the Michaelis constant by the hyperbolic
method for the enzyme BchE with butyrylthiocholine
iodide as the substrate S at an ionic strength of the buffer
solution equal to 0.1M.

From Figure 7 it follows that the Michaelis constant is

319.33uM.

3.1 Determination of the Type and Constant of
Inhibition using the Example of Mycotoxin - ZEN and
Enzyme AchE

To determine the type of inhibition at each inhibitor
concentration of 50, 5, 2.5mg/l in the cuvette, the following
dependencies were constructed: S/V versus S and V versus
V/S, where S acts as the substrate concentration and V is the
rate of the enzymatic reaction in the presence of the inhibitor.
Based on the location of the graphs, it can be concluded that
ZEN is a competitive inhibitor (see Figure 8)"".

J Mod Agric Biotechnol 2026; 5: 1
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In order to determine the inhibition constant at each
concentration of ZEN 50, 5, 2.5mg/l in the cuvette, graphs
of the dependence of the enzymatic reaction rate on the
substrate concentration were plotted and the corresponding
apparent Michaelis constants were found, K' - 408+124,
212466 and 258+117umol/l, respectively. The inhibition
constant was estimated by plotting the dependence of the
obtained K,' values on the concentration of inhibitor I was
calculated using the formula K, +(k, *I)/k, K, =97, 8+6,
52* K;=K,,/6,52=15,0umol/l. Taking into account the
standard deviation K=15+4pmol/l*s. Figure 9 shows the
graphical dependence of the apparent Michaelis constant on
the inhibitor mycotoxin ZEN concentration.

To describe a more rigorous Kinetic analysis for
determining the inhibition constant for the mycotoxin
inhibitor ZEN, in a software Origin 8.1 a nonlinear
regression (NLR) plot (see Figure 10) was used to plot
dependence between the apparent Michaelis constant versus
the mycotoxin inhibitor ZEN concentration.

The graph of this nonlinear regression relationship is
described by the following equation: y=V,,,. x,/(k,*x, )

pw* Innovation Forever Publishing Group Limited
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According to Figure 10, the inhibition constant K; value
obtained is identical to the previous calculation method.

4 DISCUSSION

In the case of the AchE enzyme, which was initially
taken in a 100-fold short dilution (the initial concentration
of which was C,=1mg/ml), it should be noted that the
addition of Smg/ml ZEN to the spectrophotometric cuvette
already leads to inhibition of the AchE enzyme by 5%,
whereas for the BchE enzyme, the same concentration of
mycotoxin, which is the maximum of the detectable range,
leads to a decrease in the residual activity of this enzyme by
30.14%.

This means that the sensitivity in the case of BchE will
be higher in relation to ZEN, since the range of detectable
concentrations is narrow compared to AchE. The BchE
enzyme is inhibited by 5% with just 0.5mg/L of the
mycotoxin ZEN added to the spectrophotometric cuvette.
For STC, which is the most sensitive to both enzymes (see
Table 2), its amount inhibits the AchE enzyme by 6.5%,
while the same amount of mycotoxin STC leads to a 4.6%
reduction in residual BchE activity.

Although the operating range of concentrations is narrow
in the case of the BchE enzyme, the detection limit (mg/)
is equal for AchE with mycotoxin STC (see Table 2). At a
mycotoxin concentration of 0.25mg/l, the residual activity
decreases by 4.5% and 2.5% for both AchE and BchE,
respectively, indicating that AchE is the most sensitive
enzyme. It is known that the solubility of mycotoxin DON
in 100% ethanol is 10mg/ml.

In order to inhibit ChE, it was necessary to increase the
volume of the mycotoxin DON inhibitor introduced by
5 times, in other words, to add 100 pl of the inhibitor to
the cuvette. Mycotoxin DON was diluted 20-fold in the
reaction with both the first and second enzymes, in contrast
to the other three mycotoxins, for each of which a 100-fold

J Mod Agric Biotechnol 2026; 5: 1



(B)

0.0 r T T T ]
0000 0,001 0002 0003 0004 0005 0.005

Vi[s), s

https://doi.org/10.53964/jmab.2026001

B0 1
B0 -
700
&00 -
500 4
400 1
30
200 4

[

ol
T

[SV, s

0 100 200 300 400 SO0
S, pmaold

=300 <200 -100

Figure 8. Graphic Dependences of S/V on S (A) and V on V/S (B) in the Appearance of the Inhibitor — ZEN; 1-50mg/l, 2-5mg/

I, 3-2.5mg/l — Concentrations of Mycotoxin ZEN.

800+

5001  R®=0,873
S wo] ¥=652x1978
E
£ 3004
E
X 004

100

] 11ﬂ' 2Iﬂ 3I0 4[0 5Iﬂ'
[ZEN],mg/!

Figure 9. Graphical Dependence of 3Ha4yeHui ot Values
on the Concentration of Inhibitor Mycotoxin ZEN.

600 —

400

K., nmol/lxs

200

0 T T
0 20 40

[ZEN], mg/l

Figure 10. Graphical Dependence of the Apparent
Michaelis Constant on the Concentration of the Mycotoxin
Inhibitor ZEN using the Nonlinear Regression Function in
the Growth/Sigmoid Category and the Hill Function.

Table 2. Detection Limits (mg/l) for Four Different Mycotoxins Obtained from the Spectrophotometric

Ellman Reaction with the Enzymes AchE and BchE.

Mycotoxin Enzyme AchE Enzyme BchE
Equation of a straight line, R® LOD,mg/l1  Operatingrange, = Equation of a straight LOD,mg/l Operating range,
mg/1 line,R? mg/1
ZEN
y=100-0.727*x, 5 5-50 y=100-6.116*x, 05 0.5-5
R*=0.999 R’=0,999
STC y=100-14,556*x, 025 02512 y=100-9,052*x, 025 0.25-0.8
R*=0.999 R=0,999
DON y=100-1.333*x, 25 25125 y=100-0.29*x, 125 1.25-25
R*=0.999 R*=0.999
OTA y=100-1.312*x, 25 25-10 y=100-0.91*x, 4 4-8
R’=0,.99 R*=0.999

dilution of the inhibitor was observed. If we compare the
sensitivities of these two ChEs with respect to mycotoxin
DON, we will see that adding the same amount of inhibitor
(10mg/1) leads to inhibition by 12.9% in the case of AchE
and 3.2% in the case of BchE enzyme.

As for the OTA mycotoxin inhibitor, for example, if
we take the mycotoxin concentration equal to 8 mg/l, then
inhibition of 10.9% and 6.9% is observed for AchE and
BchE, respectively. The AchE enzyme is most sensitive to
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OTA compared to BchE (see Table 2).

According to decreasing sensitivity to the AchE enzyme,
these four mycotoxins can be arranged in the following
row: STC>OTA>DON>ZEN.

By analogy, as in the case of the first enzyme, for BchE
enzyme, according to the sensitivity parameter of the
inhibitor-mycotoxin method, we can arrange them in the
following row: STC>ZEN>DON>OTA.

J Mod Agric Biotechnol 2026; 5: 1
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Table 3. Characteristics of Enzymatic Catalysis for AchE and BchE Enzymes.

Vinax

Vinax . .
Enzyme K, (umol/) & (min’) £ (Jumol*min)
AchE 98423 316+26 3.22+41.02
BchE 319435 8.340,2 0.027+0.003

The substrate concentration should be less than or equal

to the Michaelis constant so that the reaction could be
carried out in the kinetic mode, that is, in the linear range
of the enzymatic reaction rate dependence on the substrate
concentration. The detection limit was calculated using
the formula C%mm, where c;, is the detection limit, s, is
the standard deviation of the signal, S is the sensitivity
coefficient and is found from the equation y=Sc+y,.
Using the obtained rate data, the standard deviation of the
background signal was calculated for AchE and BchE
enzymes. The standard deviation of the background signal
was 1.68% for AchE, and 1.58% for BchE. To determine
the operating range, it is necessary to find the lower
limit of the detectable content, which characterizes the
minimum component content that can be determined with
a given degree of accuracy. To estimate the detection limit,
the formula used: C,_3.3C,,,. For validating analytical
performance, the signal-to-noise ratio was determined and
it was obtained 3:1.
In a study™ conducted a couple of years ago, a known
amount of pure active ingredients is added to a blank
sample - a sample containing all other ingredients except
the active ingredient, the resulting mixture is analyzed, and
the results are compared with predicted ones.

The limit of detection (LOD) is determined by analyzing
samples with known analyte concentrations and establishing
the minimum level at which the analyte can be detected.
This method can be used for both instrumental and non-
instrumental methods. This signal-to-noise ratio approach
is only applicable to analytical methods with baseline noise.
It is performed by comparing the measured signals from
samples with known low analyte concentrations with the
signals of blank samples and establishing the minimum
concentration at which the analyte can be detected. A signal-
to-noise ratio of 2:1 or 3:1 is commonly accepted. Response
standard deviation and slope: LOD=3'—§6, where c=response
standard deviation. S=slope of the analyte calibration curve
relative to the regression line.

Furthermore, it is known that the noise level does not

change over time due to the detection mode'™.

A recently published study found that low resolution
can lead to a low signal-to-noise ratio, which is critical for
detecting trace amounts of analytes. This process played
a key role in reducing background noise, improving
enzyme-substrate binding, and increasing overall detection
efficiency. Each of these parameters was optimized to
increase the sensitivity and selectivity of the aptasensor
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for detecting some mycotoxins, ensuring a low LOD, and

reducing background noise in complex matrices"”.

Based on the obtained equations (Figures 6 and 7), the
values of K, and V,,,/E, and V. /(E, °K,,) were calculated
(see Table 3).

Founded on the results in the Table 3, it can be completed
that the efficiency of catalysis of acetylthiocholine iodide
hydrolysis by AchE is higher than the efficiency of catalysis
of butyrylcholine iodide hydrolysis by BchE, because the
V. (Eg*K,, value for AchE is greater than for BchE. The
obtained K, were used to estimate the amount of substrate
that must be added to the reaction medium to carry out the
enzymatic reaction in the presence of mycotoxin.

The obtained K, were used to estimate the amount of
substrate that must be added to the reaction medium to carry
out the enzymatic reaction in the presence of mycotoxin.
The amount of substrate should be such that the rate of
the enzymatic reaction is in the linear range. Therefore,
for the enzymatic reaction in the presence of AchE, the
concentration of acetylthiocholine iodide in the cuvette is
98uM, and for BchE — 319uM butyrylthiocholine iodide in
the cuvette.

The volume of the cuvette is 2000pl, and the volume of the
added substrate (V,)) is 100ul. Then the initial concentration
of acetylthiocholine iodide and butyrylthiocholine iodide in
Eppendorf (C,) is calculated using the formula:

Co=(Vewerre™ Cincuverre) (V¢*1000)=(2000%97,8)/
(100*1000)=1.96MM—acetylthiocholine iodide

Co=(Vewvere™ Cineuverre)/ (V*1000)=(2000%312)/
(100*1000)=6.24MM-butyrylthiocholine iodide

For convenience, it was decided to take 2mM
acetylthiocholine iodide and SmM butyrylthiocholine iodide,
since the rate at these concentrations also lies in the linear range.

4.1 Molecular Docking Approach for Predicting the
Binding of the Studied Specific Substrates and Mycotoxins
in Active Centers of AchE and BchE Enzymes

The competitive type of inhibition was also confirmed using
the molecular docking approach to prove the incorporation of
mycotoxins into the active sites of the corresponding ChEs.

Figure 11 shows the position of the mycotoxin OTA
near the catalytic triad of the enzymes AchE using MVGS
PyMol.

It is interesting to note that as a result of searching and

J Mod Agric Biotechnol 2026; 5: 1
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Figure 11. Representation of the Mycotoxin OTA Next to the Catalytic Triad of the Enzyme AchE using MVGS PyMol.

Table 4. STEADY State Turnover of Butyrylthiocholine by Bovine BchE and Inhibition of Butyrylthiocholine
Turnover by using the Inhibitor as an Example Ethopropazine

K, pM Kss, mM k ,, min~ b bk,,, min™ K; ethopropazine, pM Reference
Bovine BchE 35 500 54,100 19 103,000 22 [55-57]
Human BchE 20-28 15 25,000-27,000 3.1-34  80,000-90,000 0.16;0.2 [20,56,61]

comparing amino acid sequences, a 91% similarity was
found between the enzyme from Homo Sapiens PDB 1P0L
and the amino acid sequence isolated from the Bovine
Serum organism. To expand the translational significance
of the results obtained, the text below demonstrates how
structural differences between BchE enzymes (Human
and Bovine) may influence inhibitor binding and catalytic
efficiency

The result of the alignment of the amino acid sequence
of two enzymes: B¢chE (Human) and BchE (Bovine serum)
is shown below on the Figure 12.

The amino acid sequence of Bovine BchE (accession
number P32749) is 91% identical to that of Human BchE
(accession number P06276). Both have a 28-amino acid
signal peptide followed by 557 amino acids for the mature
protein.

The quaternary structure of Bovine BchE is likely to be
highly similar to that of Human BchE. The Human BchE
structure can be found in Protein Data Bank record 1POI™.
Bovine BchE has the consensus sequence for 8 Asn-linked
glycans, whereas Human BchE has been demonstrated to
have 9 Asn-linked glycans.

Residues that form salt bridges in Human BchE are at

the same positions in Bovine BchE (Arg42-Glu90, Argl147-
Aspl70, Arg265-Glul61, Arg515-Asp395). Forty residues
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at the C-terminus that constitute the tetramerization domain
are essentially identical for the two enzymes, except for a
Trp to Arg substitution at position 541, where Human BchE
has tryptophan and Bovine BchE has arginine. Both BchE
proteins have the catalytic triad residues Ser198, Glu325,
His438, the choline binding site Trp82, the peripheral
site residues Asp70, Tyr332, and the acyl binding pocket
Leu286, Val288, Trp231. Bovine plasma esterase does
not hydrolyze benzoylcholine, though benzoylcholine is a
good substrate for Human BchE. Bovine plasma esterase
hydrolyzes acetylcholine iodide at a rate of 76 nmoles per
ml per min at pH 7.4, 30°C and acetylthiocholine iodide at
a rate of 149 nmoles per ml per min at pH 8, 25°C. Based
on these observations, it is generally accepted that bovine
plasma contains AchE, but not BchE®**. To answer the
question of how structural differences might affect inhibitor
binding or the catalytic efficiency of both enzymes, see
Table 4 below, which includes confirmed information as
an example of the inhibitor ethopropazine discussed by the
authors in the literature.

Table 4 shows that the BchE-specific inhibitor
ethopropazine inhibited Bovine BchE with a Ki of 2.2uM,
which is 10-fold weaker than for Human BchE. The Ki
value was measured using 0.05-2mM butyrylthiocholine
and 0-15uM ethopropazine™.

Catalytic efficiency is defined as a measure derived from
the turnover number k_, and the K, values, which reflects

J Mod Agric Biotechnol 2026; 5: 1
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(Human) Query 301

(Bovine) Sbjct 329

(Human) Query 361

(Bovine) Sbjct 389

(Human) Query 421

(Bowvine)Sbjct 449

(Human) Query 481

(Bovine) Sbjct 5089

(Human) Query 1 EDDIIIATKNGKVRGMQLTVFGGTVTAFLGIPYAQPPLGRLRFKKPOSLTKWSDIWNATK 60
E+DIII TENGKVRGM L V GGTVTAFLGIPYAQPPLGRLRFEKKFPQSLTKW DIWNATK

(Bovine) Sbjct 29 EEDIIITTENGKVRGMHLPVLGGTVTAFLGIPYAQPPLGRLRFKKPQSLTKWPDIWNATK 88

(Human) Query 6l YANSCCONIDQSFPGFHGSEMWNPNTDLSEDCLYLNVWIPAPKPKNATVLIWIYGGGFQT 120
YANSC QN DQSFPGF GSEMWNPNTDLSEDCLYLNVWIP PKPKNATV+IWIYGG FQT

(Bovine) Sbjct 89 YANSCYQNTDOSFPGFLGSEMWNPNTDLSEDCLYLNVWIPTPKPKNATVMIWIYGGSFQT 148

(Human) Query 121 GTSSLHVYDGKFLARVERVIVVSMNYRVGALGFLALPGNPEAPGNMGLFDQQLALOWVQK 180
SLHVYDGKFLARVERVIV NYRVGALGFLALPGNPEAPGN+GLFDQOLALQWVOK

(Bovine) S8bjct 149 GTSSLHVYDGKFLARVERVIVVSMNYRVGALGFLALPGNPEAPGNVGLFDQQLALQWVOK 208

(Human) Query 181 NIAAFGGNPKSVTLFGESAGAASVSLHLLSPGSHSLFTRAILQSGSFNAPWAVTSLYEAR 240

NIAAFGGNPKSVTLFGESAGAASVSLHLLSP SH LFTRAILQSGS NAPWAVTS YEAR

NIAAFGGNPKSVTLFGESAGAASVSLHLLSPESHPLFTRAILOSGSSNAPWAVTSRYEAR 268

NRTLNLAKLTGCSRENETEITKCLRNKDPQEILLNEAFVVEPYGTPLSVNFGPTVDGDFLT 300
REN+TEIIKCLRNKDPQEIL +E FVVPYGT LSVNFGPTVDGDFLT

NRTLTLAKFIGCSRENDTEIIKCLRNKDPQEILRHEVFVVPYGTLLSVNFGPTVDGDFLT 328

DMPDILLELGQFKKTQILVGYNKDEGTAFLVY GAPGE
DMPD LL+LGQFKKTQILVGYNKDEGTAFLVYGAPGES

DMPDTLLOQLGQFKKTQILVGVNKDEGTAFLVYGAPGFSKDNNSII

VSEFGKESILFHYTDWVDDQRPENYREALGDVVGDYNFICPALEFTKKFSEWGNNAFFYY 420
VSEFGKESILFHY DW+DDQR E YREAL DVVGDYN ICPALEFTKKFS+ GNMAFFYY

VSEFGKESILFHYMDWLDDQRAEKYREALDDVVGDYNIICPALEFTKKFSDMGNNAFEYY 448

fPVFKSTEQKYLTLNTEST
PVFKS EQKY TLNTES

NGTONNSTRWPVFKSNEQKYFTLNTESPKVNTKLRAQQCRFW

FOQEGLKIFF

FQEGLKI

TRKEFQEGLKIFFPG 388

IVKRWANFAKYGNP 480
GLPLERR YTKAEEI

508

'RIMTKLRAQQCRF 529
++ TKLRAQOCRFY
PKV 557

Figure 12. The Result of the Alignment of the Amino Acid Sequences of Two Enzymes: BchE (Homo Sapiens) and BchE
(Bovine serum). The Similarity Parameter for these Enzymes is 91%, and the Coverage Parameter (Blast Query Cover) is

87%.

the initial rates of enzymatic reactions as a function of
substrate concentration under steady-state conditions.

Decades of computational and biochemical research
have been devoted to studying and understanding the factors
that provide enzymes with their exceptional selectivity
and high catalytic efficiency. As it is known, enzymes
catalyze reactions by binding to a free substrate to form
an enzyme-substrate complex. The enzyme stabilizes the
transition state of the reaction, allowing the substrate to be
more easily converted into product. The resulting enzyme-
product complex then dissociates, releasing the product
and regenerating the free enzyme, ready for new catalytic
cycles. The three-dimensional structure determined by the
protein's primary sequence determines the substrate binding
site and the enzyme's catalytic center, where the ligands
and substrate bind. This typically occurs through weak,
reversible, non-covalent electrostatic and van der Waals
interactions, although covalent bonds are sometimes used.

@’ Innovation Forever Publishing Group Limited

14/28

The restraint put by this structural complementarity allows
enzymes to distinguish between substrates and exhibit high
specificity both in the reactions they catalyze and in their

choice of substrates””".

In general, the literature notes that the catalytic efficiency
of natural enzymes with incomparable substrates can be
extremely low; reported k_,/K,, values of only IM's™" are
no exception. In contrast, the average catalytic efficiency
(k../K,,) of natural enzymes with their related substrates
is approximately 10°M ' s™', and for some enzymes,
approaches 10°M ™' s™'. Thus, the difference between the
catalytic efficiency with a related substrate and a dissimilar,
unrelated substrate can be several orders of magnitude.
The number of natural enzymes that have achieved the

maximum possible catalytic efficiency is unknown'.

For example, by modeling ChEs with the inhibitor
donepezil™ investigators recently demonstrated that

J Mod Agric Biotechnol 2026; 5: 1
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Figure 13. Representation of the Binding of Different Mycotoxins - ZEN (A), STC (B), OTA (C) and DON (D) in the Active

Center of the Enzyme AchE using MVGS PyMol.

different volumes of the active site core explain why AchE
and BchE have different substrate specificity and catalytic
efficiency. Differences in the catalytic sites of enzymes
allow selective inhibitors to be designed for them. BchE
has various polymorphisms, including inactive forms. In
addition to being catalytically active, BchE may interact
with other enzymes such as f-amyloid and intracellular
neurofibrillary tangles, which are also involved in drug
metabolism and detoxification as well as nervous system
development.

The study® clarifies that the first selectivity domain of
ChE, known as the acyl pocket, controls selectivity through
differences in the aromatic residues between ChEs. This
cluster of aromatic residues is located deep within the active
site, where steric hindrance from a pair of phenylalanine
residues present in AchE but absent in BchE is the
primary difference determining cholinergic selectivity. By
constraining the active site in this way, these phenylalanine
residues serve to increase the efficiency of acetylthiocholine
hydrolysis. The researchers found that replacing these
residues in AchE reduces the catalytic efficiency of
acetylthiocholine while simultaneously increasing the
catalytic efficiency of butyrylthiocholine. The Phe295
residue was found to be the most limiting with respect to
butyrylthiocholine hydrolysis, and this amino acid was
shown to affect the kinetics of acetylthiocholine hydrolysis
by decreasing both the bound turnover number and K,
when replaced by a tyrosine residue. Substitution of bulky
aromatic phenylalanine residues with valine and leucine in
BchE also allows some ligands to incorporate part of their
structure into the acyl pocket of BchE with virtually no
overload. The active site cavity of AchE is approximately
200A° smaller than that of B¢hE, and the main reason for
such a dramatic difference in the binding site volume is the
variability of the acyl pocket residues between BchEs™.
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It is important to keep in mind that there is still no
reliable information in the literature about the catalytic
efficiency parameters of the 4 mycotoxin molecules used in
this study with these two ChEs, excluding the variant with
ZEN and the AchE enzyme, which was considered and
studied in this study.

Information on the inhibition constants of the inhibitors
found and described in a current study for the two enzymes
is known and will be described later.

Figures 13 and 14 show the location of molecules of all
four studied mycotoxins in the active centers of the AchE
and BchE enzymes, respectively.

It can also be said that the lower the binding energy
of mycotoxin with enzymes, i.e. the higher the affinity
value (kcal/mol), the faster the enzymatic catalysis and the
enzymatic hydrolysis process of mycotoxin in the active
center of the enzyme, therefore, accordingly, the faster the
process of inhibition of these two enzymes AchE and BchE
will proceed.

From Table 5 in terms of the high affinity values obtained
and the degree of binding in the active center it follows for
all four mycotoxin structures, judging by the high values of
the obtained binding affinities (kcal/mol), the second BchE
enzyme is highly likely to be the most preferable, however,
among all four mycotoxins, the highest binding affinity is
observed only for the STC mycotoxin during docking with
the AchE enzyme.

When comparing the affinity values (kcal/mol) for four
different mycotoxins obtained through molecular docking
approach with the AchE enzyme, it should be noted that
the mycotoxin STC binds most strongly to the active site

J Mod Agric Biotechnol 2026; 5: 1
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Figure 14. Representation of Binding of Different Mycotoxins - ZEN (A), STC (B), OTA (C) and DON (D) in the Active
Center of the Enzyme BchE using MVGS PyMol.

Table 5. Best Results Selected after the Molecular Docking Procedure of Different Mycotoxins - ZEN,
STC, OTA and DON and Specific Enzymes Substrates.

Enzyme AchE Enzyme BchE
Mycotoxin Affinity, kcal/mol Affinity, keal/mol
ZEN 71 -89
STC 98 95
OTA 59 9,6
DON -74 -7,7
Typical substrate
Acetylthiocholine 43
Butrylthiocholine 4.8

of this enzyme, with an affinity of -9.8kcal/mol. After STC,
the highest binding affinity is observed for the mycotoxin
DON (-7.4kcal/mol). After the DON molecule, the next
mycotoxin, which is highly likely to bind strongly to the
AchE enzyme active site, is the mycotoxin ZEN (-7.1kcal/
mol). Finally, the last mycotoxin in this series is the one
with the weakest potential to bind and inhibit the AchE
enzyme, presumably the mycotoxin OTA, with an affinity
of -5.9kcal/mol.

Moving on to the case of the BchE enzyme, it is also
important to note the result obtained: judging by the values
of the affinities obtained during molecular docking, unlike
the first AchE enzyme, in this case, the next mycotoxin
molecule is OTA, with an affinity of -9.6kcal/mol. After
the OTA mycotoxin, STC should be with the affinity value
-9,5kcal/mol. ZEN exhibits a higher binding affinity, with
a result of -8.9 kcal/mol, compared to the -7.7kcal/mol
observed for DON.

@»* Innovation Forever Publishing Group Limited
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According to the above considerations, mycotoxins can
be arranged in the following order according to decreasing
strength and degree of their binding to the AchE enzyme:
STC>DON>ZEN>OTA. For the BchE enzyme, these
same mycotoxins can be arranged in the following order:
OTA>STC>ZEN>DON.

Comparing the affinities obtained between these two
enzymes for the different four mycotoxins, it turns out that
the STC mycotoxin is more suitable for the AchE enzyme
than the other three mycotoxin molecules, while a nearly
identical affinity result is also obtained for OTA mycotoxin
in the case of BchE enzyme.

Comparing Tables 2 and 5, which include the results of
in vitro and in silico analyses, we see that the mycotoxin
ZEN is most sensitive to the enzyme BchE in vitro.
Mycotoxin STC maintains this high sensitivity in silico,
but more sensitive to the enzyme AchE. AchE is the least

J Mod Agric Biotechnol 2026; 5: 1



sensitive enzyme to the mycotoxin ZEN in vitro, while
OTA, which binds to the active site of AchE the weakest, is
observed in silico.

Regarding BchE enzyme, the mycotoxin STC also ranks
first in sensitivity to this enzyme in vitro on par with the
in silico results, while mycotoxin OTA, with the highest
binding affinity at its active site, outperforms the other
three mycotoxin molecules in silico. The mycotoxin DON
appears to bind weakly to the active site of the enzyme
AchE, while in vitro the same enzyme appears to be the
least sensitive to the mycotoxin OTA.

Also, Table 5 shows that, according to the obtained
affinity values (kcal/mol), the affinity of acetylthiocholine in
the AchE active site is lower than that of butyrylthiocholine
in the BchE active site. This means that, in this case
and for the given chosen model and binding position,
butyrylthiocholine binds more strongly to the BchE active
site than acetylthiocholine in the active site of AchE.

Overall, Table 5 shows that the binding energies (kcal/
mol) in the AchE and BchE enzymes active centers for
specific substrates are slightly lower than those for the four
mycotoxin molecules.

Figures S1-S3 (see Supplementary Information file)
show various illustrations of the close proximity of the
structures of the mycotoxins OTA, ZEN, DON, and STC,
as well as the specific substrates acetylthiocholine (2-acet
ylsulfanylethyl(trimethyl)azanium) and butyrylthiocholine
(2-butanoylsulfanylethyl(trimethyl)azanium) inside the
active center of the AchE and BchE enzymes.

The results of the molecular docking of all mycotoxin
structures and specific enzyme substrates are presented
in Tables S1-S10 in the Supplementary Information file.
From these molecular docking results, the best model was
selected for each specific case—the binding pose of the
mycotoxin and the specific substrate.

The values for the two docked substrate ligands
demonstrate the exceptionally high binding energies (kcal/
mol) that were obtained as a result of molecular docking for
the specific substrates of these two enzymes: binding pose
2 for acetylthiocholine, which has a binding affinity value
of -4.3kcal/mol and is close to the catalytic residue Ser200
of approximately 4 A, with lower and upper Root Mean
Square Deviation (RMSD) limits of 2.541A, 4.337A, and
2.639A, 3.597A, and a higher binding affinity of -4.8kcal/
mol in butyrylthiocholine comparison to acetylthiocholine,
respectively (see Table 3 and Supplementary Information
Tables Sland S2).

The structure of butyrylthiocholine is stabilized by polar
hydrogen bonds that arise during polar interactions between
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its carbonyl group and the NH group of the amino acid
residue Gly117 (the distance between the oxygen atom of
the carbonyl group of butyrylthiocholine and the hydrogen
atom of the NH group of Gly117 is 2.3A). It should also
be noted that the closest proximity of this specific BchE
substrate to the catalytic residue Ser198 was also observed
in the case of ligand binding pose 2, with a distance of 2A
between the OH group of Ser198 and the oxygen atom of
the carbonyl group of butyrylthiocholine.

For the mycotoxin ZEN, this is ligand model binding
pose number 5 with the lower and upper RMSD limits of
1.967A and 4.156A and has a binding affinity -7.1kcal/
mol in the case of enzyme AchE. It should be stated that the
structure of the mycotoxin ZEN is stabilized in the active
site of the AchE enzyme by additional polar hydrogen
bonds, such as the polar interaction between the NH group
of the amino acid Gly123 and the oxygen atom of the
nearest OH group (distance 3.1A); and the distance of 2.1A
that occurs between the oxygen atom of the amino acid
Gly69 and the hydrogen atom of the same OH group of the
mycotoxin ZEN. A similar interpretation can be applied to
the amino acids Gly117 and Tyr130, which form and thus
stabilize the ZEN molecule via polar hydrogen bonds (the
distance between the oxygen atom of the carbonyl group
and the hydrogen atom OH of the ZEN group is 2.14;
the distance between the oxygen atoms of Tyr130 and the
oxygen atom of the carbonyl group of ZEN was 2.9A).

The binding pose number 8 of mycotoxin ZEN in the
case of BchE enzyme with the lower and upper RMSD
limits of 4.104A and 4.429A, has a binding affinity
-8.9kcal/mol determined for the enzyme BchE respectively.
The molecule of this mycotoxin is stabilized by polar
interactions with certain amino acids of the BchE enzyme,
located at a maximum distance of 4A. Among these, one
can note the polar contact between the oxygen atom of
Tyr332 and the carbonyl group of ZEN (distance 2.9A). A
polar hydrogen bond was observed between the nitrogen
atom of the NH group of Gly117 and the oxygen atom of
the OH group (the distance was 3.1A). A similar hydrogen
bond with a distance of 3.3A, arising between the NH group
of Gly116 and the carbonyl group of the ZEN structure, also
stabilized its molecule. The distances from the hydrogen
and oxygen atoms of the OH group of Ser198 to the oxygen
atoms of the carbonyl and OH groups in the ZEN structure
were 2.2A and 2.3A, respectively. The nitrogen atom of the
amino acid Ala199 also formed a polar hydrogen bond with
the oxygen atom of the OH group at a distance of 3.3A. It
should be noted that the oxygen atom of the carbonyl group
of ZEN also forms a polar bond with the hydrogen atom of
the NH group of His438 at a distance of 2.6A.

For the mycotoxin OTA and enzyme AchE, this is ligand

model number 9 with the lower and upper RMSD limits
of 2.778A and 3.920A. The OTA mycotoxin molecule,
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specifically in the binding pose of model 9 with binding
affinity of -5.9xcal/mol, is located in approximate proximity
to one of the residues of the catalytic triad of the AchE
enzyme active site, Ser200, at a distance of at most 4 A
between its OH group and the oxygen atom of the OTA
carbonyl group. The structure of the OTA mycotoxin in the
AchE active site was stabilized by hydrogen bonds. One
such polar hydrogen bond is the polar contact between the
nitrogen atom of the Gly 119 amino acid and the oxygen
atom of the same carbonyl group of the amide bond present
in the OTA structure (distance 3.4A). Polar interactions
were also observed with the Tyr130 amino acid, where
the distance between the oxygen atom of the OH group of
Tyr130 and the oxygen atom of the carboxyl group was
2.8A.

Binding pose number 8 of mycotoxin OTA ligand for
the enzyme BchE with the lower and upper RMSD limits
of 3.417A and 4.954A was determined. To describe the
various types of bonds and interactions that arise with this
mycotoxin in the active site of this BchE enzyme, it should
be noted that the high affinity of -9.6kcal/mol in the OTA
binding position and model number 8 is primarily due to n-
7 stacking interactions that can occur between the benzene
ring of the amino acid Trp82 and one of the benzene rings
containing the OH group in the structure. OTA, as both
rings are located in a parallel plane relative to each other.
In addition, it should be noted that the polar hydrogen
bonds between the hydrogen atom of the OH group of the
catalytic residue Ser198 and the oxygen atom of the COOH
group of OTA with a distance of 2A, as well as the polar
interactions between the NH groups of the amino acids Gly
116 and Gly117 with distances between the corresponding
atoms of 2.6 and 2.1A, also participate in stabilizing the
OTA molecule in the active site of BchE. The oxygen atom
in the OH group of the COOH group of mycotoxin OTA
also forms a polar hydrogen bond with the hydrogen atom
of the NH group of the residue of the catalytic triad His438
of the BchE enzyme.

For the mycotoxin DON and AchE enzyme, this is the
ligand model number 6 in the case of an enzyme with the
lower and upper limit RMSD values of 1.865A and 3.956A
and binding affinity -7.4kcal/mol. In this case, the DON
mycotoxin molecule is stabilized by several polar bonds
formed between different atoms within the structure of
different amino acid residues and within the DON structure
itself. Thus, the oxygen atom of the OH group of the
Tyr121 amino acid residue formed two polar contacts with
the oxygen atom of the carbonyl group and the hydrogen
atom of the methyl group in the DON mycotoxin structure,
with distances of 2.9A and 2.7A, respectively. A polar
hydrogen bond was observed between the oxygen atom
of the carbonyl group of the His440 catalytic triad residue
and the hydrogen atom of one of the OH groups of DON
(distance 2.5A). The OH group of the Ser200 catalytic
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residue and the NH group of His440 are also involved
in the formation of polar interactions. Thus, the distance
between the nitrogen atom of the NH group of His 440 and
the oxygen atom of the epoxy group of mycotoxin DON
was 3.1A, and the distance between the hydrogen atom of
the OH group of Ser200 and the nearest oxygen atom of the
epoxy group of DON was 3.3A.

Ligand binding pose model 2 in the case of an enzyme
BchE with the lower and upper limit values of RMSD
1.387A and 2.141A with binding affinity of -7.7kcal/mol
was determined.

DON is located at a distance of approximately 4A from
the catalytic residue Ser198 in the BchE active site. One
of the OH groups of this mycotoxin is involved in the
formation of a polar bond with the oxygen atom of the OH
group of the amino acid Tyr332, with the distance between
the corresponding hydrogen atoms of the OH group of
Ser198 and the oxygen being 2.6A.

Finally, for the mycotoxin STC, this is the ligand
model number 1 in the case of an enzyme with the lower
and upper limit RMSD values of 0A in both cases of the
RMSD. The high affinity value of -9.8kcal/mol is explained
by the different types of interactions that arise between
certain functional groups and atoms in the structure of the
STC mycotoxin and certain nearby atoms and functional
groups of amino acids. One such important bond is the
polar hydrogen bond between the OH hydrogen atom in the
STC structure and the carbonyl oxygen atom of the Glu199
amino acid (distance 2.1A). The structure of this mycotoxin
in the ligand-binding position was located at a distance of
almost 4A from the catalytic residue Ser200.

Ligand binding pose model 5 in the case of an enzyme
BchE with the lower and upper limit values of RMSD
2.246A and 3.808A and at a binding affinity of -9.5kcal/
mol was determined.

The amino acids Glyl16 and Glyl17 participate in
the formation of polar hydrogen bonds with the oxygen
atom of the carbonyl group in the STC structure. This
is facilitated by the close distances shown in the MVGS
PyMol measured from the oxygen atom of the carbonyl
group of the mycotoxin STC to the hydrogen atoms of the
NH groups in the structures of the amino acids Gly116 and
Gly117, each of which is 2.5A. The hydrogen atom of the
NH group of the amino acid Gly117 also formed a polar
hydrogen bond with the oxygen atom of the CH,OH group
of the mycotoxin STC structure, with a distance of 2.6A.
In the selected model 1 of ligand binding, the mycotoxin
STC is located closest to the catalytic residue Ser198,
forming a hydrogen bond at a distance of 2A between the
hydrogen atoms of the OH group and the oxygen atom of
the carbonyl group of STC.
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In the case of the current molecule of the mycotoxin
STC, among all 10 obtained and studied mycotoxin ligand
binding models in terms of proximity to the catalytic triad
Ser198,Glu325, His438 of BchE enzyme, one could also
single out model number 6 with lower and higher RMSD
bounds of 4.432A and 5.677A respectively, and binding
affinity of -9.4kcal/mol, where the distance between the
hydrogen atom of the OH group of Ser198 and the oxygen
atom of the carbonyl group of the mycotoxin STC was 2.2A
(see Supplementary Information Tables S3-S10).

4.2 A Re-docking Validation with Co-crystallized
Ligands - Inhibitors

An enzyme inhibitor is a molecule that binds to an
enzyme and blocks its activity. Enzymes are proteins that
accelerate chemical reactions necessary for life, in which
substrate molecules are converted into products. An enzyme
facilitates a specific chemical reaction by binding the
substrate to its active site, a specialized area on the enzyme
that accelerates the most difficult step of the reaction. The
inhibitory constant is a type of equilibrium dissociation
constant Kd that represents the equilibrium binding affinity
for a ligand. The inhibitor constant, Ki, indicates the
potency of an inhibitor. K, represents the concentration at
which the inhibitor ligand occupies 50% of the receptor
sites in the absence of a competing ligand. The smaller
the K, the greater the binding affinity and the smaller the
amount of ligand needed to inhibit the activity of its binding
partner.

To confirm the accuracy of the docking setup, repeated
docking was verified with co crystallized ligands of
both ChEs found and described in the literature. The
following chemical compounds were chosen as such co
crystallized ligands: 10-(chloroacetyl)-10H-phenothiazine
(C4H,(,CINOS) and 10-(cyclobutylcarbonyl)-10H-
phenothiazine (C,,H,;sNOS)°"". For these BchE enzyme
mhibitors, the values of the found and calculated inhibition
constants have already been described in the literature :
11.02uM and 4.8uM at pH 8.0 and 23°C, respectively. As
noted in the literature, the relative potencies of these two
inhibitors against both ChEs were 7.3 and 11.6, respectively.
In this particular case, these two inhibitors found in the
literature are attributed to the enzyme BchE, which was
also isolated from Homo sapiens. Therefore, molecular
docking with these inhibitors in this scientific study was
performed only with the enzyme BchE. All molecular
structures of the corresponding and suitable inhibitors
obtained from BRENDA, the primary enzyme functionality
dataset available to the scientific community (www.brenda-

eNnzymes.org).

As a result of the re-docking procedure with the
first known natural inhibitor 10-(chloroacetyl)-10H-
phenothiazine of both ChEs in the case of the BchE
enzyme, it was found that this inhibitor is closest to the
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active center of B¢hE in the docking pose of model number
5 with an affinity of -7.4kcal/mol and the lower and upper
limits of the RMSD are 2.727A and 4.857A, respectively,
since with one of the catalytically important residues of
the active center Ser198, the distance between the closest
atoms is only 2.2A. This inhibitor is also stabilized in the
active center by hydrogen bonds, which are formed with
the catalytic residues Ser198 and His438. In addition, it
should be borne in mind that as a result of displaying the
functions of possible polar bonds with the potential amino
acid residues of the BchE enzyme near the inhibitor ligand
in MVGS Pymol, it becomes clear that the benzene ring
of the inhibitor forms a m—m—n stacking interaction with
the benzene ring of the Trp82 residue. Planar aromatic
compounds, such as anthracene, triphenylene, and
coronene, are exclusively involved in n- interactions
owing to the presence of delocalized n-electrons. This
interaction, somewhat stronger than other non-covalent
interactions, is a non-covalent interaction between
organic compounds containing aromatic components. -1
interactions are caused by the intermolecular overlap of
p-orbitals in m-conjugated systems; therefore, they become
stronger as the number of m-electrons increases.

A similar —r stacking contact can also be observed
with the amino acid Phe329. An example of this inhibitor's
structural stabilization within the enzyme chain is its
stabilization due to hydrophobic bonds formed with amino
acid residues Tyr120, Gly116, and Gly439. A polar bond
was also observed as a result of the contact between the
chlorine atom in the inhibitor structure and the nitrogen
atom of the Gly117 amino acid residue of the BchE enzyme
structure (see Supplementary Information Table S11).

Analyzing the result obtained after molecular docking
of the second known inhibitor found in the literature,
10-(cyclobutylcarbonyl)-10H-phenothiazine, it should
be noted that its closest location to the active binding site
occurs in the very first ligand binding model, which exhibits
a high binding affinity (-9 kcal/mol) and zero upper and
lower RMSD values compared to the other nine ligand-
docking models. In this first binding model, the distance
between the hydrogen atom of the catalytic residue Ser198
and the oxygen atom of the carbonyl group of the inhibitor
10-(cyclobutylcarbonyl)-10H-phenothiazine was minimal:
2.2 A. The inhibitor structure was stabilized by a polar bond
between the nitrogen atom of the His438 catalytic residue
and the carbonyl group of the inhibitor. When the MVGS
PyMol function is included to show residues at a distance
of 4 A from the inhibitor, polar hydrogen bonds between
the nitrogen atoms of the Gly115 and Gly117 amino acid
residues of the BchE enzyme and the oxygen atom of the
inhibitor's carbonyl group also become clearly visible. At a
distance of 3 A from the inhibitor, there was an interaction
between the Tyr128 residue and one of the benzene rings
of the inhibitor structure. At a distance of 3.5 A, inhibitor
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stabilization is characterized by a hydrophobic interaction
between the benzene ring of the Trp82 amino acid residue
and one of the benzene rings present in the inhibitor
structure (see Supplementary Information Table S12).

The results of molecular docking of the known
natural inhibitor 2,2'-(1-(4-bromophenyl)ethane-1,1-diyl)
bis(sulfanediyl)diacetic acid (C,,S,FO,H,;) at pH 8.0 and
25°C" with a known inhibition constant 0.00071uM with
respect to the AchE enzyme, it should be noted that of 10
models of the inhibitor's ligand binding poses, only model
3 is suitable in terms of their proximity to the catalytically
important residues of the enzyme's active site. Specifically,
the inhibitor binds in this pose with an affinity of -7.7kcal/
mol, yielding lower and upper bounds of the RMSD of
2.440A and 2.725A, respectively. This inhibitor is stabilized
in the active site by polar hydrogen bonds formed between
the hydrogen atom of the catalytic residue Ser200 and
the oxygen atom of the nearby carbonyl group of the
ligand structure (distance 3.8A) and the nitrogen atom of
the catalytic residue His440 and the oxygen atom of the
hydroxyl group of the inhibitor ligand. A polar contact was
also observed between the nitrogen atom of the Gly119
residue and the oxygen atom of the carbonyl group of the
inhibitor ligand (see Supplementary Information Table
S13).

A well-known natural inhibitor of this AchE enzyme,
2,2'-(1-(4-methoxyphenyl)ethane-1,1-diyl)bis(sulfanediyl)
bis(N-(pyridin-2-yl)acetamide) (C,;N,S,0;H,,) at
pH 8.0 and 25°C" with a known inhibition constant
0.00089M", is closest in its active site to the catalytic
triad in the ligand docking pose fifth model. It is important
to note that the selected inhibitors were tested and
demonstrated their inhibitory activity with the AchE
enzyme isolated from Electrophorus Electricus.

Thus, according to the results of molecular docking
analysis, this inhibitor binds to the active site of the AchE
enzyme with a high affinity of -9.5 kcal/mol and lower
and upper limits of the RMSD of 1.957 A and 3.641 A,
respectively. The inhibitor 2,2'-(1-(4-methoxyphenyl)
ethane-1,1-diyl)bis(sulfanediyl)bis(N-(pyridin-2-yl)
acetamide) is stabilized in the active center of the enzyme
due to polar hydrogen bonds between the OH group of
Ser200 and the carbonyl group in the structure of the
inhibitor ligand (distance 3.9 A), as well as between the
same carbonyl group and the NH group of the catalytic
residue His440. Furthermore, similar polar contacts were
observed with the Gly119 amino acid residue group after
enabling the function to display all amino acid residues
adjacent to the inhibitor molecule at a maximum distance of
4 A. The resulting high affinity value is also associated with
additional interactions within the inhibitor structure, one
of which is the 7- 7 stacking interaction occurring between
the benzene ring of the Tyr334 amino acid residue and one
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of the benzene rings of the inhibitor molecule, which are
located in parallel planes (see Supplementary Information
Table S14).

The binding parameter of the active centers of the ChEs
used in this study were compared. Among the four known
inhibitors of these two enzymes, for which their inhibition
constants were described in the literature, the most potent
chemical compound exhibiting an inhibitory effect is
the inhibitor 2,2'-(1-(4-methoxyphenyl)ethane-1,1-diyl)
bis(sulfanediyl)bis(N-(pyridin-2-yl)acetamide) with an
obtained affinity value of -9.5 kcal/mol. This compound,
by binding more strongly to the active center of AchE,
exerts a strong inhibitory effect on AchE compared to
2,2'-(1-(4-bromophenyl)ethane-1,1-diyl)bis(sulfanediyl)
diacetic.

Regarding the BchE enzyme, it should be noted
that the known inhibitor 10-(cyclobutylcarbonyl)-10H-
phenothiazine with an affinity of -9 kcal/mol is superior
in binding and inhibition to the active site of the AchE
enzyme compared to the inhibitor 10-(chloroacetyl)-10H-
phenothiazine.

If we compare the affinity and inhibition constants of
the 15 pumol mycotoxin ZEN obtained in the current study
and the two mycotoxins presented and described above in
the case of AChE with the known values of this inhibition
constant, it should be noted that the inhibition constant
for ZEN was several times higher than that of these two
inhibitors, and the binding affinity value was lower, which
for ZEN for a certain selected docking pose was -7.1
kcal/mol, and for the inhibitors 2,2'-(1-(4-bromophenyl)
ethane-1,1-diyl)bis(sulfanediyl)diacetic acid and
2,2'-(1-(4-methoxyphenyl)ethane-1,1-diyl)bis(sulfanediyl)
bis(N-(pyridin-2-yl)acetamide) - -7.7 kcal/mol and
-9.5 kcal/mol, respectively. This also means that when
comparing these three inhibitors, including the mycotoxin
ZEN, ZEN must be added to the chemical reaction in a
larger volume and quantity to inhibit the AchE enzyme than
in the case of these two inhibitors.

It should also be stated that repeated re docking
was also performed for natural ChE inhibitors such
as (+)-(1R,38S,6S)-9-benzyl-3-fluoro 2,4-dioxa-9-aza-
3-phosphadecalin 3-oxide!™ in the case of the AchE
enzyme and (+/-)-6-bromo-N-((1-(2,3-dihydro-1H-inden-
2-yl)-piperidin-3-yl)methyl)-N-(2-methoxyethyl)-2-
naphthamide'® in the case of the BchE enzyme, for which
there is no available and known information on calculated
inhibition constants in the literature.

In the case of the first inhibitor (+)-(1R,3S,6S)-9-
benzyl-3-fluoro 2,4-dioxa-9-aza-3-phosphadecalin 3-oxide
(C;;H,,FO,NP) and the AchE enzyme, its closest arrangement
was observed for the first pose of the docking model, that is,
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with an affinity of -9.1 kcal/mol and zero values for the lower
and upper limits of the RMSD. In this binding pose, the
oxygen atom of carbonyl group of this inhibitor is stabilized
by polar hydrogen interactions with the hydrogen atom of the
hydroxyl group of the catalytic residue Ser200, the distance
to which is approximately 4.1 A, and the hydrogen atom of
NH group of the residue His440 with distance 2.7 A. When
all amino acid residues located at a distance of 4 A from the
inhibitor are shown in the MVGS PyMol, the benzene ring in
the structure of this inhibitor, due to its position in a parallel
plane to the benzene ring of the Tyr334 amino acid, may
indicate the occurrence of a 7t- m stacking interaction between
them, which may also contribute to the high affinity resulting
from molecular docking (see Supplementary Information
Table S15).

When describing the resulting MVGS PyMol image
of the inhibitor binding of (+/-)-6-bromo-N-((1-(2,3-
dihydro-1H-inden-2-yl)-piperidin-3-yl)methyl)-N-(2-
methoxyethyl)-2-naphthamide (C,,H;;N,0,Br), it is
important to note that of the 10 ligand docking models,
only model 3 has the inhibitor conformation closest to the
catalytic residues of the BchE enzyme. This is because
the inhibitor ligand structure is stabilized by polar bonds
formed between the inhibitor's carbonyl group and the OH
group of the Ser198 residue (a distance of 2.6 A), as well
as the NH group of the His438 amino acid residue. The
high affinity value is -9.4 kcal/mol with the values of the
lower and upper limits of the RMSD of 3.590 A, 4.467 A,
respectively in addition to the existing polar and non-polar
contacts, are explained by the m— stacking interaction, that
has arisen between the benzene ring of Tyr332 and one
of the benzene rings located parallel to it in the structure
of the inhibitor molecule. It should be noted that the
pair of benzene rings in the structure of this inhibitor are
located almost parallel to each other, which may indicate a
possible m— stacking interaction between these rings (see
Supplementary Information Table S16).

Comparing two inhibitors for which inhibition constants
are not described in the literature and are unknown, it can be
said that the inhibitor (+/-)-6-bromo-N-((1-(2,3-dihydro-1H-
inden-2-yl)-piperidin-3-yl)methyl)-N-(2-methoxyethyl)-2-
naphthamide binds more strongly to the active site of the
BchE enzyme than the inhibitor (+)-(1R,3S,6S)-9-benzyl-
3-fluoro 2,4-dioxa-9-aza-3-phosphadecalin 3-oxide) in the
active site of AchE.

The Figure 15 below illustrates in general the close
proximity and location of all the inhibitors found near the
active sites of both ChEs using two different graphical
interpretations in MVGS PyMol.

It is a known fact that any RMSD value for a molecular

conformational change in the range of 1.5 to 2.0 A indicates
good accuracy of the molecular docking method. In other
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words, a high-precision molecular docking method typically
corresponds to a lower RMSD value for a conformational

difference™®’.

Numerous examples can be cited among recent scientific
studies investigating the effects of AchE or BchE enzymes,
representing a promising approach to the development of
innovative treatments.

One such study is examining the effects of AchE in
essential oils and their bioactive components. This scientific
study not only contributes to the understanding of the
various molecular mechanisms underlying the biological
activity of Lippia origanoides essential oil but also helps
develop new natural product-based therapies that meet
current demands for creative and viable therapeutic
solutions. In a paper'®, the authors also state that Lippia
origanoides essential oil demonstrated high inhibitory
activity against the AchE enzyme, especially in the
nanoformulation, which increases its bioaccessibility and
durability. Moreover, the main component, carvacrol, when
studied in isolation, also exhibited inhibitory activity against
the AchE enzyme, similar to that of the nanoformulation.

Molecular docking analysis showed strong binding
affinity between Lippia origanoides essential oil compounds
and AchE, confirming its therapeutic potential in
neurodegenerative diseases such as Alzheimer's disease'™".

It should be noted that the unforeseen findings of the

studies revealed that all the clove oils studied were more
effecient as AchE inhibitors than as BchE inhibitors.
Moreover, in a study'’”’, OTA mycotoxin intoxication
was connected with metabolic disturbances such as
hyperglycemia and hypercortisolemia, but cure with
Syzygium aromacum essential oil alleviated these side
effects, improved body and brain weight, and restored
neurobehavioral functions.
In silico analysis'®” revealed a significant affinity
between clove oil and the two studied esterase enzymes
AchE and BchE, which was greater than or similar to four
neurotransmitters (dopamine, serotonin, norepinephrine,
and glutamic acid). These results'”’ also highlight the
therapeutic potential of clove oils in combating the toxic
effects of OTA and pave the way for future research into
the mechanisms of action and therapeutic applications of
natural compounds for the prevention and treatment of
diseases caused by intoxications.

In this study'®, the authors aimed to investigate the
neurotoxic potential of four different pesticides: herbicide
glyphosate insecticide imazalil, assessing their inhibitory
effects on the activities of AchE, BchE, and tyrosinase
fungicide), imidacloprid (neonicotinoid insecticide),
and lambda-cyhalothrin (pyrethroid using in vitro direct
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Figure 15. lllustrations of the arrangement of all inhibitor molecules used in the current study in the active sites of AchE
and BchE enzymes using PyMol MVGS. Inhibitors 2,2'-(1-(4-bromophenyl)ethane-1,1-diyl)bis(sulfanediyl)diacetic acid (A,B)
and 2,2'-(1-(4-methoxyphenyl)ethane-1,1-diyl)bis(sulfanediyl)bis(N-(pyridin-2-yl)acetamide) (C,D) with the AchE enzyme; inhibitors
10-(chloroacetyl)-10H-phenothiazine (E,F) and 10-(cyclobutylcarbonyl)-10H-phenothiazine (G,H) with the enzyme BchE; inhibitors
(+)>(1R,3S,6S)-9-benzyl-3-fluoro 2,4-dioxa-9-aza-3-phosphadecalin 3-oxide with the enzyme AchE (1,J) and (+/-)-6-bromo-N-((1-(2,3-
dihydro-1H-inden-2-yl)-piperidin-3-yl)methyl)}-N-(2-methoxyethyl)-2-naphthamide with the enzyme BchE (KL). Images B, D, F, H, J, L
show two ChEs in spherical representation (oat color), an inhibitor within the active site (purple color) and green color (in case (1) nd (J)).
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enzymatic inhibition methods. Imazalil generated dose-
dependent inhibition of B¢hE in the same motif as for AchE
enzyme, nevertheless, at lower concentrations (up to 500
pM), imazalil unveiled higher specificity for AchE, and
at higher concentrations, the same specificity was found.
Imazalil at a concentration of 1 mM inhibited BchE activity
by 49+1%. None of the pesticides inhibited tyrosinase
activity at concentrations up to 1 mM. After all, it should
be noted that the herbicide glyphosate exhibits specificity
for AchE but low inhibitory potency. The insecticides
imidacloprid and A-cyhalothrin selectively inhibit AchE,
while the fungicide imazalil is a broad-spectr um ChE
inhibitor capable of equally inhibiting AchE and BchE.
Among these pesticides, the insecticides and fungicide have
a higher neurotoxic potential. The insecticides imidacloprid
and A-cyhalothrin selectively inhibit AchE, while the
fungicide imazalil is a broad-spectrum ChE inhibitor
suitable of equally inhibiting enzymes AchE and BchE.

A recent applications of in silico structural bioinformatics
methods to enzyme inhibition research are the following.
As is well known, computational approaches, specifically
molecular docking and molecular dynamics modeling,
have appeared as essential tools for the identification and
optimization of AchE inhibitors by predicting ligand binding
affinity, interaction mechanisms, and conformational
dynamics. This work!*” brings a thorough guide for future
studies of the AchE enzyme using molecular docking
and molecular dynamics modeling procedures. It also
summarizes and analyzes studies operated over the past
five years and provides a critical assessment of the most
widely used computational tools, including AutoDock,
AutoDock Vina, and GROMACS, which have significantly
contributed to the development of AchE inhibitor screening.
Additionally, the authors identified PDB ID 4EY7, the most
often used crystal structure of AchE in docking studies, and
identified donepezil, a well-established reference molecule
widely used as a control in computational screening of new
inhibitors.

It can be concluded that the integration of docking
and molecular dynamics modeling not only improves hit
identification and lead optimization but also provides a
deeper understanding of the mechanisms of AchE - ligand
interactions, facilitating the rational design of more effective
AchE inhibitors'™”.

Alzheimer's disease is characterized by advanced
cognitive decrease and memory absence and is closely
linked to deregulated cholinergic neurotransmission. Since
AchE is a critical enzyme in the nervous system responsible
for breaking down the neurotransmitter acetylcholine,
its inhibition is of significant interest for the treatment of
various neurological disorders. Therefore, it is crucial to
develop effective AchE inhibitors appropriate of increasing
acetylcholine levels, eventually leading to improved
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. . . 70
cholinergic neurotransmission'™”.

The results presented in this study”” represent a step
forward in the development of new thiazoloindazole-
based compounds that have the potential to serve as
effective AchE inhibitors. Scientific investigations also
using molecular docking demonstrated that some of
the nitroindazole-based compounds tested surpassed
donepezil, a known AchE inhibitor used in the treatment of
Alzheimer's disease. Structure—activity relationship analysis
revealed that derivatives containing the bis(triffuoromethyl)
phenyltriazolyl group exhibit the most promising anti-
AchE activity compared to more rigid substituents such
as the carbazolyl moiety. The combination of molecular
docking and experimental synthesis provides a suitable and
promising strategy for the development of new, effective
thiazoloindazole-based AchE inhibitors'”.

Flavonoids stand out among natural polyphenolic
compounds known for their broad spectrum of biological
activity. This study'’" focuses on the inhibitory effect
of flavonoids on AchE enzyme and their potential as
therapeutic agents for reasonable disorder. It is noted that
natural polyphenolic compounds, in particular flavonoids,
have established major inhibition of AchE enzyme,
situating them as encouraging alternatives or supportives in
neuropharmacology.

In vitro, in vivo, and in silico analyses demonstrate that
these flavonoids effectively interact with both the active
and peripheral anionic sites of AchE, resulting in increased
acetylcholine levels and stabilization of cholinergic
signaling. Their mechanisms of action extend beyond
simple enzyme inhibition, as they also exhibit antioxidant
and antiamyloidogenic properties, thereby offering a
multifaceted approach to neuroprotection””. Given these
results, flavonoids hold significant therapeutic potential as
AchE modulators, which has implications for improving
cognitive function and treating neurodegenerative
diseases. Future research should prioritize enhancing the
bioavailability of flavonoids, assessing their efficacy in
clinical settings, and exploring their potential synergistic
effects in combination with existing treatments to fully
realize their potential as neurotherapeutic agents' .

General antiacetylcholinesterase drugs like galantamine,
rivastigmine, donepezil, and tacrine have substantial
inhibitory possible!””. Due to side effects and safety
concerns, authors of the study'”” sought to investigate a
wide range of phytochemicals and structural analogs of
these compounds. Compounds comparable to known drugs
and phytochemicals were researched as potential AchE
enzyme inhibitors in the cure of Alzheimer's disease.

Foremost virtual screening was accomplished using
Pyrx software, which identified 638 molecules with higher
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binding affinity compared to the positive controls tacrine
(-9.0kcal/mol), donepezil (-7.3kcal/mol), galantamine
(-8.3kcal/mol), and rivastigmine (-6.4kcal/mol). Absorption,
Distribution, Metabolism, and Excretion (ADME)
properties were then assessed, including blood—brain
barrier permeability and adherence to Lipinski's five-break
rule, resulting in the identification of 88 ADME-tested
compounds'”.

BchE enzyme, also acknowledged as pseudocholinesterase
and serum ChE, is an isozyme of AchE. It intercedes the
degradation of acetylcholine, particularly in pathological
conditions'”!. Well-known pharmacological usage of
BchE, its mutants, and modulators involve the cure of
Alzheimer's disease, multiple sclerosis, cocaine addiction,
detoxification in organophosphate poisoning, and monitoring
the progression or prognosis of some diseases. This scientific
study”loutlines the selective B¢hE inhibitors and BehE-
related multipurpose ligands published over the past three
years, as well as the currently known pharmacological
applications of BchE, to understand existing exploration
directions. On this matter, some new strategies for developing
BchE inhibitors appear intriguing, and modulators based on
a mix of histone deacetylase and BchE for the treatment of
Alzheimer's disease are extraordinary. Furthermore, BchE's
involvement in ghrelin hydrolysis, inhibition of low-density
lipoprotein uptake, and reduction of low-density lipoprotein
receptor expression suggests its potential to influence lipid

metabolism disorders'".

Few accurate methods exist for detecting acetylcholine.
Researchers' ™ recently developed a highly sensitive and
rapid enzymatic biosensor based on electrospun nanofibers
for detecting acetylcholine. This biosensor exploits dual
enzymatic reactions involving AchE enzyme and choline
oxidase, incapacitated on electrospun nanofibers based on
polypyrrole and chitosan.

Electrospun nanofibers acquires a large surface area and
high porosity, which improves the sensitivity and selectivity
of the biosensor. Structural and morphological analyses,
including Scanning Electron Microscopy and Fourier-
transform infrared spectroscopy, confirmed the successful
synthesis and integration of polypyrrole nanoparticles into
chitosan nanofibers. Nanofibers with an average diameter of
280nm were obtained, and electrochemical characterization
using cyclic voltammetry and electrochemical impedance
spectroscopy demonstrated improved conductivity
and efficient enzyme immobilization on nanofiber-
modified electrodes. The biosensor’” established a linear
response to acetylcholine concentrations from 10uM to
ImM with a detection limit of SuM. Selectivity testing
disclosed minimal interference from other substances,
and stability appraisal confirmed decent operation for
30 days. Application of the biosensor to serum samples
spiked with acetylcholine demonstrated accurate detection
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of acetylcholine, confirming its potential for clinical
diagnostics and neurological research.

This innovative approach offers a portable, cost-
effective and efficient solution for rapid measurement of
acetylcholine, eliminating the limitations of traditional
analytical methods”. The BchE enzyme is used in the
analysis of pesticides, so the high stability and reusability
of the enzyme as a result of immobilization processes
are important in biotechnological applications'””. Also
by combining enzyme-mediated biological recognition
with sensitive transduction mechanisms, such as the
cholinesterase-based biosensors used in this study, these
biosensors have become necessary and crucial in fields
such as food safety, clinical diagnostics, environmental
monitoring, pharmaceuticals, agriculture, and
biotechnology. Enzyme-based biosensors have evolved
into vital tools across a spectrum of applications, including
medical diagnostics, environmental monitoring, food safety,
biotechnology, and industrial processing.

In agriculture, enzyme-based biosensors facilitate soil
and crop health monitoring by detecting agrochemical
residues, such as fertilizers and herbicides. Their use
supports precision farming practices, enhancing the crop
yield while minimizing environmental harm. These sensors
enable real-time field diagnostics, providing to more
endurable agricultural operations. These type of biosensors,
which rely on the catalytic and specific recognition
properties of enzymes, are evolving to meet the increasing
demand for portable, sensitive, and cost-effective diagnostic
and monitoring tools across healthcare, environmental

monitoring””.

5 CONCLUSION

ChEs play an meaningful role in analysis. They can
be used as biochemical markers in vivo and as biological
recognition elements in analytical instruments such as
biosensors. Alternatively, the analytical application of
ChEs proposes a number of significant advantages. Thus,
enzymatic activity is easy to evaluate, and very low
detection limits can be attained. Enzyme-based biosensors
have emerged as a transformative technology, leveraging
the specificity and catalytic efficiency of enzymes
across various domains, including medical diagnostics,
environmental monitoring, food safety, and industrial
processes. They are used for real-time monitoring of
food contaminants and quality indicators and facilitate
non-invasive monitoring of blood glucose, cholesterol,
and biomarkers for various diseases. For environmental
monitoring, they are instrumental in detecting pollutants
such as pesticides, heavy metals, and endocrine disrupting
compounds.

Two different and important methods were used to
determine four structurally distinct mycotoxins: the Ellman
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spectrophotometric method in an in vitro analytical system
and an in silico approach to describing and interpreting the
obtained results using molecular docking analysis.

Based on the calibration curves of inhibition effects of
mycotoxins on enzymes, it can be concluded that for the
qualitative determination of a mycotoxin by an enzymatic
reaction, it is better to use the enzyme with the lower
detection limit. Thus, for mycotoxins ZEN and DON, BchE
is the preferred enzyme, while for STC, both enzymes are
suitable; for mycotoxin OTA - AchE is preferred.

For the quantitative determination of the mycotoxin
ZEN, the reaction using BchE is suitable due to its higher
sensitivity. STC can be determined by an enzymatic
reaction in the presence of both enzymes, AchE and BchE.
To determine DON, an enzymatic reaction can only be used
in the presence of BchE, since the lower LOD for AchE is
twice as high than the LOD (mg/l) for BchE. Mycotoxin
OTA can be quantified by both enzymes AchE and BchE,
as the operating range of OTA for BchE is within that of
AchE, and the maximum working range for AchE is 10
mg/l. In other words,it was found that for the analysis of
ZEN it is more expedient to use BchE enzyme, and for the
analysis of STC, DON and OTA — AchE. A biosensor based
on BchE enzyme is suitable for determining ZEN in low
operating ranges, and a biosensor based on AchE enzyme is
suitable for ZEN high operating ranges.

Molecular docking, as a powerful tool for predicting
the binding structures of potential specific ligands, helped
visually identify the locations of the compounds studied in
the current study closest to the enzymes' active centers.

To conclude, from the obtained molecular docking
results obtained by MVGS PyMol, it should be clarified
that, judging by the affinities (kcal/mol), the mycotoxin
ZEN is more suitable for the BchE enzyme than for
the AchE enzyme, the mycotoxin STC also generally
demonstrates greater binding and presumably inhibitory
activity with a slight dominance in affinity to the AchE
enzyme compared to the case of the BchE enzyme; the
mycotoxin OTA demonstrates a lower binding affinity in
relation to the AchE enzyme than to the BchE enzyme; and
finally, the strongest binding is observed in the active center
of BchE for the case of the mycotoxin DON compared to
the AchE enzyme variant.

Thus, in vitro the inhibitory effects of all four mycotoxins
on the activities of AchE and BchE enzymes using the
constructed calibration curves, have been demonstrated and
proven.

The strong correlation between the docking scores and

in vitro performance indicates that mycotoxin ZEN may
also operate through the mechanism of AchE enzyme
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inhibition. Competitive inhibition was also demonstrated in
silico for ZEN,OTA,STC and DON mycotoxin molecules
incorporated into the active sites of AchE and BchE

enzymes.
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