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Abstract

Objective: This paper explores approaches to assess and compare the predicted enzymatic hydrolysis
structures of specific mycotoxins in the active sites of CPA and CbhA enzymes using molecular docking
analysis and molecular visualization and graphics tools.

Methods: The tools used in this work included: The ChemBio3D Ultra software package, extensible
molecular visualization and modeling systems (EMVMS) PyMol and UCSF Chimera, and AutoDock Vina
1.1.2 molecular docking software.

Results: Visual binding of mycotoxins in the active centers of enzymes was shown, indicating possible
enzymatic hydrolysis of ochratoxin A (OTA) in the active center of carboxypeptidase A (CPA) enzyme, as
well as T-2 toxin and deoxynivalenol (DON) in the active center of cellobiohydrolase (CbhA) at the optimal
pH (7.5 and 6, respectively) of enzyme action. Based on the results obtained from molecular docking using
Autodock Vina 1.1.2 and EMVMSs UCSF Chimera and PyMol, it should be noted that according to the
obtained affinities (kcal/mol), T-2 toxin binds best to the active site of CbhA enzyme (affinity value -7.8
kcal/mol); the next mycotoxin that binds best to the active site of CPA enzyme is OTA (affinity value -7.1
kcal/mol), followed by mycotoxin DON - to the active site of CbhA (affinity value -6.5 kcal/mol) at the
optimal pH values of both enzymes.

Conclusion: The binding energies of specific enzyme substrates are slightly lower for most of the ligand
poses compared to the values obtained for mycotoxins, providing their higher affinities.
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1 INTRODUCTION

Mycotoxins as secondary metabolites are mainly
produced by various types of fungi that affect agricultural
raw materials and pose a global threat to public health. One
of the most important mycotoxins in terms of toxicity and
impact is OTA. OTA is a secondary metabolite produced
by several species of Aspergillus and Penicillium fungi.
The toxin, which is a nephrotoxic and nephrocarcinogenic
compound, is mainly found in cereals but also in other
foods such as coffee, wine, dried fruits, beer, and grape
juice'.

DON is also called vomitoxin because it can cause some
of the typical acute effects, including nausea, vomiting,
abdominal pain, diarrhea, headache, dizziness, or fever,
which are also associated with outbreaks of gastroenteritis
in animals and humans. In addition, DON acts as a
potent inhibitor of protein synthesis and stimulates a pro-
inflammatory response, which leads to the disruption of

many physiological functions™.

The T-2 toxin, trichothecene, is a sesquiterpene
compound that is produced by the fungus Fusarium species
and, under certain conditions, grows on crops in nature. The
toxin is commonly found in crops such as corn, wheat, rice,
and oats. T-2 toxin exhibits very stable chemical properties,
mainly due to the presence of an epoxy group"”. Therefore,
if the epoxy group of DON and T-2 toxin is exposed, the
toxicity of these mycotoxins will also be lost™.

Recently, studies on the enzymatic degradation of
mycotoxins with the help of various hydrolytic enzymes
are relevant”. Therefore, for this study, those enzymes
that have hydrolytic activity were selected. Enzymatic
treatment is a convenient method for removing mycotoxins
that involves the use of one or more enzymes. An
important role in this is also played by the prediction of
the possibility of mycotoxin degradation using various
methods of molecular modeling'. This direction is still
very important and interesting due to the fact that less toxic
reaction products can be obtained as a result of enzymatic
hydrolysis. Molecular modeling is a universal method that
can be used in many areas of research, including the study
of macromolecular structures'”. As is known, molecular
docking methods are aimed at predicting the most suitable

way of binding a ligand to an enzyme'.

Therefore, the purpose of this work is to determine
the binding conformation of mycotoxins using molecular
docking, as well as to conduct molecular docking for
the description, visualization, and computer analysis of
mycotoxins - OTA, DON and T-2 toxins as biostructures to
predict their binding and enzymatic hydrolysis in the active
centers of the enzymes CPA and CbhA.

To do this, it was necessary to carry out molecular
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docking of mycotoxins in the active center of some
enzymes in order to identify their binding in the active
center of enzymes, as well as to consider the mechanisms of
enzymatic hydrolysis of mycotoxins. It should be noted that
a review on the removal of various mycotoxins by enzymes

was previously written".

UCSF Chimera is an interactive visualization and
analysis tool for molecular structures and associated
data, including density maps, trajectories, and sequence
alignments"*'", which can generate high-quality images.
PyMol is a cross-platform open-source system based on
Python"?. This is a molecular graphics tool widely used for
3D visualization of proteins, nucleic acids, small molecules,
electron densities, and surfaces.

It should be noted that there also exists UCSF Chimera
X, the next-generation molecular visualizer from the
Resource for Biocomputing, Visualization, and Informatics
(RBVI) after UCSF Chimera*"”, with the help of which
it is possible to create 3D images of molecules, chemical
structures, and different biomacromolecules. It should be
noted that the advanced directions of protein design also
lie in the construction of amino acid sequences and the
incorporation of specific motifs, such as binding sites, into
receptors, ion channels, or other proteins. This approach
allows the production of protein variants with specific
functions and purposes'**".

2 MATERIALS AND METHODS

Enzymes: carboxypeptidase A (CPA) (EC 3.4.17.1;
PDB 1YME; Bos taurus) and cellobiohydrolase (CbhA)
(EC 3.2.1.91; PDB 1RQS5; Clostridium thermocellum).
Mycotoxins: ochratoxin A (OTA), deoxynivalenol (DON),
T-2 toxin. Specific enzyme substrates: ((S)-hippurylphenyl-
lactic acid or (S)-2-(2-benzamidoacetyl)-3-phenylpropanoic
acid)); PNP-B-D-cellobioside (or 4-nitrophenyl
cellobioside). Selected ligands for positive control:
4-chlorocinnamoyl-L-beta-phenyllactate and cellotetraose.

2.1 Work Methodology

Before proceeding with molecular docking™", all
structures of mycotoxins and specific enzyme substrates
were optimized using Chem Bio 3D Ultra 12.0% and the
minimization energy MM2*¥ Knowing the conformation
of a ligand is important because the structure of a
molecule often has a big impact on its reactivity. The goal
of conformation optimization is to find an arrangement
of atoms that makes the molecule as stable as possible.
Molecules are most stable when their energy is low'.

2.2 Procedure for Preparing Structures of Specific
Substrates and Mycotoxins

All mycotoxin compounds and specific substrate
structures were drawn in ChemBioDraw (version 12.0.
CambridgeSoft). After that, energy minimization was
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applied using ChemBio3D with the MM2 force field. The
structures of the CPA and CbhA enzymes in PDB format
were converted to PDBQT format using AutoDockTools
(as part of MGLTools version 1.5.6., available at http://
mgltools.scripps.edu/)**” with atomic charges calculated
by the built-in Gasteiger-Marsili. All enzyme structures
in PQR format were converted to PDBQT format using
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.edu/)***\. The surface charge distribution
of the CPA and CbhA enzymes at their optimal pH 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 mesh,
the size of which was chosen in accordance with the size
of the surface of the enzyme molecule, was approximately
centered on the active sites of each of the enzymes. To
perform the calculations, the program parameters were set
by default, and 10 model poses of mycotoxin structures
were selected. Affinities (kcal/mol) were obtained as
the end result of molecular docking. The distances and
angles between the atoms of the catalytic groups in the
active site of the enzyme and the atoms of the mycotoxins
were measured and visualized using extensible molecular
visualization and modeling systems (EMVMS) PyMol
(version 1.7.6. Schrodinger. LLC) and UCSF Chimera.

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 CPA and CbhA enzymes and
the structures of all mycotoxins into the EMVMSs
UCSF Chimera and PyMol. Remove excess
heteroatoms from the enzyme structure. After
which it is necessary to set the grid parameters.
For example, for the PDB 1YME enzyme, these
parameters were as follows: center x=-3.324;
center y=26.215; center z=-5.510; size x=26; size
y=32; size_z=38. for PDB 1RQ5 enzyme: center
x=57; center y=-8; center z=-63; size x=30; size
y=36; size z=32. In each case, the exhaustiveness
value was equal to 8, the number of binding modes -
10. The substrate binding position and conformation
were determined by molecular docking using the
Autodock Vina software.

2.4 Geometrical Optimization of Ligands

Before performing calculations, it may be necessary
to optimize the geometry by identifying its stable
conformations. Stable conformations can be found by
performing energy minimization calculations. These
calculations determine local and global minima of the
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energy of the model. Geometry optimization is iterative and
starts from some initial geometry as follows:

The accuracy of the energy minimization calculations
depends on the initial geometry, the potential energy
function used, and the settings for the minimum allowed
gradient between steps (convergence criterion). After
an incremental change, ChemBio3D again determines
the energy and energy derivatives and continues the
process until convergence is reached, at which point the
minimization process is terminated.

2.5 Energy Minimization with MM2

To minimize the energy of a molecule using MM2: (1)
Set up optimal column dimensions in the Dimensions Table
(go to View > Dimensions Table). (2) Go to Calculations >
MM?2 > Minimize Energy. (3) In the Energy Minimization
dialog box, select any of the following options and click
Run: Minimum Root Mean Square Gradient — Specify the
convergence criteria for the gradient of the potential energy
surface. Use larger values to reduce calculation time but
obtain less accurate results. Use smaller values to improve
the accuracy of your results but increase calculation time.
(The default value of 0.100 is a reasonable compromise.)
Display Each Iteration — Preview the model during
calculation (displaying each iteration may slow down the
calculation). Copy Dimensions to Output Window —
Preview the value of each dimension in the Output Window.
After calculating each new position, ChemBio3D moves
each atom in a model so that the total energy is minimized.
It is not possible to minimize energy in models containing
phosphate groups depicted with double bonds.

For example, the paper” also notes that the two-
dimensional structures of the synthesized compounds
and the reference compound were constructed using
ChemBioDraw Ultra 14.0 The three-dimensional structures
of the ligands were protonated and optimized by the energy
minimization method using the MM2 force field and
10,000 iterations of 2 femtoseconds. The conformationally

optimized ligands were used for docking studies"™.

The scientific novelty of this study lies in the application
and specific description of the mechanisms of action of
enzymes using the approach of molecular docking of
mycotoxins in the active centers of some enzymes, as well
as in predicting the course of enzymatic hydrolysis and
binding of mycotoxins in the active centers of enzymes, and
this hypotheses is based on docking poses.

To determine the possibility of enzymatic hydrolysis,
it is important and necessary to determine the targets in
the structures of mycotoxin molecules. Breaking bonds in
specific functional groups of mycotoxins is expected to lead
to less toxic reaction products. Thus, in the structures of the
known mycotoxins DON and T-2 toxin, such a target is the
epoxy cycle, where, as a result of a nucleophilic attack in
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Table 1. The Structure of the Molecules of Mycotoxins and Specific Substrates of Enzymes Selected as Objects of

Study

Mycotoxins Specific substrates
OTA DON T-2 toxin ((S)-hippurylphenyl- 4-nitrophenyl

lactic acid or (S)-2- cellobioside

(2-benzamidoacetyl) (for CbhA enzyme)
hydroxy-3-
phenylpropanoic acid)
(for CPA enzyme)
0.0
O OH O mOH 0 N
HO }
" 0N\
: %ﬁ
H

the active site of the CbhA enzyme, a simple C-O bond will
break, and in the structure of the OTA mycotoxin, the amide
group will occur (see Table 1). As a result of hydrolysis of
the amide bond in the active site of the CPA enzyme, the C-N
bond breaks.

3 RESULTS

As an illustration of mycotoxin binding, Figure 1A
shows the resulting OTA conformation at the CPA active
site. It should be kept in mind that docking gives only an
approximate position of the substrate in the active site of the
enzyme. As a result of calculations performed in EMVMSs
UCSF Chimera and PyMol at a distance of 4 A from the
surface of mycotoxin molecules, amino acid residues
included in the active center of the enzyme, with which
functional groups can potentially interact, were isolated.
In the case of the CPA enzyme, as well as for the CbhA
enzyme, the attacking nucleophile is a water molecule.

The results of angles of attack and distances for OTA are
shown below in Tables 2 and 3.

Table 4 summarizes the obtained nucleophilic attack
angles and distances measured from the O atom of the
water molecule to the C atom in the structures of the
mycotoxins DON and toxin T-2, as well as from the O atom
of the amino acid residues Asp383, Asp386 to the H atom
of the water molecule in the active center of the enzyme
CbhA in both EMVMSs.

CPA is a proteolytic enzyme that hydrolyzes a peptide
bond at the carboxy-terminal (C-terminus) end of a protein
or peptide. The zinc atom forms coordination bonds in the
form of a tetrahedron with the side chains of two amino
acid residues, His69 and His196 of the main chain of the
CPA enzyme, the side chain of glutamic acid, Glu72, and a
water molecule. The fourth coordination bond is occupied
by a water molecule.
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The Zn*" ion coordinated with the residues of the CPA
active center activates the water molecule, which, in
full accordance with the known mechanism of enzyme
action, carries out a nucleophilic attack on the carbon
atom of the amide bond of the substrate. Some coordination
of the Zn*" ion is possible with the oxygen atom of the same
amide group. As a result of the rearrangement of bonds
in this amide group, the C-N bond is broken (see Figures
1B and 2B) with the formation of a phenylalanine leaving
group. The subsequent interaction of the formed complex
with a water molecule activated by the Glu270 residue leads
to the release of ochratoxin-o and the restoration of the
initial state of the enzyme. The interaction of zinc with the
oxygen of the carbonyl group strongly polarizes the C=0O
bond, and the nonpolar environment of zinc enhances its
ability to induce a dipole. The proximity of the negatively
charged carboxyl group of Glu270 also contributes to the
strong polarization of the carbonyl group.

The mechanism shown above involving a water
molecule was proposed on the basis of X-ray diffraction
studies of the CPA enzyme complexes formed with
slowly hydrolyzed substrates and transition state analogue
inhibitors. The promoted water mechanism assigns a dual
role to the Glu270 residue. In the initial step of nucleophilic
addition, Glu270 serves as a common scaffold to facilitate
the nucleophilic attack of zinc-bound water on the mobile
carbonyl carbon by transferring a proton from the water
molecule to the oxygen atom of the carboxyl group. In the
second cleavage step, Glu270 acts like an ordinary acid,
donating this proton to the leaving nitrogen group. Thus,
Glu270 carboxylate functions as a base, separating a proton
from a water molecule bound to a zinc ion to generate
a nucleophilic hydroxide ion, which in turn attacks the
carbonyl carbon of the peptide bond, creating a tetrahedral
transition state. The nucleophilic pathway, which is not
viable in proteolytic reactions, results in a stable acyl-
enzyme complex™**”.

J Mod Biol Drug Discov 2025; 4: 5
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Figure 1. Binding of OTA in the Active Site of the CPA Enzyme at the Optimum pH 7.5 of the Enzyme (A) and the
Proposed Mechanism of Enzyme Action (B). The Picture was Obtained as a Result of Molecular Docking using EMVMS
UCSF Chimera: Zn** ion, Catalytically Important Residues: His196 and His69, Glu72 and Glu270. The Dotted Lines Show the
Supposed Interactions of the Catalytically Important CPA Residues and the Zn** ion with the Amide Bond in the OTA Structure.

Table 2. Values of the Angle of Nucleophilic Attack
and Distances Measured from the O Atom of the Water
Molecule to the C Atom in the OTA Structure and the
Zn* Ton, as well as from the O Atom of the Glu270
Amino Acid Residue to the H Atom of the Water
Molecule in the Active Site of the CPA Enzyme in

Table 3. Nucleophilic attack angle and distances
measured from the O atom of the water molecule to the
C atom in the OTA structure and the Zn* ion, as well
as from the O atom of the Glu270 amino acid residue to
the H atom of the water molecule in the active site of the

EMVMS UCSF Chimera CPA enzyme in EMVMS PyMol
Distances, A Distances, A
H,0--C=35 HO-C=13
Ociuzro---Hron= 1.8 Qaun—Hion™33
H,0---Zn=1.9 HO—7n=37
Angle Angle
H,0--C--N=126° HO-C-N=972

Based on the obtained Figures 1B and 2B, we can say
that the mechanism of action of the CPA enzyme is close to
the real mechanism, because in both cases the C-N bond is
broken and the reaction product ochratoxin-a is formed.

In accordance with the known mechanism of enzyme
action”, the catalytic mechanism of CPA in the case of a
specific substrate (S) - hippurylphenyllactic acid - is initiated
by the nucleophilic attack of the Glu270 carboxylate on the
carbonyl carbon of the bound substrate with the formation of
an anhydride intermediate. The intermediate anhydride is then
hydrolyzed by the zinc bound water molecule at the active
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site to give CPA-regenerated products. This reaction route is
commonly referred to as the anhydride mechanism (Figure 3).

The active site of the CbhA enzyme has 3 catalytically
important amino acid residues: Asp383, Asp386, and GIn795.
While GIn795 is believed to stabilize the transition state,
Asp383 is believed to deprotonate the water molecule™™™,
which carries out a nucleophilic attack on the nearest carbon
atom of the epoxide ring of the mycotoxin DON and T-2 toxin
molecules (see Figures S1-S4).

The enzyme CbhA has its pH optimum range at 6.0, at

J Mod Biol Drug Discov 2025; 4: 5
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Table 4. Nucleophilic attack angles and distances measured from the O atom of the water molecule to the C atom
in the structures of mycotoxins DON and T-2 toxin, as well as from the O atom of the amino acid residues Asp383,
Asp386 to the H atom of the water molecule in the active site of the CbhA enzyme in both EMVMSs

PyMol UCSF Chimera PyMol UCSF Chimera
Distances, A Angle Distances, A Angle Distances, A Angle Distances, A Angle
Mycotoxin DON Mycotoxin T-2 toxin
HO0—C=30 HO-C-0=1397 HO0—-C=349 HO-C-0<111° HO0—-C=34 HO-C-0=1086° HO0—-C=36 H,0-C-0=55°
- Ohgpa— Ongpon— Ongas—Hino=
Opgoe—Hino=3.0 Hipo=23 Hipo=30 23
- - O/\:pssa— OAsp%— OAsp386—HH20=
Opgos—Hipo=27 Hpo=19 Hipo=27 19
O OH O

B
% © OH O
HOL o, o HO. Ju
0 o " o "¢
G'Uz?UAO'qz?j\g:ii e CI

n
Hisqg6™ ., His
196 G|u72 B89

=, N HO 0

/Zn' HiSSQ

Hisigs" Gluy, cl

HO- N,

0

Figure 2. OTA binding in the active site of the CPA enzyme at the optimum pH 7.5 of the enzyme (A) and
the proposed mechanism of enzyme action (B). (ochratoxin-a picture obtained using PyMol EMVMS: Zn* ion,
catalytically important residues His196, His69, Glu72, and Glu270) The dotted lines show the putative interactions of
the catalytically important CPA residues and the Zn** ion with the peptide bond in the OTA structure.

which one of these aspartates is protonated whereas the
other aspartate is deprotonated. If the pH value is lowered to
more acidic conditions, both aspartates Asp383 and Asp386
become protonated. Thus, different pH values can alter the
protonation states of ionizable residues, which can lead to a
conformational change on either the protein or the protein-
ligand complex. Most of the protonation effect based on our
calculations occurs at the catalytic dyad. Since Asp383 and
Asp386 behave like a dicarboxylic acid due to the given
structural conditions and the small distance between them,
Asp386 is most likely protonated at pH 7.0, whereas no
change for the catalytic triad occurs at pH 6 during complex
formation. Novel crystal structures at higher pH values
reveal no major conformational changes; soaking at pH 7.5
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results in a modified orientation compared to the structure
in the acidic range. Although there is a tiny residual density
for the “acidic” conformation at pH 7.5 and vice versa,
these are negligible.

The enzymatic activity experiences a pK around 6 which
is ascribed to the ionization of Glu270. Anions are capable
of replacing the coordinated water in the latter cases and for
the case where Glu 270 is protonated.

The present calculations are significant, for any proposed
enzymatic mechanism, in the absence of a low-pH structure
of CPA enzyme due to instability of the protein crystals at
pH value lower than 7. By comparing the evolution of the

J Mod Biol Drug Discov 2025; 4: 5
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Figure 3. Hydrolysis of the Specific Substrate 4-nitrophenyl Cellobioside by the CbhA Enzyme to form 4-nitrophenol (1)

and Cellobiose (2).
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Figure 4. The Scheme of the Protonation of Catalytic Residue Glu270"°.

distances in the cases of deprotonated and protonated enzyme
(CPA and CPAHI), we can see an increase in distance between
Glu270 and the zinc-bound water molecule upon protonation
of the former group.

Also in CPAH2 a movement of Glu270 away from the
zinc-bound water is observed. The inactivity of the acidic form
of the enzyme is easily consistent since a protonated Glu is
disfavored in the formation of an anhydride. The protonation
of Glu270 breaks a catalytically important hydrogen bond
with the zinc-bound water and accounts for the enzyme
becoming inactive at low pH. However, it is also completely
consistent with the mechanism: the protonation of Glu270
breaks a catalytically important hydrogen bond with the zinc-
bound water and accounts for the enzyme becoming inactive
at low pH. The present picture is a sound model for further
investigations of the action of CPA enzyme. Figure 4 shows the
protonation scheme of the catalytic residue Glu270.

The investigation™ has therefore proposed a reliable
picture of the enzyme in the inactive acidic form. The
movement of Glu 270 in the protonated CPAH enzyme is
similar to that found when an amino acid binds the enzyme
with the carboxylate group interacting with Arg 145. The
Glu270-water interaction is broken, and a new interaction
occurs between Glu 270 and the amino group of D-Phe.

@’ Innovation Forever Publishing Group Limited
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Upon breaking of the carboxylate-water bond, the zinc-
bound water becomes easily displaced by anions.

Protonation of Glu270 also induces a minor solvation
of the active site, the water molecules present in the cavity
being fewer in the CPAH enzyme than in CPA. GluH270
still hydrogen-bonds with some water molecules during
the dynamics, but these water molecules are highly
mobile and move rapidly in and out during the trajectory.
GluH270, in the new position far from the zinc ion, is not
interacting significantly with other residues of the protein;
its movement should be ascribed essentially to electrostatic
factors. The extra positive charge present on the GluH270
residue strongly reduces the energy of interaction between
the negative deprotonated Glu270 and the positive active-
site zinc ion in the native CPA enzyme.

It is known that many programs, including AutoDock
Vina, keep cyclic structures rigid during molecular docking.
The AutoDock Vina 1.1.2 program is faster compared to
some programs”” and provides better and more accurate
explanations for the obtained results of enzyme docking and
the applied ligands than those provided by the AutoDock 3.0
program™. Based on the data of'*"*, it can be noted that
the AutoDock Vina and AutoDock 4 programs find ligand
posture models as a result of molecular docking within 2.0

J Mod Biol Drug Discov 2025; 4: 5
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Figure 5. Binding of a specific substrate (S) - hippurylphenyl lactic acid in the active site of the CPA enzyme at the
optimum pH 7.5 of the enzyme, obtained using UCSF Chimera (A) and PyMol (B) EMVMS and 4-nitrophenyl cellobioside
in the active site of the CbhA enzyme at the optimal pH 6 action of the enzyme, obtained using UCSF Chimera (C) and
PyMol (D). The dotted lines show the putative interactions of the catalytically important residues of the CPA and CbhA
enzymes with functional groups in the structures of specific substrates.

A RMSD for approximately 35% of the test set. AutoDock
Vina finds ligand positions within 4.5 A RMSD for almost
90% of the structures in the test set, but the percentage of
these results in AutoDock 4 is much lower at about 55%.
The resulting Figure 5 shows the binding of the specific
substrate (S) - hippurylphenyllactic acid in the active site
of the CPA enzyme at the enzyme's optimal pH of 7.5,
obtained using EMVMSs UCSF Chimera (A) and PyMol
(B) and 4-nitrophenyl cellobioside in the active site of the
CbhA enzyme at the enzyme's optimal pH 6.

Usually, in order to predict the presence or absence
of catalysis, it is important to refer to data obtained with
specific enzyme substrates. The results of angles of attack
and distances for these substrates are shown in Table 5.

In order to validate the molecular docking protocol and
RMSD calculations, a positive control was performed, namely,
molecular docking of two additionally selected as an example
ligands - cellotetraose (in the case of the CbhA enzyme) and
4-chlorocinnamoyl-L-beta-phenyllactate'®”’ (in the case of
the CPA enzyme) (see Table 6). Figure 6 shows the binding
of the 4-chlorocinnamoyl-L-beta-phenyllactate in the active
site of the CPA enzyme at the enzyme's optimal pH of 7.5,
obtained using EMVMSs UCSF Chimera (A) and PyMol (B)
and cellotetraose in the active site of the CbhA enzyme at the
enzyme's optimal pH 6 also using both EMVMSs.

4 DISCUSSION
For the specific substrates of both enzymes mentioned
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above, the presence of catalysis in the active site has already
been proven and demonstrated. It should be noted that
when comparing the results obtained with mycotoxins and
data for specific substrates of each of the enzymes, close
values of the angles of nucleophilic attack were obtained
(see Tables 2-7). Comparing the obtained affinity values
with each other and giving a rationale, we can say that
there is catalysis in the active centers of enzymes with
mycotoxin molecules. In fact, in the complex structure of
the CbhA enzyme, the water molecule is in a convenient
position for nucleophilic attack, since it is hydrogen bonded
to the oxygen atoms of the Asp383 and Asp386 residues
(see Sl file, Figures S1-S4), located within 4.0 A from the
target C atom in the epoxide cycle of DON and T-2 toxin
mycotoxin molecules. The function of the CbhA enzyme
is to hydrolyze (1-4)-B-D-glucosidic bonds in cellulose
and cellotetraose to release cellobiose. The Cbh9A enzyme
is also an important cellulase with an inverting catalysis
mechanism and high catalytic activity. Among the residues
around subsites -1 and +1, Asp383, Asp386 and Glu795
are conserved across all family 9 enzymes as reported
in study"™. The carbohydrate moiety of glycosides is
accompanied by an accompanying attack of the water
molecule, which is activated by the base residue!®’. As is
known, the lower the binding energy (kcal/mol), the higher
the probability of ligand binding in the active center of the
enzyme. To do this, it is necessary to compare the values
of the obtained affinities in different EMVMSs, as the
prevailing parameter, according to which it will be possible
to assume the presence of enzymatic hydrolysis of the
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Table 5. The Values of Nucleophilic Attack Angles and Distances Measured from the O Atom of the Corresponding
Molecules to the C Atom in the Structures of Specific Substrates (S) - Hippurylphenyl Lactic Acid and 4-nitrophenyl
Cellobioside, as well as from the O Atom of the Amino Acid Residues Glu270, Asp383, Asp386 to the H Atom of
the Water Molecule in Active Centers of CPA, CbhA Enzymes in both EMVMSs

PyMol UCSF Chimera

PyMol UCSF Chimera

Distances, A Angle Distances, A Angle

Distances, A Angle Distances, A Angle

Enzyme CPA (specific substrate S-hippurylphenyl-lactic acid )

Enzyme CbhA (specific substrate 4-nitrophenylcellobioside)

H,O-C=17 H,O-C-O= H,O-C=26 H,O-C-O= H,O-C=38 H,O-C-O= H,O0-C=44 H,0-C-0=67°
111° 10'0 46.6°
Zn—H,0=4.0 H,0-Zn=19 Ojpgpasz—ni=3.0 Oprgpossn=2.26
Ogrzn— Ogiono—Hipo= OAsp386—H= 27 OAspass—H= 19
Hpo=4.0 18

Table 6. Chemical Structures of Selected Ligands for Positive Control

Ligands

Cellatetraose (or (2R,3R4R,5R)-4-[(2S,3R 4R,55,6R)-5-[(2S,3R 4R,55,6R)-
3,4-dihydroxy-6-(hydroxymethyl)-5-[(25,3R 45,55,6R)-3,4,5-trihy droxy-
6-(hydroxymethyl)oxan-2-ylJoxyoxan-2-ylJoxy-3,4-dihydroxy-6-
(hydroxymethyl)oxan-2-ylJoxy-2,3,5,6-tetrahydroxyhexanal for CbhA

4-chlorocinnamoyl-L-beta-phenyllactate (for CPA enzyme)

enzyme)

0 o ”
D D - D D'\i‘ .\..."E'l D

C., L P 0 o o

/ 1
¢ o e © o L o e
I S
O

(C) (D)

Figure 6. Binding of a Ligand Cellotetraose in the Active Site of the CPA Enzyme at the Optimum pH 7.5, Obtained using
EMVMSs PyMol (A) and UCSF Chimera (B) and 4-chlorocinnamoyl-L-beta-phenyllactate in the Active Site of the CbhA
Enzyme at the Optimal pH 6, Obtained using PyMol (C) and UCSF Chimera (D).
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Table 7. The Values of Nucleophilic Attack Angles and Distances Measured from the O Atom of the Corresponding
Molecules to the C Atom in the Structures of Specific Substrates 4-chlorocinnamoyl-L-beta-phenyllactate and
Cellotetraose, as well as from the O Atom of the Amino Acid Residues Glu270, Asp383, Asp386 to the Zn Atom or to H

Atom of the Water Molecule in Active Centers of CPA, CbhA Enzymes in both EMVMSs

PyMol UCSF Chimera PyMol UCSF Chimera
Distances, A Angle Distances, A Angle Distances, A Angle Distances, A Angle
Enzyme CPA (ligand 4-chlorocinnamoyl-L-beta-phenyllactate) Enzyme CbhA (ligand cellatetraose)
C—7Zn=44 HO-C- HO-C=26 HO-C-0=101° H0—C=22 O ppas=Cl— HO—C=44 H,0--C--

H,0—C=33 0=352° Ocrr=64.1" 0=67°
Ocron—2Zn=4.1 H,0-Zn=19 Ongoss-1=45 O s~ C2— Ohgpass-1=2.26

Zn—H,0=37 Ocr=258
Ogon—Zn=4.1 Ograon— OASpBSé—H=5'3 OAspSSb—H=1'9

Hipo=18

mycotoxin in one case or another.

Tables S1-S5 models can be identified that exactly
correspond to those conformations of mycotoxins and
specific substrates that are closest to the catalytic triad of the
corresponding one. At the same time, it should be noted that
the binding energy values of specific enzyme substrates are
somewhat comparatively lower for the majority of ligand
poses compared to the values obtained for mycotoxins.

Tables S6-S7 show the results of molecular docking of
two selected ligands in the active centers of two enzymes.
The results of the RMSD calculations confirm the docking
protocol in addition to the results of the molecular docking
of two specific enzyme substrates. Affinity describes the
strength of molecular interactions. High affinity indicates
strong binding between molecules, while low affinity
suggests weaker binding.

When comparing the specific substrate of the enzyme
CPA and the mycotoxin OTA, it is noticeable that for a large
number of ligand poses, the obtained affinity values for ((S)-
hippurylphenyl-lactic acid or (S)-2-(2-benzamidoacetyl)
hydroxy-3-phenylpropanoic acid) are higher compared
to the same values for the mycotoxin OTA - this is due to
the poorer fit in the CPA active center for the mycotoxin
compared to the specific substrate (see SI file - Tables S1
and S3).

In the case of the second enzyme CbhA and the
mycotoxins DON and T-2 toxin, it can be said that the
obtained negative values of the affinities of the specific
substrate 4-nitrophenyl cellobioside for this compound are
noticeably lower compared to the affinity values obtained
for the mycotoxin DON and T-2 toxin, i.e. the specific
substrate has a stronger interaction - higher affinity values
with the active center of the enzyme than the mycotoxin
DON due to the lack of catalytic complementarity of the
mycotoxins compared to 4-nitrophenyl cellobioside (see SI
file - Tables S2-S5).

But in comparison with the mycotoxin DON, the T-2
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toxin was isolated with the obtained high affinities, i.e., low
negative values compared to the same values for DON,
which confirms the suggested strong interaction of the
T-2 toxin in the active center of the enzyme compared to
mycotoxins DON and OTA.

Reliable results are obtained when the stable mycotoxin
and enzyme interact to produce higher affinities. In
general, all affinities are different when molecular docking
of mycotoxins is performed at the active sites of known
enzymes (Table S8). It is known that the symmetry of the
molecule must be taken into account in order to obtain
an accurate RMSD value from molecular docking. For
example, if the two benzene molecules completely overlaps
each other, the RMSD value will be zero. If one molecule
is then rotated along one of the symmetry axes until the
two structures completely overlap again, their RMSD
value should be zero due to the chemical identity of the
structures!*”’.

Since the overlapping atoms are differently labeled
between the two molecules in this example, naive docking
RMSD would have a nonzero value. Therefore, molecular
symmetry needs to be taken into account in order to derive
an accurate docking RMSD value. In many protein-ligand
docking programs, a flexible small molecule structure
is docked in a rigid protein receptor structure in order to
find the optimal binding conformation and affinity of the
small molecule within the protein binding pocket. Since
the ability of these programs to accurately assess binding
affinity is dependent on their ability to find the optimal
conformation of the ligand in the protein binding pocket,
docking programs are often benchmarked by their ability
to reproduce the native binding pose of a ligand from a
protein—ligand complex crystal structure. Computer-aided
drug design, in particular protein—ligand docking, has
brought about the discovery of many biologically active
drugs™.

A relative analysis of RMSD values highlights the

flexibilities and dynamic behavior variations of enzymes
during the simulation, recognizing the stability of the

J Mod Biol Drug Discov 2025; 4: 5



complexes. This outcome supported the docking data, as the
complexes displayed suitable docking scores and binding
free energies.

It was pointed out in*”' that the presence of symmetrical
functional groups (or symmetrical molecules) can lead to
an increase in RMSD values. There is also information
that small ligands give lower RMSD values than larger
molecules. It is generally considered that assumptions of
RMSD values within 2 A are considered successful*®.
However, there is information that if the molecule contains
symmetrical functional groups or is itself symmetrical,
overestimated RMSD values may occur™. As indicated
in®, a number of features were considered for classifying
proteins as rotationally symmetric or asymmetric, including
RMSD, alignment length, and sequence identity. This
ensures that rotationally symmetric structures always have
higher RMSD values than asymmetric ones. As a rule,
the accuracy of ligand docking in the active site of the
enzyme is based on the RMSD values of all heavy atoms
of the ligand in the docked position from those present in
the crystal structure”". It was noted in"*” that the “positive
positions” of ligand binding to the RMSD enzyme are
less than 2 A, and the “negative positions” of binding
have an RMSD of more than 4 A. These are the "positive
or negative positions" of a ligand binding, depending on
their presence at the active or presumably inactive site
of the enzyme. The correct positions are designated as
"positive", and those that go beyond the established limits -
as "negative"".

In this regard, given the allowable RMSD range
established above, for the mycotoxins used in this work,
it would be more correct to take into account, in general,
RMSD values that are in the range of 0-4 A. The range of
0-4 A in the case of the upper limit of RMSD (Table S4)
corresponds to the first chosen model of DON binding in
the case of using EMVMS UCSF Chimera, as well as the
second and third models when binding T-2 toxin in the
active site of the CbhA enzyme in the case of using both
EMVMS:s, than the fourth, ninth and second models for the
OTA molecule, for which the values of the upper limit of
RMSD are outside the above range. In the case of specific
substrates, the upper limit of the RMSD for the molecule
(S) - hippurylphenyl lactic acid, obtained using the PyMol
molecular imaging system - does not meet this criterion. All
standard deviation values that are obtained within 4 A can
be considered realistic, and exceeding this value is unlikely
due to the impossibility, as expected, of the enzymatic
hydrolysis of mycotoxins in the active sites of enzymes. As
conformational flexibility is one of the most crucial factors
affecting docking success, more work should be put into
evaluating the conformational flexibility upon binding for
a particular case in addition to developing new algorithms
to replace the rigid body docking and scoring approach.
Additionally, some of the molecular docking programs have
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been effective in predicting RMSDs ranging from 1.5 to 2
A, depending on the experimental poses. However, flexible
receptor docking, specifically receptor backbone flexibility,
remains a challenge for contemporary docking programs.

The RMSD values for mycotoxins given in the final
resulting Table S8 in accordance with affinities were chosen
exclusively for the most advantageously located model or
pose of mycotoxin, ligands and specific enzyme substrates
in the active centers of enzymes. That is, these poses and
models of mycotoxins were also chosen from the point of
view of the distances and angles measured between certain
atoms of the functional groups of mycotoxins and the atom
of the closest catalytic residue of the enzyme.

5 CONCLUSION

Molecular docking plays a major role in academic
and industrial drug screening and discovery processes. In
recent years, significant improvement in high-performance
computing, optimized software and environmental
platforms, and enriched publicly accessible compound
libraries have aided the computational screening methods
to become more accurate, effective, and useful. It is a
powerful tool for predicting the binding of ligands such as
mycotoxins and specific enzyme substrates in the active
binding site of an enzyme. Enzymatic degradation of
mycotoxins, shown in AutoDock Vina with EMVMSs
UCSF Chimera, PyMol, is one of the best approaches to
study enzyme-mycotoxin interactions and to examine key
protein-ligand interactions, including hydrogen bonds,
hydrophobic interactions, and electrostatic contacts between
ligands and amino acid residues in the target proteins. Due
to the vast use of docking programs in the pharmaceutical
industry, commercial packages that deal with docking
are quite prevalent and are often used also by academic
researchers.

In this scientific research, the AutoDock Vina program
and UCSF Chimera and PyMol EMVMSs were used to
suggest the possible enzymatic hydrolysis of mycotoxins
OTA in the active site of the CPA enzyme, as well as T-2
toxin and DON in the active site of the CbhA enzyme at
the optimal value The pH of the action of enzymes. Results
with high affinities and RMSD values in the range of 0-4
A can be considered reliable. Based on the results obtained
as a result of molecular docking using EMVMSs UCSF
Chimera and PyMol, it should be noted that T-2 toxin
binds best in the active center of the CbhA enzyme - an
affinity value of -7.8 kcal/mol. For the OTA mycotoxin,
which binds better in the active site of the CPA enzyme, the
affinity value is -7.1kcal/mol, and for the DON mycotoxin
in the active site of the CbhA enzyme, the affinity value
is -6.5kcal/mol at optimal pH values for the action of
enzymes. Possible mechanisms of enzymatic hydrolysis
based on docking poses of these mycotoxins were
described.

J Mod Biol Drug Discov 2025; 4: 5
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