Baku State University: Journal of Physics & Space Sciences, 2025, v 2 (1), p. 19-41

journal homepage: http://bsuj.bsu.edu.az/en

Structural characteristics of the heme-containing domain
complex of soluble guanylate cyclase with carnosine
based on molecular modeling methods

Svetlana D. Demukhamedova?, Irada N. Aliyeva™

IScientific Research Institute for Physics Problems, Baku State University, Baku, Azerbaijan,
2Department of Optics and Molecular Physics, Baku State University, Baku, Azerbaijan,
Received 10-Jan-2025; Accepted 12-Feb-2025
DOI: https://doi.org/10.30546/209501.101.2025.2.300.07

Abstract

The structure of the tautomeric form N*H of carnosine (B —alanine—L — histidine) complex
with the active site of soluble guanylate cyclase was investigated based on molecular me-
chanics, quantum chemistry, and molecular docking methods. It was shown that carnosine
binding occurs in a region close to the heme pocket of guanylate cyclase and is characterized
by a binding affinity of about —4.5 kcal/mol. The obtained results may be useful for predict-
ing and using carnosine and its analogues as inhibitors of soluble guanylate cyclase for the
development of new therapeutic drugs.
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1. Introduction

Modern achievements in the field of molecular modeling of biological systems
are based on theoretical research that use various approximations of non-empirical
and semi-empirical quantum chemistry methods, allowing for description and an
adequate interpretation of the relationship between the geometrical, electron and
chemical structure of molecular complexes. To date, there are a large number of

*Corresponding author. Tel.: (+994) 55 703 65 45
e-mail: aliyeva.irada.bsu23@gmail.com; ORCID ID: 0000-0002-5400-6198.

202521-19



Svetlana D. Demukhamedova, Irada N. Aliyeva / Journal of Physics & Space Sciences, 2025, v2(1)

computational programs based on such methods and widely used for the calcula-
tion of geometrical, thermodynamical, and spectroscopical parameters of mole-
cules and the investigation of their chemical reactivity. Well- known theoretical
methods of molecular mechanics, molecular dynamics, and molecular docking de-
scribe not only the static and dynamic properties of molecules but also give an op-
portunity for the optimization of the ligand's position within the active center of
protein molecules. Based on the results of quantitative calculations of protein-lig-
and interaction energies, it is possible to study the structure of the stable complex,
investigate conformational transitions, and analyze parameters that characterize
the peculiarities of complex formation processes. In most cases, integrated ap-
proaches based on a combination of experimental data and theoretical calculations
are the most informative in solving structural-functional relationships of proteins
and their complexes. Such approaches allow for quantitative calculations and pro-
vide the opportunity not only to visually observe the processes of dynamic trans-
formations but also to predict the optimal pathways for implementing the complex
formation processes of complex biological systems. Molecular modeling methods
are a highly effective tool for scientific research among a wide range of tasks and
open new possibilities for the targeted synthesis of pharmaceuticals with a pre-
predictable spectrum of their functional activity. The most common and convenient
modern software packages for researchers in molecular modeling are Gaussian, Hy-
perChem, GaussView, PyMol, AutoDockTools, and others [1-3]. Based on such com-
putational programs the spatial and electronic structure of a big number of natural
compounds—peptides, proteins, polymers, and their complexes with transition
metals, as well as newly synthesized chemical compounds with a wide range of
functional and optical activities, ligand-receptor interactions have been studied.

In this work the electronic and spatial structure of the heme-containing region
of the catalytic domain of soluble guanylate cyclase with the carnosine molecule,
which acts as a ligand in protein inhibition processes has been studied. Investiga-
tions were carried out by the semi-empirical quantum chemistry method PM3 and
non-empirical calculations based on the density functional theory (DFT) with the
hybrid B3LYP potential using the 6-31+G(d,p) basis set. Molecular docking including
step-by-step modeling of the binding process between carnosine and active site of
the titled protein are described in detail. It is known that soluble guanylate cyclase
is present in most types of mammalian cells and demonstrates a wide range of im-
portant physiological functions, such as inhibition of platelet aggregation, relaxa-
tion of smooth muscles, vasodilation, regulation of the gastrointestinal system,
neuronal signal transduction, and immunomodulation. Deviations in guanylate
cyclase activity lead to numerous pathological disorders [4-10]. Experiments
showed that guanylate cyclase can be activated by nitric oxide, which binds to the
heme-containing site of the protein and participated in the regulation of the cardi-
ovascular, nervous, and gastrointestinal systems of the body [11-13].
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Soluble guanylate cyclase (sGC) is a heterodimer consisting of a and  subunits
[14-20]. The subunits exist in various isoforms, al, a2, 1, abd B2, but the most
common subunits are al and 1 [21]. Both subunits are necessary for protein acti-
vation (Fig. 1).
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Fig. 1. Structure of soluble guanylate cyclase [14-20].

Each sGC subunit consists of 4 domains: the N-terminal sensor domain H-NOX, a
PAS-like domain, a coiled-coil domain, and the C-terminal catalytic domain (Fig. 2)
[14, 15].
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Fig. 2. Structural domains of soluble guanylate cyclase corresponding to conformational
changes induced by nitric oxide binding [22-25].
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It is known that determining the three-dimensional structure of membrane pro-
teins is a very difficult problem related to the isolation of the protein in pure form
from the lipid environment. Since the ligand-binding domain of guanylate cyclase is
located on the surface of cell membranes, it was possible to determine the struc-
ture of this part of the protein responsible for ligand binding. The protein molecule
penetrates the membrane in such a way that it consists of three spatially separated
parts:

e external ligand-binding site located on the outer side of the membrane;
e transmembrane segment, penetrating the lipid bilayer;
e cytoplasmic part.

In the cytoplasmic domain, a sequence homologous to the sequence of soluble
GC and protein kinase was found; the C-terminal sequence of guanylate cyclase is
very hydrophobic but rich in serine residues, which can be considered as potential
phosphorylation acceptors. The amino acid sequence of the extracellular domain
of sGC, which includes a hydrophilic N-terminal fragment, was synthesized using
genetic engineering methods, crystallized in a free state, and studied with resolu-
tion in 3.8 A [16]. The guanylate cyclase also includes a heme-containing domain,
participating in binding nitric oxide.

Studies on guanylate cyclase activity have shown that the binding of the heme-
containing enzyme soluble guanylate cyclase (sGC) with a nitric oxide (NO) mole-
cule leads to a 200-fold increase in guanylate cyclase activity and raises the level of
cyclic guanosine monophosphate (cGMP), which is one of the important mediators
of intracellular signal transduction (Fig. 2) [24-36]. However, it is also known that
NO and its derivatives are involved in pathogenic processes in various types of dis-
eases, including neurodegenerative disorders. In the case of excessive NO for-
mation, diseases such as Parkinson's disease, asthma, migraine, cancer, sepsis, and
septic shock are observed [37-45]. There is a need to develop drugs that are inhib-
itors of NO-dependent guanylate cyclase activation at its elevated concentration in
the body.

One such inhibitor is the carnosine molecule, a small natural molecule containing
two amino acid residues, f —alanine and L —histidine [46-62]. It has been sug-
gested that carnosine exerts an inhibitory effect on the guanylate cyclase activation
due to the interaction of carnosine with Fe?", which is part of the heme component
of sGC. It inhibits the activation of the enzyme by NO donors but does not affect
the stimulation of guanylate cyclase by compounds that do not generate NO. Car-
nosine and its derivatives, partially homocarnosine (gamma-aminobutyryl—L —his-
tidine) and anserine (N —methyl carnosine), prevent and reduce such pathologies
as amyotrophic lateral sclerosis and the most common neurodegenerative dis-
eases—Alzheimer's and Parkinson's diseases.

In this regard, new prospects are opening up for the development of new drugs
with a predictable effect based on carnosine and its analogues associated with the
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enhancement of the intracellular NO—sGC signaling system. The study of the struc-
tural peculiarities of carnosine, as well as the spatial and electronic characteristics
of the complex upon its selective binding to the active site of NO-dependent guanyl-
ate cyclase, is the main objective of this research.

NO
1.4 x 108 M-'s"!
—

—

27 s

His105

NO

4;

[
%

4

‘ 3}1(7

:
Zal's
~\|s1 -CAT

w
e GTP cGMP

Fig. 2. (A) The heme component of soluble guanylate cyclase involved in nitric oxide binding;
(B) Structural rearrangement of sGC domains [23].

In a number of our works, the structures and electronic characteristics of free
carnosine and its derivatives-homocarnosine and anserine-were thoroughly inves-
tigated in gas and aqueous medium [63-66]. Theoretical methods of molecular me-
chanics using the MM+ force field and the semi-empirical quantum chemistry
method PM3 were employed to establish the low-energy conformational states of
these compounds, calculate the values of partial charges, study the distribution of
electronic density, and conduct a comparative analysis of the obtained results. It
was found that the folded conformational states of the dipeptides are more stable
compared to other structures, and the distribution of charge electronic density con-
firms the conclusions that the molecule and its derivatives possess a pronounced
ability to perform proton buffer functions.

Thus, using the results of our previous works, this study is dedicated to modeling
the complexation processes of the heme-containing fragment of the soluble
guanylate cyclase catalytic domain with the tautomeric form of N!H carnosine.
Based on molecular docking and the analysis of the results of the carried out calcu-
lations, the structural and energetic characteristics of the optimized complex struc-
tures are described.
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2. Research methods

As noted above, this work is based on results of previously carried out investiga-
tions [63-66], in which the descriptors of the reactivity of the free carnosine mole-
cule were studied, charges on atoms were calculated, dipole moment values,
HOMO and LUMO energies were determined, atomic orbital occupancy was ana-
lyzed, molecular electrostatic potential distribution maps were constructed, and
the donor-acceptor properties of individual atoms and functional groups of carno-
sine were analyzed. Both molecular mechanics methods and semi-empirical and
non-empirical quantum-chemical calculations were used in this work. In the MM+
molecular mechanics method, semi-empirical field potentials were used with the
Polak-Ribiere algorithm at an accuracy of 0.001 kcal/mol. The data obtained using
the MM+ method were chosen as the basis for calculations with the semi-empirical
quantum chemistry method PM3, specifically parameterized for transition metal
atoms. Within the framework of this method, the geometric structure was refined
by its optimization using the conjugate gradient method with a step size 0.1 kkal
/A -mol and a varying number of iterations until convergence was achieved. The
equilibrium geometric configuration of the carnosine molecule was established
based on the search for the global minimum of the total energy as a function of the
geometric configuration of the atomic nuclei and the establishment of stationary
points on multidimensional potential surfaces according to the data from our pre-
vious studies. The total energy of the molecular system is represented as the addi-
tive sum of different types of interactions, such as non-valent, electrostatic, tor-
sional, bond length and valence angle deformation energies, and hydrogen bond
formation energy. Based on the calculation results, a detailed analysis of the occu-
pancy of atomic orbitals was conducted, and the charge transfer in complexation
processes was schematically shown. For the calculation of charge distribution, the
Mulliken model was used. The influence of conformational mobility on the geomet-
ric parameters and the distribution of electronic density on the atoms of various
functional groups in the complex was studied. Calculations were performed using
the Gaussian 09 programs pack [1]. To visualize the obtained results, the program
GaussView 6.0.16 [2] was used. For the calculations of molecules, the density func-
tional theory method with the hybrid potential B3LYP and the 6-31+G(d,p) basis set
was used.

Among the split-valence basis sets, the extended basis 6-31+G(d,p) is widely
used. In this basis set the core orbitals are composed of six Gaussian functions, and
the valence electron orbitals are divided into two components. The first of these
basis functions is composed of three Gaussian functions, while the second consists
of a single uncontracted Gaussian primitive. In the split-valence basis set 6-
31+G(d,p), the contraction of valence orbitals is taken into account. The average
errors in the bond lengths and valence angles were found to be approximately 1%,
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while the average error for electronic density was found to be 10%. The average
error for the energy of conformational transitions (rotation and inversion barriers)
was found to be < 2 kcal/mol.

In this study, molecular docking was used to investigate the binding processes of
carnosine with the heme site of the soluble guanylate cyclase. Molecular docking is
a method of molecular computer simulating the molecular recognition process. The
docking procedure is used at the early stages of drug development and prediction,
and it is one of the most crucial stages of this process. It aims to achieve an opti-
mized relative positions for both the protein and ligand such that the free energy
of the complex system is minimized. Different types of non-covalent interactions,
such as van der Waals, coulombic, torsion, hydrogen bondings and others cause the
protein and small ligand molecule to bind together to form a stable complex.

AutoDockTools version 1.5.6 [67] was used to predict the interaction between
ligand and active site of soluble guanylate cyclase protein. The molecular docking
software also allows to analyze the docking experiment. It includes tools for pre-
paring input files, visualizing the calculation results and analyzing the predicted
binding modes. The protein structure is prepared by removing crystallographic wa-
ter molecules, adding hydrogen atoms that are missing in the X-ray structure, and
assigning partial charges to the protein atoms. The preparation of the ligand in-
cludes adding Gasteiger charges to the ligand atoms and determining its torsional
rotation angles. After such a preparation procedure, the protein and ligand files are
saved in .pdbgt format. Next, to determine the space in which the ligand-protein
interaction modeling will take place, a hypothetical box-cube with a side length of
10-30 A, including the active site of the protein, is selected. Using AutoGrid, a set
of potential grids is created for the protein, describing the interaction potential for
each atom within the hypothetical "box" with a probe atom of a specific chemical
element. Inside the box, the ligand moves and rotates. Autodock iterates through
all possible positions and conformations of the ligand within the "box" to find posi-
tions with the best binding energy. Then a configuration file is saved, and the pro-
gram proceeds directly to docking. The modeling of the ligand docking process with
the rigid structure of the protein was conducted using the AutoDoc Vina program
[68]. The semi-empirical formula of the free energy of the force field, with which
AutoDock evaluates the interaction energy of atoms, contains both terms corre-
sponding to molecular-mechanical interactions and empirical terms assessing the
interaction with water. The free energy of interaction is assumed to be equal to the
difference between the sum of the energies of the ligand and the protein in the
separated unbound state and the energy of the ligand-protein complex. The free
energy formula includes 6 terms corresponding to all possible pairwise interactions
and the estimation of conformational entropy loss upon binding:

AG = ( bound unbound) + ( bound unbound) +
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( bound nbléund + ASconf)'

where L — ligand and P — protein.The first bracket corresponds to the difference
in intramolecular energy of the ligand in the bound and unbound conformations
with the protein, the second is the change in intramolecular energy of the protein,
and the third is the change in intermolecular energy. The paired terms V contain
estimates of Van der Waals interaction forces (6/12 potential, parameters A and B
from the AMBER force field), hydrogen bonds (10/12 potential), electrostatics, and
solvation energy:
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The weighting coefficients are selected to minimize the difference between the
binding energy estimate and the experimental data. For the visualization and anal-
ysis of ligand-enzyme interactions in 3D, we used the molecular graphics system
PyMol, version 1.7.x [3].

3. Results and discussion

A truncated model of guanylate cyclase was chosen in this study. The structural
pdb files of the signaling protein molecule of soluble guanylate cyclase used in this
work were obtained from the Protein Data Bank at http://www.rcsb.org (pdb code
1xbn). Fig. 3 shows the initial model of the structure of soluble guanylate cyclase
pdb.1xbn in complex with heme, located in the protein's binding pocket.

Quantum-chemical analysis. Reactivity descriptors

To study the structural changes and electronic characteristics of the active site
of the protein responsible for ligand binding, a region located around the heme at
a distance of 4 A is selected. This procedure allows us to see all the side chains in
this region of the protein corresponding to the amino acid residues in the primary
structure of the protein. In Fig.4, the names of the amino acid residues whose side
chains participate in non-covalent interactions with its heme component are indi-
cated. From the presented figure, it can be seen that the Fe?* atom of the heme is
in close proximity to the imidazole ring of His 102.

As seen in Fig.4, in the structure of the protein pdb.1xbn with a resolution of 2.5
A from the Protein Data Bank (https://www.rcsb.org/) according to the work [69],
the heme pocket is wedged between two domains. On one side of the heme, its
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Fig. 3. Structure of the guanylate cyclase pro-
tein (pdb.1xbn) with the heme located in the
enzyme's "pocket." (a), (b), and (c) corre-
spond to different images of the same spatial
structure.

Fig. 4. Active site region of guanylate cyclase protein indicating amino acid residues (a) and
(b) with the imidazole ring His 102 located near the heme according to [69].

iron atom is coordinated with the imidazole ring of the amino acid residue His102.
On the other side of the heme, due to the interaction of the heme iron atom with
the oxygen atoms of another ligand in the 1xbn-0; structure, two more coordina-
tion bonds are formed between the heme iron and the oxygens. The length of the
Fe-N bond with His 102 is 2.0 A, while the lengths of the bonds with Fe — 0, and
Fe — 0, are 2.8 A and 1.8 A, respectively. The propionic acid residues of the heme
are linked by hydrogen bonds to the side chains of Tyr131, Ser133, and Argl35.
Between the tetrapyrrole and the residues that form the binding pocket, there are
numerous non-bonded contacts. The distal pocket of the heme is nonpolar, except
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for Tyr140, and there are no polar atoms in the heme itself. The side chain of the
amino acid Tyr139 in the distal pocket modulates the strength of the proximal Fe-
His bond. The N'H tautomer of free carnosine was chosen as a ligand molecule for
the docking procedure. Fig.5 shows the stable conformational state of the carno-
sine dipeptide molecule in the tautomeric form of its imidazole ring (N*H) corre-
sponding to the minimum value of the total conformational energy. The methodol-
ogy for calculating and analyzing the conformational mobility of the natural dipep-
tide was described in detail in the works [63-66].
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Fig. 5. (a) Model of the carnosine molecule in the tautomers form N'H and (b) low-energy
conformational state according to [28].

Table 1 presents the main energy and electron characteristics of the carnosine
molecule obtained from the conducted studies [63-66]. In the most stable confor-
mation of carnosine, the interatomic distances between the nitrogen atom of the
a-amino group and the oxygen atoms of its deprotonated carboxyl group NH
(His)...-00C is 2.9 A. The formation of a hydrogen bond is characteristic of the hy-
drogen atom of the amide group of the main chain His and the oxygen atoms of the
COO group (bond length is 1.95 A, hydrogen bond energy is -1.30 kcal/mol).

The analysis of frontier molecular orbitals, due to their highest availability for
electrophiles and nucleophiles, allows for the study of the chemical reactivity of
carnosine. By the sign of the energy of the lowest unoccupied molecular orbital
(LUMO) of the molecule, it is possible to determine whether it belongs to electro-
philic or nucleophilic reagents. If the LUMO energy is positive, the molecule is clas-
sified as a nucleophile; if it is negative, as an electrophile. According to our calcula-
tions, the molecule of carnosine is conditionally classified as an electrophile. The
energy gap between the orbitals of the ground (HOMO) and excited (LUMO) states
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provides useful information about the stability of the structure. The smaller the en-
ergy gap, the higher the chemical and biological activity of the studied compound
(Table 1). Mathematically, global descriptors can be obtained from the energy val-
ues of frontier orbitals, providing comprehensive chemical information about mo-
lecular structure, correlating with specific properties of molecules, and proving use-
ful in solving various pharmacological, chemical, and toxicological problems. Ac-
cording to the Koopmans' theorem, the first ionization energy is equal to the nega-
tive value of the HOMO: I = —Eyop0- And the electron affinity is defined as the
negative value of the LUMO: A = —E| - Based on these values, important indi-
ces for predicting the reactivity of a molecule, such as electronegativity y =
(I +A)/2, chemical potential p=—(+ A)/2, chemical hardness n =
(I —A)/2, and softness S = 1/2n, can be calculated. The electrophilicity index
w = u?/2n indicates the ability of a molecule to accept electrons from a reagent,
while the opposite value is the nucleophilicity index v = 1/w. An important global
descriptor is the maximum charge transfer AN = — u/n that an electrophilic sys-
tem can accept [70-81]. The calculated descriptors of the reactivity of carnosine are
presented in Table 1.

Table 1. The reactivity descriptors and electronic parameters of the optimized structure of
the carnosine molecule

Physical quantities Parameter values (eV)
Electronic energy -110817.41
Enomo -6.649377
Eumo -0.437287
Energy gap AE 6.212090
lonization potential I = —Eyopmo 6.649378
Electron affinity A = —E yum0 0.437287
Electronegativity x=(1+A)/2 3.543332
Chemical potential p=-(1+A)/2 -3.543332
Global hardness n=(I-A)/2 3.106045
Softness S=1/2n 0.321953
Electrophilicity index w=p?/2n 2.021092
Nucleophilicity (v) 0.494782
Maximum charge transfer (AN) 1.140786
Polarizability (a) 3924.134026
Dipole moment (debye) 6.4

The Mulliken charges on the atoms of the carnosine molecule obtained as a re-
sult of optimization using the PM3 method were presented in Table 2. It is well
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known that Mulliken charges do not reflect the actual distribution of electric charge
between atoms and are quite sensitive to the choice of basis set. However, they are
convenient for a qualitative assessment of charge distribution and for identifying
electrophilic and nucleophilic centers of possible attacks.

Table 2. Partial charges on the atoms of the carnosine molecule (in units of electron charge)

Carnosine Aliphatic chain Carboxyl group Imidazole ring
Atom |[C1|C2|C3|N4|06/|N5 C8 | 09 | 010 [C11|C12|C13|N15|N14|C16

(@]
~N

Charge

0.352
-0.061
0.122
-0.202
-0.328
-0.219
0.075
0.383
-0.257
-0.327
0.001
0.037
0.028
-0.199
-0.078
0.139

With the help of molecular modeling programes, it is possible to obtain a conven-
ient three-dimensional visualization of the electronic properties of the studied
compounds. Fig.6 shows the HOMO, LUMO energies and their difference for the
carnosine molecule. The areas of electronic transitions between the molecular
orbitals are easily visible. The red color in the figure indicates the presence of elec-
trons (area with negative charge), while the green color indicates the area of ab-
sence of electrons (positively charged area). From this figure, it can be seen that
the HOMO of carnosine is located on the bonds of the imidazole ring of the histidine
fragment of the carnosine molecule, on the amino group of the B-alanine fragment,
and on the C1;-C1> bond, with a small amount on the Cy-C11 and Ce-Hjo bonds and
the nitrogen atom Nq. When transitioning to LUMO, the amino group is completely
released, and the electron density is concentrated over the hydrogen atoms His,
His of the imidazole ring and the Hx3 hydrogen of the peptide bond. A small amount
of electron density is localized on the atoms Oss, N, N13, and on the bond N;-Cs of
the imidazole ring, while the atoms N;, C;, and C, of the imidazole ring are united
by electron density within the ring. The molecular electrostatic potential (MEP) is
considered to be the most informative descriptor. MEP surfaces visualize the three-
dimensional charge distribution within a whole molecule. Analysis of the MEP al-
lows predicting the chemical reactivity of the molecule and to determine the sites
of ligand binding during complex formation. The MEP is a graph of the dependence
of the electrostatic potential plotted on a surface with constant electron density.
Fig.6 shows the MEP map of the carnosine molecule. Red and yellow colors indicate
areas with low potential, characterized by an abundance of electrons, susceptible
to electrophilic attack. Blue color indicates an area with high potential, relatively
lacking electrons, this is the area of nucleophilic attack. As we can see, the most
active reactive centers of carnosine are the oxygen atoms of the carboxyl and pep-
tide groups; the nitrogen atoms N; of the imidazole ring and N3 of the amine group
can also be subject to electrophilic attack (yellow color). The bright blue color is
located above the hydrogen atom His of the imidazole ring.
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Molecular docking

At the next step, which involves the molecular docking procedure, in order to fit
the ligand molecule carnosine with the protein 1xbn, the ligand O; and all water
molecules that could interfere with the step-by-step fitting are preliminarily re-
moved from the structure of the protein 1xbn. Next, the protein is protonated, i.e.,
the protein structure is supplemented with hydrogen atoms that are absent in the
experimental structure. It should also be noted that the docking program does not
recognize metal atoms, to which it always assigns a charge of zero. Therefore, to
account for the iron atom in the calculation process, a fictitious atom with a charge
of +2 was manually introduced into the structure of the complex. Next, the eight
torsional rotation angles for the dipeptide are automatically selected.

The resulting structures of the protein and ligand with their assigned charges are
saved as the initial working pdbqt files. Then, the dimensions of the hypothetical
box are selected, with the center being the active site of the protein. In our case,
the coordinates of the center of the box were chosen to be the coordinates of a
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dummy Fe atom. Such a hypothetical computational box was represented as a cube
with an edge of 18 A. The box grid was adjusted to allow for a stepwise docking
procedure with a step size of 1.0 A. The optimization of the ligand's position within
the protein's active site is carried out based on the results of the binding energy
assessment of the ligand with the macromolecule. The energy calculation is per-
formed based on a pre-prepared potential grid. From a mathematical perspective,
docking represents the search for the global minimum of the free energy function
defined in the multidimensional space of all possible ligand-protein binding
modes.According to the study results, the lowest-energy conformational states of
the ligand in the active site of the protein correspond to the 9 poses described in
Table 3. The results of the docking program include binding energy values AG ob-
tained using the gradient descent method. The essence of the method is based on
finding the match between the surfaces of the ligand and the protein to achieve the
maximum surface area upon their contact.

As follows from the calculation results, the binding energy varies in the range
from -4.6 to -1.9 kcal/mol for different positions of carnosine in the active site of
the protein. Table 3 also contains the root mean square deviation (R,,54) values
between the initial position of the ligand in the active site of the protein and the
conformation with the local energy minimum after energy minimization, obtained
during the search according to the formula:

where a; —the distance between the i —th atoms in various positions.

Table 3. Binding energies of carnosine in various positions at the active site of soluble
guanylate cyclase 1xbn, predicted by Autodock Vina

Pose Binding energy, AG Distance from the best mode (A)

(kcal/mol) rmsd l.b. rmsd u.b.
1 -4.5 0.000 0.000
2 -4.2 2.527 5.275
3 -4.0 16.784 19.168
4 -3.8 2.333 3.581
5 -3.8 17.172 18.867
6 -3.3 16.890 19.041
7 -3.2 16.963 18.506
8 -2.9 13.461 16.426
9 -1.9 17.089 19.233
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To visualize the results obtained from the stepwise docking procedure, the Au-
toDockTools program was used. The program includes a number of methods for
analyzing docking simulation results, including tools for clustering results based on
conformational similarity, visualizing 9 conformations, and visualizing interactions
between the ligand and the protein. The docking process involves prediction of the
ligand conformation, description of orientation within this site (referred to as pose),
and assessment of the binding affinity. Fig.7 shows the positions of the ligand in the
docking box for all nine obtained low-energy docking poses (for clarity, all struc-
tures in Fig.7 are shown against the background of the heme as a surface).

Fig. 7. (a) The heme component of the protein and (b) the structure of carnosine in the
active site (various images from the AutoDocTool program).

In Fig.8, the most favorable poses of carnosine are presented, visualized using
the graphical program PyMol (heme-carnosine in pose 1).

Fig. 8. Guanylate cyclase 1xbn+heme and carnosine in pose 1 (according to PyMol data). On
the right, the same image in an enlarged format.
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As seen in Fig.8, the heme component of protein and carnosine are located in
the binding pocket of the GC and are surrounded on all sides by the main chain of
guanylate cyclase 1xbn. The side chains of all amino acid residues located in the
active site of the protein within approximately 4A from the Fe atom are clearly vis-
ible. The side chains of the amino acid residues of the protein are shown as solid
lines. As seen from Fig.8, the molecule of carnosine, after entering the binding
pocket of guanylate cyclase, interacts with the propionyl residues on one side of
the heme, preventing further advancement of the ligand deeper into the pocket
and depriving it of the ability to interact with the iron atom.

For the convenience of visual analysis, Fig.9 shows an image on a white back-
ground indicating the distances between the atoms of the ligand and the heme, as
well as the distances to the nearest amino acid residues. For example, the distance
between the ligand and the atoms of Tyr 85 was found to be 2.4A, with Phe78 this
distance is 3.6A, and with the hydroxyl group of Leu105 this distance is 3.7A. The
distance between carnosine and the heme component of guanylate cyclase varies
between 3.3-3.6A.

Fig. 9. Guanylate cyclase + heme and carno-
sine in pose 1. For clarity, the active site is
shown on a white background.

The presence of stable interactions between the ligand and the Tyr85 atoms is
also confirmed by the results of experimental studies. In the work carried out by
the Boon and co-authors [12], it was also shown that presence of a hydrogen-bond-
ing tyrosine residue in the distal pocket of the heme is necessary for for O, binding
in the H-NOXPB1 subunit family of sGC. Indeed, the removal of the oxygen molecule
from the active pocket causes the free tyrosine to participate in intermolecular in-
teractions with carnosine.

Next, we analyze other poses of carnosine in the active center of guanylate
cyclase. Fig.10 shows the distances between the atoms of carnosine in pose 2 which
involved to interactions with heme atoms, as well as the distances between the
atoms of carnosine and the neighboring amino acid residues located in the active
center of the protein. In this case, the distance between the ligand and the Tyr 85
atoms is found to be 1.9 A for the hydroxyl groups (OH.....OH), and the length of the
resulting hydrogen bond is 2.3 A. The distance to the heme component is 2.7 A,
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while to the imidazole atoms this distance increases to 3.9 A for N...N and to 4.5 A
for O...C.

Fig. 10. Active site of guanylate cyclase+
heme and carnosine (pose 2).

Fig. 11 shows the interactions between the atoms of the 3rd binding position of
carnosine and the heme atoms of guanylate cyclase.Two different perspectives of
the drawings were chosen for a clearer arrangement of the structures and precise
determination of the corresponding distances between the atoms of carnosine and
the atoms of the heme propionate residues: OH...C=2.5A; 0..C=3.7A;0..C=3.3
A;0..c=3.14;0..C=39A

Fig. 11. Active site of guanylate cyclase + heme and carnosine (pose 3). On the right, another
angle of the same figure is shown.

3. Conclusion

Summarizing the results of the conducted study, it can be said that the N*H tau-
tomer of carnosine, used for molecular docking, binds to the active site of guanylate
cyclase, forming stable complexes in the region close to the heme pocket, and is
characterized by a binding affinity of -4.5 kcal/mol (Table 3). However, to identify
the potential for forming more stable bonds between carnosine and the iron atom
in the heme pocket of the guanylate cyclase receptor 1xbn, additional studies are
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required. These should include the examination of the N3H tautomer of carnosine
and its derivatives, such as anserine and homocarnosine, as well as conducting
docking procedures with other known guanylate cyclase structures available in the
Protein Data Bank. Based on such comprehensive studies, it will be possible to pre-
dict the prospects of using various complexes of carnosine and its analogues as in-
hibitors of soluble guanylate cyclase for the development of new therapeutic drugs.
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