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ABSTRACT
(T

extensively explored due to the significant contribution of protein solvation to the stability, function,

~

e impact of denaturing and stabilizing osmolytes on protein conformational dynamics has been

malfunction and regulation of globular proteins. We studied the effect of two nonspecific organic
molecules, urea, which is a conventional denaturant, and dimethyl sulfoxide (DMSO), which is a
multilateral organic solvent, on the stability and conformational dynamics of a non-inhibitory serpin,
ovalbumin (OVA). A differential scanning microcalorimetry (DSC) experimental series conducted in the
phosphate buffer solutions containing 0-30 % of additives revealed the destabilizing impact of both urea
and DMSO in a mild acidic media, manifested in the gradual decrease of thermal unfolding enthalpy and
transition temperature. These findings differ from the results observed in our study of the mild alkaline
DMSO buffered solutions of OVA, where the moderate stabilization of OVA was observed in presence of
5-10% of DMSO. However, the overall OVA interaction patterns with urea and DMSO are consistent
with our previous findings on the stability and conformational flexibility of another model globular
protein, a-chymotrypsin, in similar medium conditions. The obtained results could be explained by
preferential solvation patterns. Positive preferential solvation of protein by urea in urea/water mixtures
mainly weakens the hydrophobic interactions of the protein globule and eventually leads to the
disruption of the tertiary structure within the whole range of urea concentrations. Alternatively, under
certain experimental conditions in DMSO/water mixtures, positive preferential solvation by water
molecules can be observed. We assume that the switch to the positive preferential solvation by DMSO,
which is shown to have a soft maximum around 20—30% DMSO, could be shifted towards lower additive
concentrations due to the intrinsic capability of ovalbumin OVA to convert into a heat-stable, yet flexible
set of conformations that have increased the surface hydrophobicity, characteristic to molten-globule-
like states.

Keywords: globular protein; protein stability; thermal unfolding; differential scanning calorimetry;
ovalbumin; urea; dimethyl sulfoxide

- /

Abbreviations: DSC: differential scanning calorimetry; OVA: ovalbumin; S-OVA: S-ovalbumin;
DMSO: dimethyl sulfoxide; a-CT: a-chymotrypsin

1. Introduction
One of the major goals of both fundamental and applied biomedical sciences includes the profound
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understanding of mechanisms governing various proteins’ functions. Recent theoretical and
experimental studies unveiled that protein function is essentially linked to its structure, stability and
conformational flexibility, which, in turn, can be drastically altered by the crowded intracellular
environment of proteins. According to the energy landscape theory of protein folding, general reaction
coordinates of the multidimensional energy funnel of protein include both coupled and independent
conformational and chemical transformations that are essential for protein folding and functional
dynamics [1-4]. Thus, advanced knowledge and detailed understanding of protein structure and
dynamics could provide new insights into the mechanisms governing protein function, as well as
protein regulation, malfunction and degradation.

Our previous published works focused on the disclosure of intrinsic links between the stability,
flexibility and function of globular proteins, such as a-chymotrypsin, carbxypeptidase A, cytochrome
C, azurin and others, by altering their environment (solvent composition, immobilization etc). One of
these works was devoted to understanding the impact of the same organic additives, urea and dimethyl
sulfoxide (DMSO), on the conformational dynamics and enzymatic activity of a-chymotrypsin.

The goal of present work is to study the stability and conformational properties of model globular
protein, hen egg albumin, or ovalbumin (OVA), from chicken egg whites in the presence of two
nonspecific organic additives, urea and DMSO. The main conception of current manuscript emerged
from the intention to investigate the peculiar action of DMSO on various model globular
proteins.Ovalbumin is a major avian egg white protein with a well-studied structure, characteristic to
the serpin superfamily of proteins. It is a glycoprotein consisting of'a single 385 amino acid polypeptide
chain glycosylated at Asn292 and cross-linked by one disulfide bond between Cys73—-Cys120 [5,6].
Additionally, it should be mentioned that OVA has four more Cys residues with free sulthydryl groups
[5,6].

Previously referred to as the serine protease superfamily, serpins are numerous superfamily of proteins
found in a vast majority of organisms, including animals, plants, fungi and viruses [ 7]. Most serpins are
protease inhibitors, and are involved in processes such as coagulation (antithrombin), inflammation
and immune processes (C1-inhibitor), among others. However, some of them, including ovalbumin,
perform a non-inhibitory role, such as hormone transport (thyroxine-binding globulin) [8] and
chaperone functions (heat shock serpin 47, myeloid and erythroid nuclear termination stage-specific
protein (MENT)) [9,10].

Although possessing a similar amino acid composition and conformational resemblance, OVA is an
atypical member of the serpin superfamily. It does not share an ability to inhibit serine proteases and
little is known about its function so far [10,11]. Alack of inhibitory properties in OVA could derive from
a difference in the part of the polypeptide chain that is homologous to the reactive center loop of
inhibitory serpins and has an a-helical conformation [6]. Nevertheless, it is theorized that the
presenceof a charged arginine residue within the active center drastically slows the loop insertion into
the asheet, further preventing any inhibitory function [6,12]. Presumably, OVA mainly has an amino
acid storage function, though it could also be involved in the transport and storage of metal ions [13].
Another remarkable feature of OVA is an ability to irreversibly transform into a thermostable
conformation, S-ovalbumin (S-OVA), upon storage [14]. The melting temperature of the S-OVA
increases by approximately 8 °C compared to that of the native protein [15]. In vivo, the conversion
process spontaneously occurs during egg storage as a consequence of a natural increase of pH level.

The rate of the conformational transfer is temperature and pH dependent [15]. Remarkably, although
heat-stable S-OVA has a more compact structure and is more stable against thermal- or denaturant
induced unfolding [13,14], it has a more hydrophobic surface and increased flexibility [6,12,16]
compared to the native, heat-unstable conformer. In addition to egg whites, heat-stable ovalbumin is
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found in egg yolks, then is transported into the amniotic fluid and subsequently absorbed by the
embryonic organs [17]; it seems feasible that S-ovalbumin is required for the normal development of
embryos [10,17].

The native ability of serpins to perform significant conformational changes is essential for their
function. On the other hand, this ability is the very reason they are susceptible to misfolding and
aggregation, leading to physiological disorders associated with serpin deficiencies, fatal accumulation
of malfunctioning polymers and amyloid sheets formation [ 18], that eventually cause cell apoptosis and
organ damage [19]. Considering the remarkable conformational flexibility, wide range of important
functions and serpin misfolding related diseases [11,20], serpin family proteins have long been
considered as a relevant research object of fundamental studies [5-10,21,22], as well as medical
research [23,24] and bio-nanotechnology [25,26].

In the present work, we carried out a comparative study of the effect of urea, which is a conventional
denaturant, and DMSO, which is a multilateral affecter, to explore the stability and conformational
flexibility of OVA. DMSO is a dipolar organic solvent and is widely used in scientific research and
medicine [27-29]. DMSO is reported to have multilateral action on protein stability and folding,
exhibiting either stabilizing [29,30] or denaturizing [27,31] effects depending on experimental
conditions. Additionally, it is used as a molecular chaperon [32,33], inhibitor [34,35] and activator [36].
However, its impact on OVA has not yet been sufficiently investigated.

2.Materials and methods

2.1. Differential scanning microcalorimetry

We applied differential scanning microcalorimetry (DSC) to measure the thermodynamic parameters
of OVA thermal unfolding in the presence of a wide range of additives concentrations. Calorimetric
measurements were carried out using a DASM-4 adiabatic scanning calorimeter (Biopribor, Russia)
directly connected to a computer via a PCI-DAS1001 (Measurement Computing Corporation)
interface unit. Further calorimetric data proceeding was carried out using the OriginLab software.
Throughout all experiments, the heating and cooling rates were 1 K/min.

DSC is a very powerful experimental method for the investigation of the thermodynamic stability of
globular proteins under the influence of various organic additives. It allows for the direct measurement
of the biomolecule’s enthalpy by plotting the partial heat capacity as a function of temperature. From
the recorded DSC thermograms, the melting temperature T (melting peak x coordinate), transition
enthalpy AH (melting peak area) and other thermodynamic parameters can be calculated [37,38].

If the protein thermal unfolding (melting) process follows a two state model, the heat capacity of the
dissolved protein Cp(prot) can be determined at any temperature, according to the following equation
[37,38]:

AC s = Copros M= C oy A1, @

where ACp(app) is the deviation of the protein sample’s calorimetric curve from the baseline curve,
Cp(prot) and Cp(solv) are the partial heat capacities of the protein and solvent, respectively, mp is the
mass of the dissolved protein, and Ams is the mass of the replaced solvent. The calorimetric enthalpy
AHcal of thermal melting having a single transition temperature, Tm, can be calculated using the
following equation:

AH ., = TCF(T)JT )

h
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where T is the absolute temperature, and T1 and T2 are the temperatures of the initial and end point of
the thermal melting peak, respectively.

Since the value of the calorimetric enthalpy AHcal is the area of the melting peak, it does not depend on
the absolute value of the Cp(prot) (T). Consequently, determination of AHcal does not require the
measurement of the absolute values of the partial heat capasities of both the protein and the solvent.
Thus, a zero-baseline-correction of the initial calorimetric curves can be made to simplify the data
processing and to allow for a direct comparison of the calorimetric enthalpies of the protein in the
presence of various mixed solvents.

All the calorimetric melting curves obtained throughout the experimental series (Figure 1) were
baseline-corrected to avoid any errors derived from unknown parameters, such as Cp(solv) and Ams,
and AHcal was calculated using Formula (2). An analysis of the thermograms provides reliable
information on the reversibility and cooperativity of the protein unfolding process and allows for the
detection of the transition to the molten-globule state, alongside the presence of unfolding
intermediates, protein domains or aggregation, if available [37]. Comparison of the thermodynamic
parameters of the protein under different environmental conditions (several denaturing/stabilizing
additives at variable concentrations etc.) gives new insights into the fundamental aspects of the protein
globule stability and flexibility [38,39].

2.2. Chemicals and experimental details

Highly purified albumin from hen egg white (OVA) (M = 42.7 kDa) was purchased from Sigma and
used without further purification. DMSO was a product of Lugal (Ukraine) and contained 1% water as
an impurity, which was considered to prepare any DMSO buffered solutions. Urea and all other
chemicals were from Reakhim (Russia), of the highest purity available, and used as received.
Phosphate buffer components were from Sigma. Doubly distilled water was used throughout all
experiments.

The OVA samples for the DSC experiments were prepared by dissolving itin a 0.1 M phosphate buftfer
solution pH 6.1 at concentrations of 3 mg/ml, containing various concentrations of either urea or
DMSO.

Since the addition of DMSO causes a concentration dependent increase in the pH of DMSO buffer
mixtures, the buffer solutions with different DMSO concentrations were prepared by mixing solutions
containing zero and maximal (30% DMSO v/v) concentration of DMSO, with the pH values being
adjusted separately using concentrated citric acid.

3.Results and discussion

The thermal stability of OVA was studied in a mildly acidic media, namely 0.1 M phosphate buffer
solutions containing no additive, 5, 10, 20 and 30% of either urea or DMSO. The initial DSC
thermograms of the OVA at the heating rate of 1 K/min showed a single cooperative endothermic peak
corresponding to a heat-unstable conformer of ovalbumin, while no peaks corresponding to S-
ovalbumin were detected. Calorimetric parameters obtained from reference curves containing no
additive in the solution were consistent with other published data obtained under similar conditions
[12,40]. No protein refolding after denaturation was observed throughout the experimental
series.Figures l1a and 1b show the temperature-dependent changes of the partial heat capacity of the
OVA obtained in the presence of various urea and DMSO concentrations. The initial experimental
curves were zero-baseline corrected and aligned. DSC experiments revealed a similar behavior of the
thermodynamic parameters in the presence of urea and DMSO additives. Namely, in the whole range of
buffered additive solutions, OVA exhibited gradual destabilization, manifested in a decrease of both the
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denaturation temperature, Tm, and calorimetric enthalpy AHcal (i.e., the peak position gradually
shifted towards lower temperatures and the peak area decreased monotonically with the increase of
either additive concentration) (See Table 1 for details). However, it should be noted that within the
concentration range between 0—20% of an additive the calorimetric enthalpies of OVA in DMSO
solutions exceed that of the urea solutions, while the AHcal values for the solutions containing 30%
DMSO dropped lower compared to the 30% urea solution. Urea is known to be a nonspecific
denaturant, thereby increasing the flexibility of the protein globule and eventually causing
destabilizing effects [39,41,42]; alternatively, since DMSO is a nonspecific affecter, it has been shown
to exhibit either a stabilizing or destabilizing action, depending on the experimental conditions
[27,29-31,43].

Thus, our results indicate that in the mildly acidic media (pH 6.1), DMSO acts as a conventional
denaturant, causing destabilization of the OVA globule in the whole range of DMSO concentrations.
These results are opposite to that acquired in our study of OVA within the mildly alkaline DMSO
buffered solutions [44]. The thermodynamic parameters obtained from the thermal melting (unfolding)
curves of OVA at pH 8 in the presence of similar DMSO concentrations indicate a notable increase of
both, the melting temperature and the enthalpy, for the 5% DMSO solution. Moreover, in the presence
of 10% DMSO (pH 8), the calorimetric enthalpy and the transition temperature are comparable to that
of the reference solution with no DMSO added (Figure 2 and 3). However, a further increase of DMSO
concentrations leads to a gradual decrease of both thermodynamic parameters. However, for the
solutions containing 0—30% of urea, the calorimetric plots depict a gradual destabilization of the protein
globule comparable to that of the pH 6.1 series, which means that both the melting temperature Tm and
the calorimetric denaturation enthalpy AHcal decreased gradually within the whole range of urea
concentrations. Thus, within the applied concentration range of additives, the experimental data
indicate a similar denaturizing impact of urea at both an acidic and alkaline pH, and a diverse impact of
DMSO at an alkaline pH, differing by the moderate stabilization of OVA in the presence of low
concentrations of DMSO.

5% o Urea pH6.1 . " O DMSO pH6.1
x ' =
._Q 0.08 TE' oo8
= =
=2 =2
= 006 = 006
] ]
a 2
E 0.04 S 004
3 2
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Figure 1. DSC curves for the OVA thermal unfolding in the presence of 0-30% urea (a) and DMSO (b)
concentrations, 0.1 M phosphate buffer pH 6.1.
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Table 1. Calorimetric enthalpy and melting temperature for the thermal unfolding of the OVA in the
presence of 0-30% additive concentrations, 0.1 M phosphate buffer pH 6.1 and pH 8 [44].

e o Urea, pH 6.1 DMSO, pH 6.1 Urea. pH 8 [44]  DMSO, pH 8 [44]
concentration, AH, L. MH o AHcal o AHcal :
% (kJ/Mol) Rl (kJ/Mol) St (kJ/Mol) e (kJ/Mol) e <
0 287 77 287 77 243 74 243 74
5 240 74 262 73 204 72 285 75
10 191 73 219 71 191 70 239 73
20 163 69 170 66 173 68 174 67
30 154 65 116 61 169 65 131 62

Figure 2. Dependencies of calorimetric enthalpies of thermally induced denaturation of ovalbumin on
the DMSO concentration at pH 6.1 (red lines) compared with pH 8 (blue lines) [44]. Triangles represent
urea and circles—-DMSO.

Additive concentration
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Figure 3. Dependencies of transition temperatures of thermally induced denaturation of ovalbumin on
the DMSO concentration at pH 6.1 (red lines) compared with pH 8 (blue lines) [44]. Triangles represent
urea and circles—-DMSO.

The presented results are consistent with our previous findings on the impact of urea [39] and DMSO
[43] on the stability and conformational flexibility of another model globular protein, achymotrypsin
(a-CT). These studies were also carried out in acidic and alkaline phosphate buffer solutions in presence
of a wide range of urea (0-6M) and DMSO concentrations (0—70% vol.). Calorimetric parameters
obtained for a-chymotrypsin displayed a similar behavior of the protein; namely, in alkaline DMSO
solutions (pH 8.1), both the transition temperature Tm and calorimetric enthalpy of thermal unfolding
AHcal increase in presence of low DMSO concentrations (5-30% vol.), thereby indicating protein
globule stabilization with a soft maximum around 20% DMSO. A further increase of the DMSO
concentration was followed by a gradual decrease of both thermodynamic parameters and resulted in
the total destabilization of the protein in the presence of 70% DMSO. However, in acidic buffered
solutions of DMSO (pH 2.6), as well as in both acidic and alkaline urea solutions, a-chymotrypsin was
shown to undergo monotonous destabilization through the Tm within the whole range of additives
concentrations (0-70%), while still retaining an enthalpic stabilization in acidic DMSO solutions
[39,43].

It is noteworthy that while global stabilization of a-chymotrypsin exhibited a smooth maximum of
protein stability around 20% DMSO, the enzymatic activity of a-chymotrypsin exhibited a monotonic
decrease within the whole range of additive concentrations [43]. This effect can be explained by the
different distribution of solvent-exposed hydrophobic amino acids within the active site and the surface
of a-CT; thus, partially hydrophobic DMSO molecules can potentially cause local destabilization of the
protein prior to the global destabilization of the entire globule. On the other hand, the relatively small
area of the active site of a-chymotrypsin is characterized by an intrinsic flexibility, which is crucial for
the substrate recognition and its further hydrolysis. Consequently, it is not expected to make a
quantitatively significant enthalpic contribution into the global stability of the protein globule.

A computational study of Roy et al., which is consistent with a large number of experimental studies
[45], has also reported a stabilizing effect of low concentrations of aqueous solutions of DMSO on
lysozyme. It has been shown that conformational fluctuations of the protein globule are rather confined
around 5-20% DMSO compared to the native state (0% DMSO), resulting in the formation of more
compact protein conformations. However, in contrast with the functional kinetic study of chymotrypsin
[43], the enzymatic activity of lysozyme was increased in presence of low DMSO concentrations.
Unfortunately, in case of OVA, it is not possible to explore local destabilization patterns to compare
with that of either the lysozyme or a-CT, because OVA is not capable of inhibiting serine proteases due
to minor structural differences within the active site area [6,10—12] and no other active function of OVA
is well described within the literature.

According to computational and experimental studies impact of urea and DMSO the on the stability of
globular proteins can be explained by preferential solvation patterns [27,39,43—48]. Considering the
nonspecific interaction of both additives with a protein globule, the either stabilizing or destabilizing
effects occur due to multipoint weak interactions of the additive molecules with the protein amino acid
residues and/or interfacial water. The positive preferential solvation of proteins by urea in urea/water
mixtures mainly weakens hydrophobic interactions of the protein globule within the whole range of
concentrations and eventually leads to the disruption of the protein tertiary structure [41,42,47,48].
However, in DMSO/water mixtures under certain experimental conditions, the positive preferential
solvation by water molecules can be observed [45,46]. In the presence of low concentrations of DMSO,
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, the latter can strengthen hydrogen bonds of interfacial water molecules and raise the compactness of
the protein globule. This effect is common for a number of organic additives such as glycerol, TMAO
and sugars that stabilize globular proteins, mainly via the confinement of water molecules in the protein
hydration shell [47]. It is noteworthy that mainly hydrophobic proteinDMSO interactions may provide
a chaperone effect and protect some proteins from aggregation depending on the environmental
conditions and intrinsic properties of the protein. As shown earlier, DMSO molecules primarily interact
with the hydrophobic residues of proteins, which are mainly hidden inside the core of the native protein,
but are largely presented on the surface of the moltenglobule-like conformations. In fact, our study of
the thermal unfolding of a-chymotrypsin revealed a remarkable chaperone effect of DMSO. Although
partial refolding of a-CT at pH 2.6 was observed even in the total absence of DMSO additives, the
repetitive reversibility of the protein thermal unfolding only occurred in 20% DMSO solutions (pH
2.6). Namely, the refolding ability of a-CT was raised to 75%, as compared to 54% (0% DMSO),
thereby displaying a multifold total repeatability for 24 hours [43].

Although the positive preferential solvation by water (thus, negative preferential solvation by DMSO)
does equate to the total distancing of DM SO molecules from the protein interface, the further increase
of DMSO concentration (20-30% DMSO or more) leads to the transition of preferential solvation in
favor of DMSO, thereby causing a decrease of protein compactness, the reveal of a hydrophobic core
and a drastic increase in the number of DMSO interactions with protein hydrophobic groups [45,46,48].
This leads to the destabilization of a-helices and eventually results in the total denaturation of the
protein at higher DMSO concentrations [49]. The transition of the preferential solvation of OVA in
buffered DMSO solutions is visualized in a rather noticeable drop of enthalpy when compared to a more
gradual enthalpy decrease observed in presence of urea solutions at both pH values (Table 1). We
assume that the soft maximum of DMSO/water preferential solvation pattern could be shifted towards
the lower concentrations of the additive when compared to a-chymotrypsin due to the intrinsic ability
of ovalbumin to perform an irreversible conversion to the specific thermo stable conformer, S-
ovalbumin. Despite being more compact compared to the native form, S-OVA form has exceptionally
flexible intermediate conformations with increased surface hydrophobicity, which, in general, is
characteristic to partially unfolded molten-globule-like states [10—-14,16,19,20].

Thus, the destabilization of OVA via direct hydrophobic interactions with DMSO molecules, could
start in the presence of lower DMSO concentrations. According to a comparative computationalstudy
of solvation patterns of the conventional denaturant urea with the conventional stabilizer TMAO in
water-additive mixtures, in presence of TMAO, an extra hydration shell is observed near hydrophobic
groups; alternatively, in urea solutions, the ureaurea and water-water association is found to be more
favored than the urea-water association [50]. The addition of TMAO displayed an increase in the
strength and the hydrogen bond lifetime within the solution. Moreover, the computations revealed that
near the interface of amino acids (i.e., near theprotein surface), water molecules are preferentially
favored over the other co-solvents [50]. Thus, the stabilizing effect of TMAO occurs due to an increase
of the hydration shell around the protein, especially around the hydrophobic groups of the
biomolecules, and due to strengthening the hydrogen bond network of the solution. However, the
destabilizing effect of urea manifests itself in a disruption of the protective interfacial water layers and
decreasing the overall interaction between the amino acid residues and the solvent molecules.
Considering that DMSO and TMAO are both small dipolar compounds containing hydrophobic methyl
groups and an oxygen atom capable of forming hydrogen bonds with water molecules (within the S=O
and N-O groups, respectively), it is safe to assume that they could also share some similarities in their
mechanisms of protein stabilization. A combined experimental and theoretical study of the interaction
of TMAO and DMSO with a K-peptide, which is a fragment of hen egg white lysozyme [51], confirmed
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that both TMAO and DMSO prefer interactions with water molecules in diluted solutions. However, in
presence of higher additive concentrations, the amount of water-TMAO interactions gradually increase
and lead to a stronger TMAO hydration, while the hydration of DMSO weakens, which gives rise to the
differences in the protein-additive interaction.4. ConclusionsWe used DSC to study the impact of two
nonspecific organic compounds, urea, which is a conventional denaturant, and DMSO, which is a
multilateral organic solvent, on the conformational dynamics of OVA. Experimental results obtained in
phosphate buffer solutions containing 0—30 % of additives revealed the destabilizing impact of both
urea and DMSO in a mildly acidic media, as manifested in the gradual decrease of the thermal unfolding
enthalpy and the transition temperature.

These results substantially differ from the calorimetric parameters observed in our study of OVA within
mildly alkaline buffered solutions of DMSO, where the moderate stabilization of OVA was observed in
presence 5—-10% of DMSO. However, the overall pattern of the OVA interaction with urea and DMSO is
consistent with our previous findings on the stability and conformational flexibility of another model
globular protein, a-chymotrypsin, in similar medium conditions. Thus, our findings on the OVA
stability could also be explained by preferential solvation patterns. The positive preferential solvation
of'a protein by urea in urea/water mixtures mainly weakens the hydrophobic interactions of the protein
globule and eventually leads to the disruption of the tertiary structure within the whole range of urea
concentrations. However, in DMSO/water mixtures, the positive preferential solvation by water
molecules can be observed under certain experimental conditions. Low concentrations of DMSO
remotely strengthen the bond water networks of the protein, thereby protecting it from unfolding,
whereas a subsequent increase of DMSO concentration leads to a switch of preferential solvation and
the gradual destabilization of the protein.
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ABSTRACT

4 N\
The metal ion is ubiquitous in the human body and is essential to biochemical reactions. The study of the

metal ion complexes and their charge transfer nature will be fruitful for drug design and may be
beneficial for the extension of the field. In this regard, investigations into charge transport properties
from ligands to metal ion complexes and their stability are crucial in the medical field. In this work, the
DFT technique has been applied to analyze the delocalization of electrons from the water ligands to a
coremetal ion. At the B3LYP level of approximation, natural bond orbital (NBO) analysis was performed
for the first five distinct complexes [Mg(H20)6]2+ and [[Mg(H20)6](H20)n]2+; n = 1-4. All these
complexes were optimized and examined with the higher basis set 6-311++G(d, p). In the complex
[Mg(H20)6]2+, the amount of natural charge transport from ligands towards the metal ion was 0.179e,
and the greatest stabilization energy was observed to be 22.67 kcal/mol. The donation of the p orbitals in
the hybrid orbitals was increased while approaching the oxygen atoms of H20 ligands in the st
coordination sphere with the magnesium ions. The presence of water ligands within the 2nd coordination
sphere increased natural charge transfer and decreased the stabilizing energy of the complexes. This may

be due to the ligand-metal interactions.

Keywords: DFT; B3LYP; delocalization; NBO; Ligand; dication
\ J

1. Introduction

Dication magnesium complexes have a unique place in chemistry and biochemistry due to their diverse
structural arrangements and applications in numerous fields. Magnesium is very crucial for living
beings. For example, about 300 metabolic activities and 800 proteins require this metal to function in
our body. This metal is also necessary for DNA [1,2], RNA [3,4], antioxidant glutathione production
[5], energy generation, oxidative phosphorylation, and glycolysis among other elements, helps the
anatomical formation of bone, with exterior layers assisting in the maintenance of blood magnesium
levels [6], while magnesium shortage has been associated with decreased bone mass [7,8]. In plants,
Chlorophyll, a magnesium coordination molecule, is required for plant life (Photosynthesis) and the
survival of life on Earth [9,10]. Magnesium also participates in active Ca and K ion transport across cell
membranes, which are required for nerve impulse transmission, muscle contraction, and a regular heart
rhythm [11,12].

Computational chemistry has recently acquired popularity among scholars and researchers as a method
of addressing real-world challenges in chemical, pharmaceutical, biotechnology, and material science
[13]. By Bock et al., the stereochemistry of ligand binding by bivalent magnesium metal was
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effectively analyzed, as was how likely these ligands are to be water [14]. Ab initio molecular orbital
(MO) calculation of M2+(H20)n complexes having central alkaline earth metal ion with varying water
ligands from one to six at RHF and MP2 level with basis set 6-31+G[] was investigated by Glendening
et al. [15]. The alkaline-earth metal ions M2+(H2O)n, n = 5-7 (M = Mg, Ca, Sr, and Ba) hydration
energies and geometries were determined by Rodriguez-Cruz et al. [16] using the DFT-B3LYP method.
According to Pavlov et al. [17], charge transfer between the ligands and the metal lowers the interaction
energy of the complex [Mg(H20)n] 2+ between M---H20 as the number of ligands rises in the 2nd
coordination sphere. By employing the kinetic energy release measurement method, Bruzzi et al. [18]
investigated the binding energies of complexes [Mg(NH3)n]2+, [Ca(NH3)n]2+, and [ St(NH3)n]2-+for
n =4-20, and these results are supported by DFT calculations. These desired impacts have provided
new insights into the trustworthiness of computational methodologies.

Figure 1. Structural representation of the octahedral magnesium complex [Mg(H20)6]2+showing
bond lengths.

Several preceding studies reveal the focus on the coordinative behavior of metal ions however, the
natural bond orbital analysis of metal complexes by using the DFT-B3LYP approach with varying
numbers of ligands in 2nd coordination sphere is yet to be studied. The charge transfer from
surrounding ligands to a central metal ion and vice versa affects its geometry and other physical
features of complexes. Two charge transfer mechanisms, Mulliken and natural, are explained by
population analysis. NBO analysis provides a solid framework for researching charge transfer and
conjugative interactions in atoms and molecules. The second-order perturbation hypothesis leads to the
availability of some electron donor orbitals, acceptor orbitals, and association stabilization energies
[19]. The system conjugation increases with increasing £(2) value and electron donor interaction.
When electron density delocalizes between occupied Lewis type (bond or lone pair) and nominally
vacant non-Lewis type (antibonding or Rydberg) NBO orbitals, a stable donor-acceptor interaction is
ensured [17]. The natural bond orbital study of magnesium compounds using the DFT-B3LYP
approach with varying quantities of ligands in 2nd coordination sphere remains unexplored. This work
reports the study of natural transfer properties in the coordination complex [Mg(H20)6] 2+. Figure 1
illustrates the optimized structural representation of complex [Mg(H20)6]2+ that displays bond
lengths. The central metal ion is attached to identical six water ligands, forming an octahedral structure.
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The distance between Mg and O is 2.112 A, while the distance between O and H is 0.967A. The
remaining four complexes were created by gradually expanding the number of water molecules within
2nd coordination sphere from one to four. Natural charge transfer behavior of the different complexes
was then compared. This study of magnesium complexes will shed light on the charge transfer behavior
of metal ions. The analysis of these complexes will be beneficial for medicinal design and could aid in
the development of new drugs.

2. Materials and methods
The quantum computations in this extensive analysis of metal complexes were accomplished with the
Gaussian 16 program packages [20]. Gaussian inputs of magnesium ion compounds were generated,
and outputs were displayed using GaussView 6 [21]. The structural geometrics of complexes were
firstly optimized utilizing various basis sets with B3LY P functional, which combines Becke’s gradient-
correlated exchange functional (B3) [22] and Lee-Yang-Parr (LYP) [23]. These inputs were acquired
by retaining the ligands in a quasi-octahedral structure. There was no symmetry limitation enforced,
and the C1 point group symmetry was used for optimization. Frequency estimations were carried out
during the geometry optimization process, and global minima were validated. Every calculation was
carried out by applying 6-311++G(d,p) basis set and B3LYP functional. NBOs provide precise details
on the type of electronic conjugation occurring between molecular bonds. In metal complexes, the
delocalization of electrons results once the hybridized orbitals of water molecules and metal ions
coincides. NBO evaluation is a strong approach for determining this electron delocalization. NBOs
strongly support the assumption that localized bonds and lone pairs are the essential building blocks of
molecular structure, hence it is feasible to understand ab initio wave functions in perspective of Lewis
structure theories by effectively converting them toNBO form. The NBO technique was utilized to
study how the non-bonding pairs of oxygen atoms in the water decreased their native charge densities.
NBO analysis is performed by looking at allconceivable interactions between 'full' (donor) Lewis-type
NBOs and 'empty' (acceptor) non-Lewis NBOs and evaluating their energetic significance using
second-order perturbation theory. Since these exchanges result in the transfer of occupancy from the
idealized Lewis structure's localized NBOs into the unoccupied non-Lewis orbitals (and hence
deviations from the idealized Lewis structure description), they are termed to as "delocalization"
corrections to the zeroth-order natural Lewis structure [23]. This work presents the outcomes of a
second-order perturbation theory investigation of the Fock matrix within the NBO of the complexes.
The delocalization-related stabilizing energy E(2) for each donating NBO (i) and receiver NBO (j) is
determined as
E® = g < i|F)j >

€ — &
Where gi stands for orbital occupancy of a donor, Ei, Ej represents orbital energies, and F(i,j) for the off-
diagonal NBO Fock matrix component [24]. Higher value of stabilization energy E(2) denotes
powerful interaction between acceptors and donors [25].

3. Results and discussion
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Figure 2. Natural charges on constituent atoms in the complex [Mg(H20)6]2+.
Table 1. Natural charges on the central metal ion MgQ and ligands to metal chargetransfer AQ in the
complexes [[Mg(H20)6](H20)n]2+; n=0-4.

Complex Mg9(e) AQ(e)
[Mg(H20)6]** 1.821 0.179
[[Mg(H20)6](H20)]*" 1.820 0.180
[[Mg(H20)6](H20)2]*' 1.819 0.181
[[Mg(H20)6](H20)3]** 1.818 0.182
[[Mg(H20)6](H20)4]*" 1.817 0.183

The natural charges on the central metal ion Mg2+ and charge transfer in the complexes
[[Mg(H20)6](H20)n]2+; n = 0-4 are demonstrated in Table 1. The charge transfer takes place in all
complexes. The NBO partial charge on metal ions does not widely vary when the number of
moleculeswithin the 2nd coordination sphere is increased, but there are modest increases, as shown in
Table 1. Figure 2 depicts the octahedral structural representation of complex [Mg(H20)6]2+ with
natural charges on constituent atoms. This central metal ion is surrounded by six identical water
molecules in the 1stcoordination sphere. The total charge constituent in the whole complex equals +2e.
Figure 3(a) showsthe representation of the complex when one water ligand is added to its 2nd
coordination sphere. Likewise, Figure 3(b), Figure 3(c), and Figure 3(d) represent the figurative
representatives of complexes after the addition of two, three, and four water ligands to their 2nd
coordination sphere, respectively. The total electron density of the [Mg(H20)6]2+ is used to express
the overall effectiveness of the natural Lewis structure analysis as a percentage. Table 2 demonstrates
the importance of valance non-Lewis orbitals in comparison to extra-valence electron shells in modest
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deviations from a confined Lewis structure model.

Figure 3. The natural charges on constituent atoms in the complex (a) [[Mg(H20)6](H20)]2+, (b)
[[Mg(H20)6](H20)2]2+, (c) [[Mg(H20)6](H20)3]2+, and (d) [[Mg(H20)6](H20)4]2+ with
extension of one to four ligands in the 2nd coordination sphere respectively.

Table 2. Separation of Lewis and non-Lewis occupancies within complex [Mg(H20)6]2+into core,
valence, and Rydberg shell components.

Orbitals Occupancy

Core 21.99748 (99.989% of 22)
Valence Lewis 47.77540 (99.532% of 48)
Total Lewis 69.77288 (99.676% of 70)
Valence non-Lewis 0.18649 (0.266% of 70)
Rydberg non-Lewis 0.04063 (0.058% of 70)
Total non-Lewis 0.22712 (0.324% of 70)

The electron delocalization through lone pairs of oxygen to iron orbitals was evaluated. The table
below shows the two most powerful interactions. The interchange of non-bonding pairs of oxygen with
metal n* orbitals is determined to be greatest in the instance of a complex [Mg(H20)6]2+. The greatest
interaction in the complex is likewise demonstrated to be between metal orbitals and virtual orbitals.
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Table 3. Result of second-order perturbation theory evaluation of Fock matrix within NBO of complex
[Mg(H20)6]2+.

Donor Occupancy Hybnid Acceptor Occupancy Hybnid E@®
NBOs (e) (%) NBOs (e) (%a) (kcal/mol)
LPO(2) 1.96849 s47.65552.34 L p* Mg 0.17178 5100 22.67
LPO(35) 1.96853 s47.66p52.34 L p* Mg 0.17178 s100 22.63
LPO(R) 1.96853 s47.65p52.34  Lp* Mg 0.17178 5100 22.63
LPO(11) 196851 s47.66p52.34 L p* Mg 0.17178 5100 22.66
LPO(14) 1.96849 s47.65p52.34  Lp* Mg 0.17178 5100 22.67
LPO(17) 196854 s47.66p52.34 L p* Mg 0.17178 s100 22.62

From Table 3, it is seen that delocalization of oxygen lone pairs to »* orbitals of Mg2+ occurred in the
stronger interactions of LP O (2) and LP O (14) with LP*Mg with occupancy of 0.17178e stabilizes
[Mg(H20)6]2+ complex by 22.67 kcal/mol. These stabilization energies of complexes are balanced by
the remaining stabilization energies of complexes. This analysis reveals that, on the donor orbital side,
the p orbital contributes more than the s orbital, whereas the d orbital does not contribute.

On the acceptor side, the contribution of the p and d orbitals was negligible in comparison to the s
orbital for the maximum stabilization energy. In a few cases of acceptor orbitals, the contribution of the
p orbital and d orbital is also seen. The greatest stabilization energy of complex [Mg(H20)6]2+ is less
than that of the complex [Zn(H20)6]2+ as reported by Pokharel et al. [26].The NBO partial charge on
the metal ions does not change much on adding the number of ligands within the 2nd coordination
sphere. It displays some findings from an investigation into the Fock matrix within the NBO of
complexes by utilizing second-order perturbation analysis. Only the interaction resulting from the
delocalization of the electrons from the oxygen lone pairs of ligands in the 1st coordination sphere to
the n* orbitals of Mg2+ was obtained to have stabilization energies of more than 5 kcal/mol in all
circumstances. As a result, these tables only include the most powerful interactions. The powerful
interaction among the associated interactions is one in which electrons from non-binding pairs of O (2)
are delocalized to the LP[] Mg with occupancy 0.17343e, as shown in Table 4. This is the interaction
when one water ligand is attached within the 2nd coordination sphere of a complex [Mg(H20)6]2+. As
shown by the preceding result, the bond between magnesium and oxygen has been shortened compared
to that of the complex [Mg(H20)6]2+ because of the presence of one water ligand in the 2nd
coordination sphere.

Table 4. Result of second-order perturbation theory evaluation of matrix within NBO of the complex
[[Mg(H20)6](H20)]2+.

Donor Occupancy Hybrid Acceptor Occupancy Hybrid E®
NBOs (e) (%a) NBOs (e) (%) (kcal/mol)
LPO(2) 1.96238 543.80p56.20 LP# Mg 0.17343 5100 25.47
LPO(5) 1.96938 s47.66p52.34 LP# Mg 0.17343 5100 2238
LPO (&) 1.96955 547.65p52.35 LP= Mg 0.17343 5100 22.06
LPO(11) 196874 s46.67p53.32 LP# Mg 0.17343 5100 2251
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LPO(14)

LPO(17)

1.96938

1.96967

s47.66p52.34

s47.74p52.25

LP+ Mg

LP* Mg

0.17343

0.17343

s100

s100

22.37

22.15

Table 5. Result of second-order perturbation theory evaluation of Fock matrix within NBO of the
complex [[Mg(H20)6](H20)2]2+.

Donor Occupancy  Hybrid Acceptor Occupancy  Hybrid E®)
NBOs (e) (%) NBOs (e) (%) (kcal/mol)
LPO(2) 1.96371 s44.71555.79  LP* Mg 0.17413 $99.9950.01  24.64
LPO(5) 1.97016 s46.32p53.67 1 px Mg 0.17413 $99.9950.01  24.71
LPO(8) 1.96726 s4.71p55.28  1px Mg 0.17413 $99.99,50.01  22.82
LPO(11) 197003 s46.70p53.29  px Mg 0.17413 $99.9950.01  21.86
LPO(14) 1.97015 S4t’1_34p53_6ﬁ LP* Mg 0.17413 S‘)Q.‘Jgpﬂ.ﬂl 21.74
LPO(17)  1.96663 s43.22p54.77  1pxr Mg  0.17413 s99.9950.01  23.47

Table 5 shows two strong E(2) that are near to one another. One is from the delocalization of electrons
from non-bonding pairs of O (5) and another is from O (2) to the LP[] Mg having occupancy0.17413e
with stabilization energies of 24.71 kcal/mol and 24.64 kcal/mol respectively.In a complex
[[Mg(H20)6](H20)3]2+, the most powerful engagement is because of the delocalization of the
electrons from non-bonding pairs of O (2) to LP[] Mg with occupancy 0.17514e that balanced this ion
by 24.09 kcal/mol. Moreover, the other two nearly equal interactions are seen because of the
delocalization of non-bonding pairs of O (8) and O (17) with LP[] Mg havingstabilization energy of
23.06 kcal/mol and 23.13 kcal/mol respectively. The powerful interactions are presented in Table 6

Table 6. Result of second-order perturbation theory evaluation of Fock matrix within NBO of the
complex [[Mg(H20)6](H20)3]2+.

Donor Occupancy  Hybrid Acceptor  Occupancy  Hybrid E®)
NBOs (e) (%) NBOs (e) (%) (kcal/mol)
LPO(2) 196511 s41.70p58.3040.00  [prpg  0.17514 $99.99,0.01 24.09
LPO(5) 196762 4330556.7040.01  [prpg 017514 $99.99,0.01 2255
LPO(8) 196754 s44.71555.2940.01  pp*Mg  0.17514 $99.99,0.01 23.06
LPO(11) 1.97130 46.77,53.2340.01  [prmg 017514 $99.99,0.01 2121
LPO(14) 1.96764 §43.23p56.7640.01  1prMg  0.17514 $99.99,0.01  22.57
LPO(17) 1.96763 545.065,54.9440.00 LP* Mg 0.17514 $99.99,,0.01 2313

Lastly, in Table 7, the greatest interactions among strong interactions are because of thedelocalization
of the electrons from the non-bonding pairs of O (8) with LP* Mg having occupancy of 0.17653¢ by
stabilization energies of 25.21 kcal/mol. The stabilization energies of the remaining three interactions,
which are strong, are 23.13 kcal/mol, 22.92 kcal/mol, and 22.16 kcal/mol.

AIMS Biophysics (Volume - 11, Issue - 1, January - April 2024)

Page No. 22



Table 7. Result of second-order perturbation theory evaluation of Fock matrix within NBO of the
complex [[Mg(H20)6](H20)4]2+.

Donor Occupancy  Hybnd Acceptor Occupancy Hybrid E@
NBOs (e) (%) NBOs (e) (%a) (kcal/mol)

LPO(2) 1.96618 s41.20p58.8040.00 [ p* Mg 0.17653 599.9950.0040.01  23.17
LPO(5) 1.96830 s43.07,56.9340.02  prpMg  0.17653 s99.9950.0040.01  22.16
LPO(8)  1.96308 §42.10p37.9040.00  p*Mg  0.17653 §99.9950.0040.01  252]
LPO(11) 197119 54?.[12p52_9?d{1_{}l LP* Mg 0.17653 579 99p[l_[l{}dn_[)l 21.36
LPO(14) 1.96838 §43.03p56.9740.01 1 p* Mg 0.17653 §99.9950.0040.01 22,06
LPO(ITY 196827 s#.77p55.2340.00 1prMg  0.17653 £99.99,0.0040.01 2292

4. Conclusions

Natural charge transfer takes place between magnesium ion and the water ligands in complexes
[Mg(H20)6]2+ and [[Mg(H20)6](H20)n]2+; n=1-4 has been successfully studied by using NBO
Among these five complexes, ligands to ion charge transfer were discovered to be greatest in complex
[[Mg(H20)6](H20)4]2+ and smallest in complex 2+. The greatest stabilization energy associated with
the delocalization of electrons from non-bonding pair of oxygen having LP[] Mg was found to be 25.47
kcal/mol in complex [[Mg(H20)6](H20)2]2+. The number of stronger interactions was observed to
increase with the introduction of ligands within 2nd coordination sphere. The delocalization of
electrons from non-bonding pair of oxygen in the initial coordination sphere was greater on which
ligand was attached within 2nd coordination sphere than in the other oxygen lone pair.By adding more
ligands to the complex’s initial coordination sphere, it is possible to intensify the structures, and these
intensified structures will lead to drug design.

Acknowledgments

The authors would like to thank the Department of Physics, Amrit Campus, Tribhuvan Universityfor
providing the computational laboratory for the Gaussian 16 and GaussView 6 programs to complete
this work.

Conflict of interest
The authors affirm that they have no competing interest.

Author contributions

Conceptualization: Ganesh Prasad Tiwari, Hari Prasad Lamichhane, and Dinesh Kumar Chaudhary.
Investigation: Ganesh Prasad Tiwari and Santosh Adhikari. Validation: Hari Prasad Lamichhane and
Dinesh Kumar Chaudhary. Article writing (Original draft): Ganesh Prasad Tiwari. Writing-Review:
Dinesh Kumar Chaudhary and Hari Prasad Lamichhane. All authors have read and given their consent
to the final, printed version of the manuscript.

References

1. Chiu TK, Dickerson RE (2000) 1 A crystal structures of B-DNA reveal sequence-specific binding and
groove-specific bending of DNA by magnesium and calcium. J Mol Biol 301: 915-945.
https://doi.org/10.1006/jmbi.2000.4012

AIMS Biophysics (Volume - 11, Issue - 1, January - April 2024) Page No. 23



2. Serra MJ, Baird JD, Dale T, et al. (2002) Effects of magnesium ions on the stabilization of RNA
oligomers of defined structures. RNA 8: 307-323. https://doi.org/10.1017/51355838202024226

3. Misra VK, Draper DE (1998) On the role of magnesium ions in RNA stability. Biopolymers: OriRes
Biomol 48: 113—135. https://doi.org/10.1002/(SICI)1097-0282(1998)48:2<113::AID-
BIP3>3.0.CO;2-Y

4. Lindahl T, Adams A, Fresco JR (1966) Renaturation of transfer ribonucleic acids through site
binding of magnesium. P Natl A Sci 55: 941-948. https://doi.org/10.1073/pnas.55.4.941

5. Mills BJ, Lindeman RD, Lang CA (1986) Magnesium deficiency inhibits biosynthesis of blood
glutathione and tumor growth in the rat. P Soc Exp Biol Med 181: 326-332.
https://doi.org/10.3181/00379727-181-42260

6. Alfrey AC, Miller NL, Trow R (1974) Effect of age and magnesium depletion on bone magnesium
poolsinrats. J Clin Invest 54: 1074—1081. https://www.jci.org/articles/view/107851

7. Rude RK, Gruber HE (2004) Magnesium deficiency and osteoporosis: animal and human
observations. J Nutr Biochem 15: 710-716. https://doi.org/10.1016/j.jnutbio.2004.08.001

8. Rude RK, Gruber HE, Norton HJ, et al. (2004) Bone loss induced by dietary magnesium reduction to
10% of the nutrient requirement in rats is associated with increased release of substance P and tumor
necrosis factor-o. J Nutr 134: 79-85. https://doi.org/10.1093/jn/134.1.79

9. Mohammed HS, Tripathi VD (2020) Medicinal applications of coordination complexes. J Phys: Conf
Ser 1664: 012070. https.//doi.org/10.1088/1742-6596/1664/1/012070

10. Baaij JHD, Hoenderop JG, Bindels RJ (2015) Magnesium in man. implications for health and
disease. Physiol Rev 95: 1-46. https://journals.physiology.org/doi/full/10.1152/physrev.00012.2014
11. Schwalfenberg GK, Genuis SJ (2017) The importance of magnesium in clinical healthcare.
Scientifica2017:4179326. https://doi.org/10.1155/2017/4179326

12. Sreedhara A, Cowan JA (2002) Structural and catalytic roles for divalent magnesium in nucleic
acid biochemistry. Biometals 15: 211-223. https.//doi.org/10.1023/4:1016070614042

13. Rijal R, Lamichhane HP, Pudasainee K (2022) Molecular structure, homo-lumo analysis and
vibrational spectroscopy of the cancer healing pro-drug temozolomide based on dft calculations. AIMS
Biophys 9: 208-220. https://doi.org/10.3934/biophy.2022018

14. Bock CW, Kaufman A, Glusker JP (1994) Coordination of water to magnesium cations. Inorg Chem
33:419-427. https.//doi.org/10.1021/ic00081a007

15. Glendening ED, Feller D (1996) Dication— Water interactions: M2+(H2O)n clusters for alkaline
earth metals M= Mg, Ca, Sr, Ba, and Ra. J Phys Chem 100: 4790-4797.
https://doi.org/10.1021/jp952546r

16. Rodriguez-Cruz SE, Jockusch RA, Williams ER (1999) Hydration energies and structures of
alkaline earth metal ions, M2+(H20)n, n= 5—7, M= Mg, Ca, S, and Ba. J Am Chem Soc 121:
8898-8906. https://doi.org/10.1021/ja9911871

17. Pavlov M, Siegbahn PE, Sandstrom M (1998) Hydration of beryllium, magnesium, calcium,
andzinc ions using density functional theory. J Phys Chem A 102: 219-228.
https://doi.org/10.1021/jp972072r

18. Bruzzi E, Raggi G, Parajuli R, et al. (2014) Experimental binding energies for the metal complexes
[Mg(NH3)n]2+, [Ca(NH3)n]2+, and [Sr(NH3)n]2+ for n= 4-20 determined from kineticenergy
release measurements. J Phys Chem A 118: 8525-8532. https.//doi.org/10.1021/jp5022642

19. James C, Raj AA, Reghunathan R, et al. (2006) Structural conformation and vibrational
spectroscopic studies of 2, 6-bis (p-N, N-dimethyl benzylidene) cyclohexanone using density functional
theory. J Raman Spectrosc 37: 1381—1392. https.//doi.org/10.1002/jrs. 1554

20. Frisch MJ, Trucks GW, Schlegel HB, et al. (2016) Gaussian 16 Revision C. 01. 2016; Gaussian Inc.

AIMS Biophysics (Volume - 11, Issue - 1, January - April 2024) Page No. 24



Wallingford CT. https.//gaussian.com/gaussianl 6/

21. Dennington R, Keith TA, Millam JM (2019) Gaussview version 6. semichem Inc., Shawnee Mission.
https.//gaussian.com/gaussview6/

22. Becke A (1993) Density-functional thermochemistry.Ill. The role of exact exchange. J ChemPhys
98:5648-5652. https.//doi. org/10.1063/1.464913

23. Lee C, Yang W, Parr RG (1988) Development of the Colle-Salvetti correlation-energy formula into
afunctional of the electron density. Phys Rev B 37: 785—789. https://doi.org/10.1103/PhysRevB.37.785
24. Yogeswari B, Tamilselvan KS, Thanikaikarasan S, et al. (2022) Quantum density functional theory
studies on additive hydration of tuftsin tetrapeptide. J
Nanomaterhttps://doi.org/10.1155/2022/2830708

25. Gangadharan RP, Krishnan SS (2014) Natural bond orbital (NBO) population analysis of 1-
azanapthalene-8-ol. Acta Phys Pol A 125: 18-22. http://dx.doi.org/10.12693/APhysPolA.125.18

26. Pokhrel N, Lamichhane HP (2016) Natural bond orbital analysis of [Fe(H20)6]2+/3+ and
[[Zn(H20)6](H20)n]2+; n = 0-4. J Phys Chem Biophys 6: 231. http://dx.doi.org/10.4172/2161-
0398.1000231.

AIMS Biophysics (Volume - 11, Issue - 1, January - April 2024) Page No. 25



2022-end editorial: achievements, thanks, perspectives

Carlo Biancal,* and Lombardo Domenico2,*
1 Efrei Research Lab, Paris-Panthéon-Assas University, France
2 Consiglio Nazionale delle Ricerche, Istituto per 1 Processi Chimico-Fisici, 98158
Messina, Italy

1. Journal summary from co-Editor in Chief

Now we have stepped into 2023, at the beginning of the new year, and together with the Editorial Office
of AIMS Biophysics, we wish to testify my sincere gratitude to all authors, members of the editorial
board, and reviewers, thanking everyone for their contribution to AIMS Biophysics in 2022, now we
hope we could cooperate with you more this year. AIMS Biophysics is an international Open Access
journal founded in 2014 and devoted to publishing peerreviewed, high-quality, original papers in the
field of biophysics.The statistics and metrics of the journal have been increased and remarkable are the
following achievements:-About 30 publications in 2022 (3 review papers, 23 research articles, 4
editorials);- A total of four special issues were issued in 2022, and it is hoped that these four special
issues will attract more contributions from authors in 2023. 4 special issues have reached more than 5
papers.

In particular,the new topics of the special issues proposed in 2022 have allowed the interplay between
different scholars coming from different research fields. AIMS Biophysics invited nine experts to join
our editorial board in 2022.1n the next year 2023, we hope that we can increase the quantity and quality
of papers submitted to AIMS Biophysics and constantly seek scholars with good backgrounds to join
the editorial board. Shorten the article processing cycle and improve efficiency. Strive to establish a
special issue with topical and hot topics, attract more relevant manuscripts, increase citations/papers
and total citations, and improve the academic ranking of AIMS Biophysics.

Finally, we would like to thank all the editorial board members again. The development and progress of
the magazine can not be separated from your strong support and time. In the coming year of 2023, we
look forward to further strengthening the magazine's strength through continued cooperation.

Prof. Carlo Bianca co-Editor in Chief
Prof. Lombardo Domenico co-Editor in Chief
AIMS Biophysics

2. Editorial development

2.1. Manuscripts statistics

Manuscript statistics (2022)

Rejectrate: 45.3%

Publication time (median time from submission to online): 76 days

2.2. Author distribution
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= USA = [taly = France ' Egypt = Russia

= India = Armenia ® China = Portugal = lran
= Canada = Poland = Nepal = Bulgaria = Palestine
2.3. Articles type
Number
Review 3
Research article 23
Editorial 4

2.4. Articles metrics
The top 10 articles with the highest citations for the past five years:

Title Citations
Recent progress in Monte Carlo simulation on gold nanoparticle 21

radiosensitization
Charged amino acids may promote coronavirus SARS-CoV-2 fusion 16
with the host cell
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Intrinsic blue-green fluorescence in amyloyd fibrils 13
Interdisciplinary approaches to the study of biological membranes 12
Functional characterizations of polyethylene terephthalate-degrading 10
cutinase-like enzyme Cutl90 mutants using bis(2-hydroxyethyl)
terephthalate as the model substrate

Macromolecular sizes of serum albumins in its aqueous solutions 8
Biochemical and biophysical mechanisms underlying the heart and the 6
brain dialog

Nanoparticle-based  delivery platforms for mRNA  wvaccine 6
development

Thermodynamic, kinetic and docking studies of some unsaturated fatty 6
acids-quercetin derivatives as inhibitors of mushroom tyrosinase

A machine leaming algorithm for identifying and tracking bacteria in 6
three dimensions using Digital Holographic Microscopy

The top 10 articles with the highest viewed for the past two years:

Title Viewed
Toxicity associated with gadolinium-based contrast-enhanced 5184

examinations

An efficient method of detection of COVID-19 using Mask R-CNNon 3621
chest X-Ray images

Effects of magnetic field treated water on some growth parameters of 3076
corn (Zea mays) plants

A basic introduction to single particles cryo-electron microscopy 1874
Screening coronavirus and human proteins for sialic acid binding sites 1831
using a docking approach

Sequence—function correlation of the transmembrane domains in 1724
NS4B of HCV using a computational approach

Radioprotective effect of nanoceria and magnetic flower-like ron 1701
oxide microparticles on gamma radiation-induced damage in BSA
protein

Chest X-Ray image and pathological data based artificial intelligence 1631
enabled dual diagnostic method for multi-stage classification of
COVID-19 patients

Tumor treating fields (TTFs) using uninsulated electrodes induce cell 1452
death in human non-small cell lung carcinoma (NSCLC) cells

Evaluation of dose enhancement with gold nanoparticles in kilovoltage 1396
radiotherapy using the new EGS geometry library in Monte Carlo
simulation
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2.5. Special issue

2.5.1. New special issues

1. Importance of modelling and simulation in biophysical applications;

2. Electromagnetic waves and biology;

3. Scientific advances in complex systems of biophysical interest;

4. Scientific Advance in Biomembranes and Biomimetic Membranes of Biophysical Interest

2.5.2. Special issues with more than 5 papers

Scientific advances in complex systems of biophysical interest
https://www.aimspress.com/aimsbpoa/article/6201/special-articles

Interplay and Multiscale Modeling of Biological Complex Systems
https://www.aimspress.com/aimsbpoa/article/6057/special-articles

Methodological trends in structural biology 2021
https://www.aimspress.com/aimsbpoa/article/5840/special-articles

Applications of artificial intelligence, mathematical modeling and simulation in medical biophysics
https://www.aimspress.com/aimsbpoa/article/5637/special-articles

2.6. Editorial board members

AIMS Biophysics has a total of 43 editors, 9 of whom were newly invited in 2022.

2.7. Summary and plan

2.7.1. Summary

In the past year, we published 30 articles, created 4 special issues, and invited 9 new editorial board
members. The development of articles and special issues is stable and all aspects go hand in hand.

2.7.2. Plan in 2023

Strive to speed up the process of journal processing, hoping that the median processing time from
receiving to publishing online next year is stable and less than 50 days; At the same time, both the
appointment and processing of manuscripts should be in strict accordance with the standards,
hoping to attract high manuscript quality through the level accumulation of journals. Only by laying
a good foundation of the most fundamental quality will the possibility of journals being included in
various excellent databases increase, thus improving the popularity of journals. Our ultimate goal
seeks to be indexed by more databases by 2023.

AIMS Biophysics (Volume - 11, Issue - 1, January - April 2024) Page No. 29



Identification of potential SARS-CoV-2 papain-like protease
inhibitors with the ability to interact with the catalytic triad

Murtala Muhammadl1,2,*, 1. Y. Habib3, Abdulmumin Yunusal, Tasiu A.
Mikaill, A. J. Alhassan4, Ahed J. AlkhatibS, Hamza Sule6, Sagir Y. Ismaill and
Dong Liu2,*

1 Department of Biochemistry, Kano University of Science and Technology, Wudil,
Nigeria
2 College of Life Science, Hebei Normal University, 050024 Shijiazhuang, China
3 Department of Chemistry, Sa’adatu Rimi College of Education Kumbotso, Kano,
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4 Department of Biochemistry, Bayero University Kano, Nigeria
5 Faculty of Medicine, Jordan University of Science and Technology, Jordan
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ABSTRACT

/Severe acute respiratory syndrome corona virus2 (SARS-CoV-2) is responsible for the current pandemic\

that led to so many deaths across the globe and still has no effective medication. One attractive target is
Papain-like protease (Plpro), which plays a critical role in viral replication.Several important structural
features dictate access to the PLpro narrow active site, which includes a series of loops surrounding the
area. As such, it is difficult for chemical compounds to fit the SARS-CoV-2 PLpro active site. This work
employed a computational study to discover inhibitorsthat could bind to the SARS-COV-2 PLpro active
site, mainly by virtual screening, molecular dynamic simulation, MMPBSA and ADMET analysis. Eight
potential inhibitors were identified:carbonoperoxoic acid, Chrysophanol-9-anthrone, Adrenolutin, 1-
Dehydroprogesterone, Cholest-22-ene-21-o0l, Cis-13-Octadecenoic acid, Hydroxycarbonate and 1-(4-
(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl) isoquinoline, with binding scores of —4.4, —6.7, —5.9,
—6.7, =7.0, =4.6, —4.5 and —5.6 kcal/mol, respectively. All these compounds interacted with critical
PLpro catalytic residues and showed stable conformation in molecular dynamics simulations with
significant binding energies of —12.73 kcal/mol, —10.89 kcal/mol, —7.20 kcal/mol, —16.25kcal/mol,
—19.00 kcal/mol, —5.00 kcal/mol, —13.21 kcal/mol and —12.45 kcal/mol, respectively, as revealed by
MMPBSA analysis. ADMET analysis also indicated that they are safe for drug development. In this study,
we identified novel compounds that interacted with the key catalytic residues of SARS-CoV-2 PLpro with
the potential to be utilized for anti-Covid-19 drug development.

Keywords: SARS-CoV-2; PLpro; inhibitors; molecular docking; molecular dynamics simulations;
MMPBSA

- J

1. Introduction

Emerging and re-emerging infectious diseases remain among the greatest threats to human survival on
this planet. Animal Pathogens mutate and evolve continuously, gaining the ability to become zoonotic
or less susceptible to treatment [1].

Coronaviruses are enveloped RNA viruses distributed broadly among reptiles, mammals and birds,
causing respiratory, enteric, hepatic and neurologic diseases. Recently, a severe human respiratory
illness believed to be of animal origin has been responsible for several deaths across the globe [2—4].
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The disease has been declared a global health emergency by the World Health Organization (WHO) [4].
Studies suggested that a new highly infectious strain of Coronavirus (SARS-CoV-2) is responsible for
the pandemic [3]. So far, there is no globally accepted standard therapeutic for its management
[2].Papain-like protease (PLpro) is a coronavirus enzyme that plays an essential role in viral replication
and pathogenesis. It converts viral polyprotein into a functional replicase complex [5]. PLpro exhibits
deubiquitinating and delSG15ylating (interferon-induced gene 15) activities in SARS-CoV and
MERS-CoVs [6-9]. The catalytic triad Cys111, His272 and Asp286 is located at the interface between
the thumb and palm sub-domains of the enzyme [6,10,11]. Small chemical compounds and natural
products are rich sources of lead compounds that could be explored for new drug development. With the
recent advancement in computational chemistry, chemical libraries could be screened for compounds
that could interact with biological structures and inhibit the proliferation and survival of pathogens
[12—14]. Several scientists have screened various chemical libraries in an attempt to discover potent
PLpro inhibitors. For instance, Alamri etal. identified three compounds from a library of more than six
thousand protease inhibitors, Hajbabaie etal. screened more than thirty thousand compounds, Peng
etal. identified four promising PLpro inhibitors from a 1.6 million compound library, and many other
similar studies were reported with varying success stories [15,16].

Computational ligand-target prediction has proven reliable in drug discovery [7]. Recent in-vitro
studies imply that Plpro inhibitors that bind to the active or ubiquitin-binding sites are promising
candidates for drug development [6]. C. occidentalis was reported to have demonstrated remarkable
ethnomedicinal properties such as antimicrobial activity, anti-viral properties, anti-carcinogenicity,
anti-proliferation properties and antioxidant properties [ 17]. Therefore, the present study will utilize in
silico techniques to identify potent Covid-19 PLpro inhibitors with the ability to interact with the PLpro
catalytic residues from C. occidentalis phytochemicals National Cancer Institute (NCI) and PubChem
chemical compounds databases for anti-COVID-19 drug development.

2. Materials and methods

2.1. Ligand retrieval and preparation

More than Fifty C. occidentalis phytochemicals were obtained from the literature [ 18,19], as well as Six
thousand chemical compounds from the NCI library (https://dtp.cancer.gov/) and PubChem
(https://pubchem.ncbi.nlm.nih.gov/) databases, for the virtual screening. The NCI compounds
employed in this study are NCI diversity set VI compounds tested in the NCI human tumor cell line
screening, while the PubChem compounds were obtained from the PubChem similarity search of C.
occidentalis phytochemicals that bind to the PLpro active site. The Ligands in SDF format were
minimized and converted to PDBQT with PyRx-OpenBabel software.

2.2. Protein target preparation

The PDB structure of SARS-CoV-2 PLpro was retrieved from the Protein Data Bank
(https://www.rcsb.org) (PDB ID: 7cmd). All hetero atoms were removed from the protein molecule
using Discovery Studio software.

2.3. Molecular docking and docking validation

Molecular docking validation was conducted by re-docking the native ligand (GRL0617) of the 7emd
crystal structure to PLpro. Accordingly, GRL0O617 was separated from the protein and prepared for
docking using Discovery Studio (Version 20). The ligand was then docked back into PLpro’s active site
using Auto Dock Vina. The docked complex was superimposed with the X-ray resolved crystal Plpro
(7cmd) bearing the co-crystallized ligand, and the root mean square deviation (RMSD) value was
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generated in PyMOL [20]. Site-directed docking around the PLpro active site was performed with all
the Ligands. The receptor molecule remains rigid, and the ligands are flexible. Binding interactions
were analyzed using Discovery Studio [21]. Only compounds that interacted with the PLpro key
catalytic residues will be considered for further studies.

2.4. Molecular dynamics simulation

Molecular dynamics (MD) simulations of the protein and protein-ligand complexes were performed
with a GROMACS 5.0 package [22], using Amber99SB force field and TIP3P water mode, under
periodic boundary conditions with a dodecahedron periodic box set at a minimum distance of 1.0
between the protein and edge of the box. The system was neutralized with 0.154 moles/liter NaCl. The
initial energy minimization process was conducted by applying a simulated annealing method with a
corresponding equilibration of 1ns NVT and 1ns NPT. MD simulation production was performed at a
constant temperature and pressure of 300 K and 1 atm, respectively, with a time step of 2 fs. The
simulation was run in triplicate for 100 ns. Root mean square deviation (RMSD) and root mean square
fluctuation (RMSF) were calculated to determine the stability of the protein-ligand complex [23].

2.5. Binding free-energy calculations using MMPBSA

The protein-ligand complexes' binding free energies (AGbind) were computed using the Molecular
Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) algorithm, which gives a more accurate
estimation of the free binding energy than the scoring function of docking experiments [24]. The
GROMACS compatible g mmpbsa tool package was used to implement the MM-PBSA calculations,
and the Python script MmPbSaStat.py provided in the g mmpbsa package compiled and estimated the
interaction free energies [25]. The total binding free energy (AGtotal) is determined as the total energy
released from the ligand-protein complex, which is contributed by molecular mechanics binding
energy (AEMM) and solvation free energy (AGsol) using the following equations:

AEmM = AEint + AEcie + AEvaw
AGso= AGpl+ AGrp
AGiota=AEMM + AGsol
AGbind (MM-PBSA) = AEmm + AGsol — ATAS

where AEint stands for internal energy, AEele represents electrostatic energy, AEvdw is for vander
Waals energy, AGpl is for polar energy, AGnp is for non-polar energy components, and AGsol is the
contribution to total solvation free energy, while AGbind stands for the free energy of binding evaluated
after entropic calculations —ATAS [26].

2.6.ADMET analysis

SwissADME (www.swissadme.ch) and ADMETSAR (http://Immd.ecust.edu.cn/admetsar2/) servers
were employed to evaluate the metabolic and toxicological properties of the Ligands. The canonical
format of the chemical compounds was used as the entry system for ADMET (absorption, distribution,
metabolism and toxicity) calculations [27].

3. Results
3.1. Molecular docking
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Tablel. Binding scores and PLpro residues’ interactions with the Ligands.

Compound Name PubChem Binding Hydrogen Bond Other Interactions
CID Score Interaction
(kcal/mol)
Carbonoperoxoic acid IB1880 4.4 Asp 286, Ile 285, Leu 118, Thr 115,
Tyr 273 His 275, Ala 114,
Trp 106, Lys 274,
Cys 111 and Gly
287
Chrysophanol-9-anthrone 68111 6.7 Ser 212, Tyr 305, Glu 252, Tyr 251,
Glu 214 Tyr 213, Thr 257
and Lys 254
Adrenolutin 12556 -59 His 175, Ala His 73, Phe 79, Thr
153, Arg 82, 74, Cys 155, Tyr
Asn 156 154 and Asp 76
I-Dehydroprogesterone 247929 6.7 Lys 232 Leu 185, Thr 207,
Met 208, Arg 166,
Leu 199, Glu 203,
Val 202, Ser 170
and Met 206
Cholest-22-ene-21-ol 129883894 7.0 Ser 278 Thr 277, Lys 279,
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and Phe 258
Cis-13-Octadecenoic acid 5312441 4.6 Asn 110, Cys Gly 287, Asp 286,
111 Asp 108, His 272,
Asn 109, Ala 107,
Ala 288, Lys 105,
Trp 106, and
Leu 289
Hydroxycarbonate 1 78ET040 -4.5 His 275, Ile 285 Cys 111, Asp 286,
and Ser 103 Tyr 273, Lys 274,
Ala 114, Trp 106
and Thr 115
1-(4-(4-Methylphenyl) 272358 —5.6 Trp 106 Asp 286, His 272,
-5-phenyl-1,3 Lys 274, Lys 103,
-oxazol-2-yljisoquinoline Thr 265 and Ala
288

Structural-based virtual screening was employed to find the potential inhibitors of SARS-CoV-2
PLpro. The docking and scoring functions were validated before the docking was carried out.
Compounds that interacted with the catalytic site residues of PLpro were selected for further studies
(Figure 1). Carbonoperoxoic acid and hydroxycarbonate were identified from the PubChem similarity
search of the C. occidentalis phytochemicals that bind to the active site, while 1-(4-(4-Methylphenyl)-
5-phenyl-1,3-oxazol-2-yl)isoquinoline was identified from the NCI diversity set VI library, and the
remaining five compounds are Cassia spp. phytochemicals. The selected chemical compounds have
binding scores ranging from —4.4 to 7.0 kcal/mol. Carbonoperoxoic acid, Chrysophanol-9-anthrone,
Adrenolutin, 1-Dehydroprogesterone, Cholest-22-ene-21-0l, Cis-13-Octadecenoic
acid,Hydroxycarbonateand1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline showed
binding scores of —4.4,—6.7,—5.9,—6.7,—7.0,—4.6,—4.5 and —5.6 kcal/mol, respectively (Table 1).

3.2. Analysis of the ligands 'interactions

The 2D interactions of the eight selected ligands and the SARS CoV-2 PLpro complexes were
visualized with the Discovery Studio software. As shown in Table 1 and Figure 2, carbonoperoxoicacid
binds within the active site of SARS CoV-2 PLpro, forming hydrogen bonds with Asp 286, Ile 285 and
Tyr 273 residues. It also formed hydrophobic interaction with Cys 111 and other active site residues,
suchas Leu 118, Thr 115, His 275, Ala 114, Trp 106, Lys 274 and Gly 287 (Figure 2a).Chrysophanol-9-
anthrone formed three hydrogen bonds with Ser 212, Tyr 305 and Glu 214 and hydrophobic bonds with
Glu 252, Tyr 251, Tyr 213, Thr 257 and Lys 254 (Figure 2b).Adrenolutin also interacted with His 175,
Ala 153, Arg 82, Asn 156 through hydrogen bonds, with six other, hydrophobic bonds: His 73, Phe 79,
Thr 74, Cys 155, Tyr 154 and Asp 76 (Figure 2¢).1-Dehydroprogesterone formed only one hydrogen
bond with Lys 232 and many other hydrophobic interactions with the nearby active site residues, such
as Leu 185, Thr 207, Met 208, Arg 166, Leu 199, Glu 203, Val 202, Ser 170 and Met 206 (Figure
2d).Cholest-22-ene-21-ol also forms only one hydrogen bond with Ser 278. It also interacts through
hydrophobic bonding with Thr 277, Lys 279, GIn 122, Gly 256, Thr 257, Tyr 305, Lys 217, Tyr 213, Lys
306, Thr 259 and Phe 258 (Figure 2¢).Cis-13-Octadecenoic acid interacted with all the catalytic triads
of SARS-CoV-2 PLpro. It forms a hydrogen bond with Cys 111 and hydrophobic interaction with Asp
286 and His 272. Others include an additional hydrogen bond with Asn 110 and hydrophobic
interactions with Gly 287, Asp 108, Asn 109, Ala 107, Ala 288, Lys 105, Trp 106 and Leu 289 (Figure
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21). Because the structure of cis-13-Octadecenoic acid is long, a large part of the molecule is placed
outside the active site and lies under the blocking loop 2 (BL2) in the palm sub-domain.
Hydroxycarbonate forms three hydrogen bonds with His 275, Ser 103 and Ile 285 and vander Waals
interactions with catalytic Cys111 and Asp 286.0ther important interactions include Tyr 273, Lys 274,
Trp 104 and Ala 114 (Figure 2g). On the other hand, 1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)
1soquinoline forms a Pi-cation bond with Asp 286, Pi-anion bond with Lys 274 and Pi-donor hydrogen
bond with Trp 106. Other significant interactions are His 272, Thr 265, Lys 105, Leu 289 and Ala 288
(Figure 2h).
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(a) Carbonoperoxoic acid (b) Chrysophanol-9-anthrone

(d) 1-Dehydroprogesterone (e) Cholest-22-ene-21-ol (f) cis-13-Octadecenoic acid
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Figure 2. 2 D depiction of SARS-CoV-2 PLpro-Ligands’ interactions complexes.
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3.3. Molecular dynamics (MD) simulation

MD simulation is a widely used computational method for analyzing the ligand-protein complex
dynamic behavior and stability under different conditions [23]. The simulation results were analyzed
by RMSD and RMSF.

3.3.1. Root mean square deviation (RMSD)
The structural changes in protein-ligand complex and dynamic behavior were analyzed by the

RMSD and are presented in Figure 3.

- PLpro —_— Cholest-22-ene-21-ol
— Carbonoperoxoic acid — Cis-13-Octadecaenoic acid
= Chrysophanol-9-anthrone — Hydroxycarbonate
- Adrenolutin 1-(4-{4-Methylphenyl)
- 1-Dehydroprogesterone =— -5-phenyl-1,3-oxazol-2-yl)
4 isoquinoline

RMSD (A)
o

(1] S50 100
Time (ns)

Figure 3. Plots of RMSD of the PLpro-ligands complex.

The results show that Carbonoperoxoic acid is highly stable at the active site of PLpro with a single
binding mode; it fluctuates around 0.1 and 0.6 A, with an average RMSD of 0.22 A, which is even more
stable than the Apo-protein. While Chrysophanol-9-anthrone reached stability at around 10 ns, it
fluctuated between 0.2 and 1.2 A, with an average RMSD of 0.75 A. Adrenolutin is highly stable; it
fluctuates around 0.6 A throughout the simulation and has an average RMSD value of 0.62A.1-
Dehydroprogesterone has two major fluctuations around 40 ns and 70 ns but becomes stable after 80 ns
of the simulation. Similarly, Cholest-22-ene-21-ol becomes stable at around 30 ns following a large
fluctuation at the beginning of the simulation, with an average RMSD of 1.43 A.Cis-13-Octadecenoic
acid remains stable but at a higher average RMSD that ranges between 2.06 and 3.55 A and has a large
fluctuation between 30 and 50 ns of the simulation. Hydroxycarbonate is also stable at the PLpro active
site; it fluctuates between RMSD of 0.09 and 0.5 A throughout the simulation, with an average RMSD
value of 0.25 A. 1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline has two significant
fluctuations between 16ns and 40ns and between 45 ns and 60 ns but stabilized from 60 ns till the end of
the simulation.
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3.3.2. Root mean square fluctuation (RMSF)

RMSF analysis was conducted to explore the per-residue fluctuations of the system. RMSF analysis
showed that binding of the ligands does not affect the stability of the PLpro catalytic triad residues, Cys
111, Asp 286 and His 272 (Figure 4). The RMSF value of the Apo-protein reached equilibrium after an
initial increase within the first 1ns, with an average RMSF of 1.2 A.

LT
- PLpro
- — Carbonoperoxoic acid
— Chrysophanol-9-anthrone
=< 3 — Adrenolutin
= — 1-Dehydroprogesterone
= 2 — Cholest-22-ene-21-ol
= (Cis-13-Octadecenoic acid
=  Hydroxycarbonate
1 1-(4-(4-Methylphenyl)
= -5-phenyl-1,3-oxazol-2-yl)
" isoquinoline
100 200 300 400

Residue Number

Figure 4. The root mean square fluctuation (RMSF).

As shown in Figure 4, the Apo-protein fluctuations during the simulation are shown in black color; its
major fluctuations are at the residues from 66 to 75 (1.82 A), 19310209 (2.1 A) and 265 t0 271 (1.41 A).
Carbonoperoxoic acid-PLPro complex, shown in red, has major fluctuations between residues 40 and
55 (2.03 A), 183 and 196 (1.93 A) and 264 and 271 (1.36 A). Similarly, chrysophanol-9-anthrone-
PLPro complex, shown in green, has fluctuations between 42 and 53 (2.09 A), 189 and 193 (1.78 A) and
219 and 230 (2.21 A), similar to those of carbonoperoxoic acid.Adrenolutin-PLPro complex (purple)
had major fluctuations between residues 43 and 50 (1.56 A),189 and 196 (1.77 A) and 214 and 230
(2.21 A). 1-dehydroprogesterone-PLPro complex (orange) causes fluctuations around residues 14 to
33(1.55A),41t055(1.93 A), 18810 195(2.57 A)and 221 t0 230 (2.75 A). In contrast, Cholest-22-ene-
21-0l-PLPro complex (represented in blue color) fluctuates at residues between 39 and 55 (2.36 A), 189
and 192 (1.97 A), 215 and 230 (2.46 A) and 260 and 271 (2.62 A), with an average RMSF higher than
that of the Apo-protein.Cis-3-octadecenoic acid-PLPro complex (brown) major fluctuations are at the
residues between 43 and 56 (2.13 A), 59 and 67 (2.64 A), 188 and 195 (1.86 A) and 219 and 230 (2.69
A). Hydroxycarbonate- PLPro complex (represented in navy blue) major fluctuations are between
residues 36 and 55 (1.65 A), 188 and 194 (1.67 A), 222 and 230 (2.76 A) and 264 and 271 (2.09A).1-(4-
(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline-PLPro complex fluctuates around residues
42t053(2.26A),189t0193(2.01 A)and218t0235(2.11 A).

3.4. Binding free energy of the PLpro-ligands complex using MMPBSA
The binding free energy was calculated to understand more about the interactions between PLpro and
the ligands.

Table 2. Binding free energy of the PLpro in complex with the ligands.
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Ligand-PLpro Complex  Vander Waals Electrostatic Polar Solvation ~ Apolar Total Binding
Energy Energy Energy Energy Energy (kcal/mol)
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

Carbonoperoxoic acid —10.70 £1.81 —2046+250 20.60+1.39 2174002 -12.73+1.39

Chrysophanol-9-anthron  —22.12 + 1.41 —2.90 £ 1.66 16.49 +2.49 —236+0.08 —10.89+2.05

€

Adrenolutin -12.73+£1.98 -13.59+237 21.31+1.39 —2.18+0.14 —720+148

l—-dehydroprogesterone ~ —21.61 +1.92 —4.43 + 1.66 12.26 +£2.07 2474010 -1625+1.72

Cholest-22-ene-21-ol =22.57+£2.00 -12.51+2.09 19.15+1.38 -290+0.12  —-19.00+1.83

Cis-13-Octadecenoic =7.76 £ 0.66 —28.890+2.63 32,96 +2.81 -1.2240.09 —-5.00+0.92

acid

Hydroxycarbonate —12.75+2.26 —-24.00+332 26.12+2.23 -2.57+0.06 -13.21+1.61

1-(4-(4-Methylphenyl)-5 —17.62 +1.43 —2.62 +0.86 10.31 £ 1.67 -2.52+0.11 -1245+1.77

-phenyl-1,3

-oxazol-2-yl)isoquinolin

=

As shown in Table 2, the binding energies of the eight complexes range from —19.00 kcal/mol to —5.00
kcal/mol. Overall, Cholest-22-ene-21-0l shows the highest binding energy, followed by 1-
Dehydroprogesterone. In contrast, Cis-13-Octadecenoic acid has the least binding energy.

3.5. MMPBSA energy decomposition analysis of the residue-ligand interactions
Binding free energy decomposition analysis was conducted to gain insight into the

residues’contributions to the whole system. The energy contribution for each residue is shown in Figure
5.

1.
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E
=
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= 400
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§ -
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£
=
=
Eu & Gly2F6
= -2 —&- Chrysophanol-8-anthrone  -e- Cis-13-Octadecenoic acid

- Adrenolutin

- 1-Dehydroprogesterone -+ Hydroxycarbonate i

[T}
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. isoquinoline

Figure 5. Energy spectra of the PLpro residues’ interaction with the Ligands.
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Notably, the energy contributions of the carbonoperoxoic acid-PLpro complex residues include
catalytic Cysl11(—1.104 kcal/mol), Tyr106(—1.549 kcal/mol), Thr115(-0.88 kcal/mol),
Alal14(—0.58kcal/mol), Leul18(—0.37 kcal/mol), Cys284(—0.72 kcal/mol), Tyr283(—0.49 kcal/mol),
Glu295(—2.44kcal/mol), Tyr296(—0.65 kcal/mol) and Lys297(—0.54 kcal/mol). Similarly, the major
binding energy contributing residues in Chrysophanol-9-anthrone-PLpro complex are Tyr213(—0.95
kcal/mol),Glu214(—0.62 kcal/mol), Asn267(—0.86 kcal/mol), Tyr264(—0.48 kcal/mol), Tyr268(—0.22
kcal/mol) and Lys315(—0.53 kcal/mol). On the other hand, Lys217 and Ala261 binding energies
wereunfavorable. Adrenolutin—Plpro complex binding energy was contributed by Thr74 (—0.59
kcal/mol),Phe79 (—0.67 kcal/mol), Arg82 (—1.30 kcal/mol), Tyr154 (—1.16 kcal/mol) and Asnl156
(—1.56kcal/mol). Meanwhile, forl-dehydroprogesterone-PLpro complex, they are Glnl174(—0.901
kcal/mol),Val202(—1.23 kcal/mol), Glu203(—0.79 kcal/mol) and Met206(—0.39 kcal/mol).
Furthermore,Cholest-22-ene-21-0l-PLpro complex residues with obvious binding energy
contributions are Gly266(—1.89 kcal/mol), Tyr268(—0.96 kcal/mol), Asn267(—0.90 kcal/mol),
Thr265(—0.64 kcal/mol),GIn269(—0.35 kcal/mol), Gly288(—0.62 kcal/mol), Ala288(—0.39 kcal/mol)
and Leu290(0.17kcal/mol). Hydroxycarbonate-PLpro complex residues with enormous energy
contributions are Tryl06(—0.74 kcal/mol), Cysl11(—1.24 kcal/mol), Alal14(—0.77 kcal/mol),
Leul18(—0.28 kcal/mol), Lys274(—1.33 kcal/mol), Asp286(—2.58 kcal/mol), 11e285(—0.46 kcal/mol),
His272(0.11 kcal/mol), Asp286 (—0.50 kcal/mol) and His275(—0.6 kcal/mol). Finally,1-(4-(4-
Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline—Plpro complex binding energy contributing
residues include Leul62(—1.38 kcal/mol) and Trp106(—0.30 kcal/mol), while GIn269,Asn109 and
Asp286 have unfavorable binding energy.

3.6. Drug-likeness properties and ADMET screening
Table 3. Properties of the identified compounds.

Name Logp Logs Rotatable Hydrogen Hydrogen
bonds bond bond
acceptors donors
Carbonoperoxoic acid 0.154 —0.07 | 4 2
Chrysophanol-9-anthrone 2.54142 —4.07 0 3 2
Adrenolutin 0.7303 -1.87 0 3 2
1-Dehydroprogesterone 44995 —4.28 1 2 0
Cholest-22-ene-21-ol 7.2462  -7.58 5 1 1
cis-13-Octadecenoic acid 6.1085 —5.41 15 2 l
Hydroxycarbonate 0.36 —0.67 2 5 2
1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)i  3.74 —6.32 3 0

soquinoline

Swiss ADME and admetSAR servers were used to evaluate the metabolic properties of the identified
SARS CoV-2 PLpro inhibitors. As shown in Table 3, most of the compounds obeyed Lipinski rules for
drug-likeness [28]. Carbonoperoxoic acid has a molecular weight of 78.02 g/mol, log P of 0.154, four
hydrogen bond acceptors (HBA) and two hydrogen bond donors (HBD).Chrysophanol-9-anthrone
compound has a molecular weight of 240.25 g/mol, log P of 2.54, three HBA and two HBD atoms.
Adrenolutin has a molecular weight of 179.17 g/mol, log P o 0.73, log S of —1.87, three HBA and two
HBD. 1-Dehydroprogesterone has a molecular weight of 312.45 g/mol, log P of 4.49, log S of —4.28
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and two HBA. Cholest-22-ene-21-o0l has a molecular weight of 386.65 g/mol, log P of 7.25, log S of
—7.58, 1 HBA and one HBD.Cis-13-Octadecenoic acid has a molecular weight of 282.46 g/mol, log P
of 6.1, log S of =5.41, two HBA and one HBD. Hydroxycarbonate has a molecular weight of 9.402
g/mol,logP of 0.36, two Rotatable bonds, five HBA and two HBD. 1-(4-(4-Methylphenyl)-5-phenyl-
1,3-oxazol-2-yl)isoquinoline has a molecular weight of 362.42g/mol, logP of 3.74, three rotatable
bonds, three HBA and Zero HBD.

Other Pharmacokinetic properties such as absorption, distribution, metabolism, excretion and toxicity
are presented in Table 4. The identified ligands are readily absorbed by the human intestine, making
them good candidates for oral administration. Meanwhile, only Chrysophanol-9-anthrone and 1-
Dehydroprogesterone could pass through the Blood-brain barrier.

Table 4. ADMET of the identified compounds.

5@[?[]:‘)[] o Ligand 1 Ligand 2 Ligand 3 Ligand4 Ligand5 Ligandé Ligand7 Ligand8

distribution

Water solubility  Very Moderately  Very Moderate  Poor Moderate  Very Poorly
soluble soluble soluble  soluble

Blood-brain No Yes No Yes No No No Yes

barrier permeant

Human intestinal  High High High High High High High High

absorption

CNS No Mo Mo Mo MNo Mo Mo No

permeability

P-glycoprotem ]  No No No Yes Yes No No No

mnhibitor

P-glycoprotein Il No Mo No Mo Yes No No Mo

inhibitor

Metabolism

CYP450 2C9 No Mo Mo yes Mo Mo MNo Mo

inhibitors

CYP450 2D6 No No Mo No No No No No

inhibitors

CYP450 3A4 No No Mo yes Yes yes No Yes

substrate

CYP450 1 A2 No yes Mo Mo MNo ves Mo Yes

substrate

CYP450 2C19 No yes Mo Mo Mo No No Yes

inhibitors

Toxicity

AMES toxicity No No No No No No No No

hERG I inhibitor  No No No No No No No No

hERG 11 No No MNo Yoes Yes No No MNo

inhibitor

Hepatotoxicity No No No Yes No Yes No Mo
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Note:Ligand 1:Carbonoperoxoic acid, Ligand 2: Chrysophanol-9-anthrone, Ligand 3: Adrenolutin,
Ligand 4:1-dehydroprogesterone, Ligand 5: Cholest-22-ene-21-ol, Ligand 6:cis-13-Octadecenoate
acid, Ligand 7:Hydroxycarbonate, Ligand 8:1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-
yl)isoquinoline.

4. Discussion

With the recent advancement in computational chemistry, chemical libraries could be screened for
compounds with the potential to be utilized for drug development [17,29]. Several researchers have
screened various chemical libraries in an attempt to discover potent PLpro inhibitors [15,16].PLpro
plays an essential role in the cleavage and maturation of SARS-CoV-2 poly-proteins,assembly of the
replicase-transcriptase complex and disruption of host responses. The enzyme performs its proteolytic
functions through its catalytic cysteine-protease cycle, in which Cysl11 functions as a nucleophile,
His272 acts as a general acid/base, and Asp286, linked with the histidine, assists to align and
deprotonate Cys111 [5,6]. Several important structural features dictate access to the PLpro narrow
active site, including a series of loops surrounding the area. One such loop is situated at the active site's
mouth and comprises residues 103—110 [30]. As such, it is difficult for chemical compounds to fit the
active site of SARS-CoV-2 PLpro. However, our study revealed that some of the identified compounds
have the potential to bind to the SARS-CoV-2 PLpro catalytic triad and form crucial hydrogen bonds
with catalytically essential residues of the enzyme and possibly inhibit its catalytic activity. For
instance, carbonoperoxoic acid, cis-13-Octadecenoic acid, Hydroxycarbonate and 1-(4-(4-
Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline interacted with at least one of the active site
catalytic triad residues of SARS-CoV-2 PLpro. More importantly, hydrogen bonds were formed
between Carbonoperoxoic acid and Asp286, 11e285 and Tyr 273, while cis-13-Octadecenoic acid
formed hydrogen bonds with Cys111 and Asn110. Hydroxycarbonate forms three hydrogen bonds with
His 275, Ser 103 and Ile 285, and van der Waals interactions with catalytic Cys111 and Asp286. On the
other hand, 1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl) isoquinoline forms a Pi-cation bond
with Asp 286, Pi-anion bond with Lys 274 and Pi-donor hydrogen bond with Trp 106, which are all
critical for the enzyme activity. On the other hand, adrenolutin binds to the pocket in the ubiquitin-
binding domain and forms key hydrogen bonds with His 175, Ala 153, Arg 82 and Asn 156. Recent in-
vitro studies imply that PLpro inhibitors that bind to the active or ubiquitin-binding sites are promising
candidates for drug development [6]. In similar studies,Debnath etal. identified myricetin from Allium
cepa and a-hydroxy-hydro-caffeic acid from Menthapiperita, both of which interacted with the SARS-
Cov-2 PLpro[31].

Furthermore, several new molecules with anti-Covid-19 properties were identified by in silico studies,
most of which are comparable to our findings. For instance, Hajbabaie etal. conducted a virtual
screening of more than 300 thousand ligands and identified two compounds with binding scores of —9.4
and —9.36 kcal/mol which interacted with Asp 164, Glu 269, Tyr 264 and Tyr 268.

Similarly, a known PLpro inhibitor GLR0617 binds to the cavity near catalytic residues and induces the
blockage of loop2, thereby preventing catalysis as observed in adrenolutin interaction[16]. An in-vitro
study confirmed that a naphthalene-based compound identified by in silico studies has anti-PLpro
activity [15]. Likewise, through virtual screening and enzymatic evaluations, nine natural biflavones
were confirmed to be effective PLpro inhibitors with IC50 values ranging from 9.5 to 43.2 uM [32].
Adam etal. identified a compound that formed a hydrogen bond with Gly 163 and Alkyl interaction with
Cys1llandLeu162[33].

In our study, molecular dynamics simulation revealed that all the selected compounds formed a stable
complex with SARS-CoV-2 PLpro. Similarly, MMPBSA revealed significant binding energies of the
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complexes. Cholest-22-ene-21-0l showed the highest binding energy, followed by 1-
Dehydroprogesterone, while Cis-13-Octadecenoic acid has the least binding energy.Metabolic and
toxicity studies show that the identified compounds were all soluble and highly absorbed through the
human intestine. Only Chrysophanol-9-anthrone and1-Dehydro progesterone are permeable to the
blood-brain barrier (Table 4). Several studies revealed the therapeutic potential of the identified
chemical compounds. For instance, Chrysophanol, which is a unique anthraquinone,has broad-
spectrum therapeutic potential. It has been reported to possess anticancer, antiviral, anti-diabetic, anti-
inflammatory and anti-protozoal effects [17]. Cholest-22-ene-21-ol has been reported to have an anti-
inflammatory effect [34].Cis-13-octadecenoic acid is used for therapeutic uses in medicine and surgery
[35], and Hydroxycarbonate is used in the synthesis of iron-magnesium-hydroxycarbonate for the
treatment of hyperphosphatemia [36]. 1-(4-(4-Methylphenyl)-5-phenyl-1,3-oxazol-2-yl)isoquinoline
modulates signal transduction through the Pd-1 receptor, which activates t-cells to promote immune
response for treating infections, as reported in PubChem bioassay result.

5. Conclusions

Covid-19 remains the most significant challenge facing the world today, and so far, there is no standard
therapeutic for its management. PLpro plays a critical role in viral replication and pathogenesis. Our
present study has identified eight compounds, some of which form bonds with at least one of the
catalytic triads of the PLpro, which is often difficult to achieve due to the presence of critical structural
features that dictate access to the PLpro narrow active site. These ligands might have antiviral
properties and the capacity to be promising drug candidates for the treatment of Covid-19.
Furthermore, these compounds warrant further lead optimization and in-vitro studies.
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ABSTRACT

/Oxidative stress factors are among the most common carcinogens, Superoxide dismutase enzyme-2
(SOD2) is an endogenous antioxidant involved in the scavenging of superoxide anions. This study aimed
to investigate the effect of the SOD2 gene polymorphism (rs5746136) on SOD activity and biomarker
levels in breast cancer patients. This study aimed to investigate the effect of SOD2 gene (rs5746136)
polymorphisms on SOD activity and biomarkers levels in breast cancer patients. The spectrophotometry
methods were used to detect malondialdehyde (MDA) and Catalase (CAT), Superoxide dismutase
(SOD), and Glutathione (GSH) levels, which reflect antioxidant capacity, and the genotypes of
rs5746136 were detected utilize PCR and RFLP. According to the current findings, the GA genotype of
the control group was the most common (70%), followed by GG and AA genotypes (26.7% and 3.3%)
respectively. In the patient group, the most common genotype was GG (45.6%), followed by the GA
genotype (42.8%) and then the AA genotype (11.4%) The frequency of heterozygous genotype G/A
compared to the homozygous genotype (G/G) [OR =0.3571, 95% CI=0.1375-0.9277, P=0.0345]. The
AA genotype is significantly associated with an increased risk of developing BC [OR = 2.00, p = 0.5403,
CI: 0.2175-18.3883]. No significant differences were found in frequencies of the A allele between
patients and control groups [OR = 0.7872, 95% CI = 0.4198—1.4762, P = 0.4558]. In addition, there are
modest (P 0.05) relationships between serum biochemical parameters levels and rs5746136 genotype in
breast cancer patients, but a substantial association between serum SOD activity and GSH
concentration and GA and GG rs5746136 genotype in the control group. In conclusion, the current
investigation suggests that the AA genotype of (rs5746136) in the MnSOD gene may be associated with
an increased risk of breast cancer. The chosen SOD2 variants (rs5746136) play a crucial role in
controlling the activity of the SOD enzyme.

Keywords: breast cancer; antioxidant polymorphism; MnSOD; Rs5746136; SOD2; RFLP-PCR
. /

1. Introduction

The most common cancer among women is breast cancer (one-third of all female cancers), it is the
second-highest cancer-causing death after lung cancer and the first on the list causing death in
American women between 40-55 years old [1]. In general, the accumulation of damaged DNA affects
signal transduction pathways within cells, and oxidative stresses are the main factors that cause cancer
development [2]. Reactive oxygen species have been linked to the emergence of cancer in numerous
well-established research (ROS). One of their most notable known traits is that they are extremely
reactive, created by various diseases, pharmaceutical medications, UV radiation, and ROS-trigger
inflammatory cells.
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ROS are considered inducers of malignancy because they can promote the transformation of oncogenes
and increase cell proliferation, survival, and migration due to the accumulation of damaged DNA.

Oxidative stress increases when the body produces ROS and cannot remove them effectively,which can
cause serious health problems [3—5]. Superoxide dismutase (SOD), which is found in the mitochondria,
peroxisomes, and cytoplasm, is the body’s main ROS-activated antioxidant defense system [3,6].

SOD enzyme catalyzes the dismutation of superoxide into oxygen and hydrogen peroxide [ 7-9]. Three
families of superoxide dismutase are generated according to the type of metal cofactor: copper/zinc
Cu/Zn (SOD1, OMIM No. 147450); ferritin/manganese Fe/Mn (SOD2, OMIM No. 147460); and
nickel Ni(SOD3, OMIM No. 185490) [10]. The increased or decreased activity of antioxidant enzymes
such as GPx, CAT, SOD, GST, and GR has become a significant and necessary tool for understanding
the development of cancer and therapy [11]. Several studies have shown some indication that genetic
variants in the MnSOD gene may be connected to an increased chance of breast cancer in Chinese
women with high-rise levels of oxidative stress or reduced antioxidant consumption [7,11]. The
mutations in the SOD2 gene are risk factors for tumor progression [12]. Several investigations have
indicated the possibility of polymorphisms in the MnSOD gene, affecting gene expression and/or
protein function, referring to the predicted relationship between SNPs in the enzyme gene and cancer
development [1,2,13]. The rs5746136 C > T or G > A is associated with the development of premature
[3],cardiovascular illnesses [4], diabetes mellitus type 2 (DM2) [5], and cancer [7,10,13], some of the
variants are linked to reduced enzymatic activity. The rs5746136 variants are situated around one
kilobase upstream from SP1 and the NF-kB transcription element sequences and 65 base pairs
downstream of the poly-A site in the 5th intron, close to 3'UTR. The biological impact of the variations
is unknown, but some theories have suggested that it may influence how genes are expressed, transport
mRNA to the cytoplasm, and affect mRNA half-life. In the Chinese population, bladder cancer risk is
correlated with genetic variations in N6-methyladenosine [11]. The SOD2 gene variant might limit BC
susceptibility, but the association Educations that studied the rs5746136 variants and BC risk remain
unknown. For this reason, we deliberate it important to govern the frequency of the rs5746136 variants,
and whether there is a correlation between SOD2 gene polymorphisms and Iraqi women with BC.

2.Materials and methods

2.1. Ethical statements

Written consent forms have been given by volunteers. The University of Babylon’s ethical committee
accepted the study and authorized the collection of samples.

2.2. Population of study

The study included 70 patients with breast cancer at Merjan University Hospital aged a rounded 25-81
years old, the healthy control group consist of 30 healthy females (2071 years old). Samples start
collecting between September 2021 and January 2022. Every individual provided a written
authentication.

2.3. Blood samples

About four milliliters of venous blood sample was collected from each subject in this study. Each blood
sample was divided into two parts 2 ml for each: the first part was collected into EDTA containing tubes
to use for genetic analysis, and the second part was used to separate the serum by centrifugation at 3000
rpm for 15 min and then kept in Eppendorftubes at—20 °C until used [ 14,15].2.4. Biochemical analysis
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2.4. Biochemical analysis

2.4.1. Superoxide dismutase (SOD) assay

According to [12], superoxide dismutase activities were assessed through Pyrogallol self oxidation.
pyrogallol rapidly autoxidizes in the existence of molecular oxygen, in an alkaline medium, to produce
numerous intermediate products. The principle of this procedure is based on the mass production of
pyrogallol-quinone through a reactive intermediate, the semiquinone radical, and the capability of
SOD to block this reaction by radical dismutation. Pyrogallol-quinone is nut brown and absorbs visible
light at 420 nm. One unit of SOD activity is defined as the quantity of enzyme required to block the
oxidation of pyrogallol autoxidation by 50% per min per ml of the assay combination.

2.4.2. Catalase (CAT) assay

Serum catalase activity was measured using hydrogen peroxide as a substrate assay based on

forming a stable complex with ammonium molybdate [ 16,17]. The test for glutathione content was
based on the formation of a yellow-colored compound by dithionitrobenzene (DTNB) with acidsoluble
sulthydryl groups, as described by [ 18].

2.4.3. Lipid peroxidation

Lipid peroxidation was estimated using the thiobarbituric acid assay for malondialdehyde (MDA)
concentration based on [19]. Malondialdehyde (MDA), the main product of lipid peroxidation, and
thiobarbituric acid (TBA) interact in the assay to create MDA-TBA2 adducts known as TBARS. A
reddish-pink tint produced by TBARS can be observed spectrophotometrically at 532 nm.

2.5. Molecular assay

2.5.1. DNA extraction

Following the manufacturer’s instructions, gDNA was extracted from blood samples using the
Genomic DNA Mini Kit (Blood/Cultured Cell) (Catalog number GB100/300, Genaid, Taiwan). The
absorbance at two wavelengths (260 and 280) on a (Nanophotometer NP80, Implen, Germany) at the
Advanced Microbiology Lab, biology department, College of Science, University of Babylon,
Babylon, Iraq, was used to assess the quality of the DNA sample. For subsequent tests, all DN A samples
were maintained at a temperature of 20 °C[15,16,20].

2.5.2. Polymerase chain reaction (PCR)

DNA -targeted sites were amplified using a specifically designed primer to detect and recognize the
MnSOD (rs5746136) gene (Macrogene, South Korea). Forward primer 5’
GATGCCTTTCTCCTATTC-3' and the reverse primer was 5'-TCAGTCACCTGCTACATT-3". The
Polymerase Chain Reaction PCR technique was performed with areaction volume of 20 ul (1 pl ofeach
primer, 12.5 pl of green master mix, 3 pl of DNA, and 2.5 pl of DNase-free water. Amplification was
carried out by thermal cycler (Biometra, Germany) as the following program: 95 °Cfor denaturation for
5 minutes, 35 cycles for 30 seconds at 94 °C, annealing for 25 seconds at 60 °C, extension for 30 seconds
at 72 °C and final extension for 5 minutes.

The product of PCR was electrophorized in 1% agarose gel at 75 V (cleaver sciences, UK) and then
observed by using ethidium bromide. Gel documentation system (Cleaver science-UK) used to capture
photographs.

AIMS Biophysics (Volume - 11, Issue - 1, January - April 2024) Page No. 47



2.5.3. Polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP)

According to the manufacturer’s instructions, the PCR product was digested by two units of candidate
endonuclease Taql for 14 hrs at 65 °C (Promega). PCR products were electrophorized with 1% agarose
at75 V (Cleaver science-UK) and stained with ethidium bromide for visualization.

2.6. Statistical analysis

The statistical analyses in this study were carried out using IBM SPSS statistics version 23.0. To
compare sample means from two related groups, the dependent samples t-test is utilized. The whole
number of incidences of the tested allele in the population was divided by the whole number of alleles to
compute allele frequencies. The odds ratio (OR), 95% confidence intervals, and P values of the
genotype distributions and allele frequencies were calculated using the Hardy-Weinberg equilibrium
assumption and a Chi-square test. Duncan’s test was used to investigate the correlation between blood
biochemical parameter levels and rs1050450 genotypes. All P < 0.05 were considered statistically
significant [21-23].

3. Results
As apreliminary step in amplifying the target area of the SOD1 gene, genomic DNA was isolated from
Blood samples.

3.1. Genotyping of SOD2 (rs5746136) gene polymorphisms

The results of gene polymorphism show the presence of'a unique band (253 bp) of the SOD2 gene target
sequence (rs5746136).SOD2 (rs5746136) gene PCR products were digested by Taql restriction
enzyme which cut the sequence (5'TCG3’) to recognize rs2576178 SNP in the SOD2 gene as shown in
Figure 1. Genotyping was classified into three categories according to presence/absence of
polymorphism: G/G homozygote with two bands as 130 and 123 bp, G/A heterozygote with three bands
as 253,130, 123 bp, and AA homozygous with a single band as 253 bp.

Figure 1. SOD2 gene (rs5746136) allelotyping in patients with breast cancer and healthy individuals
depending on using Taql restriction enzyme according to PCR-RFLP technique showed as follows:
lane 1-3: present the AA homozygous allele as a single band of 253 bp, lane 5-8: refer to GA
heterozygous allele as three bands of 253, 123, 130 bp, lane 4, 9—12: represent the GG homozygous
allele as two bands of 130 and 123 bp.
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3.2. The genotypes distribution of SOD2 rs5746136 polymorphisms with allele frequency in control
and case groups

SOD2 gene (rs5746136) polymorphism distribution in study groups as shown in Table 1, the GA
genotype (70%) was the greatest distributed in the control group, then the GG genotype (26.7%),
followed by the mutant AA (3.3%). Instantly, the homozygote GG was the most common genotype
(45.6%), then followed by the heterozygous GA genotype (42.8%), and mutant AA genotype (11.4%).
The frequency of the G/A heterozygous genotype in comparison with the G/G homozygous genotype
(OR: 0.3571, 95% CI: 0.1375-0.9277, P value: 0.0345). The AA allele of rs5746136 was remarkably
associated with an increased chance of developing BC [OR = 2.00, p = 0.5403,CI: 0.2175-18.3883].
Polymorphism in the MnSOD2 (rs5746136) gene shows unimportant variations in allele A frequency
among patients and the control group (OR: 0.7872,95% CI: 0.4762, P value: 0.4558).

Table 1. Distribution of SOD2 (rs5746136) genotype and odd ratio among patients and control

group.

Genotype rs3746136 Patients No. (%)  Contrel No. (%)  P-value O.R CI (95%)

GGe 32 (45.6%) 8 (26.7%)

GA 30 (42.8%) 21 (70%) 0.0345 0.3571 0.1375-0.9277
AA 8 (11.4%) 1(3.3%) 0.5403 2.0000 0.2175-18.3883
Total Ne. T0(100%) 30 (100%46)

Allele Frequency Frequency

G 0.67 0.61

A 0.33 0.39 0.4558 0.7872 0.4198-1.4762

P = (0.05; OR = (23% CI); ° reference.

The current findings revealed that the SOD2 (rs5746136) AA and GA genotypes promote a decrease in
SOD activity (40.037129.62) U/ml and (40.037129.62) U/ml, respectively. GSH, MDA levels, and
CAT activity were not altered in BC patients. Furthermore, as listed in Table 2, the GA genotype reduces
SOD activity (51.588630.42) U/ml in the healthy control group.

Table 2. Biochemical parameters levels in association with SOD2 (rs5746136) genotype.

Group Genotype Mean + SD
of SOD2
(rs3746136) SOD activity GSH CAT activity MDA
Patients AA 400371 £29.62a  6.1871 £ 4.64a 11.964 + 11.21a 1.467 £ 1.014a
GA 403042 £ 22383 7.7625+6.3533a 9.5076 + 5.693a 1.561 £ 1.380a
GG 422578 £24.72b  B.5037£7.2248a 9.4274 £ 3.9164a 1.476 £ 1.168a
Control AA 29.4433a 20.1317a 8.0887a 1.1083a
GA 51.5886 = 30.42a 132198 + 12.54a 17.1516 = 7.903a 1.84 + 1.585a
GG 63.5457 £22.14b 192335+ 12.52a 17.5300 £ 9.772a  2.07 £ 0.6787a

4. Discussion

Contrasting theories have been proposed regarding the function of the SOD2 enzyme in the

modulation of oxidative stress that ROS generates (tumor promoter) in the cell and the progress of

cancer. Furthermore, the SOD2 gene has binding sites for disparate transcription elements
thatbehave as a ligand to activate the transcription and participate as a cell defense system as
opposed to agents that persuade oxidative stress [7,24]. Studies linking the SOD2 rs5746136
variation to BC have revealed a variety of susceptibilities, including those associated with risk
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[25,26], some with protection [27], and still others without a connection [14,28]. The relationship
between the SOD2rs5746136 variations and BC susceptibility in the Iraqi population is not well
understood, yet. In the current investigation, there were statistically significant differences between BC
patients and controls in the frequency of the GA and AA genotypes of the SOD2 rs5746136 variations,
which were linked to an increased risk of developing BC (p <0.05).

This is the first study to investigate the relationship between SOD2 rs5746136 variations and BC in the
Iraqi population. When compared to the wild-type homozygous genotype, variation in the A allele of
the MnSOD genotype was found to have a 2-fold (0.2175-18.3883 percent CI) greater risk of breast
cancer. The findings presented in the current study credibly support the idea that MnSOD genotypes
may influence breast cancer risk [ 15]. In this instance, numerous studies have examined the expression
of SOD2 in BC; nonetheless, it is still unclear how BC is regulated to develop. T alleles from SOD2
(rs5746136) changes are likely to alter the inadequate activity of the SOD2 enzyme. The cellular
defense systems and antioxidant defense capabilities are hence ineffective. Gene regulatory pathways
can foresee and start the development of BC because oxidative stress is produced [29].

Many other studies linked the A/a genotype form to increased risk of cancer, like bladdercancer, Gastric
Cancer, and primary open angle glaucoma [15,30,31]. With the help of this information, it can be
concluded that the AA genotype of the rs5746136 variant confers a favorable susceptibility to BC. On
the other hand, the development of cancer is complex and depends on interactions between various
genes engaged in various metabolic pathways, epigenetic processes, and environmental variables
rather than just being tied to the monogenic inheritance of a protein variant [32,33]. There was a study
revealed that the rs-4880 and rs-4244285 and rs1001179 polymorphisms also play a crucial role in
breast cancer development in the Iraqi population, but the rs-1801274 and rs2070424 wereshown an
insignificant association with the risk of breast cancer [25,34].

The study looked at selected variants in SOD2 30UTR A > G (rs5746136), genes that have previously
been identified as having essential roles in the control of the oxidative stress process. MnSOD2
(rs5746136) gene is situated 65 bp downstream of the poly-A tail site in the 3'UTR of the SOD2 gene.
Also, about 1kbp upstream of the NF-B and SP1 transcription factors sequences [35]. Because of
environmental factors [36-38], and polymorphism in regulatory areas of the genes [39].affected the
expression levels of the superoxide dismutase family members, including SOD?2, in this situation, they
may play key roles. The positions of the rs5746136 suggest that these genetic variations are probably
capable of controlling the expression of the SOD2 gene. We, therefore,proposed the possibility that
these genetic variants could be linked to the risk of BC.Previous research suggested that these
polymorphisms were linked to the risks of multifactorial features related to oxidative stress [40,41].
The AA genotype of 1s5746136 variants increased with the risk of heroin addiction and the haplotype
AA was associated with the increase in heroin addiction, there was no correlation between genotype
studies and the level of SOD2 expression [42].

There are several limitations to this study. First, the SOD2 gene contains a variety of other
polymorphisms. Further study of the impact of SOD2 polymorphisms on mRNA levels should be
conducted concurrently. Second, it has been noted that certain environmental factors, such as
electromagnetic fields and medications, are linked to the mRNA levels of some antioxidant genes (such
as catalase, SOD2, SOD1, etc.) [43]. More study with bigger sample numbers is needed to confirm the
role of the rs5746136 polymorphisms in the pathophysiology of BC.

5. Conclusions
This study found that the AA genotype in the MnSOD gene (rs5746136) was associated with a higher
risk of breast cancer than the GG and GA genotypes. The MnSOD2 gene variation is crucial in
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modulating SOD enzyme activity, which can lead to uncontrolled ROS and oxidative stress, which is
one of the stimulation and risk factors for cancer formation. The rs5746136 variant is located in the 5th
intron and has the potential to affect gene transcription, RN A splicing, and mRNA half-life.
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