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Abstract: This study analyzed the role of electric charge in human viral infections. Examples of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), dengue, Ebola, influenza A, and
respiratory syncytial virus (RSV) are presented. Charge distribution in SARS-CoV-2 and electrostatic
interactions of SARS-CoV-2 with its receptor, angiotensin-converting enzyme 2 (ACE2), were
evaluated, and the mean time required for respired SARS-CoV-2 virus attachment was evaluated.
The virus—cell attachment modality of all of the above viruses was calculated. The impact of electric
charge on other viral-related processes, such as replication of virion material, release, and immune
response, was also discussed. Special charge conditions in virus treatments were also indicated.
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1. Introduction

Viral infections are any illness from a submicroscopic germ that uses host cells to reproduce.
Widely known viruses are SARS, SARS-CoV-2, Ebola, influenza, Zika, yellow fever, human
immunodeficiency virus (HIV), human papillomavirus (HPV), viral gastroenteritis, Varicella, and
viral hepatitis [1]. Most commonly, viral infections involve the nose, throat, and upper airways or
systems such as the nervous, gastrointestinal, and reproductive systems. During infection, many
extra- and intracellular processes take place that involve virion material, such as the coat and
envelope, and biologically important molecules of the host organism.

Macromolecules essential to life, such as proteins, nucleic acids, lipids, and carbohydrates, are
often electrically charged under physiological conditions. Specifically, macromolecule charge,
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reported as the statistical mean, depends on the ability of a macromolecule to gain or lose protons (H+).
For example, at natural pH (7.4), lysine, arginine, and 10% of histidine residues carry a positive net
charge [2]. In contrast, aspartic acid and glutamic acid residues are negatively charged. At the same
pH, phosphate groups of the deprotonated deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
backbone make nucleic acids highly negatively charged [3]. Moreover, pathogens have
approximately 5-30% more cell membrane phospholipids (phosphatidylserine and
phosphatidylglycerol) than human or plant cells. They localize mainly to the cytoplasm side of the
plasma membrane leaflet and carry a hydrophilic head with a negatively charged phosphate group [4,5].
Additionally, the outer plasma membrane leaflet, covered with anionic oligosaccharides (heparan
sulfate), forms the glycocalyx layer with its characteristic negative charge [6]. Thus, many structural
charges in a cell are balanced via electrostatic interactions established by nearby counterion
screening between molecules [7].

Many viruses have an isoelectric point (IEP) in the range of 1.9 to 8.4, with most between 3.5
and 7 [8]. For example, influenza A virus HIN1 has 4 < IEP < 4.5 [9]. Thus, human viruses can be
expected to be, in general, negatively charged under physiological conditions (pH = 7.4). More
investigations regarding the virus's electric charge status have been presented in the comprehensive
reviews of Luisetto [10] and Cavezzi [11]. They cite reports highlighting electrostatic interactions
enhancing the spike protein’s bond to host cells.

The spike protein (S) of SARS-CoV-2 plays a key role in the receptor recognition and cell
membrane fusion process. It is composed of two subunits, S1 and S2. The S1 subunit contains a
receptor-binding domain (RBD) that recognizes and binds to the host receptor
angiotensin-converting enzyme 2 (ACE2), first opened by the accompanying cofactor, heparan
sulfate. This binding exposes the cleavage sites, S1/S2, at the S1-S2 junction and, S2, upstream of
the fusion peptide, to cellular proteases. Cleavage of the spike led the S1 subunit to dissociate and
transform the conformation of the S2 subunit, which exposes the hydrophobic region (HR1),
allowing the fusion peptide (FP) to insert into the host cells. Then forming a six-helical bundle via
the two-heptad repeat domain with the hydrophobic region (HR2) brings the virus and host cell
closer. This completes the fusion and begins the virus internalization.

Going back to the reports, Northwestern University reported, “Using nanometer-level
simulations, researchers have discovered a positively + charged site (known as the polybasic
cleavage site) located 10 nanometers from the actual binding site on the spike protein. The positively
charged site allows strong bonding between the virus protein and the negatively charged human-cell
receptors” [12].

Leung and Sun reported, “By using the multilayer/multimodule approach using either
small-diameter nano-fibers with small basis weight in the modules, or large-diameter nano-fibers
with large basis weight in the modules, high-performance charged nanofiber filters have been
developed that achieve over 90% capture of airborne COVID-19 simulated by the 100-nm sodium
chloride aerosols.” In addition, “If the coronavirus is negatively charged, the positively charged
PVDF (polyvinylidene fluoride—from the author) nanofiber filter will provide even higher capture
efficiency as well by Coulomb attraction” [13].

According to Giron [14], Luisetto wrote, "Recent experimental evidence has shown the ability
of the SARS-CoV-2 spike protein to bind SA (sialic acid —from the author) molecules embedded in
the membrane glycoproteins. In view of its negative charge, SA has a role in the determination of cell
membrane electrical charge and the consequent binding to the electrically positive charged spike
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protein S1".

The subject of the present manuscript is the role of the electric charge in various human viral
infections. Considered examples of viruses are SARS-CoV-2, dengue, Ebola, influenza A, and RSV.
Molecular regions of interest comprise structural elements of the virus and cell surface as well as
nonstructural enzymatic proteins involved in the process of infection.

The main objective of this study is to identify the molecular regions of the host and virus, which
have an imbalanced overall electric charge, which may be important in facilitating virus attachment
and entry, controlling viral replication and release, strengthening the immune response, and
therapeutic targeting. The above can be an intermediate goal on the road toward finding an effective
virus treatment. Recently, many interesting works have appeared related to this theme, especially on
characteristics of new variants of SARS-CoV-2, i.e., Alpha, Beta, Gamma, Delta, and Omicron [15,16];
its categorization [17] on coronavirus disease 2019 (COVID-19) management, diagnosis, treatment,
and vaccination [18-21]; and on the overall view of the pandemic situation [22]. Biophysical
modeling showed that external electric fields of easily achievable and moderate strengths can
dramatically destabilize the S protein, inducing long-lasting structural damage almost preventing
binding to the ACE2 receptor [23].

First, the charge distribution in SARS-CoV-2 and electrostatic interactions of SARS-CoV-2 with
the receptor ACE2 were evaluated. This made it possible to show the dominant importance of local
spatial distribution, as opposed to the overall quantity of charge, and to estimate the mean time
required for SARS-CoV-2 virus attachment. As a consequence of the assumed dominant impact of a
local electric charge, an estimation of the charge of chosen immunologically important single
proteins allowed the analysis of the virus-cell attachment modality of all viruses studied. The impact
of electric charge on other viral-related processes, such as replication of virion material, release, and
immune response, is also discussed. Special charge conditions in virus treatments are indicated. It
was shown that they may have an impact on SARS-CoV-2 treatment prognoses. Some papers
regarding the role and mutations of the electric charge in SARS-CoV-2 were already published.
These publications analyzed changes in the total charge on the spike protein of SARS-CoV-2 in
emerging lineages [24], electrostatic interaction between SARS-CoV-2 virus and charged electret
fiber [25], and surface charge changes in spike RBD mutations of SARS-CoV-2 altering evasiveness [26].
The innovative aspect of the article presented below consists of estimating physical parameters (charges,
energies) regarding the non-structural catalytic role of a charge and includes considerations for other
viruses.

2. Materials and methods

In the analysis of the spatial distribution of electric charge in "wild-type™ SARS-CoV-2, a simple
model of the organization of virion components was proposed (Figure 1) using details from a
comprehensive report [27]. Basic protein data files were taken from The Research Collaboratory for
Structural Bioinformatics Protein Data Bank (RCSB PDB) [28] in FASTA format and from The
National Center for Biotechnology Information (NCBI) [29] in GenBank format. The charge per
protein was calculated arithmetically by subtracting the number of negatively charged amino acids
from the number of positively charged ones in the protein sequence at pH = 7.4. The assumed charge
was for aspartic acid (Asp) and glutamic acid (Glu) -1 [e], for histidine (His) 0 [e], for lysine (Lys)
and arginine (Arg) +1 [e]. The charge of the proteins for other viruses was calculated in the same
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manner. Each dataset used is referenced separately in the following text.
The electric field intensity E and the electrostatic energy U were estimated using a screened
Coulomb interaction formula in the Debye—H(tkel (or Yukawa) form [30]:

E = QEXp(-r/Lp)/(4meoer?) (Eq 1)
U = Q1Q2Exp(-r/Lp)/(4meoer) (Eq 2)

where: Q is a charge, Qiand Qzare interacting charges, Exp() is the exponential function, r is the
interaction distance, Lo is the Debye screening length, o is the dielectric permittivity of vacuum, and &
is the relative dielectric constant of the medium.

Epidemiologic data were extracted from Public Health England reports [31,32].

Multiple alignment of sequences of the receptor binding motif (RBM) in SARS-CoV-2 variants
was performed with the help of CLUSTAL @) (1.2.4)
(https://www.ebi.ac.uk/jdispatcher/msa/clustalo). Data for variants were taken from the Stanford
University Coronavirus Antiviral & Resistance Database (https://covdb.stanford.edu/variants/alpha/).

For a charge analysis at different pH values, Protein Calculator v3.4 was applied
(https://protcalc.sourceforge.net) to take into account the exact amino acid charge gained due to the
dissociation processes (valid for isolated residues). The charges for other molecules were taken from
the literature and referenced according to the order in which they appear in the text.

3. Results

Note: Data in Table 1, Table 2, Figure 6a, and Figure 6b are the estimates, statistical averages,
or real data. Data in Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 7, and Figure 8 are model
or theoretical predictions.

3.1. Analysis of the charge distribution in SARS-CoV-2

The charge on a virus is unevenly distributed. In the case of SARS-CoV-2 ("wild-type"),
looking from the inside to the outside, we can see that the charge distribution is related to the main
virus components (Figure 1), i.e., the RNA, nucleocapsid proteins (N), membrane phospholipids (P),
membrane proteins (E and M), and surface spike proteins (S), with the characteristic
receptor-binding domain (RBD) and stalk (St), mostly covering the main functional subunits of the
spike protein, S1 and S2. This perspective allowed us to calculate the approximate localized charge
(Table 1).
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Figure 1. The main SARS-CoV-2 components are RNA, nucleocapsid proteins (N),
membrane phospholipids (P), membrane proteins (M and E), and surface spike proteins
(S), containing the stalk (St) and receptor-binding domain (RBD). This illustrative model
was inspired by the graphic presented in the comprehensive review of the state of
knowledge [27]. Spherical symmetry is a reasonable approximation for this work. The
RNA shape is an artistic vision neglecting its secondary and tertiary structure.
Theoretically, it may contribute to the electric multipolar potential outside the virus, but
at a rough estimation, it may be neglected due to fast vanishing with the distance and a
screening effect.

The data shown in Table 1 were used to estimate the total charge of SARS-CoV-2 ("wild-type™),
which was found to be equal to —4650 [e]. As mentioned above, a negative total charge is typical for
viruses. The negatively charged regions of SARS-CoV-2 predominate in the envelope due to charged
phospholipids and on the external surface due to the negative net charge of the S protein stalk. The
separation of the negative and positive net charges in protein S between the stalk and RBD is in
agreement with the value of the estimated [33] or determined isoelectric point [34,35].

Next, the input to the electric field intensity E from the charge in the virus region of interest, i.e.,
RNA and nucleocapsid, envelope, external surface, total binding area, and the total virus (Table 1)
were estimated according to Eq 1, placing the charge of a given region in the center of the virion
sphere (Figure 2).
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Table 1. Estimated electric charge distribution on SARS-CoV-2 ("wild-type™) particles.

Molecule Number Charge/molecule Ref. Charge in the region
[e] of interest
RNA nucleotide 299008 —1° [3,27] RNA and
Nucleocapsid protein N 1500%  +24° [27] nucleocapsid
+6100
Phospholipid 17,000 -1°9 [4,5,33,34] Envelope
def —8950
Protein E 25¢ +2°¢ [27]
Protein M 1000 # +8 ¢ [27]
Protein S (stalk) 1502 —19 "¢ [27] External surface
—2850
Protein S O(RBD) 1502 +7 e [27] Total binding area
+1050
SARS-CoV-2 1 Total virus
virion —4650

Note: + a. [27], b. [3], c. GenBank: MN908947.3 Severe acute respiratory syndrome coronavirus 2
isolate Wuhan-Hu-1, complete genome, d. [5], e. [33], f. [34], 9. [4], h. RCSB PDB: > 6M0J_2|Chain
B [auth E]|Spike protein S1|Severe acute respiratory syndrome coronavirus 2 (2697049).

The charge per protein was calculated by subtracting the number of negatively charged amino acids
from the number of positively charged amino acids in the protein sequence at pH = 7.4 (charge of
His = 0). The charge of the stalk refers to the charge of protein S that does not include the RBD. The
charge for each region was calculated by multiplying the number of its molecules by the overall
single-molecule charge for each molecule type and adding the results for all molecule types in the
region. The charge estimation for 20% of charged phospholipids [5] covering the viral surface, which
is equivalent to a sphere with a 45-nm radius [33] and in which the area per lipid is 0.6 nm? [34], is
shown. An electric charge of —1 [e] for the phospholipids (typical for phosphatidic acid and
phosphatidylserine [4]) was assumed. The number of RNA nucleotides and proteins was obtained
from a comprehensive review [27]. The RCSB PDB data file in FASTA format and NCBI data file in
GenBank format were used to localize amino acids and obtain the protein charge.
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Figure 2. Intensity of the electric field outside SARS-CoV-2. Modified Eq 1 was applied
for a charge Q of a given region (Table 1) placed in the center of a virion sphere. E =
QExp(-(d+s)/Lp)/(4meoe(d+R)?), where variable d is the distance between the ACE2
central point and the nearest point of the virus; s = 10 nm is the assumed thickness of the
additional screening ion penetration layer between spikes; Lo = 0.7 nm is the Debye
screening length; eo = 8.854E-12 F/m is the dielectric permittivity of a vacuum; ¢ = 80 is
the relative permittivity of water; and R = 60 nm is the external radius of the virus (with the
spikes included). The variable d is the distance between the ACE2 central point and the
nearest point of the virus, d = R-r, where R = 60 nm is the assumed virus external radius
and r is the ACE2 distance from the virus center. Abbreviation meanings: r.n. = RNA and
nucleocapsid, e = envelope, e.s. = external surface, t.b.a. = total binding area, and t.v. =
the total virus.

3.2. Analysis of the electrostatic interaction between SARS-CoV-2 and ACE2

As previously reported [36], within a single-nanometer distance, the negatively charged spike
protein S is attracted to the negatively charged receptor ACE2 with an energy that exceeds that of
thermal fluctuations (Figure 3). This is due to the closer proximity of ACE2 to the positively charged
RBD than to the negative charge of the stalk. Therefore, the repulsion of the latter is overwhelmed
by the attraction of the former.
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Figure 3. The estimated electrostatic binding energy between protein S ("wild-type”) and
the receptor ACE2 (data taken from [36]). Protein S was modeled as a nonideal dipole
(with an imbalance between the charge of the RBD and that of the stalk), and ACE2 was
modeled as a charged point. All charges were considered to be screened in an electrolytic
environment. The potential electrostatic screening energy, U, was estimated as a function
of the distance, d, between the receptor charge and the nearest protein point, according to
the screened Coulomb energy formula (using Eq 2): U = Qi1Q2Exp(-d/Lp)/(4meoed) +
Q1QsExp(-(d+h)/Lp)/(4meoe(d+h)))), where Q1= -28 [e] is the ACE2 net charge; Q2= +7
[e], which is the RBD net charge; the variable d is the distance between the central point in
ACE?2 and the nearest point on protein S; Lo = 0.7 nm, which is the Debye screening length;
eo= 8.854E-12 F/m, which is the dielectric permittivity of a vacuum; ¢ = 80, which is the
relative permittivity of water; Q3 =—19 [e], which is the stem net charge; and h = 7.5 nm is
the dipole length, approximated by three-fourths of the spike length (10 nm) [27].
Illustrative symbols of spike protein S and ACE2 charges are not drawn to scale.

It is reasonable to wonder whether the large negative remaining charge of SARS-CoV-2 (the
overall charge of the virus minus the charge of the spike) may prevent protein S from binding to
ACE2. To evaluate this possibility, the energy of the electrostatic repulsion between the virus,
modeled as a homogenous sphere carrying the remaining charge, and the point charge representing
the net charge of the receptor ACE2, which were both screened in a natural ionic extracellular
environment, was estimated (Figure 4).

AIMS Biophysics Volume 11, Issue 2, 166-188.



174

103 | UlkTl SARS-CoV-2 - ACE2 repulsion energy
ACE2
d
5E-04 -
d [nm]
0 0O o o L o B e
0 1 2 3 4 5 6 7 8 9 10 11 12

Figure 4. The estimated electrostatic repulsion energy between SARS-CoV-2 and the
receptor ACE2. SARS-CoV-2 ("wild-type™) was modeled as a homogenous sphere
carrying an overall charge, and ACE2 was modeled as a charged point. The Gauss
macroscopic field approximation was applied, and all charges were considered to be
screened in an electrolytic environment. The electrostatic energy U was calculated (using
Eqg. 2) with the formula U = QiQ2Exp(-(d+s)/Lp)/(4reoe(d+R)), where Q1 = —28 [e],
which is the ACE2 net charge; Q2= —4638 [e], which is the virus remaining charge (overall
virus charge - spike charge); variable d is the distance between the ACE2 central point and
the nearest point of the virus; s = 10 nm is the assumed thickness of the additional
screening ion penetration layer between spikes; Lo = 0.7 nm, which is the Debye screening
length; ¢o = 8.854E-12 F/m, which is the dielectric permittivity of a vacuum; ¢ = 80, which
is the relative permittivity of water; and R = 60 nm, which is the external radius of the virus
(with the spikes included). Illustrative symbols of SARS-CoV-2 and ACE2 are not drawn
to scale.

The results presented in Figure 3 and Figure 4 show that the spike protein is attracted to receptor
ACEZ2 with an energy much higher than the energy of the repulsion of the remaining charge. The sum
of the electrostatic energy of attraction and repulsion is shown in Figure 5. It is negative at all values of
the virus receptor distance d.
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Figure 5. The sum of attraction and repulsion electrostatic energies. Variable d is the
distance between the ACE2 central point and the nearest point of the virus. The data are
based on those presented in Figure 3 and Figure 4. Illustrative symbols of SARS-CoV-2
and ACEZ2 are not drawn to scale.

It is reasonable to assume that the resultant electrostatic attraction is an important feature
leveraged by SARS-CoV-2 to efficiently infect a host cell. The importance of this charge property is
reinforced by the other positively charged residues in the crucial spike glycoprotein regions (the RBD
and S1/S2 regions) in successive SARS-CoV-2 variants (Sept 2020 to Nov 2021), which have been
reported in many papers [36—39].

3.3. Estimation of the mean time required for SARS-CoV-2 virus attachment

A droplet from a single cough or sneeze expelled from an infected person may contain as many as
200,000,000 virus particles [40]. This means that in a 100 m? area, the concentration of virus particles
may reach 2,000,000 virions/m™. A healthy person entering this room within a short time (approximately
one minute) after the droplet was expelled may inhale approximately nv= 9000 viruses in each breath
into the lungs, which have a 4.5-1 capacity.

From the results shown in Figure 5, one can see that the energy of electrical attraction falls to —3 kT
at a distance da equal to or less than 2.12 nm. This means that the active area (Sa) of one virus particle
surface carrying 150 spike proteins (ns) is 2100 nm? (nszda?). The external spherical surface (S) of a
virus with a radius (R) = 60 nm is 45,000 nm?. Thus, the active area covers a proportion of ks= 0.05
(Sa/St) of the total virus area.

Assuming that there are 1000 receptor ACE2 molecules [41] per spherical lung epithelial cell
with a radius of 5 microns, we obtain nr = 3 receptor ACE2 molecules per square micron of a cell
surface. The active area of the cell surface (ka) can be estimated at 0.00004 (nrzd=?/1,000,000).

These results lead to an estimated probability (p) of 0.000002 (kska) that an RBD of a single virus
reaches the lung surface and encounters a receptor of ACE2. Taking 10 breaths (b) within a minute, a
healthy person is subjected to the action of N = 90,000 viral particles per minute (bnv) with the
probability of a single infection p. Thus, the total probability of viral-to-cell attachment during one
minute of exposure to a virus-carrying droplet is p1= 0.2 mint (Np). Finally, the mean time required
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for one virus to attach to a cell is 5 min (not considering 1 min to account for the initial replacement of
air in the lungs).

3.4. An impact of the positive charge of the spike protein of SARS-CoV-2 on treatment prognosis

To analyze the possible impact of the change in spike protein charge on SARS-CoV-2 treatment
prognosis, the reports of Public Health England in June and September 2021 [31,32] were considered
(Figure 6a). Next, to help in the basic understanding of the mutation sites among viral proteins,
multiple alignment of sequences of the receptor binding motif (RBM) in SARS-CoV-2 variants was
performed indicating mutated amino acids, and confirming the increase of local positive electric
charge (Figure 6b). Detailed results are presented in the Discussion.

3.5. The analysis of the overall charges of RBD and ACE2 as a function of the pH of the environment

In the context of a possible prohibition of SARS-CoV-2, the analyses of the dependence of
interacting charges of RBD and ACE2 (Figure 7), and the value sign of the product of the charges
(QRBD x QACEZ2) promoting virus-cell attachment (Figure 8) on the pH value were performed by
numeric calculations. More results are presented in the Discussion.

3.6. Analysis of the cell attachment modality of other viruses

It is highly probable that other viruses also follow the aforementioned electrostatic attraction
modality. Table 2 shows, as a result, collected examples of the charge of the virus-binding domain, and
the host receptor of selected human viruses. The data seem to support the aforementioned hypothesis.
All corresponding charges carry the opposite signs, indicating potential virus—host attractions.
According to Coulomb's law [42], a negative value for the product of the charges (the charge of the
binding domain x the charge of the receptor) may be considered to be an indication of the attraction
strength of a virus-host cell pair at an arbitrary fixed distance. Considering this calculation, the
intensive attachment of SARS-CoV-2 to a host cell is due to the exceptionally large negative receptor
charge. The attraction of Ebola and its host receptor is characterized by the opposite charge
distribution. Notably, similar to SARS-CoV-2, influenza A has shown an increasing binding-domain
charge during its evolution [43].

Table 2. The charges of a virus binding domain and cognate host receptor.

Virus Binding domain  Charge [e] Host receptor ~ Charge [e] Ref.
SARS-CoV-2 RBD +78 ACE2 —28° [44]
Ebola PS -1° TIM-1 +1d [45]
Dengue Type-3 envelope +1°© DC-SIGN 6" [46]

protein domain
i

Influenza A Hemagglutinin +69 SA —1h [47]
HA1 SUBUNIT
RSV RSV-G +6' CX3CR1 —51 [48]

glycoprotein

AIMS Biophysics Volume 11, Issue 2, 166-188.
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Note: + a. RCSB PDB: > 6MO0J_2|Chain B[auth E]|Spike protein S1|Severe acute respiratory
syndrome coronavirus 2 (2697049), b. RCSB PDB: > 6MO0J_1|Chain AJAngiotensin-converting
enzyme 2|Homo sapiens (9606), c. [46], d. RCSB PDB: > 20R8 _1|Chains A, B|Hepatitis A virus
cellular receptor 1 homolog|Mus musculus (10090), e. [43], f. RCSB PDB: > 6GHV_1|Chains A, B, C,
D, E, F|CD209 antigen|[Homo sapiens (9606), g. RCSB PDB: > 3LZG_1|Chains A, C, E, G, |,
K|Hemagglutinin, HA1 SUBUNIT|Influenza A virus (641501), h. [47], i. RCSB PDB: >
6BLH_3|Chain C[auth G]|Major surface glycoprotein G|Human respiratory syncytial virus A (strain
rsh6256) (11256), j. RCSB PDB: > 7XBW_4|Chain D[auth R]|CX3C chemokine receptor 1|Homo
sapiens (9606). The protein charge was calculated similarly to that presented in Table 1. The required
data files in FASTA format were obtained from the RCSB PDB. Phosphatidylserine (PS) and sialic
acid (SA) charges [49,50] were assumed to be —1 [e].

4. Discussion

Viruses have evolved different strategies to enter the cell, but all of them, during the random
diffusion, find and bind to their primary or secondary receptor(s) on the cell surface. Due to the
universal electrostatic (Coulombic) attraction, the difference in the electric charge sign of the areas (the
negative value sign of the charges product), of approaching virus and cell, can directly speed up this
process.

In the aforementioned analysis, the role of electric charge in virus-cell attachment was described.
The proposed model (3.1) of viral charge distribution (Figure 1) in a simple mesoscopic manner
describes the architecture of the virion neglecting local microscopic inhomogeneities and RNA
particle shape. Data in Table 1 show the largest input of the envelope charge to the total negative
charge of the virus. One may mistakenly expect effective repulsion between negative virus and
negative ACE2. The estimated input of the charge of the different virus areas to the intensity of the
electric field outside the virus (Figure 2) shows all participations and the total value vanishing over
the distances of 2 nm from the virus's extreme extending point (spike). The results (3.2) of
mathematical modeling (Figure 3-5) show that the spatial (dipole-like) distribution of a charge in the
spike protein S may be more important than the overall negative virus charge, which is screened by
the counter ions, and finally, the dipole attraction to the host receptor prevails. What is more, the
operating range of electrostatic attraction (~2 nm, Figure 5) may exceed the range of the longest
hydrogen or van der Waals bonding (~0.3-0.5 nm). The proposed simple electrostatic quasi
dipole-point model with Debye screening seems to be satisfactory at this point of investigation. It
must be noted that molecular dynamics simulation [51] confirms the critical role of charge. On the
other hand, it describes mainly the last phase of the RBD-ACE2 approach and requires many
repetitions to formulate general conclusions.

The estimated mean time (3.3) required for the first SARS-CoV-2 virus-host cell attachment in
an infectious environment was found to be equal to 5 min, a rate that refers only to the initial process;
the process certainly accelerates as additional receptor ACE2 molecules encounter the virus. The
basic idea underlying the role of electric charge in viral infection was introduced in a previous
paper [52], but in addition to its role in viral attachment and fusion with a cell, when the electrical
and mechanical properties of interacting structures may be crucial, electric charge may also play an
important role during viral replication and release, and the host immune response. Moreover, dipoles
or higher-level electric monopoles may be key structures in the catalytic centers of viral enzymes
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during infection. For example, the nonstructural protein Nspl6, which is very important for
protecting against SARS-CoV-2 replication, carries a mosaic charge motif +-+-, i.e., a catalytic tetrad
consisting of Lys46, Asp130, Lys170, and Glu203, in its catalytic site [53], stabilizing the transition
state of the substrate during RNA cap modification [54]. This electric quadrupole may be a potential
target for antiviral therapy. Electric charge-based catalytic residues of the RNA polymerase Nspl12
have been identified in SARS-CoV-2: two negative aspartic acid residues, Asp618 and Asp760.
Together with these two aspartic acid residues, Asp623 and Asp761 are involved in the recognition of
NTP triphosphate and divalent cations, respectively [55]. Moreover, the D760A mutant in
SARS-CoV Nspl12, which loses its negative charge, cannot synthesize RNA [56].

During lysosomal virus release, SARS-CoV-2 ORF3a carries a negative charge, —16 [e], in the
domain upstream of Tyrl145 that interacts with the center of membrane caveolin between residues
Asp82 and Argl01, which has a charge of +2 [e] (data from RCSB PDB: > 6XDC_1|Chains A,
B|ORF3a protein|Severe acute respiratory syndrome coronavirus 2 (2697049) and RCSB
PDB: >7SC0_1|Chains A-K]|Caveolin-1|Homo sapiens (9606)). ORF3a mutations causing a charge
change are very rare and result in the loss of positive charge [57].

It seems that the positive charge of the spike protein of SARS-CoV-2 has an impact on
treatment prognosis (3.4). When comparing the reports of Public Health England in June and
September 2021 [31,32], a decrease in the percentage of fatal cases caused by the main SARS-CoV-2
variants was observed. This outcome was probably due to an increase in the size of the
subpopulation younger than 50 years old infected by the virus, as they exhibited a higher survival
rate than older patients. On the other hand, when comparing the September 2021 data for people 50+
years old with the total cases reported in June 2021, this decrease in fatal cases was not observed;
rather, an increasing trend in the number of fatal cases was found along with an increase in the
positive electric charge in crucial regions (RBD and S1/S2) of spike protein S, as reported in our
earlier paper [39]. Therefore, the positive electric charge in crucial regions (RBD and S1/S2) of spike
protein S may be important to the survival rate of the infected subpopulation that was 50+ years old.
The comparison of September 2021 data for the 50+ cohort with the total case data reported in June
2021 is presented in Figure 6a. To the present, almost all of the virus variants exhibit mutations in the
receptor binding motif (RBM), increasing local electric charge, Figure 6b. The most characteristic
mutation is E484K (+2[e]). The most positive total change in RBM (+5 [e]) is observed for the
Omicron variant. This probably increases the rate of virus-cell entering and the rate of its replication,
both being evolutionary beneficial.
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Figure 6a. The COVID-19 percentage of fatal cases versus the net charge change in the
RBD and S1/S2 cleavage regions of spike protein S, according to Public Health England
(September 2021) [31,32]. The arithmetic calculations of charge are based on the amino
acids D, E, K, and R under physiological conditions. For simplicity, the value of an aa
charge +/-1 [e] was assumed, and the charge of histidine was neglected. The reference
“wild-type’” virus B.1 was used (with no D614G mutation or other spike protein changes)
to calculate the change AQ. In the case of the WHO-labeled variants Alpha and Zeta, the
mean change in the charge was calculated for 2 and 5 lineages, respectively. Only
well-documented variants first detected in the UK, South Africa, Japan, and Brazil are
presented. For the Delta variant of SARS-CoV-2, only data for the 50+-year age group
were analyzed. Blue diamond markers indicate data from a previous paper [39]. The
trend line y = 0,5322x + 0,5991, and R== 0,8904.

It is widely accepted that virus charge and charge distribution determine drug targeting [58].
Additionally, immunity may depend on virus charge, as the outer leaflet of SARS-CoV-2 virions
contains significant quantities of PS, favoring infection [59]. Notably, when the leaflet of a cell
membrane facing the extracellular matrix contains the negatively charged lipid phosphatidylserine,
macrophages sense that apoptosis has occurred and digest the cell [60]. This feature of macrophages
may be applied to the treatment of COVID-19, but one problem may confound this possibility.

It was recently reported [61] that macrophages expressing CD169, a myeloid cell-specific I-type
lectin, were highly permissive to viral entry and the initiation of viral replication, but completion of
the viral life cycle was blocked, which prevented the production of new infectious virus particles.
Surprisingly, this reduction in the entry and initiation of viral replication and expression of abortive
viral transcripts in CD169+ macrophages was sufficient to activate host surveillance mechanisms
(innate immune response) and induce proinflammatory cytokine expression (TNFa, IL-6, and IL-1p).
A lectin-facilitated ACE2-independent SARS-CoV-2 fusion protein was found to enter macrophages,
which may have been related to the electrostatic interaction of the spike RBD and the negatively
charged (—4.2 [e], as determined with protein calculator v3.4) 20-136 aa domain of CD169
(Q9BZZ2 SN_HUMAN) or due to spike protein sialylation [62]. Protein S may also prevent
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interactions between macrophage phosphatidylserine receptors and SARS-CoV-2 membrane lipids.

RBM 438 508

Wwild SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY

Alpha SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPT GVGYQPY N501Y

Beta SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNG FNCYFPLQSYGFQP VGYQPY E484K N501Y +2
Gamma SNNLDSKVGGNYNYLYRLFRKSNLKPFERD]STEIYQAGSTPCNG@FNCYFPLQSYGFQP VGYQPY E484K N501Y +2
Delta SNNLDSKVGGNYNRLFRKSNLKPFERDISTEIYQAGS@’CNGVEGFNCYFPLQSYGFQPTNGVGYQPY L452R T478K +2

Epsilon  SNNLDSKVGGNYNYRKRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY L452R +1
Zeta SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNG FNCYFPLQSYGFQPTNGVGYQPY E484K +2
Eta SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVKGFNCYFPLQSYGFQPTNGVGYQPY E484K +2
Theta SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNG FNCYFPLQSYGFQP@VGYQPY E484K N501Y +2
lota SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNG FNCYFPLQSYGFQPTNGVGYQPY E484K +2

Kappa SNNLDSKVGGNYN@RLFRKSNLKPFERD]STEIYQAGSTPCNG FNCYFPLOSYGFQPTNGVGYQPY  L452R E484K +3
Lambda SNNLDSKVGGNYNY_IYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCY_PLQSYGFQPTNGVGYQPY  L452Q F490S
Mu SNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVKEFNCYFPLQSYGFQPT 5VGYQPY  E484K NSOLY +2
Omicron S@LDSI{::ENYNYLYRLFRK@_KPFERDISTEIYQAG@DCNG%C@LQSYG@ VGLOPY N440K v445P
G446S N460K
S477N T478K
E484A F4865
FA90S Q498R
N501Y YS05H +5

Figure 6b. Multiple sequence alignment (MSA) of the receptor binding motif (RBM) in
SARS-CoV-2 variants (May 2024), positions 438-508. Mutations are marked in red. The
right column contains the mutation description and final electric charge change ([e]). The
data for non-mutated "wild-type" strain were taken from Table 2, ref. a. Other data for
mutated variants were taken from the Stanford University Coronavirus Antiviral &
Resistance Database (https://covdb.stanford.edu/variants/alpha/). The following variants
(lineages) are: Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B1.617.2), Epsilon
(B1.427, B.1.429), Zeta (P.2), Eta (B.1.525), Theta (P.3), lota (B.1.526), Kappa
(B.1.617.1), Lambda (C.37), Mu (B1.621), and Omicron (B.1.1.529). A red font color
means a positive charge increase, green means a neutral change, and black means that
there is no mutation. Note that RBM is a smaller part of RBD.

Concerning the initial findings, we wondered how virus—receptor attachment could be
prohibited (3.5). In Figure 7, we show that the overall charge of the spike protein in SARS-CoV-2
and its receptor ACE2 depended on the pH of the environment. In pH ranges < 5.5 and pH > 8.5, the
charges of both the viral and host proteins carried the same sign, and repulsion should have been
observed. Although the picture is not the same for folded proteins, we might expect that, at least in
the case of surface amino acids, the charge estimation error for folded proteins is acceptable.
Therefore, the results from protein charge estimates are promising and worthy of further
consideration.

The products of the charges of RBD and ACE2 at different pH values are presented in Figure 8.
In the range 6 < pH < 8, the charges were stable and negative. Below and above this range, however,
the charge was greatly increased. This is why the stomach cavity (pH = 1.5-2.0), skin (pH = 4.7),
vagina (pH = 3.8-5.0), and gallbladder (pH = 8.2) are not suitable sites for viral expansion.
Calculations of the pH of sea salt aerosol particles [60] showed that the pH decreased with elevation
above sea level, from 5.5 at sea level to 4.0 at 400 m above sea level.
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Figure 7. The overall charges of RBD and ACE2 (Qrsp and Qacez) as a function of the pH
of the environment. Data are taken from RCSB PDB: >6MO0J_1|Chain
A|Angiotensin-converting  enzyme  2|Homo  sapiens (9606) and RCSB
PDB: >6M0J_2|Chain BJauth E]|Spike protein S1|Severe acute respiratory syndrome
coronavirus 2 (2697049). Protein calculator v3.4 was used for -calculations
(sourceforge.net). The values of Qrepand Qace2 were obtained by the amino acid exact
charge analysis at different pH levels and summing them.

Qazp%Qce; (7]

Figure 8. The charges product (the charge of RBD x the charge of ACE2) versus pH. The
values of Qrep and Qacez were obtained by the amino acid exact charge analysis at
different pH levels with protein calculator v3.4 (sourceforge.net). They were presented
before in Figure 7.

Another reports, [63,64], indicated a reduction in the numbers of COVID-19 cases and deaths
per capita in the Gulf and Pacific U.S. coastlines relative to inland counties by approximately 25%—-30%
(P < 0.05), which may confirm that in addition to the expected hypertonic salt-induced reduced
infectivity, low pH and electrostatic effects result in lower infection rates. This possibility indicates
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potential opportunities for spa and inhaler treatments for the prevention and therapy of mild disease,
as well as for rehabilitation. Some studies have reported that the mitigation of a hyperinflammatory
state requires CD169 blockade or inhibition of proinflammatory cytokine expression by
macrophages. For treatment following the former strategy, the lectin charge needs to be taken into
account.

The difference in sign of the electric charge of the virus binding domain and host receptor, in
SARS-CoV-2, Ebola, Dengue, influenza A, and RSV (Table 2) indicate the possible similar,
electrostatic way of virus-cell approximation due to Coulombic attraction (3.6). Thus, the findings
for SARS-CoV-2 may help in the prevention, or treatment, of other virial diseases. What is more, the
importance of electrostatic interactions in the assembly and stability of viruses and their pH
dependence is gaining more and more attention, and is confirmed by numerous experimental and
theoretical studies regarding animal, plant, and artificial viruses [65-71].

As a result, one can expect that changing the charge relationship or pH between the virus and
the cell surface can lead to suppression of the infection. According to our paper, neutralizing the
virus charge outside the body should decrease its invasiveness, but it may not limit the spread of its
replicants in the body. Then pH should be a key, but according to general knowledge, even a small
change in natural pH in the organism may lead to undesirable consequences and therefore should be
restricted only to the regime of the least-harm (short time, local small volume) conditions which are
relatively poorly known. Of course, decontamination of medical equipment in high pH (8-9) may be
freely considered.

Furthermore, in terms of disease transmission, the knowledge of the landscape (sign and
position) of viral electric charges creates the possibility of finding practical solutions for effective
electrostatic capture of viruses entering the body through different portals. Among others, it can be
implemented in facial masks and respirators [72] containing electret fibers [73], ionizers producing
neutralizing counterions [74,75], and electrostatic sprayers and foggers for the application of charged
disinfectants [76]. Alternatively, the docking of short charged peptides to block RBD was proposed
in [52].

What is more, the ACE2 receptor is not the only highly negatively charged component of the
cell surface acting with the positively charged RBD in the S protein of SARS-CoV-2. The
accompanying ACE2 heparan sulfate [77] interacts with the RBD as a cofactor facilitating its
opening. It may additionally increase the electrostatic attraction. Despite the virus charge, the role of
electric parameters of the host cells, e.g., electrostatic surface potential [74], can be important. These
factors should be considered in future theoretical investigations.

In our paper, the key role of electric charge and the interactions of electrically charged
components involved in different aspects of virus infection are presented. These universal properties
of viral infection may be very important elements, especially in the initial, replication, release, and
immunization phases, so they should be carefully investigated in future research. Although the
influence of the electric field on the cell's mechanical stability [78] is well-known, very little is
known about how viruses use the electric charge to overcome the cell. Even though very simplified
mathematical models of electrostatic interactions were presented, which do not take into account the
real microscopic distribution of charges and their kinetics, which makes the brute-force simulation
impossible and limits the analysis to the estimating method. We hope that this work reduces, to some
extent, the level of our ignorance. It is still an open question if Coulomb electrostatics is a common
way of virus-receptor interaction. For other viruses and more neutral electrostatic conditions, it may
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compete with van der Waals interactions. Also, the role of a charge at virus internalization through
special structures, e.g., infected cell junction in direct cell-to-cell contact, which is known as the
“virological synapse”, should be examined [79]. Moreover, for docking at distances smaller than 0.5
nm, we may not meet the far distance limit and also observe the input of multipolar and chemical
interactions, which may be important in contact inhibitor designing.

5. Conclusions

The presented results showed that the spatial distribution of electric charge may manifest itself in
different areas during virus infection. Using SARS-CoV-2 as an example, it was shown that the local
distribution of a charge may be more important than the overall charge, which is usually screened by
counterions during virus infection. In this way, the local electric charge can determine virus—receptor
attachment at the initial phase of infection and during the induction of the proinflammatory response.
That means that electrostatic attraction may overcome the range of the hydrogen and van der Waals
bonding. Additionally, the interactions of electrically charged nonstructural components, such as
those described for catalytic processes, are important elements of human virus infection, and they are
worth exploring to find new modes of protection against viral infection. The effective blocking of
virus transmission based on the knowledge of the electrical charges associated with it seems to be a
promising prospect.
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