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SARS-CoV-2 is responsible for causing the Coronavirus disease 2019 (COVID-19) pandemic, which 
has so far infected more than thirty million people and caused almost a million deaths. For this reason, 
it has been a priority to stop the transmission of the outbreak through preventive measures, such as 
surface disinfection, and to establish bases for the design of an effective disinfection technique without 
chemical components. In this study, we performed in silico analysis to identify the conformational 
alterations of the SARS-CoV-2 Spike Receptor Binding Domain (RBD) caused by the effect of a 
pulsed electric field at two different intensities. We found that both stimuli, especially the one with 
the highest angular frequency and amplitude, modified the electrical charge distribution in the RBD 
surface and the number of hydrogen bonds. Moreover, the secondary structure was significantly 
affected, with a decrease of the structured regions, particularly the regions with residues involved 
in recognizing and interacting with the receptor ACE2. Since many regions suffered conformational 
changes, we calculated RMSF and ΔRMSF to identify the regions and residues with larger fluctuations 
and higher flexibility. We found that regions conformed by 353-372, 453-464, and 470-490 amino acid 
residues fluctuate the most, where the first is considered a therapeutic target, and the last has already 
been characterized for its flexibility. Our results indicate that a pulsed electric field can cause loss of 
stability in the Spike-RBD, and we were able to identify the vulnerable sites to be used as a starting 
point for the development of viral inhibition or inactivation mechanisms.
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1. Introduction
SARS-CoV-2 is responsible for causing the coronavirus 
2019 disease (COVID-19) reported for the first time on 
December 19th of 2019 in Wuhan, China. By January 30th 
of 2020 was declared an international emergency, and later, 
on March 11th, the World Health Organization (WHO) 
declared the highest level of alarm and characterized 
COVID-19 as a pandemic. The Spike glycoprotein is an 
essential surface protein of the coronavirus since it initiates 
the infection process by interacting with the host receptor, 
the angiotensin-converting enzyme 2 (ACE2) [1]. This 
protein has three identical chains, each consisting of two 
subunits involved in the host cell fusion process. The general 
structure of SARS-CoV-2 RBD is very similar to SARS-
CoV-1 RBD, with a mean square deviation (RMSD) of 1.5 
Å for 174 aligned Cα. The stability of Spike, and its affinity 
to ACE2 is higher in SARS-CoV-2 (by ~10-20 fold), which 
is partly due to structural differences in the RBD; in fact, 
it has been suggested that these factors could explain the 

increased pathogenicity and infectivity of SARS-CoV-2 [2]. 
However, the reasons for RBD structural changes are still 
unclear, which is why it is relevant to study its dynamics 
and find inhibition or inactivation mechanisms for SARS-
CoV-2. 

The virus has infected more than thirty million persons 
worldwide, causing almost a million deaths [3]. SARS-
CoV-2 represents a remarkable health risk due to its easy 
propagation and is facing health systems against a difficult 
challenge. Therefore, the immediate urgency has focused 
on strict precautionary measures to stop virus transmission; 
however, the primary disinfectants used against SARS-
CoV-2 are chemical substances [4-5], and they have a 
massive environmental impact. For these reasons, it is 
necessary to know the susceptibilities of SARS-CoV-2 that 
can lead to the development of new and effective disinfection 
methods. In the present work, an in silico analysis was 
performed to identify the conformational alterations in 
the receptor-binding domain (RBD) of the SARS-CoV-2 
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Spike protein induced by a pulsed electric field at different 
frequencies. Pulsed electric fields (PEF) constitute a physical 
method that uses electrical intensity ranges, which have 
been widely used to develop technologies focused on the 
preservation of food as a non-thermal medium capable of 
inactivating enzymes and pathogenic microorganisms in 
liquid foods [6]; they also have been proven effective for 
microbial inactivation in wastewater. These techniques save 
energy and prevent the use of harmful chemicals [7-8]. The 
pulsed electric field effect is focused on the weakest chemical 
bonds, such as hydrogen bonds, Van der Waals forces, and 
electrostatic forces, which usually provide protein stability 
[9]. Consequently, the primary protein structure remains 
intact, while the secondary and tertiary structures are 
affected in different levels, causing enzymatic inactivation, 
monomer unfolding, aggregation, or complete denaturation 
[10-12].

2. Methods

2.1. Molecular Model 
We obtained the SARS-CoV-2 Spike RBD structure from 
the experimentally determined spatial configuration in the 
RCBS Protein Data Bank repository with ID 6VXX. The 
missing residues were added using Homology Modeling 
through the SWISS-MODEL workspace. We used the 
GROMACS 2020 suite with the CHARMM36 force field 
for molecular simulation. The RBD was solvated with 36,798 
water molecules using the TIP3P model inside a simulation 
box with rhombic dodecahedron geometry, and periodic 
boundary conditions were incorporated. Na+ and Cl- ions 
were added at a concentration of 0.15 mol / L for achieving 
electric neutrality in the system. An NVT (particle number, 
volume, and temperature remain constant) statistical 
assembly was used while controlling the temperature with 
the Berendsen thermostat. For energetic interactions, Van 
der Waals and Coulomb cutoff radius was set at 18 Å and 
14 Å respectively. We carried out the energy minimization 
process using the steepest descent method, and afterward, 
the simulation was performed in 3 stages: i) Relaxation of 
the system, ii) Equilibration and iii) Production. The system 
energy stability was achieved in 50 ns, and the production 
stage was carried out for 1000 ns.

2.2. Structural Properties
The root mean square fluctuation per amino acid residue 
was calculated by 
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Where ri(t1) is the initial position of the atom i at time t1, 
while ri(t2) is the position at a later time.

2.3. Electric Field Model
The hydrated RBD was stimulated with a time-dependent 
pulsed electric field with a maximum at t0 and width σ given 
by
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Where E0 is the initial amplitude of the pulse whose angular 
frequency is in terms of the wavelength λ and the speed of 

light c, and is calculated using ω
π
λ

=
2 c . The temperature 

was fixed at T = 310K, and structural variations inducted 
by two different electric fields were observed for 1000 ns; 
the parameters used for each stimulus are shown in Table 1.

Table 1: Values of the electric field parameters used to stimulate 
the RBD.

E0 (Vnm
-1)  ω (ps-1) t0(ps)  σ (ps)

Electric 
Stimulus 1

1.5 150 5 1

Electric 
Stimulus 2

2.9 300 5 1

Ionization effects do not occur since  λ > 150 nm [13]; 
furthermore, at average temperature, the water and RBD 
domain molecules vibration are at the same order than kT. 
Additionally, we do not consider any quantum effects, but 
the method contemplates quantum corrections through 
autocorrelation forces functions [14].

3. Results and Discussion
Using cryogenic electron microscopy, Walls and coworkers 
determined the structure of the closed conformation of 
SARS-CoV-2 Spike trimer at 2.8 Å resolution [15]. This 
structure is found in the Protein Data Bank repository with 
the ID 6VXX. Figure 1 shows the protein and emphasizes 
the RBD domain. Like many other biomolecules, the Spike 
protein has very flexible regions or some structural instability, 
so the resolution of the experiment may not capture some 
amino acid residues position. In the referred experiment, the 
Spike missing residues are 445-446, 454-461, and 469-488 
(Fig. 1b). We used this structure atomic spatial coordinates 
to extract the RBD domain (329-521 residues) and 
completed it using homology modeling (Figure 1a and 1b). 
The structure we obtained comprises Spike residues 333 to 
527, and achieved an acceptable approximation compared 
to the experimental structure (Fig. 1b). 
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RBD was subjected to two different stimuli using a 
pulsed electric field with the parameters shown in Table 1. 
Theoretical reports have suggested that electric field intensities 
of at least 0.10 Vnm-1 can cause subtle movements of atoms 
within proteins and promote conformational changes [16]. 
Moreover, in previous work, we used 1.0 Vnm-1 to induce 
structural variations in other viral proteins [17]. Based on 
the previous statements, we initially disturbed RBD with 
stimulus 1, and after that, we used a second stimulus E0 = 
2.9 Vnm-1 with twice the intensity: ω = 300 ps-1  (Table 1).

Once the RBD domain was hydrated and equilibrated 
inside the simulation box, the two electrical stimuli were 
applied. The electric field propagation was verified through 
all the simulation space (rhombic dodecahedron), the 

electric potential and the charge density were monitored 
throughout the simulation process. Because the charge 
distribution in RBD is intrinsically related to the protein-
protein and protein-ligand interactions, we calculated these 
distributions before and after the electrical stimulation; 
results are shown in Figure 2. Both stimuli promote the 
formation of large, negatively charged patches in the region 
333-383. The higher effect was achieved under stimulus 1, 
which is best appreciated in the protein lateral views in the 
third column of Figure 2. In contrast, stimulus 2 generated 
a positively charged patch at the region 453-466, which is 
observed in the last column of figure 2. On the other hand, 
the region 468-487 was conspicuously negatively charged 
when stimulus 2 was applied.

Figure 1: Structural organization of Spike and RBD. a) Left: Spike protein domain distribution, the arrow represents the cleavage site. Chain 
A (cyan), B (magenta), and C (orange) of RBD are emphasized. Right: The secondary structure of RBD constructed by homology modeling 
is shown. b) Experimental RBD structure (PDB ID 6VXX) and RBD obtained by homology modeling (residues 333-527). The alignment 
of both structures is shown below (RMSD= 0.682, 983 atoms), and the boxes highlight the missing regions in the experimental structure of 
RBD (445-446, 454-461 y 469-488). 

Figure 2: Electric charge distribution in RBD. Charge distribution comparison among the three protein states (no stimulus, stimulus 1, and 
stimulus 2). The RBD structures were aligned and oriented in the same direction; each column shows a lateral view of the RBD corresponding 
to horizontal rotations of 90°.
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The electrical stimuli significantly affected the secondary 
structure of RBD. The number of hydrogen bonds decreased 
moderately under stimulus 1 and decreased drastically under 
stimulus 2, showing the loss of structural stability after 
applying a higher amplitude and frequency stimulus. The 
main changes observed after applying the stimulus 1 are the 
displacement and reduction of structured regions (Fig. 3a 
and 3b); particularly the residue K417, which was included 
in an α-helix (α), and the regions 404-410 (α), 452-454 
(β) y 492-494 (β) changed to loops. After the stimulus 
2 (Fig. 3c), 338-342 (α), 354-357 (β), 365-371 (α),  
393-403 (α), 404-410 (α), 452-454 (β), and 492-494 (β) 

also switched to loops. Both stimuli affected the regions 452-
454 and 492-494, which are involved in ACE2 recognition 
and contribute with 115 Van der Waals contacts in the 
interface with the receptor [18]; furthermore, Tyr453, 
Gln493, and Ser 494 are located in regions that contribute 
to the protein-receptor binding [18-20]; these β sheets 
together with 404-410 α-helix, are responsible for correctly 
positioning many residues to form a network of hydrogen 
bonds with ACE2 [18]. By changing the structure in these 
regions, the RBD might lose the ability to recognize and 
interact with the receptor, inhibiting the virion contagion 
mechanism.

Figure 3: Secondary structure changes induced by electric stimuli. a) RBD without stimulus; b) RBD under stimulus 1; c) RBD under 
stimulus 2. d) Structural alignment; the highlighted regions show significant fluctuations.

Figure 4: Comparison of the fluctuation between the three states to which the RBD was subjected. a) RMSF measures the average displacement 
of each residue in relation to the reference structure. The regions with the most noticeable changes are highlighted in gray. b) ΔRMSF 
represents the stimulated structure net displacement compared to the unstimulated structure. The amino acid residues identified in the 
literature as essential for RBD-ACE2 binding are shown in green. 
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The alignment of the three RBD structures allowed the 
visualization of important displacements or changes in the 
structure (Figure 3d). To support these observations, we 
calculated the RMSF (Figure 4a), a measure associated with 
structural flexibility. According to our analysis, the regions 
with significant fluctuations were 353-372, 453-464, and 
470-490, which were especially affected under stimulus 2. 
The referred regions are located in non-structured zones 
(that tend to be more flexible), and the last two are part of 
the RBM. These results agree with previous reports where 
the region 470-490 was characterized as very flexible [2]. It 
is worth noting the fluctuations in K417, F486, and Y489 
(3.0 Å, 9.1 Å y 6.1 Å, respectively); K417 is involved in 
the formation of salt bridges and hydrogen bonds with 
ACE2, while F486 and Y489 are included in hydrophobic 
interactions at the interface with the receptor [18].

We observe that even without an electrical stimulus, the 
RBD has fluctuations throughout the entire structure (Figure 
5a); the RBD from SARS-CoV-2 has been qualified as a very 
flexible polypeptide, even more than the SARS-CoV-1 RBD [2]. 
Therefore, we calculated the ΔRMSF (Figure 4b), corroborating 
the previous results, and identified the residues with higher 
flexibility: Thr385, Glu406, Asp427, Ser477 and Phe486 
under stimulus 1; Trp353, Tyr453, Arg457, Lys462, Ser477, 
Glu484, and Phe486 under stimulus 2. Interestingly, we found 
that the RBD residues that contribute to the hinge movement,  
346-354 and 358-363 in our model, became more flexible 
under the stimuli, especially Trp353 and Ala363 (Figure 4a 
and 4b). Since it has been established that flexibility is critical 
in the receptor coupling dynamics of Spike, and therefore of 
RBD, alterations -such as those induced by stimuli- might have 
effects over viral-receptor interactions that might lead to viral 
inhibition or inactivation [21].

Conclusions
The in silico analysis showed that a pulsed electric field with 
E0 = 1.5 Vnm-1, ω = 150 ps-1, t0 = 5 ps, and σ = 1 ps, 
modifies the structural conformation of some regions in RBD; 
in contrast, the stimulus with E0 = 2.9 Vnm-1, ω = 300 ps-1,  
t0 = 5 ps, and σ = 1 ps, induces severe conformational 
changes. The pulsed electric field triggers the loss of protein 
stability; such structural instability is manifested mainly in a 
region including residues involved in the ACE2 recognition, 
which are also responsible for creating the hydrogen bonds 
network that allows the binding of the virion capsid with the 
cellular membrane initiating the fusion process. Likewise, our 
analysis allowed to identify the sites with higher susceptibility 
to conformational changes in the 353-372 region, whose 
structural dynamics in the presence of ACE2 is considerate 
the most efficient to achieve the molecular coupling in less 
time, and therefore is considered as a therapeutic target for 

the development of medical treatments against COVID-19. 
To our knowledge, there is no precedent of this region 
susceptibility to conformational changes in the coronavirus 
literature published so far. The flexibility exhibited by this 
region due to the pulsed electric field shows us a vulnerability 
of SARS-CoV-2, and constitutes one baseline to find 
practical, safe, and low-cost inactivation mechanisms.
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