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Abstract: The emergence of the P.1 variant of the SARS-CoV-2 virus is primarily responsible for the 

serious 2nd wave of infections that occurred in the city of Manaus, Amazonas, Brazil in early 2021. 

However, few studies seek to understand at the molecular level the reason for this, in addition to 

how neutralizing antibodies of different classes were affected. It was compared the influence of 

P.1/Gamma variant on antibody-antigen interaction in addition to the consequences in affinity for 

human ACE2 receptor. Regarding the simulations where we compared the P.1 variant, in fact the 

latter induced greater structural instability in the ACE2-RBD interaction, which may translate into 

greater affinity. In this way, based on the computational results, we propose that there were other 

factors besides molecular factors that made P.1 responsible for the greatest public health crisis in 

Brazil, since the affinity of the antigen for the ACE2 receptor was higher. And therefore, the 

vaccination campaign was certainly decisive in the fight against the Covid-19 pandemic, as the virus 

has been adapting to the human species over time. 

Keywords: SARS-CoV-2; P.1/Gamma variant; ACE2-RBD; molecular dynamics 

 

1. Introduction 

Among the variants, there was the P.1 or Gamma variant (B.1.1.28), which was mainly 

responsible for the serious 2nd wave of cases between the months of January and February 2021 in 

the city of Manaus, Amazonas. As consequence, the entire public health system was overloaded, and 

which unfortunately resulted in the loss of several lives [1–3]. The P.1 variant is constituted by the set 

of 12 (twelve) mutations although only 3 (three) mutations are critical and affect the RBD region of 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 June 2025 doi:10.20944/preprints202506.0631.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.0631.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 15 

 

the Spike glycoprotein: K417T, E484K and N501Y [1]. From a collaboration formed between Brazilian 

and international researchers, it was found that the P.1 variant spread at a rate 1.4-2.2 times faster 

than the initial Wuhan strain and also increased the propensity for reinfection by 25-61%. A 1.1-1.8 

fold increase in the mortality rate was also reported [2,4]. 

The World Health Organization (WHO) has been naming emerging variants of the novel 

coronavirus using letters of the Greek alphabet. The first to be identified was the Alpha variant in 

2020. Since then, the virus has continued to evolve, leading to the most recent Omicron subvariants 

[5]. Among the SARS-CoV-2 variants, some are classified as Variants of Concern (VOC), while others 

are merely Variants of Interest (VOI). Fortunately, to date, no Variant of High Concern (VOHC) — 

which would significantly increase virulence and pathogenicity — has ever emerged. 

Most mutations in the virus are neutral and therefore do not generate noticeable phenotypic 

changes. However, mutations that arise due to positive selection pressure can increase viral fitness. 

These mutations are mainly responsible for the emergence of new variants [6]. Among the variants 

of SARS-CoV-2, some are called Variants of Concern (VOC) while others are just Variants of Interest 

(VOI). 

It was discovered through the genetic sequencing of four travelers from the state of Amazonas 

on their trip to Japan that a new lineage, B.1.1.28/P.1, had emerged. This clade consists of a set of 12 

mutations, although only three are critical and affect the RBD region of the Spike glycoprotein: K417T, 

E484K, and N501Y [1]. The P.1 variant is also referred to as the Gamma variant, following the 

recommendation of the WHO. The P.2 lineage originally emerged in Rio de Janeiro and has already 

been detected in several regions of Brazil, including Manaus, where it was found that two patients 

had been reinfected with SARS-CoV-2 [7]. Additionally, there is in vitro evidence that the presence of 

the E484K mutation reduces the efficacy of polyclonal antibodies derived from convalescent serum 

[8]. 

From a molecular point of view, the virus has been increasing its affinity in interacting with the 

ACE2 receptor [9]. However, the environment may increase the likelihood of variants emerging, 

mainly as a result of low adherence to social distancing especially during the peaks of the  pandemic. 

Despite all this, it was found that although vaccine-induced neutralizing antibodies may have their 

ability to recognize the antigen reduced, CD4+ and CD8+ T cells normally recognize the protein 

sequence Spike same with all your changes [10]. 

Due to the fact that there is still little research in structural bioinformatics in the understanding 

of SARS-CoV-2, we sought in this work to elucidate at the molecular level the variant of concern P.1 

in relation to the responses induced by ACE2 recognition by the Spike protein . In this way, we used 

bioinformatics techniques such as molecular dynamics (MD) and the estimation of the value of the 

free energy of interaction (ΔG) in the molecular recognition of P.1 variant and also resulting from 

neutralizing antibodies. Finally, we used the Monte Carlo method to find mutations that would 

increase the antibody-antigen interaction of SARS-CoV-2, but also to predict possible emerging 

mutations in the future. 

2. Materials and Methods 

2.1. Mutagenesis and Comparative Between Variants of Concern 

The insertion of P.1 variant mutations affecting the RBD region of the Spike protein was 

performed using the “Residue and Loop Mutation” module in the Schrodinger Maestro 2021-2 

software. All crystallographic structures were obtained from the Protein Data Bank (PDB) [11]. Due 

to computational limitations, simulating the entire Spike protein was infeasible, as the data could not 

be fully allocated in GPU memory. Consequently, we focused exclusively on the RBD region. A total 

of 11 mutations defining the P.1 variant (L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, 

D614G, H655Y, T1027I, and V1176F) were inserted into the ACE2-Spike complex (PDB ID: 7DF4), as 

these mutations were reported to be present in over 75% of sequenced samples. 
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After introducing mutations, it was necessary to resolve steric clashes between atoms. Through 

molecular dynamics, structure minimization and equilibration were conducted, allowing for a 

comparative analysis of the thermodynamic impact of the mutations. These simulations were 

essential for studying the stability of different virus lineages in the ACE2-RBD and antibody-antigen 

interactions. 

2.2. Prediction of Change in Stability/Affinity upon P.1 Mutations 

Initially, it was obtained the positions and modifications of all mutations that constitute the P.1 

and variant from the Outbreak.info platform (https://outbreak.info/situation-reports). In parallel, we 

used the I-Mutant 3.0 tool (https://folding.biofold.org/i-mutant/i-mutant2.0.html) [12], which 

implements a machine-learning SVM approach to predict ΔΔG as a result of emerging variants. For 

this, we adopted structures with a higher number of amino acids since this reduces computational 

complexity. Accordingly, it was used the ACE2-Spike complex (PDB ID: 7DF4) [13] and the 

neutralizing antibody RBD-Ty1 (PDB ID: 6ZXN) [14], under physiological conditions at pH = 7.4, a 

temperature of 25°C, and the SVM3 ternary classification algorithm. This classification distinguishes 

stability (ΔΔG ≥ + 0.5 kcal ⋅ mol-1), destabilization (ΔΔG ≤ -0.5 kcal ⋅ mol-1), and neutrality (-0.5 kcal ⋅ 

mol-1 ≤ ΔΔG ≤ +0.5 kcal ⋅ mol-1). Although not all authors denote a positive sign as stabilization, in this 

study, we adopted the convention that (+) indicates stabilization and (-) indicates destabilization, as 

shown in the equation below: 

∆∆𝐺𝑏𝑖𝑛𝑑𝑖𝑛𝑔 =  ∆𝐺𝑤𝑖𝑙𝑑−𝑡𝑦𝑝𝑒 − ∆𝐺𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛 (Equation 1). 

Finally, it was also studied the stability as a function of the mutations constituting the P.1 variant 

using the Prime algorithm integrated into the Schrödinger Maestro 2021-2 software [15]. Using the 

“Residue Scanning” module [16], the mutations from the P.1 variant were computationally 

introduced, and the backbone was subsequently minimized using the Prime algorithm with a cutoff 

of 5.0Å  relative to residues near the mutation area. Other tools were also used for stability calculation, 

including EnCOM for conformational entropy analysis, as well as tools for stability variation analysis 

in the face of mutations, including mCSM [17], DynaMut2 [18], DUET [19]. 

2.3. Performing Molecular Dynamics Simulations of ACE2-RBD Interaction 

It was performed Molecular Dynamics (MD) simulations to analyze the stability and binding 

affinity of different classes of antibodies and to compare the P.1 variant and wild-type from Wuhan 

strain with each other.  

In this stage, all-atom molecular dynamics simulations were performed for 50 ns on the ACE2-

RBD complex (PDB ID: 6M0J) [20] in the presence of the B.1.1.28/P.1 (E484K, K417T, N501Y) and 

B.1.1.28/P.2 (E484K, K417N, N501Y) lineages that emerged in Brazil. We also studied the impact on 

the interaction with the neutralizing antibody P2B-2F6, specific to the RBD (PDB ID: 7BWJ) [21]. This 

antibody was derived from B lymphocytes of patients infected with SARS-CoV-2. All proteins were 

previously prepared using the academic version of the Schrödinger Maestro 2021-2 software [22] 

through the “Protein Preparation” module. This step included adjustments to ionization states, 

cofactors, assignment of partial charges, and the addition of hydrogen atoms to the structure.  

All input and configuration files were generated using the QwikMD 1.3 plugin [23], 

implemented in the VMD 1.9.4.48a graphical interface [24]. The complex was immersed in a solvation 

box (see Figure 1) with cubic geometry and periodic boundary conditions (PBC), containing water 

molecules described by the TIP3P model [25] at a standard distance of 12.0 Å  from the box 

boundaries. Counterions of Na⁺ and Cl⁻ were added to neutralize the system at a physiological molar 

concentration of 0.15 mol·L⁻¹. In the ACE2-RBD complex, there were a total of 422,271 atoms and 

136,320 water molecules, as automatically determined by the QwikMD algorithm. It is important to 

note that these values may vary slightly between the structure containing mutations and the one 

without. In the antibody-antigen complex, there were 465,723 atoms and 151,791 water molecules. 
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All topology files were generated using the CHARMM36 force field [26]. The system was minimized 

using the conjugate gradient approach over 1,000 steps. Subsequently, gradual heating from 60 K to 

300 K was performed at a rate of 1 K·ps⁻¹ under the NPT ensemble over 0.24 ns. Following this, the 

system was equilibrated under the NPT ensemble for 1 ns. Additionally, isotropic fluctuations were 

assigned to the simulation box, with the variable FlexibleCell=no defined for this purpose. 

 

Figure 1. Cubic solvation box whose ACE2-RBD complex was immersed 12.0 Å  away from the boundaries with 

a volume of (163.57 Å )³, and whose visualization was done in the VMD 1.9.4a.48 software. 

Finally, the production of trajectories used the r-RESPA integration method [27] in an NPT 

thermodynamic cycle for approximately 50 ns for the ACE2-RBD complex, with data recorded every 

0.02 ns. A stochastic piston via Langevin dynamics was used for pressure control, analogous to a 

barostat under standard conditions of 1 atm, a period of 200 fs, and a decay time of 100 fs. A Nosé-

Hoover thermostat [28] was adopted with a coupling coefficient of τₚ = 1 ps⁻¹. Long-range electrostatic 

interactions were estimated using the Particle-Mesh-Ewald (PME) formalism [29] with a cutoff of 12.0 

Å , while the SHAKE algorithm [30] was used to constrain all hydrogen bonds formed during the 

simulation. The simulations were performed using the NAMD3 (Nanoscale Molecular Dynamics) 

algorithm [31], developed by researchers at the University of Illinois and made freely available. As a 

result, all simulations were executed with GPU acceleration using an Nvidia GTX 1050 2 GB model 

with 640 CUDA cores at a 2 fs time step. Due to computational limitations, the mutation studies were 

restricted to the RBD region (229 amino acids) rather than the entire Spike receptor (1,273 amino 

acids). 

3. Results 

3.1. Machine-Learning Stability Prediction upon Mutations 

Initially, we qualitatively organize the mutations that constitute each of the variants of concern 

(see Supplementary Table 1). This step was important for us to understand which mutations of the 

P.1 variant remained throughout the viral evolution. Among the 12 (twelve) mutations that were 

present in the Spike (S) protein of the P.1 variant, 8 (eight) were exclusive to P.1, namely: T18F, T20N, 

P26S, D138Y, R190S, K417T, D1027I and V1176F. On the other hand, only 3 (three) mutations are 

shared between P.1 and Omicron variants, these being N501Y, D614G and H655Y. We noticed that 

while in P.1 the mutations K417T and E484K were present, in the following variants, such as Delta 

and Omicron, it was changed to K417N and E484A. Through an analysis using the I-Mutant 3.0 tool 
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[12], we predicted the global ΔΔG value for the ACE2-Spike structure (PDB ID: 7DF4) as a 

consequence of the three mutations that constitute the P.1 lineage. 

The global ΔΔG value was -1.85 kcal/mol, with the following contributions: N501Y (-0.08 

kcal/mol and ΔΔS ≈ +0.138 kcal/mol·K); K417T (-1.50 kcal/mol and ΔΔS ≈ +0.507 kcal/mol·K); E484K 

(-0.27 kcal/mol and ΔΔS ≈ +0.171 kcal/mol·K). Therefore, we can infer that the N501Y mutation, which 

emerged in the United Kingdom, would not significantly affect the ACE2-Spike interaction since the 

destabilization does not reach the critical threshold. The same conclusion applies to the E484K 

mutation, which appeared in South Africa and did not reach the threshold of -0.50 kcal/mol, although 

molecular dynamics are necessary for a better understanding of the impacts. 

It is worth noting that mutations causing destabilization tend to disappear due to evolutionary 

pressure, as they negatively impact protein function [32]. According to the literature, stability is 

proportional to lower conformational entropy, but it cannot be inferred that greater stability is 

necessarily related to greater disease severity. Further stability studies through molecular dynamics 

are necessary, with results presented in the following section. 

To gain greater confidence in the stability results for the ACE2-Spike complex, we predicted the 

ΔΔG value using the mCSM tool [17], obtaining the following results: N501Y (-0.757 kcal/mol); K417T 

(-1.594 kcal/mol); E484K (-0.081 kcal/mol). Once again, the K417T mutation from the P.1 lineage 

showed critical destabilization, as observed with the I-Mutant 3.0 tool. When analyzing the P.2 

lineage, the K417N mutation generated lower destabilization at -1.582 kcal/mol, providing 

preliminary evidence that modifications to the Lys417 residue in the Spike protein might be primarily 

responsible for the increased viral transmissibility in Amazonas. As shown in Figure X, the K417N 

mutation proved critical, second only to R190S, which did not affect the RBD region of the protein 

and therefore is not directly involved in ACE2 receptor interaction. 

Using the DynaMut2 tool [18], we assessed the impact of mutations on chemical bonds (see 

Figure Y). The same pattern was observed in the P.1 lineage with the K417T mutation, although it 

demonstrated greater stability due to the loss of only one hydrogen bond, one hydrophobic contact, 

and one polar interaction. Therefore, mutations closer to the ACE2-Spike interaction interface tend to 

be more concerning due to the higher likelihood of intermolecular interactions. 

When analyzing the Spike-Ty1 interaction (PDB ID: 6ZXN) with mutations present in the P.1 

lineage, destabilization was observed, reflecting a weaker interaction between the Spike glycoprotein 

and neutralizing antibodies: N501Y (-0.35 kcal/mol); K417T (-0.82 kcal/mol); E484K (-0.50 kcal/mol). 

Among all the results, the most concerning is again the K417T mutation, which presents critical 

destabilization and may potentially hinder immune response through vaccination. In the P.2 lineage, 

the K417N mutation demonstrated lower stability compared to K417T, with a result of -0.90 kcal/mol. 

Consequently, there appears to be a greater difficulty in molecular antibody recognition due to the 

P.2 lineage compared to P.1. Additionally, the E484K mutation (see Figure 2) is precisely located at 

the antibody-antigen interface, which could correlate with recognition difficulties due to 

destabilization. This can be explained by the mutation causing the formation of three hydrophobic 

contacts, one Van der Waals interaction, and the loss of six polar interactions and two carbonyl 

interactions. 
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Figure 2. Preparation steps of mutagenesis of P.1 variant and molecular dynamics simulations in Desmond, 

where we can visualize the solvation box created in the Schrodinger Maestro 2021-2 software. In this image were 

inserted the RBD region of Spike protein with mutations of P.1 variant. 

 

Figure 3. Comparison between the chemical interactions formed in the ACE2-Spike complex (PDB ID: 7DF4) as 

a consequence of the K417T and K417N mutations referring to the P.1 and P.2 strains, respectively. All diagrams 

were generated in the DynaMut2 platform. The dashed lines in green represent the hydrophobic contacts, the 

lines in red correspond to the hydrogen bonds and finally the color orange refers to the polar interactions. 
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Figure 4 Chemical interactions formed in the ACE2-RBD and antibody-antigen complexes in response to the 

E484K mutation present in the P.1 variant. Visualization was performed using the DynaMut2 platform. 

Upon examining all mutations in P.1 and P.2, we observed that the N501Y mutation was the 

only one that directly affected the antibody-antigen interface. However, the ΔΔG value was not 

significant enough to indicate that the damages to patients could be more severe than currently 

observed. 

3.2. Profile of New Emergent Mutations 

Using the MAESTROweb tool [33], we were able to predict which regions of the RBD protein in 

Spike are most susceptible to mutations (see profile mutations). This analysis may potentially aid in 

the next generation of vaccines, allowing these considerations to be integrated into their development 

process. When examining the mutation profile, we observed that position H519 shows one of the 

most favorable stabilization averages at -0.653 kcal/mol. Position K417 is also highly susceptible and 

is associated with several variants, showing an average stabilization of -0.410 kcal/mol. 

It is important to emphasize that greater stabilization benefits the virus by increasing interaction 

with ACE2, whereas destabilization has the opposite effect. Upon analyzing destabilizing regions, 

position I410 was found to be the most detrimental to the virus, with an average value of +2.948 

kcal/mol. 

 

Figure 5. Profiles of amino acid regions in the Spike protein most sensitive to stabilizing and destabilizing 

mutations. We analyzed the ACE2-RBD complex (PDB ID: 6M0J). All calculations were performed with the 

MAESTROweb platform. 

With the help of the PDBePISA platform [34], variant P. 1 presented ΔiG ≈ -6.5 kcal/mol, and 

therefore more favorable compared to the structure without any mutations where ΔiG ≈ -5.9 kcal/mol. 

This would perhaps explain, a priori, why the P.1 lineage would be characterized by an increase in 

transmissibility [2]. In order to complement the results, we performed protein-protein docking from 

the last frame (see Table 3) using the HDock platform (http://hdock.phys.hust.edu.cn/) [35] with all 

default settings. In the HDock tool, depending on the receptor and ligand order, we can obtain 

different results. Thus, for more favorable and consistent results, we considered the RBD protein as 

the receptor while the ligand was the ACE2 protein. In this, the ACE2-RBD complex (PDB ID: 6M0J) 

[20] containing the P. 2 lineage expressed higher affinity with a relative score of -311.75 while in the 

absence of mutations it was -310.19. The P.1 variant stands out, presenting an even more expressive 

interaction with -331.14. These results corroborate the hypothesis that P. 1 actually makes the 

interaction of Spike with the cellular receptor ACE2 more expressive. The PatchDock tool [36] was 

also used, which employs principles of geometric complementarity where we adopted the “Default” 

configuration and the type of protein-protein complex in all simulations and clustering for the RMSD 

of 4Å . Thus, the P.1 variant also reflected an increase in affinity in the ACE2-RBD complex where the 

score increased from 15722 to 16940 compared to the reference structure. 
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Table 2. MM-GBSA energy analyses for the P.1 variant in the antibody-antigen complex interaction (PDB ID: 

6XEY). 

Mutation Δ Affinity Δ Stability ΔEnergy ΔEVdW ΔEelec ΔGsolvation Δ SASAₜₒₜₐₗ 

D138Y +0.103 +105.634 +187.810 +27.800 -31.749 +77.766 -190.254 

R190S +0.001 +54.771 +129.620 +22.340 -45.077 +155.585 +272.830 

K417T -2.597 -81.126 -61.140 +7.130 -52.061 +75.545 +9.647 

E484K +11.136 +27.322 +72.950 +6.790 +166.127 -122.500 -11.093 

N501Y -0.017 +64.433 +168.590 +3.230 +61.129 +22.341 -102.301 

D614G -0.001 -0.001 +100.300 +18.300 -23.721 +96.411 +69.057 

H655Y 0.000 +145.107 +19.050 +150.550 -69.125 +3.477 -149.632 

T1027I 0.000 +6.080 +58.870 -2.590 +38.942 +3.105 -77.742 

Table 3. Protein-protein docking results for the ACE2-RBD complex (PDB ID: 6M0J) from the last frame of the 

MD simulations, and whose affinity was estimated with the HDock, PatchDock and ClusPro tools. 

Variant  HDock (kcal/mol) PatchDock (score) ClusPro (kcal/mol) 

Wild-type -310.19 16432 -830.0 

P.1 variant -331.14 16940 -883.8 

P.2 variant -311.75 15722 -885.4 

3.3. Molecular Dynamics Simulations of P.1 Variant 

Firstly, it was performed a molecular dynamics analysis for the P.1 variants (see Figure 6).  

After, it was superimposed the last frame obtained from the molecular dynamics of the P.1 lineage 

and the respective initial structure in relation to Cα in order to understand the impacts of temporal 

evolution. Thus, using the Schrödinger Maestro 2021-2 software, the alignment resulted in an atomic 

displacement with an RMSD of 2.1203 Å , which reflects relative structural changes at the global level 

due to the mutations. This result was also corroborated by the PDBeFold platform with an RMSD of 

1.320 Å  and by TM-Align with an RMSD of 2.05 Å . We also analyzed the overlap of the last frame for 

the simulation without mutations in relation to the initial frame, where there was an RMSD of 1.8135 

Å . When using TM-Align, the result was 1.81 Å , and using PDBeFold, it was 1.256 Å . These results 

indicate that P.1 presented more expressive conformational fluctuations in the ACE2-RBD interaction 

compared to the structure without any mutations, although P.1 is still characterized by greater 

stability. The greater fluctuation in certain residues may indicate the greater affinity of ACE2-RBD 

for P.1, with phenotypic consequences ranging from greater transmissibility to greater lethality. 
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Figure 6. Comparative analysis between RMSD and RMSF fluctuations in relation to Cα in the presence and 

absence of the Brazilian lineage B.1.1.28/P.1. 

When analyzing the ACE2-RBD complex without any mutations, we noticed that the RMSF 

fluctuations (see Figure 6 and Table 4) for residue K417 were approximately 0.976 Å , for residue N501 

they were 1.08 Å , and for amino acid E484 they were 1.31 Å . In the absence of mutations, the RMSF 

peak was around 2.83 Å , located at amino acid H519. However, when the P.1 strain was analyzed, 

there was an increase in the maximum fluctuation to 2.88 Å  at amino acid A372. The RMSF analysis 

also suggested that regions 370-372 of the RBD experienced the greatest fluctuations as a result of P.1, 

indicating that they may be critical regions for changes in viral transmissibility. The α-helices, being 

present in naturally unstable positions, exhibited the greatest conformational fluctuations and were 

also directly affected by the mutations. After identifying these regions using the VMD software, we 

noticed that the residue Asn370 in the RBD protein presented an RMSF fluctuation of 2.58 Å  in the 

structure containing the P.1 strain, but in its absence, there was an increase in stability to 2.28 Å . 

Therefore, even though this region was not directly affected by the mutations, the impacts were still 

reflected. It is noteworthy that this region exhibited the greatest fluctuation among all amino acids, 

regardless of the presence of mutations. 

Table 4. Results obtained through MM-GBSA decomposition by the Prime algorithm in the Schrodinger Maestro 

2021-2 software when analyzing the impact of 11 (eleven) mutations that affected the Spike protein as a 

consequence of the P.1 variant. These analyses were obtained for the trimeric ACE2-Spike complex (PDB ID: 

7DF4). The notation Δ (“delta”) corresponds to a comparison between the results obtained with the mutation in 

relation to its absence. The energy impacts (kcal/mol) correspond to the interaction between the A chain (ACE2 

receptor) and the 3 (three) Spike protein chains regarding structural stability. 

Mutation Δ Affinity Δ Stability ΔEnergy ΔEVdW ΔEelec ΔGsolv Δ SASAₜₒₜₐₗ 

L18F 0.000 +16.348 -7.412 +11.698 +12.089 -14.915 -37.201 

T20N 0.000 +13.099 -102.641 +7.955 -114.172 -7.910 +111.414 

P26S 0.000 +5.267 -91.843 +0.305 -59.103 -3.967 -4.532 

D138Y 0.000 +2.039 +84.209 +16.434 +176.809 -111.311 -29.831 

R190S 0.000 +74.425 +149.275 +26.718 -36.009 +166.855 +173.849 

K417T +2.943 +2.239 +22.219 +11.207 -53.042 +98.945 +84.866 

E484K +2.175 +32.268 +77.898 +3.583 +255.865 -199.598 +194.320 

N501Y -7.969 +71.708 +175.868 +8.243 +99.376 +5.815 -13.546 

D614G 0.000 -5.740 +97.340 +5.902 +6.811 +69.985 +187.280 

H655Y 0.000 -16.133 -18.953 +5.049 -3.283 +0.118 -96.247 

T1027I 0.000 -13.365 +39.435 -7.604 +13.057 +14.826 -85.637 

Table 5. Comparison between variants P.1 and P.2 in relation to the average values of some parameters resulting 

from molecular dynamics in the range of $50 ns$ for ACE2-RBD (PDB ID: 6M0J) that quantify structural changes 

in the RBD region of Spike upon interaction with ACE2. 

Analysis Wild-type P.1 variant P.2 variant 

RMSD (1.97 ± 0.36) Å  (2.01 ± 0.29) Å  (1.81 ± 0.34) Å  

RMSF (1.28 ± 0.51) Å  (1.13 ± 0.46) Å  (1.33 ± 0.76) Å  

SASA (380.41 ± 3.47) nm2 (377.64 ± 3.66) nm2 (373.35 ± 3.32) nm2 

H-bonds 197 ± 11 201 ± 11 203 ± 11 

Native contacts 0.9903 ± 0.0017 0.9892 ± 0.0016 0.9877 ± 0.0019 

Rgyr (31.557 ± 0.296) Å  (31.573 ± 0.183) Å  (31.480 ± 0.18) Å  

By analyzing the average fluctuations, the average RMSD value (see Figure 6 and Table 5) in the 

absence of mutations in the ACE2-RBD complex induced approximately (1.97 ± 0.36) Å  in atomic 

displacement and average RMSF fluctuations of (1.28 ± 0.51) Å . On the other hand, in the presence of 
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mutations in the P.1 lineage, the mean RMSD increased to (2.01 ± 0.29) Å , while the mean RMSF value 

decreased to (1.13 ± 0.46) Å . Higher RMSF values were found in the loops, possibly because they are 

poorly defined regions. Thus, the higher RMSD in the absence of mutations may be associated with 

a greater probability of Spike protein detachment from the ACE2 receptor interface. Therefore, these 

data possibly reflect an increase in the ACE2-RBD interaction due to smaller RMSD shifts as a result 

of the multiple mutations that make up the P.1 lineage. 

Regarding the analysis of the formation of hydrogen bonds throughout the simulation for the 

ACE2-RBD complex (see Table 5), it was found that the P.1 strain had an average of 201 ± 11 hydrogen 

bonds, while in the absence of mutations, there was a decrease to 197 ± 11 in average bonds. 

Unexpectedly, the number of hydrogen bonds at the ACE2-RBD interface was lower in P.1 compared 

to the structure without mutations, since in P.1 there were 32 bonds at the interface, while in the 

structure without mutations, 34 bonds were formed throughout the simulation. However, this does 

not allow us to conclude that the structural stability of P.1 is lower. This is because only two bonds 

are predominant in the complex, where for P.1, the formation of ACE2:Gly502 → 

RBD:Lys353 occurred with an incidence of 55.77%, in addition to ACE2:Tyr83 → RBD:Asn487 with 

43.75%. When compared to the structure without mutations, the frequency is lower, with 

ACE2:Tyr83 → Asn487 at 54.26% and ACE2:Lys417 → RBD:Asp30 at 52.28%. 

For instance, the E484K mutation in the RBD-antibody P2B-2F6 complex (PDB ID: 7BWJ) 

increased stability from (1.59 ± 0.71) Å  to (1.43 ± 0.52) Å . In contrast, the K417N mutation exhibited 

destabilizing behavior, transitioning from 1.139 Å  to 1.543 Å . Similarly, the N501Y mutation caused 

a stability decrease, shifting from 1.653 Å  to 2.154 Å . These results suggest that the P.1 variant induces 

reduced stability in neutralizing antibody interactions, reflecting a lower interaction affinity. 

 

Figure 7. Structural alignment between the last frame and the first frame for P.1 and Omicron variants of concern, 

where the average RMSD corresponds to all 100 ns of simulation of molecular dynamics. In addition, the 

comparison between the RMSD values shows a statistically significant difference with p<0.05 at a 95% confidence 

interval. 
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When constructing a 2D graph (see graph_ACE2_RBD) for residue interactions based on the last 

frame of molecular dynamics, we can better visualize the impact of mutations on the ACE2-RBD and 

antibody-antigen interaction. It was observed that, in the presence of the P.1 variant, three cation-π 

interactions (in red) formed, in addition to one π-stacking interaction (in dark blue). It is important 

to note that although interactions tend to change throughout the molecular dynamics, the last frame 

was chosen to provide more consistent results. 

 

Figure 8 Comparison between the graphs of the interaction between the amino acids of the ACE2 receptor with 

those of the RBD protein referring to the last one of the crystallographic structure PDB ID: 6M0J. The images 

were generated on the ICn3D online platform (https://www.ncbi.nlm.nih.gov/Structure/icn3d/). 

4. Discussion 

The K417T mutation that emerged in Amazonas generated an unexpected destabilization in 

ACE2-Spike recognition in addition to high conformational entropy, which, although it may decrease 

the probability of cellular invasion, could perhaps hinder the recognition of the immune response 

generated by vaccines according to [37–40]. In addition, the critical destabilization due to K417T 

could be correlated with the unprecedented increase in infections and deaths in Amazonas due to 

COVID-19 in January and February 2021. 

It should be noted that in the results presented in (Table 2), a negative value for the 

stability/affinity (Δ) indicates that the mutation interacts more spontaneously and favorably 

compared to the structure without mutations [16]. Thus, it becomes clear that the N501Y mutation is 

one of the most favorable for structural stability in the ACE2-RBD interaction. The mutation R190S 

ranks first in terms of structural stability; however, it fortunately did not affect the RBD region and 

therefore did not generate significant phenotypic changes. 

A notable observation regarding the 11 mutations constituting the P.1 variant is that only the 

three most critical ones—K417T, N501Y, and E484K—which directly affected the RBD region, 

presented non-zero affinity changes. This is because these critical mutations were located near the 

ACE2-RBD interface, directly impacting interaction affinity. It was observed that electrostatic 

interactions increased drastically due to the E484K mutation, although this did not significantly 

impact the affinity and stability of the interaction. 

In addition to the RMSD values of the P.1 variant being statistically significant (see Figure 6), we 

noticed that they are much greater than the standard deviation of the simulations, and therefore we 

can conclude that these differences in structural stability in the ACE2-RBD interaction are not only 

due to chance, and that in fact the mutations present in these variants impacted the molecular 

recognition of the virus by the human ACE2 receptor. 

These results reflect that perhaps the virus is seeking to benefit by increasing structural stability 

in the ACE2-Spike interaction. A curious point is that not all mutations necessarily contribute to 
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greater stability or affinity in the ACE2-Spike interaction. This may be an indication of the stochastic 

behavior of mutations, although natural selection favors some mutations over others. 

We also studied the stability of mutations in the P.1 variant using MM-GBSA energy 

decomposition. According to the results (see Supplementary Material), the N501Y mutation 

contributed most significantly to structural stability in the ACE2-RBD interaction. Consequently, it is 

regarded as the most concerning mutation, with a strong correlation to changes in transmissibility 

and lethality. Unexpectedly, the K417T mutation was less critical compared to other mutations 

present in SARS-CoV-2 variants, as indicated by lower spontaneous energy contributions in ΔEVdW, 

ΔGsolvation, and ΔEelec. 

Within the P.1 variant, the E484K mutation was particularly alarming, as it induced an 11.136 

kcal/mol decrease in the antibody-antigen interaction affinity. Additionally, the N501Y mutation 

favored structural affinity in the ACE2-Spike interaction, showing an increase of 7.969 kcal/mol. 

Initially, the R190S mutation was suspected to be worrisome in terms of structural stability; however, 

it did not affect the RBD region and therefore did not result in significant phenotypic changes. Among 

the 11 mutations in the P.1 variant, the three most critical ones—K417T, N501Y, and E484K—directly 

affected the RBD region. These were the only mutations to exhibit non-zero alterations in interaction 

affinity, as they were located near the ACE2-RBD interface, directly impacting binding affinity. 

From the electrostatic surface distribution (see Figure 6), calculated using the APBS (Adaptive 

Poisson-Boltzmann Solver) algorithm [41], the P.1 variant showed a charge distribution of (-615.814 

kT to +529.056 kT) for the ACE2-RBD complex (PDB ID: 6M0J). In contrast, the Omicron variant 

exhibited a slightly more negative charge distribution (-596.088 kT to +489.084 kT) when averaged 

over extreme values. 

Through molecular dynamics simulations, we also evaluated the impact of the P.1 lineage on 

the efficacy of neutralizing antibodies in interacting with the Spike protein (RBD). The antibody 

studied, P2B-2F6, is naturally produced by the human body in response to SARS-CoV-2 infection. It 

is not synthetically manufactured due to the high production costs of monoclonal antibodies.  

Additionally, there was a decrease in one salt bridge during MD simulations. The RBD + P2B-

2F6 complex (PDB ID: 7BWJ) lost interactions between RBD:Glu484 and Heavy Chain:Arg112, as well 

as between RBD:Glu484 and Light Chain:Lys55, while forming an interaction between RBD:Lys484 

and Light Chain:Glu52. This reflects a potential reduction in neutralizing antibody efficacy due to 

greater instability in the antibody-antigen complex. 

Alignment of the crystallographic structure of the RBD + P2B-2F6 complex (PDB ID: 7BWJ) with 

the final molecular dynamics frame of the P.1 variant yielded an RMSD value of 2.5636 Å , indicating 

substantial conformational changes and, consequently, increased instability. 

Although we can conclude from the results of this research that the virus has been seeking 

greater structural stability, it is still very difficult to predict whether the increase in the 

stability/affinity of the ACE2-RBD complex will impact transmissibility, lethality, or some other 

phenotypic effect. Therefore, it is not possible to estimate the evolutionary trajectory of SARS-CoV-2 

solely from these results. However, there does seem to be a tendency for each emergence of a new 

variant of concern to gradually increase this interaction stability. Therefore, if the virus follows a 

trajectory similar to the Spanish flu of 1918, stability will reflect an increase in transmissibility until it 

reaches a maximum peak, thus decreasing the probability of new variants, while its lethality will be 

equivalent to a common flu. 

5. Conclusions 

In general, the P.1 variant led to greater stabilization of the ACE2-RBD complex, as supported 

by three molecular dynamics analyses. The average RMSF values, increased hydrogen bond 

formation, and reduced solvent exposure, measured by the SASA value, corroborate this. These 

results reflect lower entropic penalty and, therefore, greater susceptibility to seasonal influences, 

along with a possible increase in interaction affinity and a higher likelihood of cellular entry. Through 

MM-PBSA energy decomposition, we observed that Van der Waals interactions predominated and 
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were more favorable when the structure contained mutations from the P.1 variant. Consequently, the 

variants are likely to persist for some time due to evolutionary pressure, as they benefit the virus. 

This may explain the convergence of certain mutations, such as E484K and N501Y, which were 

theoretically explained through molecular dynamics. This research showed a decrease in hydrogen 

bond formation in the P.1 variant. The P.1 variant remains recognizable by the immune system, and 

although the efficacy of the P2B-2F6 antibody induced by vaccines may be diminished according to 

molecular dynamics results, there are no conclusive findings in the literature suggesting its complete 

neutralization. As long as we do not fully stop the virus, the emergence of new variants remains 

imminent. Therefore, widespread vaccination is essential for the eradication of the pandemic. 

Supplementary Materials: The raw molecular dynamics data have been deposited on the Zenodo platform, 

found at: https://zenodo.org/records/5111905. 
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The following abbreviations are used in this manuscript: 

ACE2 Angiotensin-converting enzyme 2 

 

RBD 

 

Receptor binding-domain 

  

COVID-19 Coronavirus disease 2019 

  

MM-GBSA Molecular Mechanics Generalized Born Surface Area 

 

RMSD 

 

Root-mean square-deviation 

 

RMSF 

 

Root-mean square-fluctuation 

 

SASA 

 

Solvent Accessible Surface Area 

 

Rgyr 

 

Radius of gyration 
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