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The effect of temperature on SARS-CoV-2 is frequently debated upon. There is evidence of temperature sensitivity of the viral proteins; however, how heat influences the protein–protein interaction between a SARS-CoV-2 protein and the human angiotensin-converting enzyme 2 (ACE2) receptor remains to be elucidated. Here, we studied the receptor-binding domain of the surface glycoprotein of SARS-CoV-2 wild type and variants of concern bound to the human ACE2 receptor at different temperatures through atomistic simulations. We found that although there were no major conformation changes in the protein complexes at high temperatures, the dynamics of the proteins significantly increased. There was loss of protein–protein contacts and interaction energies. Thus, the protein–protein interaction was found to be rather strong. This study would be useful for viral protein studies and the design of peptide-based vaccines and therapeutics.
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1 INTRODUCTION
The pandemic caused by SARS-CoV-2 distresses individuals even 4 years after the first report of the infection. The disease transmission is influenced by various factors including population density, immunity, local healthcare facilities, and climate [1]. The seasonality of the coronaviruses is established. SARS, the predecessor of SARS-CoV-2, occurred during the onset of winter in 2002; only negligible cases were reported at 30°C. Similarly, the number of COVID-19 cases peaked during winter every year [2]. Due to the sustenance of infection for over 2 weeks and population density, the disease spread continues in the subtropical regions owing to the survival of the virus on surfaces and air droplets [3]. The virus has spread to several countries with varying climatic conditions; however, the influence of temperature in its transmission cannot be denied [4]. Specifically, hot and humid weather conditions reduce its survival though its transmissibility is not completely lost [5]. Research has been focused on the development of various chemical, physical, and biological interventions to inactivate the virus [6]. Formaldehyde, b-propiolactone, and TRIzol are the commonly used chemical deactivators, and vaccines are the most commonly used biological treatment [7]. Physical treatment strategies include far-UV light, membrane filtration, cold plasma, and thermal inactivation [8]. Thermal deactivation is one of the most used techniques against the virus; the virus infectivity is reduced by almost 100-fold. Innovative strategies such as heating masks and warm air exposure help inactivate the virus in the upper respiratory tract [9].
At the molecular level, temperature could alter the structure of viral proteins, envelope, membrane lipids, or nucleic acids. However, viruses, similar to other microorganisms, have a natural strategy to adapt to different environmental changes [10]. Different proteins respond to temperature changes differently. Few proteins denature due to the loss of hydrogen bonds and secondary structure changes, while several others are thermostable [7]. SARS-CoV-2 viral proteins are exceptionally stable [11]. However, recent clinical studies have shown that temperature directly influences the protein–protein association between the viral Spike protein and the human angiotensin-converting enzyme 2 (ACE2) receptor [12]. Specifically, at temperatures above 38°C, their association weakens [13]. Functional and biophysical assays show that the dissociation kinetics of the wild-type (WT) Spike receptor-binding domain (RBD)–ACE2 complex at lower temperatures was slower [2]. This indirectly indicates a higher affinity of the virus for the host at lower temperatures. However, a single mutation at N501Y, as observed in the α variant of SARS-CoV-2, makes it more stable at warmer temperatures [14].
SARS-CoV-2 has undergone several mutations in its structure and continues to evolve and evade therapeutic interventions including drugs and antibodies [15]. These variants of concern (VOCs) harbor mutations in important viral proteins such as proteases and surface spike glycoproteins [16]. The surface glycoprotein of SARS-CoV-2, also known as Spike, is of particular interest since it has several mutations in its structure [17]. These mutations occur at several sites of the protein; however, the mutations between residues 333 and 527 that comprise the receptor-binding domain influence the complex formed between the Spike and human receptor protein [18]. The Spike protein is stable and sensitive at high temperatures [19]. Proteins generally denature at high temperatures; however, this virus adopts a unique strategy to survive by compacting the structure of this protein and masking the RBD at high temperatures [20]. This restricts the viral protein from binding the human ACE2 receptor found in several tissues of the respiratory, digestive, renal, and other systems [21, 22].
The RBD of the Spike protein binds with the ACE2 receptor in the lung epithelia to enter the host cell. To form a stable complex, it interacts with the host cell protein through intermolecular salt bridges, hydrogen bonds, and hydrophobic interactions [23]. Approximately 14 residues of the RBD domain, which are present at the top of the complex, are involved in the binding with ACE2 [7]. The behavior and infectivity rate of the virus at different weather conditions have been studied extensively; however, only a negligible change was observed in the structure of ACE2 [24, 25]. Temperature influences the activity and virulence of the virus; however, there is a lack of understanding of the molecular-level changes in the viral protein–host receptor interaction with increasing temperatures [26]. “It is important to understand whether high temperature can disrupt the ACE2–RBD interaction.” [27]. Hence, to understand the stability and dynamics of the protein–protein interaction, we performed atomistic molecular dynamics (MD) simulations of WT and VOCs at different temperatures [28, 29].
2 MATERIALS AND METHODS
2.1 System preparation
The SARS-CoV-2 spike glycoprotein sequence was obtained from RCSB (PDB ID 6LZG), and the RBD structure was extracted from chain B and residues ranging from Tyr333 to Pro527 [9]. The complex consists of two chains, ACE2 and RBD, having 596 and 209 residues, respectively [30]. Thirteen residues were missing from the N-terminal of ACE2; however, they do not directly play a role in the interaction with the RBD; therefore, they were not modeled [31]. This structure was considered the WT system. The RBD sequences of the variants were obtained by mutating the residues using PyMOL. Multiple-sequence alignment was performed using Clustal Omega, to understand the position of the mutations. Following alignment of the RBD sequences, the variants, namely, Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.167.2), and Omicron (B.1.159), were generated by mutating specific residues in the WT Spike protein using Modeller 10.1 [32]. The modeled structures were compared with the existing crystal structures (PDB IDs, 7EKF, 7VX4, 7NXC, 7WBQ, and 7WK6 corresponding to the crystal structures of Alpha, Beta, Gamma, Delta, and Omicron). The following RMSDs were obtained: 1.5 Å, 1.65 Å, 1.70 Å, 1.35 Å, and 1.4 Å [33]. The models were devoid of glycan residues; this was in accordance with earlier observations by Amaro et al. that glycans are not directly involved in the interaction between the RBD and ACE2 [34]. To understand the effect of mutations at different temperatures, we carried out atomistic MD simulations of the WT and the five variants at temperatures 310, 315, 320, 330, and 340 K, respectively, to detect the variations from body temperature with that of temperatures found in some hot springs.
2.2 Molecular dynamic simulations
Atomistic MD simulations were performed using the GROMACS MD simulation software package with the CHARMM36 force field parameters [35, 36]. Initially, the structure was solvated with TIP3P water molecules and neutralizing ions in a cubic box of dimensions, 10 nm × 10 nm × 10 nm [37]. For charge neutralization, 24 ions were randomly used to replace the solvent molecules. To avoid any bad contacts created due to mutations and the addition of water and ions, the systems were subjected to energy minimization in the steepest descent and further in conjugate gradients for 2000 steps [38]. Initially, position restraint was placed on the CA atoms of the proteins, which were gradually reduced and completely removed after equilibration. Periodic boundary conditions were implemented during the simulations. The systems were gradually heated from 0 to 310, 315, 320, 330, and 340 K for 200 ps [39]. Subsequently, they were equilibrated at 310, 315, 320, 330, and 340 K in an NVT ensemble, using the modified Berendsen thermostat for approximately 500 ps. They were then equilibrated in an NPT ensemble at 1 atmospheric pressure using the Parrinello–Rahman barostat for 1 ns [40]. For all the equilibration and subsequent production runs, a time step of 2 fs was used. After the convergence of potential energy and density, production simulation was performed; the coordinates were saved at an interval of every 1,000 ps at the respective temperatures [40]. The particle mesh Ewald method was used to treat the long-range electrostatic interactions [41].
2.3 Principal component analysis
Principal component analysis (PCA) was used for studying the dynamics of the protein; it represents the dominant motions of the protein in two steps [42]. In the first step, the covariance matrix was calculated. Subsequently, the matrix was diagonalized. The covariance matrix was calculated based on a group of protein structures, which was given by the equation
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where xi and xj represent the atomic coordinates and the brackets represent the average of the group of protein structures. The diagonal of the matrix was calculated from the following equation:
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where A is the eigenvector and [image: image] is the eigenvalue. Eigenvectors are the directions, which represent the collective motions in a particular configuration, whereas eigenvalues represent the mean square fluctuations of these motions. GROMACS analysis tools were used for the calculation of PCA.
2.4 Binding energy calculations
The total binding energy and the binding energy between the RBD and ACE2 for the WT and VOCs (Alpha, Beta, Gamma, Delta, and Omicron) was calculated using the molecular mechanics/Poisson–Boltzmann surface area (MM/PBSA) [43]. Here, the binding energy of the target ligand was defined as follows:
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where ΔGprotein, ΔGcomplex, and ΔGligand are the total free energies of the protein, the complex, and the ligand (here, protein), in the solvent, respectively. The free energy of each separate entity was represented as follows:
[image: image]
where EMM is the average molecular mechanic’s potential energy in vacuum and Gsolvation is the free energy of solvation. TS is the entropic augmentation of free energy in vacuum, and S and T are the entropy and temperature, respectively. EMM comprises bonded and non-bonded terms, which involve both the electrostatic (Eelec) and the van der Waals (Evdw) interactions. The solvation free energy considers both the electrostatic and non-electrostatic (Gpolar and Gnonpolar) components [43]. The binding free energy for all the complexes was calculated from the last 10 ns of the simulation trajectories by taking 50 frames and calculating the average binding energy value and standard deviation. VMD and PyMOL were used for visualization of all trajectories. All analyses were performed using GROMACS tools [44, 45].
2.5 Dynamic cross-correlation
Dynamic cross-correlation between the residues was calculated using correlationplus software [46]. Dynamic cross-correlation for two residues, i and j, can be calculated as follows:
[image: image]
where [image: image] is the difference in the position vector of atom i from the average position.
3 RESULTS AND DISCUSSIONS
Following the minimization and equilibration of the complexes, we generated five systems at different temperatures for each of the variants and performed atomistic MD simulation for 100 ns each (Supplementary Table S1). SARS-CoV-2 RBD comprises five antiparallel beta sheets, β1, β2, β3, β4, and β7, which are twisted around each other with short interconnected loops and helices that form the core of the RBD. There is an extended insertion, which contains the short β5 and β6 strands, along with the α4 and α5 helices and the β4−β7 loops. This extended insertion forms the receptor binding-motif (RBM), which contains residues that bind to the human ACE2 receptor (Figure 1). The ACE2 protein is ellipsoidal and is composed mainly of alpha helices (Figure 1). The extracellular region comprises two domains: a metalloprotease domain and a carboxy terminal domain. The RBD binds with the carboxy terminal domain. Mutations in the RBD residues E484, L452, R454, K458, and T478 have a strong influence on the binding affinity of the RBD for the ACE2 receptor protein [29].
[image: Figure 1]FIGURE 1 | Structure of the RBD/ACE2. The RBD region is shown in green color, the ACE2 region is shown in orange color, and the RBM region is shown in cyan color. The figure shows the alpha helices and the beta sheets present in the RBD region.
3.1 RBD/ACE2 complexes are stable at high temperatures
To check whether RBD/ACE2 in the WT and VOCs have equilibrated properly, we studied the evolution of RMSDs over the simulation time. The RMSD changes with respect to the starting conformation were not markedly different, indicating no major conformational changes in any of the complexes (Table 1). However, as the temperature increased, there was a marginal increase in the values. The complex contained both the RBD and ACE2; therefore, the individual RMSD values were studied. The RBDs of Alpha, Delta, Omicron, and WT were comparatively stable (Supplementary Figure S1). However, slight variations were observed for the Beta and Gamma RBDs. ACE2 was very stable for all variants at different temperatures, with respect to the starting structure (Supplementary Figure S2). Therefore, based on the complex and individual protein RMSDs, we confirmed that all the systems were well equilibrated.
TABLE 1 | Average RMSD values of RBD/ACE2 complexes at different temperatures.
[image: Table 1]Root mean square fluctuation (RMSF) of C-alpha was used to evaluate the difference in the fluctuation of the protein backbone atoms. The RBD region of Spike ranges from 333 to 527. In the RMSF, distinct peaks were observed between residues 355 and 380 in all the systems. However, these two peaks correspond to the β1−β2 and β2−β3 region of the RBD. In the complete Spike protein, the dynamics of this region is not expected to be this high; however, due to solvent accessibility and lack of glycan moieties, there was a greater flexibility in the region. In the remaining part of the RBD region, which comprises the RBM ranging between residues 438 and 506, we monitored the average fluctuations during the last 10 ns of the simulation as a function of temperature (Supplementary Figure S3). All the variants displayed higher peaks at 330 K and 340 K. In the WT, Alpha, and Delta complexes, the RBD did not show much difference at different temperatures. However, at 340 K, significantly higher peaks were observed in the RBM region in the Beta, Gamma, and Omicron systems. The alteration in the primary sequence was expected to cause changes in the structural behavior and protein–protein interaction; however, the average RMSF at different temperatures exhibited similar fluctuations. This indicated that the overall protein structure does not undergo major changes. The RMSF of the C-alpha atoms of ACE2 exhibited marked stability across the variants at different temperatures, compared to that of the RBD (data not shown).
3.2 Temperature influences the protein–protein interaction
To study the dynamics of the RBD with respect to the ACE2 receptor, a PCA was performed by extracting data from the last 10 ns of the trajectory. We studied the distribution of the first two principal components, PC1 and PC2, of the RBD and ACE2 individually at different temperatures (Supplementary Figures S4, S5). The dynamics of both RBD and ACE2 increased with the increase in temperature; we focused on understanding the protein–protein interfacial dynamics that would help predict the complex stability. We assessed the dynamics of the RBM region alone at different temperatures for the WT and the VOCs (Figure 2). At 310, 315, and 320 K, the RBM exhibited lesser dynamics (Figures 2A–C). However, as the temperature increased, at 330 K and 340 K, the dynamics increased (Figures 2D, E). To evaluate the differential conformations in the RBM, we extracted structures of the RBD/ACE2 complex at different positions. When we move toward the left of the origin along the first principal component, the overall structure and the number of contacts remain similar to those in the crystal structure (Figures 3A, B; Supplementary Figure S6). However, as we move toward the right, there was a loss of contacts (Figures 3C, D). The changes in conformation were mostly observed around the Y453−K353 and Y501−Q42 residues that had moved further away in the right conformation. Therefore, at the origin and toward the left, the RBD is more compact and closer to ACE2 than that at the right, with a greater number of interprotein contacts. This increase in dynamics toward the right side of the PCA plot started at 330 K and was more prominent at 340 K. In addition, the interprotein contact maps revealed that under different temperatures, the contact patterns changed markedly.
[image: Figure 2]FIGURE 2 | PCA plots at (A) 310 K, (B) 315 K, (C) 320 K, (D) 330 K, and (E) 340 K for the RBM region.
[image: Figure 3]FIGURE 3 | Differential conformations of the RBD/ACE2 complex. Toward the (A) left of the origin along PC1, (B) a greater number of contacts were seen. (C) Toward the right side along the PC1 axis, (D) few contacts were lost. The interface region is highlighted in red and blue colors in (A) and (C), respectively. Interface residues are shown as sticks and colored by CPK.
To qualitatively observe the difference in dynamics with the change in temperature, porcupine plots were constructed based on PC1 for the RBD/ACE2 complex at 310 K, which is around room temperature, and at 340 K, where maximum complex dynamics was observed. The red cones in Figure 4 represent the magnitude and directions of the vectors at every C-alpha position of each complex; both structures show remarkable difference in the direction and magnitude of the vectors. At 310 K, the structures exhibit very less movement. The cones are mostly prominent at the loop regions near the edge of the complexes. However, at the RBM–ACE2 interface, the cones are small and mostly directed in the same direction. In contrast, at 340 K, high dynamics is observed in both RBD and ACE2. Most of the ACE2 cones are in the anticlockwise direction, and RBD cones are in the clockwise direction. This signifies opposing movements. However, at the interface region, we did not observe any opposing dynamics. The vectors of the interacting helices of ACE2 had adapted the anticlockwise movements of the RBD, which was different from that of the rest of the protein. Therefore, at higher temperatures, the dynamics of the RBD/ACE2 complex is very high; this could gradually lead to the loss of contacts between the proteins.
[image: Figure 4]FIGURE 4 | Porcupine plots generated from the PCA for the (A) wild type at 310 K and (B) Beta at 340 K. The red color cones indicate the magnitude and direction of the eigenvectors from the C-alpha atoms.
3.3 Increase in temperature reduces the interaction energies between the RBD and ACE2
To understand the difference in binding affinities, we made a systematic comparison of the binding energies of the RBD and ACE2. The total binding energies were calculated using the MM/GBSA method (Figure 5). Omicron has the highest binding energy with ACE2. However, as the temperature increases, the binding energy reduces. WT and Alpha showed the lowest binding energies at all temperatures. The affinity increased with temperature in the WT; however, this was not significant. Similarly, the affinity of Beta and Delta increased with temperature. Alpha and Gamma exhibited a −50 kcal/mol and −300 kcal/mol reduction in binding energy, in the comparison between 310 K and 340 K, respectively. The variation of the van der Waal’s, electrostatic energy, polar solvation energy, and binding energy for WT, Alpha, Beta, Gamma, Delta, and Omicron at different temperatures is shown in Supplementary Figure S7. From the figure, it is clear that electrostatic energies followed by van der Waal’s energy are the major contributing factors toward the protein–protein interaction. Mutations in the variants lead to differential surface electrostatics, dynamics, and binding energies.
[image: Figure 5]FIGURE 5 | Total binding energies of the complexes at different temperatures.
Eight residues each from the RBD and ACE2 participate in the most crucial contacts for enabling the protein–protein complex formation [11]. Therefore, we checked for the interaction energies of these eight residues, particularly in the RBD and ACE2, using MM/GBSA residue-wise decomposition (Figure 6A). Residues from the RBD included L455, Y453, F486, Y489, Q498, T/N501, and Y505. The residue N501 is mutated to Y501 in Alpha, Beta, Gamma, and Omicron, while the residue Y505 is mutated to H505 in case of Omicron. The residues exhibited a favorable interaction energy of approximately 310 K in all cases. When the temperature increased, the interaction energy reduced. In WT, all the residues, except for L455, had reduced interaction energy at 340 K. In Alpha, Beta, and Delta variants, the residues 453, 489, 498, 500, 501, and 505 exhibited remarkable reduction in energies, while in Gamma, this was observed for the residues 498, 500, 501, and 505. In Omicron, reduction in energy was observed for all the interacting residues of the RBM, except for H505. The residues F28, Y473, K353, D355, E37, Q42, T27, and H34 from ACE2 interact with the RBD (Figure 6B). In all the systems, except Omicron, the residues K353, D355, E37, Q42, T27, and H34 exhibited reduced energies of interaction at high temperatures. The reduction was relatively less for Delta; Omicron showed a mixed behavior. The residues F28, Y473, E37, T27, and H34 showed reduced interaction energies. However, K353 and Q42 showed a significant gain in interaction energy. The energy of D355 remained almost similar despite the change in temperature. Overall, the interaction energies reduce with the increase in temperature.
[image: Figure 6]FIGURE 6 | Residue-wise interaction energies for (A) the RBD and (B) ACE2 are shown in the form of a heatmap. The residues of the RBD, which are mutated in the variants, are shown in red color. The lowest values are shown in green color, the median values are shown in yellow color, and the highest values are shown in red color.
3.4 Increased correlated motions in the RBD and ACE2 at higher temperatures
We investigated the coupled motions between the C-alpha atoms of the RBD and ACE2 at all temperatures for the WT and the VOCs, by evaluating the last 10 ns of the equilibrated trajectory. The pairwise correlation calculated based on linear mutual information was normalized and visualized using a correlation map. A higher value indicated a higher signal between the residue pairs. Figure 7 shows the DCCM plots for all the systems at 310, 320, 330, and 340 K; 315 K was omitted for maintaining a uniform assessment. With the increase in temperature, there was an increased correlation between the RBD and ACE2. It was especially high for Alpha and Beta systems, followed by that for Delta, Gamma, WT, and Omicron. Omicron and WT complexes show very less correlated movement even at temperatures as high as 340 K. When the DCCM plots for the systems with low and high correlations were compared (Figure 8), the RBM region paired with the contacting ACE2 residues showed the least correlation in all the systems, irrespective of the dynamics of the rest of the system. This indicated that the RBD and ACE2 interaction was very strong and stable, resisting disruption even with increasing temperatures [47, 48].
[image: Figure 7]FIGURE 7 | Dynamic cross-correlation matrix of the RBD with respect to the ACE2 protein for all the systems. The blue region indicates the region of zero correlation between the residues, and the red region indicates relatively high correlation between the corresponding residues. The RBM region is highlighted in a magenta rectangle in the wild-type system at 310 K to show the relatively low correlation.
[image: Figure 8]FIGURE 8 | Differential dynamics between the RBD and ACE2 as seen in (A) the wild type at 310 K and (B) Beta at 340 K. The black arrows show the residues with zero or very less correlation. Color coding is similar to Figure 7.
4 CONCLUSION
The seasonality of viral outbreaks is not novel; viruses propagate at certain favorable external conditions including temperature and salts. Here, we studied the effect of temperature on the interaction between the SARS-CoV-2 Spike protein and human ACE2 receptor. The RBD was taken as a representative structure of the Spike protein, and hACE2-bound complexes of the WT and variants of concern were simulated using all-atom molecular dynamics simulations at different temperatures. All systems were stable without any marked conformational changes. However, the overall dynamics changed with the increase in temperatures. This increase in dynamics was observed in both the domains of the complex; however, the interdomain dynamics did not show such differences. Few of the interprotein interactions were found to have been lost as the temperature increased. Residue-wise decomposition for the interface residues clearly showed an overall reduction of per-residue interaction energy with the increase in temperatures, in nearly all the systems. Thus, even at temperatures as high as 340 K, the Spike-RBD did not dissociate from the ACE2 receptor. This study presents a detailed molecular picture of the effect of temperature on the SARS-CoV-2/ACE2 complex. Notably, using different experimental techniques, Prevost et al. found an increased association between the RBD and ACE2 at lower temperatures indicating a higher viral attachment. However, the N501Y mutation found in VOCs was not showing similar behavior. This also shows the differential RBD–ACE2 association due to mutation [49]. Similarly, the Omicron sub-lineages also exhibited an enhanced binding to the ACE2 receptor at lower temperatures [50]. Temperature-dependent changes in the RBD domain of the Spike protein have also been studied earlier by Rath and Kumar [51]. However, the RBD–ACE2 shows completely different dynamics as per our observations. The temperature range chosen in this study varies from the body temperature range of around 37°C till 70°C, and as per some of the recent studies, SARS-COV-2 is viable at high temperatures, which matches well with our findings [52]. Additional studies with variation in other external conditions such as pH or ion concentration could be studied. This study provides strong evidence that heat alone might not prove sufficient to reduce the host–virus interaction and could be further applied in the design of preventive PPE kits, in laboratory studies, or repurposing existing drugs [53].
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