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Abstract: The novel coronavirus, recognized as COVID-19, is the cause of an infection outbreak in 

December 2019. The effect of temperature and pH changes on the main protease of SARS-CoV-2 were 

investigated using all-atom molecular dynamics simulation. The obtained results from the root mean 

square deviation (RMSD) and root mean square fluctuations (RMSF) analyses showed that at a constant 

temperature of 25℃ and pH=5, the conformational change of the main protease is more significant than 

that of pH=6 and 7. Also, by increasing temperature from 25℃ to 55℃ at constant pH=7, a remarkable 

change in protein structure was observed. The radial probability of water molecules around the main 

protease was decreased by increasing temperature and decreasing pH. The weakening of the binding 

energy between the main protease and water molecules due to the increasing temperature and decreasing 

pH has reduced the number of hydrogen bonds between the main protease and water molecules. Finding 

conditions that alter the conformation of the main protease could be fundamental because this change 

could affect the virus’s functionality and its ability to impose illness.  
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1. Introduction 

Novel coronavirus (CoV), severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2), was first identified in December 2019 in Wuhan [1,2]. It was then gradually 

recognized as one of the worst known global pandemics of this century that caused 4871841 

deaths worldwide until 14 October 2021 [3]. SARS-CoV-2  belongs to the Betacoronavirus 

family, which also contains SARS-CoV and Middle East respiratory syndrome CoV (MERS-

CoV) [4]. This virus consists of a genetic material enveloped with a protein capsid appearing 

like a crown, which means “corona” in Latin [5]. The SARA-CoV-2 enters the human cells 

through the angiotensin-converting enzyme 2 (ACE2) receptor and could infect different 

organs such as the liver, pancreas, eyes, digestive system, renal system, and brain [6].  

It is indicated that SARS-CoV-2 survived at 4℃ but was quickly deactivated at elevated 

temperatures of 50℃. It is shown that the SARS-CoV-2 has greater viability on smooth surfaces 

such as plastics and iron than paper, tissue, wood, or cloth. Surgical masks had detectable 

viruses even on the 7th day [7,8]. Influenza virus is active at a temperature around 37℃, 

whereas higher temperatures of 41℃ result in viruses clumping on cell surfaces [9-11]. 

Similarly, the SARS-CoV is effective for 5 days at temperatures ranging between 22–25 ℃, 
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and 40–50% humidity was lost when the temperature was raised to 38 ℃ and 95% humidity 

[12]. Different temperature and pH conditions affect the structures of proteins. Rath et al. [13] 

by molecular dynamics showed that the spike protein of SARS-CoV-2 has an open 

conformation that enables receptor binding at lower temperatures. While increasing 

temperature to 40 ℃, a closed conformation of the motif was observed. At temperatures >50 

℃, the Spike is completely closed. The main proteinase is a crucial enzyme in the processing 

of the viral polyproteins and thus an attractive target for the discovery of drugs directed against 

SARS-CoV-2. A theoretical and experimental study demonstrated the significant pH-

dependent conformational changes of the SARS main protease [14]. The crystal structure for 

the main protease of SARS-CoV-2, 3-chymotrypsin-like cysteine protease (3CLpro), is 

considerably similar to previously reported SARS-CoV. It is a dimeric protein, which consists 

of two asymmetric units designated as protomers. Each protomer has three domains, namely 

domain I (residues 8–101), domain II (residues 102–184), and domain III (residues 201–303). 

Domain III comprises five α-helices and is linked with domain II through an extended loop 

region (residues 185–200). The 3CLpro has a Cys_145 and His_41 catalytic dyad, and the 

substrate-binding site is positioned in the cleft between domain I and II. These descriptions 

match with the previously reported protease enzyme of SARS-CoV [15-18]. A molecular 

dynamics simulation by Bzowka et al.[19] elucidated that despite a high sequence similarity 

between the main protease of SARS-CoV-2 and SARS-CoV, the active sites in both proteins 

show significant differences in both shape and size, indicating that repurposing SARS drugs 

for COVID-19 may be ineffective. The 3CLpro of SARS-CoV-2 is a vital drug target, and 

computer-aided drug design (CADD) is considered a fundamental and significant approach to 

discovering antiviral drug candidates [20-29]. 

Here, by using all-atom molecular dynamics (MD) simulations, we explore the 

dynamics of the main protease of SARS-CoV-2 at different temperatures and pHs. The 

conformational changes of the main protease by changing temperature and pH were 

investigated. The study will help us understand the nature of the virus but is also helpful in 

designing effective therapeutic strategies to overcome the pandemic. 

2. Materials and Methods 

2.1. The Structural model. 

The main protease of SARS-CoV-2 with PDB ID 6LU7 was obtained from the protein 

data bank server [30]. The main protease charge at pH=7 is -4. At pH=6 by protonation of HIS 

64, HIS 246, and HIS 80, the main protease charge became -1. The main protease charge 

reached zero at pH=5 by protonation of HIS 64, HIS 246, HIS 172, and HIS 80.  

2.2. Force field. 

The GROMACS 5.1.4 simulation package [31] was employed to perform all 

simulations. The visual molecular dynamics (VMD 1.9.1) [32] program was used for molecular 

visualization. The all-atom GROMOS54A7 force field was employed to calculate all bonded 

and nonbonded interactions [33]. The simple point charge [34] model was selected for water 

molecules.  
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2.3. MD simulation. 

The simulations were performed in the isothermal-isobaric ensemble (NPT ensemble). 

During the simulation, the temperature was kept constant using a Nose´-Hoover thermostat 

[35], and the pressure was kept constant at atmospheric pressure using the Parrinello–Rahman 

barostat [36] with semi-isotropic pressure coupling [37]. The time step was 2fs, and the Linear 

Constraint Solver (LINCS algorithm) [38] was used to constrain all bonds. The particle mesh 

Ewald method with a cut-off radius of 1.2 nm was applied to calculate the long-range 

electrostatic interactions [39]. The Lennard-Jones potential was used to calculate the van der 

Waals (vdW) interaction with a cut-off radius of 1.2 nm as recommended [40]. The simulation 

box dimensions for each system were (8 × 8 × 8𝑛𝑚3 ). The main protease at pH=5,6 and 7 

was simulated at a constant temperature of 25 ℃. Also, this simulation was performed at 

temperatures of 25 ℃, 35 ℃, 45 ℃, and 55 ℃ with constant pH=7. The constant volume 

ensemble (NVT) was simulated for 10 ns to fix the simulation box temperature. The pressure 

was adjusted at atmospheric pressure in the NPT ensemble for 10 ns. Then the MD step was 

performed for 30 ns for data collection, and the last 5 ns were used for analysis. 

3. Results and Discussion 

3.1. Structural changes. 

Electrostatic and vdW interactions between the main protease and water molecules 

change the conformation of the main protease. The final conformations of the main protease at 

the end of simulation time are illustrated in Figure 1. The main protease’s root means square 

deviation (RMSD) at 25 ℃and pH=5,6,7 are compared in Figure 2 (a). The presented results 

in Figure 2 (a) reveal that the conformations of the main protease at pH=6 and pH=7 are similar 

while it has changed significantly at pH=5. The effect of temperature at constant pH (pH=7) 

on the RMSD of the main protease is presented in Figure 2(b) where demonstrates that the 

structural changes of the main protease at 55 ℃ are remarkable than that of 25 ℃, 35 ℃, and 

45 ℃. The conformational changes of the main protease could inactive the main function of 

the protein and disable SARS-CoV-2. It is demonstrated that the conformational changes of 

the main protease of SARS-CoV-2 are more sensible with temperature than the spike protein 

[13]. 

The root means square fluctuation (RMSF) of the main protease atoms is presented in 

Figure 3.  The results of RMSF follow RMSD, which confirms that the conformation of the 

main protease has changed significantly at pH=5 and a constant temperature of 25 ℃. Also, 

Figure 3 (b) clarifies that the RMSF of the main protease at 55 ℃  is significantly different 

from 25 ℃, 35 ℃, 45 ℃ at constant pH=7, and fluctuations of atoms 2000 to 3000 are 

remarkable. 

Changes in the radius of gyration of the main protease due to pH and temperature are 

shown in Figure 4. The presented results in Figure 4 (a) reveal that the radius of gyration of the 

main protease at pH=6 is different from pH=5,7. Also, with increasing temperature from 25 ℃  

to 55 ℃, the main protease radius of gyration has increased from 2.21 nm to 2.27 nm. The 

radius of gyration is a criterion for distributing amino acids around the center of mass of the 

main protease; therefore, the change in the radius of gyration confirms the change in protein 

conformation. 
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Figure 1. The snapshots of the main protease at the end of simulation time. The main protease is shown with 

white, green, red, and blue cartoon, representing nonpolar, polar, acidic, and basic amino acids. 
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Figure 2. The root means square deviation (RMSD) of the main protease at (a) constant temperature of 25℃ 

and pH=5,6,7 (b) constant pH=7 and temperatures of 25℃,35℃,45℃ and 55 ℃. 

 

 
Figure 3. The root means square fluctuation (RMSF) of the main protease at (a) constant temperature of 25℃ 

and pH=5,6,7 (b) constant pH=7 and temperatures of 25℃,35℃,45℃ and 55 ℃. 

 

 
Figure 4. The radius of gyration of the main protease at (a) constant temperature of 25℃ and pH=5,6,7 (b) 

constant pH=7 and temperatures of 25℃,35℃,45℃ and 55 ℃. 
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3.2. Hydrophilicity. 

The number of hydrogen bonds between the main protease and water molecules and the 

solvent-accessible surface area (SASA) of the main protease are reported in Table 1. By 

increment of temperature from 25 ℃  to 55 ℃, the number of hydrogen bonds between the 

main protease and water molecules decreased from 552 to 531, decreasing SASA with 

increment in temperature was observed. This change in hydrophilicity of the main protease 

with pH and temperate is due to conformational changes that RMSD and RMSF confirmed in 

section 3.1. The radial probability of finding water molecules around the main protease is 

illustrated in Figure 5. At a radius of 4 nm from the center of mass of the main protease, the 

radial probability of finding water molecules approaches a constant value. Two peaks in Figure 

4 (a) and (b) demonstrate two layers of water molecules around the main protease. The obtained 

results in Figure 5 (a) reveal that by decreasing pH from 7 to 5, the height of the second peak 

or the probability of finding water molecules has decreased, following a decreasing number of 

hydrogen bonds between the main protease and water molecules. Also, by increasing 

temperature from 25 ℃ to 55 ℃  the height of the second peak in Figure 5 (b) has decreased. 

 

Table 1. Number of hydrogen bonds (NHB) between the main protease and water and solvent accessible surface 

area (SASA) of the main protease in different simulated systems. 

pH Temperature (℃) NHB SASA(nm2) 

5 25 541 150 

6 25 553 152 

7 25 552 153 

7 35 552 153 

7 45 536 152 

7 55 531 150 

 

 
Figure 5. The radial probability of water molecules around the main protease (a) constant temperature of 25℃ 

and pH=5,6,7 (b) constant pH=7 and temperatures of 25℃,35℃,45℃ and 55 ℃. 

3.3. Interaction potential. 

The binding energy between the main protease and water molecules is due to Lennard-

Jones and electrostatic potentials, which are shown in Figures 6 and 7. Negative values of LJ 

potential describe attraction potential between the main protease and water molecules. By 

increasing temperature from 25 ℃ to 55 ℃, the LJ potentials decreased from -920.3144 kJ/mol 

to -837.1359 kJ/mol, and electrostatic potentials decreased from -18816kJ/mol to -
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18128kJ/mol. By decreasing pH from 7 to 5 the electrostatic potentials between the main 

protease and water decreased from -18816 kJ/mol to -18454 kJ/mol due to the changing main 

protease charge from -4 to zero. Changing LJ and electrostatic potentials have altered the 

conformation and hydrophilicity of the main protease that were discussed in sections 3.1 and 

3.2. 

 
Figure 6. The Lennard-Jones potential between the main protease and water at a constant temperature of 25℃ 

and pH=5,6,7 and also at constant pH=7 and temperatures of 25℃,35℃,45℃ and 55 ℃. 

 
Figure 7. The electrostatic potential between the main protease and water at a constant temperature of 25℃ and 

pH=5,6,7 and also at constant pH=7 and temperatures of 25℃,35℃,45℃ and 55 ℃. 

4. Conclusions 

The effects of temperature and pH changes on the main protease of SARS-CoV-2 were 

investigated using molecular dynamics simulation. At a constant temperature of 25 ℃, the pH 

changed from 7 to 5, and also, at constant pH=7, the temperature was increased from 25 ℃  to 

55 ℃. By changing pH from 7 to 5, the main protease surface charge was changed from -4 to 

zero due to the protonation of histidine amino acids (HIS). The conformational changes of the 

main protease were assessed by the root mean square deviation (RMSD), the root mean square 

fluctuation (RMSF), and the radius of gyration analyses. The conformational changes of the 

main protease at the temperature of 25 ℃ and pH=5 and at the temperature of 55 ℃   and pH=7 

are significant. The hydrophilicity of the main protease was evaluated by solvent accessible 

surface area analysis and the number of hydrogen bonds with water molecules. It is shown that 

by increasing temperature from 25 ℃ to 55 ℃  and decreasing pH from 7 to 5, the hydrophilicity 

decrement was observed, confirming the main protease’s conformational changes. Also, 
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decreasing pH and increasing the temperature have been reduced the radial probability of water 

molecules around the main protease. The calculated Lennard-Jones and electrostatic potentials 

indicated that decreasing pH and the increasing temperature had weakened the binding energy 

between the main protease and water molecules. It seems that the structural changes of the 

main protease could disable its functionality and behavior in the water medium. Therefore, 

finding the conditions that change the main protease’s conformation could help researchers 

stop virus activity and pandemics. 
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