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3.7. Relative Binding Energy Calculation 
 

For the binding energy calculation, we involved two methods, which are 

DelPhiPKa and MM/PBSA[99]. To calculate binding energy using DelPhiPKa, the 

following equation was used: 

∆𝑵(𝐩𝐇) = 𝑹𝑻𝐥𝐧𝟏𝟎| (𝑸𝒕 − 𝑸𝒗 − 𝑸𝒓)𝒅𝐩𝐇
𝐩𝐇

𝐩𝐇𝟎
								(𝟏𝟏) 

where ∆𝑁(pH) is the the binding free energy at different pH values,	𝑄X is the total 

net charges of complex structures (eg. SARS-CoV/SARS-CoV-2 S protein RBD and 

ACE2 RBD), 𝑄Y is the net charges of single protein (eg. SARS-CoV/SARS-CoV-2 S 

protein RBD), and 𝑄Z is the net charges of the receptor protein (eg. ACE2 RBD). R is the 

universal gas constant taken as 1.9872 × 10@L M9:N
OPN∗R

 . T is the temperature with the value 

of 300 K or 310K in different cases. 

Please note that the algorithms we applied to calculate the binding energies are 

for the relative values, that is, at pH=0 the binding energy is 0 and at any other pH 

values the binding energies are the relative values to the pH=0 condition.  

 

3.8. Protein Flexibility Algorithms 
 

For the analysis of protein tails (eg. E-hooks) flexibility, we used the Euclidean 

distance between points, which in Euclidean space is the length of the line segment 

between the points. We calculated from the Cartesian coordinates of the points using 

the Pythagorean theorem, with the following procedures:   
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Let 

(𝒙𝒊, 𝒚𝒊, 𝒛𝒊): 𝐢 = 𝟏, . . , 𝐧  

be a collection of points. So, the centroid is 

(𝐱, 𝐲, 𝐳) = 	∑ (𝒙𝒊,𝒚𝒊,𝒛𝒊)𝒏
𝒊%𝟏

𝒏
  

Then we take 

		𝛔𝟐 =	
∑ ((𝒙 − 𝒙𝒊)𝟐 + (𝒚 − 𝒚𝒊)𝟐 + (𝒛 − 𝒛𝒊)𝟐)𝒏
𝒊/𝟏

𝒏 					(𝟏𝟐)  

where σ is the standard deviation in Euclidean distance of all points from the centroid, 

which we define as the flexibility of E-hooks.  

In E-hooks project, we also calculated the correlation between the movements of 

Alpha and Beta E-hooks. We selected the C-alpha atoms of the residue at the end of E-

hooks (Y451 in Alpha tubulin and A445 in Beta tubulin) at each frame of our MD 

simulations (41 frames in total, frame No.0-40). We set the C-alpha location at frame 0 as 

the reference location, and calculated the distance between the locations of current 

frame and the location of frame 0.  
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4. RESULTS 
 

4.1.  Coronavirus Projects 
 

To analyze the overall sequence and structural differences between SARS-CoV 

and SARS-CoV-2, the sequences of SARS-CoV and SARS-CoV-2 studied in this work 

are aligned using clustal omega [100]. The results are shown in figure 9 and 10. The 

positions of those mutations are mapped to SARS-CoV-2 structure as labeled in in four 

colors on a single chain of S protein: Red represents residues which are mutated to be 

more negative; Blue represents residues which are mutated to be more positive; yellow 

represents residues which are mutated from polar to hydrophobic; cyan represents 

residues which are mutated from hydrophobic to polar. It is found that most of the 

mutations are distributed on the surface of the S protein. We observed that the 

mutations in the RBD region are located close to the interface by facing ACE2. This 

observation indicates that the mechanisms of S protein binding to ACE2 between SARS-

CoV and SARS-CoV-2 may be quite different. Therefore, we performed comprehensive 

analysis of the binding interfaces to investigate their different binding mechanisms. 

Furthermore, it is obvious that some mutations are located on the hinge, which links the 

RBD and other regions of the S protein, as shown in the green circle of figure 10. It 

suggests that the flexibility of the RBD may also be different between those two viruses, 

which might open an avenue for our future research on coronaviruses. 
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Figure 9 Genome sequence alignment of SARS-CoV and SARS-CoV-2 S protein RBDs 


