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Abstract 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first reported in December 

2019 and has accumulated nearly a hundred million reported infections thereafter. This highly 

transmissible and pathogenic coronavirus has caused a pandemic of acute respiratory disease, 

coronavirus disease 2019 (COVID-19), which has caught extensive attention and greatly changed 

people’s lifestyles all over the world. As an RNA virus, SARS-CoV-2 mutates rapidly as the virus 

replicates. The world health organization is now closely monitoring the emergence of a new variant, 

N501Y, on the spike protein. This N501Y variant is found to have higher transmission ability and 

infectivity, and is believed to be related to the rapid increase of COVID-19 cases in December 

2020 in the UK. It was recently reported that the N501Y variants reduce neutralization sensitivity 

to convalescent sera and monoclonal antibodies. The Tyr mutation at 501 is located at the receptor 

binding domain (RBD) of the spike protein, the area that directly contacts human ACE2 (hACE2). 
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It’s urgent to figure out the driving force of the new mutant’s enhanced infectivity. Thus, a 

computational aided binding profile prediction is made to investigate the binding affinity alteration 

and potential structural change of the N501Y mutant. The resulting structures of N501Y mutant 

from MD simulations could be used to develop drug inhibitors against hACE2/RBD binding.  
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Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a highly pathogenic virus, 

started a worldwide pandemic since December 2019.1 The disease caused by the virus, known as 

COVID-19, presents a wide range of symptoms including dry cough, fever, headache, dyspnea, 

and pneumonia, to name a few2. The overall estimated mortality of COVID-19 is 2~5%.3, 4 After 

more than one year of spreading, numerous variants of SARS-CoV-2 have been discovered and 

caught great attention, especially the variants on viral proteins that are structurally and functionally 

crucial to the virus.  

 A new mutant with an abnormal spreading rate, N501Y, has been detected in numerous 

countries including the UK, the US, and Canada, and is thought to be 75% more infectious. The 

new mutant was officially reported by the UK where a rapid increase of COVID-19 cases occurred 

in December 2020.5 According to the report, the new mutant accounts for about 60% of new 

infections in London, suggesting that the new variant is highly transmissible.6 After the report of 

N501Y, UK imposed a harsh lockdown policy to prevent the new variant from spreading. Now, 

the world is closely monitoring this new mutant. As of Jan 8th, 2021; 63 N501Y infections were 



reported in the US.7 Though the variant has not been thought to cause more severe symptoms yet, 

it must be taken under control due to its enhanced infectivity.  

 At the structural level, the mutant probably binds more tightly to the human angiotensin-

converting enzyme 2 (hACE2) so that it may have better chance to infect people than other types 

do. Although it is not conclusive, the N501Y variants can reduce neutralization sensitivity to 

convalescent sera and monoclonal antibodies according a report by Hu et al.8  As the crystalized 

structure of the new mutant hasn’t been discovered yet, it’s our virtue to apply all the resources to 

uncover the mystery of the new mutant. In this work, a model was built for the N501Y mutant 

receptor binding domain (RBD) based on the prototype crystal structure. Extensive molecular 

dynamic (MD) simulations were performed to study the binding characteristics of the mutant to 

hACE2. The binding affinity of the N501Y mutant was then compared to the prototype RBD with 

hACE2 applying a series of computational tools. The aim is to demonstrate the distinct structural 

features of the mutant and its potential effect on the vaccines, to elucidate the binding free energy 

change at the residue level of the RBD, and to provide reasonable structures of N501Y mutant to 

community for the sake of structure-based drug design.  

 

Results & Discussion 

 Five independent MD simulation runs were performed to assess the structural stabilities 

for both the prototype RBD and the N501Y mutant RBD/hACE2 complexes using AMBER18.9 

MD snapshots were collected for binding free energy calculation and binding free energy 

decompositions. Each MD run lasts 100 nanoseconds and the collected snapshots were applied to 

characterize RBD/hACE2 binding. 

 



Structural stability and binding free energy  

 An average N501Y complex structure was computed using snapshots selected from 

equilibrium simulation phase (20ns to 120ns, see Figure S1 in Supporting Information) when both 

the simulation and root-mean-square deviation (RMSD) are stable. Then the representative 

structure which has the smallest RMSD value compared with the average structure was selected 

to represent the MD ensemble. The RMSD vs. time plots exhibiting the stability of MD simulation 

are shown in Figure S1. The representative N501Y RBD/hACE2 structure was compared to the 

prototype RBD/hACE2 complex crystal structure, and it was found that the representative MD 

structure is very similar to the crystal structure, with some slight movements around the binding 

area (Figure 1A). Figure 1B shows the change around the 501 position in the two structures. 

These results suggest that the efficacy of the vaccines may not be greatly affected by the N501Y 

mutation itself. To better compare the model of N501Y and prototype, fluctuation of solvent 

accessible surface (SAS) versus time plots are shown in Figure S2. The figure showed the SAS 

change during the stable simulation phase (20ns to 120ns) at the binding surface (Figure S2A and 

2B) and the complex level (Figure S2C and 2D). No significant SAS change is detected at the 

whole complex nor the binding surface level, indicating that the model change before and after the 

mutation is not significant. Thus, we suspected that the mutation may not a threat to vaccine 

afficacy from a viewpoint of shape complementarity between RBD and antibodies.   

 To calculate the binding free energy of the two complexes, we applied molecular 

mechanics Poisson Boltzmann surface area (MM-PBSA) method, an end-point approach for free 

energy calculation with the solvent free energy being calculated with the PBSA method10-15 and 

the conformational entropy being estimated with the WASA method.16 The free energy is 

calculated using equations below for the molecule in the solvent: 

∆𝐺𝑀𝑀−𝑃𝐵𝑆𝐴−𝑊𝑆𝐴𝑆 = ∆𝐻 −  𝑇∆𝑆 



= ∆𝐸𝑖𝑛𝑡 + ∆𝐸𝑣𝑑𝑤 + ∆𝐸𝑒𝑒𝑙 + ∆𝐺𝑝
𝑠𝑜𝑙 + ∆𝐺𝑛𝑝

𝑠𝑜𝑙 − 𝑇∆𝑆 

∆𝐸𝑖𝑛𝑡 which represents the internal energy contribution was canceled out due to the use of “Single 

Trajectories” sampling protocol17. ∆𝐸𝑣𝑑𝑤  and ∆𝐸𝑒𝑒𝑙  are the van der Waals and gas phase 

electrostatic energies, respectively; ∆𝐺𝑝
𝑠𝑜𝑙and ∆𝐺𝑛𝑝

𝑠𝑜𝑙 stand for the polar and nonpolar components 

of the solvation free energy, respectively; ∆𝐺𝑝
𝑠𝑜𝑙 is calculated by solving the Poisson-Boltzmann 

equations using the Delphi program13. ∆𝐺𝑛𝑝
𝑠𝑜𝑙 is estimated using solvent accessible surface area 

with the surface tension coefficient of 0.00542 kcal/(mol·Å2) and a constant of 0.92 kcal/mol18.We 

found out that the N501Y mutant has a significantly lower binding free energy (-24.48 kcal/mol) 

compared to the prototype (-16.04 kcal/mol). The contributions of individual energy terms are 

listed in Table 1. Examination on this table, we found that van der Waals ( ∆𝐸𝑣𝑑𝑤 ) and 

electrostation (∆𝐸𝑒𝑒𝑙 + ∆𝐺𝑝
𝑠𝑜𝑙 ) interactions make roughly equale contribution in lowering the 

binding free energy. The MM-PBSA-WSAS binding free energies were calculated using 1000 

evenly collected MD snapshots. 

 

Binding profile analysis 

 To better analyze the binding profile of the mutant, we performed energy decomposition 

to show the individual residue contribution to the binding free energy and the interaction between 

the hACE2 residues and RBD residues using 50,000 evenly collected MD snapshots. The residues 

with high contribution to binding free energy are potentially important for the hACE2/RBD 

binding affinity. The residues selected with binding free energy contribution < -0.1 kcal/mol (the 

lower the binding free energy is, the greater the contribution) are shown in the heatmap (Figure 

2A and 2B) and the original data for all the residues is listed in Table 2. After the mutation from 



Asn to Tyr, the residue at the position 501 had a significant increase in binding free energy 

contribution, indicating the residue may hold greater binding and structural importance. 

 We also calculated the interaction energy of each RBD residue with every hACE2 residue 

and vice versa. The most signficantly interactive residues were selected using an interaction energy 

cutoff of  -10.0 kcal/mol (Figure 2C and 2D). Not surprisingly, Y501 was selected in the N501Y 

model but N501 was not selected in the prototype model, indicating that the strengthened 

interaction between Y501 with the hACE2 residues. There were also several RBD residues or 

residue clusters within blue rectangles have significantly increased interactions with hACE2 after 

the N501Y mutation, such as Ser477, and Gln493 and its neigbouring residues (Table 2). For the 

binding profile of hACE2, there are also several residules or residue clusters have distinct 

interaction patterns between the prototype and the mutant as shown in Table 2 and Figure 2A and 

2B. The total interaction energies of residues in the green rectangles are roughly the same, while 

the residues in red rectangules and in blue rectangles have much more favorable interactions with 

RBD in the prototype and the N501Y mutant, respectively.  As illustrated in Figure 2C and 2D, 

there are much more polar contacts formed in the protein-protein binding interface of the N501Y 

system. These changes all contribute to the much stronger interaction between RBD and hACE2 

for the N501Y mutant.  

 

Conclusion 

 Through a series of computational methods, we found that the N501Y mutant had a higher 

binding affinity to hACE2, which may increase its infectivity; and the mutated Tyr at 501 position 

has a higher binding free energy contribution compared to the counterpart in the prototype. 

Furthermore, our energy decomposition results indicate that Y501 has stronger interaction with 



the hACE2 protein, in agreement with the binding affinity enhancement. Besides N/Y501, S477 

also has a much stronger interaction with hACE2 protein in the mutant. Though the N501Y mutant 

is found to have stronger ability to alter binding affinity and inner interaction, the overall 

interaction pattern of the N501Y/hACE2 complex seems comparable to that of the 

prototype/hACE2 complex, which may ease the concern that the overwhelming spread of this new 

mutant may alter the efficacy of vaccines.  

 

Supporting Information 

Figure S1 shows the time courses of the RMSD of main cahin atoms of five MD trajectories 

for both prototype and N501Y mutant; Figure S2 shows the fluctuations of the total solvent 

accessible surface areas (SAS) and the SAS change upon protein-protein binding along MD 

simulation time for both systems; representative MD structure of N501Y is provided in pdb format.      
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Table 1. The binding free energy calculation results using MM/PBSA. 

 ∆𝑬𝒗𝒅𝒘 ∆𝑬𝒆𝒆𝒍 ∆𝑮𝒑
𝒔𝒐𝒍 ∆𝑮𝒏𝒑

𝒔𝒐𝒍  𝑻∆𝑺  ∆𝑮𝑴𝑴−𝑷𝑩𝑺𝑨−𝑾𝑺𝑨𝑺 

N501Y -96.43 -638.99 686.94 -10.18 -34.17 -24.48 

Prototype -91.54 -615.23 667.81 -10.1 -33.02 -16.04 

 

 

Table 2. Results of binding free energy decomposition of N501Y and the prototype systems. 

Results for the hACE2 residues and the RBD residues are shown on the top and bottom of the 

table, respectively. A residue’s Ginter is colored red if ∆∆𝐺𝑖𝑛𝑡𝑒𝑟
𝑊𝑇 − ∆∆𝐺𝑖𝑛𝑡𝑒𝑟

𝑁501𝑌 ≤ −1.0 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙, 

and blue if  ∆∆𝐺𝑖𝑛𝑡𝑒𝑟
𝑊𝑇 − ∆∆𝐺𝑖𝑛𝑡𝑒𝑟

𝑁501𝑌 ≥ 1.0 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙. The total Ginter for residues in a green 

rectangle is roughly same for WT and N501Y mutant, while the total Ginter for residues in a red 

rectangle is much lower in WT than in N501Y mutant, and the total Ginter for residues in a blue 

rectangle is much lower in N501Y mutant than in WT.  

 

hACE2 RBD 

Residue ID Ginter Residue ID Ginter Residue ID Ginter Residue ID Ginter 

WT N501Y WT N501Y WT N501Y WT N501Y 

SER19 -5.44 -1.86 LEU79 -2.65 -3.10 LYS403 -2.14 -1.66 GLY485 -0.65 -0.56 

THR20 -0.12 -3.67 ALA80 -0.12 -0.12 ASP405 0.00 -0.20 PHE486 -6.86 -7.61 

ILE21 -0.24 -0.45 MET82 -2.44 -2.41 ARG408 -0.28 -0.33 ASN487 -6.55 -5.65 

GLU22 -0.13 -0.17 TYR83 -5.46 -5.64 VAL417 -5.24 -5.96 CYS488 -0.22 -0.19 

GLU23 -1.26 -2.88 ASN90 -0.24 -0.36 TYR421 -0.25 -0.29 TYR489 -7.55 -7.61 

GLN24 -7.01 -9.30 ASN322 -0.16 0.00 ARG439 -0.10 -0.11 PHE490 -1.51 -2.21 

ALA25 -0.16 -0.17 THR324 -0.89 -0.70 THR444 -0.16 -0.14 PRO491 -0.20 -0.25 

LYS26 -0.19 -0.11 GLN325 -0.53 -0.84 SER445 -0.33 -0.15 LEU492 -1.22 -1.32 

THR27 -6.60 -6.26 GLY326 -0.35 -0.42 THR446 -0.42 -0.12 GLN493 -9.98 -10.95 

PHE28 -2.86 -3.22 PHE327 -0.10 0.00 GLY447 -0.15 0.00 SER494 -0.88 -0.99 

LEU29 -0.17 -0.17 GLU329 -0.19 -0.22 TYR449 -4.77 -1.40 TYR495 -2.42 -0.84 

ASP30 -7.33 -8.45 ASN330 -1.88 -2.09 TYR453 -1.90 -1.96 GLY496 -1.73 -0.57 

LYS31 -12.35 -15.43 LEU351 -0.23 -0.25 ARG454 -0.11 -0.12 PHE497 -0.42 -0.24 

PHE32 -0.24 -0.24 GLY352 -0.73 -0.63 LEU455 -3.77 -3.95 GLN498 -4.21 -2.55 
ASN33 -0.20 -0.22 LYS353 -15.42 -13.79 PHE456 -4.79 -5.21 PRO499 -0.49 -0.48 
HIS34 -7.10 -8.01 GLY354 -2.61 -2.48 ARG457 -0.11 -0.16 THR500 -9.23 -9.14 

GLU35 -4.32 -3.61 ASP355 -9.38 -8.65 LYS458 -0.15 -0.52 ASN/TYR501 -7.18 -11.21 

GLU37 -4.21 -5.57 PHE356 -0.48 -0.46 TYR473 -1.89 -2.41 GLY502 -3.51 -3.66 

ASP38 -5.00 -2.01 ARG357 0.00 -0.23 GLN474 -0.22 0.00 VAL503 -1.15 -1.26 

LEU39 -0.13 0.00 MET383 -0.11 0.00 ALA475 -6.20 -5.53 GLY504 -0.23 -0.24 

TYR41 -2.81 -3.53 ALA386 -0.70 -0.57 GLY476 -2.70 -3.06 TYR505 -10.75 -11.84 

GLN42 -0.84 -0.47 ALA387 -0.34 -0.47 SER477 -0.97 -5.11 GLN506 -0.47 -0.47 

LEU45 -0.57 -0.50 PHE390 -0.12 -0.12 THR478 -0.58 -0.55    

GLU75 0.00 -0.13 ARG393 -0.86 -0.86 PRO479 0.00 -0.17    

GLN76 -0.23 -0.24    GLU484 -1.73 -3.21    



 

 

Figure 1. Panel A shows an overlay of the N501Y RBD/hACE2 model (blue) with the prototype 

RBD/hACE2 crystal structure (grey). Glycosylated residues are shown in green sticks for N501Y 

model and orange for the prototype model. Panel B shows an overlay of Y501 mutant with the 

N501 prototype and the interaction with the Y/N501 around 2.5 Å. 

 



 

Figure 2. Panels A and B are the heatmaps that show the binding free energy contributions for 

selected residues from hACE2 and RBD, respectively. Panel C shows the interface between RBD 

and hACE2 in N501Y model. Panel D shows the interface between RBD and hACE2 in prototype 

model.  Hydrogen bonds formed between hACE2 and RBD residues are shown as green dashed 

lines. The location of N/Y501 in RBD is highlighted by a red rectangle. 
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