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ABSTRACT 

Vaccines and antibody therapeutic are needed to fight the severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) that has spread since 2020. Experimental 

studies have shown that the E484K variant may escape the neutralization of antibodies. 

To explore the potential impact of E484K mutation on the antibody binding affinity, we 

calculated the binding free energy of 28 antibodies to the wild type and K484 mutant 

of the spike protein of SARS-CoV-2. We found that 71% of the antibodies show lower 

binding affinity to the E484K mutant, indicating the highly possible immune escape 

risk of the mutated virus. Further analysis revealed that the other mutations, e.g. F490 

and V483, are also likely to cause immune escape. 
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INTRODUCTION 

The COVID-19 pandemic caused by SARS-CoV-2 has presented a global health 

emergency with over 106 million confirmed cases and over 2 million deaths worldwide 

since early 2020[1]. Without specifically effective chemical drug available to date, 

vaccines and antibody therapeutics have played a great role in fighting against SARS-

CoV-2, which brings hope to people to overcome the COVID-19 epidemic. Particularly, 

the single and combination monoclonal antibody (mAb) therapeutics has attracted great 

concerns. However, current antibodies are mainly developed based on the initial SARS-

CoV-2 identified at the end of 2019. During the last year, the SARS-CoV-2 has been 

evolving and considerable mutants have occurred, including variants with an E484K 

mutation that recently appeared in UK, South Africa and Brazil. For instance, Novavax 

vaccine (NVX-CoV2373)[2], which shows high effective rates of 96% and 86% for the 

common strains of SARS-CoV-2 and the UK variant, respectively. However, the 

vaccine has greatly reduced its effective rate to 60% and ≤50% for South African 

variant in the HIV-negative population and the entire population including HIV-positive 

people, respectively. Therefore, the existing vaccines and mAbs may have risks of 

immune evasion. 

Due to the potential implications in vaccination and passive immune therapies, 

E484K has received particular attention ever since. Experiments in vitro have shown 

that the E484K substitution occurs when the SARS-CoV-2 is co-incubated in a highly 

neutralizing plasma from a COVID-19 convalescent patient, which leads to strong 

resistance to plasma neutralization[3]. Recent emergence of new SARS-CoV-2 variants 

B.1.1.33, P1 and P2, which were identified as the E484K mutation in the Brazilian 

territory, are of serious concern due to the possibility of escaping from neutralizing 

antibodies[4]. Additionally, the latest research found that the E484K mutation on the 

spike protein impairs the efficacy of current mAbs targeting the angiotensin-converting 

enzyme 2 (ACE2) binding site[5].  

 

The entry of SARS-CoV-2 into its target cells depends on attachment of the receptor-



binding domain (RBD) of the viral transmembrane spike protein to ACE2. Hence, the 

RBD of the SARS-CoV-2 spike is a dominant target of neutralizing antibodies and a 

focal point of vaccine design. Crystal structure shows the glutamic acid in position 484, 

which is at the interface of ACE2-RBD, has no contact with other monomers of spike 

protein (Figure S1), thus it has no direct effect on the RBD conformational transition. 

In addition, studies have indicated that the E484K mutation only led to slightly 

increased binding affinity for ACE2-RBD[6]. Although current researches suggest that 

the E484K enhances the viral escape from immune system, the role of E484K in 

antibody neutralization is still obscure. 

 

To predict the potential effect of the E484K mutation on antibody neutralization and 

to better characterize how significant the mutation affects the binding affinity of the 

RBD to mAbs, we recently calculated the binding free energy of mAb-RBD by 

molecular dynamics simulation with MM/GBSA method. We searched the Protein Data 

Bank and obtained 91 crystal structures of SARS-CoV-2 spike protein with antibodies, 

of which 28 antibodies bound to the ACE2-RBD interface and contact with E484. From 

the analysis of molecular dynamics simulations, we found that five antibodies show the 

same binding affinity to the E484K mutant as to the wild type, three antibodies shows 

higher binding affinity to the E484K mutant, but the other 20 antibodies have reduced 

their binding affinity to the mutated RBD, alarming that E484K mutant might have 

stronger ability to escape from most of the antibodies than wild type.   

 

RESULTS AND DISCUSSION 

Analysis of binding free energy  

To explore the impact of E484K mutation on the antibody binding affinity (ΔG) of 

SARS-CoV-2 spike RBD, we calculated and compared ΔG for 28 pairs of antibody-

RBD complex by MM/GBSA based on 20 ns molecular dynamics simulations (Table 

1). As shown in Figure 1 (ΔΔG = ΔGE484K -ΔGWT), there are 20 systems, such as 



7K90(C144, ΔΔG = 49.24 ± 1.25 kcal/mol ) [7] and 7K8W(C119, ΔΔG = 19.68 ± 0.68 

kcal/mol) [7], show lower binding affinity of E484K than wild type, indicating that the 

neutralization ability of most RBD-targeted antibodies (~74%) are impaired by the 

specific substitution of E484K. Recently, Hansen et al. has found that the neutralization 

IC50 of REGN10933 (6XDG)[8] on the E484K mutant and SA∆9 (B.1.351) variant is 

10.5 and 58.8 times[5] lower than that of the wild type, respectively, which is consistent 

with our MM/PBSA results (Table1). And another studies also indicates that S2M11 

(7K43)[9] possesses lower neutralization ability in E484K mutant.  

It is also important to note that two antibodys in the 28 antibodies, viz. 52/298 and 

C104, possess higher binding affinities caused by E484K. As shown in Table 1, the 

changes of binding free energy of 7K9Z[10], 7K8U[7] systems are -15.87 ± 1.13 kcal/mol 

and -11.55 ± 0.62 kcal/mol, respectively. Five systems, 7K8Y(C121)[7], 7CDJ(P2C-

1A3)[11], 7C8W(Synthetic nanobody MR17)[12], 6XKQ(CV07-250)[13] and 

6XE1(CV30)[14] have ΔΔG of 2.70 ± 0.72 kcal/mol, 1.95 ± 0.64 kcal/mol, 2.50 ± 0.85 

kcal/mol, 4.14 ± 0.92 kcal/mol and 0.45 ± 0.87 kcal/mol, respectively, indicating that 

the neutralization ability of these antibodies are insensitive to E484K mutation.  

 

Role of E484 

To further explore the mechanism of E484K on antibody neutralization ability, we 

compared the energy contributions of E484/K484 to the overall binding free energy 

(Figure 2). In most antibody-RBD systems (~68%), the E484 have obvious greater 

contribution of to the binding free energy than that of K484. For example, the energy 

contribution of E484 in 7CWO (P17) is -16.80 ± 2.35 kcal/mol, while the energy 

contribution of only 10.24 ± 3.08 kcal/mol was found in E484K mutation. By structural 

analyses, we found that E484 is negatively charged to form a strong electrostatic 

interaction with antibodies, while K484 is positively charged so that K484 is not 

conducive to the binding of the antibody (Figure 3).  

For the five antibody-RBD systems that share roughly identical binding affinity 

between E484K-RBD and WT-RBD, the difference in the contribution of binding free 



energy between E484 and K484 is also slight. By analyzing the crystal structure (such 

as 6XE1), we found that the position of E484 deviates from the antibody-RBD interface 

(Figure 4), which is consistent with the small contribution of E484 to the binding free 

energy. 

For 7K8U, the interaction between E484 and the antibody is weak. After mutation to 

K484, the loop structure on the RBD moves toward the antibody, and more importantly, 

K484 forms hydrogen bonds with the antibody, leading to a stronger binding ability to 

the antibody (Figure 5). 

For 7K9Z (52/298), there is no strong positive charged environment around E484 

(Figure 6A). The contribution of E484 and K484 is very small, 0.20 ± 1.3 kcal/mol and 

0.49 ± 3.1 kcal/mol, respectively, and the difference between them is also not obvious. 

By analyzing the energy contribution changes of other residues in the RBD, we found 

that Q474, T478, E465 and R466 show more contributions in E484K-RBD, exceeding 

-1.00 kcal/mol. The conformation changes are due to the K484 mutation causing the 

position of above five residues to move closer to the antibody, thereby enhancing their 

interaction with the antibody (Figure 6B).  

 

Per-residue free energy decomposition 

Based on the decomposed binding free energy, we further investigated other residues 

in the RBD that interact with antibodies. As shown in Figure 7, the proportion of E484 

involved in the interaction is 66.67%, indicating that the mutation in this position have 

an impact in most current antibodies. In addition to E484, there are several other 

residues that are involved with a relatively high proportion, including F490 (81.48%), 

Y449 (81.48%), Y489 (74.07%), F486 (70.37%), Q493 (55.56), V483 (48.15%), F456 

(44.44%). Interestingly, residues Y449, Y489, F486, Q493 and F456 form stable 

interactions with ACE2 [15]. Therefore, mutations in these sites will seriously affect the 

spread and infection of the SARS-CoV-2. While E484, which interact with most 

antibodies, has little contribution to ACE2-RBD interactions. It can be predicted that 

the E484K mutation will have a relatively small impact on the virus, but it will affect 

the neutralizing ability of most antibodies which is important for the immune escape. 



Besides, we should also pay attention to residue F490 and V483 which are similar to 

E484. Mutations in F490 and V483 may also cause immune escape. 

 

CONCLUSION 

Our MD simulations based on the antibody-RBD structure have elucidated the 

binding free energy changes and the role of E484 in the binding mode. About 71% 

antibodies in this studies shows lower binding affinity in E484K-RBD, and among these 

antibody-RBD complexes, the contribution of E484 is always higher than K484. 

However, the neutralizing ability of 29% antibodies are not impaired by E484K 

mutation. These antibodies that remain neutralization effect may be significant to defeat 

the virus. Our simulations also predicted that some key residues in the RBD, F490 and 

V483, are as important as E484 in the binding interface. The mutations of F490 and 

V483 is also likely to cause immune escape. It should be noted that the spike protein in 

the above simulation systems is not glycosylated. According to the previous simulation 

results [15], glycosylation does not affect the binding of ACE2-RBD. Therefore, we can 

speculate that the glycosylation of spike protein will not affect our current conclusions 

and we will verify this in subsequent research. 

 

 

 

 



 

 

Figure 1. The antibody-RBD binding free energy in WT and E484K mutant. (A) The 

binding free energy in WT (E484) is colored by orange, and The binding free energy in 

E484K mutant (K484) is colored by cyan. (B) Changes of the binding free energy 

between WT and E484K is colored by red (ΔΔG). Percentage of ΔΔG in ΔGWT is 

colored by blue.  

 

 

 

 



 

 

  

Figure 2. The contribution of E484 and K484 to overall binding free energy.  

 

 

 

Figure 3. Conformations depicting binding modes of P17-RBD (7CWO). (A) The 

antibody P17 is showed by vacuum electrostatic potential, blue (positive charge), red 

(negative charge). The RBD is showed by cartoon (cyan). (B) Interactions of E484 

(cyan) and antibody P17 (magenta) in a conformation obtained from 7CWO. 

 



 

Figure 4. Conformations depicting binding modes of CV30-RBD (6XE1). (A) The 

antibody CV30 is showed by vacuum electrostatic potential, blue (positive charge), 

red (negative charge). The RBD is showed by cartoon (cyan). (B) The distance 

between E484 and CV30 is showed by yellowed dotted line. 

 

 

 

 

 

Figure 5. Conformations depicting binding modes of C104-RBD (7K8U). (A) 

Interactions of K484 (cyan) and antibody C104 (magenta) in a conformation obtained 

from MD trajectories. (B) Superimposition of conformations of E484 (gray) and K484 

(cyan). 

 

 



  

Figure 6. Conformations depicting binding modes of 52/298-RBD (7K9Z). (A) The 

antibodies 52/98 is showed by vacuum electrostatic potential, blue (positive charge), 

red (negative charge). The RBD is showed by cartoon (cyan). (B) Key residues of 

RBD interacting with antibodies 52/98. Each residue changed ≤ −1.00 kcal/mol to the 

overall binding free energy. 

 

 

 

 

 

Figure 7. Occupancy of the residues of RBD interacting with antibodies. 

 

 



 

Figure S1. The binding mode of ACE2-RBD  

 

  



Table 1 The predicted binding free energy (kcal/mol) for antibody-RBD 

*: Std. Err. of Mean 

Antibody Name PDB 

Wild Type E484K-Mutation ΔΔG ΔΔG/ΔGWT 

(100%) ΔG SEM* ΔG SEM* ΔGE484K -ΔGWT SEM* 

52 & 29810  7K9Z -54.47  0.94  -70.34  1.32  -15.87  1.13  -29.14  

C1447 7K90 -60.16  1.52  -10.92  0.99  49.24  1.25  81.85  

C1217 7K8Y -47.97  0.80  -45.27  0.64  2.70  0.72  5.63  

197 7K8W -35.62  0.75  -15.94  0.61  19.68  0.68  55.26  

C1047 7K8U -15.71  0.62  -27.26  0.63  -11.55  0.62  -73.55  

C0027 7K8S -33.11  0.86  -14.90  0.59  18.22  0.72  55.01  

S2E129 7K4N -46.60  0.67  -37.08  0.67  9.52  0.67  20.44  

S2M119 7K43 -66.99  1.56  -34.67  0.83  32.32  1.19  48.24  

Nanobody Nb2016 7JVB -34.35  0.67  -6.70  0.46  27.65  0.57  80.49  

S2H1317 7JV6 -29.83  0.76  -19.61  0.75  10.22  0.75  34.26  

COVA2-3918 7JMP -66.67  0.61  -38.44  0.51  28.23  0.56  42.34  

2H219 7DK5 -84.55  0.73  -44.05  0.87  40.50  0.80  47.90  

P1720 7CWO -54.70  0.69  -15.47  0.88  39.23  0.78  71.72  



BD-368-221 7CHH -29.81  0.67  -11.03  0.54  18.77  0.60  62.98  

P2C-1A311 7CDJ -53.19  0.74  -51.24  0.54  1.95  0.64  3.67  

Synthetic 

nanobody MR1712 

7C8W -61.01  0.96  -58.52  0.73  2.50  0.85  4.09  

P2B-2F622 7BWJ -37.09  0.80  -11.59  0.59  25.50  0.70  68.75  

Nanobody H11-

H4 23 

6ZHD -48.35  0.52  -21.46  0.50  26.89  0.51  55.61  

Nanobody24 6ZH9 -47.75  0.47  -18.93  0.47  28.82  0.47  60.35  

Nanobody25 6ZCZ -53.58  0.47  -18.87  0.55  34.70  0.51  64.77  

Nanobody26 6YZ7 -36.22  0.44  -20.28  0.57  15.94  0.50  44.01  

IgG H chain27 6YOR -12.22  0.69  -7.54  0.76  4.68  0.73  38.33  

CV07-25013 6XKQ -58.59  0.67  -54.45  1.17  4.14  0.92  7.07  

CV07-27013 6XKP -53.23  0.78  -40.75  0.91  12.48  0.84  23.45  

2-428 6XEY -25.24  0.51  -16.57  0.51  8.67  0.51  34.35  

CV3014 6XE1 -56.96  0.95  -56.51  0.79  0.45  0.87  0.79  

REGN109338 6XDG -36.19  0.91  -24.71  0.67  11.48  0.79  31.71  



 

EXPERIMENTAL SECTION 

Preparation of Antibody-RBD Complexes 

The initial structures of the 28 antibody-RBD complexes we used were downloaded 

from Protein Data Bank and the E484K mutation was built by PyMOL. A cubic box of 

TIP3P water was used to solvated the complex system, which was extended by 12 Å 

from the solute. Each system was neutralized by a number of Na+ or Cl-. The protein 

complexes was parameterized by Amber ff14SB force field[29]. 10,000 steps of 

minimization including 5,000 steps of steepest descent minimization and 5,000 steps of 

conjugate gradient minimization were performed to remove bad contacts formed during 

the system preparation. Before 0.1 ns of equilibration in NPT ensemble, each system 

was heated to 300 K within 0.2 ns. Sander program in Amber18 was used to run the 

minimization, heating, and equilibrium simulations with constraints (10 kcal/mol/Å2) 

on heavy atoms. 

 

MD simulation 

To assess the dynamic interactions of antibody-RBD, pmemd.cuda in Amber 18 was 

used to perform 20 ns MD simulations for antibody-RBD complexes at 300 K. 

Temperature was controlled by Langevin dynamics, and bonds involving hydrogen 

atoms were fixed by the SHAKE algorithm[30]. The cutoff distance applied for van der 

Waals interactions was 12 Å. And long-range electrostatic interactions was addressed 

by the particle mesh Ewald method[31]. 

 

Binding free energy calculation 

Binding free energy (ΔG) of antibody-RBD complexes was calculated by 

MM/GBSA method[32]. In this study, the dielectric constants of solute and solvent were 

set to 1.0 and 80.0, respectively. The OBC solvation model (igb = 5) was used. And the 

binding affinity was further decomposed into energy contribution of each residue in 

Amber18 (idecomp = 1). 
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