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A B S T R A C T   

SARS-CoV-2 has caused a worldwide epidemic of coronavirus disease 19 (COVID-19). Antibody drugs present an 
effective weapon for tens of millions of COVID-19 patients. Antibodies disrupting the interactions between the 
receptor-binding domain (RBD) of SARS-CoV-2 S protein and the angiotensin converting enzyme 2 (ACE2) 
effectively block SARS-CoV-2 cell entry into host cells. In order to rapidly develop more potent neutralizing 
antibodies, we utilized virtual scanning mutageneses and molecular dynamics simulations to optimize the 
antibody of P2B-2F6 isolated from single B cells of SARS-CoV-2 infected patients. Two potent P2B-2F6 mutants, 
namely H:V106R and H:V106R/H:P107Y, were found to possess higher binding affinities with the RBD domain 
of SARS-CoV-2 than others. Polar interactions are preferred near 106 and 107 paratope residues of the heavy 
chain. The mutations also increase the hydrogen-bonding network formed between the antibody and the RBD. 
Notably, the optimized antibodies possess potential neutralizing activity against the alarming SARS-CoV-2 
variant of N501Y. This study provides insights into structure-based optimization of antibodies with higher af
finity to the antigen. We hope that our proposed antibody mutants could contribute to the development of 
improved therapies against COVID-19.   

1. Introduction 

The epidemic of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) spreads at an alarming rate and has led to a global 
pandemic [1]. With its first severe outbreak in late 2019, SARS-CoV-2 
has been identified to cause an acute respiratory distress syndrome 
(ARDS) called coronavirus disease 2019 (COVID-19) [2–4]. SARS-CoV-2 
is highly contagious, and transmission of COVID-19 occurs mainly via 
airborne droplets and fecal-oral route [5]. As of May 6, 2021, 
SARS-CoV-2 has infected over 155,665,000 people worldwide with a 
death toll of over 3,250,000 [6]. The fatality rate becomes higher in 
elderly patients and patients with comorbidities [4]. Specific 
SARS-CoV-2 drugs are in urgent need clinically. Although some 

therapeutic options have been approved by FDA, their efficacies are yet 
to be validated [7–9]. 

Antibodies have remarkable potential for therapeutic and prophy
lactic applications against SARS-CoV-2, and various antibody treatments 
are currently being explored [10,11]. SARS-CoV-2 is a positive-stranded 
RNA virus belonging to the β genus coronavirus, which includes 
SARS-CoV, bat SARS-like CoV, and MERS-CoV [12]. The surface spike 
glycoprotein (S protein) mediating the infection of target cells is the 
major antigen of coronaviruses. Angiotensin-converting enzyme 2 
(ACE2) has been identified as the receptor for SARS-CoV-2 as well as 
SARS-CoV [13–15]. The receptor-binding domain (RBD) of the S protein 
binds with ACE2 to trigger cell membrane fusion and thus facilitate 
SARS-CoV-2 entry into host cells [16]. This indicates that disruption of 
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the RBD and ACE2 interaction could block SARS-CoV-2 cell entry. RBD is 
immunogenic and can elicit potent neutralizing antibodies that inhibit 
RBD binding with ACE2. Several studies have already demonstrated that 
RBD-targeted antibodies of SARS-CoV and MERS-CoV constitute a major 
component of protective immunity against viral infection in humans 
[17,18]. Although the RBD sequence of SARS-CoV-2 and that of 
SARS-CoV share ~73% identity, they lead to distinctive immunological 
responses [12]. Therefore, antibodies specifically targeting the RBD of 
SARS-CoV-2 with maximum efficacy are desired to treat the tens of 
millions of patient with COVID-19. 

The constant emergence of SARS-CoV-2 variants is another signifi
cant concern. Recently, new SARS-CoV-2 variants such as B.1.1.7, 
B.1.351, and P.1 lineages are detected in many parts of the world 
[19–21]. These variants have an unusually large number of genetic 
changes, including the noteworthy spike protein mutation N501Y, one 
of the key residues in RBD domain interacting with ACE2 [19]. Exper
imental data suggests mutation N501Y increases the binding affinity of 
the spike protein with human and murine ACE2 [20]. It is estimated that 
the spread of SARS-CoV-2 N501Y variant is 70% faster than previous 
strains, indicating a much higher infectivity [22]. The mutation might 
affect the immune recognition of current antibodies and/or vaccines 
targeting the RBD domain. 

P2B-2F6 is the first reported antibody isolated from a SARS-CoV-2 
infected patient with atomic-level structural characterization of its in
teractions with RBD [23]. N501 of RBD is spatially distant from its 
interacting interface with P2B-2F6, and thereby the newly identified 
mutation N501Y is unlikely to affect the neutralizing activity of 
P2B-2F6. Hence, P2B-2F6 was selected for further development. 
Although it neutralizes live SARS-CoV-2 with IC50 value of 0.41 μg/ml, 
its binding affinity with SARS-CoV-2 RBD (Kd, 5.14 nM) is lower than 
ACE2, other SARS-CoV-2 antibodies such as P2C-1F11, and chronic 
HIV-1 infection antibodies [24–27]. In general, the binding affinity of 
antibody with SARS-CoV-2 RBD reflects the capability of competition 
with ACE2. Therefore, this study aims to computationally optimize the 
antibody of P2B-2F6 by increasing the binding affinities based on the 
recently released crystal structure of P2B-2F6 in complex with the RBD 
domain of SARS-CoV-2 (PDB code: 7BWJ). Two potent P2B-2F6 mutants 
of H:V106R and H:V106 R/H:P107Y were found to have higher binding 
affinities with the RBD domain of SARS-CoV-2. This study provides a 
potential guidance in structure-based optimization of antibodies with 
higher affinities to the antigen. We hope that our proposed antibody 
mutants could be more efficient to combat SARS-CoV-2 as well as the 
more infectious N501Y variant. 

2. Methods 

Mutants Design. The crystal structure of P2B-2F6 binding with 
SARS-CoV-2 RBD was obtained from the Protein Data Bank (PDB ID: 
7BWJ) [23]. The complex structure was prepared at pH 7.4 using 
CHARMm force field. Scanning mutagenesis [28] in protein complex 
was performed in the Protein Design module of Discovery Studio 4.1. 
The paratope residues of S30, S31, Y33, H54, I103, V104, V105, V106, 
P107 in the heavy chain (H) and G31, Y32 in the light chain (L) of 
P2B-2F6 were mutated into 20 standard amino acid types to screen out 
mutations that stabilize the binding with RBD. For each mutant, the 
difference in the free energy of binding between the wild type and 
mutated structure was calculated. The total free energy, ΔGtot, of bound 
or unbound state were calculated as the following weighted sum of 
energy terms:  

ΔGtot(T) = aEvdW + bΔGelec(T) - cTSsc + ΔGnp                                        

where a, b, and c are empirical scaling parameters. The mutation energy 
< − 0.5 kcal/mol, between − 0.5 and 0.5 kcal/mol and >0.5 kcal/mol 
respectively indicate the mutation stabilizes, neutralizes and de
stabilizes the antibody binding with SARS-CoV-2 RBD. 

Representative single mutants with higher mutation energy were 
subject to molecular dynamics (MD) simulations and the binding free 
energy of the antibody with RBD was confirmed to be strengthened by H: 
V106R, H:V104Y and L:G31L mutations of P2B-2F6. Finally, double 
mutations were screened using scanning mutagenesis in Discovery Stu
dio 4.1 at the crucial paratope residues of L:G31 and H:V104-P107 of 
P2B-2F6 antibody. Representative double mutants with higher mutation 
energy were subject to another round of MD simulations to optimize the 
complex structures. 

Building of Mutant Complex Structures. The complex structures of 
potent P2B-2F6 mutants binding with SARS-CoV-2 RBD were built using 
the crystal structure 7BWJ as the template in the Build Mutants module 
of Discovery Studio 4.1. The disulfide bridges between cysteine residues 
were constructed according to the template. High level of sampling was 
performed to optimize the built structures. Five models of each mutant 
were obtained and the model with the lowest total energy score was used 
for subsequent simulations. 

Molecular Dynamics (MD) Simulations in Water. All MD simu
lations were performed in Amber 12 [29]. The complex structures of 
P2B-2F6 and its mutants binding with SARS-CoV-2 RBD were prepared. 
Hydrogens were added using the Leap module and the protonation states 
of the titratable residues were set using the program PROPKA [30]. 
Amber ff12SB force field [31] was assigned for the proteins. The com
plexes were solvated in a truncated octahedral box of TIP3P water 
molecules with 10.0 Å buffer along each dimension [32]. Cl− counter
ions were added to neutralize the systems. 

For each system, energy minimization and MD simulations were 
performed using the PMEMD module in Amber 12. A two-step energy 
minimization process was carried out to relieve bad contacts. At the first 
step, water molecules and counterions were relaxed by restraining the 
complex with a harmonic constant of 2.0 kcal/mol⋅Å− 2 based on the 
steepest descent method. At the second step, the restraint was removed 
to allow all of the atoms to move freely using the conjugate gradient 
algorithm. After that, each system was gently heated from 0 to 300 K in 
300 ps at constant volume with a harmonic constant of 10.0 kcal/ 
mol⋅Å− 2 and then equilibrated at 300 K and 1 bar constant pressure for 
500 ps. Finally, a 100 ns MD simulation was performed with a time step 
of 2 fs. During the simulation, all bonds involving hydrogen atoms were 
constrained using the SHAKE algorithm [33]. The non-bonded cutoff 
was set to 10.0 Å, and electrostatic interactions were calculated using 
the particle-mesh Ewald method (PME) [34,35]. The temperature was 
controlled using the Langevin thermostat method [36]. 

MM/GBSA Method. Compared with MM/PBSA, MM/GBSA is more 
suitable for binding free energy comparisons [37]. Therefore, MM/GBSA 
of the antibodies binding with SARS-CoV-2 RBD in each system was 
calculated in Amber 12. A total of 100 snapshots from the 80–100 ns 
equilibrated dynamics trajectory with a time interval of 200 ps were 
extracted, and the MM/GBSA calculation was performed on each 
snapshot. The binding free energy (ΔG) was computed according to the 
following equations [37]:  

ΔG = <ΔGgas> + <ΔGsolv> − <TΔS> (1)  

ΔGgas = ΔGelec + ΔGvdW + ΔGint                                                     (2)  

ΔGsol = ΔGGB + ΔGnp                                                                    (3)  

ΔGnp = γ × SASA + β                                                                    (4) 

where < … > indicates an average of the energy term. ΔGgas and ΔGsolv 
represent the vacuum and solvation binding free energies, respectively. 
–TΔS is the entropic contribution, which is not considered in the relative 
free energy analysis. ΔGgas is composed of intermolecular electrostatic 
energy (ΔGelec), van der Waals energy (ΔGvdW), and internal energy 
(ΔGint). ΔGsolv includes the electrostatic solvation energy (ΔGGB) and 
the nonpolar solvation energy (ΔGnp). γ is the surface tension propor
tionality constant and β is the offset value. The solvent accessible surface 
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area (SASA) was estimated by the MSMS algorithm with a probe radius 
of 1.4 Å. 

Data analysis. The cpptraj analysis module within Amber 12 was 
used for the calculations of root mean square deviation (RMSD), root- 
mean-square fluctuation (RMSF) and hydrogen bond analysis, etc. T- 
test was used to compare the difference significance between the wild- 
type and mutant antibodies in Graphpad Prism 5.0. The structures 
were viewed in PyMOL 1.7.4. 

Aggregation propensity calculation. Hydrophobicity is the most 
important factor leading to antibody aggregation. We compared the 
aggregation propensity of WT P2B-2F6 and the optimized mutants by 
identifying hydrophobic surface patches in the CDR regions using MOE 
2020 software. Zeta values of the antibodies were also calculated at 300 
K and pH 7.4 in MOE 2020. 

3. Results 

3.1. Structural basis of P2B-2F6 binding with SARS-CoV-2 RBD 

The SARS-CoV-2 neutralizing antibody of P2B-2F6 was isolated and 
characterized from single B cells of a SARS-CoV-2 infected patient. The 
crystal structure shows that P2B-2F6 binds with the RBD of SARS-CoV-2 
through hydrophobic and hydrophilic interactions primarily using the 
heavy chain (Fig. 1A). The paratope consists 12 heavy chain residues 
(Y27, S28, S30, S31, and Y33 of HCDR1 [IMGT number: Y28, S29, S31, 
S35, Y37]; H54 of HCDR2 [IMGT number: H58]; I103-P107 and R112 of 
HCDR3 [IMGT number: I111, V111A, V111B, V111C, P112D, and R113]) 
and 4 light chain residues (G31-Y34 of LCDR1 [IMGT number: G35- 
Y38]) interacting with R346, K444-L452 and V483-S494 of RBD 
(Fig. 1B). 

The structure of RBD binding with ACE2 (Fig. 1C) and the contacting 
residues on RBD were analyzed using PDBsum server (PDB codes: 6LZG, 
6M0J, 7A98, 7DF4 and 7KNB) (Fig. 1D). The most important domain of 
RBD (residues K417 to Y505) interacts with H1 helix (residues S19 to 

W48) of ACE2 mainly through hydrogen bonds, non-bonded contacts 
and salt bridges. The binding site of RBD with P2B-2F6 is partially 
overlapped with that of ACE2, and the overlapped interacting residues 
include G446, Y449, F490 and S494 (Fig. 1BCD). Therefore, P2B-2F6 
competes with ACE2 to bind RBD [23], indicating that blocking the 
RBD and ACE2 interaction is a useful surrogate for neutralization. 

N501Y mutation has been reported to accelerate the spread of SARS- 
CoV-2 recently [20]. Although N501 of RBD forms essential interaction 
with ACE2 [16], it is spatially distant from the binding site of P2B-2F6 
(Fig. 1AD). The calculated mutation energy of N501Y of RBD binding 
with P2B-2F6 is 0.01 kcal/mol, confirming that N501Y mutation does 
not affect their interaction. This indicates that the N501Y variant of 
SARS-CoV-2 would not escape the immune effect of P2B-2F6. 

3.2. P2B-2F6 single mutation scanning 

Computational biology is widely used in antibody design. To obtain 
antibodies with more potent neutralizing activity against SARS-CoV-2, 
scanning mutageneses in P2B-2F6 complex binding with RBD were 
performed. The paratope residues of S30, S31, Y33, H54, I103, V104, 
V105, V106, P107 in the heavy chain (H) and G31, Y32 in the light chain 
(L) were mutated into each of the 20 standard amino acids for individual 
assessment. The single mutations of the paratope residues with top 
ranking mutation energies were summarized in Fig. 2. The mutation 
energies of H:V104Y and H:V106R were greater than − 1.5 kcal/mol, 
while those of H:S31F, H:S31E, H:V104W, H:V104F, H:V105W, H: 
V106F and H:V106Y were greater than − 1.0 kcal/mol, indicating that 
these mutations might strengthen the binding of the antibody with RBD 
domain of SARS-CoV-2. 

3.3. P2B-2F6 single mutation optimization 

To further optimize the complex structures of P2B-2F6 mutants with 
RBD, MD simulations were carried out for a series of representative 

Fig. 1. Structures of SARS-CoV-2 RBD binding with P2B-2F6 and ACE2. (A) Overall structure of P2B-2F6 Fab binding with SARS-CoV-2 RBD. N501 of RBD is shown 
in sphere. (B) Detailed binding interactions between P2B-2F6 and SARS-CoV-2 RBD. The crucial residues of SARS-CoV-2 RBD, P2B-2F6 light chain and heavy chain 
are respectively shown in blue, green and magenta sticks. (C) Overall structure of ACE2 binding with SARS-CoV-2 RBD. (D) The population of crucial residues of RBD 
interacting with ACE2 analyzed from the crystal structures (PDB codes: 6LZG, 6M0J, 7A98, 7DF4 and 7KNB) in PDBsum server. 
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mutant systems. RMSDs of the heavy atoms were calculated in reference 
to the first structure through the entire MD simulations to evaluate the 
equilibrium of the systems (Supplementary Fig. S1). All systems reached 
equilibrium after 20 ns of MD simulations, and the last 20 ns trajectories 
of all systems were very stable, with the mean RMSD values < 2.0 Å 
(Supplementary Table S1). The RMSFs of Cα atoms near the given 
mutated residues were analyzed comparing to the WT P2B-2F6 (Sup
plementary Fig. S2). L:G31F and L:G31L mutations caused large fluc
tuations near the mutation site. The conformation changes may lead to 
rearrangement of the residues, which would affect the interactions of the 
flaps with SARS-CoV-2 RBD. 

MM/PBSA and MM/GBSA are arguably very popular methods for 
binding free energy prediction since they are more accurate than most 
scoring functions and less computationally demanding than alchemical 
free energy methods in biomolecular studies such as protein− protein 
interaction [38,39]. MM/GBSA method is more suitable for binding free 
energy comparisons, so it was employed to compare the affinity of RBD 
binding with the wild-type (WT) and mutant antibodies. To obtain a 
good conformational sampling, a total of 100 conformations extracted 
from the last 20 ns trajectories of MD simulations were used to calculate 
binding free energies and separate free energy components. 

It is found that the MM/GBSA binding free energies of H:V106R, H: 
V104Y, and L:G31L mutants of P2B-2F6 with RBD are strengthened by 
11.07, 6.40, and 1.84 kcal/mol, respectively, relative to that of WT P2B- 
2F6 (Fig. 3A and Supplementary Table S2), indicating stronger binding 
of these P2B-2F6 mutants. The binding free energies are decomposed 
into van der Waals interactions (ΔEvdW), electrostatics interactions 
(ΔEele), polar solvation free energies (ΔGegb), and non-polar solvation 
free energies (ΔGesurf). The increase of van der Waals interactions 

induced by H:V104Y and polar interactions (ΔGele + egb) induced by H: 
V106R are the main contributors to the enhanced binding of the mutated 
P2B-2F6 with RBD (Fig. 3B). Binding free energy decomposition of the 
residues at the mutation sites showed that H:Y30, H:F31, H:F106 and H: 
R106 lead to their binding free energies with SARS-CoV-2 RBD signifi
cantly increase in comparison with that of WT P2B-2F6, while the H:E31 
and H:Y54 mutations lead to the binding free energies decrease. (Sup
plementary Fig. S3). The binding free energy changes of the mutated 
residues are not completely consistent with the overall binding free 
energy changes of the antibody mutants, which may be because of 
binding free energy changes of other associated residues caused by 
conformational rearrangement. 

3.4. P2B-2F6 double mutations design 

Based on the screening results of single mutations, we evaluated 
double mutations of the crucial paratope residues L:G31 and H:V104- 
P107 of P2B-2F6 antibody. Scanning mutageneses suggested that a se
ries of double mutations could stabilize the binding of P2B-2F6 with 
SARS-CoV-2 RBD (Fig. 4A). Among them, the mutation energies of H: 
V106R/H:P107Y and H:V104Y/H:V106W are higher than others, with 
the values < − 3.0 kcal/mol. Thereby, H:V106R/H:P107Y, H:V104Y/H: 
V106W, and H:V104Y/H:V106R (considering the mutation effect of H: 
V104Y and H:V106R, Fig. 3) mutants of P2B-2F6 were selected for 
optimization by MD simulations. 

The MM/GBSA binding free energies of H:V106R/H:P107Y, H: 
V104Y/H:V106W, and H:V104Y/H:V106R mutants with RBD are 13.59, 
4.80, and 4.59 kcal/mol, respectively, higher than WT P2B-2F6 (Fig. 4B, 
Supplementary Table S2). The free energy decomposition demonstrates 

Fig. 2. The mutation energy of P2B-2F6 mutants binding with SARS-CoV-2 RBD calculated by single mutation scanning. The mutation energy < − 0.5 kcal/mol, 
between − 0.5 and 0.5 kcal/mol and >0.5 kcal/mol respectively indicate the mutation stabilizes, neutralizes and destabilizes the antibody binding with SARS-CoV- 
2 RBD. 
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that the enhanced binding ability of the mutant antibody to RBD is 
mainly induced by the increase of polar interactions (ΔGele + egb) for H: 
V106 R/H:P107Y and H:V104Y/H:V106R mutants, and van der Waals 
interactions for H:V104Y/H:V106W mutant (Fig. 4C). Binding free en
ergy decomposition of the residues at the mutation sites showed that H: 
R106, H:W106 and H:Y107 mutation residues in the double mutants of 
P2B-2F6 possess higher binding free energies with SARS-CoV-2 RBD 
than that of WT P2B-2F6 (Supplementary Fig. S3). Among them, the 
binding energy of H:R106 increases most significantly in H:V106 R/H: 
P107Y double mutant. 

From computational scanning mutageneses and MD simulations, we 
found the single mutation H:V106R and the double mutations H:V106R/ 
H:P107Y of P2B-2F6 resulted in higher binding affinities with the RBD 
domain of SARS-CoV-2 than others. To reveal changes in interactions 
between the antibody and RBD of SARS-CoV-2 upon mutations, 
hydrogen bonding and structural analyses were performed after MD 
simulations. 

Hydrogen bond analysis reveals that RBD forms hydrogen bonds 
with Y27, S30, S31, H54, R112, Y53 in the heavy chain and N33, Y34 in 
the light chain of WT P2B-2F6 (Table 1). Mutations of H:V106R and H: 
V106R/H:P107Y produce an obvious impact on the hydrogen-bonding 
network formed by the antibody and RBD of SARS-CoV-2. The H: 
V106R mutation leads to additional hydrogen bonds formation between 
the side chains of H:R106 and E484 of RBD (Table 1). For the H:V106R/ 
H:P107Y double mutant, the phenolic hydroxyl group of H:Y107 do
nates a hydrogen bond to the amide oxygen of T470 on RBD with a high 
occupancy of 88.12% (Table 1). Interactions between RBD and the an
tibodies around the mutation sites are shown (Fig. 5). Formation of 

additional hydrogen bonds contributes to the increased binding affinity 
between the antibody and antigen, consistent with the significant in
crease of electrostatics interactions (ΔEele) in energy decomposition 
(Fig. 4B). 

Aggregation propensity is an important developability metric in 
protein-based biotherapeutics, as aggregation can occur with a 
concomitant significant loss of drug efficacy and higher rate of immu
nogenic response [40]. There are many properties that affect protein 
aggregation, including hydrophobicity, charge, propensity to form 
β-sheets and α-helical structures. Hydrophobicity is thought to be of 
major importance during protein aggregation [41]. Therefore, we pre
dicted the aggregation propensity of WT P2B-2F6 and the optimized 
mutants of H:V106R and H:V106R/H:P107Y by identifying hydrophobic 
surface patches in the CDR regions. The results indicate that H:V106R 
mutation of P2B-2F6 might reduce aggregation but H:V106R/H:P107Y 
double mutations might increase aggregation (Fig. 6, Table 2). We also 
calculated Zeta values of the WT and optimized antibodies (Table 2). 
The Zeta values of H:V106R and H:V106R/H:P107Y mutants are greater 
than WT P2B-2F6, suggesting that the optimized antibodies are more 
stable than WT P2B-2F6. 

3.5. The potential of the optimized antibodies against SARS-CoV-2 spike 
variants 

Mutations in the spike protein’s RBD region could potentially impact 
disease severity and treatment strategies. The top 10 RBD region mu
tations (data from CovMT, a COVID-19 virus mutation tracker system 
[42]) were structurally analyzed (Fig. 7). Among them, E484, S494, 

Fig. 3. The binding free energies (A) and separate free energy components (B) of P2B-2F6 single mutants binding with SARS-CoV-2 RBD calculated by MM/ 
GBSA method. 
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L452, S477, T478, N501, and N439 are either in direct contact with 
P2B-2F6 or in close proximity to the interaction site. We calculated the 
mutation energy (ΔΔG) between these SARS-CoV-2 spike mutants and 
the WT or optimized P2B-2F6 antibodies (Table 3). The results indicate 
the binding affinity of WT P2B-2F6 remains almost unchanged with 
most single spike protein mutants except for E484K and L452R. On the 
other hand, the optimized antibodies of H:V106R and H:V106R/H: 
P107Y have increased binding affinities with most single spike protein 
mutants including the highest frequency mutant of N501Y. However, 
the E484K spike protein mutation decreased its binding affinity with 
both the WT and optimized P2B-2F6 antibodies. Some SARS-CoV-2 
variants possess combination mutations such as E484K/N501Y and 
K417N/E484K/N501Y [42]. We also calculated the mutation energy 
between the combination spike mutants and the antibodies (Table 3). 
Unfortunately, the results indicate that neither the WT nor optimized 
P2B-2F6 antibodies have potential neutralizing activity against these 
variants. Comparatively, the mutation energies of E484K, 
E484K/N501Y and K417N/E484K/N501Y binding with H:V106R/H: 
P107Y are smaller than WT P2B-2F6. 

4. Discussion 

SARS-CoV-2 poses a serious global health emergency. It is reported 
that ~20% of COVID-19 patients develop serious symptoms such as 
acute respiratory distress, severe pneumonia, sepsis, and even death [4]. 

Fig. 4. P2B-2F6 double mutation design. (A) The mutation energy of P2B-2F6 mutants binding with SARS-CoV-2 RBD calculated by double mutations scanning. The 
binding free energies (B) and separate free energy components (C) of P2B-2F6 double mutants binding with SARS-CoV-2 RBD calculated by MM/GBSA method. 
Structural characteristics of the potent antibody mutants. 

Table 1 
Main hydrogen-bonding interactions involved in antibodies binding with the 
RBD domain of SARS-CoV-2.  

Hydrogen Bonda Occupancyb 

WT H:V106R H:V106 R/H:P107Y 

O@G447⋅⋅⋅O-H@H:Y27 86.14 87.13 93.07 
O@H:S31⋯N-H@Y449 70.30 66.34 85.15 
OD1@N450⋅⋅⋅NE2-HE2@H:H54 67.33 44.55 69.31 
O@H:S30⋅⋅⋅ND2-HD21@N450 64.36 59.41 70.30 
OE2@E484⋅⋅⋅NH1-HH12@H:R112 61.39 55.45 94.06 
OE2@E484⋅⋅⋅NH2-HH22@H:R112 54.46 31.68 33.66 
OE1@E484⋅⋅⋅NH2-HH22@H:R112 27.72 30.69 38.61 
OE1@E484⋅⋅⋅NH1-HH12@H:R112 18.81 41.58  
O@E484⋅⋅⋅ND2-HD22@L:N33 43.56 53.47 8.91 
O-H@ L:Y34⋯N-H@E484 27.72 16.83 20.79 
OD1@N450⋅⋅⋅NE2-HE2@H:Y53 21.78  11.88 
OE2@E484⋅⋅⋅NH2-HH21@H:R106  44.55 4.95 
OE1@E484⋅⋅⋅NH2-HH21@H:R106  53.47 86.14 
OE1@E484⋅⋅⋅NE-HE@H:R106  38.61 13.86 
OE2@E484⋅⋅⋅NE-HE@H:R106  37.62 65.35 
O@T470⋅⋅⋅O-H@H:Y107   88.12 

Residues of the antibody are shown in bold. 
a The hydrogen bonds are determined by an acceptor⋅⋅⋅donor distance of <3.5 

Å and an acceptor⋅⋅⋅H− donor angle of >120◦. 
b Occupancy is defined as the percentage of simulation time that a specific 

hydrogen bond exists. 
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Although vaccines are effective in preventing virus infection in suscep
tible people, antibody drugs with advantage of precise targeting and 
rapid onset of action present an effective alternative for the treatment of 
COVID-19. SARS-CoV-2 encodes four main structural proteins, spike (S), 
envelope (E), membrane (M), and nucleocapsid (N) [43]. S protein binds 
to the host cell receptor and is responsible for the host-viral cell fusion, 
making it the most promising target for neutralizing antibodies [17]. 
The discovery of anti-S protein antibodies is progressing rapidly. Many 
potent neutralizing antibodies have been identified from convalescent 
human donors, immunized animal models, and re-engineering [23, 
44–49], with several human clinical trials in progress. 

The antibody of P2B-2F6 is isolated from single B cells of SARS-CoV- 
2 infected patients. It is competitive with ACE2 by binding to the RBD of 
SARS-CoV-2 and blocks the pathogen cell entry [23]. To obtain anti
bodies with more potent neutralizing activity against SARS-CoV-2, 
scanning mutageneses of the paratope residues of P2B-2F6 and MD 
simulations were performed. We found that two potent P2B-2F6 mu
tants, H:V106R and H:V106R/H:P107Y, produce higher binding affin
ities with the RBD domain of SARS-CoV-2 than others. These mutations 
changed the hydrogen-bonding network formed by the antibody and S 
protein of SARS-CoV-2. The enhanced binding ability between the 
mutant antibodies and RBD is mainly induced by the increase of elec
trostatic interactions and polar solvation free energy. In general, 
competition with ACE2 predicts antibody potency, while the binding 
affinity with SARS-CoV-2 RBD reflects certain capability of competition. 
Therefore, we propose that H:V106R and H:V106R/H:P107Y mutants of 

P2B-2F6 might have more potent neutralizing activity against 
SARS-CoV-2 than P2B-2F6. 

SARS-CoV-2 is constantly evolving to stabilize its genome. New 
SARS-CoV-2 variants such as B.1.1.7, B.1.351, and P.1 lineages are 
emerging and spreading rapidly in many parts of the world [19–21]. The 
most alarming evolution is the newly detected spike mutation N501Y, 
common among B.1.1.7, B.1.351 and P.1 lineages, which has increased 
the infectivity of SARS-CoV-2 [19,50]. N501, one of the key contact 
residues of RBD with ACE2, has no direct interaction with P2B-2F6. 
Although N501Y mutation increases the binding affinity of 
SARS-CoV-2 RBD with host ACE2 [20], it has little effect on the binding 
of antibodies investigated in this study. Therefore, we speculate that the 
optimized antibodies also have high neutralizing activity against N501Y 
variant of SARS-CoV-2. However, for other concerning mutations of 
E484K, E484K/N501Y and K417N/E484K/N501Y observed in some 
SARS-CoV-2 variants [20,21], the neutralizing activity of both the WT 
antibody and the optimized mutants might be significantly decreased 
due to the loss of interactions from E484 and the probable appearance of 
electrostatic repulsion with H:R112 and H:R106 of the antibodies when 
this glutamate mutates to lysine. However, these analyses need further 
in vitro and in vivo validations before the antibodies can be used against 
SARS-CoV-2. 

ChloeRees-Spear et al. designed a series of spike mutations to iden
tify potential escape variants. They found that some of the tested anti
bodies [51] lost or exhibited less potency against the RBD-mutated 
pseudotyped virus, including K417V, KVG444-446TST, L452K, 
LF455-6YL, TEI470-2NVP, and S494D [50]. From the binding in
teractions of P2B-2F6 with SARS-CoV-2, we speculate that the K417V, 
KVG444-446TST, LF455-6YL and TEI470-2NVP mutations have little 
effect on the neutralizing activity of P2B-2F6 and the optimized anti
bodies, but the L452K and S494D mutated pseudotyped virus might 
reduce the neutralizing activity of the antibodies. Fortunately, these 
variants of SARS-CoV-2 have not yet emerged in real world. 

Owing to the fast development of artificial intelligence technology, 
computer-aided drug discovery has been widely applied in the 

Fig. 5. Binding interactions around residue 106 in the heavy chain of P2B-2F6 WT (A) and H:V106R (B), H:V106R/H:P107Y (C) mutants with SARS-CoV-2 RBD. 
SARS-CoV-2 RBD is shown in green. P2B-2F6, H:V106R and H:V106R/H:P107Y mutants are shown in cyan, purple and yellow, respectively. Crucial residue Y34 in 
the light chain is labeled L:Y34, other labeled residues of the antibody are all in the heavy chain (H). 

Fig. 6. The hydrophobic patches in the CDR regions of WT P2B-2F6 (A), H:V106R (B) and H:V106R/H:P107Y (C) mutants. The heavy chain and light chain of the 
antibodies are shown in purple and green ribbons, respectively. The patches are colored in orange. 

Table 2 
The calculated CDR hydrophobic patch areas and Zeta values of WT P2B-2F6 
and V106R, V106R/P107Y mutants.  

Antibodies CDR Hydrophobic Patch Area (Å2) Zeta (pH 7.4) 

WT P2B-2F6 160 14.08 
H:V106R 120 17.74 
H:V106R/H:P107Y 180 17.74  
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development of anti-SARS-CoV-2 drugs [52–55]. A number of different 
approaches to guide the rational engineering of antibody binding are 
available. However, most approaches are of limited accuracy when 
applied to antibody design, and have largely been limited to analyzing 
single point mutations [56–58]. This study proposed a computational 
approach for the optimization of antibodies for COVID-19 via combined 

virtual scanning mutageneses and MD simulations (Fig. 8). Firstly, the 
paratope residues from the binding interactions between antibody and 
RBD are analyzed. Then the single mutations that could strengthen the 
binding of the antibody with RBD are identified through scanning mu
tageneses. Such single mutations are subsequently evaluated by MD 
simulations and MM/GBSA calculations. Double-site scanning muta
geneses are performed afterwards to predict double mutations that could 
strengthen the binding of the antibody with RBD, which are eventually 
subjected to MD simulations and MM/GBSA calculations to obtain the 
final suggested double mutations. Combination of scanning mutagene
ses and MD simulations help reduce the probability of false positive 
antibody mutants. 

Most of the predictions made by our approach are consistent with 
mmCSM-AB [59], a recently developed benchmarked method using 
graph-based signatures and atomic interaction information in analyzing 
mutations on antigen binding affinity, confirming that our methodology 
is of reliability (Supplementary Table S3). Unlike previous studies that 
rely on researchers’ expertise to select possible mutations [60–62], this 
workflow can be easily performed on high-performance clusters or su
percomputers without such expertise. Moreover, our designed workflow 
can also be applied to optimizing other protein drugs. However, this 
methodology is based on 3D structures of protein-protein complexes. For 
those proteins without solved structures, homology modeling and mo
lecular docking should be done first. 

5. Conclusions 

The simplest and most direct approach to combating SARS-CoV-2 is 
antibodies or vaccines. Antibodies possessing specific binding affinities 
with SARS-CoV-2 RBD are promising therapeutics for COVID-19. Inte
grating virtual scanning mutageneses with MD simulations, we 

Fig. 7. The top 10 identified RBD region mutations (data from CovMT). (A). The structural locations of the top 10 RBD region mutations. SARS-CoV-2 RBD, the 
heavy chain and light chain of P2B-2F6 are shown in orange, purple and cyan ribbons, respectively. The top 10 mutations are shown in green sticks. (B). The isolate 
counts of the top 10 RBD mutations updated by 2021-04-23. 

Table 3 
Mutation energy (ΔΔG) between SARS-CoV-2 spike mutants and the WT/opti
mized P2B-2F6 antibodies.  

Spike Mutants Impact on binding strength 

WT P2B-2F6 H:V106R H:V106 R/H:P107Y 

E484Ka Decrease Decrease Decrease 
S494P Neutral Increase Increase 
L452R Decrease Increase Increase 
S477N Neutral Increase Increase 
T478K Neutral Increase Increase 
N501Y Neutral Increase Increase 
N439K Neutral Increase Increase 
E484K/N501Yb Decrease Decrease Decrease 
K417N/E484K/N501Yc Decrease Decrease Decrease 

Increase in binding strength equates to the mutation energy ΔΔG < − 0.5 kcal/ 
mol. 
Neutral in binding strength equates to the mutation energy − 0.5 < ΔΔG <0.5 
kcal/mol. 
Decrease in binding strength equates to the mutation energy ΔΔG >0.5 kcal/ 
mol. 
a. The mutation energy: H:V106R/H:P107Y (1.16 kcal/mol) < WT P2B-2F6 
(2.57 kcal/mol) < H:V106R (2.67 kcal/mol). b. The mutation energy: H: 
V106R/H:P107Y (1.47 kcal/mol) < WT P2B-2F6 (2.50 kcal/mol) < H:V106R 
(3.40 kcal/mol). c. The mutation energy: H:V106R/H:P107Y (0.75 kcal/mol) <
WT P2B-2F6 (2.02 kcal/mol) < H:V106R (2.75 kcal/mol). 
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improved the binding affinity of P2B-2F6 with RBD by mutating single 
and/or double paratope residues. The mutants of H:V106R and H: 
V106R/H:P107Y might have more potent neutralizing activity against 
both wild type SARS-CoV-2 as well as the alarming variant of N501Y. 
This precise structural matching method should be considered in future 
antibody design protocols. 
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