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A B S T R A C T   

SARS-CoV-2 virus continues to evolve and mutate causing most of the mutated variants resist to 
many of the therapeutic monoclonal antibodies (mAbs). Despite several mAbs retained neutral-
izing capability for Omicron BA.1 and BA.2, reduction in neutralization potency was reported. 
Hence, effort of searching for mAb that is broader in neutralization breadth without losing the 
neutralizing ability is continued. MW06 was reported with capability in neutralizing most of the 
variants of concern (VOC) and it binds to the conserved region (left flank) near epitope mAb 
sotrovimab (S309). In this study, binding affinity of mAb MW06 and its cocktail formulation with 
MW05 for receptor binding domain (RBD) SARS-CoV-2 virus was investigated under molecular 
dynamics simulations (MDs). Binding free energies computed by Molecular Mechanics General-
ised Born Surface Area (MM-GBSA) algorithm predicted the binding affinity of MW06 for RBD 
BA.1 (− 53 kcal/mol) as strong as RBD wildtype (− 58 kcal/mol) while deterioration was observed 
for RBD BA.2 (− 43 kcal/mol). Alike S309 and MW06, simulated cocktail mAb (MW05 and 
MW06)-RBD interactions suggested the neutralizing capability of the cocktail formulation for 
RBD BA.1 and BA.2 reduced. Meanwhile, residue pairs that favour the communication between 
the mAb and RBD have been identified by decomposing the free energy per pairwise residue basis. 
Apart from understanding the effects of mutation occurred in the RBD region on human 
angiotensin-converting enzyme 2 (hACE2) binding, impact of heavily mutated RBD on mAb-RBD 
interactions was investigated in this study as well. In addition to energetic profile obtained from 
MDs, plotting the dynamics cross-correlation map of the mAb-RBD complex under elastic network 
model (ENM) was aimed to understand the cross-correlations between residue fluctuations. It 
allows simple and rapid analysis on the motions or dynamics of the protein residues of mAbs and 
RBD in complex. Protein residues having correlated motions are normally part of the structural 
domains of the protein and their respective motions and protein function are related. Motion of 
mutated RBD residues and mAb residues was less correlated while their respective interactions 
energy computed to be higher. The combined techniques of MDs and ENM offered simplicity in 
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understanding dynamics and energy contribution that explain binding affinity of mAb-RBD 
complexes.   

1. Introduction 

Since the pandemic begins in early 2020, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus mutated and 
evolved rather quick to series of variants [1] that widely spread around the world and remains as one of the greatest threats to global 
public health. SARS-CoV-2 has single-strand positive sense RNA genome and is enveloped like other coronaviruses [2]. Of the four 
structural proteins of SARS-CoV-2, membrane protein and envelope protein are vital for virus assembly process, nucleocapsid protein 
encapsulates the viral genome, while the spike (S) protein is the key protein mediates viral entry involving receptor binding and 
membrane fusion [3,4]. Therefore, S protein has been targeted for therapeutic development including antiviral and vaccine [5,6] due 
to the facts that, it involves in receptor binding and is recognised by neutralizing antibody for antibody-antigen response, particularly 
the receptor binding domain (RBD) region [7]. Besides, RBD region has been very much explored as it binds to human 
angiotensin-converting enzyme 2 (hACE2) that is abundantly found in epithelial cells to initiate the viral entry process [8,9]. Heavily 
mutated RBD might ease the viral entry step as the mutation points harboured by the receptor binding domain (RBM) result a higher 
binding affinity between RBM and hACE2 to initiate infection [10]. Hence, interfering the communication between RBD and hACE2 
would stop the virus from infecting the host cells for replication to cause disease. 

Number of cases linked to Omicron variant was on the increasing trend so rapidly and it was being identified as variant of concern 
(VOC) by the World Health Organisation just two days after the first report was made [11]. Heavily mutated S proteins of Omicron 
variant has been associated with the possibility of high transmission rate as ample of studies supported that mutations occur on the S 
protein, particularly the RBD region resulted higher infectivity and immune escape [12-15]. Of the 15 mutations found on the RBD 
Omicron, 10 are located in the RBM region that hACE2 [16] and some monoclonal antibody (mAbs) bind [17,18]. Some of the mu-
tation points like K417N and N501Y have been well known for their crucial role in enhanced infectivity and responsible for reduction 
of neutralization capability of mAb [13,19,20]. Successful case of using single mAb and antibody cocktail in treating Ebola disease [21] 
is not just a key milestone but also become the driven force in developing mAbs for prevention as well as treatment for SARS-CoV-2. 
Studies and efforts to evaluate neutralizing activity of mAbs for Omicron, especially those candidates that entered clinical trials as 
therapeutic have been ramped up since Omicron was reported. Some of the antibodies suffered total activity loss while neutralizing 
activity of some of the Ab weakened or minimally reduced [22]. MAb that failed to neutralize SARS-CoV-2 variants or with diminished 
efficacy mainly are those targeting the RBM, a region that is heavily mutated. Therefore, mAbs recognize and target the non-RBM 
region or the most conserved region received increasing attention. 

However, studies revealed S309, a mAb that target one of the conserved regions and is currently undergoing clinical trial [23-25] 
suffered from dampen neutralizing capability for Omicron BA.1 [26-28]. Hence, evaluating binding affinity of mAb MW06 for 
Omicrons become our interest in this study. MW06 bind to the left flank [29] of the RBD (S309 binds to the right flank) has strong 
profile of neutralizing activity and cross-reactivity for SARS-CoV-1 and SARS-CoV-2 [30]. Neutralizing capability of MW06 for 
Omicrons (BA.1 and BA.2) was predicted under molecular dynamics simulations (MDs). Simulated binding interactions and calculated 
binding free energy of MW06-RBD Omicron series were compared to MW06-RBD of wildtype (WT) SARS-CoV-2. Moreover, decom-
posing the binding free energy of the mAb-RBD complexes allows identification of residue-residue interactions contributed for binding 
affinity. 

Similarly, complexes containing S309 and RBD of BA.1 and BA.2 were explored under the same approach to understand unfav-
ourable residue-residue interactions that weaken the binding interactions. Apart from single mAbs, binding interactions of cocktail 
antibody and RBDs were also simulated to estimate the strength of combining mAbs MW06 and MW05 in blocking the RBD-hACE2 
interactions, especially for Omicrons. Cocktail antibody MW06 and MW05 was previously reported for disrupting the binding ac-
tivity between RBD (Alpha, Beta, Gamma and Kappa variants) and hACE2 with strong neutralizing strength (EC50 < 0.02 μg/ml) [30]. 

Dynamics and mobility of the RBD residues could pose an impact on the hACE2-RBD binding that contribute to infectivity [31]. A 
single mutation point would not only alter the local environment alone but also the global motions of the protein [32] what is more 
when the RBD mutations is massive. Therefore, a closer view on dynamics of proteins would be useful to understand if movement of the 
amino acid residues found in different regions of the protein is correlated and how they move in relation to each other. Correlations 
between residue pairs of two interacting proteins could be revealed by residue fluctuations under elastic network model (ENM) 
without calculating the decomposition energy of interfacial residues located within the binding interface. ENM addresses the short-
comings of MD simulations that consume times and relying on sophisticated architecture of computation. DynOmics [33] is the online 
ENM server available that integrates gaussian network model and anisotropic network model to compute the dynamics of 
protein-protein complexes near native state. These allow simple and rapid analysis on the motions or dynamics of the proteins. Dy-
namics of loop, domain and subunit, and the rotation of side chain are important motions that allow proteins to communicate and 
result biological functions [34]. Protein residues having correlated motions are normally part of the structural domains of the protein 
and their respective motions and protein function are related. ENM has demonstrated its strength in correlating the computed protein 
motion to protein dynamics observed through experimental investigation [35]. 

In this work, we explored the potential of MW06 and its cocktail antibody to bind with RBD SARS-CoV-2 especially Omicron 
subvariant BA.1 and BA.2 using a combined technique of MDs and ENM. MDs include the protein flexibility in solution and obtain the 
binding free energy between each complex while ENM allows fast visualisation to observe the correlation motion of amino acid 
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residues by generating the DCC map. Combination of MDs and ENM techniques was first employed to understand the how mutations of 
RBD impacting mAb-RBD binding. The combined techniques of MDs and ENM offered simplicity in correlating dynamics and energy 
contribution as interacting residues are highly correlated in motions and very often accompanied by a low residue energy. To gain an 
insight into how mutations impact mAb-RBD binding, we observed the motion of mAb-RBD residues especially the regions that 
harboured the mutated RBD residues. Mutation that harms the mAb-RBD binding, as suggested by a higher free energy, has less 
correlated motion with interacting mAb. 

2. Methodology 

2.1. Modelling of the protein complexes 

The template structures described in Table 1 were first examined for missing residues or loop. Gaps between the chains have been 
closed by adding the missing residues under UCSF Chimera programme, candidate version 1.16 [36], interface to Modeller version 10 
[37-39]. Model with the lowest normalized discrete optimized protein energy (zDOPE) score [40] was selected as the initial 
three-dimensional structure for subsequent steps. Three-dimensional structure of RBD Omicron BA.1 and BA.2 were constructed by 
mutating the amino acids of RBD WT using UCSF Chimera programme and the top model was selected. For Ab-RBD complexes of Beta 
and Delta variants, RBD obtained from PDB 7LYN and PDB 7V8B were superimposed to the RBD WT in template structure. Details of 
Ab-RBD complexes are described in Table 1. 

2.2. Molecular dynamics simulations 

Protonation states of all the protein complexes were assigned by APBS server (http://server.poissonboltzmann.org/pdb2pqr) [41] 
at pH 7.0 under AMBER forcefield. The outputs were under tleap module of AMBER20 programme with AMBER forcefield ff19SB [42] 
loaded to describe the molecular properties of the proteins. Each complex was contained in an octahedral box that solvated with TIP3P 
water while counterions Na+ or Cl− ions were added for charge neutralization. Non-bonded interactions with cut off of 12 Å and the 
Particle Mesh Ewald (PME) method were used to compute the electrostatic interactions. Covalent bonds involved hydrogen atoms were 
constrained by the SHAKE algorithm while temperature along MDs was controlled by the Langevin dynamics. All complexes under-
went MDs using a time step of 2 fs 

First minimization worked under constant volume, involved a total of 2000 steps, beginning with 1000 steps of steepest descent and 
followed by another 1000 steps of conjugate gradient. At this stage, all protein residues were fixed using a force constant of 100 kcal/ 
mol Å2. Second minimization worked under the same parameters except the force constant was removed, allowing proteins and water 
molecules move freely. During the 60 ps long of heating step, the temperature of the simulated systems was increased to 310 K under 
NVT dynamics while the force constant that hold the protein fixed in position had been reduced to 10 kcal/mol. It was followed by 1 ns 
long of NPT equilibration that occur at 310 K and constant pressure at 1 atm, before the production run. Trajectories of 200 ns were 
collected and were processed under CPPTRAJ module [43] for subsequent analysis. The root mean squares deviations (RMSDs) of all 
Cα-atoms of protein complexes were calculated with using the initial MD structure as reference over 200 ns to account for the structural 
stability and conformational change during dynamics process. Molecular Mechanics-Generalised Born Solvent Area (MM-GBSA) [44] 
method was applied for binding free energy and decomposed binding free energy calculations. Altogether, 1000 snapshots were 
extracted from the last 20 ns of production trajectories for free energy calculations. To map the important residues that are 

Table 1 
Ab-RBD and hACE2-RBD complexes that were prepared for MDs.  

System Description Source of structure 

RBD-hACE2 (PDB: 6MJ0) WT PDB 6MJ0 
Beta RBD taken from PDB: 7LYN 
Delta RBD taken from PDB: 7V8B 
Omicron BA.1 Mutated RBD WT 
Omicron BA.2 Mutated RBD WT 

MW06-RBD (PDB: 7DPM) WT PDB 7DPM 
Beta RBD taken from PDB 7LYN 
Delta RBD taken from PDB 7V8B 
Omicron BA.1 Mutated RBD WT 
Omicron BA.2 Mutated RBD WT 

S309-RBD (PDB: 7R6W) WT PDB 7R6W 
Beta RBD taken from PDB 7LYN 
Delta RBD taken from PDB 7V8B 
Omicron BA.1 Mutated RBD WT 
Omicron BA.2 Mutated RBD WT 

Cocktail-RBD WT Superimpose the MW06-RBD and MW05-RBD complexes to form the cocktail mAb-complexes 
Beta 

(PDB: 7DPM and PDB: 7DK0) Delta 
Omicron BA.1 
Omicron BA.2  
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contributing for protein binding, mAb and RBD residues found within 4 Å of binding vicinity were included for pairwise residue 
interaction energy calculations. Interaction of one residue with all other residues in 4 Å was calculated. Apart from energy calculations, 
hydrogen bond (H-bond) was also examined to understand the intermolecular interactions of the proteins in depth. Hydrogen bonds 
with occupancy percentage lower than 30% were excluded for discussion. 

3. Results and discussion 

3.1. Binding interactions between hACE2 and RBD of SARS-CoV-2 variants 

Through MDs, binding strength between the mutated RBD (Delta and Omicrons) and hACE2 was explored. From the binding free 
energy (ΔGB) obtained from MM-GBSA tabulated in Table S1, affinity of RBD for hACE2 was ranked, RBD Delta (− 59.78 kcal/mol) 
ranked the first, followed by RBD BA.1 (− 51.72 kcal/mol), RBD WT (− 47.76 kcal/mol), and RBD BA.2 (− 46.26 kcal/mol). A study has 
suggested that binding between RBD Delta and hACE2 was the strongest compared to RBD WT and Omicron [45]. The same study also 
argued that the binding affinity of RBD WT and Omicron for hACE2 show no noticeable difference. In addition, the heavily mutated 
Omicron RBD was predicted to have no stronger binding effect with hACE2 under deep mutation scanning [46] as the mutations that 
enhance the binding of RBD and hACE2 are balanced by the mutations that reduce the binding activity. Here, similar pattern was 
observed where the difference of binding free energy of WT and BA.1 was <4 kcal/mol and hence their binding affinity for hACE2 was 
of similar. BA.2 and WT have very close ΔGB was hence predicted to bind with hACE2 not as strong as BA.1. Nevertheless, recent 
computer aided studies suggested that RBD BA.2 interacted with hACE2 with much lower binding free energy than RBD WT and even 
RBD BA.1 [47,48]. The difference of binding free energy between Delta and WT was however significant, 12 kcal/mol or 25% lower, 
achieved good agreement with previous findings. Recent crystal and cryo-EM structures of Omicron in complexed with hACE2 
revealed that RBD Omicron and WT bind to hACE2 with equal strength as mutations that facilitate the binding balanced by mutations 
that are making the binding less favorable [49]. 

3.2. Ab-RBDs binding to disrupt binding activity of RBD and hACE2 

From MDs, binding free energy of MW06-RBD WT and MW06-RBD Beta as computed by MM-GBSA algorithm was − 58.15 kcal/ 
mol, and − 57.69 kcal/mol, respectively (Table 2). Since MW06 exhibited neutralization potential towards WT, Alpha, Beta, Gamma 
and Kappa variants [30], its estimated binding free energy of − 58.15 kcal/mol was then used as a benchmark to evaluate if MW06 is 
capable of neutralizing other variants like Delta and Omicrons upon binding with the RBD. 

MW06-RBD Delta has binding free energy of − 53.71 kcal/mol while MW06-RBD BA.1 has binding free energy of − 52.71 kcal/mol, 
approximately 5 kcal/mol or ~9% of higher than the benchmark. BA.2 was however observed a much higher binding free energy 
relative to WT and BA.1, almost 15 kcal/mol higher than WT. From the estimated binding free energy, MW06 is predicted to retain its 
neutralization effects towards Delta and the two Omicrons upon RBD binding with expectation of reduced efficacy for BA.2 case. S309 
that binds to the ‘right flank’ of the RBD (MW06 binds to the left flank, Fig. 1a) as shown in Fig. 1b, has its binding free energy 
increased the most for BA.1 and BA.2 compared to other variants, from − 54.80 kcal/mol to ~ − 33 kcal/mol, varied almost 39%. S309 
has demonstrated its neutralizing effects for WT and the five VOC but efficacy reduced when it comes to BA.1. Thus, higher binding 
free energy of BA.1 and BA.2 relative to WT correlated to the experimental findings. 

3.3. Residue pairs interactions for mAb-RBD binding 

Dissecting the protein-protein interactions mediated in the binding vicinity is essential to understand and explain the residue 
interactions responsible for the binding affinity. Residues that come to interact within 4 Å in the binding vicinity were first identified. 

Table 2 
Binding free energy of MW06-RBDs and S309-RBDs complexes.  

Antibody Energy Term (kcal/mol) Complex 

SARS-CoV-2 (WT) Beta Delta Omicron BA.1 Omicron BA.2 

MW06 VDW − 86.81 ± 0.19 − 87.84 ± 0.21 − 77.85 ± 0.15 − 89.38 ± 0.16 − 88.33 ± 0.23 
EEL − 86.39 ± 0.55 − 61.77 ± 0.72 5.52 ± 0.49 157.27 ± 0.64 127.20 ± 0.89 
EGB 123.08 ± 0.49 100.12 ± 0.64 25.57 ± 0.43 − 113.19 ± 0.59 − 74.14 ± 0.90 
ESURF − 8.03 ± 0.015 − 8.20 ± 0.020 − 6.86 ± 0.012 − 7.41 ± 0.013 − 7.68 ± 0.024 
ΔGB − 58.15 ± 0.18 − 57.69 ± 0.20 − 53.62 ± 0.19 − 52.71 ± 0.17 − 42.96 ± 0.21 

S309 VDW − 89.00 ± 0.21 − 86.59 ± 0.29 − 77.67 ± 0.20 − 80.47 ± 0.25 − 79.88 ± 0.15 
EEL − 185.61 ± 1.02 − 24.88 ± 1.08 − 31.74 ± 0.58 − 78.06 ± 1.40 − 62.86 ± 0.98 
EGB 227.98 ± 0.92 80.47 ± 0.97 75.04 ± 0.61 132.83 ± 1.29 117.26 ± 0.92 
ESURF − 8.16 ± 0.017 − 10.97 ± 0.040 − 7.07 ± 0.017 − 7.57 ± 0.025 − 7.23 ± 0.012 
ΔGB − 54.80 ± 0.24 − 41.97 ± 0.35 − 41.43 ± 0.29 − 33.27 ± 0.34 − 32.70 ± 0.18 

Notes: VDW and EEL are van der Waals and electrostatic contribution, respectively, obtained from molecular mechanics. EGB and ESURF represent 
polar and nonpolar term of GB model while ΔGB is the binding free energy and is accompanied with the standard error mean of the calculation. 
Entropy is not being taken into calculation. 
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Decomposed binding energy of the residues were calculated in pair-wise basis to locate the important residues (Fig. 1) as well as their 
residue pair (Table S2 and S3). Altogether, twenty crucial RBD residues were identified. RBD residues, S373P, S375F, and N440K as 
illustrated in Fig. 1c are the three common mutation points of RBD Omicron lineages, S371L is the unique mutation point of RBD BA.1 
while S371F and R408S are specific mutations to BA.2. 

From energetic profile, residue 371 of WT and Omicron lineages were not observed to have interactions with MW06. A372 is being 
sandwiched by two mutation points, S371 L/F and S373P. In MW06-RBD WT complex, A372 communicated with R110 and N322 with 
energy − 4.09 kcal/mol and − 1.71 kcal/mol, respectively (Table S2). Absence of the hydrogen bond that formed between R110 and 
A372 in WT (occupancy 80%) (Table S4), A372-R110 of BA.1 observed a higher energy, − 2.29 kcal/mol while A372 of BA.2 was no 
longer in contact with R110. Nevertheless, interaction of A372 with a polar residue of MW06 remained despite it shifted from N322 to 
Y107. For BA.1, residue energy changed from − 2.51 kcal/mol to − 1.85 kcal/mol when proline substituted serine at residue 373. The 
non-polar P373 shifted its polar residue pair from Y262 to Y107, with energy contribution increased to − 0.34 kcal/mol from − 1.71 
kcal/mol. On the other hand, hydrogen bond of S373-Y262 (occupancy 52%) in WT was not formed between P373-Y107 in BA.1 and 
BA.2 as the side chain of Y107 and P373 were too far from each other. Replacing the polar serine at position 371 with non-polar leucine 
or phenylalanine did not cause electrostatic potential varied but S373P mutation in BA.1 and BA.2 resulted the environment around 
P373 to be more positive charge illustrated in Figure S1a–c. 

Substituting serine at residue 375 with phenylalanine caused the residue energy to increase from − 16.46 kcal/mol to − 13.58 kcal/ 
mol in Omicron BA.1 and − 13.96 kcal/mol in Omicron BA.2. Interactions of F375-E111 weakened the most (− 1.92 kcal/mol for BA.1; 
− 1.87 kcal/mol for BA.2) compared to S375-E111 (− 6.07 kcal/mol) as there is a strong hydrogen bond formed between S375 and 
E111 with occupancy 88.4%. In addition to S375P mutation, truncating the side chain at residue 376 and replacing the polar threonine 
by non-polar alanine resulted energy increased to − 7.11 kcal/mol from − 11 kcal/mol compared to WT and BA.1. Side chain of A376 
was too far to communicate with F109 (energy increase >80%) and interaction of A376-Y108 became less favorable compared to 

Fig. 1. Binding region of (a) MW06 (left flank) and (b) S309 (right flank) on RBD and the residue pair interactions between RBD and (c) MW06 and 
(d) S309. 
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polar-polar interaction of T376-Y108 (energy increase >40%). Figure S1e and S1f described the electrostatic potential surface changed 
caused by mutation S375F and T376A, respectively. Electrostatic potential surface near Y107 and F109 in BA.1 and BA.2 varied while 
region near F375 became more negatively charge relative to WT (Figure S1d). 

Mutation R408S in RBD BA.2 increased the residue energy from − 2.62 kcal/mol to − 1.98 kcal/mol, compared to R408 BA.1 due to 
weakened interactions of S408-Y108 and S408-F109. 

Meanwhile the charge of the environment remained unchanged (Figure S1g–i). Strikingly, remarkable residue energy variation 
occurs on residue Q506 BA.2 and Y508 (Figure S1j–l) for both Omicron lineages although no mutation occurred at these two residues. 
Q506 of BA.2 observed energy increase more than 50% (from − 2.71 to − 1.29 kcal/mol) compared to BA.1. Meanwhile, residue energy 
of Y508 of both BA.1 and BA.2 increased more than 3 kcal/mol relative to WT. Hydrogen bond formed between Y508 RBD WT and 
E111 of MW06 was not observed in Omicron-MW06 systems owing to the side chain of phenylalanine at position 375 interrupted the 
side chain interaction between Y508 and E111. As illustrated in Figure S1, the two mutation points did not alter the electrostatic 
potential much. 

Among the 20 RBD residues identified as important for S309-RBD interactions, only two mutated residues unique to BA.1 and BA.2 
(G339D and N440K) were interacting with S309 within the binding vicinity [25]. Binding of S309 to RBD Omicron was predicted to be 
negatively impacted by mutation occurs at residue G339, T345 and R346. However, studies suggested heavily mutated RBD Omicron 
did not abolish the mAb-RBD binding although S309 suffered increased IC50 value [50] and reduced neutralizing activity about 3 folds 
[26-28]. As shown in Fig. 1d, residue energy of G339 of WT, was rather small (− 0.67 kcal/mol) and the energy went lower to − 2.62 
kcal/mol when aspartic acid substituted glycine at this position in BA.1. In S309-RBD WT complex, D339 residue interacted with two 
tyrosine residues of S309, Y32 and Y100. Substitution of negatively charged amino acid at residue 339 impacted its adjacent residue 
E340 as residue energy E340 BA.1 increased from − 31.66 kcal/mol to − 11.40 kcal/mol, almost 64% higher relative to WT and the 
energy even went higher in BA.2, − 6.39 kcal/mol. Substitution of aspartic acid at residue 339 altered the electrostatic potential in the 
region and hindered the protein communication between S309 and RBD since D339 and E340 were negatively charged. Residue D339 
(Figure S2b and S2c) together with E340 resulted that region to be more negatively charged compared to WT (Figure S2a). Also, E340 
of BA.1 and BA.2 was not forming hydrogen bonds with S309 residues (A104, W105, F106 and G107) like WT. In addition, dynamics of 
the side chain of E340 in BA.1 and BA.2 varied significantly. Side chain E340 BA.1 moved to the S309 site interacting with the polar 
residues A104, W105, F105 and G107 like WT while E340 BA.2 move away from the interacting site. 

N440K could be another concerning mutation point that interfere mAb-RBD interactions as polar amino acid was substituted with a 
positively charged amino acid. In term of residue energy, N440 of WT has energy of − 1.07 kcal/mol and it rises to − 0.54 kcal/mol 
upon N440K mutation in BA.1 but it went lower to − 1.13 kcal/mol in BA.2. Although N440K mutation is a common mutation point 
BA.1 and BA.2 shared, side chain of K440 experienced different dynamics. Side chain of K440 BA.1 moved away from S259 of S309 
while it moved closer to interact with S259 BA.2, resulted residue energy low as WT. Substituting asparagine at residue 440 
(Figure S2d–S2f) with a positively charged lysine resulted that particular region charged more positive compared to WT. 

Hydrogen bond network of the mAb-RBD complexes is described in Table S4. There are 11 hydrogen bonds with occupancy >30% 
found in MW06-RBD WT complex and the number reduced to 7 for MW06-RBD BA.1 and 6 in MW06-BA.2. In S309-RBD systems, 
number of hydrogen bonds reduced tremendously from 8 to 2 for BA.1 while BA.2 was able to keep 6 hydrogen bonds with S309. The 
number of hydrogen bonds reduced largely because of absence of hydrogen bond formed between E340 of RBD Omicrons and the four 
residues of S309, A104,W105, F106 and G107. 

3.4. Binding of cocktail antibody of MW05 and MW06 and RBDs 

Cocktail of MW05 and MW06 has a binding free energy of − 91.49 kcal/mol and − 104.51 kcal/mol (Table 3) in complexed with 
RBD WT and RBD Beta, respectively. Meanwhile, the binding free energy of cocktail-Delta reported as − 112.76 kcal/mol, − 80.64 kcal/ 
mol for the BA.1 and − 93.08 kcal/mol for BA.2. Cocktail of MW05 and MW06 that is binding with RBD WT and Beta for inhibition [30] 
has binding free energy in the range of − 91 to − 104.5 kcal/mol. 

Hence, cocktail is predicted to be a potent antiviral mAb for RBD of other SARS-CoV-2 variant if the cocktail-RBD complex has 
binding free energy within the range or lower than − 104 kcal/mol. Despite lacking of lab data to support the neutralizing capability of 
the cocktail for RBD Delta, however the strong binding strength of cocktail for RBD Delta is suggested by its lower binding free energy. 

Table 3 
Binding free energy of cocktail antibody-RBDs variants complexes.  

Energy Term (kcal/mol) Complex 

SARS-CoV-2 (WT) Beta Delta Omicron BA.1 Omicron BA.2 

VDW − 185.87 ± 0.27 − 172.84 ± 0.29 − 187.73 ± 0.52 − 179.96 ± 0.38 − 210.43 ± 0.44 
EEL − 127.04 ± 1.08 − 65.74 ± 1.06 26.95 ± 1.13 244.20 ± 1.48 292.35 ± 1.33 
EGB 225.36 ± 0.93 162.29 ± 0.98 64.93 ± 1.23 − 128.13 ± 1.47 − 156.96 ± 1.27 
ESURF − 16.96 ± 0.023 − 15.19 ± 0.026 − 16.91 ± 0.045 − 16.76 ± 0.040 − 18.04 ± 0.036 
ΔGB − 104.51 ± 0.31 − 91.49 ± 0.32 − 112.76 ± 0.40 − 80.64 ± 0.34 − 93.08 ± 0.45 

Notes: VDW and EEL are van der Waals and electrostatic contribution, respectively, obtained from molecular mechanics. EGB and ESURF represent 
polar and nonpolar term of GB model while ΔGB is the binding free energy and is accompanied with the standard error mean of the calculations. 
Entropy is not being taken into calculations. 
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About 24 kcal/mol higher in binding free energy observed in cocktail mAb-RBD BA.1 complex reflected the neutralization effect of 
cocktail mAb deteriorated. Nevertheless, binding free energy of BA.2 in complexed with the cocktail mAb was within the range. 
Several studies demonstrated BA.1 escaped from the neutralization effects of cocktail antibody Regeneron 10933/Regeneron 10987 
and LY-CoV016/LY-CoV555 while activity of AZD7442 (combination of AZD8895 and AZD1061) reduced [22,51]. Regeneron cocktail 
is sensitive to mutation occurred at residue E484, Q493, N440 and G446 while LY-CoV016/LY-CoV555 are sensitive to E484, Q493, 
N501, and Y505 mutations. For AZD7442 it makes contact with S477, Q493 and G446, hence mutation of these residues harboured by 
Omicron variant was linked to the reduced antibody activity. Similar to the two single mAbs discussed earlier, cocktail of MW05 and 
MW06 is predicted to have its neutralizing capability reduced when it comes to Omicron and sub-lineages. 

To have a better understanding how mutation points that are unique to BA.1 and BA.2 affected the cocktail mAb-RBD binding, 
important residues interacted in the binding vicinity within 4 Å were identified. First, the energy profile of the epitope residues of RBD 
that MW06 bind in the cocktail complex (Fig. 2a) and MW06-RBD (Fig. 2b) were carefully examined. Overall, the residue energy 
profile of the two systems as described by Fig. 2 was similar. Remarkable difference spotted for residue Y369, A372, S373P and K378. 
In presence of MW05 in the cocktail complex, residue energy of Y369 and P373 RBD BA.1 and BA.2 went lower while A372 and K378 
BA.2 observed to have residue energy increased, in comparison to MW06-RBD complex. From the energy profile of cocktail mAb-RBDs, 
residue energy of Y369 BA.1 and BA.2 was 4.85 kcal/mol and 3.93 kcal/mol lower than WT whereas P373 BA.1 and BA.2 was 2.98 
kcal/mol and 6.72 kcal/mol lower than WT. K378 BA.2 higher in energy than K378 WT and BA.1 for about 4 kcal/mol. 

Compared to RBD WT, MW05 less interacted with amino acid at position 484, 485, 486, 489, 490, 493, and 494. Among the 
residues listed, two are the mutated residues, E484A and Q493R. Many mAbs failed or lacked inhibitory activity against Omicrons due 
to these two mutated residues. Details of the interactions involved the two mutated residues and the interacting MW05 residues are 
described in Figure S3. Residue energy increased from − 30 kcal/mol to − 3.4 kcal/mol when alanine (Figure S3c) substituted glutamic 
acid (Figure S3a) at residue 484 in BA.1. In addition, strong electrostatic interactions between E484 and R260 MW05 was absent in 
Omicron sub-variants. The non-polar A484 residue interfaced with polar side chain of Y317 and was too far from the non-polar residue, 

Fig. 2. Pairwise residue energy between interactions of RBDs and (a) cocktail antibody MW05/MW06 and (b) MW06 in complex.  
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W94. Arginine at position 493 (Figure S3d) did not interact with the glycine at residue 312, 313, and 314 like its WT, Q493 
(Figure S3b). In addition, Y317 MW05 was no longer interacting with R493 but L311. Failure to make contact with the few serine 
amino acids and Y317 resulted the residue energy of Q493R increased 76%, from − 16.5 kcal/mol to − 4.04 kcal/mol. Here, we 
observed mutation E484A and Q493R enabled sub-variants of Omicron to escape from being neutralised by MW05. Effects of RBD 
residues of BA.1 and BA.2 that interacted with the cocktail mAb with higher residue energy were balanced by the residues that 
observed a much lower energy, resulted overall binding free energy of BA.2 lower than the BA.1. 

3.5. Fluctuation and dynamic cross-correlation of the protein residues 

RMSF of hACE2-RBDs, MW06-RBDs, S309-RBDs and cocktail of MW05/MW06-RBDs were described in Figure S4 to understand 
how mutations altered the flexibility of the individual protein residues in complex. In general, RMSF is computed to study the dynamics 
of protein residues after mutations [52-55]. There are more flexible residues in complex containing RBD Omicron. Mutations of the 
RBD Omicron were not only increasing the flexibility of some residues but also causing certain regions of the RBD to be more rigid and 
it is consistent with a previous report that study effect of mutations on RBD flexibility [56]. 

On the other hand, protein residues having correlated motions are normally part of the structural domains of the protein and their 
respective motions and protein function are related [57]. DCC map is commonly employed to study the correlations of the motions of 
different parts of two interacting molecules [57,58]. In addition, obtaining a DCC map through ENM is much simpler and direct. To 
cross-correlate the motions of the protein residues for hACE2-RBD WT and mAb-RBDs complexes, DCC maps were plotted using the 
final snapshot sampled from the production run of MDs. In Fig. 3, correlation of the motions of the residues in the hACE2-RBD WT 
complex was portrayed through the DCC map. 

Region 1 and 2 correspond to hACE2 residues 19–106, 321–331 and 349–356 and the entire RBD (residue 333–526), while region 3 
harboured hACE2 residues 389–392 and RBD residues 473–488. Although the whole RBD has correlated motion with hACE2, motion 
of certain RBD regions including the RBM appeared to have a much higher correlation as showed in orange and green parts of the RBD 
in Fig. 3. In addition, the motions of hACE2 residues in region 3 as coloured in purple correlated with the RBD residues in region 1. 
Through the cross-correlations analysis, mutations occur in RBD and the effect in hACE2-RBD binding can be correlated. HACE2-RBD 
binding is impacted even if the mutation points of RBD are located very far away from the RBM since the motions of the whole RBD and 
hACE2 were correlated. Even a single mutation point would alter the global motions of the protein [32] what is more when the RBD 
mutations is massive. Hence, the cross-correlations of motions between the hACE2 and RBD could further clarify how mutations on 
RBD changing the intermolecular interactions between hACE2 and RBD upon binding. Also, the rationale of different epitope sites of 
RBD to be targeted by mAbs to establish neutralization is justified where mAb binding site on RBD is not limited to the RBM but other 
sites as reported [29]. 

Fig. 3. Dynamic cross-correlation map of hACE2-RBD WT. Regions coloured in red indicated the motions between the residue pairs are correlated. 
Representation of hACE2-RBD WT generated using final snapshot of the complex from MDs. Region 3 in the dynamic cross-correlation map has been 
enlarged. Location of the highlighted regions in map were shown in the structure of hACE2-RBD WT and was coloured in orange, green, and purple. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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DCC map was also plotted to correlate the motions of MW06 (Fig. 4) and S309 (Fig. 5) upon association with RBDs. The DCC maps 
of MW06 in complexed with RBD WT (Fig. 4a), Omicron BA.1 (Fig. 4b) and Omicron BA.2 (Fig. 4c) are almost identical expect the 
intensity that represent degree of correlation between the motions of the two proteins. Region 1 of MW06 interfaced with RBD region 
accommodating mutation points S371 L/F, S373P, S375F and T376A (residue 483–488 in DCC map Fig. 4b and c) observed to have less 
correlation in motions. Meanwhile, in region 2, MW06 interacting with part of the RBM region that harbour mutation points Q493R, 
Q498R, N501Y and Y505H. Mutation points in regions 1 have demonstrated their role in increasing the residue energy (Table S2) but 
not the mutations points in region 2 as illustrated in Fig. 1. Nevertheless, neighbouring residue of mutation points in region 2, Q506 
and Y508 interacting with MW06 with higher residue energy. Apart from the increasing residue energy, motions of mAb-RBD residues 
in these two regions for Omicron systems were less correlated as well. 

DCC map of S309 and RBDs captured a slight different dynamic profile compared to MW06-RBD complexes as plotted in Fig. 5. 
Although two distinct regions were observed like the MW06-RBD systems (Fig. 5a), region 1 of S309-RBDs has a lower degree of 
correlation in motions. S309 residues G103-L110 in region 1 have corelated motions with the whole RBD and appeared to be a 
distinctive bar, however the correlation become less as indicated by the reduced intensity in S309-RBD Omicron BA.1 (Fig. 5b) and 
BA.2 (Fig. 5c) systems. These residues are interacting with E340 with higher energy (Table S3). As discussed earlier, effect of G339D 
mutation was not observed on residue 339 but its adjacent amino acid residue E340. Overall, heavily mutated RBD of Omicrons has 
altered the dynamics of the S309-RBD complex resulting the motions of the protein residues less correlated. 

Despite plotting DCC map under ENM method is simple and direct, it relies on the availability of three-dimensional structure. When 
the three-dimensional model of a particular complex is absent, modelling approach is required, like the mAb-RBD complexes there 
were modelled in this study. In addition, the modelled complexes need to undergo MDs for refinements or corrections under protein 
forcefield prior to extraction of the dynamics or motion of the protein residues. 

Fig. 4. Dynamic cross-correlation map of MW06 in complexed with (a) RBD WT, (b) RBD Omicron BA.1 and (c) RBD Omicron BA.2. Structure of 
MW06-RBD WT was generated using the final snapshot obtained from MDs. Part of the antibody in region 1 and 2 were coloured in orange and cyan 
blue, respectively, with the most intense part coloured in red. Refer to PDB 7DPM, residue number 1–444 corresponded to heavy chain (1–230) and 
light chain (1–214) of MW06 while 445–640 belong to RBD residues (333–528). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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4. Conclusion 

MDs and ENM were coupled to evaluate the binding affinity of mAb MW06 and RBD SARS-CoV-2 especially Omicron subvariant, 
BA.1 and BA.2 and understand how mutations weaken the mAb-RBD interactions that impact the neutralizing activity. We first 
investigated the binding affinity of mAb MW06 for RBD BA.1 and BA.2 and extended to the cocktail mAb that consists of MW06 and 
MW05. Binding strength of MW06 for RBD WT > Beta > Delta > BA.2 BA.1 was predicted. From energetic profile, binding strength of 
MW06 for BA.1 was predicted to be comparable with WT in the range of < - 50 kcal/mol but efficacy was however expected to reduce 
for BA.2 (− 43 kcal/mol). Cocktail of MW05 and MW06 demonstrated its high potential to bind with RBD Delta (− 113 kcal/mol) as its 
binding free energy is 8 kcal/mol lowered than the WT. Nevertheless, the binding strength of cocktail mAbs towards RBD Omicron sub- 
variants was not as strong as the WT and Delta as the free energy went higher. Cocktail mAbs approach was not found to be more 
effective than single mAb and in fact suffered from weakening binding affinity for BA.1 and BA.2. The observation is in line with S309- 
RBD complexes where S309 has its neutralizing strength reduced for BA.1 and BA.2. In addition, it implies that not all the cocktail 
approaches are effective and the choice of using a single mAb could be more suitable than a cocktail, like the failure of employing 
cocktail antibody containing three mAbs for treating Ebola [59] was reported. From DCC map plotted under ENM, dynamics of the 
mAb-RBD complexes were captured to understand correlations of the motions of protein residues. RBD WT regions in hACE2-RBD WT 
complex that were correlated in motions with hACE2 revealed possible binding sites for mAbs binding. Also, upon association of RBD 
and mAbs, dynamics of the RBD changed. MAb MW06 residues that are interacting with RBD region harbouring mutation like S371L, 
S373P, S375F and T376A have their motion less correlated and higher in residue energy. Therefore, effects of mutation in weakening 
mAb-RBD interactions were illustrated by higher residue energy together with less motion correlation. Combining findings obtained 
from MDs and dynamics computed by ENM, effects of each individual mutation point and their adjacent residues in mAb-RBD binding 
can be easily studied through free energy calculations and fluctuations of protein residues that give rise to DCC map. Taken together 
the computed free energy and the correlation of motion illustrated by DCC maps, fast and rapid observation in binding affinity of mAb 
and RBD is possible. 

Fig. 5. Dynamic cross-correlation map of S309 in complexed with (a) RBD WT, (b) RBD Omicron BA.1 and (c) RBD Omicron BA.2. Structure of 
S309-RBD WT was generated using the final snapshot obtained from MDs. Part of the antibody in region 1 and 2 were coloured in orange and cyan 
blue, respectively, with the most intense part coloured in red. Refer to PDB 7R6W, residue number 1–441 corresponded to heavy chain (1–228) and 
light chain (1–213) of S309 while 442–636 belong to RBD residues (333–527). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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