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Abstract
The severe acute respiratory syndrome (SARS) coronavirus 2 (CoV-2) variant Omicron spread more rapid
than the other variants of SARS-CoV-2 virus. Mutations on the spike (S) protein receptor-binding domain
(RBD) are critical for the antibody resistance and infectivity of the SARS-CoV-2 variants. In this study, we
have used accelerated molecular dynamics (aMD) simulations and free energy calculations to present a
systematic analysis of the a�nity and conformational dynamics along with the interactions that drive the
binding between Spike protein RBD and ACE2 receptor. We evaluate the impacts of the key mutation that
occur in the RBDs Omicron and other variants in the binding with the human ACE2 receptor. The results
shows that S protein Omicron have stronger binding to the ACE2 than other variants. The evaluation of
the decomposition energy per residue shows the mutations N440K, T478K, Q493R and Q498R observed
in Spike protein of SARS-CoV-2 provided a stabilization effect for the interaction between the SARS-CoV-2
RBD and ACE2. Overall, the results demonstrate that faster spreading of SARS-CoV-2 omicron may be
correlated with binding a�nity of S protein RBD to ACE2 and mutations of uncharged residues to
positively charged residues such as Lys and Arg in key positions in the RBD.

Introduction
First reported in the city   of Wuhan, China 1,2, Coronavirus disease (COVID-19) named by World Health
Organization (WHO) was declared a global pandemic on March 2020 3. COVID-19 is caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). 4,5 1,2 The spread of SARS-CoV-2 have cost
millions of lives and caused many implications for health, society and the economy 6,7. In January 2022,
the WHO reported over 304 million con�rmed cases of COVID-19 and over 5.4 million fatalities have been
reported since the beginning of the outbreak 8. Vaccines are effective for reducing the number deaths by
COVID-19 9–11. On the other hand, variants may cause impact on the virus recognition by antibody-
mediated vaccines 12–14.

Different mutations have been reported in the gene encoding the S protein of SARS-CoV-2 15,16, and
recently, the world have faced rapid increase in COVID-19 mediated by new variants 17. The last variant
detected was named Omicron (B.1.1.529) 18, identi�ed in numerous countries in November 2021, �rst
reported in South African with a large number of mutations, including K417N, S477N, T478K, E484A, and
N501Y, which are also found in other variants 19–21 and evidences suggests there may be an increased
risk of reinfection involving this variant 22,23 due to improve viral escape or binding a�nity to angiotensin-
converting enzyme 2 (ACE2) 24–26.

A recent study reported that 45 point mutations was identi�ed and found that the Omicron spike protein
sequence was subjected to stronger positive selection than that of any reported SARS-CoV-2 variants 27.
Additionally, These mutations and deletions in the S-protein sequence can alter the structure, affecting its
stability and function, further exacerbating SARS-CoV-2 infectivity 16,28. However, N501Y mutation is a
key contact residue in the RBD, enhancing virus binding a�nity to ACE2 29–31 making the virus more
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contagious and the deletions H69/V70 is required for increase optimal infectivity of Alpha variant, that
drives by higher levels of spike incorporation into virions 32.

Coronaviruses use spike glycoprotein, with S1 subunit and S2 subunit in each spike monomer, anchored
in the virion envelope to bind to their cellular receptors 33,34 and mediates the recognition of the host-cell
receptors and facilitates the cell attachment (S1 subunit) and the cell membrane fusion (S2 subunit)
during the viral infection 35. The receptor-binding domain (RBD) located in the S1 region (318 to 510
sequence region) performs strongly binds to the peptidase domain of ACE2 36,37, leading to a critical
virus-receptor interaction and re�ects viral host range, tropism and infectivity 38. the RBD of S1 undergoes
conformational changes that transiently conceal or reveal the determinants of receptor binding 24,39

The spike (S) protein of SARS-CoV-2 consists in an extracellular N-terminus, a transmembrane (TM)
domain and a intracellular C-terminal segment 40. S protein has a total length of 1273 amino acids35 and
molecular weight of 180–200 kDa 41. It has a signal peptide (1–13) at the N-terminus, followed by S1
subunit (14–685) and the S2 subunit (686–1273)42. The structure of the RBD allows for ways to alter its
genetic material, developing variants by the changes in spike protein amino acids and as viruses
replicate16, copying errors of itself, resulting in mutations that arise in their genomes generating several
strains of SARS-CoV-2 17,43 that differ in transmission, infectivity and severity of the disease44.

ACE2 primary physiological role is in the maturation of angiotensin (Ang)45, a peptide hormone that
controls vasoconstriction and blood pressure, is a type I membrane protein expressed in lungs, heart,
kidneys, and intestine 25,46, thereat, decreased expression of ACE2 is associated with cardiovascular
diseases 47. The structural features of RBD increase its binding a�nity to the ACE2 receptor and it is a
signi�cant step for SARS-CoV-2 to enter into target cells 33,48. Computer modelling studies of the
interaction between the SARS-CoV-2 RBD and ACE2 were able to identify the residues involved in this
interaction and elucidate how the structural change bene�ts receptor recognition and virus entry into the
host cell, that occurs by proteolytic processing of the spike protein to promote cell-virus fusion 49.
Therefore, atomic details may clarify the importance and signi�cance of investigating the changes in
residues that facilitate e�cient cross-species infection and human-to-human transmission 34. Whereas
the essential evolution and consequent mutation of SARS-CoV-2 takes place remotely from the RBD in
the spike protein, such evolution may facilitate the conformational change in speci�c residues, punctually
interfering with the infection process that occurs after the virus binds to ACE2 50.

Recently, Warshel and co-workers studied the mechanism of the binding a�nity changes for mutations at
different spike protein domains of SARS-CoV-2 using coarse-grained potential surface 51. More recently,
Chen and co-workers used machine learning model to analyze how the RBD mutations on the Omicron
variant may affect the viral infectivity and e�cacy of existing vaccines and antibody drugs52. In this
study, we have used all-atom accelerated molecular dynamics simulations 53,54 to explore the impacts of
the substitutions that occur in the Spike RBD of Alpha, Delta and Omicron variants in the binding with the
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human ACE2 receptor. In order to address the question whether variant infectivity and spreading is related
to its binding to the receptor.

Methods
SARS-CoV-2 Spike protein (S protein) is a class I fusion homotrimer glycoprotein that is composed a total
length 1273 residues 55 and the binding between the virus and the host cell is mediated by the interaction
of the protein S receptor binding domain (RBD, located in the S1 domain) with the angiotensin converting
enzyme receptor 2 (ACE2). Here, for the sake of simplicity, S protein RBD from SARS-CoV-2 was renamed
as RBDx, where x represents the identi�cation of each SARS-CoV-2 variant. The initial systems were built

considering the coordinates of the RBD complex and the ACE2 (PDB code 6M0J) 33. The protonation
states of the protein residues were de�ned through the propKa program at pH 7 56. The amino acids were
treated with the ff14SB force �eld 57 using TLeap module included in AMBER 16 58. Each system was
solvated using TIP3P water 59 model in a cubic box with 10.0 Å of the amino acid at the end for all
Cartesian directions. Then, each system was neutralized using Na+ as contra-ions.

We used four minimization steps with 10.000 cycles for each step, applying minimization �rst to water,
contra-ions and protein, in the last step the minimization was applied to all atoms in the system in order
to decrease energy, adjust interactions and decrease contacts with conjugate gradient and steepest
descent. The systems were heated linearly from 0 to 300 K (tempi = 0.0; temp0 = 300.0) to avoid
excessive and sudden �uctuations of the solute in a time of 5ns in NVT essemble employing Langevin
dynamics as thermostat (collision frequency of 2 ps) had been used to guarantee a system equilibrium.
The SHAKE algorithm 60 was employed to constraints all bonds involving hydrogen atoms.

First, we have performed 10 ns of Classical molecular dynamics (cMD) simulations to calculate the
average dihedral and total potentials energies to be taken as reference for the accelerated molecular
dynamics (aMD) simulations. Then 200 ns of aMD simulations was carried out for each system: RBDWT-
ACE2, RBDalpha-ACE2, RBDOmicron-ACE2 and RBDDelta-ACE2 complex in NPT essemble. The aMD
technique is used to enhance sampling in the protein's conformational space, arti�cially reducing the
energy barriers that separate different states of a given system 53,54,61–64. Additionally, we used the Bio3D
package 65 to perform the principal component analysis (PCA). The PCs were obtained from the
diagonalization of the covariance matrix obtained from the Cartesian coordinates of the superposed Cα
atoms of complex structure. To avoid an underestimate of the atomic displacement, an iterated
superposition procedure was applied before the PCA, where residues displaying the largest positional
differences were excluded at each round until only the invariant ‘core’ residues remained66–69.

Protein-protein binding free energy

In this study, we also evaluated the binding energy differences between the complexes and then the
decomposition energy was added to assess the energy contribution of each amino acid during the
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binding of RBD to ACE2. The binding free energy for the each RBD-ACE2 complex was obtained using:

∆Gbind = GRBD−ACE2 - GRBD – GACE2 (1)

Here, GRBD−ACE2 represent the average over the snapshots of a single trajectory of the MD RBD-
ACE2complex, GRBD and GACE2 corresponds to the free energy of RBD and ACE2 protein, respectively. The

binding free energy was obtained using MMGBSA method 70,71 implemented in AMBER 16 58.

In order to calculate free energy with MMGBSA (Eq. 2) 5000 frames were taken from the 10 ns of MD
production using: 72–74

 

is important to note that the entropy contribution was not included in the calculations due to the di�culty
of accurately calculating entropy for a large protein-protein complex. 75 It is also worth to note that the
frames were taken from the most stable structure observed in PCA graphics.

Results And Discussion
Analysis of Molecular Dynamics of RBD-ACE2 complex

All-atom aMD simulations allowed to explore the conformations of protein-protein complex over time for
each system: RBDWT-ACE2, RBDalpha-ACE2, RBDOmicron-ACE2 and RBDDelta-ACE2 complex.  Figure 1
shows the RMSD during 200 ns of aMD for each system with respect to the reference structure of the
equilibrium step. RBDWT-ACE2, RBDalpha-ACE2 and and RBDDelta-ACE2 complexes were within �uctuation
in a range of 1 to 3 Å (Figure 1), while the RBDOmicron-ACE2 complex the present the different variation
during simulation in a range of 1 to 4 Å (Figure 1). Therefore, the structural equilibrium was reached for
all system (Figure 1). 

In order to obtain insight into �exibility of each residue in protein-protein complex, we have analyzed the
Root-Mean-Square Fluctuations (RMSF) taken into consideration the �uctuations of the backbone atoms.
In the RMSF analysis (Figure 2) ACE2 shows the greatest �uctuation in regions 123 to 178 (in magenta),
395 to 425 (in red) and in the region of residues 248 to 368 (in yellow), that moves to interact with the
viral RBD. the RBDalpha residues show less �uctuation compared to the WT and its last variants (Delta
and Omicron).
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In this study, we also explore the �exible region in protein-protein complex. through essential dynamics
analysis. The PCA graphs, were obtained using the combinations of PC1vsPC2, PC2vsPC3 and
PC3vsPC1 (Figure S2), in which the clusters demonstrate two possible states for all systems in
PC1vsPC2. The color scales represent the trajectory time of the MD, separating the beginning of the
structures in the initial time of the �nal structures of the MD, however, the Alpha variant already has a
greater number of clusters, where each time interval is separated into small clusters.

For Omicron system the structures are visibly separated into blue structures and red structures (see SI,
Figure S2), indicating that the initial structures differ from the �nal ones, leading to variations in the aMD
structures (Figure 3). The PCA analysis showed that the RBDWT and the RBDomicron variant present
greater conformational �uctuations, however, the RBDalpha variant stands out for its greater stability. In
PC1 there are not many movements in RBD and ACE2 (Figure 3). The main movement of RBDWT and
RBDomicron is similar because they have a greater number of movements. The Spike protein, via RBD,
when it binds, causes changes in ACE2, as shown in Figure 3. The other conformational changes are
shown in PC2 and PC3 in Figure S3 for all systems. 

Binding Free Energy MMGBSA and Decomposition by Residue 

To assess the a�nity of the virus for the human receptor and a possible potential risk of immune evasion
by the variants, we calculated the free energy using MM/GBSA (∆Gbind (MMGBSA)) based on the points
of greatest stability of the aMD trajectory (see Table 1). The RBDomicron shows the highest binding a�nity
to ACE2, re�ecting the infectivity process, but its conformational �uctuations is similar to the other
variants. RBDomicron present an adaptive and non-aggressive process when compared to the RBDalpha

(with free energy of binding equal to -62.7836 kcal/mol), which demonstrated the lower free energy than
RBDWT (-59.7205 kcal/mol). Based on the higher conformational stability of the Alpha variant the high
risk is evident and demonstrates a worrying risk of immune evasion due to its degrees of a�nity with
ACE2.

The RBDDelta has a higher binding a�nity with the human receptor compared to the RBDWT (-66.1357
kcal/mol), which demonstrates the great concern of infections based on this variant. The high risk of
infectivity is pointed out as greater among the variants because they have a more favorable ∆Gbind in
comparison to RBDWT. Therefore, the risk of evolution and emergence of new variants may represent a
major health concern due to the degree of a�nity that evolves the greater a�nity for the human receptor.

Table 1: Binding free energy for native systems (SARS-CoV-2) and variants (Alpha/Delta/Omicron).
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Energy (kcal/mol) WT Alpha Delta Omicron

∆Evdw -95.6(0.18) -107.3(0.21) -103.4(0.16) -96.4(0.16)

∆Eele -625.8(0.94) -608.5(0.91) -955.1(1.05) -1381.7(1.24)

∆EGB 675.0(0.87) 667.5(0.87) 1006.3(1.01) 1416.2(1.15)

∆Esurf -13.4(0.02) -14.5(0.02) -13.9(0.02) -13.5(0.02)

∆Ggas -721.3(0.96) -715.8(0.91) -1058.5(1.09) -1478.1(1.24)

∆Gsol 661.6(0.86) 653.0(0.86) 992.4(0.99) 1402.7(1.15)

∆Gbind (MMGBSA) -59.7(0.28) -62.8(0.23) -66.1(0.21) -75.4(0.23)

The effect of mutations can be investigated through the free energy calculations that track the in�uence
of changes in certain positions 76. The results of the energy of decomposition by residue for RBDWT-
ACE2, RBDAlpha-ACE2, RBDOmicron-ACE2 and RBDDelta-ACE2 complex demonstrate that the RBD is the
region that has more energy variations, attractive and repulsive, when evaluated the electrostatic
contributions (see Figure 4, Figure S4, Figure S5 and Figure S6). The evaluation of the decomposition
energy per residue shows the mutations N440K, T478K, Q493R and Q498R observed in RBDOmicron

provide favorable interaction between RBDOmicron and ACE2. Curiously, all these mutations include
positively charged residues Lys or Arg (see Table 2). For example, K478 in RBDOmicron present a
stabilization effect (-85.8 kcal/mol), while T478 in RBDWT has a destabilization effect (0.7 kcal/mol), see
Table 2. Additionally, Table S2 shows the hydrogen bonds in the protein-protein interaction for the SARS-
Cov-2, Alpha, Delta and Omicron system. 

The N501Y mutation in the RBDAlpha has a very similar contribution to the native RBD system, indicating
that this mutation does not cause such apparent changes in the energetic contributions, therefore the
main feature that contributes to the better binding of RBDAlpha to ACE2, compared to the RBDWT, it is its
conformational stability that differs from other spikes. The alterations in the Delta variant cause a highly
attractive energy, in which the residue L352R had an energetic contribution of -90,524 kcal/mol and
T478K equal to -82,654 kcal/mol (see table 2), indicating that there is a great improvement in the binding
with the receptor.  The mutations present in RBDOmicron demonstrate that during the gain in the energetic
contribution of the residues. 

Some mutations present in RBDOmicron (N440K, T478K, Q493R, Q498R) demonstrate that substitutions
for positively charged residues guide an improvement in the contribution to the interaction with ACE2
(Figure S7). T478K is located in a more solvent-oriented region, allowing interaction with ACE2, due to the
increase in the side chain Figure S7a. As well, the Q493R substitution allows favorable interaction with
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negatively charged residues of ACE2 such as Asp38 and Glu35, improving the binding with the receptor
and increasing the a�nity of the spike protein (Figure S7b). The N440K in the omicron is located in the
region most focused on the solvent, increasing the contribution of this region with the medium (Figure
S7c), whereas the Q498R substitution improves the protein-protein interaction since this contribution is
24 times greater in relation to the WT, demonstrating that these substitutions are essential for improving
interaction with ACE2 (Figure S7d).

Table 2: Decomposition energies per residue in kcal/mol for the main mutation positions of RBD WT,
Alpha, Delta and Omicron. 

SARS-CoV-2 Alpha  Delta  Omicron  

G339 0.7  0.8  0.8 G339D 68.4

S371 0.8  0.4  1.1 S371L 0.8

S373 1.0  0.6  0.9 S373P 0.6

S375 -0.3  -0.3  -0.1 S375F -0.4

K417 -121.2  -131.5  -112.4 K417N -2.3

N440 -0.4  -0.3  -0.2 N440K -98.6

G446 0.3  -0.2  -0.2 G446S 1.2

L452 -0.7  -0.6 L452R -90.5 L452 -1.4

S477 -1.1  -1.7  -1.4 S477N -0.6

T478 0.7  -2.4 T478K -82.6 T478K -85.8

E484 88.2  94.4  93.8 E484A 0.1

Q493 -8.7  -11.6  -8.8 Q493R -163.7

G496 -3.6  -3.1  -4.9 G496S -6.3

Q498 -6.7  -2.1  -7.4 Q498R -161.0

N501 -8.6 N501Y -8.1  -10.1 N501Y -2.2

Y505 -7.4  -5.5  -8.0 Y505H -1.4

Conclusion
In this study, we evaluated the effect of residues mutation on structural and energetics of Spike protein
RBD from SARS-CoV-2 variants in complex with the human ACE2 receptor. All-atoms accelerated
Molecular Dynamics simulations and PCA analysis shows that that the RBDOmicron-ACE2 complex
present similar �uctuation in comparison to S protein from Native, Delta and Alpha variants. The binding
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a�nity of each RBDx to ACE2 was obtained using MM-GBSA methods. The results shows that the trend
in the calculated binding free energies correlates well with virus infectivity of each variant. The mutation
in RBDOmicron increase the a�nity of Spike protein for ACE2 and may explain Omicron's high
transmissibility in comparison with other SARS-CoV-2 variants. The stabilization effect RBDOmicron-ACE2
complex is achieved manly due the substitution of uncharged residues by positively charged residues:
Lys and Arg in key positions. Overall, our results may explain at molecular level the effect of key
mutations in the Spike protein for virus infectivity.

Declarations
Data availability

All necessary �les to conduct this work (.pdb and .parm7) can be found attached as the Supporting
Information. The AMBER18 suite of programs and the Amber ff14SB force �eld were used to carry out the
MD simulations and can found at https://ambermd.org/.

Acknowledgements

Conselho Nacional de Desenvolvimento Cientí�co e Tecnológico (CNPq) and Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior (CAPES) for their financial support. We also thank the
access of the computational resources of the Supercomputer Santos Dumont (SDumont) provided by the
Laboratório de Computação Cientí�ca (LNCC), Apollo 2000 and CABANO – UFPA. 

Author information

These authors contributed equally: Clauber Henrique Souza da Costa, Camila Auad Beltrão de Freitas.

References
1. Wang, D. et al. Clinical Characteristics of 138 Hospitalized Patients With 2019 Novel Coronavirus–

Infected Pneumonia in Wuhan, China. JAMA 323, 1061–1069 (2020).

2. Huang, C. et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China.
Lancet 395, (2020).

3. Who, W. H. O. Coronavirus disease (COVID-19) outbreak (World Health Organization, 2020). 2020
(2020).

4. Wu, F. et al. A new coronavirus associated with human respiratory disease in China. Nature 579,
265–269 (2020).

5. Zhu, N. et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019. N. Engl. J. Med.
382, 727–733 (2020).

�. Osterrieder, A. et al. Economic and social impacts of COVID-19 and public health measures: results
from an anonymous online survey in Thailand, Malaysia, the UK, Italy and Slovenia. BMJ Open 11,



Page 10/15

e046863 (2021).

7. Clemente-Suárez, V. J. et al. The Impact of the COVID-19 Pandemic on Social, Health, and Economy.
Sustainability  13, (2021).

�. WHO. COVID-19 weekly epidemiological update. World Heal. Organ. 1–23 (2021).

9. Fiolet, T., Kherabi, Y., MacDonald, C.-J., Ghosn, J. & Peiffer-Smadja, N. Comparing COVID-19 vaccines
for their characteristics, e�cacy and effectiveness  against SARS-CoV-2 and variants of concern: a
narrative review. Clin. Microbiol. Infect.   Off. Publ. Eur.  Soc. Clin. Microbiol. Infect. Dis. (2021).
doi:10.1016/j.cmi.2021.10.005

10. Alencar, C. H. et al. High Effectiveness of SARS-CoV-2 Vaccines in Reducing COVID-19-Related
Deaths in  over 75-Year-Olds, Ceará State, Brazil. Trop. Med. Infect. Dis. 6, (2021).

11. Gupta, S. et al. Vaccinations Against COVID-19 May Have Averted Up To 140,000 Deaths In The
United  States. Health Aff. (Millwood). 40, 1465–1472 (2021).

12. Buchan, S. A. et al. Effectiveness of COVID-19 vaccines against Omicron or Delta infection. medRxiv
2021.12.30.21268565 (2022). doi:10.1101/2021.12.30.21268565

13. Eyre, D. W. et al. Effect of Covid-19 Vaccination on Transmission of Alpha and Delta Variants. N.
Engl. J. Med. (2022). doi:10.1056/NEJMoa2116597

14. Lopez Bernal, J. et al. Effectiveness of Covid-19 vaccines against the B. 1.617. 2 (Delta) variant. N
Engl J Med 585–594 (2021).

15. Dawood, A. A. Mutated COVID-19 may foretell a great risk for mankind in the future. New microbes
new Infect. 35, 100673 (2020).

1�. Korber, B. et al. Tracking Changes in SARS-CoV-2 Spike: Evidence that D614G Increases Infectivity of
 the COVID-19 Virus. Cell 182, 812-827.e19 (2020).

17. Villoutreix, B. O., Calvez, V., Marcelin, A.-G. & Khatib, A.-M. In Silico Investigation of the New UK
(B.1.1.7) and South African (501Y.V2)  SARS-CoV-2 Variants with a Focus at the ACE2-Spike RBD
Interface. Int. J. Mol. Sci. 22, (2021).

1�. Who, W. H. O. Classi�cation of Omicron. 11–12 (2021).

19. Hodcroft, E. B. CoVariants: SARS-CoV-2 Mutations and Variants of Interest. (2021).

20. Had�eld, J. et al. Nextstrain: real-time tracking of pathogen evolution. Bioinformatics 34, 4121–4123
(2018).

21. Wang, L. & Cheng, G. Sequence analysis of the emerging SARS-CoV-2 variant Omicron in South
Africa. J. Med. Virol. n/a, (2021).

22. Who, W. H. O. Update on Omicron. World Health Organization 1–5 (2021).

23. Pulliam, J. R. C. et al. Increased risk of SARS-CoV-2 reinfection associated with emergence of the
Omicron variant in South Africa. medRxiv 2021.11.11.21266068 (2021).
doi:10.1101/2021.11.11.21266068

24. Lim, H. et al. Hot spot pro�les of SARS-CoV-2 and human ACE2 receptor protein protein interaction
obtained by density functional tight binding fragment molecular orbital method. Sci. Rep. 10, 16862



Page 11/15

(2020).

25. Zhang, H. et al. The digestive system is a potential route of 2019-nCov infection: a bioinformatics
analysis based on single-cell transcriptomes. bioRxiv 2020.01.30.927806 (2020).
doi:10.1101/2020.01.30.927806

2�. Wang, P. et al. Increased resistance of SARS-CoV-2 variant P. 1 to antibody neutralization. Cell Host
Microbe 29, 747–751 (2021).

27. Wei, C. et al. Evidence for a mouse origin of the SARS-CoV-2 Omicron variant. J. Genet. Genomics
(2021). doi:https://doi.org/10.1016/j.jgg.2021.12.003

2�. Berger, I. & Scha�tzel, C. The SARS-CoV-2 spike protein: balancing stability and infectivity. Cell Res.
30, 1059–1060 (2020).

29. Starr, T. N. et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain Reveals
Constraints on Folding and ACE2 Binding. Cell 182, 1295-1310.e20 (2020).

30. Tian, F. et al. N501Y mutation of spike protein in SARS-CoV-2 strengthens its binding to receptor
ACE2. Elife 10, e69091 (2021).

31. Luan, B., Wang, H. & Huynh, T. Molecular Mechanism of the N501Y Mutation for Enhanced Binding
between SARS-CoV-2’s Spike Protein and Human ACE2 Receptor. bioRxiv 2021.01.04.425316 (2021).
doi:10.1101/2021.01.04.425316

32. Meng, B. et al. Recurrent emergence of SARS-CoV-2 spike deletion H69/V70 and its role in the Alpha
variant B.1.1.7. Cell Rep. 35, 109292 (2021).

33. Lan, J. et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2  receptor.
Nature 581, 215–220 (2020).

34. Li, F., Li, W., Farzan, M. & Harrison, S. C. Structure of SARS coronavirus spike receptor-binding domain
complexed with receptor. Science 309, 1864–1868 (2005).

35. Huang, Y., Yang, C., Xu, X., Xu, W. & Liu, S. Structural and functional properties of SARS-CoV-2 spike
protein: potential antivirus drug development for COVID-19. Acta Pharmacol. Sin. 41, 1141–1149
(2020).

3�. Xiao, X., Chakraborti, S., Dimitrov, A. S., Gramatikoff, K. & Dimitrov, D. S. The SARS-CoV S
glycoprotein: expression and functional characterization. Biochem. Biophys. Res. Commun. 312,
1159–1164 (2003).

37. Wong, S. K., Li, W., Moore, M. J., Choe, H. & Farzan, M. A 193-amino acid fragment of the SARS
coronavirus S protein e�ciently binds angiotensin-converting enzyme 2. J. Biol. Chem. 279, 3197–
3201 (2004).

3�. Junxian, O. et al. V367F Mutation in SARS-CoV-2 Spike RBD Emerging during the Early Transmission
Phase Enhances Viral Infectivity through Increased Human ACE2 Receptor Binding A�nity. J. Virol.
95, e00617-21 (2021).

39. Daniel, W. et al. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science
(80-. ). 367, 1260–1263 (2020).



Page 12/15

40. Bosch, B. J., van der Zee, R., de Haan, C. A. M. & Rottier, P. J. M. The coronavirus spike protein is a
class I virus fusion protein: structural and  functional characterization of the fusion core complex. J.
Virol. 77, 8801–8811 (2003).

41. Hoffmann, M. et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a
Clinically  Proven Protease Inhibitor. Cell 181, 271-280.e8 (2020).

42. Huang, Y., Yang, C., Xu, X., Xu, W. & Liu, S. Structural and functional properties of SARS-CoV-2 spike
protein: potential antivirus drug development for COVID-19. Acta Pharmacol. Sin. 41, 1141–1149
(2020).

43. Harvey, W. T. et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev. Microbiol.
19, 409–424 (2021).

44. Harvey, W. T. et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev. Microbiol.
19, 409–424 (2021).

45. Donoghue, M. et al. A novel angiotensin-converting enzyme–related carboxypeptidase (ACE2)
converts angiotensin I to angiotensin 1-9. Circ. Res. 87, e1–e9 (2000).

4�. Zhao, Y. et al. Single-cell RNA expression pro�ling of ACE2, the receptor of SARS-CoV-2. bioRxiv
2020.01.26.919985 (2020). doi:10.1101/2020.01.26.919985

47. Guo, J., Huang, Z., Lin, L. & Lv, J. Coronavirus Disease 2019 (COVID‐19) and Cardiovascular Disease:
A Viewpoint on the Potential In�uence of Angiotensin‐Converting Enzyme Inhibitors/Angiotensin
Receptor Blockers on Onset and Severity of Severe Acute Respiratory Syndrome Coronavirus 2 Infec.
J. Am. Heart Assoc. 9, e016219 (2020).

4�. Shang, J. et al. Structural basis of receptor recognition by SARS-CoV-2. Nature 581, 221–224 (2020).

49. Yushun, W. et al. Receptor Recognition by the Novel Coronavirus from Wuhan: an Analysis Based on
Decade-Long Structural Studies of SARS Coronavirus. J. Virol. 94, e00127-20 (2021).

50. Bai, C. & Warshel, A. Critical Differences between the Binding Features of the Spike Proteins of SARS-
CoV-2 and SARS-CoV. J. Phys. Chem. B 124, 5907–5912 (2020).

51. Bai, C. et al. Predicting Mutational E ff ects on Receptor Binding of the Spike Protein of SARS-CoV ‐ 2
Variants. (2021). doi:10.1021/jacs.1c07965

52. Chen, J., Wang, R., Gilby, N. B. & Wei, G. Omicron Variant ( B . 1 . 1 . 529 ): Infectivity , Vaccine
Breakthrough , and Antibody Resistance. (2021). doi:10.1021/acs.jcim.1c01451

53. Hamelberg, D., Mongan, J. & McCammon, J. A. Accelerated molecular dynamics: a promising and
e�cient simulation method for   biomolecules. J. Chem. Phys. 120, 11919–11929 (2004).

54. Kukol, A. Molecular modeling of proteins: Second edition. Molecular Modeling of Proteins: Second
Edition 1215, (2014).

55. Watanabe, Y., Allen, J. D., Wrapp, D., McLellan, J. S. & Crispin, M. Site-speci�c glycan analysis of the
SARS-CoV-2 spike. Science 369, 330–333 (2020).

5�. Søndergaard, C. R., Olsson, M. H. M., Rostkowski, M. & Jensen, J. H. Improved Treatment of Ligands
and Coupling Effects in Empirical Calculation and  Rationalization of pKa Values. J. Chem. Theory



Page 13/15

Comput. 7, 2284–2295 (2011).

57. Maier, J. A. et al. ff14SB: Improving the Accuracy of Protein Side Chain and Backbone Parameters
from ff99SB. J. Chem. Theory Comput. 11, 3696–3713 (2015).

5�. D.A. Case, R.M. Betz, D.S. Cerutti, T.E. Cheatham, III, T.A. Darden, R.E. Duke, T.J. Giese, H. Gohlke, A.W.
Goetz, N. Homeyer, S. Izadi, P. Janowski, J. Kaus, A. Kovalenko, T.S. Lee, S. LeGrand, P. Li, C. Lin, T.
Luchko, R. Luo, B. Madej, D. Mermelstein, L. X. and P. A. K. AMBER 2016. Univ. California, San Fr.
(2016).

59. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. Comparison of simple
potential functions for simulating liquid water. J. Chem. Phys. 79, 926–935 (1983).

�0. Kräutler, V., van Gunsteren, W. F. & Hünenberger, P. H. A fast SHAKE algorithm to solve distance
constraint equations for small molecules in molecular dynamics simulations. J. Comput. Chem. 22,
501–508 (2001).

�1. Patrick, R. et al. Using Accelerated Molecular Dynamics Simulation to elucidate the effects of the
T198F mutation on the molecular �exibility of the West Nile virus envelope protein. 1–6 (2020).
doi:10.1038/s41598-020-66344-8

�2. Markwick, P. R. L. & McCammon, J. A. Studying functional dynamics in bio-molecules using
accelerated molecular dynamics. Phys. Chem. Chem. Phys. 13, 20053–20065 (2011).

�3. Roe, D. R., Bergonzo, C. & Cheatham, T. E. Evaluation of Enhanced Sampling Provided by Accelerated
Molecular Dynamics with Hamiltonian Replica Exchange Methods. J. Phys. Chem. B 118, 3543–
3552 (2014).

�4. Li, C. et al. Conformational Changes of Glutamine 5′-Phosphoribosylpyrophosphate
Amidotransferase for Two Substrates Analogue Binding: Insight from Conventional Molecular
Dynamics and Accelerated Molecular Dynamics Simulations. Front. Chem. 9, 51 (2021).

�5. Grant, B. J., Rodrigues, A. P. C. C., ElSawy, K. M., McCammon, J. A. & Caves, L. S. D. D. Bio3d: An R
package for the comparative analysis of protein structures. Bioinformatics 22, 2695–2696 (2006).

��. da Costa, C. H. S. et al. Assessment of the PETase conformational changes induced by poly(ethylene
terephthalate) binding. Proteins Struct. Funct. Bioinforma. n/a, (2021).

�7. Costa, C. H. S. et al. Computational study of conformational changes in human 3-hydroxy-3-
methylglutaryl coenzyme reductase induced by substrate binding. J. Biomol. Struct. Dyn. 37, 4374–
4383 (2019).

��. Costa, C. H. S. da et al. Unraveling the conformational dynamics of glycerol 3-phosphate
dehydrogenase, a nicotinamide adenine dinucleotide-dependent enzyme of Leishmania mexicana. J.
Biomol. Struct. Dyn. 1–12 (2020). doi:10.1080/07391102.2020.1742206

�9. Grosso, M., Kalstein, A., Parisi, G., Roitberg, A. E. & Fernandez-Alberti, S. On the analysis and
comparison of conformer-speci�c essential dynamics upon ligand binding to a protein. J. Chem.
Phys. 142, 245101 (2015).

70. Srinivasan, J., Cheatham, T. E., Cieplak, P., Kollman, P. A. & Case, D. A. Continuum Solvent Studies of
the Stability of DNA, RNA, and Phosphoramidate−DNA Helices. J. Am. Chem. Soc. 120, 9401–9409



Page 14/15

(1998).

71. Kollman, P. a et al. Calculating structures and free energies of complex molecules: combining
molecular mechanics and continuum models. Acc. Chem. Res. 33, 889–97 (2000).

72. Lill, M. A. & Thompson, J. J. Solvent interaction energy calculations on molecular dynamics
trajectories: increasing the e�ciency using systematic frame selection. J. Chem. Inf. Model. 51,
2680–2689 (2011).

73. Case, D. A. et al. The Amber biomolecular simulation programs. J. Comput. Chem. 26, 1668–1688
(2005).

74. Cui, Q. et al. Molecular Dynamics—Solvated Interaction Energy Studies of Protein–Protein
Interactions: The MP1–p14 Scaffolding Complex. J. Mol. Biol. 379, 787–802 (2008).

75. Yang, Y., Liu, H. & Yao, X. Understanding the molecular basis of MK2-p38α signaling complex
assembly: insights  into protein-protein interaction by molecular dynamics and free energy studies.
Mol. Biosyst. 8, 2106–2118 (2012).

7�. Bai, C. et al. Predicting Mutational Effects on Receptor Binding of the Spike Protein of SARS-CoV-2
Variants. J. Am. Chem. Soc. 143, 17646–17654 (2021).

Figures

Figure 1

RMSD for RBDWT-ACE2, RBDalpha-ACE2, RBDOmicron-ACE2 and RBDDelta-ACE2 complexes. 

Figure 2

three-dimensional structure of ACE2 and RBD with RMSF regions for SARS-CoV-2, Alpha, Delta and
Omicron systems.

Figure 3

Movements described for the �rst principal component (PC1) for each structure of ACE2 and RBD. A)
moving in PC1 to the native RBD complex (SARS-CoV-2) and ACE2 receptor. B) changes in PC1 to
RBDAlpha and ACE2. C) Change moving of PC1 to RBDDelta and ACE2. D) moving from PC1 to the complex
between RBDOmicron and ACE2. In turquoise, the initial structure of the movement, in dark magenta, the
�nal structure and in gray, the intermediate structures of the movement. The conformational dynamics
were obtained from 200 ns of aMD simulations.
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Figure 4

a) three-dimensional structure of the RBDWT and ACE2 complex with the electrostatic energy regions. B)
Decomposition energy per residue for the RBDWT system connected to ACE2. The label in orange is from
the ACE2 region and in purple is from RBD.
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