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Abstract 
Severe Acute Respiratory Syndrome CoronaVirus-2 (SARS-CoV-2) is responsible for 

a worldwide pandemic, accounting for 228,000,000 infections and over 4,600,000 deaths. 

SARS-CoV-2's most abundant structural protein, Membrane (M) protein, has a pivotal role 

both during viral infection cycle and host interferon antagonism. This is a highly conserved 

viral protein, thus an interesting and suitable target for drug discovery. As SARS-CoV-2 M 

protein structure is difficult to experimentally stabilize and crystallize, we developed and 

applied a detailed and robust in silico workflow to predict M protein dimeric structure, 

membrane orientation, and interface characterization. Mutations in M protein were retrieved 

from over 1.2 M SARS-CoV-2 genomes and proteins from the Global Initiative on Sharing All 

Influenza Data (GISAID) database, 91 of which were located at the predicted dimer interface. 

Among those, we identified mutations in Variants of Concern (VOC) and Variants of Interest 

(VOI). Binding free energy differences were evaluated for dimer interfacial mutations to infer 

mutant protein stabilities. A few high-prevalent mutated residues were found to be especially 

relevant in VOC and VOI. This realization may be a game changer to structure driven 

formulation of new therapeutics for SARS-CoV-2. 
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Resumo 
O Severe Acute Respiratory Syndrome CoronaVirus-2 (SARS-CoV-2) é responsável 

por uma pandemia mundial, sendo responsável por quase 228,000,000 de infeções e mais 

de 4,600,000 de mortes. A proteína mais abundante do SARS-CoV-2 é a proteína de 

Membrana (M), que tem um papel fundamental tanto durante o ciclo de infeção viral como 

enquanto antagonista do interferão do hospedeiro. Esta é uma proteína viral altamente 

conservada e por isso um alvo interessante e adequado para a descoberta de drogas. Como 

a estrutura da proteína M do SARS-CoV-2 é difícil de estabilizar e cristalizar 

experimentalmente desenvolvemos e aplicamos uma detalhada e robusta abordagem in silico 

para prever a estrutura dimérica da proteína M, a sua orientação de membrana e a 

caracterização da sua interface. Mutações na proteína M foram obtidas de mais de 1.2M de 

genomas e proteínas da base de dados Global Initiative on Sharing All Influenza Data 

(GISAID), 91 das quais se encontravam localizadas na zona prevista de interface. Entre estas 

identificamos as mutações em Variants of Concern (VOC) e em Variants of Interest (VOI). As 

diferenças nas energias livres de ligação foram avaliadas para as mutações na interface do 

dímero para inferir a estabilidade das proteínas mutantes. Uns reduzidos números de 

resíduos mutados muito prevalentes foram descobertos ser especialmente relevantes em 

VOC e VOI. Esta descoberta pode ser de extrema importância para a formulação de novas 

terapêuticas baseadas em estrutura para o SARS-CoV-2. 
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Chapter 1 - Introduction 

 

The Coronaviridae family is a group of viruses with spherical shape, club-like spikes 

and a size of approximately 125 nm. Several CoronaViruses (CoVs) known to infect humans 

throughout history, were called human CoronaViruses (hCoVs)1, and contain the common 

proteins to all CoVs, Spike (S), Membrane (M), Nucleocapsid (N) and Envelope (E) proteins, 

and some hCoVs also possess hemagglutinin-esterase (HE)2. This is a single-stranded 

positive RNA virus family, organized into four different groups, Alphacoronavirus, 

Betacoronavirus, Gammacoronavirus and Deltacoronavirus, but only the first two infect 

humans2.  

 

1.1 Human Coronavirus History 

 

At the end of 2002, an uncommon pneumonia was detected in Guangdong China. 

Afterwards, this disease was found to have been caused by a novel CoV from the 

betacoronavirus group, Severe Acute Respiratory Syndrome CoronaVirus (SARS-CoV). 

Later, in March 2003 this virus had spread to other countries around the world3, infecting close 

to 8,500 humans and killing 916. 

 In 2012, a man was hospitalized in Saudi Arabia with fever, cough, and shortness of 

breath. It was found to be due to another betacoronavirus that became known as Middle East 

Respiratory Syndrome CoronaVirus (MERS-CoV). Since being detected, this virus was found 

throughout the Arabian Peninsula and in some people that traveled to the region4. MERS-CoV 

was responsible, until now, for 2,468 infection cases and 851 deaths. 

In December 2019 another unusual form of pneumonia was detected in Wuhan, 

China5. This disease, later denominated as CoronaVirus Disease 19 (COVID-19), found to be 

caused by yet another betacoronavirus, Severe Acute Respiratory Syndrome CoronaVirus-2 

(SARS-CoV-2)6, named because of its high identity with SARS-CoV (79%)7. As of 21 of 

September 2021 it was known to have infected nearly 228,000,000 and killed over 4,600,000, 

around the world, according to the World Health Organization (WHO), distinctively the virus 

responsible for the most infections and deaths out of the described hCoVs. 

 

 

 

https://paperpile.com/c/kJVWfG/AqdO
https://paperpile.com/c/kJVWfG/du1l
https://paperpile.com/c/kJVWfG/du1l
https://paperpile.com/c/kJVWfG/BSSg
https://paperpile.com/c/kJVWfG/qIWR
https://paperpile.com/c/kJVWfG/pxqD
https://paperpile.com/c/kJVWfG/pdrb
https://paperpile.com/c/kJVWfG/MLTZ
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 1.2 SARS-CoV-2 genome and proteins 

 

The SARS-CoV-2 genome is about 30 kb8 and typically contains 13 to 15 Open 

Reading Frames (ORFS)7 (        )   h                w  h   5’              R      (  R)  

followed by ORFs 1a and 1b that encode two long polypeptides (pp), pp1a and pp1b, that are 

then cleaved into 16 nonstructural proteins (nsps) responsible for multiple viral functions as 

listed in Table 1. 

 

Figure 1 - SARS-CoV-2 genome representation. 

 

 

Table 1 - Nsp and their functions in Replicase Transcriptase Complex (RTC). 

Protein Function 

nsp1 
Host mRNA degradation9; suppression of Interferon expression10; 

suppression of host antiviral pathways11. 

nsp2 Possible pathogenic activity12. 

nsp3 
Immune evasion13; Interaction with N vital for viral replication14; 

Viral peptide cleavage15. 

nsp4 Membrane rearrangements vital in viral replication16. 

nsp5 Immune evasion17. 

nsp6 Type I interferon supressor18. 

nsp7 Auxiliary factor nsp12. 

nsp8 Auxiliar factor in RNA replication (primase). 

nsp9 RNA binding protein19. 

nsp10 
Forms a complex with nsp16 essential for immune evasion and 

RNA methylation capping20. 

https://paperpile.com/c/kJVWfG/QISw
https://paperpile.com/c/kJVWfG/MLTZ
https://paperpile.com/c/kJVWfG/Cmpc
https://paperpile.com/c/kJVWfG/1AMF
https://paperpile.com/c/kJVWfG/nfsh
https://paperpile.com/c/kJVWfG/ust4E
https://paperpile.com/c/kJVWfG/V1J5p
https://paperpile.com/c/kJVWfG/dsul6
https://paperpile.com/c/kJVWfG/o597g
https://paperpile.com/c/kJVWfG/QQjBz
https://paperpile.com/c/kJVWfG/jv3yv
https://paperpile.com/c/kJVWfG/k6Vje
https://paperpile.com/c/kJVWfG/xwTH
https://paperpile.com/c/kJVWfG/AC4kn
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nsp11 Unknown function. 

nsp12 Functions as RNA dependent RNA polimerase21. 

nsp13 Helicase in SARS CoV and MERS CoV22. 

nsp14 Interacts with RTC, possibly as an error correction mechanism23. 

nsp15 Primary interferon supressor24. 

nsp16 
Forms a complex with nsp10 essential for immune evasion and 

RNA methylation capping20. 

 

These first two ORFs are followed by the first structural protein, S protein25. S protein 

is essential for viral entry in the host's cell as it contains a class I fusion peptide that requires 

a cleavage to activate its fusion potential26. This protein is 1,273 amino acids (aa) long, starting 

with a signal peptide in residues 1-13 followed by two subunits, S1 and S227. S1 is located in 

residues 14-685 and contains the Receptor Binding Domain (RBD) in residues 319-541 and 

receptor binding motif in residues 437-508. S2 is found in residues 686-1,273 and 

encompasses the fusion peptide in residues 788-80628. This protein shows 22 sites for 

polysaccharide attachment that may have an effect in protein folding as well as in the 

                         y  h            h  h   ’          y    29. 

The next ORF in SARS-CoV-2 genome encodes accessory proteins Orf3a and 

Orf3b25. Orf3a forms a dimeric structure that acts as a cation channel and may trigger cellular 

apoptosis30. This protein may also be responsible for immune evasion, as it is thought to stop 

the fusion of autophagosomes with lysosomes, incapacitating these from degrading the viral 

material31. Orf3b does not have any information about its structure available either in SARS-

CoV-2 or another CoV. However, in SARS-CoV-2 it is probably a more effective Interferon 

repressor than its homologous in SARS-CoV32. 

 h          OR            h                ’                      E        25    ’    

transmembrane protein containing a small N-terminal domain, followed by a short 

transmembrane domain with at least one α-helix, and a C-terminal domain that constitutes a 

  j            h                 h        h          ’         y                         -exo C-

endo topology in IBV, whereas in SARS-CoV and MHV it adopts a hairpin topology with N-

endo and C-endo33.The topology presented by this protein in SARS-CoV-2 is still unknown. 

This protein can oligomerize forming a pentamer and creating a pore to conduct ions through 

the membrane34. The pore function of this protein does not affect virus growth and replication, 

although viruses with ion conduction are more viable. However, this function does affect virus 

https://paperpile.com/c/kJVWfG/jDSo6
https://paperpile.com/c/kJVWfG/DKzcZ
https://paperpile.com/c/kJVWfG/lnNrB
https://paperpile.com/c/kJVWfG/bNyE
https://paperpile.com/c/kJVWfG/AC4kn
https://paperpile.com/c/kJVWfG/y3Ld
https://paperpile.com/c/kJVWfG/hz3M
https://paperpile.com/c/kJVWfG/t8Wo
https://paperpile.com/c/kJVWfG/TRLT
https://paperpile.com/c/kJVWfG/2lK4
https://paperpile.com/c/kJVWfG/y3Ld
https://paperpile.com/c/kJVWfG/gmqj
https://paperpile.com/c/kJVWfG/9OeD
https://paperpile.com/c/kJVWfG/OxYH
https://paperpile.com/c/kJVWfG/y3Ld
https://paperpile.com/c/kJVWfG/NWmU
https://paperpile.com/c/kJVWfG/4Vf0
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pathogenicity via inflammatory response, pulmonary damage, and patient outcome35. E 

protein also plays a major role in virion assembly36. 

The next e ORF codes M protein25. This structural protein has 223 residues and 

interacts not only with itself to form a homodimer as well as with all the other structural proteins. 

Each monomer is composed of a short N-terminal ectodomain, followed by three 

Transmembrane Helices (TMH 1 to 3) and a C-terminal endodomain37–39. M protein plays a 

key role in viral replication as it interacts with all other structural proteins, and it is the most 

abundant protein in virions40. M protein in SARS-CoV interacts with S protein to keep it in 

Endoplasmic Reticulum Golgi Intermediate Compartment (ERGIC), incorporating S protein in 

new virions41, with N protein to stabilise the N protein-RNA complex and RNA packaging42 and 

with E protein to form the viral envelope36,43. Finally, this protein is also responsible for immune 

             ’  h             S RS-CoV suppresses the activation of nuclear factor kappa 

B, an important contributor for the immune and inflammatory responses44. 

The subsequent ORF codes Orf6 protein25. This protein in SARS-CoV-2 has an amino 

acid identity of 69% compared to the one from SARS-CoV24. Orf6 is an accessory protein, not 

vital for replication, but suppresses interferon activity, through a different mechanism than 

nsp145. 

Following, there are two ORFS that code Orf7a and Orf7b proteins25. Orf7a is 121 aa 

long and it starts with a short N-terminal signal region, followed by an ectodomain like an 

immunoglobulin, a short transmembrane domain and finally an endoplasmic reticulum 

retention motif46. This transmembrane protein is thought to interact with S protein and with 

lymphocytes or leukocytes integrin receptors, which modulates cell targeting47. Orf7b is a 

small transmembrane peptide, only 43 residues long. It possesses a single transmembrane 

domain, a N-terminal domain in the endoplasmic reticulum lumen and a cytoplasmic C-

terminal domain48. This protein forms multimers that interact with cellular transmembrane 

        z                           h                      h  h   ’          h           y         

is also proposed as a possible cause for some of Covid-19 symptoms, such as heart 

arrhythmia, loss of smell, odor loss and lung or bowel complications.48 

The posterior ORF codes Orf8 protein25, a dimer bonded by a disulfide bond49. It can 

down-regulate Major Histocompatibility Complex Class Ι (MHC-I), which presents peptides 

                                                         h      h     h  h   ’           cells 

          h                     h    h  h       ’     h    y50. Orf8 also activates pro-

inflammatory pathways that lead to cytokine storms, a quick production of many cytokines51 

and this can lead to acute respiratory syndrome52. 

The final ORF codes the last structural protein, N protein25. It is a homodimer that 

encompasses two domains, N-terminal, and C-terminal domains. Both domains bind to 

https://paperpile.com/c/kJVWfG/pywP
https://paperpile.com/c/kJVWfG/yx7v
https://paperpile.com/c/kJVWfG/y3Ld
https://paperpile.com/c/kJVWfG/y8b3+Nwnd+nxGN
https://paperpile.com/c/kJVWfG/f8Rp
https://paperpile.com/c/kJVWfG/EGQZ
https://paperpile.com/c/kJVWfG/ltuD
https://paperpile.com/c/kJVWfG/yx7v+sb3i
https://paperpile.com/c/kJVWfG/JUaq
https://paperpile.com/c/kJVWfG/y3Ld
https://paperpile.com/c/kJVWfG/bNyE
https://paperpile.com/c/kJVWfG/4mqj
https://paperpile.com/c/kJVWfG/y3Ld
https://paperpile.com/c/kJVWfG/a3o1
https://paperpile.com/c/kJVWfG/PvjW
https://paperpile.com/c/kJVWfG/gmAb
https://paperpile.com/c/kJVWfG/gmAb
https://paperpile.com/c/kJVWfG/y3Ld
https://paperpile.com/c/kJVWfG/L0Ao
https://paperpile.com/c/kJVWfG/9wuy
https://paperpile.com/c/kJVWfG/FAvz
https://paperpile.com/c/kJVWfG/vCzx
https://paperpile.com/c/kJVWfG/y3Ld
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Ribonucleic Acids (RNA), however, whereas the N-terminal domain region is thought to move 

freely, the C-terminal domain forms the dimer53. While these domains are very organized, they 

are flanked by three stretches of unorganized coils: C-terminal domain by the C-tail, N-terminal 

domain by an N-arm and both by a linkage region. These are rich in positively charged 

residues and modulate the RNA binding activity of both C-terminal and N-terminal domains54. 

This protein plays a key role in CoVs life cycles, interacting with the RTC, stimulating RNA 

synthesis55            k  w             h  h   ’  cellular cycle, by modulating the activity of 

Cyclin-dependent Kinase 2 and Cyclin-dependent Kinase 4, fundamental kinases for mitotic 

 y   ’  S  h               56.  

In the N gene there is also an alternative ORF that codes accessory protein Orf9b57. 

This protein is 98 aa long forming homodimers through two adjacent β sheets. Within the 

homodimer exists a hydrophobic pocket capable of binding key lipids58. This protein plays a 

role in immune evasion, through its interaction with mitochondrial anchored receptor TOM70, 

key to  import preproteins to the mitochondria59 as well as to activate important antiviral 

pathways, limiting the interferon response by the cell60. 

 

1.3 SARS-CoV-2 Life Cycle 

 

SARS-CoV- ’        y                       h          h     - Infection, 

Replication/Assembly and Release of the virus. The infection process starts with the 

recognition of the host's Angiotensin-Converting E zy     (  E )  y S        ’  R           

in the S1 subunit, promoting viral envelope and cellular membrane fusion6,61. The fusion 

process starts with a S protein cleavage in two sites mediated by a protease, typically 

Transmembrane Protease Serine 2 (TMPRSS2)62. The first cleavage separates RBD and S 

       ’                                          h  h   '      2. The second cleavage takes 

          h  S ’                      h                                               h  

membrane. The second cleavage is followed by the formation of an antiparallel six-helix 

        wh  h                       h            h   ’                28 and subsequent 

release of the viral genetic information. 

After entering the cell, pp1a and pp1b are translated from ORF 1a and ORF 1b, 

respectively. The cleavage of these two peptides leads to nsps 1 to 16 (Table 1), with a wide 

range of functions that include the formation of the RTC, responsible for RNA replication2. 

Nsp12 plays a major role in viral replication, since it acts as RNA-dependent RNA polymerase 

(RdRp), in conjunction with cofactors63 nsp7 and nsp8, acting as primase. These three 

proteins form the mini RTC, with the binding of one nsp7 and two nsp8 to one nsp12. During 

this process two nsp13 bind to the mini RTC complex. One nsp13 functions as an anchor and 

https://paperpile.com/c/kJVWfG/aTUk
https://paperpile.com/c/kJVWfG/Wcho
https://paperpile.com/c/kJVWfG/uN10
https://paperpile.com/c/kJVWfG/mMuS
https://paperpile.com/c/kJVWfG/8sDk
https://paperpile.com/c/kJVWfG/S7pT
https://paperpile.com/c/kJVWfG/0Hmo
https://paperpile.com/c/kJVWfG/kQ6o
https://paperpile.com/c/kJVWfG/pdrb+7ZNu
https://paperpile.com/c/kJVWfG/gvU6
https://paperpile.com/c/kJVWfG/du1l
https://paperpile.com/c/kJVWfG/TRLT
https://paperpile.com/c/kJVWfG/du1l
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allows for a second nsp13 to bind to the mini RTC while the second acts as an helicase during 

the viral genome replication64. 

After viral RNA production, viral proteins translation takes place by commanding the 

h   ’  ribosomes. Translation of N protein occurs in the cytosol whereas translation of S, M 

and E, transmembrane proteins, takes place in the Rough Endoplasmic Reticulum65. The 

assembly and maturation of virions transpire in the Golgi Complex. These virions are then 

released from the cell, resorting to vesicles66. 

 

 

Figure 2 - SARS-CoV-2 life cycle. 

 

1.4 Variants of Interest and Variants of Concern 

 

According to WHO, some variants of SARS-CoV-2 represent a higher risk for public 

health, and these were classified in two tiers, according to its threat: Variants of Interest (VOI) 

and Variants of Concern (VOC). VOIs are variants that have acquired mutations predicted or 

known to enhance transmissibility and pathogenicity. VOCs add to the description of VOI a 

decrease in effectivity of treatment and diagnostic methods employed for SARS-CoV-2. To 

identify variants, a few solutions were proposed like Pango Lineage and Global Initiative on 

Sharing All Influenza Data (GISAID) Clades. Pango Lineage is a dynamic nomenclature 

proposition in which descent lineages show phylogenetic relations with the ancestor lineage 

https://paperpile.com/c/kJVWfG/Fmwo
https://paperpile.com/c/kJVWfG/9Sxo
https://paperpile.com/c/kJVWfG/Z0IF
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and emerge in a different geographic population. This nomenclature not only takes into 

account the possibility of rapidly increasing number of variants but also distinguishes between 

active variants, seen in the last month, unobserved variants, seen less than 3 months ago but 

not in the last month, and inactive variants, not seen in the last three months67. GISAID clades 

were formed by performing statistical clustering based on phylogenetic distance of sequences 

and smaller lineages were merged with major ones based on shared markers. The letters 

chosen to represent clusters were not generic, but instead chosen for this virus and according 

to markers considered for different clades68. 

 

 

Figure 3 - Phylogenetic tree with GISAID clades S, L, V, G, G, GV, GR, GRY and K with the respective Pango Lineages. *- Clades 

with VOC, **- Clades with VOC and VOI. Retrieved from GISAID. 

 

1.5 Membrane protein interactions 

 

M protein is the most expressed protein during viral replication and assembly and its 

interactions with CoVs structural proteins play a key role in viral replication cycle of CoVs69, 

acting as a scaffolding protein, interacting with the other structural proteins. The interaction 

with S protein in SARS-CoV-2 is essential to keep these viral proteins in the ERGIC during 

virion assembly, playing a pivotal role in the incorporation and glycosylation of spikes in the 

virions to be released70. The interaction between M and E proteins in SARS-CoV is sufficient 

for the formation of smooth virions, hence this interaction is absolutely necessary for viral 

replication36, with M protein as the major constituent of the viral envelope38. M and N proteins 

are also known to interact in other CoVs not only to stabilize the N-RNA complex facilitating 

RNA packaging42 but also to help stabilize the viral envelope71. M protein also interacts with 

itself, originating dimers that are thought to interact through all transmembrane helices as well 

as through the endodomain, forming most of the viral envelope69,72. However, these 

https://paperpile.com/c/kJVWfG/r7uW
https://paperpile.com/c/kJVWfG/Uxzs
https://paperpile.com/c/kJVWfG/p07U
https://paperpile.com/c/kJVWfG/TzUI
https://paperpile.com/c/kJVWfG/yx7v
https://paperpile.com/c/kJVWfG/Nwnd
https://paperpile.com/c/kJVWfG/ltuD
https://paperpile.com/c/kJVWfG/Y4fW
https://paperpile.com/c/kJVWfG/p07U+ENfu
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interactions are not sufficient for the formation of stable virions and E protein is also required, 

as stated above.  

A study in SARS-   ’              h    h     9  5%   q             y     9 % 

homology with SARS-CoV-2 M protein73, has found that substitutions in residues W19, W57, 

P58, W91, Y94 and F95 all resulted in a diminished viral replication. Authors postulated it to 

be caused by deficient M proteins, hypothesizing that these residues may play a pivotal role 

in M-M interactions38. M dimers may also interact, forming a matrix-like structure, probably 

through endodomain interactions69,72,74. 

    ’           h    w     ferent conformations, Mcompact and Mlong, named due to 

the elongation or compression of the endodomain, which has an impact on membrane 

curvature. Both conformations can interact with S protein and present viral spikes, but these 

have been observed clustering in regions rich in Mlong conformation. The Mlong conformation 

is hypothesized to be related with the presence of N protein and its interaction with M protein. 

This led to the hypothesis that Mlong conformation may be stabilized by the other three 

structural proteins72. 

 However, due to being a transmembrane protein, there is no experimentally resolved 

structure available by either Nuclear Magnetic Resonance (NMR), X-ray crystallography or 

cryo-Electron Microscopy (cryo-EM)75, as it is hard stabilize these kind of structures76. While 

there are computationally predicted structures for the monomer73,77,78, neither membrane 

orientation or dimer structure has been previously predicted or experimentally resolved, to the 

extent of our knowledge. 

 

1.6 Objectives 

 

The main objective of this work was to study the impact of mutations in SARS-CoV- ’  

M protein homodimer. Due to the lack of information and homologous structures for this 

protein, it was necessary to obtain a prediction of the monomeric structure and predict the 

dimeric structure before the analysis of the impact of mutations. The overall pipeline can be 

observed in Figure 4. 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/kJVWfG/EaAK
https://paperpile.com/c/kJVWfG/Nwnd
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Figure 4 - Overview of the pipeline developed and employed. M protein structure was predicted by AlphaFOLD[24]. Membrane 

orientation was predicted with OPM79, TMpred80, TMHMM81,82, PSIPRED83,84, CCTOP85,86 and SACSMEMSAT87. Protein-

membrane systems were constructed with CHARMM-GUI88 and minimization and equilibration were conducted using 

GROMACS89,90. M protein dimer was predicted with HADDOCK91 and results were compared to SARS-CoV experimental data. 

Gene and protein mutations were analyzed with MicroGMT92 and Rahman et al.93 programs and energy variation of mutations in 

dimer interaction residues were calculated with FoldX94. 

 

1.6.1 Prediction of membrane orientation for the monomer 

 

 As stated before, M protein is a transmembrane protein capable of forming a 

homodimer. The AlphaFold95 team has proposed a structure for the monomer of this protein. 

Hence, the first step of this work was to predict how this structure would insert and orient itself 

on the membrane, resorting to six different membrane orientation predictors. 

 

1.6.2 Prediction of dimer structure and membrane orientation 

 

Having predicted how the monomer would orient within the membrane, the next step 

was to obtain a prediction for M protein dimeric structure, resorting to docking, and deciding 

on which would be the membrane orientation used for further study as well as understanding 

what the interacting interface for the dimer would be. Finally, it was necessary to understand 

how the dimer would orient itself on the membrane to obtain the proposed structure, studying 

its behavior in Molecular Dynamics (MD) simulations. 

 

https://paperpile.com/c/kJVWfG/sXs9
https://paperpile.com/c/kJVWfG/nstl
https://paperpile.com/c/kJVWfG/Uqg5+GLUL
https://paperpile.com/c/kJVWfG/JVUC+DLFd
https://paperpile.com/c/kJVWfG/Gwfm+VTOs
https://paperpile.com/c/kJVWfG/k2HH
https://paperpile.com/c/kJVWfG/Kr2R
https://paperpile.com/c/kJVWfG/naZg+4O0i
https://paperpile.com/c/kJVWfG/k9ua
https://paperpile.com/c/kJVWfG/qzOJ
https://paperpile.com/c/kJVWfG/Ur89
https://paperpile.com/c/kJVWfG/8tyM
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1.6.3 Mutation detection for the M gene and protein 

 

Having obtained the dimeric structure for M protein the conditions to start studying how 

the mutations would impact the stability were fulfilled. The first step in this study was to detect 

the mutations in M gene and protein to then further study them, resorting to two different 

    w   ’ , one developed for genomes and another for proteins. 

 

1.6.4 Mutation impact analysis on protein stability 

 

With the different identified mutations and the predicted structure of M protein dimer, 

we were in conditions to go through with the main objective of the study, studying how the 

different mutations would impact the structure of the protein dimer and how that could have 

no impact on stability, stabilize or destabilize M protein homodimer. For this an empirical force 

field was deployed to study the binding free energy difference (△△Gbinding) between Wild Type 

(WT) and the mutated protein. 
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Chapter 2 - Methodology - the theoretical 

foundations 

 

2.1 Membrane orientation and protein structure in Molecular 

Dynamics 

 

Several components constitute the MD system and different cautions should be taken 

when building different systems, such as the existence of the tridimensional structure of the 

protein to study, the composition of the membrane bi-layer and the insertion of the protein in 

the membrane. If a protein possesses a solved tridimensional crystallographic structure there 

are a few possible artifacts to consider, usually caused by crystal lattice packing. When using 

experimental techniques to obtain tridimensional structures it can lead to artifacts as the 

membrane is not resolved. However, MD simulations can be performed if this is considered of 

this possibility96. In case there is not an experimental structure available three approaches are 

usually employed to predict the protein structure to study. Homology modeling considers the 

tridimensional structures of proteins that share at least 35-40% similarity and uses these as a 

template to predict the folded structure of a new protein. Ab initio methods only consider the 

characteristics of the amino acids present in the protein primary sequence and predict how 

they would interact after protein folding. Finally, fold recognition considers similar regions of a 

wide set of proteins and uses these regions as template for the folding of the similar region in 

the chosen protein97. 

When studying membrane proteins, it is of the utmost importance to determine their 

orientation within a lipidic membrane. Several predictors with different approaches can be 

employed for this task. Here are described six different web-based tools that were used: 

Orientations of Proteins in Membranes (OPM)79, TMpred80, Transmembrane Helix Markov 

Model (TMHMM)81,82, Prediction of secondary structure (PSIPRED)83,84, Consensus 

Constrained TOPology prediction (CCTOP)85,86 and SACSMEMSAT87. OPM optimizes protein 

membrane position resorting to the interactions between protein and membrane and predicts 

how the protein structure is inserted in the membrane79. TMpred is a tool that predicts the 

regions of proteins inserted in membranes and its orientation80. TMHMM can predict the 

position of α-helices in both soluble and membrane proteins, also being able to distinguish 

between them81,82. PSIPRED uses scoring matrices that are position specific to predict the 

membrane secondary structures orientation in the membrane83,84. CCTOP takes advantage 

of both experimental and computational membrane topologies to predict membrane 

https://paperpile.com/c/kJVWfG/5lLu
https://paperpile.com/c/kJVWfG/QFcl
https://paperpile.com/c/kJVWfG/sXs9
https://paperpile.com/c/kJVWfG/nstl
https://paperpile.com/c/kJVWfG/Uqg5+GLUL
https://paperpile.com/c/kJVWfG/JVUC+DLFd
https://paperpile.com/c/kJVWfG/Gwfm+VTOs
https://paperpile.com/c/kJVWfG/k2HH
https://paperpile.com/c/kJVWfG/sXs9
https://paperpile.com/c/kJVWfG/nstl
https://paperpile.com/c/kJVWfG/Uqg5+GLUL
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orientation85,86. SACSMEMSAT resorts to transmembrane protein data to predict how the 

secondary structures from the protein are inserted in the membrane87. 

 

2.2 Molecular Dynamics 

 

MDs are not a recent method, as the first report of a study using this technique dates 

back to 195798, and the first simulation of a protein system happened almost 20 years later99. 

MD has been a field with big developments, as     w   ’  are becoming more accessible and 

user friendly and the computational cost of simulations is decreasing due to advances in 

hardware and the possibility to use Graphical Processing Units (GPUs) to perform these 

tasks100. 

MD simulations calculate the positions of atoms in a biomolecular system throughout 

time, considering the force of interactions between atoms within the system under study. This 

information is then us                h     ’                  h          96. Simulations can 

have different levels of detail, more detailed simulations, such as atomic systems are more 

precise in the calculations made and, in the obtained trajectories. However, they are not 

suitable for simulating very large systems or very long simulations as they require immense 

computational power. On the other hand, coarse grain systems are a simpler representation 

of the system and are better suited for simulation of large systems and/or long run times. On 

the downside, MD calculations in these systems are more inaccurate, when compared with 

atomic systems101. MD simulations are used to study a wide range of structural characteristics 

that span from understanding a system reaction to different perturbations to understanding 

protein interactions with other proteins or different ligands. MD techniques are also employed 

to complement cryo-EM and X-ray crystallography to obtain the tridimensional structure of 

proteins. For example, as the experimental methods average the position of the atoms to 

determine the structure it is not possible to detect flexible regions in structure. MD simulations 

counter these shortcomings, further refining the obtained experimental structures.  

The generation of the simulation system is essential to perform MD simulations. This 

is usually the biomolecule or biomolecules to study and other interacting molecules. In the 

case of transmembrane proteins it is also necessary to build and incorporate a membrane into 

the system that should have a similar constitution to the biological membrane involved in vivo, 

as different membrane compositions will have different interactions with the same protein96. 

After these components are built in initial conformation ions are added, and the system is 

surrounded by a solvent. The solvent can be represented explicitly or implicitly. Usually, the 

https://paperpile.com/c/kJVWfG/Gwfm+VTOs
https://paperpile.com/c/kJVWfG/k2HH
https://paperpile.com/c/kJVWfG/rsMp
https://paperpile.com/c/kJVWfG/fCC6
https://paperpile.com/c/kJVWfG/Hfj8
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chosen representation is explicit in the form of, for example, water molecules, even though 

this type of representation increases the system size even further101. 

The energy of a system is dependent on the position for the atoms that make up the 

constituents of the system, hence, this is a necessary calculation to perform MD simulations. 

Force fields are the mathematical expressions used to perform these calculations102. These 

aim to account for the different interactions that may happen between atoms. In classical MD 

no covalent bonds form or break, as such, covalent bonds are usually represented as springs. 

There are other more precise representations, however they present a steep computational 

cost. Two types of force fields exist nowadays. Classic force fields, also called addictive or 

non-polarizable, do not account for the movement of the electron cloud of the molecules and 

cannot interact with the environment as they are averaged out. New non-addictive or 

polarizable force fields are being developed to surpass this shortcoming, but they are still 

costly and difficult to develop103. Many addictive force fields (Equation 1) are available to use, 

and they take different parameterizations to better describe certain systems104. For example, 

some force fields are not well parameterized for lipids and are not advisable for systems with 

a membrane. In this case only force fields with adequate parameterization for lipids should be 

used, such as CHARMM36105,106. According to Equation 1, several intermolecular and 

intramolecular interactions are calculated with different parameterizations for different force 

fields. System potential energy (𝑉)                 k                              ’       h 

(∑
1

2𝑏𝑜𝑛𝑑𝑠  𝑘𝑏(𝑟 − 𝑟0)2)               ’         (∑
1

2𝑎𝑛𝑔𝑙𝑒𝑠  𝑘𝜃(𝜃 − 𝜃0)2), dihedral and improper 

dihedral angles (∑ 𝐾𝜙[1 + 𝑐𝑜𝑠(𝑛𝜙 − 𝛿)]𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠  and ∑
1

2𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠  𝑘𝜉(𝜉 − 𝜉0)2, 

respectively) and interactions between non bonded atoms (∑ (
1

4𝜋𝜀0
𝑞𝑖𝑞𝑗𝑟𝑖𝑗

−1 +𝑎𝑡𝑜𝑚 𝑝𝑎𝑖𝑟𝑠 𝑖.𝑗

𝐴𝑖𝑗𝑟𝑖𝑗
−12 + 𝐵𝑖𝑗𝑟𝑖𝑗

−6))104. Choosing the right force field for the system submitted to MD simulation 

is paramount and may have a big impact on accuracy, as it may be better parameterized for 

certain types of molecules97.  

 

 

𝑉 = ∑
1

2
𝑏𝑜𝑛𝑑𝑠

 𝑘𝑏(𝑟 − 𝑟0)2 + ∑
1

2
𝑎𝑛𝑔𝑙𝑒𝑠

 𝑘𝜃(𝜃 − 𝜃0)2 + ∑
1

2
𝑖𝑚𝑝𝑟𝑜𝑝𝑒𝑟 𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

 𝑘𝜉(𝜉 − 𝜉0)2 

 

+ ∑ 𝐾𝜙[1 + 𝑐𝑜𝑠(𝑛𝜙 − 𝛿)]

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

+ ∑ (
1

4𝜋휀0
𝑞𝑖𝑞𝑗𝑟𝑖𝑗

−1 + 𝐴𝑖𝑗𝑟𝑖𝑗
−12 + 𝐵𝑖𝑗𝑟𝑖𝑗

−6)

𝑎𝑡𝑜𝑚 𝑝𝑎𝑖𝑟𝑠 𝑖.𝑗

 

 

Equation 1 - General mathematical description of classical force fields. 
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 When studying membrane proteins, building an adequate membrane for the system is 

essential. As such, the membrane composition will play a pivotal role in the MD simulation. 

When working with bi-layer membranes it is also important to confirm that the inner and outer 

leaflet have the adequate composition, which sometimes might be different between leaflets 

in some types of membranes107, as this will also affect the simulation. Membrane orientation 

of the protein is also an important characteristic for the system. Some membrane builders can 

orient the protein in the membrane, although the most used MD simulation     w   ’  have 

auxiliary tools to perform this task97.  

As the systems used in MD simulations are small and do not represent entire biological 

systems, it is necessary to counter surface effects that may have a negative impact on the 

accuracy of the study. The most common way to surpass this problem is to use periodic 

       y             wh  h           h   y    ’       w  h              h   y      h       

also subjected to the simulation. Some atoms from other periodic images can be used for 

calculations if an atom from a certain periodic image leaves the simulation system, leading to 

an atom from a different periodic image entering the system being studied108.  

 After having a system ready for the MD simulation, it is important to perform 

minimization and equilibration steps. The aim of the minimization step is to find the 

conformation for the protein and its side chains that maximizes the net attractive forces 

between all atoms and is important to avoid structural clashes during the simulation104. After 

minimization the system is static, however, the equilibration step will simulate experimental 

conditions defined for MD simulation of the system. The system heating prevents the atoms 

                           w           y                 w   ’           w             

(Equation 2). This velocity is updated in certain time intervals until the desired temperature for 

the system is attained104. This heating step is done according to an ensemble, for example the 

canonical ensemble which keeps temperature, volume, and number of molecules for the 

system constant. This ensemble is kept by using a thermostat to control the temperature. It is 

also necessary to get pressure in experimental conditions, accomplished resorting to a 

barostat and according to a constant pressure ensemble, for example the isothermal-isobaric 

ensemble which keeps the number of molecules, temperature, and pressure for the system 

constant. 

𝐹𝑖 = 𝑚𝑖𝑎𝑖 
Equation 2 -   w   ’           w               i is the force acting on the atom, mi the mass of the atom and ai the acceleration 

of the atom. 

 

Finally, in the production phase, the atoms will interact according to the chosen force 

field for the MD simulation. During this phase the temperature and pressure are manipulated 

according to the objective of the study, resorting again to thermostats and barostats and 
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according to the adequate ensemble. Positions for the atoms are updated in a time step 

defined by the user, until the stipulated total simulation time is achieved. 

The analysis of a MD simulation can provide insight into a wide range of system 

characteristics. Some information, such as the average structure throughout the simulation, 

the Root Mean Square Distance (RMSD) of residues in comparison to the initial positions, the 

Root Mean Square Fluctuation (RMSF) of residues in comparison to the initial structure, or 

the energy in the system are easily calculated with the information gathered about the system 

after MD simulation104. The occlusion and accessibility of certain protein residues can also be 

calculated and may be of interest when studying protein interactions. These are only some 

examples of what information can be retrieved from studies using MD simulation techniques. 

 

2.2.1 CHARMM-GUI 

 

Chemistry at HARvard Macromolecular Mechanics Graphical User Interface 

(CHARMM-GUI)88,109–114 was developed with the aim of providing researchers with a graphical 

user interface tool capable of generating systems to be used in several contexts of several 

simulation techniques. CHARMM-GUI possesses several tools, such as a solvator, an implicit 

solvent modeler, a PEBQ solver and a membrane builder, as well as a PDB reader that 

converts PDB files into CHARMM readable files, the start point for the other tools mentioned88. 

Within these tools, in this work, only CHARMM-GUI´s membrane builder was used to create 

the systems necessary for the MD simulations. This tool generates all components necessary 

for MD simulations of a system as complex as one with a lipid bi-layer and a transmembrane 

protein88,112.  

To create this kind of system, the membrane builder needs a membrane orientation 

for the protein. In CHARMM-GUI this can be done automatically resorting to the OPM79 

database if the protein membrane orientation is available in the database, resorting to 

CHARMM-GUI membrane insertion tools or it can be provided by the user. Several lipid types 

are available, which makes this tool versatile as different types of membranes can be 

constructed for the simulation system112. If the system is being built for long MD simulations 

membrane orientation is not a major concern, as the protein will potentially equilibrate in the 

membrane throughout the simulation. 

The membrane can be built through two different methods, insertion, or replacement. 

The insertion method creates a hole in the membrane to insert the protein, through weak 

repulsive radial forces112. This method is much faster at generating the membrane but is 

limited in protein shapes and system size. The replacement method surrounds the protein by 

https://paperpile.com/c/kJVWfG/lPxs
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lipid-like pseudo atoms and randomly replaces them by the actual lipids, according to the 

chosen membrane composition112. This method is slower than the insertion, but it is more 

versatile in terms of system size and protein shape112. The membrane builder can generate 

files to use in several simulation softwares, such as GROningen MAchine for Chemical 

Simulations (GROMACS)89,115. 

 

2.2.2 GROMACS 

 

 GROMACS is a widely used free open-source software designed to perform MD 

simulations of biochemical systems, although it is also used for non-biological systems. It 

allows simulations with several force fields and computation to be run in Central Processing 

Units (CPUs) with GPU acceleration, making the calculations for the MD simulation of the 

system faster116. 

 

2.3 HADDOCK 

 

The High Ambiguity Driven protein-protein DOCKing (HADDOCK) web server91 is a 

user-friendly implementation of HADDOCK117, in order to make its use simpler while providing 

computational resources for everyone to use within an adequate time frame117  H   O K’  

docking protocol can be divided into three main steps: randomization of orientations and rigid 

body energy minimization, semirigid simulated annealing in torsion angle space and final 

refinement in cartesian space with explicit solvent. Each step has a different scoring function, 

described in Equations 3 - 5. 𝐸𝑣𝑑𝑤 represents the energy for van der Waals interactions, 𝐸𝑒𝑙𝑒𝑐  

the energy for electrostatic interactions, 𝐸𝑑𝑒𝑠𝑜𝑙 the energy related with desolvation, 𝐸 𝑎𝑖𝑟 the 

energy related with distance restraints and 𝐵𝑆𝐴 the buried surface área. 

In the randomization of orientations and rigid body energy minimization step the two 

molecules chosen to dock are positioned far from each other and each molecule is randomly 

rotated around its center of mass. After this initial step, the system is submitted to four cycles 

in which each molecule is allowed rotational movements to minimize the system energy 

function. Following this, each protein is allowed rotational and translational movements to 

minimize the system energy (Equation 3). 

 

HARDDOCK𝑠𝑐𝑜𝑟𝑒 − it0 = 0.01 𝐸𝑣𝑑𝑤  + 1.0 𝐸𝑒𝑙𝑒𝑐  + 1.0 𝐸𝑑𝑒𝑠𝑜𝑙  + 0.01 𝐸𝑎𝑖𝑟 − 0.01 𝐵𝑆𝐴 
Equation 3 – Score function used in it0 step in HADDOCK. 

 

HARDDOCK𝑠𝑐𝑜𝑟𝑒 − it1 = 1.0 𝐸𝑣𝑑𝑤 + 1.0  𝐸𝑒𝑙𝑒𝑐 + 1.0 𝐸𝑑𝑒𝑠𝑜𝑙 + 0.1 𝐸𝑎𝑖𝑟 − 0.01 𝐵𝑆𝐴 
Equation 4 – Score function used in it1 step in HADDOCK. 

https://paperpile.com/c/kJVWfG/QL0p
https://paperpile.com/c/kJVWfG/QL0p
https://paperpile.com/c/kJVWfG/v0sf+naZg
https://paperpile.com/c/kJVWfG/XXtY
https://paperpile.com/c/kJVWfG/k9ua
https://paperpile.com/c/kJVWfG/Cmo6
https://paperpile.com/c/kJVWfG/Cmo6
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HARDDOCK𝑠𝑐𝑜𝑟𝑒 − water = 1.0 𝐸𝑣𝑑𝑤 + 0.2 𝐸𝑒𝑙𝑒𝑐 + 1.0 𝐸𝑑𝑒𝑠𝑜𝑙 + 0.1 𝐸𝑎𝑖𝑟 
Equation 5 - Score function used in water step in HADDOCK. 

 The structures with both molecules that best minimize the energy function are then 

submitted to semirigid simulated annealing in torsion angle space step. In this step three 

annealing refinement simulations are performed. In the first both proteins are still considered 

rigid bodies and its objective is to further optimize the orientation of both molecules. In the 

second annealing refinement, only the side chains of the interface residues are allowed to 

move. In the third and final annealing refinement both side chains and backbone residues are 

allowed to move, and this potentiates possible conformational rearrangements that minimize 

the energy function. Finally, the structures with both molecules obtained from the three 

annealing refinement simulations are subjected to a steep descent energy minimization. 

The third and final step in this docking pipeline is final refinement in cartesian space 

with explicit solvent. In this step, water molecules are added to the system and three different 

steps of MD are performed. In the first step, the system is heated and only the side chains on 

the interface are allowed to move. In the second step temperature is constant and heavy atoms 

are restrained from moving. Finally, in the third step, the system is cooled, and all atoms are 

allowed movement except molecules backbone residues and atoms outside of the interface. 

 

2.4 Mutation analysis 

 

2.4.1 Genome based mutation detection 

 

For mutation detection in genomes, we used MicroGMT, a mutation detection tool 

developed and optimized for tracking the mutations that are happening in the SARS-CoV-2 

genome, although it can be used for other microbiomes. MicroGMT requires three inputs: a 

FAST-all (FASTA) reference genome sequence to analyze and compare, an annotation file 

for the reference genome and the sequences the user intends to submit to the pipeline in an 

assembled genome FASTA or raw FASTA format, both sequences containing formats. The 

reference genome and its annotations are not necessary for SARS-CoV-2 as they are made 

available with the software. 

This tool works through a pairwise alignment between the reference sequence and 

each of the genomes presented by the user. However, to reduce the computational cost, there 

are a set of sequences already precomputed and only new sequences are submitted to this 

process. MicroGMT starts by creating a variant call format (vcf-format) variant file for each 

input that is enriched with annotations and generates a new annotated vcf-format file for each 
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entry. Following this, it presents summary tables for the mutations identified and these can be 

enriched with regional information of the input genomes. 

 

2.4.2 Protein based mutation detection 

 

For mutation identification in protein sequences Rahman et al proposed a tool in a 

previous study on SARS-CoV-2 S protein mutations93. This tool accepts the reference 

sequence within a multiple sequence alignment with the protein sequence the user intends to 

study. Then, through pairwise alignment the mutations are identified and saved in a text file. 

This method was also used in a different study to analyze SARS-CoV-2 N protein mutations118. 

 

2.4.3 FoldX 

 

 FoldX is an empirical force field developed to allow in depth studies of mutations effects 

in proteins from a PDB structure of the WT protein. FoldX applies a force field based on 

Equation 6. The letters (a to l) correspond to weights applied to different components 

necessary for the energy calculations. The rest of the terms present in Equation 3 account for 

several types of interactions observed in protein systems. ΔGvdw represents the effect of van 

der Waals interactions and is calculated as a desolvation, scaling with the burial of atoms, and 

taking into account energy transferred from water to vapor. ΔGsolvH and ΔGsolvP are the 

contributors of the interactions with the solvent, ΔGsolvH represents the effect of the 

hydrophobic groups and ΔGsolvP the contribution of the polar groups. These are calculated like 

the van der Waals interactions, but without considering the energy transferred from water to 

vapor. There are also some water molecules that formed more than one lasting hydrogen bond 

with the protein, and these are represented by term ΔGwb. The impact of the remaining 

hydrogen bonds is calculated through geometric parameters only and is represented by term 

ΔGhbond. ΔGel accounts for the impact of electrostatic interactions and is calculated by a simple 

Coulomb law. The burial of the bond in consideration leads to a scale of the dielectric constant 

in these calculations. The force field also considers the electrostatic interactions between 

different peptides in the applicable cases, represented by ΔGkon. This term is calculated 

resorting to an empirical formula that describes the complex formation association rate. FoldX 

accounts for the entropic penalties of fixing the backbone of the protein in a certain 

conformation, ΔSmc, as well as fixing the entropic penalties associated with fixing a side chain 

in a certain conformation, ΔSsc. ΔSmc is a result of the observation of a range of high resolution 

structures. ΔSsc is calculated by adapting a set of predetermined entropy parameters. The final 

https://paperpile.com/c/kJVWfG/Ur89
https://paperpile.com/c/kJVWfG/KoFE
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term, ΔGclash, accounts for the repulsive energy that is generated by the steric overlap of 

atoms. 

 

 

𝛥𝐺 = 𝑎 ⋅  𝛥𝐺𝑣𝑑𝑤 + 𝑏 ⋅  𝛥𝐺𝑠𝑜𝑙𝑣𝐻 + 𝑐 ⋅  𝛥𝐺𝑠𝑜𝑙𝑣𝑃 + 𝑑 ⋅  𝛥𝐺𝑤𝑏 + 𝑒 ⋅  𝛥𝐺ℎ𝑏𝑜𝑛𝑑 

+𝑓 ⋅  𝛥𝐺𝑒𝑙 + 𝑔 ⋅  𝛥𝐺𝑘𝑜𝑛 + ℎ ⋅  𝑇 𝛥 𝑆𝑚𝑐 + 𝑘 ⋅  𝑇 𝛥 𝑆𝑠𝑐 + 𝑙 ⋅  𝛥𝐺𝑐𝑙𝑎𝑠ℎ 
 

Equation 6 - Empirical force field applied by FoldX. 

 

FoldX allows the study of different protein characteristics that may be impacted by 

mutations, among these, protein stability. The impact of mutations in protein stability can be 

studied resorting to Gibbs free energy (Equation 7) of folding calculations. 

 

𝛥𝛥𝐺𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝛥𝐺𝑚𝑢𝑡𝑎𝑛𝑡 − 𝛥𝐺𝑊𝑖𝑙𝑑𝑇𝑦𝑝𝑒 

Equation 7 - Free energy variation. 
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Chapter 3 - Methods 

 

The work described in this dissertation encompasses three main components to study 

SARS-CoV-2 M protein dimeric structure. First, to predict membrane orientation for the 

monomer, followed by the prediction of the dimeric structure and its orientation in the 

membrane. Lastly, we analyzed mutations in possible interacting residues that may lead to 

the formation of the dimer and study its effect in the stability of the dimeric structure. 

 

3.1 M protein monomer structure and membrane orientation 

 

As stated previously, there are no experimentally resolved structures for SARS-CoV-

2 M monomer. There are also no homologous proteins with available 3D structures, hence, 

for this work, the monomeric structure used was the one predicted and made available by the 

AlphaFold95 team, resorting to their own tool78. However, the predicted structure only accounts 

for residues 11 to 203, from the 223 aa that are present in SARS-CoV-2 M protein.  We 

decided to restrict our structure to these crucial regions as the missing residues are inherently 

disordered residues, more difficult to study and not essential for this study78. This monomeric 

structure was then used for prediction of how M protein monomer would insert itself in the 

membrane, resorting six different membrane orientation predictors: OPM79, TMpred80, 

TMHMM81,82, PSIPRED83,84, CCTOP85,86 and SACSMEMSAT87. 

 To perform initial minimization for each obtained membrane orientation we resorted to 

MD simulations. Before performing the MD, it was necessary to build the systems with 

membrane inserted protein to use in the simulations. For this we used CHARMM-GUI 

membrane builder88. Since the M protein is translated in the ER and viral assembly also takes 

place in this organelle, the membrane built was a replica of the lipid composition present in 

ER bilayer membrane made by POPC:POPE:PI:POPS:PSM:Cholesterol, with constitution, 

according to Table 2, and complemented with TIP3 waters, 0.9 M Na+ and Cl- ions. 

 

https://paperpile.com/c/kJVWfG/umzS
https://paperpile.com/c/kJVWfG/UVEJ
https://paperpile.com/c/kJVWfG/UVEJ
https://paperpile.com/c/kJVWfG/sXs9
https://paperpile.com/c/kJVWfG/nstl
https://paperpile.com/c/kJVWfG/Uqg5+GLUL
https://paperpile.com/c/kJVWfG/JVUC+DLFd
https://paperpile.com/c/kJVWfG/Gwfm+VTOs
https://paperpile.com/c/kJVWfG/k2HH
https://paperpile.com/c/kJVWfG/Kr2R
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Table 2 - Equilibration systems details for: i) M protein monomer; systems with M protein and membrane were equilibrated with 

OPM79, TMpred80, TMHMM81,82, PSIPRED83,84, CCTOP85,86 and SACSMEMSAT87 membrane orientation prediction; ii) M protein 

dimer, two M monomers with TMHMM81,82 membrane orientation and membrane were equilibrated. Systems sizes, solvents 

(water and ions- Na+ and Cl-) and membrane lipids (POPC- phosphatidylcholine, Cholesterol, SAPI24 and SAPI25- 

phosphatidylinositol, POPE- phosphatidylethanolamine, POPS- phosphatidylserine and PSM- sphingolipid) constitution are listed 

herein. 

 
Monomer 

Dimer 

OPM TMPRED TMHMM PSIPRED CCTOP SACSMEMSAT 

System 

size 

x 14.21 14.21 14.21 14.21 14.21 14.21 11.94 

y 14.21 14.21 14.21 14.21 14.21 14.21 11.94 

z 12.21 12.21 12.21 12.21 12.21 12.21 11.60 

Solvent 

H2O 48,949 48,918 48,954 48,935 49,005 48,935 31,319 

Na+ 1,045 1,047 1,045 1,046 1,044 1,043 235 

Cl- 797 799 798 798 796 795 83 

Membran

e Lipids 

POPC 370 370 370 370 370 370 245 

POPE 132 132 132 132 132 132 88 

SAPI24 30 30 30 30 30 30 26 

SAPI25 30 30 30 30 30 30 26 

POPS 18 18 18 18 18 18 12 

PSM 18 18 18 18 18 18 12 

Cholesterol 2 2 2 2 2 2 2 

 

 

 MD simulations for minimization of the systems for each membrane orientation were 

performed using GROMACS89,115 and the CHARMM36 force field105. Minimization was 

performed with the steepest descent algorithm. Equilibration was performed by heating the 

systems with a Berendsen-thermostat at 310 K in the canonical ensemble (NVT) over 7 ns, 

keeping the pressure constant at one bar with isothermal-isobaric ensemble (NPT) over 20 ns 

with semi-isotropic pressure coupling algorithm119. The fast smooth Particle-Mesh Ewald 

https://paperpile.com/c/kJVWfG/sXs9
https://paperpile.com/c/kJVWfG/nstl
https://paperpile.com/c/kJVWfG/Uqg5+GLUL
https://paperpile.com/c/kJVWfG/JVUC+DLFd
https://paperpile.com/c/kJVWfG/Gwfm+VTOs
https://paperpile.com/c/kJVWfG/k2HH
https://paperpile.com/c/kJVWfG/Uqg5+GLUL
https://paperpile.com/c/kJVWfG/v0sf+naZg
https://paperpile.com/c/kJVWfG/KDQv
https://paperpile.com/c/kJVWfG/xr3P
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method was used to process long-range electrostatic interactions. No positional restraints 

were used during the minimization and equilibration process. To perform RMSD analysis 

between the positions of Cα residues in the AlphaFold structure and after minimization and 

equilibration, regarding the whole protein and only considering the transmembrane region, we 

resorted to Pymol, version 1.2r3pre120.   

  

3.2 M protein dimer and interface prediction 

 

 Not all orientations were selected for the steps that follow monomer membrane 

prediction, due to the disparity in results. Henceforth only OPM, TMpred and TMHMM 

membrane orientation predictions were used. To predict M protein dimeric structure, we 

resorted to the web-based docking tool HADDOCK91 version 2.4. This tool uses experimental 

data as a basis to predict quaternary structures of proteins. To perform the docking step, we 

h                 h         ’                         this we used CPORT121, an atomic 

level predictor for interacting residues between proteins. For the docking step only, 

transmembrane residues predicted by this tool were used as hot-spots. 

 Docking was then performed and non-crystallographic symmetry restrictions were 

imposed for TMH2 and TMH3, due to the high sequence identity and homology of M protein 

in SARS-CoV and SARS-CoV-273, and the knowledge that most homodimeric proteins are 

symmetric122. In the first phase of docking, rigid body docking, 5,000 structures were 

generated and in the following phase, semi-flexible refinement, 1,000 structures were 

obtained. Since this is a transmembrane protein the last phase, final refinement, was not 

executed. 

 Docking results were analyzed based on how well the bilayer membrane was aligned 

for both monomers. This led us to select 20 structures from the original 3,000. These 20 

structures were then submitted to a web-based tool that takes analyses and models 

macromolecular interactions, Protein Interfaces Surfaces and Assemblies (PISA)123. They 

were further selected based on the interface interacting residues that were known from SARS-

CoV M protein dimer. For that protein homologous residues W20, W58, P59, W92, Y95, F96 

and C159 in SARS-CoV-2 play a pivotal role in the interactions that form the dimeric 

structure38. Two dimers were selected from this process and in order to select only one 

structure both were submitted to PROtein binDIng enerGY (PRODIGY)124,125, a tool that 

predicts if the structures being studied are biologically relevant, using a random forest 

approach with structural features as input126. 

This structure was then used in MD simulations with systems built in a similar fashion 

to the described above for the minimization of the monomers, in CHARMM-GUI and according 

https://paperpile.com/c/kJVWfG/l06F
https://paperpile.com/c/kJVWfG/k9ua
https://paperpile.com/c/kJVWfG/k6Te
https://paperpile.com/c/kJVWfG/EaAK
https://paperpile.com/c/kJVWfG/WH0U
https://paperpile.com/c/kJVWfG/awHd
https://paperpile.com/c/kJVWfG/Nwnd
https://paperpile.com/c/kJVWfG/E4L8+8Bw4
https://paperpile.com/c/kJVWfG/8Ay2
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to Table 2. Minimization and equilibration for the systems containing the dimers was also 

performed as described above for the monomer simulations using GROMACS. Following this 

initial step GROMACS was used to perform three independent MD simulations over 0.5 μs for 

the final structure. Simulations were produced with constant pressure and temperature 

(isothermal-isobaric ensemble). A Nose-Hoover thermostat with a time constant of 1 ps was 

used for temperature coupling and a semi-isotropic Parrinello-Rahman barostat with time 

constant 5 ps and compressibility of 4.5 × 10-5 bar-1 was used to ensure the pressure was 

constant. Linear constraint solver was used to limit hydrogen bonds and electrostatic 

interactions were again processed with fast smooth Particle-Mesh Ewald but with a cutoff of 

1.2 nm. 

 Alpha Carbon (Cα) atoms were used for the calculation of Cross-Correlation Analysis 

(CCA), that tracks the movement of two or more time series data regarding one another, 

carried out with Bio3D R package127. GROMACS packages were then used to calculate both 

RMSD and RMSF for Cα atoms. GROMACS packages were also used for Solvent-Accessible 

Surface Area (SASA) analysis of the dimeric protein (SASAcomplex), for each separate monomer 

(SASAmonomerA and SASAmonomerB) and finally ΔSASA (Equation 8). These values were 

assessed on a residue (i) based. Even though this last metric provides a good quantitative 

measure to show conformational changes after protein coupling relSASA (Equation 9) was 

also calculated to further explore how each residue behaves after the dimeric structure is 

formed. Possible interacting residues were detected by an in-house script that detected 

residues with a side chain in a 5 Å     h   h           h          ’        h                 

90% of the simulation. For this a structure was retrieved every 2 ns of simulation from 300 ns 

until 500 ns in each replica. 

 

𝛥𝑆𝐴𝑆𝐴𝑖 = 𝑆𝐴𝑆𝐴𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑖
− (𝑆𝐴𝑆𝐴𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝐴𝑖

+ 𝑆𝐴𝑆𝐴𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝐵𝑖
) 

Equation 8 - ΔS S            n. 

 

𝑟𝑒𝑙𝑆𝐴𝑆𝐴𝑖 =  𝛥𝑆𝐴𝑆𝐴𝑖 / 𝑆𝐴𝑆𝐴𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑖
 

Equation 9 - relSASA calculation. 

 

3.3 M protein mutation analysis 

 

The first step in mutation analysis was genome and protein retrieval, from the GISAID128 

database. Genomes were then analyzed using MicroGMT92. In this work, from genome 

mutations, only non-synonymous substitution mutations in the M gene region were 

considered. For the retrieved protein mutation detection, we resorted to an approach 

developed by Rahman et al.93. The reference sequence used for both tools was the first SARS-

https://paperpile.com/c/kJVWfG/M8Qr
https://paperpile.com/c/kJVWfG/bTbL
https://paperpile.com/c/kJVWfG/qzOJ
https://paperpile.com/c/kJVWfG/Ur89
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CoV-2 sequenced genome (NC_045512.2) and its M protein (YP_009724393) and both tools 

were used with default parameterization. Only single residue substitution mutations were 

considered, and the further use of the mutation term will be to refer to this type of mutation. 

The mutations were detected in both protein sequences and M gene region of the genome 

and all detected mutations were used. 

 Finally, FoldX94, an empiric force field was used to calculate Gibbs energy difference 

and understand the impact of the different mutations in the stability of M protein dimer, based 

on △△Gbinding (Equation 7), according to the differences in hydrophobic, polar, Van der Waals, 

hydrogen bonds and electrostatic interactions in between the mutated protein and the 

reference protein. Superior and inferior cutoff values of 0.5 kcal/mol and -0.5 kcal/mol, 

respectively, were defined to avoid considering △△Gbinding values that were close to 0 kcal/mol 

as an impact in protein stability. 

 Throughout this work residues considered as polar were R, N, D, C, E, N, H, K, S, T, 

Q and Y, residues considered as non-polar were A, G, I, L, M, F, P, W and V, residues 

considered as aromatic were F, W and Y and residues considered as non-aromatic were R, 

N, D, C, E, N, H, K, S, T, Q, A, G, I, L, M, P and V. Furthermore the original images presented 

throughout this dissertation were made resorting to  Protein Imager129, ggplot2 R package130 

and Bio3D R package127. 

 

 

 

 

  

https://paperpile.com/c/kJVWfG/8tyM
https://paperpile.com/c/kJVWfG/mvnr
https://paperpile.com/c/kJVWfG/L6u1
https://paperpile.com/c/kJVWfG/M8Qr
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Chapter 4 - Results 

 

4.1 M protein monomer membrane orientation 

 

M protein monomer membrane orientation is key to understanding the structure and 

interactions of this protein as well as its biological function. As stated in the previous chapter, 

six different predictions for M protein orientation were obtained resorting to six different tools: 

OPM79, TMpred80, TMHMM81,82, PSIPRED83,84, CCTOP85,86 and SACSMEMSAT87. 

 RMSD values were calculated to compare the different orientation predictions for the 

whole monomer and for only the TMH domains. RMSD values regarding the whole protein 

were 1.74 Å for OPM, 1.47 Å for TMpred, 1.42 Å for TMHMM, 2.50 Å for PSIPRED, 1.43 Å for 

CCTOP and 1.59 Å for SACSMEMSAT and the values regarding only the TMH sections of the 

protein were 0.40 Å for TMpred, 0.44 Å for SACSMEMSAT, 0.69 Å for OPM, 0.74 Å for 

TMHMM, 0.81 Å for CCTOP and 0.98 Å for PSIPRED (Figure 3).  

 

 

Figure 3 - SARS-CoV-2 M protein monomer transmembrane prediction: a) OPM79, b) TMpred80, c) TMHMM81,82, d) 

PSIPRED83,84, e) CCTOP85,86 and f) SACSMEMSAT87. The RMSD was calculated between each structure after minimization 

and equilibration and the initial AlphaFold structure for the monomer. 

 

PSIPRED was not used for further studies due to the significantly higher values of 

RMSD that its prediction presented when considering both TMH domains, as well as for the 

whole protein. SACSMEMSAT and CCTOP presented an arched shape in TMH1 after 

equilibration and minimization through MD simulations, that could have an impact on dimer 

stability (Figure 3). Hence, these two predictors were also not used anymore, although the 

https://paperpile.com/c/kJVWfG/sXs9
https://paperpile.com/c/kJVWfG/nstl
https://paperpile.com/c/kJVWfG/Uqg5+GLUL
https://paperpile.com/c/kJVWfG/JVUC+DLFd
https://paperpile.com/c/kJVWfG/Gwfm+VTOs
https://paperpile.com/c/kJVWfG/k2HH
https://paperpile.com/c/kJVWfG/sXs9
https://paperpile.com/c/kJVWfG/nstl
https://paperpile.com/c/kJVWfG/Uqg5+GLUL
https://paperpile.com/c/kJVWfG/JVUC+DLFd
https://paperpile.com/c/kJVWfG/Gwfm+VTOs
https://paperpile.com/c/kJVWfG/k2HH


Fcup 
SARS-CoV-2 membrane protein: from genomic data to structural new insights 

29 

 
 
RMSD results were like the other predictors. From this step forward only the remaining three 

membrane orientation predictions - OPM, TMHMM and TMpred - were considered. 

 

4.2 M protein dimer and interface prediction 

 

 Previously selected M protein monomer membrane orientation predictions, OPM, 

TMpred and TMHMM, were used to predict dimer tridimensional structure through docking 

using HADDOCK91. 20 structures that respected membrane orientation for both monomers in 

the dimeric structure were selected from 3,000 total structures proposed after docking.  

Out of the selected structures 11 were from OPM, 4 from TMpred and 5 from TMHMM. 

Only two structures were selected through a preliminary interaction analysis, both with 

TMHMM membrane orientation predictions. The selection of these structures was made 

considering experimentally known M-M interactions that take place in SARS-   ’    H      

residue P59, and TMH3, in residues W92, L93 and F9638. To select between the final two 

dimeric structures, we resorted to PRODIGY for its biological probability and predicted binding 

affinity metrics. The final selected dimeric structure chosen to use in the following work, 

presented 85.6% biological probability and -6.3 kcal/mol of predicted binding affinity and the 

discarded structure presented 74.8% of biological probability and -5.9 kcal/mol of binding 

affinity. According to the selected monomeric structure and its membrane orientation 

prediction obtained by TMHMM residues 11 to 19 belong to the ecto N-terminal domain, 

residues 100 to 203 to the endo C-terminal domain, residues 20 to 38 to TMH1, residues 46-

70 to TMH2 and residues 76 to 100 to TMH3 (Figure 4). 

https://paperpile.com/c/kJVWfG/k9ua
https://paperpile.com/c/kJVWfG/Nwnd
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Figure 6 - SARS-CoV-2 M protein monomer. a) M protein domains predicted by TMHMM81,82 membrane predictor. b) TMHMM81,82 

M protein monomer structure prediction after equilibration in membrane with ER membrane composition. c) M protein structure 

with domains highlighted.  

 

The selected dimeric structure (Figure 5) revealed polar contacts between M protein 

and membrane lipids in residues K14, Y39, R42, N43, R44, F45, Y71, R72, W75, S94, R101, 

R107, W110, S173 and R174, which supports the prediction made for TMH domains (Figure5). 

https://paperpile.com/c/kJVWfG/Uqg5+GLUL
https://paperpile.com/c/kJVWfG/GLUL+Uqg5
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Figure 7 - SARS-CoV-2 M protein dimer HADDOCK91 prediction using TMHMM81,82 based monomers. a) Interaction 

representation between Monomer A (teal) and Monomer B (garnet) domains. b) M protein dimer within the membrane: Monomer 

A (teal), Monomer B (garnet). c) M protein dimer with TMH domains highlighted: Monomer A (teal), Monomer B (garnet).  

 

After minimization and equilibration, the dimeric structure was submitted to three 

independent 0.5 μs MD simulation replicas. Both monomers behaved slightly differently during 

the MD simulation, according to the RMSD results (Figure 6). For monomer A TMH2 was 

rather less stable than TMH1 and TMH3 was the most stable domain (Figure 6A). TMH2 from 

monomer A interacted with monomer B. Domains with TMH were generally stable in monomer 

B, with the most unstable regions being the N-terminal and C-terminal domains (Figure 6B). 

 

Figure 8 - RMSD results for MD simulations split by TMH1, TMH2, TMH3, N-terminal and C-terminal: a) Monomer A, and b) 

Monomer B. 

 

https://paperpile.com/c/kJVWfG/k9ua
https://paperpile.com/c/kJVWfG/Uqg5+GLUL
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Both monomers presented mostly similar RMSF results (Figure 7) in TMH domains 

that are largely composed of α-helices, showing a lower fluctuation when compared with other 

regions. This is particularly true for random coils, like the C-terminal domain that showed a 

higher fluctuation. Additionally, RMSF values in the N-terminal region is higher for B monomer 

and lower in the TMH2 region, corroborating the RMSD analysis                   ’           

to observe that TMH1 and TMH2 of opposite monomers showed a negative correlation, 

meaning they moved in opposite directions (Figure 8). TMH2 from monomer A showed a very 

weak, almost neglectable, positive correlation with TMH2 from monomer B. TMH2 from 

monomer A also showed a weak negative correlation with TMH3 from monomer B (Figure 8). 

TMH3 from each monomer showed a positive correlation between them. This leads us to 

hypothesize that TMH3 may play an important role in dimer formation. 

 

 

Figure 9- RMSF results for MD simulations split by monomers A and B. TMH1, TMH2 and TMH3 correspondent 

residues are highlighted as grey areas. 
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Figure 10 - Residue CCA between M protein dimer Monomer A and Monomer B.  

 

Dimer interface in the selected structure was composed of 17 residues from monomer 

A - W55, P59, L62, V66, A69, V70, W75, I82, A85, W92, L93, F96, F100, F103, R107, M109 

and F112 - and 21 residues from monomer B - P59, L62, V66, A69, V70, Y71, I82, A85, W92, 

L93, F96, I97, F100, F103, A104, R107, S108, M109, S111 and F112. These were considered 

as interface residues as they were within 5Å during at least 90% of the simulation time, with a 

total of 34 interactions identified (Table 3). The mean distance between Cα was 9.57 ± 0.60 

Å, with the farthest being in the interaction between W92 from both monomers with a distance 

of 12.58 Å and the closest interaction was between V70 from both monomers with a distance 

of 5.25 Å. Out of the 34 total interactions, 12 were comprised by the same residue from each 

monomer - P59, V66, A69, V70, I82, L93, F96, F100, F103, R107, M109 and F112. These 

interactions were composed by 23 unique residues, 8 aromatic - Y71, W55, W75, W92, F96, 

F100, F103 and F112 -, 20 non polar - W55, P59, L62, V66, L67, A69, V70, Y71, W75, I82, 

A85, W92, L93, F96, I97, A104, F100, F103, M109 and F112 -, 3 polar - S108, S111 and R107 
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- and only one positively charged residue - R107. These interacting residues are in several 

regions of the protein, seven on the TMH2 domain - W55, P59, L62, L67, V66, A69 and V70 -

, seven on the TMH3 domain - I82, W92, L93, I97, A85, F96, F100 -, seven on the C-terminal 

region - F103, A104, R107, S108, M109, S111, F112 -, and two on TMH2-TMH3 ectodomain 

loop region - Y71, W75. 

 

Table 3 - SARS-CoV-2 M protein dimer interacting residues, using a prevalence time cut-off of 90% (all results were listed as 

mean values ± standard deviation). 

Monomer 
A 

∆𝐒𝐀𝐒𝐀 𝐀 
(Å2) 

𝐫𝐞𝐥𝐒𝐀𝐒𝐀 𝐀 
Monomer 

B 
∆𝐒𝐀𝐒𝐀 𝐁 

(Å2) 
𝐫𝐞𝐥𝐒𝐀𝐒𝐀 𝐁 

Percenta
ge (%) 

Cα distance 
(Å) 

W55 69.00 ± 
23.91 

0.62 ± 
0.16 

L93 70.51 ± 
16.96 

0.67 ± 
0.14 

100.00 10.93 ± 
0.65 

V66 57.26 ± 
11.49 

0.80 ± 
0.13 

V66 58.18 ± 
11.81 

0.80 ± 
0.10 

100.00 7.11 ± 0.32 

A69 15.96 ± 
6.92 

0.93 ± 
0.15 

V70 87.47 ± 
11.74 

0.88 ± 
0.08 

100.00 6.31 ± 0.41 

V70 83.79 ± 
16.05 

0.81 ± 
0.16 

A69 14.78 ± 
9.16 

0.78 ± 
0.43 

100.00 6.70 ± 0.50 

V70 83.79 ± 
16.05 

0.81 ± 
0.16 

V70 87.47 ± 
11.74 

0.88 ± 
0.08 

100.00 5.25 ± 0.51 

W75 66.06 ± 
38.00 

0.33 ± 
0.18 

Y71 8.53 ± 
40.92 

0.09 ± 
0.57 

100.00 11.42 ± 
0.74 

I82 63.02 ± 
18.62 

0.65 ± 
0.14 

V70 87.47 ± 
11.74 

0.88 ± 
0.08 

100.00 8.62 ± 0.65 

W92 64.08 ± 
12.99 

0.87 ± 
0.10 

W92 48.02 ± 
16.01 

0.76 ± 
0.17 

100.00 12.58 ± 
0.49 

L93 67.87 ± 
23.73 

0.62 ± 
0.20 

P59 11.83 ± 
23.49 

0.20 ± 
0.53 

100.00 8.62 ± 0.61 

F96 67.33 ± 
16.53 

0.90 ± 
0.09 

F96 52.22 ± 
15.81 

0.89 ± 
0.12 

100.00 9.67 ± 0.65 

F103 66.38 ± 
15.37 

0.88 ± 
0.10 

F103 78.66 ± 
15.91 

0.95 ± 
0.07 

100.00 10.79 ± 
0.58 

M109 89.25 ± 
27.84 

0.54 ± 
0.14 

F103 78.66 ± 
15.91 

0.95 ± 
0.07 

100.00 8.31 ± 0.44 

P59 32.47 ± 
25.51 

0.50 ± 
0.27 

L93 70.51 ± 
16.96 

0.67 ± 
0.14 

99.67 09.01 ± 
0.62 

F112 76.09 ± 
25.84 

0.84 ± 
0.08 

F100 64.39 ± 
26.02 

0.50 ± 
0.19 

99.67 9.13 ± 0.49 

V70 83.79 ± 
16.05 

0.81 ± 
0.16 

I82 45.82 ± 
20.01 

0.50 ± 
0.20 

99.34 9.08 ± 0.66 

F100 83.51 ± 
28.35 

0.62 ± 
0.14 

F112 38.18 ± 
31.03 

0.52 ± 
0.41 

99.34 9.16 ± 0.55 

W55 69.00 ± 
23.91 

0.62 ± 
0.16 

I97 22.90 ± 
22.99 

0.23 ± 
0.24 

99.01 11.45 ± 
0.68 

W92 64.08 ± 
12.99 

0.87 ± 
0.10 

L93 70.51 ± 
16.96 

0.67 ± 
0.14 

99.01 11.78 ± 
0.60 
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R107 71.92 ± 
29.68 

0.36 ± 
0.13 

M109 86.63 ± 
28.09 

0.49 ± 
0.14 

99.01 7.72 ± 0.77 

L62 24.35 ± 
18.78 

0.44 ± 
0.30 

L62 17.37 ± 
14.70 

0.34 ± 
0.30 

98.35 11.78 ± 
0.44 

M109 89.25 ± 
27.84 

0.54 ± 
0.14 

F100 64.39 ± 
26.02 

0.50 ± 
0.19 

97.36 8.9 ± 0.57 

M109 89.25 ± 
27.84 

0.54 ± 
0.14 

A104 17.84 ± 
14.34 

0.26 ± 
0.21 

97.36 7.78 ± 0.50 

I82 63.02 ± 
18.62 

0.65 ± 
0.14 

L67 14.01 ± 
19.51 

0.17 ± 
0.24 

96.37 8.69 ± 0.55 

F103 66.38 ± 
15.37 

0.88 ± 
0.10 

S108 9.79 ± 
12.38 

0.28 ± 
0.76 

95.05 10.8 ± 0.67 

F112 76.09 ± 
25.84 

0.84 ± 
0.08 

F103 78.66 ± 
15.91 

0.95 ± 
0.07 

94.72 11.13 ± 
0.55 

W75 66.06 ± 
38.00 

0.33 ± 
0.18 

V70 87.47 ± 
11.74 

0.88 ± 
0.08 

94.39 10.58 ± 
0.65 

F103 66.38 ± 
15.37 

0.88 ± 
0.10 

F112 38.18 ± 
31.03 

0.52 ± 
0.41 

94.39 10.28 ± 
0.69 

I82 63.02 ± 
18.62 

0.65 ± 
0.14 

V66 58.18 ± 
11.81 

0.80 ± 
0.10 

93.07 9.02 ± 0.49 

W55 69.00 ± 
23.91 

0.62 ± 
0.16 

F96 52.22 ± 
15.81 

0.89 ± 
0.12 

93.07 11.66 ± 
0.63 

V66 57.26 ± 
11.49 

0.80 ± 
0.13 

A85 0.92 ± 
6.38 

0.00 ± 
0.00 

92.08 9.78 ± 0.44 

F103 66.38 ± 
15.37 

0.88 ± 
0.10 

S111 -3.07 ± 
3.85 

0.00 ± 
0.00 

92.08 11.02 ± 
0.76 

A85 1.49 ± 
6.45 

0.00 ± 
0.00 

V66 58.18 ± 
11.81 

0.80 ± 
0.10 

91.42 9.62 ± 0.45 

F100 83.51 ± 
28.35 

0.62 ± 
0.14 

F96 52.22 ± 
15.81 

0.89 ± 
0.12 

91.42 11.66 ± 
0.72 

M109 89.25 ± 
27.84 

0.54 ± 
0.14 

R107 53.28 ± 
38.80 

0.26 ± 
0.18 

91.42 8.96 ± 0.68 

 

 

 Out of the 34 total interactions considered, 9 were predicted to be between C-terminal 

domain residues of each monomer - F103-F103, M109-F103, R107-M109, M109-A104, F103-

S108, F112-F103, F103-F112, F103-S111 and M109-R107 -, 6 between TMH2 domain of 

monomer A and TMH3 domain of B monomer - W55-L93, P59-L93, V70-I82, W55-I97, V66-

A85 and W55-F96 -, 5 between the TMH2 domain of each monomer - V66-V66, A69-V70, 

V70-A69, V70-V70 and L62-L62 -, 5 between TMH3 domain of monomer A and TMH2 domain 

of monomer B - I82-V70, L93-P59, I82-L67, I82-V66 and A85-V66 -, 4 between the TMH3 

domain of each monomer - W92-W92, F96-F96, W92-L93, and F100-F96 -, 2 between C-

terminal domain of A monomer and TMH3 domain of monomer B -F112-F100 and M109-F100 

-, 2 interactions between W75, located in the TMH2-TMH3 extracellular loop region, from 

monomer A and Y71, located in  TMH2-TMH3 extracellular loop residue, and V70, located in 
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the TMH2 region, from monomer B and 1 interaction between F100, located at the TMH3 

domain, from monomer A and F112, located in the C-terminal domain, from monomer B. From 

all the interactions only 12 - W59-L93, V66-V66, A69-V70, V70-A69, V70-V70, W75-Y71, I82-

V70, W92-W92, L93-P59, F96-F96, F103-F103 and M109-F103 - were prevalent throughout 

100% of the simulation (Table 3) and the regions which these residues occupy also showed 

low RMSF values. 

Interactions within the same monomer were also detected, for monomer A hydrophilic 

interactions took place between residues L62-V66, V66-V69, W92-F96, F96-F100 and F103-

R107 and π-π stack interactions occur between W92-F96 and F100-F112. Monomer B only 

presented hydrophilic interactions within itself, in residues L62-V66, V66-V69, L92-I97, F100-

A104, A104-R107, S106-M107 and M107-F112, but π-π stack interactions were observed 

between residues W55-F100, W92-W92, F100-F112 and F103-F103, in monomer A and 

monomer B, respectively. 
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Figure 11 - a) SARS-CoV-2 M protein dimer via HADDOCK30 prediction using TMHMM20,21 based monomers with interfacial residues 

represented as sticks, and b) interface zoom-in featuring interfacial residues identified with the color code of teal for Monomer A and 

garnet for Monomer B. 

 

 

4.3 M protein mutation analysis 

 

4.3.1 Sequence analysis and exploration and mutation detection 

 

 Using the GISAID database 1,271,550 M protein sequences were retrieved, submitted 

from 10/01/2020 to 03/05/2021, collected in 180 different countries. 1,338,747 genomes with 

more than 29,000 bases and less than 5% missing values were also retrieved from the same 

database. From the retrieved genomes Clades S, G, GH and GR were composed of 

sequences with higher prevalence in North America, with GR also having a high prevalence 
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in Oceania (Figure 9). GV and GRY clades were predominantly in Europe and Clades O and 

L were distributed around the world without a region of significantly higher prevalence (Figure 

9). 

 

 

Figure 12 - GISAID data analysis by clades. Clade S includes variants A, clade V variants B.2, clade L variants B, clade G variants 

B.1, clade GH variants B.1.*, clade GV variants B.1.177, clade GR variants B.1.1.1 and clade GRY variants B.1.1.7. 

 

91 different mutations were detected throughout 21,868 sequences in residues 

predicted as dimer interface in the previously described work. To assess the possible impact 

of each mutation in the dimeric protein we resorted to FoldX to predict binding free energy 

differences between mutated and WT proteins and studied them by analyzing the physio-

chemical properties in the mutation (Figure 10). 
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Figure 13 - △△Gbinding values of predicted interfacial residues split into a) Non-polar to Non-polar residues and Polar to Non-polar 

residues, and b) Non-Polar to Polar residues and Polar to Polar residues. Size corresponds to the number of times a SNP 

occurred in all 1,271,550 analysed sequences. Color represents the alteration from Aromatic to Aromatic (sage), Aromatic to 

Non-aromatic (teal), Non-aromatic to Aromatic (yellow) and Non-aromatic to Non-aromatic (garnet) (all the presented results are 

mean values ± standard deviation). 

 

Regarding mutations in the considered interface residues 606 (2.77%) had ⟨△△Gbinding⟩ 

values superior to 0.50 kcal/mol, 2,683 (12.27%) had ⟨△△Gbinding⟩ values inferior to -0.50 

kcal/mol and 18,579 (84.96%) had ⟨△△Gbinding⟩ values between -0.50 and 0.50 kcal/mol. The 

⟨△△Gbinding⟩ was -0.01 ± 0.62 kcal/mol. Out of all considered mutations 55.53% were mutations 

from a non-polar residue to another non-polar residue, with a value for ⟨△△Gbinding⟩ of 0.14 ± 

0.49 kcal/mol in this mutation type; 41.68% were from a non-polar to a polar residue, with a 

value for ⟨△△Gbinding⟩ of -0.42 ± 0.36 kcal/mol in this mutation type; 2.68% were from a polar 

residue to another polar residue, with a value for ⟨△△Gbinding⟩ of 0.65 ± 1.07 kcal/mol in this 

mutation type; and 0.11% were from a polar residue to a non-polar residue, with a value for 

⟨△△Gbinding⟩ of 1.14 ± 0.48 kcal/mol in this mutation type (Figure 10). 

The majority of the 91 studied mutations were from a non-aromatic residue to another 
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aromatic residue (90.01%), with a value for ⟨△△Gbinding⟩ of 0.04 ± 0.77 kcal/mol in this mutation 

type; 7.27% were from a non-aromatic to an aromatic residue, with a value for ⟨△△Gbinding⟩ of 

0.09 ± 0.29 kcal/mol in this mutation type; 2.69% were from an aromatic residue to a non-

aromatic residue,  with a value for ⟨△△Gbinding⟩ of -0.11 ± 0.30 kcal/mol in this mutation type; 

and 0.03% were from an aromatic residue to another aromatic residue, with a mean for 

⟨△△Gbinding⟩ of -0.20 ± 0.15 kcal/mol in this mutation type (Figure 10). 

The most detected mutation was I82T, from a non-polar residue into a polar residue in 

the TMH3 domain. This mutation was detected in 6,316 (28.88%) of the retrieved sequences. 

The following most common mutation was V70L, from a non-polar residue into another non-

polar residue in the TMH2 domain. This mutation was detected in 6,303 (28.82%) of the 

retrieved sequences. The third most occurring mutation was only detected in 1,455 of the 

retrieved sequences, so the two mutations described above were by far the most common 

ones (Annexed Table 1). 

 

4.3.2 Single and co-occurring mutation analysis in different clades 

 

The same mutation type analysis was also made for each clade (Figure 11) for both 

single mutated sequences, proteins only mutated in one residue, (Annexed Table 1) and 

sequences with multiple mutations, proteins with mutations in multiple residues (Annexed 

Table 2). GRY, a clade that contains VOC, was the most mutated in M protein, accounting for 

36.69% of the mutations detected. For sequences of this clade the most frequent mutation 

was V70L, detected in 73.30% of clade GRY sequences with a ⟨△△Gbinding⟩ value of -0.02 ± 

0.22 kcal/mol. Within the GRY clade this mutation was detected co-occurring with M109L in 8 

instances, with A104V in 2 instances and with A69F and A85V in 1 instance each, without any 

major identifiable energetic advantage, as ⟨△△Gbinding⟩ was around 0 kcal/mol. 
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Figure 14 - Distribution across Clades of SARS-CoV-2 M protein sequences. Clade color is related to it encompassing VOC 

(garnet) and VOI (teal). 
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The following clade with the most mutations was GH, which also contains VOC and 

encompasses 21.25% of all sequences retrieved. In this clade the most common mutation 

was I82T and it accounted for 47.23% of clade GH mutated sequences with a ⟨△△Gbinding⟩ 

value of -0.49 ± 0.38 kcal/mol. This mutation also had some co-occurring mutations but with 

a much lower frequency, as for example A85S that induced a more stable dimer interface with 

⟨△△Gbinding⟩ value of -1.47 ± 0.47 kcal/mol. 

G clade, which contains both VOC and VOI, was the third with the most mutated 

sequences encompassing 19.05% of all mutated sequences. The most detected mutation in 

this clade was I82T, in 71.26% of the sequences contained in G clade with a ⟨△△Gbinding⟩ value 

of -0.49 ± 0.38 kcal/mol. This mutation co-occurred with some other mutations in interface 

residues, such as with R107L in 4 instances, with V70F in 2 instances, with M109I in 2 

instances, with V66M in 2 instances, with A85S in 2 instances and with R107H in 2 instances. 

None of those co-occurring mutations led to an increase in stability of the dimeric structure, 

as there were no significant changes in binding free energy. 

GR clade, which contains both VOC and VOI, encompasses 17.27% of the retrieved 

sequences that contain mutations. In this clade the most detected mutation was V70F, present 

in 26.32% of sequences within the clade with a ⟨△△Gbinding⟩ value of 0.17 ± 0.47 kcal/mol. 

A85S was detected co-occurring with V70F in 3 instances, with ⟨△△Gbinding⟩ value of -0.72 ± 

0.64 kcal/mol and A104V in 1 instance, with ⟨△△Gbinding⟩ value of 0.10 ± 0.54 kcal/mol. Clades 

GV, S, O, L and V, that contain neither VOC nor VOI, are not as well represented, 

encompassing only 4.36% in GV, 0.90% in S, 0.38% in O and 0.05% for both L and V clades. 

 

4.3.3 Single mutation analysis in VOC and VOI pango lineages 

 

Analysis of single mutations was also performed for pango lineages considered VOC 

or VOI. Out of all the mutated sequences retrieved 8,951 (40.93%) were sequences within 

pango lineages that are considered as VOC and 2,757 (12.61%) were sequences within pango 

lineages considered as VOI. Most VOC sequences were encompassed in pango lineage 

B.1.1.7 (8,474 sequences, corresponding to 94.67% of VOC sequences). The most common 

mutation for this variant was V70L, detected in 6,136 sequences (72.41%) of B.1.1.7 lineage 

mutated sequences (Figure 12). In VOI the most common variant was pango lineage B1.525 

(2,142 sequences, corresponding to 72.59% of VOI sequences), with the most frequent 

mutation, I82T, detected in 2,139 sequences (72.48%) (Figure 12). 
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Figure 15 - Distribution across VOC (garnet) and VOI (teal) of SARS-CoV-2 M protein sequences. 

 

As for impact in protein stability, mutations A69P, R107C, R107L, R107S and R107H 

have a negative impact in protein stability as they have ⟨△△Gbinding⟩ values higher than 0.50 

kcal/mol, with the R107H appearing in several VOC, such as lineages B1.1.7, B.1.351, P.1, 

and VOI lineage B.1.617.1, although R107H had a relatively low frequency compared to some 

other mutations. Contrarily to these mutations, other have a positive impact on protein stability, 

possessing ⟨△△Gbinding⟩ values below -0.50 kcal/mol, such as A69S, A69T, A104S, A104T, 

I82S and I82T, with I82T commonly detected in VOC lineages B.1.617.2 and B.1.1.7 

frequently but also in lineage P.1.1 and B.1.351 and in VOI lineage B.1.525. I82S was detected 

in VOCs lineages B1.1.7 and B.1.351 somewhat infrequently and in VOI lineage B.1.617.1. 

A69S was detected in VOC lineage B.1.1.7 commonly, in VOC lineage B.1.351, in VOI lineage 

B.1.526 rarely and in VOI lineage P.2 one only once. A69T was detected only in VOC lineage 

B.1.1.7 and finally A104S and A104T were only detected in VOC lineages B.1.1.7 two and 
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three times, respectively. 

 

4.3.4 Interface residue analysis 

 

As SASA values for interface residues are considerably lower when the complex is 

formed compared to other interface residues, solvent occlusion is known to be an important 

feature of Protein Protein Interactions (PPIs)131–135. Residues that were more commonly 

mutated showed higher values for ⟨△SASA⟩ and ⟨relSASA⟩. This is an indicator that these 

residues are being occluded after the complex formation, as shown by SASAcomplex values 

tending to zero, ⟨relSASA⟩ values closer to 1 and higher values for ⟨△SASA⟩. Furthermore, 

residue I82 had a ⟨△SASA⟩ value of 54.42 ± 13.27 Å2 and a ⟨relSASA⟩ value of 0.58 ± 0.12; 

residue V70 showed a ⟨△SASA⟩ value of 85.63 ± 11.01 Å2 and a ⟨relSASA⟩ value of 0.84 ± 

0.10; and A69 displayed a ⟨△SASA⟩ value of 15.37 ± 4.26 Å2 and a ⟨relSASA⟩ value of 0.90 

± 0.12. These were the three most common mutated residues in the sequences retrieved. 

Some other residues, with a relatively high mutation frequency, lost accessibility to the 

solvent, although they remained attainable after complex formation, such as mutation M109, 

with a ⟨△SASA⟩ value of 87.94 ± 14.46 Å2 and a ⟨relSASA⟩ value of 0.52 ± 0.07; A104, with 

a ⟨△SASA⟩ value of 13.69 ± 8.89 Å2 and a ⟨relSASA⟩ value of 0.21 ± 0.13; R107, with a 

⟨△SASA⟩ value of 62.60 ± 21.03 Å2 and a ⟨relSASA⟩ value of 0.32 ± 0.10; and W75, with a 

⟨△SASA⟩ value of 49.28 ± 20.33 Å2 and a ⟨relSASA⟩ value of 0.27 ± 0.11. While some 

residues only take place in one interaction, such as A104, and other in two, such as A69, R107 

and W75, others may play a role in more, such as I82, that takes place in 4 interactions, M109, 

that takes place in 5 interactions and V70, that takes place in 6 interactions (Table 4). 

  

https://paperpile.com/c/kJVWfG/o1SK+4VBs+TMQU+ccdc+R2S0
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Chapter 5 - Discussion and future work 
 
 

M protein plays a pivotal role in SARS-CoV-2 viral assembly, in its viral envelope and 

plays a role in host immunity evasion. However, the interactions necessary for the formation 

of its homodimer are still not thoroughly studied. The work described in this dissertation started 

w  h    h     ’                                    wh  h w            its membrane 

orientation through six different web-based tools. We chose the membrane orientation 

predicted by TMHMM, following the minimization and equilibration steps, due to its low RMSD 

values compared with the initial AlphaFold predicted structure, with no major changes in key 

transmembrane regions.  

Although little information is available about SARS-CoV-2 M protein, the dimeric 

                ’               were previously experimentally studied for SARS-   ’    

protein, showing that the TMH1 region would be constituted by residues 15 to 37, TMH2 region 

by residues 50 to 72 and TMH3 by residues 77 to 9938. In this work, the first reliable study, to 

the extent of our knowledge, about SARS-CoV- ’             w                     

orientation in which TMH1 is composed of residues 20 to 38, TMH2 by residues 46 to 70 and 

TMH3 by residues 76 to 100, that align with the available results of SARS-CoV M protein. 

SARS-   ’                             y                    h w  h            W 9  

W57, P58, W91, Y94, F95 and C158 were important for the formation of M protein dimer38, 

leading us to believe that SARS-CoV-2 homologous residues W20, in the TMH1 domain, W58 

and P59, in the TMH2 domain, W92, L93, Y95 and F96, in the TMH3 domain, and C159 in the 

endo-domain may also play a role in the interactions that result in the dimeric structure. This 

SARS-CoV study still lead to the hypothesis that residues C63 and C85 do not play a role in 

the interactions necessary for dimer formation38, which suggests that the homologous residues 

C64, C86 in SARS-CoV-2 M protein may not have an impact in dimer formation.  

All this information about the dimeric structure in SARS-CoV was considered for the 

docking steps, as detailed in sections 2.2 and 3.2. As also mentioned in section 3.2 a dimeric 

structure obtained from the monomer with membrane orientation predicted by TMHMM was 

chosen due to its complementary membrane orientation, as the structure allowed for both 

monomers to be correctly inserted in the same membrane while interacting to form a dimer. 

This structure was then inserted in a membrane with similar composition as ER membrane, 

as previously described, and this system was subjected to MD simulations. As the simulations 

showed different RMSD values for monomer A and B, it led us to believe that the 

conformational stability was slightly different. CCA values corroborate this hypothesis as 

TMH1 and TMH2 in monomer A are positively correlated and in monomer B the same domains 

https://paperpile.com/c/kJVWfG/Nwnd
https://paperpile.com/c/kJVWfG/Nwnd
https://paperpile.com/c/kJVWfG/Nwnd
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are negatively correlated. They also showed similar RMSF values, particularly in the TMH 

regions that allowed for the formation of stable interactions between monomers. We identified 

38 interacting residues: 17 in monomer A and 21 in monomer B, responsible for the 34 

interactions detected in M protein dimeric structure. As expected in transmembrane proteins 

such as M protein, most of these interactions - 73.53% - are between transmembrane 

residues. Out of the 34 interactions, 12 were present in 100% of the simulation time, including 

the interactions between homologous residues to the residues known to play a role in SARS-

CoV M protein interactions - W92-W92, L93-P59 and F96-F9638 - leading to the suggestion 

that these interactions might play key roles in the stabilization of the dimeric structure. 

However, these are not the only residues involved in interactions present throughout the whole 

simulation and experimental studies are necessary to further investigate the role of residues 

W55, V66, A69, V70, Y71, W75, I82, F103 and M109. 

 As for mutation analysis, out of 1,271,550 retrieved sequences, 21,868 (1.7%) 

sequences had mutations in M protein residues that were predicted as interacting residues in 

this work, leading us to believe that these are extremely conserved regions, and may be 

important for viral fitness136. We detected 91 different single mutations from the predicted 

interface residues, 12.27% of which had a positive impact in M protein dimer protein stability, 

such as:  I82T, I97T, I82S, W92Q, L62S, A104T, I97S, L93S, F100S, P59Q, Y71H, A104S, 

A69T, A85S, L67H and A69S (△△Gbinding values of -0.49, -0.50, -0.55, -0.59, -0.62, -0.63, -

0.74, -0.76, -0.78, -0.83, -0.90, -0.91, -0.92, -0.93, -1.07, -1.20 kcal/mol, respectively). All 

△△Gbinding values considered were lower than -0.50 kcal/mol. As I82T had a △△Gbinding value 

very close to the cut-off value, we thought it was pertinent to include it. A negative impact in 

dimer stability was noted in 2.77% mutations as they had a △△Gbinding higher than 0.50 

kcal/mol. About 85% of the detected mutations in the considered region had no impact on 

protein stability. 

 As for the changes in the physio-chemical properties of the mutated residues, in more 

than half of mutations (55.53%) the residues remained non-polar, in 41.68% the residues 

change from non-polar to polar and most residues were non-aromatic and remained as such. 

As a transmembrane protein, M protein was expected to be rich in non-polar residues, 

especially in the regions that are inserted in the membrane, and as expected most of the 

residues predicted to interact were non-polar residues. This prevalence of non-polar residues 

in membrane proteins is consistent with previous studies137. 

On the other hand, 99.36% of the detected non-polar to polar mutations had negative 

△△Gbinding values, which may occur due to the increase in conformation stability as they can 

establish hydrogen bonds. From the homologous residues to the experimentally studied in 

SARS-CoV three mutations had a major impact in protein stability. Mutations L93S (-0.76 ± 

https://paperpile.com/c/kJVWfG/Nwnd
https://paperpile.com/c/kJVWfG/evy2
https://paperpile.com/c/kJVWfG/6t2O
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0.30 kcal/mol) and W92Q (-0.59 ± 0.49 kcal/mol) had a positive impact, with △△Gbinding values 

lower than -0.5 kcal/mol and L93P, which had the second highest △△Gbinding value out of all 

mutations (+2.29 ± 2.29 ± 0.30 kcal/mol), had a negative impact, probably due to the 

destabilization typically caused by Prolines in α-helices. The rest of the mutations detected in 

residues P59, W92, L93 and F96 were neutral in dimer stability as their △△Gbinding values 

close to zero. 

 Mutations I82T and V70L were by far the most frequent mutations detected in this 

work, accounting for 28.88% and 28.82% of the detected mutations, respectively. I82T had a 

positive impact on protein stability as it showed a △△Gbinding of -0.49 ± 0.38 kcal/mol. V70L 

    ’                           y             y     △△Gbinding value of -0.02 ± 0.22 kcal/mol. 

These are both key residues in the formation of the dimer as both are responsible for 

interactions that were detected throughout the whole simulations and even interact between 

them with a mean distance of 8.62 ± 0.65 Å for IA82-VB70 and 9.08 ± 0.66 Å for VA70-IB82. 

The pair of residues also had ΔSASA values between 45 and 88 Å2, which lead us to believe 

the interaction is protected, as the residues are occluded from the solvent when the complex 

is formed. Both residues also showed little fluctuation, according to their RMSF values.  

 The most represented clades in the mutated sequences retrieved were GRY (36.69%), 

which contains VOC, as well as GH (21.25%), G (19.06%) and GR (17.27%), that contain both 

VOC and VOI. The most frequent mutations, I82T and V70L, are present in sequences that 

are in clades that contain VOC and/or VOI with occurrences of 99.5% and 97.64%, 

respectively. This leads us to believe that M protein functions in the SARS-CoV-2 life cycle 

may be impacted by the mutations in the interface region of M protein dimer. V70L was the 

most detected mutation in VOC, identified in 6137 sequences, and most of the times (97.35%) 

this mutation was detected in sequences that belong to pango lineage B.1.1.7, a VOC 

encompassed by GRY clade.  

 Out of all sequences only 25 had more than one mutation and, of these, only 12 were 

in two residues that were predicted to play a role in interactions present throughout the whole 

simulations. The most frequent clades for co-occurring mutations were G in 27.45% of 

occurrences, GRY in 23.53% of occurrences, GH in 23.53% of occurrences and GR in 19.61% 

of occurrences. Co-occurrences were also detected, although in much lower frequency, in 

clades GV (3.92%) and S (1.96%). Most of the co-occurring mutations were present in VOC 

and VOI containing clades.  

V70L was an interesting study subject, as although it co-occurred with other mutations 

in 9 instances, all of those belonged to GRY clade, that contains VOC. Although by itself the 

V70L mutation does not seem to have a major impact in dimer formation it may have an impact 

when co-occurring with other interfacial mutations as it is often found in several VOC. 
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M protein dimer in SARS-CoV-2 had little knowledge available other than its key role 

in the viral life cycle, with a critical role for viral assembly and envelope formation. In this work 

we studied how the protein would interact with the membrane and with itself, proposing not 

only a membrane orientation but also a dimeric structure and an analysis of its interface. This 

structure can be used for further studies of the protein and its interactions with other viral 

proteins as well as host proteins. The study of the extremely conserved interface also provided 

some insights on the key residues for dimer formation. This may be a steppingstone for further 

interface study through experimental methods and a starting point for drug development for 

this essential and well conserved protein.  

Furthermore, an in silico pipeline was employed to study how the different mutations 

occurring in SARS-CoV-2 virus would impact the interface and stability of the dimeric structure. 

This may be important to analyze new variants that cause an increase in viral fitness and may 

provide insights in dangerous future mutations. To the best of our knowledge this is the first 

computational or experimental in-depth study on the dimeric structure and mutations of this 

well conserved protein. Experimental studies to validate proposed interface residues 

presented in this work are still necessary. The study of other M protein PPIs, namely with other 

structural proteins, the interface between proteins as well as the mutations that may occur in 

those regions are an interesting follow up to our work. All this information of protein interactions 

necessary for viral replication may be useful for drug development targeting the SARS-CoV-2 

M protein. 

 

 

Resulting publications from the dissertation 

From the work developed and described in this dissertation a scientific article was submitted. 

The preprint is available at https://www.researchsquare.com/article/rs-702792/v1. 

Besides this main publication, I was also involved in the following publications: 

https://doi.org/10.3390/biochem1020007 and https://doi.org/10.1016/B978-0-12-820472-

6.00048-7.  

 

  

https://www.researchsquare.com/article/rs-702792/v1
https://doi.org/10.3390/biochem1020007
https://doi.org/10.1016/B978-0-12-820472-6.00048-7
https://doi.org/10.1016/B978-0-12-820472-6.00048-7
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Annexes 

Annex Table 1 - Analysis for each detected mutation in the predicted interface residues for SARS-CoV-2 M protein. This table describes the frequency of each mutation (Frequency), their mean 

△△Gbinding values (△△G), RMSF for each original residue (RMSF), solvent-accessible surface area (SASA) for each original residue in the complex (SASAcpx), SASA for each original residue in the 

monomer (SASAmon), ΔSASA  for each original residue (ΔSASA), relative SASA for each original residue (relSASA), the number of interactions each original residues establish (Interactions) and the 

distribution of the mutation across the GISAID clades (Clade) (all the presented results are mean values ± standard deviation). 

 

  ∆∆𝐆 RMSF 𝐒𝐀𝐒𝐀𝐜𝐩𝐱  𝐒𝐀𝐒𝐀𝐦𝐨𝐧 ∆𝐒𝐀𝐒𝐀 𝐫𝐞𝐥𝐒𝐀𝐒𝐀  Clade (%) 

Mutation Frequency 
Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 
Interactions L S V G GH GR GV GRY O 

I82T 6316 
-0.49 ± 

0.38 

91.22 ± 

19.94 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 0.06 0.24 0.00 47.02 34.74 14.06 1.71 1.82 0.35 

V70L 6303 
-0.021 ± 

0.22 

86.27 ± 

18.53 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 0.00 0.00 0.00 0.68 1.08 4.43 0.21 93.30 0.30 

V70F 1455 
0.17 ± 

0.47 

86.27 ± 

18.53 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 0.00 0.27 0.20 4.95 7.90 68.32 6.25 11.62 0.49 

A85S 1215 
-0.93 ± 

0.30 

79.81  ± 

13.46 

6.65 ± 

4.25 

7.85 ± 

4.73 

1.21 ± 

1.56 

0.14 ± 

0.17 
2 0.00 0.25 0.00 4.44 85.03 3.62 1.15 6.26 0.24 

M109I 1005 
0.05 ± 

0.20 

118.10  ± 

20.29 

80.28 ± 

22.41 

168.22 ± 

20.18 

87.94 ± 

14.46 

0.52 ± 

0.07 
5 0.00 0.10 0.00 4.38 54.03 13.03 8.56 19.50 0.40 

A104V 959 
-0.09 ± 

0.19 

105.19  ± 

27.34 

48.72 ± 

14.21 

62.41 ± 

13.29 

13.69 ± 

8.89 

0.21 ± 

0.13 
1 0.00 0.00 0.00 9.28 10.22 16.16 39.31 24.82 0.21 

I82S 712 
-0.55 ± 

0.37 

91.22  ± 

19.94 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 0.00 14.75 0.00 80.20 2.25 0.98 0.14 1.68 0.00 
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A69S 574 
-1.12 ± 

0.23 

83.55  ± 

16.47 

1.59 ± 

3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 0.17 0.17 0.00 9.93 20.38 23.34 11.85 33.28 0.88 

R107H 566 
1.15 ± 

0.68 

122.51  ± 

37.92 

134.74 ± 

27.60 

197.33 ± 

18.99 

62.60 ± 

21.03 

0.32 ± 

0.10 
2 0.35 0.18 0.00 1.77 13.78 45.23 2.65 36.04 0.00 

V70I 526 
-0.06 ± 

0.09 

86.27  ± 

18.53 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 0.19 3.80 0.19 1.33 3.42 76.81 8.75 5.51 0.00 

V66L 430 
-0.06 ± 

0.05 

72.96  ± 

15.00 

14.52 ± 

8.56 

72.23 ± 

9.42 

57.72 ± 

5.87 

0.80 ± 

0.07 
4 0.47 0.00 0.00 8.37 9.77 36.74 10.00 33.95 0.70 

W75L 382 
0.04 ± 

0.30 

134.37  ± 

26.17 

136.35 ± 

44.73 

185.63 ± 

24.99 

49.28 ± 

20.33 

0.27 ± 

0.11 
2 0.00 10.21 1.05 6.28 10.99 14.40 3.93 53.14 0.00 

A85V 352 
-0.17 ± 

0.07 

79.81  ± 

13.46 

6.65 ± 

4.25 

7.85 ± 

4.73 

1.21 ± 

1.56 

0.14 ± 

0.17 
2 0.00 0.28 0.00 10.23 16.48 14.20 2.27 56.53 0.00 

A69V 158 
-0.15 ± 

0.08 

83.55  ± 

16.47 

1.59 ± 

3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 0.63 1.90 1.90 22.78 9.49 24.68 5.06 32.91 0.63 

I97T 116 
-0.50 ± 

0.46 

89.75  ± 

19.33 

77.20 ± 

19.03 

96.61 ± 

17.39 

19.41 ± 

6.87 

0.20 ± 

0.06 
1 0.00 0.00 0.00 0.86 12.93 10.34 6.03 69.83 0.00 

F100L 64 
0.02 ± 

0.10 

92.63  ± 

24.89 

55.87 ± 

22.80 

129.82 ± 

17.14 

73.95 ± 

16.79 

0.57 ± 

0.10 
4 0.00 0.00 0.00 25.00 6.25 9.38 9.38 50.00 0.00 

I82V 61 
0.05 ± 

0.05 

91.22  ± 

19.94 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 0.00 0.00 0.00 47.54 1.64 42.62 6.56 1.64 0.00 

I97F 56 
-0.01 ± 

0.28 

89.75  ± 

19.33 

77.20 ± 

19.03 

96.61 ± 

17.39 

19.41 ± 

6.87 

0.20 ± 

0.06 
1 0.00 0.00 0.00 23.21 5.36 8.93 12.50 50.00 0.00 

L93F 48 
-0.02 ± 

0.10 

80.02  ± 

12.90 

38.00 ± 

19.35 

107.19 ± 

12.26 

69.19 ± 

9.59 

0.65 ± 

0.08 
4 0.00 0.00 0.00 18.75 37.50 20.83 0.00 20.83 2.08 
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I97V 47 
0.08 ± 

0.11 

89.75  ± 

19.33 

77.20 ± 

19.03 

96.61 ± 

17.39 

19.41 ± 

6.87 

0.20 ± 

0.06 
1 0.00 0.00 0.00 4.26 14.89 68.09 0.00 8.51 4.26 

V70A 45 
0.16 ± 

0.12 

86.27  ± 

18.53 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 0.00 2.22 0.00 26.67 51.11 6.67 0.00 0.00 13.33 

V66M 40 
-0.07 ± 

0.06 

72.96  ± 

15.00 

14.52 ± 

8.56 

72.23 ± 

9.42 

57.72 ± 

5.87 

0.80 ± 

0.07 
4 0.00 0.00 0.00 5.00 40.00 17.50 0.00 37.50 0.00 

M109L 38 
0.04 ± 

0.16 

118.10  ± 

20.29 

80.28 ± 

22.41 

168.22 ± 

20.18 

87.94 ± 

14.46 

0.52 ± 

0.07 
5 0.00 0.00 0.00 0.00 7.89 13.16 2.63 76.32 0.00 

M109V 38 
0.08 ± 

0.28 

118.10  ± 

20.29 

80.28 ± 

22.41 

168.22 ± 

20.18 

87.94 ± 

14.46 

0.52 ± 

0.07 
5 0.00 0.00 0.00 13.16 31.58 21.05 2.63 31.58 0.00 

A85T 30 
-0.49 ± 

0.30 

79.81  ± 

13.46 

6.65 ± 

4.25 

7.85 ± 

4.73 

1.21 ± 

1.56 

0.14 ± 

0.17 
2 0.00 0.00 0.00 3.33 23.33 3.33 10.00 60.00 0.00 

F100S 29 
-0.78 ± 

0.33 

92.63  ± 

24.89 

55.87 ± 

22.80 

129.82 ± 

17.14 

73.95 ± 

16.79 

0.57 ± 

0.10 
4 0.00 0.00 0.00 6.90 68.97 13.79 0.00 10.34 0.00 

W75S 28 
0.02 ± 

0.32 

134.37  ± 

26.17 

136.35 ± 

44.73 

185.63 ± 

24.99 

49.28 ± 

20.33 

0.27 ± 

0.11 
2 0.00 0.00 0.00 3.57 14.29 21.43 0.00 60.71 0.00 

R107L 21 
1.85 ± 

0.51 

122.51  ± 

37.92 

134.74 ± 

27.60 

197.33 ± 

18.99 

62.60 ± 

21.03 

0.32 ± 

0.10 
2 0.00 0.00 0.00 9.52 42.86 23.81 4.76 14.29 4.76 

L67F 21 
0.02 ± 

0.08 

76.67  ± 

17.80 

65.01 ± 

14.59 

80.66 ± 

13.06 

15.65 ± 

5.30 

0.19 ± 

0.06 
1 0.00 0.00 0.00 9.52 33.33 14.29 19.05 23.81 0.00 

V66A 21 
0.21 ± 

0.08 

72.96  ± 

15.00 

14.52 ± 

8.56 

72.23 ± 

9.42 

57.72 ± 

5.87 

0.80 ± 

0.07 
4 0.00 0.00 0.00 4.76 66.67 9.52 4.76 14.29 0.00 

W55L 20 
-0.03 ± 

0.13 

90.56  ± 

16.30 

45.24 ± 

23.00 

112.80 ± 

19.40 

67.56 ± 

16.61 

0.60 ± 

0.15 
3 0.00 0.00 0.00 0.00 10.00 35.00 0.00 55.00 0.00 
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L67I 12 
-0.04 ± 

0.12 

76.67  ± 

171.80 

65.01 ± 

14.59 

80.66 ± 

13.06 

15.65 ± 

5.30 

0.19 ± 

0.06 
1 0.00 0.00 0.00 8.33 91.67 0.00 0.00 0.00 0.00 

W55C 12 
-0.13 ± 

0.20 

90.56  ± 

16.30 

45.24 ± 

23.00 

112.80 ± 

19.40 

67.56 ± 

16.61 

0.60 ± 

0.15 
3 0.00 0.00 0.00 25.00 8.33 8.33 0.00 58.33 0.00 

A104S 10 
-0.91 ± 

0.38 

105.19  ± 

27.34 

48.72 ± 

14.21 

62.41 ± 

13.29 

13.69 ± 

8.89 

0.21 ± 

0.13 
1 0.00 0.00 0.00 0.00 60.00 10.00 10.00 20.00 0.00 

Y71H 10 
-0.90 ± 

0.50 

92.35  ± 

19.94 

56.84 ± 

28.93 

84.97 ± 

34.74 

28.12 ± 

10.60 

0.34 ± 

0.13 
1 0.00 0.00 0.00 0.00 30.00 0.00 10.00 60.00 0.00 

W75R 9 
0.05 ± 

0.33 

134.37  ± 

26.17 

136.35 ± 

44.73 

185.63 ± 

24.99 

49.28 ± 

20.33 

0.27 ± 

0.11 
2 0.00 0.00 0.00 33.33 33.33 11.11 0.00 22.22 0.00 

V66G 9 
0.32 ± 

0.10 

72.96  ± 

15.00 

14.52 ± 

8.56 

72.23 ± 

9.42 

57.72 ± 

5.87 

0.80 ± 

0.07 
4 0.00 0.00 0.00 11.11 33.33 44.44 0.00 0.00 11.11 

L93M 8 
-0.01 ± 

0.07 

80.02  ± 

12.90 

38.00 ± 

19.35 

107.19 ± 

12.26 

69.19 ± 

9.59 

0.65 ± 

0.08 
4 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 

F112L 7 
0.01 ± 

0.28 

103.70  ± 

34.74 

23.38 ± 

21.40 

80.51 ± 

27.54 

57.14 ± 

10.26 

0.73 ± 

0.15 
4 0.00 0.00 0.00 28.57 28.57 0.00 0.00 28.57 14.29 

M109T 7 
0.08 ± 

0.28 

118.10  ± 

20.29 

80.28 ± 

22.41 

168.22 ± 

20.18 

87.94 ± 

14.46 

0.52 ± 

0.07 
5 0.00 0.00 0.00 14.29 28.57 0.00 0.00 57.14 0.00 

R107C 6 
1.78 ± 

0.49 

122.51  ± 

37.92 

134.74 ± 

27.60 

197.33 ± 

18.99 

62.60 ± 

21.03 

0.32 ± 

0.10 
2 0.00 0.00 0.00 0.00 16.67 50.00 16.67 16.67 0.00 

I97M 6 
-0.12 ± 

0.31 

89.75  ± 

19.33 

77.20 ± 

19.03 

96.61 ± 

17.39 

19.41 ± 

6.87 

0.20 ± 

0.06 
1 0.00 0.00 0.00 0.00 0.00 66.67 0.00 33.33 0.00 

A85D 6 
-0.06 ± 

0.07 

79.81  ± 

13.46 

6.65 ± 

4.25 

7.85 ± 

4.73 

1.21 ± 

1.56 

0.14 ± 

0.17 
2 0.00 0.00 0.00 16.67 83.33 0.00 0.00 0.00 0.00 
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F112Y 5 
-0.09 ± 

0.27 

103.70  ± 

34.74 

23.38 ± 

21.40 

80.51 ± 

27.54 

57.14 ± 

10.26 

0.73 ± 

0.15 
4 0.00 0.00 0.00 0.00 40.00 20.00 0.00 40.00 0.00 

W75C 5 
0.03 ± 

0.28 

134.37  ± 

26.17 

136.35 ± 

44.73 

185.63 ± 

24.99 

49.28 ± 

20.33 

0.27 ± 

0.11 
2 0.00 0.00 0.00 20.00 80.00 0.00 0.00 0.00 0.00 

A69T 5 
-0.92 ± 

0.34 

83.55  ± 

16.47 

1.59 ± 

3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 0.00 0.00 0.00 0.00 0.00 0.00 20.00 80.00 0.00 

A69P 5 
1.00 ± 

0.71 

83.55  ± 

16.47 

1.59 ± 

3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 

L67Y 5 
0.01 ± 

0.11 

76.67  ±  

17.80 

65.01 ± 

14.59 

80.66 ± 

13.06 

15.65 ± 

5.30 

0.19 ± 

0.06 
1 0.00 0.00 0.00 20.00 20.00 0.00 20.00 20.00 20.00 

A104T 4 
-0.63 ± 

0.44 

105.19  ± 

27.34 

48.72 ± 

14.21 

62.41 ± 

13.29 

13.69 ± 

8.89 

0.21 ± 

0.13 
1 0.00 0.00 0.00 0.00 0.00 50.00 25.00 25.00 0.00 

F103Y 4 
-0.31 ± 

0.36 

95.69  ± 

21.66 

6.41 ± 

6.87 

78.93 ± 

14.74 

72.52 ± 

8.95 

0.92 ± 

0.04 
6 0.00 0.00 0.00 0.00 50.00 25.00 0.00 25.00 0.00 

F100C 3 
0.07 ± 

0.21 

92.63  ± 

24.89 

55.87 ± 

22.80 

129.82 ± 

17.14 

73.95 ± 

16.79 

0.57 ± 

0.10 
4 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 

I82M 3 
0.00 ± 

0.06 

91.22  ± 

19.94 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

Y71C 3 
0.05 ± 

0.18 

92.35  ± 

19.94 

56.84 ± 

28.93 

84.97 ± 

34.74 

28.12 ± 

10.60 

0.34 ± 

0.13 
1 0.00 66.67 0.00 0.00 33.33 0.00 0.00 0.00 0.00 

L62S 3 
-0.62 ± 

0.34 

71.67  ± 

9.75 

25.27 ± 

7.76 

46.13 ± 

12.86 

20.86 ± 

7.36 

0.45 ± 

0.12 
1 0.00 0.00 0.00 0.00 33.33 66.67 0.00 0.00 0.00 

L62I 3 
0.03 ± 

0.09 

71.67  ± 

9.75 

25.27 ± 

7.76 

46.13 ± 

12.86 

20.86 ± 

7.36 

0.45 ± 

0.12 
1 0.00 0.00 0.00 0.00 33.33 0.00 33.33 33.33 0.00 
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R107S 2 
1.21 ± 

0.62 

122.51  ± 

37.92 

134.74 ± 

27.60 

197.33 ± 

18.99 

62.60 ± 

21.03 

0.32 ± 

0.10 
2 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 

F103V 2 
0.05 ± 

0.40 

95.69  ± 

21.66 

6.41 ± 

6.87 

78.93 ± 

14.74 

72.52 ± 

8.95 

0.92 ± 

0.04 
6 0.00 0.00 0.00 50.00 0.00 50.00 0.00 0.00 0.00 

I97R 2 
-0.31 ± 

0.55 

89.75  ± 

19.33 

77.20 ± 

19.03 

96.61 ± 

17.39 

19.41 ± 

6.87 

0.20 ± 

0.06 
1 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

L93P 2 
2.29 ± 

0.30 

80.02  ± 

12.90 

38.00 ± 

19.35 

107.19 ± 

12.26 

69.19 ± 

9.59 

0.65 ± 

0.08 
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 50.00 50.00 

A69D 2 
-0.14 ± 

0.20 

83.55  ± 

16.47 

1.59 ± 

3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 0.00 0.00 0.00 50.00 0.00 0.00 0.00 0.00 50.00 

V66F 2 
-0.10 ± 

0.07 

72.96  ± 

15.00 

14.52 ± 

8.56 

72.23 ± 

9.42 

57.72 ± 

5.87 

0.80 ± 

0.07 
4 0.00 0.00 0.00 0.00 0.00 0.00 50.00 50.00 0.00 

F112C 1 
0.02 ± 

0.32 

103.70  ± 

34.74 

23.38 ± 

21.40 

80.51 ± 

27.54 

57.14 ± 

10.26 

0.73 ± 

0.15 
4 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

F112S 1 
-0.34 ± 

0.45 

103.70  ± 

34.74 

23.38 ± 

21.40 

80.51 ± 

27.54 

57.14 ± 

10.26 

0.73 ± 

0.15 
4 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

S111L 1 
0.99 ± 

0.47 

102.15  ± 

24.07 

1.94 ± 

3.03 

3.21 ± 

4.80 

1.27 ± 

1.80 

0.34 ± 

0.36 
1 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 

S108F 1 
0.82 ± 

0.55 

120.22  ± 

27.48 

13.54 ± 

7.55 

18.53 ± 

8.82 

4.98 ± 

4.53 

0.27 ± 

0.23 
1 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

S108A 1 
0.89 ± 

0.30 

120.22  ± 

27.48 

13.54 ± 

7.55 

18.53 ± 

8.82 

4.98 ± 

4.53 

0.27 ± 

0.23 
1 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 

A104L 1 
-0.15 ± 

0.17 

105.19  ± 

27.34 

48.72 ± 

14.21 

62.41 ± 

13.29 

13.69 ± 

8.89 

0.21 ± 

0.13 
1 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 
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F103L 1 
0.02 ± 

0.35 

95.69  ± 

21.66 

6.41 ± 

6.87 

78.93 ± 

14.74 

72.52 ± 

8.95 

0.92 ± 

0.04 
6 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 

F100V 1 
0.05 ± 

0.18 

92.63  ± 

24.89 

55.87 ± 

22.80 

129.82 ± 

17.14 

73.95 ± 

16.79 

0.57 ± 

0.10 
4 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

F100I 1 
-0.03 ± 

0.15 

92.63  ± 

24.89 

55.87 ± 

22.80 

129.82 ± 

17.14 

73.95 ± 

16.79 

0.57 ± 

0.10 
4 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

I97S 1 
-0.74 ± 

0.42 

89.75  ± 

19.33 

77.20 ± 

19.03 

96.61 ± 

17.39 

19.41 ± 

6.87 

0.20 ± 

0.06 
1 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

F96L 1 
-0.05 ± 

0.11 

85.95  ± 

21.44 

13.54 ± 

7.55 

18.53 ± 

8.82 

4.98 ± 

4.53 

0.27 ± 

0.23 
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 

L93S 1 
-0.76 ± 

0.30 

80.02  ± 

12.90 

38.00 ± 

19.35 

107.19 ± 

12.26 

69.19 ± 

9.59 

0.65 ± 

0.08 
4 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 

L93R 1 
-0.47 ± 

0.62 

80.02  ± 

12.90 

38.00 ± 

19.35 

107.19 ± 

12.26 

69.19 ± 

9.59 

0.65 ± 

0.08 
4 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

L93I 1 
-0.06 ± 

0.08 

80.02  ± 

12.90 

38.00 ± 

19.35 

107.19 ± 

12.26 

69.19 ± 

9.59 

0.65 ± 

0.08 
4 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 

W92G 1 
0.34 ± 

0.23 

77.61  ± 

11.10 

11.91 ± 

8.36 

67.96 ± 

16.30 

56.05 ± 

9.67 

0.83 ± 

0.08 
2 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

W92L 1 
-0.03 ± 

0.12 

77.61  ± 

11.10 

11.91 ± 

8.36 

67.96 ± 

16.30 

56.05 ± 

9.67 

0.83 ± 

0.08 
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 

W92R 1 
-0.32 ± 

0.49 

77.61  ± 

11.10 

11.91 ± 

8.36 

67.96 ± 

16.30 

56.05 ± 

9.67 

0.83 ± 

0.08 
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 

W92Q 1 
-0.59 ± 

0.49 

77.61  ± 

11.10 

11.91 ± 

8.36 

67.96 ± 

16.30 

56.05 ± 

9.67 

0.83 ± 

0.08 
2 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 
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A85G 1 
0.13 ± 

0.06 

79.81  ± 

13.46 

6.65 ± 

4.25 

7.85 ± 

4.73 

1.21 ± 

1.56 

0.14 ± 

0.17 
2 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

I82F 1 
0.06 ± 

0.10 

91.22  ± 

19.94 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

I82A 1 
0.15 ± 

0.07 

91.22  ± 

19.94 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

W75G 1 
0.09 ± 

0.32 

134.37  ± 

26.17 

11.91 ± 

8.36 

67.96 ± 

16.30 

56.05 ± 

9.67 

0.83 ± 

0.08 
2 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

A69F 1 
-0.16 ± 

0.31 

83.55  ± 

16.47 

1.59 ± 

3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 

A69G 1 
0.16 ± 

0.07 

83.55  ± 

16.47 

1.59 ± 

3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 

L67H 1 
-1.07 ± 

0.43 

76.67  ± 

17.80 

65.01 ± 

14.59 

80.66 ± 

13.06 

15.65 ± 

5.30 

0.19 ± 

0.06 
1 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 

L67P 1 
2.37 ± 

0.34 

76.67  ± 

17.80 

65.01 ± 

14.59 

80.66 ± 

13.06 

15.65 ± 

5.30 

0.19 ± 

0.06 
1 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

P59S 1 
-0.30 ± 

0.30 

80.69  ± 

16.51 

27.90 ± 

14.82 

50.05 ± 

18.94 

22.15 ± 

6.64 

0.45 ± 

0.13 
2 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

P59L 1 
-0.02 ± 

0.08 

80.69  ± 

16.51 

27.90 ± 

14.82 

50.05 ± 

18.94 

22.15 ± 

6.64 

0.45 ± 

0.13 
2 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

P59Q 1 
-0.83 ± 

0.35 

80.69  ± 

16.51 

27.90 ± 

14.82 

50.05 ± 

18.94 

22.15 ± 

6.64 

0.45 ± 

0.13 
2 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 

P59T 1 
-0.14 ± 

0.24 

80.69  ± 

16.51 

27.90 ± 

14.82 

50.05 ± 

18.94 

22.15 ± 

6.64 

0.45 ± 

0.13 
2 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 
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Annex Table 2 - Analysis for detected co-occurring mutations in the predicted interface residues for SARS-CoV-2 M protein. This table describes the frequency of co-occurring mutations (Frequency), 

their △△Gbinding values (△△G), RMSF for each original residue (RMSF), solvent-accessible surface area (SASA) for each original residue in the complex (SASAcpx), SASA for each original residue 

in the monomer (SASAmon), ΔSASA  for each original residue (ΔSASA), relative SASA for each original residue (relSASA), the number of interactions each original residues establish (Interactions) 

and the distribution of co-occurring mutations across the GISAID clades (Clade) (all the presented results are mean values ± standard deviation). 

   ∆∆𝐆 RMSF 𝐒𝐀𝐒𝐀𝐜𝐩𝐱  𝐒𝐀𝐒𝐀𝐦𝐨𝐧 ∆𝐒𝐀𝐒𝐀 𝐫𝐞𝐥𝐒𝐀𝐒𝐀  Clade (%) 

Co-occurrence Frequency Mutation 
Mean ± 

SD 

Mean 

± SD 
Mean ± SD 

Mean ± 

SD 

Mean ± 

SD 

Mean ± 

SD 
Interactions L S V G GH GR GV GRY O 

M109L,V70L 8 

M109L 

0.03 ± 

0.35 

118 ± 

20 

80.28 ± 

22.41 

168.22 ± 

20.18 

87.94 ± 

14.46 

0.52 ± 

0.07 
5 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 

V70L 
86 ± 

19 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 

I82T,L93F 7 

I82T 

-0.5 ± 

0.41 

91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 

L93F 
80 ± 

13 

38.00 ± 

19.35 

107.19 ± 

12.26 

69.19 ± 

9.59 

0.65 ± 

0.08 
4 

I82T,R107L 4 

I82T 

1.35 ± 

0.64 

91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 

R107L 
123 ± 

38 

134.74 ± 

27.60 

197.33 ± 

18.99 

62.60 ± 

21.03 

0.32 ± 

0.10 
2 

A85S,V70F 3 

A85S 

-0.72 ± 

0.64 

80 ± 

13 
6.65 ± 4.25 

7.85 ± 

4.73 

1.21 ± 

1.56 

0.14 ± 

0.17 
2 

0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

V70F 
86 ± 

19 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 

A104V,V70L 3 A104V 
-0.10 ± 

0.32 

105 ± 

27 

48.72 ± 

14.21 

62.41 ± 

13.29 

13.69 ± 

8.89 

0.21 ± 

0.13 
1 0.00 0.00 0.00 0.00 33.33 0.00 0.00 66.67 0.00 
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V70L 
86 ± 

19 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 

I82T,M109V 2 

I82T 

-0.42 ± 

0.50 

91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 

M109V 
118 ± 

20 

80.28 ± 

22.41 

168.22 ± 

20.18 

87.94 ± 

14.46 

0.52 ± 

0.07 
5 

I82T,V70F 2 

I82T 

-0.22 ± 

0.63 

91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 

V70F 
86 ± 

19 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 

I82T,M109I 2 

I82T 

-0.43 ± 

0.44 

91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 

M109I 
118 ± 

20 

80.28 ± 

22.41 

168.22 ± 

20.18 

87.94 ± 

14.46 

0.52 ± 

0.07 
5 

I82T,V66M 2 

I82T 

-0.5 ± 

0.37 

91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

0.00 0.00 0.00 50.00 0.00 50.00 0.00 0.00 0.00 

V66M 
73 ± 

15 

14.52 ± 

8.56 

72.23 ± 

9.42 

57.72 ± 

5.87 

0.80 ± 

0.07 
4 

A69V,A85S 2 

A69V 
-1.32 ± 

0.27 

84 ± 

16 
1.59 ± 3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 

0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 

A85S 
80 ± 

13 
6.65 ± 4.25 

7.85 ± 

4.73 

1.21 ± 

1.56 

0.14 ± 

0.17 
2 

I82S,R107H 2 

I82S 

0.57 ± 

0.74 

91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 

R107H 
123 ± 

38 

134.74 ± 

27.60 

197.33 ± 

18.99 

62.60 ± 

21.03 

0.32 ± 

0.10 
2 

I97V,R107C 2 I97V 
1.91 ± 

0.55 

90 ± 

19 

77.20 ± 

19.03 

96.61 ± 

17.39 

19.41 ± 

6.87 

0.20 ± 

0.06 
1 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 
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R107C 
123 ± 

38 

134.74 ± 

27.60 

197.33 ± 

18.99 

62.60 ± 

21.03 

0.32 ± 

0.10 
2 

A104V,I82T 1 

A104V 

-0.59  ± 

0.40  

105 ± 

27 

48.72 ± 

14.21 

62.41 ± 

13.29 

13.69 ± 

8.89 

0.21 ± 

0.13 
1 

0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

I82T 
91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

I82T,V66L 1 

I82T 

-0.57 ± 

0.39 

91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 

V66L 
73 ± 

15 

14.52 ± 

8.56 

72.23 ± 

9.42 

57.72 ± 

5.87 

0.80 ± 

0.07 
4 

A85S,I82T 1 

A85S 

-1.47 ± 

0.47 

80 ± 

13 
6.65 ± 4.25 

7.85 ± 

4.73 

1.21 ± 

1.56 

0.14 ± 

0.17 
2 

0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 

I82T 
91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

I82S,V70F 1 

I82S 

-0.35 ± 

0.64 

91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 

V70F 
86 ± 

19 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 

A69V,I82S 1 

A69V 

-0.65 ± 

0.39 

84 ± 

16 
1.59 ± 3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 

0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

I82S 
91 ± 

20 

38.67 ± 

15.10 

93.09 ± 

13.33 

54.42 ± 

13.27 

0.58 ± 

0.12 
4 

A104V,V70F 1 

A104V 

0.09 ± 

0.54 

105 ± 

27 

48.72 ± 

14.21 

62.41 ± 

13.29 

13.69 ± 

8.89 

0.21 ± 

0.13 
1 

0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

V70F 
86 ± 

19 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 

A85V,V70F 1 A85V 
0.02 ± 

0.47 

80 ± 

13 
6.65 ± 4.25 

7.85 ± 

4.73 

1.21 ± 

1.56 

0.14 ± 

0.17 
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 
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V70F 
86 ± 

19 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 

A85S,M109V 1 

A85S 

-0.86 ± 

0.40 

80 ± 

13 
6.65 ± 4.25 

7.85 ± 

4.73 

1.21 ± 

1.56 

0.14 ± 

0.17 
2 

0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 

M109V 
118 ± 

20 

80.28 ± 

22.41 

168.22 ± 

20.18 

87.94 ± 

14.46 

0.52 ± 

0.07 
5 

A69S,M109L 1 

A69S 

-1.16 ± 

0.30 

84 ± 

16 
1.59 ± 3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 

0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

M109L 
118 ± 

20 

80.28 ± 

22.41 

168.22 ± 

20.18 

87.94 ± 

14.46 

0.52 ± 

0.07 
5 

A104V,A69S 1 

A104V 

-1.32 ± 

0.28 

105 ± 

27 

48.72 ± 

14.21 

62.41 ± 

13.29 

13.69 ± 

8.89 

0.21 ± 

0.13 
1 

0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 

A69S 
84 ± 

16 
1.59 ± 3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 

A69F,V70L 1 

A69F 

-0.14 ± 

0.36 

84 ± 

16 
1.59 ± 3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 

V70L 
86 ± 

19 

15.82 ± 

13.93 

101.45 ± 

11.56 

85.63 ± 

11.01 

0.84 ± 

0.10 
6 

A69S,L93M 1 

A69S 

-1.22 ± 

0.23 

84 ± 

16 
1.59 ± 3.05 

16.96 ± 

6.77 

15.37 ± 

4.26 

0.90 ± 

0.12 
2 

0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00 

L93M 
80 ± 

13 

38.00 ± 

19.35 

107.19 ± 

12.26 

69.19 ± 

9.59 

0.65 ± 

0.08 
4 

 


