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ABSTRACT 

SARS-CoV-2 is a new coronavirus responsible for the global COVID-19 

pandemic, detected in China in December 2019 and that has spread rapidly 

across the world. Our unit, with its specific expertise in structural 

bioinformatics and molecular modelling, has been involved in collaboration 

with epidemiology and molecular genetics groups to study SARS-CoV-2 

proteome and to suggest possible molecular strategies able to inhibit virus 

infection. All coronaviruses, including SARS-CoV-2, evolve and adapt to the 

host through accumulation of mutations generated by characteristics of the 

virus RNA-polymerase. This work can be divided into two parts: the first part 

is focused onto the predictions of the potential effects of the mutations on the 

functions of the SARS-CoV-2 Spike glycoprotein, whereas the second part is 

focused at suggesting possible therapeutic strategies. In particular, I performed 

docking analyses to study the possible mode ad sites of interaction of inorganic 

polyphosphates with ACE2 and SARS-CoV-2 RNA dependent RNA 

polymerase (RdRp) because the molecular genetics group with whom we 

collaborate suggested that polyphosphates can enhance ACE2 proteasomal 

degradation and impair synthesis of viral RNA. In addition, I developed a 

pipeline to predict the most frequent sites of interaction between Spike 

glycoprotein and neutralizing monoclonal antibodies in order to propose 

therapeutic alternatives more specific and selective.  
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1.1. Characteristics of SARS-CoV-2  

 

The SARS-CoV-2 is a new coronavirus (CoV), that causes a severe acute 

respiratory syndrome (SARS) called COVID-19, a contagious disease that was 

first identified in Wuhan, Hubei Province, China, in December 2019 and then 

has rapidly spread globally. The World Health Organization (WHO) declared 

the COVID-19 a public health emergency of international concern on 30 

January 2020 and pandemic on 11 March 2020 [1,2]. Coronaviruses belong to 

the order Nidovirales, family Coronaviridae, and the subfamily Coronavirinae. 

They can infect domestic and wild animals causing mild to severe respiratory 

tract infection in birds and mammals including humans [3]. They are 

taxonomically divided into four coronavirus genera: α, β, γ and δ. The α and 

the β coronaviruses mainly infect mammals while the γ and the δ coronaviruses 

tend to infect birds [1]. Among the coronaviruses that cause human infections, 

there are HCoV 229E, HCoV and NL63 from the α-coronavirus genus and 

HCoV HKU1 and HCoV OC43 from the β-coronavirus genus that typically 

cause only the common cold symptoms. Infections caused by other β 

coronaviruses such as SARS-CoV-2, SARS-CoV and MERS-CoV may be 

asymptomatic or show mild respiratory symptoms but also severe acute 

respiratory disease and death [4]. A full genome sequence analysis revealed 

that SARS-CoV-2 shares 79% genome sequence identity with SARS-CoV and 

50% with MERS- CoV [5]. Based on these data and on the results of 

phylogenetic analysis it can be deduced that SARS-CoV-2 and SARS-CoV 

form a distinct lineage within the subgenus Sarbecovirus and are relatively 

distant to MERS-CoV (belonging to the subgenus Merbecovirus) in the genus 

Betacoronavirus [6]. SARS-CoV and MERS-CoV caused the 2002–2004 
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SARS outbreak and the 2012 Middle East respiratory syndrome (MERS), 

respectively. The SARS-CoV outbreak originated in Southern China in 

November 2002 and spread very rapidly to other parts of the world mainly by 

international air travel. At the end of the epidemic in June 2003, 8422 cases 

with 916 deaths (case fatality rate of 11%) in 37 countries [7] were reported. 

In comparison, the MERS-CoV emerged in June 2012 in Saudi Arabia, has 

caused 2494 reported cases and 858 deaths in 38 countries [8]. Until a few 

months ago the origin of SARS-CoV-2 remained unclear, most scientists 

affirmed that the virus was likely of zoonotic origin but the possibility that the 

virus had a laboratory origin could not be excluded. The last August, Worobey 

et al have demonstrated that the SARS-CoV-2 is certainly of zoonotic origin, 

in fact their analyses indicate that the SARS-CoV-2 pandemic was caused by 

wildlife trade in China that began at the Huanan market food [9]. Similar 

evidences have been reported by a group of Chinese scientists that published a 

work where the full-length genome sequence of a bat coronavirus detected in 

Rhinolophus affinis, from China, named ‘RaTG13’, showed 96.2% identity to 

that of SARS-CoV-2, suggesting that bats can also be considered the most 

likely natural reservoir of this new coronavirus [10,11]. A group of scientists, 

in a study published on Nature the last February [12], affirm that they have 

found three viruses in bats in Laos that are more similar to SARS-CoV-2 that 

any known viruses. This fact confirms that the bats are a reservoir for this new 

coronavirus but also that it circulates in the Indochinese peninsula. Differences 

between the receptor binding domain (RBD) of the Spike glycoprotein (S) sites 

in bat coronavirus and SARS‑CoV‑2 suggest that this bat coronavirus did not 

directly infect humans, but it was transmitted through an intermediate host as 

SARS-CoV and MERS-CoV (e.g., palm civets for SARS-CoV, dromedary 
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camels for MERS-CoV) [6,13]. A study published in July 2020 on Nature [14] 

showed that a pangolin-CoV has 100%, 98.6%, 97.8% and 90.7% amino acid 

identity with SARS-CoV-2 in the Envelope (E), Membrane (M), Nucleocapsid 

(N) and Spike (S) proteins, respectively suggesting that the new coronavirus 

may have originated from the recombination of a virus similar to pangolin-

CoV with one similar to RaTG13. However, other studies demonstrated the 

poor affinity of the pangolin virus for the human ACE2 receptor, excluding 

this animal as intermediate host. Therefore, it appears possible that the 

transmission occurs directly [15] (Figure 1). 

 

 

Figure 1: Maximum likelihood phylogeny was estimated with n = 143 complete genomes 

sequences from the current (2019–2020) SARS-CoV-2 epidemic plus n = 3 closely related bat 

strains plus n = 2 pangolin strains retrieved from GISAID. Number along branch represent 

bootstrap score. Scale bar represents expected substitutions per nucleotide site 
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1.2. Genomic and proteomic organization of SARS-CoV-2  

 

The genome of SARS‐CoV‐2 is a single-stranded positive-sense ribonucleic 

acid (ssRNA+) that measures, on average, 30 kilobases. Two thirds of the 

genome consist of the replicase genes encoding for two large polyproteins, 

pp1a and pp1ab, which undergo a series of proteolytic cleavages to form 16 

non structural proteins. The remaining one third of the genome contains ORFs 

that encode structural proteins like spike, envelope, membrane, and 

nucleocapsid proteins. In addition, the SARS-CoV-2 genome contains eight 

ORFs which code for accessory proteins named 3a, 3b, 6, 7a, 7b, 8, 9b, 10 and 

14 (also named 9c). ORF3a and 3b are located between S and E genes, ORFs 

3a and 3b. In particular, the ORF3b overlaps the 3’ half of ORF3a and the 5′ 

end of the envelope protein gene. Four ORFs are found between M and N genes 

(ORF6, ORF7a, ORF7b, ORF8). The ORFs 9b and 14 called also 9c are 

encoded by an alternative open reading frame within the Nucleocapsid ORF 

(N). [16,17,18] (Table 1 and Figure 2). 

Table 1: Summary of SARS-CoV-2 genes and corresponding proteins 

GENES PROTEINS 

ORF1ab nsp1, nsp2, nsp3, nsp4, nsp5, nsp6, nsp7, nsp8, 

nsp9, nsp10, nsp12, nsp13, nsp14, nsp15, nsp16 

S Spike  

ORF3a ORF3a 

ORF3b ORF3b 

E Envelope 
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M Membrane 

ORF6 ORF6 

ORF7a ORF7a 

ORF7b ORF7b 

ORF8 ORF8 

N Nucleocapsid 

ORF9b ORF9b 

ORF14 ORF14 

ORF10 ORF10 

 

 

 

Figure 2: Genomic and proteomic organization of SARS-CoV-2. The ORF1ab gene is 

indicated as light blue rectangles, this region is proteolytically cleaved to form 16 nonstructural 

proteins, shown in sky-blue cartoon models. The structural proteins genes are indicated as 

orange rectangles and the proteins encoded are shown in orange cartoon models. The accessory 
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proteins genes are indicated as green rectangles and the protein encoded by it are shown in 

green cartoon models. 

 

1.2.1. Non structural proteins (nsps) 

 

The pp1ab and pp1a proteins located at the 5′-terminus of the genome comprise 

16 non structural proteins including nsp1 to nsp10 and nsp12 to nsp16 [19]. 

The nonstructural protein 1 (nsp1) is a small 180 residue protein, a virulence 

factor that binds the host 40S subunit in ribosomal complexes. The N-terminal 

domain consists of seven antiparallel β-strands folded as a closed β-barrel. 

There is also one α-helix which is located at the opening of the barrel and other 

two helices which are positioned on one side of the barrel. [20]. The C-terminal 

domain of the protein blocks the mRNA entry channel of the ribosome to 

promote endonucleolytic cleavage of host mRNA facilitating the suppression 

of the host innate immune response [21]. The non structural protein 2 (nsp2) 

comprises 638 amino acids, it can interact with host proteins PHB1, PHB2 and 

with the actin-nucleation-promoting WASH protein [22,23,24]. The non 

structural protein 2 participates in biological processes such as the maintenance 

of the functional integrity of the mitochondria, host immune regulation and 

endosomal transport [25,26]. The N-terminal domain of nsp2 is composed of 

ten α-helices, fourteen β-strands, and three classic zinc-finger (ZnF) motives, 

while the C-terminal domain consists of only 14 β-strands, and one helix. The 

middle region contains three β-strands and nine α-helices [27]. The non 

structural protein 3 (nsp3) also called papain-like protease, PLpro, is the largest 

protease produced by coronaviruses. It contains 16 domains, namely 

Ubiquitin-like domain 1, (Ubl1), Hypervariable region (HVR) or acidic 
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domain, Macrodomain I/II/III (MacI/II/III), Domain Preceding Ubl2 and 

PL2pro (DPUP), Ubiquitin-like domain 2 (Ubl2), Papain-like protease two 

domain (PL2pro), Nucleic acid binding domain (NAB), betacoronavirus-

specific marker domain (βSM), Transmembrane domain 1 (TM1), nsp3 

ectodomain (3Ecto), Transmembrane domain 2 (TM2), Amphipathic helix 

region (AH1), domains specific to Nidovirales and Coronaviridae (Y1 & CoV-

Y). These domains function synergistically to regulate viral infection. In 

particular, the nsp3 plays an essential role in viral suppression of the host 

immune response [28]. The full-length protein structure of nsp3 is currently 

not available, although there are domains of the protein which have been 

solved individually such as the Ubiquitin-like domain 1 (Ubl1), the 

Macrodomain 1 (Mac1) and the Papain-like protease domain (PLpro). The 

structure of Ubl1 domain folds like a human ubiquitin (Ub), the MacI domain 

contains seven-stranded β-sheet and six α-helices which are located in the 

central part and in the external part of the structure, respectively [29]. The 

structure of PLpro domain is similar to a right-hand with thumb, palm, and 

finger subdomains [30]. The non structural protein 4 (nsp4) is about 500 amino 

acids long. It participates to viral replication-transcription complex and it is 

also able to modify endoplasmic reticulum (ER) membranes [31]. Concerning 

the structure of nsp4, only the crystal structure of its C-terminal domain is 

currently available. The non structural protein 5 (nsp5) is the main-protease 

(Mpro) of SARS-CoV-2 and it comprises 306 amino acids. It cleaves the 

polyprotein 1ab at 11 sites with stringent substrate specificity to produce nsp14 

and nsp16. For this reason, it plays an essential role in viral replication and 

maturation of non structural proteins and therefore is considered as a potential 

target for antiviral drugs [32]. Nsp5 is a homodimer in which each monomer 



9 
 
 

is composed of three domains: the domains 1 and 2 have an antiparallel β-

barrel whereas the domain 3 contains five α-helices that are involved in protein 

dimerization [33]. The non structural protein 6 (nsp6) is 290 amino acid long. 

It plays a role in the initial induction of autophagosome and double membrane 

vesicle formation [34]. Currently, structural data are not available for this 

protein. The non structural proteins 7, 8 and 12 (nsp7, nsp8 and nsp12) are 

discussed together since they interact forming the coronavirus replication 

machinery, in which nsp12 is the RNA-dependent RNA polymerase (RdRp) 

and nsp7 and nsp8 function as cofactors of nsp12 [35,36]. Nsp7 is 83 amino 

acids long and its structure comprises only four α-helices (α1-α4), while nsp8 

is 198 amino acids in length and its structure presents a long helical N-terminal 

domain and five α-helices and one four-stranded antiparallel β-sheet in the C-

terminal domain. These two proteins form a hetero tetramer that binds nsp12 

[37]. The non structural protein 12 comprises 932 amino acids and its structure 

is composed of three domains: starting from the N-terminal to the C-terminal 

side, the transferase domain, the interface domain, and the RNA-dependent 

RNA polymerase (RdRp) domain are found [38]. The non structural protein 9 

(nsp9) is 113 amino acid long and plays an important role in viral replication. 

This protein is a homodimer, its structure presents a seven β-strand barrel and 

one flexible α-helix [39]. SARS-CoV-2 non structural protein 10 (nsp10) 

comprises 139 amino acids. It is able to bind and activate the exoribonuclease 

and methyltransferase activities of nsp14 and nsp16, respectively. 

Consequently, nsp10 plays an important role in the viral mRNAs capping 

apparatus. In the N-terminal region, the nsp10 is composed of two antiparallel 

α-helices connected to small β-sheet the C-terminal region [40]. The 

nonstructural protein 13 (nsp13) consists of 601 amino acids and it represents 
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a multi-functional protein which has helicase, RNA 5′-triphosphatase and 

NTPase activities. The structure of this protein contains five domains. Starting 

from the N-terminus to the C-terminus, they are: the zinc-binding domain 

(ZBD), the stalk domain (SD), the inserted domain 1B, and two helicase 

domains: RecA1 and RecA2 [41,42,43]. The non structural protein 14 (nsp14) 

is 527 amino acid long and it is an enzyme which possesses two different 

activities: 3′-to-5′ exoribonuclease (ExoN) and N7-guanine methyltransferase. 

These two activities are responsible for nascent RNA proofreading and mRNA 

capping during viral RNA replication, respectively [44,45,46]. The N-terminal 

ExoN domain forms a complex with nsp10. This region of nsp14 presents two 

zinc-finger motives which are associated with the stability and enzymatic 

activity of ExoN. The activity of C-terminal N7-MTase domain of nsp14 is 

independent of nsp14-nsp10 complex formation and its structure includes one 

three-stranded β-sheet and one zinc finger domain (ZnF3) [47,48]. The non 

structural protein 15 (nsp15) comprises 346 amino acids and it is an uridylate-

specific endoribonuclease (NendoU), able to cleave the 5'-polyuridines from 

negative-sense viral RNA and to prevent the activation of host sensor system. 

The structure of this protein revealed a hexameric assembly, where each 

protomer is composed of three domains: the N-terminal domain, the variable 

middle domain, and the C-terminal domain [49]. The non structural protein 16 

(nsp16) is 298 amino acid long and it is a methyltransferase which is able to 

mediate mRNA cap 2'-O-ribose methylation to the 5'-cap structure of viral 

mRNAs. Nsp16 in complex with nsp10 can efficiently perform its function as 

methyltransferase. The structure of nsp16 consists of a β-sheet of eight strands 

flanked by two α helices on one side and three helices on the other [50]. 

Currently, the full-length protein structures of the nsp1, nsp2, nsp5, nsp7, nsp8, 
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nsp9, nsp10, nsp12, nsp13, nsp14, nsp15 and nsp16 are available in the Protein 

Data Bank (PDB). 

 

1.2.2. Structural proteins  

 

The SARS-CoV-2 proteome contains four important structural proteins: 

envelope (E) protein, membrane (M) protein, nucleocapsid (N) protein and 

Spike (S) glycoprotein. These proteins play key roles in the viral life cycle 

(Figure 3). 

 

 

Figure 3: Schematic illustration of SARS-CoV-2 showing the four structural proteins: spike 

protein (S), membrane protein (M), envelope protein (E) and nucleocapsid (N). The S, M and 
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E proteins are anchored in the lipid bilayer that makes up the viral membrane. The N protein 

is associated with viral RNA on the inside of the membrane. 

 

The Envelope protein is a tiny integral membrane protein composed of 75 

amino acids, it plays a central role in virus morphogenesis, assembly and other 

functions which are not yet clear, and for this reason the E protein can be 

considered a critical multifunctional structural protein [51]. The full-length 

structure is currently available which presents three different domains: the N-

terminal ectodomain (residues 1-7), transmembrane domain (TMD) (residues 

8–38), and C-terminal domain (residues 39–75). It forms a homopentameric 

cation channel that is important for virus pathogenicity. The structure of 

pentameric TMD is formed by 5 α-helices, the stability of which is determined 

by several interactions in particular hydrophobic forces. Currently, only the 

structure of transmembrane domain of the protein is available in the Protein 

data Bank (PDB code: 7K3G) [52]. The Membrane protein is 222 amino acids 

in length, it is a component of the viral envelope involved in different processes 

such as modification and trafficking of multiple viral proteins, and virus 

assembly via its interactions with other proteins [53]. The cryo-EM structure 

of SARS-CoV-2 Membrane protein was recently deposited in the PDB (PDB 

ID: 8CTK). It is a homodimer structurally related to the SARS-CoV-2 ORF3a 

viroporin, suggesting a shared ancestral origin [54]. The nucleocapsid protein 

is composed of 419 amino acids and it is able to pack the positive strand viral 

genome RNA into the ribonucleoprotein particle (RNP) and to interfere with 

the interferon pathway of the host. The structure comprises two main domains: 

N-terminal domain and the C-terminal domain, joined by the flexible linker, 



13 
 
 

rich in serine and arginine. The full-length structure of this protein has not yet 

been resolved. Indeed, the only regions solved are the N‐ and C‐terminal 

domains, while the coordinates of the linker portion are still missing. The N-

terminal domain of the protein consists of a five-stranded antiparallel β-sheet 

interposed between two short α-helices whereas the C-terminal domain 

consists of six α-helices and two β-strands [55]. This protein is able to induce 

a protective immune response, and, for this reason, it is interesting as an 

antibody target. Kang, S. et al. isolated a human mAb from convalescent 

COVID-19 patients. This mAb, called nCoV396, effectively interacts with the 

N-terminal domain of the N protein [56]. The Spike glycoprotein (S) is 1273 

amino acid long, it is a trimeric, transmembrane protein which protrudes from 

the viral surface [57]. This protein is able to recognize and bind the host 

receptor angiotensin-converting enzyme 2 (ACE2) mediating viral cell entry 

[58]. It is involved in indispensable functions for the virus such as receptor 

recognition, viral attachment, and entry into host cells. For this reason, it 

represents the main target of neutralizing monoclonal antibodies (mAbs), 

vaccines and anti-coronavirus drugs. Each monomer of the Spike glycoprotein 

is composed of two functional subunits: the subunit S1 and the subunit S2. In 

the S1 subunit, there is an N-terminal domain (residues 14–305) and a receptor-

binding domain (residues RBD, 319–541), the main function of which is to 

bind the receptor on host cell. In the subunit S2, there is the fusion peptide (FP) 

(residues 788–806), the heptapeptide repeat sequence 1 (HR1) (residues 912–

984), the HR2 (residues 1163–1213), the TM domain (residues 1213–1237), 

and the cytoplasm tail (residues 1237–1273). The function of S2 subunit is to 

mediate fusion of the virion and cellular membranes. The Spike glycoprotein 

has two different conformations: the closed state (inaccessible) and the open 



14 
 
 

state (accessible) characterized by the position, down or up, of its receptor-

binding domains (RBDs) as shown in Figure 4. 

 

 

Figure 4: Schematic of SARS-CoV-2 spike- protein primary structure. Different chains are 

shown by different colors. The closed state (PDB: 6VXX) and the open state (PDB: 6VYB) of 

the SARS-CoV-2 S glycoprotein are shown in the panel A and B, respectively. The accessible 

RBD is highlighted in the dashed circle. 

 

In the closed state, the subunits S1 and S2 remain non-covalently bound after 

a cleavage at the boundary between the S1 and S2 subunits (S1/S2) 

contributing to stabilize the prefusion conformation. The prefusion 

conformation indicates the Spike protein’s state before the fusion between the 

viral membrane with the host cell membrane. To activate the protein for 

membrane fusion via extensive irreversible conformational changes the Spike 
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glycoprotein is further cleaved by host proteases at the so-called S2′ site 

located immediately upstream of the fusion peptide [59]. 

 

1.2.3. Accessory proteins 

 

The accessory proteins of SARS-CoV-2 play important roles in pathogenesis. 

SARS-CoV-2 encodes nine accessory proteins including ORF3a, ORF3b, 

ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF10 and ORF14 (also named 

ORF9c) [60]. ORF3a is 275 amino acids in length, it represents an integral 

membrane protein able to function as an ion channel that may modulate virus 

release [61]. This protein is an oligomer that can exists as dimer or a tetramer; 

its monomer contains a transmembrane domain composed of three α-helices 

and a C-terminal domain composed of eight antiparallel β-strands [62]. ORF3b 

is an accessory protein which contains 22 amino acids. Despite its small size, 

it has been demonstrated that this protein is a potent interferon (IFN) antagonist 

[63]. ORF6 is a small protein which consists of 61 amino acids. Recently, it 

has been shown that ORF6 acts as a virulence factor to accelerate viral 

replication, resulting in disease progression [64]. The crystallographic 

structures of ORF3b and ORF6 are currently not available. ORF7a is a 

transmembrane protein which contains 121 amino acids, it represents another 

SARS-CoV-2 protein with the ability to hamper the IFN-I response [65]. 

Structurally, this protein is composed of a N-terminal signal peptide, an Ig-like 

ectodomain, a transmembrane region and one ER retention motif in its 

cytoplasm-exposed tail folded as seven β-strands divided into two tightly 

packed β-sheets [66]. ORF7b is 43 residues long, its function remains to be 
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investigated. ORF8 is a 121 amino acid protein, and it plays a role in host-virus 

interaction [67]. The structure of this protein contains a N-terminal 

transmembrane region and a central Ig-like domain. This protein is a 

homodimer, and each monomer consists of two antiparallel β-sheets [68]. 

ORF9b is an ORF located within the nucleocapsid (N) gene coding for a 97 

amino acid long protein. It appears to be involved in the suppression of anti-

viral interferon responses [69]. This protein is a homodimer where its 

monomers consist of β-strands only. ORF14 is a 73 amino acid protein, its 

expression impairs interferon signaling, antigen presentation, and complement 

signaling, while it induces IL-6 signaling. The crystal structure of ORF14 is 

not currently available. However, bioinformatics analyses suggest that this 

protein contains a putative transmembrane domain [70]. A putative 38 amino 

acids long protein has been described as ORF10. Pancer et al. have been shown 

that this protein is not essential in human SARS-CoV-2 infection [71]. 

Currently, the complete structures of ORF3a and ORF8 and the partial 

structures of ORF7a and ORF9b are available at the Protein Data Bank (PDB), 
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1.3. Mechanisms of SARS-CoV-2 entry into cell 

 

The Spike glycoprotein binds the receptor angiotensin converting enzyme 2 

(ACE2) through its receptor-binding domain (RBD) to enter into cell [58]. 

ACE2 is an 805 amino acid carboxypeptidase that removes a single amino acid 

from the C-terminus of its substrates including angiotensin II. It is highly 

expressed in the heart, kidneys and lungs and it was found to be the main host 

cellular receptor recognized by the Spike glycoprotein [72,73]. The RBD 

domain consists of two subdomains: a core domain folded as five-stranded 

antiparallel β-sheet and an external flexible loop named the receptor-binding 

motif (RBM) [74]. RBD recognizes and binds ACE2 through its RBM. 

Interaction involves 20 residues of ACE2 and 17 residues from RBD. [72]. 

ACE2 is not the only receptor of SARS-CoV-2; in fact, also a variety of other 

receptors, such as neuropilin-1 and AXL [75,76], are deemed to be involved in 

virus interaction. Upon engagement of ACE2 by the receptor binding domain 

(RBD), the Spike glycoprotein requires two proteolytic cleavages by host cell: 

the first is localized in the S1-S2 junction and it is cleaved by furin, whereas 

the second is localized to the site S2’ and it is cleaved by the TMPRSS2, a 

protease presents on the cell surface or by the cathepsin, a protease localized 

in the endosomes [77,78,79]. The virus can enter in the cell through two 

distinct pathways depending by different proteases: the activation by 

TMPRSS2 or by the cathepsin. The latter occurs when there is an insufficient 

expression of TMPRSS2 and, in this way, the virus is internalized via clathrin-

mediated endocytosis in endolysosomes [80,81]. After that, it follows the 

fusion between viral and cellular membranes forming a pore which enables the 
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penetration of the viral RNA into the host cell cytoplasm for uncoating and 

replication [82] (Figure 5). 

 

 

Figure 5: Description of two different entry pathways of the SARS-CoV-2. A) The endosomal 

entry pathway which uses cathepsins to cleave the S2’ subunit of Spike protein. B) The cell 

surface pathway which uses TMPRSS2 to cleave the S2’ subunit. Both processes enable 

membrane fusion and cell invasion. 

 

1.4. Variants classification and definitions of SARS-CoV-2 

 

All viruses, including SARS-CoV-2, when replicate, can evolve as changes 

(called mutations) are inserted in the nucleotide sequence due the slightly 

imprecise activity of the proofreading exoribonuclease. This causes 

incorporation of uncorrected errors during the activity of RNA-dependent 

RNA polymerase (RdRp) [83]. In general, most mutations have not strong 
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impact on the virus’s properties, and they are considered relatively neutral. 

However, some of them may influence the virus’s transmission or the severity 

of virus-associated disease. During the early phase of the pandemic, the genetic 

evolution of the SARS-CoV-2 was minimal, while since then SARS-CoV-2 

generated several new variants. The World Health Organization classifies the 

variants as variants of interest (VOIs) and variants of concern (VOCs) and 

named them with letters of the Greek alphabet [84]. The researchers and the 

public health agencies worldwide used the Pango nomenclature to classify 

genetic lineages for SARS-CoV-2 [85]. 

 

 

 

 

 

 

1.4.1. Variants of interest (VOIs) 

 

The variants of interest (VOIs) are variants with changes that may influence 

virus characteristics such as transmissibility, virulence, disease severity or 

immune escape and, for this reason, these variants should be monitored 

closely. Since the beginning of the pandemic, the World Health Organization 

has described eight variants of interest: Epsilon, Zeta, Eta, Theta, Iota, Kappa, 

Lambda and Mu. Among the variants mentioned above, the Epsilon (B.1.427 

and B.1.429) variants are the only designated by the Centers for Disease 

Control and Prevention (CDC) as VOC in USA, whereas all the other variants 

are considered as VOIs [86,87]. Currently, there are no SARS-CoV-2 variants 
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designated as VOI(s). In the table below are shown the Pango lineage, the first 

detection and all mutations for each variant. 

Table 2: List of variants of interest  

Pango Lineage First detection Mutation list 

Epsilon: B.1.427 and B.1.429 California (USA) July 2020 B.1.427 → nsp2: T85I 

nsp4: S395T  

nsp12: P323L  

nsp13: P53L, D260Y  

Spike: S13I, W152C, L452R, D614G 

ORF3a: Q57H  

N: T205I  

B.1.429→ nsp2: T85I 

nsp9: I65V  

nsp12: P323L  

nsp13: D260Y  

Spike: S13I, W152C, L452R, D614G  

ORF3a: Q57H  

N: T205I  

Zeta: P.2 Brazil, April 2020 nsp5: L205V  

nsp7: L71F  

nsp12: P323L  

Spike: E84K, D614G, V1176F  

N: A119S, R203K, G204R, M234I  

Eta: B.1.525 New York (USA), November 

2020 

nsp3: T1189I 

nsp6: Δ106-106 nsp6 

nsp12: P323F  

Spike: Q52R, A67V, Δ69/70, Δ144, 

E484K, D614G, Q677H, F888L  

E: L21F  

M: I82T  

ORF6: Δ2/3 

N: S2Y, Δ3, A12G, T205I  

Iota B.1.526 New York (USA), November 

2020 

nsp2: T85I 

nsp4: L438P  

nsp6: Δ106-108 

nsp12: P323L  

nsp13: Q88H  

Spike: L5F, T95I, D253G, E484K, 

D614G, A701V  

ORF3a: P42L, Q57H  

ORF8: T11I  

N: P199L, M234I  

Theta: P3 Philippines and Japan, 

February 2021 

nsp3: D736G, S1807F  

nsp4: D217N, L438P  

nsp6: D112E 

nsp7: L71F  
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nsp12: P323L 

nsp13: L280F, A368V  

Spike: Δ141-143, Δ243/244, E484K, 

N501Y, D614G, P681H, E1092K, 

H1101Y, V1176F  

ORF8: K2Q  

N: R203K, G204R  

Kappa: B.1.617.1 India, December 2020 nsp3: T749I  

nsp6: T77A  

nsp12: P323L  

nsp13: G206C, M429I  

nsp15: K259R, S261A  

Spike; G142D, E154K, L452R, 

E484Q, D614G, P681R, Q1071H 

ORF3a: S26L  

M: I82S  

ORF7a: V82A 

N: R203M, D377Y 

Lambda: C.37 Perù, June 2021 nsp3: T428I, P1469S, F1569V  

nsp4: L438P, T492I  

nsp5: G15S  

nsp6: Δ106-108  

nsp12: P323L 

Spike: G75V, T76I, R246N, Δ247-

253, L452Q, F490S, D614G, T859N 

N: P13L, R203K, G204R, G214C  

Mu: B.1.621 Colombia, August 2021 nsp3: T237A, T720I 

nsp4: T492I  

nsp6: Q160R  

nsp12: P323L 

nsp13: P419S  

Spike: T95I, Y144S, Y145N, R346K, 

E484K, N501Y, D614G, P681H, 

D950N  

ORF3a: Q57H, Δ256/257  

ORF8: T11K, P38S, S67F  

N: T205I  

 

1.4.2. Variants of concern (VOCs) 

 

The variants of concern are variants with changes that increase the 

transmissibility, the virulence or in clinical disease presentation and decrease 

the susceptibility to neutralizing antibodies or to antiviral drugs. Since the 

beginning of the pandemic, five SARS-CoV-2 variants of concern (VOCs) 
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have been identified: Alpha, Beta, Gamma, Delta, Omicron. The Alpha variant 

includes eight mutations in the Spike protein, among these N501Y within the 

RBD increases the binding affinity to ACE2 receptor, the Δ69/70 mutation is 

potentially associated with immune evasion and the P681H mutation facilitates 

epithelial-cell entry [88]. The Beta variant includes nine mutations in the Spike 

protein, among these the combination of K417N, E484K, and N501Y in the 

RBD enhances the binding affinity to ACE2 [89]. The Gamma variant shares 

the mutations E484K and N501Y with the Beta variant while the position 417 

is mutated into threonine instead of asparagine as observed in the Beta variant. 

The presence of these mutations has been linked to increased risk of 

transmission and reduction of immune response [90]. The Delta variant, in its 

RBD, includes a mutation in position 452 where the leucine is replaced by 

arginine. This substitution may cause structural changes that enhance the 

binding affinity to ACE2 receptor [91,92]. In comparison to Alpha, Beta, 

Gamma and Delta variant, the Omicron variant (BA.1) presents a high number 

of mutations especially in the Spike protein increasing transmissibility and 

resistance to neutralizing antibodies [93]. Following the original Omicron 

variant, several subvariants of Omicron have emerged: BA.2, BA.3, BA.4, and 

BA.5 [94,95]. In the table below are shown the Pango lineage, the first 

detection and all mutations for each variant. 

Table 3: List of variants of concern 

Pango Lineage First detection Mutation list 

Alpha: B.1.1.7 United Kingdom, December 

2020 

nsp3: T183I, A890D, I1412T  

nsp6: Δ106-108  

nsp12: P323L  

Spike: Δ69/70, Δ144, N501Y, A570D, 

D614G, P681H, T716I, S982A 

D1118H  

ORF8: Q27stop, R52I, Y73C  
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N: D3L, R203K, G204R, S235F 

Beta: B.1.351 South Africa, October 2020 nsp2: T85I  

nsp3: K837N  

nsp5: K90R  

nsp6: Δ106-108  

nsp12: P323L  

Spike: D80A, D215G, Δ241-243, 

K417N, E484K, N501Y, D614G 

A701V  

ORF3a: Q57H, S171L  

E: P71L  

N: T205I 

Gamma: P.1 Brazil, December 2020  nsp3: S370L, K977Q  

nsp6: Δ106-108  

nsp12: P323L  

nsp13: E341D  

Spike: L18F, T20N, P26S, D138Y, 

R190S, K417T, E484K, N501Y, 

D614G, H655Y, T1027I, V1176F 

ORF3a: S253P  

ORF8: E92K 

N: P80R, R203K, G204R  

Delta: B.1.617.2 India, December 2020 nsp3: A488S, P1228L, P1469S  

nsp4: V167L, T492I  

nsp6: T77A  

nsp12: P323L, G671S  

nsp13: P77L  

nsp14: A394V  

Spike: T19R, G142D, E156G, 

Δ157/158, L452R, T478K, D614G, 

P681R, D950N  

ORF3a: S26L  

M: I82T  

ORF7a: V82A, T120I  

ORF7b: T40I 

ORF8: Δ119/120  

N: D63G, R203M, G215C, D377Y  

Omicron: BA.1 South Africa, November 2021 nsp3: K38R, S1265I, Δ1266, A1892T 

nsp4: T492I  

nsp5: P132H  

nsp6: Δ105-107, I189V  

nsp12: P323L  

nsp14: I42V  

Spike: A67V, Δ69/70, T95I, G142D, 

Δ143-145, N211I, Δ212, R214ins, 

G339D, S371L, S373P, S375F, 

K417N, N440K, G446S, S477N, 

T478K, E484A, Q493R, G496S, 

Q498R, N501Y, Y505H, T547K, 

D614G, H655Y, N679K, P681H, 
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N764K, D796Y, N856K, Q954H, 

N969K, L981F  

E: T9I  

M: D3G, Q19E, A63T  

N: P13L, Δ31-33, R203K, G204R 

 

1.5. Therapeutic strategies for COVID-19 

 

Nowadays, the therapeutic strategies to treat the COVID-19 mainly include 

antiviral, anti-inflammatory drugs but also the antibody therapies seem to have 

an important role in the SARS-CoV-2 infection treatment. In addition, several 

scientists are testing different therapeutic options including monoclonal 

antibodies [96]. 

1.5.1. Monoclonal antibodies for COVID-19 

 

The immunotherapy is an effective method to treat infectious diseases 

including SARS-CoV-2. Generally, the monoclonal antibodies (mAbs) can 

bind a specific part of the virus and “neutralize” it providing an effective 

therapeutic intervention [97]. The neutralizing mAbs for treatment of the 

COVID-19 derive from the B cells of convalescent exposed to SARS-CoV-2 

antigens [98]. Most neutralizing mAbs to combat COVID-19 were generated 

against Spike glycoprotein of the SARS-CoV-2 [99]. Among these there are 

many human neutralizing mAbs isolated from COVID-19-convalescent 

donors which target the Spike receptor binding domain (RBD). Barnes et al 

[100] have categorized eight distinct COVID-19 human neutralizing 

antibodies in complex with RBD into four classes:  

1. Neutralizing mAbs block ACE2 and bind only to ‘up’ conformation 

RBDs; 



25 
 
 

2. Neutralizing mAbs block ACE2 and bind both ‘up’ and ‘down’ RBDs 

and can contact adjacent RBDs;  

3. Neutralizing mAbs bind outside the ACE2 site and recognize both 

‘up’and ‘down’ RBDs;  

4. Neutralizing mAbs do not block ACE2 site and bind only to ‘up’ RBDs. 

The neutralizing mAbs of the class 1 and 2 inhibit viral entry by directly 

competing with ACE2, on the other hand, the neutralizing mAbs of the 

class 3 and 4 do not overlap with ACE2 binding site (Figure 6).  

 

 

Figure 6: A) Binding region between ACE2 and RBD. B) On the top, the figure displays the 

complexes between the antibodies of the class 1 (blue) and the class 2 (green) and RBD 

superposed to the complex with ACE2 (grey); on the bottom, the figure shows the complexes 
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between the antibodies of the class 3 (yellow) and the class 4 (magenta) and RBD overlapped 

to the complex with ACE2 (grey). 

Among these neutralizing mAbs, there are considered therapeutic for 

COVID-19 treatment:  

- COV2-2130 (AZD1061/Cilgavimab) and COV2-2196 

(AZD8895/Tixagevimab) are two human mAbs isolated from patient 

convalescing from COVID-19. These mAbs belong to the class 1 

because structural studies revealed that they can bind the RBD in ‘up’ 

conformation blocking the access to the human receptor ACE2. From 

the combination of these two mAbs, the AstraZeneca biotechnology 

company has developed another antibody named AZD7442 which can 

neutralize SARS-CoV-2 and all tested SARS-CoV-2 variants of 

concern [101,102]. Concerning the Omicron variant, it was recently 

observed that AZD7442 treatments retained inhibitory activity against 

several Omicron subvariants [103] 

- LyCoV555 (Bamlanivimab) is a neutralizing monoclonal antibody 

developed by AbCellera Biologics and Eli Lilly to treat the COVID-19 

disease. Structural studies revealed that LyCoV555 can bind the RBD 

in both ‘up’ and ‘down’ conformations, suggesting that it belongs to 

the class 2 [104]. This mAbs was the first SARS-CoV-2 neutralinsg 

mAb authorized for clinical use. The Bamlanivimab activity is retained 

against the Alpha variant, it is slightly lost against the Beta, Gamma, 

and Delta variants and it is totally lost against the Omicron variant 

[105] 
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- Sotrovimab is a derivative of the S309 mAb, it belongs to the class 3 

because structural studies revealed that it can bind the RBD in both ‘up’ 

and ‘down’ conformations, outside the ACE2 site [106]. The 

Sotrovimab activity is retained against the Alpha, Beta, Gamma, Delta, 

and Omicron variants [107,103].  

Nowadays, there is little data on neutralizing mAbs binding to epitopes 

outside the RBD and on the mechanism with which they protect us against 

COVID-19 disease. Among these, there are some which recognize the N-

terminal domain (NTD) of the SARS-CoV-2.  Chi et al demonstrated that 

one mAb, named 4A8, binds the NTD of the Spike protein and has a potent 

neutralizing activity. In the Figure 7 are shows that two loops (N3 and N5) 

of the NTD mediate the interaction with 48A, (Figure 7) 

 

Figure 7: The figure shows the complex NTD-4A8 (PDB code: 7C2L). The two loops: 

N3 and N5 which mediate the interaction between the monoclonal antibody 4A8 and the 

N-terminal domain of the Spike protein are shown in green and yellow, respectively. 
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This mAb can recognize and bind an epitope of the NTD regardless of RBD 

inhibition by other mAbs and drugs, suggesting that the development of 

additional therapeutics strategies against SARS-CoV-2 could exploit Spike 

epitopes outside the RBD [108]. Concerning the SARS-CoV-2 variants, at 

the moment, there are not data which demonstrate if 4A8is effective.  
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2. AIM OF THE WORK 
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The genome of all viruses, including the SARS-CoV-2 genome, accumulate 

mutations rapidly. The analyses of the evolution of the virus are essential for 

tracing the virus transmission and the potential variants to manage the 

pandemic and to suggest possible therapeutic strategies.  

The objective of this PhD project was, therefore, twofold.  

First, it aimed at tracking the SARS-CoV-2 evolution from molecular point of 

view using a structural bioinformatic approach on several proteins of the 

SARS-CoV-2 proteome: nsp2, nsp3, nsp6, Envelope, Membrane, ORF3a and 

Spike glycoprotein  

The second objective focused on the study of the interaction between SARS-

CoV-2 proteins and polyphosphates (PolyPs) or monoclonal antibodies to 

understand the molecular basis of potential therapeutic strategies. Simulation 

and study of the modes of the interaction between polyphosphates and ACE2 

or RdRp have been carried out using docking procedures in the context of a 

collaboration with the molecular genetics group of Prof. Zollo of the 

University of Naples Federico II. This group has suggested that 

polyphosphates can exert antiviral activities against SARS-CoV-2 as PolyPs 

can enhance ACE2 proteasomal degradation and impair synthesis of viral 

RNA. 

In addition to this study, a software pipeline able to scrutinize the molecular 

interactions between Spike domains and monoclonal antibodies in the 

complexes available in the PDB, has been developed. The analysis should 

clarify the most important patterns of interactions between Spike and the 

mAbs. This information can be useful to predict the immunoevasion ability of 
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the emerging variants and, in perspective, to produce more effective and 

specific mAbs. 
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3. MATERIALS AND METHODS 
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3.1. Data retrival 

 

All SARS-CoV-2 sequences have been downloaded from GISAID repository 

at www.gisaid.org/ [109], the GenBank platform 

(https://www.ncbi.nlm.nih.gov/genbank/) [110] and the Reference Sequence 

(RefSeq) database (https://www.ncbi.nlm.nih.gov/refseq/) [111]. All protein 

structures and corresponding functional informations were retrieved from 

Protein Data Bank (PDB) (https://www.rcsb.org/) and from UniProt 

(https://www.uniprot.org/) databases [112,113], respectively. 

 

3.2. Data Processing 

 

3.2.1. In silico analysis of early SARS-CoV-2 mutant 

 

BLAST tool has been used for databank searches [114]. Jalview [115] and 

MAFFT [116] have been used for multiple sequence display and alignment, 

respectively. Transmembrane helix prediction has been obtained by TMHMM 

[117], MEMSAT [118] and Protter [119]. Cd-hit program [120] has been used 

for sequence clustering. Homology modelling has been carried out with Swiss-

Model [121] and HHpred [122] servers. I-Tasser has salso been used as an 

alternative source of SARS-CoV-2 protein structure models [123]. Three-

dimensional structures have been analyzed and displayed using PyMOL [124] 

and UCSF Chimera [125]. 

 

http://www.gisaid.org/
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/refseq/
https://www.rcsb.org/
https://www.uniprot.org/
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3.2.2. ORF3a 

 

The Wuhan ORF3a protein (RefSeq accession number YP_009724391.1) has 

been taken as the reference (wild type) sequence with which its variants have 

been compared. The collection and selection of the ORF3a protein sequences 

coded by different SARS-CoV-2 genome isolates has been carried out using 

this workflow: 

1. SARS-CoV-2 genome sequences have been downloaded as FASTA format 

from GISAID repository at www.gisaid.org [110]. Since the quality of the 

deposited sequences is not uniform, only complete sequences deposited with a 

high degree of coverage have been downloaded using the filters provided by 

the GISAID server. 

2. The file containing the genomic sequences has been converted into a 

BLAST-formatted database with the “makeblastdb” tool [114]. 

3. The “tblastn” tool searches a protein sequence within a translated nucleotide 

sequence database. The reference ORF3a sequence has been used as a query 

to retrieve the other ORF3a coding sequences from the SARS-CoV-2 genomes. 

Incomplete sequences or sequences containing ambiguous codons (resulting in 

undetermined residues) have been eliminated. This step relied on the tools 

available in the EMBOSS suite [126] and on Linux bash shell scripts. 

4. The clustering software “cd-hit” [120] has been applied to remove 

redundancies. Identical ORF3a sequences have been clustered and one 

representative sequence has been designated by the software. Each cluster 



35 
 
 

contains all the sequences of one ORF3a variant. As a matter of fact, the 

ORF3a sequences belonging to different clusters differ for at least one residue. 

5. The representative ORF3a variants have been multiply aligned to the 

reference protein with the program MAFFT [116]. 

6. A R script has been written within the Rstudio environment to scrutinize the 

multiple sequence alignments and collect mutation statistics and for graphical 

output. The R script utilized input and output functions from the bio3d package 

[127]. Multiple sequence alignments display and editing relied on Jalview 

[115]. PyMOL [124] and UCSF Chimera [125] have been used for structure 

display and analysis. PyMOL plugin Caver 3.0.3 [128] has been utilized to 

study tunnels inside the protein structure.  

 

3.2.3. Spike glycoprotein: variant characterizations 

 

Mutations of the spike variants have been taken from the site cov-lineages.org 

[85]. In silico mutagenesis to generate the variant structural models was carried 

out with the ad hoc tools available within UCSF Chimera and PyMOL 

programs [124,125]. Energy minimization protocol embedded in the molecular 

graphics program Swiss-PdbViewer [129] has been applied to the model RBDs 

to remove residue steric overlaps at the interface. The protocol used the 

GROMOS96 43B1 forcefield, cut-off 10 Å, and 100 steps of steepest descent 

minimization followed by 1000 steps of conjugate gradients in vacuo. The 

minimization was stopped if the energy difference between two consecutive 

steps was lower than 0.05 kJ/mol. Only residues at the interface have been 
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minimized. This forcefield does not include the parameters to describe glycans 

which were therefore ignored during minimization. However, the glycans 

present in the RBD are apparently far from the complex interface and have not 

the potential to interfere with it. PyMOL suite was also utilized for its Adaptive 

Poisson Boltzmann Solver (APBS) plugin [130] which has been used to 

calculate the electrostatic potential of the wild-type and variants SARS-CoV-

2 Spike RBDs. PROPKA [131] was used to predict the pka values of ionizable 

groups of this protein taking into account the influence of the local structural 

environment, inclusive of residue solvent exposure, presence of hydrogen 

bonds or interactions with other charged groups. The pKa values were used to 

predict the overall protein net charge at pH=7.0. 

 

3.2.4. Spike glycoprotein: Lambda variant 

 

The Lambda Spike structure was modelled using the method available in the 

web server Swiss-Model [121] using as a starting structure the coordinate set 

identified by the PDB code 7KRS. This structure was selected by Swiss-Model 

as the best trimeric template. This coordinate set contains the Cryo-EM 

structure of the Spike mutant D614G. The model was built using the sequence 

mode: the target sequence was given as an input and the program searches for 

the best templates, from which the user selects the one to be used for model 

building. At the end of the calculations, the stereochemistry and residue 

contacts in the model are automatically optimized. Energy minimization of the 

model complexes between the Spike N-terminal domain (NTD) and the 

antibody was applied to remove possible residue steric overlaps at the 
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interface. The same energy minimization protocol embedded in the molecular 

graphics program Swiss-PdbViewer [129] utilized for the characterization of 

the other variants, was applied. GlycoPred [132] and NetNGlyc [133] were 

used to predict potential glycosylation sites. GlycoPred utilizes a Random 

Forest predictor which is reported to reach 92.8% of correct predictions and a 

Matthews Correlation Cofficient equal to 0.85 for the N-glycosilation sites. 

NetNGlyc is based on artificial neural networks. Predictions were made using 

the recommended threshold score of 0.5. Protein-protein interaction energy 

was predicted with the method implemented in PRODIGY [134] using the 

default parameters (temperature 25 °C). This method predicts the binding 

energy and affinity of a protein complex on the basis of the number and type 

of interfacial residue-residue interactions. Structural analysis and visualization 

were carried out with PyMOL [124] or UCSF Chimera [125]. Discontinuous 

B-cell epitopes were predicted with the methods implemented in the software 

DiscoTope [135] and BePro [136]. DiscoTope predicts potential B-cell 

epitopes by attribution of an epitope propensity score to each residue and by 

analysis of the corresponding spatial neighborhood along with surface 

exposure. BePro utilizes a similar strategy. DiscoTope predictions were carried 

out with the default threshold for the combined score of −3.7, which 

corresponds to an expected sensitivity and specificity equal to 0.47 and 0.75, 

respectively. BePro epitope assignment was carried out using a score threshold 

equal to 0.95. For reference, it has been reported that a threshold equal to 1.3 

corresponds to a sensitivity >0.3 and a specificity >0.9. Computational alanine 

scanning of the residues at the interfaces between the Spike NTD and the 

antibody was obtained through the webserver DrugScorePPI [137]. The method 

available in the server provides a fast and accurate system to predict the 
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binding free energy changes upon alanine mutations at protein-protein 

interfaces using a knowledge-based scoring function. The method does not 

require any parameter input from the user. 

 

3.2.5. SARS-CoV-2 therapeutic strategies: PolyP 

 

The PolyP molecule containing 20 phosphate groups (PolyP20) was built with 

the tools available within the ZINC data bank web server [138] and then 

converted into PDB coordinates. The 3D structures of the receptor molecules 

were downloaded from the PDB. The atom types and charges were assigned to 

the ligands and receptors with the AutoDock Tools resources. All of the 

docking experiments were performed with AutoDock Vina [139]. Blind 

docking has been applied: the entire receptor molecule (ACE2 ectodomain or 

RdRp) has been enclosed in one grid; at least 100 docking experiments were 

carried out with the PolyP ligand and the most sampled sites on the receptor 

were collected. Subsequently, more specific docking experiments were applied 

at the most frequently sampled sites and the ligand binding energy estimated. 
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3.2.6. SARS-CoV-2 therapeutic strategies: development of pipeline to 

predict the critical residues of interaction between Spike glycoprotein and 

neutralizing monoclonal antibodies 

 

The pipeline was structured in this way: 

1.The structures of the complexes between RBD or NTD and neutralizing 

monoclonal antibodies have been downloaded from the Protein Data Bank and 

selected according to the following criteria. The X-ray had priority over the 

Cryo-electron microscopy, which in turn, was preferred over NMR 

spectroscopy. In cases of structures solved with the same method, we selected 

the one with the best resolution and/or the highest coverage of the chain of 

interest.  

2.The neutralizing monoclonal antibodies collected were grouped on the base 

of the Spike domain recognized.  

3.RING software [140] has been applied to find the type of the interactions 

between the RBD or NTD of the Spike glycoprotein and neutralizing 

monoclonal antibodies. DrugScorePPI software [137] has been used to predict 

the binding free energy changes upon alanine mutations at protein-protein 

interfaces using a knowledge-based scoring function.  

4.The data obtained were used to identify the most frequent residues and 

interactions at the RBD or NTD interface between the Spike domains and 

mAbs.  
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The frequency of the residues at the interface RBD or NTD-mAb is calculated 

in the following way: 

 

where ni is the number of residue types (for example Ala, Val, Tyr etc.), ntot is 

the total number of the RBD or NTD at the interface with the mAbs. 

The margin of error (MOE) at 95% confidence interval was calculated with the 

equation: 

 

where z is 1.96 that corresponds to a confidence level of 95%. 

5.The results obtained from the wild-type virus were compared to Omicron 

variants 1, 2 and 5 (BA.1, BA.2, BA.5). 

To predict the effects of mutations on protein structural stability MutateX tool 

[141] has been used. This software is based on the FoldX energy function [142] 

to evaluate the change in Gibbs free energy upon in silico saturation 

mutagenesis. (ΔΔG). It consists of calculating the free energy change 

associated with the systematic substitution of each protein residue to any of the 

other 19 natural amino acids. The ΔΔG is is a metric for predicting how a single 

point mutation will affect protein stability which is equal to: ΔΔG = ΔGwild-type 

– ΔGmutant, (kcal/mol-1) [142], where the ΔG is the difference between the free 

energies of the folded and unfolded states.  

- ΔΔG > 0 suggest that a mutation would be destabilizing.  
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- ΔΔG near 0 suggest that a mutation would be considered neutral.  

- ΔΔG < 0 suggest that a mutation would lead to a more stable protein  

MutateX also allows performing partial mutational scans, in which only few 

positions at a time are considered. The positions were selected by the PyMOL 

script “InterfaceResidues.py” [143] that has been modified for this specific 

task. This script retrieves the interface residues between two proteins or chains. 

The classification of the variants in stabilizing, neutral and destabilizing 

according to the predicted change in ΔG has not yet been defined because the 

method was recently developed. However, the thresholds currently 

recommended by the authors of the program are: stabilizing (ΔΔG < -1.0 

kcal/mol), neutral (-1.0 ≤ ΔΔG < 1.0 kcal/mol), and destabilizing (ΔΔG ≥ 1.0 

kcal/mol).  

Additionally, we used the self-scan option of MutateX to mutate all the 

residues to themselves. We run the self scans with and without the repair step 

(where each model is subject to a Repair run in which residues having bad 

torsion angles, Van der Waals clashes or bad total energy are modified to more 

reasonable conformations) of FoldX as a control experiment to evaluate the 

quality of the initial structures before and after the repair. Since we are 

replacing each residue’s side chain with itself, the ΔΔG values associated with 

self mutations are expected to be close to 0 kcal/mol. Any deviations from this 

behavior in the repaired model (repair function active) or in the initial structure 

(repair function inactive) should indicate that the sidechain and/or the 

surrounding residues are entrapped in an unfavorable conformation. 
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4.1. In silico analysis of early SARS-CoV-2 mutants  

 

At the beginning of the SARS-CoV-2 pandemic our unit with its specific 

expertise in structural bioinformatics and molecular modelling has been 

involved in collaboration with an epidemiology group. The analyses conducted 

by this group indicated two sites under selective pressure in nsp2 (Q321 and 

S543) and one site in nsp3 (P192) of early isolated Italian SARS-CoV-2 strain 

possibly related to higher human contagiousness (Figure 8). 

 

 

Figure 8: I-Tasser model of SARS-CoV-2 nsp2 on the left and nsp3 on the right. The residues 

under selective pressure with a p<0.05 are shown as sticks and transparent spheres and marked 

by corresponding labels. 

 

In an attempt to understand the impact of these mutations on the structure and 

function of nsp2 and nsp3, the structural models available on the I-Tasser web 
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site [123] have been analyzed because experimental structures were not yet 

available at the time of this study. The position 321 of nsp2 appears to be 

exposed to the solvent while the position 543 is predicted to have a low solvent 

accessibility. The nsp3 position 192 is predicted to be partially accessible to 

the solvent.  In an attempt to structurally characterize nsp2 and nsp3 TMHMM, 

MEMSAT and MEMPACK [117,118,119] analyses have been utilized 

showing the presence of several potential transmembrane helices. In particular, 

in nsp2 were predicted four transmembrane helices while in nsp3 were 

predicted six helices. The same epidemiology group spotted an interesting 

mutation in nsp6 in sequence position 37 that replaces a leucine with a 

phenylalanine. The interpretation of the mutation utilized the structural model 

available in the I-Tasser site [123]. This protein is located in the endoplasmic 

reticulum (ER) and it is also able to generate autophagosomes. The structural 

analysis performed using TMHMM and Protter servers [117,119] have shown 

that nsp6 protein has seven putative transmembrane helices like in other 

coronaviruses Analysis of the nsp6 structural model, suggested that the 

mutated residue is positioned within a constellation of aromatic residues. This 

can have several consequences: the phenyl ring of phenylalanine may stiffen 

the local secondary structure by means of aromatic-aromatic, hydropohobic or 

stacking interactions with the surrounding side chains as shown in the Figure 

9.  
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Figure 9: I-TASSER model of SARS-CoV-2 nsp6. Residue under positive selective pressure 

with a p< 0.05 is shown as a sphere. Residues found in the structure proximity are shown in 

sticks. All residues are marked by the corresponding labels. 

 

Subsequently, from the GenBank repository 797 complete genomes of SARS-

CoV-2 have been collected and the sequences of the Envelope and of the 

Membrane have been extracted from each genome using TblastN program. The 

sequences of these two proteins have been compared to the homologous 

counterparts from Bat and Pangolin SARS-like viruses to understand how the 

amino acid mutations can influence the virus properties. These two proteins 

appear rather conserved. However, the comparison with the other homologous 

sequences highlighted structural differences specific of SARS-CoV-2 proteins 

which may be correlated to cross-species transmission. About the Envelope 

protein the differences are located mainly at the C-terminal region of the 
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protein, in particular one mutation is at position 69 where arginine replaces 

glutamate or glutamine in the homologous CoV protein and the other mutation 

in at position 70. In this position, there is a deletion the SARS-CoV-2 sequence 

corresponding to glycine or cysteine in the other proteins. These two mutations 

may have a significant impact on conformational properties and possibly on 

protein-protein interactions (Figure 10). 

 

Figure 10: Multiple sequence alignment among SARS-CoV-2 Envelope protein variants and 

a set of the most similar homologous proteins. The first sequence refered to SARS-CoV-2 E. 

Red lines below the alignment indicate the changed sites discussed in the text. Blue 

background denotes conserved alignment positions. 

 

A homology model of the E protein has been built with Modeller using as a 

template the pentameric ion channel structure of SARS-CoV protein identified 

by the PDB code 5X29.This sequence shares 91% identity to SARS-CoV-2 E 

protein and covers the segment encompassed by positions 8-65. Figure 11 

displays the structure of the homology model of the SARS-CoV-2 E protein 
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assembled as a pentameric viroporin-like protein. Figure 13 displays also the 

position of the variant sites onto the three-dimensional model. Prediction of 

the transmembrane helices is difficult in a short protein. Therefore, 

transmembrane topology cannot be assigned reliably. Likewise, experiments 

have not clarified definitively which portions of the E protein are exposed to 

the external or internal side of the virus membrane [51]. 

 

 

Figure 11: Three-dimensional model of the viroporin-like tetrameric assembly of the E protein 

from SARS-CoV-2 represented as a cartoon model. Residues corresponding to the mutated 

sites indicated in Figure 10 are displayed as transparent space-filling spheres and labelled with 

the amino acid one-letter code. The C-terminal segments of the model are reported for 

completeness. However, they convey no structural information due to lack of a corresponding 

segment in the structural template used in homology modelling. Structure in panel (B) is 

rotated by approximately 180° along the x axis with respect to the orientation shown in panel 

(A). 
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About the Membrane protein the differences are located mainly at N-terminal 

region of the protein, among these the insertion of a serine residue at position 

4 of the human SARS-CoV-2 seems to be a unique feature of this protein. This 

region is exposed to the virus surface, could play a key role in the host cell 

interaction. The mutation occurs within a predicted transmembrane helix and, 

if confirmed, may have a significant impact on the protein properties. (Figure 

12) The three-dimensional model of the M protein has been taken from the I-

Tasser server as other methods failed to find any suitable template. However, 

it should be mentioned that HHpred found a weak local affinity, albeit below 

the statistical significance level, to 4N31, a peptidase-like protein from 

Streptococcus pyogenes essential for pilus polymerization. Figure 13 displays 

the positions of the variant sites onto the model structure. This model has been 

predicted by ab initio techniques. Therefore, it should be considered with great 

caution and should be treated as a low-resolution approximation of the real 

structure. According to the prediction of the transmembrane helix topology, 

the N- and C-terminal of the M protein are exposed outside and inside the virus 

particle, respectively. 
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Figure 12: Multiple sequence alignment among SARS-CoV-2 M protein variants and a set of 

most similar homologous proteins. The first sequence refers to SARS-CoV-2 M. Red box 

indicates the variant sites at the N-terminal discussed in the text. Numbered red bars under the 
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multiple alignment mark the prediction of transmembrane helices. The location of the connect 

loop with respect to the virion surface is indicated as “in” or “out”. Blue background denotes 

conserved alignment positions 

 

Figure 13: I-Tasser model of the Membrane protein represented as cartoon model. Variant 

positions are displayed as transparent space-filling spheres and labelled with the amino acid 

one-letter code. 
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4.2. ORF3a  

 

The SARS-CoV-2 ORF3a is an integral membrane protein able to function as 

an ion channel that may promote virus release. ORF3a may also play a role in 

virus pathogenesis. For this reason, we performed a specific analysis which 

was aimed at identifying its mutations over time. For this analysis, 70.752 

SARS-CoV-2 genomes available in GISAID databank at the end of August 

2020 have been scanned. All ORF3a mutations were grouped according to the 

collection date interval and over the entire data set. Intervals considered 

are:February, March, April, May, June, July and August. In each time period, 

the number of all the different ORF3a variants has been reported. Frequency 

is defined as the number of replicas of a single variant found in the data set 

considered. For example, if the ORF3a variant 1 is found 100 times in 1000 

genomes collected, its frequency is 0.1. In total, seventeen mutations have been 

isolated. We focused our attention onto the five most frequent mutations within 

each month to avoid inclusion of possible statistical noise. Among these, the 

most frequent substitution was Q57H, that was detected from February to 

August. The other most frequent mutations, within the entire sample, were: 

V13L, A99V, G196V and G251V as shown in the Figure 14. To test whether 

mutations at these sites may influence channel shape, the mutant sites of 

ORF3a were modelled by Chimera 1.14. The impact of these mutations on the 

tunnel geometry delineated by Caver 3.0.3 [128] was visually assessed. None 

of these mutations influences significantly the central pore topography.  
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Figure 14: The five most frequent mutations of ORF3a are shown in both subunits colored in 

deepteal and orange respectively. All mutations are shown in this figure except V13L and 

G251V that belong to a ORF3a region with missing spatial coordinates. 

 

The same analysis also identified twenty-eight sites conserved in all isolates. 

Among these, twelve sites are in the transmembrane domain, twelve in the β-

sandwich cytosolic domain and four sites are in one region not visible by the 

cryo-EM analysis, and, for this reason, their spatial coordinates are not 

available, (Figure 15) 
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Figure 15: ORF3a dimer represented as cartoon model. The two subunits are coloured in 

orange and deepteal. Conseved sites are labelled and the corresponding side chains are reported 

as violet sticks. Transpartent internal spheres indicate the tunnels connecting to the 

extracellular environment (green). (A) transmembrane domain (B) extracellular domain. 

 

Interestingly, one of the conserved sites, K132, is close to the putative 

dimerization surface suggesting that also this residue may contribute to the 

tetramerization interface, as suggested by other authors [144]. Noteworthy is 

the conservation of C133 and C157. Residue C133 is the most important for 

homodimerization and is conserved between different species [144]. The 

conservation of the two residues strongly supports this observation and 

suggests that C157 also is essential for ORF3a structural stability and function. 

Distance between the sulphur atoms of the two cysteine is 3.9 Å that is not 

compatible with the presence of a disulfide bridge. However, flexibility of the 

loop bearing C157 may allow, in certain circumstances, the formation of a 
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bond. Other conserved sites are exposed at different locations. E102 is exposed 

at the extracellular side. I124 is exposed to the bilayer interface. C200 is 

exposed to the intracellular compartment and may have, for its reactivity, a 

role in the interaction with other cellular components. S209 and E226 are also 

exposed to the intracellular compartment. Interestingly, the conserved Y141 

and F146 belong to the Domain IV described by Issa et al. [144] that is deemed 

to be involved in interaction with caveolin. A multiple sequence alignment of 

66 homologous ORF3a from other coronaviruses has been calculated to assess 

whether the SARS-CoV-2 unmutated positions are conserved in other species. 
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4.3. Spike glycoprotein 

 

SARS-CoV-2 variants are characterized by specific mutations in the Spike 

glycoprotein; these mutations can influence the infectivity, the trasmissibility, 

the host immune response, or the replication capacity of the virus. Our studies 

aimed at structurally interpreting the effect of these mutations on Spike 

properties. The variants analyzed were: Kappa, Delta, Lambda, Mu and 

Omicron with its subvariants. In the table below are shown the mutations in 

the Spike glycoprotein of each variant analyzed.  

Table 4: List of Spike glycoprotein variants 

Variants Mutations in the Spike glycoprotein 

Beta D80A, D215G, Δ241-243, K417N, E484K, N501Y, D614G A701V 

Gamma L18F, T20N, P26S, D138Y, R190S, K417T, E484K, N501Y, D614G, 

H655Y, T1027I, V1176F  

Kappa G142D, E154K, L452R, E484Q, D614G, P681R, Q1071H  

Delta T19R, G142D, E156G, Δ157/158, L452R, T478K, D614G, P681R, 

D950N 

Lambda G75V, T76I, R246N, Δ247-253, L452Q, F490S, D614G, T859N N: P13L, 

R203K, G204R, G214C 

Mu T95I, Y144S, Y145N, R346K 

Omicron 

BA.1 

A67V, Δ69/70, T95I, G142D, Δ143-145, N211I, L212I, R214ins, G339D, 

S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, 

Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, 

N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, L981F 

Omicron 

BA.2 

T19I, L24S, Δ25-27, G142D, V213G, G339D, S371F, S373P, S375F, 

T376A, D405N, R408S, K417N, N440K, S477N, T478K, E484A, Q493R, 
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N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, 

Q954H, N969K. 

Omicron 

BA.5 

T19I, L24S, Δ25-27, Δ69-70, G142D, V213G, G339D, S371F, S373P, 

S375F, T376A, D405N, R408S, K417N, N440K, L452R, S477N, T478K, 

E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, 

P681H, N764K, D796Y, Q954H, N969K 

 

4.3.1. Kappa, Delta and Omicron variants 

 

The Kappa and Delta variants were first detected in India in late 2020. The 

Spike proteins of the two variants are characterized by several mutations. 

Among these, two mutations occur in the RBD segment in both variants: 

E484Q and L452R, and L452R and T484K in Kappa and Delta variants, 

respectively. We examined the changes of the RBD biophysical properties 

caused by the mutations of these two variants and compared the results 

obtained with the properties of the wild-type and the Beta and Gamma variants. 

We calculated the surface electrostatic potential using Adaptive Poisson 

Boltzmann Solver (APBS) plugin function in PyMOL software [130]. The 

results shown a major shift toward increased positive electrostatic potential in 

the Delta variant compared with the other variants due the changes of the 

neutral leucine and threonine to positively charged residues Arg and Lys 

(Figure 16).  
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Figure 16: Comparison between the wild‐type and variant spike receptor‐binding domains 

(RBDs). Protein surface is colored according to the electrostatic potential. Color scale ranges 

from −5 kT/e (red) to +5 kT/e (blue) as reported by the bar under the wild‐type RBD. Position 

of the mutant sites is indicated by a circle and an attached label. Red arrows mark the area of 

increased positive potential in the RBD Indian (delta) variants 

 

This change can strengthen the interaction between the Delta RBD and the 

negatively charged ACE2, thus conferring a potential increase in the virus 

transmission or it could induce SARS‐CoV‐2 antibody evasion [145]. The 

same analysis was performed on the Omicron variant BA.1 which was first 

detected in South Africa in November 2021. This variant presents a high 

number of mutations on its Spike glycoprotein, much higher than Kappa or 

Delta variants (Table 4). The comparison between the Spike Wuhan, Delta and 

Omicron RBDs reveals that in Omicron RBD there is a marked increase of the 
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positivity of surface electrostatic potential at the interface with ACE2 with 

respect to the Delta RBD, previously observed [146] (Figure 17). 

 

 

Figure 17: Electrostatic potential surface representation of the WT, Delta and Omicron 

variants of the Spike RBD. Red and blue colors indicate negative and positive potential, 

respectively. The color scale ranges from −5.0 to +5.0 kT/e. The RBD is oriented with the 

ACE2 interface in the front (A) or rotated by 90° to the left along the y-axis (B) 

 

The change of the electrostatic potential towards positive charge values in the 

Omicron RBD could suggest an increase of the binding affinity between the 

positively charged Omicron RBD and the negatively charged ACE2. This may 

partly explain the observed high transmissibility of this variant [147,148]. The 

predicted net charge of the Spike RBD wt, Delta and Omicron at pH 7 are 
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shown in the table below and compared with the ranges of the estimated 

effective reproduction number (ERN) [149]. The RBD electrostatic potential 

is positive and linearly increased from the Wuhan strain (2.15) to successive 

variants, reaching its highest value (5.22) in Omicron VOC. Noteworthy is the 

comparison between the RBD electrostatic potential and the ERN. As the 

increase of positive charge at the surface also increase the estimated ERN.The 

ERN is the key epidemic parameter used to assess whether an epidemic is 

growing or not (high values means that infections are increasing) [149].  

Table 5: Comparison between net charge of Spike RBD and ERN 

SARS-CoV-2 Pango lineage Net charge at pH 7 ERN 

WILD-TYPE B.1 2.15 1.4–2.5 

DELTA B.1.617.2 4.15 3.4–8.6 

OMICRON B.A.1 5.22 9.7--13.0 

 

4.3.3. Lambda variant 

 

The Lambda variant emerged in Perù in June 2021. This variant is 

characterized by several mutations which do not occur at the RBD interface 

with ACE2. However, among these mutations there is a deletion of seven 

residues at the N-terminal domain (NTD) of the Spike protein between the 

sequence positions 246-252. To predict the potential impact of the deletion on 

the NTD affinity to a human mAbs, the complex between the SARS-CoV-2 

Spike and the 4A8 Ab deposited as 7C2L in PDB was used as a case study. 

The mutant NTD was modelled via Swiss-Model and superposed to the wild-

type domain of the complex. Within the Spike trimer, the NTD model was built 
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using the chain A of 7C2L as the template. NTD-4A8 interface interactions 

were predicted by PRODIGY [134]. Overall, the partial deletion of the loop is 

predicted to weaken interaction with the 4A8 antibody with a consequent 

decrease in binding affinity owing to the loss of several interactions. In 

particular, the deletion in Lambda NTD removes interactions that in the wild-

type complex take place between L249 and F60, Y54 of the 4A8 light chain. 

Moreover, a salt bridge and a π-cation interaction between R246 and 4A8 E31 

and Y27, respectively, disappear in the Lambda variant (Figure 18) 

 

 

Figure 18: A) Map of the Lambda mutations of the trimeric Spike structure. Only one mutation 

per monomer is indicated. Glycans are indicated as orange sphere models. B) Interface chain 

NTD-4A8. The mutant NTD was modelled via Swiss-Model and superposed to the wild-type 

domain of the complex. Interface interactions and energies calculated by PRODIGY were 

compared. Comparison of the interfaces between the wild-type (green cartoon, top) and the 

Lambda NTD (grey cartoon, bottom) and the mAb 48A at the deletion region. Red and blue 

cartoons indicate the heavy and light chain, respectively. Side chains in the deleted loop and 
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the interacting residues are indicated with stick models and labelled. Sequence numbering 

refers to the wild-type Spike. Glycans are reported as red sticks 

 

To support these observations, we also used DrugScorePPI in silico alanine 

scanning [137] which revealed that the residues R246 and Y248 are predicted 

to contribute significantly to the binding energy (Table 6) 

Table 6: Variation of binding energy of R246 and Y248 at the interface between NTD and 

4A8 calculated by DrugScorePPI alanine scanning 

Residues Wild type (ΔΔG, kcal/mol) 

R246 1.20 

Y248 2.96 

 

To test the possible impact of the NTD deletion on the S protein antigenicity, 

the potential B-cell epitopes predicted for the reference and Lambda Spike 

were compared using two methods: DiscoTope [135] and BePro [136]. Both 

methods predict the presence of a B-cell neutralizer epitope in the sequence of 

the reference Spike protein at the positions corresponding to the deleted loop 

in the Lambda NTD. Finally, we used GlycoPred [132] and NetNGlyc [133] 

to predict N-glycosylation sites of the Lambda Spike glycoprotein. Both 

methods predicted D253N as a potential N-glycosylation site [150]. 
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4.4. SARS-CoV-2 therapeutic strategies: PolyP 

 

The inorganic polyphosphates are found in several cells in the blood.  In 1997, 

Lorenz et al [151] demonstrated that at high concentrations linear 

polyphosphates have cytoprotective and antiviral activity particularly against 

HIV-1 infection. Based on these studies, the Professor Zollo’s group decided 

to study the potential activities of inorganic polyphosphates (PolyPs) against 

SARS-CoV-2 infection. Lorenz et al [151] also demonstrated that the anti-HIV 

effects of PolyPs are due to binding to both the host cell surface and the virus. 

Starting from these results the molecular genetic’s group decided to study the 

potential activities of inorganic polyphosphates (PolyPs) against SARS-CoV-

2 infection. In particular, they tested whether the antiviral activity of PolyPs 

against SARS-CoV-2 could depend on their binding to ACE2 on the host cells 

and/or to the viral RdRp. To verify these hypotheses, our unit performed 

docking experiments using AutoDock Vina software [139] in order to study 

possible mode and sites of interaction between PolyPs and ACE2 and between 

PolyPs and RdRp. In the experimental analysis the Professor Zollo’s group 

used PolyPs with 120 phosphate groups- For the in silico analysis, only PolyPs 

with 20 phosphate groups (20P) could be used because longer-chain PolyPs 

cannot be reliably treated with the current docking algorithms. Our analysis 

showed that four amino acid residues of ACE2: H378, R393, H401, and R514 

are mainly involved in the binding with the 20 PolyPs (Figure 19, A) These 

residues are conserved across different vertebrates. Docking analyses between 

RdRp with Poly20 revealed that there are seven RdRp amino acids mainly 

involved in the binding with PolyPs, which are: K4892, K4937, R4945, 

D5152, R5228, D237, and K5241 (Figure 19, B) These amino acids are 
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conserved in the RdRp proteins of otherviruses in the family Coronoviridae 

(e.g., SARS-CoV and MERS-CoV). The experimental analyses confirmed that 

the sites predicted by docking experiments are essential for the interaction 

between ACE2 and PolyPs and between RdRp and PolyP [152]. 

 

 

Figure 19: A) Molecular docking of PolyP20 on the SARS-CoV-2 ACE2 domain (PDB 

structure: 6M0J, chain A). Left, ACE2 is represented as grey transparent surface and the orange 

sticks represent PolyP20. Right: Magnified view of the ACE2 receptor to indicate the binding 

interface. The amino acid residues mainly responsible for the interactions between ACE2 and 

PolyP20 are shown as blue sticks and labelled. B) Molecular docking of PolyP20 on the SARS-

CoV-2 RdRp domain (PDB structure: 6M71, chain A). Left panel RdRp is represented as cyan 

transparent surface and the orange spheres represent PolyP20 Right: Magnified view of RdRp 

as a cyan transparent surface to indicate the binding interface. The amino acid residues mainly 

responsible for the interactions between RdRp and PolyP20 are shown as blue sticks and 

labelled 
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4.5. SARS-CoV-2 therapeutic strategies: development of pipeline to 

predict the critical residues of interaction between Spike glycoprotein and 

neutralizing monoclonal antibodies 

 

4.5.1. RBD-mAbs  

 

Based on the information from literature about the mode of the interactions 

between the RBD and neutralizing monoclonal antibodies [100] we retrieved 

in total 68 complexes starting from June 2021 until May 2022, among which: 

29 belonging to class 1, 24 belonging to class 2, 6 belonging to class 3 and 9 

belonging to class 4. We used RING software [140] to identify covalent and 

non-covalent bonds in these complexes, including π-π stacking and π-cation 

interactions and DrugScorePPI [137] to predict the contribution of the RBD 

residues to the interface stabilization energy. Concerning the complexes 

belonging to class 1, RING software revealed that most residues of RBD 

located at the interface are hydrophobic (frequency equal to 0,56 ± 0,04). 

Considering all residues that are in the interface, the most frequent residues are 

tyrosines with frequency equal to 0,22 ± 0,03. DrugScorePPI identified as hot 

spots, i.e:residues proving the highest contribution to the interface stabilization 

energy, Y505 and Y489. Regarding the complexes belonging to class 2, RING 

software revealed that most of the RDB residues are hydrophobic with the 

frequency of 0.60 ± 0.05. Considering all residues that are in the interface, the 

most frequent residues are tyrosines with frequency equal to 0,16 ± 0,04. 

DrugScorePPI identified as hot spots: Y505, Y489 and Y449. Only 6 complexes 

for the class 3 and 9 complexes for the class 4 were available. Nevertheless, 

regarding the complexes of the class 3, RING software revealed that among 
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the RBD residues located at the interface there are hydrophobic residues with 

the frequency equal to 0,50 ± 0,11 and hydrophilic residues with frequency of 

0,50 ± 0,11 and that the most frequent residues are asparagines with frequency 

of 0,14 ± 0,08. DrugScorePPI identified as hot spots: T449, V503, L441, Y380. 

Concerning the complexes belonging to class 4, RING software revealed that 

among the RBD residues located at the interface there are hydrophobic 

residues with the frequency of 0.51 ± 0.09 and hydrophilic residues with 

frequency equal to 0.48 ± 0.09 and that the most frequent residues are 

phenylalanines with frequency of 0.12 ± 0.06. DrugScorePPI identified as hot 

spots: Y369, R357, D427, Y380. As regards the latter (complexes belonging 

to class 3 and 4) the analyses revealed that there is not a correlation between 

the frequency and the contribution of a residue at the interface between RBD 

and mAbs. This aspect could depend on the scant number of samples available 

for class 3 and 4 which makes the observed frequencies affected by a large 

statistical error and therefore they should be considered with caution. In the 

table below the frequencies of residues for each class are shown. Among the 

complexes retrieved, we observed that some antibodies of the collected 

complexes are considered potential therapeutic antibodies. We focused our 

analysis on two complexes which contain the antibodies Regdanvimab (PDB 

code 7CM4) and Sotrovimab (PDB code 7BEP) belonging to class 2 and class 

3, respectively, with the application of MutateX procedure. We chose 

Regdanvimab and Sotrovimab to study the molecular basis of their interactions 

with RBD since experimental data (available at 

https://covdb.stanford.edu/susceptibility-data/table-mab-susc/) [153] indicate 

that Regadanavimab is inactive against some SARS-CoV-2 variants whereas 

Sotrovimab activity is minimally affected against each variant. MutateX [141] 

https://covdb.stanford.edu/susceptibility-data/table-mab-susc/
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has been applied to interpret at a molecular level the different behavior of the 

two antibodies against the Omicron variants 1, 2 and 5. MutateX analyses 

predicted that in the complex between Regdanvimab and Omicron 5 F486V 

and L452R mutations are destabilizing (ΔΔG = 1.90 kcal/mol and ΔΔG = 1.94 

kcal/mol, respectively). The RING software revealed that in this complex, the 

Omicron 5 mutation F486V implies the loss of two π-π stacking with the Y113 

of the heavy chain and Y50 of the light chain and that L452R loses two van 

der Waals interactions with Y106 and R107 of the heavy chain of the 

Regdanvimab antibody. The lack of the two π-π stacking interactions and the 

two van der Waals interactions in the Omicron variant 2 and 5 in the RBD, 

could indicate a slightly destabilizing effect of the complex.A π-π stacking 

interaction and a van der Waals interaction has an energy of 2.25 kcal/mol and 

1.43 kcal/mol, respectively, as mentioned in RING [140]. This observation 

could be consistent with the MutateX results. It has been observed that the 

predicted interactions between Omicron 1 and 2 RBDs and Regdanvimab are 

similar to those observed in the case of the wild type. For this reason, the results 

were not reported.  

 

 

Regarding the Sotrovimab antibody, the RING software revealed that there 

were no differences in the interactions between the wild-type and the Omicron 

1, 2 and 5 variants. These results could be confirmed by MutateX which 

predicted that the two mutated residues G339D and N440K in the Omicron 

variant 1, 2 and 5 do not influence the stability of the complex (ΔΔG = -0.769 

kcal/mol and 0.005 kcal/mol, respectively).  
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Table 7: Frequencies of residues for each class. 

Complex Most Frequent class Most frequent residues 

Class 1 Hydrophobic (0,56 ± 0,04) Tyrosine (0,22 ± 0,03) 

Class 2 Hydrophobic (0.6 ± 0.05) Tyrosine (0,16 ± 0,04) 

Class 3 Hydrophilic (0,50 ± 0,11) Asparagine (0,14 ± 0,08) 

Class 4 Hydrophobic (0.51 ± 0.09)  Phenylalanine (0.12 ± 0.06) 

 

4.5.2. NTD-mAbs 

 

We retrieved in total 16 complexes, starting from June 2021 until April 2022: 

14 complexes bind the NTD in the same position whereas 2 complexes bind 

the NTD in a different region as shown in Figure 20.  

 

 

Figure 20: The Spike monomeric glycoprotein is displayed as a red molecular surface. 

Antibodies are reported as cartoon models. The fourteen Abs which bind the same NTD region 

are enclosed in the black circle while the other two are in the blue circle.  
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In consideration of the scant amount of data, the 16 complexes were considered 

in the same group. RING analysis revealed that most frequent interface 

residues of RBD are hydrophilic (frequency equal to 0.58 ± 0.07). Considering 

all residues that are in the interface, the most frequent residue is tyrosine with 

frequency of the 0,11 ± 0.04. In addition, it was observed that the positive 

charged residues (lysine, arginine, and histidine) have a frequency of 0.29 ± 

0.06. DrugScorePPI identified as hot spots Y144 and Y248. Among the 

complexes retrieved, we observed that in two of them were present two 

therapeutic antibodies: DH1052 (PDB code 7LAB) and 4A8 (PDB cod 7C2L). 

Regarding the DH102 antibody, RING analysis indicates that the Omicron 1, 

2 and 5 NTD and DH1052 are similar to those observed in the case of the wild 

type. Concerning the 4A8 antibody, RING analyses suggest that the interface 

interactions observed in the complex between 4A8 and wild-type NTD are 

identical to those expected in the case of Omicron 1, 2 and 5 variants. Also in 

this case, MutateX has been applied to study the stability of the interface 

between the two mAbs and the variant NTD. Concerning the DH102-antibody, 

MutateX analysis predicts that none of the mutations in the Omicron 1, 2 and 

5 variants have a significant impact on the complex stability. Regarding the 

4A8-antibody the mutations characterizing these variants do not occur at the 

interface to the antibody, for this reason the MutateX procedure does not 

predict considerable results. 
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5. CONCLUSIONS AND FUTURE PERSPECTIVES 
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5.1. In silico analysis of early SARS-CoV-2 mutants 

 

The analysis of the early mutant of SARS-CoV-2 proteins suggested a possible 

molecular basis for explaining the virus evolution and change in pathogenicity. 

Concerning nsp2, the positions 321 and 543 fall within the region homologous 

to the endosome-associated protein similar to that of the avian infectious 

bronchitis virus (PDB ID: 3LD1). It is known that this region plays an essential 

role in the viral pathogenicity [154]. The nsp3 position 192 falls near the 

domain containing the protein similar to a phosphatase present also in the 

SARS-CoV (PDB ID: 2ACF) which plays a key-role in the replication process 

of the virus in infected cell [155].The structural similarity of the region in 

which fall the sites under positive selective pressure, in the case of nsp2, could 

explain why this virus is more contagious than SARS-CoV, while, in the case 

of nsp3, could suggest a potential mechanism differentiating the disease caused 

by a SARS-CoV and SARS-CoV-2. The results of this study could fill some 

gaps about COVID-2019 knowledge especially in the moment when the 

epidemic was starting, and the scientific community was trying to enrich 

knowledge about this new viral pathogen. Concerning the nsp6 the presence of 

multiple phenylalanine residues in the outer membrane region of nsp6 should 

favor the affinity between this region and the ER membrane inducing a more 

stable binding of the protein to ER. It has been shown that this binding may 

favor coronavirus infection by compromising the ability of autophagosomes to 

deliver viral components to lysosomes for degradation [156]. Thus, the effect 

of the L37F mutation could be to limit autophagosome expansion, directly or 

indirectly by starvation or chemical inhibition of mTOR signaling. [157]. We 

have speculated that the mutation, in the nsp6, could bring to some appreciable 
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change in the expression of SARS-CoV-2 relationship with its host, 

particularly concerning a critical host anti-viral defense, such as the autophagic 

lysosomal machinery. About the E and M proteins, the analyses show the 

structural similarity of E and M proteins to the counterparts from Pangolin and 

Bat coronavirus isolates. At the same time, comparisons have highlighted 

structural differences specific of SARS-CoV-2 proteins which may be 

correlated to the cross-species transmission and/or to the properties of the 

virus. Although further studies are needed, it is clear that these amino acid 

variations have been important for the virus evolutionary history, and the 

results may hint at how similar mutations within the coronavirus family can 

lead in the next years to other epizootic epidemic events similar to the one that 

we have been experiencing these days. 

 

5.2. ORF3a 

 

In general, the most frequent mutations found do not influence significantly 

the central pore topography. Interesting are the ORF3a positions conserved in 

the SARS-CoV-2 isolates that are variable in the other coronaviruses. For 

example, F28 seems to be unique to SARS-CoV-2. Likewise, C200 and Ser209 

exposed to the cytosolic side are conserved only in a few other SARS-CoV-2 

from pangolin or bats. This pattern points to functions specific to SARS-CoV-

2 possibly connected to its peculiar pathogenicity, contagiousness, and ability 

to cross-species transmission. 
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5.3. Spike glycoprotein: variant characterizations 

 

The analyses conducted over the different variants strongly suggested that the 

SARS-CoV-2 evolves toward an increase of the positivity of the electrostatic 

potential of the RBD from the original virus strain to the most recent Omicron 

variant. Since ACE2 possesses surface patches of negative electrostatic surface 

potential, it is reasonable to speculate that the higher positive potential of RBD 

may increase tropism of virus Spike for the ACE2 receptor and overall 

interaction affinity. We have previously reported on the likely relationship 

between the increase of positive electrostatic potential and affinity in the Delta 

VOC, in particular the Delta B.1.617.2 [146]. If a direct relationship between 

the electrostatic potential and receptor affinity exists, then the omicron VOC 

is expected to be more transmissible as some initial data do indeed suggest 

[147,148]. Additional experiments both in vitro and in vivo are needed to 

establish the biological significance of SARS-CoV-2 mutations and how the 

interactions between mutations and local cellular microenvironment influence 

the clinical outcome and the transmission dynamics of the virus. However, the 

methods that have been applied to study these variants can be easily applied to 

the characterization of the continuously emerging new variants that will be 

produced by the virus evolution. 

It should be noted that all the observations reported here were obtained during 

the onset of the COVID-19 pandemics. The fast evolution of the SARS-CoV-

2 has been monitored and new mutations emerged and were fixed in the new 

variants. Therefore, conclusions here reported may change in the light of the 

accumulating new molecular data. 
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5.4. Spike glycoprotein: Lambda variant 

 

This variant is an example of an evolutionary path that exploits the remodeling 

of NTD peptide backbone to fine tune interaction with host. Overall, the most 

evident and likely functionally impact of the changes of the Lambda variant is 

represented by the 246–252 deletion. This amino acid loss could confer to the 

virus an enhancing capacity to escape from the host immune response by two 

theoretical, though likely and already reported, strategies: (i) shortening or 

fully deleting neutralizer epitopes located in the loops; (ii) exploiting increased 

glycosylation. These considerations would represent important points for the 

selection of vaccine candidates [158]. 

 

5.5. SARS-CoV-2 therapeutic strategies: PolyP 

 

Our analysis combined with experimental analysis indicated the structural sites 

of the interaction between ACE2 and PolyPs and between RdRp and PolyP and 

corroborated the potential therapeutic use of these macromolecules. Because 

PolyPs are already known not to be toxic, the therapeutic use of PolyPs to 

prevent SARS-CoV-2 infections should be explored [159]. 
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5.6 SARS-CoV-2 therapeutic strategies: development of pipeline to 

predict the critical residues of interaction between Spike glycoprotein and 

neutralizing monoclonal antibodies 

 

The development of this pipeline to predict the critical residues of interaction 

between the Spike glycoprotein and the neutralizing monoclonal antibodies 

suggested that there are residues at the interface between RBD or NTD which 

are more important than other for the stabilization of the interaction with 

nmAbs. In particular, the interactions between RBD-mAbs, of the complexes 

of class 1 and 2 involve mainly hydrophobic residues and especially tyrosines. 

The same pattern has been found at the interface between RBD and ACE2 

[160]. In the RBD Omicron variants 1, 2 and 5 there are some hydrophilic 

residues such as S371, S373, S375 and E484 which are replaced by 

hydrophobic residues. To be more specific, in the Omicron 1 variant the 

mutations are: S371L, S373P, S375F and E484A whereas in the Omicron 2 

and variants the mutations are: S371F, S373P, S375F and E484A. This change 

at the RBD interface towards hydrophobicity could influence the interaction 

between the RBD and the mAbs, suggesting that mAbs with hydrophobic 

interfaces could bind more effectively the RBD. Concerning the interactions 

between NTD-mAbs, although there is a scant amount of data, it is noteworthy 

that 29% of the total residues at the interface are the positively charged as also 

seen in the Omicron 1, 2 and 5 variants. This observation could suggest that 

new mAbs negatively charged on their surface could bind more effectively the 

NTD. In addition, MutateX a new software recently developed [141] was used 

to rationalize the consequences of known mutations. The results obtained by 
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the application to the analysis on the protein structure stability of the 

complexes Regdanvimab-RBB and Sotrovimab-RBD are consistent with the 

results of RING and DrugScorePPI software and with the data published in 

literature. Our predictions suggested that the Regdanvimab antibody seem not 

to be efficient against the Omicron variants, specifically against the Omicron 

variant 5 whereas the Sotrovimab antibody seem to maintain its activity. These 

observations are consistent with the work conducted by VanBlargan et al [161] 

which demonstrated that Regdanvimab completely lost neutralizing activity 

against Omicron variants and with the work conducted by Touret et al [162] 

which demonstrated in vitro that Sotrovimab is less active against Omicron 2 

than against Omicron 1 and even less active against Omicron 5. Concerning 

the DH1052-NTD and 4A8-NTD, MutateX does not indicate any significant 

result. These observations can provide a molecular framework which can 

contribute to the development of strategies to design more specific and 

effective neutralizing monoclonal Ab directed to the present and the future 

emerging variants.  
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