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INTRODUCTION 

Since December 2019, the first cases of pneumonia associ-

ated with a new virus, SARS-coronavirus 2 (SARS-CoV-2), 

were identified by the Chinese authorities in Wuhan, Hubei 

province, China[1] On February 21, 2023, 757.264.511 con-

firmed cases had been documented worldwide [2], with clin-

ical manifestations ranging from mild or no symptoms to se-

vere illness, being identified as viral pneumonia [3]. The en-

try of SARS-CoV-2 into target cells is mediated by the Spike 

protein (S) which is responsible for interacting with host cell 

receptor Angiotensin-Converting Enzyme (ACE2) following 

the priming of S protein by specific proteases at S1/S2 and 

the S2’ sites [4]. Clinical manifestations of Covid 19 infection 

include viral pneumonia, symptoms such as fever, cough, and 

chest discomfort, as well as dyspnea and bilateral lung infil-

tration in severe cases [3]. Critically ill patients displayed 

lymphocytopenia, neutrophilia, low numbers of monocytes, 

eosinophils, and basophils, as well as high levels of inflam-

matory mediators and infection-related indicators. Evidence 

suggests that a cytokine storm, pathogenic immune response 
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characterized by an excessive, dysregulated production of cy-

tokines in response to infection, plays a role in the severity of 

the Covid-19 disease leading to multi-system inflammatory 

syndrome (MIS-C), or COVID-19 hyperinflammation [5].  

SARS-CoV-2 S protein carries a polybasic insertion that was 

absent in SARS-CoV [6].  Based on sequence homology with 

the loop II of α-neurotoxins, the so-called "toxic loop”, hy-

potheses have been put forward of possible interaction of this 

sequence motif with Nicotinic Acetylcholine receptors (nA-

ChRs), which could explain the hyper-inflammatory charac-

teristics observed in a subset of Covid-19 patients [7]. nA-

ChRs belong to the superfamily of Cys-loop pentameric ion 

channels, a large group of proteins with diverse functions in-

volved in excitatory and inhibitory signaling. As ligand-gated 

cation channels, they specifically mediate fast excitatory neu-

rotransmission and are activated by the neurotransmitter ace-

tylcholine (ACh). In humans, 17 different subunits, α1-α10, 

β1- β4, γ, δ, and ε in different combinations form distinct sub-

types of functional channels, differentiated by composition 

and localization [8]. Mainly they are found at the cerebral, 

muscular, and ganglia levels; however, nAChRs have also 

been found at the peripheral level, including immune cells 

[9]. The innate immune system serves as the initial defense 

line against invasive pathogens, and cholinergic signaling via 

the efferent vagus nerve finely regulates the immunological 

activity and pro-inflammatory reactions. Increased release of 

ACh from the vagus nerve in response to endogenous or ex-

ogenous stimuli triggers the activation of nAChRs on the 

macrophage cell membrane, reducing the production of in-

flammatory cytokines and, as a result, inhibiting inflamma-

tion [10].  

nAChRs play a role not only in physiological functions but 

also serve as specific ligands for a wide variety of molecules 

and toxins that are known to target the receptor as a defense 

mechanism, among other things. Natural molecules interact-

ing with nAChRs include the natural alkaloid nicotine and 

nAChR antagonists like curare alkaloids [11]. Among the an-

imal toxins able to target these receptors, snake and cone snail 

venoms are the more widely characterized. These toxins are 

selective inhibitors of nAChRs able to compete with ACh for 

binding to the receptor binding site [12]. Different neurotox-

ins have been sequenced and a comparison of their primary 

structures as well as studies on their three-dimensional con-

formation provided useful information about nAChRs inter-

actions with ligands and pharmacology. These α-neurotoxins 

are small proteins and peptides and include α-bungarotoxin 

and α-conotoxin, characterized by the presence of a common 

“toxic loop” structure able to bind different subtypes of the 

neuronal nAChRs [11,13]. nAChRs have been proposed to 

serve as receptors for Rabies Virus (RABV) as well, and sev-

eral studies have devised the involvement of these ion chan-

nels in Human Immunodeficiency Virus (HIV) infection 

[13,14]. RABV cell entry mechanisms involve 400 trimeric 

spikes on the ectodomain of the virus glycoprotein (RABVG) 

[15], the protein accountable for interacting with nAChRs 

since RABVG shares homologous sequences with the “toxic 

loop” of α-bungarotoxin [16]. The interaction with nAChRs 

is accountable for the central symptoms of the infection, char-

acterized by hallucinations, respiratory problems, muscle 

spasms, and even paralysis [17]. A comparable homology 

with neurotoxins loop II is also found in the sequence of HIV-

1 envelope glycoprotein 120 (gp120) [13]. Several studies re-

port the nAChR as an important player in HIV infection since 

it is expressed not only in the brain, but also in macrophages, 

monocytes, B-lymphocytes, and T-lymphocytes (CD4+) [18–

20], all cell types involved in HIV infection.  

Several studies have devised the involvement of nAChRs in 

Covid-19 pathophysiology [5,21–27]. In this work, in silico 

procedures were used as a basis to determine the structure-

function relationship of the SARS-CoV-2 S protein. The in-

volvement of specific amino acid residues in the interaction 

with nAChRs was predicted using sequence and structure 

analysis. 

 

RESULTS 

Here is reported a sequence comparison between the polyba-

sic sequence-containing region found in SARS-CoV-2 S 

(675-QTQNSPRRAR-685) and the “toxic loop” of α-bunga-

rotoxins and RABV neurotoxin-like region, as well as HIV-1 

gpl20 and α-conotoxin from Conus geographus (Figure 1).
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Figure 1. Sequence comparison between SARS-CoV-2 S (P0DTC2), ⍺-bungarotoxin (P60615); RABVG (O92284); HIV-1 

gpl20 (P04578) and ⍺-conotoxin (P01519). Red-boxed amino acids represent the putative binding sites comprehending pos-

itively charged residues that could interact with the receptor. 

 

To gain molecular insights into the possible interaction of 

SARS-CoV-2 with nAChRs, we studied the structures of 

known ligands of the receptor and compared them with the 

SARS-CoV-2 S protein. Since the polybasic 682-RRAR-685 

motif coordinates were missing from all available crystal 

structures, molecular modelling was performed to predict the 

3D structure of this region. The homology model of the se-

lected HIV-1 gp120 (P04578) putative nAChR binding re-

gion was carried out as well and is shown in Figure 2, along 

with SARS-CoV-2 S and the binding regions of ⍺-bunga-

rotoxin, RABVG, and ⍺-conotoxin. All the proteins, except 

for α-conotoxin, share a typical fold characterized by three β-

sheeted loops, comprehending the toxic loop II carrying the 

positively charged amino acid residues involved in the inter-

action with the receptor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Structure comparison between SARS-COV-2 S protein putative nAChR binding site and known ligands of nA-

ChRs. Electrostatic potential calculations are reported. The range of electrostatic surface potential is shown from -2 kT/e 

(red color) to +2 kT/e (blue color). 

 

Examination of the electrostatic potential surfaces mapped to 

the molecular surface of the putative binding regions of 

SARS-CoV-2 S protein, α-bungarotoxin, RABVG, HIV-1 

gp120, and α-conotoxin indicates positively charged areas 

(Figure 2). A comparison of the molecular surfaces calculated 

for selected loops shows that although the residues forming 

the loop are not the same, as is the case for α-bungarotoxin 

and HIV-1 gp120, the electrostatic potential surfaces are very 

similar. Therefore, the surface properties of the regions of 

these proteins should be similar to those of α-bungarotoxin. 

Thus, the surface properties of these proteins’ regions would 

be expected to be similar to those of α-bungarotoxin. We fur-

ther report the electrostatic potential surface map for the nA-

ChR α9-subunit, which shows a negatively charged area sur-

rounding the loop-C of the receptor, known to interact with 

α-bungarotoxin (Figure 3a). 
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Figure 3. (a) nAChR α9-subunit binding site. Loop C structure and electrostatic potential were circled in yellow. The range 

of electrostatic surface potential is shown from -2 kT/e (red color) to +2 kT/e (blue color). (b) SARS-CoV-2 S hairpin portion 

(red); d-Tubocurarine (gold) in the binding to the Acetilcholine Binding Protein (AChBP) from Aplysia californica (not 

shown; PDB ID:2XYT). 

 

It is known that two molecules of ACh are needed to bind the 

nAChR to activate the ion channel. The binding of agonists 

or antagonists, like the members of the curare family, to the 

receptor, is linked to the presence of two positively charged 

atoms at a distance comprised between 9-11 Å which is the 

distance assumed by the charged ammonium groups of the 

two ACh molecules spanning two subunit interfaces in the 

interaction [28]. Figure 3b shows the distance between the 

charged ammonium groups of the nAChRs antagonist d-Tub-

ocurarine compared to the distance assumed by the guani-

dinium groups of the modelled hairpin of SARS-CoV-2 S 

protein. The three Arg residues are located at a distance of 9-

11 Å (Figure 3b), indicating a favorable conformation to be 

engaged in the interaction with the receptor. Taken together, 

these observations suggest a functional convergence between 

these different proteins.  

To predict the structure of the interacting complex, we inte-

grated homology modeling and molecular dynamics (MD) 

simulations with the molecular binding information obtained 

previously. The modelled loop was inserted in the available 

crystal structure of the SARS-CoV-2 S protein (PDB ID: 

6VYB). The starting point was the α-bungarotoxin in its bind-

ing conformation with the α9-nAChR subunit (Figure 4a).

 

 

  
(a) (b) 

 

Figure 4. (a) ⍺-bungarotoxin (orange) in the binding mode with the ⍺-9 nAChR subunit (cyan, PDB ID:4UY2); (b) the mod-

elled loop of SARS-CoV-2 S protein (red) in the same binding mode with the ⍺-9 nAChR subunit (cyan) after MD simulation. 

 

The interaction between the 675-QTQNSPRRAR-685 region 

of the SARS-CoV-2 S putative binding loop and the so called 

“aromatic box” of α9-nAChR subunit in the binding confor-

mation with α-bungarotoxin was evaluated after performing 

MD simulations (Figure 4b).  

Modeling the SARS-CoV-2 hairpin region was a critical step 

that required very accurate refinement work. Upon manually 

binding the hairpin to the two beta-strands, it was observed 

that the only possible conformation is the one in which, of the 

three Arg residues found in the cationic moiety of SARS-
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CoV-2 S, Arg685 is the one inserted into the α9-nAChR sub-

unit “aromatic box" (Figure 4b). Residue interaction Network 

(RIN) analysis revealed that Arg685 interacts via a cation-π 

interaction with Tyr199, is engaged in Van der Waals inter-

actions with Tyr192 and Tyr195, and interacts by H-Bond 

with Tyr95 of the α9-nAChR subunit, suggesting a quite sta-

ble interaction (Table 1).  

 

Table 1. Residue-interaction network (RIN) of Arg685 from the putative binding loop of SARS-CoV-2 S protein, with nodes 

and edges representing interacting residues and non-covalent interactions, respectively. 

 

 

 

 

 

 

 

To verify the mutation rate among residues of the 675-

QTQNSPRRAR-685 region of SARS-CoV-2 S, the protein 

sequence from Wuhan-Hu-1, China (Accession code: 

P0DTC2) was used as a reference sequence for the mutation 

analysis. The NCBI virus database contained 951895 human 

SARS-CoV-2 S proteins with a protein length between 1233 

and 1273 amino acid residues. These represented spike pro-

teins from North America (892185), Europe (22026), Asia 

(14269), Oceania (11852), South America (7695), and Africa 

(3868). The protease cleavage site (between residues 675 and 

692) in the spike protein is associated with a big mutation 

density. More than one mutation type can be found at the 

same position in the spike protein sequence, as shown in Ta-

ble 2. Interestingly, Arg682, Arg 683, and Arg685 are char-

acterized by the lowest mutation rate, if compared to the other 

residues of the putative binding motif of SARS-CoV-2 S, 

with Arg685 being the most conserved, thus corroborating 

our assumption that Arg685 is the key amino acid in the in-

teraction with the receptor (Table 2).  

 

Table 2. Mutation analysis of the SARS-CoV-2 675-QTQNSPRRAR-685 region. Freq values stand for mutation frequency. 

WT and Mut 1-3 identify, in order, the wild type and the most common mutations. 

 

DISCUSSION 

The Covid-19 pandemic caused by infection with SARS-

CoV-2 has led to more than 6.8 million deaths worldwide [2]. 

Several studies have now described the potentially patholog-

ical role of macrophages during SARS-CoV-2 infection and 

discuss possible therapeutic strategies to regulate macro-

phage activation in patients with Covid-19 [5]. In this sce-

nario, is becoming increasingly evident the role of nAChRs 

in the clinical manifestations detected in a subset of patients 

[5]. SARS-CoV-2 S protein has been proposed to potentially 

interact with nAChRs, based on sequence homology with the 

NodeId1 Interaction NodeId2 

685:ARG HBOND:MC_MC 682:ARG 

685:ARG HBOND:MC_MC 681:PRO 

685:ARG HBOND:MC_SC 150:SER 

685:ARG HBOND:SC_SC 95:TYR 

685:ARG PICATION:SC_SC 199:TYR 

685:ARG VDW:SC_SC 199:TYR 

685:ARG VDW:SC_SC 192:TYR 

WT Q T Q T N S H R R A R 

Freq 947785 951351 940926 950780 520782 950222 549264 951249 951437 950705 951558 

Mut 

1 
H I H I K F R W Q V  S 

Freq 3727 323 8872 623 429424 239 233082 37 126 605 7 

Mut 

2 
R A P P T T P L W  S  H 

Freq 158 79 1595 26 33 153 167824 22 116 103 4 

Mut 

3 

OTHE

R 

OTHE

R 

OTHE

R 

OTHE

R 

OTHE

R 

OTHE

R 

OTHE

R 

OTHE

R 

OTHE

R 

OTHE

R 

OTHE

R 

Freq 98 43 281 27 77 23 257 13 82 40 3 



Computational Methods to Unveil the Structural Bases for the Recognition of SARS-Cov-2 by Human Nicotinic Ace-
tylcholine Receptors 

120  Volume 03 Issue 03 March                                        Corresponding Author: Ottavia Spiga, Luisa Frusciante 

“toxic loop” (loop II) of α-neurotoxins known to bind to these 

receptors [23]. nAChRs are a well-known target for toxins but 

also other viruses. Structurally, α-bungarotoxin and other 

snake toxins share a distinctive three-finger fold character-

ized by three β-sheeted loops, comprehending the toxic loop 

II. The viruses and neurotoxins binding motifs entail con-

served positively charged amino acid residues (either Arg or 

Lys) extending away from a loop, which is known to interact 

with nAChRs [29]. As for α-conotoxins, to date, at least 200 

conopeptides have been characterized, which share a com-

mon structural α-helical motif that resembles the “toxic loop” 

of long chain snake toxins [30], including α-bungarotoxin, 

able to interact with nAChRs and to competitively bind the 

same region of the receptor [31]. Sequence comparison and 

secondary structure analysis of SARS-CoV-2 show the pres-

ence of features characteristic of the “toxic loop” of α-neuro-

toxins, namely the cationic moiety but also the typical three-

finger fold, which is also found in RABVG and HIV gp-120, 

suggesting a functional analogy between these proteins.  

NMR and X-ray structures of nAChRs and homologous pro-

teins from different species reveal that agonists and competi-

tive antagonists of nAChRs, like α-bungarotoxin and α-cono-

toxin, bind to the so-called “aromatic box” found in the re-

ceptor binding site [29,32,33]. Involved in the binding is a 

cation-π interaction between a protonated secondary amine of 

a positive residue of either agonist or antagonist molecules 

and conserved aromatic residues of the receptor [32]. Since 

the 682-RRAR-685 putative binding region of SARS-COV-

2 S was missing from all the available crystal structures, 

structure prediction studies were performed to obtain its 3D 

structure. The interaction between the cationic moiety found 

on the exposed loop of SARS-CoV-2 S with the aromatic box 

of the receptor was thus modelled and evaluated after per-

forming MD simulations. We found that that the only confor-

mation possible was the one in which Arg685 of the SARS-

CoV-2 hairpin loop fits in the aromatic box of the α9-nAChR 

subunit. nAChRs binding site is found between one of the α 

subunits composing the ion channel, named the (+)-interface, 

and a second accessory subunit named the (-)-interface (either 

another α subunit or a different one; [32]), where is found the 

“aromatic box”. While agonists seem to be embraced by a 

closing movement of a loop on the (+)-interface (the loop C) 

α-neurotoxins seem to push the loop C in a more open con-

formation [11]. A Trp residue forms a functionally significant 

cation-π interaction, while the other aromatic residues in the 

box seem to play an accessory role [32]. According to studies, 

the Y674-R685 loop of SARS-CoV-2 S protein, which carries 

the 682-RRAR-685 polybasic motif, is capable of binding 

three nAChR subtypes, which are the human α4β2 and α7 as 

well as the muscle-like αβγδ receptor from Tetronarce cali-

fornica [22]. They found that the interaction of the neuro-

toxin-like region of SARS-CoV-2 with the receptor seems to 

force loop C into an open conformation, as it happens with 

nAChR antagonists. Furthermore, their findings indicate that 

the Y674-R685 peptide is accessible for binding even in the 

fully glycosylated S protein [22]. Based on these observa-

tions, we decided to test the interaction of SARS-CoV-2 S, 

comprehending not only the 675-QTQNSPRRAR-685 neuro-

toxin-like region but the whole three-finger portion charac-

terized by the three β-sheeted loops. We found that Arg685 

interacts with residues of the α9-nAChR subunit’s aromatic 

box establishing stable interactions, thus corroborating our 

assumption that, of the three Arg residues in the polybasic 

region, Arg685 is the key residue for receptor binding. Fur-

thermore, the fact that Arg685 has a very low mutation rate 

and is highly conserved in the SARS-CoV-2 sequence indi-

cates that it is a functionally relevant residue to the species.  

Interestingly, recent studies conducted in vitro have con-

firmed the involvement of the 675-QTQNSPRRAR-685 re-

gion of SARS-CoV-2 in the modulation of the cholinergic re-

sponse [21]. They applied whole-cell and single-channel re-

cordings to determine whether a peptide corresponding to the 

Y674-R685 region of the S protein could affect α7 nAChR 

function. They found that the fragment can activate α7-nA-

ChRs in the presence of positive allosteric modulators, but 

also exerts a negative modulation of α7. As mentioned above, 

increased release of ACh from the vagus nerve in response to 

endogenous or exogenous stimuli triggers the activation of 

nAChRs on the macrophage cell membrane, reducing the pro-

duction of inflammatory cytokines and, as a result, inhibiting 

inflammation [10]. Consequently, the work from Chrestia et 

al., provides proof of a possible effect of the SARS-CoV-2 on 

the cytokine storm production triggered by the cholinergic 

blockade [21] by interfering with the activation of the nA-

ChRs.  
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METHODS 

4.1. Structural analysis 

The primary sequences of SARS-COV-2 Spike protein, α-

bungarotoxin, α-conotoxin, RABVG, and gp120 HIV were 

retrieved from the UniProt database [34], with accession 

numbers P0DTC2, P60615, P01519, O92284, P04578 re-

spectively.  

All available crystal structures of selected proteins were 

downloaded from the RCBS Protein Data Bank 

(www.rcsb.org). Three-dimensional atomic coordinates of 

the missing loop 682-685 of SARS-COV-2 Spike protein 

were generated by using MODELLER implemented in 

PyMod 2.0 [35]. The Uniprot ID P04578 sequence of HIV-1 

gp120 was generated with Phyre 2 by using as template PDB 

ID 6B0N [36].  

Electrostatic potential maps were numerically computed 

solving the PB equation with default settings using the PBEQ 

Solver within CHARMM-GUI [37] and graphed using Chi-

mera [38].  

4.2. MD simulations 

Molecular dynamics (MD) simulations were carried out in 

GROMACS 2019 [39]. The protein structures were solvated 

in a triclinic box filled with 33766 TIP3P water molecules, 

adding 112 Na+ and 96 Cl- ions to neutralize the system at a 

concentration of 0,15 M. The whole systems were then mini-

mized with a maximal force tolerance of 1000 kJ mol-1 nm-

1 using the steepest descendent algorithm. The optimized sys-

tems were gradually heated to 300 K in 1 ns in the NVT en-

semble, followed by 10 ns equilibration in the NPT ensemble 

at 1 Atm and 300 K, using the V-Rescale thermostat and Ber-

endsen barostat [40, 41], with Cα atoms restrained. Newton's 

equations of atomic motion were integrated by the Verlet al-

gorithm with a 2 fs time step. LINCS algorithm [42] to con-

strain all the covalent bonds involving hydrogen atoms and 

the Particle Mesh Ewald (PME) algorithm was employed for 

long-range interactions computation [43]. The analysis tools 

implemented in GROMACS were applied to calculate Root-

mean-square deviation (RMSD). 

4.3. Residue Interaction Network (RIN) analysis 

The RIN was constructed by submitting the average structure 

extracted from the equilibrium phase of the MD simulation 

trajectory to the RING 2.0 web server (http://pro-

tein.bio.unipd.it/ring/). RING enables to analyze of mutation 

effects, protein folding, domain–domain communication, and 

catalytic activity through the identification of covalent and 

non-covalent bonds in protein structures, including π–π stack-

ing and π–cation interactions [44]. 

4.4. Mutation Analysis 

The SARS-CoV-2 spike protein sequences were obtained in 

the FASTA format from the NCBI virus database 

(https://www.ncbi. nlm.nih.gov/labs/virus/vssi/). The multi-

ple sequence alignment of the spike proteins was achieved 

using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clus-

talo/). The human SARS-CoV-2 spike protein sequence from 

Wuhan-Hu-1, China (Accession code: P0DTC2) was used as 

a reference sequence to examine the mutations in a motif con-

tained in the spike protein. The mutations were analyzed ac-

cording to their presence within different regions of the spike 

protein sequence.  

 

CONCLUSIONS 

nAChRs are well-known targets for toxins but also viruses. 

Our results suggest that SARS-CoV-2 S protein can bind nA-

ChRs through stable interactions between a region containing 

the 682-RRAR-685 polybasic insertion typical of SARS-

CoV-2 but that was absent in other coronaviruses. This motif 

is found in a region with high sequence similarity with neu-

rotoxins known to bind nAChRs. Sequence comparison with 

the “toxic loop” of α-bungarotoxin and RABVG neurotoxin-

like region, as well as HIV-1 gp20 and α-conotoxin from Co-

nus geographus, highlights the existence of a correlation be-

tween these proteins’ functional sites. Secondary structure 

analysis, along with electrostatic potential calculations, un-

veiled the presence of features characteristic of the “toxic 

loop”, and the same observations can be done for RABVG 

and HIV-1 gp-120, suggesting a functional analogy between 

these different proteins. Finally, MD simulations and Residue 

Interaction Network analyses confirmed our hypothesis that 

the neurotoxin-like region found in the SARS-CoV-2 S pro-

tein might be involved in the binding to nAChRs, underlying 

the key role of Arg685 amino acid residue in the interaction, 

where the guanidinium group serves as a crucial point of at-

tachment to the receptor “aromatic box”. These findings may 

be relevant to understanding Covid-19 pathophysiology and 

infection and could be a guide for the development of future 

novel therapeutic strategies.  
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