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ARTICLE INFO ABSTRACT

Handling editor: Dr. Jose Luis Domingo SARS-CoV-2 is the coronavirus that originated in Wuhan in December 2019 and has spread globally. Studies have

shown that smokers are less likely to be diagnosed with or be hospitalized for COVID-19 but, once hospitalized,

Keywords: have higher odds for an adverse outcome. We have previously presented the potential interaction between SARS-
COVI]')-19‘ CoV-2 Spike glycoprotein and nicotinic acetylcholine receptors (nAChRs), due to a “toxin-like” epitope on the
gg’;’g;;plwpe Spike glycoprotein, with homology to a sequence of a snake venom toxin. This epitope coincides with the well-
Molecular modeling described cryptic epitope for the human anti-SARS-CoV antibody CR3022. In this study, we present the mo-
nAChRs lecular complexes of both SARS-CoV and SARS-CoV-2 Spike glycoproteins, at their open or closed conformations,
SARS-COV-2 with the model of the human a7 nAChR. We found that all studied protein complexes’ interface involves a large

part of the “toxin-like” sequences of SARS-CoV and SARS-CoV-2 Spike glycoproteins and toxin binding site of
human o7 nAChR. Our findings provide further support to the hypothesis about the protective role of nicotine
and other cholinergic agonists. The potential therapeutic role of CR3022 and other similar monoclonal anti-
bodies with increased affinity for SARS-CoV-2 Spike glycoprotein against the clinical effects originating from the
dysregulated cholinergic pathway should be further explored.

Spike glycoprotein

1. Introduction

Severe acute respiratory syndrome (SARS) is a viral respiratory
infection caused by the coronavirus (SARS-CoV) associated with SARS.
In February 2003, SARS was first reported in Asia. Before the global
SARS outbreak of 2003 was contained, the disease spread to North
America, South America, Europe, and Asia. No known SARS cases have
been reported anywhere in the world after 2004 (Center for Disease
Control and Prevention; Umesh and Anderson, 2004). In April 2003,
rumors spread that smoking protected patients from developing SARS,

which the authorities rejected (CNN International.com, 2003). Several
studies suggested that smokers were under-represented among hospi-
talized SARS patients, but no firm conclusions about the association
between smoking and SARS-CoV infection were drawn (Rainer et al.,
2004; Tsui et al., 2003; Tsang et al., 2003; Ong et al., 2004).

While the global pandemic of Corona Virus Disease (2019) (COVID-
19), a disease caused by the acute respiratory coronavirus 2 syndrome
(SARS-CoV-2), progresses, it is crucial to reveal the pathophysiology and
the risk and possibly protective factors associated with disease pro-
gression and severity in order to provide effective therapy (Tsatsakis

Abbreviations: aa, Amino Acids; ARDS, Acute Respiratory Distress Syndrome; ACE2, Angiotensin-Converting Enzyme 2; COVID-19, Corona Virus Disease 2019;
ECD, Extracellular Domain; LBD, Ligand-binding domain; nAChR, Nicotinic Acetylcholine Receptor; NCS, Nicotinic Cholinergic System; RBD, Receptor Binding
Domain; SARS-CoV, Severe Acute Respiratory Syndrome Coronavirus; SARS-CoV-2, Severe Acute Respiratory Syndrome Coronavirus 2.
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Fig. 1. SARS-COV-2 RBD epitope sequence for the CR3022 mAb. Grey-
shadowed amino acids show the CR3022 interacting residue epitopes in the
SARS-CoV-2 RBD. (A, Ala; D, Asp; E, Glu; F, Phe; H, His; [, Ile; K, Lys; L, Leu; M,
Met; N, Asn; P, Pro; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr).

et al., 2020). Published meta-analyses reporting an unusually low
pooled prevalence of smoking among hospitalized COVID-19 patients
compared with population smoking rates (Farsalinos et al., 2020; Far-
salinos et al., 2020a; Farsalinos et al., 2020b) bolstered the debate about
the connection between smoking and COVID-19. Other studies report
that smokers are less likely to be diagnosed with or be hospitalized for
COVID-19 (Farsalinos et al., 2020a; Farsalinos et al., 2020b; Hippi-
sley-Cox et al., 2020; Kowall et al., 2020; Giannouchos et al., 1101;
Rossato et al., 2020; Meini et al., 2020; Simons et al., 2020), but, once
hospitalized, they have higher odds for an adverse outcome (Farsalinos
et al., 2020b; Algahtani et al., 2020; Vardavas and Nikitara, 2020). Cox
et al. recently published a cohort study of 8.28 million participants,
including 19,486 confirmed COVID-19 cases, and found that smoking
was associated with lower odds for COVID-19 diagnosis and ICU
admission (Hippisley-Cox et al., 2020). This unusual correlation of
smoking with a potential protective effect for COVID-19 was mainly
substantial for heavy and moderate smokers. In contradiction, other
studies have shown that smokers, once hospitalized, are at higher risk
for adverse outcomes (Farsalinos et al., 2020b).

For the first time in April 2020, we hypothesized that the nicotinic
cholinergic system (NCS) might be involved in the pathophysiology of
severe COVID-19 and recently built on this hypothesis (Farsalinos et al.,
2020b, 2020c¢). In light of the above considerations, these reports raise
the possibility that nicotine -through its action on the NCS- may protect
patients against the development of severe COVID-19 that would require
hospitalization. Such results should, however, be viewed cautiously
before being experimentally verified.

Nicotinic acetylcholine receptors (nAChRs) are membrane proteins,
consisting of five spanning-membrane subunits arranged around a cen-
tral pore. They are divided into the muscle and the neuronal type.
Muscle AChRs are located in the skeletal muscles, where they facilitate
neuromuscular communication. Neuronal AChRs are found primarily in
both the peripheral nervous system (PNS) and the central nervous sys-
tem (CNS), but also in non-neuronal tissues. Several different nAChRs,
consisting of a specific combination of subunits, facilitate discrete
cellular physiological functions. Generally, expression of the neuronal
form of nAChR differs in several cells of the nervous system. However,
neuronal nAChRs are commonly expressed in peripheral ganglia and
some brain regions, and in non-excitable cells, such as keratinocytes,
epithelial cells, and immune cells (i.e., B cells, T cells, and macro-
phages). Among the various nAChR subtypes, the o7 receptor, which is
widely distributed and overexpressed in the hippocampus, is the most
important mediator of the anti-inflammatory properties of the cholin-
ergic system due to its association with humoral and intrinsic immunity
(Fujii et al., 2017; Kalamida et al., 2007).

The NCS is an essential pathway that regulates inflammatory
response. Its effects on macrophages and other immune cells are mainly
controlled by the vagus nerve and by a7 nicotinic acetylcholine re-
ceptors (nAChRs) (Tracey, 2002). This so-called “cholinergic
anti-inflammatory pathway” has been found to be beneficial in animal
models in the prevention of inflammatory conditions such as sepsis and
Acute Respiratory Distress Syndrome (ARDS) (Wang et al., 2003). Thus,
NCS dysregulation may be a potential cause of the uncontrolled in-
flammatory response in COVID-19. More clinical manifestations of
COVID-19, such as anosmia and thromboembolic complications, could
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also be explained through its action (Fujii et al., 2017).

The plasma of recovered patients containing neutralizing Abs was a
relatively safe and effective treatment choice during the first SARS-CoV
and MERS-CoV outbreaks to decrease viral load and minimize mortality
in extreme cases (Mair-Jenkins et al., 2015; Ko et al., 2018). Similarly, a
limited number of COVID-19 patients treated with a plasma of
SARS-CoV-2 convalescent patients have recently shown clinical progress
and decreased viral load (Shen et al., 2020); but larger studies have
failed to show clinical improvement (Agarwal et al., 2020; Simonovich
et al., 2020). Up to now, several human Abs are found to recognize the
SARS-CoV-2 S protein (Zost et al., 2020a; Robbiani et al., 2020; Rogers
et al., 2020; Brouwer et al., 2020; Cao et al., 2020; Yuan et al., 2020; Li
etal., 2020; Andreano et al., 2020; Wec et al., 2020; Pinto et al., 2020; Ju
et al., 2020; Wu et al., 2020; Chi et al., 2020; Seydoux et al., 2020; Shi
et al., 2020; Barnes et al., 2020), however, cross-neutralizing Abs are
rarely found in patients with COVID-19 (Rogers et al., 2020; Brouwer
et al., 2020; Ju et al., 2020; Lv et al., 2020). The scientific research
emphasis has therefore changed from cross-neutralizing SARS-CoV Abs
to isolating new SARS-CoV-2 neutralizing Abs from COVID-19 conva-
lescent patients (Robbiani et al., 2020; Rogers et al., 2020; Ju et al.,
2020; Chen et al., 2020a; Zost et al., 2020b).

In the study of Chen et al. (2020a), convalescent patients were
clinically fully recovered and tested negatively for SARS-CoV-2 virus
RNA with qPCR before blood sampling. Zost and colleagues (Zost et al.,
2020Db) isolated human Abs from blood samples of a married couple of
Wuhan. PBMCs were obtained by leukapheresis 50 days after symptom
onset. In Robbiani and colleagues’ study (Robbiani et al., 2020), a total
of 149 COVID-19-convalescent individuals were examined. All patients
participating in the study were characterized asymptomatic for a
14-days period before blood sampling. Patients in this cohort exhibited
typical (mild) symptoms that continued for approximately 12 days;
however, 11 of the participants, while recovering, needed
hospitalization.

In another study, Ju et al. (2020) isolated 206 Receptor Binding
Domain (RBD) mAbs from 8 SARS-CoV-2 infected individuals. Serum
samples were obtained approximately 20 days after disease initiation.
Except for one who succumbed to COVID-19, all other patients fully
recovered. Rogers et al. (2020) used a high-throughput pipeline to
separate and classify mAbs from convalescent patients. Seventeen do-
nors exhibiting typical COVID-19 symptoms and tested positive by a
nasopharyngeal swab for SARS-CoV-2 by PCR were studied. In this
cohort, disease severity ranged from mild to severe, with all patients
eventually recovered healthy.

Yuan et al. recently reported the crystal structure of CR3022, a
human antibody previously isolated from a convalescent SARS patient,
in complex with the RBD of the SARS-CoV-2 Spike (S) glycoprotein
(Yuan et al., 2020). The RBD epitope [aa ~333-527 in the SARS-CoV-2
Spike glycoprotein] facilitates the virus’s receptor-mediated entry into
the host cells. Huo et al. also reported that CR3022 binds to the RBD and
presented the Fab/RBD complex’s crystal structure at 2.4 A resolution
(Huo et al., 2020). The antibody’s neutralizing potential is established
for SARS-CoV but not for SARS-CoV-2, although it may exhibit some in
vivo protection against the latter. Both groups recognized that the highly
conserved and cryptic epitope for CR3022 (Fig. 1) is inaccessible in the
prefusion Spike. Neither group could explain this epitope’s exact func-
tion, but both proposed that this cryptic epitope could be therapeutically
useful, possibly in synergy with an antibody that blocks
angiotensin-converting enzyme-2 (ACE2) attachment. In SARS-CoV and
SARS-CoV-2, the amino acids that form this epitope are highly
conserved. Of the 28 residues of the epitope buried by CR3022, 24 are
conserved between SARS-CoV and SARS-CoV-2. This explains the
CR3022’s cross-reactivity to SARS-CoV and SARS-CoV-2 RBD’s. Despite
its high epitope residue conservation, CR3022 Fab binds to SARS-CoV
RBD with much greater affinity than SARS-CoV-2 RBD.

Structural alignment of the CR3022-SARS-CoV-2 RBD complex with
the ACE2-SARS-CoV-2 RBD implies that the binding CR3022 does not
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Fig. 2. (A): Multiple amino acid sequence alignment of spike glycoprotein RBDs of SARS-CoV-2 and other SARS-related coronaviruses. Non-conserved residues
among the RBDs of SARS-COV-2 and other SARS-related coronaviruses are shown in a red color font. Yellow highlighted panel indicates the highly conserved region
of SARS-CoVs RBD (aa 375-395), bearing the snakes’ neurotoxin-like residues, potentially resulting in binding to nAChRs and adversely affecting their function. (B):
Sequence alignment of Spike glycoprotein RBDs of SARS-CoV-2 and the other human SARS-related CoVs (i.e., SARS-CoV 0C43, SARS-CoV HKU1, and MERS-CoV).
Non-conserved residues are shown in red color. The red frame indicates the aa 375-395 region highly conserved in all other SARS-related CoVs but not to SARS-CoV
0C43, SARS-CoV HKU1, and MERS-CoV. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (continued).

interfere with ACE2 (Brouwer et al., 2020) and indicates that the
mechanism by which CR3022 neutralizes SARS-CoV is not dependent on
direct receptor binding blocking; an interpretation consistent with the
finding that CR3022 does not compete with ACE2 for RBD binding (Tian
et al., 2019).

Liu et al. recently presented a rare SARS-CoV-2 specific Ab exhibiting
cross-neutralization activity against SARS-CoV, called COVA1-16, iso-
lated from a convalescent COVID-19 patient, which binds to the same
epitope (ie., as the CR3022) (Liu et al., 2020). The affinity for
SARS-CoV-2 Spike glycoprotein is higher than the affinity for SARS-CoV
Spike glycoprotein, as expected. Brouwer and colleagues (Brouwer et al.,
2020) initially isolated mAb COVA1-16 by analyzing a total of 403 mAbs

T ——

377 sars cov

56 easotesta Bemeten w2l
390 RN

SARS COV vs

Query 360 FFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPG 400
FSTFKCYGVS TKLNDLCF+NVYADSFV++GD+VRQIAPG
Sbjct 373 SFEEERCYGVSPTRLNDLCFTNVYADSFVIRGDEVRQIAPG 413

from 3 -outpatient and clinically-convalescent COVID-19 patients, aged
between 18 and 75 years. All patients were tested positive for
SARS-CoV-2. Sample collection was carried out approximately four
weeks after the onset of COVID-19 symptoms. Upper respiratory tract
infection and mild pneumonia were found in two infected people. At the
same time, the third patient participating in the study developed serious
pneumonia, and became respiratory inadequate 1.5 weeks after symp-
tom onset, requiring admission to the mechanical ventilation intensive
care unit.

Through computational modeling and docking experiments, we have
previously identified a key interaction between the SARS-CoV-2 Spike
glycoprotein, mainly aa 381-386, and the nAChR alpha subunit (mainly

B

SARS COV-2  CR3022
Ala 372
Tyr 369

Tle(H) 30
Phe 374
Phe 377

Asp(H) 54
Lys 378

Glu(H) 56

Trp(H) 33
Tyr 380

Tle(H) 98
Leu 390

Trp(L) 50
Phe 392
Phe 515
Val 382

Ser (L) 27¢
Thr 430
Leu 517

Bold: H-Bonds., (H-L): Heavy-Light chain CR3022

Fig. 3. (A): Sequence alignment between the SARS-CoV and SARS-CoV-2 Spike glycoproteins and Neurotoxin homolog NL1 depicting amino acids within this
sequence identical or functionally equivalent to Neurotoxin homolog NL1 toxin. (B): Amino acid interactions between SARS-CoV-2 RBD and SARS-CoV neutralizing
mAb CR3022. (C): Spatial amino acid interactions between SARS-CoV-2 RBD (red) and CR3022 heavy (blue) and light chain (green) through different angles. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Structural location of the toxin-like sequence within the SARS-CoV (A) and SARS-CoV-2 (B) Spike glycoprotein. The toxin-like sequence is illustrated in ball

and stick format.

Table 1
Haddock parameters of SARS-CoV S1 and SARS-CoV-2 S1 with ECD of human o7
nAChR pentamer.

SARS-CoV S1 SARS-CoV-2 S1
Open Closed Open Closed
with human a7 nAChR
AG (kcal mol™) -8,5 -10,6 -10 -9,4
Kd (Molar) at 25.0 °C 5.6E-07 1.6E-08 4.6E-08 1.3E-07
HADDOCK score —117.6 —96.2 —-38.9 —46.2
(8.5) (4.4) (12.0) (7.9)
Electrostatic Energy -174.4 —114.6 —198.9 —41.6
(kcal mol ™) (31.4) (28.9) (19.6) (14.5)
Buried Surface Area 1777.7 1845.9 1561.8 1677.1
(A% (251.6) (109.3) (60.3) (122.5)

aa 189-192) extracellular domain (ECD). This region forms the core of
the nAChRs “toxin-binding site”. Similar to the interaction between the
nAChR alpha subunit and a-bungarotoxin, this interaction reinforced
the possibility of SARS-CoV-2 interacting with nAChRs (Farsalinos et al.,
2020d). Remarkably, other research groups have identified such inter-
action through different epitopes of SARS-CoV-2 Spike glycoprotein
(Oliveira et al., 2020).

This study examined the potential interaction between o7 nAChRs
and SARS-CoV and SARS-CoV-2 Spike glycoproteins RBDs. For SARS-

CoV-2, our previous study identified such an interaction located at aa
375-390, a homologous region to a sequence of the NL1 homologous
neurotoxin, a well-established NCS inhibitor (Tsetlin and Hucho, 2004).
Interestingly this epitope is part of the cryptic epitope mentioned above
for the human antibody CR3022 and COVA1-16 (Pinto et al., 2020; Huo
et al., 2020; Liu et al., 2020). Having presented the 3D structural loca-
tion of this “toxin-like” sequence on the Spike glycoprotein and the su-
perposition of the modeled structure of the Neurotoxin homolog NL1
and the SARS-CoV-2 Spike glycoprotein previously (Farsalinos et al.,
2020d), we are extending our molecular modeling and docking experi-
ments by presenting the complexes of both SARS-CoV and SARS-CoV-2 S
glycoproteins with the ECD of the model of human 7 nAChR pentamer,
in their “open” and “closed” conformations, ideally adopted by Spike
glycoproteins.

2. Methods
2.1. Sequence retrieval and alignment

We compared amino acid sequences between SARS-CoV and SARS-
CoV-2 Spike glycoproteins and snake venom neurotoxins. Sequence
retrieval of the protein sequences of both virus-related Spike proteins
and “three-finger” neurotoxins from various species was performed
using the National Center for Biotechnology Information (NCBI,
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Fig. 5. The cluster of intermolecular contacts (ICs) at the interface (within the threshold distance of 5.5 /‘-’\) for the complexes between SARS-CoV S1 (A) and SARS-
CoV-2 S1 (B) glycoproteins in open and closed conformation with the LBD of the human ECD of o7 nAChR.

Bethesda, MD, USA) databases. BLAST searches were performed using
Mega BLAST (Basic Local Alignment Sea) with the UniProt protein
database (UniProt. UniProt- PO) with default parameters. Multiple
sequence alignments were performed using the ClustalOmega program
(Clustal-O) (Sievers et al., 2011).

2.2. Structure retrieval

The following 3D structures were downloaded from the Protein Data
Bank (PDB): 1) PDB id: 6LZG: SARS-CoV-2 Spike glycoprotein (S1) 3D
structure in complex with the human angiotensin-converting enzyme 2
(hACE2), 2) PDB id: 6M18: hACE2 (1R41, 1R42) cryo-EM determined
complex of spike protein S-ACE2-BOAT1 neutral amino acid transporter,
3) PDB id: 6NB7: structure of a neutralizing to SARS-CoV mAb cross-
reacting with complexed ACE2-S protein of SARS-CoV-2, 4) PDB id:
4UY2: ECD of the nAChR a9 subunit complexed with a-bungarotoxin., 5)
PDB id:6W41: SARS-CoV-2 RBD complexed with CR3022, and 6) PDB id:
3SQ9: ligand-binding domain (LBD) of a chimera pentameric a7 nAChR.

2.3. Molecular modeling and docking experiments

The protein structure prediction of the ECD of human a7 nAChR was
performed using ROSETTA software (Bender et al., 2016), applying an
automated multi-step and multi-template homology modeling
approach. The complexes between SARS-CoV and SARS-CoV-2 Spike 1
(S1) glycoprotein and ECD of the human pentameric a7 nAChR were
modeled using the HADDOCK server (van Zundert and Bonvin, 2014).
The predicted interaction surfaces and the ambiguous interaction re-
straints (AIRs) used to drive the HADDOCK process were automatically
generated using the WHISCY software. The input data for the WHISCY
prediction of the interaction surface between ECD of human pentameric
a7 nAChR and SARS-CoV and SARS-CoV-2 S1 glycoproteins were the
conserved residues that were experimentally identified to be involved in
the interaction between a7 nAChR chimera and a-bungarotoxin. The
binding affinity of biomolecular complexes was predicted using

PRODIGY software (Xue et al., 2016). All the protein structures are
visualized using UCSF chimera software (Goddard et al., 2005).

3. Results
3.1. Sequence alignment

We scrutinized the amino acid conservation between SARS-CoV-2
and other SARS-related coronavirus sequences in the Spike protein
using the simple local alignment search tool BLASTP. The multiple
amino acid sequence alignment of the Spike glycoprotein RBD of all
SARS-related coronaviruses is shown in Fig. 2. Phylogenetically, SARS-
CoV-2 is closely linked to SARS-CoV, which triggered the human
outbreak of 2003. As we can see in Fig. 2A, the RBD epitope is highly
conserved between all SARS-related coronaviruses, including the SARS-
CoV-2, suggesting a typical evolutionary pattern. Remarkably, the aa
375-395 RBD fragments containing the neurotoxin-like residues of the
nAChRs-interacting snakes are among the most conserved regions of
almost all CoVs related to SARS. Exceptions are human SARS-CoV OC43,
SARS-CoV HKU1, and MERS-CoV, which have a somewhat different
composition of RBD amino acids that indicate a distinction from the
previously described strains of the viruses, particularly in the aa
375-395 region (aa similarity <50%) (Fig. 2B).

Fig. 3A presents the sequence alignment of SARS-CoV and SARS-
CoV-2 S1 glycoproteins (A7J8L4, PODTC2) with Neurotoxin homolog
NL1 (Q9DEQ3). We found a double “recombination” within the same S-
protein sequence (aa 375-390), which is homologous in the Neurotoxin
homolog NL1 sequence, part of the “three-finger” interacting motif of
the toxins. This peptide fragment (aa 375-390) is part of the SARS CoV-2
Spikes RBD (aa 333-527) and is located adjacent to the ACE2 Receptor
Binding Motif (RBM), through which the Spike glycoprotein recognizes
the ACE2 receptor on the host’s cell surface. Quite notably, this peptide
is the main part of the epitope for the CR3022 antibody, as described
before (Yuan et al., 2020; Huo et al., 2020). The main interacting amino
acids between the RBD of SARS-CoV and mAb CR3022, as described in
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the crystal structure of CR3022 and SARS-CoV-2 Spike glycoprotein
(Yuan et al., 2020), are shown in Fig. 3B. Molecular models of mAb
CR3022 interacting with SARS-CoV are presented in Fig. 3C.

3.2. Molecular modeling of a toxin-like fragment of SARS-CoV and
SARS-CoV-2 RBD

This “toxin-like” fragment on SARS-CoV (aa 362-377) and SARS-
CoV-2 (aa 375-390) RBD, containing an amphipathic sequence of
alternating polar and hydrophobic amino acid residues with selectively
charged amino acids in a conserved order, lies on the spike protein
surface and is not buried in the domain core. In ball and stick repre-
sentation, the toxin-like sequence and its location in the protein surface
are illustrated in Fig. 4. Neighboring the ACE2 binding motif, this entity
may interact with the human o7 nAChRs like neurotoxins.

3.3. Interaction of SARS-CoV and SARS-CoV-2 S1 with the ECD of
human a7 nAChR

We have previously identified the interaction between the SARS-
CoV-2 S1 glycoprotein (aa 381-386) and the a9 subunit of nAChR

human a7
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Fig. 6. (A): HADDOCK complexes of the RBD of
SARS-CoV in its open and closed state with one
subunit of the pentameric extracellular domain
of human o7 nAChR. (B): The interaction inter-
face between the RBD of SARS-CoV in an open
state (red color) with the extracellular domain of
human o7 nAChR (cyan color). (C): The inter-
action interface between the RBD of SARS-CoV in
a closed state (red color) with the extracellular
domain of human a7 nAChR (cyan color). (For
interpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)

RBD of SARS COV
. (open)

RBD of SARS COV
(closed)

ECD (aa 189-192), a region that forms the core of the nAChR “toxin-
binding site”. The interaction between the two proteins is caused by the
complementarity of the hydrogen bonds and shape (Farsalinos et al.,
2020d). The interaction model is very similar to the interaction between
a9 nAChR and both a-bungarotoxin and the homologous neurotoxin
NL1 (snake venom toxins inhibiting nAChRs). Similar interacting sur-
faces were observed between the SARS-CoV and SARS-CoV-2 S1 and the
LBD of the pentameric o7 nAChR chimera.

Herein, the HADDOCK models show that all studied protein com-
plexes’ interface involves most of the toxin-like sequences within SARS-
CoV S proteins and toxin binding sites of human o7 nAChR. The binding
affinity (AG, expressed in kcal mol’l), the dissociation constant (Kq4 at
25 °C, expressed in Molar), electrostatic energy (expressed in kcal
mol_l), and the buried surface area (expressed in f\z) for all the modeled
protein complexes are presented in Table 1. The dissociation constant of
all SARS-a7 nAChR complexes is found to be in the nM range, compa-
rable with experimental supported Kds of well-known enzymatic inter-
acting partners that produce stable protein complexes [i.e., E2-E3 pairs
in ubiquitination pathway (Chasapis et al., 2012)].

Fig. 5 shows the clusters of intermolecular contacts (ICs) at the
interface (within the threshold distance of 5.5 ;\) for the complexes
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Fig. 7. (A): HADDOCK complexes of RBDs of SARS-CoV-2 in their open and closed state with one subunit of the pentameric extracellular domain of human a7
nAChR. (B): The interaction interface between the RBD spike of SARS-CoV-2 in the open state (red color) with the extracellular domain of human a7 nAChR (cyan
color). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

between SARS-CoV S1 (A) and SARS-CoV-2 S1 (B) glycoproteins and the
LBD of the human a7 nAChR. The main ICs cluster for each interaction
involves the regions: 3>°Phe-3"%Cys, %5°Cys-3"5Ser and **3Ser-388Cys, and
207G1u-27Tyr of SARS-CoV Spike, SARS-CoV-2 Spike protein, and the
LBD of the human a7 nAChR, respectively.

The relative orientation of RBD spike protein in SARS-CoV and LBD
of a7 nAChR differs significantly between the open and closed confor-
mation of their complexes (Fig. 6). Slightly different orientations of the
protein interactions were observed between the open and closed com-
plexes of SARS-CoV-2 Spike with the LBD of the a7 nicotinic receptor
(Fig. 7). Both open and closed conformation, the SARS CoV-2 RBD
orientation when interacting with a7 subunit, is more similar to the
closed, rather than the open, conformation of the SARS CoV RBD.

Detailed interacting surfaces of SARS-CoV and SARS-CoV-2 S1 RBDs
and a7 nAChRs complexes are illustrated in Fig. 5B, C, and 6B. Two
residues conserved in SARS cryptic epitopes (3°®Cys and 3¢”Tyr) are
critical for their interaction with the a7 subunit (Fig. 7). Specifically,
SARS CoV-a7 contacts 3%6Cys - 21*Lys and 2*"Tyr - 2'*Lys in the closed
conformation, and 3¢°Cys - 2°°Phe and **’Tyr - 2!'Glu in open confor-
mation were identified (Fig. 8). Also, the 384pro and 385Thr, which are
conserved residues in the SARS CoV-2 cryptic epitope, are in close
contact with 214Lys and 2°° Phe of the a7 subunit (Fig. 9).

4. Discussion

Smoking is a risk factor for respiratory infections and increases
pulmonary vulnerability and severity (Burton et al., 2012; Matos et al.,

2020; Arcavi and Benowitz, 2004). Therefore, it was reasonably ex-
pected that smoking would be associated with COVID-19 susceptibility
and severity. Smoking-related comorbidities such as COPD and cardio-
vascular disease also appear to be risk factors for severe COVID-19
(Leung et al., 2020). Recent studies explored the interaction between
smoking (and nicotine) and ACE2 expression, suggesting that smoking
up-regulates ACE2 expression, promoting viral cell entry (Leung et al.,
2020; Blake et al., 2020a; Cai et al., 2020). Leung et al. studied the ACE2
gene expression levels and concluded that COPD and current smokers
had substantially increased ACE2 expression (Leung et al., 2020). This
and other studies focused on the concept that up-regulation of
smoking-induced ACE2 would promote viral invasion and cell entry,
leading to increased susceptibility and severity of COVID-19 (Blake
et al., 2020b). However, some studies have strongly questioned that
notion. Evidence from in vitro SARS-CoV studies indicates that viral
replication causes ACE2 down-regulation, resulting in adverse effects
due to unregulated angiotensin II accumulation and activity (Kuba et al.,
2005). A similar mechanism may be implicated in SARS-CoV-2 infection
(Vaduganathan et al., 2020).

Besides, many case-series of patients in the United States, Europe,
and Asia reported a lack of association between the use of ACE-inhibitors
(and angiotensin receptor blockers) and COVID-19 diagnosis and
adverse outcome (Vaduganathan et al., 2020; Mehta et al., 2020). In one
study, ACE-inhibitors were associated with a lower risk of in-hospital
death (Reynolds et al., 2020). Also, ACE2 deficiency has been
observed with age, diabetes mellitus, and heart disease, which tend to be
risk factors for severe COVID-19 (Mehra et al., 2020; Xie et al., 2006; Pal
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Fig. 8. Contacts between 3°°Cys and **’Tyr of SARS-CoV cryptic epitope with residues of the a7 subunit in closed (A) and open (B) state of their complexes.

and Bhansali, 2020). In contrast, children and young women have
higher levels of ACE2 than older people, yet they are generally experi-
encing milder disease symptoms (Kassiri et al., 2009). So, it is possible
that ACE2 up-regulation may protect against extreme COVID-19 in these
cases (Ciaglia et al., 2020).

Until recently, none had examined the possibility of direct interac-
tion between SARS-CoV-2 and the NCS. The nicotinic cholinergic system
is an important pathway that regulates the inflammatory response,
mainly through the vagus nerve and a7 nAChRs on several immune cells
(Tracey, 2002). Experimental studies have shown beneficial effects of
stimulating the cholinergic anti-inflammatory pathway in animal
models of sepsis and ARDS (Fujii et al., 2017; Wang et al., 2003; Mabley
et al., 2011). Alpha7 nAChRs, are also expressed in human bronchial
epithelial and endothelial cells (Verdecchia et al., 2020), which are
targeted by SARS-CoV-2. Thus, the uncontrolled inflammatory response
and other clinical symptoms of COVID-19 (e.g., anosmia and thrombo-
embolic complications) may be caused by NCS dysregulation (Farsalinos
et al., 2020Db).

Spike protein is a crucial component of SARS-CoV-2, thus an
important vaccine-development target protein (Wang et al., 2001). The
virus determines host cell receptor binding through a conformational
change of the Spike RBD domain (Chen et al., 2020a; Turab Naqvi et al.,

2020). The Spike protein’s overall structure of SARS-CoV-2 closely re-
sembles the SARS-CoV, while the RBDs of almost all SARS-related
coronaviruses display a highly conserved amino acid sequence (i.e.,
>70%). According to our hypothesis, it seems that SARS-CoV-2 Spike
glycoprotein has a “toxin-like” sequence in its RBD that could bind to the
nAChRs alpha subunit’s toxin-binding domain. This binding may pro-
duce various adverse effects by dysregulating the NCS, which involves
mostly a7 nAChRs. One of the consequences may be the disruption of the
anti-inflammatory cholinergic pathway, leading to cytokine storm and
inability to return to homeostasis for the immune response. Cholinergic
dysfunction could explain several clinical manifestations of the disease
(Kuba et al., 2005). While a positive association between smoking and
adverse outcomes among hospitalized COVID-19 patients has been
observed, this does not necessarily reject our hypothesis. Smokers
experience abrupt nicotine cessation once hospitalized (except in the
unlikely scenario that they receive nicotine replacement therapies). This
will result in the rapid elimination of plasma nicotine levels within a few
hours after hospital admission removing any hypothesized protective
effect (Farsalinos et al., 2020a, 2020b). Moreover, some smokers suffer
from comorbidities, which may blunt the hypothesized benefits of
nicotine. Overall, these findings could have significant therapeutic im-
plications if proven in vivo, as nicotine may partially reverse the virus’s
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Fig. 9. Contacts between 3**Pro and 3*Thr of SARS-CoV-2 cryptic epitope with the a7 subunit’s residues in closed (A) and open (B) state of their complexes.

binding to host receptors, while other compounds may also compete for
binding with SARS-CoV-2 Spike glycoprotein. The idea of the use of
medicinal nicotine for the treatment of several pathologies has been
previously documented (Chen et al., 2020b; Villafane et al., 2007).
The possible advantages of nicotine in battling negative SARS-CoV-2
symptoms were recently stressed by Kumar et al., through interactions
between SARS-CoV-2 and ACE2 (Newhouse et al., 2012). Also, the in-
teractions with the ACE2 receptor of two critical S protein-active sites (i.
e., 6LZG, 6VW1), using two alkaloids, nicotine, and caffeine, suggest
that the compounds may interact with the S and ACE2 proteins and
interfere with their binding by blocking the active sites (Selvaa Kumar

10

et al., 2020). To this end, a double randomized clinical trial on the ef-
ficacy of nicotine in COVID-19 prevention in caregivers was launched
during the preparation of this manuscript (ClinicalTrials.gov). More in
vitro and clinical studies are therefore required to investigate these in-
teractions and nicotinic agonists’ effects. Herein we extend our previous
findings of interaction between SARS-CoV-2 Spike glycoprotein (aa
381-386) and the nAChR a9 subunit by presenting the complexes of
both SARS-CoV and SARS-CoV-2 Spike glycoproteins with the ECD of
the model of the human a7 nAChR pentamer, in their “open” and
“closed” conformations.

Yan et al. characterized a conserved cryptic epitope on the spike
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glycoprotein, recognized by the human mAb CR3022, which does not
appear to inhibit the binding to the ACE2 protein (Yuan et al., 2020).
Similarly, Liu et al. identified and characterized the COVA1-16 mAD,
which binds to SARS-CoV-2 Spike glycoprotein to a similar region (Liu
et al., 2020). Through antigenic mutation, most RNA viruses can avoid
the adaptive immunity of the host (Mohammadi et al., 2020). The
error-prone of RNA polymerases enables the formation of sequence
variation in each virus cycle replication, allowing the generation of
mutant species (Alcami and szinowski, 2000). Many protein sites on the
viral surface are nevertheless less prone to mutation (Duffy et al., 2008;
Wang et al., 1995; Sahini et al., 2010). Typically, these unmutated sites
relate to functions that are necessary for viral infection, such as receptor
binding or membrane fusion (Ashkenazi et al., 2013). Quite surprisingly,
the cryptic epitope on the SARS-CoV and SARS-CoV-2 Spike glycopro-
teins is highly conserved and coincides with the toxin-like sequence
interacting with nAChR. According to this hypothesis, mutants of
CR3022 with higher affinity to SARS-CoV-2 Spike glycoprotein might
protect the epitope from interacting with the nAChRs.

5. Conclusions

These in silico findings support our recently published hypothesis
that SARS-CoV-2 could interact with nAChRs causing dysregulation of
the NCS and the cholinergic anti-inflammatory pathway. Such in-
teractions may lead to uncontrolled immune response and cytokine
storm, implicated in severe COVID-19 pathophysiology. Our efforts to-
wards elucidating at atomic-level the potential molecular interactions
between SARS-CoV-2 S glycoprotein and human nAChRs could provide
a basis for an accelerated vaccine, immunotherapy, and diagnostic
strategies against SARS-CoV-2 and other associated beta coronaviruses
that could pose a significant global human threat in the future. It is
important to emphasize that smoking has well-established detrimental
health effects and cannot be recommended as a protective measure for
any disease. Nevertheless, our findings suggest that nicotine’s potential
benefits using approved pharmaceutical products need to be examined.
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