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a b s t r a c t

The Envelope (E) protein of SARS-CoV-2 is the most enigmatic protein among the four structural ones.
Most of its current knowledge is based on the direct comparison to the SARS E protein, initially
mistakenly undervalued and subsequently proved to be a key factor in the ER-Golgi localization and in
tight junction disruption.

We compared the genomic sequences of E protein of SARS-CoV-2, SARS-CoV and the closely related
genomes of bats and pangolins obtained from the GISAID and GenBank databases. When compared to
the known SARS E protein, we observed a significant difference in amino acid sequence in the C-terminal
end of SARS-CoV-2 E protein.

Subsequently, in silicomodelling analyses of E proteins conformation and docking provide evidences of
a strengthened binding of SARS-CoV-2 E protein with the tight junction-associated PALS1 protein. Based
on our computational evidences and on data related to SARS-CoV, we believe that SARS-CoV-2 E protein
interferes more stably with PALS1 leading to an enhanced epithelial barrier disruption, amplifying the
inflammatory processes, and promoting tissue remodelling. These findings raise a warning on the
underestimated role of the E protein in the pathogenic mechanism and open the route to detailed
experimental investigations.

© 2020 The Authors. Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Severe acute respiratory syndrome 2, known as Coronavirus
disease 2019 (Covid-19) is caused by a Betacoronavirus named
SARS-CoV-2 virus. To date, Covid-19 associated pneumonia ac-
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Bat and Malayan pangolin coronavirus genomes show a high
identity percentage to SARS-CoV-2, suggesting these animal spe-
cies as possible reservoir hosts for SARS-CoV-2 related viruses
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bat and pangolin orthologues, as well as a peculiar motif likely
acquired during human adaptation of the SARS-CoV-2 [3].

Coronavirus infection starts with inhalation of droplets con-
taining virus that invades the epithelial cells by using angiotensin
converting enzyme 2 (ACE2) [4], or other cell components like
integrins, as targets of the SARS-CoV2 S protein [5,6]. Viral repli-
cation in Type II alveolar epithelial cells leads to severe modifica-
tions of the innate immune response [7]. Lungs are rapidly
compromised following direct damage of the pulmonary tissue
mainly through dysregulation of the immune mediators that
enhance the influx of monocytes and neutrophils in the infected
tissue [4]. Furthermore, pro-inflammatory cytokine storm affects
virus replication and increases its diffusion to nearby cells.

SARS-CoV-2 virus shows a single strand, positive-sense RNA
genome of slightly less than 30 kb in length where at 3’ end are
located the genes coding for the four structural proteins: spike (S),
membrane (M), envelope (E), and nucleocapsid (N) [1]. As an
enveloped virus, S, M and E proteins encounter cellular membrane
at the initiation of infection and during the replication cycle and are
involved in the budding of the mature virions [8]. Whereas Spike
protein has been immediately investigated [3,9e12], less informa-
tion has been collected on the other surface proteins. Indeed, as
occurred with the previously studied Betacoronavirus, the role of E
protein and its involvement with the host adverse effects was
wrongly underestimated. In contrast to S, E protein of the SARS-
CoV-2 has not been thoroughly studied yet. During the initial
outbreak, efforts were put into the identification of epitopes with
potential cross-protective role [13] while most of the information
about its structure and function derive from SARS-CoV experi-
mental studies. While E protein is not represented in the mature
virions up to levels of S or M proteins [8,14], it is abundantly
expressed inside the infected cell and actively involved in the
pathogenic viral mechanisms [15].

SARS-CoV E protein is the smallest among structural proteins
(76 amino acids), organized in threemain domains: a short (approx.
8e10 amino acids) luminal oriented N-terminal domain, a long a-
helical transmembrane domain composed of z22 amino acid res-
idues and a cytoplasmically oriented C-terminal domain [16,17].

Homologous assembling of the E protein contributes to create a
pentameric channel with its transmembrane domain that directly
alters virus replication [18].

Conversely, monomeric E protein affects the host’s intracellular
activities through C-terminal end domain, which is predicted to
have a b-coil-b structure, leading to its localization in the endo-
plasmic reticulum, Golgi and the ER-Golgi intermediate compart-
ment [17e19]. Additional targeting information at the N-terminal
domain of the E protein would ensure the maintaining of the Golgi
complex targeting [19]. Interestingly, last four hydrophobic ami-
noacidic residues of the C-terminal domain (DLLV) have been
indicated to be a PDZ (PSD-95, Dlg, ZO-1 homology) binding motif,
as previously reported by Teoh et al. [20]. Particularly, DLLV motif
has been demonstrated to compete with Crumbs cell polarity
complex component 1 (CRB1) for binding to PALS1 PDZ domain
[20]. PALS1 is a cellular protein involved in maintaining tight
junctions between epithelial cells also via the interaction with
PALS1-associated tight junction (PATJ) protein. The Crumbs-
PALS1-PATJ complex is fundamental for the development and
maintenance of apical-basal polarity of epithelial cells [21].
Therefore, interactions between the SARS E protein and PALS1
induced relocation of PALS1 to the virus assembly site and dis-
rupted tight junctions promoting virus spread. Little information
has been collected yet on SARS-CoV-2 E protein and mainly
focused on the sequences conserved from SARS, suggesting its
potential interaction with bromodomain proteins [22]. Conversely,
aim of this work is to identify the potential implications of
593
sequence dissimilarities between the previous SARS-CoV and
SARS-CoV-2.

2. Materials and methods

2.1. Data collection and multiple sequence alignment

Reference coronavirus genomes were obtained either fromNCBI
GenBank (https://www.ncbi.nlm.nih.gov/genbank/) or fromGISAID
(https://www.gisaid.org/) databases as suggested from the recent
discoveries on the proximal origins of SARS-CoV-2 [2,3] (Detailed
accession numbers in Supplementary Table 1). Pangolin genomes
were pooled in two groups, as shown by Lam et al. phylogenetic
analyses [2] and only the consensus genome for each one of the two
groups was considered. The Envelope proteins (E) from all genomes
were extracted and multiple sequence alignment performed with
the MAFFT algorithm (v7.450) in Geneious Prime (version 11.0.4)
[23,24]. Pairwise sequence identities were also calculated using
Geneious Prime.

2.2. 3D homology modeling of SARS-CoV-2 E

The amino acid sequence of the SARS-CoV-2 Envelope protein
was extracted, and the NMR structure of the homologous protein of
SARS-CoV (PDB code: 2MM4) was used as a template. The starting
3D model was then built using the Homology Modeling protocol
Prime of the Schrodinger Suite [25]. According to the Ramachan-
dran plot analysis for 58 residues, 93.1% lie in the most favored
regions, 6.9% in the allowed regions, and none in the disallowed
regions. The missing C and N terminal residues, not present in the
chosen template, were finally added.

2.3. Molecular dynamic simulations of E protein

In order to get a more realistic model of the SARS-CoV-2 En-
velope protein, the starting 3D homology model was further opti-
mized using molecular dynamics simulations prepared via the
CHARMM-GUI [26] server and performed using standard GRO-
MACS tools [27]. At first, the protein was shortly simulated (10 ns,
300 K) in neutralized solution. It allowed to get conformations in
which the transmembrane (TM), the C-terminus and the N-termi-
nus domains were well suited for only embedding of the TM
domain into a phospholipidic double layer membrane. The chosen
conformation of the protein obtained this way was then oriented
and inserted into a small POPC double layer (60 molecules per
layer) surrounded by water (29,472 atoms). A 100 ns long MD
simulation of the obtained system was performed as proof of
stability.

2.4. In silico docking of SARS-CoV and SARS-CoV-2 Envelope C-
terminus to PALS1

PALS1 structure for the in silico docking of the E protein C-ter-
minus octapeptides, was obtained by the reported PALS1-CRB1
complex (PDB code: 4UU5). It was prepared for docking with the
Maestro protein preparationwizard, using default parameters [28].
Neither side-chain atoms nor residues were missing in the protein
in the neighbourhood of CRB1 peptide at 5 Å of the protein. A
search grid was generatedwith Glide5 by selecting the 8 C-terminal
residues of CRB1 (PPAMERLI) to define the binding pocket, thus
including the entire binding site of the peptideeprotein complex.

Then, the 8 C-terminal residues of each E protein were built, i.e.
EGVPDLLV and SRVPDLLV for SARS-CoV and SARS-CoV-2, respec-
tively, whose protonation state was assigned with PROPKA. Using
the peptide-protein docking protocol of Glide [29] multiple

https://www.ncbi.nlm.nih.gov/genbank/
https://www.gisaid.org/
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conformers of the peptide were generated, docked on the protein
and post-processed using MM-GBSA.
3. Results

3.1. Identification of genomic differences between SARS-CoV-2 and
SARS-CoV E proteins

Multiple sequence alignments showed a quasi-perfect identity
between all genomes of bats, pangolin, SARS-CoV and SARS-CoV-2
in the N-terminal and transmembrane regions of the E protein:
only few synonymous mutations were identified in these two re-
gions (Supplementary Table 2).

A different outcome is highlighted in the C-terminal region of
the E protein sequence (Fig. 1A) where two different mutation sites
show a clear difference between SARS-CoV-2 and SARS-CoV, con-
firming what has been found from the whole genome phylogenetic
analyses [2].

Specifically, the mutation in the inner part of the C-terminal
region consists in 4 nucleotide changes that lead to substitution of
Thr55-Val56 for SARS-CoV with Ser55-Phe56 in SARS-CoV-2. The
Fig. 1. Multiple sequence alignment and homology modelling of E proteins. A) Envelope
SARS-like coronaviruses highlights the identity among SARS-CoV-2, 2 bat CoV strains (RaTG
two mutation sites where they differ from SARS-CoV and Bat SARS-like Cov Rs3367. B) E prot
E protein in D) SARS and E) SARS-CoV-2 in which are highlighted: in red, the motifs regulatin
mutation sites identified in SARS-CoV-2 with respect to SARS.
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second mutation regards the deletion of Glu69-Gly70 and substitu-
tion with an Arg69, as also described by Hassan et al. [30].

3.2. Homology modelling of E proteins

In Fig. 1B, C, the two predicted monomeric E full length protein
structure models have been constructed and show N-terminal
(blue), transmembrane (green), C-terminal domains (red) as well as
the amino acid variants (yellow). As expected, transmembrane
domains of both proteins presented the highest accuracy with a
total confidence score of more than 90% on ~80% of the full-length
proteins. The full-length domains of the SARS-CoV variants have
been further characterised, posing them in a membrane bilayer and
determining their stability on a short MD simulation of 100 ns
(Supplementary Figure S1). In both models, as expected, the trans-
membrane helix is perfectly fitted in the hydrophobic core of the
membrane bilayer.

The end of the C-terminal, accounting 11 amino acid residues,
and the beginning of the N-terminal end did not reach previously
indicated accuracy. Moreover, deletion of two amino acid residues
and arginine substitution at C-terminus could affect the protein
structure altering the spatial disposition of the b-coil-b (Fig. 1D, E).
Protein multiple sequence alignment of C-terminal domain in human, bat and pangolin
13 and CoVZC45/CoVZX21) and pangolins E proteins. The comparison also points out
ein structure model for SARS and C) SARS-CoV-2. A closer look at C-terminal domain of
g the transport to Golgi apparatus; in blue, the PDZ-binding domain; in yellow, the two
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The structure of this subunit appeared highly mobile but remained
substantially unaltered along the short MD simulations for both E
variants.

3.3. E protein C-terminals binding to tight junction-associated
PALS1

In order to verify the potential implications of the altered amino
acid sequence, the binding pose of the two C-terminus octapeptides
belonging to SARS-CoV and SARS-CoV-2 were determined and
compared with the crystallographic structure of the complex
PALS1-CRB1 [31]. The poses with the lowestDG, calculated via MM-
GBSA by using default parameters, are shown in Fig. 2A. Accord-
ingly, the Free Energy of Binding for SARS-CoV and SARS-CoV-2
Envelope C-terminals amounts to �63.62 and �97.10 kcal/mol,
respectively. This value must be compared to the value
of �92.5 kcal/mol obtained performing the same analysis on the
Fig. 2. In silico docking of E proteins C-terminals with PALS1. A) SARS-CoV and SARS-Co
yellow dashed lines, Salt bridge in purple dashed lines (red structure and label: SARS-CoV;
PALS1 negatively charged pocket showing the interesting salt bridge with ASP313 and H bo
Interaction diagram of SARS-CoV-2 octapeptide.
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complex PALS1-CRB1, where the endogenous peptide was short-
ened to 8 amino acids in order to compare its in silico affinity with
the SARS-CoVs variants. Interestingly, the SARS-CoV-2 peptide is
able to bind PALS1 with a significantly higher affinity compared to
SARS-CoV variant, reaching and slightly ameliorating the affinity
value of the endogenous ligand, even though the two octapeptides
differ for only two out of 8 of the selected amino acids. In particular,
the last four residues of both E C-terminals are the same (Asp, Leu,
Leu, Val) and bind PALS1 similarly to what observed for the
endogenous CRB1, even if the short sequence of the CRB1 peptide is
slightly different (Glu, Arg, Leu, Ile). As shown in the interaction
maps described in Fig. 2C, D, the side-chain of the last residue of the
E proteins, which is a valine, interacts with Leu267, Leu321 and
Phe330 of PALS1; its free terminal carboxyl group, instead, makes a
salt bridge with Lys261 and H-bond interactions with amide hy-
drogens of Leu267, Gly268 and Ala269. The two following leucine
residues of the E C-terminals make van der Waals contacts, in
V-2 octapeptides lowest DG poses on PALS1 binding site, representation of H bond in
green structure and label: SARS-CoV-2). B) Magnification of SARS-CoV-2 Arg69 inside
nds with MET275. C) Ligand Interaction diagram of SARS-CoV octapeptide. D) Ligand
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particular the second one makes interaction with Phe318 (while
CRB1 interacts with this residue via cation-p through its Arg).
Aspartate is the last common residue inside the binding pocket and
its sidechain residue makes a salt bridge with Arg282. Immediately
after this negatively charged amino acid the two C-terminal resi-
dues of SARS-CoV and SARS-CoV-2 differ significantly. The posi-
tively charged Arg69 of the SARS-CoV-2 octapeptide well suits a
negatively charged pocket (zoomed region in Fig. 2B), being able to
contemporarily create a salt bridgewith Asp313 and several H bonds
with Asp313 and with a carbonyl oxygen of Met275 backbone. In the
same position in SARS-CoV, the small size side chain of the Gly
residue cannot be involved in any interaction with this pocket thus
reducing the interaction strength. Finally, the Ser alcohol moiety of
SARS-CoV-2makes a hydrogen bond with Asp299 backbone oxygen,
while the Glu residue in SARS-CoV could interact with Arg272 with a
salt bridge but this condition is never realized among all the poses.

4. Discussion

In the present work, we compared the genomic sequences of
SARS-CoV-2 E protein with the E protein of SARS-CoV, and the
corresponding bats and pangolin orthologues, in order to identify
the implications of dissimilarities in such an enigmatic protein.

Given the very small sequence length of the E protein, full
genome multiple sequence alignment might affect the overall
precision on this region, likely the reason for erroneously aligned E
proteins in previous works, leading to misinterpret these amino
acids deletion and substitution in the C-terminal end [32,33]. SARS-
CoV matches to orthologue E proteins of bat-CoV Rs3367, while
SARS-CoV-2 E protein is identical to bat RaTG13 and, except for
synonymous mutations, to bat CoVs and the recently identified
pangolin coronaviruses. Interestingly, SARS-CoV and SARS-CoV-2 E
proteins confirm the two phylogenetic clades observedwith the full
genome [2].

The subsequent analysis aimed to identify potentially beneficial
or detrimental effects of SARS-CoV-2 E protein variant with respect
to the previously studied SARS E protein. Docking results of the
tight junction complex PALS1-CRB1, used as a reference from the
previous study by Ivanova and colleagues [31], were compared to
the docking values of PALS1 with C-terminal ends of both E pro-
teins. Our findings support the hypothesis that characteristic
virulence of SARS-CoV-2 virus could depend on the strengthened
interaction between SARS-CoV-2 E protein and PALS1 prompting a
strong alteration of the tight junctions. The enhanced binding to
PALS1 represents only the first step of the immunopathogenic
process associated to SARS-CoV-2 infection. Moreover, PALS1 e E
binding alters E-cadherin intracellular traffic with change in cell
polarization [20] endorsing a severe dysregulation of the Th2
mediated response due to enhanced exposition to environmental
allergens [34]. Epithelial mesenchymal transition occurs with a
significant modification of the epithelial tissue and a meaningfully
production of chemokines and cytokines in the infection site [35],
promoting infection of nearby cells and potentially enhancing
transmission to other individuals.

Remarkably, changes in epithelial tissue structures, and conse-
quent loss of functions, are age-dependent and associated with
defects in tight junctions and cadherin e catenin complex [36].
Although little information is available on lung epithelium ageing-
dependent mechanisms, we hypothesize that E protein signifi-
cantly increase this dysfunction, especially in elderly people as
evidenced by COVID-19 epidemiological data. Conversely, SARS-
CoV infection resulted in a major fatality rate compared with the
recent SARS-CoV-2 infection. Further studies will be needed to
elucidate the role of this genomic variant to promote novel in-
teractions with PDZ domains in other host cell components.
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Importance of our findings are corroborated by recent obser-
vations of the low rate of non-synonymous mutations in the
genomic sequence codifying the E protein [30]. Indeed, these mu-
tations have been detected only in z0.4% of the analysed genomes
over the transmembrane and C-terminus domains. Interestingly,
changes in the C-terminus motif observed in the QJR88103 (DLLV to
DFLV) protein did not result in any alteration of the hydrophobicity,
whereas in the QKI36831 protein the C-terminus YLLV showed a
significant perturbation of the motif suggesting a diverse interac-
tionwith PALS1 [30]. Conservation of the E protein, and particularly
of the sequence studied in this work, give therefore a key role to the
C-terminal domain during infection.

The genomic variant highlighted in this work raise concerns on
the underestimated role of the E protein of SARS-CoV-2 in the host
adverse responses. Indeed, these computational results shed the
lights on the most enigmatic protein among the structural proteins
of coronaviruses, the E protein, laying the foundations for a
fundamental detailed “wet” experimental investigation of its
interaction with host components and comparison with E protein
of SARS-CoV in standardized infection model.
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