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Abstract: The less virulent human (h) coronaviruses (CoVs) 229E, NL63, OC43, and HKU1 cause 
mild, self-limiting respiratory tract infections, while the more virulent SARS-CoV-1, MERS-CoV, 
and SARS-CoV-2 have caused severe outbreaks. The CoV envelope (E) protein, an important con-
tributor to the pathogenesis of severe hCoVs infections, may provide insight into this disparate se-
verity of the disease. We, therefore, generated full-length E protein models for SARS-CoV-1, -2, 
MERS-CoV, HCoV-229E, and HCoV-NL63 and docked C-terminal peptides of each model to the 
PDZ domain of the human PALS1 protein. The PDZ-binding motif (PBM) of the SARS-CoV-1, -2, 
and MERS-CoV models adopted a more flexible, extended coil while the HCoV-229E and HCoV-
NL63 models adopted a less flexible alpha helix. All the E peptides docked to PALS1 occupied the 
same binding site and the more virulent hCoV E peptides generally interacted more stably with 
PALS1 than the less virulent ones. We propose that the increased flexibility of the PBM in more 
virulent hCoVs may permit more stable binding to various host proteins, thereby possibly contrib-
uting to more severe disease. This is the first paper to model full-length 3D structures for both more 
virulent and less virulent hCoVs E proteins, providing novel insights for possible drug and/or vac-
cine development. 
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1. Introduction 
Of the seven human (h) coronaviruses (CoVs) identified, the recent three, severe 

acute respiratory syndrome (SARS)-CoV-1, Middle East respiratory syndrome (MERS)-
CoV, and SARS-CoV-2, are the most virulent and have caused severe outbreaks in the last 
two decades [1,2]. The remaining four hCoVs, HCoV-229E, -NL63, -OC43, and -HKU1, are 
less virulent and circulate continuously within the human population, peaking seasonally 
in different countries all over the world [3-10]. While these four generally cause less severe 
acute respiratory tract infections, such as the common cold, in immunocompetent persons, 
they can lead to more severe outcomes in immunocompromised persons, the elderly, and 
those with chronic, underlying medical conditions [6,11,12]. The disease severity and im-
munopathology of SARS-CoV-1 and -2 infections have largely been associated with sig-
nificant increases in inflammatory cytokine (IL-1β, IL-6, and TNF-α) production, which 
has been linked to pathological features such as pulmonary oedema, occasional lung epi-
thelial damage, diffuse alveolar damage (DAD), and can culminate in lethal acute respir-
atory distress syndrome (ARDS) [13-18]. It is unclear, though, why HCoVs 229E, NL63, 
OC43, and HKU1 generally cause less severe disease in immunocompetent persons than 
the SARS-CoV-1, -2, and MERS-CoV. 
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Clinical and pathological features such as DAD, accompanied by occasional exten-
sive damage to lung epithelium, and dissemination of the virus to extrapulmonary tissues 
reported in SARS patients gave rise to the possibility that SARS-CoV-1 viral proteins could 
potentially disrupt pulmonary epithelial architecture. Over the last two decades it has be-
come increasingly apparent that such features, often seen in severe SARS-CoV-1 and -2 
infections, can be attributed to two properties of the hCoV envelope (E) protein: its ion-
channel (IC) activity, and its postsynaptic density protein 95 (PSD95)/Drosophila disc 
large tumor suppressor (Dlg1)/zonula occludens-1 protein (zo-1) (PDZ)-binding motif 
(PBM) [18-24]. The PBM of the prototypic SARS-CoV-1 E protein can bind to the PDZ 
domain of several host cell proteins interacts with the PDZ domain of the intercellular 
tight junction-associated protein protein-associated with lin-7 1 (PALS1) and redistributes 
PALS1 to the ER-Golgi intermediate compartment (ERGIC), where the E protein accumu-
lates [23]. This redistribution of PALS1 delayed the formation of tight junctions (TJs) and 
altered the formation of a uniform polarized monolayer of cells, leading to a model in 
which the E-PALS1 interaction was proposed to contribute to the observed desquamation 
of the alveolar wall in post-mortem SARS-CoV-1-infected lung tissue.  

Intercellular TJs and adherence junctions (AJs) are essential in establishing and main-
taining epithelial cell polarity, and by extension tissue architecture [25], which can simul-
taneously provide physical protection against invading pathogens, such as respiratory vi-
ruses [26,27]. Cell polarity is generally maintained by two cell complexes: the Par complex 
and the Crumbs (Crb) complex, the latter consisting of mammalian Lin-7 isoforms 1, 2, 3 
(MALS), PALS1, and PALS1-associated TJ protein (PATJ). [28,29]. Recent studies using 
PBM-containing C-terminal peptides of SARS-CoV-2 E showed that SARS-CoV-2 E can 
interact with PALS1 in a similar way to what SARS-CoV-1 E does, also reporting that 
SARS-CoV-2 E had a higher affinity for PALS1 than SARS-CoV-1 E did [30-34]. Further-
more, Chai, Cai, Pang, Wang, McSweeney, Shanklin and Liu [33] experimentally deter-
mined the binding pocket on the PALS1 protein to which the SARS-CoV-2 E peptide 
binds, and Javorsky, Humbert and Kvansakul [34] experimentally demonstrated the resi-
dues involved in the interaction between PALS1 and peptides of the respective SARS-
CoV-1, -2, and MERS-CoV E proteins also specifying the types of bonds formed between 
the interacting residues.  

While much progress has been made in experimental structural biology and deter-
mining the structure of proteins and protein complexes, factors such as maintaining the 
native homeostatic environment, limits to current techniques and methodologies, and pu-
rification of protein complexes remain a challenge to generating high quality, accurate 
models. The complexity and largely hydrophobic nature of membrane proteins, such as 
the CoV E protein, also presents a challenge in studying their structure and dynamics 
experimentally [35-37]. In cases, such as the hCoV E protein, where experimental data is 
sparse, molecular modelling and docking are computational techniques that can be em-
ployed to generate reasonably accurate structural models and predict interactions be-
tween proteins, which can then be explored experimentally. Over the last 50 years, signif-
icant progress in proteomics and computational advancements have resulted in more ac-
curate predictions of protein structures and how protein complexes interact  

The 3D structural models generated in this study will provide insight into the path-
ogenicity of the more virulent hCoVs by predicting the secondary and tertiary structural 
fold of the E protein’s PBM, thereby, establishing a structure-function relationship be-
tween the pathogenicity of the more virulent hCoVs VS the less virulent ones. The molec-
ular docking will demonstrate whether the less virulent hCoVs can interact with PALS1 
in a way similar to what the more virulent hCoVs and could shed light on the disparate 
virulence of hCoVs, as well as whether the potential PBMs of less virulent hCoVs are ac-
tually functional (Figure 1). Finally, the MD simulations may provide insight on whether 
all hCoVs share a uniform topology when embedded in lipid membranes, while also com-
paring the dynamic behavior of the E protein between the more virulent and less virulent 
hCoVs. 
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Figure 1. Partial C-terminus amino acid sequences of the human coronavirus (hCoV) envelope 
(E) proteins of the α- and β-CoV genera. Potential PDZ-binding motifs (PBMs) are indicated in 
the red blocks. 

2. Materials and Methods 
Molecular modelling 
Template selection and model construction 

Full-length three-dimensional (3D) protein models were constructed for the more 
virulent SARS-CoV-1, -2, MERS-CoV, and the less virulent hCoVs 229E and NL63 E pro-
teins using MODELLER software [38,39]. This was required to perform protein-protein 
docking studies to better understand the basis of the hCoV E protein PBM and PALS1 
interaction and determine a possible disparity between the virulence of these hCoVs. 

Two partial nuclear magnetic resonance (NMR)-resolved structures for the SARS-
CoV-1 E protein (PDBIDs: 5x29 and 2mm4) were obtained from the protein data bank 
(PDB) [40,41]. While both structures lacked some of the C-terminus, including the PBM, 
they spanned residues 8-65 and covered 76% of the total residues. Template 5x29 was used 
to generate full-length 3D models of the E proteins for SARS-CoV-1, -2, and HCoV-229E, 
whereas template 2mm4 was used construct the MERS-CoV model as it showed higher 
sequence identity to MERS-CoV compared to template 5x29, and the predicted structure 
of HCoV-229E was used as template for modelling the HCoV-NL63 E protein as it shared 
a higher amino acid sequence identity with HCoV-229E. The routinely used python script, 
align2d.py, in MODELLER was used to perform an alignment prediction between each of 
the hCoV E protein sequences and their respective template sequence [38,39]. Thereafter, 
a full-length 3D model was built for each hCoV E protein using the model-ligand.py script 
and MODELLER automatically predicted the structure of the missing C-terminal which 
were similar to the experimentally solved C-terminal E-peptide residues [38,39].  
Quality assessment 

The phi and psi dihedral angle parameters for the Ramachandran plot was calculated 
for each of the predicted protein models using PROCHECK webserver [42]. The root mean 
square deviation (RMSD) analysis was done by performing a structural alignment be-
tween the predicted model structure and the homologous template protein. This was done 
to assess if any structural deviation exists within the main chain atoms of the two protein 
structures. The predicted structures were visualized using PyMol molecular graphics soft-
ware (version 2.5.2) [43]. 
HADDOCK: molecular docking  

The experimentally resolved (X-ray) protein complex (PDBID: 7NTK) consists of the 
last eight residues (8-mer) of the SARS-CoV-2 E peptide (RVPDLLV) in complex with a 
partial PALS1 protein [34]. While the PALS1 protein contains three domains (PDZ, SH3, 
GK), the PALS1 protein in the 7NTK complex only contains the PDZ domain (residues 
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255-336), which has been shown to be sufficient for interaction with the hCoV E protein 
[23,34]. The pdb file for the 7NTK complex was separated into the partial PALS1 protein 
and the SARS-CoV-2 E 8-mer experimental peptide. The modelled SARS-CoV-2 E protein 
was docked to the partial PALS1. 

The HADDOCK 2.4 webserver (https://wenmr.science.uu.nl/haddock2.4/) [44] was 
used to dock the hCoV E protein models to the respective PALS1 protein. For docking of 
the E protein models, peptides consisting of eight residues (8-mers) were selected similar 
to Javorsky, Humbert and Kvansakul [34], while an 18 residue (18-mers) were chosen to 
determine if a longer peptide might affect its interaction with PALS1. The experimental 8-
mer SARS-CoV-2 E peptide (from 7NTK) was docked to the partial PALS1 protein struc-
ture to validate our docking parameters to determine if HADDOCK could reproduce the 
experimental binding pose. We also docked 8-mer and 18-mer peptides from the E protein 
models. Briefly, the partial PALS1 structure and respective E peptides were uploaded to 
the HADDOCK webserver as input data, selecting “peptide” or “protein” as the “kind of 
molecule” when docking the 8-mer or 18-mer E peptides, respectively. Residues L267, 
G268, A269, V271, R272 (PALS1) and the last four residues of the respective E peptides 
were selected as input parameters for HADDOCK to specify the active residues to be used 
in the docking, simulating the same residues experimentally determined by Javorsky, 
Humbert and Kvansakul [34]. All other docking parameters were kept at default and wa-
ter (TIP3P) was selected as the solvent to refine all the models.  
Interaction analysis 

Docked protein clusters generated by HADDOCK were selected, in PyMol, for fur-
ther analysis based on how closely the cluster resembles the conformation of the SARS-
CoV-2 E 8-mer peptide in the 7NTK experimentally resolved protein complex. Those clus-
ters were submitted to PLiP and further selected based on those that reflect the most sim-
ilar interacting residues and types of interactions that occur between the 7NTK PALS1 
protein and SARS-CoV-2 E 8-mer peptide. Final selection of the closest resembling docked 
protein cluster was based on the following interacting residues and interaction types as 
reported by Javorsky, Humbert and Kvansakul [34]: hydrogen bonds between L267, G268, 
A269 (PALS1) and V75 (SARS-CoV-2 E), two hydrogen bonds between V271 (PALS1) and 
L73 (SARS-CoV-2 E), and an ionic interaction between R272 (PALS1) and D72 (SARS-CoV-
2 E). If more than one docked cluster fulfilled these criteria, the E peptide of each cluster 
were superimposed on the SARS-CoV-2 E 8-mer experimental peptide and the cluster 
with the lowest RMSD value was selected. The RMSD value is the most commonly ac-
cepted measure used to demonstrate the similarity between the backbone atoms of two 
superimposed structures [45,46]. These criteria formed the basis of our system to deter-
mine the docked protein cluster with an E peptide that occupies the same binding site on 
PALS1, thereby resembling the 7NTK protein complex the closest (Figure 2). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 June 2022                   doi:10.20944/preprints202206.0201.v1

https://wenmr.science.uu.nl/haddock2.4/
https://doi.org/10.20944/preprints202206.0201.v1


 5 of 23 
 

 

 

Figure 2. Selection criteria for the most accurately resembling docked protein cluster generated 
by the HADDOCK webserver. 

PyMol and protein-ligand interaction profiler (PLiP): interaction analysis 
Docked protein clusters generated by HADDOCK were visualized in PyMol (version 

2.5.2) and compared to the experimental protein complex 7NTK. Only clusters that closely 
resembled the 7NTK complex were further analyzed. Such clusters were subsequently 
uploaded to protein-ligand interaction profiler (PLiP) webserver (https://plip-tool.bio-
tec.tu-dresden.de/plip-web/plip/index) [47] to identify the residues both involved in the 
interaction PALS1:hCoV E peptide as well as the type of interaction (hydrophobic, hydro-
gen bons, or ionic interactions) between the residues. 
Molecular dynamic simulations of the hCoV E proteins in POPC lipid bilayer 

Five simulation systems comprising of SARS-CoV-1, -2, MERS-CoV, hCoVs 229E and 
NL63 E proteins were constructed. All five simulations were performed using the 
GROMACS-2019 package [48] along with the CHARMM36m all-atom force field [49]. All 
the systems were embedded in a 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) lipid 
bilayer consisting of 120 lipid molecules (60 in the upper and 60 in the lower leaflet). Each 
system was solvated with transferable interaction potential with 3 points (TIP3P) water 
molecules in a cubic box of at least 10 Å of water between the protein and edges of the box 
at a concentration of 0.15 M. To neutralize the positive and negative charges of the systems 
for SARS-CoV-1, -2, MERS-CoV, hCoVs 229E and NL63, 22, 16, 29, 20, and 23 potassium 
(K+) ions and 22, 18, 30, 23 and 18 chloride (Cl–) ions were added to each system, respec-
tively. Each of the systems underwent 50000 steps of the steepest descents energy mini-
mization to remove close van der Waals force contacts. All five systems were subsequently 
subjected to a two-step equilibration phase namely, NVT (constant number of particles, 
volume and temperature) for 500 ps to stabilize the temperature of the system and a short 
position restraint NPT (constant number of particles, pressure and temperature) for 500 
ps to stabilize the pressure of the system by relaxing the system and keeping the protein 
restrained.  For the NVT simulation, the system was gradually heated by switching on 
the water bath and the V-rescale temperature-coupling method [50,51] was used, with 
constant coupling of 0.1 ps at 300 K under a random sampling seed. While for NPT the 
Parrinello-Rahman pressure coupling [52] was turned on with constant coupling of 0.1 ps 
at 300 K under conditions of position restraints (all-bonds). For both NVT and NPT, elec-
trostatic forces were calculated using the Particle Mesh Ewald method [53]. All four sys-
tems were subjected to a full 100 ns simulation without restraints.  
Trajectory analysis and principal component analysis 

The analysis of the trajectory files was done using GROMACS utilities. The RMSD 
was calculated using gmx rmsd for the protein back bone atoms and root mean square 
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fluctuation (RMSF) analysis for the protein atoms were calculated using gmx rms. The 
radius of gyration for the backbone atoms was calculated using the gmx gyrate tool, while 
the solvent accessible surface area (SASA) for the protein atoms was calculated using gmx 
sasa. Principal component analysis (PCA) was used as a statistical method to reduce the 
complexity of the data set to identify the most relevant movements of the protein. Briefly, 
for PCA we first calculated the covariance matrix by removing translated and rotational 
movement using gmx covar and then extracted the eigenvectors for the first two principal 
components that contributed to the largest movement of the protein using gmx anaeig. 

3. Results 
Homology modelling and quality assessment 
More virulent hCoVs: SARS-CoV-1, -2, and MERS-CoV 

The SARS-CoV-1 E protein shared 91% sequence identity with the amino acid se-
quence of template 5x29 (Figure S1A). The 3D model showed three α-helices and four coil 
regions with the C-terminal PBM adopting a coil region (Figure 3A). Quality assessment 
of the model revealed that 90% of the residues were in the most favored regions of the 
Ramachandran plot and 1.4% were in the disallowed regions. The RMSD analysis showed 
a 0.698Å difference between the SARS-CoV-1 E protein model and the template 5x29. 

Similarly, the SARS-CoV-2 E protein shared 91% sequence identity with template 
5x29 (Figure S1B), and the 3D model also showed three α-helices and four coil regions 
with the PBM adopting a coil region (Figure 3B). Quality assessment revealed that 88.6% 
of the residues were in the most favored regions of the Ramachandran plot and 0% were 
in the disallowed regions. The RMSD analysis showed a 2.155Å difference between the 
SARS-CoV-2 E protein model and template 5x29. 

The MERS-CoV E protein only shared a 35% sequence identity to template 2mm4 
(Figure S1C). While the 3D model showed only two α-helices and three coil regions, the 
PBM also adopted a coil region (Figure 3C). Quality assessment indicated that 95.8% of 
the residues were in the most favored regions of the Ramachandran plot and 1.4% were 
in the disallowed regions. The RMSD analysis between MERS-CoV E and the homologous 
template structure 2mm4 indicated a difference of 1.458Å. 

 
Less virulent hCoVs: HCoV-229E and HCoV-NL63 

The HCoV-229E E protein shared a 29% sequence identity with the amino acid se-
quence of template 5x29 (Figure S1D). The 3D model showed four α-helices and four coil 
regions where the C-terminal PBM adopted one of the α-helical turn (Figure 3D), and 
Val74 shared conservation with Val78 from template 5x29. Quality assessment of the 
model indicated that 91.5% of the residues were in most favored regions of the Ramachan-
dran plot and 0% were in the disallowed regions. The RMSD analysis between the HCoV-
229E E protein model and the homologous template structure 5x29 indicated a 1.776Å 
difference.  

The HCoV-NL63 E protein shared a 47% sequence identity with the amino acid se-
quence of the HCoV-229E E protein and was, therefore, selected as template for model 
construction (Figure S1E). Similar to the HCoV-229E model, the HCoV-NL63 E 3D model 
showed four α-helices and four coil regions, where the PBM adopted one α-helical turn 
conformation (Figure 3E), and conservation of Val74 was shared with Val74 from the E 
protein of HCoV-229E. Quality assessment indicated that 91% of the residues were in most 
favored regions of the Ramachandran plot and 0% were in the disallowed regions. The 
RMSD analysis between the HCoV-NL63 E protein model and the homologous template 
structure (HCoV-229E E protein model) indicated a 1.217Å difference. 
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Figure 3. Cartoon representation of the three-dimensional (3D) models of the SARS-CoV-1, -2, 
MERS-CoV, HCoV-229E, and HCoV-NL63 envelope (E) proteins. A. SARS-CoV-1. B. SARS-CoV-
2. C. MERS-CoV. D. HCoV-229E. E. HCoV-NL63. Models were generated using MODELLER soft-
ware and based on the partially resolved nuclear magnetic resonance (NMR) structures for SARS-
CoV-1 E (PDBIDs: 5x29 and 2mm4) obtained from the protein data bank (PDB) [38-41]. Models for 
SARS-CoV-1, -2 and HCoV-229E were generated from the 5x29 template, the MERS-CoV model was 
constructed from the 2mm4 template, and the HCoV-NL63 model was generated using the HCoV-
229E E protein model as template. The amino (N) and carboxy (C)-termini are indicated accordingly, 
coils are shown in green, α-helices in red, and the C-terminal PDZ-binding motif (PBM) in cyan and 
is enclosed. 

 

Molecular docking and interaction analysis 
Docking and interaction analysis of the SARS-CoV-2 8-mer experimental E peptide 

to the PALS1 PDZ domain from the 7NTK complex confirmed the interactions reported 
by Javorsky, Humbert and Kvansakul [34], i.e. hydrogen bonds formed between the ter-
minal PBM residue V75 and PALS1 residues L267, G268, A269, between PBM L73 and 
PALS1 V271, and PBM D72 and PALS1 residues V271 and S281 (Figure 4A and Table 1). 
The SARS-CoV-2 E PBM residues V75, L74, and L73 were reportedly involved in hydro-
phobic interactions but the corresponding PALS1 residues were not specified [34]. Our 
interaction analysis found hydrophobic interactions between the SARS-CoV-2 E PBM res-
idue L73 and PALS1 residues V314 and F318, E PBM residue L74 and PALS1 residues 
T270 and V284, and E PBM residue V75 and PALS1 residues V271, F318, and L321. The 
PBM residues V70 and P71 also formed hydrophobic interactions with PALS1 residues 
R272 and V314, respectively. A single ionic interaction was found between PBM residue 
D72 and PALS1 R272 (Figure 4A and Table 1). 

Docking of the modelled SARS-CoV-1 E 8-mer peptide largely showed similar inter-
actions with the corresponding PALS1 residues with minor differences in the interacting 
residues (Figure 4B and Table 1). Hydrogen bonds were found between the modelled 
SARS-CoV-1 E 8-mer E terminal PBM residue V76 and PALS1 residues L267, G268, A269, 
between PBM L75 and PALS1 V271. As before, Javorsky, Humbert and Kvansakul [34] 
stated that SARS-CoV-1 E PBM residues V76, L75, and L74 were involved in hydrophobic 
interactions but did not specify the corresponding PALS1 residues. Our interaction anal-
ysis found hydrophobic interactions between the SARS-CoV-1 E PBM residue L74 and 
PALS1 residues R272, PBM residue L75 and PALS1 residues V271, F318, and L321, and 
PBM residue V76 and PALS1 residue P266. A single ionic interaction between PBM resi-
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due D73 and PALS1 R272 was also found (Figure 4B and Table 1). Conversely, the mod-
elled SARS-CoV-1 18-mer E peptide adopted a position whereby more upstream residues 
occupied the PALS1 binding site. The E peptide residue E69 formed hydrogen bonds with 
PALS1 residues L267, G268, A269, while L75 on SARS-CoV-1 E also interacted with PALS1 
V271 through hydrogen bonding (Figure 4C and Table 2). A single ionic interaction was 
formed between PBM D73 and PALS1 R272. Hydrophobic interactions were formed be-
tween the E peptide residues E69, L74, L75, and V76, and PALS1 residues P266, T270, 
V314, and F318 (Figure 4C and Table 2). 

Docking of the modelled SARS-CoV-2 E 8-mer peptide exhibited very similar inter-
actions with the corresponding PALS1 residues to what the experimental SARS-CoV-2 8-
mer E peptide showed with PALS1. Interaction analysis revealed that hydrogen bonds 
were formed between the same PALS1 and modelled SARS-CoV-2 E 8-mer peptides resi-
dues as the docked experimental SARS-CoV-2 8-mer E peptide did with PALS1, except 
for the hydrogen bond between the modelled PBM D72 and PALS1 T270 (Figure 4D and 
Table 1). Very similar hydrophobic interactions were also found, except for the absence of 
a hydrophobic interaction between the modelled PBM residue L73 and PALS1 R272, while 
only the modelled PBM L73 formed a hydrophobic interaction with V314 and F318. A 
single ionic interaction was found between PBM D72 and PALS1 R282. The modelled 
SARS-CoV-2 18-mer E peptide formed the same hydrogen bonds with PALS1 as the mod-
elled SARS-CoV-2 8-mer E peptide did (Figure 4E and Table 2). Two ionic interactions 
were found: one between PBM D72 and PALS1 R272, and the other more upstream be-
tween the E peptide R61 and PALS1 E274. Hydrophobic interactions were formed be-
tween PBM residue L73 and PALS1 residue V314 and F318, between PBM L74 and PALS1 
T270, and PBM V75 and PALS1 V271, F318, and V321 (Figure 4E and Table 2). 

The PBM of the modelled MERS-CoV 8-mer E peptide, while different in composi-
tion, demonstrated very similar binding tendencies to the docked modelled SARS-CoV-1 
and -2 E peptides. It occupied the same binding site and formed hydrogen bonds between 
the terminal E PBM residue V82 and PALS1 residues L267, G268, A269, as well as two 
residues upstream between PBM E80 and PALS1 V271 (Figure 4F and Table 1). Like the 
modelled SARS-CoV-2 8-mer E peptide, a hydrogen bond was also formed between the 
MERS-CoV PBM residue D79 and PALS1 S281. Hydrophobic interactions were found be-
tween PBM E80 and PALS1 V314 and F318, between PBM W81 and PALS1 T270, and be-
tween PBM V82 and PALS1 P266, F318, and L321. The modelled 18-mer MERS-CoV E 
peptide largely formed the same hydrogen bonds as the modelled MERS-CoV 8-mer pep-
tide: between PBM V82 and PALS1 L267, G268, between PBM E80 and PALS1 V271, but 
E peptide residue P78 also formed a hydrogen bond with R272 (Figure 4G and Table 2). 
Hydrophobic interactions were less than in the modelled MERS-CoV E 8-mer peptide as 
only PBM V82 formed hydrophobic interactions with PALS1 P266 and F318. No ionic in-
teraction was detected but a π-stacking interaction was found between PBM W81 and 
F318 of PALS1 (Figure 4G and Table 2). 
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Figure 4. Stick models of the modelled 8-mer and 18-mer envelope (E) peptides of the more viru-
lent hCoV envelope (E) proteins docked to the PALS1 PDZ domain. A. Ribbon and stick model of 
the SARS-CoV-2 experimental peptide (stick, gold) docked to the PDZ domain of the PALS1 protein 
(ribbon and stick, blue). B. Stick model of the modelled SARS-CoV-1 (8-mer) E peptide (gold) 
docked to the PDZ domain of the PALS1 protein (blue). C. Stick model of the modelled SARS-CoV-
1 (18-mer) E peptide (gold) docked to the PDZ domain of the PALS1 protein (blue). D. Stick model 
of the modelled SARS-CoV-2 (8-mer) peptide (gold) docked to the PDZ domain of the PALS1 pro-
tein (blue). E. Stick model of the modelled SARS-CoV-2 (18-mer) E peptide (gold) docked to the PDZ 
domain of the PALS1 protein (blue). F. Stick model of the modelled MERS-CoV (8-mer) E peptide 
(gold) docked to the PDZ domain of the PALS1 protein (blue). G. Stick model of the modelled 
MERS-CoV (18-mer) E peptide (gold) docked to the PDZ domain of the PALS1 protein (blue). Pep-
tides in B-G were produced from the homology-modelled E proteins of the respective hCoVs and 
docked to the PDZ domain of the PALS1 protein (PDBID: 7NTK) using the HADDOCK webserver. 
Docked E peptides with the lowest RMSD values compared to the 7NTK experimental E peptide 
were uploaded to the protein-ligand interaction profiler (PLiP) webserver to demonstrate the types 
of interactions between PALS1 and the E peptides. Red, dashed lines: hydrophobic interactions; 
Cyan, solid lines: hydrogen bonds; Yellow, dashed lines: ionic interactions (salt bridges). 

 
The PBM of the modelled HCoV-229E 8-mer E peptide occupied the same binding 

site and hydrogen bonds were found only between the terminal E PBM residue F77 and 
PALS1 residues L267, G268, A269 (Figure 5A and Table 1). Hydrophobic interactions were 
found between PBM I75 and PALS1 T270, and PBM F77 and PALS1 P266, F318, and L321. 
An additional hydrophobic interaction occurred upstream between the E peptide residue 
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F70 and PALS1 R272. While no ionic interaction was found, residue F70, upstream of the 
PBM, formed a π-cation interaction with PALS1 R272. In the modelled 18-mer HCoV-229E 
E peptide, hydrogen bonds were found between PBM F77 and PALS1 residues L267, 
G268, as well as between upstream E peptide residues Y61 and PALS1 V271, and E peptide 
I60, Y61, and Q62 and PALS1 N315 (Figure 5B and Table 2). Hydrophobic interactions 
were largely found between PBM F77 and PALS1 P266, L267, F318, and L321, but also 
between PBM V74 and PALS1 T270, as well as E peptide Y61 and PALS1 V314. No ionic 
interaction was detected but a π-stacking interaction was found between the E peptide 
residue Y61 and PALS1 F318 (Figure 5B and Table 2). 

The modelled HCoV-NL63 8-mer E peptide had a PBM that occupied the same bind-
ing site and hydrogen bonds were found between the terminal E PBM residue V77 and 
PALS1 residues L267, G268, A269, as well as PBM N76 and PALS1 V271 (Figure 5C and 
Table 1). Hydrophobic interactions were found between PBM V77 and PALS1 P266 and 
V284, and PBM V74 and L75 and PALS1 F318. No ionic or π-cation interactions were 
found. In the modelled 18-mer HCoV-NL63 E peptide, hydrogen bonds were found be-
tween PBM N76 and PALS1 residues L267, G268, as well as PBM V77 and PALS1 V271 
(Figure 5D and Table 2). The PBM residue V77 formed hydrophobic interactions with 
PALS1 F318 and L321, and E peptide residues E73 and V74 also formed hydrophobic in-
teractions with PALS1 F318. No ionic interaction was found but a π-stacking interaction 
was found between the E peptide residue Y61 and PALS1 F318 (Figure 5D and Table 2). 

 
 

 
Figure 5. Stick models of the modelled 8-mer and 18-mer envelope (E) peptides of the less viru-
lent HCoV-229E and HCoV-NL63 envelope (E) proteins docked to the PALS1 PDZ domain. A. 
Stick model of the modelled HCoV-229E (8-mer) E peptide (gold) docked to the PDZ domain of the 
PALS1 protein (blue). B. Stick model of the modelled HCoV-229E (18-mer) E peptide (gold) docked 
to the PDZ domain of the PALS1 protein (blue). C. Stick model of the modelled HCoV-NL63 (8-mer) 
E peptide (gold) docked to the PDZ domain of the PALS1 protein (blue). D. Stick model of the mod-
elled HCoV-NL63 (18-mer) E peptide (gold) docked to the PDZ domain of the PALS1 protein (blue). 
Peptides in A-D were produced from the homology-modelled E proteins of the respective hCoVs 
and docked to the partial PALS1 protein (PDBID: 7NTK) using the HADDOCK webserver. Docked 
E peptides with the lowest RMSD values compared to the 7NTK experimental E peptide were up-
loaded to the protein-ligand interaction profiler (PLiP) webserver to demonstrate the types of inter-
actions between PALS1 and the E peptides. Red, dashed lines: hydrophobic interactions; Cyan, solid 
lines: hydrogen bonds; Yellow, dashed lines: ionic interactions (salt bridges); Green, dashed lines: 
cation-π interactions. 
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Table 1. Types of interactions that occurred between the docked 8-mer hCoV E peptides and the PALS1 protein. The PALS1 PDZ domain residues 1 
to which the docked hCoV E peptides bound are shown at the top (second row) along with the corresponding PBM residue(s) of each docked hCoV 2 
E peptide. Residues are grouped according to the type of interaction that is formed between them. 3 

HCoVs Hydrophobic Hydrogen Ionic π-Cation 
 P266 T270 V271 R272 V284 V314 F318 L321 L267 G268 A269 T270 V271 S281 R272 R282 R272 

7NTK (8-mer) none L74 V75 V70 L74 
L73 
P71 

L73 
V75 

V75 V75 V75 
V75 
(×2) 

none 
L73 
(×2) 
D72 

D72 D72 none none 

SARS-CoV-1 V76 
(×2) 

none L75 L74 none none 
L75 
(×2) 
P72 

L75 V76 V76 V76 none L75 none D73 none none 

SARS-CoV-2 none L74 V75 none L74 
L73 
(×2) 

L73 V75 V75 V75 
V75 
(×2) 

D72 
L73 
(×2) 

D72 none D72 none 

MERS-CoV V82 W81 none none none 
P77 
E80 

E80 
V82 

V82 V82 V82 V82 none 
E80 
(×2) 

D79 
(×2) 

D79 none none 

HCoV-229E F77 I75 none F70 none none F77 F77 F77 F77 F77 none none none none none F70 

HCoV-NL63 V77 none none none V77 none 
V74 
L75 

none V77 V77 V77 none N76 none none none none 

Table 2. Types of interactions that occurred between the docked 18-mer hCoV E peptides and the PALS1 protein. The PALS1 PDZ domain residues 4 
to which the docked hCoV E peptides bound are shown at the top (second row) along with the corresponding PBM residue(s) of each docked hCoV 5 
E peptide. Residues are grouped according to the type of interaction that is formed between them. 6 

HCoVs Hydrophobic Hydrogen Ionic π-Stacking 

 P266 L267 T270 V271 R272 V284 V314 F318 L321 P266 L267 G268 A269 T270 V271 R272 S281 N315 R272 E274 R282 F318 

7NTK (8-mer) none none L74 V75 V70 L74 
L73 
P71 

L73 
V75 

V75 none  V75 V75 
V75 
(×2) 

none 
L73 
(×2) 
D72 

none D72 none D72 none none none 

SARS-CoV-1 E69 
(×2) 

none L74 none none  L75 V76 none S68 E69 E69 E69 none L75 none none none none none D73 none 

SARS-CoV-2 none none L74 V75 none  L73 
L73 
V75 

V75 none V75 V75 
V75 
(×2) 

D72 
L73 
(×2) 

none D72 none D72 R61 none none 

MERS-CoV V82 none none none none  none V82 none none V82 V82 V82 none E80 P78 none none none none none W81 

HCoV-229E F77 
F77 
(×2) 

V74 none none  
Y61 
(×2) 

F77 
(×2) 

F77 none F77 F77 F77 none Y61 none none 
I60 
Y61 
Q62 

none none none Y61 

HCoV-NL63 none none none none none  none 
E73 
V74 
V77 

V77 none N76 N76 N76 none V77 none none none none none none Y61 

 7 
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 8 

Molecular dynamic simulation analysis 9 

The RMSD analysis of the five hCoVs systems indicated that all five systems reached 10 
equilibrium after 60 ns (Figure 6A). The mean and standard deviation values for the back- 11 
bone RMSD values was the largest for HCoV-229E followed by SARS-CoV-1, MERS-CoV, 12 
HCoV-NL63, and SARS-CoV-2 each having 0.94±0.21, 0.71±0.12, 0.65±0.12, 0.56±0.11 and 13 
0.40±0.05 nm, respectively. For the RMSF analysis the largest flexibility was observed for 14 
HCoV-229E, then SARS-CoV-1, HCoV-NL63 and MERS-CoV, and while the lowest flexi- 15 
bility was observed for SARS-CoV-2 (Figure 6B). Additionally, the mean and standard 16 
deviation values for the protein residues was the lowest for SARS-CoV-2 followed by 17 
HCoV-NL63, MERS-CoV, SARS-CoV-1, and HCoV-229E with the largest each having 18 
0.15±0.06, 0.27±0.13, 0.27±0.33, 0.44±0.21 and 1.27±1.48 nm, respectively. Plotting the 3D 19 
structure for the E protein of each hCoV using PyMol indicated that the PBM was flexible 20 
for SARS-CoV-1, -2, and MERS-CoV, while for the HCoV-229E and HCoV-NL63 the PBM 21 
was stable (Figure 3A-E). Furthermore, the 3D conformations of the PBM of HCoV-NL63 22 
and HCoV-229E adopted a single α-helical conformation compared to SARS-CoV-1, -2, 23 
and MERS-CoV that has an extended PBM C-terminal coil (Figure 3A-E). The mean and 24 
standard deviation values for the radius of gyration (Rg) was the highest for systems 25 
MERS-CoV and HCoV-229E each having 2.07±0.05 and 2.04±0.10 nm followed by HCoV- 26 
NL63 and SARS-CoV-1 having 1.72±0.06 and 1.83±0.05 nm compared to SARS-CoV-2 hav- 27 
ing the lowest value 1.75±0.03 nm, respectively. Similarly, the mean and standard devia- 28 
tion SASA values was the highest for MERS-CoV and HCoV-229E, followed by SARS- 29 
CoV-1 and HCoV-NL63, and the lowest for SARS-CoV-2 each having 87.14±2.32, 30 
83.95±2.34, 79.06±1.74, 77.91±1.87 nm2 and 75.42±1.44 nm2, respectively. The PCA analysis 31 
indicated that the SARS-CoV-2 had the smallest covariance matrix value after diagonali- 32 
zation of 5.93 nm2 compared to HCoV-NL63, MERS-CoV, SARS-CoV-1, and HCoV-229E 33 
with the largest having 14.09, 25.49, 32.59 and 54.58 nm2, respectively (Figure S2). 34 

 35 

 36 

Figure 6. Analyses of molecular dynamics simulations of the human (h) coronavirus (CoV) enve- 37 
lope (E) proteins for SARS-CoV-1, -2, MERS-CoV, HCoV-229E, and HCoV-NL63. A. The root- 38 
mean-square deviation (RMSD) (nm) of each of the hCoV E proteins over 100 ns. B. The root-mean- 39 
square fluctuation (RMSF) (nm) of each residue for the hCoV E proteins. C. The radius of gyration 40 
(Rg) (nm) of each of the hCoV E proteins over 100 ns. D. The solvent-accessible surface area (SASA) 41 
(nm2) of each of the hCoV E proteins over 0.1 ns. Red: SARS-CoV-2 E protein, Green: SARS-CoV-1 42 
E protein, Blue: HCoV-229E E protein, Pink: HCoV-NL63 E protein, Cyan: MERS-CoV E protein. 43 

4. Discussion 44 
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Membrane proteins, such as the hCoV E protein, play an important part in viral as- 45 
sembly and release of virions – aspects reliant on the protein structure and topology. [54- 46 
56]. In addition to these functions, the hCoV E protein is also a major contributor to coro- 47 
naviral pathogenesis and clinical pathology, owing to its IC activity and ability to interact 48 
with host cell proteins through its PBM [18-24,57-59]. Of all the hCoV E proteins, only 49 
structures for SARS-CoV-1 and -2 have been resolved experimentally and deposited in the 50 
Research Collaboratory for Structural Bioinformatics (RCSB) protein data bank (PDB). The 51 
PDB IDs 5x29 and 2mm4 were used as templates in this study because they are the longest 52 
experimentally resolved structure (spanning residues 8-65) but are both from SARS-CoV- 53 
1 E [60,61]. The longest SARS-CoV-2 E experimentally resolved structure only spans the 54 
transmembrane domain (TMD), residues 8-38 [62]. Therefore, 5x29 and 2mm4 were se- 55 
lected as templates to construct a 3D full-length model of the SARS-CoV-1 E protein, 56 
which was subsequently used to construct the 3D full-length models for the other hCoV 57 
E proteins.  58 

Both SARS-CoV-1 and -2 E proteins shared a 91% sequence identity with the amino 59 
acid sequence of template 5x29, suggesting high sequence homology (Figures S1A and 60 
S1B). This is to be expected given the very high amino acid sequence similarity between 61 
SARS-CoV-1 and -2 E, and since the template 5x29 spans residues 8-65 of the SARS-CoV- 62 
1 E UniProt reference sequence (UniProt accession number: P59637) [17,63]. The RMSD 63 
analysis showed a 0.698Å and 2.155Å difference between SARS-CoV-1 and -2 E and the 64 
template 5x29, respectively, suggesting very little structural deviation between the respec- 65 
tive two structures and the template. The 3D structures predicted for the SARS-CoV-1 and 66 
-2 E proteins successfully satisfied the Ramachandran plot dihedral angle distributions 67 
and based on the low RMSD values the correct protein folds were assigned to the respec- 68 
tive protein sequences. We are, therefore, confident in the 3D full-length E proteins mod- 69 
els constructed for SARS-CoV-1 and -2. The MERS-CoV E protein shared a 35% sequence 70 
identity to template 2mm4, suggesting a medium amount of sequence homology (Figure 71 
S1C) but this is also to be expected since the amino acid sequence similarity between 72 
SARS-CoV-1 E and MERS-CoV E has been reported to be much lower than between SARS- 73 
CoV-1 and -2 E [22,64]. Nevertheless, the RMSD value of 1.458Å calculated between the 74 
MERS-CoV 3D structure and 2mm4 showed a low deviation value suggesting high struc- 75 
tural similarity, and still allows for reliable domain prediction. We are, therefore, confi- 76 
dent that the correct protein folds were also assigned to this model.  77 

Other studies have also modelled the hCoV E proteins but have focused exclusively 78 
on the more virulent hCoV E proteins and excluded the less virulent ones. Some studies 79 
have only constructed partial models of SARS-CoV-2 E using 5x29 as template [65], or 80 
SARS-CoV-1, -2, and MERS-CoV E proteins from the 2mm4 template [66]. One study, in- 81 
terestingly, used a full-length SARS-CoV-2 E model that was constructed from machine 82 
learning and physics-based refinement [67] but the model was not published. Only one 83 
other study constructed full-length models of SARS-CoV-1 and -2 E similar to our models 84 
and used only 2mm4 as template [30]. Thus, according to our knowledge, our study is the 85 
first to construct full-length 3D models of the E protein for both the more virulent and less 86 
virulent hCoVs. And, bar the missing residues from 5x29 and 2mm4, all five of our E pro- 87 
tein models share exactly the same structural features as those found in these previous 88 
studies, i.e. the N-terminus forms a coiled structure, the TMD adopts an α-helical confor- 89 
mation, and a second α-helix (H2) after the TMD [30,66,67], further validating the accu- 90 
racy of our models.  91 

All our models adopted an α-helix in the region corresponding to the TMD, which 92 
inserts into the membrane of the ERGIC where the E protein accumulates, and coronaviral 93 
assembly occurs [68-72]. Yet, neither our MERS-CoV E model, nor the partial 2mm4-based 94 
MERS-CoV E model generated by Aldaais, Yegnaswamy, Albahrani, Alsowaiket and 95 
Alramadan [66] adopts the amphipathic H2 α-helix immediately adjacent to the TMD. 96 
This H2 α-helix is, nevertheless, also present in the SARS-CoV-1, -2, HCoV-229E and 97 
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HCoV-NL63 E proteins, suggesting that H2 might not play a role in the E protein-medi- 98 
ated pathogenesis but could be linked to other E protein functions, such as viral assembly. 99 
While the scarcity of MERS-CoV data and lack of an experimentally resolved E protein 100 
structure makes it difficult to confirm the significance of the missing helix at this position, 101 
in silico coarse-grain (CG) and atomistic simulations do suggest that the second and third 102 
α-helices (H2 and H3) of the SARS-CoV-2 E protein are important in inducing membrane 103 
curvature [67]. And since amphipathic helices (AHs) in both cellular and viral proteins 104 
have been shown to be important in membrane curvature [73-76], the lack of an H2 in the 105 
MERS-CoV E model suggests that MERS-CoV E could be structurally defective in its abil- 106 
ity to induce membrane curvature, which would impede the assembly and release of 107 
MERS-CoV virions. Since MERS-CoV was much less effective at human-human transmis- 108 
sion than the two other more virulent hCoVs [77-80], it’s possible that this could be linked 109 
to its limited transmissibility. While the lack of this H2 would not render it incapable of 110 
infection and replication, it could impede the ability of MERS-CoV to assemble and release 111 
new virions effectively, possibly leading to fewer viruses shed by infected persons, 112 
thereby limiting its transmissibility to small, close-contact groups [79,81]. However, CoV 113 
nonstructural proteins (nsps), some of which may have overlapping functions, could also 114 
potentially compensate, at least partially, for the lack of an H2 α-helix in the MERS-CoV 115 
E protein [82], or MERS-CoV E could simply induce membrane curvature by a different 116 
mechanism. Without experimental evidence, this remains to be determined. 117 

Despite the moderate sequence identity between the target sequence of HCoV-229E 118 
E and the 5x29 template, the protein model from this pairwise sequence alignment will 119 
provide a medium accuracy protein model [83] which is still useful for domain compari- 120 
sons. The RMSD analysis between HCoV-229E E and the homologous template structure 121 
5x29 indicated a 1.776Å difference, suggesting very little deviation between the two struc- 122 
tures. The RMSD analysis between HCoV-NL63 E and the homologous template structure 123 
(229E protein model) similarly indicated a 1.217Å difference, also suggesting very little 124 
deviation between the generated model and the homologous template structure. Thus, the 125 
3D structures predicted for the E proteins of HCoV-229E and HCoV-NL63 successfully 126 
passed quality assessment and based on the low RSMD values, the correct protein folds 127 
were assigned to the respective protein sequences. Therefore, despite the absence of ex- 128 
perimentally resolved structures for the HCoV-229E and HCoV-NL63 E proteins, we are 129 
confident in the accuracy of our 3D full-length models. We also attempted to construct 130 
full-length models of the HCoV-OC43 and HCoV-HKU1 E proteins but excluded them 131 
from this study since these two E proteins shared a lower sequence identity with the other 132 
hCoV E proteins, which resulted in lower accuracy and less reliable models of the HCoV- 133 
OC43 and HCoV-HKU1 E proteins. 134 

Comparing the structural aspects of the E protein models, the PBM of SARS-CoV-1, 135 
-2 and MERS-CoV E proteins adopted a more flexible extended coil region, while the 136 
HCoV-229E and HCoV-NL63 E PBM is characterized by a less flexible α-helical turn, sug- 137 
gesting that the flexibility of the E protein PBM region might be a feature distinguishing 138 
the more virulent hCoVs from the less virulent ones. So far, several host cell proteins have 139 
been reported to interact with the E protein of all three more virulent hCoVs [14,84-86] , 140 
and more may yet be identified. The conformation of the E protein PBM could quite pos- 141 
sibly be a structural feature that allows the more virulent hCoVs to interact with a wider 142 
range of host proteins which could explain their increased pathogenicity and disease se- 143 
verity. By comparison, the less flexible α-helical turn of the less virulent hCoV E protein 144 
PBM could likely be an impeding characteristic, limiting or even possibly preventing in- 145 
teraction(s) with host proteins, which might explain the limited pathogenic capabilities of 146 
these hCoVs. This would certainly be interesting to confirm and warrants exploring ex- 147 
perimentally. 148 

While our system is based in silico, the generated 3D models and docking was based 149 
on experimentally determined, published results [34,60,61], and we validated our system 150 
by first docking the experimental SARS-CoV-2 8-mer E peptide to the PALS1 PDZ domain 151 
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to replicate the experimentally determined interaction between SARS-CoV-2 E and 152 
PALS1. Although we only used the experimentally determined residues by Javorsky, 153 
Humbert and Kvansakul [34] to perform docking, it is very interesting that our interaction 154 
analysis detected residues P266, L267, V284, F318, L321 to varying degrees in our docked 155 
models (Figures 4 and 5) (Tables 1 and 2). We find this interesting because residues P266, 156 
L267, V284, F318, L321, L369, L403 are reported to be involved in the forming the hydro- 157 
phobic pocket on PALS1 to which the SARS-CoV-2 E protein binds, and the positioning 158 
of F318 between the SARS-CoV-2 E protein’s L73 and V75 is considered an important 159 
recognition feature [33]. More importantly, though, all our docked E peptides (8-mers and 160 
18-mers) occupied the same binding site on the PALS1 PDZ domain as the experimentally 161 
determined interaction between the PALS1 PDZ domain and the 8-mer SARS-CoV-2 E 162 
peptide (Figures 4 and 5) (Tables 1 and 2) [34]. This is based on our interaction analysis in 163 
which we found overlapping features: (1) hydrogen bonds between the PALS1 residues 164 
L267, G268, A269 and the last PBM residue of each docked hCoV E peptide, as well as (2) 165 
hydrophobic interaction(s) between F318 on PALS1 and either the last PBM residue 166 
and/or two residues upstream of the PBM. This demonstrates that our docked E peptides 167 
closely resemble the experimental PALS1-E protein interaction, which supports the dock- 168 
ing protocol for our system. 169 

Another notable aspect is the ionic interaction formed between the aspartic acid res- 170 
idue at the start of the PBM of all three of the more virulent hCoV E peptides and the 171 
PALS1 residue R272/R282. Such an interaction is absent from the less virulent hCoV E 172 
peptides and is likely be due to their PBM starting with the nonpolar residue valine, as 173 
opposed to the negatively charged aspartic acid on the E protein of more virulent hCoVs. 174 
Given that ionic interactions are generally considered stronger than both hydrogen bonds 175 
and hydrophobic interactions, the presence of the negatively charged aspartic acid at this 176 
position in the PBM might also be something that allows the more virulent hCoV E pro- 177 
teins to form a more stable interaction with PALS1 to facilitate their increased viral path- 178 
ogenicity. Indeed, the native binding partner of PALS1, Crumbs (Crb), also forms an ionic 179 
interaction with R282 on PALS1 through its negatively charged E1403 residue [29,34], sim- 180 
ilar to what we found in our docked SARS-CoV-2 E 8-mer peptide. The ERLI motif (E1403, 181 
R1404, L1405, I1406) of Crb is functionally similar to the E protein’s PBM and allows Crb 182 
to occupy the same binding site on the PALS1 PDZ domain [29,32,34]. Furthermore, the 183 
last residue of the Crb ERLI motif (I1406), forms hydrogen bonds with PALS1 residues 184 
L267, G268, and A269, and its E1403 interacts with PALS1 residues T270 and S281 through 185 
hydrogen bonds [29]. Similarly, the last residue of each of our modelled E peptide PBMs 186 
also hydrogen bond with PALS1 residues L267, G268, and A269. Moreover, the aspartic 187 
acid of the more virulent SARS-CoV-2 (D72) and MERS-CoV (D79) E peptides also shows 188 
hydrogen bonding to the PALS1 S281, whereas the SARS-CoV-1 (D76) E peptide does not, 189 
and the SARS-CoV-2 E peptide (D72) is the only one to form a hydrogen bond with PALS1 190 
T270. Using the number of bonds formed between the E peptide and PALS1 PDZ domain 191 
as a measure of stability, this could potentially explain why SARS-CoV-1 was less severe 192 
than MERS and COVID-19, and why COVID-19 appears to be more severe than both 193 
MERS and SARS diseases were. Overall, the similarity between previous studies and the 194 
types of interactions between the specific E protein and PALS1 residues further validates 195 
the accuracy of the docked E peptides of our system.  196 

There is a rather clear difference in the number of bonds formed between the E pep- 197 
tides of the more virulent hCoVs and PALS1 and the bonds formed between PALS1 and 198 
the less virulent hCoV E peptides. Generally, more bonds are formed between PALS1 and 199 
the E peptides of the more virulent hCoVs, possibly producing a more stable interaction, 200 
especially since many are hydrogen bonds and even hydrophobic interactions. In com- 201 
parison, the E peptides of the less virulent HCoV-229E and HCoV-NL63 form fewer hy- 202 
drogen bonds and fewer hydrophobic interactions, suggesting that while they might be 203 
capable of binding to PALS1, the interaction might be less stable or more transient than in 204 
the case of the more virulent hCoV E peptides. Nevertheless, our system still suggests that 205 
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the SARS-CoV-1, -2, MERS-CoV, HCoV-229E, and HCoV-NL63 E proteins are capable of 206 
occupying the same binding site on the PALS1 PDZ domain, albeit to different extents. 207 
This could explain why the less virulent hCoVs tend to be less likely to spread to extra- 208 
pulmonary sites, thereby being less likely to cause severe disease. If the HCoV-229E and 209 
HCoV-NL63 E proteins cannot bind to PALS1 as effectively and stably as those of SARS- 210 
CoV-1, -2, and MERS-CoV can, they might not be able to displace PALS1 from the Crb- 211 
tight-junction-complex and would consequently not be able to compromise the pulmo- 212 
nary epithelial barrier to the severity that the more virulent hCoV E proteins can. 213 

Two recent studies used a different technique to measure the binding affinity be- 214 
tween E peptides of the more virulent hCoVs and the PALS1 PDZ domain and reported 215 
conflicting results. One study used C-terminal E peptides of 12 amino acids long (12-mer) 216 
and found that SARS-CoV-1 E did not bind to the PALS1 PDZ domain, while SARS-CoV- 217 
2 E only bound weakly to PALS1 [87]; the other study used 8-mer C-terminal E peptides 218 
and found that both SARS-CoV-1 and -2 E bound to the PALS1 PDZ domain with disso- 219 
ciation constants of 29.6±2.3 µM and 22.8±1.2 µM, respectively [34]. Both studies, however, 220 
reported that the MERS-CoV E peptide did not bind to the PALS1 PDZ domain [34,87]. 221 
Javorsky, Humbert and Kvansakul [34] proposed that the W81 of the MERS-CoV E PBM 222 
is too large and bulky to accommodate binding to the PDZ binding groove, whereas 223 
SARS-CoV-1 and -2 E, and Crb feature the smaller leucine residue that could facilitate 224 
binding to PALS1. Conversely, Caillet-Saguy, Durbesson, Rezelj, Gogl, Tran, Twizere, 225 
Vignuzzi, Vincentelli and Wolff [87] suggested that the differences in binding of SARS- 226 
CoV-1 and 2, and MERS-CoV E proteins to PALS1 are due to their difference in PBM clas- 227 
ses. Class II PBMs, as seen in the SARS-CoV-1 and -2 E proteins, are characterized by the 228 
motif: Φ-X-Φ, where X is any amino acid and Φ is a hydrophobic residue, whereas and 229 
class III PBMs, as seen in MERS-CoV E protein, have the motif: D/E-X- Φ. The authors 230 
attributed the hydrophobic character of class II PBMs to having sharp binding profiles but 231 
lower affinities for their target host proteins, while the presence of the tryptophan residue 232 
in the class III PBM of MERS-CoV E likely strongly contributed to the binding affinity of 233 
more of its host target proteins but at the expense of specificity. While the PBMs of the E 234 
proteins for the less virulent hCoVs have not specifically been classified or characterized, 235 
the HCoV-229E and HCoV-NL63 E proteins appear to adopt a class II PBM, similar to 236 
SARS-CoV-1 and -2, despite demonstrating a lower viral pathogenicity. Although the E 237 
proteins of HCoV-229E and HCoV-NL63 potentially also have a class II PBM, their lower 238 
viral pathogenicity could also, at least in part, be due to the lower number of hydrogen 239 
bonds and hydrophobic interactions, and absence of ionic interactions between their E 240 
proteins and PALS1. Both hydrogen bonds and hydrophobic interactions have been 241 
shown to be important in protein stability and at the interface of protein-protein interac- 242 
tions (PPIs) [88,89]. This combination of a less flexible alpha helix in their E protein PBM 243 
could possibly reduce the number of hydrogen bonds and hydrophobic interactions, 244 
while the lack of a negatively charged residue, such as aspartic acid, prevents the for- 245 
mation of an ionic interaction with the PALS1 protein, ultimately negating the ability of 246 
these hCoV E proteins from binding to PALS1 [89]. While perhaps still capable of interac- 247 
tion with host proteins, our results suggest that the E proteins of HCoV-229E and HC-oV- 248 
NL63 is unable to bind to PALS1 as effectively as the E proteins of the more virulent 249 
hCoVs. But this should be validated experimentally. 250 

The MD analysis of the RMSF average structures showed agreement with the pre- 251 
dicted 3D structures for the more virulent SARS-CoV-1, -2, and MERS-CoV, and the less 252 
virulent HCoV-229E and HCoV-NL63 E proteins. Here, SARS-CoV-1, -2 and MERS-CoV 253 
had an extended coil PBM motif at the C-terminal end, while HCoV-229E and HCoV- 254 
NL63 had a stable alpha helical PBM motif domain. Furthermore, MD analysis of the en- 255 
tire protein dynamics showed that SARS-CoV-2 were more stable than the SARS-CoV-1, 256 
MERS-CoV and HCoV-NL63, while HCoV-229E adopted higher flexibility values sug- 257 
gesting that it is the least stable of the four hCoVs. This is based on RMSD, RMSF, Radius 258 
of gyration and SASA parameter calculations. The PCA analysis also provided additional 259 
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support for the protein dynamics showing reduced randomized movements of SARS- 260 
CoV-2 compared to SARS-CoV-1, MERS-CoV, HCoV-NL63 and HCoV-229E showing 261 
more concerted movements throughout the phase space. 262 

The SARS-CoV-2 E protein displayed overall reduced dynamics with a flexible ex- 263 
tended coil at its PBM region that could allow improved interaction with human host pro- 264 
teins to facilitate an increased viral pathogenicity. Therefore, based on the key interacting 265 
residues formed between PALS1 and the E proteins of the more virulent hCoVs, and the 266 
absence of many of these interactions in the E proteins of the less virulent hCoVs, we pro- 267 
pose that the flexibility of the E protein PBM contributes to how it interacts with the PALS1 268 
protein by virtue of the types of interactions which, in turn, facilitates how stable the 269 
PALS1-E interaction is. In this way, the PBM can be considered a potential determinant of 270 
the virulence of the hCoV, distinguishing more virulent hCoVs from less virulent ones. 271 
Although the structure of the SARS-CoV-2 E protein has been resolved experimentally, 272 
this was only a truncated portion, consisting of the TMD, which lacked the C-terminal and 273 
did not allow us to make meaningful interpretations about the full-length protein. How- 274 
ever, this study did attempt to illuminate on the proposed mechanism of pathogenicity 275 
for a full-length protein structure including the PDB motif albeit a predictive model. Fu- 276 
ture studies could benefit from longer simulations to obtain more sampled conformations 277 
of the E protein structure in complex with human host partners. Furthermore, the experi- 278 
mental determination of the full-length structure of the E proteins will be a significant 279 
contribution in understanding human host protein interaction with hCoV E proteins. This 280 
study only provides a partial picture of the dynamics of the hCoV E proteins but shows 281 
good agreement between predictive modelling and simulation studies. 282 

There are two limitations to our study. One is that docking is static and, thereby, 283 
simulates a singular pose of the interaction between the hCoV E peptide and the PALS1 284 
protein at any given time. It does not account for any possible conformational changes 285 
that the E protein might undergo during its interaction with PALS1. The second is the 286 
length of the E peptides. Docking the full-length hCoV E protein to the full-length PALS1 287 
protein would simulate a more accurate interaction. Nevertheless, since our docking is 288 
validated and based on the experimentally determined PALS1 interaction with E pep- 289 
tides, we are confident in the data that we generated. We recommend the use of the full- 290 
length E proteins for future research. 291 

5. Conclusions 292 

This is the first study, to predict and generate full length 3D models of the E protein 293 
for five hCoVs. This study also attempted to determine a distinguishing feature between 294 
the E proteins of the more virulent and the less virulent hCoVs to provide a possible ex- 295 
planation for the difference in pathogenicity and disease severity. Interaction partners 296 
have only been identified for the more virulent hCoV E proteins [87], and it remains to be 297 
seen if the less virulent hCoV E proteins can also interact with host cell proteins through 298 
their proposed PBMs, to what extent this could happen, and host cell proteins they can 299 
interact with. Therefore, we docked 8-mer and 18-mer E protein C-terminal domains of 300 
five hCoV proteins to the host PALS-1 protein to understand protein-protein interaction. 301 
We observed that SARS-CoV-2 PBM 8-mer and 18-mer peptides had stronger affinity and 302 
number of interactions with PALS-1 possibly explaining its ability to associate with hu- 303 
man host proteins resulting in severe pathogenicity. This needs to be verified experimen- 304 
tally to validate in silico findings. 305 

Supplementary Materials: The following supporting information can be downloaded at: 306 
www.mdpi.com/xxx/s1, Figure S1: Pairwise sequence alignments between the virulent SARS- 307 
CoV-1, -2 and MERS-CoV, and nonvirulent HCoV-229E and HCoV-NL63 human (h) coronavirus 308 
(CoV) envelope (E) proteins and the respective template used to generate each three-dimensional 309 
(3D) model.; S2: Principal component analysis (PCA) indicating the covariance matrix value of 310 
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the human (h) coronavirus (CoV) envelope (E) proteins for SARS-CoV-1, -2, MERS-CoV, HCoV- 311 
229E, and HCoV-NL63 based on the projection of two eigenvectors. 312 
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