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Abstract: The human coronaviruses (hCoVs) SARS-CoV-1, -2, and MERS-CoV are more virulent as they have
previously caused severe outbreaks associated with high mortality and morbidity, whereas HCoV-229E, HCoV-
NL63, HCoV-OC43, and HCoV-HKU1 are associated with milder, seasonal infections, and therefore less
virulent. The envelope (E) protein is present in all hCoVs and harbors a PDZ-binding motif (PBM) that
contributes to viral pathogenesis and disease severity by binding to host cell proteins. Each of the seven E
proteins are predicted to have a PBM, but it is not known whether the PBM of the less virulent hCoVs can bind
stably to host proteins in the same way that the more virulent hCoVs do. This study aimed to investigate this by
performing molecular dynamics (MD) simulations of the different E peptides docked to the PALS1 protein, and
to assess the stability of these interactions over time. Analysis of the MD simulations showed that the E peptides
of the more virulent hCoVs remained attached to PALS1, whereas the E peptides of the less virulent hCoVs
detached from PALSI. This was further corroborated by binding free energy calculations, secondary structure
analysis, and peptide- protein interaction analysis. The results collectively demonstrated that the binding and
stability of the E-PALS1 complex is influenced by both the residues that make up the PBM as well as the
immediately preceding residues. This is the first study to investigate the binding capability of the less virulent
hCoV E peptides to a host protein and compare it to that of the more virulent hCoV E peptides and offers insight
into the varied virulence between the hCoVs.
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1. Introduction

Coronaviruses (CoVs) are a family of viruses with notably large positive-sense, single-stranded
RNA genomes, which typically range from 26 to 32 kilobases (kb) in size [1,2]. Among them, seven
human coronaviruses (hCoVs) are known to cause respiratory tract infections (RTIs) of varying
severity: SARS-CoV-1, MERS-CoV, SARS-CoV-2, HCoV-229E, HCoV-NL63, HCoV-

0OC43, and HCoV-HKU1 [2]. The former three have caused significant outbreaks of severe RTIs
associated with high morbidity and mortality over the past two decades, while the latter four are
generally linked to milder, seasonal RTIs with higher prevalence within the human population [2,3].
Like other viruses within a family, group, or subtype can cause diseases of varying severity, hCoVs
also exhibit a varied virulence. However, the reasons for this disparity or the mechanisms behind it
are unclear. This property of viral virulence can be influenced by a complex interplay of factors,
including intrinsic viral properties, such as how efficiently the virus replicates, its ability to evade
host immune defenses, and its capacity to induce host cell damage [4-6].
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Like many viruses, hCoVs employ short-linear motifs (SLiMs) that mimic motifs of host proteins
involved in cell-directed pathways, thereby facilitating viral replication and contributing to their
pathogenicity [7-10]. The CoV envelope (E) protein, while primarily responsible for the assembly and
release of new viral particles, also contains a SLiM that significantly contributes to the pathogenesis
of SARS-CoV-1 and SARS-CoV-2 [6,11-17]. This SLiM, known as a PDZ- binding motif (PBM),
facilitates the binding of E to host cells that have PSD95/DIgA/ZO-1 (PDZ) domains. The human
proteome contains an estimated 266 protein with PDZ domains, some of which have only a single
PDZ domain while others have multiple, and these proteins are typically involved in signal
transduction, maintaining cell polarity, and serve as scaffolds in protein-protein interactions (PPIs)
[18-20]. Most PBMs are located at the C-terminus and classified as either type I (-X-S5/T-X- COOH),
type I (-X- -X- COOH), or type III (-X-D/E-X- COOH) based on the types of residues that make up
the motif, where X is any amino acid and is any hydrophobic amino acid [21,22]. Each of the hCoV E
proteins is predicted to have a PBM but have only been shown to be functional for the more virulent
SARS-CoV-1, -2, and MERS- CoV E proteins [6,16,23,24].

Prior to the coronavirus disease 2019 (COVID-19) outbreak, only five host proteins were
identified that could interact with the SARS-CoV-1 E protein PBM [25]. Subsequent studies have
expanded this list, identifying various host proteins that bind to the E proteins of SARS- CoV-1, SARS-
CoV-2, and MERS-CoV, underscoring the importance of these interactions in the viral life cycle and
pathogenesis [16,26-32]. These studies, however, have focused exclusively on the more virulent
hCoVs and the roles of many of these host proteins are not well characterized. The interaction
between the hCoV E protein and PALS] is probably the most well-characterized to date; PALSI is a
cellular protein that forms part of the Crumbs (Crb) complex, which is essential for establishing and
maintaining apico-basal polarity alongside other tight junction (I]) and adherens junction (AJ)
protein complexes [23,33-35]. The Crb protein, the endogenous ligand of PALS], contains a PBM (E-
R-L-I) that binds to the peptide binding groove of the PALS1 PDZ domain, and the PBMs of the SARS-
CoV-1 and -2 E proteins (D-L-L-V) mimic the Crb PBM, binding to many of the same PDZ domain
residues on PALS1 [24,34,36,37]. This interaction between the SARS-CoV-1 E protein and the PALS1
PDZ domain redistributes PALS1 away from the TJs to the ER-golgi intermediate compartment
(ERGIC) where the E protein accumulates [23]. This delays the formation of TJs and disrupts the
development of a uniformly polarized cell monolayer, which reportedly contributes to the
desquamation of the alveolar wall seen in post-mortem SARS-CoV-1-infected lung tissue and could
facilitate extrapulmonary viral dissemination [23,38,39]. It is currently unclear whether the PBMs of
the E proteins of the less virulent HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-HKUI1 are
functional and capable of also binding to PALS1. Therefore, this paper aims to use simulated
interactions to determine whether the PBMs of the less virulent hCoV E proteins can also bind to the
PALS1 PDZ domain, thereby serving as a determinant of virulence and differentiating more virulent
from their less virulent counterparts.

We previously demonstrated the binding of 8-mer peptides from the E proteins of 5 hCoVs to
the human PALS1 PDZ domain in accordance with experimentally resolved complexes. This study
builds on our previous work by examining whether the E peptides of the less virulent HCoVs 229E
and NL63 remain consistently bound to the PALS1 PDZ domain in a manner similar to their more
virulent counterparts. To test this hypothesis, we conducted 500-nanosecond (ns) molecular
dynamics (MD) simulations using 8-mer peptides of the E proteins of SARS-CoV-1, - 2, MERS-CoV,
HCoVs 229E and NL63 in complex with the PALS1 PDZ domain. The simulations were designed to
assess the stability of these peptide-PDZ interactions over time. We also included experimentally
resolved complexes to provide a comprehensive comparison.

Binding free energy calculations and structural dynamics analysis were employed to evaluate
the binding affinities and conformational changes of each complex. We hypothesize that differences
in the stability and structural dynamics of these PBM-PDZ complexes may contribute to the
variations in virulence observed among hCoVs. Our findings aim to provide insights into the
molecular determinants of hCoV virulence and potentially explain the role of the E protein PBM in
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viral-host interactions. Exploring the molecular determinants of such interactions between viral
proteins and host cell PDZ domains can enhance our understanding of their roles in viral replication,
transmission, and the severity of diseases they cause.

2. Materials and Methods

2.1. Molecular dynamics (MD) simulations: CHARMM-GUI and GROMACS

We previously generated full-length, 3D models of the SARS-CoV-1, -2, MERS-CoV, HCoV-
229E, and HCoV-NL63 E proteins and docked the 8-mer C-terminal peptides derived from these
models to the experimentally resolved structure of the PALS1 PDZ domain (PDB ID: 7NTK) [24]. To
determine the dynamics of these docked peptide-protein complexes, 500 ns classical MD simulations
were performed at full atomistic level using the Groningen Machine for Chemical Simulations
(GROMACS) 2023.2 package [40]. Simulations were also performed on the following experimentally
resolved complexes which served as controls: the SARS-CoV-1 and -2 E peptides complexed to the
PALS1 PDZ domain (PDB IDs 7NTJ and 7NTK), the Crb peptide complexed to the PALS1 PDZ
domain (PDB ID: 4UUS5), and the PALS1 PDZ domain without any ligand (PDB ID: 4UU6). Our
docked peptide-protein complexes were compared to these controls and contained 8-mer peptides of
the respective E proteins for a more accurate and reliable comparison. All MD simulations were
performed based on the parameters used by previous studies [41,42].

All systems were prepared for MD simulations via the Chemistry at Harvard Macromolecular
Mechanics graphical user web interface (CHARMM-GUI) solution builder (https://www.charmm-
gui.org/) [43]. Systems were prepared in a 7.1 nm cubic box, solvated with TIP3P water as the solvent,
and the total charge of each system was neutralized with 0.15 M NaCl. To neutralize the positive and
negative charges of the systems of SARS-CoV-1, -2,

MERS-CoV, HCoV-229E, HCoV-NL63, 7NTJ, 7NTK, 4UUS5, and 4UUS, 36, 34, 36, 33, 35, 34, 35,
35, 35 sodium (Na*) ions and 30 chloride (Cl-) ions were added to each system, respectively, using the
Monte Carlo method [44]. The modified CHARMM36 (CHARMM36m) all-atom force field was
implemented to simulate the physical forces of all systems and the WYF parameter included to
accommodate for potential cation-pi interactions [45]. Each system underwent 50 000 steps of the
steepest descent during energy minimization, followed by a two-step equilibration with a constant
number of particles, volume, and temperature (NVT) and a constant number of particles, pressure,
and temperature (NPT), each for 125 ps. The Nose-Hoover thermostat was applied during the NVT
equilibration, and position restraints were applied to the peptide-protein complexes; subsequently,
for the NPT equilibration, the Parrinello-Rahman barostat was employed at 1 atm, and all restraints
were removed. Thereafter, all systems were subjected to a full 500 ns MD run under NPT conditions
at 303.15 K, using the Nose-Hoover thermostat with a T-coupling constant of 1 ps, and the Parrinello-
Rahman barostat at 1 atm. The Lennard-Jones potential was used to model the van der Waals
interactions with a cut-off value of 1.2 nm, long-range electrostatic interactions were calculated with
a cut-off for the real space term of 1.2 nm, and all covalent bonds were constrained using the Linear
Constraint Solver (LINCS) algorithm.

A time step of 2 fs was employed, and coordinates were saved every 5 ps for all trajectories to be
analyzed using standard GROMACS 2023.2 tools. The gmx rmsd command was used to calculate the
root mean square deviation (RMSD) of the protein backbone atoms, and gmx rms to calculate the root
mean square fluctuation (RMSF) of the protein atoms. The radius of gyration (Rg) for the backbone
atoms was calculated using the gmx gyrate tool, while the total solvent accessible surface area (SASA)
for the protein atoms was calculated using gmx sasa. Each system was replicated five times for
statistical purposes and to determine whether the peptide detached from the PALS1 PDZ domain
during the simulation. Only the last 200 ns of all simulations were used for analysis as systems
reached equilibrium after 300 ns. Visual Molecular Dynamics (VMD) software (version 1.9.3) was
used to visually assess the stability of the different complexes across their trajectories.
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2.2. Binding free energy calculations (MM/GBSA): gmx_MMPBSA

The Molecular Mechanics Generalized Born Surface Area (MM/GBSA) is a popular
computational method that estimates the binding free energy of biomolecular complexes by
calculating the potential energy of the system in a vacuum, the polar solvation energy using the
Generalized Born model, and the non-polar solvation energy based on the solvent-accessible surface
area. It uses the following expression to describe the binding free energy (AGbind):

AGpind = AEMM +AGsolvation — TAS
where AEMM is the molecular mechanics energy, which includes contributions from bonded (bond,
angle, dihedral) and non-bonded (van der Waals, electrostatic) interactions; AGsolvation is the
solvation free energy, composed of polar solvation energy (calculated using the Generalized Born
model) and non-polar solvation energy (estimated from the solvent-accessible surface area); and TAS
is the entropy contribution.

The gmx_MMPBSA package utilizes AMBER's MMPBSA..py algorithm to perform end-state free
energy calculations specifically for GROMACS files. The gmx_MMPBSA tool (v1.6.3) was used to
calculate the relative binding free energy (MMGBSA) for all complexes, using an input file containing
MMGBSA parameters, and computed at a temperature of 298.15 K and a salt concentration of 0.15 M
[46,47]. Periodic boundary conditions (PBCs) were removed from all the GROMACS output
trajectories prior to running the calculations with gmx_MMPBSA and frames corresponding to the
last 200 ns of each trajectory were selected for the calculations. The AMBER force field ff14SB, suitable
for protein-only systems, was used to calculate the internal term (AEint), van der Waals (AEvdW),
and electrostatic (AEele) energies [48]. The GB-OBC1 model was used to estimate the polar
component of the solvation energy (AGGB) [49]. The non- polar solvation free energy (AGSA) was
obtained using the equation:

AGsa=y-SASA+p
where SASA represents the solvent-accessible surface area variation of the solute molecule upon
complex formation, and y and f are empirical constants with values of 0.0072 kcal-A2mol-! and 0,
respectively [50,51]. The entropic term was calculated using the Interaction Entropy method [52].

2.3. Secondary structure analysis of the E peptides: gmx dssp

A secondary structural analysis of the E peptides was performed to understand the structural
dynamics of the peptides and to determine if the peptides underwent any conformational changes
during the simulations that could affect their binding to the PALS1 PDZ domain. The gmx dssp tool
was used to analyze the secondary structure of the different E peptides during the last 200 ns of each
trajectory. This GROMACS tool interfaces with the Define Secondary Structure of Proteins (DSSP)
program to analyze the hydrogen-bonding patterns and geometric features of the peptide backbone.
Based on the dihedral angles and hydrogen bonds, each residue is classified into the following
secondary structure elements: a-helix, 3-sheet, 310-helix, m-helix, Kk-helix, polyproline II helix (PPII),
turns, loops, and coils [53,54]. Secondary structure analysis was performed on all systems and
reported as the frequency with which each residue adopted specific secondary structure elements
over the course of the simulation.

2.4. Interaction analysis between the hCoV E peptide and PALS1 residues: M D Analysis

The types of interactions that occurred between the peptides and the peptide-binding groove of
the PDZ domain during the simulations were calculated using the MDAnalysis python library in
conjunction with previously described custom procedures [55,56]. The following continuous,
differentiable switching function was used to model the polar and hydrophobic interactions between
the peptides and PDZ domain as average coordination numbers:
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The last four residues of each peptide, which correspond to the PBM, were specified as the
residues of interest, and the function used to determine which of the PDZ domain residues interacted
with the specified PBM residues. The i and j indices ran over the specified interacting atoms of the
peptide and those of the PDZ domain peptide binding groove, with 0  strength  inj (where nj and
nj are the total number of atoms selected for the E peptide and the PALS1 PDZ domain, respectively,
able to make the chosen type of interaction). Only carbon atoms were considered for calculating
hydrophobic interactions, whereas only oxygen and nitrogen atoms interactions. In the case of salt
bridges, m-cation, and 7t-7t interactions, the same function was used, but because virtual atoms are
placed at the center of mass of aromatic rings or charged groups, ni and nj were adjusted to nj =nj =
1, resultingin 0 strength 1. The parameters a, b, and r0 were adjusted toa=6,b=12,and r0 =6 A,
5A,4 A, 55 A for hydrophobic interactions, salt bridges, mt-cation, and -t interactions, respectively.
For polar interactions, these parameters were settoa=8,b=12, and r0 =2.5 A. The values of 10 were
chosen to reflect the typical interaction distance plus the amplitude of thermal motion (e.g., ~4.5 A +
~1.5 A for hydrophobic interactions).

3. Results and Discussion

3.1. Trajectory analysis: RMSD, RMSF, Rg, SASA

The experimental complexes 7NTJ, 7NTK, 4UU5, and 4UU6 exhibited relatively comparable
behaviours during the MD simulations but the peptides in the former three nevertheless remained in
complex with the PDZ domain for the entire 500 ns simulation (Figures 1A-C, 2A-C, 4A-C, and 5A-
C). Both the 7NTJ and VNTK complexes maintained similar low average RMSD values indicative of
consistent, stable conformations throughout the simulation (Figures 1A,B, and Table S1). Across each
complex, the same residues consistently exhibited notable flexibility: the first five residues, residues
33-45, and the last seven residues, the latter corresponding to the SARS- CoV-1 and -2 E peptides
(Figure 2A,B, and Table S2). However, the higher flexibility in these regions is not unexpected since
they correspond to flexible loop regions [57,58] (Figure S1). Both E peptides were intrinsically flexible
but stable as evident by the low RMSF values of the peptides alone (Figure 3A,B, and Table S3). Both
complexes exhibited very similar Rg and SASA data, suggesting that a stable, compact tertiary
structure was maintained and that neither experienced significant conformational changes during
the simulation (Figures 4A,B, 5A,B, and Tables 54 and S5).

Conversely, the 4UU5 complex was more dynamic with moderate RMSD deviations (Figure 1C
and Table S1). The complex nevertheless remained stable and the higher RMSD deviations might
merely reflect the particularly dynamic nature of this complex under simulated conditions. The
residues across the complex were more flexible than those in the previous two complexes but the
most flexible residues were still located in the first five residues, residues 33-45, and the last eight
residues, similar to those described in the 7NTJ and 7NTK complexes (Figure 2C and Table 52). The
Crb peptide was more flexible than the E peptides of the 7NT] and 7NTK complexes as reflected by
its higher average RMSF values (Figure 3C and Table S3). Despite having experienced larger
conformational changes, the Rg and SASA values indicate that the 4UU5 complex had similar Rg and
SASA values as the 7NTJ and 7NTK complexes (Figures 4C, 5C, and Tables S4 and S5).

The RMSD values of the 4UU6 structure were consistently lower compared to the peptide-bound
complexes of 7NTJ, 7NTK, and particularly 4UUS5. This suggests that the absence of a bound peptide
and shorter terminal sequences of 4UU6 both contributed to its stable conformation throughout the
simulation (Figure 1D and Table S1). The increased structural deviations observed in the peptide-
bound complexes are likely driven by conformational adaptations required for peptide binding, as
well as the influence of flexible terminal residues absent in 4UU6. While the low RMSD values in
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4UU6 suggest structural stability, they more likely reflect the lack of peptide-induced conformational
changes and reduced terminal flexibility, rather than intrinsic stability alone. The residues along the
protein remained relatively stable, and the peaks in the RMSF data again aligned with the first five
residues and residues 33-45, similar to those observed in previous peptide-bound complexes, even in
the absence of a bound peptide (Figure 2D and Table S2). This suggests that while the observed
flexibility in these regions under simulated conditions may be a characteristic of the PDZ domain
itself, it is also likely modulated by peptide binding and terminal flexibility [59,60]. The narrow range
of Rg and SASA values reflected a compact tertiary structure with distinct secondary structure
elements that underwent minimal solvent exposure, further affirming the stability of the PDZ domain
in the absence of peptide interactions (Figures 4D and 5D, and Tables S4 and S5).

Significantly larger fluctuations based on the mean and standard deviation (SD) RMSD values of
the SARS-CoV-1 modelled E peptide-protein complex suggests that the complex was unstable and
experienced notable conformational changes during the simulation (Figure 1E and Table S1).

While the core protein residues seemed to be more stable, the C-terminal residues, which
correspond to the E peptide, exhibited much higher levels of flexibility (Figures 2E, 3E, and Table 52).
Considerable fluctuations in the Rg and SASA data is also evident that notable exposure occurred
between this complex and the solvent, suggesting that the complex did not maintain a compact
structure throughout the simulation (Figures 4E, 5E, and Tables 54 and S5). Visualization of all
replicates of this complex in VMD revealed that the SARS-CoV-1 modelled E peptide detached from
the PDZ domain during the simulation as validated by the simulation data (Figure S2).

The SARS-CoV-2 modelled E peptide-protein complex, conversely, showed considerably less
RMSD fluctuations (Figure 1F and Table S1). Across the complex, most residues were stable with
consistent RMSF values, while the first five residues, residues 33-45, and the last eight residues, as in
the previous complexes exhibited higher flexibility than the rest of the complex (Figure 2F and Table
52). However, the flexibility of the E peptide was similar to the SARS-CoV-1 modelled E peptide. The
Rg and SASA mean and SD values of the SARS-CoV-2 modelled E peptide were similar to that of the
7NTJ and 7NTK experimental complexes (Figures 4F and 5F, and Tables 54 and S5). The MERS-CoV
modelled E peptide-protein complex exhibited the most stable structure of the modelled peptide-
protein complexes with very low mean and SD RMSD values (Figure 1G and Table S1). Most of the
residues across the MERS-CoV modelled E peptide- protein complex were stable with consistent
mean and SD RMSF values, while the first five residues, residues 33-45, and the last eight residues,
similar to the previous peptide-protein complexes exhibited higher flexibility (Figure 2G and Table
S2). The E peptide of the MERS-CoV modelled E peptide-protein complex also demonstrated a
particularly low flexibility compared to the SARS-CoV-1, -2, HCoV-229E and HCoV-NL63 modelled
E peptide-protein complexes (Figure 4G and Table 54). The Rg and SASA mean and SD values of the
MERS-CoV modelled E peptide-protein complex reflect a modelled complex that maintained a
consistently stable structure with minimal solvent exposure (Figure 4G, and Tables 54 and S5).

The HCoV-229E modelled E peptide-protein complex exhibited variable results under the same
simulated conditions. Replicates 1, 4, and 5 displayed low mean and SD RMSD values comparable to
the SARS-CoV-2 and MERS-CoV modelled complexes, whereas replicates 2 and 3 showed higher
mean and SD RMSD values (Figure 1H and Table S1). Similarly, across the complexes of replicates 2
and 3, the peptide residues exhibited a much higher flexibility than the other three replicates (Figures
3H and 4H, and Tables S2 and S3). The Rg and SASA mean and SD values of replicates 1, 4, and 5 of
the HCoV-229E modelled E peptide-protein complex reflect a compact tertiary structure with
minimal solvent exposure, whereas replicates 2 and 3 displayed higher mean and SD Rg and SASA
values indicative of solvent exposure consistent with conformational changes experienced during the
simulation (Figure 4H, and Tables S4 and S5). Visualization of replicate complexes 2 and 3 in VMD
revealed that the HCoV-229E modelled E peptide detached from the PDZ domain during those
simulations as shown by the simulation data (Figure S3). The HCoV-NL63 modelled E peptide-
protein complex was the most unstable of the modelled complexes, having consistently exhibited the
highest mean and SD RMSD values compared to the other four modelled E peptide-protein
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complexes (Figure 1I and Table S1). Across the complex, the HCoV-NL63 modelled E peptide
exhibited the highest mean and SD RMSF values of the modelled peptides (Figures 2I and 3I, and
Table S2 and S3). Similarly, the high mean Rg and SASA values of the HCoV-NL63 modelled E
peptide-protein complex suggest that the complex unfolded with notably high exposure to the
solvent and did not remain compact throughout the simulation (Figures 4I and 5I, and Table 54 and
S5). In fact, visualization of simulations in VMD showed that the HCoV-NL63 modelled E peptide
detached from the PDZ domain in all replicates (Figure S4).

Figure 1. Root mean square deviation (RMSD) of the backbone atoms of the peptide-PDZ protein complexes.
Molecular dynamics (MD) simulations of 500 ns were performed to assess the stability of each of the peptide-
PDZ protein complexes. Each simulation was replicated five times. Panels (A-I) depict the backbone RMSD (nm)
of the different peptide-PDZ protein complexes across the 500 ns trajectories for each of the five replicates. (A)
Experimentally resolved structure of the SARS-CoV-1 E peptide in complex with the PALS1 PDZ domain (PDB
ID: 7NT]J), (B) Experimentally resolved structure of the SARS-CoV-2 E peptide in complex with the PALS1 PDZ
domain (PDB ID: 7NTK), (C) Experimentally resolved structure of the Crumbs (Crb) peptide in complex with
the PALS1 PDZ domain (PDB ID: 4UUS5), (D) Experimentally resolved structure of the PALS1 PDZ domain (PDB
ID: 4UU6), (E) SARS-CoV-1 modelled E peptide docked to the PALS1 PDZ domain, (F) SARS-CoV-2 modelled
E peptide docked to the PALS] PDZ domain, (G) MERS-CoV modelled E peptide docked to the PALS1 PDZ
domain, (H) HCoV-229E modelled E peptide docked to the PALS1 PDZ domain, and (I) HCoV-NL63 modelled
E peptide docked to the PALS1 PDZ domain. Different colours represent individual replicates (Replicate 1-5).

Figure 2. Root mean square fluctuation (RMSF) of the protein residues that comprise the peptide-PDZ protein
complexes. Molecular dynamics (MD) simulations of 500 ns were performed to assess the flexibility of the
residues of each peptide-PDZ protein complex. Each simulation was replicated five times. Panels (A-I) depict
the RMSF fluctuations (nm) in the protein residues of the different peptide-PDZ protein complexes across the
500 ns trajectories for each of the five replicates. Regions corresponding to the first five residues, residues 33-45,
and the last eight residues exhibited the highest flexibility. (A) Experimentally resolved structure of the SARS-
CoV-1 E peptide in complex with the PALS1 PDZ domain (PDB ID: 7NT]J), (B) Experimentally resolved structure
of the SARS-CoV-2 E peptide in complex with the PALS1 PDZ domain (PDB ID: 7NTK), (C) Experimentally
resolved structure of the Crumbs (Crb) peptide in complex with the PALS1 PDZ domain (PDB ID: 4UU5), (D)
Experimentally resolved structure of the PALS1 PDZ domain (PDB ID: 4UU6), (E) SARS-CoV-1 modelled E
peptide docked to the PALS1 PDZ domain, (F) SARS-CoV-2 modelled E peptide docked to the PALS1 PDZ
domain, (G) MERS-CoV modelled E peptide docked to the PALS1 PDZ domain, (H) HCoV-229E modelled E
peptide docked to the PALS1 PDZ domain, and (I) HCoV-NL63 modelled E peptide docked to the PALS1 PDZ

domain. Different colours represent individual replicates (Replicate 1-5).

Figure 3. Root mean square fluctuation (RMSF) of residues of the different 8-mer peptides. Molecular
dynamics (MD) simulations of 500 ns were performed to assess the flexibility of each of the peptides complexed
to the PALS1 PDZ protein. Each simulation was replicated five times. Panels (A-I) depict the RMSF fluctuations
(nm) in the residues of the different peptides complexed to the PALS1 PDZ domain across the 500 ns trajectories
for each of the five replicates. (A) Experimentally resolved structure of the SARS-CoV-1 E peptide in complex
with the PALS1 PDZ domain (PDB ID: 7NT]J), (B) Experimentally resolved structure of the SARS- CoV-2 E
peptide in complex with the PALS1 PDZ domain (PDB ID: 7NTK), (C) Experimentally resolved structure of the
Crumbs (Crb) peptide in complex with the PALS1 PDZ domain (PDB ID: 4UU5), (D) SARS-CoV-1 modelled E
peptide docked to the PALS1 PDZ domain, (E) SARS-CoV-2 modelled E peptide docked to the PALS1 PDZ
domain, (F) MERS- CoV modelled E peptide docked to the PALS1 PDZ domain, (G) HCoV-229E modelled E
peptide docked to the PALS1 PDZ domain, and (H) HCoV-NL63 modelled E peptide docked to the PALS1 PDZ

domain. Different colours represent individual replicates (Replicate 1-5).

Figure 4. Radius of gyration (Rg) of the backbone atoms of the peptide-PDZ protein complexes. Molecular
dynamics (MD) simulations were performed to assess conformational changes in each of the peptide-PDZ
protein complexes over 500 ns. Each simulation was replicated five times. Panels (A-I) depict the Rg (nm) of the
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backbone atoms of the different peptide-PDZ protein complexes across the 500 ns trajectories for each of the five
replicates. (A) Experimentally resolved structure of the SARS-CoV-1 E peptide in complex with the PALS1 PDZ
domain (PDB ID: 7NTJ), (B) Experimentally resolved structure of the SARS-CoV-2 E peptide in complex with
the PALS1 PDZ domain (PDB ID: 7NTK), (C) Experimentally resolved structure of the Crumbs (Crb) peptide in
complex with the PALS1 PDZ domain (PDB ID: 4UUS5), (D) Experimentally resolved structure of the PALS1 PDZ
domain (PDB ID: 4UUS), (E) SARS-CoV-1 modelled E peptide docked to the PALS1 PDZ domain, (F) SARS-
CoV-2 modelled E peptide docked to the PALS1 PDZ domain, (G) MERS-CoV modelled E peptide docked to
the PALS1 PDZ domain, (H) HCoV-229E modelled E peptide docked to the PALS1 PDZ domain, and (I) HCoV-
NL63 modelled E peptide docked to the PALS1 PDZ domain. Different colours represent individual
replicates (Replicate 1-5).

Figure 5. Total solvent accessible surface area (SASA) of the protein atoms for the peptide- PDZ protein
complexes. Molecular dynamics (MD) simulations were performed to assess solvent exposure of each of the
peptide-PDZ protein complexes over 500 ns. Each simulation was replicated five times. Panels (A-H) depict the
surface area (nm?) for the different peptide- PDZ protein complexes across the 500 ns trajectories for each of the
five replicates. (A) Experimentally resolved structure of the SARS-CoV-1 E peptide in complex with the PALS1
PDZ domain (PDB ID: 7NT]J), (B) Experimentally resolved structure of the SARS-CoV-2 E peptide in complex
with the PALS1 PDZ domain (PDB ID: 7NTK), (C) Experimentally resolved structure of the Crumbs (Crb)
peptide in complex with the PALS1 PDZ domain (PDB ID: 4UUS5), (D) Experimentally resolved structure of the
PALS1 PDZ domain (PDB ID: 4UU6), (E) SARS-CoV-1 modelled E peptide docked to the PALS1 PDZ domain,
(F) SARS-CoV-2 modelled E peptide docked to the PALS1 PDZ domain, (G) MERS-CoV modelled E peptide
docked to the PALS1 PDZ domain, (H) HCoV-229E modelled E peptide docked to the PALS1 PDZ domain, and
(I) HCoV-NL63 modelled E peptide docked to the PALS1 PDZ domain. Different colours represent
individual replicates (Replicate 1-5).

3.2. Binding free energy calculations (MM/GBSA)

The Crb peptide of 4UUS5 exhibited the highest predicted binding affinity (AG in kcal/mol) for
the PDZ domain, followed by the 7NTK and 7NT]J E peptides. Although previous studies measured
the binding affinities of the peptides experimentally as Kd in pM, when these were converted to AG
for comparison, their data supports the trend observed in our MM/GBSA analysis for these peptides
[36,37,41,42,61]. Li et al. [62] and Teoh et al. [23] showed that although the PDZ domain alone is
sufficient to study these interactions, Chai et al. [37] and Li et al. [62] demonstrated that the SARS-
CoV-2 E and Crb peptides, respectively, exhibit a higher binding affinity for the full-length PALS1
protein. Thus, even though the PDZ domain alone is sufficient to study the binding affinity in this
interaction, using the full-length PALSI1 protein provides a more holistic, accurate representation.
Furthermore, Ivanova et al. [34] found that a longer Crb peptide exhibited a higher binding affinity
for the PALS1 PDZ domain, motivating for the use of longer peptides, or even the full-length E
protein, to attain better insight into what drives this interaction.

Our SARS-CoV-2 modelled E peptide showed the highest average binding affinity of all
modelled E peptides and was comparable to that of the experimental 7NTK complex. Our MERS-
CoV E peptide exhibited the second lowest binding affinity and, similar to the 14-mer peptide studied
by Lo Cascio et al. [41], remained complexed to the PDZ domain throughout the simulation. However,
Javorsky et al. [36] experimentally demonstrated that this E peptide does not bind to the PALS1 PDZ
domain, and while this discrepancy does not necessarily invalidate our MM/GBSA data, it does
underpin the need to validate computational predictions experimentally. Both our SARS-CoV-1 and
HCoV-NL63 modelled E peptides exhibited no measurable binding affinity for the PDZ domain,
which supports the earlier simulation data that these modelled peptides detached during the
simulation. The average binding affinity HCoV- 229E E peptide should be interpreted with caution
since the peptide detached in only two out of the five simulation runs. This was surprising because
the 14-mer HCoV-OC43 modelled E peptide of Ivanova et al. [34] detached from the PALS1 PDZ
domain consistently during their four 500-ns simulations. This suggests that, under these simulated
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conditions, some less virulent hCoV E proteins may, in fact, be capable of binding to the PALS1 PDZ
domain whereas others might not, further demonstrating the complexity of this interaction.

Table 1. Molecular Mechanics Generalized Born Surface Area (MM/GBSA) Free Energy Calculations for Peptide-
PDZ Domain Complexes. Binding free energy calculations using Molecular Mechanics Generalized Born Surface
Area (MM/GBSA) was performed to assess the total free energy change (AG) for each peptide-PDZ protein
complex. The table shows the total AG for each peptide-PDZ protein complex, where AG was calculated based
on the formula: AG = Complex — Receptor — Ligand. The data for each peptide-PDZ protein complex is expressed
as the mean AG value * standard deviation (SD) of the five replicates and calculated during the last 200 ns of
the trajectories. 7NTJ: Experimentally resolved structure of the SARS-CoV-1 E peptide in complex with the
PALS1 PDZ domain, 7NTK: Experimentally resolved structure of the SARS-CoV-2 E peptide in complex with
the PALS1 PDZ domain, 4UU5: Experimentally resolved structure of the Crumbs (Crb) peptide in complex with
the PALS1 PDZ domain, SARS- CoV-1: SARS-CoV-1 modelled E peptide docked to the PALS1 PDZ domain,
SARS-CoV-2: SARS-CoV-2 modelled E peptide docked to the PALS1 PDZ domain, MERS-CoV: MERS-CoV
modelled E peptide docked to the PALS1 PDZ domain, HCoV-229E: HCoV-229E modelled E peptide docked to
the PALS1 PDZ domain, and HCoV-NL63: HCoV-NL63 modelled E peptide docked to the PALS1 PDZ domain.

Complex AG (kcal/mol)
(Mean + SD)
TNTJ —36.35+ 688
TNTK —36.72+ 664
4UUS —4502+779
SARS-CoV-1 —0.00 £ 0.00
SARS-CoV-2 —41.79+7.59
MERS-CoV —3521+848
HCoV-229E —1863 £ 1655
HCoV-NL63 —-0.00 £ 0.00

3.3. Secondary structure analysis of the E peptides: gmx dssp

The 7NTJ and 7NTK E peptides both adopted a predominant loop conformation, with only
residues 88-90 having adopted a slightly more rigid x-helix conformation (Figure 6A,B). More
importantly, the PBM residues (90-93) emulated this loop conformation, demonstrating both the
flexibility of the SARS-CoV-1 and -2 E peptide C-terminus and the PBM. Both E peptides exhibited
this behaviour across the 500 ns simulation, underscoring the stability of the peptide in complex with
the PALS1 PDZ domain (Figures S1A,B). This is not unusual since peptides are generally flexible by
nature and our previously generated full-length 3D models showed that the C-termini and PBMs of
these peptides adopt a flexible loop conformation [24,63-65]. The Crb peptide (4UUS5) also
consistently adopted loop conformations across its residues (Figure 6C). Interestingly, minor bend
secondary structures at residues 89-90 immediately upstream of the PBM did not seem to affect the
overall flexibility of the Crb peptide, likely because bends are typically less flexible than loop
structures, but more flexible than k-helix structures [66,67]. The Crb peptide maintained this flexible
conformation throughout the simulation, and along with the earlier trajectory data from the MD
simulations, validates the stability of the 4UU5 complex across all five replicates (Figure S1C).

The SARS-CoV-1 modelled E peptide largely adopted a loop conformation similar to the 7NT]J
E peptide, except for PBM residues 91-92 and those just upstream (89-90), which adopted more bend
and x-helical conformations (Figure 6D). The peptide maintained this conformation throughout the
simulation (Figure S1D), which, most likely explains why it detached from the PDZ domain.
Conversely, the SARS-CoV-2 modelled E peptide adopted a predominant loop conformation
comparable to the experimental 7NTK E peptide and this trend was consistent throughout all five
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simulation replicates (Figures 6E and S1E). Thus, the SARS-CoV-2 modelled E peptide seemed to be
more flexible than the modelled SARS-CoV-1 E peptide, but less so than the 7NTK E peptide.

The modelled MERS-CoV E peptide essentially adopted an almost entirely flexible loop
conformation, with only residue 89 maintaining a bend conformation (Figure 6F). However, since it
falls outside the PBM and bends are more flexible than k-helices, it likely affects neither the overall
flexibility of the PBM nor its binding capacity to the PDZ domain. This demonstrates the flexibility
of the peptide and corroborates the stability observed in the simulation parameters.

While there is no experimentally resolved complex of the MERS-CoV E peptide and PALS1 PDZ
domain for comparison, Gogl et al. [68] resolved the crystal structure of the MERS-CoV E peptide
complexed to sorting nexin-27 (SNX27). The authors noted that despite SNX27 exhibiting a preference
for class I PBMs, the class III PBM of MERS-CoV E could still bind to the SNX27 binding pocket—an
interaction they attributed to the Trp residue of the E peptide.

Interestingly, previous studies reported that the MERS-CoV E peptide binds to host proteins
with higher affinities than the SARS-CoV-1 and -2 E peptides or binds to a comparatively larger
number of host proteins [16,28,69]. Therefore, even though Javorsky et al. [36] found no binding
affinity between the MERS-CoV E peptide and PALS1 PDZ domain, our secondary structure analysis
showed that the peptide and PBM both remain highly flexible, which could facilitate its promiscuity
when binding to the PDZ domain of host cell proteins.

Overall, the HCoV-229E and HCoV-NL63 modelled E peptides exhibited a higher frequency of
rigid secondary structural elements than the other peptides (Figures 6G,H, and 6I). These elements,
however, were less rigid in the HCoV-229E E peptide as it only detached from the PDZ domain in
two of the five runs, whereas the HCoV-NL63 E peptide detached from the PDZ domain in all five
runs. In the runs where the HCoV-229E E peptide remained complexed to the PDZ domain, the
peptide adopted an overall more flexible loop conformation similar to the previous E peptides,
whereas rigid elements were more prevalent in the runs where this E peptide detached from the PDZ
domain (Figure 6G,H). Analysis of the HCoV-NL63 E peptide indicates that the higher frequency of
bends and k-helices, along with the lower frequency of loops at residues 89-91, led to its detachment
from the PDZ domain (Figure 6I). The persistent helical conformation of these residues throughout
all five runs strongly suggests that this rigidity prevented the peptide from stably binding to the PDZ
binding groove, despite the flexible loop conformation adopted by PBM residues 92-94 (Figure S5I).
Secondary structural analysis of all the E peptides suggests that while the specificity for the PDZ
domain may primarily be driven by the PBM residues, the secondary structure of the immediately
preceding residues can significantly influence the ability of the PBM to maintain a stable interaction
with the PDZ domain [70-72].

Figure 6. Frequency of secondary structural elements adopted by the peptide residues in the different peptide-
PDZ protein complexes during the last 200 ns of the molecular dynamics (MD) simulations. The secondary
structural elements adopted by each of the different E peptides were determined using the gmx dssp function in
GROMACS. Panels (A-]) illustrate the frequency of secondary structural elements—loop, bend, or helix—that
each residue of the peptide adopted during the last 200 ns of the molecular dynamics (MD) simulations. (A)
Experimentally resolved structure of the SARS-CoV-1 E peptide in complex with the PALS1 PDZ domain (PDB
ID: 7NT]J), (B) Experimentally resolved structure of the SARS-CoV-2 E peptide in complex with the PALS1 PDZ
domain (PDB ID: 7NTK), (C) Experimentally resolved structure of the Crumbs (Crb) peptide in complex with
the PALS1 PDZ domain (PDB ID: 4UU5), (D) SARS-CoV-1 modelled E peptide docked to the PALS1 PDZ
domain, (E) SARS- CoV-2 modelled E peptide docked to the PALS1 PDZ domain, (F) MERS-CoV modelled E
peptide docked to the PALS1 PDZ domain, (G) HCoV-229E modelled E peptide docked to the PALS1 PDZ
domain (runs in which the E peptide remained complexed to the PDZ domain), (H) HCoV-229E modelled E
peptide docked to the PALS1 PDZ domain (runs in which the E peptide detached from the PDZ domain), and
(I) HCoV-NL63 modelled E peptide docked to the PALS1 PDZ domain.

3.4. Interaction analysis between the hCoV E peptide and PALS1 residues: MD Analysis
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Our interaction analysis showed that the 7NTJ and 7NTK E peptides formed interactions with
PALSI1 residues consistent with what was reported by Javorsky et al. [36] who resolved these
experimental complexes (Figure 7A,B). Lo Cascio et al. [41] also reported interactions with both R272
and R282, whereas Javorsky et al. [36] and De Maio et al. [42] reported E peptide interactions with
either R272 or R282. Interestingly, these peptides also formed interactions with PALS1 residues P266,
V284, F318, and L321 which were reported by Chai et al. [37] who resolved the cryo-EM structure of
a SARS-CoV-2 18-mer E peptide complexed to the full-length PALS1 protein (PDB ID: 7M4R). The
Crb peptide of the 4UU5 complex formed the same types of interactions with the same PALS1
residues as the 7NT]J and 7NTK E peptides did, and these interactions correspond to experimentally
resolved structures of Crb in complex with either full- length PALS] or the PDZ domain alone (Figure
7C).

The detachment of the SARS-CoV-1 modelled E peptide from the PDZ domain is further evident
by the low number of interactions with PALS1 residues, none which correspond to previously
reported interactions (Figure 7D) [36,37,41,42]. This clearly demonstrates that the peptide does not
fully resemble its experimental counterpart and, in conjunction with the secondary structure data,
this model could be further refined. Conversely, the SARS-CoV-2 modelled E peptide PBM formed
interactions consistent with its experimental counterpart, thereby affirming the validity of this model
(Figure 7E). The MERS-CoV modelled E peptide also bound to many similar PALS1 residues
observed for the 7NTJ and 7NTK complexes, in agreement with what Lo Cascio et al. [41] reported
(Figure 7F). In the runs where the HCoV-229E peptide remained complexed to the PDZ domain, the
peptide formed many of the same interactions observed in the experimental structures, albeit to a
lesser extent (Figure 7G). However, in runs where the peptide detached from the PDZ domain, it only
formed interactions with two of the PALS] residues that correspond to the peptide binding groove
(Figure 7H). Similar to the SARS-CoV-1 modelled E peptide, the limited number of residues with
which the HCoV-NL63 E peptide interacted confirms that it detached from the peptide binding
groove (Figure 7H).

Figure 7. Residue-Specific Interactions Between Peptide Residues and the PALS1 PDZ Domain. Specific
interactions between the residues of the different peptide’s PDZ-binding motif (PBM) and the corresponding
residues within the PALS1 PDZ domain were analyzed during the last 200 ns of the trajectories using
MDAnalysis. The residues shown are those found on the PDZ domain, and the type of interaction formed is
indicated: hydrophobic (purple), salt bridge (navy), polar (green), and hydrogen bond (cyan). (A)
Experimentally resolved structure of the SARS-CoV-1 E peptide in complex with the PALS1 PDZ domain (PDB
ID: 7NT]J), (B) Experimentally resolved structure of the SARS-CoV-2 E peptide in complex with the PALS1 PDZ
domain (PDB ID: 7NTK), (C) Experimentally resolved structure of the Crumbs (Crb) peptide in complex with
the PALS1 PDZ domain (PDB ID: 4UU5), (D) SARS-CoV-1 modelled E peptide docked to the PALS1 PDZ
domain, (E) SARS-CoV-2 modelled E peptide docked to the PALS1 PDZ domain, (F) MERS-CoV modelled E
peptide docked to the PALS1 PDZ domain, (G) HCoV-229E modelled E peptide docked to the PALS1 PDZ
domain (runs in which E peptide remained complexed to the PDZ domain), (H) HCoV-229E modelled E peptide
docked to the PALS1 PDZ domain (runs in which E peptide detached from the PDZ domain), and (I) HCoV-
NL63 modelled E peptide docked to the PALS1 PDZ domain.

The E proteins of SARS-CoV-1 and -2 are highly conserved and their PBMs are identical, which
explains the markedly similar behaviour that the 7NTJ] and 7NTK complexes exhibited [36,73-77]. In
fact, even among the SARS-CoV-2 structural proteins, the E protein is highly conserved, reflecting
the crucial nature of its role in both the viral lifecycle and pathogenicity [75-79].

However, the sequence similarity of the E proteins between the seven hCoVs is very low [73,74].
This formed the basis for this study: can the diversity of the hCoV E proteins, with specific reference
to the PBM, explain the observed difference in their virulence? To a large extent, with the clear
exception of our SARS-CoV-1 modelled E peptide, our data shows that the E peptides of the more
virulent hCoVs form stable interactions with the peptide binding groove of the PALS1 PDZ domain
by consistently remaining in complex for the entire simulation.
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As Javorsky et al. [36] proposed, the interaction between the E peptide and PALS1 PDZ domain
is defined by the residues that make up the PBMs of the respective E proteins. Data from our study,
supported by others, demonstrate that the PBMs of the SARS-CoV-1 and -2 E proteins are indeed
functional and facilitate binding to PALSI1, thereby emulating the Crb PBM effectively
[34,36,37,41,42,62]. Accordingly, stable binding to the PALS1 PDZ domain seems to be based on the
following criteria: a negatively charged residue at the start of the PBM, followed by another residue,
thereafter a hydrophobic, potentially small residue, and another hydrophobic residue at the end. The
PBMs of Crb (E-R-L-I) and the SARS-CoV-1 and -2 E proteins (D-L-L- V) fulfill these criteria well and
the overall flexible loop conformations of the peptides validate their stable binding to the PALS1 PDZ
domain. However, the PBM of the MERS-CoV E protein (D-E-W-V) does not fully meet these criteria.
Javorsky et al. [36] proposed that the Trp residue, despite being hydrophobic, is too large and bulky,
thereby prohibiting binding to the PALS1 PDZ binding groove, unlike the smaller Leu residue found
in the Crb and SARS-CoV-1 and -2 PBMs at the same position. This, however, merely suggests that
the MERS-CoV E protein PBM might not bind to PALS1, but it is still functional as it has been shown
to bind to other several host cell proteins [16,68,80]. Neither of the PBMs of the less virulent HCoV-
229E E protein (V-I-D-F) and HCoV-NL63 (V-L-N-V), however, satisfy the binding criteria: both
PBMs start with two hydrophobic residues, followed by a charged residue, and end in a hydrophobic
residue. This would explain, in part, why the majority of our MD simulations with these two peptides
did not remain stable. Our data further demonstrates the influence of the residues immediately
preceding the PBM on the binding capacity of the peptide.

Our SARS-CoV-1 modelled E peptide consistently detached from the peptide binding groove
during our simulations, similar to what Lo Cascio et al. [41] reported for their SARS-CoV-1 modelled
E peptide. Our SARS-CoV-1 E peptide was an 8-mer and derived from a model originally generated
in Modeller, whereas Lo Cascio et al. [41] used a 14-mer peptide derived from their model generated
with Prime, which suggests that neither the modelling software nor the peptide length likely
contributed to the peptide detaching from the PDZ domain. However, Lo Cascio et al. [41] did not
report changes in the secondary structure of their peptides during their simulations but our data
suggests that our SARS-CoV-1 modelled E peptide likely detached due to the sustained rigid
secondary structural element that hampered its flexibility, which in turn affected its stability. We also
compared the energy-minimised starting structure of our modelled E peptide to that of the
experimental E peptide to determine if this may also have contributed to the observed instability of
the modelled SARS-CoV-1 E peptide during simulation. Structural alignment revealed a backbone
RMSD of 4.162 A across the full peptide, and 2.278 A across the PBM, which indicates that the
modelled peptides, although identical in amino acid sequence, adopted a different initial
conformation, including the PBM region. This may have influenced its interaction with key PALS1
residues, thereby contributing to its eventual detachment from the PDZ domain. The experimental
templates used to generate our full-length models lacked a portion of the C-terminus corresponding
to a flexible loop region, and the inherent difficulty in modelling such regions may also be a factor.
Moreover, these templates are incomplete, as they also lack some N-terminal residues, which further
justified the need to generate full-length models of the SARS-CoV-1 and -2 E proteins for our analyses.
There are currently no full-length experimentally resolved models of the hCoV E protein. We also
validated the full-length E protein models in our previous study by superimposing them onto their
respective experimental templates and the RMSD analysis showed low structural deviation,
supporting the overall reliability of the models. While we believe the model remains suitable for
exploratory analyses, it likely represents only one of several possible conformational states of the
SARS-CoV-1 E protein. We therefore advise caution in using this model for tasks that require high-
confidence atomic detail in flexible regions.

From our previous study, we anticipated also that the helical element located immediately
upstream of the PBM of the HCoV-229E and HCoV-NL63 E proteins would, in part, impede binding
to the PALS1 PDZ domain, and data from this study supports this [24]. If this property was also a
feature of the HCoV-OC43 E protein, it might explain why the 14-mer HCoV-OC43 E peptide of Lo
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Cascio et al. [41] detached from the PALS1 PDZ domain in four different MD runs. In support of this,
Zhu et al. [81] investigated the impact of the P71L mutation in the SARS-CoV-2 beta variant E protein
on its binding affinity with various host proteins, including zonula occludens-1 (ZO-1), membrane
protein palmitoylated 5 (MPP5/PALS1), ligand of numb protein X 2 (LNX2), partitioning-defective
protein 3 (PARD3), and afadin (AF6/MLLT4).

Located immediately upstream of the E protein's PBM, this mutation exhibited varied effects: it
reduced the E protein’s binding affinity for ZO-1, enhanced it for LNX2, eliminated binding to
PARD3 and MLLT4, and did not affect the affinity for MPP5. Although the study did not assess the
impact of the mutation on the E protein secondary structure, it underscored the influence of residues
immediately upstream of the E PBM in modulating host protein interactions.

Although the PBM of the HCoV-229E E protein does not fit the binding criteria, the preceding
residues allowed it to adopt a flexible enough conformation that resulted in a stable interaction with
the PALS1 PDZ domain as three of our five runs demonstrated. Furthermore, within the context of
the model presented by Teoh et al. [23], this data suggests that HCoV-229E could potentially
redistribute PALS1 away from TJs and contribute to the desquamation of the alveolar wall similar to
what SARS-CoV-1 was reported to do. This could facilitate the spread of HCoV- 229E from the lungs
to neural tissue, allowing it to become neuroinvasive as previous studies have shown to be plausible
[82-86]. Conversely, neither the composition of the HCoV-NL63 E protein PBM, nor the conformation
of the preceding residues permit it to adopt a flexible enough conformation that would form a stable
interaction with the PALS1 PDZ domain. This merely demonstrates the inability of the HCoV-NL63
E protein to create a stable interaction with PALS1 and does not mean that it is incapable of interacting
with the PDZ domains of other host cell proteins. Moreover, there is currently no clinical evidence to
suggest that HCoV-NL63 can spread to other tissues, aligning to the extra-pulmonary dissemination
model proposed by Teoh et al. [23]. It is important to note that the data from our simulations merely
suggest that the E proteins of HCoV-NL63, and HCoV-229E to some extent, are unable to form stable
interactions with the PALS1 PDZ domain under simulated conditions.

Indeed, the genetic variability in the hCoV E proteins clearly plays a significant role in their
virulence and previous studies have already demonstrated the importance of the PBM in viral
pathogenesis. Studies that used a recombinant SARS-CoV-1 (rSARS-CoV-1) virus from which the E
gene (AE) or its PBM (APBM) was deleted or the E PBM mutated (mutPBM) reported a significant
reduction in the associated pathology [6,87]. Mice infected with these rSARS-CoV-1 variants
experienced less inflammation, decreased levels of pulmonary edema, and had a higher survival rate.
More importantly, viruses lacking only the E PBM, either through deletion or mutation, reverted by
restoring the original PBM sequence at the E protein C-terminus, whereas viruses lacking the entire
E gene partially duplicated the M gene to produce a chimeric protein that restored the E protein
function [87]. No revertant mutants were reported yet for SARS-CoV- 2 E. We also only found one
study that investigated the importance of the E protein PBM in one of the less virulent hCoVs [88].
While not as detailed as the previous SARS-CoV-1 studies, the study reported that mice infected with
a recombinant HCoV-OC43 E mutPBM neither gained weight, nor showed signs of neurological
disease compared to the reference virus. These findings are limited but they clearly highlight the
critical nature of the E protein and its PBM in viral pathogenesis.

4. Conclusions

To the best of our knowledge, our paper is the first to perform MD simulations on the
experimental structures 7NTJ, 7NTK, and 4UU6, and compare them to modelled E peptide- protein
complexes to study the difference in virulence between the different hCoVs. Our study demonstrated
that the E-PALSI interaction is complex by highlighting the influence of the PBM residue composition
as well as the residues immediately upstream of the PBM which may adopt a flexible loop secondary
structure that can contribute to the stability of this interaction. The interactions simulated in this study
will need to be validated both in vitro and in vivo, but it does form the basis for further exploration of
the extent to the E-PALSI interaction can contribute to the potential spread of hCoVs from the lungs
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to other organs during an infection. This, in turn, can provide a platform for a potential pan-
coronavirus treatment which can target several hCoVs and, based on the functions of the E protein,
not only limit the associated pathology, but also reduce viral transmission by impeding viral
assembly and release.
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