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Homologous to E6AP carboxyl-terminus (HECT)-type E3 ligase performs ubiquitin (Ub)-proteasomal protein
degradation via forming a complex with E2~Ub. Enveloped viruses including SARS-CoV-2 escape from the
infected cells by harnessing the E-class vacuolar protein-sorting (ESCRT) machinery and mimic the cellular
system through PPAY motif-based linking to HECT Ub ligase activity. In the present study, we have characterized
the binding pattern of E2U>5® to HECT domains of NEDD4L, WWP1, WWP2, HECW1, and HECW2 through in
silico analysis to isolate the EZUbCHSB—speciﬁc peptide inhibitors that may target SARS-CoV-2 viral egression.
Molecular dynamics analysis revealed more opening of EZUbCHSB—binding pocket upon binding to HECTNEPP4L,
HECTWWPl, HECTWWPZ, HECTHECWI, and HECTMECW2, We observed similar binding pattern for E2UPeH5B 54
mentioned HECT domains as previously reported for HECTNEPPAL where Trp762, Trp709, and Trp657 residues of
HECTNEDD4L, HECTYWP1  and HECTYWP? are involved in making contacts with Ser94 residue of EQUbCHSB,
Similarly, corresponding to HECTNEPD4L Tyr756 residue, HECTWWP HECTWWP2 HECTHECW! and HECTHECWZ.
specific Phe703, Phe651, Phel1387, and Phel353 residues execute interaction with E2UPeHSB oyp analysis sug-
gests that corresponding to Cys942 of HECTEPPL, Cys890, Cys838, Cys1574, and Cys1540 residues of
HECTWWPl, HECTWWPZ, HECTHECWI, and HECTHEcwz, respectively are involved in E2-to-E3 Ub transfer.
Furthermore, MM-PBSA free energy calculations revealed favorable energy values for E2UPHSB HECT complexes
along with the individual residue contributions. Subsequently, two E2"P*M5B_derived peptides (His55-Phe69 and
Asn81-Ala96) were tested for their binding abilities against HECT domains of NEDD4L, WWP1, WWP2, HECW1,
and HECW2. Their binding was validated through substitution of Phe62, Pro65, Ile84, and Cys85 residues into
Ala, which revealed an impaired binding, suggesting that the proposed peptide ligands may selectively target E2-
HECT binding and Ub-transfer. Collectively, we propose that peptide-driven blocking of E2-to-HECT Ub loading
may limit SARS-CoV-2 egression and spread in the host cells.

[14-16]. The HECT domain is localized at the C-terminal region of
HECT-type E3 ligase and exhibits two structural “lobes” tethered by a
flexible linker [13]. The N-terminal “N-lobe” associates with the E2

1. Introduction

Ubiquitin (Ub) ligases (E3s) regulate the modification sites and the

selectivity of target proteins [1-4]. Hence, E3 ligases are the vital
specificity factors in Ub signaling and attractive targets for therapeutic
applications [5-9]. Homologous to E6AP carboxyl-terminus (HECT)
domain Ub ligases (E3s) assist in the Ub transfer to the substrate by
forming an Ub thioester intermediate during catalysis [10]. Any dysre-
gulation of HECT-type E3s is closely associated with certain human
disorders, including cancer, neurological, and immune disorders
[11-13]. The enzyme activity of the HECT-E3 ligases has been linked to
the cell egression phase of several RNA viruses through hijacking the
endosomal sorting complexes required for the transport machinery
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distal region, while the C-terminal “C-lobe™ contains a HECT catalytic
Cys, which receives Ub molecule from the E2 to form a thioester-linked
E3~Ub complex.

Approximately 30 HECT E3s in humans act by selectively interacting
with distinct E2s and subsequently catalyzing target ubiquitination [3].
HECT-type E3s can be further grouped into several subfamilies based on
their distinct N-terminal domains. Among them, NEDD4 (Neuronal
precursor cell-expressed developmentally downregulated 4) family is
the largest and the best characterized [7,8]. NEDD4 family exhibits 9
members (WWP1/2, NEDD4/NEDD4L, SMURF1/2, HECW1/2, and Itch)
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with a common N-terminal domain architecture by harboring a C2
domain and 2-4 WW domains that regulate subcellular localization and
substrate recognition, respectively [14]. HECT E3 NEDD4 Like E3
Ubiquitin Protein Ligase (NEDD4L) binds and receives Ub from a subset
of E2s, including Ub-conjugating Enzymes UbcH5B and Ube2E3 [8].

Recent reports have shown that HECT family members physically
associate with certain viral proteins to modulate the release of mature
viral particles through the ESCRT (Endosomal Sorting Complex
Required for Transport) machinery and regulate endocytosis through
ubiquitination [17]. In addition to the lungs of affected patients and
COVID-19 mouse models, the mRNA of NEDD4 family members is
overexpressed in COVID-19 patients in nasopharyngeal and oropha-
ryngeal swab cells [18]. SARS-CoV-2 is a novel virus with a spherical
form and mushroom-shaped proteins on its outer surface known as
spikes [19]. SARS-CoV-2 primarily transmits through saliva, droplets, or
discharges from an infected person’s nose upon coughing or sneezing.
Covid-19 has been linked to more than 0.5 billion cases worldwide, with
an estimated 6.2 million deaths, and many potential lead molecules are
under investigation to combat Covid-19 [20-22]. The N-terminal region
of SARS-CoV-2 spike protein contains a PPxY L-domain motif that can
hijack the host WW-domain of NEDD4 E3 Ub ligases and, ultimately, the
ESCRT complex to enhance virus budding and spread [18]. More
importantly, this motif is absent in SARS-CoV, which may explain why
SARS-CoV-2 is more contagious than SARS-CoV [23]. Although the
COVID-19 pathogenesis is still under investigation, it is evident that
innate immunity plays a critical role in the protective or destructive
responses to SARS-CoV-2 infection [24]. Thus, HECT family members
can influence the outcome and natural history of the COVID-19 infec-
tion, as well as non-cell autonomous antiviral defense mechanisms.

The precise mechanism of HECT domain-containing proteins in
promoting the SARS-CoV-2 egression and spread via ESCRT machinery
is highly ambiguous. The investigations of the dynamic properties of
molecular systems are not easily accessible through experimental
methods, especially for the larger macromolecular complexes like
HECT-E2; therefore, they can only be characterized through computa-
tional means. In this study, a wide range of Bioinformatics approaches
have been employed to comprehend the comparative binding patterns of
E2 and HECT domains of NEDD4L, WWP1, WWP2, HECW1, and
HECW2. Furthermore, a detailed MM-PBSA free energy analysis [25-29]
has been performed using E2UbHSB HECT, Subsequently, we proposed
E2-derived peptides that may selectively target HECT and E2 binding
site and block viral budding and release via the egress pathway. Overall,
the current study may provide a basis for preclinical support and serve as
a possible therapeutic option for managing and treating COVID-19.

2. Methodology
2.1. Sequence and structure-based study

Protein sequences of NEDD4L, WWP1, WWP2, HECW1, and HECW2
were retrieved through UniProtKB/Swiss-Prot database (http://www.
uniprot.org/). Multiple sequence alignment was performed using
FASTA sequences of HECT domains of NEDD4L, WWP1, WWP2,
HECW1, and HECW2 through ClustalW tool [30]. BLOSUM substitution
matrix with a gap opening penalty (10) and gap extension penalty (0.1)
was used. GeneDoc tool was utilized to visualize and manipulate the
resulted alignments [31,32]. 3-Dimensional (3D) coordinates of human
E2UPHSB (PDB entry: 2CLW; Resolution: 1.95 A), E2UP°HSE.NEDDAL
(PDB entry: 3JWO0; Resolution: 3.10 /i’\), WWP1 (PDB entry: 5HPS; Res-
olution: 2.05 10\), and WWP2 (PDB entry: 5TJ8; Resolution: 2.30 A) were
retrieved through Protein data bank [33]. The energy minimization was
carried out by UCSF Chimera 1.13.1 [30] using Amber force field.

Comparative modeling is the most accurate computational approach
to generate a reliable tertiary protein structure in the case where no
known experimentally determined structure exists [34,35]. For this
purpose, primary protein sequences for HECW1 and HECW2 were
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subjected to BLAST search against PDB database for suitable template(s)
search. 3D structures of HECW1 and HECW2 were predicted by MOD-
ELLER 9.14 [36] using NEDD4 (PDB ID: 4BBN-A) as a template with
sequence identities of 48.94% and 50.13%, respectively (Table S1).
MolProbity [37], ProQ [38], ERRAT [39], ProSA-Web [40] and Ver-
ify3D [41] tools were utilized to validate the predicted 3D models, fol-
lowed by model refinements using WinCoot [42]. Afterwards, geometry
optimization was carried out using UCSF Chimera 1.13.1. ERRAT esti-
mates structure by calculating non-bonded interactions between carbon,
nitrogen and oxygen atoms [39]. The Verify3D server estimates the
model quality by comparing 3D-1D profile with good quality known
structures. The Z-score calculates model quality by comparing it with
the known protein structures [41].

2.2. Molecular docking analysis

Molecular docking analysis of E2UPM%B against WWP1, WWP2,
HECW1, and HECW2 was accomplished using PatchDock server [43].
HECT domains were assigned as receptor molecules and peptides as
ligand molecules, whereas other parameters were set as default. Patch-
Dock divides the molecules into concave, convex and flat patches in the
form of a Connolly dot surface representation [44]. Subsequently, these
complementary patches are compared to generate candidate trans-
formations that are characterized by a scoring function that considers
both geometric fit and atomic desolvation energy [45]. Later on, an
RMSD clustering is applied to the candidate solutions to discard the
redundant solutions. The usage of advanced data structure and spatial
pattern detection techniques including geometric hashing and pose
clustering yields an optimized binding pose. Furthermore, a refinement
and re-scoring tool FireDock was used to check the specificity of the
respective interacting protein, which generates a list of ranked models
based on their interaction scores, and may distinguish the proper model
in first place [46]. E2UPCHSB NEDDA4L, (PDB ID: 3JWO0) structure was used
as a reference for this study. UCSF Chimera 1.13.1 and DIMplot
embedded in LigPlus [47] were employed to analyze the residual in-
teractions, such as hydrogen bonding, bond length, hydrophobic and
electrostatic interaction.

2.3. Molecular dynamics simulation analysis

In order to gain a deep insight into the mechanism of E2UPCHB
binding to HECT-type E3s, NEDD4L-E2 (PDB ID: 3JW0), WWP1-E2,
WWP2-E2, HECW1-E2, and HECW2-E2 complexes were subjected to
150 ns molecular dynamics (MD) simulations. The best docked com-
plexes were simulated to evaluate the stability, folding, conformational
changes and dynamic behavior of the interacting proteins. All MD
simulations were executed through Groningen Machine for Chemicals
Simulation (GROMACS 5.1.4) package [48], installed on a Dell Precision
workstation by Amber force field. Briefly, system was solvated by TIP4P
water model [49] in a periodic box using a minimum distance of 1 nm,
followed by the addition of counter ions (Na™ and Cl™) to neutralize the
system. Prior to run MD simulations, initial steric clashes were removed
by energy minimization (500 steps) through steepest descent algorithm.
System was equilibrated for 1000 ps at 300 K and 1 bar pressure in NVT
[50] and NPT [51] ensembles, respectively. Particle Mesh Ewald (PME)
algorithm was employed to analyze the long-range electrostatic in-
teractions [52]. Subsequently, PDB files were generated for every 10 ns
time interval to investigate the time-dependent behavior and stability of
each system. All MD trajectories were analyzed using UCSF Chimera,
PyMol (http://www.pymol.org) and GROMACS. GROMACS modules
such as g rmsd, g rmsf, g hbond, g energy, g gyrate, and g sasa were utilized
to analyze the stability and behavior of each system [53-55].

2.4. Principal component analysis

To identify the configuration space of inharmonic motion with only a
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few degrees of freedom, principal components analysis (PCA) or essen-
tial dynamics (ED) were used to reduce the dimensionality of the MD
simulations data [56]. PCA is a method for analyzing the MD trajectory
and determining the dominant modes in the overall molecular motion.
The most important eigenvector projection in Cartesian trajectory co-
ordinates was used to identify the motion of structures in a multidi-
mensional space [57]. In the ED analysis, we created a covariance matrix
of backbone Ca-atoms simulation trajectories for apo-E2 and E2-bound
HECT proteins by removing rotational and translational movements.
Moreover, the eigenvectors and eigenvalues of the covariance matrices,
as well as the projections of the first two principal components were
computed. The PCA was accomplished using GROMACS built-in utilities
such as gmx_covar and gmx_anaeig.

2.5. Binding free energy calculation

In order to calculate the binding free energy of the system, Poisson-
Boltzmann or generalized Born and surface area continuum solvation
(MM/PBSA) method [58] was employed. It improves docking energy via
incorporating protein flexibility and provides an inclusive energy
composition. The equation [1] is used to calculate the binding free en-
ergy of ligand-protein complexes:

AGbinding = Gcomplex - (Gprolein + Gligand) [1]

Gprotein and Giiganq are the total energies of separated protein and
ligand in the solvent, respectively; whereas, Geomplex is the total free
energy of the protein-ligand complex. The free energies for each indi-
vidual Geomplex> Gprotein and Giigang Were estimated by:

Gx = (Emm) + Gsolvation [2]

Where x is the protein-ligand complex. Ggolvation is the free energy of
solvation and Eppy is the molecular mechanics energy. The molecular
mechanics potential energy was calculated in vacuum as follows:

EmM = Ebonded + Enon-bonded = Ebonded + (Evaw + Eelec) [3]

Ebonded is the bonded interaction, including angle, bond, dihedral
and improper interactions; whereas, Ejonbonded iS the non-bonded
interaction that comprises of electrostatic (Eelec) and van der Waals
(Evaw) interactions. The solvation free energy (Gsolvation) Was calculated
as the sum of electrostatic solvation free energy (Gpolar) and apolar
solvation free energy (Gnon-polar):

Gsolvation = Gp()lar + Gnon—polar [4]

Gpolar was estimated using the Poisson-Boltzmann (PB) equation [59]
and Guon-polar Was computed using a solvent accessible surface area
(SASA) as follows:

Gnon-polar = VSASA +b [5]

Here, vy is a coefficient related to surface tension of the solvent and b is
fitting parameter.

2.6. Selection of peptide inhibitors

The coordinates of E2-specific interaction regions (His55-Phe69 and
Asn81-Ala96) involved in binding to HECT domains were manually
cleaved and saved into a separate file. The energy minimization of these
peptides was carried out by UCSF Chimera 1.13.1 using Amber force
field. The physicochemical properties of these peptides, including mo-
lecular weight, iso-electric point, net charge, average hydrophilicity and
ratio of hydrophilic residues/total number of residues were analyzed
using Peptide Calculator tool (www.bachem.com/knowledge-center/
peptide-calculator/). Peptides may have problems such as truncated
side chains that can lead to non-integral net charges. Charge assignment
requires explicit hydrogens, which were added by AddH and Add Charge
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options of UCSF Chimera version 1.13.1 using the AMBER ff14SB force
field. These peptides were re-evaluated for binding to NEDD4L, WWP1,
WWP2, HECW1, and HECW2 through PatchDock server [43] and the
specificity of the respective interacting protein was checked via Fire-
Dock [46].

2.7. Effects of mutation on protein function

In order to select residues for mutational analysis, we recruited six
distinct Bioinformatics tools namely, SIFT (Sorting Intolerant From
Tolerant) [60,61] (https://sift.jevi.org/www/SIFT seq_submit2.html),
PANTHER (Protein Analysis Through Evolutionary Relationship) [62]
(https://www.pantherdb.org/tools), PolyPhen-2 (Polymorphism Phe-
notyping  v2) [63] (https://genetics.bwh.harvard.edu/pph2/),
SNPs&GO [64] (https://snps.biofold.org/snps-and-go/snps-and-go.
html), PROVEAN (Protein Variation Effect Analyzer) [65] (https
://provean.jcvi.org/index.php), and PredictSNP [66] (https://loschmi
dt.chemi.muni.cz/predictsnp) to predict the functional effects caused
by the mutations induced in the E2 peptide inhibitors. These findings
ensured the accuracy and stringency of the results and we considered
those mutations as high-risk, which were anticipated as deleterious by
all the six programs.

SIFT server uses sequence homology to interpret the effect of amino
acid substitution to identify the tolerated and deleterious SNPs. Substi-
tution of amino acid at a particular position with a probability <0.05 is
considered as deleterious and intolerant, whereas, probability >0.05 is
predicted as tolerant [67]. PANTHER program classifies the proteins on
the basis of evolutionary relationship, molecular functions and their
interactions with other proteins. It analyzes substitution based on po-
sition specific evolutionary conservation scores, which is calculated
from alignment of various proteins that are evolutionarily related [62].
PolyPhen-2 predicts the functional effect of amino acid substitutions on
the protein structure and functions based on sequence-based charac-
terization [63]. I-Mutant 3.0 is based on the Support Vector Machine
(SVM) protocol that assesses the change in the protein stability upon
point mutation in the form of free energy change (i.e., Gibb’s free energy
(DDG) values) [68]. SNPs&GO server estimates the human disease
related mutations based on the support vector machines (SVM) [64].
PROVEAN is a web server that uses sequence homology to predict the
functional effect of an amino acid substitution. The cutoff value of
PROVEAN is set at —2.5. Amino acid substitutions that exceed the cut off
value were considered as deleterious [65]. PredictSNP tool is a
consensus SNP classifier, developed by exploiting six prediction pro-
grams (MAPP, PhD-SNP, PolyPhen-1, PolyPhen-2, SIFT and SNAP) to
predict the disease related mutations [66]. Additionally, I-Mutant 3.0
[69] and MutPred [70] servers were employed to predict the influence
of mutations on the protein stability.

In order to check the reliability of the E2-derived peptide inhibitors,
Phe62 and Pro65 residues of peptide inhibitor-1 (His55-Phe69) and
lle84 and Cys85 residues of peptide inhibitor-2 (Asn81-Ala96) were
substituted into Alanine via MODELLER 9.14 [36] and redocked them
against NEDD4L, WWP1, WWP2, HECW1, and HECW2 via PatchDock
server for structural analysis.

3. Results
3.1. Comparative sequence analysis

HECT domains of NEDD4L, WWP1, WWP2, HECW1, and HECW2
share 48-52% sequence similarity with each other, whereas WWP1 and
WWP2 exhibit 92.5%, while HECW1 and HECW2 contain 83.5% simi-
larity (Fig. 1A). The sequentially conserved residues among NEDDA4L,
WWP1, WWP2, HECW1, and HECW2 may help to delineate their
structural and functional relationships. In order to elucidate the binding
patterns of HECT-type E3s and E2U"™B, 3D structures of HECW1 and
HECW?2 were modeled using NEDD4 coordinates as template (Table S1).
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Fig. 1. Multiple sequence alignment analysis for HECT family members. (A) CTD sequence alignment for HECT family members through ClustalW. The arrows
depict conserved residues in reference to HECTVEPP#E that are involved in E2 binding. The numbering can be referred to UniProtKB. (B) 3D structures of HECT family
members that are depicted in surface view along with conserved residues labeled in black color. NEDD4L, WWP1, WWP2, HECW1, and HECW2 are represented in

yellow, pink, orange, green, and purple colors, respectively.

The efficacy and reliability of the predicted structures was evaluated by
Ramachandran plot, which indicated the existence of 90-95% residues
in the favored regions. Subsequent outlier removal and poor rotamer
correction refined the predicted models (Table S2). The structures were
evaluated through ProSA-web [40]. Verify3D server was utilized to es-
timate the model(s) quality by comparing it with good quality struc-
tures. For all the predicted models, the calculated Z-scores were within

the acceptable range (—3.8 to —7.04). The ERRAT derived values for
HECW1 and HECW2 were 85.139 and 80.495, respectively.

The surface views of HECTV*PP4 HECTWWP!, HECTYWF?, HEC-
THECWL " and HECTHECW2 structures depict the conserved residues in the
identical regions (Fig. 1B).



Table 1

Interaction analysis for E2UPB and HECT E3s.

Complex Hydrogen bonds E2-specific hydrophobic interactions HECT-specific hydrophobic interactions Binding Energy
between E2 and HECT (kcal/mol)
E3s

E2-NEDD4L Leu3:GIn787 Ala2, Lys4, Arg5, Phe31, Thr58, Asp59, Pro64, Asn79, Ser83, Arg90, Pro95, Tyr756, Leu760, Trp762, Leu771, Met774, Asp778, Glu780, Tyr807, Asn871, Glu928, Trp930, PDB ID: 3JW0
Lys8:Asp772 Ala96, Aspl16, Pro121 Ser942, Phe943
Phe62:Ser759
Lys63:Asp753
Lys63:Glu755
Pro118:His940
Leul19:Arg945

E2-WWP1 Thr58:Glu729 Metl, Phe31, Pro57, Asp59, Phe62, Lys63, Pro64, Pro65, Lys66, Arg90, Asp700, Thr701, Glu702, Asn705, Ser706, Trp709, Gly719, Leu720, Met722, Ser725, Val726, —22.60
Pro118:Arg819 Ser91, GIn92, Trp93, Ser94, Pro95, Ala96, Pro121 Asp727, Met728, Val734, Arg767, Cys890, Phe891

E2-WWP2 Thr58:Asp675 Met1, His55, Phe56, Pro57, Asp59, Lys63, Pro64, Pro65, Val67, Ala68, Pro574, Gly583, Lys584, Asn585, GIn590, 1le597, Pro649, Phe651, Trp657, Cys666, Gly667, —22.56
Phe62:Ser654 Asn79, Asn81, Gly82, Ser83, Asp87, Arg90, GIn92, Trp93, Ser94, Pro95, Leu668, Glu669, Leu670, Ile673, GIn674, Met676, Leu679, Val682, Thr684, Tyr704, Asn816
Lys66:Glu677 Aspl16, Aspl117, Pro121
Ser91:Ala582
Ser91:1le647
Ser91:Asp648
Ser91:Glu650

E2-HECW1 Met1:Thr1408 Ala2, Leu3, Asp29, Phe31, Asp59, Phe62, Lys63, Pro64, Val67, Asn79, Ile84, Asp1384, Glu1386, Phe1387, Ser1390, Met1394, Leu1403, Leu1405, Thr1406, Val1409, Glu1411, -31.56
Lys4:Glu1419 Cys85, Arg90, Trp93, Pro95, Asp116, Asp117, Prol118, Leul19, Val120, Val1417, Tyr1439, Met1443, Gly1503, Asn1552, Glu1560, Lys1561, Trp1562, Arg1570, Thr1573,
Thr58:Glu1412 Prol21 Cys1574, Phel575, Argl577
Lys66:Ser1551
Asn81:Argl555
Ser83:Argl1555

E2-HECW2 Asp29:Glul358 Met1, Phe31, Val49, Phe51, Ile54, His55, Asp59, Pro64, Val67, Ala68, Phel353, Trp1359, Asp1362, 1le1368, Leul371, Trp1528, Leul534, Ala1537, Thr1539, Phel541, —30.27

His32:GIn1355
Thr53:Ser1356
Thr58:Ser1567
Thr58:Thr1568
Phe62:Arg1536
Lys63:Phe1499
Lys66:Glu1351
Arg72:Leul369
Arg72:Asp1370
Asn81:Argl413
Ser83:Glu1352
Arg90:Ser1517
Arg90:Asn1518
Arg90:His1538
Trp93:Argl536
Met147:Asp1367

Thr70, Thr71, Asp87, Leu89, Ser91, Pro95, Val126, Tyr145 and Alal46

Glul565, Thr1566, Leul571

70 pyoz S

099501 (220Z) 9% 1 2uIpa pup A30]01g Ul somdwio)
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3.2. Comparative interaction analysis of E2 with HECT E3s

Through PatchDock analysis, the 10 best docking solutions were
designated for the additional enhancement and rescoring scrutiny by
FireDock algorithm. For the optimal clusters of E2 and WWP1, WWP2,
HECW1, and HECW2 complexes, the statistical scores obtained by
PatchDock server were illustrated in Table 1, which depicted a similar
binding pattern to that of E2-NEDD4L complex (PDB ID: 3JWO0). In all
complexes, we observed the involvements of E2-specific Metl, Leu3,
Phe31, Thr58, Asp59, Phe62, Lys63, Pro64, Lys66, Asn79, Ser83, Arg90,
Pro95, Ala96, Asp116, Pro118, Leul19, and Pro121 residues in HECT E3
binding (Fig. 2). To further characterize the E2 and HECT E3 interaction,
we mapped the E2-specific probable regions required for HECT E3
binding.

3.3. Molecular dynamics simulation analysis

To further characterize the stability, folding, conformational ad-
justments, and dynamic behavior of NEDD4L, WWP1, WWP2, HECW1,
and HECW2 upon binding to E2UbCH5B, MD simulation assays were

Computers in Biology and Medicine 146 (2022) 105660

performed. The stability of secondary structure elements, extent of
binding mode, and conformational changes of the simulated complexes
were assessed by plotting RMSD (Root Mean Square Deviations), RMSF
(Root Mean Square Fluctuations), hydrogen bonding, potential energy
plots, Rg (Radius of gyration), SASA (Solvent-Accessible Surface Area),
and PCA.

3.3.1. Structural stability and flexibility analyses

RMSD for each complex was measured for 150 ns time scale using
apo-E2 as a reference. During MD simulation assays, the average Ca
RMSD values for NEDD4L-E2, WWP1-E2, WWP2-E2, HECW1-E2, and
HECW2-E2 complexes were below 10 A, suggesting the system stability
in all cases (Fig. 3A). Our analysis specified that backbone RMSD profiles
for E2UPH5E_bound WWP2 and HECW1 complexes exhibited a moderate
increase in the overall deviation (up to 11 10\), indicating more structural
flexibility during binding. However, later on, both systems gained sta-
bility at 70 ns, respectively (Fig. 3A).

Subsequent RMSF analysis indicated residual flexibility upon
E2YH5 binding to HECT E3s (Fig. 3B & C). In E2-bound NEDDAL
complex, more prominent fluctuations were observed in Val26-Gly27,

& 1"
‘% '°6>
AThr58 % gg,

Phe62
* Asp5 ’

p ?\50 }%AsnSlG"
Ser654 5582
vasYiA Asp648 _
V& e |l€64 Cys 8" A

)

Fig. 2. Binding mode analysis for E2 and HECT domains of NEDD4L, WWP1, WWP2, HECW1, and HECW2. Optimal docked complexes of (A) E2-WWP1, (B)
E2-WWP2, (C) E2-NEDDA4L, (D) E2-HECW1, and (E) E2-HECW2. E2 is shown in cyan colored ribbon, while the interacting residues are indicated in dark blue sticks.
NEDD4L, WWP1, WWP2, HECW1, and HECW2 structures are shown in yellow, pink, orange, green and purple ribbons, respectively, while their respective inter-
acting residues are represented in the ball and stick mode. The interacting residues of E2 and HECTs are labeled in blue and black color, respectively.
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Fig. 3. Plots to investigate the stability, fluctuations, hydrogen bond, and potential energy for apo-E2 and E2-bound NEDD4L, WWP1, WWP2, HECW1 and
HECW2. (A) RMSD plotted as a time function. (B) Comparative RMSF plots for apo-E2 and E2-bound forms of NEDD4L, WWP1, WWP2, HECW1 and HECW2. (C)
Comparative analysis of the most fluctuating residues is illustrated by bar chart. (D) Intermolecular hydrogen bonding pattern plot. (E) Potential energy plots of E2-
HECT complexes. Apo-E2, E2-NEDD4L, E2-WWP1, E2-WWP2, E2-HECW1, and E2-HECW2 are represented in blue, yellow, pink, orange, green, and purple colors,

respectively.

Pro40-Asn41, Ile84, Asn114-Prol15, Pro121, and Alal24-Met147 (2.1
A-2.7 A) regions, while residues involved in E2-binding remained stable
throughout the simulation time. In case of E2-WWP1, major fluctuations
(up to 4.0 A) were observed in Ser43-Gly48, Ile73-Gly82, and Asp117-
Tyr145 regions (Fig. 3B and C), while E2 residues involved in binding
(Phe31, Pro57-Arg72, and Ser83-Asnl14) remained stable during the
course of simulation. In case of E2-WWP2, major fluctuations were
detected in Asp29-Met30, Ser43- Gly48, Arg72-Leu86, and Aspll7-
Tyr145 residues (up to 3 A), while residues involved in E2-binding
(His55-Val67, and 1le88-Asn114) were quite stable (Fig. 3B). In E2-
HECW1 complex, fluctuations were more common in Glu9-Cys23 (3.8
A), Asp29-Phe31 (3.2 A), Pro44-Gly48 (2.1 &), Tyr74-1le84 (2.8 A) and
Asp117-Met147 (3.6 A) regions, located in the immediate vicinity of the
binding region (Fig. 3B and C). Correspondingly, in HECW2, Prol7,
GIn20, Met30, Pro44, and Pro118-Met147 exhibited higher fluctuation
rate (1.2./?\-1.5;%) as compared to other simulated systems, while residues
involved in E2-binding were quite stable throughout the simulation
time. These results specified that predominant fluctuations occurred in
the loop region, while minor fluctuations were observed in the a-domain
of E2. The p-domain of E2 remained conserved, which is crucial for the
binding stabilization of HECT proteins.

Furthermore, simulated trajectories of E2-bound NEDD4L, WWP1,

WWP2, HECW1, and HECW2 complexes were examined for hydrogen
bonding shifts. Inclusively, hydrogen bond interaction pattern remained
stable during the entire simulation time (Fig. 3D). More intermolecular
hydrogen bonds were observed in E2-bound WWP1 and HECW2 as
compared to other simulated systems. Overall, H-bonding pattern
implied stable interactions in harmony with the RMSD distribution. The
potential energies for apo-E2 and E2-bound NEDD4L, WWP1, WWP2,
HECW1, and HECW2 complexes were observed during the course of
simulation. The potential energy values were considerably reduced in
the E2-bound NEDD4L, WWP1, WWP2, HECW1, and HECW2 complexes
as compared to apo-E2. HECW1 depicted the maximum decline in the
potential energy as compared to other simulated systems (Fig. 3E).

3.3.2. Structural compactness and SASA analyses

Rg (Radius of gyration) profiles of individual systems were consistent
with their corresponding RMSD profiles (Fig. S1A). A higher Rg value
implies a lower compactness in the system [71]. Subsequently,
E2-bound NEDD4L, WWP1, WWP2, HECW1, and HECW2 exhibited
minor compactness than apo-E2. Thus, higher Rg values of complexes
than that of apo-E2 suggested firmness in the synergic conformational
adaptation owing to E2UbH5B interaction (Fig. S1A). The surface area of
a biomolecule that may be reached by a solvent is known as the
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solvent-accessible surface area (SASA). An inferior SASA value denotes a
compact protein structure, whereas a higher SASA value implies a
diffused structure. Any change in SASA value signifies a modified
structural conformation. The SASA values were calculated for apo-E2
versus E2-bound NEDD4L, WWP1, WWP2, HECW1, and HECW2. The
average SASA values for apo-E2 were observed in a range of 85-87 nm?,
while E2-bound NEDD4L, WWP1, WWP2, HECW1, and HECW2 systems
contained values in the range of 280-290 nm?2. Thus, apo-E2 exhibits
lower SASA values than that of E2-bound NEDD4L, WWP1, WWP2,
HECW1, and HECW2 (Fig. S1B), which is in accordance with the Rg
pattern (Fig. S1A).

3.4. Principal component analysis

PCA or essential dynamics (ED) analysis is widely used to predict the
dynamic behavior of a protein. PCA was performed using apo-E2 and its
complexes with NEDD4L, WWP1, WWP2, HECW1, and HECW2 to
monitor the large-scale collective motions in the trajectories, required
for the protein activity. In order to examine the trajectory projections in
the phase space, the first two principal components (PC1 and PC2) were
selected. Apo-E2 and HECW2-E2 covered a smaller phase space region,
while NEDD4L-E2, WWP1-E2, WWP2-E2, and HECW2-E2 occupied a
larger phase space region. Conceivably, PCA findings are consistent with
the RMSF findings, demonstrating that apo-E2 and HECW2-E2 complex
acquired more stability than the rest of E2-bound HECT domain struc-
tures (Fig. 4). These analyses suggested that E2-bound NEDD4L, WWP1,

>
w
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WWP2, HECW1, and HECW2 complexes attained more flexibility as
compared to the apo-E2.

3.5. Binding free energy analysis

For free energy landscape analysis, 150 ns simulated trajectories
were subjected to MM/PBSA to evaluate the binding contributions of
individual residues. E2VP°HSB.NEDDA4L, E2UPHSB_wwp1, E2UbeHSE.
Wwp2, E2UPHSB.HECW1, and E2UPMSB.HECW2 complexes exhibited
total binding free energy values of —2496.688, —2439.161, —2326.586,
—2042.686, and —2584.382 kJ/mol, respectively (Table 2). The elec-
trostatic (Eelec), van der Waals (Eyqyw) interactions, and nonpolar solva-
tion (AGsolnonpolar) €nergies negatively contributed, while polar
solvation energy (AGsolpolar) contributed positively to the total binding
energy (AGpinding)- Our results demonstrated a dominant role of elec-
trostatic interactions in stabilizing the association of E2VPH5B and HECT
proteins. The binding free energy decomposition analysis revealed
multiple residual contributions (Fig. 5), which delineated a similar
interaction pattern for HECT proteins and E2U°M°B, Glu684, Val752,
Ser754, Leu773, Glu779, Leu790, and Glu802 residues of NEDD4L,
Glu632, Asp700, Glu721, Asp727, Glu729, and Asp 738 of WWP1,
Glu580, Asp648, Glu665, Glu669, Asp675, and Glu692 of WWP2,
Glul1386, Aspl404, Glul419, and Glul433 residues of HECW1, and
Asp1287, Glul351, Asp1370, Glu1491, and Glul557 of HECW2 depic-
ted significant energy contributions during E2 binding (Fig. 5).

In all the cases, the predominant energy contributions of E2UbcHSB
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Fig. 4. 2D motion projections for apo-E2 and E2-bound HECT complexes over the first two principal components. (A) Apo-E2, (B) E2-NEDDA4L, (C) E2-WWP1,
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Table 2
Energy contributions (kJ/mol) of E2U">B in complex with NEDD4L, WWP1, WWP2, HECW1, and HECW2.
Complex Evaw Eelec
NEDDA4L-E2 —390.424+43.284 kJ/mol —3551.783+256.085 kJ/mol
WWP1-E2 —385.322:+25.729 kJ/mol —3409.484-:191.462 kJ/mol
WWP2-E2 —476.721+51.863 kJ/mol —3210.767+347.258 kJ/mol
HECW1-E2 —349.521+29.311 kJ/mol —2595.898+213.434 kJ/mol
HECW2-E2 —600.270-£28.395 kJ/mol —3868.102+:385.872 kJ/mol

1495.262+167.467 kJ/mol
1402.503+168.263 kJ/mol
1416.888+187.026 kJ/mol
943.357+139.722 kJ/mol

1952.478+206.839 kJ/mol

—49.743+3.418 kJ/mol
—46.858+3.196 kJ/mol
—55.986+6.501 kJ/mol
—40.623+3.674 kJ/mol
—68.488+3.175 kJ/mol

—2496.688-+211.449 kJ/mol
—2439.161+177.897 kJ/mol
—2326.586-+257.206 kJ/mol
—2042.686+187.664 kJ/mol
—2584.382+246.216 kJ/mol
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Fig. 5. MM/PBSA analysis of HECT proteins bound to E2UPcHSB Binding free energy decomposition at residue basis for (A) NEDDA4L, (B) WWP1, (C) WWP2, (D)

HECW1, and (E) HECW2 upon binding to E2">5,

were due to Lys4, Arg5, Lys8, Argl5, Lys63, Lys66, Arg90, and Lys101
residues (Fig. 6). These data were consistent with the findings of RMSF
analysis, as these residues remained stable during the course of simu-
lation run (Fig. 3B and C). The negative binding free energy values for
E2UPCHSB i complex with HECT proteins suggested higher binding af-
finities (Table 2).

3.6. Conformational transition analysis

To characterize the pronounced conformational switches in com-
parison to apo-E2 and HECT-bound E2, dynamic trajectories were
generated at 30, 60, 90, 120, and 150 ns time scales. Through
comparative analysis of NEDD4L, WWP1, WWP2, HECW1, and HECW2-
bound E2 with its apo-state, substantial conformational alterations were

witnessed at the vicinity of HECT domain and E2 binding region of HECT
domain. Evidently, Cys85, Leu86, Asp87, Arg90, Asnl114, Asp116, and
Asp117 residues of E2 were involved in the binding pocket formation of
E2UPH5B where C-terminal loop region of Ub was well-accommodated
into the binding pocket [10]. Prior to MD simulation runs, E2-specific
binding pocket was evident in all complexes to accommodate the Ub
loop region. During MD simulation, a pocket constriction was observed
in the apo-E2 due to an inward pull of E2-specific Asp87 and Aspl16
residues. Upon NEDD4L, WWP1, WWP2, HECW1, and HECW2 binding
to E2, lateral movements of E2 Asp87 and Aspl116 residues facilitated
the binding pocket opening. In case of apo-E2, the distance between
Asp87 and Asp116 was 8.563 A, which was increased to 15.933 A in
E2-NEDDA4L, 13.721 A in E2-WWP1, 15.670 A in E2-WWP2, 12.700 A in
E2-HECWI1, and 10.173 A in E2-HECW2 (Fig. 7). These findings are in
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Fig. 7. Binding cavity orientations of apo-E2 and E2-bound WWP1, WWP2, HECW1, and HECW2 proteins. Distances between Asp87 and Asp116 residues of
(A) apo-E2 and E2-bound complexes with (B) NEDD4L, (C) WWP1, (D) WWP2, (E) HECW1, and (F) HECW2. NEDD4L, WWP1, WWP2, HECW1, and HECW2
structures are shown in yellow, pink, orange, green and purple ribbons, respectively, while the distance between Asp87 and Asp116 residues is shown by red

dotted line.

good agreement to our Rg and PCA results. Higher Rg values for
E2VPH5B b6und NEDDAL, WWP1, WWP2, HECW1, and HECW2 proteins
than that of apo-E2 suggested a less tight packing, which led to the
opening of E2UbcHSB binding pocket (Fig. S1A).

Generally, Ub binds to Cys85 residue of E2 [10], which is subse-
quently transferred to the Cys residues of HECT domains (Cys942 of
NEDDA4L, Cys890 of WWP1, Cys838 of WWP2, Cys1574 of HECW1, and
Cys1540 of HECW2). This Cys residue is conserved in all the HECT
domains. The conformational transitions occurring in the E2-HECT
complexes were deeply analyzed by calculating the distances between
E2 and HECT domain Cys, which were 7.892A, 11.6984, 12.0314,
7.125A, and 8.486A for NEDDA4L, WWP1, WWP2, HECW1, and HECW2,
respectively. These distances were increased considerably (Fig. 8) dur-
ing MD simulation runs (11.810A, 17.006A, 16.578A, 12.705A, and
13.728A for NEDD4L, WWP1, WWP2, HECW1, and HECW2,
respectively).

Moreover, the apo-E2 and HECT-bound E2 structures were carefully
monitored to explore the conformational changes in the E2 structure.
Interestingly, a considerable conformational change was perceived in E2
region encompassing Met1-Asp1l6 residues, resulting in the shortening
of al-helix. Other pronounced conformational changes were observed in
the a4-helix of E2, as upon binding, Val120-Ala146 helical region was
shortened by splitting into two a-helices. These changes facilitated the
movement of E2 towards the binding cavity of HECT domains to assist
interaction with NEDD4L, WWP1, WWP2, HECW1, and HECW2. Other
than these variations, a-domain remained intact and stable during the
entire simulation period.

3.7. Interaction analysis of E2-derived peptides and HECT domains

Next, E2-derived peptides (His55-Phe69 and Asn81-Ala96) were
manually cleaved and evaluated for their binding abilities against HECT
domains of NEDD4L, WWP1, WWP2, HECW1, and HECW2 through
comparative molecular docking analysis. Likewise, E2 binding abilities,
these peptides exhibited similar binding patterns against HECT domains
of NEDD4L, WWP1, WWP2, HECWI1, and HECW2 (Fig. 9).

10

Subsequently, the physicochemical properties of selected peptides were
evaluated (Fig. S2), which revealed the potential importance of E2-
peptides in inhibiting Ub transfer to HECT domain by blocking E2-E3
binding. The interaction details and binding energy values for the two
peptides and HECT proteins are listed in Table S3. Significant binding
contributions of individual residues in full-length E2UPH5B and HECT
domains of NEDD4L, WWP1, WWP2, HECW1, and HECW2 were
compared to binding patterns of E2-derived peptide inhibitors (His55-
Phe69) and (Asn81-Ala96) to HECT proteins. Highlighted residues in
Table S3 are common among the E2-derived peptides and HECT-bound
E2. The binding energies of E2-derived peptide inhibitors and HECT
proteins were improved considerably, as compared to the binding en-
ergies of E2UPHSE and HECT proteins (Table 1 and Table S3), which
indicated more efficient HECT binding abilities of the proposed peptide
inhibitors. Thus, our analysis revealed more effective blocking strategy
of E2-specific HECT-binding region through the proposed peptide
inhibitors.

3.8. Mutational analysis

Amino acid variation in proteins affects the overall protein folding
[72,73], stability [74], and functioning [75] leading to various degen-
erative diseases [76]. Computational approaches are available to
analyze the effects of various mutations on the protein structure and
function. In order to evaluate the effect of mutations at the E2 and
HECT-binding interface, individual residues of E2 peptides were
mutated into Alanine and analyzed through various tools. The output
generated from the SIFT [60] [61], PANTHER [62], PolyPhen-2 [63],
SNPs&GO [64], PROVEAN [65], PredictSNP [66], I-Mutant 3.0 [69],
and MutPred [70] tools corroborated the lethal and deleterious effects of
four residues, namely Phe62, Pro65, Ile84, and Cys85 of E2 peptides
(Table S4).

Based on these finding, we replaced Phe62 and Pro65 residues of
peptide-1 and Ile84 and Cys85 of peptide-2 into Alanine and individu-
ally docked these peptides against NEDD4L, WWP1, WWP2, HECW1,
and HECW2. The binding characteristics and regions of the mutated
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Fig. 8. Comparative distance illustration for cysteine residues of E2-bound WWP1, WWP2, HECW1, and HECW2 with respect to E2-NEDD4L. Distance
between Cys85 of E2 and (A) Cys890 of WWP1, (B) Cys838 of WWP2, (C) Cys942 of NEDDA4L, (D) Cys1574 of HECW1, and (E) Cys1540 of HECW2.

peptide inhibitors against NEDD4L, WWP1, WWP2, HECWI1, and
HECW2 were completely altered as compared to the normal E2-derived
peptides, confirming the reliability of proposed peptide inhibitors
(Table S5; Fig. S3).

4. Discussion

HECT-type E3s promote diverse substrate recognition events in
various cellular processes, such as cell cycle progression, oncogenesis,
gene transcription, signal transduction, and DNA replication [11,12].
Numerous studies suggest that HECT proteins link viral or cellular
proteins (PPxY motif-dependent budding) to the E-class vacuolar
protein-sorting pathway (ESCRT) and propagate viral spread via HECT
Ub ligase activity [77-79]. HECT proteins (NEDD4L, WWP1, WWP2,
HECW1, and HECW2) encompass intrinsic Ub-ligase activities for the
substrate binding and ubiquitination through their HECT domains.
Recent investigations suggest that during SARS-CoV-2 infection, WWP1,
WWP2, and NEDDA4L overexpress and colocalize in mice and human
lung tissues [18]. Furthermore, NEDD4 and WWP1 physically interact
with and ubiquitylate the SARS-CoV-2 S-protein [18]. These findings led
us to characterize the E2"""®B binding patterns against HECT family
members to isolate the E2UbCHSB-speciﬁc peptide inhibitors that may
abrogate the process of SARS-CoV-2 viral egression by blocking E2-E3

11

cascade.

During MD simulation runs, notable fluctuations were witnessed in
the residues lying at the vicinity of the E2UPH5B active site due to HECT
binding. In contrast, E2 residues involved in HECT binding were quite
stable. E2-specific Asp29, Met30, Phe31, His32, Asp116, and Aspl17
residues exhibit more fluctuations upon binding to HECW1. Val49,
Phe51, Thr70, Thr71, Arg72, Asn79, and Gly82 residues of E2 attain
more fluctuations upon binding to NEDD4L, WWP1, WWP2, HECW1,
and HECW2 as compared to apo-E2. Similarly, more fluctuations are
witnessed in the Cys85, Asp87, Pro118, and Leul19 residues for WWP1,
WWP2 and HECW1-bound E2, while RMSF values of these residues in
WWP2 and NEDD4L-bound E2 are similar to apo-E2. Val120, Prol21,
Argl25, Tyrl45, Alal46, and Metl47 residues of NEDD4L, WWP1,
WWP2 and HECW1-bound E2 exhibit more RMSF values as compared to
HECW2-bound E2 and apo-E2. During HECT-E3 interactions, these un-
derlying conformational transitions may promote the positioning of E2
binding cavity and influence the ultimate fate of Ub accommodation and
transfer. Probably, different E3s may have varying binding specificities
for E2 and Ub contacts that largely rely on the extent of conformational
switches and structural rearrangements during the inherent ubiquiti-
nation. Evidently, Arg90 acquires an up conformation to Asp87 upon E3
binding, possibly to assist the outward movement of Asp87 and making
contact with Ub. The potential role of Asp87 residue has been addressed
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Fig. 9. Binding analysis of E2-derived peptides in complex with NEDD4L, WWP1, WWP2, HECW1 and HECW2. Optimal docked complexes of E2 peptide-1
(His55-Phe69) with (A) NEDDA4L, (B) WWP1, (C) WWP2, (D) HECW1 and (E) HECW2. E2 peptide-2 (Asn81-Ala96) in complex with (F) NEDD4L, (G) WWP1, (H)
WWP2, (I) HECW1 and (J) HECW2. E2 peptide-1 (His55-Phe69) is shown in red colored atomic structure, while peptide-2 is shown in blue color. NEDD4L, WWP1,
WWP2, HECW1, and HECW2 structures are shown in yellow, pink, orange, green, and purple ribbons, respectively, while their respective interacting residues are

represented in ball and stick mode and labelled in black color.

in E2:E2~UD ternary complex as a molecular ‘gate’ that facilitates the C-
terminus of Ub access to the closed E2~Ub complex for Ub transfer [80].
It is unclear how binding cavity orientation differences position the
catalytic cysteine and regulate its accessibility during Ub loading. It is
interesting to observe the subtle conformational changes contributing in
the E2 flexibility induction upon E3 recruitment. The predominant
conformational changes were observed in the E2UPH5B gtructure
including al-helix shortening and splitting of a4-helix into two helices.
These conformational switches promote the E2Ub€HsB—binding pocket
widening and its stability upon coupling of HECTNEPP4L HECTWWPL
HECTWWP2 HECT"E“W!, and HECT"®“W? domains. Based on the prior
knowledge of E2UPHSB pECT binding [10] [81], our findings delineate
exactly similar binding patterns for E2UPHSE 15 the C-lobes of HECT-
NEDDAL e epWWPL - HECTWWP2 - HECTHECWL  anq HECTHECW2, For
example, Trp762, Trp709, and Trp657 residues of HECTNEPDAL
HECT"WP1 and HECT"WP? make contacts with Ser94 residue of
E2UPH5B The interface linkage of HECTVEPP#: Tyr756 and E2UPeH5B
Phe62 [10] is supported by the contributions of HECTVWF! HECTWWP2,
HECTHECW! and HECTHECW2 phe703, Phe651, Phe1387, and Phel353
residues, respectively, which share exactly similar side-chain confor-
mations during E2 binding. Similarly, corresponding to the Leu773
position from HECTNEPP4L E2 interaction is mediated by Met722,
Leu670, Leul405, and Leul371 residues from HECTWWP!, HECTWWF?,
HECTHECWL and HECTHECW?, respectively. Thus, E2-E3 binding speci-
ficity may be induced by subtle sequence variations occurring at the
C-lobes of the HECT domains that may preferentially facilitate Ub
loading. Generally, the E2-to-HECT Ub loading cascade is initiated by
the E1 Ub transfer to E2-Cys85 that is subsequently transferred to the
catalytic Cys942 residue of HECTNEPP4L via a thioester-linkage [10]. Our
analysis suggests that corresponding to Cys942 residue of HECTNEPP4L)
Cys890, Cys838, Cys1574 and Cys1540 residues of HECTWWP,
HECT"WP2 HECTE“W! and HECTMECW?, respectively may be involved

12

in E2-to-E3 Ub transfer. Furthermore, E2 and E3 cysteines were sepa-
rated by 41A and ~8A in the crystal structures of UbcH7-HECTE®A? and
UbcH5B ~ Ub-HECTNEPPHL respectively [10]. In our analysis, the pre-
dicted distances between E2 and HECT domain catalytic cysteines were
11.8A, 17.0A, 16.5A, 12.7A, and 13.7A for NEDD4L, WWP1, WWP2,
HECW1, and HECW2, respectively.

To investigate whether the binding of E2U""5B_derived peptides
targets the HECT binding site, we isolated two peptides (His55-Phe69
and Asn81-Ala96) and docked them against HECT domains of NEDDA4L,
WWP1, WWP2, HECW1, and HECW2 (Fig. 9; Table S3). Our findings
explicate the promising potential of these peptides in hindering the E2
and HECT domain binding, resulting in the inhibition of Ub transfer to
the HECT domain. Furthermore, mutational data (swapping of Phe62,
Pro65, Ile84, and Cys85 residues into Ala) support that these peptides
may selectively target the E2-HECT binding. Consistent with this notion,
the exchange of Cys85 into Ala impairs the E2 stability, as Cys85 plays a
significant role in Ub binding and transfer [82]. Since E3 HECT domain
residues involved in E2 binding are quite conserved, the proposed
peptides may effectively bind and target E2-to-E3 Ub-transfer, halting
the degradation process of SARS-CoV-2 viral egression. As described
earlier [23], the N-terminus of the SARS-CoV-2 S-protein contains a
PPAY L-domain motif that has been reported to bind and hijack the host
WW-domain of NEDD4 E3 ubiquitin ligases. Due to the absence of the
PPxY motif in SARS-CoV, SARS-CoV-2 is more contagious than
SARS-CoV. As HECT binding to E2 and Ub facilitates the ubiquitination
of SARS-CoV-2 S-protein that hijacks the ESCRT complex to promote
egression and spread of COVID-19 (Fig. 10), blocking of HECT domain
approach to E2-Ub via proposed peptide inhibitors may restrict viral
infection. Due to the sole fact that HECT proteins are overexpressed in
concomitance with the SARS-CoV-2 infection, the proposed peptide in-
hibitors may prove a promising and effective therapeutic strategy.
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Fig. 10. Schematic illustration of SARS-CoV2 viral egression and spread via ESCRT complex and inhibitory mechanism of SARS-CoV2 cycle via peptide
inhibitors. Left side illustrates the normal mechanism of SARS-CoV2 lifecycle. SARS-CoV2 binds to WW domain of HECT proteins via the PPXY motif embedded in its
S (Spike)-protein. HECT domain binds to E2 ligase and Ub, transferring its Ub to the S-protein and the ubiquitinated S-protein then enters the cell via endocytosis. It is
then recognized by ESCRT complex, which promotes viral budding or egression of the SARS-CoV2 virus causing it to spread violently. On the right side, proposed
peptide inhibitors bind to the HECT domain and block the binding site of E2. E2 does not bind to the HECT domain, which in turn, does not transfer Ub to the S-
protein, and ultimately, ubiquitination is abrogated. This halts the viral egression and spread of SARS-CoV2 via ESCRT complex.
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