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ARTICLE INFO ABSTRACT

Keywords: Background: The ubiquitin system is a modification process with many different cellular functions including
E3 RING ligases immune signaling and antiviral functions. E3 ubiquitin ligases are enzymes that recruit an E2 ubiquitin-
SARS-CoV-2 ) conjugating enzyme bound to ubiquitin in order to catalyze the transfer of ubiquitin from the E2 to a protein
Iz—llggdzlcr;(dmg RING domains substrate. The RING E3s, the most abundant type of ubiquitin ligases, are characterized by a zinc (II)-binding

domain called RING (Really Interesting New Gene). Viral replication requires modifying and hijacking key
cellular pathways within host cells such as cellular ubiquitination. There are well-established examples where a
viral proteins bind to RING E3s, redirecting them to degrade otherwise long-lived host proteins or inhibiting E3’s
ubiquitination activity. Recently, three binary interactions between SARS-CoV-2 proteins and innate human
immune signaling E3 RING ligases: NSP15-RNF41, ORF3a-TRIM59 and NSP9-MIB1 have been experimentally
established.

Methods: In this work, we have investigated the mode of the previous experimentally supported NSP15-RNF41,
ORF3a,-TRIM59 and NSP9-MIB1 binary interactions by in silico methodologies intending to provide structural
insights of E3-virus interplay that can help identify potential inhibitors that could block SARS-CoV-2 infection of
immune cells.

Conclusion: In silico methodologies have shown that the above human E3 ligases interact with viral partners
through their Zn(II) binding domains. This RING mediated formation of stable SARS-CoV-2-E3 complexes in-
dicates a critical structural role of RING domains in immune system disruption by SARS-CoV-2-infection.

Data Availability: The data used to support the findings of this research are included within the article and are
labeled with references.

1. Introduction

The innate immune system is the human first line of defense against
viral infection. Thus, viruses have evolved sophisticated mechanisms to
inhibit antiviral innate immunity. Simultaneously, cytokine storm and
subsequent multi-organ failure caused by unbalanced human immune
responses are considered the major lethal contributors of SARS-CoV-2
infection. Viral proteins encoded by the SARS-CoV-2 genome are
deeply involved in regulating innate immune signaling activation. One
representative example is that NSP1, NSP12, ORF6, and M proteins of
SARS-CoV-2 inhibited MDA 5 dependent type I interferon induction [1].
The human angiotensin-converting enzyme 2 (hACE2) has been
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identified as the main receptor for Spike protein-mediated SARS-CoV-2
infection [2]. However, the relatively low ACE2 expression in
SARS-CoV-2 infected myeloid cells indicates the existence of an alter-
native infection mediator in these immune cells [3]. Therefore, the
disruption of the innate immune system by SARS-CoV-2 infection still
remains to be thoroughly investigated.

E3 ubiquitin ligases catalyze protein degradation by transferring
ubiquitin from the E2 ubiquitin-conjugating enzyme to the protein
substrate and are key enzymes in innate and adaptive immunity [4].
RING E3s domains bind two Zn(II) ions in a unique "cross-brace"
arrangement through a defined motif of cysteine and histidine residues
[5]. Usually, the ubiquitin transfer and the specificity of E3 RING ligases
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for substrate recognition are mediated by their RING domain [6-8].

Viruses promote viral replication and pathogenesis by interfering
with host ubiquitin-dependent signaling pathways or by hijacking the
cellular ubiquitination machinery [9-11]. There are well-established
examples where the viral proteins bind to RING E3s. Many viruses hi-
jack members of the Cullin-RING E3 Ligase (CRL) family, which is the
largest family of E3 ligases. Viruses interact in many ways with CRLs to
impact their ligase activity or redirect CRL complexes to degrade host
targets that are otherwise not degraded within host cells [11]. Recently,
three direct interactions between SARS-CoV-2 proteins and human
innate immune signaling E3 ligases (NSP15-RNF41, ORF3a,-TRIM59
and NSP9-MIB1) have been identified using affinity—purification mass
spectroscopy [12] and their in silico SARS-CoV-2-human interactome has
been reported [13]. RNF41 has 317 aa length and regulates Toll-like
receptor (TLR) responses in different ways: (i) inhibition of the pro-
duction of proinflammatory cytokines (ii) increase of interferon-b pro-
duction in Toll-like receptor-triggered macrophages by suppressing
adapter MyD88-dependent activation of transcription factors NF-jB and
AP-1, and iii) activation of the kinase TBK1 and transcription factor IRF3
[14]. TRIM59 has 403 aa length and can regulate the innate immune
response through the Nuclear Factor Kappa-light-chain-enhancer of
activated B cells (NF-xkB) and interferon regulatory factor (IRF-3/7)
-mediated signal pathways by interacting with evolutionarily conserved
signaling intermediates in the Toll pathway (ECSIT) [15]. In addition,
TRIM59 significantly suppresses lipopolysaccharide (LPS)-induced
macrophage activation, whereas siRNA-mediated knockdown of
TRIM59 enhances LPS-induced macrophage activation [16]. As acti-
vated macrophages play an important role in many inflammatory dis-
eases, it is evident that TRIM59 is an important player in innate
immunity and antiviral defense. The ubiquitin ligases-mind bomb 1
(MIB1) has a critical role in the regulation of the antiviral signaling
pathway TANK-binding kinase 1 (TBK1)/ IkB kinase (IKKe) [17]. MIB1
is a long protein with 1006 residues, activates NF-kB, and suppresses
RNA virus dissemination through its interaction with TBK1 and Nucle-
osome assembly protein (NAP1). In contrast, gene targeting of MIB1
enhances viral replication and inhibits interferon (IFN) production upon
RNA virus infection [18].

In this work, we have investigated the mode of the previous exper-
imentally supported NSP15-RNF41, ORF3a,-TRIM59 and NSP9-MIB1
binary interactions by in silico methodologies intending to provide
structural insights of E3-virus interplay that can help identify potential
inhibitors that could block SARS-CoV-2 infection of immune cells.

2. Experimental
2.1. Retrieval of protein structures

The structures of E3 ligases RNF41, TRIM59, and MIB1 have yet to be
determined experimentally. Zinc binding amino acid motifs of RNF41,
TRIM59 and MIB1 were characterized using the strategy previously
applied to identify putative metal-binding sites in various proteomes
[19-23]. The list of known zinc binding domains (such as: SIAH-type Zn
(ID) finger, B-box type Zn (II) finger, ZZ-type Zn(II) finger and zinc do-
mains of metalloproteases [24], has been extracted from the Pfam li-
brary (http://pfam.xfam.org/) [25], and their 3D structures were
retrieved from the Protein Data Bank (PDB; http://www.rcsb.org/pdb/)
[26] and MetalPDB databases (https://metalpdb.cerm.unifi.it/) [27].
The three E3 ligases were analyzed for zinc-binding motifs with the
search tool HMMER (http://hmmer.org/) [28]. The structures of the
zinc binding RING and finger domains of E3 ligases were modeled via
structural modeling using MODELLER v9.19 [29] and compared with
the predicted models mined by the AlphaFold Protein Structure Data-
base [30]. The full-length structures of E3 ligases RNF41, TRIM59, and
MIB1 were mined from the AlphaFold Protein Structure Database (IDs:
AF-Q9H4P4-F1, AF-Q8IWR1-F1 and AF-Q86YT6-F1, respectively). The
X-ray structures of the viral proteins NSP15, ORF3, and NSP9 were
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mined from the protein data bank (PDB ids: 6VWW, 6XDC and 6W4B,
respectively) [26].

2.2. Modeling of protein complexes

To perform blind docking between protein pairs, the interfacial
contacts between the interacting proteins were predicted by two ap-
proaches: i) CPORT algorithm that predicts protein-protein interface
residues [31] and ii) the RaptorX ultra deep learning model trained from
single-chain proteins to predict contacts for a protein pair [32]. Among
the contacts with higher probability (probability score value> 0,8
*average value of the scores of all contacts resulted per protein pair)
those that were retrieved from both protocols (listed in the Supple-
mentary Material: Tables S1-S3), were used as restrains in the
HADDOCK (High Ambiguity Driven protein-protein DOCKing) platform
[33]. Information from the identified protein interfaces was encoded in
ambiguous interaction restraints (AIRs) to drive the docking process
applying three successive steps: (i) rigid-body energy minimization, (ii)
semi-flexible refinement in torsion angle space and (iii) final refinement
in explicit solvent. The selection of the final 3D models of protein
complexes has been based on a weighted sum of electrostatics, des-
olvation, van der Waals energy terms and the energetic contribution of
the restraints used to drive the docking.

2.3. Molecular dynamics

MD simulations were run with YASARA [34]. The setup included an
optimization of the hydrogen bonding network [35] to increase the so-
lute stability, and a pKa prediction to fine-tune the protonation states of
protein residues at the chosen pH of 7.4 [36]. All the structures were
placed in the center of a dodecahedron box with a distance of 1 nm
between the proteins and the wall of the box on all sides and the box was
solvated using TIP3P water. NaCl was added with a physiological con-
centration of 0.9 %, with an excess of either Na™ or CI for cell neutrality.
After steepest descent and simulated annealing minimizations to remove
clashes, temperature equilibration for 100 ps at 298 K using the
Berendsen thermostat was performed. In the next step, pressure was
equilibrated to 1 atm in 1 ns using the Berendsen barostat. During both
the equilibrations, all the heavy atoms of the proteins were position
restrained with a force constant of 1000 kJ mol™! nm2. The simulation
was run for up to 140 ns using the AMBER14 force field [37] for solute,
Zinc AMBER Force Field (ZAFF) [38] for special parametrization of Zn3t
interactions and TIP3P for water. The cutoff was 8 A for van der Waals
forces (the default used by AMBER [39], and long range electrostatics
were obtained by smooth Particle-mesh Ewald (SPME) algorithm [40]).
The equations of motion were integrated with a multiple timestep of 2.5
fs for bonded intermolecular interactions and 5.0 fs for non-bonded in-
teractions at temperature of 298 K and a pressure of 1 atm (NPT
ensemble) using algorithms described in detail previously [41].

3. Results and discussion

Structural modeling and in silico identification of metal-binding do-
mains suggested that each of the three E3 ligases consists of multiple Zn
(II) binding domains. RNF41 has a RING domain (Cys18-Arg57) and
SIAH-type Zn(II) finger (Lys78-Leul38), TRIM59 has a RING domain
(Cys10-Arg60), and B-box type Zn(Il) finger (Pro92-Leul34) and MIB1
has three RING domains (Cys819-Lys854, Cys866-Arg901 and Cys963-
Arg996) and ZZ-type Zn(II) finger (His80-Ser132) (Fig. 1).

The RING domains of RNF41, TRIM59, and MIB1 showed the typical
globular conformation of RING domains [7,8], characterized by a cen-
tral alpha-helix and variable-length loops separated by small
beta-strands (Fig. 1).

Interestingly, all E3 ligases interacted with SARS-CoV-2 proteins
through their Zn binding domains: TRIM59 and MIB1 through RING
domain and RNF41 utilizes SIAH-type zinc finger (Figs. 1 and 2).
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Fig. 1. : The cluster of intermolecular contacts at the interface (within the threshold distance of 5.5 A) for the complexes RNF41-NSP15 (A), TRIM59-ORF3a (B) and

MIB1-NSP9 (C).

Docking results of the protein assemblies, including HADDOCK
scores, van der Waals and electrostatic energies, buried surface areas,
and dissociation constants, are listed in Table 1.

The interface between RING and viral protein has the highest surface
for TRIM59-ORF3a complex (1669.2 [0\2), followed by MIB1-NSP9
(1545.5 A%) and RNF41-NSP15 (1249.8 A%). Accordingly, the TRIM59-
ORF3a complex has the highest binding affinity (lowest Kg and AG)
compared to the others.

Comparison of 140 ns of molecular dynamics (MDs) simulation be-
tween apo and the complexed form of E3s showed that zinc-binding E3
regions located in the interfaces in the protein complexes exhibited
decreased mobility (a decrease of root-mean-square fluctuation (RMSF)
measures, Fig. 3).

Specifically, the overall plasticity of the polypeptide regions: (Lys78-
Leul38 for RNF41, Cys10-Arg60 for TRIM59 and Cys943-Arg996 for
MIB1) has decreased (Fig. 3A, C and D respectively). In addition, a
remarkable increase in the plasticity of RING domain (Cys18-Arg57)
that is not in RNF41-NSP15 interface was observed (Fig. 3B).

Molecular dynamics (MDs) simulation of protein ensembles showed
that all Zn(II)-binding RING domains and viral proteins are linked
through critical interactions. Specifically, the intermolecular binding of
the complexes is strengthened by salt bridges between positively
charged groups of lysines (amino) and arginines (guanidino) with
negatively charged groups of glutamic and aspartic carboxylates. This
type of interfacial contact has been identified for the following amino

acid pairs: Lys136-Glu7 for TRIM59- ORF3 and Arg100-Glu1000, Arg75-
Glu991, Glu71-Argl001, Lys37-Asp291, Lys53-Asp987 and Lys37-
Glu290 for the MIB1-NSP9 complex, and Asp4-Lys150 and Lys126-
Asp129 for the RNF41- NSP15 complex (Fig. 4).

In addition, MDs reveal an intermolecular n-n interaction in the
complex TRIM59- ORF3 between Phel7 and Trpl31 respectively
(Fig. 4), which may be a key force that strengthens the binding affinity of
the complex compared to the others.

The zinc-binding domains of the three E3 ligases that, based on our
results, mediate E3-SARS-CoV-2 interactions and show alterations in
conformational plasticity upon complexation (Fig. 5), have been previ-
ously proposed as structurally critical components for their ligase
activity.

The RING domain (Cys10-Arg60) of TRIMS59, that interacts with the
ORF3a protein of SARS-CoV-2, has been proposed to play a critical role
in TRIM59’s ligase activity. TRIM59 is mediated osteosarcoma pro-
gression, via regulation and ubiquitin-mediated degradation of P53 in
osteosarcoma cells though its RING domain [42,43]. Furthermore, the
binding of RING domain (Val963-Arg996) of MIB1 to NSP9 protein of
SARS-CoV-2 causes allosterically decreased rigidity (decreased RMSF
measures, Fig. 3D) in the region of Val943-Cys963 preceding the
interacting RING domain. This fragment is located within a helical re-
gion separating two RING domains of MIB1. It was proposed that site
mutations in this region revealed a potentially deleterious effect and
inactivation of MIB1 ubiquitin ligase activity. MIB1 ubiquitin ligase
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Fig. 2. Zn(Il) binding domains of TRIM59, RNF41 and MIB1, and their docking interfaces with ORF3a (A), NSP15 (B) and NSP9 (C), respectively.

Table 1
Haddock results of E3-SARS-CoV-2 complexes.
E3-SARS-CoV-2 complexes RNF41-NSP15 TRIM59-ORF3a  MIB1-NSP9
HADDOCK score -76.1 4 /- 2.0 -132.8 +/-1.7 -95.4 4 /- 3.0
Kq (M) at 25.0 °C 3.8E-07 1.8E-08 3.5E-07
AG (kcal mol-') -8.7 -10.5 -8.8
Buried surface area (A%) 1249.8 + /- 1669.2 + /- 1545.5 + /-
93.7 135.6 99.2
Van der Waals energy -49.2+4 /- 2.6 -55.7 4+ /-7.5 -45.1+/-3.3
(kcal mol-1)
Electrostatic energy -137.1 + /- -147.2 + /- -342.8 + /-
(kcal mol-) 31.3 26.2 50.7

promotes endocytosis of the NOTCH ligands DELTA and JAGGED and
V943F mutant showed that causes left ventricular noncompaction car-
diomyopathy, reduced ventricular Notchl activity and abnormal
expression of cardiac development and disease genes [44,45]. Interest-
ingly, the binding of SIAH-type Zn(II) finger (Lys78-Leul38) of RNF41
causes allosterically increased mobility (increased RMSF measures,

Fig. 3B) to the RING domain (Cys18-Arg57). It was reported that RNF41
RING is responsible for E2-E3 interaction and the RNF41’s catalytic
activity and biological experiments indicated that substitutions of zinc
ligands in RING domain (C34S and H36Q) caused inhibition of its
enzymatic activity [46,47]. Thus, an increase in RING conformational
plasticity induced by RNF41- NSP15 interaction may have an impact on
the E3- E2 interplay of RNF41.

Previously, it was reported that the molecular surface of the RING E3
domain between the two metal-binding sites constitutes the interaction
interface with E2 enzymes. Moreover, a strong association between
destabilization of their RING core, enchantment of the RING’s backbone
mobility, stretching of the Zn?>*-Zn? * distance and E3 ligase inactiva-
tion was observed in RING E3 mutant ubiquitination studies [8]. A
remarkable similarity of our data is observed with the observations of
the previous study: MDs of the RNF41- NSP15 protein complex showed
that the increased conformational plasticity of the RING domain
(Cys18-Arg57) of RNF41 was accompanied by increase in the distance
between the Zn?* ions (15,1 + 0,3 Aand 16,2 + 0,6 Ain apo and holo
forms respectively).
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Fig. 3. Structural fluctuations (RMSF of Ca atoms per residue) for the polypeptide region (Lys78-Leul38) of RNF41 simulations (blue) and in complex with NSP15
(red) (A); for the RING domain (Cys18-Arg57) of RNF41 simulations (blue) and in complex with NSP15 (red) (B); for the RING domain (Cys10-Arg60) of TRIM59
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Fig. 4. Intermolecular contacts between (A) TRIM59 and ORF3a (n-n stacking and salt bridges, (B) MIB1 and NSP9 (salt bridges) and (C) RNF41 and NSP15
(salt bridges).

4. Conclusions ubiquitination pathway and the human immune system, should be
further investigated. The analysis presented here of the RING-binding

In this work, the structural role of RING E3 domains has been mode of SARS-CoV-2 protein interactions could provide insights into
investigated for the SARS-CoV-2 disruption of cellular ubiquitination the future identification of inhibitors (drugs) that block SARS-CoV-2
pathways as an anti-innate immunity viral strategy. Since the RING or infection of immune cells and emphasizes the crucial biological role of

Zn(1II) finger domains are responsible for the E3-E2 interactions, further Zn(ID).
detailed experimental investigations are needed to study the proposed
RING-dependent host-virus interplay. Possible viral distribution of the
formation of E2-E3 complexes, which are essential for controlling the
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