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As intracellular parasites, viruses hijack the host cell metabolic machinery for their
replication. Among other cellular proteins, the DEAD-box (DDX) RNA helicases have been
shown to be hijacked by coronaviruses and to participate in essential DDX-mediated
viral replication steps. Human DDX RNA helicases play essential roles in a broad array of
biological processes and serve multiple roles at the virus-host interface. The viral proteins
responsible for DDX interactions are highly conserved among coronaviruses, suggesting
that they might also play conserved functions in the SARS-CoV-2 replication cycle. In this
review, we provide an update of the structural and functional data of DDX as possible
key factors involved in SARS-CoV-2 hijacking mechanisms. We also attempt to fill the
existing gaps in the available structural information through homology modeling. Based
on this information, we propose possible paths exploited by the virus to replicate more
efficiently by taking advantage of host DDX proteins. As a general rule, sequestration
of DDX helicases by SARS-CoV-2 is expected to play a pro-viral role in two ways: by
enhancing key steps of the virus life cycle and, at the same time, by suppressing the
host innate immune response.

Keywords: SARS-CoV-2, COVID19, protein structure, viral infection, DDX helicases

INTRODUCTION

COVID-19 is a respiratory disease caused by a novel enveloped, positive-sense, single-stranded
RNA betacoronavirus, designated as SARS-CoV-2. Mechanistically, SARS-CoV-2 enters the
cell through the binding of the spike protein to the ACE2 receptors, as previously observed
for SARS-CoV (Luan et al., 2020; Romano et al, 2020a; Wrapp et al, 2020). Then, the
human transmembrane protease serine 2 (TMPRSS2) hydrolyses and activates the spike protein
(Hoffmann et al.,, 2020). An additional protease, possibly furin, is also involved in this process
(Lukassen et al., 2020). Spike proteolysis allows SARS-CoV-2 to enter the cells by endocytosis or
by direct fusion of viral and host membranes (Xia et al., 2020; Yang and Shen, 2020). The infecting
RNA produces messenger RNA (mRNA), which will be then translated by host ribosomes into
protein products (Walsh et al., 2013; Romano et al., 2020b). Using the genetic information encoded
in mRNA, the virus takes advantage of the host cell to produce all the components needed for the
generation of new viral particles.
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Host-pathogen interactions form the basis of the
pathogenicity of viruses, including highly pathogenic emerging
viruses such as Ebola, SARS-CoV, MERS-CoV, and SARS-CoV-2.
By analogy with other known coronaviruses, the RNA replication
machinery of SARS-CoV-2 is expected to be regulated by
a diversity of host factors, including cellular RNA helicases
involved in key events of viral infection (van Hemert et al., 2008;
Ranji and Boris-Lawrie, 2010; Sharma and Boris-Lawrie, 2012).
Among those, DEAD-box (DDX) RNA helicases are emerging
as key players in the host-pathogen interaction network, by
modulating innate immunity and viral proliferation in multiple
ways. DDX helicases are involved in many steps of the RNA
metabolism, including RNA-RNA and RNA-protein remodeling
in an ATP-dependent manner (Hilbert et al., 2009; Linder and
Jankowsky, 2011). Given the essential role of DDX proteins in
many biological processes in humans, their mutation or mis-
regulation correlate with an increasing number of pathological
processes, including oncogenesis, inflammation, viral replication,
and immune response (Steimer and Klostermeier, 2012).

In host-pathogen interactions, DEAD-box helicases display
diverse functions upon viral invasion, where they can act as
positive or negative regulators of viral replication at different
levels (Taschuk and Cherry, 2020). Specifically, DDX enzymes
have shown to promote interferon (IFN) induction or other
inflammatory signaling, leading to antiviral immunity (Soulat
et al,, 2008). Some of them function as cytoplasmic sensors of
viral RNA, such as the canonical DDX58/RIG-1, while some
others act in concert with other proteins (Zhang et al., 2011;
Yoo et al, 2014). DDX proteins are required for replication
of a number of human viral pathogens, such as HIV-1, HCV,
Influenza A, Dengue, Infectious Bronchitis Virus (IBV)-CoV, and
SARS-CoV (Fang et al., 2004; Goh et al., 2004; Chen J. Y. et al,,
2009; Xu et al., 2010; Diot et al., 2016). Among these, HIV-1 is the
most well-described case where the virus hijacks host helicases,
such as DDX1, DDX3X, DDXS5, and DDX17, to support reverse
transcription, transcription, and nuclear export (Yasuda-Inoue
etal., 2013).

Little is known about the potential role of DDX helicases
in SARS-CoV-2 replication. Although coronaviruses carry their
own RNA helicases, they hijack DDX proteins to positively
modulate genome transcription and virus proliferation, acting
as pro-viral effectors (Chen J. Y. et al, 2009; Xu et al,
2010). Specifically, SARS-CoV has been shown to recruit host
helicases, such as DDX1 and DDX5, a feature observed in other
coronaviruses, such as IBV-CoV (Chen Y. et al., 2009; Xu et al.,
2010). A number of RNA viruses hijack DDX5 and DDX3X
helicases, thus facilitating various steps of their replication cycles,
although details of interactions and on the interference of host-
pathogen interaction on the DDX functional states are lacking
(Cheng et al., 2018). Gathering functional data from several
coronaviruses, it is clear that the nucleocapsid (N) protein, a
crucial protein in the coronaviral life cycle, plays a central role in
the hijacking mechanism, although other molecular actors, like
Nsp13 and Nspl4, have been identified in SARS-CoV (Figure 1,
Table 1). The high sequence identities of the molecular players
involved in these interactions suggests that viral replication of
SARS-CoV-2 can be modulated by the host cell machinery in a

FIGURE 1 | Pattern of putative interactions between host DDX helicases and
SARS-CoV-2 proteins. These interactions were experimentally observed in
other coronaviruses sharing highly conserved viral proteins with SARS-CoV-2.

similar manner. This review summarizes structural information
on the host-pathogen interaction processes mediated by DDX
helicases in coronaviruses, with an emphasis on SARS-CoV-2. In
fact, since the molecular processes involved in these events are
highly conserved among coronaviruses, it is likely that similar
mechanisms operate in the replication of the novel SARS-CoV-2.

A STRUCTURAL OVERVIEW OF
SARS-CoV-2 PROTEINS LIKELY INVOLVED
IN DDX HIJACKING

Nucleocapsid (N) Protein, a Crucial Protein

in Coronaviral Life Cycle

Like the other coronaviruses, SARS-CoV-2 has four major
structural proteins: the spike (S), the membrane (M), the
envelope (E), and the nucleocapsid (N) protein. While the S, M,
and E proteins make up the virion envelope, the N protein is
located inside the virus particle where it binds with viral RNA
(Siuetal., 2008). The N protein plays a primary role in protecting
genomic RNA by forming the ribonucleoprotein (RNP) complex,
which subsequently condensates through the interaction with the
M protein (Narayanan et al., 2000).

In addition to its role in RNP formation, the N protein
is a multifunctional phosphoprotein with pivotal roles in
several events of the viral life cycle, such as regulating viral
RNA synthesis (Chang et al, 2014; McBride et al, 2014;
Cong et al, 2020). In fact, a number of studies showed that
the N protein co-localizes with components of replication-
transcription complex (RTC) at the early stage of CoV infection.
Also, it interacts with the transmembrane protein Nsp3 of SARS-
CoV to stimulate the infectivity of genomic RNA (Hurst et al.,
2010). The N protein is post-translationally phosphorylated, a
process that allows discrimination in the binding viral vs. non-
viral mRNA, suggesting a pleotropic effect in RNA regulation
(Spencer et al., 2008). So far, multiple investigations underlined
the regulatory role of the N protein in viral replication or
transcription, with the common view that the N protein has
RNA-binding and chaperone activities (Cong et al., 2020). The
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TABLE 1 | Viral proteins known to interact with host DDX helicases in CoVs.

Viral protein CoV Host DDX References Hypothetic advantages of protein-mediated DDX hijacking in
helicase SARS-CoV-2

Protein N IBV-CoV DDX3X Emmott et al., 2013 Inhibition of DDX3X-mediated antiviral immune response
IBV-CoV DDX1/DDX21 Emmott et al., 2013; Evasion of innate immune response through the inhibition of the viral
SARS-CoV-2 DDX21 Gordon et al., 2020 sensor DDX1-DDX21-DHX36

Nsp14 IBV-CoV, DDX1 Xu et al., 2010 DDX1-mediated enhancement of the catalytic activity of Nsp14
SARS-CoV

Nsp13 SARS-CoV DDX5 Chen J. Y. et al., 2009 Enhancement of viral RNA transcription and repression innate immunity

\
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FIGURE 2 | Structural overview of SARS-CoV-2 N protein. (A) Schematic representation of SARS-CoV-2 N protein; (B,C) Cartoon representations and corresponding
electrostatic potential surface charge distributions of SARS-CoV-2 NTD (PDB code: 6M3M) and SARS-CoV-2 CTD (PDB code:6YUN), respectively.

N protein is abundantly expressed during infection and is
highly immunogenic, capable of inducing a protective immune
response against CoV (He Y. et al., 2004). Furthermore, it is also
involved in the modulation of the host cellular machinery, by
perturbing cellular events such as gene transcription, interferon
production, actin reorganization, host cell cycle progression, and
apoptosis (McBride et al., 2014). Consistently, the N protein
of CoV has been reported to interact with numerous host cell
proteins, including hnRNP-A1 (Wang and Zhang, 1999), B23
phosphoprotein (Zeng et al., 2008), Smad3 (Zhao et al., 2008),
chemokine Cxcl16 (Zhang et al., 2010), translation elongation
factor-1 alpha (Zhou et al., 2008), pyruvate kinase (Wei et al,,
2012), and 14-3-3 (Surjit et al., 2005).

Structurally, all CoV N proteins share the same modular
organization (Jayaram et al., 2006; Saikatendu et al., 2007),
consisting of two structural and independently folded domains,
noted as the N-terminal domain (NTD) and C-terminal
domain(CTD), flanked by three intrinsically disordered regions
(IDR): an N-terminal arm (N-arm), a central linker region
(LKR), and a C-terminal tail (C-tail) (Figure 2A). Although

the full-length structure at atomic resolution is lacking, 3D
structural information of the structured domains, together
with biochemical data, provide crucial insights into the RNP
formation process as well as other regulatory functions. Several
studies have shown that both the NTD and CTD domains are
responsible for the binding of viral RNA genome, whereas CTD
also contributes to N protein oligomerisation (Huang et al.,
2004; Chang et al.,, 2005, 2013; Yu et al,, 2005; Chen et al.,
2007; Chen L. J. et al., 2013; Lo et al,, 2013). Interestingly, the
LKR linker can modulate the process of viral genome packing,
allowing the two structured domains to adopt a wide range
of conformations (Chang et al, 2009) and is crucial for N
protein oligomerisation (He R. et al., 2004; Luo et al., 2006).
The LKR includes a Ser/Arg-rich (SR rich) region that contains
a number of putative phosphorylation sites, which regulates N
protein function during the early replication step of the viral RNA
synthesis (Surjit et al., 2005; Lin et al., 2007; Peng et al., 2008;
Wu et al., 2009). The kinase responsible for the phosphorylation
of this SR-rich motif is the glycogen synthase kinase-3 (GSK-3),
which is conserved in both JHMV and SARS-CoV (Wu et al.,
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2014). Consistently, treatment with GSK-3 inhibitor reduces N
protein phosphorylation and the viral titer and cytopathic effects
(Wuetal,, 2014).

The 3D structures of the NTD and the CTD of SARS-
CoV-2 were recently released (PDB codes: 6M3M and 6YUN,
respectively), revealing high similarity with those of other CoV's
(Yeetal., 2020). The NTD domain adopts a U-shaped p-platform
structure containing a five stranded antiparallel p-sheet with
the topology p4-p2-B3-p1-B5 (Figure 2B), with the two strands
B2' and B3’ located on a protruding B-hairpin (Figure 2B).
This fold creates a positively charged pocket between which
represents the RNA binding site, as confirmed by NMR studies
on SARS-CoV NTD (Chang et al., 2014). Different features
characterize the CTD domain, which forms a tightly intertwined
homodimer (Figure 2C). Each CTD monomer presents an o-
p fold with al-a2-a3-04-a5-06-B1-B2-a7-a8 topology and the
p1-B2 hairpin of the two monomers form an antiparallel B-
sheet at the dimer interface (Yu et al., 2005; Lo et al., 2013),
stabilized by extensive hydrogen bonding (Figure 2C). The dimer
is also strongly stabilized by hydrophobic interactions between
the helix a7 of one monomer and the B-sheet of an adjacent
monomer and between helices a5 and a6 of the two monomers
(Figure 2C). Solution NMR studies have confirmed that CTD
exists predominantly as a dimer in the absence of nucleic acids
(Chen et al, 2007). Nevertheless, X-ray crystallography and
biochemical studies have shown that CTD is able to form further
transient self-associations, conferring to the N protein the ability
to form high-order oligomers (Chen et al., 2007; Chang et al,,
2013). It has been hypothesized that N protein oligomerisation
allows the optimal packaging of the RNA genome during RNP
formation process (Chen et al., 2007; Takeda et al., 2008; Chang
et al,, 2009, 2014). As in the case with NTD, RNA-binding sites
on the CTD have strongly positive electrostatic potential surfaces
(Figures 2B,C) (Huang et al., 2004; Takeda et al., 2008; Chang
et al, 2014), indicating non-specific electrostatic interactions
between the N protein and the viral RNA (Chang et al., 2014), as
expected for a protein that has to bind to diverse RNA sequences
with reasonable affinity during encapsidation.

Nsp13 Helicase, a Multifunctional Enzyme
Involved in Genome Unwinding and the
First Step in mRNA Capping

Helicases are ubiquitous motor proteins, also present in (+)
RNA viruses with genomes larger than 7kb. They are nucleic
acid-dependent ATPases capable of unwinding DNA or RNA
duplex substrates during nucleic acid replication, transcription,
DNA repair, RNA maturation, and splicing (Patel and Donmez,
2006). Viral helicases belong to three out of the six currently
recognized super-families: SF1, SF2, and SF3 (Lehmann et al.,
2015). Sequence analysis suggests that Nsp13 of SARS-CoV-2 is
part of the SF1 superfamily and can exert multiple enzymatic
activities. Consistently, biochemical studies have shown that
SARS-CoV Nspl3 unwinds both RNA and DNA duplexes in the
5’ to 3’ direction and is able to hydrolyze deoxyribonucleotide
and ribonucleotide triphosphates (Ivanov and Ziebuhr, 2004;
Adedeji et al., 2012). This reaction characterizes the first step of

an important process of viral RNA synthesis, the protection of
nascent mRNAs at their 5" ends by a cap structure, which makes
viral mRNA more stable and able to evade the host immune
response. Therefore, not only is Nspl3 involved in genome
unwinding, but, due to its RNA 5'-triphosphatase activity, it is
an essential enzyme in the mRNA capping (Ivanov and Ziebuhr,
2004; Adedeji et al., 2012).

Nspl13 is conserved in all coronaviruses and is key to viral
replication (van Dinten and van Tol H, 2000; Lehmann et al,,
2015). Given the high sequence conservation and indispensability
across all CoV species (Lehmann et al., 2015), Nspl3 is a
promising target for the development of anti-viral drugs (Shum
and Tanner, 2008; Adedeji et al., 2014). Structures of Nspl3
helicases from coronaviruses SARS-CoV and MERS and, more
recently, SARS-CoV-2, have been hitherto reported (Hao et al.,
2017; Jia et al., 2019). The Nsp13 structure is composed of five
domains, organized in a triangular pyramid shape (Figure 3).
At the apex of the pyramid are the N-terminal zinc binding
(ZBD) and the stalk (S) domains (Figure 3B). Domains 1A and
2A present the RecA-like structure typical of helicases, with the
catalytic site located at their interface. The catalytic pocket of
the enzyme is located between the two RecA domains 1A and
2A and include the six residues K288, S289, D374, E375, Q404,
and R567 (Figure 3B). Interestingly, the unwinding activity of
SARS-CoVNspl3 is stimulated by its interactions with the RNA
dependent RNA polymerase (RARP, Nsp12), the main enzyme
responsible for CoV RNA polymerisation, with this interaction
mediated by ZBD and 1A domains (Figure 3B) (Jia et al., 2019).
The high sequence conservation of Nsp12 and Nsp13 in all CoV's
(Supplementary Table 1) suggests their association as a common
feature across CoVs (Jia et al., 2019).

Nsp14, a Key Enzyme Involved in mRNA

Proofreading and Final Capping
Nspl4of SARS-CoV-2 is a peculiar bi-functional enzyme. It is
composed of two different functional domains: an N-terminal
exoribonuclease (ExoN) domain and a C-terminal N7-guanine
MTase domain (N7-MTase). The ExoN domain of Nspl4
hydrolyses single-stranded and double-stranded RNAs and is
critical for proofreading function in coronaviruses (Denison
et al,, 2011; Ogando et al., 2019), a property that is missing in
other RNA viruses. Due to the presence in the ExoN domain of
three conserved motifs, motif I (DE), II (E), and III (D), Nsp14
is classified as a “DEED outlier” among DEDD exonucleases (Ma
et al,, 2015; Ogando et al., 2019). Knockout mutants of ExoN in
Murine Hepatitis Virus (MHV), SARS-CoV, Alphacoronaviruses
HCoV-229E, and Transmissible Gastroenteritis Virus (TGEV)
were shown to display defects in the synthesis of genome
and sub-genome length RNAs and a reduction in replication
efficiency, thus emphasizing the supporting role of Nsp14 in CoV
replication (Minskaia et al., 2006; Eckerle et al., 2007, 2010). In
this context, Nsp14, through its ExoN domain, is part of the RNA
replication machinery.

The carboxy-terminal region of Nspl4, containing N7-
guanine MTase activity, instead plays a key role in capping of
viral both genomic and sub-genomic mRNAs. The cap synthesis
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FIGURE 3 | Structural organization of SARS-CoV-2 Nsp13 helicase. (A)
Organization of Nsp13 in domains. (B) Cartoon representation of the crystal
structure of Nsp13 from SARS-CoV-2 Nsp13 (pdb code 6zsl). The color code,
in panel A, is: ZBD-gray, stalk-light gray, 1B-light blue, 1A-blu marine, and
2A-blue. In the inset, the key conserved residues responsible for NTP
hydrolysis are drawn as sticks.

starts with the hydrolysis of the 5" end of a nascent RNA by
the RNA 5'-triphosphatase Nsp13 to yield pp-RNA (Ivanov and
Ziebuhr, 2004). Subsequently, a still unknow GTase transfers a
GMP molecule onto the pp-RNA to yield Gppp-RNA. The cap
structure is then methylated at the N7 position by the N7-MTase
domain of Nsp14 (Chen J. Y. et al., 2009; Chen Y. et al,, 2013).
In addition to being important for the stability of mRNAs, the
cap structure is essential to avoid the host immune response and
allows the ribosomal complex to recognize mRNAs to ensure
their efficient translation (Decroly et al., 2012).

Based on the crystal structure of SARS-CoV Nspl4-Nspl0
complex (PDB code: 5C8S), we have generated, using Modeler,
a homology model of the complex between Nspl4 and Nspl0
of SARS-CoV-2 (Figure4) (Ma et al., 2015; Ferron et al,
2018). In this heterodimer, the co-factor Nsp10 forms numerous

interactions with the ExoN domain of Nspl4 (Bouvet et al.,
2014). In particular, the first 25 residues of Nspl4 form a
clamp that accommodates the first 10 residues of Nsp10. This
structural relationship is the key to the ExoN activity. Indeed, this
tight interaction between Nspl10 and the N-terminus of Nsp14
allows the exonuclease active site to adopt a stable and highly
active conformation. These structural findings, together with
experimental evidence, underline that the interaction with Nsp10
strongly influences the nucleolytic activity of Nspl4 (Bouvet
et al, 2012). Consistently, as shown by SAXS experiments,
in the absence of Nspl10, Nspl4 from SARS-CoV shows large
conformational changes at its N terminus, which affect the overall
structural architecture of the ExoN domain, leading to weak
ExoN activity (Ferron et al., 2018).

The ExoN domain of Nspl4 is essentially composed of a
central twisted B-sheet which is formed by five B-strands flanked
by a-helices (Ma et al., 2015; Ferron et al., 2018). This architecture
is typical of exonucleases of the DEDD superfamily, like RNase
T from E.coli and RNase AS from M. tuberculosis (Derbyshire
et al, 1991; Romano et al, 2014, 2015). The catalytic tetrad
was identified using the structural alignment with SARS-CoV
Nsp14 and include the DEED residues Asp90, Glu92, Glu191, and
Asp272 (Figure 4A).

A flexible hinge region connects the ExoN domain with the
N7-MTase domain of Nspl4. This region, consisting of a loop
and three strands, is highly conserved across CoVs and permits
significant movements of the two domains (Figure 4) (Ma et al.,
2015; Ogando et al., 2019). As mentioned before, the N7-MTase
domain participates in mRNA capping by adding a methyl at
the N7 position of the guanosine of the mRNA cap structure.
To complete this enzymatic reaction, it uses the co-enzyme S-
Adenosyl Methionine (SAM) as methyl donor (Figure 4). The
N7-MTase domain does not belong to any of the classes of
SAM-dependent MTases (Schubert et al., 2003; Byszewska et al.,
2014; Chouhan et al., 2019) and shows a non-canonical MTase
fold different from the Rossmann fold of the virus RNA MTase
(Rao and Rossmann, 1973; Ferron et al., 2018). Indeed, whereas
the canonical fold is formed by a seven-strand B-sheet with
at least three parallel a-helices on each side, Nspl4 contains
a central B-sheet composed by only a five-strand (Figure 4B)
(Rao and Rossmann, 1973). The N7-MTase domain presents two
clusters of residues key for its enzymatic activity; the first cluster
is a canonical SAM-binding motif I (DxGxPxG/A), including
Asp331, Gly333, Pro335, and Ala337 (Figure4B). A second
cluster forms a pocket that holds the GTP of the mRNA cap
structure close to the methyl donor SAM.

A STRUCTURAL OVERVIEW OF HUMAN
DDX HELICASES INVOLVED IN COV
INTERACTION

Human DDX helicases belong to the DEAD-box protein family,
which is the largest family of the superfamily 2 (SF2) helicases
(Byrd and Raney, 2012). They share a highly conserved helicase
core consisting of two RecA-like domains (D1 and D2) connected
via a flexible linker region (Hilbert et al, 2009). These two
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as sticks, respectively in orange and olive (Ma et al., 2015).

FIGURE 4 | Surface representation of the homology model of SARS-CoV-2 Nsp14-Nsp10 complex. The model was calculated using MODELER and the structure of
SARS-CoV Nsp14-Nsp10 complex as a template (PDB code 5c8s, region 1-131 of Nsp10 and 1-525 of Nsp14); (A,B) panels show 180° views, to highlight catalytic
sites of the two functional domains of Nsp14. The ExoN domain is shown in light blue and N7-MTase domain in wheat color. Zooms of the catalytic sites are shown
(cartoon and stick representations) in the insets. The functional ligands of the N7-MTase domain (SAH, the demethylated form of SAM and GpppA), are represented

domains, also known as DEAD domain and helicase domain, are
characterized by the presence of nine conserved motifs, Q, 1, 1a,
1b, IT, I, IV, V, and VI, and the common tetrapeptide (Asp-Glu-
Ala-Asp) in motif IT (Figure 5A). In many DEAD box helicases,
the D1D2 domains are linked to distinct flanking regions or
ancillary domains, ranging from a few to several hundred
amino acids in length (Rudolph and Klostermeier, 2015). These
variable N-terminal and C-terminal domains contribute to the
functional diversity of this protein family, and direct individual
helicases to their targets via protein or RNA interaction or
by modulating the activity of the helicase core (Del Campo
and Lambowitz, 2009; Mallam et al., 2011; Ferrage et al., 2012;
Rudolph and Klostermeier, 2015). Structural studies on DDX
helicases, reported in Tables 2, 3, are mainly focused on the
helicase core or isolated ancillary domains, with few structures
of full-length helicases. Nevertheless, the conserved patch in the
helicases core provides important insights on their activity. In
DDX proteins, the two RecA-like domains are both responsible
for RNA binding and ATP hydrolysis (Hilbert et al., 2009).
Specifically, the conserved motifs Q, I (P-loop), II, and VI
participate in ATP binding and hydrolysis; motif III is responsible
for coupling NTP hydrolysis to nucleic acid unwinding, and
motifs Ia, Ib, IV, and V are involved in RNA binding (Figure 5)
(Hilbert et al., 2009).

Comparative studies on the helicase core highlighted a
structural mechanism of open-close conformation of the two
RelA-like domains, suggesting a link between the binding of
ATP and activation of the RNA binding site (Theissen et al.,
2008; Schutz et al.,, 2010). In the absence of a ligand, the D1

and D2 domains are separated and more flexible, resulting in an
open conformation (Figure 5B). Upon ATP and RNA binding,
they approach each other in a more compact arrangement, thus
forming a cleft which aligns the catalytic site for ATP hydrolysis
(Figure 5B). In particular, the P-loop and motif IT coordinate the
nucleotide phosphates and the magnesium ion, whereas residues
of the Q-motif bind and recognize the adenine moiety (Schutz
et al, 2010) (Figure 5B). The domain closure mechanism is
consistent with biochemical studies, indicating that ATP and
nucleic acid binding is highly cooperative in DDX proteins,
most of which are unable to bind or hydrolyze ATP without
RNA (Jankowsky and Fairman, 2007; Theissen et al., 2008).
Importantly, in all DEAD-box protein structures, conserved
amino acids make contact exclusively with the sugar-phosphate
backbone of the RNA, including several interactions with the 2’-
OH groups (Jarmoskaite and Russell, 2011). This finding explains
why RNA binding is not sequence specific but DDX can still
distinguish RNA from DNA.

The Two Homologs DDX3X and DDX5

Like all DDXs, DDX3X contains a helicase core composed of
two Rec-Alike domains, constituting the D1D2 core. This core
is flanked by N- or C-terminal unstructured tails (Figure 6A).
Despite the lack of structural information on the N (NTE) and
C terminal tails (CTE), evidence has accumulated showing that
NTE contains a nuclear export sequence and is key for DDX3X
nuclear export (Heaton et al., 2019). On the other hand, CTE is
essential for DDX3X oligomerisation, a process which is required
for optimal helicase activity (Putnam et al., 2015).
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FIGURE 5 | (A) Typical domain organization of DDX helicases. The motifs are shown with colors according to their primary function (red, ATP binding and hydrolysis;
yellow, coordination between NTP- and RNA-binding sites; blue, RNA binding). (B) Cartoon representation showing domain movements in DDX helicases upon RNA

green and in cyan, respectively.

binding of the DEAD-box protein elF4Alll without RNA (left) and in complex with RNA (right). An RNA fragment and AMPPNP are shown in stick representation in

As for the D1D2 core, DDX3X is one of the most structurally
characterized DDX helicases. The crystal structure D1D2 core
of DDX3X has been reported in several functional states: the
apo state,; the pre-unwound state, consisting of a complex with
a 2-turn dsRNA; and a post-unwound state, in which DDX3X
is complexed with a single strand RNA (Figure 6) (Song and
Ji, 2019). These studies have shown that the binding of dsRNA
to apoDDX3X triggers dramatic conformational changes of the
enzyme to form the pre-unwound DDX:dsRNA:DDX complex
(Figure 6B). This structure, also confirmed in solution, resembles
a clamp that locks dsRNA among four RecA-like domains
(Figure 6B), with one D1D2 core mainly binding RNA Strand
1 and the other D1D2 core binding RNA Strand 2 (Song and Ji,
2019). In the transition from a pre-unwound to a post-unwound
state, RNA unwinding is driven by ATP hydrolysis and finally
leads to a monomeric complex of DDX3X and single strand RNA
(Figure 6B). In this unwinding model, the two dsRNA-bound

D1D2 cores undergo dramatic conformational changes upon
the binding of MgATP and thus unwind dsRNA (Figure 6).
This mechanism has been proposed as a general unwinding
mechanism of DDX helicases (Song and Ji, 2019). DDX3X has a
confirmed role in anti-viral immune signaling pathways leading
to type I IFN induction (Schroder et al., 2008; Soulat et al,
2008; Gu et al,, 2013, 2017). Notably, DDX3X has already been
validated as a target for broad-spectrum antiviral molecules
against a number of RNA viruses (HIV, HCV, DENV, and WNV).

DDX5 plays fundamental roles in transcriptional regulation
and in viral replication (Cheng et al., 2018). Like other DEAD-
box helicases, DDX5 shares the modular domain architecture
with the nine conserved motifs constituting the core region
(Figure 7). Moreover, DDX5 helicase contains a Arg-Gly-Ser-
Arg-Gly-Gly (RGS-RGG) motif and an Ile-Gln (IQ) motif, which
is localized in the C-terminal region and can act either as
RNA-binding site or protein interaction module (Rajyaguru and
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TABLE 2 | Structural similarity of SARS-CoV-2 Nsp13 with human DDX helicases,
as computed by DALI.

PDBcode Zscore Seqid(%) Rmsd (A) Length of

alignment
DDX20 20xc 9.8 12 3.1 149
DDX53 3iuy 9.5 10 3.0 213
DDX10 2pI3 9.3 14 3.1 147
DDX47 3ber 9.1 10 3.0 146
DDX52 3dkp 9.0 11 3.3 148
DDX18 3ly5 8.9 8 3.4 150
DDX17 6uvi 8.7 11 3.6 200
DDX5 4a4d 8.4 11 3.4 1565
DDX3X 605f 7.8 8 3.8 155
DDX41 2p6n 7.7 11 3.0 131
DDX25 2rb4 7.1 8 3.2 128

Parker, 2012) (Figure 7). Indeed, there is evidence that DDX5
may interact with other DEAD-box helicases, such as DDX3X
and its close homolog DDX17; an interaction between DDX5 and
DDX3X was proposed as a novel combined mechanism of action
for DEAD-box RNA helicases involved in RNP remodeling and
splicing (Ogilvie et al., 2003; Choi and Lee, 2012).

The only structural information available for DDX5 include
domain I and part of the variable N-terminal region (Schutz
et al., 2010) (Table 3). However, DDX5 shares a high sequence
identity with DDX17 (83.7%, region 35-476), whose structure is
known (Ngo et al., 2019). Therefore, we computed the homology
modeling structure of a major portion of DDXS5, including an
N-terminal region of unknown function and the D1D2 core
(Figure 7A). In this structure, the N-terminal region crosses the
entire length of the D1 domain, reaching the RNA substrate
binding region (Figure 7). In DDX17, the N-terminal extension
can modulate its ATPase and unwinding activities (Ngo et al,,
2019). The high sequence similarity of DDX5 with that of
DDX17 suggests a similar autoregulatory role of the N-terminal
region in controlling the ATPase activity, through the observed
intramolecular interaction between N-terminal tail and the D1
domain (Ngo et al, 2019) (Figure 7). As for the D1D2 core,
structural similarity analysis by DALI server shows that DDX5
D1D2 (PDB entry 3fe2) possesses high structural similarity with
DDX3X, as well as with DDX17 and DDX41 (z-scores 31.4, 35.9,
33.5, respectively), thus indicating similar roles for all these DDX.

DDX1, a Structurally Unique DDX

In DEAD-box helicases, different insertions, N- or C-terminal
appendages, or additional domains to the standard modular
architecture of RecA-like domains may be responsible for the
diversity of DEAD-box protein functions. As an example, DDX1
is unique among DEAD-box proteins because of a domain
insertion in the amino-terminal helicase domain (Kellner et al.,
2015). This extra domain, denoted as SPRY (SPla and the
RY anodine Receptor), is inserted between the P-loop and the
conserved motif Ia of the RecA domain D1 (Figure 8A). The
SPRY domain is the sole structural information hitherto available

for DDX1 and shows a typical 3-sandwich fold, with a variability
in the loop regions (Kellner and Meinhart, 2015). However,
using structural information from its homologous structures, we
computed a homology model of the entire DDX1, for a better
description of its structural and binding properties (Figure 8B).
In this structure, the SPRY domain protrudes from the structure
of the helicase and is located on the opposite side of the enzyme
catalytic site. Consistently, SPRY is a protein interaction module
implicated in important biological pathways, including innate
immunity (D’Cruz et al., 2013), regulating DDX1 assembly into
multiprotein complexes. However, the interacting partners of
SPRY remain unknown, as do the molecular determinants of
binding specificity.

INVOLVEMENT OF COV PROTEINS IN DDX
HIJACKING

The N Protein Is a Central Hub for DDX

Interactions

The multifunctional role of the N protein in the virus life cycle,
from regulation of replication and transcription and genome
packaging to modulation of host cell processes, strongly relies
on interactions with host cell proteins (Emmott et al., 2013).
Consistently, this protein has been shown to be involved in
interactions with multiple host proteins in IBV-CoV and SARS-
CoV, including proteins of the DDX family (Emmott et al., 2013)
(Table 1). An interaction of N protein has also been observed
directly in SARS-CoV-2 with the helicase DDX21 (Gordon et al.,
2020). However, the effect of this interaction on viral replication
is currently unknown.

Among DDX proteins interacting with the N protein, DDX3X
is massively involved in immune reactions against the viral
infection. In particular, it is involved in the interferon (IFN)-
mediated innate immune cascade (Gu et al, 2013) and is a
positive regulator of the TBK/IKKe signaling cascade, as it
interacts with and acts as a substrate of the TBK1 and IKKe
kinases, activating the IRF3 transcription factor (Brai et al,
2020a). DDX3X is also recruited to the IFN promoter through
interaction with IRF3 itself (Gu et al., 2013). In addition, DDX3X
interacts with IPS-1 and TRAF3, components of the RIG-I sensor
complex, for the recognition of viral RNA and activation of
the IFN response (Oshiumi et al., 2010; Gu et al., 2017) and
modulates the NF-kB inflammatory response through activation
of the IKKP/PPA2C complex (Wang et al., 2017). Therefore, it
is possible to hypothesize that the N protein plays a role in
modulating the immune response mediated by DDX3X and that
binding of N to DDX3X results in the inhibition of these antiviral
pathways. Indeed, a similar mechanism acting on DDX3X has
been already demonstrated for other viruses (Schroder et al,
2008).

DDX1 and DDX21 were also shown to belong to the
interactome of the N protein in IBV-CoV (Emmott et al., 2013)
(Table 1). Interestingly, these two DDX proteins have been
shown to interact with each other to form a large complex with
another RNA helicase, DHX36, and with the adaptor molecule
TRIF, forming a sensor of viral dsSRNA in dendritic cells (Zhang
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TABLE 3 | Structures of DDX helicases.

Protein PDB code Sequence information/esigue Ligands
DDX1 AXW3 SPRY domain None
DDX3X 2JGN Domain Il 409_580 None
4PX9 NTE and Domain | 135_407 ADP
4PXA NTE and D1D2 core 135_ss2 (D354V) ADP, PO,
2141 D1D2 core 1g_s82 AMP
5E71, 5BE7M, 5E7J NTE and D1D2 core 133_584 None — AMPPNP — AMP
B605F NTE, CTE and D1D2 core 132607 23-bp dsRNA
6CZ5 NTE, CTE and D1D2 core 132_g07 (S228) AMP-acrylamide
3JRV N-terminal peptide 71_go Protein K7 (Vaccinia virus)

402G, 402E, 402F

DDX5/p68 4A4D
3FE2
DDX6/p54 1VEC
2WAY, 2WAX
4CRW
6F9S
6S8S
4CT5, 4CT4, 5ANR
DDX10 2PL3
DDX17 6UVO
6UVA1
6UV2
6UV3
6UV4
DDX18 3LY5
DDX19B 3FHC
3FHT
3FMO - 3FMP
3EWS, 3GOH
6B4K - 6B4J - 6B4l

DDX20 20XC
3B7G
DDX21 2M3D
DDX23/Prp28 4NHO
3JCR
6AHO
6QX9
6QW6
DDX25 2RB4
DDX41 2P6N
5GVR - 5GVS
5H1Y
DDX47 3BER
DDX48/elF4Alll 2HXY

2HYI - 2XB2 - 3EX7

4C9B
2J0Q, 2J0S
2Jou

N-terminal peptides SL9 NAc, SL9, HL8

Domain | 50304

Domain | gg_307

Domain | g4_o99

Domain Il o96_483

Domain Il 307_483

Domain Il 301469

Domain Il 295433

D1D1 core gs5_469
Domain | 47_280

D1D2 core 111_556

D1D2 core 111_556

D1D2 core 111_556

D1D2 core 111_556

D1D2 core 111_556
Domain | 149_387

Domain | gg—g02

D1D2 core gg_4a79 (ANB7)
NTE and Domain | 1_zgp - Full length
D1D2 core 54-_475 (AN53)
D1D2 core 54-479 (AN53)

Domain l41-268

Domain l41_26s

GUCT domain

D1D2 core 33g-g20 (AN337)
Full length

Full length

Full length

Full length

Domain Il 307_479

Domain Il 402569

Domain | 169-402 closed form - open form
Domain | 153410

Domain | 5_230

D1D2 core 23_411

D1D2 core 1_411

D1D2 core 1_411
D1D2 core 2411
D1D2 core 39-411

HLA-B*3901 (HLA class | histocompatibility antigen, B-39
alpha chain)

None

ADP, SO,

Zn*2, C4HsOs

EDCS FDF peptide

CNOT1 MIF4G domain (fragment)
LSM14 peptide, SO4

EDCS FDF peptide, PO4

None - CNOT1 MIF4G domain, Mg*? - 4E-T/CNOT1
ADP, Mg+?

Mg+2

rU10 RNA, ADP, Mg*?
pri-125a-0ligo1RNA, ADP, Mg*?
pri-125a-oligo2 RNA, ADP, Mg*?
pri-18a-oligo1 RNA, ADP, Mg+?
PO,, Mg+?

Nup214

AMPPNP, U10 ssRNA, Mg+?
Nup214, ADP

ADP - AMPPNP, U1o RNA, Mg+?

AMPPNP, Mg*2 - AMPPNP/Gle1CTP-Nup4288M  Mg+2 -
ADP/Gle1CTP-Nup42G8BM

ADP

AMPPNP

None

SOy, Hg*?

U4/U6.U5 tri-snRNPspliceosomalcomplex
Precursor of pre-catalytic spliceosome
Fully assembled pre-catalytic spliceosome
U4/UB.U5 spiceosomal tri-snRNPcomplex
SO., Znt?

None

None

S04, Mg+?

AMP, PO,

None

ECJ (Exon junction complex), RNA, AMPPNP, Mg+? — UPF3b
ECJ, AMPPNP, Mg*? — ECJ transition state, ADP, Mgt?2

CWC22, POy
ECJ, AMPPNP, Mg*?
CASC3

(Continued)
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TABLE 3 | Continued

Protein PDB code Sequence information/esigue Ligands
5YZG, 5MQF, 5XJC, 6ICZ, D1D2 core 1_411 C complex, step | - C complex, step Il = P complex (human
6QDV spliceosome)

DDX50 2E29 GUCT domain None

DDX52 3DKP Domain l139_3s1 ADP, Mgt?2

DDX53 3lIUY Domain | o04_430 AMP

DDX58/RIG-1 2LWD, 2LWE CARD 2 domain g5_190 WT and T170E variant None
4ANQK - 4P4H CARD 1 and 2 domains 1_200 Ubiquitin - CARDMAYS| UBA-52
2RMJ - 3NCU CTD 792_g05 None - 12bp blunt-end 5'-pp dsRNA, Zn*?
2QFB - 2QFD - 3LRN - CTD go2_925 Zn*2 - Hgt? - 14bp GC rich 5" ppp dsRNA, Zn*? - 12bp AU
3LRR - 30G8 rich 5’ ppp dsRNA, Zn*2 - 14bp blunt-end dsRNA, Znt?2
40N9 D1D2 core 230_793 SO4
5E3H, 6GPG CTD and D1D2 core 230_go5 (ACARDS) - 14bp dsRNA, ADP, Mg*2, Zn*2 - 14bp dsRNA, Mg*2, Znt2

C268F
2YKG, 4BPB, 3ZD6, 3ZD7

4AY2, 5F9F, 6F9H, 5F98

CTD and D1D2 core 230_g25 (ACARDS)

CTD and D1D2 core 232_g25 (ACARDS)

5'0H-GC10 dsRNA, Zn*2, SO, - 5OH-GC10 dsRNA, Zn*2 -
5'0H-GC10 dsRNA, ADP, Mg+?, Znt?

5'ppp 8-bp HP RNA, ADP, Mg*?, Zn+2 - 5°0H HP RNA,
Mgt?, Zn*? - 5’ppp HP RNA, Mg*?, Zn*? - Cap-0 HP RNA

NTE (N-terminal extension), CTE (C-terminal extension), CTD(C-Terminal regulatory Domain), CARD (Caspase recruitment domain).

AN-:!@( D1 WD[ D2 ][CTE]:J-C
- 8 8 25 I 8 €

Pre-unwound

FIGURE 6 | DDX3X as a model for dsRNA unwinding mechanism by DDX
helicases. (A) Domain organization and (B) cartoon representation of DDX3X
in its proposed functional states, including the apo and pre-unwound states
(pdb codes 5e7i and 605f, respectively), and its post-unwound state (pdb
code: 2db3, ortholog from Drosophila melanogaster).

etal., 2011). This DDX1-DDX21-DHX36 complex uses DDXI to
bind dsRNA and DDX21, and DXH36 to bind TRIF, to activate
the NF-kB pathway and type I IFN responses in dendritic cells

AN-DQ D1 ml D2 lRGS-RGG e -C
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FIGURE 7 | DDX5 structural organization. (A) Domain organization and (B)
cartoon representation of the homology model of DDX5, obtained using
Modeler and the structure of DDX17 (pdb code 6uvi, covered region 35-476,
seqid 83.7%) as a template.

(Zhang et al., 2011). In this context, the DDX1-DDX21-DHX36
complex helps the innate immune system to detect viral infection
by sensing viral nucleic acids cells (Zhang et al., 2011). Targeting
of this complex by the N protein plays a role in immune evasion,
possibly interfering with the formation of the sensor complex
or by inhibiting the recognition of dsRNA by DDX1. However,
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FIGURE 8 | The unique structure of DDX1. (A) Domain organization according
to PFAM. (B) Cartoon representation of the homology model of DDX1,
computed using Modeler and the structures of DDX Helicase CshA (PDB code
5ivl, coverage 7-75; 276-674, 35% seqid) and of DDX1 SPRY domain (PDB
code 4xw5, coverage 76-275, seqid 100%) as templates. The Nsp14 binding
region in the helicase domain of DDX1 is highlighted in yellow.
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FIGURE 9 | Electrostatic potential surface of DDX1. Left and right panels
show two opposite sides of the molecule.

research studies are still needed to clarify this aspect, as details of
these interactions are currently unknown.

Further elements are known on the interaction of DDX1
with the N protein (de Haan and Rottier, 2005; McBride et al.,
2014; Wu et al, 2014). As discussed above, the N protein
is a highly basic protein with phosphorylation modifications,
predominantly found in serine residues clustered within the
central Ser-arginine (SR)-rich motif located in the LKR linker,
which connects the NTD and CTD domains (Wu et al.,
2009). This crucial protein also regulates the discontinuous
transcription of sub-genomic mRNAs, since its depletion reduces
the synthesis of subgenomic mRNA, but not of genomic RNA
(Zuniga et al., 2010). Interestingly, the phosphorylation of the N
protein by host kinase GSK-3 allows the recruitment of DDX1
helicase, as DDX1 specifically interacts with the N protein of
JHMV phosphorylated at Ser197 (pS197-N) belonging to the
LKR linker (Wu et al., 2014). In this process, DDX1 plays a
role in the regulation of viral RNA transcription by increasing
the synthesis of longer viral RNAs. Indeed, DDX1 knockdown
markedly reduces the synthesis of longer RNAs of JHMV but
minimally reduces the synthesis of shorter sub-genomic mRNA
(Wu et al,, 2014). Consistently, overexpression of the wild-type,
but not of an inactive mutant of DDXI, increases the synthesis
of longer viral RNAs, showing that the effect of DDX1 on
viral RNA synthesis is linked to its enzymatic function (Wu
et al., 2014). This evidence suggests that the involvement of
host DDXI1, through interactions with the phosphorylated N
protein, is a unique viral strategy to support the transition from
discontinuous to continuous transcription (Wu et al.,, 2014).
Mechanistic details of this regulatory interaction are unknown.
However, the key involvement of phosphorylated serine residues
in DDX1 binding, as discussed above, suggests an electrostatic
interaction between the LKR linker and the highly charged DDX1
surface to regulate its function (Figure 9).

Nsp14 and DDX1, a Molecular Liaison to
Repress Viral Induced IFN-g Immune

Reaction
In addition to the N protein, Nspl4 has also been shown to
interact with DDX1 in both IBV-CoV and SARS-CoV (Xu et al.,
20105 Zhou et al., 2017). Importantly, this interaction enhances
coronavirus replication, as confirmed by manipulating DDX1
expression, either by small interfering RNA-induced knockdown
or by overexpression of a mutant DDXI protein (Xu et al,
2010). As previously explained, Nsp14 is involved in replication
and transcription of the viral genomic and subgenomic RNAs.
Therefore, a possibility for the observed enhancement of CoV
replication is that DDX1 binding to the Exo domain may facilitate
this process. Structurally, the interaction between Nspl4 and
DDXI1 involves the C-terminal portion of the DDX1 helicase,
containing motifs V and VI, and the N-terminal Exo domain of
Nsp14, although details of the interaction are currently unknown
(Xu et al., 2010) (Figure 10). Further studies are also needed
to elucidate the effect of DDX1 interaction with Nspl4 on
the exoribonuclease and N7-guanine MTase activities catalyzed
by Nsp14.

It is interesting to note that, in IBV-infected cells, DDX1
relocates from the nucleus to the cytoplasm with a predominant
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FIGURE 10 | Nsp14-mediated DDX1 hijacking by SARS-CoV-2. Cartoon representation of DDX1 D1D2 core (left)and Nsp14/Nsp10 (right) obtained by homology
modeling. Nsp14 and DDX1 interaction involves the C-terminal region of DDX1 (orange) with motifs IV and V (red), and the ExoN domain of Nsp14 (red).
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staining pattern in the viral RNA replication site, suggesting that
the interaction of Nspl4 could alter the subcellular localization
of DDX1 (Xu et al., 2010). Also, because phosphorylation protein
N does not affect the interaction between DDX1 and Nsp14, it is
likely that the two interaction patterns follow independent roots
(Wuetal,, 2014).

Interestingly, an opposite effect of the interaction between
Nsp14 and DDX1 was observed in TGEV, with DDX1 showing
antiviral activity against TGEV replication (Zhou et al,
2017). Nspl4 was shown to induce a DDX1-dependent IFN-
p production via NF-kB pathway in TGEV infection (Zhou
etal., 2017). Indeed, knockdown of DDX1 significantly decreased
Nsp14-induced IFN- § production and NF- k B activation (Zhou
etal., 2017). As discussed above, DDX1 and helicases DDX21 and
DHX36 are involved in sensing viral dsRNA and inducing IFN-$
production. Therefore, Nsp14 of TGEV may be recognized as a
Pathogen Associated Molecular Patter molecule (PAMP) by the
DDX1 portion of the DDX1-DDX21-DHX36 viral sensor (Zhang
et al., 2011). This antiviral effect of DDX1 in TGEV witnesses a
different regulation of CoVs compared to other bacteria.

Nsp13 and DDXS5, a Trick to Enhance Viral

RNA Unwinding?

In SARS-CoV replication, the helicase Nspl3 interacts with
DDX5 (Chen J. Y. et al, 2009). Interestingly, inhibition of
DDX5 by RNA interference results in the suppression of viral
replication (Chen J. Y. et al., 2009). This finding indicates a pro-
viral function of DDX5 in coronavirus infection through Nsp13
binding, suggesting that the host helicase may act as a coactivator
to enhance viral genome transcription and virus proliferation.
A search in the DALI database shows that Nspl3 structurally
resembles several homologous human DDX helicases, as judged
by the high values of Z scores and low root mean square deviation
(rmsd) between backbone atoms (Table2). This structural
similarity occurs despite the low sequence identity between

Nsp13 and these helicases (ranging between 8 and 12%, Table 2),
which include DDXS5 (Table 2, Figure 11).

As previously described, crystallographic and solution
structural studies of DDX3X have proven that two DDX
molecules function cooperatively to unwind dsRNA, in a
mechanism that has been proposed as a general unwinding
mechanism of DDX helicases (Song and Ji, 2019), and therefore
applying to DDX5. Although which regions of Nspl3 and
DDX5 are involved in binding is unknown, it is tempting to
speculate that Nspl3 may form a pre-unwound dimer with
DDX5, as observed for DDX3X and proposed for all DDX
helicases (Song and Ji, 2019). Consistent with this hypothesis,
recent studies have reported thatNspl3 of SARS-CoV has a
strong affinity for duplex RNA as a substrate for unwinding, in
a reaction which requires high ATP concentrations to unwind
duplex RNA (Jang et al., 2020). By crosslinking dsRNA in
conjunction with DDX5, Nspl13 would be able to efficiently
unwind viral RNA even in the early stages of infection, when the
concentration of Nsp13 is still low, by exploiting its interaction
with DDXG5.

Sequestration of DDX5 as Possible Viral
Evasion Mechanism From Inflammatory

Response

Recently, DDX5 has been shown to interact with the
diacylglycerol kinase ¢ (DGKE), an activator of the NF-«kB
transcription factor, an essential innate immunity/inflammation
modulator. Knockdown of DDX5 only repressed NF-kB
transcriptional activity, thus attenuating this essential
branch of the innate immune response (Tanaka et al,
2020). Thus, similarly to the case of DDX3X and DDX1
reported above, binding of Nspl3 to DDX5 may play a
dual role: enhancing viral RNA transcription and repressing
innate immunity.
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FIGURE 11 | Superposition of SARS-CoV-2 Nsp13 on DDX5 homology model. Cartoon representation of DALI superposed Nsp13 (blue) and the D1D2 core of DDX5
homology model (gold). (A) Side and (B) bottom view.

CONCLUSIONS SARS-CoV-2, as already validated for other RNA viruses
(Brai et al, 2016, 2019, 2020b). Indeed, proteomic studies
While human coronaviruses usually cause mild symptoms, three  have identified interactions between SARS-CoV-2 proteins and

highly pathogenic coronaviruses have emerged in the last years,  various DDX helicases. However, work needs to be done to
causing serious diseases: SARS-CoV in 2002, MERS-CoVin 2012, ynderstand the roles that these host proteins play in the viral

and SARS-CoV-2 in 2019, responsible for the current COVID-19  Jife cycle. Since DDX helicases are not essential for cell viability,

pandemic. A detailed understanding of the SARS-CoV-2 life cycle gene silencing/disruption approaches could be used to measure
and its interactions with the host cell proteome is mandatory  the infection cycle of SARS-CoV-2 in cells ablated for specific
to develop effective therapeutic strategies and is currently being  DDX proteins. In addition, biophysical studies could be used
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from previous studies on the other coronaviruses. In fact, both  enzymatic activities, such as Nspl3 and Nspl4, biochemical
structural and functional studies have identified host cell proteins  studies could reveal the effects of DDX interactions on their
as molecular players of coronaviral hijacking mechanisms and  jpdividual catalytic activities.
described ways exploited by the virus to replicate more efficiently
by taking advantage of its host. AUTHOR CONTRIBUTIONS

As discussed in this review, various DDX helicases, including
DDX3X, DDX5, and DDXI1, are known to play important roles  RB FS, and AR: conceptualization. RB, MR, and AR:
in the replication cycle of coronaviruses. The viral proteins methodology and software. MR, FS, and AR: formal analysis.
responsible for DDX-mediated hijacking mechanisms are highly  pS and RB: data curation. RB: original draft preparation,
conserved among coronaviruses, an observation that suggests  sypervision, and funding acquisition. RB, FS, and GM: writing

common pathways used by these viruses to exploit host proteins  review and editing. All authors contributed to the article and
for their own advantage. Here, based on available structural  pproved the submitted version.

data integrated with homology modeling, we explore possible

interactions between human DDX and coronavirus proteins. FUNDING

It appears that the explored mechanisms work to modulate

different aspects of viral life. In many instances, sequestration ~ We acknowledge funding by Regione Campania, project
of DDX helicases can have a dual pro-viral role: enhancing key ~ “RECOVER-COVID19” (RicErCa e sviluppOVERsus COVID19
steps of the virus life cycle such as RNA replication/transcription,  in Campania) POR FESR CAMPANIA 2014-2020.

and, at the same time, repressing the innate immune response

at various levels. Based on the structural similarity of the SUPPLEMENTARY MATERIAL

involved viral proteins among different coronaviruses, we thus

hypothesize that similar mechanisms are operating also for ~ The Supplementary Material for this article can be found
SARS-CoV-2. Thus, we suggest that DDX helicases could online at: https://www.frontiersin.org/articles/10.3389/fchem.
represent useful novel targets for antiviral therapy also against ~ 2020.602162/full#supplementary-material

Frontiers in Chemistry | www.frontiersin.org 13 December 2020 | Volume 8 | Article 602162


https://www.frontiersin.org/articles/10.3389/fchem.2020.602162/full#supplementary-material
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Squeglia et al.

SARS-CoV-2 DDX-Mediated Hijacking

REFERENCES

Adedeji, A. O., Marchand, B., Te Velthuis, A. J., Snijder, E. J., Weiss, S., Eoff, R.
L., et al. (2012). Mechanism of nucleic acid unwinding by SARS-CoV helicase.
PLoS ONE 7:¢36521. doi: 10.1371/journal.pone.0036521

Adedeji, A. O., Singh, K., Kassim, A., Coleman, C. M., Elliott, R., Weiss, S. R.,
et al. (2014). Evaluation of SSYA10-001 as a replication inhibitor of severe
acute respiratory syndrome, mouse hepatitis, and middle east respiratory
syndrome coronaviruses. Antimicrob. Agents Chemother. 58, 4894-4898.
doi: 10.1128/AAC.02994-14

Bouvet, M., Imbert, L, Subissi, L., Gluais, L., Canard, B., and Decroly, E. (2012).
RNA 3 ’-end mismatch excision by the severe acute respiratory syndrome
coronavirus nonstructural protein nspl0/nspl4 exoribonuclease complex.
Proc. Natl. Acad. Sci. U.S.A. 109, 9372-9377. doi: 10.1073/pnas.1201130109

Bouvet, M., Lugari, A., Posthuma, C. C., Zevenhoven, J. C. Bernard,
S., Betzi, S., et al. (2014). Coronavirus NsplO, a critical co-factor for
activation of multiple replicative enzymes. J. Biol. Chem. 289, 25783-25796.
doi: 10.1074/jbc.M114.577353

Brai, A., Boccuto, A., Monti, M., Marchi, S., Vicenti, I., Saladini, F., et al. (2020a).
Exploring the implication of DDX3X in DENV infection: discovery of the
first-in-class DDX3X fluorescent inhibitor. ACS Med. Chem. Lett. 11, 956-962.
doi: 10.1021/acsmedchemlett.9b00681

Brai, A., Fazi, R, Tintori, C., Zamperini, C., Bugli, F., Sanguinetti, M.,
et al. (2016). Human DDX3 protein is a valuable target to develop broad
spectrum antiviral agents. Proc. Natl. Acad. Sci. U.S.A. 113, 5388-5393.
doi: 10.1073/pnas.1522987113

Brai, A., Martelli, F., Riva, V., Garbelli, A., Fazi, R., Zamperini, C., et al. (2019).
DDX3X helicase inhibitors as a new strategy to fight the west nile virus
infection. J. Med. Chem. 62, 2333-2347. doi: 10.1021/acs.jmedchem.8b01403

Brai, A., Riva, V., Saladini, F., Zamperini, C., Trivisani, C. I, Garbelli, A,
et al. (2020b). DDX3X inhibitors, an effective way to overcome HIV-
1 resistance targeting host proteins. Eur. J. Med. Chem. 200:112319.
doi: 10.1016/j.ejmech.2020.112319

Byrd, A. K., and Raney, K. D. (2012). Superfamily 2 helicases. Front. Biosci. 17,
2070-2088. doi: 10.2741/4038

Byszewska, M., Smietanski, M., Purta, E., and Bujnicki, J. M. (2014). RNA
methyltransferases involved in 5’ cap biosynthesis. RNA Biol. 11, 1597-1607.
doi: 10.1080/15476286.2015.1004955

Chang, C. K, Chen, C. M, Chiang, M. H, Hsu, Y. L, and Huang,
T. H. (2013). Transient oligomerization of the SARS-CoV N protein-
implication for virus ribonucleoprotein packaging. PLoS ONE 8:¢65045.
doi: 10.1371/journal.pone.0065045

Chang, C. K., Hou, M. H., Chang, C. F., Hsiao, C. D., and Huang, T. H. (2014).
The SARS coronavirus nucleocapsid protein-forms and functions. Antiviral.
Res. 103, 39-50. doi: 10.1016/j.antiviral.2013.12.009

Chang, C. K., Hsu, Y. L., Chang, Y. H, Chao, F. A,, Wu, M. C,, Huang, Y.
S., et al. (2009). Multiple nucleic acid binding sites and intrinsic disorder
of severe acute respiratory syndrome coronavirus nucleocapsid protein:
implications for ribonucleocapsid protein packaging. J. Virol. 83, 2255-2264.
doi: 10.1128/JV1.02001-08

Chang, C. K., Sue, S. C., Yu, T. H,, Hsieh, C. M., Tsai, C. K., Chiang, Y. C,,
etal. (2005). The dimer interface of the SARS coronavirus nucleocapsid protein
adapts a porcine respiratory and reproductive syndrome virus-like structure.
FEBS Lett. 579, 5663-5668. doi: 10.1016/j.febslet.2005.09.038

Chen, C. Y., Chang, C. K,, Chang, Y. W,, Sue, S. C,, Bai, H. L, Riang, L., et al.
(2007). Structure of the SARS coronavirus nucleocapsid protein RNA-binding
dimerization domain suggests a mechanism for helical packaging of viral RNA.
J. Mol. Biol. 368, 1075-1086. doi: 10.1016/j.jmb.2007.02.069

Chen, 1. J,, Yuann, J. M., Chang, Y. M., Lin, S. Y., Zhao, J., Perlman, S., et al.
(2013). Crystal structure-based exploration of the important role of Argl06 in
the RNA-binding domain of human coronavirus OC43 nucleocapsid protein.
Biochim. Biophys. Acta 1834, 1054-1062. doi: 10.1016/j.bbapap.2013.03.003

Chen, J. Y., Chen, W. N,, Poon, K. M., Zheng, B. J., Lin, X., Wang, Y. X, et al.
(2009). Interaction between SARS-CoV helicase and a multifunctional cellular
protein (Ddx5) revealed by yeast and mammalian cell two-hybrid systems.
Arch. Virol. 154, 507-512. doi: 10.1007/s00705-009-0323-y

Chen, Y., Cai, H,, Pan, J., Xiang, N., Tien, P., Ahola, T., et al. (2009). Functional
screen reveals SARS coronavirus nonstructural protein nspl4 as a novel

cap N7 methyltransferase. Proc. Natl. Acad. Sci. U.S.A. 106, 3484-3489.
doi: 10.1073/pnas.0808790106

Chen, Y., Tao, J., Sun, Y., Wu, A., Su, C., Gao, G., et al. (2013). Structure-function
analysis of severe acute respiratory syndrome coronavirus RNA cap guanine-
N7-methyltransferase. J. Virol. 87, 6296-6305. doi: 10.1128/JVI.00061-13

Cheng, W., Chen, G., Jia, H, He, X,, and Jing, Z. (2018). DDX5 RNA
helicases: emerging roles in viral infection. Int. J. Mol. Sci. 19:1122.
doi: 10.3390/ijms19041122

Choi, Y. J., and Lee, S. G. (2012). The DEAD-box RNA helicase DDX3 interacts
with DDXS5, co-localizes with it in the cytoplasm during the G2/M phase of
the cycle, and affects its shuttling during mRNP export. J. Cell. Biochem. 113,
985-996. doi: 10.1002/jcb.23428

Chouhan, B. P. S., Maimaiti, S., Gade, M., and Laurino, P. (2019).
Rossmann-fold  methyltransferases: ~ taking a  “beta-turn”  around
their  cofactor, S-adenosylmethionine.  Biochemistry 58, 166-170.

doi: 10.1021/acs.biochem.8b00994

Cong, Y., Ulasli, M., Schepers, H., Mauthe, M., V’Kovski, P., Kriegenburg, F.,
et al. (2020). Nucleocapsid protein recruitment to replication-transcription
complexes plays a crucial role in coronaviral life cycle. J. Virol. 94, €01925-19.
doi: 10.1128/JV1.01925-19

D’Cruz, A. A., Babon, J. J., Norton, R. S., Nicola, N. A., and Nicholson, S. E. (2013).

Structure and function of the SPRY/B30.2 domain proteins involved in innate

immunity. Protein Sci. 22, 1-10. doi: 10.1002/pro.2185

Haan, C. A., and Rottier P. J. (2005).

in the assembly of coronaviruses. Adv. Virus

doi: 10.1016/S0065-3527(05)64006-7

Decroly, E., Ferron, F., Lescar, J., and Canard, B. (2012). Conventional and
unconventional mechanisms for capping viral mRNA. Nat. Rev. Microbiol. 10,
51-65. doi: 10.1038/nrmicro2675

Del Campo, M., and Lambowitz, A. M. (2009). Structure of the Yeast DEAD box
protein Mss116p reveals two wedges that crimp RNA. Mol. Cell. 35, 598-609.
doi: 10.1016/j.molcel.2009.07.032

Denison, M. R., Graham, R. L., Donaldson, E. F., Eckerle, L. D., and Baric, R.
S. (2011). Coronaviruses: an RNA proofreading machine regulates replication
fidelity and diversity. RNA Biol. 8, 270-279. doi: 10.4161/rna.8.2.15013

Derbyshire, V., Grindley, N. D., and Joyce, C. M. (1991). The 3’-5
exonuclease of DNA polymerase I of Escherichia coli: contribution of
each amino acid at the active site to the reaction. EMBO J. 10, 17-24.
doi: 10.1002/j.1460-2075.1991.tb07916.x

Diot, C., Fournier, G., Dos Santos, M., Magnus, J., Komarova, A., van der Werf,
S. et al. (2016). Influenza A virus polymerase recruits the RNA helicase
DDX19 to promote the nuclear export of Viral mRNAs. Sci. Rep. 6:33763.
doi: 10.1038/srep33763

Eckerle, L. D., Becker, M. M., Halpin, R. A, Li, K,, Venter, E,, Lu, X,, et al.
(2010). Infidelity of SARS-CoV Nspl4-exonuclease mutant virus replication
is revealed by complete genome sequencing. PLoS Pathog. 6:e1000896.
doi: 10.1371/journal.ppat.1000896

Eckerle, L. D, Lu, X, Sperry, S. M., Choi, L, and Denison, M. R.
(2007). High fidelity of murine hepatitis virus replication is decreased in
nspl4 exoribonuclease mutants. J. Virol. 81, 12135-12144. doi: 10.1128/JVIL.
01296-07

Emmott, E., Munday, D., Bickerton, E., Britton, P., Rodgers, M. A., Whitehouse, A.,
et al. (2013). The cellular interactome of the coronavirus infectious bronchitis
virus nucleocapsid protein and functional implications for virus biology. J.
Virol. 87, 9486-9500. doi: 10.1128/JVI1.00321-13

Fang, J. H., Kubota, S., Yang, B., Zhou, N. M., Zhang, H., Godbout, R., et al. (2004).
A DEAD box protein facilitates HIV-1 replication as a cellular co-factor of Rev.
Virology 330, 471-480. doi: 10.1016/j.virol.2004.09.039

Ferrage, F., Dutta, K., Nistal-Villan, E., Patel, J. R,, Sanchez-Aparicio, M. T., De
Toannes, P., et al. (2012). Structure and dynamics of the second CARD of
human RIG-I provide mechanistic insights into regulation of RIG-I activation.
Structure 20, 2048-2061. doi: 10.1016/j.str.2012.09.003

Ferron, F., Subissi, L., De Morai, A. T. S, Le, N. T. T., Sevajol, M., Gluais, L., et al.
(2018). Structural and molecular basis of mismatch correction and ribavirin
excision from coronavirus RNA. Proc. Natl. Acad. Sci. U.S.A. 115, E162-E171.
doi: 10.1073/pnas.1718806115

Goh, P. Y., Tan, Y. ], Lim, S. P,, Tan, Y. H., Lim, S. G., Fuller-Pace, F., et al. (2004).
Cellular RNA helicase p68 relocalization and interaction with the hepatitis

de

interactions
64, 165-230.

Molecular
Res.

Frontiers in Chemistry | www.frontiersin.org

14

December 2020 | Volume 8 | Article 602162


https://doi.org/10.1371/journal.pone.0036521
https://doi.org/10.1128/AAC.02994-14
https://doi.org/10.1073/pnas.1201130109
https://doi.org/10.1074/jbc.M114.577353
https://doi.org/10.1021/acsmedchemlett.9b00681
https://doi.org/10.1073/pnas.1522987113
https://doi.org/10.1021/acs.jmedchem.8b01403
https://doi.org/10.1016/j.ejmech.2020.112319
https://doi.org/10.2741/4038
https://doi.org/10.1080/15476286.2015.1004955
https://doi.org/10.1371/journal.pone.0065045
https://doi.org/10.1016/j.antiviral.2013.12.009
https://doi.org/10.1128/JVI.02001-08
https://doi.org/10.1016/j.febslet.2005.09.038
https://doi.org/10.1016/j.jmb.2007.02.069
https://doi.org/10.1016/j.bbapap.2013.03.003
https://doi.org/10.1007/s00705-009-0323-y
https://doi.org/10.1073/pnas.0808790106
https://doi.org/10.1128/JVI.00061-13
https://doi.org/10.3390/ijms19041122
https://doi.org/10.1002/jcb.23428
https://doi.org/10.1021/acs.biochem.8b00994
https://doi.org/10.1128/JVI.01925-19
https://doi.org/10.1002/pro.2185
https://doi.org/10.1016/S0065-3527(05)64006-7
https://doi.org/10.1038/nrmicro2675
https://doi.org/10.1016/j.molcel.2009.07.032
https://doi.org/10.4161/rna.8.2.15013
https://doi.org/10.1002/j.1460-2075.1991.tb07916.x
https://doi.org/10.1038/srep33763
https://doi.org/10.1371/journal.ppat.1000896
https://doi.org/10.1128/JVI.01296-07
https://doi.org/10.1128/JVI.00321-13
https://doi.org/10.1016/j.virol.2004.09.039
https://doi.org/10.1016/j.str.2012.09.003
https://doi.org/10.1073/pnas.1718806115
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Squeglia et al.

SARS-CoV-2 DDX-Mediated Hijacking

C virus (HCV) NS5B protein and the potential role of p68 in HCV RNA
replication. J. Virol. 78, 5288-5298. doi: 10.1128/JV1.78.10.5288-5298.2004
Gordon, D. E,, Jang, G. M., Bouhaddou, M., Xu, J., Obernier, K., White, K. M.,
et al. (2020). A SARS-CoV-2 protein interaction map reveals targets for drug
repurposing. Nature 583, 459-468. doi: 10.1038/5s41586-020-2286-9

Gu, L., Fullam, A., Brennan, R., and Schroder, M. (2013). Human DEAD box
helicase 3 couples IkappaB kinase epsilon to interferon regulatory factor 3
activation. Mol. Cell. Biol. 33, 2004-2015. doi: 10.1128/MCB.01603-12

Gu, L., Fullam, A., McCormack, N., Hohn, Y., and Schroder, M. (2017). DDX3
directly regulates TRAF3 ubiquitination and acts as a scaffold to co-ordinate
assembly of signalling complexes downstream from MAVS. Biochem. J. 474,
571-587. doi: 10.1042/BCJ20160956

Hao, W., Wojdyla, J. A., Zhao, R., Han, R,, Das, R,, Zlatev, I, et al. (2017).
Crystal structure of Middle East respiratory syndrome coronavirus helicase.
PLoS Pathog.13:¢1006474. doi: 10.1371/journal.ppat.1006474

He, R., Dobie, F., Ballantine, M., Leeson, A., Li, Y., Bastien, N., et al. (2004).
Analysis of multimerization of the SARS coronavirus nucleocapsid protein.
Biochem. Biophys. Res. Commun 316, 476-483. doi: 10.1016/j.bbrc.2004.02.074

He, Y., Zhou, Y., Wu, H., Kou, Z., Liu, S., and Jiang, S. (2004). Mapping
of antigenic sites on the nucleocapsid protein of the severe acute
respiratory syndrome coronavirus. J. Clin. Microbiol. 42, 5309-5314.
doi: 10.1128/JCM.42.11.5309-5314.2004

Heaton, S. M., Atkinson, S. C., Sweeney, M. N., Yang, S. N. Y,, Jans, D. A,
and Borg, N. A. (2019). Exportin-1-dependent nuclear export of DEAD-box
helicase DDX3X is central to its role in antiviral immunity. Cells 8:1181.
doi: 10.3390/cells8101181

Hilbert, M., Karow, A. R., and Klostermeier, D. (2009). The mechanism of
ATP-dependent RNA unwinding by DEAD box proteins. Biol. Chem. 390,
1237-1250. doi: 10.1515/BC.2009.135

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Kriiger, N., Herrler, T., Erichsen,
S., et al. (2020). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2
and is blocked by a clinically proven protease inhibitor. Cell 181, 271-280.e8.
doi: 10.1016/j.cell.2020.02.052

Huang, Q., Yu, L., Petros, A. M., Gunasekera, A., Liu, Z., Xu, N,, et al.
(2004). Structure of the N-terminal RNA-binding domain of the SARS CoV
nucleocapsid protein. Biochemistry 43, 6059-6063. doi: 10.1021/bi036155b

Hurst, K. R, Ye, R., Goebel, S. J., Jayaraman, P., and Masters, P. S. (2010). An
interaction between the nucleocapsid protein and a component of the replicase-
transcriptase complex is crucial for the infectivity of coronavirus genomic RNA.
J. Virol. 84, 10276-10288. doi: 10.1128/JV1.01287-10

Ivanov, K. A, and Ziebuhr, J. (2004). Human 229E
nonstructural protein 13: characterization of duplex-unwinding, nucleoside
triphosphatase, and RNA 5’-triphosphatase activities. J. Virol. 78, 7833-7838.
doi: 10.1128/JV1.78.14.7833-7838.2004

Jang, K. J., Jeong, S., Kang, D. Y., Sp, N,, Yang, Y. M., and Kim, D. E. (2020). A
high ATP concentration enhances the cooperative translocation of the SARS
coronavirus helicase nsP13 in the unwinding of duplex RNA. Sci. Rep. 10:4481.
doi: 10.1038/s41598-020-61432-1

Jankowsky, E., and Fairman, M. E. (2007). RNA helicases—one fold for many
functions. Curr. Opin. Struct. Biol. 17, 316-324. doi: 10.1016/j.sbi.2007.
05.007

Jarmoskaite, I., and Russell, R. (2011). DEAD-box proteins as RNA helicases and
chaperones. Wiley Interdiscip. Rev. RNA 2, 135-152. doi: 10.1002/wrna.50

Jayaram, H., Fan, H., Bowman, B. R., Ooi, A., Jayaram, J., Collisson, E. W., et al.
(2006). X-ray structures of the N- and C-terminal domains of a coronavirus
nucleocapsid protein: implications for nucleocapsid formation. J. Virol. 80,
6612-6620. doi: 10.1128/JVI.00157-06

Jia, Z., Yan, L., Ren, Z., Wu, L., Wang, J., Guo, J., et al. (2019). Delicate
structural coordination of the Severe Acute Respiratory Syndrome
coronavirus Nspl3 upon ATP hydrolysis. Nucleic Acids Res. 47, 6538-6550.
doi: 10.1093/nar/gkz409

Kellner, J. N., and Meinhart, A. (2015). Structure of the SPRY domain of
the human RNA helicase DDX1, a putative interaction platform within a
DEAD-box protein. Acta Crystallogr. F Struct. Biol. Commun. 71, 1176-1188.
doi: 10.1107/52053230X15013709

Kellner, J. N., Reinstein, J., and Meinhart, A. (2015). Synergistic effects of ATP
and RNA binding to human DEAD-box protein DDX1. Nucleic Acids Res. 43,
2813-2828. doi: 10.1093/nar/gkv106

coronavirus

Lehmann, K. C., Snijder, E. J., Posthuma, C. C., and Gorbalenya, A. E. (2015).
‘What we know but do not understand about nidovirus helicases. Virus Res. 202,
12-32. doi: 10.1016/j.virusres.2014.12.001

Lin, L., Shao, J, Sun, M., Liu, J, Xu, G. Zhang, X, et al. (2007).
Identification of phosphorylation sites in the nucleocapsid protein (N
protein) of SARS-coronavirus. Int. ]. Mass Spectrom. 268, 296-303.
doi: 10.1016/j.ijms.2007.05.009

Linder, P., and Jankowsky, E. (2011). From unwinding to clamping - the
DEAD box RNA helicase family. Nat. Rev. Mol. Cell Biol. 12, 505-516.
doi: 10.1038/nrm3154

Lo, Y. S, Lin, S. Y., Wang, S. M., Wang, C. T., Chiu, Y. L., Huang, T.
H., et al. (2013). Oligomerization of the carboxyl terminal domain of the
human coronavirus 229E nucleocapsid protein. FEBS Lett. 587, 120-127.
doi: 10.1016/j.febslet.2012.11.016

Luan, J., Lu, Y, Jin, X,, and Zhang, L. (2020). Spike protein recognition
of mammalian ACE2 predicts the host range and an optimized ACE2
for SARS-CoV-2 infection. Biochem. Biophys. Res. Commun. 526, 165-169.
doi: 10.1016/j.bbrc.2020.03.047

Lukassen, S., Chua, R. L., Trefzer, T., Kahn, N. C., Schneider, M. A., Muley,
T., et al. (2020). SARS-CoV-2 receptor ACE2 and TMPRSS2 are primarily
expressed in bronchial transient secretory cells. EMBO . 39:e105114.
doi: 10.15252/emb;j.20105114

Luo, H., Chen, J., Chen, K., Shen, X,, and Jiang, H. (2006). Carboxyl terminus
of severe acute respiratory syndrome coronavirus nucleocapsid protein: self-
association analysis and nucleic acid binding characterization. Biochemistry 45,
11827-11835. doi: 10.1021/bi0609319

Ma, Y., Wy, L, Shaw, N,, Gao, Y., Wang, ], Sun, Y., et al. (2015). Structural basis
and functional analysis of the SARS coronavirus nsp14-nsp10 complex. Proc.
Natl. Acad. Sci. U.S.A. 112, 9436-9441. doi: 10.1073/pnas.1508686112

Mallam, A. L., Jarmoskaite, I, Tijerina, P., Del Campo, M., Seifert, S., Guo,
L., et al. (2011). Solution structures of DEAD-box RNA chaperones reveal
conformational changes and nucleic acid tethering by a basic tail. Proc. Natl.
Acad. Sci. U.S.A. 108, 12254-12259. doi: 10.1073/pnas.1109566108

McBride, R., van Zyl, M., and Fielding, B. C. (2014). The coronavirus nucleocapsid
is a multifunctional protein. Viruses 6, 2991-3018. doi: 10.3390/v6082991

Minskaia, E., Hertzig, T., Gorbalenya, A. E., Campanacci, V., Cambillau, C,,
Canard, B., et al. (2006). Discovery of an RNA virus 3’->5" exoribonuclease
that is critically involved in coronavirus RNA synthesis. Proc. Natl. Acad. Sci.
U.S.A. 103, 5108-5113. doi: 10.1073/pnas.0508200103

Narayanan, K., Maeda, A., Maeda, J., and Makino, S. (2000). Characterization of
the coronavirus M protein and nucleocapsid interaction in infected cells. J.
Virol. 74, 8127-8134. doi: 10.1128/JV1.74.17.8127-8134.2000

Ngo, T. D., Partin, A. C., and Nam, Y. (2019). RNA Specificity and Autoregulation
of DDX17, a Modulator of MicroRNA Biogenesis. Cell Rep. 29, 4024-4035.e5.
doi: 10.1016/j.celrep.2019.11.059

Ogando, N. S., Ferron, F., Decroly, E., Canard, B., Posthuma, C. C., and
Snijder, E. J. (2019). The curious case of the nidovirus exoribonuclease: Its
Role in RNA synthesis and replication fidelity. Front. Microbiol. 10:1813.
doi: 10.3389/fmicb.2019.01813

Ogilvie, V. C., Wilson, B. J., Nicol, S. M., Morrice, N. A., Saunders, L. R,
Barber, G. N., et al. (2003). The highly related DEAD box RNA helicases
p68 and p72 exist as heterodimers in cells. Nucleic Acids Res. 31, 1470-1480.
doi: 10.1093/nar/gkg236

Oshiumi, H., Sakai, K., Matsumoto, M., and Seya, T. (2010). DEAD/H BOX
3 (DDX3) helicase binds the RIG-I adaptor IPS-1 to up-regulate IFN-beta-
inducing potential. Eur. J. Immunol. 40, 940-948. doi: 10.1002/€ji.200940203

Patel, S. S., and Donmez, 1. (2006). Mechanisms of helicases. J. Biol. Chem. 281,
18265-18268. doi: 10.1074/jbc.R600008200

Peng, T. Y., Lee, K. R, and Tarn, W. Y. (2008). Phosphorylation of
the arginine/serine dipeptide-rich motif of the severe acute respiratory
syndrome coronavirus nucleocapsid protein modulates its multimerization,
translation inhibitory activity and cellular localization. FEBS J. 275, 4152-4163.
doi: 10.1111/j.1742-4658.2008.06564.x

Putnam, A. A., Gao, Z,, Liu, F., Jia, H., Yang, Q., and Jankowsky, E. (2015). Division
of labor in an oligomer of the DEAD-Box RNA helicase ded1p. Mol. Cell. 59,
541-552. doi: 10.1016/j.molcel.2015.06.030

Rajyaguru, P., and Parker, R. (2012). RGG motif proteins: modulators of mRNA
functional states. Cell Cycle 11, 2594-2599. doi: 10.4161/cc.20716

Frontiers in Chemistry | www.frontiersin.org

15

December 2020 | Volume 8 | Article 602162


https://doi.org/10.1128/JVI.78.10.5288-5298.2004
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1128/MCB.01603-12
https://doi.org/10.1042/BCJ20160956
https://doi.org/10.1371/journal.ppat.1006474
https://doi.org/10.1016/j.bbrc.2004.02.074
https://doi.org/10.1128/JCM.42.11.5309-5314.2004
https://doi.org/10.3390/cells8101181
https://doi.org/10.1515/BC.2009.135
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1021/bi036155b
https://doi.org/10.1128/JVI.01287-10
https://doi.org/10.1128/JVI.78.14.7833-7838.2004
https://doi.org/10.1038/s41598-020-61432-1
https://doi.org/10.1016/j.sbi.2007.05.007
https://doi.org/10.1002/wrna.50
https://doi.org/10.1128/JVI.00157-06
https://doi.org/10.1093/nar/gkz409
https://doi.org/10.1107/S2053230X15013709
https://doi.org/10.1093/nar/gkv106
https://doi.org/10.1016/j.virusres.2014.12.001
https://doi.org/10.1016/j.ijms.2007.05.009
https://doi.org/10.1038/nrm3154
https://doi.org/10.1016/j.febslet.2012.11.016
https://doi.org/10.1016/j.bbrc.2020.03.047
https://doi.org/10.15252/embj.20105114
https://doi.org/10.1021/bi0609319
https://doi.org/10.1073/pnas.1508686112
https://doi.org/10.1073/pnas.1109566108
https://doi.org/10.3390/v6082991
https://doi.org/10.1073/pnas.0508200103
https://doi.org/10.1128/JVI.74.17.8127-8134.2000
https://doi.org/10.1016/j.celrep.2019.11.059
https://doi.org/10.3389/fmicb.2019.01813
https://doi.org/10.1093/nar/gkg236
https://doi.org/10.1002/eji.200940203
https://doi.org/10.1074/jbc.R600008200
https://doi.org/10.1111/j.1742-4658.2008.06564.x
https://doi.org/10.1016/j.molcel.2015.06.030
https://doi.org/10.4161/cc.20716
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Squeglia et al.

SARS-CoV-2 DDX-Mediated Hijacking

Ranji, A., and Boris-Lawrie, K. (2010). RNA helicases: emerging roles in
viral replication and the host innate response. RNA Biol. 7, 775-787.
doi: 10.4161/rna.7.6.14249

Rao, S. T., and Rossmann, M. G. (1973). Comparison of super-secondary structures
in proteins. J. Mol. Biol. 76, 241-256. doi: 10.1016/0022-2836(73)90388-4

Romano, M., Ruggiero, A., Squeglia, F., and Berisio, R. (2020a). An engineered
stable mini-protein to plug SARS-Cov-2 spikes. bioRxiv [Preprint].
doi: 10.1101/2020.04.29.067728

Romano, M., Ruggiero, A., Squeglia, F., Maga, G., and Berisio, R. (2020b). A
structural view of SARS-CoV-2 RNA replication machinery: RNA synthesis,
proofreading and final capping. Cells 9:1267. doi: 10.3390/cells9051267

Romano, M., Squeglia, F., and Berisio, R. (2015). Structure and function of RNase
as: a novel virulence factor from mycobacterium tuberculosis. Curr. Med.
Chem. 22, 1745-1756. doi: 10.2174/0929867322666150417125301

Romano, M., van de Weerd, R., Brouwer, F. C., Roviello, G. N., Lacroix, R.,
Sparrius, M., et al. (2014). Structure and function of RNase AS, a polyadenylate-
specific exoribonuclease affecting mycobacterial virulence in vivo. Structure 22,
719-730. doi: 10.1016/j.5tr.2014.01.014

Rudolph, M. G., and Klostermeier, D. (2015). When core competence is not
enough: functional interplay of the DEAD-box helicase core with ancillary
domains and auxiliary factors in RNA binding and unwinding. Biol. Chem. 396,
849-865. doi: 10.1515/hsz-2014-0277

Saikatendu, K. S., Joseph, J. S., Subramanian, V., Neuman, B. W., Buchmeier, M.
J., Stevens, R. C., et al. (2007). Ribonucleocapsid formation of severe acute
respiratory syndrome coronavirus through molecular action of the N-terminal
domain of N protein. J. Virol. 81, 3913-3921. doi: 10.1128/JV1.02236-06

Schroder, M., Baran, M., and Bowie, A. G. (2008). Viral targeting of DEAD box
protein 3 reveals its role in TBK1/IKKepsilon-mediated IRF activation. EMBO
J. 27, 2147-2157. doi: 10.1038/emb0;j.2008.143

Schubert, H. L., Blumenthal, R. M., and Cheng, X. D. (2003). Many paths to
methyltransfer: a chronicle of convergence. Trends Biochem. Sci. 28, 329-335.
doi: 10.1016/S0968-0004(03)00090-2

Schutz, P., Karlberg, T., van den Berg, S., Collins, R., Lehtio, L., Hogbom, M, et al.
(2010). Comparative structural analysis of human DEAD-box RNA helicases.
PLoS ONE 5:e12791. doi: 10.1371/journal.pone.0012791

Sharma, A., K. (2012).
helicases activity in viral replication. Method Enzymol. 511, 405-435.
doi: 10.1016/B978-0-12-396546-2.00019-X

Shum, K. T., and Tanner, J. A. (2008). Differential inhibitory activities and
stabilisation of DNA aptamers against the SARS coronavirus helicase.
Chembiochem 9, 3037-3045. doi: 10.1002/cbic.200800491

Siu, Y. L., Teoh, K. T., Lo, J., Chan, C. M., Kien, F., Escriou, N., et al.
(2008). The M, E, and N structural proteins of the severe acute respiratory
syndrome coronavirus are required for efficient assembly, trafficking, and
release of virus-like particles. J. Virol. 82, 11318-11330. doi: 10.1128/JVL.
01052-08

Song, H. and Ji, X. (2019). The mechanism of RNA duplex recognition
and unwinding by DEAD-box helicase DDX3X. Nat. Commun. 10:3085.
doi: 10.1038/s41467-019-11083-2

Soulat, D., Burckstummer, T., Westermayer, S., Goncalves, A., Bauch, A,
Stefanovic, A., et al. (2008). The DEAD-box helicase DDX3X is a critical
component of the TANK-binding kinase 1-dependent innate immune
response. EMBO J. 27, 2135-2146. doi: 10.1038/emb0;j.2008.126

Spencer, K. A., Dee, M., Britton, P, and Hiscox, J. A. (2008). Role
of phosphorylation clusters in the biology of the coronavirus
infectious bronchitis virus nucleocapsid protein. Virology 370, 373-381.
doi: 10.1016/j.virol.2007.08.016

Steimer, L., and Klostermeier, D. (2012). RNA helicases in infection and disease.
RNA Biol. 9, 751-771. doi: 10.4161/rna.20090

Surjit, M., Kumar, R., Mishra, R. N, Reddy, M. K. Chow, V. T,
and Lal, S. K. (2005). The respiratory  syndrome
coronavirus nucleocapsid protein is phosphorylated and localizes in the
cytoplasm by 14-3-3-mediated translocation. J. Virol 79, 11476-11486.
doi: 10.1128/JV1.79.17.11476-11486.2005

Takeda, M., Chang, C. K., Ikeya, T., Guntert, P., Chang, Y. H., Hsu, Y. L., et al.
(2008). Solution structure of the c-terminal dimerization domain of SARS
coronavirus nucleocapsid protein solved by the SAIL-NMR method. J. Mol.
Biol. 380, 608-622. doi: 10.1016/j.jmb.2007.11.093

and Boris-Lawrie, Determination of host rna

severe acute

Tanaka, K., Tanaka, T., Nakano, T., Hozumi, Y., Yanagida, M., Araki, Y.,
et al. (2020). Knockdown of DEAD-box RNA helicase DDX5 selectively
attenuates serine 311 phosphorylation of NF-kappaB p65 subunit and
expression level of anti-apoptotic factor Bcl-2. Cell. Signal. 65:109428.
doi: 10.1016/j.cellsig.2019.109428

Taschuk, F., and Cherry, S. (2020). DEAD-box helicases: sensors, regulators, and
effectors for antiviral defense. Viruses 12:181. doi: 10.3390/v12020181

Theissen, B., Karow, A. R., Kohler, J., Gubaev, A., and Klostermeier, D. (2008).
Cooperative binding of ATP and RNA induces a closed conformation in
a DEAD box RNA helicase. Proc. Natl. Acad. Sci. U.S.A. 105, 548-553.
doi: 10.1073/pnas.0705488105

van Dinten, L.C.,, and van Tol H, Gorbalenya AE, Snijder EJ. (2000). The
predicted metal-binding region of the arterivirus helicase protein is involved in
subgenomic mRNA synthesis, genome replication, virion biogenesis. J. Virol.
74, 5213-23. doi: 10.1128/.74.11.5213-5223.2000

van Hemert, M. J,, van den Worm, S. H. E., Knoops, K., Mommaas, A.
M., Gorbalenya, A. E., and Snijder, E. J. (2008). SARS-coronavirus
replication/transcription ~ complexes  are = membrane-protected  and
need a host factor for activity in vitro. PLoS Pathog. 4:€1000054.
doi: 10.1371/journal.ppat.1000054

Walsh, D., Mathews, M. B., and Mohr, I. (2013). Tinkering with translation: protein
synthesis in virus-infected cells. Cold Spring Harb. Perspect. Biol. 5:a012351.
doi: 10.1101/cshperspect.a012351

Wang, X.,, Wang, R, Luo, M., Li, C, Wang, H. X,, Huan, C. C, et al
(2017). (DEAD)-box RNA helicase 3 modulates NF-kappaB signal pathway
by controlling the phosphorylation of PP2A-C subunit. Oncotarget 8,
33197-33213. doi: 10.18632/oncotarget.16593

Wang, Y., and Zhang, X. (1999). The nucleocapsid protein of coronavirus
mouse hepatitis virus interacts with the cellular heterogeneous nuclear
ribonucleoprotein Al in vitro and in vivo. Virology 265, 96-109.
doi: 10.1006/vir0.1999.0025

Wei, W. Y., Li, H. C, Chen, C. Y, Yang, C. H,, Lee, S. K, Wang, C.
W., et al. (2012). SARS-CoV nucleocapsid protein interacts with cellular
pyruvate kinase protein and inhibits its activity. Arch. Virol. 157, 635-645.
doi: 10.1007/s00705-011-1221-7

Wrapp, D., Wang, N., Corbett, K. S., Goldsmith, J. A., Hsieh, C. L., Abiona, O,
et al. (2020). Cryo-EM structure of the 2019-nCoV spike in the prefusion
conformation. Science 367, 1260-1263. doi: 10.1126/science.abb2507

Wu, C. H,, Chen, P. ], and Yeh, S. H. (2014). Nucleocapsid phosphorylation
and RNA helicase DDX1 recruitment enables coronavirus transition from
discontinuous to continuous transcription. Cell Host Microbe. 16, 462-472.
doi: 10.1016/j.chom.2014.09.009

Wu, C. H,, Yeh, S. H,, Tsay, Y. G., Shieh, Y. H., Kao, C. L., Chen, Y. S, et al. (2009).
Glycogen synthase kinase-3 regulates the phosphorylation of severe acute
respiratory syndrome coronavirus nucleocapsid protein and viral replication.
J. Biol. Chem. 284, 5229-5239. doi: 10.1074/jbc.M805747200

Xia, S., Zhu, Y., Liu, M., Lan, Q., Xu, W., Wu, Y., et al. (2020). Fusion mechanism
of 2019-nCoV and fusion inhibitors targeting HR1 domain in spike protein.
Cell. Mol. Immunol. 17, 765-767. doi: 10.1038/s41423-020-0374-2

Xu, L., Khadijah, S., Fang, S., Wang, L., Tay, F. P., and Liu, D. X. (2010). The cellular
RNA helicase DDX1 interacts with coronavirus nonstructural protein 14 and
enhances viral replication. J. Virol. 84, 8571-8583. doi: 10.1128/JV1.00392-10

Yang, N., and Shen, H. M. (2020). Targeting the endocytic pathway and autophagy
process as a novel therapeutic strategy in COVID-19. Int. J. Biol. Sci. 16,
1724-1731. doi: 10.7150/ijbs.45498

Yasuda-Inoue, M., Kuroki, M., and Ariumi, Y. (2013). Distinct DDX DEAD-
box RNA helicases cooperate to modulate the HIV-1 rev function.
Biochem. Biophys. Res. Commun. 434, 803-808. doi: 10.1016/j.bbrc.2013.
04.016

Ye, Q., West, A. M. V., Silletti, S., and Corbett, K. D. (2020). Architecture and
self-assembly of the SARS-CoV-2 nucleocapsid protein. bioRxiv [Preprint].
doi: 10.1002/pro.3909

Yoo, J. S., Kato, H., and Fujita, T. (2014). Sensing viral invasion by RIG-I like
receptors. Curr. Opin. Microbiol. 20, 131-138. doi: 10.1016/j.mib.2014.05.011

Yu, I. M., Gustafson, C. L., Diao, J., Burgner, J. W., Li, Z., Zhang, J., et al.
(2005). Recombinant severe acute respiratory syndrome (SARS) coronavirus
nucleocapsid protein forms a dimer through its C-terminal domain. J. Biol.
Chem. 280, 23280-23286. doi: 10.1074/jbc.M501015200

Frontiers in Chemistry | www.frontiersin.org

16

December 2020 | Volume 8 | Article 602162


https://doi.org/10.4161/rna.7.6.14249
https://doi.org/10.1016/0022-2836(73)90388-4
https://doi.org/10.1101/2020.04.29.067728
https://doi.org/10.3390/cells9051267
https://doi.org/10.2174/0929867322666150417125301
https://doi.org/10.1016/j.str.2014.01.014
https://doi.org/10.1515/hsz-2014-0277
https://doi.org/10.1128/JVI.02236-06
https://doi.org/10.1038/emboj.2008.143
https://doi.org/10.1016/S0968-0004(03)00090-2
https://doi.org/10.1371/journal.pone.0012791
https://doi.org/10.1016/B978-0-12-396546-2.00019-X
https://doi.org/10.1002/cbic.200800491
https://doi.org/10.1128/JVI.01052-08
https://doi.org/10.1038/s41467-019-11083-2
https://doi.org/10.1038/emboj.2008.126
https://doi.org/10.1016/j.virol.2007.08.016
https://doi.org/10.4161/rna.20090
https://doi.org/10.1128/JVI.79.17.11476-11486.2005
https://doi.org/10.1016/j.jmb.2007.11.093
https://doi.org/10.1016/j.cellsig.2019.109428
https://doi.org/10.3390/v12020181
https://doi.org/10.1073/pnas.0705488105
https://doi.org/10.1128/.74.11.5213-5223.2000
https://doi.org/10.1371/journal.ppat.1000054
https://doi.org/10.1101/cshperspect.a012351
https://doi.org/10.18632/oncotarget.16593
https://doi.org/10.1006/viro.1999.0025
https://doi.org/10.1007/s00705-011-1221-7
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1016/j.chom.2014.09.009
https://doi.org/10.1074/jbc.M805747200
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1128/JVI.00392-10
https://doi.org/10.7150/ijbs.45498
https://doi.org/10.1016/j.bbrc.2013.04.016
https://doi.org/10.1002/pro.3909
https://doi.org/10.1016/j.mib.2014.05.011
https://doi.org/10.1074/jbc.M501015200
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Squeglia et al.

SARS-CoV-2 DDX-Mediated Hijacking

Zeng, Y., Ye, L, Zhu, S., Zheng, H., Zhao, P., Cai, W, et al. (2008).
The nucleocapsid protein of SARS-associated coronavirus inhibits
B23 phosphorylation. Biochem. Biophys. Res. Commun. 369, 287-291.
doi: 10.1016/j.bbrc.2008.01.096

Zhang, Y. P., Zhang, R. W,, Chang, W. S., and Wang, Y. Y. (2010). Cxcll6
interact with SARS-CoV N protein in and out cell. Virol Sin. 25, 369-374.
doi: 10.1007/s12250-010-3129-x

Zhang, Z., Kim, T., Bao, M., Facchinetti, V., Jung, S. Y., Ghaffari, A. A, et al.
(2011). DDX1, DDX21, and DHX36 helicases form a complex with the adaptor
molecule TRIF to sense dsRNA in dendritic cells. Immunity 34, 866-78.
doi: 10.1016/j.immuni.2011.03.027

Zhao, X., Nicholls, J. M., and Chen, Y. G. (2008). Severe acute respiratory
syndrome-associated coronavirus nucleocapsid protein interacts with Smad3
and modulates transforming growth factor-beta signaling. J. Biol. Chem. 283,
3272-3280. doi: 10.1074/jbc.M708033200

Zhou, B., Liu, J., Wang, Q., Liu, X, Li, X, Li, P, et al. (2008). The
nucleocapsid protein of severe acute respiratory syndrome coronavirus
inhibits cell cytokinesis and proliferation by interacting with translation
elongation factor lalpha. J. Virol. 82, 6962-6971. doi: 10.1128/JVI.00
133-08

Zhou, Y., Wu, W, Xie, L., Wang, D., Ke, Q., Hou, Z,, et al. (2017). Cellular RNA
helicase DDX1 is involved in transmissible gastroenteritis virus nsp14-induced
interferon-beta production. Front. Immunol. 8:940. doi: 10.3389/fimmu.2017.
500940

Zuniga, S., Cruz, J. L., Sola, I, Mateos-Gomez, P. A., Palacio, L., and
Enjuanes, L. (2010). Coronavirus nucleocapsid protein facilitates template
switching and is required for efficient transcription. J. Virol. 84, 2169-2175.
doi: 10.1128/JV1.02011-09

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Squeglia, Romano, Ruggiero, Maga and Berisio. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org

17

December 2020 | Volume 8 | Article 602162


https://doi.org/10.1016/j.bbrc.2008.01.096
https://doi.org/10.1007/s12250-010-3129-x
https://doi.org/10.1016/j.immuni.2011.03.027
https://doi.org/10.1074/jbc.M708033200
https://doi.org/10.1128/JVI.00133-08
https://doi.org/10.3389/fimmu.2017.00940
https://doi.org/10.1128/JVI.02011-09
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Host DDX Helicases as Possible SARS-CoV-2 Proviral Factors: A Structural Overview of Their Hijacking Through Multiple Viral Proteins
	Introduction
	A Structural Overview of SARS-CoV-2 Proteins Likely Involved in DDX Hijacking
	Nucleocapsid (N) Protein, a Crucial Protein in Coronaviral Life Cycle
	Nsp13 Helicase, a Multifunctional Enzyme Involved in Genome Unwinding and the First Step in mRNA Capping
	Nsp14, a Key Enzyme Involved in mRNA Proofreading and Final Capping

	A Structural Overview of Human DDX Helicases Involved in COV Interaction
	The Two Homologs DDX3X and DDX5
	DDX1, a Structurally Unique DDX

	Involvement of COV Proteins in DDX Hijacking
	The N Protein Is a Central Hub for DDX Interactions
	Nsp14 and DDX1, a Molecular Liaison to Repress Viral Induced IFN-β Immune Reaction
	Nsp13 and DDX5, a Trick to Enhance Viral RNA Unwinding?
	Sequestration of DDX5 as Possible Viral Evasion Mechanism From Inflammatory Response

	Conclusions
	Author Contributions
	Funding
	Supplementary Material
	References


