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Abstract

RNA viruses cause many routine illnesses, such as the common cold and the flu.
Recently, more deadly diseases have emerged from this family of viruses. The
hepatitis C virus has had a devastating impact worldwide. Despite the cures developed
in the U.S. and Europe, economically disadvantaged countries remain afflicted by HCV
infection due to the high cost of these medications. More recently, COVID-19 has swept
across the world, killing millions and disrupting economies and lifestyles; the virus
responsible for this pandemic is a coronavirus. Our understanding of HCV and SARS
CoV-2 replication is still in its infancy. Helicases play a critical role in the replication, tran-
scription and translation of viruses. These key enzymes need extensive study not only as
an essential player in the viral lifecycle, but also as targets for antiviral therapeutics. In this
review, we highlight the current knowledge for RNA helicases of high importance to
human health.

1. Introduction

Helicases are molecular motor proteins that manipulate DNA and
RNA [1]. They hydrolyze ATP and transduce chemical energy to move
along the DNA, separating the double-stranded (ds) DNA, or removing
proteins that might block progress of replication, transcription, or repair
of DNA [2—4]|. RNA metabolism such as splicing and ribosome assembly
requires multiple RINA helicases. One or more helicases are necessary for
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virtually all aspects of nucleic acid metabolism [5]. Helicases are categorized
into superfamilies (SFs) based on sequence, with SF1 and SF2 harboring the
largest membership [6]. They are found in most viruses, including those that
threaten human health such as Hepatitis C virus and SARS CoV-2. SF1 and
SF2 are further categorized as moving along DNA or RNA in a 5'-to-3'
(SF1B) or 3'-to-5" (SF1A) direction.

Helicases are characterized by kinetic parameters that define their activ-
ity. The number of base pairs (bp) unwound per second is one measure, as is
the number of bases traveled per binding event, or processivity. They can
unwind DNA at rates of over 1000 bp/s, and some helicases can unwind tens
of thousands of bp in a single binding event. The most commonly used heli-
case assay 1s performed by creating a partial duplex oligonucleotide
(Fig. 1). A helicase is incubated with the duplex substrate, and the reaction
is started by addition of ATP and Mg">. The enzyme can move along the
translocase strand of the substrate, in steps of one or more base pairs. The
single-stranded (ss) DNA product can reanneal with the substrate, so a
DNA trapping strand is added to the reaction mixture. If a single cycle of
activity is preferred, a helicase trap can also be added at the same time as
the DNA trap. The helicase trap prevents the enzyme from binding to
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Fig. 1 Diagram showing the most frequently used assay for characterizing the kinetic
parameters that govern helicase activity. (A) The kinetic constants k, and k4 are
obtained by fitting the data to a model of stepwise unwinding [7,8]. (B) Kinetic constants
that define helicase activity. (C) Kinetic step-size which is determined from a fit to the
data. (D) Processivity with brief explanation of its calculation. (E) Distance that helicase
travels on DNA or RNA. (F) Velocity of unwinding.
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another substrate molecule. It is possible to determine the kinetic step size by
varying the length of the duplex, for example, 16 bp, 20bp, 24 bp, and 28 bp.
Kinetic values that can emerge from these studies are the kinetic step size, the
unwinding rate, the dissociation rate, and the processivity. Fig. 1 summarizes
the approach developed by the Lohman laboratory [7].

The kinetic step size is one expression of the term step size. Another
characteristic is the physical step size, which is the number of base pairs
unwound in a simultaneous event. Step size can also refer to the chemical
step size, the number of ATPs hydrolyzed per base pair unwound. For some
helicases, such as S. cerevisiae Pif1, the different measures of step size resulted
in a composite determination of one bp unwound for the kinetic, physical,
and chemical step size [8].

Measuring the rate of duplex unwinding as well as the translocation rate
on ssDNA or ssRINA can help provide a mechanistic characterization of a
helicase. The rate of unwinding has been compared to the rate of transloca-
tion on ssDNA as a way to classify helicases as being active or passive. Active
helicases are considered to pry apart base pairs actively, whereas passive heli-
cases capture base pairs as they open due to fraying [9]. Croquette proposed
using the ratio of the unwinding rate to the translocation rate to discern
active from passive helicases. For example, Dda helicase from bacteriophage
T4 translocates on ssDINA at a rate of ~267nt/s, and unwinds dsDNA at a
rate of 257 bp/s. [10]. The ratio of 0.96 indicates that this is an active helicase
in terms of separation of base pairs. However, both an active or passive heli-
case can be highly processive.

Superfamily 1 and 2 helicases have similar structural features, including
two RecA-like domains in which all conserved helicase motifs reside. RecA
is an E. coli protein involved in DNA recombination. The domain interacts
in a head-to-tail manner to form a filament along DNA that catalyzes strand
exchange. In helicases, two RecA domains make up the sites for ATP bind-
ing and hydrolysis, which drives the conformational changes that lead to
directional translocation on DNA or RINA. Helicase motifs are sequences
that are responsible for specific interactions with ATP and RNA. ATP
can bind to helicases, but is not rapidly hydrolyzed until RNNA also binds.
Specific helicase motifs are able to drive conformational changes as a func-
tion of specific steps in the ATP hydrolysis mechanism. For example, release
of phosphate has been proposed to contribute to the rate-limiting step for
unwinding by NS3 helicase [11].

NS3 helicase from the Hepatitis C virus is a SF2A RNA helicase that has
been studied extensively due to the large impact of HCV on human health.
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An estimated 2.4 million people in the United States were living with
hepatitis C during 2013-2016 [12]. The function of NS3 helicase activity
in the viral life cycle is essential, but its specific role is uncertain. Possible
functions include replication of the viral genome, transcription, or packag-
ing. One section of this review highlights NS3 and its possible biological
functions and inhibitors.

The SARS CoV-2 (SARS2) helicase, NSP13, is a SF1B helicase, that trans-
locates in the 5'-to-3' direction. SARS2 is responsible for the COVID-19 pan-
demic, responsible for over 600,000 deaths in the U.S., and 3.55 million deaths
worldwide as of June 2021. The SARS2 helicase is very similar to SARS1 heli-
case, with only one amino acid change. Therefore, biochemical properties of
SARS2 helicase are likely the same as for SARS1 helicase. As with NS3, the
specific function for NSP13 is uncertain, but replication, transcription, trans-
lation, and/or RINA packaging are possible functions. We review the bio-
chemical characterization, including binding to RINA, ATPase activity, and
helicase unwinding activity. A smaller number of inhibitors are reported for
NSP13 than for NS3 due to the fact that NS3 has been more heavily studied.

The DEAD-box helicases are a sub-family from SF2. These helicases do
not translocate, but undergo conformational changes upon ATP binding
and hydrolysis, resulting in local duplex unwinding. DEAD-box helicases
such as DDX3X have been shown to interact with viral genomes and/or
viral proteins to facilitate viral genome replication. DDX3X helicase is also
considered as an anti-cancer target as well as an anti-viral target. Thus,
viruses can encode critical helicases for genome replication, or they can
hi-jack an endogenous helicase to do so. Here, we provide a review of
RNA helicases that are targets to inhibit replication of viruses that are of high
importance to human health.

2. Hepatitis C virus NS3 helicase

Hepatitis C virus (HCV) is the major cause of liver-related complications,
such as fibrosis, cirrhosis, and hepatocellular carcinoma [13]. According to the
2017 report from the World Health Organization, approximately 400,000 peo-
ple die each year of liver-related complications from Hepatitis C infection. It is
currently estimated that over 71 million people in the world are chronically-
infected with HCV [13], and to date, there is no effective vaccine. Current
anti-HCV drugs (also known as Direct Acting Antiviral Drugs or DAA), which
are a combination of drugs that target viral proteins, are extremely expensive and
notaccessible to the majority of HCV-infected patients. For instance, in western
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countries such as Germany and France less than 10% of HCV-infected patients
have access to them [13]. As a result, a number of HCV patients are still depen-
dent on interferon-based therapies. In addition to the issue of accessibility and
high cost of DAA regimens, drug resistance due to the high mutation rate of
the HCV genome can be a significant challenge for DAA based therapies.
Moreover, data regarding the efficacy and the safety of DAA regimens across
various HCV genotypes and subtypes is limited [14]. Therefore, development
of new anti-HCV drugs is needed. Over the last decade, a number of small mol-
ecules that target HCV NS3 helicase have emerged as novel potential anti-HCV
agents.

The life cycle of HCV is well studied. The entry of the virus to hepato-
cytes (common HCV targets) is followed by the release of the positive sense,
ssRINA genome to the cytoplasm [13]. The HCV RNA genome consists of
a single open reading frame (ORF) that is flanked by untranslated regions at
the 5 and 3’ ends [15]. The internal ribosomal entry site (IRES) located
within the 5° UTR is important for cap-independent translation [15].
The ORF encodes a single polyprotein which is then cleaved by both host
and viral proteases into three structural (core, E1, & E2) and seven non-
structural viral proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, & NS5B)
[13]. The non-structural proteins NS3, NS4A, NS4B, NS5A, and NS5B
are sufficient for successful replication of the virus [16]. Viral replication
takes place inside a vesicle derived from the endoplasmic reticulum (ER)
double membrane, also known as a membranous web. Inside the ER. mem-
branous web, the positive sense-strand is copied to a negative-strand RINA,
which is then used as a template to make more of the positive sense-strand
RNA [13,16].

NS3 has a serine protease domain and a helicase domain at the amino and
carboxyl termini, respectively. NS4A serves as a cofactor for the protease
domain of NS3. NS4A-NS3 is responsible for polyprotein processing.
Why the protease and the helicase domains are connected is unknown,
though, studies suggest a functional communication between the two
domains [16]. Results from experiments conducted in whole animal models
or cell-based assays, the helicase activity of NS3 is essential for HCV genome
replication; however, it is involved in HCV replication is not well under-
stood [17,18]. The helicase could (1) unwind the nascent and template
strands of the RINA genome during viral replication, (2) unfold RNA sec-
ondary structures making the RNA sequences available for replication
machineries, or (3) displace proteins that bind to the RNA genome and
could potentially block the replication process [13].
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Potential G-quadruplex forming sequences exist within the genome of
various human viruses [19]. G-quadruplex structures are secondary nucleic
acid structures that form when a single-stranded guanine-rich DNA or
RNA sequence folds into a four-stranded structure through Hoogsteen
hydrogen bonding [20]. If they remain folded, G4 structures can block rep-
lication, transcription, and translation machineries. As a result, cells need to
regulate the folding and unfolding of these stable secondary structures in a
controlled manner [21]. By performing a bioinformatics analysis on a num-
ber of HCV strains, Wang ef al. reported that the positive sense HCV RNA
genome contains conserved G4 forming sequences within the gene that
encodes the core protein [22]. Jaubert ef al. have also shown the presence
of conserved G4 forming sequences at the 3’ end of the HCV negative strand
RNA [23]. The formation of G4 secondary structures within the HCV
genome could inhibit viral replication; as a result, the virus could use its
helicase activity to unfold these structures. In our laboratory, we have shown
that NS3 (Con 1b strain) unfolds HCV-G4 in vitro, suggesting a novel role of
NS3 in viral replication (data not shown; unpublished data). Cell-based
assays are needed to define clearly the role of the helicase activity in synthesis
of the positive or negative strands of the HCV genome.

NS3 helicase belongs to the SF2 helicases, specifically within the DExH
helicase family. It unwinds RNA or DNA duplex substrates by translocating
along the loading strand in the 3’ to 5’ direction, by which it belongs to sub-
family A, sub-type a. Therefore, HCV NS3 is classified into the family of
SF2Aa [24]. The helicase domain of NS3 has three sub-domains: [17]
(Fig. 2). Domain 1 and 2 (the motor domains) resemble the RecA-like
domain, and are composed of both a helices and P pleated sheets. On the
other hand, domain 3 consists of mainly a helices [25]. NS3 helicase binds
to ssRINA with a higher affinity than it does to its ssDNA counterpart [26].

Despite the fact that the structure of the helicase domain of NS3 has been
well studied, the development of helicase-targeting small molecules has been
slower in comparison to the extensive work done and success achieved over
the years with the molecules that target the protease domain of NS3. To our
knowledge, there is no helicase inhibitor available for patient use. The major
challenge in developing inhibitors against NS3 helicase is that the helicase
domain has structural similarity with cellular motor proteins; as a result,
inhibitors that target the HCV helicase could also affect the normal function
of cellular proteins, causing toxicity [27]. Most of these compounds exhibit
their inhibitory effect by preventing the helicase (1) to bind to DNA
or RNA, (2) to unwind dsDNA or dsRNA, or (3) to hydrolyze ATP.
In addition, because the helicase domain is connected to the protease
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Fig. 2 Structure of the Hepatitis C Virus NS3 helicase. (A) The helicase domains com-
plexed with RNA are highlighted, and the protease domain located behind the structure
omitted for clarity. The cleft between the RecA-like domains 1A (gray) and 2B (green)
contain the site of ATP binding and hydrolysis. Single-stranded RNA and DNA enter
at the 2A domain, bind in a channel along the 1A -2A interface and the 2B domain (cyan)
and emerges from the 1A domain to allow for 3’ —>5’ translocation. The 1B tether
region (orange) interacts with the 2B domain to allow for the protease domain to exert
conformational control of substrate binding and the helicase activity. (B) Full-length
HCV NS3 helicase rotated 90° from (A). The HCV protease (red) located on the
N-terminal region of the enzyme is shown.

domain in NS3, a small molecule that inhibits the activity of the protease
domain could also affect the helicase activity.

Lim et al. conducted structure-based virtual screening (SBVS) on 13,420
compounds with a benzopyran scaffold to search for benzopyran-based
inhibitors that target HCV NS3 from genotype 3. HCV genotype 3 has been
associated with high rate of liver-related issues and reduced resistance to
direct-acting anti-HCV drugs; as a result, it is difficult to treat patients
infected with this type of HCV strain. From the virtual screening method,
Lim et al. were able to identity two compounds, ellagic acid and myricetin, as
putative protease and helicase dual-target inhibitors of HCV NS3 (Fig. 3).
Ellagic acid inhibits the unwinding, ATPase, and protease activity of NS3
with 1C5 value of 6.58, 68.42, and 40.37 pM, respectively. In addition,
ellagic acid reduces viral replication in Huh7.5 cells containing genotype
3a HCV replicon with ECs and selectivity index (IS) values of 32.37 pM
and > 6.18, respectively. Its potency and high selectivity index make it a
good candidate for anti-HCV therapeutics. Myricetin inhibits well the
dsRNA unwinding activity of NS3; however, it has poor potency against
HCV replicon-containing Huh7.5 cells. Future optimization is likely
needed to increase its efficacy [18].
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Given the data that shows hydroxyanthraquinone moiety-containing
chemicals inhibit NS3 helicase activity, Furuta et al., proposed that the hydro-
xyanthraquinone moiety alone could also inhibit the helicase activity of NS3
(Fig. 3). To test their hypothesis, they performed fluorescence-based dsRINA
helicase unwinding assay in the presence of a series of hydroxyanthraquinone
compounds containing varying number of phenolic hydroxyl groups. Of all
the hydroxyanthraquinones with varying numbers and positions of phenolic
hydroxyl groups, 1,4,5,8-tetrahydroxyanthraquinone inhibited NS3 helicase
activity with the lowest ICsy value (6pM). Moreover, the researchers
examined the effect of linking two hydroxyanthraquinone moieties on the
helicase activity of NS3. Hypericin and Sennidin A, chemicals containing
two hydroxyanthraquinones, exhibited stronger inhibition to the activity of
HCV NS3, as evidenced by their low ICs values, 3 and 0.8 pM, respectively.
Interestingly, despite Sennidin A having a low ICs, its ability to suppress the
replication of HCV subgenomic replicon in Huh-7 cells was rather small
(ECsp >80pM). It is possible that the compound has poor permeability across
the cell membrane. Future optimization of the drug is likely needed to
improve its potency. In contrast, hypericin reduces the replication of the
HCV genome with an ECsq value of 3.5uM. The selectivity index of
hypericin is 11.7, which suggests minimal side effects. Hypericin could also
inhibit the ATPase and binding activity of NS3. Therefore, its inhibitory
effect on the helicase activity could be due to its ability to inhibit binding
or/and hydrolysis of ATP [28].

Halisulfate 3 and suvanine inhibit HCV NS3 helicase activity with ICsq
values of 4 UM and 3 uM, respectively. In addition, halisulfate 3 and suvanine
inhibit the ATPase, RNA binding, and protease activity of HCV NS3.
Therefore, it is possible that the inhibitory effect these compounds have
on the helicase activity could be associated with their eftect on these activ-
ities. Interestingly, neither halisulfate 3 nor suvanine have a significant inhib-
itory effect on NS3 helicase derived from dengue virus, despite its structural
similarity to HCV NS3 helicase. Halisulfate 3 and suvanine could be binding
to a unique allosteric site on HCV NS3 and inducing conformational changes,
which in turn brings about the inhibitory effect on the helicase, protease,
ATPase, and the RINA binding activities [29]. Future studies should explore
the effect of these compounds on HCV genome-containing cells, to evaluate
their ability to suppress viral replication.

Mukherjee ef al. performed fluorescence polarization DNA binding
assays to screen for compounds that were already known to suppress
HCV replication in hepatocytes, with the aim of identifying HCV NS3
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helicase inhibitors [25]. Of all the compounds screened, ebselen inhibits the
ability of NS3 helicase to bind to DNA with ICsy value of 1.4pM.
Moreover, ebselen prevents NS3 helicase to unwind dsDNA and hydrolyze
ATP. However, ebselen is relatively toxic to hepatocytes containing HCV
subgenomic replicons [25].

Researchers from Akimitsu’s laboratory identified psammaplin A as
HCV NS3 helicase inhibitor after screening 54 marine organism extracts
using a fluorescence-based, high-throughput screening system to assay
dsRINA helicase unwinding. Psammaplin A inhibits HCV NS3 helicase,
ATPase, and ssRNA binding activities with 1Csy values of 17, 32, and
40uM, respectively. It did not change the Michaelis constant (K,,) for
ATP; therefore, it is a2 non-competitive inhibitor. When cells containing
a HCV subgenomic replicon derived from genotype 1b are treated with
psammaplin A, viral replication is reduced in a dose-dependent manner
(ECsg 6.1 pM); however, cytotoxicity was relatively high as indicated by a
low selectivity index of 3.7. Therefore, future optimization of psammaplin
A could improve potency and efficacy [30].

Cholesterol sulfate (CS) inhibits the helicase activity of NS3 with an IC5
value of 1.7 +/— 0.2pM. The sulfate group, the sterol backbone, and the
alkyl side chain are essential components of CS to maintain high inhibitory
potency towards NS3 helicase. It does not inhibit ATP hydrolysis or prote-
ase activity. However, it does inhibit N'S3 in binding to a ssRINA substrate.
Cell- based assays are needed to test its ability to suppress viral replication
with minimal cytotoxicity [31].

In addition to its role as an anti-inflammatory compound, manoalide
could potentially have anti-viral activity. It inhibits the dsSRNA unwinding
activity of HCV NS3 with an ICs value of 15 M, and its ability to hydro-
lyze ATP in a non-competitive manner (ICs value of 70 pM). Data from an
isothermal denaturation assay indicates that manoalide binds directly to
HCV NS3 and induces conformational changes. Therefore, it is possible that
its inhibitory effect on HCV NS3 activities stems from its ability to induce
structural changes [32].

The anti-HCV drugs available in the market are expensive, and are
unavailable for the majority of HCV-infected patients. In addition, there
is insufficient data regarding the potency of these drugs against various strains
of the virus. Because direct acting anti-HCV drugs target mutation-prone
viral proteins, it is possible that drug resistance could still be a challenge
for DAA based therapy. Therefore, it is important that the development
of novel anti-HCV drugs continue. A number of small molecules that target
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the helicase activity of NS3 have been proposed as good candidates for
anti-HCV infection therapy. Even though none of the HCV NS3 helicase
inhibitors studied thus far are being used in the clinic, efforts have been made
to examine the helicase domain of NS3 as a potential target for anti-HCV
therapeutics. Future optimization of NS3 helicase inhibitors could improve
their efficacy and safety for clinical use.

3. Coronaviruses, SARS CoV-1 and SARS CoV-2 NSP13
helicases

The rapid spread of SARS CoV-2 in 2019 to a world-wide pandemic
generated intense focus on coronavirus virology and propagation. Previous
outbreaks and containment of SARS and the Middle Eastern Respiratory
Syndrome (MERS) viruses in 2002 and 2012, respectively, sparked the
identification and initial characterization of the non-structural protein
13 (NSP13) helicases, though the functional purpose for the helicase activity
during the replication has still not been elucidated (see Lehmann et al. [33]
for an extensive review). Nevertheless, the NSP13 sequence conservation
and structural homologies within the MERS, SARS CoV-1 and SARS
CoV-2 family of viruses suggest that much of what we have come to under-
stand will inform future studies with the NSP13 of SARS CoV-2, as well as
newly-emergent coronaviruses.

The Coronaviridae family of viruses have large, positive-stranded RINA
genomes. The genomes of the SARS viruses (hereafter referred to as
SARS1 and SARS2) are ~30kB, and contain multiple hairpins and regions
of secondary structure needed for efficient packaging [34|. During viral rep-
lication and the transcription of the polyprotein OREF, stretches of dsSRINA
must be unwound, while protective RINA-coating proteins must be dis-
placed to prevent pausing or disassociation of the replication transcription
complex (RTC). Virally-encoded translocating helicases are particularly
well suited to interact both with the viral genome and the RTC, to effi-
ciently remove any impediments and drive the multiplication and propaga-
tion of RNA viruses.

The SARS1 and SARS2 helicases are encoded by the NSP13 gene
and are nearly identical, differing by a single isoleucine to valine mutation
at position 572 [35]. The five domain structures of NSP13 (Fig. 4) are
the unique cysteine-rich, zinc-binding domain (ZBD), an o-helical stalk
domain that connects the ZBD with the accessory domain (2B), and the
RecA-like 1A and 2A domains harboring the ATPase and nucleic acid
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Fig.4 Structure of the SARS CoV-2 NSP13 helicase. (A) The helicase domains complexed
with RNA are highlighted, and the zinc binding domain (ZBD) lightened for clarity. The
cleft between the RecA-like domains 1A (gray) and 2A (green) contains the site of ATP
binding and hydrolysis. Single-stranded RNA and DNA enter at the 1A domain, bind in
the channel along the 1A-2A interface and the 2B domain (cyan) and emerges from the
2A domain for 5’ - > 3’ translocation. (B) SARS CoV-2 NSP13 helicase rotated 90° from (A).
The N-terminal zinc binding domain (red) binds 3 zinc atoms and is essential for helicase
activity. The ZBD is connected to the helicase domains through the a-helical-rich Stalk
domain (orange).

binding sites. The similarity of NSP13 to human RINA helicase Upfl, a crit-
ical component of the non-sense mediated mRNA decay pathways, places
the SARS helicases in the super family 1 group. Like Upfl, the SARS
NSP13 helicase binds single-stranded nucleic acids and translocates in the
5’ to 3 direction, further classifying it in the SF1B subgroup [36,37]. In solu-
tion, NSP13 appears to bind to ssDINA and ssRINA as a monomer.

The N-terminal portion of the protein contains a well-conserved,
cysteine-rich domain capable of coordinating three zinc atoms in highly-
structured zinc fingers. While the SARS1 NSP13 ZBD has not been well
studied, a mutational analysis of the ZBD of the related human coronavirus
HCoV-229E demonstrated that substitutions to the zinc-binding histidine
and cysteine residues significantly decreased ATPase and helicase activities
[38]. In fact, complete removal of the ZBD from the helicase core led to
an inactive enzyme, and attempts to reconstitute the holo enzyme using
separately-expressed domains also failed to restore activity. Clearly the
intrinsic mechanism for the helicase activity is intimately connected with
the zinc domain, and may provide a key regulatory mechanism to control
ATPase and RNA affinity. The CH domain of Upf1, which is homologous
to the ZBD, has a relatively flexible hinge, leading to significantly greater
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spatial flexibility for the interaction of the regulatory protein Upf2 modu-
lating the helicase activity [39]. In the SARS helicases, the ZBD is connected
to the helicase by a series of rigid a-helices making up the stalk domain. This
interaction allows the face of the ZBD to pack tightly against the helicase
core, while the zinc fingers interact with the accessory protein NSP8 in
the large replication complex [40—42]. Evidence points to the ZBD modu-
lating the movement of the helicase domains to alter its activity; however,
little else is known about how it participates with viral or host protein
partners to influence viral replication.

Until recently, the limited number of structural studies of coronavirus
helicases have hampered our understanding of the coordination of the var-
ious domain structures during nucleic acid binding and the mechanisms of
translocation. The structure of the helicase from the equine arteritis virus
(EAV), a member of the nidovirus family, was solved, providing the initial
clues about the structural arrangement of a viral helicase from a positive-
stranded RINA virus [43]. While Nsp10 of EAV lacks the stalk domain con-
necting the ZBD and the 2A domain [43], the crystal structure provided an
important framework for the study of helicase from other nidoviruses. By
2017, Hao et al. [44] had reported the crystal structure of a human corona-
virus helicase (NSP13) from MERS. They were the first group to crystalize a
human coronavirus helicase and utilized the sequence and structural similar-
ities to the yeast Upfl [44] to establish a model for coronavirus helicase
domains. Jia et al. [39] reported the first crystal structure of the SARS
CoV-1 NSP13 helicase (PDB:6JYT), though they did not co-crystalize
the protein with either an ATP analog or an RINA or DNA substrate.
Combined with hydrogen-deuterium exchange and ensemble activity mea-
surements, they were able to establish that the f-sheets of the 1A domain
directly participated in the unwinding and translocation activities. This
was the most extensive structure-based model for the coordination of the
NTP-binding pocket with the nucleic acid binding channel.

Within a short time of the identification and sequencing of SARS
CoV-2, two groups provided cryo-EM structures of an assembled replica-
tion transcription complex (RTC) including NSP12 (RdRP), NSP13 (heli-
case), NSP7 and NSP8 (accessory proteins) [40,41]. Structures from both
groups were in good agreement, and provided key insights into the viral
protein arrangements in the RTC. Both groups suggested that two helicase
proteins bind to the complex, yet not as a dimer. Chen ef al. [40] were also
able to produce partial EM assignments for NSP12 bound to a template
RNA and one of the NSP13 units, though due to the heterogeneity of
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structures with RNA, the full engagement of a contiguous piece of RINA
was not resolved. Interestingly, one of the helicase subunits is situated adja-
cent to the active center of the RARP, poised to unwind duplex template
strand RNA. However, with the directionality of NSP13 translocation
being 5'-to-3', binding to the template strand would place the helicase in direct
opposition to the polymerase during negative strand synthesis. However, the
authors hypothesized that during the production of the positive-strand
genome, the helicase and the polymerase could coordinate by binding to
the separate strands, thus allowing the helicase to separate the duplex RNA
ahead of the polymerase. Yan ef al. [42] extended the structural information
for the complex to include the RINA binding protein Nsp9, to determine
how the essential 5'-GpppA cap structure is synthesized on the SARS2
mRNA. They speculate that NSP13 participates in the removal of the
5'-y-phosphate, an activity previously reported for the SARS1 NSP13 [45],
though it is unclear if the special positioning of either NSP13 in the complex
would allow this to occur. In addition, the cryo-EM structures point to an
interaction of the ZBD with duplex RINA, something not seen in any of
the previous cryo-EM or crystallographic structures. As the capacity to visual-
ize the RTC at the molecular level rapidly improves, the structural coordina-
tion of the helicase proteins during viral genome transcription and replication
will aid with biochemical determinations of the role of the helicase in SARS2.

Much of what we know about coronavirus helicase mechanisms has
come from work with helicases from SARS1 and MERS. The single amino
acid substitution in the SARS2 NSP13 occurs along the surface of the
RecA-like 2A domain, and does not appear to participate directly with
the ATPase or unwinding activities. Thus, much of the biochemical and
kinetic data for NSP13 from SARS2 governing its activity may be inferred
from SARS1, with some caveats and caution. Comparisons of reported mea-
surements for the nucleic acid-dependent NTPase activity showed signifi-
cantly differing values for ATP turnover. Tanner ef al. [46] observed a k., of
19.15~ " usinga polyuridine RNA substrate, while Ivanov et al. [45] reported
a 10-fold lower value of 2.3s™". Clues to the mechanisms responsible for
differences came from Adedeji ef al. who reported two rate constants for
independently-purified forms of NSP13. A 6X-histidine-tagged NSP13
hydrolyzed ATP at a rate of 0.22s™', whereas a much more rapid rate of
104.1s~ " was measured for the GST-tagged protein [47]. The ATPase rate
constant for the native protein lacking any affinity or protein tag was not
reported. Notably, Tanner utilized a 6X-histidine-tagged NSP13, while
Ivanov expressed a maltose-binding protein (MBP)-fusion. The Sarafianosis
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group also reported difficulty with the protease-mediated cleavage of the
affinity tag in their construct, though others did not seem to experience similar
issues. Using uncleaved proteins, a preliminary kinetic comparison was made
of protein-tagged NSP13 ATPase rates, which lead to the conclusion that the
differences in the catalytic efficiencies resulted from interference in ATP bind-
ing [48]. This explanation, however, does not consider the significant role of
the N-terminal ZBD on the ATPase activity. Though the rigid stalk domain
holds the ZBD close to the helicase subunits, the rotation and mobility of the
ZBD during the NTP hydrolysis cycle and nucleic acid translocation may
be hampered by the presence of an N-terminal extension, depending on
the design of amino acid linkers between the N-terminus of the enzyme
and the tag. The initial X-ray crystal structure of SARST NSP13 used the
6X-histidine-tagged construct, though the structural data from subsequent
cryo-EM studies that utilized tagged proteins that were subsequently fully
cleaved and purified as the native protein were in good agreement [40,41].
Clearly the small 6X-histidine tag has a negative effect on the ATPase and
unwinding activities, though not on substrate binding. The much larger
MDP and GST tags also seem to disrupt the intrinsic helicase activity, though
possibly allow a freer coordinated movement during substrate turnover. A
thorough kinetic analysis (see Fig. 1) of the native protein has not been
reported, though it would shed considerable light on the intrinsic activity
of the enzyme.

NSP13 binds to ssDNA and RNA with similar nanomolar affinities.
Upfl and other members of the SF1 and SF2 families of helicase also have
this characteristic, though the underlying mechanisms are still unknown. In
addition, the nucleic acid-stimulated ATPase activity of NSP13 for saturat-
ing amounts of DNA is greater than that for RNA [46], suggesting that dif-
ferent structural features of the nucleic acid channel are involved in DNA
and RNA binding. The minimal functional length of ssDNA or RNA
needed for NSP13 binding 1s approximately ten nucleotides [47,49], though
the cryo-EM structure only resolved six bases within the channel [41].
Though the SARS genome is RNA, NSP13 does not appear to serve
any alternate functions in the nucleus of host cells, or function with host
RNA or DNA,; this has been a pressing unanswered question in viral helicase
biology.

Multiple groups have reported kinetic analyses for uncovering the
mechanisms of the unwinding activities of MERS and SARS!1 helicases,
and by extension due to it high homology, SARS2 NSP13. Due to the dual
DNA/RNA binding and unwinding activity, determinations of substrate
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preferences, processivity, chemical and kinetic stepping and cooperativity
have been examined using more stable and less expensive DNA substrates,
and minimally confirmed with RINA substrates. Due to the different binding
of RNA and DNA, a thorough survey of the viral helicase with RINA is
warranted. Nevertheless, Lee ef al. [49] synthesized multiple DNA substrates
with diftering duplex lengths, ssDNA overhangs and gap sizes to measure
processivity, cooperativity and binding site size, respectively. They reported
that the distance that NSP13 can unwind DNA prior to dissociation from
the nucleic acid is significantly lower than that seen with other helicases
such as HCV NS3 and the NPH-II RNA helicase. When using DNA sub-
strate with longer ssDNA tails, they also observed an increasing amount of
unwound product, suggesting that multiple helicase subunits can bind and
work in concert to unwind longer duplexes. When the study was repeated
with RINA substrates containing the same duplex and overhang lengths, Jang
et al. from the same laboratory observed even lower processivity and signif-
icantly less cooperativity, possibly due to differences in affinity and binding
to the RNA versus DNA [50]. Because the ATPase activity differs between
RNA and DNA and by inference its mode of binding, it is not surprising
then that translocation and duplex displacement is also different. Perhaps
the presence of a much larger replication complex consisting of the RINA
polymerase and accessory proteins NSP7 and NSP8 help tether NSP13 to
the vicinity of the RNNA genome.

The mechanisms of NSP13 helicase activity were further advanced by
the Sarafianos laboratory with the measurement of the kinetic step size of
the enzyme, or the apparent number of nucleotides traversed with a single
catalytic cycle. Interestingly, they also demonstrated significant differences
in the unwinding efficiency of different tagged enzymes. They clearly dem-
onstrate that the GST-tagged-NSP13 unwound a 30 base pair duplex sub-
strate up to 100- fold faster than the purified 6X-histidine-tagged (used by
the Kim laboratory) and MBP-tagged helicase [47]. They also observed little
difference between DNA and RINA unwinding rates for the same-sized
substrate. These data demonstrate that N-terminal modifications and affinity
tags that aid in the purification of NSP13 need to be removed prior to
in vitro kinetic experiments. Using rapid quench-flow assays to measure
the pre-steady state phase of duplex unwinding in a single turnover reaction,
unwinding occurred at 30 steps per second, with a step size being app-
roximately 9.3 base pairs. The net unwinding rate was calculated to be
~280 base pairs per second, and they demonstrated a much more robust
processivity with DNA. In addition, they observed that the interaction with
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Nsp12, which was subsequently confirmed by SPR [39], enhanced the
unwinding rate by nearly 2-fold. These observations agree with the RTC
complex structures and provide biochemical confirmation of the coopera-
tive interaction between the polymerase and helicase activity. While the
rationale for using the DNA substrates seem sound, kinetic characterization
of NSP13 will require the use of native protein, RINA substrates and rapid
kinetic experiments to fully characterize the helicase unwinding mechanisms.

Little is known regarding the involvement of the DEAD-box helicases
during the progression of the SARS viral life cycle. Based on findings from
other RINA viruses such as the hepatitis C virus (HCV) [51,52], West Nile
Virus (WNV) [53,54], several host-encoded DEAD-box helicases likely
play a role in the genome processing, maintenance and replication. The only
reported interaction of a DEAD-box helicase with NSP13 is from Chen
et al. |55] using a two-hybrid screen in yeast. The interaction was confirmed
by co-immunoprecipitation of DDX5 with exogenously expressed SARS1
NSP13 in A549 cells. Further, the siRINA knockdown of DDX5 in a model
of SARST1 infection in fetal rhesus kidney cells reduced active production
of virus suggesting a critical role for DDX5 during SARS1 infection.
However, these experiments did not directly address question regarding
the stage of viral infection that may require the interaction of NSP13 with
DDX5. It is tempting to consider DDX5 as a potential host factor aiding in
the resolution of duplex RNA structures in the large coronavirus genome.
Interestingly, Schmidt ef al. reported the pull-down of the RNA-binding
DEAD-box helicase DDX3X bound to the SARS2 genome [56], though
pharmacological knockdown of the DDX3X activity led to a modest reduc-
tion in viral replication in Calu3 cells. A large-scale survey of tagged SARS2
proteins using affinity-purification mass spectrometry identified multiple
potential host-encoded binding partners for NSP13, though the interaction
with either DDX3X or DDX5 was not found [57]. In this study, NSP13
seemed to interact with multiple proteins involved in the Golgi organiza-
tion, PKA signaling as well as the centrosome, and may have been a result
of zinc finger motifs in the ZBD interacting with human proteins. It is
unclear whether NSP13 resides solely within the peri-nuclear double
membrane replication vesicles associated with the endoplasmic reticulum
[58], or can interact with host proteins in the cytoplasm and nucleus.

The critical role in viral multiplication for the helicase activity suggests
that NSP13 is a prime target for small-molecule compounds to effectively
control viral infection. Viral helicase targets contain a common helicase
motif for nucleotide binding; thus, developing SARS-specific small
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molecule inhibitors without reducing or eliminating endogenous helicase
NTPase activity is challenging. Due to the successes with other viral infec-
tions such as HIV-1 and HCV, the protease and the core polymerase has
been the favored targets for small molecule viral inhibitors. In silico studies
utilizing the crystal structures of the SARS1 NSP13 helicase quickly
appeared in the literature following the recognition of the remarkable con-
served homology of the SARS1 and SARS2 proteins and SARS CoV-2 as a
world-wide threat [59—65]. Importantly, these studies made it clear that
NSP13 contains multiple druggable structures and pockets predicted to
disrupt the helicase activity outside of the canonical NTP binding site.
Ideally, effective antiviral compounds would bind an allosteric site, allow
the enzyme to form the RTC and disrupt the duplex displacement activity.
Presumably, the stalled RTC complex would dissociate, or be unable to par-
ticipate in RdR P-mediated genome replication. The speed of discovery is
hampered by the necessity for medium to high throughput screens to elim-
inate compounds that affect ATPase rates as well as nucleic acid-mediated
helicase activity [66]. Nevertheless, the rational design and screening of viral
helicase-specific small molecule inhibitors is possible.

Molecular dynamic surveys of the crystal structure for SARS1 NSP13 uti-
lized large libraries of FDA-approved compounds [59,62] as well as natural
compounds [67] to screen for potential antiviral drugs. The in vitro and
in vivo follow-up studies of potential inhibitors from these studies are more
difficult and time consuming, and thus have been slower to appear in the lit-
erature. Other investigators have taken the approach of using fragment-
based molecular modeling to elucidate binding pockets throughout the
structure and build optimized compounds that fully engage the structure while
disrupting activity [64]. Increasingly, pockets in and around the intersection of
the ZBD with the RecAl and RecA2 domains adjacent to the stalk domain
appear to have the potential to interfere with the substrate binding or the
transfer of energy from ATP hydrolysis through domain movements to
produce efficient translocation and duplex unwinding. Adedeji ef al. reported
the screening and helicase activity inhibition of SSYA10-001 (Fig. 5), a
1,2,4-triazole compound for SARST NSP13 [68], as well as MERS and
the mouse hepatitis virus (MHV) [68]. This compound and derivatives, how-
ever, suffer from relatively high potency requirements with the ECs in the
micromolar range. Early binding calculations suggested an interaction with
amino acids on the surface of the 1B domain, but crystal structure data brought
that into question. Thus, the binding site for a better-characterized NSP13
inhibitors, SSYA10-001 still not has been identified.
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Fig. 5 Structures of SARS1/2 NSP13 helicase inhibitors. (A) The patented compound SSYA10-001 inhibits the DNA unwinding activity of NSP13 in a
FRET-based in vitro assay with an 1Csq of 5.9 puM [102]. (B) Docking studies identified 4-O-(6-galloylglucoside) as a potential inhibitor for SARS1/2 NSP13,
though no in vitro studies have evaluated its ability to inhibit helicase activity [61]. (C) DTPMPA (N-(4-((4,6-dioxo-2-thioxotetrahydropyrimidin-5(2H)-
ylidene)methyl)phenyl)acetamide) was found to be a dual inhibitor of the ATPase activity with an 1Csq of 1.2 pM, and the helicase activity with an ICso of
33uM [70]. (D) The aryl diketoacid compound ADK-1 inhibits NSP13 in vitro with an ICso of 0.96 uM [63].



354 John C. Marecki et al.

Additional compounds have been suggested to inhibit coronavirus
helicase activity including gallic acid-derivatives [61], bismuth compounds
[69], pyrimidine derivatives [70] and RNA aptamers [71] (Fig. 5). However,
these compounds affect the ATPase activity with low pharmacological
potencies as well as little if any pharmacokinetic data for efficacy or safety.
The availability of NSP13 cryo-EM structures complexed with NSP12,
NSP7 and NSP8 provides new, though more complex opportunities for
the development of SARS2 antiviral compounds. The consideration of
the dynamics between the helicase, its activity, and the interplay with other
components of viral genome replication will need to be included when
targeting NSP13 for novel and effective therapeutics.

4. DEAD-Box RNA helicases in viral multiplication
not encoded in the viral genome

DEAD-box RNA helicases, characterized by a highly conserved
“Asp-Glu-Ala-Asp” (DEAD) motif, are found in all eukaryotes, as well as
in many bacteria and archaea [72]. DEAD-box RNA helicases form the larg-
est family of superfamily 2 (SF2) helicases, with 37 members in humans [72].
This family of helicases plays important roles in RNA metabolism regulating
gene transcription and expression, intron splicing, mRNA processing and
transport, ribosome assembly and formation, mRNA translation, mRNA
decay, ribonucleoprotein (RNP) complex remodeling, and stress granule
and P-body formation [72,73]. In humans, DEAD-box RNA helicases
can act as cytosolic DNA sensors [74]. They are involved in cellular stress
responses, disease (such as cancer) development and progression, viral infec-
tion and replication, as well as host innate immune responses. Additionally,
the DEAD-box RINA helicases can serve as links among the cellular energy
state, gene expression, and metabolism, through their ability to bind ATP
and unwind RNA substrates [75,76].

DEAD-box RNA helicases have a highly conserved SF2 helicase
core composed of two RecA-like domains, often accompanied by N- or
C-terminal extensions that are not conserved (Fig. 6) (comprehensive
review in [72]). Inside the helicase core, at least 12 characteristic sequence
motifs were distributed into two RecA-like domains. Motifs Q, I, Ia, Ib, Ic,
I1, and IIT are located in the N-terminal domain (Domain 1), and motifs IV,
IVa, V, Va, VI are located in the C-terminal domain (Domain 2). These two
domains form a cleft that harbors the ATP-binding site, which is seated
between the two domains. RNA binds perpendicular to and at the base
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Fig. 6 Structure of the human DEAD-box helicase DDX3X. (A) Overall structure of the
active helicase D1D2:dsRNA:D1D2 core from DDX3X. The RecA-like D1 domain (gray
in core 1 and orange in core 2) binds ATP and the energy from hydrolysis induces a con-
formational change in the RecA-like D2 domain (green in core 1 and cyan in core 2) lead-
ing to RNA strand separation. (B) DDX3X core helicase rotated 90° from (A). The two
helicases act on separate strands of the dsRNA leading to complete strand separation.

of the ATP-binding site and the interaction spans across both domains. The
conserved motifs participate in ATP binding and hydrolysis (motifs Q, I, II,
and VI), and RINA binding (motifs Ia, Ib, Ic, IV, IVa, and V). The commu-
nication linkage (motifs I11, and Va) is located between the ATP-binding site
and the RNA binding site.

In the absence of ATP and RINA, these two RecA-like domains of the
helicase core move freely and are flexible with respect to each other (open
conformation). The collaborative binding of ATP and RINA, stimulates
these two domains to form a closed position (closed conformation), to
induce ATP hydrolysis [77]. Interestingly, for many DEAD-box RINA heli-
cases, only ATP binding is required for RINA strand separation but not ATP
hydrolysis. DEAD-box RINA helicases have extremely tight RNA binding
affinity in the presence of ATP ground and transition state analogues. ADP
greatly reduces the affinity of DEAD-box proteins for RINA. Thus, the ATP
hydrolysis is necessary for the release of DEAD-box helicase from the RINA
substrate, and promotes substrate turnover [78]. In contrast with other
processive helicases (for example, Pifl) which translocate along DNA or
RNA substrate during ATP hydrolysis cycle, DEAD-box RNA helicases
are typically non-processive helicases. Thus, their RNA duplex unwinding
is more restricted to local strand separation. Many members of this family of
helicases can only unwind duplexes with less than 10 to 12 base pairs [73].
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Flanking the helicase core, the N-terminal and C-terminal extensions are
the auxiliary domains. The auxiliary domains in DEAD-box RINA helicases
are not conserved, ranging from a few to several hundred amino acids in
length. These auxiliary domains are responsible for interacting with other
proteins or with RINA targets, to achieve various functions.

Most viruses do not encode all proteins required for their propagation in
their genome. The interactions between virus and host cells are important
for viral replication. On one side, viruses need to recruit host proteins and
utilize the host cell machinery to help their replication. On the other side,
the anti-viral innate immunity by host cells suppresses viral replication.
Although DEAD-box RNA helicases are encoded only by host cells, they
play essential roles as the driving force across both viral replication and ant-
iviral innate immunity (comprehensive review in [79]).

In the past two decades, there are two strategies primarily used for iden-
tifying host factors/proteins involved in viral propagation: (1) using the
small-interfering RINA (siRINA) knock-down strategy to screen host genes
that affect viral propagation, (2) proteomic screens by using viral proteins (or
viral nucleic acid sequences) as bait. In many cases, DEAD-box helicases
have been identified as essentially required for several steps in a virus life cycle.
Currently, there are five human DEAD-box helicases (DDX1, DDX3X,
DDX5, DDX6, and DDX17) that have been found to have important
pro-viral (positive) or antiviral (negative) roles in viral propagations |79].

The mechanisms of DEAD-box helicases in viral propagation are newly
emerging research topics in the past two decades but have not been fully
explored. In general, DEAD-box helicases can participate in viral propaga-
tion by several ways [79]. RINA unwinding or unfolding by the helicase and
RNA chaperon activities, to reform RNA structures for viral genome rep-
lication, gene transcription and translation. For example, DDXS5 can interact
with RNA-dependent RNNA polymerase of HCV (NS5B), and is required
for the transcription of negative-strand from positive-strand HCV RNA
[80]. DDX1 binds to the 3/(+) untranslated region (3’-UTR) of HCV
RNA, and plays important role in the initiation of HCV RNA replication
[81]. DEAD-box helicases can interact with virus elements and proteins, to
help viral RNA splicing and subcellular exporting. For example, DDX1
binds to HIV Rev-response element (RRE) to form RNA complexes that
facilitate the export of RR E-containing HIV RINAs to the cytoplasm from
the nucleus via the chromosomal maintenance 1 (CRM1) pathway. RRE is
required for maintaining HIV RNA splicing [82,83]. In HIV-1 infected
cells, DDX3X localizes to nuclear pores, interacts with CRM1 to form
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the CRM1/DDX3X complex at the cytoplasmic side of the nuclear enve-
lope, and exports the RRE-containing HIV-1 RNAs into cytoplasm from
the nucleus [84,85]. DDX19 interacts with Influenza A virus polymerase and
promote the nuclear export of viral mRNAs [86].

DEAD-box helicases interact with virus elements and host (or viral)
proteins, to mediate translational initiation of viral RNAs. For example,
DDX3X binds to the 7-methylguanosine 5'-triphosphate (m’GTP) cap
of the HIV-1 RNA, interacts with eukaryotic translation initiation factor
4G (elF4G) and PolyA-binding protein cytoplasmic 1 (PABPC1), to form
a core DDX3X/PABPC1/elF4G trimeric complex [87,88]. DDX3X is rec-
ruited to the Tat-recognition region of the 5’~-UTR of HIV mR NAs by the
viral trans-activating regulatory protein Tat, to promote the Tat-dependent
translation of HIV-1 mRNAs [89,90]. DEAD-box helicases can undergo
liquid—liquid phase separation (LLPS) to provide cells with spatial and tem-
poral control of various RINA-processing steps involved in viral propaga-
tion. Several DEAD-box RINA helicases have the ability to interact with
nucleic acids to undergo LLPS as global regulators of phase-separated organ-
elles [91]. For example, in HCV infected cells, DDX3X is involved in
P-body formation, stress granules (SGs), and is important for HCV viral
propagation [52,92]. The detailed functions of LLPS in viral propagation
remain unknown.

DEAD-box helicases can promote viral particle assembly and incorpo-
ration into viral particles. DDX3X is found in several virion particles, such
as Hepatitis B virus [93], and human cytomegalovirus (HCMV) [94]. The
DEAD-box helicase might bind to viral genome RNA (or DNA) to main-
tain certain secondary structures to protect the viral genome, or interact with
other proteins to maintain the stability of viral particles. DEAD-box heli-
cases are essential sensors, regulators and effectors for the host innate immu-
nity antiviral defense [74].

Although some DEAD-box helicases can be found inside viral particles,
none are encoded in viral genomes. One possible explanation is that the
DEAD-box helicases have so many important functions, it is evolutionarily
a selective advantage for keeping DEAD-box genes inside the host genome,
while allowing the viral genome to be as minimized as possible. Rather than
encoding their own, viruses hijack host DEAD-box helicases to aid in tran-
scription, translation, and viral packaging.

Based on the possible role of DDX3X and DDX5 in cancer, high
throughput screening has been applied to search for inhibitors. It is early
for these possible inhibitors to be counter-screened for anti-viral activity.
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The biological outcomes for DEAD-box helicases, especially DDX3X,
makes this class of helicases a logical anti-viral for HCV and SARS2.
Added to the mix, DDX3X can also act as an oncogene in the development
of different types of cancers, suggesting that small molecule inhibitors
developed as antivirals may also act as anticancer drugs [95,96]. Importantly,
DDX3X-specific compounds have the potential to inhibit a key host helicase
involved with the replication of multiple co-infecting viruses, such as HIV-1
with HCV with a single, targeted therapeutic. Thus, the development of
DEAD-box helicase inhibitors, and their mechanism of action are increasingly
recognized as a prime target in viral and cancer treatments.

As with viral-specific helicases such as NS3 and NSP13, compounds that
are specific for the DDX3X helicase activity are crucial for reducing cellular
toxicities due to off-target effects. Screening of multiple libraries of com-
mercially available compounds against the dsSRNA DDX3X helicase activity
yielded [97,98], 3-(5-butyl-1,2-dihydrotriazol-3-yl)-N-(2-hydroxyphenyl)
benzenesulfonamide [54] (Fig. 7). This compound competitively binds
DDX3X along the RNA channel of the helicase [54]. Surprisingly, this
compound and derivatives in the series had low toxicities in cell culture.
Additionally, a favorable ICsy of 0.3 uM for the DDX3X helicase resulted
in a promising replication inhibitor of HIV, HCV, Dengue virus and
West Nile virus. The aqueous solubility of the compound is low hampering
use in animal studies. Nevertheless, the compounds have shown great prom-
ise as a DDX3X-specific compound with pan-antiviral properties.
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Fig. 7 Structures of inhibitors of the DEAD-box helicase DDX3X. (A) Structure of the DDX3X
inhibitor 3-(5-butyl-1,2-dihydrotriazol-3-yl)-N-(2-hydroxyphenyl)benzenesulfonamide
(PubChem Name: SCHEMBL19403523). The IC5 for the RNA-dependent helicase activ-
ity for DDX3X is 0.3uM [54]. (B) Structure of the ring-expanded nucleoside (RENT)
ATPase inhibitor for DDX3 and the NS3 helicases from multiple viruses [99-101].
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A separate class of DEAD-box helicase inhibitors is based on a ring-
expanded nucleoside (REN) structure that mimics the adenosine nucleoside
(Fig. 7) [99—101]. These compounds inhibit the activity of DDX3X, though
an ICsy for DDX3X ATPase activity has not been reported. RENs also
bind and inhibit the NS3 helicases from HCV, West Nile and Dengue
viruses with estimated ICsy values in the low micromolar range [101].
The mechanism is thought to involve competitive binding at the ATPase
site suggesting a pan-helicase activity that spans both a DEAD-box helicase
as well as viral-encoded proteins. Simultaneous inhibition of viral helicases as
well as DDX3X provides an attractive therapeutic agent for patients with
co-infections of multiple viruses.

RNA viruses will continue to cause major health issues for the foresee-
able future. The rapid development of vaccines for SARS2 is highly effective
and could provide control atleast in the short term. The ability of the virus to
mutate rapidly indicates that more than one immunogenic target is needed
to reduce the risk of additional infection. A major outcome of the fight
against RNA virus’ is the extensive knowledge that is accumulating based
on increased research funding. We now know much about the mutation fre-
quency due to the low fidelity RINA polymerases in these viruses. However,
an example of what we do not know is how SARS2 uses its proofreading
capacity to enhance overall fidelity during viral replication. Indeed, we need
to understand the enzyme mechanisms of the entire replication and tran-
scription cycle. The role of the helicase needs to be determined to aid in
the development of highly effective anti-virals.
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