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Abstract

G-Quadruplexes (G4s) are non-canonical secondary structures formed within guanine-rich regions of DNA or RNA. G4
sequences/structures have been detected in human and in viral genomes, including Coronaviruses Severe Acute Respiratory
Syndrome Coronavirus (SARS-CoV) and SARS-CoV-2. Here, we outline the existing evidence indicating that G4 ligands and
inhibitors of SARS-CoV-2 helicase may exert some antiviral activity reducing viral replication and can represent a potential
therapeutic approach to tackle the COVID-19 pandemic due to SARS-CoV-2 infection. We also discuss how repositioning
of FDA-approved drugs against helicase activity of other viruses, could represent a rapid strategy to limit deaths associated

with COVID-19 pandemic.

1 Severe Acute Respiratory Syndrome
Coronavirus and the 2020 Pandemic

Severe Acute Respiratory Syndrome Coronavirus (SARS-
CoV) emerged for the first time in 2002 and 2003 in Guang-
dong province (China) and caused 800 deaths worldwide in
2003 [1]. In 2005, research conducted in different labora-
tories demonstrated that bats may be the natural reservoirs
for SARS-CoV [2]. SARS-CoV is a positive single-stranded
(ss) RNA virus with a large RNA genome of approximately
29.7 kb. SARS-CoV replicons consist of the genomic 5’ and
3’ untranslated regions (UTR) and an open reading frame
(ORF) encoding for the polyprotein(pP)-a, and for pP-ab
containing the sequence for 16 non-structural proteins (from
Nspl to Nsp16) that constitute the replication/transcription
complex of the virus [9]. The remaining part of the SARS-
CoV genome encodes four essential structural proteins,
including spike (S) glycoprotein, small envelope (E) protein,
membrane (M) protein, and nucleocapsid (N) protein, and
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accessory proteins that may interfere with the host innate
immune response [3].

In June 2012, the first case of Middle East Respiratory
Syndrome Coronavirus (MERS-CoV) was identified in a
patient from the Kingdom of Saudi Arabia. MERS-CoV
is a positive ssSRNA virus with a genome of about 30.1 kb
containing 10 predicted ORFs, 9 of which may be displayed
from a set of nested 7 sub-genomic mRNA. ORFla and
ORF1b are the replicase opening frames which cover the 5’
end region of the genome, while the 3’ end encodes struc-
tural proteins, including S, E, M and N proteins, and several
other accessory proteins [4].

In late 2019, several Chinese citizens from Wuhan expe-
rienced a pneumonia associated to SARS-CoV-2 infection,
later designated by WHO as Coronavirus Disease 2019
(COVID-19) (https://www.who.int/emergencies/disea
ses/novel-coronavirus-2019). On 11 March 2020, WHO
declared COVID-19 a “pandemic” condition. The figures
of the COVID-19 pandemic are constantly and rapidly
increasing throughout the globe. On 6 April 2020, accord-
ing to WHO, the global number of confirmed infections is
1,174,866, while the death toll has topped 64,541 deaths
(https://who.sprinklr.com/).

The clinical presentation of COVID-19 varies from
asymptomatic or mild respiratory symptoms, to severe pneu-
monia with respiratory failure and death, mainly in elderly
with other chronic underlying diseases [5]. To date, there
are no available vaccines and there is very little evidence of
the effectiveness of treatments that may reduce severity of
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disease and prevent death. As the global scientific commu-
nity is in the race for finding novel therapies for the disease,
in late April 2020 over 500 interventional clinical studies on
the current COVID-19 have been registered at ClinicalTrials.
gov [6]. While waiting for a preventative vaccine, most of
the therapeutic strategies against COVID-19 are currently
based on slowing down the virus replication (i.e. by using
antivirals adopted for other viruses), and on reducing severe
forms of disease (i.e. by counteracting the cytokine storm
syndrome).

Most of the current studies are based on the similarity of
the SARS-CoV-2 with SARS-CoV and MERS-CoV, even
if the latter is the most genetically different from the novel
coronavirus [7].

In fact, as reported by Zhou et al. [8], the SARS-CoV-2
shares a high nucleotide sequence identity with SARS-
CoV (79.7%), revealing a conserved evolutionary relation-
ship between these two viruses. Conceptually, the protein
sequence and structure similarity of SARS-CoV-2 with
other types of coronavirus might help to develop effective
anti-COVID-19 approaches.

2 Biological Role of G-quadruplexes
and their Impact as Potential Targets
for COVID-19

G-quadruplexes (G4s) are tetrahelical structures formed
by guanine-rich regions of DNA or RNA [9]. The build-
ing blocks of G4s are assembled in G-quartets that are con-
nected by Hoogsteen hydrogen bonds to form polymorphic
structures. In general, all G4 structures exhibit a favourable
thermodynamics, even if RNA G4s are more stable than
DNA G4s [10, 11]. Although the frequency of G4-forming
sequences (G4FS) vary significantly among evolutionary
groups, they have been identified in all species. In human
genome, putative G4FS (PG4FS) were found in various
regions including sub-telomeres, telomeres, gene bodies, and
5’ untranslated regions and other gene regulatory regions.
This observation suggests that G4s are likely involved in the
regulation of crucial biological pathways, such as replica-
tion and regulation of gene expression [9]. PG4FS sequences
have been found not only in humans, but also in other mam-
malian genomes, bacteria, and, intriguingly, they were found
also in viral genomes [12].

Ruggiero and Richter [13] reviewed the emerging evi-
dence suggesting that PG4FS can be involved in viral rep-
lication and recombination, in virulence control, and in the
regulation of other pivotal steps of viral life cycles. Moreo-
ver, a recent analysis of PG4FS in seven viral taxa (approxi-
mately available 7370 viral genome assemblies) infecting
five distant eukaryotic hosts, suggested a co-evolution of
virus and host G4s [14].
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Lavezzo et al. [15] recently provided a list of PG4FS,
reporting their position and statistical significance, and the
degree of conservation among strains, in a pool of viruses
following the Baltimore classification. Among the other
viruses, the authors also reported the characteristics of
PG4FS detected in the genome of several coronaviruses.

Interestingly, a multi-domain polypeptide in SARS-CoV,
including the structurally organised domains, within the
Nsp3, represents a SARS unique macrodomain that could
bind G4s and play a key role in viral replication and tran-
scription machinery [16, 17]. These findings suggest that
targeting G4s in the viral genomes may lead to the exciting
possibility of affecting replication of coronaviruses, includ-
ing the recently emerged SARS-CoV-2.

Based on this evidence, we speculate that the use of
G4-mediated antiviral drugs may represent a significant
turning point in the therapeutic management of COVID-19.
Several algorithms for detecting expected matching patterns
for G4s formation have been already described [18].

Here, we used the Quadruplex forming G-Rich Sequences
(QGRS) Mapper, a web-based server database [19], that gen-
erates detailed information on composition and distribution
of PG4FS. Following QGRS method, the PG4FS in the
genome of SARS-CoV-2 by Wuhan (NC_045512.2) were
identified by the motif GxNy1GxNy2GxNy3Gx, where x
was the number of G tetrads and y the length of loops con-
necting them. The criteria of the analysis included the set-
ting of maximum length at 30 bases; a minimum G-group
equal to 2; and loop size from 0 to 36.

In accordance with the findings by Lavezzo et al. in
SARS-CoV [15], we identified 25 PG4FS in the SARS-
CoV-2 genome (Table 1). This finding suggests that G4s
ligands could represent a potential therapeutic strategy for
COVID-19.

Although these data support the observation that G4s
ligands may exert a reasonably antiviral activity, the use of
these compounds in clinical trials is far from being adopted
because of their low selectivity profile and poor drug-like
properties.

3 Alternative Approaches to Target G4s
in COVID-19

Interestingly, the therapeutic potential of G4s in coronavirus
could be also reversed by molecules that block the activity
of RNA helicases of the virus. This class of proteins can
unwind G4s with a mechanism often required before virus
or cellular machineries can act on the nucleic acid substrate,
thus suggesting their important role in the virus replication
[20].

The nsp13 is a helicase that could unwind the 3’ end
of the nascent RNA primer and facilitate transfer to the
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Table 1 PG4FS by QGRS Mapper in the genome of SARS-CoV-2

Position Length PG4FS G score
13385 20 GGTATGTGGAAAGGTTATGG 19
24268 24 GGCTTATAGGTTTAATGGTATTGG 19
1574 26 GGTGTTGTTGGAGAAGGTTCCGAAGG 18
28903 15 GGCTGGCAATGGCGG 18
24215 20 GGTTGGACCTTTGGTGCAGG 17
25197 22 GGCCATGGTACATTTGGCTAGG 17
353 25 GGCTTTGGAGACTCCGTGGAGGAGG 16
644 20 GGTAATAAAGGAGCTGGTGG 15
3467 17 GGAGGAGGTGTTGCAGG 15
8687 23 GGATACAAGGCTATTGATGGTGG 14
29123 19 GGAAATTTTGGGGACCAGG 14
29234 30 GGCATGGAAGTCACACCTTCGGGAACGTGG 11
2714 29 GGCGGTGCACCAACAAAGGTTACTTTTGG 10
4261 29 GGGTTTAAATGGTTACACTGTAGAGGAGG 10
22316 29 GGTGATTCTTCTTCAGGTTGGACAGCTGG 10
10261 30 GGCTGGTAATGTTCAACTCAGGGTTATTGG 9
18296 23 GGATTGGCTTCGATGTCGAGGGG 9
28781 29 GGCTTCTACGCAGAAGGGAGCAGAGGCGG 9
25951 29 GGTGGTTATACTGAAAAATGGGAATCTGG 8
26746 30 GGATCACCGGTGGAATTGCTATCGCAATGG 7
1463 26 GGTGGTCGCACTATTGCCTTTGGAGG 6
4162 27 GGTTATACCTACTAAAAAGGCTGGTGG 6
15208 27 GGAACAAGCAAATTCTATGGTGGTTGG 6
14947 28 GGTTTTCCATTTAATAAATGGGGTAAGG 4
15448 29 GGCGGTTCACTATATGTTAAACCAGGTGG 3

complementary region of the 5'-leader genomic sequence
in SARS-CoV, thus regulating virus replication [21]. The
functional relevance of helicases activities highlights that
inhibitors or modulators for these enzymes are potentially
important as therapeutic agents [22].

Tanner et al. [23] found that Bananin and three of their
derivatives, exhibited activity as non-competitive inhibitors
on nspl3 helicase, probably by an allosteric mechanism.
Cho et al. [24], identified a novel small compound (7-ethyl-
8-mercapto-3-methyl-3,7-dihydro-1H-purine-2,6-dione also
designed as EMMDPD) able to inhibit ATP hydrolysis, as
well as dsSDNA unwinding activities of the SARS-CoV heli-
case, without any cell cytotoxicity.

Unfortunately, for many of these compounds, no further
evidence exists on action mechanisms or potential transla-
tional application in clinical practice.

Interestingly, DNA aptamers, composed by two distinct
classes of G4s and non-G4s forming sequences against the
SARS-CoV helicase, were isolated using a SELEX (sys-
tematic evolution of ligands by exponential enrichment)
approach [25]. These aptamers are oligonucleotides emerg-
ing as a class of molecules that may interact with viral com-
ponents and interfere with viral replication [26].

While the identification of therapeutic aptamers requires
further studies, we have to explore alternative plausible
therapeutic strategies to face the emergency caused by
COVID-19.

One possible alternative strategy is to inhibit viral heli-
case activity by using Food and Drug Administration (FDA)-
approved drugs with scientific evidence of this molecular
effect, with no toxic effects. Interestingly, after a search in
the DrugBank database (https://www.drugbank.ca/, version
5.1.5, released 2020-01-03), we retrieved 18 entries for
FDA-approved compounds that have the term “helicase” as
a target (Table 2). It is plausible that most of these mole-
cules have already been tested during this emergency period
caused by COVID-19, with unknown large-scale effect. In
addition to these molecules, we found another two FDA-
approved small compounds with experimental evidence of
activity on viral helicases, guanidine hydrochloride (GuHCI)
and ebselen.

GuHCl, a well-known small compound FDA-approved
to treat the symptoms of muscle weakness and fatigability
associated with Eaton-Lambert syndrome, was found able to
inhibit activities of RNA helicase-like proteins, such as NS3
in Norovirus and VP35 in Ebola virus [27, 28]. However,
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Table 2 List of compounds that target helicases in DrugBank

Specific target Name Drugbank ID Drug group
DNA polymerase catalytic subunit Penciclovir DB00299 Approved
Famciclovir DB00426 Approved, investigational
Foscarnet DB00529 Approved
Acyclovir DB00787 Approved
Ganciclovir DB01004 Approved, investigational
Valaciclovir DB00577 Approved, investigational
Talimogene laherparepvec DB13896 Approved, investigational
Vidarabine DB00194 Approved, investigational
Cidofovir DB00369 Approved
Genome polyprotein Ribavirin DB00811 Approved
Uridine 5'-triphosphate DB04005 Investigational
Nesbuvir DB07238 Investigational
Asunaprevir DB11586 Investigational
Eukariotic initiation factor 4A-1 Copper DB09130 Approved, investigational
Chromodomain-helicase-DNA-binding protein 1 Epirubicin DB00445 Approved
Holliday junction ATP-dependent DNA helicase RuvB Adenine DB00173 Approved, nutraceutical
Spliceosome RNA helicase DDX39B Isopropyl alcohol DB02325 Approved, investigational
Artenimol DB11638 Investigational

this drug may present common side effects such as nausea,
diarrhoea, stomach cramps, abnormal liver function tests
and loss of appetite.

Ebselen is an additional molecule that may inhibit the
RNA helicase NS3 of hepatitis C virus [29]. In this study,
after a screening of 727 compounds in the National Institute
of Health clinical collection sets and their testing for inhibi-
tory activity on NS3 helicase binding nucleic acids, the
authors found that ebselen was able to disrupt NS3/nucleic
acid interactions and impair virus replication. Interestingly,
ebselen is a selenium-containing compound that was tested
in different Phase 1 and 2 clinical trials on patients with
Meniere’s Disease or in subjects affected by typel/2 diabetes
(https://www.drugbank.ca/drugs/DB12610). A double-blind,
placebo-controlled, Phase 2 trial conducted in 83 healthy
adults aged 18-31, demonstrated that ebselen treatment
was well tolerated [30]. Interestingly, very recently, pre-
liminary data demonstrated that ebselen strongly inhibits
SARS-CoV-2 growth in a cell-based assay suggesting this
as a molecule of particular interest for further investigation
in clinical trials [31].

4 Future Directions and Conclusion
The disease caused by the new coronavirus is cause for
an unprecedented concern for public health. As of April

28 2020, more than 200 countries have been affected by
COVID-19, the total number of cases was 2,954,222 and
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deaths were approximately 202,600 worldwide. By com-
parison, SARS-CoV affected 26 countries and resulted in
8098 cases and 774 deaths from 2002 to 2004; and MERS-
CoV affected 27 countries and caused 2519 cases and 858
deaths in 2012 (https://www.who.int/docs/default-source/
coronaviruse/situation-reports/20200428-sitrep-99-covid
-19.pdf?sfvrsn=119fc381_2).

As of today, no FDA-approved therapies to treat
COVID-19 or other coronaviruses exist. However, FDA
updates every day guidelines for conducting clinical tri-
als or diagnostic studies (https://www.fda.gov/emerg
ency-preparedness-and-response/mcm-issues/coronaviru
s-disease-2019-covid-19). Moreover, as recently emerged
from the work by Zhou et al. [8], the search and use of
FDA-approved or investigational drugs that are outside the
scope of the original clinical indication, currently known
as drug repositioning, could be a promising approach to
find a rapid strategy to limit the effects of the COVID-
19 pandemic. In our opinion, the research on the G4s/
helicase world could accelerate the finding of non-toxic
effective therapeutics for SARS-CoV (Fig. 1), as well as
for SARS-CoV-2, by the discovery of new G4 ligands rap-
idly transferable in the clinic, and by the employment of
FDA-approved helicase inhibitors.

Moreover, a strategy that designs or repurposes drugs
that exert their antiviral activity by inhibiting highly con-
served mechanisms essential to viral replication, may
reduce viral titres and improve host response in the event
of future emergence of other human coronaviruses.


https://www.drugbank.ca/drugs/DB12610
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200428-sitrep-99-covid-19.pdf%3fsfvrsn%3d119fc381_2
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200428-sitrep-99-covid-19.pdf%3fsfvrsn%3d119fc381_2
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200428-sitrep-99-covid-19.pdf%3fsfvrsn%3d119fc381_2
https://www.fda.gov/emergency-preparedness-and-response/mcm-issues/coronavirus-disease-2019-covid-19
https://www.fda.gov/emergency-preparedness-and-response/mcm-issues/coronavirus-disease-2019-covid-19
https://www.fda.gov/emergency-preparedness-and-response/mcm-issues/coronavirus-disease-2019-covid-19

COVID-19 Potential Therapeutics

945

ORF1a

Structural and accessorymRNAs

SUTR

Translation
from Nsp1to Nsp16

PPa 0ye00yg00¢* 000
PP-20 09600080 *0e* g% e® %

[N L

Nsp3 G4s binding macrodomain

Drug repositioning

' G4s ligands

Activation of
protelysis and

Replicative machinery

Nsp13helicase J

Helicase inhibitors

Fig. 1 Genome organisation of SARS-CoV and potential druggable sites in the G4s/helicase world
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