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ABSTRACT Human enteroviruses cause many diseases; however, there is no specific
therapeutic drug. G-quadruplex is an atypical secondary structure formed in the gua-
nine rich region of DNA or RNA, which can exist in the viral genome. The different
positions of G-quadruplex play an important role in the regulation of virus replica-
tion and infection. Whether G-quadruplexes are present in human enteroviruses is
unknown. In current study, we analyzed the potential quadruplex forming sequences
of human enteroviruses, especially EV-A71 virus, which causes hand, foot, and mouth
disease. The results showed that there were a certain number of potential quadru-
plex-forming sequences in human enteroviruses. Through a variety of experimental
methods, we evaluated the formation potential of EV-A71 encoded G-quadruplex
and analyzed the binding ability of G-quadruplex ligands, including BRACO-19, pyri-
dostatin and TMPyP4 to virus encoded G-quadruplexes. G-quadruplex ligands
BRACO-19, PDS and TMPyP4 could inhibit the transcription of constructs containing
EV-A71 G-quadruplex sequences. Moreover, we found that BRACO-19 was able to in-
hibit the replication of EV-A71, suggesting that targeting G-quadruplexes in EV-A71
genome by G-quadruplex ligands could be a novel antiviral way against EV-A71. Our
finding not only uncovered the G-quadruplexes in human enteroviruses, but also
would provide a new strategy for human enteroviruses therapy.

IMPORTANCE G-quadruplex is a stable nucleic acid secondary structure formed by
the folding of guanine rich nucleic acid. The important regulatory function of G-
quadruplex makes it an attractive target of antiviral effect. Human enteroviruses
cause a variety of human diseases, including common cold, nervous system diseases,
cardiovascular damage, and diabetes. Enterovirus A71 (EV-A71) is one of pathogens
causing hand, foot, and mouth disease; however, whether G-quadruplexes are pres-
ent in the genomes of human enteroviruses is unknown. The function of G-quadru-
plexes in the EV-A71 genomes is not clear. We predicted and characterized G-quad-
ruplex sequences in EV-A71. G-quadruplex ligands were identified to stabilize EV-A71
G-quadruplexes with high affinities. We also demonstrated G-quadruplex ligand
BRACO-19 inhibited EV-A71 replication. Our studies provide a framework for target-
ing G-quadruplexes in the enteroviruses genome, which will be a new way to de-
velop antiviral agents against human enteroviruses.
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Human enteroviruses (HEVs) cause a variety of human diseases, from common cold
to nervous system diseases (such as encephalitis, aseptic meningitis and relaxation

paralysis) (1), cardiovascular damage (viral myocarditis and dilated cardiomyopathy) (2),
and metabolic diseases (such as diabetes) (3). HEVs include more than 100 serotypes,
belonging to four enteroviruses (EV-A to EV-D) and three rhinoviruses (Rhinovirus A,
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Rhinovirus B, and Rhinovirus C) (4). EV-A was mainly related to hand, foot, and mouth dis-
ease (HFMD), including 22 serotypes such as Coxsackie virus A6, Coxsackie virus A16 and
enterovirus A71 (EV-A71) (5). EV-A71 genome is about 7.4 kb, containing an open reading
frame (ORF). The genome encodes a 220 kDa polyprotein precursor, which is hydrolyzed
into four structural proteins (VP1, VP2, VP3 and VP4) and seven nonstructural proteins
(2A, 2B, 2C, 3A, 3B, 3C and 3D) (6). EV-B is the largest enterovirus species, composed of 63
viruses, including Coxsackie virus B1-B6, 7 ECHO viruses and 50 other serotypes (7). EV-C
includes three polioviruses and 20 other serotypes, including EV-C105, which is related to
recent cases of acute flaccid myelitis in children (8). EV-D contains EV-D68, EV-D70 and
EV-D94 (9). In addition to the successful PV vaccination in the 1950s, there is no preven-
tion or treatment for most enterovirus infections.

Viral genome plays a vital role in the life cycle of virus and provides an effective target
for virus detection. A large number of studies have shown that some G-rich sequences in
the virus genome can form a stable G-quadruplex (G4) structure and play a key role in the
life cycle of the virus (10). G4 is a stable nucleic acid secondary structure formed by the
folding of guanine rich nucleic acid (Fig. 1A) (11). Among them, four guanines form a G-
quartet planar structure through Hoogsteen hydrogen bond, and more than two G-quar-
tets form a stable G4 structure through p -p stacking. There are a large number of poten-
tial quadruplex-forming sequences (PQS) in the genome, so its biological function has
attracted extensive attention. In recent years, with the discovery of G4 related binding pro-
teins, the biological functions of G4 structure have been further explored (10). It is consid-
ered to participate in the regulation of a variety of biological functions and play a key role
in important cell physiological processes. In addition, more and more attention has been
paid to the characteristics and functionality of G4 structure. Nucleic acid nanostructures
and biosensor methods based on G4 have also developed rapidly, and are widely used in
targeting recognition, signal conversion and amplification (12).

Small molecule ligands could increase the stability of G-quadruplex or induce its forma-
tion. The binding modes of small molecule ligands with G-quadruplex are roughly divided
into three types: (1) stacking on the surface of G-quadruplex; (2) inserting into the middle
of the plane of the G-tetrad; (3) groove bound to G-quadruplex. Screening and designing
small molecule ligands with high selectivity, low toxic and side effects and stable G-quadru-
plex as anti-cancer drug lead compounds has attracted attention in the field of cancer treat-
ment. The reported compounds include acridine derivatives, pyridine derivatives, telomer-
statin, imidazole derivatives, anthraquinone derivatives, berberine derivatives, porphyrin
compounds, Indo quinoline derivatives, quinolone derivatives, quinoline derivatives, isandi-
gotone derivatives, etc. At present, there are few targeted G-quadruplex drugs entering the
clinical stage. Among them, guanine rich DNA aptamer and oligonucleotide molecule
AS1411 are in the phase II clinical research stage of acute myeloid leukemia (13). CX-3543
(Quarfloxin) is in the phase II clinical research stage of neuroendocrine cancer (14).

The G4 structure in the viral genome is a potential viral inhibition target and biological
imaging target. Molecular biological analysis shows that there is a highly conserved G4 struc-
ture in human immunodeficiency virus 1 (HIV-1) sequence (15). The G4 specific ligand can
bind to the G4 structure in HIV-1 genome and inhibit the transcription and reversal of the vi-
rus (16). Genome-wide analysis in herpesvirus genome identified a large number of potential
G4s (17). The G4 ligand BRACO-19 enhances the stability of G4 structure in Epstein-Barr virus
(EBV) and inhibits the synthesis of EBV nuclear antigen 1 (EBNA1), a key protein in

FIG 1 Schematic representation of the position of PQSs in the EV-A71 genome. (A) Schematic diagram of G-quadruplex structure. Guanines forming G-
tetrad structure with a potassium ion inside through Hoogsteen-type hydrogen bonds. (B) EV-A71 genome diagram showing the sites of putative G-
quadruplex sequences.
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maintenance of the virus genome during latency (18). Studies have shown that there is a
highly conserved positive parallel G4 structure in the RNA genome of hepatitis C virus (HCV)
(19). G4 ligand specifically binds HCV G4 and effectively stabilizes its structure, thereby reduc-
ing HCV RNA replication and inhibiting the transcription of related proteins. In addition, there
are potential G4 sequences in the promoter region of hepatitis B virus preS2/S gene (20).
Through bioinformatics studies, biophysical methods, and molecular biological techniques,
we identified many G4s in the genome of SARS-CoV-2 (21). G4s also exist in the genomes of
other human pathogens, including human papillomavirus (22), Nipah virus (PMID: 32001794),
Zika virus (23), dengue virus (24), influenza A virus (25), ebola virus (26), chikungunya virus
(27), and human adenovirus (28). Since G4 structure exists in the genome of many viruses
and participates in the key physiological processes of viruses, small molecule G4 ligands have
become an important tool to explore the complex mechanism of virus life cycle.

The important regulatory function of G-quadruplex makes it an attractive target of
antiviral effect. However, whether G-quadruplexes are present in the genomes of
human enteroviruses is unknown. To address this question, we analyzed human enter-
oviruses RNA genomes and predicted the G-quadruplexes. Through experimental
methods, we validated G-quadruplexes in EV-A71. This study will provide new ideas
and methods for human enteroviruses treatment.

RESULTS
Identification and selection of PQSs conserved in the genomes of the Enterovirus

family and EV-A71 strains.We first employed bioinformatics analysis to search for PQSs
in the enterovirus genomes using QGRS mapper tool online (29). There was an aggregate
of 21 PQSs in the EV-A71 strain FY23 genome, of which the coding region contained 18
G-quadruplex sequences and the noncoding region contained 3 G-quadruplex sequences
(Fig. 1B). In accordance with G-score as well as the length of sequences, we focused on
four representative sequences located in coding regions such as VP2, 2A, 2B, and 3C
(Fig. 2A). EV-A71 belongs to the Enterovirus family, which has been divided into seven
species: Enterovirus A, Enterovirus B, Enterovirus C, Enterovirus D, Rhinovirus A,
Rhinovirus B, and Rhinovirus C (4). Numerous strains of EV-A71 have been discovered. We
further explored PQSs conversation in the genomes of the Enterovirus family and EV-A71
strains. As Fig. 2B and C displayed, the WebLogo diagram of the selected PQSs showed
that extensive guanine residues involved in PQSs were highly conserved. Interestingly,
PQS-VP2 was found to be highly conserved among EV-A71 strains genomes, however,
there was little guanine conserved among all species. Thus, PQS-VP2 was a PQS exclusive
to EV-A71 strains genomes. As a consequence, PQSs might be key elements in the viral
cycle and be selected for during viral genome evolution.

Biophysical characteristic patterns of EV-A71 PQSs.We initially assessed the actual
ability of selected PQSs to form G-quadruplex structure in vitro through Thioflavin T
(ThT) fluorescent assay (30). The fluorescence emission at 495 nm was applied after ex-
citation at 425 nm. The four PQSs could indeed form G-quadruplex structures as shown
in Fig. 3A, the degree of G-quadruplex structure formation varied in different regions.
The fluorescence emission in G-mut sequences was lower than that in G-quadruplex
sequences except for PQS-2B. Native polyacrylamide gel electrophoresis (PAGE) meas-
urements were carried out for further verifying PQSs formation. Compared to PQSs, sin-
gle-stranded nucleic acids corresponding to PQS-mut migrated at a different rate
(Fig. 3B). Combined with result of THT assay, PQS-2B may not form a stable G-quadru-
plex structure. To further support the existence of G-quadruplex structure in the EV-
A71 genome, we conducted a circular dichroism (CD) spectrum experiment. CD spectra
of PQS-VP2, 2A, 3C exhibited a positive peak at around 260 nm and a negative peak at
near 240 nm of a typical parallel G-quadruplex structure (Fig. 3C). Consistent with THT
assay result, PQS-2B displayed a broad plateau in the 260–280 nm region, which indi-
cated a weak G-quadruplex formation (Fig. 3C).

Binding of G-quadruplex ligands to EV-A71 PQSs stabilized G-quadruplex
structures. The G-quadruplex structures can be stabilized by G-quadruplex ligands (31),
such as BRACO-19, pyridostatin (PDS), 5,10,15,20-tetrakis-(N-methyl-4-pyridyl)porphyrin
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FIG 2 Conservation analysis of representative PQSs in the EV-A71 genome. (A) The selected G-quadruplex sequences at
EV-A71 strain FY23 genome, in which the G-tracts are underlined. The four G-quadruplex sequences used in the study are
distributed in the VP2, 2A, 2B, and 3C regions. (B-C) WebLogo images of the four G-quadruplex sequences showing that
the conservation of particular nucleotides among the Enterovirus family (B) and different EV-A71 strains (C).
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(TMPyP4) (Fig. 4A), which inhibited viral replication at the step of transcription, translation,
or genome replication. We next examined whether BRACO-19, PDS, and TMPyP4 could
affect the behavior of EV-A71 G-quadruplex structures. The relative affinity and selectivity
of ligands binding to PQSs were confirmed in native PAGE. We found BRACO-19 treatment
slowed down the movement of PQSs in electrophoresis (Fig. 4B). When we chose a repre-
sent PQS under the same concentration treatment of three compounds, the degrees of
the slowed movement was distinct, indicating the different binding affinity of G-quadru-
plex ligands to PQSs (Fig. 4C). These results were also confirmed by THT assay. THT fluo-
rescent signal had an evident decrease under low concentrations treatment. However,
three compounds decreased the fluorescence to disparate extents at the same concen-
tration (Fig. 4D).

In addition, we performed thermal denaturation experiments to illustrate the stabil-
ity of G-quadruplex structure following the addition of the BRACO-19. When BRACO-19
was added in double the molar concentration to the annealed G-quadruplex RNA solu-
tion, the stabilization of the G-quadruplex structures made it difficult to unfold, leading
to the higher melting temperature (Tm) (Fig. 4E). This result further demonstrated the

FIG 3 Characterization of the G-quadruplex sequences. (A) ThT fluorescent assay of the selected G-quadruplex and G-mut sequences analyzing the extent of
formation. The emission and excitation were at 495 nm and 425 nm, respectively. ****P , 0.0001 and ns, no significance based on the Student's t test. Error bars
represent the SD. (B) Native gel electrophoretic analysis of PQSs and G-mut formation. 0.32 nmol RNA solution was prepared in 10 mM Tris HCl (pH = 7.4) buffer
with 100 mM KCl. (C) CD spectral analysis for G-quadruplexes oligonucleotide showing RNA topology generated by GraphPad Prism software version 8.0. The
wavelength range was from 200 to 350 nm. RNA oligonucleotides were diluted to 20 mM final concentration in 10 mM Tris HCl (pH = 7.4) buffer with 100 mM KCl.
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higher stability of the nucleic acid conformation and the strong binding of ligand and
EV-A71 G-quadruplexes.

Next, the binding affinities of G-quadruplex ligands, BRACO-19 and TMPyP4, toward
represent PQSs forming G-quadruplex structure were developed by a surface plasmon
resonance (SPR) biosensor. Compound TMPyP4 exhibited 7.3, 6.8, and 10.6–fold higher
binding affinity than BRACO-19 toward VP2, 2A, and 3C, respectively (Fig. 5A and B).
The higher association constants suggested that TMPyP4 was a better ligand toward
EV-A71 G-quadruplexes.

Restriction of gene transcription through G-quadruplex structure stabilization.
Generally, the secondary structure had a significant impact on protein expression and
function (32, 33). G-quadruplex structures were likely involved in modulating biological

FIG 4 Binding and stabilization of G-quadruplex structure by G4 ligands. (A) The chemical structures of BRACO-19, PDS, and TMPyP4 generated by
KingDraw v2.0.2. (B) Native gel electrophoresis of G-quadruplex structures. The annealed 0.4 nmol G-quadruplex RNA solution with BRACO-19 is at ratios of
1:1 M. (C) Native gel electrophoresis of G-quadruplex structures in the presence of G4 ligands. The 30 mM ligands were added to the annealed 0.24 nmol
G-quadruplex RNA solution. (D) G-quadruplex RNA oligonucleotides pre-incubated with three compounds, the fluorescence was measured after the
addition of ThT and normalized to the initial fluorescence signal. ****P , 0.0001 based on the Student's t test. Error bars represent the SD. (D) Comparison
of CD melting profiles at 265 nm wavelength for G-quadruplex structures in the presence (green) of BRACO-19 generated by GraphPad Prism software
version 8.0. Tm values of each G-quadruplex in the absence of ligand are represented in the left bottom corner.
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pathways, for instance, genome instability, transcription, translation and replication
(34). We performed primer extension assays to investigate whether stabilization of G-
quadruplex structure in EV-A71 genome affected gene expression. PQS or PQS-mut
was inserted after the ATG start codon of the pEGFP-C1 vector (Fig. 6A). When G-quad-
ruplex structure was stabilized by PQS binders, the gene transcription was terminated
to some extent and PCR products was declined in a dose-dependent manner (Fig. 6B).
However, the stabilizer had no effect on PQS-mut sequences (Fig. 6C). These data dem-
onstrated that PQS ligands hampered gene transcription.

Inhibition of viral replication by G-quadruplex ligands.We next explored whether
stabilization of G-quadruplex structures in the EV-A71 genome upon G-quadruplex
ligands may modulate replication of viral genomes. Human rhabdomyosarcoma (RD)
cells were infected with EV-A71 strain FY23 at a multiplicity of infection (MOI) of 3 for
1h and then treated with varied concentrations of the drugs. The level of viral RNA was
assessed by using quantitative real-time PCR. BRACO-19 treatment significantly
reduced EV-A71 replication as evidenced by the decrease in virus RNA level without
impact on cell viability (Fig. 7A and B). Then, we examined the EV-A71 2C protein
expression levels in virus-infected cells in the presence of BRACO-19. RD cells were
treated with varied concentrations 20h postinfection. The 2C protein was shown a
marked reduction in expression with increasing concentrations of BRACO-19 (Fig. 7C).
The role of BRACO-19 (50 mM) on EV-A71 replication was further confirmed with pla-
que assay, which implicated more than an order of magnitude decrease in infectious
virus titer in comparison with the mock-treated cells (Fig. 7D). Treatment with PDS re-
stricted EV-A71 replication supported by quantitative PCR while the cell viability was
not changed (Fig. 7E and F). However, PDS only slightly reduced viral 2C protein
expression (Fig. 7G). PDS exhibited an evident effect under higher concentration prob-
ably, whereas higher concentration displayed cytotoxic activities to cells. Treatment
with TMPyP4 also reduced EV-A71 replication supported by quantitative PCR while the

FIG 5 Analysis of G-quadruplex-ligands interactions by SPR spectroscopy. The SPR analysis of G-quadruplex structure showed their binding affinities toward
BRACO-19 (A) and TMPyP4 (B) generated by GraphPad Prism software version 8.0.
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cell viability was not changed (Fig. 7H and I). Although TMPyP4 at the maximum con-
centration of 150 mM showed no effect on cell viability, the viral 2C protein had no sig-
nificant change (Fig. 7J). TMPyP4 was shown to be less stable than BRACO-19 (35). We
speculated that overnight incubation at 37°C might cause the lost of activities of
TMPyP4. Although TMPyP4 had a higher binding affinity to PQSs as shown in Fig. 4,
BRACO-19 might be more suitable for developing novel antiviral drugs according to
the stabilities of compounds.

DISCUSSION

The research on G4s stems from its unique biological structure and its wide distribu-
tion in organisms. At present, it has been considered a basic structural feature of the ge-
nome. The G4s structure in vivo has a certain dynamics and functions in many important
cellular biological processes. It is also involved in maintaining the stability of the genome.
In recent years, G-quadruplex structures have been considered a new antiviral strategy
targeting viral virulence (36). Our study provides a comprehensive overview of G-quadru-
plex structures in HEVs genomes. Through the computational prediction, we identified a
series of G-quadruplex sequences in EV-A71 genome. We selected four sequences to ana-
lyze G-quadruplex formation. Multiple methods demonstrated that BRACO-19, PDS and
TMPyP4 could bind and stabilize the G-quadruplexes. We also demonstrated that BRACO-
19 could inhibit EV-A71 replication in a dose-dependent manner.

N, N’-(9-((4-[dimethylamino]phenyl)amino)acridine-3,6-diyl)bis (3-[pyrrolidin-1-yl]propan-
amide), named as BRACO-19, is a trisubstituted acridine molecule employed as one of the
most characterized PQS ligands. Since the nitrogen atoms in the heterocyclic scaffold could
be protonated under physiological conditions, the electronic defects in the chromophore
exhibited an increase, resulting in enhancement of the PQS interaction (37). Moreover, the
binding to G-quartets resided on a central planar pharmacophore through p -p interactions
and the two side chains with a tertiary amine interacted with the grooves (38). The structure
provided the interplay basic of BRACO-19 and PQS. Compound TMPyP4 was another exten-
sively studied G4-binding molecules. Interestingly, TMPyP4 exerted opposite effect on PQS
structures, stabilization, and destabilization. TMPyP4 increased G4 stability through stacking
its aromatic core on the upper or lower G4 tetrad (38), whereas TMPyP4 induced G4 unfold-
ing through two conformation states composed of groove-bound and top-face-bound (39).
The nature of binding mode of TMPyP4 to G4 remains controversial. It may also be one of
reasons why TMPyP4 had not significantly effect on inhibiting viral protein. PDS comprised
an electron rich aromatic surface, the potential for a flat conformation, an ability to

FIG 6 Effection of G-quadruplex structure on gene transcription. (A) Schematic diagram showing plasmids construction and primer extension assay. The
pEGFP-C1 vector was engineered with G-quadruplex or PQS-mut sequences sited after the ATG start codon. (B) Primer extension assay showed that the
intensity of PCR products was decreased with the increasing concentration of BRACO-19, PDS, and TMPyP4. (C) Primer extension assay showed that the intensity
of PCR products from PQS-mut remained the same in the presence of BRACO-19, PDS, and TMPyP4.
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participate in hydrogen bonding, and the rotatable bonds, which made it feasible to interact
with PQS (40). However, PDS showed cytotoxic activities under higher concentration.

G-quadruplex structures were still a considerable target for design and development of
small-molecule ligands. The common structural characters of these ligands had a heterocy-
clic core that bind with G-quadruplex structures. The best representative compound of

FIG 7 Inhibition of EV-A71 replication by G-quadruplex ligands. (A) RD cells were infected with EV-A71 strain FY23 (MOI = 3) for 1h and then treated with
G-quadruplex ligands BRACO-19 for 5h. The viral RNA was detected with quantitative PCR. Data were presented with average 6 SD based on the Student's
t test. ****, P , 0.0001. (B) Effects of BRACO-19 on cell viability of RD cells (A) were determined by measuring ATP content using a CellTiter-Glo assay. Data
were presented with average 6 SD based on the Student's t test. ns, no significance; **, P , 0.01. (C) RD cells were infected with EV-A71 strain FY23
(MOI = 3) for 1h then treated with BRACO-19 overnight. The lysates were immunoblotted for 2C and b-actin. (D) RD cells infected with EV-A71 strain FY23
(MOI = 3) for 24h in the presence of 50 mM BRACO-19 and extracellular virus titer was measured by plaque assay in RD cells. (E) RD cells were infected
with EV-A71 strain FY23 (MOI = 3) for 1h and then treated with G-quadruplex ligands PDS for 5h. The viral RNA was detected with quantitative PCR. Data
were presented with average 6 SD based on the Student's t test. **, P , 0.01. (F) ATP levels in cells (E) were measured by CellTiter-Glo luminescent cell
viability assay. Data were presented with average 6 SD based on the Student's t test. ns, no significance; *, P , 0.05. (G) RD cells were infected with EV-A71
strain FY23 (MOI = 3) for 1h then treated with PDS overnight. The lysates were immunoblotted for 2C and b-actin. (H) RD cells were infected with EV-A71 strain
FY23 (MOI = 3) for 1h and then treated with G-quadruplex ligands TMPyP4 for 5h. The viral RNA was detected with quantitative PCR. Data were presented with
average 6 SD based on the Student's t test. ****, P , 0.0001. (I) Effects of TMPyP4 on cell viability of RD cells (H) were determined by measuring ATP content
using a CellTiter-Glo assay. Data were presented with average 6 SD based on the Student's t test. ns, no significance; *, P , 0.05; **, P , 0.01. (J) RD cells were
infected with EV-A71 strain FY23 (MOI = 3) for 1h then treated with TMPyP4 overnight. The lysates were immunoblotted for 2C and b-actin.
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bisquinolinium, PhenDC3, prevented viral infection of KSHV and EBV (41, 42). Some ligands
belonging to the class of perylenes and naphthalene diimides, PIPER or c-exNDIs, were
tested against PQS of HIV-1 and HSV-1 (43–46). In the future, a diverse set of PQS ligands
mentioned here could be analyzed for inhibiting EV-A71 replication to develop therapeutics.

G4s exerts its biological functions by affecting biological processes such as DNA replica-
tion, transcription and translation. On the other hand, there are also a series of proteins to
relieve the effect of G4s. Some of these proteins are closely related to the stability of telo-
meres, and some are related to the expression regulation of proto-oncogenes. The identifica-
tion of G4 binding proteins is important to further clarify the biological function of G4. At
present, several host proteins have been identified to associate with viral G4, which are
involved in the formation or function of G4 structure. Nucleolin could associate with G4 enco-
des by HCV and EBV to regulate HCV replication (19) and immune evasion (41). CNBP pro-
moted the unfolding of G-quadruplex in SARS-CoV-2 RNA genome (47). In the future, it is
necessary to identify host proteins associated with EV-A71 G4 and to further study the practi-
cal significance and biological function of the interaction between host proteins and viral G4.

The biological function of G4 is fulfilled through dynamic folding and opening. In cells,
G4 can fold spontaneously, but its opening is completed by special helicases (48). NS3 pro-
tein of Flaviviridae family of viruses containing an unique helicase domain could unwind
G-quadruplex folding (23). It will be interesting to investigate whether EV-A71 2C helicase
could interact with or unwind G-quadruplex sequences from EV-A71. Helicase inhibitors
cannot only inhibit RNA unwinding to inhibit virus replication, but also exert inhibitory
effect through the unfolding of G-quadruplex. Therefore, helicase inhibitors may also act
as potential drug targets through G-quadruplex structure. We have reason to infer that the
discovery of G4 ligands with clinical significance and FDA approved helicase inhibitors will
more effectively find clinical drugs for the treatment of human enteroviruses.

Viruses rely on host cells to complete their life cycle and affect all organisms on the earth.
It is one of the main causes of human diseases and has a serious impact on human health
and social economy. Therefore, the development of virus detection tools is of great signifi-
cance to prevent virus infection and diseases caused by viruses. Virus genome plays an im-
portant role in the life cycle of virus and provides an effective target for virus detection. As a
stable nucleic acid secondary structure formed by the folding of guanine rich nucleic acid,
G4 participates in the regulation of a variety of biological functions and plays a key role in
important cell physiological processes. The rapid development of G4 specific probes pro-
vides an indispensable key element for the construction of new biosensor methods, the
detection of G4 structure and cell imaging. At present, G4/probe complex as a signal output
unit has been widely used in biosensor. Some methods can realize label free detection of a
variety of virus gene sequences and show great potential in the field of diagnosis and clinical
analysis of virus-related diseases. In addition, G4 widely exists in the virus genome and
becomes a potential imaging target in the virus gene, which provides a new idea for virus
visualization. Research progresses of biosensor methods based on G4 probe in virus genome
detection have been made recently. HCV RNA could be detected by ThT-NE derived in living
cells (49). Infrared G-quadruplex mimics of fluorescent proteins (igMFP) targeting HCV G4
were generated and could visualize HCV in living cells and living mice (50). In the future,
the development of EV-A71 G4 specific fluorescent molecular probes is expected to pro-
vide support for the visual imaging analysis of EV-A71 genome in living cells.

MATERIALS ANDMETHODS
G-quadruplex sequence mapping. The available genomes of the Enterovirus family and EV-A71 strains

were retrieved from the NCBI Genome database. The complete sequences from Enterovirus A(6), Enterovirus B
(6), Enterovirus C(2), Enterovirus D(3), and Rhinovirus A(3), Rhinovirus B(2), and Rhinovirus C(2) were analyzed.
The corresponding GenBank accession numbers are listed in Table 1. QGRS mapper was used to predict the
PQSs from EV-A71 strain FY23 with four repeats of G groups and a minimum G group of 2 (29). The maximum
length was up to 30 nucleotides with a loop size from 0 to 12 nucleotides. Conservation analysis was per-
formed on selected Enterovirus family and EV-A71 strains genomes in database using the MEGA X software
(51). LOGO representation of base conservation was obtained by the WebLogo software online (52).

ThT fluorescent assay. BRACO-19, PDS and TMPyP4 powders were purchased from Sigma,
MedChemExpress and TCI, respectively. The compounds were diluted in 10 mM Tris HCl (pH = 7.4) and
100 mM KCl buffer. The sequences of G-quadruplex and G-mut were listed in Table 2. Synthetic RNA
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oligonucleotides in powder were diluted to 2 mM final concentration in 10 mM Tris HCl (pH = 7.4) and
100 mM KCl buffer, heated at 95°C for 5 min and slowly cooling down to room temperature. The RNA so-
lution was incubated at 4°C overnight in the absence or presence of compounds. ThT powder was
bought from Aladdin Industrial Corporation. Oligonucleotides and ThT were mixed at 1:0.5 M ratio to a
final concentration of 1 and 0.5 mM, respectively. Fluorescence emission was recorded at 495 nm after
excitation at 425 nm using a TECAN SPARK microplate reader (30).

Native PAGE. The compounds were diluted in 10 mM Tris HCl (pH = 7.4) buffer with 100 mM KCl.
The annealed G-quadruplex RNA solution was placed at 4°C overnight in the absence or presence of
compounds. Native PAGE experiment was carried out on acrylamide gel (15%) and run at 1 � TBE buffer
containing 10 mM KCl for 2 h and was silver stained.

CD. Synthetic G-quadruplex RNA oligonucleotides were diluted to 20 mM final concentration in
10 mM Tris HCl (pH = 7.4) and 100 mM KCl buffer. CD measurements were carried out with a Jasco J-
1500 Spectropolarimeter with a Peltier Temperature Controller using a quartz cuvette with 0.1 mm opti-
cal path length and a sample volume of 40 mL. CD spectrum was performed from a wavelength range of
200 to 400 nm. CD melting spectroscopy was collected at 265 nm and 290 nm at a temperature range of
25°C to 90°C with the scanning speed (20 nm/min) and the intervals temperature (1°C). The ligand was
added gradually in double the molar concentration of G-quadruplex RNA solution. The data were
obtained and normalized using origin2021 software.

SPR. Biotinylated RNA samples were annealed and folded in 10 mM Tris HCl (pH = 7.4) and 100 mM
KCl buffer overnight. SPR experiments were performed on the Biacore T200 platform. All experiments
were performed at 25°C. Biotinylated G-quadruplexeswere immobilized on Sensor chip SA. Binding anal-
ysis was conducted at a flow rate of 30 mL/minin the running buffer (10 mM Tris HCl pH = 7.4 and
100 mM KCl). Compound solutions were prepared within the running buffer by serial dilutions from
stock solutions. The final graphs were obtained by subtracting blank sensor grams from quadruplex sen-
sor grams. Association and dissociation rates and constants of the G-quadruplex-ligand complexes were
determined using Biacore evaluation software. The data were globally fitted to a 1:1 binding model.

Primer extension assays. We constructed PQS-VP2, PQS-2A, PQS-2B, PQS-3C, PQS-VP2-mut, and
PQS-3C-mut plasmids. G-quadruplex sequences and their mutants were cloned after the ATG start
codon of the pEGFP-C1 vector. These plasmids were used as polymerase chain reaction (PCR) templates.
The forward and reverse primer for PCR assays were 59-CGCTAACGCTAACGGTCGTCAAC-39 and
59-GGCAACACCCCGGTGAACATCT-39. Primer extension assays were performed at 20 mL final volume of
PCR mixture, including 2�EasyTaq PCR SuperMix (AS111 TransGen Biotech), 0.4 mL each oligonucleotide,
0.4 mL forward and reverse primer, and varied concentration of BRACO-19, PDS, or TMPyP4. The reaction
products were subjected to 2% agarose gel electrophoresis run in 1� Tris-Acetate-EDTA buffer. The gel
was visualized by GelStain (GS101 TransGen Biotech) staining and captured using the BIO-RAD GelDoc Go.

TABLE 1 GenBank accession numbers of Enterovirus family and EV-A71 strains

Enterovirus GenBank accession no.
Enterovirus A JX867330.1, KP289435.1, MH118086.1, EU812515.1, MH118030.1, KT277550.1
Enterovirus B LN854562.1, EF174468.1, FJ357838.1, AY302560.1, KF874626.1, DQ902713.1
Enterovirus C JX174177.1, KX162693.1
Enterovirus D MN240507.1, DQ201177.1, MT081371.1
Rhinovirus A DQ473498.1, FJ445175.1, FJ445111.1
Rhinovirus B DQ473490.1, FJ445112.1
Rhinovirus C OK017929.1, MN369038.1
EV-A71 strains DQ341355.1, DQ341356.1, DQ341357.1, DQ341358.1, DQ3413559.1, DQ341361.1, EU812515.1, GQ994989.1, GU459070.1,

AB550332.1, HM245927.1, AB550333.1, AB550340.1, AB550341.1, JN992283.1, JN992285.1, KC436270.1, AB747375.1,
MG214681.1, LR027524.1, LR027531.1, LC627083.1, MT708803.1, MT708802.1, MT708801.1, MT708800.1, MT708799.1,
MT081373.1, LR027546.1, LR027542.1, MF662685.1, AB550335.1, DQ452074.1, AB550334.1, MT188611.1, MN966512.1,
KF154355.1, HQ188292.1, DQ341368.1, DQ341367.1, DQ341366.1, DQ341365.1, AF352027.1, AF316321.2, MT241233.1,
MT360998.1, MT360997.1, MT360996.1, MT360995.1, MT360994.1, MT360993.1, MT360992.1, MT360991.1,
MT360990.1, MT360989.1, MT360988.1, MT360987.1, MT360986.1, MT360985.1, MT360984.1,

TABLE 2 Sequences for THT fluorescence and CD spectrum

Name G-quadruplex or G-mut sequence
VP2 59-UGGACAGUGGCAGGCGGUACAGGGA-39
VP2-mut 59-UGGACAGUAGCAGGCAGUACAGGGA-39
2A 59-CGGUGGCAAUGGGCUCGUUGGA-39
2A-mut 59-CGGUAGCAAUGAGCUCGUUGGA-39
2B 59-CGGUUGUCAUGGCAGUCCUUGGGCUUGGA-39
2B-mut 59-CGGUUGUCAUAGCAGUCCUUAGGCUUGGA-39
3C 59-UGGUUGUCGGUAUUCACAUUGGUGGCAAUGGA-39
3C-mut 59-UGGUUGUCAGUAUUCACAUUAGUGGCAAUGGA-39
Positive 59-AGGGCGGUGUGGGAAGAGGGAAGAGGGGGAGGCAG-39
Negative 59-GCGCGCGCUUUUGCGCGCGC-3
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Quantitative real-time PCR. RD cells were seeded at a density of 3 � 105 cells per well in 24-well cell
culture plates 1 day before the experiment. Cells were infected with the virus at an MOI of 3 for 1h at
37°C. Then, the inoculum was removed and replaced with nonfetal bovine serum medium containing
various concentrations of BRACO-19, PDS, or TMPyP4. After incubation for 5h, total RNA from infected
cells was isolated using TRIzol RNA isolation reagent (Thermo Fisher Scientific). After RNA extraction,
according to the manufacturer’s instructions, qRT-PCR was performed using a TransStart Green qPCR
SuperMix UDG kit (Transgen, China) with the LightCycler 480 RealTime PCR System (Roche, Basel,
Switzerland). The forward and reverse primers for EV-A71 were 59-GCAGCCCAAAAGAACTTCAC-39 and 59-
ATTTCAGCAGCTTGGAGTGC-39. The forward and reverse primers for GAPDH were 59-GGAGCGAGATC
CCTCCAAAAT-39 and 59-GCTGTTGTCATACTTCTCATGG-39.

Western blotting. RD cells were seeded at a density of 3 � 105 cells per well in 24-well cell culture
plates 1 day before the experiment. Cells were infected with the virus at MOI of 3 for 1h at 37°C. Then,
the inoculum was removed and replaced with nonfetal bovine serum medium containing various con-
centrations of BRACO-19, PDS, or TMPyP4. After incubation overnight, the cell pellet was resuspended in
lysis buffer and incubated on ice for 10 min. The lysates were clarified by centrifugation at 12000 rpm
for 15 min at 4°C. 20 mL cell lysates were separated by electrophoresis on a required percentage of
PAGE containing sodium dodecyl sulfate (SDS). Primary antibodies included rabbit EV-A71 2C antibody
generated by our lab (53) and mouse b-actin antibody (catalogno. A2228; Sigma-Aldrich, St. Louis, MO).

Cell viability assays. Cytotoxicity was assessed using a CellTiter-Glo Luminescent cell viability assay
kit (Promega, Madison, WI) according to the manufacturer’s instructions. In brief, the cells were lysed by
adding an amount of CellTiter-Glo Reagent at room temperature. After 5 min shaking and 10 min incu-
bation, luminescence was measured using a TECAN SPARK microplate reader.

Plaque assay. EV-A71 strain FY23 were propagated in DMEM supplemented with 2% FBS in RD cells.
All viruses were titrated by plaque assay. RD cells were seeded into a 24-well cell culture plate at a density
of 3� 105 cells per well. Cells were infected with the virus at an MOI of 3 for 1 h at 37°C. Then, the inoculum
was removed and replaced with a non-FBS medium containing 50 mM BRACO-19. Afterwards, the infected
cells were further incubated until 24h and the supernatants were collected and determined for virus titra-
tion. RD cells in 6-well plate were grown to 90–100% confluence and the harvested supernatant samples
were serially diluted and inoculated to the cells for 2 h at 37°C. After virus adsorption, the cells were washed
with PBS twice and covered with 1.4% agarose/PBS mixed with 2� DMEM/0.4% FBS at 1:1 ratio. After incu-
bation at 37°C for 96 h, the plates were fixed with 4% paraformaldehyde for 1 h. The agar was removed
and cells were stained with 0.1% crystal violet for 10 min. And then the plaque was visualized.

Statistical analysis. The statistical data were analyzed using GraphPad Prism software version 8.0.
The two-tailed Student's t test was used to determine significant differences between treated and con-
trol groups. All values are depicted as mean 6 standard deviation (SD). P value of no less than 0.05 was
considered statistically not significant (ns). *, P, 0.05; **, P, 0.01; ***, P, 0.001; ****, P, 0.0001.

Data availability. All data generated or analyzed during this study are included in this article.
Constructs Data are available via requests to the corresponding author.

ACKNOWLEDGMENTS
This work was supported by National Natural Science Foundation of China [82072270

and 81871663], and Academic promotion program of Shandong First Medical University
[2019LJ001].

REFERENCES
1. Uprety P, Graf EH. 2020. Enterovirus infection and acute flaccid myelitis.

Curr Opin Virol 40:55–60. https://doi.org/10.1016/j.coviro.2020.06.006.
2. Yajima T, Knowlton KU. 2009. Viral myocarditis: from the perspective of the vi-

rus. Circulation 119:2615–2624. https://doi.org/10.1161/CIRCULATIONAHA.108
.766022.

3. Rodriguez-Calvo T. 2019. Enterovirus infection and type 1 diabetes: unrav-
eling the crime scene. Clin Exp Immunol 195:15–24. https://doi.org/10
.1111/cei.13223.

4. Nikonov OS, Chernykh ES, Garber MB, Nikonova EY. 2017. Enteroviruses:
classification, diseases they cause, and approaches to development of
antiviral drugs. Biochemistry (Mosc) 82:1615–1631. https://doi.org/10
.1134/S0006297917130041.

5. Aswathyraj S, Arunkumar G, Alidjinou EK, Hober D. 2016. Hand, foot and
mouth disease (HFMD): emerging epidemiology and the need for a vac-
cine strategy. Med Microbiol Immunol 205:397–407. https://doi.org/10
.1007/s00430-016-0465-y.

6. Yuan J, Shen L, Wu J, Zou X, Gu J, Chen J, Mao L. 2018. Enterovirus A71
proteins: structure and function. Front Microbiol 9:286. https://doi.org/10
.3389/fmicb.2018.00286.

7. Marjomäki V, Turkki P, Huttunen M. 2015. Infectious entry pathway of enter-
ovirus B Species. Viruses 7:6387–6399. https://doi.org/10.3390/v7122945.

8. Van Leer-Buter CC, Poelman R, Borger R, Niesters HG. 2016. Newly identi-
fied enterovirus C genotypes, identified in the Netherlands through rou-
tine sequencing of all enteroviruses detected in clinical materials from

2008 to 2015. J Clin Microbiol 54:2306–2314. https://doi.org/10.1128/JCM
.00207-16.

9. Filipe IC, Guedes MS, Zdobnov EM, Tapparel C. 2021. Enterovirus D: a
small but versatile species. Microorganisms 9:1758. https://doi.org/10
.3390/microorganisms9081758.

10. Xu J, Huang H, Zhou X. 2021. G-Quadruplexes in neurobiology and virol-
ogy: functional roles and potential therapeutic approaches. JACS Au 1:
2146–2161. https://doi.org/10.1021/jacsau.1c00451.

11. Varshney D, Spiegel J, Zyner K, Tannahill D, Balasubramanian S. 2020. The
regulation and functions of DNA and RNA G-quadruplexes. Nat Rev Mol
Cell Biol 21:459–474. https://doi.org/10.1038/s41580-020-0236-x.

12. Bhasikuttan AC, Mohanty J. 2015. Targeting G-quadruplex structures with
extrinsic fluorogenic dyes: promising fluorescence sensors. Chem Com-
mun (Camb) (Camb) 51:7581–7597. https://doi.org/10.1039/c4cc10030a.

13. Bates PJ, Laber DA, Miller DM, Thomas SD, Trent JO. 2009. Discovery and
development of the G-rich oligonucleotide AS1411 as a novel treatment
for cancer. Exp Mol Pathol 86:151–164. https://doi.org/10.1016/j.yexmp
.2009.01.004.

14. Yao YX, Xu BH, Zhang Y. 2018. CX-3543 Promotes Cell Apoptosis through
Downregulation of CCAT1 in colon cancer cells. Biomed Res Int 2018:
9701957. https://doi.org/10.1155/2018/9701957.

15. Hotoda H, Koizumi M, Koga R, Kaneko M, Momota K, Ohmine T, Furukawa
H, Agatsuma T, Nishigaki T, Sone J, Tsutsumi S, Kosaka T, Abe K, Kimura S,
Shimada K. 1998. Biologically active oligodeoxyribonucleotides. 5. 5'-End-

EV-A71 Possesses G-Quadruplexes Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00460-22 12

https://doi.org/10.1016/j.coviro.2020.06.006
https://doi.org/10.1161/CIRCULATIONAHA.108.766022
https://doi.org/10.1161/CIRCULATIONAHA.108.766022
https://doi.org/10.1111/cei.13223
https://doi.org/10.1111/cei.13223
https://doi.org/10.1134/S0006297917130041
https://doi.org/10.1134/S0006297917130041
https://doi.org/10.1007/s00430-016-0465-y
https://doi.org/10.1007/s00430-016-0465-y
https://doi.org/10.3389/fmicb.2018.00286
https://doi.org/10.3389/fmicb.2018.00286
https://doi.org/10.3390/v7122945
https://doi.org/10.1128/JCM.00207-16
https://doi.org/10.1128/JCM.00207-16
https://doi.org/10.3390/microorganisms9081758
https://doi.org/10.3390/microorganisms9081758
https://doi.org/10.1021/jacsau.1c00451
https://doi.org/10.1038/s41580-020-0236-x
https://doi.org/10.1039/c4cc10030a
https://doi.org/10.1016/j.yexmp.2009.01.004
https://doi.org/10.1016/j.yexmp.2009.01.004
https://doi.org/10.1155/2018/9701957
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00460-22


substituted d(TGGGAG) possesses anti-human immunodeficiency virus
type 1 activity by forming a G-quadruplex structure. J Med Chem 41:
3655–3663. https://doi.org/10.1021/jm970658w.

16. Butovskaya E, Soldà P, Scalabrin M, Nadai M, Richter SN. 2019. HIV-1 nu-
cleocapsid protein unfolds stable RNA G-quadruplexes in the viral ge-
nome and is inhibited by g-quadruplex ligands. ACS Infect Dis 5:
2127–2135. https://doi.org/10.1021/acsinfecdis.9b00272.

17. Biswas B, Kandpal M, Jauhari UK, Vivekanandan P. 2016. Genome-wide
analysis of G-quadruplexes in herpesvirus genomes. BMC Genomics 17:
949. https://doi.org/10.1186/s12864-016-3282-1.

18. Norseen J, Johnson FB, Lieberman PM. 2009. Role for G-quadruplex RNA
binding by Epstein-Barr virus nuclear antigen 1 in DNA replication and
metaphase chromosome attachment. J Virol 83:10336–10346. https://doi
.org/10.1128/JVI.00747-09.

19. Bian W, Xie Y, Wang X, Xu G, Fu B, Li S, Long G, Zhou X, Zhang X. 2019.
Binding of cellular nucleolin with the viral core RNA G-quadruplex struc-
ture suppresses HCV replication. Nucleic aAcids Res research 47:56–68.
https://doi.org/10.1093/nar/gky1177.

20. Biswas B, Kandpal M, Vivekanandan P. 2017. A G-quadruplex motif in an
envelope gene promoter regulates transcription and virion secretion in
HBV genotype B. Nucleic Acids Res 45:11268–11280. https://doi.org/10
.1093/nar/gkx823.

21. Cui H, Zhang L. 2020. G-quadruplexes are present in human coronavi-
ruses including SARS-CoV-2. Front Microbiol 11:567317. https://doi.org/
10.3389/fmicb.2020.567317.

22. Carvalho J, Lopes-Nunes J, Campello MPC, Paulo A, Milici J, Meyers C,
Mergny JL, Salgado GF, Queiroz JA, Cruz C. 2021. Human papillomavirus
G-rich regions as potential antiviral drug targets. Nucleic Acids Ther 31:
68–81. https://doi.org/10.1089/nat.2020.0869.

23. Fleming AM, Ding Y, Alenko A, Burrows CJ. 2016. Zika virus genomic rna
possesses conserved G-quadruplexes characteristic of the flaviviridae family.
ACS Infect Dis 2:674–681. https://doi.org/10.1021/acsinfecdis.6b00109.

24. Jamaluddin ND, Mazlan NF, Tan LL, Yusof NYM, Khalid B. 2022. G-quadru-
plex microspheres-based optical RNA biosensor for arthropod-borne vi-
rus pathogen detection: a proof-of-concept with dengue serotype 2. Int J
Biol Macromol 199:1–9. https://doi.org/10.1016/j.ijbiomac.2021.12.047.

25. Tomaszewska M, Szabat M, Zieli�nska K, Kierzek R. 2021. Identification and
structural aspects of G-quadruplex-forming sequences from the influenza
a virus genome. Int J Mol Sci 22.

26. Wang SR, Zhang QY, Wang JQ, Ge XY, Song YY, Wang YF, Li XD, Fu BS, Xu
GH, Shu B, Gong P, Zhang B, Tian T, Zhou X. 2016. Chemical targeting of a G
-quadruplex RNA in the ebola virus L gene. Cell Chem Biol 23:1113–1122.
https://doi.org/10.1016/j.chembiol.2016.07.019.

27. Lv L, Cui H, Chen Z, Zhou Y, Zhang L. 2022. G-quadruplex ligands inhibit
chikungunya virus replication. J Med Virol doi:10.1002/jmv.27622.

28. Majee P, Shankar U, Pasadi S, Muniyappa K, Nayak D, Kumar A. 2020. Ge-
nome-wide analysis reveals a regulatory role for G-quadruplexes during
Adenovirus multiplication. Virus Res 283:197960. https://doi.org/10.1016/
j.virusres.2020.197960.

29. Kikin O, D'Antonio L, Bagga PS. 2006. QGRS Mapper: a web-based server
for predicting G-quadruplexes in nucleotide sequences. Nucleic Acids Res
34:W676–82. https://doi.org/10.1093/nar/gkl253.

30. Renaud de la Faverie A, Guédin A, Bedrat A, Yatsunyk LA, Mergny JL. 2014.
Thioflavin T as a fluorescence light-up probe for G4 formation. Nucleic Acids
Res 42:e65. https://doi.org/10.1093/nar/gku111.

31. Sanchez-Martin V, Soriano M, Garcia-Salcedo JA. 2021. Quadruplex
ligands in cancer therapy. Cancers (Basel) 13:3156. https://doi.org/10
.3390/cancers13133156.

32. Endoh T, Kawasaki Y, Sugimoto N. 2013. Stability of RNA quadruplex in
open reading frame determines proteolysis of human estrogen receptor
a. Nucleic Acids Res 41:6222–6231. https://doi.org/10.1093/nar/gkt286.

33. Endoh T, Kawasaki Y, Sugimoto N. 2013. Suppression of gene expression
by G-quadruplexes in open reading frames depends on G-quadruplex
stability. Angew Chem Int Ed Engl 52:5522–5526. https://doi.org/10.1002/
anie.201300058.

34. Ruggiero E, Richter SN. 2018. G-quadruplexes and G-quadruplex ligands:
targets and tools in antiviral therapy. Nucleic Acids Res 46:3270–3283.
https://doi.org/10.1093/nar/gky187.

35. Molnár OR, Végh A, Somkuti J, Smeller L. 2021. Characterization of a G-
-quadruplex from hepatitis B virus and its stabilization by binding TMPyP4,

BRACO19 and PhenDC3. Sci Rep 11:23243. https://doi.org/10.1038/s41598
-021-02689-y.

36. Ruggiero E, Richter S. 2020. Viral G-quadruplexes: new frontiers in virus
pathogenesis and antiviral therapy. Annu Rep Med Chem Annu reports
in medicinal chemistry 54:101–131. https://doi.org/10.1016/bs.armc
.2020.04.001.

37. Read MA, Wood AA, Harrison JR, Gowan SM, Kelland LR, Dosanjh HS,
Neidle S. 1999. Molecular modeling studies on G-quadruplex complexes
of telomerase inhibitors: structure-activity relationships. J Med Chem 42:
4538–4546. https://doi.org/10.1021/jm990287e.

38. Martino L, Pagano B, Fotticchia I, Neidle S, Giancola C. 2009. Shedding light
on the interaction between TMPyP4 and human telomeric quadruplexes. J
Phys Chem B 113:14779–14786. https://doi.org/10.1021/jp9066394.

39. Haldar S, Zhang Y, Xia Y, Islam B, Liu S, Gervasio FL, Mulholland AJ, Waller
ZAE, Wei D, Haider S. 2022. Mechanistic insights into the ligand-induced
unfolding of an RNA G-quadruplex. J Am Chem Soc 144:935–950. https://
doi.org/10.1021/jacs.1c11248.

40. Rodriguez R, Müller S, Yeoman JA, Trentesaux C, Riou JF, Balasubramanian
S. 2008. A novel small molecule that alters shelterin integrity and triggers a
DNA-damage response at telomeres. J Am Chem Soc 130:15758–15759.
https://doi.org/10.1021/ja805615w.

41. Lista M, Martins R, Billant O, Contesse M, Findakly S, Pochard P, Daskalogianni
C, Beauvineau C, Guetta C, Jamin C, Teulade-Fichou M, Fåhraeus R, Voisset C,
Blondel M. 2017. Nucleolin directly mediates Epstein-Barr virus immune eva-
sion through binding to G-quadruplexes of EBNA1 mRNA. Nat Commun Na-
ture communications 8:16043. https://doi.org/10.1038/ncomms16043.

42. Madireddy A, Purushothaman P, Loosbroock CP, Robertson ES, Schildkraut
CL, Verma SC. 2016. G-quadruplex-interacting compounds alter latent DNA
replication and episomal persistence of KSHV. Nucleic Acids Res 44:
3675–3694. https://doi.org/10.1093/nar/gkw038.

43. Callegaro S, Perrone R, Scalabrin M, Doria F, Palù G, Richter SN. 2017. A core
extended naphtalene diimide G-quadruplex ligand potently inhibits herpes
simplex virus 1 replication. Sci Rep 7:2341. https://doi.org/10.1038/s41598
-017-02667-3.

44. Artusi S, Perrone R, Lago S, Raffa P, Di Iorio E, Palù G, Richter SN. 2016. Vis-
ualization of DNA G-quadruplexes in herpes simplex virus 1-infected cells.
Nucleic Acids Res 44:10343–10353. https://doi.org/10.1093/nar/gkw968.

45. Perrone R, Doria F, Butovskaya E, Frasson I, Botti S, Scalabrin M, Lago S,
Grande V, Nadai M, Freccero M, Richter SN. 2015. Synthesis, binding and
antiviral properties of potent core-extended naphthalene diimides tar-
geting the HIV-1 long terminal repeat promoter G-quadruplexes. J Med
Chem 58:9639–9652. https://doi.org/10.1021/acs.jmedchem.5b01283.

46. Perrone R, Nadai M, Poe JA, Frasson I, Palumbo M, Palù G, Smithgall TE,
Richter SN. 2013. Formation of a unique cluster of G-quadruplex struc-
tures in the HIV-1 Nef coding region: implications for antiviral activity.
PLoS One 8:e73121. https://doi.org/10.1371/journal.pone.0073121.

47. Bezzi G, Piga E, Binolfi A, Armas P. 2021. CNBP binds and unfolds in vitro
G-quadruplexes formed in the SARS-CoV-2 positive and negative genome
strands. International jJournal of mMolecular sSciences 22:2614. https://
doi.org/10.3390/ijms22052614.

48. Liu Y, Zhu X, Wang K, Zhang B, Qiu S. 2021. The cellular functions and mo-
lecular mechanisms of G-quadruplex unwinding helicases in humans.
Front Mol Biosci 8:783889. https://doi.org/10.3389/fmolb.2021.783889.

49. Luo X, Xue B, Feng G, Zhang J, Lin B, Zeng P, Li H, Yi H, Zhang XL, Zhu H,
Nie Z. 2019. Lighting up the native viral RNA genome with a fluorogenic
probe for the live-cell visualization of virus infection. J Am Chem Soc 141:
5182–5191. https://doi.org/10.1021/jacs.8b10265.

50. Zhang J, Li H, Lin B, Luo X, Yin P, Yi T, Xue B, Zhang XL, Zhu H, Nie Z. 2021.
Development of near-infrared nucleic acid mimics of fluorescent proteins
for in vivo imaging of viral RNA with turn-on fluorescence. J Am Chem
Soc 143:19317–19329. https://doi.org/10.1021/jacs.1c04577.

51. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: molecular ev-
olutionary genetics analysis across computing platforms. Mol Biol Evol
35:1547–1549. https://doi.org/10.1093/molbev/msy096.

52. Crooks GE, Hon G, Chandonia JM, Brenner SE. 2004. WebLogo: a sequence
logo generator. Genome Res 14:1188–1190. https://doi.org/10.1101/gr
.849004.

53. Du H, Yin P, Yang X, Zhang L, Jin Q, Zhu G. 2015. Enterovirus 71 2C protein
inhibits NF-kB activation by binding to relA(p65). Sci Rep 5:14302.
https://doi.org/10.1038/srep14302.

EV-A71 Possesses G-Quadruplexes Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00460-22 13

https://doi.org/10.1021/jm970658w
https://doi.org/10.1021/acsinfecdis.9b00272
https://doi.org/10.1186/s12864-016-3282-1
https://doi.org/10.1128/JVI.00747-09
https://doi.org/10.1128/JVI.00747-09
https://doi.org/10.1093/nar/gky1177
https://doi.org/10.1093/nar/gkx823
https://doi.org/10.1093/nar/gkx823
https://doi.org/10.3389/fmicb.2020.567317
https://doi.org/10.3389/fmicb.2020.567317
https://doi.org/10.1089/nat.2020.0869
https://doi.org/10.1021/acsinfecdis.6b00109
https://doi.org/10.1016/j.ijbiomac.2021.12.047
https://doi.org/10.1016/j.chembiol.2016.07.019
https://doi.org/10.1016/j.virusres.2020.197960
https://doi.org/10.1016/j.virusres.2020.197960
https://doi.org/10.1093/nar/gkl253
https://doi.org/10.1093/nar/gku111
https://doi.org/10.3390/cancers13133156
https://doi.org/10.3390/cancers13133156
https://doi.org/10.1093/nar/gkt286
https://doi.org/10.1002/anie.201300058
https://doi.org/10.1002/anie.201300058
https://doi.org/10.1093/nar/gky187
https://doi.org/10.1038/s41598-021-02689-y
https://doi.org/10.1038/s41598-021-02689-y
https://doi.org/10.1016/bs.armc.2020.04.001
https://doi.org/10.1016/bs.armc.2020.04.001
https://doi.org/10.1021/jm990287e
https://doi.org/10.1021/jp9066394
https://doi.org/10.1021/jacs.1c11248
https://doi.org/10.1021/jacs.1c11248
https://doi.org/10.1021/ja805615w
https://doi.org/10.1038/ncomms16043
https://doi.org/10.1093/nar/gkw038
https://doi.org/10.1038/s41598-017-02667-3
https://doi.org/10.1038/s41598-017-02667-3
https://doi.org/10.1093/nar/gkw968
https://doi.org/10.1021/acs.jmedchem.5b01283
https://doi.org/10.1371/journal.pone.0073121
https://doi.org/10.3390/ijms22052614
https://doi.org/10.3390/ijms22052614
https://doi.org/10.3389/fmolb.2021.783889
https://doi.org/10.1021/jacs.8b10265
https://doi.org/10.1021/jacs.1c04577
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1101/gr.849004
https://doi.org/10.1101/gr.849004
https://doi.org/10.1038/srep14302
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00460-22

	RESULTS
	Identification and selection of PQSs conserved in the genomes of the Enterovirus family and EV-A71 strains.
	Biophysical characteristic patterns of EV-A71 PQSs.
	Binding of G-quadruplex ligands to EV-A71 PQSs stabilized G-quadruplex structures.
	Restriction of gene transcription through G-quadruplex structure stabilization.
	Inhibition of viral replication by G-quadruplex ligands.

	DISCUSSION
	MATERIALS AND METHODS
	G-quadruplex sequence mapping.
	ThT fluorescent assay.
	Native PAGE.
	CD.
	SPR.
	Primer extension assays.
	Quantitative real-time PCR.
	Western blotting.
	Cell viability assays.
	Plaque assay.
	Statistical analysis.
	Data availability.

	ACKNOWLEDGMENTS
	REFERENCES

