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Rabies virus (RABV) is a prototypical neurotropic RNA virus that can cause rabies with an almost 100% fatality
rate. Despite great efforts having been made to identify an effective therapeutic target of rabies, the host
factors involved in RABV infection and the underlying mechanisms remain poorly understood. There are
no effective drug targets for human rabies to date. Therefore, a better understanding of rabies
pathogenesis and exploring new targets for antiviral treatments are crucial and urgent. In this study, we
identify the presence of G-quadruplex (G4) in the RABV genome and uncover a novel role of G4 in RABV
infection, in which stabilization of G4 can suppress G protein translation and viral replication. By
systematic screening of 10 pairs of triplex metallohelices (designated as M1-M10), we found that one
enantiomer of a pair of glycoconjugated metallohelices (A-M10) has exceptional RABV G4-stabilizing
ability. Further studies show that A-M10 exhibits potent antiviral activity against RABV by targeting viral
RNA G4s while maintaining minimal cytotoxicity in RABV-infected cell lines. More interestingly, having
a nanosized structure and glycoconjugated modifications, M10 could cross the blood-brain barrier,
supporting the potential in clinical therapy for RABV infection. Our findings elucidate the presence of G4
in the RABV genome, which can be targeted by G4 ligands such as metallohelices to suppress crucial G
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Introduction

Rabies is a deadly neurotropic disease with an almost 100%
fatality rate, leading to around 59 000 deaths worldwide each
year."” Rabies virus (RABV) is the causative agent of rabies and
has a broad host range, including dogs, foxes, bats and other
mammals. Up to now, vaccination in wild animals, especially in
stray dogs, is the most effective strategy to control rabies.*”
People who are at risk of exposure or have been bitten by
infected animals should promptly receive vaccination and post-
exposure prophylaxis (PEP), particularly in cases of Category III
exposure; nevertheless, death is inevitable once the above

“Changchun Veterinary Research Institute, Chinese Academy of Agricultural Sciences,
Changchun, Jilin, China. E-mail: liu820512@163.com; changchun_tu@hotmail.com
*Laboratory of Chemical Biology and State Key Laboratory of Rare Earth Resource
Utilization, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,
Changchun, Jilin, China. E-mail: xqu@ciac.ac.cn; zhaocq@ciac.ac.cn

‘World Organization for Animal Health (WOAH) Reference Laboratory for Animal
Rabies, Changchun, Jilin, China

“Department of Hepatobiliary and Pancreatic Surgery, General Surgery Center, The
First Hospital of Jilin University, Changchun, Jilin, China

“Department of Chemistry, University of Warwick, Coventry CV4 7AL, UK

IState Key Laboratory of Supramolecular Structure and Materials, Jilin University,
Changchun, Jilin 130012, China

+ These authors contributed equally.

© 2025 The Author(s). Published by the Royal Society of Chemistry

protein translation and viral replication, a previously unrecognized mechanism against RABV infection.

treatments fail to block the onset of clinical symptoms.>
Numerous studies have revealed several receptors and potential
targets of RABV infection and pathogenesis, such as neuronal
cell adhesion molecule (NCAM),® p75 neurotrophin receptor
(p75NTR),” and metabotropic glutamate receptor subtype 2
(mGluR2),® but there are no effective drug targets for human
rabies to date. Therefore, a better understanding of rabies
pathogenesis and exploring new concepts for antiviral treat-
ments are still urgent and significant.

RABYV is a single-stranded negative-sense RNA virus, classi-
fied within the Lyssavirus genus within the Rhabdoviridae
family. The genome is approximately 12 000 bp and encodes five
proteins: nucleoprotein (N), phosphoprotein (P), matrix protein
(M), glycoprotein (G), and the viral RNA polymerase large
protein (L). N protein encapsulates the viral genome and forms
an N-RNA complex for the purpose of genome protection.® P
and L proteins form the ribonucleoprotein (RNP) with N-RNA
complex and play an important role in viral genome transcrip-
tion and translation.” G protein forms spikes on the viral
envelope, which recognize the cell receptors, and is also
involved in assembly and budding. The M protein connects the
nucleocapsid with the envelope and helps in constructing
a compact viral particle."

G-quadruplex (G4) is a non-canonical nucleic acid secondary
structure, which is formed in guanine-rich (G-rich) strands by
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Hoogsteen bonds. G4s have been identified in the genomes of
a wide range of species and serve diverse biological functions."
In addition to being recognized as potential therapeutic targets
for cardiovascular diseases, cancers, and neurodegenerative
disorders such as amyotrophic lateral sclerosis, frontotemporal
dementia, and Alzheimer's disease,"*'* G4s have also been
acknowledged as promising antiviral targets against various
viruses, such as Epstein-Barr virus (EBV)," severe acute respi-
ratory syndrome coronavirus-2 (SARS-CoV-2),'* human immu-
nodeficiency virus type 1 (HIV-1),"” and Zika virus (ZIKV).'®
Moreover, the classic G4 ligands, such as TMPyP4, BRACO-19
and PDP, exhibit specific affinity towards G4s and demon-
strate potential antiviral activity against various viruses
mentioned above. For instance, TMPyP4 effectively inhibits the
replication of HIV-1, hepatitis C virus, herpes simplex virus 1
(HSV-1), Kaposi's sarcoma-associated herpesvirus, ZIKV, and
SARS-CoV-2."* However, the formation of RNA G4s in the context
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of RABV infection and their potential as therapeutic targets for
rabies remain to be elucidated.

Compared with conventional small molecules, chiral triplex
cationic metallohelices exhibit high positive charge and nano-
sized architectures and have diameters similar to those of short
a-helical peptides.”** This endows them with the ability to
recognize a range of biological macromolecules, such as diver-
sified DNA secondary structures and Alzheimer's disease-
associated AP proteins.***® Recently, metallohelices have been
proven to be attractive G4 binders. More and more studies have
displayed their great potential for a range of biomedical appli-
cations, including excellent anticancer activity and antimicro-
bial activity.

In this study, we reveal the presence of G4 structures in the
RABV genome and systematically elucidate their functional
significance in viral infection and pathogenesis. Specifically, the
RNA G4, located in the open reading frame (ORF) of the CVS-11
G gene, was found to exert inhibitory effects on viral translation.
Through screening of 10 pairs of antiviral chiral triplex meta-
llohelices (M1-M10), we identified a glycoconjugated meta-
llohelix enantiomer (A-M10) with exceptional RABV G4-
stabilizing activity (Scheme 1). Compared with A-M10, A-M10
exhibited potent anti-RABV effects by selectively targeting viral
RNA G4 structures while showing minimal cytotoxicity in
infected cell lines. The inhibition effect is better than that of
isoprinosine (IPS, also called inosine pranobex, a reported
effective anti-rabies drug). Notably, due to its nanosized struc-
ture and glycoconjugated modifications, M10 can cross the
blood-brain barrier (BBB), highlighting its therapeutic poten-
tial for clinical RABV treatment. Our findings uncover a previ-
ously unrecognized mechanism in RABV infection, establishing
G4 as a promising antiviral target and underscoring the thera-
peutic potential of metallohelices in combating rabies.
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Fig. 1 Bioinformatics analysis and identification of G-quadruplexes (G4s) in the RABV genome. (A) The location and score of the rabies virus
(RABV) putative G4 sequences (PQSs). The QGRS and G4H score of RABV PQSs calculated by G4 Hunter. (B) The analysis of conservation of the
PQS candidates across strains by using WebLogo 3 software. (C) The location of pG4s-G in the genome of CVS-11.
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Results

To explore the potential involvement of G4s in RABV, we
initially screened all the putative G4-forming sequences (PQS)
in the RABV genome by using a G4 analysis online platform and
the challenge virus standard (CVS)-11 reference genome ob-
tained from the NCBI database. As demonstrated in Fig. 1A,
putative G4 sequences (PQS) were identified on both positive
and negative strands of the CVS-11 genome, with 18 PQS located
on the positive strand and 15 PQS located on the genomic RNA.
The G4 folding capability of these PQS was evaluated by the
putative Quadruplex forming G-Rich Sequences (QGRS) and G4
Hunter (G4H) scores (Fig. 1A and Table S1).

One of the PQS in the G gene of the positive strand exhibited
a significantly high score in the analyses and was noted as pG4s-
G. We next analyzed the conservation of this RABV G4 site by
using WebLogo 3 software across 30 randomly selected RABV
strains from the NCBI database. As demonstrated in Fig. 1B and
S1, pG4s-G is conserved in diverse RABV strains. The location of
pG4s-G in the CVS-11 genome is illustrated in the schematic
diagram (1507-1521) (Fig. 1C). Together, the analyses indicated
the presence of G4 in the RABV genome, and the top PQS (pG4s-
G), which is the most stable one among 33 PQSs, was chosen for
further experimental verification.

We employed several experiments to confirm the G4 forma-
tion of our candidate RABV-G4 sequence. The RNA oligo pG4s-G
wild-type (pG4s-G-WT) and pG4s-G mutant (pG4s-G-Mut, with
G/A mutations) were synthesized (Fig. 2A). We first examined
the stability of pG4s-G-WT in vitro by N-methyl mesophorphyrin
IX (NMM), a highly selective ligand for G4s, which is usually
used as a fluorescent probe for G4 detection.”” The data
demonstrated that pG4s-G-WT significantly enhanced the NMM
fluorescence in K' buffer (Fig. 2B). In contrast, pG4s-G-Mut
showed a slight fluctuation in fluorescence intensity, suggest-
ing the capability for G4 formation of this pG4s-G in vitro. The
results were further supported by ThT fluorescence turn-on
assays (Fig. S2). We then observed that pG4s-G-WT migrated
faster than pG4s-G-Mut in electrophoresis. As nucleic acids with
different secondary structures migrate at different speeds in the
electrical field, this result indicates that a more compact
structure was formed in pG4s-G-WT (Fig. 2C). The pG4s-G-WT
exhibited similar migration rates to NS5-B M1 G4, a previ-
ously reported intramolecular G4, indicating that RABV G4 is an
intramolecular G4.*® This result was further confirmed by
concentration-independent melting experiments (Fig. S3).
Moreover, circular dichroism (CD) spectroscopy was performed
to clarify the conformation of pG4s-G-WT, indicating that pG4s-
G-WT formed parallel G4s with a typical negative peak around
240 nm and a positive peak around 262 nm. CD measurements
showed that pG4s-G-WT rather than pG4s-G-Mut could form
G4s (Fig. 2D). In brief, these results indicated that pG4s-G could
form stable unimolecular G4s. Meanwhile, "H nuclear magnetic
resonance (NMR) results showed that the spectrum of pG4s-G-
WT had obvious peaks in the chemical shift region of G4s
(Fig. 2E), further supporting the proposal that pG4s-G-WT can
fold into a G4 structure. The RABV G4 formation via kinetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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processes was analyzed by stopped-flow assays, which showed
that the fluorescence intensity did not increase at 3.1 s, indi-
cating that RABV G4 was completely formed within that time
(Fig. 2F).

Immunostaining was further performed to identify G4
formation in RABV-infected cells. We used a classic G4-specific
antibody, BG4, to facilitate the visualization of RNA G4s within
the cytoplasm. BG4 is a monoclonal single-chain antibody that
can specifically bind to DNA/RNA G4 structures with high
affinity.” The recombinant RABV CVS-11-eGFP was used to
present the colocalization of G4 with virus.*® The result indicated
that RABV replication led to the generation of a substantial
quantity of viral G4, surpassing the cellular G4 levels. As G4 could
be identified in the cell genome, the uninfected cells dyed with
BG4 showed a faint red fluorescence. The infected cells, which
could express the GFP-reporter gene, showed a significantly
enhanced red fluorescence compared to the uninfected cells
(Fig. 2G). Collectively, pG4s-G-WT could form a stable G4 in vitro
and considerable G4s could form in the RABV infection process.

Along with illustrating G4 structures and biological func-
tions, more hypotoxic and matched ligands were designed and
synthesized to stabilize the formation of G4s. Compared with
conventional small molecules, barrel-like metallohelices,
available with a range of structures and functionalities, exhibit
high positive charge and nanosized architectures, reminiscent
of short o-helical peptides. According to our previous studies,
metallohelices have been proven to be a new class of G4
binders. Herein, the binding of 10 pairs of iron triplex meta-
llohelices to RABV-G4s was evaluated (Fig. S4 and S5). By con-
ducting a fluorescent thermal melting assay (Fig. S6-S7 and
2H), we found that, among the 10 pairs of metallohelices, one
glycoconjugated metallohelix enantiomer (M10) could signifi-
cantly enhance the thermal stability of F-pG4s-G-WT-T (pG4s-G-
WT labeled with FAM and TAMRA) (Fig. 21-J and S8-510). NMM
displacement assays indicated that A-M10 and A-M10 could
employ a stacking mode with the G-quartet plane of RABV G4
(Fig. S11). Interestingly, compared with A-M10, A-M10 showed
a stronger stabilizing effect when binding to RABV G4. Given
that RABV adopts a right-handed G4 structure, we speculate that
this configuration may exhibit higher compatibility with the
helical structure of A-M10, leading to its stronger binding
affinity than that of A-M10.

Noting that pG4s-G is located in the ORFs of the CVS-11 G
gene, which is an essential component of viral particles, we then
examined whether the formation of pG4s-G could inhibit the
translation of G proteins. The 18-base-pair sequences of pG4s-
G-WT and pG4s-G-Mut were cloned into the N terminus of
eGFP reporter gene on pcDNA3.1-eGFP vector (Fig. 3A). The
plasmids were then transfected into HEK-293 cells to detect the
protein expression. The results showed that the pG4s-G-WT
plasmid expressed less eGFP than pG4s-G-Mut, indicating that
the G4 formation interfered with the protein biosynthesis
process in cells (Fig. 3B). Subsequently, we further explored the
effects of A-M10 and A-M10 on protein expression by immu-
nofluorescence assay. As demonstrated in Fig. 3C, the fluores-
cence intensity indicated that A-M10 and A-M10 inhibited the
expression of eGFP as compared with the control group in pG4s-
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Fig. 2 Characterization of P4 G4 formation. (A) The sequences and schematic structures of pG4s-G-WT and pG4s-G-Mut. (B) NMM fluores-
cence turn-on assays in the absence or presence of pG4s-G-WT and pG4s-G-Mut. (C) The G4 formation of pG4s-G analyzed by gel studies.
Lane 1, pG4s-G-WT; lane 2, pG4s-G-Mut; lane 3, control RNA G4 (NS5-B M1 G4). (D) CD spectra of pG4s-G-WT and pG4s-G-Mut. (E) *H NMR
spectra of pG4s-G-WT and pG4s-G-Mut. (F) Stopped-flow traces of pG4s-G-WT and pG4s-G-Mut samples treated with buffer containing
200 mM [K']; excitation wavelength was 492 nm, data recorded at 578 nm. (G) The formation of G4s in RABV-infected cells detected by
immunofluorescence assays in BHK-21 and N2A at different MOI. Left, CVS-11-EGFP infected BHK-21 (green), BG4-visualized G4s (red) and DAPI
(blue); right, the same experiments in N2A. The red square indicates the uninfected cell, and the yellow square indicates the infected cell. MO,
multiplicity of infection. (H) Stabilization of RABV G4 by metallohelices M1-M10 in K* buffer. (I) The chemical structures of M10. (J) Fluorescent
thermal melting curves of pG4s-G-WT (0.5 uM) with the addition of A-M10 (0.5 uM) and A-M10 (0.5 uM).

G-WT transfected cells, while the fluorescence intensity was not
influenced by either A-M10 or A-M10 in pG4s-G-Mut trans-
fected cells. Western blot also showed consistent results: the
protein expression of pG4s-G-WT, but not pG4s-G-Mut, was
significantly inhibited by A-M10 and A-M10 in a dose-
dependent manner. As expected, the inhibition of A-M10 was

Chem. Sci.

greater than that of A-M10 (Fig. 3D). Meanwhile, the KRAS-G4
vector, as a negative control, was transfected into HEK-293T
cells and treated with A-M10 or A-M10, as shown in Fig. 3E
and F, Neither A-M10 nor A-M10 downregulated the level of
KRAS-G4, indicating that the enantiomer indeed had selectivity
over cellular G4s.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Formation of pG4s-G G4 inhibits RABV RNA translation. (A) Schematic representation of the vector. The vectors were engineered to
harbor 18 bp of the target pG4s-G G4s. Top, the sequences of pG4s-G-WT; bottom, pG4s-G-Mut. Bottom, schematic representation of the
proposed pG4s-G-WT and pG4s-G-Mut structures. (B) The formation of pG4s-G G4 inhibits the translation of RNA with pG4s-G G4. (C) HEK293
cells transfected with pG4s-G-WT, pG4s-G-Mut and pG4s-KRAS (DNA G4) were treated with A-M10 or A-M10, followed by staining of the cell
nuclei with Hoechst dye. The fluorescence microphotographs of the same cells with GFP (left), Hoechst (middle) or merge (right) are
demonstrated. Quantitative analysis of fluorescence intensity was performed. (D) Western blotting assay was used to detect the protein
expression, with B-actin as control. (E and F) HEK293 cells were transfected with pG4s-KRAS and then treated with A-M10 or A-M10. Western
blotting assay was used to detect the expression of GFP-G4s-KRAS, with B-actin as control. The cell nuclei were stained with Hoechst dye. The
fluorescence microphotographs of the same cells with GFP (left), Hoechst (middle) or merge (right) are demonstrated (E). Quantitative analysis of

fluorescence intensity was performed (F).

Taken together, these results indicate that the formation of
pG4s-G suppresses the translation process during the viral life
cycle. Notably, A-M10 and A-M10 enantiomers displayed
chirality-dependent activity, with A-M10 demonstrating supe-
rior binding affinity and translation inhibition.

To evaluate the therapeutic potential of A-M10, we examined
its binding selectivity for RABV RNA G4s in the presence of
various DNA and RNA G4s in the host. We performed FRET
melting competitive assays of F-pG4s-G-WT-T and employed 10
unlabeled DNA G4s and 7 RNA G4s as competitors (Table S2).
The results revealed that, even with a 3-fold excess of competing
G4s, the Ty, of the A-M10/F-pG4s-G-WT-T complex decreased
only moderately, suggesting that host-derived DNA and RNA
G4s weakly interfere with the binding of A-M10 to pG4s-G-WT
(Fig. S12). Under these competitive conditions, A-M10 still
binds effectively to RABV G4s, as evidenced by an increase in
melting temperature (A7, > 4 °C), indicating that A-M10
retains its ability to bind RABV G4s even in the presence of
various host G4 structures. Moreover, after RABV infection, viral
replication would generate abundant RABV G4s, the levels of
which substantially exceed those of endogenous RNA/DNA G4s.

© 2025 The Author(s). Published by the Royal Society of Chemistry

This amplification of viral G4s would offset the binding speci-
ficity issue of A-M10 toward RABV G4s, thereby considerably
reducing the off-target effects.

To evaluate the antiviral effects of A-M10 and A-M10 in RABV
infection, we measured the intracellular viral RNA copies,
protein levels, and viral titers in the supernatant of CVS-11
infected-N2A cells. IPS was used to act as a positive control;
IPS is an immunomodulatory drug approved in several coun-
tries for the treatment of viral infections and has been proven to
be effective in inhibiting RABV replication in our previous
studies.**

As shown in Fig. 4A, both A-M10 and A-M10 significantly
decreased the intracellular viral RNA copies in a dose-
dependent manner, the effect of A-M10 being better than that
of A-M10. More importantly, their antiviral effects were better
than that of IPS. Consistent with the intracellular RNA copies,
the virus titers in cell supernatant were remarkably reduced by
A-M10 as compared with IPS by a maximal ~3 — log;, vs. ~1 —
logyo (Fig. 4B). Meanwhile, we also found that the expression
level of intracellular viral N protein was also reduced by all three
treatments in a dose-dependent manner (Fig. 4C). In addition,
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Fig. 4 Anti-RABV experiments of A-M10 in infected cells (A—C). N2A cells infected with CVS-11 (MOl =

0.1) were treated with A-M10, A-M10 or

IPS pre-infection. At 48 h post-infection, viral N gene and G gene RNA copies in cell lysates (A) were detected by gRT-PCR. Viral N protein
expression (B) was detected by WB. Viral titers (logyg TCIDsp/mL) of cell culture supernatants (C) were quantified by TCIDsq. (D) Intracellular viral
RNA copies and cell viability under increasing concentration of different compounds to determine the ECsg and CCsq of A-M10, A-M10 and IPS.

The drug cytotoxicity was determined by SRB assays. ECsg, half-maximal effective dose; CCsg, half-cytotoxic concentration; SI =

CCs0/ECso.

Data are shown as means + SEM of three independent experiments, two-tailed student'’s t-test. **P < 0.01, ***P < 0.001, ****P < 0.0001. (E)
Direct fluorescent assay with infected N2A, U87 and BHK-21. The viral particles were visualized by FITC anti-Rabies monoclonal globulin (green).

The cells were dyed with evans blue (red).

half-cytotoxic concentration (CCs), half-maximal effective dose
(ECs0) and selectivity index (SI) of the three compounds were
determined. Compared with A-M10 (CCs, = 8.12 uM, EC5, =
5.60 uM, SI = 1.45) and IPS (CCs, = 1.95 mM, EC5, = 0.33 mM,
SI = 5.85), A-M10 (CCs, = 88.21 uM, EC5, = 7.15 uM, SI = 12.34)
exhibited a lower cytotoxicity and a higher SI (Fig. 4D). The
similar antiviral efficiency of A-M10 was further confirmed in
baby hamster kidney-21 (BHK-21) cells, which are the most
susceptible cells for RABV infection (Fig. S13).

Chem. Sci.

We next performed a direct fluorescent antibody (DFA) assay
to visualize the antiviral effect of A-M10 on RABV-susceptible
cell lines. As demonstrated in Fig. 4E, the virus developed
a green fluorescence, and cells were stained red with Evans
Blue. The antiviral effects of A-M10 and A-M10 were obvious,
although the cytotoxicity of A-M10 was a little higher, both of
them exhibiting better anti-RABV efficacy than IPS, while
a similar function was not observed in other metallohelices
(Fig. S14). Collectively, these results suggest that A-M10 shows
an outstanding dose-dependent antiviral effect in several RABV-
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susceptible cell lines with lower cytotoxicity and higher SI, as
compared to IPS and A-M10.

To confirm the acting targets of G4 ligands in RABV-infected
cells, antisense oligonucleotides (ASOs), which can specifically
unfold the G4s structure, and the random control oligo were
designed and synthesized (Fig. 5A). ASOs were pre-transfected
into N2A cells 12 hours prior to CVS-11 infection, and the
unfolded G4s, which were probed by ASOs, would not be
recognized by the antiviral compounds. As indicated in Fig. 5B,
the antiviral effects of both A-M10 and A-M10 were antagonized
by ASOs, confirming that these antiviral compounds indeed
interfered with viral replication by specifically targeting G4s in
the viral genome.

To further identify the acting phases of A-M10 in RABV
infection, we conducted a time-of-addition assay and
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Fig. 5 Anti-RABV A-M10 inhibits RABV infection by targeting RABV-
G4s. (A) Schematic representation of the antisense oligonucleotide
treatment to probe and unfold viral G4 structures. (B) ASOs targeting
pG4s-G were pre-transfected into N2A 12 h before virus infection and
ligand addition. At 48 h post-infection, viral RNA copies in cell lysates
were detected by gRT-PCR. (C-G) Time-of-addition assay of A-M10
and A-M10. The scheme illustrates the period of virus inoculation and
ligand addition (C). N2A cells were incubated with 20 uM A-M10 or 7.5
uM A-M10 at the time points indicated. The cells were infected with
CVS-11 (MOI = 0.1), and the cell culture supernatant viral titers (D),
intracellular viral RNA copies (E) and viral N protein expression (F) were
quantified by TCIDsg, gRT-PCR and WB. The fluorescence micro-
photographs in DFA are demonstrated (G). Data are shown as means +
SEM of three independent experiments, two-tailed student's t-test. **P
< 0.01, ***P < 0.001, ****P < 0.0001.
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determined the viral titers in cell culture supernatant. The
compounds were added at the indicated time points, and acted
for diverse periods (Fig. 5C). The results demonstrated that the
viral titers were significantly inhibited by A-M10 and A-M10 at
a stage after viral entry, consistent with their putative antiviral
mechanism by targeting viral G4s. It is worth noting that the
treatment time is important for the function of the compounds.
Neither pretreatment for 1 hour nor being incubated with virus
for 1 hour had an antiviral effect, while the post-infection
treatment following 48 hours of incubation showed a signifi-
cant inhibitory effect, the same as the full-time inoculation
(Fig. 5D). Meanwhile, the intracellular N gene expression at
both mRNA and protein levels was significantly suppressed in
A-M10-treated groups, after infected with CVS-11 for 48 hours
no matter pretreated for 1 hour or not (Fig. 5E and F).

Similar results were also observed in the DFA assay. Very
limited fluorescence reflected the satisfactory antiviral effect of
A-M10 treatment (Fig. 5G). In addition, A-M10 also showed an
acceptable antiviral effect; however, noting its cytotoxicity, A-
M10 was the better choice for anti-RABV. Taken together, A-
M10 was identified as an effective anti-RABV compound by
targeting G4s and suppressing viral replication.

Noting that the DEAH-box helicases usually unfold G4
structure on both RNA and DNA strands (37827695, 35194205),
we performed RNA pulldown assay by biotin-labeled G4 probes
and mass spectrometry in RABV-infected N2A cells as compared
to uninfected cells. The results identified DDX17 significantly
enriched in RABV-G4 pulldown samples (Table S2), and could
interact with RABV-G4, but not RABV-G4-MUT (Fig. 6A and B).
CD spectroscopy is usually used to characterize the conforma-
tional changes of G4 structures and the effect of proteins on the
conformation of the G4s (35504902, 36043100). DDX17 is also
known as ATP-dependent RNA helicase p72, activation of which
could be suppressed by a K142R point mutation contained
within the ATP-binding domain (12138182). To clarify the
function of DDX17 on unfolding RABV-G4, we constructed
DDX17-WT and DDX17-K142R overexpression vectors and
purified their proteins to perform ATPase hydrolysis experi-
ments (Fig. S15). The results indicated that the CD intensity at
260 nm of RABV-G4 significantly decreased with the addition of
DDX17, which further slightly declined with the addition of ATP
(Fig. 6C). These results suggest that DDX17 interacts with and
impacts the RABV-G4 structure in an ATP-dependent manner.

We then examined the function of DDX17 alone and
combined with A-M10 on regulating RABV replication by using
western-blot and qPCR. The data indicated that DDX17 signif-
icantly promoted the replication of RABV, whereas A-M10
inhibited DDX17-mediated induction of CVS viral protein
expression (Fig. 6D and E). In addition, the viral titers and
replication were further measured by TCIDs, and DFA assays to
clarify whether overexpressed DDX17 could diminish the func-
tion of A-M10, and consistent results were observed. DDX17
promoted RABV replication, while 20 pM A-M10 suppressed
viral replication no matter with or without DDX17 over-
expression (Fig. 6F and G). Taken together, DDX17 unwinds the
RABV-G4 structure and promotes RABV replication, and A-M10
can overcome the function of DDX17.

Chem. Sci.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04344a

Open Access Article. Published on 06 November 2025. Downloaded on 12/13/2025 6:31:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

A B
Probe  G4s-G-MUT Gds-G-WT
ovst 4 =+ = oo
RPD:DDX17 [ = N .|
INPULB-actin e - s - 10
3 :.
¢ D E 230 =N
—a 3 - =G
——G4s DOX17 CVS-11 +  + + 4 5 ed
i N S 20
poX17 -+ o+ - 2
7 AMIO - -+ 4 s
£ x o
<. 2 10 oo
" 1. 000 ]
]
= B o en:
ST LS
: RO PR
o = s % e Y
Watslongt (om) S§ &

Ctrl

N2A

DDX17

10g1o[TCIDsp/ml]

DDX17+A-M10(20uM) A-M10(20pM)

h . ‘

Fig. 6 Host DDX17 unfolds RABV-G4s and exogenous DDX17
decreases the function of RABV-G4 stabilizing agent A-M10. (A)
Schematic diagram showing the process of RNA pulldown by RABV-
G4 probes and detection of interacting proteins by LC-MS/MS. (B) N2A
cells were infected with CVS-11 (MOl = 0.1) for 48 h, and RNA-pull-
down assay was performed using RABV-G4 or RABV-G4-MUT probes.
The level of pulldown DDX17 protein was detected by WB, with B-actin
as control. (C) The effects of DDX17 on RABV-G4 structure in the
absence or presence of ATP by CD spectral analysis. (D—G) N2A cells
were transfected with DDX17-overexpression plasmid for 24 h and
then infected with CVS-11 (MOI = 0.1). After that, the cells were treated
with 20 uM A-M10 for 48 h and viral N protein expression level (D),
viral N and G gene RNA copies in cell lysates (E), and viral titers in
supernatants (F) were detected by WB, gRT-PCR and TCIDsg. The
fluorescence microphotographs in DFA are demonstrated (G). Data
are shown as means £+ SEM of three independent experiments, two-
tailed student's t-test. **P < 0.01, ***P < 0.001, ****P < 0.0001.

Discussion

Rabies is an ancient fatal zoonosis and still causes nearly 59 000
deaths globally each year. Unfortunately, there are no effective
drugs for rabies therapy to date. Different kinds of drugs have
been identified, such as BCX4430, PGG, deoxynivalenol (DON),
TMR-001, pyrimethamine, artesunate (ART) and di-
hydroartemisinin (DHA), among which BCX4430 inhibits the
replication of rabies virus by suppressing mTOR-dependent
autophagy in vitro.*> DON and favipiravir have a positive effect
on inhibiting the replication of several viruses, including
RABV.**** Pyrimethamine has been shown to suppress RABV
replication in vitro by targeting adenosine synthesis; however,
its therapeutic potential is limited due to the lack of efficacy in
vivo.*® Artemisinin derivatives, particularly ART and DHA,
demonstrate significant antiviral activity against RABV.*®
However, none of these drugs has been approved for rabies
clinical treatment.

The positive-sense RNA viral genome functions as a dual-
purpose template, facilitating both viral replication and
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translation processes. This unique characteristic results in the
incorporation of numerous functional RNA elements that can
actively regulate gene expression mechanisms independently of
viral protein synthesis, thereby exerting control over host
cellular machinery at the earliest stages of infection. Therefore,
we tried to reveal the specific nucleic acid structures involved in
the gene modulation in the RABV genome to elucidate ground-
breaking anti-RABV mechanisms and innovative therapeutic
drugs against rabies.

G4 is a novel antiviral target emerging in recent years, and
the formation of G4s plays important roles in transcription,
telomere biology and genome instability. Recent RNA G4
profiling analyses have identified thousands of putative RNA G4
regions in the human transcriptome,®”*® strongly suggesting
a causal role of this structural RNA element in multiple human
diseases, such as cancer, neurodegenerative diseases and
metabolic disorders.*® Thus, G4 is emerging as a potential
therapeutic target and many G4-specific ligands have been
designed and utilized to stabilize G4s. TMPyP4, one of the G4
ligands, suppresses the expression of cellular-myelocytomatosis
viral oncogene (c-MYC) by stabilizing G4s in its promoter.*
CMO03, another G4 ligand, can target many oncogenic pathways
essential to tumorigenesis and exhibits an anticancer effect on
human pancreatic ductal adenocarcinoma (PDAC) in a mouse
xenograft model.** CX-3543 (Quarfloxin) and CX-5461 (Pidnar-
ulex) inhibit the transcriptional activity of RNA polymerase by
targeting G4. Both exhibit promising potential in anticancer
therapy and have been tested in clinical trials.*>"**

In this study, we identified 33 putative G4s in the reference
genome of CVS-11 for the first time, and the top G4 sequence,
pG4s-G, was selected as the candidate G4 for further study,
which is also a highly conserved sequence in different RABV
strains. We first confirmed that pG4s-G-WT could form a stable
G4 in vitro, then a BG4 antibody and the recombinant RABV
CVS-11-eGFP were used to further confirm that pG4s-G could
also form G4 structure in the infection process. We then tried to
find the specific ligands of pG4s-G.** By screening 10 pairs of
triplex metallohelices, we identified one enantiomer of a pair of
glycoconjugated metallohelices (A-M10) that has exceptional
RABV G4-stabilizing ability. The primary experiment identified
the affinity between the metallohelices and pG4s-G-WT, and the
antiviral experiments demonstrated that both A-M10 and A-
M10 could significantly inhibit the replication of RABV. Actu-
ally, we also identified another ligand (named NiM), but it is
inefficient. Further study determined that A-M10 exhibited
a more potent antiviral capacity than A-M10 and IPS with
a much lower cytotoxicity. It is interesting that although the
chiral ligands have similar structures, their cytotoxicity and
pharmaceutical effects are quite different, which deserves
further studies in the future.

Furthermore, we provided several lines of evidence, for the
first time, to demonstrate that our A-M10 acts as a potential
anti-RABV compound by targeting G4s in the context of RABV
infection. The pG4s-G-WT and pG4s-G-Mut plasmids with eGFP
reporter gene were transfected into HEK-293 cells, and A-M10
significantly inhibited the fluorescence intensity and the
protein expression of eGFP in pG4s-G-WT transfected cells, but

© 2025 The Author(s). Published by the Royal Society of Chemistry
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not in pG4s-G-Mut transfected cells. We further pre-transfected
ASOs into infected cells. The unfolded G4, which was probed by
ASOs, would not be recognized by the antiviral compound A-
M10. As expected, we observed that the antiviral effect of A-M10
was antagonized by ASOs, confirming that the antiviral
compound A-M10 indeed interfered with viral replication by
specifically targeting G4s in the viral genome. Moreover, the
time-of-addition assay suggested that the inhibition function of
A-M10 was effective mainly at a stage post-RABV entry by tar-
geting viral G4s.

Meanwhile, it should be noted that G4s also exist in the DNA
and mRNA of host cells and are involved in many biological
processes. Just like other G4-specific stabilizers, the off-
targeting of A-M10 could possibly cause side effects. Previous
studies have proposed that viral particles may replicate rapidly
in infected cells and produce a large amount of viral G4s, much
more abundant than intracellular G4s,*® such as the number of
viral G4s increasing sharply in HSV-1 infected cells*” and we
previously reported that SARS-CoV-2 infected cells contain
hundreds of copies of viral RNA G4 targets, being more
numerous than cellular G4s."® Herein, a similar phenomenon
was observed in RABV-infected cells. With BG4 incubation, the
high-intensity red fluorescence in RABV-infected cells indicated
that abundant viral G4s were synthesized. Thus, it is believed
that the ligands would have a better chance of interacting with
viral G4 rather than intracellular G4 and an appropriate
concentration of G4 ligands could balance the antiviral effi-
ciency and the side effects. Certainly, it is of importance in
future investigations to develop gene-specific G4-targeting
agents.

For further application in clinical therapy for RABV infec-
tion, these metallohelices must cross the BBB. To assess
whether M10 can passively accumulate in the brain, we
measured iron (Fe) levels in mouse cerebrospinal fluid (CSF) 6 h
after intraperitoneal injection using ICP-MS. Notably, mice
treated with M10 exhibited significantly higher Fe levels in the
CSF compared to control mice. The brain accumulation effi-
ciencies were 3.5% for A-M10 and 3.3% for A-M10, confirming
their ability to traverse the BBB. These findings further support
the potential of metallohelices as clinical therapeutic agents
against RABV. Interestingly, unlike small molecules that typi-
cally exhibit limited BBB penetration, M10 may leverage its
nanoscale size and glycoconjugated modifications to facilitate
crossing. These structural features could enhance its thera-
peutic potential for central nervous system (CNS) infections.

Conclusion

In conclusion, this study demonstrates the presence of G4
structures in the RABV genome. Stabilizing RABV G4 formation
could suppress G protein translation and inhibit viral replica-
tion. By screening 10 pairs of triplex metallohelices, we identi-
fied a glycoconjugated metallohelix enantiomer, A-M10,
exhibiting potential anti-RABV effects by targeting viral RNA
G4s while showing minimal cytotoxicity. Notably, due to its
nanosized structure and glycoconjugated modifications, A-M10
can cross the BBB, highlighting its therapeutic potential for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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clinical RABV treatment. Our findings uncover a previously
unrecognized mechanism in RABV infection, establishing G4 as
a promising antiviral target and underscoring the potential of
metallohelices in developing novel RABV therapeutics.
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