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ABSTRACT

We have identified seven putative guanine quadru-
plexes (G4) in the RNA genome of tick-borne en-
cephalitis virus (TBEV), a flavivirus causing thou-
sands of human infections and numerous deaths ev-
ery year. The formation of G4s was confirmed by bio-
physical methods on synthetic oligonucleotides de-
rived from the predicted TBEV sequences. TBEV-5,
located at the NS4b/NS5 boundary and conserved
among all known flaviviruses, was tested along with
its mutated variants for interactions with a panel of
known G4 ligands, for the ability to affect RNA syn-
thesis by the flaviviral RNA-dependent RNA poly-
merase (RdRp) and for effects on TBEV replica-
tion fitness in cells. G4-stabilizing TBEV-5 mutations
strongly inhibited RdRp RNA synthesis and exhibited
substantially reduced replication fitness, different
plaque morphology and increased sensitivity to G4-
binding ligands in cell-based systems. In contrast,
strongly destabilizing TBEV-5 G4 mutations caused
rapid reversion to the wild-type genotype. Our results
suggest that there is a threshold of stability for G4
sequences in the TBEV genome, with any deviation

resulting in either dramatic changes in viral pheno-
type or a rapid return to this optimal level of G4 sta-
bility. The data indicate that G4s are critical elements
for efficient TBEV replication and are suitable targets
to tackle TBEV infection.
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INTRODUCTION

Guanine quadruplexes (G4s) are non-canonical four-
stranded conformations of nucleic acids. G4s can be formed
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within DNA or RNA when two or more G-tetrads stack
on top of each other and coordinate monovalent cations,
such as physiological K* and Na*, in the G4 central cav-
ity. Each tetrad is composed of four guanine residues con-
nected through Hoogsteen hydrogen bonds. G4s can fold
intramolecularly from a single G-rich strand or intermolec-
ularly through the association of separate strands. The rel-
ative orientation of participating guanine tracts defines the
parallel, the antiparallel or mixed topology of G4s, which is
directly correlated to the conformational state, anti or syn,
of the N-glycosidic bond between the G base and the sugar
(1). In the case of RNA, guanosine residues prefer the anti
conformation of the glycosidic bond which limits the topol-
ogy of the RNA G4 to parallel types. Potential quadruplex
forming sequences (PQS) have been found in the genomes
of numerous eucaryotic and procaryotic species (2) and G4
have been shown to act as structural switches of multiple
cellular processes (3).

Essential functions for G4 sequences have also been
demonstrated in numerous DNA and RNA viruses (4) in-
volving different stages of viral life cycles and the presence
of G4 was correlated with the type of infection they cause
(5). Regarding DNA viruses, multiple G4 clusters in the her-
pes simplex virus 1 (HSV-1) genome are required for effi-
cient viral DNA replication (6). Nuclear antigen 1 encoded
by the Epstein-Barr virus (EBV) genome binds G4s at the
viral replication origin and interacts with the replication
complex and with human metaphase chromosomes. This
ensures the maintenance of the viral genome throughout
mitosis. (7). G4s in the telomeric regions of the human her-
pesvirus 6 (HHV6) are involved in the mechanism of HHV-6
integration into the telomeres of human chromosomes. This
process is considered as one possible mode of virus latency
(8). Additional to these DNA viruses, there are several re-
ports of G4s in RNA viruses. The long terminal promoter
(LTR) in the HIV-1 genome was demonstrated to form G4
structures that are responsible for promoter activity regu-
lation. In addition, these G4s are also involved in reverse
transcription and viral latency establishment (9). G-rich se-
quences were recently identified in the genomes of two med-
ically important filoviruses, Ebola and Marburg. These se-
quences are likely involved in filovirus-specific L gene ex-
pression (10).

The first evidence of the guanine quadruplex in the Fla-
viviridae family came from studies of the hepatitis C virus
(HCV) (11). In the HCV, RNA synthesis was observed to
be modulated by G4 formation in the viral negative RNA
strand (12). Nucleolin, a host cell protein, recognized an-
other G4 in the HCV genome and this interaction sup-
pressed viral replication and expression (13). HCV RNA
quadruplexes were later observed in infected cells using the
fluorescent quadruplex-specific thioflavin-T-derivative (14).
Fleming et al. reported that the RNA genome of the Zika
virus (ZIKV) and other members of the genus Flavivirus
contain conserved RNA quadruplexes (15). Several G4 se-
quences were discovered in the positive strand of the ZIKV
genome: seven of these are conserved within more than 50
flavivirus genomes, indicating an essential role in the fla-
viviral life cycle. They also suggested that the RNA Gd4s
in the ZIKV genome might serve as a framework for in-
stalling epitranscriptomic mark N6-methyladenosine (16).
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Recently, several novel conserved potential G4s were iden-
tified in the ZIKV RNA genome, which were further an-
alyzed by biophysical and biochemical approaches. Treat-
ment of ZIKV-infected cells with G4-binding ligands re-
sulted in the significant inhibition of infectious ZIKV yield,
suppression of viral genome replication and viral protein
synthesis (17,18). The potential role of G4s as antiviral tar-
gets was recently reviewed (19,20).

In this work, we studied the occurrence and structure of
potential G4 sequences in the genome of the tick-borne en-
cephalitis virus (TBEV), the most medically important rep-
resentative of flaviviruses transmitted by ticks. The TBEV
is prevalent over large forested areas of Europe and Asia,
causing tick-borne encephalitis (TBE) in humans. TBE is a
serious and potentially fatal neural infection with an esti-
mated annual number of disease cases of >13 000 (21). The
TBEV comprises three main subtypes: Western/European,
Siberian and Far Eastern with the possibility of several
minor subtypes also existing (22). The TBEYV, as a typi-
cal flavivirus, is a small (~50 nm in diameter), enveloped,
icosahedral virus (23) that possesses a positive-sense single-
stranded RNA genome of ~11 kb in length. The genome en-
codes one large open reading frame (ORF) which is flanked
by a 5 and a 3’ untranslated regions (UTR). The 5" end
of the genome is capped and the 3’ end is not polyadeny-
lated. The ORF encodes a single polyprotein co- and
posttranslationally cleaved by viral and cellular proteases
into three structural (C, prM, and E) and six nonstruc-
tural (NS1, NS2a, NS3, NS4a, NS4b and NS5) proteins
(21).

Herein, the TBEV genome was investigated for the pres-
ence of G4s using multiple bioinformatics, biophysical, and
biological approaches. Initially, the genome was examined
using available G4-search algorithms to predict the po-
tential formation of G4s directly from the primary struc-
ture of RNA sequence and the conservation among differ-
ent TBEV strains and within the Flavivirus genus was ex-
plored. Selected quadruplex-forming sites were character-
ized as synthetic oligoribonucleotides in terms of structure,
thermodynamic stability and formation kinetics, by circu-
lar dichroism, UV absorption spectroscopy and native poly-
acrylamide gel electrophoresis. The interactions of the G4
motifs located in the TBEV genome with small molecule-
based G4-ligands were assessed by thiazole orange fluo-
rescence displacement assay, titration assays using changes
in absorption of ligands upon binding to RNA and G4-
stabilization assay. We also investigated whether the forma-
tion of G4 affects in vitro RNA synthesis by the flaviviral
RNA-dependent RNA polymerase (RdRp). The antiviral
and cytotoxic properties of selected G4 ligands were stud-
ied in cell-based assay systems to demonstrate G4-mediated
mechanisms at biological levels. Finally, site-directed muta-
genesis was used to introduce conformation-specific muta-
tions into a conserved G4 motif in the TBEV genome in or-
der to assess the growth kinetics, plaque morphology and
sensitivity of the mutated viruses to G4 ligands. Our re-
sults bring novel insights into the structure and folding of
TBEV genomic RNA, which are crucial to understanding
the molecular basis of TBEV pathogenesis. This new infor-
mation can be essential for new antiviral treatments and the
development of novel vaccination strategies.
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MATERIALS AND METHODS
Bioinformatics analysis

The TBEV strain Neudoerfl reference genome sequence
(NC_001672.1, sequence identical to U27495.1), genomic
sequences of other TBEV strains, as well as genomes of all
viruses of the Flavivirus genus, reported in (15), were down-
loaded from the Nucleotide database of the NCBI. Genome
sequence alignments were performed using the MUSCLE
algorithm (24) with the default setting embedded in the
UGENE package (25). A rough phylogenetic tree was cal-
culated in UGENE using the PHYLIP Neighbour Join-
ing method (F84 model; Transition/Transversion ratio 2;
Bootstrapping OFF; Gamma-distribution rates across sites
OFF). Potential G4-forming regions selected for further
bioinformatics analysis were extracted as multiFASTA files
with gaps trimmed.

G4 prediction for the TBEV genome (NC_001672.1) was
performed with QGRS mapper (max G4 length = 30 nt;
min G-tract length = 2 nt) (26), pgsfinder (max length = 30
nt, min G-tract = 2 nt, loop min len = 1 nt, max bulges = 0,
max mismatches = 0) (27), G4Hunter (window size = 20
nt; threshold = 1.49) (28) and G4RNA screener (window
size = 20 nt; step size = 5 nt) (29).

G4Hunter scores of extracted regions from aligned
genomes in multi FASTA files of members of the Flavivirus
genus as well as TBEV strains were calculated using the
G4HunterTable utility (30) in R studio. RNA sequence lo-
gos of the aligned set of 204 TBEYV strains were prepared as
frequency plots using the ‘weblogo’ tool (31).

Oligonucleotides

Synthetic RNA oligonucleotides were purchased from
Merck (Haverhill, UK) and were desalted and lyophilized
by the provider. For clarity, we did not use the stan-
dard r(...) notation as most of the oligonucleotides were
RNA. Lyophilized oligonucleotides were dissolved in | mM
sodium phosphate buffer, pH 7 with 0.3 mM EDTA to a
10 mM nucleoside concentration stock solution. The pre-
cise concentration of the oligonucleotides used for each ex-
periment was determined from UV absorption at 260 nm
in buffer at 90°C using molar absorption coefficients calcu-
lated according to our previous work, e.g. (32) and shown
in Table 1. All sequences used in this study and their labels
are summarized in Table 1.

G4 ligands

Pyridostatin (PDS) (33), hemin (34), bisquinolinium
derivative PhenDC3 (35), thioflavin T (ThT) (36), thia-
zole orange (TO) (37), crystal violet (CV) (38), acridine
derivative BRACO-19 (39), hydroxyantraquinone natural
compound aloe-emodin (40) and natural alkaloid berberine
(41) were purchased from Sigma-Aldrich (Prague, Czech
Republic). N-Methylmesoporphyrin IX (NMM) (42,43)
and 5,10,15,20-tetrakis-(N-methyl-4-pyridyl)porphine
(TMPyP4) (42,44) were obtained from Santa Cruz
Biotechnology (Heidelberg, Germany). Carboxy pyrido-
statin (cPDS) (45,46), bisquinolinium derivative 360A
(47) and polymerase I inhibitor CX5461 (48) were from

MedChemExpress (Stockholm, Sweden). Test compounds
were solubilized according to the recommendations of
the provider in water or in 100% (v/v) dimethyl sulfoxide
(DMSO) to yield stock solutions of desired concentration,
usually 10 mM.

Spectroscopy of circular dichroism (CD)

CD measurements were conducted on a Jasco J-815 dichro-
graph (Jasco Corp., Tokyo, Japan). Presented CD spectra
were collected as an average of four measurements between
330 nm and 210 nm with data pitch 0.5 nm at 200 nm
min~! acquisition speed. Spectra were measured in 1 cm-
pathlength quartz cells (Hellma GmBH, Miillheim, Ger-
many) at 23°C. CD signals are expressed as the difference in
the molar absorption Ae of the left- and right-handed circu-
larly polarized light and the molarity is related to strands.
The experimental conditions were changed directly in the
cells by adding stock solutions of buffers and the final con-
centration was corrected for the volume increase. Spectra or
values labelled ‘after annealing’ were observed in the same
buffer as the previous ones after heating to 95°C for 5 min
and slow linear cooling back to 23°C within 5 h.

Titration experiments using UV absorption

Absorption measurements during titration experiments
were conducted in a Specord 250 Plus spectrophotometer
(Analytik Jena, Jena, Germany). Whole absorption spectra
of RNA with ligand or control were taken from 200 to 700
nm with 1 nm step and 10 nm s ! acquisition speed at 23°C.
Two types of titration experiments were performed: (i) for
RNA-to-Ligand experiments, 1000 pl of ligands were pre-
pared into 1 cm-pathlength quartz cells to a 4 wM concen-
tration in 1x IC buffer (25 mM sodium phosphate buffer,
pH 7, 110 mM KCI, 10 mM NaCl). Twenty consecutive ad-
ditions of 10 wl of RNA at 40 wM strand concentration in
1x IC buffer were performed, with absorption spectra mea-
surement after each addition. (i) For the Ligand-to-RNA
experiments, 1000 wl of RNA were prepared into 1 cm-
pathlength quartz cells to a 4 wM strand concentration in
1 x IC buffer. Then 25 consecutive additions of 10 pl ligands
at 40 wM strand concentration in 1 x IC buffer were carried
out, along with absorption spectra measurement after each
addition. Absorption spectra were recalculated into molar
units with known molar absorption coefficients of ligands.

Fluorescence measurements and fluorescence intercalator dis-
placement assay (FID)

FID assay was performed either with TO, as described in
Tran et al. (49), or with (ThT, where only the probe and
excitation and emission wavelengths were modified. RNA
oligonucleotides were pre-incubated in 1x IC buffer for 1
h at 25°C. Two molar equivalents of TO or ThT in the same
buffer were added and the mixture was incubated for 1 h at
25°C. Next, five equivalents of ligand were added to each
sample and the mixture was incubated for 30 min at 25°C.
The total reaction volume was 80 pl with 1 wM RNA, 2
.M TO or ThT and 5 wM tested final ligand concentration.
Fluorescence was measured in 96-well opaque microplates
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Table 1. Labels, primary sequences and molar extinction coefficients of oligonucleotides used for structural studies in the paper

Label Sequence e [M!em!p Position® Protein
TBEV-1 AAGGUAAGGGGGGCGGUC 194 000 154 Core protein C
TBEV-1mut AAGAUAAGAGGAGCGGUC 194 900

TBEV-1b AAGGUAAGGGGGGCGGUCCCCCUCGA 265 300 154 Core protein C
TBEV-2 UUGGAGUGGGGGCGGAUGUUGGUU 250 700 2447 Envelope / NS1
TBEV-2mut UUGGAGUGAGUGCGGAUGUUGGUU 243 200

TBEV-3 AUGGUGGGCACGGAAGGAC 201 400 2863 NS1
TBEV-3mut AUGGUGAGCACGAAAGGAC 199 500

TBEV-4 UCGGGGAGGGGGAGGCA 182 400 7382 NS4b
TBEV-4mut UCGAGGAGUGAGAGGCA 179 900

TBEV-5 CUGGGGGUAGGCGUGGUGGUU 215 000 7652 NS4b / NS5
TBEV-5mut CUGUGUGUAUGCGUGUUGGUU 210 700 — —

TBEV-6 CUGGGAGUUGGAACGAGGUGUGUGGUC 280 300 8440 NS5 (RNA pol)
TBEV-6mut CUGAGAGUUGAAACGAGUUGUGUGGUC 276 000

TBEV-7 UUGUGGGGGGAGGCUAGGAGGCGAA 268 000 10653 3-UTR
TBEV-7mut UUGUGUAGCGAAGCUAGGAUGCGAA 256 800

R-psG4 AAUGGGUGGGUGGGUGGGUAA 230 000

¢ calculated for strand using nearest-neighbor model.
bPosition of the first nucleotide in TBEV reference genome NC_001672.1.

(SPL Life Sciences) at 25°C by Synergy H1 hybrid reader
(BioTek) with excitation at 492 nm (TO)/430 nm (ThT) and
the emission collected at 533 nm (TO)/480 nm (ThT) and
gain set to 100. Each condition was tested in triplicate, fluo-
rescence intensity was averaged and SD calculated. The per-
centage of TO/ThT displacement was derived similarly as
in Carvalho et al. (50), using the formula: Displacement (%)
= 100 —[100 x (FI - Fb)/(FIy — Fb)], where FI stands for
fluorescence with ligand, FIj for fluorescence without lig-
and and FDb for fluorescence of background.

Fluorescence measurements of ThT upon interaction
with RNA oligonucleotides were performed in a simi-
lar way as FID with ThT without addition of the tested
ligand.

Temperature-dependent absorption measurements and ther-
mal difference spectra

Temperature melting measurements were conducted in a
Varian Cary 4000 spectrophotometer (Varian, Mulgrave,
Australia). Whole absorption spectra were taken at each
temperature step (1°C) from 230 to 400 nm with a 1
nm step and 600 nm min' acquisition speed. Four con-
secutive temperature ramps were run between 23°C and
95°C with 1°C step (alternating denaturation and renat-
uration processes) and 2 min waiting time at each tem-
perature, giving an average temperature change of 0.25°C
min'. As a blank, a similar cell with only 1x IC buffer
was used. Absorbance spectra were recalculated to mo-
lar units similarly to CD spectra and molar absorbance
at 297 nm was plotted as a function of temperature
to give melting and annealing curves. These were dual-
baseline corrected with linear baselines fitting pre- and
post-melting parts of observed melting curves (51) and
melting temperatures (73,) were calculated as a tempera-
ture, where baseline-corrected molar absorbance is equal to
0.5.

Thermal difference spectra (TDS) were calculated as the
difference between molar absorption spectra measured at
95°C and at 23°C during the first temperature ramp of the
melting experiment in 1 x IC buffer.

Viruses and cell cultures

TBEYV strains Neudoerfl and Hypr, both members of the
West European TBEV subtype, were provided by the Col-
lection of Arboviruses, Institute of Parasitology, Biology
Center of the Czech Academy of Sciences, Ceske Bude-
jovice, Czech Republic, http://www.arboviruscollection.cz/
index.php?lang=en). All work with infectious TBEV was
performed in biosafety level 3 facility at the Veterinary
Research Institute, Brno, Czech Republic. Porcine stable
kidney (PS) cells, an immortalized cell line widely applied
for TBEV isolation and multiplication (52) were used as
a model cell line for antiviral and cytotoxicity cell-based
assays. All experiments based on the transfection of In-
fectious Subgenomic Amplicons (ISA) or viral RNA (see
below) were performed in BHK-21 cells (ATTC CCL-
10), because this cell line is highly susceptible to uptake
and/or recombine the transfected nucleic acid (53-55). The
cells were cultured in Leibovitz (L-15) medium (PS) and
Dulbecco’s modified Eagle’s medium (DMEM) (BHK-21)
supplemented with 3% (L15) and 10% (DMEM) newborn
calf serum and 100 U/ml penicillin, 100 pwg/ml strepto-
mycin and 1% glutamine (Sigma-Aldrich, Prague, Czech
Republic). BHK-21 cells were cultivated at 37°C in 5% COa,
whereas PS cells were cultured at 37°C in a normal atmo-
sphere (without CO, supplementation).

Cytotoxicity assay

To determine the cytotoxicity of G4 ligands, PS cells were
seeded in 96-well microtitration plates (2 x 10* cells/well)
and incubated for 24 h. After incubation, the test ligands
were added to the cells in a concentration range from 0 to 50
pM (three wells per compound in two independent experi-
ments) and the treated cells were cultivated for 48 h at 37°C.
Cytotoxicity was determined in terms of cell viability us-
ing the Cell Counting Kit-8 (Dojindo Molecular Technolo-
gies, Munich, Germany) according to the manufacturer’s
instructions and expressed as 50% cytotoxic concentration
(CCs, the amount required to cause a 50% reduction in cell
viability).
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Virus titer reduction assays

The antiviral efficacy of G4 ligands, which showed a low
cytotoxicity for PS cells (PDS, cPDS, NMM, TMPyP4,
hemin, 360A, PhenDC3, BRACO-19 and berberine), was
initially tested at a single concentration of 50 WM in PS cells
using a viral titer reduction assay. The cells were seeded in
96-well plates (approximately 2 x 10* cells per well) and in-
cubated for 24 h to form a confluent monolayer. Following
incubation the medium was aspirated from the wells and
replaced with 200 wl of fresh medium containing 50 wM of
the appropriate G4 ligand (three wells per compound in two
independent experiments) and inoculated with TBEV (Neu-
doerfl or Hypr) at a multiplicity of infection (MOI) of 0.1.
DMSO was added to virus-infected cells as a negative con-
trol at a final concentration of 0.5% (v/v). Viral titers were
estimated from the collected media using a plaque assay af-
ter 48-h cultivation. To study the dose-response antiviral ef-
fect of the selected G4-binding ligands (PDS, cPDS, NMM,
TMPyP4, PhenDC3 and berberine) the same experimen-
tal procedure was performed as described above with slight
modifications. Growth medium was aspirated from PS cell
monolayers, replaced with 200 wl of fresh medium contain-
ing the compounds from 0 to 50 wM and TBEV (strains
Neudoerfl or Hypr) at an MOI of 0.1 and cultivated for 48
or 72 h at 37°C. Viral titers were determined by plaque as-
says. Viral titer values obtained from the PS-based antiviral
assays at experimental interval 48 h.p.i. were used to con-
struct dose-dependent curves and calculate the 50% effec-
tive concentrations (ECs).

Plaque assay

Plaque assays were performed in PS cells to determine
TBEV titers as described previously (56,57). Briefly, 10-
fold dilutions of TBEV were prepared in 24-well tissue
culture plates and the cells were added to each well (0.6
1.5 x 10° cells per well). After a 4-h incubation, the sus-
pension was overlaid with 1.5 % (w/v) carboxymethylcellu-
lose in L-15 medium. Following a 5-day incubation at 37°C
the infected plates were washed with phosphate-buffered
saline and the cell monolayers were stained with naphtha-
lene black. The virus titer was expressed as plaque-forming
units (PFU)/ml.

Immunofluorescence staining

To measure the G4 ligand-induced inhibition of viral sur-
face antigen expression, a cell-based flavivirus immunos-
taining assay was performed as previously described (57).
Briefly, PS cells were seeded onto 96-well microtitration
plates to form a confluent monolayer. After a 24-h incuba-
tion, the cells were treated with G4 ligands at concentrations
of 0, 10 and 50 M then simultaneously infected with TBEV
strains Neudoerfl and Hypr at an MOI of 0.1 and cultured
for 48 h at 37°C. For NMM, concentrations of 0, 10 and 25
M were used. We did not use NMM at 50 wM due to ob-
servable changes in cell morphology and monolayer coher-
ence at this concentration. The experiment was performed
in triplicate. After cold acetone-methanol (1:1) fixation and
blocking with 10% fetal bovine serum we incubated the cells
with a mouse monoclonal antibody targeting the flavivirus

group surface antigen (protein E) (1:250; antibody clone
D1-4G2-4-15; Sigma-Aldrich, Prague, Czech Republic) and
labelled it with an anti-mouse goat secondary antibody con-
jugated with fluorescein isothiocyanate (FITC; 1:500) by
incubation for 1 h at 37°C. The cells were counterstained
with 4',6-diamidino-2-phenylindole (DAPI; 1 wg/ml) for
visualization of the cell nuclei and the fluorescence signal
was recorded with an Olympus IX71 epifluorescence micro-
scope. The level of viral antigen expression in the presence
of G4 ligands was quantified and expressed as a percentage
of infected (viral antigen expressing) cells relative to mock-
infected cells.

Quantification of viral RNA synthesis

The effect of G4 ligands (concentrations of 0, 10 and 50
pM; for NMM we used 25 pM instead of 50 wM) on vi-
ral genomic RNA replication efficacy was studied using
quantitative real-time PCR (RT-qPCR). RNA was isolated
from growth media supernatants using the QIAmpViral
RNA mini kit (Qiagen, Germantown, MD, USA) follow-
ing manufacturer’s instructions. RT-qPCR measurements
were performed on the LightCycler 480 II in a 96-well plate
block (Roche, Basel Switzerland) using the Advanced Kit
for Tick-borne Encephalitis (Genesig, Germantown, MD,
USA) and Lyophilized OneStep qRT-PCR (Oasig) follow-
ing manufacturer’s instructions. TBEV copy numbers/ .l
were calculated from calibration curves based on stan-
dards provided by the manufacturer (Genesig, German-
town, MD, USA).

Adhesion assay

The adhesion assay was used to distinguish whether the lig-
ands show an antiviral effect before entering the cell (inhi-
bition of viral adsorption/fusion) or act in the post-entry
phase. This assay was performed in PS cells seeded in 6-well
plates. Virus inoculum (10° PFU/ml, TBEV strain Hypr)
was pre-treated with PDS, cPDS, berberine, PhenDC3 (at
50 wM), or NMM (at 25 wM) for 1 h at 37°C then diluted to
100 PFU/ml and used to infect PS cells in 6-well plates for
1 h at 4°C. Following inoculation, the PS cells were washed
with PBS three times to remove the non-adsorbed virus and
then fresh medium with 1.5% carboxymethylcellulose was
added to the cells. After 5 days of incubation at 37°C, the
PS cell monolayers were stained with naphthalene black and
the plaque count was determined.

Transfection of viral RNA pre-treated with G4 ligands

Viral genome RNA from the TBEV strain Hypr was iso-
lated using a QIAmpViral RNA mini kit (Qiagen, German-
town, MD, USA) following manufacturer’s instructions.
The isolated RNA (a mixture of viral RNA and carrier
RNA from the QIAmpViral RNA mini kit, a total concen-
tration of 50 ng/wl) was incubated with selected G4 ligands
i.e. PDS and berberine at 0, 10, 50 and 200 uM or NMM at
0, 10, 25 and 200 wM for 1 h at 4°C. We also intentionally
used an extremely high ligand concentration (200 wM) to
make the effect as pronounced as possible. The other two
concentrations (10 and 25/50 wM) were the same as in the



previous cell-based experiments. The RNA-lipid complex
was prepared as follows: 1 wl of TransIT®-mRNA reagent
and 1 pl of mRNA Boost reagent from TransIT®-mRNA
Transfection Kit (Mirus Bio, Madison, WI, USA) was di-
luted in 50 pl Opti-MEM medium (Life Technologies) and
then mixed with 0.5 pl of isolated RNA pre-treated with
the corresponding G4 ligands. After a 5-min incubation at
room temperature, the mixture was added to BHK-21 cells
and incubated for 24 h at 37°C. Cell supernatant media were
then harvested and virus titer was determined by plaque as-
say.

Expression and purification of RNNA-dependent RNA poly-
merase from Japanese encephalitis virus (JEV RdRp)

The gene encoding JEV RdRp (GeneBank: NP_775674.1)
was synthesized as codon optimized for Escherichia coli and
was cloned into pET28b vector (European Virus Archive
goes Global, EVAg) containing N-terminal 6x His followed
by TEV cleavage site. The gene was expressed in E. coli (BL-
21 CodonPlus (DE3)-RIL) and purified using our protocol
optimized for viral polymerase (58). Cells were harvested
and the pellet was resuspended in a lysis buffer (50 mM
Tris—HCI pH 8.0, 20 mM imidazole, 500 mM NaCl, 10%
glycerol, 3 mM B-mercaptoethanol) and sonicated (Q700
Sonicator, QSonica). The lysate was removed by centrifu-
gation and the supernatant was incubated with Ni-NTA
agarose (Machery-Nagel), washed with lysis buffer and fi-
nally the protein was eluted with lysis buffer supplemented
with 300 mM imidazole. The 6x His-TEV tag was digested
using TEV protease at 4°C overnight. The protein was then
further purified by affinity chromatography using a HiTrap
Heparin HP column (GE Healthcare), followed by size ex-
clusion chromatography using a Superdex 200 16/600 (GE
Life Sciences) in 20 mM Tris pH 8.0, 800 mM NacCl, 10%
glycerol, 3 mM B-mercaptoethanol. Fractions containing
JEV polymerase were concentrated to 5 mg/ml, flash frozen
in liquid nitrogen and stored at —80°C.

Template and primer preparation for polymerase stop assays

DNA single strands (Table S1), containing TBEV-5 and its
mutated variants, denoted as positive, negative and super-
negative (see below) together with primer binding sites
and T7 RNA polymerase promoter, were acquired as syn-
thetic oligonucleotides (Merck). The double stranded form
was prepared by two-step PCR (30 cycles, 98°C/10 s de-
naturation and 45°C/30 s annealing + elongation) using
100 ng of single stranded template, forward (TAATAC-
GACTCACTA) and reverse (GCGTGTCTCG) primers
and PrimeStar GXL polymerase (Takara Bio Inc). PCR
products were purified by QIAquick columns (Qiagen)
into 50 wl of elution buffer. RNA templates (Figure 7A)
were prepared from the PCR products above using a HiS-
cribe T7 In Vitro Transcription Kit (New England Bi-
olabs) according to the provider protocol with 8 wl of
the PCR product as a template. RNA was purified us-
ing a Monarch RNA Cleanup Kit (New England Biolabs).
Primers (DNA d(GCGTGTCTCG) for SuperScript IV and
RNA GCGUGUCUCG for JEV RdRp) and DNA tem-
plate single strands (see above) were labelled by 2P us-
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ing y->P-ATP and T4 polynucleotide kinase (New Eng-
land Biolabs). Labelled DNA was purified using CentriSpin
columns (Princeton Separations) and the specific activity
was measured.

Reverse transcription by SuperScript IV

RNA templates (0.5 wM) were pre-incubated in Super-
Script IV buffer (ThermoFisher Scientific) together with
32P-labelled DNA primer (0.1 wM), dNTP mix (1 mM each)
and 50, 10 or 2 pM of selected G4 ligands in total vol-
ume of 10 pl for 3 min at 75°C. Samples labelled CTRL
were prepared in absence of G4 ligands. Samples were then
slowly cooled down to room temperature over 2 h. 0.4 pl of
SuperScript IV reverse transcriptase (ThermoFisher Scien-
tific) was added and the mixture was incubated for 60 min at
37°C. Reaction was stopped by adding 0.5 nl of 2 M NaOH
and by heating for 5 min at 95°C, which also ensured alka-
line hydrolysis of template RNA.

Synthesis of complementary strand by JEV RdRp

RNA templates (0.25 wM) were pre-incubated in JEV
RdRp buffer (5 mM Tris, pH 7.4, 10 mM DTT, 0.5% Tri-
ton X-100, 1% glycerol) supplemented with 2 mM MnCl,
and 50 mM KClI, together with *’P-labelled RNA primer
(0.05 wM), NTP mix (1 mM each) and 50, 10 or 2 uM of
selected G4 ligands in total volume of 20 wl for 3 min at
75°C. Samples labelled CTRL were prepared in absence of
G4 ligands. Samples were then slowly cooled to room tem-
perature over 2 h. 0.5 plof 7 wM JEV RdRp was added and
the mixture was incubated for 120 min at 37°C. MnCl, was
used instead of the natural MgCl, cofactor because it sub-
stantially increases the activity of the recombinant flaviviral
polymerases under the in vitro conditions, as reported (59—
61).

Denaturing PAGE of polymerase products and products
quantification

The generated DNA or RNA was purified by ethanol-
acetate precipitation, then dissolved in 2 wl of loading dye
(bromphenol blue and xylene cyanol in formamide), dena-
tured by heating for 5 min at 95°C and 1.5 pl (around 130
kcpm) was loaded onto a pre-heated 40 cm denaturing poly-
acrylamide gel (16% acrylamide mixture 29:1 mono:bis, 7 M
urea, 1 x TBE). Electrophoresis was performed in 1x TBE
for 90 min at 45 W. The gel was then exposed to a Phos-
phor imager screen for 15 h (SuperScript IV) or 2 h (JEV
RdRp) and the image was digitalized by a Typhoon FLA
9500 device. Observed lanes were background corrected by
subtracting the signal density average from the no-label re-
gion and the integrated density of each lane was normal-
ized to the same value. Relative fraction of full products in
each lane, corresponding to a manually chosen part, was
calculated. Relative ratio (in %) between tested samples and
CTRL was calculated.

Site directed mutagenesis of the TBEV-5 region

We used a reverse genetics system derived from TBEV
(strain Hypr) to construct recombinant TBEV bearing
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conformation-specific mutations in the TBEV-5 sequence
located in NS4b/NS5 genes. This reverse genetics system
was based on the generation of infectious subgenomic
overlapping DNA fragments that encompass the entire
viral genome as previously described (53-55). Three de-
novo synthesized DNA fragments cloned into a pUCS57
or a pCll (GenScript, Piscataway, NJ, USA) cover the
following parts in the TBEV genome: fragment I (nu-
cleotide position 1 to 3662), fragment II (nucleotide posi-
tion 3545 to 8043), and fragment III (nucleotide position
7961-11 100). The first and last fragments are flanked re-
spectively in 5 and 3’ with the human cytomegalovirus
promoter (pCMYV) and the hepatitis delta ribozyme fol-
lowed by the simian virus 40 polyadenylation signal
(HDR/SV40pA).

Fragments I, II and III were used as templates to
generate the overlapping amplicons following the orig-
inal ISA method (53). Unmodified primers (Table S2)
were used to generate three unmodified amplicons (i.e.
production of wild-type virus). Mutated primers located
on the targeted region (TBEV-5) of fragment II (Ta-
ble S2) were used to generate two mutated amplicons,
i.e. fragment Ila and Ilb; these mutated fragments to-
gether with unmodified fragments I and III were used
to produce three mutated viruses, denoted as the positive
(T7653G/G7656A/T7659G/T7665G/T7671G), nega-
tive (G7656A/GT7662A/G7677A), and super-negative
(G7656A/G7662A/G7670C/G7677A) TBEV mutants
(Figure 10B). In comparison with wild-type (WT), the
positive G4-specific TBEV mutant was designed to fold
a highly stabilized G4 in the TBEV-5 sequence, whereas
the negative and super-negative mutants had a decreased
or completely eliminated ability to form G4 in TBEV-5.
ISA fragment amplification and BHK-21 transfection
were performed, as described previously (55). Cell su-
pernatant media were then harvested and titers of the
recombinant viruses were determined by plaque assay.
The presence of mutations in the genome of the ob-
tained mutant viruses was verified by sequencing (Sanger
method).

Growth kinetics of recombinant G4-specific TBEV mutants

To evaluate the growth kinetics of the obtained G4-specific
TBEV mutants, PS cells incubated for 24 h in 96-well plates
were infected with the recombinant wild-type virus or with
the positive, negative or super-negative TBEV mutants at
an MOI of 0.1. The growth kinetics of the positive TBEV
mutant was further compared with that of the wild-type
virus at a 10-fold lower MOI (0.01). The growth medium
was collected from the wells daily on days 1 to 7 p.i. (three
wells per interval). Viral titers (expressed as PFU/ml) were
determined by plaque assay and used to construct TBEV
growth curves. Plaque assays were also used to compare the
plaque morphology of the mutated TBEV with that of the
wild-type virus. After a 168-h cultivation in PS cells, viral
RNA was isolated as described above and the presence of
conformation-specific mutations in the TBEV-5 region of
the individual mutated viruses verified by the Sanger se-
quencing method.

Sensitivity studies of G4-specific TBEV mutants to G4 lig-
ands

In order to study the sensitivity / resistance of the recom-
binant viruses mutated in the TBEV-5 region to the se-
lected G4 ligands, 200-p.1 portions of fresh medium con-
taining PDS or berberine at concentrations ranging from
0 to 50 wM were added to PS cell monolayers, infected with
TBEYV wild-type or with mutated variants (the positive, neg-
ative and super-negative TBEV mutants) at an MOI of 0.1,
and incubated for 24 and 48 h. The medium was then col-
lected from the wells and the viral titers were determined
by plaque assay. The obtained viral titer values were used
to construct dose-response curves, to assess the replication
capacity of the mutated viruses in the presence of PDS or
berberine and to compare the replication fitness of G4-
specific TBEV mutants with that of the wild-type virus.

RESULTS AND DISCUSSION

Identification of potential G4 sites in the TBEV genome and
its complement

The TBEV genome consists of one molecule of RNA, i.c. a
single-strand, with a positive (coding) polarity that directly
serves as a template for viral genome transcription and
polyprotein translation. For purposes of G4 as a translation
regulator or as a structural element in genome organization,
only the coding strand needs to be analyzed. However, the
negative strand is formed later in the viral life cycle to serve
as a template for genome strand amplification; thus, the
negative strand-G4 might influence viral RNA replication.
Therefore, we analyzed the presence of potential G4 motifs
in both positive (coding) and negative (anticoding, comple-
mentary) TBEV genome RNA strands to directly obtain
sequences with potential G4-mediated function for subse-
quent biophysical and biological studies and to show their
conservation, which is considered a strong indicator of the
G4 role. Overall analysis of G4 content in all known viruses
and its relationship to virus pathogenicity was already re-
ported (5,62). In contrast to these studies, we employed
a combination of several G4-search algorithms, namely
QGRS mapper (26), pgsfinder (27), G4 Hunter (28) and
G4RNA screener (29), because various search algorithms
identify quadruplexes using different conditions such as op-
timal G4 pattern (QGRS mapper, pgsfinder) or G to C
ratio and tract length (G4Hunter, G4RNA screener) (63).
Briefly, pattern-based algorithms (i) identify preferentially
intramolecular G4, but (ii) cannot penalize cytosines that
outcompete guanines in WC-pairs instead of Hoogsteen-
hydrogen bonds in guanine tetrads; (iii)) GC-based algo-
rithms compensate for cytosines, but (iv) give a high score to
oligo-G sequences unable to form intramolecular G4. None
of the algorithms will automatically discard G4-prone se-
quences neighboring C-blocks that might outcompete G-
blocks in Watson—Crick base pairs, as evaluated for the
TBEV-1b sequence below, with sufficient efficacy and man-
ual check of the hits needed to be performed. The analy-
sis was performed using the genome sequence of the TBEV
strain Neudoerfl (NCBI ref seq. NC_001672.1 or U27495.1,
sequences are identical), which consists of 11 141 nt with
31.73% guanine and 22.04% cytosine content.



With a 40-nt maximum total length in QGRS mapper
and pgsfinder, we did not observe any region within positive
or negative RNA able to theoretically form a three or more-
tetrad intramolecular quadruplex. Two-tetrad monomolec-
ular RNA quadruplexes were predicted to be stable by the-
oretical methods (64) and our ongoing research supports
their existence. It should be noted that the formation of
their DNA counterparts strongly depends on additional
stabilizing elements (capping base pairs or triads) result-
ing from primary sequence (65). However, direct experi-
mental evidence of such RNA quadruplexes still has not
been obtained. In the positive strand we observed 47 non-
overlapping hits with QGRS mapper at threshold 19; 18 hits
with pgsfinder at threshold 26; 18 hits with G4 Hunter at
threshold 1.49 and 14 hits with G4 Screener (Figure 1). For
hits identified by G4 Screener, we selected sequences with a
score above the respective threshold (40 for cGceC, 1.49 for
G4Hunter and 0.9 for G4NN) for at least two out of the
three incorporated algorithms. The thresholds, dimension-
less relative values, were set based on algorithm author rec-
ommendations or empirical comparisons with experimen-
tal data. In most cases, sequences predicted by G4Hunter or
G4RNA Screener were predicted by QGRS mapper but not
vice versa. We observed six sequences that were predicted
by all four algorithms. Only one of them, TBEV-5, overlaps
with some of the G4 sequences identified to be conserved
within the genus Flavivirus, namely with NS5-A (15). We
took all six predicted sequences for subsequent studies to-
gether with the TBEV-3 sequence which was predicted only
by pattern-based algorithms. The TBEV-1b sequence is a 3'-
extended variant of TBEV-1 that includes a native neighbor-
ing five-cytosine block. The observed sequences are listed in
Table 1.

With the same search algorithms settings and thresh-
olds, applied on the complementary i.e. negative strand,
we observed only four non-overlapping hits with QGRS
mapper, one hit with pgsfinder that overlaps with a QGRS
mapper identified hit, one hit with G4 Hunter that is dis-
tinct from QGRS mapper/ pgsfinder hits and one with G4
Screener, overlapping the G4 Hunter hit (Supplementary
Figure S1). Thus, even under relatively mild conditions,
we did not identify any potential quadruplex-forming site
within the sequence complementary to the TBEV reference
genome.

Conservation of TBEV-selected G4 sites within the Flavivirus
genus and among TBEYV strains

We then checked the conservation within the Flavivirus
genus (Figure 2), in terms of propensity to form G4, of
regions both identified by us and those previously re-
ported (15). G4 conservation was evaluated using the
G4HunterTable utility (30), with extended sequences of in-
terest selection on aligned genomes (see MM section). Se-
quences identified in (15) were taken as reported in associ-
ated SI, leading to lengths between 80 and 130 nucleotides.
Sequences identified by us in the TBEV reference genome
were extended by 20 nucleotides at each end to give a final
length between 60 and 70 nt. We chose this approach, in-
stead of selecting the part of the sequence with the highest
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score, to integrate the potential effect of additional neigh-
boring G- and C-tracts. Sequence length is also the rea-
son why the values reported in Figure 2 are lower than
the 1.49 score, generally accepted for stable G4. The vary-
ing lengths of selected sequences limits the possibility of
direct comparison between various sequences and so only
one sequence between different species or strains should be
compared.

All the potential G4 regions identified previously (15)
have a more or less conserved propensity to form G4 among
the whole Flavivirus genus. Out of the G4 regions identi-
fied by us on a reference TBEV genome (NCBI ref seq.
NC_001672.1) only the extended variant of TBEV-5 has rel-
atively conserved G4-formation tendency among the whole
Flavivirus genus (Figure 2). The G4-propensity of regions
corresponding to other TBEV regions is significantly con-
served only among tick-borne flaviviruses. TBEV-7 is lo-
cated within the variable region of the 3’ UTR, which is
not present in all TBEV genomes, and its propensity to
form G4 is more or less independent of phylogeny within
the Flavivirus genus. The region around TBEV-3 shows a
G4Hunter score close to zero due to the extension that leads
to the incorporation of the Cg tract at 5’ proximity to the
G4 site. G4Hunter scores of regions around TBEV-1 are re-
duced as well, compared to those observed above in a search
mode, for a similar reason.

Similar to our approach to members of the Flavivirus
genus above, we aligned 204 genomes of TBEV strains, pre-
pared a rough phylogenetic tree and followed the propen-
sity to form G4 of regions identified by us by calculating
the G4Hunter score (Figure 3B). Sequences of extended
TBEV regions, with a frequency of individual nucleotides
in the TBEYV set at specific positions, represented as RNA
sequence logos, are shown in Figure 3A. The significant dif-
ferences in G4Hunter scores are often the result of single
nucleotide substitutions mostly inside contiguous G (neg-
ative effect on G4Hunter score) or C (positive effect on
G4Hunter score) tracts. A significantly higher G4Hunter
score for TBEV-4 in the European TBEV strains, especially
compared with the Siberian subtype, is given by the pres-
ence of G or A at positions 7386 and 7392 (NCBI ref seq.
NC_001672.1), potentially altering the G4 formation prob-
ability. Contrastingly, the lower G4Hunter score observed
for the region around the TBEV-1 site of European strains
is due to C occurring at positions 149 and 173 of the refer-
ence genome. The Far East and Siberian strains have in one
or both positions U. In this case, the potential effect of par-
ticular nucleotides at the respective positions is not directly
mediated by altering G4 but by altering the cytosine tract
potentially outcompeting the guanines from G4 to a hair-
pin structure. These two effects of nucleotide variability at
specific positions might quantitatively differ in real RNA:
G4 is probably more sensitive to a disrupted continuous
G4-tract than Watson-Crick base pairs-stabilized hairpin to
disruption of continuous C-tract. In the case of the TBEV-
5, used for subsequent interaction studies (see below), the
dominant part of the variability in G4hunter score among
TBEYV strains is given by G/A substitutions disrupting two
G-tracts, one in the middle of the studied region and one at
3" end (Figure 3A).
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Figure 1. Localization of G4 (black labels with arrows on top) in tick-borne encephalitis virus (TBEV) genome (NC_001672.1) predicted using QGRS
mapper (red), pgsfinder (green), G4 Hunter (orange) and G4 RNA Screener (blue). Yellow arrows in the second lane represent conserved G-rich regions
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Figure 2. Phylogenetic tree of Flavivirus genus with distinguished main subgroups (left) and heat map representing G4-scores (right), calculated using
G4HunterTable, for conserved potential G4 fragments identified by Fleming ez al. (15) (first set) and by us (second set). Missing values for TBEV-7
correspond to genomes with missing primary sequence of this region in the database. The color coding ranges from red (score -1.5) through white (score

0) to green (score 1.5).

Biophysical properties of selected TBEV G4

Next, we experimentally verified the G4 formation
of RNA sequences identified in the previous chapter
on synthetic oligonucleotides using CD and UV ab-
sorption spectroscopy and native PAGE. As a positive
control oligonucleotide that forms regular intramolec-
ular three-tetrad parallel G4, we chose the sequence
AAUGGGUGGGUGGGUGGGUAA (R-psG4), giving
CD spectrum with a dominant positive peak at 263 nm
with molar CD values around 180 M~! ecm™! and negative
CD peak around 240 nm, indicating parallel G4 (Figure
4). R-psG4, however, does not melt in 1x IC buffer below
90°C and the absorbance remains almost constant during
temperature increase (Supplementary Figure S2). For each

TBEYV oligonucleotide, we also designed a negative control
of the same length with several guanines substituted by
other bases (Table 1). All seven TBEV sequences (Table 1)
produced in 1x IC buffer CD spectra with a positive peak
around 263 nm (Figure 4A, C). The CD spectra of the
TBEV-4 and to some extent also TBEV-7 correspond to the
positive control and the spectra of TBEV-1, 2, and 5 have a
similar shape but are reduced in the dominant positive peak
at 263 nm. All these spectra significantly differ from that
observed in low salt conditions (ImM sodium phosphate
buffer, pH 7), where we do not expect formation of any sta-
ble secondary structure, especially a guanine quadruplex.
The addition of 1x IC buffer thus induces some kind of
conformational change that corresponds to the formation
of a parallel quadruplex. The negative controls of TBEV-1,
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Figure 4. CD spectra (A, C), denaturation/renaturation curves (B, D) and fluorescence upon incubation with thioflavin T (E) of TBEV and control
oligonucleotides. (A, C) CD spectra were measured in 1 mM sodium phosphate buffer, pH 7 (dotted black) and in 1x IC buffer (solid black). Red solid
CD spectra correspond to reference oligonucleotide R-psG4. Red dashed CD spectra correspond to mutated variants of particular TBEV sequences.
(B, D) Renaturation (empty circles) and denaturation (full circles) curves expressed from the absorbance at 297 nm, normalized to 0-1 scale using dual-
baseline correction. Observed Tden/Tren are shown. n.d. — values could not be determined. E: Fluorescence (in arbitrary units) of thioflavin T (ThT) upon
incubation with TBEV oligonucleotides and their mutated variants in 1x IC buffer at room temperature.

2,4, 5 and 7 provide CD spectra with significantly lowered
263 nm positive peaks with amplitudes close to the ones
of wild-type sequences in low salt conditions (Figure 4A,
C). CD spectra of TBEV-3 and TBEV-6 in 1x IC buffer
have a low positive peak at 263 nm, differing in shape from
the positive control, and the spectra are close in shape
and amplitudes both to those observed in 1mM sodium
phosphate buffer and to the respective negative controls.
We suppose that there was only a limited formation of
G4 for these oligonucleotides at the conditions we used,

thus the TBEV-3 and TBEV-6 are not suitable sequences
for subsequent analyses. G4 formation of all wild-type
sequences is supported by the sigmoidal melting profiles
observed at 297 nm by absorption spectroscopy, from
which melting temperatures were calculated (Figure 4B,
D). The melting profile of TBEV-4 is, however, incomplete,
due to extreme stability of the TBEV-4 quadruplex and
the melting temperature could not be calculated. Such
sigmoidal profiles are missing for the negative control
oligonucleotides in the same conditions (Supplementary



Figure S3). All sequences with a high positive peak at 263
nm i.e. TBEV-1, 2, 4, 5 and 7, have melting temperatures
close to or above 50°C and a significant negative TDS band
at 297 nm, typical for some unusual secondary structures
of nucleic acids including guanine quadruplexes (Supple-
mentary Figure S4). TBEV-3 and TBEV-6 have melting
temperatures much lower and at ambient temperature a
significant fraction of unfolded oligonucleotides might
exist (Figure 4B, C). Also, their thermal difference spectra
show only a small negative peak around 297 nm, compared
to other TBEV G4 supporting the reduced G4-formation
propensity (Supplementary Figure S4). TBEV-2 and
especially TBEV-4 show hysteresis between melting and
annealing curves, indicating the presence of intermolecular
G4 rather than a slowly forming intramolecular species.
Native polyacrylamide gel electrophoresis (Supplemen-
tary Figure S5) provides smeared bands for most of the
wild-type variants, indicating a mixture of different species
in fast dynamic equilibrium. In the case of TBEV-2 and
TBEV-4 the fraction of intermolecular species is much
more significant, which makes them unsuitable for subse-
quent analyses. Based on the results of CD and melting
experiments we expect that the negative controls do not
form any stable secondary structure and thus they migrate
as monomolecular species according to their length. The
dominant bands of all wild-type oligonucleotides migrate
either faster or at the same speed as the respective negative
controls, indicating the formation of monomolecular
species. For TBEV-6 we observed two electrophoretic
bands corresponding to the monomolecular species. We
assigned one band to G4 and the other to an unfolded
species. All oligonucleotides mentioned above induce ThT
fluorescence upon co-incubation, supporting G4 formation
and no significant ThT fluorescence was observed upon
interaction with any negative control oligonucleotide
(Figure 4E). The ThT fluorescence intensity positively
correlates with the stability of G4 and with the ability
to form a monomolecular structure. As we mentioned in
the first chapter of the Results section, the presence of a
neighboring cytosine tract close to the potential quadru-
plex forming site might reduce the G4 formation ability,
which might not be reflected by G4-search algorithms. We
thus selected a 3’ extended variant of TBEV-1 (TBEV-1b)
involving a native five-cytosine block close to the G4 (Table
1). TBEV-1b provides a high positive CD peak around
265 nm of similar amplitude as the positive control, but at
210 nm provides a significant negative CD signal that was
not observed for any of the above-mentioned wild-type
oligonucleotides (Supplementary Figure S6). Such a shape
of CD spectrum is usually attributed to the presence of
double-helical DNA or RNA A-form (66). TBEV-1b does
not provide a sigmoidal melting profile at 297 nm, typical
for guanine quadruplexes, but we also did not observe a
clear sigmoidal melting profile of TBEV-1b around 260 nm
indicating the melting of an A-form structure (Supplemen-
tary Figure S6). TBEV-1b does not induce significant ThT
fluorescence, which supports the absence of G4 formation.
This 3’ extended variant of TBEV-1 therefore does not
form guanine quadruplexes, however, we cannot confirm
our hypothesis that the neighboring cytosine tract might
outcompete guanines necessary for G4 formation into an
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alternative A-DNA structure. The inability of TBEV-1b to
form G4 might thus be the result of a destabilizing effect
of the significant 3’ sequence extension, irrespective of
cytosine content, when compared to TBEV-1.

For subsequent studies, we chose fragment TBEV-5 be-
cause (i) TBEV-5 is localized in the part of the genome
coding viral NS5 protein with methyltransferase and RNA-
dependent-RNA-polymerase activities, both crucial for
TBEV RNA genome replication; (i) TBEV-5 is present and
conserved not only among various TBEYV strains but also
among the members of the Flavivirus genus (while TBEV-7
is missing for some strains); (iii) TBEV-5 forms a stable (in
contrast to TBEV-3 or TBEV-6) mainly monomolecular (in
contrast to TBEV-2 or TBEV-4) quadruplex and (iv) TBEV-
5 is not adjacent to any cytosine-rich tract which could po-
tentially disrupt G4 formation (in contrast to TBEV-1).

Interaction of TBEV-5 and its non-G4-forming variant with
known G4 ligands

Next, we studied the interaction of TBEV-5 with several
reported G4 ligands, namely N-methyl mesoporphyrin IX
(NMM) (42,43), TMPyP4 (42,44), ThT (36), CV (38), TO
(37), CX-5461 (48), 360A (47), PDS (33), cPDS (45,46),
PhenDC3 (35), hemin (34), berberine (41), BRACO-19 (39)
and aloe-emodin (40). We first used the TO fluorescence dis-
placement assay (37,49), further accompanied by absorp-
tion spectroscopy and G4 stabilization assay (Figures 5 and
6). The combination of several assays was used because (i)
the ligands might have different modes of interaction with
G4, which could influence the results of the FID assays; (ii)
for absorption titration, only several ligands give suitable
absorption bands that are not affected by RNA presence,
i.e. are localized at wavelengths longer than 310 nm and (iii)
vice versa, some ligands absorb around 297 nm, which af-
fects the G4 stability determination.

The FID assay was initially performed at | puM RNA,
with either TBEV-5 or its non-G4 variant TBEV-5mut, 2
wM TO and 5 pM tested ligand. It should be noted that
we observed a significant fluorescence of TO in the pres-
ence of TBEV-5mut, reaching around 40% of the TO flu-
orescence in the presence of TBEV-5 (Supplementary Fig-
ure S7A). This indicates low selectivity of TO for G4 struc-
ture, at least in the case of RNA G4. Moreover, TO proba-
bly causes G4 distortions as shown by CD at 5-time excess
of TO to RNA (Supplementary Figure S7B). For compari-
son, we performed an FID assay also with ThT as a probe.
ThT is very selective for G4, with only minimal fluorescence
in the presence of TBEV-5mut, and neither distort existing
G4 of TBEV-5 nor induce G4 formation by TBEV-5mut.
For most ligands, the results of the FID assay with TO
and ThT are comparable (Figure 5A). For TMPyP4, 360A
and PhenDC3, we observed almost 100% displacement of
the probe, indicating excellent TBEV-5 binders. BRACO-19
displaces 60-80% of the probe, 50-70% displacement was
observed for NMM and 20-40% for CV, CX-5461, PDS,
cPDS and hemin. Aloe-emodin did not significantly dis-
place ThT. Generally, ThT is displaced to a greater extent
than TO. Interestingly, berberine displaced around 50% of
ThT but did not displace TO. The reciprocal experiment
showed that TO almost entirely displaces ThT in TBEV-5
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Figure 6. Molar UV absorption spectra of ligand (4 wM) with increasing concentration of TBEV-5 RNA in the ligand absorption region, measured at
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spectrum from the reverse experiment, where ligand was titrated into RNA corresponding to 1:5 ligand to RNA ratio.

G4 but ThT does not displace TO at all, indicating TO as
a stronger binder than ThT but with limited G4 selectivity
(see above). We did not observe any significant fluorescence
of TBEV-5 or TBEV-5mut alone or with any of the used
ligands in the absence of TO or ThT at respective settings.
In the next step, we followed the absorbance of lig-
ands in the visible light region upon titration with TBEV-
5 and TBEV-5mut RNA (Figure 6). In the visible region,
where there is no absorbance interference of the RNA, only
NMM, TMPyP4, ThT, CV, TO, 360A, Hemin and berber-
ine provide significant absorption bands and so titration
data of only these ligands are presented. For CV titration,
we did not observe isosbestic points that are associated
with the presence of two spectral components belonging to
free and bound ligands at different ratios. Moreover, the
ligand-RNA interaction-induced changes in absorption of
TO and, in the case of TBEV-5mut, hemin are quite com-
plex. TBEV-5 binds all tested ligands at 4 wM concentration
at the micromolar range (Figure 6) with TMPyP4 reaching
50% TBEV-5 saturation at lowest concentration, thus being
the best binder. However, a control experiment with TBEV-
Smut, which does not form G4, showed that TMPyP4, TO,

and 360A provide similar titration curves and thus bind
non-specifically. We identified NMM, ThT, berberine and
hemin as ligands that specifically bind G4, though the con-
centration necessary for 50% saturation of TBEV-5 G4 is
higher than in case of TMPyP4, indicating lower binding
affinity. A reverse experiment where the ligand was gradu-
ally titrated into a fixed amount of RNA (Supplementary
Figure S8) confirmed these results. The absorption spectra
of the fully bound ligand (Figure 6) were observed during
the reverse experiment at which the ligand to RNA ratio was
around 5 to 1. Precise determination of the dissociation con-
stant and binding stoichiometry for all ligands was impos-
sible due to the complex absorbance changes upon titration
of some ligands with TBEV-5 or insignificant absorbance
changes after titration with mutated variant TBEV-5mut at
the selected ranges of concentrations.

After the titration experiments we measured CD spec-
tra of TBEV-5 and TBEV-5mut in the presence of ligands
(Supplementary Figures S8 and S9) to see whether the lig-
ands disrupt G4 formed by TBEV-5 or support G4 forma-
tion, possibly also in the case of TBEV-5mut. For the RNA-
to-Ligand experiment (Figure 6), the final ratio of ligand
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to RNA was 1 to 2, whereas for the Ligand-to-RNA ex-
periment (Supplementary Figure S8), the final ratio of lig-
and to RNA was 5 to 1. For simplicity, we express only
CD at 263 nm (Figure 5B). At 5-times ligand excess, all
ligands except berberine and, to a lesser extent, ThT, CV,
and PDS, decrease CD at 263 nm, indicating G4 structure
alterations. The effect is most pronounced for TMPyP4,
TO, and PhenDC3. At 1:2 ligand to RNA ratio, only small
changes in CD were observed. Ligands do not cause signif-
icant changes in the CD of TBEV-5mut that could be at-
tributed to induction of the G4 formation (Supplementary
Figure S9).

Finally, we determined the stability of TBEV-5 G4 in
the presence of interacting ligands. At 5-times molar excess
of ligand, mild stabilization, represented by an increase in
Tm up to 3.5°C, was observed only for NMM, ThT and
berberine, i.e. ligands previously identified as specific G4
binders (Figure 5C). 360A seems to significantly increase
Ty as well but the melting curve is partially distorted and
the observed stabilization is not convincing. The other lig-
ands either destabilize TBEV-5 or cause a strong distortion
of melting curves, as in the case of BRACO-19, CX-5461,
PhenDC3, TO, cPDS, aloe-emodin and TMPyP4. At 1:2
ligand to RNA ratio, all ligands except PDS and BRACO-
19 moderately increase melting temperature by no more
than 5°C. We did not observe any sigmoidal melting curves
expressed from the absorbance at 297 nm for TBEV-5mut
in the presence of any of the tested ligands (Supplementary
Figure S10). This confirms the CD data and indicates that
none of the ligands can induce G4 formation on the altered
sequence.

Recently, BRACO-19 and TMPyP4 were shown to specif-
ically interact with RNA G4 derived from the Nipah virus
(67) and ZIKV genomes (17). The reported specificity of
TMPyP4 towards RNA G4 contrasts with our results (Fig-
ure 6).

Activity of flaviviral RNA-dependent RNA polymerase in the
presence of G4 ligands and on mutated TBEV-5 templates

The generally expected mechanism of action of the G4 lig-
ands is based on the stabilization of viral genomic G4s,
which impedes the progress of viral polymerase and causes
viral replication errors. We therefore tested the effect of
selected G4 ligands of flaviviral RNA-dependent-RNA-
polymerase, in our case derived from the Japanese en-
cephalitis virus, to synthesize the complementary strand.
For this study, we limited the repertoire of used ligands,
based on the results presented in the previous chapter, to:
NMM, which is a selective and good G4 binder; PDS and
cPDS, both excellent G4 binders according to the FID as-
say; berberine, reported antiviral compound with modest
G4-binding ability and good selectivity; PhenDC3, a very
strong G4 binder and TMPyP4, the most widely used G4
ligand as a reference with excellent G4 affinity, though G4
non-specific. All ligands were tested at 50, 10 and 2 pM
concentrations. Besides the wild-type template (WT) con-
taining the TBEV-5 sequence, we prepared for the experi-
ment three mutant variants (Figure 7A). The positive mu-
tant has four U to G substitutions and one G to A, re-
sulting in a sequence with a G3NG4N4G3NGj; pattern that

is able to form a three-tetrad G4 of substantial thermo-
dynamic stability (68). The negative mutant has three G
to A substitutions, compared to the wild-type, resulting in
a G,NG;N;G,NG; pattern, still theoretically able to fold
into a two-tetrad monomolecular G4. The repertoire of
codons for glycine, however, does not allow the introduc-
tion of more G4-destabilizing mutations. Positive and neg-
ative mutants code for synonymous codons as wild-type and
therefore do not alter the amino acid sequence of the subse-
quent translation product. The super-negative mutant con-
tains one more G to C substitution, compared to the nega-
tive, resulting in further disruption of one G2 block but at
the expense of the change of a codon from Gly to Ala. It
has to be noted that even though the synonymous codons
code for the same amino acid, the usage of these codons,
as well as the amount of corresponding tRNAs etc. might
differ. This should not affect the in vitro polymerase stop as-
say but might somehow influence subsequent biological as-
says. As a reference experiment, we performed an analogous
polymerase stop assay involving commercial reverse tran-
scriptase (RT) SuperScript I'V that was described to stall on
RNA G4 in template strands (69). The activity of enzymes
is measured as a ratio of full product of the new strand syn-
thesis to the total labelled DNA or RNA and normalized
to the control experiment with no ligand.

Using a wild-type template we observed around 1% of
labelled primer extended by polymerase into a full prod-
uct RNA (Figure 7B, Supplementary Figure S11 and S12).
All tested ligands significantly inhibited RdRp synthesis of
RNA in a concentration dependent manner (Figure 7C,
Supplementary Figure S11). PhenDC3, PDS, cPDS and
TMPyP4 reduce the activity to <10% of the no-ligand con-
troleven at 2 wM ligand concentration. NMM decreases the
activity to around 15% at 50 and 10 wM and 35% at 2 pM.
Berberine has strong inhibitory effect only at 50 wM con-
centration but at 10 and 2 M >50% of the RdRp activity
is retained. In control experiment with reverse transcriptase,
we observed with wild-type template around 30% of labelled
primer converted into a full product DNA (Figure 7D, Sup-
plementary Figure S13 and S14). The reverse transcription
experiment confirmed the most pronounced inhibitory ac-
tivity of PhenDC3 ranging from a reduction to <10% at 50
M ligand to 40% at 2 wM and a modest inhibitory effect
of PDS and cPDS between reduction to <10% and 25% at
50 pM of PDS or cPDS, respectively and 60-70% at 2 pM
ligand (Figure 7E, Supplementary Figure S13). NMM and
TMPyP4 inhibits reverse transcriptase only at 50 uM and
berberine does not inhibit RT even at 50 wM concentration.
TMPyP4 at 50 wM concentration causes the formation of a
smear on denaturing PAGE of the RdRp products that pre-
vents correct quantification of the RdRp activity. We did
not observe any such smear on the denaturing PAGE of RT
products.

Using a positive template led to almost complete inhibi-
tion of full product synthesis by RdRp, even in the con-
trol experiment (Figure 7B), i.e. irrespectively of the pres-
ence of any ligand. In the case of reverse transcription on
the positive template, we observed a reduction of full prod-
uct ratio from 40% to 15%, i.e. by more than 50%, com-
pared to the wild-type template (Figure 7D). Moreover, the
RT on the positive template is much more sensitive to the
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Figure 7. Fraction of full products of the polymerization reaction using four different templates (A), catalyzed by Japanese encephalitis virus RARp (B and
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presence of ligands. We observed a reduction in full prod-
uct synthesis to less than 20%, compared to no-ligand con-
trol, for all samples except the lowest (2 wM) concentration
of NMM, PDS, cPDS and berberine. The results of RARp
on negative and super-negative templates are quite similar.
We did not observe significant change in full product frac-
tion, compared to the wild-type template (Figure 7B). Inter-
estingly, PhenDC3 still almost completely inhibits the ac-
tivity of RdRp on both templates which might indicate in-
hibitory effects unrelated to the formation of G4 though no
significant effect of PhenDC3 on HCV RdRp when using a
non-G4 template has been reported (12). Compared to the
wild-type template, all other ligands have a much lower in-
hibitory effect on RdARp synthesis at 10 and 2 wM concen-
tration but still almost fully prevent RNA synthesis at 50
wM. The RdRp inhibitory effect is lowest in case of berber-
ine and NMM where the ratio of full product reaches 70—
100% of the control. Reference experiments with RT (Fig-
ure 7E) confirmed the strong inhibitory effect of PhenDC3
even at 10 wM concentration and PDS at 50 wM. cPDS and
TMPyP4 significantly inhibits RT only at 50 wM, but at 10
and 2 wM concentrations no reduction or even increase of
full product synthesis was observed. NMM and berberine
did not inhibit RT even at 50 pM concentration on nega-
tive and super-negative templates. Interestingly, with RT we
observed significant increase in full product fraction with
negative template but not with the super-negative one, when
compared to the wild-type template (Figure 7D).

Because the TBEV is a typical vector-borne pathogen, we
took into account that TBEV replication occurs not only
at 37°C in mammal hosts, but also at a considerably lower
temperature in tick cells. We tested the RdRp activity also
at 28°C and 20°C and we added two RNA templates that
were derived from TBEV-3 and TBEV-6 regions (Supple-
mentary Figure S15A); i.e. representing quadruplexes with
lower thermodynamic stability, compared to TBEV-5 wild-
type. First, our RdRp cannot efficiently synthesize RNA
at 20°C (Supplementary Figure S12 and S15B). At 28°C
the fraction of full product RNA is still reduced, com-
pared to the reaction performed at 37°C, but the relative
ratio of full product RNA between reaction with wild-type,
positive, negative and super-negative template is similar to
that at 37°C. Interestingly, the template derived from the
TBEV-3 region does not allow efficient synthesis of RNA
with RdRp even at 37°C. Control experiment with reverse
transcriptase (Supplementary Figure S14 and S15C), how-
ever, clearly shows that TBEV-3 template allows synthe-
sis of DNA. We thus hypothesize that the TBEV-3 tem-
plate, or the nascent product might form and alternative
structural motif that can be efficiently overcome by re-
verse transcriptase but not by flaviviral RdARp. TBEV-6 de-
rived template behaves comparably to the TBEV-5 wild-type
one.

In conclusion, our results indicate that the activity of fla-
viviral RdRp is strongly inhibited by the presence of G4 and
can be further modulated by small-molecule ligands. The
ability of G4 ligands to inhibit RdARp activity does not cor-
relate with the G4 selectivity of the ligands but with their
ability to bind RNA, including non-G4-forming variants.
This might indicate G4-nonspecific inhibitory effects.

The effect of G4-ligands on TBEYV replication

Based on our observation that the studied G4 ligands inter-
acted with G4s derived from the TBEV genome sequence,
we next explored their ability to suppress TBEV replica-
tion in cell-based systems. To study the biological proper-
ties of G4 ligands, we firstly evaluated the influence of the
ligands on cell viability to determine their cytotoxicity for
PS cells. Cytotoxicities of the G4 ligands were studied after
48-h cultivation in the presence of the compound concen-
tration range of 0-50 wM. Notably, TO and CV displayed
the highest cytotoxicity of all compounds tested and were
characterized by CCsg values <2 uM (Figure 8A, Table 2).
Relatively high cytotoxicities were also observed for CX-
5461 and ThT, which showed CCs, values of <15 wM (Fig-
ure 8A, Table 2). These compounds were therefore excluded
from further antiviral analyses. The observed cytotoxicities
could be ascribed to a low selectivity of G4 ligands toward
viral versus cellular G4s; these compounds could bind and
(de)stabilize cellular G4s resulting in a significant decrease
in cell proliferation and metabolic activity. A low selectivity
of G4 ligands results from their molecular structure: most
G4 ligands are composed of a large planar aromatic core
that stacks on the G tetrad, reducing the probability of dis-
crimination / recognition among different G4s (4). On the
other hand, PDS, cPDS, NMM, TMPyP4, hemin, 360A,
PhenDC3, BRACO-19, berberine and aloe emodin exerted
good cytotoxicity profiles when used for PS cell treatment
and their CCs, values exceeded the highest tested concen-
tration (>50 pM) (Figure 8A, Table 2). Notably, we de-
termined that PS cells treated with 50 wM of NMM dis-
played observable changes in cell morphology and in me-
chanical monolayer cohesion, although the metabolic ac-
tivity and viability of the cells were not altered. Based on
this finding, we used a maximal NMM concentration of
25 uM for all further in vitro experiments (apart from 50
pM as it was used for other G4 ligands). The G4 ligands
with no/negligible cytotoxicity were selected for subsequent
studies of ligand-mediated anti-TBEV activity.

A series of ten G4 ligands previously observed to show
low cytotoxicity for PS cells was initially evaluated for their
anti-TBEV potency in PS monolayers. In this initial screen-
ing, all compounds were tested against two TBEV strains
Neudoerfl and Hypr, at a single concentration of 50 WM
48 h.p.i. We observed that hemin, 360A, BRACO-19 and
aloe emodin (at 50 wM) showed no virus inhibition effects
in vitro (Figure 8B). Our results with BRACO-19 contrast
with results observed for the ZIKV virus, another member
of the Flavivirus genus (17) where BRACO-19 was reported
to decrease ZIKV virus titers at 100 wM concentration sig-
nificantly. It is likely that these G4 ligands display poor cel-
lular up-take into PS cells, as reported for numerous com-
pounds having high molecular weights and/or protonated
side chains on their molecules (4). Alternatively, they could
be rapidly inactivated/degraded by cellular catabolism en-
zymes. As such, these mechanisms could be attractive tar-
gets for further investigation.

In contrast, PDS, cPDS NMM, TMPyP4, PhenDC3 and
berberine suppressed replication of both TBEV strains,
which corresponded to a decline of viral titers 10? to 10%-
fold compared with control cells (Figure 8B). The most sub-
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Table 2. Antiviral and cytotoxicity properties of G4-ligands incubated with virus-infected PS cells for 48 h.p.i.

Neudoerfl Hypr SI (CCsp/ECsp)
G4-ligand ECso [uM] *P 95% CI ECs [uM]*P 95% CI CCsp [nM] 2 95% CI Neudoerfl Hypr
PDS 2.94 2.80 to 3.09 1.29 0.94 to 1.77 >50 - >17.01 >36.76
cPDS 4.45 3.40 to 5.82 5.52 4.92106.20 >50 - >11.23 >9.05
NMM 0.01 0.005 to 0.028 0.02 0.021 to 0.023 >50 - >5000 >2 500
TMPyP4 N.D4 - N.D.4 - >50 - - -
Hemin >50 - >50 - >50 - >1 > 1
360A > 50 - >50 - >50 - >1 >1
PhenDC3 5.77 4.82t0 6.91 5.68 4.74 t0 6.81 >50 - >8.66 >8.08
BRACO-19 >50 - >50 - >50 - >1 >1
Berberin 1.26 1.08 to 1.48 1.57 1.51to 1.64 >50 - >39.68 >31.84
Aloe emodin >50 - >50 - >50 - >1 >1
CX5461 e - e - 14.14 12.20 to 16.39 - -
ThT e - e - 10.56 9.18 to 12.14 - -
TO N.D." N.D." - 1.80 1.431t02.28 N.D. N.D.
Ccv N.D." ND.f - <1.60 - N.D. N.D.

2Determined from three independent experiments.

bExpressed as a 50% reduction in viral titers and calculated as inflection points of sigmoidal inhibitory curves, which were obtained by a nonlinear fit of transformed
inhibitor concentrations versus normalized response using GraphPad Prism 7.04 (GraphPad Software, Inc., USA).
“Expressed as a 50% reduction in cell viability and calculated as inflection points of sigmoidal viability curves, which were obtained by a nonlinear fit of transformed

inhibitor concentrations versus normalized response, see >

dWe were not able to evaluate the anti-TBEV effects of TMPyP4 accurately. Repeated virus cultivations in the presence of TMPyP4 provided extremely variable

results that were not consistent enough to calculate the exact ECs, values.

“No antiviral effect was observed at the lowest non-cytotoxic concentration of 5 wM.
Antiviral activities of TO and CV were not determined, as both compounds were highly cytotoxic (reduction of cell viability by >50%) in the tested concentration

range (1.6-50 n.M).
N.D.; not determined

stantial anti-TBEV effect was observed for NMM (ECs
in nanomolar values; Table 2); this compound completely
suppressed TBEV replication at 1.6 wM. Anti-TBEV activ-
ities of PDS and berberine were in low micromolar levels
with the ECsy values ranging from 1.2 to 2.9 pM for both
studied TBEV strains. Anti-TBEV activity for PDS, berber-
ine, and NMM became stable over time and was observ-
able in both experimental intervals, 48 and 72 h.p.i. (Fig-
ure 8C and D). Other G4 ligands, cPDS and PhenDC3,
showed ECsy values around 5 pM. However, both com-
pounds exerted only partial inhibitory effects on virus repli-
cation being manifested by virus titer decrease by 1.5 to
3 orders of magnitude at the highest concentration tested
(50 uM). Anti-TBEYV effects of cPDS and PhenDC3 gradu-
ally disappeared or dropped significantly at 72 h.p.i. Unfor-
tunately, we were not able to evaluate the anti-TBEV effects
of TMPyP4 accurately. Repeated virus cultivations in the
presence of TMPyP4 provided highly variable results that
were not consistent enough to calculate the exact ECs, val-
ues (Table 2).

Furthermore, the anti-TBEV effects of G4 ligands iden-
tified in viral titer inhibition assays were confirmed by im-
munofluorescence staining, which was used to evaluate the
expression of TBEV surface E antigen in the infected cells
(Figure 9A-D). The E protein was highly expressed in virus-
infected mock-treated cells; approx. 30% and 60% of virus
antigen expressing cells were observed in Neudoerfl- and
Hypr-infected cells, respectively (Figure 9A-D). The rela-
tively low percentage of virus antigen expressing cells can
be attributed to the fact that the virus antigen expression
was monitored at the time interval of 48 h.p.i. In this time
interval, the inhibitory effects of G4 ligands were very well
observable but this time was not enough for the virus to

spread to all the cells in the monolayer. This was particu-
larly true for the TBEV Neudoerfl strain which is, moreover,
characterized by a considerably lower replication capacity
compared with the TBEV Hypr strain (70). In contrast, we
detected a highly reduced or completely suppressed viral
protein E expression in cell monolayers treated with PDS,
cPDS, berberine and PhenDC3 at concentrations of 10 and
50 wM, and with NMM at the concentration of 10 and 25
pM at 48 h.p.i. (approx. 5% and 2% of infected cells ob-
served for ligand concentrations 10 and 25/50 wM, respec-
tively, Figure 9A-D).

The inhibitory effect of the G4 ligands on TBEV replica-
tion was further demonstrated on a TBEV RNA level using
RT-qPCR. All studied compounds (at concentrations of 10
and 50 wM, for NMM at concentrations of 10 and 25 wM)
caused a dose-dependent reduction of viral RNA copies in
the infected cell culture at 48 h.p.i. The strongest inhibitory
effect was demonstrated for NMM (a complete inhibition of
RNA synthesis at 25 wM for both TBEV strains) whereas
the weakest inhibitory activity was observed in berberine,
which, however, reduced numbers of viral RNA copies by
about 40% for Hypr and 25% for Neudoerfl (Figure 9E, F).
Our results clearly show that the studied G4 ligands have a
direct effect on TBEV RNA replication.

We further tested the anti-TBEV activity of PDS, cPDS,
berberine, PhenDC3 (at 50 puM) and NMM (at 25 wM) us-
ing an adhesion assay to demonstrate in which step of the
viral replication cycle the G4 ligand-mediated inhibitory
effect is exerted (Supplementary Figure S16). This assay
should distinguish the compounds differing in a mecha-
nism of antiviral action which can thus be divided into two
groups: 1) compounds affecting the virus adsorption/fusion
and 2) compounds acting inside the infected cells and im-
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Figure 9. Inhibition of TBEV surface antigen expression and viral RNA synthesis by G4 ligands. (A, B) Fluorescence staining of PS cell culture infected
with the TBEV Neudoerfl (A) and Hypr (B) strain at a MOI of 0.1 in the presence of G4 ligands at the indicated concentrations. PS cells were fixed on slides
at 48 h post-infection, stained with mouse flavivirus-specific antibody as a primary antibody, and anti-mouse goat secondary antibody conjugated with
with FITC (green) and counterstained with DAPI (blue). Scale bars, 200 wm. (C, D) The level of TBEV Neudoerfl (C) and Hypr (D) antigen expression
in the presence of G4 ligands was quantified and expressed as a percentage of infected (viral antigen expressing) cells relative to mock-infected cells. Mean
percentage of infected cells from two independent experiments are shown and error bars indicate the standard errors of the mean (n = 3). (E, F) The effect
of G4 ligands on TBEV Neudoerfl (E) and Hypr (F) RNA copy numbers was studied using quantitative real-time PCR (RT-qPCR). The mean viral RNA
copy numbers/pl are shown and error bars indicate standard errors of the mean (Neudoerfl: n = 15 for controls, n = 3 for individual ligand-treated samples;

Hypr: n = 30 for controls, n = 6 for individual ligand treated samples).
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pairing virus replication/assembly machinery. This assay
revealed that the antiviral action of PDS, cPDS, berber-
ine, and PhenDC3 (at 50 wM) takes effect in the post-
entry/fusion phase of the viral replication cycle (mechanism
2) (Supplementary Figure S16). The mode of action of PDS
was recently studied also by Zou et al. (18) showing that
PDS is involved in the ZIKV replication period rather than
entry which is in agreement with our observations. To con-
firm these results, we performed the transfection of the iso-
lated viral RNA pre-treated with the selected ligands (i.e.
berberine and PDS at 0, 10, 50, and 200 wM). We hypothe-
sized that if the ligand interacts directly with the viral RNA
then the transfected viral RNA pre-treated with the ligand
has a decreased capacity to be replicated, transcribed or
translated to form viable viral particles, being manifested by
a decrease in viral titers. Indeed, after transfection of viral
RNA pre-treated by berberine or PDS we observed a par-
tial (for berberine at 0-200 wM and for PDS at 10 pM) or a
complete (for PDS at 50 and 200 wM) suppression of infec-
tious viral particle formation (Supplementary Figure S17).
These results support our previous findings that berberine
and PDS showed anti-TBEV activity based on the ligand-
viral RNA interaction. This mechanism of action can also
be expected for cPDS and PhDC3.

On the other hand, the adhesion assay showed that
NMM (at 25 pwM) caused virus inhibition prior to the
entry/fusion steps of the viral replication cycle (mechanism
1) (Supplementary Figure S16). This is not surprising as
porphyrins with negatively charged/polar site chains were
previously demonstrated to incorporate into liposomes
(71,72) and viral envelopes to act as viral entry/fusion in-
hibitors (73-76). However, it is interesting that when we
transfected the viral RNA pre-treated with NMM at 25 and
200 wM, no viable viral particle formation was observed
(Supplementary Figure S17). We can speculate that NMM
could have multiple modes of antiviral action; 1) this com-
pound blocks the viral entry/fusion machinery and also 2),
when crossing the plasmatic membrane, interacts with viral
RNA and suppresses viral genome replication. The latter
hypothesis (the antiviral activity of NMM based on ligand-
viral RNA interaction and G4 stabilization) was supported
by our biophysical results as well as by biochemical methods
based on the reverse-transcriptase and/or flaviviral RdRp
stalling assays. It should also be noted that porphyrins were
previously described to recognize various molecular targets
(76) and their biological activities can be associated, in ad-
dition to interacting with G4s and viral/liposomal mem-
branes, also with heme metabolism impairment and heme
oxygenase inhibition (77-79) and photodynamic inactiva-
tion of pathogens via reactive oxygen species generation
(80-82).

Other examples of multiple modes of action for G4 lig-
ands were reported for berberine and related benzyliso-
quinoline alkaloids, which were described not only to in-
teract with nucleic acids and inhibit nucleic acid synthe-
sis and reverse transcriptase activity (83), but also could
regulate signaling pathways based on MEK-ERK, NF-kB
and AMPK/mTOR, which are necessary for viral replica-
tion (84). The multiple mode of action was recently demon-
strated also for PDS. This compound, in addition to the G4
stabilization, interacts with ZIKV NS2B-NS3 protease and

reduces its catalytic activity (18). Taken together, molecular
mechanisms of antiviral activities for many G4 ligands ap-
pear to be more complex, making it difficult to link and cor-
relate directly the results obtained using biophysical, bio-
chemical, and biological methodological approaches.

Phenotype properties of recombinant TBEV mutated in the
TBEV-5 region

To address the question if G4 structures are relevant to
virus replication, a site-directed mutagenesis approach
(Figure 10A) was used to introduce conformation-specific
mutations into the TBEV-5 sequence of recombinant
TBEV variants (Figure 10B). The selected mutations
reflect those used for an in vitro study of flaviviral RdRp
in the previous chapter on TBEV-5 sequence (Figure 7A).
Thus, after transfection of the subgenomic fragments
into permissive BHK-21 cells, the following recom-
binant TBEV variants (G4-specific TBEV mutants)
were successfully rescued: 1) the positivee TBEV mu-
tant (T7653G/G7656A/T7659G/T7665G/T7671G)
forming a highly stabilized quadruplex within
the TBEV-5 sequence. 2) The negative mutant
(G7656A/G7662A/G7677A) with an impaired ability
to fold TBEV-5 quadruplex. 3) The super-negative mutant
(G7656A/GT7662A/G7670C/G7677A) with a completely
abolished TBEV-5 quadruplex formation. Finally, 4) the
recombinant wild-type virus with no introduced mutations
in the TBEV-5 sequence (Figure 10B). As mentioned above,
all mutations were synonymous and their introduction did
not result in amino acid substitution apart from the only
exception of the G2A amino acid substitution in the NS5
gene of the super-negative mutant. This substitution was,
however, necessary for the complete destabilization of the
TBEV-5 quadruplex. As G2A represents a substitution for
a structurally /functionally similar amino acid and because
it is located outside of the methyltransferase or RdRp
active sites we are convinced that this change does not
significantly affect the NS5 activity.

To characterize the phenotypic properties of the obtained
G4-specific TBEV mutants in vitro, the growth kinetics and
plaque morphology of the recombinant mutated viruses
were assayed in PS cells and compared with wild-type (Fig-
ure 11). The recombinant wild-type virus amplified in PS
cells (MOI of 0.1) showed a short lag period within the inter-
val from 0 to 18 h p.i. Starting 24 h p.i., the wild-type TBEV
exerted an exponential increase in virus infectivity reaching
a peak titer of 4.2 x 10 PFU/ml within 72 h p.i. and grad-
ually declining thereafter (Figure 11A).

The positive mutant cultured in PS cells at MOI of 0.1
showed a substantially decreased replication fitness (Fig-
ure 11A), which was manifested by viral titers 1-1.5 or-
ders of magnitude lower than the wild-type within the in-
tervals 24-96 h p.i. After 96 h of cultivation in PS cells,
the positive TBEV mutant reached a peak titer of 4.6 x 10°
PFU/ml. The strongly altered replication fitness of the pos-
itive TBEV mutant was even more pronounced, when PS
cells were infected with this mutated virus at MOI of 0.01
(Figure 11B). Importantly, the decreased replication capac-
ity of the positive TBEV mutant resulted also in dramatic
changes in plaque morphology; this mutated virus formed
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turbid (cloudy) and indistinct plaques, compared with large
and clear plaques of the wild-type (Figure 11C). The se-
quence analysis of the positive TBEV mutant revealed the
partial reverse of the mutated TBEV-5 sequence to the wild-
type genotype, as both mutated and reverted genotypes
were identified in RNA samples isolated from the super-
natant media after a 168-h cultivation of the positive TBEV
mutant in PS cells (Supplementary Table S3). The reverted
genotype was determined in one from three analyzed RNA
samples and, moreover, in this RNA sample the reversals
occurred only in the positions T7653G, T7659G, T7665G
and T7671G. The mutation at position 7656 was retained.
These observations clearly indicate that the high stabiliza-
tion of the TBEV-5 G4 resulted in a strong impairment of
the viral replication, which could be explained by the in-
hibitory effect of the stabilized G4 on the RdRp-directed
RNA replication process, as was also demonstrated using
the flaviviral RdRp stalling assays (see above). Thus, the
positive TBEV mutant population was subject to a selec-
tion pressure which led to the gradual elimination of the
G4-stabilizing mutations and to the restoration of the wild-
type genotype configuration, when the mutated virus was
cultivated for 168 h in cell culture.

The growth kinetics of the negative mutant was almost in-
distinguishable from the wild-type virus (Figure 11A). After
a lag period (0-18 h p.i.) the negative TBEV mutant entered
an exponential replication phase and reached a peak titer of
1.8 x 10° PFU/ml at 96 h p.i. At the end of the experiment
(at 168 h p.i.), the virus titer dropped to 2.0 x 10* PFU/ml.
The plaque morphology of the negative mutant was simi-
lar to that of the wild-type virus; both recombinant viruses
produced large and clear plaques which were round and reg-
ular in shape and did not change in shape and size during all
cultivation experiments (Figure 11C). Interestingly, the neg-
ative TBEV mutant maintained the introduced mutations
during the whole cultivation experiment (for 168 h); in all
analyzed RNA samples only the mutated genotype was de-
tected (Supplementary Table S3). It is evident that destabi-
lization of the TBEV-5 G4 in the negative TBEV mutant did
not affect the virus replication significantly and, therefore,
there was no/negligible selection pressure to eliminate the
mutated TBEV-5 sequence and revert to the wild-type geno-
type. We suppose that the mutagenesis of multiple quadru-
plex forming sequences located in multiple viral genes could
lead to more pronounced changes in viral replication fitness.
This will be a subject of our future research.

The replication fitness of the super-negative TBEV mu-
tant was also similar to that of wild-type (Figure 11A). The
similarity in replication kinetics was most pronounced at
the intervals of 0 to 48 h p.i. The super-negative TBEV mu-
tant reached the peak titer of 5.6 x 10° PFU/ml at 48 h
p.1. In later phases of cultivation in PS cells, the replication
of the super-negative TBEV mutant gradually declined to
4.3 x 10* PFU/ml. The plaque morphology of the super-
negative mutant was indistinguishable from plaques formed
by the negative mutant and wild-type (Figure 11C). No-
tably, a complete reversion to the wild-type genotype was
observed, after the super-negative TBEV mutant was cul-
tured in PS cells for 168 h (only mutation G7677A was re-
tained in one of the analyzed samples, Supplementary Ta-
ble S3). The extensive impairment to fold G4 in TBEV-5 was
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probably highly disadvantageous for virus replication in cell
culture and therefore, there was a strong selection pres-
sure to completely eliminate the introduced conformation-
specific mutations afterwards. The rapid reversion to the
wild-type genotype could also explain the similar pheno-
type properties of the super-negative mutant and the wild-
type virus.

Finally, we investigated the sensitivity of the G4-specific
TBEV mutants to two selected G4 ligands (PDS and berber-
ine, concentration range from 0 to 50 wM). We examined
the dose-dependent effect of both ligands on virus repli-
cation at two cultivation periods (24 and 48 h p.i.). The
growth curves of the negative and super-negative TBEV mu-
tants cultivated in the presence of PDS exerted very simi-
lar shapes and slopes as that of the wild-type (Figure 11D,
E). Replication of the three recombinant viruses were com-
pletely inhibited at the compound concentration of 6.3 uM
at 24 h p.i. and 50 uM at 48 h p.i., demonstrating no sub-
stantial differences in sensitivities of the negative and super-
negative TBEV mutants and wild-type to PDS. These re-
sults are not surprising given that the replication fitness of
the negative and super-negative mutants are similar with that
of the wild-type virus. In a sharp contrast, however, the
positive mutant exhibited an increased sensitivity to PDS
compared to the wild-type virus and to both negative and
super-negative mutants. At 24 h p.i. virus replication was
completely suppressed even at the minimal PDS concentra-
tion tested (0.2 wM). The increased sensitivity of the positive
TBEV mutant was clearly apparent also after a 48-h cultiva-
tion; the growth curve of the positive mutant had a markedly
steep slope and the mutated virus was completely inhibited
at the PDS concentration of 6.3 pM (Figure 11D, E). Sim-
ilar results, although less pronounced, were obtained also
when the mutated viruses and the wild-type TBEV were cul-
tured in the presence of berberine at both cultivation inter-
vals (24 and 48 h p.i.) (Figure 11F, G).

CONCLUSIONS

In this study, we predicted seven potential G4 forming se-
quences in the RNA genome of TBEV located in the C,
NS1, NS4b and NS5 genes and the 3-UTR. The ability
to form stable monomolecular G4 was confirmed by bio-
physical methods for five of the potential G4 forming se-
quences. All observed G4s were parallel stranded. With the
NS4b/NS5 derived G4 (TBEV-5), the best hit in terms of
phylogenetic conservation and G4 properties, we observed
strong interactions with selected small molecule-based G4
ligands, which were later demonstrated to show low cyto-
toxicity and potent antiviral efficacies against TBEV in cell-
based systems. PDS, cPDS, NMM, TMPyP4, PhenDC3
and berberine also caused the suppression of viral surface
E protein expression and the decrease in viral RNA copy
numbers in virus-infected PS cell culture. While PDS and
berberine showed detectable antiviral effects only in the late
phase of the TBEV life cycle, NMM exerted an inhibitory
effect also in the early steps (entry/fusion) of TBEV repli-
cation. Thus, it is evident that even well-characterized G4-
binding ligands can affect different stages of the viral repli-
cation cycle and may recognize multiple viral/host molec-
ular targets, other than G4s alone. The observed antiviral



4598 Nucleic Acids Research, 2022, Vol. 50, No. 8

effect of such compounds could then be the result of partial
inhibition processes at different levels of the viral replication
cycle. Moreover, the TBEV mutant forming a highly stabi-
lized monomolecular TBEV-5 quadruplex (the positive mu-
tant) showed a substantially decreased replication capabil-
ity, altered plaque morphology and increased susceptibility
to selected G4 ligands. From the mechanistic point of view,
the alterations in TBEV phenotype mutated in the TBEV-5
region can be explained by the G4-mediated inhibition of vi-
ral RNA synthesis, as also demonstrated using the in vitro
flaviviral RdRp stalling assay. In contrast, the TBEV mu-
tants with destabilized TBEV-5 quadruplexes (the negative
and super-negative mutants) showed no phenotype differ-
ences compared with the wild-type virus. The super-negative
mutant, moreover, exerted a rapid reversal to the wild-type
genotype. Our results indicate that there is a stability thresh-
old for G4 sequences located in the RNA genome of TBEV
and that mutational shift from this stability threshold to
form strongly (de)stabilized G4s is severely penalized, either
by viral replication fitness decrease or by rapid reversion
back to this optimal level of G4 stability. The findings of
our study represent a solid base for new directions in the
drugability of tick-borne encephalitis, present G4s in the
TBEV RNA genome as prospective targets for novel small
molecule-based drugs, which bind G4 structures, alter their
stability and disrupt the viral replication cycle.
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