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Two SARS-COV-2 RNA sequences form a duplex and
self-associate to form a dimeric G-quadruplex. These results
provide the basis for the elucidation of SARS-COV-2 RNA
function, which provides new insights into developing novel
antiviral drugs against SARS-COV-2.
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The infectious disease coronavirus 2019 (SARS-CoV-2) is caused by
a virus that has RNA as its genetic material. To understand the
detailed structural features of SARS-COV-2 RNA, we probed the
RNA structure by NMR. Two RNA sequences form a duplex and self-
associate to form a dimeric G-quadruplex. The FrG nucleoside was
employed as a '°F sensor to confirm the RNA structure in cells by
19F NMR. A FRET assay further demonstrated that the dimeric
G-quadruplex resulted in RNA dimerization in cells. These results
provide the basis for the elucidation of SARS-COV-2 RNA function,
which provides new insights into developing novel antiviral drugs
against SARS-COV-2.

The infectious disease coronavirus 2019 (SARS-COV-2) is caused
by a positive-sense, single-stranded RNA virus belonging to the
family of enveloped coronaviruses (CoVs)." The genomic RNA
acts as messenger RNA (mRNA) and can be directly translated
into viral proteins, including spike (S), envelope (E), membrane
(M) and nucleocapsid (N) proteins.

Guanine-rich sequences in RNA form G-quadruplex structures,
which were recently shown to exist in human cells.> RNA G-quad-
ruplexes are widely used as essential biological regulators, especially
in transcriptional control, translation processes and telomere
homeostasis.®> Therefore, G-quadruplexes have been identified as
promising therapeutic targets.* For example, we and other groups
have demonstrated that telomeric RNA G-quadruplexes are formed
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Shiyu Wang,+® Yi Song,#* Zhiyong He,? Hisao Saneyoshi,® Rie Iwakiri,” Pengyu Xu,”
¢ Xiaogang Qu

€d and Yan Xu (D *@

in human cells and play an important role in providing a protective
structure for telomere ends.” It is also suggested that RNA G-
quadruplexes exist in some viruses and regulate the life cycle of
viruses.® Bioinformatics analysis of the SARS-COV-2 RNA sequence
suggests that there are several potential sequences that could form
an RNA G-quadruplex.” Defining the structural features of SARS-
COV-2 RNA will be essential to understanding the molecular details
of this virus and further identifying candidate drugs and treatments.

To achieve this goal, we revealed the detailed structure of the
human SARS-COV-2 RNA sequence 5-UGGCUGGCAAUGGCGGU-3’
(ORN-1) located in the open reading frame region of the nucleo-
capsid gene by "H-NMR investigation (Fig. 1 and 2). The imino
region of the "H NMR spectrum of ORN-1 in the presence of K is
shown in Fig. 2a. One set of imino proton resonances suggests one
main conformation. Imino protons resonating in the range of 12.0-
13.5 ppm are typical of Watson-Crick base pairs, and those at
approximately 11.0 ppm are characteristic of Hoogsteen base pairs,
such as G:G, indicating that the structure formed by ORN-1 is far
more complex.

The 2D NOESY spectrum was further used in the assignment of
protons to determine the structural characteristics of SARS-COV-2
RNA (Fig. 2b-f). A continuous set of sequential H6/H8-H1' NOE
connectivities could be traced, as shown in Fig. S1, ESL.f The NOE
peaks of G2H8/C8H5, G2H1/C8NH,, G6H1/C4NH,, and G13H1/
C14NH, were observed and allowed unambiguous identification
of G2:C8, G6:C4 and G13:C14 Watson-Crick base pairs.
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Fig. 1 Scheme of 17-mer RNA located on the region of the nucleocapsid
gene from 28902 to 28918 in the SARS-COV-2 RNA genome.
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Fig. 2 'H NMR spectrum investigating dimeric G-quadruplex formation.
(@) 1D-NMR spectrum of 17-mer RNA ORN-1 in 90% H,0O/10% D,O solution
containing 100 mM KCl and 10 mM K-phosphate. (b), (c) and (d) indicate
imino-amino, imino-H8, imino-H5 and imino-H1" regions of the 2D NOESY
spectra of 17-mer RNA ORN-1 in 90% H,0/10% D,O solution containing
100 mM KCl and 10 mM K-phosphate. The cross peaks were indicated by red
arrows as above. (e) Imino-imino region of the 2D-NOESY spectrum of ORN-
1in the presence of 100 mM KCl and 10 mM K-phosphate. (f) H8-H1" region
of the 2D-NOESY spectra of G3, G7 and G15. Intraresidue H8-H1’ cross peaks
indicate that the three rG residues were syn conformation. (g) Schematic
structure of ORN-1 5/-U1GZG3C4USGGG7C8A9A10U]_1612613C14615G16U17-3/,
where color boxes represent bases. (h) Ribbon view of the higher order
structure. rG residues in tetrads were colored as red.

Correspondingly, U1:A9 also exists in the conformation through
analysis of the relative cross peaks of U1H1/A9H8. Relative NOE
peaks of mismatch U17:U11 were observed, as indicated by
U17H1/U11H1’ (Fig. 2b-d and g and Fig. S1, ESIf). A G-tetrad
consisting of G3:G7:G15:G12 was observed and proven by the NOE
peaks of G3H1/G7NH,, G7H1/G15H8, G12H1/G15NH, and G15H1/
G12NH, (Fig. 2c and d), consistent with the imino NOE connection
G12H1/G15H1 (Fig. 2e), which revealed the formation of a G-tetrad.
The syn-glycosidic conformations of G3, G7 and G15 are supported
by the observation of the strong presence of intraresidue H8/H1’
NOEs (Fig. 2f). Interaction signals of adjacent nucleosides near the
G-tetrad framework were also discovered. For example, the NOE
cross peaks of G2H1/A9NH,, G2H1/G7H1, G6H1/G3NH,, G7H1/
C4H5, and G7H1/C4H1' were observed and obviously indicate
G3:G7 of the G-quartet in the middle of G2:C8 and G6:C4
(Fig. 2b-e). On the other side of the G-tetrad, G12H8/U17H1’,
G12H1/G16NH, and G12H1/C14NH, were observed and demon-
strate that G15:G12 was caught between G13:C14 and U11:U17
(Fig. 2c and Fig. S1, ESIt). U5 is bulged out in the intercalation
region, adopting a looped-out conformation (Fig. S3, ESIt). All
results demonstrated significant evidence for the formation of a
unique architecture constructed by dimeric RNA (Fig. 2g, h and
Fig. S2, ESIT). Next, a RNase T1 footprinting assay (Fig. S4, ESIT)
was studied.® RNase T1 catalyzes cleavage at rGs in single-stranded
RNA but not rGs that are involved in secondary structure. The rGs
were protected by a higher-order structure against scission by
RNase T1 in the presence of 100 mM Na* and K' compared with
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the condition without ions. We performed the ESI-MS experiment
to further analyze ORN-1. As shown in Fig. S5, ESL,} ions near m/z
[1875.0580] were interpreted as [2M + 6Cl~ + 3NH," — 3H'°".
These results indicate the presence of a dimeric structure of ORN-1
with a mass of MW x 2 and consistently support the formation of
dimeric G-quadruplexes.

CD experiments were performed on ORN-1 in the presence
of K" or Li" ions (Fig. S6, ESIt). The CD spectrum of ORN-1 in
the presence of K" ions displayed the characteristic CD features
of dimeric G-quadruplexes, including a positive peak at 270 nm
and a negative peak at 240 nm, identical to those reported for
dimeric G-quadruplexes.” On the other hand, the CD spectrum
of ORN-1 in the presence of Li" ions exhibited a single positive
peak at 265 nm, suggesting the presence of a non-G-quadruplex
structure for ORN-1. CD melting study revealed a Tm value of
51 °C for the folded RNA architecture of ORN-1 in a 100 mM KCl
solution, indicating its stability. However, no discernible Tm
value was observed for ORN-1 in the presence of Li" ions.
Moreover, a comparison with the NMR spectra of ORN-1 in
K" or Li" indicated that ORN-1 is essentially unstructured in Li"
(Fig. S7, ESIt). Similarly, the gel electrophoresis assay yielded
consistent results, showing a band with high mobility in the
presence of Li" ions (Fig. S8, ESIt). The CD spectra exhibited
nearly identical structural features for 5, 10, and 100 pM ORN-1.
With increasing RNA concentrations, a slight increment in the
Tm value was observed (Fig. S9a and S9b, ESIt). No hysteresis is
observed for ORN-1 (Fig. S9c, ESIY).

We next investigated whether G-quadruplex ligands can
stabilize the dimeric structure. PDP, as a pyridostatin deriva-
tive, is an ideal alternative whereas certain pyridostatin deriva-
tives have been reported to exhibit capacity to bind dimeric
G-quadruplexes.’® Here, a significantly increased thermal sta-
bility of the dimeric G-quadruplex with PDP at physiological
ionic strength was found, demonstrating the binding of PDP to
dimeric RNA (Fig. S10, ESI¥).

To provide additional evidence supporting the formation of
dimeric G-quadruplex structures, we synthesized a mutated
RNA (mutant-RNA1) in which we replaced G16 with adenosine.
The CD spectrum of mutant-RNA1 exhibited structural character-
istics consistent with ORN-1 in the presence of K' ions, while an
unfolded structural profile was observed in the presence of Li"
ions. Furthermore, the CD melting curve indicated the presence
of a stable structure with Tm of approximately 51 °C in K'. In
contrast, mutant-RNA1 displayed a fragile structural state in the
presence of Li* ions (Fig. S11, ESIt). Native gel electrophoresis
was employed, and the corresponding results revealed the
presence of a slower-migrating band of mutant-RNA1, similar
to that of ORN-1, in the presence of K" ions. Conversely, a band
with higher mobility was observed in the presence of Li" ions for
mutant-RNA1 (Fig. S12, ESIt). Moreover, the imino proton NMR
spectrum demonstrated distinct resonances in mutant-RNA1,
which closely resembled the spectrum of ORN-1 (Fig. S13, ESIT).
Conversely, no discernible proton signals were evident in the
presence of Li' ions. This observation strongly indicates the
formation of a G-quadruplex structure by mutant-RNA1. This is
consistent with the substitution of G16 with adenosine

This journal is © The Royal Society of Chemistry 2023
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disrupting the formation of the intramolecular monomeric
G-quadruplex while having no effect on the intermolecular
dimeric G-quadruplex.

As a complementary approach, we synthesized mutant-RNA2
by replacing crucial guanines involved in G-quartet formation
and G:C base pairing, excluding G16, with adenosines (Fig. S14
and S15, ESIf). Our observations revealed that mutant-RNA2
did not exhibit characteristic signals in the CD spectrum, nor
did it produce any discernible resonances in the imino-proton
spectra when exposed to either K or Li" ions. Furthermore, in a
native gel electrophoresis experiment comparing ORN-1 with
mutant-RNA2, ORN-1 displayed a lower mobility (Fig. S12b and
S16, ESIT). These consistent findings provide further confirma-
tion that dimeric G-quadruplex formation is primarily driven by
intermolecular G-quartets and G:C base pairs, with G16 not
playing a role in this process.

Next, we synthesized a longer RNA (ORN-3) which extends
from 3'- and 5'-termini of ORN-1 and investigated its structural
feature (Fig. S17, ESIY). The CD spectrum of ORN-3 in K' shows a
positive peak at 270 nm and a negative peak around 240 nm,
demonstrating dimeric G-quadruplex formation. In contrast, ORN-3
is found to be a single strand similar to ORN-1 in the presence of Li"
ions. The CD melting assay reveals the presence of a stabilized
structure in ORN-3, as evidenced by a Tm value of 43 °C. Further-
more, the imino proton spectrum obtained from NMR analysis
shows almost identical resonances as those observed in ORN-1,
whereas no imino proton signals were observed from ORN-3 in Li*
(Fig. S18, ESIt). Furthermore, the native gel electrophoresis assay
indicates a lower mobility from ORN-3 in K compared with Li"
(Fig. S19, ESIY). Similar results were also observed from ORN-3 in a
mixture of K" and Li" (Fig. S20, ESIT). These results consistently
indicate that ORN-3 possesses a dimeric G-quadruplex structure in
the presence of K ions.

Furthermore, a competing assay was employed to investigate
the structural stability and interaction of ORN-1 and ORN-3
with other RNAs. We performed a native gel electrophoresis
assay by adding telomere RNA r(UAGGGU), into the ORN-1
solution (Fig. S21, ESIt). The results showed distinct bands
representing ORN-1 and r(UAGGGU),, and no additional band
appeared when the two were mixed together at different ratios.
Similarly, mixing ORN-3 with telomere RNA r(UAGGGU), or
r(UAGGGU), showed distinct, individually integral bands repre-
senting ORN-3, r(UAGGGU),, and r(UAGGGU), (Fig. S22 and
S23, ESIt). These results indicate a lack of significant complex
formation between ORN-1, ORN-3 and telomere RNAs.

To investigate whether a dimeric G-quadruplex exists in cells,
we developed an 8-trifluoromethyl-guanosine (FrG) nucleoside
as a '°F sensor and employed it to study the RNA structure in
cells by "F NMR (Fig. 3 and Fig. S24, S27-543, ESI{).

FrG is site-specific and incorporated at the G16 position of
ORN-1, as a '°F sensor provides '’F NMR signals. Thus, it is
possible to distinguish different RNA structures by the different
chemical shifts in '"F NMR spectra (Fig. 3a). A ’F NMR
experiment was performed to investigate the ORN-2 containing
FtG in K" solution (Fig. 3b). One sharp peak at —61.18 ppm was
observed at 10 °C, which is consistent with the "H NMR result

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 °F NMR experiments for studying dimeric G-quadruplexes in cells.
(a) The present study is based on the concept that °F NMR signals are
strongly dependent on the structural environment of the °F label. *°F
resonances of different chemical shifts are expected according to single
strand and G-quadruplex. (b) °F NMR of °F labeled RNA ORN-2 at
different temperatures. Red spots indicated a dimer G-quadruplex. The
peaks of the single strand are marked with black spots. Temperatures
indicated on the right. (c) The comparison with the position of the
reference in vitro spectrum provides a reliable determination of intracel-
lular RNA structure. (d) Comparison of the °F NMR spectra for in Hela
cells, in supernatant, in cell lysate, in vitro K* solution at 10 °C and
difference spectrum between Hela cell and supernatant.

showing that the ORN-2 sequence could form an unusual
topological RNA G-quadruplex in K solution. As the tempera-
ture increased, the intensity of the signal decreased; upon
heating to 25 °C, a new peak corresponding to the unfolded
single strand appeared, and at temperatures over 60 °C, only
this peak remained with a strong intensity. °F NMR experi-
ments further provide explicit evidence that the RNA forms an
unusual topological RNA G-quadruplex.

Fig. 3c shows the in-cell '°F NMR spectroscopy strategy, in
which comparing the in-cell "’F-NMR spectrum to the in vitro
result as a reference enables reliable determination of the
intracellular G-quadruplex. ORN-2 was transfected into HeLa
cells using an SLO treatment approach with high cell viability
and efficient transfection of exogenous biological molecules.'*
Fig. 3d shows a comparison of the in vitro and in-cell NMR
spectra. The in-cell '°F NMR results showed a major peak at
approximately —61.18 ppm, which was almost identical to
those observed in the K' solution. Thus, the in-cell *°F NMR
spectrum demonstrates that *°F-labeled RNA can be derived
from RNA G-quadruplexes in living human cells. We also
collected and examined the cell suspension medium by '°F
NMR spectroscopy. No signal was observed in this supernatant
(Fig. 3d), indicating that all the NMR signals originated
from the '°F-labeled RNA within the HeLa cells. A difference
spectrum between the HeLa cells and the suspension was
produced to eliminate the signal from the supernatant
(Fig. 3d). The clear signal in the difference spectrum supports
the observation of the RNA G-quadruplex structure in the cells.

Chem. Commun., 2023, 59, 12703-12706 | 12705
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Fig. 4 FRET was employed to monitor dimer formation in cells. Confocal
fluorescence microscopy images of cells. Hela cells were incubated with
Cy3-, Cy5-labeled 17-mer RNA and control Cy3-RNAL (as an orange
strand) imaged using confocal microscopy. Images A/E represent the
Cy3 channel, B/C and F/G represent the Cy5 channel. Images A/B and E/
F are excited with a 550 nm laser, C/G are excited with a 650 nm laser, D/H
represents an overlay of all the channels respectively for the control group
or experiment group.

To further confirm that the RNA dimerization resulted from
dimeric G-quadruplexes, Forster resonance energy transfer
(FRET) was employed to monitor dimer formation (Fig. S25,
ESIt). Cy3-RNA and Cy5-RNA sequences containing respectively
a Cy3 and a Cy5 fluorophore at the 5’ terminus were prepared
for FRET studies, in addition to a control strand Cy3-RNA1
containing Cy3 at the 5 end. The formation of dimeric
G-quadruplexes brings the Cy3 and Cy5 fluorophores into close
proximity to display FRET (Fig. S25-a, ESIt). The addition of
Cy5-RNA to Cy3-RNA indicated that the Cy3 signal at 570 nm
markedly decreased, while the signal for Cy5 at 670 nm
increased (Fig. S25-b, ESIT). The control experiment indicated
no emission at 670 nm when Cy5-RNA was added to Cy3-RNA1
under the same conditions. This FRET assay enabled visual
detection of RNA dimeric G-quadruplex formation. A clear red
color was observed by the naked eye when the mixture of Cy5-
RNA and Cy3-RNA was excited at the Cy3 absorption wavelength
of 540 nm, and Cy5 emission at 670 nm was observed, but not in
assays including Cy3-RNA alone or a mixture of Cy5-RNA and
control Cy3-RNA1 (Fig. S25-c, ESIf). We next performed an
electrophoretic mobility shift assay using Cy3- and Cy5-labeled
RNA to confirm the RNA G-quadruplex structure (Fig. S25-d,
ESIt). Lines 1, 2 and 3 show the control Cy3-RNA1, Cy3-RNA
and complex of Cy3-RNA and Cy5-RNA, respectively. Line 1 was
visualized as a green band with a high mobility compared to Cy3-
RNA (Line 2) and a complex of Cy3-RNA and Cy5-RNA (Line 3) in
Cy3-mode (excitation wavelength = 550 nm, emission wavelength =
570 nm), suggesting that Cy3-RNA forms a G-quadruplex structure.
Line 3 showed two bands, which indicated a dimeric G-quadruplex
formed by a complex of Cy3-RNA and Cy5-RNA. The dimeric G-
quadruplex is visualized as a red band in Cy5 mode (excitation
wavelength = 640 nm, emission wavelength = 670 nm), consistent
with a yellow band visualized in the overlay of the two modes.

To document direct evidence of RNA dimerization in living
cells, RNA probes were applied to living cells (Fig. 4). The key
result was the observation of a red signal of Cy3-RNA and Cy5-
RNA in image B of Fig. 4 upon excitation at the Cy3 absorption
wavelength of 540 nm and the Cy5 emission wavelength of
670 nm, with a control study using Cy3-RNA1 and Cy5-RNA
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eliciting no emission (image F, Fig. 4) under these conditions.
When the Cy3 chromophore was excited using a 540 nm laser
and observed at Cy3 emission at 570 nm, no Cy3 green signal
was observed (image A, Fig. 4), whereas image E of Fig. 4 clearly
shows a significant Cy3 green signal in control experiments
using Cy3-RNA1 and Cy5-RNA. In images C and G, a red color
was observed in Cy5 mode (excitation wavelength = 640 nm,
emission wavelength = 670 nm). Furthermore, RNA dimeriza-
tion was examined at various concentrations. Overall Cy3-RNA
(1-10 pM)/Cy5-RNA (10-100 pM) showed the FRET phenom-
enon, but control Cy3-RNA1 (1-10 uM) was not observed when
mixed with Cy5-RNA in living cells (Fig. S26, ESIf).

In this study, we found a unique RNA architecture formed by
SARS-COV-2 RNA, in which two RNA sequences form a duplex
and self-associate to form a dimeric G-quadruplex. Thus, such
structures may be valuable targets for antiviral agents.
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