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Abstract

Few reports are found working on the features and functions of the human telomere G-triplex (ht-G3) though the telomere
G-quadruplex has been intensely studied and widely implemented to develop various biosensors. We herein report that
ht-G3 lights up Thioflavin T (ThT) and establish a sensitive biosensing platform for RNA detection by introducing a tar-
get recycling strategy. An optimal condition was selected out for ht-G3 to promote ThT to generate a strong fluorescence.
Accordingly, an ht-G3-based molecular beacon was successfully designed against the corresponding RNA sequence of the
SARS-CoV-2 N-gene. The sensitivity for the non-amplified RNA target achieves 0.01 nM, improved 100 times over the
conventional ThT-based method. We believe this ht-G3/ThT-based label-free strategy could be widely applied for RNA

detection.
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Introduction

Guanine-rich oligonucleotide sequences can fold into four-
stranded DNA structures termed G-quadruplex (G4) through
Hoogsteen hydrogen bonds [1-3]. G4s widely present in
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human genome and play important roles in gene transcrip-
tion, replication, translation regulation, maintaining genome
stability [4, 5], and others [6—8]. In addition to the physio-
logical functions, G4s also possess unique biochemical prop-
erties such as binding with Thioflavin T (ThT) or hemin [9],
which have been widely employed to develop a label-free
fluorescent light-on or peroxidase-like enzyme probe, named
molecular beacon (MB). For example, Guan et al. reported a
strategy to use a ThT derivative to visualize DNA and RNA
G4 structures with promising affinity and selectivity [10].
As an important element of the biosensing platform, G4
commonly functions as the signal transducer due to its sen-
sitivity to environmental stimuli and its stability in metal ion
solutions (e.g., Na*, K). However, the too-stable G4 struc-
tures could bring some problems in cases requiring the rear-
rangement of the high-order structure during target DNA or
RNA binding [11-13]. Therefore, many researchers have
endeavored to find out sequences forming G-triplexes (G3s)
that have three-stranded noncanonical secondary structure and
similar biochemical functions like G4s but relatively less sta-
bility than G4s [12, 14—16]. For example, a truncated form of
the G4 sequence thrombin binding aptamer (TBA), TBA11
(11-nt sequence, 5'-GGTTGGTGTGG-3'), was obtained and
found to be able to fold into a G3 structure [14, 15, 17]. TBA11
has been proved to interact with hemin and can significantly
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enhance the peroxidase-like activity of hemin [18]. Zhou et al.
selected out an optimal G3-forming sequence from 14 G-rich
sequences to design a G3-based MB for microRNA detection
[11]. Other several G3 sequences have also been screened and
identified with promising properties such as owning Amplex
Red Oxidase activity [19, 20], lighting up ThT, and showing
strong affinity with methylene blue [12].

As we know, human telomere G4 (ht-G4) formed by
tandem repeats of the TTAGGG sequence has been inten-
sively studied due to its direct relevance in inhibiting the
telomerase activity and good performance in biosensing
technology [21]. For example, AG22 (5'-AGGGTTAGG
GTTAGGGTTAGGG-3') has been recognized as one of the
most efficient G4s to promote ThT to produce fluorescence
and many biosensors have been developed by using it as the
reporter. However, limited studies have been found working
on the human telomeric sequence (5'-TTAGGGTTAGGG
TTAGGGTTA-3") though this oligonucleotide has already
been approved to be able to form the G3 structure since
2012 [22]. Instead of screening potential G3 sequences, we
studied the properties of this existed ht-G3 structure and
found out that it could efficiently light up ThT in potassium
solution. We also established an RNA detection strategy by
designing an ht-G3-based MB and implemented it for the
detection of SARS-CoV-2. The limit of detection (LOD)
reached 0.01 nM when combined with a target recycling
strategy. We anticipate this simple, sensitive, and label-free
detection method to be widely used in RNA testing.

Experimental
Materials

All the DNA and RNA sequences (listed in Table S1) were
obtained from Tsingke company (Beijing, China). The oli-
gonucleotides were dissolved in water and heated at 95 'C
for 5 min and cooled down to room temperature before use.
If not specifically mentioned, the oligonucleotides were
diluted to the desired concentrations by using the buffer
(10 mM Tris—HCI, 50 mM K, pH 7.9). ThT was purchased
from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). Duplex-specific nuclease (DSN) was purchased from
NEWBORNCO., Ltd. (Shenzhen, China). RNase inhibitor
was obtained from Vazyme (Jiangsu, China).

Methods
Circular dichroism experiments
Circular dichroism (CD) experiments were carried out on

Chriascan (Applied Photophysics, UK). The data were col-
lected in a cuvette (300 pL) with a path length of 0.1 cm.
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The average of three scans was recorded at room tempera-
ture at a scanning rate of 100 nm/min, from 220 to 320 nm
(~25 °C). The CD spectra of ht-G3 (final concentration,
5 uM) in a Tris buffer that contains 50 mM K* or 50 mM
Na* were measured. All spectra were corrected with match-
ing buffer blanks.

Measurement of fluorescence spectroscopy

Fluorescence resonance energy transfer (FRET) assay was
performed to explore the G3 structure formed in 50 mM K*
or Na*. To carry out the assay, the 5'-FAM- and 3"TAMRA-
labeled G3 sequences were diluted to a final concentration
of 25 nM. Fluorescence measurements were performed on
a FluoroMax-4 spectrofluorometer (Horiba, Japan) at room
temperature. The excitation and emission slits were set as
7 nm. Excitation was set at 488 nm, and emission was col-
lected from 500 to 750 nm.

To study the properties of ht-G3 for lighting up ThT, a
series of experiments was performed. First, the fluorescence
intensity of ThT (6 pM) alone in 50-, 100-, and 200-mM
Na* or K* buffer was measured, respectively, to explore the
influence of the two monovalent ions. Then, ht-G3 (100 pL,
1 pM) was incubated with ThT (180 pL, 10 pM) for 2 h in
a total of 300 pL Tris—HCI buffer containing 50-, 100-, and
200-mM Na* or K*, respectively, to optimize the reaction
condition for ht-G3 lighting up ThT. For the measurement
of ThT fluorescence, the excitation and emission slits were
set as 7 nm. Excitation was set at 420 nm, and emission was
collected from 450 to 600 nm.

Design and selection of the ht-G3-based MB
(ht-G3MB)

Target RNA was chosen from the specific sequences of the
SARS-CoV-2 N-gene. To meet the basic requirement of
the MB, we selected four sequences from the N-gene and
designed the relevant ht-G3MB. The secondary structure
of these MBs was predicted by DNAMAN 7.0 (Lynnon
Biosof, USA). After the theoretical analysis, ht-G3MB1 and
ht-G3MB2 with potentially better performance were synthe-
sized and tested. ht-G3MB1 and ht-G3MB2 (30 pL, 1 pM)
were mixed with their relevant targets RNA1 and RNA2,
respectively, in the buffer with a total volume of 282 pL and
incubated for 20 min at room temperature. Then, ThT (18
pL, 100 pM) was added into the mixture and incubated for
2 h. Then, the fluorescence of the solution was measured.

Specificity and LOD test of the ht-G3MB-based
strategy

To test the specificity, RNA1 or RNA2 (30 pL, 10 nM)
and ht-G3MB1 (30 pL, 1 pM) were mixed in the buffer
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Scheme 1 Schematic illustra-
tion of the ht-G3-based MB for
target RNA detection
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with a total volume of 282 pL and incubated for 20 min
at room temperature. Then, ThT (18 pL, 100 pM) was
added into the mixture and incubated for 2 h. Then, the
fluorescence of the solution was measured.

Next, a series of RNA1 samples was prepared with
concentrations from 0 to 300 nM and tested to explore the
LOD of this method. The reagents were mixed and incu-
bated as mentioned above for 2 h. Then, the fluorescence
of the solution was measured.

DSN-based target recycling strategy for RNA
detection

To test the function of DSN for target recycling and signal
amplification, we added DSN into the detection system.
ht-G3MB1 (1.5 pL, 1 pM), different concentrations of
RNA1, DSN (30 pL, 1 pM), and RNase inhibitor (2.5
pL, 40 U/pL) were mixed in 46 pL DSN storage buffer
(10 mM Tris, 50 mM K*, 1 mM DTT, 5 mM Mg**, pH
7.9) at 60 °C for 40 min. Then, ThT (1 pL, 100 pM) was
added into this mixture and diluted to 150 pL. After
incubation for 2 h, the fluorescence was measured via a
microplate reader (SpectraMax i3x, Molecular Devices,
CA, USA). The excitation wavelength was set as 420 nm,
and the emission was collected from 450 to 600 nm.

Target RNA
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Results and discussion
Scheme of the RNA detection strategy

As shown in Scheme 1, we propose a label-free RNA
detection strategy based on the finding that ht-G3 lights
up ThT. Initially, a DNA molecular beacon (MB) is
designed containing three fragments: an ht-G3 sequence
at the 3’ end, a loop that recognizes the RNA target, and
a sequence at the 5’ end complementary to part of the G3
sequence. When there is RNA target presented, the loop
region will bind with the target to form hybrid DNA-
RNA double strands, which opens the stem region to
release the G3 sequence. In K* buffer, the reduplicated
TTAGGG sequence self-assembles into a G3 structure.
To increase the detection sensitivity of this strategy,
duplex-specific nuclease (DSN) is introduced into the
system to recycle the RNA target. DSN is an enzyme
that can efficiently cut DNA in double-stranded DNA
(dsDNA) or hybrid double strands of DNA-RNA, but
not cleave RNA or single-stranded DNA [12]. For sig-
nal detection, ThT is added into the reaction system and
bright fluorescence will be obtained due to ht-G3 light-
ing up ThT. Therefore, this strategy offers a way to detect
RNA target in a label-free mode.
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Investigation of ht-G3 lighting up ThT

We first checked the G3 structure formation in K* and
Na* buffer. We labeled the ht-G3 sequence with FAM and
TAMRA at the two ends (Table S1) and measured the fluo-
rescence spectrum. Fluorescence resonance energy transfer
(FRET) efficiency between the donor (FAM) and accep-
tor (TAMRA) in some extent reveals the conformational
changes of the oligonucleotide, which can be expressed
using the proximity ratio I=1a/(la+ Id) [23], where Ia and Id
are the fluorescence intensities of the acceptor and the donor,
respectively. In the buffer solution without monovalent metal
ions (Fig. 1a), the FRET signal was very low (~0.25). How-
ever, the FRET efficiency significantly increased to 0.59 and
0.64 in the solution with Na* and K*, respectively [16, 24,
25]. This result revealed that the ht-G3 sequence formed a
higher-order structure that resulted in the approaching of
the two fluorescent probes. Then, we used circular dichro-
ism (CD) to further examine the formation of the triplex
structure. As shown in Fig. 1b, the ht-G3 sequence formed
a parallel/antiparallel hybrid G3 structure in solution with
K™, similar to that of K*-induced ht-G4 [26]. The CD spec-
trum of ht-G3 in solution with Na* shows a clear peak at
257 nm and a valley at 238 nm (highly consistent with the
G3 reported in the literature) [22], which is significantly
different from Na*-induced ht-G4 that has a strong negative
peak at 265 nm and a strong positive peak at 295 nm. These
CD results further proved that this telomere G-rich sequence
formed the G3 structure in K* and Na* buffer.

Then, we moved to study the performance of K*-
and Na*-induced ht-G3 for lighting up ThT. Before
the testing, the influence of K*/Na* concentrations on
ThT fluorescence was checked. As shown in Fig. lc,
no significant effect was found when comparing the
control (ThT without K*/Na™) and the solutions with
different K*/Na* concentrations, though the fluo-
rescence intensity of ThT increased in some degree
in the 200-mM Na™* solution. Then, we analyzed the
fluorescence of ThT when there was ht-G3 in the
solution with different K*/Na*t concentrations. Fig-
ure 1d illustrates that ht-G3 significantly lighted up
ThT since the fluorescence intensity was apparently
higher when ht-G3 presented in the solution. Moreo-
ver, K™-induced ht-G3 was more efficient to promote
the fluorescence production of ThT. Meanwhile, we
did not find significant influence of the monovalent
ion concentrations on the fluorescence of ThT. Thus,
we used 50 mM K* in the reaction buffer in all the
subsequent experiments. Thereafter, we compared the
performance of ht-G3 and TBA11 (a typical G3-form-
ing sequence in potassium solution) for lighting up
ThT. As shown in Figure Sla, ht-G3 demonstrated
much better performance than TBA11. Additionally,
we also found that ThT fluorescence increased sig-
nificantly when ht-G3 concentration increased (Fig-
ure S1b), which means that it should be reasonable by
using ht-G3 as a probe for target detection.

Fig. 1 Investigation of ht-G3 (a) 2 510 - (b)
lighting up ThT. a Fluorescence ’ — No Na*/K* 3.01 — 50 mM Na*
spectra of ht-G3. b CD spectra 2.0%108 - — 50 mM Na* — 50 MM K*
of ht-G3. ¢ Influence of K*/Na.* s — S0mMK* . 207
concentrations on the fluores- 8 1.5%106 Q 101
cence intensity of ThT (without 2 'g] ’
ht-G3). d The fluorescence 2 1.0x108 E 0.0
spectrum of ThT (with ht-G3) g o
in different buffer solutions. = 5.0x10° -1.04
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0.0 - : . ; ; ] 2.0 . . . . r
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(C) 2.0x10°%1 Na> (d)140x107-
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KO //’ ‘\\ +
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@ Springer

Wavelength (nm)



Telomere G-triplex lights up Thioflavin T for RNA detection: new wine in an old bottle 6153

Designing of the ht-G3MB

After testing the efficiency of ht-G3 for lightening ThT, we
moved to design the ht-G3-based MB (ht-G3MB) for RNA
detection. Herein, we chose SARS-CoV-2 N-gene as the
target. The ht-G3MB contains three parts: the G3 sequence,
a loop (to be paired with the target), and a short sequence
paring with part of the G3 sequence to form a stem and
inhibit the G3 formation. DSN is known to be able to cleave
DNA duplexes down to~ 10 bp size [27], and additional
studies demonstrated that double strands with size of less
than 7 bp could efficiently avoid the cleavage by DSN. In
consideration of these features of DSN [28, 29], the stem
length of the ht-G3MB is designed as 6 base pairs to avoid
DSN cleavage and also enable well locking of the G3 struc-
ture. Additionally, the loop region is designed according
to the target RNA. We did a full-length screening on the
specific sequence of the SARS-CoV-2 N-gene and searched
out four sequences that could meet the basic requirements.
We then used DNAMAN 7.0 [30] (a computer software) to
investigate the high-order structure of the ht-G3MB to check
whether the screened sequences could form the anticipated
hairpin structure. The predicted result by DNAMAN showed
that one of the four sequences (ht-G3MB 1) formed the des-
ignated hairpin structure, while the other three formed an
additional hairpin structure (Fig. 2). Anyway, we synthe-
sized ht-G3MB1, ht-G3MB2 (as a backup), and their rel-
evant RNA targets to verify their experimental performance.

Detection sensitivity of the ht-G3MB-based strategy
for RNA detection

We first checked whether the synthesized ht-G3MB could
be locked before adding the RNA target. As shown in Fig-
ure S2, the testing results demonstrated that ht-G3MB1 was
locked well since the fluorescence intensity of ThT only

Fig.2 Designed ht-G3MBs
after a full-length screening
on the specific sequence of
SARS-CoV-2 N-gene. The
molecular beacon contains the
ht-G3 sequence at the 3’ end
(blue line), the loop region
that recognizes the RNA target
(yellow line), and a sequence
complementary to part of the
G3 sequence (purple line)

ht-G3MB3

increased slightly, while ht-G3MB?2 already activated ThT
and resulted in bright fluorescence in the absence of target.
These results revealed that ht-G3MB 1 should be an optimum
MB and much better than ht-G3MB?2 for RNA detection,
which is consistent with the software prediction (Fig. 2) and
the results in the polyacrylamide gel electrophoresis charac-
terization (Figure S3). We then applied ht-G3MB]1 to detect
the target RNA1. The result in Fig. 3b demonstrates that
the fluorescence significantly increased after adding RNAI,
verifying the performance of this ht-G3-based MB. Addi-
tionally, RNA1 and RNA?2 (the RNA target designated for
ht-G3MB2) were used to test the specificity of ht-G3MB1,
and the results are shown in Fig. 3c. It displayed that the
optimum MB owned a good specificity for discriminating
RNA1 and RNA2. Furthermore, we used this strategy to
detect RNA1 with a series of concentrations. The results
in Fig. 3d show that the detection limit for this MB-based
strategy (without DSN cleavage for target recycling) is
about 1 nM, comparable to that reported in the literature
that selected a stable G3 sequence to build the MB [11].

Characterization of the DSN-based target recycling
detection strategy

To further increase the sensitivity, we introduced DSN
into the detection system. As shown in Fig. 4a, DSN can
destroy the DNA segment paring with the RNA target
and release the target for recycling and signal amplifica-
tion; thus, it should be helpful to improve the detection
limit. We first evaluated the performance of the DSN
by testing 1 nM RNA target. Figure S4 and Fig. 4b dis-
play that the fluorescence increased significantly when
there was DSN in the reaction system, proving the func-
tion of DSN. Additionally, we further parallelly tested
0.1- and 1-nM RNA target with or without DSN. The
results demonstrated that DSN could apparently promote

ht-G3MB4
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Fig. 3 Investigation of the (a) (b)
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the fluorescence production (Fig. 4c). Furthermore, we
investigated the LOD of the ht-G3MB1-based strategy
with DSN. The results shown in Fig. 4d revealed that
0.01 nM RNA can be distinguished from the buffer with-
out target, suggesting that DSN improved the detection

limit about 100 times for RNA detection. We believe
this strategy could be applied to the detection of SARS-
CoV-2 in clinical samples if combined with certain
amplification strategies such as recombinase polymerase
amplification [31].

Fig.4 DSN-based target (a) . (b) 6.0x105 -
recycling strategy for the detec- 3
tion of RNAL1. a Scheme of the < -
detection strategy. b Verifica- o 3 40x1054
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Conclusion

In conclusion, we investigated the function of ht-G3 for
lighting up ThT and developed an ht-G3-based MB for
RNA detection. Our results demonstrated that K*-induced
ht-G3 formed a hybrid structure similar to ht-G4 and it can
efficiently light up ThT. Based on this, we selected out an
optimal ht-G3MB for label-free detection of the SRAS-
Cov-2 N-gene. The detection limit was about 1 nM. By fur-
ther introducing DSN for target recycling and signal ampli-
fication, the detection limit was improved 100 times down to
0.01 nM RNA. In this work, we did not try to screen new G3
sequences but investigated the performance of the existed
ht-G3 and explored its function as a MB for label-free and
sensitive nucleic acid detection. We expected ht-G3 and the
relevant MB could be widely implemented in biosensing.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04180-7.
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