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Herein, we proposed a label-free method to identify RNase H activity by utilizing in vitro transcription of
fluorogenic light-up aptamers. In this work, we employed the specially designed two pivotal
components of the hairpin substrate probe (HP) containing an RNA/DNA chimeric stem region and the
template probe (TP) as a transcription template, and the RNase H activity was made to lead to the
formation of a complete ds T7 promoter. T7 RNA polymerase could then promote in vitro transcription
to generate numerous light-up RNA aptamers that result in significant fluorescence enhancements upon
binding to the cognate fluorogenic dye. By leveraging this deliberate design principle, we identified
RNase H activity ultrasensitively as low as 0.000156 U mL™! with excellent specificity against non-target

enzymes. We further demonstrated that the strategy can also reliably identify RNase H activity in
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Accepted 3rd March 2024 eterogeneous biological samples such as cell lysates, ensuring its robust practical applicability. This
work would provide invaluable insight for the development of innovative biosensing systems utilizing in
DOI: 10.1035/d3na00975k vitro transcription of light-up aptamers, and it could be broadened to construct other assays by
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Introduction

An endonuclease termed Ribonuclease H can degrade RNA
strands in RNA/DNA hybrids by cleaving phosphodiester link-
ages between ribonucleotides through an endonucleolytic
mechanism.’ The enzyme is found in a wide variety of
organisms, from bacteria and archaea to higher eukaryotes,
including humans. RNase H activity is known to play pivotal
roles in many vital biological processes like DNA replication,
RNA transcription, and DNA repair.*®

Furthermore, RNase H is vital in the lifecycle of reverse-
transcribing viruses, including human immunodeficiency
virus (HIV), Moloney murine leukemia virus (MoMLV), and
hepatitis B virus (HBV). These viruses depend on the intrinsic
RNase H activity of the reverse transcriptase (RT) for efficient
conversion of their RNA genomes into DNA to incorporate them
into the host genome.>® Despite current treatments that
primarily focus on inhibiting the protease, integrase, and DNA
polymerase activities of RT, the emergence of drug-resistant
viral variants underscores the need for novel antiviral strate-
gies targeting RNase H.*”® Therefore, RNase H activity has
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become an important target in antiviral research, and devel-
oping efficient techniques for measuring RNase H activity is
crucial to screen potential drugs that can inhibit RNase H.

Various strategies have been established to identify RNase H
activity, such as high-performance liquid chromatography
(HPLC),® gel electrophoresis,' and capillary electrophoresis.**
Despite adequate applications of these methods in the RNase H
assay, they have several drawbacks, such as labor-intensiveness,
insufficient sensitivity, and/or a relatively long assay time,
severely limiting their prevalent applications. As a compelling
alternative to transcend these drawbacks, some fluorometric
methods have been recently proposed by utilizing molecular
beacons, DNAzymes, and DNA intercalating dyes.***™® These
methods, however, mostly require time-consuming and costly
modifications of fluorophore and quencher on substrate
probes, which might interfere with the intrinsic RNase H
activity due to the steric hindrance caused by the modifica-
tions,*®"” which might diminish the assay reliability. Thus,
there is a strong incentive for further advancements in the
RNase H assay.

Aptamers are single-stranded oligonucleotide sequences
that can selectively bind to target molecules® and numerous
biosensors based on aptamers have been extensively developed
to identify proteins, small molecules, and even whole cells.****
Beyond the target recognitions, various light-up RNA aptamers
have been developed as a compelling signaling element capable
of creating greatly enhanced fluorescence signals upon binding
to their respective fluorophores.>?** Due to several crucial
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merits including fast fluorescence activation, high photo-
bleaching resistance,” and high quantum yield,* the light-up
RNA aptamers have been intensively utilized as a signaling
module to construct novel fluorogenic biosensors, where the
aptamers are normally produced through in vitro
transcription.>°

Based on this background, we herein proposed a new label-
free and ultrasensitive strategy to identify RNase H activity by
employing Broccoli light-up RNA aptamer. We ingeniously
designed the hairpin-shaped RNA/DNA substrate probe (HP)
and the template probe (TP) such that the activity of RNase H
would initiate the in vitro transcription to produce the RNA
aptamers that generate the final fluorescence signal to identify
the activity of RNase H. Notably, by incorporating the T7
promoter sequence into the stem region of the HP, we have
successfully developed a detecting system where the double-
strand T7 promoter is directly produced by the target, without
the need for additional reaction steps by using DNA polymerase
for the generation of double-strand T7 promoter.”**"** Taking
advantage of this novel design principle, we were able to iden-
tify RNase H activity with excellent sensitivity, specificity, and
practical utility.

Materials and methods
Materials

Bioneer Co. (Daejeon, South Korea) synthesized and purified
the oligonucleotides (Table S1t) used in this work via poly-
acrylamide gel electrophoresis (PAGE), except for the hairpin
substrate probe (HP), which underwent purification by HPLC.
DNase 1, Escherichia coli (E. coli) RNase H, ribonucleoside
triphosphate (rNTP) set, exonuclease I (Exo I), exonuclease III
(Exo III), and T7 RNA polymerase were obtained from Enzy-
nomics (Daejeon, South Korea). Lambda exonuclease (A Exo),
Eco RI, and Uracil DNA glycosylase (UDG) were supplied by New
England Biolabs Inc. (Beverly, MA, USA). DFHBI and DFHBI-1T
were acquired from Sigma-Aldrich (St. Louis, MO, USA). Ultra-
pure DNase/RNase-free distilled water was supplied by Bioneer
Co. and used for all assays. Other reagents used in this work
were of analytical grade and used without any additional
purification.

Procedure for RNase H activity assay

The reaction solution (10 pL) was prepared by mixing 1 pL of
10x T7 RNA polymerase buffer (100 mM DTT, 20 mM spermi-
dine, 100 mM MgCl,, 400 mM Tris-HCI (pH 7.9)), 0.6 uL of HP
(5 uM), 5.4 uL of DW, and 3 pL of an RNase H analyte solution at
varying concentrations. After 30 minutes of incubation at 37 °C,
the solution was heated to 65 °C for 20 min to ensure that RNase
H activity does not affect subsequent transcription reaction.
Next, the transcription solution composed of 6.7 uL of DW, 4 pL
of INTP mix (25 mM), 2 pL of T7 RNA polymerase buffer (10x), 6
uL of DFHBI (500 uM), 1 uL of T7 RNA polymerase (50 U uL ™),
and 0.3 pL of template probe (TP) (5 uM) was introduced into
the reaction solution and then kept at 37 °C for 45 min. The
Tecan Infinite M200 Pro microplate reader (Méannedorf,
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Switzerland) was used to monitor the fluorescence intensity
emitted from the reaction solution in 384-well Greiner Bio-One
microplates (ref. 781077, Courtaboeuf, France). After the reac-
tion, the sample was excited at 460 nm and scanned between
490 nm and 590 nm.

Gel electrophoresis analysis

The reaction solutions were injected into a 6x loading buffer,
and the mixture was resolved on a 15% polyacrylamide gel using
a 1x TBE buffer as a running buffer. Electrophoresis was con-
ducted at a constant voltage of 130 V for 100 min. After elec-
trophoresis, the gel was stained with SYBR Gold for 15 min and
subsequently captured using a ChemiDoc™ Imaging System
(Bio-Rad, Hercules, CA, USA). For the DFHBI staining test, the
gel was stained in a DFHBI staining solution (10 tM DFHBI,
1 mM MgCl,, 100 mM KCl, 40 mM HEPES (pH 7.4)) for 15 min.*

Biological sample test

The A549 and HT-29 tumor cell lines were supplied by the
Korean Cell Line Bank (Seoul, South Korea) and cultured in
Dulbecco's Modified Eagle's Medium (DMEM) (Welgene,
Gyeongsan, South Korea) supplemented by 10% fetal bovine
serum (FBS) (RMBIO®, Missoula, MT, USA) in a humidified
atmosphere with 5% CO, at 37 °C. The cells were harvested
during the exponential growth phase and diluted to make a 5 x
10° cells mL™" solution. From the cell lysates, proteins were
extracted based on the PRO-PREP™ protein extraction solution
kit (Intron Biotechnology, Seongnam, South Korea), and the
protein concentrations were calculated based on the Pierce™
bicinchoninic acid (BCA) protein assay (Thermo Fisher Scien-
tific, Waltham, MA, USA). Finally, RNase H activities included in
0.5 pg of each cell lysate were determined following the proce-
dure shown in section ‘Procedure for RNase H activity assay’.

Results and discussion
Basic working concept

As presented in Fig. 1, the proposed RNase H assay based on in
vitro transcription of light-up aptamer (ITA) utilizes two crucial
components, the hairpin substrate probe (HP) and the template
probe (TP). The HP is designed to include a chimeric RNA/DNA
stem region with a T7 promoter sequence, which acts as
a substrate for RNase H, while the TP consists of the same RNA
stem sequence at the 3’ end extended by an antisense of light-up
aptamer at the 5’ end. In principle, RNase H in a sample
degrades the RNA region of the chimeric stem, leading to the
disruption of the hairpin structure. TP is then able to hybridize
with the linearized HP, forming the complete ds T7 promoter
along the 3’ end of the HP, where T7 RNA polymerase readily
promotes in vitro transcription. As a consequence, a large
number of light-up RNA aptamers are produced and generate
highly enhanced fluorescence signals upon binding to the
cognate fluorogens, which could be used to identify the activity
of RNase H. If the RNase H is absent, on the other hand, the HP
remains intact, and subsequent reactions responsible for the
final fluorescence signal would not occur.
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Fig. 1 Schematic representation to identify RNase H activity based on the in vitro transcription of fluorogenic light-up aptamers.

Feasibility test sample that contained HP, TP, DFHBI, T7 RNA polymerase, and
RNase H exhibited marked fluorescence enhancement.
However, the samples lacking any of the reaction elements did
not exhibit any significant increase in fluorescence. Without
RNase H, only a slight fluorescence signal was observed, which
could be attributed to the transient opening of HP due to the
breathing effect of the stem region. Nevertheless, the signal

To assess the feasibility of the designed method, we performed
ITA reactions under various reaction conditions and monitored
the fluorescence emission spectra produced by the cognate
fluorogen. In this work, we particularly employed Broccoli light-
up aptamer and its pair fluorogenic dye, 3,5-difluoro-4-
hydroxybenzylidene imidazolinone (DFHBI) due to its various
appealing advantages including high transcription efficiency by
T7 RNA polymerase.”” As presented in Fig. 2(a), only the positive

obtained in the presence of RNase H was significantly higher
and could be clearly distinguished from the nonspecific signal.

10004

o] \ 10 bp

480 500 520 540 560 580 600
Wavelength (nm})

(a) (b)
a

__ 7000~ —b
E] —_—C
& 6000 d

—_—
.%' 5000 —f 200 bp
s g 100 b
£ 4000 h P
= 50 bp
8 3000+
[
@
9 20004 20 bp
2
o
=
w

4 5
Linearized HP Linearized HP + TP

Fig. 2 Feasibility of the designed approach. (a) Fluorescence emission spectra from DFHBI after the in vitro transcription of Broccoli RNA
aptamers. a: TP + DFHBI + T7 RNA polymerase, b: HP + TP + T7 RNA polymerase, c: HP + DFHBI + T7 RNA polymerase, d: HP + TP + DFHBI, e: HP
+ TP + DFHBI + T7 RNA polymerase, f: HP + TP + DFHBI + T7 RNA polymerase + RNase H, g: DNA HP + TP + DFHBI + T7 RNA polymerase, h:
DNA HP + TP + DFHBI + T7 RNA polymerase + RNase H. (b) PAGE image of the reaction products after SYBR Gold staining. M: DNA ladder, M1:
HP, M2: TP, 1: HP + RNase H, 2: HP + TP, 3: HP + TP + RNase H. (c) PAGE image of the reaction products after DFHBI gel staining. 1: without
RNase H, 2—6: with RNase H at varying concentrations (0.01 U mL™, 0.03U mL™% 0.05UmL™%, 01U mL™% and 1 U mL™?, respectively.). The final
concentrations of HP, TP, NTP mix, DFHBI, T7 RNA polymerase, RNase H, and DNA HP were 200 nM, 200 nM, 3.3 mM, 100 uM, 1.67 U L% 1 U
mL~%, and 200 nM, respectively.
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To further verify that the fluorescence signal is produced
exclusively by RNase H catalytic activity, we repeated the same
reaction for the positive sample, but this time we employed the
HP with its RNA stem strand replaced by the same DNA
sequences (DNA HP), which would not be degraded by RNase H
activity. As anticipated, the HP consisting of only DNA nucleo-
tides did not lead to any distinct fluorescence signals even upon
addition of RNase H. These findings verify that the RNase H
activity initiates the cascade reaction by degrading the RNA
stem strand of the HP, ultimately resulting in a strong fluores-
cence signal by producing the Broccoli light-up aptamers.

To further confirm the feasibility, we performed poly-
acrylamide gel electrophoresis (PAGE) analysis to examine if the
intermediate products were properly produced during the
designed reaction (Fig. 2(b)). First, we found that the HP is
readily degraded by RNase H activity by observing that the HP
band disappeared and a new band appeared below its original
position when the HP was incubated with RNase H (lane 1).
Next, the solution containing HP and TP in the absence of
RNase H just showed the two separate bands in their original
positions, indicating that they remained separate and did not
hybridize with each other (lane 2). On the other hand, when
RNase H was applied to the mixture of HP and TP, the two HP
and TP bands observed in lane 2 disappeared and instead a new
intense band clearly appeared in the upper region, which surely
corresponds to the hybridized duplex of TP with the cleaved HP
(lane 3). Most importantly, we verified that the final assay
products, Broccoli RNA aptamers were successfully produced
only from the positive samples containing RNase H, based on
another PAGE analysis where only broccoli aptamers are fluo-
rescently visualized on the gel by DFHBI staining (Fig. 2(c)). We
also observed that the band intensities for the Broccoli RNA
aptamers increased as the concentration of RNase H increased
(lane 2-6). Again, all these results firmly verify that RNase H
readily degrades the RNA stem of HP and initiates the following
in vitro transcription to generate the Broccoli light-up RNA
aptamers, as envisioned in Fig. 1.

Analytical performances of the designed approach

To enhance the analytical performance of the designed strategy,
we optimized a series of reaction parameters by evaluating the
signal-to-background ratios F/F, at 508 nm, where F and F,
represent the fluorescence intensities from the samples con-
taining target RNase H or not, respectively, under different
conditions. First, DFHBI was found to produce a higher F/F,
value through binding to the Broccoli aptamer and was selected
as a cognate fluorogen over another cognate dye, DFHBI-1T
(Fig. S17). Next, we optimized the length of the RNA region in
the HP stem composed of a total of 20 bases, which would
influence the stability of the stem-loop structure and the RNase-
H promoted cleavage reaction. As presented in Fig. S2,T the HP
consisting of the whole RNA 20 base stem was found to lead to
reaction conditions were also optimized, and the results pre-
sented in Fig. S3-61 showed that 100 nM HP, 50 nM TP, 3.3 mM
rNTP mix, 1.67 U pL~ ' T7 RNA polymerase, 30 min for the
RNase H-promoted reaction, and 45 min for the in vitro

© 2024 The Author(s). Published by the Royal Society of Chemistry
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transcription reaction were optimal and used for all subsequent
assays.

To assess the sensitivity of the designed strategy, we applied
sample solutions containing varying concentrations of RNase H
(ranging from 0.001 to 1 U mL ') to the ITA reaction and
monitored the corresponding fluorescence signals. As pre-
sented in Fig. 3, after plotting the fluorescence signal at 508 nm
against RNase H concentration, a highly linear relationship (y =
485 12x + 434.75, R* = 0.9979) was observed in the range of 0 to
0.05 U mL™", indicating that the developed method could
accurately quantify RNase H activity. We determined the limit of
detection (LOD) for our method to be 0.000156 U mL ", using
the equation LOD = 3¢/S, where ¢ and S represent the standard
deviation of the negative control and the slope of the calibration
curve, respectively. This LOD is lower than those of other
approaches for detecting RNase H activities, as shown in Table
S2.¥

The specificity of the designed system for the RNase H assay
was next evaluated by testing some non-target enzymes, such as
Exo I, Exo III, DNase I, UDG, A exo, and Eco RI. Fig. 4 shows that
only the RNase H-containing sample exhibited significant
fluorescence enhancement, while samples containing other
non-target enzymes, despite being present at concentrations 20
times higher than RNase H, produced negligible fluorescence
signals. The results demonstrate the high specificity of the
designed strategy towards the target RNase H activity.

Practical utility of the designed approach

To evaluate the practical utility, we employed the proposed
method to examine the RNase H activity in cell lysates. We
selected two types of tumor cell lines (A549, HT-29), known to
exhibit significant RNase H expression,* and performed the ITA
reaction with their cell lysates. As shown in Fig. 5, the samples
containing the two cell lysates showed substantial fluorescence
enhancements, indicating that both cell lysates possess high
RNase H activities. Notably, the relative RNase H activities in the
two cell lysates fully agreed with those from previous reports,****
verifying the reliability of the designed strategy. To verify that
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Fig. 3 Sensitivity of the designed approach. (a) Fluorescence emission
spectra and (b) corresponding fluorescence intensities at 508 nm for
samples containing various concentrations of RNase H. Inset in panel
(b) depicts a linear relationship between fluorescence intensity at
508 nm and the RNase H concentration which ranges from 0 to 0.05 U
mL~%. The final concentrations of HP, TP, rNTP mix, DFHBI, and T7 RNA
polymerase were 100 nM, 50 nM, 3.3 mM, 100 uM, and 1.67 U uL7%,
respectively. The error bars were calculated from three independent
experiments.
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Fig. 4 Specificity of the proposed strategy. Comparison of fluores-
cence intensities at 508 nm between samples containing RNase H and
non-target enzymes. The final concentrations of RNase H and non-
target enzymes were 0.05 U mL™* and 1 U mL™%, respectively. The final
concentrations of HP, TP, rNTP mix, DFHBI, and T7 RNA polymerase
were 100 nM, 50 nM, 3.3 mM, 100 pM, and 1.67 U pL™%, respectively.
The error bars were calculated from three independent experiments.
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Fig. 5 The proposed strategy for tumor cell lysates. Fluorescence
signals at 508 nm were obtained from samples containing tumor cell
lysates (A549, HT-29). The samples containing DNA HP were also
analyzed for fluorescence intensities at 508 nm. The final concentra-
tions of HP, TP, rNTP mix, DFHBI, and T7 RNA polymerase were
100 nM, 50 nM, 3.3 mM, 100 uM, and 1.67 U pL~? respectively. The
error bars were calculated from three independent experiments.

the fluorescence enhancements were due to the activity of
RNase H in the cell lysate and not to any nonspecific enzymes,
we conducted the same experiment using HP containing only
DNA stems (DNA HP). In such an instance, RNase H is unable to
degrade the stem of the HP, the T7 promoter sequence is just
blocked within the stem, and in vitro transcription would not
proceed. As expected, negligible fluorescence signals were
observed from the ITA reaction employing the DNA HP, which
were just comparable to that from the blank control (Fig. 5).
These findings suggest that the designed approach can accu-
rately identify RNase H activities in complex heterogeneous
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biological samples, demonstrating its resilient practicality in
actual clinical scenarios.

Conclusions

We herein proposed a label-free and ultrasensitive method to
identify RNase H activity by utilizing the target-triggered
amplification of fluorogenic light-up RNA aptamers. The
RNase H activity elaborately led to the in vitro transcription of
numerous Broccoli aptamers, which could produce significant
fluorescence enhancements upon binding to the cognate
DFHBI dye. The proposed design principle allowed for the
ultrasensitive detection of RNase H activity down to a record-
low LOD of 0.000156 U mL™" while maintaining excellent
specificity against non-target enzymes. The practical utility of
the designed method was also validated by successfully identi-
fying the target RNase H activity in complex heterogeneous cell
lysates. The proposed method has the potential to be applied to
the construction of novel assay techniques for identifying
various important biomarkers by accordingly redesigning the
HPs. Our method would provide significant insight for the
advancement of biosensing platforms that rely on the in vitro
transcription of light-up aptamers.
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