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ABSTRACT: RNA-based nanostructures and molecular devices have become popular for developing biosensors and genetic
regulators. These programmable RNA nanodevices can be genetically encoded and modularly engineered to detect various cellular
targets and then induce output signals, most often a fluorescence readout. Although powerful, the high reliance of fluorescence on
the external excitation light raises concerns about its high background, photobleaching, and phototoxicity. Bioluminescence signals
can be an ideal complementary readout for these genetically encoded RNA nanodevices. However, RNA-based real-time
bioluminescent reporters have been rarely developed. In this study, we reported the first type of genetically encoded RNA-based
bioluminescence resonance energy transfer (BRET) sensors that can be used for real-time target detection in living cells. By coupling
a luciferase bioluminescence donor with a fluorogenic RNA-based acceptor, our BRET system can be modularly designed to image
and detect various cellular analytes. We expect that this novel RNA-based bioluminescent system can be potentially used broadly in
bioanalysis and nanomedicine for engineering biosensors, characterizing cellular RNA—protein interactions, and high-throughput
screening or in vivo imaging.

KEYWORDS: bioluminescence resonance energy transfer, fluorogenic RNA aptamers, bioluminescent sensors

Genetically encodable fluorescent and bioluminescent
sensors are the most widely used tools for live-cell
imaging and detection of various biomolecules and signaling
events.' > While fluorescent molecules rely on the absorption
of excitation light to reemit photons, bioluminescence can
produce light directly through chemical reactions. Compared
to bioluminescence, although fluorescence signals are often
brighter, the requirement of excitation light may cause higher
background, photobleaching, and phototoxicity.”> Biolumines-
cence and fluorescence have thus been frequently used as
complementary tools for studying cellular processes.

A wide variety of protein-based fluorescent and bio-
luminescent sensors have been developed for both cellular
and in vivo studies.’™” In contrast, only recently, RNA-based
genetically encodable fluorescent sensors began to be
engineered for intracellular measurement.'” The major
advantages of these RNA-based sensors include their high
sensitivity, modularity, and ease of engineering and evolution.
As a result, different RNAs, proteins, and small-molecule
analytes can be detected and imaged by these RNA-based
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fluorescent sensors.''~'* On the other hand, RNA-based
bioluminescent sensors remain largely underdeveloped. RNA-
based genetic regulators can induce bioluminescence signals by
controlling the cellular expression of luciferase reporters.”' "'
However, these RNA nanodevices can rarely be used as
biosensors for the real-time detection or monitoring of cellular
target analytes.

In this project, our goal is to design a novel type of
genetically encoded RNA biosensors that can produce real-
time bioluminescence signals inside living cells without the use
of excitation light. Our strategy is based on the modulation of
bioluminescence resonance energy transfer (BRET) between a
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Figure 1. (a) Schematic illustration of a modular BRET sensor system based on TAR—Tat interaction-induced energy transfer between NanoLuc/
substrate complex and fluorogenic RNA (FR)/dye pairs. The target binding to the aptamer region induces the folding of fluorogenic RNA to bind
the dye molecule. While it is worth mentioning that data shown in the rest of Figure 1 was measured using RNA constructs without containing a
target-binding aptamer region. (b) I;,/Ls (acceptor/donor) ratiometric BRET signal was measured at 25 °C in a solution containing 100 nM t-
NLuc, 1 uM RNA, 5 uM HBC620, and 5 mM Mg*" at 30 s after adding the 1% (v/v) furimazine substrate. S5—S10 represent the t-NLuc/TAR-
Pepper construct containing S—10-base-pair-long linkers, respectively. The mixture of t-NLuc with TAR, Pepper, and their simple mixture (TAR/
Pepper) acted as the negative controls. (¢, d) BRET efficiency of the Broccoli- and Mango II-based t-NLuc/RNA construct with different linker
lengths (named as B1, B2, and B3 and Mal, Ma2, and Ma3). The Iy,/I,¢ and Ig3s/L6 ratiometric signals were measured in a solution containing
100 nM t-NLuc and 1 M RNA at 25 °C in the presence of 20 xM DFHBI-1T or 1 uM TO1-biotin. The mixture of t-NLuc with TAR (without
Broccoli or Mango II), Broccoli, Mango II (without TAR conjugation), or simple mixtures of Broccoli/Mango II and TAR (i.e., TAR/Broccoli and
TAR/Mango) were used as negative controls. (e) Normalized I4;,/I,40 BRET signal of the t-NLuc/S6 construct after mixing 100 nM t-NLuc with
different concentrations of S6 RNA. Shown are the mean and standard deviation (SD) values from three independent replicates. *p < 0.0S, **p <

0.01, ¥**p < 0.001 in two-tailed Student’s t-test.

donor luciferase enzyme and an acceptor fluorescent RNA
species (Figure la). An important advantage of BRET-based
biosensors is that they can provide ratiometric si%nals to allow
real quantitative measurement of target analytes.”'®

Several protein-based BRET sensors have been previously
developed to detect different cellular target molecules or
protein—protein interactions.”'”'® In these sensors, the
ratiometric BRET signals are generated between an adjacent
pair of luciferase and fluorescent protein. The brightness and
stability of the luciferase and substrate are critical to the
sensitivity of the BRET sensors.'>'? For example, the NanoLuc
luciferase (NLuc) has been popularly used as a BRET donor
due to its small size, high catalytic efficiency, and stability.”*'

To develop an RNA-based BRET system, herein, we chose
to continue using luciferase (e.g,, NLuc) as the donor moieties
but will replace the fluorescent protein acceptors with
fluorogenic RNA (FR) aptamers. FR aptamers are single-
stranded RNAs that can bind and activate the fluorescence of
corresponding small-molecule dyes.””*> We and others have
previously demonstrated that these FRs can be engineered into
modular fluorescent sensors for the sensitive imaging of various
cellular targets."' ~'***7** We speculate that once our RNA-
based BRET platform is established, these existing fluorescent
RNA sensors can be readily converted to generate target-
specific bioluminescence signals.

Herein, we will report the design and validation of the first
RNA-based genetically encodable BRET system based on
natural RNA—protein interactions. We have further incorpo-
rated modular FR sensors to engineer bioluminescent probes
for the detection of different small-molecule analytes inside

living cells. With the development of this new type of RNA-
based BRET sensors, a broad range of cellular target analytes,
as well as RNA—protein interactions, can be potentially imaged
and quantified in vitro or even in vivo.

B EXPERIMENTAL SECTION

Chemicals and Reagents. All of the chemicals were purchased
from Sigma or Fisher Scientific unless otherwise noted. Furimazine
(Nano-Glo Luciferase Assay) was purchased from Promega
(Madison, WI). All of the RNA structures were simulated and
designed using Mfold online software and all of the RNA sequences
used in this project are listed in Table S1. DNA oligonucleotides were
synthesized and purified by the W.M. Keck Oligonucleotide Synthesis
Facility (Yale University School of Medicine) or Integrated DNA
Technologies (Coralville, IA). The stocks were dissolved at 100 M
concentration in 10 mM Tris—HCI and 0.1 mM ethylenediaminete-
traacetic acid (EDTA) at pH = 7.5 and stored at —20 °C. Double-
stranded DNA template/nontemplate strands for in vitro transcription
were prepared via polymerase chain reaction (PCR) amplification
using an Eppendorf Mastercycler. The PCR products were purified
and cleaned using a Monarch PCR & DNA cleanup kit (New England
BioLabs, Ipswich, MA). RNAs for the in vitro test were transcribed
using a HiScribe T7 high-yield RNA synthesis kit (New England
BioLabs, Ipswich, MA) and then column-purified. These RNA strands
were prepared in aliquots and stored at —20 °C for immediate usage
or at —80 °C for long-term storage. All of the DNA/RNA
concentrations were measured using a NanoDrop One UV-—vis
spectrophotometer.

Bioluminescence and Fluorescence Measurement. All of the
in vitro bioluminescence and fluorescence measurements were
conducted using a PTI fluorometer (Horiba, New Jersey, NJ) or a
SpectraMax M2 multimode microplate reader. Fluorescence assays
were conducted in a homemade buffer consisting of 40 mM N-(2-

https://doi.org/10.1021/acssensors.2c02213
ACS Sens. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c02213/suppl_file/se2c02213_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02213?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02213?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02213?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02213?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c02213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

hydroxyethyl)piperazine-N'-ethanesulfonic acid (HEPES), 100 mM
KCl, 0.1% dimethyl sulfoxide (DMSO), and 1—5 mM MgCl, at pH =
7.5. Here, 1 uM RNA and S uM HBC620 (or 20 uM DFHBI-1T for
Broccoli or 1 uM TOl-biotin for Mango II) were used for these
measurements at 25 °C. Bioluminescence assays were performed
either in the same homemade buffer or a NanoBuffer (Promega
Nano-Glo Luciferase Assay), with the addition of 100 nM t-NLuc and
1 M RNA and their corresponding dye. All of these samples were
first mixed and incubated at 25 °C for 30 min before taking the
measurement. Right after the addition of 1% (v/v) furimazine, the
BRET signals of each sample were collected at 460 nm (donor) and
612 nm (Pepper acceptor), 507 nm (Broccoli acceptor), or 535 nm
(Mango II acceptor) without excitation. All of the analyzed data were
plotted using Origin software.

Vector Construction. The DNA sequence of t-NLuc was first
PCR amplified from a mini-CMV-NLuc-tDeg plasmid]5 (gift from the
Jaffrey Lab). The amplified t-NLuc sequence was then cloned into a
pETite vector containing His tag for protein purification and in vitro
characterization. For intracellular bioluminescent detection, sequences
containing both a T7 promoter and terminator were cloned into a
pETDuet vector. The t-NLuc-His tag was double-digested with Ndel
and Xhol restriction enzymes (New England BioLabs), and the RNA
sensor region was digested with SgrAl and Sacll restriction enzymes.
After gel purification, the digested vector was ligated with a similarly
digested DNA insert using a T4 DNA ligase (New England BioLabs).
The preparation of t-NLuc under the lac promoter in the
reconstructed pETDuet plasmid was achieved following a similar
procedure but was double-digested with SgrAI and Sacll restriction
enzymes. The ligated product was transformed into BL21 Star (DE3)
cells (New England Biolabs) and screened based on their ampicillin
resistance. All of these plasmids were isolated and confirmed by
Sanger sequencing at Eurofins Genomics.

BRET Measurement in Bacterial Cells. BL21 Star (DE3) cells
that express t-NLuc and RNA sensors were first grown in LB media at
37 °C until the optical density at 600 nm reached 0.4—0.5. Then, 1
mM isopropyl f-p-1-thiogalactopyranoside (IPTG) was added for a 2-
h induction. Afterward, 1 mL of cells was centrifuged for 2 min at a
5000g speed and then resuspended in 200 L of Dulbecco’s
phosphate-buffered saline (DPBS) or cell lysis buffer containing $
uM HBC620. The target analyte was added into 100 uL of cell
solutions and incubated for 30 min before adding furimazine. The
bioluminescence and fluorescence signals were collected within a 96-
well plate using either a SpectraMax M2 multimode microplate reader
or an IVIS SpectrumCT system. On the plate reader, the BRET
signals were collected at both 460 and 612 nm wavelengths without
excitation three times with calibration at 25 °C. All of the data were
plotted with Origin software. In the IVIS SpectrumCT system, the
BRET signals were collected at both 500 and 620 nm wavelengths
without excitation. Images were taken with a 0.2-s exposure time, 1.5
cm subject height, and 13.3 cm? field of view. The processing of all
images was accomplished using Fiji Image] software.

BRET Measurement in Mammalian Cells. HEK-293T cells
were cultured in a DMEM medium supplemented with 10% fetal
bovine serum, 100 unit/mL of penicillin, and 0.1 mg/mL of
streptomycin at 37 °C in a 5% CO, atmosphere. For microscope
imaging, HEK-293T cells were seeded at a density of 2 X 10° cells per
well into a poly-D-lysine-coated eight-chambered cover glass plate
(Cellvis, C8-1.SH-N). For the plate reader experiment, these HEK-
293T cells were seeded at a density of 5 X 10* cells per well into a 96-
well glass bottom plate (Cellvis, P96-1.SH-N). After overnight
culturing, cells were transfected using the FuGENE HD transfection
reagent (Promega) according to the manufacturer’s instructions. To
be more specific, 1 pg of mini-CMV-t-NLuc was cotransfected with 1
ug of PAV-U6+27-Tornado-TAR or 1 ug of PAV-U6+27-Tornado-
S6. After 24 h of transfection, cells were subcultured using a DPBS
buffer containing S yuM HBC620 for 30 min. Fluorescence images
were collected using a Nikon TiE inverted microscope with an
Andor’s Zyla sCOMS camera at 25 °C. Cells were excited with a 561
nm laser through a 40X oil objective. For the plate reader experiment,
furimazine was added directly in each well before reading and the

donor luminescence signal at 460 nm and the acceptor signal at 645
nm were collected using a BioTek Synergy 2 plate reader.

B RESULTS AND DISCUSSION

Design and Optimization of an RNA-Based BRET
System. Inspired by previously reported BRET sensors that
are regulated by protein—protein interactions,”*>* we first
wondered if natural RNA—protein complexes can also be used
to control BRET signals. To test this idea, we chose to study a
well-characterized bovine immunodeficiency virus interaction
between a transactivation response (TAR) RNA and an
arginine-rich Tat peptide.”*™° This TAR—Tat complex
exhibits strong binding affinity (Kp, ~10 nM) and is naturally
used to enhance transcriptional activation and elongation.”” >’
Guided by the structure of this RNA—peptide complex,"”*" we
fused an NLuc luciferase to the N-terminus of the Tat peptide
(named “t-NLuc”) and used it as the BRET donor (Figure 1a).
Three tyges of FR aptamers, i.e., Broceoli, Mango IL,** and
Pepper,** were respectively conjugated to the loop region of
TAR and acted as the potential BRET acceptor (Table S1).
This loop region of TAR has been shown to just play a
structural role and thus can be swapped into different
sequences without interfering with the formation of the
TAR—Tat complex.""”*” The three types of FRs were chosen
based on their high brightness upon activating the correspond-
ing dyes, ie., DFHBI-1T, TO1-biotin, and HBC620. These
FR/dye pairs can also cover a large spectral range, i.e.,
Broccoli/DFHBI-IT (Aey/Aemy 472/507 nm), Mango 1I/TO1-
biotin (Ae/Aemy 510/535 nm), and Pepper/HBC620 (A./4
572/612 nm).

Because the BRET efficiency strongly depends on the
distance and orientation between the donor and acceptor
modules, we next wanted to optimize these factors between
NLuc and FRs. Instead of changing the peptide linker that
connects Tat with NLug, it is much easier to synthesize and
adjust the RNA linker between TAR and FR aptamers. By
simply altering the length of the RNA linker, considering the
A-form helical conformation of the RNA duplex, we can fine-
tune both the distance and orientation between NLuc and FRs.
For example, in the case of the Pepper acceptor, 5—10-base-
pair-long linkers (named S5—S10, respectively) were synthe-
sized and tested in vitro (Table S1). Our results indicated that
the fusion of Pepper and TAR wvia these linkers will not
influence the Pepper/HBC620 fluorescence signal (Figure
Sla). While in the presence of t-NLuc, upon adding
furimazine, the NanoLuc substrate, the BRET signals can
indeed be observed but highly dependent on the length of
RNA linkers (Figure S1b).

To compare the efficiency among these different BRET
pairs, the bioluminescence ratios between the acceptor (e.g,
Is, for Pepper) and donor (L) channels were deter-
mined.””" Measurement of these ratiometric I5;,/I ¢, signals
can minimize the influence of incubation time and substrate
concentration on the bioluminescence readout (Figure S2).
Our results showed that in the presence of S5—S10 RNA, a
1.2- to 7.2-fold increase in the I,/I,5o BRET signals was
observed (Figure 1b). The maximum Ig,/I ratiometric
signal was detected with the t-NLuc/S6 complex. As a control,
without linking TAR with Pepper, a minimal Ij,/I,4 signal
was shown, indicating that the TAR—Tat interaction is
required for the generation of strong BRET signals.

We have also measured the BRET efficiency of other t-
NLuc/FR systems using Broccoli/DFHBI-1T or Mango II/

em/
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Figure 2. In vitro characterization of different RNA-based BRET sensors. The Igj,/I 4 ratiometric signals of the optimal (a) t-NLuc/T1 tetracycline
sensor, (d) t-NLuc/M1 S-adenosyl methionine (SAM) sensor, and (g) t-NLuc/P3 guanosine tetraphosphate (ppGpp) sensor were measured in the
presence or absence of 100 M tetracycline (Tet), SAM, or ppGpp. The mixture of t-NLuc with TAR or S6 acted as a negative control and positive
control, respectively. (b, e, h) Dose—response curve of the t-NLuc/T1 tetracycline sensor, t-NLuc/M1 SAM sensor, and t-NLuc/P3 ppGpp sensor
after adding different amounts of tetracycline, SAM, or ppGpp. (¢, f, i) Selectivity of the t-NLuc/T1 tetracycline sensor, t-NLuc/M1 SAM sensor,
and t-NLuc/P3 ppGpp sensor was measured in a solution containing 100 #M counter ligands. The control was measured without adding ligands.
All of these measurements were performed in a solution containing 100 nM t-NLuc, 1 M RNA, and 5 yuM HBC620 at 25 °C after adding the 1%
(v/v) furimazine substrate. Shown are the mean and the standard error of the mean values from three independent replicates in each case.

TO1-biotin as the acceptor. After optimizing the linker lengths
between TAR and FR (Table S1), the ratiometric BRET
signals were determined at I5y;/I4 and Is3s/Lg, respectively.
However, only up to 33% and 156% increase in the BRET
signal was observed in the presence of Broccoli or Mango II
acceptor, respectively (Figure 1lc,d). Although these results
indicated that different types of FRs can be potentially used to
generate bioluminescence signals, considering the much larger
signal enhancement and red-shifted emission spectra from the
Pepper/HBC620 system, we decided to use the t-NLuc/S6
platform for the following studies.

To further optimize the BRET signals of this t-NLuc/S6
system, we studied the effect of Mg** concentration (Figure
S3) and other buffer conditions (Figure S4). Magnesium ions
can potentially influence the binding affinity of the TAR—Tat
complex”” as well as the folding of Pepper RNA.” Indeed,
without adding Mg**, a minimal I,/I,4 signal was observed
(Figure S3). While at the physiological Mg*" level (~2
mM),"* an ~11.0-fold increase in the Ig;,/I,q0 BRET signal
was shown, indicating that t-NLuc/S6 may be potentially used
under normal biological conditions. As we further increased
the Mg2+ concentration from 2 to 20 mM, a gradual decrease
in the Ig),/144, signal was detected, which may be due to the
formation of other unwanted RNA tertiary structures.

In addition, we wondered if these BRET signals are indeed
correlated with the concentrations of S6 RNA. To test this, we

mixed 100 nM t-NLuc with different amounts of S6 and
measured their Ig;,/I4 ratiometric signals (Figure le). Our
results indicated that a large concentration range (10—S500
nM) of S6 can be distinguished based on their BRET signals. A
half-maximal ratiometric intensity was reached after adding
~100 nM S6, i.e., stoichiometrically equivalent to that of t-
NLuc.

Development of RNA-Based BRET Sensors. After
characterizing and optimizing the function of the t-NLuc/S6
system, we next asked if this platform can be further used to
develop sensors for detecting target analytes. Inspired by the
modular design of FR-based allosteric fluorescent sensors,”> we
wondered if RNA-based BRET sensors can also be engineered
similarly by fusing target-binding aptamers into the S6 RNA
(Figure 1a). In this case, upon the addition of target analytes,
target-binding aptamers undergo structural changes to regulate
the folding of Pepper RNA, i.e, the BRET acceptor.
Consequently, the I,/ ratiometric BRET signal will be
directly correlated with the amount of target analytes.

We realized that the P2 stem region of Pepper is sequence-
independent and thus can be potentially used to insert these
target-binding aptamers.46 To test this design principle, we first
developed BRET sensors for detecting tetracycline (Tet), a
widely used antibiotic for fighting bacterial infections.”® Five
different double-stranded transducers were designed to link the
tetracycline aptamer into S6 (Figure SS and Table S1). These

https://doi.org/10.1021/acssensors.2c02213
ACS Sens. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c02213/suppl_file/se2c02213_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c02213/suppl_file/se2c02213_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c02213/suppl_file/se2c02213_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c02213/suppl_file/se2c02213_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c02213/suppl_file/se2c02213_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c02213/suppl_file/se2c02213_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.2c02213/suppl_file/se2c02213_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02213?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02213?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02213?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c02213?fig=fig2&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c02213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

a. 100 b S 100] ¢ 3
3 -
& 8 3 100
£ 80 £ % 8 80
B 2 60 =
& 60 g £ 60
kel T4 o
g g g
g 20 g 20]TAf g 20
2 5 2 =l | 2
[Tetracycline] 0 0 0 0.1 1 10100 [L-methionine] 0 0 0 1 5 2050 [Seine 0 0 0 01 1 5
(uM) (mM) hydroxamate]
(mM)
d € . . s f _
3 1o 3 100 3 100
_§ 80 _§ 80 _§ 80
g 60 5 60 3 60
3 8 2
E 40 E 40 E 40
£ 20 g 20{"F g 20
S 5 5
Z 0 Z 9 Z 9
[Tetracycline] 0 0 0 0.1 1 10100 [L-methionine] 0 0 O 1 5 2050 [Serne 0 0 0 01 1 5
(M) (mM) hydroxamate]
(mM)

Figure 3. Target detection in living BL21 Star (DE3) E. coli cells with different RNA-based BRET sensors. The ratiometric signals of t-NLuc/T1
sensor-expressing cells in the presence of different amounts of tetracycline using (a) a plate reader (I5;,/I450) and (d) IVIS SpectrumCT (I50/Isgo)-
The ratiometric signals of t-NLuc/M1 sensor-expressing cells in the presence of different amounts of L-methionine, a precursor for the cellular
synthesis of SAM, using (b) a plate reader (I41,/Lg) and (e) IVIS SpectrumCT (I4,0/Isg0). The ratiometric signals of t-NLuc/P3 sensor-expressing
cells in the presence of different amounts of serine hydroxamate (SHX) for inducing bacterial starvation and ppGpp generation, using (c) a plate
reader (I5),/I450) and (f) IVIS SpectrumCT (Ig0/Is)- Cells expressing t-NLuc/TAR or t-NLuc/S6 acted as a negative control and positive
control, respectively. The measurement was performed at 25 °C in the presence of S uM HBC620 right after adding the 1% (v/v) furimazine
substrate. Shown are the mean and SD values from three independent replicates. *p < 0.05, ***p < 0.001 in two-tailed Student’s t-test; ns, not

significant.

transducers were chosen because they have been previously
applied to engineer modular RNA-based tetracycline sensors.”"
Each of these sensor structures was further characterized in
silico using Mfold online software.”” By measuring the Ig;,/I160
BRET signal of each RNA sensor in the presence or absence of
100 puM tetracycline using a solution containing 1 yuM RNA
and 100 nM t-NLuc, an optimal sensor (T1) was identified
that exhibited a ~3.4-fold increase in the ratiometric BRET
signal (Figures 2a and SSa).

A dose—response curve for tetracycline was further
measured using this t-NLuc/T1 sensor (Figure 2b). The
ECy, value of this tetracycline-targeting BRET system was
determined to be ~2.8 uM. The t-NLuc/T1 sensor can be
used for detecting a large concentration range (0.1—100 M)
of tetracycline. As a control, the bioluminescent signals from
either t-NLuc/TAR or t-NLuc/S6 were not affected by
incubating with 100 uM tetracycline (Figure SSb). To further
test the target selectivity of this BRET sensor, we incubated
100 uM theophylline, streptomycin, ciprofloxacin, doxycycline,
linezolid, or carbenicillin with this t-NLuc/T1 sensor system
(Figure 2c). As expected, a minimal I4;,/I 4, signal was shown,
except for doxycycline, which belongs to the same tetracycline
family and shares a quite similar four-ring structure as
tetracycline.”

We wondered if this new RNA-based BRET sensor design
can also be modularly used to develop sensors for different
target analytes, such as S-adenosyl methionine (SAM),
metabolite for methylation, transsulfuration, polyamine syn-
thesis,”*>> and guanosine tetraphosphate (ppGpp), signaling
molecules involved in the bacterial response to stringent
conditions.”*~** Naturally existing RNA riboswitches that can
selectively recognize SAM’® and ppGpp°”®' have been

identified and used previously for engineering FR-based
fluorescent sensors.'>**

To convert these riboswitches into BRET sensors, we again
focused on the design of transducer sequences between the
aptamer domain of the riboswitch and the Pepper P2 stem
region (Figure la and Table S1). In the presence of t-NLuc,
after mixing these candidate RNA sensors with 100 uM SAM
or ppGpp, a 10.0-fold and 2.2-fold enhancement in the I;,/I,4
ratiometric signal were observed for the optimal SAM (t-
NLuc/M1) and ppGpp (t-NLuc/P3) sensors, respectively
(Figures 2d,g and SS). Interestingly, the activated M1 sensor
signal was even higher than that of S6, which is likely due to
the different percentages of properly folded RNAs. As shown
in Figure le, the intensities of BRET signals depend on the
RNA concentrations, i.e., the concentrations of properly folded
RNAs that can form the dye-binding pocket for generating
BRET signals. We think that the SAM-induced folding of M1
sensors may actually generate a higher percentage of well-
folded RNAs than that of free S6 and, as a result, exhibit a
higher BRET signal than S6. However, as expected, the I,/
Lo signals of t-NLuc/TAR and t-NLuc/S6 controls were not
affected after adding 100 uM SAM or ppGpp (Figure SS).
These optimized BRET sensors can be used to detect 1—100
#M SAM and ppGpp, with an ECy, value of 5.2 and 7.1 uM,
respectively (Figure 2e,h).

We next tested if these BRET sensors can retain the target
selectivity of natural riboswitches. For this purpose, we
incubated adenosine, guanine, methionine, and S-adenosylho-
mocysteine (SAH) with the t-NLuc/M1 sensor and ATP,
CTP, GTP, UTP, GDP, GMP, and guanine with the t-NLuc/
P3 sensor. None of these compounds affected the I,/I 4
signal of the BRET sensors (Figure 2fji). Indeed, the target
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Figure 4. (a) I5,/Lig ratiometric BRET signals of genetically encoded t-NLuc/T1 sensors in BL21 Star (DE3) cell lysates in the absence or
presence of additional 100 M tetracycline. (b) Ig;,/Lgo ratiometric BRET signals of genetically encoded t-NLuc/M1 sensors in BL21 Star (DE3)
cell lysates in the absence or presence of additional 1 mM SAM. (c) I4;,/I,6, ratiometric BRET signals of genetically encoded t-NLuc/P3 sensors in
BL21 Star (DE3) cell lysates in the absence or presence of additional 100 #M ppGpp. t-NLuc/TAR (without the Pepper unit) acted as a negative
control and the t-NLuc/S6 construct acted as a positive control. The measurement was performed at 25 °C in the presence of S uM HBC620 right
after adding the 1% (v/v) furimazine substrate. (d, e) Bright field and fluorescence channel imaging of HEK-293T cells at 24 h after transfection
with (d) mini-CMV-t-NLuc and pAV-U6+27-Tornado-TAR or with (e) mini-CMV-t-NLuc and pAV-U6+27-Tornado-S6. Fluorescence images
were collected through a §93/20 nm filter after irradiation with a S61 nm laser at 25 °C in the presence of 5 uM HBC620. Scale bar, 20 um. (f)
Ig4s/ 1460 ratiometric signals of HEK-293T cells after confirming the successful transfection with mini-CMV-t-NLuc and pAV-U6+27-Tornado-TAR
or pAV-U6+27-Tornado-S6. The measurement was performed in a plate reader at 25 °C in the presence of 5 uM HBC620 at 30 s after adding 1%
(v/v) furimazine substrate. Shown are the mean and SD values from three independent replicates. *p < 0.05, ***p < 0.001 in two-tailed Student’s t-
test.

selectivity of the riboswitches is maintained in these t-NLuc/ indeed, in this case, much clearer cellular I,/I,,, BRET
RNA-based BRET sensors. Altogether, these above results signals were observed (Figure S6). Meanwhile, cellular BRET
indicated that by simply changing the aptamer domain, RNA- signals can be immediately observed right after adding the
based BRET sensors can be modularly developed to allow furimazine substrate. There was a slow decrease in the BRET
detection of various target analytes. signals over time, but still, ~75% of maximum signals can be

Live-Cell Detection with Genetically Encoded RNA- observed at ~4 min (Figure S6). Theoretically, the ratiometric

Based BRET Sensors. We next asked if these t-NLuc/S6-
based BRET sensors can be genetically encoded for intra-
cellular measurement. We first cloned S6 and t-NLuc into a
pETDuet vector to allow the coexpression of S6 RNA and the
t-NLuc protein under two separate T7 promoters. As a control,
another pETDuet vector was engineered to express only t-
NLuc. After transforming these two plasmids respectively into
BL21 Star (DE3) Escherichia coli cells and incubating with
HBC620 and furimazine, a strong donor bioluminescent signal
at ~460 nm was clearly detected (Figure S6). However, a

minimal I, acceptor signal was shown in these t-NLuc/S6- led
expressing cells. NLuc and T7 promoter-controlled RNA sensors. Vectors

To solve this problem, we tried to change the relative expressing the t-NLuc/T1 tetracycline sensor, t-NLuc/M1
cellular expression levels of S6 and t-NLuc. This is because, as SAM sensor, and t-NLuc/P3 (p)ppGpp sensor were separately

BRET signals may be independent of the substrate
concentration or reaction time.®> However, in our case, likely
due to the rapid cellular degradation of furimazine®* or the
S6:t-NLuc complex, a decay in the ratiometric signal was still
observed. Some advanced live-cell substrates, e.g, endurazine
and vivazine, may be potentially useful to further increase the
stability and duration of these cellular BRET signals.

Our next goal was to study the performance of RNA-based
BRET sensors inside these living E. coli cells. Again, we
engineered the vectors to coexpress lac promoter-regulated t-

shown in Figure lc, an enhanced BRET efficiency can be prepared and then respectively transformed into BL21 Star
observed with an increasing ratio of S6:t-NLuc. We thus (DE3) E. coli cells. We first tried to detect the cellular
decided to suppress the cellular expression of t-NLuc by accumulation of tetracycline. In this experiment, after adding
placing it under a weaker lac promoter (in substitution of T7), 100 uM tetracycline, a ~3.4-fold enhancement in the Ig;,/Iy0
while S6 continued to be expressed under a strong T7 BRET signal was detected in the t-NLuc/T1-expressing cells
promoter. This new expression system allows the generation of (Figure 3a). The addition of 0.1—100 uM tetracycline can be
an increased S6:t-NLuc concentration ratio inside cells, and distinguished based on the cellular BRET signals. This
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detection range was similar to that from in vitro character-
izations (Figure 2b).

We next asked if the SAM- and ppGpp-targeting BRET
sensors can indeed be used to detect these cellular endogenous
analytes. We first treated the t-NLuc/MIl-expressing E. coli
cells with 1-50 mM of L-methionine, a precursor that
facilitates the cellular synthesis of SAM.®® Upon the addition
of L-methionine, an up to 2.0-fold increase in the cellular
BRET signal was observed (Figure 3b). We also applied the t-
NLuc/P3-expressing BL21 Star (DE3) cells to measure
variations in the cellular ppGpp levels under different
nutritional conditions. These sensor-expressing E. coli cells
were either cultured in a nutrient-rich medium containing
casamino acids and glucose66 or a nutrient-poor M9 minimal
medium supplemented with serine hydroxamate to induce
bacterial starvation.®” Indeed, in the nutrient-poor condition,
an around 2.0-fold increase in the BRET signal was observed,
indicating the cellular generation of ppGpp as a stringent
response (Figure 3c). All of these data validated that these
RNA-based BRET sensors can be used for detecting target
analytes in living cells.

Moreover, we further tested if these t-NLuc/RNA-based
BRET signals are bright enough to be detectable using an IVIS
SpectrumCT system, a widely used preclinical in vivo study
instrument. Similar to the above bioluminescence results
(based on the plate reader), target-induced BRET signals can
be clearly detected using the IVIS SpectrumCT (Figure 3d—f).
A 26—75% enhancement in the cellular ratiometric signals was
shown after adding 100 M tetracycline, S0 mM L-methionine,
or S mM serine hydroxamate. These results indicated that
these RNA-based BRET sensors have sufficient brightness that
may be potentially used for in vitro or even in vivo studies of
cellular target analytes.

It is also worth mentioning that these RNA-based BRET
sensors can also function in cell lysates. For example, in the cell
lysates of t-NLuc/T1-, t-NLuc/M1-, or t-NLuc/P3-expressing
BL21 Star (DE3) cells, upon the addition of 100 uM
tetracycline, 1 mM SAM, or 100 M ppGpp, an approximately
119, 21, and 90% enhancement in the I4;,/Ls ratiometric
signals was observed (Figure 4a—c). Interestingly, the
performance of these RNA-based BRET sensors in living
bacterial cells is even superior to that in the cell lysates, which
is probably due to the influence of cell lysates on RNA folding
and/or the strength of TAR—Tat interactions.

Last, we also tested if our RNA-based BRET system can also
be genetically encoded and function within mammalian cells.
For this purpose, we transfected our S6 construct into HEK-
293T cells using a previously reported “Tornado” expression
system.”® This Tornado platform enables rapid intracellular
RNA circularization and protects RNA inserts from exonu-
clease degradation to increase the cellular expression levels of
RNA sensors. After validating the expression of sensors in the
transfected HEK-293T cells (Figure 4d,e), the Igs/Iig0
ratiometric signals were compared between t-NLuc/TAR-
and t-NLuc/S6-expressing cells. An ~6.9-fold increase in the
BRET signal was observed in cells expressing t-NLuc/S6
(Figure 4f), demonstrating the feasibility and potential
function of this RNA-based BRET system in living mammalian
cells.

B CONCLUSIONS

In this project, we developed the first genetically encoded
RNA-based BRET sensors, which can be used for intracellular

detection and imaging of different target analytes. On the basis
of natural RNA—protein interactions, a luciferase enzyme
donor and an FR aptamer acceptor were coupled together to
form an effective BRET platform. Modular BRET sensors have
been further engineered to detect antibiotics, metabolites, and
signaling molecules in both living cells and cell lysates.
Following similar design principles, we expect the potential
development of modular bioluminescent sensors for a wide
range of target species, including small molecules, ions, RNAs,
and proteins.

Another potential application of these BRET sensors is for
the study of cellular RNA—protein interactions. By replacing
TAR—Tat with other RNA—protein pairs of interest, the
BRET signals can function as a genetically encoded indicator
to determine the strength and distribution of RNA—protein
interactions in living biological systems. For example, NLuc
can be placed at either the N- or C-terminus of the target
protein as the BRET donor, while Pepper can be encoded at
the $’- or 3’-end or a middle loop region (as done in this
study) in the target RNA as the BRET acceptor. However,
some optimization in the relative orientation and distance
between NLuc and Pepper is still likely needed to maximize
the energy transfer efficiency. Meanwhile, the potential usage
of these RNA-based BRET sensors for in vivo imaging and
high-throughput screening of RNA-targeted drugs can also be
anticipated. Indeed, these general and modular BRET sensors
can be a great complementary tool to the existing fluorescent
RNA assays.

On the other hand, we have to mention that the current
dynamic range, efficiency, and signal duration of these RNA-
based BRET sensors are still quite limited. More systematic
studies are still needed to further optimize FR/dye and
luciferase/substrate pairs with better-matched wavelength,
brightness, cellular stability, and relative orientation. Never-
theless, this current study has now opened the door for new
functions of RNA molecules and nanodevices. A wide variety
of designs and applications of RNA sensors can be expected in
this emerging field.
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