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Genetically encoded light-up RNA aptamers have become powerful tools for visualizing RNAs in cells. However,
fluorogenic dye/aptamer pairs used for super-resolution RNA imaging are still rare. Herein, we reported an
environment-sensitive dye Nap which can light up its target RNA aptamer NapRA for aptamer-based RNA im-
aging with confocal and structured illumination microscopy (SIM). Nap was designed to be amphiphilic to
assemble into nano-particles in water associated with the quenched fluorescence by the aggregation effects.

NapRA was obtained from SELEX technology with a 12-round Nap-based selection and has a high binding af-
finity to Nap of Kq = 3.142 nM. The super affinity disintegrated the dye aggregate and resulted in a turn-on
fluorescent signal. The light-up feature combined with high photostability made Nap/NapRA a useful system
capable of super-resolution imaging of the expression of RNA in bacteria. This work represents the first appli-
cation of dye aggregation-disaggregation for aptamer-based RNA imaging.

1. Introduction

Applicable RNA labeling methods combined with advanced fluo-
rescence imaging techniques (e.g., super-resolution imaging) enable
dynamic imaging of RNA in cells with high temporal and spatial reso-
lution, providing insight into the complex biological processes of RNA
[1]. The performance and labeling characteristics of fluorescent probes
are important factors in achieving final high-quality images, especially
for super-resolution RNA imaging [2,3]. Fluorescence in situ hybridi-
zation (FISH) and molecule beacons were the earliest RNA labeling
methods, but their application was limited by non-permeability, insta-
bility, and uneven cellular distribution of the fluorophore-nucleic acid
complexes [4-6]. Subsequently, the interaction between RNA-binding
protein (RBP) and aptamer was used to label the RNA of a target. Usu-
ally, tens of repeated RBP-binding aptamers were incorporated into the
3’-untranslated region of the target messenger RNA (mRNA). And then
fluorescent proteins fused RBPs (FPs-RBP) were genetically encoded in
the same cell allowing for tracking mRNA [7-11]. This method has been
considered a gold reference for collecting data on gene expression and
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RNA trafficking. However, high background fluorescence and dozens of
bulky protein tags may affect the movement and function of RNA. And
the easy photo-bleaching of fluorescent proteins limits the long-term
super-resolution imaging of mRNA [12]. Recently, fluorogenic dye/ap-
tamer pairs have been considered a promising RNA imaging tool, where
the large FPs-RBP complexes were replaced by a dye with cellular
permeability and spectral flexibility [13,14]. These small molecule
probes with high specificity and affinity are non-fluorescent in solution,
but the fluorescence would be turned on when the dye specifically
recognizes the target RNA aptamer [15-18].

A variety of fluorogenic dye-aptamer pairs have already been iden-
tified in vitro using the systematic evolution of ligands by exponential
enrichment (SELEX) technology [19,20]. Among them, three strategies
were used to light up the fluorescence of dyes. The most used one is to
restrict the vibrational and rotational motion of the fluorophore, such as
Malachite green (MG) [21], GFP fluorophore-like synthetic dye DFHBI
[13,17], DFHO [15,18] and HBC [22]. As the first dye turned on by RNA
normally, MG has extremely low quantum yields due to easy vibrational
de-excitation, but RNA aptamer could enhance the fluorescence by
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restricting such vibrations [21]. Another strategy is the inhibition of the
fluorescence quenching pathway by electron transfer or energy transfer,
such as Forster resonance energy transfer (FRET) [23], photoinduced
electron transfer (PET) [24-26] and intramolecular fluorophore n-n
stacking [16,27]. For instance, Gemini-561 was non-emissive in water
because of intramolecular dimerization-induced self-quenching of sul-
forhodamine B fluorophores, and its RNA aptamer o-Coral was capable
of selectively separating the dimer and thus activating its fluorescence
[16]. The third strategy is based on the fluorescence light and dark
changes caused by the equilibrium of the rhodamine spironolactone
switch. For example, Si-rhodamine exists in the solution as a
non-fluorescent spironolactone structure. After specific binding to RNA
aptamer SiRA, the fluorescence of Si-rhodamine was subsequently
lighted up by the formation of a zwitterion state [28]. For aptamer se-
lective fluorogenic probes, dye brightness, photostability, biocompati-
bility, and signal-to-noise ratio are critical for image quality. Only
TMR-DN and SiRs dyes reported by Jaschke’s et al. were currently
available for RNA super-resolution imaging [28,29]. Indeed, dyes with
positive charges like rhodamine tend to bind mitochondria to produce
high-intensity background signals. Therefore, fluorogenic aptamer
probes capable of super-resolution imaging of RNA are still required.

In this work, the probe Nap was reported to light up target RNA
aptamer for aptamer-based RNA imaging with confocal microscopy and
structured illumination microscopy (SIM). Nap was derived from
naphthalimide fluorophore, which was a traditional environment-
sensitive fluorophore. As shown in Scheme 1, the neutral naph-
thalimide fluorophore acted as a hydrophobic group, while the amino
and amide groups were hydrophilic, allowing Nap self-assemble into
fluorescence quenched nano-particles. After the addition of RNA
aptamer NapRA which has a nanomolar level affinity for Nap, this
strong binding induced the disassembly of the Nap-based nano-
particles, resulting in a turn-on and relatively stable fluorescent signal.
The aggregation-disaggregation of Nap was confirmed by dynamic light
scattering (DLS), fluorescence, and SEM imaging. Molecular docking
simulation was further used to investigate the binding mechanism be-
tween Nap and NapRA. Finally, this aptamer/fluorophore recognition
induced light-up system was used as a gene coding tag to visualize
mRNA in bacteria.
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2. Experiment and methods
2.1. Materials

The oligonucleotide was chemically synthesized by General Bio-
systems Co., Ltd. Taq Plus DNA Polymerase, dNTP 10 mM Mixture, dN
(U)TP 25 mM Mixture, T7 RNA Polymerase, Urea, Acrylamide, Acryl/
Bis 30 % Solution (29:1), Water-DEPC Treated Water, RNase-free dou-
ble-distilled water (ddH;O), DNase I, RNase Inhibitor, Glycogen,
Ethidium bromide, and NHS-Activated Sefinose (TM) 4 Fast Flow were
obtained from Sangon Biotech. Restriction enzyme Prime Script™ 1st
Strand cDNA Synthesis Kit was purchased from Takara. Trans5a and
BL21(DE3) Chemically Competent Cell were bought from Trans Gen
Biotech. Phenol was purchased from Solarbio. Hieff Clone® Plus Multi
One Step Cloning Kit, MolPure® PCR Purification Kit, MolPure® Gel
Extraction Kit, and MolPure® Plasmid Mini Kit were bought from Yea-
sen. Unless otherwise specifically stated, all reagents were used without
further treatment or purification. The plasmids used in this paper were
purchased from Addgene and Ningbo bionice biotechnology,
respectively.

2.2. Spectra and particle size determination

The stock solution (2 mM) of Nap was prepared in DMSO. To
investigate the solvation effect, 1 pM Nap was dissolved in different
solvents including Toluene, Chloroform (CHCls), Ethyl acetate (EA),
Dioxane, Acetone, Ethyl alcohol (EtOH), Acetonitrile (ACN), Dimethyl
sulfoxide (DMSO) and water. The fluorescence spectra were detected
with 450 nm light excitation. To measure the aggregation-
disaggregation properties of Nap, aqueous solutions of 1 pM Nap were
treated with 0-50 mM four types of surfactants including Dodecyl-
trimethyl ammonium chloride (DTAC, cationic surfactants), Sodium
dodecyl sulfonate (SDS, anionic surfactant), T-octylphenoxypolyethox-
yethanol (Triton X-100, nonionic surfactant) and Dodecyl dimethyl
betaine (BS-12, zwitterionic surfactant). As the pH changes from pH 2-7
in aqueous solutions containing surfactant Triton X-100, the fluores-
cence spectra of Nap were examined.

To determine the size of Nap aggregates, 5 pM Nap was determined
by Zetasizer nanosize analyzer in an aqueous solution with and without
50 pM NapRA. To monitor the changes in Nap aggregates, the solution
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Scheme 1. Schematic illustration of fluorogenic RNA labeling strategy based on aggregation-disaggregation of Nap.
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of 5 pL. Nap and the complex solution of 5 pL. Nap/NapRA were dripped
onto a silicon wafer, respectively. And the dried samples were observed
at 3 kV LED with a JSM-7800F scanning electron microscopy (SEM). To
take confocal images, we dropped 5 pL Nap and 5 pL Nap/NapRA
complex solution on a confocal imaging dish and covered them with a
thin layer of agarose gel, respectively. The images were collected using a
100 x oil lens on an Olympus laser scanning confocal microscope
(FV1000) under the conditions of Aex = 488 nm, Aeyy, = 500-550 nm.

2.3. Aptamer selection by systematic evolution of ligands by exponential
enrichment (SELEX) technology

2.3.1. Library preparation

The random library was a variant derived from the library used
commonly in Dye-based SELEX [22,28]. In brief, a 79-nt single-stranded
oligonucleotide was synthesized to prepare the ssDNA library. It con-
tains a 40-nt random region (Table S1 red) between 20-nt and 19-nt two
constant fixed primer binding sites. The oligonucleotide was synthesized
with an A:C:G:T ratio of 3:3:2:2. Following, we synthesized 38-nt and
20-nt primers which included a T7 promoter recognition site for RNA
transcription in vitro. The oligonucleotide was purified by PAGE and 1
OD of the oligonucleotides were amplified in a 10 mL PCR reaction for
8-cycles (95 °C 5 min; cycles of 95°C 305, 52 °C 30 s, 72 °C 30 s; fol-
lowed by final heating at 72 °C 10 min and cooling to 4 °C) using the
forward and reverse primers (Table S1 blue). After the PCR product was
extracted by Phenol: Chloroform: Isoamyl Alcohol (25:24:1) and
precipitated with sodium acetate and ethanol. The DNA pellet was dis-
solved in ddH,0 and used directly for transcription in vitro.

2.3.2. Preparation of Nap-sepharose affinity resin

1 mL of NHS-Activated Sefinose (TM) 4 Fast Flow resin was trans-
ferred into a 3 mL empty column and washed with millipore water (ice-
cold) and resuspended in 100 mM HEPES buffer (pH 7.4). 0.5 mL Nap
(12 pM) was added to the resin dropwise under vigorous shaking. The
resin was washed with 100 mM HEPES buffer (pH 7.4) and then 100 mM
Tris (pH 7.4), following incubation at 25 °C for 4 h. The coupling effi-
ciency was determined by the fluorescence intensity of unreacted Nap in
the combined wash solutions. Then, the modified resin was sequentially
cleaned with filtered deionized water, 100 mM Tris (pH 7.4), and
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incubated with the Nap-modified resin under the same conditions. The
resin was washed with 1 x ASB buffer over three times and then incu-
bated with 5 mM EDTA at 60 °C for 10 min to elute combined RNAs. The
eluted RNA was precipitated by EtOH (added glycogen) and the pellet
was dissolved in 100 pL ddH30. After the reverse transcription proced-
ure, cDNAs were amplified by PCR procedure, transcribed, and folded
identically. The RNA was subjected to the next screening round. The
screening was carried out for six rounds using this protocol. From the
seventh round, the concentration of Nap decreased halve to increase
selection pressure, meanwhile, the RNA decreased from 100 uM (rounds
1-2) over 50 uM (rounds 3-6) to 10 uM (rounds 7-12), and then elution
RNAs were collected, purified and dissolved in 1 x AB buffer. The
screening progress was monitored by the percentage of eluted RNA.

2.3.4. Sanger sequencing

The RNA eluted from 12 rounds of selection was reverse transcribed,
PCR amplified and then cloned into a mammalian vector (Tomm20-
mApple, Addgene#54955) using a restriction enzyme. The fluorescent
protein mApple was replaced with the aptamer sequences through two
cleavage sites (BamHI, Notl), and the sequence determination from the
5’ to 3’ end was completed through the CMV promoter. The constructed
plasmid was transformed into receptive DH5a Escherichia coli (E. coli),
and 96 colonies were picked from LB culture plates (kanamycin) for
Sanger Sequencing. The 48 samples of them with the correct bands were
sequenced (Table S2).

2.4. Measurement of the dissociation constant

The dissociation constant (Ky) of the selected aptamers (NapRA, Apt-
80, Apt-10) in the complex was calculated by fluorescence spectra. The
RNA was folded as previously reported and incubated with Nap
(50 nM). Constant Nap was subjected to a fluorescence readout with
aptamers concentrations ranging from 0 to 10 mM at 25 °C. The wave-
lengths of the excitation and emission were 450 nm and 550 nm, and the
slit widths were tuned at + 20 nm and — 10 nm, respectively. The Hill
equation was used to fit the displayed curve, and the K value was
measured and calculated using the following equation [15] on the basis
of aptamers concentrations:

F=Fy+

(Foo — Fy) X {(Kd + Py + [Apt]) — \/([Apt] — Py )’ + Ky x (Kq + 2[Apt] +2P;) }

2P,

1 x ASB (20 mM HEPES, 125 mM KCl, 5 mM MgCly, pH 7.4) repeatedly.
The control resin for the negative selection was prepared similarly.

2.3.3. Selection process

For the initial selection round, purified PCR products were tran-
scribed in the reaction solution (4 mL) including 2 mM dN(U)TP, 1 U/pL
RNase Inhibitor, and 0.6 U/pL T7 RNA polymerase. After incubation at
37 °C for 2 h, DNase I (50 U/mL) was added and incubated for 30 min.
The transcription products were extracted by the mixture solution with
Phenol: Chloroform: Isoamyl Alcohol (25:24:1, pH 5) and precipitated in
the solution including sodium acetate and ethanol. The RNA pellet was
dissolved in 1 x AB buffer (20 mM PBS, 125 mM KCl, 5 mM MgCl,, pH
7.4) and used directly for aptamers screening. Prior to the binding
procedure, the RNA was folded by gradient annealing from 75 °C to
25 °C and incubated for an additional 2 h at 25°C. RNA was first
incubated with the mock resin for 2 h at 25 °C for removing nonspecific
binding RNA aptamers of resin. The remaining unbound RNA was

here, F is the fluorescence intensity at any given aptamer concen-
tration, Fy is the fluorescence intensity of free Nap with an initial con-
centration of Py, F,, is the maximum fluorescence intensity reached
when all Nap is in complex with the aptamer, [Apt] is the final con-
centration of added aptamer, and K is the equilibrium dissociation
constant.

2.5. Cell culture and imaging

We prepared a pET28a-mCherry-NapRA expression vector under the
control of the T7 promoter and terminator, where one copy of the
NapRA aptamer with seven complementary base sequences was intro-
duced into the 3'-untranslated region of the red fluorescent protein
mCherry gene by restriction enzyme Xhol. All the specific primers and
inserted sequences were in Table S3.

The BL21(DE3) competent E. coli cells were transformed with
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pET28a-mCherry-NapRA plasmid. Single colonies of the bacteria were
picked and grown overnight in LB medium (50 pg/mL Kanamycin) at
37 °C. Then, 50 pL bacteria solution was added to 5 mL LB medium and
cultured at 37 °C with shaking at 200 rpm. At an ODggo of 0.3, 1 mM
IPTG was added to initiate transcription for an additional 3 h. And then
1 mL bacterial solution was taken up and centrifuged for 2 mins at
12,000 rpm and the supernatant was removed. 100 pL of 8 % PFA so-
lution was added to the bacteria and incubated at room temperature for
10 min after washing with mixture buffer (LB medium with 2 mM
MgS04, 3 mM MgCly, and 100 pM CaCly). 20 pL bacterial solution was
added to 280 pL mixture buffer and incubated at 37 °C for 1 h, and then
the different concentration of Nap (2 pM, 1.5pM, 1 pM, 500 nM,
250 nM, 50 nM) was added, and maintained at 37 °C for 30 mins before
imaging. The imaging was performed on Laser Scanning Confocal Mi-
croscope (Andor iQ 3.2) with a 100 x oil-immersion objective lens (laser
combination: 488 nm; 561 nm). Then, Nikon N-SIM Super-Resolution
Microscope System was used to perform the super-resolution cell im-
aging. The ORCA-Flash 4.0 sCMOS camera (Hamamatsu Photonics K.K.)
and 100 x/NA 1.49 oil immersion TIRF objective lens (CFI HP) were
used with the motorized inverted microscope ECLIPSE Ti2-E. For
Hoechst 33342: Ay = 405nm, Ay = 425-475nm; For Nap: Ae
=488 nm, Aey = 500-550 nm; For mCherry: Aexy = 561 nm, Aem
= 580-650 nm.

2.6. Molecular simulation methods

The 3D structure of aptamer was predicted by the RNAComposer
system [30,31]. The interactions between Nap and NapRA were simu-
lated by molecular docking. After the aptamer was defined as a receptor,
the possible binding sites for the probe were searched by the Define Site
function of DiscoveryStudio software (DS). Three binding sites were
obtained, which were named site 1, site 2, and site 3 according to the
size of the cavity. The site size was expanded to approximate the probe

Sensors and Actuators: B. Chemical 386 (2023) 133731

molecular volume. The probe was applied forcefield of CHARMm and
partial Charge of MMFF94 and docked with three different binding sites
using default parameters by CDocker in DS, respectively.

3. Results and discussion
3.1. Aggregation property of Nap

The absorption and fluorescence spectra of Nap in different solvents
were first investigated (Fig. 1a and Fig. S1a). With the increase of sol-
vent polarity, the absorption and emission wavelengths of the probe red-
shifted due to the intramolecular charge transfer (ICT) effect. The
fluorescence intensity of Nap in an aqueous solution was about 6-fold
lower than that in DMSO. When surfactants were added to the
aqueous solutions of Nap, the fluorescence and absorption intensities
were gradually enhanced (Fig. 1b—c and Fig. S2). The neutral Nap can be
lit up by four types of surfactants including anionic SDS, zwitterionic BS-
12, cationic DTAC, and nonionic Triton X-100. And the fluorescence
increased significantly when the micellar concentration exceeded the
critical micelle concentration (CMC), suggesting that the turn-on fluo-
rescence responses of Nap were driven by molecular disassembly. The
weak blue shift (17-25 nm) in emission after the addition of surfactants
was due to the fact that the hydrophobic part of the surfactants created a
weakly polar microenvironment [32].

To further verify the aggregation of the probe in an aqueous solution,
the quantum yield of the probe at different concentrations was
measured. We found that the quantum yields of Nap in aqueous solu-
tions decreased with increasing probe concentrations (Fig. 1d). Since the
higher the concentration, the easier it is to form aggregates, this result
also shows the existence of Nap aggregates. The dynamic light scattering
(DLS) results showed that the size of 5 pM Nap was about 132.2 nm
(Fig. 1e). In addition, the fluorescence spectra of Nap solution remain
basically unchanged with the changes of pH (Fig. 1f). This indicated that
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Fig. 1. Aggregation properties of Nap in aqueous solution. (a) Fluorescence spectra of 1 pM Nap in various solvents; (b) Fluorescence spectra of 1 pM Nap in
different types of surfactants; (c) Absorption spectra of 1 uM Nap in different concentrations of anionic surfactant SDS; (d) Fluorescence quantum yields of Nap at
different concentrations in aqueous solution; (e) DLS analysis of 5 pM Nap in aqueous solution; (f) Fluorescence spectra of 1 pM Nap at different pH with the addition

of 50 mM Triton X-100.



C. Yan et al.

there was no photoinduced electron transfer (PET) process, and the
disaggregation was the main cause of the fluorescence quenching.

3.2. Selection and identification of a high-affinity aptamer for Nap

RNA Aptamers are single-stranded oligonucleotides with a typical

(a)

©
1
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length between 25 and 100 nucleotides that fold into three-dimensional
structures capable of binding to target molecules. Specific aptamers can
be isolated against a large variety of targets through the systematic
evolution of ligands by exponential enrichment (SELEX). Here, we used
the SELEX technique to screen for specific RNA aptamers of Nap. The
selection started with an RNA library containing 10%* different
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sequences and a standard length of 79-nt. The sequence of the RNA li-
brary consisted of a 5'-forward primer binding site, a 40-nt random re-
gion, and a 3'-reverse primer binding site. Before the screening, Nap was
modified onto the NHS-activated sepharose by amidation reaction
(Fig. S3). The labeled column showed obvious fluorescence compared to
the unlabeled column. The concentration of Nap labeled on the
sepharose column was approximately 5.739 pM.

A total of 12 rounds of screening were carried out, and the affinity of
the remaining RNA to Nap increased with the shrinking of the library in
each round (Fig. 2b). The in vitro selection was monitored by the per-
centage of RNA eluted efficiency from the ligand Nap. The RNAs were
combined with the Nap-modified sepharose column and treated to the
SELEX following transcription of the first ssDNA library iteratively.
Sepharose binding, non-specificity washing, elution of retained RNAs,
RNA reverse transcription, and cDNA amplification were all processes in
the protocol. RNAs elution rate increased exponentially after 6 rounds of
selection, indicating the enrichment of target-binding RNAs. To improve
the evolutionary pressure, 7-12 rounds were further performed with dye
concentrations that were reduced in half and washing conditions that
were progressively tougher. The aptamers with high affinity in the
twelfth round were reverse-transcribed, PCR-amplified, and cloned into
plasmids that were subsequently transformed into E. coli. After PCR of
96 single colonies of bacteria, selected 48 plasmids with target lane
(144 bp) were sequenced by Sanger sequencing (Table S2), and 32
plasmids of them were sequenced successfully.

Guanine-rich nucleic acid sequences could fold into a special G-
quadruplex (G4) structure which is generally applicable to varieties of
dye-based aptamer binding principles sites [14]. Therefore, the obtained
aptamers here were further screened through the G-Score evaluation
system, which had been used as a standard to predict the RNA G4
structure folding [33]. The G-score of these 32 aptamers sequenced was
calculated by QGRS Mapper, which had been gradually used in the field
of SELEX in recent years to predict aptamer capability and functional
core [34-37]. Finally, nine of them (Apt-3, Apt-10, Apt-44, Apt-51,
Apt-52, Apt-66, Apt-74, Apt-80, and Apt-91) were given effective
scores from 5 to 20 as shown as Table S4.

Meanwhile, the phylogenetic tree of all 32 aptamers was depicted
using the unweighted pair group method with an arithmetic mean
(UPGMA) program. The rooted phylogenetic tree revealed the homology
of these aptamers’ sequences. The higher the sequence homology, the
closer the two sequences were to the phylogenetic tree (Fig. S6a);
however, this did not imply that their tertiary structures were homolo-
gous. For example, Apt-10 with the lowest G-score has a high homology
while Apt-3 with the highest G-score (Fig. S6a). The secondary or ter-
tiary structures analyzed by MEGA7 software [38] and the RNA-
Composer [39] were shown in Fig. 2c and S5. As the G-score reduced, it
showed a gradual decline in the ability to form G4, which would be due
to the gradual decrease in the capacity to form interacting units with
Nap. Therefore, the secondary structure motifs or other domains of
these low-score aptamers might influence the interaction with Nap. To
prove our hypothesis, the sequences corresponding to the ssDNA of the
two highest scores (Apt-3, G-Score 20; Apt-80, G-Score 14) and the one
with the lowest scores (Apt-10, G-Score 5) were synthesized (Fig. 2b).
This three ssDNA was turned into transcripts by the T7 promoter. 12 %
denaturing urea PAGE analysis demonstrated that they were success-
fully transformed into transcripts (lane 1-3 of Fig. S6b) as compared to
the control (lane 4 of Fig. S6b), and then they were used after further
purification and annealing folding.

The fluorescence changes after NAP bound by the screened aptamers
were in line with our expectations. After binding to Nap, Apt-3 (here and
after referred to NapRA) with the highest G-Score had the greatest
change in Nap fluorescence intensity (about 5 times enhancement),
while Apt-80 with a relatively low score, enhanced Nap fluorescence by
about 4.2 times. And Apt-10 with the lowest G-score only increased Nap
fluorescence by 2 times (Fig. 2¢, S6¢). It was worth noting that the
fluorescence emission wavelength of Nap displayed blueshifts
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(~ 13 nm) after binding to NapRA, indicating that the binding cavity in
NapRA was smaller in polarity than that in the aqueous solution
(Table S5). The dissociation constants (Kg) of Nap to these three
aptamers were measured to be 3.142 nM, 76.146 nM, and 265.259 nM,
respectively (Fig. 2d). NapRA has the greatest affinity to Nap, which
coincides with the fact that these two cause the greatest fluorescence
enhancement. This K4 value is much higher than that of reported
aptamer /dye complexes, such as SiRA-SiR (K4 = 430 &+ 70 nM) [28],
Corn/DFHO (K43 = 70 nM), Squash/DFHBI-1 T (Kg = 45 nM) [15], et al.
This super binding affinity was the main cause to induce in the disas-
sembly and light-up fluorescence of Nap. After incubation at 37 °C for
18 h, The fluorescence of the Nap/NapRA complex remained stable,
while the fluorescence of Nap and Apt-80/Apt-10 complex decreased at
different degrees. This binding stability is due to the strong binding af-
finity between Nap and NapRA (Fig. 2e). Therefore, NapRA was
selected for further investigation.

3.3. Disaggregation and photostability of Nap after binding to NapRA

The disaggregation properties of Nap induced by aptamer NapRA
were first characterized by confocal fluorescence imaging. A few fluo-
rescent spots of Nap were observed in the aqueous solution, but the
fluorescence was weak in general. After the addition of NapRA, the
fluorescence of the Nap aqueous solution was enhanced obviously, and
there was no fluorescent spot observed in the imaging (Fig. S7). After
evaporation of the aqueous solution, we found that the Nap samples
showed a large number of rod-like fluorescent aggregates, but these
aggregates disappeared after the addition of NapRA but were replaced
by a few bright fluorescent spots, which should be the aptamer/dye
complex. Non-fluorescent aggregates here in the bright field were
formed by an excess of aptamers (Fig. 3a). The results of scanning
electron microscopy (SEM) were consistent with those of fluorescence
imaging. As shown in Fig. 3b, we observed spindle-shaped aggregates
with about 100-200 nm wide in aqueous solutions containing Nap only,
as well as some slender linear structures. The high affinity of NapRA to
Nap induced the disaggregation of Nap nanoparticles through
competitive binding so that only small-size particles of 10-50 nm were
visible in SEM imaging. This disaggregation process was also monitored
by DLS, whereas the particle size of Nap decreased from 132.2 nm
(Fig. 1e) to 65 nm after binding to NapRA (Fig. 3c).

In addition to the fluorogenicity and high affinity, the photostability
of the probe is the key requirement for successful aptamer-based RNA
imaging. Nap showed better photo-stability than previously reported
photo-stable naphthalimide derivatives via inhibiting twisted intra-
molecular charge transfer (TICT) (for example 4-azetidine-N-methyl-
1,8-naphthalimide) [40], fluorescein and fluorescent proteins mCherry
(Fig. 3d). 4-azetidine- 1,8-naphthalimide and mCherry were widely used
in SIM imaging for their good photostability [17,41]. More importantly,
the photostability of Nap after binding to NapRA was much higher than
Nap itself and comparable to Rhodamine 123 which is considered one of
the most photostable dyes. Thus, the excellent photostability of Nap/-
NapRA enabled a potential long-term RNA imaging.

3.4. Super-resolution imaging of mRNA in bacteria

Since E. coli is an ideal model for RNA imaging [17,28], we fluo-
rescently imaged mCherry mRNA in bacteria with Nap/NapRA pairs in
this work. One copy of the NapRA aptamer with seven complementary
base sequences was introduced into the 3'-untranslated region of the red
fluorescent protein mCherry gene, and the mCherry without NapRA as
the control group. E. coli expressing either mCherry or mCherry-NapRA
mRNA were imaged in the presence of Nap (Fig. 4). Firstly, bacteria
expressing mCherry or mCherry-NapRA displayed similar mCherry
fluorescence intensities, suggesting that the NapRA tag did not affect the
transcription and translation processes of the target protein. We then
examined the performance of Nap in bacteria to selectively bind
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Fig. 3. Disaggregation and photostability properties of Nap nanoparticles after the binding of NapRA to Nap. (a) Confocal imaging of dried samples of 5 pM Nap
before and after binding to NapRA. (b) Scanning electron microscope (SEM) imaging of 5 pM Nap before and after binding to NapRA. (c) DLS analysis of 5 pM Nap
after the addition of 50 pM NapRA. (d) Photostability of 5 pM Nap in aqueous solution.

NapRA. The bright fluorescence emission of Nap was detected pre-
dominantly in bacteria expressing mCherry-NapRA mRNA, but not in
the control cells. As shown in Fig. 4c, there was a 5-fold enhancement of
the Nap fluorescence inside the mCherry-NapRA-overexpressed bacteria
to that in the background, which was consistent with the results of in
vitro fluorescence detection (Fig. 2d), indicating the fluorogenic feature
of Nap/NapRA complex. We further incubated bacteria expressing
mCherry-NapRA mRNA with different concentrations (50 nM to 2 pM)
of Nap. We found that the fluorescence intensity in bacteria was 1.5-5
times stronger than that in the background, but the signal-to-noise ratio
was the highest when the probe was 1 uM (Fig. S8). This may be due to
the lower incubation concentration that would reduce the detected
amount of mRNA while increasing Nap to 2 pM caused higher back-
ground fluorescence.

Structured illumination microscopy has emerged as one of the most
universally implemented super-resolution imaging techniques that can
surpass the optical diffraction limit [42]. SIM imaging of intracellular
proteins, organelle, and cytoskeletal have been well established [41,
43-46], but its applications for RNA imaging are still rare [47,48]. In
this work, it proved that the fluorogenicity and photostability of the
Nap/NapRA complex enable Nap a useful fluorophore for SIM imaging
of mRNA (Fig. 4d-e). The location of mRNA in bacteria was resolved by
the colocalization of NAP fluorescence with mCherry. Compared with

widefield imaging, SIM imaging can clearly distinguish the position of
mRNA in bacteria (Fig. 4d). We observed that the fluorescence of
mCherry and Nap were located in different locations of almost all bac-
teria, where mCherry was located in the bacterial cytoplasm and most of
Nap was accumulated in one or two distinct foci of most bacteria.

The general distribution of bacterial mRNAs includes uniform
expression throughout the cytoplasm, localization into distinct foci near
the nucleoid, formation of helical patterns along the cell axis, and
enrichment on the inner membrane, or at the cell poles or the septum
during cell division. We further image the bacteria with both Nap and
Hoechst 33342, which can label the dsDNA of the bacteria. The
normalized intensity along the bacteria displayed the fluorescence co-
localization imaging between Nap and Hoechst 33342 (Fig. 4e-g). It
demonstrated that mCherry mRNA localized around the nucleoid of
E. coli. This result was supported by a previous report [49], where the
newly transcribed mRNA first appeared in the nucleoid and then moved
to the nucleoid periphery. This was also consistent with our observation
that because the bacteria were fixed, the newly generated mRNAs had
no time to move to the periphery, and most of them were concentrated
in the nucleoid. In addition, Liopis and co-works found that the locali-
zation of lacZ mRNA in E. coli was accumulated in one or two distinct
foci in most fixed cells [50]. Generally, to image RNAs of low abundance
and to increase the sensitivity of the system, a large number of tandem
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repeats RNA aptamers were fused to the RNA of interest. It is worth
noting that only one copy of NapRA was enough to be used for SIM
imaging of bacterial mRNA in this paper and a significant result was
obtained.

3.5. The binding mechanism

In order to further investigate the binding mechanism between Nap
and NapRA, Nap was docked with NapRA by DiscoveryStudio (DS)

software to explore the possible binding information. Three binding sites
were obtained, which were named site 1, site 2, and site 3 according to
the size of the cavity (Fig. S9). According to the binding mode, CDocker
Energy and the solvent-accessible surface of the probe in the binding
cavity, site 1 was the most ideal binding site for Nap (Fig. 5a). First, the
CDocker Energy score of the probe docked in the site 1 was superior to
the other two sites. Second, the solvent-accessible surface of the probe in
site 1 didn’t cover the chromophore Naphthalimide of the probe mole-
cule, which indicated that the aptamer provided a non-aqueous
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Fig. 5. The docked results of Nap and NapRA. (a) Nap docked in the binding site 1 of NapRA; (b) Nap in binding site 1 with solvent accessible surface (gray); (c) the
interactions between Nap (carbon atom in yellow) and NapRA (carbon atom in green), green dashed line for hydrogen bond, orange dashed line for Pi-Anion

interaction, pink dashed line for hydrophobic interaction.

environment to the probe (Fig. 5b). This is consistent with the fluores-
cent data of Nap in aptamer solution with weak blue shift (~ 13 nm)
(Fig. 2d). The tight encapsulation of Nap by aptamer NapRA isolated
Nap from reactive oxygen species in water, thus improving its photo-
stability [49,51,52].

Finally, various interactions between Nap and binding site 1,
including hydrogen bonds, electrostatic interactions, and hydrophobic
interactions, ensure the stable binding of the probe to the aptamer. The
docked Nap molecule was in an extended conformation. There were five
pairs of hydrogen bonds (Fig. 5¢), including hydrogen bonds between
the terminal amine group and the phosphate of U17 and G18, the 4-
amine group and the phosphate of C40, the amine group of amide and
the carbonyl oxygen of G25, carbonyl oxygen of amide and the amine
group of C24. To some extent, the hydrogen bond between the 4-amine
group and the phosphate of C40 weakened the electron donor effect of
the 4-amine group, which was the main cause of the blue-shifted
wavelength of Nap. The naphthalimide of the probe and the phos-
phate of C39 formed a Pi-Anion interaction, which also affected the
electron movement of the chromophore “push-pull” system. There were
two kinds of hydrophobic interaction, including Pi-Pi stack between the
naphthalimide of the probe and the cytosine ring of C40, Pi-Alkyl
interaction between the tert-butyl ester chain of the probe and the
base aromatic ring of C24, G25, and G26 (Fig. 5c¢). The hydrophobic
interactions were beneficial to stabilization of the complex.

4. Conclusions

In summary, we have developed a dye/aptamer pair Nap/NapRA for
no-wash RNA super-resolution fluorescent imaging. The target RNA
aptamer NapRA can be lit up by Nap with an aggregation-
disaggregation effect. The capability of NapRA inducing the disaggre-
gation of Nap was due to their strong binding affinity of 3.142 nM,
which resulted from the synergistic effects of hydrogen bonds, electro-
static interactions, and hydrophobic interactions. Fluorescence imaging,
SEM and DLS analysis demonstrated the dispersion of Nap nanoparticles
from 132nm to about 65nm, followed by 5-fold fluorescence
enhancement. Significantly, the photostability of Nap after binding to
NapRA was much higher than Nap itself in SIM imaging. Finally, we
employed the Nap/NapRA system to visualize the expression of

mCherry mRNA in E. coli by genetically encoding one copy of NapRA to
3'-untranslated regions of mCherry. The SIM imaging showed a strong
fluorescence signal mainly appeared near the bacterial nucleoid and
around the cytoplasm. It is worth noting that only one copy of NapRA
was used and significant SIM imaging result was obtained. We have
limited prokaryotic systems in this work, but the application to
mammalian cells is currently being studied. We expect that it will be a
valuable aptamer system for RNA imaging, and we are enthusiastic
about improving this labeling concept for use in eukaryocytes to enable
more convenient RNA identification and detection modalities.
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