2586-2601 Nucleic Acids Research, 2023, Vol. 51, No. 6 Published online 25 February 2023
https:Ildoi.orgl10.1093narlgkadl 00

Red light-emitting short Mango-based system enables
tracking a mycobacterial small noncoding RNA in
infected macrophages

Oksana S. Bychenko''f, Alexei A. Khrulev':f, Julia I. Svetlova®', Vladimir B. Tsvetkov “231,
Polina N. Kamzeeva', Yulia V. Skvortsova', Boris S. Tupertsev*, Igor A. Ivanov’,

Leonid V. Aseev', Yuriy M. Khodarovich'!, Evgeny S. Belyaev®, Liubov |. Kozlovskaya®’,
Timofei S. Zatsepin®, Tatyana L. Azhikina'", Anna M. Varizhuk?®°" and Andrey V. Aralov “”

1Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Moscow 117997, Russia,
2Federal Research and Clinical Center of Physical-Chemical Medicine, Moscow 119435, Russia, ®Institute of
Biodesign and Complex System Modeling, I.M. Sechenov First Moscow State Medical University, Moscow 119991,
Russia, “Skolkovo Institute of Science and Technology, Moscow 121205, Russia, *Frumkin Institute of Physical
Chemistry and Electrochemistry, Russian Academy of Sciences, Moscow 119071, Russia, ®FSBSI Chumakov
Federal Scientific Center for Research and Development of Immune and Biological Products, Russian Academy of
Sciences, Moscow 108819, Russia, ’Institute of Translational Medicine and Biotechnology I.M. Sechenov First
Moscow State Medical University, Moscow 119991, Russia, 8Lomonosov Moscow State University, Department of
Chemistry, Moscow 119992, Russia and °Center for Precision Genome Editing and Genetic Technologies for
Biomedicine, Federal Research and Clinical Center of Physical-Chemical Medicine of Federal Medical Biological
Agency, Moscow 119435, Russia

Received September 28, 2022; Revised January 09, 2023; Editorial Decision January 31, 2023; Accepted February 03, 2023

ABSTRACT GRAPHICAL ABSTRACT

Ve

Progress in RNA metabolism and function studies
relies largely on molecular imaging systems, in-
cluding those comprising a fluorogenic dye and an
aptamer-based fluorescence-activating tag. G4 ap-
tamers of the Mango family, typically combined with a
duplex/hairpin scaffold, activate the fluorescence of
a green light-emitting dye TO1-biotin and hold great
promise for intracellular RNA tracking. Here, we re-
port a new Mango-based imaging platform. Its key ad-
vantages are the tunability of spectral properties and
applicability for visualization of small RNA molecules
that require minimal tag size. The former advantage
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Many eukaryotic sncRNA are differentially expressed in
cancer (1,2), neurodegenerative diseases (3,4) and other
pathologies, which makes them attractive drug targets or
biomarkers. Prokaryotic sncRNAs govern stress response,
adaptation, signaling, and virulence-related processes (5).
Of particular interest is their contribution to immune eva-
sion (6). The underlying mechanisms require clarification,
hence the necessity for sncRNA imaging and tracking in liv-
ing cells.

Despite recent advances in encoding fluorogenic RNA
or intracellular RNA labeling for fluorescent microscopy
imaging (7,8), available methods can hardly be tuned for
sncRNA. The critical challenge stems from the size factor.
Lengthy/bulky tags, such as arrays of fluorescent protein
binding sites, may interfere with sncRNA interactions, traf-
fic, or phase transitions. Thus, in addition to general re-
quirements, such as genetic encoding and biocompatibility,
being covalently attachable to RNA of interest, and signif-
icant fluorescence with tunable spectral properties, a per-
fect tag for sncRNA labeling should also be shorter than or
at least comparable to a wild-type small RNA (40-500 nt).
A more general problem to be solved is contrast enhance-
ment. Systems based on genetically encoded RNA-binding
fluorescent proteins suffer from a substantial background
signal, encouraging the development of light-up alterna-
tives. Finally, orthogonal dual-color or multiplex imaging
systems can track two or more distinct RNAs simultane-
ously.

Most of the above challenges and issues have been ad-
dressed to some extent in current imaging systems based on
an aptamer and a fluorogenic dye (9). Such systems com-
prise a small molecule dye, which is supposed to be non-
fluorescent in a free state, and a dye-specific ‘turn-on’ RNA
aptamer fused with RNA of interest. In robust imaging
systems, intracellular formation of the aptamer—dye com-
plex causes an increase in the fluorescence quantum yields
up to several orders of magnitude. SELEX has provided a
plethora of aptamers that meet the above ‘turn-on’ criterion
and show high specificity for the respective dye, including
Spinach, Broccoli, Corn, Chilli, Mango, Coral, Malachite
Green, Riboglow, Pepper and Peach (10-18). However, each
system suffers more or less pronounced drawbacks asso-
ciated with complex synthesis, low fluorescence enhance-
ment, inability to penetrate cell membranes, low stability in
live cells, prolonged length of the tag and limitations on de-
tection channels.

The Mango-based systems look promising since they
meet most requirements for a perfect tag. The first selected
aptamer of the Mango family, Mango I, had a relatively
small size and very high affinity (Kp = 3.2 nM) to the
cognate thiazole orange (TO)-derived dye TO1-biotin. The
dye showed up to 1100-fold fluorescence enhancement upon
binding to Mango I aptamer (19). The properties of the pro-
posed system allowed for visualizing TO1-biotin-Mango-I
complex in C. elegans and fluorescent labeling or purifying
biologically relevant RNAs (19). FRET-based conforma-
tional sensor and a genetically encodable RNA apta-FRET
system that responded to RNA conformational changes in
E. coli (20) were built based on Mango I aptamer complex
with YO3-biotin (a TO1-biotin analog designed to increase
the overlap of the FRET donor and acceptor spectra), and
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Spinach aptamer with its cognate dye DFHBI-1T. Mango
I has recently been used to create sensors for fluorescence
imaging of miRNA activities in living cells (21,22). The
crystal structure of the TO1-biotin-Mango I complex was
analyzed at-1.7 A-resolution, revealing a mostly parallel
three-tetrad G-quadruplex (G4) and an A-form helix were
linked flexibly through an interrupted GAAA tetraloop-
like junction. The fluorogenic core of TO1-biotin was sand-
wiched between one of the outer G4 tetrads and two un-
paired adenines from propeller loops with a 45° angle be-
tween the N-methylquinolinyl (MQ) moiety and the ben-
zothiazolium (BT) group leading to the suboptimal confor-
mation responsible for the relatively low quantum yield of
the complex (23).

To improve the properties of aptamer-based systems,
three new representatives of the Mango family, namely
Mango II, III and IV, were selected using a droplet-
based microfluidics platform in presence of two competi-
tors, NMM (N-methyl mesoporphyrin IX) and TO3-Biotin
(24). These Mango aptamers showed high thermal stabil-
ity, affinity, TO1-biotin fluorescence enhancement, resis-
tance to high Mg>* concentrations, and an ability to with-
stand formaldehyde fixation. Proposed fluorescent tags al-
lowed fixed- and live-cell imaging of sncRNAs, such as 58S,
U6 and a box C/D scaRNA. Tandem Mango II arrays
demonstrated applicability for RNA imaging with high con-
trast and single-molecule sensitivity (25). These arrays of
aptamers did not affect the cellular localization of both cod-
ing (B-actin mRNA) and long non-coding (NEAT1) RNAs.
Moreover, they allowed tracking single mRNAs over an ex-
tended period, likely due to replacing the fluorophore after
its bleaching. Despite the lack of information on the appli-
cability of the Mango III-based tag in cells, it was used as
an acceptor with the Broccoli-based fluorescent label as a
donor to measure the angular dependence of FRET in cu-
vette (26). In addition, a sensor containing Mango III vari-
ant built from L-ribose units that presumably render the
structure stable in cells provided the detection of miRNA-
155 in living cells (27). Finally, the FRET pair consisting
of DFHBI-1T-iSpinach and YO3-biotin-Mango IV linked
by an A-form helix of 10, 11 or 12 bp, was also studied by
biophysical methods (28).

The co-crystal study of the TO1-biotin-Mango-II com-
plex revealed significant similarity to the Mango I complex,
with some differences stemming from the presence of addi-
tional adenines in the loops of Mango II (29). The accom-
panying structural rearrangements are responsible for high
aptamer stability and affinity as well as the 1.5-fold increase
in the complex brightness due to the coplanarity of the two
heterocycles of the dye. The introduction of mutations into
the binding pocket increased the complex brightness and
the discriminating ability of the aptamer relative to TO3-
biotin, a TO1-biotin analog with the extended conjugated
system. In contrast, Mango III in complex with TO1-biotin
had a completely different and unusual structure (30). The
aptamer possesses molecular connectivity between a two-
tetrad G4 and an embedded non-canonical duplex analo-
gous to a pseudoknot. The unique fold of Mango III sand-
wiched cyanine fragment of TO1-biotin between one of the
G4 tetrads and the A10eU17 tertiary base pair provided,
together with a structure-guided mutant Mango ITII(A10U)
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and a functionally reselected mutant iMango III, the bright-
est representatives of the Mango family. The crystal struc-
ture of the Mango IV aptamer was also studied (28). First,
this aptamer forms an unexpected domain-swapping ho-
modimer making it helpful in constructing a FRET system
by replacing one protomer with an orthogonal aptamer and
changing the linking RNA helix. Second, the aptamer has a
«loose> open fluorophore binding pocket that decreases
selectivity. At the same time, the propensity of its core to
adopt alternative fluorescently active conformations and re-
fold in the cellular media makes it less susceptible to RNA
context and tagging to the RNA of interest.

In this paper, we report new Mango-specific fluorogenic
dyes and the label length optimization. In dyes design, we
focused on the following three problems: (i) simplification
of the fluorogenic dye synthesis; (ii) enhancement of the
fluorescence quantum yield in the bound state and (iii) ad-
justment of the emission range. The binding of dyes to two
well-characterized Mango aptamers, namely Mango II and
Mango 1V (24), was studied and the effects of structural al-
terations on the fluorescence quantum yield were elucidated
by molecular modeling. Additionally, to adjust the system
for sncRNA visualization and tracking, the total length of
the RNA imaging tag (F30-Mango II: 88 nt (24)) was short-
ened by truncating one of the stems of F30 folding scaffold.
This cut resulted in the shortest terminal label for live-cell
sncRNA imaging known to date (ds_Mango II: 52 nt). Fi-
nally, the applicability of the optimized tag and the new dye
with improved characteristics for intracellular imaging and
tracking of regulatory sncRNA was verified using an intra-
cellular internalization of Mycobacterium smegmatis by a
host macrophage.

MATERIALS AND METHODS

For a detailed description of the synthesis of fluorogenic
dyes, see Supporting Information.

Oligonucleotide synthesis

Oligonucleotides (ONs) (purity > 95%, HPLC) were ob-
tained from Litekh (Russia).

Absorption spectroscopy, circular dichroism spectroscopy,
fluorimetry and binding assays

The secondary structures of Mango-RNA were confirmed
by circular dichroism (CD) spectroscopy using 5 wM so-
lutions of free RNAs or their 1:1 complexes with the dyes
in the working buffer (10 mM Tris—=HCI, pH 7.5, and 140
mM KCI). All samples were heated to 90°C for 5 min and
snap-cooled on ice (rapid annealing) or cooled gradually
to room temperature (slow annealing) before all measure-
ments. The annealing scheme had no noticeable effect on
the CD spectra. The spectra were registered with a Chi-
rascan spectrophotometer (Applied Photophysics, UK) at
room temperature in quartz cuvettes of 1 cm path. In all
other experiments, rapid annealing was used.

Spectral properties of the new dyes and their 1:1 com-
plexes with Mango RNA or 1:1 mixtures with control

RNA/DNA, as well as the 1:4 DFHBI complex with Broc-
coli RNA, were characterized using 5 wM dye solutions in
the same working buffer (10 mM Tris—HCI, pH 7.5, and 140
mM KCI). To register the fluorescence emission of free dyes,
50 wM dye solutions in the working buffer were analyzed,
and the intensity was normalized to 5 wM concentration for
comparison with the dye-RNA complexes. Complexes of 4b
with genetically engineered RNA constructs were charac-
terized using 1 WM solutions in a 20 mM sodium phosphate
buffer, pH 7.2, supplemented with 0.05% Tween-20 and 140
mM KCI. Absorption, fluorescence excitation, and emis-
sion spectra were registered with a Chirascan spectropho-
tometer equipped with the CS/SEM fluorescence accessory
at room temperature. Fluorescence quantum yields ® were
calculated using equation ((1))

1-10% F n?
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r
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where ®f = 0.95 is fluorescence quantum yield of the ref-
erence dye rhodamine 6G (R6G) in ethanol, 4, and F; are
absorbance and fluorescence of R6G in ethanol, 4 and F
are absorbance and fluorescence of the dye—RNA complex
in the working buffer, and n, and n are refractive indices of
ethanol and the buffer, respectively.

For rough evaluation of 4b-Mango binding constants, 10
nM solution of 4b in the working buffer supplemented with
0.05% Tween-20 was titrated with increasing concentrations
of Mango RNA, and integral fluorescence was registered in
microcapillaries using Monolith NT.115 device (NanoTem-
per, Germany) equipped with a RED/GREEN detector in
RED mode at 25 °C. Normalized fluorescence was analyzed
using MO. Affinity Analysis software (NanoTemper, Ger-
many), and Kp values were obtained by fitting the experi-
mental data to equation ((2)).

AF  [dye] +[RNA]+ Kp — \/ ([dye] + [RNA] + Kp)® — 4 - [dye] - [RNA])

AFmax 2. [dye]

2

where [dye] and [RNA] are total concentrations of 4b and
Mango-RNA, respectively.

Cell viability assay on murine macrophages (cell culture
RAW 264.7, ATCC®) TIB-71™)

Two-fold dilutions of studied compounds TO1-biotin and
4a-d and DMSO as negative control were prepared in cul-
tural medium (FSBSI ‘Chumakov FSC R&D IBP RAS’,
Russia). Cell suspensions were added to the wells with
compounds dilutions or DMSO control (~2 x 10* cells
per well). The final concentration series of eight dilutions
started from 50 wM. The cells were incubated at 37°C in
a COs-incubator for 24 h and 7 days. After incubation,
the cells were analyzed using Olympus CKX-31 microscope
for cell viability. For this, cultural medium was substituted
with resazurin solution (25 mg/mL) and cells were incu-
bated at 37°C in a CO;-incubator for 4 h. Then 20 ml of
10% SDS was added to stop the reaction and fluorescence



was measured with Promega GloMax-Multi Detection Sys-
tem at Nex 525 nm and A 580-640 nm. As additional con-
trols, the same series of cells treated with compounds or
DMSO dilutions but without resazurin solution to subtract
the background fluorescence were used; and a medium with
resazurin solution was used to set up a minimal value of
non-reduced resazurin. All experimental procedures were
performed in two replicates. Statistical analysis was per-
formed, and fluorescence curves were plotted using MS Ex-
cel 2013. The 50% cytotoxic concentration (CCsy) was cal-
culated (compound concentration required to induce a cy-
topathic effect in 50% of the cells in a monolayer).

Molecular modeling

All 3D models were built using the molecular graphics soft-
ware package Sybyl-X software (Certara, USA). Partial
charges on the dyes atoms were calculated using DFT/M06-
2X (31)/6-311+g(d,p) and conductor-like polarizable con-
tinuum model (CPCM) (32), 6-31g* basis sets and Merz
Singh Kollman scheme (33) with RESP (Restrained Elec-
troStatic Potential) method (34). All quantum mechan-
ics simulations were carried out using Gaussian 09 pro-
gram (35). To obtain the starting conformations of RNA-
dye complexes, docking procedure was performed using
ICM-Pro 3.9.2 (36). MD simulations were performed us-
ing Amber 20 software (37). The influence of the solvent
was simulated using OPC3 (38) model of water molecules.
The simulation was performed with periodical boundary
conditions and a rectangular box. The buffer between the
RNA-dye complex and the periodic box wall was at least
15 A. For neutralizing the negative charge of RNA back-
bone, K* ions were used. The parameters needed for inter-
atomic energy calculation were taken from the force fields
RNA.YIL (39,40) for RNA and from the general amber
force field (gaff2) for the dyes. The MD simulations in
the production phase were carried out using constant tem-
perature (7 = 300 K) and constant pressure (p = 1 atm)
over 80 ns. To control the temperature, Langevin thermo-
stat was used with a collision frequency of 1 ps~!. Ener-
gies were estimated by using the MM-GBSA approach. The
polar contribution EGB was computed using the Gener-
alized Born (GB) method and the algorithm developed by
Onufriev et al. for calculating the effective Born radii (41).
The non-polar contribution to the solvation energy (Es-
urf), which includes solute-solvent van der Waals interac-
tions and the free energy of cavity formation in the sol-
vent, was estimated from a solvent-accessible surface area
(SASA).

Cytotoxicity assays for M. smegmatis

The cytotoxic effects of 4b on bacteria were assessed by
MSmeg cellular growth in the presence of the dye at various
concentrations since the measurements of bacterial growth
rate reflect the concentration of actively growing cells (42).
Pre-cultured MSmeg strains bearing empty pAMYC vec-
tor (43) were diluted in ratio 1:100 with fresh LB medium
containing chloramphenicol (34 wg/ml), Tween 80 (0.05%)
and 4b at a concentration of 400 nM, 1 pM or without dye
(positive control), and grown up at 37°C while shaken at 200
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rpm. Then, the optical density of the culture (ODgg) until
the stationary growth phase was measured (Supplementary
Figure S12).

In vitro transcription

The modular RNA ds_Mango II_-MTS1338, ds_Mango
I tag and Broccoli aptamer were synthesized using
T7 RiboMAX™ Express Large Scale RNA Production
System according to the manufacturer’s recommenda-
tions (Promega, Madison, WI, USA). The DNA tem-
plates for RNA synthesis were generated by PCR us-
ing the appropriate expression plasmids (see below and
(44)) and oligonucleotide primers T7Mngll_F/1338_R,
T7Mngll_F/Mngll_R, T7Broc_F/Broc_R (Supplementary
Table S2).

Bacterial strains and growth conditions

Mycobacterium smegmatis mc(2)155 (MSmeg) obtained
from the bacterial collection of the Bach Institute of
Biochemistry (Research Center of Biotechnology of the
Russian Academy of Sciences, Moscow, Russia) was pre-
cultured for 24 h at 37°C on an orbital shaker (200 rpm)
in 40 ml of Luria Bertani (LB) medium supplemented with
0.05% Tween-80 (to prevent cell clumping) and used as
inoculums for further experiments. MSmeg recombinant
strains were grown in LB supplemented with 34 w.g/ml chlo-
ramphenicol.

Construction of MSmeg recombinant strains

The modular RNA and aptamer expression plasmids were
constructed by inserting the ds_Mango II_MTS1338 and
ds_Mango II encoding DNA fragments synthesized com-
mercially (Evrogen, Russia) into HindIII site of pAMYC
(Cm"), between mycobacterial rrnB promoter of MSmeg
and rrnB-T1 terminator (45). The sequences of the genetic
constructs are given in Supplementary Table S2.

Plasmids were amplified in Escherichia coli DH5 _a grown
in Luria Bertani (LB) broth and LB agar supplemented with
chloramphenicol (34 wg/mL). MSmeg cells were trans-
formed by electroporation with the constructed plasmids
and empty pAMYC vector (negative control), and recom-
binant strains were selected on LB agar containing with 34
pwg/mL chloramphenicol.

Confocal microscopy of ds_Mango I1_MTS1338, ds_Mango
II in bacteria and in infected macrophages

Recombinant MSmeg strains were grown up to the logarith-
mic growth phase (ODggy 0.8). Cells were pelleted by cen-
trifugation at 3000 x g for 15 min, washed twice with PBS
and either incubated for 30 min in visualization buffer (10
mM Tris pH 7.5, 140 mM KCI, 300 nM Hoechst 33258, 400
nM dye) or resuspended in RPMI-1640 medium (Gibco Eu-
rope, Paisley, UK) for infection in macrophages. M. smeg-
matis transformed by pAMYC without insertion was used
as a negative control strain.

For the infection RAW 264.7 cells cultured in RPMI-
1640 supplemented with 10% fetal calf serum (FCS)
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(Gibco) were seeded in the same medium on cover
glasses (18 x 18 mm Menzel Glésercoverslips, Thermo
Fisher Scientific, Schwerte, Germany) placed in 6-well cul-
ture plates (Costar, Cambridge, MA, USA). After 24 h,
cells (5 x 10* cells/glass) were infected with ds_Mango
II_.MTS1338, ds_Mango II or pAMYC strains at MOI
10:1 for 1 h. After 1 h of infection, the medium was re-
moved, and infected macrophages were washed three times
with PBS and incubated for 30 minutes in the visualiza-
tion buffer (see above). Then the samples were analyzed us-
ing an Eclipse TE2000 confocal microscope (Nikon, Tokyo,
Japan). ds_Mango I1_MTS1338 and ds_Mango II in My-
cobacteria were detected in a green channel (ex 488 /em 590
nm) for TO1-biotin and in a red channel (ex 543/em 650
nm) for 4b, whereas Hoechst 33258-stained cell nuclei were
visualized in a blue channel (ex 408 /em 515 nm). Because
the fluorescent signal from the modular RNA complexes
with the dye was clearly visible after 30 min of incubation
in the visualization buffer, this time period was long enough
for the dye to diffuse into macrophages and phagocytized
bacteria and interact with RNA aptamers. Thus, the re-
sponse time of the sensor is <30 min. The fluorescent sig-
nal from the modular RNA complexes with the dye was
detectable for at least 2-3 h, suggesting the RNA tag and
the dye are relatively stable in the cellular medium, which
makes it possible to observe the processes occurring with
the tagged molecules in living cells.

RESULTS
Design and synthesis of the dyes

The design of new dyes was inspired by the thiazole or-
ange derivatives TO1-biotin, TO3-biotin and YO3-biotin
(Figure 1). These derivatives were first synthesized as part-
ners for RNA Mango aptamer (later known as Mango I).
TO1-Biotin was successfully used to purify Mango I-tagged
transcription-regulating RNA 6S and visualize Mango I-
based construct in C. elegans (19), and YO3-biotin-Mango
I was combined with DFHBI-1T-Spinach pair to obtain a
FRET-based system (20). Despite the promise for bioimag-
ing, the application of TO1-biotin, TO3-biotin, and YO3-
biotin is limited, partly because synthetic intermediates
were obtained in meager 6-12% yields (19,20). The yields
for the final acylation reaction are typically not shown, but
one can expect some difficulties due to reported HPLC pu-
rification.

Nobel prize-recognized ‘click’ chemistry is a synthetic
approach for efficient and bioorthogonal conjugating
molecules with a high yield (46). The most popular vari-
ant of ‘click’ chemistry—1,3-dipolar cycloaddition under
copper-(I) catalysis between terminal alkyne function and
an azide moiety that leads to the formation of the 1,2,3-
triazole cycle (47,48). The replacement of an amide bond
with the isosteric 1,2,3-triazolyl might simplify synthetic
transformations, increase their efficiency and, in some cases,
improve the properties of the biomolecules (49-53).

The structure of TO1-biotin consists of two moieties - a
biotin-tetracthylene glycol tag, and a fluorophore, linked by
an amide bond (Figure 1). Here, we decided to replace this
bond with an isosteric 1,2,3-triazolyl linker in order to in-
crease the efficiency of synthetic transformations and eval-

uate its influence on the light-up effect upon congener bind-
ing with fluorogen-activating aptamers of Mango family.

TO1-biotin was prepared according to the literature (19).
For the synthesis of triazolyl-linked analog 4a, benzothia-
zolium salt 1 (prepared in a yield of 61%) (54) was con-
densed with 1-methylquinolinium salt in the presence of
TEA to afford alkyne-modified dye 2a with a yield of 43%,
which is ~7 times higher than the yield for the correspond-
ing intermediate in the TO1-biotin synthesis (19). Following
the reported procedure for copper catalyzed azide—alkyne
cycloaddition («click>>> reaction) (55) (Scheme 1, see also
Supplementary, chemistry), alkyne-containing derivative 2a
and azido-containing biotinylated derivative 3 (prepared in
a yield of 46% for 3 steps, starting from tetraethylene gly-
cole) (56) were condensed in the presence of copper (I) io-
dide, TBTA and DIPEA affording, after preparative HPLC
purification, the target fluorogenic dye 4a as trifluoroac-
etate salt. To verify the efficiency of Cu(I)-catalyzed azide—
alkyne 1,3-dipolar cycloaddition (CuAAC) reaction com-
pared to the amide bond-forming one, we analyzed crude
reaction mixtures containing TO1-biotin and 4a using LC-
MS (Supplementary Figures S1 and S2). The purity as-
sessment at absorption wavelengths of 260 and 500 nm
(the latter wavelength is close to the maximum absorption
wavelength of TO1-biotin and 4a) gave 1.2 and 9.2% for
TO1-biotin (R = 5.65 min) versus 22.4 and 76.5% for 4a
(R¢ = 5.86 min). The reaction yields were 1.8 and 3.5% for
TOI1-biotin and 4a, respectively, after a single HPLC purifi-
cation, presumably due to the low solubility of both deriva-
tives in the loading buffer (water with 0.1% TFA). However,
after several iterations of HPLC purification, overall yield
of TOI1-biotin and 4a reached 6.8 and 58.1%, respectively
(see Supplementary).

Inspired by the chemical design of TO3-biotin and YO3-
biotin with extended conjugated systems, which are sig-
nificantly red-shifted but show drastically reduced fluores-
cence enhancement upon aptamer binding with respect to
the parent TO1-biotin (19,20), and our finding on the util-
ity of simple and effective «click>> reaction, we next ex-
plored the possibility of using other cyanine derivatives
as fluorogenic dyes for Mango-based RNA labeling sys-
tems. In the design of the dyes with the red-shifted emis-
sion spectra, D-w—A systems, where D and A are an
electron donor and an electron acceptor, respectively, find
broad application (57). Accordingly, we left the electron-
withdrawing benzothiazolium ring (58) in the cyanine push-
pull system but replaced 1-methylquinoline ring with strong
electron-donating moieties. We also replaced the methine
bridge between the donor and acceptor fragments with an
ethenyl linker. Thus, we synthesized the dyes containing
N,N-dimethylaminophenyl (4b), 2,3,6,7-tetrahydro-1H,5H-
pyrido[3,2,1-ij]quinolin-9-yl (4¢), or 1,2,2.4-tetramethyl-
1,2-dihydroquinolin-6-yl (4d) group as an electron donor.
For this, benzothiazolium salt 1 was condensed with an ap-
propriate aromatic aldehyde via an aldol-type reaction in
acetic anhydride (59) to afford the alkyne-modified deriva-
tives 2b-d (Scheme 1, see Supplementary, chemistry). Their
condensation with azido-containing biotinylated derivative
3 in the presence of copper (I) iodide, TBTA and DIPEA
yielded, after preparative HPLC purification, fluorogenic
dyes 4b—d as trifluoroacetate salts.
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then preparative HPLC.

Spectral properties, affinity, and specificity of the dyes

Spectral properties of the new dyes 4a—d and the control
dye TOIl-biotin were investigated in a free state and in
complexes with aptamers Mango II and Mango IV (for se-
quences, see Supplementary Table S1). The former shows
enhanced thermal stability compared to Mango I, is re-
sistant to formaldehyde fixation, and has been compre-
hensively evaluated for bioimaging (24,25,29). The latter

is the second actively used aptamer of the Mango family
(24,28).

First, we tested the dyes for disrupting or altering sec-
ondary structures of the aptamers. At a concentration of 5
wM, which is well above the reported K values for Mango
complexes with TO1-biotin (24), dyes did not induce sig-
nificant changes in absorbance or circular dichroism (CD)
bands of Mango IT and Mango IV, except for the minor de-
crease of CD amplitude (Figure 2A). At the same time, the
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Figure 2. TOI-biotin and new dyes 4a—d in complexes with Mango II and
IV aptamers: spectral properties and binding affinity. (A) Verification of
dye impact on Mango secondary structure by CD spectroscopy. (B) Ab-
sorption and fluorescence emission spectra of the free dyes and their com-
plexes. (C) 4b-Mango binding assay. Conditions in A and B: 5 wuM Mango
aptamer, 5 wM dye, 10 mM Tris—-HCI, pH 7.5 and 140 mM KCI. Condi-
tions in C: 10 nM dye.

dyes showed red-shifted absorbance spectra in equimolar
mixtures with the aptamers compared to the free state (Fig-
ure 2B). Consistent with previous reports for TO1-biotin
(24,29), these data support the complex formation and the
maintenance of the G4 core in the complexes.

Next, we compared dyes based on their key light-up prop-
erties, including the increase of fluorescence and bright-
ness in the bound state. Excitation at complex-specific ab-
sorbance maxima (Table 1, Supplementary Figure S3) gave
negligible fluorescence emission of the dyes in a free state
(F,), while equimolar mixtures with the aptamers showed
up to nearly three orders of magnitude increase in fluo-
rescence emission (Fg = F/F,, Table 2). While TO1-biotin
proved to be an efficient light-up probe for Mango II and
Mango IV with fluorescence quantum yields (®) equal to
0.39 and 0.43, respectively, its triazole-linked analog 4a
showed preference for Mango Il (® = 0.42) compared to
Mango IV (& = 0.32) and a slightly reduced brightness
(Table 1). Interestingly, 4a exhibited higher contrast (Fg)
than TO1-biotin, presumably due to the reducing effect of
the 1,2,3-triazolyl linker on the rotational flexibility of het-
eroaromatic systems compared to the amide bond. Dye 4b
was also shown to be a more robust probe for Mango I1 than
Mango IV. Dye 4b had red-shifted spectra with an increased

Stokes shift (AN = 55 nm) compared to TO1-biotin and 4a
(AN = 35 nm). Dyes 4¢ and 4d were inferior to other vari-
ants and showed substantially reduced fluorescence quan-
tum yields and brightness (Table 1).

To evaluate the binding selectivity of the reported and
new dyes towards their RNA aptamers, we compared the
light-up effects of dyes in the presence of Mango II, Mango
IV, and other DNA/RNA structures using a set of con-
trol oligonucleotides (ONs) (Supplementary Table S1). The
set included the control G4 RNA utr-z from the human
KRAS 5-UTR sequence (60), random-sequence ssRNA
from salmon, the RNA hairpin rds26 and the DNA hair-
pin ds26 (61,62), the telomeric DNA fragment 22AG (63—
65), which adopts a parallel-stranded or a hybrid-type G4
structure, along with its mutant 22CTA, which adopts an
antiparallel-stranded G4 structure (66), and a DNA frag-
ment from C9ORF72 repeat expansions, which adopts an i-
motif structure at near-physiological conditions (67). None
of these control ONs was comparable to Mango in terms of
the light-up effect (Table 2). Dyes 4a—d showed somewhat
reduced selectivity towards Mango over DNA structures
(~10x Mango:ODN light-up ratio) compared to TOI-
biotin (~100X Mango:ODN light-up ratio). Among the
new dyes, the highest selectivity was observed for 4b (Table
2). Regarding selectivity towards Mango over other RNA
structures (especially G4 RNA), 4b outperformed both 4a
and TOI1-biotin (Table 2 and Supplementary Figure S4).
For this dye, binding affinity toward Mango aptamers was
evaluated in a fluorescence light-up assay, which gave Kp
values of 80 + 60 nM and 0.6 &+ 0.4 wM for Mango II and
Mango 1V, respectively (Figure 2C).

Considering the improved selectivity of 4b for
Mangoll/IV over randomly selected G4 RNA and its
profound Stokes shift, we questioned whether it could
be applied in combination with another dye/aptamer
pair for multiplex imaging or FRET-based monitoring of
RNA-RNA juxtaposition (20,28). Recently, fluorescent
RNA aptamers Spinach and Mango I with their cognate
fluorophores were used to develop an RNA apta-FRET
system that responded to RNA conformational changes in
E. coli (20), and DFHBI-1T-Broccoli/YO3-biotin-Mango
IIT donor-acceptor pair was used for performing angle-
dependent FRET measurement (26). We evaluated the
possibility of using 4b—-Mango II pair as an acceptor paired
with DFHBI-Broccoli donor (11) for constructing FRET
systems. Broccoli aptamer was synthesized as previously
described (44) (for sequence, see Supplementary Table
S2). Its CD spectrum (Supplementary Figure S5a) was
consistent with a presumed G4 structure. Upon titration
with Broccoli aptamer, DFHBI showed a bathochromic
absorbance shift (Supplementary Figure S5b) and became
fluorescent (Supplementary Figure S5c¢) when excited at
470 nm (absorbance maximum of the DFHBI-Broccoli
complex) with an emission maximum at 510 nm. GFP-
derived fluorophores are reportedly insensitive to Mango
aptamers (20,28). Thus, the selectivity of 4b to Mango over
Broccoli was the defining question concerning DFHBI-
Broccoli and 4b—Mango 11 orthogonality. Broccoli-induced
absorbance changes (Supplementary Figure S5d) and
fluorescence enhancement (Supplementary Figure S5e) of
4b were negligible compared to those induced by Mango I1,
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Brightness_Mango-dye

&_Mango-dye (r.u.)® (M~ lem—hb-e
Free dye abs. Free dye® € Mango-dye Mango-dye
Dye max (nm) M~lem—1) Nex (nm) Nem (nm) Mango 11 Mango IV Mango 11 Mango IV
TO1-biotin 495 77500 505 540 0.39 0.43 29200 32200
4a 495 77500 505 540 0.42 0.32 29400 19900
4b 535 62400 560 615 0.44 0.29 26200 15900
4c 580 101100 595 640 0.07 0.05 7100 5400
4d 580 51300 595 650 0.14 0.10 6400 4700
4Molar extinction at absorbance maximum of the free dye.
bConditions: 5 wM Mango aptamer, 5 uM dye, 10 mM Tris=HCI, pH 7.5, and 140 mM KCI.
¢Brightness = molar extinction (g) at complex max*P.
Table 2. Specificity of the light-up effects
Fg?
Mango Control G4
Dye Mango 1T 1\ RNAP dsRNAP  ssRNAP  dsDNAP  ssDNAP  h/pG4-DNAP  aG4-DNAP  imotif®
TO1-biotin 2080 2280 1440 (1.6)°  132(16) 84 (25) 24 (87) 12 (173) 54 (39) 48 (43) 42 (50)
4a 4770 3200 3310 (1.4) 428 (11)  220(22) 208 (23)  35(137) 313 (15) 284 (17) 295 (16)
4b 540 320 110 (4.9) 41 (13) 35(16) 12 (47) 12 (47) 23 (23) 17 (31) 12 (47)
4c 320 270 175 (1.8) 23(1.8) 17 (18) 29 (11) 17 (18) 35(9) 29 (11) 23 (14)
4d 340 240 98 (3.5) 12 (30) 12 (30) 29 (12) 23 (15) 35(10) 29 (12) 23 (15)

4Fluorescence enhancement (Fg) = fluorescence emission in complex (F) normalized by fluorescence of the free dye (F,) at a Mango-specific max. Condi-
tions: 5 wM RNA or DNA, 5 uM dye, 10 mM Tris-HCI, pH 7.5, and 140 mM KCi

bssRNA is a random-sequence RNA (25 pg/mL); for other ON sequences, see Table S1.

cSelectivity toward Mango IT compared with control RNA or DNA secondary structure as a ratio of F/F,Mango Il to f/ f control js shown in parentheses.

indicating no interference between the aptamer-dye pairs.
The binding affinity of Broccoli for 4b was insignificant
compared to that of Mango II, according to fluorescence
titration assays (Supplementary Figure S5f). At the same
time, the pairs showed substantial donor-acceptor spectra
overlap (Figure 3), suggesting efficient FRET upon donor-
acceptor juxtaposition. To summarize this part, 4b—Mango
II and DFHBI-Broccoli pairs are a perfect match and have
prospects in multiplex or FRET-based RNA tracking.

Molecular modeling

To elucidate the molecular basis for the high light-up ef-
fects of 4a and 4b (Table 1), we modeled their complexes
with Mango II based on the reported structure of TOI-
biotin-Mango II (29) (Figure 4A). Dye 4¢, which showed a
poor light-up effect, was also analyzed as a semi-negative
control. All dye models were truncated slightly by re-
moving the biotin-tetraethylene glycol tag but keeping the
amide bond in TOIl-biotin and 1,2,3-triazolyl linker in
4a—c. Amide/1,2,3-triazole linkers of the fluorogenic het-
eroaromatic system may impact relative positioning of the
N-methylquinolinyl (MQ) moiety (TO1-biotin and 4a) or
its substitute (4b and 4¢) and the benzothiazolium (BT)
group in the dye-Mango II complexes and thus could affect
fluorescence enhancement. The biotin-containing tag can
hardly make a significant contribution, so it was excluded
from the analysis. The dyes were localized on the surface of
the outed Mango G-quartet by docking, and the stability of
the resulting complexes was tested by molecular dynamics
(MD) simulations.

The key result of the 80 ns simulation that illustrates
the mobility of the fluorogenic heteroaromatic system
within the complexes is shown in Figure 4B. While BT
and MQ rings in TO1-biotin and 4a, as well as BT ring
and N, N-dimethylaminophenyl (DAP) moiety in 4b re-
mained roughly planar throughout the simulation, in 4c,
the 2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl
(THPQ) residue underwent full (180°) rotation. End-point
structures of the complexes (top views of the dyes and the
neighboring aptamer residues) are shown in Figure 4C (for
full structures, see Supplementary Figure S6). The observed
rotation of THPQ, which caused the energy loss and thus
reduced the fluorescent quantum yield of 4c, likely results
from weak stacking interactions between THPQ and A17.
In contrast, MQ of TO1-biotin and 4a, as well as DAP of
4b, formed stable stacking contacts with A17, as was evident
from the plots of COM distances and the angles between
the normal and planes of these residues (Supplementary
Figure S7).

The 1,2,3-triazole ring did not interfere with the dye ge-
ometry but formed additional stacking contacts with the
neighboring aptamer residue A23, which led to minor dis-
ruption of the local aptamer structure (A23-A26 stack-
ing) in 4a—Mango II complex. In the 4c—Mango II com-
plex, the 1,2,3-triazole ring formed additional contacts with
A22, and 4c¢ induced a particularly pronounced alteration
of the local aptamer environment, as evidenced by increased
RMSD (Supplementary Figure S8). The 4b-Mango I com-
plex showed minimal fluctuations at the aptamer—dye inter-
face (Supplementary Figure S7), which explains its top per-
formance in fluorescent enhancement assays (Table 1). De-
spite the lower aptamer binding affinity of 4b compared to
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Figure 3. Excitation and emission spectra of DFHBI and 4b in complex with Broccoli and Mango II aptamers, respectively.

TO1-biotin, it showed the lowest free energy of complex for-
mation (mainly due to van der Waals interactions) among
all new dyes (Supplementary Figure S9).

Application of the new 4b-mango II system for imaging and
tracking of the mycobacterial sncRNA

The sncRNAs of intracellular pathogenic bacteria are pow-
erful regulators of bacterial adaptation to the host’s immune
defense (6,68). In this work, we tested 4b for intracellular
imaging of M. tuberculosis small RNA MTS1338, detecting
this sncRNA in bacteria in vitro and tracking in infected
macrophages. For this purpose, we used the modular RNA
(ds_-Mango II_MTS1338) consisting of MTS1338 fused
with ds_Mango II (the optimized fluorescence-activating
tag) that was prepared by truncating one of the stems in
F30 folding scaffold (Supplementary Figure S10). Since the
functional role of the structural elements for the studied
RNA has not yet been elucidated, we introduced a tag at
the 5’-end of MTS1338 RNA. The sequences of the mod-
ular RNA and the genetic constructs used in this work are
given in Supplementary Table S2.

The ability of the modular RNA bearing two func-
tional domains, MTS1338 and the fluorogen-activating
tag to form a correct secondary structure, according
to the RNAfold server (http://rna.-tbi.univie.ac.at/cgi-bin/
RNAWebSuite/R NAfold.cgi), was shown (the free energy
of the thermodynamic ensemble is —87.79 kcal/mol, Sup-
plementary Figure S10).

To exclude cytotoxicity-related artifacts, the effects of
4b and other dyes on the metabolic activity of host-
cell macrophages and bacterial growth rate were veri-
fied. Cytotoxicity of the dyes was evaluated using murine
macrophages (RAW 264.7 cell culture, ATCC® TIB-
71™). No changes in cell morphology (data not shown) or
metabolic activity were observed after 24 h incubation with
the dyes (Supplementary Figure S11). At day 7, even at 50
wM concentration, none of the compounds showed a de-
crease in the level of cell metabolism by more than 50%,
suggesting CCsy > 50 uM for all tested compounds. How-
ever, 4¢ and 4d at this concentration provoked morpholog-
ical changes in cells (data not shown). We also performed
cytotoxicity assays for bacterial cells. For bacteria, no dif-
ferences were found in growth rate in the presence/absence
of 4b in the medium (Supplementary Figure S12).

Modular RNA and control ds_Mango II were obtained
using in vitro transcription. The selective light-up effects of
4b and the control dye TO1-biotin upon their interactions
with these RNAs were confirmed in cuvette. Consistently
with the data in Figure 2, both dyes showed pronounced
fluorescence in the presence of the Mango II-tagged RNA
but not the tag-free (negative control) RNA (Supplemen-
tary Figure S13).

Next, we generated Mycobacterium smegmatis (MSmeg)
clones expressing the modular RNA, ds_Mango II, and
the empty vector-transformed clone (as a negative control).
The non-pathogenic MSmeg mc(2)155 was used in the
study because its genome and metabolism are very simi-
lar to Mycobacteriumtuberculosis. MSmeg also has a sig-
nificantly higher growth rate and much easier undergoes
genetic modifications, therefore is widely used as a surro-
gate organism (69). MSmeg does not contain the MTS1338
gene.

Visualization of the modular RNA and ds_Mango II in
live bacterial cells is shown in Figure 5. The images demon-
strate high fluorescence of modular RNA and ds_Mango 11
complexes with both TO1-biotin and 4b. Since the imag-
ing of live bacteria was performed in solution, the fluores-
cent signals from the construct/dye complexes (in green/red
channels) do not always coincide with those generated by
Hoechst 33258 (blue channel) due to the bacteria’s move-
ment. No bright green or red signals were detected in exper-
iments with bacteria transformed by empty vector pAMYC
and stained with TO1-biotin or 4b. Control images of bacte-
ria with the empty pAMYC vector (Msm pAMYC in buffer,
as well as in infected macrophages) are given in Supplemen-
tary Figure S14.

When macrophages infected with MSmeg recombinant
strains expressing modular RNA or ds_Mango II were
stained with TO1-biotin, the fluorescent bacteria were de-
tected, suggesting a correct folding of the label’s secondary
structure (Supplementary Figure S15).

To further explore the dissemination and possible se-
cretion of MTS1338 within infected live macrophages, we
monitored the changes in the fluorescent signal of modu-
lar RNA and ds_Mango II complexes with 4b during 1 and
1.5 h. For this experiment we chose a field of view to visu-
alize ~1-2 phagocytosed bacteria (Figures 6 and 7). Since
Mycobacterium smegmatis is not pathogenic, bacterial cells
undergo lysis in phagolysosomes. Also, bacterial cells may
be located inside macrophages in different positions relative
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Figure 4. Dynamics of Mango II complexes with TO1-biotin and its analogs: planarity versus rotational mobility of dye residues. (A) Initial model of TO1-
biotin-Mango II complex (0 ns MD simulation snapshot) illustrating starting positions of benzothiazolium (BT) and methylquinolinyl (MQ) moieties, their
stacking with external Mango II G4 tetrad and orientation relative to key neighboring Mango II residues (A12, A17, A23 and A28). Biotin residue is not
shown and was excluded from the analysis. (B) Evolution of the angle between the planes of BT ring and MQ ring (TO1-biotin and 4a) or its substitute
(4b—c). (C) End-point conformations of the complexes (80 ns MD simulation snapshots), top views. Color labeling of aptamer residues in TO1-biotin-

Mango II full structure (a) G, green; A, grey; T, orange; C, cyan. Aptamer residues in complex fragment, top view: C, beige; G, grey. Ligand atoms: C,
cyan; N, blue; O, red; S, yellow.
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to the visualization plane. Therefore, after a while, we can
visualize mostly fluorescent RNAs, but not bacteria (Sup-
plementary Figure S16). If there were many phagocytosed
bacteria in the field of view, fluorescent signals would be dif-
ficult to trace and annotate for a concrete bacterium. Thus,
a small number of bacteria in the field of view allows us to
identify fluorescent signals directly from a particular bac-
terium and to observe their migration.

Analysis of individual infected cells allowed observing
a certain migration of the red fluorescent signal from the
modular RNA-expressing bacterial cell inside the infected
macrophage, while the outlines of bacteria gradually dis-
appeared. At the same time, no such signal migration was
observed in macrophages infected with a control strain ex-
pressing ds_Mango II. Instead, we observed gradual attenu-
ation of the signal and the disappearance of the bacterium.
Similar to the results obtained by visualizing MTS1338
in infected macrophages with Broccoli aptamer (44), this
may indicate the MTS1338 secretion into the cytoplasm of

2 650LP

Figure 5. Visualization of the genetically encoded modular RNA ds_Mango II_MTS1338 and ds_Mango II in M. smegmatis in solution using TO1-biotin
(in a green channel) and 4b (in a red channel). Bacteria transformed by pAMYC without insertion were used as a negative control. Bacteria were stained
with Hoechst 33258 (in a blue channel).
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macrophages and is consistent with the presumed function
of MTS1338 (70).

Although additional experiments are required to charac-
terize MTS1338 functions further, the data obtained sup-
port the role of this sncRNA in bacteria-host interac-
tions. Furthermore, these results confirm successful appli-
cation of the developed imaging system (short RNA imag-
ing tag + red light-emitting fluorogenic dye) for visualiza-
tion of sncRNAs within infected living cells.

DISCUSSION

Fluorescence-activating RNA aptamers can selectively bind
to RNA targets, followed by the light up of small molecule
fluorogenic dye binders. They are the key player in
RNA visualization/tracking systems and FRET constructs
that allow to monitor RNA-RNA interactions and their
structural rearrangements within the living cell. Among
proposed aptamer—dye pairs, the Pepper-based imaging
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Figure 6. Tracking of the red fluorescent signal for 1 h (10, 30 and 60 min), using the genetically encoded modular RNA or ds_-Mango II and 4b in infected
RAW 264.7 macrophages (wide field images). Macrophage nuclei were stained with Hoechst 33258. The circles cover the signal maintenance; white arrows
show fluorescent signal movement/occurrence while squares highlight the area of signal disappearance.

system appears to cover the entire range of visible light
emission (16). However, the discriminating ability of Pep-
per aptamers for dyes structurally dissimilar to their cognate
partners has yet to be studied, thus leaving its applicability
in FRET studies under question. At the same time, an in-
crease in thermal stability and a decrease in the magnesium-
ion dependence of the aptamers are still needed (71). The
authors obtained a minimal aptamer of 43 nt in length using
the SELEX approach and additional structure optimiza-
tion. However, the relatively lengthy aptamer D11 (61 nt)
was used for tagging natural RNAs of interest, such as 5S
ribosomal RNA, 7SK small nuclear RNA and U6 splicing
RNA, due to better performance (16).

Mango-based imaging systems also look very promising
for both the fluorogenic dye (TO1-biotin) and the aptamers
(Mango I-1V and others) (24,29,30). TO1-biotin, stemming
from the thiazole orange (TO) core, shows no significant cy-
totoxicity and has remarkably high photostability, extinc-
tion coefficient, quantum yield and brightness (72-75). At
the same time, Mango aptamers are notable for their in-
cell stability and high binding affinity toward TO1-biotin.
Mango aptamers are very short (29-32 nt), albeit an ad-
ditional F30 folding scaffold (58 nt) is usually required for
terminal labeling (24,76). Recently, a tandem Mango II ar-
ray lacking F30 folding scaffold has been used for imag-
ing single RNA transcripts of -actin gene in living cells

(25); however, such a long tag is hardly suitable for labeling
sncRNAs.

Here, an efficient scheme for the synthesis of analogs
of TO1-biotin, proposed initially as a fluorogenic dye for
Mango aptamers (19), has been developed. Poor yields of
the original scheme prompted us to use a simple and effi-
cient CuAAC <«click>> strategy instead of a common ap-
proach via an amide bond-forming reaction (Scheme 1). As
a result, 4a, a TO1-biotin analog with the same thiazole or-
ange (TO) fluorogenic moiety, was prepared in an overall
yield of 25% which is ~60 times higher than in a classi-
cal route to TO1-biotin (19). The use of a different synthe-
sis strategy led to the replacement of the amide bond by a
1,2,3-triazolyl linker, thus requiring the study of its effect on
the dye spectral properties and the fluorescence-activating
ability of Mango aptamers. To evaluate this new dye, the
most studied and stable in living cells aptamers Mango II
and Mango IV were selected. The new dye 4a was shown
to have spectral properties almost similar to the original
dye in relation to Mango II (Table 1). Inspired by these
results and the previous synthetic design of YO3-biotin,
we replaced the TO fluorogenic fragment with others that
could potentially provide red-shifted fluorescence. Among
them, 4b with N,N-dimethylaminophenyl moiety instead
of 1-methylquinolinyl showed properties slightly inferior in
brightness to TO1-biotin and 4a, but at the same time had
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Figure 7. Tracking of the red fluorescent signal for 1.5 h (10, 30, 60 and 90 min), using the genetically encoded modular RNA or ds_Mango II and
4b in infected RAW 264.7 macrophages (enlarged scale). Macrophage nuclei were stained with Hoechst 33258. The circles show fluorescent signal
movement/occurrence, while squares highlight the area of signal disappearance.

red-shifted emission maximum at 615 nm (Table 1). The
proposed dye in the complex with Mango II has absorp-
tion and emission wavelengths similar to complexes of YO3-
biotin with MIIT AU10 (Mango III mutant) and Peach ap-
tamers (18). Although it is noticeably inferior to them in
brightness (26 200 versus 77 300 and 47 600 M~ cm™!, re-
spectively), the use of the stable Mango II provides the op-
portunity for live-cell imaging, in contrast to Mango 1T and
its variants, which have been long studied only in cuvette,
whereas the applicability of Peach aptamers for intracellu-
lar imaging has not yet been evaluated.

Another critical issue is the contrast-providing selectiv-
ity of dyes to cognate aptamers over abundant DNA and
RNA components within cells, which has not been system-
atically studied to date. We observed the selectivity of TO1-
biotin to Mango aptamers compared to model RNA corre-
sponding to the literature data (19) and a general tendency
to increase selectivity when moving from RNA to DNA
secondary structures (Table 2). The selectivity of TOI1-
biotin and 4a for Mango II compared to genomic RNA
G4 utr-z from the human KRAS 5’-UTR sequence (60) was
only 1.6 and 1.4, respectively. At the same time, 4b provides
an increase in the selectivity to 4.9 (Table 2). The results for
TO1-biotin are consistent with those previously obtained
for a set of biologically relevant parallel-stranded RNA G4s
(77). Despite a significant fluorescence enhancement (Fg)
upon TOIl-biotin binding to these structures, low affinity
(Kp) determines low fluorescent efficiency (E = Fg/Kp) of
the complexes, which is approximately two orders of mag-
nitude lower than for TO1-biotin—-Mango I complex.

Recently, a FRET system was developed based on RNA
aptamers Spinach and Mango I that is genetically encod-
able and responds to conformational changes (20). Mango
IIT and IV were also used to create and study FRET sys-
tems in cuvette (26,28). Here, we assess the applicability of

DFHBI-Broccoli pair that has a brightness comparable to
DFHBI-1T-Spinach one, thanks to the higher fluorescence-
activating ability of the Broccoli aptamer (11) and 4b-
Mango Il in developing FRET system. In terms of the max-
imum possible FRET efficiency, 4b—-Mango II in combi-
nation with DFHBI-Broccoli (40% donor-acceptor over-
lap upon normalization of all emission/excitation spectra
to a maximum intensity of 1) appeared superior to other
known FRET pairs, namely DFHBI-Spinach with TO3-
biotin-Mango I (23% spectral overlap) and DFHBI-1T-
Spinach with YO3-biotin-Mango I (30% overlap) (Figure 3)
(20). TO3-biotin—-Mango I (acceptor) demonstrated a rela-
tively large (120 nm) excitation redshift relative to the emis-
sion of DFHBI-Spinach (donor). Hence there was a mod-
est spectral overlap. Substitution of TO3-biotin for YO3-
biotin resulted in a 40 nm excitation blue-shift, which im-
proved the spectral overlap by approximately 30%. Excita-
tion of 4b-Mango II was blue-shifted further by 20 nm, and
its overlap with the donor was improved by an additional
30% compared to YO3-biotin-Mango 1. Due to the excita-
tion maximum blue-shift of 4b and its greater Stokes shift
compared to YO3-biotin (AN = 55 nm and 40 nm, respec-
tively), the proposed pair is even more suitable for excitation
by 488/555 nm lasers and detection using common EGFP
and Texas Red filters.

There are examples that noncoding bacterial RNAs of
intracellular pathogens can be secreted into the cytoplasm
of infected cells and modulate the immune response dur-
ing infection (78,79). Small M. tuberculosis RNA MTS1338
may also be secreted and affects the protective cells of the
immune system (80). To study this process, a method for
visualizing small bacterial RNAs using fluorescence mi-
croscopy is in demand. Previously, we demonstrated the
possibility of detecting sncRNA MTS1338 by fluorescence
microscopy with the persistence of bacteria in macrophages



using F30-2xdBroccoli aptamer (44). However, the aptamer
F30-2xdBroccoli is twice as long as the RNA under study
(MTS1338-117 nt versus F30-2xdBroccoli-234 nt), which
may affect the functional role of the latter. Obviously, the
use of another imaging system with a shorter tag and a new
dye with higher contrast and selectivity will significantly ex-
pand the methodological possibilities for studying the func-
tional properties of the sncRNA in living cells. In this study,
we truncated one of the stems of F30 folding scaffold in
F30-Mango II tag (88 nt) (24), resulting in the shortest ter-
minal ds_Mango II label (52 nt) for live-cell sncRNA imag-
ing reported to date (Supplementary Figure S10). The opti-
mized tag and the new dye 4b with improved characteristics
for intracellular imaging/tracking regulatory sncRNA were
verified using MTS1338. We visualized the modular RNA
and ds_Mango II in live bacterial cells using 4b and TO1-
biotin to control the correct aptamer folding (Figure 5). The
fluorescence intensity was comparable for both dyes and
higher in bacterial cells transfected with the modular RNA-
encoding plasmid, probably due to the label-stabilizing abil-
ity of MTS1338.

Correct folding of RNA secondary structure in
macrophages infected with strains expressing modular
RNA or ds_Mango II was confirmed by staining with TO1-
biotin (Supplementary Figure S15). Finally, we tracked the
red fluorescence signal of 4b within macrophages infected
with bacteria bearing modular RNA or ds_Mango II for 1
and 1.5 h (Figures 6 and 7). In the case of modular RNA,
the signal movement was observed, indicating the possible
MTSI1338 secretion into the cytoplasm of macrophages,
while the presence of a tag lacking this RNA was only
accompanied by the signal disappearance over time.

In conclusion, a new dye with improved selectivity and
red fluorescence has been developed and shown to be
promising in combination with stable in living cells Mango
IT aptamer for RNA imaging/tracking and FRET sys-
tem development. Furthermore, a shortened fluorescence-
activating tag compared to one bearing a widely used F30
stabilizing scaffold for live-cell sncRNA imaging has been
proposed, and its effectiveness has been tested for tracking
the movement of a fluorescent signal from labeled bacterial
RNA in a complex living system consisting of macrophages
infected with the M. tuberculosis surrogate M. smegma-
tis. Thus, our approach can find applications in developing
genetically encodable molecular tools for studying RNA-
RNA interactions and conformational rearrangements, as
well as sensors and advanced devices.
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Supplementary Data are available at NAR Online.
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