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Abstract

The central role of RNA in living systems made it highly desirable to have non-invasive and
sensitive technologies allowing for imaging the synthesis and the location of these molecules in living
cells. This need motivated the development of small pro-fluorescent molecules called ‘fluorogens’ that
become fluorescent upon binding to genetically encodable RNAs called ‘light-up aptamers’. Yet, the
development of these fluorogen/light-up RNA pairs is a long and thorough process starting with the
careful design of the fluorogen and pursued by the selection of a specific and efficient synthetic aptamer.
This chapter summarizes the main design and the selection strategies used up to now prior to introducing
the main pairs. Then, the vast application potential of these molecules for live-cell RNA imaging and

other applications will be presented and discussed.
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1. Introduction

RNA is a main actor of cell life mainly through its central role in gene expression and its regulation.
Indeed, RNA has pleiotropic functions such as being the message (messenger RNA or mRNA) to be
translated into protein, the regulator of gene transcription, mRNA maturation and/or translation (e.g.,
non-coding regulatory RNAs) as well as being the active component of key cellular machineries (e.g.,
ribosomal RNA, small nuclear RNAs, and RNase P). It is therefore of prime importance to be able to
monitor the expression and ideally also the location of RNAs all along the cellular lifespan. Yet, for a
long time, the detection of cellular nucleic acids was restricted to the use of non-specific intercalating
dyes (e.g., Hoechst [1] and cyanines [2]) and to in situ hybridization (ISH) methodologies [3], in which
radioactively or fluorescently labelled oligonucleotides (DNA or RNA) are used to detect RNA
molecules upon specific annealing of the probe. Whereas ISH approaches allow detecting nucleic acids
with great specificity and sensitivity, they also require cells to be fixed and permeabilized, which
compromises live-cell imaging and leads to a significant loss of information on the dynamics of the
biological system. Other probes and nanoparticles such as molecular beacons and nanoflares have been
proposed as an alternative to fluorescent ISH (FISH) but these probes face cell-entry and toxicity issues
[4].

A first breakthrough in live-cell RNA imaging came with the introduction of the “RBP-FP” methods
pioneered by Bertrand et al in late 90’s with the so-called MS2-GFP system [5]. These approaches
exploit the capacity of some RNA-binding proteins (RBP) to specifically recognize short RNA motifs
herein used as RNA tags. The RNA to image is then expressed in cells in fusion (usually in the 3’
untranslated region of mRNAs) with an array of RNA tags (several tens of motifs tandemly repeated).
In addition, a construct coding for the RBP specific to the RNA tag and fused with a fluorescent protein
(FP), such as the Green Fluorescent Protein (GFP), is also expressed in the same cell. As a consequence,
upon synthesis, the target mRNA is rapidly decorated with tens of GFPs turning it into a highly
fluorescent object that can be imaged with single molecule resolution [6]. Yet, whereas this technology
allowed collecting highly valuable data on mRNA synthesis, addressing and distribution in the cell, it
also suffers significant drawbacks linked to the large size of the tag array (up to 32 repeats of the RNA
motif), especially when decorated by the RBP-FP, as well as the background coming from the
constitutively expressed RBP-FP; though adding a Nuclear Localization Sequence can be used to
confine unbound RBP-FP into the nucleus. These features preclude the use of this technology for
imaging small, yet highly relevant, non-coding RNAs but also its application to organisms deprived of
internal compartments (e.g., bacteria). Yet, these major limitations can be overcome by reducing the
length of RNA tag arrays and by exchanging the bulky fluorescent RBP-FP for a smaller pro-fluorescent
molecule.

Conversely to proteins, no naturally fluorescent RNA has been discovered yet, making it necessary
to use a pro-fluorescent co-factor. In 2003 the group of Roger Tsien reported that the so-called MGA
RNA aptamer binds specifically to malachite green and other triphenylmethane dyes and that this



interaction activates their fluorescence [7], making these dyes fluorogenic (Figure 1). Since this
pioneering work, a large variety of such dyes (‘fluorogens’) and RNA aptamers (‘light-up aptamers’)
forming specific fluorogen/light-up aptamer pairs has been developed and they are still subject of a very
active field of research today [8-10]. This chapter aims at reviewing and discussing the development of
the main fluorogen/ light-up aptamer pairs that are currently available. In addition, some of their

applications in live-cell RNA imaging as well as in biosensing and nanotechnology will be presented.

2. Development of fluorogen/light-up RNA aptamer pairs

As highlighted above, RNA has no intrinsic fluorescence capacity, but it can acquire fluorescence
through specific binding of a fluorogen. Ideally, this fluorogen co-factor should (1) emit no fluorescence
in its free state, (2) bind the RNA aptamer with high affinity (sub-micromolar or even sub-nanomolar
Kb), (3) produce strong fluorescence upon binding, and (4) be photostable. All these properties rely on
both partners as demonstrated below. As a consequence, the development of an efficient
fluorogen/aptamer pair is a long and complex multiparametric process in which the fluorogen should be
properly designed and the RNA aptamer subsequently identified by using a suited selection strategy.
This strategy led to the identification of several tens of pairs covering all the visible spectrum and

displaying ever-improved properties (Table 1).

2.1. Design of the fluorogen

Malachite Green (MG) was the first fluorogen found to be specifically activated by an RNA aptamer
[7]. This was rather an unexpected discovery, since the aptamer was originally developed to bind MG
with the idea of producing reactive radicals aimed at cleaving RNA in close proximity [11]. The true
development of dedicated fluorogens (most of them are shown on Figure 2) started shortly after, leading
to a first generation of molecules based on known nucleic acids-binding dyes such as Hoechst and
cyanines like Thiazole Orange (TO) and Oxazole Orange (Y O). These molecules are intrinsically pro-
fluorescent. Indeed, Hoechst is an environment-sensitive molecule that does not emit fluorescence in its
free state, but becomes highly fluorescent when bound to DNA [9]. On their side, TO and YO have the
capacity to eliminate an excitation energy via intramolecular movements in their free state. However,
binding to nucleic acids hinders intramolecular movements and the excitation energy is then eliminated
by fluorescence emission. To serve as specific fluorogen, the non-specific binding capacity of these dyes
was strongly attenuated by introducing blocking chemical groups, leading to compounds with a potential
to interact with nucleic acids but becoming fluorescent only upon binding to a specific sequence. This
first set of fluorogens encompasses molecules like Hoechst derivative 1c¢ [12,13], TO1-Biotin [14], TO3-
biotin [14], YO3 [15], DIR [16], DIR-pro [17] and OTB-SO3 [17] (Table 1). In addition to these re-
purposed dyes, bio-inspired fluorogens (also behaving as molecular rotors) were designed by mimicking
fluorophores found in fluorescent proteins. In doing so, the group of Samie Jaffrey introduced DFHBI

(3,5-difluoro-4-hydroxybenzylidene imidazolinone) as the first GFP-mimicking fluorogen [18] together



with DFHBI-1T, a brighter derivative [19]. Moreover, since green fluorescence may also originate from
cell auto-fluorescence, several groups later developed red-emitting FP-mimicking fluorogens [20-22].
Interestingly, protonated forms of these FP-mimicking fluorogens (e.g., DMHBI+, DMHBI-Imi and
DMHBO+) represent large stoke-shift fluorogens, which are particularly attractive for Forster
Resonance Energy Transfer (FRET) applications [22]. This first generation of fluorogens already
covered most of the visible spectrum (Figure 2) and allowed a real breakthrough to begin in RNA
imaging technologies (see below). However, these dyes suffer from a limited brightness (Table 1) and,
in most of the cases, of a low photostability - the most extreme case being encountered with the DFHBI
and DFHBI-IT (from now summarized as DFHBI(-1T)) fluorogens that, when associated with their
specific aptamer, produce fluorescence for less than a second before getting photobleached [23,24].
The above-mentioned limitations encouraged the development of a second set of fluorogens based
on organic dyes known to be both bright and photostable (e.g., rhodamines, Atto and Alexa). Yet, these
molecules first needed to be converted into reversible non-emissive species (Figure 2). To do so, the
molecule is usually conjugated with a quenching moiety that prevents fluorescence emission either by
contact quenching, FRET or electron transfer [25]. For instance, direct addition of an aniline to an amino
group of a sulforhodamine core led to ASR, a dye quenched by an electron transfer mechanism revertible
upon aptamer binding [26]. Sulforhodamine B (SRB) can also be conjugated to dinitroaniline (DN) via
a short polyethylene glycol (PEG) linker introduced at the level of a sulfone group, yielding a fluorogen
(i.e., SR-DN) rendered non-emissive by a contact-quenching phenomenon, [27,28]. The beauty of this
approach is the possibility of generating a variety of dyes with different colors. Indeed, grafting DN-
PEG to various dyes with xanthene-like cores (e.g., RG-DN and TMR-DN) allowed generating a
rainbow of fluorogens [29] and led recently to the development of the very bright Silicon Rhodamine-
DN fluorogen [30]. Interestingly, exploiting the internal spirocyclization (a spontaneous intramolecular
cyclization event abrogating the fluorescence of the molecule but reversible by the binding to an
aptamer) capacity of the Silicon Rhodamine even made the addition of the quencher moiety (i.e., SR-
linker) dispensable, yet at the expense of a lower fluorescence turn-on, thus leading to a lower contrast
[30]. Alternative designs in which DN was exchanged for FRET quenchers like Black Hole Quencher
1 (e.g., Cy3-BHQ1) [31] and, more recently, Cobalamin (e.g., Cbl-Cy5 and Cbl-Atto590) [32] were also
described and enabled the development of multicolor imaging platforms. The use of Cobalamin (Cbl)
as a quencher is a very clever strategy as it exploits a natural compound for which several natural and
specifically interacting RNA aptamer sequences were already identified in bacterial riboswitches.
Fortunately, this interaction with Cbl is efficient enough to abrogate the quenching of the dye, making

the de novo isolation of a dedicated aptamer dispensable.

2.2. Development and properties of artificial light-up RNA aptamers
With the exception of Cbl-binding RNAs introduced above, no other natural light-up RNA aptamer

has been described yet. While the absence of such molecule in cells limits the risk of unwanted



background fluorescence resulting from a cross activation by endogenous sequences, it also requires the
development of an artificial aptamer. Over the past decade, several strategies have been proposed to

isolate and optimize light-up RNA aptamers.

2.2.1. Aptamer isolation strategies

Traditionally, artificial aptamers are obtained using an in vitro selection technology known as
SELEX (Systematic Evolution of Ligands by EXponential enrichment) introduced in the early 90’s
[33,34]. In this approach, RNA (or DNA) molecules contained in large libraries made of 1014-15 different
sequences are challenged to interact with an immobilized target; here, a fluorogen (Figure 3a). Upon
stringent washes, molecules displaying sufficient affinity for the target are recovered and the resulting
enriched library is used to prime another round of selection. As a consequence, aptamers isolated by
SELEX are likely to be specific and high affinity binders. Consistent with this assumption, most of the
aptamers recognize their fluorogen with nanomolar affinity (Table 1). The best systems described so
far in this regard are the TO1-Biotin/Mango [14], DMHBO+/Chili [22] and TMR-DN/SRB2 systems
showing Kp values of 3, 12 and 35 nM respectively [29].

Yet, since during SELEX no selection pressure is applied for the capacity of the aptamer to turn on
the fluorogen, isolated RNAs are not necessarily expected to be efficient light-up molecules. In
agreement with this statement, it has been reported that within the final pool of DFHBI-binding
aptamers, less than 1% of the molecules were actually fluorogenic [35]. Furthermore, except from SiRA
(Table 1), all the SELEX-derived aptamers reported so far form complexes of sub-optimal brightness.
The brightness of a fluorogen/aptamer complex results from the number of photons the fluorogen can
absorb (quantified by the absorption coefficient €) and from the number of photons re-emitted per
absorbed photons (quantified by the quantum yield QY). Therefore, to be as bright as possible, a
complex should have both the highest possible € value and a QY as close as possible to 1 (i.e., every
absorbed photon is re-emitted). Consequently, even though DFHBI-1T/Spinach2 displays an excellent
QY of 0.98, the low € of the complex makes it just as bright as eGFP. On the contrary, complexes with
much higher € such as TO1-Biotin/Mango, DIR-Pro/DIR2s and Cbl-Cy5/Riboglow are limited by their
low QY (Table 1). Therefore, to be efficient, the aptamer selection pipeline should ideally include a
screening step during which the capacity of each molecule to light-up the fluorogen is also taken into
account.

Following the strategy originally used to identify improved variants of GFP [36], the aptamer
variants contained in a SELEX-enriched pool can be further selected for light-up aptamers upon
expression in bacteria grown on agar plates supplemented with fluorogen and selecting colonies that are
fluorescent [26]. However, this approach allows only analyzing a few hundreds of aptamers. Significant
gain in throughput can be reached by analyzing bacteria with a Fluorescence Activated Cell Sorter
(FACS, Figure 3b). Indeed, combining SELEX pre-enrichment with FACS screening of aptamer-
expressing bacteria allowed to identify Broccoli, a DFHBI-binding aptamer optimized for imaging RNA



in living cells [35]. While live-cell FACS screening allows to select aptamers with lighting-up capacity
directly in the cellular context, it may also face significant drawbacks given by the cell-based system
such as (i) limited bacteria transformation efficiency, (ii) requirement of the fluorogen to be cell
membrane-permeable (dispensable for the development of extra-cellular probes), or (iii) difficulty to
apply harsh and controlled selection pressures. To overcome these limitations, aptamer libraries should
ideally be screened in vitro. Such in vitro screening can be performed using Gene-linked RNA Aptamer
Particle (GRAP) display [37], a technology in which aptamer-coding genes contained in a library are
first individualized at the surface of beads onto which they are then clonally amplified by emulsion PCR.
Upon washing, beads are emulsified in a second set of droplets into which DNA is transcribed into RNA
aptamers that are then captured on the bead surface. Finally, incubating beads with a fluorogen allows
to fluorescently label the beads all the better the aptamer is efficient and makes it possible to FACS-sort
them (Figure 3b). Advantageously, this method enables to select for both brightness and affinity and
was successfully used to isolate new MG-binding aptamers forming higher affinity or brighter
complexes with the fluorogen. Such a screening would have been extremely challenging to perform with
living cells given the significant toxicity of the fluorogen [38]. Recently, the methodology was further
improved by making the second emulsification step (in vitro transcription step) dispensable. Indeed, in
the so-called R-CAMPS technology the RNA produced from DNA coupled on the bead surface is co-
transcriptionally captured at the surface of the same bead via a specific sequence [39]. The functionality
of this approach was demonstrated by screening small libraries of Baby Spinach aptamer. However, the
significant polydispersity of the emulsions generated during PCR and in vitro transcription steps may
affect the overall efficiency of the bead-based methods. Thus, a significant gain in accuracy could be
reached by performing the amplification and transcription reactions in more homogenous emulsions.
An attractive way of producing highly identical water-in-oil droplets is to use microfluidics as it
allows to generate and manipulate highly monodisperse emulsions and to gain control over selection
conditions. In this view, we recently introduced microfluidic-assisted /n Vitro Compartmentalization
(uIVC) as an alternative to the in vitro ultrahigh-throughput screening approach [40]. In uIVC, genes
contained in a library are individualized into small water-in-oil droplets (Figure 3c¢) in which they are
PCR-amplified, expressed into RNA (or even protein) and analyzed for their properties (e.g., enzyme
activity, capacity to light-up a fluorogen...). The droplets with the genes of interest are then sorted at
rates of several millions per day. Such ultrahigh-throughput is primarily possible due to the extreme
miniaturization of the reaction vessels (down to a few picoliters) and the use of microfluidic devices
that allow to produce highly monodisperse emulsions and to manipulate (fusion, injection and sorting)
individual droplets with electricity (avoiding the use of moving parts that would limit the throughput)
[41]. We first demonstrated pIVC efficiency in light-up aptamer development by improving the folding
and fluorescence properties of the light-up aptamer Spinach, which led to the isolation of iSpinach, an
aptamer optimized for in vitro applications [42]. Yet, so far, the best illustration of pIVC efficiency was

obtained with the isolation of new Mango aptamers. Indeed, the original Mango aptamer was found to



form a high affinity complex with the fluorogen TO1-Biotin, but the complex also suffered from a low
QY of 0.14, making it dimmer than half an eGFP (Table 1). Re-screening the SELEX-enriched library
from which Mango was identified using a pIVC procedure enabled us to identify three new Mango
variants (Mango-II, III and IV) [43]. Of these news aptamers, Mango-II displayed an improved affinity
for TO1-Biotin while having unchanged lighting-up capacity, whereas Mango-III (the major sequence
found at the end of process) had preserved affinity for the fluorogen while forming a complex with a
nearly 4-fold higher QY, making it significantly brighter than eGFP (Table 1). Interestingly, Mango-II1
displays important differences with the other Mango aptamers both at the sequence and the structure
level (see below). Moreover, Mango 111 dominated the pool at the end of the screening process, whereas
it was completely missed during the previous hand screenings [14]. Taken together, the case of Mango-
III demonstrates how powerful the combined use of SELEX and uIVC can be at identifying efficient
light-up RNA aptamers.

Finally, also microarrays were used for in vitro functional screening of aptamers [44-46]. Upon
DNA spotting onto a surface, genes are transcribed and captured either onto a functionalized coverslip
[46] or into a dedicated micro-chamber [44]. Then, the RNA is incubated with the fluorogen and the
array imaged. Moreover, using a microfluidic device it became possible to keep the array under
perfusion of liquid and to vary the concentration of the fluorogen (or other compounds) while collecting
thermodynamic data on the system [44]. Whereas array-based technologies operate at much lower
throughput than pIVC and are therefore less efficient at isolating optimal light-up aptamers from large
pools, the possibility to directly associate each phenotype to the encoding genotype makes these
techniques particularly well-suited for the fine functional characterization of light-up aptamers via the

screening of comprehensive single (if not double) point mutant libraries.

2.2.2. Structure-assisted characterization and optimization of light-up aptamers

Once a light-up aptamer has been identified, the most efficient way to understand the molecular
mechanism driving the recognition and the activation of the fluorogen is to solve the crystal structure of
the fluorogen/aptamer complex. Moreover, such structural characterization is highly valuable to further
engineer the system (e.g., to develop biosensors and supramolecular assemblies, see below). Thus,
nearly half of the systems presented in table 1 have been crystalized and their structure solved. Even
though each aptamer adopts an idiosyncratic folding, they all share the presence of an extended platform
made of a base-triple [47], a base-quadruple [48] or even a G-quartet [49-54] that accommodates the
fluorogen [53]. Fluorogens are polycyclic compounds and their optimal activation is usually obtained
by holding them in planar conformation while properly confining them within a binding pocket.

On a structural point of view, the original Mango aptamer possesses one of the simplest fluorogen-
binding pockets, which consists of a G-quartet surmounted by three unpaired nucleotides (two As and a
U) that belong to G-quadruplex propellers (Figure 4a) [52]. As a consequence, one face of the fluorogen
is still largely exposed to the solvent, explaining in part the low QY of the complex (Table 1). Moreover,



both cycles of the TO1 fluorogen are rotated relative to each other instead of being co-planar as required
to obtain maximal fluorescence emission. Mango-II shares the same overall structure except that five
adenines are contributed by the G-quadruplex propellers and allow to better constrain and accommodate
the fluorogen [54] without significantly modifying the environment of the dye (Figure 4b). Moreover,
while held in planar conformation, the fluorogen is also slightly more exposed to the solvent. Taken
together, these observations explained the increased affinity of Mango-II for TO1-Biotin (better
accommodation of the fluorogen) while the brightness of the complex remained unchanged (no
advantageous modification of the fluorogen environment). Mango-I and II are both able to trigger TO1-
Biotin fluorescence and to a lower extend that of the related, red-emitting analogue TO3-Biotin.
However, guided by the crystal structure, we identified a point mutant of Mango-II (Mango-II (A22U))
endowed with a better capacity to discriminate both fluorogens [54]. Interestingly, and as expected from
the significant sequence differences, Mango-III displays a rather different structural organization [55].
Indeed, whereas the RNA still possesses a G-quadruplex of which the top quartet forms the fluorogen-
binding platform, the aptamer has a much more compact and robust structure in which almost every
residue is involved in hydrogen bonding. Moreover, and conversely to other Mangos, the G-quartet
platform of Mango-III is not surmounted by unpaired nucleobases but is rather capped by a A-U base-
pair (A10-U17) that sandwiches the fluorogen and is stabilized by an intercalating U (U12) residue
(Figure 4c¢). As a direct consequence of this tight accommodation of TOI-Biotin between the G-
quadruplex platform and the apical A-U base-pair, the QY of TO1-Biotin/Mango-III is almost four times
higher than that of other Mango aptamers without significant change in affinity (Table 1). Moreover,
we found out that Mango-III almost completely lost the capacity to trigger TO3-Biotin fluorescence,
making this aptamer one of the most specific aptamer known to date. As before, guided by the crystal
structure, we identified 10 residues that could potentially be sub-optimal [55]. We prepared a mutant
library in which these 10 positions were randomized, and we screened it for improved variants using
uIVC. Excitingly, this allowed us to identify iMango-III, an aptamer forming an even brighter complex
with TO1-Biotin and with preserved affinity (Table 1). The overall structure of iMango-III is identical
to that of Mango-III [55,56], the main difference being the exchange of the A-U apical closing base-pair
for a UeU pair that was identified as being responsible for the increase in brightness of the complex.
Recently, the crystal structure of the DIR2s aptamer was solved in complex with the fluorogen OTB-
SO3 [47]. Interestingly, the fluorogen-binding platform of DIR2s consists only of a base triple, and the
fluorogen is capped by a single adenine (A40, Figure 4d). Moreover, the fluorogen establishes a specific
interaction with a guanine (G39) of the platform via its sulfone moiety. Interestingly, it was proposed
that the absence of G-quadruplex should render this aptamer less sensitive to the cellular G-quadruplex
unfolding machinery recently discovered [57]. However, the relaxed constrain exerted on the fluorogen
has also two main drawbacks, i.e. a moderate brightness (moderate QY') and a lack of specificity of the
complex (the aptamer was found to bind and trigger fluorescence not only OTB-SO3 but also of DIR-
Pro and TO1-Biotin). Yet, both limitations could be overcome by re-exploring the SELEX-enriched



libraries using a functional screening approach like pIVC. Interestingly, the fluorogen-binding platform
of MGA does not consist in a G-quartet either but instead consists of a base quadruple (G*G+A-C) that
accommodates the fluorogen which is further capped by a G*C base-pair (G8-C28) and surrounded by
several unpaired residues (Figure 4e) [48]. Despite this a priori tight accommodation, the complex is
still characterized by a low QY (0.19), but recent experiments showed that this value could be
significantly increased using in vitro functional screening [37].

Among the different structurally characterized light-up RNA aptamers, DFHBI-(1T)-binding
Spinach aptamers (Spinach [18], Spinach2 [58], iSpinach [42]) possess the most elaborated fluorogen-
binding pocket (Figure 4f). Indeed, all the solved crystal structures showed that the fluorogen-binding
platform is made of a G-quartet and that DFHBI(-1T) is accommodated between this platform and a
base-triple, while specific contacts are established with a side guanine (G31) [49-51]. Exploiting the
crystal structure allowed to truncate Spinach to a much shorter aptamer called Baby-Spinach that
preserves the properties of the parental molecule [50]. In addition to the Spinach family aptamers, it is
very likely that the same DFHBI(-1T)-binding pocket is shared by Broccoli [35]. Indeed, even though
no crystal structure has been solved for this aptamer, the close sequence proximity with Spinach strongly
suggests that both molecules adopt the same folding [59-61]. However, despite the tight apparent
accommodation of the fluorogen, all the known DFHBI(-1T)/aptamer complexes suffer from a very
short fluorescence half-life (less than 1 second) [23]. This is likely due to the loose constrain applied to
the imidazolinone moiety that stays free to eliminate part of the excitation energy through rapid
photoisomerization.

The precursor of Broccoli was recently subjected to rounds of directed evolution and converted into
Orange Broccoli and Red Broccoli, two aptamers able to light-up DFHO, a red fluorescent protein-
mimicking fluorogen, at different wavelengths [21]. Comparing the sequences of the three (the original,
Orange and Red) Broccolis as well as considering their putative Spinach-like DFHBI(-1T)-binding
pocket allowed to identify a single nucleotide responsible for the Broccoli spectral tuning [60]. While
this feature makes Broccoli an interesting precursor for the development of multicolor tags, this aptamer
family is still limited by the poor photostability and the limited brightness of the complex they form
with their fluorogens [21]. However, significant gain in photostability of the FP-mimicking fluorogens
was recently reached with the isolation of Corn, a DFHO-binding aptamer protecting its fluorogen from
the rapid photo-isomerization encountered with Spinach and Broccoli families [21]. Interestingly, this
impressive gain in photostability was not attributable to the fluorogen itself (which does not display
such a stability when bound to Broccoli aptamers) but rather to the way the aptamer accommodates it.
Indeed, the crystal structure of DFHO/Corn revealed that the RNA is organized around a G-quadruplex
and that the DFHO is actually accommodated between the apical quartet of two monomers forming a
complex with a fluorogen:aptamer stoichiometry of 1:2. (Figure 4g) [62]. As a consequence, the DFHO

is maintained in an emissive planar conformation by being sandwiched between both G-quartets while



five unpaired adenines further restrict possible movement. Altogether, these elements prevent photo-

isomerization to take place and confer to DFHO/Corn a very high photostability.

3. Imaging and sensing applications using light-up RNA aptamers

As highlighted in the introduction of this chapter, one of the main motivations in developing
fluorogens and light-up RNA aptamers was the possibility foreseen to directly monitor RNA synthesis,
as well as the movement and location of RNA molecules within living cells, while overcoming
limitations of RBP-FPs. The strong toxicity of Malachite Green for yeast and mammalian cells [38]
largely prevented its use as a fluorogen for live-cell RNA imaging. On the contrary, all the other above-
introduced fluorogens were found to be non-toxic, deprived of non-specific interaction with cell
components and most of them were further found to be cell membrane permeable. Therefore, most of
these systems are well-suited for live-cell imaging applications. Moreover, since nucleic acids are
molecules highly amenable to engineering, these aptamers were rapidly converted into a variety of

sensors with a wide application spectrum both in live cells and in vitro.

3.1. General considerations before starting live-cell applications

So far, DFHBI(-1T) has been the most broadly used fluorogen, as it is commercially available from
several companies and is able to enter various cell types such as, for example, bacteria [18], yeast
[63,64], algae [65] and mammalian cells [18,58,35]. However, other fluorogens like DFHO and TO1-
Biotin are also known to be cell-permeable and are now commercialized (by Lucerna and Applied
Biological Material, respectively), which will further ease their wide use in the near future. Because of
the short half-life of short RN As in cells and because of limited folding capacity, fluorescence can hardly
be observed upon expressing Spinach or Broccoli family aptamers as free RNA molecules (Figure Sa).
Instead, aptamer RNAs should be transcribed in fusion to a tRNA [66] or an F30 scaffold [67] that assist
in the proper folding and providing resistance to RNase degradation. An elegant alternative called
Tornado was recently proposed in which the aptamer is flanked by a pair of ribozymes that undergo
self-cleavage just after RN A synthesis leaving 5’ and 3’ extremities that are joined together by a cellular
ligase, thus releasing a circular RNA (racRNA) endowed with an extremely long half-life [68]. To
visualize these stabilized light-up RNA aptamers, they are usually expressed from strong promoters (i.e.,
T7 RNA polymerase promoter in prokaryotes and U6 polymerase III promoter in eukaryotes) to
demonstrate both proper aptamer functionality in the cellular environment as well as the capacity of the
fluorogen to cross the plasma membrane [31,18,58,27,35,28,21,43,32,15,29,30]. Moreover, proper
expression and integrity of the aptamer can also be assessed by extracting and analyzing total RNA by
gel electrophoresis. Staining the gel with a fluorogen (DFHBI or TO1-Biotin) then allows to specifically
detect RNAs labeled with the light-up aptamer [67,69]. Yet, to be significant, the fluorogen/aptamer

pair should also enable imaging less abundant but more biologically relevant RNAs.
3.2. Live-cell RNA imaging using light-up aptamers inserted into the target RNA
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An RNA of interest (ROI) can be imaged by expressing it in fusion with the light-up aptamer
(Figure 5b). This strategy was initially applied to abundant eukaryotic small non-coding RNAs
transcribed by RNA polymerase III (pol. I1I). Indeed, labeling 5S rRNA and 7SK RNA with Spinach2
allowed visualizing them at the expected location (i.e., diffuse in the cytoplasm and in nuclear speckles,
respectively) [58]. Moreover, using a construct in which 60 CGG repeats (the hallmark of some
neurodegenerative diseases) were fused to Spinach2 allowed to recapitulate the aggregation process
seen during the disease and to devise a drug screening strategy. Other small pol. III transcripts (i.e. 5S
rRNA, U6 RNA, a box C/D scaRNA or a tRNA) were also successfully detected at the expected location
upon labeling with Mango-II [43] or Corn [21]. Extending this imaging strategy to less abundant pol. I
transcripts (MRNAs and microRNAs) turned to be more complex because of the only moderate
brightness and photostability of these first set of probes (see above). Indeed, it was possible to detect
and track STL1 mRNA fused to a single copy of Spinach aptamer in yeast using a sophisticated
microscopy and image analysis pipeline [63]. However, whereas this work demonstrated the great
potential of light-up RNA aptamers, the complexity of the approach prevented its wide use. Significant
gain in signal was obtained by using an array of up to 64 tandemly repeats of Spinach introduced into
the 3’ untranslated region of an ROI without affecting its life cycle [70]. Using brighter systems like
TMR-DN/SRB2 allowed detecting CFP mRNA labeled with only 15 repeats of the aptamer in
mammalian and GFP mRNA labeled with only 6 repeats in bacteria [29]. The number of aptamer repeats
was even further recently decreased by labelling B-actin mRNA with only 4 copies of the Riboglow
aptamer while still being able to observe RNA relocation in stress granules with a signal quality
outperforming the MS2-GFP method [32]. Recently, direct labelling of GFP mRNA by only 5 copies of
the very bright SiRA aptamer allowed to detect RNA synthesis in bacteria and to gain in imaging
accuracy using STED super-resolution imaging [30].

Recently, it has been reported that the direct insertion of the probe may lead to folding interference
between the labeled mRNA and the light-up aptamer, as in the case of eGFP mRNA labelled with SRB2
aptamer [71]. Yet, such an adverse effect can be avoided by inserting a Dicer cleavage site between the
mRNA and the aptamer so that, upon synthesis, Dicer physically separates both molecules and thereby
restores the aptamer folding capacity. However, while still informative on the synthesis of the ROI, this
approach compromises the chances to track the ROI in the cell. Another way of avoiding folding

interference while reducing the required genetics is to use probes acting in trans.

3.3. Live-cell RNA imaging using light-up aptamers acting in trans

Beside the direct insertion of a light-up aptamer into the sequence of an ROI, the labeling can also
be performed in trans (Figure Sc-f). A first engineering strategy consists in transiently destabilizing a
key structural element (e.g., a stem close to the fluorogen-binding site) of the aptamer by shortening
and/or mutating it, while appending sequences complementary to the ROI near the destabilized stem

(Figure 5c¢). In its free state, the RNA probe is unable to interact with the fluorogen and cannot form a
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fluorescent complex. However, upon interaction with the ROI, the light-up domain of the probe recovers
its “active” folding together with its capacity to bind its fluorogen, resulting in the fluorescent labeling
of the ROIL Such approach was successfully applied to endogenous mRNA visualization using
engineered versions of the BHQ-1 binding aptamer [72] and of Spinach [73]. Recently, improved
designs of Broccoli-derived probes with optimized sequences have been proposed and were shown to
display superior performances to detect mRNA in vitro [61,74]. Yet, these probes still need to be
validated in live cells. Similar design was also exploited for the development of a probe called PANDAN
aimed at detecting microRNA (miR), though this probe was not evaluated in living cells either [75].

Besides stem stabilization, aptamer activation can also take place through more important structural
remodeling involving strand-displacements (Figure 5d). For instance, in FASTmiR technology, an
engineered version of Spinach is trapped in an inactive form and the successful binding of a target miR
to a sensing domain induces, both in vitro and in live cells, several strand displacements eventually
leading to the release of an active Spinach domain [76]. Substantial gain in sensitivity was later achieved
by engineering a domain of the SRB2 aptamer into a molecular beacon [77]. In this construct, the
successful interaction between the sensing loop of the probe and the target miR leads to structural re-
arrangements activating SRB2, which in turn can bind and trigger the bright SR-DN fluorogen. More
recently, a new concept in which the probe is made of an L-enantiomer of Mango-III supplied from
outside the cell has been introduced [78]. L-enantiomers are naturally resistant to nuclease, making these
probes extremely long-lasting in challenging media (e.g., extracellular space). Furthermore, coupling
the probe to a cholesterol molecule and using a clever LNA-based blocker allowed cell-entry of the
probe and its activation by cellular miR (natural D-enantiomer).

Finally, a light-up aptamer can be converted into a probe acting in trans by splitting it and appending
each half to a sequence complementary to the ROI (Figure 5e). Therefore, a functional aptamer is
reconstituted only in the presence of the target RNA that acts as a scaffold driving aptamer assembly.
Split aptamer-based methodologies were shown to offer a very high specificity [79-81]. The recent
application of this concept in live cells allowed mRNA to be detected from genetically-encoded Spinach
and Broccoli-derived probes with a decent sensitivity (minimum detectable concentration of 50-100
nM) in living cells [82]. Substantial gain in sensitivity was further obtained by combining the use of a
split Broccoli aptamer and a Catalytic Hairpin Assemblies amplification circuit (a molecular
amplification circuit derived from RNA nanotechnology). The resulting CHARGE technology (Figure
5f) allows detecting the presence of as few as 2.5 nM of target RNAs in live cells in a digital manner
(i.e., informs on presence or absence of the target) [83]. Last but not least, split aptamers can also be

expressed in cells and used to detect RNA-RNA interactions [84].

3.4. Invitro detection of RNA
The key implication of miRs in various diseases and disorders has stimulated the development of

sensitive in vitro detection technologies for diagnostic applications. In this view, light-up RNA aptamers
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offer the great advantage of allowing to design cheap, label-free, and sensitive assays. Following the
same concepts as for live-cell RNA imaging, the first generation of in vitro RNA sensors exploited
transiently destabilized aptamers (e.g., PANDAN technology [75]) and split aptamer [81] strategies.
However, the micromolar to high nanomolar sensitivity of these technologies was insufficient to detect
low abundant RNAs suggesting that an amplification step may be necessary. Several RNA-based
molecular amplification circuits, including CHARGE, have been developed for in vitro applications
[85,86,83] and could be used to increase detection sensitivity. However, an elegant alternative consisting
in using the amplification capacity of the in vitro transcription reaction has recently been proposed and
revealed to be extremely efficient for the sensitive detection of nucleic acids [87,88] and other classes
of targets (see below). Briefly, the target miR interacts with two DN A molecules (one containing the T7
RNA polymerase promoter and the second containing the sequence coding for Spinach aptamer) and
drives their specific ligation to form a full-length transcription template. Then, each template is
transcribed into a large number of Spinach aptamers that become fluorescent in the presence of DFHBI(-
IT). Such amplification-based detections allow the specific detection of miR with a low femtomolar
limit of detection. In the latest format of these technologies, this limit was pushed down to the attomolar
range (5 aMol) by replacing the ligation step by a primer extension coupled with a strand displacement
amplification (SDA), adding a second amplification step to the process [89].

Being able to detect RNA in vitro allows also to set-up new screening and analytical pipelines in
which the in vitro transcription process can be monitored either alone [90] or in tandem with in vitro
translation [91-93]. This ability to independently monitor RNA and protein (e.g., using fluorescent
protein) synthesis permits to finely tune gene expression rates for applications in synthetic biology, for
instance. Light-up RNA aptamers can also be used as reporters to aid in the development of catalytic
RNAs endowed with self-cleaving [94] or RNA modifying activities [95].

Finally, light-up RNA aptamers also offer the great opportunity to assist and validate the design of
supramolecular assemblies in RNA nanotechnology. RNA nanotechnology aims at designing
programmable molecular circuits (such as the Catalytic Hairpin Assemblies introduced above) and
supramolecular assemblies to achieve complex functions (e.g., computation using logic gates,
channeling of catalysts on functionalized surfaces, drug delivery...) in vitro or in living cells by
genetically encoding the system. For instance, light-up aptamers can be used as output signal of a
molecular circuit aiming at amplifying a signal [85,96] or analyzing several inputs using logic gates as
complex as half-adders [97]. Incorporating a monolithic light-up aptamer into supramolecular
assemblies is also frequently used to assess that RNA elements grafted onto the assembly preserve their
function as well as to track these nanoobjects [98,99]. Last but not least, split versions of MGA [100-
103], Spinach [102,104] or Broccoli [105,106] revealed to be extremely useful to validate the proper
assembly of multistrand RNA nanoparticles forming a variety of tiles [105,102,103] but also more

elaborated shapes like cubes [100] and rings [104], just to name a few examples.
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3.5. Detection of other biological molecules and ions

Beyond RNA detection, light-up RNA aptamers also found a wide range of applications allowing
to specifically detect and quantify several other types of target. For instance, by inserting Spinach2 into
sgRNAs, it is possible to precisely localize specific loci on genomic DNA using CRISPR-display
technology [107]. In a different way, fusing Spinach to the PP7 RNA sequence enables to bring the
aptamer in close proximity to a PP7-mCherry fusion protein and, this way, to characterize RNA/protein
interaction (e.g., affinity measurement) by monitoring FRET (Forster resonance emission transfer)
between DFHBI/Spinach and mCherry fluorophores [108]. Specific protein/RNA interactions can also
be established by fusing the light-up RNA to another aptamer that specifically targets a protein. This
concept was applied to monitor EGFR (epidermal growth factor receptor) internalization by labelling
the receptor with an EGFR-binding aptamer fused to the DIR2s aptamer [17]. As in the case described
above for RNA detection, proteins can also be detected by using a bipartite probe made of a transiently
destabilized light-up aptamer domain fused to a second aptamer binding specifically to the protein of
interest (Figure 5g). As before, the specific interaction between the protein and the sensing aptamer
stabilizes the overall structure of the probe and restores the fluorogen-binding capacity of the light-up
aptamer moiety. Such allosteric probes were successfully derived from Spinach and applied to the
detection of a variety of proteins synthesized in E. coli [109]. Whereas such a direct labelling is
particularly well suited to monitor protein synthesis in living cells, it does not offer sufficient sensitivity
to detect low abundant protein targets as potentially required for diagnostic purposes. Yet, combining
conventional immunoassays like the Proximity Ligation Assay (PLA) and ELISA with the Spinach
transcription-based amplification strategy introduced above allowed to devise ultrasensitive assays able
to detect proteins present at picomolar [110] and attomolar [111] concentrations. Interestingly, applying
the same concept to the detection of whole bacteria allowed to devise an assay able to specifically
identify the presence of as few as 77 Staphylococcus aureus per mL of food samples [112]. Light-up
aptamers can also be used to monitor the activity of enzymes, such as Dicer [113], telomerase [114] or
RNA modifying enzymes [115]. These fluorogenic assays are compatible with high-throughput
screening and are therefore suited for drug discovery applications, for example.

Light-up RNA aptamers also served as building blocks in the design of metabolite biosensors
permitting to monitor the accumulation of a target metabolite in real time and in a non-invasive manner.
Such genetically-encoded biosensors were developed, for instance, to detect SAM [116], FMN [117],
TPP, cyclic AMP [118], as well as various types of cyclic dinucleotides [119-125]. In general, these
sensors are based on the transient destabilization strategy (Figure Sh) similar to that described above
for RNA and protein detection. These sensors are usually developed by using a trial-and-error approach,
but optimal biosensors can also be identified by employing high-throughput screening approaches such
as the pIVC-based procedure we recently described [126]. Alternative design strategies have been
proposed using natural riboswitches and circularly permutated molecules. However, since these sensors

and their development are out of the scope of this chapter, the reader is redirected to some excellent

14



recent reviews on the topic [127-129]. While for a long time the use of these sensors in mammalian cells
was challenged by the short half-life of small RNAs in these cells, the recent development of the Tornado
technology allows to express these sensors as highly stable circular RNAs [68].

Exploiting RNA nanotechnology also led to the designing of a construct comprising Spinach and
Mango aptamers positioned in such a way that FRET can occur between the fluorogens (respectively
DFHBI-1T and YO3) bound to each aptamer. Moreover, inserting a metabolite-sensing aptamers into
the construct allows to couple the FRET signal to a metabolite sensing event [15]. Interestingly,
metabolite biosensors can also be used as extra-cellular probes in screening experiments aiming at
identifying microbes with improved capacity to synthesize and secrete a target metabolite [130].

Last but least, light-up aptamers can easily be converted into ions sensors. The two most prominent
examples are silver and lead sensors. Indeed, simply converting a Watson-Crick base-pair of Broccoli
into a C*C mismatches allowed to transiently abrogate the fluorogen-binding capacity of the aptamer.
However, in the presence of silver ions, a C-Ag+C metallo base-pair forms and restores aptamer
capacity to bind and trigger DFHBI-1T fluorescence [131]. Expressing this sensor in living bacteria
permitted to titrate the amount of silver that can actually enter and accumulate into the cells. The second
example is lead detection. Indeed, it was found that the G-quadruplex structure contained in Spinach
can strongly bind and get stabilized by Pb2+ ions, making Spinach an excellent sensor able to specifically
detect as few as 6 nM Pbz+, a concentration far below the maximum permissible concentration (72 nM)
[132]. Moreover, it was recently found that a 2°-fluorinated version of the sensor may offer even higher
performance by protecting the sensor from RNase action and by enhancing the association with Pb2+
ions [133]. Interestingly, exploiting this Pb2+ binding capacity of Spinach enabled the development of a
fluorescence-free liquid crystal sensor able to detect Pb2+ ions with similar selectivity and sensitivity
[134], demonstrating how properties of light-up aptamers can even be used without exploiting their
fluorescence capacity. In the same line, the very high affinity of Mango for TO1-Biotin can be exploited

in experiments aiming to specifically isolate target RNAs and bound molecules by affinity capture [135].

4. Conclusions

Since the discovery that an RNA molecule may have the capacity to light-up a fluorogen [7], many
groups have started to develop highly efficient, bright, photostable and cell-permeable fluorogens
together with their specific aptamers. To this end, strong progresses were made in the chemistry of the
fluorogen but also in the development of new technologies and methodologies for high-throughput
functional screening of mutant gene libraries as well as for the stabilization of RNA probes both inside
(e.g., Tornado [68]) and outside (e.g., use of 2’-fluorinated ribose [133] and L-enantiomers [78]) the
cell.

While the main motivation in developing new efficient fluorogen/light-up aptamer pairs was mainly
driven by the possibility of imaging RNA in living cells with high sensitivity, one can see that the

application scope of these probes rapidly diversified toward the sensitive sensing of a variety of
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molecules (DNA, protein, metabolites and ions) both in live-cell cells and in vitro. Indeed, the
development and the commercialization of ultrasensitive detection kits may have a profound impact on
various fields such as healthcare and environment survey. Light-up aptamers may also play a role in
drug discovery by allowing to set-up high-throughput screening pipelines as well as by assisting the
development of RNA nanoobjects that could act, for instance, as drug delivery cargos.

As a conclusion, it is likely that even more efficient fluorogen/light-up aptamer pairs will be
developed over the coming years and that additional types of molecules beyond RNA will be used for
the development of light-up aptamers. Indeed, two DNA-based light-up aptamers have been described
[12,20] which may provide great advantages in term of cost and backbone stability. Moreover, one can
expect that the application spectrum of light-up aptamers will continue to grow far beyond RNA
detection and that first analysis kits and devices using these molecules may appear on the market in a

near future. Therefore, the story of light-up aptamers is just beginning.
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Table 1. Main fluorogen/RNA light-up aptamers pairs and their properties.

Aptamer selection

Kp

Abs. Coef.

Fluorogen Light-up aptamer strategy (M) Ex./Em. (nm) ) QY. Brightness  Rel. Brightness ~ Reference

eGFP natural molecule / 490/508 39,200 0.68 26.60 1.00 [36]
OTB-SO3 DiR2s SELEX 662 380/421 73,000 0.51 37.23 1.40 [17]

Hoescht-1c¢ Apt II-mini3-4 SELEX 35 345/470 n.a 0.26 n.a n.a. [12,13]
DFHBI Spinach SELEX 540 469/501 24,300 0.72 17.50 0.65 [18]
DFHBI iSpinach ulvce 920 442/503 n.a. n.a. n.a. n.a. [42]
DFHBI-1T Spinach2 SELEX/design 560 482/505 31,000 0.94 29.10 1.10 [19]
DFHBI-1T Broccoli SELEX/FACS 360 472/507 29,600 0.94 27.80 1.04 [35]
TO1-Biotin iMangolll pulve 4 506/527 77,500 0.64 49.6 1.86 [55]
RG-DN DNB SELEX 4480 507/534 37,350 0.32 11.90 0.44 [28]
TO1-Biotin Mango SELEX 3 510/535 77,500 0.14 10.85 0.40 [14]
TO1-Biotin Mangoll pulve 1 510/535 77,500 0.21 16.28 0.61 [43]
TO1-Biotin Mangolll puIve 5 510/534 77,500 0.55 42.63 1.6 [43]
DMHBI+ Chili SELEX/design 63 413/542 n.a. 0.40 n.a. n.a. [22]
DMHBI-Imi Chili SELEX/design 71 463/545, 594 n.a. 0.08 n.a. n.a. [22]
DFHO Corn SELEX 70 505/545 29,000 0.25 7.25 0.27 [21]
DFHO Orange Broccoli SELEX 230 513/562 34,000 0.28 9.52 0.36 [21]
CY3-BHQI1 BHQ apt (A1) SELEX n.a. 520/565 n.a. n.a. n.a. n.a. [31]
DFHO Red-Broccoli SELEX 206 518/582 35,000 0.34 11.90 0.44 [21]
TMR-DN SRB2 SELEX 35 564/587 90,500 0.33 29.87 1.12 [29]
SR-DN DNB SELEX 800 572/591 50,250 0.98 49.24 1.85 [28]
DMHBO+ Chili SELEX/design 12 456/592 n.a. 0.10 n.a. n.a. [22]
SR-DN SRB2 SELEX 1340 579/596 85,200 0.65 55.38 2.08 [29]
Cbl-Atto590 Riboglow natural molecule 3-34 594/624 120,000 0.31 37.2 1.40 [32]
DIR DIR apt SELEX 86 600/646 134,000 0.26 34.80 1.30 [16]

Mal. Green MGA SELEX 117 630/650 150,000 0.19 28.00 1.05 [11,7]
DIR- pro DIR2s-Apt SELEX 252 600/658 164,000 0.33 54.12 2.00 [17]
TO3-Biotin Mango SELEX 6-8 637/658 9,300 n.a. n.a. n.a. [14]
SiR-DN SiRA SELEX 1000 650/662 n.a. n.a. n.a. n.a. [30]
Cbl-Cy5 Riboglow natural molecule n.a. 646/662 271,000 0.26 70.46 2.65 [32]
Patent Blue SRB apt SELEX 23 n.a./665 n.a. 0.034 n.a. n.a. [7]
SiR-linker SiRA SELEX 430 649/666 86,000 0.98 84.28 3.16 [30]
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Figure 1. Formation of a fluorogen/light-up aptamer fluorescent complex. In its free state, the
fluorogen (gray) is poorly emissive. However, upon the proper accommodation into the fluorogen-
binding site of a light-up RNA aptamer (black) the fluorescence capacity of the molecule is restored
(green) and a fluorescent complex is formed.
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Figure 2. Structure of the main fluorogens activated by light-up RNA aptamers. The structure of
each fluorogen is shown together with the name of its activating aptamer(s) and the excitation/emission

wavelengths are given in parentheses. The fluorogens are ordered by their emission wavelength
according to table 1.
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Figure 3. Principal technologies available for selecting light-up RNA aptamers. a. In vitro selection
using Systematic Evolution of Ligands by EXponential enrichment (SELEX). Gene libraries are in vitro
transcribed into RNAs later challenged to interact with a fluorogen immobilized on beads. Selection
pressures are mainly applied to select aptamers able to bind the fluorogen with high affinity. This

approach has been used to isolate most of the aptamers listed in table 1. b. Functional screening of
aptamers using Fluorescence Activated Cell Sorter (FACS). Gene libraries are expressed in RNAs either
in bacteria [35] or at the surface of beads [37]. Upon incubation with the fluorogen, the fluorescence of
the particles (bacteria or beads) is analyzed on a FACS and used to sort particles displaying the highest
fluorescence and, therefore, contain/display efficient light-up aptamers. ¢. Functional screening of
aptamers using microfluidic-assisted /n Vitro Compartmentalization (uIVC). Genes contained in a
library are individualized (step 1) together with a PCR amplification mixture in droplets (dark blue)
carried by an oil phase (gray). Droplets are collected and thermocycled prior to being reinjected into a
droplet fusion device where each DNA-containing droplet (dark blue) is fused to a larger droplet
containing an in vitro transcription mixture (light blue) supplemented with fluorogen (step 2). Upon an
incubation allowing amplified DNA to be in vitro transcribed, the fluorescence of each droplet is
analyzed. To do so, droplets are reinjected into a sorting device in which the fluorescence of each droplet
is measured and used to isolate droplets displaying the highest fluorescence and, thus, contain efficient
light-up aptamers. This process was used to isolate several aptamers listed in table 1 [42,43,56].
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Figure 4. Structural organization of the main fluorogen-binding sites. a. Binding of TO1-Biotin to
Mango aptamer. Based on model PDB 5V3F [52]. b. Binding of TO1-Biotin to Mango-II aptamer.
Based on model PDB 6C63 [54]. ¢. Binding of TO1-Biotin to Mango-III aptamer. Based on model PDB
6ES8S [55]. d. Binding of OTB-SO3 to DIR2s aptamer. Based on model PDB 6DBS [47]. e. Binding of
Malachite Green to MGA aptamer. Based on model PDB 1FIT [48]. f. Binding of DFHBI to Spinach
aptamer. Based on model PDB 4TS2 [50]. g. Binding of DFHO to Corn aptamer. Based on model PDB
5BJO [62]. Nucleotides contributed by Monomerl (upper case nucleotides) or distinguished from those
contributed by Monomer2 (lower case nucleotides). In every model, only the elements in direct contact
with the fluorogen are represented. For G-quadruplex-containing RNAs, only the proximal quartet is
shown. For each fluorogen/aptamer pair a side (left picture) and top (right picture) view of the complex
is represented. Elements are colored as follows: fluorogen-binding platform (G-quartet, base quadruple
or base triple) in dark gray, surrounding and capping residues in yellow and fluorogen colored according
to their emission wavelength (i.e., OTB-SO3 in bleu, TO1-Biotin and DFHBI in green, DFHO in orange
and Malachite Green in red).
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Figure 5. Main labeling/sensing strategies using light-up RNA aptamers. a. Light-up RNA aptamer
in complex with its fluorogen. b. Light-up RNA aptamer directly inserted into the RNA of interest. c.
RNA-specific probe acting in trans based on transient structural destabilization. d. RNA-specific probe
acting in trans based on strand-displacement/structural remodeling. e. RNA-specific probe acting in
trans based on a split light-up RNA aptamer. f. RNA-specific probe acting in trans combining strand-
displacement and split light-up aptamers together with Catalytic Hairpin Assemblies amplification
circuit (CHARGE technology) [83]. g. Protein sensor using light-up RNA aptamer transiently
structurally stabilized as read-out [109]. h. Metabolite sensor using light-up RNA aptamer transiently
structurally stabilized as read-out [117].
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