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Introduction:

1. Gene expression, regulation and cell-to-cell variability
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3. Droplet-based microfluidics: principle and applications in biology






I. Introduction

In a metaphoric and (over)simplified view, the cell can be seen as a computer made of software
and hardware elements: the former corresponding to the genetic information stored into the DNA and
the latter being made of the machineries allowing for expressing this information (transcription and
translation machinery) as well as a power supply, the metabolism, that fuels the whole system in
energy. Further extending the cell/computer analogy, the information is not simply constitutively
expressed but, like in an informatic script, this expression is rather subjected to conditions and adapted
accordingly. Therefore, even though understanding how the different machineries (e.g. RNA
polymerase, ribosome...) work on a mechanistic point of view is of prime importance, understanding
regulatory events controlling this expression as well as their dynamics is even more important.
However, given the complexity of these systems and their high degree of integration/interconnection,
such characterization requires sensitive and efficient tools and technologies to be developed. In this
view, this PhD thesis worked aimed at developing such tools in the form of new fluorogenic RNA
modules that would ultimately allow monitoring gene expression at various levels.

Prior to presenting the results and developments I performed during this thesis, I will first
introduce it by giving a rapid overview of how genes expression is modulated/regulated (especially
through RNA-based mechanisms), how such regulations are characterized and why new technologies

need to be developed.
1. Gene expression, regulation and cell-to-cell variability

1.1. Gene expression

According to the central dogma of molecular biology enounced by Francis Crick in 1958 (Crick,
1958), gene expression flows from the DNA, in which the information is stored, to proteins via a
transient intermediate, the messenger RNA (mRNA). Therefore, the DNA is first transcribed into a
mRNA by an RNA polymerase machinery and this mRNA is then translated into protein by the
translation machinery, especially the ribosome (Figure 1). This vision is nevertheless slightly
reductionist since the protein itself can also be viewed as an intermediate and one can consider the
resulting phenotype as being the true gene expression product. Moreover, not all the genes encode for
a protein and the phenotype-expressing molecule can directly be the RNA. For instance, in bacteria the
23S ribosomal RNA (28S in eukaryotes) carries the peptidyl-transferase activity (Nissen et al., 2000).
Similarly, in most RNase Ps (the enzyme maturing the 3’ of transfer RNA (tRNA) molecules) the
catalytic activity is also carried by the RNA moiety of the ribonucleoprotein (Guerrier-Takada et al.,
1983). Beside these examples of ribozymes, non-coding RNAs (ncRNA) can also be endowed with

additional functions such as decoding (tRNAs) and regulation (see below).



The Central Dogma: "Once information has got into a protein it
can't get out again". Information here means the sequence of
A xmino acid residues, or other sequences related to it.
t 1s, we / be le to have
DNA RNA Protein
/ |

but never

DNA RNA Protein
vhere the arrows show the transfer of information.

Figure 1: The central dogma in molecular biology from unpublished Crick’s note. Taken from Matthew Cobb

2017.

Whatever the type of gene, only the subset of the so-called housekeeping genes is constitutively
expressed, whereas the expression of the other genes is tightly controlled and adapted to cell needs and
environmental conditions. As this will be presented below, this regulation involves complex
intertwined pathways, interconnecting the whole system with the net result of ensuring cell

homeostasis.

1.2. Gene expression regulation
The effectors of regulatory pathways are as diverse as protein, RNA or even metabolites and they
may be either dedicated molecules or the expression product of the controlled gene/pathway (or of
another one). For simplification reasons I will restrict this chapter to a few well-studied prokaryotic
cases and I will only occasionally extend it to eukaryotes.

In 1961, Jacob and Monod provided a first glimpse into gene regulation with their famous
publication on the mechanism controlling the expression of genes involved in lactose consumption in
Escherichia coli (Jacob and Monod, 1961). A first important concept introduced in this work was the
idea of bacterial genes being organized in operon; i.e. several genes involved in the same function, are
placed under the control of a unique promoter and therefore co-transcribed into a single polycistronic
RNA (Figure 2 model II). A second important outcome of this work was the proposition that cellular
factors (interestingly in the original paper these molecules were drawn as being RNAs) could regulate
gene expression following two models: i) either by a mechanism involving a direct binding to the
genomic DNA (Model I) which would define them as transcription factors or ii) by an action at the
mRNA level (Model II) and would make them co/post-transcriptional modulators. Nowadays, it is

known that both models and several others are indeed at work in the cell to modulate gene expression.
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Figure 2: Regulation models proposed by Jacob and Monod in 1961. Model I depicts a gene regulation by a
regulatory molecule binding the DNA operator region of the gene. In Model II, the effector (repressor or
activator) acts at mRNA level.
1.2.1. Regulation of transcription initiation

Transcription factors are proteins that modulate gene transcription by direct interaction with the
DNA. Upon binding to DNA, these factors will either favour (activator) of prevent (repressor) the
recruitment of the RNA polymerase (RNAP). Moreover, these factors can either be specific to a gene
(or an operon) or act on larger sets of genes (or operons) distributed throughout the genome and that
forms a regulon. Finally, instead of direct binding to DNA, the factor can also guide the RNAP to a

subset of transcription promotors as it is the case with sigma factors.

1.2.1.1. Operon-specific transcription factors

The most famous operon-specific bacterial transcription factor is the repressor of the lactose (lac)
operon that controls the expression of genes coding for a [3-galactosidase (LLacZ), a galactose permease
(LacY) and a thiolgalactoside transacetylase (LacA). These enzymes are involved in lactose
metabolism and are respectively in charge of lactose cleavage, entry and detoxification allowing for
converting lactose into monosaccharide used as alternative carbon source. In the absence of lactose,
the operon is poorly expressed because of the binding of an allosteric protein, the Lac' repressor, to the
operator region next to the transcription promoter of the lac operon (Figure 3) and that interferes with
the recruitment of the RNAP. However, this repression can be suppressed by the addition of lactose
(or an analogue like the Isopropylthio-f-galactoside or IPTG), which enters the cell via the lactose
permease. The lactose is isomerized into allolactose that binds to the allosteric repressor. The latter
losses its affinity for the promoter and leaves it, allowing the RNAP to be recruited and the operon to

be expressed.
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Figure 3: Operon lactose regulation. (A) In the presence of lactose, allolactose (in grey) is formed and binds to
Lac' allosteric repressor (in black) encoded by lacl locus (in orange). At low glucose concentration, cCAMP
concentration rises and activated CRP protein, which helps RNA polymerase (RNAP) recruitment onto lactose
promoter. Both conditions increase the transcription rate of Lac operon transcription and lead the synthesis of
enzymes involved lactose catabolism. (B) However, when glucose concentration is high, Lactose repressor (in
black) binds to DNA operator region (Lac®) and closes lactose promotor, preventing RNAP recruitment.

1.2.1.2. Regulon-specific transcription factors

Operon-specific transcription factors are not so frequent and, most of the time, transcription
factors regulate several genes (or operons) belonging to the same regulon. Besides the obvious
economy of energy made possible by the use of common transcription factors, the main advantage of a
sharing them between several different pathways is the possibility of interconnecting and regulating all
of them simultaneously upon the sensing by a single stimulus. These interconnections and the
interplay of different stimuli allow cell homeostasis to take place and to be preserved.

Lac operon expression regulation is not exclusively under the control of the operon-specific
repressor since its transcription is also activated by the cAMP receptor protein (CRP). CRP senses the
cell concentration in cAMP, which accumulates upon glucose starvation (Pastan and Perlman, 1970).
The CRP-cAMP complex then binds a DNA region upstream the lac transcription promoter and helps
the recruitment of the RNAP via its o subunit. Moreover, CRP-cAMP also enhances the transcription
of a large set of genes involved mainly in sugar catabolic enzymes (Kolb et al., 1993) and, this way,
allows transducing the sensing of low glucose concentration to the whole system. CRP is only one of
the numerous transcription factors known today and many other proteins like, for instance, ArgR
(which controls a regulon of ~ 5 genes involved in arginine metabolism pathways (Maas, 1994)) or
LexA (the factors expression of ~ 40 genes involved in the SOS response (Butala et al., 2009) have

also been identified as global regulators.

1.2.1.3. Alternative sigma factors
In addition to the transcription factors introduced above, adapting the composition of the RNAP
can also be used to modulate gene expression. Indeed, in bacteria, the RNAP is made of five subunits

(two a, one (3, one B’ and one y) that compose the core enzyme, which can further form a holoenzyme
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upon association with a sigma (o) factor that guides the RNAP to the promoter. In normal laboratory
growth conditions, the RNAP is associated with the housekeeping factor RpoD (or ¢’’). However,
various stress conditions triggered by environmental changes (e.g. nutrient depletion, pH or
temperature shock) leads to the synthesis of alternative sigma factors that compete with and eventually
replace RpoD on the RNAP (Osterberg et al., 2011). This exchange reprograms the RNAP toward
alternative promoters and changes the transcriptional landscape of the cell. As this was the case above,
each o factor will drive the expression of its own regulon. For instance, RpoF controls the regulon
involved in the cell motility, RpoN controls the regulon of response to nitrogen starvation, RpoE
controls the regulon of response stress at the membrane.

To date, RpoS is the most studied and the best characterized o factor (Osterberg et al., 2011).
This factor is the master regulator of the general stress response in E. coli. Upon stress (e.g. heat
shock, nutrient starvation, acidic shock, entry in stationary growth phase...) sensing, the factor is
loaded onto the RNAP and triggers a massive change in the transcriptional landscape as it controls the
expression of up to 500 of the 4500 genes of the bacterium. Due to the key role of RpoS in cell
adaptation, the expression of its coding gene (rpos) has been extensively studied and revealed that it is
subjected to variety of mechanisms acting at every post-transcriptional step (Figure 4). These different

mechanisms will be introduced below to illustrate the different class of mechanisms at work.

1.2.2. Transcriptional modulators
The transcription and o factors introduced above allow modulating the recruitment efficiency of
the RNAP at a given promoter. Therefore, they act at the transcription initiation level. However, even
though the transcription has been started, several regulatory mechanisms interfering with the
elongation have been identified. Moreover, whereas transcription factors were mainly proteins, post-
transcription regulators involve both proteins and RNAs.
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Figure 4: RpoS expression regulation. (A) In regular growth condition, Rho helicase (p) is loaded onto nascent
rpos mRNA and climbs up mRNA to reach RNAP and triggering premature termination (B) In stress conditions,
other factors such as chaperone protein (Hfq) and small antisense RNA (asRNA) bind nascent RNA preventing
Rho helicase binding. Hence, it allows the synthesis of a full-length rpos transcript. In addition, those factors
help to free AUG codon start that is embedded into mRNA structure, allowing for the mRNA to be translated.
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1.2.2.1. Protein-mediated termination

During the transcription, the ATP-dependent Rho helicase can be recruited at the level of long
unstructured regions usually fund after the coding region. Upon loading on the mRNA, Rho proceeds
along the transcript until reaching the RNAP. The contact between Rho and RNAP unwinds RNA-

DNA hybrids, which ultimately leads to transcription termination and mRNA release.
It was recently shown that Rho could also be loaded in the 5' untranslated region (UTR) of ~
300 mRNAs in E. coli and triggers a premature Rho-dependent transcription termination (Sedlyarova
et al., 2016). This was nicely exemplified by the case of rpoS expression regulation. Indeed, in normal
laboratory growth conditions, a strong Rho-dependent termination occurs at the beginning of rpoS
coding region, preventing the synthesis of RpoS. However, under stress conditions three small RNAs
(sRNA) are produced and anneal to rpos mRNA on a site between the Rho loading region and the
termination site. The presence of these sSRNAs correlates with a drastic increase in full-length rpos
transcripts, suggesting that Rho-dependent termination constitutes a first level of action of small

RNAs.

1.2.2.2.Riboswitches and ribosensors

Beside the Rho-dependent mechanisms, transcription termination can also take place in a Rho-
independent manner. This typically involves the formation of a GC-rich stem-loop followed by a
stretch of Us that destabilizes the transcriptional complex leading to its dissociation and transcription
arrest. This terminator stem-loop structure can exist in equilibrium with an anti-terminator structure
that does not affect polymerase processivity and allow the transcription to further proceed (Figure 5).
Such terminator/anti-terminator equilibrium is actually exploited in several RNA-based regulatory
strategies like, for instance, riboswitches and ribosensors.

A. B.

Aptamer Aptamer j Aptamer Aptamer

Terminator

Metabolite Metabolite

Anti-Terminator

Figure 5: Simplified view of riboswitch-mediated transcription regulation. A riboswitch is composed of a
sensing platform (aptamer in green) and a communication module (in black) linked to an expression platform
(transcription terminator or anti-terminator in light blue). (A) Negative regulation of transcription. The presence
of the metabolite (brown circle) leads to riboswitch conformation change and the formation of terminator
structure triggering premature transcription termination. (B) Conversely, in positive regulation the presence of
metabolite leads to change the formation of an anti-terminator structure allowing the transcription to proceed.

Riboswitches are RNA folds that regulate gene expression in cis (part of the sequence of the
regulated RNA) via the sensing of small molecules and that are organized in three functional domains:

the aptamer, the communication module and the regulatory platform (Figure 5). An aptamer is a short
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nucleotide sequence folding into a three-dimensional structure able to specifically recognize a
molecule with an affinity that may approach (and sometimes even exceed) that of antibodies (Iliuk et
al.,, 2011). In the case of riboswitches, the affinity of the aptamer for its ligand can vary from
millimolar down to nanomolar range and is adapted to be relevant of the sensed molecule and the
cellular context. For instance, metabolites are typically found at millimolar concentration in the cell
and the decision to turn-on or off genes coding for the enzymes involved in the corresponding
pathway has be taken when metabolite concentration pass a critical millimolar concentration.
Therefore, it makes sense that the aptamer part of these riboswitches has limited affinity (but high
selectivity) for their ligand, since a much higher affinity would constantly saturate aptamer making it
non-responsive to cell-relevant concentrations. Other riboswitches display a much higher affinity for
the sensed molecule. This is typically illustrated by the recently described ppGpp-responsive
riboswitch (Sherlock et al., 2018). This aptamer displays nanomolar affinity for the alarmone ppGpp, a
secondary metabolite produced in the bacterium in response to stress conditions and that is the main
actor of the stringent response (Harms et al., 2016). In this second case, it makes sense for the aptamer
to be able to sense its ligand in a fast and efficient way to rapidly adjust bacterial gene expression and
enable a fast stress adaptation. Another important feature of riboswitch-embedded aptamer is their
structural plasticity. Indeed, the binding event of the ligand triggers a local structural modification
(e.g. remodelling, stabilization...) of the aptamer that is instrumental for the regulatory event. This
structural change is then transmitted to the regulatory platform by the second key element of the
riboswitches: the communication module. This module is usually a loose helix (e.g. P1 on Figure 5)
that gets stabilized upon complex formation between the aptamer and the ligand. Alternatively, ligand
binding can lead to a strand displacement event within the communication (Figure 5). Finally, upon
stabilization (or remodelling) the communication module induces a structural change of the regulatory
platform (the third important component) and, in transcriptional riboswitches, switch the anti-
terminator structure to a terminating one and vice versa.

Transcriptional riboswitches are typically found in Gram-positive bacteria such as Bacillus where
they have been extensively studied (Mandal and Breaker, 2004a). For instance, in B. subtilis, the rib
operon encoding enzymes involved in flavin biosynthesis contains a riboswitch in its 5> UTR, that
leads to premature transcription termination of this operon (Winkler et al., 2002). On a mechanistic
point of view, when the concentration of flavin mononucleotide (FMN), the final product of the
pathway, exceeds a critical concentration, it binds to the aptamer contained in rib mRNA 5° UTR and
triggers the formation of a terminator hairpin leading to a premature transcription arrest and the
extinction of rib gene expression.

Beside gene expression inhibition, metabolite sensing can also positively act on gene expression.
For instance, the presence of adenine switches the pbuFE riboswitch to an “ON” conformation, leading
to the expression of a gene coding for a purine efflux pump that is been proposed to protect the cell,

especially against toxic purine base analogs (Mandal and Breaker, 2004b).

15



Instead of direct aptamer-based detection, metabolite sensing can also be mediated by larger
molecules, such as transfer RNA (tRNA). This is typically observed in Gram-positive bacteria, where
a T-box element can be found in 5° UTR region of genes involved in amino acid metabolism (Mandal
and Breaker, 2004a). This regulation mode relies on the fact that nutrient starvation leads to the
reduction of the cellular amino acid pool and, consequently, to the reduction of the aminoacylated
fraction of tRNA. Non-aminoacylated tRNAs are then recruited at the level of T-box elements to
which they pair via their anti-codon and 3’ free amino-acceptor stem (Figure 6). This RNA-RNA
complex stabilizes the regulatory platform of the T-box into an anti-terminator structure leading to
down-stream gene transcription and gene expression.

A. B. Terminator
Anti-Terminator

RNAP

#

Figure 6: Schematic T-box regulation. (A) A non-aminoacylated tRNA binds to the T-box element via its
anticodon and its 3’ free acceptor stem leading to the stabilization of an anti-terminator transcription structure.
(B) Aminoacylated tRNA can no longer bind to T-box and the terminator structure persists.

Interestingly, more complex scenarios exist like in Clostridium acetobutylicum that regulates the
transcription of some of its genes by combining two sensing strategies (Figure 7). This is typically the
case of the ubiG operon, which encodes enzymes (a cystathionine y-lyase and a cystathionine -
synthase) involved in methionine to cysteine conversion (André et al., 2008). The transcription of this
operon is first controlled by a T-box element contained in the 5 UTR leader sequence and that is

activated by non-aminoacylated tRNAY,

(A)
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& low SAM & low SAM & high SAM
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Figure 7: Example of dual regulation. At high cysteine concentration, a T-box (in light-blue) negatively
regulates the expression downstream genes. When cysteine concentration is low, uncharged tRNA (in red) elicits
operon transcription. However, a second layer of regulation (hashed purple) generates an anti-sense RNA of
ubiG operon that prevents ubiG expression. This second layer is under the SAM riboswitch negative regulation
control. When SAM concentration is high, the SAM riboswitch leads to premature termination of this anti-sense
RNA and the operon is expressed. Figure adapted from Mellin and Cossart, 2015.
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However, in this system, a reduced level of cysteine is not enough to trigger gene expression due
to a second layer of regulation. Indeed, the expression of this sulfur metabolic operon is also under the
dependence of S-adenosylmethionine (SAM), an intermediate of the methionine to cysteine
conversion. A SAM-responsive riboswitch found downstream ubiG attenuates the expression of an
antisens RNA that negatively regulates the transcription of ubiG. Therefore, the gene is subjected to a
dual regulation and require both a reduced concentration of cysteine (T-box) and an elevated
concentration of SAM (SAM riboswitch) to get expressed. ubiG is not an isolated case and, in other
systems, in which non-coding regulatory RNAs act in tandem with riboswitches have been described

(Mellin and Cossart, 2015).

1.2.3. Post-transcription regulation
Upon synthesis, the mRNA still needs to persist in the cell and to be translated into proteins.
These two features offer additional possibilities of regulating gene expression at a post-transcriptional

level.

1.2.3.1. Modulating RNA stability

Due to the high RNase activity cell content, bacterial RNAs have an average half-life of ~ 3
minutes (Rauhut and Klug, 1999). However, this is just an average value and RNA lifetime strongly
depends on the structure of the molecule and the action of external factors. Among the cellular RNA
pool, mRNAs are rather labile as expected for their transient function and are subjected to a much
faster turn-over. However, the lifespan of given mRNA is still variable and can be modulated by
several factors. First, the presence of highly structured domains within the 5* or the 3° UTR is known
to strongly impact mRNA half-life (Rauhut and Klug, 1999). Second, the pairing of antisense RNA
(asRNAs) or protein to the 3'UTR has been shown to impede ribonuclease to initiate mRNA
decay(Ren et al., 2017), therefore offering a way of regulating gene expression through the modulation
of RNA stability.

An interesting case of regulation is found at work in the control of the expression of the gene
coding for the glutamine-fructose-6-phosphate amidotransferase (g/mS) of most gram-positive
bacteria. This enzyme is in charge of Glucosamine-6-Phosphate (GIcN6P) synthesis. Like in the
examples introduced above (§ 1.2.2.2.), glmS expression is controlled by the presence of the
metabolite at the level of a riboswitch present in the 5° UTR of the mRNA (Klein and Ferré-D’ Amaré,
2006). However, the originality of this system relies on the fact that the switch is not conformational
(like the others known cases) but it is instead an activity switch. Indeed, the aptamer moiety of glmS
specifically recognizes the GIcN6P and uses it as a co-factor in a self-cleaving reaction that ultimately

leads to the rapid clearance of the cleaved mRNA.

17



1.2.3.2. Translation initiation regulation
In bacteria, mRNA translation starts with the proper positioning of the small ribosomal subunit
30S on the Ribosome Binding Site (RBS) also known as the Shine-Dalgarno sequence (Shine and
Dalgarno, 1974). Modulating the accessibility of this sequence represents a very efficient way of
regulating mRNA translation. A wide variety of mechanisms controlling RBS accessibility has been

described (Kozak, 2005) and can involve regulatory RNAs acting in cis or in trans.

1.2.3.2.1. Translation regulatory RNAs acting in cis

Most of the riboswitches found in Gram-positive bacteria belong to the class of transcriptional
riboswitches introduced above. In Gram-negative bacteria, the situation is different since most of the
riboswitches act at the translational level. These riboswitches display in same architecture than their
transcriptional counterparts, except that instead of having a regulatory platform switching between a
transcriptional terminator and an anti-terminator, their platform acts by sequestering or releasing the
RBS (Figure 8.A). The riboswitch controlling the expression of thiM in the Gram-negative E. coli is
one of the best-studied systems. In absence of thiamin pyrophosphate (TPP), the structure is in an
“ON” conformation in which the RBS is accessible for translation initiation, however upon TPP

binding to the aptamer a structural change leads to RBS sequestration.

A_ Aptamer Aptamer B

Figure 8: Simplified view of riboswitch-mediated translation initiation regulation. (A) Riboswitch-mediated
positive regulation of translation initiation. At low ligand (metabolite) concentration, the ribosome binding site
(RBSY) is trapped into a stem structure that prevents ribosome binding. However, in the presence of a metabolite
(brown circle), the riboswitch changes its conformation and releases the RBS, allowing for translation initiation
to take place. (B) Temperature-sensitive translation initiation. Similarly to riboswitches, RBS is sequestered into
stem structure that progressively opens and released the RBS while the temperature increases.

Besides small molecule sensing by aptamer, structure switching can also be triggered by physico-
chemical conditions like pH and temperature. For instance, a pH responsive element (PRE) is found
embedded within the 5° UTR of alx mRNA which encodes a putative transporter (Nechooshtan et al.,
2009). Under neutral pH conditions, the RNA adopts a folding in which the RBS is sequestered in a
secondary structure. Switching the pH to alkaline induces pausing of the RNA polymerase, giving
time to RNA to fold into an alternative structure in which the RBS is accessible and the mRNA can be
translated. RNA thermometers (RNAT) represent a second class of motifs responding to physico-
chemical conditions, as they allow sensing temperature changes (Figure 8.B). These RNAs are found
in the 5’UTR of genes involved in cold and heat shock response (Kortmann and Narberhaus, 2012) as

well as the virulence of pathogenic bacteria by allowing them to sense their successful entry into a
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mammalian cell for instance (Johansson et al., 2002). On a mechanistic point of view, the RNAT is a
secondary structure sequestering the RBS as long as the temperature stays below a critical threshold.
However, an increase of the temperature leads a melting of the structure and the release of the RBS

that is free to recruit the ribosome.

1.2.3.2.2. Translation regulatory RNAs acting in trans

Beside the cis-acting RNA motifs, RBS accessibility can also be modulated by the action of
trans-acting small regulatory RNAs (sSRNA) (Wagner and Romby, 2015). First, these RNAs can act by
binding directly to the RBS and make it inaccessible to the ribosome (e.g. Figure 4). This action is
usually complemented by the rapid degradation of the targeted RNA through the action of RNases
acting on the sSRNA/mRNA duplex. Alternatively, SRNAs can act by destabilizing a secondary
structure element sequestering the RBS. This scenario is typically encountered in rpos mRNA in
which the 5° UTR extremity forms hairpin structure sequestering the RBS. However, under stress
conditions three sSRNAs (DsrA, RprA and ArcZ) are produced and binds rpos 5° UTR. In addition to
their role in the Rho-dependent mechanism introduced in §1.2.2.1., these RNAs also induce a
conformational change that destabilize the sequestering secondary structure and release the RBS,

allowing for rpos translation to be initiated (Battesti et al., 2011).

1.24. Regulation in eukaryotic cells

All the examples used above to illustrate the different strategies exploiting RNA to regulate gene
expression were focused on bacterial systems for simplification reasons. However, RNA-based
regulation mechanisms exploiting non-coding RNAs (ncRNAs) are also instrumental for eukaryotic
systems homeostasis. In this view, microRNAs (miRNA) is probably the most important regulatory
actors allowing for targeting any gene using the same machinery while just changing the sequence of
the guiding miRNA (Bartel, 2009). More recently, >200 nucleotide-long ncRNA (IncRNA) have been
implicated in a plethora of key biological mechanisms such as chromatin remodeling, splicing,
regulate mRNA stability (Geisler and Coller, 2013). These RNAs have multiple origins (e.g. derived
from introns or specific loci...) and their functions are not always fully elucidated. Their roles can also
range from transcriptional to translational regulation. Some famous IncRNAs such as Xist (X inactive
specific transcript) plays regulatory functions at the epigenetic level by repressing the expression of
one X chromosome in mammals (Plath et al., 2002).

In compartmented eukaryotic cells, RNA localization and asymmetrical distribution are also
important for many spatial gene expression events. Usually, an mRNA is transcribed in the nucleus
and then exported to the cytoplasm to be translated into proteins. Directing an mRNA to a position of
interest and translating it in situ might be more advantageous than addressing the multiple proteins
produced from this RNA. Spatial localization also decentralizes the gene expression regulation

allowing fastest local response to external stimuli.
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The different examples introduced throughout this first chapter take place at the level of the gene
or the mRNA. Of course, even though an mRNA is translated into a protein, the latter can still be
targeted by several post-translational mechanisms such as phosphorylation, sequestering by another
protein, tagging for the degradation... However, these mechanisms are out of the scope of this
introduction, but the reader can find additional information in one of the recent reviews on the topic
(Cain et al., 2014). The idea here was not to establish a comprehensive review of the current
knowledges on RNA-based gene expression regulation but rather to give a rapid overview, through
simple examples, of the central role of RNA in the gene expression regulation.

Being able to characterize such regulatory mechanisms requires the use of dedicated
methodologies operating at the proper resolution. Indeed, up to recently, the limited sensitivity of
analytical technologies imposed to use large pools of cells as starting material, assuming that every
cell in this population was identical to the others. It is however established today that even though
cells belong to a clonal population growing in the same environment, sometimes-significant cell-to-

cell variability of gene expression can be observed.

1.3. Cell-to-cell variability

That isogenic cells can display strong cell-to-cell phenotypic heterogeneity is obvious when
considering higher eukaryotes in which a single initial cell (the oocyte) divides and differentiates into
a variety of cell types to form an organized organism made of specialized organs. In that case, even
though cells share the same genetic information, they will differently express it in order to fit their
environment and acquire their specific function. As a consequence, differentiated cells will, for
instance, acquire a specific morphology, display different subsets of cell-specific receptor or even
differently express genes involved in various pathways. Conversely, the extent to which gene
expression may vary from one cell to the other within the same clonal population was less obvious a
priori. However, this heterogeneity is now well established in organisms ranging from mammalian
cells to bacteria (Vera et al., 2016). As before, and for simplification reason, I will focus on bacteria
for which both origins and consequences of cell-to-cell phenotypic variability have been extensively

studied (Veening et al., 2008a).

1.3.1. Evidence and origin of cell-to-cell phenotypic heterogeneity in clonal

populations
In 1957, Novick and Weiner described the first case of phenotypic heterogeneity within an
isogenic population of E. coli through an elegant experiment in which they studied the B-galactosidase
activity of individual cells upon various degrees of induction (Novick and Weiner, 1957)(Figure 9).
More precisely, they first cultured clonal populations of E. coli bacteria in the absence or in the

presence of low or high concentration of thiomethyl-B-D-galactoside, an inducer that relieve lactose
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repressor and triggers lac operon transcription (see §1.2.1.1. above). Then, bacteria of each population
were individualized and recultured while maintaining the inducer at the same concentration. Assaying
the B-galactosidase activity of each sub-culture then revealed two distinct phenotypes: elevated or very
low of B-galactosidase activity, leading the authors to defined it as an “all-or-none” phenotype (Figure
9). Interestingly, whereas all of the cells originally subjected to a high induction showed a 8-
galactosidase positive phenotype and none of the culture inoculated with a non-induced cells gave
such a phenotype, those cultures inoculated with cells subjected to a low level of induction gave a
mixture of both phenotypes in which the rate of 3-galactosidase positive sub-culture was proportional
to the initial induction rate (i.e. a population initially induced to produce 30% of the maximal
phenotype led to 30% of single cells displaying the phenotype). This experiment is actually the first
example of digital phenotypic characterization (i.e. the characterization of gene expression throughout
a cell population with a single cell resolution, Figure 9) and justifies why such resolution is necessary

to properly understand biological mechanisms as complex as gene expression regulation.
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Figure 9: Phenotype diversity and single-cell culture approach. The experiment by Novick & Weiner is
schematized. Uninduced bacteria are subjected to different concentrations of lactose pathway inducer.
Afterwards, bacteria are individualized in tube using limiting dilution the same inducer concentration and their
B-galactosidase activity assayed. This allowed observing an “all-or-none” phenomenon at low/intermediate
inducer concentration where part of the bacteria displayed -galactosidase activity and part did not.

Some 50 years later, technological advances allowed better understanding the molecular basis of
the phenomenon at work using an integrated approach combining microfluidics and live-cell
imaging(Cai et al., 2006; Choi et al., 2008). Indeed, monitoring either B-galactosidase (encoded by
lacZ, see §1.2.1.1.) activity using a fluorogenic substrate (Cai et al., 2006) or the synthesis of the

lactose permease (encoded by lacY, see §1.2.1.1.) fused to a fluorescent protein (Choi et al., 2008)

revealed that the lac operon gene is expressed in a bursty way. Deeper functional analysis revealed
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that the phenomenon primarily relies on transient dissociation of the lac repressor from the operator
region (see §1.2.1.1. and Figure 10), which allows lac operon transcription to take place before the

repressor re-associates to the operator (Choi et al., 2008).
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Figure 10: Model of Lactose operon regulation. (A) An inducer can bind to Lac’ repressor and trigger its
dissociation from DNA operator (LacO), leading to the synthesis of a polycistronic mRNA. (B) Sometimes a
partial dissociation of repressor spontaneously occurs and leads to a small burst of transcription. Moreover, more
complete dissociation can also occur and lead to a larger burst of transcription. Figure adapted from Choi et al.,
2008

In normal cell growth (i.e. in the absence of strong inducer) lac operon expression is therefore
stochastic and primarily relies on stochastic nature of molecular dissociation events and diffusion.
These stochastic fluctuations, also called noise, include both extrinsic and intrinsic noises (Eldar and
Elowitz, 2010). The extrinsic noise relates to differences in the concentration of gene expression
components (e.g. RNA polymerase or ribosome) specific to each cell and can result from unequal
distribution of these components upon cell division. In a different way, intrinsic noise is defined by
random molecular event occurring during gene expression, this noise becoming particularly significant
in the case of poorly expressed genes (Elowitz et al., 2002). Such a pulsed gene expression has since
then been identified in cell types ranging from microbes to mammalian cells and has been proposed to

play key roles in several important biological mechanisms (Levine et al., 2013).

1.3.2. Consequences of cell-to-cell phenotypic heterogeneity
The direct consequence of the phenotypic heterogeneity introduced above is the quasi uniqueness
of each gene expression landscape throughout the population. This palette of landscapes may
predispose the population to potent environmental fluctuation and contributes to the overall robustness
of the population by allowing, for instance, rapid adaptation to sudden environment change and so
maximize the survival chances in case a live-threatening stress has to be faced.
Back to E. coli and the lac operon case introduced above, the expression of this operon has no
real benefits while cells are growing in glucose-rich medium and may even negatively impact cell

fitness by the energetic cost of synthesizing lac operon enzymes. Therefore, the population subset
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possessing an active lactose consumption machinery due to noisy gene expression has a suboptimal
fitness while glucose is still the predominant carbon source in the medium. However, should the
glucose concentration decrease down to a critical concentration and lactose be also present in the
medium, the /ac operon-expressing cells will then have a significant advantage over their population-
mates by being able to immediately use the lactose and will therefore become the fittest cells. Such
“anticipation” over future environment changes by transiently adopting a suboptimal fitness state is
widely used by bacteria and has been termed “bet-hedging” (Grimbergen et al., 2015; Veening et al.,
2008a).

Bet-hedging strategies usually involve bistable, or even multistable, systems (i.e. pathways
leading to two, or more, mutually exclusive output phenotypes) whom one state has a negative impact
on the immediate fitness but that might become highly advantageous upon environmental changes.
Beside the E. coli lac operon case introduced above, the same phenomenon has been described in
Lactobacillus lactis during the diauxic shift (Solopova et al., 2014). Of important note, such
phenotype diversity impacts industrial process by limiting production yields. Indeed, in large-scale
bioreactor microenvironments gradient (e.g. pH or nutriments) can appear and lead to heterogeneous
populations made of producer and non-producer cells (Delvigne et al., 2014).

Bet-hedging is also typically exemplified by the spontaneous activation of sporulation program by
B. subtilis (Veening et al., 2008b) and the more general spontaneous entry of a microbes in dormancy
state (Harms et al., 2016). This later bet-hedging behaviour has strong medical implication as these
dormant cells (also called persisters) become naturally tolerant to antibiotics due to their extremely
low metabolic activity (Fisher et al., 2017). Even though failure of antibiotic treatment due to
persisters was known since 1944 (Bigger, 1944), identifying the origin of the phenomenon was
possible only some 60 years later with the advent of microfluidics and live-cell imaging (Balaban et
al., 2004).

In light of the previous examples, it becomes incontestable that properly understanding gene
expression and its regulation at a biologically relevant population-wide scale requires being able to
perform characterizations with a single-cell (digital) resolution to take the cell-to-cell phenotypic
heterogeneity into account. However, as highlighted in the case of the lac operon and the persisters,
reaching such a resolution requires first the proper technology to be developed. State-of-the-art
microfabrication and microfluidics as well as the discovery of naturally fluorescent proteins (see
below) make possible the digital monitoring of protein-coding gene expression. However, as stated in
section 1.1 and 1.2, the protein is the final output of a complex expression regulatory process in which
non-coding RNAs are instrumental. Therefore, whereas monitoring protein reports on successful
activation of a pathway, unfortunately key information on regulatory events occurring at the RNA
level are lost. Consequently, the development of new technologies dedicated to RNA monitoring with
single-cell resolution is necessary to fill the gap and access a more comprehensive picture of gene

expression regulation.
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2. Characterizing gene expression with single-cell resolution

Most of the biochemical methods (e.g. blots, mass spectrometry, electrophoresis-based analyses,
chromatography...) routinely used to characterize gene expression operate in a so-called analogue
mode in which a large number of cells are pooled together and used as starting material. As a
consequence, analogue technologies return a result corresponding to the average phenotype of the
population and is only partly informative (Figure 11). The main limitation that prevents these
technologies to reach the required digital (single-cell) resolution is linked to their sensitivity which is
far from being able to handle and analyze the few picograms to femtograms of RNA respectively

released from a single mammalian or bacterial cell.

Single
@
individual
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epigenetic
Isogenic aging . . . . L .
popglation <—| cell-cycle Figure 11: Biology digital concept. Phenotypic diversity of an
enviromnent | isogenic population can be accurately profiled using single-cell
Phenotype stochastic | regolution approaches (digital analyses) whereas analogue (bulk)
/ diversity \ approaches return a less relevant average measurement.
Bulk analysis Digital analysis

The advent of Next Generation Sequencing (NGS) technologies together with the development of
new classes of reagents and the use of microfluidics allows, nowadays, to profile the mRNA content
of eukaryotic cells population with a digital resolution (Prakadan et al., 2017). Even though they are
extremely efficient, the current single-cell NGS methodologies rely on the capture of poly-adenylated
RNA and are therefore limited to the analysis of eukaryotic mRNAs.

A second popular way of analyzing RNA with single-cell resolution exploits fluorescent probes
and imaging technologies. Imaging offers several advantages over the other technologies as it allows
both quantifying and localizing RNA molecules within the cell and live-cell compatible procedures
make possible monitoring the same cell over an extended period of time, giving access to dynamic
information. Such live-cell imaging can be performed by growing cells into a microfluidic device
(Potvin-Trottier et al., 2018) prior to analyzing the recorded movies via dedicated software(Locke and
Elowitz, 2009). Both imaging-dedicated microfluidics and image analysis are out of the scope of this
thesis and won’t be further discussed. Instead, attention will be focused on the two main types of
probes used for RNA imaging: in situ hybridization probes and genetically encoded fluorescent probes

(fluorescent proteins and fluorogenic RNA aptamers)(Tyagi, 2009).
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2.1. In situ hybridization-based RNA imaging

In situ hybridization (ISH) is one of the most used visualization methods relying on labelled
oligonucleotides annealing specifically to their target RNA through conventional Watson-Crick base-
pairing(Cui et al., 2016). Most of the time, the experiment is performed on fixed and permeabilized
cells to enable probes entry and efficient wash to be performed. This allows to strongly reducing
background noise and makes the method highly sensitive. Oligonucleotide probes were initially
radioactively labelled, leading to all the disadvantages associated with the use of radioactivity
(exposure, waste management, impossibility to multiplex). Later on, radioactive labels were
exchanged for haptens (e.g. digoxigenin) specifically recognized by enzyme-conjugated antibodies
(e.g. peroxidase). Finally, advances in fluorophore chemistry now enables the synthesis of bright
fluorescent probes that significantly increases the sensitivity of methods collectively called FISH
(Fluorescent In Situ Hybridization). Not only FISH allows detecting and localizing RNAs within the
cell, but the use of many probes per RNA even allow reaching single molecule resolution in smFISH

(single molecule FISH) procedures (Femino et al., 1998) (Figure 12.A).

A. smFISH B. Spatial barcoding C. Spectral barcoding

Wash unbound

.\J

Figure 12: RNA visualization on fixed cells. (A) RNA labelling using single molecular fluorescence in situ
hybridization (smFISH). Small fluorescently labelled anti-sense probes anneal to the target RNA into fixed cells.
Excess of unbound probesis then washed away to improve the contrast (B) Combined use of multiple
fluorescently labelled probes is used to barcode target RNA allowing for multiplex detection. (C) Spectral
barcoding using a specific mixture of fluorophores.

Because of spectral overlap, conventional smFISH procedure allows the simultaneous monitoring
of only a few (4-5) molecules at the time. However, exploiting super-resolutive microscopy and colour
barcoding makes possible to drastically increase the number of co-detected RNA and nowadays
hundreds to thousands distinct RNA species can be simultaneous detected (Lubeck and Cai, 2012).
Such a high degree of multiplexing can be achieved via two main barcoding strategies: i) a spatial
barcoding in which molecules are identified thanks to the order of consecutive probes labelled in
different colours and ii) a spectral barcoding in which only the identity of different colours is used to
encode the molecule (Figure 12.B and C)(Crosetto et al., 2015). Despite their high performances,
smFISH technologies suffer from the elevated cost of the fluorescently-labelled probes and the need
for cell fixation which compromises temporal monitoring and leads to the loss of information on
system dynamics. Therefore, even though smFISH technologies are extremely attractive for diagnostic
purposes, their interest is more limited when studying dynamic processes such as gene expression

regulation.
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Dynamic information can nevertheless be accessed by FISH using probes like molecular beacons
(MBs). MBs are stem-loop oligonucleotides made of a large loop closed by a stem whom the
extremities are coupled to a fluorophore and a quencher (Bratu et al., 2003)(Figure 13.A). In the
closed conformation, the proximity between the quencher and the fluorophore prevents fluorescence
emission. However, upon hybridization between the loop and the target RNA sequence, the stem
structure gets opened, leading to the separation of the quencher and the fluorophore and the restoration
of the fluorescence. Consequently, MBs are fluorogenic molecules (i.e. non-fluorescent molecules
whom the fluorescence can be restored under defined circumstances) displaying a limited background
fluorescence while becoming highly fluorescent in the presence of their specific target. A second type
of fluorogenic FISH probe exploit the principle of alternative forced intercalation (Kdhler et al., 2005;
Kummer et al., 2012) (FIT, Figure 13.B). In FIT, the oligonucleotide is linked to a small fluorogenic
dye (mostly Thiazole Orange) that is not fluorescent in aqueous environment. However, upon
annealing of the probe to its target RNA, the fluorogenic dye intercalates into the newly formed helix
and recovers its fluorescence capacity. Both types of probes make possible to image RNAs in living
cells. However, since these polymers cannot freely cross the cell membrane, their use requires
microinjecting them into cell cytoplasm, which prevents the automation of the method and seriously
limits the analysis throughput. Furthermore, their use is limited to large microinjectable cells (i.e.
mammalian cells). This limitation linked to the cell entry of FISH probes can however be overcome by

using genetically encoded probes.

A. B.

Molecular beacon Force Intercalation (FIT)

Figure 13: RNA visualization on living cells using labelled oligonucleotides. (A) Molecular beacon fold into
an hairpin structure bringing together a fluorophore and a quencher reducing drastically the fluorescence of the
probe. When the probe anneals to its nucleic acid target, the stem-loop opens separating the quencher from
fluorophore and turning the probe fluorescent. (B) Force interaction (FIT) probe is a small anti-sense RNA
surrogates with light-up fluorophore. The fluorescence of the latter gets activated only upon annealing of the
probe to its target sequence.

2.2. RNA imaging using genetically encoded probes
Probes such as fluorescent proteins and fluorogenic RNAs can be genetically encoded. Indeed,
inserting the coding gene into the cell (either by direct insertion into the genome or via plasmid

transfection) enables to get the probe directly synthesized by cell transcription/translation machinery.
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2.2.1.Fluorescent protein-based approaches
In 1962, Shimomura et al (Shimomura, 2005) described for the first time that the green
fluorescence emitted by the jellyfish Aequorea victoria relies on a protein they later called Green
Fluorescent Protein (GFP). The great capacity of this protein to support engineering allowed the

development of many imaging tools, especially some dedicated to RNA imaging.

2.2.1.1.Properties and engineering of the green fluorescent protein
The GFP is organized around an 11-strand (-sheet barrel that encloses and protects the
fluorophore 4’-hydroxybenzylidene-2, 3-dimethylimidazolinone (HBDI) (Figure 14). The HBDI is
formed upon cyclisation of a tri-peptide (Serine, Tyrosine and Glycine) that spontaneously occurs
post-translationally through an oxidation maturation step requiring molecular oxygen but no additional
cell factor (Cody et al., 1993; Heim et al., 1994). This autonomous fluorescence acquisition together
with the possibility to express gfp gene within any cell type without notable toxicity (Chalfie et al.,

1994) makes the GFP an invaluable tool for characterizing gene expression among other applications.
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Figure 14: GFP chromophore maturation GFP fluorophore (in green), or the HDBI (in blue), readily forms
via the cyclisation of a tri-peptide (Ser, Tyr and Gly) and followed by its oxidation. Figure adapted from
Nienhaus et al 2016.

When excited at 395 nm, HBDI emits a green fluorescence at 508 nm with a pretty high quantum
yield (QY; i.e. the number of emitted photon per exciting photon) of nearly 0.77. According to
equation 1, multiplying this QY by the absorption coefficient (¢) of the fluorophore gives access to its
brightness.

Eq.l Brightness = (QY x€)/1000

Ideally, a good fluorophore should absorb as much light as possible (high €) and re-emit as many
photons as possible (high QY) to be as bright as possible. Whereas the original GFP displayed a
brightness of ~ 16 M"'.cm™, screening mutant libraries allowed isolating an improved mutant called
enhanced GFP (eGFP) and characterized by an increased brightness of ~ 26 M™".cm™ and excitation/
emission wavelengths better fitting filter channels (ex. 489nm/em. 511nm) found on regular lab
equipment (Kilgard et al., 1995). Additional work allowed identifying GFP mutants with superior
folding efficiency (Pédelacq et al., 2006) that can readily be fused to other proteins. Moreover, GFP

colour can easily be tuned from cyan (CFP to yellow (YFP) by inserting simple point mutations in gfp
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gene (Heim et al., 1994). Finally, proteins emitting in the orange to red region of the spectrum have
also been isolated from other species and now allow the whole visible spectrum to be covered
(Chudakov et al., 2010).

Placing the sequence coding for one of these fluorescent proteins (FP) under the dependency of
the natural promoter of the studied gene (or fusion FP-coding sequence to that of the gene of interest)
allows monitoring gene activation (Figure 15). This strategy has been typically used to decipher lac
operon expression mode (see § 1.3.1, (Choi et al., 2008)) and is one of the most used approach.

Time (min)
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Figure 15: Monitoring phenotype diversity and single-cell resolution using a fluorescent protein. Herein, a
case of phenotype switching at low concentration of inducer is visualized using LacY-YFP molecules (lactose
permease conjugated with Yellow Fluorescence Protein). Figure adapted from Choi et al. 2008.

Further engineering the GFP led to the development of a split form of the protein. Each part of
the protein is separately synthesized as non-fluorescent parts (Cabantous et al., 2005)that can
reassemble into a full-length fluorescent molecule. This can be used for instance to monitor
protein/protein interaction or assess protein aggregation state. To do so, a protein of interest is
synthesized in fusion with one of the 11 GFP strands and mixed with a truncated form of the GFP
containing the 10 residual strands. If the protein of interest is well folded, the 11" GFP strand is

accessible and can associate with the truncated GFP to form a fluorescent complex (Figure 16.A).
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Figure 16: Green fluorescence engineering. (A) Schematic diagram of split-GFP and complementation of the
1-10 barrel by addition of eleventh strand. The labeled residue E222 is an important proton acceptor during
exciting state. Figure adapted from Kent et al. 2008. (B) Schematic representation of FP-based calcium sensor.
The two FPs are separated by a calmodulin domain (CAM). When calcium is present and binds to the CAM
domain, the two FP get spatially closer and FRET occurs. Figure adapted from Miyaawaki et al. 1997

Finally, more complex FP-based probes have been developed as innovative biosensors reporting
on calcium concentration (Miyawaki et al., 1997) or even intracellular cell crowding (Boersma et al.,
2015) (Figure 16.B). These probes consist of a pair of FPs separated by a spacing domain (calmodulin
fragment in the case of Ca’" sensor) that form a FRET (Forster Resonance Energy Transfer) pair; i.e.
upon excitation, the first protein emits fluorescence at a wavelength exciting the second protein, which

in turn emits fluorescence. Since FRET efficiency strongly relies on the distance between the donor
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and the acceptor FP, measuring the FRET emitted fluorescence informs on the proximity between both
molecules, and doing so gives access to the sensed parameter (calcium concentration or crowding).
Even though these probes are highly efficient, their development is very tedious mainly because of the

lack of efficient algorithm to predict protein folding and assist protein engineering.

2.2.1.2.Imaging RNA using fluorescent proteins

The capacity of FPs to sustain engineering allows synthesizing them in fusion with an RNA
binding protein (RBP) domain (e.g. MCP, PP7 or Pumilio) (Urbanek et al., 2014). Expressing these
constructs in cells together with RNAs engineered to display motifs specifically recognized by the
RBP allows to specifically decorate the target RNA with FPs (Figure 17). This technology was
initially pioneered by Bertrand et al (Bertrand et al., 1998) uses GFP and the phage-derived MS2
system in which the MS2 binding site (MBS) is specifically recognized by the membrane coat protein
(MCP) with a high affinity. Co-expressing a construction in which MCP is fused to GFP therefore
allows to fluorescently label the target RNA carrying MS2 stem-loop motifs. Furthermore,
background fluorescence from the unbound GFP can be limited by adding a Nuclear Localization
Signal (NLS) to the GFP to deplete the unbound GFP from cell cytoplasm, or by using a split form of
the GFP (Wu et al., 2014).

A. B. Split-GFP
M? iﬁ § ig E? mMcP PCP

Domain

Figure 17: Fluorescent Protein-based genetically encoded RNA labelling technologies. (A) Schematic
representation MS2-GFP RNA imaging. The MS2 binding site (MBS) made of an RNA stem loop inserted into
the labelled mRNA is specifically recognized by MS2 Coat Protein (MCP) fused with GFP. (B) Background-
reduced RNA aptamer imaging approach. Tandem of bacteriophage domains are specifically recognized by their
cognate protein fused to split GFP domains.

Overall, this approach makes possible to image RNA in living cell over extended periods of time
in a non-invasive and non-destructive way. However, it still suffers significant limitations. First,
visualizing a single RNA may require a large number (24 to 94) of RNA motif repeats to be inserted
into the target RNA (Urbanek et al., 2014), leading to significant increase of target RNA size (even
without considering the presence the bulky proteins on the RNA) which can interfere with RNA
function and restricts the use of this technology to large RNAs. Second, addition of an NLS to the FP
fusion protein may interfere with the natural trafficking of the target RNA. Finally, even though split
GFP makes possible to reduce background fluorescence, the metastability of the reassembled complex
can lead to maintenance of the fluorescence signal even though the target RNA is not present
anymore. These different limitations of FP-based systems can be, at least partly, overcome by the use

of RNA-based fluorogenic modules
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2.2.2.RNA-based fluorogenic modules
RNA-based fluorogenic modules are partly genetically encoded probes that represent an attractive
alternative to the FP-based imaging methods introduced above. These modules are made of two
components: i) a small fluorogenic molecule that displays a very weak fluorescence in its free state
and is called a fluorogen, and ii) a light-up RNA aptamer able to specifically interact with the

fluorogen and activate its fluorescence forming therefore a fluorescent complex (Figure 18).

Light-up Fluorescent
aptamer Fluorogenic complex
dye
[

Figure 18: Working principle of an RNA-based fluorogenic module. A fluorogen poorly fluorescent in its
unbound state become highly fluorescent upon specific recognition by its cognate aptamer.

This concept was originally introduced by Robert Tsien upon the discovery that the interaction
between Malachite Green and its cognate aptamer leads not only to the expected production of radicals
(Grate and Wilson, 1999) but also to the emission of a strong orange fluorescence (Babendure et al.,
2003). Whereas the toxicity due to radical production by the complex initially limited the use of these
modules for live-cell imaging purposes, the development by Samy Jaffrey of the GFP-mimicking
fluorogen DFHBI together with its cognate light-up aptamer Spinach (Paige et al., 2011) contributed

to repopularize this imaging strategy and paved the way to a wide set of applications.

2.2.2.1.RNA-based fluorogenic modules and their applications
RNA-based fluorogenic modules are not limited to the MG system and DFHBI/Spinach. Instead,
a wide variety of fluorogens and their cognate light-up aptamers have been developed over the past
decade. Furthermore, the easier engineering of RNAs in comparison to proteins made possible the
development of plenty of applications. Given the importance of these systems and the fact they were
central to my PhD project, I co-authored a review article, published in early 2018, that gives a

comprehensive view of the field and that is reproduced hereafter (Review Article 1):
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Light-Up RNA Aptamers and Their Cognate Fluorogens: From Their
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Abstract: An RNA-based fluorogenic module consists of a light-up RNA aptamer able to specifically
interact with a fluorogen to form a fluorescent complex. Over the past decade, significant efforts have
been devoted to the development of such modules, which now cover the whole visible spectrum,
as well as to their engineering to serve in a wide range of applications. In this review, we summarize
the different strategies used to develop each partner (the fluorogen and the light-up RNA aptamer)
prior to giving an overview of their applications that range from live-cell RNA imaging to the set-up
of high-throughput drug screening pipelines. We then conclude with a critical discussion on the
current limitations of these modules and how combining in vitro selection with screening approaches
may help develop even better molecules.

Keywords: light-up aptamer; fluorogen; fluorogenic dye; fluorescence; RNA; in vitro evolution; gene
expression monitoring; live-cell imaging; biosensing

1. Introduction

Quoting the famous idiom: “seeing is believing”, which makes imaging and spectroscopic
technologies very popular in life sciences to detect and track molecules. Among the different
visualization strategies, fluorescence is the most attractive and widely used, mainly because it is safe,
sensitive and it offers the possibility of analyzing multiple colors at the same time, with a long shelf life
of the fluorophores when properly stored. Among the different fluorescent probes, those acquiring their
fluorescence only in permissive conditions (e.g., presence of a target molecule) and hereafter defined as
being fluorogenic are the most useful. These probes exhibit only a weak fluorescence in non-permissive
conditions, making washing steps dispensable, and permitting the monitoring of dynamic processes
in time course experiments. A plethora of such fluorogenic molecules has been developed for
applications as diverse as ions and small molecules sensing, pH monitoring or environment viscosity
assessment [1,2]. Moreover, significant efforts have been devoted to the development of fluorogenic
tools dedicated to RNA and protein, two biological polymers particularly relevant to cellular activity.
Historically, these molecules were first detected using fluorescently labeled and extracellularly supplied
specific probes such as antibodies and oligonucleotides [3]. Recent developments allow these strategies
to reach single-molecule sensitivity, but the requirement of fixing cells represents a major drawback
that could be overcome using genetically encoded fluorescent reporters.

The discovery of the naturally fluorescing Green Fluorescent Protein (GFP) from the jellyfish
Aequorea victoria [4] had a profound impact on protein imaging field and paved the way for
major breakthroughs. Indeed, this first genetically encoded probe post-translationally acquires
its fluorescence through an autocatalytic cyclization involving three amino acids (Serine, Tyrosine,
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and Glycine) independently of any cell factor [5,6], making it usable in any cell type. Moreover, simple
point mutations can shift the excitation/emission spectra of the protein toward the blue [7] or the
red [8] regions of the visible spectrum. These great properties, shared with many other fluorescent
proteins (FPs), make them highly versatile (see [9] for a comprehensive review) and very attractive for
biotechnological applications. However, the strict requirement of molecular oxygen for the maturation
of their fluorophore also limits FPs application in some circumstances and led to the development of
alternative labeling strategies in which a fluorescent dye labels the protein of interest via a peptide
(e.g., tetracystein peptide labeled by the Fluorescein Arsenical Helix binder FIAsH [10]) or a whole
domain (e.g., SNAP-tag labeled by dye conjugated to a benzylguanine group [11]) appended to the
target protein [12].

In contrast to proteins, no naturally fluorescent RNA has been discovered yet, making the
development of RN A-based genetically encoded fluorescent reporters less straightforward than their
protein counterparts. A first live-cell compatible strategy pioneered by Bertrand et al. [13] consists of
inserting tandem repeats of elements recognized by an RNA-binding protein (RBP) into the RNA to
image. Then, co-expressing this construct with an RBP-GFP fusion protein allows the direct labeling
of the target RNA with the GFP. Moreover, the use of a split form of the GFP allows converting
the otherwise always fluorescent GFP into a fluorogenic system in which fluorescence is expected
only upon RBP-GFP/target RNA interaction [14]. Whereas this approach proved to be efficient for
live-cell monitoring of large messenger RNAs [15], it may be more challenging for smaller RNAs
(e.g., regulatory RNAs). Indeed, the insertion of a large number (20-30) of RBP binding sites into a
small target RNA as well as its later decoration by RBP-GFPs leads to a significant increase of RNA size
that could interfere with its biological function, making a size reduction of the labels a high priority.
As was the case for protein labels, significant size reduction can be obtained by exchanging the bulky
GFP for a smaller fluorescent synthetic dye. Constructs in which tandem repeats of RNA aptamers
(i.e., small nucleic acid folds able to specifically recognize a target molecule) specific to a dye can be
inserted into the target RNA, and the labeling can be obtained by placing cells in culture medium
containing a membrane permeable dye. Aptamers binding specifically to fluorescent dyes such as
sulforhodamine, fluorescein [16] or modified cyanines [17] can be used in arrays [17,18]. However,
since the dye emits fluorescence even in its free unbound form, such approach may suffer from
significant background fluorescence, limiting its application spectrum. Nevertheless, this limitation
can be overcome by exchanging the fluorescent dye for a fluorogenic one. In this view, a seminal work
by Tsien’s group showed that, not only an RNA aptamer can specifically interact with a target molecule,
but this interaction can also strongly increase the fluorescence of compounds such as Malachite green,
making such aptamer/dye couple fluorogenic [19]. This discovery was all the more astonishing that
the Malachite green-binding aptamer was not originally selected to function as a light-up aptamer but
rather to mediate site-specific inactivation of target RNAs [20]. Since then, a variety of fluorogenic
dyes and their cognate RNAs have been developed [21] (Table 1). This short review will be primarily
focused on the main design strategies of each partner (the dye and the RNA) prior to giving a rapid
overview of their application scope ranging from in vivo live-cell RNA imaging to in vitro small
molecule biosensing. For a more general view of the current technologies available to image RNA,
the reader is redirected to other reviews [22-25].
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Table 1. Main RNA-based fluorogenic modules and their properties.

Light-Up Kp Ex./Em. el Relative

Fluorogen Aptamer (nM) (nm) (M~ 1/cm) @eomple?  Brightness ? Brightness 4 Ref.
GFP / / 395/508 21,000 0.770 16.20 0.60 [26]
eGFP / / 490/508 39,200 0.680 26.60 1.00 [26]
OTB DiR2s-Apt 662 380/421 73,000 0.510 37.23 1.40 [27]
Hoescht Apt II-mini3-4 c 35 345/470 n.a. 0.260 n.a. n.a. [28]
DFHBI Spinach 540 469/501 24,300 0.720 17.50 0.65 [29]
DFHBI-1T Spinach?2 560 482 /505 31,000 0.940 29.10 1.10 [30]
DFHBI-1T Broccoli 360 472/507 29,600 0.940 27.80 1.04 [31]
DFHBI-2T Spinach?2 1300  500/523 29,000 0.120 3.48 0.10 [30]
RG-DN DNB 4480  507/534 37,350 0.320 11.90 0.44 [32]
TO-1 Mango 3 510/535 77,500 0.140 10.85 0.40 [33]
DFHO Corn 70 505/545 29,000 0.250 7.25 0.27 [34]
CY3-BHQ1 BHQ apt (A1) na. 520/565 n.a. na. n.a. n.a. [35]
DFHO Red-Broccoli 206 518/582 35,000 0.340 11.90 0.44 [34]
TMR-DN DNB 350 555/582 47,150 0.900 42.43 1.60 [32]
SR-DN DNB 800 572/591 50,250 0.980 49.24 1.80 [32]
DIR DIR apt 86 600/646 134,000 0.260 34.80 1.30 [36]
Mal. Green MG aptamer 117 630/650 150,000 0.187 28.00 1.05 [19]
DIR-pro DIR2s-Apt 252 600/658 164,000 0.330 54.12 2.00 [27]
TO-3 Mango 6-8 637/658 9300 n.a. n.a. n.a. [33]
Patent Blue SRB apt 23 n.a./665 n.a. 0.034 n.a. n.a. [19]

1 Absorption coefficient (¢); 2> Quantum yield of the complex (Promplex), 3 Brightness calculated as
Brightness = (¢ x ®“©°™PleX)/1000; * Brightness expressed relative to eGFP. n.a.: not available. RNA modules
were ordered according to their fluorescence emission wavelength.

2. Development of RNA-Based Fluorogenic Modules

RNA-based fluorogenic modules are made of two components: a fluorogenic dye (later called
fluorogen) and a specific light-up RNA aptamer. In an ideal case, such module should feature five
essential properties. (i) The module should be as bright as possible to ensure sensitive detection,
ideally down to single molecule resolution. Therefore, the dye should have an elevated absorption
coefficient (¢) and its interaction with the RNA should place it in a conformation and an environment
maximizing its quantum yield (®P°""9) that should be as close as possible to 1. (ii) In its free form,
the fluorogen should display the lowest possible quantum yield (@) to minimize background
fluorescence. Consequently, a good fluorogenic module is expected to have the highest possible
fluorescence enhancement (calculated as the ratio of ®P°Ud gyer dfree) (iii) The RNA-dye interaction
should be highly specific and bio-orthogonal (i.e., cell compounds or reagents of the assay should
not interfere with the interaction). (iv) Moreover, the interaction should occur with a high affinity
(dissociation constant Kp in the nM range or less) to make using low concentration of the dye possible
and to keep fluorescence background as low as possible, which allows getting high contrast [37].
(v) Finally, the module should be as photostable as possible to allow prolonged data acquisition.
Since both components of the module affect all these parameters (with the exception of the second
one that is only affected by the dye), the proper development of an RNA-based fluorogenic module is
not a trivial task and both the dye and the RNA should be developed while trying to stay as close as
possible to the ideal scenario depicted above.

2.1. Fluorogenic Dye Engineering

The fluorogen plays a key role in the functionality of a fluorogenic module by contributing to both
its brightness and its photostability. Moreover, for live-cell applications, additional parameters such as
membrane permeability and the lack of toxicity of the dye should also be considered. The fluorogenicity
of a dye can be obtained in various ways encompassing but not limited to charge (or proton) transfer,
conformational change, isomerization or even dye aggregation [38]. Several of these principles having
been used for the development of RNA-based fluorogenic modules.

35



Int. ]. Mol. Sci. 2018, 19, 44 40f 21

Many compounds are known to become highly fluorescent upon interaction with nucleic
acids [39]. Among them, ethidium bromide [40] and Hoechst 33258 [41] are environment sensitive
dyes characterized by a poor fluorescence in aqueous solution. However, upon binding to a DNA
molecule (respectively by intercalation between base pairs or binding in the DNA minor groove at
AT-rich region), the dye is placed into a non-polar environment that strongly increases its fluorescence
(Figure 1a). The non-specific DNA binding capacity of these dyes can lead to significant unwanted
background fluorescence when used in cell-based assay. However, this property can be suppressed
by decorating the dye with additional chemical functions. For instance, substituting Hoechst 33258
with bulky groups allowed designing derivatives no longer capable of non-specific DNA binding,
but preserving their fluorogenic capacity and becoming fluorescent only upon specific interaction with
DNA and RNA aptamers [28,42] (Table 1).

(b)

@ + ﬂ 400 450 500 550 600 650 700

Emission wavelength (nm)

Figure 1. Main conception strategies of fluorogens. (a) Environment sensitive fluorogens. Molecules
such as Hoescht 33258 (formula in blue) emit blue fluorescence upon association with DNA minor
groove. Modifying the fluorogen with bulky groups allows aborting this non-specific DNA binding
capacity, while preserving the fluorogenic capacity that can be now specifically activated by the
cognate aptamer [35]. (b) Molecular rotor fluorogens. DFHBI (formula in green) [29] eliminates
excitation energy by molecular movements (red arrows). However, upon association to the cognate
aptamer, movements are restricted and fluorogen energy is eliminated by fluorescence emission.
(c) Quenched fluorogens. Sulforhodamine B (formula in red) fluorescence is quenched by a conjugated
dinitroaniline (formula in black and shaded in gray) [32]. However, the fluorescence is restored upon
the specific recognition of the quencher (or the fluorophore moiety in other systems) by an aptamer.
In every example, RNA aptamer is represented by the croissant-shaped object and the fluorogen by the
rectangles. (d) Distribution of fluorogen emission wavelength along the visible spectrum.

Fluorogenicity can also result from intramolecular movements allowing for non-radiative
relaxation of the dye upon excitation (Figure 1b). Such compounds, hereafter called molecular rotors,
are poorly fluorescent in their unbound form in a fluid environment. However, fluorescence can be
restored by restricting intramolecular movements either by strongly increasing medium viscosity,
or upon specific interaction with a nucleic acid. Triphenylmethane dyes (e.g., Malachite Green (MG)
and Patent Blue, Table 1) were the first class of compounds for which specific RNA light-up aptamers
were identified [19,20]. Among them, MG shows an impressive ~2400-fold fluorescence enhancement
when bound to its cognate RNA aptamer [19]. Nevertheless, MG light irradiation is known to
elicit the generation of free radical leading to subsequent RNA cleavage [20], making this approach
potentially toxic for living cells [34,43,44]. Moreover, MG was also found to be able to generate
significant background fluorescence within mammalian cell [45] and bacteria [46], further limiting
the use of this system. Unsymmetrical fluorogenic cyanines constitute a second attractive class of
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fluorogenic molecular rotors composed of two different heterocycles connected by a methine bridge
subjected to twisting in fluid solution [47,48]. Thiazole Orange (TO) is a good representative of
these dyes, but it is also characterized by a significant non-specific DNA binding capacity [49,50].
However, as with Hoechst 33258, modifying the dye makes it possible to strongly attenuate this
adverse effect. Indeed, using a large dimethylindole heterocycle and substituting the quinolone ring
with a propylsulfonate group led to Dimethyl Indole Red (DIR), a TO derivative displaying a strongly
reduced non-specific interaction with nucleic acids [36]. Alternatively, adding an acetate group on the
benzothiazole moiety led to TO-1, a TO derivative also displaying a reduced affinity for DNA [33].
Moreover, a specific RNA aptamer was developed for each TO derivative (Table 1). In addition
to their elevated absorption coefficient, cyanines are attractive molecules from a spectral point of
view since their excitation/emission spectra can be easily modulated by changing the length of the
methine bridge. Indeed, simply lengthening this bridge by two carbons converted the green emitting
TO-1 into a red-emitting TO-3 [33]. Despite these promising properties, one can also foresee that
current cyanine-derived dyes may suffer a potential limitation regarding cell-permeability. Indeed,
the charged (e.g., acetate and sulfonate [27]) and bulky polar groups (e.g., PEG-biotin [33]) used to
prevent non-specific binding, may also affect the capacity of the dyes to freely cross the cell membrane.
Nevertheless, transiently caging these groups (e.g., by protecting carboxylic group as acetoxymethyl
(AM) esters) may improve their membrane permeability. A last class of molecular rotors is made of
GFP-mimicking dyes, a set of synthetic fluorogens that mimic the fluorophore of the GFP formed
upon the cyclization of the Ser-Tyr-Gly tripeptide. Many derivatives of these fluorogens have been
synthesized and used to develop a variety of sensors (see [51] for a recent review). Among them,
the 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI, Table 1) was developed by Jaffrey’s
group in 2011 together with a specific light-up aptamer [29]. Among other interesting features,
DFHBI displays a ~1000 fluorescence enhancement in the presence of specific binding aptamers,
it is non-toxic and has good cell permeability. Further substituting the imidazolinone cycle with a
trifluoroethyl or a pentafluorophenyl group allowed obtaining DFHBI-1T [30] and DFHBI-PFP [45],
two dyes with improved brightness and spectral properties. Whereas these GFP-mimicking dyes
emit in the green region of the spectrum, the recent development of the DsRed-mimicking dye
3,5-difluoro-4-hydroxybenzylidene imidazolinone-2-oxime (DFHO, [34]) and others [52] also makes
possible imaging nucleic acids in the orange-red region of the spectrum.

Finally, fluorogenic dyes can be obtained by appending a quenching group to a fluorescent
organic dye (Figure 1c). In its free off-state, the fluorescence of the dye is quenched by a mechanism
of photoinduced electron transfer (PET, [53,54]), Forster resonance energy transfer (FRET, [35]) or
contact-mediated quenching [32,55]. However, the presence of an aptamer specifically recognizing
either the dye [16,55] or the quencher [32,35,53] moiety allows for retrieving the fluorescence of the
dye and the emission of a bright fluorescence (Table 1).

All together, these different strategies allowed designing a variety of fluorogens with fluorescence
emission spanning most of the visible spectrum (Figure 1d) and brightness sometimes exceeding that
of the broadly used GFP (Table 1).

2.2. Isolation of Fluorogenic RNA Aptamers

Once a fluorogen has been designed, the molecule can be used as target for the isolation and
the optimization of a specific light-up RNA aptamer using two conceptually different approaches:
(i) a selection strictly speaking during which an RNA pool is challenged to interact with the dye and
only the best binders are recovered; or (ii) a screening approach where the light-up capacity of each
molecule is analyzed and only the most fluorogenic ones are recovered.

2.2.1. Aptamers Selection Based on Binding Capacity

Historically, RNA (or DNA) aptamers are isolated using the Systematic Evolution of Ligands by
EXponential enrichment (SELEX) approach [56,57], a set of technologies particularly well suited for
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the identification of nucleic acid specifically recognizing virtually any type of target, ranging from
ions to more complex proteins [58]. Conceptually, SELEX works by performing iterative rounds of
selection to exponentially enrich an RNA (or DNA) library in molecules able to bind a target molecule.
Moreover, SELEX possesses the attractive capacity of handling large sequence diversity (102 to 10'°
sequences) in a single experiment.

Depending on target size and physicochemical properties, several variations of SELEX have been
introduced. However, all the new light-up RNA aptamers isolated so far were obtained through the
same selection scheme (Figure 2). The success of such selection relies mainly on the proper design of
the starting library as well as the partition mode used during the selection process. The starting DNA
gene library is usually obtained by inserting a randomized region of ~50 nucleotides or more between
two constants regions. Moreover, early work on the selection of aptamers targeting small molecules
showed that interrupting the randomized region with a short constant hairpin may increase the success
rate of a selection process [59] and, interestingly, the use of such discontinuous randomized libraries
allowed isolating some of the best fluorogenic aptamers described so far [27,29,31,36]. The selection
process is then initiated by transcribing the DNA gene library into an RNA pool prior the selection step
where target-binding RNAs are partitioned away from the non-binding ones. To do so, the RNA pool
is usually incubated with beads (e.g., streptavidin-conjugated agarose or magnetic beads) displaying
the fluorogenic dye attached via a PEG linker. After several washing steps, the retained RNAs are
eluted and reverse transcribed into cONAs. These cDNAs can be later PCR-amplified and used
to prime a new round of selection. Gradually increasing the wash stringency (e.g., increase the
number and/or the duration of the wash) during the selection process allows favoring the selection
of aptamers with the highest affinity for the dye while the poorer binders are counter selected.
Moreover, the choice of the elution mode may also significantly affect the properties of the selected
molecules. For instance, immobilized RNAs can be eluted using an excess of free dye. Such a general
selection scheme led to the isolation of several fluorogenic RNAs such as the Malachite Green-binding
aptamer [20], the DFHBI-binding aptamer Spinach [29], the DFHO-binding aptamer Corn [34] and the
Dimethylindole Red-binding aptamer [27,36]. However, even though competition-based elution may
favor the isolation of aptamers having great specificity for the dye moiety, they also suffer the major
drawback that variants with low dissociation constant, so very high affinity, might likely be counter
selected and lost. This may partly explain why these aptamers have a moderate affinity (Kp ~ 0.1-1 uM)
for their cognate dyes. This limitation could be overcome by changing the elution mode. For instance,
the insertion of a disulfide bond within the linker between the dye and the bead, allows for the elution
of dye/RNA complexes by adding dithiothreitol [32]. Alternatively, retained RNAs can be recovered
by eluting them under denaturing conditions (e.g., heating, addition of urea, formamide, NaOH, etc.)
as used for the selection of Hoechst-binding aptamer [28] and TO-1-binding Mango RNA aptamer [33].
Combined with drastic washing conditions (ionic strength reduction and addition of free competitive
dye in the washing buffer), denaturing elution allowed the isolation of Mango RNA, a fluorogenic
aptamer forming a fluorescent complex with the thiazole orange derivative TO-1-biotin characterized
by a Kp in the nM range, the highest affinity described so far for a fluorogenic module (Table 1).
Nevertheless, one should note that RNAs isolated by non-competitive elution might also display
affinity not only for the dye moiety but also accessory elements. This is well exemplified by Mango
RNA that recognizes the TO-1-biotin not only via its thiazole orange moiety, but also displays some
affinity for the PEG linker and the terminal biotin [60].

Upon isolation, fluorogenic aptamers can be further optimized by truncation and rational design.
For instance, rationally inserting a few mutations in the Spinach aptamer resulted in Spinach?2,
a DFHBI-binding aptamer with improved folding properties [61]. However, some beneficial mutations
may be difficult to predict and improving these aptamers may require individually testing many
mutants. Moreover, an intrinsic limitation of SELEX is linked to the way selections are performed.
Indeed, in this format, molecules are selected for their capacity to bind a fluorogen rather than for their
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capacity to trigger its fluorescence. Therefore, screening approaches, in which molecules are directly
analyzed for their fluorogenic capacity, represent an attractive complement to SELEX.

Gene library
DNA
1. In vitro
Transcription g g y
Immobilized
Characterization Fluorogen
1. In vitro T é T
Transcription RNA
DNA —— E ?
——— Systematic Evolution of
Ligands by EXponential c’n& 2, Ca;ture
enrichment (SELEX)

Wash

4. Reverse transcription
PCR ampilification

o'y o
N \;%o -

3. Elution g

Figure 2. General overview of an in vitro selection using Systematic Evolution of Ligands by
EXponential enrichment (SELEX). Each round proceeds in four main steps. A gene library is in vitro
transcribed (Step 1) and mixed with beads displaying the fluorogen. Poor binders are eliminated by
wash of variable stringency (selection pressure, Step 2) prior to recovering binding RNAs during the
elution step (Step 3). Finally, RNAs are converted into cDNAs (Step 4), later used to prime a new round
of selection.

2.2.2. Aptamers Isolation Based on Their Fluorogenic Capacity

Screening a light-up aptamer gene library requires isolating each gene prior to its expression
into RNA followed by the assessment of its light-up capacity. In a first scheme, the library can be
inserted into an expression plasmid later used to transform bacterial cells that will express light-up
aptamers [31,62]. Bacteria can then be screened in two ways. First, they can be plated onto a solid
medium supplemented with the fluorogen and allowed to grow until forming colonies [62]. The plates
are then observed under fluorogen exciting light and the most fluorescent clones are recovered
(Figure 3a). Even though it is simple and direct, such approach suffers from a limited throughput (a few
thousand clones per day) and exploring large libraries can rapidly become time consuming, tedious and
expensive. Alternatively, upon gene expression the cells can be incubated with the fluorogen prior to
being screened using a Fluorescence-Activated Cell Sorter (FACS) (Figure 3b) [31], which substantially
increases the analytical throughput (up to several million genes analyzed per day). However,
even though it is more accurate, these screening approaches explore a much smaller fraction of
the sequence space than SELEX does. Therefore, preferred methods combine library pre-enrichment by
SELEX followed by ultrahigh-throughput screening using FACS. Such a tandem procedure was already
used to obtain different light-up aptamers such as Broccoli [31], a new DFHBI-binding molecules [63]
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and Corn [34]. These in vivo approaches offer the great advantage of directly assaying the performance
of the aptamers in the cellular context, and in doing so to select those RNAs with optimal in vivo
performances. However, they also suffer two major drawbacks: (i) the absolute need of using a
cell-permeable fluorogen (a property dispensable for in vitro applications); and (ii) the applicable
selection pressures are limited to those compatible with living cells (e.g., presence of potassium,
physiological pH and temperature). Moreover, in the case of FACS, since the analysis is performed
at single cell level, the screening may also face cell-to-cell expression variability and requires the
co-expression of an internal fluorescent standard (e.g., GFP and mCherry).

0

l Incubation

:

(d)

1. Gene individualization 2. Droplet fusion

Gene Gene
amplification transcription

pos_gnd

Figure 3. Main screening strategies for isolating light-up RNA aptamers. (a) Colony screening [31,62].
SELEX-enriched gene library is cloned and expressed in bacteria plated on a solid medium
supplemented with the fluorogen. Upon incubation, colonies expressing light-up aptamers are
identified by fluorescence emission (green shadow) when illuminated with fluorogen excitation
wavelength. (b) FACS-based bacteria screening [31]. SELEX-enriched gene library is cloned and
expressed in bacteria incubated in the presence of the fluorogen. Bacteria fluorescence is then analyzed
on a FACS using a laser exciting the fluorogen. Fluorescence emitting bacteria (green shadow) are then
deflected and sorted from the rest of the population. (c) Miniaturized in vitro screening using large
integration scale microfluidic devices [64]. DNA coding for each variant is first spotted (red dots, Step 1)
onto a surface prior to assembling the microfluidic chip. Then, each DNA cluster is transcribed in RNA
later captured on a second spot of the chip (blue spot, Step 2). Finally, flowing the fluorogen into the
microfluidic channels (Step 3) allows the detection of light-up aptamers (green spot). Quantifying the
fluorescence emitted by each construct at various concentrations of fluorogen allows the determination
of parameters such as the brightness and the dissociation constant (Kp). (d) Droplet-based microfluidic
in vitro screening workflow [65]. A gene library is diluted into a PCR mixture (in dark blue) prior to
individualizing the molecules into picoliter-sized water-in-oil droplets carried by an oil phase (in gray,
Step 1). Upon off-chip PCR amplification, small and amplified DNA-containing droplets (dark blue) are
synchronized and fused with larger droplets containing an in vitro transcription mixture supplemented
with the fluorogen (light blue, Step 2). Upon an incubation step allowing for in vitro transcription
to take place, the fluorescence of each droplet is analyzed and those droplets containing a light-up
aptamer (in green) are sorted from the rest of the population (in blue). Both fusion and sorting events
are triggered by the application of an electric field to built-in positive (pos, shown in red) and ground
(gnd, shown in black) electrodes.
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Most of the cell-based screening limitations can be overcome by switching to an in vitro expression
approach. Performing such screening in microtiter plate can rapidly become very expensive,
making the miniaturization of the process using microfluidics highly desirable [66]. A first level
of miniaturization can be achieved by using a large-scale integration microfluidic device made of
640 independent one-nanoliter chambers, each containing several copies of the DNA coding for
the variant to assay (Figure 3c) [64]. Then, genes are in vitro transcribed into RNA, which are later
individually assayed for fluorogenic capacity. Moreover, the possibility of varying ligand concentration
during the experiment allows the extraction of thermodynamic parameters of each variant in an
automated way. However, the low throughput of the method (640 chambers per run) mainly restricts
its use for refinement purposes. Further substantial throughput increase and cost reduction can be
achieved by transposing the screening to droplet-based microfluidics [65,67] (Figure 3d). In this
format, DNA molecules of a library are diluted into a PCR mixture and individualized at very high
throughputs (several thousands of droplets generated per second) in small two-picoliter water-in-oil
droplets. Upon thermocycling, each small droplet is fused to a larger 18-picoliter droplet containing
an in vitro transcription mixture supplemented with the fluorogen. Finally, upon a last incubation,
the fluorescence of each droplet is profiled and the most fluorescent ones (so those containing the
best light-up aptamers) are sorted. Using this approach, we recently isolated iSpinach, a variant
of the Spinach light-up aptamer optimized for in vitro applications (far less salt-sensitive, brighter
and more thermo-stable) [65]. The isolation of this variant was made possible by the great control
over the reaction conditions and the possibility of applying strong selection pressures difficult to
apply in cell-based screening (e.g., warming and complete replacement of potassium ions by sodium).
Therefore, droplet-based microfluidics screening is a viable and efficient way of isolating optimized
light-up aptamers for in vitro application. Finally, further automation of the process could be obtained
by integrating a Next Generation Sequencing analysis at the end of the process.

2.3. Features of the Best Characterized RNA-Based Fluorogenic Modules

Among the variety of RNA-based fluorogenic modules developed so far (Table 1), those involving
MG, fluorescent protein mimicking dyes (e.g., DFHBI and DFHO) and TO-1 are the best characterized,
especially from a structural point of view. Interestingly, even though each of these RNAs adopts a
distinct folding, they all possess a fluorogen-binding pocket comprising an extended planar platform
made of at least one base quadruple onto which the fluorogen is accommodated in a near planar
conformation competent for efficient fluorescence emission (see [68] for a recent critical review on the
topic). Whereas the MG-binding aptamer platform is made of mixed base quadruple [69], the platform
of all the other light-up aptamers is made from a stack of two or more G-quartets stabilized by
potassium ions [60,70-73], indicating that such platform might be a consensus solution to fluorogens
binding. However, beside this consensus platform, the rest of the fluorogen-binding pocket as well
as the recognition strategy vary from one aptamer to the other. Indeed, for instance, MG-binding
pocket acquires its structure only upon dye binding. On the other hand, in Spinach and its derivatives,
the DFHBI intercalates between the platform and a base triple whilst additional contacts are established
with lateral bases [70-72]. This pocket is formed prior to dye binding and was found to accommodate
other dyes [74] limiting the possibility of using these aptamers concomitantly to other ones in multiplex
experiments. Moreover, the pocket does not strongly constrain the dye that is free to rapidly isomerize
upon illumination followed by a rapid exchange with a non-isomerized fluorogen to restore the
fluorescent module [75]. DFHBI-based fluorogenic modules are therefore poorly photostable under
continuous-wave illumination and are better imaged using a pulsed mode illumination scheme.
This behavior challenges the accurate monitoring of some biological phenomena (e.g., RNA movement
in the cell). Moreover, even though no crystal structure has been solved yet for Broccoli (another
DFHBI-binding aptamer), the strong sequence homologies as well as photophysical behavior shared
with Spinach suggest that both aptamers are very likely to possess an identical fluorogen-binding
pocket [76]. Recently, the structure of Corn RNA in complex with DFHO has been resolved [73] and
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revealed that, surprisingly, the fluorogen-binding pocket does not lie into a single RNA molecule
but instead is formed by the interface of two interacting protomers of identical sequence, each made
of four base quadruples and six adenine residues asymmetrically oriented. This preformed binding
pocket can specifically accommodate a single DFHO and not only triggers its fluorescence but it
also constitutes a highly protective environment preserving the dye from photobleaching over a
long period of time [34]. Consequently, even though Corn/DFHO module is dimmer than the other
systems, its strong photostability makes it well suited for the prolonged imaging of RNAs in live cells.
Finally, the crystal structure of RNA Mango in complex with TO-1 helped explain in part the origin
of the elevated affinity in the complex. Indeed, like the other aptamers, Mango possesses a planar
platform made of G-quartets and interacts not only with the cyanine moiety but also with the PEG
linker and the biotin group of the fluorogen [60]. Interestingly, both heterocycles of the cynanine are
not coplanar but instead they make a 45 °C angle, suggesting that brighter mutants of the aptamer
that would accommodate the cyanine more coplanarly could, in principle, be isolated by functional
screening (a work currently in progress in our lab).

Up to now, RNA-based fluorogenic modules involving quenched fluorogen have been less
characterized. However, even though these modules display a lower affinity than the aforementioned
ones (Table 1), they have the great advantage of using very bright and photostable organic dyes
as fluorogenic moiety (i.e., symmetrical cynanines [35,77], Sulforhodamines [55] or Rhodamine
Green [32]), making them attractive for future developments.

3. Applications of RNA-Based Fluorogenic Modules

The development of RNA-based fluorogenic modules was initially motivated by the need for
genetically encoded tools to monitor gene expression and regulation at the RNA level. However,
the great flexibility and the ease to engineer these RN A molecules rapidly led to the development of
new sets of fluorogenic reporters with applications both in vivo and in vitro (Figure 4).

42



Int. J. Mol. Sci. 2018, 19, 44

(b)

Fluorogen

B
@
=
o4 / \
c /, N
© 7z, N
° » D
=1 Sensing
g part

lo

- -

pIogeos

T i
Target molecule

Fluorogen (d)

(c)

Fluorogen

[
N
L —_—
Triggering RNA b
N

| Sensing /// Target molecule
part

(e)

Sensing aptamer

gap Target !

Communication molecule Fluorogen pr
module [ ] [ =
Light-up >, Ny -,
aptamer _ —

Figure 4. Light-up aptamers engineering and uses thereof. (a) Light-up RNA aptamers can be
embedded into a scaffold RNA (here a tRNA) to improve folding efficiency and resistance to
RNases [29,61]. The construct can either be directly expressed from an independent promoter or
inserted into the sequence of a target mRNA. (b) Light-up aptamer sensing a target RNA in trans [77,78].
A key helix (light blue) of the light-up aptamer is engineered to weaken the structure of the RNA and
destabilized the fluorogen-binding site. Furthermore, sequences complementary to the target nucleic
acid (acting as a sensing part) are appended to both ends of the molecule (dark blue). Upon binding to
the target molecule (in black), the structure of the light-up moiety is stabilized and its fluorogen-binding
capacity is restored, leading to fluorescence emission (green shadow). (c) Light-up aptamer sensing
a target RNA in trans via strand displacement [79-81]. Sequences are appended to both ends of the
light-up aptamer and induce an alternative folding preventing the interaction of the aptamer with
the fluorogen. However, the binding of the target RNA to the construct induces a conformational
change restoring the structure of the light-up aptamer moiety and its fluorogen-binding capacity,
leading to fluorescence emission (green shadow). (d) Sensing target nucleic acids using split light-up
aptamers [82,83]. The aptamer is split into two halves, each possessing a sequence complementary
to the target nucleic acid (acting as a sensing part, in dark blue). Whereas both halves cannot form
a functional aptamer in the absence of the target nucleic acid, the presence of the latter drives the
productive association of both molecules into a functional light-up aptamer able to emit fluorescence.
(e) Allosteric light-up RNA aptamer [84,85]. The light-up aptamer is engineered to weaken the structure
of the RNA and destabilize the fluorogen-binding site. Moreover, the sequence of a sensing aptamer
(in dark blue) is inserted into that of the light-up aptamer via a communication module (in light blue).
Upon the interaction of the sensing aptamer with a target molecule (e.g., a metabolite or a protein),
the structure of the light-up aptamer is stabilized and its fluorogen-binding capacity is restored. Note
that all the examples are shown with the Spinach aptamer, but these concepts can be extended to any
other light-up aptamer.
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3.1. Live-Cell Imaging of Biomolecules

3.1.1. Live-Cell RNA Imaging

Direct expression of light-up RNA aptamers in cells can be challenging due to their degradation
by cell nucleases. Therefore, the molecules are usually expressed inserted into a second RNA such
as a transfer RNA (tRNA) [29,86] or a three-way junction [87] acting as a scaffold to both protect
the aptamer from rapid degradation and assist its folding (Figure 4a). Expressing such constructs
from a strong promoter (e.g., T7 RNA polymerase promoter in E. coli, 5S promoter in mammalian
cells) allows the expression of abundant non-coding RNAs to be monitored in prokaryotes [29,32,55]
and eukaryotes [29,31,34]. Moreover, recent publications reported on the possibility to insert
Spinach-derived aptamers into the variable region of bacterial tRNAs [88], within an apical loop
of the bacterial 16S ribosomal RNA [89] or in metazoan tRNA introns [90] while preserving the
natural functionality of the carrier molecules. Being able to image these non-coding RNAs not only
informs on their own expression but it can also be used to diagnose the whole associated pathway
(e.g., Pol IlI transcription, translation, etc.). Spinach was also found suited for imaging messenger
RNAs in organisms as diverse as bacteria [91-93], yeast [94], mammalian cells [61], viruses [95-97]
and algae [98]. The limited brightness and poor photostability of Spinach and its derivatives initially
limited its use to the imaging of mRNAs either aggregated [61] or labeled with tandem repeats
of up to 64 copies of the aptamer [93]. However, an improved understanding the photophysics of
DFHBI inactivation allowed devising pulsed excitation-based imaging procedures making it possible to
monitor Spinach-labeled RNAs over a much longer period of time [75] and enabling imaging much less
abundant mRNAs [93]. Furthermore, using spinning disk confocal microscopy and post-acquisition
image analysis algorithms it was possible to track the nuclear export of yeast mRNA labeled with a
single copy of Spinach [94]. Interestingly, these studies also revealed that inserting the light-up aptamer
into the 3’ untranslated region of the mRNA did not affect the fate (i.e., localization, translation or
stability) of the labeled molecule.

Direct insertion of light-up aptamers into target RNAs is mainly limited by the laborious
genetics required for modifying the locus of each target gene. This limitation can nevertheless be
overcome by using in trans-acting fluorogenic modules that are destabilized forms of the light-up
aptamer [77,78] (Figure 4b). In this approach, the aptamer is engineered at two levels. First, a helix
of the aptamer is truncated to weaken the structure of the RNA and abolish its capacity to interact
with the fluorogen. Second, sequences complementary to the target RNA are appended at both
extremities of the helix. Upon binding to the target RNA, the structure of the aptamer is stabilized and
its capacity to bind and activate the fluorogen is restored. Provided an unstructured region is accessible
in the target RNA, this approach can be used to image both mRNA [77,78] and small non-coding
RNA [99]. Moreover, embedding the aptamer into a scaffold RNA and triggering its activation by
a strand-displacement mechanism respectively improve the stability of the fluorogenic module and
increase signal amplitude [80,81] (Figure 4c). Further improvement in detection specificity and signal
amplitude can be obtained by using split aptamers [82,83] (Figure 4d). Recently, a split version of the
Broccoli light-up aptamer was also generated and embedded into an AND logic gate for sensing the
simultaneous presence of two target RNAs in vivo [100].

3.1.2. Live-Cell Imaging of Metabolites and Proteins

Its great structural flexibility enables RNA to fold into aptamers able to specifically recognize
virtually any type of molecule. Moreover, if the interaction between the aptamer and its target leads to
a structural remodeling or even the stabilization of RNA structure, then such aptamer can be used
for the conception of an allosteric biosensor in which a sensing module is connected to a reporting
module via a communication module (Figure 4e). Briefly, the structure of the reporting module
(a ribozyme or a light-up aptamer) is destabilized which keeps its function (e.g., RNA cleavage or
fluorescence emission) in an off state. However, the presence of the target analyte induces a structural
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change (or stabilization) of the sensing aptamer that is transmitted to the reporting module via the
communication module. The structure of the reporting RNA is in turn stabilized and its function
restored. This strategy was originally pioneered using ribozymes as reporting modules [101] and
early work with MG aptamer allowed establishing the proof-of-concept experiment using light-up
aptamers as reporter [84]. Since then, Spinach RNA-based fluorogenic biosensors have been developed
to specifically report on the presence of metabolites such as FMN [84], cyclic-di-GMP [85,102-104],
cyclic-di-AMP [105], cyclic AMP-GMP [106,107], cyclic-AMP [108], S-adenosylmethionine (SAM) [109],
S-adenosyl-L-homocysteine (SAH) [110], Thiamine Pyrophosphate (TPP) [111] and neurotransmitter
precursors [112]. The majority of these biosensors are built using riboswitch-derived aptamers. Indeed,
since these molecules have naturally evolved to switch RNA structure in cellular environment,
these aptamers possess the required structural flexibility and are able to efficiently discriminate
their cognate target from closely related analogues contained in the cell. Finally, even though they
were less used, allosteric biosensors can also be developed for protein detection [113]. With such
biosensor in hands it is then possible to precisely detect and quantify a target molecule in a dynamic
way and with single cell resolution. This allows the dynamics of a biological pathway to be monitored,
but also to characterize the enzymes involved in this pathway, paving the way for drug discovery
applications [105-107].

Whereas both sensing and reporting modules have key roles in the proper function of allosteric
fluorogenic biosensors, the communication module is probably the most critical element, as it drives the
information from one aptamer to the other. Usually, a communication module is rationally designed
based on thermodynamic considerations since such module would be extremely challenging to isolate
using a SELEX approach. However, the recent advances in high-throughput screening technologies
introduced above offer a new way of rapidly identifying optimal communication modules. For instance,
a large-scale integration microfluidic device was used to systematically screen a library of 94 different
Spinach-based glycine biosensor containing different communication modules while measuring their
response to various glycine concentrations [114]. Therefore, a single experiment allows accessing
both the fluorescence amplitude of many biosensors as well as their affinity for the glycine and their
dynamic range. Consequently, assisting the development of new biosensors by high-throughput
screening technologies should both accelerate their development and improve their performances.
Finally, one should note that a communication might be dispensable if one simply wants to develop an
aptamer-based protein-targeting fluorescent probe. In that case, the binding aptamer can be directly
connected to a light-up aptamer as recently exemplified by the use of a fluorogenic cyanine-binding
aptamer fused with a VEGF-binding aptamer [27].

3.2. In Vitro Applications

The possibility of detecting RNA via fluorogenic assays opened a whole bunch of applications
in vitro. First, inserting the sequence of a light-up aptamer into that of another RNA allows monitoring
in real-time the in vitro transcription of the construct [35,115] and, doing so, to compute its transcription
rate while decorrelating it from the translation rate of an encoded protein. This is of particular
importance in experiments aiming at engineering genetic circuits, especially for generating artificial
cells [116-118]. Being able to monitor transcription activity in an automatable way makes also possible
to set-up high-throughput microtiter plate-based screening of drugs targeting RNA polymerase
activity [115]. Drug screening actually represents a second important set of applications of light-up
aptamers in vitro. For instance, the fluorogenic function of the RNA can be transiently inactivated
by modifying (e.g., methylating) a key nucleotide to convert the aptamer into a fluorogenic substrate
of a modification-removing enzyme such as demethylases, a class of enzymes involved in several
diseases [119]. Monitoring reaction product apparition by the mean of the fluorogenic allosteric
biosensors introduced above [110,120,121] represents an alternative way of assaying enzyme activity.
In any case, these different strategies can easily be transposed to microtiter plate format to set-up a
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high-throughput screening workflow [115,119,120] and even an ultrahigh-throughput one by using
droplet-based microfluidics [121].

The great ability to predict to some extent the folding of an RNA sequence makes possible the
design of molecular circuits composed of two or several RNA (or DNA) elements trapped by folding
to keep the circuit silent [122,123]. However, in the presence of one or several target molecules, sensing
elements undergo structural rearrangements activating the circuit to compute the information and
eventually reports the presence of the targets via engineered light-up aptamer [79,83,124]. Whereas
simple circuit made of a split light-up aptamer directly sensing the target molecule would lead
to a signal stoichiometric to the input [124], the implementation of an enzyme-free amplification
loop [122,123,125] is expected to significantly increase the sensitivity of these assays.

Split and full-length light-up aptamers can also be used to devise in vitro procedures aimed
at assisting catalytic RNAs engineering [126,127], tracking RNA-based molecular complexes as
well as monitoring the formation of supramolecular assemblies such as those used in RNA
nanotechnology [128-131] directly through fluorescence emission measurements. Moreover, the proper
size and integrity of light-up-labeled RNAs can also be verified by gel electrophoresis followed by
specific staining of the target RNAs by the fluorogen directly in the gel [87,131]. Finally, light-up
aptamers inserted into a target RNA can serve as handles to specifically fish-out the labeled RNA and
its associated partners in native conditions by incubating a reaction mixture (e.g., a cell lysate) with a
biotinylated fluorogen and purifying the resulting complex on a streptavidin-conjugated resin [132].

4. Conclusions

Over the past decade, significant efforts were devoted to the development of new RNA-based
fluorogenic modules leading to a toolbox of modules covering the whole visible spectrum (Table 1).
Many of these modules are significantly brighter than the widely used GFP and, conversely to their
protein counterparts, they do not require oxygen since no maturation step is needed. Therefore,
labeling target RNAs with light-up aptamers is not only subjected to a low fluorescent background,
but RNAs can also be monitored in conditions in which fluorescent proteins could not be used
(e.g., anaerobiosis [104]). Besides direct RNA imaging in vivo, RNA-based fluorogenic modules also
found a wide range of applications as briefly reviewed in this article and it is very likely that many
new ones shall be developed in a near future (see below).

Interestingly, even though current modules are already pretty efficient and permitted multiple
questions to be answered, none of them completely fulfills all the criteria enounced in Section 2 of
this review, suggesting that there is still room for improvement in terms of sensitivity and robustness.
Indeed, most of the current light-up aptamers were obtained by SELEX using moderate selection
pressures and have dissociation constant (so affinity) for the fluorogen of tens of nM or more.
Thus far, Mango is the only RNA displaying a very high affinity for its fluorogen (Kp of a few
nM), likely resulting from the use of very stringent wash and elution conditions. Therefore, applying
the same concept to other systems could yield modules with much higher affinity. This would reduce
the amount of dye in the assays and lead to a gain in sensitivity by improving the contrast of the
experiment [37]. Moreover, since SELEX-derived RNAs were selected for their capacity to bind the
fluorogen rather than their capacity to generate fluorescent complexes, it is likely that the fluorescence
of most of the current modules may still be sub-optimal. Indeed, our own experience with Spinach [65]
and Mango (on-going work in our lab) RNAs shows that revisiting these aptamers by a screening
approach may significantly increase their light-up capacity. Such improvement could result from
an increased brightness but also from a higher photostability. Indeed, both properties rely not only
on the fluorogen itself but also on capacity of the RNA to properly accommodate it and protect it
from unwanted photoisomerization and photobleaching. This last point was recently exemplified
by Corn, an RNA isolated by SELEX in tandem with FACS screenings, that forms with DFHO a
complex displaying an extraordinary high photostability [34]. This photostability likely results from a
caging of the fluorogen preventing its rapid isomerization [73]. This property is clearly contributed
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by the RNA since lighting-up DFHO with Broccoli did not yield a significant photostability [34].
Therefore, we anticipate that future selection schemes combining conventional SELEX with an
(ultra)high-throughput functional screening (e.g., FACS or microfluidic-based screening) together with
next-generation sequencing could lead to the efficient discovery of light-up aptamers with superior
turn-on and photostabilizing properties. This new generation of molecules should further enlarge the
already wide application range of RNA-based fluorogenic modules. For example, they would allow
labeling target RNAs with a limited number of aptamer repeats (ideally a single one) to make possible
single molecule resolution, thus enabling the tracking of low abundant RNA molecules, for instance
using super-resolution microscopy [133]. New generations of fluorogenic modules would not only
allow highly sensitive gene expression monitoring, but they could also serve to set-up new drug
screening pipelines as well as a variety of analytical platforms such as microarrays developed to
sense target molecules with size ranging from ions (recently exemplified by the capacity of Spinach
to specifically sense lead [134]) to more complex protein using allosteric biosensors such as those
introduce in this review. Finally, whereas this review was focused on RNA aptamers, DNA light-up
aptamers were also reported [28,52] and one should consider the possibility of applying the concepts
exposed throughout this review to the development of new DNA-based sensors.
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Abbreviations

Cy3-BHQ1 Cyanine 3-Black Hole Quencher 1

DIR Dimethyl Indole Red

DFHBI 3,5-difluoro-4-hydroxybenzylidene imidazolinone
DFHBI-1(2)T  3,5-difluoro-4-hydroxybenzylidene imidazolinone 1 (2) trifluoroethyl
DFHO 3,5-difluoro-4-hydroxybenzylidene imidazolinone-2-oxime
FACS Fluorescence Activated Cell Sorter

GFP Green Fluorescent Protein

MG Malachite Green

OTB Oxazole Thiazole Blue

RG-DN Rhodamine Green-DiNitroaniline

SELEX Systematic Evolution of Ligands by EXponential enrichment
SR-DN Sulforhodamine-DiNitroaniline

TMR-DN Tertamethyl rhodamine-DiNitroaniline

TO-1 (3) Thiazole Orange 1 (3)
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Since the publication of this review, new RNA-based fluorogenic modules have been described in
the literature. First of all, the collection of fluorogens activated by SRB-2 aptamer has been greatly
enlarged upon the discovery that the pyronin core is the minimal structure recognized by the
aptamer(Sunbul and Jidschke, 2018). Then, a collection of pyronin derivatives was synthesized
conjugated with a dinitroaniline quenching group. Among the new fluorogens, TMR-DN revealed to
be particularly interesting by displaying a low background fluorescence while being able to form with
SRB-2 a complex as bright as the eGFP and of a pretty high affinity (K, ~ 30nM, Table 1). These
properties allowed TMR-DN/SRB2 complex to visualize mRNAs in living cells by inserting as few as
6 to 15 repeats of the aptamer in the target RNA. Whereas other pyronin derivatives were able to
generate even brighter complexes, they suffered either form a low affinity or from a strong
background fluorescence of the fluorogen in its free state, limiting imaging contrast, therefore the
applicability of these fluorogens. This also underlines the importance of properly designing the
fluorogen.

The second new module was developed on the basis of the cobalamin (Cbl) riboswitch
(Braselmann et al., 2018). The authors discovered that the covalent attachment of the Cbl to a dye
quenches the latter and converts it into a fluorogen. Moreover, incubating this fluorogen with Cbl
riboswitch leads to the formation of a complex in which the Cbl is “neutralized” and the fluorescence
of the dye is restored. However, Cbl-based fluorogen cannot freely diffuse through cell membrane
limiting their practical application. Moreover, being based on vitamin naturally found in the cell, these

dyes could face competition issues with the endogenous Cbl.

Table 1: New fluorophores/aptamers modules described after the publication of the Review Article 1. The
new modules are shaded in blue (Braselmann et al., 2018; Sunbul and Jiaschke, 2018).

Dyes Aptamers Kd Ex/Em € Complex | Brightness | Relative
(nM) (nm) ) Brightness

eGFP n.r n.r 490/508 | 39,200 0.68 26.6 1.00
TO-1 Mango 32 510/535 | 77,500 0.14 10.85 04
DFHBI 1