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RNA aptamers are becoming increasingly attractive due to their superior properties.

aptamer nanoparticles yeast biotechnology RNA aptamers Broccoli Spinach

Mango fluorescence in molecular biology

| 1. Introduction

Aptamers are single-stranded DNA or RNA oligonucleotides, characterized by their various 3-D conformations,
resulting in a distinctive ability to recognize and bind to numerous targets with high specificity. Such targets include
metal ions, nucleic acids, proteins, polysaccharides, and other organic compounds, in addition to viruses,
subcellular organelles, and cells WZIBIABEIGITE The term “aptamer” was first coined by Szostak and Ellington 2!,
who blended two words of Latin and Greek origin, namely aptus—fit and meros—part, and together they mean
fitting parts in English. With an estimated market value of 5 billion USD by 2025, aptamer research is a highly

dynamic interdisciplinary field of science and technology 19.

| 2. Fluorescent RNA Aptamers

The variety of RNA functions in living cells have led to advance different methods to detect and study the dynamics
of RNA in vivo 111,

For many years, the MS2-MCP method has been one of the most popular methods for RNA labeling, and it is
based on the high-affinity binding of the bacteriophage coat protein MS2 (MCP) to the unique RNA hairpin
sequence, the MS2 binding site (MBS). Therefore, cloning the MBS sequence into the RNA of interest and the
simultaneous synthesis of MCP fused with the fluorescent protein GFP (green fluorescent protein) allows RNA
localization in the cell [12113],

However, background fluorescence from unbound MCP-GFP strongly affects the signal-to-noise ratio. In addition, it
was found that the MS2 viral envelope proteins, associated with the MBS site in the 3’-untranslated region (UTR) of
yeast mMRNA, block the activity of Xrnpl exonuclease and 5'-3’-degradation of mRNA. This leads to the

accumulation of 3' mRNA fragments that still bind to MCP-GFP, complicating in vivo full-length mRNA localization
4],
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An alternative method for in situ RNA imaging is the use of fluorogenic RNA aptamers 2218l Since RNAs do not
intrinsically show any fluorescence, an exogenous chromophore is required, the fluorescence of which is induced
upon interaction with the RNA aptamer. Fluorogenic RNA aptamers are a powerful tool in RNA studies, and they
are as good as GFP in protein studies. The insertion of a fluorogenic RNA aptamer into a target RNA molecule

enables us to observe functioning RNA molecules in cells 2,

In 1999, Grate and Wilson proposed an RNA aptamer that binds to malachite green (MG) as a molecular biology
tool 181, The well-defined asymmetric loop in the RNA duplex provides high affinity and specificity of interaction with
MG 19 Laser radiation induces the hydrolysis of RNA at the MG binding site. As a result, inserting the nucleotide
sequence of the aptamer into the target gene permits us to “mark” the obtained transcripts and leads to their
destruction upon laser irradiation 18 Both the degradation of the target RNA and the toxicity of MG and its

derivatives to mammals and yeasts are the main disadvantages of fluorogenic MG aptamers 29,

In today’s RNA research, the most promising fluorescent RNA aptamers are the Mango, Spinach, and Broccoli.

| 3. RNA Mango Aptamer

The Mango RNA aptamer has an exceptionally high affinity to TO1-biotin, a thiazole orange derivative fluorophore,
and upon binding, the fluorescence of the fluorophore is increased by 1100 times. The high affinity facilitates in situ
low-copy RNA imaging, allowing the use of low concentrations of the fluorophore and thereby reducing the
fluorescence background noise level and the adverse effect of the dye on cells [21l. The excitation and emission
wavelengths of the Mango aptamer are 505 and 535 nm, respectively 22, The Mango aptamer consists of 39

nucleotides and is one of the smallest fluorogenic RNA—dye complexes known to date (23],

The analysis of the crystal structure of the Mango—TO1-biotin complex showed that the core of this aptamer,
consisting of 23 nucleotides, is a three-level G-quadruplex (T1, T2, T3). TO1-biotin is adjacent to one of the nearly
planar T3 faces of the G-quadruplex, and each of the three heterocycles of the fluorophore carries out stacking

interactions with the nitrogenous bases of the RNA loop 24! (Figure 1).
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Figure 1. The secondary and tertiary structures of Mango RNA aptamer. (A) The secondary structure of Mango
RNA aptamer showing the three G-quadruplex regions stacked in three tiers (T1, T2, and T3), where T3 serves as
the binding site for TO1-biotin fluorophore 24231, (B) A cartoon representation of the tertiary structure of Mango
RNA aptamer (PDB ID: 6C63) 28],

Imaging of the Mango aptamer in Caenorhabditis elegans gonads using fluorescence microscopy demonstrates
the potential of this system for studying RNA in living cells. The incorporation of the aptamer into bacterial 6S rRNA
has provided a useful tool not only to label the molecule but also to purify it using affinity chromatography on

streptavidin agarose 21,

Three new variants of Mango aptamers, I, Il, I, with increased affinity, increased fluorescence, and resistance to
salts and formaldehyde, were obtained by selection in the presence of a TO1-biotin competitive inhibitor. The latter
circumstance allows the use of Mango aptamers not only in living cells but also in solutions ex vivo. Mango
aptamers |, Il, Il folded with the F30 framework were successfully used for labeling and subsequent imaging of
human 5S ribosomal RNA [23],

Increased levels of fluorescence can be achieved using RNA molecules with tandem repeats of the aptamer. It was
shown that Mango Il in triplex provides around 2.5 times higher fluorescence intensity than a single copy of the
aptamer sequence. In this case, the localization of the target RNA —actin mRNA and NEAT1 long noncoding RNA

—does not change 22,

| 4. Spinach and Broccoli Aptamers

Jaffrey et al. have synthesized several derivatives of 4-hydroxybenzylidene imidazolinone (HBI), which acts as a
fluorophore in GFP reporter assay. Further, using SELEX technology, several aptamers were discovered that bind

to the obtained fluorophores. The strongest fluorescence was demonstrated by 3,5-difluoro-4-hydroxybenzylidene
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imidazolinone (DFHBI) in the presence of a 98-nucleotide aptamer called Spinach 4. Spinach enhances the
fluorescence of the fluorophore by a factor of around 2000 23], The excitation and emission wavelengths of the
Spinach aptamer were 452 and 496 nm, respectively. DFHBI does not induce cytotoxicity or phototoxicity. Aptamer
insertion into 5S rRNA and its expression in mammalian cells have allowed the study of 5S rRNA distribution using
fluorescence microscopy 1. This indicates the cell permeability of the Spinach aptamer and the possibility of its

application in RNA labeling and in vivo RNA imaging.

Chemical modifications of DFHBI, specifically adding a trifluoroethyl substituent to the methyl group (DFHBI-1T) or
to the second carbon atom (DFHBI-2T) have been reported. In the first case, the modification resulted in an
increase in the fluorescence intensity and, in the second, a shift in the excitation and emission maxima to the long-
wavelength region of the spectrum. Thus, the fluorescence filters developed for YFP (yellow fluorescent protein)
can be employed with DFHBI-2T [28],

Despite the above-mentioned advantages, the Spinach aptamer is not devoid of disadvantages, the main of which
are thermal instability and a tendency towards improper folding at 37 °C, leading to a decrease in the fluorescence
intensity. Using mutagenesis, Spinach2 aptamer was designed, which is more stable than Spinach, and it
demonstrates the correct folding at 37 °C regardless of the fused RNA, particularly the 5S and 7SK RNA [22],

In addition, the use of tRNA as a scaffold increased the proportion of correctly folded aptamers of both types 2,

Crystallographic analyses of Spinach aptamer structure showed that this RNA molecule has an elongated structure
containing two helical domains separated by an internal loop. The loop folds into a G-quadruplex motif and it is
flanked on both sides by antiparallel A-form duplexes. The G-quadruplex motif and the adjacent nucleotides form a
partially formed fluorophore binding site. The intermolecular bonding between the fluorophore and the RNA

aptamer is mediated by hydrogen bonds and m—Tt stacking interactions B2 (Figure 2).
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Figure 2. The secondary and tertiary structures of Broccoli and Spinach RNA aptamers. (A) The secondary
structure of both aptamers showing the two G-quadruplex regions serving as the binding site to DFHBI-T1 B2, (B)
The tertiary structure of the fluorophore binding site in Spinach RNA aptamer (PDB ID: 6B14) 23],

Determining the molecular structure of Spinach and understanding the role of different regions in the sequence
allowed the removal of parts of the sequence and the design of variants of the aptamer, e.g., Baby Spinach, which

consists of 51 nucleotides only, with a fluorescence intensity comparable to that of the original variant (241,

To enhance the Spinach fluorescence signal and detect low-copy RNAs, tandem repeats of the aptamer were

used. It was shown that 64 repeats of the aptamer increased the fluorescence intensity by 17 times 311,

Spinach aptamer has been used to create the sensitive element of biosensors designed for specific metabolites in
bacterial cells. For this purpose, RNA sequences responsible for binding to certain metabolites were inserted into
one of the stems of the Spinach aptamer. This modification of the aptamer structure led to our understanding that
the correct structure of Spinach and the ability to interact with DFHBI were determined by the presence of these
metabolites, and the level of fluorescence depended on their concentration B2, Thus, the functions of the
fluorogenic aptamer and the riboswitch have been combined in one molecule. Using such biosensors, the

dynamics of the synthesis of ADP, S-adenosine methionine, guanine, and GTP in Escherichia coli was observed
[36][37]
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On the basis of Spinach, similar biosensors were also developed for monitoring proteins, namely thrombin,

streptavidin, and the envelope protein of the MS2 phage 38,

The combination of SELEX (systematic evolution of ligands by exponential enrichment) and FACS (fluorescence-
activated cell sorting) technologies has provided a powerful tool to develop a new version of the Spinach aptamer.
This 49-nucleotide aptamer, named Broccoli, activates DFHBI and DFHBI-1T fluorophores, folds faster, shows high
stability, and does not require a tRNA scaffold in vitro. The excitation and emission wavelengths of this aptamer are
472 and 507 nm, respectively 4. The Broccoli aptamer has a higher affinity for fluorophores and the Broccoli—
DFHBI-1T complex displays a brighter signal than Spinach—-DFHBI 28, Broccoli retains most of the G-quadruplex-
forming nucleotides from the DFHBI-binding pocket in Spinach2 and probably has a similar structure upon
interaction with DFHBI-1T 2813940 (Figure 2).

The secondary structure of Broccoli includes a hairpin-stem-loop and allows the production of aptamer dimers by

replacing the terminal loop with a second aptamer molecule, leading to a 70% increase in fluorescence B9,

An additional advantage of Broccoli, like Spinach, is the ability to image the aptamers in vitro; fluorescence can be

observed in microcentrifuge tubes 23! or by electrophoresis in polyacrylamide gel stained with DFHBI 41,

Both Spinach and Broccoli aptamers fused to the tRNA backbone have been successfully expressed in bacterial
and mammalian cells. The ability of the Broccoli aptamer to fold in vitro without the aid of a tRNA scaffold has been
confirmed in vivo. The RNA of the aptamer was fused to the 3’ end of 5S RNA and the resulting plasmids were
transfected into HEK293T cells. Using flow cytometry, 5S RNA-Broccoli was detected in the cells, and the
brightness of the cells was higher compared to cells containing 5S RNA-tRNA—aptamer. This supports the idea
that the tRNA backbone is often cleaved by cell nucleases and, thus, has a negative effect on the expression of
RNA aptamers. It should be noted that Spinach2 folding requires a tRNA backbone, and no fluorescence was
detected when using the 55 RNA-Spinach2 construct 2.

Expression of the Broccoli-DFHBI-1T and Spinach—DFHBI aptamers in the 16S ribosomal RNA has allowed

ribosomal imaging and provided a unique opportunity for studying translation in prokaryotes 421,

Broccoli-DFHBI-1T and Spinach—DFHBI were inserted into the 5’-hairpin of one of the yeast H/CA small nucleolar
RNAs (snoR30), which is involved in rRNA maturation. The yeast cells were transformed with plasmids containing
these constructs under the control of the GAL promoter. The growth of the transformants did not significantly differ
from the growth of the parent line; aptamers did not disrupt the localization and function of snoR30 and provided

fluorescence in the nucleoli 421,

The Spinach2—tRNA and Broccoli-F30 aptamers were used to study the regulation of RNA synthesis of the SINV
virus, which can cause seasonal outbreaks of rash and arthritis in humans and encephalomyelitis in experimentally

infected mice. Consequently, aptamers were inserted into the 3'UTR of viral RNA. The resulting recombinant
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viruses replicated well in nerve cells and BHK fibroblast cell culture. The fluorescence level correlated with the
Broccoli-F30 copy number [43],

On the basis of the Broccoli aptamer, a fluorometric RNA substrate was developed, the fluorescence of which was
proportional to the activity of RNA-modifying enzymes. Thus, a variant of the aptamer with modified nucleotides,
such as N6-methyladenosine (m6A), was synthesized. Such an aptamer is unable to function normally, or restore
its function, and special demethylases are required to restore its function. This approach facilitates the search for
not only enzymes that modify RNA but also for their inhibitors and factors that affect the levels of RNA methylation

in living cells (441,

New split RNA aptamers were developed to evaluate RNA co-transcriptional folding, RNA-RNA interaction
dynamics, and RNA aptamer assembly in vivo. The split RNA aptamer consists of a pair of oligonucleotides that re-
associate, when located in close proximity, and form the entire aptamer that can bind to the fluorophore and exhibit
fluorogenic properties. A split Broccoli consisting of two strands of RNA—Broc and Coli—was developed,
demonstrating high but incomplete complementarity. The dependence of the fluorescence of F30-Broccoli cleaved
aptamers on temperature, the concentration of magnesium ions, and the presence of certain oligonucleotides allow

these aptamers to be used as “molecular thermometers”, biosensors, and “molecular switches” [42148]147],

Thus, aptamers can be used for biological imaging of nucleic acid and to study their dynamics in the cell and,
therefore, studying the regulation of gene expression and metabolism. In addition, aptamers play important roles as
biosensors for proteins and various other metabolites (see reviews by Dolgosheina, Unrau; Trachman et al.) 13]24],
RNA aptamers are used as a platform for creating effective antibacterial drugs that can independently inactivate
bacterial cells and block the action of toxins secreted by pathogens, as well as other virulence factors 8],
Aptamers have wide medical applications in the diagnosis and treatment of diseases (see reviews by Asha et al.;
Morita et al.; Dammes and Peer) [421351],

Hybrid RNA-DNA molecules represent another variant of aptamers. The therapeutic potential of the RNA-DNA
aptamer has been demonstrated for the treatment of melanoma. When these structures enter the cells, si-RNA and
DS-DNA are released. si-RNA suppresses the mutated BRAF gene in melanoma cells. DS-DNA, which contains
the binding site for NF-kB, holds it in the cytoplasm and blocks the activation of the NF-kB pathway, which
increases the death of melanoma cells treated with vemurafenib 221,

A promising application of aptamers is targeted drug delivery, among which microRNAs and siRNAs are the most
important. However, the bottleneck remains in effectively delivering the RNA to the target with minimal damage to

healthy cells and tissues. These problems are partially solved thanks to nanoparticles 321541,
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