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ARTICLE INFO ABSTRACT
Keywords: One of the most significant challenges in capturing and detecting biomarkers is the choice of an appropriate
Pre-miRNA-149 biomolecular receptor. Recently, RNA G-quadruplexes emerged as plausible receptors due to their ability to

RNA G-quadruplex
Nucleolin
G-quadruplex ligands
Molecular receptors

recognize with high-affinity proteins. Herein, we have unveiled and characterized the capability of the precursor
microRNA 149 to form a G-quadruplex structure and determined the role that some ligands may have in its
folding and binding capacity to nucleolin. The G-quadruplex formation was induced by K" ions and stabilized by
ligands, as demonstrated by nuclear magnetic resonance and circular dichroism experiments. Surface plasmon
resonance measurements showed a binding affinity of precursor microRNA 149 towards ligands in the micro-
molar range (107°-107 M) and a strong binding affinity to nucleolin RNA-binding domains 1 and 2 (8.38 x
1071% M). Even in the presence of the ligand PhenDC3, the binding remains almost identical and in the same
order of magnitude (4.46 x 107!° M). The molecular interactions of the RNA G-quadruplex motif found in
precursor miRNA 149 (5-GGGAGGGAGGGACGGG- 3') and nucleolin RNA-binding domains 1 and 2 were
explored by means of molecular docking and molecular dynamics studies. The results showed that RNA G-
quadruplex binds to a cavity between domains 1 and 2 of the protein. Then, complex formation was also
evaluated through polyacrylamide gel electrophoresis. The results suggest that precursor microRNA 149/ligands
and precursor microRNA 149/nucleolin RNA-binding domains 1 and 2 form stable molecular complexes. The in
vitro co-localization of precursor microRNA 149 and nucleolin in PC3 cells was demonstrated using confocal
microscopy. Finally, a rapid and straightforward microfluidic strategy was employed to check the ability of
precursor microRNA 149 to capture nucleolin RNA-binding domains 1 and 2. The results revealed that precursor
microRNA 149 can capture nucleolin RNA-binding domains 1 and 2 labeled with Fluorescein 5-isothiocyanate in
a concentration-dependent manner, but PhenDC3 complexation seems to decrease the ability of precursor
microRNA 149 to capture the protein. Overall, our results proved the formation of the G-quadruplex structure in
the precursor microRNA 149 and the ability to recognize and detect nucleolin. This proof-of-concept study could
open up a new framework for developing new strategies to design improved molecular receptors for capture and
detection of nucleolin in complex biological samples.
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1. Introduction

In the last few years, several studies have investigated the ability of a
significant number of biomolecular agents to selectively recognize
cancer biomarkers (Huang et al., 2021; Sun et al., 2016). Among the
investigated bioreceptors for protein in cancer, G-quadruplex (G4)
molecules seem to be promising biosensing agents (Li et al., 2016). The
G4s found in RNA, can adopt a parallel topology and exhibit greater
stability, which makes them more suitable to be used as biosensing
agents (Kharel et al., 2020).

Precursor microRNAs (pre-miRNAs), adopting G4 structure, have
been described as structures with high stability, as previously showed
for pre-miRNA-149 (Kwok et al., 2016), pre-miRNA-92b (Mirihana
Arachchilage et al., 2015) and pre-miRNA-26a (Liu et al., 2020). The
folding of the RNA into a G4 is dependent on the presence of specific
cations in solution and could be modulated by the addition of stabili-
zing/destabilizing small molecules (Tao et al., 2021). In the presence of
K" ions and/or ligands that stabilize G4 formation, like pyridostatin
(PDS), the pre-miRNA-149 adopts a G4 form, which prevents
miRNA-149 biogenesis, and in absence of ions and ligands the biogen-
esis of miRNA-149 remains unaffected (Kwok et al., 2016). On the other
hand, in the presence of tetra-(N-methyl-4-pyridyl)porphyrin
(TMPyP4), the pre-miRNA-149 G4 is disrupted leading to a restoration
of miRNA-149 biogenesis (Ghosh et al., 2019). Recently, we have
characterized the RNA G4 (rG4) region of pre-miRNA 149 (5 -
GGGAGGGAGGGACGGG - 3) and pre-miRNA 92b (5
GGGCGGGCGGGAGGG - 3') and proved its high affinity and specific
interaction with nucleolin (NCL) (Santos et al., 2020, 2019).

NCL is a key protein involved in several cellular functions controlling
different RNA and DNA metabolism components, including ribosome
biogenesis, ribosomal RNA maturation, ribosomal DNA transcription,
and chromatin structure (Jia et al., 2017; Ugrinova et al., 2018). Also, it
has been reported that NCL is an accessory protein in miRNA biogenesis
and controls the induction of apoptosis (Pickering et al., 2011). NCL is
mainly located at the cell nucleolus and nucleoplasm (Ugrinova et al.,
2018), and it is also found in the cytoplasm and on the cell membrane,
affecting many biological functions (Koutsioumpa and Papadimitriou,
2014). The overexpression of NCL and increased localization at the cell
membrane has been shown in several cancer types (Berger et al., 2015;
Hovanessian et al., 2000). Its ability to bind molecules in the surface of
cancer cells associated with its capability to internalize molecules, make
NCL a promisor target for the development of novel specific agents.

The G4 aptamer AS1411 has been developed for targeting nucleolin
(NCL) and showed promising activity against metastatic renal cell car-
cinoma and acute myeloid leukemia (Bates et al., 2017; Rosenberg et al.,
2014). However, in the last years has also been employed as a biosensing
and bioimaging agent to selectively detect nucleolin (Miranda et al.,
2021b; 2021a).

Ultrasensitive detection of NCL is of utmost importance in the
diagnosis and prognosis of cancer (Chalfin et al., 2017). In the past
years, several proof-of-concept tools have been designed for the detec-
tion of NCL through simple, rapid, sensitive and specific applications
(Chalfin et al., 2017). Indeed, recent studies have documented the use of
microfluidics to detect NCL in cancer cells based on anti-nucleolin
AS1411 or locked nucleic acid (LNA) aptamers (Li et al., 2016; Mar-
emanda et al., 2015; Miranda et al., 2021a).

In this work, we have confirmed the formation of the RNA G4 in pre-
miRNA-149 and its ability to recognize NCL by different computational
and experimental methods. Overall, this study could foster the devel-
opment of new molecular recognition agents that specifically detect
NCL.
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2. Materials and methods
2.1. Bioinformatic analysis

pre-miRNA-149 sequences were obtained from miRBase version 22.1
(Kozomara and Griffiths-Jones, 2014). The human pre-miRNA-149
sequence was analysed using QGRS-mapper algorithm (Kikin et al.,
2006) and G4RNA screener tool (Garant et al., 2018), which includes the
scoring systems of G4Hunter (Brazda et al., 2019), ¢GcC (Beaudoin
et al.,, 2014) and G4NN (Garant et al., 2017). The default parameters
were applied for QGRS-mapper analysis. For G4RNA screener tool
analysis, the default parameters were applied except for the size of the
window that was defined to 89nt. RNA Structure prediction server
(https://rna.urmc.rochester.edu/RNAstructureWeb/) was wused to
determine the predicted hairpin secondary structure of pre-miRNA-149.
The pairwise alignment of pre-miRNA-149 sequences from several spe-
cies was performed using Multiple Alignment Fast Fourier Transform
(MAFFT v7 server - https://mafft.cbre.jp/alignment/server/) with
default options. The graphical alignment and conservation of the rG4
region were visualized with Jalview v2.11.1.3 software.

2.2. Oligonucleotides and ligands

All oligonucleotides were obtained from Eurofins (USA) with HPLC-
grade purification. Oligonucleotide stock solutions of approximately
100 uM were prepared using DEPC water (Sigma-Aldrich, USA) and
stored at —80 °C until used. Annealing of oligonucleotide sequences was
performed in 20 mM phosphate buffer (10 mM KH5PO4, 10 mM KoHPOy,
pH 7.1) supplemented with 100 mM KCl by heating the samples for 10
min at 95 °C and cooling on ice for 30 min before the experiments.
Synthesis and purification of the ligands 10-(8-(4-iodobenzamide)
octyl))—3,6-bis(dimethylamine) acridinium iodide (Cg) and 10-(8-(4-
iodobenzamide)octyl))—3,6-bis(dimethylamine) acridinium (Cg—NH)
were performed as previously described (Pereira et al., 2017). 3,3'-[1,
10-Phenanthroline-2,9-diylbis(carbonylimino)]bis[1-methyl-
quinolinium] 1,1,1-trifluoromethanesulfonate (PhenDC3) was obtained
from Sigma-Aldrich (USA). The chemical structures of each ligand are
depicted in Fig. 1A. Stock solutions of the compounds were prepared as
10 mM solutions in DMSO (Thermo Fisher Scientific, USA) and their
subsequent dilution was done using nuclease-free water. Fluorescein
5-isothiocyanate (FITC) was also purchased from Sigma-Aldrich (USA).

2.3. Cloning, cell-free expression and purification

The sequence corresponding to NCL RNA binding domains 1 and 2
(NCL RBD1,2) was cloned into a pIVEX 2.4D vector. NCL RBD1,2 was
synthesized in vitro using a cell-free expression system (Imbert et al.,
2021). Briefly, NCL RBD1,2 was expressed in a volume of 9 mL under
RNAse-free conditions in dialysis mode, with 1/10 ratio of the reaction
mixture to feeding mixture for 16 h at 23 °C under gentle agitation. The
cell-free mixture contained 16 pug/mL of pIVEX 2.4D plasmid encoding
the NCL RBD1,2 sequence, 1 mM of each essential amino acid, 0.8 mM of
each rNTPs (guanosine-, uracil-, and cytidine-5'-triphosphate), 55 mM
HEPES (pH 7.5), 68 uM folinic acid, 0.64 mM cyclic adenosine mono-
phosphate, 3.4 mM dithiothreitol, 27.5 mM ammonium acetate, 2 mM
spermidine, 80 mM creatine phosphate, 208 mM potassium glutamate,
16 mM magnesium acetate, 250 ug/mL creatine kinase, 27 pg/mL T7
RNA polymerase, 0.175 pg/mL tRNA, and 400 pL/mL S30 E. coli bac-
terial extract. After incubation, the reaction mixture was diluted in
binding buffer (50 mM HEPES (pH 7.5), 300 mM NaCl, and 10 mM
imidazole) to a final volume of 45 mL and centrifuged for 45 min at 36,
000 g at 4 °C. Thereafter, the supernatant was applied onto a 5 mL
Ni-NTA column that had been previously equilibrated in binding buffer
at 4 °C. The column was washed with 5% of elution buffer (50 mM
HEPES (pH 7.5), 300 mM NaCl, and 500 mM imidazole) to eliminate
residual contaminants and the protein was eluted with 50% of elution
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Fig. 1. (A) Chemical structures of Cg, Cg—NH, and PhenDC3. (B) G4 scores of pre-miRNA-149 predicted by using QGRS-Mapper, G4Hunter, cGcC and G4NN. (C)
Predicted secondary structure of pre-miRNA-149 showing miRNA-149-5p, miRNA-149-3p and the rG4 region. (D) Pairwise alignment and conservation of pre-

miRNA-149 sequences found in several species.

buffer. Fraction containing the NCL RBD1,2 was pooled and concen-
trated on a 10-kDa cut-off membrane. The purity of each fraction was
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and the protein was identified through western blot anal-
ysis using the primary anti-NCL antibody (Thermo Fisher, ref.
PA3-16875).

2.4. NMR spectroscopy

Standard 'H NMR spectra with water suppression using excitation
sculpting (acquired with zgesgp pulse program from the Bruker pulse
program library) were acquired on a 600 MHz Bruker Avance III spec-
trometer with a QCI cryoprobe. Pre-miRNA-149 was used at a concen-
tration of approximately 20 pM with a total volume of 200 pL in a 3 mm
NMR tube, annealed as described above and supplemented with 10%
D0 (Eurisotop, France). The spectrum was acquired and processed with
the software Topspin 3.1. Figures were prepared using TopSpin 4.0.6.
Chemical shifts (8) are reported in ppm.

2.5. Circular dichroism

CD spectra were acquired in a Jasco J-815 spectrometer (Jasco,
USA), using a Peltier temperature controller (model CDF-426S/15). pre-
miRNA-149 sequence was annealed as previously described. Unless
otherwise stated, a 1 mm path-length quartz cuvette (Hellma, Germany)
was used with pre-miRNA-149 at 10 uM in 20 mM lithium cacodylate
buffer (Sigma-Aldrich, USA) at pH 7.2, supplemented with KCl (Thermo
Fisher Scientific, USA). The required volume for the titrations was added
directly to the quartz cell. The CD melting experiments were performed
in the temperature range of 20-100 °C, with a heating rate of 2 °C/min
by monitoring the ellipticity at 262 nm. Spectra acquisition was per-
formed in the absence and presence of increasing concentrations of KCl
or ligands. Data was converted into fraction folded (f) plots.

CD — CDy™"

f= -
CDT” _ CDTM

(€Y

Data points were then fitted to a Boltzmann or bi-dose response
distribution equations (OriginPro 2016) and the melting temperatures
were determined.

2.6. Molecular docking and molecular dynamics simulations

The minimized model of the rG4 found in pre-miRNA-149 (5'-
GGGAGGGAGGGACGGG- 3) was recently built and described by some of
us (Carvalho et al., 2020), was used as a target for molecular docking
studies. The rG4 structure and the NCL RBD1,2 (PDB: 2KRR) solution
structure were optimized for docking using the Dock Prep tool of
Chimera 1.15. After assigning polar hydrogens and Gasteiger charges,
docking simulations were carried with AutoDock 4.2.6 program using
Lamarckian genetic algorithm. The size of the box was constrained to
100 x 100 x 100 A along the x, y, and z axes, respectively, with a grid
spacing of 0.375 A. A total of 10 runs were performed with an initial
population of 150 random individuals, a maximum number of evalua-
tions set to 2.5 x 107, the rate of mutation and crossover set to 0.02 and
0.8, respectively, and an elitism value of 1. The most representative
structures were selected based on the binding free energy and further
processed with MD simulations the all-atom force field AMBER99SB of
GROMACS 2020.6 package. For MD simulations, the rG4/NCL RBD1,2
complex was centered in an octahedral box and solvated with TIP3P
water molecules and K atoms to neutralize the system. After an energy
minimization of 1000 steps using the steepest descent algorithm, the
system was gradually heated to 300 K in 100 ps under the control of
Berendsen thermostat followed by 100 ps isobaric simulation under the
control of the Parrinello-Rahman barostat. Finally, explicit solvent MD
runs of 100 ns were performed for rtG4/NCL RBD1,2 complex at constant
temperature (300 K) and pressure (1 atm). The Particle mesh Ewald
(PME) method was used for calculating long-range electrostatic in-
teractions. A 1 nm cut-off was applied to short-range Lennard-Jones
interactions. Coordinates were collected in trajectory files every 10 ps.
All molecular images were rendered using UCSF ChimeraX. 2D diagrams
of G4/NCL RBD1,2 complex were determined by using LigPlot+ v.2.2.4.
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2.7. Non-denaturing polyacrylamide gel electrophoresis

Non-denaturing polyacrylamide gel (15%) electrophoresis was used
to visualize the oligonucleotides. pre-miRNA-149 samples were pre-
pared at a concentration of approximately 1 pM. Sucrose (Sigma-
Aldrich, USA) was added to the samples at a final concentration of 23%.
Oligonucleotide marker was loaded in parallel on the gel. The pre-
miRNA-149 sequence was injected with and without KCl. A molar
ratio of 1:1 of pre-miRNA-149/ligand and pre-miRNA-149/NCL RBD1,2
was prepared and the mixture was incubated for 30 min. The supra-
molecular complexes of pre-miRNA-149/ligand/NCL RBD1,2 were
prepared at a molar ratio of 1:1:1. Electrophoresis was performed at 2 W
per gel to reach a temperature close to 20 °C. After electrophoresis, the
gel was stained by Stains-All solution (Sigma-Aldrich, USA) for 30 min
under gentle agitation. Thereafter, the gel was incubated for 2 h in water
for discolouration under the light before visualization.

2.8. Surface plasmon resonance (SPR)

All SPR measurements were carried out on a Biacore T200 (Biacore,
GE Healthcare, Sweden) with a SA (streptavidin-coated sensor chip)
sensor chip (GE Healthcare, Sweden). The biotin-labeled pre-miRNA-
149 sequence (25 nM) was dissolved in 20 mM phosphate buffer (10 mM
KH3PO4, 10 mM KoHPOu4, pH 7.1) supplemented with 100 mM KCl and
annealed as above described. Meanwhile, the sensor chip was equili-
brated with running buffer at 25 pL/min for 1 h. Activation buffer (1 M
NaCl, 50 mM NaOH) was injected for 3 min seven times to remove
unbound streptavidin from the sensor chip. After that, in order to ensure
surface stability, two primes with running buffer were performed and
the buffer was flowed for 10 min at a flow rate of 1 pyL/min. Manual
inject was used to immobilize biotin-labeled pre-miRNA-149 on flow
cell 2 (100 pL of a 25 nM pre-miRNA-149) and the injection was stopped
after the desired level was reached (~ 250 RU to minimize mass trans-
port effects). Flow cell 1 was used as a control and is left blank for
subtraction.

For kinetic/affinity analysis, each ligand and NCL RBD1,2 were
serially diluted in running buffer. All experiments were performed in
triplicate at 25 °C. Each ligand and NCL RBD1,2 were injected from low
to high concentrations during 75 s with a flow rate of 50 pL/min, fol-
lowed by dissociation of 600 s. Surface regeneration was achieved by
injecting two pulses of 30 s of 10 mM glycine/HCl pH 2.5, and the next
three 60 s injections of running buffer to remove any trace of regener-
ation solution.

BiaEvaluation Software was used for data analysis and the likelihood
of fittings was assessed through the statistical parameters of ChiZ and U-
value. All sensorgrams were double corrected for non-specific binding
and refractive index changes (bulk effect) by subtracting the signals of
an equivalent injection across the reference flow cell 1. The equilibrium
dissociation constant Kp was obtained by plotting the response at
equilibrium (Req) versus the analyte concentration and then fitted as a
Langmuir isotherm:

__ [Analyte]Rmax

Req — 2P
e Kp + [Analyte]

Rmax is the analyte binding capacity and RI is the bulk refractive
index contribution of the sample, which is assumed to be the same for all
the injections and used as the Response-axis offset.

2.9. Fluorescein isothiocyanate (FITC) labeling

FITC was used to attach a fluorescent label to NCL RBD1,2 via the
amine group. The isothiocyanate group reacts with amino terminal and
primary amines in NCL RBD1,2. Briefly, 2 mg/mL of NCL RBD1,2 was
dissolved in 0.1 M sodium bicarbonate buffer (pH 8.3). Then, FITC
dissolved in DMSO (10 mg/mL) was added to the solution. The reaction
mixture was incubated for 4 h with continuous stirring. To remove the
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unbounded FITC, the mixture was washed on a 10-kDa cut-off
membrane.

The labeling of pre-miRNA-149 with the FITC dye was performed
using 100 pg of pre-miRNA-149. The mixture was added to 71 uL of
labeling buffer (0.020 g of sodium (di)tetraborate in 1 mL of H20) and 2
uL of FITC (100 mg of FITC in 200 pL of sterile DMSO). Thereafter, the
solution was stirred for 4 h at RT, protected from light. Finally, pre-
miRNA-149 was incubated with 3 M NaCl and 2.5 vol of absolute
ethanol and incubated overnight at —20 °C. Excess FITC was removed by
centrifugation at 12,000 g for 30 min at 4 °C. After centrifuging, the
pellet was washed with 75% ethanol twice, followed by a 5 min
centrifugation at 12,000 g (4 °C).

2.10. Confocal microscopy

PC3 cell line was grown in RPMI medium supplemented with 10%
(v/v) FBS and 1% (v/v) penicillin-streptomycin. Cultures were main-
tained in a humidified chamber at 37 °C and 5% CO2. Cells were sub-
sequently harvested and seeded in p-Slide 8-well flat bottom imaging
plates (Ibidi GmbH, Germany) at a plating density of 5 x 10* cells/well
and incubated for cell attachment for 24 h at 37 °C and 5% CO-.
Thereafter, cells were incubated with the primary anti-NCL polyclonal
antibody (Thermo Scientific, USA) for 2 h at 37 °C. Following primary
antibody incubation, cells were washed 3 x with fresh serum-free me-
dium and incubated with secondary antibody anti-rabbit IgG conjugated
with Alexa Fluor® 647 (Thermo Scientific, USA) for 1 h at 37 °C.
Thereafter, cells were washed 3 x with fresh serum-free medium and
stained with Hoechst 33,342® nuclear probe (1 pM) for 10 min. Sub-
sequently, the cells were incubated with pre-miRNA-149 (10 pM)
labeled with FITC and incubated for 12 h at 37 °C and 5% CO». There-
after, the cells were transferred to a Zeiss LSM 710 confocal laser
scanning microscope (CLSM; Carl Zeiss SMT Inc., USA) equipped with a
plane-apochromat 63 x /DIC objective and processed in Zeiss Zen (SP2,
2010), in order to evaluate the cellular uptake. The fluorescence images
were obtained at 63 x magnification.

2.11. Microfluidic experiments

Polydimethylsiloxane (PDMS) microfluidic devices were fabricated
using standard mold replication techniques, as previously described
(Pinto et al., 2017). The device was designed to have two-channel
heights to allow the holding of the beads inside the channel. The
packing of streptavidin beads was carried out as previously detailed
(Pinto et al., 2017). Briefly, the liquids were driven inside the micro-
channel using a syringe pump exerting a negative pressure at the outlet
(NE-1002X, New Era Pump System Inc., USA). The beads were first
suspended in a solution of 20% (w/w) polyethylene glycol 8000 (PEG)
(Sigma-Aldrich, USA) and packed inside the channel at a flow rate of 7
pL/min, followed by a washing step with 20 mM phosphate buffer (10
mM KHyPOg4, 10 mM KoHPOy, pH 7.1) supplemented with 100 mM KCIL
at a flow rate of 7 pL/min.

Thereafter, the pre-miRNA-149 (5 uM) was incubated with PhenDC3
at 1 molar equivalents during 10 min. After that, different concentra-
tions of NCL RBD1,2 labeled with FITC were added and incubated for 30
min. The experiment was carried out at a flow rate of 1 pL/min for 30
min. Finally, the channels were washed with 20 mM phosphate buffer
(10 mM KH5POy4, 10 mM Ky;HPOy, pH 7.1) supplemented with 100 mM
KCl at a flow rate of 5 uL/min for 2 min to remove non-specifically
bound molecules. All fluorescence images were acquired with an
exposure time of 2 s in an Axio Imager Z2 microscope using 579 nm as
the excitation wavelength (BP 565/30) and collecting the emission at
591 nm (BP 620/60) and processed in Zeiss Zen Software (SP2, 2010)
and ImageJ (National Institute of Health, USA). Fluorescence emission
values were obtained by averaging the entire end-section of the micro-
columns. For every individual experiment, new structures with fresh
functionalization steps were performed. ImageJ was used to analyze the
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fluorescence images.
3. Results
3.1. Bioinformatic analysis of pre-miRNA-149 G4

The ability of pre-miRNA-149 to adopt a G4 structure was investi-
gated by means of an in silico approach using the QGRS-mapper algo-
rithm (Kikin et al., 2006) and the G4RNA screener tool (Garant et al.,
2018), which includes the scoring systems of G4Hunter (Brazda et al.,
2019), ¢GeC (Beaudoin et al., 2014) and G4NN (Garant et al., 2017). The
results highlighted G4 scores of 41, 0.5506, 2.5333 and 0.2407 for
QGRS-mapper, G4Hunter, cGcC and G4NN, respectively (Fig. 1B). The
G4 sequence in pre-miRNA-149 (Fig. 1C) identified by the
QGRS-mapper algorithm was 5-GGGAGGGAGGGACGGG-3'. Next, the
conservation of the G4 sequence in several species was evaluated by a
pairwise alignment of pre-miRNA-149 sequences using Multiple Align-
ment Fast Fourier Transform (MAFFT v7 server - https://mafft.cbrc.jp/a
lignment/server/). The results showed that the rG4 region of
pre-miRNA-149 is highly conserved among the different species
(Fig. 1D).

3.2. pre-miRNA-149 G4 formation

The ability of pre-miRNA-149 to form a G4 structure in the presence
of K was assessed by means of 1D 'H NMR spectroscopy and CD
measurements (Fig. 2). As seen in Fig. 2A, the IH NMR spectrum
revealed proton resonances in both the G4 (10-12 ppm) and Watson—
Crick (12-14.5 ppm) regions. The resonances in the Watson-Crick region
are sharp and well resolved, while we observe intense overlapped sig-
nals in the G4 imino proton region. Therefore, in order to assess the
formation and stability of the G4 form by pre-miRNA-149, we performed
CD measurements to optimize the annealing of the G4 structure. The
results depicted in Fig. 2B showed that upon increasing temperature to
95 °C and cooling the sample in ice, the positive band with maximum
ellipticity at 265 nm exhibits a slight shift to 261 nm. The structure also
remains stable throughout 24 h and 48 h of incubation at 4 °C.

3.3. Evaluation of K' dependence in the formation of pre-miRNA-149 G4

CD measurements of the pre-miRNA-149 in the absence and presence
of increasing amounts of KCl were performed to further check the in-
fluence of K ions in the formation of the G4 structure by pre-miRNA-
149. As seen in Fig. 3A, upon titration with KClI of the pre-miRNA-149
solution, a noticeable increase in the band intensity was observed

A)

Watson-Crick duplex G-quadruplex

T T T T
11.0

1

10.5 ppm
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after addition of 10 mM KCIl. The CD profile was conserved and is
characteristic of a parallel G4 topology. In fact, it is possible to notice
that the band intensity is K™ dependent. These K*-dependent amplitude
changes in CD bands are indicative of G4 formation. In order to inves-
tigate the thermal stability of pre-miRNA-149 in the presence of K™, CD
melting experiments were carried out. As expected, and highlighted in
Fig. 3B and Table S1, upon titration with increasing amounts of KCl, the
thermal stability of pre-miRNA-149 increases from 57.6 + 0.2 °C to 76.4
+ 1.3 °C in the absence and the presence of 20 mM KCl, respectively. In
the presence of 50 mM and 100 mM of KCl, the melting curves could not
be fitted by the Boltzmann equation due to high thermal stabilization.

3.4. Effect of G4 ligands on pre-miRNA-149 stability

The (de)stabilization of the G4 formed by pre-miRNA-149 could be
significantly modulated by using ligands that decrease or increase the
partially folded states of the G4 structure. Herein, we studied the effect
of acridine orange (Cg and Cg—NHj) and phenanthroline (PhenDC3)
derivatives on pre-miRNA-149. The influence of these ligands on the G4
structure and stability was investigated using CD titrations and CD
melting experiments, respectively. The results revealed important find-
ings and are highlighted in Fig. 4. The increase in the band intensity was
more prominent in Cg (Fig. 4A) and PhenDC3 (Fig. 4C) ligands. Cg—NH,
(Fig. 4B) also demonstrated an increase in the band intensity but less
prominent.

CD melting experiments were conducted in order to quantify the
thermal stabilization of pre-miRNA-149 by ligands (Fig. 4D-E and
supplementary Table S2). The results agree with those observed in CD
titration experiments. The initial melting temperature of pre-miRNA-
149 in the presence of 20 mM lithium cacodylate buffer supplemented
with 1 mM KCl was 61.9 + 0.2 °C. Upon addition of 2 molar equivalents
of Cg—NHj,, the melting temperature was only 63.4 + 0.4 °C. In the
presence of 2 molar equivalents of Cg, the signature of melting curves
suggests the presence of two pre-miRNA-149 species, since two distinct
melting points were obtained from data (Tp,' = 64.5 + 1.9 °C and Ty,2 =
96.3 £ 2.5 °C). In the presence of 2 molar equivalents of PhenDC3, the
melting temperature decreased to 58.9 + 0.6 °C.

3.5. Insilico analysis of the interaction between NCL RBD1,2 and G4
motif found in pre-miRNA-149

The interaction of the rG4 found in pre-miRNA-149 (5'-GGGAGG-
GAGGGACGGG- 3') with NCL RBD1,2 was assessed by molecular
docking and molecular dynamics (MD) simulations. Recently, some of us
described the predicted model of the G4 structure (Carvalho et al.,
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Fig. 2. (A) 1D 'H spectra of pre-miRNA-149 in the presence of K showing the Watson-Crick and G4 regions. (B) CD spectra of pre-miRNA-149 before and after
annealing and in the absence and presence of K. Inset: Zoom of the maximum positive band.
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Fig. 3. (A) CD spectra of pre-miRNA-149 in 20 mM lithium cacodylate buffer in the absence and presence of increasing concentrations of KCI. (B) CD melting curves
at 10 uM in the absence and presence of increasing concentrations of KCl. Data points were recorded at 262 nm.
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points were recorded at 262 nm.

2020). Considering that the solution structure of the full-length NCL
remains unknown, we have used the available solution structure of NCL
RBD1,2 (PDB: 2KRR) for the in silico analysis. The best docking
conformer in terms of the lowest free binding energy was used to
perform the molecular dynamics studies. The complex G4/NCL RBD1,2
after 100 ns simulation was depicted in Fig. 5A (side and top view). MD
simulations showed that rG4 structure binds to NCL RBD1,2 in the
binding cavity between RBD1 and RBD2. Fig. 5B shows the RMSD
fluctuations of the G4/protein, protein, and G4 for complex G4/NCL
RBD1,2. The visual analysis of the trajectories proved that the structures
were stable throughout the simulation (100 ns). Although an initially,
noticeable, RMSD fluctuation of the G4/protein and protein, the RMSD
value seems to stabilize after 40 ns of simulation. Additionally, inter-
molecular hydrogen bonding is one of the main driving forces contrib-
uting to macromolecule and ligand binding. Hydrogen bonds observed
between NCL RBD1,2 and G4 structure are shown in supplementary
Table S3. Notably, most G4 residues act as hydrogen acceptors in the
intermolecular hydrogen bonds except A4 and G5 residues, which act as
hydrogen donors (Fig. 5C).

3.6. Evaluation of the formation of the pre-miRNA-149/ligand, pre-
miRNA-149/NCL and pre-miRNA-149/ligand/NCL molecular complexes

The complex formation of the pre-miRNA-149 and pre-miRNA-149/
ligands with NCL was determined by PAGE (Fig. 6). The oligonucleo-
tides were diluted to 1 pM in 20 mM phosphate buffer, in the presence
and absence of 100 mM KCl. The complex with ligands/NCL was pre-
pared in a 1:1 ratio. The gel showed an intense band in the presence of
20 mM phosphate buffer, suggesting a major dominant folding form in
solution (lane 1). Since the samples were annealed before their loading
on the gel, it is possible that the annealing could have promoted the
formation of the G4 structure with 20 mM phosphate buffer. In the
presence of 100 mM KCl, the pre-miRNA-149 seems to adopt the same
electrophoretic profile as in the presence of 20 mM phosphate buffer
(Fig. 6A, lane 2). Considering these results, we proposed that the
dominant folding form in solution could be the G4 form of pre-miRNA-
149. Thereafter, to evaluate the effect of the ligands in pre-miRNA-149
molecularity, we incubated the pre-miRNA-149 sequence with ligands.
The results revealed that pre-miRNA-149 in the presence of the ligands



T. Santos et al.

A

Side view

0.25-

S’M bl b \
Ml

f‘ ’ M"“"“www‘eww\mmwﬁwawm L

0 25 .50 75
Time (ns)

100

European Journal of Pharmaceutical Sciences 169 (2022) 106093

Fig. 5. In silico analysis of G4/NCL RBD1,2 complex. (A) Final snapshots of side and top view of the G4/NCL RBD1,2 complex after 100 ns MD production. G4
structure is depicted in blue with the backbone in light gray. K™ cations are depicted as purple spheres. NCL RBD1,2 is represented in green and contact residues of
the protein are highlighted in orange. H-bonds are shown in cyan, while labels are shown in red. (B) RMSD plot of the G4/protein (green), protein (black), and G4
(red) for complex G4/NCL RBD1,2. (C) Ligplot + image showing site-specific hydrogen bonding and hydrophobic interactions of NCL RBD1,2 residues and rG4
residues A4 and G5. Hydrogen bonds are depicted in dashed green lines and hydrophobic interactions in red.

retains its initial molecularity (Fig. 6A, lanes 3,4 and 5), which cor-
roborates that the dominant folding form in solution is the G4 form.
Upon addition of NCL RBD1,2, it is worth noticing that the band cor-
responding to pre-miRNA-149 was less intense (Fig. 6B, lane 2), sug-
gesting the binding of almost all pre-miRNA-149 G4 to NCL RBD1,2. An
intense band corresponding to the complex pre-miRNA-149/NCL
RBD1,2 was visible at the high molecular weight. A similar electro-
phoretic profile of pre-miRNA-149 was observed in the presence of G4
ligands and NCL RBD1,2 (Fig. 6B, lanes 3,4 and 5).

3.7. Binding affinity of pre-miRNA-149 and pre-miRNA-149/ligand
complexes towards NCL RBD1,2

SPR biosensor was used to investigate the interaction of pre-miRNA-
149 and ligands and the binding affinity of pre-miRNA-149 or pre-
miRNA-149/ligands towards NCL RBD1,2. Streptavidin sensor chips
were used to capture biotin-labeled pre-miRNA-149. The SPR signal
responses related to the specific interaction with the pre-miRNA-149
were obtained after subtraction of the signals recorded on the refer-
ence flow-cell as well as the running buffer injection by applying a

double referencing procedure. The binding curves demonstrated a fast
association phase and a slow dissociation, which made it necessary to
include glycine pH 2.5 regeneration steps. Thereafter, the SPR signals
returned to the baseline. The K, was obtained by fitting the steady-state
response vs. the analyte concentration by Langmuir isotherm according
to a 1:1 binding stoichiometry (supplementary Fig. S1). The values are
depicted in Table 1. For all ligands, the binding affinities were in the
concentration range 107°-10"® M. On the other hand, the binding af-
finities of pre-miRNA-149 and pre-miRNA-149/NCL RBD1,2 were 8.38
x 1071% M and 4.46 x 10719 M, respectively.

3.8. Co-localization of NCL with pre-miRNA-149 in cancer cells

Once the binding affinity and influence of the G4 ligands have been
characterized, the recognition of NCL by pre-miRNA-149, labeled with
FITC, was performed in a cellular context via confocal microscopy.
Nuclei are stained with Hoechst 33,342® and are displayed in blue. The
primary anti-NCL antibody conjugated with the secondary antibody
AlexaFluor 647® (red) was used to localize cell surface NCL. Pre-
miRNA-149 was labeled with FITC (green) to allow its location in
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Fig. 6. PAGE under native conditions of pre-miRNA-149 in (A) absence (Lane
M - migration marker; lane 1 — pre-miRNA-149 in the presence of 20 mM
KoHPO,4/KH3POy; lane 2 — pre-miRNA-149 in the presence of 20 mM K;HPO4/
KH,PO, supplemented with 100 mM KCI; lanes 3 to 5 — pre-miRNA-149/ligand
complexes (with 1 molar eq. of Cg, Cg—NHj, and PhenDC3, respectively) and in
the (B) presence of NCL RBD1,2 (1 uM) (Lane M - migration marker; lane 1 —
NCL RBD1,2 (1 uM); lane 2 - pre-miRNA-149 in the presence of 20 mM
K,HPO4/KH,PO,4 supplemented with 100 mM KCl; lanes 3 to 5 — pre-miRNA-
149/ligand complexes (with 1 molar eq. of Cg, Cg—NH, and PhenDC3,
respectively). The gel was supplemented with 10 mM KCI. Migration markers
were oligothymidylate single-stranded DNA (n = 30, 60 and 90).

30 nt -

Table 1
Kp (M) constant values of pre-miRNA-149 measured by SPR
biosensor and obtained by the Langmuir isotherm.

Ligand Kp (M)

Cs 9.29 x 107°
Cg NH, 112 x 107°
PhenDC3 7.94 x 107
NCL RBD1,2 8.38 x 107 1°
PhenDC3/NCL RBD1,2 4.46 x 10710

cancer cells. As depicted by Fig. 7, pre-miRNA-149 was able to co-
localize with NCL-positive regions. The cytoplasm and surface of the
cells in the merged image were depicted in orange, which means the
merge of red and green colors from anti-nucleolin antibody and pre-
miRNA-149-FITC, respectively. In addition, inside some cells, we
found free pre-miRNA-149, which probably means the internalization of
pre-miRNA-149 and its release from nucleolin inside the cell. These
promisor results confirmed the potential of pre-miRNA-149 G4 as a
molecular recognition agent to detect cell surface NCL in cancer cells.

3.9. Capture of NCL RBD1,2 by a pre-miRNA-149-based microfluidic
platform

In order to confirm the ability of pre-miRNA-149 to capture NCL
RBD1,2, we have used a microfluidic platform that allows the capture
and fluorescence detection of NCL RBD1,2. The microfluidic assay was

Hoechst 33342 Nucleolin
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carried out with the pre-miRNA-149 G4, modified in 5’ end with biotin,
previously annealed, and immobilized in streptavidin sepharose beads.
The approach is similar to that performed in SPR biosensor. The strep-
tavidin beads with pre-miRNA-149 G4 immobilized were flowed
through the microfluidic platform and due to a biophysical entrapment
were confined into the microchannel. In order to detect the NCL RBD1,2
captured by pre-miRNA-149, the protein was labeled with FITC and was
injected into the microchannel at different concentrations (0.25, 0.5,
1.25, 2.5 and 5 uM). The results shown in Fig. 8 demonstrated that NCL
RBD1,2 was detected in a concentration-dependent manner.

4. Discussion

Human pre-miRNA-149 was previously characterized as a G4-
forming molecule and since then has been taking the attention of the
researchers due to its capability to regulate miRNA biogenesis and to
target G4-binding proteins (Ghosh et al., 2019; Kwok et al., 2016).
Recently, using different experimental techniques we have character-
ized the G4 sequence (5'-GGGAGGGAGGGACGGG-3') found in
pre-miRNA-149 (Santos et al., 2019). However, in biological context,
the adjacent nucleotides of a given G4 sequence can have a tremendous
impact on G4 formation, since G-richness (the fraction of guanines in the
sequence) and G-skewness (G/C asymmetry between the complemen-
tary nucleic acid strands) are important parameters for the in vivo for-
mation of G4 structures (Klimentova et al., 2020; Santos et al., 2021).
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Fig. 8. Fluorescence intensity of NCL RBD1,2 labeled with FITC and captured
by pre-miRNA-149 or pre-miRNA-149/PhenDC3 complex immobilized in
streptavidin beads. Different concentrations of protein were flowed through the
microfluidic channel (0.25, 0.5, 1.25, 2.5 and 5 pM).

pre-miRNA-149 Merge

Fig. 7. Confocal microscopy images showing co-localization of NCL and pre-miRNA-149, labeled with FITC. The images showed the cells with nuclear staining by
Hoechst 33,342® (1 pM, blue); pre-miRNA-149 labeled with FITC (10 pM, green); and NCL (red). NCL was labeled with the primary anti-NCL polyclonal antibody
(1:100) and detected with the secondary antibody against IgG conjugated with Alexa Fluor® 647 (1:1000).
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Therefore, in this work, we have characterized the pre-miRNA-149
sequence and the binding and capture of NCL.

Firstly, using an in silico approach, we demonstrated the formation of
a G4 structure by pre-miRNA-149. The results of QGRS-mapper algo-
rithm revealed the formation of a G4 structure in the sequence 5'-
GGGAGGGAGGGACGGG-3', which was previously characterized
experimentally as a G4-forming sequence (Santos et al., 2019). This G4
oligonucleotide showed important biological capabilities and its loca-
tion in the pre-miRNA-149 sequence suggests a significant
post-transcriptional regulatory role in gene expression, since overlaps
with miRNA-149-3p, an important antitumor miRNA in several types of
cancer (He et al., 2018; Shen et al., 2020; Yang et al., 2017). On the other
hand, the results from computational algorithms G4Hunter, cGecC and
G4NN showed low susceptibility of the pre-miRNA-149 sequence to
adopt a G4 structure. Despite these computational predictions, an initial
study of Kwok et al. experimentally demonstrated the formation of the
G4 structure by pre-miRNA-149 sequence through a method called
SHALIPE, which is derived from the SHAPE method and consists of the
coupling of selective 2'-hydroxyl acylation with a lithium ion-based
primer extension (Kwok et al., 2016). Therefore, it is important to
perform a deeply experimental characterization using different tech-
niques to undoubtedly prove the G4 formation by pre-miRNA-149.

The results from conservation studies also corroborate the impor-
tance of the rG4 region to recognize molecules involved in miRNA
biogenesis. Among the species analyzed in this study, the rG4 region was
shown to be conserved in all of them, which can confirm the biological
relevance of the rG4 region (Pickering et al., 2011). In fact, it has been
previously reported that NCL is involved in miRNA biogenesis of
microRNAs 15a and 16 (Pickering et al., 2011). Recently, a study
developed by Koralewska et al. also demonstrated that G4s bind to
human dicer and inhibit its activity (Koralewska et al., 2021). These
results are of greatest importance because indicated that G4s can play an
important role in the control of miRNA biogenesis.

Once in silico approaches demonstrated the relevance of the G4
structure in the biological context, we employed CD and 'H NMR
spectroscopy to deeply investigate the formation of the G4 structure by
pre-miRNA-149. The results from 'H NMR spectroscopy suggested the
formation of the G4 structure and probably, heterogeneity in the G4
molecularity, as observed by the intense overlapped signals in the G4
imino proton region (10-12 ppm) (Zivkovi¢ et al., 2020). The existence
of Watson-Crick and G4 resonances in the presence of K, suggests that
the formation of the G4 in pre-miRNA-149 is locked by a stem structure
(Miranda et al., 2021b).

The results obtained after addition of 100 mM KCl and annealing,
revealed a slight shift of the positive band, which suggests a reorgani-
zation of the secondary structure. Moreover, the results obtained after
cooling the solution at 4 °C for 24 h or 48 h showed that, after annealing
the solution in each step, pre-miRNA-149 retains its ellipticity. In our
work with the rG4 region (5-GGGAGGGAGGGACGGG-3'), we demon-
strated that the G4 structure is stable for 7 days without changes in the
ellipticity signal intensity, even in the presence of a cellular medium,
supplemented with 10% fetal bovine serum (Santos et al., 2019). The G4
formation is also dependent from K+ concentration as highlighted by CD
titrations and CD melting experiments.

The stabilization or destabilization through ligand binding is
frequently used to maintain the folded state or to disrupt the G4 struc-
ture, respectively. Until now, some small molecules able to interact with
G4 pre-miRNA-149 structure have been identified (Ghosh et al., 2019;
Kwok et al., 2016; Santos et al., 2019). For instance, the well-known G4
ligand PDS was found to induce and stabilize the G4 structure (Kwok
et al., 2016), while TMPyP4 was found to disrupt/aggregate the G4
structure (Ghosh et al., 2019). The destabilization of G4 structures by G4
ligands is less commonly described, but some examples have been re-
ported in the last few years (Ghosh et al., 2019; Mitteaux et al., 2021;
Morris et al., 2012; Zamiri et al., 2014). For instance, a study developed
by Zamiri et al. described the disruption of the RNA G4 structures of the
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disease-associated r(GGGGCC)n repeat of the C9orf72 gene (Zamiri
et al., 2014). The disruption of those structures hinders the binding of
proteins to the RNA G4 structures (Zamiri et al., 2014).

Acridine orange (Cg and Cg—NHj) and phenanthroline (PhenDC3)
derivatives were previously described as G4 binders and stabilizers
(Figueiredo et al., 2021; Santos et al., 2020, 2019). Upon addition of 2
molar equivalents, the CD melting results revealed a stabilizer effect of
Cg and Cg—NHj ligands and a destabilizer effect of PhenDC3. However,
in the presence of 4 molar equivalents of Cg—NHj, the melting temper-
ature also decreased to 61.7 & 0.5 °C (data not shown). The presence of
the iodobenzene group at the end of the alkylamide chain seems to have
a pronounced effect on the stability of the pre-miRNA-149. Moreover, at
2 molar equivalents, Cg have the best stabilizer effect with two melting
points. Comparable results were obtained by Arachchilage et al. for
pre-miRNA-92b in the presence of 5 mM KCl (Mirihana Arachchilage
et al,, 2015). They observed two melting points attributed to the
stem-loop and the G4 structures (Mirihana Arachchilage et al., 2015). In
a previous report, we analyzed the rG4 region of pre-miRNA-92b
(5'-GGGCGGGCGGGAGGG-3) and observed two melting temperatures
(Santos et al., 2020). We hypothesized that the two melting tempera-
tures could be derived from multiple rG4 conformations with different
degrees of stabilization.

Among G4 interacting proteins, NCL is the protein most often re-
ported for its functions upon G4 recognition. It is generally believed that
NCL preferentially recognizes G4 structures and helps stabilize them
(Tosoni et al., 2015). Therefore, the proper folding of the G4 structure
and its stability in the presence K™ and ligands are fundamental issues
for the successful recognition of NCL in the cellular context, whereas K
is known to be present in a concentration around 140-150 mM (Zacchia
et al., 2016). Our results indicated that in the presence of K" concen-
trations higher than 50 mM, pre-miRNA-149 melting temperature sur-
passes 90 °C, which could significantly contribute to NCL recognition.

Molecular docking and molecular dynamics studies provided
important structural insights on the binding of NCL RBD1,2 to the rG4
region of pre-miRNA-149 (5'-GGGAGGGAGGGACGGG- 3'). Recently,
we have built the 3D model of rG4 region of pre-miRNA-149 and deeply
investigated the interaction of the G4 structure found in pre-miRNA-149
with six distinct well-known G4 ligands. Among the ligands studied were
Cg, Cg—NH, and PhenDC3. Here, we investigated the binding of NCL
RBD1,2 to the parallel rG4 structure. The results revealed the binding of
the rG4 structure to a cavity between domains 1 and 2. The atomic
interaction mainly occurs by intermolecular hydrogen bonds and hy-
drophobic interactions. The results are similar to those reported by some
of us with the rG4 region of pre-miRNA-92b (Santos et al., 2020). Pre-
viously, this binding pocket was also described as the preferential
binding site of the NCL aptamer AS1411 and pre-ribosomal RNA (Fan
et al., 2016; Johansson et al., 2004).

In order to evaluate the molecularity of pre-miRNA-149 in the
presence of ligands and NCL RBD1,2, we performed PAGE experiments.
The results agree with CD data and suggest a total binding of pre-
miRNA-149 to NCL RBD1,2 in the presence of Cg but a partial binding
in the presence of C3—NHjy and PhenDC3.

One of the key parameters to measure the affinity between molecules
in a given G4/ligand or G4/protein interaction is the dissociation con-
stant (Kp). The Kp of ligands (Cg, Cg—NH> and PhenDC3) towards pre-
miRNA-149 was in the micromolar range (1075-10°° M), which is in
agreement with previous reports of ligands targeting G4 structures (Sun
et al.,, 2019). The affinity of NCL RBD1,2 towards pre-miRNA-149 or
pre-miRNA-149/PhenDC3 was in the nanomolar range (10’10), which
suggests a powerful binding of NCL RBD1,2 to pre-miRNA-149. These
results agree with Kp values previously reported for the interaction of
AS1411 or AS1411 derivative sequences and NCL (Carvalho et al., 2019;
Miranda et al., 2021b).

Taking into account the intrinsic features of pre-miRNA-149, its
potential applicability for therapeutic and diagnostic purposes is of
immense interest. Considering that cell surface NCL is overexpressed in
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the surface of prostate cancer cells, PC3 (Tate et al., 2006), we have used
this cell line to evaluate the co-localization of NCL and pre-miRNA-149
labeled with FITC. The results obtained from confocal microscopy
studies showed co-localization of pre-miRNA-149 and NCL in the surface
PC3 cells. Comparing these results with those previously reported for the
1G4 region (5-GGGAGGGAGGGACGGG-3), where the sequence also
colocalizes with cell surface NCL (Santos et al., 2019), we hypothesized
that NCL recognition by pre-miRNA-149 could occur through the rG4
region.

Finally, by covalently immobilizing the pre-miRNA-149 sequence in
a microfluidic device, we have successfully captured NCL RBD1,2 in a
concentration-dependent manner. The results revealed that even at
lower protein concentrations (0.25 pM), pre-miRNA-149 was able to
capture NCL RBD1,2. Furthermore, it is possible to observe that in the
presence of PhenDC3 the fluorescence intensity of NCL RBD1,2 was
lower compared to pre-miRNA-149 without stabilization of PhenDC3,
indicating that PhenDC3 could compete with NCL RBD1,2 by the
binding to pre-miRNA-149. Indeed, it has been previously described that
an excess of PhenDC3 disrupts the interaction of NCL with G4s (Saha
et al., 2020). Since pre-miRNA-149 sequence can form a stable and
resistant parallel G4, its applicability as biosensing agent to recognize
NCL in microfluidic devices is of utmost relevance considering the ad-
vantages of those systems. When compared to other methods to recog-
nize and detect NCL, such as western blot and ELISA, the microfluidics
platform based on pre-miRNA-149 offers several advantages such as,
better stability and reproducibility, shorter assay time (minutes vs hours
of incubation), lower cost (oligonucleotides are cheaper than anti-
bodies), less manipulation and procedures required (easier modification
and immobilization), and potential to detect multiple targets (Jolly
et al., 2016; Song et al., 2012).

Compared to other previously described devices and methods for
NCL recognition and detection (Chalfin et al., 2017; Li et al., 2016;
Maremanda et al., 2015), our approach was able to detect NCL RBD1,2
in a range between 0.25-5 uM with a minimum increase in concentra-
tion of 0.25 uM. Li et al. described a microcantilever biosensor system
able to detect nucleolin over the range from 10 nM to 250 nM, and with a
detection limit of 1.0 nM (Li et al., 2016). Despite this, we believe that
our findings based on pre-miRNA-149 can be used to detect NCL in more
complex samples.

5. Conclusion

In summary, we characterized the formation of a G4 structure by pre-
miRNA-149 and the ability to recognize and capture NCL RBD1,2.
Firstly, we have demonstrated the formation of G4 in the presence K"
ions using NMR and CD experiments. Then, we showed the capacity of
Cg to stabilize the pre-miRNA-149 G4 structure. The complex formation
of pre-miRNA-149 G4 with ligands and NCL RBD1,2 was proved using
polyacrylamide gel electrophoresis. Using SPR, we determined binding
affinities of pre-miRNA-149 G4 towards ligands and NCL RBD1,2. In the
presence of PhenDC3, the binding to NCL RBD1,2 remains in the same
order of magnitude (107!° M). Finally, a microfluidic approach was
applied to detect NCL RBD1,2 labeled with FITC. The results showed
that fluorescence intensity depended on the NCL RBD1,2 flowed through
the microfluidic channel. Altogether, these results could pave the way
for future applications of pre-miRNA-149 G4 as a biosensing agent to
detect NCL in cancer.
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