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18 Emission Color of reaction of the two component molecular
20 beacon (tcMB) in different reactional mixtures. From left to
21 right: hairpin alone, hairpin hybridized to target sequence,
22 tcMB in the absence of target, tcMB with non-
24 complementary target, tcMB with partial complementary
25 target, tcMB with fully complementary target.

28 Graphical Abstract - Emission color of the reaction of the two component beacon (tcMB) in different

29 reactions mixtures. From left to right: hairpin alone, hairpin hybridised to a target sequence, tcMB in the
30 absence of a target, tcMB with a non-complementary target, tcMB with a partial target, tcMB with the fully
31 complementary target.
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Abstract

Selective base pairing is the foundation of DNA recognition. Here, we elucidate the molecular
and structural details of a FRET-based two-component molecular beacon relying on Steady-
state Fluorescence Spectroscopy, Small-angle X-ray Scattering (SAXS), Microscale
Thermophoresis (MST) and Differential Electrophoretic Mobility. This molecular beacon was
designed to detect the most common fusion sequences causing chronic myeloid leukemia,
el4a2 and e13a2. The emission spectra indicate that the self-assembly of the different
components of the biosensor occurs sequentially, triggered by the fully complementary target.
We further assessed the structural alterations leading to the specific fluorescence FRET
signature by SAXS, MST and the differential electrophoretic mobility, where the size range
observed is consistent with hybridization and formation of a 1:1:1 complex for the probe in the
presence of the complementary target and revelator. These results highlight the importance of
different techniques to explore conformational DNA changes in solution and its potential to

design and characterize molecular biosensors for genetic disease diagnosis.
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Introduction

DNA hybridization is a self-assembly process governed by the equilibria of hydrogen bonding,
repulsion of the phosphate backbone between the interacting strands, and base stacking
interactions ™. These properties are fundamental for the in vivo function of DNA and RNA and
rule the in vitro application of nucleic acids such as biomolecular sensors, gene silencing

5-7

therapeutics, or 2D/3D nanoscale shapes i.e. as DNA origami ™. DNA sensing technology

heavily relies on fluorescence for target detection &1

. Amongst the plethora of detection
schemes, molecular beacons (MB) provide simultaneously sequence discrimination and signal
enhancement via Forster Resonance Energy Transfer (FRET) 12718 MB are hybridization-based
probes where the FRET distance-dependent phenomenon is applied to detect a specific
sequence 1719 They are composed of a recognition element made of a single strand DNA
molecule (ssDNA), labeled with a fluorophore and a quencher in each extremity. The
recognition element is flanked by auto-complementary (palindromic) sequences. Hybridization
of the palindromic sequences generates a ssDNA with a hairpin structure where the recognition
loop remains single-stranded, available to hybridize to the target sequence. Upon positive
recognition, the hairpin structure is disrupted, increasing the distance between the fluorophore

and quencher, inducing a partial recovery of emission from the fluorophore 10.19.20

. The spectral
signature of FRET is the quenching of donor fluorophore emission, in the case of the dark
quencher, or the quenching of the donor with the concomitant increase of the acceptor
fluorophore emission. The energy transfer efficiency is highly dependent on the distance
between the donor and acceptor (proportional to R'6) and, thus can be used to unravel biological

21,22

interactions These concepts have been applied in various systems using free

224 and oligonucleotides immobilized in gold nanosurfaces 192526 These

oligonucleotides
detection probes are highly dependent on their dynamic structure and hybridization efficiency.

The structural characterization of nucleic acid complexes may be achieved in anhydrous
samples, using atomic force microscopy or transmission electron microscopy, or in solution
using labeled oligonucleotides via fluorescence microscopy/spectroscopy 7 In the last decade,
Small-angle X-ray Scattering (SAXS) has been used to analyze the shape and size of nucleic
acids in solution, avoiding the need for extra labeling procedures 8 There are several examples

29,30

where SAXS was employed for characterizing the 3D structure of nucleic acid , to study
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DNA interaction with different ions . Recently, Chen et al. %2 used SAXS and FRET to monitor
DNA conformations and coordination with histone proteins during the nucleosome core particle
disassembly. The combination of these two techniques provides important complementary
structural information. FRET is a local structure technique that reports on the relative distance
between the two FRET labels while SAXS vyields the global structure. When combined,
structural changes at local and global scales can be correlated providing an accurate measure
of the conformational changes of such system %, Although these two techniques have been
employed for the characterization of a protein-based biosensor * to the best of our knowledge,
no similar approach had been used for DNA based biosensors whose output relies on the
interaction of several DNA elements. Such approach is of relevance to support the mechanistic
interpretation of the events taking place upon recognition. Here, we take advantage of these two
perspectives to characterize the designed two-component MB, whose assembly is triggered by
the presence of sequences derived from the aberrant gene fusion responsible for chronic
myeloma leukemia (CML). The molecular hallmark of CML is the Philadelphia chromosome, that
results from a reciprocal translocation between chromosome 9 and 22 %, This translocation
generates the fusion gene BCR-ABL which, by alternative splicing, originates the variants
e14a2 and e13a2, observed in 95% of the positive CML diagnosed cases. The local and global
analyses were complemented with differential electrophoretic mobility and microscale

thermophoresis.

Results and discussion

Conceptual definition of the biosensor. The developed two-component FRET-based
biosensors were designed to selectively discriminate between the variants e14a2 and e13a2
observed in CML. The loop portion (recognition element) of the donor labeled hairpin probes are
complementary to specific fusion sequence of e14a2 and e13a2 (e14A and e13A, respectively)
(Figure 1 and Table 1). The hybridization of the hairpin (e14A/e13A) with the target sequence
(e14B/e13B), disrupts this secondary structure, exposing the palindromic sequence (Figure 1B).

Then, an acceptor-labeled revelator (€14C/e13C) can hybridize to this region — Figure 1C. The

ACS Paragon Plus Environment
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hybridization of the revelator sequence approximates the donor and acceptor pair to distances
compatible with energy transfer.

The free energy of the hairpin formation, hybridization to the target sequence and the three-
component complex was estimated using the software package NUPACK %37 _ see Table S1

for the simulated hybridization events.

Insert Figure 1.

Insert Table 1.

Design of the biosensor and fluorophore selection. The fluorophores used for labeling were
selected based on their absorption and emission wavelengths to ensure efficient FRET pairing.
Experimental data show that, upon hybridization of the revelator, the relative orientations of
donor and acceptor transition dipole moments do not hinder energy transfer % Two different
acceptors, with distinct emission spectra (Dy and ROX), were used to label the revelator
sequences and differentiate between the target sequences — e14B and e13B, respectively. The
absorption spectra of both acceptors display a significant overlap with the emission spectra of
the donor (6-FAM), ensuring that, upon formation of each ABC complex, a FRET signature is
observed (Figure S1 the absorption/emission spectra of each fluorophore). Using the software
PhotoChemCad *°, the critical Forster radius (RO) of each pair was predicted: 55.86 A for
FAM/ROX and 59.41 A for FAM/Dy). These RO values are compatible with the occurrence of
FRET in the final ensemble considering a theoretical separation between donor and acceptor of

34 A in the final complex (assuming a base separation of 3.4 A “%and a stem portion of 10 bp).

The sample excitation was performed at 495 nm, which corresponds to the maximum donor
absorption. The absorption spectra of the acceptors also reveal residual absorption at this
wavelength, which leads to the cross-excitation of the acceptors. This phenomenon is not
desirable but inevitable since the overlap between the emission spectrum of the donor and the
absorption spectra of the acceptors is a requirement for energy transfer. Moreover, the selected

fluorophores have relatively wide emission/absorption spectra and the donor presents a small
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Stokes shift. Nonetheless, these fluorophore pairs can generate distinguishable FRET signals
from the direct excitation of the donor.

Analysis of the complex assembly. The sequential assembly of the designed sensor is
required to detect the fusion sequence. The formation of the labeled DNA complexes was
evaluated by FRET, while the conformational changes of the individual components and the
final ensemble, determined by SAXS. The samples measured by SAXS are fluorophore-free
since the presence of the label is not required for this technique and does not affect the overall

structure of the oligonucleotides in solution.

The basal fluorescence of the donor e14A and e13A was determined in the absence of the
target (e14B and e13B) and acceptor (e14C and e13C) — Figure 2.1. The scattering profile for
the two labeled-free hairpin molecules results in R, and D,,,, values that are concordant with a
43 nt sequence, assuming a symetrical hairpin conformation with a base separation of 3.4 A “,
The obtained parameters are slightly higher for hairpin e14A (R, 2.93 nm and D,,,,, 12.5 nm)
than e13A (R, of 2.36 nm and D,,,, of 8.0 nm) suggesting that the latter is more compact (Table
2 and Figure 3). This corroborates the NUPACK in silico predictions where e13A has a higher

self-complementarity level than e14A, inferred by the lower free Gibbs energy — see Table S1.

Insert Figure 2.

Insert Figure 3.

The effect of the target sequence hybridization to the donor labeled hairpin emission was
assessed for both variants (Figure 2.Il.). The obtained spectra show that the presence of the
complementary target has no measurable impact on the emission spectrum of the donor.
However, the scattering curves show a significant structural alteration, with an increase of the
R4 and Dy, parameters (R, of 5.85 nm and D, of 22.5 nm for e14AB; and R, of 5.40 nm and
Dinax Of 20.0 nm for e13AB) — Table 2. This variation is due to the disruption of the symmetrical
hairpins upon hybridization to the target molecule, forming a more extended structure (Figure 3

and Figure S2).
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Insert Table 2.

The formation of the AB complexes is supported by the different electrophoretic mobility profile
depicted in Figure S3. Here, the e14AB (RF= 0.181) and the e13AB (RF= 0.177) complex have
a lower migration when compared to the hairpin alone (with RF of 1 for e14A and e13A). MST
results are also in agreement, showing that a strong binding is observed upon formation of the

hairpin-target formation (Kp of 10.0 (£ 2.0) x 108 M) — Figure 4.

Insert Figure 4.

Emission spectra were also collected for the donor labeled hairpin in the presence of both
revelators and a non-related target (no complementarity with any of the hairpins, as this
sequence shows an identity of 18.2 % and 28.6% towards the e13B and e14B, respectively) —
Figure 2.1ll. This scenario corresponds to the negative control that provides the background
emission of the acceptors (due to direct excitation), to be used as a baseline for evaluating the
acceptor emission enhancement in the presence of FRET. In this case, the donor emission of
e14AYC overlaps with the donor emission of e14A and e14AB, indicating the absence of FRET
(Figure 2.VI). Considering the non-complementarity between the loop region of the hairpin and
the non-related target, no structural variation is expected in this scenario and SAXS data were

not collected.

To test the specificity of the designed system, the target sequences, which share 55.6% of
sequence identity, were incubated with the non-corresponding hairpins: e14A-e13B-e14C and
e13A-e14B-e13C. The spectral signature obtained in each case is the same as the negative
control, indicating that the hybridization between the three strands did not occur (Figure 2.1V.).
The absence of interaction is corroborated by mobility analysis in acrylamide gel electrophoresis
(Figure S3) and by the MST profile, where a concentration-dependent thermophoresis is not

observed (Figure 4). However, the structural parameters obtained for these cases, R; and D,

ACS Paragon Plus Environment
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values (e14A-e13B-e14C: R, of 3.80 nm and D4, of 14.00 nm; e13A-e14B-e13C: R, of 3.95
nm and D, of 18.00 nm), are higher than the ones obtained for the hairpins alone (e14A: R,
of 2.93 nm and D,y,,, of 8.0 nm; e13A R, of 2.36 nm and D,,, of 12.5 nm), which might result
from the presence of free molecules in solution (Table 2). It should be noted that the
concentrations and temperature conditions needed to perform each type of measurements are
very different. For the scattering experiments, data is collected at low temperature and at
concentrations ~x100 higher than that of fluorescence spectroscopy and MST, which could
induce the hybridization of the hairpin with the partial complementary target 2 as simulated by

the NUPACK software — Table S1.

To form the final complex, the three components of the sensor are combined, producing a
stable ABC ensemble. In this case, the presence of a fully complementary target and revelator
results in a specific FRET signal distinguishable from the other scenarios. The fully
complementary target (Figure 2.V.), promotes a sharp decrease of the donor emission and the
concomitant increase of the acceptor emission. Considering that an equimolar concentration of
donor/acceptors was kept constant in all conditions, this clear FRET signature indicates the
hybridization of the three strands. Considering the e14ABC complex, the donor channel
displays a 48% emission in comparison to the donor in the absence of FRET (Figure 2.V.),
which corresponds to 52% energy transfer for the 6-FAM/Dy pair. The MST assay shows the
formation of a tight complex (with Kp of 3.3x 10 7 (+ 4.4x 10'8) M) and the melting profile (Figure
S4), at high temperature, shows a steep signal variation only in the presence of a fully
complementary target. This profile is due to the disassembly of the ensemble (ABC complex).
The signal variation in the control reactions shows the intrinsic temperature variation of the
fluorophores, with the signals (donor and acceptor) of all the scenarios converging at high

temperature.

Similar results were obtained for €13, where the donor emission in the e13ABC complex
presents 55% emission of the e13A alone (Figure S2.V.). This corresponds to 45% of energy
transfer for the 6-FAM/ROX pair. In both cases, the assessment of the acceptor enhancement

was determined after subtracting the donor emission band. The energy transfer efficiency

ACS Paragon Plus Environment



oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

ACS Chemical Biology

determined experimentally is highly dependent on the hybridization efficiency of the target
molecule to the hairpin, as well as the revelator hybridization to the hairpin+target complex. This
might explain the deviation from the theoretical efficiency of 95.34% for the pair 6-FAM/ROX
and 96.6% for the pair 6-FAM/DY-520XL MegaStokes (calculated using PhotoChemCAD ¥
considering a refractive index of 1.333, an orientation factor k?=0.6666 and a fluorescence
quantum vyield of 0.79 for FAM *_ For the acceptors, the experimentally assessed extinction
coefficients were 70712 M cm™ at 583 nm for ROX (Figure S5 A) and 44924 M cm™ at 542
nm for Dy-520 XI Mega Stokes (Figure S5B). A 4-fold increase was observed for both acceptors
which correspond to a ~7.5 fold increase in the ratio of the acceptor and donor channels —

ratiometric analysis (Figure 2.VII).

SAXS results support the fluorescence spectroscopic observations, where the R, and D,
values obtained for e14ABC and e13ABC (R,: 5.21 and 4.56 nm, D, 20 and 18 nm,
respectively) are higher than the ones obtained for the corresponding isolated hairpins (e14A
and e13A), as expected for an open hairpin hybridized with its target sequence (Table 2).
Furthermore, these values are slightly lower than the ones observed for e14A-e14B or e13A-
e13B, due to the formation of a more compact structure upon the duplex formation at the 3’ end
of the open hairpin (Figure S2). This is also observed in the electrophoretic profile, where the
complexes (e14ABC and e13ABC - (lane 3 of Figure S3.A and B, respectively)) migrate beyond

the e14AB or e13AB pairs (lane 2 of Figure S3.A and B, respectively).

The combined use of the different biophysical techniques in this study provides important
complementary structural information about the designed sensor. The hybridization of the three
strands occurs sequentially, with the hybridization of the acceptor-labeled oligonucleotide
depending on the pre-hybridization of the target; each hybridization step induces an alteration of
the thermophoresis profile. The system can discriminate between the two variants, even in the
presence of a partially complementary target with 52.4% identity, resulting in the lack of a FRET
signal, the absence of a concentration-dependent thermophoresis signal, and a similar

electrophoretic profile as the hairpin alone. These results demonstrate that FRET combined with

ACS Paragon Plus Environment
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SAXS allows the evaluation of structural changes at local and global scales and provide an

accurate measure of the conformational change of the molecular sensor.
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Conclusions

Here, we show the potential use of FRET, MST, Differential Electrophoretic Mobility and SAXS
to reveal the dynamics of DNA hybridization in a two-component FRET-based molecular
beacon. This study indicates that the formation of a final donor-target-revelator complex is
sequential and sequence-specific. The alteration of the thermophoretic mobility upon target and
revelator binding supports the formation of the complex. SAXS indicates that upon target
recognition, the size of the intermediary is larger than the hairpin. Data also suggest the
formation of a stable ternary complex, with a slight size decrease after the hybridization of the
revelator, as supported by electrophoretic and thermophoretic mobility profiles. This work
describes a methodology that can be used to design and characterize molecular actuators and

sensors, such as beacons for fast and accurate detection of genetic alterations.

Experimental Methods

All reagents were of analytical grade and purchased from Sigma-Aldrich (Germany). All buffers
were filtered through an Acrodisc® Syringe Filter 0.2 ym Supor® membrane Pall, United States
of America). The oligonucleotides were purchased from STABVIDA (Portugal) and used without

further purification.

Hairpin design and target sequences. Each ssDNA was designed to generate a hairpin
structure. The loop portions are composed by the complementary sequences of the BCR-ABL
fusion regions — e14a2 and e13a2 transcript sequences (accession numbers AJ131466.1 and
AJ131467.1, respectively), herein designated as e14A and e13A. The sequences were
optimized using the hybridization predictor software NUPACK % To evaluate the reactivity
towards different target sequences and infer the structural alterations upon complex formation,
oligonucleotide targets were designed to obtain different degrees of complementarity. The
el14a2 and e13a2 fusion sequences were used as complementarity targets (herein designated
as e14B and e13B, respectively), while a non-related sequence (designated as Y) was used to
obtain non-complementary target (negative control). The revelators were designed to hybridize

to the palindrome sequence of each hairpin (herein designated as e14C and e13C).

11
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Fluorophore selection. Donor and the acceptors were chosen based on their spectral
properties. 6-carboxyfluorescein (6-FAM) was selected as donor fluorophore to label e14A and
e13A hairpins. DY-520XL MegaStokes (Dy) and 5-carboxy-X-rhodamine (ROX) and were

chosen as acceptors and used to label the e14C and e13C revelators, respectively.

Complex formation and fluorescence evaluation. Hybridization of the hairpins to their
respective target sequences was carried out in 0.5x TBE pH 8.3 and 154 mM NaCl, using 0.75
UM of each component. The reactants were incubated for 30 s at 368 K, followed by 20 min at
293 K. Emission spectra were collected from 500 to 800 nm upon sample excitation at 495 nm.
A temperature-dependent profile was also gathered for each condition after the described

incubation periods (Figure S4).

Fluorescence analysis. Fluorescence emission spectra were collected on a Varian Cary
Eclipse Fluorescence Spectrophotometer (Agilent Technologies, United States of America) with
5 nm bandwidth excitation and emission slits using a 3-mm optical path quartz cuvette
(HELLMA, Germany). Sample excitation was performed at 495 nm, and fluorescence
measurements were performed at 293K. A positive FRET signal consists in the decrease of the
donor band with the increase of the fluorescence band of the acceptors, using the negative
control as fluorescence baseline. The energy efficiency was determined by the degree of
quenching of the donor emission in comparison to the donor blank. The donor channel was
defined as the spectral range between 501 and 580 nm, the acceptor 1 (DY-520XL MegaStokes
— Dy) channel from 600 to 800 nm and acceptor 2 (5-carboxy-X-rhodamine — 5-ROX) channel
from 581 to 680 nm. The integrated donor signal was normalized to the fluorescence signal of
the donor in the donor blank reaction. The integrated acceptor signal was normalized to the
fluorescence signal of the acceptor in the negative reaction. The ratiometric analysis was

performed through the ratio between the acceptor and donor channel.

Microscale Thermophoresis (MST). The binding affinity of the hairpin-target hybridization was
determined in 0.5 x TBE pH 8.0 and 154 mM NaCl. 30 nM of the 6-FAM labeled hairpin was

titrated with increasing concentrations of the complementary target (from 10 yM to 0.03 nM).

12
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For the binding affinity of the revelator, 30 nM of the 6-FAM labeled hairpin was pre-hybridized
to the complementary target sequence and titrated with the unlabeled revelator using an upper
limit of 30 yM and a lower limit of 0.92 nM. The measurements were performed in a
NanoTemper Monolith NT.115 at 293 K using the blue LED power at 60% and the infrared laser
(1480 nm). The solution was irradiated with IR laser for 20 seconds. The samples were
measured in high purity glass capillaries (NT.115 Standard Treated Capillaries from

NanoTemper Technologies).

SAXS data collection and analysis. The SAXS experiments were performed at EMBL P12
beamline, DESY, Hamburg, Germany 4 and at EMBL BM29 beamline, ESRF, Grenoble, France
4 Each individual non-labeled component (e13A, e14A, e13B, e14B, e13C and e14C) and
each hybridization event (e13AB, e14AB, e14A-e13B-e14C, e13A-e14B-e13C, e13ABC and
e14ABC) were measured at 283 K, except e13A, e13B and e13C that were measured at 277 K,
using serial dilutions from 2 mg/mL to 0.25 mg/mL. The data collected at P12 beamline was
recorded using a Pilatus 2M detector (DECTRIS, Switzerland) with 20 x 0.05 s exposure time, at
sample-detector distance 3.00 m and wavelength 1.24 A. The data at BM29 beamline were
recorded using a Pilatus 1M detector with 10 x 1 s exposure time, with a sample-detector
distance 2.87 m and wavelength 0.99 A. No measurable radiation damage was detected by
comparison of successive time frames. The primary data reduction was performed automatically
by the pipeline software *® The data were processed with the ATSAS package i using
standard procedures, corrected for buffer contribution, and extrapolated to infinite dilution using
PRIMUS “® software. GNOM *° was used to provide the P(r) and determine the corresponding

maximum particle size (D) and the radius of gyration (R;). The excluded volume of the

hydrated DNA molecule (V,) was calculated using the Porod approximation %0,
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Supporting Information

This material is available free of charge via the internet at http://pubs.acs.org.

Table S1. In silico simulations of the designed sequences;

Figure S1. Normalized absorption/emission spectra of the used fluorophores;

Figure S2. Experimental SAXS patterns and scattering calculated from the ab initio models;
Figure S3. Acrylamide gel electrophoresis of the tested scenarios;

Figure S4. Melting profile of the tested condition;

Figure S5. Acceptors extinction coefficient determination.

Accession codes

The collected SAXS data and the generated models have been deposited and are available at
Small-Angle Scattering Biological Data Bank (SASBDB), under the codes: SASDC95 - e14A;
SASDCAS5 - e14B; SASDCBS - e14C; SASDCCS5 - e14AB; SASDCD5 - e14ABC; SASDCES -
e13A; SASDCF5 - e13B; SASDCG5 - e13C; SASDCH5 - e13AB; SASDCJ5 - e13ABC;

SASDCKS5 - e13Ae14Be13C; SASDCLS5 - e14Ae13Be14C.
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Tables

Table 1. Oligonucleotide sequences of donor labeled hairpins, revelator and targets used.

Oligonucleotide Sequence

3’ Modification

(5 — 3)

e13A

ccacgccaaacgctgaagggcttcttccttattttiggcgt 6-carboxyfluorcein
(hairpin)
e14A

cacctcgaaatctgaagggcttttgaactctgtittcgagatg 6-carboxyfluorcein
Hairpin
e13B

e13a2 sequence (AJ131467.1)

ataaggaagaagcccttcagceg

e14B

e13a2 sequence (AJ131466.1)

cagagttcaaaagcccttcag

Y

Non-complementary

attaccagacatgcgtggtcccaac

e13C
ccacgccaaa ROX
Revelator for e13A
e14C Dy-520XL
cacctcgaaa
Revelator for e14A Megastockes

Bold — Recognition portion of the hairpin, Underline — Revelator hybridization region
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Table 2. The overall structural parameters estimated from SAXS data. R, — radius of gyration,

ACS Chemical Biology

Dmax — Maximum size of the particle, V, — excluded volume of the particle, xz - fit quality of ab initio models

to experimental data.

Sample o D v X2
nm nm nm’

e13A 2.36 8.0 24 1.58
e13B 1.86 7.0 13 0.85
e13C 1.32 5.0 8 0.86
e13AB 5.40 20.0 103 1.85
e13ABC 4.56 18.0 59 1.78
el14A 2.93 12.5 34 1.34
e14B 2.05 9.0 15 0.93
e14C 1.29 5.0 7 0.91
e14AB 5.85 22.5 159 1.31
e14ABC 5.21 20.0 105 1.87
e13A-e14B-e13C 3.95 18.0 65 0.76
e14A-e13B-e14C 3.80 14.0 42 1.29
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Figure legends

Figure 1. Schematic representation of the recognition principle used in the developed
biosensor. A— Hairpin in the closed conformation, B— Secondary structure disruption due to
hybridization to the target sequence, C— Hybridization of acceptor labeled oligonucleotide to

exposed hairpin sequence renders a positive FRET signal.

Figure 2. FRET analyses of the two-component molecular beacon towards the sequence
e14a2 in different conditions. Top panel: Cartoon representation of the tested conditions.

Middle and bottom panel: Emission spectra collected in different scenarios for hairpin e14A. )

Emission spectra of e14A in the absence of e14B, Il) Emission spectra of e14A hybridized to
e14B, Ill) Emission spectra of e14A and e14C in the presence of non-complementary target
(e14AYC), IV) Emission of spectra e14A and e14C in the presence of e13B (e14A-e13B-e14C),
V) Emission of spectra e14A and e14C in the presence of e14B (e14ABC), VI) and VII)
Normalized donor emission of e14A in the absence (A) and presence of complementary target
(B), C), D) and E) Ratiometric analysis of donor and acceptor channels in different scenarios
(negative target, partial complementary target, and fully complementary target, respectively).

Data presented as the mean + standard deviation of three independent assays.

Figure 3. Experimental SAXS patterns for the hairpin towards the e14a2 fusion sequence.
(1) e13 hairpin — e14A; (2) e14A in the presence of e14a2 target sequence — e14AB; (3) e14A
in the presence of e14a2 target and revelator — e14ABC. The plots display the logarithm of the
scattering intensity as a function of momentum transfer. The curves are shifted by one logarithm

unit for better visualization. The insert shows the distance distribution functions P(r).

Figure 4. Microscale thermophoresis analysis. Binding curves used to determine the affinity
of interaction, black circles — fully complementary target, grey circles — partial complementary
target, black squares — acceptor labeled oligonucleotide, Data presented as the mean *

standard deviation of three independent assays.
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