Open Access Article. Published on 04 January 2025. Downloaded on 1/13/2026 3:19:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

COMMUNICATION

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2025,
61,2095

analytesf

Received 10th November 2024,

Accepted 3rd January 2025 Brittany L. Mueller,

Dmitry M. Kolpashchikov
DOI: 10.1039/d4cc05984k

rsc.li/chemcomm

Molecular beacon (MB) probes have been extensively used for
nucleic acid analysis. However, MB probes fail to hybridize with
folded DNA or RNA. Here, we demonstrate that MB probes
equipped with extra sequences complementary to the analyte,
named ‘tail’, can increase the signal-to-background ratio by ~40-
fold and hybridization rates by ~800-fold compared to conven-
tional MB probes. Tailed MB probes can be used as mismatched-
tolerant alternatives to traditional hairpin probes for fast assays.

A molecular beacon (MB) probe is a stem-loop folded DNA
structure conjugated with a fluorophore and quencher at the 5'-
and 3’-end, respectively. The 15-20 nucleotide (nt) loop is
complementary to the target of interest (Scheme 1A)."* In a
recognition event, the MB probe hybridizes with the target to
form a duplex, separating the quencher and fluorophore, thus
producing a ‘bright’ conformation." ™ This elegant design allows
the probe to be used as a tool for various applications, including
the detection of specific DNA and RNA sequences, heavy metal
ions, and tumor proto-oncogenes.” ' Clinically significant
applications of MB probe technology include the detection of
Mycobacterium tuberculosis strains conferring rifampicin resis-
tance and the detection of SARS-CoV-2 variants."”"'®

However, detecting folded RNA and DNA by MB probes has
posed a fundamental challenge.> The association between the
MB probe and targets diminishes when the target is folded in a
stable secondary structure (Scheme 1B)."** This can impact
both the thermodynamic stability of the MB probe/target complex
and the hybridization rates. Improvement of MB hybridization
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kinetics is significant since a typical hairpin-folded probe reaches
a plateau after 15-30 min of incubation in homogenous
formats**®> and 90 min in heterogeneous formats.>® This time
extends analytical assays and reduces the practical value of MB
and other harpin-shaped probes, and there is a lack of a universal
and straightforward approach to increasing the hybridization
rates of these probes. By exploring these hybridization rates, we
can apply the discoveries to similar fields which use hairpin-
shaped probes, such as DNA walker systems and multicompo-
nent nucleic acid enzymes utilizing catalytic hairpin assays.>”*

Here, we report a strategy to increase both the stability of the
MB/analyte complex and its hybridization rates by tailed MB
probes (Scheme 1C). Tailed MB probes are equipped with a
single-stranded sequence (tail) at one end that is complemen-
tary to the sequence adjacent to the MB loop-targeted sequence.
The addition of the tail sequence serves a dual purpose. First,
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Scheme 1 The design of the tailed MB probe (see text for details).
(A) Classical molecular beacon fluoresces upon binding linear analyte
but cannot bind to folded DNA or RNA. (B) Nucleic acid analyte folded in
secondary structure. (C) The tailed MB probe efficiently hybridizes with the
folded analyte.
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Fig. 1 Primary and secondary structures of MB1-tail probe (A) and the
cognate analyte 165-60 WT (B). Arrows indicate the two SNVs. The
secondary structures and (C) Gibbs energy values (AG) were obtained at
22 °C, [MB] = 50 nM, [analyte] = 100 nM, and [Mg?*] = 50 mM using
Mfold.?® The S/B was measured after an incubation period of 30 min, and
the background was the MB probe with no target added.

the tail, once hybridized with the analyte, lowers the free energy
of the MB/analyte complex. The lower free energy results in an
equilibrium shift, which favors complex formation and
increases the signal-to-background ratio (S/B). Secondly, tailed
MB probes increase the hybridization rates due to the binding
of the tail to secondary structure-free nucleotides, thus bring-
ing the MB loop near the targeted sequence.

To prove our hypothesis, we chose a fragment of E. coli 16S
rRNA that can be used to differentiate E. coli from other bacteria.
The selected 60 nt fragment (61-120 nt of natural rRNA sequence)
contained a stable stem-loop structure (Fig. 1B), also present in
the natural rRNA secondary structure. An MB1 probe was
designed to be complementary to one side of the stem (brown
line in Fig. 1B). The lengths and sequences of the stem and the
loop regions of the MB1 probe were designed based on the state-
of-the-art procedure for MB probes.” The MB1 failed to detect the
folded 60-nt DNA analog of 16S rRNA fragment as reflected by the
S/B ratio of ~1.1, a phenomenon previously reported for other
folded analytes.>**° (Fig. 1C). This S/B is too low to be useful for
practical applications as the S/B should be at least 1.5 for
fluorescent assays.*

The MB1-tail was designed by adding a 10 nt DNA ‘tail’ at the
5" end of the MB1 probe (green sequence in Fig. 1A), with an
internal fluorophore linked to position 5 of a thymidine. The tail
sequence did not interfere with fluorophore-quencher interaction
in the “closed” conformation and was complementary to the
relatively accessible analyte fragment that was not folded in a
stable secondary structure (as predicted by Mfold). The free
energy of the MB1-tail:16S-60WT complex was reduced by
15.8 keal mol ' and resulted in a 40-fold increase in the S/B
ratio compared with the MB1:16S-60WT complex (Fig. 1C and 2).
Additionally, the limit of detection (LOD) for the 16S-60 WT could
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not be determined with MB1, but was 0.7 nM with MB1-tail
(Fig. S1, ESIT), which is approximately the LOD for traditional MB
probes with unfolded targets.?

We then assessed the effect of SNVs on hybridization
thermodynamics and kinetics for the 16S analyte. We chose
C/T and G/T substitutions linked to the pathogenic E. coli strain
0157:H7.>" We found that the MB1 probe failed to hybridize to
the SNV analytes, but the MB1-tail produced a robust signal with
both SNVs (Fig. S2, ESIt). This is because a single base mispairing
did not result in a significant energetic penalty compared to a
fully matched complex (both MB1-tail:165-60 C/T and 16S-60 C/T
complexes were destabilized only by ~2 kcal mol ™" in compar-
ison with MB1-tail:16S-60 complex).

Next, we introduced mismatches into the 16S-60 analyte that
did not impact the analyte’s secondary structure but contained
mismatches to either the stem-loop or tail of the MB1-tail probe
to determine which component of the tailed MB probe was
more important for hybridization to analyte (Fig. S3, ESIT). We
found that a single mismatch in the region that binds to the
MB loop (loop Mut 1) had a more significant impact on the
initial rate and S/B than a mismatch in the tail (tail Mut 1). In
contrast with the 16S-60 WT possessing a S/B of 42.6 and an
initial rate of 1.59 nM s~ ', we found that the loop 1 Mut had a S/
B of 33 and an initial rate of 0.43 nM s ', and the tail 1 Mut had
a S/B of 47 and initial rate of 0.92 nM s~ " (Fig. S4, ESI{). When
two (loop 2 Mut) or three (loop 3 Mut) mismatches were
introduced into the loop-binding region, the S/B was decreased
to 25 for loop 2 Mut and to 21 for loop 3 Mut, and the initial
rate was reduced to ~0.20 nM s~ ' for each. When additional
mutations were introduced into the tail-binding region, the
initial rates and S/B were significantly reduced to 0.03 nM s
and 24 for the tail 2 Mut, and 0.01 nM s~ * and 13 for the tail
3 Mut. These results suggest that, although the tailed MB
probes readily hybridize with the folded analyte, they could
be further optimized for selectivity by modifying the comple-
mentarity in the MB tail or stem-loop.
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Fig. 2 Tailed MB probe improves hybridization thermodynamics. Time
dependence of hybridization between 50 nM MB1 and MB1-tail with
100 nM folded 16S analyte. The hybridization buffer had [Tris—HCl] =
50 mM, [MgCl,] = 50 mM, pH = 7.4, and 0.1% tween-20. The analytes were
added at the 60 s time point, indicated by the red arrow, and data was
collected from 70 s onward. The concentration of MB:analyte was deter-
mined via calibration curves with MB:analyte duplexes (Fig. S1, ESIt).
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To further confirm that interaction between the tail fragment
and the analyte is essential for achieving high S/B, we investigated
the hybridization of MB1 and MB1-tail probes with short (16 nt)
analyte fragment containing only nucleotide sequence comple-
mentary to the loop region of MB1 and MB1-tail (Fig. S5A, ESIT).
We additionally tested unstructured fragments 16S-36 and 165-27
containing complementarity to the MB probe ‘tail’ (Fig. S6, ESIT).
The 16 nt fragment did not form a stable secondary structure
(AG ~ —1 keal mol™", Fig. S2, ESI}). MB1 and MB1-tail produced
S/B of ~5 and 7, respectively, in the presence of unfolded 16S-16
analyte (Fig. S5B, ESIt). The LOD for 16S-16 WT was 3.6 nM for
MB1-tail and 6.1 nM for MB1 probe (Fig. S1, ESIt). The compar-
able LOD and S/B reflect similar complex stability for the two MB
probes and emphasize the importance of tail fragment interaction
with the folded analyte for achieving high S/B.

The hybridization rate of the MB1-tail probe was about 800-
fold higher (1.6 nM s™') than the MB1 probe (0.002 nM s,
Fig. 3). At the same time, hybridization with the short 16S-16
analyte had comparable kinetics (initial rates of 0.002 nM s *
and 0.007 nM s~ ', for MB1-tail and MB1 probe, respectively
(Fig. S5, ESIT)). This result proves that the tail fragment is the
key functional component of the MB1-tail probe that improves
hybridization kinetics.

To check for the general applicability of our tailed MB
strategy, we developed a tailed and non-tailed MB probe, TtMB-
tail and t™MB, respectively, for the detection of another folded
analyte, a fragment of tau gene and two of its mutations (Fig. S7,
ESIt). The two mutations, 1-60 0C and 1-60 1A, contribute to the
development of Alzheimer’s disease via an alternative splicing
pathway and skew the ratio of tau protein isoforms, leading to
neurofibrillary tangles.*> We initially designed tMB-tail and tMB
as described above for the 16S-60 analyte, but the tail fragment of
T™B-tail appeared to be complementary to the loop fragment
(Fig. S8, ESIT). We, therefore, substituted one nucleotide in the
tail region to avoid tail interference (binding to the loop region),
as shown in Fig. S3 (ESIt). The t™MB probe detected the folded
60-nt WT analyte with a S/B of 1.7 and LOD of 19.7 nM after
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Fig. 3 MB1-tail improves hybridization kinetics. Initial hybridization rates
of 16S analyte with MB1 and MB1-tail. The data was measured in triplicate,
and the average was fit with a line of best fit using the concentration of the
formed duplex over the first five seconds. The slope was taken to be the
initial rate of duplex formation.
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30 min, but the addition of a tail enabled t™MB-tail to achieve a
S/B of 5.2 and LOD of 6.5 nM (Fig. S7 and S9, ESI}). Moreover, the
initial hybridization rates for 1-60 WT were determined to be
~0.030 nM s~ " and ~0.017 nM s~ * for the tailed and non-tailed
MB, respectively, which reflects a two-fold improvement in
hybridization rates for the tailed MB probe (Fig. S10, ESI}).
Hybridization experiments with the short t-17WT analyte revealed
comparable S/B and LOD for both MB probes and somewhat
slower hybridization rates for MB-tail than for the conventional
MB probe (Fig. S9 and S11, ESIf), which was attributed to the
ability of the T™™B-tail to bind two analytes at a time. (Fig. S12,
ESIt). Therefore, the design of tailed MB probes should include in
silico analysis of such possibilities.

Next, we studied the selectivity of the tailed-MB approach.
The t™B-tail probe resulted in a S/B of ~12 for the 0 C mutant
and ~11 for the 1 A mutant, each representing a ~ 7-fold
increase compared to the t™MB probe (Fig. S7, ESIT). In compar-
ison to the T™B probe, the initial rate of hybridization between
the tMB-tail probe and t-60 analytes were each determined to be
~0.1 nM s~ !, representing a 5- and 6-fold increase in the initial
rate for the 0 C and 1 A mutants, respectively (Fig. S10, ESIT).
Compared to the 1-60 WT analyte, both mutants produced a
higher S/B and a faster initial rate, which can be explained by the
differences in secondary structure between the WT and mutant
tau analytes (Fig. S7, ESIT). Both the 0 C and 1 A mutants adopt a
secondary structure with more accessible region for hybridization
with the tail thus allowing the tMB-tail to hybridize more readily.
Despite the 2:1 hybridization of the 1-60 analytes with the TMB-
tail (Fig. S12, ESIY), the increase in S/B and initial rate indicates
that the advantages in hybridization thermodynamics and
kinetics were due to the tail fragment.

MB probes are one of the first and simplest fluorescent
molecular switches available."” They have been well-studied and
explored in multiple applications.> However, the design of MB
probes is not as straightforward as it seems. The most common
complications include stem invasion, stem interference, and loop
interference.” Additionally, traditional MB probes pose a chal-
lenge in detecting folded analytes due to the high energy barrier
of unfolding both the probe and the analyte.'*>* Indeed, the MB
probe stem-loop structure disfavours the analyte:MB probe-
associated state and thus inhibits complex formation. Earlier,
this problem was addressed by developing a universal (near ideal)
MB probe in combination with additional analyte-binding arms
in the context of multicomponent probes.**?*

The tailed MB probe studied here overcomes the challenge
of detecting analytes with a stable secondary structure. We observed
a ~40 and ~3 times increase in the S/B and 800- and 2-fold
increases in hybridization rates for two independent systems. The
latter is particularly important since hairpin probes are known to
respond slowly, especially in heterogeneous assays.>”

Tailed MB probes were not sensitive to single mismatched
nucleotides. This observation agrees with the affinity selectivity
dilemma, which states that hybridization probes with high
affinity have low selectivity.>® This opens the possibility of
applying tailed MB probes in mutation-tolerant assays, for
example, for detecting viral RNA folded in stable secondary
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structures and prone to mutagenesis. Tailed MB, however,
significantly reduced their responses in the presence of 2 or 3
mismatches, especially if the mismatches were complementary
to the tail region of the probe, which makes them a suitable for
sequence specific analysis of nucleic acids. Adopting the
approach to hairpin hybridization probes used in heteroge-
neous formats***” may significantly reduce the time for hybri-
dization assays and make them practically useful.

MB probes equipped with additional ‘tail’ fragments com-
plementary to an accessible fragment of nucleic acid analytes
can improve both S/B and hybridization rates. Under room
temperature, such probes are not sensitive to single nucleotide
substitutions but are sensitive to double and triple nucleotide
substitutions. This hairpin probe strategy is promising for
reducing the time of hybridization assays. The concept of tailed
MB probe can be extending to the design of other hairpin
probes, which might be particularly useful for reducing the
time of heterogeneous hybridization assays.
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