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We have identified quencher-free molecular beacons that
allow the sensitive probing of CAG repeat oligonucleotides,
including mRNA fragments of trinucleotide repeat diseases,
with significant changes in fluorescence intensity mediated by
disruption of the stacking of their YU units.

Expansion of the CAG/CTG trinucleotide repeat (TNR) and
polyglutamine can result in serious hereditary diseases, including
spinocerebellar ataxia, spinal and bulbar muscular atrophy,
dentatorubropallidoluysian atrophy, and Huntington’s disease.'
For over a decade, the diagnoses of these genetic disorders have
been based on detection tools for CAG/CTG repeat sequences
and their expansion. For example, Southern blotting of
polymerase chain reaction products,® fluorescence
hybridization,” and electrochemical sensors™® have all been used
for the detection of TNRs. Notably, fluorescent probes have been
employed widely to detect CAG/CTG repeats and to observe
TNR-containing nuclear loci’®’; furthermore, they have recently
been used to study structural conversions of TNR sequences
based on hybridization between the probe and target TNR
sequences. Accordingly, the development of more efficient and
sensitive fluorescent probes will encourage further studies into
the detection of TNR sequences.

Molecular beacons are very powerful systems for the detection
of specific DNA sequences.’ In a previous study, we developed a
quencher-free molecular beacon (Qf-MB) containing only two
PYU units, the fluorescence of which was quenched through self-
stacking.6 This Qf-MB exhibited signal-on fluorescence, with an
accompanying hairpin—duplex change, in the presence of a target
sequence. Accordingly, we expected this Qf-MB system to also
function as an efficient fluorescent probe for TNR sequences.
Highly efficient detection might be possible through appropriate
PYU modifications on hairpin structures featuring TNR sequences.

Herein, we report the synthesis of six different types of
quencher-free molecular beacons for the CAG trinucleotide
repeat. We evaluated their discrimination efficiencies and used
them to detect DNA and RNA CAG repeat oligonucleotide, and
also mRNA sequences.

First, we set a stem—loop hairpin structure of the (CTG),, repeat
as the basic structure for our Qf-MBs to probe the CAG repeat.
We designed the Qf-MBs to feature two ™U units in their
sequences; that is, to take advantage of the significant quenching
phenomena of pairs of stacked "YU units. We anticipated that the
presence of two "YU units in symmetric positions in (CTG);q
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so Fig. 1 Conceptual representation of a Qf-MB for the detection of CAG
trinucleotide repeats

Table 1 ODN sequences investigated in this study

Name Sequence (5 to 3")
P1  C"UGCTG CTGCTG CTG CTG CTG CTG CTG CMUG
P2 CTGC™UG CTGCTG CTGCTG CTG CTG C™UG CTG
P3 CTGCTG CMUGCTG CTGCTG CTG CMUG CTG CTG
P4 CTGCTG CTGCM™UG CTGCTG C™UG CTG CTG CTG
P5 CTGCTG CTGCTG C™UGC™UG CTG CTG CTG CTG
P3L* CLGCLG C™UG CLG CLG CLG CLG C™UG CLG CLG
P3X CTGCTG C™UG CTG CTG CTG C™UG CTG CTG CTG
ODN-A CAG CAG CAG CAG CAG CAG CAG CAG CAG CAG
ODN-T CTGCTG CTG CTG CTG CTG CTG CTG CTG CTG
ON-A® cag cag cag cag cag cag cag cag cag cag
ON-U’ cug cug cug cug cug cug cug cug cug cug
|,, b \I (‘ [n]
[ \[ | wn Hj:““’u"w
e R RN
O Q.
Fyy OC) LNAT R
s o]

*L = LNA-T; ® RNA sequence

would be preferable because (CTG);, usually forms a hairpin
structure (Fig. 1). Based on this hypothesis, we synthesized five
Qf-MBs (P1-P5) having their two P¥U units at different positions
ss within the (CTG);, framework (Table 1). MALDI-TOF mass
spectroscopy (Fig. S1, ESIf) confirmed these Qf-MBs and
natural oligonucleotides (ODNSs).
Next, we investigated the structure of these Qf-MBs by circular
dichroism (CD) in the absence and presence of the target
o sequences ODN-A and ON-A. The single-strand sequences P1—
P5 and ODN-T all formed B-form hairpin structures exhibiting
positive and negative peaks centered at 285 and 255 nm,
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=  2/——P3+O0DN-T = 8]—P3+ON-U |
g g ODN® e e’ QY BY  FE T
< @ i P1 6.04 472 0.0l 746 69
Z 4 = P1+ODN-A 634 6.68 0.05 3238 5.7 81
5 e 5 - P1+ODN-T 624 497 0.01 829 1.1
= g - P1+ON-A 6.08 682 0.12 7579 13.5 87
§ T S 3é0§ I R T SR T T PI+ON-U 545 433 0.02 245 1.1
= Wavelength (nm) = Wavelength (nm) P2 491 4.12 0.02 851 70
P2+ODN-A 545 594  0.11 5933 9.4 80
Fig. 2 CD spectra of P3 in the presence of (a) DNA and (b) RNA CAG or P2+ODN-T 537 451 0.02 976 12
CTG (CUG) repeat sequences [1.5 uM of annealed samples, 1 mL; 25 P2+ON-A 576 778 034 19,711 34.7 82
mM trizma buffer (pH 7.2), 50 mM NaCl, 10 mM MgCl,, 25 °C]. P2+ON-U 449 387 002 989 1.1
= - P3 493 399 0.01 682 70
= b P3+ODN-A 555  6.14 0.11 6105 10.6 79
S i@ —P3 S L]0 —PaL P3+ODN-T 451 36 001 613 0.9
Sl S o rmrong S & — b P3+ON-A 587 827 036 21201 435 81
S s 5 P3+ON-U 445 367 0.02 779 1
ZE w \. E P4 496 399 0.01 701 69
§ w0 | \\ § P4+ODN-A 591 649 0.09 5555 10.5 77
S 200y | Ng ] P4+ODN-T 496 4.06 0.01 706 1
3 1oof e 3 P4+ON-A 627 863 032 20,177 426 79
S == © P4+ON-U 48 391  0.02 811 1
E; Wavelength (nm) - Wavelength (nm) P5 5.45 4.5 0.01 681 55
S e (c) = P5+ODN-A 5.51 5.34 0.07 3763 7.3 78
S e —P3+O0ODN-A P5+ODN-T 519 423  0.01 680 1
-‘% 120 —P3X P5+ON-A 605 786 0.2 12,235 232 79
& o P3X + ODN-A P5+ON-U 462 392 0.02 809 1
£ P3L 422 333  0.01 384 >83
§ 60 P3L+ODN-A 532 582 0.09 4530 16 >87
§ 40 P3L+ODN-T 458 3.63 0.01 628 1.9
g 2 P3L+ON-A 447 544 0.16 7146 21.6  >93
= 0 s e P o 1 2 3 45 P3L+ON-U 4.13 324 0.01 470 1.1
Wavelength (nm) ODN-T 60
Fig. 3 Fluorescence spectra of (a) P3, (b) P3L, and (c) P3X in the ODN-T+ODN-A 81
ODN-T+ON-A 84

presence of DNA and RNA CAG repeat sequences [1.5 pM of annealed
samples, 1 mL; 25 mM trizma buffer (pH 7.2), 50 mM NaCl, 10 mM
MgCl,, 25 °C]. (d) Fluorescence image of solutions of (1) P3, (2) P3 and
ODN-A, (3) P3 and ODN-T, (4) P3 and ON-A, and (5) P3 and ON-U).

respectively (Fig. 2 and Fig. S2, ESI¥). In the presence of ODN-
A, we observed a CD signature centered near 272 nm with a
shoulder at 290 nm, representing the CAG/CTG duplex, for all of
the sequences P1-P5.7 In addition, in the presence of ON-A, the
CD spectrum was characterized by a dominant positive band at
265 nm and a negative band at 210 nm, corresponding to the CD
signature of the A-form duplex.”” Furthermore, PAGE
experiments provided evidence for the hairpin and duplex
structures of these Qf-MBs (Fig. S3, ESIY).

Next, we measured the fluorescence emissions of P1-P5 to
evaluate their potential for use as efficient Qf-MBs. All samples
were annealed before the measurements. In the presence of ODN-
A, sequences P1-P5 exhibited 5.7-, 9.4-, 10.6-, 10.5-, and 7.3-
fold increases in fluorescence, respectively, but only minor
enhancements in the presence of ODN-T (Table 2 and Fig. S4,
ESIt). In contrast, we observed very strong fluorescence
enhancements when these Qf-MBs formed duplexes with the
RNA target sequence ON-A: 13.5-, 34.7-, 43.5-, 42.6-, and 23.2-
fold increases in fluorescence for P1-P5, respectively. As we had
expected, the fluorescence of each of these Qf-MBs was
recovered in the full duplex state. We believe that these strong
enhancements in fluorescence the low
background signals arising from the pairs of well-stacked "YU
units at symmetrical positions in the sequences; as evidence, we
present the fact that the background signal of P3X, the
asymmetrically substituted sequence, was higher than that of P3

originated from

w
=

60

*annealed samples ® Extinction coefficient (10* M cm™). * Quantum
yield (0.546 for quinine sulfate in 0.5 M H,SOy). d Brightness (QY x &377).
¢ Fluorescence enhancement (x-fold increase in fluorescence intensity in
the presence of the target).

(Fig. 3c). Efficient stacking of the "YU units resulted in the
stabilities of the hairpin structures (69-70 °C) of P1-P4 being
higher than those of ODN-T (60 °C, Table 2, and Fig. S5, ESIY)
and in increases in the extinction coefficients of sequences P1-P5
at 399 nm (Table 2 and Fig. S4).

Interestingly, the FEs of the probes P1-P5 were higher in the
presence of the RNA sequence ON-A than in the presence of the
DNA sequence ODN-A. Most notably, the FE of P3 was 43.5 in
the presence of ON-A, making it a particularly sensitive Qf-MB
probe for the RNA CAG repeat. Remarkably, this enhancement
in fluorescence was quite visible to the naked eye (Fig. 3d). We
suspect that structural distinctions between A- and B-form
duplexes were responsible for this difference in fluorescence
intensity.® For both duplex structures (i.e., with DNA and RNA
partners), the ¥YU units were located in the major groove, the
polarity of which in the DNA duplex was higher than that in the
DNA/RNA hybrid.” We expected the route of weak fluorescence
emission via the exciplex of "YU (Py*"«dU") to be more favored
in the DNA duplex because the exciplex form is stabilized in
polar protic conditions.'®!! As evidence, we observed different
emission peak patterns for P3 in its DNA duplex (450 nm) and in
its DNA/RNA hybrid (407 and 428 nm, Fig. S6a, ESI{). Red-
shifted emissions at 450 nm or greater mainly result from
exciplex signals,lo similar to that of monomeric "YU in methanol,
a polar protic solvent (Fig. S6b, ESIT). Moreover, we anticipated
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Fig. 4 (a) Time-dependent fluorescence enhancement of the P3 in the
presence of target oligonucleotides [1.5 uM of samples, | mL; 25 mM
trizma buffer (pH 7.2), 50 mM NaCl, 10 mM MgCl,, 25 °C] and (b)
Fluorescence intensity of the P3 after 1 h. incubation with mRNA
sequences from trinucleotide repeat diseases [100 nM of samples, 1 mL;
20 mM trizma buffer (pH 7.2), 80 mM NaCl, 20 mM MgCl,, 37 °C].

that structural restrictions in the DNA/RNA hybrid would provide
unsuitable conditions for the formation of stable exciplexes.''™'

In the case of both ODN-A and ON-A, the probe P3, featuring
its two PYU units in the middle of the sequence, was the Qf-MB
exhibiting the highest efficiency (Table 2), in terms of its good
fluorescence quantum yields (QYs; 0.11 and 0.36, respectively),
brightness (6105 and 21,291, respectively), and fluorescence
enhancement (FEs; 10.6 and 43.5, respectively) while P1
exhibited the lowest efficiency (Fig. S7, ESIt). Based on P3, we
synthesized the LNA probe P3L containing LNA-T (Table 1)
because it has potential to increase the efficiency of the probe due
to rigidity and high-affinity hybridization with RNA or DNA.'*!
As a result, compared with P3, P3L exhibited a lower FE
(decreasing from 43.5 to 21.6) in the presence of ON-A while it
showed the increased FE (from 10.6 to 16) in the presence of
ODN-A (Table 2, Fig. 3a and 3b, and Fig. S8, ESIF).

Finally, we evaluated the potential of the Qf-MB under in vivo-
like conditions (without annealing and non-denatured mRNA). At
ambient conditions, P3 probe detected DNA and RNA CAG
target sequences with short time scale (8.4- and 42.1-fold
increase in fluorescence within 5 minutes, respectively, Fig. 4a).
P3 also exhibited fluorescence enhancement in the presence of
various lengths (longer than 10 repeats) of DNA CAG sequences
in the same conditions (Fig. S9, ESIT). Furthermore, we observed
significant fluorescence enhancements of the P3 in the presence
of non-denatured mRNA fragments of Huntington disease,
Spinocerebellar ataxia type-3, type-6, and
Dentatorubropallidoluysian atrophy (37.4, 19.5, 16.2, and 39.7-
fold of fluorescence enhancement, respectively, Fig. 4b and Fig.
S10, ESIT) under in vivo-like conditions.

In conclusion, we have designed and investigated properties of
Qf-MBs as probes for the CAG trinucleotide repeat. Among our
tested systems, the sequences P3L (containing LNA-T residues)
and P3 (containing T residues) were the best at detecting DNA
and RNA CAG repeats, respectively. Moreover, P3 was utilized
to detect mRNA fragments of trinucleotide repeat diseases under
in vivo-like conditions. Thus, we expect that these Qf-MBs can be
useful system for detection and study of TNR sequences such as
mRNA sequences and longer TNR sequences that induce genetic
disorders.
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